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The function of CRISPR/Cas9 can be conditionally controlled by the rational engineering of guide RNA
(gRNA) to target the gene of choice for precise manipulation of the genome. Particularly, chemically
modified gRNA that can be activated by using specific stimuli provides a unique tool to expand the
versatility of conditional control. Herein, unlike previous engineering of gRNA that generally focused on
the RNA part only but neglected RNA-protein interactions, we aimed at the interactive sites between 2'-
OH of ribose in the seed region of gRNA and the Cas9 protein and identified that chemical modifications
at specific sites could be utilized to regulate the Cas9 activity. By introducing a photolabile group at
these specific sites, we achieved optical control of Cas9 activity without disrupting the Watson-Crick
base pairing. We further examined our design through CRISPR-mediated gene activation and nuclease
cleavage in living cells and successfully manipulated the gene expression by using light irradiation. Our

site-specific modification strategy exhibited a highly efficient and dynamic optical response and
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Introduction

The RNA-guided CRISPR/Cas9 system, a powerful genome-
editing toolbox adapted from the prokaryotic acquired
immune system,' has been gaining increasing attention for
both biological research and therapeutic applications in the
past few years.”* The genomic locus-targeting ability of CRISPR/
Cas9 relies on the base pairing between the spacer region of
guide RNA (gRNA) and the genomic DNA.® The nuclease-dead
Cas9 (dCas9) that removes the nuclease activity but retains
the DNA targeting ability has been repurposed to further expand
the applicable scenarios of the CRISPR/Cas9 system by
employing different protein effectors,” such as gene activation
and repression,*® genomic loci imaging,’* nucleobase edit-
ing'* and epigenetic modifications."*** Compared with the
constantly active RNA-Cas9 complex, development of condi-
tionally controlled CRISPR function is of particular interest as
its activity can be restricted in a desired spatial and temporal
manner to achieve the precise manipulation of the genome with
reduced side effects. Conditional control can be achieved
through rational engineering of either (d)Cas9 or gRNA. The
activity of (d)Cas9 protein can be induced by small
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molecules,"”° activated by light,”>* or controlled by tissue-
specific promotors* or miRNAs,*® but this approach encoun-
ters an inevitable limitation that all the targeted genes are
subject to the same regulatory scope. In contrast, engineering of
¢RNA provides another approach to conditionally control
CRISPR/Cas9 function that can manipulate specific genes via
structural changes of gRNA induced by small molecules,*
protein binding,** nuclease cleavage,”® RNA expressions,**** or
miRNA/antisense RNA processing.’**

Besides engineering of genetically expressed gRNA, chemical
modifications of gRNA also provide unique tools to expand the
versatility of conditional control. By introducing different kinds
of chemically reactive groups, modified gRNA can further
enrich the toolbox for orthogonal activation of CRISPR/Cas9
function by using different stimuli. Several recent reports
have shed some new light on this approach. These studies
include utilization of photocleavable antisense DNA to regulate
the activity of gRNA,** photoactivation of directly caged
gRNA* and ligand-induced deprotection of gRNA.**> The
general principle for these designs relies on significant struc-
tural alteration of gRNA either by blocking the base pairing®**°
or by changing the overall chemical identity through unspecific
multiple modifications.***> The former approach needs an
individual sequence design for insertion of multiple modified
nucleotides with relative difficulties for sample preparation; the
latter one utilizes chemical reactive agents to achieve unspecific
and heavy modifications of gRNA that may potentially
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encounter incomplete deprotection and result in reduced acti-
vation efficiency. To this end, an ideal strategy should utilize
a single but universal site of gRNA that can be simply modified
to switch on the activity of CRISPR/Cas9 function with an effi-
cient response.

As a part of the CRISPR/Cas9 complex, gRNA is not an
independently structured nucleic acid but tightly interacts with
the Cas9 protein. Previous studies on engineering of gRNA
generally focused on the RNA part, but neglected the interactive
role of the Cas9 protein. In our work, taking a unique
perspective, we aimed at the interaction between the spacer
region of gRNA and Cas9 protein, and identified a site-specific
chemical modification in the guide sequence that can achieve
photocontrol of CRISPR/Cas9 function without disrupting the
Watson-Crick base pairing.

