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We describe an engineered photoactivatable Cas9 (paCas9) 
that enables optogenetic control of CRISPR-Cas9 genome 
editing in human cells. paCas9 consists of split Cas9 
fragments and photoinducible dimerization domains named 
Magnets. In response to blue light irradiation, paCas9 
expressed in human embryonic kidney 293T cells induces 
targeted genome sequence modifications through both 
nonhomologous end joining and homology-directed repair 
pathways. Genome editing activity can be switched off simply 
by extinguishing the light. We also demonstrate activation 
of paCas9 in spatial patterns determined by the sites of 
irradiation. Optogenetic control of targeted genome editing 
should facilitate improved understanding of complex gene 
networks and could prove useful in biomedical applications.

The type II bacterial clustered, regularly interspaced, short palindro-
mic repeats (CRISPR) and the CRISPR-associated protein 9 (Cas9), 
known as CRISPR-Cas9, mediates targeted genome modifications 
that enable dissection of gene and regulatory functions1–3. The 
Streptococcus pyogenes Cas9 nuclease (hereafter referred to as Cas9) 
can bind to and cleave a target DNA sequence that is complementary  
to the first 20 nucleotides of a single-guide RNA (sgRNA) and is 
adjacent to a protospacer-adjacent motif (PAM) of the form NGG.  
Cas9-induced DNA double-strand breaks are repaired by nonho-
mologous end joining (NHEJ) or homology-directed repair (HDR) 
in mammalian cells, thereby enabling targeted genome editing.

Methods have been developed to chemically control the nuclease 
activity of Cas9, such as doxycycline-regulated Cas9 expression4,5, 
rapamycin-inducible split-Cas9 (ref. 6) and transient delivery of 
purified Cas9:sgRNA complex7–9. These chemical methods have 
been used for generating conditional gene knockouts and reducing 
levels of off-target genome modification. However, some chemicals 
have adverse effects. For example, rapamycin can induce undesirable 
biological effects by perturbing the endogenous mammalian target of 
rapamycin (mTOR) pathway10. Also, because chemicals diffuse freely 
and are difficult to rapidly remove, such methods cannot be applied 
to achieve spatiotemporal genome editing.

We set out to design a method of controlling Cas9 nuclease activity 
that is noninvasive and incorporates spatial, temporal and reversible 
control. Light has high spatiotemporal resolution and is noninvasive11,12  
but methods to optically control Cas9 nuclease activity have so far 
been elusive.

To produce an optically controlled Cas9 we fused two split Cas9 
fragments with photoinducible dimerization domains to generate 
paCas9 (Fig. 1a). In initial experiments to determine the best suited 
split site of Cas9 for high efficiency inducible control, we generated 
various Cas9 fragments fused with the rapamycin-inducible dimeri-
zation system, FKBP-FRB13 (Supplementary Fig. 1). We selected 18  
candidate split sites based on an analysis of the crystal structure of Cas9 
in complex with sgRNA14,15. All candidate split site positions were 
loop regions exposed to solvent. We assessed the rapamycin-induced 
nuclease activity of each split-Cas9 pair using a luciferase-reporter 
plasmid HDR assay (Fig. 1b). In this assay, the cytomegalovirus 
(CMV) promoter-driven luciferase reporter with an in-frame stop 
codon (StopFluc-1) is cleaved by split-Cas9, and then recovers full-
length luciferase expression through homologous recombination with 
promoter-less luciferase donor vector. Eight combinations of N- and 
C-terminal Cas9 fragments showed significant rapamycin-induced 
reporter upregulation in HEK293T cells (Supplementary Fig. 2). In 
subsequent experiments, we used the N-terminal fragment of Cas9 
(residues 2–713, named N713) and C-terminal fragment of Cas9  
(residues 714–1,368, named C714), which was one of the most  
effective rapamycin-inducible split-Cas9 pairs.

Next, we fused photoinducible dimerization domains with N713 
and C714 (Fig. 1c). First, we tested the CRY2-CIB1 photoinducible 
dimerization system, which is based on blue light–dependent protein 
interactions between Arabidopsis thaliana cryptochrome 2 (CRY2) 
and its binding partner CIB1 (ref. 16). This system has been widely 
used for optogenetic control of protein-protein interactions in mam-
malian cells. We generated N713 and C714 fused to the photolyase 
homology region of CRY2 (CRY2PHR) and CIB1 and tested induc-
tion potency using a luciferase plasmid HDR assay. However, N713 
and C714 fused to the CRY2PHR and CIB1 system did not show 
light-induced Cas9 activity. There are several possible explanations 
for this failure. First, steric hindrance could be caused by CRY2PHR 
(498 amino acids) and CIB1 (335 amino acids), impeding reassembly 
of split-Cas9. Second, oligomerization of CRY2PHR might reduce or 
preclude interactions between the N-terminal and C-terminal frag-
ments of Cas9 (ref. 17). Keeping these potential problems in mind 
we next focused on a recently developed photoinducible dimeriza-
tion system named Magnets18. The Magnet system consists of paired 
photoswitchable proteins, named positive Magnet (pMag) and nega-
tive Magnet (nMag). Upon blue light irradiation, pMag and nMag 
heterodimerize. Unlike CRY2-CIB1, pMag and nMag (150 amino 
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acids each) are of a similar size to FKBP (107 amino acids) and FRB 
(93 amino acids). The dynamic range and dissociation kinetics of the 
Magnet system can be tuned by mutating pMag and/or nMag. We used 
pMag and nMagHigh1 (nMag with M135I and M165I mutations)18. 
To test whether Magnets could provide effective light-triggered 
reassembly of a split-Cas9, we tested two pairs of fusion proteins;  
N713-nMagHigh1 and pMag-C714 and N713-pMag and nMagHigh1-
C714. We found that both paired fusion proteins showed substantial 
light-induced Cas9 activity, and N713-pMag and nMagHigh1-C714 
yielded the highest fold-induction (16.4-fold) and lowest background  
activity (Fig. 1c). We used N713-pMag and nMagHigh1-C714 and 
named this construct paCas9-1 (Supplementary Fig. 3).

