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(57) Abstract: Described herein is a CRISPR guide and retron donor expressed
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fusions, demonstrating that recruitment of the retron to the target site by Cas9
is not essential for retron-based editing and that retron and guide functionality
can be enhanced when expressed via distinct promoters and RNA processing el-
ements. More efficient editing was achieved with a mutant Cas9 nickase than
with the fully active Cas9 nuclease in mammalian cells, avoiding the toxicity
and error-prone repair pathways triggered by double-strand breaks which are of
major concern for therapeutic applications.
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ENHANCED MAMMALIAN CRISPR EDITING WITH SEPARATED
RETRON BONOR AND NICKASES

CROSS-REFERENCE TO RELATED APPLICATIONS
[6001] This application claims priority to U.S. Provisional Application No. 63/400,952,
filed August 25, 2022, the disclosure of which is herein incorporated by reference in its

entirety for all purposes.

STATEMENT AS TO RIGHTS TO INVENTIONS MADE UNDER
FEDERALLY SPONSORED RESEARCH AND BEVELOPMENT

[6002] This invention was made with Government support under Contract No.
ROTGMI21932 awarded by the National Institutes of Health. The Government has certain

rights 1o the invention.

BACKGROUND
[6063] In most organisms and cell types, single-stranded DNA (ssDNA) serves as a more
efficient donor template for homology-directed repair (HDR) than double-siranded DNA
{dsDNA). This is likely due to the better availability of ssDNA for mediating HDR, as it can
directly base-pair with the target edit site without requiting helicase activity needed to
anwind dsBNA. While ssDBNA can be delivered to cells as synthetic oligonucleotides, this
approach is not optimal in many settings because (1) the ssDNA must pass through the cell
membrane and cell nucleus where editing takes place, (1) it ts diluted by cell growth and
turnover due to nucleases, and (111} it 1s not amenable to multiplexed editing approaches,
where each cell needs to receive different donor paired with a CRISPR guide RNA. Recent
work has addressed all three challenges by harnessing an i vive ssDNA production system
evolved by bacteria called retrons for editing in bacterial and wammalhan cells (Farzadfard et

al., 2014; Sharon et al | 2018; Lopez et al., 2022}

[6004] Bacterial retrons are a two-component systerm, a refron possessing reverse
transeriptase (RT) activity, and a nou-coding transcrpt termed the msr-msd RNA which
I
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serves as a template for the RT (Simon et al., 2019). The retron RT recognizes a specific
secondary structure on the msr-msd transcript and reverse trauscribes the msd part of the
transcript, resulting in an RNA-DNA hybrid product termed multicopy single-stranded DNA
(msDNA). Critically, the msd part can be programmed to contain arbitrary sequence by
inserting the desired sequence into a foop region of the msd component of the retron msr-msd
transcript (Farzadfard et al , 2014). This allows for production of single-stranded donor DNA
for HDR intracellularly, holding potential to improve editing efficiency. The fusion approach
was tirst employed in veast, where the msr-msd-donor was fused to the 5" end of the gRNAs
in an effort to simphify the co-delivery of both donor and guide and to further have the
Cas9:guide complex bring the donor to the edit site for enhanced HDR efficiency (Fig. 1A;
Sharon et al, 2018). This approach has recently been employed 1n maromalian cells with
several variations at the level of testing retrons from diverse bacteria, utilizing different
promoters, alteration of retron structure, and retron-gRNA fusion orientation (Koung et al.,
2021, Lopez et al, 2021, Zhao et al, 2022} To date, the highest efficiencies have been
achieved with the Ec73 retron RT system {also known as Retron-Eco3) and with the msy-
msd-donor fused to the 3" end of the gRNAs and driven from a RNA Polymerase I promoter
{(Fig. 2A; Kong et al | 2021). These constructs also use a hammerhead ribozyme (HHR) at the
5" end and a hepatitis delta virus (HDV) ribozyme at the 37 end to precisely release both
gRNA and msr-msd-donor of the primary RNA polymerase H transcript and prevent nuclear

eXport.

[3005] The present disclosure provides a more efficient retron editing system that does not

require the creation of double-strand breaks.

BRIEF SUMMARY
[0006] Provided are compositions and methods for gene editing in mammalian cells. In
one aspect the disclosure provides a nucleic acid comprising: (i) a first promoter operably
linked to a retron nucleic acid sequence comprising: an msy sequence; an msd sequence; a
donor sequence within the msd sequence; and a first nverted repeat sequence and a second
inverted repeat sequence; and (11} a second promoter operably linked to a nucleic acid

sequence encoding a guide RNA region.

b3
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[8067] In some embodiments, the first promoter comprises an RNA polymerase {I (Pol 1)

promoter, and the second promoter comprises an RNA polymerase I (Pol HH) promoter.

[3008]  In some embodiments, the nucleic acid further comprises a stabilizing 5" ribozyrue
sequence located 3’ of the first promoter and 5’ of the first inverted repeat sequence; a
stabilizing 3' ribozyme sequence located 3 of the second mverted repeat sequence; and/or a

long non-coding RNA {(IncRINA) transcript located 37 of the second inverted repeat sequence.

[6009] In some embodiments, the stabilizing 5" or 3’ ribozryme sequence is selected from
the group consisting of a4 hammerbead rbozyme (HHR), a hepatitis delta virus (HDV)

ribozyme, and a Ribol ribozyme sequence.

[6018] In some embodiments, the stabilizing 3’ sequence comprises the 3’ triple-helix and
tRNA-like processing components of the IncRNA transcript Metastasis Associated Lung

Adenocarcinoma Transcript 1 (MALATI).

[8011] In some embodiments, the nucleic acid further comprises a transcription terminator

sequence focated 37 of the second tnverted repeat sequence and 37 of the second promoter.

[3012] In some embodiments, the donor sequence comprises a template for homology-

directed repair (HDR).

[6013] In another aspect, the disclosure provides a nucleic acid comprising a transcription
unit comprising a promoter operably linked to a mucleic acid sequence encoding a retron
RNA and a nucleic acid sequence encoding a guide RNA region, the retron nucleic acid
Sequence COMPprising. an msy sequence,; an msd sequence; a donor sequence within the msd

sequence; and a first inverted repeat sequence and a second inverted repeat sequence.

[6014] In some embodiments, expression of the nucleic acid sequence results in a transcript
comprising the refron RNA and guide RNA region, wherein the retron RNA and guide RNA
region are separated after transcription by an RNA processing enzyme. In some
embodiments, the RNA processing enzyme 13 a nibozyme or an endoribonuclease. In some
embodiments, the promoter comprises an RNA polymerase H (Pol H) promoter or an RNA
polymerase {11 (Pol I} promoter. In some ermnbodiments, the nucleic acid sequence encoding

the retron RNA is located 57 of the nucleic acid sequence encoding the guide RNA. In some
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embodiments, the nucleic acid sequence encading the retron RNA is located 37 of the nucleic

acid sequence encoding the guide RNA.

[G015]  In another aspect, the disclosure provides an expression plasnud comprising a

nucleic acid described herein.

[6016] In another aspect, the disclosure provides a system for introducing a genetic
modification at a target DNA locus, the systern comprising: 1) a first expression plasiud
comprising a nucleic acid described herein, 1) a second expression plasmid comprising a
nucleic acid sequence encoding a CRISPR-associated endonuclease; and 1) a third

expression plasmid comprising a nucleic acid sequence encoding a reverse transcriptase.

[6017] In some embodiments, the second and third expression plasmids comprise a
promoter operably linked to the nucletc acid sequences encoding the CRISPR-associated
endonuclease and the reverse transcriptase, respectively. In some embodiments, the promoter

is a Pol Il promoter.

{6018] In some embodiments, the CRISPR-associated endonuclease generates a single-
stranded nick in one strand of the target DNA locus instead of a double-strand break (DSB}.
In some embodiments, the CRISPR-associated endonuciease comprises a nickase selected

trom the group consisting of nCas9-D10A and nCas9-HE40A

[8019] In some embodiments, the reverse transcriptase is selected from the group
consisting of RT-H¢73, RT-5185, RT-Ec83, RT-Ec78, RT-Eeo9, RT-Ecolf, and RT-Heoll,

In some embodiments, the reverse transcriptase is RT-Ec73.

[6028] In ancother aspect, the disclosure provides a method for editing DNA at a target

locus 1u a cell, the rethod comprising wntroducing a systern of the disclosure into the cell.

[6021] In some embodiments, the editing efficiency at the target locus is increased
compared to a systern comprising an expression plasmuid wherein transcription products of the

retron and the gRNA coding region are physically coupled.

[3022]  In some embodiments, the cell is selected from the group conststing of a veast cell,

plant cell, mammalian cell, mammalian cell line, human cell, and human cell line.
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[8023] In ancther aspect, the disclosure provides a method of treating a genetic disease in a
subject in need thereof, the method comprising administering to the subject an effective
amount of a} a nucleic acid of the disclosure, a plasmid comprising a nucleic acid of the
disclosure, or a systemn of the disclosure, or a combination thereof, b) a reverse transcriptase
or a sucleic acid encoding the same, and ¢} a sequence-specific endonuclease or a nuclgic

acid encoding the same.

[0024] In some embodiments, the sequence-specific endonuclease does not catalyze a

double strand break in the BNA of a host cell in the subject.

[6025] In some embodiments, the sequence-specific endonuclease generates a single-
stranded nick in one strand of a target DNA locus in a host cell of the subject. In some
embodiments, the sequence-specific endonuclease comprises a nickase selected from the
group consisting of nCas®-D10A and nCas9-HB40A. In some embodiments, the nickase 1s

nCas9-HB40A.

[6026] In another aspect, described herein is a pharmaceutical composition comprising: {a}
a nucleic acid of the disclosure, a plasmid comprising a nucleic acid of the disclosure, or a
system of the disclosure, or a combination thereof, and (b} a pharmaceutically acceptable

carrier.

130271 In another aspect, described herein 1s a method for preventing or treating a genetic
disease in a subject, the method comprising administering o the subject an effective amount
of a pharmaceutical composition of the disclosure to correct a mutation in a target gene

associated with the genetic disease.

[6028] In some embodiments, the genetic disease is selected from the group consisting of
X-linked severe combined immune deficiency, sickle cell anemia, thalassemia, hemophilia,
neoplasia, cancer, age-related macular degeneration, schizophrenia, trinucleotide repeat
disorders, fragile X syndrome, prion-related disorders, amyotrophic lateral sclerosis, drug
addiction, autism, Alzheimer’s disgase, Parkinson’s disease, cystic fibrosis, blood and
coagulation diseases and disorders, inflammation, immune-related diseases and disorders,
metabolic diseases and disorders, liver diseases and disorders, kidney diseases and disorders,

muscular/skeletal diseases and disorders, neurological and neuronal diseases and disorders,
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cardiovascular diseases and disorders, pulmonary diseases and disorders, ocular diseases and

disorders, and a combination thereof.

[6028]  In another aspect, the disclosure provides a lat for modifying one or more target
nucleic acids of interest at one or more target loci within a genome of a host cell, the kit
coraprising a nucleic acid of the disclosure, a plasmid comprising a nucleic acid of the

disclosure, or a system of the disclosure, or a combination thereof.

[803¢] In some embodiments, the kit comprises a reverse transcriptase or a nucleic acid
encoding the same, and a sequence-specific endonuclease or a nucleic acid encoding the
same. In some embodiments, the reverse transcriptase included in the kit is selected from the
group consisting of RT-Ec73, RT-818S5, RT-Ec83, RT-Ec78, RT-Eco%, RT-Ecold, and RT-
Heoll., In some embodiments, the reverse transcriptase ts RT-Ec73. In some embodiments,
the sequence-specific endonucliease comprises a nickase selected from the group consisting of

0Caso-D10A and nCas®-HB40A, In some embodiments, the nickase is nCas9-H840A.

[6031] In some embodiments, the kit comprises a host cell. In some embodiments, the host
cell 1s selected from the group consisting of a yeast cell, a plant cell, mammalian cell,
mammalian cell Hne, buman cell, and human cell line. In some embodiments, the kit
comprises one or more reagents for introducing the nucleic acids, plasmids, reverse

transcriptase or sequence-specific endonuclease into the host cell.

{3032] In another aspect, the disclosure provides a method for producing a retron RNA and
a guide RNA, the method comprising: 1} contacting the nucleic acid of any one of claims § to
11 with an RNA polymerase to produce a single transeript comprising the retron RNA
sequences and guide RNA sequences, and 11} contacting the single transcript with an RNA
processing enzyme that cleaves the transcript between the retron RNA and guide RNA

sequences, thereby producing the retron RNA and the guide RNA.

[6033] In some embodiments, the RNA processing enzyme is g rihozyme or an

endoribonuclease.

[6034] In some embodiments, the nucleic acid sequence encoding the retron RNA 1s

located 57 of the nucleic acid sequence encoding the guide RNA. In some embodiments, the

&
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nucleic acid sequence encoding the retron RNA is located 37 of the nucleic acid sequence

encoding the guide RNA.
BRIEF DESCRIPTION OF THE DRAWINGS

[3035] Figs. 1A-1D (A) Outline of the retron donor-guide fusion (rgRNA) setup for
editing in the budding yeast Saccharomyces cerevisiae. The transcript is expressed from the
8. cerevisiae (GAL7 promoter, which will undergo cleavage by either 2 5" HHR or a 5" RiboJ
ribozyme and a 3" HDV ribozyme. This releases the rgRINA from the 5 cap and 3’ poly(A)
tail elements, respectively, which would otherwise promote mRNA export from the nucleus
inn eukaryotic cells. (B} Outline of the split gRNA:retron-donor system. gRNA expression is
driven by the 5. cerevivice SNK32 promoter, and EcBO msr-msd-donor expression s driven
by the GAL7 promoter. The 5' HDV ribozyme confers greater retron ¢cDNA production (US
provisional #63214197). (C) Fully processed transcripts generated from the 5" HHR rgRNA
fusion (left), 5" nbol rgRNA fusion {(middie}, and split 5" HDV retron and SNR52 guide
setups {(right) are shown (D) On-target editing outcomes at the ADE2 locus using a
previously published 5" HHR rgRNA fusion cassette as a reference (Sharon et al., Cell, 2018}
Both SpCas9 and the Ec86 reverse transcriptase (RT) are expressed from the bi-directional S.
cerevisioe GALI/GALID promoter. Editing efficiency was quantified by amplicon sequencing
of the ADFE2 target locus. Non-homologous end joining-ruediated insertions or deletions

(NHED 1ndels) were identified as small indels at the Cas9 cleavage site.

[00636] Figs. 2ZA-2D (A) Outline of the gRNA-msr-msd-donor (rgRNA} fusion. The
rgRNA transcript from a Pol-H promoter is cleaved by a 5 HHR and a 3' HDV ribozyme to
release rgRNA. (B) Outline of the split gRNAmsr-msd-donor system. gRNA expression is
driven by a U6 promoter, msr-msd-donor expression is driven by a Pol-II promoter. Various
ribozyme structures are added on the 5" and 37 end of the msr-msd-dovor transcript to make
the msr-msd-donor transcript more stable within cells. {C) Scheme of the HDR reporter,
leveraging retron-generated wntracellular ssDNA with a Cas9-induced cleavage at the target
site. EGFP reconstitution using transgenic HEK293 cells expressing TagBFP-PZA-nEGEFP is
report for EGFP fluorescence. The mutation is a {->T substitution, with an additional silent
mutation of the PAM motf to prevent gRNAs from recutting the site after editing and to
prevent degradation of the plasmid harboring the msr-msd-donor.
7
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(60371 Figs 3A-3F: (A) Outline of the lipofection experiment for testing the fusion versus
sphit rgRNA systerns and WT Cas? versus Cas9® mckases. Lipofected cells are indicated with
a black dot; EGFP positive cells are indicated white. (B) Outline of the msDNA-donor
generated and the homology arms used for editing. {C) Outline of the constructs used for
5 testing the rgRNA fusion previously published using the Hc73 retron RT (Kong et al., 2021).
(D) Outline of the constructs used to test the split gRNAmsr-msd-donor system. Data for the
rgRNA fuston (B} and the split gRNAmsr-mmsd-donor system (F). The density of the grey
color indicates percentage of normalized GFP positive cells. Summary bar graph data of the
aggregated data from each heatmap above 15 shown at the bottom. Data bars are mean =+

10 SEM.

[0038] Figs. 4A-4D: (A) Cutline of the lipofection experiment for testing the alternative
retrons for promoting HDR. Lipofected cells are indicated with a black dot; EGFP positive
cells are indicated white. (B) Qutline of the msDINA-donor generated and the homology arms

used for editing. {(C) Outhine of the constructs used for testing the alternative retrons. The

Ju—
(V4]

msr-msd sequence was adjusted for the respective retron in plasmid 1. Retrons tested were
Eco4, Eco7, Heo9, Ecol(, Heoll and Senl. (D) Data for the testing of alternative retrons.
Different 5’ and 3’ clements of the msr-msd transcript are ocutlined on the left. Black
rectangles indicate absence of these conditions. The density of the grey color indicates

percentage of normalized GFP positive cells. Summary bar graph data of the aggregated data

>

20 from the heatmap is shown at the bottom highlighting the effect of different Cas® nuclease

versions on editing performance. Data bars are mean + SEM.
BETAILED DESCRIPTION

[603%9] Provided herein are compositions and methods for gene editing in mammalian cells.

The disclosure describes the use of a CRISPR gwide and retron donor expressed separately to

[\
(V4]

mediate genome editing by homology-directed repair. The inventors show that this “split”
systern works more efficiently than previous approaches employing retron dounor-gRNA
fusions, demonstrating that retron and guide functionality can be enhanced when expressed
via distinct promoters and/or RNA processing elements. The disclosure demonstrates that in
both veast and mammalian cells, the split system is more efficient than the previcusly
30 published tusion approaches, contradicting the model that the retron donor must be recruited

by Cas9 for efficient HDR.
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[004€6] The inventors also demonstrate more efficient editing with the genetically modified
Cas9 nickases than with the fully active Cas9 nuclease in mammalian celis. Editing with
nickases has the additional advantage of avoiding the toxicity and error-prone repair
pathhways triggered by double-strand breaks, which are of major concern for therapeutic
applications. The inventors have shown that the split approach provides superior editing with
Cas9 nickases, such as nCas9-D10A and nCasS-HB40A bypassing the levels observed with
fully active Cas® and retron-gRNA (rgRNA) fusions. By contrast, the rgRNA fusions lack
detectable editing with nickases. The split retron donor-guide and nickase approach allows
for precise editing while reduciog formation of indels and other unwauted on-target and off-

target effects.

