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Requirements for the Degree of Doctor of Philosophy at the Massachusetts Institute of
Technology

Abstract:

The ability to modify nucleic acids is critical for establishing the role of genetic and
transcribed elements in mediating biological phenotypes. Manipulating endogenous DNA
sequences in eukaryotic genomes has been greatly aided by the advent of genome editing
technologies that utilize programmable nucleases. DNA nucleases derived from class 2
CRISPR systems, which provide adaptive immunity in prokaryotes through cleavage of
nucleic acids using a single, multi-domain, RNA-guided endonuclease, have been
particularly useful in this regard because they enable targeting of new sites through simple
Watson-Crick base pairing rules. Recent computational studies have uncovered the
existence of predicted RNA-targeting class 2 CRISPR systems, suggesting that the power
of genome editing techniques might be extended to the level of transcripts.

In this thesis, I present work describing the discovery and characterization of a new
RNA-targeting class 2 CRISPR system: type VI-B. Using a combination of biochemistry
and bacterial genetics, we demonstrated that the predicted nuclease of the VI-B system,
Casl3b, is an RNA-guided RNase, whose activity can be modulated by the csx genes that
often appear in genetic proximity to cas!3b.

Next, we characterized the behavior of Casl3b and the related enzymes Casl3a
and Casl3c in mammalian cells, identifying orthologs of Casl3a and Casl3b with specific
RNA interference activity in mammalian cells.

Finally, we showed that catalytically inactive versions of a Casl3b ortholog can
direct adenosine-to-inosine deaminase activity to transcripts in human cells when fused to
the catalytic domain of ADAR2. Using structure-guided mutagenesis, we created a high-
specificity version of this system that can be utilized in research or potentially therapeutic
contexts. The description of a Casl3b ortholog that can be used to knockdown or recruit
RNA-modifying domains to transcripts in mammalian cells suggests the utility of this

technology to interrogate and modify transcript function in diverse contexts.

Thesis Supervisor: Feng Zhang
Title: Associate Professor, Departments of Brain and Cognitive Sciences and Biological

Engineering, MIT.
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Introduction

Understanding the relationship between genes and phenotypes is a long-standing
goal of biological research. Establishing these relationships requires characterizing
phenotypes empirically and manipulating genetic substrates directly to establish causality.
Although the former has been the subject of study for centuries, the latter has lagged
behind. Efforts to link gene sequences to phenotypes have been recently aided by the
advent of next-generation sequencing technologies (1-3), leading to the creation of large
gene-variant datasets, from which phenotypic relationships can be hypothesized. Increased
sequencing power has been particularly valuable for human genetics, where mapping of the
human genome (4, 5) in combination with sequencing data from patients has established
the role of genetic variation in human health: of the 20,000 genes in the human genome,

approximately 3,800 have a mutation that is currently linked to disease (6).

However, despite increased powers of observation, the ability to make genetic
perturbations to establish the causality and mechanism of potential disease-causing
mutations, or to treat disease, has grown more slowly. Additionally, with the appreciation
of the diverse roles that RNA can play in mediating disease (7-9), there is a growing need
for the ability to make perturbations directly to transcripts. Below, I review the
development of technologies that allow for targeted, programmable perturbations of
nucleic acids in complex eukaryotic genomes, beginning with methods to make changes to
DNA sequence, followed by a description of CRISPR-Cas systems that have improved
these techniques, and conclude with a description of RNA-targeting CRISPR-Cas systems

that hold similar promise for manipulating transcripts.
Development of genome editing techniques for eukaryotes

Genome editing is broadly defined as the creation of targeted sequence changes at
defined positions in cellular genomic DNA. Eukaryotic genome editing derives from

seminal studies in yeast, where it was found that introducing an exogenous DNA vector



containing homology to a genomic locus led to the incorporation of vector DNA into the
native locus (10-18). This phenomenon required Rad52 (13), suggesting that this process
was possibly mitotic homology-directed repair (HDR), a process normally utilized to repair
DNA double-strand breaks (DSBs) during DNA replication. This led to the ‘gene-
targeting’ method, where a targeted genetic change could be introduced into by creating a
targeting vector with the desired mutation flanked by homologous sequences to the

genomic locus (11).

Gene-targeting was extended to mammalian pluripotent cells in a series of
landmark studies by initiated by Mario Cappechi, leading to the creation of animal models
with targeted genetic mutations, enhancing our understanding of mammalian gene
function, and raising the possibility of manipulating endogenous genetic sequences for
therapy (14-18). Despite the utility of gene-targeting techniques, the frequencies of
successful gene-targeting events in mammalian cells by introduction of a vector encoding
the desired change were low (1 in 10°or less); and thus the use of creative selection
strategies were often required to identify clones carrying the desired modification (17, 19).
Although selection strategies were refined and improved, it was clear that a more efficient
method for targeted genetic manipulation was needed to increase frequencies for more
rapid generation of animal models and to explore the possibility of this approach for

genetic therapy.

Studies of DSB repair pointed towards a strategy to improve the rate of HDR and
thus gene-targeting, eventually leading to the next generation of genome editing
technologies. In yeast, it was observed that insertion of the target site of the naturally
occurring endonucleases HO and Isce-I into ectopic locations stimulated HDR at target
sites (20-23). Similarly, studies of the mobile P element of Drosophila, which is thought to
create DSBs during mobilization, showed that introduction of synthetic DNA molecules
with homology to the P-element excision site resulted in their incorporation (24). Jasin

and colleagues also provided evidence that DSBs were recombinogenic in mammalian cells,



by introducing yeast nuclease target sites into extrachromosomal substrates or endogenous

loci and demonstrating that cleavage of these elements enhanced recombination rates (25-

27).

By demonstrating that DSBs could be used to stimulate HDR at defined locations
in eukaryotic genomes, these studies implied that creating DSBs near desired sites of gene-
targeting might improve the efficiency of modification. Creating targeted DSBs in
mammalian cells would also provide an additional functionality to gene-editing
technologies. DSBs in mammalian cells can also be resolved by non-homologous
mechanisms, especiélly in the absence of a homologous template, often through the Non-
homologous end joining (NHEJ) pathway (28-30) (Figure 1). NHEJ resolution of DSBs
typically produces a heterogeneous mixture of insertions or deletions (indels) upon
repeated activation by a nuclease (31), leading to inactivating frameshift mutations if
targeted to protein coding sequences. Thus, the ability to create targeted DSBs would
provide two advantages for genetic perturbation of endogenous genes: introduction of
precise mutations at increased frequencies via HDR, and imprecise, likely disabling genetic
perturbations via NHEJ (Figure 1). Testing whether these predicted benefits of targeted
DSB formation were true necessitated a technology that could introduce DSBs at

arbitrary, user-defined locations in complex mammalian genomes.
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Figure 1: Schematic of the major DNA DSB repair pathways in mammalian cells,

adapted from Hsu et. al. (52).

The first successful approach to this problem was to combine the sequence-agnostic
nuclease domain of the Fok I type Il restriction endonuclease with modular, sequence-
specific CoH: zinc finger DNA binding domains (Figure 2A) (53-35). C:H; zinc fingers
(ZF's) are a class of DNA binding domains found in certain eukaryotic transcription factors
(36, 37). Structural studies of naturally occurring tandem ZFs suggested that each 30
amino-acid finger coordinates one Zn" atom using two cysteine and histidine residues,
adopts a B « conformation and contacts 3 base-pairs of DNA via major groove
interactions (38). Importantly, the fingers appeared to bind each 3 base-pair target site
independently using side-chain interactions from the « helix. The modular structure of
ZF's suggested that individual fingers could be arbitrarily combined in a new order to

specify target sequences. Initial evidence supporting the possibility of designer DNA
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nucleases was from in vitro studies by Chandrasegaran, Berg and colleagues,
demonstrating that fusion of the Fok I nuclease domain to synthetic ZFs resulted in DSBs
controlled by predicted ZF specificities (33, 39). These proteins, termed zinc finger
nucleases (ZFNs) were shown to operate most efficiently with two ZFNs being bound
adjacent to a target sequence, likely due to the requirement for Fok I dimerization for
cleavage (35, 40). ZFNs were soon shown to promote genome editing in Xenopus laevis
oocytes (35), in vivo in D. melanogaster (31) and in human cells (41) . The studies of
ZFN activity in vivo confirmed the predicted outcomes of targeted DSB creation at
chromosomal loci: targeted mutagenesis in the absence of a homologous template (31), and
increased rates of HDR at the DSB site in the presence of a gene-targeting vector (35, 41).
These seminal studies established the field of genome editing by increasing the rates and
ease of endogenous genetic modification, enabling selection-free genetic perturbations.
Furthermore, by creating a synthetic protein with separable nuclease and DNA binding
domains, it was possible to replace the nuclease activity with other effector domains, such
as transcriptional effector domains (42) and chromatin modifying enzymes (43). This array

of tools added new modalities for testing and manipulating endogenous gene function.

L l-lllll'.llll

Figure 2: Schematic representation of ZF (A) and TALE (B) based nucleases for genome
editing. By attaching tandem repeats of ZF or TALE modules that bind to specific DNA
sequences to the sequence agnostic Fok I DNA nuclease domain, depicted in brown, site-
specific DNA cleavage can be achieved. Fok T operates most effectively as a dimer,
requiring two ZF/TALE-Fok I molecules to be bound near a target DNA sequence for

effective cleavage.
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Optimizations to initial ZFN designs improved genome editing capabilities.
Construction of longer ZF arrays allowed for recognition of target sites long enough to
specify unique target sites in complex mammalian genomes (44, 45) and creation of Fok I
obligate heterodimers minimized the risk of off-target mutagenic events (46, 47).

However, targeting ZFs to new sequences remained a challenge. The modular structure of
ZF's suggested that evolving individual fingers to recognize each of the 64 possible 3-base
combinations and combining them in an appropriate order could create ZFs with arbitrary
specificity. Although conceptually appealing, evolution of individual finger specificity
proved challenging and some ZF domains were found not to be strictly modular, making
design of new ZFNs a non-intuitive, labor-intensive task (48, 49), a restriction that has
limited their scalability. Nevertheless, ZFNs established the power of genome editing
techniques for mammalian cells, showing the first possibility of its potential for
therapeutics and genetics.

The challenge of designing ZF's with altered specificity highlighted the need for
genome editing technoldgies with better modularity and a predictable nucleic-acid
recognition code. Transcription activator like effectors (TALEs) derived from the bacterial
plant pathogen Xanthomonas sp. provided these qualities and improved early editing
technologies significantly. TALEs are proteins naturally secreted by Xanthomonas that
modulate host gene expression to promote successful colonization (50-53). The DNA-
binding domains of TALESs are composed of an array of 33 or 34 amino-acid long peptide
repeats, each of which recognizes a single-base pair using two hypervariable amino acids,
known as the repeat-variable di-residues (RVDs) (54), leading to a simple correspondence
between amino acid sequence and base-recognition (55, 56). Likely due to their natural
existence as long arrays of repeat monomers, TALEs proved to be more modular than ZFs

and capable of recognizing target sites that could specify unique sequences in complex
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genomes. TALEs were combined with the Fok I nuclease domain to make TALE
nucleases (TALENSs), which were shown to mediate genome editing outcomes with rates
comparable to ZFNs in eukaryotic cells (Figure 2B) (57-63). The relative simplicity of
identifying TALEs with new target specificities lead to significant excitement about their

utility in the academic community.

TALES still presented a technical challenge, however: the highly repetitive nature
of the monomeric repeat domains made molecular cloning of new constructs challenging.
New cloning methods partially addressed this issue (64, 65), but genome editing
technologies that could be more easily be programmed to target new sequences were still
needed. The development of RNA-guided genome editing by reconstituting the function of
CRISPR-Cas systems in heterologous contexts overcame this challenge, leading to

widespread use of genome editing technologies.

CRISPR-Cas systems: RNA-guided endonucleases that mediate adaptive

immunity in prokaryotes

Clustered regularly interspaced short palindromic repeat (CRISPR) loci function as
adaptive immune systems in prokaryotes (66-73). The study of CRISPR biology began
unexpectedly in 1987 when Nakata and colleagues described a series of five highly
homologous, 29-nt repeat sequences (direct-repeats) separated by four 32-nt non-
homologous sequences (spacers) in their study sequencing the iap gene from FEscherichia
coli, the first example of a CRISPR array that would eventually be shown to mediate
RNA-guided immunity (74). Additional sequencing studies uncovered genetic elements
with similar structures in other bacteria and archaea (70-72), eventually leading to their
recognition as a distinct family of prokaryotic repeat elements and a unified name for such
systems: CRISPR (75) It was soon appreciated that CRISPR arrays did not exist as

individual elements, but were often associated with adjacent ORF's predicted to encode
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products that interacted with nucleic acids, termed CRISPR-associated (Cas) genes, which

together form CRISPR systems (Figure 3) (75).

cas genes CRISPR array

- R S XoY Xo¥ IS X% |
| |

direct repeat  spacer
(DR)

Figure 3: Schematic representation of CRISPR loci, which are composed of cas genes in
proximity to a CRISPR array containing constant direct repeat sequences separated by

hypervariable spacer sequences.

The function of these loci remained mysterious until bioinformatics studies lead to
the discovery that spacers within the CRISPR array were homologous to genetic elements
of extrachromosomal origin (e.g. bacteriophages and conjugative plasmids), raising the
possibility of CRISPR as a genetic defense system (68, 69, 73). In 2007, Barrangou and
colleagues provided direct experimental evidence that CRISPR. loci encoded genetic
immunity to mobile genetic elements (66). Using a naturally occurring CRISPR locus
from Streptococcus thermophilus, it was shown that: (7)) CRISPR loci integrated new
spacers with homology to infecting bacteriophages in response to infection, (i7) spacer
sequence content dictated bacteriophage resistance and (i) these phenomena genetically
required neighboring cas genes. Detailed biochemical work soon provided greater molecular
detail on the mechanism by which spacer sequences mediated immunity. Using a naturally
occurring CRISPR system from FE. coli, Van der Oost and colleagues showed that the
transcribed CRISPR array was processed into smaller units containing individual spacers

and partial DRs by Cas proteins in vitro (67). Furthermore, once processed, the
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individual spacer containing mature CRISPR RNAs (crRNAs) remained bound to the Cas
enzyme complex. The Cas enzyme complex that bound the crRNAs was genetically
necessary for interference, supporting a model of RNA-guided immunity. In this work, the
authors also created synthetic CRISPR arrays, to re-direct immunity against the dsDNA
lambda ( A ) phage. CRISPR arrays predicted to generate crRNAs that hybridized to both
the template and non-template strand of the virus mediated immunity, showing for the
first time that CRISPR activity could be programmed, and likely acted on DNA.

It is now understood that adaptive immunity at CRISPR loci occurs in a three-
step process (Figure 4). First, invading nucleic acids are inserted into the CRISPR array
in a process called adaptation (66). Second, the CRISPR array is transcribed and
processed into ctRNAs containing single spacers in a process called crRNA biogenesis (67,
76, 77). Finally, interference against foreign genetic elements is mediated through the
action of Cas nucleases, which in complex with crRNAs find and cleave their targets
through Watson-Crick basepairing of the Cas ribonucleoprotein complex with target
sequences (67, 78-80).

Although adaptation, crRNA biogenesis and interference are common to all
CRISPR systems, the specific mechanisms by which individual loci execute crRNA
biogenesis and interference can vary significantly. These mechanistic differences have been
used to designate the class and type of the CRISPR system in question.

CRISPR systems are broadly divided into two classes based on the number of cas
genes that mediate interference and can be further sub-divided into types and subtypes on
the basis of signature cas gene content, sequence homology, and locus architecture (81).
Class 1 systems utilize multiple cas gene products assembled in complexes to degrade
target substrates, whereas class 2 systems utilize a single, large, multi-domain protein to
achieve interference (Figure 4) (78, 82, 83). The simplicity of class 2 systems, where the
specificity of a single nuclease can be reprogrammed through changing a short sequence of

RNA, has facilitated their development into genome editing technologies.
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Figure 4: Mechanisms of nucleic-acid interference by CRISPR systems. Casl and Cas2,
sometimes in combination with other Cas proteins mediate insertion of DNA derived from
mobile genetic elements into the CRISPR array, in a process called adaptation. The
CRISPR array is transcribed as a long primary transcript and then processed into

individual spacer-containing units (crRNAs) by Cas ribonucleases that occasionally are
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aided by host enzymes. crRNAs direct Cas nuclease activity through a complementarity-
dependent mechanism. Class 1 CRISPR systems utilize multi-protein, Cas nuclease
containing complexes for target cleavage, whereas class 2 systems utilize a Cas single

nuclease for nucleic-acid interference. Adapted from Hsu et. al. (52).

Genome editing using class 2 CRISPR systems

Class 2 DNA-targeting CRISPR. systems are advantageous compared to other
genome editing tools because they provide a method of targeting DSBs to endogenous loci
through simple Watson-Crick base pairing rules. The first effector domain from a class 2
CRISPR system to be harnessed for genome editing in mammalian cells was Cas9 from
type II CRISPR loci (Figure 5) (84, 85). Cas9 endonuclease activity is dependent on two
non-coding RNAs: the ctRNA, which directs cleavage specificity and a trans-activating
CRISPR RNA (tracrRNA) that promotes ctRNA maturation and is also required for
cleavage (Figure 5A) (86). Studies showed that in vitro (87, 88) and in prokaryotic cells
(78, 83, 86), crRNA, tracrRNA and Cas9 are necessary for cleavage of complementary
dsDNA targets, suggesting that reconstitution of Cas9 activity in a heterologous system
could be achieved by expressing Cas9, the tracrRNA and a targeting crRNA. Notably, it
was also shown that the crRNA and tracrRNA could be fused into a single RNA molecule

that mediated in vitro cleavage, potentially reducing the complexity of the system further

(87).
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Figure 5: (A) Schematic representation of Cas9, crRNA and tractRNA that together
form a ribonucleoprotein complex with DNA cleavage activity. (B) The HNH and RuvC
nuclease domains of Cas9 cleave the complementary and non-complementary DNA strands

of a crRNA-specified target site adjacent to a compatible PAM, creating a DSB.

Recognition of a target sequence by Cas9 also requires a compatible protospacer-

adjacent motif (PAM) (68, 89-91), a short nucleotide sequence immediately adjacent to
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the target that Cas9 recognizes through protein-DNA contacts (92). PAM recognition
initiates unwinding of the nearby dsDNA by Cas9, allowing for ctRNA hybridization (93).
Once the crRNA is hybridized to the target sequence, Cas9 uses two separate DNA
nuclease domains, HNH and RuvC, to cleave the complementary and non-complementary
DNA strands, respectively, 3 nucleotides from the PAM, creating a DSB within the

crRNA:target heteroduplex (Figure 5B) (87, 88).

The targeting mechanism of Cas9 suggested this system could be utilized for
editing complex mammalian genomes: the PAM of Cas9 is short (~3-5 bp) (90, 91),
allowing for ﬂexibleAtarget site selection, and the spacer sequence of the mature crRNA is
sufficiently long (~20 nt) (86) to specify unique target sites. DNA endonuclease activity of
Cas9 from Streptococcus pyogenes SF370 was reconstituted in mammalian cells in 2013,

defining a new class of RNA-guided genome editing tools (84, 85).

Creating DSBs with Cas9 through Watson-Crick basepairing rules allowed for
simple, more predictable targeting of genomic sequences and the widespread adoption of
Cas9 as a genome editing tool. The flexible nature of Cas9 targeting has led to the
development of new genetic-screening methodologies for human cells (94-96), the
development of catalytically inactive variants that can be combined with other effector
domains (97-99) and paved the way for additional RNA-guided genome editing

technologies based on novel class 2 CRISPR effectors.
Extending genome editing techniques to RNA

Initial studies of class 2 CRISPR systems suggested that these loci exclusively
encoded DNA nucleases, an idea that has been challenged by recent computational studies.
By extending the types of features used to search for new CRISPR loci, novel class 2
systems predicted to encode single-effector, RNA-guided, RNA-targeting Cas nucleases
were discovered (Figure 6) (100). The RNA-targeting ability of these loci is predicted due

to the absence of DNA targeting domains and the presence of conserved Higher
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Eukaryotes and Prokaryotes Nucleotide-binding (HEPN) motifs, which mediate RNA

degradation in a variety of contexts (101).

« Class 2 systems with
predicted DNA targeting (types I, V)
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Figure 6: The phylogenetic relationship of class 2 CRISPR systems. All class 2 systems

encoding predicted DNA nucleases are collapsed.

The discovery of putative class 2 RNA-targeting CRISPR systems opens the
possibility of extending the simplicity of RNA-guided genome editing to transcripts.
Transcriptome editing would ideally apply the functionalities of genome editing to RNA,
with simple methodologies to both knockdown and modify the function of transcripts.
Powerful technologies for suppressing the function of transcripts in eukaryotic cells exist,
including RNA interference (RNAi) (102, 103) and anti-sense oligonucleotides (ASOs)
(104, 105), which trigger enzymatic degradation by endogenous enzymes (RNAi and
ASOs) or sterically occlude functional RNA motifs (ASOs) to prevent RNA function (106).
Technologies that can modify the function of transcripts have been more challenging to
develop. These techniques generally mimic the concept of TALE and ZF-based effectors
for DNA applications: fusing tandem repeats of a modular RNA-binding protein domain
that recognizes RNA bases through protein contacts, to RNA-modifying domains of known
function (707). The RNA-binding domain commonly used for this application is the

pumilio repeat (PUF) domain, which structural studies suggest may reéognize single RNA
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bases as part of a tandem array (108, 109). Similar to ZFs, developing PUFs with
arbitrary specificity has proven challenging, possibly due to unanticipated complexity of
the binding code (110, 111), limiting the prospects of recruiting RNA-modifying domains

to endogenous transcripts.

Development of class 2 RNA-targeting CRISPR systems for transcriptome
engineering could enable a simple method for modifying transcript function through
recruitment of RNA-modifying enzymes fused to Cas effectors by Watson-Crick

basepairing rules.

Class 2 CRISPR systems containing HEPN domains have been designated as type
VI and further divided into subtypes A, B and C (Figure 6) (112). The RNA-targeting
ability of type VI-A CRISPR systems has been recently confirmed and shown to be
catalytically mediated by conserved residues in the HEPN domain of the Casl3a protein
encoded by these loci (113). Casl3a cleaves ssRNA targets in a crRNA-dependent manner
that requires complementarity with the target, suggesting the possibility of CRISPR-based
transcriptome engineering.

At the outset of this thesis, the existence and function of type VI-B and VI-C
CRISPR systems were unknown. The work presented in this thesis seeks to characterize
novel type VI CRISPR systems and test their utility for transcriptome editing applications
in mammalian cells. There are three specific questions addressed in the work presented:
(7) Do other type VI CRISPR systems exist?

By computationally mining publicly available microbial genomes using a novel
CRISPR discovery pipeline, we identified type VI-B CRISPR loci, which encode a putative
RNA-guided RNAse, Casl3b.

(#) How do type VI-B CRISPR loci function?

Using in vitro assays and reconstitution of native VI-B loci in heterologous

prokaryotic expression systems, we provide evidence for a model in which a

ribonucleoprotein complex composed of Casl3b and a ctRNA are sufficient to cleave

21



ssRNA targets. We show genetically that the phenomenon of RNA interference by VI-B
systems in vivo can be repressed or enhanced by the expression of csz27 or csz28,
respectively, small effector proteins that naturally co-occur with Casl3b in type VI-B loci.
(#77) Can nucleases from type VI CRISPR systems be used for transcriptome
editing applications in mammalian cells?

To test for the ability of type VI nucleases (Casl3 a/b/c) to suppress transcript
function, we reconstituted their nuclease activity in mammalian cells. To address whether
Casl3 nucleases could be used to modify transcript function, we created catalytically
inactive variants of Casl3b (dCas13b) from Prevotella sp. P5-125 fused to the catalytic
domain of adenosine deaminase acting on RNA (ADAR) enzymes, showing that dCas13b
could specifically direct the enzymatic activity of the ADAR deaminase domains to target
transcripts.

The first two questions are addressed in the 2™ chapter of this thesis, and the final

question in the 3" chapter.

Note: A portion of the description of CRISPR-Cas systems in this introduction was

adapted form my preliminary exam proposal.
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Abstract

CRISPR-Cas adaptive immune systems defend microbes against foreign nucleic
acids via RNA-guided endonucleases. Using a computational sequence database mining
approach, we identify two Class 2 CRISPR-Cas systems (subtype VI-B) that lack Casl
and Cas2 and encompass a single large effector protein, Casl3b, along with one of two
previously uncharacterized associated proteins, Csx27 or Csx28. We establish that these
CRISPR-Cas systems can achieve RNA interference when heterologously expressed.
Through a combination of biochemical and genetic experiments, we show that Casl3b
processes its own CRISPR array with short and long direct repeats, cleaves target RNA,
and exhibits collateral RNase activity. Using an FE. coli essential gene screen, we
demonstrate that Cas13b has a double-sided protospacer-flanking sequence and elucidate
RNA secondary structure requirements for targeting. We also find that Csx27 represses,
whereas Csx28 enhances, Casl3b-mediated RNA interference. Characterization of these
CRISPR systems creates opportunities to develop tools to manipulate and monitor

cellular transcripts.
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INTRODUCTION

CRISPR-Cas (clustered regularly iterspaced short palindromic repeats and
CRISPR-associated proteins) systems are divided into two classes, Class 1 systems, which
utilize multiple Cas proteins and CRISPR RNA (crRNA) to form an effector complex,
and the more compact Class 2 systems, which employ a large, single effector with crRNA
to mediate interference (Makarova et al., 2015). CRISPR-Cas systems display a wide
evolutionary diversity, involving distinct protein complexes and different modes of
operation, including the ability to target RNA (Abudayyeh et al., 2016; East-Seletsky et
al., 2016; Hale et al., 2009; Jiang et al., 2016; Staals et al., 2013; Staals et al., 2014,

Tamulaitis et al., 2014).

Computational sequence database mining for diverse CRISPR-Cas systems has
been carried out by searching microbial genomic sequences for loci harboring the casi
gene, the most highly conserved cas gene involved in the adaptation phase of CRISPR
immunity (Marraffini, 2015). Among other findings, this approach led to the discovery of
the Class 2 subtype VI-A system with its signature effector Casl3a (previously known as
C2c2), which targets RNA (Abudayyeh et al., 2016; East-Seletsky et al., 2016; Shmakov
et al., 2015). Since distinct variants of functional Class 1 CRISPR systems have been
characterized that lack cas! (Makarova et al., 2015), we sought to identify Class 2
CRISPR-Cas systems lacking cas! by modifying the computational discovery pipeline so
that it is not seeded on Casl. Here we report the characterization of a Class 2 subtype,

VI-B, which was discovered through this computational approach, and demonstrate that

the VI-B effector, Cas13b, is an RNA-guided RNase.

RESULTS
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Computational discovery of Class 2 subtype VI-B CRISPR systems

We designed a computational pipeline to search specifically for putative CRISPR-
Cas loci lacking Casl and Cas2 (Figure 1A). Fully assembled microbial genomes were
searched for all proteins within 10kb of CRISPR arrays (Edgar, 2007; Yates et al., 2016).
The list of identified loci was further narrowed down using the following criteria: no more
than one neighboring protein larger than 700aa (to eliminate Class 1 system false
positives), presence of a putative single effector of size 900aa to 1800aa (informed by the
size distribution of previously classified Class 2 effectors), and absence of cas! and cas2
genes within 10kb of the CRISPR array (Method Details). Candidate effectors were
grouped into families according to homology (Camacho et al., 2009; Hildebrand et al.,
2009; Remmert et al., 2012), and discarded if they matched previously identified CRISPR-
Cas systems (Makarova et al., 2015). To focus on likely functional CRISPR loci, we
limited the candidate list to families of at least 10 non-redundant effectors in which the

putative effector was near a CRISPR array for at least 50% of the members.

Among the candidates, we identified two genetically diverse putative Class 2
CRISPR-Cas systems (105 genomic loci, 81 containing a unique entry Cas13b in the non-
redundant NCBI protein database, and 71 of these 81 containing an annotated CRISPR
array) represenfed in Gram-negative bacteria (Figure S1A). For some genera, in particular
Porphyromonas and Prevotella, Casl3b proteins are encoded in several unique sequenced
loci, and, occasionally, in the same sequenced genome. These systems often co-occur with
other CRISPR-Cas systems. Of the 81 type VI-B loci found across complete and
incomplete bacterial genomes, 62 also possess at least one other CRISPR-Cas locus that
includes the key adaptation endonuclease, Casl. However, three complete genomes

carrying the type VI-B locus

35



(Flavobacterium_ branchiophilum_FL_ 15 GCA_000253275.1,
Paludibacter_ propionicigenes. WB4_GCA_ 000183135.1, and
Porphyromonas_ gingivalis_ AJW4_ GCA__001274615.1) lack Casl altogether (Figure
S1A).

All these loci encode a large (~1100aa) candidate effector protein and, in about
80% of the cases, an additional small (~200aa) protein (Figures 1B and S1A). The
putative effector proteins contain two predicted HEPN domains (Anantharaman et al.,
2013) at their N- and C-termini (Figure S1B), similar to the domain architecture of the
large effector of subtype VI-A (Casl3a) (Shmakov et al., 2015). Beyond the occurrence of
two HEPN domains, however, there is no significant sequence similarity between the
predicted effector and Casl3a. These systems were also identified by a generalized version
of the pipeline described above as part of a comprehensive analysis of Class 2 CRISPR-
Cas systems, and were classified into subtype VI-B, with predicted effector protein

Cas13b (Shmakov et al., 2017).
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1. Compile assembled Ensembl genomes

2. PILER-CR CRISPR locus discovery
—ataiaie——

3. Nearby protein discovery (within 10kb)

4. Filter CRISPR arrays and proteins
-Arrays with only one neighboring protein >700 aa
-Neighboring proleins between 900aa and 1800aa
-No Cas1 or Cas2 within 10kb of array

5. Classify and select Class 2 candidates
-Perform BLAST on filtered proteins
-Group into lamilies according to homology
-Ensure >50% of family members have nearby array
-HHPred and locus analysis for classification

Figure 1 | Discovery of two Class 2 CRISPR-Cas systems, subtype VI-B1 and
VI-B2, containing Casl3b. (A) Bioinformatic pipeline to discover putative Class 2
CRISPR loci lacking Casl and Cas2. (B) A schematic phylogenetic tree of the subtype

VI-B loci. Loci with Csx27 (brown) comprise variant VI-B1; loci with Csx28 (gold)

B
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-_I.E.a)-» Bacteroides pyogenes JCM 10003
—_IOI(;)I.I* Alistipes sp. ZOR0009
-—lo{.;g‘ol- Flavobacterium branchiophilum FL-15
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20)
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comprise variant VI-B2. See also Figures S1, S2, and S3.

