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SUMMARY

The bacterial CRISPR-Cas9 system has emerged as an effective tool for sequence-specific gene
knockout through non-homologous end joining (NHEJ), but it remains inefficient for precise
editing of genome sequences. Here we develop a reporter-based screening approach for high-
throughput identification of chemical compounds that can modulate precise genome editing
through homology-directed repair (HDR). Using our screening method, we have identified small
molecules that can enhance CRISPR-mediated HDR efficiency, 3-fold for large fragment
insertions and 9-fold for point mutations. Interestingly, we have also observed that a small
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molecule that inhibits HDR can enhance frame shift insertion and deletion (indel) mutations

mediated by NHEJ. The identified small molecules function robustly in diverse cell types with
minimal toxicity. The use of small molecules provides a simple and effective strategy to enhance
precise genome engineering applications and facilitates the study of DNA repair mechanisms in

mammalian cells.
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The bacterial adaptive immune system CRISPR (clustered regularly interspaced palindromic
repeats)-Cas (CRISPR associated protein) has been used for the sequence-specific editing of
mammalian genomes (Barrangou et al., 2007; Cong et al., 2013; Gonzalez et al., 2014; Mali
etal., 2013; Smith et al., 2014; Wang et al., 2013; Yang et al., 2013a). The CRISPR system
derived from Streptococcus pyogenes uses a Cas9 nuclease protein that complexes with a
single guide RNA (sgRNA) containing a 20-nucleotide (nt) sequence for introducing
sitespecific double-stranded breaks (Hsu et al., 2013; Jinek et al., 2012). Targeting of the
Cas9- sgRNA complex to DNA is specified by basepairing between the sgRNA and DNA as
well as the presence of an adjacent NGG PAM (protospacer adjacent motif) sequence
(Marraffini and Sontheimer, 2010). The double-stranded break occurs 3 bp upstream of the
PAM site, allowing for targeted sequence modifications via alternative DNA repair
pathways: either nonhomologous end joining (NHEJ) that introduces frame shift insertion
and deletion (indel) mutations leading to loss-of-function alleles (Geurts et al., 2009; Lieber
and Wilson, 2010; Sung et al., 2013; Tesson et al., 2011; Wang et al., 2014), or homology-
directed repair (HDR) for precise insertion of point mutations or a fragment of desired
sequence at the targeted locus (Mazon et al., 2010; Wang et al., 2014; Yin et al., 2014).

To date, CRISPR-mediated gene knockout through NHEJ-induced indel mutations has
worked efficiently. For example, the efficiency for knocking out a protein-coding gene has
been reported to be 20% to 60% in mouse embryonic stem (ES) cells and zygotes (Wang et
al., 2013; Yang et al., 2013a). However, precise introduction of a point mutation or a
sequence fragment directed by a homologous template has remained inefficient (Mali et al.,
2013; Wang et al., 2013; Yang et al., 2013a). A long and tedious screening process via cell
sorting or selection, expansion and sequencing is often required to identify correctly edited
cells. Improving the efficiency of precise CRISPR gene editing remains a major challenge.

It has been shown that small molecule compounds can effectively activate or block certain
DNA repair pathways (Hollick et al., 2003; Rahman et al., 2013; Srivastava et al., 2012).
However, it remains unclear whether small molecules could be used to modulate
CRISPRinduced genome editing and DNA repair via the HDR pathway. Here we sought to
identify new small molecules that can enhance HDR for more efficient and precise gene
insertion or point mutations.

