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Abstract Apoptotic elimination of UV-damaged cells from
the epidermis is an important step in preventing both the
emergence and expansion of cells with carcinogenic poten-
tial. A pivotal event in apoptosis is the release of apoptogenic
factors from the mitochondria, although the mechanisms by
which the different proteins are released are not fully under-
stood. Here we demonstrate that UV radiation induced the
mitochondrial to nuclear translocation of apoptosis induc-
ing factor (AIF) in normal skin. The human papillomavirus
(HPV) E6 protein prevented release of AIF and other apop-
totic factors such as cytochrome c and Omi from mitochon-
dria of UV-damaged primary epidermal keratinocytes and
preserved mitochondrial integrity. shRNA silencing of Bak,
a target for E6-mediated proteolysis, demonstrated the re-
quirement of Bak for UV-induced AIF release and mitochon-
drial fragmentation. Furthermore, screening non-melanoma
skin cancer biopsies revealed an inverse correlation between
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Introduction

Apoptosis, or programmed cell death, triggers a series of
events that lead to the efficient elimination of supernumer-
ary cells during development or the selective killing of badly
damaged and potentially tumorigenic cells. Of the two main
pathways of apoptosis that can be triggered, either through
cell surface death receptors or an intrinsic mechanism in-
volving mitochondria, the latter is most often seen in verte-
brate cells in response to a variety of genotoxic insults [1].
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A pivotal event in this process is the loss of mitochondrial
outer membrane potential (MOMP), a complex event which
is thought to depend on two key pro-apoptotic members of
the Bcl-2 family, Bax and Bak, and is considered as criti-
cal in commitment to cell death [2–4]. When activated, Bax
and Bak can form multimeric complexes containing lipids
that are able to form supra-molecular openings in the mito-
chondrial outer membrane leading to loss of MOMP and the
selective release of proteins located in the inter-membrane
mitochondrial space (IMS) [5–7]. Proteins released from the
IMS can promote apoptosis via two general mechanisms
either involving cytosolic events leading to caspase activa-
tion, or a second separate pathway that depends on nucle-
ase activities [8]. However, both the composition, structure
and biochemical characteristics of the mitochondrial intra-
membranous complexes formed by Bax and Bak, as well
as their ability to differentially regulate the release of IMS
proteins, remain unclear. The release of IMS proteins such
as cytochrome c, Smac/DIABLO and Omi/HtrA2 results in
caspase activation, whereas release of other factors such as
AIF and Endonuclease G leads to their translocation to the
nucleus where they participate in DNA condensation and
large scale cleavage that is distinct from oligonucleosomal
fragmentation [8–10].

While the release of AIF from the mitochondria is now
recognized as being an important step in apoptotic signaling,
there are differing reports as to the nature of the molecular
determinants governing AIF release in response to diverse
apoptotic stimuli in different cell types [11]. Although there
are reports indicating AIF release is dependent upon up-
stream caspase activation and cytochrome c release, they
are counterbalanced by evidence that indicates AIF release
occurs independently of caspase activity [12, 13]. Experi-
ments probing how mitochondrial membrane permeability
is achieved in molecular terms have also yielded different
results with regard to cytochrome c and AIF release. In in
vitro reconstitution experiments using Bcl-2 family mem-
bers, channels with distinct molecular cut offs were gen-
erated that allowed the passage of small molecules such
as cytochrome c but not of the larger AIF [14]. In con-
trast to this, other reports suggest that composite channels
consisting of t-Bid, Bax and mitochondrial lipids formed
giant pores capable of releasing molecules up to 2MDa
[15].

Solar UV radiation damages DNA, is highly mutagenic
and is recognized as an important environmental human car-
cinogen. UV is the main aetiological agent that results in over
one million cases of non-melanoma skin cancer (NMSC) in
the USA and > 60,000 cases in the UK annually [16, 17]. UV
is a powerful apoptotic inducer in human epidermis leading
to the production of “sunburn” cells that display hallmarks
of apoptosis including nuclear chromatin condensation and
fragmentation [18]. The failure to repair damaged DNA or to

remove severely damaged cells by apoptosis can lead to the
propagation of deleterious somatic mutations and ultimately
to carcinogenesis [19]. UVB has been shown to be a phys-
iologically important inducer of Bak activity that results in
activation and stabilization of the protein in the epidermis
with a concomitant induction of apoptosis, an activity that is
independent of the p53 tumor suppressor [20]. In addition to
UVB, there is an emerging role for cutaneous human papillo-
maviruses (HPV) in NMSC development with most tumors,
including those that contain HPV, occurring at body sights
exposed to solar radiation [21–23]. Specific patient groups,
such as iatrogenically immunosuppressed organ transplant
patients, have a well-documented 50–100 fold increased risk
of developing NMSC and these lesions also show a high car-
riage rate of HPV [22, 24]. The HPV E6 protein effectively
inhibits UV-induced apoptosis, an activity that is mediated
at least in part by the abrogation of Bak activity through pro-
teolytic degradation [20, 25]. HPV-positive NMSC display
low apoptotic rates and have lower levels of Bak protein than
HPV-negative NMSC. The suppression of UV-induced apop-
tosis has been proposed as a general mechanism by which
cutaneous HPVs can promote skin cancer development [26,
27].

