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Abstract

In contrast to traditional RNA regulatory approaches that modify the 2’-OH group, this study explores strategic base modifications using 5-
carboxylcytosine (cabC). We developed a technique where cabC is transformed into dihydrouracil via treatment with borane-pyridine complex
or 2-picoline borane complex, leading to base mutations that directly impact RNA functionality. This innovative strategy effectively manages
CRISPR-Cas9 system activities, significantly minimizing off-target effects. Our approach not only demonstrates a significant advancement in
RNA manipulation but also offers a new method for the precise control of gene editing technologies, showcasing its potential for broad application

in chemical biology.

Graphical abstract

Selectively
ca5C mutation

() = Potential ca5C site

[} = Mutated DHU site
Functional RNA

Introduction

RNA is a crucial biomolecule in organisms, playing a vital
role in numerous biological functions and regulating physi-
ological processes through its modulation [1, 2]. Developing
strategies to control RNA function begins with an understand-
ing of its basic structure [3]. RNA consists of a single nucle-
oside, which includes ribose and a nitrogenous base [4]. The
2’-OH group on the ribose has been identified as a favorable
site for chemical modification, serving as a gateway for in-

Nonfunctional RNA
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troducing various functional groups to RNA [5]. Notable ef-
forts, such as the work on RNA 2’-OH acylation reported
by Kool and coworkers, highlight the potential of this ap-
proach [3]. Our research has contributed to developing strate-
gies that utilize 2’-OH acylation to modulate RNA function
[6-8]. However, we recognize the need for diverse, orthogo-
nal regulatory strategies that can simultaneously regulate dif-
ferent RNA molecules within the same cellular environment
to affect various physiological processes. This study focuses
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on the bases of RNA, which are critical for functions such as
stem—loop structure formation [9] and molecular hybridiza-
tion [10]. The challenge lies in innovating ways to endow
RNA bases with new functionalities without compromising
their original roles, which is the cornerstone of our strategy
development.

Our research is particularly focused on epigenetic mod-
ifications that preserve the sequence information while en-
abling new chemical reactions at the base level [11-14]. Vari-
ous bases undergoing epigenetic modification have been ex-
tensively documented [15]. Among these, the TET-assisted
pyridine-borane sequencing (TAPS) technology has proven
especially intriguing [16]. This technique involves initially
oxidizing the methylated cytosine, 5-methylcytosine, to 5-
carboxylcytosine (ca5C), which is then converted into di-
hydrouracil (DHU) using either a borane-pyridine complex
(BPC) or 2-picoline borane complex (2-PBC). In sequencing
applications, ca5C is read as cytosine (C) and pairs normally
with guanine (G). However, DHU pairs with adenine (A) and
is read as thymine (T). This peculiar transformation sparked
our interest. By introducing ca5C into RNA, it pairs as usual
with G, leaving the RNA structure and function unchanged.
Subsequent processing with BPC or 2-PBC alters caSC to
DHU, disrupting its usual pairing and hence affecting RNA’s
original structure and function. This modification strategy of-
fers a promising route to regulate RNA function and activity
effectively.

While our previous work demonstrated the impact of f5C
on the CRISPR-Cas9 system, it primarily focused on RNA
functional modulation and CRISPR gene regulation strate-
gies based on f5C [17]. This study, however, introduces a
novel approach using ca5C-based modifications to reduce
CRISPR /Cas9 off-target effects, a key difference from our ear-
lier work. Specifically, we show that ca5C modification signif-
icantly reduces off-target effects by altering RNA structure,
enhancing the precision of gene editing.

