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Alteration of specific epigenetic marks might promote homology directed repair (HDR) during CRISPR-Cas9
genome editing. Testing several epigenetic inhibitors in a traffic light reporter assay, the histone methylation
inhibitor 3DZNep showed a significant HDR promoting effect, while non-homologous end joining mediated repair
was not significantly changed. This HDR promoting effect was largely independent of the target gene and its
expression levels but showed a limited cell type specificity. HDR promotion was independent of the best described

target of 3DZNep, the H3K27 methyltransferase EZH2, and of altered gene expression, but correlated partially
with increased frequency of S/G2 cell cycle stage.

1. Introduction

Defined CRISPR-Cas9 genome editing by homology directed repair
(HDR) is important for the introduction of point mutations and DNA
donor constructs into cell lines, animals, and for the therapy of human
genetic diseases. However, efficiency of DNA double-strand break (DSB)
repair by HDR is in general much lower than of the unwanted, compet-
itive repair by non-homologous end joining (NHEJ). It is therefore of
high interest to find simple procedures which twist the DSB repair path-
way choice during CRISPR-Cas9 genome editing towards HDR without
reducing total genome editing efficiency [1]. Genome editing efficiency
is influenced by the cutting efficiency of sgRNA/Cas9, the expression
of proteins involved in DNA repair, and by their recruitment to the
DSB. Chromatin modifications are suggested to regulate all these pro-
cesses. Inhibition of DNA methylation by 5-azacytidine (5-aza) was not
found to alter genome editing efficiency in a semiquantitative assay [2].
Histone 3 lysine 36 trimethylation (H3K36me3) promoted HDR, while
H3K36me2 increased NHEJ in a context dependent manner [3,4]. Dense
DNA packing in heterochromatin, which is characterized by H3K27me3
and H3K9me3, was reported to influence the speed of repair at low con-
centrations of CRISPR-Cas9, but not the HDR/NHEJ pathway choice [5].
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In another experimental system, it was found to affect NHEJ efficiency,
but less HDR efficiency [6]. However, a spike of H3K9me3 was reported
to be required for HDR and pre-existing H3K9me3 was shown to reduce
HDR [7]. H4K20 methylation was suggested to favor NHEJ [8]. Finally,
inhibition of histone deacetylation was found to increase both NHEJ and
HDR [9]. Taken together, chromatin modifications appear to influence
the efficiency and pathway choice of DSB repair, although the under-
lying molecular mechanisms are poorly characterized. Small molecule
inhibitors of chromatin modifying enzymes might therefore be useful
to promote HDR in CRISPR-Cas9 genome editing. However, no such in-
hibitor is currently used routinely for that purpose.

In this study we investigated the influence of a set of small molecule
inhibitors of chromatin modification on CRISPR-Cas9 genome editing.
We identify 3DZNep, which inhibits the H3K27 methyltransferase EZH2
and methylations dependent on S-adenosylhomocystein [10,11], as a
novel promoter of HDR dependent CRISPR-Cas9 genome editing. Sur-
prisingly, this effect was independent from EZH2 and correlated only
partially with alterations of the cell cycle. As 3DZNep improved HDR
efficiency of different target genes in different cell types to up to 80%,
while in most cases reducing error-prone NHEJ repair, it might be a
simple method to improve defined genome editing efficiency.
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2. Material and methods
2.1. Cell lines

HEK293/TLR, HEK293T, U20S or N2A cells were kept in DMEM/
GlutaMAX (GIBCO) supplemented with 10% FBS (Hyclone) and 1%
penicillin-streptomycin (GIBCO). Mouse embryonic stem (mES) cells
were kept on gelatin-coated dishes in 2i/LIF-containing medium [12].
All cells were kept in a humidified 37 °C incubator with 5% CO,.

2.2. Transfections

0.5 x 10° HEK293/TLR or HEK293T cells were seeded in 6-well
dishes one day prior transfection and transfected with 2 ug total DNA
and 8 pl 1 mg/ml linear PEI solution (pH 7.0; Polysciences) in 200 pl
Opti-MEM (Invitrogen), which was incubated at room temperature for
30 min and then added dropwise to cells. 0.5 x 106 N2A or 0.3 x 10°
U20S cells were seeded in 6-well plates and transfected the following
day with GeneJet transfection medium (SignaGen) according to manu-
facturer’s instructions. 1.6 x 10® mES cells were seeded in 10 cm dishes
and at the same time transfected with Lipofectamine 3000 medium
(Thermofisher) according to manufacturer’s instructions.

