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sis of stimuli-responsive guide
RNA for conditional control of CRISPR-Cas9 gene
editing†

Chunmei Gu, Lu Xiao, Jiachen Shang, Xiao Xu, Luo He and Yu Xiang *

CRISPR-Cas9 promotes changes in identity or abundance of nucleic acids in live cells and is

a programmable modality of broad biotechnological and therapeutic interest. To reduce off-target

effects, tools for conditional control of CRISPR-Cas9 functions are under active research, such as

stimuli-responsive guide RNA (gRNA). However, the types of physiologically relevant stimuli that can

trigger gRNA are largely limited due to the lack of a versatile synthetic approach in chemistry to

introduce diverse labile modifications into gRNA. In this work, we developed such a general method to

prepare stimuli-responsive gRNA based on site-specific derivatization of 20-O-methylribonucleotide

phosphorothioate (PS-20-OMe). We demonstrated CRISPR-Cas9-mediated gene editing in human cells

triggered by oxidative stress and visible light, respectively. Our study tackles the synthetic challenge and

paves the way for chemically modified RNA to play more active roles in gene therapy.
1. Introduction

CRISPR-Cas (clustered regularly interspaced short palindromic
repeats, CRISPR-associated genes),1 initially discovered as
a bacterial adaptive immune system, has become the new
frontier for genome engineering in eukaryotes including
humans.2–4 In addition to delivery of DNA that encodes the
guide RNA (gRNA) and Cas9 protein using lipid nanoparticles or
recombinant viruses,5,6 efficient genome editing has also been
observed with ribonucleoprotein (RNP) and mRNA delivery.7,8

As RNA usually has a shorter half-life compared to DNA, these
delivery methods are oen associated with considerably lower
off-target effects.9,10 For this purpose, chemically modied
gRNA,11–15 either in the form of a single guide RNA (sgRNA)11 or
a two-component CRISPR RNA (crRNA) and trans-activating
crRNA (tracrRNA),12 is actively studied.

To facilitate precise intracellular applications such as gene
editing and regulation, conditional control of gRNA activities
has been achieved through equipping the RNA oligonucleotides
with stimuli-responsive modications, including those sensi-
tive to ultraviolet (UV) light,16–30 redox conditions,31,32 and bio-
orthogonal chemicals.33–35 These modications can be
introduced into RNA via the ribose 20-OH,18,24–26,31,34–37 nucleo-
bases,17,21,27–29 and internal or terminal linkers.19,20,22,23,30,33,38
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They can perturb the native gRNA structures, thereby abro-
gating the CRISPR-Cas functions. The caged gRNA activities can
then be restored by subsequent removal of labile modications
when encountering stimuli of interest. Gene editing responsive
to light and chemicals were demonstrated using these powerful
tools made of stimuli-responsive gRNA,16–35 distinguished from
other strategies based on protein engineering39,40 or functional
modulation through riboswitches41–43 and RNA hybridization.44

Despite the great promise, currently available stimuli-
responsive gRNA can only respond to a limited number of
physiologically relevant stimuli, due to the lack of a general
method to introduce a broad range of labile modications into
gRNA.45,46 For example, reactive oxygen species (ROS) that are
important signaling molecules related to diseases47–49 and
visible light that is less cytotoxic than UV light for spatiotem-
poral manipulation, still cannot serve as efficient triggering
signals to activate gRNA functions due to the synthetic diffi-
culties. Although strategies to introduce ROS-labile phenyl-
boronate (BO) and visible light-labile aminocoumarin (CM)
have been demonstrated for DNA oligonucleotides,17,50–52 they
are unsuccessful in functionalizing RNA. BO is incompatible
with the uoride treatment used in RNA solid-phase synthesis
for deprotecting the silyl ether at the ribose 20-OH because of
forming strong B–F bonds.53,54 Enzymatic incorporation of
visible light-labile groups was demonstrated using tRNA
guanine transglycosylases through a 17-nt RNA oligonucleotide
tag.55,56 However, the activity of tRNA guanine transglycosylases
is context-dependent and the method cannot be generalized to
modify arbitrary RNA sequences.

Chemical properties of RNA ribose 20-OH18,24–26,31,34–37 and
nucleobases17,21,27–29 have been extensively studied for
© 2021 The Author(s). Published by the Royal Society of Chemistry
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functional group incorporation. In contrast, RNA derivatization
through the phosphodiester backbone is much less explored
owing to the weak reactivity of native RNA phosphodiesters.
Diazo-based reagents were initially reported to randomly
modify RNA phosphodiesters without site specicity,57 but were
later identied to primarily react with nucleobases.58 Phos-
phorothioate (PS) is a commercially available and low-cost
modication that can be site-specically installed in oligonu-
cleotides through solid-phase synthesis.59 Post-synthetic deriv-
atization of PS can, therefore, enable incorporation of
functional groups that are difficult for solid-phase synthesis of
oligonucleotides, in a site-specic manner.51,60–69 Previously, we
demonstrated efficient PS derivatization for DNA modica-
tions.51,68,69 However, we found that directly reacting RNA
phosphorothioate (PS-20-OH)70,71 with 4-bromomethylphe-
nylboronic acid pinacol ester (BO–Br) did not afford any BO-
modied RNA. Instead, a cyclic phosphotriester was formed
likely via attacking the intermediate phosphorothiotriester by
the proximate ribose 20-OH, and it could be further hydrolyzed
in buffers to yield RNA with a mixture of 30–50 and 20–50 phos-
phodiester linkages (Fig. S1 and S2, ESI†). We speculate that
this side reaction caused by 20-OH is the reason why the efficient
PS derivatization has been widely applied to modify DNA,51,60–69

but never used for RNA.
In this work, we developed a general method for synthesizing

stimuli-responsive gRNA through site-specic derivatization of
20-O-methylribonucleotide phosphorothioate (PS-20-OMe) in the
RNA (Scheme 1A). PS-20-OMe modications are already used in
Scheme 1 General strategies for synthesis and conditional control of g
derivatization of PS-20-OMe. The reaction occurs at PS-20-OMewithout a
N,N-dimethylformamide; r.t. ¼ room temperature. (B) ROS-activated RN
the general method using pinacol phenylboronate (BO) and N,N-diethy
interrupted by BO or CM, and can be restored by applying H2O2 as RO
CRISPR-Cas9-mediated gene editing using stimuli-responsive gRNA pr
validated with BO-modified and CM-modified crRNA, respectively.

