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Compounds for increasing genome editing efficiency

Description

The present invention relates to compounds, compositions and kits suitable to increase

precise genome editing efficiency in a eukaryotic target cell or target organism.

CRISPR is a bacterial nuclease immune system against viral DNA, which has been
adopted to accurately cut chromosomal DNA sequences in eukaryotic cells. Such DNA
breaks are repaired by two competing pathways: Non-homologous-End-Joining (NHEJ) or

Homology directed Repair (HDR).

In NHEJ, the first proteins to bind to the DNA ends are Ku70/Ku80, followed by DNA
protein kinase catalytic subunit (DNA-PKcs) (Shrivastav et al. 2008). The kinase
phosphorylates itself and other downstream effectors at the repair site. Recruitment and
phosphorylation of several proteins like Artemis result in end-processing ligation by ligase
IV (LIG4), X-ray repair cross-complementing protein 4 (XRCC4) and Non-homologous
end-joining factor 1 (XLF) (Dueva, lliakis 2013).

If this canonical NHEJ pathway is repressed, an alternative NHEJ pathway (A-NHEJ)
becomes active (Nussenzweig, Nussenzweig 2007). It requires Poly(ADP-ribose)-
Polymerase 1 (PARP-1), Werner syndrome ATP-dependent (WRN) helicase and DNA
ligase 3 (LIG3) or DNA ligase | (LIG1) amongst other proteins. Binding of the MRN-
complex (Mre11, Rad50 and Nbs1) complex to the double strand break (DSB) initiates
HDR (Shrivastav et al. 2008). Along with other proteins like DNA endonuclease RBBP8
(CtIP), Bloom helicase (BLM) and Exonuclease 1 (EXO1), terminal nucleotides in the 5'
ends are removed, generating long 3' single-stranded DNA (ssDNA) overhangs on both
sides of the break of the DNA (Dueva, lliakis 2013). These tails are then coated and
stabilized by the Replication protein A (RPA) complex, followed by breast cancer 2
(BRCAZ2) assisted generation of a Rad51 nucleoprotein filament (Shrivastav et al. 2008).
Rad52 facilitates replacement of RPA bound to ssDNA with Rad51 and promotes ssDNA
annealing (Grimme et al. 2010). Strand invasion with the donor DNA and subsequent

DNA synthesis by a polymerase finally results in precisely repaired DNA. The protein
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kinase ataxia-telangiectasia mutated (ATM) plays a major role in HDR, as it

phosphorylates at least 12 repair proteins (Shrivastav et al. 2008).

NHEJ of CRISPR Cas9-induced DSBs is error prone and frequently introduces insertions
and deletions (indels) at the cut site. It is therefore useful for knocking out a targeted
gene. In contrast, HDR allows precise repair of a DSB by using a homologous donor DNA
sequence. If this donor sequence is provided in the experiment and carries mutations,

these will be introduced into the genome.

A requirement for a DSB introduced by Cas9 is an NGG sequence (PAM site) in DNA.
Targeting of Cas9 is determined by a bound guide RNA (gRNA) which is complementary
to 20 nucleotides adjacent to the PAM site. However, the Cas9 nuclease may also cut the
genome at sites that carry sequence similarity to those targeted by the gRNA (Fu et al.
2013).Those off-target double stranded cuts mean that unwanted mutations can appear
elsewhere in the genome together with the desired mutation.

One strategy to reduce such off-target cuts is to use a mutated Cas9 that introduces
single-stranded nicks instead of DSBs such as Cas9 D10A (Shen et al. 2014). Using two
gRNAs to introduce two nicks on opposite DNA strands in close proximity to each other
will result in a DSB at the desired locus while reducing the risk of two off-target nicks
occurring elsewhere in the genome close enough to cause a DSB. Another strategy is to
use Cpf1 (Zetsche et al. 2015). This nuclease introduces a staggered cut near a T-rich
PAM site and has been shown to produce less off-target effects (Kim et al.
2016)(Kleinstiver et al. 2016).

In current approaches, precise genome editing (PGE) efficiencies, especially for targeted
nucleotide substitutions in stem cells, are usually low, ranging from 0.5-15% (Yu et al.
2015)(Gonzalez et al. 2014). Several researchers addressed the low rate of precise

genome editing by trying to promote HDR or decrease NHEJ.

Cell cycle synchronization to G2/M phase was shown to increase PGE with single
stranded oligodeoxynucleotide (ssODN) donors in HEK293T cells (from 26% to 38%),
human primary neonatal fibroblasts (from undetectable to 0.6%) and human embryonic
stem cells (hESCs) (from undetectable to 1.6%) (Lin et al. 2014) and with double stranded
oligodeoxynucleotide (dsODN) donors in hESCs (from 7 to 41% after sorting)(Yang et al.
2016), since homologous recombination is restricted to this phase and its proteins are

upregulated.
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Also, improved efficiency was achieved by suppressing key proteins like Ku70/80 and
ligase IV with siRNA (from 5 to 25%) or co-expression of adenovirus type 5 proteins
4E1B55K and E4orf6 (from 5 to 36%) in HEK293/TLR cells using dsODN donors (Chu et
al. 2015). E1B55K and E4orf6 proteins mediate the ubiquitination and proteosomal

degradation of LIG4 among other targets.

A common strategy to increase genome editing has been the use of small molecules. The
small molecule ligase IV inhibitor SCR7 has been claimed to block NHEJ and to increase
the efficiency of PGE (from 5 to 22.7%) in mouse embryos (Maruyama et al. 2015). Other
researchers described similar increase in HEK293/TLR cells, a marginal but significant
increase in HEK293A, or found no significant effect in mouse embryos, rabbit embryos
and human stem cells (Chu et al. 2015)(Pinder et al. 2015)(Song et al. 2016)( Yang et al.
2016)(Zhang et al. 2017). Recently, Greco et al. reanalysed the structure and inhibitory
properties of SCR7 (Greco et al. 2016). They conclude that SCR7 and its derivates are

neither selective nor potent inhibitors of human LIG4.

Pharmacological inhibition of DNA-PK, a key protein complex in the NHEJ-pathway, by
the small molecules NU7441, KU-0060648 and NU7026 was shown to reduce the
frequency of NHEJ and to increase PGE in HEK293/TLR cells (from 1.9 to 3.8%),
HEK293 (3 to 7.6%) and human induced pluripotent stem cells (hiPSCs) (from 13 to 16%)
with dsODN donors and in mouse embryonic fibroblasts (from 3 to 10%) with ssODN
donors (Robert et al. 2015)(Suzuki et al. 2016)(Zhang et al. 2017).

Also, a single small molecule enhancing homologous recombination with CRISPR-Cas9
has been described. The RAD51 stimulatory compound RS-1 increased PGE in rabbit
embryos (from 4.4 to 26.1%), HEK293A cells (from 3.5 to 21%) and U20S cells (from 1.9
to 2.4%)(Song et al. 2016)(Pinder et al. 2015), but not in hiPSCs (Zhang et al., 2017), all
with dsODN donors. No effect of RS-1 on PGE efficiency was found in porcine fetal
fibroblasts using ssODN donors (Wang et al. 2016).

Furthermore, using a library screen of around 4000 small molecules, Yu et al. found the
B3-adrenergic receptor agonist L755507 to increase PGE in hiPSCs (from 0.35 to 3.13%)
using ssODN and using dsODN donors in mouse ESCs (from 17.7 to 33.3%), while the
repair pathway target of that molecule is not known (Yu et al. 2015). Others did not find
significant stimulation of PGE by L755507 in HEK293A cells or hiPSCs (Pinder et al.
2015)(Zhang et al. 2017). Pinder et al. compared SCR7, RS-1 and L755507 singly and



WO 2018/189186 4 PCT/EP2018/059173

together and found no additive effect when adding SCR7 and L755507 together with RS-1

compared to RS-1 alone.

From the overview of the current state-of-the art of small molecules that enhance CRIPR-
Cas9 genome editing we learn that inhibitors of DNA-PK may increase PGE in CRISPR-
Cas9 genome editing, but that the effects of SCR7, L755507 and RS-1 were not
consistent between cell lines and loci. We also learn that previously tested combinations

of small molecules did not show an additive effect.

The present inventors have found that certain compounds, particularly when applied as a
combination of two or more different compounds increase precise genome editing
efficiency. In particular, the inventors have found that compounds selected from inhibitors
of histone deacetylase (HDAC) inhibitors of NEDD8 activating enzyme (NAE), inhibitors of
DNA-dependent Protein Kinase (DNA-PK) in particular of its catalytic subunit (DNA-PKcs),
and inhibitors of replication protein A (RPA) and combinations of compounds selected
from these different classes of inhibitors, are capable of increasing genome editing
efficiency. The compounds and combinations thereof are suitable both in non-medical

applications, e.g. as research tool or in medical applications, e.g. for in vivo or ex vivo use.

Further, the present inventors have found that a DNA-PKcs which is catalytically inactive,
but structurally intact, increases precise genome editing efficacy, independently from the
presence of compounds as indicated above. This effect is found in a plurality of different

systems for genome editing and thus is broadly applicable.

In a first aspect, the invention relates to a compound which is an inhibitor of histone
deacetylase (HDAC), in the following designated as compound (l), for use in genome

editing.

HDAC inhibitors are known as cytostatic agents for inhibiting tumor cell proliferation by
inducing cell cycle arrest, differentiation and/or apoptosis. HDAC inhibitors usually act by
binding to the zinc-containing catalytic domain of HDACs. They may be classified
according to the chemical moiety that binds to the zinc ion. Examples of suitable classes
of HDAC inhibitors are:

(1) Hydroxamate compounds,

(2) Cyclic tetrapeptides and depsipeptides which bind to the zinc ion via a thiol group,

(3) Benzamide compounds,

(4) Electrophilic ketones and
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(5) Aliphatic acid compounds.

HDAC inhibitors are reviewed e.g. by Khan & La Thangue (Immunol. Cell Biol. 90 (2012),
85-94) and Falkenberg & Johnstone (Nature Rev. Drug Discovery 13 (2014) 673-691),

herein incorporated by reference.

According to the present invention, HDAC inhibitors are preferably selected from synthetic
non-nucleosidic compounds, e.g. small molecules having a molecular mass of 1500 Da or
less or 1000 Da or less. Specific examples of HDAC inhibitors are selected from
Trichostatin A, Vorinostat, Entinostat, Panobinostat, Mocetinostat, Belinostat, Romidepsin,
MC1568, Tubastatin A HCI, Givinostat, LAQ824, CUDC-101, Quisinostat 2HCI,
Pracinostat, PCI-34051, Droxinostat, PCI-24781, RGFP966, AR-42, Rocilinostat, Valproic
acid, Cl1994, CUDC-907, Tubacin, M344, Resminostat, RG2833, Divalproex Sodium,
Scriptaid, Phenylbutyrate, Tubastatin A, CAY10603, Nexturastat A, BG45, LMK-235,
Santacruzamate A, BRD73954, HPOB, TMP269, Tasquinimod and 4SC-202 as well as
salts or solvates thereof, in particular pharmaceutically acceptable salts or solvates

thereof.

A preferred compound (l) is Trichostatin A including salts and solvates thereof.

In a second aspect, the present invention relates to a compound which is an inhibitor of
NEDD8 activating enzyme (NAE), in the following designated as compound (ll), for use in

genome editing.

NAE inhibitors are known as anti-tumor agents as reviewed e.g. by Nawrocki et al. (Exp
Opin Investing Drugs 21(2012), 1564-1573) or as antiviral agents as reviewed e.g. by Le-
Trilling et al. (Sci. Rep. 6 (2016), doi: 19977), herein incorporated by reference.

According to the present invention, NAE inhibitors are preferably selected from synthetic
non-nucleosidic compounds, e.g. small molecules having a molecular mass of 1500 Da or
less or 1000 Da or less. A preferred NAE inhibitor is MLN4924 (Pevonedistat) or any salt

or solvate thereof, in particular any pharmaceutically acceptable salt or solvate thereof.

In a third aspect, the present invention relates to a compound which is an inhibitor of
DNA-dependent protein kinase (DNA-PK), in particular an inhibitor of its catalytic subunit

(DNA-PKcs), in the following designated as compound (l11) for use in genome editing.
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DNA-PK inhibitors are known as chemotherapeutic agents as reviewed e.g. by Davidson

et al. (Front. Pharmacol. 4(2013), doi: 13 3389), herein incorporated by reference.

