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Human papillomavirus type 16 (HPV16) is the most common cause of cervical carcinoma. Cervical cancer
develops from low-grade lesions that support the productive stages of the virus life cycle. The 16E1∧ E4 protein
is abundantly expressed in such lesions and can be detected in cells supporting vegetative viral genome
amplification. Using an inducible mammalian expression system, we have shown that 16E1∧ E4 arrests HeLa
cervical epithelial cells in G2. 16E1∧ E4 also caused a G2 arrest in SiHa, Saos-2 and Saccharomyces pombe cells
and, as with HeLa cells, was found in the cytoplasm. However, whereas 16E1∧ E4 is found on the keratin net-
works in HeLa and SiHa cells, in Saos-2 and S. pombe cells that lack keratins, 16E1∧ E4 had a punctate dis-
tribution. Mutagenesis studies revealed a proline-rich region between amino acids 17 and 45 of 16E1∧ E4 to be
important for arrest. This region, which we have termed the “arrest domain,” contains a putative nuclear local-
ization signal, a cyclin-binding motif, and a single cyclin-dependent kinase (Cdk) phosphorylation site. A single
point mutation in the putative Cdk phosphorylation site (T23A) abolished 16E1∧ E4-mediated G2 arrest. Arrest
did not involve proteins regulating the phosphorylation state of Cdc2 and does not appear to involve the activation
of the DNA damage or incomplete replication checkpoint. G2 arrest was also mediated by the E1∧ E4 protein of
HPV11, a low-risk mucosal HPV type that also causes cervical lesions. The E1∧ E4 protein of HPV1, which is more
distantly related to that of HPV16, did not cause G2 arrest. We conclude that, like other papillomavirus pro-
teins, 16E1∧ E4 affects cell cycle progression and that it targets a conserved component of the cell cycle machinery.

Papillomaviruses are small DNA viruses that infect the ep-
ithelial tissue of a wide range of vertebrates, including humans
(47). Infection begins in cells of the basal layer, with the pro-
ductive stages of the virus life cycle being initiated as these
infected cells migrate toward the epithelial surface. In this way,
the virus life cycle is tightly linked to the differentiation of the
epithelium, which makes human papillomaviruses (HPVs) dif-
ficult to study in the laboratory (37). More than 200 papillo-
mavirus types have been identified (12). These share a com-
mon organization of their �8-kb genomes but differ in the
types of epithelium they infect and the pathologies that each
virus causes (47). Infection occurs at cutaneous epithelial sites,
i.e., the skin, for viruses such as HPV type 1 (HPV1) or at
mucosal sites (e.g., the anogenital tract or the cervix) for vi-
ruses such as HPV11 and HPV16 (47). HPVs are additionally
classified from low to high risk, with low-risk viruses such as
HPV11 (and HPV1) being associated solely with benign le-
sions (often known as warts), whereas lesions caused by high-
risk viruses such as HPV16 can progress to malignancy (47).
HPV16 is the most prevalent high-risk virus and is the most
common causative agent of cervical cancers (68).

Although the 16E1∧ E4 protein is not expressed in lesions
that have progressed to malignancy (K. Middleton, L. Morris,
W. Peh, K. Sotlar, D. Jenkins, R. Seth, A. El-Sherif, C.

Coleman, and J. Doorbar, Abstr. 19th Int. Papillomavirus
Conf., abstr. P-21, 2001), in productive infections it is an abun-
dant protein that is expressed in the upper layers of the epi-
thelium. 16E1∧ E4 is translated from a spliced transcript (20).
The first five amino acids are derived from the E1 open reading
frame (ORF), whereas the remainder are derived from the E4
ORF (19). The expression of 16E1∧ E4 occurs late during in-
fection and correlates with the onset of vegetative viral DNA
amplification, prior to the expression of the viral structural
proteins (10, 17). Despite the association with viral genome
amplification, which takes place in the nucleus, 16E1∧ E4 has a
diffuse and filamentous distribution in epithelial cells and is
located in the cytoplasm (17). This filamentous distribution is
a result of an association between 16E1∧ E4 and the cytoker-
atin networks and, at least in cell culture, this association can
result in collapse of the keratin filament networks (16, 59). The
16E1∧ E4 protein has also been found to bind a DEAD box
RNA helicase (E4-DBP) and alter its ATPase activity (14).
However, the significance for the virus of the 16E1∧ E4 asso-
ciations with keratins and E4-DBP is unclear, and the role of
the E1∧ E4 protein in the viral life cycle remains unknown (13).

To investigate the role of 16E1∧ E4 during the virus life
cycle, we constructed HPV16 mutant genomes that were un-
able to express the full-length 16E1∧ E4 protein. Our prelimi-
nary experiments suggested that experimental lesions induced
by these mutants were more proliferative than those induced
by wild-type DNA, suggesting a possible role for 16E1∧ E4 in
cell cycle regulation. Here we show that 16E1∧ E4 causes HeLa
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and Saos-2 cells to arrest in the G2 phase of the cell cycle.
16E1∧ E4 caused a G2 arrest in Schizosaccharomyces pombe,
enabling us to use this system as a model to investigate
16E1∧ E4 function. The ability of 16E1∧ E4 to induce G2 arrest
was assayed in a variety of cell cycle mutant genetic back-
grounds and in the presence of the drug pentoxifylline. Using
a range of 16E1∧ E4 mutants, residues in the N-terminal half
of 16E1∧ E4 were found to be important for G2 arrest. A
single point mutation in a putative Cdk phosphorylation site
within the “arrest domain” of 16E1∧ E4 was sufficient to abol-
ish the phenotype.

MATERIALS AND METHODS

Vectors, molecular subcloning, and mutagenesis. The HPV 16E1∧ E4 protein
and green fluorescent protein (GFP) were expressed from the recombinant
adenoviruses rAd.16E1∧ E4 and rAd.GFP (14) under the control of the cyto-
megalovirus (CMV) early promoter. To prepare the yeast expression vectors,
0.3-kb fragments containing E1∧ E4 wild-type and mutant sequences were PCR
amplified from the plasmids pGBT9 (wild-type 16E1∧ E4, �2-6, �12-16, �23-28,
�27-32, �31-36, �36-41, �41-46, �46-51, �52-57, �63-68, �73-77, �80-83, �84-
88, �86-92, and 16E1∧ E4 mutants or wild-type 1E1∧ E4) (14) and pGEX4T-
1.11E1∧ E4 (55a) with the primers shown in Table 1. The fragments were inserted
into the NdeI-BamHI sites downstream of the inducible nmt1 (for “no message
in thiamine”) promoter (51) in the plasmid pREP1 (52). Mutagenesis was per-
formed by using the QuikChange site-directed mutagenesis kit (Stratagene) with
the primers listed in Table 2. All mutations were confirmed by bidirectional
sequencing. The HPV 16E1∧ E4 sequences were also subcloned into the mam-
malian expression vector pMV11 (14) downstream of the CMV early promoter.
Again, 0.3-kb fragments containing the HPV 16E1∧ E4 wild-type and mutant
sequences were PCR amplified from the above plasmids with the primers shown
in Table 1 and inserted into the KpnI-EcoRI sites of pMV11. The plasmid
pXJ.GFP has been described previously (71).

