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LARGE SCALE MODIFICATION OF EUKARYOTIC GENOME

BACKGROUND OF THE INVENTION

Although sharing common features, animals differ from humans in genetic composition
and gene function. To improve the translational value of animal models, it is often necessary to
partially replace and alter its genome and reconstitute with human specific biology and function.
Although there has been significant improvement over the last 30 years, current genome
engineering technologies are still cuambersome and laborious, limited by size and confines of the

donor genomic DNA fragment available.

To replace a gene or gene cluster in the recipient genome with its ortholog or syntenic
region from the donor genome, a shuttle vector must first be identified or constructed carrying
genomic DNA fragment of the donor origin and transferring it to the recipient genome. Over the
years, several systems have been invented serving this need, including plasmid, cosmid (Hohn
and Murray, 1977), BAC (bacterial artificial chromosome) (Osoegawa et al., 2001), YAC (yeast
artificial chromosome) (Burke et al., 1987), HAC (human artificial chromosome) (Hoshiya et al.,

2009), and “transchromosome” (Tomizuka et al., 1997).

Cosmid is a circular plasmid, with capacity for DNA insert of 45 kb (kilo base pairs).
For smaller genes, this size may be sufficiently large to accommodate the entire gene, including

the 5’ and 3’ regulatory sequences.

BAC vector is also a circular plasmid, with an average insert size of 150-350 kb. With its
fair size and stable insert, BAC has been the popular choice providing human and murine
genomic DNA fragments for a variety of uses, including whole genome sequencing and genome
engineering.

YAC: is also circular and larger and can hold inserts up to 2,000 kb, with an avérage
insert size of 250-400 kb. Although insert size is appealing, owing to its large size and
propagation in the highly recombinant yeast host, YAC clones are plagued with issues of artifact,
including intramolecular rearrangement of the insert (insertion, deletion, and inversion, etc.),
ligation of more than one insert into the same vector, and combination of more than one YAC

into one YAC clone. As such, YAC library is of limited use.

In addition to these preexisting libraries of genomic DNA fragments, genomic DNA can
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also be transferred directly from donor to recipient cells by fusion of the two cell types, in a

process called microcell-mediated chromosome transfer. The sizes of these “transchromosomes™
can be very large, up to the length of the entire chromosome. However, what is transferred is by
chance and often fragmented and in addition, propagation to the next round of cell division is not

always guaranteed.

In addition to their sizes, another key limitation common to these vectors is that the insert
carried in each vector was generated by fragmenting the linear chromosome into smaller pieces
and as such, the start and end points of an insert can not be controlled. For Cosmid, BAC and
YAC libraries, genomic DNA from the donor is digested with a restriction enzyme. For
“transchromosome,” although transfer of an intact chromosome is possibly, chromosome is more

likely fragmented during the microcell mediated transfer process.

One example is the RPCI-11 BAC library (Osoegawa et al., 2001) that carries the
ensemble of human genomic DNA fragments in the pBACe3.6 vector. To generate the library,
blood sample was collected from a human donor, genomic DNA isolated and partially digested
with EcoRI restriction enzyme. The fragmented DNA was then separated on agarose gel and
size selected DNA fragments cloned into the pPBACe3.6 vector between the EcoRI sites (for a
subset of the clones, the same donor DNA was partially digested with Mbol, size selected, and
ligated into the pTARBACI cloning vector at the BamHI site). The ligation products were
subsequently transformed into DH10B cells and individual clones arrayed into 384-well
microtiter plates. The entire collection of these plates are stored for archive and retrieval. For
the human genomic DNA library, RPCI-11 consists of 1,440 plates and a total of 543,797 clones,
covering the entire 3x10” base pairs of the human genome in multiple coverages. Depending on
where EcoR1 enzyme cuts, it is possible that a gene may be carried on more than one BAC clone
and a gene cluster 1a1 ger than the carrying capacity of pBACe3.6 (150-350 kb) most definitely

will be housed in more than one BAC clone.

Genes within the same gene family often are located close by on a chromosomal region
and these gene clusters vary in size but often are large. For example, the human immunoglobulin
heavy chain (IGH) locus is mapped to the most distal band of the long arm of chromosome 14
(14932.33) and it occupies 1.3 Mb (1.3x10° bps), out of a total of 107x10° (or 1.2%), of the
chromosome 14 space. The IGH gene cluster consists of 123-129 IGHV (could vary among
individuals), 27 IGHD, 9 IGHJ and 11 IGHC genes, along with other genes that are colocalized
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to this region (Giudicelli et al., 2006). Another example is the human major histocompatibility
(MHC) gene cluster. The MHC gene cluster is located on the short arm of chromosome 6 at
band 6p21.3 and spans about 4 Mb, out of a total of 171 Mb, or 2.3%, of the human chromosome

6 content. Genes of the MHC classes 1 and 2 are located within this region.

Mice carrying human immunoglobulin (IG) genes have been created and proven to be of
tremendous pharmaceutical value (Green, 2014). The first generation mouse models were
created carrying human IG transgenes on a murine knockout background (Bruggemann et al.,
1989; Green et al., 1994; Lonberg et al., 1994; Taylor et al., 1992). Although capable of
producing antibody of a high affinity when challenged, these mice have major limitations owing
to early transgenic technologies used to create these mice. They carry the BAC or YAC derived
transgene and accordingly, partial representation of the IGV gene cluster. In addition, these
transgenes randomly integrate into the mouse genome and are out of the genomic context in
which they naturally reside. As a consequence, they may not have retained authentic
transcriptional regulation offered by particularly the 3’ flanking sequences which are known to

be important.

Employing gene targeting or recombinase mediated cassette exchange (RMCE), two
other IG mouse strains have also been created, which overcome the limitations found in a
transgenic model. Regeneron Pharmaceutical, using conventional gene targeting with BAC
based targeting vectors, created the VelocImmune mice with precise replacement of the murine
Ighv, d and j genes with its human ortholog (Macdonald et al., 2014). In another effort, the
Kymab group resorted to RMCE and successfully generated a mouse model also with precise
replacement of the murine Ighv, d, and j genes with their human syntenic region (Lee et al.,
2014). Both efforts involved ferrying the human IGH genes, one BAC vector at a time, into the
mouse embryonic stem cells, and the entire process took multiple rounds of transfer and years of
work. In addition, before used as a vector, some of the BAC clones needed to be “trimmed” to

delete or add genes to them so they tile and cover the entire human IGH gene locus.

Therefore, improved techniques are needed so that genomes can be engineered with a

better efficiency.

SUMMARY OF THE INVENTION

The invention described herein provides compositions and methods to produce large
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DNA fragments (e.g., hundreds of Kb to million base pairs) containing a genomic region of
interest (GOI) with defined start and end points. For most genome engineering needs, these
large DNA fragments (termed “megacircle” herein) can be used to ferry genes or blocks of genes
of donor origin to the recipient genome in one or multiple transfers. In one example, the
megacircle can be used to transfer a gene cluster from a first / donor organism (such as the
human IGH gene cluster) to the cells of a second / recipient organism (such as a model organism
like mouse), and replace a target (e.g., the corresponding genomic) region in the second /
recipient organism (e.g., murine Igh locus) with a (such as its syntenic) region from the first /
donor organism (e.g., human). Any other gene clusters can be used in the invention, including,
but not limited to, those for TCR (T cell receptor) gene cluster, MHC classes 1 and 2, and
cytochrome P450 genes. This method of the invention can be used to reduce large scale genome
engineering to a few steps, including eliminating the need to amplifying large segments of DNA
fragments in a prokaryotic (such as bacteria) or eukaryotic (such as yeast) host cell, thus

improving efficiency and saving time and cost.

