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GENE TARGETING

The present invention relates to methods, reagents and compositions for providing more
accurate and reliable genetic modification. The invention further provides methods,
reagents and compositions for in vivo genetic modification of the genome of a human or
animal cell or complementation of the inherited mutations in such a host using a correct
copy of the native gene. Furthermore, the present invention relates to uses of the said
methods, reagents and compositions in the treatment of disease and production of

transgenic animals.

In recent times genetic modification by way of random mutagenesis has given way to
directed mutagenesis of particular nucleotide sequences using sequence-specific protein

complexes.

Examples of such protein complexes include zinc-finger nucleases (ZFN), transcription
activator-like effector nucleases (TALENs), complexes derived from the CRISPR-Cas9

system of Streptococcus pyrogenes and other bacteria, and CRISPR-Cpf1.

ZFNs and TALENs are both protein nucleases whose protein structure allows them to
interact with and recognise a particular DNA sequence before cutting the DNA at a
defined location. Thus cutting a particular DNA sequence requires a uniquely designed
ZFN or TALEN protein.

In contrast, the CRISPR-Cas9 and CRISPR—-Cpf1 systems use a single protein whose
activity is directed by an RNA cofactor whose nucleotide sequence defines the location
at which the endonuclease will act to produce a double strand break.

Thus, all of these protein complexes act by making a DNA double strand break at a
predefined DNA sequence. This double strand break is then normally repaired by the

non-homologous end joining (NHEJ) pathway.

Repair by NHEJ is highly efficient and rapid but is more error-prone than the alternative
pathway for repair of DNA double-stranded breaks which is homology-directed repair
(HDR). Consequently, a proportion of NHEJ pair of events will cause insertion or deletion
of nucleotides at the break site. Such insertion or deletion events are known as ‘indels’.
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Homologous recombination proceeds in several distinct stages: the earliest step is
processing of the DNA end to produce 3’ single-stranded DNA (ssDNA). Following &’
strand resection, the 3’ ssDNA is bound by RecA-type recombinases that catalyzes
homologous pairing and DNA strand exchange. The 3’ end then primes DNA synthesis,
and resolution of Holliday junctions or strand annealing between newly-synthesized ends
results in repair of the initial DSB (Seitz et al., 2001, PMID: 11677683).

Alternatively, larger genetic modifications are enabled by the presence of a donor DNA
molecule in the vicinity of an artificially-created DNA double-stranded break. In this
instance HDR of the induced DSB causes repair of the DSB using the sequence of the
donor molecule. In this way specific modifications can be made and short sequence
insertions are also possible. One example of such a donor and a vector for producing
large amounts of such donor molecules is disclosed in WO 2010/084331.

However, the efficiency of genetic modification using HDR is low because most repair of

double strand breaks proceeds via the more rapid NHEJ pathway.

Furthermore, while the above-mention protein complexes are directed to specific
sequences their endonuclease activity has been known to act at other sites. Such “off-

site breaks” are particularly a problem as NHEJ is more error prone.

Thus, there exists a need for alternative and preferably improved methods and reagents
for sequence-specific modification of nucleic acid sequences and of DNA sequences in
particular. Furthermore, there is a need for techniques and reagents that more reliably
and efficiently yield the desired genetic modification or complement for specific
mutation(s) in the host genome. Additionally, there is a need for techniques and reagents
that reliably allow insertion of longer DNA sequences at a pre-defined locus.

An object of the present invention is to provide reagents and techniques for using these
reagents that provide alternatives, and in particular embodiments allow more reliable,
efficient and accurate modification or complementation for mutation in a target genome

at specific loci within the genome.
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There are provided herein proteins, protein—nucleic acid complexes and vectors that
provide improved transformation efficiencies and methods for carrying out such
transformations. Furthermore the said methods, reagents and compositions may be used
for in vivo genetic modification of the genome of a human or animal cell. Furthermore,
the present invention relates to uses of the said methods, reagents and compositions in
the treatment of disease.

Accordingly, the present invention provides a nucleic acid encoding a first fusion protein
comprising a 5' to 3' DNA exonuclease domain and an RNA binding domain. As an
alternative to the first fusion protein, in alternative embodiments the invention utilises a 5’

to 3' DNA exonuclease without an RNA binding domain.

Functionally significant domains or regions of different proteins or polypeptides may be
combined for expression from an encoding nucleic acid as a fusion protein. For example,
particularly advantageous or desirable properties of different proteins or polypeptides
may be combined in a hybrid protein, such that the resultant expression product, may

include fragments of various parent proteins or polypeptides.

In the fusion proteins described herein the domains of the fusion proteins are preferably
joined together via linker peptides. The particular choice of linker will depend on the
constituent domains of the fusion protein. The suitability and choice of appropriate linker
peptides is discussed in Chen et al. (Adv Drug Deliv Rev. 2013; 65(10): 1357-1369).

The first fusion protein may be for transformation of a eukaryotic cell in concert with an

RNA-guided endonuclease.

Tethering of proteins to RNAs by bacteriophage proteins has been established (Baron-
Benhamou et al., 2004, doi:10.1385/1-59259-750-5:135; Coller & Wickens, 2007, doi:
10.1016/S0076-6879(07)29014-7; Keryer-Bibens et al., 2008, doi:10.1042/BC20070067;
Tsai et al.,, 2011, doi: 10.1074/ mcp.M110.007385). A number of stem-loops and
bacteriophage coat proteins are available for tethering, such as MS2 stem loop (SEQ ID
NO: 1)-MS2 coat protein (SEQ ID NO: 2) (Peabody, 1993, PMID: 8440248), PP7 stem
loop (SEQ ID NO: 3)- PP7 coat protein (SEQ ID NO: 4) (Lim & Peabody, 2002,
PMID: 12364592), B-box stem loop (SEQ ID NO: 5)- lambda N coat protein (SEQ ID NO:
6) (Keryer-Biben et al., 2008, doi: 10.1042/BC20070067).
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Tethering customized sgRNA from CRISPR with the bacteriophage coat protein-binding
RNA stem-loop is known, wherein a stem-loop RNA structure was introduced inside or at
the 3" end of sgRNA and a potential protein of interest was fused to bacteriophage coat
protein (Konermann et al., 2015, doi: 10.1038/nature14136; Nowak et al., 2016, doi:
10.1093/nar/gkw908; Park et al., 2017, doi: 10.1371/iournal.pone.0179410; Anton et al.,
2018, doi: 10.1093/biomethods/bpy002) for site-specific visualization of genomic

elements, transcriptional regulation and epigenetic manipulation.

Both Zalatan et al. (Cell (2015) 160, 339-350) and the CRISPRainbow system described
initially by Ma et al. (Nat Biotechnol. 2016 APR 18. doi: 10.1038/nbt.3526) utilise a
modified sgRNA containing 3' RNA hairpin aptamers that bind uniquely labelled RNA
binding proteins. Thus the sgRNA is functionalised so that it can be used to locate fusion
proteins comprising binding domains for the aptamers in association with the sgRNA
(SEQ ID NO:s 7 and 8) and hence the endonuclease it is associated with.

The action of the first fusion protein may be for inhibition of NHEJ during transformation
of a cellular genome so as to promote HDR. The effect of such 5’ to 3’ resection on DNA
double-strand breaks is to suppress religation of DNA breaks (i.e. by blocking NHEJ), by
producing a substrate that is less suitable for NHEJ but is significantly more suitable for
loading of host recombinases and modification of the locus using HDR. Thus the action
of the first fusion protein may be for inhibition of NHEJ during transformation of a cellular

genome so as to promote HDR.

Lambda exonuclease (A-exo) plays an important role in the resection of DNA ends for
DNA repair. Lambda exonuclease is a 5'—3' exonuclease that progressively digests one
strand of a duplex DNA molecule to generate a 3'-single stranded-overhang
(Carter& Radding, 1971, PMID: 4928646). Because of its robust properties and low cost,
A-exo is widely used in multiple biotechnology applications, such as genetic engineering

using homologous recombination.

In the complex with DNA, A-exo unwinds two bases at the 5’ end of the substrate strand
to pull it into the reaction center. It hydrolyses double-stranded DNA (dsDNA) 130 times
faster than single-stranded DNA (ssDNA) (Little, 1967, PMID: 6017737). A DNA duplex
with a %' phosphorylated blunt or recessed end is the appropriate substrate for A-exo,
while the digestion rate of a dsDNA with a 5' hydroxyl end or a 5 phosphorylated
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overhang is significantly slower (Mitsis&Kwagh, 1999, PMID:10454600, Tongbo et al.,
2018, doi: 10.1093/nar/gky154).

Exonucleases with 5-3’ activities are presented in other organisms and 5'-3
exonucleases can be used in general for the invention. The Cas4 protein is one of the
core CRISPR-associated (Cas) proteins implicated in the prokaryotic CRISPR system for
antiviral defence. The Cas4 protein is a 5 to 3' single stranded DNA exonuclease in
vitro and it is involved in DNA duplex strand resection to generate recombinogenic 3’
single stranded DNA overhangs (Zhang et al., (2012)
hitps://doi.org/10.137 1/ijournal.pone.0047232).

Recd from Deinococcus radiodurans, a member of DHH family proteins, is the only &
nuclease involved in the RecF recombination pathway, providing the resection of DNA
strand with a 5” end at double-strand breaks as an essential step in recombinational DNA
repair. As a processive nuclease, Recd only degrades ssDNA in a 5-3" direction but
nuclease alone is capable of digesting DNA with only 5’-ssDNA overhang (Jiao et al,,
2012, doi:10.1016/j.dnarep.2011.11.008).

Genetic studies in Saccharomyces cerevisiae show that end resection takes place in two
steps. Initially, a short oligonucleotide tract is removed from the &' strand to create an
early intermediate with a short 3' overhang by the highly conserved Mre11-Rad50-Xrs2
(MRX) complex and Sae2. Then in a second step the early intermediate is rapidly
processed generating an extensive tract of sSsSDNA by the exonuclease Exo1 and/or the
helicase-topoisomerase complex Sgs1-Top3-Rmi1 with the endonuclease Dna2
(Mimitou& Symington, 2011, doi: 10.1016/{.dnarep.2010.12.004).

In archaea, such as Pyrococcus furiosus the end resection is executed by the bipolar
helicase HerA and the 5-3' exonuclease NurA (Hopkins&Paull, 2008,
doi: 10.1016/.cell.2008.09.054). Thus, loading or activation of HerA-NurA complex
promotes resection of the 5’ strand of the double-stranded DNA break (DSB) and initiate

of strand invasion.

For more information on enzymes involved in 5" end DNA resection and mechanisms of
3’ DNA ends generation in the three domains of life see Blackwood et al., 2013,
(doi: 10.1042/BST20120307); Liu & Huang, 2016, (doi: 10.1016/l.0pb.2016.05.002);
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Raynard et.,, 2019, (doi/10.1101/gad.1742408); Sharad & You, 2016,
(doi:10.1093/abbs/gmw043); Yin & Petes, 2014, (doi.org/10.1534/genetics.114.164517).

The exonuclease may be a dsDNA exonuclease. The exonuclease is suitably a 5 to 3’
exonuclease and is involved in recombination, double-strand break repair, the MMS2
error-free branch of the post replication repair (PRR) pathway and DNA mismatch repair.
Preferably the exonuclease is the A-exo protein from bacteriophage lambda (SEQ ID NO:
9). Without wishing to be bound by theory, this enzyme can produce approximately 100—
150bp 3' overhangs at dsDNA break sites during methods of the invention. The
exonuclease may be also used without a RNA-binding domain, though efficiency of HDR
may be slightly reduced.

The invention also provides a nucleic acid encoding a second fusion protein comprising
an endonuclease domain and, e.g. is fused to, a binding domain for an origin of

replication.

The endonuclease may cleave a target nucleic acid molecule in a sequence specific
manner. The sequence specific cleavage of the nucleic acid molecule may be double or
single stranded (including ‘nicking’ of duplexed nucleic acid molecules). Double stranded
cleavage may yield blunt ends or overhanging termini (5’ or 3' overhangs). The sequence
specific nuclease preferably acts as a monomer but may act as a dimer or multimer. For
instance a homodimer wherein both monomers make single strand nicks at a target site
can yield a double-strand break in the target molecule. Preferably the cleavage event
makes a double-stranded break in the target molecule.

Examples of sequence-specific endonucleases include zinc-finger nucleases (ZFN),
transcription activator-like effector nucleases (TALENs), complexes derived from the
CRISPR-Cas9 system of Streptococcus pyrogenes and other bacteria, and CRISPR-
Cpf1.

A nucleic acid molecule may comprise double- or single-stranded DNA or RNA. The
nucleic acid molecule may also comprise a DNA—RNA duplex. Preferably the nucleic acid
molecule is double-stranded DNA. Preferably the cleavage event makes a double-

stranded DNA break in the target molecule.
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Preferably the endonuclease is a DNA endonuclease and most preferably this is Cas9 or
Cpf1 from Acidominococcus or Lachnospiraceae. This may be Cas9 from Streptococcus
pyrogenes (SEQ ID NO: 10) or a homologous or functionally equivalent enzyme from
another bacteria.

The fusion protein may comprise an endonuclease and a component of the replication
initiation complex or replication complex, e.g. encoded by a viral Rep gene.

The components of the replication initiation complex or replication complex are
necessarily associated with origins of replication and may be covalently attached thereto
or to the elongating nucleic acid molecule. Suitably the origin of replication is derived from
a virus. Most suitably the virus is circovirus or another member of the circoviridae, such
as the genera circovirus, anellovirus and cyclovirus. Preferably the virus is porcine
circovirus 1 (PCV1) or a non-enveloped human DNA torque teno virus (TTV). However,
other members of the circoviridae are found in a large number of bird and mammal hosts

can may also be used.

The use of porcine circovirus or torque teno virus (TTV) is advantageous because these

viruses are non-pathogenic in humans.

The PCV1 Rep protein (SEQ ID NO: 11) binds to the PCV1 origin of replication (SEQ ID
NO: 12) and thus becomes covalently linked to the ssDNA strand of donor DNA produced
by rolling circle replication initiated at the origin of replication. Thus the newly replicated
donor DNA molecule is covalently linked to the second fusion protein and is necessarily
brought into close proximity to the site of the double-stranded DNA break caused by the

endonuclease.

Targeting of donor DNA to the target is a critical factor for HDR. A number of methods
have been developed for donor DNA tethering to the target (Sharma & McLaughlin, 2002,
doi: 10.1021/ja020500n; Aird et al., 2018, doi: 10.1038/s42003-018-0054-2; Savic et al.,
2018, doi: 10.7554/eLife.33761). It is interesting that covalent link of donor DNA to
cas9 fusion protein increases efficiency of homology-dependent recombination by 24-30

folds, as indicated by fusion of HUH endonucleases to cas9 (Aird et al., 2018, doi:
10.1038/s42003-018-0054-2) or cas9-SNAP-tag domain fusion (Savic et al., 2018,
doi: 10.7554/elLife.33761).
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The tethering of donor DNA to the target is, however, technically challenging, as (i) single-
stranded linear DNA (ssIDNA) should be produced in vitro, (ii) SsSDNA delivery to cell is
less efficient then dsDNA, (iii) ssIDNA is not stable in vivo and is subjected to rapid
endonuclease degradation, and as result, (iv) low concentration of donor DNA around the

targeted locus significantly reduce HDR.

Thus delivery of ssDNA to cells is challenging. ssDNA is difficult to deliver technically
because ssDNA is not naturally imported into cells and is rapidly degraded.
Advantageously, the present invention addresses this problem by delivering dsDNA and
then producing ssDNA in the desired location from this dsDNA

To address these issues the invention can utilise HUH rep proteins from bacteriophages,
circoviruses, geminiviruses, rolling circle transposons from bacteria or plants (such as
helitrons) preferentially active in mammalian cells for rolling circle replication, and
replicative donor vector containing double-stranded donor DNA flanked by one or two

viral origins of replication.

Modification of the target is significantly improved by producing ssDNA in vivo and
causing it to accumulate in the vicinity of the locus to be modified. Accumulating the
ssDNA in the vicinity of the locus to be modified means that it is available for use in HDR
processes for a longer period, which advantageously promotes HDR. Additionally,
amplification of the ssDNA copy number allows more of the ssDNA moiety to accumulate
close to the locus of interest, which, as noted above, promotes more efficient editing of
the target locus.

Our approach allows addressing all problems indicated above by one or more or all of:

)] simple and efficient delivery of dsDNA donor into the cells;

(i) producing single-stranded linear (ssIDNA) or single-stranded circular DNA
(sscDNA) in cells in vivo from much stable double-stranded DNA (dsDNA) of
the replicative donor vector;

(i) tethering of ssIDNA to the target by covalent link of donor DNA with rep protein
fused to cas9 or to bacteriophage coat protein (MS2 coat protein) in
combination with stem-loop RNA structure (MS2 stem-loop) introduced into
sgRNA; and
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(iv) enhancing donor DNA accumulation near targeted locus providing excess of

donor DNA for longer period of time.

Single-stranded donor DNA can be produced from linear dsDNA donor replicative vector
with one origin of replication fused to 5’ end of donor DNA, or from linear or circular dsSDNA
replicative vector where donor DNA fragment is flanked by origins of replication on both
5 and 3’ ends.

The invention also provides a nucleic acid encoding a third fusion protein comprising a
recombination inducing domain and an RNA binding domain.

The recombination domain may be a protein or polypeptide that interacts with a target or
donor nucleic acid molecule in order to catalyse modification of the nucleotide sequence
of the target nucleic acid with reference to the nucleotide sequence of the donor nucleic

acid molecule.

Modification of the target nucleic acid may be by way of insertion of all or a part of the
sequence of the donor nucleic acid molecule or substitution of all or a part of the sequence
of the donor nucleic acid molecule for a homologous section of the target nucleic acid
molecule. In this way deletions, insertions, frameshift mutations and single nucleotide

mutations may be achieved.

The recombination inducing event caused or mediated by the recombination inducing
domain may be initiating or catalysing strand exchange between the target and donor

nucleic acid molecules.

The recombination domain may be RecA from E. coli or a homologue thereof, Rad51 or
a homologue thereof from a plant or another organism, or an annealase from such as
bacteriophage A recombination protein beta (BET; Red) or a homologue thereof. Studies
of phage lambda in vivo have indicated that bacteriophage A beta protein can catalyse
steps that are central to both the strand annealing and strand invasion pathways of
recombination. A homologous protein in this case may have functional or sequence

homology, preferably functional homology.



10

15

20

25

30

CA 03102037 2020-11-30

WO 2019/229262 -10 - PCT/EP2019/064236

Preferably the recombination domain is a trimer of RecA (SEQ ID NO: 13) or Rad51 (SEQ
ID NO: 14) monomers. Most preferably the monomers are joined by peptide linkers. Use
of a trimer of monomers for the recombination domain is advantageous because this
allows binding of a turn of the nucleic acid helix in order to more efficiently initiate

recombinase loading and strand exchange and hence HDR.

The invention also provides a nucleic acid encoding a fourth fusion protein comprising a
domain comprising an inhibitor of the mismatch repair pathway; and an RNA binding

domain.

MSH2 and MSHG6 are proteins involved in base mismatch repair and the repair of short
insertion/deletion loops. The MSH2 dominant-negative mutant (Sia et al., 2001,
doi: 10.1128/MCB.21.23.8157-8167.2001) (SEQ ID NO: 15) competes with MSH2
binding to mismatches thus blocking the ability of the wild-type MSH2 protein to repair

these mismatches. A dominant negative allele of MSHG is also known and may be used
in the same way as the dominant negative allele of MSH2 (Bowers et al., 1999, doi:
10.1074/jbc.274.23.16115) (SEQ ID NO: 16).

