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Expression of the Human Papillomavirus type 16 E7 oncoprotein
induces an autophagy-related process and sensitizes normal
human keratinocytes to cell death in response to growth factor
deprivation

Xiaobo Zhou and Karl Münger*
Infectious Diseases Division, The Channing Laboratories, Brigham and Women’s Hospital and
Department of Medicine, Harvard Medical School

Abstract
Expression of oncogenes, such as the human papillomavirus type 16 (HPV16) E7 oncoprotein,
promotes aberrant cell proliferation. In the absence of concurrent mitogenic stimuli, this triggers a
cell-intrinsic defense mechanism, the “trophic sentinel response”, which eliminates such aberrant
cells. The molecular pathways that elicit this response, however, remain obscure. We set up an
experimental system to investigate the trophic sentinel pathway triggered by HPV16 E7 expression
in normal human keratinocytes, the natural host cells of HPVs. Keratinocytes expressing HPV16 E7
cultured in E-medium undergo cell death and show increased sub-G1 DNA content when grown to
confluence or under conditions of serum deprivation. Moreover, HPV16 E7 expressing human
keratinocytes express higher levels of the autophagy marker, LC3-II, which can be abrogated by 3-
methylaldenine, an autophagy inhibitor. These findings indicate that even under normal culture
conditions, HPV16 E7 expression triggers metabolic stress that may result in autophagy, a pathway
implicated in carcinogenesis.
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INTRODUCTION
Normal cells undergo growth arrest when they reach confluence and/or are deprived of growth
factors. Cells that have suffered a single oncogenic hit, however, can encounter a situation of
conflicting growth signals when the oncogenic proliferative signal is inconsistent with
environmental antiproliferative cues. As a consequence, such cells undergo an abortive
process, the “trophic sentinel response”, which can result in cell death, differentiation or
senescence (reviewed in Evan et al., 2001). This phenomenon was initially discovered in cells
expressing the adenovirus (Ad) E1A oncogene (Debbas et al., 1993; Putzer et al., 2000; Rao

*Address correspondence to: Karl Münger, Brigham and Women’s Hospital, The Channing Laboratories Room 861, 181 Longwood
Avenue, Boston MA 02115, USA, Phone (617) 525 4282, Fax: (617) 525 4283, Email: E-mail: kmunger@rics.bwh.harvard.edu.
Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers
we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting
proof before it is published in its final citable form. Please note that during the production process errors may be discovered which could
affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
Virology. Author manuscript; available in PMC 2010 March 1.

Published in final edited form as:
Virology. 2009 March 1; 385(1): 192–197. doi:10.1016/j.virol.2008.12.003.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



et al., 1992; Teodoro et al., 1995; White et al., 1991), or c-myc (Evan et al., 1992). Co-
expression of Ad E1B or Bcl-2 in Ad E1A or c-myc expressing cells, respectively, mutes this
response and results in cellular transformation (Debbas et al., 1993; Pelengaris et al., 2002;
White et al., 1991). Hence, the trophic sentinel response is thought to represent a cellular tumor
suppressive process that eliminates aberrantly proliferating cells from an organism (reviewed
in Evan et al., 2001).

High-risk human papillomaviruses (HPVs) are etiological agents of cervical carcinoma and
are also associated with other anogenital tract malignancies as well as head and neck cancers
(reviewed in Schiffman et al., 2007). Due to frequent viral genome integration during malignant
progression, high-risk HPV associated cancers consistently express the two viral oncoproteins,
E6 and E7. The best known cellular targets of high-risk HPV E6 and E7 oncoproteins are the
p53 and retinoblastoma (pRB) tumor suppressor proteins, respectively (reviewed in Munger
et al., 2001).