[0041] The disclosure provides advantages over previous gene editing technologies,
enabling i} a system amenable for efficient single~-plex and wmultiplexed genore editing, 1)
gRNA make the system more versatile to use as each RNA can be expressed from optimal
promoters, referred to herein as a “split” system. The split retron donor-guide approach with
Cas9 wvickase has a similar editing efficiency compared to a published rgRNA fusion
approach which used double-strand break Cas9 {(Kong et al |, 2021}, This is a major advantage
as nickases induce far fewer unintended edits at both the on- and off-target sites. The
previously developed fusion rgRNA approaches show hittle editing with Cas9 nickases, such
as nCas9-DI0A and nCas9-HB840A, demonstrating that the retron donor technology is

important for efficient HDR using nickases.

[3042] The practice of the present disclosure employs, unless otherwise indicated,
conventional techniques of immunology, biochemistry, chemistry, molecular biology,
microbiclogy, cell biology, genomies and recombinant BNA, which are within the skill of the
art. See Sambrook, Fritsch and Maniatis, Molecular Cloning: A Laboratory Manual, 4th
edition (2012), Current Protocols in Molecular Biology (F. M. Ausubel, et al. eds., {2012},
the series Methods in Enzymology {Acadenuic Press, Inc ), and PCR 2: A Practical Approach

(M. J. MacPherson, B. B Hames and G. R, Taylor eds. (1995)).

[8643] For nucleic acids, sizes are given in either kilobases (kb), base pairs {(bp)}, or
nucleotides (nt). Sizes of single-stranded DNA and/or RNA can be given in nucleotides.

These are estimates derived from agarose or acrylamide gel electrophoresis, from sequenced
9
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nucleic acids, or from published DNA sequences. For proteins, sizes are given in kilodaltons
{kB3a) or amino acid residue numbers. Protein sizes are estimated from gel electrophoresis,
from sequenced proteins, from derived amino acid sequences, or from published protein

SequUences.

[0044] Oligonucleotides that are not commercially available can be chemically synthesized,

e.g., according to the solid phase phosphoramidite triester method first described by
Beaucage and Caruthers, Tetrahedron Lett. 22:1859-1862 (1981}, using an automated
synthesizer, as described in Van Devanter ef. al,, Nucleic Acids Res. 12:6159-6168 {1984},
Purification of oligonucleotides 1s performed using any art-recognized strategy, ¢.g., native
acrylamide gel electrophoresis or anion-exchange high performance hiquid chromatography

(HPLC) as described in Pearson and Reanter, J. Chrom. 255: 137-149 (1983},

L Definitions
[3045] It is to be undersiood that this disclosure is not strictly limited to particuiar
embodiments described, as such may of course vary, It 15 also to be understood that the
terminoclogy used herein is for the purpose of describing particular embodiments only, and 1s
not intended to be limiting, since the scope of the present disclosure will be limited only by

the claims.

[3046] As used herein and in the appended claims, the singular forms “a,” “an,” and “the”
include plural referents unless the context clearly dictates otherwise. It should further be
understood that as used herein, the term “a” entity or “an” entity refers to one or more of that
entity. For example, a mucleic acid molecule refers to one or more nucleic acid molecules. As

“

such, the ferms “a”, “an”, “one or more” and “at least one” can be used interchangeably.

Similarly, the terms “comprising”, “including” and “having” can be used interchangeably.

[6047] Unless defined otherwise, all technical and scientific terms used herein have the
same meaning as commonly understood by one of ordinary skill in the art to which this
invention belongs. Although any methods and materials similar or equivalent to those
described herein can also be used 1o the practice ot testing of the present 1nvention, the
preferred methods and materials are now described. All publications mentioned herein are
incorporated herein by reference to disclose and describe the methods and/or materials in

connection with which the publications are cited. The publications discussed herein are

14
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provided solely for their disclosure prior to the filing date of the present application. Nothing
herein 1s to be construed as an admission that the present invention is not entitled to antedate
such publication by virtue of prior invention. Further, the dates of publication provided may
be ditferent from the actual publication dates, which may need to be independently

confirmed.

[0048] It 15 appreciated that certain features of the disclosure, which are, for clarity,
described in the context of separate embodiments, may also be provided in combination in a
single embodiment. Conversely, various features of the invention, which are, for brevity,
described in the context of a single embodiment, may also be provided separately or in any
suitabie sub-combination. All combinations of the embodiments are specifically embraced by
the present invention and are disclosed herein just as if each and every combination were
wndividually and expliciily disclosed. In addition, all sub-combinations are also specifically
embraced by the present invention and are disclosed herein just as if each and every such sub-

corobination were individually and explicitly disclosed herein.

[8049] It is further noted that the claims may be drafted to exclude any optional element.
As such, this statement is intended to serve as antecedent basis for use of such exclusive

2

terminology as “solely.” “only” and the like in connection with the recitation of claim
£ Y, ¥

3

elements, or use of a “negative” limitation.

[60308] As used herein, the term “about” means a range of values including the specified
value, which a person of ordinary skill in the art would consider reasonably similar to the
specified value. In some embodiments, about means within a standard deviation using
measurements generally acceptable in the art.  In some embodiments, about means a range
extending to +/- 10% of the specified value {e.g., /- 1%, 2%, 3%, 4%, 5%, 6%, 7%, 8%, 9%,

or 10% of the specified value). In some embodiments, about means the specified value.

[6031] The term “genome editing” refers to a type of genetic engineering in which DNA 18
inserted, replaced, or removed from a target DNA (e.g, the genome of a cell} using one or
more mucleases and/or nickases. The nucleases create specific double-sirand breaks (DSBs) at
desired locations in the genome and harness the cell's endogenous mechanisms to repair the
induced break by homology-directed repair (HDR) {e.g., homologous recombination) or by

nonbomologous end joining (NHEJ). The nickases create specific single-strand breaks at
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desired locations in the genome. In one non-limiting example, two nickases can be used to
create two single-strand breaks on opposite strands of a target DNA, thereby generating a
blunt or a sticky end. Any suitable DNA nucleases and/or nickases can be introduced into a

cell to induce genome editing of a target DNA sequence.

[6032] As used herein, the term “retron” s used in accordance with its plain ordinary
meaning and refers to a DNA sequence found in the genome of many bacteria species that
codes for reverse transcriptase and a unique single-stranded DNA/RNA hybnd called
multicopy single-stranded DNA (msDNA). The retron msr-msd RNA 1s the non-coding RNA
produced by retron elements and is the immediate precursor to the synthesis of msDNA. The
retron msr RNA folds into a characteristic secondary structure that contains a conserved
guanosine residue at the end of a stem loop. Synthesis of DNA by the retron-encoded reverse
transcriptase (RT) results 1n a DNA/RNA chimera which 1s composed of small single-
stranded DNA linked to small single-stranded RNA. The RNA strand is joined to the 5" end
of the DNA chain via a 2'-5" phosphodiester linkage that occurs from the 2' position of the
conserved internal guanosine residue. The retron operon carries a promoter sequence P that
controls the synthesis of an RNA transcript carryving three loct: msy, msd, and red. The ref
gene product, a reverse transcriptase, processes the msd/msy portion of the RNA transcript
into msDNA. Retron elements are about 2 kb long. They contain a single operon controlling
the synthesis of an RNA transcript carrying three loct, msy, msd, and red, that are involved in
msDNA synthesis. The DNA portion of msDNA is encoded by the msd region, the RNA
portion 18 encoded by the msr region, while the product of the ref open-reading frame is a
reverse transcriptase similar to the RTs produced by retroviruses and other types of
retroelements. Like other reverse transcriptases, the retron RT contains seven regions of
conserved amino acids, including a highly conserved tyr-ala-asp-asp (YADD) sequence
associated with the catalytic core. The ref gene product is responsible for processing the
msdimsy portion of the RNA transcript into msDNA. When utilized in eukaryotic cells, the
coding ret gene and the non-coding RNA msr-msdd are optireally expressed from separate

promoters.

[8033] As used herein, the term “reverse transcriptase” refers to its plain and ordinary
meaning as an enzyme used fo geverate complementary DNA (cDNA) from an RNA
template, a process termed reverse transcription.

12
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[0034] As used herein, the terms “complementary” or “complementarity” refers to
polyoucleotides that are able to form base pairs with ove avother. Base pairs are typically
formed by hydrogen bonds between nucleotide units in an anti-paraliel orientation between
polynucleotide strands. Complementary polynucleotide strands can base pair in a2 Watson-
Crick manner (g2, At T, A to U, C to 5}, or in any other manner that allows for the
tormation of duplexes. As persons skilled in the art are aware, when using RNA as opposed
to DNA, wracil (1) rather than thymine (1) is the base that is considered to be complementary
to adenosine. However, when a uraci 18 denoted in the context of the present disclosure, the
ability to substitute a thymine 15 implied, unless otherwise stated. "Coroplementanity” may
exist between two RNA strands, two DNA strands, or between a RNA strand and a DNA
strand. It 18 generally understood that two or more polynucieotides may be "coroplementary”
and able to form a duplex despite having less than perfect or less than 100%
coruplementarity. Two sequences are “perfectly complementary” or "100% complementary”
it at least a contiguous portion of each polynuclectide sequence, comprising a region of
complementarity, perfectly base pairs with the other polynucleotide without any mismatches
or interruptions within such region. Two or more sequences are considered "perfectly
complementary” or "100% complementary” even if either or both polynucleotides contain
additional non-complementary sequences as long as the contiguous region of
complementarity within each polynucleotide 15 able to perfectly hybridize with the other.
"Less than perfect” complementarity refers to situations where less than all of the contiguous
nucleotides within such region of complementarity are able o base pair with each other.
BDetermining the percentage of complementanty between two polynucleotide sequences is a
matter of ordinary skill in the art. For purposes of Cas® targeting, a gRNA may comprise a
sequence "complementary” to a target sequence (e.g., major or minor allele), capable of
sufficient base-pairing to form a duplex {i.e., the gRNA hybridizes with the target sequence).
Additionally, the gRNA may comprise a sequence complementary to a sequence adjacent to a
PAM sequence, wherein the gRNA also hybridizes with the sequence adjacent to a PAM

sequence in a target DNAL

[0085] The terms “hybridize” and “hybridization” refer to the formation of complexes
between nuclectide sequences which are sufficiently complementary to form duplexes via

Watson-Crick base pairing.
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[8036] The term “DNA nuclease” refers to an enzyme capable of cleaving the
phosphodiester bonds between the nucleotide subunits of DNA and may be an endonuclease
or an exonuclease. According to the present mnvention, the DNA nuclease may be ap
engineered {e.g, programmable or targetable) DNA nuclease which can be used to induce
genome editing of a target DNA sequence. Any suitable DNA nuclease can be used
including, but not imited to, CRISPR-associated protein (Cas) nucleases, other endo- or exo-

nucleases, variants thereof, fragments thereof, and combinations thereof.

[3057] The term “nickase” refers 1o an enzyme that cuts one strand of a double-stranded
DNA molecule. The term includes Cas9 nickase that can be paired with a gumide RNA for
site-specific cleavage of a target DNA strand. A Cas9 nickase (nCas®) has only one active
tunctional domain and can cut ounly one strand of the target nucieic acid, thereby creating a
single strand break or nick. lu sorme embodiments, a Cas9 nickase is a mutant Cas9 nuclease
having one or more amuno acid mutations. In some embodiments, the Cas9 nickase is a
nCas9 DI0A mutant. In other embodiments, the Cas® nickase 1s a nCCas® HB40A mutant.
Other examples of Cas9 nickases include, without limitation, nCas9 NE54A and nCas9
NB63A mutants. A double-sirand break can be mntroduced using a Cas9 nickase if at least
two gRINAs that target opposite DNA strands are used. The nickases (e.g., Cas9 nickases)

can be codon-optimnized for the target cell or target organism.

[8058] The term “double-strand break™ or “DSB” or “double-strand cui” refers to the
severing or cleavage of both strands of the DNA double helix. The DSB may result in
cleavage of both stands at the same position leading to “blunt ends” or staggered cleavage
resulting 1n a region of single-stranded DNA at the end of each DNA fragment, or “sticky

ends”. A DSB may arise from the action of one or more DNA nucleases.

[603%] The termn “novhomologous end joining” or “NHEJ” refers to a pathway that repairs
double-strand DNA breaks in which the break ends are directly ligated without the need for a

homologous template.
[3068]  The term “howology-directed repair” or “HDR” refers to a mechanism in cells to
accurately and precisely repair double-strand DNA breaks using a homologous template to

guide repair. The most common form of HDR is homologous recombination (HR), a type of
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genetic recombination in which nucleotide sequences are exchanged between two similar or

wdentical molecules of DNA.

{30611 The term  “nucleic  acid,” “muclectide,” or  “polynuclectide”  tefers to
deoxyribonucleic acids (DNA), ribonucleic acids (RNA) and polymers thereof in either
single-, double~ or multi-stranded form. The ferm includes, but 1s not lunted to, single-,
double- or multi-stranded DNA or RNA, genomic DNA, cDNA, DNA-RNA hybrids, or a
polymer comprising purine and/or pyrinudine bases or other natural, chenucally modified,
biochemically modified, non-natural, synthetic or derivatized nuclectide bases. In some
embodiments, a nucleic acid can comprise a mixture of DNA, RNA and analogs thereof
Unless specifically limited, the term encompasses nucleic acids containing known analogs of
natural nucleotides that have similar binding properties as the reference nucleic acid and are
metabolized 10 a manner similar to vaturally occurting nucleotides. Unless otherwise
indicated, a particular nucleic acid sequence also implicitly encompasses conservatively
modified vatants thereof {e.g., degenerate codon substitutions), alieles, orthologs, single
nucleotide polymorphisms (SNPs), and complementary sequences as well as the sequence
explicitly indicated. Specifically, degenerate codon substitutions may be achieved by
generating sequences in which the third position of one or more selected {or all} codons is
substituted with mixed-base and/or deoxyinosine residues (Batzer et al, Nucleic Acid Res.
19:5081 (1991); Ohtsuka et al., I Biol. Chem. 260:2605-2608 (1985}, and Rossolint et al,,
Mol. Cell Probes 8:91-98 (1994)).

100621 The term “single nucleotide polymorphism” or “SNP” refers to a change of a single
nucleotide within a polynucleotide, including within an allele. This can include the
replacement of one nucleotide by another, as well as the deletion or insertion of a single
nuclectide. Most typically, SNPs are bialielic markers although tri- and tetra-allelic markers
can also exist. By way of non-limiting example, a nucleic acid molecule comprising SNP A\C

may include a C or A at the polymorphic position.

[3063] The term “gene” means the segment of DNA involved in producing a ribonucleic
acid polymer, which in the case of protein coding genes can then be translated into a
polypeptide chain. The DNA segment may include regions preceding and following the

coding region (leader and trailer) involved in the transcription/translation of the gene product
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and the regulation of the transcription/translation, as well as intervening sequences {inirons}

between individual coding segments (exons).

[3064] The terms “plasrmd” and “expression plasmid” refer to a recomwbivant circular
extrachromosomal DNA mwolecule comprising nucleic acid sequences for replication in a host
cell. A plasmud can contain regulatory elements such as promoters, enhancers, franscription
terminators and polyA sequences for regulating transcription and/or translation of a
heterologous sequence that 1s inserted or “cloned” into the plasmid A plasmid can also
include a selectable marker, such as an antibictic resistance gene, 10 maintain the plasmid

during culture, for example, in bacterial cells.

[0063] The term “cassetie” refers to a combination of genetic sequence elements that may
be introduced as a single element and may function together to achieve a desired result. A

cassette typically comprises polynucleotides in combinations that are not found in nature.

{3066] The term “operably linked” refers to two or more genetic elements, such as a
polynucleotide sequence and a promoter, placed in relative positions that permit the proper
biological functioning of the elements, such as the promoter directing transcription of the

polynucleotide sequence.

[8067] The term “inducible promoter” refers to a promoter that responds to environmental
factors and/or external stimult that can be artifically controlled in order to modity the
expression of, or the level of expression of, a polynucieotide sequence or refers o a
combination of elements, for example an exogenous promoter and an additional element such
as a trans-activator operably linked to a separate promoter. An inducible promoter may
respond to abiotic factors such as oxygen levels or to chemical or biclogical molecules. In
some embodiments, the chemical or biological molecules may be molecules not naturally

present in humans.

[6068] The terms “vector” and “expression vector” refer to a nucleic acid construct,
generated recombinantly or synthetically, with a series of specified nucleic acid elements that
permit transcription of a particular polynucleotide sequence in a host cell. An expression
vector may be part of a plasmid, viral genome, or nucleic acid fragment. Typically, an
expression vector includes a polynucleotide to be transcribed, operably linked to a promoter.
The term “promoter” 15 used herein to refer to an array of nucleic acid control sequences that

13
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direct transcription of a nucleic acid. As used herein, a promoter includes necessary nucleic
acid sequences near the start site of transcription, such as, in the case of a polymerase I type
promoter, a TATA element. A promoter also optionally inchudes distal enhancer or repressor
elements, which can be located as much as several thousand base pairs from the start site of
transcription. Other elements that may be present in an expression vector include those that

enhance transcription {e.g., enhancers) and terminate transcription {e.g., terminators}).