To investigate whether paCas9-1 recognizes PAM in the same way 
as full-length Cas9, we generated a set of luciferase reporters, into 
which we inserted stop codons, and which harbored a point mutation 
in NGG PAM (Fig. 1d,e). We tested two different luciferase reporters  

containing an internal stop codon in different sites (StopFluc-1 and 
StopFluc-2) and confirmed that the Cas9-induced activities of the 
luciferase reporters that had noncanonical PAM were lower than 
that of luciferase reporters having the canonical PAM of the form 
NGG. We found no significant difference in the normalized luci-
ferase activities of paCas9-1 and full-length Cas9. We also evaluated 
the DNA targeting specificity of paCas9-1 using a luciferase plasmid 
HDR assay (Fig. 1f). We produced a series of sgRNAs for StopFluc-1  
harboring single-nucleotide Watson-Crick transversion mutations 
(Supplementary Table 1). We found no significant difference in the 
DNA targeting specificities of paCas9-1 and full-length Cas9. To further  
investigate DNA targeting specificity of paCas9-1, we performed the 
specificity assay using two different reporters containing an internal 
stop codon in different sites (StopFluc-2 and StopFluc-3) and con-
firmed that the DNA targeting specificity of paCas9-1 is comparable 
with that of full-length Cas9 (Fig. 1g,h). Consistent with previous 
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Figure 1  Design and characterization of photoactivatable Cas9.  
(a) Schematic of the photoactivatable Cas9 (paCas9). Cas9 is split  
into two fragments without nuclease activity, and the Cas9 fragments  
are fused with photoinducible dimerization domains (pMag and nMag).  
Blue light irradiation induces heterodimerization between pMag and nMag,  
which enables split Cas9 fragments to reassociate, thereby reconstituting  
RNA-guided nuclease activity. Gray, inactive; blue, active. (b) Luciferase reporter plasmid HDR assay. When Cas9 cleaves the CMV-driven luciferase 
reporter with an in-frame stop codon (StopFluc-1), the luciferase reporter is repaired by homologous recombination with promoter-less luciferase donor 
vector and recovers bioluminescence activity. (c) Light-induced reporter activity in HEK293T cells using N713 and C714 fragments of Cas9 fused with 
photoinducible dimerization domains. (d,e) Activities of paCas9-1 and full-length Cas9 targeting StopFluc-1 (d) and StopFluc-2 (e), harboring indicated 
mutations in the PAM. Values are normalized to a positive control, which is a luciferase reporter with canonical PAM (NGG). (f–h) Activities of Cas9 
and paCas9 targeting StopFluc-1 (f), StopFluc-2 (g) and StopFluc-3 (h) with a set of sgRNAs harboring single-nucleotide Watson-Crick transversion 
mutations. sgRNAs mutated in 5′-end G to C were not tested because 5′-end G is necessary for efficient expression from the U6 promoter. The positions 
of point mutations in each sgRNA are indicated at the top of each panel. Values are normalized to positive control with perfectly matched sgRNAs.  
In (c–h), data are shown as the mean ± s.e.m. (n = 6 from two individual experiments with biological triplicates that is, separately seeded cells).
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studies, sensitivity patterns to single sgRNA-DNA mismatch differed 
among target sequences19–21. From these experiments, we conclude 
that the PAM requirement and target specificities of paCas9-1 are 
indistinguishable from those of full-length Cas9.