To quantitatively characterize CRISPR-mediated HDR efficiency, we established a
fluorescence reporter system in E14 mouse ES cells. We used ES cells in the screening
assay because ES cells exhibit overall better HDR efficiencies compared to somatic cells
(Kass et al., 2013), thus providing an easier system for measuring the gene insertion
frequency. To create the reporter system, we co-transfected ES cells via electroporation with
three plasmids: a Cas9- expressing vector, a SgRNA-expressing vector targeting the stop
codon of Nanog (sgNanog), and a circular template plasmid containing a promoterless
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superfolder GFP (sfGFP) with a Nterminal in-frame 2A peptide (p2A) and two copies of
nuclear localization sequence (NLS) (Figure 1A). The template also contains two sfGFP-
flanking homology arms to Nanog, a 1.8 kilo base (kb) left arm and a 2.4 kb right arm.
CRISPR-mediated insertion of the p2A-NLS,,-sfGFP sequence into the endogenous Nanog
locus was measured by gain of green fluorescence using flow cytometry 3 days after
electroporation. Our results showed that only co-delivery of all three plasmids yielded GFP-
positive ES cells (~17% of cells showing strong fluorescence), but the controls lacking any
of the three plasmids generated almost no GFP-positive cells (Figure 1B). To confirm
correct insertion of the template into the Nanog locus in GFP-positive cells, we sorted GFP-
positive cells, PCR amplified, and sequenced to verify the target locus. We observed correct
sfGFP integration in GFP-positive cells (Figure 1C). Furthermore, we detected no
fluorescence signal when using a template without homology arms (Figure S1A). Together,
the experiments suggested a correlation between gain of fluorescence and HDR-mediated
precise gene insertion.

To investigate a broad range of small molecules that could act as enhancers or inhibitors of
CRISPR-mediated HDR, we developed a high-throughput chemical screening assay based
on the reporter system (Figures 1D & S1B). In this assay, mouse ES cells were co-
transfected with Cas9, sgNanog, and the template, and seeded at a density of 2,000 cells/
well into Matrigelcoated 384-well plates containing the LIF-2i medium supplemented with
individual compounds from our known drug collections (Supplemental Information). After 3
days of culture, cells were fixed, stained with DAPI, and imaged using an automated high-
content IN Cell imaging system for the analysis of the numbers of DAPI-positive and GFP/
DAPI double-positive nuclei in each well.

From a collection of roughly 4,000 small molecules with known biological activity, we
identified and confirmed using flow cytometry that two small molecules, L755507 and
Brefeldin A, could improve the HDR efficiency (Figures 1D & 1E). L755507, a 33-
adrenergic receptor agonist (Parmee et al., 1998), increased the efficiency of GFP insertion
by 3 fold compared to DMSO-treated control cells, which was further verified by PCR
amplification and sequencing of the target locus (Figures 1E & 1F). Brefeldin A, an
inhibitor of intracellular protein transport from the endoplasmic reticulum to the Golgi
apparatus (Ktistakis et al., 1992), also exhibited enhanced insertion efficiency by 2-fold
(Figures 1E & 1F).

Interestingly, we also identified that two thymidine analogues, azidothymidine (AZT) and
Trifluridine (TFT), could decrease the HDR efficiency (Figure 1D & 1E). AZT, previously
used as an anti-HIV drug that inhibits the reverse transcriptase activity (Mitsuya et al.,
1985), and TFT that was identified as an anti-herpesvirus drug by blocking viral DNA
replication (Little et al., 1968), decreased the HDR efficiency by 3-fold assayed using flow
cytometry (Figure 1E), or by more than 10-fold detected by sequencing (Figure 1F).

We further examined the dosage effects, treatment duration, and cytotoxicity of the
identified small molecules. We found that HDR enhancers, L755507 and Brefeldin A,
achieved their maximal effects at 5 uM and 0.1 pM, respectively (Figure 1G). The HDR
inhibitors, AZT and TFT, exhibited maximal effects at 5 uM. In addition, we also examined
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compound treatment windows of 0-24 h, 24-48 h, 48-72 h, or 0-72 h post electroporation.
All compounds showed optimal activity within the first 24 hours, suggesting that the
genome knockin events occurred mostly during the first 24 hours in our system (Figure
S1C). Notably, at their optimized concentrations, the compounds exhibited no or very mild
toxicity as assayed by both cell counts and MTS cell proliferation assay (Figures S1D &
S1E).