The invention further provides a nucleic acid encoding a fifth fusion protein comprising a
domain comprising a Holliday junction resolvase and an RNA binding domain. The
resolvase is suitably a bacteriophage T4 endonuclease VIl (T4E7) (SEQ ID NO: 17), a
bacteriophage T7 endonuclease | (Babon et al., 2003, doi: 10.1385/MB:23:1:73); CCE1
(SEQ ID NO: 18) a YDC2 resolvases from yeast (Kleff et al., 1992, PMCID:PMC556502;
White et al., 1997, doi:10.1128/MCB.17.11.6465); a GEN1 resolvase from human (lp et
al., 2008, doi: 10.1038/nature07470) (SEQ ID NO: 19), or an AtGEN1 resolvase from
Arabidopsis thaliana (SEQ ID NO: 20), (Bauknecht & Kobbe, 2014, doi:
10.1104/pp.114.237834).

The rearrangement and repair of DNA by homologous recombination involves the
creation of Holliday junctions, which are cleaved by a class of junction-specific
endonucleases to generate recombinant duplex DNA products.

The formation of DNA joint molecules is a transient process, which usually disrupted at

an early stage by anti-recombinogenic helicases such as Srs2, Mph1 or RTEL1
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(Gangloff et al., 1994, PMCID: PMC359378; Malkova et al., 2003, PMCID: PMC4493758;
Prakash et al., 2009, doi: 10.1101/gad.1737809).

In somatic cells HDR is suppressed by low expression of resolvase and high activities of
anti-recombinogenic helicases. The DNA helicase that translocates along single-
stranded DNA in the 3' to 5’ direction displaces annealed DNA fragments and removes
Holliday junction intermediates from a crossover-producing repair pathway thereby
reducing crossovers and HDR (Malkova et al., 2003, PMCID: PMC4493758).

In order to improve efficiency of HDR, timely delivery of resolvase to Holliday junctions,
formed during donor DNA annealing, should be provided to fix recombination event and

translate it into the modification at the target site.

The RNA binding domains of any of the first, third, fourth and fifth fusion proteins may
bind to the RNA component of an RNA-guided endonuclease for use in transformation
mediated by the RNA-guided endonuclease. Preferably an RNA component is a tracrRNA
molecule or domain for use in transformation using the CRISPR-Cas9 system.
Reference to a given domain comprising, say, a RNA binding domain includes the given

domain both being and comprising that specified domain.

The invention also provides a method of transforming the genome of a human or animal
cell comprising the steps of:
a. expressing an RNA-guided endonuclease in the cell or introducing the
RNA-guided endonuclease into the cell;
b. expressing in the cell or introducing into the cell a sequence specific guide
RNA to direct cleavage by the endonuclease domain to a specific locus;
C. expressing in the cell the nucleic acid encoding the first fusion protein or

introducing the first fusion protein into the cell.

Thus the invention provides a system with multiple features that may be used separately
or in concert. These features include one or more or all of:
a. Induction of dsDNA break using the sequence-specific endonuclease of the

second fusion protein.
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b. Amplification and delivery of donor nucleic acid molecule to within close proximity
of the induced DNA break by associating the donor nucleic acid molecule with the
origin-binding domain of the second fusion protein.

c. Suppression of religation of DNA breaks (i.e. blocking NHEJ), preferably, as noted
above, by 5' to 3’ resection of double-stranded DNA breaks in order to produce a
substrate that is not suitable for NHEJ but is more suitable for HDR.

d. Delivery of recombinase to the induced dsDNA break.

e. Suppression of the mismatch repair pathway in the vicinity of the induced dsDNA
breaks by providing an inhibitor of this pathway. As noted above this is preferably
a fusion protein comprising a dominant negative suppressor protein of the
mismatch repair system.

f. Resolution of Holiday junctions after invasion and annealing of donor DNA in the

target site by delivery of the resolvase protein to DSB.

Features c, d, e and f are supplied to the HDR complex by their being provided in the
form of the first, third, fourth and fifth fusion proteins, i.e. each comprises a domain that
binds to an aptamer engineered to be part of the sgRNA that guides the endonuclease
activity of the second fusion protein.

The first, third, fourth and fifth fusion proteins each comprises a domain that binds to an
aptamer engineered to be part of the sgRNA that guides the endonuclease activity of an
RNA-guided endonuclease. Therefore the first, third, fourth and fifth fusion proteins may
be used in concert with an RNA-guided endonuclease other than the second fusion
protein, such as Cas9 or Cpf1.

Feature (b) may also be provided comprising a domain that binds to an aptamer
engineered to be part of the sgRNA that guides the endonuclease activity of an RNA-
guided endonuclease.

One advantage flowing from use of any or all of the first, second, third, fourth and/or fifth

fusion proteins of the invention is more reliable and efficient genetic modification.

A further advantage is that use of any or all of the first, second, third, fourth and/or fifth
fusion proteins of the invention allows for insertion of longer DNA sequences at a locus
or loci acted on by a sequence-guided endonuclease than has previously been reported.



10

15

20

25

30

CA 03102037 2020-11-30

WO 2019/229262 -13 - PCT/EP2019/064236

The invention also provides a method of modifying the genome of a human or animal, or
human or animal cell comprising:
a. expressing in the cell the nucleic acid encoding the second fusion protein or
introducing the second fusion protein into the cell; and
b. expressing in the cell or introducing into the cell a donor nucleic acid molecule

comprising an origin of replication.

As will be appreciated, the second fusion protein comprises an endonuclease domain
and a binding domain for an origin of replication, wherein the binding domain suitably
matches, e.g. binds to, the origin of replication of the donor nucleic acid.

Advantageously, the second fusion protein is capable of performing multiple functions.
These functions include one or more of, or all of:

— production of ssDNA of donor from dsDNA,;

— amplification of donor DNA;

— tethering of donor DNA to the target; and

— accumulation of donor DNA in close proximity to the target.

Particular advantage(s) are yielded by amplifying donor DNA and/or accumulating in
close proximity to the target: accumulation of donor DNA near the locus of the DNA
double-strand break promotes repair of the break by HDR. Providing a greater
concentraton of donor DNA and/or providing a greater local concentration of donor DNA
near the target locus promotes HDR. Without wishing to be bound by theory, this is
because the greater availability of a donor with a section homologous to the target means
that the less accurate but quicker NHEJ pathway is not favoured under these conditions.

An animal in the context of the present disclosure may by any multicellular vertebrate or
invertebrate animal. Suitably, the animal is a model organism used for biological,
physiological or genetic research. Accordingly the animal may be selected from: mouse
(Mus musculus), zebrafish (Danio rerio), fruit fly (Drosophila melanogaster), cat (Felis
sylvestris catus), chicken (Gallus gallus), dog (Canis lupus familiaris), guinea pig (Cavia
porcellus), rat (Rattus norvegicus) and nematode worm (Caenorhabditis elegans).
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Suitably, the animal is a domesticated or farmed animal. Accordingly the animal may be
selected from: goat (Capra aegagrus hircus), pig (Sus scrofa domesticus), sheep (Ovis
aries), cattle (Bos taurus), cat (Felis catus), donkey (Equus africanus asinus), duck (Anas
platyrhynchos domesticus), water buffalo, including "river buffalo" (Bubalus bubalis
bubalis) and "swamp buffalo" (Bubalus bubalis carabenesis), Western honey bee (Apis
mellifera), including subspecies ltalian bee (A. mellifera ligustica), European dark bee (A.
mellifera mellifera), Carniolan honey bee (A. mellifera carnica) and Caucasian honey bee
(A. mellifera caucasia), Greek bee (A. mellifera cecropia), dromedary camel (Camelus
dromedarius), horse (Equus ferus caballus), silkmoth (Bombyx mori), pigeon (Columba
livia a), goose (Anser domesticus and Anser cygnoides domesticus), yak (Bos
grunniens), bactrian camel (Camelus bactrianus), llama (Lama glama), alpaca (Vicugna
pacos), guineafowl (Numida meleagris), ferret (Mustela putorius furo), turkey (Meleagris
gallopavo) grass carp, silver carp, common carp, nile tilapia, bighead carp, catla (indian
carp), crucian carp, atlantic salmon, roho labeo, milkfish, rainbow trout, wuchang bream,

black carp, northern snakehead and amur catfish.

The donor nucleic acid molecule may comprise:

a. a donor nucleic acid sequence; and

b. origins of replication flanking nucleotide sequence of donor dsDNA molecule at
both 5’ and 3’-ends, or

c. origin of replication flanking nucleotide sequence of donor dsDNA molecule at &’
end and a replication terminator flanking nucleotide sequence at the 3' end, or

d. origin of replication flanking nucleotide sequence of linear donor dsDNA molecule
only at 5’ -end.

The replication terminator may be a non-functioning origin of replication that is still
capable of terminating replication when a replication fork reaches it. In a specific example,
a circovirus (e.g. from porcine circovirus) origin of replication is nicked by the Rep protein
at a particular location on a stem loop characteristic of the origin of replication. As long
as the stem loop is present and correctly nicked then replication will be terminated at that
location. Other sequence elements of the origin are not essential for termination and
therefore can be omitted from the replication terminator in this example.

However, the nick at the replication terminator derived from such an origin of replication
(in, for instance circoviruses) may still be competent for religation of the nicked stem loops
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at the active origin of replication and the downstream terminator/origin of replication. In
this way a nucleic acid circle with an active origin of replication is provided and may be
actively replicated by rolling circle replication or another mode of replication.

Rolling circle replication of the donor DNA acid molecule has the advantage of providing
a large amount of donor DNA nucleic acid. Provision of a relatively large amount of donor
nucleic acid molecule means that the probability of the successful transformation is
raised.

The invention also provides a method of recovery of modified cells using replicon
selection vector. In examples below this has been shown to be efficient.

Although modification in desirable locus of the cells can be introduced, recovery of
modified clones from such cells is difficult due to competition between modified and non-
modified cells. Recovery of modified clone from the population of modified and non-

modified cells can be tedious and time-consuming.

The method provides specific replicon selection vector allowing selection for clones with
desirable modification.

One example of the selection vector for introduction of knock out mutation in the cell and
recovery of clones on selection media is presented in Figure 7.

Accordingly, also provided by the invention is a selection vector comprising first and
second viral origins of replication, wherein the first and second viral origins of replication
are arranged to flank a donor DNA fragment; and the donor DNA fragment comprises a
selectable marker gene that is fused out of frame.

The first and second viral origins of replication may be arranged to flank a DNA sequence
comprising a promoter and a donor DNA fragment, and the donor DNA fragment may
comprise a selectable marker gene that is out of frame with the promoter.

One such introduced selection vector comprises two PCV1 viral origins of replication
flanking donor DNA fragment and selectable marker gene fused in translational frame.
The viral origin of replication at 5’ end of the donor DNA contains native host-specific
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promoter with ATG translation codon, fused in translational frame with donor DNA
fragment, linker, selectable marker gene (such as neomycin (SEQ ID NO: 21) or
puromycin resistance genes (SEQ ID NO: 22)) terminator (such as SV40 polyA (SEQ ID
NO: 23)), following by 3’ end viral origin of replication. All sequences introduced after ATG
codon, represent one translational unit, generating resistance to antibiotic, e.g. neomycin

or puromycin antibiotic.

In order to introduce a knock out mutation into specific gene, a stop codon should be
introduced in the donor DNA fragment. As the stop codon is introduced into donor
fragment in front of selectable marker gene, no antibiotic resistance generated by the
selection donor vector will be observed due to premature termination of translational unit

on selection vector.

Recombination of the donor DNA fragment with the target transfers stop codon to the
target sequence, while the DNA fragment without stop codon from the target replaces
donor fragment in the selection donor vector. As result, the translational unit on the donor
vector is restored, and the replicon is amplified, allowing selection on antibiotic
supplemented medium. The cells where translational unit of the donor vector is restored
by exchange between donor and target DNA strands during recombination process are
resistant to antibiotic selection, and clones can be recovered from such cells on selection

medium.

As Rep expression may be provided in cells transiently, the antibiotic selection vector
DNA will be degraded as soon as Rep protein is expired after 7-8 days and the modified
cloned can be recovered on selection medium. Subsequent propagation of modified

clones should be performed on antibiotic free medium.

The invention also provides a method of efficient complementation of common single-

gene disorders using replicon vector.

The replicative vector (replicon) described in this invention can be directly utilised for
human gene therapy to generate expression of correct copy of genes in the mutated
background of the host. For this purpose the vector, containing viral origins of replication

of torque teno virus (TTV) at both 8 and 3’ ends, flanking the cassette with correct
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sequence of desirable gene under native gene promoter and polyA, can be used (Figure
8).

Torque teno virus (TTV) is a circular, single-stranded DNA virus that chronically infects
healthy individuals of all ages worldwide. TTVs have a single stranded circular DNA of
approximately 3.8 kb and are extraordinarily diverse, spanning five groups including
SANBAN and SEN viruses. TTVs are ubiquitous in > 90% of adults with relatively uniform
distribution worldwide, but no human pathogenicity of TTV has been fully
established. TTV DNA was detected in different organs and tissues such as bone
marrow, lymph nodes, muscles, thyroid, lungs, spleen, pancreas, kidneys, cerebrospinal
fluid, nervous tissue (DOI: 10.1007/s00705-015-2363-9). Such widespread organ
distribution allows performing gene therapy of wide spectrum of the inherited diseases.

As TTV Rep gene is already present in the body of most patients, delivery of replicon
with correct gene can complement for the mutated copy of the gene in the host by
replicating in different organs and providing expression of correct protein from the
replicon. The sequence of TTV origin of replication has already been described (SEQ ID
NO: 24) and the formation of additional replication-competent subviral molecules using
this viral origin of replication has been demonstrated in vitro (DOI: 10.1128/JV1.02472-
10),

Thus the combination of replicon vector, containing correct copy of therapeutic gene, with
viral Rep genes provided from native TTV virus of infected patient can complement for
wide range of gene mutations responsible for different inherited diseases. In our
experiments a replicon of up to 20kb was engineered providing the possibility of

expression for long gene sequences.

Accordingly, the invention provides a method of transforming the genome of a human or
animal cell comprising the step of introducing a donor construct comprising a donor DNA
molecule into the cell, wherein the donor DNA molecule comprises (a) a sequence of
nucleic acids homologous to the intended target, or a sequence for complementation of
a mutated copy of a target, a promoter, a correct copy of the gene and a 3' UTR, and
wherein the construct comprises (b) one or more viral origin(s) of replication flanking the
donor DNA molecule. One donor DNA molecule comprises a sequence of nucleic acids
homologous to the intended target, and wherein the construct comprises (b) one or more
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viral origin(s) of replication flanking the sequence. A further suitable donor DNA molecule
comprises a sequence for complementation of a mutated copy of an intended target and
viral origins of replication flanking the complementation sequence and is for use in
therapy. The viral origin(s) of replication is preferably from a virus infection by which is
substantially asymptomatic, especially asymptomatic in humans. The virus may be
commensal with respect to animals, especially humans. An example is torque teno virus.
The donor may further comprise a 3' UTR. The invention further provides the donor DNA
for use in human therapy. The donor may be used in humans infected by the virus, as
this provides the requisite replicase for therapy activity in vivo. An option, for patients not
yet infected by the virus, is to infect the patient(s) with the virus prior to or at the same
time as administration (e.g. by injection) of the donor.

Therapy suitably includes preparation of replicon with the desirable gene based on the
viral origin of replication, e.g. TTV origin of replication, generation of replication-
competent subviral molecules in vitro, intravenous injection of the replication-competent

DNA molecules into the host.

Accordingly, the method may also comprise the steps of:
a. expressing in the cell one or more nucleic acids encoding the first,
third, fourth and fifth fusion proteins; or
b. introducing into the cell one or more of the first, third, fourth and fifth

fusion proteins.

Treatment of the common single-gene disorders, for example cystic fibrosis,
hemochromatosis, Tay-Sachs, sickle cell anaemia, fragile X syndrome, muscular
dystrophy and Huntington disease may be performed using this invention.

The methods described herein may comprise introducing a double strand break into the
genome in the presence of an exogenous donor nucleic acid molecule comprising a donor
nucleic acid sequence as a template for modifying the genome or as an exogenous
sequence to be integrated into the genome and a DNA repair mechanism modifies the
genome via homology-directed repair (HDR).

The method may further comprise the step or effect of suppressing non-homologous end
joining (NHEJ) repair of a DNA double-strand break to promote repair of the break by
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HDR by expressing in the cell a nucleic acid encoding the first fusion protein or introducing
the first fusion protein into the cell.

The methods described herein may comprise introducing a double strand break into the
genome in the presence of an exogenous donor nucleic acid molecule comprising a donor
nucleic acid sequence as a template for modifying the genome or as an exogenous
sequence to be integrated into the genome and a DNA repair mechanism modifies the
genome via homology-directed repair (HDR) the method comprising:
suppressing non-homologous end joining (NHEJ) repair of the break to promote
repair by HDR by expressing in the cell a nucleic acid encoding the first fusion
protein or introducing the first fusion protein into the cell.

The first protein may be also expressed without fusion to an RNA aptamer binding protein
under a constitutive promoter or as mRNA, however efficiency of NHEJ suppression is

reduced.

The method may further comprise the steps of:
a. expressing in the cell one or more nucleic acids encoding the second, third, fourth
and fifth fusion proteins; or
b. introducing into the cell one or more of the second, third, fourth and fifth fusion

proteins.

The method may further comprise the steps of:
a. expressing in the cell or introducing into the cell a sequence specific guide RNA to
direct cleavage by the endonuclease domain to a specific locus; and
b. expressing in the cell one or more nucleic acids of the first, third, fourth and fifth
fusion proteins or introducing one or more of the first, third, fourth and fifth fusion

proteins into the cell.

The method may further comprise the step of expressing in the cell two or more nucleic
acids encoding the first, third, fourth and fifth fusion proteins or introducing into the cell
two or more of the first, third, fourth and fifth fusion proteins, wherein the RNA binding
protein domains of the respective fusion proteins bind to different RNA sequences.
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In this way the first fusion protein may be using in concert with the second, third, fourth
and fifth fusion proteins for transformation of a non-animal cell or organism in concert with

an RNA-guided endonuclease.

Expression of the first, second, third, fourth and fifth fusion proteins during a method of
modifying the genome as described herein may be via inducible and/or transient

expression.

Various methods for introducing nucleic acids encoding the fusion proteins and nucleic
acids of the invention are envisaged these include electroporation and infiltration in order
to introduce proteins, DNA and/or RNA. Also envisaged is the use of delivery systems,
including liposomes or lipid nanoparticles (LNP), for directly introducing proteins, DNA

and/or RNA, preferably by encapsulation of the proteins, DNA and/or RNA therein.

The invention further provides a first fusion protein comprising a 5’ to 3' DNA exonuclease
domain with or without an RNA binding domain.

The invention also provides a second fusion protein comprising an endonuclease and a

component of the replication initiation complex or replication complex.

The invention also provides a third fusion protein comprising a recombination inducing

domain and an RNA binding domain

The invention further provides a fourth fusion protein comprising a domain comprising an

inhibitor of the mismatch repair pathway and an RNA binding domain.

The invention further provides a fifth fusion protein comprising a domain for Holiday
junction resolution with or without an RNA binding domain.

The invention further provides for use of the first fusion protein, or a nucleic acid encoding
the fusion protein in transformation of a human or animal cell, or human or animal cell

line using an RNA-guided endonuclease.

The invention further provides for use of the second fusion protein, or a nucleic acid

encoding the second fusion protein in transformation of a non-animal organism or cell.
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The invention also provides for use of the first fusion protein, or a nucleic acid encoding
the first fusion protein in concert with the second, third, fourth and fifth fusion proteins in

transforming a non-animal organism or cell using an RNA-guided endonuclease.

The invention further provides vectors comprising the nucleic acids of the invention. Such

vectors may be suitable for modification in vitro or in vivo.

Vectors of the invention capable of expressing products encoded on nucleotides of the
invention may also be suitable for expression in a host cell or cell-free system. Suitably
the host cell may be a cultured plant cell, yeast cell or bacterial cell, e.g. Escherichia coli.
Compositions and products of the invention may be obtained by methods comprising

expressing such encoded products in a suitable host cell or cell-free system.

The invention also provides uses of the methods, reagents and compositions disclosed
herein for introducing desirable traits to non-animal organisms or ameliorating or
removing non-desirable traits in these organisms. Accordingly, the invention also
provides non-animal transgenic organisms, transgenic cells thereof and transgenic non-
animal cell lines. Organisms which include a transgenic cell according to the invention

are also provided.

