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How to precisely discriminate homologous microRNA sequences from each other has always been a big

challenge. Herein, we proposed an artificial mismatch-assisted Cas12a crRNA splicing mechanism that en-

ables completely interference-free discrimination of homologous microRNAs with single-nucleotide res-

olution. Specifically, a truncated crRNA (tcrRNA) can recover its ability to activate Cas12a trans-cleavage

activity when spliced with a miRNA. Since the miRNA splicing region itself is relatively short, rationally

tuning the tcrRNA splicing length can render the proposed system with high sensitivity for base-variation

discrimination. More importantly, we innovatively introduced an extra artificial mismatch in the miRNA

splicing region, which enables the system to distinguish single-nucleotide variants in an interference-free

manner. In this way, only the perfectly matched target miRNA can trigger the complete assembly of the

spliced crRNA to active Cas12a, while non-target RNAs even with a single-base mismatch cannot. This

mechanism ensures that the target miRNA can be accurately hooked even in the presence of a large ex-

cess of non-target homologous RNAs (100-fold). The discrimination capability of the proposed method

has been proven by achieving the interference-free discrimination of the members within the let-7 fam-

ily, which can hardly be achieved by conventional hybridization-based amplification methods. This work

fully taps into the potential of the Cas12a system in interference-free homologous miRNA discrimination,

offering a new tool for precise RNA analysis in molecular diagnostics.

© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

MicroRNAs (miRNAs) are a class of small noncoding RNA

molecules (about 18∼25 nucleotides in length) that play crucial

roles in gene expression regulation [1,2]. The aberrant expression

of microRNAs is closely associated with various diseases and phys-

iological dysfunctions [3,4]. Notably, different miRNAs, even ho-

mologous miRNAs with only one or two-nucleotide differences,

exhibit different biological functions and associate with different

types of diseases [5–8]. Thus, the precise detection and discrimi-

nation of homologous miRNAs with highly similar sequences are

important in molecular diagnostics, disease monitoring, and funda-

mental biological studies. Conventionally, microRNA quantification

methods typically start with either miRNA-primed DNA synthesis

or transcribing target miRNA into complementary DNA, followed

by various nucleic acid amplification techniques [9–13]. However,

these methods mainly rely on nucleic acid hybridization to dis-

tinguish target and non-target RNAs, which cannot effectively dis-
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criminate highly similar sequences, let alone sequences with single

nucleotide differences [14,15]. Therefore, the interference-free dis-

crimination and detection of homologous miRNAs with quite simi-

lar sequences remains a significant challenge.

Due to the unique target-activated trans-cleavage activity,

clustered regularly interspaced short palindromic repeats/CRISPR-

associated (CRISPR/Cas) systems, represented by Cas12a, have

shown immense potential in precise nucleic acid analysis [16–22].

Traditionally, Cas12a can only recognize and detect DNA [23–26].

In recent years, several pioneering Cas12a systems have achieved

direct detection of RNA [27–35]. For example, our group has found

that with the assistance of a flexible DNA activator, any RNA can

splice a sequence-conserved truncated crRNA (tcrRNA), forming a

“splice-at-will” crRNA with ∼100% Cas12a activation ability for the

detection of ultrashort RNAs [32]. Herein, we wish to report that

by finely tuning the splicing length of tcrRNA and introducing an

extra artificial mismatch in the auxiliary DNA activator, the crRNA

splicing system can precisely discriminate homologous microRNAs,

even those with only single-base differences, in an interference-
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Fig. 1. Investigating the effect of tcrRNA’s splicing length on homologous let-7 miRNA family discrimination. (A) Schematic representation of the spliced crRNA/activator

complex induced Cas12a trans-cleavage mechanism for miRNA detection. (B) Schematic representation of splicing let-7 family members with tcrRNAs of different splicing

lengths. The splicing length of let-7 family members (blue) was fixed at 11nt (positions 9∼19 from the 5′-end), while the splicing length of the tcrRNAs (orange) was short-

ened from 10nt to 5nt. Discrimination performance of 10+11 (C), 9+11 (D), 8+11 (E), 7+11 (F), and 5+11 (G) combination modes to let-7 family members. Corresponding

