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Abstract

The clustered regularly interspaced short palindromic repeats CRISPR-associated protein 9 (CRISPR/Cas9) system has emerged as a
versatile platform for genome editing, transcriptional regulation, and chromosomal imaging. Recent advances in synthetic biology have
enabled the engineering of single guide RNA (sgRNA) to confer conditional responsiveness on the CRISPR/Cas9 system. By integrating
functional nucleic acid elements, such as aptamers, ribozymes, and aptazymes, into specific structural regions of the sgRNA, researchers
have developed systems that respond to a variety of molecular signals, including small molecules, proteins, and endogenous metabolites.
These engineered sgRNAs enable spatiotemporal control of gene editing, activation, repression, and imaging in both prokaryotic and eu-
karyotic cells. This review summarizes the structural principles, design strategies, and applications of condition-responsive CRISPR/Cas9
systems, highlighting their potential in synthetic biology, disease modeling, and therapeutic development. Current challenges and future
directions for improving the specificity, efficiency, and applicability of these systems are also discussed.
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1. Introduction structures to regulate cellular functions. This includes
strategies such as aptamer-mediated regulation and strand-
exchange regulation, which have been further applied in
both prokaryotic and eukaryotic cells to control gene ex-
pression levels, protein production, and cellular functions
[15-18]. These approaches have significantly broadened
the application dimensions of the CRISPR/Cas9 system. By
integrating environment-responsive elements, the system
can now perceive and respond to specific stimuli, such as
small molecules or metabolites, enhancing its spatiotempo-
ral precision within complex biological environments [ 19—
22]. This strategy also provides key technical support for
building intelligent gene circuits and cell-based therapies,
demonstrating broad prospects in disease diagnosis and pre-
cision medicine.

The Clustered Regularly Interspaced Short Palin-
dromic Repeats/Cas CRISPR-associated protein 9
(CRISPR/Cas9) system is an adaptive immune mech-
anism found in bacteria and archaea that protects them
from viral or phage invasions. Due to its simple compo-
sition, high specificity, and efficient cleavage, researchers
have repurposed the CRISPR/Cas9 system into a new
generation of gene-editing tools, rapidly expanding its
applications [1-3]. It has now been validated for precise
genome editing in a wide range of organisms [4—8]. Simul-
taneously, the system has shown great potential in the field
of molecular diagnostics, sparking widespread interest
in the development of condition responsive technologies
based on the CRISPR/Cas9 platform. Engineering of the
Cas9 protein has not only endowed it with gene editing
functions but also enabled transcriptional regulation
(CRISPR Interference [CRISPRi] for gene repression
and CRISPR Activation [CRISPRa] for gene activation)
[9-11]. Furthermore, structural design of the guide RNA
(gRNA) has achieved conditional responsiveness at the
cellular level [12—14].

Aptamers are artificially synthesized single-stranded
deoxyribonucleic acid (DNA) or ribonucleic acid (RNA)
sequences first reported in 1990 [23-25]. They fold into
secondary and tertiary structures, enabling extremely high
specificity for binding their target molecules [26]. Due to
their high specific affinity for targets—ranging from small
molecules and proteins to entire cells—RNA aptamers are
particularly suitable for integration with single guide RNA

Researchers have leveraged the CRISPR/Cas9 plat- (sgRNA) to construct CRISPR/Cas9 systems regulated by
form alongside molecular tools like dynamic nucleic acid specific molecules [27,28]. Similar to protein enzymes,
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certain ribonucleic acid (RNA) molecules, known as “ri-
bozymes”, can catalyze various biochemical reactions, such
as the cleavage and formation of phosphodiester bonds,
peptide bonds, and other chemical bonds [29-31]. In 1988,
Thomas R. Cech was awarded the 1989 Nobel Prize in
Chemistry for discovering the catalytic properties of RNA.
Specific cleavage can immediately render a target RNA
molecule non-functional. Incorporating self-cleaving ri-
bozymes with sgRNA allows the construction of ribozyme-
regulated CRISPR/Cas9 systems [32,33].

Utilizing dynamic nucleic acid structures to regulate
gene expression offers the advantages of simple engineer-
ing and broad applicability. Since the modified sgRNA
in such systems can be produced intracellularly via plas-
mid expression rather than requiring synthetic synthesis,
it holds strong potential for in vivo applications. This re-
view primarily summarizes research from the past decade
on constructing condition responsive CRISPR/Cas9 sys-
tems using aptamers and ribozymes. By engineering the
structure of sgRNA—through individual RNA aptamers, ri-
bozymes, or combined aptamer-ribozyme constructs (also
called aptazyme)—these systems can respond to specific
compounds or proteins in prokaryotic or eukaryotic cells,
thereby achieving gene editing, expression regulation, and
imaging via the CRISPR/Cas9 system.

2. CRISPR-Cas9 as a Versatile Platform for
Genomic Manipulation

2.1 Cas9 in Gene Editing: DNA Cleavage and Repair
Mechanisms

Cas9 has been widely adopted for gene editing in a
variety of organisms. Similar to other nucleases, Cas9-
mediated gene editing is achieved through a two-step pro-
cess: double-strand DNA breakage followed by DNA re-
pair. The sgRNA guides Cas9 to a specific genomic site,
inducing a double-strand break (DSB) [9,34]. This break
subsequently triggers intrinsic cellular DNA repair mech-
anisms, primarily non-homologous end joining (NHEJ) or
homology-directed repair (HDR) (Fig. 1) [35-39].

The NHEJ repair pathway randomly introduces inser-
tion or deletion mutations (indels) at the DSB site. By
disrupting the reading frame of the target gene or mutat-
ing critical regions of the encoded protein, this process can
lead to gene knockout (KO) [40]. In contrast, HDR can in-
troduce precise sequence modifications—such as deletions,
mutations, insertions, or gene corrections—at the DSB site
using a donor DNA template as a guide [41,42]. Conse-
quently, the CRISPR/Cas9 system provides a powerful plat-
form for sequence-specific genome editing, enabling di-
verse applications including gene knockout, gene knock-
in (KI), and targeted mutation or correction of specific se-
quences [3,43,44].

2.2 Gene Regulation With dCas9.: CRISPR Interference
(CRISPRi) and CRISPR Activation (CRISPRa)

Beyond its nuclease activity, Cas9 can serve as a
unique platform for recruiting functional proteins and RNA
factors to specific DNA target sites. Based on this capa-
bility, it has been engineered into a sequence-specific gene
regulation tool [10,11,45,46]. To achieve this, transcrip-
tional activators and repressors are fused to a nuclease-
deactivated Cas9 (dCas9). dCas9 retains the ability to bind
sgRNA and target DNA but lacks nuclease activity, thereby
functioning as an RNA-guided, sequence-specific DNA-
binding platform.