We have further investigated the anti-apoptotic effects of
the HPV E6 protein with regard to the release of proapoptotic
factors from the mitochondria, both in monolayer and organ-
otypic cell cultures and in skin cancer biopsy material. The
findings both shed new light on the mechanisms involved in
UV-induced release of apoptogenic factors from mitochon-
dria and reveal important physiological implications for skin
cancer development.

Results

HPV E6 inhibits UV-induced mitochondrial morphological
changes and the release of pro-apoptotic factors

Having previously demonstrated that HPV E6 interferes with
UVB-induced apoptosis in a number of different cell types,
we were interested to investigate the consequences on the mi-
tochondrial apoptotic pathway [20, 28]. HT1080 cells that
express UV-inducible Bak and p53 were transfected with the
HPV E6 gene of HPV types 5, a β-papillomavirus found
in NMSC, and HPV 18, a mucosal HPV found in anogen-
ital cancers [29]. We first compared HPV expressing and
control cells for morphological changes induced by UVB
by electron microscopy (Fig. 1(A)). Mitochondria of control
cells were found to undergo fragmentation following UVB
treatment and close inspection revealed pinch points that are
formed during the fragmentation process and are believed to
be sites where Bak multimers coalesce [30]. In contrast, in
cells expressing either of the E6 proteins mitochondrial con-
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densation and fragmentation are significantly reduced and
no pinch points were observed.

To investigate how E6 was able to prevent the mitochon-
drial fragmentation process we examined the expression lev-
els of key apoptotic regulators such as Bak, p53 and AIF after
UVB exposure (Fig. 1(B)). In agreement with our previous
reports, following UV irradiation the HPV18 E6 protein tar-
geted both Bak and p53 for proteolysis, while the HPV5
E6 protein only promoted Bak degradation [20]. UV treat-
ment did not affect AIF levels and this was not influenced by
expression of either E6 protein, indicating that AIF is not a
target for E6-mediated proteolysis. As AIF is known to exert
its apoptotic activity at the nuclear level, we then analyzed
whether AIF translocation was affected by UV treatment
and whether E6 modulated this translocation. Immunocyto-
chemical analysis of AIF sub-cellular localization showed
that UVB caused AIF to translocate from the mitochondria
and accumulate in the nucleus in control cells (Fig. 1(C)).
In E6-expressing cells however AIF was located in the mito-
chondria before UV treatment and did not undergo translo-
cation to the nucleus. To further confirm these observations
on the cell cultures as a whole and to obtain quantitative data
on AIF translocation, we developed a FACS technique capa-
ble of quantifying the level of protein expression at different
sub-cellular locations (Fig. 1(D)). These fractionation exper-
iments revealed that translocation of AIF was inhibited in the
E6 cells and also that the release of other IMS proteins such
as cytochrome c and Omi was also prevented (Fig. 1(E)).
FACS profiles of sub-cellular fractions showed a decrease in
mitochondrial levels of AIF with a concomitant increase in
the nuclear compartment following UV treatment. In addi-
tion, lower levels of both cytochrome c and Omi were present
in the mitochondrial fraction after UV treatment. This new
method of FACS analysis also permits quantification of the
data, this is shown in the bar graphs. Together, these results
demonstrate that E6 expression causes a major dysfunction in
mitochondrial apoptosis by preventing both morphological
and other biochemical changes. The degradation of p53 by
HPV18 E6 but not by HPV5 E6 indicates that the inhibitory
effects of E6 appear to be independent of p53 status.

Bak is required for AIF release from the mitochondria after
UV irradiation

Although the pro-apoptotic role of Bak has been mostly stud-
ied in association with its close homologue Bax, it has been
clearly established that Bax and Bak can mediate apoptosis
independently [5, 31]. The ability of Bax and Bak to interact
with various partners to regulate specifically the release of
pro-apoptotic factors from the mitochondria also seems to
differ [32]. However, as Bax is not a transcriptional target of
p53 in human epidermal cells following DNA damage [33],
we focused further experiments on Bak.

To determine the importance of Bak degradation mediated
by E6 and whether this was directly involved in the failure
of AIF to translocate to the nucleus after UV, we established
monoclonal HT1080 cell lines in which the expression of Bak
was silenced by specific shRNAs. The specificity of Bak si-
lencing was established using western blotting to Bak and a
control molecule, EGFP (Fig. 2(A)), and both the BI and BII
lines yielded similar rersults. Bak-silenced cells displayed a
significantly lower apoptotic rate (assessed by Annexin V-
binding) following UVB treatment, that was accompanied
by a lower decrease in mitochondrial membrane potential,
��m, when compared to control cells (Fig. 2(B) and (C)).
The effects on both apoptotic rate and mitochondrial mem-
brane potential were most dramatic at early time points after
UV treatment. This suggests that Bak plays a key role by
participating in an early wave of apoptosis, and that at later
time points other Bak-independent mechanisms then play an
increasingly important role in apoptosis in this system.