2.3. Inhibitor treatment

Inhibitor treatment was performed for 24 h (cell cycle analysis) or
48 h (CRISPR-Cas9 editing) with 50 pM Amil, 5 or 10 uM BRD4770,
2 uM BIX01294, 0.5 uM 3-Deazaneplanocin (3DZNep), 5 or 10 uM GSK-
J4, 100 pM I0X-1, 2 uM Tranylcypromine hydrochloride (2-PCPA), 0.5
or 5 uM 5-azacytidine (5-aza), 1 uM Trichostatin A (TSA), 20 or 50 M
C646 (all Tocris), 1 pM EPZ-643 (MedChemExpress), 0.5 uM UNC-0379,
10 uM A196 or DMSO (all Sigma).

2.4. Western blot analysis

Inhibitor treated cells were harvested, washed with PBS, and the
cell pellets snap frozen and stored at —80°C. Cell pellets were thawed
in TOPEX+ buffer with protease inhibitors [13]. SDS-PAGE and West-
ern blotting, and ECL were carried out according to standard protocols.
The following primary antibodies were used: Histone H4 (Merck #07-
108, 1:10.000), H3K27me3 (Cell Signalling, #9733, 1:1000), H3K9me2
(Cell Signalling, #4658, 1:1000), H3K4me2 (Cell Signalling, #9725,
1:1000), EZH2 (BD43, Helin lab, 1:10), Lamin Bl (Abcam #16048,
1:10.000), GAPDH (Merck, #G9545, 1:10 000). As secondary anti-
bodies, Horseradish peroxidase (HRP)-coupled horse anti- mouse IgG
(Vector, PI-2000) or goat anti-rabbit IgG (Vector, PI-1000) were used
(1:10.000).

2.5. Design of sgRNAs, primers and ssODNs

sgRNAs were designed with CRISPOR [14] (Supp. Table. 1A).
Primers were designed using PrimerBlast [15] (Supp. Table 1C). sgRNAs
and primers used for studying off-target efficiency were described ear-
lier [16,17]. Desalted oligos were ordered from Thermo Fisher. Single-
strand oligodeoxynucleotides (ssODNs), used as HDR repair template for
gene editing in HEK293T, U20S, N2A or mES cells, were designed with
homology arms of 50 nt each, and an 8 nt insertion containing a HindIII
restriction site (Supp. Table 1B). ssODNs were ordered as ultramers from
IDT.

2.6. Plasmids and cloning

Targeting plasmids for CRISPR-Cas9 editing of PAX2, LPXN,
HOXD13, PHOX2B, TSPAN12 or EZH2 were created by cloning sgR-
NAs into vectors expressing Cas9 and either a puromycin resistance
(Addgene, #62988) or a GFP (Addgene, #48138) following standard
techniques.
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2.7. Analysis of genome editing efficiency

TLR: The HEK293/TLR system was used with HEK293 cells stably
expressing Cas9 [18]. DMSO or no addition were used as controls. 48 h
after transfection flow cytometry was performed on an LSR using FACS-
Diva (BD) and analyzed by FlowJo software (version 10.7.1 for MacOS).
Repair efficiencies and ratios were compared to control cells incubated
in DMEM (Suppl. Fig. 1).

NGS: For NGS analysis, genomic DNA was amplified using the
primers hPAX2 NGS_fwd and hPAX2_NGS _rev. NGS library preparation
and subsequent bioinformatic analysis was performed as described pre-
viously [20] (Suppl. Fig. 2B). Variants were further analyzed with RIMA
[21].

Restriction digest: Genomic PCRs were digested with HindIIl and
relative amounts of fragments were determined after gel electrophoresis
by ImageJ.

TIDE/TIDER/ICE: TIDE/TIDER analysis of Sanger sequencing of ge-
nomic PCRs covering the target region was carried out as described
[22] (Fig. 2C, D). Briefly, DNA sequences obtained from genomic PCRs
after genome editing were compared to wildtype (TIDE, TIDER) and to
HDR modified (TIDER) control sequences. The R2 values of the TIDER
and ICE analyses were always higher or equal to 0.95. For the TIDE
analysis R? values ranged from 0.77 to 0.93. The software then cal-
culated the percentage of indels and HDR in the genome edited sam-
ples. Sanger sequencing traces were additionally used for ICE analysis
(https://ice.synthego.com/#/.)