Briefly, the methods of the invention includes the production of megacircles, which may
comprise the following steps: 1. release a genomic DNA comprising the GOI from a host
genome; 2. ligate the genomic DNA into megacircle with or without another DNA fragment; 3.
RCA amplification of megacircle, generating double strand concatemers; 4. Digest the
concatemer to make monomers with compatible sticky overhangs (megastrand); and 5. Self-

ligating the megastrands to re-generate megacircles.

The megacircle or megastrand of the invention can, for example, serve as donor template

of homologous recombination (HR) if it contains genomic sequence homologous to a target

genomic region in a recipient or host. It could also contain binding site for endonucleases such

as CRISPR, TALEN and ZFN.

Thus one aspect of the invention provides a DNA fragment comprising a genomic region
of interest (GOI, which can be a single complete or partial gene, or a cluster of related or
unrelated genes, non-encoding sequence, or any genomic region of interest), wherein the GOI is
at least about 20 kb (e.g., 50 kb, 100 kb, 150 kb, 200 kb, 300 kb, 400 kb, 500 kb, 750 kb, 1 mb,
1.25 mb, 1.5 mb, 1.75 mb, 2 mb or more), and is flanked by a first unique enzyme cleavage site
at the proximal end of the genomic DNA fragment and a second unique enzyme cleavage site at

the distal end of the genomic DNA fragment, wherein the DNA fragment further comprises an
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exogenous sequence (such as a selection marker, a recombinase target site (RTS), or a sequence
from a non-donor source) between the proximal end of the DNA fragment and the proximal end
of the GOI, or between the distal end of the DNA fragment and the distal end of the GOI; and
wherein the DNA fragment is devoid of a sequence required for self-replication in a host cell

(e.g., ORI, pBR322, pUC, pSC101, or ARS).

As used herein, “unique” means that the enzyme cleavage site does not exist inside the
GO, so that when an enzyme specific for the unique enzyme cleavage site is used in digestion,
the enzyme does not cleave within the GOI. However, the unique enzyme cleavage site may

well exist in other parts of the same genome.

In certain embodiments, the first and the second unique enzyme cleavage sites have the
same sequence, or are recognized by one (the same) cleavage enzyme, or have sticky ends

compatible for ligation.

In certain embodiments, the DNA fragment is a double-stranded circle (e.g., linked at the

first and the second unique enzyme cleavage sites).

In certain embodiments, the DNA fragment further comprises a first positive selection
marker cassette located between the RTS and an end of the DNA fragment, wherein the GOI and

the positive selection marker cassette flank the RTS.

In certain embodiments, the DNA fragment further comprises a heterotypic recombinase

target site (htRTS), wherein the RTS and the htRTS flank the GOL

In certain embodiments, the DNA fragment is circular, with a linkage created by linking
the first and the second unique enzyme cleavage sites, wherein the linkage is between the

positive selection marker cassette and the htRTS (or the RTS).

In certain embodiments, the DNA fragment is amplified by rolling circle amplification
(RCA).

In certain embodiments, the GOI is immunoglobulin heavy chain gene cluster,
immunoglobulin kappa light chain gene cluster, immunoglobulin lambda light chain gene cluster,
a TCR (T-cell receptor) gene cluster, an MHC class 1 gene, an MHC class 2 gene, or a

cytochrome P450 gene, or any other genomic fragment.

In certain embodiments, the first and/or the second unique enzyme cleavage site(s) are

cleavable by a restriction endonuclease, a homing endonuclease (such as I-Scel), a
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CRISPR/Cas9 nuclease, a CRISPR/Cpfl nuclease, a TALEN (transcription activator-like
effector nuclease), a ZFN (Zinc Finger nuclease), or a Pyrococcus furiosus Argonaute (PfAgo)

based artificial restriction enzyme (ARE).

In certain embodiments, one of the first and the second unique enzyme cleavage sites is a

natural / pre-existing genomic sequence.

In certain embodiments, the RTS or the htRTS is locus of crossover in P1 (loxP), flippase
recognition target (FRT), attP/attB, or mutants thereof, or the recognition site of other site-

specific recombinases.

Another aspect of the invention provides a method of producing the DNA fragment of
any one of the subject DNA fragments, the method comprising: (a) inserting, in a host genome
comprising said GOI, said first unique enzyme cleavage site and said RTS proximal (or distal) to
the GOI, wherein the GOI is proximal (or distal) to the second unique enzyme cleavage site, and
wherein an optional first positive selection marker cassette is distal (or proximal) to said first
unique enzyme cleavage site and proximal (or distal) to said RTS; (b) digesting the host genome
with a first unique enzyme that cleaves said first unique enzyme cleavage site, and a second
unique enzyme that cleaves said second unique enzyme cleavage site, to release the DNA
fragment comprising the GOI from the host genome; (¢) circularizing the released DNA
fragment to form a megacircle, by ligating the ends of said released DNA fragment generated by
cleavage by said first unique enzyme and said second unique enzyme, under conditions that
promote intramolecular self-ligation; (d) amplifying said megacircle by rolling circle
amplification (RCA) with a primer (or multiple primers) unique to said GOL

In certain embodiments, steps (a) and (b) can be done simultaneously, or sequentially in
either order.

In certain embodiments, the second unique enzyme cleavage site is naturally existing
sequence. Note, however, in a similar aspect of the invention, a method is contemplated in

which in step (a), two naturally existing unique enzyme cleavage sites flank the GOL

In certain embodiments, step (a) further comprises inserting a 3™ unique enzyme

cleavage site between the first unique enzyme cleavage site and the RTS.

In certain embodiments, the second unique enzyme cleavage site, together with a second

positive selection marker cassette and htRTS, are inserted into said host genome distal (or
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proximal) to GOI, preferably the second unique enzyme cleavage site is distal (or proximal) to

the htRTS and proximal (or distal) to the second positive selection marker cassette.

Another aspect of the invention provides a method of producing the DNA fragment of
any one of the subject DNA fragments, the method comprising: (a) removing / retrieving a
genomic DNA fragment comprising said GOI from a host genome, through digesting the host
genome with a first enzyme specific for a first unique enzyme cleavage site and a second enzyme
specific for a second unique enzyme cleavage site, wherein said first and said second unique
enzyme cleavage sites are not compatible for ligation with each other; (b) ligating the retrieved
genomic DNA fragment in step (a) with a linear recombinant DNA construct to produce a
megacircle, wherein said linear recombinant DNA construct comprises a positive selection
marker cassette flanked by a pair of heterotypic RTSs or flanked by a RTS and a 3™ unique
enzyme cleavage site, and wherein the ends of the linear recombinant DNA construct are defined
by said first and said second unique enzyme cleavage sites, respectively; (c) amplifying said

megacircle by rolling circle amplification (RCA) with a primer unique to said GOL.