In bacterial cells as shown in Fig. 2a, dCas9 alone
can effectively repress transcription of target genes by ster-
ically hindering the transcription machinery [46,47]. This
approach is referred to as CRISPR interference (CRISPRi).
While CRISPRI is generally highly efficient in prokaryotes,
the dCas9-sgRNA complex alone is less effective at silenc-
ing gene expression in mammalian cells [48]. However,
CRISPRi in mammalian cells can be enhanced by fusing
transcriptional repressor domains—such as the KRAB do-
main from Kox1—to dCas9, enabling successful repression
of reporter or endogenous genes [45,49].

In addition to transcriptional repression, transcrip-
tional activation can be achieved in mammalian cells by fus-
ing activators such as VP64 and p65AD to dCas9 (Fig. 2b)
[10,45,49,50]. These fusion proteins increase expression
levels of corresponding host genes. Given the importance
of transcriptional activation for studying gene function, this
system has been continuously improved to achieve higher
levels of activation. More advanced systems, including the
dCas9 SAM (recruiting multiple transcriptional activators
using the synergistic activation mediator) system, dCas9
SunTag system, and dCas9-VP64-p65-Rta (VPR) system,
have since been developed [51-53].

3. Structural Insights and Engineering
Strategies for sgRNA

The CRISPR/Cas9 system is regarded as the latest
generation of gene editing tools [54]. It is of great signifi-
cance to clarify how the sgRNA binds to the Cas9 protein
and targets the target DNA. A comprehensive understand-
ing of the sgRNA’s structural architecture is not merely de-
scriptive, but fundamental to its rational engineering. The
precise three-dimensional arrangement of its loops, stems,
and linkers defines both the constraints and opportunities
for embedding exogenous functional RNA elements, such
as aptamers and ribozymes. Therefore, deconstructing the
sgRNA into its core components and evaluating their in-
dividual contributions to Cas9 function is a critical pre-
requisite for informed design. This knowledge allows re-
searchers to strategically target tolerant regions for mod-
ifications while avoiding disruptions to the structural in-
tegrity essential for activity. The following detailed struc-
tural analysis serves to map these “engineering handles”
within the sgRNA scaffold.
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Fig. 1. Cas CRISPR-associated protein 9 (Cas9) introduces a double-strand break (DSB) in the deoxyribonucleic acid (DNA),
triggering cellular repair via Non-Homologous End Joining (NHEJ) or Homology-Directed Repair (HDR). NHEJ often results in

random insertions or deletions (indels), while HDR can be used to introduce precise genetic modifications using a donor DNA template.

Fokl is a restriction endonuclease whose nuclease domain must dimerize to cleave DNA. When fused to catalytically inactive nuclease-

deactivated Cas9 (dCas9), two dCas9-Fokl monomers binding at adjacent sites facilitate Fokl dimerization, enabling highly specific
DNA cleavage near the target site. Created with Adobe Illustrator CS6 (Adobe Systems Incorporated, San Jose, CA, USA).

3.1 Structural Features and Identification of Key
Functional Regions in sgRNA

The sgRNA is composed of sequences derived from
both crRNA and tracrRNA, which are linked via an engi-
neered tetraloop (Fig. 3a) [55]. Its architecture features a
crRNA segment partitioned into a 20-nucleotide guide re-
gion and a 12-nucleotide repeat region, alongside a tracr-
RNA segment that includes a 14-nucleotide anti-repeat re-
gion and three distinct stem loops [56,57]. Crystallographic
analysis shows that upon binding target DNA, the sgRNA
adopts a T-shaped structure. This architecture is constituted
by a guide:target heteroduplex, a repeat:anti-repeat du-
plex, and three stem loops (Fig. 3a,c). A single nucleotide
(Adenine) serves as the connector between the repeat:anti-
repeat duplex and stem loop 1, while a 5-nucleotide single-
stranded linker (purple) bridges stem loops 1 and 2 [55].

These findings demonstrate that stem loop 1 is indis-
pensable for assembling a functional Cas9-sgRNA com-
plex, while stem loops 2 and 3 play auxiliary roles in stabi-
lizing the complex and boosting sgRNA stability, thereby
enhancing its activity in vivo. To evaluate the contribu-
tion of each structural element of the sgRNA to Cas9 func-
tion, Hiroshi Nishimasu et al. [55] engineered and as-
sayed multiple sgRNA variants containing mutations in the
repeat:anti-repeat duplex, stem loops 1 through 3, and the
interconnecting linker between stem loops 1 and 2. Exper-
imental results show that stem loops 2 and 3, along with
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the linker, are permissive to extensive mutagenesis. In
contrast, the integrity of the repeat:anti-repeat duplex and
stem loop 1 is crucial for Cas9’s activity (Fig. 3a). Fur-
thermore, the sgRNA sequence overall exhibits consider-
able tolerance to a wide array of mutations (Fig. 3¢, recon-
structed sgRNA). Collectively, these findings underscore
the critical role of Cas9’s structure-specific recognition of
the repeat:anti-repeat duplex [55].

3.2 Structural Hotspots for Functional sgRNA Engineering

As illustrated in Fig. 3b, while optimized sgRNA de-
signs (e.g., with an A-U flip or hairpin extension) exhibit
enhanced binding affinity to Cas9 and target DNA, their
core architecture is conserved. Consequently, the selection
of a specific guide RNA structure for experimental appli-
cations can be made flexibly based on the specific require-
ments of the study [58]. Crystallographic analysis reveals
that the nucleotides of Stem loop 1 and stem loop 3 inter-
act directly with the Cas9 protein, whereas the tetraloop and
the -GAAA- motif of stem loop 2 are exposed on the pro-
tein surface (shown in Fig. 3c). Consequently, the insertion
of aptamer or ribozyme sequences into these two structural
elements does not interfere with the inherent function of the
sgRNA, while simultaneously allowing the incorporation of
regulatory modules. Two additional sites for sequence ad-
dition are the 5’- and 3’- ends of the sgRNA. Extending the
3’- end has no significant impact on sgRNA function [59].


https://www.imrpress.com

a Gene repression (CRISPRi)

b Gene activation (CRISPRa)

r— - - - - 0 - - - - - - - — —/ — — /"1
HFS1
| | | poés |
VP64 MCP VP64
| — dCas9 | | o MS2 o |
sgRNA
| I
| '|'|'|""' Target DNA | | -“T---- ’—> TIT---- |—> |
RNAP
| RNA Polymerase  dCas alone (bacteria) | | dCas9-VPo4 dCas9 SAM system |
| | | GON4 |
65 Rta
KRAB
| . | | Scfv-vp64 Vo4 . |
dCas9-KRAB dCas9 Sun Tag system dCas9-VPR
L e e - - - d L e e —_ —_— —_ —_ —_ —_ —_ — = 4]

Fig. 2. Sequence-specific gene regulation mediated by nuclease-deactivated Cas9 (dCas9). (a) CRISPRIi (interference) strategies:

Transcriptional repression is achieved by dCas9 alone through steric hindrance of RNA Polymerase (RNAP) in bacteria or by a dCas9-

KRAB fusion for enhanced efficacy. (b) CRISPRa (activation) strategies: Transcriptional activation is accomplished via direct fusion of

dCas9 to an activator domain (e.g., VP64) or by multi-activator recruitment systems, including SAM (recruiting multiple transcriptional
activators using the synergistic activation mediator), SunTag, and VPR (VP64-p65-Rta). Created with Adobe Illustrator CS6 (Adobe

Systems Incorporated, San Jose, CA, USA).