To test how general these compounds can be used for modulating HDR for different
genomic loci and in different cell types, we used another template to insert a t2A-Venus
cassette in frame into the Alpha Smooth Muscle Actin (ACTAZ2) locus (Figure 2A), a gene
expressed in a wide variety of cancer cell lines and normal cells (Ueyama et al., 1990). The
template plasmid contains a left homology arm of 780 bp and a right homology arm of 695
bp that flank the t2A-Venus cassette. We first co-transfected the template plasmid with a
single construct expressing both Cas9 and sgACTAZ into HeLa cells. Sequencing results of
Venus-positive HeLa cells confirmed that Venus expression represented the correct insertion
of Venus into the ACTA2 locus (Figure 2B). We then tested several other types of human
cells. Our flow cytometry results showed that the knockin efficiency was dependent on the
cell type, ranging from 0.8% to 3.5%. Treating different types of cells with L755507 showed
consistently improved HDR efficiency, with the largest increase of more than 2 fold in
human umbilical vein endothelial cells (HUVEC). The fact that L755507 consistently
increased the HDR efficiency in diverse cells including cancer cell lines (K562 and HeLa),
suspension cells (K562), primary neonatal cells (HUVEC and fibroblast CRL-2097), and
human ES cell-derived cells (neural stem cells) (Li et al., 2011) suggested that the
mechanism by which L755507 enhances CRISPR-mediated HDR was common in both
transformed and primary cells.

Precise editing of single-nucleotide polymorphisms (SNP) through single stranded
oligodeoxynucleotide (ssODN) templates is an important application of genome editing in
disease modeling and gene therapy. We next sought to test whether the identified small
molecules could enhance SNP editing through HDR using a short ssODN. The method for
introducing mutations into human pluripotent stem (iPS) cells using CRISPR-Cas9 and
sSODN has been established (Ding et al., 2013b; Yang et al., 2013b). Following a similar
method, we synthesized a 200-nt ssSODN template to introduce an A4V mutation into the
human SOD1 locus (Figure 2D), which is one of the common mutations that cause
Amyotrophic Lateral Sclerosis (ALS) in the U.S. population (Rosen et al., 1994). We
designed an sgRNA (sgSOD1) in a way that introduction of A4V mutation also disrupted
the NGG PAM sequence, thus preventing further targeting by sgSOD1 to the A4V alleles.
We co-transfected two vectors that encoded Cas9 and sgSOD1 with or without the sSODN
template into human iPS cells (Ding et al., 2013a; Ding et al., 2013b; Zhu et al., 2010). The
cells were then treated with DMSO or L755507 followed by genomic DNA extraction, PCR
cloning and sequencing of randomly picked E. coli transformants. The sequencing results
showed that compared to the DMSO control, L755507 enhanced the frequency of A4V
allele mutant by almost 9-fold (Figures 2E & 2F). Our results also showed decreased indel
allele mutation frequency with the addition of L755507. These results demonstrated that our
small molecules could dramatically enhance SNP editing using a short ssODN template.
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We next sought to test if the small molecules repressing HDR also affect NHEJ. We
reasoned that if a small molecule directly inhibits the DNA cutting activity of Cas9, it
should also inhibit CRISPR-mediated gene deletion without a template. To test this, we
generated a clonal mouse ES cell line carrying a monoallelic sfGFP insertion at the Nanog
locus (Figures S2A and S2B). We designed three sgRNASs (sgGFP-1, 2, 3) that targeted
within the sfGFP coding sequence on the same plasmid that encoded Cas9 (Figure 2G).
Electroporation of any sgRNA resulted in a population of cells that showed complete loss of
GFP expression after 3 days, while ES cells transfected with an sgRNA (sgGAL4) with no
targetable sites showed no loss of the GFP signal (Figure 2G). Addition of L755507
immediately after electroporation showed inhibitory effects on GFP knockout.
Unexpectedly, the knockin inhibitor, AZT, greatly increased GFP knockout efficiency for all
three sgRNAS tested. For example, AZT increased the knockout efficiency by more than
1.8-fold in the case of sgGFP-1 (Figure 2B). This was also consistent with the deep
sequencing results for indel detection (Table S1). Together, these results suggested that AZT
acted on the NHEJ pathway instead of interacting with the Cas9-sgRNA complex, and also a
possible trade-off between the HDR and NHEJ pathways.

Staining of pluripotency markers Oct4, Sox2, and Nanog showed that the compounds did
not affect pluripotency (Figures S2C & S2D). Furthermore, neither electroporation (Figure
S2E) nor compound addition (Figure S2F) affected Nanog expression. To rule out that the
AZT does not cause more errors in replication that in turn lead to inactivation of GFP, we
passaged Nanog-sfGFP ES cells line for 10 passages under AZT treatment without the
CRISPR components, and observed no loss of GFP signals (Figure S2G). These results also
showed that the compounds identified in the screening system could modulate CRISPR-
mediated gene knockout.

