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Expression of a high-risk human papillomavirus (HPV) E7 oncoprotein is sufficient to induce aberrant
centrosome duplication in primary human cells. The resulting centrosome-associated mitotic abnormalities
have been linked to the development of aneuploidy. HPV type 16 (HPV16) E7 induces supernumerary centro-
somes through a mechanism that is at least in part independent of the inactivation of the retinoblastoma tumor
suppressor pRb and is dependent on cyclin-dependent kinase 2 activity. Here, we show that HPV16 E7 can
concentrate around mitotic spindle poles and that a small pool of HPV16 E7 is associated with centrosome
fractions isolated by sucrose density gradient centrifugation. The targeting of HPV16 E7 to the centrosome,
however, was not sufficient for centrosome overduplication. Nonetheless, we found that HPV16 E7 can associate
with the centrosomal regulator �-tubulin and that the recruitment of �-tubulin to the centrosome is altered in
HPV16 E7-expressing cells. Since the association of HPV16 E7 with �-tubulin is independent of pRb, p107, and
p130, our results suggest that the association with �-tubulin contributes to the pRb/p107/p130-independent
ability of HPV16 E7 to subvert centrosome homeostasis.

Human papillomaviruses (HPVs) are small epitheliotrophic
viruses that contain an approximately 8-kb double-stranded,
closed circular DNA genome. Whereas there are more than
200 types of HPV, only a fraction of these types infect mucosal
surfaces. These specific viruses are designated either “low
risk,” if they cause benign warts, or “high risk,” if they cause
premalignant lesions that have a propensity to progress to-
wards malignancy. High-risk HPVs are associated with greater
than 99% of cervical carcinomas and have also been associated
with other anogenital tract carcinomas as well as oral carcino-
mas (reviewed in reference 47). During carcinogenic progres-
sion, the viral genome frequently integrates into a host cell
chromosome, resulting in the cessation of the viral life cycle.
Integration, however, gives rise to the persistent expression of
viral E6 and E7 oncoproteins, and the deregulated expression
of these proteins is necessary for the initiation and mainte-
nance of the transformed phenotype (reviewed in reference
33). High-risk HPV E6 and E7 proteins interfere with key
regulatory pathways, namely, the p53 and the retinoblastoma
(pRb) tumor suppressor pathways, respectively (reviewed in
reference 33). In order for an HPV-associated premalignant
lesion to progress towards malignancy, however, further mu-
tations in the host genome are required, and thus, malignant
progression is a rather slow and altogether rare event. Consis-
tent with a requirement for host cellular mutations, hallmarks
of genomic instability are readily detected in HPV-immortal-
ized cell lines and high-risk HPV-associated cervical neopla-
sias. High-risk HPV E6 and E7 oncoproteins can each inde-
pendently disrupt genomic integrity (42). In contrast, low-risk
HPV E6/E7 proteins do not subvert genomic integrity. Hence,

the capacity of HPV E6/E7 proteins to induce genomic insta-
bility is considered key to the propensity of high-risk HPV-
associated lesions to undergo malignant progression (reviewed
in reference 11).

A common precursory step to the development of aneu-
ploidy is the presence of supernumerary centrosomes (re-
viewed in references 3 and 35). Centrosomes are cellular or-
ganelles that normally duplicate exactly once per cell cycle and
are responsible for the formation of a bipolar mitosis and, thus,
equal chromosome segregation during cell division (reviewed
in reference 22). Supernumerary centrosomes can result in the
formation of multiple mitotic spindle poles and therefore con-
tribute to the unequal segregation of chromosomes to daugh-
ter cells. Both numerical and structural centrosome abnormal-
ities are readily detected in high-risk HPV-associated lesions
(9), and in fact, multipolar mitoses are a diagnostic hallmark of
high-risk HPV-expressing cervical lesions (4). The high-risk
HPV E7 oncoprotein is able to uncouple centrosome duplica-
tion from the cell division cycle, and cells expressing HPV16
E7 display centrosome overduplication (7, 9, 17). HPV16 E7-
induced supernumerary centrosomes require the deregulation
of cyclin-dependent kinase 2 (cdk2) activity, linking this func-
tion of HPV type 16 (HPV16) E7 to its ability to degrade
pRb/p107/p130 and the consequential disruption of the cell
cycle (6, 8). Nevertheless, the induction of centrosome over-
duplication by HPV16 E7 is at least in part independent of
HPV16 E7-mediated pRb degradation, as the expression of
HPV16 E7 increases the incidence of supernumerary centro-
somes in pRb/p107/p130�/� mouse embryo fibroblasts, cells
that inherently mimic the degradation of the pRb family pro-
teins by high-risk E7 (10). Interestingly, the pRb/p107/p130
binding-deficient HPV16 E7 �21-24 mutant that is unable to
induce supernumerary centrosomes in normal cells (9) is still
unable to do so in pRb/p107/p130�/� mouse embryo fibro-
blasts, suggesting that these sequences also contribute to the
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pRb/p107/p130-independent induction of centrosome abnor-
malities. Although it is clear that there are distinct mechanisms
that contribute to high-risk E7-mediated supernumerary cen-
trosomes, the molecular mechanisms by which the HPV16 E7
oncoprotein is able to induce centrosome overduplication re-
main elusive.

