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Abstract: The complexity of eukaryotic organisms is intri-
cately tied to transcriptome-level processes, notably alter-
native splicing and the precise modulation of gene expres-
sion through a sophisticated interplay involving RNA-binding
protein (RBP) networks and their RNA targets. Recent
advances in our understanding of the molecular pathways
responsible for this control have paved the way for the
development of tools capable of steering and managing RNA
regulation and gene expression. The fusion between a rapidly

1. Introduction

The regulation of RNA, a key intermediary in the flow of
genetic information in eukaryotic organisms, is foundational to
dynamic gene expression and cellular identity.!! How RNA is
regulated within the cell by changes to its stability, chemical
composition, sequence, and translation rate has been an
intensive research area, and findings over the recent decades
have significantly elevated our perception of RNA regulation’s
importance in the central dogma.” Specifically, events that
alter RNA composition such as alternative splicing and 3’ end
processing are foundational to eukaryotic organisms’ complex-
ity through their influence on protein composition and
localization.! We have also come to understand that the
regulation of mRNA stability and translation by RNA-binding
proteins (RBPs) and noncoding RNA such as miRNA or
IncRNA can uniquely tune proteomic homeostasis in distinct
tissues.”®! More recently, work by the research group of Chuan
He and colleagues into RNA regulatory pathways such as N°-
methyladenosine (m°A) modification have been foundational
to the emergence of the field of “epitranscriptomics” (Fig-
ure 1a)."! Epitranscriptomics focuses on probing how rever-
sible RNA modifications impact RNA metabolism and trans-
lation, which can direct cell fate with broad implications from
cancer to development.™

RBPs that recognize and bind specific RNA modifications
or sequence motifs to elicit an effect on the bound RNA are
the functional workhorses driving chemical modification-
dependent gene expression changes at the RNA level.! In
fact, we are beginning to understand that the same modifica-
tion can have diverse downstream effects on a specific RNA,
depending on which RBP(s) — each with different specific
activities and/or interaction partners — are bound.”) These
RBP-driven effects can include the modulation of: splicing,
polyadenylation, stability, localization or translation efficiency.
The power and versatility RNA regulation possesses has
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developing understanding of endogenous RNA regulation
and the burgeoning capabilities of CRISPR-Cas and other
programmable RBP platforms has given rise to an exciting
frontier in engineered RNA regulators. This review offers an
overview of the existing toolkit for constructing synthetic
RNA regulators using programmable RBPs and effector
domains, capable of altering RNA sequence composition or
fate, and explores their diverse applications in both basic
research and therapeutic contexts.

inspired considerable interest into whether RBPs can be
precisely engineered to programmably influence gene expres-
sion (Figure 1b). This interest has coalesced into a rapidly
expanding field driven by the convergence between advances
in our understanding of RNA regulation and also engineering
methods informed by the recent breakthroughs in program-
mable DNA-targeting technologies. In this review, we will
discuss the recent progress of engineering proteins to bind
specific RNA sequences as well as the functionalization of
these proteins to direct diverse processes that modify RNA’s
composition and/or fate. We also highlight several exciting
applications of these systems to probe and study biological
systems for basic research, as well as synthetic RBPs with
therapeutic functionality for correcting aberrant gene expres-
sion. Finally, we will describe further progress into harnessing
RNA regulation beyond RBPs.

2. Programmable RNA-Binding Proteins

How native RBPs specifically interact with RNA is an active
area of research, with many recently discovered RBPs
containing novel domains not previously linked to RNA
binding.®™ Well-studied RBPs often consist of multiple weak
RNA-binding domains that contact a target RNA simulta-
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Figure 1. Breakthroughs in epitranscriptomics enable engineered platforms to direct and study RNA regulation. This figure depicts m°A
modification as an example RNA regulatory pathway that can be co-opted by engineered RBP platforms. a, m°A modification installation by
“writer” enzymes and removal by “eraser” enzymes mediates downstream regulation of the modified RNA by “reader” proteins that can have
different effects depending on their interaction partners such as destabilization (YTHDF2) or translational activation (YTHDF1). b,
Programmable RBPs can direct fused “writer” or “eraser” enzymes to explicit RNA targets and influence their site-specific modification. The
downstream effects of the RNA's modification change can then be studied for basic research or leveraged to cause other known regulatory
outcomes depending on the effector domain fused to the RBP.
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neously to increase affinity and specificity.”? However, many
RBPs regulate multiple RNA binding partners with similar
short sequence motifs and do not possess the specificity
necessary for single target RNA-binding. Engineering de novo
RNA binding domains remains an outstanding challenge, in
part due to the inherent flexibility of RNA structures as ligands
and our limited understanding of how RBPs achieve sequence-
specific binding and how that specificity may be further
improved.['”!

Conversely, programmable DNA-targeting with engineered
proteins has been achieved through the use of modular, repeat
domain proteins, such as TALENs or zinc fingers, which can
sequence-specifically bind with 1 or 3 nucleotide(s) per
domain, respectively.'""! By fusing several domains together,
zinc finger and TALENS repeats are typically designed to bind
approximately 18 bases, with additional engineering (e.g.,
simultaneous binding of a second designer protein to the
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nearby antisense strand required for DNA cleavage) capable of
further increasing target specificity. Zinc fingers and TALENs
have thus been functionalized with many different DNA-
modifying proteins for a myriad of genome engineering-
related applications.

Analogously, Pumilio proteins are RBPs that uniquely
derive their RNA-binding capability through modular repeat
domains (PUF domains) that each recognize a single RNA
base (Figure 2b).['” Much like DNA-binding TALENS, modu-
lar PUF proteins have been engineered for programmable
RNA-binding in mammalian cells, however, PUF proteins
generally only allow effective targeting of up to 8-9 RNA
bases, greatly limiting their specificity and use in many
bioengineering applications.'*! Pentatricopeptide repeat (PPR)
proteins are another RBP family that recognize single RNA
bases through repeated domains and have been pursued for
designer RBP engineering. PPR proteins may be amenable to
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Figure 2. Current programmable RBPs. a, Current RNA-targeting CIRSPR-Cas platforms and their relative size by amino acid (AA) number.
Note that the Csm complex AA number includes all subunits (Csm 1-5) required for RNA-targeting and cleavage in their respective
stoichiometry. b, Engineered, eukaryotic protein-derived programmable RBPs and their respective AA size without additional necessary effector
domain. ¢, Examples for inducible programmable RBP platforms. Upon ABA addition the two subunits of split Cas13d reconstitute and then
can bind and degrade an RNA target. Likewise, inducible CIRTS can bind an RNA target, but only ABA addition can induce the effector (the
base editing enzyme ADAR) to interact with the bound RNA and edit the target. d, Range of possible RNA regulatory functionalities that can
be programmed either by RBP binding or RBP-mediated direction of an RNA regulatory protein effector. PAS — polyadenylation site
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targeting longer RNA sequences than PUF proteins, but their
potential for programmable RNA-binding in mammalian cells,
though under active investigation, is still unclear.''