37



Phylogenetic tree of 81 non-redundant Cas13b effectors with full gene
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Figure S1 | Phylogenetic tree of Casl13b bifurcates into two variants of
subtype VI-B CRISPR loci. Related to Figure 1. (A) A phylogenetic tree
(alignment generated by BLOSUMG62) of non-redundant Casl3b effectors, with the full
type VI-B locus depicted in every instance. Accession numbers for genome, Cas13b (blue),

and Csx27 (brown)/Csx28 (gold) are included, as well as number of nearby spacers
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detected by PILER-CR, the presence of Casl in the sequenced genome, and the size of
Casl3b. (B) Two HEPN sequences identified via multiple sequence alignment
(BLOSUMBS62) of putative non-redundant Cas13b proteins. (C) Divergent HEPN sequence
identified via multiple sequence alignment (BLOSUMG62) of putative non-redundant Csx28

proteins.
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CRISPR-Cas13b loci contain small accessory proteins

The identity of the putative accessory protein correlates with the two distinct
branches in the phylogenetic tree of Cas13b (Figures 1B and S1A) (Henikoff and Henikoff,
1992), indicative of the existence of two variant systems, which we denote VI-Bl
(accessory protein referred to as Csx27) and VI-B2 (accessory protein referred to as
Csx28). While subtype VI-B2 systems almost invariably contain csz28, csz27 is less
consistently represented in VI-B1 loci. The protein sequences of Csx27 and Csx28 show no
significant similarity to any previously identified Cas proteins. Both putative accessory
proteins were predicted to contain one or more transmembrane segments (Figure S2A)
(Moller et al., 2001). However, Csx27 of Bergeyella zoohelcum and Csx28 of Prevotella
buccae tagged with RFP at either the N- or C-terminus did not show membrane
localization when expressed in E. coli (Figure S2B). In addition to the predicted
hydrophobic domains, analysis of the multiple sequence alignment of Csx28 proteins

indicated the presence of a divergent HEPN domain (Figure S1C).
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Casl3b-associated CRISPR arrays display unique features

In contrast to their differing putative accessory proteins, both variants of subtype
VI-B systems show distinct, conserved features in the CRISPR arrays. The direct repeats
in the CRISPR arrays are conserved in size, sequence, and structure, with a length of 36
nt, a poly-U stretch in the open loop region, and complementary sequences 5-GUUG and
CAAC-3’ at the ends of the repeat predicted to yield a defined secondary structure
mediated by intramolecular base-pairing (Figures S3A, S3B, and S3C) (Lorenz et al.,
2011). Our analysis revealed 36 Casl3b spacers mapped with greater than 80% homology
to unique protospacers in phage genomes. Twenty-seven of the identified Casl13b spacers
targeted the coding strand of phage mRNA, while seven spacers targeted the noncoding
strand and two spacers targeted regions of the phage genome without predicted
transcripts. Although the composite of these imperfect mappings revealed no consensus
flanking region sequence (Figure S3D) (Biswas et al., 2013), the well-conserved
protospacer length of 30 nt, combined with the conserved direct repeat sequence and
length, suggests that the nucleic acid targeting rules may be similar among different VI-B
loci.

RNA Sequencing of the total RNA from B. zoohelcum (subtype VI-B1) showed
processing of the pre-crRNA into a 66-nt mature crRNA, with the full 30-nt 5 spacer
followed by the full 36-nt 3’ direct repeat (Figure 2A) (Heidrich et al., 2015; Li and
Durbin, 2009; Shmakov et al., 2015). A longer 118-nt crRNA, distal to the 36-nt crRNAs
in the CRISPR array and with a direct repeat consisting of 5’ and 3’ fragments of the 36-
nt direct repeat sequence interrupted by an intervening repeat sequence, was also
processed. This phenomenon was computationally predicted to occur in additional VI-B
loci, such as those from Capnocytophaga canimorsus, Myroides odoratimimus, and

Riemerella anatipestifer. Other CRISPR Class 2 effectors are known to process their
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arrays without involvement of additional RNases (East-Seletsky et al., 2016; Zetsche et
al., 2015). Similarly, we find that purified BzCas13b is capable of cleaving its CRISPR
array, generating mature ctRNAs with short or long direct repeats, and spacers which are
not, further processed beyond 30 nt, an activity which is not affected by mutation of the

predicted catalytic residues of the HEPN domain (Figures 2B and S4; Tables S1 and S2).
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Figure 2 | Cas13b from the VI-B1 locus processes a CRISPR array with two
direct repeat variants. (A) RNA-Sequencing of the native VI-B1 locus from Bergeyella

zoohelcum ATCC 43767. (B) Denaturing gel showing cleavage products of in vitro
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synthesized short-DR containing or long-DR containing CRISPR arrays from the B.
zoohelcum genome by either wildtype or HEPN mutant BzCas13b (D1, R116A/H121A;
D2, RI1177A/H1182A; Q, R116A/H121A/R1177A/H1182A). The schematic shows

fragment lengths of a cleaved CRISPR array. See also Figure S4 and Table S1.

45



CRISPR Class 2 subtype VI-B1 direct repeat RNA folds - 36 nt*
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Figure S3 | Predicted sequence and secondary structure of type VI-B direct
repeats; predicted protospacer flanking sequences. Related to Figure 1. (A)
Predicted secondary structure folds of structurally unique CRISPR class 2 type VI-Bl
direct repeats (Vienna RNAfold). (B) Predicted secondary structure folds of structurally
unique CRISPR Class 2 type VI-B2 direct repeats. (C) Weblogo of all unique VI-B direct
repeat sequences of length 36 nt, taken as the same transcriptional orientation as Cas13b.
(D) Weblogo of all unique VI-B protospacer flanking sequences from CRISPRTarget

mapping of protospacers to phage databases.
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Purified Cas13b HEPN mutants
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Figure S4 | Protein gels of purified WT BzCas13b and three mutant
BzCas13b proteins. Related to Figures 2, 4, and 5. Denaturing protein gels of B.
zoohelcum wildtype, D1 (R116A/H121A mutant), D2 (R1177A/H1182A) mutant, and Q

(R116A/H121A/R1177A/H1182A) mutant Casl13b.
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An E. coli essential gene screen reveals targeting rules for BzCas13b

To validate the expected interference activity of the VI-B system and to determine
the targeting rules for the VI-B1 locus from B. zoohelcum, we developed an E. coli
essential gene screen (Figure 3A). For this negative selection screen, we generated a
library of 54,600 unique spacers tiled with single-nucleotide resolution over the coding
region of 45 monocistronic essential genes (Baba et al., 2006; Gerdes et al., 2003), plus 60
nt into the 5 and 3’ UTRs. We also included 1100 randomly generated non-targeting
spacers to establish baseline activity (Tables S3 and S4). We then transformed this library
with plasmids carrying bzcas18b (cas18b gene from B. zoohelcum) and bzcsz27, just
bzcas13b, or a control empty vector. After quality-control-filtering of all screened spacers,
we found a statistically significant depletion of targeting spacers over non-targeting
spacers, indicating that Cas13b, alone or with Csx27, can achieve nucleic-acid interference
(Figure 3B).

To assess the targeting rules for Cas13b, we established two spacer depletion levels:
strongly depleted (top 1% of depleted spacers) and safely depleted (spacers depleted 50
above the mean depletion of the filtered non-targeting spacers). From spacers passing the
strongly depleted cutoff we derived sequence motifs, qualitatively identifying a double-
sided protospacer flanking sequence (PFS) (Figure 3C) (Crooks et al., 2004). Because each
position in a sequence motif is assumed to be independent, we developed a more
quantitative, base-dependent PFS score defined as the ratio of the number of safely
depleted spacers to the number of all spacers with a given PFS, normalized across all PFS
scores (Figure 3D).

The normalized PFS scores revealed a 5 PFS of D (A, U, or G) and 3’ PFS of
NAN or NNA, consistent for Cas13b with Csx27, as well as for Cas13b alone. To validate

these sequence-targeting rules, we performed an orthogonal depletion screen with Cas13b
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alone, targeting the Kanamycin resistance gene (Figures 3E and 3F). Four classes of
spacers were created: non-targeting, targeting with both 5’ and 3’ PFS rules, targeting
with only the 5 or 3’ PFS rule, and targeting with neither rule. Consistent with our
findings from the E. coli essential gene screen, the combined 5’ and 3’ PFS spacers

resulted in the highest Kanamycin sensitivity (Figures 3G and S5A; Table S5).
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Figure 3 | Heterologous expression of Cas13b mediates knockdown of E. coli

essential genes by a double-sided PFS. (A) Design of E. coli essential gene screen to

determine targeting rules of nucleic acid interference. (B) Manhattan plots of mean



spacer depletions mapped over 45 genes and aggregated across normalized gene distance
for either the full B. zoohelcum VI-B1 locus (left) or casl3b alone (right), with non-
targeting spacers in gray, safely depleted spacers (>50 above mean depletion of non-
targeting spacers) above blue line? and strongly depleted spacers (top 1% depleted) above
red line. For the full locus, 36,142 targeting spacers and 630 non-targeting spacers passed
QC filter. Of the targeting, 367 are strongly depleted and 1672 are safely depleted. For
cas13b alone, 35,272 targeting spacers and 633 non-targeting spacers passed QC filter. Of
the targeting, 359 are strongly depleted and 6374 are safely depleted. (C) Weblogo of
sequence motifs of strongly depleted B. zoohelcum spacers. (D) Normalized PFS score
matrix, where each score is the ratio of number of safely depleted B. zoohelcum spacers to
total number of spacers for a given PFS, scaled so that maximum PFS score is 1. (E)
Spacers targeting kanamycin to validate PFS targeting rules of 5> PFS (D) and 3’ PFS
(NAN or NNA). (F) Schematic of kanamycin validation screen for B. zoohelcum cas13b
in E. coli. (G) Results from kanamycin validation screen; spacer abundances versus

control for individual B. zoohelcum spacers, with abundances colored by type of spacer.

See also Figure S5 and Tables S2, S3, S4, and S5.
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Figure S5 | Targeting rule validation of BzCas13b and MS2 interference assay
of BzCas13b and PbCasl3b. Related to Figures 3, 5, and 7. (A) Spacers
targeting kanamycin to validate PFS targeting rules of 5> PFS (D) and 3’ PFS (NAN or
NNA) (left). Second kanamycin validation screen bioreplicate of spacer abundances versus
control for individual B. zoohelcum spacers, with abundances colored by type of spacer
(right). (B) Plaque drop assay with bioreplicates for B. zoohelcum VI-B1 locus and
cas13b, for P. buccae VI-B2 locus and casi8b, and for P. buccae cas13b with pUC19, B.

zoohelcum csx27, and P. buccae csz28.
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BzCas13b cleaves single-stranded RN A and exhibits collateral activity in vitro

Based on the presence of the computationally predicted HEPN domains that
function as RNases in other CRISPR-Cas systems, including VI-A and some Class 1
systems (Abudayyeh et al., 2016; Kim et al., 2013; Sheppard et al., 2016; Staals et al.,
2014), we anticipated that Casl3b interferes with RNA. We confirmed this by
demonstrating that purified Casl3b exclusively cleaves single-stranded RNA with both
direct repeat architectures (Figures 4A and S6A). We then validated the PFS targeting
rules biochemically, showing that a 5> PFS of C greatly inhibits single-stranded RNA
cleavage (Figure 4B), whereas a 3’ PFS of NAN or NNA enhances this activity (Figure

40).

Other HEPN domain-containing CRISPR-Cas RNA-targeting systems, such as
Csx1 from the Type III-B CRISPR-Cas systems, preferentially cleave targets containing
specific single-stranded nucleotides (Sheppard et al., 2016). To determine if Casl3b
exhibits such a preference, we tested an RNA substrate with a variable homopolymer loop
outside of the spacer:protospacer duplex region (Figure 4D). A heteropolymer loop
consisting of alternating A then U was also tested (Figure S6B). We observed cleavage at
pyrimidine residues, with a strong preference for uracil. This activity is abolished in the
presence of EDTA (Figure S6C), suggesting a divalent metal ion-dependent mechanism
for RNA cleavage akin to that of a similar HEPN-containing, Class 2 effector protein,
Casl3a (Abudayyeh et al., 2016; East-Seletsky et al., 2016).

Given that Casl3a has also been reported to cleave RNA non-specifically once
activated by interaction with the target (“collateral effect”) (Abudayyeh et al., 2016;
East-Seletsky et al., 2016), we sought to test the ability of Casl3b to cleave a second,
non-specific substrate following target cleavage. Using an in vitro assay similar to the one

we previously used with Casl3a (Abudayyeh et al., 2016), we incubated Casl3b-crRNA
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complexes with both a target and non-target RNA substrate. We observed collateral
cleavage of the non-targeted RNA, but only in the presence of the target RNA (Figure
4E).
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Figure 4 | Casl3b is a programmable single-stranded RNase with collateral

activity. (A) Schematic showing the RNA secondary structure of the cleavage target in
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complex with a targeting 30-nt spacer connected to short direct repeat (top). Denaturing
gel demonstrating short direct repeat and long direct repeat crRNA-mediated ssRNA
cleavage (bottom). Reactions were incubated for 10 minutes. The ssRNA térget is '
labeled with IRDye 800. Three cleavage sites are observed. (B) Schematic showing three
numbered protospacers for each colored 5 PFS on a body-labeled ssRNA target (top).
Denaturing gel showing crRNA-guided ssRNA cleavage activity demonstrating the
requirement for a D 5’ PFS (not C) (bottom). Reactions were incubated for 60 minutes.
crRNAs correspond to protospacer numbered from the 5’ to the 3’ end of the target. Gel
lane containing RNA ladder not shown. (C) Schematic of a body-labeled ssRNA substrate
being targeted by a crRNA (top). The protospacer region is highlighted in blue, and the
orange bars indicate the 5 PFS and 3’ PFS sequences. The orange letters represent the
altered sequences in the experiment. Denaturing gel showing crRNA-guided ssRNA
cleavage activity after 60 minutes of incubation, with the 5’ PFS tested as A, and the 3’
PFS tested as ANN (bottom). The orange 3’ PFS letters represent the RNA bases at the
second and third 3’ PFS position within each target ssRNA. Gel lane containing RNA
ladder not shown. Dashed line indicates two separate gels shown side by side. (D)
Schematic showing the secondary structure of the body labeled ssRNA targets used in the
denaturing gel. The variable loop of the schematic (represented as N°) is substituted with
five monomers of the variable loop base in the gel (top). Denaturing gel showing cleavage
bands of the homopolymer variable loop base (bottom). The targets were incubated for 30
minutes. Dashed line indicates where the image was stitched together to remove U/A
heteropolymer RNA lanes (shown in Figure S7B). Gel lane containing RNA ladder not
shown. (E) Denaturing gel showing BzCas13b collateral cleavage activity after 30 minutes
of incubation, with schematic of cleavage experiment to the right. Two crRNAs (A and B)

target substrate 1 (1A and 1B) or substrate 2 (2A and 2B). Gel lane containing RNA
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ladder not shown. Dashed line indicates two separate gels shown side by side. See also

Figures S4 and S6, and Table S1.
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10 minutes, the same amount of time which results in robust ssRNA cleavage for this
target and crRNA pair. The ssDNA and top strand of the dsDNA target is 5' labeled with
IRDye 800. The dsRNA target is body labeled. Gel lane containing RNA ladder not
shown. (B) Denaturing gel showing cleavage bands from the variable loop target as
shown in Figure 4D. The U/A heteropolymer consists of the N°® variable loop of
alternating U and A residues (5' AUAUA 3'). (C) ssRNA cleavage requires BzCasl3b
and a targeting crRNA, and this cleavage activity is abolished by addition of EDTA. Gel
lane containing RNA ladder not shown. (D) Denaturing gel showing PbCas13b cleavage
activity of an ssRNA targeted substrate. The ssRNA is 5 labeled with IRDye 800 and
incubated for 30 minutes. Gel lane containing RNA ladder not shown. (E) EMSA gels
that were used to quantify the Kp of the WT and mutant BzCasl13b proteins, using an
on-target crRNA complementary to the targeted ssRNA. (F) EMSA gel of WT BzCas13b
with an off-target crRNA. The off-target ctRNA is non-complementary to the targeted

ssRNA.
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Cas13b shows robust HEPN-dependent interference and is repressed by Csx27
activity

To validate RNA interference in vivo, we assayed interference against the lytic,
single-stranded RNA bacteriophage MS2, whose life cycle contains no DNA intermediates.
We performed an MS2 drop plaque assay at serial dilutions of phage for both bzcasi3b
with bzcsz27 and bzcas13b alone with three spacers targeting the MS2 genome, two at the
lys-rep interface and one in rep, as well as one non-targeting spacer (Figure 5A). We
observed substantial reduction in plaque formation for all targeting spacers compared to
the non-targeting spacer, confirming sequence-specific RNA targeting by VI-B1 systems.
(Figures 5A and S5B; Table S6). Notably, the presence of bzcsz27 weakened RNA
interference by bzcas13b for all three targeting spacers.

To confirm the lack of DNA interference in vivo, we modified an existing plasmid
interference assay with a protospacer placed either in-frame at the 5 end of the bla
ampicillin-resistance gene (transcribed target) or upstream of the bla gene promoter on
the opposite strand (non-transcribed target). Bacteria co-transformed with bzcas13b and
spacer as well as the non-transcribed target plasmid survived at a comparable rate to co-
transformation of the same target with the empty vector on dual antibiotic selection. For
bacteria co-transformed with the transcribed target, the colony forming unit rate under
dual antibiotic selection was reduced by ~2 orders of magnitude in the presence of
bzcas13b, corroborating that Cas13b exclusively targets RNA in vivo (Figure 5B).

We next tested if predicted catalytic residues in the HEPN domains were
responsible for RNA cleavage by Casl3b. Three HEPN mutants were obtained by
replacing the conserved catalytic arginines and histidines in the two HEPN domains with
alanines (R116A/H121A, termed domain 1 (D1); R1177A/H1182A, termed domain 2
(D2); and R116A/H121A/R1177A/H1182A, termed quadruple (Q)) (Figure S4). All
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mutants lacked observable cleavage activity (Figure 5C), yet retained RNA binding
capacity in vitro (Figures 5D and S6E). The wildtype and all three HEPN mutant Cas13b
proteins showed comparable binding affinities for a single-stranded target RNA substrate,
with Kp values ranging from 27nM to 42nM (Figures 5D and S6E; Table S7). The Kp for
off-target binding was found to be greater than 188nM (Figure S6F).

We confirmed the involvement of the HEPN domains in RNA interference in vivo,
finding ~5.5 orders of magnitude decrease in resistance to MS2 phage in the quadruple
HEPN mutants versus wildtype Casl13b (Figures 5E and S5B). Interestingly, quadruple
mutant Casl3b with spacers 2 and 3 still showed weak phage resistance, potentially due
to catalytically inactive Cas13b binding to phage genomic RNA, leading to reduced phage

replication.
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bzcas13b (right). (B) DNA interference assay schematic (top) and results (bottom). A
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target sequence is placed in frame at the start of the transcribed bla gene that confers
ampicillin resistance or in a non-transcribed region on the opposite strand of the same
target plasmid. Target plasmids were co-transformed with bzcasl3b plasmid or empty
vectors conferring chloramphenicol resistance and plated on double selection antibiotic
plates. (C) Schematic (top) and denaturing gel (bottom) showing ssRNA cleavage
activity of WT and HEPN mutant BzCasl3b. The protein and targeting crRNA
complexes were incubated for 10 minutes. Gel lane containing RNA ladder not shown.
(D) Electrophoretic Mobility Shift Assay (EMSA) graph showing the affinity of
BzCas13b proteins and targeting ctRNA complex to a 5’ end labeled ssRNA. The EMSA
assay was performed with supplemental EDTA to reduce any cleavage activity. (E)
Quantification of MS2 phage plaque drop assay with B. zoohelcum wildtype and Q
(R116A/H121A/R1177A/H1182A) mutant Casl3b. See also Figures S4, S5, and S6, and

Tables S1, S2, S6, and S7.

65



Computational modeling predicts additional targeting rules governing Cas13b

Our sequence-based targeting results from the E. coli essential gene screen implied
the existence of additional RNA-targeting rules beyond the PFS (only ~18% of spacers
were safely depleted for bzcas18b; from the PFS rules alone, the expected value would be
~33%). Given that RNA targets contain a variety of secondary structures, we sought to
determine how RNA accessibility impacts targeting. Using the Vienna RNAplfold method
(Bernhart et al., 2006), which has been successfully employed to predict RNAI efficiency
(Tafer et al., 2008) (Figure 6A), we trained and tested an RNA accessibility model for
spacer efficiency on our screen data, and found that RNA accessibility matters the most
in the protospacer region most distal to the direct repeat of the crRNA (Figures 6B and
6C).

Given the collateral activity observed in vitro, we examined our screen data for
indications of non-specific RNA cleavage by Casl3b. To this end, we calculated the
empirical cumulative distribution functions of safely depleted spacers aggregated across all
essential genes from the 5’ UTR into the gene and from the 3> UTR into the gene (Figure
6D). Because cleavage closer to the 5° UTR is more likely to disrupt gene function,
without non-specific RNase activity we would expect an overrepresentation of spacers in
the 5> UTR and an underrepresentation in the 3° UTR. By contrast, in the presence of
collateral activity a nearly uniform distribution would be expected. From our screen data,
we observed only a marginal underrepresentation of spacers in the 3’ UTR compared to a

uniform distribution, suggesting that collateral activity may occur in vivo.
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Figure 6 | Efficient RNA targeting by Casl3b is correlated with local RNA
accessibility. (A) Methodology of secondary structure-mediated spacer efficiency

analysis of E. coli essential gene screen data with Vienna RNAplfold. (B) Optimization of
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top 1 accuracy (computationally predicted most accessible spacer matches the top
experimentally depleted spacer) and top 3 accuracy (computationally predicted top spacer
falls in top 3 experimentally depleted spacers) on randomly selected B. zoohelcum training
dataset using RNAplfold, first with u start and u end, and then with W and L. (C)
Performance of optimized RNAplfold model on randomly selected B. zoohelcum testing
dataset (48 cohorts for full B. zoohelcum VI-B1 locus, 56 cohorts for bzcas13b) against 10°
Monte Carlo simulations: empirical P-values from left to right of 3e-6, le-6, 8.7e-3, 6e-6.
(D) Empirical cumulative distribution function of safely depleted B. zoohelcum spacers
over all genes from 5° UTR into gene and from 3’ UTR into gene. Yellow line separates
UTR and gene, red line is theoretical cumulative distribution function of uniformly
distributed spacers, and blue line is empirical cumulative distribution of safely depleted B.

zoohelcum spacers. See also Tables S3 and S4.
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CRISPR-Casl13b effectors are differentially regulated by Csx27 and Csx28

To determine if the established RNA-targeting rules generalize across the subtype
VI-B systems from diverse bacteria, we characterized the subtype VI-B2 locus from P.
buccae. RNA sequencing of the CRISPR array revealed processing effectively identical to
that of B. zoohelcum, excluding the long crRNA (Figure S7TA). The E. coli essential gene
screen with pbcas18b and pbesz28 or pbeasl3 alone led to the identification of a PFS
matrix similar to that of B. zoohelcum, with certain PFS’s disfavored (Figures 7A, S7B,
and S7C). Similar to BzCas13b, PbCasl3b was found to cleave targeted single-stranded
RNA in vitro (Figure S6D). As with bzcsz27, the presence of pbcsz28 did not appreciably
alter the PFS. We also repeated the secondary structure analysis with pbcasl3b, and a
comparable RNAplfold model applied (Figure S7D). Strikinély, in these experiments the
safely depleted spacers for pbcas13b alone were highly biased to the beginning of the 5’
UTR of genes, suggestive of inhibited or more spatially localized RNase activity in the
absence of pbcsz28 (Figure STE). We further explored the apparent reduced activity of
pbcas18b alone relative to the respective full CRISPR-Cas locus using the MS2 phage
plaque drop assay and found that pbcsz28 enhances MS2 phage interference by up to four
orders of magnitude (Figures 7B and S5B). The differential ability of csz27 to repress and
csz28 to enhance casl3b activity generalizes across thousands of spacers in the E. coli
essential gene screen (Figure 7C), highlighting the distinctive regulatory modes of the two
variants of subtype VI-B CRISPR-Cas systems.

To further explore the ability of the small accessory proteins to modulate Cas13b
activity, we tested if Csx27 can also repress PbCas13b using the MS2 drop plaque assay.
Cells co-transformed with pbcas18b and bzcsz27 expression plasmids exhibited a 10° fold
reduction in interference activity relative to pbcasl3b expression plasmid and pUC19

empty vector, indicating that Csx27 exerts an inhibitory effect on PbCas13b (Figures 7D
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and S5B). The ability of Csx27 to modulate the interference activity of BzCasl13b and
PbCasl3b suggests that it is a modular protein that can function across multiple VI-B

loci.
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Figure S7 | RNA-targeting of P. buccae VI-B2 CRISPR locus. Related to
Figure 7. (A) RNA-Sequencing of heterologously expressed VI-B2 locus from P. buccae
ATCC 33574 in E. coli. (B) Manhattan plots of spacer depletions mapped over 45 genes
and aggregated across normalized gene distance for full P. buccae VI-B2 locus (left) and
cas13b (right), with non-targeting spacers in gray, safely depleted (>50 above mean
depletion of non-targeting spacers) spacers above blue line, and strongly depleted (top 1%
depleted) spacers above red line. For the full locus, 36,141 targeting spacers and 859 non-
targeting spacers passed QC filter. Of the targeting, 370 are strongly depleted and 8065
are safely depleted. For casi3b alone, 41,126 targeting spacers and 824 non-targeting
spacers passed QC filter. Of the targeting, 419 are strongly depleted and 3295 are safely
depleted. (C) Sequence weblogos of strongly depleted P. buccae spacers, revealing double-
sided PFS (protospacer flanking sequence). (D) Performance of optimized RNAplfold
model (W=240, L=180, u start=16, u end=30) on randomly selected P. buccae testing
dataset (41 cohorts for full P. buccae VI-B2 locus, 40 cohorts for pbcasi3b) against 10°
Monte Carlo simulations: empirical P-values from left to right of 3.3e-2, 2.7e-3, 3.9e-3,
1.5e-5. (E) Empirical cumulative distribution function of safely depleted P. buccae
spacers over all genes from 5’UTR into gene and from 3’ UTR into gene. Yellow line
separates UTR and gene, red line is theoretical cumulative distribution function of
uniformly distributed spacers, and blue line is empirical cumulative distribution of safely

depleted P. buccae spacers.
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DISCUSSION

Here we describe two RNA-targeting CRISPR Class 2 systems of subtype VI-B (VI-B1
and VI-B2), containing the computationally discovered RNA-guided RNase Cas13b. Type
VI-B systems show several notable similarities to the recently characterized VI-A system.
The single protein effectors of both systems cleave single-stranded RNA via HEPN
domains, process their CRISPR arrays independent of the HEPN domains, and exhibit
collateral RNase activity. Cas13b proteins, however, show only limited sequence similarity
to Casl3a, and the common ancestry of the two type VI subtypes remains uncertain.
Furthermore, the type VI-B systems differ from VI-A in several other ways, including the
absence of both casl and cas2, which are involved in spacer acquisition in other CRISPR-
Cas systems (Mohanraju et al., 2016). The VI-B CRISPR arrays contain multiple spacers
that differ among closely related bacterial strains, suggesting that acquisition does occur,
either autonomously or possibly in trans, by recruiting Casl and Cas2 encoded in other
CRISPR-Cas loci from the same genome. In trans utilization of adaptation modules of
other CRISPR-Cas systems is compatible with the finding that the great majority of type
VI-B systems co-occur in the same bacterial genome as other CRISPR-Cas loci that
include cas! and cas2 genes; conceivably, the three VI-B-carrying genomes that lack
adaptation modules have lost them recently. Additionally, VI-B systems differ from VI-A
systems by the presence of the small accessory proteins Csx27 (VI-B1 systems) and Csx28
(VI-B2 systems), which exhibit opposing regulatory effects on Casl3b activity.

Repression of Casl3b by Csx27 in VI-B1 systems could be part of an important
regulatory mechanism of phage interference. The ability of Csx27 to repress Casl3b
activity may be a general property, as we found that it can also repress PbCasl3b
(subtype VI-B2). In the case of type VI-B2 systems, Csx28 might enhance the collateral

activity of Casl3b to inactivate numerous transcripts of invading bacteriophages or to
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promote programmed cell death. Both Csx27 and Csx28 contain predicted long,
hydrophobic a-helices that might enable them to interact physically with Cas13b, but this
remains to be determined. We did not find homologs of Csx27 or Csx28 encoded in any
CRISPR-Cas loci other than type VI-B loci, suggesting that, at least in the CRISPR-Cas
context, these proteins might function in tight association with Cas13b.

As with previously characterized Class 2 CRISPR-Cas effectors, such as Cas9 and
Cpfl, there is enormous potential to harness Casl3b for use as a molecular tool (Cong et
al., 2013; Mali et al., 2013; Wright et al., 2016). A holistic understanding of the factors
that affect target seléction is essential to the success of any such tools, particularly those
that target RNA, where secondary structure will likely impact activity. We therefore
developed an E. coli essential gene screen to explore the targeting rules of Cas13b more
fully. This E. coli screen offers several advantages by increasing the number of guides
testable in a single experiment to explore how diverse spacer and flanking sequences may
affect Cas13b activity. This screen revealed a double-sided PFS in VI-B systems, which
may give insight into Casl3b protein-RNA interactions, and could help improve
specificity by expanding sequence targeting constraints (Ran et al., 2015).

The characterization of Casl3b and other RNA-targeting CRISPR systems raises
the prospect of a suite of precise and robust in vivo RNA manipulation tools for studying
a wide range of biological processes (Abil and Zhao, 2015; Filipovska and Rackham, 2011;
Mackay et al., 2011). The ability of Casl3b to process its own CRISPR array could be
extended to multiplex transcriptome engineering. In addition, the VI-B functional long
direct repeats could be altered to incorporate stem loops akin to the Cas9-SAM system
(Konermann et al., 2015). Like Cas9 and Cpfl, Casl3a and Casl3b may be utilized for

complementary applications in science and technology.
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Supplementary Tables

Excel files for supplementary tables can be downloaded from the following link:

http://www.cell.com/molecular-cell /fulltext/S1097-2765(16)30866-8

Table S1 | All crRNAs, nucleic acid targets, and primers used in biochemical

experiments. Related to Figures 2, 4 and 5.
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Table S2 | All Cas13b plasmids used in this study. Related to Figures 3, 5, and 7.

Table S3 | E. coli essential genes represented in E. coli essential gene screen library of
spacers. Related to Figures 3, 6, and 7.

Table S4 | Spacers from E. coli essential gene screen. Related to Figures 3, 6, and 7.
Table S5 | Spacers from kanamycin validation screen. Related to Figure 3.

Table S6 | Spacers targeting MS2 and pBLA plasmids. Related to Figures 5 and 7.

Table S7 | EMSA raw data. Related to Figure 5.

Materials and Methods

P. buccae (Holdeman et al.) Shah and Collins: P. buccae was not grown in this

study.

B. zoohelcum (Holmes et al.) Vandamme et al.: B. zoohelcumm ATCC 43767 was

grown in ATCC medium 44 (Brain Heart Infusion broth) at 37°C at 250 rpm overnight.

E. coli (Migula) Castellani and Chalmers (C3000): E. coli was grown in LB at

37°C at 250 rpm overnight.
One Shot Stbl3™ FE. coli: E. coli was grown in LB at 37°C at 250 rpm overnight.

NEB® 10-beta Competent E. coli (High Efficiency): NEB® 10-beta Competent E.

coli was transformed on LB agar at 37°C overnight.

MegaX DH10B™ T1R Electrocomp™ Cells: NEB® 10-beta Competent E. coli was

transformed on LB agar at 37°C overnight.

One Shot® BL21(DE3)pLysE Chemically Competent E. coli: The BzCasl3b

expression construct (Table S2) was transformed into One Shot® BL21(DE3)pLysE
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(Invitrogen) cells. 25 mL of 6hr growing culture were inoculated into 2 liters of Terrific
Broth 4 growth media (12 g/L tryptone, 24 g/L yeast extract, 9.4 g/L K2HPO, 2.2 g/L
KH2PO4, Sigma). Cells were then grown at 37°C to a cell density of 0.6 OD600, and then
SUMO-BzCasl3b expression was induced by supplementing Wifh IPTG to a final
concentration of 500 pM. Induced culture was grown for 16-18 hours before harvesting cell
paste, which was stored at -80°C until subsequent purification. For each BzCas13b
mutant, 1 L of Terrific Broth was used to generate cell paste and all other reagents were
scaled down accordingly. Protein purification was performed using the same protocol as
wild-type Casl3b. PbCasl3b was cloned into the same pET based vector and purified
using a similar protocol as BzCasl3b with the following differences: cells were grown at

21°C for 18 hours.