IDAA [19]: Transfected cells were sorted for GFP+ cells or, when
indicated, selected by puromycin treatment (4 days with 1 —2 pg/ml)
(Suppl. Fig. 2E). Sorting was performed on the BD FACS Aria III Cell
sorter, including 7-AAD staining to exclude dead cells. Genomic DNA
was extracted using QuickExtract (Lucigen) and used as template for
tri-primer IDAA PCR reactions (Supp. Table 1C). PCR products contain-
ing fragments of different lengths depending on the editing event were
then size-separated on an ABI Genetic Analyzer 3500 and analyzed by
Viking ProfilelT indel profiling software (https://viking.sdu.dk). To ex-
clude background, only fragments in the size range of +/—25 base pairs
of the WT fragment were considered. The +8 bp fragment was consid-
ered as HDR and all other fragment different from WT as NHEJ.

2.8. Cell cycle analysis

Cell cycle analysis was performed using the Click-iT EAU Flow Cy-
tometry Cell Proliferation Assay (Thermofisher) and propidium iodide
incubation. Flow cytometry analysis was performed on FACSCalibur us-
ing the CellQuest Pro Software (BD). Data were analyzed with FlowJo
software (version 10.7.1 for Mac OS X).

2.9. EZH2 knockout

HEK293T cells were transfected with an expression vector for an
EZH2 targeting sgRNA, Cas9 and GFP. 48 h after transfection GFP+ sin-
gle cells were sorted into 96 well plates containing conditioned media.
An EZH2 KO clone was identified by IDAA and confirmed by Western
Blot analysis for a truncated EZH2 protein and lack of H3K27me3.

2.10. RNAseq analysis

HEK293T or mES cells were incubated in 0.5 pM 3DZNep for 24 h
and then detached, pelleted and snap frozen. RNA extraction, polyA se-
lection, strand specific sequencing and downstream data analysis was
performed by Genewiz using the DESeq2 program, which provides a
readout of “normalised counts” by normalizing to the geometric mean
of counts over all samples for each gene [23]. Genes were functionally
annotated by DAVID [24].
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2.11. Statistical analysis

Bar graphs present mean values of at least three biological repli-
cates, with error bars showing standard deviation (SD). Statistical sig-
nificance was determined by unpaired t-test, multiple t-test (with post-
hoc Holm-Sidak correction), 1-way ANOVA or 2-way ANOVA (with
post-hoc Dunnett’s correction). Statistical analysis was performed in R-
Studio (version 1.3.1093) or Prism 8 (version 8.4.3). Significant differ-
ences are indicated by asterisks (*p < 0.05; **p < 0.01; ***p < 0.001;
#+i%p < 0.0001).

3. Results

3.1. 3DZNep promotes HDR pathway choice during CRISPR-Cas9 genome
editing in HEK293/TLR cells

To test the role of chromatin modifications on genome editing
we applied 10 different small molecule inhibitors for histone methyl-
transferases (HMT), histone demethylases (HDM), histone acetyltrans-
ferases (HAT), histone deacetylases (HDAC), or DNA methyltransferases
(DNMT) (Supp. Table 2) in a reporter system where Cas9 expressing
HEK293/TLR cells were transfected with an sgRNA expressing plasmid
and a dsDNA donor template. Among the blue fluorescent transfected
cells, HDR events were recognized by Venus fluorescence and NHEJ de-
pendent 2 bp frameshifts by RFP fluorescence using flow cytometry 2d
after transfection. A significant HDR promoting effect was identified for
3DZNep, while NHEJ was not altered (Fig. 1). The HMT inhibitors AMI1
and BIX1294 and the HDM inhibitor 2-PCPA showed neither an effect
on HDR nor on NHEJ under the conditions tested. All other inhibitors
impaired both HDR and NHEJ. Interestingly, high concentrations of
the HAT inhibitor C646 or the DNMT inhibitor 5-aza inhibited NHEJ
more than HDR, resulting in a significantly increased HDR to NHEJ ra-
tio. These data suggest that chromatin modifications can strongly influ-
ence gene targeting efficiency and DSB repair pathway choice and that
3DZNep specifically improves HDR with a dsDNA donor template.

