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The human papillomavirus type 16 E5 oncoprotein (16E5) enhances acute, ligand-dependent activation of
the epidermal growth factor receptor (EGFR) and concomitantly alkalinizes endosomes, presumably by
binding to the 16-kDa “c” subunit of the V-ATPase proton pump (16K) and inhibiting V-ATPase function.
However, the relationship between 16K binding, endosome alkalinization, and altered EGFR signaling remains
unclear. Using an antibody that we generated against 16K, we found that 16E5 associated with only a small
fraction of endogenous 16K in keratinocytes, suggesting that it was unlikely that E5 could significantly affect
V-ATPase function by direct inhibition. Nevertheless, E5 inhibited the acidification of endosomes, as deter-
mined by a new assay using a biologically active, pH-sensitive fluorescent EGF conjugate. Since we also found
that 16E5 did not alter cell surface EGF binding, the number of EGFRs on the cell surface, or the endocytosis
of prebound EGF, we postulated that it might be blocking the fusion of early endosomes with acidified vesicles.
Our studies with pH-sensitive and -insensitive fluorescent EGF conjugates and fluorescent dextran confirmed
that E5 prevented endosome maturation (acidification and enlargement) by inhibiting endosome fusion. The
E5-dependent defect in vesicle fusion was not due to detectable disruption of actin, tubulin, vimentin, or
cytokeratin filaments, suggesting that membrane fusion was being directly affected rather than vesicle trans-
port. Perhaps most importantly, while bafilomycin A1 (like E5) binds to 16K and inhibits endosome acidifi-
cation, it did not mimic the ability of E5 to inhibit endosome enlargement or the trafficking of EGF. Thus, 16E5
alters EGF endocytic trafficking via a pH-independent inhibition of vesicle fusion.

High-risk human papillomaviruses (HPVs) are the causative
agent of cervical cancer (63) and HPV type 16 (HPV-16) is
associated with a majority of cervical malignancies worldwide
(13). HPV-16 encodes three oncoproteins: E5, E6, and E7.
While the contributions of E6 and E7 to cellular immortaliza-
tion and transformation have been characterized in detail (20),
the role of HPV-16 E5 (16E5) is poorly understood (53).
Nevertheless, a number of studies suggest that 16E5 does con-
tribute to the development of cervical cancer. Most high-risk
HPV types encode an E5 protein (48), and targeted expression
of the three HPV-16 oncogenes in basal epithelial cells of
transgenic mice (4) leads to a higher incidence of cervical
cancer than does the expression of E6 and E7 alone (44). In
addition, targeted epithelial expression of 16E5 (without E6
and E7) in transgenic mice induces skin tumors (21). It may be
noteworthy that unlike high-risk HPV-18, which integrates into
the host DNA and potentially disrupts E5 gene expression (20,
64), the HPV-16 genome often persists in episomal form in
malignant lesions (12, 16, 24, 36, 42).

Biological activities of 16E5 that may facilitate carcinogen-
esis include evading host immune detection by interfering with
the transport of antigen-presenting major histocompatibility
complex (MHC) class I molecules to the cell surface (6), pro-

moting anchorage-independent growth (33, 41, 52) and dis-
rupting gap junctions responsible for cell-cell communication
(37, 58). The 16E5 phenotype most frequently linked to the
development of cancer is enhanced ligand-dependent activa-
tion of the epidermal growth factor receptor (EGFR) (15, 41,
46, 52). 16E5 stimulates EGF-dependent cell proliferation in
vitro (7, 33, 40, 41, 52, 60) and in vivo (21), which might expand
the population of basal or stemlike keratinocytes and thereby
increase the probability that some of these cells would undergo
malignant transformation. A number of studies indicate that
16E5 may enhance ligand-dependent EGFR activation by in-
terfering with the acidification of early endosomes containing
EGF bound to activated EGFRs (17, 51, 57). It has been
hypothesized that 16E5 inhibits the H� V-ATPase responsible
for maintaining an acidic luminal pH in late endosomes and
lysosomes (28) by associating with the V-ATPase 16-kDa “c”
subunit (16K) (1, 5, 14, 22, 46) and disrupting assembly of the
V-ATPase integral (Vo) and peripheral (Vi) subcomplexes
(10). In contrast, Thomsen et al. (57) reported that 16E5 in-
hibits early endosome trafficking in fibroblasts by completely
depolymerizing actin microfilaments.

Due to the unavailability of antibodies that recognize native
16E5 and 16K, direct association of 16E5 with 16K has only
been observed by overexpressing epitope-tagged forms of both
proteins in vitro (5, 46) or in vivo (1, 14, 22). It is uncertain,
therefore, whether these associations occur when the proteins
are expressed at “physiological” levels. In yeast, both wild-type
16E5 (10) and several 16E5 mutants that associate with 16K in
COS cells (1) inhibit vacuolar acidification, although another
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study in yeast concludes the opposite (5). 16K is a component
of the V-ATPase Vo subcomplex, which is assembled in the
endoplasmic reticulum (ER) (28), and 16E5 localizes to the
ER and nuclear envelope in epithelial cells (32, 54). Thus,
the export of Vo from the ER could potentially be inhibited by
a significant level of 16K binding to 16E5, although the differ-
ential alkalinization of endosomes rather than the Golgi appa-
ratus (17) would require specificity for those proton pumps
directed to those sites.

