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E5 can be expressed in anal cancer and leads to epidermal
growth factor receptor-induced invasion in a human
papillomavirus 16-transformed anal epithelial cell line

Erin Isaacson Wechsler, Sharof Tugizov, Rossana Herrera, Maria Da Costa and Joel M. Palefsky*

Abstract

We detected the first human papillomavirus (HPV)-16-immortalized anal epithelial cell line, known as AKC2 cells to establish

an in vitro model of HPV-16-induced anal carcinogenesis. Consistent with detection of E6, E7 and E5 expression in anal

cancer biopsies, AKC2 cells expressed high levels of all three HPV oncogenes. Also, similar to findings in anal cancer

biopsies, epidermal growth factor receptor (EGFR) was overexpressed in AKC2 cells. AKC2 cells exhibited a poorly

differentiated and invasive phenotype in three-dimensional raft culture and inhibition of EGFR function abrogated AKC2

invasion. Reducing E5 expression using E5-targeted siRNAs in AKC2 cells led to knockdown of E5 expression, but also HPV-

16 E2, E6 and E7 expression. AKC2 cells treated with E5-targeted siRNA had reduced levels of total and phosphorylated

EGFR, and reduced invasion. Rescue of E6/E7 expression with simultaneous E5 knockdown confirmed that E5 plays a key

role in EGFR overexpression and EGFR-induced invasion.

INTRODUCTION

Human papillomaviruses (HPVs) are small 8 kb DNA
viruses that infect a wide range of epithelial sites including
the anus, cervix and oral cavity. Infections with high-risk
HPVs (e.g. HPV-16 and HPV-18) can lead to the develop-
ment of anal high-grade squamous intraepithelial lesions
(HSIL), the anal cancer precursor lesion, of which a subset
will progress to invasive cancers. Currently the incidence of
anal cancer is increasing by 2.2% per year in both men and
women in the general population [1]. The largest increase in
incidence of anal cancer is in the HIV-positive population,
even after the introduction of antiretroviral therapy, and
among HIV-positive men who have sex with men the inci-
dence of anal cancer has been shown to be as high as 131/
100 000 [2]. In total, 70% of anal carcinomas are associated
with HPV-16 infection [3, 4].

Compared with other HPV-associated cancers, including
cervical cancer, the pathogenesis of anal cancer is poorly
understood. This is partly due to a lack of immortalized
HPV-positive anal epithelial cell lines that can be used to
model anal cancer progression.

It has been shown that E5 expression enhances cellular pro-
liferation and genome amplification in the productive phase
of the HPV-16 and HPV-31 life cycles [5–8]. However, its

role as an oncogene in HPV-associated cancers, where the
epithelium is poorly differentiated, thus constituting an
abortive life cycle, is less understood. To date there have
been no studies that investigate its expression in anal cancer.
Although it was previously believed that E5 expression is
lost as a result of HPV genome integration into the host
chromosome, several studies have also shown that E5 tran-
scripts can be detected in HPV-positive cervical and oral
cancer biopsies [9–12]. A recent study showed that E5
mRNA and E5 translated protein can both be detected in
the CaSki cell line, a cervical cancer cell line that contains
integrated copies of the full-length HPV-16 genome [13].

Past studies have also shown that up to 30% of HPV-associ-
ated cancers contain a mixture of integrated and episomes
with a small percentage exclusively containing viral epi-
somes [14–16]. Therefore, it is also possible that E5 expres-
sion could occur from a mixture of integrated HPV
genomes and/or viral episomes.

One of the most established roles of E5 is its ability to
enhance epidermal growth factor receptor (EGFR) ligand-

receptor activation. Several studies show that E5 increases

EGFR ligand-receptor activation primarily through prevent-
ing lysosomal degradation of EGFR, resulting in an increase

in EGFR recycling to the cell membrane. E5 may do so by
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interfering with endosomal acidification preventing the pas-
sage of EGFR to lysosomes [17]. In addition, E5 may inhibit
fusion of early endosomes that contain EGFR to late endo-
somes preventing their degradation [18]. It may also inter-
fere with c-Cbl ubiquitin ligase, preventing ubiquitination
and degradation of EGFR [19].

EGFR overexpression has been reported in HPV-positive
cervical and oral cancers [20–24]. More recently it has been
shown that EGFR is overexpressed in the majority of anal
cancer biopsies [25, 26].

Only a few studies have investigated the role of E5-mediated
increase in EGFR activation in the context of HPV-associ-
ated cancer progression. In vitro studies have shown that
HPV-16 E5-induced proliferation and anchorage-indepen-
dent growth are increased in the presence of the EGF ligand
[27–29]. In addition, in vivo studies in mice suggest that
EGFR expression is necessary for E5-induced hyperplasia
[30]. It is not known if E5/EGFR plays a more significant
role in anal cancer progression when co-expressed with E6
and E7.

Here we present a novel in vitromodel of anal cancer patho-
genesis using the first HPV-16-transformed anal epithelial
cell line, known as AKC2 cells. Similar to our findings in
HPV-16-positve anal cancer biopsies, AKC2 cells expressed
all three HPV-16 oncogenes (E5, E6 and E7). We showed
that reducing E5 expression with E5-targeted siRNAs in
AKC2 cells led to 99% reduction of all three oncogenes as
well as the E2 replication gene. Rescue of E6 and E7 expres-
sion confirmed that E5 plays a major role in driving EGFR
overexpression/activation and EGFR-mediated invasion of
AKC2 cells. Coupled with detection of E5 expression in
HPV-16-positive anal cancers, we conclude that E5 likely
plays an important role in anal cancer progression and may
be a good therapeutic target for treatment of HPV-16-asso-
ciated anal HSIL or cancer.

RESULTS

HPV-16-positive anal squamous cell carcinoma
(SCC) biopsies contain transcripts for E5, E6 and E7

To date there have been no studies that characterize viral
oncogene expression in HPV-16-positive anal biopsies. To
determine if all three viral oncogenes were expressed in
HPV-16-positive anal SCC biopsies, we extracted total RNA
from formalin-fixed sections of four HPV-16-positive anal
SCCs. We performed HPV-specific genotyping of anal biop-
sies as described previously [31] (data not shown). We also
extracted RNA from a HPV-18 and HPV-33-positive anal
SCC, which were included as negative controls for detection
of HPV-16-specific transcripts. We measured HPV-16 E5,
E6 and E7 transcripts as well as an internal control, RPLP0
using the qPCR Sybr green method. We detected strong
HPV-16 E5, E6 and E7 transcription in all four HPV-16-
positive anal SCCs but not in the HPV-18 or 33-positive
SCC (Fig. 1a).

