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Abstract 

Background  The clustered regulatory interspaced short palindromic repeats (CRISPR)-Cas13a system has strong 
potential for highly sensitive detection of exogenous sequences. The detection of KRASG12 point mutations with low 
allele frequencies may prove powerful for the formal diagnosis of pancreatic ductal adenocarcinoma (PDAC).

Results  We implemented preamplification of KRAS alleles (wild-type and mutant) to reveal the presence of mutant 
KRAS with CRISPR-Cas13a. The discrimination of KRASG12D from KRASWT was poor for the generic KRAS preamplifica-
tion templates and depended on the crRNA design, the secondary structure of the target templates, and the nature 
of the mismatches between the guide and the templates. To improve the specificity, we used an allele-specific PCR 
preamplification method called CASPER (Cas13a Allele-Specific PCR Enzyme Recognition). CASPER enabled spe-
cific and sensitive detection of KRASG12D with low DNA input. CASPER detected KRAS mutations in DNA extracted 
from patients’ pancreatic ultrasound-guided fine-needle aspiration fluid.

Conclusion  CASPER is easy to implement and is a versatile and reliable method that is virtually adaptable to any 
point mutation.
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Background
The clustered regulatory interspaced short palindro-
mic repeats (CRISPR)-Cas13a system was shown very 
potent and sensitive for the detection of exogenous 
sequences in human samples. For example, CRISPR-
Cas13a coupled with fluorescent reporters was 
designed to detect specific RNA target sequences and 
was first applied to virus and bacterial genome detec-
tion with extremely high sensitivity (aM, [1]). To estab-
lish its potential for use in oncology, we previously 
used CRISPR-Cas13a to detect large, cancer-specific 
genomic alterations, such as EGFRVIII fusion variants 
or EGFR exon 19 deletions, for which performance 
is required under clinical conditions [2]. These large 
rearranged sequences can be considered exogenous 
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since they are unique in the pathological genome and 
are absent in healthy genomes. CRISPR-Cas13a was 
also successful in distinguishing single nucleotide 
polymorphisms (with an allele frequency of 50%, [1]). 
Point mutations occurring during oncogenesis can 
display very low allele frequencies, depending on the 
sample type, clonal frequency, or tumor heterogene-
ity. The sensitivity of CRISPR-Cas13a seems promising 
for detecting such rare sequences in any challenging 
molecular situation, such as liquid biopsy or molecular 
residual disease follow-up in cancer patients.

Pancreatic ductal adenocarcinoma (PDAC) suf-
fers from a late diagnosis due to asymptomatic tumor 
growth and nonspecific symptoms. Before any treat-
ment is administered, the carcinoma nature of the 
lesions is often confirmed by cytopathological analysis. 
Endoscopic ultrasound-guided fine-needle aspiration 
(EUS-FNA), which provides tissue biopsies, is risky 
[3] and has a low negative predictive value for delay-
ing diagnosis [4]. The inconclusive or doubtful results 
obtained by the EUS-FNA cytopathological exam are 
strongly related to the scarcity of tumor cells in the 
samples.

The molecular diagnosis of PDAC was developed 
by improving the sensitivities of nucleic acid-based 
methods. Oncogenic KRAS mutation represents one 
of the most frequent genetic events in tumors, par-
ticularly in the adenocarcinoma subtype.[5]. In this 
respect, PDAC is of particular interest since > 90% of 
tumors present KRAS mutations [6]. The exploration 
of KRAS mutation status by PCR in the primary tumor 
coupled with cytology slightly improved the diagnos-
tic performance [7–9], confirming the hypothesis that 
KRAS mutation detection participates in confirming 
the cancerous nature of the lesion and expedites thera-
peutic decisions. Nevertheless, intense desmoplastic 
reactions dilute informative tumor cells in fibrosis, 
highlighting the need for highly sensitive detection 
methods. Ideally, strategies should be simple and cost-
effective to make the detection of any mutation easily 
implementable.

This study challenged the detection of 3 frequent 
KRAS mutations (G12D, G12V, and G12C, respec-
tively accounting for 50%, 30%, and 2% of KRASmut 
PDAC tumors [10]) by CRISPR-Cas13a using different 
crRNA guide designs and after KRAS preamplification. 
To improve allele discrimination, we adapted a system 
combining Cas13a detection sensitivity with allele-
specific PCR amplification to propose CASPER (Cas13a 
Allele-Specific PCR Enzyme Recognition), a new ver-
satile, easy-to-implement, and highly sensitive method 
for detecting low-frequency point mutations.