Generation of HeLa Tet-on cell line for the stable expression of 16E1∧ E4. A
0.3-kb BamHI-EcoRI fragment containing HPV 16E1∧ E4 was excised from the
plasmid pMV11.16E1∧ E4 (14), and the 3�-overhangs were filled in with Klenow
polymerase. The fragment was subcloned into the unique BamHI-PvuII sites in
the plasmid pTRE2pur (Clontech) to generate pTRE2pur.16E1∧ E4, a plasmid
expressing 16E1∧ E4 under the control of the reverse tetracycline-controlled
transactivator (rtTA). To generate the HeLa-16E1∧ E4-Tet-on cell line, pTRE2pur-
16E1∧ E4 was transfected into HeLa Tet-on cells (Clontech), a HeLa-derived cell
line which expresses the chimeric rtTA. The cells were cultured in Dulbecco
modified Eagle medium (DMEM), supplemented with 10% tetracycline-free
fetal calf serum and 0.1 mg of G418 ml�1. Puromycin (0.5 mg ml�1) was added
to select for the pTRE2pur.16E1∧ E4 plasmid. After induction with the tetra-
cycline derivative doxycycline (2 �g ml�1), the HeLa-16E1∧ E4-Tet-on positive
clones were detected by immunofluorescence with TVG402 (15) Alexa-fluor
488-conjugated antibody and a clonal line was derived from a single positive cell.
Populations of 16E1∧ E4-expressing cells were obtained by incubating the cells
with doxycycline (3 �g ml�1) for 24 h.

Synchronization and recombinant adenovirus infection of mammalian cells.
Saos-2 cells were synchronized at G1/S and infected with recombinant adenovirus
by incubating them in 2 mM thymidine in DMEM for 17 h, washing the cells
twice with DMEM to remove the thymidine, incubating them with rAd.GFP or
rAd.16E1∧ E4 (at a multiplicity of infection of 15) for 8 h, and finally incubating
them again in 2 mM thymidine in DMEM for 17 h. The block was released by
washing the cells twice with DMEM and replacing them with 10% fetal calf
serum in DMEM. SiHa and HeLa cells were synchronized at the G1/S border
with thymidine (as described above) or with low serum-aphidicolin as described
by Liu et al. (45). At 6 h prior to release from the block, SiHa cells were infected
with 100 rAd particles per cell. For HeLa cells, infection was carried out 3 h prior
to release with 200 rAd particles per cell.

S. pombe strains and media. S. pombe strains (Table 3) were maintained in
Edinburgh minimal medium (EMM) supplemented with adenine, histidine, ura-
cil, and in the absence of plasmid, leucine (each at 0.1 mg ml�1). S. pombe were
normally grown at 30°C except for temperature-sensitive strains, which were
grown at the permissive temperature of 23°C and shifted to the restrictive
temperature of 35°C to induce the phenotype. To repress the nmt promoter,
thiamine was added to the medium to a final concentration of 75 �g ml�1. When
required, pentoxifylline (Sigma) was added to the growth medium at a final
concentration of 5 mM. To induce expression from the nmt promoter, cells were

TABLE 1. Primers used for subcloning by PCR

Primer Sequence (5� to 3�)

5� Wild type, �12-16, �23-28, �27-32, �31-36, �36-41, �41-46, �46-51, �52-57, �63-68,
�73-77, �80-83, �84-88, �86-92, and �51-92 16E1∧ E4 into pREP1...........................................CTTGATCATATGGCTGATCCTGCAGCAGCAACG

3� Wild type, �2-6, �12-16, �23-28, �27-32, �31-36, �36-41, �41-46, �46-51, �52-57,
�63-68, �73-77, �80-83, �1-49, and �1-16 16E1∧ E4 into pREP1...............................................GTAACTGGATCCTTATGGGTGTAGTGTTACTATTA

5� �2-6 16E1∧ E4 into pREP1................................................................................................................AGAATTCATATGGCAGCAACGAAGTATCCTCTC
3� �84-88 16E1∧ E4 into pREP1............................................................................................................AGAAATGGATCCTTATGGGTGTAGTGTTCCGTCCT
3� �87-92 16E1∧ E4 into pREP1............................................................................................................AGAAATGGATCCTTAAGTTAATCCGTCCTTTGTGTG
5� �1-49 16E1∧ E4 into pREP1..............................................................................................................AGAATTCATATGCAGACACCGGAAACCCCTGCC
5� �1-16 16E1∧ E4 into pREP1..............................................................................................................AGAATTCATATGGGCAGCACTTGGCCAACCACC
3� �51-92 16E1∧ E4 into pREP1............................................................................................................GTAACTGGATCCTTACTGGCTCTGATCTTGGTC
5� 11E1∧ E4 into pREP1.........................................................................................................................AGATTCCATATGGCGGACGATTCAGCACTGTAC
5� 16E1∧ E4 into pREP1.........................................................................................................................AGAATTCATATGGCAGATAATAAAGCTCCCCAA
3� 11E1∧ E4 into pREP1.........................................................................................................................AGAATTGGATCCCTATAGGCGTAGCTGCACTGT
3� 1E1∧ E4 into pREP1...........................................................................................................................AGAATTAGATCTTTACACAGACCACGGGTGGAT
5� Wild type, T22A, T23A 16E1∧ E4 into pMV11 ..............................................................................AGAATTGGTACCATGGCTGATCCTGCAGCAGCA
3 Wild type, T22A, T23A 16E1∧ E4 into pMV11 ...............................................................................AGAATTGAATTCTTATGGGTGTAGTGTTACTATTA

TABLE 2. Primers used for mutagenesis reactions

Mutant Primer sequences (5� to 3�)

K37A,K38A,H39A ..................GCCGTCGCCTTGGGCACCGGCGGCAG
CCAGACGACTATCCAGCGACC

GGTCGCTGGATAGTCGTCTGGCTGCC
GCCGGTGCCCAAGGCGACGGC

S43A,S44A ...............................CGAAGAAACACAGACGACTAGCCGCC
GACCAAGATCAGAGCCAG

CTGGCTCTGATCTTGGTCGGCGGCTA
GTCGTCTGTGTTTCTTCG

R40A,L42A ..............................GGGCACCGAAGAAACACGCACGAGC
ATCCAGCGACCAAGATC

GATCTTGGTCGCTGGATGCTCGTGCG
TGTTTCTTCGGTGCCC

T23A,P24A,P25A,P27A..........CAGCACTTGGCCAACCGCCGCGGCGC
GAGCGATACCAAAGCCGTCG

CGACGGCTTTGGTATCGCTCGCGCCG
CGGCGGTTGGCCAAGTGCTG

T23A .........................................CTTGGCCAACCGCCCCGCCGCGACC
GGTCGCGGCGGGGCGGTTGGCCAAG

T23D .........................................CTTGGCCAACCGACCCGCCGCGACC
GGTCGCGGCGGGTCGGTTGGCCAAG

T23E .........................................CTTGGCCAACCGAGCCGCCGCGACC
GGTCGCGGCGGCTCGGTTGGCCAAG

T22A,T23A ..............................CAGCACTTGGCCAGCCGCCCCGCCGC
GACCC

GGGTCGCGGCGGGGCGGCTGGCCAA
GTGCTG
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washed twice with EMM (minus thiamine) and reinoculated into minus-thiamine
EMM. S. pombe were transformed with plasmid DNA by electroporation (1.5
kV, 25 �F, 200 �, and 0.2 cm) with a GenePulser (Bio-Rad).

Immunofluorescence staining and microscopy. Approximately 5 � 107

S. pombe cells were fixed with �20°C methanol and resuspended in PEM buffer
(100 mM pipes, pH 6.9; 1 mM EGTA; 1 mM magnesium sulfate). The cell wall
was digested with 250 to 1,000 U of lyticase in PEMS buffer (1.2 M sorbitol,
PEM) for 7 min at 37°C, and the cells were permeabilized with 1% Triton X-100
in PEMS for 30 s. The cells were incubated overnight with TVG402 (15) Alexa-
fluor 488-conjugated antibody in PEMBAL (1% bovine serum albumin, 0.1%
sodium azide, 0.1 M L-lysine, PEM), and the DNA was stained with DAPI
(4�,6�-diamidino-2-phenylindole; 1 �g ml�1). Mammalian cells were fixed with
5% formaldehyde for 5 min and blocked with 2% bovine serum albumin–0.01%
sodium azide in phosphate-buffered saline (PBS) for 30 min. Cells were incu-
bated with TVG402 Alexa-fluor 488-conjugated antibody and DAPI (1 �g ml�1)
in 0.1% fetal calf serum in PBS. After five 5-min washes in PBS, the cells were
examined by using a fluorescent Labophot II microscope (Nikon). Digital images
were captured with a SenSys monochrome camera and IP Lab imaging software
(Roper Scientific).

