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Abstract: The JAK2 V617F mutation is a major diagnostic, therapeutic, and monitoring molecular
target of Philadelphia-negative myeloproliferative neoplasms (MPNs). To date, numerous methods
of detecting the JAK2 V617F mutation have been reported, but there is no gold-standard diagnostic
method for clinical applications. Here, we developed and validated an efficient Clustered Regularly
Interspaced Short Palindromic Repeats (CRISPR)/CRISPR associated protein 12a (Casl2a)-based
assay to detect the JAK2 V617F mutation. Our results showed that the sensitivity of the JAK2
V617F /Casl2a fluorescence detection system was as high as 0.01%, and the JAK2 V617F/Cas12a
lateral flow strip assay could unambiguously detect as low as 0.5% of the JAK2 V617F mutation,
which was much higher than the sensitivity required for clinical application. The minimum detectable
concentration of genomic DNA achieved was 0.01 ng/uL (~5 aM, ~3 copies/uL). In addition, the
whole process only took about 1.5 h, and the cost of an individual test was much lower than that of
the current assays. Thus, our methods can be applied to detect the JAK2 V617F mutation, and they
are highly sensitive, rapid, cost-effective, and convenient.

Keywords: JAK2 V617F; CRISPR/Cas12a; mutation detection; fluorescence detection system; lateral
flow strip; Philadelphia-negative myeloproliferative neoplasms

1. Introduction

Philadelphia-negative myeloproliferative neoplasms (MPNs), including polycythemia
vera (PV), essential thrombocythemia (ET), and primary myelofibrosis (PMF), are a group
of heterogeneous chronic diseases characterized by the clonal expansion of one or more
myeloid lineages [1,2]. It was reported that the crude annual incidence rate of classic MPNs
ranged from 1.15 to 4.99 per 100,000, with a prevalence rate of 93.43 per 100,000 [3]. The
JAK2 V617F mutation is the most common molecular event in the classic MPNs and presents
in more than 95% of patients with PV and 50-60% of patients with ET or PMF [4-7]. In
2016, the World Health Organization (WHO) classification of myeloproliferative neoplasms
specifically recognized the JAK2 V617F mutation as one of the main diagnostic criteria of
Philadelphia-negative MPNss [8].

JAK2, a non-receptor-type tyrosine kinase belonging to the Janus kinase family, is
encoded by the JAK2 gene located on chromosome 9p24, which plays an important role in
the signal transduction of cytokines and several hematopoietic growth factor receptors [9,10].
Structurally, JAK2 is characterized by the presence of seven homologous kinase domains
(JH1-JH?7), among which the JH1 domain is the catalytic active region of JAK2 and has
tyrosine kinase activity. In contrast, the JH2 domain has no kinase activity, and it negatively
regulates the kinase activity of JH1 domain [11]. The JAK2 V617F mutation is an acquired G-
to-T transversion at nucleotide 1849 of exon 14, resulting in amino-acid substitution of valine
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(V) to phenylalanine (F) at codon 617. The mutation lies in the JH2 pseudo-kinase domain
and interferes with JH2-mediated autoinhibition, leading to activation of the JAK/STAT
signaling pathway. This results in abnormal cell proliferation and differentiation, eventually
leading to MPNs [11,12].

As key molecular evidence for diagnosis of MPNs and a target for therapeutic inter-
vention, the [AK2 V617F mutation has attracted great attention. Several techniques have
been utilized to detect and quantify the JAK2 V617F mutant allele, such as allele-specific
PCR (AS-PCR), DNA sequencing, PCR restriction fragment length polymorphism (PCR-
RFLP), denaturing high-performance liquid chromatography (DHPLC), quantitative PCR
(qPCR), and droplet digital PCR (dd-PCR) [4,13-21]. However, the most appropriate assay
for clinical laboratories has not yet been defined [22,23]. Currently available techniques
have their own pros and cons regarding the application scope, detection performance, and
testing cost [24]. However, most of these techniques are inconvenient for popular, pro-
motion, and detection use in the field, since they are time-consuming and labor-intensive,
and they may require costly or specialized equipment and highly trained personnel [25].
Therefore, there is a great demand for a rapid, easy-to-perform, sensitive, and economic
detection system targeting JAK2 V617F mutation.

Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR)/CRISPR as-
sociated proteins (Cas) systems are RNA-guided adaptive immunity systems in bacteria
and archaea [26-28], which can accurately recognize a specific sequence; they are used
to detect various targets, especially pathogens [29-34]. CRISPR/Cas-based nucleic-acid
detection technologies have an extremely high sensitivity, specificity, and reliability, and
they can be used for point-of-care (POC) diagnostics by binding isothermal amplification
and the lateral flow strip [30,31,34-38]. Cas12a is an important member of the Cas family
for nucleic-acid detection. Casl2a is an RNA-guided Class II type V CRISPR nuclease,
which cleaves target double-stranded DNA (dsDNA) following recognition of a matching
dsDNA sequence containing a T-rich protospacer-adjacent motif (PAM) [39]. After cleav-
ing the target dsDNA, Cas12a will procced to cleave surrounding single-stranded DNA
(ssDNA) in a nonspecific manner, so-called “trans cleavage” activity [31,35,40]. Based on
this property, Chen et al. developed the Cas12a-based nucleic-acid detection technology
termed DETECTR [31]. Gootenberg et al. combined Cas13, Cas12a, and Csmé to create
the SHERLOCKV2 nucleic-acid detection platform [35]. Cas12a is not sensitive enough to
directly detect low levels of nucleic acids, and the upstream amplification step can signifi-
cantly improve the sensitivity of the detection [41,42]. Therefore, this study integrated the
CRISPR/Cas12a system, DNA amplification (recombinase polymerase amplification or
polymerase chain reaction), and a lateral flow strip (or a fluorescence detection instrument)
to establish methods with excellent detection performance, low cost, and convenience, for
the detection of JAK2 V617F mutation.

2. Materials and Methods
2.1. Reagents and Instruments

The following reagents and instruments were used: primers (Sangon Biotech, Shang-
hai, China), CRISPR RNAs (crRNAs) (Sangon Biotech, Shanghai, China), probes (Sangon
Biotech, Shanghai, China), pGEM-T Easy Vector (Promega, Madison, WI, USA), E. coli
DH5a (ThermoFisher Scientific, Waltham, MA, USA), TwistAmp Liquid Basic Kit (TwistDx,
Cambridge, UK), Cycle Pure Kit (Omega Bio-tek, Norcross, GA, USA), Premix Ex Taq
HS (TaKaRa, Dalian, China), Lba Cas12a (NEW ENGLAND BioLabs, NEB, Ipswich, MA,
USA), NEBulffer 2.1 (NEB, Ipswich, MA, USA), Later Flow Dipsticks (Milenia Biotec GmbH,
Giesen Germany), ChamQ Universal SYBR qPCR Master Mix (Vazyme, Nanjing, China),
NanoDrop 1000 spectrophotometer (ThermoFisher Scientific, Waltham, MA, USA), ProFlex
PCR System (ThermoFisher Scientific, Waltham, MA, USA), and CFX-96 Quantitative
Fluorescence Instrument (BioRad, Hercules, CA, USA).
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2.2. Source of Clinical Samples and Ethics Statement

The study sample comprised a patient with essential thrombocythemia (ET) diagnosed
according to the 2016 WHO criteria and 13 healthy volunteers. Peripheral blood samples
of the patient and 13 healthy volunteers were obtained from The First Affiliated Hospital
of Jinan University and Hunan Jiahui Genetics Hospital, respectively. Their genomic DNA
(gDNA) was extracted from peripheral blood using the conventional phenol-chloroform
method [43]. All study participants signed informed consent and the study was approved
by the Ethics Committee of School of Life Sciences, Central South University.

