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Chemical modifications of CRISPR-Cas nucleases help decrease off-target editing and expand the
biomedical applications of CRISPR-based gene manipulation tools. Here, we found that epigenetic
modifications of guide RNA, such as m6A and m1A methylation, can effectively inhibit both the cis- and
trans-DNA cleavage activities of CRISPR-Casl2a. The underlying mechanism is that methylations
destabilize the secondary and tertiary structure of gRNA which prevents the assembly of the Casl2a-
gRNA nuclease complex, leading to decreased DNA targeting ability. A minimum of three adenine
methylated nucleotides are required to completely inhibit the nuclease activity. We also demonstrate
that these effects are reversible through the demethylation of gRNA by demethylases. This strategy has
been used in the regulation of gene expression, demethylase imaging in living cells and controllable
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Introduction

Clustered regularly interspaced short palindromic repeats
(CRISPR) - Cas technologies have revolutionized fields ranging
from fundamental science to medical therapies."* However,
challenges of spatial and temporal control of CRISPR-Cas need
to be addressed, which reduces potential off-target editing and
broadens medical applications. Exogenously inducible CRISPR-
Cas tools have been first developed,*® such as employing blue
light** and small drug molecules®® to precisely activate the
CRISPR-Cas system to induce interest gene expression. To fully
exert the potential of CRISPR in living cells, CRISPR tools need
to be manipulated using crucial endogenous biomolecules for
studying intracellular biomarkers and controlling the genome
of specific cells such as cancer cells and stem cells.>'® For
example, a microRNA-inducible CRISPR platform has been
proposed for serving as a stem cell genome-regulation tool and
sensing the microRNA.’
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strategy is a promising tool for regulation of the CRISPR-Cas12a system.

Chemical modifications on gRNA can also efficiently
regulate the performance of CRISPR-Cas.®*"** Many chemical
modifications on ribose sugar and the backbone have been
investigated so far, including 2"-F,'*** universal bases
(inosine and 5’ nitroindole),*® locked nucleic acid (LNA),Y
phosphorothioates (PS),'® etc. These chemical modifications
could significantly reduce off-target editing and strengthen
CRISPR-Cas system bioavailability in vivo. Recently, conditional
control of chemical modifications on gRNA, such as light caged
modifications*' and small-ligand caged modifications,*** has
sprung up. For example, Deiters’ group has achieved light-
controllable gene editing in living cells and zebrafish through
6-NPOM-caged modifications on gRNA of Cas9.”® These
modifications can further spatiotemporally control CRSIPR in
vivo for precise gene-editing and regulation. Despite the
achievements, existing chemical modifications are commonly
artificial rather than natural intracellular RNA modifications,
which are scarcely related to cellular behaviours, such as
epigenetic regulation." In general, endogenous chemical
modifications, such as methylation, are often associated with
vital cellular processes.> By exploiting endogenous reversible
chemical modifications to regulate the activity of CRISPR
systems, we may be able to minimize their off-target effects
while conferring them with cell-type or cell-state specificity, and
even apply them for biosensing and therapeutic applications.
Therefore, it is promising to investigate endogenous chemical
modifications on gRNA to control CRISPR-Cas.*

The CRISPR-Cas effector is similar to the ribosome, working
as ribonucleoprotein particles (RNPs).>*** Emerging evidence
demonstrates that epigenetic modifications on the RNA
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component can precisely regulate the function and structure of
RNPs, playing an essential role in almost every aspect of cellular
regulation and growth.***®* Among these RNA epigenetic
markers, Ng-methyladenosine (m6A) and N;-methyladenosine
(m1A) are two of the few RNA modifications whose reversible
reaction pathway in cells has been fully elucidated.”* mé6A could
be erased from RNA by ALKBH5 and FTO demethylases while
m1A could be removed by ALKBH3 demethylase.**** These
demethylases maintain dynamic m6A and m1A expression in
living cells and play vital roles in promoting cell proliferation
and regulating RNA-protein interactions.*® Furthermore,
regulation of CRISPR activity by naturally occurring mRNA
modifications has scarcely been systematically studied before.
Therefore, we expect that methylation and demethylation of
CRISPR gRNA may be an effective way to control the activity of
the CRISPR system when combined with demethylases.