Methods
Reagents and enzymes
The LwaCas13a enzyme was obtained from GenScript 
and stored at -80 °C in 50 mM Tris–HCl, 600 mM NaCl, 
5% glycerol, and 2  mM DTT, pH 7.5. PAGE Ultramer 
DNA oligos for RNA guide synthesis were obtained from 
Integrated DNA Technologies (IDT, United States). A 
HiScribe™ T7 Quick High Yield RNA Synthesis Kit con-
taining T7 polymerase, RNase inhibitor, and NTP mix 
buffer was obtained from New England Biolabs (NEB, 
United States). PCR primers were obtained from Euro-
gentec (Belgium). Hydroxyethyl piperazine ethane sul-
fonic acid (HEPES) and dimethylsulfoxide (DMSO) were 
obtained from Sigma‒Aldrich (United States).

Cell culture
BxPC-3, AsPC-1, and MIA PaCa-2 cells were maintained 
in Dulbecco’s minimal essential medium (DMEM, Inv-
itrogen, Saint Aubin, France), and Capan-1 cells were 
maintained in Roswell Park Memorial Institute (RPMI, 
Invitrogen). For both media, 10% fetal bovine serum 
(FBS, Invitrogen), 100 U/mL penicillin (Invitrogen), and 
100 μg/mL streptomycin (Invitrogen) were added. All cell 
lines were cultured at 37 °C and 5% CO2 in a humidified 
chamber.

Patient inclusion and sample collection
Patients were recruited prospectively between February 
2023 and March 2023. All patients who received endo-
scopic ultrasound-guided fine needle aspiration (EUS-
FNA) in the context of a pancreatic mass during these 
2  months were recruited. The patients’ demographic 
information is summarized in Table 1.

DNA extraction and quantification
DNA samples for KRAS detection were extracted 
from pancreatic tumor cell lines using a QIAamp DNA 
Extraction Kit® (Qiagen, France). KRASWT/WT DNA 
and KRASG12D/G12D, KRASG12C/G12C, and KRASG12V/G12V 
mutant DNA were extracted from the BxPC-3, AsPC-1, 
MIA PaCa-2, and Capan-1 cell lines, respectively, and 
verified by NGS analysis using the Bordeaux University 
Hospital Tumor Biology Department routine solid tumor 
panel (custom AmpliSeq panel with an Ion Torrent S5 
sequencer (Thermo Fisher Scientific, United States)). 
All DNA samples were quantified by spectrophotom-
etry using a Nanodrop® One/One device (Thermo Fisher 
Scientific, United States). For molecular analysis of the 
needle-rinsing fluids, a Maxwell RSC ccfDNA Plasma Kit 
was used for DNA extraction, and a DS11FX automated 
system (DeNovix) was used for concentration evaluation. 
The patient sample DNA concentrations are reported in 
Supplemental Table 1.
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RNA guide synthesis and purification
Guide RNAs were produced by T7-mediated in  vitro 
transcription as described by Kellner et al. [11]. Briefly, 
oligonucleotides (PAGE Ultramer DNA oligos from Inte-
grated DNA Technologies) were resuspended at a con-
centration of 100 µM. Annealing was performed at 95 °C 

for 5  min, followed by a slow temperature decrease to 
4 °C (0.1 °C/s) using common forward p.T7 oligo and Taq 
buffer (10X). In  vitro transcription was next performed 
overnight with the HiScribe™ T7 Quick High Yield RNA 
Synthesis Kit (NEB, MA, USA) following the manufac-
turer’s instructions, and the products were subsequently 
purified with Agencourt RNAClean XP beads (Beckman 
Coulter). Purified RNA products were aliquoted and fro-
zen at -80 °C.