Results

Compared with other gRNA regions, engineering of the variable
guide sequence can precisely manipulate the gene of choice
without affecting the binding ability between gRNA and Cas9.
Analysis of the crystal structure of the Cas9/gRNA complex*
revealed that 2’-OH groups of ribose in the guide region are well
recognized by residues of Cas9 (Fig. 1a). Recent investigations
using the deoxynucleotide substitution** or the truncation of
spacer RNA* indicated that the region near the 5-end is not
essential for the activity of the Cas9 complex. Several studies
employing chemical substitutions suggested that these hydroxy

a

]
- |
o |0 o

e BRI

T
-

b
13 20

Seq-ASCL1: 57 —AAUGHA(“AGUU---

c
Methoxy modified location

Control 13 14 15 16 17 18 19 20

Complex [P SR S S R S

dsDNA | e= -4 -

Fig.1 Focusing on the interaction between the seed region of gRNA
and Cas9 protein. (a) Interactive sites between the 2'-OH and the
residues of Cas9 revealed by the crystal structure. The numbering
starts from the 5'-end of gRNA with a standard 20-nt guide sequence.
(b) The guide sequence investigated for gene ASCL1. The seed region
is highlighted. (c) The binding effect of 2’-methoxy modification in
ribose located at different nucleotide positions (from the 13" to 20"
nucleotides as boxed in (b)). The control samples indicate the free
duplex DNA and the bound complex with unmodified gRNA.
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groups in the seed region are relatively more sensitive.**™**
Based on these reports, firstly, we evaluated the role of 2’-OH in
the seed region to identify whether there would be a critical site
for regulating the function of the Cas9 complex. We selected
a guide sequence to target the ASCL1 gene in human cells*
(Seq-ASCL1) and replaced the hydroxy group with the methoxy
group starting from the 13™ to 20™ nucleotide one by one as
shown in Fig. 1b. Given that the function of the Cas9 complex
must rely on the binding of duplex DNA, we measured the
binding behaviour between the modified gRNA and catalytically
dead Cas9 (dCas9). The dCas9 protein was expressed and
purified as described in the ESI;t the methoxy modified crRNA
was chemically synthesized through solid phase synthesis and
annealed with the tracrRNA prepared by in vitro T7 transcrip-
tion to form the complete gRNA. The 5'-FAM-labeled duplex
DNA with the Seq-ASCL1 targeting sequence was analysed by the
gel shift assay to characterize the formation of the Cas9-RNA-
DNA ternary complex. Initial screening of the binding ability
indicated that the 2’-methoxy substitution of ribose in the 15
16", and 19" nucleotides presented a more significant impact
to block the complex formation than other positions (Fig. 1c).
Intriguingly, these three positions were exactly in accordance
with the protein recognition sites (Fig. 1a), demonstrating that
disrupting the protein-RNA interaction in the guide sequence is
an effective approach to regulate the Cas9 activity. Compared
with the unmodified gRNA, concentration-dependent binding
analysis (Fig. S1T) suggested that methoxy modification in the
15" nucleotide greatly reduced the ability for complex forma-
tion, whereas substitution in the 16™ and 19™ positions
exhibited a weaker impact.

Having confirmed that 2’-OH of ribose in the 15", 16", and
19" nucleotides was important for maintaining the activity of
Cas9, we then aimed to test whether chemical caging of these 2'-
OH groups could be utilized as a switch to control the CRISPR/
Cas9 function. Herein, we selected a well-established photo-
labile group, 6-nitropiperonyloxymethylene,® as a proof of
principle, and introduced this caging group into ribose to mask
the function of 2-OH (Fig. 2a). The caged nucleoside was
synthesized as described in the ESI,t and incorporated into the
crRNA by solid phase synthesis. Based on the above observa-
tion, we placed the caging nucleotide at the 15, 16", and 19™
positions and verified the blocking ability of each site through
the binding analysis. Overall, the introduction of the caging
group can significantly reduce the formation of the ternary
complex (Fig. 2b). Notably, besides disrupting the role of 2’-OH,
the steric effect of the caging group induced a more severe
impact than the methoxy group. Concentration-dependent
analysis of binding behaviour suggested that the caging of the