In this work, we found that the m6A or m1A modification in
the 5’ handle of gRNA could significantly inhibit the cis- and
trans-cleavage activity of CRISPR-Casl12a. Referring to the
structure of the Cas12a effector,* methylation may hinder or
disrupt the pseudoknot structure of gRNA, which prevents the
formation of a stable complex between the Cas12a protein and
gRNA, resulting in the loss of DNA cleavage capability. The
gRNA structure could be restored by demethylases through
erasing the methyl group. The m6A methylation-deactivated
CRISPR-Cas12a nuclease can be robustly reactivated by
ALKBH5 and FTO, while the m1A methylation-deactivated
CRISPR-Cas12a can be reactivated by ALKBH3 demethylases.
Using the trans-cleavage activity of Cas12a, we were able to
successfully develop a reliable and sensitive fluorescence read-
out strategy for monitoring the activity of demethylases.
Moreover, we successfully used the demethylase to control gene
editing. In addition, we constructed a specific dCas12a
transcriptional circuit that permits inducible protein
expression in living cells by demethylase-mediated gRNA
activation. Overall, we proposed a novel strategy for
manipulating CRISPR-Cas12a activity by controlling chemical
modifications of gRNA (Scheme 1).
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Scheme 1 Illustration of a methylation-deactivated and demethylase-
activated CRISPR-Cas12a system. m6A or m1A in the 5" handle of gRNA
disrupts the interaction between the Casl2a protein and gRNA. The
deactivated CRISPR-Casl2a could be reactivated by demethylases.
This strategy has enabled the in vitro and in vivo development of
biosensors for demethylases and the precise regulation of gene
expression.
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Results and discussion

The effects of m6A modifications on the cleavage activity of
CRISPR-Cas12a

As a proof of concept, the effect of m6A modification on
different regions of gRNA has been investigated in detail. As
shown in Fig. 1A, the 5" handle pseudoknot structure of gRNA
(red box) is tightly folded and particularly sensitive to
chemical modifications.” The remaining 20 nts of the gRNA
(blue box) serve as the spacer that recognizes and invades the
target dsDNA. Both regions of the gRNA are important for
efficient DNA cleavage. Generally, the methyl group in m6A
causes a steric clash in Watson-Crick pairing of RNA
(Fig. 1B).>** Therefore, we expect that this modification may
destabilize the pseudoknot structure or the pairing between
the spacer and target DNA. We constructed BC-gRNA (Fig. 1C)
containing me6A at sites A,, Ag, Ajs, and Aqg. As for the spacer,
BR-gRNA (Fig. 1C) with m6A at sites Ay, Ay, Azq, and Az was
designed. In addition, a gRNA with eight m6A methylations
(8(m6A)-gRNA) was designed to effectively switch-off CRISPR-
Cas12a (Fig. 1C).

(A)

UAAUUUCUACUCUUGUAGAUGCCAGGGACGAAGCGCAAG
gRNA U
UAAUUUCUACUCUUGUAGAUGCC(m6A)GGG(mBA)CGA(M6
BR-gRNA A) GCGCA(m6A)GU
UA(mBA)UUUCU(mBA)CUCUUGU(mBA)G(mBA)UGCCAGGGA
BC-gRNA CGAAGCGCAAGU
8(m6A)- | UA(m6A)UUUCU(mMBA)CUCUUGU(mBA)G(mBA)UGCC(mEA)G
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Fig. 1 The effects of m6A modifications in gRNA on DNA cleavage
activity of CRISPR-Casl2a. (A) The secondary structure of gRNA. The
red box represents the 5" handle of gRNA and the blue box denotes the
spacer sequence of gRNA. (B) The chemical structure of m6A modi-
fication. (C) Locations of m6A modifications in different gRNAs are
illustrated. (D) Agarose electrophoresis indicates the results of CRISPR-
Casl2a cis-cleavage. (Lane 1) Only the dsDNA target; (Lane 2) non-
modified gRNA + dsDNA + Casl2a; (Lane 3) BR-gRNA + dsDNA +
Casl2a; (Lane 4) BC-gRNA + dsDNA + Casl12a; (Lane 5) 8(m6A)-gRNA
+ dsDNA + Casl2a. (E) Time course of Casl2a with different gRNA
trans cleaving FQ probes.
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Generally, CRISPR-Cas12a holds two cleavage activities
including target specific cleavage (cis-cleavage) activity and non-
specific nucleic acid cleavage (trans-cleavage) activity. In this
work, we conducted separate tests to assess the impact of
methylated gRNAs on two discrete activities of CRISPR-Cas12a.
First, the cis-cleavage activity of Cas12a to the dsDNA substrate
was investigated. Gel electrophoresis revealed that dsDNA could
be effectively cleaved by Cas12a in the presence of normal gRNA
(Fig. 1D). BR-gRNA displayed a slight inhibitory effect on cis-
cleavage. However, cis-cleavage activity decreased significantly
when the gRNA was replaced by BC-gRNA, and few dsDNA
substrates were cleaved. Actually, BC-gRNA has an inhibitory
effect comparable to that of 8(m6A)-gRNA. These results
demonstrate that m6A modification in the 5" handle region of
gRNA inhibited cis-cleavage of CRISPR-Casl2a significantly
more than that in the 3" spacer region of gRNA. We further
investigated the inhibitory effect of m6A modification on the
trans-cleavage activity of CRISPR-Cas12a. To monitor the trans-
cleavage activity of Cas12a, a dually labelled substrate FQ-DNA
probe was often used (5° FAM and 3’ BHQ-1, Table S31). The
trans-cleavage would remove the quencher from the
fluorophore on the FQ probe, resulting in fluorescence recovery.
As shown in Fig. 1E, the m6A inhibition pattern during trans-
cleavage was comparable to that of cis-cleavage. In comparison
to natural gRNA, BR-gRNA could slightly suppress the trans-
activity of Casl2a, with an inhibition rate of about 40%.
Notably, BC-gRNA has a stronger inhibitory ability, with trans-
cleavage activity decreasing by more than 70%. In addition, the
trans-cleavage ability of Cas12a can be activated by a ssDNA
activator (Fig. S2AT). As shown in Fig. S2B and C, significant
inhibition of trans-cleavage was also achieved by m6A in the 5’
handle of the gRNA using ssDNA as the activator.