2.3. Plasmids

The wild-type fragment containing exon 14 of the JAK2 gene (NM_004972) was am-
plified from normal human gDNA by PCR using primers F and R (Table S1). The JAK2
V617F mutation was introduced by overlap extension PCR with mutation-specific primers
F R, Fm, and Rm (Table S1). The wild-type and mutant amplified fragments were cloned
into the pPGEM-T Easy Vector; then, the plasmids were transformed into E. coli DH5« for
amplification, before being extracted and verified by Sanger sequencing. All the inserted
sequences in the resulting recombinant plasmids were shown in Figure S1.

2.4. Cell Lines

The HEL human erythroleukemia cell line harboring homozygous for JAK2 V617F
mutation was purchased from the Cell Bank of the Chinese Academy of Sciences (Shang-
hai, China). The HEL cell line was cultured in RPMI-1640 medium supplemented with
10% fetal bovine serum (FBS) at 37 °C in a humidified atmosphere containing 95% air
and 5% CO,. The human induced pluripotent stem (hiPS) cell line without JAK2 V617F
mutation originated from our research group and was maintained in hiPSCs medium at
37 °C under 5% CO,. Then, many cells were harvested, and the gDNA was isolated from
HEL cells and hiPSCs using the conventional phenol-chloroform method. We further
authenticated the JAK2 V617F mutational status of two different cell lines by DNA sequenc-
ing analysis. In addition, the concentrations of DNA were measured with a NanoDrop
1000 spectrophotometer and adjusted to 100 ng/uL for storage at —20 °C until use.

2.5. PCR Primers and Reactions

To amplify exon 14 of the JAK2 gene from plasmids and gDNA, PCR primers (PCR-F,
PCR-R) were designed using an NCBI PrimerBlast according to the JAK2 reference sequence
(NM_004972). The primer sequences were provided in Table S1. The PCR reaction was
performed in 20 pL total volume, including 16 pL of Premix Ex Taq HS, 100 nM of forward
and reverse primer, 1 uL of DNA template, and nuclease-free water to final reaction volume.
When using plasmids as a template for PCR amplification, the PCR cycling parameters
were as follows: pre-degeneration at 95 °C for 5 min, followed by 35 cycles of 95 °C for 30 s,
58 °C for 30 s, 72 °C for 30 s, and a final extension at 72 °C for 5 min. PCR amplification of
gDNA was carried out using the same oligonucleotide primers and reaction conditions,
except for reducing the number of cycles to 30.

2.6. Recombinase Polymerase Amplification (RPA) Primers and Reactions

According to the principle of designing RPA primers and the sequence of the target
gene, we used the online software (NCBI PrimerBlast) to design five forward primers and
four reverse primers (Figure 52 and Table S1). A DNA sample from a healthy individual
was amplified with 20 pairwise combinations of the RPA primers. All 20 amplicons were
purified using the Cycle Pure Kit and screened by 1.2% agarose gel electrophoresis. We
found that the RPA-F2/RPA-R3 combination was the best performing primer pair. In order
to further confirm the reliability of amplification fragments, Sanger sequencing was applied
to analyze the purified RPA products.

All RPA reactions were conducted by using the Twist-Dx RPA Kit according to the
manufacturer’s instructions. The amplification reactions were set up in a 50 pL volume,
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comprising 25 uL of 2x reaction buffer, 9.2 pL of dNTPs (10 uM), 5 uL of basic E-mix,
2.4 uL of each RPA primer (10 uM), 2.5 uL of 20x core reaction mix, 2.5 pL. of MgOAc
(280 mM), and 1 pL of target dsDNA; then, they were incubated at 40 °C for 40 min.

2.7. AS-PCR Primers and Reactions

For the detection of JAK2 V617F by AS-PCR, AS-PCR primers (Table S1) were synthe-
sized by following previous reports [4]. The volume of the AS-PCR reaction was 20 L,
containing 10 uL of ChamQ Universal SYBR qPCR Master Mix, 5 pL of nuclease-free water,
2 uL of reverse AS-PCR primer (10 pM), 1 pL of two forward primers (10 uM), and 1 pL of
gDNA (100 ng/pL). Thermocycling conditions were 5 min at 95 °C, and then 30 cycles at
95 °C for 30 s, 58 °C for 30 s, 72 °C for 30 s, with elongation at 72 °C for 5 min. After ampli-
fication, we inspected the number of amplicon bands on 2.0% agarose gel electrophoresis.
The primer AS-Fm was specific for the gene with JAK2 V617F mutation; hence, the AS-PCR
amplification products for DNA samples with JAK2 V617F mutation were 203 bp and
364 bp, whereas the samples were considered to be negative for the JAK2 V617F point
mutation if only a single 364 bp band was present.

2.8. crRNAs

We manually designed three crRNAs (Figure 1b and Table S1) to identify the JAK2
V617F mutation against the DNA sequences in the near proximity of the JAK2 V617F
mutation site, as well as the presence of the appropriate protospacer adjacent motif (PAM)
for Cas12a (5'-TTTN and 5-TTN) [39], and the specificity of these crRNAs was checked
with the web tool CHOPCHOP [44].

2.9. The JAK2 V617F/Cas12a Fluorescence Assays

Each JAK2 V617F /Cas12a fluorescence assay contained 2 uL of NEBuffer 2.1, 100 nM
of Lba Cas12a, 50 nM of crRNA, 500 nM of fluorophore-quencher (FQ) probe (Table S1),
2 uL of PCR products, and nuclease-free water to a 20 pL total volume. Then, the reaction
solution was mixed thoroughly and incubated at 37 °C for 1 h in the fluorescence detection
instrument. The fluorescence channel was set to FAM, and the fluorescence signal was
recorded every minute.

Fluorescence signals were analyzed using GraphPad Prism 8 (GraphPad Software).
The date of two groups were compared using a Student’s ¢-test, and multigroup data were
tested using one-way analysis of variance (ANOVA). For all analyses, statistical significance
was defined as p < 0.05.

2.10. The JAK2 V617F/Cas12a Lateral Flow Strip Assays

Compared with the fluorescence detection, the lateral flow strip assays were per-
formed using FITC-ssDNA-Biotin probes (Table S1) with commercially available lateral
flow dipsticks. To explore the optimal amount of the FITC-ssDNA-Biotin probe, concen-
trations of the FITC-ssDNA-Biotin probes were set at 1000 nM, 500 nM, 100 nM, 10 nM,
and 1 nM, and they were separately added to the 100 uL Dipstick assay buffer. After
blending, the reactions and readouts on lateral flow strips were run. Accordingly, the
suitable concentration of the FITC-ssDNA-Biotin probes was determined to be 100 nM.

Under the optimized amount of FITC-ssDNA-Biotin probe, The JAK2 V617F /Cas12a
lateral flow strip assay was carried out in a volume of 20 pL, including 2 pL of NEBuffer
2.1, 2500 nM of Lba Cas12a, 250 nM of crRNA, 100 nM of the FITC-ssDNA-Biotin probes,
2 uL of RPA products, and nuclease-free water to final volume. The reaction was incubated
at 37 °C for 20 min. Then, 100 uL of Dipstick assay buffer was added and mixed. Subse-
quently, a lateral flow strip was put into the mixture vertically at room temperature. After
approximately 2 min, the lateral flow strip was removed for inspection, and band intensity
was directly read with naked eyes and recorded using a smartphone camera or a scanner.
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Figure 1. The JAK2 V617F/Cas12a fluorescence detection system. (a) Schematic illustration of the
JAK2 V617F /Cas12a fluorescence detection system. The CRISPR RNA (crRNA) targeted the exon
14 of the JAK2 gene carrying JAK2 V617F mutation. F, fluorophore; Q, quencher. (b) Schematic
representation of the position and sequence targeted by each crRNA: crRNA-1, crRNA-2, and crRNA-
3. (c) Sequencing results of the mutant plasmid and wild-type plasmid for JAK2. MUT, mutant
plasmid; WT, wild-type plasmid. (d) Comparison of three crRNA candidates (crRNA-1 to crRNA-3).
Both the mutant plasmid concentration and the wild-type plasmid concentration were 0.01 pg/uL.
MUT, mutant plasmid; WT, wild-type plasmid. Data represent means + SD, with n = 3 replicates
(****p <0.0001, * p < 0.05).

