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A long-recognized, pathognomonic feature of human
papillomavirus (HPV) infection is the appearance of
halo or koilocytotic cells in the differentiated layers
of the squamous epithelium. These koilocytes are
squamous epithelial cells that contain an acentric,
hyperchromatic nucleus that is displaced by a large
perinuclear vacuole. However, the genesis of the cy-
toplasmic vacuole has remained unclear, particularly
because both HPV DNA replication and virion assem-
bly occur exclusively in the nucleus. In clinical biop-
sies, koilocytosis is observed in both low- and high-
risk HPV infections; therefore, in this study, we
demonstrated that the E5 and E6 proteins from both
low- and high-risk HPVs cooperate to induce koilo-
cyte formation in human cervical cells in vitro , using
both stable and transient assays. Both E5 and E6 also
induce koilocytosis in human foreskin keratinocytes
but not in primate COS cells. Deletion of the 20 C-
terminal amino acids of E5 completely abrogates
koilocytosis, whereas a 10-amino acid-deletion mu-
tant retains �50% of its activity. Because the E6 pro-
tein from both the low- and high-risk HPVs is capable
of potentiating koilocytosis with E5, it is apparent
that the targeting of both p53 and PDZ proteins by E6
is not involved. Our data suggest new, cooperative
functions for both the E5 and E6 proteins, hinting at
additional targets and roles for these oncoproteins in
the viral life cycle. (Am J Pathol 2008, 173:682–688; DOI:

10.2353/ajpath.2008.080280)

Epidemiological studies have shown that human papillo-
mavirus (HPV) infection is the most common sexually
transmitted disease, with nearly 80% of the female pop-
ulation being infected during their lifetime. More than 120
different HPV types have been isolated, of which more
than 40 infect the genital mucosa.1 Some of these genital
HPVs are low risk (eg, HPV-6 and -11) and are associated
mainly with nonmalignant lesions. However, there are 12
to 15 high-risk HPVs that play a causative role in the
development of cervical cancer and represent a major
health threat worldwide.1–4 HPV-16 alone accounts for
approximately half of all cervical cancers.3,5,6

Three HPV-16 genes possess transforming activity: E6,
E7, and E5. The HPV-16 E6 gene encodes a 151-amino
acid protein (16E6) that binds to the tumor suppressor
protein, p53, and facilitates its degradation via ubiquitin-
dependent pathways. This, together with inhibition of the
pro-apoptotic protein, BAK, mediates resistance to apo-
ptosis and chromosomal instability. 16E6 also transacti-
vates the hTERT promoter, thereby increasing cellular
telomerase activity and, in cooperation with the HPV-16
E7 protein (16E7), induces cellular immortalization.4,7,8

One of the primary functions of 16E7 is to inactivate the
retinoblastoma tumor suppressor protein.7,8

In contrast to 16E6 and 16E7, biological functions of
the HPV-16 E5 protein (16E5) are rather poorly under-
stood.7 16E5 is a small (83 amino acids), hydrophobic
protein that localizes to membranes of the endoplasmic
reticulum.9,10 It exhibits weak transforming activity in
vitro,7,11 but induces epithelial tumors in transgenic
mice.12 Documented intracellular binding targets for
16E5 include the 16-kDa subunit of the vacuolar H�-
ATPase,9,13 the heavy chain of HLA type I,14 and ErbB4,
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a member of the epidermal growth factor receptor
family.15

A common feature of both high- and low-risk papillo-
mavirus infection is the appearance of koilocytes in the
differentiated layers of squamous epithelium. Koilocytes
are epithelial cells that contain an acentric, hyperchro-
matic, moderately enlarged nucleus that is displaced by
a large perinuclear vacuole.16 Although molecular meth-
ods are available for detecting papillomavirus infections
of the female genital tract, the presence of koilocytes in
Pap smears and cervical biopsies remains fundamental
to pathological diagnosis.17 The viral genesis of koilo-
cytes is somewhat enigmatic because most HPV proteins
are localized in the nucleus where viral replication and
assembly occur. In this article, we demonstrate that E5
from high-risk and low-risk HPV types cooperates with
high- and low-risk E6 to induce koilocytosis in vitro.