" position caused the strongest inhibition, which greatly
reduced the binding ability with very weak formation of the
ternary complex even in the micromolar range of dCas9/gRNA
(Fig. S2t). To exclude the possibility that the modification of
2/-OH would disrupt the formation of a stable RNA/DNA hybrid,
we measured the melting temperatures of the 20-nt RNA/DNA
guide duplex. As shown in Fig. S3,1 both the single methoxy
and the single caged modification could hardly destabilize the
RNA/DNA duplex. Therefore, this negligible alteration in the
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Fig.2 Photoinduced decaging at specific sites of gRNA can effectively
regulate Cas9 binding activity. (a) Scheme of photoinduced decaging
of the 6-nitropiperonyloxymethylene modified ribose upon UV irra-
diation. (b) The site-specifically caged ribose at the 15, 16", or 19"
positions of the guide sequence can significantly inhibit the binding
ability of Cas9. (c) Photoinduced recovery of Cas9 binding ability upon
UV irradiation. The photo-insensitive methoxy modified gRNA was
selected as comparison. (d) Time-dependent activation of Cas9
binding ability with the caged gRNA at the 15" position of the guide
sequence upon UV irradiation. Time points were 0, 15, 30, 45 and 60 s,
respectively.

RNA/DNA binding was unlikely to significantly affect the
CRISPR/Cas9 activity.

Next, we examined whether the caged gRNA can be photo-
activated to recover the activity. Taking the unmodified and the
methoxy substituted gRNA as control, photo-irradiation could
not affect the complex formation (Fig. 2¢). In contrast, irradia-
tion at the caged gRNA with the photolabile group in the 15%,
16, and 19" nucleotides could completely recover the binding
ability of Cas9, respectively (Fig. 2c). Particularly, the caged
nucleotide at the 15™ position exhibited the most significant
dynamic change in the Cas9 binding ability before and after UV
irradiation. Furthermore, taking the 15™ position as a repre-
sentative, we analysed the time-dependent photo-activation
process, and the results indicated that a 30 second irradiation
could recover the full activity of gRNA (Fig. 2d), revealing a quick
response via light control. Collectively, these results suggested
that photoinduced decaging of 2’-OH at the specific site of gRNA
could achieve prompt and efficient control of the Cas9 activity.

Furthermore, given that the application of CRISPR/Cas9 in
gene editing requires the nuclease activity of Cas9 after the
formation of the ternary complex, we also tested whether the
site-specific modification on 2’-OH of gRNA could also regulate
the cleavage behaviour of catalytically active Cas9. Compared
with the unmodified gRNA, methoxy substitution suggested
that the modification at the 15%, 16, and 19 positions was
still effective to inhibit the nuclease activity of Cas9 (Fig. S4-
S71) with the strongest effect at the 15™ nucleotide (Fig. S51),
which was consistent with the binding behaviour. Similarly,
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modifications with the 6-nitropiperonyloxymethylene group
could significantly inhibit the cleavage behaviour as shown in
Fig. 3a, with the strongest effect at the 15™ position (Fig. S8%).
The quantitative analysis suggested that the observed cleavage
activity was weakened by ~30 fold for the caged gRNA at the 15
position (Fig. S81), whereas caging at the other two locations
exhibited a relatively weaker impact (Fig. S9 and S107). Light
irradiation on the photocaged gRNA could efficiently recover
the nuclease activity of Cas9 (Fig. 3b), which indicated a highly
dynamic responding process. However, it also needs to be
mentioned that unlike the binding behaviour, cleavage is an
irreversible process, and consequently, the highly inhibited
nuclease activity could still induce significant breakage of the
DNA duplex with prolonged incubation for hours (Fig. S87).
Nevertheless, the nuclease activity of Cas9 was also effectively
controlled by photoactivation with the site-specifically caged 2'-
OH of gRNA.