Overall, development and application of these platforms
for programmable RNA binding have been slowed by
laborious engineering and screening necessary to uncover
domain sequences that bind efficiently to new RNA-targets as
well as limited target specificity.**'¥! Additionally, modular
repeat proteins for programmable nucleic acid targeting have
largely been supplanted during the last decade by the
explosion of CRISPR-Cas technologies and their development
into programmable nucleic acid binding platforms.!”

CRISPR-Cas proteins offer facile programmability through
interaction with a guide RNA (gRNA) that directs the Cas
protein to a DNA target via antisense complementarity (Fig-
ure 2a).l'""! While the CRISPR-Cas systems initially discov-
ered were found to target DNA, successful application to
targeting disease relevant RNA in eukaryotic cells was
achieved by engineering the DNA-targeting Cas9 variant into
a programmable nuclease inactive RNA targeting moiety,
Rcas.'™ These successes inspired the discovery of natively
RNA-targeting Cas protein type VI systems with families such
as Casl3, which include several variants that have been
utilized for programmed RNA manipulation, such as Casl3a,
Casl13b, and Cas13d.'™'™ Similar to their DNA-targeting
counterparts, Casl3 natively cleaves RNA duplexed with the
complementary gRNA.

The nuclease activity of Casl3 proteins can be abolished
by mutation to produce catalytically dead Casl3 (dCasl3),
which yields a gRNA-directed RBP. Furthermore, dCasl3
offers straightforward functionalization beyond RNA-cleavage
via fusion with different effector protein domains that carry
out activity when in close proximity to a target RNA.I'!
Additionally, we leveraged the blueprint for programmable
RNA-targeting laid out by CRISPR-Cas platforms and
recapitulated their functionality using engineered human
protein parts. This lead to the development of the CRISPR/
Cas-Inspired RNA Targeting System (CIRTS) platform, a
protein fusion capable of specific binding to a gRNA and
functionalization through addition of further protein domains
(Figure 2b).*" These innovations have driven a rapidly
expanding suite of platforms to address fundamental questions
about RNA’s role in central life processes and offering new
therapeutic angles for traditionally “undruggable” diseases.

Recent advances in protein-based RNA-targeting generally
fall into two categories: 1) deployment-related improvements
to established Casl3 platforms, either through protein engi-
neering to reduce size or gRNA design tools to improve on-
target efficacy and reduce gRNA screening efforts; and 2) the
discovery and molecular study of novel RNA-targeting
CRISPR-Cas platforms from the Cas13 family or other classes.
In this section we will discuss both the state-of-the-art in
engineered Casl3 variants and emerging platforms with their
comparative advantages and disadvantages.
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2.1 Engineered Miniature Cas13

Protein size is a key determinant for platform utility and can
be a limitation especially in contexts where delivery by viral
vectors with strict packaging limits, such as AAV, are a
necessity. Consequently, to open up design space for directing
RNA modifications in delivery-restrictive tissues, reducing the
size of the relatively large Casl3 members has garnered
increased attention. These miniaturization efforts have primar-
ily focused on two leading Casl3 platforms: the most potent
effector, Cas13d, and the current smallest variant, Cas13bt3
(also known as Casl3X.1; Figure2a). The expansive and
continually deepening Casl3 molecular and structural knowl-
edge base has been an important guide to understanding
domain functionality and informing engineered Casl3
variants.”?1 Furthermore, recent breakthroughs in protein
modeling  with  AlphaFold2 have bolstered these
developments.'*?

For Cas13d, Zhao and Zhang et al. described and demon-
strated an iterative domain truncation strategy aimed at
trimming residues that do not mediate interactions with the
gRNA or target RNA, as they are less likely to contribute to
either the RNA-binding or cleaving processes.””! Impressively,
the authors demonstrated that this engineering strategy could
be effective when informed by Cryo-EM structures or
AlphaFold2 structural predictions for several Cas13d variants
and a Casl3b variant. The study produced a mini-RfxCas13d
(682 AAs) that possessed functionality on par with the
wildtype enzyme for both on-target nuclease activity and
direction of base editors.

The Casl3bt proteins were discovered via metagenomic
mining for more compact Casl3 members of the already
established Cas13b family, of which, Cas13bt3 is the smallest
at 775 AAs.*¥ Comparisons between common Casl3b and
Cas13d effectors demonstrated that despite their reduced size,
Cas13bt family members are only slightly less efficient for on-
target knockdown or base editing, making Casl3bt3 an
attractive option for minimal nuclease and base editing
applications.

Further domain truncations resulted in a dCas13bt3 mini
variant with a total length of 445 AAs with similar or slightly
reduced ability to direct base editors as the full-length version,
depending on the target context. Further Cas13bt3 mechanistic
and structural studies revealed several mutations which can
improve its RNA-binding ability, demonstrating that Cas13bt3
can be further engineered for improved efficacy and reduced
size (down to a minimal 417 AAs).” Overall, the flexibility
the minimal Casl3 variants afford for delivering base editors
and gRNA arrays, as well as the potential to package larger
effector fusions, make these engineered platforms important
tools both for therapeutic applications and basic research.
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2.2 Cas13 gRNA Design Optimization

Elucidating gRNA spacer design principles to improve on-
target and reduce off-target binding carry importance in any
application, but especially in areas such as high-throughput
RNA-knockdown assays, therapeutic base editing, and RNA
sensing, where gRNA efficacy and accuracy are vital. As
platforms such as Cas13d gather interest in these areas, several
groups have focused on improving RfxCas13d gRNA design
via high throughput characterization of tens or even hundreds
of thousands of gRNAs in parallel with read outs such as on-
target nuclease activity in cellulo or in vitro RNA-binding.*"!
Data sets generated from these studies have been used to
inform both bioinformatic prediction for efficacy for de novo
designed gRNA and biophysical models for gRNA-directed
Cas13d RNA-binding. There now exists several public
bioinformatic tools for Cas13d gRNA design for a given target
RNA, which has greatly increased accessibility and pro-
grammability for this platform.”®**"! Resources to aid with
Casl3d gRNA design and prediction can be found at:
cas13design.nygenome.org; arcinstitute.org/tools/cas13d; and
deepcas13.weililab.org. Furthermore, a molecular understand-
ing of gRNA-directed Cas RNA-binding also informs the
design of gRNA with sensitivities to even single mismatches
with their target, which may open the door for differential
targeting between transcripts from highly similar alleles. For
example, targeting splicing-specific transcript isoforms using
gRNA landing sites on unique exon-exon junctions may
enable specific targeting of almost 90% of human RNA
isoforms.?® Likewise, there has been interest in expanding
these screens to other Casl3 platforms such as Casl3a and
Casl3b and it is likely that the methods for defining
programmability pioneered around Casl13d will be applicable
to other emerging programmable RNA-binding platforms.*”

2.3 Inducible Programmable RBP Systems

All previously described programmable RBP platforms will
constitutively bind the RNA-target as long as they are
expressed, but there are applications where greater functional
control is required. Inducible genome editing systems,
activated through various exogenous signals, have previously
been engineered, primarily through the fusion of two halves of
a genome editor protein to binding partners that only interact
when a chemical signal (e.g., a small molecule or peptide
ligand) is present.”? Thus, the activity of the “split”
engineered genome editor depends on the inducer molecule
causing dimerization of its interaction partners bringing the
two halves into close proximity. These chemically inducible
platforms possess distinct advantages for temporal control
over target manipulation for applications in basic research or
precise therapeutics.

