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Abstract

Targeted DNA integration in human cells without dousti@nd breaks using CRISPR
associated transposases

Rebeca Teresa King Davidson

The world of precision medicine was revolutionized by the discovery of CRIGBR
systems. In particular, the capabilities of the programmableamedasOand its derivatives have
unlocked a world in which applied genome engineering to cure human disease is a reality being
pursued in patient clinical trial$seneediting via the induction of programmable, ssigecific
double strand breaks (DSBs) has besrolutionaryfor the precision medicindield. However,
there are many safety concerns centemedhe induction of DSBs causing potentiaddesirable
on and offtarget consequenseparticularlyfor in vivo CRISPR applications. To circumvent
these warranted concerns, many groups have attempted to repurpose recombinases or engineer
new fusion systems to perform programmable genome engineering without the induction of DSBs.
This dissertation will firstighlight the development of recombinases for programmable DNA
insertionsover the course of decademcluding efforts to evolve novel DNA recognition
sequences, efforts to tether recombinases to progahler®NA-binding proteins, and the recent
discovery of naturally occurring RNguided DNA transposition systems. This dissertation will
then highlight the development of CRISRRRsociated transposases (CASTs) as-@Bpendent
programmable mammalian geediting tools capable of integrating large DNA cargos, as well as
the future directions that may further enhance CAST activity in human cells. The works in this
dissertation detail thimitial efforts toengineer an@ptimize a new class of genome manipiga

toolsthatwere previously absent from the gene editing toolkit
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Chapter 1: Programmable genome engineering

1.1: United by a common goal: the treatment of genetic disease

The holy grail for many who dedicate their life to the sciences is the development of a
method to cure human disease. This goal may be realized through the bedside treatment of patients
by physicians, or by the discovery of novel drug therapies by phautieal chemists, or by the
characterization of naturally occurring biological systems that can be repurposed and exploited for
disease treatment by biologists, to name a few. For those in the genome engineering space, the
holy grail of disease treatmerstdreating a tool that can permanently cudiseasghenotypen
a patienthrough genetic manipulatianf a p at i eegngerée ®ditilgN A

Thereare many factors that must be considered when implementing a gene editing strategy
for patient use; some are biological, some are regulatory and-saifety, and some are pragmatic
andimplementatiorbased. On a biological level, researchers must have a nuanced understanding
of the biology of a particular disease, identify gene targets that are suitable candidates so that a
change in their expression will ameliorate the disease phenodypk factor in the disease
symptoms and sequalae whose eradication would provide the most benefit tos.p@ureiat
regulatory level, government agencies and gene editing companies must rigorously and
extensively profile the side effects and potentiattaffjet consequences of introducing genetically
edited cells, or gene editing tools themselves, into a patient.

Given the monumental costs that are required to design, test, validate, and approve a gene
editing strategy, the implementatibased factors to consider when creating a therapy are
oftentimes centeredn how a gene editing treatment is designethabit can be scaled to benefit

the maximum number of patientSurrent gene editing therapeutics have focused on diseases that



are caused by one mutation, such as sickle cell disease (SCD), or diseases that can be treated by
knocking down regulatory transcription factors with conserved sequences across patients to
upregulate alternative pathways, like beta thalassermare 1)*. The initial data from patients

who have received Cadfhsed gene editing treatments (to be discussed below) is inspiring and
points towards a bright future for precision medicine, but the same strategies that have been used
for these early gene editing focandidates may not be readily transferable to other common
genetic diseases.

For one, the existence of genetic diseases caused by only one mutational variant in a gene
are quite rare; it is statistically more likely that a patient population with the same phenotype will
consist of a heterologous pool of different mutations resplenfor the disease. Developing a
gene editor from the bench to the bedside is estimated to cost billions offblstrthis predicted
cost, itis nofeasible talesign and testariousgene editing therapies for the hundreds or thousands
of mutations that may cause a particular dised$e clinical implementation of gene editing tools
that are designed to only correct the most common mutational variants of a disease will render

numerous patients ineligible to receive gene editing therapeutics.

Cas9/ HDR
Common GOI mutation Base Editing Corrected gene
i g Prime Editing
OO DI AR — ORI RN

Thousands of distinct GOl mutations
—1 Conventional

MK
EEHEHER- - -ER- gene editing

* A Cannot be scaled for all patients
A A f 4

c Y SR 73 | |
Lm /_m B \ Universal strategy for gene correction
A o A% .
mmﬂ Targeted O | GOIcDNA 1A —
mm& DNA integration Not transcribed

Figure 1: Universal gene correction strategies are attractive editing strategies



Representative image demonstrating that a gene editing strategy capable of targeted DNA
integration of a geenxeonoof iinnttoe rae sptr o(gG Cal mmafbsl uep el
suitable universal gene editing approach for patients. This is in sbrtracurrently DSB
independent approaches utilizing base editors and prime editors to selectively repair one mutation,
which is not scalable for diseases that can be caused by many different mutations in a GOI.

One attractive solution to the current financial, time, and labor constraints limiting the
devel opment of multiple gene editing technol o
therapy that could be applicable to any patient with a particulaasiscaused by lack of proper
gene function, regardless of mutational profifeg(re 1). One could envision that, with the
appropriate gene edigtoo, r esearchers could insert a fAsupe
wild-type coding sequence of a gene followed by a stop signal into an intron at its endogenous
locus in the human genome. The insertion of this construct would effectively restoneoipm
expression and halt production of the aberrant gene pfoduct

Cystic fibrosis (CF) is an attractive disease target for a super exon insertion strategy. CF is
a respiratory disease that affects approximately 40,000 people in the United States. CF can be
caused by 2000 different recessive mutations that adversely affect the cystic fibrosis
transmembrane conductance regulator (CFTR) & CFTR gene encodes a chloride and
bicarbonate ion channel that, when disrupted, results in dysfunction in patient respiratory,
pancreatic, hepatic, and reproductive functiohingistorically, patients with CF suffered
shortened lifespans and succumbed to respiratory failure secondary to opportunistic infections and
chronic inflammation in the third decade of fife

The advent of the small molecule CFTR modulator cocktail Trikafta has drastically
changed the therapeutic landscape of CF by increasing proper protein folding, transport, and CFTR

function in patients with at least oi®=508 CFTR mutation, the most common €&using

variang. Trikafta can improve the quality of life for ~90% of CF patients, but there are at least



10% of patients who will not benefit from Trikafta due to their mutational profile. Reports of
CFTR mutation frequencies have traditionally been based on Northern European ancestry
populations, and more comprehensive global analyses indicate thawhitenCF patient
populations are less likely to hav®B508mutation, highlighting the nuances that different racial

and ethnic groups face as they navigate treatment options YoA@ditionally, because Trikafta

is not apermanenture, it requires costly lifetime dosing. Furthermore, over 80% of patients in
clinical trials reported adverse events while taking Trikafta, such as such as pulmonary
exacerbations, gastrointestinal symptoms, and biliary abnorm&litfesBecause Trikafta is
metabolized by the CYP3A family of enzymes, there are also potential safety concerns associated
with the concurrent use of common drugs that affect CYP3A metaitlis

CF has generated substantial amounts of interest in theegéimey community®. The lack
of a universal cure for CF patients presents an ideal opportunity for gene-bdisied approaches.
Although the genetic basis of CF is incredibly wahlaracterized and there are simple assays to
measure CFTR function, early npnogrammable CHR gene replacement efforts were hindered
by limitations on gene delivery and expres$toithe implementation of a permanent universal
gene editing strategy using a fisuper exono to
thousands of people who currently have no disease treatment options and would likely improve
the quality of life br patients currently taking small molecule modulators.

The curative potential of a universal gene editing tool would impact more than just the CF
community; such a technology would have extensive effects on many different diseases with
varied mutational profiles ranging from errors of inborn metabolism l&kajpsemia and
phenylketonuria (PKU), immunodeficiency disorders such as severe combined immunodeficiency

(SCID), blood disorders like hemophilia B, and bey§rifl The subsequent subsections of



Chapter 1 will focus on the advances made in programmable gene editing, with an emphasis on
doublestrand break (DSBhdependent recombinases, including -specific recombinases
(SSRs) and CRISRRBssociated transposases (CASTS), that may one day bring us closer to

developing universal gene editing technologies with the power to cure human disease.

1.2: Programmable nucleases

The cornerstone of programmable genome editing has traditionally revolved around the
induction of DSBsat a specifiedite in genomicDNA to enact a desired charf§eThis DSB is
predominantly repaired through one of two endogenous repair pathwaysommiogous end
joining (NHEJ) or homologydirected repair (HR) (Figure2)?L. NHEJ is an efficient, but error
prone, pathway that ligates the DNeéhdsadjacent to the DSB together, often resulting in the
introduction of insertions or deletions (indels). HDR is a more precise, but inefficient, pathway
that allows for the incorporation of exogenous donor DNA flanked by homology arms into the
DSB siteé®. The choice of pathway undertaken to repair a DSB is influenced by many factors, but
resection of the DNA ends surrounding the DSB commits the cell to the HDR pathMtapy
strategies to increase the ratio of HDR to NHEJ repair at a DSB site have been applied with varying
degrees of improvement, including using pharmacological inhibition of proteins in the NHEJ or
microhomology mediated end joining (MMEJ) pathway, infmigi end resection protein
inhibitors, modulating the cell cycle to bias the S and G2 phatering HDRpromoting proteins
to DNA-binding proteins,and manipulating the chromatin context of target sites and DNA

donorg?.23
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Figure 2. Common gene editing strategies.

Representation of four major gene manipulation approaches. The induction of-skoabte

breaks (DSBs) by programmable nucleases can be repaired predominantly by two pathways: non
homologous end joining (NHEJ) or homoledirected repair (HDR). NHEJ wilimprecisely

repair DSBs, leading to the introduction of insertions, deletions, or substitutions at the cut site.
HDR precisely repairs DNA by using a DNA template with homology arms flanking the cut site.
Base editing (BE), prime editing (PE), and recorabes and transposases rely on DSB
independent mechanisms to modify DNA. BEs can catalyze A>G and C>T single nucleotide
substitutions via the deaminase domain fused to a nicking Cas9 (nCas9). PEs can introduce precise
small (<100 bp) deletions, insertiorts, substitutions via the reverse transcriptase domain fused

to an nCas9, and flap resolution of the intermediate repair producspgitdic recombinases
(SSRs) and transposases both catalyze scarred insertion of large DNA cargos that are either flanked

by terminal inverted repeats (TIRS) for transposases, or that contain a recombination recognition
sequence for SSRs. Adapted from Nambiar et al., (2022

Jasin and colleagues first demonstrated that the induction of DSBs using homing

endonucleases increased rates of homologous recombination (HR) at the site ¢f DSBe



years after t his di scoverzing fingerhnacledsas (Z&ENs) adl e s i ¢
transcription activatelike effector nucleases (TALENS) were engineered by fusing DNA

binding proteins to the Fokl endonuclease cleavage démBicause Fokl functions as a dimer,

two ZFNs or TALENs must be constructed to flank the desired target site. These early
programmable nucleases were attractive because the modular nature of the ceben@ngh

el ement allowed resramaocldematcboedif écerealkty efif
either in segments of 3 nucleotides for ZFNs, or by individual nucleotides for TALENS, to
construct a programmable nuclease able to recognize almost any sétuésing TALENs or

ZFNs, researchers were able to successfully introduce DNA cargo into cells in vitro and in vivo at
many clinically relevant target sifs’8. The largest drawback to the facile implementation of

TALEs and ZFPs, however, is the cumbersome needrnwpletelyredesign the proteins, either

through librarystyle screens or bgonstructing andinking preselected modules, for each new

target sequené#s’,
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Figure 3: Nucleasemediated DSB repair pathway and product outcomes.

Cas9 is a Type Il CRISPR nuclease that contains two cleavage domains, a RuvC domain and an
HNH domain, that catalyze blunt DSBs. These DSBs are repaired through either NHEJ or HDR.
NHEJ is efficient, but erreprone, and the formation of indels is typigalhe majority editing
outcome after DSB induction. HDR is precise, but inefficient and relies on a donor template with
homology arms to the DSB cut sitedapted from Anzalone et al., (2020)

A major breakthrough in the design of programmable nucleases came with the
experimental validation of CRISPRassystems, particularly the Type Il single effector protein
Cas9, as programmable nucleases in bacterial systems, as first shown by, Dbadpentierand
colleague®. Cas9, and other CRISPR systems, were coopted as gene edited tools from their native
role as adaptive bacterial immune syst&nghortly thereafter, Cas9 was shown to retain activity
in eukaryotic cells, and was deployed to induce DSBs at target sites that could be repaired via
HDR to incorporate a donor DNA carrying a phenotypic marker into the cut site, or via NHEJ to
knockout a gne Figure3)343° Cas9 is an RNAjuided DNA nuclease that enacts a dosttand
break (DSB) in a 20 base pair (bp) target sequence approximabgy@stream of a 3' NGG
protospacer adjacent motif (PAR.While the native Cas9 system relies on a structure formed by
both a CRISPR RNA (crRNAgpecifyingthe target site and a scaffold treadivating CRISPR
RNA (tracrRNA), synthetic single guide RNAs (sgRNAS) incorporating both elements were
engineered shortly &fter Cas96s characterizat

It took only 7 years from discovery to bedside for CRISP&edtherapeutics to be
implemented in the clinic. The first CRISRRated patient, Victoria Gray, was infused with
autologous hematopoietic stem cells (HSCs) in which BCL11A, a transcription factor that
downregulates the production of fetal hemoglobin, wascked down using Ca%9A year after
transfusion, Ms. Gragxhibitedincreased levels of fetal hemoglobin, did not need regular blood

transfusions, and had not experienced a ~oastusive episode, previously the most severe

manifestation of her SCD.



Although tremendous progress has been made in clinical trials to treat genetic diseases in
patients by utilizing Cas9 nucleases in the past few $/&8rghere is limited utility in the scope
of diseases that can be treated via Ntftetliated knock down. In additionlimitations indisease
targets, a substantial body of work has characterized various unintended and unwaatetl on
off-target effects of introducing DSBs into the gendifigure4)?°. These inadvertent outcomes
include not only indel formation at efarget sites with some resemblance to the intended target
site’®, but also include unexpected largeale genomic alterations such as partiaiiole
chromosomal deletionsranslocations, and chromothrigdié®. Recent work has alduighlighted
how variations in individuals' genomes framdely acceptedeference genomes could contribute
to missed identification of potential effirget sites based on patieptecific single nucleotide
polymorphisms (SNP%j4¢, This continued characterization of the downstream effects of-Cas9
induced DSBs highlights the extensive safety profiling that will be reqaisecksearchers and

clinicians continue to transitiathese therapies from the bench to the bedside.
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Figure 4: Unintended outcomes of DSBnediated repair pathways.

Representation of potential undesirable outcomes resulting from DSB repair, including the
introduction of large deletions that are oftentimes undetectable throughb&<&d editing
guantification approaches, as well as the induction of chromosomal reamanig. Adapted from
Nambiar et al., (202)%°.



1.3: Nextgeneration DSBindependent Cas9 tools

Given the safety concerns associated with the induction of DSBs, substantial effort has
been exerted on the development of rgxteratiorprogrammable DNA modulators that do not
rely on DSBs(Figure 2)%2. Particularly, fusions of a catalytically mutated Cas€kase (nCas9)
which nicks only onestrand of DNA® to either a DNA deaminase enzyme or a reverse
transcriptase have led to the genesis of base editing and prime editing, respgédiastyeditors
(BEs) capitalize on a fusion of a catalytically mutat€xhs9 to either a cytidine deaminase, in the
case of cytosine base editors (CBES), or an adenine deaminase, in the case of adenine base editors
(ABE)*'. BEs catalyze single nucleotide conversions at certain eligible nucleotides within a given
target site. CBEs catalyzeAC T conversion®y deaminating cytosine to uraoivhich isreplaced
with thymine during replicationRijgure5). In order to prevent excision of the uracil intermediate
before replication, CBEs often contain an uracil glycosylase inhibitor protein tethered té&nCas9
ABEs catalyze AA G conversions byonvertingadenine to inosinewhich isreplaced with
guanosine during replicationFigure 5)*°. Because naturally occurring adenine deaminases
typically use RNA as a substrate, an adenine deaminase able to catalydecénversions on
single strand DNA was engineered using multiple rounds of directed evélusamce their first
characterization, CBEs and ABEs are undergone multiple iterative rounds of improvement to yield

highly active editing effectof$
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Figure 5: An overview of base editing.

There are currently two forms of base editing: adenine base editors (ABEs) and cytosine base
editors (CBEs). ABEs catalyze A>G nucleotide substitutions, while CBEs catalyze C>T
nucleotide substitutions. In brief, ABEs and CBEs will substitute the appt®pneleotide if
exposed on the single strand DNA (ssDNA) of th@®&» upon nCas9 target site binding. The
effector domain will then catalyze the deamination of the nucleotide into an intermediate form
(inosine for ABEs and uracil for CBEs). nCas9 wittkhthe noredited strand to promote retention

of the DNA strand with the edited nucleotide. The dsDNA will be repaired through either DNA
synthesis (for strand degradation) or flap resolution (for-chegraded unedited strands), and
ligation of the resultig products. The nucleotide intermediate will be replaced with the appropriate
nucleotide (G or T) during DNA replication or base excision repalapted from Nambiar et al.,

(2022,
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BEs have been rapidly developed for use in clinical trials to treat patients with SCD and
beta thalassemia by introducing a SNP in the HBG1 and HBG2 genes found in people with higher
levels of fetal hemoglobi. Because BEs catalyze nucleotide substitutions, BEs are also being
developed prelinically to revertthe pathogenic mutational variant of the HBB gene responsible
for SCD into a naturally occurring SNP variant called the Makassar VariAdtitionally, BE
combination strategies are being developed to both convert pathogenic beta globin to the Makassar
variant, while simultaneously epitope editing the CD117 receptor on HSCs as an alternative
strategy to the toxic myeloablative conditionirftat is traditionally performed prior to HSC

transplantation with systemic agents such as bus$fiifan
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Figure 6: An overview of prime editing.

Representation of the PE mechanism. Briefly, the PE will bind to the target site, and nCas9 will
cleave the edited strand, which will then anneal to the primer binding site (PBS) of the pegRNA.

The reverse transcriptase (RT) will incorporate the desiredl EINA edit by reverse transcribing

the RT template, resulting in a 30 flap inter
the unedited sequence. FIl ap resolution wil!/| I
t he 306 4&irlthe DNA strand. Ehp inclusion of a separate nicking sgRNA will catalyze
cleavage of the unedited DNA strand to promote the persistence of the PE edit, increasing PE
efficiencies. Adapted from Anzalone et al., (2020)

Similar to BEs, prime editors (PEs) were engineered to catalyze the insertion or
replacement of small DNA sequences at programmable target sites without the induction,of DSBs
but through the fusion ofranCas9 to a reverse transcriptabé(re6)°2. As with BE, PEs have

undergone many rounds of optimization focused on various elements of the system, from prime
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editing gRNA (pegRNA) structure, to improved nuclear localization via additional nuclear
localization sequence (NLS) tags, improved codon optimization, and linker length between the
nCas9 and reverse transcripfd$é These highly active PE constructs are being developed
preclinically for use in future clinical trials, particularly to target the most prevalent mutations
causing diseases such as CF and chronic granulomatous disease*t€Gi)wever, as
mentioned in Chapter 1.1, diseases such as CF and CGD can be caused by various different
mutations in a single gene. BEsdearlier versions oPEs can only correct small sequences on

the order of one nucleotide to ~100. bpwould be infeasible to individually design, test, and
profile the safety of individual BEs or PEs for each pathogenic variant of a dishas#istorical

editing size limitationsnean that they are unableitmlependentlcatalyze the insertion of large
DNA cargossuch as the supexons that could be usddr universal gene editing treatments
Newer PE strategies in combination with the-sjppecific recombinases described in detail below

are capable oprogrammabldarge DNA insertions, however, and will be covered in Chapter

1.75758

1.4: Sitespecific recombinases

Site-specific recombinases (SSR&ve attractive properties that circumventdbaceris
detailed abovéor the programmable nucleases and their qgexteration derivative={gure 2).
SSRs catalyze recombination of DN@ibstrates in a mechanighat does not expose free DNA
ends due to DNASSR protein covalent bondtermediatesThis mechanism leads to either the
excision or insertion of a DNA cargo, or inversion @DNA sequenceat predefined sites

depending on the recombinas@d the recombination sequence orientatibhere are two
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evolutionarily distinct families of SSRs defined by their catalytically active residue: serine

recombinases (SSRs) and tyrosine recombinasesSIRs)Figure7)>%6

Recombinase Superfamily

! !