3.2. 3DZNep promotes HDR for different target genes in HEK293T cells

To explore whether an HDR promoting effect of 3DZNep can also
be observed when using an ssDNA donor template, we induced a DSB in
HEK293T cells by transfection of Cas9 and sgRNA in the presence of a ss-
DNA donor oligonucleotide. Moreover, we Investigated repair efficiency
in five different target genes to explore gene-to-gene variation. Two of
these genes were highly expressed (HOXD13, TSPAN12) and three lowly
(LPXN, PAX2, PHOX2B) as confirmed by RNAseq analysis (Supp. Table
3). As donor template an ssODN was used which inserted 8 bp contain-
ing a HindlIII restriction site by HDR, similar to other reports [25]. It
should, however, be noted that the mode of action for ssODN-directed
CRISPR gene editing is still under discussion with synthesis-dependent
strand annealing (SDSA) or Excision and Corrective Therapy (ExACT)
as possible alternatives [26]. Although we stick in the following to the
term “HDR” this ambiguity needs to be considered for all genome edit-
ing data presented.

HDR and NHEJ events were quantified by IDAA, which was found to
be comparable in respect to variation to the more expensive NGS analy-
sis and demonstrated less variation than analysis by restriction digest or
Sanger sequencing followed by TIDER or ICE (Supp. Fig. 3). For 4 tar-
get genes 3DZNep increased HDR efficiency significantly and decreased
NHEJ to a similar extent, resulting in an 30-60% increase in HDR and
an unchanged total editing efficiency (Fig. 2). We noted that 3DZNep
treatment did not change the pattern of NHEJ repair (Supp. Fig. 4).
Interestingly, differences in HDR efficiency did not correlate with the
expression level of the target gene before or after 3DZNep treatment in
HEK293T (Supp. Table 3).

NGS analysis allowed furthermore to distinguish microhomology-
based end joining (c-MMEJ) from other c-NHEJ mediated editing events.
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Fig. 1. Epigenetic inhibitors influence DSB repair in HEK293/TLR cells. DSB
repair pathway choice was determined using the HEK293/TLR system in the
presence of the indicated inhibitors of chromatin modification. (A) HDR effi-
ciency as detected by green fluorescence, (B) NHEJ efficiency estimated by red
fluorescence, (C) Ratio of HDR to estimated NHEJ efficiency. (Histone methyl-
transferases (HMTs), histone demethylases (HDMs), histone acetyltransferases
(HATS), histone deacetylases (HDACs), DNA methyltransferases (DNMTs); n > 3;
mean with standard deviation; ANOVA; *: p < 0.05; **: p < 0.01; ***: p < 0.001;
**** p < 0.0001; ANOVA).

c¢-MMEJ, defined as deletions larger or equal to 2 bp surrounded by
microhomologies, was significantly reduced by 3DZNep compared to
DMSO treated controls (Suppl. Fig. 5). Also, 1-bp insertion and dele-
tions, which are very often attributed to c-NHEJ, are significantly re-
duced by 3DZNep, suggesting that both c-MMEJ and c-NHEJ are affected
by 3DZNep. Other-EJ, defined as all mutations that are not classified as
c-MMEJ or HDR, showed a reduced trend in the presence of 3DZNep
that was not significant. Total editing efficiency was not significantly
altered.
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Fig. 2. 3DZNep promoted HDR pathway choice in CRISPR-Cas9 genome editing in HEK293T cells. DSB repair pathway choice was determined using the IDAA system
in the presence of 0.5mM 3DZNep. (A) HDR efficiency, (B) NHEJ efficiency, C) HDR/NHEJ ratio, (D) total editing efficiency (n = 3; mean with standard deviation;
t-test; * : p < 0.05; **: p <0.01; ns: p > 0.05).
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B DMSO
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Fig. 3. 3DZNep promoted HDR pathway choice in CRISPR-Cas9 genome editing in U20S cells. DSB repair pathway choice was determined using the IDAA system
in the presence of 0.5mM 3DZNep. Transfected cells were selected by puromycin. (A) HDR efficiency, (B) NHEJ efficiency, (C) HDR/NHEJ ratio, (D) total editing
efficiency (n = 3; mean with standard deviation; t-test; * : p < 0.05; **: p < 0.01; ***: p < 0.001; ns: p > 0.05).
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Fig. 4. 3DZNep promoted HDR pathway choice in CRISPR-Cas9 genome editing
in murine ES cells. DSB repair pathway choice was determined using the IDAA
system in the presence of 0.5mM 3DZNep. (A) HDR efficiency, (B) NHEJ effi-
ciency, (C) HDR/NHEJ ratio, (D) total editing efficiency (n = 5 mean with stan-
dard deviation; t-test; * : p < 0.05; **: p < 0.01; ***: p < 0.001; **** p < 0.0001;
ns: p > 0.05).