Western blot analysis. S. pombe cells from mid-log-phase cultures were lysed
in extraction buffer (2% sodium dodecyl sulfate [SDS], 1 mM dithiothreitol,
50 mM Tris-HCl [pH 7.0]) by vortexing them with an equal volume of 425- to
600-�m-diameter glass beads. Mammalian cells (HeLa-16E1∧ E4-Tet-on, Saos-2,
and Cos-7) were lysed in extraction buffer by gentle pipetting and incubation at
95°C for 5 min. Debris from both S. pombe and mammalian cell extracts was
pelleted (10,000 � g, 10 min), and the protein concentration in the supernatant
estimated by using the detergent-compatible protein assay (Bio-Rad) according
to the manufacturer’s instructions. Proteins were separated by SDS-polyacryl-
amide gel electrophoresis on 15% gels and transferred to Immobilon membrane
(Millipore) by wet blotting. 16E1∧ E4 was detected by using TVG402 hybridoma
supernatant (15) horseradish peroxidase-conjugated anti-mouse immunoglobu-
lin (Amersham Pharmacia Biotech) and enhanced chemiluminescence (Amer-
sham Pharmacia Biotech).

Flow cytometric analysis. Approximately 106 human cells were fixed with 70%
ethanol, incubated with Alexa-fluor 488-conjugated TVG402 antibody (15) for
30 min, treated with RNase A (0.1 mg ml�1)–0.1% NP-40 in PBS for 20 min, and
stained with propidium iodide (12.5 �g ml�1) for 30 min. Approximately 0.3 �

107 S. pombe cells were fixed with methanol, treated with RNase A (0.1 mg ml�1)
in 50 mM sodium citrate for 16 h, and stained with propidium iodide (2 �g ml�1)
for 30 min. Fluorescence was analyzed on a FACScan (Becton Dickinson) and
analyzed with CellQuest software (Becton Dickinson).

Mitotic index analysis. Cos-7 cells were seeded at 3 � 104 cells per well and
24 h later were transfected with pXJ.GFP, pMV11.16E1∧ E4, or
pMV11.T22A,T23A,16E1∧ E4 by using Effectene (Qiagen) according to the
manufacturer’s instructions. At 24 h after transfection, nocodazole was added
to a final concentration of 0.1 �g ml�1 for a further 24 h. The cells were
harvested by using 0.1 mM EDTA in PBS and applied to a poly-L-lysine-
coated slide by cytospinning. The cells were fixed with 5% formaldehyde for
5 min and stained with TVG402 (15) Alexa-fluor 488-conjugated antibody
and DAPI (1 �g ml�1). The percentages of cells positive for transgene
expression that had condensed chromosomes were determined by micros-
copy.

RESULTS

HPV16 E1∧ E4 protein induces G2 cell cycle arrest. Papillo-
maviruses modulate the cell cycle in order to create a cellular
environment that allows the replication of viral genomes and
the production of infectious virions. With the exception of the
E4 ORF, genes contained in the early region of HPV16 (E7,
E6, E1, E2, and E5) have been shown to encode proteins that
modulate the cell cycle or which associate with components of
the cell cycle machinery in order to facilitate viral DNA rep-
lication (3, 27, 28, 44, 49). To determine whether the product
of the HPV16 E4 ORF also affects cell cycle progression, a
tetracycline-inducible HeLa cell line expressing 16E1∧ E4 was
generated (HeLa-16E1∧ E4-Tet-on). To induce expression of
16E1∧ E4, cells were treated with doxycycline (a tetracycline
derivative) for 24 and 48 h. The cells were stained with pro-
pidium iodide and anti-16E1∧ E4 antibodies (Alexa-fluor 488-
conjugated) in order to identify cells expressing the 16E1∧ E4
protein. It was necessary to include the 16E1∧ E4 immunostain
since despite being a clonal cell line, only 30% of the cells
expressed high levels of 16E1∧ E4. The cell cycle distribution of
the cells was then determined by measuring the DNA content
by using flow cytometry. The results show that in the 16E1∧ E4-
expressing population the cells arrested with an approximately
4N DNA content (Fig. 1A). Some degree of endoreduplication
was also apparent, as evidenced by the presence of cells con-
taining a DNA content of greater than 4N. This is in contrast
to the non-16E1∧ E4-expressing cells which, like the cells not
treated with doxycycline, showed a typical HeLa cell cycle
profile, i.e., with the majority of the cells being in G1 (Fig. 1A).
Microscopic analysis of large populations of 16E1∧ E4-express-
ing cells showed that they had not arrested with condensed
chromatin (data not shown). These data suggest that 16E1∧ E4
expression induced the HeLa cell line to arrest predominantly
in G2, i.e., with a 4N DNA content. It was not possible, based
on the profiles shown in Fig. 1A, to establish whether E1∧ E4
expression also retarded progression through S phase or
whether some cells were arresting with less than a 4N DNA
content. To examine this more closely, 16E1∧ E4 was tran-
siently expressed in SiHa cells after synchronization in G1.
E1∧ E4 was expressed from a recombinant adenovirus (rAd.
16E1∧ E4 [14]), and cell cycle progression was compared at 4-h
intervals to that seen after expression of the cellular protein
Myt1 (rAd.Myt), which is known to arrest cells in G2 (45), or
	-galactosidase (rAd.	-gal), which has no affect the cell cycle

TABLE 3. S. pombe strains used in this study

Name Strain Genotype Description G2 arresta

Wild type PR109 leu1-32 ura4-D18 h� Normal cell cycle �
cdc2-1w JM305 cdc2-1w leu1-32 ura4-D18 h� Constitutively active Cdc2, insensitive to Y15 phosphorylation

by Wee1
�

cdc2-3w JM125 cdc2-3w leu1-32 ura4-D18 h� Cdc2 active independently of Cdc25 �
cdc2-3w �cdc25 JM192 cdc2-3w cdc25::ura4 leu1-32 ura4-D18 h As for cdc2-3w plus no expression of Cdc25 �
wee1-50 JM604 wee1-50 leu1-32 ura4D-18 h� Temperature-sensitive mutant of Wee1 �
wee1-50 �mik1 PR337 wee1-50 mik1::ura4 leu1.32 ura4-D18 h� Same as for wee1-50 plus no expression of Mik1 �
wee1-50 cdc25-22 JM1657 wee1-50 cdc25-22 leu1-32 ura4-D18 h� Same as for wee1-50 plus temperature-sensitive mutant of Cdc25 �
�rad24 JM1172 rad24::ura4 leu1-32 ura4-D18 ade6-704 h� No expression of Rad24 �
�rad25 JM1173 rad25::ura4 leu1-32 ura4-D18 ade6-704 h� No expression of Rad25 �
cdc10-129 JM195 cdc10-129 leu1.32 h� Temperature-sensitive arrest in G1 �

a �, positive for G2 arrest.
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FIG. 1. Expression of wild-type 16E1∧ E4 in mammalian cells. (A) The HeLa-16E1∧ E4-Tet-on cell line that can be induced to express 16E1∧ E4
by the addition of doxycycline was treated for 0, 24, and 48 h with doxycycline. The cells were stained with propidium iodide and analyzed by flow
cytometry. At 24 and 48 h the cells were additionally stained with TVG402 anti-16E1∧ E4 antibody, and the results are shown for the 16E1∧ E4-
negative (�) and -positive (�) populations. The population of 16E1∧ E4-expressing cells arrests with a 4N DNA content, whereas the 16E1∧ E4-
negative population continues to cycle. Histograms show the relative number of cells (on the y axis) with a particular DNA content (on the x axis).
(B) SiHa cells were synchronized at G1 and infected with recombinant adenoviruses that express 	-galactosidase (rAd.	-gal), 16E1∧ E4
(rAd.16E1∧ E4), or Myt1 (rAd.Myt1). The cells were harvested at 0, 4, 8, 12, 16, and 20 h after block release, stained with propidium iodide, and
analyzed by flow cytometry as in panel A. Cells expressing 16E1∧ E4 or Myt1 show a cell cycle arrest with a 4N DNA content. (C) Saos-2 cells were
synchronized at G1 and infected with recombinant adenoviruses that express GFP (rAd.GFP) or 16E1∧ E4 (rAd.16E1∧ E4). The cells were
harvested at 0, 12, and 24 h after block release, stained with propidium iodide, and analyzed by flow cytometry as in panel A. Cells infected with
rAd.16E1∧ E4 showed a cell cycle arrest with a 4N DNA content. (D) Total cell extracts from Saos-2 cells infected with rAd.GFP or rAd.16E1∧ E4,
from the HeLa-16E1∧ E4-Tet-on cell line, and from SiHa cells infected with rAd.Myt1, rAd.16E1∧ E4, or rAd.	-gal were separated on 15%
polyacrylamide–SDS gels and Western blotted with TVG402 anti-16E1∧ E4 antibody.
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(45). No discernible difference could be detected in the rate of
exit from G1 or the rate of progression through S-phase in cells
expressing 16E1∧ E4, Myt1, or 	-galactosidase (see 0-, 4-, and
8-h time points in Fig. 1B). Accumulation of cells with a 4N
DNA copy number was apparent in cells expressing both Myt1
and 16E1∧ E4, however (see the 12-, 16-, and 20-h time points
in Fig. 1B). This can be seen most clearly at the 20-h time point
in cells expressing 16E1∧ E4 (Fig. 1B). No significant difference
was apparent in the spread of the G2 peak after expression of
16E1∧ E4, Myt1 or 	-galactosidase, suggesting that 16E1∧ E4
does not markedly affect exit from S phase. Although the
majority of the 16E1∧ E4-expressing cells appeared to arrest
with a 4N DNA content, some cells appeared to have a DNA
content of greater than 4N, as would be expected if endoredu-
plication had taken place. This was apparent in cells expressing
both 16E1∧ E4 and Myt1, however. As with the HeLa-16E1∧ E4-
Tet-on cell line, microscopic analysis of large numbers of
16E1∧ E4 expressing SiHa cells showed that they had not ar-
rested with condensed chromatin (data not shown). We con-
clude from these results that 16E1∧ E4, like Myt1, causes cell
cycle arrest predominantly in G2, i.e., with a 4N DNA content
but prior to chromosome condensation.

The HeLa and SiHa cell lines were derived from cervical
cancers caused by HPV18 (42) and HPV16, respectively (23),
and the proliferation of these cells is dependent on the con-
tinued expression of the E6 and E7 oncogenes. It was therefore
possible that the 16E1∧ E4 protein was inducing G2 arrest by
affecting the function of another HPV protein (either E6 or
E7). This occurs with the HPV E2, which when expressed in
HPV transformed cell lines, induces G2 arrest and subsequent
apoptosis by downregulating the expression of E6 and E7 (31,
69). To test whether 16E1∧ E4 was functioning in a similar
manner, it was transiently expressed from a recombinant ade-
novirus (14) in Saos-2 cells, a non-HPV transformed osteocar-
coma cell line. The Saos-2 cells were synchronized in G1 and
infected with recombinant adenoviruses expressing 16E1∧ E4
(rAd.16E1∧ E4) or the control protein GFP (rAd.GFP) (14).
At 24 h postinfection, the cells were stained with anti-
16E1∧ E4, Alexa-fluor 488-conjugated antibodies to identify
cells expressing 16E1∧ E4 before being stained with propidium
iodide. The cell cycle distribution of the cells was then deter-
mined by measuring the DNA content by using flow cytometry.
The results showed that as with the HeLa-16E1∧ E4-Tet-on
cell line, expression of 16E1∧ E4 in Saos-2 cells vastly increased
the number of cells found in the G2 phase of the cell cycle (Fig.
1C). This confirms that 16E1∧ E4 is not acting to induce G2

arrest via an effect on HPV proteins already present in the cell
(Saos-2 cells do not express endogenous HPV proteins) and
indicates that 16E1∧ E4-induced arrest occurs independently of
the 16E1∧ E4 keratin association (Saos-2 cells also do not ex-
press cytokeratins). In the absence of cytokeratin filaments,
16E1∧ E4 staining remains predominantly cytoplasmic but has
a punctate staining pattern that may be the result of 16E1∧ E4
self-association (data not shown).

The human immunodeficiency virus (HIV) Vpr protein and
the HPV E2 protein, in addition to causing G2 arrest in mam-
malian cells, have also been shown to be capable of inducing
G2 arrest in S. pombe (27, 72). To examine whether this is also
the case for 16E1∧ E4, the 16E1∧ E4 cDNA was cloned into
pREP1 under the control of the thiamine-repressible pro-

moter, nmt1, and transformed into S. pombe. In the absence of
thiamine, 16E1∧ E4 expression was detected (Fig. 2A). Micro-
scopic examination of the S. pombe cells revealed an elongated
morphology, a finding typical of a cdc phenotype (Fig. 2B).
This phenotype occurs when growth continues in the absence
of cell division and is indicative of a cell cycle block. To deter-
mine whether the 16E1∧ E4-induced block was occurring at G1

or G2, the S. pombe cells were analyzed by flow cytometry (Fig.
2C). In the presence of thiamine, the S. pombe cells do not
express 16E1∧ E4 and are found predominantly in G2, as is
normal for an asynchronous population of S. pombe cells since
the G1 phase of the cell cycle in S. pombe is extremely short
compared to G2. In the absence of thiamine, the elongated
S. pombe cells expressing 16E1∧ E4 remain in G2. (The in-
crease in DNA content beyond the standard G2 peak is due to
continued replication of mitochondrial DNA and is a normal
feature of G2-arrested S. pombe cells.) This is in contrast to the
cdc10-129 mutant (included as a control), which at the restric-
tive temperature arrests in G1. These data suggest that, as in
mammalian cells, the 16E1∧ E4 protein does not retard S-
phase progression but causes S. pombe cells to arrest predom-
inantly in G2, making expression of 16E1∧ E4 in S. pombe a
suitable model system in which to study 16E1∧ E4-induced G2

arrest. This observation provides further support for the idea
that arrest is independent of the 16E1∧ E4-keratin association,
since S. pombe cells also do not contain keratins. As with
Saos-2 cells, despite the fact that the cells lack keratins,
16E1∧ E4 immunostaining is not observed in the nucleus of S.
pombe (Fig. 2D).

HPV16 E1∧ E4-induced cell cycle arrest occurs indepen-
dently of Wee1, Cdc25, and Mik1. In both mammalian and S.
pombe cells, G2 arrest can occur in response to DNA damage
(55) or incomplete replication (5) via the “checkpoint” path-
ways. To determine whether 16E1∧ E4 was inducing G2 arrest
via a checkpoint pathway, 16E1∧ E4 was expressed in a range of
S. pombe mutants that lack expression or responsiveness to
proteins in these pathways (Table 3).