TYROSINE RECOMBINASES SERINE RECOMBINASES
(a.k.a. “Resolvases”)

Bidirectional Unidirectional
Cre Lambda mall Large
FLP HK101 i
R pSAM2 Bsix Bxb1
CinH PhiC31
Reversible Irreversible ParA TPO01
excision, excision, Y3 Irreversible
inversion, and integration and | ibl excision,
“ > ¢ : ersible '
integration inversion o av ; lon v inversion, and
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Recognition Recognition Recognition Recognition
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Figure 7: Site-specific recombinasdamilies.

Site-specific recombinases (SSRs) can be generally classified into two families: tyrosine
recombinases (BSRs) and serine recombinasesS@&Rs). Each family can be further subdivided

based on each SSR6s recogni t i @aomessthatteach SSRioath t h e

catalyze. Adapted from Wang et al., (20%1)

Regardless of family, recombinases haireilar mechanism of action(Figure8a,bf%6%
The recombinase, as a tetramer, will recognize two copies of a recognition sequence and use
proteinprotein interactions to bring the two sequences in close proximity to each other, with or
without the help of additional DNAending host factors. Thesecognition sequences can be
identical or distincandare generally short=@0-35 bp¥L. The recombinase catalyzereaks in the
four strands of DNA at predefined locations in the recognition sequences, and each monomer
covalently bind to a cleaved DNA strand, blocking the free ends from being recognized by DSB
detection pathways. Finally, the recombinase rgjtiie DNA strands to form the recombinant
product, either one pair at a time through the formationHtdladay intermediate for ISSRs, or
both pairs in conjunction for-SSR$§%2 T-SSRs sometimes have additional D&&nding host

factor requirements in order to effectively insert or excise DNéstencoded integration host
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factor (IHF) is requiredor some FSSRs to function in vitro blginding to the recognition site and
bendng the DNA to allow effective formation of the synaptic complex and binding of the
recombinase tetramer to both copies of the recognition se¢fdnikike T-SSRs, SSSRs do not
require additional host factors for integration, and thus are attractive gene editing technology

candidates due to their ability éasilycatalyze insertions in heterologous environnfénts
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Figure 8: Mechanisms of sitespecific recombination.

T-SSRs and $SRs catalyze recombination through two distinct mechanign$SSRs will
simultaneously cleave both DNA strands, will then rotate to initiate strand swapping, and will re
ligate the recombined DNA strands in conjunctibnT-SSRs will cleave, exchange, and ligand

one DNA strand at a time, resulting in the formation of a Holliday junction intermedja®e.

SSRs mediate cargo insertion in their recombination reactions due to their unidentical recognition
sequences, which form two new sequesnafter recombination. This favors insertion as a majority

16



product as long as recombination dependency factors (RDFs) responsible for excision are excluded
from the reactiond, T-SSRs that typically favor excision over insertion due to their identical
recognition sequences can be selectively biased to favor insertion by mutating specific nucleotides
in the recognition sequence so that recombination does not perfectly regéweradentical
recognition sitesAdapted from Wang et al., (20P1jand Grindley et al., (200®)

SSRs differ in their likelihood of catalyzing insertion versus excision of a product. Many
recombinases, particularly those that favor insertion over exceieancoded by bacteriophages
to integrate large genetic payloads containing prophages into bacterial genomes as part of the
lysogenic pathwayFigure 8c)®°. Some SSRs, such as Cre and, e able to catalyze both
insertions and excisions. Because they act on identical recognition sequences piedeatly
regenerated after recombination, and because insertion places two recognition sequences in close
proximity to each other, excision ike kineticallyfavored end produt However, researchers
can bias other outcomes over excision by changing the orientation of the loxP sites relative to each
other to favor inversion, or by slightly mutating one loxP site so the reformed loxP sites are less
suitable substrates for excisioftea insertion Figure8d)©®.

Il n contrast, SSRs such as Bxbl, |l ambda (&)
insertion. These SSRs recognize two distinct sequences, often labeled attP and attB, that are
recombined into novel attL and attR sequences after DNA ins&ttiBecause excision is
dependent on additional recombination dependency factors (RDFs) in these systems and the
recognition sites are altered during recombination, insertion is the heavily favored product if the
RDF is not included in the reactin

SSRs have garnered interest as gene editing tools because they are capable of inserting or
excising large DNA sequences without the formation of exposed DSBs. Certain exicisiorant

T-SSRs like Cre and Flp have been widely applied in vitro and in wviveukaryotes to

conditionally excise genes of inter&$€ S-SSRs that catalyze unidirectional insertion like Bxbl
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and 0 C3asodenaonstrated promise as genome editors due to their ability to function in
heterologous hosts without additional cofact®fé There are, however, drawbacks to
implementing SSRs as gene editoessus programmabl@SB-independenioolssuch as BEs and
PEs Their stringent recognition sequence requiremargsnot intrinsically amenable to facile
programmable editing. istorically, employing SSRs for gene editing purpo$es required
researchers to first introduce landing padisr example, flanking a gene of interest for deletion,
or in a safe harbor locus for insertiomto the genoméy first using DSBinducedhomologous
remmbination (HR) strategies, negating theenefit of applying the DSihdependent

recombination mechanism of SSR&,

1.5: SSRs with evolved recognition sequences

One alternative to inserting landing pad recognition siteen using SSRs for genome
engineering purposas utilizing pseudosites that are naturally present in mammalian genomes
which contain partial sequence identity to cognate SSR recognition seqtfeAceHowever,
these pseudosites occur raretythe genomedemonstrate low recombination efficienciaad
offer limited control as to which pseudosites are targeted for recombinaauaatitionally,
insertions into pseudosites are often accompanied by nearby délefoms circumvent the
constraints of SSRs' exquisitely specific recognition sequences, many groups have utilized various
directed evolution approaches to evolve SSRs with either increased affinities for naturally present
genomic pseudosites, or novel DNA sitggh some amount of homology to cognate recognition
sequencefFigure9)798l,

Researcherbhaveutilized multiple cycles of DNA shuffling and screening in bacteria to

evolve 0C31 to insert plasmid substrates mor
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chromosome 8 of the human genome, with modest improvements in both recombination efficiency
and specificity at the pseudos$ieSimilarly, another group used substrhitded protein evolution

to evolve Cre to recognize a pseudosite with 50% homology to loxP present in the long terminal
repeats (LTRs) of an integrated HIV provirus, and excise the provirus as a proof of principle
concept for an HIV cur®. Because the pseudosite recognized by the evolved Cre variant is only
present in 1% of HIV strains infecting patients, in follow up work, the researchers evolved a Cre
type recombinase ovéine course 0145 evolution cycles with the ability to recognize and excise

a conserved sequence, in the LTRs of 90% of HIV strErB,TR with 32% sequence homology

to loxP, engineering a potential curative therapy applicable for the majority of HIV p&tidiitis

Cre variant, named Brecl, efficiently excised cargo flankddxBTRsequences without showing
crossreactivity toloxP sites, indicating that countselection cycles performed during evolution
maintained the specificity of the syst&mWhile these strategies have demonstrated that
modifying SSR recognition sites is achievable, the directed evolution approaches aoe sainor

time intensive, require careful selection strategies to enrich for desired muthiles
counterseleatg against mutants with decreased specificity, must designedfor each new
desired recognition sit@and are still limited to sequences with some level of homology to cognate

recognition sequenc®s

1.6: Fusions of SSRs to DNAvinding proteins

In an effort to capitalize on the DSBdependen§SR mechanism of recombining large
DNA cargo into specific sitesvhile alsoexpandng the ease of targeting new recombination
sequences, researchers have attempted toSI8&s tovarious different programmable DNA

binding proteinsdetailed above in Chapter 118, direct recombination at specific genomic loci
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(Figure 9). Prior to the discovery of CRISPRas systems, SSRs were covalently linked to
programmable DNA binding proteins like zinc finger proteins (ZFPs) or transcription activator
like effectors (TALES}*®° These effectors are powerful genome manipulation tools because they
contain a core DNAinding domain that is customizable and can be engineered to recognize
almost any DNA sequente

While TALE and ZFP DNAbinding domains are traditionally fused to nucleases to cleave
DNA at specific target sites, fusions of these DHNiAding proteins to the catalytically active
domain of SSRs have been engineered in an effort to facilitate recormbiaafprogrammable
DNA sequencedn particular, small hyperactive variants 6SSRs like Gin recombinases have
been usedn fusions because of the modularity between their EbNi#&ding domains and their
catalytically active recombinase dom&iff. Earlier versions of ZFHSSR or TALESSR fusions
directed recombination between two short target sequences derived from the cognate SSR
recognition sequencene of which wadlanked by ZFPTALE binding sequences and stably
inserted into the genome, or expressed on a pl&&fiGubsequent iterations of ZFFSR fusions
werebetter able to recognize n@ognate DNA sequences between ZFP binding sequences after
rounds of substrattinked protein evolution or structwiguided reprogrammirfg®® Saturation
mutagenesis of specificigetermining residues was capable of reprogramming-ZFRs to
recombine plasmid substrates into endogenous hyprandositesvith some resemblance to
cognate SSR recognition sites, albeit at efficiencies un@éf. As with ZFNs and TALENS,
however, lhe largeshurdle to implementing these recombinase fusion strategies, apart from SSR
recognition site constraints, was the effort needed to redesign TALEs and ZFPs for each new target

site.
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Directed evolution for pseudosite recognition SSR-DNA binding protein fusions

WT recognition sequence:
ccccaACTgGGGTaaCCtTTGagt TCtCtcaGttGgggg

endogenous pseudosite:
taagtACTtGGGTHCCcTTGgtgTCcCcatGgaGattt

PE-SSR combinations
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Figure 9: Strategies to engineer programmable sitspecificrecombinases.

Representation of strategies that have been utilized to engineer programmable SSRs, with varying
success. These methods include using various forms of directed evolution to engineer SSRs with
increased affinities for endogenous pseudosites present iretioeng, fusing SSRs to different
DNA-binding proteins such as nucleasactivated Cas9, TALEs, or ZFPs, and more recently,
utilizing PEs, either fused or encoded separately from SSRs, to install programmable landing pads
in the genome for SSR recombinatidvildtype (WT) and pseudosite recognition sequences
adapted from Sclimenti et al., (208%)

21



After the widespread adoption of Cas9 as an Rjuikded DNA nucleaseliu and
colleaguedetheed the catalytically active domain of a Gin recombinase to a Cas9 unit with a
catalytically inactivating mutation (dCas@igure 9)°. This fusion, termed recCas9, efficiently
excised sequences on plasmid substrates flanked by minimal psenedieecgnition sequences
that were endogenously present in the human genome. Additionally, the researchers detected
recombination between two endogenous pseudosites separated by 14.2 kb of genomic DNA,
leading to excision of the intermediate sequetfc@bis excision was estimated to occur with an
efficiency of at least 0.02%, based on nested PCR detection. The researchers were not, however,
able to detect insertion of an antibiotic resistance cassette at any endogenous genomic fseudosite
Similarly, another group demonstrated thditision of dCas9 to a hyperactive mutant of SIBR
could direct recombination at plasmid and genomic loci that expressed a reporter construct
containingTn3's core recognition sequence, the editing reagemnwas not tested on endogenous
genomic sequences or pseudos8itesthough tremendous efforts have been spent on engineering
DNA-binding proteinfSSR fusion constructs to target genomic loci more effectively in human
cells, low recombination efficienciesven at pseudosites with homology to cognate recognition
sites,highlight the difficulty in reprogramming the highly stringent recognition site specificity of

SSRs.

1.7: Prime editing recombinase strategies

An exciting breakthrough in programmable genome editing occurred with the invention of
PE for the DSBindependent insertion of small sequenéesnoted in Chapter 1.2, PBee fusion
constructs of a Cas9 module that has been mutated to only nick one strand of DNA (nCas9) and

an engineered reverse transcriptase domain, and are guidguegREAthat contains the target
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sequence, a primer binding site for the reverse transcriptase, and the template for the désired edit
While earlier versions of PE functioned most efficiently when inserting small sequences under 10
bp into a target site, advances in PE optimization have led to increases in possible insertion
lengths3. Notably, this improvement in insertion potential resulted in the development by two
independent groups of a strategy utilizing PE with either single or dual pegRNAs toanat#i
landing padat programmable sequences that could serve as recombination sites fomBbl, a
SSR(Figure 9)°7:°8 The groups showed that recombination of plasmid substrates containing an
attP site could be directed to specific genomic loci that contair@dbatding pads inserted by the
PE, and that this reaction could be catalyzed via sequential transfections of the PE and Bxbl, or
simultaneously by ctransfectingseparate PE and Bxbl effectors dPEBxbl fusion construct.
This strategy was implemented to effectively insert largo DNA cargos with therapeutically
relevant transgenes at programmable target sites, including inserting Factor IX, a protein in the
coagulation pathway that is deficient lmemophilia B, into theALB locus of immortalized
hepatocys at single digit efficienci@s Yarnall and colleagues also demonstrated the ability to
edit mouse hepatocytes in vivo at single digit efficiertéies

These advances combining PE with SSRs are promising glimpses towards a future in which
the advantages of SSRs, namely their ability to insert large DNA cargos with high specificity and
without the induction oeExposedDSBs, can be honed for programmable lesgale insertions.
However, there are some current limitations and questions concerning combir®@8RPE
strategies that require further investigation as these technologiete\@mped towardsnore
translational uses. Because the system relies onpheudequential enzymatic reactions, there are
increased levels of undesirable byproducts relative to experimental strategies solely utilizing SSRs,

such as indel formation at the target site in the low single dagitbthe persistence of Bxbl landing
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pads in partially edited ce®s The presence of detectable indels at the target site aligns with recent
findings that BEs and PEsauseunintended deletions and genotoxicity in certain cell types,
although the effect RESRs have on cellular fitness will require extensive follow up stifdies

The sequential nature of the system results in a significant portion of cells that have the attB
landing pad inserted into their genome by the PE, but do not demonstrate evidence of
recombination, indicating that Bxbl recombination may be a current enzytaitleneck to
achieving higher efficiencies with this technigue. Additionally, because SSRs recombine the entire
plasmid substrate when catalyzing insertions, researchers must bear in mind that plasmid
backbones that can potentially trigger unfavoeatgllular responses will be stably integrated into

the target site along with the cargo of interest unless measures like generating minicircles donors
are undertakéf. Finally, this technique necessitates the presence of -eofpatible PAM

sequence in close proximity to the intended target site.

1.8: Promiscuoustransposases

Nonspecific transposases that catalyze promiscuousiB&pendenitegrationof donor
DNA at a target sitdhave beerextensivelycharacterized for their ability to easily and stably
integratdargercargo flanked by terminal inverted repeats (TIiR&) mammalian genomgshen
lack of programmability and specificity are not limiting variab(Egure2)°¥ %, Given many of
the benefits associated with the use of SSRs as gene editing tools, resémobhattempted to
circumvent theextreme stringency of SSR site recognitioy insteadcoopting promiscuous
transposases likeleeping Beaut{SB or piggyBac(PB) and ugg previously describetkthering
approaches with programmable DM¥nding domains to constrain transposition to specific loci.

SB and PB are DDE transposases that catalyze large DNA insertions via a transesterification
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reaction between a donor DNA molecule and a target sit&'A sequence for SB or a TTAA

sequence for PBF{gure10)%:°”,

,WTSD? w[\Wilal GOl NDURE ;rsnw.,

Figure 10: General cutand paste transposition mechanism.

Representation of a typical canidpaste transposition mechanism. The transposase will recognize
binding sites within two terminal inverted repeats (TIRa)king a DNA donor and catalyze the
formation of a paired end complex (PEC) with the TIRs in close proximity to each other. The
transposase will then completely free the DNA donor from its backbone via the induction of a
DSB. The transposase will mob#izhe DNA donor to a target site (TS) and integrate the donor
via a staggered transesterification reaction that results in the formation of a target site duplication
(TSD) of a few nucleotides on either end of the integrated DNA. Adapted from Saivilbeglas

et al., (2021§8

PB transposases fused to Gal4 DM#ding domains have demonstrated increased

integration on plasmid substrates flanked by Gal4 recognition sites compared to UPBused
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Additionally, Gal4PB fusions catalyzed integration at Gal4 recognition sites that were stably
integrated into the human genome usiijalthough these transposition events were not specific

to Gal4 recognition sitesnd were detected at many other genomi¢iagFP-SBfusionsdirected
transposition into plasmids containing multiple copies of the ZFP binding site more frequently
than unfused®B but were unable to direct transposition to single genomic loci targeted by the
ZFPS, Similarly, another group was unable to detect transposition at single genomic loci using
a dCas9SBfusion, but demonstrated an enrichment of transposition events near Alu elements,
which are highly abundant in the human genome, when the é&Bf&ion was paired with a
sgRNA targeting Aluelement¥’. Conversely, dusion construct consisting &B tethered to a
nuclease activ€as9 inserted large DNA cargo at genomic loci in mammalian cells and in vivo in
mouse livers, but relied on the induction of DSBs, which negates many of the advantages of using
transposases as gene editing t§alhe agricultural sphere has also attempted to engineer fusions
of the plant transposas®NGto dCas9 or Casl2a to integrate DNA cargo into programmable
sites in Arabidopsi$3. Regardless of the tethering method, all fusions of promiscuous transposases
to DNA-binding domains or proteins demonstrate lower levels of transposition into targeted sites
than other genomic sequences containing transposon insertion sites, highlightihglibnge of

constraining these transposases' insertions to specific loci.

1.9: CRISPR-Casclasses and types

It would be remiss taletail the characterization of CRISPR associated transposases
(CASTSs) without firssummarizinghe extensive work performea the CRISPR fieldo develop
a classification system used to identify and group novel CRIS&$ystems. CRISPR systems

are grouped int@ne of two classes-{gure 11)1%4 Class1 CRISPR systems are comprised of
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systems that utilize a multimeric complex of many effector proteins, oftentimes with different
roles, to target and cleave nucleic acid sequences. ZI@BISPR systems utilize one effector
protein to both target and cleave target sequéfic&ach CRISPR Class is further subdivided

into 3types which will be briefly summarized belowigurell). Thesdypes have many different
subtypes with unique targeting RNA lengths, structures, and processing requirements, protein
nucleic acid binding properties, and catalytic domains that are beyond the scope of this thesis, but

are reviewed extensively elsewhéfg?’,
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Figure 11: CRISPR classes and types.
Representation of the two CRISPR Classes and the six subfamily Types and their nucleic acid
targets and effects. Class | effectomsist of multiprotein effector complexes, while Class II

effectors consist of a single effector protein. Adapted from Klompe & Sternberg {ZGi®) Cui
et al., (20238,

Class Il CRISPR systems are further subdivided into Type Il, Type V, and Type VI

CRISPR system. In brief, Type Il systems encompass the hallmark Cas9 endonuclease that
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generates blunt DSBType V systems catalyze staggeredsvia the Casl12 effectpiiype VI
systems mediate nonspecific single strand RNA degradation upon Casl3 target RNA
binding!>199111 Class | CRISPR systems are subdivided into Type I, Type Ill, and Type IV
system&®. Type | systems are characterized by the aputiitein DNA binding complex Cascade

and nuclease effector Cas3, which cataly2Bi\ cutsby first nicking the nostarget strand and
subsequently degrading single strand DNA (ssDNégrthe target sequenté Type Ill systems

are compkx systems comprised of either Csm or Cmr complexes that orchestratey &t

RNA degradation by cleaving RNA targets at evelfyrbuc | eot i de due to t he
architecture of Cas7. Interestingly, binding of the complex to its target RNA also activates trans
nonspecific ssDNA cleavage, as well as theduction of secondary messenger cyclic
oligoadenylateshat are recognized by various downstream effetfb¥y. Type IV systems are

also comprised of a multimeric effector complex that inhibits targeted gene expression inhibition
by binding to, but not cleaving, DNA targets, although further studies are needed to understand
the mechanistic insights of this syst@fr!711,

Class 2 CRISPR systems, such as Cas9, have been coopted extensively as mammalian
genome editing tools due to their single protein effector and the relative simplicity of their native
biological mechanism in bacteria. HowevEétass1l CRISPR systems are far more abundant in
nature, providing exciting and extensive opportunities to discover novel systems with unique
functions, or mine welstudied systems for homologs with desirable features such as higher

activity or better ortarget pecificity*2°.
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1.10: Tn7

The programmable CAST systems detailed bekne derived from th&n7 transposase
system?’. The Tr¥ transposn has been studied for decades, with an extensive body of work
contributedby Craig and colleague3n7 encodes a&ite-specific transposase in which cand
paste transposition of the transposon is catalyzed by 3 effector proteins: ThsC and the heteromeric
transposase TnsA and TnsB (TnsAR) Tn7 transposes into a target site by one of two
mechanisms to allow for both horizontal and vertical gene transfer of the transposase, depending
on the target site selection protein usEtgre 12)1%2 Tn7 performs sitespecific transposition
downstream ofn attachment sitattTn7) via recruitment of the transposition machinerythg
DNA-binding protein TnsD'?4 This attTn7 site is typically a genomic locus immediately
downstream of the evolutionary conserved bacterial gim& so as to not disturb the gene
function. In the absence of an attachment site, to transpose itself into conjugal plasmids for
horizontal propagation, the transposition machinery is recruited tsperific DNA sequences
by an alternativea DNA-binding protein TnsE,that recognizes features of replication associated

with plasmids$?.

