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ABSTRACT: Pharmacogenetic testing enables personalized drug dosing by
accounting for genetic variation in drug metabolism. Although there is increas-
ing evidence that genetically guided dosing improves therapeutic efficacy and
reduces adverse effects, clinical implementation remains limited as genotyping
methods suffer from slow turnaround times and are not optimized for point-
of-care use. Here, we present a rapid, multiplexed CRISPR-based assay for
genotyping the key CYP2C19 polymorphisms *2, *3, and *17. These variants .
can alter enzyme activity, impacting the metabolism of drugs such as clopido- ey oo 00
grel and mavacamten. Our assay combines isothermal amplification with a dual = v oee S
guide RNA detection strategy, where LwaCasl13a selectively detects mutant I

alleles and LbaCas12a identifies wild-type alleles. In a validation study of 110
participants, the assay showed high concordance with Sanger sequencing, the current gold standard, with variant-specific accuracies
of 97.3% (*2), 100% (*3), and 99.1% (*17), demonstrating robust performance across a diverse clinical cohort. The workflow sup-
ports both column-based DNA extraction and a simplified, crude extraction protocol. Genotyping results are obtained through either
fluorescence detection or multi-analyte lateral-flow readouts, allowing visual interpretation of genotypes with minimal equipment. In
conclusion, our findings show that CRISPR-based genotyping can deliver accurate CYP2C19 pharmacogenetic testing, facilitating
broader adoption of genotype-guided drug dosing. Furthermore, the programmability of CRISPR-Cas systems enables adaptation
to other pharmacogenetic targets relevant to drug metabolism.

KEYWORDS: CRISPR-based diagnostics, LwaCas13a, LbaCas12a, CYP2CI19 genotyping, isothermal amplification,

multi-analyte lateral-flow readout, clopidogrel, mavacamten

A

harmacogenetics aims to personalize drug therapy by inves-

tigating the influence of genetic variation on drug metabo-
lism, efficacy, and safety. Although polymorphisms have been
reported in dozens of enzymes, only a subset, including
CYP2C19, CYP2D6, CYP2C9, and DPYD, are currently con-
sidered clinically actionable." Among these, CYP2C19 stands
out as a key example where genotyping directly informs dosing
decisions.” Common CYP2C19 single nucleotide polymor-
phisms (SNPs) include the loss-of-function alleles
CYP2C19%2 (1s4244285) and CYP2C19%3 (rs4986893) and
the gain-of-function allele CYP2C19%17 (rs12248560), with
global average allele frequencies of 15.2, 0.3, and 20.4%, respec-
tively; these frequencies vary considerably across populations.*>
CYP2C19 alone contributes to the metabolism of around ten
percent of commonly prescribed drugs,* and more than half
of individuals carry at least one gain-of-function or loss-of-
function CYP2C19 allele,® underscoring the need for rapid
genotyping in routine care. Individuals with two loss-of-
function alleles (e.g., *2/*3) are classified as poor metabolizers
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(PMs), while those with one such allele are classified as inter-
mediate metabolizers (IMs) (Figure 1la).” Heterozygous
(HET) patients (e.g, *1/*17) of the CYP2C19*17 gain-of-
function allele are classified as rapid metabolizers (RMs),
whereas homozygous mutant (MUT) carriers (*17/%17) are
classified as ultrarapid metabolizers (UMs).” In contrast, wild-
type (WT) patients (*1/*1) for the CYP2C19 gene are classi-
fied as normal metabolizers (NMs).>

CYP2C19 genotyping has been extensively studied to
guide oral P2Y12 inhibitor therapy in cardiovascular disease,
particularly clopidogrel, whose metabolic bioactivation is
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Figure 1. Systematic gRNA screen for rapid CYP2C19 genotyping on synthetic RNA targets. (a) Overview of CYP2C19 phenotypes, genotypes,
and therapeutic recommendations for clopidogrel and mavacamten use.”'> (b) Ilustration of the systematic gRNA screen. Synthetic RNA

https://doi.org/10.1021/acssensors.6c00841
ACS Sens. XXXX, XXX, XXX-XXX


http://pubs.acs.org/acssensors?ref=pdf
https://doi.org/10.1021/acssensors.6c00841

ACS Sensors

pubs.acs.org/acssensors

Figure 1. continued

targets undergo CRISPR-based detection with LwaCas13a and a MUT-sensing gRNA. Fluorescence is measured using a poly U FAM reporter oli-
gonucleotide. (c—e) Left: Alignment of target sequences and design of 12 different LwaCas13a MUT-sensing gRNAs for CYP2C19%2 (c), *3 (d), and
*17 (e). The WT sequence is highlighted in blue, the MUT sequence in red, and the position of the SNP in dark gray. Right: Bar graphs showing the
fluorescence signal of the tested gRNAs for CYP2C19*2 (c), *3 (d), and *17 (e). n = 3 technical replicates. Synthetic RNA targets at 100 ng/pL. Bar
graphs indicate mean + SD. P < 0.05 (*), P < 0.01 (**), P < 0.001 (***), and P < 0.0001 (***%*). Selected gRNAs for further optimization are

marked by dashed arrows.