The invention further provides methods of treating disease or other conditions of non-
animal organisms or cells by utilising the methods, reagents and compositions disclosed

herein.

The invention also provides the methods, reagents and compositions disclosed herein for

use in the treatment of disease or humans or animals.

The invention also provides uses of the methods, reagents and compositions disclosed
herein for introducing desirable genetic characteristics to humans or animals or

ameliorating or for removing non-desirable genetic characteristics in humans or animals.

The invention further provides uses of the methods, reagents and compositions disclosed
herein for introducing desirable heritable characteristics to non-human animals for

ameliorating or for removing non-desirable inherited characteristics in these animals.
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Accordingly, the invention also provides non-human transgenic animals, transgenic cells
thereof and transgenic human or animal cell lines. Animals which include a transgenic

cell according to the invention are also provided.

The invention further provides methods of treating disease or other conditions of humans

or animals by utilising the methods, reagents and compositions disclosed herein.

The invention also provides uses of the methods, reagents and compositions disclosed
herein for introducing desirable genetic characteristics to human or animal embryonic
stem cells and/or stem cell lines or for ameliorating or removing non-desirable genetic

characteristics in these stem cells and/or stem cell lines.

The invention further provides uses of the methods, reagents and compositions disclosed
herein for therapeutic or diagnostic purposes applied to a human embryo and which are
useful to it.

The invention is now illustrated in specific embodiments with reference to the

accompanying drawings in which:

Fig. 1 shows a schematic representation of inducing a DNA double strand break with
Cas9 protein (Cas9) and resecting the DNA DSB with A-exo. The MS2- A-exo
fusion protein is engineered to bind to the single guide RNA (sgRNA) via aptamer
loops on the sgRNA that bind to the MS2 domain. (SEQ ID NO: 25).

Fig. 2 shows a schematic representation of a cas9—-PCV1 Rep (virus replication
associated protein) fusion protein (SEQ ID NO: 11) and an MS2- A-exo — fusion
protein showing its binding to an aptamer loop. Also shown is an electrophoresis
gel demonstrating the activity of the cas9—PCV1 Rep fusion protein. The Rep
protein may instead be fused with zinc-finger or TALEN nucleases to yield similar
activities to the cas9-Rep fusion.

Fig. 3 shows the design of a multi stem-loop sgRNA with hairpins from different
bacteriophages (MS2, PP7 and P22 bacteriophages; (SEQ ID NOs: 1, 3, 5 and
7-8).

Fig. 4 shows the vectors for topoisomerase | gene modification in human HEK293 cells,

vectors containing cas9-PCV1 Rep fusion and sgRNAZ2.0 for introduction of (4a)
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Fig. 5

Fig. 6

Fig. 7

Fig. 8

Fig. 9

mutation into topoisomerase gene (TF1) and (4b) for precise insertion of eGFP
into topoisomerase | locus (TF3).

shows (5a) a donor vector (TF2) containing a mutated topoisomerase | gene
fragment for generation of resistance to antibiotic camptothecin (SEQ ID NO: 26),
and (5b) a donor vector (TF4) comprising a cassette designed for insertion of
eGFP into the topoisomerase | locus (SEQ ID NO: 27). POR1 and POR2 (SEQ
ID NO: 12) are viral origins of replication from pig circovirus 1 (PCV1)

shows (6a) vector containing a cassette for translational fusion of the MS2 coat
protein (SEQ ID NO: 2) and A-exo (SEQ ID NO: 9) to generate targeting of the A-
exo protein to double-stranded DNA breaks, (6b) control (TFO) vector containing
cas9 (SEQ ID NO: 28) with sgRNA for introduction of camptothecin resistance
into the topoisomerase | locus.

shows (7a) cassette of replicon selection vector containing two PCV1 viral origins
of replication with host-specific promoter, donor of human topoisomerase | with
introduced stop codon, linker fused to selectable gene neomycin and SV40
polyA. The donor fragment is fused in frame with selection gene, thus
representing one translational unit; (7b) vector with “dead” cas9 gene (dCas9),
where nuclease activity centres were mutagenized (TF7) for introduction of
camptothecin resistance into the topoisomerase | locus (7c). In alternative
embodiments, alternative DNA binding domains such as zinc-finger or TALEN
domains may be fused to Rep and utilised for this approach.

shows constructs containing T4 endonuclease VII (T4E7) resolvase from
bacteriophage T4 (TF8) and AtGEN1 resolvase from Arabidopsis (TF9) fused to
MS2 coat protein to target them with sgRNA.

shows replicon vector for complementation of common single-gene disorder such
as alpha-1 antitrypsin deficiency using expression of correct SERPINA1 gene
(SEQ ID NO: 33) from replicon vector in different organs and tissues of the

patient.

Example 1

Gene Editing of Topoisomerase | in Human Cells

To assess efficiency of gene targeting in human cells a set of constructs was prepared

for targeting topoisomerase |I.
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Transfections were carried out by calcium phosphate transfection (see Calcium
phosphate—mediated transfection of eukaryotic cells, Nature Methods 2005, volume 2,
pages 319-320 and kits derived therefrom as available from ThermoFisher Scientific or
Merck) but may also be carried out by electroporation (see method below).

A mutant topoisomerase | gene fragment for generation of resistance to antibiotic
camptothecin (SEQ ID NO: 26) was introduced into human HEK293 cells (topl donor-
SKM; Figure 4a). Co-transfection of human HEK293 cells was performed using TF1
vector (containing FtoS sgRNA2.0 (SEQ ID NO: 29) and cas9-PCV1 Rep) (Fig. 4a), TF2
vector (containing modified donor DNA) (Fig. 5a) and TF5 vector (containing MS2-A-exo)
(Fig. 6a). The clones recovered after transfection were analysed by PCR and sequencing
(Table 1). Positive for mutation clones have confirmed resistance to camptothecin

antibiotic.

Table 1

Experiment in human Heterozygous  Homozygous Percentage of
HEK293 cells clones clones homozygous
clones

(i) Donor vector POR12 2 out of 47 0 out of 47 0%
TOP1 FtoS sgRNA2.0
cas9

(ii) Donor vector 4 out of 47 3 out of 47 6.3%
POR12

TOP1 FtoS sgRNA2.0

cas9-PCV1-Rep

(iif) Donor vector 6 out of 47 4 out of 47 8.5%
POR12

TOP1 FtoS sgRNA2.0

cas9-PCV1-Rep

MS2- A-exo

These results demonstrate that gene editing mediated by the Cas9—PCV1Rep fusion
(SEQ ID NO: 11) (experiment (ii)) is significantly more efficient than for the control

experiment using cas9 alone.

These results also demonstrate that gene editing mediated by the Cas9—PCV1Rep fusion
and an MS2- A-exo fusion protein designed to bind to the Cas9—sgRNA complex
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(experiment (iii)) is yet more efficient than either the control experiment using cas9 alone

or experiment (ii) using the Cas9—PCV1Rep fusion alone.

Example 2

Insertion of e GFP into the Topoisomerase I locus of Human Cells

Human cells carrying the mutated topoisomerase | gene generated by the method
described above were then co-transformed with donor construct TF4 (topl-eGFP donor-
SKM) (SEQ ID NO: 27) (Fig. 5b) and constructs expressing (i) Cas9 (TFO) (Fig. 6b) (ii)
Cas9-PCV1Rep fusion or (iii)) Cas9—PCV1Rep fusion (TF3) (Fig.4b) and an MS2-A-exo
fusion protein (TF5) designed to bind to the sgRNA that is in turn bound to the cas9 (Fig
6a).

The cells subsequently generated were assessed for eGFP activity; eGFP activity
indicating successful transformation in vivo using the gene targeting system. The results

of these experiments are set out in Table 2.

Table 2
Experiment in human Heterozygous  Homozygous Percentage of
HEK293 cells with clones clones homozygous
eGFP (717bp) clones
(i) Donor vector POR12 0 out of 47 0%
TOP1 eGFP sgRNA2.0
cas9
(ii) Donor vector 0 out of 47 0%
POR12

TOP1 eGFP sgRNA2.0
cas9-PCV1-Rep

(iif) Donor vector 3 out of 47 6.3%
POR12

TOP1 eGFP sgRNA2.0

cas9-PCV1-Rep

MS2- A-exo

The transformation being carried out in this instance is a relatively large insertion of
717bp. As noted above, hereto now it has not been possible to insert longer sequences
of nucleotides into a locus targeted by RNA-directed mutagenesis.



10

15

20

25

30

35

CA 03102037 2020-11-30

WO 2019/229262 - 26 - PCT/EP2019/064236

These results also demonstrate that gene editing mediated by the Cas9—PCV1Rep fusion
in concert with an MS2-A-exo fusion protein designed to bind to the sgRNA complex
(experiment (iii)) allows the efficient insertion of longer nucleotide sequences into the
targeted locus. As is also demonstrated such an insertion is not achieved by using cas9
alone or the Cas9—PCV1Rep fusion alone.

Example 3.

Selection for knock out topoisomerase | mutant in HEK293 cells using replicon selection
vector.

In order to accelerate generation of desirable modification in the cells a replicon selection
vector has been developed (Fig. 7a). The selection approach relies on three factors:

(i) strand exchange between donor and target DNA, so that modification in the
donor vector due to such exchange generates a functional translational unit
connected to the selection gene.

(ii) transient amplification of the modified donor using PCV1-Rep.

(iii)  selection of the transfected cells on specific antibiotic for 5-10 days.

The donor DNA replicon selection vector was designed to introduce stop codon into the
exon 12 of topoisomerase | (SEQ ID NO: 31). Co-transformation of the HEK293 cells was
performed with three vectors: TF1 (FtoS sgRNA2.0-cas9-PCV1 Rep) (Fig. 5a), TF5
(MS2-A-exo) (Fig. 6a) and replicon selection vector TF6 (Fig. 7a). The colonies were
recovered on neomycin supplemented media after 7 days of selection. Generation of
knock out mutant was confirmed by PCR analysis and sequencing.

Example 4.

Introduction of mutation into the topoisomerase | locus without generation of DSB.
Introduction of mutation into the desirable locus without DSB would be more preferable
compare to cas9 nuclease-mediated HDR, as the risk of “off target” events is still
considerably high.

We prepared TF7 vector with mutated version of cas9-Rep (SEQ ID NO: 32) (Fig. 7b),
where both nuclease activities sites were eliminated resulting in so-called “dead” cas9
nuclease (dCas9-Rep). Although nuclease activities were eliminated, dCas9-Rep still
binds to sgRNA and recognises the target. As Rep gene is fused to dCas9, the donor
DNA molecule covalently linked to Rep is still tethered to the target and can be annealing
with target forming Holliday junctions. Such annealing of donor DNA with target and
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formation of Holliday junction are suppressed by endogenous helicases. In order to
facilitate rapid resolution of Holliday junctions at the target site after annealing of donor
DNA, we have co-delivered TF8 vector with bacteriophage T4 exonuclease VIl (T4E7) or
TF9 vector with Arabidopsis AtGEN1 resolvase fused to MS2 coat protein) to tether it to
target site using MS2 stem-loops integrated into sgRNA (Fig. 8). The replicon donor
selection vector TF6 was designed to introduce stop codon into exon12 of human
topoisomerase | as indicated in example 3. Both bacteriophage and Arabidopsis
resolvases have facilitated recovery of mutated cells in combination with replicon donor

selection vector.

Example 5.

Complementation of mutated human SERPINAT locus using replicon-based vector.

A replicon vector (TF10) for complementation of mutated SERPINA1 locus responsible
for alpha-1 antitrypsin deficiency was prepared which can be utilised for treatment of
patients with this single gene disorder (Fig. 9). The vector comprises two torque teno
virus origins of replication at 5 and 3’ ends of donor cassette, containing SERPINA1
native 5’ untranslated region (UTR) sequence with promoter, correct copy of SERPINA1
gene followed by native 3’ UTR of the locus (SEQ ID NO: 33).

Such vector may be applied to patient who has been confirmed to be positive for presence
of torque teno virus (TTV). The virus provides a source of native Rep protein, which can
amplify replicon vector driving expression of correct gene copy in different organs of the
patient.

Transformation Method — Electroporation
This protocol was adapted from “DNA transfection by electroporation” in Molecular
Cloning: A Laboratory Manual (eds. Sambrook, J. & Russell, D.W.) 16.33-16.36 (Cold
Spring Harbor Laboratory Press, Cold Spring Harbor, New York, 2001;
http://www.cshlpress.com/link/molclon3.htm).

Preparation of the cells

1. Collect the cells to be transfected from cultures in the mid- to late-logarithmic phase
of growth. Use either a rubber policeman or trypsin to release adherent cells.
Centrifuge at 500g at 4 °C for 5 min.
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. Resuspend the cell pellet in 0.5% volume of the original growth medium and

measure the cell number using a hemocytometer.

Collect the cells by centrifugation, as described in Step 1 and resuspend them in
growth medium or phosphate-buffered saline (PBS; 137 mM NacCl, 2.7 mM KClI, 10
mM Na2HPO4 and 2 mM KH2PO4) at 15-25 °C at a concentration of 2.5 x 10° to 2.5
x 107 cells/ml.

. Transfer 400-pl aliquots of the cell suspension (106-107 cells) into as many labeled

electroporation cuvettes as needed. Place the loaded cuvettes on ice.

Set the parameters on the electroporation device. (A typical capacitance value is
1,050 pF.) Voltages range from 200 to 350 V, depending on the cell line, but
generally average 260 V. Use an infinite internal resistance value. Discharge a blank
cuvette containing PBS at least twice before electroporating cells.

Introduction of the DNA

6.

Add 10-30 pg of plasmid DNA in a volume of up to 40 pl to each cuvette containing
cells. (Some investigators add carrier DNA, for example, salmon sperm DNA, to
bring the total amount of DNA to 120 pg.) Gently mix the cells and DNA by pipetting
the solution up and down. Proceed to Step 7 without delay.

Do not introduce air bubbles into the suspension during the mixing step.

. Immediately transfer the cuvette to the electroporator and discharge the device.

After 1-2 min, remove the cuvette, place it on ice and proceed immediately to the
next step.

. Transfer the electroporated cells to a 35-mm culture dish using a micropipettor

equipped with a sterile tip. Rinse out the cuvette with a fresh aliquot of growth
medium and add the washings to the culture dish. Transfer the dish to a humidified
incubator at 37 °C with an atmosphere of 5-7% COs..

Repeat Steps 68 until all of the DNA cell samples have been treated. Recording
the actual pulse time for each cuvette will facilitate comparisons between

experiments.
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10.1f the objective is stable transformation of the cells, proceed directly to Step 11. For
transient expression, examine the cells 24-96 h after electroporation using an

appropriate assay.

11.To isolate stable transfectants, incubate for 48—72 h in complete medium, trypsinize
the cells and replate them in the appropriate selective medium. Change the selective
medium every 2—4 d for 2—-3 weeks to remove the debris of dead cells and to allow
colonies of resistant cells to grow. Thereafter, clone individual colonies and

propagate for the appropriate assay.

Nucleotide Sequences

MS2-derived stem-loop for binding (SEQ ID NO: 1)
ggccaacatgaggatcacccatgtctgcagggcec

MS2 coat protein (SEQ ID NO: 2)

atggcttcaaactttactcagttcgtgctcgtggacaatggtgggacaggggatgtgacagtggctecttctaatttcgctaatggggtggcagagtgg
atcagctccaactcacggagccaggcctacaaggtgacatgcagcgtcaggcagtctagtgcccagaagagaaagtataccatcaaggtggag
gtcceccaaagtggctacccagacagtgggeggagtcgaactgcectgtegeegcettggagatcctacctgaacatggaactcactatcccaattttcg
ctaccaattctgactgtgaactcatcgtgaaggcaatgcaggggctcctcaaagacggcaatcctatcccttccgccatecgecgctaactcaggea

PP7-derived stem-loop for binding (SEQ ID NO: 3)
taaggagtttatatggaaaccctta

PP7 bacteriophage coat protein (SEQ ID NO: 4)
atgtccaaaaccatcgttctttcggtcggcgaggctactcgcactctgactgagatccagtccaccgcagaccgtcagatcttcgaagagaaggteg
ggcctctggtgggteggcetgcgectcacggcttcgeteegtcaaaacggagceccaagaccgcegtatcgagtcaacctaaaactggatcaggeggac
gtcgttgattgctccaccagcegtctgcggegagcttccgaaagtgegcetacactcaggtatggtcgcacgacgtgacaatcgttgecgaatagcaccg
aggcctcgegcaaatcgttgtacgatttgaccaagtccctecgtcgegacctcgcaggtecgaagatcttgtecgtcaaccttgtgecgetgggecgttaa

P22-derived stem-loop for binding bacteriophage B-box (SEQ ID NO: 5)
accgccgacaacgceggt

P22 bacteriophage coat protein (SEQ ID NO: 6)
atgacggttatcacctacgggaagtcaacgtttgcaggcaatgctaaaactcgcecgtcatgagcggcgcagaaagctagccatagagecgcgaca
ccatctgcaatatcatcgattcaatttttggctgcgatgctcctgatgcttctcaggaagttaaagccaaaagaattgaccgtgtcaccaaagccatttcg
cttgccggaacgcgtcagaaggaagttgaaggaggatctgtacttcticcaggcgtagcactttacgeggctggtcatcgtaagagcaaacaaata
acagcgaggtaa

sgRNAZ2.0 with MS2 hairpins for modification of topoisomerase | gene (SEQ ID NO:7)
gatttacaacaaaacccagcgttttagagctaggccaacatgaggatcacccatgtctgcagggcctag caagttaaaataaggctagtccgttate
aacttggccaacatgaggatcacccatgtctgcagggccaagtggcaccgagtcggtgcttttttttttt

sgRNA comprising multiple stem-loops (SEQ ID NO: 8)
gttttagagctaggccaacatgaggatcacccatgtctgcagggcctagcaagttaaaataaggctagtccgttatcaactttaaggagtttatatgga
aacccttaaagtggcaccgagtcggtgctaccgeccgacaacgceggttttttttttt