In certain embodiments, said first and said second unique enzyme cleavage sites are the

same, and said first and said second unique enzymes are the same.

In certain embodiments, the method further comprises, before amplification by RCA,

treating the ligation mixture with an exonuclease to eliminate linear DNA fragments.

In certain embodiments, RCA is performed using phi29 (629) DNA polymerase, and one

or more primers each specific for the GOL
In certain embodiments, RCA comprises multiple displacement amplification (MDA).

In certain embodiments, the method further comprises resolving the RCA concatemer
product, preferably with said an enzyme specific for said 3" unique enzyme cleavage site (if

present), or with said unique first enzyme or said unique second enzyme.

In certain embodiments, the method further comprises self-ligating digested RCA
concatemer product under conditions favoring the formation of intramolecular self-ligation (e.g.,

low concentration).

In certain embodiments, the conditions comprise emulsifying the digested RCA
concatemer product to form single oil droplets, each comprising no more than one linear DNA

fragment, to promote self-ligation.
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In certain embodiments, the method further comprises treating ligation mixture of the

~ digested RCA product with an exonuclease to eliminate linear DNA fragments.

In certain embodiments, step (a) is carried out by nuclease mediated homology directed

repair (HDR), or homologous recombination (HR), or a combination thereof.

Another aspect of the invention provides a method of replacing a host (e.g., mouse)
genomic region in a host genome with a (syntenic) DNA fragment from a donor (e.g., human)
genome, the method comprising: (a) replacing the host genomic region with a pair of heterotypic
RTSs (e.g., via nuclease enabled HDR, or HR, or a combination thereof), wherein said pair of
heterotypic RTSs flank an optional positive/negative selection cassette (such as hygroTK
selection cassette); (b) providing the DNA fragment of any one of claims 1-11 from the donor
genome, and allowing the DNA fragment from the donor genome to integrate into the host
genome through one of said pair of heterotypic RTSs in the presence of site specific recombinase
specific for said one of said pair of heterotypic RTSs; (c) optionally, allowing deletion of said

positive/negative selection cassette (if present) through the other of said pair of homotypic RTSs.

Another aspect of the invention provides a method of replacing a host (e.g., mouse)
genomic region from a host genome with a (syntenic) DNA fragment from a donor (e.g., human)
genome, the method comprising: (a) inserting a single RTS, along with an optional
positive/negative selection cassette (such as hygroTK selection cassette), proximal (or distal) to
the host genomic region (e.g., via nuclease enabled HDR, or HR, or a combination thereof); (b)
providing the DNA fragment of any one of claims 1-11 from the donor genome, and allowing the
DNA fragment from the donor genome to integrate into the host genome through said RTS in the
presence of site specific recombinase specific for said RTS; (c) optionally, allowing deletion of
said positive/negative selection cassette (if present) and the host genomic region through

nuclease mediated NHEJ.
In certain embodiments, said host genomic region is deleted prior to step (b).

In certain embodiments, the method is carried out in a zygote, an oocyte, a sperm cell
(spermatogonial stem cell line), or an ES cell of the host, preferably by microinjecting,
electroporating, or transfecting exogenous components (e.g., CRISPR/Cas9 and guide RNAs
targeting said first and said second unique enzyme cleavage sites; megacircles; recombinase

protein or coding sequence thereof).
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In certain embodiments, the positive/negative selection marker cassette comprises a
(neomycin/puromycin/hygromycin/blasticidin/zeocin) resistant / TK (or HPRT) gene under the
expression control a eukaryotic promoter (such as the PGK promoter) and a polyA coding

sequence.

Another aspect of the invention provides a mouse generated by any one of the subject

methods.

Another aspect of the invention provides a mouse comprising in its genome an exogenous
genomic DNA from a donor (e.g., a human, a mammal, or different mouse strain), wherein the
exogenous genomic DNA comprises a polymorphism within the species of the donor, and

wherein the exogenous genomic DNA comprises any one of the subject DNA fragments.

In certain embodiments, the exogenous genomic DNA comprises an immunoglobulin
heavy chain gene cluster, immunoglobulin kappa light chain gene cluster, immunoglobulin
lambda chain gene cluster, a TCR, an MHC class 1 gene, an MHC class 2 gene, or a cytochrome
P450 gene.

It should be understood that any one embodiment described herein, including those only
described under one aspect of the invention, can be combined with any one or more other

embodiments, unless explicitly disclaimed or improper.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a schematic drawing showing a first strategy (“Strategy 1”’) for generating one
embodiment of the megacircle of the invention by rolling cycle amplification (RCA). The
generated megacircle can be used in RMCE. In Step 1: A pair of unique enzyme cleavage sites,
including restriction enzyme (RE) sites or protospacer/PAM sequences for a nuclease, such as
that for Cpfl, is identified as flanking the genomic region of interest / gene of interest
(collectively “GOI”). Sometimes two unique enzyme cleavage sites can be identified for certain
GOI Human genomic DNA is isolated and cleaved with the nuclease or restriction enzyme (RE)
to release the genomic DNA fragment from its chromosomal location. The two sites are chosen
such that they are incompatible with each other and as such, it precludes self ligation of the linear
DNA fragment into a circle in a ligation reaction. Concurrently, a recombinant DNA construct is
created to carry a positive selection marker cassette flanked by a pair of heterotypic recombinase

target sites (RTSs). In addition, it may carry a pair of protospacer/PAM sequences or restriction
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sites matching those flanking the GOI as depicted. When cleaved with the corresponding
nuclease or RE, the recombinant DNA construct carries incompatible sticky ends in cis, but in
trans, the sticky ends perfectly match those flanking the GOI. These two species, the digested
linear genomic DNA and the recombinant DNA construct, are brought into a ligation reaction to
be ligated into a “megacircle.” Step 2: the megacircle DNA serving as a template is amplified
through RCA so a large quantity of the megacircle could be generated. Upon completion of
RCA, individual megacircle units are released from the linear concatemer by digestion with an
enzyme specific for a unique enzyme cleavage site, such as an I-Scel site that had been
incorporated into the recombinant DNA construct earlier. The resolved RCE products are then

self-ligated to re-form megacircles, which can be used in RMCE.

FIG. 2 is a schematic drawing showing a second strategy (“Strategy 2”) for generating
one embodiment of the megacircle of the invention by rolling cycle amplification (RCA). The
generated megacircle can be used in RMCE. In Step 1: A positive selection cassette (+a), along
with an RTS site and an I-Scel site, is inserted into the proximal end of the GOI by homologous
recombination (HR), nuclease mediated homology directed repair (HDR), or a combination of
both. It is followed by a second targeting event, inserting the second selection cassette (+b),
along with the heterotypic RTS site and a second I-Scel site, to the distal end of the GOI. Step 2:
Genomic DNA is isolated and genomic DNA fragment carrying GOI flanked by the positive
selection cassette and an RTS site at the proximal end and a heterotypic RTS site at the distal end
released from its chromosomal location by [-Scel digestion. This DNA fragment is self-ligated
(compatible stick ends) to form the megacircle molecule. Step 3: the megacircle is amplified by
RCA, using a primer (or multiple primers) unique to the GOI. Upon completion of the RCA, the
RCA concatemer will be resolved to release individual “megastrand” units, each can self-ligate

back into a megacircle for use in RMCE.