Materials and Methods

Cells and Viruses

Retroviruses encoding 16E6 and 16E7 in the vector
pBabePuro,18 or encoding codon-optimized 16E5 or a
C-terminal deletion mutant of codon-optimized 16E5
lacking the last 10 amino acids [16E5 (�10)],19 16E6,
HPV-6b E5 (6bE5), and HPV-6b E6 (6bE6) in the vector
pLXSN, were generated using the Phoenix cell system.20

Both 16E5 and 6bE5 proteins were N-terminally tagged
with the AU1 epitope, DTYRYI.21 AU1 epitope-tagged or
untagged wild-type E6 constructs have been described
before.22 To construct E6 mutants, overlapping polymer-
ase chain reaction was used to replace cysteine 136 of
both 6bE6 and 16E6 with glycine; primers containing the
mutant codon are as follows: 6bE6C136G mutant,
5�-TGTACGTGGAAGGGTCGCGGCCTACACTGCTGGA-
CAAC-3� and 5�-GTTGTCCAGCAGTGTAGGCCGCGAC-
CCTTCCACGTACA-3�; 16E6C136G mutant, 5�-GGTCGGT-
GGACCGGTCGAGGTATGTCTTGTTGCAGATC-3� and
5�-GATCTGCAACAAGACATACCTCGACCGGTCCACCG-
ACC-3�. All constructs were confirmed by sequencing.

Primary human ectocervical cells (HECs) were derived
from cervical tissue after hysterectomy for benign uterine
disease as described,23 and were immortalized by infec-
tion with a 16E6/16E7-encoding retrovirus and selection
in the presence of puromycin (0.5 �g/ml). Stable 16E5-
expressing cell lines were generated from immortalized
HECs by infection with retroviruses encoding 16E5, 16E5
(�10) or the empty pLXSN expression vector, and selec-
tion in the presence of geneticin G418 (100 �g/ml). Non-
immortalized HECs expressing 16E6 or 16E7 alone were
generated by infection with E6- or E7-encoding retrovi-
ruses and selection.

HEC lines and HECs were grown at 37°C and 5% CO2

in keratinocyte growth medium (Invitrogen, Carlsbad,
CA), supplemented with gentamicin sulfate (10 �g/ml).
To maintain constant levels of 16E5 and 16E5 (�10)
expression, G418 was administered to cell cultures at
alternating passages. Human foreskin keratinocytes
(HFKs) were isolated from neonatal foreskins as de-

scribed previously and cultured in keratinocyte growth
medium.24 HFK cell strains were generated by infection
with retroviruses encoding 16E6 and/or 16E7, or the
empty pLXSN expression vector. COS cells were grown
in Dulbecco’s modified Eagle’s medium containing 10%
fetal bovine serum, 100 U/ml penicillin G, and 100 �g/ml
streptomycin sulfate (Invitrogen).

Retroviral Infection

HECs and HEC lines, HFKs, and COS cells were grown
as described in 25-cm2 or 75-cm2 tissue culture flasks.
Before infection, the growth medium was aspirated and
retroviruses mixed with polybrene (1 �l/ml) were added
to the cells for 1.5 hours at 37°C while shaking. After
infection, this mixture was removed and growth medium
added to the cells.

Immunoprecipitation and Immunoblotting

AU1 epitope-tagged E5 proteins were detected in RIPA
lysates by immunoprecipitation and Western blotting,25

using 4 �g of rabbit anti-AU1 polyclonal antibody for
immunoprecipitation, and 1:5000-diluted rabbit anti-AU1
for immunoblotting (Covance, Princeton, NJ). Additional
Western blots were labeled with 1:10,000-diluted anti-�-
actin mouse monoclonal antibody (Sigma, St. Louis, MO),
anti-p53 (1:1000 dilution; Santa Cruz Biotechnology,
Santa Cruz, CA) and anti-pRb (1:1000 dilution; Cell Sig-
naling, Beverly, MA), as described.26,27

