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Abstract. A polymerase chain reaction-restriction fragment 
mass polymorphism (PCR-RFMP) assay protocol using 
PGMY09/11 primers for the detection and identification of 
human papillomavirus (HPV) has recently been developed. The 
present study evaluated the analytical sensitivity and clinical 
utility of HPV genotyping employing PCR-RFMP as compared 
to direct sequencing. Serial dilutions of cloned HPV DNA 
were analyzed in order to assess the limit of detection (LOD) 
and three sets of HPV clone mixtures (types 16+18, 16+11 and 
18+11) were used to assess the accuracy of the genotyping 
assays. For 423 cervical specimens that were cytologically 
categorized as normal or cancer, the concordance between 
the two assays was evaluated. Clinical sensitivity was calcu-
lated by evaluating 101 histologically confirmed cases. The 
PCR-RFMP HPV assay had a lower LOD and 100% accuracy 
when detecting double HPV infection. Agreement between 
the two assays upon 423 clinical specimens was 91.0% with 
a κ-value of 0.86. The incidence of multiple HPV infections 
among HPV-positive patients was 19.0% by PCR-RFMP and 
5.4% by sequencing. The clinical sensitivity of PCR-RFMP and 
sequencing was 92% and 84%, respectively. In conclusion, the 
PCR-RFMP assay for HPV genotyping correlated well with 
direct sequencing, provides high analytical and clinical sensi-
tivity, and is advantageous in the detection of multiple HPV 
infections.

Introduction

Infection with human papillomavirus (HPV) is the cause 
of virtually all instances of invasive cervical cancer, which 
results in 275,000 deaths annually worldwide (1). More than 
100 forms of HPV have been described and are classified as 
high- or low-risk types depending on oncogenicity (2). HPV 
types 16 and 18 cause 70% of all cervical cancers (3), whereas 
HPV types 6 and 11 give rise to 90% of cases of genital warts 
and laryngeal papillomas (4,5). To study the natural history of 
HPV, and to aid in vaccine development and the management 
of infected patients, the detection and genotyping of HPV 
DNA are crucial (6). Several molecular diagnostic tests for 
HPV genotyping have been developed, but to date no gold 
standard has been developed.

A polymerase chain reaction-restriction fragment mass 
polymorphism (PCR-RFMP) assay is based on PCR ampli-
fication and the precise sizing of oligonucleotides after 
genotype-specific base variation is detected by fragment scis-
sion using Type IIS restriction enzymes (7). Since the size of 
a PCR product is directly determined without the use of any 
fluorescent or radioactive tag, a PCR-RFMP assay can afford 
good analytical sensitivity and accuracy. PCR-RFMP has been 
useful when employed to genotype hepatitis B and C viruses 
(8-10), and a PCR-RFMP protocol for HPV genotyping using 
PGMY09/11 primers has recently been developed (11).

The aim of the present study was to evaluate the analytical 
sensitivity and clinical utility of HPV genotyping using the 
PCR-RFMP assay.

Materials and methods

Construction of DNA templates for HPV types 18, 16 and 11. 
To  evaluate the sensitivity of HPV detection using the 
PCR-RFMP assay, serially diluted HPV DNA clones were 
employed. Plasmid DNA containing the entire genomes of 
HPV types 18 (45152D), 16 (45113D) and 11 (45151D) were 
purchased from ATCC. Plasmid DNA (20 nm) were trans-
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formed into Escherichia coli HB101 competent cells (Takara, 
Otsu, Japan), which were then cultured on Luria-Bertani agar 
plates (USB, Cleveland, OH, USA) with ampicillin (Sigma, 
St. Louis, MO, USA) for 16 h. Selected colonies were incu-
bated in Luria-Bertani broth (USB) with ampicillin for 18 h. 
The DNA of each HPV type was extracted using the Exprep 
GeneAll plasmid SV mini kit (GeneAll, Seoul, Korea).