In the present study, we generated an antibody against na-
tive 16K and used it to determine whether 16K/16E5 com-
plexes formed in primary keratinocytes. We also synthesized a
new pH-sensitive fluorescent EGF conjugate to evaluate
whether there was a correlation between E5-induced EGFR
activation, trafficking and endosome alkalinization. Finally, we
simultaneously monitored EGFR endocytic trafficking (using
pH-insensitive fluorescent EGF), endosome fusion (using flu-
orescent EGF and dextran), and the status of cellular filaments
and microtubules to evaluate whether E5 might disrupt some
of these structures that mediate vesicle transport.

MATERIALS AND METHODS

Antibodies and fluorescent probes. Following the protocol of Chen et al. (11),
we generated a rabbit polyclonal antiserum that can immunoprecipitate 16K.
The antiserum was produced by New England Peptide (Gardner, MA) using a
16K-derived peptide, C36KSGTGIAAMSVMRPEQ51, that was conjugated to
keyhole limpet hemocyanin. A rabbit polyclonal antibody that recognizes the
AU1 epitope tag (DTYRYI) (34) was purchased from Covance (Princeton, NJ).
12CA5 mouse ascites fluid recognizing the influenza virus hemagglutinin (HA)
epitope tag (YPYDVPDYASL) (38) was a gift from J. Bolen (Millennium
Pharmaceuticals, Cambridge, MA). Anti-EGFR rabbit polyclonal and anti-phos-
photyrosine mouse monoclonal (clone 4G10) antibodies were obtained from
Millipore (Temecula, CA).

Custom synthesis of the pH-sensitive EGF conjugate, pHrodo-EGF, was per-
formed by Molecular Probes (Eugene, OR). Briefly, the amine-reactive succin-
imidyl ester form of pHrodo dye was covalently linked to streptavidin, which was
then complexed with EGF that has a single biotin molecule attached to its N
terminus. Alexa Fluor 488-EGF complex, Alexa Fluor 594-anionic fixable dex-
tran (10,000 molecular weight), LysoTracker Red, LysoTracker Yellow, and
Alexa Fluor 488-phalloidin are commercially available from the same supplier.

Cells and viruses. Retroviruses encoding codon-optimized 16E5 with an N-
terminal AU1 epitope tag in the vector pLXSN (18) were generated by using the
Phoenix cell system (39).

Primary human foreskin keratinocytes (HFKs) were isolated from neonatal
foreskins as described previously (49) and were grown as monolayer cultures at
37°C and 5% CO2 in keratinocyte growth medium (KGM; Invitrogen, Carlsbad,
CA) containing gentamicin sulfate (10 �g/ml). HFKs expressing 16E5 (or har-
boring the empty pLXSN expression vector) were generated by retroviral infec-
tion (31) and selection in the presence of Geneticin G418 (100 �g/ml). For some
experiments, cells were cultured in the absence of EGF by removing the KGM,
washing twice with Dulbecco’s phosphate-buffered saline (PBS), and adding
keratinocyte serum-free medium without supplements (KSFM; Invitrogen) for
24 h.

COS cells were maintained in Dulbecco’s modified Eagle medium (DMEM)
containing 10% fetal bovine serum, 100 U of penicillin G/ml, and 100 �g of
streptomycin sulfate (Invitrogen)/ml. Cells were transfected with AU1 epitope-
tagged, codon-optimized 16E5 in the pJS55 expression vector (50) or with HA
epitope-tagged 16K in the expression vector pSVL (2), using Lipofectamine 2000
(Invitrogen) as previously described (30).

Metabolic labeling, immunoprecipitation, and immunoblotting. Ten-centime-
ter tissue culture dishes of HFKs (or COS cells 24 h after transfection) were
washed with PBS (15 ml per dish) and then incubated for 2 h in DMEM without
cysteine and methionine (4 ml per dish; Invitrogen). [35S]methionine/[35S]cys-
teine protein labeling mix (Easy Tag; Perkin-Elmer, Waltham, MA) was added
(200 �Ci per dish) for 3 h. Proteins were immunoprecipitated from cell lysates,
separated on sodium dodecyl sulfate (SDS)-polyacrylamide mini-gels (Invitro-
gen), and transferred to Immobilon-P membranes (Millipore) as previously
described (55). 35S-labeled proteins were detected by autoradiography using

BioMax MS film and low-energy intensity intensifying screens (Eastman Kodak,
Rochester, NY) at �70°C. Membranes were labeled with 12CA5 anti-HA ascites
fluid (1:5,000 dilution) as described previously (55). Ten-centimeter tissue cul-
ture dishes of HFKs (in KSFM) were processed for analysis of EGFR tyrosine
phosphorylation as described previously for the platelet-derived growth factor
receptor (56). The relative intensities of polypeptides on exposed films were
measured by analysis of scanned images using Kodak MI software.