[0069] “Recombinant” refers to a genetically modified polynucleotide, polypeptide, cell,
tissue, or organism. For example, a recombinant polynucieotide {or a copy or complement of
a recombinant polynucleotide) is one that has been manipulated using well known methods.
A recombinant expression cassette comprising a promoter operably linked to a second
polynucleotide {e.g., a retron guide or donor sequence, or a protein coding sequence) can
wnclude a promoter that 1s heterologous to the second polynucleotide as the result of human
manipulation {e.g., by methods described in Sambrook et al, Molecular Cloning—A
Laboratory Mavnual, Cold Spring Harbor Laboratory, Cold Spring Harbor, NUY., (1989) or
Current Protocols in Molecular Biclogy Volumes 1-3, John Wiley & Sons, Inc. (1994-1998)).
A recombinant expression cassette {or expression vector) typically comprises polynucleotides
inn combinations that are not found in nature. For instance, human manipulated restriction
sites or plasmid vector sequences can flank or separate the promoter from other sequences. A
recombinant protein is one that is expressed from a recombinant polynucleotide, and
recombinant cells, tissues, and organisms are those that comprise recombinant sequences

{polynucleotide and/or polypeptide).

{3078] As used herein, the term “heterologous” refers to biological material that is
introduced, mserted, or incorporated into a recipient (e.g., host) organism that originates from
another organism. Typically, the heterologous material that is introduced into the recipient
organisiu {¢.g., a host cell) 15 not normally found in that organism. Heterologous material can
include, but is not limited to, nucleic acids, amino acids, peptides, proteins, and structural
elements such as genes, promoters, and cassettes. A host cell can be, but is not limited to, a
bacterium, a yeast cell, a mammalian cell, or a plant cell. The introduction of heterologous

material into a host cell or organism can result, in some instances, in the expression of

2

additional heterologous material in or by the host cell or organism. As a nouv-limiting

example, the transformation of a yeast host cell with an expression vector that contains DNA
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sequences encoding a bacterial protein may result in the expression of the bacterial protein by
the yeast cell. The corporation of heterologous material may be permanent or transient.

Also, the expression of heterologous material may be permanent or transient.

[6071] The terms “reporter” and “selectable marker” can be used interchangeably and refer
to a gene product that permits a cell expressing that gene product to be identified and/or
isolated from a mixed population of cells. Such isolation might be achieved through the
selective killing of cells not expressing the selectable marker, which may be, as a non-
limiting example, an antibiotic resistance gene. Alternatively, the selectable marker may
permit identification and/or subsequent isolation of cells expressing the marker as a result of
the expression of a fluorescent protein such as GFP or the expression of a cell surface marker
which permits isolation of cells by tluorescence-activated cell sorting (FACS), magnetic-
activated cell sorting (MACS), or analogous methods. Suitable cell surface warkers include
CDg, CD19, and truncated CDO. Preferably, cell surface markers used for isolating desired
cells are non-signaling mwolecules, such as subunit or truncated forms of CDR, CD19, or

CD20. Suitable markers and techniques are known in the art.

29w

[8072] The terms “culture,” “culturing,” “grow,” “growing,” “maintain,” “maintaining,”
“expand,” “expanding,” etc., when referning to cell culture itself or the process of culturing,
can be used interchangeably to mean that a cell {e.g., veast cell} is maintained outside its
normal environment under controlled conditions, e g, under conditions suitable for survival,
Cultured cells are allowed to survive, and culturing can result in cell growth, stasis,
differentiation or division. The term does not imply that all cells in the culture survive, grow,
or divide, as some may naturally die or senesce. Cells are typically cultured 1in media, which

can be changed during the course of the culture.

[6073] The terros “subject,” “wndividual,” and “patient” are used interchangeably herein to
refer to a vertebrate, preferably a mammal, more preferably a human. Mammals include, but
are not limited to, murines, simians, humans, farm animals, sport amimals, and pets. Tissues,
cells and their progeny of a biological entity obtaingd in vive or cultured in vitro are also

encompassed.

[8074] As used herein, the terrmn “a stabilizing 5 sequence specific RNA cleavage site

sequence” refers 10 a nucleic acid sequence 5" 10 a retron that, upon expression as an RNA,
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can be cleaved from the retron RNA and leaves a stabilizing sequence on the remaining
retron RNA. Non-hmiting examples of a stabilizing sequence can be the cleavage product of
the Hepatitis Delta Virus (HDV) ribozyme, a stabilizing steny loop structure, a stem loop with

a highly stable tetraloop, such as a GNRA or UNCG tetraloop, or a pseudoknot.

[6073] As used herein, the term “a stabilizing 5™ nbozyme sequence” refers to a nucleic
acid sequence encoding a ribozyme located 53’ to a retron that, upon expression as an RNA,
cleaves itself from the retron RNA and leaves a stabilizing sequence on the remaining retron
RNA. Non-limiting examples of a stabilizing sequence can be the cleavage product of the
Hepatitis Delta Virus (HDV) ribozyme, a stabilizing stem loop structure, a stem loop with a

highly stable tetraloop, such as a GNRA or UNCG tetraloop, or a pseudoknot.

[8076] As used herein, the term “a stem [oop-stabilizing 5’ ribozyme sequence” refers {0 a
nucleic acid sequence encoding a ribozyme located 5 to a retron that, upon expression as an
RNA, cleaves itself from the retron RNA and leaves a stabilizing sequence such as a

stabilizing stem loop structure. A non-limiting example is Ribol.

[6077] As used herein, the term “a 3 ribozyme sequence” refers to a nucleic acid sequence
encoding a ribozyme located 37 to a retron. Non-limiting examples of 3 ribozyme sequences

include a Hammerhead ribozyme (HHR), HDV, RiboJ, and CPER3.

[68678] The term “ribozyme” refers to an RNA molecule that is capable of catalyzing a
biochemical reaction. In some instances, nibozymes function in protein synthesis, catalyzing
the linking of amuno acids in the ribosome. In other instances, riborymes participate in
various other RNA processing functions, such as splicing, viral replication, and tRNA
biosynthesis. In some instances, ribozymes can be self-cleaving. Non-himiting examples of
ribozymes include the HDV nibozvine, the Lariat capping ribozyme (formally called GIR1
branching ribozyme), the glmS ribozyme, group 1 and group II self-splicing introns, the
hairpto tibozyme, the haromerhead ribozyme, various rRNA molecules, RNase P, the twister
ribozyme, the VS ribozyme, the pistol ribozyme, and the hatchet ribozyme. Other examples
nclude the self-cleaving ribozyme-coutaining R2 elements, the L1Tc retrotransposon found
in Trypanosoma cruzi, short interspaced nuclear elements (SINEs) in Schistosomes,
Penelope-like elements and retrozymes. For more information regarding nibozymes, see, e.g.,

Boherty, et al. Ann. Rev. Biophys. Biomol. Struct. 30: 457-475 (2001} and Weinberg, et al.,
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Nucleic Acids Research, (47) 18: 9480-9494 (2019); incorporated herein by reference in its

entirety for all purposes.

[6078]  As used herein, the term “a structure-forming nucleic acid within the msd sequence”
refers to an exogenous nucleic acid sequence inserted within the loop-forming structure of the
misd sequence that is able to form a structured region of nucleic acid when expressed as a
retron ncRNA.  The exogenous nucleic acid sequence can be placed adjacent to the
programmed ssDNA sequence (i.¢, donor} in the same loop of the msd region. In the retron
ncRINA form, the structure resides 37 of the donor or programmed ssDBNA sequence. In the
retron msDNA form, this becomes the 5" end. This structure can also be placed on the other
side of the programmed ssPNA sequence. While not wishing to be held by theory, this
structure may aid the proper folding of the msy/msd structure n the retron ncRNA to enhance
reverse transcription, or may enhance the stability of the rosPNA and protect it from cellular

nucleases.

[6080] “Percent simularity,” or “percent identity” in the context of polynucleotide or
peptide sequences, is determined by comparing two optimally aligned sequences over a
comparison window, wherein the portion of the sequence {e.g., an msr locus sequence) in the
comparison window may comprise additions or deletions (1.e, gaps) as compared to the
reference sequence which does not comprise additions or deletions, for optimal alignment of
the two sequences. The percentage 15 calculated by determining the number of positious at
which the identical nucleotide or amino acid occurs in both sequences to vield the number of
matched positions, dividing the number of matched positions by the total number of positions
in the window of comparison and multiplying the result by 100 to vield the percentage of

similarity (e.g., sequence similarity).

[8081] Two sequence are said to be “substantially similar” or “substantially identical”
when a polynuclectide or peptide has at least about 70% similarity (e.g., sequence similarity),
preferably at least about, or greater than or equal to, 85%, §6%, §7%, 88%, 89%, 90%, 91%,
2%, 93%, 94%, 95%, 96%, 97%, 98%, 99%, or 100% similarity, to a reference sequence,
when compared and aligned for maxirurmn correspondence over a comparison window, or
designated region as measured using one of the following sequence comparison algorithms or
by manual alignment and visual inspection. With regard to polynucleotide sequences, this

definition also refers to the complement of a test sequence.
20
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{00821 Methods of alignment of sequences for comparison are well-known in the art.
Optimal alignment of sequences for comparison can be conducted, eg, by the local
homology algorithm of Smith & Waterman, Adv. Appl. Math. 2:482 (1981}, by the
homology alignment algorithm of Needleman & Wunsch, J. Mol Biol. 48:443 (1970}, by the
search for similarity method of Pearson & Lipman, Proc. Nat'l Acad. Sci. USA 85.2444
{1988}, by computerized iruplementations of these algorithms (GAP, BESTFIT, FASTA and
TFASTA in the Wisconsin Genetics Software Package, Genetics Computer Group, 575
Science Dr., Madison, Wis ), or by manual alignment and visual inspection (see, e g, Current

Protocols in Molecular Biology (Ausubel et al | eds. 1995 supplement)).

[6083] Additional examples of algorithms that are suitable for determining percent
sequence similarity are the BLAST and BLAST 2.0 algorithms, which are descnibed in
Altschul et al, (1990} J. Mol Biol. 215: 403-410 and Alischal et al. {1977} Nucleic Acids
Res. 25: 3389-3402) respectively. Software for performing BLAST analyses is publicly
avalable at the National Center for Biotechnology Information website, nebinlm.nih.gov.
The algorithm involves first identifying high scoring sequence pairs {HSPs) by identifying
short words of length W in the query sequence, which either match or satisty some positive-
valued threshold score T when aligned with a word of the same length in a database
sequence. T is teferred to as the neighborhood word score threshold (Altschul et al., supra).
These initial neighborhood word hits act as seeds for initiating searches to find longer HSPs
containing them. The word hits are then extended in both directions along each sequence for
as far as the cumulative alignment score can be increased. Cumulative scores are caleulated
using, for nuclectide sequences, the parameters M (reward score for a pair of matching
residues; always >0} and N (penalty score for mismaiching residues; always <0} The
BLASTN program (for nuclectide sequences) uses as defaults a word size (W) of 28, an
expectation (E) of 10, M=1, N=-2, and a comparison of both strands. For amino acid
sequences, the BLASTP program uses as defaults a word size (W) of 3, an expectation (E} of
10, and the BLOSUMOG2 scoring watrix (see, ¢.g., Henkoft and Henikoff, Proc. Natl. Acad
Sci. USA 89:10915 (1989)).

[0084] The BLAST algorithm also performs a statistical analysis of the similarity between
two sequences {see, e.g., Karlin and Altschul, Proc. Nat'l, Acad. Sci. USA, 90:5873-5787
{1993)). One measure of similarity provided by the BLAST algorithm is the smallest sum
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probability (P{N)), which provides an indication of the probability by which a match between
two nucleotide or amino acid sequences would occur by chance. For example, a nucleic acid
is considered similar to a reference sequence if the smallest sum probability in a comparison
of the test nucleic acid to the reference nucleic acid is less than about 0.2, more preferably

less than about 0.01, and most preferably less than about 0.001.

[0085] Anocther method of establishing percent identity in the context of the present
disclosure is to use the MPSRCH package of programs copyrighted by the University of
Edinburgh, developed by John F. Collins and Shane §. Sturrck, and distributed by
IntelliGenetics, Inc. (Mountain View, CA}. From this suite of packages, the Smith Waterman
algorithm can be emploved where default parameters are used for the scoring table (for
example, gap open penalty of 12, gap extension penalty of one, and a gap of six). From the
data generated the "Maich" value reflects "sequence tdentity.” Other suitable programs for
calculating the percent identity or similarity between sequences are generally known in the
art, for example, another alignment program is BLAST, used with default parameters. For
example, BLASTN and BLASTP can be used with the following default parameters: genetic
code = standard; filter = noune; strand = both, cutoff = 60, expect = 10; Matrix = BLOSUMO62Z,
Drescriptions = 50 sequences; sort by = HIGH SCORE; Databases = non-redundant, GenBank
+ EMBL + DDBI + PDB + GenBank CDS translations + Swiss protein + Spupdate + PIR.

Detatls of these programs are readily available.

[0086] The term "transfection” is used to refer to the uptake of foreign DNA by a cell. A
cell has been "transfected” when exogenous nucleic acids have been introduced tnside the cell
membrane. A number of transfection techniques are generally known in the art. See, eg,
Graham et al. {1973) Virology, 52:456, Sambrook et al. (2001} Molecular Cloning, a
laboratory manual, 3rd edition, Cold Spring Harbor Laboratories, New York, Davis et al.
{1995} Basic Methods in Molecular Biology, 2und edition, McGraw-Hill, and Chu et al.
{(1981) Gene 13:197. Such techniques can be used to introduce one or more exogenous
nucleic acid moieties into suitable host cells. The term refers to both stable and transient
uptake of the genetic material and includes uptake of peptide- or avtibody-linked nucleic

acids.
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[6087] The term "donor pelynuclectide” or “donor sequence” refers to a pelynuclectide
that provides a sequence of an intended edit to be integrated nto the genome at a target locus

by HDR.

[0088] As used herein, the term “administering” includes oral administration, topical
contact, administration as a supposilory, intravenous, intraperitoneal, intramuscular,
intralesional, intrathecal, intranasal, or subcutanecus administration to a subject
Administration 18 by any route, including parenteral and transmucosal {e.g., buccal,
sublingual, palatal, gingival, nasal, vaginal, rectal, or transdermal). Parenteral administration
includes, eg., intravenous, intramuscular, intra-arteriole, intradermal, subcutaneous,
intraperitoneal, intraventricular, and intracranial. Other modes of delivery include, but are not
limited to, the use of liposomal formulations, intravenous infusion, transdermal patches, efe.
Administering also refers to delivery of material, including biological matenal such as
nucleic acids and/or proteins, into cells by any suitable method including transformation,

transfection, transduction, ballistic methods and/or electroporation.

[00889] The term “treating” refers to an approach for obtaining beneficial or desired results
including, but not limited to, a therapeutic benefit and/or a prophylactic benefit. By
therapeutic benefit 1s meant any therapeutically relevant improvement tn or effect on one or
more diseases, conditions, or symptoms under treatment. For prophylactic benefit, the
compositions may be administered to a subject at risk of developing a particular disease,
condition, or symptom, or to a subject reporting one or more of the physiciogical symptoms
of a disease, even though the disease, condition, or symptom may not have yet been

manifested.

[6098] The term “effective amount” or “sufficient amount” refers to the amount of an agent
that 1s sufficient to effect beneficial or desired resulis. The therapeutically effective amount
may vary depending upon one or more of: the subject and disease condition being treated, the
weight and age of the subject, the severity of the disease condition, the manner of
administration and the like, which can readily be determined by one of ordinary skill in the
art. The specific amount may vary depending on one or more of: the particular agent chosen,
the host cell type, the location of the host cell in the subject, the dosing regimen o be
tollowed, whether 1t 1s administered in combination with other compounds, timing of

administration, and the physical delivery system 1o which 1t 15 carried.
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[6091] The term “pharmaceutically acceptable carrier” refers to a substance that aids the
administration of an active agent to a cell, an organism, or a subject. “Pharmaceutically
acceptable carrier” refers to a carrier or excipient that can be included in the present
compositions and that causes no significant adverse toxicological eftect on the patient. Non-
limiting examples of pharmaceutically acceptable carrier inchude water, Na('l, normal saline
solutions, lactated Ringer’s, normal sucrose, normal glucose, cell culture media, and the like.
One of skill in the art will recognize that other pharmaceutical carriers are useful in the

present methods and compositions.
L Compositions
Nucleic Acids

[6692] In an aspect, provided herein are nucleic acids comprising: (1) a first promoter
sequence operably linked to a retron nucleic acid sequence comprising: (a} an #isr sequence,
(b} an msd sequence, {¢) a donot sequence within the msd sequence, and (d) a first nverted
repeat sequence and a second inverted repeat sequence flanking the retron sequences; and (i1}
a second promoter sequence operably linked to a nucleic acid sequence encoding a guide

RNA region.

[6093] In some embodiments, the first promoter sequence operably linked to a nucleic acid
sequence encoding a retron msr-msd-donor sequence (referred to as the “retron sequence”)
and the second promoter operably linked to the nucleic acid sequence encoding a guide RNA
region are present on the same plasmid or expression vector. Tu some embodiments, the first
promoter is located upstream (&) of the first inverted repeat sequence, and the second
promoter 18 located downstream {3') of the second inverted repeat sequence.  In some
embodiments, the first promoter is located downstream (3') of the nucleic acid sequence

encoding the guide RNA region.

[6094] Iu some embodiments, the first and second promoter sequences are same. In some
embodiments, the first and second promoter sequences are different. In some embodiments,
the first and/or second promoters can be an RNA polymerase I (Pol H} promoter or an RNA
polymerase I (Pol II) promoter. In a particular embodiment, the first promoter comprises
an RNA Pol I promoter, and the second promoter comprises an RNA Pol III promoter. In

some embodiments, the Pol I promoter is selected from the yeast GAL7, human
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cytomegalovirus {CMV}, cytomegalovirus immediate-early enhancer/chicken B-actin (CAG),
a hybrid form of the CAG promoter {CBh), or Elongation factor 1-alpha (EFia) promoters.
in some embodiments, the Pol I promoter is selected from a human U6 or yeast SNR52

promoter.
Guide RNA (gRNA) molecules

[8095] The retron-guide RNA cassettes and retron donor DNA-guide molecules of the
present disclosure comprise DNA sequences encoding retron donor and guide RNA (gRNA)
and the transcribed and processed retron donor and gRNA molecules, respectively. The
gRNAs for use in the CRISPR-retron system as disclosed herein typically include a crRNA
sequence that 1s complementary to a target nucleic acid sequence and may include a scaffold
sequence {e.g., tractRNA} that interacts with a Cas nuclease {e.g., Cas9), a Cas9 nickase ora
variant or fragment thereof, depending on the particular nuclease being used.

