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a b s t r a c t

Diagnostic C9orf72 hexanucleotide repeat expansions (C9-HRE) is essential for the early and accurate di-

agnosis of amyotrophic lateral sclerosis (ALS) and will provide support for the prognosis and gene therapy

of ALS. In the present study, by combining catalytic hairpin assembly (CHA) with Mycobacterium smegma-

tis porin A (MspA) nanopore, a new nanopore-based strategy for the detection of C9-HRE was reported.

Less than 30 repeats of C9-HRE could be detected via this method, and the results have the potential to

help distinguish between patients and healthy individuals. Moreover, the method demonstrated its great

specificity for C9-HRE by identifying other repeat expansions. Given the high selectivity, this approach

had been successfully used to detect C9-HRE in cell and blood samples with high accuracy. This detec-

tion strategy is user-friendly and has a strong anti-interference ability, thus providing a powerful tool for

clinical diagnosis.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

A GGGGCC hexanucleotide repeat expansion (HRE) in the first

intron of chromosome 9 open reading frame 72 (C9orf72) is the

most prevalent genetic trigger for amyotrophic lateral sclerosis

(ALS) and frontotemporal dementia (FTD) [1,2]. The HRE not only

impacts RNA transcription and translation but also forms aggre-

gates in cells, generating unstable RNA or protein that could lead

to neuronal death. Around 5%–10% of patients with FTD or ALS and

up to 30% of patients with both have the HRE reported [3,4]. Sev-

eral studies have revealed that the length of HRE determines how

pathogenic it is, however, it is unclear where to draw the boundary

between normal and pathogenic alleles. Less than 30 repeats are

often present in healthy persons, whereas hundreds to thousands

of repeats are typically present in individuals with C9orf72-related

illnesses [1,2,5]. The discovery of the C9orf72 HRE (C9-HRE) can
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be employed in clinical diagnosis and genetic counseling for ALS

and FTD [3,6–8]. It not only aids in the distinction between genetic

variations and other factors linked to these two diseases but also

serves as a foundation for the creation of therapeutic approaches

for both disorders.

To accurately determine and estimate the length of the C9-HRE,

the southern blot as the gold standard can be performed. How-

ever, the drawback of the southern blot is that it is challenging and

time-consuming [9]. In addition, polymerase chain reaction (PCR)-

based assays are frequently used to determine C9-HRE length, but

sequence variants (e.g., deletions and insertions) reduce the accu-

racy of those methods [5,10,11]. In current studies, short- and long-

read sequencing techniques are invented to detect and size the C9-

HRE [12–14]. Although these techniques achieve excellent results,

reconstructing expansions using short-read sequencing methods is

still challenging, and long-read sequencing usually has a fairly low

number of reads bridging expansions. Hence, there is an urgent re-

quirement for a C9-HRE assay that is straightforward, quick, and
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Fig. 1. Schematics illustration of the detection of C9orf72 HRE on the basis of

target-triggered catalytic hairpin assembly using the nanopore sensor.

highly accurate for the early detection and treatment of C9orf72-

related diseases.

Biosensors, which are devices for detecting and measuring cer-

tain organisms or chemicals, have been utilized in a variety of

applications [15–18]. Nanopore sensing is a quick method that

can identify single molecules in real-time. The target molecule

can electrophoretically pass through the nanopore under an ap-

plied voltage after a membrane protein that forms nanopores has

been reconstituted in a lipid bilayer. Due to it can analyze single

molecules, nanopore sensing has a wide variety of applications, in-

cluding DNA sequencing [19,20], protein analysis [21–24], and de-

tection of small molecules [25–29]. There has recently been a surge

in interest in the use of nanopore sensors to quantify biomark-

ers in clinical samples [30–35]. Currently, there are few reports of

nanopore sensing technologies being used to detect ALS and FTD

biomarkers [13].