This functionality has likewise been integrated into
programmable RBP systems by engineering Casl3 into two
separate protein subunits that cannot reconstitute into a
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functional RBP without added small molecules such as
abscisic acid (ABA) inducing dimerization domains fused with
the Casl3 subunits to interact and bring the Casl3 subunits
into close proximity (Figure 2c). Similar inducible systems
have been developed for both Casl3b and Casl3d and
leveraged to program small molecule-inducible RNA-knock-
down in cells and also in vivo.®"! Additionally, split Cas13 has
been utilized for programmable m°A writing and other similar
split systems comprised of programmable RBPs, such as
CIRTS, and effector domains have also be deployed for
inducible functions such as base editing, translational activa-
tion, and degradation (Figure 2¢)."? Collectively, inducible
RBP binding, or effector recruitment allows for additional
temporal and reversible control over RNA regulation with
applications in basic research in time-sensitive experiments
and potentially gene circuits for programmable cellular
rewiring in advanced therapeutics.

2.4 Type Ill RNA-Targeting CRISPR-Cas Platforms

Type-III Cas systems represent the second major group of
natively RNA-targeting Cas platforms apart from the afore-
mentioned type VI Cas13 proteins.*® Unlike type VI effectors,
type III CRISPR systems are often composed of multiple
proteins which must complex together to recapitulate the
gRNA processing, and directable RNA-binding and cleavage
processes mediated by single protein Casl3 effectors. Due to
this additional complexity, the study and deployment of type
IIT systems has been limited compared to type VI systems, but
there still exists interest in developing methods to deploy these
multi-subunit effectors or identify type III systems that could
be deployed in a single-effector manner due to advantages in
specificity and accessory functions over current type III
systems.

2.4.1 CRISPR-Csm Complexes

Several molecular and structural studies have focused on
elucidating the protein stoichiometry and RNA-targeting
capabilities of CRISPR-Csm complexes, a multisubunit type
III CRISPR system (Figure 2a).”* Csm complex gRNA
interaction and subsequent RNA-targeting and cleavage
requires five Csm proteins in varying amounts and an addi-
tional Cas6 protein for gRNA maturation from CRISPR
arrays.””! As with Cas13 effectors, gRNAs can be designed
with a specific Csm direct repeat to mediate their interaction
with the Csm complex, and a programmable spacer region to
obtain directed Csm binding and RNA-cleavage. In a study
using eukaryotic cells, it was shown that Csm complexes
specifically and potently knock-down target RNA levels, both
for nuclear noncoding RNA and mRNA, much like Casl3
effectors.”™ However, unlike Casl3, type III CRISPR-Cas
systems do not possess the domains responsible for collateral
cleavage of bystander RNA, offering a potential advantage for
RNA degradation over native Casl3 in situations where
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specificity and cytocompatibility are vital, such as high-
throughput RNA knockdown screens.

Another interesting aspect of Csm complexes that may be
advantageous in biotechnological applications is that, due to
the complex’s stoichiometry, Csm complexes can deliver
multiple copies of fused proteins to a target RNA as up three
protein copies are required of some complex members (Csm3)
for RNA-targeting. For example, Colognori efal. demon-
strated that Csm3-GFP fusions, when incorporated into a
catalytically dead Csm complex, can be used to image
RNA.P® While the multisubunit nature of Csm complexes will
likely impede their development as therapeutic modalities due
to delivery challenges, their unique cleavage specificity may
support their adoption as another RNA-knockdown tool to
compliment RNAI, especially for targets for which RNAI is
less efficient, such as nuclear RNA.

2.4.2 CRISPR-Cas7-11

Interest in identifying other type III CRISPR systems without
collateral RNA-cleavage activity led to metagenomic mining
efforts focused on identifying whether single effector-like
variants of the protein family existed. These efforts led to the
discovery of CRISPR-Cas7-11 which, through the native
fusion of several domains typically found in separate type III
Cas protein subunits, is functionally akin to the single effector
Cas13 family (Figure 2a)."" Indeed, Ozcan et al. demonstrated
that Cas7-11 itself was capable of gRNA array processing and
specific RNA cleavage without the cytotoxicity sometimes
observed in mammalian cells with RNA-knockdown with
some Casl3 variants, as well as dCas7—11 variants capable of
directing base editors. The comparable, albeit slightly weaker,
on-target RNA degradation compared to the more widely used
Cas13b and Cas13d variants made it an immediately viable
choice for improved specific RNA-knockdown like Csm
complexes, but in a single effector format. However, the
smallest Cas7—11 variant identified in the study is almost twice
the size (1,367 AAs) of smaller Cas13 variants, which hinders
deliverability, even as a nuclease.

Follow up studies leveraged Cryo-EM to elucidate the
Cas7-11 domains important for RNA binding and cleavage as
well as their molecular mechanism.” These insights provided
the basis for structure-guided Cas7—11 truncation to produce a
minimal Cas7-11S with similar activity to the wildtype
protein. While Cas7—-11S was still on the larger end of RNA-
targeting Cas platforms at 1,290 AAs, it can be delivered as a
nuclease in single vector AAV. Even so, the packaging limits
of the AAV vector precludes the fusion of any additional
effectors. Nonetheless, Cas7—11 and its engineered variants
are viable platforms for programmable RNA-targeting and
have advantages for RNA-knockdown compared to Casl3
family, as long as delivery is not a constraint, similar to Csm
complexes. While beyond the scope of this review, Cas7—11
has recently begun to occupy a unique role in RNA-sensing
applications due to the identification of native accessory
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proteins that allow for specific proteolytic cleavage upon
Cas7-11 binding its target RNA.F*** Several groups have
leveraged this functionality to create engineered protease
targets which generate a measurable signal upon cleavage to
create an exciting Cas7—11 RNA-sensing platform. "

3. Effectors for Engineering Programmable RBP
with Diverse Functions

3.1 Engineering Intrinsic RNA-Targeting CRISPR-Cas
Nuclease Activity

While most Cas13 proteins have clearly been demonstrated to
possess the ability to not only cleave a target RNA upon
duplexing with its gRNA in cis, but also bystander ssSRNA in
trans in a gRNA-independent manner (also referred to as
collateral cleavage) in vitro, there have been conflicting reports
about whether this activity occurs in mammalian cells and to
what extent.!'’***"%!) Several recent studies have contributed
to the understanding that the extent which Casl3-dependent
collateral RNA cleavage can be measured in eukaryotic cells
is positively correlated with the abundance of the target
transcript.”? Since target recognition is a prerequisite for
Cas13 nuclease domain exposure to the cytoplasm, the greater
the number of “activated” Casl3 increases bystander RNA
cleavage.”"™***) When the target is relatively abundant, usually
in the case of reporters or housekeeping transcripts, the
collateral cleavage can be significant enough to reduce cellular
fitness and has even been used to deplete distinct cell
populations in complex mixtures.[*?**!