In this study, we implemented strategic base modifications
to manipulate RNA functionality by incorporating the chemi-
cally modified base caSC into target RNA via in vitro tran-
scription. This method specifically replaces select cytosine
bases with ca5C, maintaining the rest of the RNA sequence
intact. The introduced ca5C is subsequently transformed into
DHU through reactions with BPC or 2-PBC, disrupting stan-
dard molecular interactions such as hybridization, folding,
and enzyme recognition. This alteration was applied to the
guide RNA (gRNA) of the CRISPR-Cas9 system, where we
demonstrated that the appropriate incorporation of ca5C
did not impede the normal CRISPR mechanism. Importantly,
this modification provided precise control over the CRISPR~
Cas9 editing activity, significantly reducing off-target effects
both in vitro and in living cells. Our approach, centered
on caSC-directed RNA mutation, offers a versatile tool for
refining RNA function across various RNA-dependent sys-
tems, enhancing both the accuracy and safety of gene editing
applications.

Materials and methods

In vitro transcription and purification of
cabC-containing sgRNAs

Linear DNA templates that contain a T7 promoter sequence
upstream of the desired 20-21-bp single guide RNA (sgRNA)

protospacer and the sgRNA backbone were obtained by over-
lap polymerase chain reaction (PCR) (PrimeSTAR HS DNA
Polymerase, Takara, #R010A) using the appropriate forward
and reverse primers (Supplementary Table S1) and were pu-
rified by DNA Clean & Concentrator Kit-5 (Zymo Research,
#D4014). The ca5C-containing sgRNA was transcribed with
the TranscriptAid T7 High Yield Transcription Kit (Thermo
Fisher Scientific, #K0441) at 37°C for 12 h with 75 ng
of linear template per 10 ul reaction. 5-Carboxy-CTP (10
mM, TriLink Biotechnologies, #N-1084-5) was mixed with
CTP (10 mM) in indicated ratio instead of pure CTP. The
RNA products were purified by phenol/chloroform extrac-
tion and ethanol precipitation, resuspended in RNase-free
H, O, and stored at —20°C. All RNA sequences are listed in
Supplementary Table S2.

Sanger sequencing of the labeled RNA

A consecutive process was conducted to generate complemen-
tary DNAs (cDNAs) from ca5C-containing RNAs that were
treated with/without borane pyridine, followed by reverse
transcription using RevertAid Reverse Transcriptase (Thermo
Fisher Scientific, #EP0442) and PCR amplification using
PrimeSTAR HS DNA Polymerase. Generated cDNAs were
cloned into plasmid vectors using pClone007 Versatile Simple
Vector Kit (Tsingke Biotechnology Co., Ltd, 007VS) accord-
ing to the manufacturer’s instructions. Competent DHS o bac-
teria were transformed with 5 ul ligation mixture and spread
onto Luria-Bertani agar plates containing 150 pg/ml ampi-
cillin. Monoclones were picked for Sanger sequencing using
an M13F primer (5-TGTAAAACGACGGCCAGT-3'). C-to-
T conversion was analyzed and determined by comparing the
peak of C and T by using SnapGene software.

Quantification of cabC in RNA transcripts

The enzymatic digested products of interested RNA were de-
termined by a two-enzyme cocktail digestion and monitored
by high-performance liquid chromatography—-mass spectrom-
etry (HPLC-MS). Briefly, 0.4 ng of RNA (with/without bo-
rane pyridine treated) transcripts was digested with 100 U
S1 Nuclease (Thermo Fisher Scientific, #£EN0321) in a 10 ul
reaction mixture containing 1x S1 Nuclease buffer (40 mM
sodium acetate, 0.3 M NaCl, and 2 mM ZnSOy4, pH 4.5, at
25°C). After a 4 h-incubation at 37°C, the mixture was further
digested with 0.6 U alkaline phosphatase (Takara, #2660A) in
a 50 pl reaction containing 1x AP buffer (50 mM Tris—=HCI,
5 mM MgCl,, pH 9.0, at 37°C) to generate each nucleoside.
The mononucleosides were separated and detected by using
an HPLC-MS (Thermo Scientific Dionex Ultimate 3000 hy-
brid LTQ Orbitrap Elite Velos Pro) system on a ZORBAX
Eclipse XDB-C18 column (2.1 mm x 100 mm, 1.8 um par-
ticle size, 600 bar, Agilent Technologies) in the positive ion
multiple reaction monitoring mode. The column temperature
was set at 35°C. Formic acid in water (0.1%, solvent A) and
formic acid in methanol (0.1%, solvent B) were employed as
mobile phase with a flow rate of 0.2 ml/min. A gradient for
LC-MS was set as follows: 5% to 80% B over 20 min, 80% B
for 7 min, 80% to 5% B over 3 min, and 5% B for 5 min. The
contents of the mononucleosides were quantified by compar-
ison with the standard curves that were obtained from nucle-
oside standards detected at the same time. HPLC-MS (m/z)
for ca5C [M + HJ*: 272.08 (calculated), 272.08 (found); C
[M + HJ*: 244.08 (calculated), 244.09 (found); A [M + H]*:
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268.10 (calculated), 268.10 (found); G [M + H]*: 284.10 (cal-
culated), 284.10 (found); U [M + Na]*: 267.06 (calculated),
267.06 (found).