3.3. 3DZNep promotes HDR in most cell lines tested

Next, we investigated whether 3DZNep showed cell type specific ef-
fects on genome editing. To this end we used the sgRNAs tested already
in HEK293T cells on human U20S cells and different sgRNAs targeting
mouse gene orthologues in murine N2A neuroblastoma cells and em-
bryonic stem (mES) cells. 3DZNep increased HDR for all genes tested in
U20S and mES cells by up to 80%. (Figs. 3, 4). In N2A cells, however, 3
of 5 genes showed a reduced HDR efficiency in the presence of 3DZNep
and only 1 a significant increase (Fig. 5).

To further investigate the significance of the observed changes, we
used the averages of the fold changes in HDR efficiency and total edit-
ing for the four 3DZNep treated cell lines (HEK293T, U20S, mES, N2A)
on the five different target genes (HOXD13, LPXN, PAX2, PHOX2B,
TSPAN12; n = 18) and performed a statistical analysis. In this data set,
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3DZNep induced a 1.33 +/- 0.41-fold increase in HDR that was highly
significant in Student’s t-test (p = 0.00186) (Suppl. Fig. 6). This very high
significance strongly supports the pharmacological activity of 3DZNep
on HDR genome editing efficiency. Total editing efficiency, on the other
hand, was not significantly altered with an average fold-change of 1.002
+/-0.036 (p = 0.846).

These data suggest that 3DZNep mainly skews the DNA repair path-
way choice between HDR and NHEJ towards HDR, while cell type and
gene specific differences exist.

3.4. 3DZNep increases off-target efficiency

To test the effect of 3DZNep on off-target efficiency in HEK293T
cells, we used sgRNAs against EMX1 and VEGFA described earlier
[16,17] (Fig. 6A, C). Transfected cells were enriched by puromycin treat-
ment. For both sgRNAs, 3DZNep treatment increased the off-target ef-
ficiency significantly (Fig. 6B, D). This resulted in a 26-30% increase
of the off-target to on-target ratio. These data suggest that editing effi-
ciency at off-target sites is elevated in the presence of 3DZNep.

3.5. 3DZNep effect on DSB repair pathway choice is independent of
H3K27 methylation

3DZNep is described to inhibit histone methylation, and we con-
firmed reduced levels of H3K27me3, and H3K9me2, but not of
H3K4me2 in response to 3DZNep in HEK293T cells (Supp. Fig. 7). How-
ever, neither inhibition or KO of the methyltransferase for H3K27me3
in HEK293T cells (Fig. 7) nor treatment of HEK293/TLR with inhibitors
of H3K9 dimethylation (Fig. 1) increased HDR efficiency. Moreover,
3DZNep increased HDR efficiency also in the presence of inhibitors for
H3K27me3. Interestingly, KO of EZH2 but not acute treatment with
EZH2 inhibitors strongly reduced HDR/NHEJ ratio without affecting to-
tal editing efficiency. These data suggest that 3DZNep is altering HDR
efficiency independent of the H3K27, H3K9, and H3K4 methylation.

3.6. 3DZNep treatment does not alter the expression of genes associated
with DSB

To assess whether treatment with 3DZNep altered genome edit-
ing efficiency by changing expression of DNA repair relevant genes in
HEK293T or mES cells, RNAseq analysis was performed. 1173 genes in
HEK293T and 1411 genes in mES cells were significantly altered more
than 2-fold, but none of the genes annotated to DSB repair were simi-
larly altered (Supp. Table 4A) and none of the 23 similarly altered genes
showed an obvious link to increased HDR efficiency based on published
data (Supp. Table 4B). These data indicate high cell type specific effects
of 3DZNep on transcription, but do not suggest that the HDR promoting
effect of 3DZNep is caused by changes in mRNA levels.