According to the present invention, DNA-PK inhibitors are preferably selected from
synthetic non-nucleosidic compounds, e.g. small molecules having a molecular mass of
1500 Da or less or 1000 Da or less. Specific examples of DNA-PK inhibitors are NU7026,
NU7441, PIK-75 and PI-103 as well as salts or solvates thereof, in particular

pharmaceutically acceptable salts and solvates thereof.

In a preferred embodiment, the compound (lll) is NU7026 including salts and solvates

thereof.

In a fourth aspect, the invention relates to a compound which is an inhibitor of Replication

Protein A (RPA), in the following designated as compound (IV) for genome editing.

RPA inhibitors are known as anti-tumor agents as reviewed e.g. by Neher et al. (Mel.
Cancer Ther. 10(2011), 1756-1806), herein incorporated by reference.

According to the present invention, RPA inhibitors are preferably selected from synthetic
non-nucleosidic compounds, e.g. small molecules having a molecular mass of 1500 Da or
less or 1000 Da or less. Specific examples of RPA inhibitors are NSC15520, TDRL-505
and NSC111847, as well as salts or solvates thereof, in particular pharmaceutically

acceptable salts and solvates thereof.

A preferred embodiment of compound (IV) is NSC15520 including salts and solvates
thereof.

The present inventors have found that a compound (1), a compound (1), a compound (ll1),
or a compound (lV) increase the frequency of precise genome editing in a eukaryotic cell

such as an animal, e.g. mammalian including human cell.

In particular, the inventors found that compounds (1), (Il), (1), and/or (IV) have an additive
effect when administered together. In particular, when using a combination consisting of
compounds Trichostatin A, MLN4924, NSC15520, and NU7026, an increase in precise
genome editing of up to 6.7 fold or almost 50% edited chromosomes was achieved, the
highest genome editing efficiency of human pluripotent stem cells described to date to the

inventors’ knowledge. Furthermore, when using the above combination of compounds in a
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pluripotent stem cell with a catalytically inactive DNA protein kinase catalytic subunit, in
particular the mutant K3753R, an almost complete correct genome editing with up to 82%
edited chromosomes or a 19.2 fold increase is achieved. Furthermore, they achieved
multiplexed precise genome editing (MPGE) on both chromosomes of three genes without
selection in less than two weeks, and show MPGE for the first time in a mammalian
system. A third of analyzed clones has a targeted nucleotide substitution on both

chromosomes of three genes.

An especially strong additive effect of administering a combination of two or more of
compounds (1), (I1), (1), and (IV), in particular a combination of at least one compound (l11)
and at least one compound (l) and optionally at least one compound (ll) and/or at least
one compound (IV), was found together with the use of a nuclease (e.g. Cpf1) or nickase
enzyme system (e.g. Cas9D10A) capable of introducing a staggered cut in a DNA double

strand, e.g. a chromosomal DNA, at a desired locus.

In further experiments, a strong effect of administering a combination of at least one
compound (lll) and at least one compound (l) and optionally at least one compound (IV)
particularly in the absence of a compound (1) was found in hematopoietic cells, e.g.T cells
such as CD4" T cells or hematopoietic precursor cells, e.g. CD34" cells together with the
use of a nuclease (e.g. Cpf1) or nickase enzyme system (e.g. Cas9D10A) capable of
introducing a staggered cut in a DNA double strand, e.g. a chromosomal DNA, at a

desired locus.

In the human embryonic kidney cell line HEK293 and the leukemic cell line K562 a strong
effect was found when administering at least one compound (lll) optionally with at least
one compound (l) and/or at least one compound (IV), particularly in the absence of a
compound (Il) together with the use of a nuclease (e.g. Cpf1) or nickase enzyme system
(e.g. Cas9D10A) capable of introducing a staggered cut in a DNA double strand, e.g. a
chromosomal DNA, at a desired locus.

Thus, an aspect of the invention relates to a combination, e.g. a composition or a kit
comprising at least two of (a) a compound (l), (b) a compound (ll), (c) a compound (lll),
and (d) a compound (IV). A preferred embodiment is a combination wherein the
compound (l) is Trichostatin A, and/or the compound (llI) is MLN4924, and/or the
compound (lll) is NU7026, and/or the compound (IV) is NSC15520. In particular, the

combination of the invention is intended for use in genome editing including multiplexed
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genome editing on both chromosomes both in non-medical applications and in medical

applications.

The term “combination” in the context of the present invention encompasses compositions
comprising at least two compounds as indicated above together in admixture optionally
together with a suitable carrier, e.g. a pharmaceutically acceptable carrier. The term
“combination” also encompasses kits comprising at least two compounds as indicated
above in separate forms, each optionally together with a suitable carrier, e.g. a
pharmaceutically acceptable carrier.

Further, the present invention relates to a combination, e.g. a composition or kit
comprising (i) at least one compound (1) and at least one compound (ll), (ii) at least one
compound (I) and at least one compound (lll), (iii) at least one compound (I) and at least
one compound (IV), (iv) at least one compound (Il) and at least one compound (lll), (v) at
least one compound (II) and at least one compound (IV), or (vi) at least one compound
(1) and at least one compound (1V). Preferred compounds (1), (l1), (Ill), and/or (IV) are as

indicated above.

Furthermore, the present invention relates to a combination, e.g. a composition or kit
comprising (i) at least one compound (l), at least one compound (ll), and at least one
compound (ll1), (i) at least one compound (), at least one compound (Il), and at least one
compound (IV), or (iii) at least one compound (I1), at least one compound (lll), and at least

one compound (IV). Preferred compounds (1), (II), (Il), and/or (V) are as indicated above.

Furthermore, the present invention relates to a combination, e.g. a composition or kit
comprising at least one compound (l), at least one compound (ll), at least one compound
(), and at least one compound (IV). Preferred compounds (1), (1), (Ill), and/or (IV) are as

indicated above.

In an especially preferred embodiment, the present invention relates to a combination
comprising at least one compound (lll) and at least one compound (I) and optionally at
least one compound (lI) and/or at least one compound (IV). In some embodiments,

compound (ll) is absent.

In a further especially preferred embodiment, the present invention relates to a
combination comprising at least one compound (lll) and at least one of a compound (1)

and a compound (IV). In some embodiments, compound (Il) is absent.
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The combination of the present invention as described may further include one or more
additional compounds. In one embodiment, the combination may include a compound for
synchronizing cells in the G2/M phase such as Nocodazole and ABT-751 (Yang et al.,
2016), paclitaxel (Shu et al., Apoptosis 2 (1997), 463-470), or colchicine or vincristine
(Blajeski et al., J. Clin. Invest. 110 (2002), 91-95), or salts or solvates thereof. In a further
embodiment, the combination may include an Alt-NHEJ inhibitor such as NSC19630 or a
salt or solvate thereof, in particular together with a catalytically inactive DNA protein
kinase catalytic subunit.

The combination e.g. the composition or kit of the invention is suitable for use in genome
editing in a eukaryotic target cell, particularly in a eukaryotic target cell as described in the
following, including an animal target cell such as a mammalian target cell, e.g. a human
target cell, but also target cell from non-human animals such as mice or zebrafish
including a stem cell, e.g. human stem cell, for example an embryonic stem cell or a
pluripotent stem cell. In some embodiments, the target cell is a stem cell of a eukaryotic
target organism, including an induced or embryonic pluripotent stem cell such as a human
induced or embryonic pluripotent stem cell but also an induced or embryonic pluripotent
stem cell from non-human animals. In other embodiments, the target cell is a
hematopoietic cell or a hematopoietic progenitor cell. In still other embodiments, the target

cell is an immortalized cell such as a cancer cell.

The combination e.g. the composition or kit of the invention is particularly suitable in a
genome editing procedure which comprises introducing a staggered cut, particularly a
staggered cut with 5’ overhangs, into the genome of the target cell. In order to achieve
this result, the target cell may comprise a mutated nickase version of CRISPR/Cas9 such
as CRISPR/Cas9 D10A or CRISPR/Cas9 H840A enzymes which are mutated nickase
versions of CRISPR/Cas9 or a CRISPR/Cpf1 enzyme. Alternatively, other genome editing
enzymes, e.g. CRISPRs, transcription activator-like effector-based nucleases (TALENS),
zinc finger nuclease proteins, Argonaute of the bacterium Thermus thermophiles (TtAgo),
recombinases, or meganucleases or other enzymes may be present, particularly enzymes
which provide staggered cuts in a double stranded target DNA. The present invention is
also suitable together with split-fusion versions of the above enzymes, e.g. split-fusion
versions of Cas9 or Cas9 D10A (Zetsche et al., 2015). The enzyme(s) may be introduced
into the target cell as such, e.g. as protein or ribonucleoprotein or as nucleic acid molecule
encoding the respective enzyme(s). The nucleic acid molecule may be introduced as an

expression vector such as a plasmid in operative linkage with appropriate expression
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control elements for transient or stable expression in the target cell. Suitable transfection
techniques for introducing proteins or nucleic acids into the eukaryotic target cells are well
known in the art and include lipofection, electroporation, e.g. nucleofection, Ca-phosphate

or virus-based methods.

In a particular embodiment, the present invention relates to the use of a combination
comprising at least one compound (lll) and at least one compound () and optionally at
least one compound (ll) and/or at least one compound (IV) for the genome editing in a
eukaryotic target cell which is a stem cell including an induced or embryonic pluripotent
stem cell such as a human induced or embryonic stem cell, wherein the genome editing
procedure which comprises introducing a staggered cut, particularly a staggered cut with
5’ overhangs, into the genome of the target cell. A staggered cut may be introduced into
the genome of the target cell by enzymes as indicated supra.

In a further particular embodiment, the present invention relates to the use of a
combination comprising of at least one compound (Ill) and at least one compound (l) and
optionally at least one compound (IV) particularly in the absence of a compound (Il) for
genome editing in a eukaryotic target cell which is hematopoietic cell such as a T cell, e.g.
a CD4" T cell or a hematopoietic progenitor cell such as a CD34" cell, wherein the
genome editing procedure which comprises introducing a staggered cut, particularly a
staggered cut with 5’ overhangs, into the genome of the target cell. A staggered cut may
be introduced into the genome of the target cell by enzymes as indicated supra.

In a further particular embodiment, the present invention relates to the use of a
combination comprising at least one compound (lll) optionally with at least one of a
compound (l) and/or a compound (IV) particularly in the absence of a compound (lIl) for
the genome editing in a eukaryotic target cell which is a mammalian immortalized cell, e.g.
HEK293 or K562 wherein the genome editing procedure which comprises introducing a
staggered cut, particularly a staggered cut with 5' overhangs, into the genome of the
target cell. A staggered cut may be introduced into the genome of the target cell by

enzymes as indicated supra.

The combination, e.g. composition or kit of the present invention may further comprise (i)
a DNA protein kinase catalytic subunit (DNA-PKcs) which is catalytically inactive, but
structurally intact, (ii) a nucleic acid molecule encoding the DNA protein kinase catalytic
subunit of (i) and/or (iii) a eukaryotic cell comprising or capable of expressing the DNA

protein kinase catalytic subunit of (i) including a split-fusion version thereof. Preferably,
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the catalytically inactive, but structurally intact mutant has an amino acid sequence
identity to the corresponding wild-type sequence, e.g. the human sequence NP_008835.5
of at least 80%, at least 85%, at least 90%, at least 95%, or at least 99% and comprises at
least one mutation compared to the wild-type sequence which results in reduced kinase
activity. Suitable structurally intact and catalytically inactive mutants and tests for
detecting such mutants are e.g. described by Neal et al., 2001, herein incorporated by

reference.

The catalytically inactive, but structurally intact DNA-PKcs subunit may be introduced into
the target cell as protein or as nucleic acid encoding the respective subunit for transient or
stable expression in the target cell. This approach may be used in combination with a
Knock-down of the endogenous DNA-PKcs gene in the target cell, e.g. by targeted
homologous recombination or by use of RNA interference, e.g. siRNAs. Further, this
approach may be used in cells without endogenous DNA-PKcs, e.g. by using a DNA-PKcs

mutant from a different species, e.g. evolutionary closely related species.

In particular, the DNA-PKcs mutant comprises at least one mutation in the catalytic loop
(amino acids 3919-3927) including the catalytic triade (N3927, D3922, H3924) or in the P-
loop (amino acids 3729-3735) or in the adjacent region (amino acids 3736-3760) including
amino acids F3946, T3950, and particularly K3753 based on the NCBI reference
sequence NP_008835.5. It may also comprise a mutation leading to a truncation (e.g.
Y4046*) based on the NCBI reference sequence NP_008835.5, which reduces or
inactivates the kinase activity. The position of the indicated amino acids may vary in DNA-

PKcs or its orthologues in other species than humans.