Immunofluorescence microscopy. Procedures for the transfection, paraformal-
dehyde fixation, saponin permeabilization, and immunolabeling of COS cells
grown on 22-by-22-mm glass coverslips have been described in detail (32). The
following primary antibodies were used: 1:1,500-diluted rabbit anti-AU1 poly-
clonal antibody (Covance), 1:300-diluted anti-tubulin mouse monoclonal anti-
body (Santa Cruz Biotechnology, Santa Cruz, CA), 1:150-diluted anti-vimentin
mouse monoclonal antibody (Santa Cruz Biotechnology), and 1:1,000-diluted
anti-pan-keratin mouse monoclonal antibody (Cell Signaling Technology, Dan-
vers, MA), which reacts with keratins 4, 5, 6, 8, 10, 13, and 18. To label actin
filaments, cells on coverslips were fixed and washed as described above but were
permeabilized with PBS containing 0.1% (wt/vol) Triton X-100 (5 min), blocked
with PBS containing 1% (wt/vol) bovine serum albumin (BSA; 20 min), and
labeled with PBS-BSA containing Alexa Fluor 488-phalloidin (8 U/ml). A Zeiss
Axioskop microscope (Carl Zeiss Microimaging, Thornwood, NJ) equipped with
a 63� oil immersion objective lens, Orca-ER charge-coupled device camera
(Hamamatsu Corp., Bridgewater, NJ), and Openlab digital imaging software
(Perkin-Elmer) was used for microphotography.

Alexa Fluor 488-EGF (0.5 �g/ml) and pHrodo-EGF (2 �g/ml) were prebound
to EGF-starved HFKs on coverslips (60 min at 4°C) in KSFM containing 1%
(wt/vol) BSA. Cells were then washed twice with PBS at 4°C before adding
KSFM and transferring the cells to a 37°C tissue culture incubator. Where
indicated, KSFM was supplemented with 0.33 �M bafilomycin A1 (Enzo Life
Sciences, Plymouth Meeting, PA) by the addition of a 100 �M stock solution
dissolved in (CH3)2SO. At intervals, coverslips were inverted over 18 �l of 37°C
KSFM containing 20 �M Hoechst dye 33342 (Sigma, St. Louis, MO) on a
microscope slide for fluorescence imaging of live cells (within 5 min) using a 40�
objective lens. For high-resolution imaging using a 63� oil immersion objective
lens (Alexa Fluor 488-EGF only), cells were washed with PBS, fixed with para-
formaldehyde, and mounted on slides as described above. The size of EGF-
containing endosomes was determined by using Kodak MI software. Cells on
coverslips were labeled with 75 nM LysoTracker Red (in KSFM) for 60 min at
4°C, followed by 30 to 60 min at 37°C and paraformaldehyde fixation.

To measure endosome fusion, Alexa Fluor 488-EGF (1.0 �g/ml) was prebound
to EGF-starved HFKs on coverslips at 4°C as described above. 10 min after
warming to 37°C, the cells were pulsed with Alexa Fluor 594-fixable dextran (0.5
mg/ml) for 10 min. The coverslips were then placed on ice, washed twice with
PBS at 4°C, and shifted back to 37°C for 10 to 25 min before paraformaldehyde
fixation and mounting on slides.

Flow cytometry. Cells harvested from 75-cm2 tissue culture flasks using stan-
dard trypsin-EDTA treatment were collected by centrifugation for 5 min at
250 � g and resuspended in KSFM (or KGM) at 4°C. Aliquots containing 2.5 �
105 cells were transferred to siliconized microcentrifuge tubes, centrifuged for 3
min at 250 � g, and resuspended in 1 ml of staining buffer (PBS containing 0.2%
[wt/vol] BSA, 1 mM MgCl2, and 0.09% [wt/vol] NaN3) at 4°C. The cells were
centrifuged again and resuspended in 0.4 ml of staining buffer containing 2 �g of
Alexa Fluor 488-EGF/ml or in 0.2 ml of staining buffer containing 20 �l of
R-phycoerythrin-conjugated anti-EGFR mouse monoclonal antibody (BD Bio-
sciences, San Jose, CA) for 30 min at 4°C. After two washes with 1 ml of staining
buffer (at 4°C), the cells were resuspended in 0.5 ml of staining buffer containing
0.5% (wt/vol) paraformaldehyde for analysis using a FACSStar Plus dual-laser
system (Becton Dickinson, San Jose, CA). At least 40,000 events were recorded
for each sample.

Adherent cultures of 16E5- and LXSN-HFKs (75-cm2 tissue culture flasks
containing equal numbers of cells) were labeled with LysoTracker Yellow for 60
min at 37°C, harvested using trypsin-EDTA treatment (as described above), and
resuspended in 0.75 ml per flask staining buffer containing 0.5% paraformalde-
hyde for flow cytometry analysis.

RESULTS

16E5 association with 16K. Our initial experiment was de-
signed to verify the specificity of the 16K antibody. Lysates
were prepared from COS cells transfected with DNA encoding
HA epitope-tagged 16K or with the empty expression vector.
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As shown in Fig. 1A, both anti-HA and anti-16K antibodies
immunoprecipitated a 16-kDa polypeptide only from cells
transfected with 16K DNA. Moreover, the polypeptide immu-
noprecipitated by anti-16K serum contained the HA epitope.