© 2021 The Author(s). Published by the Royal Society of Chemistry
FDA-approved oligonucleotide drugs, and usually do not
disturb RNA functions such as small interfering RNA (siRNA)
and gRNA.11,12,14,72 Our method takes advantage of the clean
reaction between PS-20-OMe and arylmethylbromides (Aryl-Br)
to attach labile groups to the RNA phosphodiester backbone
(Scheme 1A), enabling caged RNA functions to be released when
encountering stimuli of interest (Scheme 1B). To show the
generality of aryl groups, we applied the strategy to incorporate
BO and CM into the gRNA of the CRISPR-Cas9 system and
demonstrated ROS- and visible light-triggered gene editing in
human cells mediated by CRISPR-Cas9 (Scheme 1B and C).
Bypassing direct modication through solid-phase synthesis,
our strategy can be generally applied for site-specic function-
alization of gRNA with various chemical groups.
2. Results and discussion
2.1. Chemistry for synthesizing stimuli-responsive RNA
through PS-20-OMe

To validate the phosphorothioate chemistry for RNA modica-
tion, we rst took 20-nucleotide (20-nt) RNA oligonucleotides
containing one or three adjacent PS-20-OMe sites (1PS-20-OMe-
RNA or 3PS-20-OMe-RNA) to react with BO-Br, and obtained
the desired 1BO-RNA or 3BO-RNA almost quantitatively
according to the polyacrylamide gel electrophoresis (PAGE)
analyses (Fig. 1A). The identities of the BO-modied RNA were
further conrmed by electrospray ionization-mass spectrometry
(ESI-MS) characterizations (Fig. 1B, see Fig. S3a and b† for full
RNA. (A) General method for RNA modification through site-specific
ffecting any canonical RNA nucleotide. Aryl¼ aromatic groups; DMF¼
A (rosa-RNA) and visible light-activated RNA (vila-RNA) synthesized by
laminocoumarin (CM) as the aryl groups, respectively. RNA function is
S or visible light irradiation (hv) at 470 nm. (C) Conditional control of
epared through the general method. ROS and visible light control is

Chem. Sci., 2021, 12, 9934–9945 | 9935



Fig. 1 Characterizations of stimuli-responsive RNA oligonucleotides. (A) Sequences of 1BO-RNA and 3BO-RNA containing the structure of BO-
modified nucleotide (NBO), and PAGE analyses of 1PS-20-OMe-RNA and 3PS-20-OMe-RNA reacted with or without BO-Br. (B) ESI-MS analyses of
1BO-RNA (left) and 3BO-RNA (right) before (black) and after (red) treatment of H2O2. (C) Dose- and time-dependent removal of BO from 3BO-
RNA by H2O2. (D) Sequences of 1CM-RNA and 3CM-RNA containing the structure of CM-modified nucleotide (NCM), and PAGE analyses of 1PS-
20-OMe-RNA and 3PS-20-OMe-RNA reacted with or without CM-Br. (E) ESI-MS analyses of 1CM-RNA (left) and 3CM-RNA (right) before (black)
and after (red) visible light irradiation. (F) Time-dependent removal of CM from 3CM-RNA by visible light irradiation at 470 nm (top) and 405 nm
(bottom).
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spectra). Hydrolysis of phenylboronic acid pinacol esters
occurred during ionization in ESI-MS, so that peaks corre-
sponding to molecules lacking the pinacol moieties were
observed when analyzing BO-modied RNAs using ESI-MS.

We then set out to test whether BO modication in the RNAs
can be removed by ROS (Scheme 1B). We treated 1BO-RNA and
3BO-RNA with hydrogen peroxide (H2O2), the most stable and
major form of ROS and the indicator of cellular oxidative stress.
ESI-MS analyses conrmed successful removal of BO and
formation of 1PS-20-OMe-RNA and 3PS-20-OMe-RNA aer H2O2

treatment (Fig. 1B), most likely through the mechanism shown
in Scheme 1B. The BO removal reactions happened in a dose-
and time-dependent manner (Fig. 1C). Full restoration of 3PS-
20-OMe-RNA was achieved by 25 mM H2O2 within 1 h. The H2O2

level in human cells under oxidative stress caused by amyloid
b protein aggregation or hepatitis C infection was reported to
reach 10–50 mM,73–75 indicating that BO-modied RNA is
promising for responding to intracellular H2O2 levels under the
physiologically relevant conditions. We further conrmed that
PS-20-OMe was essential for BO derivatization, because replac-
ing PS-20-OMe by PS-20-OH or native RNA backbone failed in the
BO modication (Fig. S1 and S2†).

To obtain visible light-responsive RNA (Scheme 1B), we
reacted 1PS-20-OMe-RNA and 3PS-20-OMe-RNA with 4-
bromomethyl-7-diethylaminocoumarin (CM-Br). Quantitative
9936 | Chem. Sci., 2021, 12, 9934–9945
formation of 1CM-RNA and 3CM-RNA was conrmed by PAGE
(Fig. 1D) and ESI-MS (Fig. 1E, see Fig. S3c and d† for full
spectra). Removal of CM promoted by light irradiation was also
supported by ESI-MS (Fig. 1E). The reaction went to completion
within 10 min when irradiated by visible light at a wavelength of
470 nm and an intensity of 13 mW cm�2 (Fig. 1F). When irra-
diation was carried out with the same intensity at 405 nm, the
maximum absorption wavelength of CM, full removal of three
CM modications from 3CM-RNA nished in 1 min (Fig. 1F),
indicating the light-induced reaction is robust and offers fast
temporal control. Irradiation at 470 nm, although conferring
slower CM removal than that at 405 nm, is less cytotoxic and can
achieve wavelength-selective removal of CM over widely used
UV-labile groups such as o-nitrobenzyl derivatives.52