GUIDE-seq

For GUIDE-seq study, Cas9-expressing stable cell line HeLa-
OC cells, ~16 h before transfection, were plated on 12-well
plates (1.5 x 10° per well) and grown to 70%-80% conflu-
ency overnight. Next day, cells were transfected with a total
of 120 pl Dulbecco’s modified Eagle medium (DMEM) per
well: 60 ul DMEM containing 3.5 pl Lipofectamine 3000
(Thermo Fisher Scientific, #1.3000015) and 60 ul DMEM
containing 1.2 pg sgRNA. Diluted Lipofectamine 3000 and
sgRNA were combined and incubated at room temperature
for 15 min before slowly adding them to cells. After a 4-
h incubation, the medium was changed to complete DMEM
and indicated concentrations of BPC were added to the cul-
ture media and cells were allowed to incubate for an ad-
ditional 48 h. Then, cells were washed twice with warm
phosphate-buffered saline and genomic DNAs were extracted
by FastPure Blood/Cell/Tissue/Bacteria DNA Isolation Kit
(Vazyme, #DC112-02) according to the manufacturer’s in-
structions. The diluted genomic DNA products were directly
used as a template for PCR amplification of the target re-
gion. PrimeSTAR HS DNA Polymerase (Takara, #R010A)
was used for amplifying the target site and amplified DNA
products were purified using the DNA Clean & Concentra-
tor Kit-5 (Zymo Research, #D4014) according to the man-
ufacturer’s instructions. The purified PCR products were di-
gested with 4 U T7 endonuclease I (NEB, #M0302L) in a 10
ul reaction mixture and incubated at 37°C for 60 min. The
digested products were separated by a 1.5% agarose gel con-
taining 1.2x Super GelRed (US Everbright Inc., #52001) for
visualization (65 V, 2 h). After quality control analysis, we
prepared the genomic DNA from each sample for GUIDE-
seq using the protocol reported in the literature [18, 19].
First, genomic DNA was fragmented to ~300 bp by us-
ing Hieff NGS® Fast-Pace DNA Fragmentation Reagent in
a one-step process, which was followed by end repair and
A-tailing of the fragmented DNA. After that, the processed
DNA fragments were ligated to corresponding PS5 adapters
using T4 DNA ligase. The ligated products underwent two
rounds of PCR amplification with Phanta HS Super-Fidelity
DNA Polymerase to append P7 adapters with different P7 in-
dexes. The resulting DNA libraries were then sequenced at
GENEWIZ, Nanjing. For GUIDE-seq data analysis, we used
the open-source guideseq software that is available at https:
/lgithub.com/aryeelab/guideseq. GRCh37 human genome was
used for alignment during the GUIDE-seq analysis pro-
cedure (release 44, downloaded from GENCODE, https://
www.gencodegenes.org/human/release_441ift37.html), ensur-
ing comprehensive and accurate assessment of the GUIDE-seq
results.
On-target ratio was calculated by the following formula:

on-target reads

on-target ratio = .
& on-target reads + all off-target reads

Results and discussion

Designing the cabC-directed RNA mutation strategy

Our objective is to devise a straightforward and effective
method to regulate RNA activity by introducing chemical

modifications into RNA bases. These modifications endow
RNA with new functionalities without affecting its original
functions, enabling it to significantly influence the formation
of secondary structures and interactions with other biological
macromolecules, such as nucleic acids, proteins, and various
small molecules, in response to subsequent stimuli.