Background subtracted fluorescence (AU)

3. Results
3.1. Establishing the JAK2 V617F/Cas12a Fluorescence Detection System

As shown in Figure 1a, the scheme of the JAK2 V617F/Cas12a fluorescence detection
system involved the integration of PCR amplification with Casl2a-mediated cleavage.
In more detail, the specific crRNA guided the Cas12a endonuclease to bind and cleave
the amplified target dsDNA. Afterward, the nonspecific ssDNA trans cleavage activity
of Cas12a was activated, which cut the ssDNA-FQ probes, leading to the generation of
strong fluorescence signals. Then, statistical analyses of fluorescence dates were used to
determine whether the target DNA was in the DNA sample.

Cas12a activity has been shown to be strongly affected by the sequence of the PAM
and crRNA [31,45,46]. Therefore, we manually designed three different crRNAs (Figure 1b
and Table S1), crRNA-1, crRNA-2, and crRNA-3. The three Cas12a/crRNA complexes
all recognized the sequences with JAK2 V617F mutation. Afterward, we constructed two
plasmids containing JAK2 V617F mutation (MUT) and wild-type (WT) JAK2. The successful
construction of the two plasmids was confirmed through Sanger sequencing (Figure 1c).
We tested the three crRNAs on PCR products of the recombinant plasmids carrying exon
14 of the JAK2 gene. The results indicated that all crRNAs were able to distinguish between
mutant and wild-type JAK2, while the group with crRNA-1 revealed a higher specificity
than the others (Figure 1d). As a result, crRNA-1 was adopted for the rest of the study.
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Background subtracted fluorescence (AU)

3.2. The Viability and Sensitivity Evaluation of the JAK2 V617F/Cas12a Fluorescence Detection
System Using Recombinant Plasmid

To determine the assay sensitivity, the successfully constructed recombinant plasmids
were diluted to 0.01 pg/uL using nuclease-free water (the copies of 0.01 pg of recombinant
plasmid DNA are comparable to the copies of 100 ng of human gDNA), and 0.01 pg/uL
mutant and wild-type plasmid DNA was mixed in 10 different ratios (proportion of
the mutant plasmids: 12.5%, 5%, 2%, 1%, 0.5%, 0.25%, 0.125%, 0.05%, 0.01%, and 0%).
Subsequently, the 10 mixed plasmids and blank control group (nuclease-free water) were
amplified by PCR with primers PCR-F and PCR-R (Table S1), and the PCR products were
detected using the JAK2 V617F /Cas12a fluorescence detection system. Measurement with
the fluorescence detection instrument showed that the mixed plasmids containing 0.01%
mutant plasmid DNA could be effectively detected by the JAK2 V617F /Cas12a fluorescence
detection system when the concentration of plasmid was 0.01 pg/uL (Figure 2a).
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Figure 2. The viability and sensitivity evaluation of the JAK2 V617F/Cas12a fluorescence detection system using recombi-
nant plasmid. (a) Fluorescence signals of mixed plasmid DNA with different mutation ratios. The concentration of plasmid

DNA in each sample was 0.01 pg/pL. BC, blank control. Data represent means + SD, with n = 3 replicates (**** p < 0.0001,
*** p < 0.001). (b) The linear relationship between the mutation ratio of mixed plasmid DNA and the fluorescence signal.
The concentration of plasmid DNA in each sample was 0.01 pg/pL. The mutation ratio range in which the calibration cure
was linear was 0-78% (R? = 0.9723). 0%, wild-type plasmid DNA.

Then, we further investigated the potential of quantitative analysis using the JAK2
V617F /Cas12a fluorescence detection system. According to six scaled standards of JAK2
V617F mutant allele (2%, 5%, 12.5%, 31%, 50%, and 78%), the recombinant plasmid pair was
mixed at various proportions to obtain the six diluents to create standard curves, with cor-
relation coefficients of 0.9723 (Figure 2b). This demonstrated that the JAK2 V617F/Cas12a
fluorescence detection system had great potential in the quantitative analysis of the JAK2
V617F allele burden.

3.3. The Viability and Sensitivity Evaluation of the JAK2 V617F/Cas12a Fluorescence Detection
System Using gDNA Extracted from Cells

In order to better mimic the JAK2 V617F mutation status within human gDNA, we
directly exploited the gDNA derived from cells as the input and further studied the utility
of the JAK2 V617F /Cas12a fluorescence detection system for detection of the JAK2 V617F
mutation. We selected the HEL cell line homozygous for JAK2 V617F mutation as the
positive standard and the hiPS cell line homozygous for wild-type JAK2 as the negative
control, whereby the JAK2 V617F mutation status of gDNA derived from both cell lines was
confirmed by Sanger sequencing (Figure 3a). The sensitivity of the system was assessed
using serial dilutions of the gDNA from the HEL cell line mixed to gDNA from hiPS cell
line (the ratio of the HEL cell line gDNA in mixed gDNA: 2%, 1%, 0.5%, 0.25%, 0.125%,
0.05%, 0.01%, and 0%), where the concentration of gDNA extracted from two cell lines was
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100 ng/uL. The results suggested that the system was able to reliably detect 100 ng/uL
of mixed gDNA with 0.01% JAK2 V617F allele burden (Figure 3b), and it was largely
consistent with the results of the recombinant plasmids mentioned above.
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Figure 3. The viability and sensitivity evaluation of the JAK2 V617F /Cas12a fluorescence detection system using genomic
DNA (gDNA) extracted from cells. (a) Sequencing results of the HEL cell line gDNA and human induced pluripotent
stem (hiPS) cell line gDNA for JAK2. hiPS, hiPS cell line gDNA; HEL, HEL cell line gDNA. (b) Fluorescence signals of
mixed gDNA with different mutation ratios. The concentration of gDNA in each sample was 100 ng/uL. BC, blank control.
Data represent means + SD, with n = 3 replicates (**** p < 0.0001, *** p < 0.001, * p < 0.05). (c) The limit of detection of the
JAK2 V617F /Cas12a fluorescence detection system. hiPS, hiPS cell line gDNA; HEL, HEL cell line gDNA. Data represent
means £ SD, with n = 3 replicates (**** p < 0.0001).

Furthermore, the gDNAs from the HEL and hiPS cell lines were diluted from 100 ng/pL
to 0.01 ng/uL by 10-fold gradient dilution. The JAK2 V617F /Cas12a fluorescence detec-
tion system combined with PCR pre-amplification could detect as low as 0.01 ng/uL
(~5 aM, ~3 copies/uL) of target gDNA according to the concentration gradient test re-
sults (Figure 3c). This suggested that the limit of detection (LOD) in gDNA could reach
~3 copies/pL, showing an ultrahigh sensitivity close to single-copy level.