3.7. 3DZNep might affect DSB repair by altering cell cycle

Earlier it was shown that increased length of S and G2 phases of
the cell cycle can promote HDR efficiency [22]. Therefore, we assessed
whether 3DZNep prolongs these cell cycle phases. HEK293T, U20S, and
N2A cells showed a reduction of G1 and an increase of S phase (Fig. 8).
These changes were significant in HEK293T and N2A. The U20S data
were not significantly different by ANOVA analysis (p(G1): 0.31; p(S):
0.12; p(G2): 0.88). However, while G2 was not changed in HEK293T
and U20S, it was significantly decreased in N2A. mES cells, in contrast,
showed a massive increase of G2 and a decrease of G1 and S. While
3DZnep induced in all 4 cell lines tested an increase in S + G2 (Fold
change in HEK293: 1,03; U20S: 1,07; mES: 1,07; N2A: 1,08) compared
to DMSO treated controls, this did not correlate well with the observed
alterations in HDR efficiency, which increased most strongly in mES
(1,71 fold over 3 genes tested), but was even slightly decreased in N2A
(0,94 fold over 5 genes tested).
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Fig. 6. 3DZNep increases off target efficiency in HEK293T cells. DSB repair efficiency was determined in the presence of 0.5mM 3DZNep (3DZ) or DMSO by Sanger
sequencing and TIDE analysis. (A) sgRNA, on- and off-target sequence of VEGFA; (B) Genome editing efficiency of VEGF sgRNA; (C) sgRNA, on- and off-target
sequence of EMX1. (D) Genome editing efficiency of EMX1 sgRNA (n = 3; mean with standard deviation; t-test; * : p < 0.05; **: p < 0.01).

These results suggest that the 3DZNep induced increase in HDR ef-
ficiency is partially mediated by an increased frequency of S and G2
cells, but that other positive (mES) as well as negative (N2A) mecha-
nisms contribute as well.

4. Discussion

Chromatin modifications have been reported earlier to affect the
efficiency of CRISPR-Cas9 genome editing [2-9]. Our study strongly
supports this notion, but suggests in addition that downregulation of
specific chromatin marks has effects on DSB repair that can depend
significantly on the duration of the reduction before genome editing.
While acute inhibition of H3K27me3 by EZH2 inhibitors showed no ef-
fect on CRISPR-Cas9 genome editing efficiency, permanent inhibition
by EZH2 KO strongly decreased HDR efficiency without altering total
editing efficiency. Investigating the effect of small molecules altering
chromatin modification, it might therefore be useful to include differ-
ent pre-incubation times before transfection of CRISPR-Cas9 to reveal
long-term effects of chromatin modification. Interestingly, the H3K27
demethylase inhibitor GSK-J4 showed no antagonistic effect to EZH2
KO and strongly decreased both HDR and NHEJ, although the corre-
sponding cell types were not exactly the same (HEK293 vs HEK293T).

A strong increase of the HDR to NHEJ ratio was found for high
concentrations of the DNA methylation inhibitor 5-aza and the histone
acetyltransferase inhibitor C646. However, these inhibitors also strongly
reduced HDR efficiency, suggesting that they are important for both
genome editing efficiency and repair pathway choice. Interestingly, the

histone deacetylation inhibitor TSA did not improve HDR or NHEJ under
the conditions tested in contrast to the expectations [9]. These results
indicate that regulation of CRISPR-Cas9 genome editing by chromatin
modifications is highly dependent on concentration and timing of the
inhibitors.

The only inhibitor which showed a significantly increased HDR effi-
ciency in the fluorescent reporter system was 3DZNep. Validation stud-
ies on different target genes and different cell lines confirmed the HDR
promoting effect of 3DZNep, which mostly resulted in a corresponding
decrease in NHEJ, suggesting that 3DZNep affects the repair pathway
choice, but not total editing efficiency. Introduction of an on-target DSB
by sgRNA/Cas9 is therefore not strongly affected by 3DZNep. Further-
more, we did not see a dependency of HDR promotion of 3DZNep on
the total level of genome editing or on the expression level of the tar-
get gene. Interestingly, however, 3DZNep promoted off-target genome
editing in two genes tested, suggesting that off-target cutting efficiency
followed by NHEJ repair is increased. This indicates that 3DZNep is con-
trolling different molecular aspects of DSB DNA repair.