DNA amplification step
PCR and allele-specific PCR amplification were per-
formed using Phire Tissue Direct PCR Master Mix® 
(Thermo Fisher Scientific) following the manufacturer’s 
instructions. The amplification primers and related 
annealing temperatures used are listed in Supplemental 
Table 2. All amplifications were performed using 10 ng 
of gDNA input, except for patient samples with insuf-
ficient DNA concentrations (Supplemental Table 1). An 
overhang including the T7 promoter was used to enable 
subsequent T7-mediated in  vitro transcription of the 
PCR products [11]. All primers were used at a concen-
tration of 250 nM. By default, 35 cycles of amplification 
were performed. For CASPER, after multiple condi-
tions were tested, only 30 cycles of amplification were 
performed to optimize specificity.

CRISPR‑Cas13a detection step
The RNA guide spacer sequences used are listed in 
Supplemental Table  2 and Supplemental Figs.  1 to 
5. In  vitro transcription of KRAS PCR products and 
Cas13-mediated detection of T7-produced RNA were 
performed simultaneously as described previously 
[11]. The detection mixture included 16  mM HEPES, 
7.2 mM MgCl2, 640 nM rNTP, 0.05 U/µL T7 RNA poly-
merase, 1.6 × 103 U/µL murine RNase inhibitor (NEB), 
5 µg/µL LwaCas13a protein, 400 pg/µL RNA guide, and 
100  nM fluorescent RNA reporter. The final volume 
of the reaction was 20 µl, which included 1 µL of PCR 
products. All manipulations were performed on ice. 
After the addition of PCR products, the samples were 
immediately transferred to a CFX96 Touch Real-Time 
PCR Detection System (Bio-Rad), and the fluorescence 
level was quantified every minute for 90 min. Analysis 
of the results was performed using CFX MaestroTM 
software (Bio-Rad). The fluorescence intensity ratio was 
calculated at 90 min as follows:

Real‑time quantitative PCR
The detection of the KRASG12D and KRASWT alleles was 
performed using a Promega GoTaq® qPCR kit (Pro-
mega, Wisconsin) following the manufacturer’s instruc-
tions with 10 ng of DNA input. The primers used and 
annealing temperatures are summarized in Supplemen-
tal Table  2. All primers were used at a concentration 
of 2.5  µM. By default, 35 cycles of amplification were 
performed. The data were analyzed with CFX Maes-
tro Software (Bio-Rad). The relative expression of the 

(Mutanttemplatefluorescenceat90min−Mutanttemplatefluorescenceat1min)

(WTtemplatefluorescenceat90min−WTtemplatefluorescenceat1min)

Table 1  Patient demographics

ASA American Society of Anesthesiologists classification, IPMNs Intraductal 
Papillary Mucinous Neoplasms

Patients n = 24

Age 72.5 (51–89)

Sex
  Male 16 (66.7%)

  Female 8 (33.3%)

IMC (kg/m2) 25 (15–36)

ASA
  1 3 (12.5%)

  2 14 (58.3%)

  3 7 (29.2%)

Symptoms
  Pain 11 (45.8%)

  Jaundice 11 (45.8%)

  Altered General Condition 21 (87.5%)

  Unbalanced diabetes 3 (12.5%)

  Incidental 2 (8%)

Tumor localization
  Head 16 (66.8%)

  Body 5 (20.8%)

  Tail 2 (8.4%)

Suspected Diagnosis
  Ductal Adenocarcinoma 21 (87.5%)

  Degenerated IPMNs 1 (4.1%)

  Auto Immune 1 (4.1%)

  Ampulloma 1 (4.1%)
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KRASG12D and KRASWT alleles was first normalized to 
that of GAPDH and then represented as fold changes 
(2−ΔΔCt). Melting curves showed that primers amplified 
only the specific fragments.

Droplet digital PCR
Droplet digital PCR analyses were performed on the 
Bio-Rad ddPCR platform (Bio-Rad, United States) with a 
QX-200 TM droplet generator and a QX-200 TM droplet 
reader. Bio-Rad KRAS G12/G13 screening and Bio-Rad 
KRAS G12D-specific kits were used for global or specific 
KRASG12 mutant detection according to the manufactur-
er’s instructions. To compare the performance of ddPCR 
vs. PCR-CRISPR-Cas13a or CASPER, all experiments 
were performed using 10  ng of DNA. For patient sam-
ples, various amounts of DNA (18 µL, regardless of DNA 
concentration) were used for the KRAS G12/13 multiplex 
ddPCR screening assay, and 10 ng was used for the KRAS 
G12D-specific ddPCR assay, except for patient samples 
with insufficient DNA concentrations (Supplemental 
Table  1). Analysis of the results was performed using 
QuantaSoftTM software (Bio-Rad) with laboratory-vali-
dated clinical routine interpretation guidelines. For each 
assay, a wild-type sample and a “no DNA input” control 
were analyzed. The MAF positivity threshold (0.056%) 
was previously determined [12]. A sample was consid-
ered positive when the lower standard deviation value of 
the MAF was greater than the positivity threshold.