To show that paCas9-1 could cleave a targeted endogenous genomic 
locus in mammalian cells and induce indel mutation by nonhomol-
ogous end joining (NHEJ) in a light-dependent fashion, we trans-
fected HEK293T cells with paCas9-1 and an sgRNA targeting the 
human CCR5 locus (Fig. 2a). We quantitatively evaluated the ability 
of paCas9-1 to induce indel mutations in response to light using the 
mismatch-sensitive T7 endonuclease I (T7E1), which cleaves hetero
duplexed DNA strands formed by hybridization between mutant 
and wild-type DNA. In the dark, cells transfected with paCas9-1  
targeting CCR5 showed only 1.1% indel rates. However, upon blue 
light irradiation, cells transfected with paCas9-1 targeting CCR5 
exhibited significantly (P = 0.012) higher indel rates (20.5%) in the 
human CCR5 locus. The frequency of indel mutations induced by 
paCas9-1 is ~60% of that achievable with full-length Cas9 (paCas9-
1: 20.5%, full-length Cas9: 34.4%) (Fig. 2a). Using Sanger sequenc-
ing, we verified that paCas9-1–mediated indel mutations occurred 
in the targeted region of the human CCR5 locus (Fig. 2b). To explore 
the generalizability of optogenetic RNA-guided genome editing with 
paCas9-1, we used sgRNAs for four additional sites in three human 
genes (EMX1, VEGFA and AAVS1). With each of these sgRNAs, we 
observed light-induced indel mutations were observed (Fig. 2c). We 
also carried out a time-course analysis of indel mutations in the EMX1 
locus induced by paCas9-1 (Supplementary Fig. 4). We observed 
that the frequency of indel mutations increased as the blue light 
irradiation time increased. To test whether paCas9-1 could induce 

indel mutations in different cell lines, we transfected HeLa cells with 
paCas9-1 and an sgRNA targeting human EMX1 (Supplementary 
Fig. 5). Light-induced indel mutations in the EMX1 locus were also 
observed in HeLa cells. We also tested whether paCas9-1 could induce 
indel mutations at multiple target sites (Fig. 2d). Using two sgRNAs 
targeting EMX1 and VEGFA simultaneously, paCas9-1 induced indel 
mutations in both human EMX1 and VEGFA loci in response to light. 
These results show that paCas9-1 can be deployed for optogenetic 
multiplexed control of NHEJ-mediated indel mutations in mamma-
lian cells.

Next, we investigated whether paCas9-1 could be used for genome 
editing by means of HDR (Fig. 2e,f). We used single-stranded oli-
godeoxynucleotides (ssODN) as a donor template. We transfected 
HEK293T cells with paCas9-1 targeting EMX1 and ssODN containing 
a HindIII site and analyzed the frequency of HDR in the EMX1 locus 
using a restriction fragment length polymorphism (RFLP) assay. We 
found that paCas9-1 induces HindIII site integration in the human 
EMX1 locus at a frequency of 7.2%. This shows that paCas9-1 can 
induce both random indel mutations and designed genome sequence 
modification through HDR in response to light.

The off-target activity of Cas9 has been reduced using a paired nick-
ing strategy based on the Cas9 D10A variant, which nicks targeted  
DNA instead of cutting double strands22. To explore whether 
paCas9-1 could be converted into a photoactivatable nickase, we 
produced paCas9-1 containing the D10A mutation (paCas9 nickase) 
(Supplementary Fig. 6). Using the paCas9 nickase with an sgRNA 
targeting EMX1 did not induce indel mutations in the human EMX1 
locus. However, using a pair of sgRNAs targeting opposite strands 
of the EMX1 site, our paCas9 nickase induced indel mutations in 
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Figure 2  Optogenetic genome editing of mammalian endogenous genes by the photoactivatable  
Cas9. (a) Light-mediated indel mutation of human CCR5 locus by paCas9-1. Indel mutation  
frequencies were evaluated by mismatch-sensitive T7E1 assay. (b) Example sequences of the human  
CCR5 locus targeted by paCas9. Six clones harbored deletion mutations (assessed by Sanger sequencing  
of 27 individual cDNA clones). (c) paCas9 was used to target a variety of endogenous genes. Cells were  
transfected with paCas9-1 and sgRNA targeting the EMX1 site, the VEGFA site and the two sites in AAVS1. 
(d) Light-induced multiplex genome editing by paCas9. HEK293T cells were transfected with paCas9-1 and  
the indicated sgRNAs.  (e) Schematic of paCas9-mediated precise genome editing experiments. The red  
arrowhead indicates the putative paCas9 cleavage site. A 96-mer, single-stranded oligodeoxynucleotide (ssODN)  
donor template is designed to insert HindIII site (blue) into EMX1 locus. Target sequence is boldface lowercase.  
3-base-pair insertion sequence is uppercase. (f) paCas9-mediated precise genome editing by HDR by means of a  
single-stranded oligodeoxynucleotide template. Successful HDR frequency was determined by restriction-fragment length  
polymorphism (RFLP) analysis, and calculated as the ratio of HindIII digested product to substrate. NHEJ and HDR rates presented are means N.D., 
not determined. (In a, n = 3 from independent experiments. In c,d and f, n = 2 from two independent experiments.) In a,c,d,f, 20 h after transfection, 
samples were illuminated by 1.2 W/m2 blue light or kept in the dark for 24 h (a,c,d) or 48 h (f) before genome extraction. Full-length gels are presented in 
Supplementary Figure 8.
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response to light. This indicates that the double-nicking strategy can 
be applied to paCas9 to reduce off-target genome modifications.