[3096] The gRNA can comprise any nucleic acid sequence having  sufficient
complementarity with a target polynuclectide sequence {e.g., target DNA sequence) to
hybridize with the target sequence and direct sequence-specific binding of a nuclease to the
target sequence. The gRNA may recognize a protospacer adjacent motif (PAM) sequence that
may be near or adjacent to the target DNA sequence The target DNA site may lie
immediately 5 of a PAM sequence, which is specific to the bacterial species of the Cas%
used. For instance, the PAM sequence of Streptococcus pyvogenes-derived Cas9 is NGG; the
PAM sequence of Neisseria meningitidis-derived Cas9 13 NNNNGATT, the PAM sequence
of Streptococcus thermophilus-derived Cas9 1s NNAGAA; and the PAM sequence of
Treponema denticola~derived Cas9 1s NAAAAC In some embodiments, the PAM sequence
can be 5'-NGG, wherein N 1s any nucleotide; 5'-NRG, wherein N is any nuclectide and R is a
purine; or S-NNGRR, wherein N is any vucleotide and R is a purine. For the S, pyogenes
system, the selected target DNA sequence should immediately precede (i.e., be located 5’ of)
a S'NGG PAM, wheretn N is any nucleotide, such that the guide sequence of the DNA-
targeting RNA {e.g., gRNA) base pairs with the opposite strand to mediate cleavage at about

3 base pairs upstream of the PAM sequence.

(606971 Iu some embodiments, the degree of complementarity between a guide sequence of

the gRNA (ie., crRINA sequence) and its corresponding target sequence, when optimally
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aligned using a suitable alignment algorithim, is about or more than about 50%, 60%, 75%,
80%, 83%, 90%, 95%, 97.5%, 99%, or more. Optimal alignment may be determined with the
use of any sutiable algorithm for aligning sequences, non-limiting examples of which include
the Smuth-Waterman algorithm, the Needleman-Wunsch algorithm, algorithms based on the
Burrows-Wheeler Transform {e.g, the Burrows Wheeler Aligner), ClustalW, Clustal X,
BLAT, Novoalign (Novocraft Technologies, ELAND (Tllumina, San Diego, Calit)), SOAP
{available at soap.genomics.org.cn), and Mag (available at maq.sourceforgenet). In some
embodiments, a ctRNA sequence s about 1,2, 3,4, 5, 6,7, 8,9, 10, 11, 12, 13, 14, 15, 16,
17,18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 35, 40, 45, 50, 75, or more nucleotides in
length. In some instances, a crRNA sequence is about 20 nucleotides 1n length. In other
instances, a ctRNA sequence 18 about 15 nucleotides 1o length. In other instances, a orRNA

sequence is about 25 nuclectides in length.

[6098] The nucleotide sequence of a modified gRNA can be selected using any of the web-
based software described above. Considerations for selecting a DNA-targeting RNA include
the PAM sequence for the nuclease {e.g,, Cas9 or Cas9 nickase) to be used, and strategies for
minimizing off-target modifications. Tools, such as the CRISPR Design Tool, can provide
sequences for preparing the gRNA, for assessing target modification efficiency, and/or

assessing cleavage at off-target sites.

[8099] In some embodiments, the fength of the gRNA molecule 1s about 10, 15, 20, 25, 30,
35, 40, 45, 50, 55, 60, 65, 70, 75, 80, 85, 90, 95, 100, 105, 110, 115, 120, 125, 130, 135, 140,
145, 150, 155, 160, 165, 170, 175, 180, 185, 190, 195, 200, or more nucleotides in length. In

A

q

2

some instances, the length of the gRNA 1s about 100 nucleotides in length. In other instances,
the gRNA 1s about 90 nucleotides in length. In other instances, the gRNA is about 110
nucleotides in length.

Bonor BNA sequences

[016¢] In one aspect, the present disclosure provides guide RNA-msr-msd cassettes
comprising an #sd with an embedded donor DNA sequence. In another aspect, the present
disclosure provides guide-retron donor DNA molecules comprising guide RNA-msr-msd
transcripts that comprse donor DNA sequence coding regions, the transcripts subsequently

being reverse transcribed to yield msDNA that comprises a donor DNA sequence. The donor
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DNA sequence or sequences participate in homology-directed repair {HDR) of genetic loci of
interest following cleavage of genomic DNA at the genetic locus or loct of interest (i.e., after
a nuclease has been directed to cut at a specific genetic locus of interest, targeted by binding
of gRNA to a target sequence}. Thus, in some embodiments, the donor sequence comprises a
template for homology-directed repair (HDR). For example, the donor sequence can
comprise two sequences (homology arms} that are homologous to the target DNA, one
sequence located upstream of the target site and the other sequence located downstream of

the target site.

[0101] TIo some embodiments, the recombinant donor repair template (ie, donor DNA
sequence} comprises two homology arms that are homologous to portions of the sequence of
the genetic locus of interest at either side of a Cas nuclease {e.g., Cas9 or Cas9 nickase)
cleavage stie. The homology arms may be the same length or may have different lengths. In
some instances, each homology arm has at least about 70 to about 99 percent similarity (i.e.,
at least about 70, 71, 72, 73, 74, 75, 76, 77, 78, 79, 80, 81, 82, 83, 84, 85, 86, 87, 88, §9, 90,
01,92, 93, 94, 95 96, 97, 98, or 99 percent similarity} to a portion of the sequence of the
genetic locus of interest at either side of a nuclease {e.g., Cas nuclease) cleavage site. In other
embodiments, the recombinant donor repair template comprises or further comprises a
reporter umt that includes a nucleotide sequence encoding a reporter polypeptide {(e.g., a
detectable polypeptide, fluorescent polypeptide, or a selectable marker). If present, the two
homology arms can flank the reporter cassette and are homologous to portions of the genetic
locus of interest at either side of the Cas nuclease cleavage site. The reporter unit can further
comprise a sequence encoding a self-cleavage peptide, one or more nuclear localization
signals, and/or a thaorescent polypeptide {(e.g., enhanced green flucrescent protein (EGFP) or
superfolder GFP (sfGFP)). Other suitable reporters are described herein.

101021 In some embodiments, the donor DNA sequence is at least about 500 to 10,000 (7.e.,
at least about 500, 600, 700, 800, 900, 1,000, 1,100, 1,200, 1,300, 1,400, 1,500, 1.600, 1,700,
1,800, 1,900, 2,000, 2,500, 3,000, 3.500, 4,000, 4,500, 5.000, 5,500, 6,000, 6,500, 7.000,
7,500, 8,000, 8,500, 9,000, 9,500, or 10,000} nucleotides in length. In some embodiments, the
donor DNA sequence is between about 600 and 1,000 (je., about 600, 610, 620, 630, 640,
650, 660, 670, 60, 690, 700, 710, 720, 730, 740, 750, 760, 770, 780, 790, 800, 8§10, 8§20,
830, 840, 850, 860, 870, 880, 890, 900, 910, 920, 930, 940, 950, 960, 970, 980, 990, or
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1,000) muclectides in length. In some embodiments, the donor DNA sequence is between
about 100 and 500 (i.e., about 100, 110, 120, 130, 140, 150, 160, 170, 180, 190, 200, 210,
220, 230, 240, 250, 260, 270, 280, 290, 300, 310, 320, 330, 340, 350, 360, 370, 380, 390,
400, 410, 420, 430, 440, 450, 460, 470, 480, 490, or 500} nucleotides in length. In some
embodiments, the donor IXNA sequence ts less than about 100 (i.e, less than about 100, 95,

90, 85, 80, 7S, 70, 65, 60, 55, 50, 45, 40, 35, 30, 25, 20, 15, 10, or 5) nucleotides in length.
Additional Components

[3103]  The nucleic acid can comprise additional sequences located 5' of the first 1wverted
repeat and/or located 3’ of the second inverted repeat that stabilize the musr-msd-donor
trauscript (referved to as the retron transcript) in cells. For example, in some embodiments,
the nucleic acid comprises a ribozyme sequence located 5' of the first inverted repeat and/or
37 of the second inverted repeat. In some embodiments, the nucleic acid comprises a §'
ribozyme sequence located 37 of the first promoter and 5 of the first inverted repeat sequence.
In some embodiments, the nucleic acid comprises a 3' ribozyme sequence located 37 of the

second inverted repeat sequence.

[0184] Anv 5 rnbozyme can be used as long as it leaves a stabilizing sequence or
pseudoknot when cleaved from the retron. The 5" nibozyme sequence or sequences can be a
Hammerhead Ribozyme (HHR), HDV ribozyme, Ribol, CPEB3, Agam 1 1, Agam 2 2,
Pmar 1, Bflo 1, Bflo 2, Spur 1, Spur 2, Spur 3, Spur 4, Ppac 1, Cjap |, Fpra 1, CIV 1,
Dpap 1, Tatr 1, CPEB3, G HDV, A HDVY, Canis familiaris/1/3 73
Felis catus_domestic cat/1/3 74, Ailuropoda melanoleuca Giant p/3 73, Elephant/113/4 75
PongoAbeli SumatranOravgutan//T 66,  MicrocebusMurinus MouseLemut/1/1 66
TupaiaBelangeri NorthernTreesh/T 66, Rabbit/84/4 75 Human Chrl10/290/4 75
Chimp PanTroglodytes/49/4 75, Rhesus/23/4 75, Macaca mulatta/1/1 70,
SorexAraneus CommonShrew/1/1 66, Mousechri® CPEB3/70/4 75, RatChr1/411/4 74
EquusCaballus/1/1 69, Lama pacos Alpaca/l/1 70, Opossurn/35/4 75
Macropus_eugenii Tammar Wallab/1 72, Monodelphis _domestica Grey Sho/l 71
CaviaPorcellus GuineaPig/1/1 60, OchotonaPrinceps AmericanPike// 66
Basypus_novemcinctus Nine Band/2 73, Choloepus bhoffmanni Hofmanns /4 75,
MyotisLucitugus BrownBat/1/1 60, Cow/112/4 75, Callithrix_jacchus Common marm/|
69,  Tursiops truncatus Bottlenose /1 70,  EchinopsTelfain _HedgehogTenre/2 72

>
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3

Sus_ Secrofa/1/2 71, Dipodomys_ordsii Ords Kangaroo/3 72, or
Pteropus_vampyrus Malayan Flyi/1 69, Gorilla_gonlla, self~cleaving ribozyme-containing
RZ elements, the LiTc retrotransposon found in Trypanosoma cruzi, short interspaced
nuclear elements (SINEs) in Schistosomes, Penelope-like elements, and retrozymes.
Examples of a 3" ribozvme include, but are not limtted to, Hammerhead ribozyme (HHR),
HDYV, Ribol, or CPEB3. In some embodiments, nucleic acid encoding the retron transcript

furthers comprises a stem-loop sequence located between the stabilizing 5 ribozyme

sequence and (a) the msr sequence,

[6105] In some embodiments, the nucleic acid comprises a long non-coding RNA
(IncRNA} transcript located 3' of the second inverted repeat sequence. In some
embodiments, the IncRNA  transcript comprises a  Metastasis  Associated  Lung

Adenocarcinoma Transcript T (MALATIL)

[#106] In some embodiments, the nucleic acid comprises a transcription terminator

sequence located 3’ of the second mmverted repeat sequence and 57 of the second promoter.

[6107] In some embodiments, the nucleic acids encoding the retron RINA and gRNA are
introduced into a cell comprising a nucleic acid sequence encoding a reporter protein
operably linked to a third promoter. In some embodiments, the third promoter 15 a Pol 1L
promoter. In some embodiments, the reporter protein s a fluorescent protein, such as EGFP

or dTomato.

Retrons

[8108] Exemplary retrons comprising msr, msd, and inverted repeat sequences that can be
used in the nucleic acids of the disclosure are provided in Table 1. The retrons in Table 1
also express reverse transcripiases that can be used in the methods of the disclosure. In some

embodiments, the reverse transcriptase is encoded by a nucleic acid on a separate plasmid

from the retron RNA.
Table 1.
Name Species Bacterial taxon
! Retron-Ecol (Ec86) Escherichia coli Gannmaprotechacteria
2 Retron-EcoZ (Eco7) Escherichia coli Gannmaprotechacteria
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3 Retron~-Eee3 (Ec73) Foscherichia coli Gammagyoteobacteric
4 Retron-Eood (Fel3) Fscherichia cofi Gammaprotechacteria
5 . - -
v Retron-Eoo3 (Eci07) Fscherichia cofi Gammaprotechacteria
6 Retron~-Heod (HcdB) Foscherichia coli Gammagyoteobacteric
7 Retron-Eeo7 (Ec78) Escherichia coli Gammaproteshacteria
R - P Cor 1. - . .
s Retron-Eeo9 Escherichia coli Gammaproteshacieria
9 Remron-Ecol Escherichia coli Gannmaprotechacteria
10 Retron-Feoll Escherichia coli Gammaproteohacieria
1 Retron-Mxal (Mx162} Myxococous xan Deltaprotechacieria
12 Retron-Mxa2 (Mx635) Myxococous xanthus Deltaproteohacteria

b}

2 Retron-Saul (8al63) Stigmateiia aurantica Deltaproteobacteria
‘ ( P
4 Retron-Nex1 (Nel6l) Nannocystis exedens Deltaprotechacteria
13 Retron-Nex2 (Neld4) Nannocystis exedens Deltaproteohacteria

5 o . Salmonelln enterica , .
16 Retron-Senl (Se72) o ‘ Gammaprotechacteria

: Entenidis ;

7 o < Salmonella enterica - o

17 Retron-Sen2 (Si85) Crammaprolecbacieria
’ Typhimugum :

2
13 Retron-Vehl (Ve9s) Vibrio cholerae Gammaprotechacieria
9 Retron-Veh2 {(Ve§l) Vibrio cholerae Gammagyoteobacteric
o) . oy - P, e , o
20 Retron-Veh3 (Vei37y Vibrio cholerae Gammaprotechacteria
2 - - - -
24 Retron-Vpal (Vpo6} Vibrio parafiaemolyticus Gammaproteohacieria
22 Retron-Kpni Klebsiello pneumoniae Gammagyoteobacteric
23 eiron-Pro volews mivabilis Gammaprotechacteria
23 Retron-Proil Prat i { profechac
¥ . P i .
24 Retron-Hxx1 Rhizobiwm sp. Alphaproteobacteria
s} ) x .
5 Retron-Bxxl Bradvrhizobium sp. Alphaprotechacteria
26 Retron-Fell Flexibacter elegans Bacteriodes
27 Retron-Ceol Corallococcus coralioides Deltaprorechacteria

3 . .
28 Retron-Adil Angiococcus disciformis Deltaprotechacteria
I P . I 7. . .
29 Retron-Agel Archangium gephyra Deltaprotechacteria
30 Retron-Cfel Cystabacter ferrugineus Deltaproteobacteria
31 Retron-Chul Cystobacrer fuscus Delraprotechacteria
27 . g, e
32 Retrore-Cvil Cvstabacter vielaceus Deltaprotechacteria

7 . N . . . . e
33 Retron-Miil Melittangivm lichenicola Deltaprotechacteria

> +

3 ; v L
34 Refron-Mceol Muyxoccocus coralicides Deltaprotechacteria
a5 Retron-Miul Myxococous fulvus Deltaproteohacteria
36 Refron-Mmal Myxococcus macrosporus Deltaprotechacieria
37 Retron-Mstl Mvyxococcus stipitatus Deltaproteshacteria
3 N 7 7. . .
38 Retron-Mvil Myxococcus virescens Deliaprotecbacieria

14

(98]




10

15

26

WO 2024/044736 PCT/US2023/072893

39 Retron-Capl Chondromyvces apicilatus Deltaprorechacteria

40 Retron-Cpel Chondromyces pedicalatus Deltaprotechacteria
yees | i

41 Retron-Scel Sorangium cellilosum Deltaprotechacteria

{see Simon, AJ, et al , Retrons and their applications in genome engineering, Nucleic Acids

Research, Volume 47, Issue 21, 02 Decemnber 2019, Pages 11007-11019),

[310%9]  In some embodiments, the retron encoded by the nucleic acids described heretnis a
Retron-Ecol (Ec73) retron. In some embodiments, the reverse transcriptase encoded by a

nucleic acid on a separate plasmid described herein 1s RT-Ec73.
Plasmids

[01168] Also provided are plasmids comprising a nucleic acid of the disclosure. In some
embodiments, the plasmid comprises a nucleic acid sequence (e.g, a DNA sequence)
comprising: (1) a first promoter sequence operably linked fo a retron nucleic acid sequence
coraprising: {a) an msr sequence, (b) an msd sequence, (¢} a donor sequence within the wisd
sequence, and (d} a first inverted repeat sequence and a second inverted repeat sequence
tlanking the retron sequences; and (i) a second promoter sequence operably linked to a
nucleic acid sequence encoding a guide RNA region. In some embodiments, the plasmid is

an expression plasmid,

[0111] In some embodiments, the first promoter operably linked to the retron sequence is
located upstream (57) of the first inverted repeat sequence, and the second promoter operably
linked to the nucleic acid sequence encoding a guide RNA region 1s located downstream (37
of the second inverted repeat seguence on the plasmid.  In some embodiments, the first
promoter operably linked to the retron sequence is located downstream (3') of the nucleic

acid sequence encoding the guide RNA region.

[8112] In some embodiments, the first and second promoter sequences are same. In some
embodiments, the first and second promoter sequences are different. In some embodiments,
the first and/or second promoters can be an RNA polymerase I (Pol ) promoter or an RNA
polymerase {1 (Pol II) promoter. In a particular embodiment, the first promoter comprises
an RNA Pol II promoter, and the second promoter comprises an RNA Pol I promoter. In
some embodiments, the Pol H promoter is selected from a GAL7, CMV, CAG, CBh or EFla
promoter.  In some embodiments, the Pol HI promoter is selected from a U6 or SNR32

promoter.