Since the Cas9 activity can be optically controlled in the test
tube by the site-specifically modified gRNA without disruption
of Watson-Crick base pairing, we further pursued to achieve
photoactivation of CRISPR/Cas9 function in living cells. Among
a variety of CRISPR-based applications in living cells, we first
selected CRISPR mediated gene activation (CRISPRa) as
a representative. We prepared HEK293T cells with stably
expressed Cas9-VP64-p65-Rta (VPR) as the model cell line (see
the ESIt for details) to determine whether CRISPRa can be
conditionally controlled by irradiation of light through the
modified gRNA. First, we verified whether the impact of site-
specific modification of gRNA observed in test tubes would be
the same with the cellular behaviour. Herein, we transfected the
cell with the methoxy substituted gRNA in different positions,
and took the same concentration of unmodified gRNA as
control. The expression level of the target gene ASCL1 under
different conditions was then determined by qPCR. As shown in
Fig. 4a, compared with the unmodified one, methoxy
substituted gRNA exhibited a similar enhancing effect for gene
activation except those modifications in the 15, 16, and 19
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Fig. 3 Photocontrol of Cas9 cleavage activity by site-specifically
caged gRNA. (a) Caged gRNA at the 15™ position of the guide
sequence can effectively inhibit the cleavage activity of Cas9. Time
points were 0, 0.5, 1, 2, 5, and 10 min, respectively. The control
samples indicate the cleavage activity of Cas9 with unmodified gRNA.
The length of the duplex DNA substrate was 2 kb, and the cleaved
products were 1.2 kb and 0.8 kb dsDNA, respectively. (b) Photoinduced
recovery of Cas9 cleavage activity upon irradiation of UV light.
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Fig. 4 Photoinduced ASCL1 gene activation in HEK293T cells by site-
specifically caged gRNA. (a) Screening the activation effects of 2’-
methoxy modified ribose at different positions of the seed region. (b)
Photocontrol of gene activation upon irradiation of UV light by caged
gRNA. The control sample indicates the unmodified gRNA; "NC”
indicates the effect of gRNA that cannot target any genes in HEK293T
cells. Error bars indicate the standard deviations derived from at least
three independent biological replicates.

nucleotides (~1-2 fold for 15" and 16™, and ~8 fold for 19™"),
which was consistent with binding behaviours. Notably, modi-
fications at these specific sites were much more influential in
the cellular context than those in vitro.

Based on these results, we further examined the effect of
photocaged gRNA targeting the same gene for CRISPRa. After
transfection, the cells were exposed to 365 nm UV light for
3 min. The irradiated and unirradiated cells were cultured
under the same conditions, and the expression levels of the
ASCL1 gene were compared and is shown in Fig. 4b. It is
noteworthy that the 3 minute UV exposure caused a slightly
negative impact on the cell viability (Fig. S117), which might
result in a reduced activation effect to some extent as observed
in the control sample with the unmodified gRNA (the control
columns in Fig. 4b), but the overall influence of this short-time
UV exposure is not critical for transcriptional activation. Clearly,
modified gRNA with photocaged 2'-OH significantly blocked
gene activation with the strongest blockage at the 15™ position.
Upon photoirradiation, the active gRNA was released and the
activation effect was greatly recovered. As shown in Fig. 4b,
photo-irradiation induced the activation effect changing from
~1.2-fold to ~18-fold with a ~15-fold dynamic range for the 15
position. Similar results were also observed for the 16™ (~20-
fold change) and 19" (~14-fold change) positions, suggesting
an effective photoactivation process with the site-specifically
caged 2'-OH of gRNA to regulate gene expression.

This journal is © The Royal Society of Chemistry 2020
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In order to demonstrate the universality of our site-specific
caging strategy, additional gRNA sequences were selected to
target different genes.>* First, we checked another different
sequence (Seq2-ASCL1) to target the ASCL1 gene for photoin-
duced CRISPR activation in HEK293T cells and observed
a similar effect of transcriptional activation changing from ~2-
fold to ~60-fold with a ~30-fold dynamic range for this 15%-
caged gRNA by light irradiation (Fig. S127). Besides, we also
generated another sequence of light-activated gRNA to target
the human gene CXCR4 for photocontrol of transcriptional
activation (Fig. S137). Notably, the CRISPR activation effect for
this CXCR4 gene was less efficient than the ASCL1 gene, but the
15™-caged gRNA could still achieve an efficient photocontrol of
gene activation.