Drawing inspiration from TAPS technology [16], our re-
search focuses on manipulating the modified base ca5C, which
typically pairs with G and preserves RNA’s natural function.
However, treatment with BPC and 2-PBC transforms ca5C
into DHU. Unlike ca5C, DHU pairs with A and is recog-
nized as T in sequencing. This base mutation disrupts RNA
hybridization and secondary structure [1], subsequently al-
tering its physiological activities and functions as illustrated
in Scheme 1. We achieved the incorporation of ca5SC into
RNA by doping ca5C nucleosides during iz vitro transcription
[11, 12], facilitating the production of longer RNA strands
with modifications more efficiently than solid-phase synthesis

[20].

Regulating long RNA folding through ca5C-directed
base mutations

Our initial step was to confirm the feasibility of the ca5C-
directed RNA mutation strategy for incorporating ca5C into
RNA. We began by verifying the successful incorporation of
ca5C into RNA through in vitro transcription facilitated by
T7 RNA polymerase. Sanger sequencing results indicated that
when all CTP in the transcription mixture was replaced with
caSCTP, all cytosine in the RNA, after BPC treatment, had
converted from ca5C to DHU as depicted in Fig. 1A and B.
Conversely, when only a portion of the CTP was substituted
with ca5CTP, some original cytosine residues were retained,
as shown in Supplementary Fig. S3. These results confirmed
that our RNA mutation strategy was effectively implemented.
Additionally, we analyzed the RNA transcription products be-
fore and after BPC treatment to assess RNA digestion out-
comes and monitored by HPLC-MS. As shown in Fig. 1C
and Supplementary Figs S1 and S2, the results demonstrated
that caSCTP was successfully integrated into RNA and subse-
quently converted to DHU through BPC treatment, validating
our approach.

Next, to assess whether the ca5C-directed RNA mutation
strategy influences RNA secondary structure formation and
consequently alters RNA function, we utilized RNA aptamer
experiments. The pepper RNA aptamer, which can form sec-
ondary structures, interacts with HBC to elicit fluorescence
[21],as shown in Fig. 1D. We produced a series of pepper RNA
variants containing caSCTP by adjusting the ratio of ca5CTP
to CTP during in vitro transcription, and subsequently treated
these with BPC. The impact of the ca5C-directed RNA muta-
tion on RNA activity was evaluated based on the fluorescence
intensity upon HBC binding, detailed in Fig. 1E and E We
conducted orthogonal tests to vary caSCTP incorporation and
BPC concentration. The results showed a significant decrease
in fluorescence intensity in peppers containing ca5C bases af-
ter BPC or 2-PBC treatment compared to the control group,
as illustrated in Fig. 1E and F, and Supplementary Figs S4-S6.
This decrease indicates that the base mismatches introduced
by the ca5C-directed mutation strategy disrupt proper fold-
ing of the peppers, thereby inhibiting their native function.
The findings from the RNA aptamer experiments demonstrate
that the mismatches caused by the ca5C-directed RNA mu-
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Scheme 1. Design of the cabC-directed RNA mutation strategy. (A) BPC converts cabC to DHU, inducing base mismatches. (B) The ca5C-directed RNA
mutation strategy selectively converts ca5C to DHU while preserving cytosine integrity.

tation strategy significantly impact RNA secondary structure
formation, which in turn effectively modulates RNA function,
particularly in longer RNA sequences.