3.4. Establishing the JAK2 V617F/Cas12a Lateral Flow Strip Assay

To more simply and rapidly detect JAK2 V617F mutation from the clinical samples
in the field, we combined RPA with lateral flow strip detection to realize instrument-free
visualization. The working principle of the JAK2 V617F/Cas12a lateral flow strip assay
is illustrated in Figure 4a. All lateral flow strips contained a control band with biotin
ligand and a test band with anti-rabbit antibody, in addition to carrying gold particle-
labeled anti-FITC antibodies to show the readout. When the amplified DNA did not
contain JAK2 V617F mutation, without trans cleavage, all FITC—ssDNA-Biotin probes
remained intact and were captured by the biotin ligands at the control band, and then
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the FITCs were recognized and bound by all gold particle-labeled anti-FITC antibodies.
Therefore, the control band generated a color signal, but the test band did not. When the
amplified DNA contained JAK2 V617F mutation, upon recognition of the matching target,
the Cas12a/crRNA-1 complex cleaved the ssDNA probes. The cleaved ssDNA with the
gold particle-labeled anti-FITC antibodies flowed to the test band and were captured by
the anti-rabbit antibodies, followed by the formation of a color deposit on the test band.
In short, the JAK2 V617F /Cas12a lateral flow strip assay showed a negative result with
a pink-colored line only at the control band and a positive result with coloration of both
control and test bands.

Negative Positive
— ¥

-‘_‘ Test Band

) N\ ~—I_~ 5
*
control Band | ” »* J%'f- * control Band “ e -@/‘
‘ *

[—]

J]
Ji

Gz

b "‘;‘ / -
& Y =T
... \.‘% / b ieeeee]
- ssDNA ” e AUNP
o - Primary antibody Secondary antibody
JAK2 VB1TF  JAK2 exon14 Cas12a/crRNA Biotin  FITC Streptavidin antiFITC anti-Primary antibody
(a)

FITC-ssDNA-Biotin probe concentration
1000 nM 500 nM 100 nM 10 nM 1 nM

RPA amplicons with the primer pair RPA-F2/PRA-R3

N ATG G AGTATGTGT CTG6T6G6G6AG ACGAG Test Band
JAK20.18491

gDNA. JAK2 V617F mutation burden, (%)

100 78 50 31 12.5 5 2 1 05 025 0125 005 001 0 BC

(d)

Figure 4. The JAK2 V617F /Cas12a lateral flow strip assay. (a) Schematic illustration of the JAK2 V617F /Cas12a lateral flow
strip assay. (b) Sequencing results of Recombinase Polymerase Amplification (RPA) products amplified with the primer pair
RPA-F2/RPA-R3. N, healthy donor. (c¢) Optimizing the amount of FITC-ssDNA-Biotin probe. (d) Sensitivity of the JAK2
V617F /Cas12a lateral flow strip assay. The concentration of gDNA in each sample was 100 ng/uL. An equal volume of
nuclease-free water was used as blank control.

Before establishing the assay, we optimized the RPA primers and the concentration of
the FITC-ssDNA-Biotin probes. Primer pair RPA-F2/RPA-R3 was screened from 20 primer
pairs, and the RPA product amplified with the primer pair RPA-F2 /RPA-R3 was confirmed by
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Sanger sequencing (Figures 4b and S2). For optimizing the concentrations of the FITC-ssDNA~-
Biotin probes, we set several different concentrations from 1 nM to 1000 nM and found that
only the group with the FITC-ssDNA-Biotin probe concentration of 100 nM did not produce
a false-positive signal (Figure 4c). Therefore, we chose primer pair RPA-F2/RPA-R3 as the
primer for RPA amplification and 100 nM as the concentration of the FITC-ssDNA-Biotin
probes to establish the JAK2 V617F /Cas12a lateral flow strip assay.

3.5. The Viability and Sensitivity Evaluation of the JAK2 V617F/Cas12a Lateral Flow Strip Assay
Using gDNA Extracted from Cells

Similarly, we analyzed the viability and sensitivity of the JAK2 V617F /Cas12a lateral
flow strip assay using mixed gDNA with different the JAK2 V617F allele burden. The
assay was proven to be able to detect the mutation of JAK2 V617F at a low ratio of 0.5%
(Figure 4d), which far exceeded the sensitivity of 1-3% required in the clinic [23]. An
ultrahigh sensitivity is essential for the early diagnosis and monitoring of MPNs with JAK2
V617F mutation.

3.6. The Application of the JAK2 V617F/Cas12a Lateral Flow Strip Assay in Clinical Samples

To evaluate the feasibility of the JAK2 V617F/Cas12a lateral flow strip assay on the
diagnosis of clinical samples, we carried out the analysis of the gDNA extracted from the
peripheral blood of 13 healthy donors and one patient with essential thrombocythemia
(ET), where the patient was diagnosed with ET according to the 2016 WHO criteria and was
demonstrated to have the JAK2 V617F mutation through next-generation sequencing (NGS).
The resulting images are shown in Figure 5a. A clear test line was detected in positive
samples; in contrast, no detectable test line was observed from the negative samples. In
parallel, as a reference method for JAK2 V617F detection, AS-PCR was also performed
with gDNA extracted from those samples (Figure 5b). The results were consistent with the
results of the JAK2 V617F /Cas12a lateral flow strip assay.

MPN NO1 NO2 NO3 N04 NO5 N06 NO7 NO08 N09 N10 N11 N12 N13 BC

bp
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1000
750
500
250

100

_—
.
_
B
_—

o 4

—
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M  MPN NO1 NO2 NO3 NO4 NO5 NO6 NO7 NO8 NO9 N10 N11 N12 N13 BC

d saKk2 ve17F

(b)

Figure 5. The application of the JAK2 V617F /Cas12a lateral flow strip assay in clinical samples. (a) Response signals of the
gDNA from 14 clinical peripheral blood samples and a blank control in the JAK2 V617F /Cas12a lateral flow strip assay.
Philadelphia-negative myeloproliferative neoplasm (MPN), the patient with essential thrombocythemia; N01-N13, healthy
donors; BC, blank control. (b) The allele-specific PCR (AS-PCR) results of the gDNA from 14 clinical peripheral blood
samples and a blank control. M, GL 2000 DNA maker; MPN, the patient with essential thrombocythemia; N01-N13, healthy
donors; BC, blank control.
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4. Discussion

MPNs are hematological malignancies, which seriously threaten human health and
place great mental and economic pressure on society and patients. The JAK2 V617F
mutation is one of the key somatic driver mutations associated with MPNs; thus, it is a
potential therapeutic target for MPNs [4-6,47]. In recent years, the United States Food
and Drug Administration (FDA) approved JAK2 inhibitors, including ruxolitinib and
fedratinib, for the treatment of MPNs [48-53]. Thus, the detection of JAK2 V617F mutation
is of significant social value and practical importance for the diagnosis and treatment of
MPNs and allogeneic bone marrow transplantation (allo-BMT).

The sensitivity was reported to reach at least 1-3% for the detection of JAK2 V617F
allele burden, because this threshold was shown to be correlated with pathogenicity and
carried important clinical interest [23,54,55]. However, in existing methods, some of these
are not sensitive enough to detect a minority of patients with low-level JAK2 V617F mutation,
while some are sufficiently sensitive but yield frequent false-positive signals [23,25]. In the
method developed in this study, the maximum attainable sensitivity was 0.01% and the
minimum detectable concentration of gDNA could reach 0.01 ng/uL, which is two orders
of magnitude higher than the sensitivity required for clinical application. In addition, when
it was used to validate clinical samples, there were no false-positive results. Hence, the
assay is expected to provide clinicians with a powerful and effective means for companion
diagnostic of MPNs.