Determination of limit of detection. Template DNA of plasmids 
carrying HPV types 16, 18 and 11 were set into 2.5x105 copies/
µl, from which they were serially diluted 10-fold into 2.5x10-1 
copies/µl with HPV-negative DNA prepared from cytologically 
normal cervical cells. HPV-negative DNA was prepared from 
pooled cervical cells collected from cytologically normal and 
HPV-negative women by Hybrid Capture  II assay (Qiagen 
Inc., Valencia, CA, USA). Seven concentrations were tested 
in batches of 5 replicates on 5 separate days, giving a total of 25 
replicates at each concentration. The limits of detection (LODs) 
of the PCR-RFMP assay and direct sequencing were calculated 
by probit analysis at 95% of detection using SPSS 13.0 (SPSS 
GmbH Software, Munich, Germany) and compared.

Identification of double infection of HPV genotypes. For HPV 
genotyping and detection of double genotype infections, three 
sets of HPV clonal mixtures (HPV types 16+18, 16+11 and 
18+11) in various mass ratios (9:1, 8:2, 5:5, 2:8 and 1:9) were 
tested by PCR-RFMP assay and by direct sequencing. Any 
mixture that was not correctly typed by either method was 
confirmed using type-specific PCR tests for HPV.

Concordance between PCR-RFMP and direct sequencing. A 
total of 423 thin-prep cervical specimens cytologically catego-
rized into 5 classes were evaluated: normal, atypical squamous 
cells of undetermined significance (ASCUS), low-grade 
squamous intraepithelial lesion (LSIL), high-grade squamous 
intraepithelial lesion (HSIL) and squamous cell carcinoma 
(SCC). The Institutional Review Board for Research on Human 
Subjects of Chung-Ang University College of Medicine 
approved the protocol for the use of clinical specimens. DNA 
was extracted from thin-prep supernates using the QIAamp 
DNA Blood Mini kit (Qiagen, Chatworth, CA, USA) after 
cytological examination requested by clinicians, and sent to 
the HPV laboratories. PCR-RFMP and direct sequencing were 
separately performed in different laboratories. Concordance 
between PCR-RFMP and direct sequencing data were calcu-
lated using κ statistics (SPSS GmbH Software). The incidence 
of multiple HPV infections among HPV-positive patients was 
also analyzed.

HPV PCR-RFMP. PGMY09/11 primers were used for first-
round amplification in both the PCR-RFMP assay and direct 
sequencing (12). The general protocol of the PCR-RFMP 
test has been previously described (11). Briefly, 4 µl of 
DNA were amplified with PGMY09/11 primers, comprising 
two non‑degenerate pools of L1 consensus primers. Second 
round primer pairs comprised a sense primer RFMPF specific 
to bases 6584 to 6603 (5'-GCMCAGGGHCAYAAGGATGAA 
TGG-3') and an antisense primer RFMPR specific to bases 
6657 to 6626 (5'-GTACTDCKDGTRGTATCHACMACG 
GATGTAACAAA-3'). The underlined 5-nucleotide sequence 

(GGATG) embedded in the primers introduced a FokI site (a 
neoschizomer of BtsCI) in the amplicon. Restriction enzyme 
digestion of PCR products was performed by mixing the PCR 
reaction mixtures with 10 µl of buffer containing 50  mM 
potassium acetate, 20 mM Tris-acetate, 10 mM magnesium 
acetate, 1 mM dithiothreitol and 1 unit of FokI and BtsCI. The 
reaction mixtures were incubated at 37˚C for 1 h. The resulting 
digest was purified by vacuum filtration through 96-well 
Oasis® µElution Plates (Waters, Tokyo, Japan). The desalted 
reaction mixtures were resuspended with matrix solution 
containing 15 mg/ml 3-hydroxypicolinic acid, 0.023 M ammo-
nium citrate and 12% acetonitrile, and spotted in 3-µl volumes 
on a polished MTP AnchorChip™ plate (Bruker Daltonics). 
Mass spectra were acquired with the aid of installed software 
(flexcontrol 3.0) on a Microflex linear MALDI-TOF mass 
spectrometer (Bruker Daltonics).