However, at the 5'- end, the 20 nucleotides preceding the
protospacer adjacent motif (PAM) are responsible for tar-
get gene recognition; shortening this guide sequence to less
than 17 nucleotides significantly impairs the sgRNA’s abil-
ity to bind target DNA [60]. While excessive extension of
the 5'- end can influence the sgRNA’s efficiency in bind-
ing its target DNA sequence, it does not completely abolish
its activity [61,62]. Therefore, researchers primarily focus
on these four regions for engineering SgRNA structure by
introducing aptamers or ribozymes: 5’- end extension, 3'-
end extension, and replacement of the tetraloop and the -
GAAA- sequence in stem loop 2.

3.3 Aptamers and Ribozymes: A Modular Toolkit for
Programmable sgRNA

Table 1 lists common RNA aptamers and ribozymes
(Ref. [29,32,33,59,63—-81]). The listed RNA aptamers
(such as theophylline, tetracycline, and 3-methylxanthine)
and ribozymes (including hammerhead ribozyme and Csy4
substrate) represent a versatile toolkit for the precise regu-
lation and functional expansion of synthetic RNA systems,
particularly sgRNA. These elements enable external control
by responding to specific small-molecule ligands to modu-
late RNA activity or structure, and facilitate the recruitment
of effector proteins (e.g., via MS2 and PP7) for tasks like
imaging, localization, or translational control. Ribozymes

introduce self-cleaving activity for processing RNA tran-
scripts or engineering genetic circuits. Collectively, they
are pivotal components for constructing sophisticated, pro-
grammable biological tools.

4. Application of Engineered sgRNA in the
CRISPR/Cas9 System

4.1 Engineering Small-Molecule-Responsive sgRNAs for
Prokaryotic CRISPR-Cas9 Regulation

The CRISPR-Cas9 system is widely used for gene
editing, transcriptional regulation, and imaging due to its
ability to target any DNA sequence via the sgRNA. How-
ever, most existing regulation methods focus on control-
ling the Cas9 protein, resulting in synchronous regulation of
all target genes and lacking the capability for independent
spatiotemporal control of multiple genes [82-84]. Kale
Kundert et al. [66] proposed engineering the sgRNA it-
self to achieve ligand-dependent activation or inhibition of
CRISPR function, thereby providing a new tool for study-
ing complex biological processes (Fig. 4a).

They inserted theophylline aptamers into multiple re-
gions of the sgRNA (such as the upper stem, linker re-
gions, and hairpin structures) as shown in Fig. 4b, em-
ploying three connection strategies: replacing part of the
stem structure, splitting the sgRNA and connecting it with
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Fig. 3. sgRNA engineering for enhanced functionality and specificity. (a) Structure of the single guide RNA (sgRNA): Target DNA
Complex. This schematic illustrates the complex formed between the sgRNA and its target DNA. The crRNA component is divided into
a sky-blue guide sequence and a repeat sequence. The tracrRNA is shown in red, with its linker segment highlighted in violet. Target
DNA and the tetraloop are colored pink and yellow, respectively. Black lines represent Watson-Crick base pairs. (b) Schematic of the
natural crRNA and tracrRNA components, the initial sgRNA and engineered sgRNAs. Depicted are three optimized sgRNA designs:
sgRNAF with an A-U pair flip; sgRNA ) with a 5 bp extension of the hairpin; and sgRNA+g), a combination of both modifications.
(c) Primary sgRNA engineering regions for functional modifications. Four key regions are commonly modified for sgRNA engineering
by incorporating aptamers or ribozymes: the 5’-terminus, 3’-terminus, tetraloop and stem loop 2. Created with Adobe Illustrator CS6
(Adobe Systems Incorporated, San Jose, CA, USA).

aptamers, and designing strand-displacement structures. which were ligand-activated and one was ligand-inhibited.
Through in vitro DNA cleavage assays, they screened  Using a CRISPRi-based fluorescent reporter system and
10 sgRNA designs responsive to theophylline, nine of  fluorescence-activated cell sorting, they identified ligRNA
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Table 1. RNA aptamers and ribozymes for regulating CRISPR systems and genome editing.

Aptamer or Ribozyme name Structure Sequence (5'-3") Specific ~ response Application Reference
substance
oL Genome editing
. SO o % GGUGAUACCAGCAUCGUCUUGAUGCCCUUGGCA- . CRISPRa
Theophylline aptamer U ¢ Foe Theophylline . [63-66]
v 0 Rya Ueg GCACC CRISPRi
©, @ Riboswich
Theophylline-dependent ribozyme S GGGCGACCCUGAUGAGCCUUAUACCAGCCGAAA- Theophylline Genome editing [67-69]
s GGCCCUUGGCAGACGUCGAAACGGUGAAAGCCG- CRISPRa
‘wqﬁ.ncﬁs~”inu . UAGGUUGCCG CRISPRi
Tetracycline aptamer R Sequencel: GGCCUAAAACAUACCAGAUCGCCACC-  Tetracycline CRISPRa [59,70,71]
o CGCGCUUUAAUCUGGAGAGGUGAAGAAUACGA- CRISPRi
CCACCUAGGCC Riboswich

Sequence2: GGCCUAAAACAUACCCAGACGCU-
UUAUCUGGGAGAGGUGAAGAAUACGACCAC-
CUAGGCC

T Sequencel (universal): NNU-  Guanine None [68]
h CRUAUANNNNNNNNRAUAUG-

GNNNNNNNGUNUCUACCNNNNNNC-

CGUAAANNNNNNGACUAYGRNN

Guanine aptamer

uuuuuu

Bt - Sequence?: GGGACUCAUAUAACUGCGUG-
2 GAUAUGGCACGCAGGUUUCUACCGGGCAC-
i CGUAAAUGUCCGACUAUGGGUCCC
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Table 1. Continued.

