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Abstract
Cervical carcinoma is the second most common cancer in women worldwide with greater than 99% of the
cases caused by human papillomaviruses (HPVs). Early detection of HPVs especially the high risk types
(HR-HPVs) are essential to prevent the disease progression. The existing methods for HPV detection, such
as qPCR are of high sensitivity and speci�city, but the need for expensive machinery and well-trained
personnel slow down the disease detection. The emerging Cas12a-based method presents a new
technique for nucleic acid detection. However, it is time-consuming and labor-intensive when used for
HPV detection, as several reactions are required in order to identify multiple HPV infections. We herein
present a non-genotyping method for 13 types of HR-HPV detection in a single reaction by combining the
isothermal recombinase polymerase ampli�cation (RPA) method with CRISPR-Cas12a technology. The
result could be achieved in 30 minutes with high sensitivity (500 copies per reaction). This assay
reprsents great advances for the application of RPA-Cas12a system and holds a great potential to
address the key challenges facing the HPV diagnostics.

Introduction
Human papillomavirus (HPV) infection is a major causative agent of cervical cancer in women[1]. In
2018, approximately 311000 women died from cervical cancer and more than 85% of these deaths
occurred in low- and middle-income countries[2]. HPV types can be classi�ed into high risk (HR) and low
risk (LR). The HR types (e.g., types 16, 18, 31, 33, 35, 39, 45, 51, 52, 56, 58, 59, 68) are known to be closely
associated with preneoplastic lesions and carcinomas, while the LR types (e.g., types 6, 11, 40, 42, 43, 44,
54, 61, 70, 72, 81) tend to cause warts[3]. Early detection of the HR-HPVs using a simple and rapid
method is extremely important for therapeutic action against cervical cancer particularly in areas where
specialized equipment is not available[4].

To date, a variety of primer combinations amplifying different regions of the HPV genome have been
developed using quantitative polymerase chain reaction (qPCR) technology. The MY09/MY11 primer set
and the GP5+/GP6 + primer set, both targeting the conserved L1 region, are the most frequently used
ampli�cation systems for the detection of HPV DNA in clinical samples[5–7]. The former of which
includes several degenerate nucleotides in each primer while the latter consists of a �xed nucleotide
sequence for each primer, and both of them have shown capability of amplifying a wide spectrum of HPV
types[8].

The qPCR technology, although known as an effective tool for detection and typing of viruses, is faced
with disadvantages such as complicated procedures and requirement of expensive machinery[9, 10]. The
emerging isothermal ampli�cation technologies, recombinase polymerase ampli�cation (RPA) and loop-
mediated isothermal ampli�cation (LAMP) for examples, have been employed to diagnose HPVs[3, 11].
These methods do not rely on thermal cycling and therefore are suitable for resource-restricted areas.
However, they are time-consuming and labor-intensive when genotyping specimens containing multiple
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HPV types, as only one type of HPV could be detected in a given reaction. In some cases, it might not be
necessary to genotype all individual HPV types, but rather detecting all HR-HPVs as a whole.

The clustered regularly interspaced short palindromic repeats (CRISPR) and Cas (CRISPR associated
proteins) are adaptive immune systems in archaea and bacteria[12, 13]. Some Cas nucleases display
strong collateral activities after binding to their speci�c cis targets, which has been fully evaluated for
diagnostic use[12, 14]. After RPA ampli�cation, Cas12a has been shown to permit a single molecule
detection in a given reaction[15, 16].

In current study, we present a non-genotyping approach for 13 types of HR-HPVs detection using RPA-
Cas12a system, with which the infection status of an individual by HR-HPVs could be clearly identi�ed.
Our assay consists of an RPA ampli�cation using the primer pool derived from PGMY/GP6 + primer set,
and followed by Cas12a-mediated detection (Fig. 1). To our knowledge, this is the �rst report realizing
mutiple HPV testing in a singal reaction with the RPA-Cas system. Hence, our research represents
signi�cant advances for the application of this system. Because the present assay is fast and needs
minimal equipment, its application may help the triage procedure of the cervical cancer screening.