METHOD DETAILS

Computational Sequence Analysis

From complete compiled Ensembl Release 27 genomes (Yates et al., 2016), CRISPR
repeats were identified using PILER-CR (Edgar, 2007). Proteins within 10kb of identified
CRISPR arrays were clustered into loci, with loci rejected if more than one protein of size
700 amino acids or larger or if either Casl or Cas2 were present. For candidate Class 2
effectors, only proteins in these remaining loci of size 900aa to 1800aa were selected. These
candidate effectors were subjected to the BLASTP (Camacho et al., 2009) search against
the NCBI non-redundant (NR) protein sequence database with an E-value cutoff of le-7.
All discovered proteins were then grouped into putative families via a nearest-neighbor

grouping with the same E-value cutoff. Only putative families with at least ten candidate
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effectors and more than 50% of candidate effectors within 10kb of CRISPR arrays were
considered. HHpred (Remmert et al., 2012) and existing CRISPR locus classification rules
(Makarova et al., 2015) were used to classify each family, leaving Cas13b as the only
unclassified family. Additional Casl3b proteins in the family were found through a
nearest-neighbor search of previously discovered Csx27/Csx28 against the NCBI non-
redundant (NR) protein sequence database with an E-value cutoff of le-7, and then by
searching in genomes within 1kb of any newly discovered Csx27/Csx28. Within this
Casl3b family, truncated or suspected partially sequenced effectors were discarded,
leaving 105 loci, and 81 with a unique protein accession number in the NCBI non-
redundant (NR) protein sequence database. Multiple sequence alignments on these 81
proteins (as well as the accessory Csx27 and Csx28 proteins) were performed using
BLOSUMG62 (Henikoff and Henikoff, 1992) to identify the HEPN domains and to sort the
loci into phylogenetic trees. Loci represented in the tree of 81 non-redundant proteins
were selected first for annotated Csx27/Csx28 within 1kb of Casl3b, and next for
annotated CRISPR array within 10kb of Casl3b. Vienna RNAfold (Lorenz et al., 2011)
was used to predict the secondary structure of each direct repeat, whose transcriptional
orientation was chosen as identical to that of Cas13b in its locus. CRISPRTarget (Biswas
et al., 2013) was used to search the spacers in each locus against NCBI phage and plasmid
genomes. Weblogos were generated for all unique direct repeats and protospacer flanking
sequences (Crooks et al., 2004). TMHMM Server v. 2.0 (Moller et al., 2001) was used to

predict the transmembrane helices in Csx27 and Csx28.

Nucleic Acid Preparation

For in vitro synthesis of RNA, a T7 DNA fragment must be generated. To create T7

DNA fragments for crRNAs, top and bottom strand DNA oligos were synthesized by IDT.
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The top DNA oligo consisted of the T7 promoter, followed by the bases GGG to promote
transcription, the 30-nt target and then direct repeat. Oligos were annealed together
using annealing buffer (30 mM HEPES pH 7.4, 100 mM potassium acetate, and 2 mM
magnesium acetate). Annealing was performed by incubating the mixture for 1 minute at
95°C followed by a -1°C/minute ramp down to 23°C. To create ssRNA targets, short
targets (Trunc2, 3, 4) were synthesized as top and bottom strand oligos containing the T7
promoter. For long ssRNA targets (E1, E2, S and L CRISPR Arrays), DNA primers
(Table S1) with a T7 handle on the forward primer were ordered and the DNA fragment
was amplified using PCR. T7 DNA constructs for RNA generation without body labeling
were incubated with T7 polymerase overnight (10-14 hours) at 30°C using the HiScribe
T7 Quick High Yield RNA Synthesis kit (New England Biolabs). Body-labeled constructs
were incubated with Cyanine 5-UTP (Perkin Elmer) and incubated with T7 polymerase
overnight at 30°C using the HiScribe T7 High Yield RNA Synthesis kit (New England
Biolabs). For a complete list of crRNAs and target ssRNAs used in this study see Table
S1. 5 end labeling was accomplished using the 5 oligonucleotide kit (VectorLabs) and
with a maleimide-IR800 probe (LI-COR Biosciences). 3’ end labeling was performed using
a 3 oligonucleotide labeling kit (Roche) and Cyanine 5-ddUTP (Perkin Elmer). RNAs
were purified using RNA Clean and Concentrator columns™-5 (Zymo Research). Body-
labeled dsRNA substrates were prepared by T7 DNA fragments for the bottom and top
RNA strand. After synthesis, 1.3-fold excess of non-labeled bottom strand ssRNA was
added and re-annealed to ensure the top strand would be annealed to a bottom strand by

incubating the mixture for 1 minute at 95°C followed by a -1°C/minute ramp down to

23°C.

BzCas13b Protein Purification
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The mammalian codon-optimized gene for Casl3b (B. zoohelcum) was synthesized
(GenScript) and inserted into a bacterial expression vector (6x His/Twin Strep SUMO, a
pET based vector received as a gift from Ilya Finkelstein) after cleaving the plasmid with
the BamHI and Notl restriction enzymes and cloning in the gene using Gibson Assembly®
Master Mix (New England Biolabs). The BzCasl3b expression construct (Table S2) was
transformed into One Shot® BL21(DE3)pLysE (Invitrogen) cells. 25 mL of 6hr growing
culture were inoculated into 2 liters of Terrific Broth 4 growth media (12 g/L tryptone, 24
g/L yeast extract, 9.4 g/L K2HPO, 2.2 g/L KH2PO4, Sigma). Cells were then grown at
37°C to a cell density of 0.6 OD600, and then SUMO-BzCas13b expression was induced
by supplementing with IPTG to a final concentration of 500 pM. Induced culture was
grown for 16-18 hours before harvesting cell paste, which was stored at -80°C until
subsequent purification. Frozen cell paste was crushed and resuspended via stirring at 4°C
in 500 mL of Lysis Buffer (50mM NaH.PO, pH 7.8, 400mM NaCl) supplemented with
protease inhibitors (cOmplete, EDTA-free, Roche Diagnostics Corporation) and 1250U of
benzonase (Invitrogen). The resuspended cell paste was lysed by a LM20 microfluidizer at
18,000 psi (Microfluidics). Lysate was cleared by centrifugation at 10,000g for 1 hour.
Filtered lysate was incubated with StrepTactin Sepharose High Performance (GE
Healthcare Life Sciences) at 4°C for 1 hour with gentle agitation, and then applied to an
Econo-column chromatography column (Bio-Rad Laboratories). Resin was washed with
Lysis Buffer for 10 column volumes. One column volume of fresh Lysis Buffer was added
to the column and mixed with 10 units of SUMO protease (Invitrogen) and incubated
overnight. The eluate was removed from the column, SUMO cleavage was confirmed by
SDS-PAGE and BlueFast protein staining (Eton Bioscience), and the sample was
concentrated via Centrifugal Filter Unit to 2 mL. Concentrated sample was loaded onto a

HiTrap Heparin HP column (GE Healthcare Life Sciences) via FPLC (AKTA Pure, GE
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Healthcare Life Sciences) and eluted over a gradient with an elution buffer with salt
concentration of 1.2 M. The resulting fractions were tested for presence of BzCasl3b
protein by SDS-PAGE; fractions containing BzCas13b were pooled, and concentrated via
Centrifugal Filter Unit to 1 mL. Concentrated sample was loaded a' gel filtration column
(HiLoad 16/600 Superdex 200, GE Healthcare Life Sciences) via FPLC (AKTA Pure, GE

Healthcare Life Sciences) with buffer 500 mM NaCl, 50 mM Tris-HCI pH 7.5, 1 mM DTT.

BzCas13b HEPN Mutant Protein Purification

Alanine mutants (Table S2) at each of the HEPN catalytic residues were generated using
the Q5® site-directed mutagenesis kit (New England Biolabs) and transformed into One
Shot® BL21(DE3)pLysE cells (Invitrogen). For each mutant, 1 L of Terrific Broth was
used to generate cell paste and all other reagents were scaled down accordingly. Protein

purification was performed using the same protocol as wild-type Cas13b.

PbCas13b Protein Purification

PbCas13b (Prevotella buccae) was cloned into the same pET based vector and purified
using a similar protocol as BzCasl13b with the following differences: cells were grown at
21°C for 18 hours. Frozen cell paste was resuspended into 500 mM NaCl, 50 mM HEPES
7.5 and 2 mM DTT prior to breaking cells in the microfluidizer. The Superdex 200 column
was run in 500 mM NaCl, 10 mM HEPES 7.0, and 2 mM DTT.

Nuclease Assay

Nuclease assays were performed with equimolar amounts of end-labeled or body-labeled
ssRNA target, purified protein, and ctrRNA, for targeted ssRNA cleavage. For CRISPR

array cleavage, protein was supplied in a four times molar excess of the CRISPR array.
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Reactions were incubated in nuclease assay buffer (10 mM TrisHCI pH 7.5, 50 mM NaCl,
0.5 mM MgCl;, 20U SUPERase In™ (ThermoFisher Scientific), 0.1% BSA). Reactions
were allowed to proceed at 37°C for times specified in the figure legends. After
incubation, samples were then quenched with 0.8U of Proteinase K (New England
Biolabs) for 15 minutes at 25°C. The reactions were mixed with equal parts of RNA
loading dye (New England Biolabs) and denatured at 95°C for 5 minutes and then cooled
on ice for 2 minutes. Samples were analyzed by denaturing gel electrophoresis on 10%
PAGE TBE-Urea (Invitrogen) run at 45°C. Gels were imaged using an Odyssey scanner

(LI-COR Biosciences).

EMSA Assay

For the Electrophoretic Mobility Shift Assay (EMSA), binding experiments were
performed with a series of half-log complex dilutions (crRNA and BzCas13b) from .594 to
594 nM. Binding assays were performed in nuclease assay buffer (without MgCly)
supplemented with 10 mM EDTA to prevent cutting, 5% glycerol, and 5pg/mL heparin in
order to avoid non-specific interactions of the complex with target RNA. Protein was
supplied at two times the molar amount of crRNA. Protein and ctRNA were preincubated
at 37°C for 15 minutes, after which the 5-labeled target was added. Reactions were then
incubated at 37°C for 10 minutes and then resolved on 6% PAGE TBE gels (Invitrogen)
at 4°C (using 0.5X TBE buffer). Gels were imaged using an Odyssey scanner (LI-COR
Biosciences). Gel shift of the RNA targets was quantified from an EMSA gel using
ImageJ (Wayne Rasband, NIH) and plotted in GraphPad Prism version 7 (GraphPad
Software, La Jolla California USA). Line regression was performed in Prism 7 using
nonlinear fit with one-site binding hyperbola. Kp values are calculated by GraphPad

Prism based on regression analysis of data (Table S7).
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RFP-Tagged Protein Fluorescent Imaging

One Shot Stbl3 Chemically Competent E. coli were transformed with plasmids containing
RFP (negative control) or RFP fused to the N- or C-terminus of Csx27 of B. zoohelcum
or Csx28 of P. buccae (Table S2). Clones were cultured up in 5mL of antibiotic LB
overnight, then spun down at 5000g and resuspended in PBS with 1% methanol-free
formaldehyde. After 30 minutes fixation, cells were washed once with PBS and then
diluted 1:2 in PBS. 5ul. of sample was pipetted onto a silane-coated slide, which was
covered with a coverslip. Fluorescent imaging was performed in a 63x objective

microscope with oil immersion.

Bacterial RN A-Sequencing

RNA was isolated and prepared for sequencing using a modification of a previously
described protocol (Heidrich et al., 2015; Shmakov et al., 2015). RNA was isolated from 5
mL of stationary phase of bacterial cultures by resuspending pelleted cells in 1mL of
TRIzol (ThermoFisher Scientific) and then homogenizing with 300 ulL zirconia/silica
beads (BioSpec Products) in a BeadBeater (BioSpec Products) for 7 1-minute cycles. 200
ul of chloroform was added to the homogenized sample and then samples were
centrifuged for 15 min. (12000xg, 4°C). The aqueous phase was then used for input into
the Direct-Zol RNA miniprep kit (Zymo). Purified RNA was DNase treated with
TURBO DNase (Life Technologies) and 3’ dephosphorylated/5’ phosphorylated with T4
Polynucleotide Kinase (New England Biolabs). rRNA was eliminated using the bacterial
Ribo-Zero rRNA removal kit (Illumina). Next, RNA was treated with RNA 5’
polyphosphatase (Epicentre Bio) to convert 5’-triphosphates to 5-monophosphates for

adapter ligation. Samples were then polyA tailed with E. coli Poly(A) polymerase (New
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England Biolabs), and a 5 RNA Illumina sequencing adapter ligated to cellular RNA
using T4 RNA Ligase 1 (ssRNA ligase) (New England Biolabs). RNA was reverse
transcribed using AffinityScript cDNA synthesis kit (Agilent Technologies) and an oligo-
dT primer. ¢cDNA was amplified with Herculase II polymerase (Agilent Technologies) and
barcoded primers. The prepared cDNA libraries were sequenced on a MiSeq (Illumina)

For RNA sequencing of native B. zoohelcum ATCC 43767, we repeated the experiment
with a modified protocol, omitting RNA 5’ polyphosphatase prior to 5’ adapter ligation,
to promote enrichment of processed transcripts originating from the CRISPR array. For
heterologous P. buccae ATCC 33574 RNA sequencing in E. coli, we cloned the locus into
pACYC184 (Table S1). Reads from each sample were identified on the basis of their
associated barcode and aligned to the appropriate RefSeq reference genome using BWA
(Li and Durbin, 2009). Paired-end alignments were used to extract entire transcript
sequences using Galaxy (https://usegalaxy.org), and these sequences were analyzed using

Geneious 8.1.8.

E. coli Essential Gene Screen Experiment

The intersection of two E. coli DH10B strain essential gene studies (Baba et al., 2006;
Gerdes et al., 2003) was taken, and further pared down to 45 genes by only selecting
genes exclusive to their respective operons (Table S3). Over these 45 genes 54,600 spacers
were designed to tile at single resolution across the coding region, as well as to extend 60
nt into the 5 UTR and 3’'UTR. In addition, 1100 non-targeting, pseudorandomly
generated spacers with no precise match to the E. coli DH10B strain genome were added
to the library as a non-targeting negative control. The library of spacers (Table S4) was
cloned into a B. zoohelcum or P. buccae direct repeat-spacer-direct repeat backbone

containing a chloramphenicol resistance gene using Golden Gate Assembly (NEB) with
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100 cycles, and then transformed over five 22.7cm x 22.7cm chloramphenicol LB Agar
plates. Libraries of transformants were scraped from plates and DNA was extracted using
the Macherey-Nagel Nucleobond Xtra Midiprep Kit (Macherey—Nagel). 50ng of library
plasmid and equimolar gene plasmid containing an ampicillin resistance gene (bzcas13b,
bzcas13b € bzcsz27, pbcasi8b, pbcasi3b € pbcesx28, empty vector pBR322) (Table S2)
were transformed into MegaX DH10B™ TI1R Electrocomp™ Cells (ThermoFisher)
according to manufacturer’s protocol, with four separate 22.7cm x 22.7cm carbenicillin-
chloramphenicol LB Agar plates per bioreplicate, and three bioreplicates per condition
(twelve transformations total per condition). Eleven hours post-transformation, libraries of
transformants were scraped from plates and DNA extracted using the Macherey-Nagel

Nucleobond Xtra Maxiprep Kit (Macherey-Nagel).

E. coli Essential Gene Screen Analysis

Prepared DNA libraries were sequenced on a NextSeq (Illumina), with reads mapped to
the input library of spacers. Spacer depletions were calculated as the read abundance of a
spacer in the empty vector condition divided by read abundance in each gene plasmid
condition. Mean depletions over three bioreplicates were calculated. We imposed a two-
step quality-control filter on the data: a maximum coefficient of variation of 0.2 for
depletion over three bioreplicates, and a minimum spacer read abundance of 1/3N in each
bioreplicate, where N = 55,700. Weblogos of the strongly depleted (top 1% depleted)
spacers were generated (Crooks et al., 2004), and from each identified PFS, heatmaps of
the ratio of safely depleted (>50 above mean depletion of non-targeting spacers) spacers
to all spacers in the screen were generated. For spatial analysis via empirical cumulative
distribution functions, safely depleted spacers were aggregated across the first or last 250

nt of genes.
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For secondary structure analysis, we utilized the RNA accessibility model from Vienna
RNAplfold (Bernhart et al., 2006). RNAplfold calculates through a moving average of
RNA folds the probability that a region u» of RNA is unpaired given its cis sequence
context in a four-parameter model, where W is the moving average window length in
nucleotides, L is the maximum permissible pairing distance between nucleotides in the
window, and U and uegare the start and end of the region u, respectively. To apply this
model to our data, we separated spacers from our E. coli essential gene screen into
training/testing cohorts of five or more, each represented by a unique permissible PFS
and gene and containing at least one spacer in the top 2% of depleted spacers from the
screen (to enhance predictive signal). We then randomly divided these cohorts into a
training set (~80%) and a testing set (~20%). For optimizing a secondary structure-
mediated model of efficient spacer design we selected as objective functions top 1 or top 3
accuracy, the percent of cohorts for which the top spacer is accurately predicted or falls in
the top 3 depleted spacers in a cohort, respectively. We optimized the two objective
functions on the training data set, first by fixing W and L while varying e and tend,
then by fixing wsaw¢ and uesand varying W and L (Figure 4B). In the case of bzcas18b
with bzcsz27, as well as that of bzcas18b alone, the optimized parameters were found to be
approximately W = 240, L = 180, twr = 16, and ued = 30. We gauged the performance
of this RNAplfold model relative to 10° Monte Carlo simulations performed on the testing
data set and found empirical P-values of less than 1le-2 for top 1 accuracy, and less than
le-5 for top & accuracy. Similar predictive power applied to pbcas13b with pbcsz28, as well

as to pbcas13b alone.

Kanamycin Validation Screen Experiment
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A total of 160 kanamycin-targeting spacers was selected, 42 of which contain both PFS
rules, 47 of which contain one rule, and 71 of which contain no fules, to- which 162 non-
targeting control spacers were added (Table S5). The library of spacers was cloned into
either a bzcas18b and B. zoohelcum direct repeat-spacer-direct repea“c backbone or simply
a B. zoohelcum direct repeat-spacer-direct repeat backbone containing a chloramphenicol
resistance gene using Golden Gate Assembly (NEB) with 100 cycles, and then
transformed over one 22.7cm x 22.7cm carbenicillin LB Agar plate. The two cloned library
plasmids were then re-transformed with over a 22.7cm x 22.7cm chloramphenicol LB Agar
plate or a 22.7cm x 22.7cm kanamycin-chloramphenicol LB Agar plate. Libraries of
transformants were scraped from plates and DNA extracted using the Qiagen Plasmid
Plus Maxi Kit (Qiagen). 100 ng of library DNA and 100 ng of pMAX-GFP (Lonza),
containing a kanamycin resistance gene were added to 50 uL of chemically competent 10-

beta cells (NEB) and transformed according to the manufacturer’s protocol.

Kanamycin Validation Screen Analysis

Prepared DNA libraries were sequenced on a NextSeq (Illumina), with reads mapped to
the input library of spacers. For normalizing the abundance of spacers of two separate
clonings, the corrected experimental read abundance of a given spacer was calculated as
the read abundance of that spacer in the bzcas!3b plasmid (kanamycin-chloramphenicol
transformation) multiplied by the ratio of the read abundance ratio of that spacer in the
non-bzcas13b plasmid (chloramphenicol-only transformation) to the read abundance ratio

of that spacer in the bzcasl3b plasmid (chloramphenicol-only transformation).

MS2 Phage Drop Plaque Assay
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Individual spacers for bacteriophage MS2 interference were ordered as complementary
oligonucleotides containing overhangs allowing for directional cloning in between two
direct repeat sequences in vectors containing cas18b (Tables S2, S6). 10 uM of each
complementary oligo were annealed in 10X PNK Buffer (NEB), supplemented with 10mM
ATP and 5 units of T4PNK (NEB). Oligos were incubated at 37°C for 30 min., followed
by heating to 95°C for 5 min. and then annealed by cooling to 4°C. Annealed oligos were
then diluted 1:100 and incubated with 25 ng of Eco31l digested cas13b vector in the
presence of Rapid Ligation Buffer and T7 DNA ligase (Enzymatics). Individual plasmids
were prepared using the QIAprep Spin Miniprep Kit (Qiagen), sequence confirmed and
then transformed into C3000 (ATCC 15597) cells made competent using the Mix & Go E.
coli Transformation Kit (Zymo). In the case of experiments using csz27 or csz28, C3000
cells harboring csz plasmids were made competent and then transformed with cas13b
direct repeat-spacer-direct repeat plasmids. Following transformation, individual clones
were picked and grown overnight at 37°C in LB containing the appropriate antibiotics.
The following morning, cultures were diluted 1:100 and grown to an ODgyp of 2.0 by
shaking at 37°C with 5% C02 at 250 rpm, then mixed with 4mL of antibiotic containing
Top Agar (10 g/L tryptone, 5 g/L yeast extract, 10 g/L sodium chloride, 5 g/L agar) and
poured on to LB-antibiotic base plates. 10 fold serial-dilutions of MS2 phage (ATCC
15597-B1) were made in LB and then spotted onto hardened top agar with a multi-
channel pipette. Plaque formation was assessed after overnight incubation of the spotted
plates at 37°C.  For assessing interference levels in Figures 5E and 7D, samples were
blinded using a key and the lowest dilution of phage at which plaque formation occurred
was compared to a pACYC condition by eye, where the lowest dilution of MS2 that
formed plaques on pACYC was set to 1. The lowest dilution of phage used for Figure 5E

was 1.05%10% pfu.
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DNA Interference Assay

A 34-nt target sequence consisting of a 30-nt protospacer and a permissive PFS (5’-G, 3'-
AAA) was cloned into pUC19 in two locations (Tables S2, S6). For the transcribed
target, the target sequence was cloned into the coding strand of the bla gene, in frame
immediately after the start codon, with the G of the start codon serving as the 5 PFS.
For the non-transcribed target the identical target sequence (protospacer and PFS) were
cloned into the Aatll site of pUC19, so that the protospacer appears on the non-
transcribed strand with respect to the pBla and pLac promoters. To determine
interference, -25 ng of the ampicillin resistant target plasmid and 25 ng of the
chloramphenicol resistant bzcas13b or empty vector (pACYC) were added to 5 uL of
NovaBlue GigaSingle cells (Novagen). The cells were incubated for 30 minutes on ice,
heatshocked for 30 seconds at 42°C and incubated on ice for 2 minutes. Then, 95 uL of
SOC was added to cells and they were incubated with shaking at 37°C for 90 minutes,
before plating the entire outgrowth (100 uL) on plates containing both chloramphenicol

and ampicillin.

QUANTIFICATION AND STATISTICAL ANALYSIS

MS2 Interference Assay-HEPN Mutants

Three bioreplicates of the MS2 interference assay were performed for the fold resistance
quantification in figures 5E and 7D. For assessing interference levels in Figures 5E and
7D, samples were blinded using a key and the highest dilution of phage at which plaque

formation occurred was compared to a vector only condition by eye, where the highest
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dilution of MS2 that. formed plaques on pACYC was set to 1. The error bars are the

standard deviation of the fold-resistance for each condition.

DNA Interference Assay

Three bioreplicates of the DNA interference assay were performed for the colony forming
unit quantification. The mean values were taken from the mean of number of colony
forming units from a standard colony forming unit count, and the standard deviation

values accordingly from the same standard count.

E. coli Essential Gene Screen

Spacer depletions from the screen were calculated as the read abundance of a spacer in
the empty vector condition divided by read abundance in each gene plasmid condition.
Mean depletions over three bioreplicates were calculated. We imposed a two-step quality-
control filter on the data: a maximum coefficient of variation of 0.2 for depletion over
three bioreplicates, and a minimum spacer read abundance of 1/3N in each bioreplicate,
where N = 55700. This reduced the number of guides represented from N to
approximately 30,000-40,000.

For secondary structure analysis, we utilized the RNA accessibility model from Vienna
RNAplfold (Bernhart et al., 2006). To apply this model to our data, we separated spacers
from our E. coli essential gene screen into training/testing cohorts of five or more, each
represented by a unique permissible PFS and gene and containing at least one spacer in
the top 2% of depleted spacers from the screen (to enhance predictive signal). We then
randomly divided these cohorts into a training set (~80%) and a testing set (~20%), with
the size of a testing set ranging from approximately n=40 to n=60, depending on the

screen. For optimizing a secondary structure-mediated model of efficient spacer design we
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selected as objective functions top I or top 3 accuracy, the percent of cohorts for which
the top spacer is accurately predicted or falls in the top 3 depleted spacers in a cohort,
respectively. We gauged the performance of this RNAplfold model relative to 10° Monte
Carlo simulations performed on the testing data set and found emﬁirical P-values of less
than le-2 for top I accuracy, and less‘than le-5 for top & accuracy. Similar predictive

power applied to pbcas13b with pbcsz28, as well as to pbcas13b alone.

Kp Calculations

Gel shift of the RNA targets was quantified from an EMSA gel using ImageJ (Wayne
Rasband, NIH) and plotted in GraphPad Prism version 7 (GraphPad Software, La Jolla
California USA). Line regression was performed in Prism 7 using nonlinear fit with one-
site binding hyperbola. Kp values are calculated by GraphPad Prism based on analysis of

regression data (Table S7).

DATA AND SOFTWARE AVAILABILITY

Data Resources

Data have been deposited in the following resources:

Next-Generation Sequencing for bacterial RNA—sequenc’ing, E. coli essential gene screen,

kanamycin validation screen: https://www.ncbi.nlm.nih.gov/bioproject/PRJNA358111
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Abstract

Nucleic acid editing holds promise for treating genetic disease, particularly at the
RNA level, where disease-relevant sequences can be rescued to yield functional protein
products. Type VI CRISPR-Cas systems contain the programmable single-effector RNA-
guided RNases Cas13. Here, we profile Type VI systems to engineer a Casl3 ortholog
capable of robust knockdown and demonstrate RNA editing by using catalytically inactive
Casl3 (dCas13) to direct adenosine-to-inosine deaminase activity by ADAR2 to
transcripts in mammalian cells. This system, referred to as RNA Editing for
Programmable A-to-I Replacement (REPAIR), which has no strict sequence constraints,
can be used to edit full-length transcripts containing pathogenic mutations. We further
engineer this system to create a high-specificity variant and minimize the system to
facilitate viral delivery. REPAIR presents a promising RNA-editing platform with broad

applicability for research, therapeutics, and biotechnology.

Introduction

Precise nucleic acid editing technologies are valuable for studying cellular function
and as novel therapeutics. Current editing tools, based on programmable nucleases such
as the prokaryotic clustered regularly interspaced short palindromic repeats (CRISPR)-
associated nucleases Cas9 (1-4) or Cpfl (5), have been widely adopted for mediating
targeted DNA cleavage which in turn drives targeted gene disruption through non-
homologous end joining (NHEJ) or precise gene editing through template-dependent
homology-directed repair (HDR) (6). NHEJ utilizes host machineries that are active in

both dividing and post-mitotic cells and provides efficient gene disruption by generating a
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mixture of insertion or deletion (indel) mutations that can lead to frame shifts in protein
coding genes. HDR, in contrast, is mediated by host machineries whose expression is
largely limited to replicating cells. Accordingly, the development of gene—edifing
capabilities for post-mitotic cells remains a major challenge. DNA base editors, consisting
of a fusion between Cas9 nickase and cytidine deaminase can mediate efficient cytidine-to-
uridine conversions within a target window and significantly reduce the formation of
double-strand break induced indels (7, 8). However the potential targeting sites of DNA
base editors are limited by the requirement of Cas9 for a protospacer adjacent motif
(PAM) at the editing site (9). Here, we describe the development of a precise and flexible
RNA base editing technology using the type VI CRISPR-associated RNA-guided RNase
Casl3 (10-13).

Casl3 enzymes have two Higher Eukaryotes and Prokaryotes Nucleotide-binding
(HEPN) endoRNase domains that mediate precise RNA cleavage with a preference for
targets with protospacer flanking site (PFS) motif obsberved biochemically and in bacteria
(10, 11). Three Casl3 protein families have been identified to date: Casl3a (previously
known as C2c2), Cas13b, and Casl3c (12, 15). We recently reported that Casl3a enzymes
can be adapted as tools for nucleic acid detection (14) as well as mammalian and plant
cell RNA knockdown and transcript tracking (15). Interestingly, the biochemcial PFS
was not required for RNA interference with Casl3a (15). The programmable nature of
Casl3 enzymes makes them an attractive starting point to develop tools for RNA binding
and perturbation applications.

The adenosine deaminase acting on RNA (ADAR) family of enzymes mediates
endogenous editing of transcripts via hydrolytic deamination of adenosine to inosine, a
nucleobase that is functionally equivalent to guanosine in translation and splicing (16,

17). There are two functional human ADAR orthologs, ADAR1 and ADAR2, which
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consist of N-terminal double-stranded-RNA-binding domains and a C-terminal catalytic
deamination domain. Endogenous target sites of ADAR1 and ADAR2 contain substantial
double-stranded identity, and the catalytic domains require duplexed regions for efficient
editing in vitro and in vivo (18, 19). Importantly, the ADAR catalytic domain is capable
of deaminating target adenosines without any protein co-factors in vitro (20). ADARI1 has
been found to target mainly repetitive regions whereas ADAR2 mainly targets non-
repetitive coding regions (17). Although ADAR proteins have preferred motifs for editing
that could restrict the potential flexibility of targeting, hyperactive mutants, such as
ADAR2(E488Q) (21), relax sequence constraints and increase adenosine-to-inosine editing
rates. ADARs preferentially deaminate adenosines mispaired with cytidine bases in RNA
duplexes (22), providing a promising opportunity for precise base editing. Although
previous approaches have engineered targeted ADAR fusions via RNA guides (23-26), the
specificity of these approaches has not been reported and their respective targeting
mechanisms rely on RNA-RNA hybridization without the assistance of protein partners
that may enhance target recognition and stringency.

Here we assay a subset of the family of Casl3 enzymes for RNA knockdown
activity in mammalian cells and identify the Casl3b ortholog from Prevotella sp. P5-125
(PspCasl3b) as the most efficient and specific for mammalian cell applications. We then
fuse the ADAR2 deaminase domain (ADAR2pp) to catalytically inactive PspCas13b and
demonstrate RNA editing for programmable A-to-I (G) replacement (REPAIR) of
reporter and endogenous transcripts as well as disease-relevant mutations. Lastly, we
employ a rational mutagenesis scheme to improve the specificity of dCas13b-ADAR2pp

fusions to generate REPAIRv2 with more than 919-fold higher specificity.
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Comprehensive Characterization of Casl3 Family Members in Mammalian
Cells

We previously developed LwaCasl3a for mammalian knockdown applications, but
it required an monomeric superfolder GFP (msfGFP) stabilizatioﬁ domain for efficient
knockdown and, although the specificity was high, knockdown levels were not consistently
below 50% (15). We sought to identify a more robust RNA-targeting CRISPR system by
characterizing a genetically diverse set of Casl3 family members to assess their RNA
knockdown activity in mammalian cells (Fig. 1A). We generated mammalian codon-
optimized versions of multiple Casl3 proteins, including 21 orthologs of Casl3a, 15 of
Casl3b and 7 of Casl3c, and cloned them into an expression vector with N- and C-
terminal nuclear export signal (NES) sequences and a C-terminal msfGFP to enhance
protein stability (Supplementary Table 1). To assay interference in mammalian cells, we
designed a dual reporter construct expressing the independent Gaussia (Gluc) and
Cypridinia (Cluc) luciferases under separate promoters, which aliows one luciferase to
function as a measure of Casl3 interference activity and the other to serve as an internal
control. For each Casl3 ortholog, we designed protospacer flanking site (PFS)-compatible
guide RNAs, using the Cas13b PFS motifs derived from an ampicillin-interference assay
(fig S1; Supplementary Table 2; Supplementary Information) and the 3° H (not G) PFS
from previous reports of Casl3a activity (10).

We transfected HEK293FT cells with Casl3-expression, guide RNA, and reporter
plasmids and then quantified levels of Casl3 expression and the targeted Gluc 48 hours
later (Fig. 1B, fig. S2A). Testing two guide RNAs for each Casl3 ortholog revealed a
range of activity levels, including five Casl3b orthologs with similar or increased
interference across both guide RNAs relative to the recently characterized LwaCasl3a

(Figure 1B), and we observed only a weak correlation between Casl3 expression and
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interference activity (fig. S2B-D). We selected the top five Casl3b orthologs, as well as
the top two Casl3a orthologs for further engineering.