RNA secondary structure analysis
The predicted secondary RNA structures of the KRAS T7 
RNA products were obtained with RNAfold® software 
(http://​rna.​tbi.​univie.​ac.​at/​cgi-​bin/​RNAWe​bSuite/​RNAfo​
ld.​cgi). The default parameters were used.

Statistical analysis
Statistical tests were performed using Graph-Pad 
Prism software (v6.04). The results are expressed as 
the mean ± SEM or mean ± SD and were analyzed by 
unpaired, bilateral Student’s t tests with Welch’s correc-
tion. Correlation analyses were performed using Spear-
man’s test. p < 0.05 was considered to indicate statistical 
significance.

Results
KRAS allele discrimination by CRISPR‑Cas13a using crRNA 
guides hybridization of the mutant nucleotide at position 
19 of the spacer sequence
We first used the CRISPR-Cas13a platform to detect 
the most frequent alleles, KRASG12D, KRASG12V, and 
KRASG12C, using a crRNA design previously reported 
to efficiently target KRASG12D mRNAs in cellulo [13] 
(Fig. 1a). As authors obtained the maximum specificity for 

the KRASG12D allele using crRNA with mutation recog-
nition site in position 19 of the spacer sequence, we first 
tested the in vitro discrimination ability of crRNA19G12X 
guides (with the discriminative nucleotide position placed 
on the 19th nucleotide of the spacer crRNA sequence), 
which perfectly matched the mutant allele and presented 
one mismatch with the WT allele (SupplementalFig. 1a-c). 
Cas13a collateral RNase activity on reporter fluorescent 
RNA probes was induced by all 3 guides, but the guides 
also hybridized to the WT allele (Fig.  1b-d, blue bars 
and curves). Noticeably, discrimination variations were 
observed between the guides, with crRNA19G12C bearing 
the best specificity, with a maximal fluorescence intensity 
ratio to WT detection of 11.5 ± 3.5 times (versus 2.1 ± 0.5 
for crRNA19G12V and 1.5 ± 0.1 for crRNA19G12D).

Due to the low specificity observed in the initial basic 
crRNA design, and as previously described by Zhao et al. 
[13], we introduced a mismatch at position 14 to obtain 
crRNA19G12X-14, which presented 1 mismatch with the 
mutant allele and 2 mismatches with the WT allele (Sup-
plemental Fig.  2a-c). The synthetic mismatch at posi-
tion 14 slightly improved the detection of KRASG12D (a 
maximal fluorescence intensity ratio of 2.2 ± 0.3 versus 
1.5 ± 0.1), did not change the detection of KRASG12C (a 
maximal ratio of 9.9 ± 1.8), but diminished the detection 
of KRASG12V (1.4 ± 0.1 versus 2.1 ± 0.5) (Fig. 2a-c).

As the addition of one synthetic mismatch placed 
around the discriminative nucleotide position differen-
tially impacted the WT/mutation discrimination [11], 
we produced a guide with 2 synthetic mismatches with 
the mutant KRASG12D allele and 3 mismatches with 
the WT allele (Supplemental Fig.  2d). The specificity of 
crRNA19G12D-14–18 was unchanged (fluorescence ratio 
of 2.3 ± 0.1, Supplemental Fig. 2e). Thus, although position 
19 may distinguish KRASG12C from KRASWT with some 
specificity, the discrimination of the WT and KRASG12D 
alleles is not sufficient, even when 3 mismatches are pre-
sent between the crRNA guide and the WT template.