Because the anti-16K antibody was not useful for immuno-
blotting or immunofluorescence microscopy, we used it to im-
munoprecipitate 16K from [35S]methionine-labeled COS cells
to demonstrate that 16E5 associated with 16K when both pro-
teins were highly overexpressed. This method detects endoge-
nous 16K and shows that its expression increases 15-fold after
transfection with the plasmid encoding 16K (Fig. 1B). In ad-
dition, 16E5 is easily visible in anti-16K immunoprecipitates
from cells transfected with both 16K and AU1 epitope-tagged
16E5 (Fig. 1B). In the same cells, a majority (62%) of total 16K
coprecipitates with 16E5 (Fig. 1B). This result confirms previ-
ous reports of 16K binding to 16E5 when both proteins were
highly overexpressed (1, 5, 14, 22, 46, 55). In contrast, the
association of 16K with 16E5 was markedly decreased when
these proteins were immunoprecipitated from HFKs that sta-
bly express lower levels of 16E5. For example, there was no
apparent interaction of 16E5 and 16K when gels were exposed
to film for the same time as those for the COS cell experiments

(Fig. 1C). However, if the gels were exposed for longer times,
only a small fraction of endogenous 16K (ca. 5%) coprecipi-
tated with 16E5 (Fig. 1D). This indicates that 16E5 binding to
16K is dependent upon its relative concentration.

Although we do not know the “physiologic” level of E5
expression in cells, we speculated that the low level of E5/16K
binding observed in the HFKs might not be sufficient to gen-
erally inhibit the acidification of intracellular compartments.
This idea is supported by the observation that 16E5-expressing
and control (LXSN) HFKs are labeled with the same pattern
(Fig. 2A) and to the same extent (Fig. 2B) by the acidophilic
fluorescent probes LysoTracker Red and LysoTracker Yellow.
In contrast, LysoTracker labeling is undetectable (Fig. 2) if the
HFKs are treated with bafilomycin A1, a highly specific H�

V-ATPase inhibitor (9) that binds to 16K (8). Clearly, 16E5 is
incapable of alkalinizing the major acidified cellular compart-
ments.

16E5 enhances acute EGFR activation. Enhanced ligand-
dependent activation of the EGFR by 16E5 has been postu-
lated to result from impaired endosome acidification due to
the association of 16E5 with 16K. Since we found that 16E5
does not exhibit significant binding to 16K and does not gen-
erally inhibit organelle acidification in HFKs, we sought to
determine whether 16E5 nevertheless enhances ligand-depen-
dent activation of the EGFR in these cells. For this analysis,
EGF was prebound to EGF-starved HFKs at 4°C. The cells
were then washed to remove excess EGF and were warmed to
37°C for various periods of time prior to lysis in the presence
of SDS and immunoprecipitation of EGFRs. Western blots of
the immunoprecipitates were labeled with an anti-phosphoty-
rosine antibody to detect activated EGFRs. As shown (Fig. 3),
initial activation of the EGFR (5 min at 37°C) is 2-fold higher
in 16E5-expressing HFKs compared to control (LXSN) cells.
Moreover, 16E5 greatly slows subsequent EGFR inactivation:
levels of active EGFRs are elevated 6-fold after 30 min, 3-fold
after 60 min and 2-fold after 150 min. Bafilomycin A1 similarly
alters the kinetics of EGFR inactivation in control cells to an
even greater extent (Fig. 3A). These results confirm that both
16E5 expression and bafilomycin-induced H� V-ATPase inhi-
bition enhance acute ligand-dependent EGFR activation in
HFKs.

Measurement of endosome acidification using pHrodo-
EGF. To determine whether prolonged EGFR activation cor-
relates with impaired acidification of EGF-containing endo-
somes in HFKs, it was important to develop an EGF conjugate
that was fluorescent only in acidic environments. We therefore
covalently linked the pH-sensitive red fluorescent dye,
pHrodo, to streptavidin and complexed the streptavidin with
recombinant human EGF that is substituted with a single bi-
otin molecule at its amino terminus (pHrodo-EGF; Fig. 4A).
When pHrodo-EGF and Alexa Fluor 488-EGF, which emits
pH-independent green fluorescence, were bound to EGF-
starved LXSN-HFKs at 4°C and visualized (in live cells) by
fluorescence microscopy, only green fluorescence was de-
tected, a finding consistent with the neutral pH of the culture
medium (Fig. 4B, 0 min). After shifting the HFKs to 37°C for
45 min, a punctate pattern of intracellular red and green flu-
orescence was observed, consistent with endocytosis of the
EGF conjugates and acidification of EGF-containing endo-
somes (Fig. 4B). pHrodo-EGF fluorescence was even stronger

FIG. 1. Significant 16E5 binding to 16K occurs only when both
proteins are highly overexpressed. (A) Antibodies recognizing both the
HA epitope tag and 16K immunoprecipitate a 16-kDa polypeptide,
which is HA positive on immunoblots specifically from COS cells
transfected with HA epitope-tagged 16K DNA. Molecular mass mark-
ers (in kilodaltons) are shown on the right. IP, immunoprecipitation;
IB, immunoblotting. (B) Association of 16E5 and 16K in metabolically
labeled COS cells transfected with AU1 epitope-tagged 16E5 (AU1-
16E5), AU1-16E5 and HA epitope-tagged 16K (HA-16K), or the
empty pJS55 expression vector (JS55). Immunoprecipitations (IP)
were performed with anti-16K antiserum (16K), preimmune serum
from the same rabbit (P.I. 16K), or anti-AU1 antibody (AU1). (C) Im-
munoprecipitates (IP) from lysates of metabolically labeled HFKs sta-
bly expressing AU1-tagged 16E5 or harboring the empty pLXSN ex-
pression vector. The autoradiography exposure time was identical to
that in panel B. (D) Threefold longer exposure of panel C. In all cases,
immunoprecipitations were performed on cell lysates containing equal
amounts of protein.
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after 60 min but could be completely eliminated by adding
bafilomycin A1 to the cells for 10 min (Fig. 4B), which is
consistent with the rapid neutralization of acidic organelles
that accompanies H� V-ATPase inhibition (17, 47). The com-