Although paCas9-1 can induce efficient NHEJ-mediated indel 
mutation, paCas9-1 had background activity (about 1–3%) in the dark 
(Fig. 2a,c). To reduce the background activity of paCas9-1, we replaced 
nMagHigh1-C714 with nMag-C714 because the combination of pMag 
and nMag shows lower background activity than that of pMag and 
nMagHigh1 (ref. 18). We transfected HEK293T cells with N713-pMag,  
nMag-C714 (named paCas9-2) and an sgRNA targeting VEGFA 
locus, and measured induced indel mutations in the light and the dark  
(Fig. 3a). The frequency of indel mutations in the dark induced by 
paCas9-2 was reduced to an undetectable level, as monitored using  
the T7E1 assay. Note that the light-induced indel frequency with 
paCas9-2 is comparable to that obtained using paCas9-1 (Fig. 3b). 
Therefore, we used paCas9-2 in all subsequent experiments.

Next, we tested whether paCas9 can enable light-induced spatial 
activation of genome editing (Fig. 3c,d and Supplementary Fig. 7). 
To visualize Cas9-induced NHEJ-mediated indel mutations in living 
cells, we used a surrogate EGFP reporter system that expresses EGFP 
fluorescence when a double-strand break is introduced into the tar-
get sequence by Cas9 (refs. 23,24). HEK293T cells transfected with 
paCas9-2, surrogate EGFP reporter and sgRNA targeting reporter 
were irradiated with slit-patterned blue light. After 24 h, a slit pat-
tern of EGFP-expression was observed, showing that paCas9-2 can 
spatially control gene editing in response to light.

We also investigated whether paCas9 activation is reversible  
(Fig. 3e,f). We first transfected HEK293T cells with paCas9-2 and 
an sgRNA targeting VEGFA, and incubated these samples with blue-
light irradiation to induce paCas9-2 activation. After 6 h, we split 
the cells and incubated half the cells in the dark and half the cells 
in light. After 6 h incubation in the dark or light, we performed a 
second transfection of an sgRNA targeting EMX1. The cells that had  

been incubated in the dark just before the second transfection were 
incubated again in the dark state, whereas the cells incubated in light 
before the second transfection were incubated again in light. After 30 h  
incubation, the genomic DNA was isolated and analyzed by T7E1 
assay. Cells irradiated with blue light after the first transfection of 
paCas9-2 and with sgRNA targeting VEGFA showed indel mutations 
in the VEGFA locus, indicating that paCas9-2 was activated by the 
blue light. After the second transfection with an sgRNA targeting 
EMX1, cells irradiated continuously with blue light showed indel 
mutations in the EMX1 locus; however, cells shifted to the dark did 
not have indel mutations in EMX1 locus. This result indicates that 
paCas9-2 can be reversibly activated by blue light.

Several reports have shown that RNA-guided targeting of catalyti-
cally inactive Cas9 (dCas9) to a specific gene can sterically block RNA 
polymerase and transcript elongation, enabling RNA-guided gene 
silencing, which has been named CRISPR interference (CRISPRi)25.  
To further demonstrate the utility of paCas9, we tested photoacti-
vatable and reversible control of CRISPRi. We named this method 
photoactivatable CRISPRi (paCRISPRi). To do this, we generated  
paCas9-2 containing D10A and H840A mutations (padCas9)  
(Fig. 4a). We also designed three sgRNAs targeting different regions 
of the CMV promoter-driven luciferase reporter containing PEST 
(proline-glutamate-serine-threonine rich) and mRNA destabiliz-
ing sequences26. padCas9 with each sgRNA targeting the luciferase 
reporter showed light-induced repression of luciferase reporter activity  
(Fig. 4b), demonstrating that our paCas9 platform also provides 
optogenetic control of RNA-guided transcription. We also found 
that the repression efficiency of padCas9 is slightly lower than that 
of full-length dCas9 (Fig. 4c). This is consistent with the fact that  
the frequency of indel mutation induced by paCas9 is ~60% of 
that achievable with full-length Cas9 (Fig. 2a). Efficiency might  
be improved by further engineering of padCas9 to, for instance,  
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optimize the protein stability, nuclear localization and dynamic  
range of photoinducible domains. We also tested whether padCas9-
mediated gene repression could be switched off by halting light 
irradiation (Fig. 4d). We found that the reporter activity recovered 
gradually after we turned off the blue light, showing that CRISPRi 
with padCas9 is reversible. Collectively, our results show that paCas9 
can offer spatiotemporal control of RNA-guided genome editing and 
transcription regulation in a reversible manner.

A rapamycin-inducible Cas9 designed with a split-Cas9 architec-
ture that is similar to ours has recently been reported6. However, 
rapamycin-inducible Cas9 does not offer spatial and revers-
ible activation because rapamycin diffuses freely and is hard to 
remove27. Furthermore, rapamycin can perturb endogenous mTOR  
signaling pathways10.

The spatiotemporal and reversible properties of paCas9 are well 
suited for the dissection of causal gene function in diverse biological 
processes and for medical applications, such as in vivo and ex vivo 
gene therapies. Also, paCas9 has the potential to reduce off-target 
indel frequencies in Cas9-based genome editing. There are several 
studies showing that transient introduction of a Cas9:sgRNA complex 
prepared in vitro can improve the specificity of genome editing7–9. 
Because paCas9 can be switched off by stopping light irradiation, opti-
cally controlling the duration of paCas9 activation would contribute 
to reducing off-target gene modification.