Our group showed that IMR90 normal human diploid fibroblasts that express the high-risk
HPV type 16 (HPV16) E7 oncoprotein are predisposed to undergo cell death once the cells
become confluent and/or are serum starved (Jones et al., 1997b). Induction of the trophic
sentinel response by HPV16 E7 correlated with its ability to destabilize the retinoblastoma
tumor suppressor pRB and to stabilize the p53 tumor suppressor. This effect was abrogated
when the HPV16 E6 oncoprotein, which targets p53 for degradation (Scheffner et al., 1993;
Scheffner et al., 1990), or a dominant negative p53 mutant was co-expressed (Eichten et al.,
2004). Although caspase 3 is activated and DNA fragmentation occurs in serum starved HPV16
E7 expressing IMR90 cells, treatment with a pan-caspase inhibitor did not block cell death in
HPV16 E7 expressing IMR-90 cells. Hence, the trophic sentinel response in HPV16 E7
expressing normal human fibroblasts depends on p53, but does not involve prototypical
apoptosis (Eichten et al., 2004) and requires additional mechanistic investigation.

To analyze the trophic sentinel response in a biologically relevant cell type, normal human
keratinocytes, we developed an assay system where normal human keratinocytes are grown in
E medium supplied with 5% fetal bovine serum (FBS). We show that under these conditions,
normal human epithelial cells undergo growth arrest upon serum deprivation or when the cells
reach confluence. In contrast, HPV16 E7 expressing keratinocytes undergo cell death as
evidenced by an increase in the sub-G1 population. Furthermore, we detected evidence of
autophagy in HPV16 E7 expressing keratinocytes, even when the cells were grown under
normal tissue culture conditions. These findings will allow a detailed mechanistic investigation
of the trophic sentinel response triggered by HPV16 E7 expression in keratinocytes and suggest
that E7 expression results in metabolic stress even under normal tissue culture conditions.

RESULTS
HPV16 E7 expressing primary human foreskin keratinocytes are prone to cell death upon
serum deprivation in E medium

Our previously published experiments on the HPV16 E7 induced trophic sentinel pathway
were performed with normal human fibroblasts rather than epithelial cells, the normal host cell
type for HPVs. In order to investigate the mechanistic details of the trophic sentinel pathway
in normal human keratinocytes, we first needed to develop a workable experimental system.
Normal human keratinocytes are most conveniently cultured in serum free growth media such
as Keratinocyte Serum Free Medium (K-SFM) (Pirisi et al., 1987), which is supplemented with
pituitary extract and recombinant EGF. Upon depletion of the pituitary extract from K-SFM,
normal human keratinocytes failed to undergo a cell cycle phase specific growth arrest (J.
Hasskarl and K. Münger, unpublished) whereas EGF depletion inhibited cell migration but
increased their proliferative capacity (Hasskarl et al., 2006). Based on these results, we
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explored alternative growth conditions for human keratinocytes. E medium, based on
Dulbecco’s modified Eagle medium (DMEM) supplemented with F-12 nutrient mixture and
a variety of other components such as insulin, transferrin, adenine, triiodothyronine and
hydrocortisone, as well as fetal bovine serum (FBS) supports the growth of normal human
keratinocytes (Rheinwald, 1980; Rheinwald et al., 1980). While the original formulation also
requires the presence of mitomycin C treated Swiss 3T3 J2 murine fibroblasts or their
conditioned medium, we did not include these components for our studies.

Primary human foreskin keratinocytes (HFKs) cultured in E medium showed decreased cell
growth in response to serum deprivation as evidenced by lower cell density after 48 hours of
treatment (data not shown). Cell cycle analysis by FACS revealed a modest increase in the G1/
S ratio, from 1.9 to 2.7, representing cell growth arrest, but no apoptotic cells with sub-G1
DNA content were detected at 72 or 144 hours after serum withdrawal (Figure 1A, left panels).
In order to determine whether these culture conditions may be used to analyze trophic sentinel
signaling, we subjected a passage and donor matched population of HPV16 E7 expressing
HFKs to the same treatment. There was no marked decrease in cell density after 48 hours of
serum deprivation in E-medium as compared to cells grown in E-medium supplemented with
5% fetal bovine serum (FBS) (data not shown). FACS analysis revealed an increase of cells in
S and G2/M phases with a concomitant decrease in G1 phase cells. Most importantly, there
was a dramatic increase of cells with sub-G1 DNA content from 0.2% at 72 hours to 10% at
144 hours after serum deprivation (Figure 1A, right panels). Similar results were obtained in
three independent experiments. Hence, HPV16 E7 predisposes human foreskin keratinocytes
to cell death in response to growth factor withdrawal, similar to what we previously observed
with normal human diploid fibroblasts (Jones et al., 1997b).