Aptamer or Ribozyme name Structure Sequence (5'-3") Specific  response Application Reference
substance
Guanine-dependent ribozyme w0e-6 Sequencel: CAGGUACAUCCAGCUGAUGAGUCCCA-  Guanine Genome editing [68,72,73]
Al o AAUAGGACGAAAUACGUAUCCUGGAUUCCACUG CRISPRa
e+ Sequence2: CAGGUACAUCCAGCUGAUGAGUC-
foh o ON w W STE ¢ CCAAAUAGGACGAAACACUUGUCCUGGAUUC-
fhtiia F'T cACuG
3-methylxanthine aptamer 8 Yu a i Sequencel: AUACCAGC-GAAAGGCCAUUGGAAG 3-methylxanthine Genome editing [74]
20 G.¢g G 30
3 c'e A€ Ca .
AAG_C 10 AUAGuéG
A6
o Sequence2: AUACCAGCCGAAAGGCCAUUGGCAG
20 it &3
6 _G-A ‘ 0 Gc u'A Ee
A% O U] u-A G.g
A 2 G
znAG G-CC_G ¢ GAU:“’
G u G
A G;:c
TR AAAGGA AAACGCCAGA - .
S-adenosyl methionine aptamer ¢ éi\?n guuceee GGAUGGEGG CGCCAGAUGEC S-adenosyl methion- CRISPRa [75]
B UUGUAACCGAAAGGGGGAAU .
.. o ine (SAM)
cc.G &®
v. ;Gso
& “ea
10
U-u
A A
G.c
G.
MS2 aptamer O ACAUGAGGAUUACCCAUGU MS2 . .
G-¢ chromatin imaging [29,76]
u-A
A-U
c
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Table 1. Continued.

Aptamer or Ribozyme name Structure Sequence (5'-3") Specific  response Application Reference
substance
u L
A
10-6.¢
Ay
AL
PP7 aptamer G .c“ i GGCACAGAAGAUAUGGCUUCGUGCC PP7
2 c-G
AU
c-6
G-C
6:C)
vem UACGCCGGCGGCUGGGCGCUGAUAGAAUGCGUG- o ..
S1m aptamer e streptavidin Genome editing [77,78]
y e AACCGUACUAAGACCAGCCGCCGGCGUA
Hammerhead ribozyme (HHR) & 2@ CUGAGAUGCAGGUACAUCCCACUGAUGAGUCCC- None Genome editing  [32,33,79]
%" - AAAUAGGACGAAACGCGCUUCGGUGCGUCUGGG- CRISPRa
wie S :;_ e AUUCCACUGCUAUCCAC CRISPRi
S et Riboswich
u A
e
-6
5:C
Csy4 RNA U'“G 2 GUUCACUGCCGUAUAGGCAGCUAAGAAA Pseudomonas Genome editing [80,81]
. c
A, aeruginosa endori-
c A
u x bonuclease (Csy4)
u A
S A
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variants that activate or inhibit in the presence of theo-
phylline: ligRNA™ denotes activation of CRISPRi when
the ligand is present, while ligRNA™ denotes inhibition
of CRISPRi when the ligand is present. Both exhibited a
dynamic range of >10-fold in E. coli and showed dose-
dependent responses.

The proposed response mechanisms for these engi-
neered sgRNAs include: ligand binding stabilizing the ac-
tive conformation and promoting Cas9 binding to DNA
(ligRNA™); and ligand binding potentially affecting the
base-pairing status of A-U in stem loop 3, thereby in-
terfering with Cas9 function (ligRNA™). Both designs
exhibited a linear response to theophylline concentration
changes within a certain range, with fast response times
(from several minutes to over ten minutes)—significantly
faster than the residence time of dCas9 on DNA. Further-
more, the designs were effective for most tested spacer se-
quences, indicating that ligRNAs can be used to regulate
most genes. Successful application was demonstrated for
endogenous genes in E. coli (e.g., the lac operon) and in
another bacterium, Pseudomonas aeruginosa, confirming
the broad applicability of this strategy. Additionally, by
replacing the aptamer (e.g., with 3-methylxanthine or thi-
amine pyrophosphate), independent regulation of different
genes was achieved, enabling temporal and reversible con-
trol of gene expression programs within the same cell.

Meanwhile, the team led by Iwasaki et al. [85]
proposed and validated a novel small-molecule-regulated
sgRNA for achieving time- and dose-dependent control
of CRISPR-Cas9 gene editing in E. coli. Their strategy
involved inserting a small-molecule-binding aptamer into
the tetraloop region of the sgRNA, creating an “aptamer-
gRNA” (agRNA) (Fig. 5a) [85]. Specifically, by randomiz-
ing the internal loop and adjacent helical regions, they con-
structed an agRNA library and employed an in vivo screen-
ing strategy to isolate agRNA variants with low background
and high inducibility as shown in Fig. 5b. Using a sur-
vival selection system based on the galK gene, along with
positive and negative selection cycles, they enriched for
agRNAs exhibiting theophylline dependence. After mul-
tiple rounds of screening, several highly efficient and in-
ducible agRNAs (such as A9 and GU19) were identified
and their applicability across different genomic loci was
verified (Fig. 5c).

The agRNAs were activated upon addition of theo-
phylline or 3-methylxanthine (3MX), significantly enhanc-
ing editing efficiency. This efficiency increased with higher
concentrations of the small molecule and longer exposure
times. By introducing point mutations to convert the theo-
phylline aptamer into a 3MX aptamer, they further ex-
panded the diversity of the regulatory toolbox. This strat-
egy improved transformation and editing efficiency: the
use of agRNAs increased transformation efficiency by 10*-
fold while maintaining editing efficiency as high as 80%.
In the presence of non-functional sgRNAs, the agRNA
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system significantly reduced the enrichment of non-edited
cells, thereby improving the representation of edited li-
braries. The study also provided insights into the mecha-
nism of small-molecule regulation of CRISPR/Cas9: Elec-
trophoretic mobility shift assay (EMSA) experiments indi-
cated that the binding of agRNA to Cas9 was not affected
by the small molecule, suggesting that regulation occurs
at the stage of DNA recognition and cleavage, not during
ribonucleoprotein (RNP) assembly. Furthermore, in vitro
cleavage assays showed that the small molecule enhanced
the nuclease activity of Cas9, although the induction range
was narrower than observed in vivo, hinting at the signif-
icant influence of the cellular environment on tool perfor-
mance. Finally, by designing a plasmid carrying agRNAs
responsive to both theophylline and 3MX regulation, they
achieved multi-locus, sequential editing in a single exper-
iment through the induction of different small molecules,
overcoming the issue of cell death associated with multi-
plexed editing.