Direct sequencing for HPV. DNA (4 µl) was amplified with 
PGMY09/11 primer sets and purified with the QIAquick 
PCR purification kit (Qiagen) according to the manufacturer's 
instructions. Purified amplicons were sequenced with the 
BioDyeR Terminator v3.1 Cycle Sequencing kit (Applied 
Biosystems, Foster City, CA, USA). The resulting sequences 
were compared to HPV reference sequences from the Los 
Alamos National Laboratories HPV Database (http://hpv-web.
lanl.gov) using Clustal X and Genedoc softwares.

Type-specific PCR for HPV types 18 and 16. A subset of clone 
mixtures that showed incorrect results with either RFMP or 
sequencing was amplified with type-specific HPV primers to 
verify the adequacy of the mixtures. Type-specific PCR primer 
sets were: 16 F-5'-GCACAGGGCCACAATAATGG-3'; 16 R-5'-
GGGAGGTTGTAGACCAAAATTCCA-3'; 18 F-5'GCACAG 
GGTCATAACAATGG-3'; 18 R-5'-CGGGGGGGGAACACC 
AAAGTTCCA-3'. After initial denaturation at 94˚C for 5 min, 
70 cycles of 94˚C for 15 sec, 55˚C for 15  sec and 72˚C for 
30 sec were performed. Final extension was at 72˚C for 5 min. 
PCR products (5 µl) were electrophoresed on a 2% agarose gel 
and the remaining products were sequenced to verify the type 
of HPV amplified.

Results

Limits of detection for PCR-RFMP and sequencing. The 
PCR-RFMP assay had a lower LOD than direct sequencing, as 
calculated by probit analysis at the 95% positivity level when 
25 replicates of HPV DNA were tested (Table I). As shown in 
Table II, the LODs for PCR-RFMP and sequencing were 21 vs. 
496 copies/ml for type 16, 424 vs. 429 copies/ml for type 18 
and 1,162 vs. 4,542 copies/ml for type 11, respectively.

Identification of double infection of HPV genotypes. The 
PCR-RFMP assay was 100% accurate when the three  types 
of clone mixtures were used to detect double HPV infections. 
However, direct sequencing detected only type 16 in type 16+18 
mixtures and type 11 in type 18+11 mixtures. Sequencing failed 
to find any HPV in 16+11 mixtures (Table  III). The mixtures 
that were incorrectly typed by direct sequencing were verified 
to be authentic by amplifying HPV types 16 and 18 separately 
using type-specific primers (data not shown).
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Concordance between PCR-RFMP and direct sequencing. 
Upon analysis of the 423 clinical specimens, the agreement 
between the two methods was 91.0% with a κ-value of 0.86 
(Table  IV). The detailed agreement in clinical specimens 
stratified by 5 cytological classes is summarized in Table V.

Detection of multiple HPV infection. Of the 423 clinical 
specimens, 348 (82.3%) and 334 (79.0%) were HPV-positive as 
determined by PCR-RFMP and direct sequencing, respectively. 
The incidence of multiple HPV infection among HPV-positive 
patients was 19.0% (66/348) by PCR-RFMP and 5.4% (18/334) 
by sequencing (Table VI).

Clinical performance of PCR-RFMP and direct sequencing. 
Out of 423 cases, 101 were followed-up with a biopsy. 
According to the initial cytology, 5 cases were normal, 49 were 
LSIL, 23 were HSIL and 24 were squamous cell carcinoma.

Histological diagnosis of a lower grade than cervical 
intraepithelial neoplasm (CIN) 2 was considered as disease-
positive, and test results containing at least one high-risk HPV 
type were considered test-positive. Among the 101 histologi-
cally diagnosised specimens, 50 were disease-positive. Test 
positivity related to histological grade is shown in Table VII. 

Clinical sensitivity, specificity, and positive and negative 
predictive value calculations are shown in Table VIII.

Discussion

We evaluated the analytical sensitivity and the clinical utility 
of a newly developed HPV genotyping tool, the PCR-RFMP 

Table I. Positive rate of each concentration of HPV DNA when 
25 replicates of each concentration were tested by PCR-RFMP 
and direct sequencing.