HPV16 E7 expressing hTERT immortalized human oral keratinocytes are predisposed to cell
death upon serum deprivation

Given that HFKs have a limited lifespan and their growth characteristics change upon repeated
passaging, they need to be re-derived regularly. Due to genetic differences between individual
donors, there can be significant differences between cell populations. To minimize these effects
and to further confirm that the trophic sentinel pathway is functional in normal human
keratinocytes, we investigated a set of matched hTERT immortalized normal oral human
keratinocyte lines (NOK) with and without HPV16 E7 expression (Piboonniyom et al.,
2003). As with the primary HFKs, these cells were adapted to grow to E-medium containing
5% FBS. After serum withdrawal for 24 and 48 hours, we observed increased cell shrinkage
and rounding in NOK E7 cells (data not shown). To quantify this phenotype, we performed
FACS analysis after serum withdrawal for 72 hours and 120 hours (Figure 1B). In NOK cells
we observed an ~10% increase in the G1 population, with concomitant decreases in the S and
G2/M populations. There was only a minor increase in the population of cells with a sub-G1
DNA content from 0.9% to 2.7%. In NOK E7 cells, however, we observed an increase in the
sub-G1 population from 1.6% to 8.5% at 120 hours after serum deprivation (Figure 1B). Similar
results were obtained in three independent experiments.

Increased incidence of cell death in HPV16 E7 expressing human keratinocytes upon cell-
cell contact

In the course of these experiments, we observed that the overall incidence of cell death upon
serum deprivation of NOK E7 cells was dependent on the saturation density that the cells
reached. We consistently observed a higher number of floating cells in dense cultures of NOK
E7 cells than in NOK control cells, even when the cells were maintained in E medium supplied
with 5% FBS. Hence, we investigated whether E7 expression can trigger trophic sentinel
signaling in confluent cells. To address this question, we seeded NOK and NOK E7 cells at
low and high density and cultured them in E medium with 5% FBS. Under high-density
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conditions, the cells immediately reached confluence and were maintained at confluence for
three days before being harvested for FACS analysis (Figure 2). NOK E7 cells exhibited a 2.9
fold increase of cells with a sub-G1 DNA content after they reached confluence (12.8% versus
4.4%), whereas the NOK cells showed a 1.8 fold increase (1.1% versus 0.6%). The fact that
NOK E7 cells show a higher incidence of sub-G1 cells (4.4%) than NOK cells (0.6%), even
when seeded at low density, may be related to the fact that NOK cells grow in dense clusters
even in a sparsely seeded plate, which appears sufficient to cause cell death with NOK E7 cells.
Similar results were obtained in two independent experiments.

Hence, consistent with our earlier studies in human diploid fibroblasts, the trophic sentinel
response in E7 expressing keratinocytes is also triggered by a growth inhibitory signal in
response to cell-to-cell contact.