2.2. Stimuli-responsive gRNA for ROS- and visible light-
controlled CRISPR-Cas9 function in vitro

With the site-specic BO and CM derivatizations of PS-20-OMe
and their subsequent stimuli-responsive removal in RNA both
validated, we sought to apply the ROS-activated RNA (rosa-RNA)
and the visible light-activated RNA (vila-RNA) for conditionally
controlled gene editing mediated by CRISPR-Cas9. According to
the reported single-molecule studies, the 10-nt seed region in
gRNA is critical for double-stranded DNA recognition by the
Cas9/gRNA complex (Scheme 1C and Fig. 2A).76 Therefore,
© 2021 The Author(s). Published by the Royal Society of Chemistry
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perturbation of this 10-nt seed region in crRNA by bulky
modications such as BO and CM is likely to abolish the gene-
editing activities, for example, on the human EMX1 locus
(Fig. 2A). Additionally, since crRNA nucleotides that can
hybridize with tracrRNA remain unchanged, RNP complex
should still form with crRNA, tracrRNA and Cas9 to ensure
sufficient stability intracellularly.2–4 We chose to introduce BO
and CM into this 10-nt seed region of the 42-nt crRNAEMX1 to
block the gene-editing activities, as well as for their ROS- and
visible light-controlled activations subsequently (Fig. 2A). Here
we used crRNA (�40 nt) instead of sgRNA (�100 nt) for post-
synthetic chemical modication, to avoid the difficulty in
solid-phase synthesis of long RNA oligonucleotides containing
PS-20-OMe modications.

We rst screened a panel of different incorporation sites for
PS-20-OMe within the 10-nt seed region (AGAAGAAGAA), as
shown in Fig. S4.† PS-20-OMe was previously reported compat-
ible with gRNA activities.11,12,14 As a result, we expected PS-20-
OMe-modied crRNAs to have comparable activity with the
unmodied crRNA. To our surprise, the gene-editing activity
was found signicantly dampened when PS-20-OMe sites in
crRNAEMX1 were installed too close to the protospacer adjacent
Fig. 2 Stimuli-responsive gRNA for conditional control of CRISPR-Cas9
20-OMe-modified crRNAEMX1 (blue) targeting the human EMX1 DNA, trac
arrows and red nucleotides indicate PS-20-OMe sites in crRNAEMX1 used
targeted by the PS-20-OMe-crRNAEMX1 containing 3 PS-20-OMe sites. Th
modified nucleotides. (B) Removal of BO from 3BO-141718-crRNAEMX1 b
for 1 h at 37 �C. (C) Cleavage of double-stranded EMX1 DNA substrate by u
left to right: lane 1–3, DNA only, DNA + crRNAEMX1, DNA + 3PS-20-OMe-
with H2O2 at indicated concentrations. “M” is the ladder lane containing
tracrRNA were supplied in all the reactions. (D) Time-dependent remova
470 nm (top) or 405 nm (bottom). (E) Cleavage of double-stranded EMX1 D
141718-crRNAEMX1 with different duration of light irradiation. Cas9 and t

© 2021 The Author(s). Published by the Royal Society of Chemistry
motif (PAM) in the CRISPR-Cas9 complex (Fig. 2A). The PS-20-
OMe modication at site 19 for 3PS-20-OMe-171819-crRNAEMX1

(containing AGAAGAAm*Gm*Am*A, the seed region underlined,
the PS-20-OMe nucleotides indicated with superscripted m*, see
Experimental section for full sequences) sharply reduced the
activity, and PS-20-OMe modication within site 21–25 for 3PS-20-
OMe-212223-crRNAEMX1 (containing AGAAGAAGAA
Gm*Um*Um*, additional nucleotides at 30 seed region shown in
Italics) and 3PS-20-OMe-232425-crRNAEMX1 containing
AGAAGAAGAAGUUm*Um*Um*) almost abolished the gene editing
activity. The modied crRNA designs carrying other combinations
of multiple PS-20-OMe sites, including 3PS-20-OMe-141718-
crRNAEMX1 (containing AGAAm*GAAm*Gm*AA), 3PS-20-
OMe-161820-crRNAEMX1 (containing AGAAGAm*AGm*AAm*), 3PS-20-
OMe-161718-crRNAEMX1 (containing AGAAGAm*Am*Gm*AA), and
4PS-20-OMe-14161820-crRNAEMX1 (containing
AGAAm*GAm*AGm*AAm*), preserved the gene-editing activity
(Fig. S4†). Collectively, we chose to move forward with 3PS-20-OMe-
141718-crRNAEMX1, which is the most active design.

We reacted 3PS-20-OMe-141718-crRNAEMX1 with BO-Br and
CM-Br to obtain 3BO-141718-crRNAEMX1 and 3CM-141718-
crRNAEMX1. The BO- and CM-containing crRNAs were converted
function in vitro. (A) CRISPR-Cas9 complex containing Cas9 (gray), PS-
rRNA (purple), and substrate DNA (green) with a PAM (black). The red
for BO and CM modifications. Inset is the unwound human EMX1 locus
e 10-nt seed region is underlined. Am* and Gm* in red are PS-20-OMe-
y H2O2 at different concentrations. Reactions were allowed to proceed
nmodified andmodified crRNAs with or without H2O2 treatment. From
141718-crRNAEMX1; lane 4–11, DNA + 3BO-141718-crRNAEMX1 treated
DNA standards of 100, 250, 500, 750, 1000, and 2000 bp. Cas9 and

l of CM from 3CM-141718-crRNAEMX1 when irradiated by visible light at
NA substrate promoted by 3PS-20-OMe-141718-crRNAEMX1 and 3CM-

racrRNA were supplied in all the reactions.

Chem. Sci., 2021, 12, 9934–9945 | 9937
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back to 3PS-20-OMe-141718-crRNAEMX1 in vitro by H2O2 treat-
ment and visible light irradiation, respectively, as characterized
by ESI-MS (Fig. S5†). Removal of BO by H2O2 and CM by visible
light were again dose- and time-dependent (Fig. 2B and D), with
similar kinetics shown previously with the 3BO- and 3CM-
modied 20-nt model RNA (Fig. 1C and F). We found 3BO-
141718-crRNAEMX1 and 3CM-141718-crRNAEMX1 were stable in
the presence of biological nucleophiles such as lysine and
glutathione at a concentration of 5 mM at 37 �C, indicating the
modied crRNA strands are stable against them under physio-
logical conditions (Fig. S6†). As illustrated in Fig. 2C, in the
presence of tracrRNA and Cas9, 3PS-20-OMe-141718-crRNAEMX1

facilitated full cleavage of the substrate DNA in vitro at 37 �C in
1 h. The comparable activity of 3PS-20-OMe-141718-crRNAEMX1