HPV	 PCR-RFMP	 Sequencing
	 -----------------------------------------	 ------------------------------------------
	 Positive/tested	 (%)	 Positive/tested	 (%)

Type 16
  2.5x105	 25/25	 100	 25/25	 100
  2.5x104	 25/25	 100	 25/25	 100
  2.5x103	 25/25	 100	 25/25	 100
  2.5x102	 25/25	 100	 23/25	   92
  2.5x101	 25/25	 100	 0/25	     0
  2.5x100	 3/25	   12	 0/25	     0
  2.5x10-1	 2/25	     8	 0/25	     0

Type 18
  2.5x105	 25/25	 100	 25/25	 100
  2.5x104	 25/25	 100	 25/25	 100
  2.5x103	 25/25	 100	 25/25	 100
  2.5x102	 24/25	   96	 21/25	   84
  2.5x101	 4/25	   16	 9/25	   36
  2.5x100	 1/25	     4	 0/25	     0
  2.5x10-1	 0/25	     0	 0/25	     0

Type 11
  2.5x105	 25/25	 100	 25/25	 100
  2.5x104	 25/25	 100	 25/25	 100
  2.5x103	 25/25	 100	 20/25	   80
  2.5x102	 16/25	   64	 6/25	   24
  2.5x101	 0/25	     0	 0/25	     0
  2.5x100	 0/25	     0	 0/25	     0
  2.5x10-1	 0/25	     0	 0/25	     0

Table II. Limits of detection (LODs) of the PCR-RFMP and 
direct sequencing calculated by probit analysis at the 95% 
positivity level.

HPV type	 LOD (copies/µl)
	 ----------------------------------------------------------------------
	 PCR-RFMP	 Sequencing

Type 16	     21	   496 
Type 18	   424	   429
Type 11	 1,162	 4,592

LOD for each HPV type was calculated based on the data shown in 
Table I.

Table III. Identification of double HPV infections in three 
types of clone mixtures.

	 Ratio	 Replicate	 PCR-	 Sequencing
		  no.a	 RFMP

Type 16+18
	 9:1	 5	 16+18	 16
	 8:2	 5	 16+18	 16
	 5:5	 5	 16+18	 16
	 2:8	 5	 16+18	 16
	 1:9	 5	 16+18	 16
Type 16+11
	 9:1	 5	 16+11	 Mixture
				    (not defined)
	 8:2	 5	 16+11	 Mixture
				    (not defined)
	 5:5	 5	 16+11	 Mixture
				    (not defined)
	 2:8	 5	 16+11	 Mixture
				    (not defined)
	 1:9	 5	 16+11	 Mixture
				    (not defined)
Type 18+11
	 9:1	 5	 18+11	 11
	 8:2	 5	 18+11	 11
	 5:5	 5	 18+11	 11
	 2:8	 5	 18+11	 11
	 1:9	 5	 18+11	 11

aFive replicates of each mixture were tested and all results were in 
agreement. The authenticity of all mixtures incorrectly typed by 
sequencing was verified using type-specific PCR.
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assay. The assay had a higher analytical sensitivity, expressed 
as a lower LOD, compared to the well-established automated 
direct sequencing method of genotyping. The performance 
of the new assay in the detection and identification of double 
HPV infections was excellent. When clinical specimens were 
tested, good agreement was found between the PCR-RFMP 
assay and direct sequencing data.

This is the first study to evaluate the analytical sensi-
tivity and detection accuracy of multiple HPV infections 
using the PCR-RFMP assay and model mixtures of cloned 
HPV genomes. Only one previous report on the utility of 
PCR-RFMP for HPV genotyping has been published (13). 
In that study, cervical scrapes from 50 HPV-positive patients 
were used, whereas we employed 423 clinical specimens 
covering all cytological stages from normal to SCC. This may 
explain the relatively lower concordance rate (385/423, 91.0%) 
between PCR-RFMP and sequencing data in the present study, 
compared to that of the cited study (49/50, 98.0%).