FIG. 3 a schematic drawing showing the RMCE Reaction using the subject megacircles
described in FIGs. 1 and 2. Step 1: A pair of heterotypic RTS sites is inserted into a target
chromosomal location, replacing the murine syntenic region (B), either by HR, nuclease
mediated HDR, or a combination of both. An optional positive/negative selection cassette is
incorporated to allow selection and enrichment of the successful recombinant. Step 2A: the
human GO, carried in a megacircle, is integrated into the genomic locus, mediated by

recombinase mediated integration. Integration could occur through either pair of the two pairs of

10
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homotypic sites in trans, each generating a different intermediate product. Step 2B: Selection
cassette is excised from the locus when the other pair of homotypic RTS sites in cis, as compared
to the pair used in Step 2A, is employed, and mutaﬁt allele with GOI replacing the selection
cassette generated. Note that in step 2B, although the other homotypic pair in cis could also in
theory recombine and regenerate the two substrates that started the RMCE reaction, this reaction

is not favored / efficient, as the two sites are separated by the large GOL

FIG. 4A shows the outcome of the murine Ighv, d, j & ¢ genes when RMCE is employed

to generate mice carrying a complete repertoire of the human IGHV, D & J genes.

FIG. 4B shows the human IGHV, D & J genes included for humanization when RMCE is

employed to generate mice carrying a complete repertoire of the human IGHV, D & J genes.

FIG. 4C shows the overall flow scheme when RMCE is employed (with Cre/Lox as an

example) to generate mice carrying a complete repertoire of the human IGHV, D & J genes.

FIG. 5 is a schematic drawing showing a first strategy (“Strategy 1) for generating one
embodiment of the megacircle of the invention by rolling cycle amplification (RCA). The
generated megacircle can be used in recombinase mediated integration. This is similar to the

flow scheme outlined in FIG. 1, but with only one RTS site incorporated into the megacircle.

FIG. 6 is a schematic drawing showing a first strategy (“Strategy 2”) for generating one
embodiment of the megacircle of the invention by rolling cycle amplification (RCA). The
generated megacircle can be used in recombinase mediated integration. This is similar to flow
scheme outlined in FIG. 2, but with only one RTS site incorporated into megacircle. In Step 1,
only the proximal end of GOI is targeted, and an optional selection cassette, along with an RTS

site and an I-Scel site, are incorporated.

FIG. 7 shows recombinase mediated integration. In Step 1: A single RTS site is inserted
into the chromosomal location, along with a positive (+a)/negative(-) selection cassette, either by
HR, nuclease mediated HDR, or a combination of both. Step 2: The human GOI, carried in a
megacircle, is integrated into the genomic locus, mediated by the corresponding site specific
recombinase (SSR). The positive selection cassette (+b) is different from the selection marker
gene (+a) in Step 1. Step 3: The murine syntenic sequence (B), along with the two selection
cassettes, are eliminated from the targeted allele by non homologous end joining (NHET). The

mutant allele now carries the human GOI replacing murine syntenic sequence (B).

11
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FIG. 8A shows the outcome of the murine Ighv, d, j & c genes when recombinase
mediated integration is employed to generate mice carrying a complete repertoire of the human

IGHV, D & J gene.

FIG. 8B shows the human IGHV, D & J genes included for humanization when
recombinase mediated integration is employed to generate mice carrying a complete repertoire of

the human IGHV, D & J genes.

FIG. 8C shows the overall flow scheme when recombinase mediated integration is
employed (with Cre/Lox as an example) to generate mice carrying a complete repertoire of the

human IGHV, D & J genes.

FIG. 9 shows overall activity for recombinase mediated integration approach.
DETAILED DESCRIPTION OF THE INVENTION

1 Introduction

The invention described herein provides a donor DNA molecule (“linear or circular DNA
fragment” also known as megastrand or megacircle, respectively) that satisfies several criteria:
one, it can be large enough to accommodate the entire gene or gene cluster (in the hundreds Kb
to mega base pair range), though it can be as small as encompassing a partial gene or certain
non-coding sequence; second, it has a pre-determined start and end (e.g., proximal and distal
ends in relation to the centromere of the chromosomal from which the DNA fragment originates),
marking precisely the boundary of the gene or gene cluster. In addition, such a donor DNA
molecule contains additional exogenous sequence, such as a recombinase target sequence (RTS),
and preferably, the DNA fragment is devoid of a sequence sufficient for or required for self-
replication in a host cell (e.g., the ORI sequence in plasmids etc. required for DNA self-

replication in a host cell, pBR322, pUC, pSC101, or ARS).

The megastrand or megacircle of the invention can be used in numerous settings,
including (but not limited to) humanize large sections of a mouse genome with donor DNA from
a single individual (such as a single human), as opposed to (smaller) donor DNAs from multiple

individuals.

Aspects of the invention are described in further details below.

2. Megacircle Generation
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The invention described herein provides a method that generates a large genomic DNA
fragment called “megastrand,” and when circularized, “megacircle,” which typically has a size in
the range of hundreds of Kb to million base pair range (FIGs. 1, 2, 5, & 6). According to this
method, for any specific genomic DNA fragment of interest, megastrand or megacircle can be
generated in vitro in large quantity, free of a prokaryotic or eukaryotic vector backbone sequence,

and with no need to propagate in bacterial, yeast, or other host cells.

As outlined in FIGs. 1 and 5, for the genomic DNA sequence identified, appropriate
restriction sites flanking the fragment are identified. The two sites should be different such that
they will preclude a head to tail self-ligation in a ligation reaction of the genomic fragment when
released from its genomic location. Genomic DNA is then isolated and cleaved with the
corresponding RE to generate the genomic fragment. Alternatively, site specific nuclease, such
as Cas9 and Cas9 nickase (Jinek et al., 2012, incorporated by reference), Cpfl (Zetsche et al.,
2015, incorporated by reference), or PfAgo (Enghiad and Zhao, 2017, ACS Synth. Biol., 2017, 6
(5), pp 752-757, incorporated herein by reference, which describes a Pyrococcus furiosus
Argonaute (PfAgo) based platform for generating artificial restriction enzymes (AREs) capable
of recognizing and cleaving DNA sequences at virtually any arbitrary site and generating defined
sticky ends of varying length) can be used to specifically release the target genomic DNA
fragment from the chromosome. Concurrently, a recombinant DNA construct is synthesized,
carrying a selection marker gene flanked by restriction sites or nuclease cleavage sites matching
those of the genomic fragment as depicted. The two species, the genomic DNA fragment and the
recombinant DNA carrying matching ends, are then ligated to form a circle (megacircle). To
enrich for the megacircle, the ligation mixture can be treated with exonuclease to eliminate all
fragments that remain linear. While circles may be formed from all genomic fragments bearing
compatible sites (in the case of using CRISPR or PfAgo, the circle should be more specific),
amplification of the target circle can be accomplished using RCA (Ali et al., 2014). If needed,
megastrand DNA can also be enriched by affinity purification or separation on pulsed field gel

electrophoresis before used in a ligation reaction.