HPV16 E7 expression in human keratinocytes induces an autophagy-like process
Autophagy is a highly conserved cellular pathway that serves to recycle damaged cellular
structures (Mizushima et al., 2008). Under conditions of nutrient limitation, this pathway is
triggered as a survival mechanism to mobilize necessary nutrients. During this process,
autophagosomes are formed which subsequently fuse to lysosomes to form autolysosomes
where their contents are digested and recycled. When autophagy is triggered over extended
periods of time in the absence of sufficient exogenous energy sources, cells eventually undergo
death by self-digestion. A commonly used molecular marker to assess autophagy is
microtubule-associated protein 1 light chain 3 (LC3). LC3 occurs in two forms in cells;
cytoplasmic LC3 I and lipidated LC3 II, which is associated with autophagosome membranes
and forms cytoplasmic speckles (“puncta”) (Mizushima, 2004).

Given the enhanced sensitivity of HPV16 E7 expressing cells to growth factor withdrawal, we
set out to determine whether HPV16 E7 expressing normal human keratinocytes show evidence
for autophagy-related processes. NOK and NOK E7 cells grown in complete E medium or after
24 hours of serum withdrawal in E-medium were stained with LC3 antibody. We detected
stronger LC3 staining in NOK E7 cells as compared to NOK control cells, both under normal
tissue culture conditions and after serum withdrawal. In addition, there was increased incidence
of cells with LC3 puncta in the NOK E7 cells as compared to NOK cells, indicating increased
incidence of autophagosomes in NOK E7 cells (Figure 3A). To test whether HPV16 E7
expression activates an autophagy related process regardless of culture conditions, we also
stained NOK and NOK E7 cells grown in K-SFM with LC3 antibody. Similar to what we
observed when the cells were grown in E-medium, the NOK-E7 population showed an
increased number of cells with LC3 puncta. A quantification of these results corresponding to
an assessment of >600 cells in four (E medium) and three (K-SFM) repeats is shown in Figure
3B. NOK and NOK E7 cells grown in E medium showed stronger LC3 staining than cells
grown in K-SFM. This may be due to one of the components of E medium, hydrocortisone,
which can activate autophagy (Kalamidas, 2000). Although the percentage of cells with LC3
puncta is different under the various conditions tested, there was a consistent 2 to 5 fold increase
of cells with LC3 puncta with NOK E7 cells as compared to NOK cells.

In these experiments, NOK and NOK E7 cells showed somewhat fewer LC3 puncta after 24
hours of serum deprivation. While these differences were not statistically significant, we
reasoned that this might due to fusion of autophagosomes with lysosomes. In order to determine
whether there was evidence of increased autophagy in response to serum withdrawal, we
analyzed expression of LC3 II at 4 hours after serum deprivation by Western blotting. LC3 II
levels increased in both NOK and NOK E7 cells, with NOK E7 cells exhibiting overall stronger
LC3 staining than NOKs (Figure 3C). Consistent with the immunofluorescence experiments
(Figure 3A, B), the levels of LC3 II decreased at 24 hours after serum withdrawal (Figure 3C).
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In order to confirm that the observed increase of LC3 puncta (Figure 3A, B) and LC3 II
expression (Figure 3C) in NOK E7 cells is caused by activation of autophagy, we treated NOK
and NOK E7 cells with 3-methyladenine (3-MA), a compound that inhibits autophagy at an
early stage (Seglen, 1982 #89). Consistent with this notion, 3-MA treatment decreased LC3 II
expression in both NOK and NOK E7 cells (Figure 3D). Furthermore, when cells were treated
with the lysosomal protease inhibitors pepstatin A and E-64d, which inhibit LC3 II degradation
once autophagosomes have fused with lysosomes, we detected increased amounts of LC3 II
in NOK E7 cells (Figure 3D). This indicates that NOK E7 cells not only have more
autophagosomes, but also have an active autophagic flux (Mizushima, 2007 #90).

DISCUSSION
The productive phase of the HPV life cycle in an infected epithelium is confined to terminally
differentiated layers. Squamous epithelial cells normally undergo irreversible growth arrest
upon differentiation. Since HPV genome replication critically depends on the availability of
host replication enzymes, these viruses encode proteins that establish and/or maintain a
replication competent cellular milieu in differentiated epithelial cells. HPV16 E7 has been
shown to uncouple cellular growth arrest from differentiation and induces aberrant S-phase
entry/competence through a number of mechanisms including degradation of the pRB tumor
suppressor and inactivation of the cyclin dependent kinase inhibitors p21CIP1 and p27KIP1

(Funk et al., 1997; Jones et al., 1997a; Zerfass-Thome et al., 1996).