In the present study, we report for the first time a CRISPR/Cas12a-based nucleic-acid
detection system used to detect the JAK2 V617F mutation. The whole process can be divided
into three steps: (1) DNA pre-amplification (PCR or RPA); (2) CRISPR/Cas12a-based target
detection (the JAK2 V617F /Cas12a fluorescence detection system or the JAK2 V617F /Cas12a
lateral flow strip assay); (3) reading and analysis of the results (fluorescence signal or lateral
flow strip). Compared with current detection methods for the JAK2 V617F mutation, our
methods offer several features and advantages. Firstly, the sensitivity reached the extremely
high value of 0.01%, such that the detection ratio of JAK2 V617F mutation would not tend to
differ between peripheral blood and granulocytes as sample sources [23,56,57]. As a result,
the assay did not require isolating granulocytes from peripheral blood. Secondly, in addition
to the JAK2 V617F mutation, there may be other somatic mutations in MPNs patients, such
as exon 12 of JAK2, CALR, and MPL [8,58-62]. Likewise, it is also possible that these different
mutations can be assayed by simply adjusting the crRNA, thus embodying the method’s
simplicity and versatility. Thirdly, the test process was highly efficient, requiring only 1.5
h. Fourthly, our methods are more economical [34,63]. Fifthly, the JAK2 V617F/Cas12a
fluorescence detection system not only is capable of highly sensitive qualitative detection,
but also has the potential of quantitative detection. Lastly, the JAK2 V617F/Cas12a lateral
flow strip assay does not rely on sophisticated instruments and skilled technicians, and it
is expected to be further integrated into a miniature portable diagnostic device, enabling
its application for on-site, point-of-care, low-resource settings, and even home detection.
Accordingly, our assays have obvious advantages in the detection of JAK2 V617F mutation.

5. Conclusions

In this study, we first developed and validated an efficient JAK2 V617F/Casl2a
fluorescence detection system and a JAK2 V617F/Cas12a lateral flow strip assay for the
rapid, specific, sensitive, robust, simple, and economical detection of the JAK2 V617F
mutation, which has significant implications for the diagnosis, treatment, and prevention
of MPNs. As a proof of concept, these two systems are adaptable and scalable for detecting
somatic mutations in tumor-related genes.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/bios11080247 /51, Figure S1. The sequences of inserts in the recombinant plasmids; Figure S2.
Schematic representation of the locations of RPA primers; Table S1. Detailed sequences of primers,
crRNAs, and probes in this study.


https://www.mdpi.com/article/10.3390/bios11080247/s1
https://www.mdpi.com/article/10.3390/bios11080247/s1

Biosensors 2021, 11, 247 11 of 13

Author Contributions: Conceptualization, D.L., L.W. and Z.L.; methodology, M.C., M.Z. and C.Z,;
validation, M.C. and M.Z; formal analysis, M.C., C.Z.,, M.Z., Z.H., Z.L. and M.L,; investigation, M.C.,
C.Z,M.Z., Z.H. and M.L,; resources, D.L., LW. and Z.L.; data curation, M.C. and C.Z.; writing—
original draft preparation, M.C.; writing—review and editing, D.L., M.Z., and C.Z.; visualization,
M.C. and C.Z,; funding acquisition, D.L., LW., M.Z. and Z.H. All authors read and agreed to the
published version of the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China (grant
number 81902150, 81770200), the National Key Research and Development Program of China (grant
number 2016YFC0905102, 2017YFC1001802), the China Postdoctoral Science Foundation (grant num-
ber 2020TQ0362), and the Natural Science Foundation of Hunan Province (grant number 2020J]5796).

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki and approved by the Ethics Committee of School of Life Sciences, Central
South University, China (No. 2021-1-20).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Acknowledgments: The authors thank the staff of The First Affiliated Hospital of Jinan University
(Hui Zeng and Huien Zhan) and Hunan Jiahui Genetics Hospital (Jingyi Cui) for assistance with
samples collection. We also thank all subjects who participated in this study.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.

13.

14.

15.

Meyer, S.C.; Keller, M.D.; Chiu, S.; Koppikar, P.; Guryanova, O.A.; Rapaport, E; Xu, K.; Manova, K.; Pankov, D.; O'Reilly, R.].; et al.
CHZ868, a Type || JAK2 Inhibitor, Reverses Type | JAK Inhibitor Persistence and Demonstrates Efficacy in Myeloproliferative
Neoplasms. Cancer Cell 2015, 28, 15-28. [CrossRef] [PubMed]

Campbell, PJ.; Green, A.R. The Myeloproliferative Disorders. N. Engl. ]. Med. 2006, 355, 2452-2466. [CrossRef]

Titmarsh, G.J.; Duncombe, A.S.; McMullin, M.E; O’'Rorke, M.; Mesa, R.; De Vocht, E;; Horan, S.; Fritschi, L.; Clarke, M.; Anderson,
L.A. How common are myeloproliferative neoplasms? A systematic review and meta-analysis. Am. . Hematol. 2014, 89, 581-587.
[CrossRef] [PubMed]

Baxter, E.J.; Scott, L.M.; Campbell, PJ.; East, C.; Fourouclas, N.; Swanton, S.; Vassiliou, G.S.; Bench, A.].; Boyd, E.M.; Curtin,
N.; et al. Acquired mutation of the tyrosine kinase JAK2 in human myeloproliferative disorders. Lancet 2005, 365, 1054-1061.
[CrossRef]

Kralovics, R.; Passamonti, F,; Buser, A.S.; Teo, S.S.; Tiedt, R.; Passweg, ].R.; Tichelli, A.; Cazzola, M.; Skoda, R.C. A Gain-of-Function
Mutation of JAK2 in Myeloproliferative Disorders. N. Engl. ]. Med. 2005, 352, 1779-1790. [CrossRef]

James, C.; Ugo, V.; Le Couedic, ].P; Staerk, J.; Delhommeau, F; Lacout, C.; Garcon, L.; Raslova, H.; Berger, R.; Bennaceur-Griscelli,
A_; etal. A unique clonal JAK2 mutation leading to constitutive signalling causes polycythaemia vera. Nature 2005, 434, 1144-1148.
[CrossRef] [PubMed]

Stivala, S.; Codilupi, T.; Brkic, S.; Baerenwaldt, A.; Ghosh, N.; Hao-Shen, H.; Dirnhofer, S.; Dettmer, M.S.; Simillion, C.; Kaufmann,
B.A,; et al. Targeting compensatory MEK/ERK activation increases JAK inhibitor efficacy in myeloproliferative neoplasms. J.
Clin. Investig. 2019, 129, 1596-1611. [CrossRef]

Arber, D.A ; Orazi, A.; Hasserjian, R.; Thiele, J.; Borowitz, M.].; Le Beau, M.M.; Bloomfield, C.D.; Cazzola, M.; Vardiman, J.W.
The 2016 revision to the World Health Organization classification of myeloid neoplasms and acute leukemia. Blood 2016, 127,
2391-2405. [CrossRef]

Ihle, J.N.; Witthuhn, B.A.; Quelle, EW.; Yamamoto, K ; Silvennoinen, O. Signaling Through the Hematopoietic Cytokine Receptors.
Annu. Rev. Immunol. 1995, 13, 369-398. [CrossRef]

Tefferi, A. JAK2 Mutations and Clinical Practice in Myeloproliferative Neoplasms. Cancer J. 2007, 13, 366-371. [CrossRef]
[PubMed]

Kaushansky, K. On the molecular origins of the chronic myeloproliferative disorders: It all makes sense. Blood 2005, 105, 4187-4190.
[CrossRef] [PubMed]

Tiedt, R.; Hao-Shen, H.; Sobas, M.A.; Looser, R.; Dirnhofer, S.; Schwaller, J.; Skoda, R.C. Ratio of mutant JAK2-V617F to wild-type
Jak2 determines the MPD phenotypes in transgenic mice. Blood 2008, 111, 3931-3940. [CrossRef] [PubMed]

Stevenson, W.S.; Hoyt, R.; Bell, A.; Guipponi, M.; Juneja, S.; Grigg, A.P,; Curtis, D.].; Scott, H.S.; Szer, J.; Alexander, W.S.; et al.
Genetic heterogeneity of granulocytes for the JAK2 V617F mutation in essential thrombocythaemia: Implications for mutation
detection in peripheral blood. Pathology 2006, 38, 336-342. [CrossRef] [PubMed]