HDR is taking place in the S and G2 phase of the cell cycle and in-
creasing the fraction of cells in these cell cycle phases had been shown to
facilitate HDR over NHEJ during CRISPR genome editing [27]. 3DZNep
treatment induced such a shift in the cell cycle, but we did not observe
a strong correlation between the percentage of cells in S and G2 and the
increase of HDR in the four cell lines tested. In N2A cells, the increase in
S/G2 corresponded even to a slight reduction of HDR efficiency. Thus,
3DZNep affects DSB repair by different molecular mechanisms, of which
one is the alteration of cell cycle distribution. Additional positive (mES)
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and negative (N2A) effects appear to contribute in a cell type specific
manner.

Since no alterations in the expression of DNA repair genes could be
found in two 3DZNep treated cell lines, 3DZNep is conceivably acting
by a posttranscriptional mechanism such as protein methylation. The
best described target, H3K27me3, however, appears not to be involved
as acute, specific inhibition of this pathway did not promote HDR and
did not interfere with the effect of 3DZNep. Instead, it is possible that
3DZNep inhibits the methylation of HDR regulating molecules by its
activity as an efficient S-adenosyl-homocysteine hydrolase inhibitor. In-
deed, inhibition of S-adenosyl-homocysteine hydrolase was reported to
block cellular methylation not only of proteins, but also of phospho-
lipids, small molecules, DNA, and RNA [28]. The cellular effects of
3DZNep are therefore most likely complex and it is well conceivable that
it affects CRISPR-Cas9 genome editing efficiency by different pathways.
Future studies could explore the effects of 3DZNep on cellular methyla-
tion, which might guide further improvement of the technology.

5. Conclusions

3DZNep is a novel promoter of HDR pathway choice in CRISPR-Cas9
genome editing with little target gene specificity, which is applicable in
different cell lines including mES cells.
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Supp. Table 1: A: Guide sequences used for design of sgRNA with
PAM shown in italics. B: ssODN used for HDR of human and murine
target genes. Shown in italics is the 8 bp introduction during HDR repair,
with the HindIII restriction site underlined. C: Primers used for PCR
with overhangs indicated in italics and 8 bp introduction to mimic HDR
shown as underlined.

Supp. Table 2: Inhibitors tested for alteration of HDR and NHEJ.

Supp. Table 3: Mean expression level of target genes in HEK293T
cells as determined by RNAseq after treatment with 3DZNep or DMSO.

Supp. Table 4: A: Repair genes with significantly and more than two-
fold altered expression after 3DZNep treatment in HEK293T (top) or
mES (bottom) cells. p-values estimated with the Wald test and adjusted
with the Benjamini-Hochberg procedure. n = 3 biological replicates for
either cell line.

B: Genes with a similar change of expression after 3DZNep treatment
in HEK293T and mES cells. FC = Fold Change, Adj(p) =adjusted p-value.

Suppl. Fig. 1: The Trafiic Light Reporter System. (A) The traffic
light reporter (TLR) expressed in HEK293T contains two non-functional
fluorescent markers expressed under a CAG promoter and fused by a
T2A cleavage site. A DSB introduced in the non-functional Venus se-
quence can be repaired by HDR or NHEJ. HDR repair, exploiting the
donor plasmid, results in intact Venus expression. A frameshift muta-
tion of 2 bp leads to in-frame expression of RFP, detecting a fraction of
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cells that have undergone NHEJ (Modified after [18]). B) HEK293/TLR
cells were seeded and 24 h later transfected with a sgRNA/BFP ex-
pression plasmid and a donor plasmid to restore Venus expression via
HDR. At the time of transfection, 48 h inhibitor treatment was started.
FACS analysis quantified the numbers of cells that have undergone HDR
(Venus) or NHEJ (TagRFP) within the positively transfected (BFP) cell
population.

