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Specific assays capable of distinguishing normal and
atypical cervical changes from pre-cancerous lesions
are direly needed to improve screening for cervical
cancer. Specific genes transcripts that are up-regu-
lated in dysplastic and cancer cells can be exploited as
new markers for cervical cancer screening provided
that they can be detected in heterogeneous popula-
tions such as those collected for Papanicolaou tests.
We hypothesized that expression of the HPV early
region gene E7 might distinguish between normal
samples (absent expression) and high-grade lesions
(detectable E7 expression). Our goal was to detect and
measure gene expression in cells scraped from the
cervix using real time quantitative reverse transcrip-
tion-polymerase chain reaction (TaqMan). We have
optimized collection and extraction procedures to
provide suitable RNA for TaqMan analysis in clinical
samples collected for cervical cancer screening and
have demonstrated efficient measurements of house-
keeping genes in these samples. HPV 16 or 18 early
gene E7 transcripts were detected in 47% of samples
with a clinical diagnosis of high-grade SIL and in 0%
of cytologically normal samples (P � 0.006). Our
study demonstrates that the TaqMan assay can be
reliably applied to samples collected for cervical can-
cer screening, and that presence of detectable HPV E7
transcripts can distinguish between normal and ab-
normal samples. (J Mol Diagn 2002, 4:97–102)

World-wide, cervical cancer is the leading cause of can-
cer morbidity in women.1 Human cervical epithelium can
undergo a series of progressive neoplastic changes

known as cervical dysplasia, cervical intraepithelial neo-
plasia (CIN), or squamous intraepithelial lesions (SIL) of
graded severity that, in certain instances, are precursors
to invasive cervical cancer. Papanicolaou smear screen-
ing is a cytological test that successfully detects cervical
cancer precursors and has resulted in a significant de-
crease in cervical cancer incidence in countries where it
has been implemented.1–3 However, this test also de-
tects a high proportion of clinically insignificant minor
abnormalities resulting in stressful and expensive medi-
cal intervention.4 In addition, the Papanicolaou test re-
quires highly trained specialists and expertise not avail-
able in most developing countries.

Human papilloma virus (HPV) is present in approxi-
mately 90% of high-grade dysplasias and cervical can-
cers.5 While measurement of HPV DNA is sensitive, the
high prevalence of HPV in asymptomatic populations
may limit its usefulness as a screening test.6–8 Therefore,
the availability of specific diagnostic markers to discrim-
inate patients with clinically benign atypical changes
from those with cancer and high-grade dysplasia would
be extremely useful. Measurement of HPV neoplastic
activity such as expression of early region transcripts
might provide such distinction. RNA levels can be mea-
sured in cultured cells and tissues using recent techno-
logical advances in reverse transcription-polymerase
chain reaction (RT-PCR) that allow rapid and accurate
quantitative analyses,9–11 including applications suitable
for samples with moderately or highly degraded RNA
such as commonly found in clinical specimens.12 The
present study is the first demonstration of the feasibility of
measuring RNA transcripts in samples collected for cer-
vical cancer screening using real time quantitative RT-
PCR (TaqMan). Sample collection and RNA extraction
procedures were optimized for the TaqMan assay to
allow reliable expression measurements of housekeeping
genes in clinical samples. Expression of the HPV 16 or 18
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E7 oncogene was detected in 47% of samples from
women with high-grade SIL and 0% of samples from
women with normal cytology, indicating that E7 expres-
sion is technically feasible in these samples and may
have diagnostic significance.