Establishment and characterization of a novel HPV-
16-positive (E5, E6 and E7) anal epithelial cell line

HPV-16-associated anal pathogenesis has been largely
understudied due to a lack of permanent HPV-positive anal
cell lines that phenotypically model anal cancer progression.
We established the AKC2 cell line, the first known perma-
nent HPV-16-(E5, E6 and E7)-positive anal cell line, by
transfecting normal HPV-negative primary anal epithelial
cells with the entire pEF3-99 plasmid that contains the full-
length 8 kB HPV-16 W12 genome with a single disruption
in the L1 ORF. Since our goal was to obtain a HPV-16-posi-
tive cell line that stably expressed E5, E6 and E7, we found
this approach allowed for more rapid isolation of cell popu-
lations with integrated genomes.

HPV-negative anal epithelial cells from a single donor
were previously isolated from a normal anal biopsy taken
from a HIV-positive individual. We did not detect any
HPV DNA in the cells prior to transfection of the 8 kB
HPV 16 genome (data not shown). We originally estab-
lished AKC2 cells as a population of HPV-16-transfected
anal parental cells following G418 selection. To date we
have passaged AKC2 cells over 400 times and we are now
able to culture AKC2 cells in standard media (DMEM/10%
FBS) without supplemented growth factors or an irradiated
feeder layer.

Monolayer AKC2 cells exhibit an epithelial-like morphology
with predominantly cobblestone-like colonies (Fig. 1b) and
are positive for pan-keratin staining (Fig. 1b). We found
that HPV copy number was stable at early (p10), mid
(p105) and later (p455) passages. AKC2 cells contain
approximately ten copies of E5 per cell, four copies of E6
per cell and nine copies of E7 per cell (Fig. 1c). This small
variation in E6 and E7 copy number has also been previ-
ously reported for CaSki and SiHa cell lines [32, 33]. We did
not detect L1 expression in AKC2 cells by qPCR analysis
(data not shown).

To characterize the physical status of the HPV-16 genome
we conducted an amplification of papillomavirus oncogene
transcripts (APOT) PCR which identified transcripts
derived from a fully intact or fragmented early HPV-16
region. These data showed that integration of the HPV-16
genome was an early event and the integration pattern
remained stable at passages 10, 105 and 455. Fig. 1(d) shows
a representation of this band pattern in AKC2 at passage
455. Similar to what Klaes et al. reported in the CaSki line
[34], Southern analysis of AKC2 using E7- and E4-specific
probes identified a dominant product of approximately
650 bp, suggesting that portions of E4 ORF were retained
following viral integration (Fig. 1d). In addition, Southern
analysis of AKC2 using E7- and E4-specific probes also
identified a minor band of approximately 1000 bp suggest-
ing that transcription also occurred from a fully intact early
HPV-16 region (Fig. 1d). The E7 probe also hybridized to a
250 bp band in both AKC2 and CaSki, however, Klaes et al.
confirmed that this product was a result of the (dT) primer
mis-annealing to an adenosine-rich sequence. Due to the
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fact that AKC2 is an expanded population, it is possible that
the multiple band pattern detected in the APOT assay rep-
resents different integration patterns contained in individual
cells. This could also explain the differences in E5, E6 and
E7 genome copy numbers.

Similar to the HPV-16-positive anal SCC biopsies, we
detected expression of HPV-16 E5, E6 and E7 in AKC2
cells as well as E2 expression by Sybr green qPCR meth-
ods. We then compared E5, E6 and E7 expression levels in
AKC2 cells to expression levels in the anal SCC biopsies
(Fig. 1e). AKC2 cells had generally higher HPV-16 E5 and
E7 expression levels relative to the anal SCC biopsies. Full-
length E6 expression levels were similar, if not slightly
higher, in the biopsies compared with AKC2 cells. We also
detected E5, E6 and E7 in two positive control cell lines
[i.e. CaSki cell line (cervical) and the UPCI SCC90 cell line
(oral)] but not in the HPV-negative oral cancer line SCC1
(Fig. 1f).

Finally, we detected E7 protein in AKC2 cells (Fig. 1f) but
not in the AKp anal parental cells. p53 expression was
reduced in AKC2 cells relative to AKp, consistent with E6
protein expression (Fig. 1g).

AKC2 cells have a poorly differentiated and
invasive phenotype in three-dimensional raft
culture

Since AKC2 cells expressed E5, E6 and E7, similar to the
anal cancer biopsies, we used these cells to model HPV-16-
associated anal carcinogenesis using three-dimensional raft
culture. We investigated the anal parental (AKp) and AKC2
raft culture phenotypes from passages before (i.e. passage
58) and after media adaption (i.e. passage 256) through hae-
matoxylin and eosin (H&E) staining and through markers
of terminal differentiation (i.e. K10/K13) and E7 oncogene
expression [i.e. minichromosome maintenance (MCM) and
p16] [35, 36]. AKp HPV-negative parental cells produced
only a few layers in raft culture where H&E staining showed
evidence of more terminally differentiated cells throughout
the upper layers (Fig. 2a). AKp raft cultures also showed evi-
dence of terminal differentiation in the upper layers as indi-
cated by positive K10/13 staining (Fig. 2c). The AKp raft
cultures were negative for both MCM and p16 staining.

In contrast, HPV-16-positive AKC2 raft cultures of both
early (p58) and late passages (p256) resembled a high-grade
lesion containing poorly differentiated layers and also

Fig. 1. HPV-16 E5 oncogene expression in anal SCC biopsies and a novel HPV-16-positive anal cell line, AKC2. (a) Relative HPV-16 E5,

E6 and E7 expression in HPV-16-positive anal SCC biopsies was determined by qPCR. Negative control SCC biopsies marked (-) were

positive for either HPV-18 or HPV-31. Columns represent the average relative fold change in HPV-16 E5, E6 and E7 expression, which

was normalized to the housekeeping gene RPLPO. The 2-DDct method was used to calculate relative fold expression. (b) Morphology of

AKC2 by phase contrast (�20 magnification); pankeratin expression (green) and DAPI nuclear stain nuclei (blue) (�40 magnification).

