
Nucleic Acids Research , 2025, 53 , gkaf1037 
https://doi.org/10.1093/nar/gkaf1037 
Nucleic Acid Therapeutics 

MiR-ON-CRISPR: a microRNA-activated CRISPR–dCas9 

syst em f or precise g ene ther ap y in living cells and mouse 

models of sepsis 

Wen-Jie Shu 

1 , 2 ,† , Zhe Ma 

2 ,† , Lijun Jia 

1 ,† , Bin Guo 

2 , Xiaojie Tian 

2 , Chunxia He 

2 , Fu Wang 

1 , 2 , * 

1 Department of Medical Oncology, The Second Affiliated Hospital of Xi’an Jiaotong University, Xi’an, Shaanxi 710004, China 
2 Institute of Medical Engineering, Department of Biophysics, School of Basic Medical Sciences, Xi’an Jiaotong University, Xi’an 710061, 
China 
* To whom correspondence should be addressed. Email: wangfu@xjtu.edu.cn 
† The first three authors should be regarded as Joint First Authors. 

Abstract 

The CRISPR–dCas9 technology is a po w erful tool for manipulating the expression of target genes in a variety of biomedical applications. Ne v er- 
theless, it is imperative that the activity of the CRISPR–dCas9 system be tightly controlled to impro v e its safety and applicability. In this study, 
we successfully designed a microRNA-activated CRISPR–dCas9 system, termed miR-ON-CRISPR, in which the core components (dCas9 and 
sgRNA) are both regulated by endogenous miRNA. Our findings demonstrated that the miR-ON-CRISPR system can regulate firefly luciferase 
reporter gene expression to faithfully visualize miRNA activity and image the differentiation status of neural cells. Moreo v er, the miR-ON-CRISPR 

was designed as an AND / OR gate sy stem, thereb y enabling the simultaneous detection of two distinct miRNAs. Furthermore, the system was 
adapted to achie v e cell type-specific killing b y activ ating the e x ogenous DTA genes or endogenous BAX genes. Finally, in mouse models of 
sepsis, the miR-ON-CRISPR system was shown to alleviate the sepsis-induced liver injury as well as the associated o xidativ e stress damage 
and endoplasmic reticulum stress via activating the nuclear erythroid 2-related factor 2 gene. In conclusion, this proof-of-concept study demon- 
strates the feasibility of the miR-ON-CRISPR system for cell type-specific control of CRISPR–dCas9 activity and its therapeutic applications in 
the treatment of genetic diseases. 
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he clustered regularly interspaced short palindromic repeats
CRISPR) / associated protein 9 (CRISPR / Cas9) gene editing
echnology represents a groundbreaking advancement in ge-
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netic engineering, offering immense potential for scientific re-
search and therapeutic applications. This encompasses high-
throughput screening, functional genomics research, and the
investigation of conditions such as viral infections, genetic
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diseases, and cancer. The nuclease-deficient Cas9 (dCas9) re-
tains the ability to target genomic DNA without cleaving tar-
get DNA, making it a versatile tool for genome engineering.
It is capable of forming various functional domains for tasks
such as transcriptional regulation, gene imaging, and epige-
netic modifications [ 1–4 ]. Nevertheless, like other CRISPR
systems, the CRISPR–Cas9 / dCas9 system exhibits recognized
limitations, such as unanticipated off-target activity. 

To improve the safety and applicability of CRISPR systems,
the development of controllable CRISPR systems has been
undertaken. These systems have been engineered to reduce
off-target effects and genotoxicity by reducing the exposure
time of the genome to the active system [ 5 , 6 ]. Currently, two
main strategies for controlling the activity of CRISPR systems
have been shown to be efficacious: the design of Cas protein
or guide RNA (gRNA) to be switchable. However, as is the
case with most synthetic induction systems, single regulation
of Cas protein or gRNA still exhibited some leaky activation
of the system. Moreover, most of the switchable CRISPR sys-
tems demonstrate responsiveness to external signals, includ-
ing light [ 7 , 8 ] or small molecules [ 9 ], exhibiting a lack of
cell specificity. In order to achieve the maximum potential of
CRISPR systems, it is imperative to introduce genetic modules
that can achieve tight and cell type-specific activation of the
system. 

MicroRNAs (miRNAs) are a class of endogenous noncod-
ing RNAs that play important regulatory roles in a variety of
biological processes [ 10 ]. A considerable number of miRNAs
are expressed in a cell type-specific manner, and some of these
have been identified as biomarkers of human cancers [ 11 ].
Besides, our previous studies have shown that the cell type-
specific regulation of gene expression can be achieved by con-
structing miRNA-inducible systems [ 12–15 ]. This property
paves the way for the development of a conditional CRISPR
system that is activated exclusively in a specific cell type or
disease state in response to endogenous miRNA signatures. In
recent years, several miRNA-activated CRISPR systems have
been reported by different research groups, including ours
[ 15–20 ]. These studies demonstrated the feasibility of using
miRNA as a cell type-specific endogenous signal to regulate
CRISPR system activity. 

The miRNA-inducible system has been proven to be ap-
plicable in various scenarios such as miRNA detection [ 13 ,
21 ], cell classification [ 22 , 23 ], and cell type-specific regula-
tion of CRISPR activity [ 15 , 19 ]. Therefore, it is regarded as
a good tool for cell type-specific regulation and has shown
potential for application in both basic research and disease
treatment. Among the existing systems, the miRNA-activated
CRISPR systems were constructed by regulating the produc-
tion of Cas9 / dCas9 protein [ 15–17 , 24 , 25 ] or single guide
RNA (sgRNA) [ 18–20 , 26 ]. However, owing to the intrinsic
characteristics of synthetic regulatory systems, these individ-
ual regulatory systems still exhibited leakage activity. That is
to say, in the absence of target miRNA, the system maintained
a certain degree of activity. Furthermore, most of these systems
can only respond to one miRNA, which limits their ability to
perform cell type-specific regulation. 