CYP2C19-dependent.® Genotype-guided antiplatelet selec-
tion helps balance ischemic and bleeding risk.> Notably,
clopidogrel-treated IMs or PMs have about a 50 percent
higher risk of cardiovascular events and a roughly threefold
higher risk of stent thrombosis after percutaneous coronary
intervention ~(PCI) compared with non-carriers.’””
Accordingly, the POPular Genetics and TAILOR-PCI trials
support using prasugrel or ticagrelor in patients with reduced
CYP2C19 activity.'”'! Moreover, CYP2C19 genotyping is
also recommended prior to initiating mavacamten for the
treatment of hypertrophic obstructive cardiomyopathy
(HOCM), as PMs exhibit higher drug exposure and an
increased risk of systolic dysfunction.'*”'* To mitigate these
adverse effects, the current European product information
recommends CYP2C19 genotyping before initiating
mavacamten.'>'?

Despite encouraging clinical evidence and guidelines,
CYP2C19 genotyping implementation in clinical routine
remains limited.”'® Conventional techniques like Sanger
sequencing are costly, time-consuming, and infrastructure reli-
ant, restricting decentralized use.!” CRISPR-based diagnostics
offer a promising alternative for SNP detection due to their
speed, accuracy, and simplicity.'®'” While point-of-care
CRISPR diagnostics are emerging,*°~>* many current assays
lack true sample-to-answer workflow and still require multi-
step extraction or specialized equipment, limiting point-of-care
use.'”*¥** CRISPR-based CYP2C19 genotyping assays often
rely on PCR preamplification, column-based sample prepara-
tion, or complex readouts, hindering widespread use.>”*°
Furthermore, validation in large and geographically diverse clin-
ical cohorts is an important next step.

To address these limitations, we developed a rapid isother-
mal CRISPR-based CYP2C19 genotyping assay optimized for
high-throughput  compatible fluorescence readouts, and
extended the assay to support simplified crude extraction and
portable immunochromatographic strips for decentralized test-
ing. We systematically evaluated guide RNA (gRNA) designs
and assay configurations to reliably distinguish WT, HET, and
MUT genotypes across all common CYP2C19 variants. The
method was validated in a geographically diverse multicenter
clinical cohort that included individuals with rare alleles and
demonstrated strong diagnostic performance for pharmacoge-
netic testing.

B MATERIALS AND METHODOLOGY
Primer Design

CYP2C19 genetic variants were selected according to the CYP2C19
CPIC guideline”> The positions of the selected variants
(CYP2C19%2, *3, and *17) inside the CYP2C19 gene were identified
using the National Center for Biotechnology Information database. The
design of the forward primer (FP) and reverse primer (RP) for recom-
binase polymerase amplification (RPA) was carried out using the

PRIMER-BLAST application with the parameters specified in the
SHERLOCK protocol.*’ ™ A T7 promoter (T7P) sequence was
appended to the 5' end of the RPA FP to allow T7 transcription, unless
specified otherwise.>' ~*

gRNA Design and Production

gRNAs for LwaCas13a and LbaCas12a were designed based on the
SHERLOCK protocol, to contain spacers of 28 and 20 nucleotides,
respectively, each complementary to the target sequence.”' > DNA
oligos (Eurofins) containing a T7P sequence were used as templates
for in vitro transcription of gRNAs with the HiScribe T7 Quick High
Yield RNA Synthesis Kit (NEB) and subsequently purified using the
RNA Clean & Concentrator 25 kit (Zymo Research) according to
the manufacturer’s instructions. The direct repeat was positioned at
the 5" end of the spacer.”' ™

Reporter Molecules

For fluorescence-based detection, reporter oligonucleotides were
designed to include sequences recognized and cleaved by each Cas
enzyme: AU or UUUUU for LwaCasl3a and TTATT for
LbaCas12a.>' 7> Reporters were labeled with a fluorophore and
quencher pair (Texas Red, hexachlorofluorescein [HEX], or FAM)
and synthesized as RNA or ssDNA (IDT).>' ~** For lateral-flow read-
out, reporters were duallabeled with FAM and biotin (for
LwaCasl13a) or FAM and digoxigenin (for LbaCas12a).>' ™

LwaCas13a, LbaCas12a, and Target RNA Production

The expression vector pC013-Twinstrep-SUMO-huLwaCas13a
(Addgene plasmid #90097, RRID: Addgene 90097) was a gift from
Feng Zhang.*' ™** LbaCas12a was produced by New England Biolabs
(NEB, M0653T), while LwaCas13a was produced and purified as
described previously.”> DNA gBlocks gene fragments (IDT) contain-
ing a T7P sequence were used as templates for in vitro transcription
of synthetic RNA targets using the HiScribe T7 Quick High Yield
RNA Synthesis Kit (NEB) and purified using the RNA Clean &
Concentrator 25 kit (Zymo Research) according to the manufacturer’s
instructions.