Materials and Methods

Collection Methods

Cervical cells were collected from patients receiving Pa-
panicolaou smears at the University of California at San
Francisco (UCSF). The UCSF Committee on Human Re-
search approved the protocol for enrolling subjects and
collecting samples. In the gynecology clinic, where con-
ventional Papanicolaou smears are made, cells remain-
ing on the collection devices after preparation of the
clinical sample were collected for study purposes. In the
dysplasia clinic, where liquid-based Papanicolaou tests
are used for clinical diagnosis, a second cervical scrape
with a spatula and a brush was obtained for study pur-
poses. The collection devices containing the study sam-
ple were immediately agitated in a 50-ml centrifugation
tube containing either 3 ml of Trizol reagent (Gibco, Life
Technologies), or 12 ml of Dulbecco’s modified Eagle’s
medium (DME), or 95% ethanol. Eight to 10 clinical sam-
ples were collected into each of the different collection
media for comparison. Trizol suspensions were immedi-
ately snap-frozen in liquid nitrogen. Cell suspensions in
DME or ethanol were centrifuged at 1200 rpm for 10
minutes. The supernatant was decanted and the cell
pellet snap-frozen in liquid nitrogen. Samples were frozen
within 20 minutes of collection and stored at �80°C until
RNA extraction. Diagnoses of samples in Table 2 are
from cytology reports of the corresponding clinical Papa-
nicolaou smear samples signed out by cytopathologists
at UCSF.

Extraction Methods

Different RNA extraction procedures were tested for their
ability to provide RNA that would be suitable for the
TaqMan assay. Frozen cell pellets were thawed on ice for
5 minutes, centrifuged at 1600 rpm, and the remaining
supernatant was removed.

RNeasy Extraction

Cell pellets were resuspended in 350 �l of RNeasy
(RLT) lysis buffer from the RNeasy kit (Qiagen Inc, Va-
lencia, CA) and homogenized through Qiashredder col-
umns (Qiagen). RNA extraction was performed through
RNeasy columns according to manufacturer’s instruc-
tions. Extracted RNA was eluted with 45 �l of diethylpy-
rocarbonate (DEPC) water.

Trizol Extraction

One ml of Trizol solution was added to cell pellets. The
samples were homogenized by aspirating approximately

10 times through a 23-gauge needle before chloroform
extraction and ethanol precipitation following manufac-
turer’s instructions. In some cases, the upper phase after
chloroform extraction was collected and re-extracted with
acidic phenol and chloroform before ethanol precipita-
tion. RNA precipitates were resuspended in 45 �l of
DEPC water.

The purity and quantity of RNA obtained by these
extraction methods was measured by optical density
reading (OD) at 260 nm and 280 nm. Integrity of RNA
samples was assessed by Agilent biosizing gel separa-
tion. Agilent technology was not used to quantify RNA.

RT-PCR

The reverse transcription reaction was performed in 100-
�l-volume consisting of the following mixture: 5 �l of RNA
template (100 to 300 ng as measured by OD), 1 mmol/L
each dNTP (Roche Molecular Systems, Alameda, CA,
USA), 5 �mol/L random hexamers (Invitrogen, Carlsbad,
CA, USA), 250 units of Moloney murine leukemia virus
(MMLV) reverse transcriptase (RT) (Invitrogen), 40 units
of RNase inhibitor (Roche Molecular Systems), 7.5
mmol/L MgCl2, and 1X PCR buffer (Applied Biosystems,
Foster City, CA, USA). The reaction was carried out in
RNase-free condition at 25°C for 10 minutes, 48°C for 40
minutes, and 95°C for 5 minutes in a Perkin Elmer
GenAmp PCR cycler. Each RT reaction was accompa-
nied by a “no RT” control in which the reverse transcrip-
tase was replaced by DEPC water. The cDNA was stored
at �20°C until use in the TaqMan PCR reaction.

The PCR reaction was carried out in 50-�l volumes
containing 10 �l of cDNA template from the RT reaction,
200 to 500 nmol/L of each primer, 100 to 200 nmol/L of
probe, 200 �mol/L of each dNTPs (Roche Molecular
Systems), 1X TaqMan PCR buffer A (Applied Biosys-
tems), 0.025U/�l Taq Gold polymerase (Applied Biosys-
tems) and 5.5 mmol/L MgCl2. PCR was performed as
follows: 95°C for 12 minutes to activate the Taq Gold, 45
cycles of 95°C for 15 seconds, and 60°C for 1 minute,
consecutively. Each amplification experiment was per-
formed in a 96-well PCR plate covered with optical caps
in the ABI 7700 real-time PCR instrument.