Morphological changes in the mitochondria were assessed
using EM as described above, but no fragmentation or pinch
points were detected in UVB-irradiated Bak silenced cells
and additionally, no translocation of AIF was observed (Fig.
2(D) and (E)). The partial resistance of Bak-silenced cells
to apoptotic stimuli is consistent with data obtained from
Bak−/− MEFs following either UVC or staurosporine treat-
ment [5, 31]. In addition to the observed effects of E6
on AIF sub-cellular localisation as determined by confo-
cal microscopy and FACS, we have performed conventional
cell fractionation experiments on E6-expressing and Bak si-
lenced cells to confirm further our findings. AIF mitochon-
drial to nuclear translocation was effectively inhibited in both
the HT1080 HPV5 E6-expressing cells and in the HT1080
Bak silenced cell line derivative BII where AIF was retained
in the mitochondrial cell fraction after UV exposure (Fig.
2(F)). These results demonstrate the requirement of Bak for
UVB-induced apoptosis not only at the morphological level
but also for the release of different pro-apoptotic IMS pro-
teins. The comparable maintenance of mitochondrial mor-
phology and retention of IMS proteins in E6 expressing cells
compared to Bak-silenced cells following UVB exposure
suggests that similar mechanisms were operating in each
case that preserved mitochondrial integrity.

E6 prevents UV-induced AIF nuclear translocation
in regenerated epithelium

The findings that E6 was able to inhibit AIF translocation
and release of other IMS proteins suggest that E6 expression
is likely to have significant effects in modulating the re-
sponse of skin to UV. To investigate more closely the phys-
iological relevance of the observations on monolayer cell
cultures, we analyzed AIF sub-cellular localization in ex-
plant cultures of skin maintained in organ culture, and also
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� Fig. 1 Mitochondrial apoptotic pathway induced by UV irradiation is
disrupted in E6 expressing cells. UVB response of stable HT1080 cell
lines transfected with empty vector (Mock), HPV5-E6 or HPV18-E6
protein was assessed. (A) E6 protein interferes with UV-induced mito-
chondrial fragmentation. Mitochondrial morphology of untreated cells
or 24 h after UVB irradiation (15 mJ/cm2) was visualized by electron
microscopy. The UV-induced formation of pinch point (indicated by
arrows) was prevented in E6 expressing cells. Images shown are rep-
resentative of 5 analyzed sections. Bars represent 0.5 µm. (B) Level
of apoptotic factors in E6 cells following UV irradiation. Whole cell
lysates prepared from untreated cells, 16 h or 24 h after exposure to UVB
(15 mJ/cm2) were resolved by SDS-PAGE and the resulting blot probed
with the indicated monoclonal antibodies. p53 accumulation after UV
was prevented in HPV18-E6 cells and Bak was degraded in both HPV5-
E6 and HPV18-E6 cells. The α-tubulin level was used as a control to
normalize protein loading. (C) Abrogation of UV-induced AIF nuclear
relocalization by E6 expression. Three-color confocal microscopy of
Mock, HPV5-E6 or 18-E6 cells was assayed before treatment (left

panel) or 24 h after UVB irradiation (right panel). The mitochondria
staining in red (MitoTracker Orange CMTMRos), AIF (AIF-FITC) in
green and nuclei were stained with Hoechst in blue. The pictures shown
are representative of three independent immunostaining experiments.
Bars represent 5 µm. (D) AIF and (E) cytochrome c and Omi release
respectively from the mitochondria (left) and relocalization to the nu-
clei (right) was also assayed by flow cytometric analysis of untreated
(Ctl) or UVB-irradiated cells stained with probes and antibodies as
in C. Representative plots of AIF-FITC, cyto c-FITC and Omi-FITC
signals in mitochondrial and nuclear fractions of HT1080 cells before
and after UV treatment are shown. Fluorescence was quantified us-
ing a LSR flow cytometer. The bar charts represent means ± SD from
three independent experiments (∗∗∗p = 0.0001, ∗∗0.001 ≤ p ≤ 0.009,
∗0.01 ≤ p ≤ 0.09 calculated with the Student’s t-Test). (E) Likewise,
Cytochrome c (Cyt, left) and Omi (right) release from the mitochondria
24 h after UVB irradiation was monitored by flow cytometry using se-
lective antibodies. Data shown are mean ± SD from three independent
experiments

in organotypic keratinocyte cultures of regenerated stratified
epithelium that express the HPV E6 protein that can be used
to mimic early skin lesions. UVB irradiation of normal skin
demonstrated that AIF translocation occurred progressively
in skin in vivo, with AIF first being detected in the cyto-
plasm and then at later time points in the nucleus of the ker-
atinocytes (Fig. 3(A)), suggesting that caspase-independent
pathways involving AIF operate in this tissue. Notably, AIF
expression was not detected in unirradiated skin explants. To
determine whether this was due to lack of expression or
possible masking of the antibody epitope in the tissue
through complex formation with binding partners such as
HSP70, we performed western blotting on whole cell extracts
of skin using the same anti-AIF antibody as used in the im-
munohistochemical analysis (Fig. 3(B)). This confirmed that
AIF was expressed in normal skin and, in agreement with
our previous observations in cell cultures, that AIF protein
levels were unaffected by UV irradiation.