While the complex, dynamic architecture of the centrosome
is still being investigated, various proteins have been identified
as being centrosomal components that are critical for the nor-
mal function of the centrosome. Briefly, a centrosome contains
a pair of centrioles surrounded by a pericentriolar matrix that
contains numerous protein complexes, most notably the �-tu-
bulin ring complexes (�TuRCs) (reviewed in reference 38).
�TuRCs are made up of �-tubulin and associated proteins, and
each “ring” is responsible for nucleating a single microtubule
(31, 43). Whereas the role of �-tubulin in �TuRCs has been
studied extensively, modes of regulation as well as other func-
tions of �-tubulin have not been fully delineated. Up to 80% of
the cellular pool of �-tubulin is cytoplasmic, and there is a
dynamic exchange with the centrosomal �-tubulin pool (25,
32). Furthermore, �-tubulin is recruited to the centrosome at
different rates depending upon the cell cycle, with increased
centrosomal association beginning at the onset of mitosis (25).
Higher concentrations of centrosomal �-tubulin are likely re-
lated to the increased capacity of centrosomes to nucleate
microtubules during mitosis and to the organization of the
mitotic spindle (reviewed in reference 43). The molecular
mechanisms that regulate the fluctuation in �-tubulin recruit-
ment, as well as the biological significances, remain unclear
but may involve the NEDD1 protein, as the depletion of this
centrosomal protein interfered with the centrosomal targeting
of �TuRCs and ultimately resulted in the inhibition of centri-
ole duplication (18). More recently, it was reported that in
mammary epithelial cells, the BRCA1 tumor suppressor pro-
tein regulates centrosome homeostasis as well as microtubule
nucleation at centrosomes through the monoubiquitination of
�-tubulin (40, 41). The inhibition of BRCA1 function results in
a rapid increase in centrosome numbers, suggesting that �-tu-
bulin also plays a key role in the regulation of centrosome
duplication.

Since many regulators of centrosome duplication, such as
cdk2, Aurora-A, mps1, NDR1, Id1, antizyme, and BRCA1,
associate transiently and partially with centrosomes (12, 19, 21,
26, 27, 36, 46), and given the ability of the HPV16 E7 onco-
protein to induce aberrant centriole synthesis, we evaluated
the subcellular localization of HPV16 E7. We found that a
subpopulation of HPV16 E7 can concentrate around mitotic
spindle poles and cofractionate with centrosome components
upon sucrose density gradient centrifugation. Specific targeting
of HPV16 E7 to centrosomes, however, was not sufficient for
the induction of supernumerary centrosomes. Utilizing a re-
cently described method to detect protein-protein interactions
in vivo, we have discovered an association between HPV16 E7
and �-tubulin that requires amino acid residues 21 to 24 of E7
but is independent of its ability to associate with pRb/p107/
p130. We also tested whether HPV16 E7 expression alters the
recruitment of �-tubulin to the centrosome and used photo-
bleaching experiments to show that �-tubulin recovers at the
centrosome more slowly in HPV16 E7-expressing cells. Thus,
our results suggest that the expression of HPV16 E7 alters

centrosome dynamics through a pRb/p107/p130-independent
mechanism by interfering with the critical centrosome compo-
nent �-tubulin.

MATERIALS AND METHODS

Plasmids. To construct the HPV16 E7/mCherry/�NS(471-721) fusions, for-
ward primers containing an NheI site and a Kozak consensus sequence (5�-GC
TAGGCTAGCCACCATGCATGGAGATACA-3�) and reverse primers con-
taining an EcoRI site (5�-GGTACCGAATTCTGGTTTCTGAGAACAGATG
GG-3�) were used to PCR amplify the E7 gene from the previously described
vector CMV-E7, �21-24, C24G, or E26G (10, 16). The PCR products were
restriction digested with NheI and EcoRI and ligated using T4 DNA ligase into
NheI/EcoRI-cut, calf-intestinal alkaline phosphatase-treated pci-mCherry/
�NS(471-721) (29). The inserts were sequenced and encode a fusion protein
consisting of the HPV16 E7 sequence, followed by a linker sequence (EFTG),
mCherry, and amino acid residues 471 to 721 of the reovirus �NS protein. The
same process was used to construct the HPV6 E7/mCherry/�NS(471-721) fusion
using forward primer 5�-GCT AGG CTA GCC ACC ATG CAT GGA AGA
CAT-3� and reverse primer 5�-GGT ACC GAA TTC GGT CTT CGG TGC
GCA GAT-3� for PCR amplification of the E7 gene.