-
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o e e
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//’ A \\\
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Figure 12: The Tn7 transposase can perform sitespecific or nonspecific transposition.
Tn7 catalyzes transposon integration of itself into a wetiservedattTn7 site in the bacterial
genome via recruitment of the transposase by EiNAing protein TnsD. This also capable of
catalyzing integration into mobile elements via recruitment of the transposase by TnsE, which
recognizes features of conjugal plasmids. Adapted from Peters {2014)

In the case of sitgpecific transposition, after DNA recognition by TnsD, the transposition
mediation protein Tnsds recruited to the target site, likely by DNA perturbations induced by
TnsD binding?%*?7 TnsC, a AAA+ ATPasehen recruitshe downstream transposase machinery,
along with the donor DN&® 130, During transposition, the heteromeric transposase Tres@&Bes
donor DNAfrom its substratéFigure 13a). TnsB, a DDE transposase that is a member of the
retroviral integrase superfamilggcognizeshe left and right ends of the transposable element and
cleavst he 36 ends of the transposon. TnsA, whose
enzyme, cleaet he 56 end of the transposon a few nu
(Figurel30)¥'133 The freed donor DNA is then joined by
target DNA sequence via a transesterification reaction that leaves a 5 bp gapped intermediate on

either side of the integrated transposerhich is subsequently repaired by host cell repair

factors?®2 Tn7 transposition is typically unidirectional in insertion orientatfén
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Figure 13. Tn7 transposes via a cutand paste mechanism catalyzed by a heterometric

transposase.

a, The heteromeric Thtransposase comprised of TnsA and TnsB (TnsAB) will cleave both the
36 and 56 donor DNA ends to
transposition method mostly comprised of simple integration products. In contrast, transposons
that undergo replicative, or co@nd paste, transposition due to the homomeric nature of their

at only the
Shapiro intermediates and must be resolved by endogenousépdik pathways, and oftentimes

result in the formation of emtegrate insertiond, Schematic detailing the donor cleavage at the

56 and 306 ends of 7 ttamspositidng asowell ab Mhé mesotved Past

transposase, result [

transesterification i
from Peters (2014%° and Peters & Craig (200%5.
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Transposable elements are characterized by their ability to move DNA flanked by

transposon end sequences iatbersequences, either by first excising the DNA cargo from its

donor moleculd"cut and paste" transposition) or by copying the DNA cargo from its original

donor moleculeinto a new site ("copy and paste" transpositigf)gure 13a)34 When

bioinformatically mining bacterial genomes for new classes of defense systepechers often
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use a nAguilt by adhaasterie aetvisystants baved ron thd grokimity of o
effector proteins to each other in the genome. Rjuiled DNA transpositioguided byminimal
CRISPR systems in a "guns for hire" model was first hypothesized based on a bioinformatic survey
that discovered differenCRISPRCas systems in close proximity to TFhke transposase
machineryin bacterial genome=igure 14a)*?113% This hypothesis was experimentally verified
through two independent efforts that demonstrated programmable integration of large DNA cargos
in E. coliby Tn7-like transposases guided by a CRISPR RNA (crRNA) and either a single effector
Type V-K (Casl12k)or multi-effector Type 1F complex (Cascadéf®13” Since theoriginal
characterization of TypeF and Type WK CASTs, multieffector Type 1B and TypeID CASTs

have also been experimentally validated as astyjgtems in bacterigrigure 14b)*38.139

a b Type I-F CAST
< CRISPR
srotaspacer ¥ —EHSAY trse {insCr @ el -
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Figure 14: Tn7-associated CAST Families.

a, Schematic demonstrating the replacement of canonicavinthe cooptation of a nuclease
deficient CRISPR system to direct transposition into either mobile plasmid targets, via-crRNA
directed DNA targeting, or into homing attachment sites via a Jlikglprotein, or a specialized
homing crRNA.b, Schematic of the operons of the four characterized CRERBciated
transposase (CAST) families, highlighting the unique protein and RNA elements that are specific
to the CRISPR Type the DNfargeting module erives from. Adapted from Peters et al.,
(20172

All CASTsfamiliesshare similar mechanisms of transpositamd can be characterized by

two core components: a DNA targeting module and a DNA donor integration mG&8d's are
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first recruited to programmable target sites via a CRISPR RNA (crRh#) or without a scaffold
tracrRNA The crRNAdirecs recruitment of the CRISRRerived DNA targeting effector, which
can be comprised of single or mygtiotein effectors, to the corresponditaggetsequence®
138,140 The DNA targeting effectaequentiallyrecruitsTniQ, a homolog of T TnsD,which then
recruits TnsC, another mediation proteifnsC thenrecruitsthe transposasdonor paired end
complex (PEC) to the target site. The transposase module recognizes the left and right transposon
ends that flank the donor DNA, eithe@icksthe donorDNAat it s 36 enfemitsor f ul
plasmid backboneia a DSB and integrates the DNA cargo downstream of the taigtf 138.140
The liberated donor DNA ends are joined to a sequence downstream of the target site that results
in the creation of a-Bp TSD that flanks the integrated cal¥oThis transposon end recognition
and integratioris catalyzedby a Trv-like transposase composed of, at a minimum, TnsB. The
transposasetsansesterification mechanism of action has largely been extrapolated from previous
work characterizing Thtransposition(Figure13a)t3%:141

Recent advancements in determining the structudgferentCAST complexefaveshed
light on various nuances of the recruitment of each subsequent effectanifpre CAST
system&*?149 CAST systemshare certain qualities that make them attractive candidates to be
developed intd@oth bacterial and mammaligene editing toolsThe four CAST systems that have
been identified irtheliterature and the intricacies of their respective mechanjsmsvell as their
applications in bacteriare reviewed in more detdi€low Figurel5, Figurel6). In spite of their
attractiveness as genome engineering technology and their ease of use in bacteria, CAST systems
have proven difficult to port into mammalian cells, and prior to the work described in Chapter 2,

no group had reported detectable CAST trasgn at genomic loci in human cells.
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Figure 15: Properties of different CAST systems.

Table comparing the major properties of the four CAST systems described in further detail in
subsequent sections of ChapteMNumber of effector proteins refers to the number of unique
proteins in each CAST systeinsertion distances refertlted i st ance from t he
site.
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112 Type I-F CAST systems
The Type {F CASTDNA targeting effector is comprised ofnaicleasedeficient, mult
proteinCascade complexa natural Ca&Casbfusion, Cas6, and CasCascade associates with
TniQ, a homodimer transposition mediation protein related to Tn7 ,Tfeshing the DNA
targeting co-complex QCascad®®144 The transposition module is comprised of 3 7Hlike
transposition proteingnsC and the heteromeric transposase TnsATas8'36, In bacteria, Type
I-F CASTs demonstrate an attractive ability to integrate large DNA cargos of up to 10 kilobases
(kb) at efficiencies nearing 100%. Integration is programmabledaedted by a 6Gwucleotide
han

crRNA consisting of 82-basepair (bp) target sequensandwiched betweesn 56 c¢cr RNA

and a 306 c p'RMNype B CASTs have flexible protospacer adjacent motifs (PAMs)

The originally characterized TypeH CAST system fronV. cholera(VchCAST) demonstratea
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5'CN PAM, and some TypeH CASThomologs demonstmat nealy non-existent PAM®L, This
flexibility in target sequence selection indicates that, unlike targeting restrictions see8. with
pyogenesas9's more stringent NGG PAM, there is almost no restriction on target site selection
when using the appropriate homolog.

Type FF CAST ntegrationtypically occurs approximately Sp downstream of the target
site. Integratioroccurscan occur in two orientations so that the left transposon end is closest to
the target sit€T-LR) or the right transposon end is closest to the targe(&iRL) when native
transposon ends are usedt selectively truncating the native transposon ends pushes the majority
of integrations to thel-RL orientatiod®®. BecauseType FF CASTs utilize a dual nicking
mechanisnby TnsA and TnsB at both the 5" and 3' end of each transposon end flanking the donor
DNA, transposition is achieved through eutdpaste mechanism that results in the majority of
integration events consisting of a simple integration product, in contrims Tgpe V-K CASTs
described in detabbelowt>2 Our group has recentshown that some, but not all, Typ& ICAST
homologs are dependent on bacterial integration host factor (IHF) for highly active transposition,
and that many homologs contain an IHF binding site in the transpefcend regardless of
dependencies otiF>3, This finding challenges the preconception that CAST systems, as is the
case with many other transposases,-@etfode all of the machinery needed to perform
transposition in heterologous hosts within their transposon ends.

Type FF CASTs are attractive gene editing candidates because, apart from their excellent
product purity, they alsexhibithigh specificity. Our group has extensively profilduket specificity
of Type FF CAST integration, both by mapping integration sites through unbiased sequencing
technigues and by characterizing DNA binding of effector proteins through chromatin

immunoprecipitation with sequencing (Chéeq!36:142150.152 Type FF CASTs demonstrate
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remarkable integration site specificity nearing almost 100%auaget integration. This specificity

is hypothesized to arise due to the sequential recruitment of first QCascade, then TnsC, and finally
TnsA and TnsB*. ChiP-seq data profiling DNAinding interactions with a catalytically inactive
TnsAB transposase has illustrated that the early QCascade protein recruitment events in the Type
I-F integration pathway are surprisingly promiscuous, while the subsequent recruitment of
downstream protegis increasingly stringent. The recruitment of the TnsAB transposase, the final
localization step prior to integration, is only shown to occur at a small fraction of DNA sites
regardless of the promiscuity of QCascade binding, highlighting an importackpint

mechanism in the specificity of TypeFICASTs!42

113 Type V-K CAST systems

Type V-K CAST systems are also characterized by a DNA targeting module responsible
for target site direction and an integration module responsible for recognizing the flanking
transposon ends and inserting DNA cafgdiowever, unlike Type-F CASTSs, Type WK CASTs
derive their targeting module from a Type V CRISPR single effector protein, Casl12kathat
naturally mutated to become nucleakdicient3”:154 Type V-K CASTS alscencodeTnsC and a
monomer version of TniQ to mediate communication between the DNA targeting and DNA
integration modules, but the transposase is only comprised of TnsB. FpEASTS require
both a tracrRNAand a crRNA to direct DNA targetinglthoughengineeredusions of both RNA
componentgalled sngle guide RNAs(sgRNAs)have been designgsimilar to previous work on
Cas9RNA targeting®*3” Type V-K CAST target sitéengtts ranges from 1-23 nucleotides in a
homologdependentmanner andhave more stringent PAMs than Typ€& ICASTs and require a

5 GTN PAM,
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Type V-K CASTS can integrate large DNA cargos of up to 10 kb at approxinzQdip
from the 3' end of the target site, depending on the homolog usetheantjority of insertions
occur in theT-LR orientatiort®”. Because Type K systems lack TnsA, the DNA donor (pDonor)
is only nicked at the 3' end and is not completely excised from the plasmid badkibegeation
occus via copy and paste, or replicative, transpositiwhich requires DNA replication during
transposition to resolve the resulting Shapiro intermediates, andreftgits inthe formation of
co-integratetransposition eventsharacterized by insertion of two copies of the DNA donor
separated bthe donomoleculé®?1% Type V-K CASTS perform RNAguided DNA integration
with an ontarget specificity of approximately 50%, with many RN#&lependentun-targeted
insertions throughout the genotte'®2 Due to the relative ease of purifying TypekVCAST
protein components relative to Typ& ICASTs, many structural analyses of Typ&\CASTSs
have revealed unique properties of the system that give critical insight to T&ENST
function. These structural studies have provided insight the&xelative proportions of proteins
present in the CAST effector compléke specific complexes that are formed for bothtarget
(Cask12kTniQ-TnsGTnsB) and urtargeted (Tni@InsGTnsB) integration, the necesgiof
bacterial cofactor S15 to properly folan R-loop at the target site, artie promiscuity in which

Type V-K TnsC filaments over DNA sequencgbenexpresseth abundanamount*3145.147.149

1.14: Type |I-B CAST systems

Similar to Type {F CASTs, Type B CASTs are distinguished by their megtiotein
Cascade DNA targeting effector derived from a Tyji CRISPR systentconsisting of Cas5,
Cas6, Cas7, and Cadd the case of TypeB CASTs, Cas5 and Cas8 are unfused, and recent
work has demonstrated the presence of a hidden open reading frame (ORF) coding for Casll

within the Cas8 operon that is necessary for proper Cascade complex formation aryd&etfvit
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Type FB CASTs utilize a 3éit spacer, and preferentially integrate DNA donors633bp
downstream of target sites that contain 5' AT PAM sequences. Interestingly-BY@AS$Ts also
contain two distinct copies of TniQone of which is responsible for crRN#ependent
transposition, andne of which has been relabeled as TnsD duéstoole in homing to host
attachment siteand its similarity to Tn7 Tri3!3>138

Like Type FF CASTs, Type B CAST transposition is executed by the heteromeric
transposase TnsA and TnsB, with mediating interactions by TnsC. Because TnsA and TnsB are
both present in TypeB CASTSs, the majority of integration products are simple insertiand
the most common integration orientation #RI*3¢ Type FB CASTSs are less active théme two
previously characterizeBAST systems in bacteria, demonstrating integration efficiencies below
1%. However, in spite of their low activity, they display antarget specificity of almost 100%
indicating that theynaybe coeopted as attractive gene editing tothisough strategiengineering

efforts to increase integratia@ttivity38

1.15: Type I-D CAST systems
Typel-D CAST systems are the most recent systems to have been experimentally validated

in bacteria. Like Type-F and B CASTs, Type iD CASTs are comprised of a muétffector
Cascade DNA targeting complex, made up of Cas5, Cas6, Cas7, and Cas10, emoha&ed\pe

I-D CRISPR systefi®. Similar to Casl12k in Type ¥ CASTs, Casl10 also evolutionarily
developed nucleasaactivating mutations as the DNA targeting complex wasmed from a
nuclease to a transpositigiding proteinLike Cas8 inType FB CASTs,Casl10also contains a
hidden Cas1DRF encoded within its operd#1%6 Type D CASTs also contain two distinct
copies of TniQthat independently direct transposition in a crRbépendent or crRNA

independent mannewith the copy responsible farRNA-independenhoming to a specific
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genomic locus relabeleasTnsD. Interestingly, Type D CASTSs also contain natural TnsPasB
transposase fusions, which have also been reported in some-Fypeg T 39151

Type kD CASTs preferentially integrate donor DNA in a artd pastemechanism
approximately 37 bp downstream of target sites with 5' G/T,T,T PAM sequences. Insstions
with a predominantly LR orientation bias and are typically simple insertions due to the presence
of TnsA'° Integration efficienciesare lower than Type-F and Type WK CASTs at
approximately 1%, but otarget specificity as measured by matkayit assays in bacteribas

been shown to be near 105%

1.16: Bacterial applications of CAST systems

CASTs have been used in numerdaecterial editing applications, highlighting their
versatility as a gene editing tad@ligure16). Shortly after initially experimentally validating Type
I-F CAST activity inE. coli, our group demonstrated the ability to rationally mutate donor DNA
transposon ends to form functional linker sequences that could be applied to tag endogenous
proteins with fluorescent markers in fral¥feOur group also demonstrated the ability to perform
singlestep multiplexed editing at multiple target sites by capitalizing on Cas6's ability to
endogenously process its own crRNA from a CRISPR array intelldiese multiple insertions
were used to integrate multiple loxP sites to catalyze dscgée genomic deletions in tke coli
genome. In addition to simultaneously integrating the sdoner DNA at multiple target sites,
our group also showed the ability to use orthogonal Tylpa@hd Type WK CAST systems that
do not recognize each otherds cognate transpo

genetic payloads® Similar work from other groups have also shown parallel multiplexed editing
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by utilizing orthogonal Type-F CAST homologs with no transposon end cnessctivity to insert

distinct DNA cargos at different genomic I8¢
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Figure 16. Bacterial Applications of CASTSs.

Representation of the bacterial applications CASTs have been utilized for in the short time since
their discovery, reviewed in more detail in Chapter 1.16. Adapted from Gelsinger et al.}{®2023)
and Walker et al., (2028}

Type FF CASTS have been applied to edit various species of-gegyative bacteria. An
all-in-one plasmid delivery vector was used to edit clinically and industrially relevant gram
negative bacterial species, suctkésbsiella oxytocawith ontarget specificities of over 95%6.

In addition to editing homogenous bacterial species in culture, multiple groups have demonstrated
the ability to edit specific bacteria in mixed microbial sampée®] have subsequently shown
isolation of specific bacterial species by either integrating an antibiotic resistance marker or
integrating metabolic pathway genes dhenselecting for edited ceflR>15? The ability to edit

specific bacterial species in microbial populations without the need for prior isolation is a

promising indication that CASTsay play a major role in the microbiome editing space,
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particularly if CASTs can be further developtedtarget specific bacterial speciawivo in animal
microbiomes that cannot be cultured ex vivo.

Similarly, Type VK CASTs have been shown to edesbiella pneumoniaeand
Pseudomonas aerugingsand have been applied for genewiee transcription factor disruption
screens in bacted®. Type V-K CASTs have also beefurther optimizedafter their initial
characterization to improve their utility as gene editing tools. Researchers were able to increase
the ratio of simple integration to dntegrate events by fusing a nicking homing endonuclease to
TnsB, functionally resulting in comgke excision of the pDonor from the plasmid backbdrtes
full pDonor excision, in contrast to the typical partial donor excision catalyzed in the absence of a
natural TnsA in Type W CASTSs, results indownstream integratiorvia a cut and paste
mechanisr?®. This fusion system, named HELIX, waspable of performing higfficiency,
predominantly TLR integration of DNA cargos up to 10kb in size. Additionally, the researchers
demonstrated that fusing TnsB téil, the nicking endonuclease, increaseeanget specificity
to almost 90%. They hyphesized that this increase in specificity resulted from constraints in
TnsB structural conformatiomposed bythe fusio®.

Additionally, by tethering either TniQ or TnsC to Casl2k via protein linkers, the
researcherg/ere able to increase the specificity of the system to approximately 95%, presumably
by constraining Casl2ikdependent TnsC filamentation on DNA, similar to work in bacteria
severely modulating TnsC filamentation by restricting its availabifiy> The exciting
engineering advancements of CAST systems in bacterial contexts is an inspiring indicator that
thereare still many opportunities to further elucidate the molecular mechanisms of CASTs. These

advances in our understanding of CASiayleadto the development of CASTs as highly active
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mammalian genome editing tools in subsequent optimization, &tepsnd the efforts discussed

in Chapter 2 to detect CAST editing activity in human cells.
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Chapter 2: DSB-independent CAST editing in human cells

This chapter has been adapted from:
Lampe, G. D., King, R. T., Halpirlealy, T. S., Klompe, S. E., Hogan, M. I.,, Vo, P. L. H., ... &
Sternberg, S. H. Targeted DNA integration in human cells without detitsled breaks using

CRISPRassociatetransposasedlature Biotechnologyl-12 (2023)

Appendix A contains the manuscript as published.

Contributions:

G.D.L. performed western blots, plasrtidsed reporter assays and experiments screening CAST
homologs and host proteins. R.T.K. performed genomic activation assays, ChIP experiments and
ddPCR analyses. G.D.L. and R.T.K. performed integration assays antifigdaintegration
efficiency by gPCR and amplicon sequencing. T.$Hperformed initial human cell experiments

and, together with M.I.H., tested tagged constructs for activify. icoli. S.E.K. tested tagged
constructs irkE. coliand assisted with inal NGS library preparation and data analysis. P.L.H.V.
designed and cloned constructs for initi#d activation assays. S.T. performed CkHe analyses.

A.C. provided expert support and helped S.H.S. supervise the project. S.H.S., G.D.L., R.T.K. and

A.C. discussed the data and wrote the manuscript, with input from all authors.
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2.1 Abstract

Conventional genome engineering wWi@RISPR Cas9 creates doubftrand breaks
(DSBs) that lead to undesirable byproducts and reduce product purity. Here we report an approach
for programmable integration of large DNA sequences in human cells that avoids the generation
of DSBs by using Type-F CRISPRassociated transposases (CASTs). We optimized DNA
targeting by the QCascade complex through protein design and developed potent transcriptional
activators by exploiting the multialent recruitment of the AAA+ ATPase TnsC to genomic sites
targetedby QCascade. After initial detection of plasnbdsed integration, we screened 15
additional CAST systems from a wide range of bacterial hosts, identified a homolog
from Pseudoalteromona$at exhibits improved activity and further increased integration
efficiencies. Finally, we discovered that bacterial ClpX enhances genomic integration by multiple
orders of magnitude, likely by promoting active disassembly of the-ipgfration CAST
complex, akin to its known role in Mu transposition. Our work higtkghe ability to reconstitute
complex, multicomponent machineries in human cells and establishes a strong foundation to

exploit CRISPRassociated transposases for eukaryotic genome engineering.