In this study, we successfully constructed a smart system,
designated as miR-ON-CRISPR, by integrating specific com-
ponents into the 3 

′ untranslated region (UTR) of the LacI gene
(Scheme 1 ). This integration entailed the insertion of miRNA
target sites and short guide RNA (sgRNA) sequences, along
with the incorporation of lac operator (LacO 2 ) sequences
at the 5 

′ end of the dCas9-VPR gene. In contrast to ear- 
lier switchable CRISPR systems, the miR-ON-CRISPR system 

features a regulatory mechanism that is distinct from previ- 
ous approaches. This regulatory mechanism involves the pro- 
duction of core components (dCas9 and sgRNA) by target 
miRNA. In the absence of target miRNA, functional sgRNA 

cannot be produced, and LacI inhibits dCas9-VPR expression 

via binding to the LacO 2 , thus minimizing the leakage activ- 
ity of the CRISPR system. In the presence of target miRNA,
miRNAs would bind to the miRNA target sites, leading to 

the release of functional sgRNA through miRNA-mediated 

cleavage. The miRNA-mediated LacI mRNA degradation en- 
ables the expression of dCas9-VPR, which then activates the 
expression of the gene of interest (GOI) under the guidance 
of sgRNA. It is noteworthy that the miR-ON-CRISPR sys- 
tem exhibits minimal leakage activity in comparison to the 
single regulatory system, where only dCas9 or sgRNA can 

be switched. The miR-ON-CRISPR system has been demon- 
strated to accurately measure the activity of miRNAs and 

to image the differentiation status of neural cells. In addi- 
tion, the system can be adapted to detect two miRNAs by 
designing an AND / OR gate system. Specifically, the system 

was adapted to achieve cell type-specific killing by designing 
sgRNAs that target the promoter regions of exogenous or en- 
dogenous apoptosis-related genes. Furthermore, in a mouse 
model of sepsis, the sepsis-induced liver injury could be alle- 
viated by utilizing the system to trigger the expression of nu- 
clear erythroid 2-related factor 2 (Nrf2) in the liver of mice.
These findings underscore the efficacy of the proposed miR- 
ON-CRISPR system in the realm of potential gene-based ther- 
apeutic interventions. 

Materials and methods 

Plasmid construction 

The required DNA fragments ( Supplementary Table S1 ) were 
synthesized by Tsingke Biotechnology Co., Ltd. and subse- 
quently cloned into the pCl-neo vector. Plasmid DNA was 
isolated from Esc heric hia coli using the EndoFree Mini Plas- 
mid Kit II [TIANGEN BIOTECH (BEIJING) Co., Ltd., Bei- 
jing, China]. Sequencing was performed on all final plasmids 
to ensure sequence fidelity (Tsingke Biotechnology Co., Ltd.).

Cell cultures and transfection 

Human cell lines HEK-293, HeLa, and P19 were cultured in 

dulbecco’s modified eagle medium (DMEM) (Thermo Fisher 
Scientific) supplemented with 10% fetal bovine serum (FBS) 
(v / v), 100 U / ml penicillin, and 100 mg / ml streptomycin 

(Invitrogen). HCT-116 cells were cultured in RPMI1640 

(Thermo Fisher Scientific) supplemented with 10% FBS (v / v),
100 U / ml penicillin, and 100 mg / ml streptomycin (Invitro- 
gen). Cells were maintained at 37 

◦C with 5% CO 2 . 
Plasmid transfections were performed using Lipo8000™

Transfection Reagent (Beyotime, Cat#C0533). Briefly, cells 
were trypsinized and seeded at a density of 1 × 10 

5 cells per 
well in a 24-well plate with 0.5 ml of medium one day be- 
fore transfection. Transfections were carried out at 70%–80% 

confluence. For each transfection, mix plasmid DNA gently by 
pipetting with 25 μl of Opti-MEM medium in a sterile tube,
followed by adding Lipo8000™ Transfection Reagent. After 
gently mixing, the mixture is added to the cells. 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1037#supplementary-data
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Scheme 1. A tight miRNA-inducible CRISPR–dCas9 system in which the production of dCas9 and sgRNA is regulated simultaneously. The system 

contains three components: a plasmid expressing LacI and pre-sgRNA (miRT-sgRNA-miRT), a plasmid expressing LacO 2 -dCas9-VPR, and a TRE-GOI 
plasmid with the gene of interest (GOI) driven by a tetracycline response element (TRE). In the cells lacking target miRNA, functional sgRNA cannot be 
produced, and LacI protein expression inhibits dCas9-VPR expression via binding to the LacO 2 site, thus minimizing the leakage activity of the CRISPR 

system. In the presence of target miRNAs, functional sgRNA can be released through miRNA-mediated cleavage, and the miRNA-mediated LacI mRNA 

degradation enables the expression of dCas9-VPR. Then, the dCas9-VPR could activate the expression of GOI under the guidance of sgRNA targeting 
TRE. 
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For plasmid DNA and miRNA mimic co-transfection,
ipofectamine 2000 (Thermo Fisher Scientific) transfection
eagent was used. Plasmid DNA and miRNA mimics were
iluted in Opti-MEM and mixed with diluted Lipofectamine
000. After incubation, the mixture was added to each well,
nd the culture medium was replaced after 6 h. The miRNA
imics used in this study were obtained from GenePharma

 Supplementary Table S2 ). 

gRNA design 

o design effective sgRNA and minimize off-targets, an on-
ine CRISPR design tool was used ( https://benchling.com ).
his online tool can design multiple sgRNAs based on the

arget sequence and calculate the on-target score and off-
arget score for each sgRNA according to the reported meth-
ds [ 27 , 28 ]. After comprehensively considering the on-target
core and the off-target score, a specific sgRNA was selected
or the experiment. The full sgRNA sequences are listed in
upplementary Table S2 . 