RPA Reaction

RPA reactions were conducted for 1 h at 39 °C in a total volume of
20 pL, using either the TwistAmp Basic kit (TwistDx) or the multien-
zyme isothermal rapid amplification kit (MIRA, AmpFuture Biotech),
with 2 pL of DNA serving as the sample input. For TwistDx, each reac-
tion contained 0.267X pellet, 480 nM FPs and RPs, 11.8 pL of rehydra-
tion buffer, and 8 mM magnesium acetate. For MIRA, each reaction
contained 0.4X pellet, 400 nM FPs and RPs, 11.8 pL of Buffer A,
and 1 pL of Buffer B.

CRISPR-Cas-Based Reaction

RNA and DNA detections were performed using a modified
SHERLOCK protocol.*' ~** For LwaCas13a RNA detection, reactions
(20 pL) contained 3 pL of synthetic RNA targets, murine RNase inhib-
itor (1 U/pL), NEBuffer 2.1 (1X), LwaCas13a (45 nM), background
total human RNA purified from human embryonic kidney HEK293T
culture (1.25 ng/pL), gRNA (22.5 nM), and a poly U FAM reporter
(125 nM). Fluorescence signals at 485 nm excitation and 525 nm
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emission (Ex 485/Em 525 nm) were recorded every S min for SO min
at 37 °C (384-well microplate, SpectraMax iDS, Molecular Devices).
For LwaCas13a synthetic DNA detection, reactions (20 pL) contained
3 pL of RPA products, murine RNase inhibitor (1 U/pL), NEBuffer
2.1 (1x), LwaCasl3a (90 nM), HEK293T RNA (1.25 ng/pL),
gRNA (45 nM), Texas Red reporter (125 nM), ribonucleotide tri-
phosphates (rNTPs) at 1 mM each, and T7 RNA polymerase
(1.5 U/pL). Fluorescence (Ex 585/Em 625 nm) was recorded every
S min for 60 min at 37 °C. LwaCasl3a SNP-specific detection in
human genomic DNA (gDNA) used identical conditions with opti-
mized Cas/gRNA ratios: CYP2C19%2 (22.5 nM/11.25 nM), *3
(90 nM/22.5 nM), and *17 (90 nM/4S nM). For LbaCas12a DNA
detection, LbaCas12a (600 nM) was preincubated with gRNA (300
nM) and NEBuffer 2.1 (1X) for 10 min at 37 °C to generate a Cas-
gRNA construct. The following CRISPR-based reaction (20 pL) con-
tained 3 pL of the RPA product, a murine RNase inhibitor (1 U/
pL), NEBuffer 2.1 (1x), a Cas-gRNA construct (90 nM/4S nM),
and a HEX reporter (250 nM). Fluorescence (Ex 530/Em 570 nm)
was measured every S min for 60 min at 37 °C. For multiplexed
DNA detection, reactions (20 pL) contained 3 pL of the RPA product,
a murine RNase inhibitor (1 U/pL), NEBuffer 2.1 (1X), LwaCas13a
(90 nM), an LbaCas12a-specific Cas-gRNA construct (90 nM/4S nM),
HEK293T RNA (1.25 ng/pL), LwaCasl3a-specific gRNA (45 nM), a
Texas Red reporter (125 nM), a HEX reporter (250 nM), rNTPs
(1 mM each), and T7 RNA polymerase (1.5 U/pL). Fluorescence was
recorded at Ex 585/Em 625 nm and Ex 530/Em 570 nm every S min
for 60 min at 37 °C.

Sample Preparation

gDNA was isolated using the DNeasy Blood & Tissue Kit (Qiagen)
according to the manufacturer’s instructions, where aliquots were
stored at —80 °C. For simplified crude extraction, 10 pL of whole
human blood was mixed with 66 pL of phosphate-buffered saline and
24 pL of lysis master mix (at a final concentration of 100 mM Tris-
2-carboxyethyl-phosphine, 1 mM EDTA, and 0.8 U/pL murine
RNase inhibitor), incubated 5 min at 40 °C and S min at 95 °C, and
directly used for isothermal amplification.** The complete assay
required 140 min from sample to readout when using column-based
extraction with fluorescence detection and 130 min when using simpli-
fied crude extraction with fluorescence detection. From sample to read-
out, the lateral-flow workflow with column-based extraction required
14S min.

Genotyping of Patient Samples

For each patient sample, PCR amplification was performed for
CYP2C19%2, *3, and *17 using previously published PCR FP and
RP.*® PCR-based target amplification was performed using the QS
High-Fidelity 2x Master Mix (NEB) according to the manufacturer’s
instructions with an annealing temperature of 57 °C, as calculated with
the melting temperature calculator (NEB). PCR amplification of
CYP2C19%2, *3, and *17 yielded products of 321, 419, and 473 nucle-
otides in length, respectively. PCR products were cleaned with a 1X
paramagnetic bead clean-up, washed three times with 200 pL of etha-
nol (70%), and eluted with 15 pL of elution buffer ((ﬁagen).36
Cleaned PCR products were diluted to a sample concentration of
S ng/pL and sent for Sanger sequencing using T7P for sequencing
(Eurofins Genomics). Results were analyzed through alignment with
the reference sequence (Geneious Prime).