Even more particularly, the DNA-PKcs mutant comprises at least one mutation at position
K3753, e.g. the mutation K3753R, and/or K3753H, at position D3922, e.g. the mutation
D3922A, at position T3950, e.g. the mutation T3950D, and/or at position F3946, e.g.
F3946D, based on the NCBI reference sequence NP_008835.5. The position of the
indicated amino acids may vary in DNA-PKCs or its orthologues in other species than

humans.

Further, the DNA-PKcs can comprise at least one mutation in the phosphorylation
clusters, which are normally targets of its autophosphorylation function. These can include
inactivating mutations, e.g. but not restricted to alanine, for the PQR cluster (52023 and/or
S2029 and/or S2041 and/or S2053 and/or S2056), and/or activating (phasphomimicking)
mutations, e.g. but not restricted to aspartatic acid, for the ABCDE cluster (T2069 and/or
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S$2612 and/or T2620 and/or S2624 and/or T2638 and/or T2647) and/or the N cluster (S56
and/or S72) and/or the JK cluster (T946 and/or S1003) based on the NCBI reference
sequence NP_008835.5. The position of the indicated amino acids may vary in DNA-

PKCs or its orthologues in other species than humans.

The combination, e.g. the composition or kit is suitable for use with all kinds of donor
nucleic acid molecules including but not limited to single stranded molecules or double
stranded DNA molecules whether amplified in vivo or in vitro or chemically synthesized.
The length of the donor nucleic acid molecules is usually in the range of about 20 to 2000
nt or more, e.g. about 80 to 120 nt, 50 to 200 nt or 500 to 2000 nt. The donor nucleic acid
molecules are designed to include at least one desired mutation in view of the wild type
sequence which is to be introduced into the genome of the target cell by genome editing.
The mutation may be a single nucleotide mutation or a mutation encompassing a plurality
of nucleotides. In this context, the term mutation refers to a substitution, deletion, or

insertion of single nucleotides or of a plurality of nucleotides.

The above aspects comprise a use in vivo, e.g. in isolated cells or cell clusters, but also in
vitro, in cells of a target organism. The combinations can be applied in cell types and with
genome editing procedures as indicated above, particularly including the use of DNA
cleavage enzyme systems capable of introducing a staggered cut in a DNA double strand.

This aspect also includes a use in medicine including human or veterinary medicine.

A further aspect of the present invention relates to the use of (i) a DNA protein kinase
catalytic subunit which is catalytically inactive, but structurally intact, as described above,
particularly the mutated subunit K3753R, (ii) a nucleic acid molecule encoding the DNA
protein kinase catalytic subunit of (i) and/or (iii) a eukaryotic cell comprising or capable of
expressing the DNA protein kinase catalytic subunit of (i) for genome editing in a
eukaryotic target cell, particularly in a vertebrate target cell, e.g. a mammalian target cell

including a rodent. a human or non-human target cell including a human stem cell.

This aspect comprises a use in vivo, e.g. in isolated cells or cell clusters, but also in vitro,
in cells of a target organism. The DNA-PKcs mutants can be applied in all cell types and
with all types of genome editing procedures, e.g. including the use of any DNA cleavage
enzyme, e.g. enzyme systems capable of introducing a staggered cut in a DNA double
strand as described above, but also other enzyme systems, e.g. enzyme systems capable
of introducing a blunt ended cut. This aspect also includes a use in medicine including

human or veterinary medicine.
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Still a further aspect of the present invention is the use of the combination, e.g. the
composition or kit comprising at least two different compounds (1), (ll), (Ill), and (IV) in
medicine including human or veterinary medicine. An effective dose of the compounds
according to the invention, or their salts, solvates or prodrugs thereof is used, in addition
to physiologically acceptable carriers, diluents and/or adjuvants for producing a
pharmaceutical composition. The dose of the active compounds can vary depending on
the route of administration, the age and weight of the patient, the nature and severity of
the diseases to be treated, and similar factors. The daily dose can be given as a single
dose, which is to be administered once, or be subdivided into two or more daily doses,
and is as a rule 0.001-2000 mg. Particular preference is given to administering daily doses
of 0.1-500 mg, e.g. 0.1-100 mg.

Suitable administration forms are oral, parenteral, intravenous, transdermal, topical,
inhalative, intranasal and sublingual preparations. Particular preference is given to using
oral, parenteral, e.g. intravenous or intramuscular, intranasal preparations, e.g. dry
powder or sublingual, of the compounds according to the invention. The customary
galenic preparation forms, such as tablets, sugar-coated tablets, capsules, dispersible
powders, granulates, aqueous solutions, alcohol-containing aqueous solutions, aqueous

or oily suspensions, syrups, juices or drops, can be used.

Solid medicinal forms can comprise inert components and carrier substances, such as
calcium carbonate, calcium phosphate, sodium phosphate, lactose, starch, mannitol,
alginates, gelatine, guar gum, magnesium stearate, aluminium stearate, methyl cellulose,
talc, highly dispersed silicic acids, silicone oil, higher molecular weight fatty acids, (such
as stearic acid), gelatine, agar agar or vegetable or animal fats and oils, or solid high
molecular weight polymers (such as polyethylene glycol); preparations which are suitable
for oral administration can comprise additional flavourings and/or sweetening agents, if

desired.

Liquid medicinal forms can be sterilized and/or, where appropriate, comprise auxiliary
substances, such as preservatives, stabilizers, wetting agents, penetrating agents,
emulsifiers, spreading agents, solubilizers, salts, sugars or sugar alcohols for regulating

the osmotic pressure or for buffering, and/or viscosity regulators.

Preparations for parenteral administration can be present in separate dose unit forms,

such as ampoules or vials. Use is preferably made of solutions of the active compound,
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preferably aqueous solution and, in particular, isotonic solutions and also suspensions.
These injection forms can be made available as ready-to-use preparations or only be
prepared directly before use, by mixing the active compound, for example the lyophilisate,
where appropriate containing other solid carrier substances, with the desired solvent or

suspending agent.

Intranasal preparations can be present as aqueous or oily solutions or as aqueous or oily
suspensions. They can also be present as lyophilisates which are prepared before use
using the suitable solvent or suspending agent.

Inhalable preparations can present as powders, solutions or suspensions. Preferably,
inhalable preparations are in the form of powders, e.g. as a mixture of the active
ingredient with a suitable formulation aid such as lactose.

The preparations are produced, aliquoted and sealed under the customary antimicrobial

and aseptic conditions.

The compounds of the invention may be administered alone or as a combination therapy

with further active agents.

The medical use of the combination of the present invention particularly encompasses
target gene therapy, e.g. the treatment of disorders associated with an undesired
genotype of a patient in need of the treatment. For example, the disorder is a metabolic
dysfunction or cancer. By means of the invention, cells from the patient may be subjected
to a genome editing procedure in the presence of a combination as described above,
thereby increasing the precise genome editing efficiency. This procedure may be carried
out in vivo, i.e. by administering the combination to the patient or ex vivo with cells
isolated from the patients, which are — after successful genome editing — reimplanted into
the patient. The patient may be a vertebrate animal such as a mammal, preferably a
human patient. Finally, the combination of the present invention is also suitable for

genome editing in plant cells or plants.

Further, the invention shall be explained in more detail by the following Figures and

Examples.

Figure Legends
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Fig. 1: Genome editing and analysis flowchart. iICRISPR 409-B2 iPSCs are treated
with 2 pg/ml doxycycline at least for 2 days to induce Cas9 or Cas9D10A expression.
Reverse transfection with RNAIMAX, gRNA (7.5 nM each), ssODN (10 nM) and the small
molecules to be evaluated is carried out in a 96 well plate for 1 day. The amount of cells
used gives ~ 80% confluency. Cells are then expanded for 3 days with regular media
change. After harvest follows DNA extraction, PCR amplification of targeted loci, lllumina
sequencing and CRISPResso (Pinello et al. 2016) sequence analysis for amount of indels

and precise genome editing.

Fig. 2: Design of gRNAs and ssODN for precise genome editing (PGE) of human
CALD1, KATNA1 and SLITRK1 to the ancient state of the last common ancestor of
human and Neanderthal. Shown are the respective loci of CALD1, KATNA1 and
SLITRK1 together with the gRNAs and their efficiency score (sc) (sgRNA scorer 1.0 Chari
et al. 2015) used for DSB generation. The PAM site is grey, the target sequence is blue
and the base to be changed is red. The point of nick by Cas9D10A (Cas9n) or DSB by
Cas9 is indicated by an arrow. Whereas both guides are used for editing with Cas9n,
CALD1 g1, KATNA1 g2 and SLITRK1 g2 are used for editing with Cas9. The respective
ssODN for editing with both Cas9 variants are also shown. Desired mutation is marked
green and additional mutations are orange. ,Block’ indicates a Cas9-blocking mutation to
prevent re-cutting oft the locus. All Cas9D10A donors have 50nt homology arms after the
nicks while all Cas9 donors are 90nt in total with the desired mutation centered in the

middle. The full sequences are shown in Table 2.

Fig. 3: First screen for solvent effect and influence of different small molecule
concentrations on genome editing of CALD1, KATNA1 and SLITRK1 with iCRISPR
Cas9D10A. Shown are precise genome editing (PGE) and indels with green circles
(triangles) or blue diamonds, respectively. Each symbol represents a technical replicate.
The respective means are shown as a black line. Each skull indicates cell death of up to
20% determined by phase contrast light microscopy. All cells died with 1uM and 0.1uM

Trichostatin A. Concentrations chosen for further experiments are marked with turquoise.

Fig. 4. Effects of small molecules on precise genome editing (PGE) efficiency in
CALD1, KATNA1 and SLITRK1 with Cas9D10A and Cas9. PGE efficiency is given in
relative units (RU) with the mean of controls set to 1 to account for varying efficiency in
different loci. Shown are technical replicates of n independent experiments. Grey and
black bars represent the mean of the control and the respective small molecule,

respectively. Concentrations used were 20 uM of NU7026, 0.01 pM of Trichostatin A
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(TSA), 0.5 uM of MLN4924, 1 pM of NSC 19630, 5 uM of NSC 15520, 20 uM of AICAR, 1
UM of RS-1, 1 uM of Resveratrol, 1 uM of SCR7, 5 uM of L755507, 5 uM of STL127685
and 20 uM of B02.

Fig. 5: Impact of small molecule combinations on precise genome editing (PGE)
efficiency in CALD1, KATNA1 and SLITRK1 with Cas9D10A and Cas9, and in HPRT
and DMNT1 with Cpf1. Small molecules have an additive effect on PGE efficiency with
Cas9D10A (A) but not with Cas9 (B) in the 409-B2 iCRISPR iPSC lines. PGE efficiency of
HPRT and DMNT1 in 409-B2 hiPSCs with recombinant Cpf1 was increased using the
CRISPY mix as well (C). Using the CRISPY mix, PGE efficiency was also increased in
SC102A1 hiPSCs and H9 hESCs with plasmid-delivered Cas9n-2A-GFP (GFP-FACS
enriched), and in chimpanzee SandraA ciPSCs with recombinant Cpf1 (D). Shown are
PGE, PGE + indels, and indels with green, grey or blue bars, respectively. Error bars
show the standard deviation of three technical replicates for A,\B and C and two technical
replicates for D. Concentrations used were 20 uM of NU7026, 0.01 uM of Trichostatin A
(TSA), 0.5 uM of MLN4924, 1 uM of NSC 19630, 5 uM of NSC 15520, 20 uM of AICAR
and 1 pM of RS-1. CRISPY mix indicates a small molecule mix of NU7026, TSA,
MLN4924 and NSC 15520. Significances of changes in Knock-In efficiencies were
determined using a two-way-ANOVA and Tukey multiple comparison pooled across the
three genes CALD1, KATNA1, SLITRK1. Genes and treatments were treated as random
and fixed effect, respectively. Analysis included 3 technical replicates for each gene. P
values are adjusted for multiple comparison (** P < 0.01, *** P < 0.001).