with the native crRNAEMX1 suggests that the three PS-20-OMe
modications in crRNAEMX1 did not interfere with the DNA-
cleaving activity. In contrast, as a result of the perturbing
effects of the BO and CMmodications, 3BO-141718-crRNAEMX1

and 3CM-141718-crRNAEMX1 were inactive and no DNA cleavage
Fig. 3 Stimuli-responsive gRNA for conditional control of CRISPR-Cas9-
Schematic of using BO- and CM-modified crRNA along with tracrRNA a
human cells, respectively. (B) Oxidative stress-controlled gene editing ena
at the EMX1 loci of HEK293T-Cas9 cells promoted by 3PS-20-OMe-14171
2) or with (lane 3) oxidative stress, where “NC” indicates the negative co
separated wells. Sanger chromatograms: exemplary Sanger sequencing
indicate the level of disturbance as a visualization of indel formation. The c
blue. TracrRNA was cotransfected with the crRNA strands for all the sam
crRNAEMX1. T7E1 and TIDE assays: indel formation at the EMX1 loci of HEK
and 3CM-141718-crRNAEMX1 in dark (lane 2) or irradiated by visible light
crRNA. Error bars are from cell samples in three separated wells. Sa
cotransfected with the crRNA strands for all the samples.

9938 | Chem. Sci., 2021, 12, 9934–9945
was observed under the same condition (Fig. 2C and E), indi-
cating BO- and CM-modied crRNAs had little basal activities in
the absence of stimuli. Partial activation of 3BO-141718-
crRNAEMX1 was observed when supplying H2O2 at a concentra-
tion of 10 mM. The corresponding cleavage reaction showed
a decreased efficiency compared to 3PS-20-OMe-141718-
crRNAEMX1 due to incomplete removal of BO. Full activity
restoration of 3BO-141718-crRNAEMX1 was achieved when the
concentration of H2O2 was increased to 25 mM and above
(Fig. 2C). Activation of 3CM-141718-crRNAEMX1 in vitro by visible
light was also achieved when irradiated for 10 min at 470 nm
and 1 min at 405 nm (Fig. 2D and E).

2.3. Stimuli-responsive gRNA for conditional control of
CRISPR-Cas9-mediated EMX1 gene editing in human cells

Encouraged by the above results, we applied these rosa-crRNA
and vila-crRNA for controllable gene editing in Cas9-
expressing human embryonic kidney 293T (HEK293T-Cas9)
cells (Fig. 3). The modied crRNAs were introduced along
mediated EMX1 gene editing in human embryonic kidney 293T cells. (A)
nd Cas9 for ROS- and visible light-controlled editing of EMX1 gene in
bled by 3BO-141718-crRNAEMX1. T7E1 and TIDE assays: indel formation
8-crRNAEMX1 (lane 1) and 3BO-141718-crRNAEMX1 treated without (lane
ntrol sample with no crRNA. Error bars are from cell samples in three
results used for the TIDE calculation, where the dash lines and arrows
rRNA-targeting sequence region in sequencing results is highlighted in
ples. (C) Visible light-sensitive gene editing facilitated by 3CM-141718-
293T-Cas9 cells promoted by 3PS-20-OMe-141718-crRNAEMX1 (lane 1)
at 470 nm (lane 3). “NC” indicates the negative control sample with no
nger chromatograms are labeled similarly as in (B). TracrRNA was

© 2021 The Author(s). Published by the Royal Society of Chemistry
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with the tracrRNA into the cells through lipid-mediated trans-
fection. If the crRNA is active, double-stranded breaks will be
generated in the genome at the EMX1 loci, which can be
repaired through the non-homologous end-joining pathway to
result in random insertions and deletions (indels). We
measured the frequencies of indel formation using two assays:
T7 endonuclease I (T7E1) assay77 based on PAGE, and tracking
of indels by decomposition (TIDE) assay78 based on Sanger
sequencing.

To test ROS-responsive gene editing (Fig. 3A), oxidative stress
was induced in cells by supplying 100 mM H2O2 to the culture
media for 10 min before transfection.79,80 We used 3PS-20-OMe-
141718-crRNAEMX1 as a positive control and detected strong
editing by both T7E1 and TIDE assays, with an indel frequency
of 30.3% reported by TIDE (Fig. 3B). The oxidative stress itself
was found to induce neither background indels in the absence
of crRNA nor any additional editing in the presence of crRNA
(Fig. S7†). We found that in our hands, T7E1 and TIDE assays
were generally in good agreement and all the quantitative indel
frequencies reported in the following are therefore based on
TIDE. In cells transfected with 3BO-141718-crRNAEMX1 (con-
taining AGAABOGAABOGBOAA , BO-modied phosphorothioate
as superscripted BO), a very low editing rate of 4.4% was
detected in the absence of oxidative stress due to the blocking
effect of BO modications. An indel frequency of 2.4% was
detected in cells that were not transfected with any crRNA as the
negative control (Fig. 3B). We suspect that this 2.4% indel rate
was a result of the intrinsic noise associated with the TIDE
calculation by comparing Sanger sequencing data from cells in
different wells,81 because the sequencing chromatogram of the
negative control is clean and with almost no disturbance caused
by indels (Fig. 3B). We attributed the low-level editing promoted
by 3BO-141718-crRNAEMX1, as 2.0% aer subtracting 2.4% from
4.4%, to its weak background activity under intracellular envi-
ronment that was different from in vitro, though almost no
background activity was observed in the in vitro assay shown
previously in Fig. 2C. In contrast to this low rate, the gene-
editing activity of 3BO-141718-crRNAEMX1 was successfully
triggered by oxidative stress to reach an indel frequency of
26.2% (Fig. 3B), corresponding to a 6.0-fold activation (12-fold
net activation when subtracting noise reported by the negative
control). The exemplary Sanger sequencing chromatograms,
which were among those used for the TIDE calculation, are
shown for a better visualization of the degree of indel formation
(Fig. 3B).