plete merging of red and green fluorescence patterns at 45 and
60 min indicates that both EGF conjugates localize to the same
intracellular compartments (Fig. 4B). In addition, since both
pHrodo-EGF and Alexa Fluor 488-EGF activate the EGFR to
the same extent as unconjugated EGF (Fig. 4C), they both
maintain biological activity. Thus, pHrodo-EGF is a useful
probe for monitoring the pH of EGF-containing endosomes in
live cells.

16E5 inhibits endosome trafficking and acidification.
pHrodo-EGF was used to monitor the acidification kinetics of
EGF-containing endosomes in 16E5-expressing and control
(LXSN) HFKs, whereas Alexa Fluor 488-EGF was used to
simultaneously monitor the trafficking (transport and/or fu-
sion) of the same endosomes. For this analysis, both EGF
conjugates were bound to EGF-starved cells at 4°C, followed
by the removal of any unbound conjugate, transfer of the cells
to 37°C, and fluorescence imaging without fixation.

In LXSN-HFKs, weak acidification of some EGF-containing
endosomes was observed after 15 min at 37°C. Endosomal
acidification dramatically increased over the next 45 min and
coincided with the formation of numerous larger EGF-con-
taining vesicles (Fig. 5) due to the fusion of early endosomes
with acidic intracellular compartments that represent later
stages of the endocytic pathway (23, 26). Importantly, inhibi-

FIG. 2. 16E5 does not generally inhibit organelle acidification.
(A) Acidic compartments in EGF-starved HFKs stably expressing 16E5
or harboring the empty pLXSN expression vector were labeled with
LysoTracker Red for 60 min at 37°C. Where indicated, LXSN-HFKs were
treated with 0.33 �M bafilomycin A1 during labeling (�BfA). Nuclei were
costained with Hoechst dye 33342 (DNA). Cells were imaged, using a
fluorescence microscope. Scale bar, 20 �m. (B) Flow cytometry of EGF-
starved 16E5- and LXSN-HFKs labeled with LysoTracker Yellow as de-
scribed in Materials and Methods. Where indicated, cells were treated
with 0.33 �M bafilomycin A1 during labeling (�BfA). The geometric
mean fluorescence values were as follows: 37 (16E5-HFKs), 39 (LXSN-
HFKs), 11 (16E5-HFKs � BfA), 12 (LXSN-HFKs � BfA), 7 (unlabeled
16E5-HFKs), and 8 (unlabeled LXSN-HFKs).

FIG. 3. 16E5 and bafilomycin A1 enhance ligand-dependent EGFR
activation. (A) Recombinant human EGF (100 ng/ml; Invitrogen) was
prebound to EGF-starved HFKs expressing 16E5 (or harboring the
empty pLXSN expression vector) for 60 min at 4°C. The levels of
EGFR tyrosine phosphorylation subsequently were determined before
(0 min) and up to 150 min after warming to 37°C using anti-phospho-
tyrosine immunoblots (IB) of EGFR immunoprecipitates (IP). For
LXSN (�BfA), 0.33 �M bafilomycin A1 was added to LXSN-HFKs as
they were shifted to 37°C. Molecular mass marker (in kilodaltons) is
shown on the right. (B) Quantitative analysis of panel A using densi-
tometry.
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FIG. 4. pHrodo-EGF measures the acidification of EGF-containing endosomes in live cells. (A) Design of pHrodo-EGF. (B) Trafficking and
acidification of endosomes in unfixed EGF-starved LXSN-HFKs labeled with Alexa Fluor 488-EGF and pHrodo-EGF at 4°C before (0 min) and
up to 60 min after warming to 37°C. Where indicated, 0.33 �M bafilomycin A1 (BfA) was added to cells after 50 min at 37°C, followed by imaging
10 min later. Scale bar, 20 �m. (C) Fluorescent EGF conjugates are biologically active. Anti-phosphotyrosine immunoblot of EGFR immuno-
precipitates (pY-EGFR) from EGF-starved HFKs that were treated for 5 min at 37°C with recombinant human EGF, Alexa Fluor 488-EGF, or
pHrodo-EGF (all at a concentration of 960 nM). The immunoblot subsequently was stripped and relabeled to detect total EGFR in the
immunoprecipitates.
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tion of the H� V-ATPase by bafilomycin A1 did not interfere
with the generation of these large, perinuclear vesicles con-
taining Alexa Fluor 488-EGF (70 min at 37°C, Fig. 5), indicat-
ing that bafilomycin did not interfere with endosome matura-
tion. Thus, H� V-ATPase activity is not required for the
trafficking of EGF-containing endosomes in HFKs, in contrast
to some other systems where this proton pump is necessary for
membrane trafficking (27, 62).

