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The human papillomavirus oncoproteins E6 and E7 promote cell proliferation and contribute to carcino-
genesis by interfering with the activities of cellular tumor suppressors. We used a small interfering RNA
molecule targeting the E7 region of the bicistronic E6 and E7 mRNA to induce RNA interference, thereby
reducing expression of E6 and E7 in HeLa cells. RNA interference of E6 and E7 also inhibited cellular DNA
synthesis and induced morphological and biochemical changes characteristic of cellular senescence. These
results demonstrate that reducing E6 and E7 expression is sufficient to cause HeLa cells to become senescent.

Human papillomavirus (HPV) infection contributes to the
development of over 90% of anogenital cancers (2). HPVs are
oncogenic because they lack the DNA and RNA polymerases
required for the viral life cycle and therefore must induce
production of host cell replication proteins by driving the host
cell into a proliferative state. The HPV oncoproteins E6 and
E7 direct the progression of the cell cycle and play a major role
in HPV-induced carcinogenesis by interfering with host cell
regulatory proteins (14). The E7 protein inhibits the function
of the retinoblastoma (Rb) family proteins, leading to cell cycle
progression (13). In response to abnormal E7-driven prolifer-
ation, the host cell triggers apoptosis or senescence by activat-
ing the p53 tumor suppressor. To defeat this antiproliferative
host cell response, HPVs produce the E6 protein, which targets
p53 for degradation (12).

While E6 and E7 mask the activities of pS3 and Rb proteins,
HPV-induced malignancies generally maintain wild-type cop-
ies of the p53 and Rb genes. This suggests that reducing E6 and
E7 expression in cells transformed with HPV would restore the
activity of endogenous tumor suppressors and, thus, prevent
proliferation of cells transformed with E6 and E7. Several
laboratories have shown that the introduction of the HPV
transcriptional regulator E2 into cells transformed with HPV
induces either apoptosis or senescence, at least in part by
inhibiting E6 and E7 expression (4, 7, 8, 9, 17). These studies
raise the question of whether E2 expression is necessary to
inhibit growth or whether a reduction in E6 and E7 expression
alone would be sufficient. In order to determine the effects of
reducing E6 and E7 levels in cells without the introduction of
additional proteins, we used RNA interference (RNAi).

RNAI is a process in which double-stranded RNA (dsRNA)
homologous to a specific mRNA dramatically inhibits the ex-
pression of the protein made from that mRNA (3, 16). It has
been shown that small interfering dSRNA of approximately 21
bases (siRNA) potently induces RNAi in mammalian cells
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without provoking a nonspecific interferon response (6). Using
RNAI to specifically reduce expression of E6 and E7, we found
that inhibiting E6 and E7 expression alone is sufficient to
induce senescence in HeLa cells.

siRNA targeting E7 reduces expression of the E6 and E7
viral oncogenes in HeLa cells. To inhibit E6 and E7 expression
in HeLa cells (a cell line transformed with HPV18), we used
19-nucleotide duplex RNAs with 2-nucleotide deoxythymidine
3" overhangs homologous to bases 142 to 160 of the HeLLa E7
coding sequence (Dharmacon Inc., or Xeragon Inc.). We hy-
pothesized that a single siRNA species could be used to knock
down the expression of both E6 and E7 because they are
expressed bicistronically (18). Control cells were transfected
with siRNA homologous to bases 984 to 1002 of the enhanced
green fluorescent protein coding sequence (Clontech). Both
siRNA sequences were screened against the human genome by
using a BLAST search to avoid unintentional silencing of host
cell genes. The HeLa cells were transfected with 4 pl of Oli-
gofectamine (Invitrogen Inc.) per well of a 6-well plate. Oth-
erwise, the procedure was as recommended by Dharmacon.
The transfection efficiency under these conditions is approxi-
mately 80% (data not shown). Cultures were retransfected
every 4 days to avoid overgrowth of cells that escaped trans-
fection. To compare E6 and E7 mRNA expression levels in
cells treated with E7 and those in cells treated with control
siRNA, cytoplasmic RNA was prepared and analyzed by
Northern blotting and hybridization to a probe complementary
to the E7 coding sequence.