Though collateral activity has some utility, for most
purposes, precise knockdown and no dependance between
target abundance and cellular toxicity are preferable. Further-
more, a recent study demonstrated that the collateral activity
of many Casl3 wvariants complicated their delivery by
lentivirus, which is an important method used in many library
screens.” Some strategies for reducing collateral activity
from native Cas13d have been demonstrated, such as limiting
Casl3d expression in situations where multiple Casl3d
proteins simultaneously bind the target, like in expansion
repeat diseases.*! However, this design may not reduce
collateral activity in all contexts and does not ablate it
completely.

In order to investigate methods to mitigate collateral
cleavage, Tong etal utilized a dual-fluorescent reporter
strategy to simultaneously measure both on-target and collater-
al cleavage from Casl3 targeting in HEK293T cells and
confirmed pervasive cleavage of the off-target reporter tran-
script from multiple native Casl3 variants including Cas13d
and Cas13X.™ The authors then implement a random muta-
genesis strategy to alter amino acids in an RNA-binding cleft
near the catalytic domains, creating over 100 Cas13d variants
and screening them for collateral activity by FACS. A high
fidelity Cas13d variant (hfCas13d) was identified by markedly
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reduced collateral activity in the reporter screen and was then
validated by RNA-seq across multiple endogenous targets.
Critically, hfCas13d was also confirmed to possess greatly
reduced cellular and in vivo toxicity compared to native
Casl3d when targeting an endogenous transcript, but with
comparible on-target knockdown.

The generalizability of this strategy was then demonstrated
by a similar mutagenesis campaign on Casl3X, which also
identified a hfCas13X variant with minimal sacrifice to on-
target activity, but the lowest measured collateral cleavage
across several tested native Casl3b, Casl3d, and Casl3X
variants and also hfCas13d for some targets. The mutational
hotspot originating the favorable properties of hfCas13X were
also independently deduced and verified by a structure-guided
engineering approach by Deng and Osikpa et al.* Their study
solved the Cyro-EM structure of target-bound, activated
Cas13bt3 and identified positively charged patches on the
enzyme’s surface near the catalytic domains, which could be
mutated to ablate nonspecific cleavage. The authors also found
several tyrosine to alanine mutations in this site that were
beneficial, which were comparible to the mutations made in
the previously engineered hfCas13X, and verified a similar
decrease in collateral activity. These engineered enzymes are
promising candidates for precise RNA-degradation in sensitive
contexts for any but especially abundant targets.

3.2 Engineering and Directing RNA-Effectors for Diverse
RNA-Modifications

3.2.1 Programmable RNA-Modification Editing

A wide repertoire of programmable RNA-binding platforms
such as dCas9, dCasl3a, dCasl13b, and dCas13d have been
fused to m°A writers (most commonly METTLE3) and erasers,
such as ALKBHS and FTO, to precisely install or remove m°A
modifications on specific targets in a gRNA-dependent manner
(Figure 2d).*”! Temporal control over writing and erasing m°A
has also been implemented by employing the ABA-based
inducible system to coordinate dCas13b and a writer or eraser
upon addition of ABA.M Importantly, the modifications are
reversible in the absence of ABA providing a more precise
tool to investigate the biological consequences of specific
modification events. Further tool development, such as
photocaged ABA for light-inducible RNA-modification and
ligand stabilized Cas13, continues to provide greater measures
of control.™™*! As more RNA-modifications and their
associated writing/erasing pathways are described, such as
m’°C, m'A, and pseudouridine, the tools currently developing
around programmable m°A modification could likely inform
programmable writing/erasing platforms to further their study
as well.” Indeed, there have already been some descriptions
for programmable m'A erasers applied to demethylate
endogenous targets.”"
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3.2.2 Altering RNA Sequence and Composition

Processes that rewrite RNA sequences such as editing,
alternative splicing, and alternative polyadenylation have the
ability to dramatically modify encoded proteins or rewire how
an RNA is regulated in the cell.”® Naturally, eukaryotic cells
utilize these pathways to derive much of its transcriptomic
diversity which often is reflected in cell differentiation, and
when dysregulated, is a causal factor in many diseases. The
ability to programmably direct such impactful changes has
been an active area of research even before the advent of
CRISPR-Cas technologies when PUF proteins were utilized to
deliver fused splicing inhibitors or activators to manipulate
exon exclusion or inclusion, respectively, into mature tran-
scripts (Figure 2d).” Both functionalities were also later
replicated with Casl3 but interestingly just Casl3d itself
binding to an exon could induce its skipping, with splicing
inhibitor effectors only marginally increasing this effect.[!’*]

These initial successes have continued to stoke interest in
developing more potent splicing activator RBPs. In 2024,
Schmok et al. utilized large-scale tethering assays to screen
over 700 RBPs to identify new proteins capable of mediating
alternative exon inclusion on a luciferase splicing reporter.’"
They identified several splice-enhancing proteins, which were
then truncated to yield an expanded toolbox of smaller and
more effective protein domains to drive exon inclusion when
fused to Cas13d. The future application and engineering of
RBPs for alternative splicing has exciting therapeutic applica-
tions (e.g., correcting aberrant splicing events) as well as
supporting our understanding of endogenous splicing net-
works.

Similar to blocking exon inclusion by Casl13 binding, Tian
and Zhang et al. demonstrated an analogous blocking mecha-
nism with Cas13 could also be used to disrupt polyadenylation
from nearby bound signal sequences to reduce transcript
isoform expression derived from specific alternative polyade-
nylation signals.”* Additionally, it may also be possible to
deliver alternative cleavage and polyadenylation (APA)-induc-
ing effectors to boost APA at a specific signal in an opposing
mechanism.*® Altogether, these programmable platforms are
amassing an exciting toolbox to manipulate transcript isoform
expression ratios with opportunities to aid study for isoform-
specific biology and correcting diseases originating from
isoform ratio imbalances. While still on the horizon, the
development of methods to use programmable RNA-binding
proteins to direct trans splicing of user-defined exons, which
would have exciting applications in bioengineering and
therapeutics alike, is also being explored.”