Regulating CRISPR-Cas9 activity using
cabC-directed RNA mutations
The CRISPR-Cas9 system operates under the guidance of
RNA, specifically gRNA, which directs its activity [22]. Over-
activity has been a significant challenge in the application of
the CRISPR-Cas9 system [23], necessitating effective regula-
tory strategies. Our caSC-directed RNA mutation strategy of-
fers a promising method to control the activity of the CRISPR—
Cas9 system by modulating RNA function. gRNA exists in
two forms: sgRNA and a composite of CRISPR RNA (crRNA)
with trans-activating crRNA (tracrRNA) [22]. The molecular
architecture of the CRISPR—Cas9 system, as reported [24], pri-
marily includes a repeat: anti-repeat duplex and three stem—
loop structures that facilitate Cas9 binding (Fig. 2A). We pro-
pose that by introducing base mismatches into gRNA, we can
disrupt its secondary structure, preventing Cas9 from effec-
tively binding to gRNA. This interference inhibits the overall
activity of the CRISPR-Cas9 system, as illustrated in Fig. 2B.
We initially implemented the ca5C-directed RNA mutation
strategy in the sgRNA-directed CRISPR-Cas9 system, design-
ing sgRNAs with various sequences to guide cleavage activi-
ties for sg-HBEGF [25], sg-HPRT1 [26], and sg-SLX4IP [27].

We discovered that for sg-SLX4IP and sg-HPRT1, activities
remained consistent with original sgRNA when ca5CTP oc-
cupancy was <60%. However, for sg-HBEGE, activity was
unaffected only when caSCTP occupancy remained below
45% (Supplementary Fig. S7). This indicates that partial re-
placement of CTP with caSCTP generally supports CRISPR-
Cas9 functionality. Upon establishing that sgRNA contain-
ing ca5SC could facilitate CRISPR-Cas9 activity, we treated
these sgRNAs with BPC and 2-PBC. We observed that BPC
and 2-PBC significantly reduced the cleavage activity medi-
ated by ca5C sgRNA, with the inhibitory effect intensify-
ing as the proportion of ca5C in the transcription increased
(Fig. 2C and D). The inhibitory impact of BPC and 2-PBC
on the CRISPR-Cas9 system also exhibited concentration de-
pendence (Supplementary Figs S9, S11, and S13). Our find-
ings confirm that the ca5C-directed RNA mutation strat-
egy effectively modulates the activity across all three tested
sgRNA-mediated CRISPR-Cas9 systems (Fig. 2C and D,
and Supplementary Figs S9, S11, and S13), demonstrating its
efficacy as a regulatory method for the CRISPR-Cas9 system.

In the sgRNA-mediated CRISPR-Cas9 system, sgRNA is
crucial for recognizing target sequences [22]. The presence
of potential ca5C-directed sites within sequences that pair
with target DNA introduces the risk of sgRNA mispairing
with nontarget DNA sequences due to base modifications,
potentially leading to novel off-target effects. To circumvent
this issue, we explored the crRNA- and tracrRNA-mediated
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Figure 1. Verification of the cabC-directed RNA mutation strategy. (A) Sanger sequencing results for normal RNA. (B) Sanger sequencing results for RNA
incorporating cabC. (C) The relative percentage of ca5C incorporation into modified transcripts detected by HPLC-MS. (D) Schematic of ca5C-directed
base mutation for regulating folding of pepper with (4-((2-hydroxyethyl)(methyl)amino)-benzylidene)-cyanophenylacetonitrile (HBC). (E) Heatmap of
fluorescence intensities of pepper with different ca5C incorporation ratios with/without BPC (40 mM) or 2-PBC (40 mM) treatment folding with
HBC525. (F) Folding with HBC620. Color depth within each block represents relative fluorescence intensity.

CRISPR-Cas9 system [22]. In this dual-RNA system, crRNA
identifies and pairs with the DNA target site [28], while tracr-
RNA is essential for forming the ternary complex with crRNA
and Cas9 [29, 30]. We thus targeted tracrRNA for the ca5C-
directed RNA mutation strategy.