We observed a fourfold reduction in the levels of full-length
cytoplasmic E6 and E7 mRNA in cells transfected with E7
siRNA compared with those in controls, when the levels were
normalized to B-actin expression (Fig. 1A). This result, com-
bined with the efficiency of transfection, suggests that more
than 90% of E6 and E7 mRNA is eliminated in successfully
transfected cells. Northern blot analysis of RNA from E7
siRNA-treated cells also revealed two new bands, each about
600 to 700 bases smaller than the full-length E6 and E7 mRNA
species. After probing the blot with sequences corresponding
to the E7 coding sequence on either side of the expected RNAI
cleavage site, we found that these bands represent the 3’ cleav-
age products of the RNAI process (Fig. 1A). Given that most
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FIG. 1. Effects of E7-targeted siRNA on E6, E7, and p53 expression. (A) Northern analysis of cytoplasmic RNA isolated from HeLa cells
transfected with either E7 (7) or control (C) siRNA and hybridized with a probe complementary to the full E7 coding sequence (F), the 5" end
of the E7 coding sequence (5'), or the 3’ end of the E7 coding sequence (3"). The positions of the major bands of the full-length E6 and E7 mRNA
at 3.5 and 1.6 kb are labeled (E6/7). The positions of bands representing presumed 3’ RNAi degradation products are labeled with an asterisk.
(B) Western analysis of p53 protein expression using extracts from HeLa cells transfected with either E7 (7) or control (C) siRNA and probed with
an antibody to p53. The position of this band corresponded to a molecular mass of approximately 53 kDa.

current models for the mechanism of RNAI suggest that the
target mRNA should be rapidly and completely degraded (11),
we were surprised to find that the 3’ products of RNAi-induced
cleavage persisted in the cytoplasm. Upon review of the liter-
ature, we did not find other reports of this phenomenon. It is
possible that the production of stable RNAI degradation prod-
ucts occurs only with a small subset of RNA targets. However,
in the vast majority of studies of RNAi in mammalian cells,
reverse transcriptase PCR is used to determine the level of
RNA. Depending on the positions of the primers used, this
method could easily miss the presence of mRNA fragments.
Thus, the persistence of RNAI cleavage products may be more
common than previously thought, which could have implica-
tions for the interpretation of future RNAi-based work.

Although large fragments of E6 and E7 mRNA remain
stable in the cytoplasm, expression of E6 and E7 proteins
should still be reduced. siRNA-induced cleavage of E6 and E7
mRNA in the region of homology would disrupt the E7 coding
sequence and separate the E6 coding sequence from the 3’
poly(A) tail, which is generally required for efficient transla-
tion. To confirm that the level of E6 protein was reduced by E7
siRNA, despite the potentially intact E6 coding sequence, we
assessed E6 protein expression. Because E6 is expressed in
HeLa cells at levels too low to be detected by Western blotting,
we chose to examine the expression of the p53 protein. p53 is
targeted for degradation by E6 and thus can serve as a marker
of E6 expression. Expression of p53 was considerably higher in
cells transfected with E7 siRNA than in controls (Fig. 1B). The
increase in p53 protein levels cannot be explained by the inhi-
bition of E7 expression because a reduction in E7 alone would
result in lower levels of p53 protein (13). Therefore, the pres-
ence of more p53 protein in cells treated with E7 siRNA is
likely to reflect reduced E6 protein levels.

E7 siRNA inhibits DNA replication. To determine rates of
DNA synthesis for E7 siRNA-treated cells and controls,
sparsely plated cells were incubated with 5 wCi of [*H]thymi-
dine/ml for 4 h prior to harvesting, washed with cold 10%
trichloroacetic acid, and lysed with cold 0.2 N NaOH. The
amount of radioactivity incorporated into cellular DNA was

measured in a scintillation counter. The cells were assayed
prior to transfection and at various time points after the initial
transfection. Introduction of E7 siRNA significantly reduced
cellular DNA replication. There was a notable decrease in
DNA synthesis in E7 siRNA-treated cells by 4 days after the
first transfection (Fig. 2). The rate of replication in treated
cells continued to decline for 12 days after the first transfection
to 18% of the control replication rate. We found that E7
siRNA had no effect on the growth of an HPV-negative cer-
vical cancer cell line (C33A), confirming that E7 siRNA inhib-
ited growth specifically by interfering with HPV gene expres-
sion (Fig. 2). The reduction in HeLa cell DNA synthesis
induced by E7 siRNA was not as complete as that induced by
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FIG. 2. Effect of E7 siRNA on cellular DNA synthesis. DNA syn-
thesis was measured by [*H]thymidine incorporation in HeLa cells
(closed circles) and C33A cells (open circles) before and after trans-
fection. The counts per minute in cells transfected with E7 siRNA is
expressed as a percentage of the counts per minute in cells transfected
with control siRNA. Error bars represent 2 standard deviations.
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FIG. 3. Effect of E7 siRNA on HeLa cell morphology. Cells transfected with control (A) or E7 (B and C) siRNA were photographed 14 days
after the original transfection. The scale bar represents 200 wm for all panels.