In an RCA reaction, phi29 (629) DNA polymerase (Blanco et al., 1989; Blanco and Salas,
1984) is commonly used, and one or multiple primers specific for the target genomic region
is/are provided in the reaction. Considering that the rate of synthesis of phi29 DNA polymerase

is about 50 nucleotides per second, for a 500 kb fragment, it takes about 10,000 seconds (or 3
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hours) to complete one round of synthesis for a single strand. However, in some embodiments,
using multiple displacement amplification (MDA) strategy, about 100 or more oligonucleotides
can be made to hybridize to one strand and to tile the entire length of the megacircle template. In
the same reaction, another 100 or more oligonucleotides are provided targeting the other strand.
After 30 hours, minimally, the target fragment will have been amplified 1,000 times, as linear
double-stranded concatemers. The RCA product can then be digested with an enzyme, such as a
restriction enzyme which cuts once per unit of the concatemer, and the individual unit ligated
under low substrate concentration to form the circle. With the high fidelity of phi29 DNA
polymerase (error rate 1/10° - 1/107), this process potentially can be repeated multiple times.
When the target circle is sufficiently enriched, random hexamer can also be used for additional
amplification with higher efficiency. To improve efficiency, exonuclease-resistant primer or
random-hexamer primers with thiophosphate linkages for the two 3’ terminal nucleotides can be

used in RCA reaction.

Alternatively, GOI can also be flanked with I-Scel sites (FIG. 2) or with an engineered
nuclease cleavage site incorporated into one end of the GOI, matching the naturally occurring
site at the other end of GOI (FIG. 6). These strategies require the use of HR, nuclease mediated
HDR, or a combination of both to insert the selection cassette into an endogenous locus.
However, the advantage is that it allows a head to tail self-ligation of the megastrand DNA in cis
to form a circle, as compared with the strategies outlined in FIGs. 1 and 5, which require ligation
between two molecular species. After megacircle is obtained and multiple rounds of
amplification from RCA, the final product is digested and self ligated to form a megacircle. In
the case that the self-ligation efficiency is low, emulsion can be used to separate each molecule
into a single oil droplet to promote intramolecular ligation efficiency. Linear fragment that
remains will be eliminated by exonuclease treatment, improving the relative abundance of

megacircle.

In the case that the final concentration of megacircle is low, to support recombinase
mediated integration or RMCE, the megacircle preparation can be injected directly into the
nucleus of mouse embryonic stem cells, as compared to delivery through electroporation, which
may require a higher concentration. If mouse strains carrying the landing pad would have been
created and zygotes available, megacircle could be delivered directly into the zygotes, along with

the recombinase, to elicit RMCE or recombinase mediated integration.
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The strategies outlined in FIGs. 1 and 5 are particularly appealing, as they do not require
targeting of the human chromosome in human ES or iPS cells - the two human cell types are not

known for high targeting efficiency and may be challenging to work with.

In addition to generating megacircle through RCA, it may also be assembled by Gibson

assembly or synthesized de novo.
3. Employing RMCE for Large Scale Genome Engineering

HR is a naturally occurring mechanism that repairs DNA damage and exchanges DNA
content between sister chromatids during mitosis and meiosis. Exploiting into this mechanism,
precise changes can be introduced into the genome of eukaryotic cells (Doetschman et al., 1987;
Thomas and Capecchi, 1987). Although powerful, it is a laborious and time consuming process,
more so when it comes to large scale genome engineering. For example, to replace the murine
Igh locus with its human syntenic region (940 kb), using BAC targeting vectors, it took 9 rounds
of manipulation in mouse ESCs and years of work to complete the project (Macdonald et al.,

2014).

Over the years, another line of work explored into RMCE to complement HR and to
facilitate large scale genome engineering (Hasegawa et al., 2011; Wallace et al., 2007). By using
HR to insert a “landing pad” into the Igh locus and employing iterative rounds of RMCE, the
Kymab group was able to accomplish a humanization effort similar to the Regeneron
VelocImmune mice but reducing the task of mouse ESC manipulations to 5 rounds (Lee et al.,
2014). The added advantage for RMCE based approach is the much high targeting efficiency
(35% overall for RMCE versus less than 1% for HR, using BAC based targeting vector), which
should translate into less screening work and a better timeline. The limiting factor, in the case of
RMCE, as described earlier, is the BAC vector employed. With a carrying capacity of 150-350
kb per targeting vector, compared with 1.0 Mb of the human IGHV, D, and J genes that need to

be transferred, it necessitates multiple rounds of transfer.

SSR binds to a short stretch of sequence, RTS, and promotes strand exchange between
the two substrates to form two strand-exchanged products (O'Gorman et al., 1991; Sauer and
Henderson, 1988; Thorpe and Smith, 1998; Thyagarajan et al., 2001). For Cre recombinase, the
target site is 34 bps in length (LoxP), consisting of two 13 bps of palindromic repeats separated

by an 8 bps spacer sequence. One recombinase molecule binds to one 13 bps repeat sequence
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and as such, each 13 bps repeat constitutes a recombinase binding element (RBE). For Flp, the
minimal target site (FRT) is similar in structure to the LoxP site for Cre recombinase, although
the 13 bpé repeats are not strictly palindromic but differ by one base pair. Also the full FRT site
has an additional 13 bps of repeat, located 5° to and separated from the minimal sequence by one
additional nucleotide, for a total of 48 bps. This segment is not needed for excision but essential
for integration, including RMCE. For 6C31, the target sites are called attP and attB. Each site
consists of two 18 bps binding elements separated by two nucleotides of spacer sequence and the
two 18 bps binding elements are not particularly palindromic. For the two RTS sites that are
brought together to recombine, there are 4 recombinase molecules involved, each binding to one
RBE, forming a synapse (Van Duyne, 2001).

RMCE was invented 35 years ago (Schlake and Bode, 1994) (Figure 3). To start the
process, two RTS sites that do not recombine between themselves (heterotypic), often because of
the mutations introduced into the spacer sequence, and made to flank a selection cassette, are
integrated into the genomic locus often by gene targeting. This serves as the “landing pad” onto
which other cassette can land and swap with. To swap, a donor plasmid, or megacircle in our
case, carrying a matching set of heterotypic RTS sites will then be introduced. In this scheme,
although the two RTS sites in cis are heterotypic, either of the two pairs of RTS sites in trans is
homotypic (the same) to each other. Upon exposure to the corresponding recombinase, the two
homotypic pairs of RTS sites will synapse and strand exchange occur such that the selection
cassette located in the landing pad will be replaced by the GOI from the donor plasmid.
Employing RMCE, a transgene can be inserted into any genomic locus that has been engineered
to carry the RTS sites. Compared with conventional transgenesis, insertion of a transgene into a
safe harbor site is preferred, as performance of the transgene is more predictable. This is because
the transgene can be inserted into a genomic locus that is known to support expression of the
transgene and it can be done such that only one copy of the transgene is incorporated. It is
particularly convenient if a strain that carries a landing pad in a safe harbor is available, and for
new needs, swapping can be arranged for incorporation of the GOI. The other advantage is the
higher targeting efficiency for RMCE, as compared to a direct gene targeting effort, particularly

for larger GOI, as mentioned earlier.