This paCas9 platform has the potential to further facilitate CRISPR-
Cas9 applications. For example, Cas9 applications in vivo have been 

limited owing to the packaging size limitation of viral vectors. Because 
the cDNA of our paCas9 components is shorter than that of full-length 
Cas9, it will be possible to separately package each paCas9 fragment 
into viral vectors having size limitation, expanding the opportunities 
of in vivo genome editing. Another potential application of paCas9 is 
intersectional control of Cas9 activity, enabling conditional genome 
editing with high precision. Recently, a conditional gene knockout 
strategy has been developed, by combining Cas9 and tissue-specific 
promoter28. By expressing each paCas9 component from two differ-
ent tissue-specific promoters, Cas9 activity could be controlled by 
two promoter activities and light, enabling gene modification with 
ultrahigh precision.

We and other groups have recently reported dCas9-based photoac-
tivatable transcription systems29,30. These dCas9-based optogenetic 
systems can activate targeted endogenous gene expression. Unlike 
these systems, the paCas9 described in this manuscript enables light-
inducible targeted genome editing by NHEJ and HDR pathways. In 
addition, we show that paCRISPRi enables optogenetic control of 
targeted gene silencing. 

Methods
Methods and any associated references are available in the online 
version of the paper.

Note: Any Supplementary Information and Source Data files are available in the 
online version of the paper.

N-terminal
fragment of dCas9

sgRNA

C-terminal
fragment of dCas9 Transcription

block

Targeted gene
Dark

nMag

RNA
destabilized
sequence

padCas9 (Light)

Full-length Cas9 (Dark)

#3#2
Dark
Light

***
***

*** N.S. N.S.
***

***
****

#1

pMag

pCMV

200,000

1

1
0.8
0.6

0.4

0.2

0.1
0 6 12 18 24 30

0.5

0

100,000

Used sgRNA Used sgRNA

Elapsed time (h)

sgFluc-2 (Light → light)

sgFluc-2 (Light → dark)

sgFluc-1 +2 +3 (Light → light)

sgFluc-1 +2 +3 (Light → dark)

sgNeg. (Light → light)

sgNeg. (Light → dark)

Lu
ci

fe
ra

se
 a

ct
iv

ity

N
or

m
al

iz
ed

 a
ct

iv
ity

N
or

m
al

iz
ed

 a
ct

iv
ity

0

sg
Fluc

-1

sg
Fluc

-2

sg
Fluc

-3

sg
Fluc

-1
 +

2 
+3

sg
Neg

.

sg
Fluc

-1

sg
Fluc

-2

sg
Fluc

-3

sg
Fluc

-1
 +

2 
+3

sg
Neg

.

Blue light

Targeted gene

Luciferase-PEST

a b c

dFigure 4  Optogenetic control of RNA-guided transcription interference  
with padCas9. (a) Schematic of paCRISPRi with paCas9-2 harboring  
D10A H840A mutations (padCas9). In the dark, N713 (D10A)-pMag  
and nMag-C714 (H840A) were inactive. Upon blue light illumination,  
pMag and nMag are heterodimerized, and, consequently, N713 (D10A)  
and C714 (H840A) are reconstituted as functional dCas9, enabling sgRNA- 
guided transcription interference. Gray, inactive; green, active. (b) padCas9  
can repress gene expression in a light-dependent manner. HEK293T cells  
were transfected with N713 (D10A)-pMag, nMag-C714 (H840A), luciferase  
reporter and either indicated sgRNAs targeting luciferase (sgFluc-1, sgFluc-2  
and sgFluc-3) or an unmatched control sgRNA (sgNeg.). 20 h after transfection,  
samples were illuminated by 1.2 W/m2 blue light or kept in the dark for 30 h before  
measuring luciferase bioluminescence. In this experiment, a luciferase reporter containing PEST and mRNA destabilized sequence was used.  
Data are represented as the mean ± s.e.m. (n = 6 from two individual experiments with biological triplicates). Two-sided Welch’s t-test was carried 
out. N.S., not significant; ***P < 0.005 versus the sample in the dark. (c) Comparison of the repression efficiency of padCas9 and full-length dCas9. 
Values are normalized to negative control with an unmatched control sgRNA (sgNeg.). Data are represented as the mean ± s.e.m. (n = 6 from two 
individual experiments with biological triplicates). Two-sided Welch’s t-test was performed. N.S., not significant; *P < 0.05; ***P < 0.005 versus the 
full-length dCas9 in the dark. (d) Time-course of restored luciferase reporter activity after blue light irradiation. HEK293T cells were transfected with 
N713 (D10A)-pMag, nMag-C714 (H840A), luciferase reporter and the indicated sgRNAs. Immediately after transfection, samples were illuminated 
by 1.2 W/m2 blue light for 30 h before measuring bioluminescence at time 0. After time 0 measurement, samples were illuminated by 1.2 W/m2 blue 
light (solid lines) or kept in the dark (dotted lines), and bioluminescence was measured every 6 h. Data are shown as mean ± s.e.m. (n = 6 from two 
individual experiments with biological triplicates) normalized to negative control cells (under continuous light irradiation) at time 0.
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ONLINE METHODS
Inducible Cas9 constructions. cDNAs encoding the N- and C-terminals  
fragments of codon-optimized S. pyogenes Cas9 fused with a nuclear localiza-
tion signal from SV40 were amplified from Addgene plasmid 42230. cDNAs 
encoding FKBP and FRB were amplified from a human cDNA library. cDNA 
encoding CRY2PHR was amplified from Addgene plasmid 26871. The plasmid 
containing CIB1 was obtained from RIKEN BioResource Center (resource 
number: pda10875). cDNA encoding pMag, nMagHigh1 and nMag was 
prepared as previously described18. These inducible dimerization domains 
were amplified by standard PCR using primers that add glycine-serine linker 
sequences at the 5′ and 3′ ends. The inducible Cas9 constructs based on the 
N-terminal and C-terminal Cas9 fragments fused with dimerization domains 
were cloned into HindIII/EcoRI and HindIII/XhoI sites of pcDNA3.1 V5/His-A 
(Invitrogen), respectively. To construct paCas9 nickase and padCas9, we intro-
duced D10A mutation in N-fragment of Cas9 and H840A in C-fragment of 
Cas9 by multisite-directed mutagenesis kit (MBL) according to manufacturer’s  
directions. The full amino acid sequences of the paCas9-1 and paCas9-2 are 
shown in Supplementary Note 1.