(c) HPV-16 E5, E6 and E7 DNA copy number per cell in AKC2. (d) APOT PCR analysis of AKC2, CaSki (positive control) and HaCat (nega-

tive control). PCR products were separated on a 1.2% gel and blotted on to a Biodyne membranes. Southern analysis using E7- and

E4-specific probes was carried out to detect HPV-16-specific gene products. (e) Relative HPV-16 E5, E6 and E7 expression in AKC2

and HPV-16-positive anal SCC biopsies was determined by qPCR. Columns represent the average relative fold change in HPV-16 E5,

E6 and E7 expression, which was normalized to the housekeeping gene RPLPO. The 2-DDct method was used to calculate relative fold

expression. (f) Relative HPV-16 E5, E6 and E7 expression in integrated HPV-16-positve cell lines [i.e. AKC2 (anal), CaSki (cervical),

SCC90 (oral) and SCC1 (oral-HPV-16-negative)] was determined by qPCR. Columns represent the average relative fold change in HPV-

16 E5 expression from triplicate wells, which were normalized to the RPLPO housekeeping gene. CaSki cells marked with (+) were

positive for E5 oncogene expression. The 2-DDct was used to calculate relative fold expression. (g) Western blots of HPV-16 E7 protein

and p53 protein from HPV-16-negative parental anal keratinocytes (AKp) and HPV-16-positive AKC2 lysates. Lower (L=15 µg) and

higher (H=25µg) levels of protein were loaded to detect E7 expression.
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Fig. 2. AKC2 cells are invasive in three-dimensional organotypic raft cultures. (a) Cultures of HPV-16-negative AK parental (AKp) and

HPV-16-positve AKC2 (passages 58 and 265) were differentiated on collagen-based dermal equivalents at the air–liquid interface for

15 days. AKp and AKC2 raft cultures were both stained with H&E. Black dashed lines identify the barrier between the basal layer and

collagen dermal equivalent. Black arrows indicate invading cells into the collagen dermal equivalent. (b) Early passage AKC2 raft cul-

tures (p 58) were stained for K10/13 or filaggrin (green) and DAPI nuclear stain (blue). HPV-negative foreskin raft cultures were used

as a positive control to identify the granular layer by H&E and filaggrin expression (green). Both expanded boxes identify the granular

layer in H&E-stained and filaggrin-stained foreskin raft cultures. White dashed lines identify the barrier between the basal layer and

collagen dermal equivalent. (c) Raft cultures of AKp and AKC2 (passage 265) were stained with markers of late differentiation (K10/

K13 (green), markers of E7 overexpression [MCM and p16 (green) and DAPI nuclear stain (blue)]. White dashed lines identify the barrier

between the basal layer and collagen dermal equivalent. White arrows indicate invading cells into the collagen dermal equivalent. (d)

Growth of HPV-16-positive AKC2 (anal), CaSki (cervical) and HPV-16-negative HaCat (foreskin) in semi-solid media (�20 magnification).

(e) Quantification of colony growth in semi-solid media. Columns represent the average colony number obtained from six fields of view

(�10 magnification) from triplicate wells. Error bars represent the SD.
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showed foci of invasion (Fig. 2a). Since AKC2 cells of later
passage (p265) were previously adapted from low-calcium
full-growth factor supplemented media to high-calcium
non-growth factor supplemented media (i.e. DMEM/10%
FBS), we wanted to further confirm that changes in growth
media did not affect the raft culture phenotype. One previ-
ous study showed that HPV-16-positive cells acquired resis-
tance to differentiation after being adapted to high-calcium
non-growth factor supplemented media [37]. However, we
found that non-adapted AKC2 cells (p 58) were negative for
K10/13 as well as filaggrin, a marker of late terminal differ-
entiation (Fig. 2b). We used HPV-negative foreskin raft cul-
tures that have a well-defined granular layer as a positive
control for late differentiation and filaggrin staining
(Fig. 2b). We therefore concluded that AKC2 cells did not
acquire resistance to differentiation due to the media change
and was therefore a true biological phenotype of the
cell line.

AKC2 raft cultures also displayed similar E7 oncogene
expression patterns previously found in high-grade lesions
[35]. Here we detected MCM and p16 expression through-
out the entire AKC2 raft culture and in invading cells
(Fig. 2c).

Since invasion can be indicative of transformation and
tumourigenic potential we measured the anchorage-inde-
pendent growth of AKC2 cells in soft agar. For compari-
son, we performed similar assays using CaSki cells and
HaCat cells, a HPV-16-negative non-cancerous epithelial
cell line. AKC2 cells as early as passage 58 produced colo-
nies in soft agar that were comparable to CaSki cells, both
in size and number, whereas we were unable to detect col-
ony growth in HaCat cultures (Fig. 2d, e). Several attempts
to grow AKC2 tumours beyond 14–16 days in NOD SCID
gamma (NSG) mice, were unsuccessful (data not shown)
with both early and late passaged AKC2 cells. These data
suggest that AKC2 cells are immortalized and partially
transformed but not fully tumourigenic and may pheno-
typically represent an early transition phase from anal pre-
cancer to anal cancer.

EGFR overexpression promotes EGF/EGFR-induced
invasion of AKC2 cells

Recent studies have shown that EGFR can be overexpressed
in HPV-associated anal cancer biopsies. E5, E6 and E7
expression have all been linked to EGFR overexpression.
We therefore determined if total EGFR (T-EGFR) and the
active phosphorylated form of EGFR (p-EGFR) were over-
expressed in AKC2 cells and if EGFR overexpression con-
tributed to their invasive phenotype. We serum-starved the
AKp anal parental cells and early (p10), mid (p105) and late
(p 450) passage AKC2 cells for 24 h and then stimulated
them with 10 ngml�1 EGF for 15 and 30min without the
addition of serum or additional growth factors. We included
AKC2 cells of early passage (p10), which similar to AKp
cells were maintained in low-calcium full-supplemented
growth factor media. These were compared with AKC2 cells
that were maintained in high-calcium non-growth factor

supplemented media to show that changes in EGFR expres-
sion were due to HPV-16 and not due to differences in cell
culture media. Unstimulated AKC2 cells of all three pas-
sages contained approximately five (in AKC2 p10 and
p105) to seven (in AKC2 p450) times more T-EGFR com-
pared with AKp cells (Fig. 3a). We also found that p-EGFR
expression levels decreased in AKp cells from 15 to 30min
EGF treatment whereas p-EGFR increased from 15 to
30min in all three AKC2 cell passages (Fig. 3a). Our data
indicate that: (1) the addition of HPV-16 even at early pas-
sage led to an overall increase in T-EGFR above that of
AKp, which is consistent with the known mechanism of E5
to increase EGFR turnover to the cell membrane [17, 29].
Increases in T-EGFR would therefore result in increased
EGF ligand/EGFR interactions and p-EGFR expression lev-
els. (2) The increase in p-EGFR level in AKC2 from 15 to
30min is consistent with previous work showing that E5
interferes with the Cbl E3 ubiquitin ligase, which is respon-
sible for EGFR/p-EGFR degradation [19]. A recent study
showed that Cbl mutants lose the ability to degrade p-EGFR
products leading to increases in p-EGFR expression levels
over time [17, 38].

To next determine if EGF alone (i.e. without the addition of
serum or other growth factors) could induce invasion of
AKC2 cells, we measured the invasive potential of the AKp
and AKC2 cells using an in vitro collagen invasion assay.
We seeded equal numbers of previously serum-starved cells,
AKp or AKC2, onto collagen-coated membranes and mea-
sured invasion levels 24 h post-seeding. AKC2 cells had a
higher basal level of invasion compared with AKp cells
(Fig. 3b, c). There was a substantial increase in the number
of invasive AKC2 cells compared with the AKp following
exposure to 10 ngml�1 EGF, whereas we did not detect a
significant increase in AKp invasion (Fig. 3b, c).