Lateral-Flow Detection Assay

The lateral-flow detection was conducted similarly to the fluorescence-
based assay with modifications. For CYP2C19*2 detection, reactions
(20 pL) contained 3 pL of RPA products, a murine RNase inhibitor
(1 U/pL), NEBuffer 2.1 (1X), LwaCas13a (90 nM), an LbaCas12a-
specific Cas-gRNA construct (180 nM/90 nM), LwaCasl3a-specific
gRNA (45 nM), a biotin-FAM reporter (S nM), a digoxigenin-FAM
reporter (S nM), rNTPs (0.75 mM each), and T7 RNA polymerase

(1.5 U/pL). For CYP2C19*3 detection, reactions contained 3 pL of
RPA products, a murine RNase inhibitor (1 U/pL), NEBuffer 2.1
(1x), LwaCas13a (85.5 nM), an LbaCasl2a-specific Cas-gRNA con-
struct (180 nM/90 nM), LwaCas13a-specific gRNA (42.75 nM), a
biotin-FAM reporter (S nM), a digoxigenin-FAM reporter (5 nM),
tNTPs (1 mM each), and T7 RNA polymerase (1.5 U/pL).
CRISPR-based reactions (20 pL) were performed on a heat block at
37 °C for 1 h and then combined with a Hybridetect Assay buffer
(80 pL). Subsequently, lateral-flow sticks (Hybridetect 2 T, Milenia
Biotec) were inserted and incubated at room temperature for S min
for CYP2C19*2 and 15 min for CYP2C19*3 before imaging.

Patient Populations and Ethics

In total, 110 samples from study participants were collected from mul-
tiple sites. To enable analytical validation across all genotype classes,
the cohort was intentionally enriched for CYP2C19%*3 carriers, reflect-
ing the low population frequency of this allele. Human gDNA samples
from the biobank of the Department of Neurology at the Technical
University of Munich, School of Medicine, Klinikum rechts der Isar,
were subjected to whole-exome sequencing at the Regeneron
Genetics Center (New York, USA; ethics approval number: 308/
17S). Generated sequences had a 20-fold coverage in >80% of target
bases, and subsequent quality control was based on the contamination
score (contamination <5% via verifyBamID software & HET/MUT
ratio), sample duplication, gender concordance, and exome-genotype
concordance. Additional samples were obtained from discarded mate-
rial from adults (>18 years) presenting to Massachusetts General
Hospital. Whole human blood samples were frozen at —80 °C before
research use. The study was granted exemption from informed consent
due to the use of anonymized discarded clinical samples and was
approved by the Mass General Brigham IRB, Protocol no.
2022P000747. Additional human blood samples from Taiwan were col-
lected from individuals after obtaining informed consent, with approval
from the Institutional Review Board of KMUH (KMUHIRB-G(II)—
20160024). Human blood samples were employed for gDNA isolation
and CYP2C19 genotyping. The isolated gDNA was frozen at —80 °C
and stored for research purposes.

Statistical Analysis

The mean relative fluorescence unit value of CRISPR-Cas-based reac-
tions was calculated based on four independent reactions and pre-
sented as mean =+ standard deviation, unless indicated otherwise.
Statistical significance was assessed using unpaired t-tests, with false
discovery rate control using the two-stage step-up method of
Benjamini, Krieger, and Yekutieli comparing WT/HET and
HET/MUT targets, unless specified otherwise. Statistical annotations
were shown only for statistically significant differences, P < 0.0 (*),
P < 001 (**), P < 0.001 (***¥) and P < 0.0001 (#***),
Genotyping accuracy was calculated as the proportion of correctly clas-
sified samples among all samples tested. Discriminatory power was cal-
culated per enzyme. For LwaCas13a, it was defined by MUT/HET and
MUT/WT fluorescence ratios, whereas for LbaCas12a, it was defined
by WT/MUT ratios. The genotyping score was calculated by dividing
the area under the curve (AUC) of each patient sample by the AUC of
the synthetic standard (MUT for LwaCas13a and WT for LbaCas12a)
between 30 and 60 min using the following equation:
/ ggf(sample)
/ igf(positive control)’
lated by dividing the genotyping score of HEX by the genotyping score
of Texas Red for each sample. For the one-guide system, cut-off thresh-
olds were defined as the mean between the maximum WT and mini-
mum HET genotyping scores, as well as between the maximum HET
and minimum MUT scores. For the dual-guide system, thresholds were
defined per enzyme. For LbaCas12a, the threshold was set as the mean
of the maximum genotyping score from MUT and the minimum from
WT and HET. For LwaCas13a, the threshold was set as the mean of
the maximum genotyping score from WT and the minimum from

Genotyping score = The genotyping ratio was calcu-
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HET and MUT. Statistical analyses were performed in GraphPad
Prism 8.4.3.