In our studies with the dual-mediated system, we used the
same cleavage site as in the sgRNA experiments. We first as-
sessed whether tracrRNA modified with ca5C could func-
tion comparably to unmodified tracrRNA. The results in-
dicated high tolerance for ca5C substitution in tracrRNA
within the dual system (Supplementary Fig. S8). As antici-
pated, treatment with BPC and 2-PBC significantly dimin-
ished the activity of the CRISPR-Cas9 system mediated by
caSC-tracrRNA and c¢rRNA (Fig. 2E and F). The inhibition
by BPC and 2-PBC was concentration-dependent, as demon-
strated in Supplementary Figs S10, 512, and S14. Furthermore,
the ca5C-directed RNA mutation strategy consistently inhib-
ited the activity of all dual-mediated CRISPR-Cas9 systems
we examined (Fig. 2D and F, and Supplementary Figs 510, 512,
and S14), mirroring the results observed with sgRNA systems.

After validating that our strategy can be applied to the Cas9
system, we further extended the application of the ca5C mu-
tation strategy to the Cas13a system, an RNA-guided RNA
cleavage system, to explore its generalizability. As expected,
the ca5C-containing gRNA could efficiently guide Cas13a to
cleave the target RNA. However, when treated with BPC/2-
PBC to convert it into DHU, Cas13a activity was significantly
inhibited, and almost no target RNA was cleaved. Moreover,
this inhibition was observed to be concentration-dependent
(Supplementary Fig. S22). These results also indicate that the
ca5C-directed RNA mutation strategy can be applied to the
Cas13a system as well.

cabC-directed RNA mutations for gene editing
regulation

Following the success of the caSC-directed RNA mutation
strategy in vitro, we aimed to extend its application to reg-
ulate CRISPR-Cas9 activity in living cells. To assess intracel-
lular cleavage efficiency, we employed the T7 endonuclease
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Data file. ns (not significant), P> .05; *P < .05; **P < .01; ***P < .001; and ****P < .0001.

1 assay [31], which detects mismatched sites in DNA and
cleaves them, thereby allowing us to determine the percentage
of insertions and deletions (indels) and gauge the editing effi-
ciency of the CRISPR-Cas9 system. Building on our in vitro
findings, we first conducted a validation experiment in a cell
line with stable Cas9 expression [25, 32]. Prior to this, we as-
sessed the cytotoxicity of BPC and 2-PBC to ensure cellular
viability (Supplementary Fig. S15) [33, 34].

Next, we investigated the tolerance of ca5C substitution
in sgRNA by the CRISPR-Cas9 system in living cells, par-

ticularly focusing on the impact of elevated ca5C levels on
system efficiency. Our findings revealed that excessive ca5C
significantly compromised the performance of the CRISPR-
Cas9 system in vivo, as shown in Supplementary Figs S16
and S17. Consistent with iz vitro results, BPC and 2-PBC ef-
fectively inhibited ca5C-sgRNA-mediated CRISPR-Cas9 ac-
tivity, leading to a notable reduction in indels across all ex-
perimental groups compared to controls, as illustrated in
Supplementary Figs S18 and S21. The inhibitory effects of
BPC and 2-PBC were concentration-dependent and effective
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at concentrations well below the maximum tolerated by the
cells (Supplementary Fig. S15), demonstrating their potential
for precise modulation of gene editing processes.

In situations where CRISPR-Cas9 gene editing is required
in cell lines that do not stably express Cas9, introducing both
Cas9 and sgRNA into cells becomes necessary [35]. Common
methods for this include the delivery of Cas9 protein/sgRNA
ribonucleoprotein (RNP) complexes [36] and the use of plas-
mids to express Cas9 (e.g. px165) alongside sgRNA trans-
fection [37], among others [38]. We initially tested plasmid-
based delivery methods. As anticipated, sgRNA incorporat-
ing ca5C substitutions functioned effectively under this sys-
tem, albeit with slightly reduced efficiency compared to un-
modified sgRNA, as indicated in Supplementary Figs S16 and
S17. Our results align with previous findings, demonstrat-
ing that the ca5C-directed RNA mutation strategy effectively
controls CRISPR-Cas9 editing in living cells using plasmid-
based approaches, and the inhibitory effects of BPC and 2-
PBC were also concentration-dependent. Notably, both BPC
and 2-PBC had only a minor impact on editing efficiency when
using conventional sgRNA (Fig. 3A-C and Supplementary
Figs S19 and S21). This confirms that alterations in gene edit-
ing efficiency are solely attributed to the ca5C-directed RNA
mutation strategy. In this particular study, BPC exhibited su-
perior control over gene editing compared to 2-PBC.