Finally, to show that overexpression of p-EGFR played a
role in AKC2 invasion we treated AKC2 cells with the
EGFR tyrosine kinase inhibitor, gefitinib. Treatment of
AKC2 cells with 1 µM of gefitinib for 24 or 48 h did not
decrease cell viability (data not shown) and reduced
p-EGFR expression levels of AKC2 close to basal levels
(Fig. 3d). To determine if treatment with gefitinib also
decreased EGF/EGFR-induced invasion we pre-treated
AKC2 cells with 1 µM gefitinib for 24 h during serum star-
vation and then seeded an equal number of non-treated and
treated cells on both control non-coated inserts and in vitro

collagen-coated inserts. Non-coated inserts were used to
control for changes in proliferation or other effects during
seeding that might confound the collagen invasion results.
Using EGF as a chemoattractant, we calculated percent
invasion comparing the number of cells that invaded the
collagen-coated insert after 24 h of incubation with the
number of cells that grew on the control membrane. Treat-
ment of AKC2 cells with gefitinib decreased the percent
invasion close to basal levels (Fig. 3e, f) consistent with a
role for total EGFR/p-EGFR overexpression in AKC2
invasion.
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Reducing E5 expression by transfecting E5-
targeted siRNAs leads to knockdown of multiple
HPV-16 genes and normalizes EGFR expression
levels

Having established that EGFR overexpression plays an
important role in AKC2 invasion we wanted to determine

which HPV-16 oncogenes contributed to EGFR overexpres-

sion. To examine the individual roles of E5, E6 and E7 in
EGFR overexpression in AKC2 cells we transfected AKC2

cells with individual targeted siRNAs to knock down each

viral oncogene. Consistent with previous studies, our initial
attempts to knock down E6 and E7 individually were unsuc-

cessful since HPV-16 contains a polycistronic genome. We
then used a cocktail of E6- and E7-targeted siRNAs to

ensure a high knockdown efficiency of both oncogenes. In

addition, we transfected individual cultures with equal con-
centrations of E5-targeted siRNAs as well as a scrambled

control siRNA. We harvested total RNA from each well 72 h

post-transfection and measured HPV-16 E5, E6 and E7
expression using Sybr Green qPCR methods.

Transfection with E6/E7 siRNAs resulted in a 83% decrease
in both E6 and E7 expression (Fig. 4a). In addition, transfec-
tion of E6/E7-specific siRNAs also resulted in a 65%
decrease in E5 expression and a 84% decrease in E2 expres-
sion, relative to controls (Fig. 4a). Transfection with E5-tar-
geted siRNAs also resulted in a global knockdown of E2, E5,
E6 and E7 expression and with a knockdown efficiency of
99% in all four genes relative to controls (Fig. 4a). We
detected a larger increase in p53 protein (Fig. 4b) (i.e. a
direct measurement of E6 protein loss of function), a larger
decrease in E7 protein (Fig. 4b), and lower proliferation
rates in cells transfected with E5-targeted siRNAs, com-
pared with cells transfected with control or E6/E7-targeted
siRNAs (Fig. 4c).

To determine if reduction in E6/E7 or E5 expression

resulted in a decrease in total EGFR and p-EGFR, we trans-

fected AKC2 with either control, E6/E7- or E5-targeted

siRNAs. We harvested lysates 72 h post-transfection follow-

ing 24 h of serum starvation and then 30min of induction

with 10 ngml�1 EGF. We did not detect a decrease in total

Fig. 3. EGFR is overexpressed in AKC2 cells and leads to EGF/EGFR-induced invasion. (a) Western blot of total EGFR (T-EGFR) and

phosphorylated EGFR (p-EGFR) expression in AK p and AKC2 cells following 24 h serum starvation and induction with EGF (10 ngml�1,

15 or 30min). (b) In vitro collagen invasion assay of AKp and AKC2. AKp and AKC2 were both serum/growth factor starved for 24 h

prior to seeding on collagen-coated inserts. EGF (10 ngml�1) was used as a chemoattractant and invasion was measured 24 h later.

Columns represent average cell numbers calculated from three fields of view (�10 magnification) per well and from triplicate wells.

Cell numbers for Akp are located above each bar. Error bars represent the SD. (c) Images of the collagen-coated inserts following EGF-

induced invasion of AKp and AKC2 cells (�10 magnification). (d) Western blot of T-EGFR and p-EGFR protein expression in AKC2 fol-

lowing 24 h treatment with gefitinib, serum starvation and EGF induction (10 ngml�1, 30min). (e) In vitro collagen invasion assay of

AKC2 treated with gefitinib (24 h) compared to non-treated cultures. EGF (10 ngml�1) was used as a chemoattractant and percent inva-

sion was measured 24 h later. Percent invasion was calculated as the percentage of cells that invaded collagen-coated inserts to the

number of cells that grew on non-coated inserts. Columns represent average percent invasion calculated from triplicate inserts of

both non-coated and collagen-coated inserts. Error bars represent the SD. (f) Images of the in vitro collagen inserts. AKC2 cells are

detected by the purple stain (�10 magnification).
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EGFR or p-EGFR expression levels in EGF-induced cultures

transfected with the lower-efficient E6/E7-targeted siRNAs

relative to controls (Fig. 4d). However, transfection with the

higher-efficient E5-targeted siRNAs reduced total EGFR

and p-EGFR expression to control levels (Fig. 4e). Although

transfecting AKC2 with E6/E7-targeted siRNAs led to a

decrease in all three HPV-16 oncogenes it is possible that

the lower efficiency of E6/E7-targeted siRNAs in reducing

E5, E6 and E7 expression was not sufficient to reduce total

EGFR or p-EGFR expression levels.

Although this did not pinpoint which specific HPV onco-
genes play a role in EGFR regulation, this confirmed an
overall contribution from HPV in EGFR overexpression fol-
lowing transfection of E5-targeted siRNAs. This also
showed that targeting E5 could be a highly efficient way to
eliminate E5, E6, E7 as well as E2, also leading to normaliza-
tion of EGFR.