KRAS allele discrimination by CRISPR‑Cas13a using crRNA 
guides hybridization of the mutant nucleotide at position 
12 of the spacer sequence
The “seed” region of the crRNA spacer sequence, cover-
ing nucleotides 5 to 15, is described as more sensitive to 
mismatches [1]. We thus designed crRNA12G12D (Supple-
mental Fig. 3a). The specificity was slightly greater than 
that of crRNA19G12D (the maximal fluorescence inten-
sity ratio to the WT signal was 2.0 ± 0.2 versus 1.5 ± 0.1) 
but was not sufficient for full discrimination (Fig.  3a). 
Indeed, using CRISPR-Cas13a for low-frequency mutant 
allele detection implies the absence of reporter RNA 
cleavage by Cas13a with the WT template. Introduc-
tion of synthetic mismatches (crRNA12G12D-13 and 

http://rna.tbi.univie.ac.at/cgi-bin/RNAWebSuite/RNAfold.cgi
http://rna.tbi.univie.ac.at/cgi-bin/RNAWebSuite/RNAfold.cgi
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crRNA12G12D-13–11, Supplemental Fig.  3b,c) did not 
fully discriminate alleles (a maximal fluorescence ratio to 
the WT signal of 1.6 ± 0.05 and 2.0 ± 0.6, respectively) and 
resulted in a global loss of signal for crRNA12G12D-13–11 
(Fig.  3b,c). We also tested whether a recognition site 
placed at the 5’ extremity of the spacer sequence, like 
it was describe in the publication of Kellner et al. [11], 
could diminish the recognition of the KRASWT allele and 
designed crRNA4G12D (Supplemental Fig.  3d). Like for 
crRNA19G12D, crRNA4G12D did not present any speci-
ficity for the KRASG12D allele (a maximal fluorescence 
intensity ratio of 1.1 ± 0.1, Supplemental Fig. 3e).

We next challenged the crRNA12G12D guide with sen-
sitivity experiments on serially diluted DNA samples. 
The sensitivity of CRISPR-Cas13a was 10%, while con-
ventional ddPCR was tenfold more sensitive (Fig. 3d and 
Supplemental Fig. 3f ).

KRAS allele discrimination by CRISPR‑Cas13a using hairpin 
spacer crRNA guides
Hairpin-spacer crRNA guides feature an additional 
sequence downstream of the spacer, which competes for 
hybridization with the spacer either on the target DNA 

(mutant or WT) or with the spacer itself. This competi-
tion, aided by hairpin structures, may minimize binding 
to the WT allele while maintaining sufficient binding 
to the mutant allele (Fig.  4a). With the discriminative 
nucleotide position still placed on the 12th nucleotide, 
we designed 3 different hairpin-spacer crRNAs with or 
without additional synthetic mismatches (Supplemental 
Fig. 4a-c). The hairpin spacer guides were not able to fully 
discriminate KRAS alleles (Fig. 4b-d) or increase sensitiv-
ity compared with crRNA12G12D (Fig. 4e).

CASPER: Coupling CRISPR‑Cas13a sensitivity 
and allele‑specific PCR specificity
Among the CE-in vitro diagnostic (CE-IVD) platforms 
offering highly specific identification of single nucleotide 
variants (SNPs) and ddPCR, allele-specific (AS)-based 
methods provide good performance [14]. However, the 
limit of detection highly depends on the DNA input [15]. 
Here, we tested the potential of CRISPR-Cas13a for the 
identification of low-frequency KRAS mutant alleles in 
a limited DNA quantity (10  ng), compatible with liquid 
biopsy circulating-free DNA (cfDNA) analysis or other 
applications with low DNA input. The routinely used 

Fig. 1  crRNA19 for KRASG12X allele detection by CRISPR-Cas13a. a (Top) Chromosomal location and detailed view of the KRAS gene. (Bottom) 
The sequence of mutated KRASG12D RNA products (obtained after T7-mediated in vitro transcription) and the crRNA-19 G12D spacer sequence 
(highlighted in light yellow). The c.35G > A point mutation is shown in red. The protospacer flanking site (PFS) is highlighted in purple. 
b-d Fluorescence ratio (left) and fluorescence level over time (right) in the presence of crRNA19G12D (b), crRNA19G12C (c) or crRNA19G12V (d) 
and PCR products from matching KRAS mutants or KRASWT/WT. b-d Results are presented as the mean ± SEM with n = 4 replicates from independent 
experiments
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Fig. 2  crRNA19-14 for KRASG12X allele detection by CRISPR-Cas13a. a-c Fluorescence ratio (left) and fluorescence level over time (right) 
in the presence of crRNA19G12D-14 G12D (a), crRNA19G12C-14 (b), or crRNA19G12V-14 (c) and PCR products from matching KRAS mutations 
or KRASWT/WT. a-c The results are presented as the mean ± SEM of n = 6 (a), n = 4 (b) and n = 2 (c) replicates from independent experiments