Primers and Probes

All TaqMan PCR primers and probes were designed by the
Genome Core Facility at the Cancer Research Institute of
UCSF using Primer Express Software (Applied Biosystems)
and synthesized by Integrated DNA Technologies (Cor-
alville, IA). Fluorescent probes were labeled at the 5� end
with 6-carboxy fluorescein (FAM) and the 3� end with 6-car-
boxy tetramethyl rhodamine (TAMRA). �-glucuronidase
(GUS) intron spanning primers and probes amplifying an
81-bp fragment, and glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH) primers amplifying a 72-bp sequence,
have been previously published.12 HPV type-specific prim-
ers for E7 were synthesized to amplify an 82-bp fragment for
HPV 16 (forward primer 5�-CCGGACAGAGCCCATTACA-
AT-3�, reverse primer 5�-ACGTGTGTGCTTTGTACGCAC-
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3�, probe 5�-(FAM)-TGTTGCAAGTGTGACTCTACGCTTC-
GGT-(TAMRA)-3�, and an 81-bpfragment for HPV 18
(forward primer 5�-GACTCAGAGGAAGAAAACGAT-
GAAA-3�, reverse primer 5�-GTGACGTTGTGGTTCG-
GCT-3�, probe 5�-(FAM)-TGGAGTTAATCATCAACATT-
TACCA-(TAMRA)-3�. E7 primers were selected to
amplify regions of sequence diversity between HPV 16
or 18 to limit cross-reactivity with other HPV types.
Alignment of the 28 bases of the HPV 16 TaqMan probe
with homologous sequences in HPV 18, 6, and 11
revealed 10, 15, and 14 shared bases respectively (35,
54, and 50% identity). Alignment of the 30 bases of the
HPV 18 TaqMan probe with HPV 16, 6 and 11 se-
quences revealed 9, 9, and 8 shared bases respec-
tively (30, 30, and 27% identity). The low degree of
homology makes cross-reactivity of the probes with low
risk viral types extremely unlikely.

Measurements

Data from the ABI Prism 7700 sequence detection instru-
ment were analyzed with Sequence Detector software
version 1.6.3 and 1.7.12 The numeric data were then
imported to an MS Excel spreadsheet for further analysis.
Relative expression of each mRNA species was ex-
pressed as the cycle threshold (CT) value reached during
the amplification reaction. The CT represents the cycle
number at which the sample amplification plot reaches a
fluorescence threshold above background. Higher ex-
pression of a transcript is reflected by lower CT values,
since the amplification products reach the critical thresh-
old sooner than less abundant transcripts. For E7 mea-
surements, we compared the CT value of the “no-RT”
control to that of the “plus RT” measurement. Due to
the exponential nature of the PCR reaction, a CT value
of the “no-RT” control that is four cycles higher than
that of the RT sample indicates that 2�4 �100 (6.2%) of
the “plus RT” signal generated is the result of contam-
inating DNA. Therefore, for our data analysis of E7
expression, we considered a CT value significant when
it was at least four cycles lower than the CT value of the
corresponding “no RT” control.

RT linearity was assessed in our clinical samples by
using increasing amount of RNA in the RT reaction and
performing the PCR amplification with constant volume
input of cDNA. Efficiency was determined using the
equation 10∧ (1/�slope)�1.

Controls

In each amplification reaction, a “no RT” control was run
concurrently with the test samples, to determine possible
contribution of genomic DNA or cDNA contaminants. To
establish reproducibility, PCR reactions were always per-
formed in duplicate or triplicate for all of the samples
depending on the amount of RNA available. Human cer-
vical cancer cell lines were used as a source of HPV E7
RNA (CaSki for HPV 16 and HeLa for HPV 18).

Statistical Analysis

Fisher’s exact test was used to compare proportions of
samples with measurable E7 expression in different clin-
ical categories. Two-sided Student’s t-test was used to
compare RNA yield and absorbance ratios for the differ-
ent RNA extraction procedures.