There has also been rapidly growing preclinical interest in
developing programmable RBPs with precise RNA base
editing activities (Figure 2d). Endogenous RNA base editing is
largely mediated by adenosine deaminase acting on RNA
(ADAR) enzymes which catalyze directed A-to-I edits
(recognized as G in base pairing and translation) conversion.”*
The Zhang lab developed the first programmable RBP-based
RNA editing platform, REPAIR, by fusing the human ADAR?2
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adenosine deaminase domain with Casl3, allowing A-to-I
editing of both reporter and endogenous RNAs.!"** Further-
more, ADAR?2 natively recognizes dsSRNA substrates, enabling
the direction of its activity with Cas13 since the gRNA can be
designed to have the target adenosine unpaired in the gRNA:
target duplex. ADAR2’s specificity was improved by rational
mutagenesis to decrease its native RNA-binding ability,
combined with a previously described mutation to increase
ADAR2’s activity, to yield the final REPAIR platform. Over-
all, the authors demonstrated that REPAIR can edit A in any
neighboring base context with a typical editing rate of
approximately 10-30% for endogenous, disease relevant tran-
scripts with very limited off-target editing. Since this study
was published in 2017, REPAIR has been improved by
incorporating later generation Casl3 modalities such as
Cas13d and Cas13X (Cas13bt3) to boost its on-target editing
efficiency upwards of 50% in some contexts, thus greatly
increasing its preclinical potential

The Zhang lab was also the first to expand RNA editing
beyond A-to-I by using an engineered ADAR2 capable of
deaminating cytosines, yielding a C-to-U editor named
RESCUE.” Like REPAIR, RESCUE typically produced
editing rates between 10-30 %, but due to editing of bystander
A sites as well as C, RESCUE had a less favorable specificity
profile. Since expanded base editing functionality is valuable
for addressing a greater variety of disease relevant mutations,
other groups have worked to improve targeted C-to-U editing.
Huang et al. engineered another C-to-U editing platform by
utilizing Casl3 to direct APOBEC3A, a native cytosine
deaminase, to unique gRNA which isolate the target C on a
bulge that mimics native APOBEC3A substrates.*” This
platform, CURE, was shown to edit multiple reporters and
endogenous substrates with relatively high rates (40-50%),
but this was largely restricted to APOBEC3A-preffered motifs,
where a U proceeded the target C. Future use of CURE or
RESCUE would largely depend on the sequence context for
the target C, as CURE demonstrated higher editing rates for
UC sites, but is likely outperformed or matched by RESCUE
in most other contexts.

3.3 Effectors for Repressing or Amplifying Translation

Beyond modifying RNA composition or endonuclease-medi-
ated degradation there are still numerous methods that RBPs
employ to ultimately influence a transcript’s output. In the
case of negative regulation, a storied body of work has shown
that mammalian transcripts are often destabilized through
association with deadenylase complexes, which simultane-
ously remove a mRNA’s polyA tail and repress its
translation.”” RBP domains that mediate the interaction with
deadenylase complexes have also been engineered as effector
domains for programmable RNA destabilization and transla-
tional repression under multiple platforms such as PUF
proteins, dCas13, and CIRTS (Figure 2d)."****5 Furthermore,
direct translational repression without altering transcript
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abundance has been demonstrated in some contexts, either
through direct binding to important translational regulatory
elements, such as the start codon, with PUF proteins or
dCas13."! Repression may be further enhanced by fusion of
Cas13 with known translation repressing RBPs such as 4EHP
(Figure 2d).13"

Platforms to programmably increase protein expression
from RNA targets in eukaryotic contexts still represent a major
area of need. Several eukaryotic initiation factors or their
recruiters such as elF4e or the N-terminal domain of
YTHDF1, which may bind eIF3, have been shown to increase
reporter protein expression without affecting transcript levels
when directed by PUF proteins or Casl3 and CIRTS
respectively, but their application to endogenous targets has
been limited (Figure 2d).!"**?* % *I These roadblocks have led
to the investigation of other methods, beyond directing trans-
lation-related proteins, to increase transcript protein expression
from programmable RBPs.

Recently, Cao and Li ef al. showed that incorporation of a
SINEB2 RNA domain, which can itself increase translation
when directed by a cis gRNA sequence, into the gRNA of
dCas13d could increase translation of a reporter to a greater
degree than the SINEB2 domain alone (an RNA-based
technology known as SINEUPs).™ The authors then showed
that this strategy could also be applied to several endogenous
targets, demonstrating that amplification of tumor suppressor
genes in this manner can successfully decrease tumor size and
metastasis in an in vivo model. Additionally, Li et al. demon-
strated a method to stabilize transcripts that have known
negative regulator binding sites by directing dCas13 fused to
the negative regulator’s RNA-binding domain (TTP in their
study), competing the native negative regulator off of the
transcript of interest thereby increasing its abundance (Fig-
ure 2d).1%

While these are innovative strategies, the further develop-
ment of direct protein-based methods for both translational
repression and activation in eukaryotic cells will likely depend
on the continued study and characterization of RBP function.
RNA networks are often regulated by many RBPs in concert
which can complicate the determination of their individual
effects. Additionally, some RBPs* function depends on cellular
or bound RNA-sequence context.™! Overall, a greater under-
standing of how and when individual RBPs direct their
endogenous RNA-targets is necessary for their engineering
and deployment as programmable translational effectors. On-
going research into characterizing individual RBP function is
rapidly expanding our knowledge of how mammalian cells
dynamically control RNA fate and how to design and build
programmable systems.[2%"]

4. Programmable RBPs in Preclinical Applications
Cas13 has found recent success in mediating the degradation

of mRNAs encoding proteins whose “undruggable” aggrega-
tion play central roles in devastating neurodegenerative
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diseases (Figure 3a). Huntington’s disease (HD) is a prime
example with longstanding interest in targeting the transcript
of the causal autosomal dominant huntingtin (HTT) protein
mutant. HD linked HTT mutants harbor CAG trinucleotide
repeats that encode toxic polyglutamine expansions in disease
carriers.!®® In pioneering proof-of-concept studies, the Yeo lab
leveraged RNA-targeting Cas9 to selectively degrade patho-
genic HTT mRNA and other toxic, repetitive transcripts
demonstrating efﬁcient RNA targeting and clearance both
in vitro and in vivo.'” Now, the recent description of smaller
and more potent RNA-targeting nucleases such as Cas13d has
opened the door to further preclinical development for these
strategies.

In 2022, Morelli and Wu et al. demonstrated Cas13d can
efficiently degrade toxic HTT mRNA and reduce pathogenic
HTT protein expression in patient cells, as well as in a mouse
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model of HD, following AAV-mediated delivery to the
striatum.’” Importantly, the authors demonstrated effective
degradation in a toxic allele-specific manner without altering
levels of wild-type HTT mRNA, which is important for
maintaining neuronal homeostasis even in HD patients. This
allele-specific targeting represented a major advance over
previous efforts with RNAi and antisense oligonucleotides
(ASOs), which were either toxic due to off-target degradation
of the healthy transcript or did not efficaciously degrade the
toxic transcript.”! Cas13d AAV treatment led to phenotypic
improvements in the HD mice for at least eight months
without major adverse effects resulting from off-target tran-
scriptomic perturbation. This study showcased that RNA-
targeting nucleases could be uniquely positioned to address an
important and difficult to manage disease.