Three BO modications were found essential for the high
level of activity enhancement by minimizing background
activities. Using 1BO-18-crRNAEMX1 (containing AGAA-
GAAGBOAA) and 2BO-1718-crRNAEMX1 (containing AGAAGAA-
BOGBOAA) we could only achieve 1.6-fold and 2.4-fold activation
under the same stimulation condition, respectively, owing to
elevated basal level activities because of less effective blocking
(Fig. S8a†). Activation of gene editing by oxidative stress was
also successfully achieved using 3BO-161820-crRNAEMX1 (con-
taining AGAAGABOAGBOAABO 4.0-fold), 3BO-161718-crRNAEMX1

(containing AGAAGABOABOGBOAA 5.4-fold) and 4BO-14161820-
crRNAEMX1 (containing AGAABOGABOAGBOAABO 5.9-fold),
© 2021 The Author(s). Published by the Royal Society of Chemistry
suggesting the strategy of BO modications at different PS-20-OMe
sites is generally applicable for constructing rosa-crRNA (Fig. S9†),
as long as the PS-20-OMe sites are innocent for the gene-editing
activity. We expect that background activity could be further
reduced if more BOmodications are introduced at proper sites in
the crRNA as well as the tracrRNA.

To enable visible light-activated gene editing, cells transfected
with 3CM-141718-crRNAEMX1 (containing AGAACMGAACMGCMAA,
CM-modied phosphorothioate as superscripted CM) and
tracrRNA were irradiated with or without 470 nm light and
assayed for indel formation (Fig. 3C). The HEK293T-Cas9 cells
carrying 3CM-141718-crRNAEMX1 and tracrRNA that were grown
in dark conferred an indel rate of 5.8% (Fig. 3C), whereas cells
that were not transfected with any crRNA reported 5.1% editing
as a negative control under the same assay condition. Again, as
indel formation should not be initiated in cells carrying no
crRNA, we suspect the observed 5.1% editing was a result of the
intrinsic noise of TIDE calculation from cells in different wells,81

because the Sanger sequencing chromatogram of the negative
control is clean with almost no disturbance (Fig. 3C). In cells
carrying 3CM-141718-crRNAEMX1 and tracrRNA that were treated
with visible light for 10 min, a much higher indel rate of 23.8%
was detected (Fig. 3C), corresponding to a 4.1-fold activation (27-
fold net activation when subtracting noise reported by the
negative control). The positive control 3PS-20-OMe-crRNAEMX1

introduced an indel frequency of 40.3% under the same assay
condition (Fig. 3C). Similar to BO-modied crRNA, three CM
modications were required to achieve efficient light activation,
with 1CM-18-crRNAEMX1 (containing AGAAGAAG

CMAA) and 2CM-
1718-crRNAEMX1 (containing AGAAGAA

CMGCMAA) conferring only
1.4-fold and 1.6-fold activation, respectively (Fig. S8b†).
2.4. Stimuli-responsive gRNA for ROS-controlled editing of
HBB gene with Cas9 mRNA delivery

We next switched to another genomic locus, HBB, to test if our
rosa-crRNA strategy could also be applied to crRNA containing
a different spacer sequence. We simultaneously assayed for
compatibility of chemically modied crRNAs with mRNA
delivery of Cas9 using HEK293T cells.7,8 Learning directly from
the success of 3BO-141718-crRNAEMX1, we chose to introduce
BO modications at G14G17U18 in the seed region of the 42-nt
crRNAHBB (Fig. 4A) to obtain 3BO-141718-crRNAHBB (containing
the seed region of AGGGBOCAGBOUBOAA). Indeed, 3PS-20-OMe-
141718-crRNAHBB, among several variants with different modi-
cation sites, showed comparable activity with the native
crRNAHBB (Fig. S10†). Successful BO incorporation to afford
3BO-141718-crRNAHBB was conrmed by PAGE (Fig. 4B) and
ESI-MS (Fig. S11†) analyses. H2O2 promoted conversion of 3BO-
141718-crRNAHBB back to 3PS-20-OMe-141718-crRNAHBB

(Fig. 4B) with very similar kinetics as 3BO-141718-crRNAEMX1

(Fig. 2B). H2O2-activated DNA targeting by 3BO-141718-
crRNAHBB was also observed in vitro (Fig. 4C). In HEK293T cells
pre-transfected with the tracrRNA and the mRNA encoding
Cas9,82,83 efficient editing was introduced by 3PS-20-OMe-
141718-crRNAHBB at the HBB loci with an indel frequency of
36.2%, conrming that chemically modied crRNA is
Chem. Sci., 2021, 12, 9934–9945 | 9939



Fig. 4 Conditional control of CRISPR-Cas9-mediated HBB gene editing in human embryonic kidney 293T cells using stimuli-responsive gRNA
and Cas9 mRNA delivery. (A) Unwound HBB locus targeted by 3PS-20-OMe-141718-crRNAHBB generated through decaging 3BO-141718-
crRNAHBB by H2O2. The seed region is underlined. Gm* and Um* in red are PS-20-OMe-modified nucleotides. (B) Removal of BO from 3BO-
141718-crRNAHBB in the presence of H2O2 at different concentrations. Reactions were allowed to proceed for 1 h at 37 �C. (C) Cleavage of
double-stranded HBB DNA substrate by crRNAHBB variants in the presence of tracrRNA and Cas9 in vitro. From left to right: lane 1–2, DNA only,
DNA + 3PS-20-OMe-141718-crRNAHBB; lane 3–7, DNA + 3BO-141718-crRNAHBB treated with H2O2 at indicated concentrations. “M” is the ladder
lane containing DNA standards of 100, 250, 500, 750, 1000, and 2000 bp. (D) T7E1 and TIDE assays: indel formation at the HBB loci of HEK293T
cells promoted by 3PS-20-OMe-141718-crRNAHBB (lane 1) and 3BO-141718-crRNAHBB treated without (lane 2) or with (lane3) H2O2. “NC” is the
control sample with no crRNA. Error bars are from cell samples in three separated wells. Sanger chromatograms are labeled similarly as in Fig. 3B.
Cas9 mRNA and tracrRNA were cotransfected with the crRNA strands.
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compatible with Cas9 mRNA delivery (Fig. 4D). Strong activity
inhibition by BO was observed for 3BO-141718-crRNAHBB,
which conferred an indel rate of 3.1% in cells without oxidative
stress (Fig. 4D). An indel frequency of 1.6% was detected in cells
that did not contain any crRNA as a negative control. A 3.6-fold
activation was achieved by 3BO-141718-crRNAHBB stimulated by
oxidative stress, reaching an indel rate of 11.2% (Fig. 4D). This
indel rate corresponds to an activation ratio of 6.4 aer back-
ground subtraction. The lower activity of decaged 3BO-141718-
crRNAHBB compared to 3PS-20-OMe-141718-crRNAHBB was
observed likely due to staggered peak activities of the decaged
crRNA and the transiently expressed Cas9 mRNA. Nevertheless,
a 3.6-fold activation was readily distinguishable when cells
experienced oxidative stress, and the efficiency could be further
improved using other delivery strategies to ensure a more
persistently active window for both Cas9 and tracrRNA inside
cells.5,7