The differences in HPV type-specific sensitivities observed 
in the present study may be caused by mismatches between 
primers and HPV sequences. An earlier study found that 
GP5+/6+ PCR was of lower sensitivity when used to detect HPV 
types 53 and 61 than MY09/11 PCR. However, MY09/11 PCR 
was less sensitive when used to detect HPV type 35 (14). A 
PGMY09/11 reverse line blot test, using the same primers as 
those employed in the PCR-RFMP assay, offered a higher 

detection rate for HPV types 42, 56 and 59, compared to the 
results of the SPF10-PCR test (15).

Ultra-sensitivity of an HPV DNA test is not necessarily 
clinically desirable, as this may encourage unnecessary follow-
up involving colposcopy and further treatment, possibly 
resulting in a negative obstetric outcome (16). However, with 
the advent of HPV vaccines, a high analytical sensitivity of 
HPV genotyping is necessary in order to monitor the efficacy 
of prophylactic HPV vaccination. This is an issue that is clearly 
different from the clinically relevant sensitivity value (17).

Turning to the ability of the tests to detect multiple infec-
tions, PCR-RFMP was 100% accurate when mixtures of cloned 
HPV DNA were evaluated. Conventional sequencing was not 
satisfactory when double infections were present, revealing 
a limitation of the fluorescence-based assay. When clinical 
specimens were tested, PCR-RFMP found a 19% (66/348) 
incidence of multiple HPV infections among HPV-positive 
women, whereas sequencing detected a frequency of only 5.4% 
(18/334). Thus, variation in methodological accuracy may 
affect the detected frequencies of multiple HPV infection in 
epidemiological studies. Variable proportions of HPV-positive 
women with multiple infections have been previously reported; 
frequencies ranged from 11.5% in Turin, Italy (18), to 42.4% 
in Ho Chi Minh City, Vietnam (19).

In the present study, the agreement in HPV genotyping 
data between the PCR-RFMP assay and direct sequencing 

Table IV. Comparison of the results of PCR-RFMP and direct sequencing with respect to carcinogenic risk categories of HPV.

No. (%) of specimens with	 Sequencing
the indicated results	 -----------------------------------------------------------------------------------------------------------------------------------------------------------------
	 HR	 OTH	 NEG	 Total

PCR-RFMP
  HR	 198 (46.8)	 16   (3.8)	 7   (1.7)	 221   (52.3)
  OTH	 8   (1.9)	 112 (26.5)	 7   (1.7)	 127   (30.0)
  NEG	 0   (0.0)	 0   (0.0)	 75 (17.6)	 75   (17.7)
  Total	 206 (48.7)	 128 (30.3)	 89 (21.0)	 423 (100.0)

The HPV carcinogenic risk categories were as follows: HPV types 16, 18, 31, 33, 35, 39, 51, 52, 56, 58, 59 and 66 were classified as ‘high-risk’ 
(HR) genotypes, and the remainder as ‘other’ (OTH) genotypes. NEG, HPV-negative results.

Table V. Concordance between the results of PCR-RFMP and direct sequencing, with respect to cytological diagnosis.

Cytological	 No. of specimens	 Concordance between RFMP and sequencing
diagnosis		  ------------------------------------------------------------------------------------------------------
		  Agreement (%)	 κ-value (95% CI)

NL	   50	 88.0	 0.79 (0.63-0.94)
ASCUS	 100	 89.0	 0.83 (0.74-0.93)
LSIL	 157	 91.1	 0.84 (0.76-0.92)
HSIL	   92	 94.6	 0.65 (0.36-0.93)
SCC	   24	 91.7	 0.76 (0.45-1.00)
Total	 423	 91.0	 0.86 (0.81-0.90)

NL, normal; ASCUS, atypical squamous cells of undetermined significance; LSIL, low-grade squamous intraepithelial lesion; HSIL, high-
grade squamous intraepithelial lesion; SCC, squamous cell carcinoma.
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gradually increased as the extent of cytological abnormality 
increased from normal (44/50, 88.0%) to HSIL (87/92, 94.6%). 
However, concordance decreased to 91.7% when SCC samples 
(22/24) were tested, which may be explained by the smaller 
sample size of the SCC group. Generally, higher agreement 
between various HPV test methods becomes evident as the 
cytological grading of cervical scrapes tends towards a more 
advanced pathological grade (20).