To investigate whether the E6 protein was also able to
inhibit AIF translocation in epithelium, primary human epi-
dermal keratinocytes were infected with a recombinant retro-
virus expressing the E6 gene of HPV type 8, a virus with very
close homology to HPV5, or retrovirus containing empty
vector. Reconstituted epidermal sheets were generated by
seeding the transduced keratinocytes onto de-epidermalized
human dermis and allowing the cells to differentiate over a
14 day period. The reconstituted skin was then irradiated as
before for normal skin and harvested 24 h later (Fig. 3(C)).
As noted for untreated normal skin, AIF was not detected
in the absence of UVB treatment, in either E6-transduced
organotypic cultures or controls. However, 24 h after UV
treatment of the regenerated epithelium AIF was clearly de-
tected in the nuclei of cells transduced with empty retro-
virus. By comparison, AIF was detected in epithelium re-
generated using E6-transduced keratinocytes but its expres-
sion was limited to the cytoplasm and no nuclear staining
was observed. This suggests that while UVB may have

initiated early events that lead to activation of AIF, E6
nevertheless prevented the release of the protein from the
mitochondria.

AIF expression in non-melanoma skin cancers

An important role for the AIF-mediated apoptosis pathway
has recently been proposed in tumor tissue as well as cul-
tured cells where tumor cells exhibited non-classical features
of apoptosis, showing no caspase activation and AIF nu-
clear localization [12, 34, 35]. Moreover, it has been further
suggested that AIF may determine the chemoresistance of
non-small-cell lung carcinomas to conventional anti-cancer
therapies [36]. In addition, the resistance to loss of MOMP
has been defined as a prominent hallmark of cancer cells,
although the molecular mechanisms that underlie this defect
remains unclear at present [37]. Since squamous cell carci-
nomas (SCC) that contain HPV DNA sequences have been
shown to have a lower apoptotic rates than HPV-negative
NMSC [25], we extended our studies to investigate whether
AIF played a part in the apoptotic response in skin cancers.
To test this idea, we then investigated AIF sub-cellular lo-
calization in a series of 17 HPV-positive and -negative SCC
biopsies. After HPV typing, SCC biopsies that were either
positive or negative were selected for analysis.

This immunohistochemical investigation showed that in
the HPV-negative tumors, AIF was readily detected and was
found to be located in both the cytoplasm and nuclear com-
partments (Fig. 4). In marked contrast, the HPV-positive
SCCs displayed only weak AIF staining that was confined
to the cytoplasm. Of the HPV-negative tumors, 8/9 showed
strong AIF staining and AIF was detected in the nucleus in
6/9 biopsies, while in the HPV-positive SCCs, only 5/8 le-
sions showed weak cytoplasmic AIF staining and 0/8 showed
any nuclear AIF. Thus, we observe a clear difference in the
nuclear localization of AIF, where the protein would be able
to exert its apoptotic activity, between HPV-positive and -
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Fig. 2 Bak silencing alters key features of the mitochondrial apop-
totic pathway. (A) Silencing of Bak in HT1080 cell line using specific
shRNA. Immunoblot analysis of lyzates prepared from monoclonal
cell lines expressing Bak shRNA templates (BI, BII and BIII) or the
empty vector (Mock) indicated the level of Bak protein. EGFP level
was assessed to attest an equal expression of the vector and α-tubulin
level was used as a control to normalize protein loading. (B) The Bak-
silenced cell line BII displayed a lower apoptotic rate following UV
irradiation. Apoptosis was assessed by flow cytometric detection of
Annexin-V/DAPI in control (Mock) and Bak-silenced cells (BII) un-
treated, 16 h or 24 h after UVB exposure (15 mJ/cm2). The data shown
are means ± SD of three independent experiments. (C) Bak silencing
also affected the loss of mitochondrial membrane potential (��m) in-
duced by UV. Mitochondrial membrane potential was assayed by flow
cytometry using TMRE probe. The data presented as the means of three
independent experiments ± SD. (D) Bak participates to the mitochon-