RMCE is a two-step process (Malchin et al., 2010; Schlake and Bode, 1994; Takata et al.,

2011) (Figure 3). The first step, by nature, is recombinase mediated integration. It occurs in
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trans, between the pair of homotypic RTS sites. In this process, the circular donor DNA is
integrated into the recipient site, creating an intermediate product. Depending on the pair of
homotypic sites involved, two different intermediate products are created which will then serve
as the substrates for the next step. The second step in an RMCE reaction is recombinase
mediated excision. It occurs in cis, between the two homotypic recognition sites now brought in
cis. If it is the same pair as used in step 1 (integration), it reproduces the two substrates that
started the RMCE reaction. However, if it is the other pair, two products will be produced, with
one being the desired product, now with the selection marker gene replaced with the GOI. As
the enzyme is the same for the two steps, RMCE should progress seamlessly from step 1 to step

2, or in the reverse direction, reaching equilibrium as defined by the reaction.

Based on this understanding, in the scenario of replacing a murine genomic region with
its human syntenic sequence by RMCE or recombinase mediated integration, the donor needs to
be a circular molecule so it can be integrated into the genomic locus and it has to be large enough
to accommodate a gene or gene cluster. These two criteria can be met with our megacircle as

described above.

For other utilities, a megastrand can be produced by digesting the concatemer produced
from an RCA reaction with the appropriate restriction enzyme (I-Scel in FIGs. 1, 2,5 & 6). It
can then be used directly as a large transgene or modified further for gene targeting in an HR

reaction or nuclease mediated HDR.
4. Humanization of the Immunoglobulin Heavy Chain Locus

Two different ways, RMCE and recombinase mediated integration, can be used to replace
the murine Ighv, d, and j genes with their human ortholog genes, using megacircle as the vehicle

to transfer human syntenic sequence.

FIGs. 4A and 4B depict fate of the murine Igh and human IGH genes (Walter et al.,
1990), alleles, and technical elements incorporated in the process to support a RMCE scheme.
As illustrated in FIG. 4A, for convenience, the murine Igh locus could be divided into 4 blocks.
Block 1 is 2.5 Mb and marked by Ighv1-86 at the very 5° end and Igv5-1 gene at the 3’ end.
This block is deleted employing, for example, CRISPR mediated NHEJ mutations; block 2 is 91
kb in size and includes Adam6a and Adam6b genes that is retained, as these two genes are

important for fertility of the sperm; block 3 is 54 kb in size and starts with Ighd1-1 and ends with
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Ighj4 genes. This region is deleted and replaced with the PGK/HygroTK type +/- cassette,
bringing along the heterotypic LoxP/Lox5717 sites in preparation for RMCE; block 4 carries the
Igh enhancer sequence, switch region, and constant region genes in their natural figuration and is
left unperturbed. To modify the murine Igh allele in preparation for acceptance of the human
IGH genes, a positive/negative selection cassette (Hygro/TK), along with the LoxP/Lox5171
sites, are inserted into the murine Igh locus, replacing 54 kb of the murine Igh genes from Ighdl1-
1 to Ighj4. This can be accomplished by HR, nuclease mediated HDR, or a combination of both,

in mouse embryonic stem cells.

For convenience, the human IGH locus can also be divided into 3 blocks (FIG. 4B).
Block 1 starts with IGHV(III)-82 gene and ends with IGHV(II)-74-1 gene; block 2 is 948 kb in
size and marked by IGHV3-74 at the 5’ end and IGHJ6 at the 3’ end. Genes in this block are
transferred to and replace the murine Igh locus; block 3 starts with the enhancer sequence and
extends to the rest of the human chromosome 14 in its natural configuration. To modify the
allele in preparation for megacircle generation, gene targeting is performed to insert a LoxP site
and an I-Scel site between blocks 1 and 2, along with a positive selection cassette. When
targeted clone(s) is identified, they can be driven to homozygocity by a “loss of heterozygocity”
protocol, when cultured in a high concentration of G418. After homozygote clones are obtained,
they can be modified further to carry the Lox5171 site, along with an I-Scel site and a positive
selection cassette, between blocks 2 and 3, by HR, nuclease mediated HDR, or a combination of
both. The IGH allele with both LoxP and Lox5171 sites incorporated and flanked by the I-Scel
sites can then be digested with I-Scel enzyme and megastrand released. Upon circularization,
the megacircle can be used as the template for megacircle amplification as outlined in FIG. 2.
Alternatively, a megacircle can be prepared as outlined in FIG. 1, without gene targeting in

human cells.

FIG. 4C illustrates how this scheme is carried out. When a sufficient quantity of
megacircles are obtained, they can be electroporated into mouse ESCs that have been engineered
to carry the LoxP/Lox5171 sites at the murine Igh locus, along with Cre recombinase, to initiate
RMCE. By RMCE, the human IGH sequence is incorporated into the murine Igh locus. If
desired, the 3° Lox5171 site can be flanked by PiggyBac transposon sequences and, when
exposed to PiggyBac, the transposon is eliminated, along with the Lox517 site. This leaves no

“footprint” of genome engineering in the region between human IGH and murine constant region
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genes. At the 5° end of the recombined allele, there is a single LoxP site remaining between the

murine Adamo6b and the IGHV3-74 genes.

Megacircle can also be engineered to support recombinase mediated integration as
outlined in FIG. 7. To use this scheme to incorporate the human IGH genes into the murine Igh
locus, a detailed plan is illustrated in FIGs. 8A, 8B, and 8C. This approach may be technically
less challenging, as it requires only one integration event. The murine Igh locus is modified to
carry the single RTS (FIG. 8A). To release the IGH genomic fragment from human
chromosome 14, a Cpfl protospacer/PAM sequence is first identified marking the 3* end of IGH
block 2. This same Cpfl protospacer/PAM sequence is then incorporated into the targeting
vector and inserted into the region between blocks 1 and 2, as illustrated in FIG. 8B. If possible,
restriction sites flanking block 2 can also be identified and used. As shown in FIG. 8C, the
product from recombinase mediated integration carries the two selection cassettes 3’ to the IGH
genes and can be deleted using nuclease mediated NHEJ mutations flanking the region. As an
alternative, megacircle prepared according to FIG. 5 can also be used for recombinase mediated
integration to insert the human IGH genes into the murine locus. In this case, a megacircle is
generated by ligating the human IGH genomic fragment and a recombinant DNA construct

carrying compatible ends, without the need to engineer the human IGH genes in a human cell

line (ESC or iPSCs).