The checkpoint pathways converge on the Cdc2-cyclin B
complex by inhibiting its activity via phosphorylation of the
Tyr15 residue of the cyclin-dependent kinase (Cdk), Cdc2 (Fig.
3). Cdc2 Tyr15 phosphorylation is catalyzed by Wee1 and to
a lesser extent by Mik1 (48). In the cdc2-1w strain, Cdc2 is
insensitive to phosphorylation by Wee1, and in the wee1-50
strain the expression of Wee1 is prevented. In both of these
strains expression of 16E1∧ E4 still resulted in G2 arrest, sug-
gesting that 16E1∧ E4 is not acting solely on Wee1. Cdc25 is
the phosphatase responsible for dephosphorylating Cdc2
Tyr15 (53). In the cdc2-3w strain, Cdc2 is insensitive to Cdc25
activity and in the cdc2-3w cdc25::ura4 strain, Cdc25 is not ex-
pressed. Again, in both cases 16E1∧ E4 was still able to induce
arrest, suggesting that it is not acting solely to prevent dephos-
phorylation of Cdc2 Tyr15. The ability of 16E1∧ E4 to induce
arrest in the wee1-50 cdc25-22 strain shows that it is unlikely
that 16E1∧ E4 could act degenerately on both Wee1 and
Cdc25. Lack of Wee1 in the wee1-50 strain is compensated for
by the presence of Mik1; however, 16E1∧ E4 was still able
to induce G2 arrest in the wee1-50 �mik1 strain. This finding
confirms that 16E1∧ E4 is not acting to upregulate the kinases
that phosphorylate Cdc2 Tyr15.

S. pombe strains �rad24 and �rad25 lack the genes for two
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14-3-3 proteins (26) that act in a degenerate manner to seques-
ter Cdc25 in the cytoplasm, thereby preventing its access to
Cdc2 and hence inhibiting mitotic entry (46). The 16E1∧ E4 G2

arrest phenotype is maintained in �rad24 and �rad25 strains,
suggesting that the Rad24 and Rad25 14-3-3 proteins are not
involved. This is supported by the fact that 16E1∧ E4-induced
arrest is independent of Cdc25, the downstream target of
Rad24 and Rad25.

Together, the data obtained from expression of 16E1∧ E4 in
S. pombe cell cycle mutants suggest that arrest does not involve
the kinases and phosphatase controlling the phosphorylation
state of Cdc2 Tyr15 and is thus not occurring as a result of
DNA damage or incomplete replication. These data also show
that the mechanism of action of 16E1∧ E4 differs from that of
HIV Vpr, since Vpr-induced cell cycle arrest has been shown
to be mediated by hyperphosphorylation of Cdc2 Tyr15 (33)
and involves Wee1, Rad24, and Cdc25 (24, 50).

It has been shown in a number of situations in which G2

arrest is normally induced, e.g., exposure to DNA-damaging
agents or expression of the HIV Vpr protein, that addition of
the drug pentoxifylline abolishes the arrest (57). Pentoxifylline
is a methylxanthine similar to caffeine. To test whether the
16E1∧ E4-induced G2 arrest was sensitive to pentoxifylline, S.
pombe cells transformed with pREP1.16E1∧ E4 were treated
with 5 mM pentoxifylline, induced to express 16E1∧ E4, and
analyzed by microscopy. The uninduced S. pombe cells were
unaffected by the pentoxifylline, whereas the S. pombe cells
induced to express only showed the cdc phenotype when not
treated with pentoxifylline (Fig. 4A). It had already been
shown that in the case of Vpr, the negative effect of pentoxi-
fylline on G2 arrest was not mediated by decreasing the ex-
pression level of Vpr (57). To check that this was also true for
16E1∧ E4, expression levels of 16E1∧ E4 were compared in the
absence or presence of pentoxifylline, and it was found that the
expression level of 16E1∧ E4 was not reduced in the presence
of pentoxifylline (Fig. 4B). These data show that the 16E1∧ E4-
induced G2 can be abolished by pentoxifylline and that this is
not mediated by affects on 16E1∧ E4 expression levels. How-
ever, it is not clear how pentoxifylline is acting to prevent
16E1∧ E4-mediated G2 arrest. In some situations, e.g., in re-
sponse to Vpr expression, abrogation of G2 arrest by pentoxi-
fylline is associated with decreasing the levels of hyperphos-
phorylated Cdc2 Tyr15 (57). However, since 16E1∧ E4-induced
G2 arrest does not appear to involve Cdc2 Tyr15, it seems
unlikely that pentoxifylline is acting in this way in 16E1∧ E4-
expressing cells. It may be that, as with another methylxanthine
drug, caffeine, the effects of pentoxifylline are pleiotropic,
making the exact mechanism of action difficult to interpret.

The region responsible for arrest lies in the N-terminal half

FIG. 2. Expression of wild-type 16E1∧ E4 in S. pombe cells. S. pombe
cells transformed with pREP1.16E1∧ E4 were grown for 20 h under re-
pressing (�Thiamine) and inducing (�Thiamine) conditions. (A) Total
cell extracts were separated on 15% polyacrylamide–SDS gels and
Western blotted with TVG402 anti-16E1∧ E4 antibody. (B) Cells were
stained with DAPI and observed by fluorescent microscopy. Bar, 20
�m. Cells induced to express 16E1∧ E4 show the cdc phenotype, i.e.,
they are elongated, a characteristic of cell cycle arrest. (C) Cells were

stained with propidium iodide and analyzed by flow cytometry. A ref-
erence G1 peak was provided by the S. pombe strain cdc10-129 that was
grown for 4 h at the restrictive temperature of 37°C prior to propidium
iodide staining. Histograms show the number of cells (on the y axis)
with a particular DNA content (on the x axis). The cells induced to
express 16E1∧ E4 are mainly found to contain 2C DNA content, indi-
cating that arrest is occurring in G2. (D) Cells expressing 16E1∧ E4
were stained with DAPI (blue) and TVG402 anti-16E1∧ E4 antibody
(green) and observed by fluorescent microscopy. 16E1∧ E4 immuno-
staining is found at apical foci in the cytoplasm of S. pombe. Bar, 10 �m.
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of 16E1∧ E4. To determine the region of 16E1∧ E4 required for
G2 arrest, a panel of approximately five amino acid deletion
mutations of 16E1∧ E4 were analyzed in S. pombe for their
ability to induce G2 arrest (Table 4). The mutated 16E1∧ E4
sequences were subcloned into pREP1 and transformed into

S. pombe. The cells were induced to express the mutated
16E1∧ E4 proteins and were analyzed microscopically for G2

arrest. The expression level of each mutant was established by
Western blotting (Fig. 5).

Only mutations �23-28, �27-32, �31-36, �36-41, and �41-46
when expressed in S. pombe did not result in the cdc phenotype
(Table 4). The deletions made outside this region had no affect
on elongation. All of the deletion mutants were expressed at
similar levels (Fig. 5). To confirm that the region required for
arrest lay in the N-terminal half of 16E1∧ E4, two truncation
mutations were expressed in S. pombe. The first lacked the
C-terminal half of 16E1∧ E4 (�51-92) but was still able to cause
arrest. However, the second, which lacked the N-terminal half

FIG. 3. Proteins involved at the S. pombe G2/M cell cycle boundary. As in higher eukaryotes, the ultimate determinant of entry into mitosis in
S. pombe is the kinase activity of the Cdc2-cyclin B complex. Levels of this complex increase throughout G2, but premature activity is prevented
by phosphorylation on Y15, catalyzed by Wee1 and Mik1. In late G2, the inhibitory phosphorylation is removed by Cdc25, which creates an active
complex that can promote entry into mitosis. Cdc25 can itself become phosphorylated, and this targets it for cytoplasmic sequestration by the
Rad24/25 proteins, thereby preventing access to Cdc2-cyclin B in the nucleus.