A-exo gene from bacteriophage lambda (SEQ ID NO: 9)

atgacaccggacattatcctgcagcgtaccgggatcgatgtgagagctgtcgaacagggggatgatgcgtggcacaaattacggcetcggegtcat
caccgcttcagaagttcacaacgtgatagcaaaaccccgctccggaaagaagtggcctgacatgaaaatgtcctacttccacaccctgcttgctga
ggtttgcaccggtgtggctcecggaagttaacgctaaagcactggectggggaaaacagtacgagaacgacgccagaaccctgtttgaattcacttc
cggcgtgaatgttactgaatccccgatcatctatcgcgacgaaagtatgegtaccgcectgctctcececgatggtttatgcagtgacggcaacggcecttg
aactgaaatgcccgtttacctcccgggatttcatgaagttccggceteggtggtitcgaggccataaagtcagcettacatggcccaggtgecagtacage
atgtgggtgacgcgaaaaaatgcctggtactttgccaactatgaccegcgtatgaagegtgaaggcectgceattatgtcgtgattgagecgggatgaaa
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agtacatggcgagttttgacgagatcgtgccggagttcatcgaaaaaatggacgaggcactggctgaaattggttttgtatttggggagcaatggeg
atga

cas9 gene (SEQ ID NO: 10)
atggactataaggaccacgacggagactacaaggatcatgatattgattacaaagacgatgacgataagatggccccaaagaagaagcggaa
ggtcggtatccacggagtcccagcagccgacaagaagtacagcatcggectggacatcggcaccaactctgtgggcetgggecgtgatcaccgac
gagtacaaggtgcccagcaagaaattcaaggtgctgggcaacaccgaccggcacagcatcaagaagaacctgatcggagccctgctgttcgac
agcggcgaaacagccgaggccacceggctgaagagaaccgccagaagaagatacaccagacggaagaaccggatctgctatctgcaagag
atcttcagcaacgagatggccaaggtggacgacagcttcttccacagactggaagagtccticctggtggaagaggataagaagcacgagegge
accccatcttcggcaacatcgtggacgaggtggectaccacgagaagtaccccaccatctaccacctgagaaagaaactggtggacagcaccg
acaaggccgacctgeggctgatctatctggccctggeccacatgatcaagttccggggcecacttcctgatcgagggcegacctgaaccccgacaac
agcgacgtggacaagctgttcatccagctggtgcagacctacaaccagctgticgaggaaaaccccatcaacgccageggcegtggacgccaag
gccatcctgtctgccagactgagcaagagcagacggctggaaaatctgatcgeccagctgecccggecgagaagaagaatggcectgttcggaaac
ctgattgccctgagcctgggcectgacccccaacttcaagagcaacttcgacctggeccgaggatgccaaactgcagcetgagcaaggacacctacg
acgacgacctggacaacctgctggcccagatcggegaccagtacgccgacctgttictggeccgccaagaacctgtccgacgcecatectgctgage
gacatcctgagagtgaacaccgagatcaccaaggcccccctgagcegcectctatgatcaagagatacgacgagcaccaccaggacctgaccctg
ctgaaagctctcgtgcggcagcagcetgcctgagaagtacaaagagattttcticgaccagagcaagaacggctacgccggctacattgacggegg
agccagccaggaagagtictacaagttcatcaagcccatcctggaaaagatggacggcaccgaggaactgctcgtgaagctgaacagagagg
acctgctgcggaagcagcggaccttcgacaacggcagcatcccccaccagatccacctgggagagctgcacgccattctgecggeggcaggaa
gatttttacccattcctgaaggacaaccgggaaaagatcgagaagatcctgaccticcgcatcccctactacgtgggecctetggccaggggaaac
agcagattcgcctggatgaccagaaagagcgaggaaaccatcaccccctggaacttcgaggaagtggtggacaagggcegcttccgeccagag
cttcatcgagcggatgaccaacttcgataagaacctgcccaacgagaaggtgctgcccaagcacagcectgctgtacgagtacttcaccgtgtataa
cgagctgaccaaagtgaaatacgtgaccgagggaatgagaaagcccgccticctgagcggcgagcagaaaaaggccatecgtggacctgctgtt
caagaccaaccggaaagtgaccgtgaagcagctgaaagaggactacttcaagaaaatcgagtgcttcgactccgtggaaatctccggegtgga
agatcggttcaacgcctccctgggcacataccacgatctgctgaaaattatcaaggacaaggacttcctggacaatgaggaaaacgaggacattc
tggaagatatcgtgctgaccctgacactgtttgaggacagagagatgatcgaggaacggctgaaaacctatgcccacctgticgacgacaaagtg
atgaagcagctgaagcggcggagatacaccggctggggcaggcetgageccggaagctgatcaacggcatccgggacaagcagtccggcaag
acaatcctggatttcctgaagtccgacggcttcgccaacagaaacttcatgcagctgatccacgacgacagcectgacctttaaagaggacatccag
aaagcccaggtgtccggccagggcegatagectgcacgagcacattgccaatctggeccggcagecccgcecattaagaagggcatcctgcagaca
gtgaaggtggtggacgagctcgtgaaagtgatgggccggcacaagceccgagaacatcgtgatcgaaatggccagagagaaccagaccaccce
agaagggacagaagaacagccgcgagagaatgaagcggatcgaagagggcatcaaagagcetgggcagcecagatcctgaaagaacaccce
gtggaaaacacccagctgcagaacgagaagctgtacctgtactacctgcagaatgggcgggatatgtacgtggaccaggaactggacatcaac
cggctgtccgactacgatgtggaccatatcgtgectcagagctttctgaaggacgactccatcgacaacaaggtgctgaccagaagcgacaagaa
ccggggcaagagcgacaacgtgccctccgaagaggtcgtgaagaagatgaagaactactggeggceagctgctgaacgccaagcetgattacce
agagaaagttcgacaatctgaccaaggccgagagaggcggcctgagcgaactggataaggccggcttcatcaagagacagctggtggaaacc
cggcagatcacaaagcacgtggcacagatcctggactcccggatgaacactaagtacgacgagaatgacaagctgatccgggaagtgaaagt
gatcaccctgaagtccaagctggtgtccgatttccggaaggatttccagttttacaaagtgcgcgagatcaacaactaccaccacgcccacgacgce
ctacctgaacgccgtcgtgggaaccgcecctgatcaaaaagtaccctaagctggaaagcegagttcgtgtacggegactacaaggtgtacgacgtge
ggaagatgatcgccaagagcgagcaggaaatcggcaaggctaccgccaagtacttcttictacagcaacatcatgaactttttcaagaccgagatt
accctggccaacggcgagatccggaagceggcctctgatcgagacaaacggecgaaaccggggagatcgtgtgggataagggecgggattttge
caccgtgcggaaagtgctgagcatgccccaagtgaatatcgtgaaaaagaccgaggtgcagacaggeggctticagcaaagagtctatectgecce
aagaggaacagcgataagctgatcgccagaaagaaggactgggaccctaagaagtacggcggcttcgacagccccaccgtggcectattetgtg
ctggtggtggccaaagtggaaaagggcaagtccaagaaactgaagagtgtgaaagagctgctggggatcaccatcatggaaagaagcagcttc
gagaagaatcccatcgactttctggaagccaagggctacaaagaagtgaaaaaggacctgatcatcaagctgcctaagtactcectgttcgagct
ggaaaacggccggaagagaatgctggcctctgcecggcgaactgcagaagggaaacgaactggecctgccctccaaatatgtgaacttectgtac
ctggccagccactatgagaagctgaagggctcccececgaggataatgagcagaaacagctgtitgtggaacagcacaagcactacctggacgag
atcatcgagcagatcagcgagttctccaagagagtgatcctggccgacgctaatctggacaaagtgctgtccgectacaacaagcaccgggataa
gcccatcagagagcaggcecgagaatatcatccacctgtttaccctgaccaatctgggagecccetgecgccttcaagtactttgacaccaccatcgac
cggaagaggtacaccagcaccaaagaggtgctggacgccaccctgatccaccagagcatcaccggcctgtacgagacacggatcgacctgtct
cagctgggaggcgacaaaaggccggcggcecacgaaaaaggecggecaggcaaaaaagaaaaagtaa

cas9-PCV1 Rep fusion protein gene (SEQ ID NO: 11)

atggactataaggaccacgacggagactacaaggatcatgatattgattacaaagacgatgacgataagatggccccaaagaagaagcggaa
ggtcggtatccacggagtcccagcagccgacaagaagtacagcatcggectggacatcggcaccaactctgtgggcetgggecgtgatcaccgac
gagtacaaggtgcccagcaagaaattcaaggtgctgggcaacaccgaccggcacagcatcaagaagaacctgatcggagcecctgcetgttcgac
agcggcgaaacagccgaggccacceggctgaagagaaccgccagaagaagatacaccagacggaagaaccggatctgctatctgcaagag
atcttcagcaacgagatggccaaggtggacgacagcttcttccacagactggaagagtccttcctggtggaagaggataagaagcacgageggce
accccatcttcggcaacatcgtggacgaggtggcctaccacgagaagtaccccaccatctaccacctgagaaagaaactggtggacagcaccg
acaaggccgacctgeggctgatctatctggccctggeccacatgatcaagttccggggcecacttcctgatcgagggcegacctgaaccccgacaac
agcgacgtggacaagctgttcatccagctggtgcagacctacaaccagctgticgaggaaaaccccatcaacgccageggcegtggacgccaag
gccatcctgtctgccagactgagcaagagcagacggcetggaaaatctgatcgcccagetgecccggegagaagaagaatggcectgttcggaaac
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ctgattgccctgagcctgggcectgacccccaacttcaagagcaacttcgacctggeccgaggatgccaaactgcagcetgagcaaggacacctacg
acgacgacctggacaacctgctggcccagatcggcgaccagtacgccgacctgtttctggeccgccaagaacctgtccgacgcecatectgctgage
gacatcctgagagtgaacaccgagatcaccaaggcccccctgagcegcectctatgatcaagagatacgacgagcaccaccaggacctgaccctg
ctgaaagctctcgtgcggcagcagcetgcctgagaagtacaaagagattttcticgaccagagcaagaacggctacgccggctacattgacggegg
agccagccaggaagagttctacaagttcatcaagcccatcctggaaaagatggacggcaccgaggaactgctcgtgaagctgaacagagagg
acctgctgcggaagcagcggaccttcgacaacggcagcatcccccaccagatccacctgggagagctgcacgccattctgecggeggcaggaa
gatttttacccattcctgaaggacaaccgggaaaagatcgagaagatcctgaccticcgcatceccctactacgtgggecctctggccaggggaaac
agcagattcgcctggatgaccagaaagagcgaggaaaccatcaccccctggaacttcgaggaagtggtggacaagggcegcttccgeccagag
cttcatcgagcggatgaccaacttcgataagaacctgcccaacgagaaggtgctgcccaagcacagcectgctgtacgagtacttcaccgtgtataa
cgagctgaccaaagtgaaatacgtgaccgagggaatgagaaagcccgccttcctgagcggcgagcagaaaaaggccatecgtggacctgetgtt
caagaccaaccggaaagtgaccgtgaagcagctgaaagaggactactticaagaaaatcgagtgcttcgactccgtggaaatctccggegtgga
agatcggttcaacgcctccctgggcacataccacgatctgctgaaaattatcaaggacaaggacttcctggacaatgaggaaaacgaggacattc
tggaagatatcgtgctgaccctgacactgtttgaggacagagagatgatcgaggaacggctgaaaacctatgcccacctgticgacgacaaagtg
atgaagcagctgaagcggcggagatacaccggctggggcaggcetgageccggaagctgatcaacggcatccgggacaagcagtccggcaag
acaatcctggatttcctgaagtccgacggcttcgccaacagaaacttcatgcagctgatccacgacgacagcectgacctttaaagaggacatccag
aaagcccaggtgtccggccagggcegatagcectgcacgagcacattgccaatctggccggcagceccegcecattaagaagggcatcctgcagaca
gtgaaggtggtggacgagctcgtgaaagtgatgggccggcacaagceccgagaacatcgtgatcgaaatggccagagagaaccagaccaccce
agaagggacagaagaacagccgcgagagaatgaagcggatcgaagagggcatcaaagagcetgggcagcecagatcctgaaagaacaccce
gtggaaaacacccagctgcagaacgagaagctgtacctgtactacctgcagaatgggcgggatatgtacgtggaccaggaactggacatcaac
cggctgtccgactacgatgtggaccatatcgtgectcagagctttctgaaggacgactccatcgacaacaaggtgctgaccagaagcgacaagaa
ccggggcaagagcgacaacgtgccctccgaagaggtcgtgaagaagatgaagaactactggecggcagcetgctgaacgccaagcetgattacce
agagaaagttcgacaatctgaccaaggccgagagaggcggcctgagcgaactggataaggccggcttcatcaagagacagctggtggaaacc
cggcagatcacaaagcacgtggcacagatcctggactcccggatgaacactaagtacgacgagaatgacaagctgatccgggaagtgaaagt
gatcaccctgaagtccaagctggtgtccgatttccggaaggatttccagttttacaaagtgcgcgagatcaacaactaccaccacgcccacgacgce
ctacctgaacgccgtcgtgggaaccgcecctgatcaaaaagtaccctaagctggaaagcegagttcgtgtacggegactacaaggtgtacgacgtge
ggaagatgatcgccaagagcgagcaggaaatcggcaaggctaccgccaagtacttcttictacagcaacatcatgaactttttcaagaccgagatt
accctggccaacggcgagatccggaageggcectctgatcgagacaaacggegaaaccggggagategtgtgggataagggecgggattttge
caccgtgcggaaagtgctgagcatgccccaagtgaatatcgtgaaaaagaccgaggtgcagacaggeggctticagcaaagagtctatectgecce
aagaggaacagcgataagctgatcgccagaaagaaggactgggaccctaagaagtacggcggcttcgacagccccaccgtggcectattetgtg
ctggtggtggccaaagtggaaaagggcaagtccaagaaactgaagagtgtgaaagagctgctggggatcaccatcatggaaagaagcagctic
gagaagaatcccatcgactttctggaagccaagggctacaaagaagtgaaaaaggacctgatcatcaagctgcctaagtactcectgttcgagct
ggaaaacggccggaagagaatgctggcctctgeccggcegaactgcagaagggaaacgaactggcecctgccctccaaatatgtgaacttcctgtac
ctggccagccactatgagaagctgaagggctcceccecgaggataatgagcagaaacagctgtttgtggaacagcacaagcactacctggacgag
atcatcgagcagatcagcgagttctccaagagagtgatcctggccgacgctaatctggacaaagtgctgtccgectacaacaagcaccgggataa
gcccatcagagagcaggccgagaatatcatccacctgtttaccctgaccaatctgggagcccctgecgcecttcaagtactttgacaccaccatcgac
cggaagaggtacaccagcaccaaagaggtgctggacgccaccctgatccaccagagcatcaccggcctgtacgagacacggatcgacctgtct
cagctgggaggcgacaaaaggccggcggcecacgaaaaaggecggecaggcaaaaaagaaaaaggtgagegcetggaggaggtggaage
ggaggaggaggaagcggaggaggaggtagcctcgagaccatgccaagcaagaaaagcggcccgcaaccccataagaggtgggtgttcace
cttaataatccttccgaggaggagaaaaacaaaatacgggagcttccaatctcectttttgattattttgtitgcggagaggaaggtttggaagagggta
gaactcctcacctccaggggtttgcgaatttigctaagaagcagacttttaacaaggtgaagtggtattttggtgccecgcetgccacatcgagaaagceg
aaaggaaccgaccagcagaataaagaatattgcagtaaagaaggtcacatacttatcgagtgtggagccccccggaaccaggggaagcgeag
cgacctgtctactgctgtgagtacccttttggagacggggtctttggtgactgtagccgagcagttccctgtaacgtatgtgagaaatttccgggggcetg
gctgaacttttgaaagtgagcgggaagatgcagcagcgtgattggaagacagctgtacacgtcatagtgggaccgcecggttgtgggaagagcec
agtgggcccgtaattttactgagcctagcgacacctactggaagcctagtagaaataagtggtgggatgg ctatcatggagaagaagtigtigttttgg
atgatttttatggctggttaccttgggatgatctactgagactgtgtgaccggtatccattgactgtagagactaaaggceggtactgttccttttttggccege
agtattttgattaccagcaatcaggccccccaggaatggtactcctcaactgctgtcccagecgtagaagctctctatcggaggattactacttigcaat
tttggaagactgctggagaacaatccacggaggtgcccgaaggcecgatttgaagcagtggacccaccctgtgeccttttcccatataaaataaatta
ctga

Pig circovirus 1 (PCV1) origin of replication (POR) (SEQ ID NO: 12)
Ctgcgggggegggtecttetictgeggtaacgcectecttggccacgtcatcctataaaagtgaaagaagtg cgctgcetgtagtattaccagegceactt
cggcagcggcagcacctcggcagegtcagtgaaaatgccaagcaagaaaageggceccgcaaccccataagag

triple fusion of E.coli recA gene (SEQ ID NO: 13)

atggacgagaacaagaagcgcgccctggccgeggcecctgggacagatcgaacgccaattcggcaaaggegcggtcatgcgcatgggegacce
atgagcgccaggcgatcccggccatctccaccggctecctgggtetggacatcgecctecggcatecggeggcctgecccaagggecggategtega
gatctacggtccggaatcctcgggcaagaccaccctgaccctctcggtgatcgccgaggeccagaaacagggegcecacctgtgcecttcgtcgacg
ccgagcacgcgctcgatcccgactatgcecggcaagcetgggegtcaacgtcgacgacctgetggtctcccagcecggacaccggegagcaggecc
tggaaatcaccgacatgctggtgcgctccaacgcggtcgacgtgatcatcgtecgactcegtggecgegcetggtacccaaggecgagatcgaagge
gagatgggcgacgcccacgtcggcctgcaggcacgcctgatgtcccaggegcetgecgcaagatcaccggcaatatcaagaacgccaactgcectg
gtcatcttcatcaaccagatccgcatgaagatcggcegtcatgttcggcaacccggaaaccaccaccggceggtaacgcactgaagttctacgccteg

gtcecgcectggacatccgtegtaccggegeggtgaaggaaggegacgaggtggtgggtagegaaacccgegtcaaggtggtgaagaacaaggtt
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tcceegcecegttcecgecaggcecgagttccagatcectctacggtaagggceatctaccgtaccggegagatcatcgatctgggegtgeaattgggectgg
tcgagaagtccggcgcectggtacagctaccagggcagcaagatcggccagggcaaggcegaacgccgcecaagtacctggaagacaatcecgga
aatcggttcggtactggagaagaccattcgcgaccagttgctggccaagageggcccggtgaaggccgacgccgaagaagtggcetgacgecga
agccgattcagagctcggagaaggtcaaggacagggacaaggtccaggacgaggatacgcatataagctigacgagaacaagaagcgcgcec
ctggcegcggcecctgggacagatcgaacgccaattcggcaaaggcgeggtcatgegcatgggegaccatgagegccaggcegatcceggcecat
ctccaccggcteectgggtctggacatcgecctecggecatecggeggectgcccaagggecggatcgtcgagatctacggtccggaatcctecgggea
agaccaccctgaccctctcggtgatcgeccgaggeccagaaacagggcegccacctgtgccttcgtcgacgececgagcacgcegctcgatceccgacta
tgccggcaagcetgggcegtcaacgtcgacgacctgcetggtctcccageccggacaccggegagcaggcecctggaaatcaccgacatgetggtgeg
ctccaacgcggtcgacgtgatcatcgtcgactcecgtggecgegcetggtacccaaggecgagatcgaaggegagatgggegacgceccacgtegg
cctgcaggcacgcectgatgtcccaggegcetgcgcaagatcaccggcaatatcaagaacgccaactgcectggtcatcttcatcaaccagatccgea
tgaagatcggcgtcatgttcggcaacccggaaaccaccaccggcggtaacgcactgaagttctacgcctecggtcecgectggacatcegtegtace
ggcgcggtgaaggaaggcgacgaggtggtgggtagcgaaacccgegtcaaggtggtgaagaacaaggtttcccegecgttccgecaggecga
gttccagatcctctacggtaagggcatctaccgtaccggcgagatcatcgatctgggegtgcaattgggectggtcgagaagtcecggegcectggtac
agctaccagggcagcaagatcggccagggcaaggcgaacgccgccaagtacctggaagacaatccggaaateggticggtactggagaaga
ccattcgcgaccagttgctggccaagageggcececggtgaaggcecgacgccgaagaagtggcetgacgccgaagccgattcaggatccggagaa
ggtcaaggacagggacaaggtccaggacgaggatacgcatatgcatgcgacgagaacaagaagcgcgcecctggecgeggcecctgggacag
atcgaacgccaattcggcaaaggcgceggtcatgcgcatgggcgaccatgagcgccaggcgatcccggcecatctccaceggceteeetgggtetgg
acatcgccctcggceatcggcggcectgecccaagggceceggatcgtegagatctacggtccggaatcctcgggcaagaccaccctgaccctecteggtg
atcgccgaggcccagaaacagggcgccacctgtgcecttcgtcgacgcecgagceacgcegctcgatcecegactatgccggcaagcetgggegtcaac
gtcgacgacctgctggtctcccageceggacaccggegagcaggcectggaaatcaccgacatgetggtgcgetccaacgeggtcgacgtgatca
tcgtcgactcecgtggeegegcetggtacccaaggccgagatcgaaggegagatgggegacgceccacgtcggectgcaggcacgcectgatgtecee
aggcgctgcgcaagatcaccggcaatatcaagaacgccaactgcctggtcatcttcatcaaccagatccgcatgaagatcggcgtcatgttcgge
aacccggaaaccaccaccggcggtaacgcactgaagttctacgcctcggtccgectggacatcegtegtaccggegeggtgaaggaaggegac
gaggtggtgggtagcgaaacccgcgtcaaggtggtgaagaacaaggtttcccegecgticcgeccaggecgagttccagatcectctacggtaaggg
catctaccgtaccggcgagatcatcgatctgggegtgcaattgggectggtcgagaagtccggegcectggtacagctaccagggcagcaagatcg
gccagggcaaggcgaacgccgccaagtacctggaagacaatccggaaatcggticggtactggagaagaccattcgcgaccagttgctggeca
agagcggcccggtgaaggccgacgccgaagaagtggctgacgccgaagcecgattaa