19 cell differentiation 

etinoic acid (RA) was prepared as a 5- μM stock solution us-
ng dimethyl sulfoxide (DMSO) and then diluted 1000-fold
nto prepared DMEM medium. P19 cells were cultured in
4-well plates and incubated for 24 h. Subsequently, the cell
edium was replaced with RA-supplemented medium every
 days. P19 cells were harvested at the 0-, 2-, 4-, and 6-day
ime points of differentiation. 

uciferase activity assay 

fter 36–48 h of transfection, cells were washed with phos-
hate buffered saline (PBS), and lysis buffer was added
to lyse the cells. Following incubation and centrifugation,
supernatants were collected. Luciferase activity was mea-
sured by adding lysate and firefly luciferase detection reagent
(YEASEN, Cat:11401ES76) to a 96-well plate, followed by lu-
minescence intensity measurement using a multimode reader. 

RNA extraction and real-time quantitative PCR 

Total RNA was isolated from cells or tissues using
the SPARKeasy Improved Tissue / Cell RNA Kit (Sparkjade,
Cat#AC0202), and complementary DNA (cDNA) was syn-
thesized using the Reverse Transcription Kit (TianGen, Bei-
jing) from 500 ng of total RNA. For miRNA detection,
the SPARKScriptII miRNA 1st strand cDNA synthesis kit
(by stem-loop) (Sparkjade, Cat#AG0502) was used to syn-
thesize cDNA. Real-time quantitative PCR (RT-qPCR) was
performed using SYBR Green qPCR Master Mix (Biosharp,
Cat#BL698A). Relative gene expression was calculated using
the 2 

−��CT method with GAPDH or U6 as the reference for
normalization. Primer sequences are listed in Supplementary 
Table S3 . 

Flow cytometry analysis 

Cell samples were prepared using an Annexin V-FITC / PI
Apoptosis Detection Kit (YEASEN, Cat#40302ES50). Briefly,
cells were digested with ethylenediaminetetraacetic acid-free
0.1% trypsin and collected in a centrifugal tube. After being
washed twice with ice-cold PBS, the cells were centrifuged for
5 min at 500 × g at 4 

◦C. The supernatant was discarded and
the cell pellets were resuspended in binding buffer. The 100 μl
cell suspension was added to Annexin V-FITC solution and 10
μl PI solution. After incubation for 15 min, the samples were
analyzed by flow cytometry. 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1037#supplementary-data
https://benchling.com
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1037#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1037#supplementary-data
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Sepsis mouse model 

ICR mice (male, 5–6 weeks old) were purchased from the Lab-
oratory Animal Center of Xi’an Jiaotong University. All ani-
mal experiments are conducted in accordance with the guid-
ance of the Institutional Animal Care and Use Commit-
tee at Xi’an Jiaotong University. To establish lipopolysac-
charide (LPS)-induced sepsis mouse model, LPS (Beyotime,
Cat#S1732) was dissolved and diluted to 2 mg / ml (20 mg / kg)
for intraperitoneal injection. Body weight and body tempera-
ture were monitored before and after LPS injection. The blood
and liver tissues of sepsis mice were collected for downstream
analysis. 

Detection of cytokines and hepatic transaminases 

The levels of circulating cytokines TNF- α and IL-6 in serum
of mice were assessed by ELISA kits (Epizyme Biotech, China)
following the manufacturer’s instructions. Serum level of ALT
and AST was determined by the Alanine aminotransferase As-
say Kit and the Aspartate aminotransferase Assay Kit (Nan-
jing Jiancheng Bioengineering Institute, China) according to
the manufacturer’s instructions. 

Detection of hepatic oxidative stress, endoplasmic 

reticulum stress, and hepatocyte apoptosis 

The malondialdehyde (MDA) levels were measured according
to the instructions of the MDA test kit (Servicebio, China).
Terminal deoxynucleoitidyl transferase dUTP nick end label-
ing (TUNEL) staining was performed on the tissues to deter-
mine apoptosis. For statistical analysis of TUNEL, 10 fields
were observed from one slide, and TUNEL-positive cells were
counted for comparison. Immunohistochemical (IHC) stain-
ing was used to detect the expression levels of endoplasmic
reticulum (ER) stress and apoptosis-related protein markers.
Liver tissue of the mice was harvested and fixed with 4%
paraformaldehyde fixative, then the tissue was provided to
Servicebio Biotechnology Ltd. for testing in the usual proce-
dure. Ten fields of each sample were observed for statistical
analysis. The percentage of IHC staining positive cells was di-
vided into four categories, and the staining intensity was di-
vided into four grades: 0 (none), 1 (weak), 2 (moderate), and 3
(strong). The final stain score of IHC is defined as the product
of the percentage and intensity score. 

Statistical analysis 

All experiments were independently performed in triplicate,
and data are presented as mean ± SD. Statistical significance
between experimental groups was determined using Student’s
t -tests. * P < .05, ** P < .01, *** P < .001, and “ns” indicates
“not significant.”

Results and discussion 

Design and characterization of miRNA-activated 

dCas9 or sgRNA system 

We previously developed an LacI-based miRNA-inducible ge-
netic circuit for miRNA detection and cell type-specific gene
activation [ 12 , 21 ]. Inspired by this, we suspected that the LacI
repression system could also be used to activate dCas9 ex-
pression, thereby regulating the activity of the corresponding
CRISPR system. Consequently, an miRNA-activated dCas9
system (miR-ON-dCas9) was constructed based on the LacI
repression system. In the miR-ON-dCas9 system, the miRNA 

target sites (miRNA-TS) and two copies of the LacO 2 se- 
quences were inserted into the 3 