X+11 auxiliary DNA activators are composed of X nt complementary to the short spacer region of tcrRNA and 11nt complementary to the splicing sequences of let-7 family

members. The concentration of each let-7 family member was fixed at 5nmol/L. Error bars were calculated from triplicate experiments.

free manner. Exemplified by the let-7 family member let-7b as

the proof-of-concept analyte, only let-7b produced a distinct signal,

while the other family members did not at all, demonstrating com-

pletely interference-free homologous microRNA discrimination ca-

pability. What is more, even in the presence of an excess of single-

base variants, the target miRNA can still be effectively and accu-

rately detected without any interference. This work not only ex-

hibits excellent capability in single-nucleotide variant discrimina-

tion but also promotes the CRISPR/Cas12a-based precise short RNA

quantification.

A conventional Cas12a crRNA comprises a sequence-conserved

repeat region and a variable spacer region that base-pairs with the

DNA activator [36,37]. Our recent study has discovered that a trun-

cated crRNA motif (tcrRNA) could cooperate with arbitrary short

RNAs to rebuild the spacer region and form a “splice-at-will” cr-

RNA to activate Cas12a trans-cleavage activity [32], which can effi-

ciently cut the surrounding fluorophore/quencher-labeled reporter

(FQ reporters, 5′-FAM-CCCCCCCCCC-BHQ1–3′) and generate strong

fluorescence (Fig. 1A), allowing the Cas12a system to directly de-

tect short RNA molecules. Besides its capability for detecting short

RNAs of varied lengths, the system’s compatibility with flexible

splicing designs offers a possibility for addressing the challenge of

precisely discriminating homologous miRNAs.

Since the spliced crRNA is composed of two very short se-

quences, it is inherently sensitive to base variants. Thus, we specu-

late it is a promising tool for achieving accurate RNA analysis with

single-base resolution. To investigate this potential of the crRNA

splicing mechanism, we selected let-7b, an important biomarker

for major depression and breast cancer, but faces severe interfer-

ence from multiple homologous miRNAs with similar sequences

[38–41], as a proof-of-concept target (Table S1, Figs. S1 and S2 in

Supporting information). The corresponding splicing region for let-

7 homologous family members was fixed at 11nt, which covers al-

most all mutations and various cases, including one to four base

mismatches (Fig. 1B). In this case, we discover that the homolo-

gous let-7 miRNA discrimination capability can be rationally tuned

by adjusting the tcrRNA length. As shown in Figs. 1C–E, upon grad-

ually reducing the tcrRNA splicing length from 10 to 8nt, the sig-

nal induced by let-7b slightly diminishes, yet the distinction be-

tween the let-7 family is gradually enhanced. When the tcrRNA

splicing length is further shortened from 7nt to 5nt (Figs. 1F and

G), the signal generated by the target let-7b becomes too weak to

be discriminated. This is because shorter tcrRNAs can only form

weak base-pairing with the DNA activator, hindering the efficient

assembly of the spliced crRNA to activate Cas12a. Moreover, the

total spacer length of the 5+11 mode may be also too short to

efficiently activate Cas12a trans-cleavage, resulting in insufficient

signal output to distinguish target let-7b from non-targets. Specifi-

cally, the 8+11 combination mode stands out as the optimal con-

dition, effectively distinguishing between other let-7 family mem-

bers while still giving high target fluorescence. However, by using

the 8+11 combination, compared with the signals arising from

other members of the let-7 family that can be effectively sup-

pressed, let-7c with one-base difference generates a weak yet ob-

vious interference signal.