Fig. 6: Impact of the CRISPY mix and small molecule combinations on Precise
Genome Editing (PGE) efficiency in HPRT with Cpf1 in non-pluripotent cell types. All
possible combinations for the CRISPY mix components are shown for HEK293 and K562
cells (A). While NU7026 increases PGE efficiency, TSA and NSC15520 have no clear
effect, and MLN4924 has a clear disruptive effect in those cell lines with cancer
characteristics. MLN4924 has a disruptive effect on PGE efficiency in primary cells as well
(B). The CRISPY mix without MLN4924 has a higher effect on PGE efficiency than
NU7026 alone In CD4" T and CD34" progenitor cells. In primary Human Epidermal
Keratinocytes (HEKa) also NU7026 and NSC15520 have a disruptive effect on PGE
efficiency. Shown are PGE, PGE + indels, and indels with green, grey or blue bars,
respectively. Error bars show the standard deviation of two independent experiments for
A, and two technical replicates for each of two independent experiments for B. CRISPY
mix indicates a small molecule mix of 20 uM NU7026, 0.01 uM Trichostatin A (TSA), 0.5
MM MLN4924 and 5 yM NSC 15520.
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Fig. 7: Toxicity of the CRISPY mix and its components. A resazurin assay from 409-
B2-iCRISPR-Cas9n cells after 24h incubation with the small molecules and combinations
from Fig. 4 and 5, with and without RNAiMax, gRNA and ssODNs, is shown in (A).
Resazurin is converted into fluorescent resorfin by cellular dehydrogenases and resulting
fluorescence (Exitation: 530-570nm, Emission: 590-620nm) is considered as a marker for
cell viability (O’Brien et al. 2000). The CRISPY mix is highlighted with black borders and is
slightly toxic with no additive toxic effect of its components. Error bars show the standard
deviation of two technical replicates. Karyotype analysis after 5 rounds of passaging the
cells together with the CRISPY mix and mock treatment is shown in (B). At least 20
metaphases of the bulk and 5 clones of each conditions were analysed using trypsin
induced giemsa staining. No numerical or large scale chromosomal aberrations, except
for a small subset of metaphases from two single clones corresponding to CRISPY mix (3
of 25 metaphases polylpoid) and mock treatment (4 of 25 metaphases polyploid), were
identified.

Fig. 8: Impact of the CRISPY mix and its component NU7026 on BFP insertion
(ssODN) efficacy in human induced pluripotent stem cells. The design of the
mtagBFP2 (Subach et al. 2011) ssODN donor and the iCRISPR system is shown in (A).
We inserted a 871nt (including 50nt homology arms) sequence coding for a 2A-self
cleaving peptide in front of a Blue Fluorescent Protein (BFP), directly after the N-terminal
nuclear localization signal sequence (NLS) of the Cas9n in the heterozygous AAVS1
iCRISPR locus (409-B2 iCRISPR-Cas9n hiPSCs). If the sequence is inserted, doxycycline
will lead to expression of nucleus-imported BFP. Representative images of the mock,
NU7027, and CRISPY mix treatment, after 7 days of BFP expression are shown in (B) as
phase contrast (PC), propidium iodide nuclei staining (PI), mtagBFP2 expression (BFP)
and merge of Pl and BFP. Two images (50x magnification, white size bar 200um) from
each of three technical replicates for the respective treatments were used to quantify the
percentage of cells with BFP insertion using ImageJ (C).

Fig. 9: Catalytically inactive DNA-PKcs (K3753R) promotes Homology-Directed-
Repair (HDR) and blocks Non-Homologous-End-Joining (NHEJ). After a Double
Strand Break (DSB) induced by e.g. CRISPR Cas9 or Cpf1 (light blue with gray gRNA),
DNA ends are covered by Ku70/80 (orange), followed by binding of DNA-PKcs (cyan),
both constituting a DNA-PK complex on each DSB end (A). Autophosphorylation of DNA-
PKcs leads to recruitment and activation of downstream NHEJ proteins. NHEJ

outperforms HDR when DNA-PKcs is catalytically active. If DNA-PKcs is catalytically
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inactivated (e.g. by the K3753R mutation), autophosphorylation cannot take place and the
NHEJ pathway is be blocked. Kinase-inactivated DNA-PKcs leads preferential HDR repair
of the DSB. The organizational structure of DNA-PKcs, with its phosphorylation clusters,
its kinase (purple) and the K3753R mutation (dark blue) are shown in (B)(adapted from
Neal et al. 2014). The 4128aa (~470kDa) long enzyme has following phosphorylation
clusters consisting of serines/threonines: N (residues 56 and 72), JK (residues 946 and
1003), PQR (five residues between 2023 and 2056), and ABCDE (six residues between
2609 and 2647). Some clusters activate DNA-PKcs when phosphorylated, while others
disengage NHEJ or even inactive the kinase (Neal et al. 2014). Phosphorylation of the N
cluster, as well as T3950, and the K3753R mutation have been shown to inactivate the
kinase activity (Neal et al. 2011, Shrivastav et al. 2008, Douglas et al. 2007). DNA-PKcs
and its sequence around K3753 are evolutionary conserved in vertebrates (C) (Kent et al.
2002).

Fig. 10: Catalytically inactive DNA-PKcs (K3753R) leads to almost absolute
conversion of DNA double strand breaks to precise genome editing (PGE). The KR
mutant leads to increased PGE compared to wildtype DNA-PKcs in 409-B2 hiPSCs,
regardless of the type of double strand break introduced. Shown is increased PGE of
CALD1, KATNA1, SLITRK1 and PRKDC (R3753K) with Cas9n double nicking (A), and of
CALD1 with Cas9 or HPRT with Cpf1 (B). Shown are PGE, PGE + indels, and indels with
green, light green or blue bars, respectively. Error bars show the standard deviation of
three technical replicates for each of two independent experiments for A, and two
technical replicates for B. Cells were incubated for 3 days with doxycycline to express

Cas9n for double nicking of A.

Fig. 11: Efficient Multiplexed Precise Genome Editing (MPGE) of CALD1, KATNA1,
and SLITRK1. Electroporation of gRNAs and ssODN DNA donors allows robust bulk
precise genome editing (PGE) efficiencies for all three genes in 409-B2 hiPSCs with the
DNA-PKcs KR mutation (A). Shown are PGE, PGE + indels, and indels with green, light
green or blue bars, respectively. Error bars show the standard deviation of two technical
replicates and cells were incubated for four days with doxycycline to express Cas9n for
double nicking. The ancient mutations and silent blocking mutations are not always
incorporated together in chromosomes where Targeted Nucleotide Substitution (TNS)
took place and a blocking mutation distant from the other mutations can be incorporated
as sole TNS (B). The double nicking guide targets (blue) and the mutations (green) for the
respective genes are shown in scale. Heatmaps of genome editing events (TNS and/or
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indels) in chromosomes carrying CALD1, KATNA1, and SLITRK1 of 33 analysed clones
are shown in (C). Most clones either remain wildtype or are precisely edited for all three
genes. Heatmaps present either two chromosomes for a single gene or six chromosomes
for all three genes, with incorporation of indels and incorporation of any TNS, regardless if
blocking mutation or ancient mutation (left panel), or of incorporation of at least the
ancient mutation (right panel). Generation of a MPGE clones is possible in less than two
weeks, if single cell dilution seeding is carried out using a small portion of just
electroporated cells (D). Of 56 colonies picked, 45 survived and 12 of those originated
from more than one cell (based on DNA sequencing read proportions), leaving 33 clones
for analysis.

Fig. 12: Additive effect of CRISPY mix and DNA-PKes (K3753R) on precise genome
editing (PGE) efficiency in CALD1, KATNA1 and SLITRK1 with Cas9D10A. The PGE
efficiency is strongly increased with the DNA-PKcs KR mutant (KR) compared to the
wildtype (WT) and further increased by addition of the CRISPY mix for single genes (A),
and even more for multiplexed PGE (B), where efficiencies are generally lower. Shown
are PGE, PGE + indels, and indels with green, light green or blue bars, respectively. Error
bars show the standard deviation of three technical replicates. CRISPY mix indicates a
small molecule mix of 20 uM NU7026, 0.01 uM Trichostatin A (TSA), 0.5 yM MLN4924
and 5 pM NSC 15520. Cells were incubated for 2 days (4 days for multiplexing) with

doxycycline to express Cas9n for double nicking.

Fig. 13: Representative karyogram of 409-B2 iCRISPR hiPSCs with the DNA-PKcs
KR mutation after 3 months in culture. Of 25 metaphases, analyzed by trypsin induced
giemsa staining, all show a healthy karyotype (46, XX). No numerical or large scale
chromosomal aberrations were identified (band number 350, gray shades 3).

Methods

Cell culture

Stem cell lines cultured for this project included human 409-B2 hiPSC (female, Riken
BioResource Center) and SC102A1 hiPSC (male, BioCat GmbH), chimpanzee SandraA
ciPSC (female, Mora-Bermudez et al. 201637), as well as H9 hESC (female, WiCell
Research Institute, Ethics permit AZ 3.04.02/0118). Stem cell lines were grown on
Matrigel Matrix (Corning, 35248), and mTeSR1 (StemCell Technologies, 05851) with
mTeSR1 supplement (StemCell Technologies, 05852) was used as culture media. Non-
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pluripotent cell types and their respective media used were: HEK293 (ECACC, 85120602)
with DMEM/F-12 (Gibco, 31330-038) supplemented with 10% FBS (SIGMA, F2442) and
1% NEAA (SIGMA, M7145); K562 (ECACC, 89121407) with IMDM (ThermoFisher,
12440053) supplemented with 10% FBS; CD4" T (HemaCare, PB04C-1) with RPMI 1640
(ThermoFisher, 11875-093) supplemented with 10% FBS, and activated with Dynabeads
Human T-Activator (CD3/CD28) (ThermoFisher, 11131D); CD34" progenitor (HemaCare,
M34C-1) with StemSpan SFEM (Stemcell, 09600) supplemented with StemSpan CC110
(StemCell, 02697); and HEKa (Gibco, C0055C) with Medium 154 (ThermoFisher,
M154500) and Human Keratinocyte Growth Supplement (ThermoFisher, S0015). Cells
were grown at 37°C in a humidified incubator gassed with 5% CO,. Media was replaced
every day for stem cells and every second day for non-pluripotent cell lines. Cell cultures
were maintained 4-6 days until ~ 80% confluency, and subcultured at a 1:6 to 1:10
dilution. Adherent cells were dissociated using EDTA (VWR, 437012C). The media was
supplemented with 10 uM Rho-associated protein kinase (ROCK) inhibitor Y-27632

(Calbiochem, 688000) after cell splitting for one day in order to increase cell survival.

Generation and validation of iCRISPR cell lines

Human 409-B2 iPSCs were used to create an iCRISPR-Cas9 line as described by
Gonzalez et al. (Gonzalez et al. 2014). For the production of iICRISPR-Cas9D10A line
Puro-Cas9 donor was subjected to site-directed mutagenesis with the Q5 mutagenesis kit
(New England Biolabs, E0554S). Primers were ordered from IDT (Coralville, USA) and
are shown in Table 2. Expression of the pluripotency markers SOX2, OCT-4, TRA1-60
and SSEA4 in ICRISPR lines was validated using the PSC 4-Marker
immunocytochemistry kit (Molecular Probes, A24881) (data not shown). Quantitative PCR
was used to confirm doxycycline inducible Cas9 or Cas9D10A expression and digital PCR

was used to exclude off-target integration of the iCRISPR cassettes (data no shown).

Small molecules

Commercially available small molecules used in this study were NU7026 (SIGMA, T8552),
TSA (SIGMA, T8552), MLN4924 (Adooq BioScience, A11260), NSC 19630 (Calbiochem,
681647), NSC 15520 (ChemBridge, 6048069), AICAR (SIGMA, A9978), RS-1
(Calbiochem, 553510), Resveratrol (Selleckchem, S1396), SCR7 (XcessBio, M60082-2s),
L755507 (TOCRIS, 2197), B02 (SIGMA, SML0364) and STL127685 (Vitas-M).
STL127685 is a 4-fluorophenyl analog of the non-commercially available STL127705.
Stocks of 15 mM (or 10 mM for NU7026) were made using dimethylsulfoxide
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(DMSO)(Thermo Scientific, D12345). Solubility is a limiting factor for NU7026
concentration. Suitable working solutions for different concentrations were made so that
addition of each small molecule accounts for a final concentration of 0.08% (or 0.2% for
NU7026) DMSO in the media. Addition of all small molecules would lead to a final
concentration of 0.7% DMSO.