To accomplish these tasks, multiple technical elements are employed and incorporated,
including homotypic and heterotypic Lox sites, I-Scel site (or restriction sites for other rare
cutter enzymes, such as other homing-endonucleases), and Cpfl protospacer/PAM sequences,
based on well-known molecular biology mechanisms, including HR, RMCE, recombinase
mediated integration, nuclease mediated NHEJ, nuclease mediated HDR, and rolling cycle
amplification. All elements can be tested individually and in a flow scheme, such as the one
illustrated in FIG. 9. Of particular interest is the minicircle, which shares all technical elements
as the megacircle but does not carry the large “GOI.” Successful recombinase mediated

integration or RMCE by this minicircle demonstrates that the system performs as expected.
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ABBREVIATIONS

GOl genomic region of interest

HDR homology directed repair

HR homologous recombination

IG immunoglobulin

Igh murine immunoglobulin heavy chain gene
IGH human immunoglobulin heavy chain gene
MHC major histocompatibility complex

NHEJ non homologous end joining

RBE recombinase binding element

RCA rolling circle amplification

RE restriction enzyme

RMCE recombinase mediated cassette exchange
RTS recombinase target site

SSR site specific recombinase
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WHAT IS CLAIMED IS:

1.

A DNA fragment comprising a genomic region of interest (GOI, which can be a single
complete or partial gene, or a cluster of related or unrelated genes, non-encoding
sequence, or any genomic region of interest), wherein the GOI is at least about 20 kb (e.g.,
50 kb, 100 kb, 150 kb, 200 kb, 300 kb, 400 kb, 500 kb, 750 kb, 1 mb, 1.25 mb, 1.5 mb,
1.75 mb, 2 mb or more), and is flanked by a first unique enzyme cleavage site at the
proximal end of the genomic DNA fragment and a second unique enzyme cleavage site at
the distal end of the genomic DNA fragment, wherein the DNA fragment further
comprises an exogenous sequence (such as a selection marker, a recombinase target site
(RTS), or a sequence from a non-donor source) between the proximal end of the DNA
fragment and the proximal end of the GOI, or between the distal end of the DNA
fragment and the distal end of the GOI; and wherein the DNA fragment is devoid of a
sequence required for self-replication in a host cell (e.g., ORI, pBR322, pUC, pSC101, or
ARS).

The DNA fragment of claim 1, wherein the first and the second unique enzyme cleavage
sites have the same sequence, or are recognized by one (the same) cleavage enzyme, or
have sticky ends compatible for ligation.

The DNA fragment of claim 1 or 2, which is a double-stranded circle (e.g., linked at the
first and the second unique enzyme cleavage sites).

The DNA fragment of any one of claims 1-3, further comprising a first positive selection
marker cassette located between the RTS and an end of the DNA fragment, wherein the
GOI and the positive selection marker cassette flank the RTS.

The DNA fragment of claim 4, further comprising a heterotypic recombinase target site
(htRTS), wherein the RTS and the htRTS flank the GOL

The DNA fragment of claim 5, which is circular, with a linkage created by linking the
first and the second unique enzyme cleavage sites, wherein the linkage is between the
positive selection marker cassette and the htRTS (or the RTS).

The DNA fragment of any one of claims 2-6, wherein the DNA fragment is amplified by
rolling circle amplification (RCA).

The DNA fragment of any one of claims 1-7, wherein the GOI is immunoglobulin heavy

chain gene cluster, immunoglobulin kappa light chain gene cluster, immunoglobulin
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lambda light chain gene cluster, a TCR (T-cell receptor) gene cluster, an MHC class 1

gene, an MHC class 2 gene, or a cytochrome P450 gene.

The DNA fragment of any one of claims 1-8, wherein the first and/or the second unique

enzyme cleavage site(s) are cleavable by a restriction endonuclease, a homing

endonuclease (such as I-Scel), a CRISPR/Cas9 nuclease, a CRISPR/Cpfl nuclease, a

TALEN (transcription activator-like effector nuclease), a ZFN (Zinc Finger nuclease), or

a Pyrococcus furiosus Argonaute (PfAgo) based artificial restriction enzyme (ARE).

The DNA fragment of any one of claims 1-9, wherein one of the first and the second

unique enzyme cleavage sites is a natural / pre-existing genomic sequence.

The DNA fragment of any one of claims 1-10, wherein the RTS or the htRTS is locus of

crossover in P1 (loxP), flippase recognition target (FRT), or attP/attB.

A method of producing the DNA fragment of any one of claims 1-11, the method

comprising:

(a) inserting, in a host genome comprising said GOI, said first unique enzyme
cleavage site and said RTS proximal (or distal) to the GOI, wherein the GOI is
proximal (or distal) to the second unique enzyme cleavage site, and wherein an
optional first positive selection marker cassette is distal (or proximal) to said first
unique enzyme cleavage site and proximal (or distal) to said RTS;

(b) digesting the host genome with a first unique enzyme that cleaves said first
unique enzyme cleavage site, and a second unique enzyme that cleaves said
second unique enzyme cleavage site, to release the DNA fragment comprising the
GOI from the host genome;

(©) circularizing the released DNA fragment to form a megacircle, by ligating the
ends of said released DNA fragment generated by cleavage by said first unique
enzyme and said second unique enzyme, under conditions that promote
intramolecular self-ligation;

(d) amplifying said megacircle by rolling circle amplification (RCA) with a primer

(or multiple primers) unique to said GOI.

The method of claim 12, wherein the second unique enzyme cleavage site is naturally
existing sequence.

The method of claim 12 or 13, wherein step (a) further comprises inserting a 3™ unique
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enzyme cleavage site between the first unique enzyme cleavage site and the RTS.

The method of claim 12, wherein the second unique enzyme cleavage site, together with

a second positive selection marker cassette and htRTS, are inserted into said host genome

distal (or proximal) to GOI, preferably the second unique enzyme cleavage site is distal

(or proximal) to the htRTS and proximal (or distal) to the second positive selection

marker cassette.

A method of producing the DNA fragment of any one of claims 1-11, the method

comprising:

(a) removing / retrieving a genomic DNA fragment comprising said GOI from a host
genome, through digesting the host genome with a first enzyme specific for a first
unique enzyme cleavage site and a second enzyme specific for a second unique
enzyme cleavage site, wherein said first and said second unique enzyme cleavage
sites are not compatible for ligation with each other;

(b) ligating the retrieved genomic DNA fragment in step (a) with a linear
recombinant DNA construct to produce a megacircle, wherein said linear
recombinant DNA construct comprises a positive selection marker cassette
flanked by a pair of heterotypic RTSs or flanked by a RTS and a 3" unique
enzyme cleavage site, and wherein the ends of the linear recombinant DNA
construct are defined by said first and said second unique enzyme cleavage sites,
respectively;

(©) amplifying said megacircle by rolling circle amplification (RCA) with a primer
unique to said GOIL.

The method of any one of claims 12-16, wherein said first and said second unique
enzyme cleavage sites are the same, and said first and said second unique enzymes are
the same.

The method of any one of claims 12-17, further comprising, before amplification by RCA,
treating the ligation mixture with an exonuclease to eliminate linear DNA fragments.

The method of any one of claims 12-18, wherein RCA is performed using phi29 (629)
DNA polymerase, and one or more primers each specific for the GOL.