′ -UTR of the LacI gene or the 
front of dCas9-VPR gene, respectively. The firefly luciferase 
(Fluc) gene, driven by a tetracycline-inducible promoter, serves 
as a reporter gene (TRE-Fluc) for CRISPR activity (Fig. 1 A). In 

the dCas9-VPR protein [ 29 ], three transcriptional activators 
(VP64, P65, and RTA) are fused to the C-terminal of dCas9,
thereby effectively activating the target gene. As shown in Fig.
1 A, the presence of target miRNAs was found to be a prereq- 
uisite for the degradation of the LacI repressor, thus enabling 
the expression of dCas9-VPR protein and, consequently, the 
formation of a transcriptional activation complex that would 

result in the activation of Fluc expression. 
To test the feasibility and specificity of the system, a miR21- 

activated dCas9-VPR system (miR21-ON-dCas9) was con- 
structed. The miR21-ON-dCas9 system plasmids were then 

co-transfected with miR -1, miR -9, miR -21, or miR -124 mim- 
ics into HEK293 cells, which did not express these endoge- 
nous miRNAs. As indicated by the Fluc activity, the system 

was only activated by target miR-21 mimics, but not non- 
targeted miRNA mimics (Fig. 1 B). Furthermore, to evaluate 
whether the system could be activated by endogenous target 
miRNA, we tested the system in several cell lines that either 
expressed or did not express miR-21. Consistent with previ- 
ous studies [ 19 , 30 ], the luciferase assay showed that HEK293 

cells had negligible miR-21 activity, while HeLa and HCT116 

cells exhibited strong miR-21 activity ( Supplementary Fig. 
S1 A and B). Then, a control group lacking miR-21 target sites 
was designed ( Supplementary Fig. S1 C). Following the trans- 
fection of control or miR21-ON-dCas9 plasmids into vari- 
ous cell lines, distinct activation of Fluc expression was ob- 
served. Specifically, Fluc expression was significantly induced 

in HeLa and HCT-116 cells exhibiting high levels of endoge- 
nous miR-21, but not in HEK-293 cells, which did not ex- 
press endogenous miR-21 (Fig. 1 C–E). Furthermore, an ele- 
vated Fluc expression was observed in HeLa cells in response 
to the increased transfection of miR21-ON-dCas9 plasmids 
( Supplementary Fig. S1 D). These data suggest that the miR- 
ON-dCas9 system can be activated by endogenous target 
miRNAs. 

In addition, we also designed an miRNA-activated sgRNA 

system (miR-ON-sgRNA), in which the production of func- 
tional sgRNAs is regulated by a target miRNA. In the ab- 
sence of target miRNAs, the pre-sgRNAs are designed to be 
transcribed by RNA polymerase II. Consequently, the 5 

′ cap 

and 3 

′ polyA-tail structures in the transcripts will prevent 
them from being processed into functional sgRNAs. Con- 
versely, when target miRNAs are present, mature sgRNAs are 
released by RNA-induced silencing complex-mediated cleav- 
age, which then activates the expression of the Fluc reporter 
gene via the formation of a transcriptional activation complex 

with dCas9-VPR (Fig. 1 F). Subsequently, a miR21-activated 

sgRNA system (miR21-ON-sgRNA) was constructed by in- 
serting corresponding miR-21 target sites at both ends of 
the sgRNA. The miR21-ON-sgRNA system plasmid was co- 
transfected into HEK-293 cells with several miRNA mim- 
ics, respectively, and the results showed that Fluc could only 
be activated by the target miR-21 mimics (Fig. 1 G). More- 
over, the miR21-ON-sgRNA system was activated in HeLa 
or HCT116 cells that expressed high levels of miR-21, but 
not in HEK293 cells that did not express endogenous miR-21 

(Fig. 1 H–J). The luciferase signal of the miR21-ON-sgRNA 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1037#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1037#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1037#supplementary-data
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Figure 1. Design and characterization of the miRNA-activated dCas9-VPR or sgRNA system. ( A ) Scheme for the miR-ON-dCas9 system that contains 
three components: a plasmid expressing the LacI in which the miRNA target site is inserted into the 3 ′ -UTR of the LacI, a plasmid expressing 
LacO2-dCas9-VPR, and a TRE-Fluc plasmid with the Fluc gene driven by a tetracycline-inducible promoter. ( B ) miR21-ON-dCas9 system plasmids were 
co-transfected with indicated miRNA mimics, respectively, and the luciferase activity was measured. ( C –E ) The control or miR21-ON-dCas9 system 

plasmids were transfected into the indicated cells, and the luciferase activity was measured. ( F ) Scheme for the miR-ON-sgRNA system that contains 
three components: a plasmid expressing pre-sgRNA (miRT-sgRNA-miRT), a plasmid expressing dCas9-VPR, and a TRE-Fluc plasmid with the Fluc gene 
driv en b y a tetracy cline-inducible promoter . ( G ) miR21 -ON-sgRNA sy stem plasmids w ere co-transfected with indicated miRNA mimics, respectiv ely, and 
the luciferase activity was measured. ( H –J ) The control or miR21-ON-sgRNA system plasmids were transfected into the indicated cells, and the 
luciferase activity was measured. 
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system also exhibited a dose-dependent increase in HEK293
cells ( Supplementary Fig. S1 E and F). These results suggest
that cell type-specific miRNAs can function as an endogenous
signal to activate CRISPR systems by modulating the produc-
tion of sgRNA. 

Design and characterization of miRNA-activated 

CRISPR–dCas9 dual regulatory system 

In order to obtain a tight miRNA-activated CRISPR–dCas9
system with minimal leakage expression, a further design of
a dual regulatory system (miR-ON-CRISPR) was made based
on the miR-ON-dCas9 and miR-ON-sgRNA systems. Within
this dual regulatory system, the production of dCas9-VPR and
sgRNA is subject to regulation by endogenous target miR-
NAs, thereby minimizing leakage expression and genotoxi-
city of the CRISPR system. In the presence of target miR-
NAs, miRNA-mediated cleavage promotes the expression of
dCas9-VPR and releases functional sgRNAs, which in turn
activate the CRISPR system, as evidenced by the measure-
ment of Fluc activity (Fig. 2 A). To test the feasibility of the
miR-ON-CRISPR system, a miR21-activated dCas9-VPR and
sgRNA system (miR21-ON-CRISPR) was constructed (Fig.
2 B). As indicated by the Fluc activity, the system can be ac-
tivated by target miR-21 mimics, but no other nontargeted
miRNA mimics (Fig. 2 C and Supplementary Fig. S2 A). Fur-
thermore, an increase in the degree of activation of the system
was observed with an increase in the dosage of target miRNA
(Fig. 2 D). 