Design of gRNAs and ssODNs

We chose to introduce one desired mutation in three genes CALD1, KATNA1 and
SLITRK1 back to the state of the last common ancestor of human and Neanderthal
(Priifer et al. 2013). gRNA pairs for editing with the Cas9D10A nickase were selected to
cut efficiently at a short distance from the desired mutation and from the respective
partnering sgRNA. The efficiency was estimated with the sgRNA scorer 1.0 tool (Chari et
al. 2015) as a percentile rank score. Donor ssODNs for nickase editing were designed to
have the desired mutation and Cas9-blocking mutations to prevent re-cutting of the locus
and had at least 30nt homology arms upstream and downstream of each nick (Fig. 2).
gRNA of the nickase gRNA pair that cuts closer to the desired mutation was used for
Cas9 nuclease editing together with a 90nt ssODN centered at the desired mutation and
containing a Cas9-blocking mutation (Fig. 2). ssODNs for editing of HPRT and DMNT1
using Cpf1 were designed to contain a blocking mutation near the PAM site and an
additional mutation near the cut. gRNAs (crRNA and tracR) and ssODN were ordered
from IDT (Coralville, USA). ssODNs and crRNA targets are shown in Table 2.

Lipofection of oligonucleotides

Cells were incubated with media containing 2 pg/ml doxycycline (Clontech, 631311) 2
days prior to lipofection. Lipofection (reverse transfection) was done using the alt-CRISPR
manufacturer’'s protocol (IDT) with a final concentration of 7.5 nM of each gRNA and
10 nM of the respective ssODN. In brief, 0.75 pl RNAIMAX (Invitrogen, 13778075) and the
respective oligonucleotides were separately diluted in 25 yl OPTI-MEM (Gibco, 1985-062)
each and incubated at room temperature for 5 min. Both dilutions were mixed to yield
50 pl of OPTI-MEM including RNAIMAX, gRNAs and ssODNs. The lipofection mix was
incubated for 20-30 min at room temperature. During incubation cells were dissociated
using EDTA for 5 min and counted using the Countess Automated Cell Counter
(Invitrogen). The lipofection mix, 100 ul containing 25.000 dissociated cells in mTeSR1

supplemented with Y-27632, 2 ug/ml doxycycline and the respective small molecule(s) to
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be tested were throughoutly mixed and put in one well of a 96 well covered with Matrigel

Matrix (Corning, 35248). Media was exchanged to regular mTeSR1 media after 24hours.

Oligonucleotide and ribonucleoprotein electroporation (nucleofection)

The recombinant A.s. Cpf1 and S.p. Cas9 protein and electroporation enhancer was
ordered from IDT (Coralville, USA) and nucleofection was done using the manufacturer’s
protocol, except for the following alterations. Nucleofection was done using the B-16
program (or U-14 for CD4" T cells) of the Nucleofector 2b Device (Lonza) in cuvettes for
100 pyl Human Stem Cell nucleofection buffer (Lonza, VVPH-5022), or Human T Cell
nucleofection buffer for CD4" T cells (Lonza, VPA-1002), and Human CD34 Cell
nucleofection buffer for CD34" progenitor cells (Lonza, VPA-1003), containing 1 million
cells of the respective lines, 78 pmol electroporation enhancer, 160pmol of each gRNA
(crRNAV/tracR duplex for Cas9 and crRNA for Cpf1) (320pmol for double nicking with both
gRNAs for one gene), 200pmol ssODN donor, 252pmol CRISPR protein. For multiplexing,
only gRNAs and single stranded DNA donors were electroporated, since a Cas9n
expressing iCRISPR-Cas9n hiPSC line was used. Cells were counted using the Countess

Automated Cell Counter (Invitrogen).

FACS-sorting

Introduction of 2 ug plasmid DNA (pSpCas9n(BB)-2A-GFP (PX461), Addgene #48140)
into cells not expressing Cas9 inducably was done using the B-16 program of the
Nucleofector 2b Device (Lonza) in cuvettes for 100 yl Human Stem Cell nucleofection
buffer (Lonza, VVPH-5022) containing 1 million of either SC102A1 iPSC or H9 ESC. Cells
were counted using the Countess Automated Cell Counter (Invitrogen). 24h after
nucleofection cells were dissociated using Accutase (SIGMA, A6964), filtered to obtain a
single cell solution, and subjected to fluorescence associated cell sorting (FACS) for GFP
expressing cells. During sorting with the BD FACSAria Il (Becton-Dickinson) cells were
kept at 4°C in mTeSR1 supplemented with Y-27632. 48h after sorting cells were
subjected to lipofection with sgRNAs, ssODNs and treatment with small molecules.

lllumina library preparation and sequencing
Three days after lipofection cells were dissociated using Accutase (SIGMA, A6964),

pelleted, and resuspended in 15 pl QuickExtract (Epicentre, QE0905T). Incubation at
65°C for 10 min, 68°C for 5 min and finally 98°C for 5 min was performed to yield ssDNA
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as a PCR template. Primers for each targeted loci of CALD1, KATNA1 and SLITRK1
containing adapters for lllumina sequencing were ordered from IDT (Coralville, USA).
PCR was done in a T100 Thermal Cycler (Bio-Rad) using the KAPA2G Robust PCR Kit
(Peglab, 07-KK5532-03) with supplied buffer B and 3 pl of cell extract in a total volume of
25 pl. The thermal cycling profile of the PCR was: 95°C 3 min; 34x (95° 15 sec, 65°C 15
sec, 72°C 15 sec); 72°C 60 sec. P5 and P7 lllumina adapters with sample specific indices
were added in a second PCR reaction (Kircher et al. 2012) using Phusion HF MasterMix
(Thermo Scientific, F-531L) and 0.3 pl of the first PCR product. The thermal cycling profile
of the PCR was: 98°C 30 sec; 25x (98° 10 sec, 58°C 10 sec, 72°C 20 sec); 72°C 5 min.
Amplifications were verified by size separating agarose gel electrophoresis using EX gels
(Invitrogen, G4010-11). The indexed amplicons were purified using Solid Phase
Reversible Immobilization (SPRI) beads (Meyer, Kircher 2010). Double-indexed libraries
were sequenced on a MiSeq (lllumina) giving paired-end sequences of 2 x 150 bp. After
base calling using Bustard (lllumina) adapters were trimmed using leeHom (Renaud et al.
2014).

Sequence data analysis

CRISPresso (Pinello et al. 2016) was used to analyse sequencing data from CRISPR
genome editing experiments for percentage of wildtype, targeted nucleotide substitutions
(TNS), indels and mix of TNS and indels. Parameters used for analysis were ‘-w 20’, ‘--
min_identity score 70’ and ‘--ignore_substitutions’ (analysis was restricted to amplicons
with a minimum of 70% similarity to the wildtype sequence and to a window of 20bp from
each gRNA; substitutions were ignored, as sequencing errors would be falsly
characterized as NHEJ-events). Sequencing data from colonies after single cell seeding
(Fig. 3B and C) was further analyzed by evaluating the actual read sequences using
SAMtools. Clonal colonies were differentiated from mixed colonies using sequence read
proportions. Colonies were counted as clones if the clear majority of reads consisted of a
single sequence (homozygous) or of two sequences of similar read count (heterozygous).
Each cell was assumed to have two chromosomes, since we showed a healthy karyotype.
Integrated blocking mutations, ancient mutations, as well as indels for each chromosome
of the cells of a clone were noted.

Statistical analysis

Significances of changes in TNS efficiencies were determined using a two-way-ANOVA

and Tukey multiple comparison pooled across the three genes CALD1, KATNAT1,
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SLITRK1. Genes and treatments were treated as random and fixed effect, respectively.
Hence, we tested the effect of treatment against its interaction with gene (Zar 1999).
Analysis included 3 technical replicates for each gene. We checked for whether the
assumptions of normally distributed and homogeneous residuals were fulfilled by visual
inspection of a QQ-plot (Field 2005) and residuals plotted against fitted values (Quinn &
Keough 2002). These indicated residuals to be roughly symmetrically distributed but with
elongated tails (i.e., too large positive and negative residuals) and no obvious deviations
from the homogeneity assumption. P values are adjusted for multiple comparison.
Statistical analysis was done using R.

Resazurin assay

409-B2 iCRISPR-Cas9n hiPSCs were either seeded with or without editing reagents
(RNAiMax, gRNA and ssODN donor for KATNA1 editing) as described in ‘Lipofection of
oligonucleotides’. The media was supplemented with small molecules or combinations of
small molecules, and each condition was carried out in duplicate. After 24h media was
aspirated and 100ul fresh media together with 10ul resazurin solution (Cell Signaling,
11884) was added. Resazurin is converted into fluorescent resorfin by cellular
dehydrogenases and resulting fluorescence (Exitation: 530-570nm, Emission: 590-
620nm) is considered as a linear marker for cell viability (O’'Brien et al. 2000). Cells were
incubated with resazurin at 37°C. The redox reaction was measured every hour by
absorbance readings using a Typhoon 9410 imager (Amershamn Biosciences). After 5h
the absorbance scan showed a good contrast without being saturated, and was used to
quantify the absorbance using ImageJ and the ‘ReadPlate’ plugin. Duplicate wells with

media and resazurin, but without cells, were used a blank.

Microscopy and Image analysis

409-B2 iCRISPR-Cas9n hiPSCs were nucleofected with gRNAs and the Blue Fluorescent
Protein (BFP) single stranded oligo (Fig. (8A, 330ng) in two technical replicates for either
mock, NU7026, and CRISPY mix treatment. Media was supplemented with 2ug/mi
doxycycline (Clontech, 631311) for 7 days, to allow expression of nuclear imported BFP in
precisely edited cells. Then, cells were fixed with 4% formaldehyde in DPBS
(ThermoFisher, A24881) for 15min, permeablized with 1% saponin in DPBS
(ThermoFisher, A24881) supplemented with 100ug/ml RNAseA (ThermoFisher, EN0531)
and 40ug/ml propidium iodide (ThermoFisher, P3566) for 45min at 37°C, and washed

three times with DPBS. Nucleic acid intercalating propidium iodide was used to
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counterstain nuclei. A fluorescent microscope Axio Observer Z (Zeiss) was used to aquire
two images (50x magnification), from each of three technical replicates for the respective
treatments, consisting of: phase contrast, HcRed channel (BP 580-604nm, BS 615nm, BP
625-725nm, 10.000ms), and DAPI channel (BP 335-383nm, BS 395nm, BP 420-470nm,
20.000ms). Images were blinded and BFP positive nuclei were counted using the Adobe
Photoshop CS5 counting tool. Propidium iodide positive nuclei were quantified using
Imaged by dividing the area of nuclei (default threshold) with the mean area of a single

nucleus.

Karyotyping

Microscopic analysis of the karyotype was done after trypsin induced giemsa staining. The
analysis was carried out according to international quality guidelines (ISCN 2016: An
International System for Human Cytogenetic Nomenclature48) by the ‘Sachsischer

Inkubator fur klinische Translation’ (Leipzig, Germany).

Study design

We aimed to test the precise genome editing efficiency of several small molecules in
iPSCs. The compounds SCR7, L755507 and RS-1 have been indicated in the literature as
potential CRISPR-Cas effectors, whereas the other test compounds have not yet been
known for this purpose. The test compounds are shown in Table 1.

Table 1: Overview of the small molecules evaluated in this study. The protein
targeted, its function, as well as its respective pathway and the function of the small
molecule are shown. Literature references with an asterisk indicate the small molecule as
a CRISPR-Cas effector. Abbreviations: alternative NHEJ (Alt-NHEJ), damage dependent
signaling (DDS).

Pathway Protein Protein function Small molecule Small molecule function Reference
First proteins to bind to DNA 4-fluorophenyl analog of a Weterings et al.
Ku70/80 ends STL127685 Ku70/80 inhibitor 2016

Complex of Ku70/80 and

NHEJ DNA-PKcs, DNA-PKcs Suzki e
DNA-PK phosphorylates  itself and NU7026 DNA-PK inhibitor 2016* :
downstream effectors at the
repair site
Ligase IV End-processing ligation SCR?7 Ligase IV inhibitor yoa{gya’“a et al.
Alt-NHEJ . - . R Aggarwal et al.
(NHEJ) WRN helicase  DNA unwinding NSC 19630 WRN helicase inhibitor 2011
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NAE inhibitor, inhibts

CtlP DNA end resection MLN4924 neddytation of CtIP Jimeno et al. 2015
Coating and stabilization of Inhibits binding of RPA to p53 Glanzer et al
RPA ssDNA NSC15520 and RAD9 2011, 2013
HDR
RADS2 ssDNA annealing AICAR RADS2 inhibitor Sulvan et al.
RS-1 RAD51 enhancer Song et al. 2016*
Strand invasion with the donor
RAD51 DNA
B02 RADS51 inhibitor Huang et al. 2011
Direct stimulatory effects on
Resveratrol purified ATM Lee et al. 2014
Histone deacetlyase inhibitor,
TSA induces phosphorylation of Lee 2007
Ser1981 in ATM
2 B3-adrenergic  Involved in activation of L755507 BB-ar:Irenergic receptor Yu et al. 2015
receptor adenylate cyclase agonist

As a tool for analysis of effects of small molecules on HDR efficiency, we generated an
iICRISPR-Cas9 and iCRISPR-Cas9D10A iPSC line that allows for doxycycline inducible
Cas9 or Cas9D10A expression and efficient delivery of ssODN and guide RNAs (gRNAs)
(Gonzalez et al. 2014). The genome editing and analysis flowchart is shown in Figure 1.
The design of gRNAs, ssODNs and Primers used in the editing of three example genes
CALD1, KATNA1 and SLITRK1 is shown in Figure 2 and Table 2.