2.2 Introduction

RNA-guided DNA endonucleases encoded by CRISP& systems offer ease of
programmability and higlefficiency activity in a wide range of cells and organisms and have,
therefore, experienced widespread adoption for basic research, agricultural applicattns,
human therapeuti¢g-1%2 In mammalian cells, Cas®ediated doubkstrand breaks (DSBs) are
primarily repaired in one of two wa§snon-homologous end joining (NHEJ) and homolegy

directed repair (HDR) with the efficiency of NHEJ typically exceeding that of HDR by at least
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an order of magnitudé Although improved methods of HDBased insertion have begun to
emergé®? 166 precise modifications necessitating larger cargo sizes remain inefficient and difficult
to generate, particularly in cell types that do not express sufficient levels of recombination
machinery®7 169,

Recent studies have further highlighted the range of undesirable (and previously
undetected) byproducts of DS#sed genome editing, including larggale genomic deletions,
chromosomal translocations and chromothripgist /%17l which confound results and pose
serious safety concerns. Naggneration editing reagents, including base editors and prime editors,
exploit CRISPRCas9 for programmable RNguided DNA targeting while leveraging fused
effector domains to perform sipecfic chemistry on the genome, enabling precise, BSB
independent modificatiof%°2172 However, both approaches have traditionally been restricted to
edits ranging from single to ~50 base pairs (bp), rendering larger insertions inaccessible. Recently
developed tools that combine prime editors with serine integrases, such as TwinPE and PASTE,
have been shown to enable larger DNA insertions with efficiencies up to ~25%, but these methods
still require resolution of complex DNA intermediates, can generate undesired indels at the target
site and produce incomplete modifications when the mal#gplizymatic events do not occur in
concert’:%8

Lentiviral vectors are a highly used gene delivery vehicle for biotechnological applications
because they integrate with high efficiency across diverse cell types, although they may exhibit
promiscuous specificity, offer little control over copy numbegspnt limitations in cargo capacity
and design and require numerous manufacturing ‘Stepsansposases such as Sleeping Beauty
and piggyBac also integrate DNA without relying on host recombination and can better

accommodate large sequences for insertion, but they lack specificity and copy number £ontrol
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176 In contrast to these approaches, recombinases such as Cre and Bxb1 offer excellent specificity
and product purity but are not programmable and, thus, require researchers to first generate
engineered cells containing the obligate recombinatiod’s#& The ideal DNA integration
technology would function in a single step and avoid generating DSBs or indels while retaining
the programmability afforded by RNguided DNA targeting.

Recent studies have attempted to engineer RNidled transposases by fusing Cas9 to
various transposase domains, but these efforts have remained reliant on DSBs and/or failed to
achieve stringent specificity contt®!17918L |n contrast, bacterial CRISP&ssociated
transposases (CASTSs) catalyze insertion of large DNA sequences in a targeted manner without
DSBs. Using a TypelF CAST system derived froMibrio choleraeTn6677, we recently reported
DSB-free DNA insertions in multiple bacterial species and demonstrated that this approach
exhibited exquisite genomeide specificity and could be easily reprogrammed to-dséned
sites with singlebp accuracl?®1>? We, therefore, sought to leverage RigAided transposases
for targeted DNA integration in mammalian cells, despite the obstacle of reconstituting a complex,
multi-component pathway that depends on a donor DNA, guide CRISPR RNA (crRNA) and
assembly of sevedistinct proteins, many of which function in an oligomeric st&igure 17:
Reconstitution oproteiri RNA CAST components in human cedl$).

Here we report mammalian CAST activity using two diverse systems \from
choleraeandPseudoalteromond%, demonstrating that the same molecular determinants of
RNA-guided transposition hold true in bacteria and eukaryotes. Integration efficiencies were
initially much lower at endogenous target sites compared to episomal plasmid substrates, which
led us to idetify bacterial ClpX as a critical accessory factor that enhanced genomic integration

by more than two orders of magnitude. During our engineering efforts, we also developed a
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strategy for targeted recruitment of an oligomeric transposase component, TnsC, which we
harnessed to achieve potent transcriptional activation at levels similar to conventionabd€kz=t9
reagents. Taken together with recent studies harnessing altermggie | CRISPRCas systems

for eukaryotic genome and transcriptome engine&if, our work challenges the reliance on
singleeffector editing reagents and provides a strong starting point for genome engineering using

RNA-guided, CRISPRassociated transposases.

2.3 Heterologous expression of CAST components in human cells

Bacterial Tr7-like transposases have-opted at least three distinct types of nuclease
deficient CRISPRCas systems for RNAuided transposition {B, I-F and VK with each
exhibiting unique features. We carefully reviewed fidelity and programmabititpmeters for
experimentally characterized CAST systems, alongside recently describetir@asgsase
fusion approaché® 38 and opted to focus our efforts on the TypE V. choleracCAST
(VChCAST; previously also referred to ¥'sHNTEGRATE) because of its optimal integration
efficiency, specificity, and absence of -imegrate$®®150.152 Within this system, a
ribonucleoprotein complex comprising TniQ and Cascad&(Cascade) performs RNguided
DNA targeting, thereby defining sites for transposon DNA inseiifdft! Excision and integration
reactions are catalyzed by the heteromeric TA$AB transposase after prior recruitment of the
AAA+ ATPase, Tns&*"142 Integrated DNA payloads must be flanked by transposon left and right
end sequences, which encode TnsB binding sites and define boundaries of the mobile element.

We adopted a methodical, bottamp approach to pokchCAST into human cells. To first
establish whether the component parts were efficiently expressed, we cloned eackcoditgin

gene onto a standard mammalian expression vector with-tenni\hal or Gterminal nuclear
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localization signal (NLS) and 3xFLAG epitope tagigure 17b). Using western blotting, we

showed robust heterologous protein expression, both individually and when all CAST proteins
were ceexpressedHigure17c). Cellular fractionation provided evidence of nuclear trafficking,

and we also demonstrated efficient expression and trafficking of an engineered TnsAB fusion
protein (TnsABf) that we previously showed retains vijide activity Figure22)>2 However,

initial attempts to reconstitute RNguided DNA integration in HEK293T cells proved
unsuccessful, even after exploring numerous strategies to enrich rare events thropgkitio¢h

and negative selection. We, therefore, decided to separately assess guide RNA (gRNA) expression
by adapting a previously developed approace moni t or cr RNA biogene
untranslated region (UTR) of a GHcoding mRNA®, Cas6 is a ribonuclease subunit of
Cascade that cleaves the CRISPR repeat sequence in most Type | OBASRigstentd’, which,

in our assay, woul d sever the 5N cap from t he
fluorescence knockdownFigure 17d). Accordingly, we observed netotal loss of GFP
fluorescence when the reporter plasmid wasransfected with cognat¥chCas6 but not when

the reporter encoded a nongnate CRISPR repeat or lacked a repeat altogdgguré 17e).
Interestingly, GFP knockdown was substantially reduced when Cas6 contairtednair@l NLS

or 2A peptide Figure17e), indicating a sensitivity to terminal tagging that could not be easily
explained by the cryogenic electron microscopy (cryoEM) struttur€ollectively, these
experiments verified expression of all protein and RNA components\iah@AST, leading us

to next focus on functional reconstitution of RMlided DNA targeting by QCasoad
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Figure 17: Reconstitution of proteini RNA CAST components in human cells.

a, Schematic detailing DNA integration using RMNided transposasds. Type FF CRISPR
associated transposons encode the CRISPR RNA (crRNA) and seven proteins needed for DNA
integration (top). Mammalian expression vectors used for heterologous reconstitution in human
cells are shown at the bottom.Western blotting with anffLAG antibody demonstrates robust
protein expression upon individul) (or multi-plasmid (+) cetransfection of HEK293T cells. Co
transfections contained AllchCAST components, wh the FLAGt agged subun4t (s)
actin was used as a loading control. Western blots were repeated in biological duplicates with
similar resultsd, Schematic of eGFP knockdown assay to monitor crRNA processing by Casé6 in
HEK?293T cells. Cleavage of the CRISPR direct repeat {@Rpded steth o op severs t
from the ORF and polyA (pA) talil, leading to a loss of eGFP fluorescence (bogomansposon
encodedvchCas6 (Type 4F3) exhibits efficient RNA cleavage and eGFP knockdown, as
measuredy flow cytometry. Knockdown was similar RseCas6 from a canonical CRISPRas

system (Type-E)'44 was absent with a necbgnate DR substragtand was sensitive to-@rminal

tagging. To control for overexpression, data were normalized to negative control condlitjons (

in which dCas9 was etransfected with the reporter. Data are shown as the mean = 9ud. for 3
biologically independent samples. Uncropped western blots are shéugune35.

he

2.4 QCascade and TnsC function as transcriptional activators

Unlike most Type Il and V CRISRKas systems, which encode single effector proteins
that function as RNAyuided DNA nucleases (Cas9 and Casl2, respectively), the Cascade
complex encoded by Type | systems does not possess DNA cleavage activity and gxisiieisl,
long-lived target DNA binding upon #oop formation, analogously to catalytically inactive Cas9
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(dCas9)®8 We decided to leverage this activity for transcriptional activation of an mCherry
reporter gene by fusing transcriptional activators to QCascade, as recently done for other Type |
system&®3184.185thereby converting DNA binding intodetectable signal that would allow facile
troubleshooting and optimization of QCascade functiagure23a).

We first constructed activators using a Typ& ICascade unrelated to transposases
from Pseudomonasp. S6i2 (PseCascade_IE), which we previously exploited for genome
engineering in human celf$:182 We fused VP64 to the hexameric Cas7 subunit and concatenated
all five casgenes within a single polycistronic vector downstream of a cytomegalovirus (CMV)
promoter, by linking them together with viral
separately expressed from a U6 promdtg{re23a). The resulting expression plasmids yielded
~260fold mCherry activation when ewansfected with the reporter plasmid, similar to levels
achieved with dCas¥ PR, and the effect was ablated in the presence of d@angating crRNA
(Figurel18b). Surprisingly, when we tested nearly identical designs using the transposated
Type FF QCascade homolog frowh choleragwe did not detect any activatioRigure18a,b).

We suspected that the presence d@géNninal NLS tags, @erminal 2A tags or both might
be inhibiting QCascade assembly and/or R§jlAded DNA targeting, despite the fact that all
termini appeared to be solvemtcessible in our experimentally determiné&hQCascade
structure Figure23b)'44 To systematically investigate this possibility, we cloned peptide tags onto
the termini of alVchCAST components and tested their impadEscherichia coltransposition
assays. Whereas some tags had little effect on activity, others led to a severe reduction or complete
loss of targeted DNA integratiofigure23c), highlighting the sensitivity of this system to minor
perturbations. The transposase components were particularly vulnerable, witeanimdl tag

on TnsA and @erminal tags on TnsB and TnsC being largely prohibitive. Within the context of
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QCascade, @erminal 2A tags on TniQ and Cas7 each reduced integration by more than 90%,
which could explain the lack of transcriptional activation that we observed using polycistronic
vector designs. We also screened multiple components for activatmmdusid found that the-N
terminus of Cas7 was amenable to both VP64 and VPR fusions in baetguige23d).

With these data in hand, we retested QCasd&d6é4 in human cells using individual
expression vectors with optimized NLS tag locations for each component and detected mCherry
activation for two distinct crRNAs, evidencing successful assembly and tard@idin human
cells (Figure 18c,dand Figure 23¢). Activation levels were further increased by replacing all
monao-partite SV40 NLS tags with fpartite (BP) NLS tags, and this activity was strictly dependent
on the simultaneous expression of Cas8, Cas7, Cas6 and a targeting EfRNé&18d andFigure
23e,7). Interestingly, although Cas7 tolerated a VPR fusion in bacteria, we were unable to detect
transcriptional activation in mammalian cells using VERs7 Figure 18d and Figure 23d,6).

These results highlighted the importance of carefully dissecting the effects of all sequence
modifications being introduced ¥chCAST components, even those appearing innocuous, and
emphasized the value of fluorescence reporter assays in debugging molecular events upstream of
DNA integration.

Early dCasSased transcriptional activators revolved around recruitment of an activator
domain covalently linked to a single dC&#89°%, whereas later methods have exploited strategies
for multi-valent recruitment of one or more effector domthdn the case of CAST systems,
recent experiments have demonstrated that TnsC forms largedég@éhdent oligomers that
assemble onto doubltranded DNA (dsDNA) and are specifically recruited to Dbidund
QCascade with high genoméde specificity inE. colit*?146:147\We, thus, hypothesized that these

properties could be leveraged for muéilent assembly of TnsC to increase the potency of
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transcriptional activation in mammalian cells while also demonstrating recruitment of a critical
transposase component in a QCasadejmndent fashiorF{gure18e).

We fused VP64 to either the-fdrminus or &erminus of TnsC, targeted seven candidate
sites upstream of our mCherry reporter gdfigure24a) and investigated the potential for TnsC
to stimulate transcriptional activation. Strikingly, Tna@64 activators drove substantially
higher levels of mCherry activation than QCascade alone, and activation levels could be further
improved by optimizinghe relative amount of each expression plasmid used during transfection
(Figure 18f and Figure 24b). This effect was absent when TniQ was omitted oE.acoli TnsC
homolog was substituted, confirming the importance of cognate ITm€LC interactions.
Furthermore, a TnsC ATPase mutant that prevents oligomer formation (E43489 abolished
transcriptional activation, suggesting that the observed signal requires protein oligomerization on
DNA (Figurel8f). TnsC homologs from Type-X CAST systems form filaments napecifically
on dsDNAM&147 and we were, therefore, keen to investigate the fidelitycbTnsGmediated
activation. Nortargeting controls generated undetectable mCherry mean fluorescence intensity
(MFI) above background levels, demonstrating the specificity of potential TnsC filamentation in
Type - CASTs Figure 18f). When probing thespecificity of QCascade DNA binding,
intermediate levels of transcriptional activation were retained when mismatches were tiled within
the middle of the 3bp target site, but there was a strict requirement for cognate pairing in the

seed (positionsiB) and PAM-distal (positions 2632) regions Eigure18g).
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Figure 18 Development of QCascadédased and TnsGbased transcriptional activators to
monitor DNA targeting.

a, Design of mammalian expression vectors encoding transposmded Type-F3 systems
(VchQCascade). Cascade subunits are concatenated on a single polycistronic vector and connected
by virally derived 2A peptides, as described previot§slyp, Normalized mCherry fluorescence
levels for the indicated experimental conditions, measured by flow cytometry.
WhereadPseCascade stimulated robust activativishQCascade was inactive under these
conditions. NT, nortargeting SgRNA/crRNA; T, targeting SgRNA/crRNA, Design of
separately encodedchQCascade mammalian expression vectors with optimized NLS tag
placementd, VchQCascade mediates transcriptional activation when encodeddngireeered
expression vectors, as measured by flow cytometry. mCherry expression is further enhanced when
replacing monepartite (SV40) NLS tags with BP NLS tags. Pc, polycistronic; S.V.]eswertors;

NT, nontargeting; T, targetinge, Schematic of transcriptional activation assay, in wBibiA
targeting byWchQCascade leads to multalent recruitment o¥/chinsQ VP64. The assembly
mechanism is based on our recent biochemical, structural and functaigéat. f, Normalized
mCherry fluorescence levels for the indicated experimental conditions, measured by flow
cytometry.VchTnsGbased activation requires cognate prdtpiotein interactions, is strictly
dependent on the presence of TniQ and involves-adpendent oligomer formation, which is
eliminated with the E135A mutation. Several controls are shown for comparison, al#sgR
target the same sites showrFigure24a. NT, nontargeting crRNAg, Transcriptional activation
shows strong sensitivity to RNANA mismatches within both the PAldroximal seed sequence

and a PAMdistal region implicated in TnsC recruitment. Data are shownfaaiml the schematic

at the top displays the mismatched pioss that were tested. Data were normalized to the perfectly

matching (PM) crRNA. Data ib, d,f andg are shown as the mean £ s.d.for= 3 bi ol ogi ¢

independent samples.
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Having demonstrated the ability of Tnd@sed activation to potently induce expression of
a reporter gene, we targeted four endogenous genes in the human gembidIAT, ASCL1
andACTCJ, which have been previously targeted with CRISPRa using d@&§8° We
designed three or four distinct crRNAs tiled upstream of the transcription start site (TSS) and
delivered them by transfecting a single crRNA expression plasmittaesfecting multiple
crRNA expression plasmids or transfecting a single crRNA expression plasmid containing a four
spacer CRISPR arrayigure 19a andFigure 24c,d). TTNinduction by TnsCVP64 was similar
to dCas®VP64 and dCas¥/PR activation, and, consistent with our model, the presence of Cas8
and TniQ were strictly requiredrigure19a). Potent activation was seen on other genomic targets
ranging from 20€fold (MIAT) to more than 1,00€bld (ASCLJ, highlighting the programmability
of our multimeric systenfFigure 194), although other sites showed more moderate activation
(Figure 24e). Furthermore, we demonstrated the ability to use a multiplexed CRISPR array
containing four spacers that each targeted a different gene to achieve robust transcriptional
activation of all four genes' TN, MIAT, ASCL1andACTC)) in the same cell population at levels
similar to activation achieved by singdpacer CRISPR arrayBigurel19,0).

We next investigated the fidelity of TnsC recruitment by performing chromatin
immunoprecipitation followed by sequencing (C{d€q) after cdaransfecting plasmids encoding
FLAG-tagged TnsC, protein components of QCascade afidNaspecific crRNA. Analysis of the
resulting data revealed a sharp peak directly upstream @fltR@SS at the expected target site,
which was absent in netargeting samples transfected with a crRNA containing a spacer not found
in the human genom&igure19d andFigure25a,b). To assess offarget binding, we analyzed all
peaks in both targeting and ntargeting conditions across three biological replicates and

performed differential binding analysis, revealing only a single region atTthgromoter that
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exhibited significantly different binding affinity between both conditions (false discovery rate
( FDR) 2 highligatig the specificity of Type-F CAST assemblyHigure25¢ andFigure
19%). Heat map analysis of additional peaks that were called in either targeting-targeting
conditions revealed low enrichment values, and a further manual inspection of five potential off
target sites that exhibited high similarity to fhEN spacer sequence lacked any detectable signal
enrichment in the ChH3eq datasets-{gure25d-g). Together with our recesstudy ofVchCAST
factor recruitment ifE. colit*?, these results indicate that TnsC binds target sites marked by
QCascade with high fidelity and that the intrinsic ability of TnsC to form -A&Pendent
oligomers enables multiple copies of an effector protein to be delivered to genomic sites targeted
by a ¢RNA.

This programmable, muliialent recruitment represents an exciting opportunity to further
develop genome and transcriptome engineering tools that benefit fronrgliad DNA binding
of aneffector ATPase. In the context of efforts to reconstitute CAST systems-mad@ted
transcriptional activation provided compelling evidence that both CRE&RBciated and
transposorassociated protein components can be functionally assembled at phashgednomic
target sites in a highly specific and programmable manner, encouraging our efforts to next probe

for RNA-guided DNA integration.
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Figure 19 : Potent genomic transcriptional activation via RNAguided recruitment of the
AAA+ ATPase, TnsC

a, TnsQ VP64 directs efficient transcriptional activation of endogenous human gene expression,

as measured by RGPCR. Four distinct crRNAs were combined for each condition and were
delivered individually, as a pool or as a single mstacer multiplexed CBIPR array. The
dCas9VP64 and dCas%/PR comparisons used four distinct sgRNAs encoded on separate
plasmids. NT, nostargeting; T, targetind, Sc hemat i ¢ demonstrating Cas
CRISPR arrays in vivo, thus allowing for the use of mudtield CRISPR arrays to target multiple

sites concurrentlyc, Multiplexed activation of four distinct genes in the same cell mho\ 10-

kb viewing window of ChiPseq signal at th€ TN promoter corresponding ITNguide 1.e,

Differential binding analysis plot. Across consensus peaks for each condition, the only region
exhibiting significantly different Chl P enri
targeting conditions was the peak at TiéN promoter. Data imandc are shown as the mean +

sd.forn = 3 biologically i ndependarashowsn domihree s . Vv
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2.5: RNA-guided episomal DNA integration in human cells

We reasoned that the baseline efficiency of R@NAded transposition might be low before
optimization, and, therefore, we sought to develop a sensitive assay that would enrich integration
products. We cloned a promotgriven chloramphenicol resistance sette (CmR) within the
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mini-transposon of a donor plasmid (pDonor) and then targeted the same sequence on the mCherry
reporter plasmid (pTarget) that was used in transcriptional activation experiments. Upon
successful transposition in HEK293T cells, integrated pTarget prodictamy both CmR and
kanamycinresistance (KanR) drug markers and can, thus, be selected for by transfiérming

coli with plasmid DNA isolated from transfected celisgure20a). Notably, in these experiments,

we used a pDonor backbone that cannot be replicated in stdhdaddistrains, reducing
background from unreacted plasmids. We also opted to use a TnsAB fusion protein (TthafBf)
contains an internal BP NLS and maintains vijlge activity inE. coli®? (Figure 22c), thereby
reducing the number of unique protein components; this modified system is hereafter referred to
as engineered CAST (eCAST1).