In contrast to bafilomycin, 16E5 inhibited both the acidifi-
cation and the trafficking of EGF-containing endosomes in
HFKs. Prebound pHrodo-EGF did not become highly fluores-
cent after warming 16E5-HFKs to 37°C, indicating that endo-
some acidification did not occur, and early endosomes contain-
ing Alexa Fluor 488-EGF did not undergo fusion with later
endocytic compartments to form larger fluorescent structures
(Fig. 5). The most straightforward interpretation of these re-

FIG. 5. 16E5 inhibits endosome acidification and trafficking. Trafficking and acidification of endosomes in unfixed EGF-starved HFKs
expressing 16E5 (or empty pLXSN vector) after labeling with Alexa Fluor 488-EGF and pHrodo-EGF at 4°C and warming to 37°C for up to 70
min was examined. Where indicated, 0.33 �M bafilomycin A1 was added to cells as they were shifted to 37°C (�BfA). Scale bar, 20 �m.
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sults is that 16E5 prevents the acidification of early endosomes
containing EGF by inhibiting their subsequent fusion to acidic
vesicles of the endocytic pathway. Moreover, 16E5 interferes
with endocytic membrane trafficking through a mechanism that
is independent of endosome acidification, since bafilomycin-
induced endosome alkalinization does not perturb endocytic
trafficking.

16E5 inhibits endosome fusion. To rule out the possibility
that EGFR trafficking appears to be inhibited in 16E5-expressing
HFKs because the EGF binding capacity or surface expression
of EGFRs is reduced, we directly measured these parameters
in EGF-starved (and in proliferating) 16E5- and LXSN-HFKs
by flow cytometry. Although EGF deprivation greatly in-
creased the EGF binding capacity (Fig. 6A) and number of
EGFRs on the cell surface (Fig. 6B), no significant differences
in these values were associated with 16E5 expression (Fig. 6).
We also found that the initial endocytosis of prebound EGF
occurred similarly in 16E5- and LXSN-HFKs. After binding
Alexa Fluor 488-EGF to EGF-starved HFKs on coverslips at

4°C, the cells were fixed and mounted on microscope slides 5
min after warming them to 37°C, so that high-resolution optics
could be used to visualize the very small fluorescent endo-
somes present at this early stage of the endocytic pathway. As
shown (Fig. 7; 5 min), 16E5 did not alter the initial number of
endocytic vesicles subjacent to the plasma membrane but did
block subsequent fusion to form larger compartments (Fig. 7;
30 min). The latter observation is in agreement with our results
using live (unfixed) cells (Fig. 5). Importantly, Fig. 7 also shows
that the AU1 epitope tag is neither necessary nor inhibitory for
the 16E5-induced membrane trafficking defect and extends our
previous finding that AU1 epitope tagging does not affect the
ability of 16E5 to induce koilocytosis in keratinocytes (31). In
addition, a 20-amino-acid C-terminal 16E5 deletion mutant
that is defective for enhanced ligand-dependent EGFR activa-
tion (46) and koilocyte formation (31) did not inhibit endo-
some fusion (Fig. 7).

To confirm that 16E5 inhibits the fusion of EGF-containing
endosomes with later stages of the endocytic pathway, 16E5-
and control LXSN-HFKs were given a 10-min pulse of Alexa
Fluor 594-dextran (red) 10 min after the cells had internalized
prebound Alexa Fluor 488-EGF (green). In control cells, par-
tial colocalization of the fluorescent probes 10 min later, and
more extensive colocalization in larger vesicles 25 min later
(Fig. 8; yellow), indicated that the two sets of endosomes had
fused with the same sorting and/or late endocytic compart-
ments. In contrast, endosome fusion was strongly inhibited in
cells expressing 16E5, since almost no colocalization of green
and red endosomes was observed (Fig. 8). As a consequence of
the inhibition of vesicle fusion, the formation of larger EGF-
containing vesicles was also greatly decreased by 16E5.

16E5 does not disrupt cytoskeletal filament networks. A
previous study in fibroblasts proposed that 16E5 inhibits en-
dosome acidification (and the inactivation of internalized
EGFRs), without inhibiting V-ATPase-mediated H� trans-
port, by interfering with the fusion of early and late endosomes
(57). This endocytic trafficking defect was attributed to the
complete 16E5-dependent depolymerization of actin microfila-
ments (57). Our results, while consistent with the published
data, suggest that the inhibition of endocytic trafficking occurs
at the level of membrane fusion rather than interference with
vesicle transit mediated by actin microfilaments. We have
shown previously that 16E5 does not depolymerize microfila-
ments or microtubules in stable human ectocervical cell lines
(54). However, to eliminate the possibility that the level of E5
in the ectocervical cells was insufficient to induce alterations in
actin, we fluorescently labeled cytoskeletal filament networks
in transfected COS cells that highly overexpressed 16E5. Com-
pared to control COS cells transfected with the empty JS55
expression vector, 16E5 did not alter or disrupt actin micro-
filaments, microtubules, or intermediate filaments composed
of vimentin or cytokeratins (Fig. 9). It appears highly unlikely,
therefore, that the inhibition of vesicle fusion is due to defec-
tive vesicle transport.