Next, to test the off-target activity of the miR21-ON-
CRISPR system, we constructed an intentionally off-target
TRE-Fluc by mutating three bases. The results showed that
in this case, the system could not be activated by the target
miR-21 (Fig. 2 E). In addition, the system can only be activated
by the target miR-21 when it has the miR-21 recognition sites
(Fig. 2 F and Supplementary Fig. S2 B). These results indicate
that the miR-ON-CRISPR system exhibits excellent miRNA
response specificity and low off-target activity. 

In order to ascertain the universality of the miR-
ON-CRISPR system, a miR124-activated CRISPR system
(miR124-ON-CRISPR) was constructed on the basis of the
miR-ON-CRISPR system. In a manner analogous to the
miR21-ON-CRISPR system, the miR124-ON-CRISPR sys-
tem was shown to be specifically activated by target miR-124
mimics (Fig. 2 G and H). In addition, the miR-ON-CRISPR
system was demonstrated to be effective in a C2C12 myoblast
cell line that is relatively difficult to transfect ( Supplementary 
Fig. S2 C–F). Furthermore, the activity of the miR21-ON-
CRISPR system was examined in various cell lines (HeLa
and HCT116 cells). It was found that the system can be effec-
tively activated by endogenous target miRNA-21 in a dose-
dependent manner ( Supplementary Fig. S3 A–D). Notably, the
leakage activity of the miR21-ON-CRISPR system was found
to be negligible in comparison to that of the two single reg-
ulatory systems, miR21-ON-dCas9 and miR21-ON-sgRNA
(Fig. 2 I). Similar to the miRNA dose-activation effect shown
by the miR-ON-CRISPR system (Fig. 2 D and H), the acti-
vation of the miR-ON-sgRNA and miR-ON-dCas9 systems
may also have an miRNA dose-dependent effect. However,
it is believed that this dual-regulated miR-ON-CRISPR sys-
tem would have a lower background signal because it shows
extremely low leakage expression (Fig. 2 I). Collectively, these
data suggest that the miR-ON-CRISPR system is an effective
cell type-specific CRISPR–dCas9 regulatory tool with negligi- 
ble leaky activity. 

Monitor the activity of miR-124 during neural cell 
differentiation with the miR-ON-CRISPR system 

To further explore the applicability of the miR-ON-CRISPR 

system, we tested whether the system could be used to monitor 
the activity of endogenous miRNA. To this end, the P19 neural 
cell differentiation model was used to verify the capacity of the 
miR-ON-CRISPR system to visualize the activity of miR-124 

(Fig. 3 A), the expression of which is reported to increase dur- 
ing neural cell differentiation [ 31 ]. Subsequently, the miR124- 
ON-CRISPR system plasmids were transfected into differen- 
tiating P19 cells. The results showed that the expression of 
Fluc increased gradually with the progression of differentia- 
tion time (Fig. 3 B and C). Furthermore, the expression of miR- 
124 during the cellular differentiation was detected by qPCR 

assay . Consistently , the result showed the expression of miR- 
124 was gradually increased during the process of cell differ- 
entiation (Fig. 3 D). Next, we tested whether the system can be 
used to monitor the differentiation status by means of imaging 
the expression level of miR-124. As expected, an elevated bi- 
oluminescence signal was observed during the process of cell 
differentiation (Fig. 3 E and F). These findings demonstrated 

the effectiveness of the miR-ON-CRISPR system in real-time 
imaging of miRNAs and its associated biological processes,
such as cell differentiation. 

“OR / AND-gated” miR-ON-CRISPR system enables 

detecting the expression of two miRNAs 

Despite the fact that the expression of many miRNAs is cell 
type-specific, there are some cases in which the integration of 
multiple miRNAs’ signals is necessary to achieve optimal cell 
type-specific regulation of the CRISPR system. Consequently,
the subsequent investigation focused on determining whether 
the miR-ON-CRISPR system could be adapted to detect two 

distinct miRNAs. It has been demonstrated by our and oth- 
ers’ studies that the insertion of miRNA target sites into ei- 
ther the 5 

′ -UTR or 3 

′ -UTR of target genes is an effective pro- 
cedure [ 12 , 21 , 32 ]. To ascertain the potential of this feature 
for the regulation of CRISPR activity, two additional miRNA- 
activated systems were constructed, in which the target sites 
of miR-21 were inserted into either the 5 

′ -UTR (T21-LacI) 
( Supplementary Fig. S4 A) or both the 5 

′ -UTR and 3 

′ -UTR 

(T21-LacI-T21) of the LacI gene ( Supplementary Fig. S4 B).
The results showed that the two types of systems can be 
activated by either exogenous or endogenous target miR-21 

( Supplementary Fig. S4 A and B). In addition, the system con- 
taining miR-21 target sites within both the 5 

′ -UTR and 3 

′ - 
UTR exhibited the highest fold-change in luciferase activity 
compared to the systems containing miR-21 target sites within 

the 5 

′ -UTR or 3 

′ -UTR following the introduction of miR- 
21 into HEK293 cells ( Supplementary Fig. S4 C). These re- 
sults suggested that an miRNA-activated dCas9 system can 

be achieved by inserting miRNA target sites into either the 
5 

′ -UTR or 3 

′ -UTR of the LacI gene. 
Subsequently, an “OR -gated” miR -ON-CRISPR system 

(miR -OR -ON-CRISPR) was designed, in which miR21- and 

miR124-activated sgRNA modules were inserted into the 5 

′ - 
UTR and 3 

′ -UTR of the LacI gene, respectively (Fig. 4 A).
Subsequently, the system plasmids were co-transfected into 