Histological Staining

HECs and HFKs were grown on four-chamber micro-
scope slides in keratinocyte growth medium, fixed in 4%
(w/v) paraformaldehyde, and stained with hematoxylin
and eosin (H&E) according to standard histological pro-
cedures. Alternatively, HECs were fixed, permeabilized in
0.1% (w/v) saponin, and blocked with 10% normal goat
serum before staining with hematoxylin and labeling with
Covance anti-AU1 mouse monoclonal antibody (1:1500
dilution of ascites) and goat anti-mouse IgG (peroxidase
conjugate; DakoCytomation, Glostrup, Denmark). A BH-2
microscope (Olympus, Center Valley, PA) was used for
visualization and microphotography, and an Axioskop
microscope (Zeiss, Thornwood, NY) was used for count-
ing cells.

Results

E5 Induces Koilocytosis

While investigating the effect of 16E5 on plasma mem-
brane ganglioside content,28 we observed that a sub-
population of E5-expressing, immortalized HECs dis-
played the unique features of koilocytosis. As mentioned
previously, koilocytosis is a diagnostic marker for papil-
lomavirus infection and can be observed morphologically
in both histological sections of HPV-infected cervix and in
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Pap smears. For example, in cervical biopsies, koilocytes
can be detected in the differentiated layers of HPV-in-
fected squamous epithelium (Figure 1A, left). In Pap
smears, cytoplasmic vacuolization (Figure 1A, middle) is
even more prominently displayed. We found morpholog-
ically similar, perinuclear vacuolization in cultured mono-
layers of 16E6/16E7-immortalized HECs expressing 16E5
(Figure 1A, right). This suggested that the phenomenon
of koilocytosis might be associated with the expression of
a specific subset of HPV-16 oncoproteins. We therefore
fixed and stained 16E6/16E7-immortalized HEC lines (with
and without the 16E5 gene) with H&E. Koilocytes were
readily detected in the 16E5-expressing HEC lines com-
pared to cells harboring the empty pLXSN expression
vector (Figure 1B). Importantly, immunohistochemistry of
these HEC lines (using an anti-AU1 antibody to detect the
epitope-tagged E5 protein) revealed that 16E5 was
present in the koilocytotic vacuolar membranes (Figure 2,
bottom row). 16E5 was also noted in the cytoplasm,
which we believe reflects its endoplasmic reticulum lo-
calization that is visualized more precisely by immunoflu-
orescence microscopy.28

E6 Cooperates with E5 to Induce Koilocytosis

The above studies demonstrated that the stable expression
of 16E5 induces koilocytosis in HECs immortalized with
16E6 and 16E7. Although E5 clearly is essential for this
phenomenon, it was unclear whether 16E5 alone is suffi-
cient to induce koilocytosis or whether there might be col-

laborative interactions with 16E6 and 16E7. To test this
possibility, we developed an acute assay for koilocytosis in
which various cervical cells are infected with retroviruses
that encode wild-type (wt) or mutant 16E5 oncoproteins. As
shown in Figure 3A, expression of HPV-16 E6, E7, or E5
alone was insufficient to generate koilocytes in HECs. In
addition, the combined expression of 16E6 and 16E7 was
ineffective; similar to the results obtained with immortalized
pLXSN-HECs. However, co-expression of 16E5 and 16E6
resulted in levels of koilocytes that were nearly 10-fold
higher than the 16E5/E6/E7 HEC line. It is also important to
note that the AU1 epitope tag on 16E5 had no effect on its
frequency of koilocyte formation. 16E5 and 16E5 (no AU1)
induced very similar levels of koilocytosis (Figure 3A). This
cooperative effect was not observed with 16E5 and 16E7. In
fact, 16E7 dramatically suppressed koilocytosis when co-
expressed with 16E5 and 16E6 (Figure 3A).

Koilocytes were reduced by �50% in 16E6-HECs ex-
pressing a mutant 16E5 lacking the C-terminal 10 amino
acids, 16E5 (�10). This mutant is also defective for en-
dosome alkalinization19 and epidermal growth factor re-
ceptor activation.13 Importantly, deletion of the 20 C-
terminal amino acids produced mutant 16E5 (�20) that
was completely defective for koilocyte formation (Figure
3A). This suggests the existence of additional E5 targets
that are separate from those regulating V-ATPase func-
tion and epidermal growth factor receptor signaling.