DISCUSSION

A role for 16E5 in promoting cervical cancer has most fre-
quently been linked to increased EGFR activation (53, 59), yet
aside from the hypothesis that impaired endosome acidifica-

FIG. 6. 16E5 does not alter surface EGFR expression or EGF
binding capacity. (A) Flow cytometry of Alexa Fluor 488-EGF bound
to the surface of growing (KGM) and EGF-starved (KSFM) 16E5- and
LXSN-HFKs. The geometric mean fluorescence values were as fol-
lows: 21 (16E5-HFKs in KGM), 21 (LXSN-HFKs in KGM), 113
(16E5-HFKs in KSFM), and 102 (LXSN-HFKs in KSFM). (B) Flow
cytometry of growing (KGM) and EGF-starved (KSFM) 16E5- and
LXSN-HFKs labeled with an anti-EGFR antibody conjugated to R-
phycoerythrin (PE). The geometric mean fluorescence values were as
follows: 62 (16E5-HFKs in KGM), 74 (LXSN-HFKs in KGM), 195
(16E5-HFKs in KSFM), and 160 (LXSN-HFKs in KSFM).
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FIG. 7. 16E5 does not slow the initial endocytosis of prebound EGF. Trafficking of Alexa Fluor 488-EGF bound to the surface of EGF-starved
LXSN-HFKs, 16E5-HFKs (with or without the AU1 epitope tag), and 16E5(�20)-HFKs (which express a 20-amino-acid C-terminal 16E5 deletion
mutant) at 4°C (0 min) and after warming to 37°C for 5 min or 30 min. Cells were fixed at the indicated times to allow high-resolution imaging
using a 63� oil immersion objective lens. Scale bar, 20 �m. Images taken at 30 min were analyzed using Kodak MI software to determine the size
of EGF-containing endosomes. Bar graphs indicate the percentages of endosomes that fall within a defined range of sizes: 0 to 165 pixels (group
1), 166 to 331 pixels (group 2), or �331 pixels (group 3).
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tion is involved (17, 51, 57), the biology underlying this poten-
tially important 16E5 phenotype remains ambiguous. The pur-
pose of our study was to use several new reagents that we have
generated to better understand the mechanism of 16E5-depen-
dent EGFR activation in primary HFKs, a physiological host
cell for HPVs.

First, we demonstrated that interfering with endosome acid-
ification does augment acute ligand-dependent activation of
the EGFR in HFKs, independently of 16E5. Both the initial
extent and the duration of EGFR activation are increased in
control cells treated with bafilomycin A1, a pharmacological
inhibitor that is highly selective for the H� V-ATPase respon-
sible for organelle acidification. We found that 16E5 similarly
enhances EGFR activation and have used a novel biologically
active, pH-sensing EGF conjugate, pHrodo-EGF, to show that
16E5 specifically inhibits the acidification of EGF-containing
endosomes. Previous studies have measured bulk endosomal
pH using dextran conjugates (51) or organelle-specific fluores-
cent proteins (17).

With a few exceptions (5, 57), 16E5 was thought to interfere
with endosome acidification in a manner similar to that of
bafilomycin: by inhibiting the H� V-ATPase via binding to its
16K subunit. Due to a lack of appropriate antibodies against
the native proteins, studies of 16E5-16K association relied
upon overexpressing epitope-tagged versions of both proteins
in vitro (5, 46), in COS cells (1, 14), or in 293-T cells (22). We
have used an antibody that immunoprecipitates wild-type 16K
to show that 16K expression increases 15-fold in COS cells that
are cotransfected with expression vectors encoding 16K and
16E5 and to confirm that 62% of the 16K coprecipitates with
16E5 under these conditions. However, we show that only 5%
of endogenous 16K is bound to 16E5 in primary HFKs that
have been selected for stable 16E5 expression. If E5 functions
by binding and sequestering 16K in a 1:1 ratio, it is difficult to

envision how the low level of 16E5-16K association prevents
assembly of the H� V-ATPase complex or otherwise inhibits
its function. In support of this conclusion, we found that bafilo-
mycin, but not 16E5, induced a generalized neutralization of
acidic organelles that label with LysoTracker Red and Lyso-
Tracker Yellow.

The absence of significant 16E5-16K association in cells that
stably express 16E5 argues against the hypothesis that the E5
protein affects organelle acidification directly. Indeed, 16E5
has been reported to both inhibit (10) and have no effect (5) on
vacuolar acidification in yeast. The first study to demonstrate
impaired endosomal acidification in 16E5-expressing HFKs
(51) used endocytosis of a pH-sensitive dextran conjugate. As
in the present study, the failure of these dextran-containing
endosomes to acidify may indicate a 16E5-dependent defect in
membrane trafficking. Disbrow et al. (17) used ratiometric
single-cell imaging of 16E5- and LXSN-HFKs that expressed a
fluorescent pH-sensitive cellubrevin construct to conclude that
16E5 inhibits endosome acidification. However, cellubrevin is
an integral membrane protein that is synthesized in the ER
and exported to endosomes in a BAP31-dependent manner
(3). Since 16E5 binds to the BAP31 domain that is essential for
cellubrevin export (3, 43), the E5 protein may have caused
retention of the cellubrevin pH probe in the ER lumen, which
is not acidic (29).