In this study, we focus on the use of nanopore sensors for

the detection of C9-HRE. More specifically, longer-length C9-HRE

would trigger the release of more ssDNA, which stimulates cat-

alytic hairpin assembly (CHA) to produce dsDNA, which could then

result in current blockage in the Mycobacterium smegmatis porin A

(MspA) nanopore. This approach allows accurate quantification of

C9-HRE, enabling new concepts and procedures for the clinical di-

agnosis and treatment of ALS and FTD.

The principle of C9-HRE detection using the target-triggered

CHA amplification strategy is presented in Fig. 1. This system com-

prised a double chain structure ASO-Tr, and two unlabeled hair-

pin probes designated Harpin 1 (H1) and Harpin 2 (H2). Double

chain structure ASO-Tr contained antisense oligonucleotides (ASO)

as the aptamer and trigger (Tr). In the absence of C9-HRE, the

combination of Tr and ASO prevented CHA from being triggered,

and no resulting structure was detected with MspA nanopores.

ASO could easily bind C9-HRE in the presence of C9-HRE, form-

ing an aptamer- HRE complex, and the trigger was released. Then,

H1 was opened via complementary attachment to the 3′ of the

Tr strand, exposing the 3′ of the H1. The 3′ of the H1 hybridized

with H2 to form a Tr-H1-H2 complex. As the Tr-H1-H2 complex

was inherently less stable than H1-H2, Tr could be replaced by H2

through spontaneous disassembly. The Tr that was displaced bound

to a new H1 and triggered a new round of the CHA process. Each

copy of the target C9-HRE could initiate numerous assembly pro-

cesses through the CHA cycle, resulting in a significant amount of

H1-H2 duplexes. This increased the effectiveness of target conver-

sion and amplification. The H1-H2 duplex was detected via a MspA

nanopore.

For verification of the successful formation of CHA, the reaction

was analyzed by native polyacrylamide gel electrophoresis (PAGE).

PAGE images were presented in Fig. S1 (Supporting information).

As shown in Fig. S1A, lanes 1–5 correspond to H2, H1, Tr, H1-H2,

and ASO-Tr-H1-H2, respectively. In particular, there were two addi-

tional bands in lane 6 compared to lane 5. To further confirm the

two bands in lane 6, single-stranded H1-L and H2-L were annealed

and then analyzed by native PAGE. As shown in Fig. S1B, the H1-L-

H2-L hybrid band (land 5) posed at the highest position compared

to hairpin DNA and the combinations of two DNA, indicated that

the upper band in land 4 was H1-H2 hybrid band and the lower

band in land 4 was Target-ASO (T-ASO). The result demonstrated

that when T was present, the CHA reaction could be triggered to

form H1-H2 hybridization structure. Since the molecular weight of

H1-H2 hybridization structure was larger than both H1-H2 and T-

ASO, it had the slowest migration rate in PAGE. Furthermore, a

weak band was observed in land 5, at the same position as the

H2, which may represent the formation of other secondary struc-

tures by single-stranded DNA. Collectively, these results confirmed

the rational design of DNA sequences that facilitated CHA reaction

and enabled the detection of the target sequence.