After transfecting HEK293T cells with pDonor, pTarget and all profRA expression
plasmids, purifying the plasmid mixture from cells and using the mixture to tranEfocoli, we
observed the emergence of colonies that were chloramphenicol resistant, which outnumbered the
corresponding colonies obtained from experiments using-éangating crRNA that did not match
pTarget Figure26a). Encouraged by this result, we performed junction polymerase chain reaction
(PCR) on select colonies and obtained bands of the expected size, which subsequent Sanger
sequencing confirmed wer e i ntegration produ
dowrstream of the target sitéifure 20b), as expected from our bacterial stuéfiesFurther
analyses of individual clones revealed the expected junction sequences across both the transposon
left and right endsHigure 26b). Next, we showed that the same products could be detected by
nested PCR directly from HEK293T cell lysatdsglre 26¢), and we developed a sensitive
TagMan probébased quantitative (QPCR) strategy to quantify integration events from lysates by

detecting sitespecific, plasmidtransposon junctionsF{gure 26d). Using this approach, we
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performed an initial optimization screen by varying the relative amounts of expression and pDonor
plasmids and found that efficiencies were greatest with low levels of pTnsC and high levels of
pTnsABfand pDonor Figure 26e). Nevertheless, absolute efficiencies of plastoiglasmid
integration with this eCAST system fronV. choleragemained less than 0.1%, leading us to
pursue other avenues for improved activiiglre26e).

We recently described the bioinformatic mining and experimental characterization of 18
new Type {F CRISPRassociated transposons (denoted700Q Tn7017), many of which
exhibited highkefficiency and higkidelity RNA-guided DNA integration ifE. coli(Figure
20c)*°L We hypothesized that sampling from this diversity would uncover variants with improved
activity in human cells and, thus, embarked on a hierarchical screening approach to concentrate
our efforts on the most promising systerkgy(ire 27a). In brief, our scheme involved filtering
based on robust activity in three key areas: (1) crRNA biogenesis by Cas6, assessed using our GFP
knockdown assay; (2) transposon DNA binding by TnsB, assessed using a tdTomato reporter
assay; and (3) transcriptial activation by TnsC/P64, assessed using our mCherry reporter
assay. In all cases, genes were human codon optimized, which was often necessary to achieve
strong expressionF{gure 27b), and tagged with NLS sequences on the same termini as for
Tn6677(VchCAST). We found that most systems exhibited efficient crRNA biogenesis and
transposon DNA binding activity that was similar to that observed wiG6Tn(Figure 27c,d).
Interestingly, of those systems selected for testing in transcriptional activation experiments, only
Tn7016showed reproducible induction of mCherry expression, albkvals ~8fold lower than
Tn6677(Figure27e). We, therefore, decided to focus on704671 a 3tkilobase (kb) transposon
from Pseudoalteromonasp. S983 PseCAST) i and next investigated its RN@uided DNA

integration activity.
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After verifying that fusing TnsA and TnsB froRseCAST with an internal NLS retained
function, and optimizing the length of left and right transposon dfigsre28a,b), we repeated
plasmidto-plasmid  transposition assays in  HEK293T cells. Strikingly, the
engineeredPseudoalteromonaSAST (eCAST2.1) was ~4dold more active than eCAST
when tested under wwptimized conditions Kigure 20d and Figure 28c). To further improve
integration efficiencies, we systematically varied the design of the crRNA, location of NLS tags
and relative amounts of each expression plasmid; the resulting e€&S/lelded a further ~6
fold improvement to reach levels of 3% integration, and PCR followed by Sanger or Illumina
sequencing analysis confirmed the expected si
(Figure20e,fandFigure28d-h). Of note, these efficiencies were similar to integration efficiencies
achieved with Bxbl under similar plasmio-plasmid conditionsKigure 28i). Peak integration
occurred46 days after transfection, with the effi
and the choice of cationic lipid delivery meth$igFigure29a-c). We also found that the observed
integration efficiency was increased by-feid by cotransfection with a GFP marker and
separately analyzing sorted cells exhibiting high GFP fluorescence levels, suggesting that activity
was dependent not only on theishiometry of the transfected plasmids but also on the plasmid
dosage across the population of cefliggre29d,e).

Next, we sought to confirm the genetic requirements for RiN&led DNA integration and
further investigate specificity. Integration was strictly dependent on a targeting crRNA and the
presence of all protein components, including an intact TnsB activegFsgare 20g), and
functioned with genetic payloads spannirigltls kb i n s i z efpld dedrdase iint wi t |
efficiency with larger payloadg={gure 20h). We generated a panel of mismatched crRNAS in

which mutations were tiled along the length of thenB2leotide (nt) guide and found that activity
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was ablated regardless of the locatibig(re 20i), indicating a greater degree of discrimination
than that observed in activation experiments uMOlgCAST in activation experiments or
coli*3%. We used an alternative gPCR approach to confirm that integration orientation for eCAST
2.2 was highly biased toward-RL, as expected from prior bacterial integration tatgrigure

30a). Finally, we used an NGBased amplicon sequencing approach to quantify all integration
events at the expected insertion sig(re30b,c) and performed droplet digital PCR (ddPCR) to

further corroborate the quantitative data obtained from TagMan qPiG&¢30d).

Mini-Tn Target Mini-Tn b __TSD____ TsD
mCherry i 1
Plasmid-to-plasmid -, CmR ,« AW f\/\‘ AL A A
m*egraf on Y cdacdethchetncts) ExreRReRCEReRaHdce)
pDonor RBK pTarget Integrated nCherry 2 > 3 ke
r 2o o=
pTarget ~‘-—‘-ﬂ cargo E——
pBR322 A

» product 4 ’_91 )
K: or =49 by T
Kang o ' KanR pBR322 P, §8

3

©

ori 3 2 S5
dos 4 f e c % -
"y ~6x
£ 04 g
< 0. o
g g3 60 oo
2 3 3 .
2 o <
3 & 2 T
0.3 n6677
] 22 § 40 (VencasT) -
5 0.2 ) [i4
2 8
3 g
g £
B £

o
=}
=}

NT T NT T S a0 45 50
eCAST-1  eCAST-2.1 o

Integration efficiency (%) @«
H

0 00
A & © &
$ A EFL A FLSSEES S R ® \5’\\9 o DR '35»“,]}»" % K

Figure 20: Plasmid-based RNAguided DNA integration in human cells using diverse CASTSs.

a, Schematic of plasmitb-plasmid transposition assay in human cdljsSanger sequencing
confirmation of targetedntegration products after plasmid isolation from human cells and
selection inE. coli(a), showing the expected insertion site position and presence of target site
duplication.c, Phylogenetic tree of TypeH CRISPRassociated transposon systems adapted from
previous work in the 1aB!, with labels of the homologs that were tested in human cglls.
Comparison of plasmitb-plasmid integration efficiencies with eCAST (VchCAST) and
eCAST-2.1 PseCAST), as measured by gPCR. Efficiencies are calculated by comparing Cq
values between the integration junction product and a reference sequence located elsewhere on
pTarget, as described Methods e, Optimization of eCAST2 (PseCAST) integration efficiencies

by varying NLS placement and plasmid stoichiometries, as describiédure 28, yielded an
approximate si{old increase in integration efficiencigds Amplicon sequencing reveals a strong
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preference for integration 49 bp downst—ream o
RL integrantsg, Deletion experiments confirm the obligate requirement of each protein
component, a targeting crRNA and intact transposase active site (D220N mutation in TnsB,
D458N mutation in TnsAB for successful integratioh, RNA-guided DNA integration functions

with genetic payloads spanning1l5 kb i n si ze, transfieRNAed bas
guided DNA integration shows a strong sensitivityrtsmatches across the entirel§2 target

site. Data were normalized to the perfectly matching (PM) crRNA, which exhibited an efficiency

of 4.7 N d eaéhdgiiar®shdwaasihamean+s.drior= 3 biologically
samples. Data id, eandgi | were determined by qPCR.

2.6: RNA-guided DNA integration into the human genome

After optimization efforts on episomal plasmid DNA integration with eCAS, we next
turned our attention teeconstituting RNAguided integration into endogenous genomic sites. We
first screened a panel of guide sequences targetingAl&1safe harbor locus via a plasmin
plasmid integration assay, in which we cloneeb@2arget sites derived froAAVS1linto pTarget
and leveraged existing assays to identify two active crRNAs that outperformed our original
plasmidspecific crRNA Figure31a). When we tested th®AVS1locus for genomic integration
using a nested PCR strategy, we identified Rijdded DNA integration products that again
maintained the expected 49 distance dependence from the target &itgufe21a). However,
detection was often not consistent across biological replicates, suggesting that integration
efficiencies flirted with our limit of detection. We, therefore, applied an M&@sd amplicon
sequencing methodestablished in our prior plasmithsed assays, yielding reproducible
efficiencies on the order of ~0.005%idure21b andFigure31b).

We next targeted an additional eight sites across the genome; @itnRNAs per locus,
and detected integration at efficiencies that varied but were generally ~OFd@b6e(21c).
Attempts to increase the efficiency further through simplified delivery of a polycistronic QCascade
expression vector, serial additions of extra NLS sequences, constitutive expression of the targeting

machinery, inclusion of bacterial IHFa?$or phenotypic drug selection to enrich for integration
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events Figure 31b-f) did not reduce the large, 1QN000x discrepancy between observed
integration efficiencies at plasmid and genomic target sites. Although differences in
chromatinization remained a distinct possibility, we hypothesized that the discrepancy might be
due topotential toxicity of genomic integration intermediate products.

TnsB performs transsterification reactions to join the two ends of the transposon DNA to
both strands of the target DNA with &p offset, leading to the generation of an initial product
characterized by -Gt gaps on either strand of the integrated BNASubsequent gap repair
involves gap filtin by DNA polymerase and DNA ligase, resulting in the hallmabip%arget site
duplication (TSD), but these reactions require prior dissociation of the transposdsgare (
21d). We questioned whether incomplete dissociation of thetpassposition CAST complex
might limit observed frequencies of genomic integration, perhaps leading to stalled replication
forks or DNA repair pathways akin to crosslimiduced replication forktalling?11%:1°7 Notably,
these effects would likely be less deleterious on plasmid DNA substrates, because pTarget does
not undergo active DNAeplication and is not critical for cellular fitness.

Our hypothesis was bolstered by previous studies demonstrating the extreme stability of
the analogous pos$tansposition complex (PTC) in Trand Mu transposoi¥ 2% and the
requirement for an additional faciiClpXd in active Mu PTC disassembly, gap repair and phage
propagatio’®203 ClpX is a sequenespecific AAA+ ATPase that unfolds protein substrates by
denaturing and translocating them through a central hexameric pore, and it recognizes degron tags
that are often exposed only under certain conditions, allowing for sensitivetreguafprotein
unfolding and degradatioin the case of MuA, ClpX recognizes a specifitetminal motif, and
the PTC undergoes a conformational rearrangement to expose additional MuA residues that enable

more efficient ClpX binding, resulting in targel unfolding and destabilization of the P#&%4
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We hypothesized that CAST systems might also require bacterial ClpX, or some other accessory
factor, for active mechanical disassembly of the PTC.

To test this, we ctransfected human cells with eCAZT2 components and a plasmid
expressing NLSaggedE. coliClpX (EcoClpX), collectively referred to as eCAST
Remarkably, genomic integration efficiencies increased by ~100x in a ClpXreksensive
manner, albeit with observable ClgXduced cellular toxicity, whereas plasmid integration
efficiencies were unaffectedrigure21e,f). To investigate if the effect was specific to ClpX, we
tested other bacterial unfoldases, including CIpA and ClpB, and found that ClpX was the only
tested ATPase that enhanced genomic integration. ClpP, which functions as the peptidase
component withinte ClpXP protease compkEX had no effect on integration, either alone or in
combination with ClpX, suggesting that protein unfoldinigut not protein degradatiénis
necessaryHigure21g). When we introduced point mutations that ablate ATP hydrolysis (E185Q
or R370K¥%6:207gr substrate engagement (Y153%)ClpX failed to enhance genomic integration
(Figure 32a), further supporting the mechanistic link between ATRaseen protein unfolding
and PTC disassembly. ClpX is highly conserved across bacterial species, and the homolog
from Pseudoalteromona®0% amino aciddentity) also stimulated integration, albeit to a slightly
lesser extent th&coClpX (Figure32b); NLS-tagged human ClpX, which normally functions in
the mitochondria, had no effect on integratibrg(re32c). Interestingly, genomic integration with
eCAST1 (VchCAST) was reproducibly detectable in the presendecoClpX or VchClpX but
not in its absence, indicating a consistent effect across Typ€AST systems, although lower
intrinsic activity of VChCAST was observed similar to plasst@plasmid integration assays
(Figure32b). Collectively, these results suggest that PTC disassembly may be a critical bottleneck

limiting integration into genomic target sites and identify ClpX as an accessory factor that acts to
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unfold one or more components within the CAST transpososeigneré€32d). Future experiments
will be needed to further dissect mechanistic details of this pathway.

Singledigit genomic integration efficiencies at tAdVSlocus allowed us to explore
other parameters of eCASI design and delivery. We found that crRNAs functioned best with
33-nt spacers on both plasmid and genomic tardetgife33a,b) and that transfections could be
simplified by placing the U@lriven crRNA cassette directly on pDonor without an adverse effect
on activity Figure33c). Integration could be further improved with the appropriate selection of
cationic lipid formulation [Figure33d) or by selecting/sorting cells that werettansfected with
either a drug or fluorescent marker, with efficiencies reaching ~5% as measured by amplicon
sequencing and ddPCRi¢ure 21h and Figure 33e,f). Notably, we also carefully inspected our
nextgeneration sequencing (NGS) data to assess product purity at genomic sites of integration,
looking specifically at whether unedited alleles showed any evidence of mutations and whether
edited alleles containg a transposon insertion harbored unexpected modifications. These
analyses revealed an absence of indels above background (~0.04% sequencing error) at unedited
target sites and an absence of detectable mutations surrounding geansp®son junctions
(Figure33g-i), suggesting that CAST systems are less prone to the range of byproducts common
to Cas9 nuclease and nickdssed approachds?

Lastly, we revisited previously targeted sites across the human genome and assessed
integration efficiency to test the generalizability of ClpX enhancentagtife 34a). Strikingly,
we observed a 1@800fold increase in integration efficiencies across all tested Fogu(e21i),
with a consistent preference f o-matdhingtaegettsiieo n s

(Figure34b), as first reported in ouE. coli studied36:150
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Figure 21: ClpX-mediated enhancement of genomic DNA integration with eCAS3B.

a, Sanger sequencing of nested PCR of genomic lysates in which eZASfargeted
theAAVSlgenome and showed a junction product 49 b
crRNA12 (AAVS1l), one of the optimal crRNAs screened in SupplementaryXFig, Initial
guantifications of genomic integration efficienciesA&d/S11. c, Integration efficiencies across

multiple loci within human genome showed broadly limited efficiencies. Quantified integration
efficiencies |l ess than 0.0001% were not plott
integration events were detedtacross three biological replicatéds.Proposed steps required for
successful targeted integration, including the downstream gap repair needed for complete
resolution of the itegration producte, Cotransfection oEccClpX specifically improves

genomic, but not plasmid, integration efficiencies in human del@o-transfectingecoClpX at

varied amounts directly impacts genomic integration efficiencies in humang;éfisestigating
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the impact of various Clp proteins frdi colion genomic integration efficiencies in human
cells.h, Integration efficiencies for samples before and after FACS of a fluorescent transfection
marker to select for the top 20% brightest cells. Sorting enriched integration efficiencies, as
measured by gPCR, ddPCR and amplicon sequen€imgiré 30Figure 33b). For amplicon
sequencing samples, triangle data points represent all insertions characterized, whereas circle data
points represent only 49p insertionsi, Integration efficiencies were investigated across multiple

loci within the human genome with and with&aoClpX. Quantified integration efficiencies less

than 0.0001% were not plotted. Databirc, eandgii are shown as the mean + s.d.rior= 3
biologically independent samples. Dataf are shown as the mean for = 2 bi ol ogi c
independent samples. Databijc, e, f, gandi are quantified by amplicon sequencing. FACS,
fluorescencectivated cell sorting.

2.7: Discussion

Here we describe successful implementation of CAST systems for-griied DNA
integration into endogenous sites in the human genome. Recent reports described preliminary
evidence of Type W CASTSs functioning on plasmid substrates in human ®ef%’ albeit at
efficiencies below 0.05%, similar to the upard efficiencies of eCASTI. Our iterative
engineering yielded singl@igit genomic integration efficiencies with eCAST showcasing the
ability of CASTs to insert large genetic sequences withoneigeing DNA DSBs, despite their
molecular complexity. Advances with TwinPE and PASTE technologies have achieved up to
~25% DNA integration efficiencies with similar delivery methods and show promising results
from in vivo delivery. However, unlike CASTBystems, these approaches require multiple
independent editing steps, produce low levels of indels, insert the entire vector via recombination
and require extensive prime editing guide RNA (pegRNA) optimiz#tRinAlthough further
CAST improvements will be necessary for broad use in research and therapeutic applications, our
results pinpoint specific features that would circumvent the drawbacks of TwinPE and PASTE.
More generally, this work demonstrates the feagybdf reconstituting multcomponent editing
pathways in human cells and highlights a robust pipeline to engineer promising candidates for

continued development.
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We established functional assays to carefully assess each modular componeM. of the
choleraeType FF CAST system (eCASTI), which revealed specific terminal tagging
modifications that severely reduced or, in some cases, altogether eliminated detjvitgZ3c).
Accordingly, the integration experiments in this study relied on transient delivery of multiple
protein and RNA expression plasmids alongside the donor plasmid in a siAgénsection.
Given the sensitivity of CAST systems to protein/complex storaetry, this approach reduces
the fraction of cells that receive optimal distributions of each component. Moving forward, the
increased amenability of eCASX (that is,PseCAST) components to ferminal and G@erminal
tagging, as compared to eCAJT(Figure 28e), together with structurguided engineering and
recent examples of naturally fused class 1 comptékegsrovide strong support for further
streamlining the system into fewer molecular components while retaining its intrinsic properties.
In addition, direct delivery of purified protein, RNA and DNA components offers a particularly
promising area of investigah, and electroporation of pgssembled transpososomes comprising
the transposon DNA and TnsABfay improve trafficking and/or elmcalization of the donor
genetic payload and transposase to the target site.

When we screened homologous systems, we observed a wide range of relative activities
for crRNA maturation, transposon DNA binding and TrAs3ed transcriptional activation,
indicating that each molecular step of the pathway may require independent dpiimiEZar
example, although components derived fror8@#7 (VchCAST) exhibited the strongest levels of
activation, our assay for transposon DNA binding by TnsB revealed that homologs from
Tn7005and Try010exhibited more than 26fld activation in humanadls (Figure27). Although
we cannot exclude the possibility that the specific fusion constructs and reporter assay designs

developed for this experiment fail to faithfully reflect TnsB activity, our results nevertheless
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suggest that none of the systems currently tested combines optimal activities in human cells across
each molecular component.

In addition to the potential that RN@duided transposases offer for DNA integration
applications, we were excited to find that recruitment of the AAA+ ATPase TnsC, when fused
with VP64 domains, stimulated robust levels of transcriptional activation atptetmid and
genomic target sites that were similar to levels achieved with d€&®fusion proteins. Recent
structural and functional studies have demonstrated that TnsC homologs forrdepéident
oligomers that assemble around dsDRfA*7-?11and we showed that TnsCricruited to genomic
loci in eukaryotic cells with high fidelity in a QCascadiependent manneFigure19), similar to
recent experiments performedHn coi4% Thus, combining these molecular components, while
foregoing the heteromeric transposase itself, reveals a potent strategy to assemble an intrinsically
multimeric protein at usedefined target sites, for applications where mutiency offers a
considerale benefit. In addition to fusing TnsC to other activation or repression domains for
control over gene expression levels, similar to existing CRISPRa and CRISPRI tools, we propose
tethering epigenetic modifiers for DNA and/or histone modifications ardscent proteins for
higher signato-noise ratios for chromosomal loci imaging assays without requiring arrays of
gRNAg12213 Furthermore, by also leveraging the mslibunit nature of the QCascade complex,
one could access more elaborate scaffolding approaches to recruit multiple functionalities to
individual target sites simultaneously, such as by fusing effector domains® Cas7 and/or
TnsC in various combinatorial fashions.