B RESULTS AND DISCUSSION

Screening CYP2C19 gRNAs to Identify Optimal Mismatch
Positions for Variant Discrimination

To enable discrimination of WT, HET, and MUT CYP2C19
variants, we systematically explored the impact of the SNP posi-
tion of the gRNA in relation to its target. We tested LwaCas13a
gRNAs that were fully complementary to the variant sequence
(“MUT-sensing”), but differed from the WT sequence at one
single nucleotide (the SNP) located at positions 1 to 12 within
the spacer region, counted from the S'to 3’ end of the gRNA.
Using a fluorescence-based CRISPR assay, in which
LwaCasl3a cleaves a quenched reporter upon target RNA rec-
ognition (Figures 1b), we tested synthetic RNA targets repre-
senting CYP2C19 WT and MUT sequences and generated
the HET target by mixing WT and MUT RNA targets at a
1:1 ratio. As expected, we consistently observed higher fluores-
cence signals for MUT targets compared to WT (Figures lc—e
and S1-S3). However, only few gRNAs generated fluorescence
signals for HET targets that enabled a clear differentiation from
both WT and MUT. We found that the position of the SNP
within the spacer markedly influenced the gRNA's ability to dis-
criminate between WT, HET, and MUT targets based on their
fluorescence signals, but it did not exhibit a consistent 5"bias as
previously reported.”~** By scoring gRNAs based on their
MUT/HET and MUT/WT ratios (Table S1), we identified
those with the highest discriminatory power. For further analy-
ses, we selected the gRNA with a mismatch at position 2 for
CYP2C19*2 (gRNA 2-2, Figures 1c, S1, Tables S1, S2), at posi-
tion 12 for *3 (gRNA 3-12, Figures 1d, S2, Tables S1, S2), and
at positions 7, 9, or 12 for *17 (gRNAs 17-7, 17-9, 17-12,
Figures le, S3, Tables S1, S2). Notably, the optimal mismatch
position differed among the three targets, indicating that dis-
crimination capacity is influenced not only by the mismatch
location but also by the surrounding sequence context.

We then tested the selected gRNAs on synthetic DNA tar-
gets, mimicking human gDNA, using a modified SHERLOCK
protocol.>' 7** This included isothermal RPA, T7-driven RNA
transcription, and target detection via MUT-sensing
LwaCasl3a guided by the selected gRNAs (2-2, 3-12, 17-7,
17-9, and 17-12; Figure 2). Surprisingly, the discriminative
power observed with synthetic DNA targets did not fully repro-
duce our previous findings with RNA targets. Only gRNA 3-12
achieved high discrimination based on MUT/HET and
MUT/WT fluorescence ratios, whereas gRNAs 2-2, 17-7,
17-9, and 17-12 exhibited low discriminatory power
(Figure 2a, Tables S3, S4). Therefore, we selected gRNA 3-12
for CYP2C19*3 genotyping and proceeded to further optimize
gRNAs for *2 and *17. Next, we hypothesized that introducing
additional synthetic mismatches in these gRNAs could further
improve their target specificity, as previously demonstrated in
SHERLOCK assays.”' 7> Mismatches were placed either to
the left (L), to the right (R), or on both sides of the SNP posi-
tion (LR). This resulted in gRNAs with two mismatches to the
WT and one to the MUT sequence (left or right design) or
three mismatches to the WT and two to the MUT sequence
(left-right design) (Figure 2b).

We observed that for CYP2C19*2, introducing additional
mismatches further enhanced discriminatory power, with
gRNA 2-2-L  achieving the highest MUT/HET and
MUT/WT fluorescence ratios (Figure 2c, left, Table S3). For
CYP2C19%17, the design with two additional mismatches
(gRNA 17-9-LR) showed the best performance (Figure 2c,
right, Table S3). Both modified gRNAs outperformed their
original counterparts that lacked synthetic mismatches, showing
that the introduction of synthetic mismatches adjacent to the
SNP can improve gRNA specificity, in line with prior
studies.” —*? Interestingly, we did not observe a consistent pat-
tern regarding how additional synthetic mismatches influence
target specificity. Moreover, introducing two additional mis-
matches did not reduce overall signal intensity, suggesting mis-
match tolerance in target detection and underscoring the need
for experimental gRNA validation. Our finding may offer a sim-
ple and transferable optimization strategy for other pharmaco-
genetic targets, informing broader CRISPR diagnostics
development. Based on these results, gRNAs 2-2-L, 3-12, and
17-9-LR  were selected for the final CRISPR-Cas-based
CYP2C19 genotyping assay.

Next, we evaluated whether the optimized assay could geno-
type  CYP2CI19 variants directly from human gDNA.
Fluorescence signal intensity was used to classify genotypes:
low for WT, intermediate for HET, and high for MUT samples
(Figure 3a). To account for day-to-day variability in signal
intensity, synthetic MUT DNA targets were included alongside
each run. Based on normalized fluorescence signals, which we
used to calculate a genotyping score for each sample, the assay
achieved genotyping accuracies of 100% for CYP2C19%2
(Figure 3b), 88.2% for *3 (Figure 3c), and 100% for *17
(Figure 3d), relative to Sanger sequencing. However, the one-
guide system is inherently limited for HET/MUT discrimina-
tion after RPA, because HET samples contain only one mutant
allele and therefore differ from MUT samples mainly in mutant
target abundance. This quantitative difference can be obscured
by RPA's inherent amplification variability, making classification
with a single MUT-sensing reporter less robust.