Table 2: Oligonucleotides used in this study. gRNA (crRNA target) and single stranded
DNA donors (ssODNs) for editing of CALD1, KATNA1, SLITRK1, HPRT,DMNT1, AAVS1-
iCRISPR, and PRKDC, as well as primers for analysis and Q5 site-directed-mutagenesis
of the Cas9 iCRISPR donor plasmid are shown. Mutations are in bold letters and
ancestral mutations are underlined as well. The donors KATNA1 Cas9D10A 2 and
SLITRK1 Cas8D10A 2 have different silent mutations and were used for Fig. 10-12.

CALD1t1 TGGAGACTATTGCTGCTTGA (SEQ ID NO.1)
CALD112 GCAGTATACCAGTGCAATTG (SEQ ID NO.2)
KATNAT 1 AAATGATGACCCTTCCAAAA (SEQ ID NO.3)
gRNAs KATNAT 12 CAACACCTAAAATAAGGGTA (SEQ ID NO.4)
SLITRK1 11 GCTAACAGTTTACCCTGCCC (SEQ ID NO.5)
SLITRK1 11 ACCCGTCGCTATCGCTGCTG (SEQ ID NO.6)
HPRT ! GGTTAAAGATGGTTAAATGAT (SEQ ID NO.7)
DMNT1 1 CTGATGGTCCATGTCTGTTAC (SEQ ID NO.8)

iCRISPR BFP insertion 1 TGTCGGCTGCTGGGACTCCG (SEQ ID NO.9)
iCRISPR BFP insertion 2 TACAGCATCGGCCTGGCTAT (SEQ ID NO.10)

PRKDC 11 GGTCCTCGCCACCCTTCACC (SEQ ID NO.11)
PRKDC t2 GCGCGTGGAGCAGCTCTTCC (SEQ ID NO.12)
PRKDC t1-back GGTCCTCGCCACCTCTCACC (SEQ ID NO.13)

GTATACTGCTCCAGTCTGCTGTCAATCTTGGAGACTACTGCTGCTTGATGGGTCGATTTGAC

sSODNs  CALD? Casd ACCACTGCTAAAAAAGTAAACACATACA (SEQ ID NO.14)
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CALD1 Cas9D10A

TTATATGTATGTGTTTACTTTTTTAGCAGTGGTGTCAAATCGACCCATCAAGCTGCAGTAGT
CTCCAAGATTGACAGCAGACTGGAGCAGTATACCAGTGCTATTGAGGTGAGAATTGTCCTCA
GCGTTATGGTCCTGCTGAACAGAAATAGA (SEQ ID NO.15)

KATNA1 Cas9

GAAGGGTCATCATTTTCAGAAGCACCTCCAACACCTAAAATAAGGGAAAGGGGAGAGTGAAA
GATATTAAGTTGGATTATACCAAATG (SEQ ID NO.16)

KATNA1 Cas9D10A

CTCATCTATATCCCAGGGAAAATTAGTAGCTGCCAGAACCATAACCATTTTAGAAGGGTCAT
CATTTTCAGAGGCGCCTCCAACACCTAAAATAACGGTAAGGGGAGAGTGAAAAAGATATTAA
GTTGGATTATACCAAATGAAGCT (SEQ ID NO.17)

KATNAT CasSD10A 2

CTCATCTATATCCCAGGGAAAATTAGTAGCTGCCAGAACCATAACCATTTTAGAAGGGTCAT
CATTTTCAGAAGCACCTCCAACACCTAAAATAACGGTAAGGGGAGAGTGAAAAAGATATTAA
GTTGGATTATACCAAATGAAGCT (SEQ ID NO.18)

SLITRK1 Cas9

TGTTAGCTAAGGGTTTGTTCCTGGCGCTACCCGTCGCTATCGCTGCGGTGGGTCTGATTTTG
ATCTGCCAGTTGCCTGGGATCTTTGTAC (SEQ ID NO.19)

SLITRK1 Cas9D10A

TCATCTTTAAACCCGACCCTGGGATGTGGTCGCAGCTGCAGCCCCCAGGACAGGGTAAACTG
TTAGCTAAGGGTTTGTTCCTGGCACTGCCCGTCGCTATCGCTGCGGIGGGICTGATTTTGAT
CTGCCAGTTGCCTGGGATCTTTGTACCTCCG (SEQ ID NO.20)

SLITRK1 Cas9D10A 2

TCATCTTTAAACCCGACCCTGGGATGTGGTCGCAGCTGCAGCCCCCAGGGCATGGTAAACTG
TTAGCTAAGGGTTTGTTCCTGGCGCTACCCGTCGCTATCGCAGCTGTGGGTCTGATTTTGAT
CTGCCAGTTGCCTGGGATCTTTGTACCTCCG (SEQ ID NO.21)

HPRT Cpf1

GCCATTTCACATAAAACTCTTTITAGGTTATAGATGGTTAAATGAATGACAAAAAAAGTAATT
CACTTACAGTCTGGCTTATATCCAACAC (SEQ ID NO.22)

DMNT1 Cpf1

TTAACATCAGTACGTTAATGTTTCCTGATCGTCCATCTCTGTTAGTCGCCTGTCAAGTGGCG
TGACACCGGGCGTGTTCCCCAGAGTGAC (SEQ ID NO.23)

mtagBFP-iCRISPR-
Casdn

AAAGACGATGACGATAAGATGGCCCCAAAGAAGAAGCGGAAGGTCGGTATCCACGGAGTCCC
AGCAGCCGTGAGCAAGGGCGAGGAGCTGATCAAGGAGAACATGCACATGAAGCTGTACATGG
AGGGCACCGTGGACAACCACCACTTCAAGTGCACCAGCGAGGGCGAGGGCAAGCCCTACGAG
GGCACCCAGACCATGCGCATCAAGGTGGTGGAGGGCGGCCCCCTGCCCTTCGCCTTCGACAT
CCTGGCCACCAGCTTCCTGTACGGCAGCAAGACCTTCATCAACCACACCCAGGGCATCCCCG
ACTTCTTCAAGCAGAGCTTCCCCGAGGECTTCACCTGEGAGCGCGTGACCACCTACGAGGAC
GGCGGCETGCTGACCECCACCCAGGACACCAGCCTGCAGCGACGGCTGCCTGATCTACAACGT
GAAGATCCGCGGCGTGAACTTCACCAGTAATGGGCCTGTGATGCAGAAGAAGACTCTGGGCT
GGGAGGCATTCACCGAGACCCTCTATCCGGCTGATGGTGGGCTCGAGGGTCGCAACGATATG
GCTTTGAAACTCGTCGGAGGAAGTCACCTCATCGCAAACGCTAAAACAACCTATAGGTCTAA
GAAGCCCGCCAAGAACTTGAAAATGCCAGGGGTCTACTATGTAGATTACCGCTTGGAACGAA
TTAAAGAGGCTAATAATGAGACTTACGTAGAACAACACGAGGTAGCAGTCGCTCGATATTGC
GACTTGCCGAGTAAGCTCGGACATAAGCTGAACGGCAGTGGAGAAGGTCGGGGATCACTCCT
GACGTGTGGAGATGTTGAAGAGAACCCCGGCCCCGACAAGAAGTACAGCATCGGCCTGGCCA
TCGGCACCAACTCTGTGGGCTGGGCCGTGATCACCGACGAGTACAAGGTGCCCA (SEQ ID
NO.24)

PRKDC Cas9n

GCGAAGGCCCAAGCGCATCATCATCCGTGGCCATGACGAGAGGGAACACCCTTTCCTGGTGA
GAGGTGGCGAGGACCTGCGGCAGGACCAGCGCGTGGAGCAGCTCTTCCAGGTCATGAATGGG
ATCCTGGCCCAAG (SEQ ID NO.25)

PRKDC-back Cas9n

GCGAAGGCCCAAGCGCATCATCATCCGTGGCCATGACGAGAGGGAACACCCTTTCCTGGTGA
AGGCTGGCGAGGACCTGCGGCAGGACCAGCGCGTGGAGCAGCTCTTCCAGGTCATGAATGGG
ATCCTGGCCCAAG (SEQ ID NO.26)

Primers

CALD1 forward

ACACTCTTTCCCTACACGACGCTCTTCCGATCTGCTAATCAGCTAGCATATGTATGAGAA
(SEQ ID NO.27)

CALD1 reverse

GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTTTGGACTTGATTATTGTCCTAAGTG
(SEQ ID NO.28)

ACACTCTTTCCCTACACGACGCTCTTCCGATCTCCTGACGGCAAAGGAATATAG (SEQ ID

KATNA1 forward NO.29)

KATNAT reverse GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTACTGTGCTTCCTTGTATTGTTGT — (SEQ
ID NO.30)
ACACTCTTTCCCTACACGACGCTCTTCCGATCTGGGCTTCAAATCAGCCAAG  (SEQ 1D

SLITRK1 forward NO.31)

SLITRK reverse GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTTTTCAAGACAARATGGGCAAG (SEQ ID
NO.32)

HPRT forward ACACTCTTTCCCTACACGACGCTCTTCCGATCTGGTGAAAAGGACCCCACGAA (SEQ ID

orwa NO. 33)
HPRT reverse GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTTGGCAAATGTGCCTCTCTACAAAT
V! (SEQ ID NO.34)

DMNT1 forward ACACTCTTTCCCTACACGACGCTCTTCCGATCTTGAACGT TCCCTTAGCACTCTG (SEQ
ID NO.35)

DMNT1 reverse GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTCCTTAGCAGCTTCCTCCTCC (SEQ 1D
NO.36)

Q5 D10A forward TGGTGCCGATAGCCAGGCCGATG (SEQ ID NO.37)

Q5 D10A reverse ACTCTGTGGGCTGGGCCG (SEQ ID NO.38)
ACACTCTTTCCCTACACGACGCTCTTCCGATCTCTAGCCTGTGCCCTGAGATG  (SEQ 1D

PRKDC forward NO.39)

PRKDC reverse GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTGCACAACGCTATAGGTCCTCA (SEQ

ID NO.40)
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Small molecules that we chose to test for their ability to block NHEJ are SCR?7,
STL127685, which is a 4-fluorophenyl analog of the Ku70/80 inhibitor STL127705
(Weterings et al. 2016), and DNA-PK inhibitor NU7026 (Suzuki et al. 2016). To block Alt-
NHEJ we chose WRN helicase inhibitor NSC 19630 (Aggarwal et al. 2011). The NEDD8
activating enzyme (NAE) inhibitor MLN4924 has been shown to inhibit the neddylation of
CtIP, which is increasing the extend of DNA end resection at strand breaks, and therefore
regulates DNA double strand break repair pathway choice to preferentially undergo HDR
(Jimeno et al. 2015). DNA resection leaves ssDNA which is coated and stabilized by RPA,
before undergoing homology search and recombination. We assumed increasing
availability of RPA could favor HDR. Fumaropimaric acid (NSC15520) prevents the
association of RPA to p53 and RAD9 (Glanzer et al. 2011)(Glanzer et al. 2013), possibly
increasing the abundance of available RPA for ssDNA. RAD51 is critical for homologous
recombination with double stranded DNA (dsDNA), while RAD52 is needed for annealing
of ssDNA (Grimme at al. 2010). We therefore chose to test the effect of RAD52 inhibitor
AICAR (Sullivan et al. 2016), RAD51 inhibitor B02 (Huang et al. 2011), and RAD51
enhancer RS-1 (Song et al. 2016) on precise genome editing efficiency. Furthermore, we
included small molecules that have been described to enhance the repair protein kinase
ATM. Resveratrol has been described to have a direct stimulatory effect on the catalytic
efficiency of purified ATM in vitro (Lee et al. 2014). The histone deacetylase inhibitor
Trichostatin A actives an ATM-dependent DNA damage signaling pathway and has been
described to increase HR (Lee 2007)(Jimeno et al. 2015). Lastly, we included R3-
adrenergic receptor agonist L755507 in the screen.