Because low-risk HPVs also induce koilocytosis in
vivo,29 we used the acute transduction assay (with vari-
ous HECs) to screen the biological activity of E5 from
low-risk HPV-6b (6bE5). As with high-risk 16E5, we ob-
served koilocytes when 6bE5 was co-expressed with
16E6 (Figure 3B). It should be noted that wild-type and
mutant E5 proteins were expressed at similar levels in
16E6-HECs after acute retrovirus infection (Figure 3C).
Thus, the decreased koilocyte-inducing activity of 16E5
(�10) and the complete defectiveness of 16E5 (�20) are
not because of lower expression of these proteins but
rather to altered activity. In addition, 16E6 and 16E7 are
functional in these cells, because 16E6 degrades p53
and 16E7 triggers the loss of pRb (Figure 3D).

To evaluate the ability of various combinations of low-
and high-risk oncoproteins to induce koilocytosis, we
used a modified acute assay. Rather than infecting 16E6-

Figure 1. Koilocytotic cells. A: The HPV cytopathic effect (koilocytosis) is
shown in a cervical biopsy specimen (left, H&E staining), a cervical cytology
preparation (middle, Pap stain), and a cultured monolayer of 16E6/16E7-
immortalized HECs expressing 16E5 (right, H&E staining). Arrows show
typical koilocyte features: an acentric, hyperchromatic, moderately enlarged
nucleus (white arrow) displaced by a large perinuclear vacuole (green
arrow), surrounded by a thickened cytoplasm (black arrow). B: H&E
staining of 16E6/16E7-immortalized HEC lines demonstrates koilocytes in
16E5-expressing cells, but not in HECs containing the empty expression
vector (LXSN). Scale bars � 10 �m.

Figure 2. 16E5 localizes to perinuclear vesicles in koilocytotic cells. HECs
were fixed, stained with hematoxylin, and reacted with peroxidase-conju-
gated anti-AU1 antibody (brown). Scale bar � 10 �m.
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HECs with different E5 proteins, we co-infected primary
HECs with two different retroviruses (encoding either E5
or E6) and screened for koilocytes (Figure 4A). This mod-
ified assay generated koilocytosis with approximately half
the efficiency of the previous assay but now permitted us

to assay both E6 as well as E5 mutant proteins. Interest-
ingly, all combinations of low- and high-risk E5 and E6
proteins collaborated to induce koilocytes, suggesting
the retention of conserved functions in these variant and
biologically distinct proteins. In addition, we showed that
addition of the AU1 epitope to the HPV-16 E6 protein did
not alter its ability to induce koilocytes (Figure 4A, com-
pare lanes 1 and 2). Addition of the AU1 epitope to the
HPV-6b E6 protein induced a slight (50%) decrease in its
activity. We also demonstrated the requirement for E6 in
this assay by measuring the activity of a mutant in
which a conserved C-terminal cysteine residue (amino
acid 136) was changed to glycine. Mutations at this
site have been shown to abrogate many E6 activities,
presumably because of gross alterations in protein
conformation.30 In both the 6b and 16 E6 proteins,
mutation of the terminal cysteine residue abrogated the
induction of koilocytosis. To verify that the defective
nature of the E6 cysteine mutants was not because of
decreased protein expression, we examined the levels
wild-type and mutant E6 proteins by Western blotting
(Figure 4B). The cysteine mutants of 16E6 and 6bE6
were present at levels similar to the respective wild-
type proteins (Figure 4B, compare lanes 2 with 3 and
lanes 4 with 5).