FIG. 8. 16E5 inhibits endosome fusion. Alexa Fluor 488-EGF
(green) was prebound to EGF-starved LXSN-HFKs and 16E5-HFKs
at 4°C and was internalized for 10 min at 37°C before fixable Alexa
Fluor 594-dextran (red) was added to the culture medium for an
additional 10 min. The cells were moved to ice, washed to remove
noninternalized dextran, and shifted back to 37°C for 10 or 25 min
before fixation. The fusion of endosomes containing EGF with endo-
somes containing dextran is evidenced by merging of the green and red
fluorescence signals (yellow). Scale bar, 20 �m.

FIG. 9. 16E5 does not disrupt cytoskeletal filament networks. Im-
munofluorescence microscopy showing actin, tubulin, vimentin, and
cytokeratin filaments (green) in COS cells 24 h after transfection with
AU1 epitope-tagged 16E5 or the empty pJS55 expression vector. Scale
bar, 20 �m. The cells were colabeled with anti-AU1 antibody (red) to
demonstrate 16E5 expression (insets).
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The progressive acidification and maturation of early endo-
somes requires that they undergo fusion with acidic sorting
endosomes, late endosomes, and lysosomes (23, 28). This fu-
sion gives rise to larger endocytic vesicles that can easily be
observed using fluorescence microscopy (45, 61). An important
finding of our study is that 16E5 inhibits the acidification of
EGF-containing early endosomes by impeding their fusion
with later endocytic compartments, so that larger fluorescent
vesicles which arise in control cells do not form in 16E5-HFKs.
We further show that the merging of EGF-containing endo-
somes with a distinct population of dextran-containing endo-
somes, which occurs in control cells as a result of both popu-
lations fusing with later endocytic compartments, is strongly
inhibited in cells that express 16E5. Future work will focus on
the identification of specific proteins that regulate endocytic
trafficking that may be targeted by 16E5; however, several
potential mechanisms for the 16E5-dependent trafficking de-
fect can already be ruled out. In kidney proximal tubule epi-
thelial cells, endosome acidification is necessary for recruit-
ment of the small GTPase Arf6 (27, 35), which is a regulator of
the receptor-mediated endocytic pathway (19). This pH-de-
pendent recruitment explains why endosome acidification is
required for endocytic trafficking in these cells (27). In con-
trast, we find that the trafficking of endosomes containing EGF
is not disrupted in HFKs by bafilomycin treatment, which neu-
tralizes all acidic intracellular compartments. Therefore, 16E5
inhibits endocytic trafficking of the EGFR through a mecha-
nism that is independent of endosome acidification. A report
by Thomsen et al. (57), which was the first to show that 16E5
inhibits endocytic trafficking, attributed the phenotype to de-
fective endosomal transport caused by 16E5-dependent depo-
lymerization of the actin cytoskeleton. The effect of 16E5 on
actin filaments may be unique to the C127 rodent fibroblasts
used in their study, since we previously have shown that 16E5
does not perturb actin filaments in human ectocervical cells
(54), and the present study demonstrates that even a high level
of 16E5 expression in COS cells does not alter the organization
of actin, tubulin, vimentin, or cytokeratin filaments.

In epithelial cells, 16E5 localizes to membranes of the ER
and nuclear envelope with its C terminus exposed to the cyto-
plasm (32). If the 16E5 C terminus associates with one or more
proteins that regulate membrane fusion, these proteins might
become tethered to the ER and nuclear envelope and there-
fore be unable to participate in endocytic processing. It may be
relevant that 16E5 cooperates with HPV E6 proteins to induce
koilocytosis, the formation of large perinuclear membrane
vacuoles (31). While 16E5 inhibits endocytic trafficking in pri-
mary HFKs which do not express E6, an accumulation of
membrane fusion regulatory protein(s) at the nuclear envelope
may also be part of the mechanism underlying koilocytosis.
This hypothesis is supported by the observation that a 20-
amino-acid C-terminal 16E5 deletion mutant that is defective
for inducing koilocytosis (31) also fails to inhibit endocytic
trafficking (Fig. 7).

Two recent publications claim that overexpression of 16E5
in HaCaT cells by means of an inducible adenovirus promoter
leads to its presence in the plasma membrane, where the ex-
tracellular 16E5 carboxyl terminus induces cell-cell fusion and
the formation of binucleated cells (25, 26). However, these
findings do not seem pertinent to our present study for several

reasons. In stable keratinocyte lines, 16E5 is expressed at lower
levels, is restricted to the ER membrane, and does not gener-
ate binucleated cells (32). Moreover, 16E5 does not promote
intracellular membrane fusion in our system, even though its
carboxyl terminus is located in the cytoplasm (32). Rather,
16E5 inhibits endosome fusion, and the 16E5 carboxyl termi-
nus is required for the inhibitory activity. It is most likely that
some of the differences in E5 biology and localization observed
in these studies are attributable to differences in the level of
expressed E5 protein.

In brief, 16E5 alters EGF endocytic trafficking and endo-
some maturation via a pH-independent, transport-indepen-
dent mechanism, most likely by altering vesicle fusion events.
This observation may explain the ability of E5 to not only
interfere with EGF processing and augment EGFR signaling
but also interfere with its ability to alter the transport of HLA
proteins, cholesterol, gangliosides, and lipid raft proteins that
function in controlling signal transduction pathways.
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