sgRNA constructions. The sgRNAs targeting StopFluc reporters, CCR5, 
EMX1, VEGFA AAVS1 and destabilized luciferase reporter were generated by 
annealed oligo cloning using BbsI site of Addgene plasmid 47108. The target 
sequences and oligonucleotides used for sgRNA construction are shown in 
Supplementary Table 1.

Reporter constructions. StopFluc reporters for plasmid HDR assay were 
constructed by inserting firefly luciferase sequence amplified from pGL4.31 
vector (Promega) into HindIII and XhoI sites in pcDNA 3.1/V5-HisA and 
introducing stop codons and/or mutant PAM by the multisite-directed muta-
genesis kit. The site-directed mutagenesis primers used to generate a series of 
StopFluc reporters are shown in Supplementary Table 2. The DNA sequences 
of StopFluc reporters are also shown in Supplementary Note 2. Luciferase 
donor vector was constructed by inserting inverted firefly luciferase sequence 
into XhoI and HindIII in bacteria-expression pColdI vector (Clontech). 
Destabilized luciferase reporter was constructed by inserting firefly luciferase 
with PEST sequence amplified from pGL4.31 vector into KpnI and XbaI sites 
in pcDNA 3.1/V5-HisA, and introducing 5 copies of mRNA-destabilizing  
nonamer sequence26 (5′-TTATTTATT-3′) into XbaI and ApaI sites by annealed 
oligo cloning. Surrogate EGFP reporter was constructed by inserting mCherry 
and out-of frame EGFP into HindIII and XhoI sites in pcDNA 3.1/V5-HisA, 
and introducing EMX1 target site between mCherry and EGFP using EcoRI 
and BamHI sites by annealed oligo cloning.

Cell culture. HEK293T and HeLa cells (ATCC) were cultured at 37 °C under 
5% CO2 in Dulbecco’s Modified Eagle Medium (DMEM, Sigma-Aldrich) 
supplemented with 10% FBS (HyClone), 100 unit/ml penicillin and 100 
µg/ml of streptomycin (GIBCO). Cell lines have not been tested routinely for 
Mycoplasma contamination.

Luciferase plasmid HDR assay. HEK293T cells were plated at approximately 
2.0 × 104 cells/well in 96-well black-walled plate (Thermo Fisher Scientific), 
and cultured for 24 h at 37 °C in 5% CO2. The cells were then transfected with 
Lipofectamine 2000 (Invitrogen) according to the manufacturer’s protocols. 
Plasmid encoding N-fragments of Cas9 fused with dimerization domain,  
C-fragments of Cas9 with dimerization domain, sgRNAs, StopFluc reporter 
and luciferase donor were transfected at a 2.5:2.5:5:1:4 ratio. The total amount 
of DNA was 0.2 µg/well. Twenty hours after the transfection, samples were 
incubated at 37 °C in 5% CO2 under continuous blue light irradiation or in 
the dark. Blue light irradiation was performed using a 470 nm ± 20 nm LED 
light source (CCS Inc.). Intensity of blue light was 1.2 W/m2. For chemically-
inducible reassembly of split-Cas9, the culture medium was replaced with 100 µl  
of DMEM containing 10 nM of rapamycin instead of light irradiation. After 
48 h incubation, the culture medium was replaced with 100 µl of phenol red-
free DMEM (Sigma-Aldrich) containing 500 µM of D-luciferin (Wako Pure 
Chemical Industries) as a substrate. After 30 min incubation, bioluminescence 
measurements were performed using Centro XS3 LB 960 plate-reading lumi-
nometer (Berthold Technologies). For comparison between DNA recognition 

ability of paCas9 and full-length Cas9, plasmids encoding full-length Cas9, 
sgRNAs, StopFluc reporter and luciferase donor were transfected at a 5:5:1:4 
ratio. The total amount of DNA was 0.2 µg/well. After 48 h incubation, the cul-
ture medium was replaced with D-luciferin-containing phenol red-free DMEM 
and bioluminescence measurements were performed as described above.