HEK293 cells with either miR-21 or miR-124 mimics, or both 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1037#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1037#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1037#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1037#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1037#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1037#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1037#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1037#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1037#supplementary-data
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Figure 2. Design and characterization of the miR-ON-CRISPR system. ( A ) Scheme for the miR-ON-CRISPR system. ( B ) Three components of the 
miR21-ON-CRISPR system. ( C ) miR21-ON-CRISPR system plasmids were co-transfected with indicated miRNA mimics, respectively, and the luciferase 
activity w as measured. ( D ) T he miR21-ON-CRISPR sy stem plasmids and different doses of miR-21 mimics were co-transfected into HEK293 cells. Then, 
the luciferase activity was measured 36 h later. ( E ) The off-t arget activit y of the miR21-ON-CRISPR system was detected. ( F ) The activation of the system 

was detected in the presence or absence of miR-21 recognition sites. ( G ) miR124-ON-CRISPR system plasmids were co-transfected with indicated 
miRNA mimics, respectively, and the luciferase activity was measured. ( H ) The miR124-ON-CRISPR system plasmids and different doses of miR-124 
mimics were co-transfected into HEK293 cells. Then, the luciferase activity was measured 36 h later. ( I ) The miR21-ON-dCas9, miR21-ON-sgRNA, and 
miR21-ON-CRISPR system plasmids were transfected in HEK293 cells to detect the leakage activity. Max-activation indicates transfection of a CRISPR 

system that consistently expresses sgRNA and dCas9-VPR. The expression of Fluc in the Max-activation state is defined as 100% leaky expression. 
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Figure 3. miR-ON-CRISPR system is used to visualize miRNA expression during cell differentiation. ( A ) Scheme for real-time detection of miRNA-124 in 
neurogenesis using the miR124-ON-CRISPR system. ( B ) Three components of the miR124-ON-CRISPR system. ( C ) The miR124-ON-CRISPR system 

plasmids were transfected into differentiated P19 cells at various time periods, and the luciferase activities were measured. ( D ) qPCR was performed to 
measure the e xpression le v el of miRNA-124 in differentiated P19 cells on different da y s. T he miR124-ON-CRISPR sy stem plasmids w ere transfected into 
differentiated P19 cells at various time periods; the bioluminescence signal (E) and luminescence intensity (F) were captured. 
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Figure 4. “OR / AND-gated” miR-ON-CRISPR system enables detecting the expression of two miRNAs. ( A ) Schematic diagram of the components of 
the miR-OR-ON-CRISPR system, which can be activated by either miR-21 or miR-124. ( B ) miR-OR-ON-CRISPR system plasmids were co-transfected 
with indicated miRNA mimics, respectively, and the luciferase activity was measured. ( C ) Schematic diagram of the components of the 
miR-AND-ON-CRISPR system, which is activated only in the presence of miR-21 and miR-124. ( D ) miR-AND-ON-CRISPR system plasmids were 
co-transfected with indicated miRNA mimics, respectively, and the luciferase activity was measured. 
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iR -21 and miR -124 mimics. As anticipated, transfection of
ither miR-21 or miR-124 mimics was found to activate the
ystem, with the highest activation being observed when si-
ultaneous transfection of miR-21 and miR-124 mimics (Fig.
 B). Furthermore, by inserting miR21- and miR124-activated
gRNA modules into the 3 

′ -UTR of the LacI gene separately,
n “AND-gated” miR-ON-CRISPR system (miR-AND-ON-
RISPR) was successfully constructed (Fig. 4 C). As indicated
y luciferase activity, the miR-AND-ON-CRISPR system can
e activated only when transfecting miR-21 and miR-124
imics simultaneously (Fig. 4 D). Together, these results indi-

ate that the miR-ON-CRISPR system can be engineered to
etect the expression of two miRNAs. 
 

miR-ON-CRISPR system induces cell type-specific 

apoptosis by activating the exogenous or 
endogenous toxic genes 

Next, we explored whether the system could be activated
by cell type-specific miRNA to regulate the expression of
genes with biological functions. Given that toxic genes typ-
ically require low levels of leakage expression [ 33 ], it is sus-
pected that the miR-ON-CRISPR system is well suited to reg-
ulate the expression of such genes. Therefore, the miR-ON-
CRISPR system was designed to modulate the expression of
the diphtheria toxin A (DTA) gene, which has been demon-
strated to inhibit protein synthesis and induce apoptosis
(Fig. 5 A). Subsequently, an miR21-activated DTA expression
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Figure 5. miR-ON-CRISPR system activates the expression of exogenous or endogenous toxic genes induced by cell type-specific miRNA. ( A ) 
Schematic diagram of the expression of toxic gene DTA induced by the miR-ON-CRISPR system to trigger cell apoptosis. ( B –E ) Flow cytometric 
analyses and quantification of cell apoptosis in (B and C) HEK293 or (D and E) HCT116 cells transfected with control or miR21 -ON-DT A plasmids. ( F ) 
Schematic diagram of the components of the miR21-ON-endoBAX system, which can be used to activate the expression of endogenous BAX gene. 
( G and H ) miR21-ON-endoBAX system plasmids were co-transfected with miR-21 mimics into HEK293 cells or alone transfected into HCT116 cells, and 
the mRNA expression of Bax was measured by qPCR. 



A microRNA-activated CRISPR–dCas9 system 11 

s  

O  

O  

d  

A  

n  

t  

t  

5  

e  

o  

c  

O  

d
 

g  

a  

c  

t  

t  

B  

t  

a  

s  

f  

s  

n  

g  

o  

b  

t  

c  

i  

s  

g  

c  

l  

g

m
s

G  

o  

h  

n  

e  

c  

s  

i  

c  

l  

i  

t  

j  

3  

f  

s  

l  

t  

t  

l
 

m  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ystem (miR21-ON-DTA) was constructed based on the miR-
N-CRISPR system. To verify the effectiveness of the miR21-
N-DTA system, flow cytometry analysis was performed to
etect cell apoptosis under different transfection conditions.
s indicated in Fig. 5 B and C, in HEK293 cells (no endoge-
ous miR-21 cells), the expression of the miR21-ON-DTA sys-
em plasmids did not induce more apoptosis compared with
he control group ( Supplementary Fig. S5 A). In HCT-116 (Fig.
 D and E) or HeLa cells ( Supplementary Fig. S5 B and C) that
xpress high levels of endogenous miR-21, the transfection
f the miR21-ON-DTA plasmids resulted in a significant in-
rease in apoptosis. These results demonstrate that the miR-
N-CRISPR system can induce cell type-specific apoptotic
eath by activating the expression of exogenous toxic genes. 
Furthermore, by redesigning a conditional sgRNA tar-