In summary, we developed a high-throughput chemical screening platform for CRISPR
genome editing and provided proof-of-principle demonstration that small molecules could
be used to modulate the efficiency of CRISPR genome editing. We report several small
molecules that could enhance or repress HDR-mediated precise gene editing. The identified
compounds likely interact with DNA repair pathways via NHEJ or HDR, thus providing a
set of useful tools for the mechanistic interrogation of these pathways. The identified
chemicals exhibit minimal toxicity and work in diverse cell types, which can be used to
enhance both large template-mediated gene insertion and ssODN-mediated SNP editing. We
also report small molecules that can enhance gene knockout without a template. The
observation that reducing HDR could increase NHEJ may suggest a trade-off between the
two DNA repair pathways after DNA cutting by the Cas9 nuclease. Identification of diverse
classes of small molecules provides an approach that facilitates precise CRISPR genome
editing for both biomedical research and clinical applications.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Cell Stem Cell. Author manuscript; available in PMC 2016 February 05.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Yuetal. Page 6

ACKNOWLEDGEMENTS

The authors thank Sangamo for distribution of ACTA2 template DNA plasmid. The authors also thank Dr.
Changsheng Lin, Dr. Saiyong Zhu and Dr. Xiaojing Wang for their assistance and the Flow Cytometry Core of the
Gladstone institutes and the University of California San Francisco Nikon Imaging Center. L.S.Q. acknowledges
support from the California Institute for Quantitative Biomedical Research (QB3), the UCSF Center for Systems
and Synthetic Biology, NIH Office of The Director (OD), and National Institute of Dental & Craniofacial Research
(NIDCR). S.D. acknowledges support from NICHD, NHLBI, NEI, and NIMH/NIH; California Institute for
Regenerative Medicine; DoD; Roddenberry Foundation; William K. Bowes, Jr. Foundation; and Gladstone
Institutes. This work was supported by NIH P50 GM081879 (L.S.Q.), NIH Director’s Early Independence Award
(grant OD017887, Y.L., L.S.Q.), NIH RO1 (grant DA036858, Y.L., L.S.Q.) and NHLBI (U01HL107436, S.D.).

REFERENCES

Barrangou R, Fremaux C, Deveau H, Richards M, Boyaval P, Moineau S, Romero DA, Horvath P.
CRISPR Provides Acquired Resistance Against Viruses in Prokaryotes. Science. 2007; 315:1709-
1712. [PubMed: 17379808]

Cong L, Ran FA, Cox D, Lin S, Barretto R, Habib N, Hsu PD, Wu X, Jiang W, Marraffini LA, et al.
Multiplex Genome Engineering Using CRISPR/Cas Systems. Science. 2013; 339:819-823.
[PubMed: 23287718]

Ding Q, Lee YK, Schaefer EA, Peters DT, Veres A, Kim K, Kuperwasser N, Motola DL, Meissner
TB, Hendriks WT, et al. A TALEN genome-editing system for generating human stem cell-based
disease models. Cell Stem Cell. 2013a; 12:238-251. [PubMed: 23246482]

Ding Q, Regan SN, Xia Y, Oostrom LA, Cowan CA, Musunuru K. Enhanced efficiency of human
pluripotent stem cell genome editing through replacing TALENSs with CRISPRs. Cell Stem Cell.
2013b; 12:393-394. [PubMed: 23561441]

Geurts AM, Cost GJ, Freyvert Y, Zeitler B, Miller JC, Choi VM, Jenkins SS, Wood A, Cui X, Meng
X, et al. Knockout rats via embryo microinjection of zinc-finger nucleases. Science. 2009; 325:433.
[PubMed: 19628861]

Gonzalez F, Zhu Z, Shi ZD, Lelli K, Verma N, Li QV, Huangfu D. An iCRISPR Platform for Rapid,
Multiplexable, and Inducible Genome Editing in Human Pluripotent Stem Cells. Cell Stem Cell.
2014; 15:215-226. [PubMed: 24931489]

Hollick JJ, Golding BT, Hardcastle IR, Martin N, Richardson C, Rigoreau LIM, Smith GCM, Griffin
RJ. 2,6-Disubstituted pyran-4-one and thiopyran-4-one inhibitors of DNA-Dependent protein kinase
(DNA-PK). Bioorg. Med. Chem. Lett. 2003; 13:3083-3086. [PubMed: 12941339]

Hsu PD, Scott DA, Weinstein JA, Ran FA, Konermann S, Agarwala V, Li Y, Fine EJ, Wu X, Shalem
O, et al. DNA targeting specificity of RNA-guided Cas9 nucleases. Nat. Biotech. 2013; 31:827-
832.