Results And Discussion
According to the guidelines for nucleic acid testing of HPV released by Chinese Food and Drug
Administration (CFDA) in 2015, 13 types of HR-HPV (types 16, 18, 31, 33, 35, 39, 45, 51, 52, 56, 58, 59, 68)
are required to be identifed when developing a diagnostic assay. We therefore designed a pool that
inculdes 13 pairs of RPA primers targeting the L1 conservative region of the HR-HPVs (Table S1). To
ensure a rapid and sensitive RPA reaction, all primers were synthesized at the length between 30 and 36
oligonucleotides. The kinetic �uorescence curve of Cas12a reaction showed that only a few of HPV types
generated strong signal, indicating weak ampli�cation for most HPV types with this primer pool (Figure
S1). This could be due to the production of primer dimers, which consumed the materials in the reaction,
and whereby reducing the intensity of speci�c ampli�cation. We hypothesized that shorter and
degenerated primers may reduce the complexity of the primer pool, and subsequently increase the
ampli�cation. The commonly used PCR primer sets meet such quali�cations, but it is still unknown
whether they are compatible with the RPA system. As a proof-of-concept assay, we �rst evaluated the
SPF1A, SPF1B and SPF2D primer combination (Fig. 2A, Table S2) in which the inosine was included to
reduce the mismatches to targets[17]. Howerver, no signal was observed when genomic DNA from siHA
cell that is positive for HPV16 was tested (Figure S2). We next evaluated another commonly used primer
set GP5/GP6 for 6 types of HR-HPV detection. Although this primer set was able to amplify HPV16,
HPV18 and HPV31, it falled to detect HPV33, HPV35 and HPV39, suggesting it was not a perferct
candidate for all 13 types of HR-HPV detection (Figure S3).

Then, we applied the PGMY/GP6 + primer pool to detect plasmids of HPV16 and HPV18 (Fig. 2A). As
shown in Fig. 2B, this pool could detect both types with high sensitivity (100 copies for a single reaction).
All crRNAs targeting the sequences �anked by PGMY/GP6 + were designed and validated with 5 µg of
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each individual HPV plasmid (Fig. 2C). The primer pool was further tested for the rest of HR-HPVs using
10000 copies for RPA ampli�cation in a reaction. The result demonstrated that most types was able to be
e�ciently ampli�ed except HPV31, 39, 51, 56, 59, 68 (Fig. 2D). After aligned the GP6 + sequence to
genomic sequence of these six HPV types, we found signi�cant mismathes that may result in the failure
of ampli�cation (Fig. 2E). To expand the spectrum of this primer pool for other HR-HPVs, we
supplemented additional four primers that has better matches to these six HPV types into the pool. With
the new pool, all the 13 types of HR-HPVs were successfully detected when 10000 copies of plasmid for
each RPA reaction was used (Fig. 3).

The sensitivity of our assay was subsequently analyzed, and the results showd that it was able to detect
all HPV types in a reaction containing 500 copies of plasmid (Fig. 4). A much higher sensitivity to HPV16,
18, 31, 35, 52, and 68 was achieved, where the limit of detection (LoD) was 100 copies for a given
reaction (Fig. 4). Our assay seems not to be as senstive as the reported ones in which the LoD of single
molecule was observed[15, 18]. The multiple RPA ampli�cation could be the reason leading to the limited
sensitivity of the assay, which is consistent with the research by Zachary et. al[19]. Besides, the use of
shorter primers could be another reason for the higher LoD in our assay, as shorter primers would be less
e�cient in ampli�ying the targets. The �nal optimized primer pool includes a total of ten primers (5
PGMY11 and 5 GP6+, Table S3), and the crRNA pool consists of 11 crRNAs, with one crRNA recognizing
three HPV types (HPV18, 31, 33, Table S4). According to the instruction described in the protocol of Twist-
Dx, the total amount of oligonucleotides in the reaction mixture should not exceed 1000 nM. However, the
concentration of primers in current study (4000 nM in total) was far more than the standard, we therefore
titrated the primers in reactions for detection of HPV16. The result showed that 4000 nM of primers in a
reaction generated the strongest signal, indicating the highest ampli�cation e�ciency at this
concentration (Figure S4).

We next compared the sensitivity of the RPA-Cas12a-based method with the RPA-only method by
detection of plasmid of HPV16. The RPA-only appoach demonstrated an inferior sensitivity than RAP-
Cas12a-based assay with LoD of 104 copies in a reaction (Figure S5). The performance of only Cas12a
detection for HPV16 without RPA ampli�cation was also assessed, and the results showed it could detect
as low as 0.1 µg (equivalent to around 109 copies) of HPV16 plasmids in a reaction. However, when the
amont of plasmid decreased to 0.01 µg and 0.001 µg per reaction, there was almost no signal detected
(Figure S6). These results together illustrate the necessity of combining RPA ampli�cation with Cas12a
technology.

To interrogate any potential false positive, the speci�city of our assay to 8 other HPV types and 8 ohter
pathogens commonly existed in vagina was evaluated. As shown in Fig. 5, cross-reactivity was not
observed with HR-HPVs and the tested pathogens, indicating high speci�city of the assay.

Finally, the clinical performance of the system was validated by analysis of materials from cervical
scraps. All of the positive samples previously identifed by qPCR were positive in our assay, and all the
qPCR-negative samples were negative by our assay for detection of the 13 types of HPVs (Fig. 6).