eting the endogenous promoter of BAX gene, a miR21-
ctivated BAX expression system (miR21-ON-endoBAX) was
onstructed based on miR-ON-CRISPR system (Fig. 5 F). In
he miR21-ON-endoBAX system, target miRNA can activate
he expression of endogenous BAX gene, then the expressed
ax protein will disrupt mitochondrial transmembrane poten-

ial and lead to the release of cytochrome c, thereby medi-
ting caspase activation and ultimately inducing cell apopto-
is ( Supplementary Fig. S6 A). As expected, following trans-
ecting the system plasmids into HEK293 cells, the expres-
ion of the on-target BAX gene could be activated by exoge-
ous miR-21 mimics (Fig. 5 G), while the most likely off-target
enes were not activated ( Supplementary Fig. S6 B). More-
ver, the mRNA expression of BAX can also be activated
y endogenous miR-21 in HCT-116 cells (Fig. 5 H). Consis-
ently, the presence of exogenous miR-21 mimics in HEK293
ells ( Supplementary Fig. S6 C and D) or endogenous miR-21
n HCT-116 cells ( Supplementary Fig. S6 E and F) has been
hown to result in a significant increase in cell apoptosis. To-
ether, these data suggest that the miR-ON-CRISPR system
an be adapted to achieve cell type-specific killing by modu-
ating the expression of either exogenous or endogenous toxic
enes. 

iR-ON-CRISPR system alleviates sepsis-induced 

ymptoms in mice 

iven the growing body of evidence indicating that numer-
us miRNAs are effective biomarkers for human diseases, it is
ypothesized that the miR-ON-CRISPR system may offer sig-
ificant therapeutic potential in the treatment of specific dis-
ases through gene therapy. Sepsis is a life-threatening disease
aused by dysregulation of the body’s response, which poses a
ignificant challenge in clinical treatment. Sepsis is character-
zed by multiple organ dysfunction, of which liver injury is a
ommon occurrence [ 34 ]. In the clinic setting, sepsis-induced
iver injury is closely related to mortality and poor prognosis
n patients with sepsis [ 35 ]. In addition, the transcription fac-
or Nrf2 exerts a protective effect on sepsis-induced liver in-
ury by promoting the expression of antioxidant enzymes [ 36 ,
7 ]. Furthermore, miRNAs have been identified as biomarkers
or sepsis [ 38 ]. As one of the miRNA biomarkers, the expres-
ion of miR-155 was shown to be significantly elevated in the
iver during sepsis [ 39 , 40 ]. Therefore, it is hypothesized that
he design of miR-155 capable of activating the expression of
he Nrf2 gene during sepsis may alleviate the sepsis-induced
iver injury. 

To test this hypothesis, we first established a mouse sepsis
odel by intraperitoneal injection of LPS (Fig. 6 A). Consis-
tent with previous studies, the injection of LPS for a duration
of 6 or 12 h effectively induced a sepsis phenotype in mice,
characterized by a decrease in body weight (Fig. 6 B) and an
increase in the levels of circulating cytokines such as TNF- α
(Fig. 6 C) and IL-6 (Fig. 6 D). In addition, following treatment
with LPS, the livers of the mice became darker and some bleed-
ing spots appeared, indicating that sepsis had affected the liver
(Fig. 6 E). Elevated serum ALT and AST levels (Fig. 6 F) and the
HE staining of liver tissue (Fig. 6 G) further indicated that sep-
sis caused liver injury. These results suggest that the mouse
model of sepsis has been established successfully. 

Then, we constructed a miR155-activated Nrf2 expression
system (miR155-ON-Nrf2) based on the miR-ON-CRISPR
system (Fig. 7 A). To assess the performance of the miR155-
ON-Nrf2 system in sepsis, the system plasmids were deliv-
ered to the mice’s liver by hydrodynamic injection via the
tail vein, and the mice were further intraperitoneally injected
with LPS to induce sepsis (Fig. 7 B). Consistent with previ-
ous studies [ 39 , 40 ], the expression of miR-155 increased af-
ter LPS treatment ( Supplementary Fig. S7 A). Moreover, LPS-
induced sepsis resulted in the activation of Nrf2 mRNA ex-
pression in the livers of mice (Fig. 7 C). This finding suggests
that miR-155 successfully activates the miR155-ON-Nrf2 sys-
tem. Notably, the expression of the miR155-ON-Nrf2 system
was capable of reversing the decreased body weight and body
temperature caused by LPS injection ( Supplementary Fig. S7 B
and C). In addition, LPS treatment led to an increase in pro-
inflammatory factors TNF- α and IL-6, indicating the success-
ful establishment of the model (Fig. 7 D and E). Besides, the
concentrations of pro-inflammatory cytokines TNF- α and IL-
6 in circulation were decreased in sepsis mice expressing the
miR155-ON-Nrf2 system plasmids (Fig. 7 D and E). These
data suggest that the miR155-ON-Nrf2 system has the po-
tential to alleviate the sepsis symptoms in mice. 

To further verify that the reduction of symptoms in sep-
sis is indeed caused by the expression of the Nrf2, we exam-
ined the expression of several antioxidative enzyme genes, in-
cluding NQO1, GCLM, and HO-1, which can be activated
by Nrf2 [ 41 , 42 ]. Perhaps as a transient stress response, the
expressions of NQO1 and GCLM were decreased, while the
expression of HO-1 was increased in septic mice, which was
similar to the results of a previous study [ 36 ]. Importantly, the
expressions of these three antioxidant enzyme genes were all
upregulated in sepsis mice expressing the miR155-ON-Nrf2
system plasmids (Fig. 7 F). In addition, by measuring MDA
levels in liver tissue, it was found that LPS treatment resulted
in increased hepatic oxidative stress, while Nrf2 expression
reduced the oxidative stress levels (Fig. 7 G). Consistent with
this finding, IHC analysis showed an increased expression of
superoxide dismutase SOD1 in sepsis mice expressing Nrf2
( Supplementary Fig. S7 D and E). 