Jinek M, Chylinski K, Fonfara |, Hauer M, Doudna JA, Charpentier E. A Programmable Dual-RNA-
Guided DNA Endonuclease in Adaptive Bacterial Immunity. Science. 2012; 337:816-821.
[PubMed: 22745249]

Kass EM, Helgadottir HR, Chen C-C, Barbera M, Wang R, Westermark UK, Ludwig T, Moynahan
ME, Jasin M. Double-strand break repair by homologous recombination in primary mouse somatic
cells requires BRCAL but not the ATM kinase. Proc. Natl. Acad. Sci. USA. 2013; 110:5564-5569.
[PubMed: 23509290]

Ktistakis NT, Linder ME, Roth MG. Action of brefeldin A blocked by activation of a pertussis-toxin-
sensitive G protein. Nature. 1992; 356:344-346. [PubMed: 1549178]

Li W, Sun W, Zhang Y, Wei W, Ambasudhan R, Xia P, Talantova M, Lin T, Kim J, Wang X, et al.
Rapid induction and long-term self-renewal of primitive neural precursors from human embryonic
stem cells by small molecule inhibitors. Proc. Natl. Acad. Sci. USA. 2011; 108:8299-8304.
[PubMed: 21525408]

Lieber MR, Wilson TE. SnapShot: Nonhomologous DNA End Joining (NHEJ). Cell. 2010; 142:496—
496. e491. [PubMed: 20691907]

Little JM, Lorenzetti DW, Brown DC, Schweem HH, Jones BR, Kaufman HE. Studies of adenovirus
type 3 infection treated with methisazone and trifluorothymidine. Proc. Soc. Exp. Biol. Med. 1968;
127:1028-1032. [PubMed: 4297690]

Cell Stem Cell. Author manuscript; available in PMC 2016 February 05.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Yuetal.

Page 7

Mali P, Yang L, Esvelt KM, Aach J, Guell M, DiCarlo JE, Norville JE, Church GM. RNA-Guided
Human Genome Engineering via Cas9. Science. 2013; 339:823-826. [PubMed: 23287722]

Marraffini LA, Sontheimer EJ. Self versus non-self discrimination during CRISPR RNA-directed
immunity. Nature. 2010; 463:568-571. [PubMed: 20072129]

Mazén G, Mimitou EP, Symington LS. SnapShot: Homologous Recombination in DNA Double-
Strand Break Repair. Cell. 2010; 142:648, e641-e648, e642.

Mitsuya H, Weinhold KJ, Furman PA, St Clair MH, Lehrman SN, Gallo RC, Bolognesi D, Barry DW,
Broder S. 3'-Azido-3'-deoxythymidine (BW A509U): an antiviral agent that inhibits the infectivity
and cytopathic effect of human T-lymphotropic virus type Il lymphadenopathy-associated virus in
vitro. Proc. Natl. Acad. Sci. USA. 1985; 82:7096—7100. [PubMed: 2413459]

Parmee ER, Ok HO, Candelore MR, Tota L, Deng L, Strader CD, Wyvratt MJ, Fisher MH, Weber AE.
Discovery of L-755,507: a subnanomolar human beta 3 adrenergic receptor agonist. Bioorg. Med.
Chem. Lett. 1998; 8:1107-1112. [PubMed: 9871717]

Rahman SH, Bobis-Wozowicz S, Chatterjee D, Gellhaus K, Pars K, Heilbronn R, Jacobs R, Cathomen
T. The nontoxic cell cycle modulator indirubin augments transduction of adeno-associated viral
vectors and zinc-finger nuclease-mediated gene targeting. Hum. Gene. Ther. 2013; 24:67-77.
[PubMed: 23072634]

Rosen DR, Bowling AC, Patterson D, Usdin TB, Sapp P, Mezey E, McKenna-Yasek D, O'Regan J,
Rahmani Z, Ferrante RJ, et al. A frequent ala 4 to val superoxide dismutase-1 mutation is
associated with a rapidly progressive familial amyotrophic lateral sclerosis. Hum. Mol. Gen. 1994;
3:981-987. [PubMed: 7951249]