Fig. 3  crRNA12 for KRASG12D allele detection by CRISPR-Cas13a. a-f Fluorescence ratio (left) and fluorescence level over time (right) in the presence 
of crRNA12G12D (a-f), crRNA12G12D-13 (b), crRNA12G12D-11–13 (c), and PCR products from KRASG12D/G12D or KRASWT/WT. d Quantification 
of the fluorescence ratio at 90 min in the presence of crRNA12G12D and PCR products from KRASG12D DNA diluted in KRASWT DNA. a-d Results 
are presented as the mean ± SEM with n = 6 (a-b), n = 4 (c) and n = 3 (d) replicates from independent experiments. *: p < 0.05; **: p < 0.01; ns: 
not significant
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AS-based method is qPCR. The determination of sample 
positivity in qPCR depends on the cycle at which ampli-
fied DNA is first detected, following method validation 
and interpretation guidelines. This is particularly crucial 
in addressing nonspecific amplifications that may occur 
at high cycle numbers [16]. We hypothesized that in 
this challenging low range of mutant allele frequencies, 
the sensitivity of CRISPR-Cas13a for the detection step 
may be different. Thus, AS regular PCRs were carried 
out, with the 3’ nucleotide-specific primer hybridizing 
the mutant nucleotide and carrying an additional syn-
thetic mismatch to inhibit the amplification of the WT 
allele (Supplemental Fig.  5a). AS-PCR was followed by 
CRISPR-Cas13a detection with crRNA-ASG12D covering 
15 nucleotides of the AS primer and 13 nucleotides of the 
amplified sequence (CASPER, Supplemental Fig. 5b). The 
fluorescence profile revealed full discrimination between 
the mutant and WT alleles (Fig.  5a). The maximal 

fluorescence ratio to the WT signal was 22.9 ± 8.8. This 
high discrimination translated into a high sensitivity of 
0.5% (Fig. 5b), which was superior to that of conventional 
allele-specific PCR (Supplemental Fig.  5c) and equal to 
that of ddPCR (Supplemental Fig.  5d). Moreover, our 
strategy was quantitative for an MAF of up to 10%. A 
4-parameter fit curve could be built, and a Spearman cor-
relation analysis showed a significant p-value (r2 = 0.78 
and r = 0.785 with p = 0.02; Supplemental Fig. 5e, f ).

CASPER for the detection of the KRASG12D mutation 
in pancreatic cancer patient liquid samples
To demonstrate the clinical feasibility of this assay, we 
analyzed fine needle aspiration fluid from 24 patients 
suspected of having PDAC (Fig.  5c). All samples were 
first tested for KRAS G12/G13 mutations by ddPCR 
under routine laboratory conditions with a multi-
plex KRASG12/G13 mutation kit using conventional 

Fig. 4  Hairpin crRNA for KRASG12D allele detection by CRISPR-Cas13a. a Illustration of the crRNAG12D hairpin system. b-d Fluorescence ratio (left) 
and fluorescence level over time (right) in the presence of crRNAG12D hairpin 1 (b), crRNAG12D hairpin 2 (c) or crRNAG12D hairpin 3 (d) and PCR 
products from the KRASG12D/G12D mutation or KRASWT/WT. e Quantification of the fluorescence ratio at 90 min in the presence of crRNAG12D hairpin 
3 and PCR products from KRASG12D DNA diluted in KRASWT DNA. b-d The results are presented as the mean ± SEM, with n = 6 (b, d) and n = 8 (c) 
replicates from independent experiments. e Results are presented as the mean ± SEM with n = 6 replicates from independent experiments. *: 
p < 0.05; ***: p < 0.001; ns: not significant
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DNA input (Supplemental Fig.  6a and Supplemental 
Table  1  ). Eighteen samples (18/24, 75%) were found 
to be positive for one of the 7 KRASG12/G13 mutations 
included in the assay. Using the CASPER assay on the 
same 24 samples, we detected 6 KRASG12D−positive 
samples (Fig. 5d, e). The DNA inputs varied from 6 to 
10 ng depending on the initial sample DNA concentra-
tion (Supplemental Table  1). All 6 samples were also 
positive according to the ddPCR multiplex KRASG12/G13 
mutation test, with mutant allele frequencies ranging 