Although koilocytes are present in cervical HPV in-
fections, they also are observed at other anatomical
sites in different epithelial cell types. To investigate
whether koilocytosis can be induced in another HPV
target cell, the HFK, we transduced these cells with

Figure 3. Induction of koilocytosis by HPV E5 and E6 oncoproteins. Indicated HECs were transduced with HPV E5-encoding retroviruses and stained 4 days later
(H&E) to determine the frequency of koilocytosis. Error bars represent SD. A: HECs transduced with 16E5 genes. B: HECs transduced with 6bE5 genes. C: E5
expression in 16E6-HECs 4 days after infection with E5-encoding retroviruses. Molecular mass marker (in kDa) is indicated on the left. IP, immunoprecipitation;
IB, immunoblotting. D: Western blot showing 16E6 and 16E7 functionality in HECs. An identical immunoblot labeled with anti-�-actin confirms equal loading of
protein in each lane.

Figure 4. Acute induction of koilocytosis by HPV E5 and E6 oncoproteins in
primary HECs. A: Primary HECs transduced with combinations of retrovi-
ruses encoding HPV-16 and HPV-6b E5 and E6. Error bars represent SD. B:
E6 expression in primary HECs 4 days after infection with E6-encoding
retroviruses. An identical immunoblot labeled with anti-�-actin confirms
equal loading of protein in each lane.
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combinations of 16E6, 16E7 and empty pLXSN expres-
sion vector followed by 16E5 (Figure 5A). Koilocytosis
was induced in the HFKs, but only when both 16E5 and
16E6 were present (Figure 5, A and B). As in HECs,
16E7 greatly suppressed the frequency of koilocytosis
induced by E5 and E6. In contrast to HECs and HFKs,
koilocytes did not form in COS cells (a primate kidney
cell line) when 16E5 and 16E6 were co-expressed,
indicating that not all cell lines provide suitable envi-
ronments for koilocytosis.

Discussion

In contrast to the well-characterized E6 and E7 oncopro-
teins of HPV-16, biological activities of the 16E5 oncop-
rotein and its role in the HPV replication cycle are not well
understood. The biological phenotypes of E5 are myriad
and vary with the cell types used for assays. Briefly, E5
has been shown to alkalinize endosome pH,19 augment
epidermal growth factor signaling pathways,31 alter
membrane lipid composition,28 stimulate anchorage-in-
dependent growth,25 and interfere with gap junction
communication.32 Similarly, there have been several cell
proteins identified as targets for 16E5, including the V-
ATPase,9,13 MHC complexes,14 and ErbB4.15 However,

there is no single target that seems to explain the many
properties ascribed to 16E5 and it is possible that E5 may
have several cell targets for inducing its effects.

In the present study, we demonstrate that HPV E5 and
E6 proteins cooperate to induce koilocytosis. Koilocytes
are epithelial cells containing a hyperchromatic nucleus
that is acentrically displaced by perinuclear vacuole(s),16

and these morphological alterations are used by pathol-
ogists to help identify HPV-infected epithelial cells in Pap
smears. In clinical biopsies, koilocytosis is observed in
both low- and high-risk HPV infections. Correspondingly,
we found that the E5 and E6 proteins from low- and
high-risk HPVs induce koilocytosis in vitro, using both
transient and stable expression conditions. The koilo-
cytes observed in our experiments are very similar to
those observed in biopsies and Pap smears, although
they exhibit some qualitative differences (Figure 1A). For
example, although koilocytes consisting of a single vac-
uole surrounding the nucleus can be observed, there is a
greater proportion of koilocytes with multivesiculation in
vitro. This is most evident with the 16 E5 (�10) mutant that
is partially defective for koilocytosis. We presume that this
might reflect incomplete vesicle fusion, but we have not
yet performed a thorough investigation of the time course
of vesicle formation/fusion with the in vitro system. The
difference between in vivo and in vitro koilocytosis might
have several origins: i) the expression of E5 in our cells
may not be as high as during a productive infection; ii)
the cells that we study are not differentiated; and iii) our
experiments use only two viral oncogenes rather than the
complete viral genome and might not be expected to
mimic precisely the morphological changes occurring
during productive viral infection.