Perhaps the most notable outcome of our study was the identification of bacterial ClpX as
a novel accessory protein involved in CRISPR R{lAded transpositionHgure 21 and Figure

32). The disparity that we observed between integration efficiencies into episomal plasmid
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substrates versus genomic targets inspired us to more carefully consider the importance of CAST
transpososome disassembly in exposing integration product intermediates forigamfilrepair.

Based on a careful review of theTand Mu transposon literature, we hypothesized that protein
unfoldases might facilitate active dissociation of one or more CAST components. Subsequent
experiments revealed that ClpX enhanced genomic integration activity by two orders of
magnitude, reachingingledigit efficiencies across multiple target sitésgure21).

Heterologous expression of bacterial ClpX did show evidence of dA&Ipendent
cellular toxicity, suggesting deleterious effects on protein homeostasis that will require further
investigation. However, we envision focusing futergineering efforts on alternative strategies
to stimulate transpososome disassembly without the need for additional factors, informed by a
better understanding of the underlying molecular mechanism. Alongside recent studies that
uncovered the unexpecteaes of ribosomal protein S15 and integration host factor (IHF) in select
Type V-K and FF CAST system$®153 our ClpX finding indicates that CAST systems may be
more reliant on host proteins than previously appreciated and that all chemical steps in the
transposition pathway need to be critically evaluated.

CRISPRbased genome engineering tools have largely focused on-piagéen effectors
over the past decade, including Cas9, Cas12 and Cas13, because of the straightforward design of
expression vectors, ease of viral delivery and perceived simplicity in reconstitution. However,
recent studies highlight the feasibility of transplanting more complex CRIS&Reffectors into
eukaryotic cells while retaining the ability to achieve highimgl efficiencies and exploit novel
enzymatic functionalitie$? 18524 Our work extends this paradigm further while leveraging a
class of transposases that offers the promise of sgtgpeinsertion of large, mulkilobase genetic

payloads with the programmability afforded by RidAided CRISPRCas systems
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2.7: Methods

Plasmid Construction

Genes were human codon optimized and synthesized by GenScript, and plasmids were
generated using a combination of restriction digestion, ligation, Gibson assembly and inverted
(aroundthe-horn) PCR. All PCR fragments for cloning were generated using Q5 Pdlynerase
(New England Biolabs (NEB)).
The CRISPR array sequence (repgadceirepeat) folMchCAST is as follows:
5T BTGAACTGCCGAGTAGGTAGCTGATAAG N32i
GTGAACTGCCGAGTAGGTAGCTGATAAG 3 Nj w hserepreserits the 3@t guide region.
The sequence of the mature crRNA is as follows:
5TNJUGAUAACIT N32i GUGAACUGCCGAGUAGGUAG 3 N;j
The CRISPR array sequence (repgadceirepeat) folPseCAST is as follows:
5TKGTGACCTGCCGTATAGGCAGCTGAAAAT N32/
GTGACCTGCCGTATAGGCAGCTGAAAAT 3 Nj  w hserepreserits the 32t guide region.
The sequence of the mature crRNA is as follows:
5TINJUGAAAAUTN32f GUGACCUGCCGUAUAGGCAG3 N;j

We al so used %5%onPpdlASH(LUnessothepvisamestioned) to reduce
the likelihood of recombination during cloning. For these variant CRISPR arrays, the repeat
spaceirepeat sequence is as follows:
51GTGACCTGCCGTATAGGCAGCTGAAGATN3Z
TAATTCTGCCGAAAAGGCAGTGAGTAGTI 3 Nj  w hsgrepreserits the 32t guide region.

The sequence of the mature crRNA is as follows:
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5INJUGAAGAUT N32' UAAUUCUGCCGAAAAGGCAGI3 Nj. Where noted, we m
nt guide region to have varying lengths. The repeat sequences flanking the guide region were not
modified in these experiments.

Clp proteins from th&. coligenome were PCR amplified from BL21 DE3 cells with
primers that specifically amplified the ORF of the indicated protein and cloned into pcDNAS.1
expression vectors with an -fdrminal BP NLS tag. ClpX sequences fr&n
coli, Pseudoalteromonas sandV. choleraewere then codon optimized by GenScript and ordered
as Twist fragments to be cloned into pcDNA3.1 expression vectors withtanmihal BP NLS

tag.

E. coli culturing and general transposition assays

Chemicallycompetent. coliBL21(DES3) cells carrying pDonor, pDonor and pTnsABC,
or pDonor and pQCascade, were prepared and transformed wii2 550 ng of pEff
pQCascade or pTnsABC, respectively. Transformations were plated on agar plates with the
appropriate an®g Bbmlipteice $ n o my(cliond! carbenicllin,0 Og n
50 Od&amlamycin) and 0.1 mM Il PTG. For bac
investigatingPseCAST activity, cells were ctransformed with pEffector and pDonor. Cells were
incubated for182 Mour s at 37 AC and typically grew as
scraped, resuspended in LB medium and prepared for subsequent analysis. A full list of all
plasmids used for transposition experiments is provided in SupplementarylTaht a list of

crRNAs used is provided in Supplementary Tdble

E. coligPCR analysis of transposition products
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The optical density (OD) of resuspended colonies from our transposition assays was

measured at 600 nm, Szred|apgrtdrei matue soya E2 .82 Olp f 1

were pelleted by centrifugation at4,@d0or 5 mi nutes. The cell pelle
of water before being |lysed by incubating at
debris was pelleted by centrifugation at 4000 r 5 mi nut es, and 5 Ol of

removed and serially diluted in water generate 2@old and 506fold lysate dilutions for gPCR
analysis.

Integration in the IRL orientation was measured by gPCR by comparing&hges of a
T-RL-specific primer pair (one transposspecific primer and one genorspecific primer) to a
genomespecific primer pair that amplifies @& colireference genergsA. Transposition
efficiency was then calculated %2 i n whi ch @Cq is the Cq differ
reaction and the reference reaction. A full list of oligos used for integration efficiency
measurements is provided in Supplementary T8ble q PCR r eactions (10 Ol
SsoAdvanced Universal SYBR GreSaopermix (BieRa d ) 1 Ol of water, 2
and 2 Gld dduted celDlyGate. Reactions were prepared in-884 white PCR plates
(Bio-Rad), and measurements were performed on a CFX384TiRealPCR Detection System
(Bio-Rad) usingthe following thermal cycling parameters: polymerase activation and DNA
denaturation (98 AC for 3 minutes) and 35 cyc.

1 minute).

Mammalian cell culture and transfections
HEK293T cells were cub Calsgwer mantaing n DMEM and !

medi a with 10 % ' PBEnicilimand sreptdmytin (finermo Fisher Scientific).
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The cell line was authenticated by the supplier and tested negative for mycoplasinavere
typically seeded at approximately 100,000 cells per well in-ev@diplate (Eppendorf or Thermo
Fisher Scientific) coated with pep-l y si ne ( Ther mo Fi sher Scien
transfection. Cell s were transf ect2@0d(Thenmb h DNA
Fisher Scientific) per the manufacturero6s 1ins
bet ween 1 Og and 1.5 Og of total DNA. For det

assays, refer to the sections below.

Western Immunoblotting and nuclear/cytoplasmic fractionation

Cells were transfected with epitopegged protein expression plasmids. Approximately
72 hours after transfection, cell s were washe
(150 mMM NacCl ,-1 ®00,1 % O-rHohpH &y praease inhibitoS{gma Aldrich)).
For nuclear and cytoplasmic fractionation experiments, cells were harvested using Cell Lysis
Buffer (Thermo Fisher Scientific) per the man
SDSPAGE and transferred to a PVDF membrane (itoeFisher Scientific). The membrane was
then washed with TBS ( 50 ®M TprHi s7 . 5, 150 mM NacCl, 0. 1%
with blocking buffer (TBST with 5% w/v BSA). Membranes were then incubated with primary
anti bodi es oV er n ibufér.tMerabraned wefeGheri washédlarad inkubated with
secondary antibodies at room temperature for
were diluted 1:10,000 in blocking buffer. Membranes were again washed and then developed with
SuperSigneWest Dura (Thermo Fisher Scientific). Antibodies used for immunostaining are listed

in Supplementary Tablé.
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HEK293T fluorescent reporter assays and flow cytometry analysis and sorting

HEK293T cells were seeded at approximately 50,000 cells per well inveel2$plate
coated with poD-l ysi ne 24 hour s bef-medatedtRNA precéssimgt i on .
assays, cellswere¢or ansf ected with 300 ng ohAsGFBndepOr n
of an mCherry expression plasmid (as a transfection marker). In negative control experiments,
cells were transfected with 300 ng of a pdCas¢
burden or squelching. For transcriptional aation assays, cells were-tor ansf ect ed wi t h
reporter plasmid, 20 ng of a plasmid encoding
marker) and the additional indicated plasmids. Unless otherwise noted, transcriptional activation
assag utilized cr RNA1 as the pCRI SPR. I n separ a
CasO9based transcriptional a -tatgetingaoit adargstinggsgRNA &0 n g
positive control3l®. Representative flow cytometry analysis can be se€&igime36.

DNA mi xtures were transfected using 2 OI
Scientific) per the manuf a€96urheorudrss ianfstterru cttriaon
were collected for assay by flow cytometry. Transfected cells were analyzgatibg based on
fluorescent intensity of the transfection marker relative to a negative control, as previously
described'®. For assays that involved cell sorting, cells were transfected with a GFP expression
plasmid and collected 4 days after transfect.i
cells and obtain flow cytometry data. Cells with the top 20% brightest Gielreficence were
sorted by 5% increments into four bins. Cells were immediately harvested after sorting, as detailed

below.

HEK293T genomic activation and RTgPCR analysis
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HEK293T cells were seeded at approximately 50,000 cells per well inveelRplate
coated withpoly-D-l ysi ne 24 hour s bef ortansfected assdéseribedi o n .
above, with the followinychCAST components: 1660 mg-VEtd, pTmsA
50 ng of pTni Q, 50 ng of pCas6, 250 ng of pCas
crRNAs forTTN, MIAT andASCL1( o r 83.3 ng each of AChClee t ar
(PCRISPR). In control experiments, cellsweretco ansf ect ed wit hivMP640 ng o
orpdCasBVPR pl asmid, 62.5 ng e aTTN(psRNA)andiarpuGlar get i
plasmid to standardize transfected DNA amounts; see Supplementary2 TableRNAs and
SgRNAs wused. Cells were harvested 72 hours af
(Qiagen) according to thma n u f a dnstuatians. EDNA was subsequently synthesized using
the iScript cDNA Synthesis Kit (B a d ) using 1, 00 Oul reagtiono GeneRNA i n
specific qPCR primet& were designed to amplify an approximately 1880-bp fragment to
guantify the RNA expression of each gene, and a separate pair of primers was designed to
amplify ACTB( factin) reference gene for normalization purposes. A comprehensive list of
oligonucleotides used in the study is available in Supplementary Jable

qPCR reactions (10 Ol) contained 5 OI of S
(Bio-Rad), 2 Ol of water, 1 Ol of 5 OM primer pai
were prepared in 384ell white PCR plates (Bi®kad), and measurementsre/g@erformed on a
CFX384 Reallime PCR Detection System (BRad) using the following thermal cycling
par ameters: pol ymerase activation and DNA dei
amplification (95 AC for 1 Qernsinalcnelh ciive anay§is AC  f
( 6 519 ACAC i-per5-$ecobd idc@ments). Each condition was analyzed using three

biological replicates, and two technical replicates were run per sample. Normalized gene activation
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was calculated as the ratio of the%“@f the targeting samples to the A@mgeting samples, in
which oCq is the Cqg difference between the ex|

primer pair.

ChiP

For ChiRseq analysis experiments, HEK293T cells were seeded at approximately
1,500,000 cells per well in B0-cm dish coated with polp-l ysi ne 24 hours bef ol
Cells were cdransfected as described above with the following eGASTc o mponent s : 1.
p3XFLAGTnsC, 1.5 Og of pTniQ, 1.5 Og of pCas6, 7
either a targeting TTNcrRNA 1) or a nortargeting crRNA. See Supplementary Tabfer
crRNAs used. Severtyvo hours after transfection, cells were harvested and pelleted by
centrifugationat309f or 5 mi nut es, and t he atsumprepratesded Nt W
as described previoush#?1728 In brief, pellets were resuspended in 1% freshly made
formal dehyde (Thermo Fisher Scientific) in DPI
qguenched by adding 2.5 M glycine, for a final

f or Ues. @ell;mwere pelleted, washed with cold DPBS, pelleted, resuspended in DPBS and

1x cOmplete EDTAfree protease inhibitors (Sigrsedrich), pelleted, flash frozen in liquid

nitrogen and stored at 180 AC.
On the day of sonication, thecrdss nked pell ets were resuspen
1 (50 MMKQAHEPEIS40 mM NacCl |, 1 mM EDU0,A.25%IT6tE gl y C €

X-100) and 11 protease inhibitors anldB5@foot at ed
5 minutes. Pellets were resuspehCled 200 ImMnl N a

1 mM EDTA, 0.5 mM EGTA) and 11 protease inhib
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pelleted at 1,359f or 5 mi nut es. Pell ets were resuspend
TrissHC | 100 mM NacCl, 1 mM E DT-deoxycliolaté, Orb¥d- EGT A,
|l auroyl sarcosi ne) ;100a@ddx photease ihhibilofs.%All stepsi tdolo place Xt
4 AC.
The resuspended cells were transferred tena illiTUBE AFA Fiber (Covaris) and
sonicated on an M220 Focuseltrasonicator (Covaris) under the following SonoLab 7.2 settings:
mini mum temperature 4 AC, set point75.6DulyC, max
Factor 10. 0, Cycl es/ Bur st 200 and sonication
centrifuged at 20,0@f or 10 mi nutes at 4 AC. The supernat
5% was saved as the input sample. The remaining sugetnaas incubated witDynabeads
Protein G (Thermo Fisher Scientific) that were bound to the monoclondflagtM2 antibody at
a 1:8 dilution (Sigm&A |l dr i c h) the day before sonication L
lysat¢tDynabeads mi xture was rotated overnight at
The samples were washed three times each wi
1% Triton X-1 0 O , 1 mM EDTA, 50 mM Tris HCI); hi gh s
1% Triton X1 0 0, 1 mM EDTA, 50 mM Tris HCI); -and Li
deoxycholate, 0.1% SDS, 1% NonidedtPO, 1 mM EDTA, 50 mM Tri s HCI
at 4 AC. The samples were washed with 1 ml of
50 mM NacCl and gfemt r3i fmigneud east aX6 04 pka@d, anthe su
210 Ol of elution buffer (1% SDS, 50 mM Tris
samples and incubated for 30 minutes at 65 /
16,00@ a t room temperatur e, and 200 Ol of supern

input sample was diluted in 150 Ol of elution
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0.5 Ol JfRNaGk emgvaml added, and samples were inc
of 20"'mgotméi nase K was added, and samples wer e
was recovered by the Qi aQUICK PCR Purificatio

water for downstream analysis.

ChIP-seq sample preparation

Sample DNA concentration was determined by the DeNovix dsDNA High Sensitivity Kit.
lllumina libraries were generated using the NEBNext Ultra Il DNA Library Prep Kit for lllumina
(NEB), as described previously. Sampl e concentrations were norr
DNA in each condition was used for library preparation. The concentration of DNA was
determined for pooling using the DeNovix dsDNA High Sensitivity Kit. Illumina libraries were
sequenced in paireeihd mode on the lllumina NextSeq platform with automated demultiplexing
and adaptor trimming. For each CHBq sample, #bp pairedend reads were obtained, and

between 9.5 million and 18.9 million uniquely mapped fragments were analyzed.

ChIP-seq analysis

ChIP-seq data were processed using CoBRA versiofi®2uith modifications as follows.
Each experimental condition (TnsC willi N-targeting gRNA or TnsC with netargeting gRNA)
was processed with three biological replicate ChIP samples and one corresponding non
immunoprecipitated input sample. Reads were aligned to the hg38 human reference genome using
BWA-MEM with default settingsReads were sorted and indexed using SAMéland multi
mapping reads with a MAPQ score <1 were removed using the SAMtools view command. Peaks

were called using MACS2 version 2.26 The callpeak function was executed in paiesd
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mode with the foll owi ngilkeepdumpaot@énbneodes Inpuisgmpleds. 7 e 9
were used as controls for peak calling. bedGraph files for each sample with pileup information in
signal per million reads (SPMR) were generated withit8PMR andi B subcommands
MACS2 callpeak and were converted to bigWig files using bedGraphToBigWig-<&uBignal

at individual genomic loci was visualized with Integrative Genomics Viewer (&\WReads

mapping to the Y chromosome or the mitochondrial genome were removed before downstream
analysis.

A consensus list of peaks for each experimental condition was identified using BEDTools
version 2.30.83 First, peak files for the three replicates were concatenated and sorted, and
overlapping peaks were merged. Then, peaks appearing in fewer than three replicates were
removed. Blacklisted regions of the genome defined by the ENCODE Consortium were also
removed??®. The consensus lists for the conditions were thirsected to identify peaks exclusive
to either condition (BEDTools intersect T V)
i ntersect Tu). Differenti al binding &nal ysi s
compare Chifseq read density between the two conditions in the regions defined by their
consensus peak lists. Reads were counted using dba.count with the following arguments:
summi ts = F, bUseSummari zeOverl aps =F.T, Rdo&Rem
counts were normalized to account for differences in sequencing depth between samples.
Normalized read counts were passed to DESeq2 to calculate the mean across conditions, as well
as fold change anglvalue (using the BenjamiitHochberg procedujebetween conditions, for
each peak. The result of differential binding analysis was visualized using ggplot2.

Heat maps of ChH3eq signal intensity over peaks exclusive toTthdlgRNA condition

were plotted using deepTools version F%.2 Score matrices were generated using
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computeMatrix in referenepoint mode. Peaks were sorted in descending order by mean signal
over 2kb windows around peak centers before plotting using plotHeatmap.

For manual inspection of potential d#rget sites, a custom script was used to identify
genomic loci with high similarity to th€TNspacer sequence. Other than i@ locus itself, no
loci with fewer than five mismatches were identified. TnsC &g signal at the five most similar

loci was visualized with IGV.

HEK293T integration assays

For assays in which plasmids were isolated and used to transform bacteria, HEK293T cells
were transfected with requisite eCASTexpression plasmids, a pDonor that contained a non
replicative origin of replication (R6K), a pTarget plasmid and a crRNA sgme plasmid
(PCRISPR) that encoded either a ftargeting crRNA or a crRNA targeting pTarget. Seventy
two hours after transfection, cells were washed with PBS, harvested using TrypLE (Thermo Fisher
Scientific), neutralized with culture media and pellet&fier removal of supernatant, transfected
pl asmids were harvested using Qiagen Miniprep
further concentrated using the Qiagen MinElute column. Of this final purified plasmid mixture,
1 Ol was uopogate NEB 1hetd elacttocompeteft coli cells (NEB) per the
manufacturerés instructions. Af ter recovery
containing chloramphenicol. Chloramphenicesistant colonies were then replated onto LB agar
plates containing both chloramphenicol and kanamycin, and doubly resistant colonies were
harvested for genotypic analyses.

For all other integration assays, HEK293T cells were counted using a Countess 3 Cell

Counter and seeded at 20,000 cells per well, unless otherwise specified;wek [@4te coated
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with poly-D-l ysi ne 24 hours before transfection. Ce

mi xtures and 2 Ol of Li pofectamine 20010 per

transposition assays, HEK293T cells were transfected with the following inptiMchCAST

component s, unl ess otheyrw285engtaft e@gTn8O0O0 h@O o1

pCas®6, pCas?7 and pCas8, 200 ng of pDono-r, 100

targeting crRNA (pCRISPR). For eCATtransposition asys, HEK293T cells were transfected

with the followingPsecC AST component s, unl ess ot hier WDsagsp

each of pTnsC, pTni Q, pCas6, pCas7 and pCas8,

targeting or nortargeting crRNA (pCRISPR). When a QCascade polycistronic expression vector

was used (pQCas), 75 nJtrangpositiobssagsneCASFcanditidns For ¢

were used with pQCas, -traadfedted2a9welh(gnless bthepwiSé not&d). wa s

All eCAST-3 transposition assays used puromycin selection (unless otherwise noted; see below

for puromycin conditions), as constitutive ClpX expression led to visible toxicity independent of

CAST machineries. A full list of plasmids and crRNAs used is available inl|&upptary

Tablel and Supplementary TabZ respectively. Unless otherwise stated, cells were cultured for

4 days after transfection. Cells were washed

Fisher Scientific), harvested using TrypLE (Thermo FiSwentific) and neutralized with culture

media. Twenty percent of the resuspended cells were pelleted by centrifugationg&r300

5 minutes, and the supernatant was aspirated.