A limitation of the present study is that the clinical 
sensitivity or specificity of the PCR-RFMP method could 
not be fully investigated. Due to the short duration or loss 
of follow-up, only 101 histologically diagnosed cases out 
of 423 cytological specimens were available for evaluation. 
Although the proportion of histologically confirmed cases was 
not satisfactory, the clinical sensitivity of PCR-RFMP was 

still better than that of direct sequencing. Further examination 
of patients with confirmed clinical outcomes, and for whom 
histological diagnoses are available, will validate the clinical 
utility of HPV genotyping using the PCR-RFMP assay.

In conclusion, we demonstrated that HPV testing using the 
recently introduced PCR-RFMP assay offers high analytical 
and clinical sensitivity and the advantage of reliable detec-
tion of multiple HPV infections. Good correlation with direct 
sequencing data was apparent when clinical specimens were 
tested.

Table VI. Type of detection of HPV infection by PCR-RFMP and direct sequencing.

	 PCR-RFMP
	 ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
Type of infection	 NL	 ASCUS	 LSIL	 HSIL	 SCC	 Total (%)

Negative	 28	   37	     8	   1	   1	   75
Single	 20	   52	 108	 78	 19	 277
Multiple	   1	   10	   39	 13	   3	   66
Undetermined	   1	     1	     2	   0	   1	     5
Total	 50	 100	 157	 92	 24	 423

	 Sequencing
	 ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
Type of infection	 NL	 ASCUS	 LSIL	 HSIL	 SCC	 Total (%)

Negative	 32	   42	   11	   3	   1	   89
Single	 16	   50	 131	 85	 19	 301
Multiple	   0	     5	     9	   4	   0	   18
Undetermined	   2	     3	     6	   0	   4	   15
Total	 50	 100	 157	 92	 24	 423

NL, normal; ASCUS, atypical squamous cells of undetermined significance; LSIL, low-grade squamous intraepithelial lesion; HSIL, high-
grade squamous intraepithelial lesion; SCC, squamous cell carcinoma.

Table VII. Positivity test with respect to histological grades.

Histological	 PCR-RFMP	 Sequencing
grades	 ---------------------------------------	 --------------------------------------
	 Test (+)a	 Test (-)	 Test (+)a	 Test (-)

Negative	 18	 20	 11	 27
CIN1	   5	   8	   8	   5
CIN2	 18	   0	 17	   1
CIN3	   8	   0	   7	   1
SCC	 20	   4	 18	   6
Total	 69	 32	 61	 40

aA result containing at least one high-risk HPV type was considered as 
test (+), otherwise as (-). CIN, cervical intraepithelial neoplasm.

Table VIII. Clinical performances of PCR-RFMP and direct 
sequencing for HPV genotyping.

	 PCR-RFMP	 Sequencing
	 ---------------------------------------	 --------------------------------------
	 Test (+)a	 Test (-)	 Test (+)a	 Test (-)

Disease (+)b	 46	   4	 42	   8
Disease (-)	 23	 28	 19	 32

Clin sensi	 (46/50) x100 = 92%	 (42/50) x 100 = 84%
Clin spec	 (28/51) x 100 = 55%	 (32/51) x 100 = 63%
PPV	 (46/69) x 100 = 67%	 (42/61) x 100 = 69%
NPV	 (28/32) x 100 = 88%	 (32/40) x 100 = 80%

aA test result containing at least one high-risk HPV type was con-
sidered as test (+). bHistological diagnosis with a lower grade than 
cervical intraepithelial neoplasm (CIN) 2 was considered as disease 
(+). Clin sensi, clinical sensitivity; Clin spec, clinical specificity; PPV, 
positive predictive value; NPV, negative predictive value.
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