Since m6A modification brings a significant inhibition effect
to CRISPR-Casl2a activity, further systematically
investigated the m6A position in the 5 handle region for the
deactivation of Cas12a. As shown in Fig. 24, the methyl group
was modified at the second to fifth adenine N site in the 5’
handle of gRNA, respectively (m6A,, m6A;, m6A,, and m6As).
For cis-cleavage, there was no significant difference between
natural gRNA and single-m6A modified gRNAs (Fig. 2B, Lane 2-
6). Instead, m6A,;-gRNA showed minimal cleavage activity
(Fig. 2B, Lane 7). Additionally, the inhibitory effect on trans-
cleavage activity was investigated. The suppression patterns of
dsDNA and ssDNA activators were consistent as shown in
Fig. 2C and S3B.t It is difficult to deactivate CRISPR-Cas12a
trans-cleavage by modifying gRNA with a single m6A. These
findings show that the deactivation of CRISPR-Cas12a relies on
the synergetic effect of multiple m6A modifications on the
pseudoknot structure. Notably, m6A modifications at the sites
Az, A4, and A; have a stronger inhibitory effect than at the A,
site. The m6A modifications at the above three positions may
play a vital role in deactivating CRISPR-Cas12a.

CRISPR-Cas12a deactivation is dependent on the number of
m6A modifications on gRNA. Three gRNAs termed m6A;,-gRNA,
m6A;z45-gRNA and m6A,;-gRNA were designed as shown in
Fig. 2D. The inhibitory effects on cis-cleavage were positively
correlated with the number of m6A modifications (Fig. 2E).
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Fig.2 Systematic screening of the position and number of m6A in the 5’
handle of gRNA. (A) and (D) Locations of m6A modification in different
gRNAs. (B) and (C) Screening of the position of m6A in the 5" handle of
gRNA. (B) Agarose gel electrophoresis (2%) characterized cis-cleavage.
(Lane 1) Only the dsDNA target; (C) fluorescence results of trans cleaving
the FQ-probe. (E) and (F) Screening the number of m6A in the 5’ handle.
(E) Agarose gel electrophoresis (2%) characterized cis-cleavage. (Lane 1)
Only the dsDNA target; (Lane 2) natural gRNA; (F) fluorescence results of
trans cleaving the FQ-probe. The red column represents CRISPR-
Casl2a with normal gRNA. The blue column represents CRISPR-Cas12a
with m6A-modified gRNA. The error bar represents the standard
deviation of three measurements.

Among all designs, m6A;,;5-gRNA was the most effective at
inhibiting the cis-cleavage activity of CRISPR-Cas12a. Next, we
investigated whether m6A;,5-gRNA could efficiently repress the
trans-cleavage of Cas12a. The results of trans-cleavage are shown
in Fig. 2F, S3D and S18.1 The fluorescence results indicate that
the trans-cleavage activity decreased with increasing me6A
modifications on gRNA. Together, the m6A modification in the 5’
handle of gRNA has a similar inhibitory pattern on both the cis-
and trans-cleavages. The cleavage activity of CRISPR-Cas12a can
be efficiently deactivated by m6As at the three sites A;, A4, and A
of the gRNA pseudoknot structure.

The deactivation mechanism of m6A modified gRNA was
further tentatively studied using the previously reported atomic
models of Casl2a effectors.>® As shown in Fig. 3A, Casl2a
nuclease forms an open “thread cutter” architecture. The 5
handle of gRNA is located at the hub of the “thread cutter”. The
details of the 5" handle are shown in Fig. 3B and C, and this
pseudoknot structure is located in a pocketlike domain of
Cas12a nuclease. Through multi-specific interactions with the
Casl2a protein, the gRNA pseudoknot functions as a key
structural element to recruit Cas12a, promote conformational-
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Fig. 3 The analysis of the underlying inhibitory mechanism. (A) Crystal
structure of the Casl12a-gRNA-dsDNA complex (Casl2a is shown as
a grey surface model, and gRNA is marked in red). The 5" handle of
gRNA is denoted by a blue box. (PDB: 5XUZ) (B) The details of the 5’
handle in the Casl2a-gRNA-dsDNA complex. The Casl2a protein is
marked in cyan and gRNA is marked in red. (C) The tertiary structure of
the 5’ handle of gRNA. (D) The electrophoretic mobility shift assay
(EMSA) picture (native 4% PAGE). The varying concentrations of Casl12a
were incubated with 3’ labelled FAM gRNA (left graph, 20 nM) or 3’
labelled FAM m6Az45-gRNA (right graph, 20 nM) respectively. The
ratios listed represent the concentrations of Casl2a: the
concentrations of gRNA.