triple fusion of human rad51 gene (SEQ ID NO: 14)
atggcaatgcagatgcagcttgaagcaaatgcagatacttcagtggaagaagaaagctttggcccacaacccatttcacggttagagcagtgtggce
ataaatgccaacgatgtgaagaaattggaagaagctggattccatactgtggaggctgttgcctatgcgccaaagaaggagctaataaatattaag
ggaattagtgaagccaaagctgataaaattctggctgaggcagctaaattagttccaatgggtttcaccactgcaactgaattccaccaaaggeggt
cagagatcatacagattactactggctccaaagagcttgacaaactacttcaaggtggaattgagactggatctatcacagaaatgtttggagaattc
cgaactgggaagacccagatctgtcatacgctagctgtcacctgccagcttcccattgaccggggtggaggtgaaggaaaggcecatgtacattgac
actgagggtacctttaggccagaacggctgctggcagtggctgagaggtatggtctctctggcagtgatgtectggataatgtagcatatgctcgage
gttcaacacagaccaccagacccagctcctttatcaagcatcagccatgatggtagaatctaggtatgcactgcttattgtagacagtgccaccgcecc
tttacagaacagactactcgggtcgaggtgagctttcagccaggcagatgcacttggccaggtttctgcggatgcttctgegactegctgatgagtttg
gtgtagcagtggtaatcactaatcaggtggtagctcaagtggatggagcagcgatgtttgctgctgatcccaaaaaacctattggaggaaatatcatc
gcccatgcatcaacaaccagattgtatctgaggaaaggaagaggggaaaccagaatctgcaaaatctacgactctcectgtcttcctgaagcetga
agctatgttcgccattaatgcagatggagtgggagatgccaaagacgagctcggagaaggtcaaggacagggacaaggtccaggacgaggat
acgcatataagcttatggcaatgcagatgcagcttgaagcaaatgcagatacttcagtggaagaagaaagctttggcccacaacccatttcacggtt
agagcagtgtggcataaatgccaacgatgtgaagaaattggaagaagctggattccatactgtggaggctgttgcctatgcgccaaagaaggagce
taataaatattaagggaattagtgaagccaaagctgataaaattctggctgaggcagctaaattagttccaatgggtttcaccactgcaactgaattcc
accaaaggcggtcagagatcatacagattactactggctccaaagagcttgacaaactactticaaggtggaattgagactggatctatcacagaaa
tgtttggagaattccgaactgggaagacccagatctgtcatacgctagctgtcacctgccagcttcccattgaccggggtggaggtgaaggaaagg
ccatgtacattgacactgagggtacctttaggccagaacggctgctggcagtggctgagaggtatggtctctctggcagtgatgtectggataatgtag
catatgctcgagcgttcaacacagaccaccagacccagctcctttatcaagcatcagccatgatggtagaatctaggtatgcactgcttatigtagac
agtgccaccgccctttacagaacagactactcgggtcgaggtgagctttcagccaggcagatgcacttggccaggtttctgcggatgcttctgegact
cgctgatgagtttggtgtagcagtggtaatcactaatcaggtggtagctcaagtggatggagcagcegatgtttgctgctgatcccaaaaaacctattgg
aggaaatatcatcgcccatgcatcaacaaccagattgtatctgaggaaaggaagaggggaaaccagaatctgcaaaatctacgactctccctgtc
ttcctgaagctgaagctatgticgccattaatgcagatggagtgggagatgccaaagacggatccggagaaggtcaaggacagggacaaggtcc
aggacgaggatacgcatatgcatgcatggcaatgcagatgcagcttgaagcaaatgcagatacticagtggaagaagaaagctttggcccacaa
cccatttcacggttagagcagtgtggcataaatgccaacgatgtgaagaaattggaagaagctggattccatactgtggaggctgttgectatgcgece
aaagaaggagctaataaatattaagggaattagtgaagccaaagctgataaaattctggctgaggcagctaaattagttccaatgggtttcaccact
gcaactgaattccaccaaaggcggtcagagatcatacagattactactggctccaaagagcttgacaaactactticaaggtggaattgagactgga
tctatcacagaaatgtttggagaattccgaactgggaagacccagatctgtcatacgctagcetgtcacctgccagcttcccattgaccggggtggagg
tgaaggaaaggccatgtacattgacactgagggtacctttaggccagaacggctgctggcagtggctgagaggtatggtctctctggcagtgatgtc
ctggataatgtagcatatgctcgagcgttcaacacagaccaccagacccagctcctttatcaagcatcagccatgatggtagaatctaggtatgcact
gcttattgtagacagtgccaccgccctttacagaacagactactcgggtcgaggtgagctttcagccaggcagatgcacttggccaggtttctgegga
tgcttctgcgactcgcetgatgagtttggtgtagcagtggtaatcactaatcaggtggtagctcaagtggatggagcagcgatgtttgctgctgatcccaa
aaaacctattggaggaaatatcatcgcccatgcatcaacaaccagattgtatctgaggaaaggaagaggggaaaccagaatctgcaaaatctac
gactctccctgtcttectgaagctgaagctatgticgecattaatgcagatggagtgggagatgccaaagactga
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MSH2 dominant-negative gene sequence (M688R) (SEQ ID NO: 15)
atggcggtgcagccgaaggagacgctgcagtiggagagcgcggecgaggteggcttegtgegcttetttcagggcatgeccggagaagecgacca
ccacagtgcgccttttcgaccggggcgacttctatacggcgcacggecgaggacgcegctgctggcegeccgggaggtgttcaagacccagggggt
gatcaagtacatggggccggcaggagcaaagaatctgcagagtgttgtgcttagtaaaatgaattttgaatcttttgtaaaagatcttcttctggttcgte
agtatagagttgaagtttataagaatagagctggaaataaggcatccaaggagaatgattggtatttggcatataaggcttctcctggcaatctctctc
agtttgaagacattctcttiggtaacaatgatatgtcagcttccattggtgttgtgggtgttaaaatgtccgcagttigatggccagagacaggttggagttg
ggtatgtggattccatacagaggaaactaggactgtgtgaattccctgataatgatcagttctccaatctigaggctctcctcatccagattggaccaaa
ggaatgtgttttacccggaggagagactgctggagacatggggaaactgagacagataatticaaagaggaggaattctgatcacagaaagaaa
aaaagctgacttttccacaaaagacatttatcaggacctcaaccggttgttgaaaggcaaaaagggagagcagatgaatagtgctgtattgccaga
aatggagaatcaggttgcagtttcatcactgtctgcggtaatcaagtttttagaactcttatcagatgattccaactttggacagtttgaactgactacttttg
acttcagccagtatatgaaattggatattgcagcagtcagagcccttaacctttttcagggttctgttgaagataccactggctctcagtctctggcetgcectt
gctgaataagtgtaaaacccctcaaggacaaagacttgttaaccagtggattaagcagcectctcatggataagaacagaatagaggagagattga
atttagtggaagcttttgtagaagatgcagaattgaggcagactttacaagaagatttacttcgtcgattcccagatcttaaccgacttgccaagaagttt
caaagacaagcagcaaacttacaagattgttaccgactctatcagggtataaatcaactacctaatgttatacaggctctggaaaaacatgaagga
aaacaccagaaattattgttggcagtttttgtgactcctcttactgatcttcgtictgacttctccaagtttcaggaaatgatagaaacaactttagatatgg
atcaggtggaaaaccatgaattccttgtaaaaccttcatttgatcctaatctcagtgaattaagagaaataatgaatgactiggaaaagaagatgcag
tcaacattaataagtgcagccagagatcttggctiggaccctggcaaacagattaaactggattccagtg cacagtttggatattactttcgtgtaacct
gtaaggaagaaaaagtccttcgtaacaataaaaactttagtactgtagatatccagaagaatggtgttaaatttaccaacagcaaattgacttctttaa
atgaagagtataccaaaaataaaacagaatatgaagaagcccaggatgccattgttaaagaaattgtcaatatttcticaggctatgtagaaccaat
gcagacactcaatgatgtgttagctcagctagatgctgttgtcagctttgctcacgtgtcaaatggagcacctgttccatatgtacgaccagcecattttgg
agaaaggacaaggaagaattatattaaaagcatccaggcatgcttgtgttgaagticaagatgaaattgcatttattcctaatgacgtatactttigaaa
aagataaacagatgttccacatcattactggccccaatatgggaggtaaatcaacatatattcgacaaactggggtgatagtactccgggcccaaat
tgggtgttttgtgccatgtgagtcagcagaagtgtccattgtggactgcatcttagcccgagtaggggcetggtgacagtcaattgaaaggagtctccac
gttcatggctgaaatgttggaaactgcttctatcctcaggtctgcaaccaaagattcattaataatcatagatgaattgggaagaggaacttctacctac
gatggatttgggttagcatgggctatatcagaatacattgcaacaaagattggtgctttttgcatgtttgcaacccattttcatgaacttactgccttggcca
atcagataccaactgttaataatctacatgtcacagcactcaccactgaagagaccttaactatgctttatcaggtgaagaaaggtgtctgtgatcaaa
gttttgggattcatgttgcagagcttgctaatttccctaagcatgtaatagagtgtgctaaacagaaagccctggaacttgaggagtttcagtatattgga
gaatcgcaaggatatgatatcatggaaccagcagcaaagaagtgctatctggaaagagagaacctcagagtgacagagccaaaagaccagtg
cctcattttgctgacatggaaaaggaaacttcgtgggggaaagagatctgctigcagtcggccagagagacagaaccagggcagtgcgactcca
agtgcatcagcatag

MHS6 dominant-negative gene sequence from Saccharomyces cerevisiae (SEQ ID NO: 16)
atggccccagctacccctaaaacttctaagactgcacacttcgaaaatggctccacatcttictcaaaagaaaatgaagcaatcgagtitgttatctttttt
ctcaaaacaggtacctictggcacaccgtcaaagaaggtccagaagcctactccagcgactttagaaaatacagctactgataagataacaaag
aatccacaaggaggaaagacaggcaaacttttcgtagatgtagacgaagacaatgatttgacaatagctgaagaaacggtatcaactgtaagga
gtgacataatgcattctcaagagccccaatctgatactatgttaaatagtaacacgacagaacctaaaagtaccactacggacgaggatttatcatct
tcccaatctcgaaggaatcacaaaaggagagtgaattatgccgaaagtgatgatgatgactcagatactacattcactgctaaacggaagaaggg
taaggtagttgatagtgaaagcgatgaggatgaatatttaccagataaaaatgacggcgatgaagatgacgatattgcagacgacaaagaggac
atcaaaggagaattggcagaagatagtggtgatgacgatgatttaatctctctggcagaaacgactictaagaaaaaattttcatacaacacttcgca
ttcttcatcgcecctttacaagaaatatatcccgtgacaactcaaaaaagaaaagcaggccaaatcaggcaccaagtagatcgtacaatccttctcat
agtcaaccatcagcgacttctaagtctagcaaattcaataaacaaaatgaagaacgatatcaatggttagtggatgaacgagatgctcagegeegt
cccaagagtgatccagagtacgatccaagaacactgtacatcccatcttctgcatggaacaagtttactccgtttgaaaaacaatattgggaaattaa
atccaaaatgtgggattgtattgtctttttcaaaaagggtaaggccttigaattatatgaaaaggatgcattattggctaatg cattatttgacttaaagattg
caggtggaggacgcgctaatatgcaactagctgggattccagagatgtcatttgaatattgggccgctcagtttatccaaatgggatataaagttgeg
aaagtggatcaaagagagtcaatgttggctaaagaaatgagggaaggttctaaaggtatcgttaaaagagaactccagtgcatattgacatcgggt
acgttaactgatggagatatgttgcattcggatctggctactttitgtctigccatcagggaagaacctggtaactictacaatgaaactcagctagattca
tcaacgatagtgcaaaagctgaatacaaaaatattcggtgcagcattcattgatactgcaactggtgagcticaaatgctggagtttgaagatgatagt
gaatgcaccaaattggacacattaatgtcgcaagtaagacctatggaagtcgtcatggagaggaataacttaagcacactagctaacaaaattgta
aaattcaattcagcacccaatgcaatttttaatgaggttaaagccggtgaagaattttatgactgcgataaaacctatgctgaaatcatatcatcagaat
acttttctacggaagaagattggccagaggttttgaaatcctattatgatacgggtaaaaaagttggctttagtgcatttggtggattattgtattattigaag
tggttaaaactggataagaatttaatttcgatgaaaaatatcaaagagtacgattttgtaaaatcgcaacactccatggttttagatggtatcactttaca
gaacttggaaatattttccaattcgtttgatggttctgataagggtacttigticaaattattcaacagggctattactccaatgggtaagagaatgatgaa
aaagtggttaatgcatccattattacgtaagaatgatattgaaagcaggctcgatagtgttgactcttigttacaagatattacattaagagaacagcta
gagataacattttcaaaattgccagatttggaaagaatgttggcccgtatccatagtaggacaattaaagtgaaagattttgaaaaggtaattaccgct
tttgaaacgattattgaattacaagactctttaaagaacaacgatttgaagggagatgtttcaaaatacatatcctctttccctgagggacttgtggaagce
tgtcaaaagctggactaatgctittgaaagacaaaaagcaatcaatgaaaatatcattigtaccacaaaggggatttgacatagagtttgataagtca
atggatagaatacaggagctagaagacgaattgatggaaattctgatgacttataggaagcaattcaaatgttccaatatacaatataaagattccg
gaaaggagatatacactattgaaattcctatctctgcaactaaaaatgtcccatcaaattgggttcaaatggctgcgaacaaaacgtacaagagata
ctactctgatgaagtaagagctttagcaagatcgatggcggaggctaaagaaatacacaagacgttagaggaggacctaaaaaatagattatgtc
aaaaatttgatgcgcattataatacaatttggatgccaaccatacaggccatctctaacatagattgtttgttggcaattacaaggacatctgaatatcta
ggtgctccctcttgtaggccaaccattgtagatgaggtggactcgaaaacgaatactcaattaaatggtttictgaaatttaaatcattaagacatccat
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gctttaacctcggcgctactacagcaaaggacttcattcctaacgacattgaattaggtaaagaacagcccagattaggattgttaacgggtgccaa
cgcagctggtaaatccacgatattgaggatggcatgtattgccgtaattatggcacaaatgggatgttatgttecttgtgaatctgcegtictgacgecga
ttgatagaatcatgactcgtttaggcgctaatgataatatcatgcaaggtaaatctacttttttigtggaatiggcggaaacaaaaaaaatattagacatg
gctaccaataggtcattattagttgttgacgagttgggaagaggaggttcatcgagtgatggttttgcaattgcagaaagtgtgctacatcatgtcgcga
cacatattcaaagtctgggtttttttgccacacattatgggacattggcatcaagtttcaagcaccatcctcaagtaagaccactgaaaatgagcattct
agtcgatgaagcgactaggaacgttacatttttgtataagatgcttgaaggacaaagtgaaggctcttttggtatg catgttgcgtcaatgtgtggcattt
caaaggaaattattgataacgcgcagattgccgctgataatttagaacatacttctaggctagtcaaagaacgtgatttagctgcaaataatttgaatg
gtgaagttgtctctgtgccaggtggcttacaaagtgatttcgttcgaattgcgtacggagatggactgaagaatacaaaattaggttctggtgaagggg
tcttgaactatgattggaacataaaaaggaacgttttgaaaagtctatttagtataattgatgatttacaatcctaa

Bacteriophage T4 endonuclease VII (SEQ ID NO: 17)
atgttattgactggcaaattatacaaagaagaaaaacagaaattttatgatgcacaaaacggtaaatgcttaattigccaacgagaactaaatcctg
atgttcaagctaatcacctcgaccatgaccatgaattaaatggaccaaaagcaggaaaggtgcgtggattgctttgtaatctatgcaatgctgcaga
aggtcaaatgaagcataaatttaatcgttctggcttaaagggacaaggtgttgattatctigaatggttagaaaatttacttacttatttaaaatccgattac
acccaaaataatattcaccctaactttgttggagataaatcaaaggaatttictcgtttaggaaaagaggaaatgatggccgagatgcttcaaagagg
atttgaatataatgaatctgacaccaaaacacaattaatagcttcattcaagaagcagcttagaaagagtttaaaatga

CCE1 cruciform cutting endonuclease from Saccharomyces cerevisiae (SEQ ID NO: 18)

ATGTCGACAGCACAGAAAGCTAAGATATTGCAACTCATCGATTCCTGCTGCCAAAATGCAAAAAGCA
CACAACTGAAATCTTTATCATTTGTTATTGGAGCAGTAAATGGCACGACGAAAGAAGCTAAAAGAACC
TACATTCAAGAACAGTGTGAATTTTTGGAGAAGTTACGACAACAAAAGATAAGAGAGGGAAGAATTAA
CATATTGTCTATGGATGCTGGTGTTTCTAACTTTGCTTTCTCTAAGATGCAATTGCTCAATAATGATCC
GCTCCCTAAAGTACTAGACTGGCAAAAGATAAATCTAGAGGAGAAATTTTTTCAAAACCTCAAAAAGT
TAAGCTTGAATCCTGCTGAAACTTCTGAGCTTGTATTTAACCTTACGGAGTATTTATTTGAATCTATGC
CGATACCAGATATGTTTACAATTGAAAGGCAACGTACCAGAACTATGTCTTCGAGGCATATTTTAGAC
CCAATTTTAAAAGTGAATATTCTCGAACAGATTCTTTTCTCTAACTTGGAAAATAAAATGAAGTATACG
AATAAAATACCGAATACGTCCAAGTTGAGGTATATGGTATGTTCGTCCGATCCACATCGGATGACTTC
ATATTGGTGCATTCCAAGAGAAGAGACACCGACCAGTTCAAAAAAGTTAAAATCTAACAAACATAGCA
AAGATTCTCGAATAAAGCTAGTGAAAAAAATACTTTCAACCTCAATACTAGAAGGTAATTCAACTAGTT
CTACAAAACTGGTCGAGTTCATAGGAGTTTGGAATAATAGGATAAGAAATGCCCTTACCAAAAAAAAA
AGTTTCAAGCTATGTGATATACTAGAGATCCAAGATAATTCGGGGGTGAGAAAAGATGACGATTTGG
CAGATTCATTCCTCCATTGTTTGTCTTGGATGGAGTGGTTAAAAAATTATGAAAGTATTACTGAACTCT
TGAATTCAAAAACACTGGTTAAAACACAGTTCGGACAGGTGTTTGAATTTTGTGAAAATAAGGTACAA
AAGCTGAAATTTTTGCAGAACACTTACAACAATGACTAA