4.2 Modular and Programmable sgRNAs for Advanced
Gene Editing in Eukaryotic Cells

Under non-viral delivery conditions, the CRISPR-
Cas9 system often results in a high proportion of impre-
cise edits (such as insertions/deletions, or indels) rather than
the desired precise homology-directed repair (HDR). Con-
ventional methods involving the co-delivery of ribonucleo-
protein (RNP) complexes with donor templates frequently
suffer from uneven delivery and low editing efficiency.
Carlson-Stevermer et al. [78] designed a modular RNA
aptamer-streptavidin strategy termed Simplex (Fig. 6a). Its
core design is the SIm-sgRNA, created by inserting the
S1m RNA aptamer into specific stem-loop structures of the
sgRNA (the Tetraloop, Stem loop 2, and the 3’ extension),
enabling high-affinity binding to streptavidin as shown in
Fig. 6b. Streptavidin acts as a bridge to connect the S1m-
sgRNA to biotinylated molecules. By 5'-terminal biotin
modification single-stranded oligodeoxynucleotides syn-
thesized through DNA Synthesizer (ssODNs, donor tem-
plates for HDR), a complete RNP complex comprising the
sgRNA, Cas9 protein, and single-stranded oligodeoxynu-
cleotide (ssODN) is formed. Simplex can be pre-assembled
in vitro into unified nanoparticles, ensuring the co-delivery
of the RNP and its donor template in a defined stoichiomet-
ric ratio.

The primary advantage of this strategy is the signifi-
cant enhancement of the precise-to-imprecise editing ratio.
Across various human cell lines (such as HEK293T and hP-
SCs) and multiple genomic loci (e.g., BFP, EMX1, GAA),
Simplex increased this ratio by up to 18-fold, achieving
nearly 4:1 in some cases. Notably, Simplex also demon-
strated robust and highly precise editing capability when
correcting the pathogenic GAA mutation. Experiments
using dynamic light scattering, EMSA, and confocal mi-
croscopy confirmed that Simplex complexes remain sta-
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ble both in vitro and inside cells, and facilitate the co-
localization of Cas9 and the donor template within the nu-
cleus. Furthermore, Simplex can be loaded with biotiny-
lated molecules such as quantum dots or fluorophores for
applications like fluorescence-activated cell sorting (FACS)
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to enrich successfully edited cells. Using different col-
ored fluorescent markers, multiplexed gene editing was
achieved, allowing for the isolation of highly pure edited
clones via FACS. Analysis of multiple potential off-target
sites showed no significant detection of off-target editing.
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The team led by Lin et al. [65] developed a simple,
versatile, and non-invasive regulatory strategy—SMART-
sgRNA as shown in Fig. 7a. This approach leaves the orig-
inal sgRNA’s guide function intact but incorporates a block-
ing motif (complementary to a stem region of the sgRNA,
forming a stable duplex that prevents its binding to Cas9)
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and a triggering motif (an aptamer sequence, such as the
theophylline RNA aptamer, introduced at the 3’ end of the
sgRNA). In the absence of the small molecule, the block-
ing motif binds the sgRNA, rendering the system inactive.
Upon addition of the small molecule, the aptamer under-
goes a structural change, disrupting its interaction with the
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blocking motif and releasing the functional sgRNA, which
can then bind Cas9 and activate gene editing (Fig. 7b) [65].

In vitro experiments optimized the lengths of the
blocking motif and the aptamer structure, identifying
sgB18-A30-S7 as achieving the optimal balance between
blocking efficiency and theophylline-induced activation ef-
ficiency. Furthermore, in HEK-293T cells, using sgB18-
A30-S7 to regulate luciferase gene expression successfully
demonstrated theophylline-dependent activation of gene
editing, consistent with the in vitro results. Applying this
strategy to both the luciferase and TurboRFP genes required
only swapping the guide sequence (the first 20 nucleotides)
of the sgRNA, without the need to redesign the blocking
structure, highlighting its broad generality.

SMART-sgRNA provides a simple, universal, and ef-
ficient method for temporal control of CRISPR-Cas9. This
strategy does not alter the Cas9 protein and achieves reg-
ulation merely by extending the sgRNA sequence, thereby
maximally preserving its native function. In the future, in-
corporating different aptamers could enable responsiveness
to various small molecules (e.g., metabolites, drugs), mak-
ing SMART-sgRNA suitable for diverse applications in-
cluding multiplexed gene regulation, drug screening, and
chromosome imaging.

4.3 Engineering sgRNA for Programmable Control of
Gene Expression in Eukaryotic Cells

The complex phenotypes of eukaryotic cells are regu-
lated by signaling pathways and decision-making circuits,
but there has been a lack of efficient and programmable
tools for constructing artificial signal connections. Re-
searchers aim to develop synthetic devices capable of sens-
ing diverse biological signals and regulating gene expres-
sion to reprogram cell behavior. The team led by Liu
et al. [59] proposed and validated a new synthetic bi-
ology tool based on the CRISPR-Cas9 system—the “sig-
nal conductor”—which enables the sensing and process-
ing of external or internal biological signals and regulates
the expression of endogenous genes. Its design princi-
ple involves integrating signal-responsive riboswitches into
the 3’-end of the sgRNA, allowing conformational changes
upon binding specific signals (such as small molecules or
proteins), thereby activating or inhibiting dCas9/dCas9-
VP64-mediated regulation of target genes as shown in
Fig. 8a,b. In the absence of a signal, the guide region of
the sgRNA is sequestered by an antisense stem structure,
preventing DNA binding. Conversely, in the presence of
a signal, the signal molecule binds to the aptamer, releas-
ing the guide region to bind target DNA and subsequently
regulate transcription [59].

In their study, the team successfully used small
molecule signals such as tetracycline and theophylline to
regulate the expression of genes like vascular endothelial
growth factor (VEGF) in HEK-293T cells, demonstrating
dose dependence and a high dynamic range, thereby achiev-
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ing regulation of endogenous genes. By combining differ-
ent signal conductors, they implemented all basic logic gate
functions, including NOT, AND, OR, NAND, NOR, XOR,
and XNOR, showcasing the capability for logical opera-
tions in mammalian cells. Furthermore, they constructed
an artificial bidirectional connection between the 3-catenin
and nuclear factor kappa B (NF-xB) pathways in bladder
cancer cells, enabling signal redirection between pathways.
They redirected oncogenic signals (such as Nucleophosmin
[NPM] and E26 Transformation-Specific 1 [Ets-1] to acti-
vate tumor suppressor genes (such as cellular tumor anti-
gen p53 [p53], cyclin-dependent kinase inhibitor 1 [p21],
and E-cadherin), thereby inhibiting cancer cell proliferation
and migration. In liver cancer cells, simultaneous inhibition
of B-cell lymphoma 2 (BCL2) (anti-apoptotic) and activa-
tion of BCL2-Associated X protein (BAX) (pro-apoptotic)
induced cancer cell apoptosis, achieving cancer signal re-
programming. They also constructed an AND gate nu-
cleic acid circuit that triggers apoptosis only in cancer cells
with simultaneous high expression of NF-xB and S-catenin,
demonstrating its ability to specifically recognize and kill
cancer cells. In a nude mouse model, this circuit signif-
icantly suppressed tumor growth, achieving a dual-input
AND gate for specific cancer cell killing.