To illustrate the feasibility of employing a nanopore as a single-

molecule stochastic sensing element for C9-HRE detection, the

translocation of ASO-Tr, H1, H2, and H1-H2 hybridization com-

plexes in the nanopore was first investigated at an applied po-

tential bias of +120mV. In line with our expectations, each of

the three structures gave rise to unique translocation events that

were easily distinguishable from one another (Fig. 2). In this re-

port, the open pore current was defined as Io, the residual current

was I, and the event dwell time was t. The percentage blockade

was defined as (Io - I)/Io. The event histogram data was analyzed

using a Gaussian distribution. In the present study, the character-

istic ionic current blockades elicited by both ASO-Tr and hairpin

(H1 and H2) were observed, which incorporated two residual cur-

rent levels: a shallow blockade (level 1) and a deeper one (level

2) (Figs. 2A–C). The percentage blockade for ASO-Tr, H1 and H2 at

current level 1 were 0.43±0.01, 0.33±0.01 and 0.35±0.01, respec-

tively. For current level 2, ASO-Tr, H1 and H2 showed 0.82±0.01,

0.78±0.01 and 0.79±0.04, respectively. The dwell times at level

1 for ASO-Tr, H1, and H2 were 2.82±0.05ms, 3.52±0.10ms and

2.87±0.08ms, respectively. Meanwhile, the dwell times at level 2

were 0.54±0.03ms, 0.55±0.07ms, and 0.18±0.02ms for ASO-Tr,

H1, and H2, respectively. As mentioned in our previous work, the

shallow blockage of the hairpin was caused by its collision with

the vestibule of the MspA nanopore, whereas the deeper block-

age was brought about by efficient translocation [36]. The voltage-

dependent experiment also supported the conclusions (Figs. S2–S4

in Supporting information). Notably, the type of events and prop-

erties of ASO-Tr were consistent with the hairpin structure. Most

likely, ASO-Tr contained a loop structure that could collide with

the MspA nanopore vestibule, just as the previously reported hair-

pin structure interacted with MspA [36]. Similar to other dsDNA

translocate through the nanopore, only one type event was ob-

served for H1-H2 hybridization complexes translocating through

the MspA nanopore, with the blockade rate at 0.84±0.002 and

the dwell time at 3.32±0.05ms (Fig. 2D and Fig. S5 in Support-

ing information). Given that the translocation events are voltage-

and concentration-dependent [37], the current events of H1-H2 hy-

bridization complexes were further characterized by voltage- and

concentration-dependence in this investigation. The results demon-

strated that the dwell time exhibited strong voltage-dependent

(Fig. 2F). Simultaneously, the translocation events frequency in-

creased linearly with increasing H1-H2 hybridization complexes

concentration (Fig. 2E). The above results confirmed that target-

triggered CHA amplification strategy could be used to detect C9-

HRE.

Considering that C9-HRE detection could be achieved using

nanopores, we next applied this strategy to different C9-HRE

length detection. Because the ASO sequence was perfectly com-

plementary to the C9-HRE, the frequency of the H1-H2 hybridiza-

tion complex events increased as the repeat units increased. As

shown in Fig. 3A, there was a dividing line at 15 repeats. For re-

peat lengths below 15, the event frequency of H1-H2 hybridiza-

tion increased with the number of repeat units, whereas for repeat

lengths exceeding 15, the event frequency decreased. To investi-
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Fig. 2. Characterization of DNA structures using a MspA nanopore. The ASO-Tr (A), H1 (B), H2 (C) and H1–H2 hybridization (D) structures translocation through the nanopore.

Left: illustration of DNA structures translocating through a nanopore. Middle: the typical current and time traces of DNA structures at +120mV. Right: the zoomed-in view of

the current blockade segments of the typical events. The typical signals of other DNA structures show a shallow blockade and a deeper one, in contrast to the typical signals

of H1–H2 hybridization complexes, which have a deep blockade and long duration. (E) The event frequency versus H1–H2 hybridization concentration. (F) Characteristic

blockade (shown in red) and dwell time (shown in blue) of H1-H2 hybridization as a function of the applied voltage.

gate this, it is possible that the G-quadruplex structure (G4) was

formed due to an increase in repeat units, and that ASO unfolding

the G4 structure is G-rich sequence dependent [38], resulting in

less H1-H2 hybridization complexes formation. Using this strategy,

it is possible to distinguish patients who carry the C9-HRE from

healthy individuals. While the event frequency is greater than 0.5,

then the repeat length is lower than 30, indicating that the indi-

vidual is healthy.

To investigate the selectivity of the developed nanopore sensing

strategy, other repeat expansion sequences that may play a role in

disease were investigated. The products of C9-HRE and other re-

peat extension sequences were first analyzed through native PAGE.