PS-20-OMemodications on gRNA were reported to maintain
or reduce off-target effects of the Cas9/gRNA complex.11,12 We
analyzed two major off-target sites of EMX1 in the human
genome and found the native crRNAEMX1 showed signicant
indel formation at off-target site 1 because of the strong
sequence similarity (Table S1 and Fig. S12†). In contrast, indel
formation at two off-target sites was below our detection limit
for 3PS-20-OMe-141718-crRNAEMX1, which is the fully activated
form of the BO- and CM-modied crRNAEMX1. As BO and CM
modications offer an additional layer of activity control to
limit the exposure of cells to gene-editing agents, we conclude
that the specicity of rosa-crRNA and vila-crRNA should be at
9940 | Chem. Sci., 2021, 12, 9934–9945
least as good as that of PS-20-OMe-modied crRNA and could be
better than that of unmodied crRNA.

CRISPR tools utilize very similar principles of nucleic acid
substrate recognition by base-paring with gRNA, so that the
strategy reported in this work for gRNA modication based on
phosphorothioate chemistry should be also applicable in cases
beyond traditional Cas9-mediated gene editing, such as those
for stimuli-responsive CRISPR interference/activation,84,85 DNA
base editing86 and RNA editing.87 In addition, antisense oligo-
nucleotides containing DNA phosphorothioates with controlled
stereochemistry were obtained by solid-phase synthesis88,89 and
showedmuch higher efficacy in silencing gene expressions than
the racemic mixtures.90 Although there is currently no method
reported for solid-phase synthesis of RNA oligonucleotides
containing multiple phosphorothioates with dened stereo-
chemistry, we expect that using gRNA with chirally controlled
PS-20-OMe modications to construct stimuli-responsive
CRISPR tools would result in signicantly improved
performance.
3. Conclusions

In summary, we developed a general method for preparing
stimuli-responsive RNA through site-specic derivatization of
PS-20-OMe. We successfully modied RNA oligonucleotides with
ROS- and visible light-labile groups that were challenging to
incorporate by other methods. The rosa-RNA and vila-RNA
prepared by this strategy showed robust activation in the pres-
ence of ROS and visible light, respectively. We further tested the
rosa-RNA and vila-RNA architecture in crRNA and successfully
© 2021 The Author(s). Published by the Royal Society of Chemistry
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demonstrated ROS- and visible light-controlled gene editing in
human HEK293T cells mediated by CRISPR-Cas9. Because PS-
20-OMe-modied RNAs are commercially available at low cost
and the reaction between PS-20-OMe and arylmethylbromides
can be readily expanded to a wide variety of aryl groups, our
method can be generalized to introduce many other functional
groups into gRNA site-specically. With a method for facile
preparation based on PS-20-OMe that is already used in many
FDA-approved oligonucleotide drugs such as antisense DNA
and siRNA, we expect chemically modied gRNA to be more
widely adapted by researchers to facilitate precise gene editing
and regulation in live cells, as well as actively studied as
candidates for gene therapies.
4. Experimental Section
4.1. Materials

Chemicals for buffer preparation and synthesis, including 4-
bromomethylphenylboronic acid pinacol ester and 4-
hydroxymethyl-7-diethylaminocoumarin were from either
Sigma Aldrich (Shanghai, China), Alfa Aesar (Tianjin, China) or
Tokyo Chemical Industry (TCI) Development (Shanghai, China).
Hydrogen peroxide solutions used in this study was diluted
from 30% w/w water stock solution from Sigma Aldrich.
Enzymes including Q5® high-delity DNA polymerase for PCR
amplication and T7 endonuclease I for indels assays were from
New England BioLabs (Beijing, China). TrueGuide™ tracrRNA,
Cas9 mRNA, and Lipofectamine® RNAiMAX were from Thermo
Fisher Scientic (Shanghai, China). Dulbecco's modied Eagle's
medium (DMEM), Dulbecco's phosphate buffered saline
(DPBS), Opti-MEM medium, fetal bovine serum (FBS), 100 IU
per mL penicillin-streptomycin and 0.25% trypsin were
purchased from Corning Cellgro (NY, USA). HEK293T-Cas9 cells
were purchased from GeneCopoeia (MD, USA). HEK293T cells
were from were from National Platform of Experimental Cell
Resources for Sci-Tech (Beijing, China). Oligonucleotides were
synthesized and puried by either Integrated DNA Technologies
(IA, USA), Genscript (Jiangsu, China) or Hippobio (Zhejiang,
China). Lucigen QuickExtract™ DNA extraction solution was
from Lucigen (WI, USA).

List of RNA oligonucleotides used in this work from 50 to 30:
(1) 20-nt RNA: GAGUCCGAGCAGAAGAAGAA.
(2) 20-nt 1PS-RNA: GAGUCCGAGC*AGAAGAAGAA.
(3) 20-nt 1PS-20-OMe-RNA: GAGUCCGAGCm*

AGAAGAAGAA.
(4) 20-nt 3PS-RNA: GAGUCCGAGC*A*G*AAGAAGAA.
(5) 20-nt 3PS-20-OMe-RNA: GAGUCCGAGCm*

Am*

Gm*

AAGAAGAA.
(6) crRNAEMX1:

GAGUCCGAGCAGAAGAAGAAGUUUUAGAGCUAUGCUGUUUUG.
(7) 1PS-20-OMe-18-crRNAEMX1:

GAGUCCGAGCAGAAGAAGm*AAGUUUUAGAGCUAUGCUGUUUUG.
(8) 2PS-20-OMe-1718-crRNAEMX1:

GAGUCCGAGCAGAAGAAm*Gm*AAGUUUUAGAGCUAUGCUGUUUUG.
(9) 3PS-20-OMe-141718-crRNAEMX1:
© 2021 The Author(s). Published by the Royal Society of Chemistry
GAGUCCGAGCAGAAm*GAAm*Gm*AAGUUUUAGAGCUA
UGCUGUUUUG.