Results

Cervical cells scraped from the cervix exhibited a high
proportion of degraded RNA despite immediate freezing
in liquid nitrogen after collection into Trizol, cell culture
medium, or ethanol (Figure 1). There were no significant
differences in RNA yield or size based on comparisons of
8 to10 samples in each of the collection media. Trizol was
rejected as a collection solution due to concerns about
exposure of patients and providers to its toxicity. RNA
extracted from samples collected in ethanol contained
variable amounts of genomic DNA (data not shown).
Therefore, we chose to collect cervical samples into DME
cell culture medium.

RNeasy versus Trizol RNA Extraction

Direct comparison of RNA extracted by different methods
from the same sample is shown in Figure 2, in which pairs
of clinical samples were pooled, divided equally and
processed in parallel for RNA extraction by RNeasy and
Trizol protocols. Yield and purity of RNA extracted by
different methods from unmatched samples are com-

Figure 1. RNA from cells scraped from the cervix demonstrates variable
degrees of degradation regardless of collection method. Cells scraped from
the cervix were collected directly into Trizol (lanes 1 and 2), into DME
(lanes 3 and 4) or into 95% ethanol (lanes 5 and 6) and immediately
snap-frozen in liquid nitrogen. RNA was extracted with Trizol and analyzed
by Agilent biosizing gel electrophoresis. RNA quantity was calculated from
the absorbance at 260 nm, and 1 �l (approx 100 ng) was loaded per lane.
Ribosomal RNA was used as the molecular weight maker (lane 0); positions of
28S and 18S rRNA are indicated on the left. Arrow (right) indicates 200 bp.
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pared in Table 1. The average total yield of RNA obtained
with the RNeasy columns was much lower (mean, 361
ng) than the amount obtained with the other methods, but
RNeasy produced RNA of higher purity as indicated by
the higher 260/280 absorbance ratio (Table 1). The lower
yields obtained with RNeasy columns reflect the fact that
RNA from cervical samples is partially degraded, and
RNeasy extraction excludes small RNA molecules (com-
pare Figure 2B and Figure 2C for each parallel sample
nos. 1 to 3). The average yield of RNA extracted with
RNeasy is insufficient for expression measurements of
several genes in replicates by TaqMan RT-PCR. On the
other hand, Trizol extraction recovers both small and
large RNA fragments that are more representative of the
clinical samples. To improve the quality and yield of RNA
extracted with Trizol, re-extraction with acidic phenol-

chloroform was performed and resulted in a significant
increase in RNA yield (3.6 �g versus 5.7 �g, P � 0.02).
However, the difference in the mean 260/280 absorbance
ratios (1.5 vs. 1.6) was not significant (Table 1 and Figure
2A).

TaqMan Expression Measurements from Cells
Scraped from the Cervix

Measurement of Housekeeping Genes

Godfrey et al12 have shown that sensitive and linear RNA
transcript measurements can be obtained from formalin-
fixed paraffin embedded clinical samples despite signif-
icant RNA degradation, as long as the amplicon size is
�130 bases.We chose to validate performance of the
TaqMan assay in our clinical application (cells scraped
from the cervix) using �-GUS and GAPDH genes, as they
are well accepted as internal standards13–15 and have
been optimized for this assay.12 To test the effect of
degraded RNA on the RT efficiency, GAPDH was ampli-
fied from a pooled clinical sample equally divided and
extracted in parallel by RNeasy and Trizol/phenol-chloro-
form procedures. Although RNA extracted with Trizol/
phenol-chloroform was more degraded than RNA ob-
tained with RNeasy extraction, it still reverse transcribed
linearly and with slightly higher efficiency than RNA ex-
tracted with RNeasy (83% versus 62%, Figure 3A). As a
result, all subsequent measurements were performed us-
ing RNA extracted with Trizol/phenol-chloroform.

RNA from clinical samples prepared with Trizol/phe-
nol-chloroform demonstrated linear TaqMan measure-
ments of GUS and GAPDH (Figure 3B). The efficiency
was calculated from the slope and was 77% for GUS and
92% for GAPDH. These data demonstrate reliable perfor-
mance in the TaqMan assay for two common housekeep-
ing genes using RNA from clinical Pap samples.