Multiplexed CRISPR-Based CYP2C19 Genotyping Assay
with Enhanced Accuracy

To enhance the robustness of our genotyping assay and to fur-
ther improve the differentiation of CYP2C19*3, we investigated
whether incorporating a second Cas enzyme, LbaCas12a, sens-
ing the WT allele could enhance the assay's genotyping accu-
racy (Figure 3e, left). In this multiplexed assay, the collateral
cleavage of each enzyme was simultaneously measured using
two distinct reporter molecules, with a HEX carrying DNA
oligo reporting on LbaCas12a activity and a Texas Red carrying
RNA oligo reporting on LwaCas13a activity. This approach
eliminates the need for LwaCasl3a to distinguish between
HET and MUT samples. In the multiplexed setup,
LwaCas13a produces high Texas Red signals for both HET
and MUT samples but low signals for WT, whereas
LbaCas12a produces high HEX signals for both WT and HET
samples but low signals for MUT samples (Figure 3e, right).
The two readouts combined yield a unique signal pattern for
each genotype (WT = low Texas Red and high HEX; HET =
high Texas Red and high HEX; MUT = high Texas Red and
low HEX). Unlike LwaCas13a, LbaCas12a requires a protospa-
cer adjacent motif (PAM) for target recognition and cleavage.
As LbaCasl2a has been reported to recognize several
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Figure 2. Systematic gRNA screen for CYP2C19 genotyping on synthetic DNA targets. (a) Bar graphs showing the fluorescence signal of the
selected gRNAs (2-2, 3-12, 17-7, 17-9, 17-12) for CYP2C19*2 (left), *3 (middle), and *17 (right). (b) Design of gRNAs for CYP2C19%2 (left)
and *17 (right). Synthetic mismatches, highlighted in light gray, are introduced into the spacer of gRNAs for CYP2C19*2 and gRNAs 17-7, 17-9,
and 17-12 for CYP2C19*17. (c) Bar graphs showing the fluorescence signal of the gRNAs with synthetic mismatches for CYP2C19*2 (left) and
*17 (right). (a, ¢) n = 4 independent replicates. Synthetic DNA targets at 1 pM. Bar graphs indicate mean + SD. P < 0.05 (*), P < 0.01 (**),
P < 0.001 (***), and P < 0.0001 (****). Selected final gRNAs are indicated by solid arrows.
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Figure 3. Comparison of one-guide and dual-guide genotyping systems on human gDNA samples. (a, e) Schematic illustrations of the one-guide
(a) and dual-guide (e) CRISPR-based systems. (a) One-guide system utilizes only one gRNA, which is optimized for LwaCas13a. It cleaves
Texas Red (TEX) in the presence of a MUT sample. This yields low, medium, or high fluorescence signals corresponding to WT, HET, or
MUT, respectively. (e) Dual-guide system uses two gRNAs, one for LwaCas13a and one for LbaCas12a. The former cleaves Texas Red in the pres-
ence of a MUT sample, whereas the latter cleaves HEX in the presence of a WT sample. A WT yields a high LbaCas12a but a low LwaCas13a signal.
A HET yields a high fluorescence signal in both, whereas a MUT yields a low LbaCas12a but a high LwaCas13a signal. (b—d, f~h) Box plots showing
genotyping scores for human gDNA samples at 50 ng/uL for CYP2C19%2 (b, f), *3 (c, g), and *17 (d, h) using the one-guide system (b, c, d)
and dual-guide system (f, g, h). For the dual-guide system, LbaCas12a is illustrated on the left and LwaCas13a on the right. Patient genotypes are
on the x-axis, and genotyping scores on the y-axis, with blue representing WT, orange for HET, and red for MUT samples. Genotyping scores were
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Figure 3. continued

calculated as the ratio of the area under the fluorescence curve of each sample to that of the corresponding synthetic positive control, as described in
the Statistical Analysis section. Dashed lines indicate the genotyping cut-off thresholds separating WT, HET, and MUT classifications, which were
defined based on the distribution of genotyping scores for each group, as described in the Statistical Analysis section. Data points represent the mean
of 3 independent replicates, with each point corresponding to a different patient. Box plots indicate the median and interquartile range. Whiskers

indicate the minimum and maximum values.

non-canonical PAMs in addition to its canonical TTTV
PAM,*"3® we designed and evaluated CYP2C19 WT-sensing
gRNAs adjacent to either canonical or non-canonical PAMs
(Figure S4). Among those, we selected the gRNAs with the
highest WT/MUT fluorescence ratios (Tables SS, S6), namely,
gRNA 2-3-1 for CYP2C19%2, 3-5-3 for *3, and 17-5-4 for *17.
Next, we multiplexed LwaCasl3a (MUT-sensing gRNAs
2-2-L, 3-12, 17-9-LR) with LbaCasl2a (WT-sensing gRNAs
2-3-1, 3-5-3, 17-5-4) and tested them on the same pre-
amplified patient samples as in the one-guide assay, ensuring a
direct comparison between both approaches. The dual-guide
assay achieved genotyping accuracies of 100% for
CYP2C19*2 (Figure 3f), 100% for *3 (Figure 3g), and
100% for *17 (Figure 3h). This systematic comparison demon-
strates that both approaches achieved high genotyping accuracy,
with the single-guide system enabling differentiation between
WT, HET, and MUT genotypes in a single reaction, streamlin-
ing assay setup and minimizing reagent use. Nonetheless, the
dual-guide system, combining LwaCas13a and LbaCas12a, fur-
ther improved HET discrimination by leveraging their orthogo-
nal cleavage preferences, making it especially valuable for
clinical applications requiring robust genotype distinction.