For the construction of HPV16 E7 fused to the centrosome-targeting sequence
of AKAP450 (15), we first PCR amplified a cDNA fragment corresponding to
AKAP450 amino acid residues 3644 to 3808 from double-stranded PCR-ready
HeLa cDNA (Quick-Clone; Clontech) using a forward primer encoding a
BamHI site (5�-GCAGGATCCAACATTGAAGCCATCATTGCCTCTGAA-
3�) and a reverse primer encoding a BglII site (5�-GCAAGATCTCTATGCAC
CTTGATTCAGTCCAAAGCCATC-3�). The amplified fragment was digested
with BamHI and BglII and inserted into the BamHI site of plasmid pCMV-
BamHI-neo (2) to generate pCMV-AKAP. In a second step, we cloned wild-type
HPV16 E7 and the HPV16 E7 �21-24 mutant by digesting a PCR product,
produced using forward primer 5�-CGAGGATCCACCATGCATGGAGATAC
ACCTACA-3� and reverse primer 5�-GCAGGATCCACCAGCCGCTGGTTT
CTGAGAACAGAT-3�, with BamHI and ligating this fragment into BamHI-
digested pCMV-AKAP. The inserts were fully sequenced and encode a 268-
amino-acid fusion protein consisting of the full-length HPV16 E7 sequence
followed by a linker sequence (AAGGS) and 165 amino acids corresponding to
the AKAP450 centrosome-targeting sequence.

Other plasmids used in these studies were pcDNA3-�-tubulin-GFP (25), a
generous gift from Alexey Khodjakov, Wadsworth Center, Albany NY;
pBudCE4.1 (Invitrogen); and poz-CE7 and poz-CE7�21-24 (23).

Cells. NIH 3T3 mouse embryo fibroblasts, U2OS human osteosarcoma cells,
and HPV-positive cervical carcinoma CaSki cells were obtained from the ATCC
and maintained in Dulbecco’s modified Eagle’s medium (DMEM) (Invitrogen)
supplemented with 10% calf serum, penicillin (50units/ml), and streptomycin (50
�g/ml). pRb/p107/p130�/� mouse embryo fibroblasts were previously described
(5) and were maintained in DMEM supplemented with 10% fetal bovine serum,
penicillin (50units/ml), and streptomycin (50 �g/ml).

NIH 3T3 cells with stable expression of either empty vector, poz-CE7, or
poz-CE7�21-24 (23) were made via cotransfections with pBudCE4.1 (Invitro-
gen) at a 5:1 ratio after selection with 1 mg/ml zeocin (Invitrogen). Transfections
were performed with FuGENE6 reagent (Roche Applied Science) according to
the manufacturer’s protocol. U2OS clones with stable expression of either empty
vector or pCMV-E7 were described previously (9), as were U2OS cells with the
stable expression of pcDNA3-cE7, which contains C-terminally Flag-tagged
HPV16 E7 (16).

Immunofluorescence. For immunofluorescence, cells were plated onto cover-
slips and fixed either with 4% paraformaldehyde in phosphate-buffered saline
(PBS) or with methanol. For centrosomal staining, cells were extracted with
cytoskeleton buffer [100 mM NaCl, 300 mM sucrose, 10 mM piperazine-N,N�-
bis(2-ethanesulfonic acid) (PIPES) (pH 6.8), 3 mM MgCl2] prior to fixation,
when indicated. Cells were blocked with 10% serum and 0.1% cold-water fish
skin gelatin (Sigma) and permeabilized with 0.5% NP-40 in PBS. Primary anti-
bodies used in these studies were anti-centrin (20H5; a generous gift from Jeffrey
Salisbury, Mayo Clinic, Rochester, MN) (37), anti-E7 (ED19; generated by our
laboratory), anti-ninein (ab4447; Abcam), anti-p107 (C-18; Santa Cruz Biotech-
nology), anti-pRb (G3-245; BD Pharmingen), anti-�-tubulin (11H10; Cell Sig-
naling Technology), anti-�-tubulin (5H1; BD Pharmingen), and anti-�-tubulin
(ab11317 [Abcam] and H-183 [Santa Cruz Biotechnology]). Blocking solution
and antibodies were diluted in PBS plus 1% (wt/vol) bovine serum albumin,
0.02% (wt/vol) saponin, and 0.05% (wt/vol) sodium azide. Secondary antibodies
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were goat Alexa Fluor 488 and Alexa Fluor 568 (Invitrogen). Nuclei were
counterstained with Hoechst 33258 dye.