To further eliminate the interference of let-7c, which only

has a single-base mismatch with let-7b, we introduce artificial

mismatches on the activator to enhance the specificity of the

proposed system. Given that mismatches at the terminal region

have the least impact on binding stability, we introduced an extra
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Fig. 2. Investigating the effect of artificial mismatch in the activator on let-7 miRNA family discrimination. (A) Schematic representation of introducing an additional mis-

match to the splicing region of the activator complementary to the miRNA target. (B) Fluorescence intensity of the system in response to different artificial mismatch sites

introduced in the auxiliary DNA activator. (C) Discrimination performance of the 8+11-L2 combination mode towards let-7 family members. The concentration of each let-7

family member was fixed at 5nmol/L. (D) Fluorescence spectra of the system in response to different concentrations of let-7b using the 8+11-L2 combination mode. The

fluorescence spectra from bottom to top correspond to let-7b miRNA concentrations of 0 (blank), 20, 50, 100, 200, 500, 800, and 1000pmol/L, respectively.

mismatch at the splicing terminus and the nearby sites of the

activator that are complementary to let-7b. Specifically, a series

of activators with extra artificial mismatches at the first (from 3′-
end), second, last, and second-to-last splicing sites complementary

to let-7b were designed and denoted as 8+11–1, 8+11–2, 8+11-

L1, and 8+11-L2, respectively (Fig. 2A). As shown in Fig. 2B, the

four single-base mismatched activators show an insignificant effect

on the fluorescence signal of let-7b. Among them, the 8+11-L2

activator performs best, generating almost the same fluorescence

signal as that of the fully matched activator (8+11). This may

be attributed to the fact that it only disrupts a weak A-T base

pairing (Fig. S3 in Supporting information). By using the 8+11-L2

activator, the finely-tuned system can specifically recognize let-7b,

producing a significant fluorescence signal, while other family

members, even let-7c with only a single-base mismatch, no longer

generate any interference signal (Fig. 2C). The sensitivity of the

finely-tuned system for let-7b detection was also tested. As shown

in Fig. 2D, the fluorescence response of the system increased

gradually as the let-7b concentration increased from 20pmol/L to

1nmol/L. A good linear relationship (with R2 =0.9950) was ob-

tained between the fluorescence intensity (at 518nm) and let-7b

concentration within the range of 20pmol/L to 500pmol/L (Fig. S4

in Supporting information), showing a good sensing performance.

Overall, the finely-tuned crRNA splicing system, with shortened

splicing region and carefully-selected mismatch, sharpens the

selectivity without compromising sensitivity, achieving the ability

of interference-free discrimination and detection of homologous

miRNAs.

To investigate the interference-free discrimination mechanism

of the finely-tuned crRNA splicing system, homologous target

miRNA (let-7b), non-target with single-base mismatch (let-7c), tcr-

RNA, DNA activator, and Cas12a were pre-mixed in different orders

and tested by non-denaturing polyacrylamide gel electrophoresis

(PAGE) to check their interactions. As displayed in Fig. 3A, for

tcrRNA-8 with a short binding region, it cannot form a heterodu-

plex with the DNA activator (lane 3). On this basis, the addition of

let-7b and let-7c can be clearly identified by the upward bands

in lane 4 and lane 5. When tcrRNA and DNA activator are pre-

mixed with Cas12a, the bands corresponding to those of tcrRNA

and DNA activator slightly faded (lane 6), indicating that the tcr-

RNA and DNA activator can still partly bind with Cas12a in the ab-

sence of let-7b but yield a Cas12a-unactivated conformation. Com-

pared with lane 6, further adding let-7b resulted in the disappear-

ance of the tcrRNA and DNA activator bands (lane 7), revealing that

the target miRNA promotes the complete assembly of spliced cr-

RNA and Cas12a. However, when let-7b is replaced by let-7c, the

bands of tcrRNA and let-7c remain visible (lane 8), suggesting that

non-targets with even a single-base mismatch are not allowed to

access and interact with Cas12a.

To further verify this discrimination mechanism, the crRNA

splicing system with 10+11 splicing mode was tested (Fig. 3B).