drial fragmentation process. Morphological changes before and 24 h
after UVB irradiation of Mock or Bak-silenced cells were evidenced
by electron microscopy. The arrows point to the mitochondrial pinch
points. Images shown are representative of 5 analyzed sections. Bar rep-
resents 0.5 µm. (E) Bak is required for AIF relocation. Measurement
of AIF release from the mitochondria (left panel) and translocation
to the nucleus (right panel) was assayed by flow cytometric analysis
of Mock and Bak-silenced cells before and 24 h after UVB irradia-
tion. Data shown are mean ± SD from three independent experiments
(∗∗0.001 ≤ p ≤ 0.009, calculated with the Student’s t-Test). (F) Cell
fractionation. Nuclear, cytosolic and mitochondrial fractions were iso-
lated from HT1080, HT1080 HPV5E6 or Bak-silenced HT1080 cells
(BII) and western blotted for AIF. Markers of the different cellular frac-
tions were as follows; nucleus: PCNA, mitochondria: Cox4, cytosol:
actin
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Fig. 3 E6 inhibits UV-induced AIF relocation to the nucleus in nor-
mal human skin. (A) UV induces AIF nuclear translocation in human
skin. Immunostaining was performed on skin sections at various times
(12 h, 18 h and 24 h) after exposure to UVB (45 mJ/cm2) using AIF
monoclonal antibody (stained brown) and Hematoxylin and eosin coun-
terstain. Pictures were taken at a magnification of 200× and 1000×
(insets) using conventional microscopy. (B) AIF expression remains sta-
ble in human skin. Lysates prepared from primary human keratinocytes
untreated or UVB irradiated (15 mJ/cm2) were examined for the pres-
ence of AIF using the previously used monoclonal antibody. α-tubulin

level was assayed as a control to normalize protein loading. (C) AIF
translocation to the nucleus is inhibited in epithelium regenerated us-
ing human primary keratinocytes retroviraly expressing HPV8E6. Hu-
man skin sheets were reconstituted using keratinocytes transduced with
empty control retrovirus vector (Mock) or with an HPV8E6-encoding
retrovirus. AIF subcellular localization was determined in untreated or
UVB irradiated (45 mJ/cm2) cultures using AIF-selective antibody and
DAB staining (stained brown). Pictures were taken by conventional
microscopy. Bars represent 20 µm. The arrows point to the positive
stained cells
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Fig. 4 AIF is confined to the cytoplasm in HPV positive tumors. Sec-
tions of HPV-typed human squamous cell carcinomas (SCCs) were
stained using AIF antibody and counterstained with Haematoxylin
and eosin. Pictures were taken at a magnification of 200× (top) and
1000× (bottom) using conventional microscopy. Note that AIF nu-
clear localization is only observed in the HPV negative biopsy. These
images are representative of a multiple sample study described in
Table 1

negative tumors, p = < 0.0068 according to Fisher’s exact
test (Table 1). This differential localization of AIF between
HPV-positive and -negative tumors is in agreement with our
earlier observations where AIF was confined to the cytoplas-
mic compartments of UV-irradiated regenerated epithelium
(Fig. 3). These results suggest that AIF plays a part in a
caspase-independent mechanism of apoptosis in the skin and
that the inhibition of AIF nuclear translocation by HPV con-
tributes to the lower apoptotic rates observed in HPV-positive
compared to -negative lesions.

Discussion

Our previous studies have highlighted an important role for
the anti-apoptotic activity of cutaneous HPVs in NMSC de-
velopment, an activity that is encoded by the E6 protein that
is capable of inhibiting simultaneously diverse UV-induced
apoptotic pathways [20]. This results in an overall effect that
facilitates the persistence of virally infected cells and alters
the balance between proliferation and apoptosis in these can-
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Table 1 AIF nuclear localization is absent in HPV positive human
tumors. Study of AIF immunostaining in a series of HPV-positive and
-negative human squamous cell carcinomas stained as in Fig. 4. In
HPV-negative (Neg) SCCs, AIF staining is strong and located in both
the cytoplasm and nuclear compartments. In HPV-positive SCCs, AIF
staining is weak (p value for AIF staining intensity between HPV-
positive and -negative lesions = 0.0268 according to the Chi squared
test). Marked differences were apparent in the nuclear localization of
AIF between the HPV-positive (0/8) versus the -negative tumors (6/9),
p = < 0.0068 according to Fisher’s exact test

HPV typing
%age tumor
+ ve

Staining
intensity AIF localization

Neg 80% + + cyto + nuclear
Neg 100% + + + cyto + nuclear
Neg 100% + + + cyto + nuclear
Neg 40% + cyto
Neg 80% + + cyto
Neg 100% + + + cyto + nuclear
Neg 80% + + + cyto + nuclear
Neg 80% + + cyto
Neg 95% + + + cyto + nuclear
19–21 10% + / − cyto
10–24–24 80% + + cyto
14D–37 -ve
14D–37 5% + / − cyto
1A–16 95% + + cyto
15 rel 10% − / + cyto
16 -ve
Z95970 30% + + cyto

cers [25]. In this study, we have investigated the molecular
basis of E6 inhibition of apoptosis involving mitochondria.