(10) 3PS-20-OMe-161820-crRNAEMX1:
GAGUCCGAGCAGAAGAm*AGm*AAm*GUUUUAGAGCUAUGCU

GUUUUG
(11) 3PS-20-OMe-161718-crRNAEMX1:
GAGUCCGAGCAGAAGAm*Am*Gm*AAGUUUUAGAGCUAUGCU

GUUUUG.
(12) 3PS-20-OMe-171819-crRNAEMX1:
GAGUCCGAGCAGAAGAAm*Gm*Am*AGUUUUAGAGC

UAUGCUGUUUUG.
(13) 4PS-20-OMe-14161820-crRNAEMX1:
GAGUCCGAGCAGAAm*GAm*AGm*AAm*GUUUUAGAGCUAU

GCUGUUUUG.
(14) 3PS-20-OMe-212223-crRNAEMX1:
GAGUCCGAGCAGAAGAAGAAGm*Um*Um*UUAGAGCUAU

GCUGUUUUG.
(15) 3PS-20-OMe-232425-crRNAEMX1:
GAGUCCGAGCAGAAGAAGAAGUUm*Um*Um*AGAGCU

AUGCUGUUUUG.
(16) crRNAHBB:

CUUGCCCCACAGGGCAGUAAGUUUUAGAGCUAUGCUGUUUUG.
(17) 2PS-20-OMe-1718-crRNAHBB:
CUUGCCCCACAGGGCAGm*Um*AAGUUUUAGAGCUAU

GCUGUUUUG.
(18) 3PS-20-OMe-141718-crRNAHBB:
CUUGCCCCACAGGGm*CAGm*Um*AAGUUUUAGAGC

UAUGCUGUUUUG.
(19) 3PS-20-OMe-161820-crRNAHBB:
CUUGCCCCACAGGGCAm*GUm*AAm*GUUUUAGAGCU

AUGCUGUUUUG.
(20) 4PS-20-OMe-14161820-crRNAHBB:
CUUGCCCCACAGGGm*CAm*GUm*AAm*GUUUUAGAGCUA

UGCUGUUUUG.
(21) 4PS-20-OMe-14171820-crRNAHBB:
CUUGCCCCACAGGGm*CAGm*Um*AAm*GUUUUAGAGCU

AUGCUGUUUUG.
(22) tracrRNA:
GGAACCAUUCAAAACAGCAUAGCAAGUUAAAAUAAGGCUAGU

CCGUUAUCAACUUGAAAAAGUGGCACCGAGUCGGUGCUUU.
In the above sequences, “N*” and “Nm*

” represent PS-20-OH
and PS-20-OMe modications, respectively. Underlined are the
seed regions of crRNAs. Italic are the hybridizing regions
between crRNAs and the tracrRNA. The tracrRNA used in this
study is a commercial product from Thermo Fisher Scientic
that may contain some undisclosed chemical modications for
performance improvement.
4.2. Synthesis of 4-bromomethyl-7-diethylaminocoumarin

A batch of 0.25 g 4-hydroxymethyl-7-diethylaminocoumarin was
dissolved in 25 mL dichloromethane, to which 0.5 mL phos-
phorus tribromide was dropwise added at room temperature.
Aer stirring for 0.5 h, water was added to the mixture above to
quench the reaction. The reaction mixture was extracted with
dichloromethane/water. The organic layer was dried with
Chem. Sci., 2021, 12, 9934–9945 | 9941
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Na2SO4, ltered and evaporated to obtain CM-Br at almost
quantitative yield. 1H-NMR (300 MHz, CDCl3), d (ppm): 7.50 (d,
1H), 6.64 (d, 1H), 6.51 (s, 1H), 4.4 (s, 2H), 3.4 (q, 4H), 1.2 (t, 6H).
13C-NMR (300 MHz, CDCl3), d (ppm): 161.79, 156.76, 150.91,
150.36, 125.42, 115.41, 109.30, 108.70, 106.20, 97.91, 44.84,
27.17, 12.49. LCMS-IT-TOF spectrometry: calc. for C14H16BrNO2,
[M + H]+ 310.0, found 310.0. See Fig. S12† for the NMR spectra.

4.3. Synthesis of BO-modied RNA and CM-modied RNA

BO-modied RNA and CM-modied RNA were prepared by
reacting BO-Br and CM-Br with RNA containing PS-20-OMe
modications, respectively. To a 20 mL solution of 50 mMRNA in
50 mM sodium phosphate buffer at pH 6.0 was added 20 mL
25 mM BO-Br or CM-Br in DMF. The solution was kept on
a roller at room temperature for 48 h. The resulting solution was
puried by Amicon-10K ultralters using water to remove excess
BO-Br or CM-Br and desalted for 8 times. The concentration of
the modied RNA solution was quantied by the standard
UV260 method, and the stock solution was diluted for desired
concentrations. Denatured PAGE and ESI-MS were used to
characterize the modied RNA products. ESI-MS measurement
was either provided by Hippobio (Zhejiang, China), Sango
Biotech (Shanghai, China) or performed on a Thermo Scientic
LTQ XL™ Linear Ion Trap MS at Tsinghua University. Upon
storage at �20 �C, BO-RNA and CM-RNA were found stable in
stock solution for at least 6 months.

4.4. PAGE analysis of RNAs

For H2O2-incuded removal of BO modications, to a solution of
1 mMBO-RNA in NEBuffer™ 3.1 buffer (20 mMHEPES, 100 mM
NaCl, 5 mMMgCl2, 0.1 mM EDTA, pH 6.5) was added H2O2 with
desired concentration (0–1 mM). The solution was incubated in
a PCRmachine (Thermo Fisher Scientic Proex PCR system) at
37 �C for a desired time (0–20 h). For visible light-induced
removal of CM modications, a solution of 1 mM CM-RNA in
NEBuffer™ 3.1 buffer was kept in a cell incubator installed with
3 W LED bulbs which can emit blue light (405 nm or 470 nm).
The LED bulb was powered by an adjustable DC regulated
power supply, reaching the CM-RNA solution or cells at 13 mW
cm�2 for 0–30 min. Powers of light irradiations at samples were
measured by a PM100D digital optical power and energy meter
purchased from Thorlabs GmbH.