Such induction of aberrant cellular and/or viral DNA synthesis in the absence of concurrent
environmental mitogen stimulation, however, can give rise to a situation of conflicting growth
signals. In otherwise normal cells, this triggers a cellular defense mechanism, the “trophic
sentinel response” that eliminates such deviant cells from the proliferative pool through cell-
type specific abortive processes such as cell death, differentiation or senescence (reviewed in
Evan et al., 2001). To avoid elimination, high-risk HPVs encode a second oncoprotein, E6,
which targets the p53 tumor suppressor protein for ubiquitin-mediated, proteasomal
proteolysis. Indeed, the HPV16 E7-triggered trophic sentinel response in normal human diploid
fibroblasts is abrogated by co-expression of HPV16 E6 or a dominant negative p53 mutant
(Eichten et al., 2004).

Our previous studies with HPV16 E7 expressing normal human diploid fibroblast have yielded
interesting and somewhat unexpected results. While E7 expression causes p53 stabilization
similar as is observed upon p53 activation through a DNA damage signal (Jones et al., 1999),
p53 remains transcriptionally inert even when the cells are subjected to serum deprivation. In
contrast to serum starved control cells, we detected reduced phosphorylation of AKT in
HPV-16 E7 expressing IMR90 fibroblasts, indicating a potential role of this survival kinase in
HPV-16 E7 induced trophic sentinel signaling in fibroblasts. Moreover, we detected a marked
induction of NF-kB activity and transcriptional upregulation of two IGF-binding proteins,
IGFBP2 and IGFBP5, when serum was withdrawn and addition of IGF-I could partially rescue
the serum deprivation induced cell death response (Eichten et al., 2004). Another surprising
aspect of these studies was that a pan-caspase inhibitor, zVAD, did not inhibit the cell death
response despite of inhibition of DNA degradation. Hence the mechanism of HPV16 E7
induced cell death in response to growth factor deprivation is distinct from standard apoptosis
and its mechanism remains enigmatic.

In order to warrant further mechanistic study, we first needed to establish a workable assay
system of HPV16 induced trophic sentinel signaling in the normal host cell type of these
viruses, primary human epithelial cells. Here we report that HPV16 E7 expression in two
human epithelial cell types, primary human foreskin keratinocytes (HFKs) and hTERT
immortalized normal oral keratinocytes (NOK) reproducibly causes cell death when grown in
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E-medium and subjected to serum deprivation. While normal cells stopped proliferating, we
only detected minimal cell death under these conditions (Figure 1). Similar to what he had
previously reported for HPV16 E7 expressing normal human diploid fibroblasts, we also
observed cell death in HPV16 E7 expressing keratinocytes when they were maintained at high
cell density in complete, serum containing medium (Figure 2). Hence, these results suggest
that similar to what we observed in the fibroblasts, HPV16 E7 expressing normal human
keratinocytes undergo cell death when they experience conflicting growth signals.

While we have not yet performed detailed mechanistic studies on trophic sentinel signaling
triggered by HPV16 E7 expression in normal human keratinocytes and do not know whether
it is similar to what we observed in fibroblasts, we discovered evidence for activation of an
autophagy-related process in E7-expressing keratinocytes. Autophagy is a type II form of cell
death and represents an ancient, genetically well-defined signaling pathway that serves to
maintain cell homeostasis by recycling misfolded proteins as well as defective cellular
organelles. Under conditions of metabolic stress, such as growth factor deprivation, autophagy
is activated to provide cells with alternative sources of energy for survival. Prolonged activation
of autophagy, however, can eventually lead to cell death by self-digestion (Mizushima et al.,
2008).