Assessment of CYP2C19 Genotyping in a Patient Cohort

To further evaluate the genotyping accuracy of the optimized
dual-guide approach, we genotyped a multicenter human cohort
of 110 participants from the USA, Germany, and Taiwan, each
participant contributing one gDNA sample, thereby capturing
all common CYP2C19 metabolizer phenotypes. For this analy-
sis, we utilized a simplified genotyping ratio that generated one
single value per sample to streamline data interpretation. The
genotyping ratio was calculated as the ratio of the HEX signal
(LbaCasl2a, WT-sensing) to the Texas Red signal
(LwaCas13a, MUT-sensing), such that the highest genotyping
ratios corresponded to WT samples, intermediate ratios to
HET samples, and the lowest ratios to MUT samples
(Figure 4a). We next compared the genotyping ratios with the
current clinical gold standard, PCR, followed by Sanger
sequencing. Since fluorescence signals and genotyping ratios
differed among the three CYP2CI19 variants, most likely due
to sequence-dependent gRNA and Cas enzyme activities, we
adjusted the cutoffs between the genotype groups (WT, HET,
MUT) individually for each variant. Using the adjusted cutoffs,
we achieved a genotyping accuracy of 97.3% for CYP2C19*2
(Figure 4b), 100.0% for *3 (Figure 4c), and 99.1% for *17
(Figure 4d).

Point-of-Care Genotyping via Crude DNA Extraction and
Multi-Analyte Lateral-Flow Readout

To enable point-of-care genotyping, we optimized a lateral-flow
assay for CYP2C19*2 and *3 as both variants are associated
with reduced CYP2C19 activity, representing the main risk fac-
tors for adverse outcomes.”***" We focused on the loss-of-

function alleles CYP2C19*2 and *3, as these are the variants
currently actionable for clopidogrel therapy and mandatory for
mavacamten genotyping. While CYP2C19*17 was not included
in this proof of concept, the dual-guide setup is in principle
compatible with lateral-flow detection and could be extended
to *17 in future work.>** This strategy is consistent with exist-
ing genotyping assays and current clinical
recommendations.'%!!

For simultaneous detection of WT, HET, and MUT geno-
types for either CYP2C19*2 or *3 in a single reaction, we devel-
oped a multi-analyte lateral-flow assay with three test bands
consisting of streptavidin (test band T2), anti-digoxigenin (test
band T1), and anti-conjugate (control band C) antibodies
(Figure Sa). The multiplexed CRISPR-based assay combines
MUT-sensing LwaCasl13a and WT-sensing LbaCas12a, which,
upon target recognition, cleave RNA reporter oligos carrying
3’-biotin or DNA reporter oligos carrying 3’-digoxigenin, respec-
tively. Both reporter oligos carry a S'FAM, which binds anti-FAM
gold nanoparticles (AuNPs). For WT samples, activated
LbaCasl2a cleaves digoxigenin-labeled reporters, preventing their
capture at the T1 test band, while intact biotin-labeled reporters
are captured at the T2 test band. For HET samples, activated
LwaCas13a and LbaCas12a cleave both reporters, preventing for-
mation of both test bands. For MUT samples, activated
LwaCas13a cleaves biotin-labeled reporters, preventing their cap-
ture at the T2 test band, while intact digoxigenin-labeled
reporters are captured at the T1 test band. In all cases, anti-
FAM AuNPs migrate to the control band C, where anti-
conjugate antibodies capture them, confirming proper assay flow.

We next evaluated the assay's ability to genotype
CYP2C19*2 and *3 using a multi-analyte lateral-flow readout
with one stick per variant, combining isothermal amplification
of human gDNA with multiplexed CRISPR-based detection.
We observed three distinct signal patterns (Figure Sb): On each
variant specific strip, samples that were WT for the correspond-
ing SNP showed the absence of the T1 test band, samples that
were HET for that SNP lacked both test bands, and samples
that were MUT for that SNP showed the absence of the T2 test
band. Each genotype yielded a unique, visually interpretable
band pattern, enabling unambiguous identification without the
need for instrumentation.

To streamline the workflow and further optimize for rapid
isothermal genotyping at the point of care, we assessed
whether a simplified crude DNA extraction protocol, circum-
venting the need for column-based DNA isolation, would be
compatible with CRISPR-based CYP2C19 genotyping
(Figure Sc). In this protocol, human blood samples were incu-
bated at 40 °C for S min, followed by 95 °C for 5 min. The
protocol was followed by isothermal amplification using RPA
at 39 °C for 60 min and multiplexed CRISPR detection at
37 °C for 60 min.