For experiments with �NS fusion proteins, U2OS cells were transfected with
the corresponding �NS vector using FuGENE 6 (Roche Applied Science) 20 to
24 h prior to fixation. For transient transfection assays to assess centrosome
overduplication, cells were transfected with the plasmid of interest together with
a mitochondrial DsRED expression plasmid at a 10:1 ratio to specifically assess
the percentage of transfected cells with abnormal centrosome numbers. After
48 h, cells were fixed and stained for �-tubulin or centrin.

Immunofluorescence images were taken with either a laser scanning Zeiss
LSM 510 microscope equipped with a photomultiplier tube or a laser scanning
Zeiss Axioskop PCM2000.

Isolation of centrosomes and Western blotting. To isolate centrosomes, we
used sucrose density gradients as previously described (30). Briefly, cells were
treated with 10 �g/ml nocodazole and 5 �g/ml cytochalasin B (Sigma) for 90 min
before lysis in a buffer containing 1 mM Tris-HCl (pH 8.0), 0.5 mM MgCl2, 0.5%
NP-40, 0.1% �-mercaptoethanol, and protease inhibitors (Complete EDTA-free
tablets; Roche Diagnostics). Nuclei were pelleted, and the supernatant was
layered onto a discontinuous sucrose gradient (40%, 50%, and 70% sucrose in
buffer containing 10 mM PIPES, 1 mM EDTA, 10% Triton X-100, and 0.1%
�-mercaptoethanol); some supernatant was kept to serve as a control for cyto-
plasmic lysates. The gradient was centrifuged in a Beckman L8-M ultracentrifuge
using an SW28 rotor at 125,000 	 g for 1 h. The fractions were collected from the
bottoms of the tubes as 1-ml fractions (first 10 fractions) and then as approxi-
mately 2-ml fractions (fractions 11 to 25). To prepare nuclear extracts, pelleted
nuclei were lysed using a buffer containing 0.01 M HEPES (pH 7.9), 15%
glycerol, 0.4 M NaCl, 1.5 mM MgCl2, and 0.2 �M EDTA.

The fractions collected from the sucrose density gradients were analyzed by
Western blotting. Fractions were run on sodium dodecyl sulfate–12% polyacryl-
amide gels next to 100-�g samples of cytoplasmic and nuclear extracts. After
electrophoresis, proteins were electrotransferred onto a polyvinylidene difluo-
ride membrane (Millipore). The membrane was probed with anti-Cdk2 (M2;
Santa Cruz), anti-E7 (ED19), anti-Sp1 (07-124; Upstate Cell Signaling Solu-
tions), and anti-�-tubulin (GTU88; Sigma) antibodies. Secondary antibodies
used were horseradish peroxidase-linked anti-mouse or anti-rabbit immunoglob-
ulin G (GE Healthcare). Proteins were visualized using Western Lightning
Chemiluminescence Reagent Plus (Perkin-Elmer Life Sciences, Inc.) or Super-
Signal West Femto Maximum Sensitivity substrate (Pierce Biotechnology, Inc.)
and exposed on Kodak BioMax XAR film or electronically acquired with a
Kodak Image Station 4000R equipped with Kodak Imaging software, version 4.0.

FRAP. For fluorescence recovery after photobleaching (FRAP) experiments,
cells were transfected with pcDNA3-�-tubulin-GFP, and prior to the experiment,
culture medium was replaced with non-phenol-red-containing DMEM plus 25
mM HEPES (Invitrogen) supplemented with 10% calf serum. Centrosomes were
photobleached using the MicroPoint laser system (Photonic Instruments), and
images were taken using a Nikon TE2000U inverted microscope equipped with
a spinning-disk confocal laser (Ultraview; Perkin-Elmer); a 100	, 1.4-numerical-
perture Plan Apo objective (Nikon); and an Orca ER cooled charge-coupled-
device camera (Hamamatsu). The coverslips were placed in a heated chamber set
at 37°C for the duration of the experiments. Briefly, the pulse frequency was set
between 40 and 50, and five pulses were used such that 
80% of the green
fluorescent protein (GFP) signal was lost after bleaching. For each individual
experiment, images were captured in 5-s increments for the first 65 s (photo-
bleaching occurred immediately prior to the third image capture) and then at
10-s intervals for the next 100 s and, lastly, at 1-min intervals for 5 to 10 min. All
measurements were recorded using Metamorph (Molecular Devices), and inten-
sity data were exported into Microsoft Excel. Background intensity was sub-
tracted from the intensity values of the photobleached centrosome and corrected
for overall photobleaching by dividing by the average intensity of a defined area
within the same cell (that had reasonable distance from the photobleached
centrosome). To determine the half-maximal fluorescence recovery (�1/2) for the
individual FRAP experiments, the data were curve fitted to the equation f(t) �
A(1 � e��t) using MATLAB software, where �1/2 � ln0.5/(��), A is the plateau
level of fluorescence recovery, and t is time.