The method of any one of claims 12-19, wherein RCA comprises multiple displacement

amplification (MDA).
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The method of any one of claims 12-20, further comprising resolving the RCA
concatemer product, preferably with said an enzyme specific for said 3™ unique enzyme
cleavage site (if present), or with said unique first enzyme or said unique second enzyme.
The method of c¢laim 21, further comprising self-ligating digested RCA concatemer
product under conditions favoring the formation of intramolecular self-ligation (e.g., low
concentration).

The method of claim 22, wherein said conditions comprise emulsifying the digested RCA

concatemer product to form single oil droplets, each comprising no more than one linear

DNA fragment, to promote self-ligation.

The method of claim 22 or 23, further comprising treating ligation mixture of the

digested RCA product with an exonuclease to eliminate linear DNA fragments.

The method of any one of claims 12-24, wherein step (a) is carried out by nuclease

mediated homology directed repair (HDR), or homologous recombination (HR), or a

combination thereof.

A method of replacing a host (e.g., mouse) genomic region in a host genome with a

(syntenic) DNA fragment from a donor (e.g., human) genome, the method comprising:

(a) replacing the host genomic region with a pair of heterotypic RTSs (e.g., via
nuclease enabled HDR, or HR, or a combination thereof), wherein said pair of
heterotypic RTSs flank an optional positive/negative selection cassette (such as
hygroTK selection cassette);

(b) providing the DNA fragment of any one of claims 1-11 from the donor genome,
and allowing the DNA fragment from the donor genome to integrate into the host
genome through one of said pair of heterotypic RTSs in the presence of site
specific recombinase specific for said one of said pair of heterotypic RTSs;

(c) optionally, allowing deletion of said positive/negative selection cassette (if

present) through the other of said pair of homotypic RTSs.

A method of replacing a host (e.g., mouse) genomic region from a host genome with a

(syntenic) DNA fragment from a donor (e.g., human) genome, the method comprising:

(a) inserting a single RTS, along with an optional positive/negative selection cassette
(such as hygroTK selection cassette), proximal (or distal) to the host genomic

region (e.g., via nuclease enabled HDR, or HR, or a combination thereof);
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(b)  providing the DNA fragment of any one of claims 1-11 from the donor genome,
and allowing the DNA fragment from the donor genome to integrate into the host
genome through said RTS in the presence of site specific recombinase specific for
said RTS;

(c) optionally, allowing deletion of said positive/negative selection cassette (f

present) and the host genomic region through nuclease mediated NHEJ.

The method of claim 27, wherein said host genomic region is deleted prior to step (b).
The method of any one of claims 26-28, which is carried out in a zygote, an oocyte, a
sperm cell (spermatogonial stem cell line), or an ES cell of the host, preferably by
microinjecting, electroporating, or transfecting exogenous components (e.g.,
CRISPR/Cas9 and guide RNAs targeting said first and said second unique enzyme
cleavage sites; megacircles; recombinase protein or coding sequence thereof).

The genomic DNA fragment of any one of claims 1-11, or the method of any one of
claims 12-29, wherein the positive/negative selection marker cassette comprises a
(neomycin/puromycin/hygromycin/blasticidin/zeocin) resistant / TK (or HPRT) gene
under the expression control a eukaryotic promoter (such as the PGK promoter) and a
polyA coding sequence.

A mouse generated by any one of the method of claims 26-29.

A mouse comprising in its genome an €x0genous genomic DNA from a donor (e.g., a
human, a mammal, or different mouse strain), wherein the exogenous genomic DNA
comprises a polymorphism within the species of the donor, and wherein the exogenous
genomic DNA comprises the DNA fragment of any one of claims 1-11.

The mouse of claim 32, wherein the exogenous genomic DNA comprises an
immunoglobulin heavy chain gene cluster, immunoglobulin kappa light chain gene
cluster, immunoglobulin lambda chain gene cluster, a TCR, an MHC class 1 gene, an

MHC class 2 gene, or a cytochrome P450 gene.
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INTERNATIONAL SEARCH REPORT International application No.
PCT/CN2017/099097

A. CLASSIFICATION OF SUBJECT MATTER
C12N 15/09(2006.01)i

According to International Patent Classification (IPC) or to both national classification and IPC

B. FIELDS SEARCHED

Minimum documentation searched (classification system followed by classification symbols)

CI2N

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)

CNABS, VEN, CNTXT, USTXT, WOTXT, CNKI, PubMed, Google: GOI, genomic region of interest, HDR, RMCE,
recombinase mediated cassette exchange, IGHV, Megacircle Generation, Recombinase Mediated Integration, RTS, recombinase
target site, genomic DNA, rolling circle amplification, RCA, immunoglobulin, TCR, MHC, P450, I-Scel, CRISPR, CRISPR/
Cpfl, Cpfl, ZFN, ARE, PfAgo, Cas9, megacircle, Cosmid, loxP, attP, attB

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category™ Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.

A CN 104334732 A (KYMAB LIMITED) 04 February 2015 (2015-02-04) 1-33
abstract, figures 1-69

A WO 2013041844 A2 (KYMAB LIMITED) 28 March 2013 (2013-03-28) 1-33
the whole document

A WO 0200875 A2 (PROTEMATION, INC.) 03 January 2002 (2002-01-03) 1-33
the whole document

A WO 02088353 A2 (ASSOCIATION POUR LE DEVELOPPEMENT DE LA RECHERCHE 1-33
EN GENETIQUE MOLECULAIRE ADEREGEM) 07 November 2002 (2002-11-07)
the whole document

A WO 2004044150 A2 (THE UNITED STATES OF AMERICA, AS REPRESENTED BY 1-33
THE SECRETARY OF AGRICULTURE) 27 May 2004 (2004-05-27)
the whole document

Further documents are listed in the continuation of Box C. See patent family annex.

*  Special categories of cited documents: “1  later docume_nt publi_shed_ after the ir}terpational _filing date or priority
. L . date and not in conflict with the application but cited to understand the
“A” document defining the general state of the art which is not considered principle or theory underlying the invention
to be of particular relevance g . . .
. i licati b blished fter the i ional X7 document of particular relevance; the claimed invention cannot be
E” earlier application or patent but published on or after the internation considered novel or cannot be considered to involve an inventive step
filing date ) o ) o when the document is taken alone
“rr d_ocgment thljll‘?hhmtﬁy thfgl‘." d(_)ubt(siaon prflorltyhclalrr_l(s)_ or Whlc{lhls «y* document of particular relevance; the claimed invention cannot be
cited tlo establish the Pf‘.l dlcatlon te of another citation or other considered to involve an inventive step when the document is
special reason (a.s specified) _ o combined with one or more other such documents, such combination
«“0” document referring to an oral disclosure, use, exhibition or other being obvious to a person skilled in the art
means «&” document member of the same patent family

«p” document published prior to the international filing date but later than
the priority date claimed

Date of the actual completion of the international search Date of mailing of the international search report
05 April 2018 04 May 2018
Name and mailing address of the ISA/CN Authorized officer
STATE INTELLECTUAL PROPERTY OFFICE OF THE
P.R.CHINA
6, Xitucheng Rd., Jimen Bridge, Haidian District, Beijing YAOQ.,Jinxiao
100088
China
Facsimile No. (86-10)62019451 Telephone No. 86-(10)-53961955
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