(o8]
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[8113] It will be understood that in some embodiments the plasmid comprises sequences
comprising two separate transcription uniis, a first transcription unit that expresses the tetron
sequence and a second trapscription unit that expresses a CRISPR/Cas guide RNA. Thus, in
some embodiments, the transcription products of the separate (“split”) retron and guide
5 transcription units are not linked, coupled or fused 1o each other. In some embodiments, the
plasmid comprises sequences comprising a single transcription unit, wherein the retron
sequence and the CRISPR/Cas guide RNA are transcribed as a single transcrpt {e.g., from
the same promoter or transcription start site}, and the retron and guide RNA sequences are
then separated after transcription by an RNA processing enzyme such as a ribozyme or

10 endonuclease cleavage.

[0114] The plasmid can comprise additional sequences located 5 of the first inverted repeat
and/or located 37 of the second inverted repeat that stabilize the msr-msd-donor transcript
(referred to as the retron transeript) in celis. For example, in some embodiments, the plasnud

coruprises a ribozyme sequence located 5 of the first inverted repeat and/or 37 of the second

Ju—
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inverted repeat. In some embodiments, the plasmid comprises a &' ribozyme sequence
located 3’ of the first promoter and 5" of the first wverted repeat sequence.  In some
o

embodiments, the plasmid comprises a 3' ribozyme sequence located 3’ of the second

inverted repeat sequence.
HE  Systems

20 [8118]  Also provided are systems for introducing genetic modifications at a target DNA
locus. The system can include an expression plasmid of the disclosure, and plasmids that can
be used to express a CRISPR-associated endonuciease and/or a reverse transcriptase (RT). In
some embodiments, the system comprises:

{a) a first expression plasmid comprising a nucleic acid sequence comprising: (1) a

[\
(V4]

first promoter sequence operably linked to a nucleic acid sequence encoding a retron
comprising: (a) an msr sequence, (b) an masd sequence, {¢) a dovor sequence within the msd
sequence, and {d} a first inverted repeat sequence and a second inverted repeat sequence
flanking the retron sequences; and (ii) a second promoter sequence operably linked to a
nucleic acid sequence encoding a guide RNA region;

30 (b} a second expression plasmid comprising a nucleic acid sequence encoding a

CRISPR-associated endonuclease; and

[FS]
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{(c) a third expression plasmid comprising a nucleic acid sequence encoding a reverse

transcriptase.

{6116] In some embodiments, the second and third expression plasmids comprise a
promoter operably linked to the nucleic acid sequences encoding the CRISPR-associated
5  endonuclease and the reverse transcriptase, respectively. o some embodiments, the promoter
is an RNA Pol I promoter or an RNA Pol HI promoter. In some embodiments, the second
and third expression plasmids comprise a Pol I promoter operably linked to the nucleic acid
sequences encoding the CRISPR-associated endonuclease and the reverse transcriptase,

respectively.

10 [8117] In some ewbodiments, the CRISPR-associated endonuclease generates a single-
stranded nick in one strand of the target DNA locus instead of a double-strand break (DSB).
In some embodiments, the CRISPR-associated endonuclease comprises a nickase. In some
embodiments, the nickase is selected from the group consisting of nCas9-D10A and nCas9-

H840A. In some embodiments, the nickase 1s nCasS-HB40A.

15  [0118] In some embodiments, the reverse transcriptase is selected from the group
consisting of RT-BEe73, RT-5t85, RT-Ec&3, RT-Ec78, RT-Eco®, RT-Heol(, and RT-Heoll.

In some embodiments, the reverse transcriptase is RT-Ee73.
IV,  Methods of Use

[0119]  Also provided herein are methods of generating retron nucleic acid and gRNA 1o a
20 cell by introducing into the cell any of the nucleic acid compositions described above
coraprising: (1) a first promoter sequence operably linked to a nucleic acid sequence encoding
a retron comprising: (a) an msr sequence, {(b) an msd sequence, (¢} a donor sequence within
the masd sequence, and {d) a first inverted repeat sequence and a second 1nverted repeat
sequence flanking the retron sequences; and (i) a second promoter sequence operably linked
25 to a nucleic acid sequence encoding a guide RINA region, and a reverse transcriptase or a
nucleic acid encoding the same.  In some embodiments, the donor sequence comprises
sequences tor HDR. In some embodiments, the nucleic acid further comprises a " and/or 3/

ribozyme sequence described above.

[3128] Also disclosed are methods for editing BNA at a target locus in a cell. In some

(o8]
o)

aspects, the method comprises introducing a system of the disclosure into a cell. In some

(o8]
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embodiments, the method comprises introducing a system comprising A) a first expression
plasmid comprising a wvucleic acid sequence comprising: (1) a first promoter seguence
operably finked to a nucleic acid sequence encoding a retron comprising. {a) an msr
sequence, (b) an msd sequence, (¢} a donor sequence within the msd sequence, and (d) a first
inverted repeat sequence and a second inverted repeat sequence flanking the retron
sequences, and (it} a second promoter sequence operably linked to a nucleic acid sequence
encoding a guide RNA region; B} a second expression plasmid comprising a nucleic acid
sequence encoding a CRISPR-associated endonuclease; and C) a third expression plasnud

coruprising a nucleic acid sequence encoding a reverse franscriptase, into a cell.

[812%1] The nucleic acids and plasmids can be introduced into the cell using any method
known in the art, including transformation, transfection, transduction, ballistic methods
and/or electroporation.  Tn some embodiments, cells are travsfected by chemical,

electroporation, or lipotection methods.

[0122] In some embodiments, the first expression plasmid comprises a nucleic acid
sequence, wherein the first promoter operably linked to the retron sequence is located
upstream (5') of the first inverted repeat sequence, and the second promoter operably linked
to the nucleic acid sequence encoding a guide RNA region 18 located dowustream (3 of the
second inverted repeat sequence on the plasmid. In some embodiments, the first promoter
operably linked to the retron sequence is located downstream (37 of the nucleic acid

sequence encoding the guide RNA region.

[0123] In some embodiments, the first and second promoter sequences are same. In some
embodiments, the first and second promoter sequences are different.  In some embodiments,
the first and/or second promoters can be an RNA polymerase I (Pol ) promoter or an RNA
polymerase I (Pol I} promoter. In some embodiments, the first promoter comprises an
RNA polymerase 1 (Pol H) promoter, and the second promoter comprises an RNA
polymerase [ (Pol HII) promoter. In some embodiments, the Pol H promoter is selected from
a GAL7, CMV, CAG, CBhE or EF1a promoter. In some embodiments, the Pol IH promoter is

selected from a UG or SNRSZ promoter.

[0124] Iuv some embodiments, the first expression plasmid contains sequences compnsing

two separate transcription units, a first transcription unit that expresses the retron sequence
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and a second transcription unit that expresses a CRISPR/Cas guide RNA. Thus, in some
embodiments, the transcription products of the separate (“sphit™) retron and guwide

transcription units are not linked, coupled or fused to each other,

[0128] The plasmid can comprise additional sequences located 5’ of the first inverted repeat

and/or located 3’ of the second inverted repeat that stabilize the msr-msd-donor transcript

(referred to as the retron transcript) in celis. For example, in some embodiments, the plasmid

comprises a ribozyme sequence located 57 of the first inverted repeat and/or 37 of the second

inverted repeat.  In some embodiments, the plasmid comprises a 5 nbozyme seguence

focated 37 of the first promoter and S’ of the first inverted repeat sequence. In some
i

embodiments, the plasmid comprises a 37 ribozyme sequence located 3' of the second

inverted repeat sequence.

[0126] In some embodiments, the second and third expression plasmids comprise a
promoter operably linked to the nucleic acid sequences encoding the CRISPR-associated
endonuclease and the reverse transcriptase, respectively. In some embodiments, the promoter
is an RNA Pol H promoter or an RNA Pol HI promoter. In some embodiments, the second
and third expression plasmids comprise an RNA Pol I promoter operably linked to the
nucleic acid sequences encoding the CRISPR-associated endonuclease and the reverse

transcriptase, respectively.

[6127] In some embodiments, the reverse transcriptase is selected from the group
consisting of RT-H¢73, RT-5t85, RT-Ec83, RT-Ec78, RT-Heo9, RT-EHeol, and RT-Eeoll,

In some embodiments, the reverse transcriptase is RT-Ec73.

[0128] In some embodiments, the CRISPR-associated endonuclease generates a single-
stranded nick in one strand of the target DNA locus instead of a double-strand break (DSB}.
In some embodiments, the CRISPR-associated endonuclease comprises a nickase. In some
embodiments, the nickase 13 selected from the group consisting of nCas9-DI0A and nCas9-

HB840A  In some embodiments, the nickase 1s nCas®-H840A.

[0129] In some embodiments of the method, the editing efficiency of the spht system (i.¢e,
the retron and guide RNAs are not physically coupled) at the target locus s ioncreased
compared to a fusion system comprising a first expression plasmid wherein transcription
products of the retron and the gRNA coding region are physically coupled.  In some
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embodiments, the editing efficiency of the split system at the target locus is increased
compared to a fusion system comprising a first expression plasmid wherein the retron msy-
msd-donor RNA sequence is fused o the 3" end of the gRNA. In some embodiments, the
editing efficiency at the target locus 1s increased when the CRISPR-associated endonuclease
is a nickase compared to a system wherein the CRISPR-associated endonuciease is wild-type
Cas9. In some embodiments, the editing efficiency of the split system at the target locus is
increased compared to a fusion system comprising both 1} a first expression plasmid wherein
transcription products of the retron and the gRNA coding region are physically coupled, and
it} a second expression plasmid comprising a nucleic acid sequence encoding a nickase
compared to a wild-type Cas9. In some embodiments, the nickase is nCas9-D10A or nCas9-

HR40A.

[3138]  In some embodiments, fusion of the guide RNA to the retron msr-msd-donor is not
required for editing the target focus in a cell when the CRISPR-associated endonuclease is a

nickase.

[8131] In some embodiments, the methods result 1n efficient editing at a target DNA locus

and also minimize formation of indels and other undesirable on-target and oft-target effects.

[0132] In some embodiments, the cell 15 a eukaryotic cell. In some embodiments, the cell
is selected from the group consisting of a yeast cell, mammalian cell, mammalian cell line,

human cell, and human cell line.

Y. Methods for preventing or treating genetic diseases

[8133] Also provided herein are methods of treating a genetic disease in a subject in need
thereof, comprising administering to the subject {(a) any of the nucleic acid compositions
described above coruprising (i) a first promoter sequence operably linked to a nucleic acid
sequence encoding a retron comprising: {a) an msr sequence, (b} an msd sequence, (¢} a
donor sequence within the msd sequence, and (d) a first inverted repeat sequence and a
second inverted repeat sequence flanking the retron sequences; and (i1) a second promoter
sequence operably hinked to a nucleic acid sequence encoding a guide RNA region, (b} a
CRISPR-associated endonuclease or a nucleic acid sequence encoding same, and {¢) a

reverse transcriptase or a nucleic acid sequence encoding same.
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[0134] In another aspect, the present disclosure provides a pharmaceutical composition
comprising: {a) a nucleic acid of the disclosure, a plasmid of the disclosure, a system of the
disclosure, or a combination thereof, and (b} a pharmaceutically acceptable carrier. In some
embodiments, the pharmaceutical composition comprises a nucleic acid or a plasnmid
comprising (i} a first promoter sequence operably linked to a nucleic acid sequence encoding
a retron comprising: {(a) an msr sequence, (b} an msd sequence, (¢} a donor sequence within
the msd sequence, and {d} a first inverted repeat sequence and a second inverted repeat
sequence flanking the retron sequences; and (i1} a second promoter sequence operably linked
to a nucleic acid sequence euncodivg a guide RNA region.  In some embodiments, the
pharmaceutical composition further comprises a CRISPR-associated endonuclease or a
nucleic acid sequence encoding same, and a reverse transcriptase or a nucleic acid sequence

encoding same.

[0135] In any of the embodiments described herein, the CRISPR-associated endonuclease
is selected from a wild-type Cas9, a nickase, or modified vanant thereof In some
embodiments, the Cas9 nuclease is a modified variant that does not catalyze site-directed
cleavage of DNA to generate double-sirand breaks. In some embodiments, the Cas9 varnant
is selected from nCas®-D10A and nCas9-HB840A . In some embodiments, the Cas? variant is

n{asH-HR40A.

[8136] In some embodiments, the reverse transcriptase is selected from the group
consisting of RT-Ec73, RT-5185, RT-Ec&3, RT-Ec78, RT-Eco9, RT-Ecol0, and RT-Heoll.

In some embodiments, the reverse transcriptase 1s RT-Ec73.

{01371 In vet avother aspect, provided herein is a method for preventing or treating a
genetic disease in a subject, the method comprising administering to the subject an effective
amount of a pharmaceutical composition of the present disclosure to correct a mutation in a

target gene associated with the genetic disease.

[0138] Genome editing may be performed on a single cell or a population of cells of
interest and can be performed on any type of cell, wcluding any cell from a prokaryotic,
eukaryotic, or archaeon organism, including bacteria, archaea, fungi, protists, plants, and
animals. Cells from tissues, organs, and biopsies, as well as recombinant cells, genetically

modified cells, cells from cell lines cultured i vifro, and artificial cells {e.g., nanoparticies,

(o8]
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liposomes, polymersomes, or microcapsules encapsulating nucleic acids) may all be used in
the practice of the present disclosure. The methods of the disclosure are also applicable to
editing of nucleic acids v cellular fragments, cell components, or organelles comprising
nucleic acids {e.g., nutochondria in animal and plant cells, plastids (e.g., chloroplasts} in plant
cells and algae). Cells may be cultured or expanded prior to or after performing genome
editing as described herein.  In one embodiment, the cells are yeast cells. In another

embodiment, the cells are mammalian cells.

[013%] An RNA-guided nuclease can be targeted to a particular genomic sequence {i.e,
genomic target sequence to be modified) by altering its guide RNA sequence. A target-
specific guide RNA comprises a nucleotide sequence that is complementary to a genomic
target sequence, and thereby mediates binding of the nuclease-gRNA complex by
bybridization at the target site. For example, the gRNA can be designed with a sequence
complementary to the sequence of a minor allele to target the nuclease-gRNA complex to the
site of a mutation. The routation way comprise an insertion, a deletion, or a substitution. For
example, the mutation may include a single nucleotide variation, gene fusion, translocation,
inversion, duplication, frarmeshift, missense, nonsense, or other mutation associated with a
phenotype or disease of interest. The targeted minor allele may be a common genetic variant
or a rare genetic variant. In certain embodiments, the gRNA is designed to selectively bind to
a minor allele with single base-pair discrimination, for example, to allow binding of the
nuclease-gRNA complex to a single nucleotide polymorphism (SNP).  In particular, the
gRNA may be designed to target disease-relevant mutations of interest for the purpose of
genome editing to remove the mutation from a gene.  Alternatively, the gRNA can be
designed with a sequence complementary to the sequence of a major or wild-type allele to
target the nuclease-gRNA complex to the allele for the purpose of genome editing to
wniroduces a mutation nio a gene 1o the gevomic DNA of the cell, such as an insertion,
deletion, or substitution. Such genetically modified cells can be used, for example, to alter

phenotype, confer new properties, or produce disease models for drug screening.

[814¢] In some embodiments, the RNA-guided nuclease used for genome modification is a
clustered regularly interspaced short palindromic repeats {CRISPR} system Cas nuclease. In
some embodiments, the Cas nuclease 1s a Cas9 nuclease or modified variant thereof. In some

embodiments, the Cas nuclease is a Cas9 nuclease or modified variant thereof that does not

(o8]
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catalyze site-directed cleavage of DNA to generate double-strand breaks. In some

embodiments, the Cas nuclease 15 a Cas® mckase, such as nCa%-D10A of nCas9-HR40A.

[3141] The genomic target site will typically comprise a nucleotide sequence that is
complementary to the gRNA and may further comprise a protospacer adjacent motif (PAM}.
In certain embodiments, the target site coruprises 20-30 base pairs 1n addition to a 3 base pair
PAM. Typically, the first nucleotide of a PAM can be any nucleotide, while the two other
nucleotides will depend on the specific Cas9 protein that is chosen. Exemplary PAM
sequences are known 1o those of skill in the art and 1nclude, without limitation, NNG, NGN,
NAG, and NGG, wherein N represents any nucleotide. In certain embodiments, the allele
targeted by a gRNA comprises a mutation that creates a PAM within the allele, wherein the

PAM promotes binding of the Cas9-gRNA complex to the allele.

[0142] In certain embodiments, the gRNA i3 5-50 nucleotides, 10-30 nucleotides, 15-25
nucleotides, 18-22 nucleotides, or 19-21 nucleotides in length, or any length between the
stated ranges, including, for example, 10, 11, 12, 13, 14, 15, 16, 17, 18,19, 20, 21, 22, 23, 24,
25, 26, 27. 28, 29, 30, 31, 32

2

-

, 33, 34, or 35 nucleotides in iength. The guide RNA may be a
single guide RNA comprising crRNA and tractRNA sequences in a single RNA molecule, or
the guide RNA may comprise two RNA molecules with ctRNA and traciBRNA sequences

residing in separate RNA molecules.

[0143] The compositions and methods of the present disclosure are suitable for any disease
that has a genetic basis and s amenable to prevention or amehoration of disease~-associated
sequelae or symptoms by editing or correcting one or more genetic loct that are linked to the
disease. Non-limiting examples of diseases include X-hoked severe combined immune
deficiency, sickle cell anemia, thalassemia, hemophilia, neoplasia, cancer, age-related
macular degeneration, schizophrema, trinucleotide repeat disorders, fragile X syndrome,
prion-related disorders, amyotrophic lateral sclerosis, drug addiction, autism, Alzheimer’s
disease, Parkinson’s disease, cystic fibrosis, blood and coagulation diseases and disorders,
inflammation, immune-related diseases and disorders, metabolic diseases and disorders, liver
diseases and disorders, kidney diseases and disorders, muscular/skeletal diseases and
disorders, neurological and neuronal diseases and disorders, cardiovascular diseases and

disorders, pulmonary diseases and disorders, and ocular diseases. The compositions and
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methods of the present disclosure can also be used to prevent or treat any combination of

suitable genetic diseases.