We next tested Casl3-mediated knockdown of Gluc without msfGFP, to select
orthologs that do not require stabilization domains for robust activity. We hypothesized
that Casl3 activity could be affected by subcellular localization, as we previously reported
for optimization of LwaCasl3a (15). Therefore, we tested the interference activity of the
seven selected Casl3 orthologs C-terminally fused to one of six different localization tags
without msfGFP. Using the luciferase reporter assay, we identified the top three Cas13b
designs with the highest level of interference activity: Cas13b from Prevotella sp. P5-125
(PspCasl3b) and Casl3b from Porphyromonas gulae (PguCasl3b) C-terminally fused to
the HIV Rev gene NES and Casl3b from Riemerella anatipestifer (RanCasl3b) C-
terminally fused to the MAPK NES (fig. S3A). To further distinguish activity levels of
the top orthologs, we compared the three optimized Casl3b constructs to the optimal
LwaCas13a-msfGFP fusion and to shRNA for their ability to knockdown the endogenous
KRAS transcript using position-matched guides (fig. S3B). We observed the highest levels
interference for PspCas13b (average knockdown 62.9%) and thus selected this for further
comparison to LwaCas13a.

To more rigorously define the activity of PspCas13b and LwaCasl3a, we designed
position-matched guides tiling along both Gluc and Cluc transcripts and assayed their
activity using our luciferase reporter assay. We tested 93 and 20 position-matched guides
targeting Gluc and Cluc, respectively, and found that PspCasl3b had consistently
increased levels of knockdown relative to LwaCas13a (average of 92.3% for PspCasl3b vs.

40.1% knockdown for LwaCas13a) (Fig. 1C,D).
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Figure 1: Characterization of a highly active Casl13b ortholog for RNA
knockdown

A) Schematic of stereotypical Cas13 loci and corresponding crRNA structure.

B) Evaluation of 19 Casl3a, 15 Casl3b, and 7 Casl3c orthologs for luciferase

knockdown using two different guides. Orthologs with efficient knockdown using
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both guides are labeled with their host organism name. Values are normalized to a
non-targeting guide with designed against the E. coli LacZ transcript, with no

homology to the human transcriptome.

C) PspCasl3b and LwaCasl3a knockdown activity (as measured by luciferase

activity) using tiling guides against Gluc. Values represent mean +/— S.E.M. Non-

targeting guide is the same as in Fig. 1B.

D) PspCasl3b and LwaCasl3a knockdown activity (as measured by luciferase

E)

activity) using tiling guides against Cluc. Values represent mean +/— S.E.M. Non-
targeting guide is the same as in Fig. 1B.

Expression levels in logs(transcripts per million (TPM+1)) values of all genes
detected in RNA-seq libraries of non-targeting control (x-axis) compared to Gluc-
targeting condition (y-axis) for LwaCasl3a (red) and shRNA (black). Shown is the
mean of three biological replicates. The Gluc transcript data point is labeled. Non-
targeting guide is the same as in FiglB.

Expression levels in logy(transcripts per million (TPM+1)) values of all genes
detected in RNA-seq libraries of non-targeting control (x-axis) compared to Gluc-
targeting condition (y-axis) for PspCas13b (blue) and shRNA (black). Shown is the
mean of three biological replicates. The Gluc transcript data point is labeled. Non-

targeting guide is the same as in Fig. 1B.

G) Number of significant off-targets from Gluc knockdown for LwaCas13a, PspCas13b,

and shRNA from the transcriptome wide analysis in E and F.
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Figure S1: Bacterial screening of Cas13b orthologs for in vivo efficiency and PFS

determination.
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A) Schematic of bacterial assay for determining the PFS of Casl3b orthologs. Casl3b
orthologs with beta-lactamase targeting spacers are co-transformed with beta-
lactamase expression plasmids containing randomized PFS sequences and subjected
to dual antibiotic selection. PFS sequences that are depleted during co-
transformation with Casl13b suggest targeting activity and are used to infer PFS
preferences.

B) Quantification of interference activity of Casl3b orthologs targeting beta-lactamase
as measured by colony forming units (cfu). Values represent mean +/— S.D.

C) PFS weblogos for Cas13b orthologs as determined by depleted sequences from the
bacterial assay. PFS preferences are derived from sequences depleted in the
Casl3b condition relative to empty vector controls. Depletion values used to

calculate PF'S weblogos are listed in table S2.
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Figure S2: Relative expression of Casl13 orthologs in mammalian cells and correlation

of expression with interference activity.

A) Expression of Casl3 orthologs as measured by msfGFP fluoresence. Casl3
orthologs C-terminally tagged with msfGFP were transfected into HEK293FT cells
and their fluorescence measured 48 hours post transfection.

B) Correlation of Casl3 expression to interference activity. The average RLU of two
Gluc targeting guides for Casl3 orthologs, separated by subfamily, is plotted versus
expression as determined by msfGFP fluoresence. The RLU for targeting guides
are normalized to RLU for a non-targeting guide, whose value is set to 1. The

non-targeting guide is the same as in Figure 1B for Casl3b.
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Figure S3: Optimization of Cas13b knockdown and further characterization of

mismatch specificity.

A) Gluc knockdown with two different guides is measured using the top two Casl3a

and top four Cas13b orthologs fused to a variety of C-terminal nuclear-localization
and nuclear-export tags.

Knockdown of KRAS is measured for LwaCasl3a, RanCasl3b, PguCasl3b,
PspCas13b and shRNA with four position-matched guides. Non-targeting guide is
the same as in Figure 1B. shRNA non-targeting guide sequence is listed in table
S6.

Schematic of the single and double mismatch plasmid libraries used for evaluating
the specificity of LwaCasl3a and PspCasl3b knockdown. Every possible single
and double mismatch is present in the target sequence as well as in three positions
directly flanking the 5’ and 3’ ends of the target site.

The depletion levels of transcripts with the indicated single mismatches are plotted
as a heatmap for both the LwaCasl3a and PspCasl3b conditions. The wildtype
base is outlined by a green box.

The depletion levels of transcripts with the indicated double mismatches are
plotted as a heatmap for both the LwaCasl3a and PspCasl13b conditions. Each
box represents the average of all possible double mismatches for the indicated

position.
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Specificity of Casl3 mammalian interference activity

To characterize the interference specificities of PspCasl3b and LwaCasl3a we
designed a plasmid library of luciferase targets containing single mismatches and double
mismatcheé throughout the target sequence and the three flanking 5 and 3’ base pairs
(fig. S3C). We transfected HEK293FT cells with either LwaCas13a or PspCas13b, a fixed
guide RNA targeting the unmodified target sequence, and the mismatched-target library
corresponding to the appropriate system. We then performed targeted RNA sequencing
of uncleaved transcripts to quantify depletion of mismatched-target sequences. We found
that LwaCasl3a and PspCasl3b had a central region that was relatively intolerant to
single mismatches, extending from base pairs 12-26 for the PspCasl3b target and 13-24
for the LwaCasl3a target (fig. S3D). Double mismatches were even less tolerated than
single mutations, with little knockdown activity observed over a larger window, extending
from base pairs 12-29 for PspCasl3b and 8-27 for LwaCasl3a in their respective targets
(fig. S3E). Additionally, because there are mismatches included in the three nucleotides
flanking the 5 and 3’ ends of the target sequence, we could assess PFS constraints on
Casl3 knockdown activity. Sequencing showed that almost all PF'S combinations allowed
robust knockdown, indicating that a PFS constraint for interference in mammalian cells
likely does not exist for either enzyme tested. These results indicate that Casl3a and
Casl3b display similar sequence constraints and sensitivities against mismatches.

We next characterized the interference specificity of PspCas13b and LwaCasl3a
across the mRNA fraction of the transcriptome. We performed transcriptome-wide
mRNA sequencing to detect significant differentially expressed genes. LwaCasl3a and
PspCasl13b demonstrated robust knockdown of Gluc (Fig. 1E,F) and were highly specific

compared to a position-matched shRNA, which showed hundreds of off-targets (Fig. 1G),
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consistent with our previous characterization of LwaCasl3a specificity in mammalian cells

(15).

Casl13-ADAR fusions enable targeted RNA editing

Given that PspCasl3b achieved consistent, robust, and specific knockdown of
mRNA in mammalian cells, we envisioned that it could be adapted as an RNA binding
platform to recruit RNA modifying domains, such as the deaminase domain of ADARs
(ADARpp) for programmable RNA editing. To engineer a PspCas13b lacking nuclease
activity (dPspCasl3b, referred to as dCasl3b hereafter), we mutated conserved catalytic
residues in the HEPN domains and observed loss of luciferase RNA knockdown (fig. S4A).
We hypothesized that a dCas13b-ADARpp fusion could be recruited by a guide RNA to
target adenosines, with the hybridized RNA creating the required duplex substrate for
ADAR activity (Fig. 2A). To enhance target adenosine deamination rates we introduced
two additional modifications to our initial RNA editing design: we introduced a
mismatched cytidine opposite the target adenosine, which has been previously reported to
increase deamination frequency, and fused dCas13b with the deaminase domains of
human ADAR1 or ADAR2 containing hyperactivating mutations to enhance catalytic

activity (ADAR1pp(E1008Q) (27) or ADAR2pp(E488Q) (21)).

To test the activity of dCas13b-ADARpp we generated an RNA-editing reporter on Cluc
by introducing a nonsense mutation (W85X (UGG->UAG)), which could functionally be
repaired to the wildtype codon through A->I editing (Fig. 2B) and then be detected as
restoration of Cluc luminescence. We evenly tiled guides with spacers of 30, 50, 70 or 84
nucleotides in length across the target adenosine to determine the optimal guide

placement and design (Fig. 2C). We found that dCas13b-ADAR1pp required longer guides
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to repair the Cluc reporter, while dCas13b-ADAR2pp was functional with all guide lengths
tested (Fig. 2C). We also found that the hyperactive E488Q mutation improved editing
efficiency, as luciferase restoration with the wildtype ADAR2pp was reduced (fig. S4B).
From this demonstration of activity, we chose dCas13b-ADAR2pp(E488Q) for further
characterization and designated this approach as RNA Editing for Programmable A-to-1
Replacement version 1 (REPAIRv1).

To validate that restoration of luciferase activity was due to bona fide editing
events, we directly measured REPAIRv1-mediated editing of Cluc transcripts via reverse
transcription and targeted next-generation sequencing. We tested 30- and 50-nt spacers
around the target site and found that both guide lengths resulted in the expected A-to-I
edit, with 50-nt spacers achieving higher editing percentages (Fig. 2D E, fig. S4C). We
also observed that 50-nt spacers had an increased propensity for editing at non-targeted
adenosines within the sequencing window, likely due to increased regions of duplex RNA
(Fig. 2E, fig. S4C).

We next targeted an endogenous gene, PPIB. We designed 50-nt spacers tiling
PPIB and found that we could edit the PPIB transcript with up to 28% editing efficiency
(Fig. S4D). To test if REPAIR could be further optimized, we modified the linker
between dCasl3b and ADAR2pp(E488Q) (fig. S4E, Supplementary Table 3) and found
that linker choice modestly affected luciferase activity restoration. Additionally, we tested
the ability of dCas13b and guide alone to mediate editing events, finding that the ADAR

deaminase domain is required for editing (fig. S5A-D).
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Figure 2: Engineering dCas13b-ADAR fusions for RNA editing

A) Schematic of RNA editing by dCas13b-ADARpp fusion proteins. Catalytically dead

C)

D)

E)

Casl13b (dCas13b) is fused to the deaminase domain of human ADAR (ADARbp),
which naturally deaminates adenosines to insosines in dsRNA. The crRNA
specifies the target site by hybridizing to the bases surrounding the target
adenosine, creating a dsRNA structure for editing, and recruiting the dCasl3b-
ADARpp fusion. A mismatched cytidine in the crRNA opposite the target
adenosine enhances the editing reaction, promoting target adenosine deamination
to inosine, a base that functionally mimics guanosine in many cellular reactions.
Schematic of Cypridina luciferase W85X target and targeting guide design.
Deamination of the target adenosine restores the stop codon to the wildtype
tryptophan. Spacer length is the region of the guide that contains homology to the
target sequence. Mismatch distance is the number of bases between the 3’ end of
the spacer and the mismatched cytidine. The cytidine mismatched base is included
as part of the mismatch distance calculation.

Quantification of luciferase activity restoration for dCas13b-ADARI1pp(E1008Q)
(left) and dCas13b-ADAR2pp(E488Q) (right) with tiling guides of length 30, 50,
70, or 84 nt. All guides with even mismatch distances are tested for each guide
length. Values are background subtracted relative to a 30nt non-targeting guide
that is randomized with no sequence homology to the human transcriptome.
Schematic of the sequencing window in which A-to-I edits were assessed for
Cypridinia luciferase W85X.

Sequencing quantification of A-to-I editing for 50-nt guides targeting Cypridinia

luciferase W85X. Blue triangle indicates the targeted adenosine. For each guide,
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the region of duplex RNA is outlined in red. Values represent mean +/- S.E.M.

Non-targeting guide is the same as in Fig. 2C.

116



Pravoteila sp. P5-125 Cas13b

FI‘Il!! H‘llﬂ
18

- WT
= H133A / H105BA

nomalized FLU
in

oo 0 =+
Quide 1 guide ¢ guide NT 2 4 6 8 %0 12 14 16 18 20 22 24 26 28 30
c mismaich disiance
- Agemen v Ay obiing rate [%)
®- - - I N A M W M S M TS BT M

euwul-.mn»-unuﬂ 1 20 2

= F

-¢¢lﬁl!

A A AL R (B O - Y

(1_' TARAR WAL DL X B L .4
R £ A A B LA LA L
(g A A A1 B O BN
(R AL M B (LN AL =
(R ARG AL C A T B A i s - 8
Iy s

(g A T DL L AR 4 B A L A A A~

B AR Lo e S = F

migmaich dsiance
Enaaluag

My NES,,, ADAR,(E488Q)

Figure S4: Characterization of design parameters for REPAIRv1.
A) Knockdown efficiency of Gluc with wild-type Casl3b or catalytically inactive

H133A/H1058A Casl13b (dCas13b).
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Quantification of luciferase activity restoration by dCas13b fused to either the
wild-type ADAR2 deaminase domain (ADAR2., or the hyperactive E488Q
mutant ADAR2,,(E488Q) deaminase domain, tested with tiling Cluc targeting
guides.

Guide design and sequencing quantification of A-to-I editing for 30-nt guides
targeting Cluc W85X.

Guide design and sequencing quantification of A-to-I editing for 50-nt guides
targeting PPIB.

Influence of linker choice on luciferase activity restoration by REPAIRv1. Values

represent mean +/— S.E.M.
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A) Schematic of guides used to target the W85X mutation in the Cluc reporter.

B) Sequencing quantification of A—to—I'editing for indicated guides transfected with
dCas13b. For each guide, the region of duplex RNA is outlined in red. Values
represent mean +/— S.E.M. Non-targeting guide is the same és in Fig2C.

C) Sequencing quantification of A-to-I editing for indicated guides transfected with
REPAIRv1. For each guide, the region of duplex RNA is outlined in red. Values
represent mean +/— S.E.M. Non-targeting guide is the same as in Fig2C.

D) Comparison of on-target A-to-I editing rates for dCas13b and dCas13b-
ADAR2,,(E488Q) for guides tested in panel B and C.

E) Influence of base identify opposite the targeted adenosine on luciferase activity

restoration by REPAIRv1. Values represent mean +/— S.E.M.
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Defining the sequence parameters for RNA editing

Given that we could achieve precise RNA editing at a test site, we wanted to
characterize the sequence constraints for programming the system against any RNA target
in the transcriptome. Sequence constraints could arise from dCas13b targeting limitations,
such as the PFS, or from ADAR sequence preferences (28). To investigate PFS
constraints on REPAIRv1, we designed a plasmid library carrying a series of four
randomized nucleotides at the 5’ end of a target site on the Cluc transcript (Fig. 3A). We
targeted the center adenosine within either a UAG or AAC motif and found that for both
motifs, all PFSs demonstrated detectable levels of RNA editing, with a majority of the
PF'Ss having greater than 50% editing at the target site (Fig. 3B). Next, we sought to
determine if the ADAR2pp in REPAIRv1 had any sequence constraints immediately
flanking the targeted base, as has been reported previously for ADAR2pp (28). We tested
every possible combination of 5’ and 3’ flanking nucleotides directly surrounding the
target adenosine (Fig. 3C), and found that REPAIRv1 was capable of editing all motifs
(Fig. 3D). Lastly, we analyzed whether the identity of the base opposite the target A in
the spacer sequence affected editing efficiency and found that an A-C mismatch had the
highest luciferase restoration, in agreement with previous reports of ADAR2 activity, with

A-G, A-U, and A-A having drastically reduced REPAIRv1 activity (fig. S5E).
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Figure 3: Measuring sequence flexibility for RNA editing by REPAIRv1

A) Schematic of screen for determining Protospacer Flanking Site (PFS) preferences of

RNA editing by REPAIRv1. A randomized PFS sequence is cloned 5’ to a target

site for REPAIR editing. Following exposure to REPAIR, deep sequencing of

reverse transcribed RNA from the target site and PFS is used to associate edited

reads with PFS sequences.

B) Distributions of RNA editing efficiencies for all 4N PFS combinations at two

different editing sites

F) Quantification of the percent editing of REPAIRv1 at Cluc W85 across all possible

3 base motifs. Values represent mean +/- S.E.M. Non-targeting guide is the same

as in Fig. 2C.
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C) Heatmap of 5’.and 3’ base preferences of RNA editing at Cluc W85 for all possible

3 base motifs.
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Correction of disease-relevant human mutations using REPAIRv1

To demonstrate the broad applicability of the REPAIRv1 system for RNA editing
in mammalian cells, we designed REPAIRv1 guides against }two disease-relevant
mutations: 878G>A (AVPR2 W293X) in X-linked Nephrogenic diabetes insipidus and
1517G>A (FANCC W506X) in Fanconi anemia. We transfected expression constructs for
cDNA of genes carrying these mutations into HEK293FT cells and tested whether
REPAIRv1 could correct the mutations. Using guide RNAs containing 50-nt spacers, we
were able to achieve 35% correction of AVPR2 and 23% correction of FANCC (Fig. 4A-
D). We then tested the ability of REPAIRv1 to correct 34 different disease-relevant G>A
mutations (Supplementary Table 4) and found that we were able to achieve significant
editing at 33 sites with up to 28% editing efficiency (Fig. 4E). The mutations we chose are
only a fraction of the pathogenic G to A mutations (5,739) in the ClinVar database,
which also includes an additional 11,943 G to A variants (Fig. 4F and fig. S6). Because
there are no sequence constraints (Fig. 3), REPAIRv1 is capable of potentially editing all
these disease relevant mutations, especially given that we observed editing regardless of
the target motif (Fig. 3C and Fig. 4G).

Delivering the REPAIRv1 system to diseased cells is a prerequisite for therapeutic
use, and we therefore sought to design REPAIRv1 constructs that could be packaged into
therapeutically relevant viral vectors, such as adeno-associated viral (AAV) vectors. AAV
vectors have a packaging limit of 4.7kb, which cannot accommodate the large size of
dCas13b-ADARpp (4,473 bp) along with promoter and expression-regulatory elements. To
reduce the size, we tested a variety of N-terminal and C-terminal truncations of dCas13
fused to ADAR2pp(E488Q) for RNA editing activity. We found that all C-terminal

truncations tested were still functional and able to restore luciferase signal (fig. S7), and
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the largest truncation, C-terminal A984-1090 (total size of the fusion protein 4,152bp) was

small enough to fit within the packaging limit of AAV vectors.
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Figure 4: Correction of disease-relevant mutations with REPAIRv1

A) Schematic of target and guide design for targeting A VPR2 878G >A.

B) The 878G>A mutation (indicated by blue triangle) in AVPR2 is corrected to
varying levels using REPAIRv1 with three different guide deéigns. For each guide,
the region of duplex RNA is outlined in red. Values represent mean +/- S.E.M.
Non-targeting guide is the same as in Fig. 2C.

C) Schematic of target and guide design for targeting FANCC 1517G>A.

D) The 1517G>A mutation (indicated by blue triangle) in FANCC is corrected to
varying levels using REPAIRv1 with three different guide designs. For each guide,

the region of duplex RNA is outlined in red. The heatmap scale bar is the same as
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in panel B. Values represent mean +/— S.E.M. Non-targeting guide is the same as
in Fig. 2C.

E) Quantification of the percent editing of 34 different disease-relevant G>A
mutations selected from ClinVar using REPAIRv1. Non-targeting guide is the
same as in Fig. 2C.

F) Analysis of all the possible G>A mutations that could be corrected using REPAIR
as annotated in the ClinVar database.

G) The distribution of editing motifs for all G>A mutations in ClinVar is shown
versus the editing efficiency by REPAIRv1 per motif as quantified on the Gluc

transcript. Values represent mean + /- S.E.M.
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Figure S6: ClinVar motif distribution for G>A mutations.
The number of each possible triplet motif observed in the ClinVar database for all G>A

mutations.
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Figure S7: Truncations of dCas13b support functional RNA editing.
N-terminal and C-terminal truncations of dCas13b allow for RNA editing as measured by
restoration of luciferase signal for the Cluc W85X reporter. Values represent mean +/-

S.E.M. The construct length refers to the coding sequence of the REPAIR constructs.
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Transcriptome-wide specificity of REPAIRv1
Although RNA knockdown with PspCasl3b was highly specific in our luciferase

tiling experiments, we observed off-target adenosine editing within the guide:target duplex
(Fig. 2E). To see if this was a widespread phenomenon, we tiled an endogenous transcript,
KRAS, and measured the degree of off-target editing near the target adenosine (Fig. 5A).
We found that for KRAS, while the on-target editing rate was 23%, there were many sites
around the target site that also had detectable A-to-I edits (Fig. 5B).

Because of the observed off-target editing within the guide:target duplex, we
initially evaluated transcriptome-wide off-targets by performing RNA sequencing on all
mRNAs with 12.5X coverage. Of all the editing sites across the transcriptome, the on-
target editing site had the highest editing rate, with 89% A-to-I conversion. We also found
that there was a substantial number of A-to-I off-target events, with 1,732 off-targets in
the targeting guide condition and 925 off-targets in the non-targeting guide condition,
with 828 off-targets shared between the targeting and non-targeting guide conditions (Fig.
5C,D). Given the high number of overlapping off-targets between the targeting and non-
targeting guide conditions, we reasoned that the off-targets may arise from ADARpp. To
test this hypothesis, we repeated the Cluc targeting experiment, this time comparing
transcriptome changes for REPAIRv1 with a targeting guide, REPAIRv] with a non-
targeting guide, REPAIRv1 alone, or ADARpp(E488Q) alone (fig. S8). We found
differentially expressed genes and off-target editing events in each condition (fig. S8B,C).
Interestingly, there was a high degree of overlap in the off-target editing events between
ADARpp(E488Q) and all REPAIRv] off-target edits, supportin-g the hypothesis that
REPAIR off-target edits are driven by dCasl3b-independent ADARpp(E488Q) editing

events (fig. S8D).
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Next, we sought to compare two RNA-guided ADAR systems that have been
described previously (fig. S9A). The first utilizes a fusion of ADAR2pp to the small viral
protein lambda N (AN), which binds to the BoxB-A RNA hairpin (24). A guide RNA with
double BoxB-i hairpins guides ADAR2pp to edit sites encoded in the guide RNA (25).
The second design utilizes full-length ADAR2 (ADAR2) and a guide RNA with a hairpin
that the double strand RNA binding domains (dsRBDs) of ADAR2 recognize (23, 26).
We analyzed the editing efficiency of these two systems compared to REPAIRv1 and
found that the BoxB-ADAR2 and full-length ADAR2 systems demonstrated 50% and
34.5% editing rates, respectively, compared to the 89% editing rate achieved by
REPAIRv1 (fig. S9B-E). Additionally, the BoxB and full-length ADAR2 systems created
1,814 and 66 observed off targets, respectively, in the targeting guide conditions,
compared to the 2,111 off targets in the REPAIRv1 targeting guide condition. Notably,
all the conditions with the two ADAR2pp-based systems (REPAIRv1 and BoxB) showed
a high percentage of overlap in their off-targets whereas the full-length ADAR2 system
had a largely distinct set of off-targets (fig. S9F). The overlap in off-targets between the
targeting and non-targeting conditions and between REPAIRv1 and BoxB conditions

suggests ADAR2pp drives off-targets independent of dCas13 targeting (fig. SOF).
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Figure 5: Characterizing specificity of REPAIRv1
A) Schematic of KRAS target site and guide design.
B) Quantification of percent A-to-I editing for tiled KRAS-targeting guides. Editing
percentages are shown for the on-target (blue triangle) and neighboring adenosine

sites. For each guide, the region of duplex RNA is outlined in red. Values represent

mean +/- S.E.M.
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C) Transcriptome-wide sites of significant RNA editing by REPAIRv1 (150ng
REPAIR vector transfected) with Cluc targeting guide. The on-target site Cluc site
(254 A>I) is highlighted in orange.

D) Transcriptome-wide sites of significant RNA editing by REPAIRvl1 (150ng
REPAIR vector transfected) with non-targeting guide. Non-targeting guide is the

same as in Fig. 2C.
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Figure S8: REPAIRv1 editing activity evaluated without a guide and in comparison

to ADAR2 deaminase domain alone.

A) Quantification of A-to-1 editing of the Cluc W85X mutation by REPAIRv1 with
and without guide as well as the ADAR2 deaminase domain only without guide.
Values represent mean +/- S.E.M. Non-targeting guide is the same as in Fig2C.

B) Number of differentially expressed genes in the REPAIRv1 and ADAR2,,
conditions from panel A.

C) The number of significant off-targets from the REPAIRv1 and ADAR2,, conditions

from panel A.
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D) Overlap of off-target A-to-I editing events between the REPAIRv1 and ADAR2,,
conditions from panel A. The values plotted are the percent of the maximum

possible intersection of the two off-target data sets.
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Figure S9: Comparison of REPAIRv1 to other programmable ADAR systems.
A) Schematic of two programmable ADAR schemes: BoxB-based targeting (top) and
full  length ADAR2 targeting (bottom). For BoxB-based targeting,
ADAR.,(E488Q) is fused to the viral protein lambda N (BoxB-1), and the fusion

protein is recruited to target adenosines by a guide RNA containing homology to
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the target site and hairpins that BoxB-A binds to. Full length ADAR2 targeting
utilizes a guide RNA with homology to the target site and a motif recognized by
the double strand RNA binding domains of ADAR2.

B) Transcriptome-wide sites of significant RNA editing by BoxB-ADAR2 ..,(E488Q)
with a guide targeting Cluc and a non-targeting guide. The on-target Cluc site (254
A>1) is highlighted in orange.

C) Transcriptome-wide sites of significant RNA editing by full length ADAR2 with a
guide targeting Cluc and a non-targeting guide. The on-target Cluc site (254 A>I)
is highlighted in orange.

D) Transcriptome-wide sites of significant RNA editing by REPAIRv1 with a guide
targeting Cluc and a non-targeting guide. The on-target Cluc site (254 A>I) is
highlighted in orange. The non-targeting guide is the same as in Fig2C.

E) Quantification of on-target editing rate percentage for BoxB-ADAR2 ..(E488Q)),
ADAR2, and REPAIRv1 for targeting guides against Cluc.

F) Overlap of off-target sites between different targeting and non-targeting conditions
for programmable ADAR systems. The values plotted are the percent of the

maximum possible intersection of the two off-target data sets.
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Improving specificity of REPAIR through rational protein engineering

To improve the specificity of REPAIRv1, we employed structure-guided protein
engineering of ADAR2pp(E488Q)). Because of the guide-independent nature of the off-
targets, we hypothesized that destabilizing ADARZDD(E488Q)—RNA binding would
selectively decrease off-target editing, but maintain on-target editing due to increased
local concentration from dCasl3b tethering of ADAR2pp(E488Q) to the target site. We
mutated residues in ADAR2pp(E488Q) previously determined to contact the duplex
region of the target RNA (Fig. 6A) (19). To assess efficiency and specificity, we tested 17
single mutants with both targeting and non-targeting guides, under the assumption that
background luciferase restoration in the non-targeting condition would be indicative of
broader off-target activity. We found that mutations at the selected residues had
significant effects on the luciferase activity for targeting and non-targeting guides (Fig.
6A,B, fig. S1I0A). A majority of mutants either significantly improved the luciferase
activity for the targeting guide or increased the ratio of targeting to non-targeting guide

activity, which we termed the specificity score (Fig. 6A,B).

We selected a subset of these mutants (Fig. 6B) for transcriptome-wide specificity
profiling by next generation sequencing. As expected, off-targets measured from
transcriptome-wide sequencing correlated with our specificity score (fig. S10B) for
mutants. We found that with the exception of ADAR2pp(E488Q/R455E), all sequenced
REPAIRv1 mutants could effectively edit the reporter transcript (Fig. 6C), with many
mutants showing reduction in the number of off-targets (Fig. 6C, fig S10C, S11). We
further explored the surrounding motifs of off-targets for the various specificity mutants,

and found that REPAIRv1 and most of the engineered variants exhibited a strong 3’ G
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preference for their off-target edits, in agreement with the characterized ADAR2 motif
(fig. S12A) (28).

We focused on the mutant ADAR2pp(E488Q/T375G), as it had the highest
percent editing of the four mutants with the lowest numbers of transcriptome-wide off
targets and termed it REPAIRv2. Compared to REPAIRv1, REPAIRv2 exhibited
increased specificity, with a reduction from 18,385 to 20 transcriptome-wide off-targets by
high-coverage sequencing (125X coverage, 10ng DNA transfection) (Fig. 6D). In the
region surrounding the targeted adenosine in Cluc, REPAIRv2 also had reduced off-target
editing, visible in sequencing traces (Fig. 6E). In motifs derived from the off-target sites,
REPAIRv1 presented a strong preference towards 3’ G, but showed off-targeting edits for
all motifs (fig. S12B); by contrast, REPAIRv2 only edited the strongest off-target motifs
(fig. S12C). The distribution of edits on transcripts was heavily skewed for REPAIRv1,
with highly-edited genes having over 60 edits (fig. SI3A), whereas REPAIRv2 only edited
one transcript (EEF1A1) multiple times (fig. S13B). REPAIRv1 off-target edits were
predicted to result in numerous variants, including 1000 missense base changes (fig. S13C)
with 93 events in genes related to cancer processes (fig. S13D). In contrast, REPAIRv2
only had 6 predicted base changes (fig. SI0E), none of which were in cancer-related genes
(fig. S13F). Analysis of the sequence surrounding off-target edits for REPAIRv1 or v2 did
not reveal homology to guide sequences, suggesting that off-targets are likely dCas13b-
independent (fig. S14), consistent with the high overlap of off-targets between REPAIRv1
and the ADAR deaminase domain (fig. S8D). To directly compare REPAIRv2 against
other programmable ADAR systems, we repeated our Cluc targeting experiments with all
systems at two different dosages of ADAR vector, finding that REPAIRv2 had
comparable on-target editing to BoxB and ADAR2 but with significantly fewer off-target

editing events at both dosages (fig S15). REPAIRv2 had enhanced specificity compared
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to REPAIRv1 at both dosages (fig. S15B), a finding that also extended to two guides
targeting distinct sites on PPIB (fig. S16A-D). It is also worth noting that, in general, the

lower dosage condition (10 ng) had fewer off-targets than the higher dosage condition (150

ng) (fig. S5).

To assess editing specificity with greater sensitivity, we sequenced the low dosage
condition (10 ng of transfected DNA) of REPAIRvl and v2 at significantly higher
sequencing depth (125X coverage of the transcriptome). Increased numbers of off-targets
were found at higher sequencing depths corresponding to detection of rarer off-target
events (fig. S17). Furthermore, we speculated that different transcriptome states could
also potentially alter the number of off-targeting events. Therefore, we tested REPAIRv2
activity in the osteosarcoma U20S cell line, observing 6 and 7 off-targets for the targeting
and non-targeting guide, respectively (fig. S18).