E5 plays a key role in p-EGFR overexpression and
EGF/EGFR-induced invasion

Since E5-targeted siRNAs led to reduced expression of E5,
E6 and E7, we next sought to determine their relative
importance in EGFR overexpression and downstream EGF/
EGFR-induced invasion. We therefore performed E6/E7
rescue experiments in AKC2 cells, while also knocking
down E5 expression. We first transfected AKC2 cells with
either a control promoter-less plasmid (pGL3-Basic) or the
pB-actin E6/E7 expression plasmid. Then, 24 h later we
transfected either a scrambled control or E5-targeted
siRNA. We harvested total RNA 72 h post-plasmid transfec-
tion and 48 h post-siRNA transfection, and measured E5,
E6 and E7 expression by Sybr Green qPCR methods. Trans-
fection with the E6/E7 plasmid followed by control siRNA
increased both E6 and E7 expression levels relative to cells
transfected with control plasmid and control siRNA. Trans-
fection of the E6/E7 plasmid did not lead to a change in E5

Fig. 4. Transfection of HPV-16 E5-specific siRNAs leads to reduction of E2, E5, E6 and E7 as well as a reduction in EGFR expression

in AKC2 cells. (a) AKC2 cells were transfected with control, E5 or a cocktail of E6 and E7 siRNAs. Relative HPV-16 gene expression

was determined by qPCR 72 h post-transfection. Columns represent average relative fold changes in HPV-16 E5, E6, E7 and E2 expres-

sion from triplicate wells. HPV-16 gene expression was normalized to the beta-actin housekeeping gene. The 2-DDct was used to calcu-

late relative fold expression. Error bars represent the SD. (b) Western blots of HPV-16 E7 and p53 protein expression taken from AKC2

lysates 72 h post-transfection of control, E5 or E6/E7 siRNAs. (c) AKC2 proliferation following transfection of control, E5 or E6/E7

siRNAs. Columns represent the average cell number calculated from triplicate wells 72 h post-transfection. Error bars represent the

SD. (d) Western blot of total EGFR (T-EGFR) and phosphorylated EGFR (p-EGFR) expression levels in AKC2 cells, 72 h post-transfection

of control, or E6/E7 siRNAs. AKC2 cells were serum-starved for 24 h, followed by induction with EGF (10 ngml�1, 30min). (e) Western

blot of T-EGFR and p-EGFR expression levels in AKC2 cells, 72 h post-transfection of control or E5 siRNAs. AKC2 cells were serum-

starved for 24 h, followed by induction with EGF (10 ngml�1, 30min).
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expression levels (Fig. 5a). Transfection of E6/E7 plasmid
followed by E5 siRNA successfully rescued E6/E7 expression
relative to cultures transfected with control plasmid and E5
siRNA. We also found that transfection of E6/E7 plasmid
rescued E7 protein levels in cultures that were also trans-
fected with E5 siRNAs (Fig. 5b). Since the Western blot gra-
dient gels only permitted us to load small amounts of AKC2
lysate, we were only able to detect E7 protein in AKC2 cells
that were transfected with the HPV-16 E6/E7 overexpres-
sion plasmid (Fig. 5b). We were unable to detect E6 protein
due to lack of a suitable E6 antibody. However, since E6 and
E7 RNA expression levels were almost identical following
transfection of the E6/E7 expression plasmid and it is
known that E6 and E7 are translated with equal efficiency,
we assumed that their protein levels were also similar.

To next determine if E5 played a role in EGFR overexpres-
sion/p-EGFR activation during E6/E7 rescue we performed
the identical rescue transfection protocol and we harvested
AKC2 lysates 72 h post-plasmid transfection. We found that
overexpression of E6/E7 did not restore p-EGFR expression

levels to control levels in cultures with reduced E5 expres-
sion levels (E6/E7/E5) (Fig. 5b), consistent with an import-
ant role for E5 in p-EGFR overexpression. Since the E6/E7
rescue experiment could only be performed using a stag-
gered (plasmid/siRNA) transfection leaving a 48 h E5-
knockdown phase, we only observed a slight decrease in
total EGFR expression levels in both E5-knockdown (C/E5)
and E6/E7 rescue cultures (E67/E5) (Fig. 5c). However,
reductions in activated p-EGFR were easily observed as
early as 48 h post-E5 siRNA transfection. We observed a
more pronounced reduction in total EGFR protein at 72 h
post-siRNA transfection, likely due to an extended protein
degradation time (Fig. 5d).

To determine if E5 played a role in EGF/EGFR-induced
invasion we performed an identical rescue transfection
experiment using our invasion model and measured percent
invasion into collagen over 24 h. Overexpression of E6/E7 in
cultures with reduced E5 expression (E6/7/E5) did not
increase EGF/EGFR-induced invasion above control E5
knockdown cultures (C/E5) (Fig. 6a, b) consistent with an

Fig. 5. HPV-16 E5 plays a key role in EGFR overexpression. (a) E5-mediated knockdown of E5, E6 and E7 accompanied by HPV-16 E6/

E7 rescue. AKC2 cells were transfected with control or a E6/E7 expression plasmid, followed by control or E5 siRNAs 24 h later. Rela-

tive E5, E6 or E7 expression was measured by qPCR 72 h post plasmid transfection. Columns represent the average relative fold

expression calculated from triplicate wells. HPV-16 gene expression was normalized to the beta-actin housekeeping gene. The 2-DDct

was used to calculate relative fold expression. Error bars represent the SD. (b) Western blot of p-EGFR and HPV-16 E7 expression in

AKC2 cells following HPV-16 E5-mediated knockdown of E5, E6 and E7 accompanied by HPV-16 E6/E7 rescue. Columns represent the

average densitometry measurements from duplicate lanes calculated as the ratio of p-EGFR to GAPDH. (c) Western blot of T-EGFR

expression in AKC2 cells following HPV-16 E5 mediated knockdown of E5, E6 and E7 accompanied by HPV-16 E6/E7 rescue. Columns

represent the average densitometry measurements from duplicate lanes calculated as the ratio of T-EGFR to GAPDH. (d) Western blot

of T-EGFR and p-EGFR expression levels in AKC2 cells following transfection of control or E5 siRNAs at 48 h and 72 h post-

transfection.
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important role for E5 in modulation of EGFR overexpres-
sion and EGFR-mediated invasion.

We also repeated the collagen invasion assay using a second
E5-targeted siRNA, which targeted a different region of the
E5 ORF. Transfection of this second E5-targeted siRNA led
to an 80% decrease in E5, E6 and E7 (Fig. S1a, available in
the online version of this article), also accompanied by a
substantial decrease in cellular proliferation when com-
pared to control cultures (data not shown). Results follow-
ing transfection with the second E5-targeted siRNA, using
similar E6/E7 rescue conditions, were also consistent with a
role for E5 in EGFR-induced invasion. Here a fourfold
increase in E6 and E7 expression, above control levels,
accompanied by a 80% reduction in E5 expression, did not
restore EGFR-induced invasion back to control levels
(Fig. S1b).

One limitation to this study is that we were unable to per-
form the same rescue for E5 expression due to the high

potency of E5-targeted siRNAs. Although it is possible that
E5 alone plays a role in EGFR overexpression and EGFR-
induced invasion, we cannot definitively exclude some con-
tribution from E6 and E7. In addition, it is likely that E6/7
plays a role in cellular invasion via other mechanisms [39].
However, our data show that E5 is a key contributor too in
EGFR overexpression and EGFR-induced invasion.