This strategy features a modular design (using sgRNA
as a universal scaffold for signal sensing and gene regu-
lation) and high flexibility, enabling responses to multiple
signals (small molecules, proteins) and bidirectional (acti-
vation/inhibition) regulation. Additionally, complex logic
functions can be achieved with a single sgRNA without the
need for multi-layer circuits. It holds strong potential for
clinical applications, such as cancer therapy and cell fate
reprogramming.

The team led by Liu et al. [86] proposed a ligand-
inducible gene regulation strategy based on the combina-
tion of a theophylline aptamer and the CRISPR/Cas9 sys-
tem, achieving precise control of gRNA function through
synergistic allosteric regulation. The authors introduced a
minimally invasive structural modification strategy: insert-
ing the theophylline aptamer into non-Cas9-recognized but
structurally critical regions of the gRNA—the tetraloop and
stem loop 2. They designed a communication module (CM)
as a structural bridge between the gRNA and the aptamer
(Fig. 9a). This module is unstable in the absence of the lig-
and but stabilizes upon ligand binding, thereby regulating
gRNA activity (Fig. 9b). Structural analysis ensured that
the modifications did not affect Cas9/gRNA complex for-
mation but only affected its DNA-binding capability [86].

In in vitro binding experiments, the theophylline ap-
tamer was introduced into the tetraloop and stem loop 2 po-
sitions, testing six CMs of different lengths. CM-3 at the
tetraloop position and CM-2 and CM-3 at the stem loop 2
position showed the best responsiveness. Dose-dependent
experiments demonstrated that ternary complex formation
increased with theophylline concentration, showing clear
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dose dependence. Subsequent intracellular gene regula-
tion experiments were conducted in HEK293T cells using
the CRISPRa system to activate endogenous genes (such
as ASCL1 and CXCR4). Theophylline treatment signifi-
cantly enhanced gene expression (from ~3-fold to ~22-fold)
with concentration-dependent regulation. Although some
background leakage was observed, the dynamic regulatory
range was broad, proving the strategy’s effectiveness in liv-
ing cells.

The elegance of this synergistic allosteric design lies
in achieving ligand control over CRISPR/Cas9 function
through minimal modifications to non-core regions of the
gRNA. It offers strong generality (the design is not target-
sequence-specific and can be extended to other genes)
and high expandability (besides the theophylline aptamer,
other RNA aptamers can be similarly incorporated for mul-
tiplexed ligand control). Additionally, it enables dose-
dependent gene regulation both in vitro and in cells, pro-
viding a new tool for precise gene editing and synthetic bi-
ology.

The team led by Liu et al. [87] developed a novel
inducible CRISPR-dCas9 transcription activation system

&% IMR Press

that enables quantitative detection and imaging of the en-
dogenous metabolite S-adenosylmethionine (SAM) in liv-
ing cells through small molecule-mediated split aptamer
assembly (Fig. 10a). The strategy involves splitting the
SAM aptamer into two fragments: Fragl inserted into the
tetraloop region of the gRNA, and Frag2 inserted into the
loop region of the MS2 RNA motif. When SAM is present,
as shown in Fig. 10b, the two fragments reassemble, re-
cruiting the MCP-VPR transcription activator to the dCas9-
gRNA complex, thereby activating the expression of down-
stream reporter genes (such as the near-infrared fluorescent
protein iRFP670).

The team first validated the feasibility of split ap-
tamer assembly in vitro. Then, they constructed a signal-
amplified transcription system in living cells: by increasing
the number of MS2 repeats and target sites (TS), the fluores-
cence signal was significantly enhanced. The system suc-
cessfully activated iRFP670 expression in HEK293T cells
with very low background expression. SAM-induced tran-
scription activation experiments showed that the system is
highly specific to SAM, and its activity could be enhanced
by exogenous SAM or inhibited by the SAM synthesis in-
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hibitor cycloleucine. Dynamic response experiments indi-
cated that the system responds to SAM changes within 2—
4 hours. The system was used to quantitatively detect en-
dogenous SAM levels, successfully imaging SAM in dif-
ferent cell lines (HEK-293T, HeLa, HepG2, MCF-7), with
results consistent with UPLC-MS/MS quantitative data.
Additionally, the team investigated the synthesis mecha-
nism of intracellular SAM: Small interfering RNA (siRNA)
knockdown experiments showed that MAT2A is the pri-
mary enzyme for SAM synthesis in HEK293T. Overex-
pression of either MAT1A or MAT2A increased SAM lev-
els, with MAT1A being more efficient. Epigenetic drugs
(SAHA and 5-azacytidine) upregulated MAT 1A messenger
RNA (mRNA), thereby increasing SAM levels in cancer
cells.

This study is the first to apply the split aptamer as-
sembly strategy to the CRISPR-dCas9 system, achieving
inducible, quantitative, and dynamic imaging of the small
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molecule metabolite SAM. The system offers advantages
such as low background, high specificity, and scalability,
providing a new tool for studying the regulation of gene
expression by endogenous metabolites. In the future, by re-
placing other aptamers, the system can be extended to detect
and regulate more small molecules or metabolites.

4.4 Aptazyme-Engineered sgRNAs for Programmable
Control of Gene Expression in Eukaryotic Cells

Tang et al. [68] proposed and validated a new strat-
egy for regulating the activity of the CRISPR-Cas9 system
using small molecules. The research team designed a struc-
ture called agRNA, as shown in Fig. 11, which embeds an
aptazyme—a combination of a self-cleaving ribozyme and
an aptamer—into the sgRNA. The core design involves in-
troducing an RNA sequence complementary to the spacer
region at the 5’-end of the sgRNA, forming a secondary
structure that inhibits sgRNA function in the absence of
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a ligand, known as the blocking sequence. Additionally,
when a specific small molecule (such as theophylline or
guanine) is present, the aptazyme is activated, undergoes
self-cleavage, releases the blocking sequence, and thereby
restores sgRNA activity [68].

First, they validated the blocking strategy of this de-
sign by introducing a complementary blocking sequence
into the spacer region of the sgRNA, successfully in-
hibiting Cas9 cleavage activity. They also compared
different blocking positions (spacer region vs. crRNA-
tractrRNA binding region) and found that blocking at the
5’-end spacer was most effective. Then, they verified the
restoration of activity by the Hammerhead ribozyme. By
inserting the hammerhead ribozyme between the block-
ing sequence and the sgRNA, post-transcriptional self-
cleavage was achieved, restoring sgRNA function. A
“dead” version (dHHR-bsgRNA) with a mutated ribozyme
active center was constructed, confirming that self-cleavage
is key to restoring activity. Subsequently, this strat-
egy was successfully applied to achieve small-molecule-
regulated genome editing and transcriptional activation.
For regulated genome editing, a theophylline-dependent
aptazyme was embedded into the sgRNA to construct
theophylline-agRNA, enabling small-molecule-dependent
Cas9-mediated gene knockout and base editing (using the
BE3 system). This was validated at multiple endogenous
sites (such as HEK-3 and FANCF), confirming its feasi-
bility and specificity. For regulated transcriptional activa-
tion, a guanine-dependent aptazyme was used to construct
guanine-agRNA, which, combined with the dCas9-VPR
system, achieved small-molecule-dependent transcriptional
activation of GFP or RFP genes. Significant fluorescence
enhancement was observed in HEK293T cells. Further-
more, the team optimized the strategy by introducing a
“bulge” structure into the blocking sequence to improve the
activation/inhibition ratio. The universality of agRNA was
also validated across different targets and reporter systems.
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The advantages of this strategy include the ability to
respond to different small molecules by changing the ap-
tazyme type, enabling modular design of responsive sys-
tems. This system achieves regulation solely through
sgRNA engineering without requiring modification of the
Cas9 protein, facilitating broad application. Additionally,
the strategy is applicable to various CRISPR applications,
including gene knockout, base editing, and transcriptional
activation. Due to the strong specificity of the aptamer,
the system shows weak responses to analogs (such as 3-
methylxanthine), demonstrating excellent regulatory speci-
ficity.