Given that HPV16 E7 expressing fibroblast can undergo caspase independent cell death, we
decided to assess HPV16 E7 expressing cells for autophagy using LC3 staining as a marker
(Klionsky et al., 2007; Tasdemir et al., 2008). In general, HPV16 E7 expressing keratinocytes
contained higher levels of diffuse cytoplasmic LC3 staining. This is consistent with a recent
report that some autophagy genes, including LC3, are transcriptionally regulated by E2F1
(Polager et al., 2008), which is activated through pRB degradation in HPV16 E7 expressing
keratinocytes. Indeed, we detected decreased LC3 expression in NIH 3T3 cells expressing the
pRb/p107/130 defective HPV16 E7 DLYC mutant as compared to wild type HPV16 E7
expressing NIH3T3 cells (data not shown). More importantly, we also observed an increased
number of cells where LC3 staining was confined to discrete cytoplasmic puncta, even when
the cells were grown under nutrient-rich conditions such as serum containing E-medium or
standard K-SFM (Figure 3A). We also detected increased amounts of autophagosome-
associated LC3, LC3-II, in NOK E7 cells by Western blot (Figure 3C, 3D). Moreover, when
cells were treated with lysosomal protease inhibitors, LC3-II levels further increased in NOK
E7 cells, indicating active autophagic flux in NOK E7 cells. These findings suggest that HPV16
E7 expression in keratinocytes activates an autophagy-like process. One possibility is that
aberrant cell proliferation induced by E7 expression increases energy requirements. Moreover,
E7 expression has been shown to cause a metabolic switch from normal aerobic respiration to
anaerobic metabolism (Zwerschke et al., 1999) that generates considerably less ATP. Hence,
HPV16 E7 expressing cells may be experiencing metabolic stress even under normal growth
conditions, which may induce an autophagy-like process.

The ability of HPV16 E7 to induce an autophagy-related process is interesting, given that the
process of autophagy has been evaluated as a target for anticancer therapy. Increased LC3
staining has been observed in many tumor types including pancreatic (Fujii et al., 2008),
gastrointestinal (Yoshioka et al., 2008) and colon cancers (Sato et al., 2007) and stronger LC3
staining correlated with particularly poor prognosis in pancreatic cancer patients (Fujii et al.,
2008). While inhibiting autophagy decreased tumor cell survival both in vitro and in vivo
(Degenhardt et al., 2006) and increased the sensitivity to chemotherapy and radiotherapy in
multiple carcinoma cell lines (Apel et al., 2008), cells with defects in the autophagy pathway
also showed increased chromosome instability, signs of persistent DNA damage and
aneuploidy, which may promote carcinogenesis (Mathew et al., 2007). Conversely,
upregulation of autophagy has also been shown to induce growth inhibition in glioma (Aoki
et al., 2007) and cholangiocellular carcinoma cells (Enomoto et al., 2007), and enhanced
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response to radiotherapy of lung cancer in a mouse model (Kim et al., 2008). Therefore, one
might envision strategies that inhibit or enhance autophagy to be tested for clinical efficacy
(Carew et al., 2007; Karantza-Wadsworth et al., 2007). It will be important to determine
whether there is increased autophagy in cervical cancers and how these tumors respond to
inhibition or activation of autophagy.

In summary, we have established a model system to investigate the mechanistic details of the
trophic sentinel response triggered by HPV16 E7 expression in normal human keratinocytes.
Moreover, we provide evidence that HPV16 E7 expression in keratinocytes activates an
autophagy-related process, presumably as a result of metabolic stress due to sustained
proliferative activity and/or reprogramming of the cellular metabolism to a less efficient
anaerobic mechanism (Zwerschke et al., 1999). It will be important to determine whether and
how trophic sentinel signaling is connected to the induction of this autophagy-related process.