McClure, R.; Mai, M.; Lasho, T. Validation of two clinically useful assays for evaluation of JAK2 V617F mutation in chronic
myeloproliferative disorders. Leukemia 2006, 20, 168-171. [CrossRef] [PubMed]

Jones, A.V; Kreil, S.; Zoi, K.; Waghorn, K.; Curtis, C.; Zhang, L.; Score, J.; Seear, R.; Chase, A.].; Grand, FEH.; et al. Widespread
occurrence of the JAK2 V617F mutation in chronic myeloproliferative disorders. Blood 2005, 106, 2162-2168. [CrossRef] [PubMed]


http://doi.org/10.1016/j.ccell.2015.06.006
http://www.ncbi.nlm.nih.gov/pubmed/26175413
http://doi.org/10.1056/NEJMra063728
http://doi.org/10.1002/ajh.23690
http://www.ncbi.nlm.nih.gov/pubmed/24971434
http://doi.org/10.1016/S0140-6736(05)71142-9
http://doi.org/10.1056/NEJMoa051113
http://doi.org/10.1038/nature03546
http://www.ncbi.nlm.nih.gov/pubmed/15793561
http://doi.org/10.1172/JCI98785
http://doi.org/10.1182/blood-2016-03-643544
http://doi.org/10.1146/annurev.iy.13.040195.002101
http://doi.org/10.1097/PPO.0b013e318159467b
http://www.ncbi.nlm.nih.gov/pubmed/18032973
http://doi.org/10.1182/blood-2005-03-1287
http://www.ncbi.nlm.nih.gov/pubmed/15817681
http://doi.org/10.1182/blood-2007-08-107748
http://www.ncbi.nlm.nih.gov/pubmed/18160670
http://doi.org/10.1080/00313020600820906
http://www.ncbi.nlm.nih.gov/pubmed/16916724
http://doi.org/10.1038/sj.leu.2404007
http://www.ncbi.nlm.nih.gov/pubmed/16270039
http://doi.org/10.1182/blood-2005-03-1320
http://www.ncbi.nlm.nih.gov/pubmed/15920007

Biosensors 2021, 11, 247 12 of 13

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Sattler, M.; Walz, C.; Crowley, B.J.; Lengfelder, E.; Janne, P.A.; Rogers, AM.; Kuang, Y.; Distel, R.J.; Reiter, A.; Griffin, ].D. A
sensitive high-throughput method to detect activating mutations of Jak2 in peripheral-blood samples. Blood 2006, 107, 1237-1238.
[CrossRef] [PubMed]

Vannucchi, A.M.; Pancrazzi, A.; Bogani, C.; Antonioli, E.; Guglielmelli, P. A quantitative assay for JA mutation in
myeloproliferative disorders by ARMS-PCR and capillary electrophoresis. Leukemia 2006, 20, 1055-1060. [CrossRef]

Lay, M.; Mariappan, R.; Gotlib, ].; Dietz, L.; Sebastian, S.; Schrijver, I.; Zehnder, ].L. Detection of the JAK2 V617F Mutation by
LightCycler PCR and Probe Dissociation Analysis. J. Mol. Diagn. 2006, 8, 330-334. [CrossRef]

Waterhouse, M.; Follo, M.; Pfeifer, D.; von Bubnoff, N.; Duyster, J.; Bertz, H.; Finke, J. Sensitive and accurate quantification of JAK2
V617F mutation in chronic myeloproliferative neoplasms by droplet digital PCR. Ann. Hematol. 2016, 95, 739-744. [CrossRef]
Kroger, N.; Badbaran, A.; Holler, E.; Hahn, J.; Kobbe, G.; Bornhauser, M.; Reiter, A.; Zabelina, T.; Zander, A.R.; Fehse, B.
Monitoring of the JAK2-V617F mutation by highly sensitive quantitative real-time PCR after allogeneic stem cell transplantation
in patients with myelofibrosis. Blood 2007, 109, 1316-1321. [CrossRef]

Jovanovic, J.V,; Ivey, A.; Vannucchi, A.M.; Lippert, E.; Oppliger Leibundgut, E.; Cassinat, B.; Pallisgaard, N.; Maroc, N.; Hermouet,
S.; Nickless, G.; et al. Establishing optimal quantitative-polymerase chain reaction assays for routine diagnosis and tracking of
minimal residual disease in JAK2-V617F-associated myeloproliferative neoplasms: A joint European LeukemiaNet/MPN&MPNTr-
EuroNet (COST action BM0902) study. Leukemia 2013, 27, 2032-2039.

Tefferi, A.; Thiele, J.; Orazi, A.; Kvasnicka, H.M.; Barbui, T.; Hanson, C.A.; Barosi, G.; Verstovsek, S.; Birgegard, G.; Mesa, R.;
et al. Proposals and rationale for revision of the World Health Organization diagnostic criteria for polycythemia vera, essential
thrombocythemia, and primary myelofibrosis: Recommendations from an ad hoc international expert panel. Blood 2007, 110,
1092-1097. [CrossRef]

Bench, A.].; White, H.E.; Foroni, L.; Godfrey, A.L.; Gerrard, G.; Akiki, S.; Awan, A.; Carter, I.; Goday-Fernandez, A.; Langabeer,
S.E.; et al. Molecular diagnosis of the myeloproliferative neoplasms: UK guidelines for the detection of JAK2 V617F and other
relevant mutations. Br. |. Haematol. 2013, 160, 25-34. [CrossRef] [PubMed]

Mabhe, E.; Pedersen, K.M.; Colak, Y.; Bojesen, S.E.; Lynch, T.; Sinclair, G.; Khan, F.; Shabani-Rad, M.T. JAK2-tree: A simple
CBC-based decision rule to guide appropriate JAK2 V617F mutation testing. J. Clin. Pathol. 2019, 72, 172-176. [CrossRef]

Zhao, A.H.; Gao, R.; Zhao, Z.]. Development of a highly sensitive method for detection of JAK2V617F. |. Hematol. Oncol. 2011, 4,
40. [CrossRef]

Barrangou, R.; Marraffini, L.A. CRISPR-Cas Systems: Prokaryotes Upgrade to Adaptive Immunity. Mol. Cell. 2014, 54, 234-244.
[CrossRef] [PubMed]

Marraffini, L.A.; Sontheimer, E.]. CRISPR interference: RNA-directed adaptive immunity in bacteria and archaea. Nat. Rev. Genet.
2010, 11, 181-190. [CrossRef] [PubMed]

Jinek, M.; Chylinski, K.; Fonfara, I.; Hauer, M.; Doudna, J.A.; Charpentier, E. A Programmable Dual-RNA-Guided DNA
Endonuclease in Adaptive Bacterial Immunity. Science 2012, 337, 816-821. [CrossRef] [PubMed]

Broughton, J.P; Deng, X.; Yu, G.; Fasching, C.L.; Servellita, V.; Singh, J.; Miao, X.; Streithorst, ].A.; Granados, A.; Sotomayor-
Gonzalez, A.; et al. CRISPR-Cas12-based detection of SARS-CoV-2. Nat. Biotechnol. 2020, 38, 870-874. [CrossRef]

Myhrvold, C.; Freije, C.A.; Gootenberg, ].S.; Abudayyeh, O.O.; Metsky, H.C.; Durbin, A.E,; Kellner, M.].; Tan, A.L.; Paul, L.M.;
Parham, L.A ; et al. Field-deployable viral diagnostics using CRISPR-Cas13. Science 2018, 360, 444-448. [CrossRef]

Chen, ].S.; Ma, E.; Harrington, L.B.; Da Costa, M.; Tian, X.; Palefsky, ].M.; Doudna, J.A. CRISPR-Cas12a target binding unleashes
indiscriminate single-stranded DNase activity. Science 2018, 360, 436—439. [CrossRef] [PubMed]