state transitions, and activate the nuclease activity of Cas12a.'®%
Previous research has indicated that the Ng-methyl group could
weaken the stability of the RNA secondary structure.’” We
hypothesize that the m6A modifications in the 5 handle may
disrupt the interaction between gRNA and the Cas12a protein,
thereby leaving Casl2a in a non-active state. To test this
hypothesis, an electrophoretic mobility shift assay (EMSA) was
used to determine the binding affinity between m6A modified
gRNA and Cas12a. In this assay, the comigration ability of 3’ FAM
labelled gRNA (Table S1t) at a 10 nM concentration was
compared to the Cas12a concentration ranging from 0 to 80 nM
(protein to RNA ratio from 0:1 to 8:1). We gradually increased
Casl12a nuclease concentrations while maintaining constant
2RNA levels. As shown in Fig. 3D, although normal gRNA began
to shift at a protein to RNA ratio of 1:1, modified gRNA hardly
shifted even at an 8: 1 protein to RNA ratio. M6A modified gRNA
requires more Cas12a protein for functional RNP assembly than
natural gRNA. Furthermore, we systematically investigated the
molecular interactions in the 5" handle of gRNA to comprehend
this inhibitory effect (Fig. S4 and S5f). Consistent with the
aforementioned hypothesis, m6A in the 5" handle suppressed
gRNA's capacity to bind the Cas12a protein.

The inhibitory effect of m1A modification on CRISPR-Cas12a

In addition to m6A methylation, m1A is a well-characterized RNA
modification containing a methyl group at the first nitrogen of
adenosine and could entirely disrupt the Watson-Crick pairing
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between A and U (Fig. 4A). This chemical modification should
therefore have a stronger inhibitory effect on CRISPR-Cas12a than
m6A. The m1A-modified gRNAs were also evaluated (Fig. 4B). For
cis-cleavage, m1A at the site A, shows minimal inhibition which is
consistent with m6A (Fig. 4C Lane 3). But the m1A at the site A,
A, or A; can significantly inhibit the activity of CRISPR-Cas12a
(Fig. 4C Lane 4-6). When the sites A;, A,, and A; were
simultaneously modified with m1A, no products were observed,
indicating that the cis-cleavage activity of CRISPR-Cas12a was
nearly entirely suppressed (Fig. 4C Lane 8). In addition, m1A has
a comparable inhibitory effect on trans-cleavage as it does on cis-
cleavage (Fig. 4D and S67). The most effective CRISPR-Cas12a
inhibition was achieved by simultaneously locating m1A on
sites Az, A4, and As. The inhibitory effect of m1A exceeds 90% for
both cis- and trans-cleavage, which is significantly higher than that
of m6A modification. The mechanism of the inhibitory effect of
m1A on CRISPR-Cas12a was subsequently investigated. We first
used EMSA to examine the interaction between Cas12a and m1A
modified gRNA. As shown in Fig. 4E, when the ratio of Cas12a to
¢RNA was 8:1, the normal gRNA was almost fully comigrated
with Cas12a. However, for m1A-modified gRNA, there were few
RNPs. The binding affinity of gRNA to Casl2a is significantly
decreased by the m1A modification. In addition, the 3D-structural
details were also evaluated. Fig. S7t demonstrates that the m1A
modification at the sites A, A, and As prevented adenines and
uracil from forming stable Watson-Crick base-pairing, hence
directly destroying the pseudoknot structure of gRNA.

The m1A modified adenine lost its ability to form hydrogen
bonds with nearby uracil, which is similar to a single-base
mismatch at adenosine.*® Generally, mismatches between
paired gRNA and the DNA target, particularly in the 5-bp PAM-
proximal “seed region”, can significantly inhibit the cis- and
trans-cleavage behavior of CRISPR-Cas12a.** Thus, we further
investigated the inhibitory effect of m1A on the spacer sequence
in detail. As shown in Fig. 5A, we designed three gRNAs with the
m1A modification evenly distributed across the spacer sequence
(m14; is in the “seed region”; m1A; is adjacent to the “seed
region”; m1A, is far away from the “seed region”). Surprisingly,
for the dsDNA activator, all three m1A modified gRNAs effectively
deactivated both cis- and trans-cleavage activity of CRISPR-Cas12a
with nearly comparable inhibitory efficiency (Fig. 5B and C). For
the ssDNA activator, m1As-gRNA inhibits t¢rans-cleavage
significantly less than m1A;-and m1A;-gRNA (Fig. 5D). In general,
the “seed region” is highly sensitive to mismatches, but the
sequence near the 3’ end of the gRNA tolerates single-based
mismatches.***' Consequently, m1A;- and m1A;-gRNA should
have exhibited more inhibitory efficiency than mi1Ag-gRNA;
rather, dsDNA activators behaved unusually. We hypothesized
that m1A on the spacer sequence may inhibit the dsDNA
unwinding and R-Loop conformational-state transitions'®* in
the cleavage process, except for preventing Watson-Crick pairing.