Suppl. Fig. 2: Evaluation of genome editing efficiency by ssODN de-
pendent CRISPR genome editing. (A) Restriction digest. Genomic PCRs
are run with primers spanning the PAX2 target site. A HindIII restric-
tion site inserted during HDR repair is detected by restriction digest.
Restriction digests run on PCR amplicons from non-edited cells result in
only one band at 760 bp. The same assay run on PCR amplicons from
a modified cell pool results in three bands. The bands at 279 bp and
481 bp represent HDR events. B) NGS. Sample preparation for NGS in-
cluded several rounds of PCR, creating PCR fragments (shown in yel-
low) clearly labelled with barcodes (shown in different colors). Differ-
ent samples were then pooled and sequenced. Introduction of the 8 bp
insert by HDR (shown in purple) at the PAX2 locus was detected by
the exact nucleotide string (highlighted in the box). Sequences will be
quantitatively analyzed by the RIMA software. C) TIDE/TIDER. Shown
is an example for DSB evaluation at the PAX2 locus with HDR resulting
in an 8 bp insertion. Genomic PCR covering the edited site is Sanger
sequenced. In addition, Sanger sequencing files representing unedited
cells (WT control sample) or 100% HDR edited cells (HDR Reference
Sample) are required. All three Sanger sequencing files are uploaded to
a free web-interface. The TIDER software estimates HDR and NHEJ ef-
ficiencies by quantification of relative peak heights. TIDE is a version
distinguishing only modified or not modified sequences. D) ICE. Experi-
mental procedure is similar to evaluation by TIDER. The main difference
is that no HDR Reference Sample Sanger sequencing file is required. The
HDR sequence is typed in manually by the user. E) IDAA. Genomic DNA
is extracted from edited cells and a tri-primer PCR run. Amplification of
the PAX2 locus leads to a PCR product of 372 bp for WT cells and 380 bp
for cells that have undergone HDR repair, and different sizes for NHEJ
events. Running fragments on a sequenator allows quantified analysis
at single nucleotide resolution.

Suppl. Fig. 3: Increase in HDR editing of PAX2 gene after 3DZNep
treatment of HEK293T cells confirmed by different readouts. Cells were
treated with 0.5 uM 3DZNep or an equivalent amount of DMSO for 48 h
starting at transfection. Positively transfected cells were selected with
2 pg/ml puromycin over 4 days. Genomic DNA was used for HDR eval-
uation by restriction digest, NGS, TIDER, ICE OR IDAA. Absolute HDR
efficiency: Fraction of mutated reads in mapped reads; Relative HDR
efficiency: Fraction of mutated reads in mutated mapped reads (n = 3;
mean with standard deviation; t-test; * : p < 0.05; **: p < 0.01)

Suppl. Fig. 4: 3DZNep does not alter the mutational profile of
CRISPR-Cas9 genome editing in HEK293T cells. CRISPR-Cas9 genome
editing was carried out in the presence or absence of 0.5mM 3DZNep
and analyzed for amplicon length by IDAA. WT peaks are highlighted
in yellow, HDR peaks are at +8 bp.

Suppl. Fig. 5: 3DZNep reduces both c-NHEJ and c-MMEJ editing of
the PAX2 gene in HEK293T cells. Bar graphs show the mean efficiencies
of different repair events of RIMA analyzed NGS data of HEK293T cells
mutated at the PAX2 gene. Cells were treated with 0.5 uM 3DZNep or an
equivalent amount of DMSO for 48 h starting at transfection. Positively
transfected cells were selected with 2 pg/ml puromycin over 4 days.
Absolute editing efficiency: Fraction of mutated reads in mapped reads;
HDR: Efficiency of ssDNA donor integration; c-MMEJ: >2 bp deletions
surrounded by microhomologies; other-EJ: All other mutations which
are not classified as c-MMEJ or HDR; 1 bp NHEJ: 1 bp insertions or
deletion, which are most likely c-NHEJ mediated.

Suppl. Fig. 6: 3DZNep promotes HDR across 4 cell lines and 5 genes,
but not total gene editing. Presented are the average values for HDR
efficiency and total editing efficiency for 4 cell lines and 5 target genes
as shown in Figs. 2-5, and the statistical analysis (n = 18)
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Supp. Fig. 7: Effect of 3DZNep treatment on H3K27me3, H3K9me?2,
and H3K4me2 in HEK293T cells.

3DZNep treatment significantly decreased H3K27me3 and
H3K9me2, but not H3K4me2 in HEK293T cells (n = 3; mean with
standard deviation; t-test; **: p < 0.01; ***: p < 0.001; ****: p < 0.0001;
ns: p > 0.05).
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