In addition to the activation of transcription, we also tested
the photo-controlled nuclease cleavage of CRISPR/Cas9 in living
cells by targeting the GFP gene (Fig. 5). In this experiment, we
designed a construct in which expressions of destabilized GFP
(dsGFP) and nuclease active Cas9 along with mCherry were
packed into one plasmid under the control of two independent
CMV promoters (Fig. 5a). The dsGFP expression was intervened
upon transfection of the target gRNA. Therefore, the nuclease
cleavage of CRISPR/Cas9 could be directly determined by the
measurement of average GFP fluorescence from the mCherry
positive cells through flow cytometry. As shown in Fig. 5b, the
expression level of destabilized GFP was significantly disrupted
upon light irradiation using the 15T-caged gRNA with the
nuclease-active Cas9. Collectively, these results together with
the transcriptional activation data suggested that the strategy
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Fig. 5 Optical control of the Cas9 nuclease cleavage in living cells. (a)
The plasmid used for monitoring the cleavage activity of CRISPR/Cas9.
(b) Measurement of average GFP fluorescence in mCherry positive
HEK293T cells. The control sample (Seq-GFP) indicates the unmodi-
fied gRNA; "NC”" indicates the effect of gRNA that cannot target any
genes in HEK293T cells. The guide region for Seq-GFP was 5'-
CAGCGUGUCCGGCGAGGGCG-3'. Error bars indicate the standard
deviations derived from three independent biological replicates.
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using the site-specifically photocaged gRNA can optically
control the CRISPR/Cas9 function in general.

Finally, we verified the feasibility of visible light control of
CRISPR function by our site-specifically caged gRNA, given that the
6-nitropiperonyloxymethylene group is also photolabile upon
irradiation of 405 nm light.** Compared with the 365 nm UV light,
the time-dependent photo-irradiation process suggested that
although a more powerful energy intensity was needed (16 mwW
cm 2 for 405 nm vs. 3.5 mW cm 2 for 365 nm), the 405 nm light
could still induce the full activity of caged gRNA to form the ternary
complex within an exposure of several minutes (Fig. 6a). Therefore,
we further examined the photoinduced gene activation targeting
the ASCL1 gene (Seq-ASCL1) in HEK293T cells through the 405 nm
visible light. Intriguingly, a 3 min irradiation of 405 nm light could
fully recover the activity of the 15"-caged gRNA with the tran-
scriptional activation changing from ~1.5-fold to ~47-fold with
about a 30-fold dynamic range (Fig. 6b). Importantly, unlike the
365 nm UV light, the 3 min 405 nm irradiation did not significantly
impact the cell viability (Fig. S141), and consequently, the activa-
tion effect was comparable to the unirradiated control sample
(Fig. 6b). This visible light control could potentially provide a more
ideal approach for photo-regulation of CRISPR/Cas9 function.

Discussion

Chemical modifications have enriched the versatility of condi-
tional control of RNA-based technology, such as siRNA for
silencing of mRNA*>* and gRNA for CRISPR function.***
However, previously reported RNA caging strategies were
generally based on structural variation of nucleic acids through
disrupting base pairing or significant alteration of molecular
identities, but they neglected the interactive impacts between
RNA and RNA binding proteins. Our current study indicates
that interruption of the interactive sites between 2'-OH of ribose
in the seed region of gRNA and the Cas9 protein would signif-
icantly disturb the Cas9 activity, and these sites can be utilized
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Fig. 6 Activation of site-specifically caged gRNA using visible light. (a)
Time-dependent activation of Cas9 binding ability with the 15" caged
gRNA (Seq-ASCL1) upon 405 nm light irradiation. Time points were 0,
1, 2, 5 and 10 min, respectively. (b) Photoinduced ASCL1 gene acti-
vation in HEK293T cells upon irradiation of 405 nm light. The control
sample indicates the unmodified gRNA; “NC” indicates the effect of
gRNA that cannot target any genes in HEK293T cells. Error bars indi-
cate the standard deviations derived from three independent biolog-
ical replicates.
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to introduce photolabile groups for optical control of CRISPR
function. Herein, our successful application paved a new way
for developing more versatile strategies for chemical caging of
RNA based on the RNA-protein interaction rather than the
structure of RNA itself.