The RNP complex strategy offers a more direct approach
than plasmid-based methods [38]. Initially, we evaluated
whether sgRNA containing ca5C substitutions could func-
tion effectively within the RNP framework. Consistent with
earlier studies, sgRNA modified with ca5C was operational,
albeit slightly less effective than unmodified sgRNA, as evi-
denced in Supplementary Figs S16 and S17. As anticipated,
both BPC and 2-PBC successfully moderated gene editing
impacts, markedly reducing editing efficiency (Fig. 3D-F
and Supplementary Fig. S20). Additionally, we compared the
inhibitory effects of our ca5C-directed RNA mutation strat-
egy with the reported Cas9 inhibitor Brd0539 [39]. While
Brd0539 proved more effective with sgRNA containing a low
percentage of ca5C, BPC and 2-PBC showed superior inhibi-
tion in sgRNA with a high ca5C content (Fig. 3D).

Reducing CRISPR-Cas9 off-target effects in living
cells with cabC-directed RNA mutations

The overactivation of the CRISPR-Cas9 system and the re-
sultant off-target effects present significant challenges for
CRISPR-Cas9 gene editing [40, 41]. We have shown that the
ca5C-directed strategy can effectively modulate the activity
of CRISPR-Cas9. We posit that by mitigating the activity
of CRISPR-Cas9, the ca5C-directed RNA mutation strategy
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can substantially reduce unintended editing outcomes. Cur-
rently, the primary techniques for assessing CRISPR-Cas9 off-
target effects include GUIDE-seq [18], CIRCLE-seq [42], and
CHANGE-seq [43]. Of these, GUIDE-seq is capable of detect-
ing off-target effects in living cells, whereas CIRCLE-seq and
CHANGE-seq are limited to in vitro assessments.

In this study, we utilized GUIDE-seq to detect the off-target
effects of our ca5C-directed strategy. We specifically examined
HEK293T site 4 (HEKs4), a location known for its signifi-
cant off-target issues as identified by Tsai et al. in their orig-
inal report on GUIDE-seq [18]. The ca5C-directed sgRNA-
mediated CRISPR-Cas9 gene editing system demonstrated a
notable reduction in off-target effects compared to the tradi-
tional sgRNA-mediated system (Fig. 4). GUIDE-seq analysis
revealed considerable improvements at 2MM (two site mis-
match) sites (Fig. 4B), with fewer off-target site types and a
reduced percentage of off-target reads observed in the ca5C-
directed system. These findings validate our hypothesis that
the ca5C-directed RNA mutation strategy effectively mini-
mizes the off-target effects of CRISPR-Cas9 gene editing in
living cells.

To further investigate how the ca5C mutation strategy re-
duces off-target effects, we performed an electrophoretic mo-
bility shift assay (EMSA) experiment to examine the binding
of sgRNA to the Cas9 protein. In this experiment, dCas9 was
used instead of Cas9. The results demonstrated that the ca5C
mutation strategy significantly affected the interaction be-
tween sgRNA and the Cas9 protein (Supplementary Fig. S23).
We hypothesize that this effect is due to base mismatches
caused by ca5C incorporation, which disrupts the proper sec-
ondary structure of the sgRNA, thereby impairing Cas9’s abil-
ity to recognize the sgRNA and ultimately suppressing its ac-
tivity. When the overall activity of the Cas9 system is sup-

pressed, cleavage of nontarget genes is inhibited, and only
those target sequences with minimal mismatches are efficiently
cleaved. This mechanism helps to reduce off-target effects. The
controlled CRISPR-Cas9 system, guided by this strategy, ex-
hibits substantially fewer off-target effects than the conven-
tional system, addressing a critical challenge within the field.
Minimizing these unintended consequences holds profound
implications for the clinical application of the CRISPR-Cas9
system.