Extract (Lucigen), and genomic DNA was prepar
For assays that used puromycin selection, HEK293T cells were transfected as described

above with the addition of 20 ng of puromyci:

mar ker . Medi a wer e changed 24 hour g it er t
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puromycin was started. Cells were harvested us:s
instructions, either 4 -dawrssefdxpertirmenrstfse,cth e
after transfection unt withou6purdnaygirsselection. Eor plasmida n s f e «
based assays that used cell sorting, HEK293T cells were transfected with -@CG88Tponents
as described above with an additional 5 ng of
Four days after transfectipthe GFPpositive cells with the brightest MFI were sorted in four bins
of 5% increments to encompass the 20% brightest cells and were immediately harvested as
described above. For genomic assays that used cell sorting, HEK293T cells were seeded at
apprximately 100,000 cells in siwell plates coated with polp-l ysi ne 24 hour s
transfection. Cells were transfected with the following eCAST c omponent s: 1,000
pTnsABand pDonor, 250 ng of pTnGas8Cas@Td 5Q9,n g2 0o fn gp ool
pGFP, 100 ng of pClpX and 500 ng of a targetir
the top 20% of GHpositive cells with the brightest MFI were sorted and immediately harvested,
as described above. For genomic integration assalfs,were harvested by previously described
assays, using 100 ¢l of fredlipH 7.9 10.6580a3D8,d | y s
2 5 ¢’ dprotmihase K (Thermo Fisher Scientific)) directly into each well of the tissue culture
plate. The genomic DNAimxt ur e was incilibdahedr st @Bdl IACwd dr|
enzyme inactivat?PPon step for 30 minutes

For assays that used cargo sizteangi ng from 798 bp to 15 Kkl
transfected as described above with eCA&Sgomponent plasmids, except th&lg 10kb, and
15-kb pDonor plasmids were transfected in molar equivalentstothe 88 p Donor ( ~406
to account for the se difference between donor plasmids. For assays that used amplicon deep

sequencing, HEK293T cells were transfected as described above, with a pDonor plasmid that
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contained a primer binding site immediately downstream of the right transposon end that matched
a primer binding site present in the unedited

transfection.

Nested PCR analysis of transposition assays

DNA amplification was performed by PCR using Q5 Hot Start Hrgtelity DNA
Pol ymerase (NEB) following the -maniuf@kctaoafecéstb
was added to a 26| PCR reaction. Thermocyclingr condi
45 seconds, 98 AC for 15 seconds, 66 AC for
2 mi nut e s ,i4repedted 24dimes.plise arhealing temperature was adjusted depending
on primers used. One microliter of the first PCR reaction servétedsmplate for PCR, a 25
pl PCR reaction that was run under the same thermocycling conditions. Primer pairs contained
one targespecific primer and one transposspecific primer, and the primers used in the second
PCR reaction generated a smalleipéioon than the first reaction (see Supplementary Talbbe
oligonucleotides used in this study). PCR amplicons were resolvedi 286 lgarose gel
electrophoresis and visualized by staining with SYBR Safe (Thermo Fisher Scientific). Negative
control sampds were always analyzed in parallel with experimental samples to identfy mis
priming products, some of which presumably result from the analysis being performed on crude

cell lysates that still contain the pDonor and target site DNA.

gPCR analysis of plasmidto-plasmid and genomic integration products
Transpositiorspecific gPCR primers were designed to amplify a ~igGragment to

guantify integration efficiency. Primer pairs were designed to span the integration junction, with
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the forward primer annealing to pTarget, or the genome, and the reverse primer annealing within
the transposon. Addi-ltd menlad d )y , ZEAN/c3uNj t loBrnF @ Np rFoAl
Technologies) was designed to anneal to each unique integration fjuristgeparate pair of
primersandaSUN abel ed, ZEN/ 3Nj | BFQ probe (I ntegrate
to amplify a distinct reference sequence in the target plasmid or the human genome, for efficiency
calculation purposes. For a full list of oligacleotides used in gPCR, refer to Supplementary

Table3.

Probebased qPCR reactions (10 Ol) contained 5
0.5 Ol of each 18 OM primer pair, 0.5l of e
diluted cell lysate for plasmid ased tr ansposi t i efolddduedael ysade or 2
for genomic transposition samples. Reactions were prepared weiB@hite PCR plates (Bio
Rad), and measurements were performed on a CFX384TiealPCR Detection System (Bio
Rad) using the following thermal cycling paramster pol ymer ase activation
and 50 cycles of amplification (95 AC for 15
analyzed using either two or three biological replicates, and two technical replicates were run per
sample. Badme threshold ratios were manually adjusted to be 1:1 for the reference primer pair to
the transposition primer pair. Integration efficiency was calculated as a percentag&-timas
100i n which ®mCqg is the Cq di f fparramdrthe gandpasitiomwe e n t
primer pair.

To analyze the frequency of lefight insertion (FLR) versus riglitleft insertion (FRL)
of thePseCAST transposon in plasmiohsed assays, integratispecific gPCR primers were
designed to span the-lIR integration junction, in addition to the primer pairs used f&RLT

integration and the reference amplicon in the priodged gPCR analysis descritzmbve. gPCR
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reactions (10 Ol) contained 5 Ol of-RasdgAdwarOd
of water, 1 Ol of 5 -Oldilyed cethlgsate. Remdtions veere greparedO| o |
in 384well white PCR plates (Bi®kad), and measurements weerformed on a CFX384 Real

Time PCR Detection System (BRad) using the following thermal cycling parameters:

pol ymerase activation and DNA denatwuration (9
(95 AC for 10 secondst er5mMi.rbalACmdlotr @305 vsaeCe aimmls
0 . 5-pedsBecond increments). Each condition was analyzed using three biological replicates,

and two technical replicates were run per sample.

ddPCR analysis of integration products

During harvesting of HEK293T plasmluased integration assays, 50% of the resuspended
cells were reserved during |ysate generation.
centrifugationat309f or 5 mi nutes. The supernatant was a
cell pellets using the Qiagen DNeasy Blood and Tissue Kit (Qiagen). DNA was eluted in water
and diluted to a tldorgenontcrinkegrationnassays, crade &ell Iysgte, O |
generated as described above, was purifsédg twesided AMPure XP beads (Beckman Coulter)
asfollows*245 Ol of AMPure XPi8we ads owe rgee naodrd ecd |tyos a2t
for 5 minutes before being placed on a magnet
aspirated, and the beads were washed twice with 80% ethanol. The beads were dri@dfomi nut e s
and then 25 OI of water was added to resuspe

10 minutes off the magnetic rack and then pl a

was transferred to a new tube.
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ddPCR was performed with the same primers and probes as detailed above forfglasmid
plasmid integration analysis and genomic integration assays with the exception of the @XA1L
target site, which was not quantified via gPCR. For a full list of olig@uiicles used in ddPCR,
refer to Supplementary Tal8ePlasmidb ased ddPCR reactions (20 Ol)
Supermix for Probes Bi®ad) , 1 Ol of each 5 OM probe, 1 O
Hindl 1l (NEB), 4.13 OI IDANA.wateenro ma cd d2l PGIR o fe a2
contained 10 Ol of ddPR&R)SuplerOni xoff oera ckhr o6b eGsM
18 OM primer pair, 5 U of Hindlll (NEB) and ¢
~500 ng. React i a roan temparature,aasdsdeopidis|wersegated using the
Bio-Rad QX200 Droplet Generator according to th
was performed on a BiBad C1000 Touch Thermocycler with the following parameters: enzyme
activation (95 AC for 1a0t inoinn u(t94s YA C 4f0o rc y3cOl esse
1 minute) and enzyme deactivation (98 AC for
hardened at 4 AC for 2 hours. Droplets were a
t o t he man u ttians.tintegragion pescertages warelwcalculated as the number of FAM

positive molecules divided by the number of SUN/MiGsitive molecules times 100.

Amplicon sequencing strategy to quantify integration efficiencies
To improve sensitivity of genomic integration assays in human cells, we designed an NGS
based approach in which both unedited sites and integration products are simultaneously amplified
in a single PCRKigure30). PCR1 products were generated as described for-R@Rhe nested
PCR anal yses, except pri mer s contained uni v

(Supplementary Tablg), and the cycle number was reduced to 15 for plasoapdasmid
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integration assays and 25 for genomic integration assays. Additionally, up to five degenerate
nucl eotides were placed between the primer bi
improve library diversity when sequencing. One microliter of lysatp e r 10 Ol of ov
reaction was used; plasmio-plasmid integration assays were-[20PCR reactions, whereas
genomic integration assays were 28WPCR reactions to sample sufficient alleles. These products
were then diluted 2@bld into a fresh ER (PCR2) containing indexed p5/p7 primers and
subjected to ten additional thermal <cycles wusi
amplification by analytical gel electrophoresis, barcoded reactions were pooled and resolved by
2% agarose @ electrophoresis; DNA was isolated by Gel Extraction Kit (Qiagen); and NGS
libraries were quantified by gPCR using the NEBNext Library Quant Kit (NEB). lllumina
sequencing was performed using the NextSeq platform with automated demultiplexing and adaptor
trimming (lllumina).

To determine integration efficiencies and distributions, reads were filtered that contained
the expected 10p sequence immediately downstream of the forward primer, to verify that they
derived from the target site. Next, reads containing-bl@ansposo end sequence were counted
as Ointegration reads6, and the integration d
end to the PAMdistal end of the target sequence. Reads that instead containdyp adfuence
from the unedited site atth@el of t he read were counted as 0
efficiency, or Ointegration reads (%) 6, was ¢
by the sum of both O6integration readw®gamand Oul

of integration distances were plotted by compiling distances across all reads within a given sample.
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2.9: Supplementary Figures
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Figure 22 Improving expression and nuclear localization oiVchCAST components.

a, Western blotting of variou¥chCAST components using distinct nuclear localization signals
(NLS). Each component was appended with a 3xFLAG epitope tag and NLS tag, and nuclear
fractionation was performed to separate nuclear and cytoplasmic cellular proteins. Histone
deacetylase 1 (HDAC) aTubulindvere used as nucleand cytoplasmispecific loading
controls, respectively. Western blots were repeated in biological duplicate with similar fgsults.
Multiple fusion designs of TnsA and TnsB (TnsABf) were generated, with an NLS dgben
internally or at the Nor C-terminus.c, RNA-guided DNA integration activity was determined in

E. coliwith the indicated TnsABf variants, as measured by gPCR. Data are shown as a mean * s.d.
for n = 3 biologically independent replicates.Western blotting of TnsABf with internal NLS
validated expression and nuclear localization. The observed band was at the expected size, with
no evidence of degradation or internal cleavage. Western blots were repeated in biological
duplicate with similaresults. Uhcropped western blots are showrigure35.
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Figure 23. Optimization of VchQCascade expression and transcriptional activation in
human cells.

a, Above, schematic of mCherry reporter plasmid for transcriptional activation assays. The
location of sites targeted by Cas9 singiede RNAs (sgRNA) and Cascade CRISPR RNAs
(crRNA) are indicated. PAMs are marked with a yellow circle. Below, design of mianma
expression vectors encoding Caschdsed transcriptional activators from a Typélsystem
(PseCascadéf?, alongside dCas¥YP64 and dCas¥PR control$®11%3 b, Depiction of V.
choleraeTniQ-Cascade structure (PDB ID: 6PIF) showing the location -oaid Gtermini in

blue and red, respectively. All termini are solvent exposed and appear amenable to tagging.
RNA-guided DNA integration activity ife. coliwith the indicated NLS and/or 2fagged protein
variants, measured by gPCR. Numerous tags have a deleterious effect. Data are normalized to the
AWT no tagso condition, which resul d&RkNA-in a n
guided DNA integration activity irE. coli with combined NLS and transcriptional activator
fusions, as measured by qPCR. Fusing a VP64 or VPR transcriptional activator tteth@ris

of Cas7 exhibited the least deleterious effects on integration activity. Data are normalized to the
AWTO condirneduleain a mean irdegration efficiency of 76.4% * 4%&trength of
transcriptional activation across a set of di
plasmid, as well as various activafdL.S constructs. Activation was measured ushwegreporter

shown inFigure 23a and measured by flow cytometry. S.V. indicates single vector design. Pc
indicates polycistronic design of expression vectors as showigure 23a. f, Transcriptional
activation byVchQCascade utilizing a VP6&@as7 fusion construct is strictly dependent on the
presence of all Cascade components, as seen from the indicated dropout panel, but proceeds with
~50% activity in the absence of TniQ. Datairh are shown as mean + s.d. for n = 3 biologically
independent samples.
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Figure 24: Optimization of TnsC-mediated transcriptional activation in human cells.

a,Normalized mCherry fluorescence levels for the indicated experimental conditions, as measured

by flow cytometry. VP64 was appended to TnsC at either ther KI- terminus (VP64TnsC or
TnsGVP64, respectively), and cr dudsites upstieanroftie) wer
mCherry gene (top). mCherry fluorescence levels were measured by flow cytometry and
normalized to the netargeting gRNA condition (bottomb, Transcriptional activation is affected

by titrating the relative levels of each egpsion plasmid, with numbers below the graph indicating

the foldchange of each plasmid amount relative to the initial stoichiometric condition with a
targeting crRNA (second bar from left). mCherry fluorescence levels were measured by flow
cytometryc, Schemati ¢ showing the position of c¢cr RNAS
genomic locus for Tns@ediated transcriptional activation feichCAST (maroon) and dCas9

TTN activation (green)d, Representative schematic of multispacer crRNAs used diinsg

mediated genomic transcriptional activation. FoiN, MIAT, andASCL1 the 4 individual spacer
sequences used in individual or pooled crRNA conditions were expressed as one multispacer
CRISPR array. The CRISPR array is processed by Casé6 after transfection into cells and enables
programmable targeting of multiple copies d€§scade and TnsC to a target lo@j$senomic
transcriptional activation at th@CTC1locus as quantified by RGPCR. 3 distinct crRNAs or

gRNAs were used for each condition. Dataiandb are shown as mean for n = 2 biologically
independent samples. Dataarare shown as the mean + s.d. for n = 3 biologically independent
samples.
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Figure 25:. Detection of TnsC recruitment to a genomic locus and profiling of offarget
binding events.

a, 500 kb viewing window of Chl#3eq signal at th& TN promoter targeted by TN Guide 1.b,

Top, 5 kb viewing window of ChHBeq peak at th& TN promoter targeted by TN Guide 1.

Bottom, 150 bp viewing window ChiBeq peak at th€ TN promoter targeted by TN Guide 1.

The peak summits in the targeting conditions align withTtRE promoter protospacec, Venn

diagram showing overlap of targeting and +targeting peaksl, Heatmap of signal intensity in a

2 kb window surrounding the peak centerTiiN targeting exclusive peaks (1203), sorted in
descending order by mean signal over the window. The peak with the highest mean signal was at
the TTN promoter, which was targeted By N Guide 1.e, Heatmap of signal intensity in a 2 kb
window surrounding the peak center in ftangeting (NT) exclusive peaks (2526), sorted in
descending order by mean signal overwhndow. ChlPseq signal was weak across NT exclusive
peaks f, List of 5 genomic loci most similar to tHETN protospacer. Mismatches at every 6th
nucl eoti de, denoted by an iaXo, were disregar
crRNAs. All other mismatches are shown in rgd.Manual inspection of a 10 kb window
surrounding each predicted dfrget sequence. Minimal enrichment of Gl signal was seen

in either theTTN targeting or the noetargeting condition. Viewing windows ia, b, andg are

shown for 3 biologically independent targeting and-teogeting samples, and Ch#eq signal is
visualized as signal per million reads (SPMR). Triangles amdg denote the position of either

the expected TNtargeting sequence or of the predicted mismatch sequences.
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Figure 26: Initial detection and optimization of targeted integration using VChCAST
(eCAST-1).

a, Initial quantification of ChlorR resistai. coli colonies after isolation from human celis.

Representative colony PCR of clonal integration products, detecting right transposon end (TnR)
and left transposon end (TnL) junctions, as well as the KanR marker on the backbone of pTarget.
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Sanger sequencing of integration junctions are showhigare 20b. This was repeated in

biological duplicate with similar results, Nested PCR strategy to detect plasntrdnsposon

junctions directly from HEK293T cell lysates (left), and agarose gel electrophoresis showing
targetcargo junction product bands (right). Expected amplicon sizes are marked for each PCR
reaction with red aows, and the crRNA was eitherrbnar get i ng (NT) or targ
denotes a condition in which the lysate was omitted from the PCR reactions. An aliquot-tf PCR
isusedforPCR such that a fAnested PCRO is npwasf or me
performed on the product after P@Rn the targeting condition (bottom right). This was repeated

in biological triplicate with similar resultd, Schematic of TagMan probe strategy used to improve
signatto-noise by selectively detecting novel plasrnanhsposon junctions. Probes labeled with

FAM (blue) are used to detect targetnsposon junctions, and probes labeled with SUN (green)

are used to etect the target plasmid backbone (reference sequence), for integration efficiency
guantification. Pobes that span the junction of pTarget and the right transposon end of dCAST

are designed to anneal to an insertion everbpt@ownstream of the target sits.Integration

efficiencies were improved by varying the relative levels of pDonor, pTarget, or protein expression
plasmids, as indicated; data were normalized to a control sample transfected with 100 ng of each
component (left), or to the 100 ng conditiom &ach varied protein (right), which had an average

value of either 0.004 % (left) or ranggdm 0.0002 0.0005 % (right), respectively. Dataerare

shown as mean for n = 2 biologically independent samples. Data sh@weire quantified via

gPCR.
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a, Cartoon depicting the multiered approach that was applied to screen the indicated systems
through a series of consecutive activity assays, with associated schematics shown for each
functional assay. The middle panel depicts a transcriptional activedgay designed to monitor
transposon DNA binding by TnsB in human cells using a tdTomato reporter plasmidstern

blotting to detect expression of candidate Cas6 homologs in HEK293T cells, with or without
human codon optimization (hCO), using momoal antiF L AG M2 a rattin Was dsgd; b
as a loading control. We observed a range of expression levels for humaroptiduned gene
variants, and genes were poorly expressed for most systems when native bacterial coding
sequences were used. Activity assays for Cas6 homologs using the GFP knockdown assay
shown inFigure 17d. For each homolog, GFP fluorescence levels were measured by flow
cytometry and normalized to the experimental condition in which the GFP reporter plasmid lacked
a CRI SPR direct -URpdeBEanscr{ptioma) activation datador ThsA”64
constructs from selected homologous CAST systems, as measured by flow cytametry.
Transcriptional activation data for QCascade and T¥iB64 from homologous CAST systems,

as measured by flow cytometry. 701§ the final homolog that was selected for additional
screening for transposition, is marked with a red arrow. Datadlare shown as mean for n = 2
biologically independent samples. Uncropped western blots are shéugune35.
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Figure 28. Parameter screening to further improve integration activity with the eCASTF2
(PseCAST) system.
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a, RNA-guided DNA integration efficiency for TnsAB fusion (TnsABf) protein design, with or
without internal NLS, compared to the witgpe TnsA and TnsB proteins. Experiments were
performed inE. coli, and efficiencies were measured by gPGRIn7016transposon ends were
shortened relative to the constructs tested previdilisyenerating the constructs indicated with
red dashed boxes at the top. RIig&ded DNA integration activity was compared for the indicated
transposon right end (RE) variantsincoli, as measured by qPCR (bottom), while a 145bp LE
was used. The final pDonor design useéigure20 contains 145p and 7%bp derived from the
native left and right ends oPseudoalteromonasin7016 respectively.c, Agarose gel
electrophoresis showing successful junction products from nested PCR (top) for - @CAST
Sanger sequencing chromatograms showing the expected integration distance (lhttom).
Integration efficiencies in HEK293T cells were similar using either typical or atypical CRISPR
repeat®!?15 as measured by gPC& RNA-guided DNA integration activity was compared with
the indicated BP NLS tags on eCASTcomponents, as measured by gqPCR. Individual
components had their respective BP NLS tag repositioned from-ttetNe Gt er mi nu s ; nAI
represents a condition in veh all components had BP NLS tags on the noted terminus (left).
Interestingly, the observed tag sensitivity is similar to, but distinct from, that with eQAST
components. Various combinations of Bnd Gterminal NLS tagging folPseQCascade and
PseélnsC (right). NT = noftargeting crRNA.f, Nuclear export signal (NES) predictions for
eCAST-2 wild type (WT) and mutant TnsC. We hypothesized that a putative NES within TnsC
could led to inefficient nuclear localization, and selected multiple residues that, when mutated,
might lower this risk. Pricted NES sequences were generated using NetilHFENA-guided