Results

Effect of small molecules on precise genome editing

First we tested different concentrations of the small molecules to examine their influence
on precise editing of CALD1, KATNA1 and SLITRK1 with iCRISPR Cas9D10A (Fig. 3).
Consequently, we chose the respective concentration that gave the highest frequency of
precise genome editing. When different concentrations had a similar effect on editing we
chose the lower concentration. Effects of chosen small molecule concentrations on
precise genome editing efficiency in CALD1, KATNA1 and SLITRK1 with Cas9D10A and

Cas9 from repeated independent experiments are shown in Figure 4.

NU7026 treatment increased PGE for all three loci with Cas9D10A (Fig. 4A) and Cas9
(Fig. 4B). The mean change was 1.5-fold for CALD1, 2.6-fold for KATNA1 and 2.5-fold for
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SLITRK1 with Cas9D10A, and 1.5-fold for CALD1, 1.6-fold for KATNA1 and 1.2-fold for
SLITRK1 with Cas9. In addition to NU7026, we found TSA and MLN4924 to have an
enhancing effect on PGE frequency with Cas9D10A. TSA increased PGE 1.5-fold for
CALD1, 2.2-fold for KATNA1 and 1.8-fold for SLITRK1 with Cas9D10A,; interestingly no
enhancing effect was found with Cas9. MLN4924 increased PGE 1.2-fold for CALD1, 1.1-
fold for KATNA1 and 1.3-fold for SLITRK1 with Cas9D10A. With Cas9 there is a slight
diminishing effect of MLN4924 on PGE. Treatment with NSC 15520 increased PGE of
CALD1 with Cas9D10A and Cas? 1.4 fold and 1.3 fold, respectively. However, there was
no effect on PGE of KATNA1 and SLITRK1. NSC 19630, AICAR, RS-1, Resveratrol,
SCRY7, L755507 and STL127685 showed no clear effect on PGE frequency over the three
genes CALD1, KATNA1 and SLITRK1 compared to the respective controls with
Cas9D10A and no effect or a diminishing effect with Cas9. B02 halved PGE in all three
loci both with Cas9D10A and Cas®.

We next tested if combinations of small molecules would have an enhancing effect on
PGE with Cas9D10A or Cas9. We chose small molecules that showed an increase in
PGE with Cas9D10A in at least one gene and never a PGE decrease; those molecules
are: NU7026, TSA, MLN4924, NSC 19630, NSC 15520, AICAR and RS-1.

Impact of small molecule combinations on editing of the tree different loci with either
Cas9D10A or Cas9 are shown in Fig. 5. For editing with Cas9D10A treatment with
NU7026 or PGE resulted in 2.3- or 1.8-fold higher PGE frequency than without the
molecules (Tukey's pair-wise post-hoc comparisons: p<0.001) (Fig. 5A). A combination of
both NU7026 and TSA resulted in 1.3 or 1.6 times higher PGE frequency than either
NU7026 or TSA alone (p<0.001). Addition of MLN4924 to the mix of NU7026 and TSA
lead to an additional 1.3-fold increase in PGE (p<0.01). Further addition of NSC 15520
slightly increased the mean of PGE for all loci when using Cas9D10A for editing, without
reaching statistical significance. Addition of NSC 19630, AICAR and RS-1 had no

measurable effect on PGE.

We conclude that the mix of small molecules that increases the frequency of PGE with
Cas9D10A the most is a combination of NU7026 (20uM), TSA (0.01puM), MLN4924
(0.5uM) and NSC 15520 (5uM), which we name ‘CRISPY’ nickase mix. It yielded an
increase of PGE of 2.8-fold (from 11 to 31%) for CALD1, 3.6-fold (from 12.8 to 45.8%) for
KATNAT1 and 6.7-fold (from 4.7 to 31.6%) for SLITRK1 in the iCRISPR 409-B2 iPSC line.
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When we used Cas9, which introduces blunt-ended DSBs, no significant effect was seen
when adding other small molecules in addition to NU7026 (Fig. 5B). In contrast, the
CRISPY mix together with Cpf1 ribonucleoprotein, which produces staggered DNA cuts,
intfroduced by electroporation in 409-B2 hiPSCs increased PGE 2.9-fold for HPRT and
4.0-fold for DMNT1 (Fig. 5D). Addition of only NU7026 increased PGE 2.1-fold for HPRT
and 2.4-fold for DMNT1.

To test if the CRISPY mix increases PGE in other pluripotent stem cell lines we edited the
gene KATNA1 in SC102A1 hiPSCs and H9 hESCs using Cas9n plasmid electroporation,
and HPRT in chimpanzee iPSCs using Cpf1 ribonucleoprotein. PGE increased 2.6-fold,
2.8-fold, and 2.3-fold, respectively, and the increase was bigger than when using NU7026
alone (Fig. 5C).

In a further experiment, the impact of the CRISPY mix and its components on targeted
nucleotide substitution efficiency was tested in a plurality of non -pluripotent cell types
including the immortalized human embryonic kidney cell line HEK293, the immortalized
leukemic cell line K562, hematopoietic CD4" T cells and CD34" hematopoietic progenitor
cells as well as primary human keratinocytes (HEKa) by electroporation of Cpf1. The
results are shown in Fig. 6. It was found that the component NU7026 of the CRISPY mix
is effective in the tested cell lines except in HEKa cells. In HEK293 and K562 cells,
NU7026 strongly increases PGE efficiency, TSA and NSC15520 moderately increase
efficiency, and MLN4924 has a clear disruptive effect in those cell lines with cancer
characteristics. MLN4924 has a disruptive effect on PGE efficiency in primary cells as
well. The CRISPY mix without MLN4924 has a higher effect on PGE efficiency than
NU7026 alone in hematopoietic CD4" T and CD34" progenitor cells. In primary human
keratinocytes (HEKa) also NU7026 and NSC15520 have a disruptive effect on PGE

efficiency.

In a still further experiment, the toxicity of the CRISPY mix and its components was
tested. After KATNA1 editing with Cas9n double nicking and CRISPY mix treatment for
24h cells showed a viability of 75% compared to no small molecule treatment, with no
additive toxic effect of its components (Fig. 7). Importantly, when we simulated five rounds
of editing, each round consisting of passaging cells with the lipofection reagent and
CRISPY mix followed with 3 days of recovery, the cells had a healthy karyotype with no
numerical or large scale chromosomal aberrations as shown by trypsin-induced Giemsa

staining (Fig. 13).
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In a still further experiment, the impact of the CRISPY mix and its component NU7026 on
BFP insertion (ssODN) efficiency in human induced pluripotent stem cells was tested. The
results are shown in Fig. 8. We inserted a 871nt (including 50nt homology arms)
sequence encoding a 2A-self cleaving peptide in front of an enhanced blue fluorescent
protein (BFP)(Subach et al. 2011) in the AAVS1 iCRISPR locus. If the sequence is
inserted, doxycycline will lead to expression of nucleus-imported BFP. Nuclei positive for
BFP increased 7.1-fold (26.6%) compared to the no-CRISPY control (3.7%), while
NU7026 alone lead to an increase of 1.6 fold (6%) (Fig. 8B and C) showing that the
CRISPY mix increases efficiency of insertion of a gene fragment in iPSCs.

Effects of formulated DNA protein kinase catalytic subunit on precise genome
editing

Mutation of K3753R near the ATP binding site abolishes the kinase activity of DNA-PKcs.
In CHOVS cells, DSB induced HDR in DNA-PKcs KR cells has been shown to be 2- to 3-
fold above the elevated HDR level of DNA-PKcs null cells, and ~4- to 7-fold above cells
expressing wildtype DNA-PKcs (Shrivastav et al. 2008 and 2009).

We generated an induced pluripotent stem (iPSC) line with a doxycycline inducible Cas9
nickase (iCRISPR-D10A) as described by Gonzalez et al. (2014), to achieve high
efficiency of targeted DSBs with reduced off-targets (Shen et al. 2014). Using the
integrated Cas9D10A, we exchanged lysine to arginine near the kinase active site of
DNA-PKcs (K3752R) to inactive its kinase activity (Shrivastav et al. 2008 and 2009), while
keeping the overall structure intact. To compare the efficiency of precise genome editing
of using wildtype DNA-PKcs to DNA-PKcs KR, we chose to precisely edit neurite
outgrowth genes CALD1, KATNA1 and SLITRK1? back to the ancestral state of the last
common ancestor of human and neandertal (Prufer et al. 2014). We also explored the
efficiency of reverse inactivation of PRKDC (DNA-PKcs) by exchanging R3753 back to
lysine. PGE efficiencies of CALD1, KATNA1, SLITRK1 and PRKDC with iCRISPR-
Cas9D10A expressing either wildtype DNA-PKcs or DNA-PKcs KR are shown in Fig. 10A.
When using DNA-PKcs KR, the PGE efficiencies increase 2.5-fold (36%), 4.1-fold
(78.5%), and 7.8-fold (51.1%) for CALD1, KATNA1 and SLITRK1. This corresponds to a
shift of the ratio of PGE/NHEJ from 0.23, 0.29 and 0.08 to 3.49, 25.45, and 2.60,
respectively. We achieve back-mutation of PRKDC in 71.4% of chromosomes. When
electroporating recombinant Cas9 or Cpf1, the PGE efficiency for CALD1 or HPRT
increased 4.8 fold (72.2%) or 8.3 fold (43.7%) with a shift of the ratio of PGE/NHEJ from
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0.45 to 12.8 or 0.08 to 7.1. Therefore, PGE is increased by the KR line regardless of the
type of DSB.

Given these high PGE efficiencies with DNA-PKcs KR, we next tried to multiplex editing of
the three genes. We achieved PGE efficiencies of 3-10% for a gene at best, when using
multiplexed lipofection of gRNAs and ssDNA donors (data not shown). When
electroporating gRNAs and ssODN of the three genes, we achieved PGE efficiencies of
21.3% for CALD1, 32.0% for KATNA1, and 34.0% for SLITRK1 (Fig. 11A). Contrary to
lipofection, cells are prepared as single cell suspension for electroporation. While the
majority of cells was plated for following bulk DNA isolation, ten percent were plated as
single cell dilution that will give rise to colonies descendent from one cell. The analysis of
33 clones showed that the ancient mutations and silent blocking mutations are not always
incorporated together in chromosomes where Targeted Nucleotide Substitution (TNS)
took place (Fig. 11B). Figure 11C shows a heatmap of chromosomes with incorporation of
indels and incorporation of any TNS, regardless if blocking mutation or ancient mutation
(left panel), or of incorporation of at least the ancient mutation (right panel). Most clones
either remain wildtype or are precisely edited for all three genes. Strikingly, one third of
clones has a TNS without any additional indel on both chromosomes for all three genes.
12.1% of clones have at least the ancient TNS without any additional indel on both
chromosomes for all three genes. The drop of 33.3% to 12.1% is mostly due to the design
of the CALD1 donor, were the right blocking mutation is far away from the other two
mutations, and it is the only incorporated substitution in 30% of CALD1 TNS positive
chromosomes (9 ouf of 30)(Fig. 3A). The incorporation of TNS on both chromosomes of 3
genes is more than 4-fold higher than expected by chance, based on single gene TNS
efficiencies (7.1% expected for any TNS and 2.9% expected for at least ancient TNS).
The herein presented MPGE is not only efficient but also fast. Using single cell dilution
seeding directly after electroporation allows generating clones with desired MPGE in less
than two weeks (Fig. 11D). Importantly, DNA-PKcs KR hiPSCs maintained a healthy
karyotype with no numerical or large scale chromosomal aberrations after 26 passages

(corresponding to 3 months), as shown by trypsin induced giemsa banding (Fig. 13).

The PGE efficiency in the presence of the mutated DNA-PKcs may be further enhanced
by the CRISPY mix with Cas9D10A as we show in a further experiment. The DNA-PKcs
mutant had a 2.8-fold, 4,3-fold and 12.4-fold increase of PGE for CALD1, KATNA1 and
SLITRK1, respectively (see Figure 12). In addition with the CRISPY mix the efficiency of

PGE compared to the DNA-PKcs wildtype without small molecule treatment was
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increased even further. The PGE efficiency was 48% (3.7-fold increase), 82% (4.7-fold
increase) and 57.5% (19.2-fold increase) for CALD1, KATNA1 and SLITRK1, respectively.