Human GEN1 Holliday junction 5' flap endonuclease (SEQ ID NO: 19)

atgggagtgaatgacttgtggcaaattttggagcctgttaagcaacacatccccttgegtaatcttggtgggaaaaccattgcagttgatctgagtctct
gggtgtgtgaggcacagacagtcaaaaaaatgatgggcagcgtcatgaagccccacctcaggaacttattttticgtatctcatatttaacacaaatg
gatgtaaaactggtatttgttatggaaggggaaccaccaaagctgaaagctgatgtcataagcaagaggaatcagtctcggtatgggtcttctggaa
aatcgtggtctcagaaaacagggagatcacattttaaatcagtcttaagagagtgcctccatatgctcgaatgcttaggaatcccctgggtticaggcetg
ctggggaagctgaagccatgtgtgcttatctcaatgctggtggtcatgtcgatggcetgectcaccaatgatggagatactttcctttatggggceccagac
tgtttacaggaatttcactatgaatacaaaggacccacatgttgactgttacacaatgtcatctatcaagagtaaactaggtttggatagagatgctctg
gttggattagcaatacttcttggctgtgattatctcccaaagggagtccctggagttggaaaagagcaagcattaaaacttatacagattttgaaaggg
caaagtttacttcagaggtttaatcggtggaatgaaacatcttgtaactctagtccacaactgctagtcactaaaaaactggctcattgttcecgtatgttcc
catccaggttcacctaaggatcatgaacgtaatggatgcagattatgtaaaagtgataaatattgtgag ccacatgactatgaatactgctgtccttgtg
agtggcaccgtacagaacatgataggcaactcagtgaagtagagaacaatattaagaagaaagcttg ctgttgtgagggattcccattccatgagg
ttattcaagaattccttttaaacaaggataaattggtgaaggttatcaggtaccaaagacctgatttgttattgtttcagagatttactcttgaaaaaatgga
gtggcccaatcactatgcatgtgagaaattgctggtacttttgacccattatgacatgatagaaagaaagcttggtagcagaaactctaatcaactac
agccaattcgaattgttaagactcgaatcagaaatggagttcattgttitgaaatagaatgggaaaagcctgaacattatgctatggaagataaacaa
catggagaatttgctttattaacaattgaggaagaatcattgttigaagcagcatatcctgagatcgttgctgtttaccaaaaacaaaagttagaaatta
aagggaagaaacaaaaacgtattaagcctaaagaaaacaatttgccagaaccagatgaagtaatgagctttcagtcacacatgactttaaaacc
cacatgtgaaatctttcataagcagaattccaagttaaattcggggatttcccctgatcctacattaccacaggaatctattictgcctcattgaatagctt
gctittacctaaaaatactccatgtttgaatgcacaagaacagttcatgtcttctctaagacctttggctatacagcaaattaaagctgtcagtaagtctct
aatttcagaatctagtcaacccaatacctcatctcataatatatccgtgattgctgatctacacttgagcactattgactgggaaggtacttcttttagtaatt
ctccagctattcaaaggaatacttttictcatgatttaaaatcagaagttgaatcagagctatcagccatccctgatggctttgaaaatatcccagaaca
actgtcctgtgaatcagaaaggtacactgcaaacataaagaaagtgttggatgaggattctgatgggattagtcctgaagagcatctactttctggceat
tactgatttatgtcttcaggatttgcctttaaaggaacgaatatttacaaaattatcatatcctcaggataatctacaaccagatgtcaacctgaaaacttt
gtccatacttagtgtaaaagaatcttgtattgctaacagtggttctgattgtacatcacatctttcaaaggatcticcaggaattcccttgcaaaatgaatcc
agagactctaaaattctaaaaggagaccagctgcticaagaagactataaagtcaatacttctgtcccttatictgtcagtaacacagtggtaaagac
ctgcaatgttagaccaccaaatactgctttagatcatagtagaaaagttgatatgcaaaccactcggaaaattttaatgaagaagagtgtttgccttga
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cagacattcctctgatgaacaaagtgccccagtgtttgggaaagctaagtacacaactcaaagaatgaagcacagttctcaaaagcataattcatc
ccatttcaaagaaagtggccataacaagttgagtagccctaagatacatattaaagaaactgaacagtgtgtcagatcttatgaaacagctgaaaat
gaagaaagctgtttcccagattcaacaaaaagttctctgagttctctacaatgtcataagaaagaaaacaactctggtacttgtitggatagccctcttc
ctttacgccagagattaaaactaagattccaaagcacttga

Arabidopsis AtGEN1 resolvase, (SEQ ID NO: 20)

atgggtgtgggaggcaatttctgggatttgctgagaccatatgctcagcaacaaggctttgattttctcagaaacaaacgagtcgctgttgatctctectt

ctggatcgttcagcatgaaaccgctgttaagggtttcgtccttaaacctcacctccgactcactticttccgtactatcaacctcttctcaaagttiggageg
tacceggtttttgtggttgatggaacaccatcacctttgaaatctcaggcgagaatctccaggtttttcegticttctggaattgatacttgtaatctacctgtg
attaaagatggtgtctcggttgagagaaacaagctgtttictgaatgggttagggaatgtgtggagctactcgaattgctcggtattccggtgctgaaag
ctaatggtgaggctgaagctctctgtgcacagttaaacagccaaggttttgtggatgcttgcattactcctgatagtgatgctttectttttggtgctatgtge
gtgatcaaagacatcaagcctaattcaagagaaccttttgaatgctaccatatgtcacatatcgagtctggccteggtttgaagcggaaacacttgatt

gctatttctctattggtgggaaacgattatgattcaggcggtgttcttgggattggtgtggataaagcactgegceattgticgtgagttttctgaagaccaag
tacttgaaagactacaggacattggaaatgggttgcaacctgcagttcctggtggaatcaaatccggggatgatggtgaagaattccgctcagagat
gaaaaaaagatctcctcactgttccegtigtggacacctgggcagcaagagaactcattttaagtcctcttgtgagcactgcggttgtgatagtggttge
attaaaaaaccattagggtttagatgtgaatgctcctttigttccaaggatcgagatttaagggaacaaaagaaaaccaatgattggtggatcaaagt

ctgcgataagattgctctagcgccagagtttcccaacagaaagattattgaactttatctatccgatggtttgatgacaggagatggatcgtcaatgtctt
ggggaactcctgatactggaatgctagtggatctcatggttttcaaactgcactgggacccatcttatgttagaaaaatgttgcttccgatgcetgtcgacce
atttatctgagagaaaaggcaagaaacaacacaggatacgctttgttgtgtgatcaatacgaatttcattcaatcaagtgcataaaaactagatatgg
gcatcagtcctttgtaataaggtggagaaaacccaaatctacaagtggttatagtcatagtcacagcgagccagaagaatcaattgttgtattggaag
aagaagaagagtctgttgatccgttggatggtttaaatgaacctcaggtgcaaaatgataatggtgactgcttcttgctaactgatgaatgcataggac
ttgttcagtctgctttccctgatgaaacagagcatttictacatgagaagaaactgagagagtcgaaaaagaagaatgttictgaagaagaaacagc

aacaccaagagcaacaacaatgggtgtacaaagaagcattaccgatttctaccgticagcgaagaaagcagcagcaggtcaaagtatagagac
aggcgggagttcaaaagcttctgcggaaaagaagagacaggcaacttctactagtagtagtaaccttacaaagtcggtcaggcegtegtctcttgttt

ggatag

Neomycin phosphotransferase selection gene (SEQ ID NO: 21)
atgattgaacaagatggattgcacgcaggttctccggecgcttgggtggagaggctattcggcetatgactgggcacaacagacaateggctgctctg
atgccgccegtgttcecggcetgtcagcegcaggggcegceccggttctttttgtcaagaccgacctgtcecggtg cecctgaatgaactgcaggacgaggeage
gcggctategtggetggecacgacgggcegttecttgegecagcetgtgctegacgttgtcactgaagcgggaagggactggctgctattgggegaagt
gcecggggcaggatctectgtcatctcaccttgctectgccgagaaagtatccatcatggetgatgcaatgcggeggcetgcatacgcttgatceggcta
cctgcccattcgaccaccaagcgaaacatcgcatcgagcgagceacgtactcggatggaagcecggtcttgtcgatcaggatgatctggacgaaga
gcatcaggggctcgcgcecagcecgaactgtticgccaggcetcaaggcgegcatgeccgacggegaggatctegtecgtgacccatggegatgectge
ttgccgaatatcatggtggaaaatggccgcttttctggattcatcgactgtgg cecggetgggtgtggeggaccg ctatcaggacatagegttggcetace
cgtgatattgctgaagagcttggcggecgaatgggctgaccgcttectegtgctttacggtatcgecgceteccegattcgcagcgeatcgcecttctatcgec
ttcttgacgagttcttctga

Puromycin-n-acetyltransferas selection gene (SEQ ID NO: 22)
atgaccgagtacaagcccacggtgcgcctcgccaccecgegacgacgtccececcgggecgtacgcaccctecgecgeegegttcgeegactaccee
gccacgcgccacaccgtcgaccecggaccgccacatcgagcgggtcaccgagctgcaagaactcttcctcacgcgegtcgggcetecgacategge
aaggtgtgggtcgcggacgacggcegcegcggtggeggtetggaccacgccggagagegtcgaagegggggceggtgttcgeccgagateggecc
gcgcatggccgagttgageggttcceggcetggecgegecagcaacagatggaaggcectcctggcgecgcaccggcccaaggagceccgegtggtt
cctggecaccgteggcegtgtecgeccgaccaccagggcaagggtetgggecagegecgtegtgetccececggagtggaggeggecgagcgegcecg
gggtgcccgccttcctggagacctcecgegeccegcaacctceccttctacgageggceteggcttcaccgtcaccgecgacgtcgaggtgececgaa
ggaccgcgcacctggtgcatgacccgcaagceccggtgectga

SV40 polyA (SEQ ID NO: 23)
Cagacatgataagatacattgatgagtttggacaaaccacaactagaatgcagtgaaaaaaatgctttatttgtgaaatttgtgatgctattgctttattt
gtaaccattataagctgcaataaacaagttaacaacaacaattgcattcattttatgtttcaggttcagggggaggtgtgggaggttttttaaagcaagt
aaaacctctacaaatgtggta

Origin of replication of torque teno virus (SEQ ID NO: 24)
Cggtgaagccacggagggagatctcecgegtceccgagggegggtgccgaaggtgagtitacacaccgaagtcaaggggcaattcgggeteggg
actggccgggctatgggcaaggctctgaaaaaagcatgtttatiggcaggcattacagaaagaaaagggcgctgtcactgtgtgctgtgcgaaca
acaaagaaggcttgcaaactactaatagtaatgtggaccccacctcgcaatgatcaacactacctta

MS2- A-exo fusion protein (SEQ ID NO: 25)

Atggcttcaaactttactcagttcgtgctegtggacaatggtgggacaggggatgtgacagtggctecttctaatttcgetaatggggtggcagagtgg
atcagctccaactcacggagccaggcctacaaggtgacatgcagcgtcaggcagtctagtgcccagaagagaaagtataccatcaaggtggag
gtccccaaagtggctacccagacagtgggeggagtcgaactgcectgtegcegcttggagatcectacctgaacatggaactcactatcccaattttcg
ctaccaattctgactgtgaactcatcgtgaaggcaatgcaggggctcctcaaagacggcaatcctatcecttccgecatcgecegctaactcaggceat

ctacagcgctggaggaggtggaagcggaggaggaggaagcggaggaggaggtagcggacctaagaaaaagaggaaggtggcetgcegcetg
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gatccatgacaccggacattatcctgcagcegtaccgggatcgatgtgagagctgtcgaacagggggatgatgcgtggcacaaattacggcetegge
gtcatcaccgcticagaagttcacaacgtgatagcaaaaccccgctccggaaagaagtggectgacatgaaaatgtcctacttccacaccctgcttg
ctgaggtttgcaccggtgtggctccggaagttaacgctaaagcactggectggggaaaacagtacgagaacgacgccagaaccctgtttgaattc
acttccggcgtgaatgttactgaatccccgatcatctatcgcgacgaaagtatgcgtaccgcctgctctcececgatggtttatgcagtgacggcaacgg
ccttgaactgaaatgcccgtttacctccegggatttcatgaagttceggceteggtggtticgaggccataaagtcagcttacatggcccaggtgeagta
cagcatgtgggtgacgcgaaaaaatgcctggtactttgccaactatgacccgegtatgaagcgtgaaggcectgceattatgtcgtgattgagegggat
gaaaagtacatggcgagttttgacgagatcgtgccggagttcatcgaaaaaatggacgaggcactggctgaaattggttttgtatttggggagcaat

ggcgatga

topoisomerase | donor (SEQ ID NO: 26)
gtccggcagagagctgtagecctgtacttcatcgacaagcttgctctgagagcaggcaatgaaaaggaggaaggagaaacagcggacactgtg
ggctgctgctcacttcgtgtggagcacatcaatctacacccagagttggatggtcaggaatatgtggtagagtttgacttcctcgggaaggactccate
agatactataacaaggtccctgtigagaaacgagtttttaagaacctacaactatttatggagaacaagcagcccgaggatgatctttttgatagactc
aatactggtattctgaataagcatcttcaggatctcatggagggcttgacagccaaggtattccgtacgtacaatgcctccatcacgctacagcagcea
gctaaaagaactgacagccccggatgagaacatcccagcgaagatcctticttataaccgtgccaatcgagcetgttgcaattctttgtaaccatcaga
gggcaccaccaaaaacttttgagaagtctatgatgaacttgcaaactaagattgatgccaagaaggaacagctagcagatgccecggagagacct
gaaaagtgctaaggctgatgccaaggtcatgaaggatgcaaagacgaagaaggtagtagagtcaaagaagaaggctgttcagagactggagg
aacagttgatgaagctggaagttcaagccacagaccgagaggaaaataaacagattgccctgggaacctccaaactcagctatctggaccctag
gatcacagtggcttggtgcaagaagtggggtgtcccaattgagaagatttacaacaaaacccagcgggagaagtttgcctgggcecattgacatgg
ctgatgaagactatgagttttagccagtctcaagaggcagagtictgtgaagaggaacagtgtggtttgggaaagatggataaactgagcctcactt
gccctegtgectgggggagagaggcagcaagtcttaacaaaccaacatctttgcgaaaagataaacctggagatattataagggagagctgage
cagttgtcctatggacaacttatttaaaaatattticagatatcaaaattctagctgtatgattigtittgaattttgtttttattttcaagagggcaagtggatggg
aatttgtcagcgttctaccaggcaaattcactgtttcactgaaatgtttggattctcttagctactgtatgcaaagtccgattatattggtgcegtttitacagtta
gggttttgcaataacttctatattttaatagaaataaattcctaaactcccttcectctctcccatttcaggaatttaaaattaagtagaacaaaaaaccca
gcgcacctgttagagtcgtcactctctattgtcatggggatcaattttcattaaacttgaag cagtcgtggcetttggcagtgttttggttcagacacctgttca
cagaaaaagcatgatgggaaaatatttcc

Topoisomerase | wtih e GFP insertion donor gene (SEQ ID NO: 27)
cagcggacactgtgggctgctgctcacttcgtgtggagcacatcaatctacacccagagttggatggtcaggaatatgtggtagagtttgacttccteg
ggaaggactccatcagatactataacaaggtccctgttgagaaacgagtttttaagaacctacaactatttatggagaacaagcagcccgaggatg
atctttttgatagactcaatactggtattctgaataagcatcttcaggatctcatggagggcttgacagccaaggtattcegtacgtacaatgcctccatc
acgctacagcagcagctaaaagaactgacagccccggatgagaacatcccagcgaagatcctticttataaccgtgccaatcgagctgttgcaatt
ctttgtaaccatcagagggcaccaccaaaaacttttgagaagtctatgatgaacttgcaaactaagattgatgccaagaaggaacagctagcagat
gcccggagagacctgaaaagtg ctaaggctgatgccaaggtcatgaaggatgcaaagacgaagaaggtagtagagtcaaagaagaaggctg
ttcagagactggaggaacagttgatgaagctggaagttcaagccacagaccgagaggaaaataaacagattgccctgggaacctccaaactca
gctatctggaccctaggatcacagtggcttiggtgcaagaagtggggtgtcccaattgagaagatttacaacaaaacccagcgggagaagtttgect
gggccattgacatggctgatgaagactatgagtttaagggcgaggagctgttcaccggggtggtgcccatectggtcgagetggacggcegacgtaa
acggccacaagttcagcgtgtccggcgagggegagggcegatgccacctacggcaagctgaccctgaagttcatctgcaccaccggecaagctge
ccgtgcecctggceccacccetegtgaccaccctgacctacggcegtgcagtgcettcagccegctacccecgaccacatgaagcagceacgacttcttcaagt
ccgccatgcccgaaggctacgtccaggagcgcaccatcticttcaaggacgacggcaactacaagacccgegccgaggtgaagticgagggeg
acaccctggtgaaccgcatcgagctgaagggcatcgacttcaaggaggacggcaacatcctggggcacaagctggagtacaactacaacagce
cacaacgtctatatcatggccgacaagcagaagaacggcatcaaggtgaacttcaagatccgccacaacatcgaggacggcagcegtgcagctc
gccgaccactaccagcagaacacccccatcggcgacggcecccgtgctgctgcccgacaaccactacctgagcacccagtcecgecctgagcaa
agaccccaacgagaagcgcgatcacatggtcctgctggagttcgtgaccgcegccgggatcactctcggcatggacgagctatacaagecagtct
caagaggcagagttctgtgaagaggaacagtgtggtttgggaaagatggataaactgagcctcacttgccctcgtgecctgggggagagaggceag
caagtcttaacaaaccaacatctitgcgaaaagataaacctggagatattataagggagagctgagccagttgtcctatggacaacttatttaaaaat
atttcagatatcaaaattctagctgtatgatttgttttgaattttgtttttattttcaagagggcaagtggatgggaatttgtcagcgttctaccaggcaaattca
ctgtttcactgaaatgtttggattctcttagctactgtatgcaaagtccgattatattggtg cgtttttacagttagggttttgcaataacttctatattttaataga
aataaattcctaaactcccttcectctcteccatttcaggaatttaaaattaagtagaacaaaaaacccagcgcacctgttagagtegtcactctctattg
tcatggggatcaattttcattaaacttgaagcagtcgtggctttggcagtgttttggticagacacctgticacagaaaaagcatgatgggaaaatatttc
ctgacttgagtgttcctttttaaatgtgaatttttttttittttaattattttaaaatatttaaacctttttcttgatcttaaagatcgtgtagattggggttggggaggg
atgaagggcgagtgaatctaaggataatgaaataatcagtgactgaaaccattttcccatcatccttigtictg

cas9 gene (SEQ ID NO: 28)