To test the simplified crude extraction protocol, we used a
fluorescence-based readout for quantitative assessment of the
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Figure 4. CRISPR-based CYP2C19 genotyping in a multiethnic, multicenter patient cohort. (a) Ilustration of data processing used for genotype
classification in panels (b—d). The dual-guide system multiplexes LbaCas12a (HEX) and LwaCas13a (Texas Red), generating two fluorescence sig-
nals per sample corresponding to WT (left), HET (middle), or MUT (right) genotypes. The genotyping ratio is calculated by dividing the genotyp-
ing score of HEX by the genotyping score of Texas Red for each sample, enabling simplified classification based on a single derived value. TEX, Texas
Red. (b—d) Box plots (top) and confusion matrix (bottom) showing CRISPR-based genotype prediction for 110 samples from study participants
collected from the USA, Germany, and Taiwan. gDNA samples at S0 ng/uL were genotyped with the CRISPR-based assay for CYP2C19*2 (b),
*3 (c), and *17 (d). Top: Data points represent the mean of 3 independent replicates, with each point corresponding to a different patient. Box plots
indicate the median and interquartile range. Whiskers indicate the minimum and maximum values. Dashed lines indicate the genotyping cut-off
thresholds separating WT, HET, and MUT classifications, which were defined individually for each variant. Bottom: Accuracy of the CRISPR-
based assay compared with Sanger sequencing, the current gold standard. The alignment of the true and predicted genotypes indicates correct
classification.

assay's discriminatory power. As illustrated for CYP2C19%2, the combination of simplified sample preparation, isothermal ampli-
simplified crude extraction protocol (Figure 5d) enabled accu- fication, multiplexed CRISPR-based detection, and multi-
rate genotype classification. WT samples showed high analyte lateral-flow readout enables CYP2C19 genotyping
LbaCas12a (1.00) but low LwaCas13a scores (0.28), HET sam- suitable for point-of-care use.

ples showed high scores for both enzymes (1.24 and 1.20), and

MUT samples showed the opposite pattern (0.45 and 1.00).

Crude extraction was demonstrated here for CYP2C19%2; clin- B CONCLUSIONS

ical validation will require its extension to *3, as well as to a In conclusion, we developed a rapid, accurate, low-complexity
broader range of sample types and operators, in future studies. CRISPR-based assay for CYP2C19 genotyping that combines
The results indicate that crude extraction is compatible with isothermal amplification, dual-guide detection, and simpli-
CRISPR-based detection while eliminating the need for fied sample preparation with fluorescence or lateral-flow
column-based gDNA extraction and purification. The readout, enabling point-of-care testing. Its diagnostic
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Figure S. Multi-analyte lateral-flow readout of the multiplexed CRISPR-based assay on human gDNA and crude extraction protocol using human
blood samples. (a) Schematic illustration of the multi-analyte lateral-flow assay using multiplexed CRISPR detection for CYP2C19 genotyping.
The system employs LbaCasl12a and LwaCasl3a for simultaneous DNA and RNA detection on a single test strip containing three bands: control
(C), WT (T1), and MUT (T2). Target-induced Cas activation cleaves the corresponding reporter, thereby preventing formation of the respective
test band upon target recognition. From left to right: Lateral-flow illustrations of a negative control, WT, HET, and MUT sample. (b) Lateral-flow
readouts of human gDNA samples (50 ng/uL) preamplified by RPA and applied to multiplexed CRISPR-based CYP2C19*2 (left strip) and *3 (right
strip) assays. WT, HET, and MUT genotypes are indicated in blue, orange, and red, respectively. (c) Schematic illustration of the CRISPR-based
CYP2C19 genotyping assay using crude extraction. Human blood samples are processed using a simplified crude extraction protocol, followed by
RPA preamplification. The resulting RPA products undergo a multiplexed CRISPR-based reaction for genotype determination. (d) Bar graphs show-
ing fluorescence signals from the multiplexed CRISPR-based CYP2C19*2 genotyping assay using products prepared with simplified crude extraction.

n = 6 independent replicates.

performance in a multiethnic clinical cohort underscores its
potential to support broader clinical implementation of
pharmacogenetic testing for CYP2C19-guided therapy.

While our CRISPR-based assay is modular and adaptable to
other pharmacogenetic targets, gRNA performance remains
target-dependent. Sequence context, mismatch tolerance, and
secondary structure may influence detection efficiency, neces-
sitating empirical optimization for each new SNP. Although
we observed high concordance with clinical gold standards,
further validation in real-world clinical settings with prede-
fined thresholds is warranted to confirm robustness. In prac-
tice, implementation may occur as near-patient testing in
catheterization laboratories or cardiology wards, or as a rapid
in-house assay in the local hospital laboratory, leveraging exist-
ing molecular expertise and avoiding shipment to external ref-
erence centers. Looking ahead, integrating sample preparation,
amplification, and detection into a single-pot reaction repre-
sents a key goal to simplify workflows and facilitate
implementation.
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