FIG. 4. Effect of pentoxifylline on 16E1∧ E4-induced S. pombe G2
arrest. S. pombe transformed with pREP1.16E1∧ E4 was cultured for
16 h under repressing (�Thiamine) and inducing (�Thiamine) con-
ditions, both in the presence or in the absence of 5 mM pentoxifylline
(� or � PTX). (A) Cells were stained with DAPI and observed
by fluorescent microscopy. Bar, 20 �m. In the presence of PTX,
16E1∧ E4-induced G2 arrest is abolished. (B) Total cell extracts from
16E1∧ E4-expressing cells were separated on 15% polyacrylamide–
SDS gels and Western blotted with TVG402 anti-16E1∧ E4 antibodies.
The levels of 16E1∧ E4 expression were equivalent in the absence or
presence of pentoxifylline.

TABLE 4. Ability of wild-type and mutant E1∧ E4 proteins
to induce arrest in S. pombe

E1∧ E4 protein G2 arresta

Type 16 E1∧ E4 wild type................................................................. �
Type 1 E1∧ E4 wild type................................................................... �
Type 11 E1∧ E4 wild type................................................................. �
�2-6 ..................................................................................................... �
�12-16 ................................................................................................. �
�23-28 ................................................................................................. �
�27-32 ................................................................................................. �
�31-36 ................................................................................................. �
�36-41 ................................................................................................. �
�41-46 ................................................................................................. �
�46-51 ................................................................................................. �
�52-57 ................................................................................................. �
�63-68 ................................................................................................. �
�73-77 ................................................................................................. �
�80-83 ................................................................................................. �
�84-88 ................................................................................................. �
�87-92 ................................................................................................. �
�1-49 ................................................................................................... �
�1-16 ................................................................................................... �
�51-92 ................................................................................................. �
K37A,K38A,H39A............................................................................. �
S43A,S44A.......................................................................................... �
R40A,L42A ........................................................................................ �
T23A,P24A,P25A,P27A.................................................................... �
T23A ................................................................................................... �
T23D ................................................................................................... �
T23E.................................................................................................... �

a �, Positive for G2 arrest; �, no G2 arrest.
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of 16E1∧ E4 (�1-49), was unable to cause arrest. A further
N-terminal truncation mutation was constructed that lacked
amino acids 1 to 16 (�1-16). This mutated sequence was able
to induce arrest, suggesting that residues before amino acid 17
are not involved in G2 arrest. These data suggest that the arrest
domain lies within amino acids 17 to 45 (Fig. 6). This region
will now be referred to as the “arrest domain.” In addition to
indicating that the region of 16E1∧ E4 responsible for arrest
lies in the N terminus of 16E1∧ E4, these data suggest that the
DEAD box helicase protein identified to bind the C terminus
of 16E1∧ E4, is not involved in 16E1∧ E4-mediated G2 arrest.
They also support the theory that the keratins are not involved,
since the region of 16E1∧ E4 known to associate with keratins
lies within amino acids 1 to 16.

The ability to induce G2 arrest in S. pombe is not a feature
of all HPV E1∧ E4 proteins. To determine whether the ability
to induce G2 arrest is a general feature of all E1∧ E4 proteins,
the HPV1 and HPV11 E1∧ E4 proteins were cloned into pREP1
and expressed in S. pombe. Like that of HPV16, HPV11 E1∧ E4
caused a G2 arrest. In contrast, the E1∧ E4 protein of HPV1
did not cause the cells to elongate. This was not a result of the
failure of the 1E1∧ E4 protein to be expressed (Fig. 5C). This
finding shows that the 1E1∧ E4 protein does not induce G2

arrest in S. pombe and suggests that the G2 arrest phenotype
may not be a general feature of all HPV E1∧ E4 proteins.

HPV16 E1∧ E4-induced G2 arrest is independent of the po-
tential NLS, adjacent phosphorylation sites, and putative cy-

clin-binding motif. The arrest domain contains a number of
interesting features that warranted further investigation. To
achieve this, individual or small groups of amino acids were
mutated and analyzed microscopically in S. pombe. 16E1∧ E4
contains a stretch of amino acids fitting the criteria for a clas-
sical nuclear localization signal (NLS), i.e., a cluster of five
basic residues (Fig. 6). Although 16E1∧ E4 immunostaining shows
a cytoplasmic localization, it is possible that the 16E1∧ E4 pro-
tein shuttles in and out of the nucleus but spends the majority
of the time in the cytoplasm. Since most proteins that affect the
cell cycle are found at least transiently in the nucleus, the
potential relevance of the 16E1∧ E4 sequence corresponding to
the NLS was investigated. Adjacent to the NLS motif are two
serine residues and, since phosphorylation of nearby residues
is a common mechanism used for regulating the activity of the
NLS, it was thought that these might be important. A mutated
16E1∧ E4 with a disrupted NLS sequence (K37A K38A H39A)
was generated. The final two basic residues of the putative NLS
were left undisturbed to preserve the cyclin-binding motif (de-
scribed below). The K37A K38A H39A mutation was still able
to induce G2 arrest. This was also the case for the 16E1∧ E4
mutation that lacked the two serine residues adjacent to the
NLS sequence (S43A and S44A). Both mutants were expressed
at levels comparable to that of wild-type 16E1∧ E4 (Fig. 5).
This suggests that any potential of this region of 16E1∧ E4 to
act as an NLS is not significant for G2 arrest.

Also present in the arrest domain is a sequence, HRRL, that
corresponds to a putative cyclin-binding motif, i.e., RXL,
where “X” is basic and the arginine is preceded by a basic
amino acid or cysteine (Fig. 6). Such motifs are found in a
variety of proteins that are both substrates and inhibitors of
Cdk complexes, key regulators of the cell cycle. An interaction
between 16E1∧ E4 and a Cdk complex could provide a mech-
anism for affecting entry into mitosis either by direct inhibition
of kinase activity or by blocking access of potential substrates
to the Cdk complex. To test the significance of the 16E1∧ E4
putative cyclin-binding motif, a mutated 16E1∧ E4 sequence
that lacked the RXL consensus (R40A L42A) was expressed
in S. pombe (Fig. 5). Again, this mutant still showed the cdc
phenotype, suggesting that the putative cyclin-binding motif is
also not required for G2 arrest.

HPV16 E1∧ E4-induced G2 arrest is dependent on residues

FIG. 5. Expression of wild-type and mutant E1∧ E4 sequences in
S. pombe. S. pombe total cell extracts were separated on 15% poly-
acrylamide–SDS gels and Western blotted with anti-16E1∧ E4 antibod-
ies. (A) 16E1∧ E4 mutants were detected with TVG402 anti-16E1∧ E4
monoclonal antibody, which has an epitope between amino acids 31
and 46. (B) 16E1∧ E4 mutants between amino acids 31 and 46 were
detected with polyclonal rabbit anti-16E1∧ E4 antibody. (C) Wild-type
1E1∧ E4 was detected with 4.37 anti-1E1∧ E4 monoclonal antibody.