Ferry et al. [81] proposed a novel, modular inducible
CRISPR transcription regulation system, providing a flex-
ible and efficient gene regulation tool for synthetic biol-
ogy in mammalian cells. The researchers introduced a
strategy based on single-guide RNA (sgRNA) engineering,
called the “spacer-blocking hairpin (SBH): a “back-fold”
sequence complementary to the spacer is introduced at the
5’-end of the sgRNA, forming a hairpin structure that pre-
vents the spacer from binding to the target DNA, thereby
completely inhibiting CRISPR Transcriptional Regulation
(CRISPR-TR) activity (Fig. 12a). By replacing the con-
necting loop of the SBH with an RNA unit cleavable by
specific inducers, conditional activation is achieved, termed
iSBH (inducible SBH) (Fig. 12b) [81].

First, they validated the effectiveness of SBH: experi-
ments demonstrated that SBH completely inhibits CRISPR-
TR activity. Control experiments (such as mismatched
hairpins and random sequences) confirmed that the in-
hibitory effect depends on base pairing between the back-
fold and the spacer. Second, they constructed and op-
timized iSBH, including protein-responsive iSBH (using
RNA endonucleases like Csy4 and Cas6A as inducers to re-
store sgRNA function by cleaving the SBH structure) and
ASO-responsive iISBH (using antisense oligonucleotides
(ASOs) to bind the iSBH loop region, recruiting RNase H
to cleave the RNA strand, enabling exogenous regulation).
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Optimization strategies mainly involved adjusting stem sta-
bility (e.g., by introducing bulge structures) and the length
of residual sequences after cleavage, significantly improv-
ing the ON/OFF ratio. Subsequently, the researchers used
the iSBH system to successfully construct two basic gene
regulation modules: a branching module where a single in-
ducer simultaneously activates multiple target genes, and an
orthogonal module where different inducers independently
regulate different target genes without cross-interference.
These modules were validated in both synthetic reporter
genes and endogenous genes (such as HBGI and ILIB).
They also extended the application to ASO- and ribozyme-
responsive systems. An online tool, iSBHfold, was de-
veloped for automatically designing shared ASO-sensing
loops applicable to multiple spacers. By integrating the
self-cleaving hammerhead ribozyme (HHR?2) into the SBH,
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self-activation without exogenous proteins was achieved,
laying the foundation for future development of small-
molecule or protein-responsive systems.

This strategy involves minimal modification to the
sgRNA, is compatible with various CRISPR-derived sys-
tems (such as gene editing, epigenetic regulation, and base
editing), and supports independent regulation of multiple
genes. It also offers strong modularity and excellent or-
thogonality. Additionally, the OFF state exhibits almost
no leakage, making it suitable for high-precision regulation
scenarios (such as apoptosis switches).

Chen et al. [69] proposed a novel conditional genome
editing and gene expression regulation system that regu-
lates the post-transcriptional level of sgRNA under small-
molecule control, significantly reducing the off-target ef-
fects of the CRISPR-Cas9 system and achieving tempo-
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rally precise control over gene editing and expression. The
authors developed a novel system called Cas9/sgRNA-
Aptazyme (AZ): Aptazyme is a small-molecule-dependent
self-cleaving ribozyme that self-cleaves in the presence of
a ligand (such as theophylline), leading to sgRNA degra-
dation. By inserting the theophylline-dependent aptazyme
into the tetraloop, stem loop 2, or both of the sgRNA, three
variants were constructed: SgRNA-AZ 1.1 (tetraloop only),
sgRNA-AZ 1.2 (stem loop 2 only), and sgRNA-AZ 2.0
(both inserted) (Fig. 13b) [69]. Compared to the original
sgRNA as shown in Fig. 13a, the introduction of aptazyme
structure does not affect sgRNA activity.

In the absence of theophylline, the editing activities
of sgRNA-AZ 1.1 and 1.2 were comparable to that of
wild-type sgRNA, while sgRNA-AZ 2.0 showed a slight
decrease. After adding theophylline, the editing activity
of sgRNA-AZ 2.0 significantly decreased, indicating its
effectiveness as a small-molecule-controlled gene editing
switch. This enables conditional genome editing. Testing
with sgRNA targeting EMX1 showed that: the off-target
rate for wild-type sgRNA was 15%, while for sgRNA-
AZ 2.0 it was 4% without theophylline and 0% with theo-
phylline. The results indicate that timely deactivation
of sgRNA activity effectively reduces off-target effects
caused by prolonged editing. The system was combined
with the dCas9-KRAB transcriptional repression system
to target the human PGRN gene promoter. After adding
theophylline, the transcriptional repression mediated by
sgRNA-AZ 2.0 was lifted, and PGRN promoter activity
rapidly recovered, demonstrating the system’s utility for
rapid and reversible gene expression regulation, thereby
achieving conditional gene expression regulation.

This system offers high specificity (by controlling
sgRNA lifespan to reduce non-specific cleavage), temporal
precision (rapid switching via small-molecule regulation),
flexibility (applicable to both gene editing and transcrip-
tional regulation), and simplicity (no need for additional
transcription factors or complex regulatory elements).
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4.5 Dual-Color CRISPR Imaging of Genomic Loci in Live
Eukaryotes via RNA Aptamer-Engineered sgRNAs

The spatial organization and dynamic changes of chro-
matin are crucial for cellular function. Traditional methods,
such as fluorescent repressor operator systems (FROS), can
label specific loci but are complex to perform and may
interfere with endogenous DNA sequences. The emer-
gence of the CRISPR-dCas9 system enables the labeling
of endogenous loci without inserting exogenous sequences.
However, multicolor labeling typically relies on orthogonal
Cas9 proteins from different bacterial species, which have
complex and less-studied PAM sequences. The team led
by Wang et al. [88] proposed and validated a dual-color
CRISPR labeling system based on RNA aptamers for visu-
alizing endogenous genomic sites in living cells.