Unlike tcrRNA-8, tcrRNA-10 has a relatively longer binding region

and can form a tcrRNA/DNA activator heteroduplex (lane 4). After

mixing let-7b or let-7c with the tcrRNA/DNA activator, the bands

(lane 5 and lane 6) show almost no change with those in lane

4. When mixing tcrRNAs/DNA activator heteroduplex with Cas12a,

the band of the heteroduplex is still visible (lane 7). However,

regardless of further adding target (let-7b) or non-target with a

single-base mismatch (let-7c), all the bands disappear (lane 8 and

lane 9), indicating the 10+11 splicing mode provides a relatively

loose discrimination mechanism, giving target and non-target the

same chance to bind with Cas12a. Importantly, the above elec-

trophoresis results for the 10+11 and 8+11-L2 splicing modes

align perfectly with the fluorescence detection results depicted in

Figs. 1C and 2C. Specifically, for the 8+11-L2 combination mode,

only the perfectly matched target miRNA can drive the complete

assembly of the spliced crRNA and activate Cas12a, whereas non-

target RNAs with even a single-base mismatch cannot. This endows

the finely-tuned crRNA splicing system with single-base discrimi-

nation capability.

To confirm the robustness of the discrimination capability of

this system towards similar miRNA species, further tests were con-
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Fig. 3. Investigating the interference-free discrimination mechanism of the finely-tuned crRNA splicing system. (A) Non-denaturing PAGE results using 8+11-L2 combination

modes with short splicing length and an extra mismatch. (B) Non-denaturing PAGE results using 10+11 combination modes. The pre-assembled portions are highlighted

with a blue frame.

ducted in mixture samples (schematically illustrated in Fig. 4A).

First, let-7b was mixed with miRNA-21, a non-let-7 family mem-

ber, at the ratios of 1:0, 1:1, 1:10, and 1:100 for detection. As

shown in Fig. 4B, the fluorescence intensity was almost unchanged

even when the proportion of miRNA-21 increased to 1:100. The

results suggested that the RNAs with unrelated sequences have a

negligible impact on the system. Then, a more complicated sample

containing let-7b and let-7c (with a single-base mismatch) was

tested. As a result, the fluorescence intensity did not change much

when let-7c was present at a 100-fold higher concentration than

let-7b (Fig. 4C). This demonstrates that the system maintains its

high specificity even in the co-existence of numerous single-base

variants. The system’s performance was also assessed with samples

containing other let-7 family members. According to Fig. 4D, even

when challenged with samples containing 10-fold concentrations

of each let-7 family member, the fluorescence signal was almost

identical to that of the pure let-7b sample. Thus, despite the

increased complexity, our system can still selectively distinguish

let-7b from other let-7 family members without cross-interference.

These results demonstrate that the system can accurately identify

the target miRNA even when it is present with a large amount

of highly similar homologous sequences, which is suitable for

precise miRNA detection and discrimination in complex biological

environments.

To emphasize the advantage of the finely-tuned crRNA splicing

system in discriminating the homologous let-7 miRNA family, we

compared it with a classical real-time stem-loop PCR method (RT-

qPCR) [11]. Here, the target was detected in a mixed sample that

contains not only the target but also non-targets with only one

or two base mismatches. In the conventional RT-qPCR assay, the

miRNA target binds to the RT stem-loop primers for reverse tran-

scription. And then, the resulting DNA product is quantified using

real-time PCR (Fig. S5 in Supporting information). During this pro-

cess, targets and non-targets are simply distinguished via minor

free energy changes of strand hybridization. Thus, the non-target

RNAs can easily interfere with the detection. This is also illustrated

by the RT-qPCR results (Fig. 4E), where the CT value of let-7b in

the mix sample is much lower than that obtained in the pure sam-

ple. This underestimation of CT value suggests that the detection of

let-7b may be affected by the presence of let-7a and let-7c, leading

to a much higher quantification value (230.6 pmol/L) compared to

the actual concentration (100pmol/L) (Fig. 4F). In contrast, in our

finely-tuned crRNA splicing system, due to the strict Cas12a bind-

ing recognition, the target miRNA can be accurately hooked among

the potential interference of the highly similar sequences, yielding

more accurate quantification.