atggactataaggaccacgacggagactacaaggatcatgatattgattacaaagacgatgacgataagatggccccaaagaagaagcggaa
ggtcggtatccacggagtcccagcagccgacaagaagtacagcatcggectggacatcggcaccaactctgtgggcetgggecgtgatcaccgac
gagtacaaggtgcccagcaagaaattcaaggtgctgggcaacaccgaccggcacagcatcaagaagaacctgatcggagcecctgcetgttcgac
agcggcgaaacagccgaggccacceggctgaagagaaccgccagaagaagatacaccagacggaagaaccggatctgctatctgcaagag
atcttcagcaacgagatggccaaggtggacgacagcttcttccacagactggaagagtccticctggtggaagaggataagaagcacgagegge
accccatcttcggcaacatcgtggacgaggtggcctaccacgagaagtaccccaccatctaccacctgagaaagaaactggtggacagcaccg
acaaggccgacctgeggctgatctatctggccctggeccacatgatcaagttccggggcecacttcctgatcgagggcegacctgaaccccgacaac
agcgacgtggacaagctgttcatccagctggtgcagacctacaaccagctgticgaggaaaaccccatcaacgccageggcegtggacgccaag
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gccatcctgtctgccagactgagcaagagcagacggcetggaaaatctgatcgcccagetgecccggegagaagaagaatggcectgttcggaaac
ctgattgccctgagcctgggcectgacccccaacttcaagagcaacttcgacctggeccgaggatgccaaactgcagcetgagcaaggacacctacg
acgacgacctggacaacctgctggcccagatcggcgaccagtacgccgacctgtttctggeccgeccaagaacctgtccgacgcecatectgctgage
gacatcctgagagtgaacaccgagatcaccaaggcccccctgagcegcectctatgatcaagagatacgacgagcaccaccaggacctgaccctg
ctgaaagctctcgtgcggcagcagcetgcctgagaagtacaaagagattttcticgaccagagcaagaacggctacgccggctacattgacggegg
agccagccaggaagagttctacaagttcatcaagcccatcctggaaaagatggacggcaccgaggaactgctecgtgaagctgaacagagagg
acctgctgcggaagcagcggaccttcgacaacggcagcatcccccaccagatccacctgggagagctgcacgccattctgecggeggcaggaa
gatttttacccattcctgaaggacaaccgggaaaagatcgagaagatcctgaccticcgcatcccctactacgtgggecctetggccaggggaaac
agcagattcgcctggatgaccagaaagagcgaggaaaccatcaccccctggaacttcgaggaagtggtggacaagggcegcttccgeccagag
cttcatcgagcggatgaccaacttcgataagaacctgcccaacgagaaggtgctgcccaagcacagcectgctgtacgagtacttcaccgtgtataa
cgagctgaccaaagtgaaatacgtgaccgagggaatgagaaagcccgccticctgagcggcgagcagaaaaaggccatcgtggacctgcetgtt
caagaccaaccggaaagtgaccgtgaagcagctgaaagaggactactticaagaaaatcgagtgcttcgactccgtggaaatctccggegtgga
agatcggttcaacgcctccctgggcacataccacgatctgctgaaaattatcaaggacaaggacttcctggacaatgaggaaaacgaggacattc
tggaagatatcgtgctgaccctgacactgtttgaggacagagagatgatcgaggaacggctgaaaacctatgcccacctgticgacgacaaagtg
atgaagcagctgaagcggcggagatacaccggctggggcaggcetgageccggaagctgatcaacggcatccgggacaagcagtccggcaag
acaatcctggatttcctgaagtccgacggcttcgccaacagaaacttcatgcagctgatccacgacgacagcectgacctttaaagaggacatccag
aaagcccaggtgtccggccagggcegatagectgcacgagcacattgccaatctggccggcagecccgcecattaagaagggcatcctgcagaca
gtgaaggtggtggacgagctcgtgaaagtgatgggccggcacaagceccgagaacatcgtgatcgaaatggccagagagaaccagaccaccce
agaagggacagaagaacagccgcgagagaatgaagcggatcgaagagggcatcaaagagcetgggcagcecagatcctgaaagaacaccce
gtggaaaacacccagctgcagaacgagaagctgtacctgtactacctgcagaatgggcgggatatgtacgtggaccaggaactggacatcaac
cggctgtccgactacgatgtggaccatatcgtgectcagagctttctgaaggacgactccatcgacaacaaggtgctgaccagaagcgacaagaa
ccggggcaagagcgacaacgtgccctccgaagaggtecgtgaagaagatgaagaactactggeggcagcetgctgaacgccaagcetgattacce
agagaaagttcgacaatctgaccaaggccgagagaggcggcctgagcgaactggataaggccggcttcatcaagagacagctggtggaaacc
cggcagatcacaaagcacgtggcacagatcctggactcccggatgaacactaagtacgacgagaatgacaagctgatccgggaagtgaaagt
gatcaccctgaagtccaagctggtgtccgatttccggaaggatttccagttttacaaagtgcgcgagatcaacaactaccaccacgcccacgacgce
ctacctgaacgccgtcgtgggaaccgcecctgatcaaaaagtaccctaagctggaaagcegagttcgtgtacggegactacaaggtgtacgacgtge
ggaagatgatcgccaagagcgagcaggaaatcggcaaggctaccgccaagtacttcttictacagcaacatcatgaactttttcaagaccgagatt
accctggccaacggcgagatccggaagceggcctctgatcgagacaaacggcgaaaccggggagategtgtgggataagggecgggattttge
caccgtgcggaaagtgctgagcatgccccaagtgaatatcgtgaaaaagaccgaggtgcagacaggeggctticagcaaagagtctatectgecce
aagaggaacagcgataagctgatcgccagaaagaaggactgggaccctaagaagtacggcggcttcgacagccccaccgtggcectattetgtg
ctggtggtggccaaagtggaaaagggcaagtccaagaaactgaagagtgtgaaagagctgctggggatcaccatcatggaaagaagcagcttc
gagaagaatcccatcgactttctggaagccaagggctacaaagaagtgaaaaaggacctgatcatcaagctgcctaagtactcectgttcgagct
ggaaaacggccggaagagaatgctggcctctgccggcgaactgcagaagggaaacgaactggecctgccctccaaatatgtgaacttcctgtac
ctggccagccactatgagaagctgaagggctcceccecgaggataatgagcagaaacagctgtttgtggaacagcacaagcactacctggacgag
atcatcgagcagatcagcgagttctccaagagagtgatcctggccgacgctaatctggacaaagtgctgtccgectacaacaagcaccgggataa
gcccatcagagagcaggccgagaatatcatccacctgtttaccctgaccaatctgggagcccctgccgcecttcaagtacttigacaccaccatcgac
cggaagaggtacaccagcaccaaagaggtgctggacgccaccctgatccaccagagcatcaccggcctgtacgagacacggatcgacctgtct
cagctgggaggcgacaaaaggccggcggcecacgaaaaaggecggecaggcaaaaaagaaaaagtaa

FtoS sgRNA2.0 (SEQ ID NO: 29)
Gggcgtcctttattgtacttgttttagagctaggccaacatgaggatcacccatgtctgcagggcectagcaagttaaaataaggcetagtccgttatcaa
cttggccaacatgaggatcacccatgtctgcagggccaagtggcaccgagteggtgct

eGFP sgRNA2.0 (SEQ ID NO: 30)
agcgggagaagtttgcctgggttttagagctaggccaacatgaggatcacccatgtctgcagggcctagcaagttaaaataaggctagtecgttate
aacttggccaacatgaggatcacccatgtctgcagggccaagtggcaccgagteggtgct

TF6 cassette for introduction of knock out mutation in human topoisomerase | gene (SEQ ID NO: 31)
ccacgtcatcctataaaagtgaaagaagtgcgctgctgtagtattaccagcgcacticggcagcggcagcaccteggcagegtcagtgaacaatg
ccaagcaagaaaagcatctattttgagtactticttgctgtcttccagaaaatcaaagaggagaatgaaaaattactgaaagaatatggattctgtatt
atggataaccacaaagagaggattgctaactticaagatagagcctcctggactttagcgtggcecgecggcaaccaccccaagatgggcatgctga
agagacgaatcatgcccgaggatataatcatcaactgtagcaagcgcagggaggcaaacaatgatatcacaactctcctgacgegtcatcgteg
gctacagcctcgggaattgctacctagctcgagcaagatccaaggagatataacaatggcttectcctggatgattgaacaagatggattgcacge
aggttctccggcecgcettgggtggagaggctattcggcetatgactgggcacaacagacaatcggctgctctgatgcecgecgtgttcecggetgtcageg
caggggcgcccggttctttttgtcaagaccgacctgtccggtgecctgaatgaactgcaggacgaggcagegeggctatcgtggetggeccacgac
gggcgttccttgecgcagcetgtgctcgacgttgtcactgaagecgggaagggactggcetgctattgggecgaagtgecggggeaggatctcctgtcatcte
accttgctcctgccgagaaagtatccatcatggcetgatgcaatgcggceggcetgcatacgcttgatccggcetacctgeccattcgaccaccaagecgaa
acatcgcatcgagcgagcacgtactcggatggaagccggtcttgtcgatcaggatgatctggacgaagagcatcaggggcetegcgecagecgaa
ctgttcgccaggctcaaggegcgceatgcccgacggcgaggatctegtegtgacccatggegatgectgcettgccgaatatcatggtggaaaatgge
cgcttttctggattcatcgactgtggecggcetgggtgtggcggaccgctatcaggacatagcgttggctaccegtgatattgctgaagagcettggegge
gaatgggctgaccgcttcctegtgctttacggtatcgecgctceecgattcgcagegceategcecttctatcgecttctigacgagttcttctgacagacatg
ataagatacattgatgagtttggacaaaccacaactagaatgcagtgaaaaaaatgctttattigtgaaattigtgatgctattgctttatttgtaaccatta
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taagctgcaataaacaagttaacaacaacaattgcattcattttatgtttcaggttcagggggaggtgtgggaggtitittaaagcaagtaaaacctcta
caaatgtggtaccacgtcatcctataaaagtgaaagaagtgcgctgctgtagtattaccagcgcactticggcagcggcagcacctcggcagcegtca
gtgaacaatgccaagcaagaaaagc

dCas9-PCV1 Rep (SEQ ID NO: 32)
atggacaagaagtactccattgggctcgctatcggcacaaacagcgtcggctgggcecgtcattacggacgagtacaaggtgccgagcaaaaaat
tcaaagttctgggcaataccgatcgccacagcataaagaagaacctcattggcgcecctectgttcgactccggggagacggeccgaagccacgeg
gctcaaaagaacagcacggcgcagatatacccgcagaaagaatcggatctgctacctgcaggagatctttagtaatgagatggctaaggtggat
gactctttcttccataggctggaggagtcectttttggtggaggaggataaaaagcacgagcgccacccaatctttggcaatatcgtggacgaggtgge
gtaccatgaaaagtacccaaccatatatcatctgaggaagaagcttgtagacagtactgataaggctgacttgcggttgatctatctcgegetggege
atatgatcaaatttcggggacacttcctcatcgagggggacctgaacccagacaacagcgatgtcgacaaactctttatccaactggttcagacttac
aatcagcttttcgaagagaacccgatcaacgcatccggagttgacgccaaagcaatcctgagcgctaggctgtccaaatcccggeggcetcgaaa
acctcatcgcacagctccctggggagaagaagaacggcctgtttggtaatcttatcgecctgtcactcgggcetgacccecaactttaaatctaactteg
acctggccgaagatgccaagcttcaactgagcaaagacacctacgatgatgatctcgacaatctgctggecccagatcggecgaccagtacgcaga
cctttttttggcggcaaagaacctgtcagacgccattctgctgagtgatatictgcgagtgaacacggagatcaccaaagctcegctgagcgctagtat
gatcaagcgctatgatgagcaccaccaagacttgactttgctgaaggcccttgtcagacag caactgcctgagaagtacaaggaaattttcttcgat
cagtctaaaaatggctacgccggatacattgacggcggagcaagccaggaggaattttacaaatttattaagcccatcttggaaaaaatggacgg
caccgaggagctgctggtaaagcttaacagagaagatctgttgcgcaaacagcgcactttcgacaatggaagcatcccccaccagattcacctgg
gcgaactgcacgctatcctcaggcggcaagaggatttctacccctttttgaaagataacagggaaaagattgagaaaatcctcacatttcggatacc
ctactatgtaggccccctcgceccggggaaattccagattcgegtggatgactcgcaaatcagaagagaccatcactccctggaacttcgaggaagt
cgtggataagggggcctctgcccagtccticatcgaaaggatgactaactttgataaaaatctgcctaacgaaaaggtgcttcctaaacactctctget
gtacgagtacttcacagtttataacgagctcaccaaggtcaaatacgtcacagaagggatgagaaagccagcattcctgtctggagagcagaaga
aagctatcgtggacctcctcttcaagacgaaccggaaagttaccgtgaaacagctcaaagaagactatticaaaaagattgaatgtttcgactctgtt
gaaatcagcggagtggaggatcgcttcaacgcatcectgggaacgtatcacgatctectgaaaatcattaaagacaaggacttcctggacaatga
ggagaacgaggacattcttgaggacattgtcctcacccttacgttgtttgaagatagggagatgattgaagaacgcttgaaaacttacgctcatctcttc
gacgacaaagtcatgaaacagctcaagaggcgccgatatacaggatgggggcggctgtcaagaaaactgatcaatgggatccgagacaagce
agagtggaaagacaatcctggattticttaagtccgatggatttgccaacaggaacttcatgcagttgatccatgatgactctctcacctttaaggagga
catccagaaagcacaagttictggccagggggacagtcticacgagcacatcgctaatcttgcaggtagcccagctatcaaaaagggaatactge
agaccgttaaggtcgtggatgaactcgtcaaagtaatgggaaggcataagcccgagaatatcgttatcgagatggcccgagagaaccaaactac
ccagaagggacagaagaacagtagggaaaggatgaagaggattgaagagggtataaaagaactggggtcccaaatccttaaggaacaccc
agttgaaaacacccagcttcagaatgagaagctctacctgtactacctgcagaacggcagggacatgtacgtggatcaggaactggacatcaatc
ggctctccgactacgacgtggatgctatcgtgccccagtctttictcaaagatgattctatigataataaagtgttgacaagatccgataaaaatagagg
gaagagtgataacgtcccctcagaagaagtigtcaagaaaatgaaaaattattggcggcagcetgctgaacgccaaactgatcacacaacggaa
gttcgataatctgactaaggctgaacgaggtggcctgtctgagttggataaagceggcttcatcaaaaggcagctigtigagacacgccagatcacc
aagcacgtggcccaaattctcgattcacgcatgaacaccaagtacgatgaaaatgacaaactgattcgagaggtgaaagttattactctgaagtcta
agctggtctcagatttcagaaaggactttcagttttataaggtgagagagatcaacaattaccaccatgcgcatgatgcctacctgaatgcagtggta
ggcactgcacttatcaaaaaatatcccaagcttgaatctgaatttgtttacggagactataaagtgtacgatgttaggaaaatgatcgcaaagtctgag
caggaaataggcaaggccaccgctaagtacticttttacagcaatattatgaattttttcaagaccgagattacactggccaatggagagattcggaa
gcgaccacttatcgaaacaaacggagaaacaggagaaatcgtgtgggacaagggtagggatttcgcgacagtccggaaggtcctgtccatgec
gcaggtgaacatcgttaaaaagaccgaagtacagaccggaggcttctccaaggaaagtatcctcccgaaaaggaacagcgacaagctgateg
cacgcaaaaaagattgggaccccaagaaatacggcggattcgattctcctacagtcgcttacagtgtactggttgtggccaaagtggagaaaggg
aagtctaaaaaactcaaaagcgtcaaggaactgctgggcatcacaatcatggagcgatcaagcticgaaaaaaaccccatcgactttctcgagg
cgaaaggatataaagaggtcaaaaaagacctcatcattaagcttcccaagtactctctctttgagcttgaaaacggccggaaacgaatgctegcta
gtgcgggcegagctgcagaaaggtaacgagctggcactgccctctaaatacgttaatticttgtatctggccagccactatgaaaagctcaaagggtc
tcccgaagataatgagcagaagcagctgttcgtggaacaacacaaacactaccttgatgagatcatcgagcaaataagcgaattctccaaaaga
gtgatcctcgecgacgctaacctcgataaggtgctttctgcttacaataagcacagggataagcccatcagggagcaggcagaaaacattatccac
ttgtttactctgaccaacttgggegcgcectgcagccttcaagtacticgacaccaccatagacagaaagcggtacacctctacaaaggaggtcctgg
acgccacactgattcatcagtcaattacggggctctatgaaacaagaatcgacctctctcagctcggtggagacgtgagegetggaggaggtgga
agcggaggaggaggaagcggaggaggaggtagcctcgagaccatgccaagcaagaaaagcggceccgcaaccccataagaggtgggtgttc
acccttaataatccticcgaggaggagaaaaacaaaatacgggagcttccaatctccctttttgattattttgtitgcggagaggaaggtttggaagag
ggtagaactcctcacctccaggggtttgcgaattttgctaagaagcagacttttaacaaggtgaagtggtattttggtgcccgcetgccacatcgagaaa
gcgaaaggaaccgaccagcagaataaagaatattgcagtaaagaaggtcacatacttatcgagtgtggagcecccccggaaccaggggaagceg
cagcgacctgtctactgctgtgagtacccttttggagacggggtctttggtgactgtagccgagcagttcectgtaacgtatgtgagaaatttccggggg
ctggctgaacttttgaaagtgagcgggaagatgcagcagcgtgattggaagacagctgtacacgtcatagtgggaccgcccggttgtgggaagag
ccagtgggcccgtaattttactgagcctagcgacacctactggaagcctagtagaaataagtggtgggatggctatcatggagaagaagttgttgtttt
ggatgatttttatggctggttaccttgggatgatctactgagactgtgtgaccggtatccattgactgtagagactaaaggcggtactgttccttttttggec
cgcagtattttgattaccagcaatcaggccccccaggaatggtactcctcaactgctgtcccagecgtagaagctctctatcggaggattactactttge
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aattttggaagactgctggagaacaatccacggaggtgccegaaggccgatttgaagcagtggacccaccctgtgcccttttcccatataaaataa
attactag