[3144]  In some embodiments, the subject is treated before any sympioms or sequelae of the
genetic disease develop. In other embodiments, the subject has symptoms or sequelae of the
genetic disease. In some instances, treatroent resulis in a reduction or elimination of the

symptoms or sequelae of the genetic disease.

[0145] In some embodiments, treatment includes administering the herein-disclosed
compositions directly 1o a subject. As a non-limiting example, pharmaceutical compositions
as described herein can be delivered directly to a subject {e.g, by local injection or systemic
adrotoistration). In other embodiments, the compositions are delivered to a host cell or
population of host cells, and then the host cell or population of host cells is administered or
transplanted to the subject. The host cell or population of host cells can be administered or
transplanted with a pharmaceutically acceptable carrier. In some instances, editing of the host
cell genome has not yet been completed prior to administration or transplantation to the
subject. In other instances, editing of the host cell genome has been completed when
administration or transplantation occurs. In certain instances, progeny of the host cell or
population of host cells are transplanted nto the subject. In some embodiments, correct
editing of the host cell or population of host cells, or the progeny thereof, is verified before
adrotoistering ot transplanting edited cells or the progeny thereof into a subject. Procedures
tor transplantation, administration, and verification of correct genome editing are discussed

herein and will be known to one of skill in the art.

[3146] Compositions of the present disclosure, tncluding cells and/or progeny thereof that
have had their genomes edited by the present methods and/or compositions, may be
adrministered as a single dose or as multiple doses, for example two doses administered at an
interval of about one month, about two months, about three months, about six months or
about 12 months. Other suitable dosage schedules can be determined by a medical

practitioner.

[0147] Prevention or treatment can further comprise administering agents and/or
performing procedures to prevent or treat concomitant or related conditions. As non-limiting

examples, it may be necessary to administer drugs to suppress tmmune rejection of
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transplanted cells, or prevent or reduce inflammation or infection. A medical professional

will readily be able to determive the appropriate concomitant therapies.
G Kits

{#148] In another aspect, the present disclosure provides kits for modifying one or more
target nucleic acids of interest at one or more target loci within a genome of a host cell, the
kit comprising one or a plurality of nucleic acids, plasmids, or systems of the present

disclosure. The kit may further comprise a host cell or a plurality of host celis.

[0149] In some embodiments, the kit contains one or more reagents. In some instances, the
reagents are useful for transforming a host cell with a vector or a plurality of vectors, and/or
inducing expression from the vector or plurality of vectors. In other embodiments, the kit
may further comprise a reverse transcriptase, a plasmid for expressing a reverse transcriptase,
one or more nucleases, one or more plasmids for expressing one or more nucleases, or a
combination thereof. The kit may further comprise one or more reagents useful for delivering
nucleases or reverse transcriptases into the host cell and/or inducing expression of the reverse
transcriptase and/or the one or wore nucleases In yet other embodiments, the kat further
comprises instructions for transforming the host cell with the vector, introducing nucleases
and/or reverse transcriptases into the host cell, inducing expression of the vector, reverse

transcriptase, and/or nucleases, or a combination thereof

[0158] In yet another aspect, the present disclosure provides a kit for modifying one or
more target nucleic acids of tnterest at one or more target loct within a genome of a host cell,
the kit comprising one or a plurality of nucleic acid molecules, plasmids, or systems of the

present disclosure. The kit may further comprise a host cell or a plurality of host cells.

[3151] In some embodiments, the kit contains one or more reagents. In some instances, the
reagents are useful for introducing one or more of the nucleic acids or plasmids into the host
cell. The kit may further comprise one or more reagents useful for inducing expression of any
of the herein-described nucleic acids. In vet other embodiments, the kit further comprises
instructions for introducing one or more of the nucleic acids or plasmids, for inducing
expression of the separate gRNA and retron transcripts, or expression of the Cas® or RT

proteins, or a combination thereof.
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H. Applications

[0182] The compositions and methods provided by the present disclosure are useful for any
number of applications. As non-limiting examples, genome editing can be performed to
correct detrimental lesions in order to prevent or treat a disease, or to identify one or more
specific genetic loct that contribute to a phenotype, disease, biological function, and the like.
As another non-limiting example, genome editing or screening according to the compositions
and methods of the present disclosure can be used to mprove or optimize a bological
function, pathway, or biochemical entity {e.g, protein optimization). Such optimization
applications are especially suited to the compositions and methods of the present disclosure,
as they can require the modification of a large number of genetic loci and subsequently

assessing the effects.

[0183] Other non-hnuting examples of applications suitable for the herein-disclosed
compositions and methods include the production of recombinant proteins for pharmaceutical
and industrial use, the production of various pharmaceutical and industrial chemicals, the
production of vaccines and viral particles, and the production of fuels and nutraceuticals. All
of these applications typically involve high-throughput or high-content screening, making

them especially sutted to the compositions and methods described herein.

[#154] In some embodiments, inducing one or more sequence modifications at one or more
genetic loct of interest comprises substituting, inserting, and/or deleting one or more
nucleotides at the one or more genetic loct of interest. In some instances, inducing the one or
more sequence modifications results in the insertion of one or more sequences encoding
cellular localization tags, one or more synthetic response elements, and/or one or more

sequences encoding degrons into the genome.

[0133] In other embodiments, inducing the one or more sequence modifications at the one
or more genetic loct of interest results in the insertion of one or more sequences from a
heterclogous genome. Introducing heterologous DNA sequences into a genome is useful for
any number of applications, some of which are described heretn. Others will be readily
apparent to one of skill in the art. Non-limiting examples are directed protein evolution,

biological pathway optimization, and production of recombinant pharmaceuticals.



U
(v

fn?

b

b
L

WO 2024/044736 PCT/US2023/072893

EXAMPLES

Exampile {

[0156] We have developed a more efficient retron editing system where the gRNA and
msy-msd-donor are expressed from separate promoters (Fig. 1B, 2B). First, we demonstrate
that in both yeast and mammalian cells, our split system 1s more efficient than the previcusly
published fusion approaches, contradicting the model that retron donor must be recruited by
Cas9 for efficient HDR. Second, we show that the split approach enables superior editing
with Cas9-H840A nickase (nCas9-HB40A), bypassing the levels observed with fully active
Cas9 and retron-gRNA (rgRNA) fusions. By contrast, the rgRNA fusions lack detectable
editing with nickases. The split retron-nickase approach holds great potential for numerous
basic research and therapeutic applications, as it allows for precise editing while reducing

formation of indels and other unwanted on-target and off-target effects.
Technical Description:

[0157] Single-stranded donor DNA production by the retron system is achieved by
inserting the sequence of the donor DNA within the msd part of the Pol-H RNA transcript
(Fig. 1A} This vields an ssDNA part that can be leveraged to mediate HDR with combined
CasO-induced cleavage at the target site. In our earlier work, we had tested whether a
previcusly published retron editing system employing a 5'-HHR-retron donor-guide-HDV-3'
system (Sharon et al, 2018) could be improved by altering the nibozymwes at the 5" and 3’
ends. This revealed that while the HDV ribozyme at the 3’ end is critical for editing, the 5
Ribol ribozyme vastly outperformed all other ribozymes tested at this 5 position (US
provisional #63214197). Further dissection of the system revealed that the 3' HDV, while
critical for editing, severely reduced the levels of retron donor produced (US provisional
#03214197). OUn the other hand, the HDV ribozyme on the 5" end dramatically boosted retron
cDNA levels over the 5" RiboJ, but had exhibited reduced editing. We reconciled these
disparate observations by reasoning that the retron donor and guide need different processing
elements for maximum functionality, as the retron donor is likely not protected from cellular
nucleases by the RT as the guide RNA s by Cas9®. The RiboJ ribozyme leaves behind a ster-
loop element which we reasoned provides some level of protection to the retron RNA (Fig.
1C). The fact that the guide should benefit from the rervoval of 5" and 37 extensions is

consistent with previously published findings, motivating our efforts to separate the retron

4

9%



WO 2024/044736 PCT/US2023/072893

and guide for maximal guide efficacy (PMC4420036, PMC5086910). We therefore tested
whether expressing the retron donor with the 5" HDBV and separately expressing the guide
RNA from the well-characterized SNR5Z non-coding RNA promoter would improve editing
in budding yeast (US provisional #63214197). Indeed, we observed enhanced editing at every
5  time point for the split retron~-guide system relative to the best fusion system, the 5 Ribol-

retron donor-guide-HDV-3' (Fig. 1D}

[0158] To test whether these findings would apply in human cells, we used a fluorescent
readout based on EGFP reconstitution of a non-functional EGFP (sEGFP) to enable rapid
10 CAG-TagBFP-PZA-nEGHP, where the mutation of a C->7T result in an amino-acid change of
a Histidine to a Tvrosine with subsequent EGFP fluorescence that can be measure by flow
cytometry (Fig. 2C and D). An additional silent mutation that disrupts the PAM was used in
all HDR donor constructs to prevent recutting of the target site and digestion of the

transfected plasmids.

U
(v

[B159] We tested the different constructs by lipofection of the relgvant constructs in our
reporter HEK 293 cells (Fig. 3A). The retron donor/guide plasmids also harbor a dTomato
fluorescent repotter as a countrol to tndicate the fraction of cells that is trausfected. As only
these cells are able to receive an edit, the measured EGFP fluorescence was normalized to the

percentage of dTomato positive cells at day 2. Transfection is typically an ali-or-none process

fn?

such that cells receiving plasmid 1 are likely to also receive plasmids 2 and 3, such that

b

reporting on one of the plasmids is sufficient. The directionality of the generated msDNA-
donor in our tests was the same strand as containing the PAM-NGG sequence (Fig. 3B},
meaning that the guide RNA and retron donor DNA would bind to the same strand (top

strand in Fig. 3B). The homology arms of the msDNA were 51 bp for the left arm and 71 bp

b
L

tor the right arm for all our constructs (Fig. 3B).

[0166] We first tested a modified version of the rgRINA system published by Kong et al.
where the msr-msd-donor is fused to the 3’ end of the targeting gRNA (Fig. 3C) The Pol-li
transcript is flanked by a HHR ribozyme at the 5" end and an HDV ribozyme at the 37 end
This plasmid also introduced the dTomato fluorescence used for normalization. A second
30 plasmid introduces etther double-strand break-inducing Cas9 or the nickase version nCas9-

D10A or nCas9-HB40A, that cleave only oue DNA sirand. A third plasnud introduces the
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Ec73 retron RT (RT-Ec73), crucial for reverse transcribing the msr-msd-donor. We then
lipofected these plasmids 1oto our reporter HEK293 cells (Fig. 3C) Controls with only
rgRNA, Ec73 retron RT (RT-Ee73), or rgRNA combined with Cas9 did not result in GFP
positive cells (Fig. 3E). Once all three constructs were introduced into cells, we observed
2.5% GFP positive cells using Cas9 after normalization, while we observed no detectable

GFP positive cells above background using nCas9-D10A and nCasS-HB40A.

[0161] Next we tested our sphit gRNAUmsr-msd-donor approach. The first plasmid
introduces the msr-msd-donor transcript, flanked by 8" and 3’ ribozymes that atm to make the
transcript more stable in the cells, and a gRNA expressed from a separate Pol-Il promoter.
On the same plasmid dTomato expression reports on the percentage of transfected, which is
used to normalize GFP positive cells. The second and third plasnuds introducing CasS and
the Ec73 retron are the same as outhined above. Plasmids were lipofected into our HEK293
reporter cells, and editing measured by flow cytometry. Double-strand break-inducing Cas9
showed editing comparable to the rgRNA fusions above ranging from 1.6-2.5 % of GFP
posttive cells after normalization (Fig. 3F). nCas®-D10A showed slightly higher editing with
a mean of 2.5 % GFP positive cells, whereas 0Cas3-H840A showed a 2.5 fold 1ucrease o
GFP positive cells compared to Cas9 with an average of 4.7 % over the different 5’ and 3’
ribozyme conditions (Fig. 3F). Different ribozyme conditions showed only minimal effects

on editing efficiency in our approach.

[0162] As we are testing only one directionality of msDNA-donor in this experiment, there
is the possibility that by switching donor directionality we would observe enhanced editing
efficiency using nCas9-D10A instead of nCas9-H840A, as they are nicking opposing strands
respective to the gRNA directionality. nCas9-DIOA and nCasS-HE840A are reported to have
drastically reduced on-target indel formation compared to Cas9 as well as reduced prevalence
of off-target effects, which can be advantageous for a lot of applications. In our tests, the
rgRNA fusions did show little editing with uCas®. In contrast, the split gRNA msr-msd-
increased using Cas9-H840A. Our results suggest that the fusion of gRNAS to the msr-msd-
donor is not required to achieve editing, while the spit gRNAmsr-msd-donor approach
allows to also achieve editing using nCas9-D10A and nCas9-HB40A and at the same time

minimize indel generation. Overall, these results are consistent with our findings in yeast that
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retrons and guides can function most efficiently when they are expressed separately with

specific promoters and processing elements tailored to each.

Example 2

[0163] We previcusly described that separately expressed CRISPR guide RNAs and retron
donors work more efficiently 1n mediating homology directed repair (HDR) thao reported
retron-gRNA fusions. Furthermore, we showed that editing efficiency is increased using the
Cas9 nickase HS840A compared to the fully active Cas9 nuclease Single-stranded nicks
prevent the toxicity and error-prone repair pathways associated with double-strand breaks

from fully active Cas9 and are therefore beneficial for potential therapeutic applications.

[0164] Retrov-mediated generation of single-siranded donor DNA 0 mammalian HEK293
cells was achieved by expressing the Ec73 retron reverse transcriptase {RT-Ec73) and the
corresponding msr-msd RNA transcript which comprises a distinet secondary structure that is
crucial 1o initiate reverse transcription. We used a reporter system {o measure editing
efficiency whereby the retron single-stranded donor DNA (msDNA-donor) facilitates repair
of a non-functional EGFP (nEGFP) construct that is targeted by Cas9 nuclease with either a
nick or double-stranded DNA break. HDR efficiency was read out by measuring GFP
positive cells via flow cytometry normalized to the percentage of total transfected cells.

[#165] We tested whether HDR can also be achigved by expressing other retron RTs and
their corresponding msr-msd-donor RNA transcripts. The retrons tested were Ecod, Eco7,
Fco9, Eeoll, Ecoll and Sen2. Testing was done by lipofecting the relevant plasmids into the
HEK293 oEGFP reporter cell line (Fig. 4A). As previously described in Example 1, the
retron donor/guide plasmids also express dTomato fluorescent protein that was used to
normalize the measured fraction of EGFP positive cells over the total fraction of transfected
cells. This plasmid was modified for each tested retron RT to contain the correspouding msr-
msd-donor RINA transcript. The msDNA-donor was kept the same for all experiments and
was kept constant to previous experiments using Ec73 (Fig. 4B). Three plasmids were
introduced per lipofection (Fig. 4C) encoding for all the relevant parts to facilitate retron-
mediated HDR in mammalian cells. Plasmid 1 introduces the msr-msd-donor RNA transcript
flanked by different 5 or 37 stabilizing secondary RNA elements together with a gRNA
targeting the nEGFP and a dTomato fluorescent protein. The retron msr-msd-donor and the

gRNA are expressed as separate transcripts in this plasmid. Plasmid 2 encodes for different
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Cas9 nucleases that either facilitate a double-stranded break or a nick. Plasmid 3 expresses
the different retron RTs. As shown in Fig. 4D, we observed varying HDR efficiencies for the
different retrons that were tested, with the highest efficiency mediated by Sen2 (2.9 %). This
is lower than editing efficiencies that were measured using Ec73 in previous experiments (5.5
achieved by using Cas9-HB40A, contirming our previous finding that the split gRNA:msr-
msd-donor systems has highest editing efficiencies using this Cas9 nickase. In contrast to
HDR mediated by Ec73, the addition of a 5° HDV to the msr-msd-donor transcript vields a
lower editing efficiency compared to the couotrol transcripts which lacked a 57 stabilizing
element or ribozyme. This indicates that the addition of 5 or 37 RNA processing and/or
stability eleruents might bave different effects ou retron DNA output and/or HDR repair for

different retron classes.

[0166] This example demonstrates that the split gRNA msr-msd-donor system can also
mediate HDR using aliernative retron systems. Iroproversents on the msr-msd parts of the
respective retrons, such as altering the lengths of stems or loops in the retron ncRNA, may

result 10 improved performance of editing,
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81671 All publications and patent applications mentioned in this disclosure are herein
incorporated by reference to the same extent as if each individual publication or patent

application was specifically and individually ndicated to be incorporated by reference.

{3168] No admission i3 made that any reference cited herein constitutes prior art. The
discussion of the references states what their authors assert, and the Applicant reserves the
right to challenge the accuracy and pertinence of the cited documents. It will be clearly
understood that, although a number of information sources, including scientific journal
articles, patent documents, and textbooks, may be referred to herein; this reference does not
constitute an admission that any of these documents forms part of the common general

knowledge in the art.

[8169] The discussion of the general methods given herein 13 intended for illustrative
purposes only. Other alternative methods and alternatives will be apparent to those of skill in
the art upon review of this disclosure and are to be included within the scope of this

application.

[0178] While particular alternatives of the present disclosure have been disclosed, itis to be
understood that various modifications and combinations are possible and are conternplated
within the scope of the appended claims. There is no intention, therefore, of limitations to the

exact abstract and disclosure herein presented.