Discussion

This study demonstrates a novel approach to RNA function
modulation using ca5C-based modifications [11, 12], high-
lighting its profound impact on the sgRNA-Cas9 protein
complex integral to the CRISPR-Cas9 system. Effective Cas9
function hinges on precise recognition and binding to specific
sgRNA structures [24]. Alterations introduced by ca5C mod-
ifications, particularly without BPC or 2-PBC treatment, sub-
tly change sgRNA structure, diminishing its interaction with
Cas9 and thereby reducing the overall activity of the CRISPR~
Cas9 system. This effect becomes markedly pronounced fol-
lowing treatment with BPC or 2-PBC, which further hampers
sgRNA’s ability to adopt essential secondary structures. No-
tably, our study, supported by GUIDE-seq results, suggests
that such single-mediator modifications lead to a substantial
decrease in off-target effects compared to traditional sgRNA.
In addition, our findings from EMSA experiments indicate
that the ca5C-induced modifications in sgRNA also signifi-
cantly impact its binding efficiency with Cas9, which further
corroborates our hypothesis that caSC acts by destabilizing
the Cas9-sgRNA complex. We hypothesize that this perturba-
tion reduces cleavage of nontarget genes and enhances speci-
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ficity by efficiently cleaving only target sequences with mini-
mal mismatches, thereby reducing off-target effects.

The versatility of the ca5C-directed strategy extends be-
yond the CRISPR-Cas9 system, indicating its potential appli-
cability to any biological system reliant on the intricate sec-
ondary structures of RNA. In this study, we also extended
our approach to the Cas13a system, an RNA-guided RNA
cleavage system, demonstrating that the ca5C mutation strat-
egy can similarly modulate RNA interactions in this context,
further supporting the broad applicability of our method.
This method’s broad utility is complemented by our devel-
opment of small-molecule approaches that regulate RNA ac-
tivity orthogonally to the ca5C strategy. This orthogonality
proves invaluable when simultaneous gene editing across mul-
tiple targets is required, allowing for targeted regulatory ap-
plications specific to each sgRNA. Unlike Cas9 inhibitors,
which nonselectively deactivate all CRISPR activities—akin
to a master electrical switch—our strategy offers selective
control, analogous to individual switches in a parallel cir-
cuit, enabling precise manipulations without broad system
deactivation.

Moreover, our results suggest that the ca5C-based modi-
fications can be further optimized by combining them with
other specificity-enhancing strategies, which could help miti-
gate the trade-off between overall system activity and target
specificity. The balance between these factors is a major chal-
lenge in CRISPR technology, and future studies should focus
on refining this balance for more efficient gene editing.

While our approach allows for the generation of longer
RNA strands more readily than conventional solid-phase syn-
thesis, it lacks the capability to precisely localize modified
bases within the RNA sequence. Despite demonstrating the
ca5SC strategy’s effectiveness, we must also consider its interac-
tions with naturally occurring ca5C-modified bases. Although
these interactions are infrequent, the broad activity spectrum
of BPC and 2-PBC treatments could unintentionally affect
normal physiological processes. This highlights the necessity
for cautious application and further refinement of our method
to minimize unintended disruptions in cellular functions. In
this regard, future investigations should focus on developing
more targeted approaches to restrict the action of BPC/2-PBC
treatments to specific cellular contexts, thereby minimizing the
impact on endogenous RNA modifications.

In summary, the combination of ca5C modification and
chemical treatment offers an innovative and efficient solution
for RNA function modulation and CRISPR system optimiza-
tion. Future optimization and technological integration will
further enhance its potential applications in gene editing and
RNA biology research.
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