Discussion

While the CRISPY mix increases PGE more than any individual component it is
comprised of in all four pluripotent stem cell lines tested (three human and one
chimpanzee) (Fig. 5A, C, and D), this is not the case for other cell lines tested (Fig. 6). In
fact, our results show that small molecules and their combinations can have opposite
effects on PGE in different cell lines. This could be due to that cell lines rely on different
repair proteins or repair pathways and suggests that follow-up studies on cell type-specific
mechanisms of DNA repair are warranted. In line with this interpretation are studies that
show that human ESCs and iPSCs possess very high DNA repair capacity that decreases
after differentiation (Blanpain et al. 2011, Rocha et al. 2013). It may also explain some of
the inconsistencies between studies, e.g. the DNA ligase IV inhibitor SCR7 and RAD51
enhancer RS-1 increase precise genome editing in some cell types but not in others.
Thus, it may be necessary to screen small molecules for their effects on CRISPR editing

in each cell type of interest.

Small molecules that increased PGE in pluripotent stem cells with Cas9D10A and ssODN
donor both alone (Fig. 4A) and in a mix (Fig. 5A) are NU7026, TSA, MLN4924 and NSC
15520. The mix also shows an additional increasing effect on PGE with Cpf1 but not with
Cas9 compared to single treatment with NU7026. NU7026 inhibits DNA-PK, a major
complex in NHEJ pathway (Shrivastav et al. 2008) and has been previously shown to
increase PGE efficiency in hiPSCs (Suzuki et al. 2016). TSA can activate an ATM-
dependent DNA damage signaling pathway (Lee 2007). The Nedd8 activating enzyme
(NAE) inhibitor MLN4924 has been shown to inhibit the neddylation of CtIP which is
increasing the extent of DNA end resection at strand breaks thereby promoting HDR
(Jimeno et al. 2015). DNA resection leaves ssDNA which is coated and stabilized by RPA
before undergoing homology search and recombination. NSC15520 prevents the
association of RPA to p53 and RADS9 (Glanzer et al. 2011)(Glanzer et al. 2013), possibly
increasing the abundance of available RPA for ssDNA which could favor HDR. RS-1,
SCRY7 and L755507 for which there are conflicting reports on their capacity to increase
PGE showed no clear effect in our hands on PGE neither with Cas9 nor with Cas9D10A.

The enhancing effect of TSA and MLN4924 on PGE when used with Cas9D10A double
nicking or Cpf1 contrary to no effect visible with Cas9 suggests that blunt and staggered
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DNA cuts (5 overhangs) are repaired by different repair mechanisms. To date the
mechanism of HDR with ssODN is not clear but models have been proposed (Bothmer et
al. 2017). Bothmer et al. find that 5’ overhang structures yield higher levels of HDR than 3’
overhangs and suggest that different overhang polarities engage different repair

pathways.

However, the negative effect of MLN4924 with Cas9 editing might be due to shorter
ssODN used compared to longer Cas9D10A ssODN. If extensive DNA resection triggered
by MLN4924 takes place, there are is no homology left for ssODN annealing if short
donors are used. Since long 5‘overhangs are present in Cas9D10A editing, homologous
DNA is provided, even after extensive resection. Therefore, usage of longer donors might

render MLN4924 effective in enhancing precise genome editing also when using Cas9.

While RAD51 is obviously important for classical homologous recombination with dsDNA
(Shrivastav et al. 2008) we wanted to examine if RAD52, rather than RADS1, could be the
driving force behind HDR of ssODN since RAD52 is needed for annealing of ssDNA
(Grimme et al. 2010). Our results of the effect of RAD52 inhibitor AICAR, RAD51 inhibitor
B02, and RAD51 enhancer RS-1 on PGE efficiency suggests that RAD51 and not RAD52
is important for precise editing with ssODN, since inhibition of RAD51 by B02 halved and
inhibition of RAD52 had no effect on PGE efficiency. Interestingly, stimulation of RAD51
with RS-1 had no beneficial effect on PGE.

To increase PGE efficiency we produced an inducible Cas9D10A iPSC line and optimized
the delivery of ssODNs such that sometimes indels in more than 90% of the cells are
observed (Fig. 3A). Using the CRISPY small molecule mix we achieve almost 50% PGE
in hiPSCs (Fig. 3A), the highest PGE efficiency of human pluripotent stem cells described
to date to our knowledge. Furthermore, we are the first to show efficient PGE by using
Cpf1 (20%) with help of the CRISPY mix (Fig. 5C). The CRISPY mix provides an easy tool
for increasing PGE frequency and could therefore be useful for many researchers or

medical professionals using the CRISPR system to perform precise genome editing.

By harnessing efficient DSB induction using iCRISPR and utilizing kinase dead DNA-PKcs
KR, as a switch between NHEJ and HDR, highly efficient precise editing of the genome is
possible (Fig. 10). High PGE efficiency goes in hand with a high ratio of PGE to indels.
We also show that the incorporation of TNS in all the targeted chromosomes is much
higher than expected by chance, based on single gene TNS efficiencies, when

multiplexing several genes. The HDR inhibiting properties of DNA-PKcs have been shown
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to be absolutely dependent on its kinase activity (Neal et al. 2011). Similar to our data,
HDR in CHOV3 KR cells has been shown to be 4- to 7-fold above cells expressing
wildtype DNA-PKcs (Shrivastav et al. 2008 and 2009). Surprisingly, the increase in HDR
in CHOV3 KR cells was higher than in CHOV3 DNA-Pkcs knockout cell, suggesting that
the protein structure is needed for further enhanced HDR. Phosphorylation of its ABCDE
or JK cluster been shown to promote end processing, or inhibit NHEJ, respectively (see
Fig. 9B). DNA-PKcs deficiency results in reduced levels of the important repair kinase
ATM in cultured cell lines and mice (10). Shrivastav et al. argue that restored ATM-
dependent phosphorylation of DNA-PKcs KR, and possibly ATM promoted RAD51
turnover, contributes to the hyperrecombination phenotype (Neal et al., 2016). By using
catalytically inactive but structurally intact DNA-PKcs, phosphorylation of downstream c-
NHEJ proteins is blocked, as well as phosphorylation induced inhibition of ATM kinase
activity (Zhou et al., 2017), while ATM levels are maintained in a kinase independent
manner, therefore leading to enhanced HDR. Given the central role of DNA-PKcs in c-
NHEJ and the similar findings on HDR increase by Shrivastav et al. in Chinese Hamster
Ovary cells, we suspect the KR mutation will have a consistent effect across cell types
and species. As DNA-PKcs, and its sequence around K3753, is conserved in vertebrates
(Fig. 9C), the KR mutation could be a valuable gene modification tool in several animal
models. DNA-PKcs orthologues have also been found in mosquito, honey bee, and the
amoeba slime mold suggesting ancient ancestry of this enzyme (Dore et al. 2004,
Douglas et al. 2007.

We did not detect any numerical or large scale chromosomal aberrations after 3 months of
culturing DNA-PKcs KR hiPSCs (Fig. 13). Besides targeted genome cleavage,
endogenous DSBs regularly occur because of reactive oxygen species and physical
stress leading to replication fork collapse, as well as during V(D)J recombination.
Impairment of error-prone c-NHEJ by inactivating the kinase activity of DNA-PKcs, leaves
the cells to repair a DSB with faithful and enhanced HDR utilizing the sister chromatid,
with slow error-prone a-NHEJ, or death. Speculatively, genomic stability could therefore
by even better in KR cells compared to wildtype because of high fidelity repair by HDR,
with the cost of loss in heterozygosity.

We also showed efficient reverse inactivation of DNA-PKcs by mutating R3753 back to
lysine (Fig. 10A). Reactivating DNA-PKcs after implementing targeted mutations is
desirable before cell differentiation into T cells, as V(D)J recombination depends on c-
NHEJ. Back-mutating DNA-PKcs KR befare cell differentiation into non-proliferating cells
like neurons might be beneficial as well. HDR is restricted to dividing cells and therefore
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NHEJ is central to DNA repair in post-mitotic cells. However, the c-NHEJ factors Ku70/80,
XRCC4, and LIG4 together with XLF are sufficient to repair low levels of damage (Gu et
al., 2000), and a-NHEJ is anyway independent of DNA-PKcs.

The use of the CRISPY small molecule mix together with catalytically inactive DNA-PKcs,
this finding has the potential to revolutionize CRISPR assisted research and tailored
genomes, since editing of multiple loci at once is possible. Not only is the editing efficiency
very high (up to 82%) - the limited proportion of indels now allows fast (multiplexed)
precise genome editing (Fig. 10 and 11).

To conclude, the hyperrecombining effect of DNA-PKcs KR in combination with the
CRISPR technology leads to unforeseen efficiencies in precise genome editing, which can
be further increased by the CRISPY small molecule mix in human pluripotent stem cells.
This could substantially reduce time and labor in various areas of genome research.
These include exciting applications like high-throughput Genome-Wide-Association-
Screen (GWAS) validation of relevant medically important traits, disease modelling and
drug screens, species comparative analysis, ex-vivo gene-therapy, simplified production
of tailor-made animal models, species de-extinction, and someday possibly
implementation of de-novo synthesized large genome fragments.
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Claims

1. In vitro use of a combination of

(a) at least one compound (Ill) which is a deoxyribonucleic acid-dependent protein kinase
(DNA-PK) inhibitor, and

(b) at least one compound (I) which is a histone deacetylase (HDAC) inhibitor,

for genome editing in an eukaryotic target cell, the target cell comprising a genome-editing
system, particularly in a mammalian target cell, more particularly in a human target cell,
wherein the genome editing comprises introducing a staggered cut into the double-stranded

genome of the target cell.

2. The use of claim 1, wherein the compound (1) is Trichostatin A, and/or the compound (lll)
is NU7026.

3. The use of claim 1 and 2 wherein the combination comprises

- at least one compound (l11),

- at least one compound () and

- at least one compound (Il), which is an NEDDS8 activating enzyme (NAE) inhibitor,
preferably MLN4924.

4. The use of any one of claims 1-3, wherein the combination comprises at least one
compound (1V), which is a replication protein A (RPA) inhibitor, preferably NSC15520.

5. The use of any one of claims 1-4, wherein the genome editing comprises introducing a

staggered cut with 5’ overhangs into the double-stranded genome of the target cell.

6. The use of any one of claims 1-5, wherein the genome editing comprises (i) the presence
of a CRISPR/Cas9D10A enzyme in the target cell, or (ii) the presence of CRISPR/Cpf1

enzyme in the target cell.
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7. The use of any one of claims 1-6, for genome editing in a stem cell, including an induced or
embryonic pluripotent stem cell of an eukaryotic target organism, particularly a human induced

or embryonic pluripotent stem cell.

8. The use of claim 7, wherein the combination comprises at least one compound (lll), at least

one compound (1), at least one compound (ll) and at least one compound (IV).

9. The use of any one of claims 1-6, for genome editing in a hematopoietic cell, or in a

hematopoietic progenitor cell.
10. The use of claim 9, wherein the combination comprises at least one compound (lll), at

least one compound (I) and optionally at least one compound (IV), particularly in the absence

of a compound (Il).

11. The use of any one of claims 1-6, for genome editing in an immortalized cell.

12. The use of claim 11, wherein the combination comprises at least one compound (lll), at
least one compound (I) and at least one compound (IV), particularly in the absence of

compound (I1).

13. The use of any one of claims 1-12, wherein the combination further comprises

(i) a DNA protein kinase catalytic subunit which is catalytically inactive, but structurally
intact; and which comprises at least one mutation compared to the wild-type sequence,
particularly the mutated subunit K3753R,

(i)  a nucleic acid molecule encoding the DNA protein kinase catalytic subunit (i) and/or

(i) a eukaryotic cell capable of expressing the DNA protein kinase catalytic subunit of (i).
14. The use of any one of claims 1-13, wherein the genome editing comprises introducing a

donor DNA molecule carrying a desired mutation, which is a single-stranded or double-

stranded DNA molecule, particularly a single-stranded DNA molecule, into the target cell.

15. A combination comprising
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(a) at least one compound (lll)
(b) at least one compound (I), and

(c) a genome editing enzyme

for use in medicine including human or veterinary medicine in a method comprising genome
editing in a eukaryotic target cell or target organism, the target cell or target organism
comprising a genome editing system capable of introducing a staggered cut into the double
stranded genome of the target cell or target organism, particularly in a mammalian target cell
or target organism, more particularly in a human target cell or target organism, wherein the
genome editing comprises introducing a staggered cut into the double-stranded genome of

the target cell or target organism.