Our results demonstrate that E6 maintains mitochon-
drial morphology and integrity to inhibit the release of pro-
apoptotic factors including AIF, cytochrome c and Omi. The
mechanisms by which these and other factors are released
from the mitochondria during apoptosis have been the focus
of much recent research and still remain elusive [4]. While
some studies have clearly demonstrated that caspases can
trigger the permeabilization of the outer mitochondrial mem-
brane that permits cytochrome c and/or AIF release, other
studies have indicated that AIF release from mitochondria
was caspase-independent. Key proteins that control mito-
chondrial outer membrane permeabilization are Bax and Bak
[5]. Multimerization of Bax and Bak, in association with
other proteins such as tBid and lipid components, into pores
has been proposed as a likely mechanism permitting release
of IMS proteins, however there are marked differences be-
tween the proposed models in their ability to translocate
different sized molecules [7, 38]. For example, reconstitu-
tion experiments in vitro have suggested a molecular sieve
theory where Bax forms channels capable of allowing pas-
sage of small molecules such as cytochrome c (16.6 kDa),
but not the larger AIF (57 kDa) [14]. An alternate hypothesis
invokes the formation of large pores capable of translocating

molecules up to 2000 kDa [15]. Our results using UVB as
a physiologically important apoptotic inducer demonstrate
for the first time that Bak is an essential component that
is required for the release not only of cytochrome c, but
also of larger molecules such as AIF from the mitochondria.
Thus during UV-induced cell death in skin, Bak forms a
nodal point in both the caspase dependent and -independent
apoptotic pathways, that operates as the final checkpoint be-
fore irreversibility of the apoptotic signal and this provides
a molecular explanation for the targeting of Bak for pro-
teolysis by HPV E6 proteins. Silencing of Bak expression
using shRNA generated a similar phenotype to cells express-
ing the HPV E6 protein, including the lack of mitochondrial
fragmentation and loss of MOMP following UV. This sug-
gests that the E6-mediated proteolysis of Bak is an essential
viral activity that is necessary to prevent release of pro-
apoptotic mitochondrial factors, thereby permitting the sur-
vival of virally-infected cells by abrogating simultaneously
critical caspase-dependent and-independent pathways.

In addition to the inhibition of release of Omi and cy-
tochrome c by HPV5 E6, the retention of other survival
factors in the mitochondria may also contribute towards cell
survival. Survivin is a member of the inhibitor of apoptosis
(IAP) family of proteins and has recently been reported to
be present in mitochondria where it promotes cell survival
and tumorigenesis [39]. Inhibition of Survivin activity us-
ing a dominant negative mutant lead to the rapid release of
AIF from mitochondria and caspase-independent cell death
in melanoma cells [40]. Whether this release was dependent
upon Bak remains to be evaluated. The E6 protein of the
oncogenic cervical HPV 16 was reported to increase Survivin
expression, and that this was dependent upon the ability of
the E6 protein to promote p53 proteolysis [41], although no
increase in Survivin expression was seen in HeLa cells that
express HPV18 E6, an E6 type that is also capable of promot-
ing p53 degradation, as compared to non-HPV-containing
cells [39]. However, as the E6 protein of cutaneous HPVs
cannot promote p53 degradation is seems unlikely that this
mechanism contributes towards cell survival, although this
awaits further investigation. Since cutaneous HPV E6 pro-
teins are able to signal Bak proteolysis [20, 28], it is possible
that the retention of Survivin in the mitochondria may also
contribute towards cell survival.

In human skin, analysis of clonal patches of p53 cell
patches has demonstrated that they have little or no precan-
cerous potential indicating that other apoptotic mechanisms
are likely to operate in the skin to eliminate damaged and po-
tentially cancerous cells [42, 43]. While it has been reported
that DNA-damage-induced AIF translocation in neuronal
cell death depends on p53 activity [44], and that p53 translo-
cates to the mitochondria and interacts with Bak following
DNA damage [45], our results using HPV18E6 demonstrate
that AIF translocation and release of other IMS factors in
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response to UVB can function independently of p53 activity.
The Bak-dependent release of AIF and other pro-apoptotic
IMS factors provides an alternative pathway that can operate
in cells carrying p53 mutations. To place our observations
in a more physiologically relevant context, we showed that
AIF translocation following UV damage also occurs in skin,
demonstrating that caspase-independent pathways also play
a part in the apoptotic response in this tissue, and that AIF
translocation is inhibited by expression of HPV E6, most
likely as a result of Bak proteolysis. The failure to initiate an
apoptotic cascade, either caspase dependent or-independent,
in HPV-infected cells following UV damage suggests that
deleterious mutational changes may accumulate that further
increase genetic instability in HPV-infected lesions.