We targeted REPAIRvV2 to endogenous genes to test if the specificity-enhancing
mutations reduced nearby edits in target transcripts while maintaining high-efficiency on-
target editing. For guides targeting either KRAS or PPIB, we found that REPAIRv2 had
no detectable off-target edits, unlike REPAIRv1, and could effectively edit the on-target
adenosine at efficiencies of 27.1% (KRAS) or 13% (PPIB) (Fig. 6F). This specificity
extended to additional target sites, including regions that demonstrate high-levels of
background in non-targeting conditions for REPAIRv1, such as other KRAS or PPIB
target sites (fig. S19). Overall, REPAIRv2 eliminated off-targets in duplexed regions
around the edited adenosine and showed dramatically enhanced transcriptome-wide

specificity.
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Figure 6: Rational mutagenesis of ADAR2 to improve the specificity of
REPAIRv1

A) Quantification of luciferase signal restoration (on-target score, red boxes) by
various dCas13-ADAR2pp mutants as well as their specificii:y score (blue boxes)
plotted along a schematic of the contacts between key ADAR2 deaminase residues
and the dsRNA target (target strand shown in gray; the non-target strand is
shown in red). All deaminase mutations Were made on the dCasl3-
ADAR2pp(E488Q) background. The specificity score is defined as the ratio of the
luciferase signal between targeting guide and non-targeting guide conditions.
Schematic of ADAR2 deaminase‘ domain contacts With dsRNA is adapted from ref
(20).

B) Quantification of luciferase signal restoration by various dCas13-ADAR2 mutants
versus their specificity score. Non-targeting guide is the same as in Fig. 2C.

C) Quantification of on-target editing and the number of significant off-targets for
each dCas13-ADAR2pp(E488Q) mutant by transcriptome wide sequencing of
mRNAs. Values represent mean +/— S.E.M. Non-targeting guide is the same as in
Fig. 2C.

D) Transcriptome-wide sites of significant RNA editing by REPAIRv1 (top) and
REPAIRv2 (bottom) with a guide targeting a pretermination site in Cluc. The on-
target Cluc site (254 A>I) is highlighted in orange. 10 ng of REPAIR vector was
transfected for each condition.

E) Representative RNA sequencing reads surrounding the on-target Cluc editing site
(254 A>I; blue triangle) highlighting the differences in off-target editing between

REPAIRv1 (top) and REPAIRv2 (bottom). A>I edits are highlighted in red;

142



sequencing errors are highlighted in blue. Gaps reflect spaces between aligned
reads. Non-targeting guide is the same as in Fig. 2C.

RNA editing by REPAIRv1 and REPAIRv2 with guides targeting an out-of-frame
UAG site in the endogenous KRAS and PPIB transcripts. The on-target editing
fraction is shown as a sideways bar chart on the right for each condition row. For
each guide, the region of duplex RNA is outlined in red. Values represent mean

+/— S.E.M. Non-targeting guide is the same as in Fig. 2C.
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Figure S10: Efficiency and specificity of dCas13b-ADAR2,,(E488Q) mutants.

A) Quantification of luciferase activity restoration by dCas13b-ADAR2..(E488Q)

mutants for Cluc-targeting and non-targeting guides. Non-targeting guide is the

same as in Fig2C.

B) Relationship between the ratio of targeting and non-targeting guide RLU and the

nur

nber of RNA-editing off-targets as quantified by transcriptome-wide sequencing

C) Quantification of transcriptome-wide off-target RNA editing sites versus on-target
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Cluc editing efficiency for dCas13b-ADAR2.,,(E488Q) mutants.
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Figure S11: Transcriptome-wide specificity of RNA editing by

»(E488Q).

dCas13b-ADAR2

A) Transcriptome-wide sites of significant RNA editing by dCas13b-ADAR2.,,(E488Q)

mutants with a guide targeting Cluc. The on-target Cluc site (254 A>I) is

146



highlighted in orange.
B) Transcriptome-wide sites of significant RNA editing by dCas13b-ADAR2..(E488Q)

mutants with a non-targeting guide.
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Figure S12: Characterization of motif biases in the off-targets of dCas13b-ADAR2
w(E488Q) editing.

A) For each dCas13b-ADAR2,,(E488Q) mutant, the motif present across all A>T off-

target edits in the transcriptome is shown.
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B) The distribution of off-target A>I edits per motif identity is shown for REPAIRv1
with targeting and non-targeting guide.
C) The distribution of off-target A>I edits per motif identity is shown for REPAIRv2

with targeting and non-targeting guide.
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Figure S13: Further characterization of REPAIRv1 and REPAIRv2 off-targets.
A) Histogram of the number of off-targets per transcript for REPAIRv1.
B) Histogram of the number of off-targets per transcript for REPAIRv2.
C) Variant effect prediction of REPAIRv1 off-targets.
D) Distribution of REPAIRv1 off targets in cancer-related genes. TSG, tumor
suppressor gene.
E) Variant effect prediction of REPAIRv2 off-targets.

F) Distribution of REPAIRvV2 off targets in cancer-related genes.

151



REPAIRv1 targeting REPAIRv2 targeting
5 i
400
4 ]
300 1
I= =3
3 3
G 200 1 Q 2
100 1
0

0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40
number of mismatches number of mismatches
Figure S14: Evaluation of off-target sequence similarity to the guide sequence.

A) Distribution of the number of mismatches (hamming distance) between the
targeting guide sequence and the off-target editing sites for REPAIRv1 with a Cluc
targeting guide.

B) Distribution of the number of mismatches (hamming distance) between the

targeting guide sequence and the off-target editing sites for REPAIRv2 with a Cluc

targeting guide.
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Figure S15: Comparison of REPAIRv1l, REPAIRv2, ADAR2 RNA targeting, and
BoxB RINA targeting at two different doses of vector (150ng and 10ng effector).

A) Quantification of RNA editing activity at the Cluc W85X (254 A>I) on-target
editing site by REPAIRv1, REPAIRv2, ADAR2 RNA targeting, and BoxB RNA
targeting approaches. Each of the four methods were tested with a targeting or
non-targeting guide. Values shown are the mean of the three replicates.

B) Quantification of RNA editing off-targets by REPAIRvl, REPAIRv2, ADAR2
RNA targeting, and BoxB RNA targeting approaches. Each of the four methods
were tested with a targeting guide for the Cluc W85X (254 A>I) site or non-
targeting guide. For REPAIR constructs, non-targeting guide is the same as in

Fig. 2C.
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Figure S16: RNA editing efficiency and genome-wide specificity of REPAIRv1 and
REPAIRv2.

A) Quantification of RNA editing activity at the PPIB guide 1 on-target editing site
by REPAIRv1, REPAIRv2 with targeting and non-targeting guides. Values

represent mean +/— S.E.M.

B) Quantification of RNA editing activity at the PPIB guide 2 on-target editing site
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by REPAIRvl, REPAIRv2 with targeting and non-targeting guides. Values
represent mean +/— S.E.M.

C) Quantification of RNA editing off-targets by REPAIRv1 or REPAIRv2 with PPIB
guide 1, PPIB guide 2, or non-targeting guide.

D) Overlap of off-targets between REPAIRv1 for PPIB targeting, Cluc targeting, and
non-targeting guides. The values plotted are the percent of the maximum possible

intersection of the two off-target data sets.
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Figure S17: High coverage sequencing of REPAIRv1 and REPAIRv2 off-targets.

A) Quantitation of off-target edits for REPAIRvl and REPAIRv2 as a function of



read depth with a total of 5 million reads (12.5x coverage), 15 million reads (37.5x
coverage) and 50 million reads (125x coverage) per condition.

Overlap of off-target sites at different read depths of the following conditions:
REPAIRv1 versus REPAIRv1 (left), REPAIRv2 versus REPAIRv2 (middle), and
REPAIRv1 versus REPAIRv2 (right). The values plotted are the percent of the
maximum possible intersection of the two off-target data sets.

Editing rate of off-target sites compared to the coverage (log2(number of reads)) of
the off-target for REPAIRv1 and REPAIRv2 targeting conditions at different read
depths.

Editing rate of off-target sites compared to the log2(TPM+1) of the off-target gene
expression for REPAIRv]l and REPAIRv2 targeting conditions at different read

depths.
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Figure S18: Quantification of REPAIRv2 activity and off-targets in the U20S cell

line.

A) Transcriptome-wide sites of significant RNA editing by REPAIRv2 with a guide
targeting Cluc in the U20S cell line. The on-target Cluc site (254 A>I) is
highlighted in orange.

B) Transcriptome-wide sites of significant RNA editing by REPAIRv2 with a non-
targeting guide in the U20S cell line.

C) The on-target editing rate at the Cluc W85X (254 A>I) by REPAIRv2 with a
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targeting guide or non-targeting guide in the U208 cell line.
D) Quantification of off-targets by REPAIRv2 with a guide targeting Cluc or non-

targeting guide in the U20S cell line.

159



KRAS site1

A, editing rate (%)

17 21 22 24 26 27 28 37 43 55 59 60 62 71 74 § 10 20 30
REPAIRV1 + KRAS guide 1 |
REPAIRV1 + NT guide
REPAIRV2 + KRAS guide 1 | -:|
REPAIRV2 + NT guide
EGFP control
B KRAS site 3
v A, editing rate (%)
1 4 5 8 9 12 15 16 20 24 269 10 230 30 40
REPAIRv1 + KRAS guide 3 [7 o
REPAIRv1 + NT guide
REPAIRV2 + NT guide
EGFP control
C PPIB site 2
v A, editing rate (%)
83 5 6 19 23 25 28 30 32 33 340 5 10 15 20
REPAIRV1 + PPIB guide 2 - |
REPAIRV + NT guide o ]
REPAIRV2 + PPIB guide 2 | N

REPAIRV2 + NT guide
EGFP control

_ _Jr

editing rate (%)
e N w B
o (=] o o

o

60

B
o

editing rate (%)

N
o

editing rate (%)
bl

Figure S19: RNA editing efficiency and specificity of REPAIRv1 and REPAIRv2.

A) Quantification of percent editing of KRAS with KRAS-targeting guide 1 at the
targeted adenosine (blue triangle) and neighboring sites for REPAIRv1 and
REPAIRv2. For each guide, the region of duplex RNA is outlined in red. Values

represent mean +/— S.E.M. Non-targeting guide is the same as in Fig. 2C.

targeted adenosine and neighboring sites for REPAIRvl and REPAIRv2. Non-

targeting guide is the same as in Fig. 2C.

targeted adenosine and neighboring sites for REPAIRvl and REPAIRv2. Non-

160

Quantification of percent editing of KRAS with KRAS-targeting guide 3 at the

Quantification of percent editing of PPIB with PPIB-targeting guide 2 at the



targeting guide is the same as in Fig. 2C.
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Discussion

We show here that the RNA-guided RNA-targeting type VI-B CRISPR effector
Cas13b is capable of highly efficient and specific RNA knockdown, ﬁroviding the basis for
improved tools for interrogating essential genes and non-coding RNA as well as controlling
cellular processes at the transcript level. Catalytically inactive Casl3b (dCas13b) retains
programmable RNA binding capability, which we leveraged here by fusing dCas13b to the
adenosine deaminase domain of ADAR2 to achieve precise A-to-I edits, a system we ferm
REPAIRvl (RNA Editing for Programmable A-to-I Replacement version 1). Further
engineering of the system produced REPAIRv2, which has dramatically higher specificity
than previously described RNA editing platforms (25, 29) while maintaining high levels of
on-target efficacy.

Although Casl13b exhibits high fidelity, our initial results with dCasl3b-
ADAR2pp(E488Q) fusions revealed a substantial number of off-target RNA editing events.
To address this, we employed a rational mutagenesis strategy to vary the ADAR2pp
residues that contact the RNA duplex, identifying a variant, ADAR2pp(E488Q/T375G),
capable of precise, efficient, and highly specific editing when fused to dCas13b. Editing
efficiency with this variant was comparable to or better than that achieved with two
currently available systems, BoxB-ADAR2pp(E488Q) or ADAR2 editing. Moreover, the
REPAIRV2 system created only 20 observable off-targets in the whole transcriptome, at
least an order of magnitude better than both alternative editing technologies. While it is
possible that ADAR could deaminate adenosine bases on the DNA strand in RNA-DNA
heteroduplexes (20), it is unlikely to do so in this case as Casl3b does not bind DNA
efficiently and that REPAIR is cytoplasmically localized. Additionally, the lack of

homology of off-target sites to the guide sequence and the strong overlap of off-targets
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with the ADARpp(E488Q)-only condition suggest that off-targets are not mediated by off-
target guide binding. Deeper sequencing and novel inosine enrichment methods could
further refine our understanding of REPAIR specificity in the future.

The REPAIR system offers many advantages compared to other nucleic-acid
editing tools. First, the exact target site can be encoded in the guide by placing a cytidine
within the guide extension across from the desired adenosine to create a favorable A-C
mismatch ideal for ADAR editing activity. Second, Casl3 has no targeting sequence
constraints, such as a PFS or PAM, and no motif preference surrounding the target
adenosine, allowing any adenosine in the transcriptome to be potentially targeted with the
REPAIR system. The lack of motif for ADAR editing, in contrast with previous
literature, is likely due to the increased local concentration of REPAIR at the target site
due to dCas13b binding. We do note that DNA base editors can target either the sense or
anti-sense strand, while the REPAIR system is limited to transcribed sequences, thereby
constraining the total number of possible editing sites. However, due to the less
constrained nature of targeting with REPAIR, this system can effect more edits within
ClinVar (Fig. 4C) than Cas9-DNA base editors. Third, the REPAIR system directly
deaminates target adenosines to inosines and does not rely on endogenous repair
pathways, such as base-excision or mismatch repair, to generate desired editing outcomes.
Therefore, REPAIR should be able to mediate efficient RNA editing even in post-mitotic
cells such as neurons. Fourth, in contrast to DNA editing, RNA editing is transient and
can be more easily reversed, allowing the potential for temporal control over editing
outcomes. The temporary nature of REPAIR-mediated edits will likely be useful for
treating diseases caused by temporary changes in cell state, such as local inflammation
and could also be used to treat disease by modifying the function of proteins involved in

disease-related signal transduction. For instance, REPAIR editing would allow the re-
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coding of some serine, threonine and tyrosine residues that are the targets of kinases (fig.
S20). Phosphorylation of these residues in disease-relevant proteins affects disease
progression for many disorders including Alzheimer’'s disease and multiple
neurodegenerative conditions (30). REPAIR might also be used to transiently or even
chronically change the sequence of expressed, risk-modifying G-to-A variants to decrease
the chance of entering a disease state for patients. For instance, REPAIR could be used to
functionally mimic A-to-G alleles of IFIHI that protect against autoimmune disorders
such as type I diabetes, immunoglobulin A deficiency, psoriasis, and systemic lupus
erythematosus (31, 32).

The REPAIR system provides multiple opportunities for additional engineering.
Cas13b possesses pre-ctRNA processing activity (13), allowing for multiplex editing of
multiple variants, any one of which alone may not affect disease, but together might have
additive effects and disease-modifying potential. Extension of our rational design
approach, such as combining promising mutations and directed evolution, could further
increase the specificity and efficiency of the system, while unbiased screening approaches
could identify additional residues for improving REPAIR activity and specificity.

Currently, the base conversions achievable by REPAIR are limited to generating
inosine from adenosine; additional fusions of dCasl13 with other catalytic RNA editing
domains, such as APOBEC, could enable cytidine-to-uridine editing. Additionally,
mutagenesis of ADAR. could relax the substrate preference to target cytidine, allowing for
the enhanced specificity conferred by the duplexed RNA substrate requirement to be
exploited by C to U editors. Adenosine to inosine editing on DNA substrates may also be
possible with catalytically inactive DNA-targeting CRISPR effectors, such as dCas9 or
dCpfl, either through formation of DNA-RNA heteroduplex targets (20) or mutagenesis
of the ADAR domain.
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We have demonstrated the use of the PspCasl3b enzyme as both an RNA
knockdown and RNA editing tool. The dCas13b platform for programmable RNA binding
has many applications, including live transcript imaging, splicing modification, targeted
localization of transcripts, pull down of RNA-binding proteins, and epitranscriptomic
modifications. Here, we used dCasl13 to create REPAIR, adding to the existing suite of
nucleic-acid editing technologies. REPAIR provides a new approach for treating genetic
disease or mimicking protective alleles, and establishes RNA editing as a useful tool for

modifying genetic function.
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Figure S20: Demonstration of all potential codon changes with an A>I RNA editor.
A) Table of all potential codon transitions enabled by A>I editing.
B) A codon table demonstrating all the potential codon transitions enabled by A>I
editing. Adapted and modified based on (38).
C) Model of REPAIR A-to-I editing of a precisely encoded nucleotide via a mismatch

in the guide sequence. The A-to-I transition is mediated by the catalytic activity of
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the ADAR2 deaminase domain and will be read as a guanosine by translational
machinery. The base change does not rely on endogenous repair machinery and is
permanent for as long as the RNA molecule exists in the cell.

D) REPAIR can be used for correction of Mendelian disease mutations.

E) REPAIR can be used for multiplexed A-to-I editing of multiple variants for
engineering pathways or modifying disease. Multiplexed guide delivery can be
achieved by delivering a single CRISPR array expression cassette since the Cas13b
enzyme processes its own array.

F) REPAIR can be used for modifying protein function through amino acid changes
that affect enzyme domains, such as kinases.

G) REPAIR can modulate splicing of transcripts by modifying the splice acceptor site.
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SUPPLEMENTARY TEXT

As the knowledge of the protospacer flanking site (PFS) may be necessary for effective Casl3
targeting, we first sought to define (PFS) preferences for the recently described Casl3b family of
RNases (12, 13). We heterologously expressed 15 Casl3b orthologs in E. coli and measured
interference activity using an ampicillin-resistance assay (fig. S1A, B). Sequencing of
colonies revealed a mixture of PFS preferences, with Cas13b orthologs having either solely 5° PFS

preferences or a dual 5’ and 3’ PFS (fig. S1C).

SUPPLEMENTARY METHODS

Design and cloning of bacterial constructs

Mammalian codon optimized Casl3b constructs were cloned into the chloramphenicol
resistant pACYC184 vector under control of the Lac promoter. Two corresponding direct-
repeat (DR) sequences separated by Bsal restriction sites were then inserted downstream
of Cas13b, under control of the pJ23119 promoter. Last, oligos for targeting spacers were
phosphorylated using T4 PNK (New England Biolabs), annealed and ligated into Bsal
digested vectors using T7 ligase (Enzymatics) to generate targeting Casl3b vectors. Guide

sequences used are in Supplementary Table 6.

Bacterial PFS screens

Ampicillin resistance plasmids for PFS screens were cloned by inserting PCR products
containing Casl13b targets with two 5’ randomized nucleotides and four 3’ randomized

nucleotides separated by a target site immediately downstream of the start codon of the
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ampicillin resistance gene bla using NEB Gibson Assembly (New England Biolabs). 100
ng of ampicillin-resistant target plasmids were then electroporated with 65-100 ng
chloramphenicol-resistant ~ Casl3b  bacterial targeting plasmids into Endura
Electrocompetent Cells (Lucigen). Plasmids were added to cells, incubated for 15 minutes
on ice, electroporated using the manufacturer’s recommended settings, and then 950 uL of
recovery media was added to cells before a one-hour outgrowth at 37° C. The outgrowth
was plated onto chloramphenicol and ampicillin double selection plates. Serial dilutions of
the outgrowth were used to estimate the cfu/ng DNA. 16 hours post plating, cells were
scraped off plates and surviving plasmid DNA was harvested using the Qiagen Plasmid
Plus Maxi Kit (Qiagen). Surviving Casl3b target sequences and their flanking regions
were amplified by PCR and sequenced using an Illumina NextSeq. To assess PFS
preferences, the positions containing randomized nucleotides in the original library were
extracted, and sequences depleted relative to the vector only condition and that were
present in both bioreplicates were extracted using custom python scripts. The -log, of the
ratio of PFS abundance in the Cas13b condition compared to the vector only control was
then used to calculate preferred motifs. Specifically, all sequences having -
log>(sample/vector) depletion ratios above a specific threshold were used to generate
weblogos of sequence motifs (weblogo.berkeley.edu). The specific depletion ratio values

used to generate weblogos for each Cas13b ortholog are listed in Supplementary table 2.

Design and cloning of mammalian constructs for RNA interference

To generate vectors for testing Casl3 orthologs in mammalian cells, mammalian codon
optimized Casl3a, Casl3b, and Casl3c genes were PCR amplified and golden-gate cloned
into a mammalian expression vector containing dual NLS sequences and a C-terminal

msfGFP, under control of the EFlalpha promoter. For further optimization Casl3
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orthologs were golden-gate cloned into destination vectors containing different C-terminal

localization tags under control of the EFlalpha promoter.

The dual luciferase reporter was cloned by PCR amplifying Gaussia and Cypridinia
luciferase coding DNA, the EFlalpha and CMV promoters and assembled using the NEB

‘Gibson Assembly (New England Biolabs).

For expression of mammalian guide RNAs for Casl3a, Casl3b, or Casl3c orthologs, the
corresponding direct repeat sequences were synthesized with golden-gate a,cceptdr sites
and cloned under U6 expression via restriction digest cloning. Individual guides were then
cloned into the corresponding expression backbones for each ortholog by golden-gate
cloning. All Casl3 plasmids are listed in Supplementary Table 5. All Casl3 guide

sequences for knockdown experiments are listed in Supplementary Tables 6-8.

Measurement of Casl3 expression in mammalian cells

Dual-NLS Cas13-msfGFP constructs were transfected into HEK293F T cells with targeting
and non-targeting guides. GFP fluorescence was measured 48 hours post transfection in

the non-targeting guide condition using a plate reader.

Cloning of pooled mismatch libraries for Casl3 interference specificity

Pooled mismatch library target sites were created by PCR using a forward primer
containing the semi-degenerate target sequences and a constant reverse primer off of a

Gluc template. The semi-degenerate forward oligo had at each position of the Casl3
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target, plus the 5’ and 3’ three flanking bases, a nucleotide mixture containing 94% of the
correct base and 2% of each incorrect base. The mismatch library amplicon was then
cloned into the dual luciferase reporter in place of wild-type Gluc using NEB Gibson

assembly (New England Biolabs).

Design and cloning of mammalian constructs for RNA editing

PspCasl3b was made catalytically inactive (dPspCasl3b) via two histidine to alanine
mutations (H133A/H1058A) at the catalytic site of the HEPN domains. The deaminase
domains of human ADARI1 and ADAR2 were synthesized and PCR amplified for Gibson
cloning into pcDNA-CMV vector backbones and were fused to dPspCasl3b at the C-
terminus via GS or GSGGGGS linkers. For the experiment in which we tested different
linkers we cloned the following additional linkers between dPspCasl3b and ADAR2pp:
GGGGSGGGGSGGGGS, EAAAK, GGSGGSGGSGGSGGSGGS, and
SGSETPGTSESATPES (XTEN). Specificity mutants were generated by Gibson cloning

the appropriate mutants into the dPspCas13b-GSGGGGS backbone.

The luciferase reporter vector for measuring RNA editing activity was generated by
creating a W85X mutation (TGG>TAG) in the luciferase reporter plasmid used for
knockdown experiments. This reporter vector expresses functional Gluc as a normalization
control, but a defective Cluc due to the addition of the W85X pretermination site. To test
ADAR editing motif preferences, we cloned every possible motif around the adenosine at

codon 85 (XAX) of Cluc. All plasmids are listed in Supplementary Table 5.

Testing PFS preferences for dCas13b
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For testing PFS preference of REPAIR, we cloned a pooled plasmid library containing a 6
basepair degenerate PFS sequence upstream of a target region and adenosine editing site.
The library was synthesized as an ultramer from Integrated DNA Technologies (IDT) and
was made double stranded via annealing a primer and using the Kleﬁow fragment of DNA
polymerase I (New England Biolabs) to fill in the sequence. This dsDNA fragment
containing the degenerate sequence was then Gibson cloned into the digested reporter
vector and this was then isopropanol precipitated and purified. The cloned library was
then electroporated into Endura competent E. coli cells (Lucigen) and plated on 245mm x
245mm square bioassay plates (Nunc). After 16 hours, colonies were harvested and
midiprepped using endotoxin-free MACHEREY-NAGEL midiprep kits. Cloned libraries

were verified by next-generation sequencing.

Cloning pathogenic G>A mutations for assaying REPAIR activity

For cloning disease-relevant mutations for testing REPAIR activity, 34 G>A mutations
related to disease pathogenesis as defined in ClinVar were selected and 200-bp regions
surrounding these mutations were golden-gate cloned between mScarlett and EGFP under
a CMV promoter. Two additional G>A patient mutations in AVPR2 and FANCC and

their cDNA sequences were synthesized and Gibson cloned under expression of EFlalpha.

Guide cloning for REPAIR

For expression of mammalian guide RNAs for REPAIR, the PspCasl3b direct repeat
sequences were synthesized with golden-gate acceptor sites and cloned under U6

expression via restriction digest cloning. Individual guides were then cloned into this
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expression backbone by golden-gate cloning. Guide sequences for REPAIR experiments

are listed in Supplementary Table 9.

Mammalian cell culture

Mammalian cell culture experiments were performed in the HEK293FT line (American Type
Culture Collection (ATCC)), which was grown in Dulbecco’s Modified Eagle Medium with high
glucose, sodium pyruvate, and GlutaMAX (Thermo Fisher Scientific), additionally supplemented
with 1x penicillin-streptomycin (Thermo Fisher Scientific) and 10% fetal bovine serum (VWR
Seradigm). Cells were maintained at confluency below 80%. The U20S specificity experiment was
performed using the U20S cell line from ATCC and cells were cultured in ATCC-formulated

McCoy's ba Medium Modified.

Unless otherwise noted, all transfections were performed with Lipofectamine 2000 (Thermo Fisher
Scientific) in 96-well plates coated with poly-D-lysine (BD Biocoat). Cells were plated at
approximately 20,000 cells/well 16 hours prior to transfection to ensure 90% confluency at the
time of transfection. For each well on the plate, transfection plasmids were combined with Opti-
MEM I Reduced Serum Medium (Thermo Fisher) to a total of 25 pl. Separately, 24.5 ul of Opti-
MEM was combined with 0.5 ul of Lipofectamine 2000. Plasmid and Lipofectamine solutions were
then combined and incubated for 5 minutes, after which they were pipetted onto cells. The U208

transfections were performed using Lipofectamine 3000 according to the manufacturer's protocol.

Mammalian cell RNA knockdown assays

To assess RNA targeting in mammalian cells with reporter constructs, 150 ng of Casl3

construct was co-transfected with 300 ng of guide expression plasmid and 12.5 ng of the
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knockdown reporter construct. 48 hours post-transfection, media containing secreted
luciferase was removed from cells, diluted 1:5 in PBS, and measured for activity with
BioLux Cypridinia and Biolux Gaussia luciferase assay kits (New England Biolabs) on a
plate reader (Biotek Synergy Neo2) with an injection protocol. Ali replicates performed

are biological replicates.

For targeting of endogenous genes, 150 ng of Casl3 construct was co-transfected with 300
ng of guide expression plasmid. 48 hours post-transfection, cells were lysed and RNA was
harvested and reverse transcribed using a previously described(33) modification of the
Cells-to-Ct kit (Thermo Fisher Scientific). cDNA expression was measured via qPCR
using TagMan qPCR probes for the KRAS transcript (Thermo Fisher Scientific), GAPDH
control probes (Thermo Fisher Scientific), and Fast Advanced Master Mix (Thermo
Fisher Scientific). qPCR reactions were read out on a LightCycler 480 Instrument II

(Roche), with four 5 pl technical replicates in 384-well format.

Evaluation of RNA specificity using pooled libraries of mismatched targets

The ability of Casl3 to interfere with the mismatched target library was tested using
HEK293FT cells seeded in 6-well plates. ~70% confluent cells were transfected using 2400
ng Casl3 vector, 4800 ng of guide, and 240 ng of mismatched target library. 48 hours
post-transfection, cells were harvested and RNA was extracted using the QIAshredder
(Qiagen) and the Qiagen RNeasy Mini Kit. 1 pg of extracted RNA was reverse
transcribed using the qScript Flex c¢DNA synthesis kit (Quantabio) following the
manufacturer’s gene-specific priming protocol with a Gluc specific RT primer. ¢cDNA was

then amplified and sequenced on an Illumina NextSeq.
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Sequencing was analyzed by counting reads per sequence and depletion scores were
calculated by determining the logs(-read count ratio) value, where read count ratio is the
ratio of read counts in the targeting guide condition versus the non-targeting guide
condition. This score represents the level of Casl3 activity on the sequence, with higher
values representing stronger depletion and thus higher Casl3 cleavage activity. Separate
distributions for the single mismatch and double mismatch sequences were determined
and plotted as heatmaps with a depletion score for each mismatch identity. For double
mismatch sequences the average of all possible double mismatches at a given position were

plotted.

Transcriptome-wide profiling of Cas13 in mammalian cells by RNA sequencing

For measurement of transcriptome-wide specificity, 150 ng of Cas13 construct, 300 ng of
guide expression plasmid, and 15 ng of the knockdown reporter construct were co-
transfected; for shRNA conditions, 300 ng of shRNA targeting plasmid, 15 ng of the
knockdown reporter construct, and 150 ng of EFl-alpha driven mCherry (to balance
reporter load) were co-transfected. 48 hours post-transfection, RNA was purified with the
RNeasy Plus Mini kit (Qiagen), mRNA was isolated using NEBNext Poly(A) mRNA
Magnetic Isolation Module (New England Biolabs), and prepared for sequencing with the
NEBNext Ultra RNA Library Prep Kit for Illumina (New England Biolabs). RNA

sequencing libraries were then sequenced on a NextSeq (Illumina).

To analyze transcriptome-wide sequencing data, reads were aligned to the RefSeq
GRCh38 assembly using Bowtie and RSEM version 1.2.31 with default parameters(3/).
Transcript expression was quantified as logs(TPM + 1), genes were filtered for log,(TPM

+ 1) >2.5. For selection of differentially expressed genes, only genes with differential
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changes of >2 or <.75 were considered. Statistical significance of differential expression
was evaluated using a Student’s t-test on three targeting replicates versus non-targeting
replicates, and filtered for a false discovery rate of <0.01% by the Benjamini-Hochberg

procedure.

REPAIR editing in mammalian cells

To assess REPAIR activity in mammalian cells, we transfected 150 ng of REPAIR vector,
300 ng of guide expression plasmid, and 40 ng of the RNA editing reporter. After 48
hours, RNA from cells was harvested and reverse transcribed using a method previously
described(83) with a gene specific reverse transcription primer. The extracted cDNA was
then subjected to two rounds of PCR to add Illumina adaptors and sample barcodes using
NEBNext High-Fidelity 2X PCR Master Mix (New England Biolabs). The library was
then subjected to next generation sequencing on an Illumina NextSeq or MiSeq. RNA

editing rates were then evaluated at all adenosines within the sequencing window.

In experiments where the luciferase reporter was targeted for RNA editing, we also
harvested the media with secreted luciferase prior to RNA harvest. In this case, because
corrected Cluc might be at low levels, we did not dilute the media. We measured
luciferase activity with BioLux Cypridinia and Biolux Gaussia luciferase assay kits (New
England Biolabs) on a plate reader (Biotek Synergy Neo2) with an injection protocol. All

replicates performed are biological replicates.

PF'S binding mammalian screen
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To determine the contribution of the PFS to editing efficiency in mammalian cells, 625 ng
of PFS target library, 4.7 pug of guide, and 2.35 pg of REPAIR were co-transfected in
HEK293FT cells plated in 25 cm?flasks. Plasmids were mixed with 33 pl of PLUS reagent
(Thermo Fisher Scientific), brought to 533 pl with Opti-MEM, incubated for 5 minutes,
combined with 30 pl of Lipofectamine 2000 and 500 pl of Opti-MEM, incubated for an
additional 5 minutes, and then pipetted onto cells. 48 hours post-transfection, RNA was
harvested with the RNeasy Plus Mini kit (Qiagen), reverse transcribed with qScript Flex
(Quantabi;)) using a gene specific primer, and amplified with two rounds of PCR using
NEBNext High-Fidelity 2X PCR Master Mix (New England Biolabs) to add Illumina
adaptors and sample barcodes. The library was sequenced on an Illumina NextSeq, and
RNA editing rates at the target adenosine were mapped to PFS identity. To increase
coverage, the PFS was computationally collapsed to 4 nucleotides adjacent to the 5’ end
of the target sequence. REPAIR editing rates were calculated for each PFS, averaged over

biological replicates with non-targeting rates for the corresponding PFS subtracted.