from 0.43% to 48.7% (Supplemental Fig. 6a). To confirm 
the detection of the CASPER-specific KRASG12D muta-
tion, we tested 24 samples using a specific KRAS G12D 
ddPCR assay and identified 5 positive samples (Supple-
mental Fig. 6b). Noticeably, sample 6, which presented 
the lowest allelic frequency in the first ddPCR assay 
(0.43%, 39.7 ng DNA input), was positive with CASPER 
and negative with specific ddPCR using the same input 
of 10 ng DNA (red arrow). However, in the absence of 
available tumor tissue or sample leftover, we could not 

Fig. 5  CASPER for KRASG12D detection in patients’ pancreatic fine needle aspiration samples. a Fluorescence ratio (left) and fluorescence level 
over time (right) in the presence of crRNA ASG12D and PCR products from KRASG12D/G12D or KRASWT/WT. b Quantification of the fluorescence 
ratio at 90 min in the presence of crRNA ASG12D and PCR products from KRASG12D DNA diluted in KRASWT DNA. a-b Results are presented 
as the mean ± SEM with n = 8 (a) and n = 6 (b) replicates from independent experiments. c Experimental workflow for PDAC patient sample 
collection, sample processing, and KRASG12D detection with ddPCR and CASPER. d Quantification of the fluorescence ratio of PDAC patient samples 
at 90 min in the CASPER assay. The values at the top of the bars indicate the mean fluorescence intensity ratios, and the dotted lines indicate 
a fluorescence ratio of 1. e Quantification of the fluorescence level over time with the CASPER assay for the blank, WT control, and positive patient 
samples. d-e The red arrows point to the patient 6 results. The results are presented as the mean ± SD with n = 2 replicates from one experiment. *: 
p < 0.05; **: p < 0.01; ns: not significant
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confirm KRAS mutation identification by NGS. Finally, 
a 4-parameter fit curve analysis of the fluorescence 
intensity ratio and ddPCR-based KRASG12D mutation 
allelic frequency showed that the CASPER assay was 
fully quantitative (r2 = 0.98; Supplemental Fig. 6c).

Discussion
PDAC management is hindered by a lack of effective 
treatments and challenges in swiftly confirming the pres-
ence of tumors. This study is the first to test the ability of 
a conventional CRISPR-Cas13a platform to discriminate 
between KRASWT and KRASMUT alleles to detect low-
frequency point mutations using limited DNA input. For 
this purpose, methods with high specificity and sensitiv-
ity are needed.

We first used crRNA guides with the 19th nucleotide 
of the spacer to hybridize the mutant position [13]. For 
in  vitro KRAS allele discrimination, the position of the 
mismatch with the WT allele outside of the seed region 
was not ideal. Nonspecificity was also observed in cellulo 
[13], and the addition of another mismatch at position 
14 marginally improved specificity. Guides mismatch-
ing the WT allele at positions 12 and 4 of the spacer 
did not allow full discrimination either. By testing dif-
ferent G12 mutation positions, our findings confirmed 
that a single mismatch in the guide spacer sequence dis-
tinctly influenced specificity [11, 17]. Indeed, heterocy-
clic purine/purine mismatches may create a local steric 
bulk that affects crRNA hybridization to the KRASWT 
template more than purine/pyrimidine mismatches [18]. 
However, crRNAG12D (G/U mismatch on the WT allele) 
and crRNAG12V (G/A mismatch) showed similar pro-
files, while crRNAG12C (G/A) was more discriminant, 
confirming that the purine or pyrimidine status of the 
mismatch-related bases alone cannot explain the speci-
ficity variations. A recent study revealed another level 
of complexity showing that mismatch type, for example, 
A-G, displayed various specificities according to the posi-
tion of the guanine nucleotide on the guide or the tem-
plate [19]. The neighboring sequence likely contributes 
to specificity modulation [19]. Moreover, the concentra-
tions of templates and RNA reporters could influence 
the fluorescence kinetics of Cas12 and Cas13 detection 
systems [20]. During the specificity assays, we used satu-
rating amounts of DNA templates (WT or mutant) and 
RNA reporters. Thus, we believe that the Vmax depends only 
on the ability of the guide to efficiently hybridize with the 
template.