Smith C, Gore A, Yan W, Abalde-Atristain L, Li Z, He C, Wang Y, Brodsky RA, Zhang K, Cheng L,
et al. Whole-genome sequencing analysis reveals high specificity of CRISPR/Cas9 and TALEN-
based genome editing in human iPSCs. Cell Stem Cell. 2014; 15:12-13. [PubMed: 24996165]

Srivastava M, Nambiar M, Sharma S, Karki Subhas S, Goldsmith G, Hegde M, Kumar S, Pandey M,
Singh Ram K, Ray P, et al. An Inhibitor of Nonhomologous End- Joining Abrogates Double-
Strand Break Repair and Impedes Cancer Progression. Cell. 2012; 151:1474-1487. [PubMed:
23260137]

Sung YH, Baek I-J, Kim DH, Jeon J, Lee J, Lee K, Jeong D, Kim J-S, Lee H-W. Knockout mice
created by TALEN-mediated gene targeting. Nat. Biotech. 2013; 31:23-24.

Tesson L, Usal C, Menoret S, Leung E, Niles BJ, Remy S, Santiago Y, Vincent Al, Meng X, Zhang L,
et al. Knockout rats generated by embryo microinjection of TALENS. Nat. Biotech. 2011; 29:695—
696.

Ueyama H, Bruns G, Kanda N. Assignment of the vascular smooth muscle actin gene ACTSA to
human chromosome 10. Jinrui idengaku zasshi. 1990; 35:145-150. [PubMed: 2398629]

Wang H, Yang H, Shivalila CS, Dawlaty MM, Cheng AW, Zhang F, Jaenisch R. One-step generation
of mice carrying mutations in multiple genes by CRISPR/Cas-mediated genome engineering. Cell.
2013; 153:910-918. [PubMed: 23643243]

Wang T, Wei JJ, Sabatini DM, Lander ES. Genetic Screens in Human Cells Using the CRISPR-Cas9
System. Science. 2014; 343:80-84. [PubMed: 24336569]

Yang H, Wang H, Shivalila CS, Cheng AW, Shi L, Jaenisch R. One-step generation of mice carrying
reporter and conditional alleles by CRISPR/Cas-mediated genome engineering. Cell. 2013g;
154:1370-1379. [PubMed: 23992847]

Yang L, Guell M, Byrne S, Yang JL, De Los Angeles A, Mali P, Aach J, Kim-Kiselak C, Briggs AW,
Rios X, et al. Optimization of scarless human stem cell genome editing. Nucleic Acids Res.
2013b; 41:9049-9061. [PubMed: 23907390]

Yin H, Xue W, Chen S, Bogorad RL, Benedetti E, Grompe M, Koteliansky V, Sharp PA, Jacks T,
Anderson DG. Genome editing with Cas9 in adult mice corrects a disease mutation and phenotype.
Nat. Biotech. 2014; 32:551-553.

Zhu S, Li W, Zhou H, Wei W, Ambasudhan R, Lin T, Kim J, Zhang K, Ding S. Reprogramming of
human primary somatic cells by OCT4 and chemical compounds. Cell Stem Cell. 2010; 7:651—
655. [PubMed: 21112560]

Cell Stem Cell. Author manuscript; available in PMC 2016 February 05.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Yuetal.

Page 8

A B
PAM 7§ sgRNA target site A *Cang +Cang
L x <
5/ CTCCACCAGGTGAAATATGAgacttacgcaacat 3’ ﬂsg aI"‘t’g sgiNanog
3’ GAGGTGGTCCACTTTATACTctgaatgcgttgta 5’ empiate
16.7% 0%
” N — —
Nanog p2A-NLS-sfGFP
St N +sgNanog +Cas9
Left arm (1.8 kb) Right arm (2.4 kb) +template +template
¥ HOR
p2A-NLS-SfGFP @ 0.26% 0.05%
vl -y ¥ b s
> < S
o
Nanog - € Primerset1 O
- € Primer set 2 sfGFP >
C
|
I
i |l 0o I | '\ ’\ ;
Ml (TR T Y L T e ‘ M
I | AR \ ‘\ Il \ I \[\\ I M ‘H
LY LY \'U Wl |
Nanog 5 HA stFP Nanog 3' HA
D Electroporation g
* * Brefeldin A
_
Add compounds Seed cells @ & 18— L755507
S
c
a
ousliplete Culture cells X
Scan and analyze
0 2,000 4,000
Validate in 12-well plates Compound Identifier
E F -\
ES cells L755507 (o) AN
W v'j’& &
< QN 9 <
0% 33.3% 5.78% primer set 1 ™ e g-g tg
primer set 2 — — — 3.4 kb
DMSO Brefeldin A TFT ChI. 109 |we s s s s e
Statistics of sequenced alleles
2 s % 6.059 C t
3 . Inserton 0 | 18 |52 |41 | 1 | 2
3 Alleles
o 96 [192 (192 | 192 | 96 | 96
SIGEP > sequenced
G 9