HPV Early Gene E7 Expression in Cervical Samples
with High-Grade Dysplasia

HPV 16 and 18 are the most common HPV types
present in high-grade dysplasia and cancer,5 and were
therefore selected as initial HPV types to be tested for E7
expression with TaqMan technology. HPV 16 E7 and HPV
18 E7 TaqMan PCR primers and probes were designed

Figure 2. Direct comparisons of RNA yield, purity, and integrity using dif-
ferent RNA extraction procedures. Pairs of clinical samples were pooled,
divided into two equal aliquots, and extracted in parallel with RNeasy or
Trizol. RNA concentration and yield were calculated from absorbance at 260
nm. In A, values in italics were obtained after an additional acidic phenol-
chloroform extraction of the Trizol-extracted RNA. RNA size was assessed by
Agilent gel electrophoresis of samples extracted with RNeasy (B), and Trizol
(C). One ul was added to each lane, corresponding to approximately 25 ng
(B) and 100 ng (C). Numbers 1 to 3 above each lane in B and C correspond
to the samples number in A; matched numbers represent identical aliquots
extracted in parallel. Ribosomal RNA was used as the molecular weight
maker (lane 0); positions of 28S and 18S rRNA are indicated on the left.
Arrow (right) indicates 200 bp.

Table 1. Comparison of Three Methods of RNA Extraction of Cells Scraped from the Cervix

RNA extraction method

RNeasy
(n � 5)

Trizol
(n � 8)

Trizol followed by acidic
phenol-chloroform re-extraction

(n � 21)

Mean yield* (ng) � SD 361 � 313 3650† � 1827 5730† � 2043
Range of RNA yields 96–874 2144–7956 2556–8719
Mean OD ratio (260/280) � SD 2.0‡ � 0.1 1.5‡ � 0.08 1.6‡ � 0.1

*Yield was calculated from the absorbance at 260 nm.
†The difference in yield between RNeasy and the other extraction methods is statistically significant (p � 0.01). The difference in yield between

Trizol versus Trizol/acidic phenol-chloroform is also statistically significant (p � 0.02).
‡ The difference in absorbance ratio between RNeasy and the other extraction methods is statistically significant (p � 0.0001). The difference in

absorbance ratio between Trizol versus Trizol/acidic phenol-chloroform is not statistically significant (p � 0.3).
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to produce short amplicons (82 and 81 bases, respec-
tively) and were tested on cDNA from CaSki and HeLa
human cervical cancer cell lines. CaSki (HPV 16) and
HeLa (HPV 18) cervical cancer cell lines were used to
measure the ability of HPV 16 and 18 E7 primer pairs to
detect the cognate E7 mRNA (Figure 4). While HPV 16 E7
primers were restricted to measuring E7 in cDNA from
CaSki cells and did not measure HPV 18 E7 in cDNA from
HeLa cells, HPV 18 E7 primers showed a low level of
detection in cDNA from in CaSki cells. However the dif-
ference in Ct values for HPV 18 E7 between HeLa and
CaSki cells was �10 cycles, indicating that the relative
contribution of mismatched E7 primer-probes in clinical
samples would be vanishingly small (�2�10).

HPV 16 and 18 E7 transcripts were measured in cer-
vical samples collected from women with corresponding
normal and high grade Papanicolaou smears (Table 2). A
sample was scored as positive for E7 expression when
the CT value was at least four cycles lower than the CT

value of the corresponding “no RT” control, representing
a signal that was due to the presence of RNA and not

contaminating DNA. Using this criterion, E7 RNA tran-
scripts from HPV 16 or HPV 18 were detected in cells
scraped from the cervix of 7 of 15 women with cytologi-
cally diagnosed high-grade dysplasia. Five high-grade
samples demonstrated expression of either HPV 16 or 18
E7 RNA, and three high-grade samples demonstrated
expression of E7 from both HPV 16 and 18 (Table 2).
None of the samples from women with cytologically nor-
mal Papanicolaou smears had detectable HPV 16 or 18
E7 RNA expression (Table 2). The difference in E7 de-
tection between dysplastic versus normal samples is sta-
tistically significant (P � 0.006).