Re-activating methylation-deactivated CRISPR-Cas12a via
demethylases

Typically, the ALKBH5 demethylase can effectively remove m6A
modifications on RNA. As shown in Fig. 6, the recovery of cis-

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Systematic investigation of the m1A inhibition effect on CRISPR-Casl12a. (A) m1A destructing the Watson—Crick pairing between the
adenine base (left) and uracil base (right). (B) The position and number of m1A in the 5" handle of gRNA. (C) Gel electrophoresis (2%) result of cis
cleavage. (Lane 1) Only the dsDNA target; (Lane 2) natural gRNA (50 nM); (Lane 3) m1A,-gRNA (50 nM); (Lane 4) m1Az-gRNA (50 nM); (Lane 5)
m1A4-gRNA (50 nM); (Lane 6) m1As-gRNA (50 nM); (Lane 7) m1Az4-gRNA (50 nM); (Lane 8) m1As45-gRNA (50 nM); (D) fluorescence intensity at
525 nm after trans cleaving the FQ-probe (1 pM). The error bar represents the standard deviation of three measurements. (E) Fluorescence
images of gel shift assays. The constant concentration of gRNA is 20 nM. And the ratios were calculated using the concentration of Cas12a: the

concentration of gRNA.

cleavage was characterized by gel electrophoresis and the trans-
cleavage was monitored by fluorescence assay. Fig. 6B shows
that the cis-cleavage ability of CRISPR-Cas12a was successfully
reactivated following ALKBHS5 treatment. In addition, the
fluorescence studies have shown that ALKBH5 activated trans-
cleavage as well. The fluorescence intensity of ALKBH5-treated
m6A;,5-gRNA (Fig. 6C line c) could recover to the same level
as that of natural gRNA (Fig. 6C line a). ALKBH5, Casl2a
protein, and dsDNA target were incubated without gRNA as
a negative control. As expected, there were no dsDNA cleavage
products and fluorescence signals (Fig. 6B lane d and Fig. 6C
line d). To demonstrate the ALKBH5-mediated demethylation,
the ALKBHS5-treated m6A;,5-gRNA was hydrolyzed by P1
nuclease, and the hydrolysates were subsequently analyzed
using HPLC-MS/MS. As shown in Fig. 6D and E, the amount of
guanine (G) in m6Az,5-gRNA following ALKBHS5 treatment
remained unchanged. In contrast, the amount of m6A was
significantly reduced compared to when ALKBH5 was absent.
Overall, these results indicated that ALKBH5 reactivates
deactivated CRISPR-Cas12a by demethylation of m6A-modified
gRNA. Additionally, FTO is a well-characterized m6A
demethylase. FTO demethylase has also been shown to restore
mo6A-deactivated CRISPR-Cas12a (Fig. S81). We further
attempted to activate the m1A-deactivated gRNA using ALKBH3
demethylase. As shown in Fig. S9,7 m1A-deactivated CRISPR-
Cas12a exhibited remarkable dsDNA cis-cleavage and ssDNA

© 2023 The Author(s). Published by the Royal Society of Chemistry

trans-cleavage abilities in the presence of ALKBH3 demethylase.
Furthermore, the HPLC-MS/MS results revealed that
mi1A;,5-gRNA underwent a distinct demethylation process
following ALKBH3 treatment (Fig. S9DT). Therefore, we
successfully developed a demethylase-inducible CRISPR-Cas12a
(DIC-Cas12a) strategy and found that both mé6A- and mi1A-
deactivated CRISPR-Casl2a can be efficiently restored by
demethylases.