FIG. 6. 16E1∧ E4 arrest region. Mutation analysis of 16E1∧ E4 ex-
pression in S. pombe identified the region responsible for arrest as lying
between residues 17 and 45. Mutations outside of this region did not
abolish arrest. A number of interesting features are found within the
arrest region. These include putative nuclear localization and cyclin-
binding motifs and an abundance of proline residues, some of which
constitute part of a Cdk consensus phosphorylation motif.
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within the proline-rich region. The arrest domain is particu-
larly rich in proline residues, an amino acid noted for its
unique effects on protein conformation and its importance in
many protein-protein interactions. Proline-rich regions are
also frequently the target of phosphorylation and contained
within the 16E1∧ E4 arrest domain is a sequence that corre-
sponds to the consensus site for phosphorylation by Cdc2,
S/TPXP�, where “X” is any amino acid and “�” is a positively
charged residue (Fig. 6). To determine whether this sequence
was important for 16E1∧ E4-mediated arrest, a mutated
16E1∧ E4 sequence that lacked the Cdc2 consensus phosphor-
ylation site (T23A P24A P25A P27A) was expressed in S.
pombe and assayed microscopically for arrest. Despite success-
fully expressing the T23A P24A P25A P27A 16E1∧ E4 protein
(Fig. 5), the S. pombe cells did not elongate, indicating that this
16E1∧ E4 mutant fails to induce G2 arrest. Because of the gross
changes to protein structure that can occur as a result of the
mutation of proline residues, a more subtle mutation was con-
structed in this region, in which the threonine residue alone
was converted to alanine (T23A). Again, although adequately
expressed (Fig. 5), the T23A 16E1∧ E4 protein fails to induce
G2 arrest in S. pombe. This single amino acid change is rela-
tively innocuous and is unlikely to have drastic affects on pro-
tein structure. This suggests that the threonine residue itself is
important for 16E1∧ E4-mediated G2 arrest.

One potential explanation for the importance of the threo-
nine residue is that it could be phosphorylated. One method by
which this possibility can be addressed is by converting the
residue to aspartic or glutamic acid. The negatively charged
carboxyl groups contained within the side chains of these
amino acids are thought to mimic phosphate. Two mutants
were constructed in which the threonine residue was replaced
by aspartic or glutamic acid (T23D and T23E, respectively).
These were expressed in S. pombe and assayed microscopically
for arrest. In both cases, although the mutant proteins were
adequately expressed, the S. pombe cells did not elongate,
indicating that these mutants were not able to induce arrest
(Fig. 5). Although this finding does not support the theory that
phosphorylation of residue 23 is important for 16E1∧ E4-in-
duced G2 arrest, it does not rule it out either since aspartic or
glutamic acid substitutions are not always adequate mimics of
phosphorylated amino acids (43).

Analysis of 16E1∧ E4 mutants in mammalian cells. To de-
termine whether the observations made in S. pombe with the
16E1∧ E4 mutants were also applicable in mammalian cells, the
T22A,T23A 16E1∧ E4 mutant was transfected into Cos-7 cells
and analyzed for its ability to prevent entry into mitosis. Cos-7
cells were chosen because they have previously been used
extensively for studies of E1∧ E4 function (14, 16, 59) and are
readily identifiable when mitotic. At 24 h posttransfection, the
cells were treated for a further 24 h with nocodazole, which
arrests the cells in mitosis by interfering with the formation
of the mitotic spindle. The cells were then stained with
anti-16E1∧ E4, Alexa-fluor 488-conjugated antibodies, and
the DNA stain DAPI before being analyzed microscopically to
determine the mitotic index (percentage of cells in mitosis). In
this assay, any G2 arrest affect is manifested as a decrease in
the number of cells that are mitotic since they are unable to
reach this stage of the cell cycle. The results showed that only
10% of cells expressing wild-type 16E1∧ E4 reach mitosis com-

pared to 50% of cells expressing the control protein GFP (Fig.
7A). Analysis of the 16E1∧ E4 mutant T22A,T23A showed that
cells expressing this mutants were far more likely to be mitotic
than those expressing wild-type 16E1∧ E4. In fact, the propor-
tion of cells reaching mitosis in cells expressing this mutant (ca.
40%) approaches the value obtained for cells expressing GFP
(50%). This was not a result of failure to adequately express
this mutant 16E1∧ E4 protein (Fig. 7B). These data suggest
that, as for S. pombe, sequences in the N-terminal half of the
16E1∧ E4 protein are important for inducing G2 arrest in mam-
malian epithelial cells.

DISCUSSION

HPV16 infects cervical epithelium and is the major cause of
cervical cancer (68). The molecular basis for cancer progres-
sion is well understood and involves the integration of viral
DNA into the host cell chromosome and the deregulated ex-
pression of the viral E6 and E7 oncogenes. By comparison,

FIG. 7. Analysis of mutant 16E1∧ E4 sequences in mammalian
cells. Cos-7 cells were transfected with plasmids expressing GFP or
wild-type or T22A,T23A 16E1∧ E4 and treated for 24 h with nocoda-
zole. (A) The cells were harvested, stained with TVG402 anti-
16E1∧ E4 antibody and DAPI, and analyzed microscopically for the
percentage of cells expressing transgenes that were mitotic. The results
shown are derived from a minimum of four replicate experiments and
are displayed as the mean 
 the standard error. (B) Total cell extracts
were separated on 15% polyacrylamide–SDS gels and Western blotted
with TVG402 anti-16E1∧ E4 antibody.
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relatively little is known about the role of the viral proteins
during productive infection. 16E1∧ E4 is abundantly expressed
during the late stages of the papillomavirus life cycle and is
found in the cytoplasm of cells, supporting viral genome am-
plification (17, 61). Its role during the virus life cycle is unclear,
although it is known to associate with keratin filaments (16)
and to bind a putative RNA helicase (E4-DBP) (14). We have
shown in the present study that 16E1∧ E4 has a potent G2-
arrest function that does not depend on its ability to bind
keratins or E4-DBP. Furthermore, our finding that E1∧ E4-
mediated arrest occurs both in mammalian cells and S. pombe
suggests that 16E1∧ E4 targets a conserved component of the
cell cycle machinery. The in vivo expression pattern of
16E1∧ E4 and its ability to cause G2 arrest in HeLa cells sug-
gests a possible role for E1∧ E4 in antagonizing E7-mediated
cell proliferation during productive stages of infection.

Several viruses, including baculovirus, parvovirus, reovirus,
adenovirus, and HIV, have proteins that mediate G2/M arrest
during the late stages of their life cycles (4, 54, 56, 70). The
baculovirus ODV-EC27 protein is a cyclin B analogue. Like
the host cyclin, ODV-EC27 associates with Cdk1 to create an
active kinase, but the viral complex is not degraded and exit
from mitosis is inhibited (2). Baculovirus DNA replication
occurs in the absence of cellular replication and is thought to
be enhanced after arrest in G2. The HIV Vpr protein induces
G2 arrest during infection and when expressed in S. pombe (72)
and acts by increasing the inhibitory phosphorylation on Cdc2
Tyr15 via its interaction with protein phosphatase 2A (38, 50).
Vpr-induced G2 arrest prolongs the time that the long terminal
repeat is active and gives rise to increased virus production
(30). Interestingly, the HPV16 E2 protein also causes arrest in
G2 and, although the precise mechanism is unknown, it does
not involve its transactivation function (27, 28). 16E1∧ E4 does
not resemble a cyclin molecule and does not act on the pro-
teins controlling phosphorylation of Cdc2 Tyr15, but it is pos-
sible that its G2 arrest activity in some way contributes to more
efficient production of new viruses.

The E4 ORF is contained entirely within that of E2 and is
expressed from the differentiation-dependent promoter late in
infection (19). The overlap between these two ORFs and the
finding that both proteins inhibit cell division suggests that they
may cooperate during the virus life cycle. There are several
examples of cooperation between viral proteins, and it is pos-
sible that E1∧ E4 cooperates with E2 or with other viral gene
products. This is the case for E7, which stimulates S-phase
entry in differentiating epithelial cells. The coexpression of E6
along with E7 prevents an apoptotic response as a result of
unscheduled DNA synthesis (29). The viral E1 and E2 pro-
teins, which are involved in viral DNA replication, cooperate in
the assembly of the initiation complex at the viral origin (63),
whereas L2 and E2 may cooperate in the packaging of the
replicated genomes into infectious virions (11, 34). The differ-
entiation-dependent promoter directs expression of mRNAs
encoding E1, E2, E4, and E5. The E1 and E1∧ E4 proteins are
expressed from mRNA species that share the same 5� termini,
whereas E5 is encoded by the abundant bicistronic transcript
that also encodes E1∧ E4 (37). In fact, our current knowledge
of the papillomavirus life cycle suggests that E1∧ E4 is first
expressed in a replication-competent cell that is expressing E6
and E7, as well as the viral replication proteins E1, E2, and

possibly also E5. The fact that the E4 ORF is embedded in a
transcriptional unit that also contains E1 and E2 is intriguing
given that the first appearance of the E1∧ E4 protein correlates
with the onset of vegetative viral genome amplification. The
ability of 16E1∧ E4 to antagonize E7-mediated cell prolifera-
tion in HeLa cells may reflect a requirement of 16E1∧ E4 (and
E2) to inhibit cell division during the normal virus life cycle.