Optogenetic genome editing experiments. For NHEJ-mediated indel muta-
tion experiments, HEK293T cells were plated at approximately 1.0 × 105 cells/
well in 24-well plate (Thermo Fisher Scientific), and cultured for 24 h at 37 °C 
in 5% CO2. The cells were then transfected with Lipofectamine 2000 according 
to the manufacturer’s protocols. Plasmids encoding N713-pMag, nMagHigh1-
C714 and sgRNAs were transfected at a 1:1:1 ratio. As a positive control,  
plasmids encoding full-length Cas9 and sgRNAs were transfected at a 2:1 ratio. 
The total amount of DNA was 0.9 µg/well. Twenty hours after the transfec-
tion, samples were incubated at 37 °C in 5% CO2 under continuous blue light 
irradiation or in the dark as described above. After 24 h incubation, genomic 
DNA was isolated using Blood Cultured Cell Genomic DNA Extraction Mini 
Kit (Favorgen) according to the manufacturer’s instructions.

For HDR-mediated genome editing experiments, 6.0 × 105 HEK293T cells 
were nucleofected with 125 ng of N713-pMag, 125 ng of nMagHigh1-C714, 
250 ng of sgRNA targeting EMX1 and 10 µM of single-stranded oligonucle-
otide donor using the SF Cell line 4D-Nucleofector X Kit S (Lonza) and the 
CA-189 program. Transfected cells were plated at 2.0 × 105 cells/well in 24-well 
plate. Twenty hours after the nucleofection, samples were incubated at 37 °C 
in 5% CO2 under continuous blue light irradiation or in the dark. After 48 h 
incubation, genomic DNA was isolated as described above.

In Figure 3f experiment, cells were plated and cultured as described above 
NHEJ-mediated indel mutation experiments. The cells were then transfected 
with Lipofectamine 3000 (Invitrogen) according to the manufacturer’s protocols. 
Plasmids encoding N713-pMag, nMagHigh1-C714 and sgRNAs were transfected 
at a 1:1:1 ratio. The total amount of DNA was 0.5 µg/well. After 20 h incubation 
at 37 °C in 5% CO2 in the dark, samples were incubated at 37 °C in 5% CO2 under 
continuous blue light irradiation. After 6 h, we split and incubated the cells in 
dark and light state. After incubation for 6 h, we performed second transfection 
of sgRNA targeting EMX1 with Lipofectamine 3000. The DNA amount was  
0.5 µg/well. The samples in dark and light state just before the second transfec-
tion were incubated again in dark and light state, respectively. After incubation 
for 30 h, the genomic DNA was isolated as described above.

Mismatch-sensitive T7E1 assay for quantifying indel mutation of endog-
enous genes. The genomic region containing paCas9 target site was PCR-
amplified using Pyrobest DNA polymerase (TaKaRa) using nested PCR for 
CCR5 and AAVS1 (First PCR: 98 °C, 3 min; (98 °C, 10 s; 55 °C, 30 s; 72 °C,  
1 min) × 20 cycles; 72 °C, 3 min. Second PCR: 98 °C, 3 min; (98 °C, 10 s; 55 °C, 
30 s; 72 °C, 1 min.) × 35 cycles; 72 °C, 3 min), two-step PCR with 5% DMSO 
for EMX1 (98 °C, 3 min; (98 °C, 10 s; 72 °C, 30 s) × 35 cycles; 72 °C, 5 min) or 
touchdown PCR for VEGFA (98 °C, 3 min; (98 °C, 10 s; 72-62 °C, –1 °C/cycle, 
30 s; 72 °C, 30 s) × 10 cycles; (98 °C, 10 s; 62 °C, 30 s; 72 °C, 30 s) × 25 cycles; 
72 °C, 3 min). The primers for each gene are listed in Supplementary Table 3.  
The PCR amplicons were purified using FastGene Gel/PCR Extraction Kits 
(Nippon Genetics) following the manufacturer’s protocol. Purified PCR prod-
ucts were mixed with 2 µl of 10 × M buffer for restriction enzyme (TaKaRa) 
and ultrapure water to a final volume of 20 µl, and re-annealed to form het-
eroduplex DNA (95 °C, 10 min; 90-15 °C, –1 °C/ 1 min). After re-annealing, 
heteroduplexed DNA were treated with 5 units of T7 endonuclease I (New 
England BioLabs) for 30 min at 37 °C and then analyzed by agarose gel elec-
trophoresis. Gels were stained with GRR-500 (BIO CRAFT) and imaged with 
E-shot II gel imaging system (ATTO). Quantification was based on relative 
band intensities. Following equation is used to calculate the percentage of 
indel mutation by paCas9: 100 × (1 − (1 − (b + c)/(a + b + c))1/2), where a is 
the intensity of the undigested PCR product, and b and c are the intensities of 
each T7E1-digested PCR product.