Typical application of DIC-Cas12a based on trans-cleavage

The remarkable response of demethylases encouraged us to
employ methylation-deactivated CRISPR-Cas12a for
some potential applications. First, we intended to develop
a fluorescence sensor for demethylase detection by ¢rans-cleavage
of CRISPR-Cas12a. Our demethylase biosensor consisted of
methylated gRNA, the Cas12a protein, an ssDNA activator, and an
ssDNA FQ probe. In the presence of demethylase, the methylated
gRNA refolds structurally and binds to the ssDNA activator and
Cas12a. In this case, CRISPR-Cas12a can be activated to cleave
the FQ probes in a trans pattern, resulting in a continuous
increase in fluorescence. The typical ALKBH5 demethylase was
first measured. The concentrations of m6A;,s-gRNA were
optimized for exceptional analytical performance (Fig. S107).
Then, fluorescence dynamic curves were established by detecting
different concentrations of ALKBH5 (Fig. 7A). The fluorescence
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Fig. 5 The deactivation of CRISPR-Casl2a cis- and trans-cleavage by
m1A modifications in the gRNA 3’ spacer sequence. (A) The position of
m1A in the gRNA spacer sequence. (B) The deactivation of CRISPR-
Casl2a cis-cleavage. (Lane 1) Only the dsDNA target; (Lane 2) natural
gRNA; (Lane 3) m1A;-gRNA; (Lane 4) m1Az-gRNA; (Lane 5) mlAe-
gRNA. (C) For the dsDNA activator, the deactivation of CRISPR-Cas12a
trans-cleavage by m1A modification. (D) For the ssDNA activator, the
deactivation of CRISPR-Casl2a trans-cleavage by m1A modification.
(Left graph) The fluorescence spectra result of CRISPR-Cas12a trans
cleaving the FQ probe. (Right graph) Inhibitory efficiency of trans-
cleavage activity. The error bars show the standard deviation of three
parallel experiments. n.s. represents no significant differences and
***P < 0.001 was calculated by Student's t-test.

intensity increased dose-dependently from 0 nM to 300 nM for
demethylases (Fig. 7B), with a good linear correlation and limit of
detection (LOD). The LOD was about 0.417 nM (the
concentrations corresponding to a signal 3 SD above the mean of
11 replicates of the zero calibrator). We also used this strategy to
develop the FTO demethylase sensor as shown in Fig. S12.f
Additionally, the m1A-deactivated CRISPR-Casl12a system was
used to detect ALKBH3 demethylase (Fig. 7D and S11t). The
calibration curve regression equation was derived from the range
of 200-800 nM, and the LOD for ALKBH3 was 97.5 nM (Fig. 7E).
The LODs of the above demethylases were comparable to or even
superior to those of the reported method, and there were no
laborious washing procedures or antibody incubation
procedures, compared with the traditional ELISA strategy.**™**
Additionally, the selectivity of this strategy was assessed. The
methylated gRNA was pretreated using endogenous proteins and
small molecules respectively, including bovine serum albumin
(BsA), polynucleotide kinase (PNK), and adenosine triphosphate
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Fig. 6 Activating m6A-deactivated CRISPR-Casl2a through

demethylases. (A) Schematic illustration. The dsDNA was a substrate of
cis-cleavage. And the trans-cleavage was monitored by fluorescence.
(B) Activation of CRISPR-Casl12a cis-cleavage (2% agarose gel). (Lane 1)
Only the dsDNA target; (Lane a) natural gRNA + Casl2a + dsDNA;
(Lane b) M6Az45-gRNA + Casl2a + dsDNA target; (Lane c) ALKBH5
demethylase + m6Az45-gRNA + Casl?a + dsDNA target; (Lane d)
negative control, ALKBH5 demethylase + Casl2a + dsDNA target. (C)
Activation of CRISPR-Casl2a trans-cleavage. The experimental details
of (a)—(d) were the same as those of (B) and the FQ probe was joined in
these groups respectively. (D) and (E) The results of HPLC-MS/MS
demonstrated that ALKBH5 demethylase removed m6A modification
on gRNA. The mother ion of the G base is 284.1 m/z and the specific
fragmental ion is 152.1 m/z in mass spectrometry. The mother ion of
mM6A is 282.1 m/z and the specific fragmental ion is 150.2 m/z. Error
bars show the standard deviation of three parallel experimental
groups. ***P < 0.001 was obtained by Student's t-test.

(ATP). Fig. 7C and F show that the fluorescence response was
highly selective for demethylases compared with other
interferences. Collectively, these findings demonstrated that the
DIC-Cas12a strategy offers a novel approach for expanding the
bioanalytical applications of CRISPR-Cas systems.

Controllable gene editing based on the levels of cellular
demethylases

In addition to in vitro sensors, we tentatively used the DIC-
Cas12a system to knock down the endogenous gene. We
chose the VEGAF loci in the HEK293 cell line as target for gene
editing and the sequence of gRNA followed some literature
studies.*® In general, if the CRISPR-Cas12a system works well,
double-stranded breaks can be repaired by the non-homologous
end-joining (NHE]) pathway to induce random insertions and
deletions (indels).