Another important feature of our site-specifically modified
gRNA was that structure alteration for RNA was very limited
with only one photocaged 2/-OH in ribose and no disruption of
Watson-Crick base pairing. Therefore, modified gRNA can still
maintain the overall structural and chemical identity of nucleic
acids. One can envision that this caged gRNA can still function
like regular RNA to form base pairing and co-exist with other
RNA regulatory elements, such as the recently reported toehold-
switch,**** which could introduce more regulatory scope at the
same time for conditional control based on RNA engineering.

Moreover, our single modified site was located in the 2'-
position of ribose, independent of the nucleotide sequence,
which could bring a great advantage and convenience for both
design and synthesis of modified RNA. Particularly, our results
showed that the 15™ position of 2-OH was the most sensitive
site that could be potentially utilized to regulate any other gRNA
sequences for gene manipulation. Besides, the single modifi-
cation site at 2’-OH also made the synthesis of modified RNA
much easier than introducing multiple modification sites. In
addition, compared with previously reported multiple modifi-
cations of gRNA by using UV labile groups,**° our single-site
modification made the optical response highly efficient with
a relatively low energy dosage, which would be practically
beneficial for prompt and harmless temporal control. Notably,
given the fact that optical control by light with a longer wave-
length is more suitable for applications in biomedical samples,
we believe introduction of visible or even near-infrared (NIR)
light activated moieties® for visible or NIR light control could
also be feasible through this convenient strategy.

Finally, we also wanted to point out that although the site-
specific modification in the interface of gRNA and Cas9
protein can greatly inhibit the Cas9 activity, complete abolish-
ment would be still difficult in the presence of a high concen-
tration of Cas9 (enhanced binding ability with a high protein
concentration) with a prolonged incubation time (irreversible
nuclease activity with a long-time incubation), which might
result in unwanted leakage before activation. However, some
previous studies suggested that modifications at specific sites of
gRNA exhibited highly sensitive impacts in the cellular
context,***® implying that a weak leakage might not be robust
enough to significantly alter the chromosome. Our gene regu-
lation study also indicated that the caging effect of gRNA at
specific sites was much more influential in living cells than in
biochemical assays. Nevertheless, we believe the leakage, if it
occurs, would be well solved by finetuning the concentration of
modified gRNA and incubation time to achieve a dynamic range
of conditional control.

Conclusions

In summary, we developed a strategy of photoactivable gRNA by
site-specific chemical modification to regulate CRISPR-Cas9

This journal is © The Royal Society of Chemistry 2020
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function. Unlike previous engineering of gRNA that generally
focused on the RNA part only but neglected RNA-protein
interactions, we aimed at the interactive sites between 2’-OH of
ribose in the seed region of gRNA and Cas9 protein and iden-
tified that modifications of 2’-OH at specific sites could be
utilized to regulate the Cas9 activity. Introducing the photo-
labile group, 6-nitropiperonyloxymethylene, in these specific
sites can achieve photocontrol of CRISPR/Cas9 function without
disrupting the Watson-Crick base pairing. Taking CRISPR/Cas9
mediated gene activation and nuclease cleavage as representa-
tives for versatile CRISPR applications, we achieved efficient
and dynamic photocontrol of gene expression in living cells.
Our design of site-specific photoactivable gRNA presented a new
pathway for modification of RNA based on the RNA-protein
interaction rather than RNA itself. More than optical control,
these specific sites could be also modified with other stimuli-
responsive groups,*****” which would potentially further
enrich the toolbox for conditional control of CRISPR-Cas9
function in the future.
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