To further evaluate the detection performance of the finely-

tuned crRNA splicing strategy in real biological samples, total small

RNA samples extracted from HeLa cells were tested. As shown in

Fig. S6 (Supporting information), the content of let-7b in 10ng of

small RNA sample was determined to be 43.6 pmol/L (in 10μL) us-

ing the RT-qPCR method, which was higher than that determined

by the proposed method (23.0 pmol/L in 10μL). We further spiked

100pmol/L let-7b into 10ng total small RNA samples, and the de-

termination results from the RT-qPCR method and the proposed

method were 149.5 pmol/L and 124.3 pmol/L, respectively. Notably,

the two methods achieved similar recovery rates (104.1% for RT-

qPCR and 101.1% for the proposed method). Therefore, we sup-

pose the lower let-7b content detected in the cell extraction by

the proposed method is due to its superb nucleotide discrimina-

tion capability to preclude the interference of homologous microR-

NAs. To further prove this, 100pmol/L let-7a was added to the total

small RNA samples instead of let-7b. As to the RT-qPCR method,

the quantification of let-7b was interfered with and presented an

overestimated quantification value (102.0 pmol/L). In contrast, uti-

lizing the finely-tuned crRNA splicing sensing system, the con-

tent of let-7b can still be accurately detected (21.2 pmol/L), further

demonstrating the reliability of the proposed method in analyzing

real complex samples. To sum up, the finely-tuned crRNA splic-

ing system shows a unique advantage in quantifying miRNAs with

high specificity and anti-interference capability, which cannot be

achieved by traditional hybridization-initiated amplification meth-

ods. It effectively solves the challenges of interference-free discrim-

ination of single-nucleotide variants in a simple way, expanding

the CRISPR/Cas-based toolbox.

In this work, an artificial mismatch-assisted Cas12a crRNA

splicing mechanism is presented, which enables the precise dis-

crimination of homologous miRNAs with single-base resolution.

Specifically, a truncated crRNA (tcrRNA) can splice with the target

miRNA to activate Cas12a, and shortening the tcrRNA splicing

length decreases the Cas12a tolerance for mismatches in homol-

ogous miRNAs. By further innovatively introducing extra artificial

mismatches, the crRNA splicing system’s ability in interference-

free discrimination of single-base mutations is significantly
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Fig. 4. Anti-interference detection performance of the finely-tuned crRNA splicing system in complex samples. (A) Schematic diagram of detecting let-7b in complex samples.

Fluorescence detection results for the complex samples containing different ratios of let-7b and miRNA-21 (B) or let-7b and let-7c (C). The concentration of let-7b was

maintained at 5nmol/L, while the concentrations of the other let-7 family members (or miRNA-21) were spiked at 0-, 1-, 10-, and 100-fold molar equivalents relative to

let-7b. (D) Relative responses induced by let-7b and the complex samples containing let-7b and other let-7 family members, with a ratio of 1:10. Error bars were calculated

from triplicate experiments. (E) Standard calibration curve of the stem-loop RT-PCR system for the quantification of let-7b. (F) Quantitative performance comparison between

conventional RT-PCR and the finely-tuned crRNA splicing system for detecting 100pmol/L let-7b in the mixed sample containing 100pmol/L let-7b, 100pmol/L let-7a, and

100pmol/L let-7c. Error bars were calculated from triplicate experiments.

improved. After a comprehensive investigation, it is suggested that

only perfectly matched target miRNA can facilitate the complete

assembly of spliced crRNA and activation of Cas12a, while the

non-target RNA with even a single-base mismatch cannot. In this

way, target miRNA can be effectively distinguished and detected

with no interference even when non-target RNAs were present

in substantial excess (100-fold). Therefore, the finely-tuned crRNA

splicing design with introduced artificial mismatch endows the

Cas12a system with robust interference-free single-nucleotide dis-

crimination capabilities, which cannot be achieved by conventional

hybridization-initiated amplification methods, making it a power-

ful and promising tool for the accurate discrimination of similar

miRNA markers. This work primarily focuses on establishing a high

specific and interference-free method for distinguishing homolo-

gous miRNA species. In the future, we envision that by integrating

this high-specificity Cas12a activation mechanism with diverse

signal amplification methods, the detection sensitivity could be

further boosted without affecting the discrimination performance,

thereby expanding the real-world application scenarios of the

Cas12a-based miRNA detection strategy.
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