MATERIALS AND METHODS
Cells and culture conditions

Primary human foreskin keratinocytes (HFKs) derived from neonatal foreskins were isolated
as described previously (Jones et al., 1997a). HFK populations with stable expression of
HPV16 E7 were prepared by transfecting primary HFKs with p1435, a human β-actin HPV16
E7 expression plasmid, or p1318, the parental vector (Munger et al., 1989) as a control, using
the Amaxa Human Keratinocyte Nucleofector Kit (Amaxa Biosystems) according to the
manufacturer’s instructions. Transfections included pcDNA3.1 (Invitrogen) (1:10 ratio) to
allow selection of transfected cells in 0.2 mg/ml G418. The hTERT immortalized NOK and
NOK E7 cells have been previously described (Piboonniyom et al., 2003).

HFKs and NOKs were cultured either in Keratinocyte Serum Free Medium (K-SFM,
Invitrogen) supplemented with human recombinant epidermal growth factor 1–53 (EGF 1–
53), bovine pituitary extract (BPE), penicillin (100 U/ml), streptomycin (100μg/ml),
gentamicin (10 μg/ml), and amphotericin B (0.5 μg/ml) or in E medium (Rheinwald, 1980;
Rheinwald et al., 1980). E-medium was prepared by dissolving powdered Dulbecco’s modified
Eagle Medium (DMEM; Invitrogen) and Ham’s formulation of F-12 Nutrient Mixture
(Invitrogen) in distilled water. The solution was supplemented with sodium bicarbonate (3.07
g/l), adenine (180 μM), insulin (5 μg/ml), transferrin (5 μg/ml), triiodothyronine T3 (20 pM),
hydrocortisone (0.4 μg/ml), cholera enterotoxin (10 ng/ml), penicillin (100 U/ml),
streptomycin (100 μg/ml), nystatin (100 U/ml) and 5% Fetal Bovine Serum (FBS).

For serum deprivation experiments, cells were seeded into six-well plates at a density of 4 to
5 × 104 cells/well in complete E medium. Unattached cells were removed by replacing the
medium the day after seeding. Cells were starved in serum-free E-medium or grown in
complete E-medium for the indicated times before analysis by FACS, immunofluorescence or
Western blotting, as indicated.

For confluence experiments, cells were seeded into six-well plates at 6 × 105 cells/well in
complete E-medium. Unattached cells were removed by replacing the medium the day after
seeding and the cells were kept in complete E-medium for 72 hours.

For some experiments NOK and NOK E7 cells were treated with the autophagy inhibitor 3-
methyladenine (#M9281, Sigma) at 5 mM or the lysosomal protease inhibitors E-64d
(#330005, Calbiochem) at 10 μg/ml and pepstatin A (#516481, Calbiochem) at 10 μg/ml for
4 hours.
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Fluorescence-activated cell sorting analysis (FACS)
Cells were washed with phosphate buffered saline (PBS) and fixed in 75% ethanol at room
temperature for 10 minutes. After treatment with RNAse A (20 μg/ml), DNA was stained with
propidium iodide (50 μg/ml). Samples were analyzed with a FACSCalibur system and
CellQuest software (Becton Dickinson).

Immunological Methods
For immunofluorescence experiments, cells were plated onto coverslips and fixed with 3%
paraformaldehyde in phosphate-buffered saline (PBS) and permeabilized with 0.5% Triton
X-100. Cells were blocked with 10% goat serum in PBS at room temperature for one hour and
incubated with a rabbit polyclonal LC3B antibody (#2775, Cell Signaling) at a 1:200 dilution
in PBS for 12 to 18 hours at 4°C followed by an Alexa Fluor 488-conjugated goat anti rabbit
antibody (1:1000 in PBS; Invitrogen). Nuclei were counterstained with Hoechst 33258 (Sigma)
and TO-PRO-3 (Invitrogen) dyes. Images were taken with laser scanning Zeiss Axioskop
PCM2000 confocal fluorescence microscope.