EXEMPLARY EMBODIMENTS
[3171] Exemplary embodiments provided in accordance with the presently disclosed

subject matter include, but are not limited to, the claims and the following embodiments:

[0172] Embodiment 1. A nucleic acid comprising: (i} a first promoter operably linked to a
retron nucleic acid seguence comprising: an msr sequence; an msd sequence; a donor
sequence within the msd sequence; and a first inverted repeat sequence and a second 1nverted
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repeat sequence;, and (i) a second promoter operably linked to a nucleic acid sequence

encoding a guide RNA region.

{3173] FEwmbodiment 2. The nucleic acid of embodument 1, wherein the first promoter
comprises an RNA polymerase I (Pol I} promoter, and the second promoter comprises an

RNA polyrerase I (Pol ) promoter.

[0174] Embodument 3. The nucleic acid of embodiment 1 or 2, further comprising a
stabilizing 5’ ribozyme sequence located 3’ of the first promoter and 5’ of the first inverted
repeat sequence; a stabilizing 3" ribozyme sequence located 37 of the second nverted repeat
sequence; and/or a long non-coding RNA (IncRNA) transcript located 3’ of the second

inverted repeat sequence.

[8175] Embodunent 4. The nucleic acid of embodiment 3, wherein the stabilizing S or 3/
ribozyme sequence is selected from the group consisting of a hammerhead ribozyme (HHR),

a hepatitis delta virus (HDV) tibozyme, and a Ribol ribozyme sequence.

{3176] FEmbodiment 3. The nucleic acid of embodiment 3, wherein the stabilizing 3’
sequence comprises the 3 triple-helix and tRNA-like processing components of the IncRNA

transcript Metastasis Associated Lung Adenocarcinoma Transeript 1 (MALATI).

[8177] Embodiment 6. The nucleic acid of any one of embodiments 1 fo 5, further
comprising a transcription termunator sequence located 3’ of the second inverted repeat

sequence and 57 of the second promoter.

{#178] Embodiment 7. The nucleic acid of any one of embodiments 1 to 6, wherein the

donor sequence comprises a template for homology-directed repair (HDR).

[6179] Embodiment § A nucleic acid comprising a transcription unit comprising a
promoter operably linked to a retron nucleic acid sequence encoding a retron RNA and a
nucleic acid sequence encoding a guide RNA region, wherein the retron nucleic acid
seqUence comprises: an mst sequence; an msd sequence; a donor sequence within the msd

sequence; and a first inverted repeat sequence and a second inverted repeat sequence.

{0180] Embodiment 9 The nucleic acid of embodiment 8, wherein expression of the

nucleic acid sequence results in a transcript comprising the retron RNA and guide RNA
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region, wherein the retron RNA and guide RNA region are separated after transcription by an

RNA processing enzyme.

{3181}  Ewbodimvent 10, The nucleic acid of embodiment 9, wherein the RNA processing

enzyme is a ribozyme or an endoribonuclease.

[6182] Embodiment 11. The nucleic acid of any one of embodiments 8 to 10, wherein the
nucleic acid sequence encoding the retron RNA 1s located 57 of the nucleic acid sequence

encoding the guide RNA region.

[0183] Embodiment 12 The nucleic acid of any one of embodiments 8 to 11, wherein the
promoter comprises an RNA polymerase 11 (Pol H) promoter or an RNA polymerase I {Pol

I} promoter.

[0184] Embodiment 13. An expression plasmid comprising the nucleic acid of any one of

embodiments 1 to 12,

[0185] Embodument 14, A system for introducing a genetic modification at a target DNA
locus, comprising: 1) the expression plasmid of embodiment 13; 11) a second expression
plasmid comprising a nucleic acid sequence encoding a CRISPR-associated endonuclease;
and 111) a third expression plasmid comprising a nucleic acid sequence encoding a reverse

franscriptase.

[6186] Embodiment 1S, The system of embodiment 14, wherein the second and third
expression plasmids comprise a promoter operably linked to the nucleic acid sequences

encoding the CRISPR-associated endonuclease and the reverse transcriptase, respectively.

[0187] Embodiment 16. The system of embodiment 15, wherein the promoter ts a Pol {1

promoter.

[0188] Embodiment 17. The system of any one of embodiments 14 to 16, wherein the
CRISPR-associated endonuclease generates a single-stranded nick in one strand of the target

DNA locus instead of a double-strand break (DSB).

[0189] FEmbodiment 18, The system of any one of embodiments 14 to 17, wherein
CRISPR-associated endonuciease comprises a nickase selected from the group consisting of

nCas9-D10A and nCas9-H840A.
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[019¢] Embodiment 19, The system of any one of embodiments 14 to 18, wherein the
reverse transcriptase is selected from the group consisting of RT-Ec¢73, RT-5i85, RT-Ec83,

RT-Ee78, RT-Eco9, RT-Ecoll, and RT-Ecoll.

[01%1] Embodiment 20. The system of any one of embodiments 14 to 19, wherein the

reverse transcriptase is RT-Ee73.

[6192] Embodument 21. A method for editing DNA at a target locus 1o a cell, compnsing

introducing the system of any one of embodiments 14 to 20 into the cell.

[0193] Embodiment 22. The method of embodiment 21, wherein the editing efficiency at
the target locus 18 increased compared 10 a system comprising an expression plasmid wherein

transcription products of the retron and the gRNA coding region are physically coupled.

[6194] Embodiment 23, The method of embodiment 21 or 22, wherein the cell 15 a

eukaryotic cell.

[6195] Embodiment 24, The method of embodiment 23, wherein the cell is selected from
the group consisting of a yeast cell, plant cell, mammalian cell, mammalian cell line, human

cell, and human cell line.

[0196] Embodiment 25. A method of treating a genetic disease in a subject in need thereof,
the method comprising adnunistering to the subject an effective amount of a) the nucleic acid
of any of embodiments 1 to 12, the plasnid of embodiment 13, the system of any one of
embodiments 14 to 20, or a combination thereof] b) a reverse transcriptase or a nucleic acid
encoding the same, and ¢} a sequence-specitic endonuclease or a nucleic acid encoding the

same.
[6197] Embodiment 26. The method of embodiment 25, wherein the reverse transcriptase
is selected from the group consisting of RT-Ec73, RT-585, RT-EcB3, RT-Ec78, RT-Eco9,
RT-Ecol0, and RT-Ecoll.

[0198] Embodiment 27, The method of embodiment 25 or 26, wherein the reverse

transcriptase s RT-Ec73,
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[0199] Embodiment 28 The method of any one of embodiments 25 to 27, wherein the
sequence-specific endonucltease does not catalyze a double strand break in the DNA of a host

cell in the subject.

[6200] Embodiment 29, The method of any one of embodiments 25 to 28, wherein the
sequence-specitic endonuclease generates a single-stranded nick in one strand of a target

DNA locus in a host cell of the subject.

[0261] Embodiment 30, The method of any one of embodiments 25 to 29, wherein the

sequence-specific endonuclease 1s a mickase.

{62621 Embodiment 31, The method of embodiment 30, wherein the nickase is nCas9-

PIOA or nCasS-HE40A.

[6203] Embodiment 32. The method of embodiment 31, wherein the nickase 1s nCas9-

HE840A.

[6284] Embodiment 33, A pharmaceutical composition comprising:{a} the nucleic acid of
any one of embodiments 1 to 12, the plasmid of embodiment 13, or the system of any one of
embodiments 14 to 20, or a combination therecf, and (b) a pharmaceutically acceptabie

carrier.

[6205] Embodiment 34. A method for preventing or treating a genetic disease in a subject,
the method comprising administering fo the subject an effective amount of the
pharmaceutical composition of embodiment 33 to correct a mutation in a target gene

associated with the genetic disease.

[#206] Embodiment 35, The method of any one of embodiments 25 to 32 or embodiment
34, wheretn the genetic disease 1s selected from the group consisting of X-linked severe
combined immune deficiency, sickle cell anemia, thalassemia, hemophilia, neoplasia, cancer,
age-related macular degeneration, schizophrenia, trinucleotide repeat disorders, fragile X
syndrome, prion-related disorders, amyotrophic lateral sclerosis, drug addiction, autism,
Alzheimer’s disease, Parkinson’s disease, cystic fibrosis, blood and coagulation diseases and
disorders, inflammation, immune-~related diseases and disorders, metabolic diseases and
disorders, liver diseases and disorders, kidney diseases and disorders, muscular/skeletal

diseases and disorders, neurological and neuronal diseases and disorders, cardiovascular
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diseases and disorders, pulmonary diseases and disorders, ocular diseases and disorders, and

a combinaiion thereof

[3207] FEwmbodiment 36, A lat for modifying one or more target nucleic acids of wnterest at
one or more target loct within a genome of a host cell, the kit comprising the nucleic acid of

any of embodiments 1 1o 12, or the plasmid of erubodiruent 13.

[6208] Embodument 37, The kit of embodiment 36, further cowmprising a reverse
transcriptase or a nucleic acid encoding the same, and a sequence-specific endonuclease or a

nucleic acid encoding the same.

{3209] Embodiment 38, The kit of embodiment 37, wherein the reverse transcriptase is

Ecoll, and RT-Ecoll.

[621¢] Embodiment 39 The kit of embodiment 37 or 3§, wherein the sequence-specific
endonuclease comprises a nickase selected from the group consisting of nCas9-D10A and

0as9-HE40A.

[#6211] Embodiment 40. The kit of any one of embodiments 306 to 39, further comprising a

host cell.

[6212] Embodiment 41, The kit of embodiment 40, wherein the host cell 15 a eukaryotic

cell.

[6213] Embodiment 42, The kit of embodiment 40 or 41, wherein the host cell is selected
trom the group consisting of a yeast cell, a plant cell, mammalian cell, mammalian cell line,

human cell, and human cell line.

[0214] Embodiment 43. The kit of any one of embodiments 36 to 42, further comprising
one or more reagents for introducing the nucleic acids, plasnmids, reverse transcriptase or

sequence-specific endonuclease into the host cell.

[6215] Embodiment 44, A method for producing a retron RNA and a guide RNA, the
method comprising: 1) contacting the nucleic acid of any one of embodiments 8 to 12 with an
RNA polymerase to produce a single transcript comprising the retron RNA and guide RNA

sequences, and i1} contacting the single transcript with an RNA processing enzyme that

J )
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cleaves the transcript between the retron RNA and guide RNA sequences, thereby producing

the retron RNA and the guide RNA

[3216] Ewbodimwent 45 The method of embodiment 44, wheretn the RNA processing

enzyme is a ribozyme or an endoribonuclease.

[6217] Embodiment 46. The method of embodiment 44 or 45, wherein the nucleic acid
sequence encoding the retron RNA 1s located 57 of the nucleic acid sequence encoding the

guide RNA.
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INFORMAL SEQUENCE LISTING

~iviral construct e

"<
,.J

oding:

i

Entire plasmid map for len
CAGG-TagBFP~T2A-nEGFP-WPRE

ttaatgtagtcttatgraatactocttgtagtcttgoaacatggtaacgatgagttagecaaca
geottacaaggagagaaaaageacogtigeatgecgatiggtggaagtaaggtggtacgatc
q?qcvutat.augaaug?aa:aanGQDpc:qu,atgdat ggacgaaccactgaattgacg

cattgcagagatatigt aztta‘;ujc, taaacgggtctectectggtitaga
ccagatcoctgagectygggagetoictgge cactgotitaagectceaataza
goettgeocttgagtgottocaagtagtgt tgtgactatggtaactagaga
tcoctcagacocttttagtcagtgtgga cagtggegoccgaacagggacttyg
aaagcgaaagggaaaccagaggagcetetetegacgecaggactaggettgetgaagegogeaa
gQCLaO&GqcJd@bgﬁpbgbqaqub'Gadepr?aaudat ttgactagcggaggotaga

yggtgagagagegteagtat Lad;“wq;aqagdattaqatC( atgggaa
rﬁijpdjﬁG“».ﬁdgdﬁdadatE attasaacatatagtatgogeaayg
cgabg omdgt dut”0+gjcﬂtgghangANd+caqaagqct*tug*ﬁ

aggatcagaagaacttagateattatat
a auccctc at fqtg#qc:tcauaggatagag~tua~aqdcaﬁﬂaaqﬁaagc
tttagac EabatuqabJdabquagaQCQdaagtaagdp~M,CosapaupaaprQCCQCL
atcttcagaccetggaggaggagatatgagggacaatiggagaagigaattatataaatataa

ddtaqgaadaaitdadbpaibdggu.hd;c&tCC‘(\umqgpaduoa(aaqadtqgggcaga

te]
o
)
Ko

Q

Jagaaaaaaga quqtqoqaataquqcbt'q*i cttgggttectigggagcagcaggaaga
actatgggcecgecagegtcecaatgacgetgacgghacaggecagacaattattgtetggtatagt
gcagcagcagaacaatl Lgc+buq30“”atb aggcgcaacagcatetgtigeaactcacay

goagotceccaggcaagaatce tgd tijQuafoutabutaaaquaTcaa
tttggggttgctotgyg a2 ctgetgtgecttggaa
aat

cagctoeoctgggga

tgotagttggagt aaufptquugapagavt anufpa:apuuvctbqatqqaq.qoq
acagagaaattaacaatbacacaagettaatacactecttaat tqduqad+p0?&ﬁadbp q
caagaaaagaaltgaacaagaattathggaattagataaatygggecaagtitgltggaattggt
taacataacazattggectgtyggtatataaaattattcataatgat dgtcggugqcttggtag
gtttaagaatagttttigetgtactttctat ajtg aatagagttaggcagggataticacca
ttatcogtttcagacccacctoccaaccaogaggggacccagaccacaatttittaaaagaaaa g

JUgg gattggqggdva:aqtgcaugdqagaqaufaupdqacahaufaqba( cagacataca

)

dbtadeQduhd\dﬁdu',dadhtabadadﬁt “caaaaltlt 1pgjbgﬁ'ﬁ\ ~alagggacaqyg

‘uqaqutv¢act tggegecggetegagtggetecggtgecegteagtGTCGACATTGATTA

GACTAGTTATTAAT AGTthCA,”TdCGGG.“3A'”ﬂgT””“TAua [CATATATGGAGTT
CCGCGTTACATAACTTAC@GTAAATG@CCC@CCTuGCTuACCuCCCAACGACCCCCGCCCAT
TGACGTCAATAATGACGTATGTTCCCATAGTAACGCCAATAGGGACTTTCCATTIGACGTCAA
TCEETCRACTATTTACGETAAACTGCCCACTTGECAGTACATCAAGTCTATCATATGCCAAG
TACGCCCCCTATTGACGTCAATGACGETAAATGGLCCCGLCTGGCATTATGCCCAGTACATGA
CCTTATGGCACTTTCCTACTTGGCAGTACATCTACGTATTAGTCATCCCTATTACCATGEET
CEAGGCTCGAGCCCCACGTTCTGCTTCACTCTCCCCATCTCCCCCCCCTICCCCACCCCCAATTT
TETATTTATTTATTTTTTAATTATTTTGTGCAGCGATGGEGGLGEGEEEEGEEGGEGEGLECGEC
GCCAGGCGEGEELEEGELGGEGLGAGEGELGGEELGEEGECEAGGLEGGAGAGGTGCEGGUGGLAG
CCAATCAGAGCGGCGLGCTCCGAAAGTTTCCTTTTATGGCGAGGLGGLGGCEELEGLEGLIC
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TATAAAMAGCGAAGCGLGCGGLGGGLGGRAGTCGCTGLGTTGCCTTCGLCCLGTGLCCCGLT
CCGCGCCGLCTCGCGLCGCCCGCCCCGGCTCTCGACTCGACCGCGTTACTCCCACAGETGAGCE
GGCGGGACGGCCCTTCTCCTCCGGGCTGTAATTAGCGCTTGG TTTAATGACGGCTCGTTICT
TTTCTETGGUTGCETGAAAGCLTIAAAGGECTCLGEGAGGGLCCTTTGTECGGEGGEEAGCE
GCTCGGEGEETGCETGCETGTGTIGTGTGCGTGGEGAGCGCCGLGTECGGELOCGLGLTEUCCG
GCEGCTETGAGCGCTGCEGECELGGELEGUGEEGGCTTTGTGOGCTCCGLGTETGCGUGAGEGEA
GCGLGGLLGEEEGLGETGLCCCGIGETECEGEGEEECTECGAGGGGAACAMAGGLTGLGTGC
GGGEGTGTGTGCGTCGGEGEEETCGAGCAGGGGEGTGTGOGLECGGLGGTLGGEITGTAACCCCCL
CCTGCACCCCCCTCCCCCAGTTGC TCGAGCACGGLCCCGGLTTCGGGTGCGEGGCTCCGTGCGE
GGCGTGGECGCEEGGCTCGLCETGCCGGECEEGEEEGTGGLEGLAGGTGEEGETGCCGGGLEEE
GCGEGGCCECCTCGGECOGEEEAGEHGLTCHEEEHAGGGELGLGELGGLCCCEGGAGLGLCEEC
GGCTETCCAGGCGUGGELGAGCCGCAGCCATTGCCTTTTATGGTAATCGTGCGAGAGGGCGLA
GGGACTTCCTTITGTCCCAAATCTGGUGGAGCCGAAATOTGLGGAGGCGLLGCLGCACCCCLTC
TAGCGGGCGLGEGLGAAGCEGTGLGECELCGELAGGAAGGAAATGEGLGGEGAGGGLCTTCG
TECCTCGCCGCGLCGCCETCCCCTTCTCCATCTCCAGCCTCGGEGLU TGLCGLAGGGGGACGE
CTGCCTTCGEGEEGGACGGEECAGGGCGEGETTICGGLTTCTGGCETGTGACCGGLGGCTCTA
GAGCCTCTGCTAACCATGTTCATGCCTTCTTCTTTTTCCTACAGCTC”IGC” CRACGTGCTG