Abudayyeh, O.0.; Gootenberg, ].S.; Konermann, S.; Joung, J.; Slaymaker, LM.; Cox, D.B.; Shmakov, S.; Makarova, K.S.; Semenova,
E.; Minakhin, L.; et al. C2¢2 is a single-component programmable RNA-guided RNA-targeting CRISPR effector. Science 2016, 353,
aaf5573. [CrossRef]

Harrington, L.B.; Burstein, D.; Chen, ].S.; Paez-Espino, D.; Ma, E.; Witte, L.P; Cofsky, ].C.; Kyrpides, N.C.; Banfield, ].F.; Doudna,
J.A. Programmed DNA destruction by miniature CRISPR-Cas14 enzymes. Science 2018, 362, 839-842. [CrossRef] [PubMed]
Gootenberg, ].S.; Abudayyeh, O.O.; Lee, ].W.; Essletzbichler, P.; Dy, A.].; Joung, ].; Verdine, V.; Donghia, N.; Daringer, N.M.; Freije,
C.A.; et al. Nucleic acid detection with CRISPR-Cas13a/C2c2. Science 2017, 356, 438-442. [CrossRef]

Gootenberg, ].S.; Abudayyeh, O.O.; Kellner, M.].; Joung, J.; Collins, ].J.; Zhang, F. Multiplexed and portable nucleic acid detection
platform with Cas13, Cas12a, and Csmé. Science 2018, 360, 439-444. [CrossRef]

Mukama, O.; Wu, J.; Li, Z,; Liang, Q.; Yi, Z; Lu, X,; Liu, Y,; Liu, Y.; Hussain, M.; Makafe, G.G.; et al. An ultrasensitive and specific
point-of-care CRISPR/Cas12 based lateral flow biosensor for the rapid detection of nucleic acids. Biosens. Bioelectron. 2020, 159,
112143. [CrossRef]

Ding, R.; Long, J.; Yuan, M.; Zheng, X.; Shen, Y.; Jin, Y; Yang, H.; Li, H.; Chen, S.; Duan, G. CRISPR/Cas12-Based Ultra-Sensitive
and Specific Point-of-Care Detection of HBV. Int. ]. Mol. Sci. 2021, 22, 4842. [CrossRef] [PubMed]

Joung, J.; Ladha, A.; Saito, M.; Kim, N.G.; Woolley, A.E.; Segel, M.; Barretto, R.PJ.; Ranu, A.; Macrae, RK,; Faure, G.; et al.
Detection of SARS-CoV-2 with SHERLOCK One-Pot Testing. N. Engl. |. Med. 2020, 383, 1492-1494. [CrossRef] [PubMed]
Zetsche, B.; Gootenberg, J.S.; Abudayyeh, O.O.; Slaymaker, I.M.; Makarova, K.S.; Essletzbichler, P.; Volz, S.E.; Joung, J.; van der
Oost, J.; Regev, A,; et al. Cpfl Is a Single RNA-Guided Endonuclease of a Class 2 CRISPR-Cas System. Cell 2015, 163, 759-771.
[CrossRef]

K2V617F


http://doi.org/10.1182/blood-2005-07-2899
http://www.ncbi.nlm.nih.gov/pubmed/16434495
http://doi.org/10.1038/sj.leu.2404209
http://doi.org/10.2353/jmoldx.2006.050130
http://doi.org/10.1007/s00277-016-2623-0
http://doi.org/10.1182/blood-2006-08-039909
http://doi.org/10.1182/blood-2007-04-083501
http://doi.org/10.1111/bjh.12075
http://www.ncbi.nlm.nih.gov/pubmed/23057517
http://doi.org/10.1136/jclinpath-2018-205527
http://doi.org/10.1186/1756-8722-4-40
http://doi.org/10.1016/j.molcel.2014.03.011
http://www.ncbi.nlm.nih.gov/pubmed/24766887
http://doi.org/10.1038/nrg2749
http://www.ncbi.nlm.nih.gov/pubmed/20125085
http://doi.org/10.1126/science.1225829
http://www.ncbi.nlm.nih.gov/pubmed/22745249
http://doi.org/10.1038/s41587-020-0513-4
http://doi.org/10.1126/science.aas8836
http://doi.org/10.1126/science.aar6245
http://www.ncbi.nlm.nih.gov/pubmed/29449511
http://doi.org/10.1126/science.aaf5573
http://doi.org/10.1126/science.aav4294
http://www.ncbi.nlm.nih.gov/pubmed/30337455
http://doi.org/10.1126/science.aam9321
http://doi.org/10.1126/science.aaq0179
http://doi.org/10.1016/j.bios.2020.112143
http://doi.org/10.3390/ijms22094842
http://www.ncbi.nlm.nih.gov/pubmed/34063629
http://doi.org/10.1056/NEJMc2026172
http://www.ncbi.nlm.nih.gov/pubmed/32937062
http://doi.org/10.1016/j.cell.2015.09.038

Biosensors 2021, 11, 247 13 of 13

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.
56.

57.

58.

59.

60.

61.

62.

63.

Li, S.Y;; Cheng, Q.X.; Wang, ].M.; Li, X.Y.; Zhang, Z.L.; Gao, S.; Cao, R.B.; Zhao, G.P.; Wang, ]. CRISPR-Cas12a-assisted nucleic
acid detection. Cell Discov. 2018, 4, 20. [CrossRef]

Kanitchinda, S.; Srisala, J.; Suebsing, R.; Prachumwat, A.; Chaijarasphong, T. CRISPR-Cas fluorescent cleavage assay coupled
with recombinase polymerase amplification for sensitive and specific detection of Enterocytozoon hepatopenaei. Biotechnol. Rep.
2020, 27, €00485. [CrossRef] [PubMed]

Zhang, C.; Li, Z.; Chen, M.; Hu, Z.; Wu, L.; Zhou, M,; Liang, D. Cas12a and Lateral Flow Strip-Based Test for Rapid and
Ultrasensitive Detection of Spinal Muscular Atrophy. Biosensors 2021, 11, 154. [CrossRef] [PubMed]

Sambrook, J.; Russell, D.W. Molecular Cloning—A Laboratory Manual; Clod Spring Harbor Laboratory Press: New York, NY, USA,
2001.

Labun, K.; Montague, T.G.; Gagnon, ].A.; Thyme, S.B.; Valen, E. CHOPCHOP v2: A web tool for the next generation of CRISPR
genome engineering. Nucleic Acids Res. 2016, 44, W272-W276. [CrossRef] [PubMed]

Swarts, D.C.; van der Oost, J.; Jinek, M. Structural Basis for Guide RNA Processing and Seed-Dependent DNA Targeting by
CRISPR-Cas12a. Mol. Cell. 2017, 66, 221-233 e224. [CrossRef]

Singh, D.; Mallon, J.; Poddar, A.; Wang, Y.; Tippana, R.; Yang, O.; Bailey, S.; Ha, T. Real-time observation of DNA target
interrogation and product release by the RNA-guided endonuclease CRISPR Cpf1 (Cas12a). Proc. Natl. Acad. Sci. USA 2018, 115,
5444-5449. [CrossRef]

Levine, R.L.; Wadleigh, M.; Cools, J.; Ebert, B.L.; Wernig, G.; Huntly, B.J.; Boggon, T.].; Wlodarska, I.; Clark, ].J.; Moore, S.; et al.
Activating mutation in the tyrosine kinase JAK2 in polycythemia vera, essential thrombocythemia, and myeloid metaplasia with
myelofibrosis. Cancer Cell 2005, 7, 387-397. [CrossRef]

Hasselbalch, H.C.; Bjorn, M.E. Ruxolitinib versus Standard Therapy for the Treatment of Polycythemia Vera. N. Engl. J. Med.
2015, 372, 1670.