Any perturbation of the apoptotic responses of cells
by HPV-encoded proteins has important clinical implica-
tions for NMSC development. We therefore undertook an
investigation to determine the sub-cellular localization of
AIF in HPV-typed biopsy material. Immunostaining of tu-
mors demonstrated that in HPV-negative lesions AIF nuclear
translocation occurred. In contrast, in HPV-positive lesions
AIF protein was restricted to the cytoplasmic compartment
and no nuclear localization was ever observed. This result in-
dicates that AIF plays a potentially important role in apopto-
sis in skin and that in HPV-associated NMSC AIF exclusion
from the nucleus most likely contributes towards altering the
balance between proliferation and apoptosis.

In summary, we have shown that AIF functions in an
apoptotic pathway that removes UV-damaged cells from the
epidermis and contributes towards apoptosis in NMSC. AIF
release from the mitochondria following UV damage was
dependent on Bak expression and was inhibited in HPV
E6-expressing cells and HPV-positive NMSC. The restora-
tion of Bak activity to HPV-infected cells may therefore
provide a mechanism for the re-activation of both caspase-
dependent and -independent apoptotic mechanisms in inter-
vention strategies in HPV-associated NMSC.

Materials and methods

Cell culture and transfection

HT1080 (human fibrosarcoma) cells were maintained in
Dulbecco’s modified Eagle’s medium (DMEM) supple-
mented with 10% fetal calf serum and glutamine. HT1080
polyclonal cell lines expressing HPV 5 or 18 E6 were made
as described previously [28]. Plasmid encoding Bak shRNA
constructs or the empty vector (Mock) were transfected into
HT1080 cells using a standard calcium phosphate method
and monoclonal stable cell lines were then established. Tis-
sue specimens used for immunohistochemistry were frozen
in Cryobed mountant and stored at –70◦C. Organotypic cul-

tures were essentially prepared on de-epidermalized dermis
as previously described [46]. Briefly, the reticular dermal
surface was repopulated with human fibroblasts and ker-
atinocytes were seeded on the papillary dermal surface and
allowed to form a confluent monolayer. The culture was then
raised to the air-liquid interface for a further 14 days before
harvesting. For retroviral infection, the keratinocyte culture
was infected with pLXSN or pLXSN-8E6. Where required,
cells were irradiated with UVB using a UVP CL-1000 ultra-
violet cross-linker with F8T5 bulbs giving a spectral peak at
312 nm.

Plasmid construction

Three different shRNA templates directed against hu-
man Bak sequence (termed BI, BII and BIII) were de-
signed and cloned into a shRNA expression vector-EGFP
(generous gift from F.A. Rassendren). The 19-nt target
sequences are for BI, 5′-CCGACGCTATGACTCAGAG-
3′; for BII, 5′-GATTGCCACCAGCCTGTTT-3′ and
for BIII, 5′-TGGTCCCATCCTGAACGTG-3′. To gen-
erate the pLXSN-8E6 recombinant retroviral con-
struct (kindly provided by Prof H. Pfister), the
HPV8 E6 ORF was amplified by PCR by using
the following primers Fwd: GAAGCTTGAATTCTCT-
GACTTGTGCAATTTTCC; Bwd: AAGCTTGGATCCA-
CAAAATCTTGCACAGTGACC, and cloned into BamH
I/EcoR I digested pLXSN.

Antibodies

The monoclonal antibodies used were Bak (Ab-2, Cal-
biochem), p53 (D01, CRUK), AIF (E-1, Santa Cruz Biotech-
nology), Cytochrome c (BD Biosciences), HtrA2/Omi (V-17,
Santa Cruz Biotechnology), PCNA (PC10, CRUK), Cox4
(Molecular Probes), β-actin (Sigma) and α-Tubulin (Cal-
biochem). The rabbit anti-mouse FITC conjugate and the
Cy5 conjugated goat anti-mouse antibodies were obtained
respectively from DAKO and Stratech.

Western blot analysis

HT1080 cells were washed once in ice cold PBS and lysed
on ice for 30 min in lysis buffer (50 mM Tris pH 7.4, 150 mM
NaCl, 1% Nonidet-P40, 0.5% Sodium Deoxycholate, 0.1%
SDS) supplemented with 1x cocktail protease inhibitors
(Roche Diagnostics). The resulting extracts were sonicated
and protein concentration was determined using the Bio-Rad
Protein Assay (Bio-Rad). From keratinocyte cultures, pro-
teins were extracted in 100 µl of lysis buffer, diluted in 2x
Laemmli buffer and then heated at 100◦C for 5 min. 20 µg
of total protein or 10 µl of each keratinocyte sample were
separated on 12% SDS-PAGE and transferred onto PVDF
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membrane according to standard procedures. The membrane
was probed with specific antibodies used at the following
dilutions in 5% powdered milk in PBST: anti-AIF 1:750,
anti-p53 1:1000, anti-Bak 1:250 and anti-α-tubulin 1:2000
(as a loading control). The secondary antibody was an HRP-
coupled rabbit anti-mouse used at 1:1000 dilution (DAKO)
and proteins were developed using the ECL ± Plus kit
(Amersham Pharmacia Biotech) according to manufacturers
instructions. Cell fractionation was performed as described
[48]. Cells were UV-irradiated with 15 mJ/cm2 and harvested
24 h later.