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Demethylase sensor based on trans-cleavage ability of the
DIC-Casl2a system. (A) Fluorescence signal increased as the
concentrations of ALKBHS5 increased ((a) 300 nM; (b) 240 nM; (c)
150 nM; (d) 60 nM; (e) 15 nM; (f) 6 nM; (g) 1.5 nM; (h) 0.6 nM; (i) O;
m6Az45-gRNA: 25 nM). (B) Calibration curves of plotting the
fluorescence intensity versus ALKBH5 concentrations. (C) The
fluorescence intensity at 525 nm in the presence of m6A demethylases
or other interferences. BSA (bovine serum albumin), PNK (T4
polynucleotide kinase), and ALP (alkaline phosphatase). **P< 0.01;
**#%P < 0.001 (Student's t-test and all results were compared with
those of the ALKBH5 group). (D) Fluorescence signal increased as
concentrations of ALKBH3 increased over time ((a) 1000 nM; (b)
800 nM; (c) 650 nM; (d) 550 nM; (e) 400 nM; (f) 270 nM; (g) 135 nM; (h)
62.5 nM; (i) 0 nM; m1As45-gRNA: 250 nM). (E) Calibration curves of
ALKBH3. (F) Selectivity of the ALKBH3 biosensor. ****P < 0.001
(Compared with the ALKBH3 group, the P value was calculated by
Student's t-test).

We directly transfected the HEK293T cells with the m1A
modified gRNAs. The gene editing results and quantitative indel
frequency of targeted gene loci were monitored by the Sanger
sequencing method. As shown in Fig. 8A and B, after
transfecting the m1A modified gRNA, the sequencing map
showed almost no disturbance caused by indels. The indel
frequency caused by Casl2a with m1A modified gRNAs in
HEK293 cells was about 2.63%. In the negative group, an indel
frequency of 0.38% was detected in cells without any gRNA. In
the positive group, normal gRNA caused an indel frequency of
24.93%. These results demonstrated that the mi1A
modifications on the gRNA conserved region effectively
inhibited the CRISPR-Cas12a activity in living cells. Moreover,
we pre-treated the HEK293 cell line with an ALKBH3
demethylase overexpressed plasmid, and the miA-modified
¢RNA showed an indel frequency of 17.83%, which was
comparable to that of normal gRNA and the editing efficiency
increased about 8 fold. Obviously, the editing ability of CRISPR-
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Fig. 8 Controllable gene editing by m1A-gRNA and demethylases. (A)
The results of Sanger sequencing under different conditions. The
dashed lines suggest the level of disturbance as a visualization of indel
formation. (B) Quantitative indel frequency of VEGAF gene loci under
different conditions. The error bars show the standard deviation of
three parallel experiments. ****P < 0.0001 was obtained by Student's
t-test.

Cas12a was activated by the overexpressed m1A demethylase in
living cells. Since there are significant differences in the content
and activity of demethylases in different cells, such as cancer
cells and normal cells, this strategy has the potential to be used
for cell-type-specific gene editing, which is valuable for gene
therapy and diagnosis.

Regulating the expression of genes based on the levels of
cellular demethylases

CRISPR activation and interference have been widely used to
modulate gene functions.”” In CRISPR activation technology,
a non-cleavage Cas nuclease (dCas) is coupled with a
transcriptional effector to regulate target gene expression.*®*
Therefore, we further designed a demethylase-inducible
CRISPR activation strategy (DICa), in which a transcriptional
circuit with two plasmids was designed to demonstrate our
strategy (Fig. 9A).*

The HEK293 cells, which have been widely used in
demethylases research as a model cell line, were used to
establish the CRISPR activation system.***° As shown in
Fig. 9B and C, all groups exhibited strong red fluorescence,
indicating successful transfection of the dAsCasl2a-VPR
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plasmid (Fig. S13t) into living cells. After transfection of no-
modified gRNA, the illuminating BFP signal indicated that
gRNA matched to the TS-miniCMV-BFP plasmid (Fig. S147)
successfully activates the transcriptional circuit (Fig. 9B(a)
and 9C(a)). In the negative group, there is no BFP expression
without any gRNA in cells. In general, the m6A demethylases
are overexpressed in HEK cell lines, and as a result of m6A
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removal by endogenous demethylases, the m6A-deactivated
gRNA could activate BFP expression similarly to the normal
gRNA group (Fig. 9B(c)). We downregulated the FTO and
ALKBH5 demethylases by using specific inhibitors
(entacapone and I0X-1) and siRNAs, respectively. As expected,
the m6A-modified gRNA cannot activate BFP expression in
pre-treated HEK293 cells (Fig. 9B(d) and 9B(e)). Furthermore,
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Fig. 9 Results of m6A/m1A-demethylases inducible CRISPR-dCasl2a transcriptional circuits. (A) Illustration of the transcriptional circuits
activated by m6A- and m1A-demethylases. The first one is a TS-miniCMV-BFP plasmid. The second plasmid is dAsCas12a-VPR which exhibited
red fluorescence in cells. The third plasmid is a commercially available human ALKBH3 plasmid which shows green fluorescence in cells. The
dAsCasl2a-VPR plasmid produced red fluorescence after being transfected into the cell. The expression of BFP can be activated by the BFP-
gRNA and dCasl12-VPR complex. (B) The results of confocal laser scanning microscopy (CLSM) under different conditions. (a) BFP-gRNA +
dAsCas12a-VPR plasmid + miniCMV-BFP plasmid; (b) negative group: without gRNA; (c) BFP-m6A-gRNA + dAsCasl12a-VPR plasmid + miniCMV-
BFP plasmid; (d) pretreated with m6A demethylase inhibitors: entacapone (80 uM) and IOX-1 (60 uM). (e) Pretreated with siRNA before incubating
with BFP-m6A-gRNA and two plasmids. (C) The results of CLSM under different conditions. (a) BFP-gRNA + dAsCas12a-VPR plasmid + miniCMV-
BFP plasmid; (b) BFP-m1A-gRNA + dAsCasl12a-VPR plasmid + miniCMV-BFP plasmid; (c) only human ALKBH3 plasmid with GFP; (d) BFP-m1A-
gRNA + dAsCasl2a-VPR plasmid + miniCMV-BFP plasmid + human ALKBH3 plasmid with GFP; the scale bar of CLSM is 20 pm.
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an assay was performed to evaluate real-time imaging of the
DICa strategy. As shown in Fig. S15,f the transcriptional
circuit of DICa began about 6-8 h after m6A-deactivated gRNA
transfection. The BFP fluorescence increased with time and
reached a maximal level at 12 h.