Harrison, C.; Kiladjian, J.J.; Al-Ali, HK.; Gisslinger, H.; Waltzman, R.; Stalbovskaya, V.; McQuitty, M.; Hunter, D.S.; Levy, R.;
Knoops, L.; et al. JAK Inhibition with Ruxolitinib versus Best Available Therapy for Myelofibrosis. N. Engl. ]. Med. 2012, 366,
787-798. [CrossRef]

Verstovsek, S.; Mesa, R.A.; Gotlib, J.; Levy, R.S.; Gupta, V.; DiPersio, ].E,; Catalano, J.V.; Deininger, M.; Miller, C.; Silver, R.T.; et al.
A Double-Blind, Placebo-Controlled Trial of Ruxolitinib for Myelofibrosis. N. Engl. ]. Med. 2012, 366, 799-807. [CrossRef]
Gnanasakthy, A.; DeMuro, C.; Clark, M.; Haydysch, E.; Ma, E.; Bonthapally, V. Patient-Reported Outcomes Labeling for Products
Approved by the Office of Hematology and Oncology Products of the US Food and Drug Administration (2010-2014). J. Clin.
Oncol. 2016, 34, 1928-1934. [CrossRef]

Fedratinib Becomes New Option in Myelofibrosis. Cancer Discov. 2019, 9, 1332.

Roskoski, R., Jr. Properties of FDA-approved small molecule protein kinase inhibitors: A 2020 update. Pharmacol. Res. 2020,
152, 104609. [CrossRef]

Wang, Y.L.; Vandris, K.; Jones, A.; Cross, N.C.; Christos, P.; Adriano, E,; Silver, R.T. JAK2 Mutations are present in all cases of
polycythemia vera. Leukemia 2008, 22, 1289. [CrossRef] [PubMed]

Mason, J.; Akiki, S.; Griffiths, M.J. Pitfalls in molecular diagnosis in haemato-oncology. J. Clin. Pathol. 2011, 64, 275-278. [CrossRef]
Hermouet, S.; Dobo, L; Lippert, E.; Boursier, M.C.; Ergand, L.; Perrault-Hu, F.; Pineau, D. Comparison of whole blood vs purified
blood granulocytes for the detection and quantitation of JAK2V17F. Leukemia 2007, 21, 1128-1130. [CrossRef]

Cankovic, M.; Whiteley, L.; Hawley, R.C.; Zarbo, R.J.; Chitale, D. Clinical Performance of JAK2 V617F Mutation Detection Assays
in a Molecular Diagnostics Laboratory: Evaluation of Screening and Quantitation Methods. Am. J. Clin. Pathol. 2009, 132, 713-721.
[CrossRef]

Scott, L.M.; Tong, W.; Levine, R.L.; Scott, M.A.; Beer, P.A.; Stratton, M.R.; Futreal, P.A.; Erber, W.N.; McMullin, M.E,; Harrison,
C.N; et al. JAK2 Exon 12 Mutations in Polycythemia Vera and Idiopathic Erythrocytosis. N. Engl. ]. Med. 2007, 356, 459—468.
[CrossRef]

Klampfl, T.; Gisslinger, H.; Harutyunyan, A.S.; Nivarthi, H.; Rumi, E.; Milosevic, ].D.; Them, N.C.; Berg, T.; Gisslinger, B.; Pietra,
D.; et al. Somatic Mutations of Calreticulin in Myeloproliferative Neoplasms. N. Engl. |. Med. 2013, 369, 2379-2390. [CrossRef]
Nangalia, J.; Massie, C.E.; Baxter, E.J.; Nice, FL.; Gundem, G.; Wedge, D.C.; Avezov, E.; Li, J.; Kollmann, K.; Kent, D.G.; et al.
Somatic CALR Mutations in Myeloproliferative Neoplasms with Nonmutated JAK2. N. Engl. ]J. Med. 2013, 369, 2391-2405.
[CrossRef] [PubMed]

Beer, PA.; Campbell, PJ.; Scott, L.M.; Bench, A.].; Erber, W.N.; Bareford, D.; Wilkins, B.S.; Reilly, ].T.; Hasselbalch, H.C.; Bowman,
R.; et al. MPL mutations in myeloproliferative disorders: Analysis of the PT-1 cohort. Blood 2008, 112, 141-149. [CrossRef]

Gery, S.; Gueller, S.; Chumakova, K.; Kawamata, N.; Liu, L.; Koeffler, H.P. Adaptor protein Lnk negatively regulates the mutant
MPL, MPLW515L associated with myeloproliferative disorders. Blood 2007, 110, 3360-3364. [CrossRef] [PubMed]

Iwasaki, R.S.; Batey, R.T. SPRINT: A Cas13a-based platform for detection of small molecules. Nucleic Acids Res. 2020, 48, e101.
[CrossRef] [PubMed]


http://doi.org/10.1038/s41421-018-0028-z
http://doi.org/10.1016/j.btre.2020.e00485
http://www.ncbi.nlm.nih.gov/pubmed/32577410
http://doi.org/10.3390/bios11050154
http://www.ncbi.nlm.nih.gov/pubmed/34068874
http://doi.org/10.1093/nar/gkw398
http://www.ncbi.nlm.nih.gov/pubmed/27185894
http://doi.org/10.1016/j.molcel.2017.03.016
http://doi.org/10.1073/pnas.1718686115
http://doi.org/10.1016/j.ccr.2005.03.023
http://doi.org/10.1056/NEJMoa1110556
http://doi.org/10.1056/NEJMoa1110557
http://doi.org/10.1200/JCO.2015.63.6480
http://doi.org/10.1016/j.phrs.2019.104609
http://doi.org/10.1038/sj.leu.2405047
http://www.ncbi.nlm.nih.gov/pubmed/18079740
http://doi.org/10.1136/jcp.2010.081349
http://doi.org/10.1038/sj.leu.2404588
http://doi.org/10.1309/AJCPFHUQZ9AGUEKA
http://doi.org/10.1056/NEJMoa065202
http://doi.org/10.1056/NEJMoa1311347
http://doi.org/10.1056/NEJMoa1312542
http://www.ncbi.nlm.nih.gov/pubmed/24325359
http://doi.org/10.1182/blood-2008-01-131664
http://doi.org/10.1182/blood-2007-05-089326
http://www.ncbi.nlm.nih.gov/pubmed/17693582
http://doi.org/10.1093/nar/gkaa673
http://www.ncbi.nlm.nih.gov/pubmed/32797156

	Introduction 
	Materials and Methods 
	Reagents and Instruments 
	Source of Clinical Samples and Ethics Statement 
	Plasmids 
	Cell Lines 
	PCR Primers and Reactions 
	Recombinase Polymerase Amplification (RPA) Primers and Reactions 
	AS-PCR Primers and Reactions 
	crRNAs 
	The JAK2 V617F/Cas12a Fluorescence Assays 
	The JAK2 V617F/Cas12a Lateral Flow Strip Assays 

	Results 
	Establishing the JAK2 V617F/Cas12a Fluorescence Detection System 
	The Viability and Sensitivity Evaluation of the JAK2 V617F/Cas12a Fluorescence Detection System Using Recombinant Plasmid 
	The Viability and Sensitivity Evaluation of the JAK2 V617F/Cas12a Fluorescence Detection System Using gDNA Extracted from Cells 
	Establishing the JAK2 V617F/Cas12a Lateral Flow Strip Assay 
	The Viability and Sensitivity Evaluation of the JAK2 V617F/Cas12a Lateral Flow Strip Assay Using gDNA Extracted from Cells 
	The Application of the JAK2 V617F/Cas12a Lateral Flow Strip Assay in Clinical Samples 

	Discussion 
	Conclusions 
	References