TTVori-SERPINA1-TTVori (SEQ ID NO: 33)
cggtgaagccacggagggagatctccgegtcccgagggegggtgcecgaaggtgagtitacacaccgaagtcaaggggcaattcgggceteggg
actggccgggctatgggcaaggctctgagcaacagcaacaaagcgcagccatttctttctgtttgcacagctectetgtctgtcgggggctcctgtetg
ttgtctcctataagcctcaccacctctectactgettgggceatgcatctttctcecctictatagatgaggaggttaaggtccagagaggggtggggagg
aacgccggctcacattctccatcececctccagatatgaccaggaacagacctgtgccaggcectcagecttacatcaaaatgggcectccecatgecacce
gtggacctctgggccctectgtcccagtggaggacaggaagcetgtgaggggcactgtcacccagggctcaagcetggcattectgaataatcgctct
gcaccaggccacggctaagctcagtgcgtgattaagcctcataaccctccaaggcagttactagtgtgattcccattttacagatgaggaagatggg
gacagagaggtgaataactggccccaaatcacacaccatccataattcgggctcaggcacctggctccagtccccaaactcttgaacctggecct
agtgtcactgtttctcttgggtctcaggegetggatggggaacaggaaacctgggcetggacttgaggcctctctgatgcteggtgacttcagacagttg
ctcaaccitctctgttctcttgggcaaaacatgataacctttgacttctgtccectccectcaccccaccecgaccttgatctctgaagtgttggaaggattta
atttttcctgcactgagttttggagacaggtcaaaaagatgaccaaggccaaggtggccagtticctatagaacgcctctaaaagacctgcagcaat
agcagcaagaactggtattctcgagaacttgctgcgcagcaggcacttctiggcattttatgtgtatttaatttcacaatagctctatgacaaagtccacc
tttctcatctccaggaaactgaggttcagagaggttaagtaacttgtccaaggtcacacagctaatagcaagttgacgtggagcaatctggectcaga
gcctttaattttagccacagactgatgctcccctcttcatttagccaggcetgectctgaagttttctgattcaagacttctggcttcagctttgtacacagaga
tgattcaatgtcaggttttggagtgaaatctgtttaatcccagacaaaacatttaggattacatctcagttttgtaagcaagtagctctgtgatttttagtgag
ttatttaatgctctttggggctcaattttictatctataaaatagggctaataatttgcaccttatagggtaagctttgaggacagattagatgatacggtgcct
gtaaaacaccaggtgttagtaagtgtggcaatgatggtgacgctgaggctgatgtttg cttagcatagggttaggcagctggcaggcagtaaacagt
tggataatttaatggaaaatttgccaaactcagatgctgttcactgctgagcaggagccccttcctgctgaaatggtcctggggagtgcagcaggctct
ccgggaagaaatctaccatctctcgggcaggagctcaacctgtgtgcaggtacagggagggcttcctcacctggtgcecactcatgcattacgtca
gttattcctcatccctgtccaaaggattcttttctccattgtacag ctatgaagctagtgctcaaagaagtgaagtcatttaccccaggccccctgecagt
aagtgacagggcctggtcacacttgggtttatttattgcccagtticaacaggttgtitgaccataggcgagattctcttccctgcaccetgecegggttgcete
ttggtcccttattttatgctcccgggtagaaatggtgtgagattaggcagggagtggcetegcttcectgteecctggecccgecaaagagtgcetecccacctg
ccccgatcccagaaatgtcaccatgaagccttcattcttttggtttaaagcttggectcagtgtcegtacaccatggggtactiggeccagatggegacttt
ctcctetecagtegcectceccaggeactagcttttaggagtgcagggtgcetgectctgatagaagggccaggagagagcaggttttggagtcctgatg
ttataaggaacagcttgggaggcataatgaacccaacatgatgctigagaccaatgtcacagcccaattctgacattcatcatctgagatctgagga
cacagctgtctcagttcatgatctgagtgctgggaaagccaagacttgticcagctttgtcactgacttgctgtatagcctcaacaaggccctgacccte
tctgggcttcaaactcttcactgtgaaaggaggaaaccagagtaggtgatgtgacaccaggaaagatggatgggtgtgggggaatgtgctectcec
agctgtcaccccctcgcecaccctcectgcaccagccteteccacctecttigagcccagaattceectgtctaggagggcacctgtctcatgectageca
tgggaattctccatctgttttgctacattgaacccagatgccattctaaccaagaatcctggetgggtgcaggggctctegectgtaaccccagcacttt
gggaggccaaggcaggcggatcaagaggtcaggagttcaagacctgcctggccaacacggtgaaacctcagctctactaaaaatacaaaaatt
agccaggcgtggtggcacacgcctgtaatcccagctatttgggaagctgagacagaagaatttcttgaacccgggaggtggaggtttcagtgagec
gagatcacgccactgcactccaccctggcagataaagcgagactctgtctcaaaaaaaacccaaaaacctatgttagtgtacagagggecccag
tgaagtcttctcccagcecccactttgcacaactggggagagtgaggccccaggaccagaggattcttgctaaaggccaagtggatagtgatggecc
tgccagggctagaagccacaacctctggcecctgaggccactcagcatatttagtgtccccaccctgcagaggeccaactccctectgaccactgag
ccctgtaatgatgggggaatttccataagccatgaaggactgcacaaagttcagtigggaagtgaaagagaaattaaagggagatggaaatatac
agcactaattttagcaccgtctttagtictaacaacactagctagctgaagaaaaatacaaacatgtattatgtaatgtgtggtctgttccatttggattact
tagaggcacgagggccaggagaaaggtggtggagagaaaccagctttgcacttcatttgttgctttattggaaggaaacttttaaaagtccaaggg
ggttgaagaatctcaatatttgttatttccagctttttttctccagtttttcatttcccaaattcaaggacacctttttctitgtattttgttaagatgatggttttggtttt
gtgactagtagttaacaatgtggctgccgggcatattctcctcagctaggacctcagttttcccatctgtgaagacggcaggttctacctagggggcetge
aggctggtggtccgaagcctgggcatatctggagtagaaggatcactgtggggcagggcaggttetgtgttgetgtggatgacgttgactttgaccatt
gctecggcagagcctgctctecgcetggttcageccacaggecccaccactecctattgtctcagecccegggtatgaaacatgtattcctcactggcectatca
cctgaagcctttgaatttgcaacacctgccaacccctcectcaaaagagttgccctctcagatecttttgatgtaaggtttggtgtigagacttatttcacta
aattctcatacataaacatcactttatgtatgaggcaaaatgaggaccagggagatgaatgacttgtcctggctcatacacctggaaagtgacagag
tcagattagatcccaggtctatctgaagttaaaagaggtgtcttttcacttcccacctcctccatctactttaaagcagcacaaacccctgctticaagga
gagatgagcgtctctaaagcccctgacagcaagagcccagaactgggacaccattagtgacccagacggcaggtaagcetgactgcaggagcat
cagcctattcttgtgtctgggaccacagagcattgtggggacagccccgtctctigggaaaaaaaccctaagggctgaggatccttgtgagtgttggg
tgggaacagctcccaggaggtttaatcacagcccctecatgctctctagetgttg ccattgtg caagatgceatttcecttctgtgcagceagtttcectgge
cactaaatagtgggattagatagaagccctccaagggcttccagcttgacatgattcttgattctgatctggeccgattectggataatcgtgggcagg
cccattcctcttcttgtgcctcattticttctitigtaaaacaatggctgtaccatttgcatcttagggtcattgcagatgtaagtgttgctgtccagagectgggt
gcaggacctagatgtaggattctggttctgctacttcctcagtgacattgaatagctgacctaatctctctggctttggtticticatctgtaaaagaaggat
attagcattagcacctcacgggattgttacaagaaagcaatgaattaacacatgtgagcacggagaacagtgcttggcatatggtaagcactacgt
acattttgctattcttctgattctttcagtgttactgatgtcggcaagtacttggcacaggcetggtttaataatccctaggcacttccacgtggtgtcaatcect
gatcactgggagtcatcatgtgccttgactcggggcctggcccccccatctetgtetigcaggacaatgecgtcttetgtctcgtggggceatectectget
ggcaggcctgtgctgcctggtecctgtetcecctggetgaggatcecccagggagatgetgcccagaagacagatacatcccaccatgatcaggatca
cccaaccttcaacaagatcacccccaacctggctgagttcgccttcagcctataccgeccagetggcacaccagtccaacagcaccaatatcttcttet
ccccagtgagcatcgctacagcctttgcaatgctctcecctggggaccaaggcetgacactcacgatgaaatcctggagggcectgaatttcaacctcac
ggagattccggaggctcagatccatgaaggcttccaggaactcctcegtaccctcaaccageccagacagcecagctccagetgaccaccggceaat
ggcctgttcctcagecgagggcectgaagctagtggataagtttttggaggatgttaaaaagttgtaccactcagaagccttcactgtcaacttcggggac
accgaagaggccaagaaacagatcaacgattacgtggagaagggtactcaagggaaaattgtggatttggtcaaggagcttgacagagacaca
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gtttttgctctggtgaattacatctictitaaaggtaaggtigctcaaccagcctgagctgttcccatagaaacaagcaaaaatattctcaaaccatcagtt
cttgaactctccttggcaatgcattatgggccatagcaatgcttttcagcgtggattcticagttttctacacacaaacactaaaatgttttccatcattgagt
aatttgaggaaataatagattaaactgtcaaaactactgacagctctgcagaacttttcagagcctttaatgtcctigtgtatactgtatatgtagaatatat
aatgcttagaactatagaacaaattgtaatacactgcataaagggatagtticatggaacatactttacacgactctagtgtcccagaatcagtatcag
ttttgcaatctgaaagacctgggttcaaatcctgectctaacacaattagcttttgacaaaaacaatgcattctacctctttgaggtgctaatttctcatctta
gcatggacaaaataccattcttgctgtcaggtttttttaggattaaacaaatgacaaagactgtggggatggtgtgtgg catacagcaggtgatggact
cttetgtatctcaggctgectteetgccectgaggggttaaaatgccagggtectgggggecccagggceattctaagecagceteccactgtcccagga
aaacagcataggggaggggaggtgggaggcaaggccaggggctgcttcctccactetgaggcteecttgcetetigaggcaaaggagggceagtg
gagagcagccaggctgcagtcagcacagctaaagtcctggctctgctgtggcecttagtgggggcecaggtcecectetccagccecagtctectecttct
gtccaatgagaaagctgggatcaggggtccctgaggcccctgtccactctgcatgcctcgatggtgaagctcetgttggtatggcagaggggaggcet
gctcaggcatctgcatttcccctgccaatctagaggatgaggaaagctctcaggaatagtaagcagaatgtttgecctggatgaataactgagcetge
caattaacaaggggcagggagccttagacagaaggtaccaaatatgcctgatgctccaacattttatttgtaatatccaagacaccctcaaataaac
atatgattccaataaaaatgcacagccacgatggcatctcttagcctgacatcgccacgatgtagaaattctgcatcttcctctagttttgaattatccce
acacaatctttttcggcagcttggatggtcagtttcagcaccttttacagatgatgaagctgagcctcgagggatgtgtgtcgtcaagggggcetcaggg
cttctcagggaggggactcatggtttctttattctg ctacactcttccaaaccttcactcacccctggtgatgcccaccttceectcetctccaggcaaatgg
gagagaccctttgaagtcaaggacaccgaggaagaggacttccacgtggaccaggtgaccaccgtgaaggtgcctatgatgaagcgtttaggca
tgtttaacatccagcactgtaagaagctgtccagcetgggtgctgctgatgaaatacctgggcaatgccaccgcecatcttcttcctgectgatgagggga
aactacagcacctggaaaatgaactcacccacgatatcatcaccaagttcctggaaaatgaagacagaaggtgattccccaacctgagggtgac
caagaagctgcccacacctcttagccatgttgggactgaggcccatcaggactggccagagggcetgaggagggtgaaccccacateectgggte
actgctactctgtataaacttggcticcagaatgaggccaccactgagttcaggcagcgccatccatgctccatgaggaggacagtacccaggggt
gaggaggtaaaggtctcgtccctggggacttcccactccagtgtggacactgteccttcccaatatccagtgeccagggcagggacagcagceacce
accacacgttctggcagaaccaaaaaggaacagatgggcttcctggcaaaggcagcagtggagtgtggagticaagggtagaatgtcectggg
gggacgggggaagagcctgtgtggcaaggcccagaaaagcaaggttcggaattggaacagccaggccatgttcgcagaaggcettgegtttetet
gtcactttatcggtgctgttagattgggtgtcctgtagtaagtgatacttaaacatgagccacacattagtgtatgtgtgtgcattcgtgattatgcccatge
cctgctgatctagttegttttgtacactgtaaaaccaagatgaaaatacaaaaggtgtegggticataataggaatcgaggctggaatttctctgticcat
gccagcacctcctgaggtcetetgctccaggggtigagaaagaacaaagaggctgagagggtaacggatcagagagcccagagccaagctgec
cgctcacaccagaccctgctcagggtggcattgtctccccatggaaaaccagagaggagceactcagectggtgtggtcactcttctcttatccactaa
acggttgtcactgggcactgccaccagccccgtgtttctctgggtgtagggcecctggggatgttacaggcetgggggecaggtgacccaacactaca
gggcaagatgagacaggcttccaggacacctagaatatcagaggaggtggcatttcaagctttigtgattcattcgatgttaacattctttgactcaatg
tagaagagctaaaagtagaacaaaccaaagccgagttcccatcttagtgtgggtggaggacacaggagtaagtggcagaaataatcagaaaa
gaaaacacttgcactgtggtgggtcccagaagaacaagaggaatgctgtgccatgcecttgaatttcttttictgcacgacaggtctgccagcttacattt
acccaaactgtccattactggaacctatgatctgaagagcgtcctgggtcaactgggcatcactaaggtcttcagcaatggggctgacctctcecggg
gtcacagaggaggcacccctgaagctctccaaggtgagatcaccctgacgaccttgttgcaccctggtatctgtagggaagaatgtgtgggggcetg
cagctctgtcctgaggctgaggaaggggecgagggaaacaaatgaagacccaggctgagctcctgaagatgccegtgattcactgacacggga
cgtggtcaaacagcaaagccaggcaggggactgctgtgcagcetggcactttcggggcectcectigaggttgtgtcactgaccctgaatttcaactttg
cccaagaccttctagacattgggccttgatttatccatactgacacagaaaggtttgggctaagttgtttcaaaggaatttctgactccttcgatctgtgag
atttggtgtctgaattaatgaatgatttcagctaaagatgacacttattttggaaaactaaaggcgaccaatgaacaactgcagttccatgaatggctge
attatcttggggtctgggcactgtgaaggtcactgccagggtcegtgtcctcaaggagcttcaagccgtgtactagaaaggagagagccctggagg
cagacgtggagtgacgatgctcttccctgttctgagttgtgggtgcacctgagcagggggagaggcgcttgtcaggaagatggacagaggggagce
cagccccatcagccaaagccttgaggaggagcaaggcctatgtgacagggagggagaggatgtgcagggccagggcecgtccagggggagtg
agcgcttcctgggaggtgteccacgtgagcecttgctcgaggectgggatcagcecttacaacgtgtctetgcttetetccecctccaggeegtgecataagge
tgtgctgaccatcgacgagaaagggactgaagctgctggggccatgtttttagaggccatacccatgtctatccccceccgaggtcaagticaacaaa
ccctttgtcticttaatgattgaacaaaataccaagtctcccctcttcatgggaaaagtggtgaatcccacccaaaaataactgcctctcgcetcctcaac
cccteccctecatccctggecccctecctggatgacattaaagaagggttgagctggteectgectgcatgtgactgtaaatcecteccatgtttictetg
agtctccctttgcctgctgaggcetgtatgtgggcetccaggtaacagtgcetgtcttcgggccccctgaactgtgttcatggag catctggetgggtaggcea
catgctgggcttgaatccaggggggactgaatcctcagcttacggacctgggceccatctgtttctggagggctccagtcttecttgtectgtcttggagte
cccaagaaggaatcacaggggaggaaccagataccagccatgaccccaggctccaccaagcatcttcatgtcccectgctcatcceccactcee
ccccacccagagttgctcatcctgeccagggcetggcetgtgecccacceccaaggcetgcectectgggggecccagaactgcetgategtgeegtggecece
agttttgtggcatctgcagcaacacaagagagaggacaatgtcctcctcttgacccgctgtcacctaaccagactcgggcecctgcacctctcaggcea
cttctggaaaatgactgaggcagattcttcctgaagcccattctccatggggcaacaaggacacctattctgtecttgtecttccatcgctgecccagaa
agcctcacatatctccgtttagaatcaggtcccttctccccagatgaagaggagggtcetctgctttgtttictctatctectectcagacttgaccaggecce
agcaggccccagaagaccattaccctatatcccttctcctcectagtcacatggcecataggectgctgatggectcaggaaggccattgcaaggactc
ctcagctatgggagaggaagcacatcacccattgaccccecgcaacccctecctttcctectetgagtccecgactggggccacatgcagcectgacgg
tgaagccacggagggagatctccgegtcccgagggegggtgccgaaggtgagtttacacaccgaagtcaaggggceaattcgggcetecgggactg

gcecgggctatgggcaaggctetga

CMV promoter (SEQ ID NO:34)

caatcccacaaaaatctgagcttaacagcacagttgctcctctcagagcagaatcgggtattcaacaccctcatatcaactactacgttgtgtataac
ggtccacatgccggtatatacgatgactggggttgtacaaaggcggcaacaaacggcgttcccggagttigcacacaagaaatttgccactattaca
gaggcaagagcagcagctgacgcgtacacaacaagtcagcaaacagacaggttgaacttcatccccaaaggagaagctcaactcaagccca
agagctttgctaaggccctaacaagcccaccaaagcaaaaagcccactggctcacgctaggaaccaaaaggceccagcagtgatccageccca
aaagagatctcctttgccccggagattacaatggacgatttcctctatctttacgatctaggaaggaagticgaaggtgaagtagacgacactatgttc
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accactgataatgagaaggttagcctcticaatttcagaaagaatgctgacccacagatggttagagaggcctacgcagcaggtctcatcaagacg
atctacccgagtaacaatctccaggagatcaaataccttcccaagaaggttaaagatgcagtcaaaagattcaggactaattgcatcaagaacac

agagaaagacatatttctcaagatcagaagtactattccagtatggacgattcaaggcttgcttcataaaccaaggcaagtaatagagattggagtct
ctaaaaaggtagttcctactgaatctaaggccatgcatggagtctaagatticaaatcgaggatctaacagaactcgccgtgaagactggecgaacag
ttcatacagagtcttttacgactcaatgacaagaagaaaatcttcgtcaacatggtggagcacgacactctggtctactccaaaaatgtcaaagatac
agtctcagaagaccaaagggctattgagacttttcaacaaaggataatttcgggaaacctcctcggattccattgcccagctatctgtcacttcatcga
aaggacagtagaaaaggaaggtggctcctacaaatgccatcattgcgataaaggaaaggctatcattcaagatctctctgccgacagtggtccca

aagatggacccccacccacgaggagcatcgtggaaaaagaagacgttccaaccacgtcticaaagcaagtggattgatgtgacatctccactga
cgtaagggatgacgcacaatcccactatccttcgcaagacccttcctctatataaggaagttcatttcatttggagaggacacg

human U6 promoter (SEQ ID NO: 35)
Tttcccatgattccttcatatttgcatatacgatacaaggctgttagagagataattggaattaatttgactgtaaacacaaagatattagtacaaaatac
gtgacgtagaaagtaataatttcttgggtagtttgcagttttaaaattatgttttaaaatggactatcatatgcttaccgtaacttgaaagtatttcgatttcttg
gctttatatatcttigtggaaaggac
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Claims

1.

10.

A nucleic acid encoding a first fusion protein comprising a 5' to 3' DNA exonuclease
domain and an RNA binding domain.

A nucleic acid according to claim 2, wherein the exonuclease is A-exo.

A nucleic acid according to clam 1 or 2, for inhibition of NHEJ during

transformation of a cellular genome so as to promote HDR.

A nucleic acid according to any of claims 1 to 3, for transformation of a eukaryotic
cell in concert with an RNA-guided endonuclease.

A nucleic acid encoding a second fusion protein comprising an endonuclease

domain and a binding domain for an origin of replication.

A nucleic acid encoding a third fusion protein comprising a recombination inducing

domain and an RNA binding domain.

A nucleic acid encoding a fourth fusion protein comprising a domain comprising an

inhibitor of the mismatch repair pathway; and an RNA binding domain.

A nucleic acid encoding a fifth fusion protein comprising a Holliday junction
resolvase domain and an RNA binding domain.

A nucleic acid according to claims 1-4, 6, 7 or 8, wherein the RNA binding domain
binds to a tracrRNA for use in CRISPR—-Cas transformation.

A method of transforming the genome of a human or animal cell comprising the
steps of:

a. expressing an RNA-guided endonuclease in the cell or introducing the
RNA-guided endonuclease into the cell;

b. expressing in the cell or introducing into the cell a sequence specific guide

RNA to direct cleavage by the endonuclease domain to a specific locus
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14.
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16.

17.
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C. expressing in the cell the nucleic acid of any of claims 1 to 4 or introducing
into the cell the first fusion protein of any of claims 1 to 4.

A method according to claim 10, wherein the exonuclease is a dsDNA

exonuclease.

A method according to claim 10 or 11 for modifying a genome, wherein a double
strand break is introduced into the genome in the presence of an exogenous donor
nucleic acid sequence comprising a donor nucleic acid sequence as a template for
modifying the chromosome or as an exogenous sequence to be integrated into the
chromosome, and a DNA repair mechanism modifies the genome via homology-
directed repair (HDR), the method comprising:
suppressing non-homologous end joining (NHEJ) repair of the break to
promote repair by HDR by expressing in the cell the nucleic acid of any of
claims 1 to 4 or introducing into the cell the first fusion protein of any of
claims 1 to 4.

A method according to claim 10, 11 or 12, further comprising the steps of:
a. expressing in the cell one or more nucleic acids of claims 5 to 9; or

b. introducing into the cell one or more fusion proteins of claims 5 to 9.

A method according to claim 13, comprising expressing in the cell two or more
nucleic acids of claims 1 to 4 and 6 to 9 or introducing into the cell two or more
fusion proteins of claims 1 to 4 and 6 to 9, wherein the RNA binding protein

domains of the respective fusion proteins bind to different RNA sequences.

A fusion protein comprising a 5’ to 3' DNA exonuclease domain and an RNA
binding domain.

Use of the fusion protein of claim 15, or a nucleic acid encoding the fusion protein

in transformation of a human or animal cell using an RNA-guided endonuclease.

A method of transforming the genome of a human or animal cell comprising the
step of:
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22.

23.
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introducing a donor DNA molecule into the cell, wherein the donor
comprises (a) a sequence of nucleic acids homologous to the intended
target and (b) a viral origin of replication.

The method of claim 17, wherein the viral origin of replication is from a virus

wherein infection by the virus is substantially asymptomatic, e.g. torque teno virus.

The method according to claims 17 to 18, further comprising the step of

a. expressing in the cell one or more nucleic acids of claims 1 to 4 and
6t09;or

b. introducing into the cell one or more fusion proteins of claims 1 to 4
and 6 to 9.

A donor DNA molecule comprising (a) a sequence of nucleic acids homologous to
an intended target, or a sequence for complementation of a mutated copy of a
target, a promoter, a correct copy of the gene and a 3’ UTR, and (b) one or more
viral origin(s) of replication flanking the sequence of (a), for use in therapy by

transforming the genome of a human or animal cell.

A donor DNA molecule for use according to claim 20, wherein the viral origin of
replication is from a virus wherein infection by the virus is substantially

asymptomatic, e.g. torque teno virus.

A donor DNA molecule for use according to claim 20 or 21, wherein therapy

comprises a step of:

a. expressing in the cell one or more nucleic acids of claims 1 to 4 and
6t09;or

b. introducing into the cell one or more fusion proteins of claims 1 to 4
and 6 to 9.

A selection vector comprising first and second viral origins of replication, wherein
the first and second viral origins of replication are arranged to flank a donor DNA
fragment; and the donor DNA fragment comprises a selectable marker gene that is

fused out of frame.
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24. A selection vector according to claim 25, wherein the first and second viral origins
of replication are arranged to flank a DNA sequence comprising a promoter and a
donor DNA fragment, and the donor DNA fragment comprises a selectable marker
gene that is out of frame with the promoter.
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