HO

O == NN
o o v o wu

%GFP* Cells
normalized to DMSO

0 0 0
5 1 0.1 0.01 0.5 0.1 0.010.001 5 1 0.1 0.01 5 1 0.1 0.01
Concentration (uM) Concentration (uM) Concentration (uM) Concentration (uM)

Figure 1. Establishment of a high-throughput chemical screening platform for modulating
CRISPR-mediated HDR efficiency

(A) A fluorescence reporter system in E14 mouse ES cells to characterize the HDR
efficiency. An sfGFP-encoding template is inserted at the Nanog locus. The PAM is labeled
in green, the stop codon is shown in red, and the sgRNA target site is shaded in grey. The
cutting site (scissors) is 3 bp downstream of CCA in this case. The binding sites of two sets
of primers are shown by arrows. Primer set #1 binds to the sequences outside of the
homology arms, and primer set #2 contains a forward primer binding to the sfGFP sequence

Cell Sem Cell. Author manuscript; available in PMC 2016 February 05.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Yuetal.

Page 9

and a reverse primer binding outside of the 3° homology arm. (B) Fluorescence histograms
of mouse ES cells transfected with different plasmid combinations using flow cytometry
analysis. (C) Sequencing results of the Nanog locus in GFP-positive cells. (D) A scheme of
the chemical screening platform and a waterfall plot of 3,918 small molecules screened for
their activity of CRISPR-mediated gene insertion. Highlighted dots are validated compounds
that showed increased or decreased insertion efficiency. The dotted line showed the mean
value of all screened compounds. (E) Validation of two enhancing and two repressing
compounds using flow cytometry analysis. (F) Efficiency of sfGFP insertion into the Nanog
locus. Gel pictures showing sfGFP tagging using two sets of primers as shown in Figure 1A.
The PCR products of primer set #1 were purified and cloned to a modified pUC19 backbone
vector and sequenced. (G) Dose-dependent effects of four compounds for modulating
CRISPR gene editing. All data are normalized to the knockin efficiency of DMSO-treated
control cells (dotted lines). Error bars represent the standard deviation of three biological
replicates.
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Figure 2. Different identified small molecules could enhance HDR or NHEJ-mediated CRISPR
genome editing

(A) A scheme of insertion strategy at the human ACTA2 locus (top). The PAM is labeled in
green, and the sgRNA target site is shaded in grey. (B) Sequencing results of the ACTA2
locus in Venus-positive HeLa cells. (C) Efficiency of Venus insertion measured by flow
cytometry analysis. The error bars indicate the standard deviation of three samples, and the p
values are calculated using two-tailed student t-test. *, p < 0.05; **, p < 0.01. (D) The
strategy for introducing the A4V point mutation at the human SOD1 locus in human iPS
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cells. The PAM is labeled in green, and the sgRNA target site is shaded in grey. The point
mutation is labeled in red. (E) Sequencing results of the SOD1 locus. (F) Comparison of
A4V allele mutant frequency and indel allele frequency in human iPS cells assayed by PCR
cloning and bacterial colony sequencing with no template, DMSO or L755507. (G) Test of
knockout efficiency using a clonal mouse ES cell line carrying a monoallelic sfGFP
insertion at the Nanog locus in the presence of L755705 and AZT. The dot plots of cells
transfected with a non-cognate sgRNA (sgGAL4) is shown on the top. The panel shows
cells transfected with three different sgRNAs (their target sites shown in the scheme) in the
presence of DMSO (left), L755507 (middle), and AZT (right).
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