DISCUSSION

In this study, we detected co-expression of HPV-16 E5, E6
and E7 in HPV-16-positive anal SCC biopsies. To date there
have been no studies that characterize the complete range of
viral oncogene expression in HPV-16-positive anal SCC
biopsies and few studies have described E5 expression in
biopsies from non-cervical HPV-associated epithelial
lesions. Few studies have investigated the contribution of E5
to HPV-16-associated carcinogenesis when endogenously
co-expressed with E6 and E7. Herein we describe the first
HPV-transformed anal epithelial cell line, AKC2 cells, and

Fig. 6. HPV-16 E5 plays a key role in EGF/EGFR-induced invasion of AKC2 cells. (a) In vitro collagen invasion assay following E5-medi-

ated knockdown of E5, E6 and E7 accompanied by E6/E7 rescue. AKC2 cells were transfected with control or E6/E7 expression plas-

mid, followed by control or E5 siRNAs 24 h later. Transfected cells were seeded onto collagen-coated inserts 48 h post siRNA

transfection. EGF (10 ngml�1) was used as a chemoattractant and percent invasion was measured 24 h later. Percent invasion was

calculated as the percentage of cells that invaded collagen-coated inserts to the number of cells that grew on non-coated inserts. Col-

umns represent average percent invasion calculated from triplicate inserts of both non-coated and collagen-coated inserts. Error bars

represent the SD. (b) Images of the in vitro collagen inserts from the collagen invasion assay. AKC2 cells are detected by the purple

stain (�10 magnification).
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use these cells to show how E5 may contribute to the HPV-
16-associated anal cancer pathogenesis.

Earlier studies have suggested that E5 is lost during viral
integration and is therefore missing in most HPV-associated
cancers. However, it is now clear that several HPV-16-posi-
tive tumour-derived cell lines including the oral cancer line
SCC90 and CaSki cells contain E5 mRNA and translated
protein [13, 32].

The AKC2 line was established by transfecting the entire
pEF399 plasmid containing the HPV-16 W12 genome into
primary HPV-negative anal epithelial cells derived from a
normal anal biopsy. We detected HPV-16 E2, E5, E6 and E7
expression in early and late passage AKC2 cells. Over long-
term passage AKC2 developed into a robust, rapidly
growing, HPV-16-positive cell line and in vitro model to
investigate HPV-16-associated anal cancer pathogenesis.

Early and late passage AKC2 cells resembled a HSIL/inva-
sive cancer when propagated in three-dimensional raft cul-
ture. AKC2 raft cultures also phenotypically resembled
HSIL/invasive cancer based on their H&E appearance and
expression patterns of established HPV-associated bio-
markers including MCM (E7 surrogate marker) and p16,
which are both associated with E7 overexpression [35, 40].
Previous studies have shown that raft cultures of HPV-16-
positive cell lines can mimic different lesion grades
(i.e. LSIL, HSIL and cancer) when stained with antibodies
specific to MCM and p16 [41].

Few studies of anal cancer pathogenesis have characterized
the mechanisms by which HPV oncogenes and cellular
partners contribute to the transformation process. The
EGF/EGFR pathway may play an important role in HPV-
associated anal, cervical and oral cancer pathogenesis, and
several recent studies have shown that similar to HPV-asso-
ciated cervical and oral-squamous cell cancers, EGFR is
often overexpressed in HPV-associated anal lesions and
increases with lesion severity [25, 26, 42, 43].

Increased EGFR activity has been widely linked to cellular
invasion in many cell types [44–46]. In our study, we show
that EGFR overexpression/activation plays an important
role in anal carcinogenesis through enhancing invasion.
Furthermore, treatment with gefitinib, an FDA-approved
EGFR tyrosine kinase inhibitor, led to a decrease in EGFR
phosphorylation and prevented AKC2 invasion in the pres-
ence of EGF ligand.

Previous studies investigating EGFR overexpression in anal
biopsies did not explore the role of HPV genes in inducing
EGFR expression. However, they found that EGFR overex-
pression staining did not correlate with EGFR gene copy
number or EGFR mutations [42, 43]. These data suggested
that a HPV-16 gene such as E5 could be responsible for the
observed overexpression possibly through its established
mechanism of reducing EGFR turnover.

To investigate the role of E5 in EGFR overexpression and
EGFR-induced invasion we used E5-targeted siRNAs to

knock down E5 expression. We found that targeting E5 in
AKC2 led not only to knock down HPV-16 E5 gene expres-
sion, but also to reduction of expression of E2, E6 and E7 by
99%. HPV-16 contains polycistronic transcripts that code
for multiple HPV genes. Previous studies have shown that
targeting E7 with E7-targeted siRNAs led to a decrease in
E6 and E2 expression [47].

Because of its effects on expression of E6 and E7, targeting
E5 with E5-targeted siRNAs did not allow us to investigate
its individual role in EGFR overexpression and EGF/EGFR-
induced invasion. Although the observed reduction of total
EGFR was consistent with a role for E5 in increased EGFR
turnover, previous studies have also shown that E6/7 may
affect total EGFR expression levels through increasing
EGFR-specific mRNA levels or EGFR promoter activity [48,
49]. However, we found that E6/7 overexpression in AKC2
did not increase EGFR-specific mRNA levels (data not
shown) nor did it lead to an increase in total or phosphory-
lated EGFR expression levels. Furthermore, rescue of E6/7
expression simultaneously with E5 knockdown did not
result in restoration of phosphorylated EGFR expression
levels or EGFR-induced invasion levels.

In addition to its role in EGFR-related pathogenesis it is
also possible that E5 plays a role in regulating E6/7 expres-
sion, and this may also occur through its effects on EGFR
expression. Previous studies have shown that E6/7 mRNA
levels and alternate splicing of HPV-16 E6 are coupled to
EGF/EGFR signalling [50, 51]. It is therefore possible that at
least some of the reduction in E6/7 expression observed
when knocking down E5 expression could be related to a
loss in EGFR signalling. Further studies are needed to estab-
lish this, but if confirmed, however this would be another
important mechanism by which E5 contributes to HPV-16-
associated carcinogenesis and provides further rationale to
target E5 for therapeutic purposes.

In summary, we have shown that E5 is expressed in HPV-
16-positive anal SCCs consistent with an important role for
this protein in anal carcinogenesis. We have established the
first permanent HPV-16-positive anal cell line. This cell line,
which expresses E2, E5, E6 and E7, provides a robust model
for studying the role of E5 and other HPV oncogenes in
HPV-associated pathogenesis, including anal cancer patho-
genesis. Using this model, we found that E5 plays a key role
in EGFR overexpression and EGFR-induced invasion. Tar-
geting E5 using an siRNA approach leads to knockdown of
at least four HPV-16 early genes including both E6 and E7,
and this may represent a powerful approach to HPV-specific
therapy for HPV-associated cancers including anal cancer.