E2 expression (9). This is most likely because transfection with
siRNA is less efficient than infection with E2-expressing vi-
ruses. However, it is possible that E2 provides some additional
growth-suppressive activity that is independent of a reduction
in E6 and E7 expression (4, 17).

E6 and E7 siRNA induces senescence in HeLa cells. Based
on previous work, we hypothesized that the observed reduction
in replication was most likely to be due to either senescence or
apoptosis (4, 9). To determine whether the decrease in prolif-
eration was due to apoptosis or any other type of cell death,
transfected cells were assayed for viability by staining with
trypan blue. In both cells transfected with E7 siRNA and
controls transfected with green fluorescent protein siRNA,
more than 97% of cells were viable through at least 14 days
posttransfection, the last time point tested (data not shown).

The absence of cell death suggested that the cells might have
become senescent. This hypothesis was confirmed when obser-
vation of the morphology of E7 siRNA-treated cells revealed

A

changes characteristic of senescent keratinocytes (9, 15). Sub-
tle morphological changes were first apparent 6 to 7 days after
the original transfection. By 10 to 12 days posttransfection,
there were striking morphological differences between E7
siRNA-treated cells and control cells (Fig. 3). The E7 siRNA-
treated cells were larger and flatter than controls. They were
frequently multinucleate and had long cytoplasmic projections.
They were also more dispersed than control cells.

To further demonstrate that these cells had become senes-
cent, the cells were stained as described by Dimri et al. for
senescence-associated B-galactosidase (SAR-gal) activity, a
well-established marker of senescence in keratinocytes (5).
The majority of E7 siRNA-treated cells showed intense blue
staining, reflecting high levels of SAB-gal activity (Fig. 4). In
contrast, control cells did not show significant staining. The
cells stained for SAB-gal activity did not display the character-
istic senescent morphology because they were replated 24 h
prior to staining. We found that E7 siRNA induced neither

B

FIG. 4. E7 siRNA induces SAB-gal expression. Cells transfected with E7 (A) or control (B) siRNA were stained for SAB-gal activity and
photographed 12 days after the original transfection. The scale bar represents 200 wm for both panels.
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morphological changes nor SAB-gal activity in the HPV-neg-
ative C33A cells (data not shown).

Reducing E6 and E7 levels by RNAI causes HeLa cells to
undergo dramatic changes that are characteristic of senescent
cells: reduction in DNA replication, enlargement and flatten-
ing of cells, and induction of the expression of SAB-gal. This
work demonstrates that a reduction in E6 and E7 expression
alone is sufficient to induce senescence in HeLa cells. Despite
the many mutations HeLa cells have undergone, they have
retained an intrinsic, functional pathway that results in senes-
cence and does not require introduction of exogenous proteins
such as E2. As indicated by the failure of control cells treated
with siRNA targeting green fluorescent protein to show any of
these changes, senescence is not simply a nonspecific reaction
to dsRNA. The absence of any effect of E7 siRNA on an
HPV-negative cell line demonstrates that it is acting specifi-
cally by interfering with HPV gene expression.

We found that the E7 cognate siRNA species reduced ex-
pression of both E6 and E7 as evidenced by Northern and
Western blotting results. In contrast, work was recently pub-
lished reporting that siRNAs could be used to specifically tar-
get either E6 or E7 in cell lines transformed with HPV16 (10).
Because of alternate splicing, it is possible to target E6 expres-
sion without completely eliminating E7 expression. However, it
is perplexing to us that the authors report targeting E7 without
affecting E6 because, in HPV16, the E6 coding sequence is
always expressed on an mRNA with the entire E7 coding
sequence (1). Of note, in the experiments that demonstrated
the specificity of E7 siRNA, reverse transcription-PCR was
used to measure RNA levels, which could give misleading
results.

Finally, the work presented here suggests the possibility of
using RNAI to treat or even prevent HPV-related disease; a
single molecule could be used to silence expression of the two
most potent HPV oncogenes. Several features of RNAi make
it attractive for use in a clinical setting. Perhaps most impor-
tantly, RNAI is exquisitely sequence specific. Thus, an RNAi-
based treatment should reduce expression of targeted viral
genes without disrupting expression of normal host cell genes.
In addition, the potency of interfering RNA combined with the
relatively accessible location of most anogenital carcinomas
might be expected to minimize problems of drug delivery.
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