Our flow cytometric analysis showed that 16E1∧ E4 had the
affect of arresting cells with a predominantly 4N DNA content.
This indicated that most cells were arresting somewhere after
DNA replication but before the completion of cytokinesis. The
arrested cells were found to contain decondensed chromo-
somes, and mitotic index analysis showed that 16E1∧ E4-
expressing cells failed to reach mitosis. When considered to-
gether, these data show that 16E1∧ E4 induces cell cycle arrest
prior to mitosis. During natural infection by HPV16, the onset
of viral DNA replication and the expression of E1∧ E4 coincide
closely (17). Although cellular DNA replication arrests at 4N
after the expression of 16E1∧ E4 in mammalian cells and
S. pombe, we hypothesize that viral DNA replication may con-
tinue. Such a situation would arise if E2F-inducible genes
continued to be expressed after S phase (as a result of E7
expression) or if S-phase entry was restimulated in the upper
epithelial layers by E5, which can reactivate cellular DNA
replication in quiescent cells (3, 67) and which is encoded on
the same abundant mRNA that encodes E1∧ E4 (20). The
molecular mechanisms that inhibit the rereplication of cellular
DNA, which involve the phosphorylation (and inactivation) of
cellular initiation factors (e.g., MCM and Cdc6 [25, 40]) would
not necessarily be expected to inhibit the replication of viral
DNA. Papillomaviruses encode their own replication initiation
proteins (E1 and E2) and are not thought to depend on cel-
lular factors for the initiation of viral DNA synthesis (8, 49).
The G2 arrest seen here may be manifested in vivo as arrest in
a pseudo S-phase state in which viral but not cellular DNA
replication can proceed.

The use of S. pombe as a model system in which to analyze
16E1∧ E4 function proved very beneficial. First, it allowed us to
rule out a number of potential cellular pathways as being
important for G2 arrest, in particular those involving the kinase
and phosphatases controlling the phosphorylation state of
Cdc2 Tyr15. Second, it defined the region of 16E1∧ E4 (amino
acids 17 to 45) required for G2 arrest and identified a single
point mutation (T23A) that abrogated the phenotype. Since
mutation of amino acids in this region also prevented the arrest
of mammalian cells, it seems likely that whatever the mecha-
nism used by 16E1∧ E4, it is conserved between S. pombe and
higher eukaryotes. The ability to cause G2 arrest extended to
the E1∧ E4 protein of HPV11 but did not appear to be a
characteristic of the full-length E1∧ E4 protein of HPV1.
HPV11 infects mucosal epithelium like that of HPV16, where-
as HPV1 never causes lesions at these sites (22). HPV1 is the
primary cause of plantar warts and is evolutionarily distinct
from the human mucosal papillomavirus types that cause gen-
ital lesions (6). This is reflected in the degree of divergence of
the E1∧ E4 sequences of HPV1, HPV11, and HPV16 (Fig. 8).
HPV1 is not transmitted by intimate physical contact, and
lesions caused by this virus are hugely productive (1, 18). A
similar function may thus be expected for the E1∧ E4 protein of
HPV1, and its inability to cause G2 arrest in S. pombe may
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reflect a failure of the protein to be correctly processed in yeast
(e.g., by proteolytic cleavage [J. Doorbar, I. Coneron, and P. H.
Gallimore, Abstr. 7th Int. Papillomavirus Workshop, p. 150,
1988] or phosphorylation [32]) or that this activity is encoded
by another viral gene product in HPV1 (27). Differences in the
activity of viral proteins among HPV types have already been
shown for E6 and E7, which vary in their ability to stimulate
cell proliferation (7) and to degrade p53 (9, 62, 64).

The mechanism of 16E1∧ E4-mediated G2 arrest does not
appear to involve known E1∧ E4-binding proteins such as E4-
DBP, since deletions affecting the last 27 amino acids of
16E1∧ E4 abolish binding to E4-DBP (14) but do not prevent
cell cycle arrest. Neither does arrest involve keratins, since
deletion of the leucine cluster �12-16 did not abolish arrest
even though keratin binding is abolished (58, 60). That the
interaction with keratins is not essential for G2 arrest in S.
pombe is not surprising since S. pombe cells do not express
keratins. However, this also appears to be the case in human
cells since 16E1∧ E4 can induce G2 arrest in the Saos-2 cell
line, which was derived from an osteosarcoma and does not
contain keratins. Interestingly, 16E1∧ E4 was predominantly
cytoplasmic in both Saos-2 cells and S. pombe, indicating that
the association with keratin filaments is not essential to main-
tain the protein in the cytoplasm.

Although 16E1∧ E4 is a cytoplasmic protein, it contains
a classical NLS (35) similar to that present in simian virus
40 T antigen (PKKHRRL in E1∧ E4 and PKKKRKV in T an-
tigen [41]). Although this motif lies in the “arrest domain” of
16E1∧ E4, it did not appear necessary for 16E1∧ E4-mediated
arrest in S. pombe, and its role during virus infection is unclear.
G2 arrest was also induced in the absence of the adjacent
potential phosphorylation sites. Although the loss of an NLS at
one site can sometimes be compensated for by sequences at
other sites, 16E1∧ E4 does not appear to have additional se-
quences that could fulfill this function. In fact, if transient
nuclear entry of 16E1∧ E4 is required for G2 arrest, then given
its small size it should be able to enter by passive diffusion
through the nucleopore and thus would not need an NLS.
Given the importance of cyclin molecules to the cell cycle, it
was perhaps surprising that the cyclin-binding motif, RXL,
identified in 16E1∧ E4 was not involved in the G2 cell cycle
arrest. RXL motifs have not been shown to be involved in the
targeting of S. pombe proteins to Cdk-cyclin complexes, and it
may be that the RXL motif is important for some other func-
tion that occurs only in mammalian cells. Why the threonine
residue found at position 23 of 16E1∧ E4 should be so impor-
tant for arrest is not fully clear, although it does form part of
a Cdk consensus phosphorylation site (66). A similar consensus

is found in the sequence of 16E1∧ E4 corresponding to the
arrest domain but is not found in the corresponding sequence
of 1E1∧ E4 (Fig. 8). Attempts to mimic phosphorylation by
using acidic residues failed to produce a G2 arrest, and this
could indicate either inadequate mimicry or that phosphoryla-
tion is not required for G2 arrest. If this latter case is true, then
it may be that the threonine is important for some other rea-
sons, such as the formation of hydrogen bonds with an inter-
acting protein.

A major function of viral proteins is to modify the cell cycle
to ensure efficient virus synthesis. E7 and E6 drive cells into S
phase by interfering with the normal function of Rb and p53.
E5 affects the function of cell surface receptors (39) and is
mitogenic (65), whereas E2 has a negative affect on prolifera-
tion, and acts both to downregulate E7/E6 expression (21) and
to prevent entry into mitosis (27). It now seems that E1∧ E4,
like many of the other HPV proteins, also acts to perturb the
host cell cycle during the normal virus life cycle. Future exper-
iments should reveal the mechanism by which 16E1∧ E4 acts
and its affect on productive infection.
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