Previous studies have shown that oxidative stress could in-
duce ER stress to mediate apoptosis [ 43 ], so we further in-
vestigated the role of miR155-ON-Nrf2 system in ER stress
and cell apoptosis in septic liver tissues. By analyzing the
expression of ER stress markers CHOP, GRP78, and ATF-
6 in livers, it was shown that the expression of Nrf2 can
also reduce ER stress in sepsis ( Supplementary Fig. S8 A-C).
Moreover, TUNEL staining showed that the expression of
the miR155-ON-Nrf2 system reduced the apoptotic ratio of
hepatocytes in sepsis mice ( Supplementary Fig. S9 A and B).
Consistently, a decreased expression of Bax and cleaved cas-
pase3 was observed in sepsis mice expressing system plasmids
( Supplementary Fig. S9 C-F). These results suggested that the

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1037#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1037#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1037#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1037#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1037#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1037#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1037#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1037#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1037#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1037#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1037#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1037#supplementary-data
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Figure 6. Establishment of an LPS-induced sepsis model in mice. ( A ) Schematic diagram of the LPS-induced sepsis in mice. ( B ) Body weight changes 
6 and 12 h after LPS injection in sepsis mouse model ( n = 4, respectively). Detection of pro-inflammatory factors TNF- α ( C ) and IL-6 ( D ) in serum of mice 
under indicated conditions. The “< LOD” indicates values that are less than the limit of detection (LOD). ( E ) Liver color changes in 6 and 12 h after LPS 
injection in sepsis mouse model. ( F ) The level of ALT and AST changes 6 and 12 h after LPS injection in sepsis mouse model. ( G ) HE staining of mice 
livers in sepsis mouse model. The red arrows indicate obscure nuclei of hepatocytes. The blue arrows indicate hepatocytes with vacuolar degeneration. 
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Figure 7. miR-ON-CRISPR system activates the expression of Nrf2 to alleviate sepsis-induced liver injury in mice. ( A ) Schematic diagram of the 
components of the miR155-ON-Nrf2 system. ( B ) Experimental diagram to explore the role of the miR155-ON-Nrf2 system in LPS-induced sepsis. ( C ) The 
expression of Nrf2 was detected by RT-PCR. The label “LPS + Nrf2” in the figure indicates the expression of the miR155-ON-Nrf2 system plasmids in 
LPS-induced sepsis mice (same below). Detection of pro-inflammatory factors TNF- α ( D ) and IL-6 ( E ) in serum of mice under different conditions. The “< 

LOD” indicates values that are less than the LOD. ( F ) The expression of several antioxidized genes was detected by RT-qPCR. ( G ) Detection of MDA 

le v els in mouse liver tissue. ( H ) Detection of AST and ALT in serum of mice under different conditions. ( I and J ) Representative HE staining images of 
mice livers and staining scores. The red arrows indicate obscure nuclei of hepatocytes. The blue arrows indicate hepatocytes with vacuolar 
degeneration. Scale bar: 100 μm. 
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miR155-ON-Nrf2 system may alleviate sepsis-induced liver
injury. Indeed, in sepsis mice expressing the miR155-ON-Nrf2
system plasmids, the biomarkers ALT and AST in serum for
reflecting liver injury were both decreased (Fig. 7 H). In line
with this observation, the HE staining scores were significantly
higher in the liver tissues of LPS-induced sepsis mice com-
pared with the control group, whereas the expression of the
miR155-ON-Nrf2 system could suppress the increased stain-
ing scores (Fig. 7 I and J). Taken together, these data demon-
strated that the miR-ON-CRISPR system has the capacity to
alleviate sepsis-induced liver injury in mice. 

Conclusion 

In this study, we have developed an miRNA-inducible
CRISPR–dCas9 dual regulatory system in which both dCas9
and sgRNA production are regulated by endogenous miRNA
signature. The configuration of this dual regulatory mecha-
nism ensures that the CRISPR system activity is tightly reg-
ulated by cell type-specific target miRNAs, thereby reducing
off-target effects and genotoxicity by minimizing the exposure
time of the genome to the active system. The efficacy of the ro-
bust system in measuring miRNA activity and monitoring the
neural cell differentiation was demonstrated. Furthermore, by
designing sgRNAs that target the promoter region of exoge-
nous or endogenous apoptosis-related genes, we successfully
adapted this system to achieve cell type-specific killing. Finally,
it was shown that liver injury in sepsis can be alleviated by em-
ploying the system to induce the expression of Nrf2 in the liver
of mice, thereby substantiating the system’s efficacy in vivo .
These results highlight the utility of this CRISPR–dCas9 dual
regulatory system for the detection of miRNA and the spe-
cific activation of genes, either in terms of cell type or disease
state, suggesting its potential application in both fundamental
biological research and gene-based therapeutic interventions. 

While we do demonstrate miR-ON-CRISPR system ap-
plication for gene-based therapy by using the LPS-induced
model, the present paper merely reports the initial proof-of-
principle study. Given that miR-ON-CRISPR is a fully ge-
netically encoded system, a variety of vectors and tissue-
specific promoters could be used to selectively deliver miR-
ON-CRISPR system components to diverse tissues. Besides,
we also envision that adeno-associated virus vectors will be-
come the prevailing approach for this task. Moreover, the
miR-ON-CRISPR system is modular and programmable, and
thus is also applicable to other CRISPR systems, such as the
CRISPR–Cas12a system. Furthermore, it is important to note
that the occurrence of some diseases often involves multiple
different changes in miRNA expression. However, the cur-
rent system can only respond to one or two miRNAs, which
may limit its application in gene therapy scenarios. To achieve
precise gene-based therapy, developing a CRISPR system that
can respond to the expression of multiple miRNAs is of great
significance. 
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