DNA integration activity was compared after appending additional NLS tagdsé@msC and
removing a potential internal nuclearpext signal (NES) sequence with the mutations L255A,
L258V, and L260V, as indicated in h, RNA-guided DNA integration activity was compared
after varying the relative levels of individual eCA&Tprotein and RNA expression plasmids.
Data were measured by gPCR and are normalized to either the sample transfected with 100 ng of
each component foraeh condition, with an average integration efficiency of 00107% (left),

or a control sample (labeled T) transfected with the standard e@A8asmid amountsas
detailed in the Methods section with an average integration efficiency of 2.7 % (rjght).
plasmidbased Bxbl recombination assay was performed to benchmark eZA€gration
efficiency to other commonly used large DNA insertion tools. Datg In d, andi are shown as

the mean = s.d. for n = 3 biologically independent samples. Da&tayjrandh are shown as the
mean for n = 2 biologically independent samples.
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Figure 29: Selection, seeding, and sorting strategies result in further increases in eCAR12
integration efficiencies.

a, Normalized RNAguided DNA integration efficiency for eCASJ.2 in the absence or presence

of puromycin selection, and after harvesting cells from betwé@&ndays postransfection.
Experiments used a puromycin resistance plasmid as a transfection seteati®@r, in addition

to eCASTF2.2 component plasmids, and integration activity was measured by gPCR and
normalized to the condition harvested on day 3 without puromycin selection, which had an average
integration efficiency of 2.3 %, eCAST2.2 integrabn efficiencies were compared as a function

of seeding density 24 hours before transfectionwi plates were with various cell densities
ranging from 1 x 103 to 2 x 105 cells per well, and integration activity was measured byqPCR.
Transfection of HEK293T cells via various cationic lipid delivery methods affected integration
efficienciesd, Schematic showing the use of a GFP transfection marker and cell sorting to increase
integration efficiency. A GFP expression plasmid was transfected in saglficmaller amounts
relative to eCAST2.2 component plasmids, and cells were sorted into bins of varying GFP
expression levele, eCAST 2.2 integration efficiencies are enhanced after using flow cytometry

to sort cells for the brightest GFP positive cells. Cells were sorted four days after transfection, and
the top 20% brightest cells were binned in increments of 5%, with Biprésenting the top 5%
brightest cells and Bin 4 representing the20846 brightest cells. Integration efficiencies were
determned for each bin separately, or for the unsorted population, as measured by gPCR.
Integration efficiencies were normalized to the unsorted, targeting crRNA condition, which had a
value of 0.44 %. Data iaare shown as the mean of n = 2 biologically independent samples. Data
in b, ¢, ande are shown as the mean = s.d. for n = 3 biologically independent samples.
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a, RNA-guided DNA integration is heavily biased towards insertion in the -fgght(T-RL)
orientation, with only a small minority of insertion events occurring in therigft (T-LR)
orientation. Integration efficiencies were calculated using SYBR gPCBngle data points
represent integration events in the&.R orientation, while circle data points represent integration
events in the IRL orientation.b, Comparison of different strategies to detect and quantify
integration efficiencies. For negeneation amplicon sequencing, a variant pDonor was
constructed in which a primer binding site that is also present at the target site is cloned within the
transposon cargo at a distance from the transposon right end (R), such that unedited sites and
integraton products yield amplicons of indistinguishable length using pF and pR primers (top).
Consequently, nexgeneration sequencing of these amplicons provides relative abundances of
edited and unedited alleles in the population, allowing for higher sensitivetecting integration
efficiencies. For qPCR and ddPCR detection strategies, Tagman probes and primers are designed
to amplify either the integration product or a reference sequence used to calculate integration
efficiencies (bottom). For plasmiohsel integration assays, the reference sequence is a distinct
sequence on the plasmid target (pTarget).Representative agarose gel electrophoresis
demonstrates identical amplicon products for-temgeting (NT) and targeting (T) samples after
PCR1 for NGS analysis. This was repeated in biological triplicates with similar results.
Calculated integration efficiencies for the same experimental samples, measured by TagMan
gPCR, droplet digital PCR (ddPCR), and amplicon deep sequencing. ddPCR and qPCR analyses
specifically probe for integration products that areb#9downstream of thtarget site, whereas
amplicon sequencing analysis does not impose the same stringent distance bias, allowing the
guantification of integration products within a larger windowrsunding the anticipated
integration site. Editing efficiencies for both eCAP and eCASTl were consistent between
different quantification methods. For amplicon sequencing samples, triangle data points represent
all insertions characterized, whileae data points represent only-8Bp insertions. Data ia, are

shown as the mean % s.d. for n = 3 biologically independent samples. Rateeishown as the

mean for n = 2 biologically independent samples.
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Figure 31 Preliminary attempts to improve eCAST-2.2 genomic integration activity and
identify kinetic bottlenecks.

a, A unique target site was cloned into a modified pTarget, in which the downstream integration

site sequence remained the same, allowing us to specifically understand the impact of different
crRNA sequences on integration efficiencies (left). Cloning variangget sites into our modified

pTarget that correspond to target sites within the AAVS1 safe harbor locus enabled screening of
crRNAs to identify active sequences (right). Efficiencies were normalized to the crRNA used in

our plasmidtargeting assays, wth had an average integration efficiency of 2.0 B5p.
Simplification of transfection workflow via polycistronic expression of QCascade, and genomic
integration efficiencies with different const
which TniQ, Cas8, Cas7andCas6were all expressed from separate pcDNAK& vectors.c,

Impact of additional NLS tags on eCASZ QCascade components on genomic integration
efficiencies. All QCascade components had a singular NLS tag, unlessdydiepact of stably

expressed eCASZ components on genomic integration efficiencies. Cell lines were generated

via Sleeping Beauty with drug selection, and various components were stably expressed (indicated

by operons shown ontheayx i s ) . iAAldnsfed mpgon e etps etsent s condi
eCAST-2componentswereebr ansf ected, while ARemaining con
conditions in which only the neexpressed eCASZ components were transfecteglmpact of
co-transfection ok. colilntegration Host Factor (IHF) on human genomic integration efficiencies.

AT + sclHFO represents a condi tchandHFa/fMwashi ch a
co-transfected with a targeting gRNAVarying cell harvest day and selection of transfected cells
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based on a concurrent drug marker improves integration efficiencies, although overall efficiencies
remain low. Data iri e are shown as mean for n = 2 biologically independent samples. Ciata in
are shown as the mean * s.d. for n = 3 biologically independent samples. ®atsidetermined

by qPCR. Data itoi f were determined by amplicon sequencing.
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Figure 322 Genomic editing outcomes with ClpX.

a, Mutational analysis of ClpXnediated editing improvements. Point mutations were designed to
either ablate ATP hydrolysis (E185Q and R370&3%"or perturb substrate engagement (Y153A
and V15488, prior work demonstrated that Y153A ablates Mu replicaitiovivo, while V154F

does not affect Mu growth, but specifically inhibits binding and degradation oftagged
substrate®® b, The impact of native ClpX proteins on eCARTand eCAST1. PseClpX and
VchClpX improved eCAST2 and eCASTL genomic integration efficiencies, respectively, but
EcoClpX consistently produces a more robust improvemernidumanderived ClpX does not
improve genomic integration efficiencies for eCA3TThe putative mitochondrial targeting
sequence from human derived Cig¥*?®was replaced with a BRLS tag.d, Proposed model for

the role of ClpX in improving genomic integration efficiencies. In the absence of ClpX, the PTC
is sufficiently stable to prevent accessibility to the DNA intermediate, leading to a loss of genomic
integration events. In contrast, indlms of ClpX facilitates unfolding of CAST components,
resulting in destabilization/dissociation of the complex and accessibility to the DNA intermediate.
Data ina, b,andc are shown as the mean = s.d. for n = 3 biclalyy independent samples.
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Figure 33: Engineering CAST systems with ClpX.

a, Impact of atypical spacer lengths on plast#éged integration efficiencies (the canonical spacer
length, 32nt, is marked with a maroon triangle).Impact of 32nt vs 33nt spacer lengths on
genomic integration efficiencies at the AAV3ltarget site. Two different crRNAs were tested
that were nearby in the genomic locus, minimizing disruption of potential downstream integration
site requirementsc, Impact of encoding the crRNA on the pDonor for genomic integration
efficiencies. The U6 promoter, crRNAnd U6 terminator sequences were cloned on either a
separate plasmid or in the pDonor backbaheGenomic integration as a function of different
cationic lipid transfection methodsA comparison of integration efficiencies in the presence and
absence of ClpX as measured by gPCR, ddPCR, and amplicon sequencing for-AAMIPTR

and amplicon sequencing for OXA$L. For amplicon sequencing samples, triangle data points
represent all insrtions characterized, while circle data points represent onbp48asertionsf,
Varying cell harvest day and selection of transfected cells based on a concurrent drug marker
improves integration efficiencies, in the presence of Gp¥chematic of sagences that were
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analyzed to understand if undesirable editing outcomes were occurring with eCASa
sequence did not contain a transposon end, the sequence surrounding the intended integration site
was investigated for a higher frequency of indel events compareahiples in which a nen
targeting crRNA was used. If a transposon end was detected in the sequence, the sequence was
analyzed for additional mutationls, Mutations surrounding the integration region at AAVE1

do not occur above background frequencies pitessgnen a NT crRNA is ctransfectedi,

Mutations upstream the integration site at AAYEdo not occur at a higher rate compared to WT
alleles (top). Mutations in the transposon end and surrounding the target site duplication at
AAVS1-1 do not occur at rates above background sequencing eottor(). Integration events

at the major integration site (49bp downstream of crRNA) were analyzed. Dataand e (for
AAVS1-1) are shown as mean for n = 2 biologically independent samples. Ddjaei(for
OXA1L-2),f, h, andi are shown as mean + s.d. for n = 3 biologically independent samples. Data
were gquantified by amplicon sequencing.
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Figure 34: Leveraging eCAST-3 to perform targeted RNA-guided DNA integration at
multiple target sites.

a, Current workflow for applying eCAS3B to new target sites. First, potential targets with CC
PAMs are identified in region of interest. Target sites are then screened for optimal primers for
amplicon sequencing. The downstream primer binding site is clotea pDonor immediately
adjacent to the RE, enabling N3sed quantification. Cells are then transfected with pCRISPR,
pQCascade, pTnsAB, pTnsC, pClpX, pDonor, and an optional drug selection marker. After 4 days,
cells can be harvested for PCR prap asubsequent NGSased analysish, Representative
integration site distributions for transfections showrFigure 21. The length of the spacer is
shown, and the distance represents the length from the-dgt end of the spacer to the
transposon end.
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@ supplementary Figure 1a
1

C Supplementary Figure 6a

b Supplementary Figure 1d

Figure 35: Uncropped Western blot images.
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Figure 36. Representative analysis of flow cytometry samples.

a, Cells are first gated for cells versus debris, then for single cells, and lastly for transfected cells.
A negative control population is used to accurately define cells that are positive for the transfection
marker. Finally, the mean fluorescence inten@ityrl) is measured for experimental samples in

the desired fluorescent channel.
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Chapter 3: Future considerations for CAST applications as
mammalian geneediting tools

The work presented in this thesis represents the first published instance ef DSB
independent RNAjuided DNA transposition by a CAST system into the human genome. This
applicationrwasenabled bylecades of prior efforts in the search for, development, and mechanistic
understanding of other programmable recombinases, as was detailed in Chapitéd of their
promise as mammalian gene editing tools, CASTs do pose some hurdles that must be overcome
as they continue to be developed for use in translatssiahgs Here, | discussonsiderations
unansweredjuestions, and future experimenktgt will enable thecontinueddevelopment of
CASTs for mammalian gene editing purposes, along with the results of unpublished preliminary

experiments performed to further our mechanistic insights into heterologous CAST transposition.

3.1 Improvements in editing efficiencies

A significant barrier to the adoption of CASTs as widely used mammalian genome
engineering tools is their low editing efficiencies; Typeé CASTs demonstrate ~1% genomic
editing efficiencies, and Type-W CAST integration has only been detected on plasulstrates
at efficiencies of ~0.05%9%8°20%222 Given the complexity of each CAST system and the number of
components that must harmoniously function in order to catalyze integrdtene, are many

parameter spaces that can be explored to improve CAST efficiencies in human cells.

Directed evolution
A tried-andtrue method to increase the editing efficiency sfrayle or duatlcomponent

gene editingystem is to use directed evolution to unbiasedly introduce mutations that can confer
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increases in activiB}9233 One well-studied directed evolution method is phagssisted
continuous evolution (PACEYP, which has been deployed to engineignerhyperactivevariants

of a protein, such as the reverse transcrigtasedn prime editing®3, or a protein with novel
functions, such as the adenosine deamgamsedin ABES*. While the detailed mechanistic
intricacies of PACE are beyond the scope of thesis the basic workflow of PACE is detailed
below Figure37)?%4 In brief, in a bacterial lagoon of fixed volume, a selection phage (SP) is
introduced that encodes for a protein of interest (POI). A mutagenic DNA polymerase encoded on
an accessory plasmid (MP) encodes mutagenic genes to mutate all DNA in the lagodimgnc
thegene encoding thReOIl. The mutated POl is screened for enhanced activity by tying expression
of an essential coat protein, plll, encoded on a separate plasmid (AP) to POI activity levels.
Without proper plll expression, the SP will not propagate faster than the rate tafnddé the
lagoon and will be lo$t4 Mutants that lead to higher POI activity can subsequently be isolated

and additionally screened.
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Figure 37: Representative schematic oPACE.

Schematic of phagassisted continuous evolution (PACE). By linking phage propagation to
expression of/production @fill/plll triggered by activity of the mutagenized protein of interest
(POI), researchers can easily isolate phages with a fithess advantage relative due to hyperactivity

of the POI. Adapted from Miller et al., (2028

The Sternberg group has a continuing partnership with the Liu group, the original
developersof PACE, to evolve highly active Type 4F CAST variants for human genome
engineering purposes. In addition to increasing the activity of CASTSs, it is also possible that

directed evolution could lead to the engineering of Cipdependent TypeF CASTs. The Liu
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groupo6sthusfamdameg st he focus of othersdé dissertat

thisthesis Nevertheless, exciting preliminary results from the Liu group to evolve a highly active
transposase (TnsABC) or DNtargeting complex (QCascade) have yielded CAST variants
capable of performing targeted transposition at efficiencies of ~2% with phenbaged FACS

or over 20% with transfectiehased FACSHKigure38a,b). However, early attempts to characterize
the ontarget specificity of integration with these PACE variants via gereide tagmentation
based transposon insertion sequencing {i&geq) by other members of the Sternberg group have
revealed that thegarly perfect ortarget specificity ofvildtype \WT) Type FF CASTs is heavily

compromised irearly PACE variants kigure38c).
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Figure 38 PACE variants are highly active, but demonstrate promiscuous oftarget
integration.

a, Genomic ntegration efficienciest AAVS1 for wildtype (WT) eCAST-3 or PACE variants
(TnsAB P12 L26 and TnsC N14b) after sorting off a phenotypic integration markgells were
transfected with either WT or PACE effector plasmids, a DNA donor construct containing a splice
acceptor (SAPuroRT2A-GFP, and +/ClpX. All GFP positive cells were sortéad isolate edited

cells, and a portion of sorted cells was immediately harvested. Early PACE variants demonstrated
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a ~4fold improvement irgenomic integration efficiencies relative to WT CAST construmbsh

before and after cell sortingg. Genomic integration efficiencies at AAVS1 for PACE variants
(TnsAB P12 L26 and TnsC N14b) after sorting off a transfection mark@ells were transfected

with PACE effector plasmids, a DNA donor construct containing a splice acceptoP(BaiR
T2A-GFP,a TdTomato transfection marker, amft ClpX. Cells with the top 35% brightest
TdTomato expression were sorted, and a portion of the sorted cells were immediately harvested.
Cells exhibited up to 20% editing efficiencies, as measured by amplicon sequerfigngeing
isolated immediately after cell sorting. Transfections with PACE variants inghathdb, were
performed with WT QCascade, Tagmentation Tiseq plotdisplaying ortarget integration
efficiency for early PACE variants (TnsAB P14-Bdand TnsC N14), with WT QCascade, and

in the absence of ClpX. Integration efficiency of this sample was ~10%, as measured by ddPCR
(data not shown)indicating that some PACE variants may have decreased activity reliance on
ClpX. The ontarget specificity oftie sample is ~19%.

Because one of the attractive benefits of utilizing TypedAST systems as gene editing
tools is their hallmark omarget specificity, it will be critical to ensure that any evolved variants
maintain similar levels of discrimination in integration sitegerestingly, a recent publication
demonstrated the use of various fusion proteins to dramatically increasettrgeatrspecificity
of Type V-K CASTSs, at a cost of ~40% reduced integration efficiencies (reviewed in more detail
in Chapter 13°. Given this recent development, it is possible that engineering similar PACE fusion
constructs that constrain transposase activity may also yield improvementangeirspecificity,
particularly if the offtarget integrationsstem from PACE mutations leading to crRNA
independent transposase activity, as has been shown in WT Tp@AST system$>.

In order to increase integration efficiencies by improving colocalization of diffevént
eCAST-2 effector proteins, tethered different modules in close proximity to each other using
protein linkersand surveyed their activity in both bacterial and mammalian @€tisire 39 and
Figure 40). Notably, although we previously established permissible tagging termini for all
individual components in both eCASITand eCAST2, (see Chapter 2), certain functignided

fusions with predicted nepermissivelinkers, such as a Tni€niQ (scTniQ) dimer fusion,

retained near WT activityr{gure 39a).
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Figure 39: Fusions of WTeCAST-1 and eCAST2 componentsare active in bacteria

a, Homodimer TniQ(scTniQ)fusion constructthat were designed (left) abtested irE. coliretain
similar activity to WT TniQ(right). Two scTniQfusion constructs with either a &0nino acid
(aa) XTENGS linker, or a 18a XTEN linker, were tested for activity for two Typ& ICAST
homologs, eCASR (Tn701§ and eCASTL (Tn6677. Integration efficienesweremeasured via
gPCR for integration events in both orientatidhgleft transposon end integrated closest to target
site (T-LR), ortheright transposon end integrated closest to target sitdR(T Total integration
efficiencies are a sum of bothRL and FLR efficienciesb, eCAST-2 fusion castructsdesigned
(left) tested inE. coli mostly retain at least 50% activity relative to WT (right). Four fusion
constructs wersurveyed for activityn the presence or the absence of supplemental unfused TnsC
Integration efficiencies were measured via qPCR for integration events in botfRbefidd F

LR orientations.
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Similar to previouswork in Type VK CASTS®5, these fusion constructs often impacted
integration efficiencies relative to WT, although some promising candidates, notably a-scTniQ
TnsC fusion, effectively tethered inteomplex components together without drastically
impacting activity. Although most fusions retained at least 50% of WT activity in bacterial
transposition assayfifure3%), and some intraomplex fusions (e.g. CasiQ) retained near
WT level activityin HEK293T cells many intercomplex (TniQTnsC, or Tns€InsAB) fusions
effectively ablated genomic transpositiortHEK293T cellgFigure40a,b). Of note, partial rescue
of activity was achieved with additional supplementation of unfused TnsC to potentially promote
assembly of the I¢americAAA+ ATPase with some number of monomers in the complex being
untethered to other proteins. These results indicate that concentrated optimization efforts could
potentially result in more active fusion construdesg(re 40c). These previous WT Type -F
CAST fusions that were tested were not structurigled in their designJsing a new TR016
QCascade CryoEM structure (unpublished), alongside advancements in protein structure
prediction modelsising AlphaFolé®®, we now have better tools at our disposal to rationally design
fusion constructs that have higher likelihoods of retaining transposition activity in human cells,
while potentially controlling oftarget integration event&igure40d). Future efforts will focus
on profiling both the activity and specificity of early PACE TnsABC variants tethered to different

components of WT QCascade in bacterial and mammalian cells.
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Figure 40. eCAST-3 fusion constructs require further optimization for activity in human
cells.

a, Schematic oECAST-3fusion constructs surveyed for genomic integration activity in HEK293T
cells. Proteins were linked with either a-4& XTEN linker, an 1&a (GGS) linker, or a 66aa
(XTEN)s linker. Fusions constructs were either monocistronic, meaning all other CAST
components were expressed from individual plasmids, or polycistronic, meaning the other
QCascade components were expressed on the same plasmid and separated bgledisglf
peptidesNLS = nuclear localization signal. NLSx3 = 3 seqgtial NLS signalsscTniQ = TniQ
homodimer fusion construcb, HEK293T cells were transfected with the indicated fusion
constuct and all other CAST effector proteins. Integration efficiencies were measured four days
after transfection via gPCR, eCAST-3 fusions that containedtatheredTnsC construct were
tested for activity in the presence and absence of supplemental, unfused TnsC to promote heptamer
formation. Integration efficiencies were measured four days after transfection via gPCR. The
majority of these fusion constructs did not have detectable genomic integration.
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