For PAGE analysis, 5 pmol RNA samples were mixed with an
equivalent volume of a loading buffer containing 8 M urea, 0.03%
bromophenol blue and 0.03% xylene cyanol FF, and then electro-
phoresed at 200 V for about 1.5 h on 15% denatured poly-
acrylamide gels (29 : 1 monomer to bis ratio, 8 M urea) in 1�
MOPS running buffer (40 mM MOPS, pH 7.0, 10 mM sodium
acetate, 1 mM EDTA) using the vertical electrophoretic apparatus
(DYY-6C, Liuyi Instrument Factory, Beijing, China). Aer 1�
SYBR™ Gold (Thermo Fisher Scientic) staining, the gels were
visualized using a Biorad Gel Doc XR+ Gel Documentation System.
We found the commonly used tris-borate-EDTA (TBE) buffer for
PAGE analysis was not suitable for BO-modied RNA, possibly
because of the strong interaction between boronate and tris that
contains multiple proximate hydroxyl groups. For PAGE analysis of
9942 | Chem. Sci., 2021, 12, 9934–9945
RNAs other than BO-RNA, 1� TBE running buffer (90 mM Tris,
90 mM boric acid, 1 mM EDTA, pH 8.3) could be used.

4.5. ROS-activated and visible light-activated crRNAs for
CRISPR-Cas9 activity in vitro

In vitro DNA cutting assay was adapted from the protocol
provided by NEB (protocol M0386). EMX1 fw and EMX1 rv
(Table S1, ESI†) were used as the primers for EMX1 dsDNA
substrate preparation, with genomic DNA from 293T-Cas9 cells
(Lucigen QuickExtract™ for DNA extraction) as the template. To
a combined solution of 2.5 mL 10 mM EMX1 fw, 2.5 mL 10 mM
EMX1 rv, 19.5 mL H2O and 0.5 mL genomic DNA was added to 25
mL 2� Q5 Master Mix (NEB) and then the PCR protocol
following the Q5® high-delity DNA polymerase guideline was
applied. The PCR products were puried using a Gel Extraction
Kit (Omega) following the manufacturer's protocol. The puried
PCR products were used as the dsDNA substrates for in vitro
CRISPR-Cas9 cleavage assay.

For ROS activation, to a combined solution of 1 mL 1 mM
crRNA w/wo BOmodications, 1 mL 1 mM tracrRNA, 0.5 mL 1 mM
Cas9, 1 mL H2O2 stock solutions at desired concentrations, 1 mL
30 nM dsDNA substrate and 24.5 mL H2O was mixed with 1 mL
10� NEBuffer™ 3.1 buffer in a PCR tube and incubated at 37 �C
for 1 h in the PCR machine. The reaction product was then
mixed with 1/6 volume of 6� loading buffer and loaded on
a 1.5% agarose gel containing 1� GelRed (Sigma Aldrich) and
running at 160 V in 1� TBE buffer for around 30 min. The gels
were visualized using a Biorad Gel Doc XR+ Gel Documentation
System.

For visible light activation, the procedures were as above
except for the use of light irradiation (405 nm or 470 nm) at 13
mW cm�2 for 0–30 min and the lack of H2O2.

4.6. ROS-activated and visible light-activated crRNAs for
CRISPR-Cas9-mediated gene editing of EMX1 in HEK293T-
Cas9 cells

HEK293T-Cas9 cells (GeneCopoeia) stably expressing Cas9
protein were cultured in 48-well plates (�40 000 cells seeded per
well) in DMEM plus GlutaMAX (Life Technologies) with 10%
FBS. The cells were ready for transfection aer about 20 h when
reaching �70% conuence.

For ROS-activation, to induce oxidative stress of the cells,
H2O2 was added to the culture medium to a nal concentration
of 100 mM for 10 min before immediately changing to the
following transfection medium. Transfection was performed
using 20 pmol crRNAEMX1 (w/wo chemical modications), 20
pmol tracrRNA and 1 mL RNAiMAX reagent (Life Technologies)
according to the manufacturer's protocol to target the EMX1
locus of the 293T-Cas9 cells. Cells were harvested 2 days aer
transfection. The harvested cells were rinsed with DPBS (Life
Technologies) for 3 times and then suspended in 200 mL Luci-
gen QuickExtract™ DNA extraction solution for quick genome
DNA extraction as guided by the manufacturer's protocol. T7E1
and TIDE assays were used to evaluate indels as gene editing
efficiency in the cells. The Sanger (rst generation) sequencing
for TIDE assays was performed by TsingKe Biological
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Technology (Beijing, China). Off-target effects were evaluated
using the same protocol except for the use of corresponding
primers for PCR amplication to prepare the samples for T7E1
and TIDE assays.

For visible light activation, 20 pmol EMX1 crRNAEMX1 (w/wo
chemical modications) and 20 pmol tracrRNA were trans-
fected in each well using 1 ml RNAiMAX Reagent (Life Tech-
nologies) following the manufacturer's protocol to target the
EMX1 locus of the 293T-Cas9 cells. Aer the gRNAs (crRNA and
tracrRNA) were transfected, visible light irradiation (470 nm)
was applied to the cells at 13 mW cm�2 for 10 min. The cells
were harvested 2 days aer transfection. The DNA extraction
and T7E1 and TIDE assays were the same as above.
4.7. ROS-activated crRNAs for CRISPR-Cas9-mediated gene
editing of HBB in HEK293T cells with Cas9 mRNA

HEK293T cells were cultured in 48-well plates (�40 000 cells
seeded per well) in DMEM plus GlutaMAX (Life Technologies)
with 10% FBS. The cells were rst transfected with Cas9 mRNA
aer about 20 h when cells reached �70% conuence. The
mRNA transfection used 125 ng Cas9 mRNA (Thermo Fisher
Scientic) and 1 mL Lipofectamine™ MessengerMAX™ reagent
(Life Technologies) for each well as suggested by the manufac-
turer's protocol. The cells were then incubated for 4 h to allow
sufficient Cas9 protein translation. To induce oxidative stress of
cells, H2O2 was added to the culture medium to a nal
concentration of 100 mM for 10 min before immediately
changing to the gRNA transfection recopies. Transfection was
performed using 30 pmol crRNAHBB (w/wo chemical modica-
tions), 30 pmol tracrRNA and 1 mL RNAiMAX reagent (Life
Technologies) according to the manufacturer's protocol to
initiate editing in HBB locus of the HEK293T cells. Cells were
harvested 2 days aer transfection. The DNA extraction and
T7E1 and TIDE assays were the same as above.
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