Page 5/12

Although the developed assay had 100% positive and negative agreements relative to the qPCR assay,
the results should be carefully interpreted due to the limited number of specimens for each type. A larger
cohort would be helpful to better understand the assay’s sensitivity and speci�city in future studies.

In summary, we report the development of an RPA-Cas12a-based non-genotyping method for detection of
13 types of HR-HPVs, which could serve as an useful tool for screening and triage of cervical cancer. Our
study generally provides an easy approach for HR-HPV testing, however, this non-genotyping method may
encounter substantial limitations since it is not able to genotype the most carcinogenic HPV types HPV16
and HPV18. To overcome this, additional reactions with primer sets of PGMY11-B and GP6 + for HPV16
and PGMY11-A and GP6 + for HPV18 could be performed (data not shown). Moreover, our method needs
a tube-opening operation to transfer the RPA reaction for Cas12a cleavage, and this could generate
aerosol and cause false-positive results. To avoid amplicon contamination, the tube opening should be
strictly performed in a separate area. An alternative strategy was to add the Cas enzyme on the inner wall
of the tube, and followed by a centrifugation step to start the Cas12a detection after RPA
ampli�cation[20].

Our work also provides a novel concept to use RPA-based nucleic acid ampli�cation. Previous studies has
realized triplex detections using the RPA technology even though the sensitivity was signi�cantly reduced
compared with the signleplex detection[19]. Nevertheless, when facing with more pathogen types, it is still
a great challenge to apply the isothermal ampli�cation-based methods for nucleic acid detection,
particularly when using the RPA method. This might be due to the generation of primer dimers triggered
by the second structure of primers as a result of too many primers in a single reaction. In present study,
we created a primer pool and a crRNA pool that are capable of detecting 13 types of HR-HPVs in a
reaction. The successful application of our method might be explained by the usage of the degenerated
PCR primers that are shorter and less complex compared to the commonly used RPA primers. Thus, this
novel methodology can be expanded for detection of multiple infections of other pathogens besides
HPVs.
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Table S5. Probes used for RPA-only detection

Figures

Figure 1

Illustration of the RPA-Cas12a method for HR-HPVs detection The system includes an RPA ampli�cation
with a pool derived from PGMY/GP6+ primer set that is able to amplify 13 types of HR-HPV in a reaction,
and a Cas12a detection with a crRNA pool. The results can be achieved within 30 minutes using a
�uorescent reader.
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Figure 2

Evaluation of the PGMY/GP6+ primer pool (A) Schematic showing the relative position of the primer sets
locating in the conservative L1 region of HPV. (B) Plasmids with different copy numbers of HPV16 and
HPV18 were ampli�ed by RPA reaction using the PGMY/GP6+ primer pool. NTC, no-template control. (C)
Real-time �uorescence detection of HPVs with the crRNA pool containinig 11 crRNAs. For a single
reaction, 5 µg of each individual HPV plasmid was used. NTC, no-template control. (D) The PGMY/GP6+
pool was tested using 10000 copies of the indicated HPV plasmids for each RPA reaction. The RPA
reaction was performed at 37°C for 20 min and followed by Cas12a detection at 37°C for up to 60
minutes. NTC, no-template control. (E) Nucleotide sequence alignments of GP6+ (positions 5879 to 5903
according to HPV16 sequence, Genbank accession number NC_001526.4) to 13 HR-HPV genotypes. HPV
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genotypes are identi�ed by numbers on the left. Dots indicate the presence of nucleotides identical to the
top sequence (GP6+). HPV Types with weak ampli�cation by the primer pool are shown by boxes.

Figure 3

Evaluation of the enhanced PGMY/GP6+ primer pool The PGMY/GP6+ primer pool was supplemneted
with additional four primers that have less mismatches to HPV31, 39, 51, 56, 59, 68. The new pool was
tested using 10000 copies of plasmid for each RPA reaction. NTC, no-template control.
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Figure 4

Serial dilutions of the indicated HPV plasmid for LoD determination. After RPA ampli�cation at 37˚C for
20 minutes using 10000 copies of plasmid for each reaction, 10 μL of the yeild was transferred to 40 μL
of the Cas12a mixture for cleavage assays. NTC, no-template control.
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Figure 5

Speci�city assessment of the RPA-CRISPR assay for HPVs. Only the DNA from HPVs produced signals,
whereas plasmids from other pathogens and the negative control did not produce any detected signals.
The positive control was made by amplifying the HPV mixture where a total of 13 HR-HPVs were mixed at
the concentration of 10000 copies/μL for each type. NTC, no-template control.

Figure 6

Three positive and three negative samples identi�ed by qPCR were used for testing for each type. The
developed assay had 100% positive and negative agreements relative to the qPCR assay, for detection of
the 13 types of HR-HPVs. P, positive; N, negative.
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