Sequence analysis. Purified PCR products used for the T7E1 assay were 
inserted into EcoRV sites in pcDNA3.1/V5-HisA vector. Plasmid DNAs were 
isolated by standard alkaline lysis miniprep, and sequenced using a T7 forward 
primer by the Sanger method.
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RFLP assay for detecting HDR-mediated modification in endogenous 
human gene. The genomic PCR and purification were performed as described 
above. Purified PCR products were mixed with 30 units of HindIII (TaKaRa),  
2 µl of 10 × M buffer for restriction enzyme and ultrapure water to a final 
volume of 20 µl, and incubated for 30 min at 37 °C. The digested products 
were analyzed by agarose gel electrophoresis. Gel staining and imaging were 
performed as described above. Quantification was based on relative band 
intensities. Following equation is used to calculate the percentage of HDR by 
paCas9: 100 × (b + c)/(a + b + c), where a is the intensity of the undigested PCR 
product, and b and c are the intensities of each HindIII-digested product.

Spatial surrogate reporter activation. HEK293T cells were plated at  
8.0 × 105 cells/dish on 35 mm dish (Iwaki Glass) coated with fibronectin (BD 
Biosciences), and cultured for 24 h at 37 °C in 5% CO2. The cells were then 
transfected with Lipofectamine 2000 according to the manufacturer’s proto-
cols. Plasmids encoding N713-pMag, nMag-Cas9, sgRNAs targeting EMX1 
and NHEJ-mediated surrogate EGFP reporter containing EMX1 targeting site 
were transfected at a 1:1:2:6 ratio. The total amount of DNA was 4.0 µg/dish. 
Twenty hours after the transfection, samples were illuminated by slit-patterned 
blue light using a photomask for 24 h at 37 °C in 5% CO2. The width of slit is 
2 mm. Cells were fixed with 4% paraformaldehyde in PBS for 15 min. Images 
were acquired using Axio Zoom.V16 stereo zoom microscope (Zeiss), and 
analyzed using Metamorph (Molecular Devices).

Photoactivatable CRISPR interference. HEK293T cells were plated at 2.0 × 104  
cells/well in 96-well black-walled plate, and cultured for 24 h at 37 °C in 5% 
CO2. The cells were then transfected with Lipofectamine 3000 according to the 
manufacturer’s protocols. Plasmids encoding N713 (D10A)-pMag, nMag-Cas9 
(H840A), mRNA-destabilized luciferase-PEST reporter and indicated sgRNAs 
targeting luciferase reporter were transfected at a 2.5:2.5:1:4 ratio. As a full-
length dCas9 control, plasmids encoding full-length dCas9, mRNA-destabilized 

luciferase-PEST reporter and indicated sgRNAs were transfected at a 5:1:4 ratio. 
For the sample transfected with triple sgRNAs, the ratio of three sgRNAs was 
1:1:1. The total amount of DNA was 0.1 µg/well. In Figure 4b,c experiments, 20 h  
after the transfection, samples were incubated at 37 °C in 5% CO2 under con-
tinuous blue light irradiation or in the dark as described above. After 30 h, the 
culture medium was replaced with 100 µl of phenol red-free DMEM containing 
500 µM of D-luciferin. After 1 h incubation, bioluminescence measurements 
were performed. In Figure 4d experiment, samples were incubated at 37 °C in 
5% CO2 under continuous blue light immediately after transfection. After 30 h,  
the culture medium was replaced with phenol red-free DMEM containing  
D-luciferin as described above. After 1 h incubation, light-illuminated samples 
were incubated again upon continuous blue light or in the dark, and biolumi-
nescence measurements were performed at indicated time points.

Reproducibility and statistics. No sample size estimates were performed, 
and our sample sizes are consistent with that normally used in the genome 
editing and gene regulation experiments. No sample exclusion was carried out. 
No randomization was used. No blinding was used. In Figures 3b and 4b,c, 
variances estimated by F-tests were equal, and two-sided Welch’s t-tests were 
performed. We also confirmed the same statistical results by nonparametric 
two-sided Mann-Whitney tests because the normality of data was not tested. 
P values by Mann-Whitney tests are following; In Figure 3b, paCas9-1 and 
paCas9-2 in light showed no significant difference: P = 0.773. In Figure 4b, 
light and dark samples transfected with padCas9 targeting luciferase showed 
significant differences: P = 0.00395. Light and dark samples transfected with 
padCas9 and negative control sgRNA showed no significant difference:  
P = 0.749. In Figure 4c, padCas9 and full-length dCas9 transfected with sgFluc-
1, sgFluc-2 and sgFluc-1+2+3 showed significant differences: P = 0.00395 
(sgFluc-1), P = 0.0065 (sgFluc-2), P = 0.00395 (sgFluc-1+2+3), respectively. 
padCas9 and full-length dCas9 transfected with sgFluc-3 showed no signifi-
cant difference: P = 0.109.
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