This study developed a dual-color labeling system us-
ing only Streptococcus pyogenes Cas9 (SpCas9). By en-
gineering the sgRNA to incorporate MS2 (Fig. 14a) and
PP7 (Fig. 14b) RNA aptamers, the system recruits MCP and
PCP proteins fused to different fluorescent proteins (EYFP
and tagRFP), respectively, enabling dual-color labeling of
distinct genomic loci. The study explored two sgRNA de-
sign strategies: sgRNA1.0, which adds six MS2 or PP7
hairpin structures at the 3’-end, and sgRNA2.0, which in-
corporates one aptamer each at the tetraloop and stem loop
2, plus four additional aptamers at the 3’-end, totaling six
aptamers.

Both sgRNA1.0 and sgRNA2.0 were able to form flu-
orescent foci corresponding to telomeres in living cells. The
sgRNA2.0 design demonstrated a higher signal-to-noise ra-
tio, suggesting that the positioning of the aptamers within
the sgRNA influences labeling efficiency. The system suc-
cessfully labeled telomeric repeats. Immunofluorescence
staining (using anti-TRF1 antibody), confirmed that the
fluorescent foci indeed corresponded to telomeres. The
number of telomeres detected by different labeling meth-
ods (MS2, PP7, immunofluorescence) was consistent, ver-
ifying the specificity of the labeling. Furthermore, using
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Fig. 14. Two-color CRISPR imaging using orthogonal RNA aptamers. Schematic of the dCas9-based labeling complex, where

distinct sgRNAs are engineered to incorporate either (a) MS2 or (b) PP7 RNA hairpins (purple). These hairpins recruit their corresponding
coat proteins (MCP-EYFP and PCP-tagRFP), enabling simultaneous two-color detection of genomic loci. DNA and the sgRNA scaffold

are shown in grey, with target-specific spacer regions in blue. The dCas9 protein is colored pink. Created with Adobe Illustrator CS6

(Adobe Systems Incorporated, San Jose, CA, USA).

MS?2 to label telomeres and PP7 to label centromeres en-
abled spatially distinct dual-color labeling, indicating that
the MS2 and PP7 systems do not interfere with each other,
thus demonstrating good orthogonality of the strategy.

This strategy offers several advantages: it uses only
one Cas9 protein (S. pyogenes), whose simple PAM se-
quence facilitates target site selection; it can be expanded to
include more colors (e.g., by introducing other orthogonal
aptamers); and it is applicable to non-repetitive sequences
by using multiple sgRNAs targeting adjacent regions for
labeling. A limitation of the system is that it requires the
construction of three fusion proteins (dCas9, MCP, PCP),
making cell line construction somewhat complex.

5. Conclusions and Perspectives

In summary, by integrating functional nucleic acid
elements (such as aptamers, ribozymes, and their com-
plexes, aptazymes) into specific structural regions of the
sgRNA, researchers have successfully constructed various
condition-responsive CRISPR/Cas9 systems. These engi-
neered sgRNAs can respond to a variety of signals, in-
cluding small molecules (such as theophylline, tetracycline,
guanine, etc.), proteins, and endogenous metabolites (such
as S-adenosylmethionine), enabling precise spatiotempo-
ral control over functions like gene editing, transcriptional
activation/repression, and chromosome imaging. These
strategies have not only significantly expanded the appli-
cability of the CRISPR toolkit but also provided powerful
new molecular devices for exploring fundamental biologi-
cal questions and disease treatment [27,28].

&% IMR Press

In order to apply the CRISPR/Cas9 system to both
prokaryotic and eukaryotic cells, the acquisition of sgRNA
is of crucial importance.  Extracellularly, engineered
sgRNA is mainly obtained through transcription using T7
RNA polymerase. Prokaryotic cells (such as Escherichia
coli) can express it using the pJ23119 promoter. In eukary-
otic cells (such as HEK 293T or Hela), plasmids are mainly
transfected using liposomal reagents, and the cells recog-
nize the U6 promoter in the plasmid, thereby expressing
the sgRNA of the relevant sequence. The corresponding
delivery system mainly includes the following methods: In
prokaryotic cells, the purpose plasmid is mainly transferred
into the cells using chemical competent cells, and then the
bacteria itself transcribes RNA and translates Cas9-related
proteins. In eukaryotic cells, it is mainly through lipid par-
ticle transfection reagents that transfer plasmids or RNA or
RNA-protein complexes into the cells.

For prokaryotic cells, since plasmids carry antibiotic
resistance, selection can be performed based on the differ-
ent resistance markers carried by various plasmids to ensure
that the target plasmid had entered the cells. As a result,
the outcomes in prokaryotic cells are relatively uniform. In
contrast, eukaryotic cells exhibit greater variability. Due to
the limited transfection efficiency of transfection reagents,
practical operations often require adjusting experimental
conditions (such as reducing the number of cells, increasing
the amount of transfected plasmids or RNA, adding more
transfection reagents, or extending the transfection time) to
enhance experimental outcomes as much as possible. How-
ever, the specific experimental conditions still depend sig-
nificantly on the system. When applying engineered sgR-
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NAs to actual experimental systems, researchers need to ex-
plore and optimize the conditions based on their specific
circumstances.

Although significant progress has been made in
sgRNA engineering, the field still faces several challenges.
Firstly, the response efficiency and dynamic range of most
current systems that need further improvement to reduce
background leakage and enhance induction specificity.
Secondly, the tolerance of different sgRNA backbones as
well as target gene loci to inserted elements varies, and
universal design rules still need to be systematically es-
tablished and validated. Additionally, for in vivo applica-
tions, the stability, delivery efficiency, and potential im-
munogenicity of engineered sgRNAs are critical factors to
consider.

Looking ahead, sgRNA engineering technology is ex-
pected to achieve breakthroughs in the following aspects:
(1) Development of more diverse high-affinity functional
nucleic acid elements to respond to a wider range of physi-
ological or pathological signals; (2) Systematic optimiza-
tion of the compatibility between the sgRNA backbone
and functional modules by combining computational de-
sign and high-throughput screening, to achieve higher pre-
cision and efficiency in regulation; (3) Deeper integration
of condition-responsive CRISPR systems with cutting-edge
fields like cell therapy, intelligent drug delivery, and syn-
thetic gene circuits to build smarter and safer theranostic
platforms. For instance, “smart” cells capable of sensing
specific signals in the tumor microenvironment and trigger-
ing therapeutic gene editing could be designed.

Finally, with the deepening understanding of the
structure-function relationships of CRISPR systems and
continuous advancements in RNA synthesis and modifica-
tion technologies, the engineering of sgRNAs will become
more refined and modular. This will not only drive trans-
formative changes in basic research but also bring unprece-
dented opportunities for precision medicine, gene therapy,
and synthetic biology, ultimately enabling more precise,
safer intervention and regulation of human life processes.
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