Whole-transcriptome sequencing to evaluate ADAR editing specificity

For analyzing off-target RNA editing sites across the transcriptome, we harvested total
RNA from cells 48 hours post-transfection using the RNeasy Plus Miniprep kit (Qiagen).
The mRNA fraction was then enriched using a NEBNext Poly(A) mRNA Magnetic
Isolation Module (NEB) and this RNA was then prepared for sequencing using an
NEBNext Ultra RNA Library Prep Kit for Illumina (NEB). The libraries were then
sequenced on an Illumina NextSeq and loaded such that there were at least 5 million

reads per sample.

RNA editing analysis for targeted and transcriptome-wide experiments
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Analysis of the transcriptome-wide editing RNA sequencing data was performed on the

FireCloud computational framework (https://software.broadinstitute.org/firecloud/) using

a custom workflow we developed:

https://portal.firecloud.org/#methods/m/rna_editing_final workflow/rna__editing_ final

_ workflow/1. For analysis, unless otherwise denoted, sequence files were randomly
downsampled to 5 million reads. For the high-coverage sequencing analysis, samples were
randomly downsampled to 5 million, 15 million, or 50 million reads. An index was
generated using the RefSeq GRCh38 assembly with Gluc and Cluc sequences added, and
reads were aligned and quantified using Bowtie/RSEM version 1.3.0. Alignment BAMs
were then sorted and analyzed for RNA editing sites using REDitools (85, 36) with the
following parameters: -t 8 -e -d -1-U [AG or TC] -p -u -m20 -T6-0 -W -v 1 -n 0.0. Any
significant edits found in untransfected or EGFP-transfected conditions were considered to
bg SNPs or artifacts of the transfection and filtered out from the analysis of off-targets.
Off-targets were considered significant if the Fisher’s exact test yielded a p-value less than
0.05 after multiple hypothesis correction by Benjamini Hochberg correction and at least 2
of 3 biological replicates identified the edit site. Overlap of edits between samples was
calculated relative to the maximum possible overlap, equivalent to the fewer number of
edits between the two samples. The percentage of overlapping edit sites was calculated as
the number of shared edit sites divided by minimum number of edits of the two samples,
multiplied by 100. For the high-coverage sequencing analysis, an additional layer of
filtering for known SNP positions was performed using the Kaviar (37) method for

identifying SNPs.
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For analyzing the predicted variant effects of each off-target, the list of off-target edit

sites was analyzed using the variant annotation integrator (https://genome.ucsc.edu/cgi-

bin/hgVai) as part of the UCSC genome browser suite of tools using the SIFT and
PolyPhen-2 annotations. To predict whether the off-target genes are oncogenic, a
database of oncogenic annotations from the COSMIC catalogue of somatic mutations in

cancer was used to characterize off-target genes (cancer.sanger.ac.uk).

For analyzing whether the REPAIR constructs perturbed RNA levels, the transcript per
million (TPM) values output from the RSEM analysis were used for expression counts
and transformed to log-space by taking the log:(TPM+1). To find differentially regulated
genes, a Student’s t-test was performed on three targeting guide replicates versus three
non-targeting guide replicates. The statistical analysis was only performed on genes with
log>(TPM+1) values greater than 2.5 and genes were only considered differentially
regulated if they had a fold change greater than 2 or less than 0.8. Genes were reported if

they had a false discovery rate (Benjamini Hochberg correction) of less than 0.01.
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Supplementary Table 1: Cas13 Orthologs used in this study.

Casl13 Casl13 Host Organism Protein

ID abbreviation Accession

Casl3al LshCasl3a Leptotrichia shahii WP_018451595.1

Casl13a2 LwaCasl3a Leptotrichia wadei (Lw2) WP_021746774.1

Casl3a3 LseCas13a Listeria seeligert WP_012985477.1

Casl3a4 LbmCas13a Lachnospiraceae bacterium WP__044921188.1
MA2020 '

Casl3ab LbnCasl3a Lachnospiraceae bacterium WP_022785443.1
NK4A179

Casl3a6 CamCasl3a [Clostridium] aminophilum DSM WP_031473346.1
10710

Casl3a7 CgaCasl3a Carnobacterium gallinarum DSM | WP__034560163.1
4847

Casl3a8 Cga2Casl3a Carnobacterium gallinarum DSM | WP__034563842.1
4847

Casl3a9 Pprcasl3a Paludibacter propionicigenes WB4 | WP_013443710.1

Casl13al0 LweCasl3a Listeria weihenstephanensis FSL WP_036059185.1
R9-0317

Casl3all LbfCas13a Listeriaceae bacterium FSL M6- WP__036091002.1

0635

184




Casl3al2 Lwa2casl3a Leptotrichia wadet F0279 WP_021746774.1
Casl3al3 RcsCasl3a Rhodobacter capsulatus SB 1003 WP_013067728.1
Casl3al4 RerCasl3a Rhodobacter capsulatus R121 WP_023911507.1
Casl3alb RcdCasl3a Rhodobacter capsulatus DE442 WP_023911507.1
Casl3al6 LbuCasl3a Leptotrichia buccalis C-1013-b WP_015770004.1
Casl3al7 HheCas13a Herbinix hemicellulosilytica CRZ35554.1
Casl3al8 EreCasl3a [Eubacterium| rectale WP__055061018.1
Casl3al9 EbaCasl3a Eubacteriaceae bacterium WP_090127496.1
CHKCI004
Cas13a20 BmaCasl3a Blautia sp. Marseille-P2398 WP__062808098.1
Casl3a21 LspCasl3a Leptotrichia sp. oral taxon 879 WP_021744063.1
str. F0557
Casl3bl BzoCas13b Bergeyella zoohelcum WP__002664492
Cas13b2 PinCas13b Prevotella intermedia WP__036860899
Cas13b3 PbuCas13b Prevotella buccae WP_ 004343973
Cas13b4 AspCasl3b Alistipes sp. ZOR0009 WP_ 047447901
Cas13b5 PsmCasl3b Prevotella sp. MA2016 WP_ 036929175
Casl3b6 RanCasl13b Riemerelle anatipestifer WP__004919755
Casl3b7 PauCasl13b Prevotella aurantiaca WP_ 025000926
Casl13b8 PsaCas13b Prevotella saccharolytica WP 051522484
Casl13b9 Pin2Casl3b Prevotella intermedia WP_ 061868553
Casl3bl0 CcaCasl3b Capnocytophaga canimorsus WP_ 013997271
Casl13bll PguCasl3b Porphyromonas gulae WP__ 039434803
Casl13bl2 PspCasl3b Prevotella sp. P5-125 WP__044065294
Casl13b13 FbrCas13b Flavobacterium branchiophilum WP__014084666
Casl13bl4 PgiCasl3b Porphyromonas gingivalis WP_ 053444417
Casl13bl5 Pin3Cas13b Prevotella intermedia WP__ 050955369
Casl3cl FnsCasl3c Fusobacterium necrophorum WP__005959231.1
subsp. funduliforme ATCC 51357
contig00003
Casl3c2 FndCasl3c Fusobacterium necrophorum DJ-2 | WP__035906563.1
contig0065, whole genome shotgun
sequence
Casl13c3 FnbCasl3c Fusobacterium necrophorum WP_035935671.1
BFTR-1 contig0068
Casl3c4 FnfCasl3c Fusobacterium necrophorum EHO19081.1
subsp. funduliforme 1_1_36S
contl.14
Casl3ch FpeCasl3c Fusobacterium perfoetens ATCC WP_027128616.1

29250
T364DRAFT _scaffold00009.9__C
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Casl3c6 FulCasl3c Fusobacterium ulcerans ATCC WP__040490876.1
49185 cont2.38

Casl3c7 AspCasl3c Anaerosalibacter sp. ND1 genome | WP__042678931.1
assembly Anaerosalibacter
massiliensis ND1

Supplementary Table 2: PFS cutoffs in bacterial screens

Cas13b ortholog Key | -Log; depletion score used to generate PFS motif

Bergeyella zoohelcum 2

Prevotella intermedia locus 1

Prevotella buccae

Alistipes sp. ZOR0009

Prevotella sp. MA2016

Riemerella anatipestifer

Prevotella aurantiaca

Prevotella saccharolytica

QO N[O O |W I N |-

Prevotella intermedia locus 2

[y
[wow]

Capnocytophaga canimorsus

S EICI Kl Ran i e e VRl RV R

—
—

Porphyromonas gulae

Prevotella sp. P5-125

ek
[\V]
o
—_

[
w
—_

Flavobacterium branchiophilum

—_
o~

Porphyromonas gingivalis

e
a
W

Prevotella intermedia locus 2

Supplementary Table 3: dCas13b-ADAR linker sequences used in this study for RNA
editing in mammalian cells.

Figure linker

2C GSGGGGS

2E GS

S3B GSGGGGS

S3C GS

S3D ‘ ‘ GS

S3E: GS GS

S3E: GSGGGGS GSGGGGS

S3E: (GGGS)3 GGGGSGGGGSGGGGS
S3E: Rigid EAAAK

S3E: (GGS)6 GGSGGSGGSGGSGGSGGS
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S3E: XTEN SGSETPGTSESATPES
3B GS
S3F GS
3C GS
4B GS
4D GS
4E GS
S5A: A984-1090, A1026-1090, A1053-1090 | GS
S5A: A1-125, A1-88, A1-72 GSGGGGS
5B GS
5C GS
5D GS
S6A GS
S6C GS
S6D GS
S7D GS
6A GS
S8A GS
6B GS
S8B GS
S8C GS
S9A GS
S9B GS
6C GS
6D GS
6E GS
6F GS
S13A GS
S13B GS

Supplementary Table 4: Disease information for disease-relevant mutations

Full length candidates

Gene Disease

NM_ 000054.4(AVPR2):c.878G>A
(p.Trp293Ter)

AVPR2 Nephrogenic diabetes insipidus, X-linked

NM_000136.2(FANCC):c.1517G>A
(p.Trp506Ter)

FANCC | Fanconi anemia, complementation group C

Additional simulated candidates

Candidate

Gene Disease

NM_ 000206.2(IL2RG):c.710G>A

IL2RG X-linked severe combined immunodeficiency
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(p.Trp23T7Ter)

NM_000132.3(F8):c.3144G>A F8 Hereditary factor VIII deficiency disease
(p.Trpl1048Ter) '
NM_000527.4(LDLR):c.1449G>A LDLR Familial hypercholesterolemia
(p.Trp483Ter)

NM__000071.2(CBS):c.162G>A CBS Homocystinuria due to CBS deficiency
(p.Trp54Ter)

NM__000518.4(HBB):c.114G>A HBB betaThalassemia

(p.Trp38Ter)

NM__000035.3(ALDOB):c.888G>A ALDOB Hereditary fructosuria

(p.Trp296Ter)

NM__004006.2(DMD):c.3747G>A DMD Duchenne muscular dystrophy
(p.Trpl249Ter)

NM_ 005359.5(SMAD4):c.906G>A SMAD/ Juvenile polyposis syndrome
(p.Trp302Ter)

NM__000059.3(BRCA2):c.582G>A BRCA2 | Familial cancer of breast|Breast-ovarian cancer,
(p.Trpl94Ter) familial 2
NM__000833.4(GRIN2A):c.3813G>A GRIN2A | Epilepsy, focal, with speech disorder and with or
(p.Trpl271Ter) without mental retardation
NM_002977.3(SCN9A):c.2691G>A SCNIA Indifference to pain, congenital, autosomal
(p.Trp897Ter) recessive
NM_007375.3(TARDBP):c.943G>A TARDBP | Amyotrophic lateral sclerosis type 10
(p.-Ala315Thr)

NM__000492.3(CFTR):c.3846G>A CFTR Cystic fibrosis|Hereditary pancreatitis|not
(p.Trpl1282Ter) provided|ataluren response - Efficacy
NM_130838.1(UBE3A):c.2304G>A UBESA Angelman syndrome

(p.Trp768Ter)

NM_000543.4(SMPD1):¢.168G>A SMPD1 Niemann-Pick disease, type A
(p.Trp56Ter)

NM__206933.2(USH2A):c.9390G>A USH2A Usher syndrome, type 2A

{p.Trp3130Ter)

NM__130799.2(MEN1):c.1269G>A MEN1 Hereditary cancer-predisposing syndrome
(p.Trp423Ter)

NM_ 177965.3(C80rf37):¢c.555G>A C8orf37 | Retinitis pigmentosa 64

(p.Trp185Ter)

NM__000249.3(MLH1):c.1998G>A MLH1 Lynch syndrome

(p.Trp666Ter)

NM__000548.4(TSC2):c.2108G>A TSC2 Tuberous sclerosis 2| Tuberous sclerosis syndrome
(p.Trp703Ter)

NM_ 000267.3(NF1):c.7044G>A NF1 Neurofibromatosis, type 1

(p.Trp2348Ter)

NM__000179.2(MSH6):¢.3020G>A MSH6 Lynch syndrome

(p.Trpl007Ter)

NM__000344.3(SMN1):¢.305G>A SMN1 Spinal muscular atrophy, type IIjKugelberg-

(p.Trpl02Ter)

Welander disease
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NM_ 024577.3(SH3TC2):c.920G>A SH3TC?2 | Charcot-Marie-Tooth disease, type 4C
(p.Trp307Ter)

NM_001369.2(DNAHS5):c.8465G>A DNAHS5 Primary ciliary dyskinesia
(p.Trp2822Ter)

NM_ 004992.3(MECP2):c.311G>A MECP2 | Rett syndrome

(p.Trp104Ter)

NM_032119.3(ADGRV1):c.7406G>A ADGRYV] | Usher syndrome, type 2C
(p.Trp2469Ter)

NM_017651.4(AHI1):c.2174G>A AHI1 Joubert syndrome 3

(p.Trp725Ter)

NM_ 004562.2(PRKN):c.1358G>A PRKN Parkinson disease 2

(p-Trp453Ter)

NM__000090.3(COL3A1):c.3833G>A COL3A1 | Ehlers-Danlos syndrome, type 4
(p.Trpl1278Ter)

NM__007294.3(BRCA1):c.5511G>A BRCA1 Familial cancer of breast|Breast-ovarian cancer,
(p.Trp1837Ter) familial 1

NM_ 000256.3(MYBPC3):c.3293G>A MYBPCS | Primary familial hypertrophic cardiomyopathy
(p.Trpl098Ter)

NM__000038.5(APC):c.1262G>A APC Familial adenomatous polyposis 1
(p.Trp421Ter)

NM__001204.6(BMPR2):c.893G>A BMPR2 | Primary pulmonary hypertension

(p.W298%)

Supplementary Table 5: Key plasmids used in this study

Plasmid | Description ' Benchling link
CMV-Cluciferase-polyA EFla-G-
pC0037 luciferase-poly A https://benchling.com/s/seq-GMa3RAbt0JkjT8kX9%aRa
CMV-Cluciferase(W85X)-poly A
pC0038 EF1a-G-luciferase-poly A https://benchling.com/s/seq-W2n4wX4vSUuslGzYgY 05
CMV-dCas13b12-GS-
pC0039 | ADAR2DD(E488Q) https://benchling.com/s/seq-arzpsupZEzGu3ghBDhtv
pC0040 | LwaCasl3a crRNA backbone https://benchling.com/s/seq-0SqKieU2CWyd3RRawuKp
pC0041 | RanCasl3b crRNA backbone https://benchling.com/s/seq-yKHvxw5C84w9inEx3XaU
pC0042 | PguCasl3b crRNA backbone https://benchling.com/s/seq-ZLKtRrNkhNw0OBOzcgd W5
pC0043 | PspCasl3b crRNA backbone https://benchling.com/s/seq-OH6nMmZCZn930BWqcFNa
pC0044 | EFla-BsiWI-Cas13b6-NES-mapk | https://benchling.com/s/seq-hxOBIW6sDZE104DMz61Z
pC0045 | EF1a-BsiWl-Cas13b11-NES-HIV | https://benchling.com/s/seq-GYuyzloHGID8CNO4TCSy
pC0046 | EFl1a-BsiWI-Cas13b12-NES-HIV | https://benchling.com/s/seq-g62SThluOIRdD8aArJaC
CMV-dCas13bl2-
pC0047 | ADAR1DD(E1008Q) https://benchling.com/s/seq-R3zRpb4whgEiZBoTvpgM
CMV-dCas13b12-longlinker-
pC0048 | ADAR2DD(E488Q) https://benchling.com/s/seq-Y92Xyc1WxOIZDLMNvV8KS8
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EFla-BsiWI-Casl13-B12-NES-
pC0049 | HIV, H133A /H1058A https:/ /benchling.com/s/seq-1K5ZoHDkOCTPVOSwG7VD
CMV-dCas13bl2-longlinker-
pC0050 | ADAR2DD(wt) https://benchling.com/s/seq-YuFM6m06znFKA%txLrrw
pC0051 W85X REPAIR targeting guide https://benchling.com/s/seq-pJjKdbYG6YdpAMKAyXEQ
pC0052 | REPAIR non-targeting guide https://benchling.com/s/seq-U9gHnOW41C1DVUBGQypw
CMV-dCas13b12-GS-
ADAR2DD(E488Q)-delta-984-
pC0053 | 1090 https://benchling.com/s/seq-HASFia3255bkd C9iUtxu
pC0054 | T375G specificity mutant https://benchling.com/s/seq-IWXqpjF VHeqkLIHVFZ4t
T375G Casl3b C-term delta 984-
pC0055 1090 https://benchling.com/s/seq-1IKNBN52nxWXZgwekbbiO

Supplementary Table 6: Guide/shRNA sequences used in this study for knockdown
in mammalian cells

Name Spacer sequence Interfe | Notes First
rence figure
Mecha
nism
Bacterial GCCAGCUUUCCGGGCAUUGG | Casl3b | Used for all
PFS guide CUUCCAUC . orthologs
Casl3a-Gluc | GCCAGCUUUCCGGGCAUUGG | Casl3a | Used for all Figure 1B
guide 1 CUUCCAUC Casl3a
orthologs
Casl3a-Gluc | ACCCAGGAAUCUCAGGAAUG | Casl3a | Used for all Figure 1B
guide 2 UCGACGAU Casl3a
orthologs
Casl3a-non- | AGGGUUUUCCCAGUCACGAC | Casl3a | Used for all Figure 1B
targeting GUUGUAAA Casl3a
guide (LacZ) orthologs
Casl3b-Gluc | GGGCAUUGGCUUCCAUCUCU | Casl3b | Used for Figure 1B
guide 1.1 UUGAGCACCU orthologs 1-3, 6,
7,10, 11, 12,
14, 15
Casl13b-Glue | GUGCAGCCAGCUUUCCGGGC | Casl13b | Used for Figure 1B
guide 1.2 AUUGGCUUCC ortholog 4
Casl3b-Gluc | GCAGCCAGCUUUCCGGGCAU | Casl3b | Used for Figure 1B
guide 1.3 UGGCUUCCAU ortholog 5
Casl3b-Gluec | GGCUUCCAUCUCUUUGAGCA | Casl3b | Used for Figure 1B
guide 1.4 CCUCCAGCGG ortholog 8, 9
Casl3b-Gluc | GGAAUGUCGACGAUCGCCUC | Casl3b | Used for Figure 1B
guide 1.5 GCCUAUGCCG ortholog 13
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Casl3b-Gluc | GAAUGUCGACGAUCGCCUCG | Cas13b | Used for Figure 1B
guide 2.1 CCUAUGCCGC orthologs 1-3, 6,

7,10, 11, 14, 15
Casl3b-Gluc | GACCUGUGCGAUGAACUGCU | Casl3b | Used for Figure 1B
guide 2.2 CCAUGGGCUC ortholog 12
Casl3b-Gluc | GUGUGGCAGCGUCCUGGGAU | Cas13b | Used for Figure 1B
guide 2.2 GAACUUCUUC ortholog 4
Casl3b-Gluc | GUGGCAGCGUCCUGGGAUGA | Casl3b | Used for Figure 1B
guide 2.3 ACUUCUUCAU ortholog 5
Cas13b-Gluc | GCUUCUUGCCGGGCAACUUC | Casl3b | Used for Figure 1B
guide 2.4 CCGCGGUCAG ortholog 8, 9
Casl3b-Glue | GCAGGGUUUUCCCAGUCACG | Casl3b | Used for Figure 1B
guide 2.6 ACGUUGUAAAA ortholog 13
Casl3b-non GCAGGGUUUUCCCAGUCACG | Casl13b | Used for all Figure 1B
targeting ACGUUGUAAAA orthologs
guide
Casl3a-Gluc | ACCCAGGAAUCUCAGGAAUG | Casl3a Figure 1E
guide- UCGACGAU
RNASeq
shRNA-Gluc | CAGCUUUCCGGGCAUUGGCU | shRNA Figure 1F
guide U
Casl3b-Gluc | CCGCUGGAGGUGCUCAAAGA | Casl3b Figure 1F
guide- GAUGGAAGCC
RNASeq
Casl3a-Gluc- | GCCAGCUUUCCGGGCAUUGG | Casl3a Figure
guide-1 CUUCCAUC S2A
Casl3a-Gluc- | ACCCAGGAAUCUCAGGAAUG | Casl3a Figure
guide-2 UCGACGAU S2A
Casl3b- GGGCAUUGGCUUCCAUCUCU | Casl3b Figure
Gluc-opt- UUGAGCACCU S2A
guide-1
Casl3b- GAAUGUCGACGAUCGCCUCG | Casl3b Figure
Gluc-opt- CCUAUGCCGC S2A
guide-2
Casl3a CAAGGCACUCUUGCCUACGC | Casl3a Figure
KRAS guide | CACCAGCU S2B
1
Casl3a UCAUAUUCGUCCACAAAAUG | Casl3a Figure
KRAS guide | AUUCUGAA S2B
2
Casl3a AUUAUUUAUGGCAAAUACAC | Casl3a Figure
KRAS guide | AAAGAAAG S2B
3
Casl3a GAAUAUCUUCAAAUGAUUUA | Casl3a Figure
KRAS guide | GUAUUAUU S2B
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4

Casl3a "ACCAUAGGUACAUCUUCAGA | Casl3a Figure
KRAS guide | GUCCUUAA S2B

5

Cas13b GUCAAGGCACUCUUGCCUAC | Casl3b Figure
KRAS guide | GCCACCAGCU S2B

1

Casl13b GAUCAUAUUCGUCCACAAAA | Casldb Figure
KRAS guide | UGAUUCUGAA S2B

2

Casl3b GUAUUAUUUAUGGCAAAUAC | Casl3b Figure
KRAS guide | ACAAAGAAAG S2B

3

Casl3b GUGAAUAUCUUCAAAUGAUU | Casl3b Figure
KRAS guide | UAGUAUUAUU S2B

4

Casl3b GGACCAUAGGUACAUCUUCA | Casl3b Figure
KRAS guide | GAGUCCUUAA S2B

5

shRNA aagagugccuugacgaunacagcCUCGA | shRNA Figure
KRAS guide | Ggcuguaucgucaaggcacucuu S2B

1

shRNA aaucauuuuguggacgaauauCUCGA shRNA Figure
KRAS guide | Gauauucguccacaaaaugauu S2B

2

shRNA aaauaauacuaaaucauuugaCUCGAG | shRNA Figure
KRAS guide | ucaaaugauuuaguauuauuu S2B

3

shRNA aauaauacuaaaucauuugaaCUCGAG | shRNA Figure
KRAS guide | uucaaaugauuuaguauuauu S2B

A ,

shRNA aaggacucugaagauguaccuCUCGAG | shRNA Figure
KRAS non- agguacaucuucagaguccuu S2B
targeting

guide

Supplementary Table 7: Guide sequences used for Gluc knockdown

Name Spacer sequence Position | Notes First
figure

Gluc tiling GAGAUCAGGGCAAACAGAACUUUGACUCCC 2 | Note that the Casl3a 1C
guide 1 spacers are truncated by

two nucleotides at the 5'

end
Glue tiling GGAUGCAGAUCAGGGCAAACAGAACUUUGA 7 | Note that the Casl3a 1C
guide 2 spacers are truncated by
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two nucleotides at the 5'

end
Gluc tiling GCACAGCGAUGCAGAUCAGGGCAAACAGAA 13 | Note that the Casl3a 1C
guide 3 spacers are truncated by

two nucleotides at the 5'

end
Gluc tiling GCUCGGCCACAGCGAUGCAGCAUCAGGGCAA 19 | Note that the Casl3a 1C
guide 4 spacers are truncated by

two nucleotides at the 5'

end
Gluc tiling | GGGGCUUGGCCUCGGCCACAGCCGAUGCAGA 28 | Note that the Casl3a 1C
guide 5 spacers are truncated by

two nucleotides at the 5'

end
Glue tiling | GUGGGCUUGGCCUCCGGCCACAGCGAUGCAG 29 | Note that the Casl3a 1c
guide 6 spacers are truncated by

two nucleotides at the 5'

end
Gluc tiling GUCUCGGUGGGCUUGGCCUCGGCCACAGCG 35 | Note that the Casl3a 1C
guide 7 spacers are truncated by

two nucleotides at the 5'

end
Gluc tiling { QUUCGUUGUUCUCGCGUGGGCUUGGCCUCEG 43 | Note that the Casl3a 1C
guide 8 spacers are truncated by

two nucleotides at the 5'

end
Glue tiling GGAAGUCUUCGUUGUUCUCGQUGaaecuuaa 49 | Note that the Casl3a 1C
guide 9 spacers are truncated by

two nucleotides at the 5'

end
Glue tiling GAUGUUGAAGUCUUCGUUGUUCUCGQUGGG 54 | Note that the Casl3a 1C
guide 10 spacers are truncated by

two nucleotides at the 5'

end
Glue tiling | GCGGCCACCGAUGUUGAAGUCUUCGUUGUUC 62 | Note that the Casl3a 1C
guide 11 spacers are truncated by

two nucleotides at the 5'

end
Glue tiling GUGGCCACGGCCACGAUGUUGAAGUCUUCG 68 | Note that the Casl3a 1C
guide 12 spacers are truncated by

two nucleotides at the 5'

end
Gluc tiling GGUUGCUGGCCACGCGGCCACGAUGUUGAACGU 73 | Note that the Casl3a 1C
guide 13 spacers are truncated by

two nucleotides at the 5'

end
Gluc tiling GUCGCCAAGUUGCUGQCGCCACGGCCACGAUQG 80 | Note that the Casl3a 1C
guide 14 spacers are truncated by

two nucleotides at the 5'

end
Glue tiling GCCGUCGQGUCCGCCAAGUUGCUGGCCACGGCC 86 | Note that the Casl3a 1C
guide 15 spacers are truncated by

two nucleotides at the 5'

end
Gluc tiling GCGAGAUCCQUGGUCGCGAAQUUGCUGGCC 92 | Note that the Cas13a 1C

guide 16

spacers are truncated by
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two nucleotides at the 5'
end

Gluc tiling
guide 17

GCAGCAUCGAGAUCCGUGGUCGCGAAGUUG

98

Note that the Casl3a
spacers are truncated by
two nucleotides at the 5'
end )

1C

Gluc tiling
guide 18

GGGUCAGCAUCGAGAUCCGUGGUCGCGAAG

101

Note that the Casl3a
spacers are truncated by
two nucleotides at the 5'
end

1C

Gluc tiling
guide 19

GCUUCCCGCGGUCAGCAUCGAGAUCCGUGG

109

Note that the Casl3a
spacers are truncated by
two nucleotides at the 5'
end

1C

Gluc tiling
guide 20

GGGGCAACUUCCCGCGGUCAGCAUCGAGAU

115

Note that the Casl3a
spacers are truncated by
two nucleotides at the 5'
end

1C

Gluc tiling
guide 21

GUCUUGCCGGGCAACUUCCCGCGGUCAGCA

122

Note that the Casl3a
spacers are truncated by
two nucleotides at the 5'
end

1C

Gluc tiling
guide 22

GGCAGCUUCUUGCCGGGCAACUUCCCGCGG

128

Note that the Casl3a
spacers are truncated by
two nucleotides at the 5'
end

1C

Gluc tiling
guide 23

GCCAGCGGCAGCUUCUUGCCGGGCAACUUC

134

Note that the Casl3a
spacers are truncated by
two nucleotides at the 5'
end

1C

Gluc tiling
guide 24

GCACCUCCAGCGGCAGCUUCUUGCCGGGCA

139

Note that the Casl3a
spacers are truncated by
two nucleotides at the 5'
end

1C

Gluc tiling
guide 25

GCUUUGAGCACCUCCAGCGGCAGCUUCUUG

146

Note that the Casl3a
spacers are truncated by
two nucleotides at the 5'
end

1C

Gluc tiling
guide 26

GCAUCUCUUUGAGCACCUCCAGCGGCAGCU

151

Note that the Casl3a
spacers are truncated by
two nucleotides at the 5'
end

1C

Gluc tiling
guide 27

GUCCAUCUCUUUGAGCACCUCCAGCGGCAG

153

Note that the Casl3a
spacers are truncated by
two nucleotides at the 5'
end

1C

Gluc tiling
guide 28

GGGCAUUGGCUUCCAUCUCUUUGAGCACCU

163

Note that the Casl3a
spacers are truncated by
two nucleotides at the 5'
end

1C

Gluc tiling
guide 29

GUCCGGGCAUUGGCUUCCAUCUCUUUGAGC

167

Note that the Casl3a
spacers are truncated by
two nucleotides at the 5'
end

1C

Glue tiling
guide 30

GGCCAGCUUUCCGGGCAUUGGCUUCCAUCU

Note that the Casl3a
spacers are truncated by

1C
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two nucleotides at the 5'

end
Gluc tiling GGGUGCAGCCAGCUUUCCGAGGCAUUGGCUU 181 | Note that the Casl3a 1C
guide 31 spacers are truncated by
two nucleotides at the 5'
end
Glue tiling | GAGCCCCUGGUGCAGCCACCUUUCCCGCGCA 188 | Note that the Casl3a 1C
guide 32 spacers are truncated by
two nucleotides at the 5'
end
Gluc tiling | GAUCAGACAGCCCCUGGUGCAGCCAGCUUU 195 | Note that the Casl3a 1C
guide 33 spacers are truncated by
two nucleotides at the 5'
end
Gluce tiling | GGCAGAUCAGACAGCCCCUGGUGCAGCCAQG 199 | Note that the Casl3a 1C
guide 34 spacers are truncated by
two nucleotides at the 5'
end
Gluc tiling GACAGGCAGAUCAGACAGCCCCUGGUGCAG 203 | Note that the Casl3a 1C
guide 35 spacers are truncated by
two nucleotides at the 5'
end
Gluc tiling GUGAUGUGGGACAGGCAGAUCAGACAGCCC 212 | Note that the Casl3a 1C
guide 36 spacers are truncated by
two nucleotides at the 5'
end
Gluc tiling GACUUGAUGUGGGACAGGCACGCAUCAGACAG 215 | Note that the Casl3a 1C
guide 37 spacers are truncated by
two nucleotides at the 5'
end
Gluc tiling GGGGCGUGCACUUGAUGUGGGACAGGCAGA 223 | Note that the Casl3a 1C
guide 38 spacers are truncated by
two nucleotides at the 5'
] end
Gluce tiling GCUUCAUCUUGCGCGCGCUGCACUUCGAUGUGGA 232 | Note that the Casl3a 1C
guide 39 spacers are truncated by
two nucleotides at the &'
end
Glue tiling | GUGAACUUCUUCAUCUUGGGCCUGCACUUG 239 | Note that the Casl3a 1C
guide 40 spacers are truncated by
two nucleotides at the 5'
end
Gluc tiling GGGAUGAACUUCUUCAUCUUGGGCQGUGCAC 242 | Note that the Casl3a 1C
guide 41 spacers are truncated by
two nucleotides at the 5'
end
Gluc tiling GUGGGAUGAACUUCUUCAUCUUQGQGCQUGC 244 | Note that the Casl3a 1C
guide 42 spacers are truncated by
two nucleotides at the 5'
end
Gluc tiling GGGCAGCGUCCUGGGCGAUCAACUUCUUCAUC 254 | Note that the Casl3a 1C
guide 43 spacers are truncated by
two nucleotides at the 5'
end
Glue tiling | GGGUGUGGCAGCGUCCUCGCAUGAACUUCU 259 | Note that the Casl3a 1C

guide 44

spacers are truncated by
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two nucleotides at the 5'
end