A
Toxic Allele-Specific Targeting
wild-type mutant Cas13d
HTT ATNGATN AN TN =
mRNA M AN
(CAG).,, CAG )sss s Mum
Huntingtin “"by fnwm\
protein PolyQ
B Reducing Protein Aggregation
TDP-43
aggregate
c Repairing Missense Mutations
Myo6"" Myo6°#2 dminiCas13X.1-Adar2dd
mRNA My060442Y
’ﬂTl\u_lyﬂTr\ ’I‘ITI\UJJ/ITH\ MRNA
uGcC UAC
I |
\ v Functional
n - unctiona
Protein w& W == QQJ& Myo6
Cys Tyr Cys protein

Figure 3. Highlighted preclinical applications of therapeutic programmable RBPs a, Allele-specific targeting of the mutant CAG expansion in
the HTT mRNA by Cas13d allows its precise degradation and reduction in toxic Huntingtin protein levels. b, Ataxin-2 mRNA degradation by
Cas13d reduces TDP-43-related aggregates associated with several forms of ALS and frontotemporal dementia. ¢, A missense mutation in
Myosin VI leading to deafness can be corrected by Cas13 base editors to restore functional protein expression.
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Simultaneously, the Gaj lab also demonstrated the potential
for Casl3d-mediated gene silencing in the central nervous
system to address neurodegenerative diseases. They first
showed that Casl3d-mediated SOD1 mRNA knockdown,
which encodes a metalloenzyme whose mutation is linked to
some forms of ALS, improves outcomes in mouse models of
this disease when delivered via AAV to the spinal cord.””
Then, in 2023, they applied Cas13d to degrade the ataxin-2
transcript. Ataxin-2 is a positive modifier of neurodegenerative
diseases caused by TDP-43 aggregation, including many types
of ALS and frontotemporal dementia (Figure 3b)."®! Zeballos
et al. demonstrated that knockdown of ataxin-2 protein levels
by Casl3d effectively reduced wild type TDP-43 aggregation
and some TDP-43 proteinopathy-related mutants in cell-based
assays. These results then translated to a severe TDP-43-
related ALS mouse model characterized by an average lifespan
of only 24 days. Intracranial administration of AAV encoding
ataxin-2 targeting Casl3d reduced TDP-43 aggregates, im-
proved phenotypic ALS markers, and extended the lifespan of
the juvenile mice up to 35 days on average.

Interestingly, the authors also compared off-target tran-
scriptomic effects between native RfxCasl3d (used in the
mouse model), a high fidelity Cas13d mutant (hifiCas13d),
and Cas7-11, and confirmed that hifiCas13d significantly
improved the measured knockdown of off-target transcripts
over the other two systems in cells. Overall, this study
contributes to the strong case for the development of Cas13d—
based therapies for “undruggable” neurodegenerative proteino-
pathies and also provides evidence that hifiCas13d variants
may be able to address legitimate concerns related to non-
specific cleavage, though more preclinical testing around these
variants in vivo is necessary.’"

Cas13X (also called Cas13bt) and its high-fidelity variants
(hfCas13X) have also been deployed to demonstrate proof-of-
concept targeting in a number of disease contexts by Hui
Yang’s group. In two studies published in 2023, Yang’s group
demonstrated both target and contextual adaptability of
hfCas13X by degrading disease-relevant mRNA and IncRNA
in mouse models of autosomal dominant pigmentosa and
Angelman’s syndrome respectively.””! In addition, a collabo-
ration between the Li and Shu groups published in 2022,
utilized miniature dCas13X fused to an engineered ADAR?2
deaminase domain to edit a mutation in the myosin VI mRNA
(My06“??Y) associated with dominant-inherited deafness (Fig-
ure 3¢)."? AAV-delivery of the Cas13X-derived base editor to
the inner ear of heterozygous Myo6“***Y'* mice demonstrated
an approximately 1.5-fold increase in wildtype Myo6 tran-
script compared to untreated controls. The authors were then
able to show these editing levels correlate to phenotypic
improvements to hearing function, which were supported by
findings that editing improved hair cell survival and function,
both negatively affected by Myo6“*?,

While improvements to editing efficacy would strengthen
this method’s viability to correct deafness in Myo6“***
disease models and would likely be necessary in Myo6“**"
©27 models, this study is an exciting exhibition of the
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preclinical potential for programmable RNA-editors. Addition-
ally, applying mini Cas-proteins to deliver fused effectors by
AAV and effectively targeting endogenous RNA in vivo under-
scores the potential these platforms possess to direct diverse
functions in complex systems. Moreover, as the Li and Shu
labs have also previously demonstrated Casl3d-mediated
RNA knockdown in the context of other forms of hearing loss,
this remains a promising emerging area of application for
preclinical programmable RNA-targeting development.!””!

5. Applications for Programmable RBPs in Basic
Research

5.1 High-Throughput RNA-Targeting CRISPR Screens
5.1.1 Screening by RNA-Knockdown

The advent of high-throughput CRISPR screens have enabled
the parallel study between genotype and phenotype on an
unprecedented scale.”® Typically, these screens rely on DNA-
targeting CRISPR-Cas proteins to disrupt a gene specificized
by a member of a gRNA library. The library is introduced to a
bulk cell population such that each cell receives one gRNA or
predefined gRNA mixture, depending on the screen design. A
phenotypic output is then induced by some selection (i.e.,
growth-based after a challenge) which is then tied to gRNA-
programmed disruption of a specific gene(s) by high-
throughput sequencing methods such as single-cell RNA-seq.
These powerful screens have been used to elucidate genetic
networks in a myriad of contexts such as cancer biology,
immunology, development and more.™™!

The recent description of highly specific RNA-targeting
CRISPR platforms has also sparked interest into whether these
platforms could also be applied to high-throughput genetic
screens. Even before DNA-targeting CRISPR was described
RNAi had found success when used in similar forward
genetics applications, but suffered from key drawbacks,
including murky specificity, and inconsistent knockdown
across targets.*” Due to the advantages platforms like Casl3
have over RNAI in these areas, it stands to reason that RNA-
targeting CRISPR-Cas platforms would be viable in these
screens.