Discussion

This report is the first demonstration that TaqMan RT-PCR
can reliably measure gene expression in RNA extracted
from samples collected for cervical cancer screening.
The experimental use of cells scraped from the cervix to
detect RNA transcripts has been previously exploited
only in a limited number of studies and has required the
use of two rounds of PCR amplification.16–18 A large
proportion of RNA extracted from the cervical cell sam-
ples was approximately 200 bp in length. Partial RNA
degradation has previously been reported in cells from
Papanicolaou smear samples and has been attributed to

Figure 3. Efficient and linear measurements of housekeeping genes in clin-
ical samples collected for cervical cancer screening by TaqMan. A: Increasing
amounts of RNA in the RT reaction were used to measure GAPDH amplifi-
cation using RNA extracted by RNeasy or Trizol/phenol-chloroform. The “no
RT” controls contained the highest amount of RNA that was used in the RT
reaction, but the RT enzyme was omitted. Each data point indicates average
of duplicate determinations with error bars corresponding to the SD. Num-
bers next to the lines indicate the slopes. B: Simultaneous amplification of
GAPDH (circles) and GUS (triangles) using RNA extracted with Trizol/
phenol-chloroform from a single clinical sample. The “no RT” control con-
tained the highest amount of RNA that was used in the RT reaction, but the
RT enzyme was omitted. Each data point indicates average of duplicate
determinations with error bars corresponding to the SD. Numbers next to the
lines indicate the slopes.

Figure 4. Measurement of HPV 16 and 18 E7 in cervical cancer cell lines by
TaqMan. The specificity of E7 primers for their respective HPV types were
tested using RNA extracted from both Caski (HPV 16) and HeLa (HPV 18)
cells (white bars). “No RT” controls (dark gray bars) were corresponding
reactions in which the RT enzyme was omitted. Each data point indicates
average of duplicate determinations with error bars corresponding to the SD.

Table 2. Detection of E7 RNA Expression by TaqMan RT-
PCR in Cytologically Normal and Abnormal Samples

HPV E7 type

Number (%) of
normal samples
with E7 mRNA

Number (%) of
HGSIL samples
with E7 mRNA

16 alone 0 2 (13)
18 alone 0 2 (13)
16 and 18 0 3 (20)

A total of 7 patients with HGSIL had E7 transcripts detected. Five
samples contained type 16 E7 transcripts and 5 samples contained
type 18 E7 transcripts as follows: 2 each with type 16 and type 18
alone, and 3 with both type 16 and 18.
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autolysis that occurs during the normal processes of
epithelial cell maturation and senescence.19 The pres-
ence of partially degraded RNA in cervical samples does
not preclude efficient measurement of RNA transcripts as
long as the amplicon size is kept small.12 In our samples,
measurements of reference gene expression were linear
with respect to input RNA levels regardless of RNA ex-
traction technique used on the clinical samples. As an
automated, high throughput method, TaqMan is a suit-
able scientific platform for validation of potential cervical
cancer screening markers.

Our data demonstrate that TaqMan detects HPV 16 or
18 E7 transcripts in 47% of clinical samples from women
with high-grade dysplasia. HPV 16 or 18 are typically
present in 47 and 5% of high-grade lesions respectively,5

therefore, absence of detectable E7 transcripts in 53% of
dysplastic samples is probably due to the presence of
other HPV types in these samples not detected with our
primer/probe combinations. Detection of HPV early gene
transcripts in cervical dysplasia has been reported in a
few studies.16,17,20 The methods for E7 RNA detection
described here are based on comparing the CT value
with the corresponding “no RT” control, to measure the
presence of E7 transcripts rather than the presence of
viral DNA. HPV DNA is commonly detected in cytologi-
cally normal6–8 and equivocal Pap smears such as low
grade SIL and atypia,21,22 but the status of E7 transcrip-
tion is unknown. High grade SIL and cancer have high
viral loads and high rates of viral integration into the host
cell genome, resulting in up-regulation of genes in the
early region.23–25 Therefore the detection of E7 RNA tran-
scripts may be more specific than the detection of HPV
DNA in the triage of women with minimally abnormal Pap
smears. This work sets the stage for a clinical cohort
study to measure the correlation between the presence of
measurable E7 transcripts, HPV DNA, and disease sta-
tus.
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