Gluc tiling
guide 45

GUUCGUAGGUGUGGCAGCGUCCUGGGAUGA

Note that the Casl3a

spacers are truncated by |

two nucleotides at the 5'
end

1C

Gluc tiling
guide 46

GCGCCUUCGUAGGUGUGGCAGCGUCCUGGG

269

Note that the Casl3a
spacers are truncated by
two nucleotides at the 5'
end

1C

Gluc tiling
guide 47

GUCUUUGUCGCCUUCGUAGGUGUGGCAGCG

276

Note that the Casl3a
spacers are truncated by
two nucleotides at the 5'
end

1C

Gluc tiling
guide 48

GCUUUGUCGCCUUCGUAGGUGUGGCAGCGU

Note that the Casl3a
spacers are truncated by
two nucleotides at the 5'
end

1C

Gluc tiling
guide 49

GUGCCGCCCUGUGCGGACUCUUUGUCGCCU

293

Note that the Casl3a
spacers are truncated by
two nucleotides at the 5'
end

1C

Gluc tiling
guide 50

GUAUGCCGCCCUGUGCGGACUCUUUGUCGC

295

Note that the Casl3a
spacers are truncated by
two nucleotides at the 5'
end

1C

Gluc tiling
guide 51

GCCUCGCCUAUGCCGCCCUGUGCGGACUCU

302

Note that the Casl3a
spacers are truncated by
two nucleotides at the 5'
end

1C

Gluc tiling
guide 52

GGAUCGCCUCGCCUAUGCCGCCCUGUGCGG

307

Note that the Casl3a
spacers are truncated by
two nucleotides at the 5'
end

1C

Gluc tiling

guide 53

GAUGUCGACGAUCGCCUCGCCUAUGCCGCC

Note that the Casl3a
spacers are truncated by
two nucleotides at the 5'
end

1C

Gluc tiling
guide 54

GCAGGAAUGUCGACGAUCGCCUCGCCUAUG

320

Note that the Casl3a
spacefs are truncated by
two nucleotides at the 5'
end

1C

Gluc tiling
guide 55

GAAUCUCAGGAAUGUCGACGAUCGCCUCGC

325

Note that the Casl3a
spacers are truncated by
two nucleotides at the 5'
end

1C

Gluc tiling
guide 56

GCCCAGGAAUCUCAGGAAUGUCGACGAUCG

331

Note that the Casl3a
spacers are truncated by
two nucleotides at the 5'
end

1C

Gluc tiling
guide 57

GCCUUGAACCCAGGAAUCUCAGGAAUGUCG

338

Note that the Casl13a
spacers are truncated by
two nucleotides at the 5'
end

1C

Gluc tiling
guide 58

GCCAAGUCCUUGAACCCAGGAAUCUCAGGA

344

Note that the Casl3a
spacers are truncated by

1C
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two nucleotides at the 5'

end
Gluc tiling GUGGCGCUCCAACUCCUUGAACCCAGGAAUC 350 | Note that the Casl3a 1C
guide 59 spacers are truncated by

two nucleotides at the 5'

end
Gluc tiling GCCAUGGGCUCCAAGUCCUUGAACCCAQGGCA 353 | Note that the Casl3a 1C
guide 60 spacers are truncated by

two nucleotides at the 5'

end
Gluc tiling GGAACUGCUCCAUGQCQCCUCCAAQGUCCUUGA 361 | Note that the Casl3a 1C
guide 61 spacers are truncated by

two nucleotides at the 5'

end
Gluc tiling GUGCGAUGAACUGCUCCAUGGGCUCCAAGU 367 | Note that the Casl3a 1C
guide 62 spacers are truncated by

two nucleotides at the 5'

end
Glue tiling GGACCUGUGCGCAUGAACUGCUCCAUGGGCU 373 | Note that the Casl3a 1C
guide 63 spacers are truncated by

two nucleotides at the 5'

end
Gluc tiling | GACAGAUCGACCUGUGCGAUGAACUGCUCC 380 | Note that the Casl3a 1C
guide 64 spacers are truncated by

two nucleotides at the 5'

end
Gluc tiling GACACACAGAUCGCGACCUGUGCGAUGAACUCG 384 | Note that the Casl3a 1C
guide 65 spacers are truncated by

two nucleotides at the 5'

end
Gluc tiling GUGCAGUCCACACACAGAUCCACCUQUGCE 392 | Note that the Casl3a 1C
guide 66 spacers are truncated by

two nucleotides at the 5'

end
Gluc tiling | GCCAGUUGUGCAGUCCACACACACAUCGAC 399 | Note that the Casl3a 1c
guide 67 spacers are truncated by

two nucleotides at the 5'

end
Glue tiling CGGCAGCCAGUUGUCGCAGUCCACACACACA 404 | Note that the Casl3a 1C
guide 68 spacers are truncated by

two nucleotides at the 5'

end
Gluc tiling GUUUGAGGCAGCCAGUUGUGCAGUCCACAC 409 | Note that the Casl3a 1C
guide 69 spacers are truncated by

two nucleotides at the 5'

end
Gluc tiling GAAGCCCUUUGAGGCAGCCAGUUGUGCAGU 415 | Note that the Casl3a 1C
guide 70 spacers are truncated by

two nucleotides at the 5'

end
Glue tiling GCACGUUGGCAAGCCCUUUGAGQGCAGCCAG 424 | Note that the Casl3a 1C
guide 71 spacers are truncated by

two nucleotides at the 5'

end
Gluc tiling | GACUGCACGUUGGCAAGCCCUUUGACGCAG 428 | Note that the Casl3a 1C

guide 72

spacers are truncated by
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two nucleotides at the 5'
end

Gluc tiling
guide 73

GGGUCAGAACACUGCACGUUGGCAAGCCCU

437

Note that the Casl3a
spacers are truncated by
two nucleotides at the &'
end

1C

Gluc tiling
guide 74

GCAGGUCAGAACACUGCACGUUGGCAAGCC

439

Note that the Casl3a
spacers are truncated by
two nucleotides at the 5'
end

1C

Gluc tiling
guide 75

GAGCAGGUCAGAACACUGCACGUUGGCAAG

441

Note that the Casl3a
spacers are truncated by
two nucleotides at the 5'
end

1C

Gluc tiling
guide 76

GGCCACUUCUUGAGCAGGUCAGAACACUGC

452

Note that the Casl3a
spacers are truncated by
two nucleotides at the 5'
end

1C

Gluc tiling
guide 77

GCGGCAGCCACUUCUUGAGCAGGUCAGAAC

457

Note that the Casl3a
spacers are truncated by
two nucleotides at the 5'
end

1C

Gluc tiling
guide 78

GUGCGGCAGCCACUUCUUGAGCAGGUCAGA

459

Note that the Casl3a
spacers are truncated by
two nucleotides at the 5'
end

1C

Gluc tiling
guide 79

GAGCGUUGCGGCAGCCACUUCUUGAGCAGG

464

Note that the Casl3a
spacers are truncated by
two nucleotides at the 5'
end

1C

Gluc tiling
guide 80

GAAAGGUCGCACAGCGUUGCGGCAGCCACU

475

Note that the Casl3a
spacers are truncated by
two nucleotides at the 5'
end

1C

Gluc tiling
guide 81

GCUGGCAAAGGUCGCACAGCGUUGCGGCAG

480

Note that the Casl3a
spacers are truncated by
two nucleotides at the 5'
end

1C

Gluc tiling
guide 82

GGGCAAAGGUCGCACAGCGUUGCGGCAGCC

478

Note that the Casl3a
spacers are truncated by
two nucleotides at the 5'
end

1C

Gluc tiling
guide 83

GUGGAUCUUGCUGGCAAAGGUCGCACAGCG

489

Note that the Casl3a
spacers are truncated by
two nucleotides at the 5'
end

1C

Gluc tiling
guide 84

GCACCUGGCCCUGGAUCUUGCUGGCAAAGG

499

Note that the Casl3a
spacers are truncated by
two nucleotides at the 5'
end

1C

Gluc tiling
guide 85

GUGGCCCUGGAUCUUGCUGGCAAAGGUCGC

495

Note that the Casl3a
spacers are truncated by
two nucleotides at the 5'
end

1C

Gluc tiling
guide 86

GUGAUCUUGUCCACCUGGCCCUGGAUCUUG

509

Note that the Casl3a

spacers are truncated by

1C
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two nucleotides at the 5'

end
Glue tiling | GCCCCUUGAUCUUQGUCCACCUGGCCCUGGA 514 | Note that the Casl3a 1C
guide 87 spacers are truncated by

two nucleotides at the 5'

end
Gluc tiling GCCCUUGAUCUUGUCCACCUGGCCCUGGAU 513 | Note that the Casl3a 1C
guide 88 spacers are truncated by

two nucleotides at the 5’

end
Gluc tiling GCCUUGAUCUUGUCCACCUGGCCCUGGAUC 512 | Note that the Casl3a 1C
guide 89 spacers are truncated by

two nucleotides at the 5'

end
Gluc tiling GGCAAAGGUCGCACAQCCGUUGCGGCACGCCA 477 | Note that the Casl3da 1C
guide 90 spacers are truncated by

two nucleotides at the 5'

end
Gluc tiling GCAAACGCGUCGCACAGCCGUUGCGGCAGCCAC 476 | Note that the Casl3a 1C
guide 91 spacers are truncated by

two nucleotides at the 5'

end
Glue tiling | GAAGGUCGCACAGCGUUGCGGCAGCCACUU 474 | Note that the Casl3a 1c
guide 92 spacers are truncated by

two nucleotides at the 5'

end
Glue tiling GACGUCGCACAGCGUUGCGGCAGCCACUUC 473 | Note that the Casl3a 1C
guide 93 spacers are truncated by

two nucleotides at the 5'

end
Non- GGUAAUGCCUGGCUUGUCGACGCAUAGUCUG | N/A Note that the Cas13a 1C
targeting spacers are truncated by
guide 1 two nucleotides at the 5'

end
Nox- GGGAACCUUGGCCGUUAUAAAGUCUGACCAG | N/A Note that the Cas13a 1c
targeting spacers are truncated by
guide 2 two nucleotides at the 5'

end
Non- GGAGGGUGAGAAUUUAGAACCAAGAUUGUUG | N/A Note that the Casl3a 1C
targeting spacers are truncated by
guide 3 two nucleotides at the 5'

end
Supplementary Table 8: Guide sequences used for Cluc knockdown
Name Spacer sequence Position | Notes First

figure

Cluc tiling GAGUCCUGGCAAUGAACAGUGGCGCAQGUAG 32 | Note that the Casl3a 1D
guide 1 spacers are truncated by

two nucleotides at the 5'

end
Cluc tiling GGGUGCCACAGCUGCUAUCAAUACAUUCUC 118 | Note that the Casl3a 1D

guide 2

spacers are truncated by
two nucleotides at the 5'
end
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Cluc tiling
guide 3

GUUACAUACUGACACAUUCGGCAACAUGUU

197

Note that the Casl3a
spacers are truncated by
two nucleotides at the 5'
end

1D

Cluc tiling
guide 4

GUAUGUACCAGGUUCCUGGAACUGGAAUCU

276

Note that the Casl3a
spacers are truncated by
two nucleotides at the 5'
end

1D

Cluc tiling
guide 5

GCCUUGGUUCCAUCCAGGUUCUCCAGGGUG

350

Note that the Casl3a
spacers are truncated by
two nucleotides at the 5'
end

1D

Cluc tiling
guide 6

GCAGUGAUGGGAUUCUCAGUAGCUUGAGCG

431

Note that the Casl3a
spacers are truncated by
two nucleotides at the 5'
end

1D

Cluc tiling
guide 7

GAGCCUGGCAUCUCAACAACAGCGAUGGUG

512

Note that the Cas13a
spacers are truncated by
two nucleotides at the 5'
end

1D

Cluc tiling
guide 8

GUGUCUGGGGCGAUUCUUACAGAUCUUCCU

593

Note that the Casl3a
spacers are truncated by
two nucleotides at the 5'
end

1D

Cluc tiling
guide 9

GCUGGAUCUGAAGUGAAGUCUGUAUCUUCC

671

Note that the Casl3a
spacers are truncated by
two nucleotides at the 5'
end

1D

Cluc tiling
guide 10

GGCAACGUCAUCAGGAUUUCCAUAGAGUGG

747

Note that the Casl3a
spacers are truncated by
two nucleotides at the 5'
end

1D

Cluc tiling
guide 11

GAGGCGCAGGAGAUGGUGUAGUAGUAGAAG

830

Note that the Casl3a
spacers are truncated by
two nucleotides at the 5'
end

1D

Cluc tiling
guide 13

GAGGGACCCUGGAAUUGGUAUCUUGCUUUG

986

Note that the Casl3a
spacers are truncated by
two nucleotides at the 5'
end

1D

Cluc tiling
guide 14

GGUAAGAGUCAACAUUCCUGUGUGAAACCU

1066

Note that the Casl3a
spacers are truncated by
two nucleotides at the 5'
end

1D

Cluc tiling
guide 15

GACCAGAAUCUGUUUUCCAUCAACAAUGAG

1143

Note that the Casl3a
spacers are truncated by
two nucleotides at the 5’
end

1D

Cluc tiling
guide 16

GAUGGCUGUAGUCAGUAUGUCACCAUCUUG

1227

Note that the Casl3a
spacers are truncated by
two nucleotides at the 5'
end

1D

Cluc tiling
guide 17

GUACCAUCGAAUGGAUCUCUAAUAUGUACG

1304

Note that the Casl3a
spacers are truncated by
two nucleotides at the 5'

end

1D
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Cluc tiling GAGAUCACAGGCUCCUUCAGCAUCAAAAGA 1380 | Note that the Casl3a 1D

guide 18 v spacers are truncated by

two nucleotides at the 5'

end
Cluc tiling GCUUUGACCGGCGAAGACACUAUUGCAGAQC 1461 | Note that the Casl3a 1D
guide 19 spacers are truncated by

two nucleotides at the 5'

end
Clue tiling GCCCCUCACGGCAAUACUCGUACAUGCAUCG 1539 | Note that the Casl3a 1D
guide 20 spacers are truncated by

two nucleotides at the 5'

end
Cluc tiling GCUGGUACUUCUAGQGGUQUCUCCAUGCUUU 1619 | Note that the Casl3a 1D
guide 21 spacers are truncated by

two nucleotides at the 5'

end
Non- GGUAAUGCCUGGCUUGUCGACGCAUAGUCUG | N/A Note that the Casl3a 1D
targeting spacers are truncated by
guide 1 two nucleotides at the 5'

end
Non- GGGAACCUUGGCCGUUAUAAAGUCUGACCAG | N/A Note that the Casl3a 1D
targeting spacers are truncated by
guide 2 two nucleotides at the 5'

end
Non- GGAGGGUGAGAAUUUAGAACCAAGAUUGUUG | N/A Note that the Casl3a 1D
targeting spacers are truncated by
guide 3 two nucleotides at the 5'

end

Supplementary Table 9: Guide sequences used in this study for RNA editing in

mammalian cells. Mismatched base flips are capitalized

Name Spacer sequence Notes First
figure

Tiling 30 nt 30 mismatch gCauccugcggecucuacucugeauucaaiu Has a 5' G for U6 expression 2C
distance

Tiling 30 nt 28 mismatch gacCauccugeggecucuacucugeauucaa Has a 5' G for U6 expression 2C
distance

Tiling 30 nt 26 mismatch gaaaCCauccugcggccucuacucugcauuc Has a 5' G for U6 expression 2C
distance

Tiling 30 nt 24 mismatch gcuaaacCauccugeggecucuacucugean Has a 5' G for U6 expression 2C
distance

Tiling 30 nt 22 mismatch guucuaaacCauccugcggccucuacucugc Has a 5' G for U6 expression 2C
distance

Tiling 30 nt 20 mismatch guguucuaaacCauccugeggeecucuacucu Has a 5' G for U6 expression 2C
distance

Tiling 30 nt 18 mismatch gaauguucuaaacCauccugeggecucuacu Has a 5' G for U6 expression 2C
distance

Tiling 30 nt 16 mismatch gagaauguucuaaacCauccugeggeecucua Has a 5' G for U6 expression 2C
distance

Tiling 30 nt 14 mismatch gauagaauguucuaaacCauccugeggecuc Has a 5' G for U6 expression 2C
distance

Tiling 30 nt 12 mismatch gecauagaauguucuaaacCauccugeggec Has a 5' G for U6 expression 2C
distance

201




Tiling 30 nt 10 mismatch guuccauagaauguucuaaacCauccugegg Has a 5' G for U6 expression 2C
distance
Tiling 30 nt 8 mismatch gcuuuccauagaauguucuaaacCauccuge Has a 5' G for U6 expression 2C
distance
Tiling 30 nt 6 mismatch gecucuuuccauagaauguucuaaacCauccu Has a 5' G for U6 expression 2C
distance
Tllmg 30 nt 4 mismatch gaucucuuuccauagaauguucuaaaccaue Has a 5' G for U6 expression 2C
distance
Tiling 30 nt 2 mismatch ggaaucucuuuccauagaauguucuaaacCa Has a 5' G for U6 expression 2C
distance
Tiling 50 nt 50 mismatch gCauccugcggecucuacucugecauucaauuacaua | Hasa 5' G for U6 expression 2C
distance
¢ cugacacauucggea
Tiling 50 nt 48 mismatch gacCauccugeggecucuacucugcauucaauuaca | Hasa 5' G for UG expression 2C
ist, 3
distance UaCUgacacauucgg
Tiling 50 nt 46 mismatch gaaacCauccugeggecucuacucugeauucaauua | Hasa 5' G for U6 expression 2C
distance
ane cauacugacacauuc
Tiling 50 nt 44 mismatch gcuaaacCauccugcggccucuacucugcauucaau Has a 5' G for U6 expression 2C
distance
uacauacugacacau
Tllmg 50 nt 42 mismatch guucuaaacCauccugcggccucuacucugcauuca Has a 5' G for U6 expression 2C
dist.
istance auuacauacugacac
Tiling 50 nt 40 mismatch guguucuaaacCauccugeggecucuacucugecauu | Hasa 5' G for U6 expression 2C
distance
caauuacauacugac
Tllmg 50 nt 38 mismatch gaauguucuaaacCauccugcggccucuaCUCugca Has a 5' G for U6 expression 2C
distance
uucaauuacauacug
Tiling 50 nt 36 mismatch gagaauguucuaaacCauccugcggccucuacucug | Has a §' G for U6 expression 2C
distan
anee cauucaauuacauac
Tiling 50 nt 34 mismatch | gauagaauguucuaaacCauccugeggccucuacuc | Hasa 5' G for UG expression 2C
distance
ugcauucaauuacau
Tiling 50 nt 32 mismatch gccauagaauguucuaaacCauccugeggecucuac | Has a 5' G for UG expression 2C
distance
ucugcauucaauuac
Tiling 50 nt 30 mismatch guuccauagaauguucuaaacCauccugeggecucu Has a 5' G for U6 expression 2C
distance
1stance acucugcauucaauu
Tiling 50 nt 28 mismatch gcuuuccauagaauguucuaaacCauccugeggecu Has a 5' G for U6 expression 2C
distance
cuacucugcauucaa
Tiling 50 nt 26 mismatch gcucuuuccauagaauguucuaaacCauccugegge Has a 5' G for U6 expression 2C
distance
cucuacucugcauuc
Tiling 50 nt 24 mismatch gaucucuuuccauagaauguucuaaacCauccugeg Has a 5' G for U6 expression 2C
listance
distance gccucuacucugeau
Tiling 50 nt 22 mismatch | goaaucucuuuccauagaauguucuaaacCauccug | Has a 5' G for UG expression 2C
distance
cggeeucuacucuge
Tiling 50 nt 20 mismatch | guggaaucucuuuccauagaauguucuaaacCaucc | Has a 5' G for U6 expression 2C
distance
ugcggecucuacucu
Tiling 50 nt 18 mismatch | gacuggaaucucuuuccauagaauguucuaaacCau | Has a 5 G for UG expression 2C
distance
ccugeggecucuacu
’ll“iling 50 nt 16 mismatch ggaacuggaaucucuuuccauagaauguucuaaacC Has a 5' G for U6 expression 2C
distance
auccugeggecucua
Tiling 50 nt 14 mismatch Has a 5' G for UG expression 2C

guggaacuggaaucucuuuccalagaauguucuaaa
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distance

cCauccugceggecuc

Tiling 50 nt 12 mismatch

distance

gccuggaacuggaaucucuuuccauagaauguucua
aacCauccugeggcec

Has a

5' G for UG expression

2C

Tiling 50 nt 10 mismatch
distance

guuccuggaacuggaatucucuuuccauagaauguuc

uaaacCauccugegg

Has a

5' G for U6 expression

2C

Tiling 50 nt 8 mismatch
distance

ggguuccuggaacuggaaucucuuuccauagaaugu
ucuaaacCauccugc

Has a

5' G for U6 expression

2C

Tiling 50 nt 6 mismatch
distance

geagguuccuggaacuggaaucucuuuccauagaau
guucuaaacCauccu

Has a

5' G for U6 expression

2C

Tiling 50 nt 4 mismatch
distance

gaccagguuccuggaacuggaaucucuuuccauaga
auguucuaaacCauc

Has a

5' G for UG expression

2C

‘Tiling 50 nt 2 mismatch
distance

gguaccagguuccuggaacuggaaucucuuuccaua
gaauguucuaaacCa

Has a

5" G for UG expression

2C

Tiling 70 nt 70 mismatch
distance

gCauccugcggecucuacucugecauucaauuacaua
cugacacauucggcaacauguuuuuccugguuuau

Has a

5' G for U6 expression

2C

Tiling 70 nt 68 mismatch
distance

gacCauccugcggccucuacucugcauucaauuaca
uacugacacauucggcaacauguuuuuccugguuu

Has a

5" G for U6 expression

2C

Tiling 70 nt 66 mismatch
distance

gaaacCauccugcggcecucuacucugeauucaauua
cauacugacacauucggcaacauguuuuuccuggu

Has a

5' G for UG expression

2C

Tiling 70 nt 64 mismatch
distance

gcuaaacCauccugeggccucuacucugeauucaan
uacauacugacacauucggcaacauguuuuuccug

Has a

5' G for U6 expression

2C

Tiling 70 nt 62 mismatch
distance

guucuaaacCauccugcggecucuacucugcauuca

auuacauacugacacauucggcaacauguuuuucc

Has a

5' G for U6 expression

2C

Tiling 70 nt 60 mismatch
distance

guguucuaaacCauccugeggecucuacucugeauu
caauuacauacugacacauucggeaacauguuuuu

Has a

5' G for U6 expression

2C

Tiling 70 nt 58 mismatch
distance

gaauguucuaaacCauccugcggccucuacucugca
uucaauuacauacugacacauucggcaacauguuu

Has a

5' G for U6 expression

2C

Tiling 70 nt 56 mismatch
distance

gagaauguucuaaacCauccugeggeecucuacucug

cauucaauuacauacugacacauucggcaacaugu

Has a

5' G for U6 expression

2C

Tiling 70 nt 54 mismatch
distance

gauagaauguucuaaacCauccugcggccucuacuc

ugcauucaauuacauacugacacauucggcaacau

Has a

5' G for U6 expression

2C

Tiling 70 nt 52 mismatch
distance

gecauagaauguucuaaacCauccugeggecucuac
ucugcauucaauuacauacugacacauucggeaac

Has a

5' G for U6 expression

2C

Tiling 70 nt 50 mismatch

distance

guuccauagaauguucuaaacCauccugcggccucu
acucugcauucaauuacauacugacacauucggca

Has a

5' G for UG expression

2C

Tiling 70 nt 48 mismatch
distance

gcuuuccauagaauguucuaaacCauccugcggccu

cuacucugcauucaaluuacauacugacacauucgg

Has a

5' G for U6 expression

2C

Tiling 70 nt 46 mismatch
distance

gcucuuuccauagaauguucuaaacCauccugegge
cucuacucugcauucaauuacauacugacacauuc

Has a

5' G for U6 expression

2C

Tiling 70 nt 44 mismatch

distance

gaucucuuuccauagaauguucuaaacCauccugcg
gccucuacucugcauucaauuacauacugacacau

Has a

5' G for U6 expression

2C

Tiling 70 nt 42 mismatch
distance

ggaaucucuuuccanagaauguucuaaacCauccug
cggecucuacucugeauucaauuacauacugacac

Has a

5' G for U6 expression

2C

Tiling 70 nt 40 mismatch
distance

guggaaucucuuuccauagaauguucuaaacCaucc
ugeggecucuacucugeauucaauuacauacugac

Has a

5' G for U6 expression

2C
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Tiling 70 nt 38 mismatch
distance

gacuggaaucucuuuccauagaauguucuaaacCau
ccugeggecucuacucugealucaauuacauacug

Has a 5' G for U6 expression

2C

Tiling 70 nt 36 mismatch
distance

ggaacuggaaucucuuuccauagaauguucuaaacC

auccugcggccucuacucugcauucaauuacauac

Has a 5' G for U6 expression

2C

Tiling 70 nt 34 mismatch
distance

guggaacuggaaucucuuuccauagaauguucuaaa
cCauccugcggecucuacucugcauucaauuacau

Has a 5' G for U6 expression

2C

Tiling 70 nt 32 mismatch
distance

geecuggaacuggaaucucuuuccauagaauguucua
aacCauccugcggecucuacucugealucaauuac

Has a 5' G for U6 expression

2C

Tiling 70 nt 30 mismatch
distance

guuccuggaacuggaaucucuuuccauagaauguuc

uaaacCauccugcggccucuacucugcauucaauu

Has a 5' G for U6 expression

2C

Tiling 70 nt 28 mismatch
distance

ggguuccuggaacuggaaucucuuuccauagaaugu
ucuaaacCauccugeggecucuacucugeauucaa

Has a 5' G for U6 expression

2C

Tiling 70 nt 26 mismatch
distance

gecagguuccuggaacuggaaucucuuuccauagaau
guucuaaacCauccugcggcecucuacucugeauuc

Has a 5' G for U6 expression

2C

Tiling 70 nt 24 mismatch
distance

gaccagguuccuggaacuggaaucucuuuccauaga
auguucuaaacCauccugcggcecucuacucugeau

Has a 5' G for U6 expression

2C

Tiling 70 nt 22 mismatch
distance

gguaccagguuccuggaacuggaaucucuuuccaua
gaauguucuaaacCauccugeggecucuacucuge

Has a 5' G for U6 expression

2C

Tiling 70 nt 20 mismatch
distance

gauguaccagguuccuggaacuggaaucucuuucca

uagaauguucuaaacCauccugcggecucuacucu

Has a 5' G for U6 expression

2C

Tiling 70 nt 18 mismatch
distance

gguauguaccagguuccuggaacuggaaucucuuuc
cauagaauguucuaaacCauccugeggccucuacu

Has a 5' G for U6 expression

2C

Tiling 70 nt 16 mismatch
distance

gacguauguaccagguuccuggaacuggaaucucuu
uccauagaauguucuaaacCauccugcggecucua

Has a 5' G for U6 expression

2C

Tiling 70 nt 14 mismatch
distance

gacacguauguaccagguuccuggaacuggaaucuc
uuuccauagaauguucuaaacCauccugeggeeuc

Has a 5' G for U6 expression

2C

Tiling 70 nt 12 mismatch
distance

gcaacacguauguaccagguuccuggaacuggaaucu
cuuuccauagaauguucuaaacCauccugeggee

Has a 5' G for U6 expression

2C

Tiling 70 nt 10 mismatch
distance

geccaacacguauguaccagguuccuggaacuggaa
cucuuuccauagaauguucuaaacCauccugegg

Has a 5' G for U6 expression

2C

Tiling 70 nt 8 mismatch
distance

ggacccaacacguauguaccagguuccuggaacugga

aucucuuuccauagaauguucuaaacCauccuge

Has a 5' G for UG expression

2C

Tiling 70 nt 6 mismatch
distance

guugacccaacacguauguaccagguuccuggaacug
gaaucucuuucc auagaauguucuaaacCauccu

Has a 5' G for UG expression

2C

Tiling 70 nt 4 mismatch
distance

gceuugacccaacacguauguaccagguuccuggaac
uggaaucucuuuccauagaauguucuaaacCauc

Has a 5' G for U6 expression

2C

Tiling 70 nt 2 mismatch
distance

guuccuugacccaacacguauguaccagguuccugga

acuggaaticucuuuccauagaauguucuaaacCa

Has a 5' G for UG expression

2C

Tiling 84 nt 84 mismatch
distance )

gCauccugcggecucuacucugeauucaauuacaua
cugacacauucggcaacauguuuuuccugguuuauu
uucacacagucca

Has a 5' G for U6 expression

2C

Tiling 84 nt 82 mismatch
distance

gacCauccugeggecucuacucugeauucaauuaca
uacugacacauucggcaacauguuuuuccugguuua

uuuucacacaguc

Has a 5' G for UG expression

2C

Tiling 84 nt 80 mismatch

gaaacCauccugcggecucuacucugcauucaauua

Has a 5' G for U6 expression

2C
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distance

cauacugacacauucggcaacauguuuuuccugguu

uauuuucacacag
Tiling 84 nt 78 mismatch gcuaaacCauccugeggecucuacucugeauucaau | Hasa 5" G for UG expression 2C
distance uacauacugacacauucggcaacauguuuuuccugg

uuuauuuucacac
Tiling 84 nt 76 mismatch guucuaaacCauccugcggecucuacucugeauuca Has a 5' G for U6 expression 2C
distance auuacauacugacacauucggeaacauguuuuuceu

gguuuauuuucac
Tiling 84 nt 74 mismatch guguucuaaacCauccugeggecucuacucugeauu Has a 5' G for U6 expression 2C
distance caaunuacauacugacacauucggcaacauguuuuuc

cugguuuauuuuc
Tiling 84 nt 72 mismatch gaauguucuaaacCauccugeggecucuacucugea Has a 5' G for U6 expression 2C
distance uucaauuacauacugacacauucggcaacauguuuu

uccugguuuauuu
Tiling 84 nt 70 mismatch gagaauguucuaaacCauccugeggecucuacucug | Hasa 5’ G for U6 expression 2C
distance cauucaauuacauacugacacauucggcaacauguu

uuuccugguuuau
Tiling 84 nt 68 mismatch gauagaauguucuaaacCauccugeggecucuacuc | Has a 3' G for UG expression 2C
distance UgCcauuCaallacalacugacacallcggeaacaug

uuuuuccugguuu
Tiling 84 nt 66 mismatch gecauagaauguucuaaacCauccugeggecucuac Has a 5' G for U6 expression 2C
distance ucugcauucaauuacauacugacacauucggcaaca

uguuuuuccuggu
Tiling 84 nt 64 mismatch guuccauagaauguucuaaacCauccugecggecucu | Has a5’ G for UG expression 2C
distance acucugcauucaauuacauacugacacauucggcaac

auguuuuuccug
Tiling 84 nt 62 mismatch gcuuuccauagaauguucuaaacCauccugeggeeu Has a 5' G for U6 expression 2C
distance CuACUCUECANCAANUACAUACUZACACAULCEECA

acauguuuuucc
Tiling 84 nt 60 mismatch gcucuuuccauagaauguucuaaacCauccugegge Has a 5' G for U6 expression 2C
distance cucuacucugcauucaauuacauacugacacauucg

gcaacCauguuuuu
Tiling 84 nt 58 mismatch gaucucuuuccauagaauguucuaaacCauccugeg | Has a 5° G for UG expression 2C
distance gccucuacucugcecauucaauuacauacugacacauuc

ggcaacauguuu
Tiling 84 nt 56 mismatch ggaaucucuuuccauagaauguucuaaacCauccug | Has a 5' G for U6 expression 2C
distance cggecucuacucugeaulcaaluacalacugacacal

ucggcaacaugu
Tiling 84 nt 54 mismatch guggaaucucuuuccauagaauguucuaaacCaucc | Has a 5" G for UG expression 2C
distance ugcggccucuacucugcauucaauuacauacugacac

auucggcaacau
Tiling 84 nt 52 mismatch gacuggaaucucuuuccauagaauguucuaaacCau | Hasa 5’ G for U6 expression 2C
distance ccugceggecucuacucugeauucaauuacauacugac

acauucggcaac
Tiling 84 nt 50 mismatch Has a 5' G for U6 expression 2C

ggaacuggaaucucuuuccauagaauguucuaaacC
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distance

auccugcggcecucuacucugcauucaauuacauacug

acacauucggea

Tiling 84 nt 48 mismatch
distance

guggaacuggaaucucuuuccauagaauguucuaaa
cCauccugeggccucuacucugeauucaauuacaua
cugacacauucgg