In natural infections, koilocytosis is only observed in
the uppermost, well-differentiated layers of stratified
squamous epithelium and it is in these layers (and spe-
cifically in koilocytes) that the viral capsid proteins are
expressed and assembled into infectious virions. In con-
trast, we have been studying koilocytosis under condi-
tions that do not favor terminal differentiation (ie, low
calcium medium) and this might explain the low level
(�3%) of koilocyte formation. However, even when the
complete HPV genome is expressed in organotypic (raft)
culture systems that favor keratinocyte differentiation,
koilocytosis is rarely observed.33,34 Additionally, we
found that the frequency of koilocytosis in cultured HEC
lines does not increase under conditions that acutely
induce differentiation (Ca2� and 10% fetal bovine serum
for 24, 48, or 72 hours) (data not shown). This might
reflect the differentiation insensitivity of retroviral promot-
ers controlling E5 and E6 expression or might also be the
consequence of a need for more complete differentiation
conditions. Regardless, the selective presence of koilo-
cytes in the differentiated layers of the stratified squa-
mous epithelium may reflect increased expression of E5
and/or E6 in these cells. Compatible with this suggestion
is the hypothesis that HPVs use a leaky ribosome-scan-
ning mechanism to translate proteins from polycistronic
mRNAs in vivo and, as a consequence, the E5 protein is
primarily synthesized in differentiating cells because of a
shift of E5 from the fourth to second open reading frame

Figure 5. Induction of koilocytosis by HPV-16 E5 and E6 proteins in HFKs.
Indicated HFKs were transduced with HPV-16 E5 and stained 4 days later
(H&E) to determine the frequency of koilocytosis. A: HFKs transduced with
HPV-16 E5. Error bars represent SD. B: H&E staining of HFKs demonstrates
koilocytes in16E5- and 16E6-expressing cells, but not in HFKs expressing
16E5 or 16E6 alone. Scale bar � 10 �m.
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of HPV transcripts.8 More directly, the BPV-1 E5 protein
has been shown to be expressed highly in the uppermost
layers of stratified squamous epithelium in papillomas
productively replicating BPV-1.35

It is unclear why the E5 and E6 proteins fail to induce
koilocytes in COS cells, but there are obviously many
possible reasons for this, including differences in the
species of origin, cell type, and the presence of SV40-T
antigen (which has functional similarities to the HPV E7
protein that inhibits koilocytosis).36 It is also unclear why
the E7 oncoprotein decreases the incidence of koilocytes
in our study. In an infected cell, HPV-16 E6 and E7 are
produced from polycistronic mRNAs8 and hence both
proteins should be expressed. However, changes in cell
differentiation could certainly affect the efficiency of splic-
ing the E6/E7 regions and therefore alter the ratio of E6
and E7. In addition, it is possible that the translation of E7
mRNA or stability of E7 protein might be altered as a
consequence of keratinocyte differentiation.

The koilocytes formed in our experiments do not ap-
pear to be apoptotic or senescent cells. The E5-express-
ing, immortalized HECs do not exhibit the pyknotic and
shrunken nuclei usually observed in apoptotic cells.37

Additionally, we have found that koilocytosis is pro-
moted by the E6 oncoprotein, which is known to inhibit
apoptosis.38 – 40 E7, in contrast, strongly inhibits koilo-
cyte formation in our study but promotes apoptosis in
keratinocytes.38,39 Senescence-associated �-galacto-
sidase, a diagnostic marker for cellular senescence,
was detectable in only a very small number (�0.02%)
of nonimmortalized HECs, and we found that koilocytes
were no more likely to be senescent than nonkoilocy-
totic cells (data not shown).

The role of perinuclear vacuolization in viral replication
is unclear. Cytoplasmic vacuolization could contribute to
keratinocyte fragility and the release of viral-laden nuclei
from HPV lesions. In fact, it has been suggested that
papillomavirus egress in the upper epithelial layer is fa-
cilitated by disturbing keratin integrity and assembly of
the cornified envelope.41 However, although we believe
that E5 might have a significant effect on the viral life
cycle in vivo, it has already been shown to have a modest
effect on viral replication in raft keratinocyte cultures.33,34

Finally, we have also identified E5 and E6 mutants that
are defective for inducing koilocytosis in vitro and antici-
pate that they may be useful in identifying specific path-
ways and cell targets for these viral oncoproteins. It will
also be important to define the common properties of the
low- and high-risk E6 proteins and how they contribute to
the pathological changes in the cell cytoplasm.
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