GCTTATTCTCCTGTCTCATCATTTTGGCAAAGRAATTCTGCAGTCCGACGCCEGCCACCATGAGCG
AGCTGATTAA ATGAAGCTGTACATGGAGGGCACCGTIGGACAACCATCAC
TTCAAGTGCA AGGCAAGCCCTACGAGGGCACCCAGACCATGAGAATCAA
GGTGGTCGAG 'VCTTCGCCTTCSACATCCTGGCTA TAGCTTCCTCTACG
GCAGCAAGAC CACCCAGGGCATCCCCGACTTOT AGCAGTCCTTCCCT
GAGGGCTT y (ffi( ATACE z%fi GACGGGEG CGCTACCCA
GGACACCAG TGCCTCATCTACAACGTCAAGAL Y. [ A
CATCCAACGG ﬁAGAKAACAC LUU”IUGCAC CCTTCACC e
TACCCCGCTE, iGGCiGAA?CGAL31JGCﬂCTGAAGvTCGTGGGCGGLB?
CCATCIGATC CCACATATAGATCCAAGAAACCCGCTAAGAACCTCAAGA
TGCCTGGCET TACAGAC CQAAAGAﬁi(AFGQAGGCCAACAACGPGACC
TACGTCGAGC &T TACTGCGACCTCCCTAGCAAACTGGGECA
CAAGC! - deﬂubu(%bul”FuCTAACATvCCbIQbuv

TCGAGGAGAAT GGTCGCCACCEGTCGAGCAAGGGLGAGGAGCTETTCACCGGSE
GTGGTGCCCATCCT@GTC@AGCTGGACGGCuACGTAAACGGCCACAAGTTCAGCGTGTCCGG
CGAGGGLGAGGGCGATGCCACCTACGGUAAGCTGACCCTGAAGTTCATCTGCACCACCGGCA
AGCTGCCCCTGCCCTGGLCCCACCOTCGTGACCACCOTGACCCACGGUSTGCAGTGCTTCAGT
CGLTACCCCGACCACATGAAGCAGCCACGACTTCTTCAAGTCCGUCATGCLCCAAGGCTACGT
CCAGGAGCGCACCATCTTCTTCAAGGACGACGGCAACTACAAGACCLGLCGLCGAGGE TGAAGT
TCGAGGGCCGACACCOTEETCAACCCGCATCGAGC TCAAGGECATCCGACTTCAAGGAGGACGEC
AACATCCTCGEGCACAAGCTGGAGTACAACTACAACAGCCACAACGTCTATATCATGGCCGA
CAAGCAGAAGAACGGCATCAAGGTGAACTTCAAGATCCGCCACAACATOGAGGACGGCAGTG
TECAGCTCGLCGACCACTACCAGCAGAACACCCCCATCGEUGACGGCLCCETGCTGUTELCC
GACAACCACTACCTGAGCACCCAGTCCGLCCTCAGCAAAGACCCCAALCAGAAGCGLGATCA
CATGGTCCTGCTGCGAGTTCGTCGACCGCCECCGEGATCACTC TCGECATCCGACCGAGU TG TACA
AGTAAtqaabqﬁgf aud:cgapaavpaagptr qgavnarajaarl*q*qatugar+gaﬂ+
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Tt
~
\

Ve i
Ot

O b
RS ST ]

e -

tggotttocatttict t?'tfgtd gt
gecegttgtecaggeaacgtggegty gct
ggggcattgceccaccacctgtcaget cgc
acggcggaactcatecgecegectgec caqg

[
(@)



D

B

30

46

45

WO 2024/044736 PCT/US2023/072893

gagctcggetyg cct
tggectgctogeotgiy ( ( efelefelofe] ; ttc
ggccctcaatccageggaccticolticococgoggectgctgocyge ;'u",_"'“rtccqc
gtcecttogeatts ( ( o [ ate e ¢ actt
taagaccaatgactiacaag “?;C"g:ﬂ:‘:C‘F’f””’C‘V_u"“r;;a-aaqdqoqha
C deJJGQLbd‘TtC tot
ctkdt*agacc a ago
ctocaataaagett g ggt
aactaJab4Lc1ctcaqag,pt Tvagfpagfqtgdaagavhvc:agvaqu guataqtag

ttcatgtecatettat TatvuauLavtvavauc:tguqaudaaufqautatbaoaqao

Cgcagetiat

’ft”dﬂtg@;tb(+ag,upbqgtb,gt**;a;c* atcaatgt
o

(‘i’
9
o
QO
¢

i
LI

L

AUP IS
o)

3

Y

!

0

v

pan

at gg thtacaaataaac glaata C‘;\‘rﬁ Calaaa

s
Xo]
s
o)
T
2
part
-
oy

aataaag

tecatgt agctatocecgoececctaacticcgocecatecagecoctaactaocgeacay
ttcecge cgocccatggeotgactaattt ttttatttatgcaf ggccgaggocy
ccteggectetgagetattccagaagtaghtgaggaggecttitttggaggectagggacgtac

T
7

vudatLCQC?CtAtab'G&thqtatvavﬁpbvﬁptvdthGCCprgtt'tf raacgtogt
gactgggaaaaccctggogttacceaacttaat "Wf”thq\ddﬁQp‘t‘LC?Ci"r‘ﬁ”“Dq
cthﬁgtadﬁmqsomdgquccgq\‘C:gatcgb tb:cwhaumhtg geagectgaato

Jaatgggacgoegoectgbagoyg gggcattaagcg jjcgd tgtggtggttacgegeaga
gtgaccygctacacttgceccagegocctagegeoccgaotectttogetticttecetecetttet
gccacgttcgccggctttccccgtcaagctct aatcgggggetecctttagggttocgat
T 3:ap~vuqavcphuaaagapt GQTVQQDgTqa qot.vacgtaq=qoq

4
.‘.

toa*t dﬁ&dq
zaatittaacgcy

SR mc,ac‘f caaccc t_at < erc,. ¢
tTQCﬁgabghuguccbd Lg@ttwdua:d+gagct.
i acttttocggggaaatgtgecgaegga
ttatttt‘cctaaat_cattcaaa‘caftg‘c3tccjctcatuaqacaatamfm
tcaataatattgaasaaggaagagtatgagtattcaacattitecogtgteg

taaatyg ]
cottattocetititigeggeatittgocttoctgititigetcacocagaaacgectggtyg

aaagtaaaagatgctgaagatcagtitgggtgcacgagtgggttacategaactggatctca
cageggltaagatectitgagagtitttegececegaagaacgtiticcaatgatgageactittta

¢

Q

(_;T"JL"Q'(J JaaClC CfQ'EiJCC(J aal x,(ﬁ aagCCa taccaaac cGa

qsdﬁtqbpdubmd\-htjk Jeaaactattaactgg

aagttcoltgetatgtggegoggtattatecegtatigacgecgyggeaagagecaacteggtege
cgcatacactattcicagaatgacttggttgagtactecaccagtcacagaaaageatettac
ggatggeoatgacagtaagagaattatgcagtgctgecataaccatgagtgataacactgegyg
ccaacttactitctgacaacgatoggaggaccgaaggagetaacecgattttttgeacaacatyg
gogggatcatgtaactcgoctigatce 3 -

¥

raccacgatgocty
tctagett 1atagactggatggaggeggataaaghige
Joaccactictgogetoggoeocttocgy: rgg bggtttattgetgataaatetggay

tgagogtgggtotegaggt abcatbjczgcac*;Jjjcﬂagd+b\tua“hcctcc~qt J
tagttatctacacgacggggagtcaggcaactatggatgaacgaaatagacagatogetgayg
ataggtgcectcactgattaagcattggtaactgtcagacecaagtittacticatatatacttta
Jattgatttaaaacttcattittaatitaaaaggatetaggttgaagatectttttgataatc

tcatgaccaaaateecttaacgtgagititegtitecactigagay HCQ(MVC?”qrduﬁaduq

tottetbtgagatectotibtte ’gcgcgt:d+gb*ﬂtgh*Ljﬁaaacaaaaaa

celggcaaca

(

a
accaccgetaco ajcjgtgc titgttigecggatcaagay Lteocgaagy
taactggcttcagoagagogcagataccaaatactgtte ttctagtgtakccgtafttiggc
caccacttcaagaactctgtag cagectacatacctaogetetgotaatectgttaccagt

[

7



WO 2024/044736 PCT/US2023/072893

ggtcogggctgaacgdgggggttcgtgcacacagoccagetitggagegaacy

abpLaudCCGAaquagdvavctavdchtqagctaLGQOQava@p\?,Q:ttCC? aagqg

gagaaaggeggacaggtat ¢ i

ttoccagggggaaacgoatc Jogtt

cglag .L'ttt1+ga ggbcgt“dgdgqucogagcﬂt“tcg ¢

tggeottttgetggeettttgetecacatgttotttacg
g

ccagtggocgataagtegtgtettacegggttggactecaagacgatagttacogy
e}

o~

_qdungk .qagc

e}

ot

C C cct g
ctgattotgtggataaccogtattacegectitgagtgagetgatacocgetege

acgaccgagcgcagogagticagtgagogaggaagoggaagagogeccaatacgoa olefe
tCth,CLpOV@:tJGCwgdttcavtudvbvdqﬁ?GGCqua:aqbL-iC?CQathQCdag
coggeagtgagedgeaacgeaattaatgtgagttagetcactcattaggecaccoccaggettta
cacbtbd.gﬁ*t”cgdcgkpbd+bbggtg ggaattgtgagcggataacaatitcacacagy
aaacagcetatgaccatgattacgocaagogegoaattaacoctecactaaagggaacaaaage

tggagctgoaage

[,
[e2]



WO 2024/044736 PCT/US2023/072893

WHAT IS CLAIMED 1S;

i A nucleic acid comprising:

(i} a first promoter operably linked to a retron nucleic acid sequence
comprising:

an msy sequence;

an msd sequence;

a donor sequence within the msd sequence; and

a first inverted repeat sequence and a second inverted repeat sequence; and

(it} a second promoter operably hinked to a nucleic acid sequence encoding a

guide RNA region.

2, The nucleic acid of claim 1, wherein the first promoter comprises an
RNA polymerase II (Pol I) promoter, and the second promoter comprises an RNA

polymerase [ (Pol IIf} promoter.

3. The nucleic acid of claim 1 or 2, further comprising a stabilizing 5’
ribozyme sequence located 37 of the first promoter and 3’ of the first inverted repeat sequence,
o ¥}

a stabilizing 3’ ribozyme sequence located 37 of the second tnverted repeat sequence; and/or a

long non-coding RNA (IncRNA) transeript located 37 of the second inverted repeat sequence.

4. The nucleic acid of claim 3, wherein the stabilizing S’ or 3’ rihozyme
sequence is selected from the group consisting of a hammerhead ribozyme (HHR), 3 hepatitis

delta virus (HDV) ribozyme, and a RibolJ ribozyme sequence.

5. The nucleic acid of claim 3, wherein the stabilizing 3’ sequence
comprises the 3 triple-helix and tRNA-like processing components of the IncRNA transcript

Metastasis Associated Lung Adenocarcinoma Transcript 1 (MALATL).

6. The nucleic acid of claim 1, further comprising a transcription
terminator sequence located 37 of the secound inverted repeat sequence and 57 of the second

promoter.

3

7. The nucleic acid of claim 1, wherein the donor sequence comprises a

temaplate for homology-directed repair (HDR).

8. A mueleie acid comprising a transcription unit comprising
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a promaoter operably Hinked to a retron nucleic acid sequence encoding a retron
RNA and a nucleic acid sequence encoding a guide RNA region, wherein the retron nucleic
acid sequence Comprises:

an msy sequence;

an msd sequence;

a donor sequence within the msd sequence; and

a first inverted repeat sequence and a second inverted repeat sequence.

9. The nucleic acid of claim 8 wherein expression of the nucleic acid
sequence results in a transcript comprising the retron RNA and guide RNA region, wherein
the retron RNA and guide RNA region are separated after transcription by an RNA

Processing enzyme.

10, The nucleic acid of claim 9, wherein the RNA processing enzyme is a

ribozyme or an endoribonuclease.

11 The nucleic acid of claim 8 wherein the nucleic acid sequence
encoding the retron RNA is located 57 of the nucleic acid sequence encoding the guide RNA

region.

12, The nucleic acid of claim 3, wherein the promoter comprises an RNA

polymerase I (Pol I} promoter or an RNA polymerase T (Pol 1) promoter.
13, An expression plasmid comprising the nucleic acid of claim 1.

i4. A gystern for imntroducing a genetic modification at a target DNA locus,
comprising:

1) the expression plasmid of claim 13;

11} a second expression plasmoid coruprising a nucleic acid sequence encoding a
CRISPR-associated endonuclease; and

i1} a third expression plasmoid comprising a nucleic acid sequence encoding a

reverse transcriptase.

15, The system of claim 14, wherein the second and third expression
plasmids comprise a promoter operably hinked to the nucleic acid sequences encoding the

CRISPR-associated endonuclease and the reverse transcriptase, respectively.
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1o The system of claim 15, wherein the promoter is a Pol I promoter.
17, The system of claim 14, wherein the CRISPR-associated endonuclease

generates a single-stranded nick i one strand of the target DNA locus 1ustead of a double-

strand break {(DSB).

18.  The system of claim 14, wherein CRISPR-associated endonuclease

comprises a nickase selected from the group consisting of nCas9-D10A and nCasS-HE40A.

19, The system of claim 14, wherein the reverse transcriptase is selected
from the group consisting of RT-Ec73, RT-5i85, RT-Ec83, RT-Ec78, RT-Eco9, RT-Ecoll,
and RT-Ecoll.

20. The system of claim 14, wherein the reverse transcriptase is RT-Ec73.

21, A method for editing DNA at a target locus in a cell, comprising

introducing the system of claim 14 into the cell.

22, The method of claim 21, wherein the editing efficiency at the target
locus is increased compared to a system comprising an expression plasmid wherein

transcription products of the retron and the gRNA coding region are physically coupled.
23 The method of claim 21 or 22, wherein the cell is a eukaryotic cell.

24 The method of claim 23, wherein the cell is selected from the group
consisting of a yeast cell, plant cell, mammalian cell, mammalian cell line, human cell, and

human cell line.

25, A method of treating a genetic disease in a subject in need thereof] the

method comprising administering to the subject an effective amount of

a) the nucleic acid of claim 1, the plasmid of claim 13, the system of claim 14,
or a combination thereof]
b} a reverse transcriptase or a nucleic acid encoding the same, and

¢} a sequence-specific endonuclease or a nucleic acid encoding the same.
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26. The method of claim 25, wherein the reverse transcriptase is selected
from the group consisting of RT-Ec73, RT-St85, RT-Ee83, RT-Ec78, RT-Eco9, RT-Eeol(,
and RT-Ecoll.

27.  The method of claim 25 or 26 , wherein the reverse transcriptase is RT-
He73,
28. The method of claim 25 | wherein the sequence-specific endonuclease

does not catalyze a double strand break in the DNA of a host cell in the subject.

29, The method of claim 25, whergin the sequence-specific endonuciease

generates a single-stranded nick in one strand of a target DNA locus in a host cell of the

subject.

30, The method of claim 25, wherein the sequence-specific endonuclease
is a nickase.

31, The method of claim 30, wherein the nickase is nCasS9-D10A or

0as9-HE40A.

32. The method of claim 31, wheretn the nickase is nCas9-HR40A.

>

33 A pharmaceutical composition corprising:
{(a) the nucleic acid of claim 1, the plasmid of claim 13, or the system of claim
14, or a combination thereof, and

(b} a pharmaceutically acceptable carrigr.

34, A method for preventing or ireating a genetic disease in a subject, the
method comprising adrotnistering to the subject an effective amount of the pharmaceutical
composition of claim 33 to correct a mutation in a target gene associated with the genetic

disease.

35 The method of claim 25 or 34, wherein the genetic disease is selected
from the group consisting of X-linked severe combined tmmune deficiency, sickle cell
anenia, thalassemia, hemophilia, neoplasia, cancer, age-related macular degeneration,
schizophrenia, trinucleotide repeat disorders, fragile X syndrome, prion-related disorders,

amyotrophic lateral sclerosis, drug addiction, autism, Alzheimer’s disease, Parkinson’s
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disease, cystic fibrosis, blood and coagulation diseases and disorders, inflammation, immune-
related diseases and disorders, metabolic diseases and disorders, liver diseases and disorders,
kidoey diseases and disorders, muscular/skeletal diseases and disorders, neurological and
neuronal diseases and disorders, cardiovascular diseases and disorders, pulmonary diseases

and disorders, ocular diseases and disorders, and a combination thereof.

36, A kat for modifying one or more target nucleic acids of interest at one
or more target Joct within a genome of a host cell, the kit comprising the nucleic acid of claim

i, or the plasmid of claim 13

37 The kit of claim 36, turther comprising a reverse transcriptase or a
nucleic acid encoding the same, and a sequence-specific endonuclease or a nucleic acid

encoding the same.

oy =

38,  The kit of claim 37, wherein the reverse transcriptase is selected from
the group consisting of RT-Ec73, RT-5485, RT-Ec83, RT-Ec78, RT-Hco9, RT-Ecoll, and
RT-Eeoll.

39, The kit of claim 37 or 38, wherein the sequence-specific endonuclease

comprises a nickase selected from the group cousisting of nCas9-DI0A and nCas9-HB40A,

40, The kit of clairn 36, turther comprising a host cell.
41 The kit of claim 40, wherein the host cell is a eukaryotic cell.
42. The kit of claim 41, wherein the host cell 1s selected from the group

consisting of a yeast cell, a plant cell, mammalian cell, mammalian cell line, human cell, and

human cell line.

43. The kit of claim 36, further comprising one or more reagents for
introducing the nucleic acids, plasmids, reverse ftranscriptase or seguence-spectfic

endonuclease into the host cell.

44, A method for producing a retron RNA and a guide RNA| the method
COmprising:
i} contacting the nucleic acid of claim 8 with an RNA polymerase to produce

a stogle transcript comprising the retron RNA and guide RNA sequences, and
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i) contacting the single transcript with an RNA processing enzyme that
cleaves the transcript between the retron RNA and guide RNA sequences,

thereby producing the retron RNA and the guide RNA.

45, The method of claim 44, wherein the RNA processing enzyme 18 a

ribozyme or an endoribonuclease.

40, The method of claim 44 or 45, wherein the nucleic actd seguence

encoding the retron RNA is located 57 of the nucleic acid sequence encoding the guide RNA.
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