KRAS RNA templates adopt secondary structures lead-
ing to the formation of slightly different hairpin loops, 
rendering the sequence complementary to crRNAs more 
or less accessible (Supplemental Fig.  7a-d). The G12C 
mutation, which was best discriminated from the WT 

sequence, is in a stem, whereas the other mutations or 
the WT nucleotides are in loops. In addition, target RNA 
secondary structures may also need more energy for 
crRNA hybridization, augmenting the global Gibbs free 
energy of Cas13a activation [21]. This suggests that each 
template/guide couple may display distinct energetic 
properties, limiting the generalization of guidelines for 
crRNA design. Indeed, crRNA19G12D and crRNA4G12D 
were less discriminant than crRNA12G12D. By comparing 
the positioning of the 3 guides on the KRASG12D RNA, 
we observed that secondary structures may affect crRNA 
hybridization (Supplemental Fig.  7e). The crRNA4G12D 
and crRNA19G12D hybridization zones fully covered 
stem-loop structures (lateral or terminal), which are only 
partly involved in the hybridization of crRNA12G12D. The 
additional energy required to separate the loop struc-
ture could therefore also affect crRNA hybridization, 
impacting target RNA detection [21]. Recent studies have 
reported that spacer sequence length also greatly influ-
ences crRNA hybridization and recognition properties 
[19]. While our work involved conventional 28-nucleo-
tide spacer sequences, decreasing the spacer length could 
serve as a solution to limit nonspecific crRNA recogni-
tion. Notably, the link between crRNA-guided hybridi-
zation and Cas13a activation is also complex: strong 
hybridization of the crRNA with its target will not nec-
essarily lead to strong nuclease activation, and vice versa 
[22]. Finally, 2 or 3 mismatches between the crRNA 
guide spacer and the target WT KRAS RNA sequence 
did not prevent nonspecific hybridization or Cas activa-
tion. As what is available for the design of primers and 
crRNA guides for the detection of viral sequences [23], 
or Cas13d guide design [24], large-scale and systematic 
studies are still required to setup guidelines optimiz-
ing Cas13a crRNA designed to detect and discriminate 
human sequences presenting single nucleotide variants.

Specificity was achieved by combining AS-PCR pre-
amplification with CRISPR-Cas13a detection. Compared 
with conventional dye-based qPCR, fluorescence signal 
amplification, which is possible with Cas13a activation, 
made it possible to identify lower levels of PCR ampli-
fication. CASPER achieved similar or better sensitivity 
than ddPCR with low DNA input (6–10  ng), detecting 
one KRASG12D ddPCR-false-negative patient. CASPER 
requires a conventional thermocycler with fluorescence 
detection, making it easy to implement as a complement 
to standard assays, especially when dealing with limited 
DNA input. KRASG12C detection with high sensitivity but 
imperfect specificity was achieved by the Cas12 enzyme 
after PCR preamplification [25]. The initial amount of 
DNA input was not shared. Finally, building a KRAS-
mut CASPER panel, using multiple AS primers to multi-
plex mutation detection would enhance its diagnostic 
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accuracy and clinical applicability, providing a robust 
and complementary alternative to the established ddPCR 
gold standard. Additionaly, robust singleplex CASPER 
may improve clinical practice by identifying the drugga-
ble G12C [26] and G12D [27] KRAS mutations, even in 
cancers other than PDAC.

Conclusion
Given the low specificity and sensitivity of CRISPR-
Cas13a for the detection of KRAS G12 point mutations, 
we implemented the CASPER assay, which enables 
specific and sensitive detection of KRASmut alleles. We 
proved that this strategy is superior to qPCR and equal 
to ddPCR when using a small amount of input DNA and 
is thus compatible with challenging low-DNA quan-
tity samples. The versatility of CASPER in terms of easy 
crRNA guide design and costless equipment could be 
a valuable solution for the production of personalized 
molecular tools that are adaptable to “hotspots” or less 
common mutations.
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