METHODS

Anal cancer biopsies

Anal cancer biopsies were obtained from participants in the
AIDS Malignancy Consortium (AMC)-045 protocol evalu-
ating the effects of the addition of cetuximab to inhibit
EGFR to standard chemoradiation therapy for anal cancer.
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All samples were obtained prior to initiation of therapy and
were analysed with institutional review board permission.

Establishment of the AKC2 cell line: isolation of
normal anal primary epithelial cells and anal
fibroblasts

Primary anal epithelial cells were isolated from clinically
normal-appearing anal tissue taken from a HIV-positive
donor. The biopsy was divided immediately after collection
with part placed in formalin and paraffin-embedded for his-
topathological examination, which confirmed normal his-
tology. The other part of the biopsy was cut into several 1
mm-sized explants, which were placed on Matrigel-coated
inserts (Costar). The explants were cultured in small airway
epithelial growth medium (SAGM) (Lonza) for 12 days. Epi-
thelial cells that grew out of the explants were then trypsi-
nized, and passaged to standard cell culture flasks in SAGM
for expansion. Anal fibroblasts were isolated from stromal
tissue taken from a normal anal biopsy from a different
donor. To isolate anal fibroblasts the stromal tissue was first
minced and then incubated in 100Uml�1 collagenase (Invi-
trogen) in Hank’s balanced salt solution containing 3mM
Ca2+ for 1 h at 37

�

C, with vigorous shaking. Fibroblasts
were expanded in Dulbelco’s modified Eagle’s medium
(DMEM) containing 10% fetal bovine serum (FBS) and 1%
penicillin-streptomycin.

AKC2 cell line generation and monolayer cell
culture

The AKC2 cell line was established by co-transfecting the
primary anal epithelial cells with the entire pEF399 plasmid
(a kind gift from Paul Lambert), which contained the 8 kb
HPV16-W12 genome, and the pcDNA3.1 V5-HIS/lacZ
plasmid, which contained a neomycin resistance gene.
Transfections were carried out using the Lipofectamine LTX
reagent (Invitrogen). The transfected cells underwent selec-
tion in 1mg ml�1 G418 (Life Technologies) for the first
three days and then in 0.4mg ml�1 G418 for an additional
four days. AKC2 cells were initially expanded as a popula-
tion after selection in a 24-well plate. AKC2 cells were ini-
tially grown in serum-free SAGM (Lonza) without an
irradiated fibroblast layer and then were adapted to stan-
dard DMEM-high glucose containing 10% FBS and 1%
penicillin-streptomycin.

Total genomic DNA extraction and HPV 16
oncogene copy number determination

Total genomic DNA was extracted from monolayer epithe-
lial cells using the QiAmp DNA Blood Mini Kit (Qiagen).
DNA for HPV-16-W12 genes or housekeeping genes was
amplified using Power SYBR Green PCR Master Mix (Life
Technologies-Applied Biosystems) and was quantified using
an AB 7900HT machine (Life Technologies-Applied Biosys-
tems). Copy number determination for each HPV-16 onco-
gene was based on standard curve equations for HPV-16
E5, E6, E7 and beta-actin housekeeping gene primers.
Primer sets for HPV-16 E5, E6, E7 and beta-actin are listed
below.

RNA extraction from biopsies and AKC2 cells,
reverse transcription and quantitative PCR

Total RNA was extracted from 10-micron sections of for-
malin-fixed paraffin embedded anal cancer biopsies using
the Recover All Total Nucleic Acid Isolation Kit (Thermo
Fisher Scientific). Total RNA was isolated from all mono-
layer epithelial cells using the RNeasy mini kit (Qiagen).
The remaining DNA was removed using the TURBO DNA-
free kit (Ambion) and the RNA was then reverse transcribed
using the High Fidelity cDNA synthesis kit (Roche). All
cDNA for HPV-16-W12 genes or housekeeping genes were
amplified using Power SYBR Green PCR Master Mix (Life
Technologies-Applied Biosystems) and were quantified
using an AB 7900HT machine (Life Technologies-Applied
Biosystems). Relative transcript levels were calculated from
triplicate wells using the 2-DDct method. The following
primer sets were used to amplify the HPV-16-W12 genes
and cellular endogenous controls:

HPV-16-W12 primer sequences
E2 F 5¢-GCCAACACTGGCTGTATCAA-3¢
E2 R 5¢-CATCCTGTTGGTGCAGTTAAA-3¢
E5 F 5¢-CCACAACATTACTGGCGTGC-3’
E5 R 5¢-GCAGAGGCTGCTGTTATCCAC-3¢
E6 F 5¢-CTGCAATGTTTCAGGACCCA-3¢
E6 R 5¢-TCATGTATAGTTGTTTGCAGCTCTGT-3¢
E7 F 5¢-ACCGGACAGAGCCCATTACA-3¢
E7 R 5¢-GCCCATTAACAGGTCTTCCAAA-3¢
L1 F 5¢-CGTTATGACATACATACATTCTATGAA
TTCC-3¢
L1 R 5¢-GATGTTACAAACCTATAAGTATCTTC
TAAGTGT-3¢
Endogenous control primer sequences
Beta actin F 5¢-TCACCCACACTGTGCCCATCTAC-
GA-3¢
Beta actin R 5¢-CAGCGGAACCGCTCATTGCCAA
TGG-3¢
RPLPO F 5¢-GCACCATTGAAATCCTGAGTGA-3¢
RPLPO R 5¢-CGCTGGCTCCCACTTTGT-3¢

APOT PCR and Southern blot analysis

HPV oncogene transcripts were amplified as previously
described using identical primer sequences and cycling con-
ditions [34]. Briefly total RNA (1 µg) was reverse tran-
scribed using 25 µM oligo-(dT) primer coupled to a linker
sequence, with 200 U of SuperScript III Reverse Transcrip-
tase at 50 degrees Celsius for 60min, followed by inactiva-
tion at 70 degrees Celsius for 15min. PCR products were
separated on a 1.2% agarose gel and blotted on to a Biodyne
membrane (Pall Corporation) overnight, using 20� SSC.
Membranes were subsequently incubated at 80 degrees Cel-
sius, for 1 h. Membranes were then hybridized to biotin-
labelled E7 5¢-TCGTACTTTGGAAGACCTGTTAATG-3¢
or E4-specific 5¢-GAAGAAACACAGACGACTATCCAG-
3¢ probes and detection was carried out using a HRP-conju-
gate streptavidin (Thermo Fisher) and ECL chemilumines-
cent (GE Healthcare) substrate as previously described [52].