To confirm the precise control of plasmid expression by m1A
demethylase, we transfected m1A-modified gRNA into dCas12a-
VPR overexpressed HEK293 cells. As shown in Fig. 9C(a) and (b),
the m1A-modified gRNA did not induce blue fluorescence upon
transfection. Western blot confirmed that the expression levels
of ALKBH3 demethylase in the cytoplasm and nucleus of the
HEK cell line are much lower than those of other demethylases
(Fig. S161). Then, we pre-treated the HEK293 cell line with
a plasmid encoding m1A demethylase ALKBH3, and the results
shown in Fig. 9C(c) and (d) demonstrate that m1A-modified
¢RNA with overexpressed ALKBH3 demethylase could re-
activate BFP expression. A complementary technique to
demonstrate the efficacy of this sensor in cells has been
performed by qRT-PCR against the inducible gene. As shown in
Fig. S17,t the mRNA level changes of BFP are consistent with
the fluorescence results shown in Fig. 9. Overall, these results
suggest that the methylation-deactivated CRISPR-Cas system
could be specifically manipulated by the level of demethylases
in cells. Naturally, an intracellular demethylase sensor based on
the demethylase inducible CRISPR-Casl2a system could be
established at the same time.

Conclusions

In summary, we found that both the m6A and m1A epigenetic
modifications in the 5 handle of gRNA displayed efficient
inhibitory effects on DNA cleavage. In addition, this regulation
is highly dependent on the position and number of methylation
modifications. Especially for the m1A methylation, when the
sites Az, A4, and A; in the 5" handle of gRNA are modified at the
same time, the deactivation efficacy reached 98%. Besides, the
inhibition mechanism was tentatively analysed in this work.
The methylation in the 5 handle of gRNA impedes the
formation of RNPs, thereby preventing the cleavage behaviour
of CRISPR-Cas12a. Moreover, a demethylase-inducible CRISPR-
Cas12a tool was developed. Methylation-deactivated CRISPR-
Cas12a displayed remarkable cleavage activity in the presence
of demethylases. ALKBH5 and FTO demethylases can effectively
activate the mé6A-deactivated CRISPR-Casl2a. ALKBH3
demethylase can selectively activate m1A-deactivated CRISPR-
Cas12a. The exceptional performance of DIC-Cas12a enables
us to develop in vitro sensor strategies with a high degree of
sensitivity. Due to these unique advantages, we further
proposed a demethylase-inducible CRISPR activation strategy
and demethylase-inducible gene editing strategy, which
enabled plasmid gene expression in living cells to be activated
and gene editing to be controlled. Specifically, m6A modified
¢RNA and m1A modified gRNA displayed different results in
HEK293T cell lines. The m6A modified gRNA could directly
activate the BFP gene expression in HEK293. In contrast, m1A-
modified sgRNA requires a large amount of exogenous
demethylase to activate the target gene in HEK293 cells. These

© 2023 The Author(s). Published by the Royal Society of Chemistry
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results suggested that our demethylase-inducible CRISPR
system could respond to specific cells according to the level of
cellular demethylases. As for the limitations of this strategy,
according to current experimental findings, m6A-modified
¢RNA exhibits lower stability in cells compared to m1A-
modified gRNA, and its blocking efficiency is only 70% in
vitro, which is significantly lower than the 98% blocking
efficiency of miA-modified gRNA. Besides, compared with
unnatural nucleotide modifications, such as 2-F and
phosphorothioates, natural methylation modifications cannot
effectively prevent the degradation of gRNA by RNase in cells.
Despite these limitations, we believe that exploring the
methylation effect on emerging Cas proteins, such as Cas13d
and Cas12f, could expand the potential therapeutic applications
of this strategy.
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