Has a 5' G for U6 expression

2C

Tiling 84 nt 46 mismatch
distance

gccuggaacuggaaucucuuuccauagaauguucua
aacCauccugcggecucuacucugceauucaauuaca

uacugacacauuc

Has a 5' G for U6 expression

2C

Tiling 84 nt 44 mismatch
distance

guuccuggaacuggaaucucuuuccauagaauguuc
uaaacCauccugcggeeucuacucugeauucaauua
cauacugacacau

Has a 5' G for U6 expression

2C

Tiling 84 nt 42 mismatch

distance

ggguuccuggaacuggaaucucuuuccauagaaugu
ucuaaacCauccugcggecucuacucugecauucaau
uacauacugacac

Has a 5' G for U6 expression

2C

Tiling 84 nt 40 mismatch
distance

geagguuccuggaacuggaaucucuuuccauagaau
guucuaaacCauccugeggecucuacucugeauuca

auuacauacugac

Has a 5' G for U6 expression

2C

Tiling 84 nt 38 mismatch
distance

gaccagguuccuggaacuggaalucucuuuccauaga
auguucuaaacCauccugcggccucuacucugcauu
caauuacauacug

Has a 5' G for U6 expression

2C

Tiling 84 nt 36 mismatch
distance

gguaccagguuccuggaacuggaaucucuuuccaua
gaauguucuaaacCauccugeggccucuacicugea
uucaauuacauac

Has a 5' G for U6 expression

2C

Tiling 84 nt 34 mismatch
distance

gauguaccagguuccuggaacuggaaucucuuucca
uagaauguucuaaacCauccugeggecucuacucug
cauucaauuacau

Has a 5' G for U6 expression

2C

Tiling 84 nt 32 mismatch
distance

gguauguaccagguuccuggaacuggaaucucuuuc
caunagaauguucuaaacCauccugeggecucuacuc

ugcauucaauuac

Has a 5' G for U6 expression

2C

Tiling 84 nt 30 mismatch
distance

gacguauguaccagguuccuggaacuggaaucucuu
uccauagaauguucuaaacCauccugeggccucuac
ucugcauucaauu

Has a 5' G for U6 expression

2C

Tiling 84 nt 28 mismatch
distance

gacacguauguaccagguuccuggaacuggaaucuc
uuuccauagaauguucuaaacCauccugeggecucu
acucugcauucaa

Has a 5' G for U6 expression

2C

Tiling 84 nt 26 mismatch
distance

geaacacguauguaccagguuccuggaacuggaaucu
cuuuccauagaauguucuaaacCauccugeggecuc
uacucugcauuc

Has a 5' G for U6 expression

2C

Tiling 84 nt 24 mismatch
distance

gcccaacacguauguaccagguuccuggaacuggaau
cucuuuccauagaauguucuaaacCauccugeggec
ucuacucugcau

Has a 5' G for U6 expression

2C

Tiling 84 nt 22 mismatch
distance

ggacccaacacguauguaccagguuccuggaacugga
aucucuuuccauagaauguucuaaacCauccugegg
ccucuacucuge

Has a 5' G for UG expression

2C

Tiling 84 nt 20 mismatch

guugacccaacacguauguaccagguuccuggaacug

Has a 5' G for U6 expression

2C

206




distance

gaaucucuuuccauagaauguucuaaacCauccugc
ggecucuacucu

Tiling 84 nt 18 mismatch
distance

gccuugacccaacacguauguaccagguuccuggaac
uggaaucucuuuccauagaauguucuaaacCauccu
geggecucuacu

Has a 5' G for U6 expression

2C

Tiling 84 nt 16 mismatch
distance

guuccuugacccaacacguauguaccagguuccugga
acuggaaucucuuuccauagaauguucuaaacCauc

cugcggeecucua

Has a 5' G for U6 expression

2C

Tiling 84 nt 14 mismatch
distance

ggguuccuugacccaacacguauguaccagguuccug
gaacuggaaucucuuuccauagaauguucuaaacCa
uccugeggecuc

Has a 5' G for U6 expression

2C

Tiling 84 nt 12 mismatch
distance

guugguuccuugacccaacacguauguaccagguuce
uggaacuggaaucucuuuccauagaauguucuaaac
Cauccugeggee

Has a 5' G for U6 expression

2C

Tiling 84 nt 10 mismatch
distance

gcecuugguuccuugacccaacacguauguaccagguu
ccuggaacuggaaucucuuuccauagaauguucuaa
acCauccugegg

Has a 5' G for U6 expression

2C

Tiling 84 nt 8 mismatch
distance

gECCcuugguUCCUUgacccaacacguauguaccags
uuccuggaacuggaaucucuuuccauagaauguucu
aaacCauccugc

Has a 5' G for U6 expression

2C

Tiling 84 nt 6 mismatch
distance

geegeccuugguuccuugaccecaacacguauguacea
gguuccuggaacuggaaucucuuuccauagaauguu
cuaaacCauccu

Has a 5' G for UG expression

2C

Tiling 84 nt 4 mismatch
distance

gegeegeeccuugguuccuugacccaacacguauguac
cagguuccuggaacuggaaucucuuuccauagaaug
uucuaaacCauc

Has a 5' G for UG expression

2C

Tiling 84 nt 2 mismatch
distance

ggucgeegeccuugguuccuugacecaacacguaugu
accagguuccuggaacuggaaucucuuuccauagaa
uguucuaaacCa

Has a 5' G for UG expression

2C

ADAR non-targeting guide

GUAAUGCCUGGCUUGUCGACGCAU
AGUCUG

Has a 5' G for U6 expression

2C

PFS binding screen guide
for TAG motif

gaaaacgcagguuccucCaguuucgggagcagegeac
gucucccuguaguc

Has a 5' G for U6 expression

3B

PFS binding screen guide
for AAC motif

gacgcagguuccucuagCuucgggagcagegeacguc
ucccuguagucaag

Has a 5' G for U6 expression

3B

PFS binding screen non-
targeting

GUAAUGCCUGGCUUGUCGACGCAU
AGUCUG

Has a 5' G for U6 expression

3B

Motif preference targeting
guide

gauagaauguucuaaacCauccugeggecucuacuc

ugcauucaauuacau

Has a 5' G for UG expression

3C

Motif preference non-
targeting guide

GUAAUGCCUGGCUUGUCGACGCAU
AGUCUG

Has a 5' G for U6 expression

3C

PPIB tiling guide 50
mismatch distance

gCaaggcecacaaaauuauccacuguuuuuggaacag

ucuuuccgaagagac

Has a 5' G for U6 expression

S3D

PPIB tiling guide 42
mismatch distance

gecuguageCaaggecacaaaauuauccacuguuuu
uggaacagucuuuce

Has a 5' G for U6 expression

S3D

207




PPIB tiling guide 34 gcuuucucuccuguagcCaaggecacaaaauuaucc | Has a 5' G for U6 expression S3D
mismatch distance acuguuuuuggaaca
PPIB tiling guide 26 ggccaaauccuuucucuccuguageCaaggecacaaa | Has a 5' G for U6 expression 53D
mismatch distance auuaUCCACUGUUL
PPIB tlllng guide 18 guuuuuguagccaaa“ccuuucucuccuguagccaa Has a 5' G for U6 eXpI‘ESSiOIl S3D
mismatch distance ggccacaaaauuauc
PPIB tiling guide 10 gauuugcuguuuuuguagecaaauccuuucucuccu | Has a 5’ G for U6 expression S3D
mismatch distance guagcCaa ggccaca
PPIB tiling guide 2 gacgauggaauuugcuguuuuuguagecaaauccuu | Has a 5° G for U6 expression S3D
mismatch distance ucucuccuguageCa
Targeting guide, opposite gauagaauguucuaaacGauccugcggecucuacuc Has a 5' G for U6 expression S3D
base G ugcauucaauuacau
Targeting guide, opposite gauagaauguucuaaacAauccugeggecucuacuc Has a 5' G for U6 expression S3D
base A ugcauucaauuacau
Targeting guide, opposite gauagaauguucuaaacUauccugcggccucuacuc Has a 5' G for U6 expression S3D
base C ugcauucaauuacau
AVPR2 guide 37 ggucccacgcggcccacagcugcaccaggaagaaggg Has a 5' G for U6 eXpTESSiOH 4A
mismatch distance ugcccageacagea
AVPR2 guide 35 ggggucccacgeggecCacageugeaccaggaagaag | Has a 5' G for UG expression 4A
mismatch distance ggugcccageacag
AVPR2 guide 33 geegggucccacgeggecCacageugeaccaggaaga, Has a ' G for U6 expression 4A
mismatch distance agggugeecageac
FANCC guide 37 gggugaugacauccCaggcgaucguguggccuccag Has a 5' G for U6 expression 4B
mismatch distance gageceagageagea
FANCC guide 35 gagggugaugacauccCaggcgaucguguggecucc Has a 5' G for U6 expression 4B
mismatch distance aggageecagageag
FANCC guide 32 gaucagggugaugacauccCaggcgaucguguggcc Has a 5' G for U6 expression 4B
mismatch distance uccaggageecagag
Synthetic discase gene gguggcuccauucacucCaaugeugageacuuccac Has a 5' G for UG expression 4E
target IL2RG agaguggguuaaage
Synthetic disease gene guuucuaauauauuuuchagacugauggacuauu Has a 5' G for U6 expression 4E
target F8 cucaauuaauaaugau
Synthetic disease gene gagauguugcuguggauCcaguccacagccagcccg Has a 5' G for U6 expression 4E
target LDLR ucgggggccuggaug
Synthetic disease gene geaggceeggeccagecugCeaggugeaccugeucggag Has a 5' G for U6 expression 4E
target CBS caucgggeeggauc
Synthetic disease gene geaaagaaccucuggguCcaaggguagaccaccagea Has a 5' G for U6 expression 4E
target HBB geecugeccagggec
Synthetic disease gene gaagagaaacuuaguuuCcagggcuuugguagagg Has a 5' G for U6 expression 4E
ot B

target ALDO gcaaagguugauagca
Synthetic disease gene gucagccuagugcagagCcacugguaguuggugguu Has a 5' G for U6 expression 4E
target DMD agaguuucaaguucc )
Synthetic disease gene ggcucauugugaacaggCcaguaauguccgggaugg Has a 5' G for U6 expression 4E
target SMAD4

ggcggeauaggegeg
Synthetic disease gene Has a 5' G for U6 expression 4E

guagcuaaagaacuugaCcaagacauaucaggaucc
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target BRCA2

accucagcuccuaga

Synthetic discase gene ggggcauuguucugugeCeaguccugeugguagace Has a 5' G for U6 expression 4E
target GRIN

arget 2A ugcucccegguggeu

Synthetic disease gene gagaagucguucaugugCcaccgugggagcguaeag Has a 5' G for U6 expression 4E
target SCN9A

arge ucaucauugaucuug

Synthetic disease gene gggauuaaugeugaacgCaccaaaguucaucccace Has a 5' G for U6 expression 4E
target TARDBP

arge acccauauuacuacc

Synthetic disease gene geuccaaaggeuuuccuCcacuguugeasaguuauu Has a 5' G for U6 expression 4E
target CFTR

arge R gaaucccaagacaca

Synthetic discase gene gaugaaugaacgauuucCcagaacucccuaaucaga | Has a 5' G for UG expression 4E
target UBE3A

aree acagagucccuggua

Synthetic disease gene ggagccucugeeggageCeagagaaccegagagucag Has a 5' G for U6 expression 4E
target SMPD1

arge acagagccagegee

Synthetic disease gene ggcuuccguggagacacCcaaucaauuugaagagau Has a 5' G for U6 expression 4E
target USH2A

arget cuugaagugaugcca

Synthetic disease gene gugggacugeccuccucCeauungeagaugecgucg Has a 5' G for U6 expression 4E
target MEN1

aree uagaaucgcageagg

Synthetic disease gene gcuucuucaauaguucuCcagcuacacuggcaggca Has a 5' G for UG expression 4B
target C8orf37

arget Loor uaugcccguguuccu

Synthetic disease gene gauuccuuuucuucgucCcaauucaccucaguggcu Has a 5' G for U6 expression 4E
target MLH1

arget agucgaagaaugaag
Synthetic disease gene gcagcuucagcaccuucCagucagacuccugcuucaa Has a 5' G for UG expression 4E
target TSC2

arge gcacugeageagga

Synthetic disease gene gecauuugcuugecagugCeacuccagaggauucegg Has a 5' G for U6 expression 4E
target NF1

arge auugccauaaauacu

Synthetic disease gene guucaauaguuuuggucCaguaucguuuacageee Has a 5' G for UG expression 4E
targe H

arget MSHO uucuugguagauuuca

Synthetic disease gene ggcaaccgucuucugacCaaauggcagaacauuugu Has a 5' G for U6 expression 4E
target SMN1

arge cccececaacuuuccacu

Synthetic disease gene gcgacuuuccaaugaacCacugaagcccagguauga Has a 5' G for U6 expression 4E
target SH3TC2

aree caaagcegaugaucu
Synthetic disease gene guuuacacucaugcuucCacagcuuuaacagaucau Has a 5' G for U6 expression 4E
P =4
farget DNAH5 uugguuccuugauga
Synthetic disease gene gcuuaagcuuccgugucCagccuucaggcagggugg Has a 5' G for U6 expression 4E
target MECP2
ggucaucauacaugg

Synthetic disease gene ggacagcugggcugaucCaugaugucauccagaaac Has a 5' G for U6 expression 4E
target ADGRV1

aTee acuggggacccucag

Synthetic disease gene gucucaucucaacuuucCauauccguaucauggaau Has a 5' G for U6 expression 4E
target AHI1

arge cauagcauccuguaa
Synthetic disease gene gecaugcagacgegguucCacucgeagecacaguuccea Has a 5' G for U6 expression 4E
target PRKN

arge gceaccacucgagcec
Synthetic disease gene guugguuagggucaaccCaguauucuccacucuuga Has a 5' G for U6 expression 4E
target COL3A1

arge guucaggauggcaga
Synthetic disease gene Has a 5' G for UG expression 4B

target BRCA1

gcuacacuguccaacacCcacucucgggucaccacag
gugccucacacauc
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Synthetic disease gene gcugcacuguguaccccCagagcuchuguugccgae Has a 5' G for U6 expression 4E

arge BP

target MYBPC3 auccugggguggeu

Synthetic disease gene gagcuuccugccacuccCaacagguuucacaguaagc Has a b G for U6 expression 4E

target APC gcguaucuguucca

Synthetic disease gene gacggcaagagcuuacccagueacuuguguggagac Has a 5' G for U6 expression 4E

target BMPR2 uuaaauacuugcaua .

KRAS tllmg guide 50 gCaaggccacaaaauuauccacuguuuuuggaacag Has a 5' G for U6 expression 5A

mismatch distance ucuuuccgaagagac

KRAS tlhng guide 42 gccuguagcCaaggccacaaaauuauccacuguuuu Has a 5‘ G for U6 expression 5A

mismatch distance uggaacagucuuuce

KRAS tiling guide 34 gcuuucucuccuguagcCaaggecacaaaauuauce | Has a 5' G for U6 expression 5A

mismatch distance acuguuuuuggaaca

KRAS tlllng guide 26 ggccaaauccuuucucuccuguagcCaaggccacaaa Has a 5' G for U6 expression 5A

mismatch distance AUUAUCCACUgUUU

KRAS tiling guide 18 guuuuuguagccaaauccuuucucuccuguagcCaa Has a 5' G for U6 expression 5A

mismatch distance ggccacaaaauuauc

KRAS tl]lng guide 10 gauuugcuguuuuuguagccaaauccuuucueuccu Has a 5' G for U6 expression 5A

mismatch distance guagcCaaggecaca

KRAS tiling guide 2 gacgauggaauuugcuguuuuuguagecaaauccul Has a 5' G for UG expression 5A

mismatch distance ucucuccuguageCa

KRAS tiling non-targeting | GUAAUGCCUGGCUUGUCGCGACGCAU Has a 5' G for U6 expression 5A

guide AGUCUG

Luciferase W85X targeting gauagaauguucuaaacCauccugcggceucuacuc Has a 5' G for U6 expression 5B

guide for transcriptome ugcauucaauuacau

specificity

Non-targeting guide for GCAGGGUUUUCCCAGUCACGACQGU Has a 5' G for U6 expression 5C

transcriptome specificity UGUAAAGUUG )

endogenous KRAS guide 2 gucaaggcacucuugccCacgccaccagcuccaacua Has a 5' G for U6 expression 6F
ccacaaguuuauau

endogenous PPIB guide 1 gecaaagaucacccggecCacaucuucaucuccaauuc Has a 5' G for U6 expression 6G
guaggucaaaauac

endogenous KRAS guide 1 GcegecaccageuccaacCaccacaaguuuauauuca Has a 5' G for U6 expression S13A
gucauuuucageagg

endogenous KRAS guide 3 GuuucuccaucaauuacCacuugcuuccuguagga Has a 5' G for U6 expression S13B
auccucuauuGUugga

endogenous PPIB guide 2 chUUCUCUCCuguagCCaaggccacaaaauuaucc Has a 5' G for U6 expression S13C
acuguuuuuggaaca

endogenous non-targeting GUAAUGCCUGGCUUGUCGACGCAU Has a 5' G for U6 expression 6F

guide AGUCUG

BoxB Cluc guide ucuuuccauaGGCCCUGAAAAAGGGCCu | Has a 5' G for U6 expression S8B
guucuaaacCauccugcggccucuacucGGCCC
UGAAAAAGGGCCauucaauuac

BoxB non-targeting guide Has a 5' G for U6 expression S8B

cagceuggegaGGCCCUGAAAAAGGGCCg
gggaugugcCgeaaggegauuaaguuggGGCCC
UGAAAAAGGGCCacgccagggu
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Stafforst full length
ADAR2 guide 1

GUGGAAUAGUAUAACAAUAUGCUA
AAUGUUGUUAUAGUAUCCCACucuaa
aCCAuccugegGGGCCCUCUUCAGGGC
CC

Has a 5' G for U6 expression

S8C

Stafforst full length
ADAR2 non-targeting
guide

GUGGAAUAGUAUAACAAUAUGCUA
AAUGUUGUUAUAGUAUCCCACacccu
ggeguuacccaGGGCCCUCUUCAGGGCC
C

Has a 5' G for UG expression

S8C
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Chapter 4
Discussion and future directions

The work presented in this thesis describes the discovery, characterization
and application of type VI CRISPR systems encoding Casl3 RNA-guided RNases,
with a special emphasis on type VI-B CRISPR loci and the Cas13b RNase they
encode. However, questions remain relating to both the molecular mechanism of
type VI CRISPR function and their applications for transcriptome editing.

How do type VI-B systems perform CRISPR adaptation?

Work presented in this thesis describes crRNA biogenesis and interference of
type VI-B CRISPR systems. However, adaptation of type VI-B loci in response to
mobile genetic elements has not been demonstrated (7). VI-B loci lack cas! and
cas2, which typically mediate insertion of new spacers into the CRISPR array,
sometimes with the help of additional Cas proteins derived from the same locus (2-
4). Although there are examples of individual CRISPR loci that lack cas! and
cas2, the existence of an entire subtype of CRISPR. that lacks these genes suggests
a different mechanism operates for adaptation of VI-B loci to exogenous nucleic
acids.

One possibility is that Casl and Cas2 are supplied in trans from other
CRISPR loci present in the genome. Expressing VI-B and other naturally co-
occurring CRISPR loci together in E. coli lacking endogenous CRISPR systems,
challenging these cells with bacteriophage and sequencing the VI-B CRISPR array
to see if adaptation has occurred, could test this possibility. This hypothesis is
appealing due to the high co-occurrence of VI-B loci with distant cas? and/or cas2
genes and the strict genetic requirement of cas! and cas2 for adaptation across

multiple different types of CRISPR loci (2, 5, 6).
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It is also possible that type VI-B systems are sufficient for adaptation and
don’t require cas! or cas?. Reconstituting VI-B loci in E. coli that lack other
CRISPR systems and testing their ability to adapt through challenge with
bacteriophage could address this possibility. Adaptation independent of cas!/cas2
has not been reported, and these genes have been shown to be genetically required
for adaptation across diverse types of CRISPR loci, making this possibility
unlikely.

What is the molecular basis for Csx27 and Csx28 modulation of Cas13b
activity?

The RNA-interference activity of Casl13b is repressed and enhanced by the
genetic expression of cognate csz27 and csz28 genes, respectively. What is
mechanism by which the products of these genes modulate Cas13b activity?
Providing a detailed answer to this question will likely require biochemical studies.
cst gene products could mediate their effects by binding to Cas13b, the ctrRNA, or
both to change interference levels. It is also possible that csz gene products
modulate RNA-interference activity without physically interacting with Cas13b
proteins.

By testing tagged versions of Cas13b and a cognate Csx protein for their
ability to co-purify it should be possible to assess their direct interaction in vivo.
Such an interaction may also be crcRNA-dependent; by including both ctRNA
expressing and crRNA negative controls in co-purification studies, the contribution
of this element to Csx function can be assessed. The findings of physical
interactions from these experiments could be further supported by super-shift
assays using purified Csx, Cas13b and crRNA. If shown to interact physically, then

time-course cleavage assays supplemented with Csx proteins could help to
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understand if this interaction alters the kinetics of either specific or non-specific
RNase activities of Cas13b.

Bacterial genetics could be used to address the possibility that csz gene
products influence RNA interference independent of direct interaction with Cas13b.
By comparing resistance to MS2 bacteriophage of bacteria harboring only csz
genes, only cas13b, csz and cas13b, and vector controls, it should be possible to
determine if csz effects on RNA interference are dependent on the presence of
cas18b. Another possibility is that Csx proteins regulate expression or translation
of Cas13b in vivo to modulate interference activity. By measuring the levels of
tagged Casl3b by western blot with and without expressed csz genes, it should be
possible to assess the validity of this hypothesis.

A genetic approach could also address the function of the putative HEPN
domain in csz28 and whether it mediates increased interference. Mutating
catalytic residues in the csz28 HEPN domain and comparing MS2 resistance levels
to constructs with the wild type gene can clarify the involvement of this putative

nuclease domain in RNA interference activity.

What is the molecular basis for non-specific RNase activity by Casl13

enzymes?

This thesis and other studies suggest that following on-target cleavage of
RNA substrates, both Casl3a and Casl3b exhibit subsequent non-specific RNase
activity termed the collateral effect (1, 7, 8). Collateral activity has been observed
in vitro for both enzymes and is dependent on initial cleavage of a‘ target with
complementarity to the ccRNA by Casl3a/b (1, 7). Importantly, binding to target

sequences with HEPN mutant versions of Casl3a/b does not lead to non-specific
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cleavage, implicating this domain in both on and off-target RNase activity (8).
Insight into the mechanism of off-target activity by Cas13 enzymes has been
guided by structural studies of Casl3a; whether similar structures underlie Cas13b

activity remains to be seen.

Initial studies of Casl3a in complex with a crRNA suggested that
conformational changes underlie nuclease activation, showing that the HEPN
domains are positioned on the external surface of the protein, facing away from the
site of crRNA binding (9, 10). Recently, a structure of the ternary of Casl3a from
Leptotrichia buccalis with a ctRNA and a short target RNA has been solved,
confirming that targeting binding induces a significant conformational change of
the enzyme (11). However, the HEPN domains in the target bound structure still
face externally and do not directly interact with the short ssRNA target,
suggesting that a long ssRNA target is needed to reach the HEPN domains for cis
cleavage of targets. It is tempting to hypothesize that the conformational change
induced by target binding activates the HEPN domains, which, still facing
externally, are not restricted to interacting with the crRNA target, allowing for

cleavage of targets in trans, leading to collateral activity.

Further structural studies will likely yield additional insights into the non-
specific RNase activity of Cas13 enzymes. It still remains possible that the
recently crystalized ternary complex of Casl3a is not the nuclease active
conformation, but rather a stable, non-active conformation of the enzyme. Solving
the ternary structures of Casl3s with a crRNA and a longer target sequence that
can reach the HEPN domains would likely shed light on whether this structure is

indeed a nuclease competent conformation that could mediate the collateral effect.
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Fully explaining collateral activity might require structural studies of a quaternary
structure of Casl3, a crRNA, target RNA and a ‘collateral’ RNA, that could

directly capture HEPN association with off-target substrates.

Why do Casl3 enzymes fail to exhibit off-target RNase activity in

mammalian cells?

The absence of non-specific RNase activity for Casl3 enzymes in human cell
is supported by RNA-sequencing data and the absence of a growth suppression
phenotype that is thought to be the result of such activity in prokaryotes (7, 12,
13). This observation is especially puzzling in light of the observation of on-target
cleavage activity of transcripts by both Casl3a and Casl3b enzymes in human cell
lines (12, 13). A satisfying explanation will likely require an understanding of the
mechanistic details of such behavior. Nevertheless, it is still possible to generate
some hypotheses by making broad assumptions about the nature of collateral

cleavage.

Assuming that the same Cas13 molecule is responsible for on and off-target
RNase cleavage, one possibility is that the half-life of Cas13 molecules is
significantly reduced in eukaryotic cells relative to prokaryotic or in vitro contexts,
allowing for the initial on-target cleavage event, but undetectable off-target
activity that would normally follow. Decreased Casl3 stability could be due to the
chemical composition of the eukaryotic cytoplasm or protein degradation pathways
that differ from in vitro and prokaryotic environments. Comparing the in vivo
half-life of Cas13 using pulse-chase analysis under activating and non-activating
conditions in prokaryotic and eukaryotic cells could evaluate this hypothesis.

Additionally, testing a wide range of in vitro buffer compositions for specific and
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non-specific Cas13 RNase activity may provide additional insight as to whether
these activities can be separated chemically, aiding in the explanation of this

phenomenon.

Because the nuclease domains of Casl3a face externally from the
crRNA:target binding channel, it has been proposed that HEPN nuclease activity
supplied in trans from another Casl3 molecule may be required for cleavage and
that Casl3 enzymes may function as dimers, to execute RNase activity(9). If the
nuclease active state of Casl3 is a dimer, it could make collateral activity more
sensitive to enzyme concentration levels—which likely differ between in wvitro,
prokaryotic and eukaryotic contexts. Titrating Casl3 enzyme levels for in vitro
cleavage assays could assess the hypothesis that collateral activity is Cas13-
concentration dependent. If concentration of Casl3 does control the balance of
RNase activities, an enzyme concentration should exist for which only specific

RNase activity is observed.

Ultimately, designing experiments to address the lack of non-specific RNase
activity by Casl3 enzymes in mammalian cells will be challenging in the absence of
a detailed molecular understanding of how such activity arises. Once a
mechanistic understanding of collateral activity is established, precise experiments
utilizing this information can help to clarify the curious lack of non-specific RNase

cleavage by Casl3 in mammalian cells.
Improving CRISPR-Cas13 RNA base editing

Chapter 3 describes programmable adenosine to inosine editing using

catalytically inactive Cas13b (dCasl13b) fused to the catalytic domain of human
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adenosine deaminase acting on RNA 2 (ADAR2pp) (13). There are a number of

ways that this technology can be improved.

In the work presented, increased specificity of editing was accompanied by a
concomitant decrease in on-target editing rates. Ideally, high levels of on-target
editing would attend specific editing by dCas13b-ADAR2pp fusions. By screening
additional ADAR2pp RNA binding mutations using a reporter that can estimate on
and off-target editing rates, as described in chapter 3, it should be possible to
evaluate if novel mutants exist that exhibit both high specificity and on-target

editing.

An attractive feature of RNA base-editing technologies is that they are
likely to be robust to cell state, as they rely on direct chemical conversion of bases
to recode transcripts. Testing the validity of this assertion by expressing RNA
base editing machinery in post mitotic cells, which are unable to utilize HDR to

achieve precise editing outcomes, could be an exciting area of future research.

In contrast to HDR, RNA base editing can only encode specific sequence
changes at present, limiting its utility in research and therapeutic settings.
Expanding base-editing capabilities to encode additional sequence changes would
enable its application in a wider range of contexts. This could be achieved through
fusion of dCas13 enzymes to other, naturally occurring RNA-editing enzymes with
different substrate specificity, such as cytidine deaminases that convert cytidine to
uridine (74). Using catalytically inactive Cas9 fusions to cytidine deaminases has
already shown utility for DNA base editing applications, suggesting that this

strategy might work to expand RNA editing to other bases (15). Alternatively, it
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may be possible to evolve existing RNA-editing domains to accept new substrates

to expand base-editing capabilities.
Transcriptome editing applications of Cas13 in mammalian cells

Transcriptome editing can be broadly defined as the ability to remove or
modify the function of endogenous transcripts. Powerful technologies exist that
can suppress transcript function in mammalian cells (76-79). The description of a
dCas13b enzyme with RNA-binding activity in mammalian cells opens the
possibility for a simple method to modify mammalian transcript function. By
fusing RNA modifying enzymes to dCas13b, it should therefore be possible to
reconstitute enzymatic function on endogenous transcripts, similar to the work

presented in chapter 3 with dCas13b-ADARpp fusions.

Future studies will likely explore the extent to which enzymatic functions
distinct from adenosine deamination can be reconstituted on transcripts using
dCas13b fusions. A range of therapeutic and research applications for
programmable RNA binding proteins has been previously proposed, but
exploration was hindered by the low re-programmability of earlier technologies
(20). Therapeutic applications of Casl3 could include development as a tool to
regulate alternative splicing pdtterns, modulation of translation, or allele specific

transcriptional targeting.

Casl13 could also be used in a research context to explore the function of
RNA modifications whose basic or contextual function is unclear by allowing
control over the timing and location of such marks. Of particular interest for this

type of application is the developing field of epitranscriptomics, which seeks to
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understand how novel RNA modifications lead to post-transcriptional gene
regulation (21). With the recent development of techniques to detect such
modifications, technologies that can be used to modify their existence, such as
dCas13b fusion to RNA modifying enzymes, will become increasingly important to

understand their function.
Conclusion

CRISPR-Cas systems utilize diverse mechanisms to achieve cleavage of
target nucleic acids to provide immunity to mobile genetic elements. DNA
nucleases from class 2 CRISPR systems have improved genome editing significantly
by providing a simple method for targeting genomic loci for cleavage or
recruitment of DNA-modifying domains. I presented work in this thesis describing
the discovery and characterization of the type VI-B class 2 CRISPR system that
encodes an RNA-guided RNase, Cas13b. I show that Casl3b orthologs e.xhibit
RNase activity in both prokaryotic and eukaryotic cells and that catalytically
inactive versions of this enzyme can be used to direct enzymatic activity to
endogenous transcripts. The sum of this work has been to extend the simplicity
and functionality of CRISPR genome editing to the level of RNA. By allowing
RNA-targeting in diverse contexts, Cas13b has the potential to be utilized for a

broad range of therapeutic and research applications.
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