Wechsler et al., Journal of General Virology 2018;99:631–644

641



Western blot analysis of AKC2 cells

Cellular protein lysates were extracted by cell scraping into
standard RIPA lysis buffer (Cell Signaling) containing Com-
plete EDTA-free Total Protease Inhibitor Cocktail (1�)
(Sigma). PhosSTOP Phosphatase Inhibitor Cocktail (1�)
(Roche) was added to the lysis buffer when detecting protein
phosphorylation products. All samples were separated on a
4–20% gradient Tris Glycine denaturing gel (Novex). Pro-
teins were transferred to immunoblot 0.45 µm (high molec-
ular weight products) or 0.22 µm (low molecular weight
products) PVDF membranes (GE Healthcare). Transferred
membranes were blocked in 5% milk in TBS-0.1% Tween20
and were probed with the appropriate primary antibodies.
The following primary antibodies were used: E7-ED17
(Santa Cruz Biotechnologies) and mouse anti-E7-8C9 (Invi-
trogen), mouse anti-p53-DO1 (Santa Cruz Biotechnologies),
rabbit anti-EGFR (Cell Signaling) and rabbit anti-phosphor-
ylated EGFR Y1173 (Cell Signaling).

Immunofluorescence of AKC2 cells

Monolayer cells were grown on glass coverslips and were
fixed with 4% paraformaldehyde for 15min and then were
permeabilized with 0.1% Triton-�100 for 5min at room
temperature. The cells were blocked with 10% normal goat
serum (NGS) or normal horse serum (NHS) for 1 h and
then primary antibodies were incubated in 5% NGS or
NHS, overnight at 4

�

C. Keratins were stained using a rabbit
anti-pan-keratin antibody (Invitrogen). DAPI was used as a
nuclear counterstain (Life Technologies). Secondary anti-
bodies included an anti-mouse IgG (DyLight 488) (Vector
Labs). Immunostained cells were visualized using a Nikon
Eclipse E400 fluorescent microscope.

Organotypic raft cultures of AKC2 cells

Organotypic raft cultures of the AK parental and AKC2 cell
lines were established as described previously [53]. Briefly
cells were seeded onto collagen dermal equivalents contain-
ing collagen type 1 from rat tail (Millipore) and anal fibro-
blasts. Raft cultures were differentiated for a total of 15 days
and were then formalin-fixed as described previously [53].
Raft cultures were then paraffin-embedded and 5-micron-
thick sections of each raft were placed onto plus-charged
slides.

Immunohistochemistry of raft cultures

Sections of formalin-fixed and paraffin-embedded raft cul-
tures were de-waxed in Citra-Solv twice for five minutes
and were rehydrated in graded ethanol (95, 70 and 50%)
and water for 5min each. Antigen retrieval was achieved by
boiling the sections in 10mM citric acid (pH 6.0) and .05%
Tween 20 for a total of 15min. The sections were then
equilibrated in PBS and were blocked with 10% NGS for
1 h. Primary antibody staining was completed overnight at
4

�

C. The following primary antibodies were used: mouse
anti-Cytokeratin K10/K13 monoclonal (DE K13) (Santa
Cruz Biotechnologies), mouse anti-MCM monoclonal
(CDC47 Ab-2) (Neomarkers), mouse anti-p16 monoclonal
(BD Biosciences). To remove unbound antibody the

sections were then washed three times in PBS/.05% Tween
20 three times for 5 min each. The secondary antibody anti-
mouse IgG (Dylight 488) (Vector Labs) was then incubated
with DAPI for 45min at room temperature followed by an
identical wash method. Immunostained cells were visualized
using a Nikon Eclipse E400 fluorescent microscope.

Soft agar assay of AKC2 cells

To investigate anchorage-independent growth in soft agar, a
base agar containing 0.8% agarose, DMEM and 10% FBS
was first added to individual wells of 6-well plates of AKC2
cells. The top agar containing 0.7% agarose, 2.5�105 cells,
DMEM and 10% FBS was then added on top of the base
layer of each well. Colony growth was measured 10 days
later by phase microscopy.

Proliferation assay of AKC2 cells

AKC2 cells were trypsinized and stained with 0.4% trypan
blue (Gibco) to select for live cells. Standard cell counts
were conducted using a hemocytometer.

HPV-16 siRNA transfection and E6/E7 rescue
experiments

AKC2 cells were plated at 1.5�105 cells in 6-well plates and
were transfected with 30 pmol of siRNA oligonucleotides
using RNAi MAX reagent (Invitrogen). The following
siRNA oligonucleotides were used for transfection: Control
siRNA-A (Santa Cruz Biotechnologies) HPV-16 E6 (Santa
Cruz Biotechnologies), HPV-16 E7 (Santa Cruz Biotechnol-
ogies), HPV-16 E5 target sequence: AATGGTATTACTA
TTGTGGATAA (Eurofins MWG Operon) and HPV-16 E5
target sequence #2 CAACATTACTGGCGTGCTTTT
(Dharmacon). RNA expression was measured 72 h post-
siRNA transfection. To perform E6/E7 rescue experiments
1.5�105 AKC2 cells were first transfected with 1 µg of pB-
actin E6/7 expression plasmid (a kind gift from Karl
Munger) or the promoter-less pGL3 basic control plasmid
(Promega) using Lipofectamine LTX and Plus reagent (Invi-
trogen). Then, 24h later the AKC2 cultures were transfected
again with 30 pmol of the appropriate siRNA using RNAi
MAX reagent (Invitrogen). cDNA or protein expression was
measured 72 h post-plasmid transfection.

EGFR tyrosine kinase inhibition and EGFR induction
assays

The EGFR tyrosine kinase inhibitor gefitinib (Iressa, Sell-
eckchem) was added to cells at 1 µM for 24 h during serum
starvation. EGFR induction was carried out post-serum
starvation by adding 10 ngml�1 EGF (Sigma) alone without
serum, for 30min. AKC2 lysates were then harvested for
Western blot analysis.

Chemotactic in vitro collagen invasion assay and
quantitation of invasion

The chemotactic in vitro collagen invasion assays were per-
formed using the Collagen Cell Invasion Assay-Colorimetric
(8 µM) (EMD Millipore) according to the manufacturer’s
protocol. Here cells move through a collagen-coated
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membrane in response to chemoattractant stimulus. Briefly
5�104 cells were seeded onto individual collagen-coated
inserts in DMEM only. DMEM alone or DMEM containing
10 ngml�1 EGF (i.e. chemoattractant) was added to the
lower chamber. Cell invasion was measured 24 h later by
counting individual cells that invaded the collagen inserts
using light microscopy. To quantify invasion, equal cell
numbers were seeded onto non-coated control inserts
0.8 µM (Millipore) and collagen-coated inserts 0.8 µM. Per-
cent invasion was used as a measure to control for cellular
proliferation and migration following exposure to EGF. Per-
cent invasion was calculated by expressing as a percentage
of the number of cells that invaded the collagen inserts com-
pared with the number of cells that grew on the non-coated
control inserts following addition of DMEM only or
DMEM containing 10 ngml�1 EGF.
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