In order to determine the feasibility and outcomes for
Cas13-based CRISPR screens, Wessels and Méndez-Mancilla
etal. developed a workflow for Casl3 RNA Pertub-seq
(named CaRPool-seq) and benchmarked its performance
against Cas9-mediated gene knockout and CRISPR interfer-
ence-based screens.®! The authors found that CaRPool-seq
was more than capable of robust knockdown on the transcript
and protein level (65% and 75% average knockdown
respectively) from a diverse gRNA library targeting cell
surface receptors. By leveraging Casl13d’s ability to self-
process gRNA arrays, they could also encode multiple gRNA
in a single, barcoded RNA molecule, allowing for simulta-
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neous multi-target perturbation. In fact, CaRPool-seq out-
performed equivalent Cas9-driven gene knockout and CRISPR
interference-based methods used in high-throughput screens in
identifying cells in a complex population where three genes or
transcripts were targeted simultaneously. This performance
discrepancy was due to improved detection for the single
gRNA array used by Casl13 compared to the three separately
expressed gRNA necessary for parallel targeting by Cas9, as
each method achieved similar protein-level knockdown for
each target.

CaRPool-seq was applied in a proof-of-concept effort to
screen genes regulating acute myeloid leukemia differentia-
tion. CaRPool-seq was able to recapitulate differentiation
drivers identified in single-gRNA Cas9-based screens, but also
novel paired interactors in a screen where two gRNA were
encoded in each array. These paired interactors also molecu-
larly corroborated observations of increased therapeutic effi-
cacy when the identified pairs were drugged in tandem. This
result clearly established the power of multi-target Casl3-
based screens to improve current multi-component genetic
discovery assays. Similar methods have also been applied to
screening understudied classes of IncRNA demonstrating that
these screens can be effective beyond protein coding
mRNA.® Furthermore, the continued development of more
specific and potent RNA-targeting platforms and their deploy-
ment should only improve their power and robustness.

Identifying the roles of circular RNA (circRNA) in
processes like cancer cell proliferation and development has
also emerged as another unique application for high-through-
put Casl3 RNA-knockdown screens. circRNA are widely
produced in eukaryotic cells by alternative splicing events
called “back-splicing,” where the 5° end of the first exon is
spliced to the 3” end of the terminal exon creating a circRNA
often identical in sequence to the linear RNA product but with
additional covalent linkage.™ These circRNA products can
have differing effects on the cell compared to their linear
counterparts due to their increased stability and altered
sequence arrangement, but selective circRNA knockdown has
been historically difficult to achieve due to partial recognition
of the linear RNA by RNAI leading to nonspecific knockdown
of both circular and linear transcript isoforms.®" Recently, the
Chen lab demonstrated that Cas13d can be used to specifically
knockdown circRNA when the gRNA spans the back-splicing
junction without off-target degradation of the linear splicing
product.® Furthermore, the specificity also included increased
knockdown efficacy almost two-fold compared to similar
shRNA-based methods and other studies have shown that
Casl3 also effectively targets nuclear localized circRNAs
which can be difficult to measure on-target knockdown for
with ShRNA ¢

Excitingly, these validation studies have enabled high-
throughput Casl3-mediated circRNA knockdown screens to
identify circRNA central to processes such as cancer cell
proliferation, development, and drug resistance.®****7 For
example, Li et al. demonstrated these methods were robust
enough to screen for circRNA drivers of tumor proliferation in
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a mouse xenograft model and specifically identified circFA-
M120 A, whose knockdown reduced tumor mass by over
50%.5% Altogether, these results demonstrate both the impact
circRNA can have on cellular phenotype and how Casl3 is
uniquely positioned to perturb these sequences for further
study.

5.1.2 Screening by RNA-Binding

The understanding that Cas13d-binding to an RNA sequence
is sufficient to disrupt endogenous RBPs occupying that site
has also incited interest in applying dCasl3d in high-
throughput screens to identify cryptic RBP-associated se-
quence elements. In splicing, splicing-regulatory elements
(SREs) are central to post-transcription regulation but are
relatively understudied compared to genomic regulatory
elements.™ Additionally, SREs are hot therapeutic targets for
ASO technologies that also have the ability to compete RBPs
for SREs to modify splicing patterns in cells and in vivo.™
However, screening for SREs amenable to targeting by ASOs
is expensive and thus often limited in the sequence space and
targets they interrogate. Therefore, scalable screens for SREs
that impact splicing would be impactful both for basic research
and drug discovery campaigns.

Indeed, pooled gRNA library screening to tile dCasl3d
across a target transcript and thereby measure changes in
splicing to identify SREs have been recently reported. Recinos
et al. validated this strategy on the well-studied SMN2 tran-
script, whose alternative splicing is a promising therapeutic
target for spinal muscular atrophy.”” Their pooled screen not
only identified well-known SREs controlling SMN2 splicing,
but also a novel distal intronic element far outside previous
screens, that impacted exon 7 inclusion. These results were
exciting because intronic distal elements have been reported
before but are difficult to identify de novo due to their
undefined reliance on surrounding sequence context and
relative distance from the affected exon.”'’ Together these
results highlight the potential for dCasl3-based screens to
identify SREs in broad sequence spaces and will likely enable
wider SRE discovery campaigns.

5.2 Uncovering Regulatory Networks from Directed
Modifications

The ability to site-specifically install or remove RNA
modifications such as m°A represents a major advance in
researchers’ ability to investigate how modifications on
individual RNA affect both their own regulation and the
regulatory networks they participate in. In order to study the
role of a specific modification, researchers often identify the
writer, eraser, or reader responsible for generating the
modification or acting on it and then ablate that protein’s
expression to change the modification level or response to it.
However, since writer, eraser, or reader proteins have many
RNA targets any effect on their expression level will have
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consequences across the transcriptome complicating any
phenotypic analysis.

A 2020 publication from the labs of Chuan He, Dali Han,
and Yawei Gao studying m°A modifications on chromosome-
associated RNA represents a prime example of the experi-
ments made possible by programmable modifiers.” In this
study, the authors establish a clear relationship between m°A
levels in chromosome-associated regulatory RNA (carRNA)
and chromatin accessibility. Experiments in writer and reader
knockout cell lines revealed that m°A levels on carRNA
negatively affect their half-life and, simultaneously, chromatin
accessibility that decreases overall transcription. While these
global trends were compelling, a clear correlation was drawn
when dCas13-FTO was directed to remove m°A modifications
from carRNA which recapitulated the trends observed in the
knockout cell lines when compared to non-targeting gRNA or
dCasl13 fused to a demethylase activity deficient FTO mutant.
These results build confidence that programmable RNA
modifiers are both complementary tools to reinforce specific
findings from whole-cell perturbations and also useful discov-
ery tools themselves going forward.