For detection of LC3-II by Western blotting, cell lysates were prepared in 0.5% Nonidet P-40
(NP40), 150 mM NaCl, 50 mM Tris-HCl (pH7.5) and protease inhibitor cocktail (Roche).
Extracts were cleared by centrifugation at 4°C at 16,000 g for 5 min and protein concentrations
were determined by the Bradford method (Bio-Rad). 200 μg aliquots were immediately
analyzed by SDS-PAGE and transferred to PVDF membranes (Immobilon-P; Millipore). The
membranes were blocked at room temperature for one hour in 5% nonfat dry milk in TNET
buffer (200 mM Tris-HCl, 1 M NaCl, 50 mM EDTA, 0.1% Tween 20 [pH7.5]) and then probed
with rabbit LC3B polyclonal antibody (#2331, Novus biologicals; 1: 500) for one hour at room
temperature. After three times of washing with TNET buffer, secondary antibody was added
to the membrane for 45 minutes at room temperature. Immunodetection was performed using
the enhanced chemiluminescence system (PerkinElmer Life Sciences, Inc.), followed by digital
acquisition and quantification on a Kodak 4000R Image Station (Kodak) using Kodak Imaging
Software (version 4.0). LC3-II signals were normalized to α-actin (#MAB1501, Chemicon;
1:1000).
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Figure 1.
HPV16 E7 expressing normal human keratinocytes cultured in E medium are prone to cell
death upon serum deprivation. (A) Representative flow cytometric cell cycle analysis of control
human foreskin keratinocytes (HFK) and HPV16 E7 expressing populations (HFK 16E7)
grown in E-medium with 5% FBS or in serum free E medium for 72 and 144 hours. Similar
results were obtained in three independent experiments. (B). Representative flow cytometric
cell cycle analysis of telomerase immortalized normal human oral keratinocytes (NOK) and a
donor matched HPV16 E7 expressing line (NOK E7) (Piboonniyom et al., 2003) grown in
complete E-medium or in serum free medium E medium for 72 and 120 hours. Similar results
were obtained in three independent experiments.
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Figure 2.
NOK E7 cells are prone to cell death upon cell-to-cell contact. The percentage of NOK and
NOK E7 cells with sub-G1 DNA content as determined by flow cytometry is graphed for
subconfluent and confluent NOK and NOK E7 cells.
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Figure 3.
Evidence for an autophagy-related process in NOK E7 cells. (A) Representative confocal
immunofluorescence images of the LC3 staining patterns in NOK (left panels) and NOK E7
(right panels) cells cultured in complete E-medium (top panels), serum free E-medium for 24
hours (middle panels) or in K-SFM (bottom panels). Cell nuclei were counterstained with TO-
PRO-3 (indicated by the pseudo blue coloration). (B). Quantification of cells with punctate
LC3 staining (“LC3 puncta”) indicative of autophagy in NOK and NOK E7 cells under the
different growth conditions. Bar graphs represent means and standard deviations of 4 (E-
medium) or 3 (K-SFM) independent experimental repeats. More than 600 cells were counted
in each group. p-Values as determined by unpaired t test are indicated. (C) Expression of
autophagosome associated LC3 II in NOK and NOK E7 cells. NOK and NOK E7 cells were
cultured in complete E medium before starvation. Serum was withdrawn for 4 hours and 24
hours. α-actin was used as loading control to quantify the relative amount of LC3-II in the
different cell populations. (D) Expression level of LC3-II in NOK (N) and NOK E7 (N7) cells.
Cells cultured in keratinocyte serum free medium (K-SFM) were treated with autophagy
inhibitor 3-MA (5mM) or the lysosomal protease inhibitors (Inhib) E64d (10 μg/ml) and
pepstatin A (10 μg/ml) for 4 hours and subjected to immunoblot analysis using LC3 antibody.
α-actin was used as loading control to quantify the relative amount of LC3.
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