We found that, compared to the control and other lanes, the H1-H2

hybrid band posed at the highest position only in the absence of

C9-HRE (Fig. S6 in Supporting information). Next, all products were

Fig. 3. Detection of the C9orf72 hexanucleotide repeat expansion using a MspA

nanopore. (A) Detection of different lengths of C9orf72 hexanucleotide repeat ex-

pansion. (B) Selectively detection of C9orf72 hexanucleotide repeat expansion. Data

represent mean ± standard deviation (SD) (n=3).

also examined using nanopore sensing. In contrast, the event fre-

quency of other repeat extension sequences was significantly lower

than that of C9-HRE which was approximately the same as the

control (Fig. 3B). The above results demonstrated that other re-

peat extension sequences failed to trigger the CHA reaction and

this strategy was able to specifically detect C9-HRE. The complete

complementary pairing of ASO and C9-HRE enhanced the speci-

ficity of this strategy.

As C9orf72 is expressed in cells, its detection may be im-

pacted by other nucleic acids or small molecules in the cells. Then,

we combined HEK293T cells with C9-HRE and collected DNA and

RNA for analysis to evaluate this strategy’s anti-interference abil-

ity. As shown in Fig. 4, there was no significant difference in the

event frequency of the H1–H2 hybridization complexes, whether

extracted together or added to C9-HRE after extraction, which was

much higher than that of the control. To further evaluate the ap-

plicability of the developed method to real biological samples, the

Fig. 4. Detection C9orf72 hexanucleotide repeat expansion in HEK 293T cells. Both

DNA and RNA were observed and analyzed using a MspA nanopore. (A) Schematic

representation of the extraction of nucleic acid from the cell sample. (B) Lane 1:

Cellular DNA; lane 2: Extrinsic T9 DNA added to extracted cellular DNA; lane 3:

Extrinsic T9 DNA added to cell suspension; lane 4: Extrinsic T9 DNA. (C) Lane 1:

Cellular RNA; lane 2: Extrinsic T30 RNA added to extracted cellular RNA; lane 3: Ex-

trinsic T30 RNA added to cell suspension; lane 4: Extrinsic T30 RNA. Data represent

mean ± SD (n=3).
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Fig. 5. Detection C9orf72 hexanucleotide repeat expansion in blood from healthy

persons. Both DNA and RNA were observed and analyzed using a MspA nanopore.

(A) Schematic representation of the extraction of nucleic acid from the blood sam-

ple. (B) lane 1: Blood DNA; lane 2: Extrinsic T9 DNA added to extracted blood DNA;

lane 3: Extrinsic T9 DNA added to blood; lane 4: Extrinsic T9 DNA. (C) Lane 1: Blood

RNA; lane 2: Extrinsic T30 RNA added to extracted blood RNA; lane 3: Extrinsic T30
RNA added to blood; lane 4: Extrinsic T30 RNA. Data represent mean ± SD (n=3).

strategy was used to detect healthy volunteer blood samples with

C9-HRE. Nucleic acid extraction from human blood samples was

carried out in the same method as cells. It was found that the

event frequency of each group of H1-H2 hybridization complexes

was consistent with the cells for both RNA and DNA samples

(Fig. 5). These results demonstrated the superior ability of the

strategy to discriminate C9-HRE from interfering analytes and its

potential for use in clinical applications.

In summary, this work exhibits a strategy that successfully de-

tects C9-HRE through nanopores using a target-triggered CHA reac-

tion. Unlike PCR methods that cannot quantify repeat number [39],

this study utilizes ASO which is fully complementary to C9-HRE,

allowing for quantitative analysis of C9-HRE length. It is worth

noting that the ability of the developed method to specifically

identify C9-HRE from the analytes is also attributable to the full

complementarity between ASO and HRE. Meanwhile, the devel-

oped method was applied to the detection of complex samples

with satisfactory results. In conclusion, the developed method pos-

sesses the advantages of anti-interference ability, high specificity,

and simplicity, and has great potential for use in the detection

of clinical samples. Furthermore, since other repeat expansion se-

quences can also lead to disease, the principle of the strategy in

this study can be used for other disease detection by designing

corresponding ASO.
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