5.3 Specific RNA Tracking and Proximity Labeling

While many robust technologies and techniques exist to image
specific RNAs in fixed cells, localization of RNAs using live
cell imaging has historically been challenging.” Before
programmable RBPs, fluorescent aptamers or hairpins with
orthogonal protein binding partners such as MS2 or BoxB
would have to be genomically knocked-in to the RNA of
interest, but it is difficult to confirm that these additional RNA
sequences do not perturb the transcript’s localization or
function.” Utilizing RNA-targeting dCas platforms to direct
fused fluorescent proteins or protect fluorophore-conjugated
gRNA has now been accepted as a viable method to visualize
RNA localization in live cells without the need for genetic
manipulation.!'®%! These advances have allowed researchers
to record dynamic cellular processes such as stress granule
formation, transcription, nuclear export, and even developmen-
tal processes in vivo models, such as zebrafish embryos .*%

Beyond localization, studying the protein interaction
partners of specific RNAs has also been a challenge. While
discovering the inverse, RNA targets of RBPs, is readily
accomplished using tandem immunoprecipitation and sequenc-
ing methods to isolate a protein of interest and identify its
bound RNA, isolating RNA and observing short-lived RNA-
protein interactions is more difficult.”” In order to overcome
this shortcoming, several groups have turned to the proximity
labeling field, which has developed enzymes capable of
uncaging probes that can covalently modify nearby proteins
for identification by mass spectrometry.”® These enzymes,
such as the peroxidase APEX2, have been used successfully to
map protein members of many diverse interaction networks in
live cells, including those with timescales similar to RNA and
RBP interactions.”” Han and Zhao et al., under the direction
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of Chuan He and Alice Ting, were the first to combine
APEX2 and programmable RBPs such as dCasl3 to direct
proximity labeling at an unmodified, endogenous RNA and
identify protein interactors.""”

Their study sought to detect protein interactors to human
telomerase RNA (hTR) by binding a dCas13d-APEX2 fusion
to the target locus. Additionally, the authors further modified
dCas13 with an additional double stranded RBP to stabilize
the duplex formed between the gRNA and target thereby
increasing sustained localization. Proteomics from labeling
facilitated by dCas13d-APEX2 at hTR identified several
proteins not previously known to interact with hTR including
m°A demethylase ALKBHS. This result was then validated via
immunoprecipitation of ALBHS5 and subsequent hRT detection
by RT-gPCR. The elucidation of this previously unknown
interaction led to the discovery of novel m°A sites on hTR
which likely play an important role in telomerase regulation,
further demonstrating the power and versatility of program-
mable RBP directed proximity labeling. Similar methods
utilizing dCas13-APEX2 or other proximity labeling enzymes,
such as ligases, have since been applied to map interaction
networks related to processes such as IncRNA regulation,
splicing, and mRNA regulation in human cells and model
organisms, such as Drosophila, will likely continue to be an
important tool for RNA-centric RBP interaction discovery.!'""!

6. Achieving Selective RNA-binding Beyond
Proteins

Well before the first programmable PUF proteins were
developed, precise RNA-targeting for inhibiting translation
and RNA degradation by ASOs and RNAi were the primary
methods for transcriptomic targeting.'" The storied develop-
ment and recent applications for these technologies as well as
steric blocking oligos to impact splicing have been recently
reviewed in great detail."® Beyond these relatively mature
oligo technologies, basic research into transcriptomic regu-
lation has likewise inspired oligo-based technologies with
expanded functionalities. While functionalizing nucleic acids
can be less straightforward than proteins for applications other
than RNA degradation, there have nevertheless been several
recent impactful examples with some even excelling in
preclinical applications.

Several aforementioned protein effector modalities have
RNA-based counterparts primarily composed of a bifunctional
molecule which includes a gRNA domain and a recruiting
domain that binds an endogenous protein to elicit a function at
the bound RNA. These technologies include ADAR-recruiting
oligos, such as LEAPER, which direct site-specific A-to-I
editing,"™ and long non-coding RNAs based on SINE
domains, called SINEUPs, which can be directed to the start
codon of a transcript to promote translation.* Recently, we
developed “translation-activating RNAs” (taRNAs), bifunc-
tional engineered RNA molecules that base pair to the 5” or 3’
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UTR of a target mRNA and recruit key initiation factors, such
as elF3, to promote target translation.'” We found that
taRNAs were capable of restoring homeostatic protein levels
of SYNGAPI in haploinsufficient iPSC-derived neurons from
patients with SYNGAP1 deficiency, pointing to potential
therapeutic applications of taRNAs. Finally, RNAs that can
induce modifications have been developed, such as RESTART,
which site-specifically modifies uridine to pseudouridine,
allowing premature stop codon readthrough.!'®! Holistically,
nucleic acid-based technologies are exciting because they are
both a relatively mature field from the standpoint of delivery,
stability, and safety aspects, but can be leveraged as an
innovative approach to redirect varied aspects of RNA
regulation.

Simultaneously, great progress has recently been made in
both discovering small molecules that can bind specific RNA
structures and functionalizing them to broaden their applica-
tion scope; this has been thoroughly reviewed.!"”” Specifically,
the success of RIBOTACs, small molecules that recruit
endogenous RNaseL to specifically cleave bound RNA,
showcases the potential of using small molecules as a scaffold
to also programmably direct regulation within cells and
in vivo.'"™ Additionally, linear or macrocyclic peptides may
have reemerged as another option for programmable RNA-
binding taking inspiration from improved display techniques
such as mRNA display and the recent success of RNA-binding
small molecules."” Indeed, recently a 12-mer peptide that
binds to m°A sites was identified via phage display and shown
to be active in cellulo and successfully compete with FTO for
m°A site binding, thus increasing global m°A abundance and
limiting proliferation in cancer cell lines.''” These findings
indicate an exciting future for discovering and designing small
molecules and peptides which selectively bind RNA-targets.

7. Summary and Outlook

Over the last decade the fields of RNA regulation and
epitranscriptomics have flourished, consequently fueling both
demand and inspiration for new tools to deepen their study
and leverage their capabilities. Here, we have reviewed in
detail the recent rapid discovery and development of gRNA-
directed programmable RBPs to meet this need and several
impactful applications showcasing their ability to enable
precise regulatory interrogation and address therapeutic
challenges. Engineering campaigns to minimize and increase
binding potency and specificity for programmable RBP plat-
forms complement and support a greater understanding of
epitranscriptomic regulatory proteins, ultimately forging new
frontiers for directable RNA regulators capable of specific
targeting even in complex cell types, tissues, and in vivo.
Future directions for the programmable RBP field include
the expansion of recent proof-of-concept methods to make
basic research discoveries and the iterative improvement to
programmable RBPs RNA-binding and on-target effects
through further RNA regulation discovery and engineering.
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For example, the continued application and development of

high-throughput screens utilizing RNA-targeting CRISPR-Cas
could uniquely uncover new multimodal gene networks and
splicing signals. Additionally, the potential functionalities and
potency of programmable RBPs can also be expanded via
incorporation and testing of novel RNA regulatory proteins
and further evolution campaigns to improve their activity.
Building on this, the advancement of effector modalities
beyond nucleases and base editors into preclinical disease
models will greatly expand programmable RBP’s therapeutic
scope. Finally, investigating new ways to evolve and design
programmable RBPs, potentially without the use of a gRNA,
would broaden available targeting capabilities and potentially
increase our understanding of RBP-RNA interactions.
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