Immunocytochemistry

Cells growing on coverslips were incubated for 30 min in
0.1 µM MitoTracker Orange CMTMRos (Molecular Probes)
solution diluted in growth media at 37◦C and then when re-
quired UV irradiated (15 mJ/cm2). After 24 h, cells were
fixed in 4% Paraformaldehyde and permeabilized for 1 min
in PBS/0.1% Triton-X100. Non-specific binding sites were
blocked with horse serum for 5 min, followed by incubation
with the monoclonal anti-AIF antibody (1:100) for 90 min
at room temperature. The secondary and tertiary antibodies
were supplied in the ABC PK-6200 Universal kit (Vector
Laboratories) and were used in accordance with the man-
ufacturer’s instructions. Nuclei were visualized by staining
with 20 µg/ml Hoechst 33342 (Sigma). Images were cap-
tured on a LSM 510 inverted confocal microscope (Carl Zeiss
MicroImaging, Inc.).

Histological analyses

Skin squamous cell carcinoma (SCC) was excised from im-
munocompetent patients. Each specimen was bisected, one
half was fixed in 4% paraformaldehyde and processed for
paraffin embedding, the other half was snapped frozen at
the time of surgery and stored at –70◦C. Tumor diagnosis
was confirmed histologically. Ethical approval for this study
was obtained from the East London and City Health Author-
ity Research Ethics Committee and patient consent. HPV
typing of biopsies was performed using a degenerate PCR
strategy that we have previously demonstrated to detect all
known HPV types [24]. For immunohistochemistry, 4 µm
thick paraffin embedded tissue sections were mounted and
processed as previously described [47]. For antigen retrieval,
sections were microwave treated under pressure for 4 min at
900 W in preheated citrate buffer pH 6.0. Sections were then
blocked with horse serum to reduce non-specific binding
and were subsequently incubated overnight with monoclonal
anti-AIF antibody (1:100) at 4◦C. Secondary biotinylated
antibody (Vectastain Universal Elite ABC Kit Vector Lab-
oratories, Peterborough, U.K) was then applied for 30 min
at room temperature, followed by avidin biotin peroxidase

complex for 20 min. Sections were developed using diamin-
benzidine (DAB), lightly counterstained using Gill’s haema-
toxylin dehydrated in graded alcohols, then cleared in xy-
lene and mounted using DePex (MetK Ltd.). No background
staining was observed with anti-AIF or secondary antibody
alone.

Flow cytometry

Cells were incubated for 30 min in media containing 0.1 µM
MitoTracker Orange CMTMRos (Molecular Probes) at 37◦C
and then untreated or UVB-irradiated at 15 mJ/cm2. After
24 h, cells were harvested, fixed in 0.25% Paraformaldehyde
and permeabilized for 5 min in PBS/0.01% Saponin (Sigma).
Primary antibodies (AIF, Cytochrome c, Omi) were diluted
1:50 in PBS/0.01% Saponin and incubated for 30 min at 4◦C
with rotation. The secondary antibody, Cy5 Goat anti-mouse
(1:100), was then incubated 30 min at 4◦C. Nuclei were
stained with 20 µg/ml Hoechst 33342 (Sigma) for 3 min. To
quantify the release of mitochondrial proteins, labeled cells
were analyzed by flow cytometry (LSR, Becton Dickinson)
before and after homogenisation with a Dounce Homoge-
nizer (Fisher) in Hepes buffer (20 mM Hepes-KOH pH7.4,
10 mM KCl, 1.5 mM MgCl2, 1 mM EGTA, 1 mM EDTA).
To assay apoptosis, cells were stained with Annexin-V Alexa
Fluor r©647 conjugate (Cambridge BioScience) and DAPI
(Sigma) and their profile were analyzed by flow cytome-
try (LSR). GFP-positive cells were gated and Annexin-V+,
DAPI− cells were scored as apoptotic. The loss of mito-
chondrial membrane potential (��m) was detected using
the probe TMRE (tetramethylrhodamine ethyl ester, Molec-
ular Probes). TMRE negative cells were scored as cells with
depolarized mitochondrial membrane.

Electron microscopy

Cells were rinsed briefly with pre-warmed serum-free
medium, then fixed with 4% paraformaldehyde and 2.5%
glutaraldehyde in 0.1 M Sorensens phosphate buffer for 1 h
and then washed in same buffer before post fixation in potas-
sium ferricyanide reduced 1% Osmium tetroxide for 1 h.
Cells were then washed in distilled water before being dehy-
drated in graded series of methanol and embedded in araldite
resin. After polymerisation of the resin, ultrathin sections
(90 nm) were cut on a Leica Ultracut S ultratome. The sec-
tions were contrasted with Uranyl acetate and lead citrate and
viewed with a JEOL 1200 transmission electron microscope.
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