RESULTS

HPV16 E7 can concentrate near mitotic spindle poles and
cofractionate with centrosomal components. Many proteins
that regulate centrosome duplication localize at least partially
and transiently to centrosomes. Since HPV16 E7 induces cen-

trosomal overduplication, we performed immunofluorescence
experiments to examine the subcellular localization of E7 in
comparison to centrosomal markers. We generated NIH 3T3
cells stably transfected with either empty vector (named 3T3-
poz) or a C-terminally hemagglutinin (HA)/FLAG epitope-
tagged HPV16 E7 (3T3-cE7) in order to examine specifically
matched cell lines, which is not feasible when HPV-positive
cervical cancer cells are used. The 3T3-cE7 cells express
HPV16 E7 at levels similar to those of the HPV16-positive
CaSki cervical cancer cell line (Fig. 1A). Furthermore, HPV16
E7 expression induces centrosome overduplication by about
threefold (4.6% to 15.0%) in these noncancer cells (Fig. 1B),
which is slightly higher than the approximately twofold in-
crease previously described for U2OS osteosarcoma cells (10).
This is likely due to the fact that U2OS cancer cells already
contain an intrinsically higher level of supernumerary centro-
somes, which may dampen the observed effect of E7 on cen-
trosome overduplication in these cells. Immunofluorescence in
stable E7-expressing NIH 3T3 cells revealed punctate and
mostly cytoplasmic E7 staining during interphase, as has been
detected in multiple HPV16 E7-expressing cell lines (23; our
unpublished data). Nevertheless, in approximately 15% of mi-
totic cells, while the punctate staining still predominated, the
HPV16 E7 signal was concentrated around the mitotic spindle
poles (Fig. 1C). This quantification of 15% reflects a conser-
vative estimation but may also indicate that E7 localization to
mitotic spindle poles is confined to a specific phase of mitosis.
Similar staining experiments in 3T3-poz control cells resulted
in no signal (data not shown). To examine proteins that tightly
associate with subcellular structures such as the cytoskeleton
and/or centrosome, cells are often extracted prior to immuno-
fluorescence to remove unbound pools of proteins that may
otherwise obscure specific staining of such structures. We ex-
tracted the HPV16 E7-expressing cells to determine if we
could detect E7 specifically associated with centrosome struc-
tures, but such treatment resulted in the complete loss of the
E7 signal (data not shown).

In order to further examine whether there is a centrosome-
associated HPV16 E7 pool, we used sucrose density gradients
specifically designed for the isolation of centrosomes (30). We
utilized HPV16-positive cervical cancer CaSki cells that exhibit
the same cytoplasmic distribution of E7 with concentration
around mitotic spindle poles in some mitotic cells (Fig. 2A)
that we observed in 3T3-cE7 cells (Fig. 1C). CaSki cytoplasmic
lysates were layered onto a discontinuous sucrose gradient and
centrifuged to separate centrosomes. Analysis of the fractions
collected showed that a pool of E7 cofractionates with the
centrosomal marker �-tubulin as well as with cdk2, which was
previously shown to partially localize to centrosomes (28) (Fig.
2B). Thus, a small pool of HPV16 E7 is associated with cen-
trosomal material.

Centrosomal targeting of HPV16 E7 is not sufficient for
induction of supernumerary centrosomes. Because HPV16 E7
concentrates around mitotic spindle poles and cofractionates
with centrosome components, we investigated whether the lo-
calization of HPV16 E7 to centrosomes may be sufficient for
the induction of centrosome overduplication. To target E7
directly to the pericentriolar matrix of the centrosome, we
fused HPV16 E7 to the pericentrin-AKAP450 centrosomal
targeting (PACT) domain of AKAP450 (15). Immunofluores-
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cence analysis showed predominant centrosomal localization
of the E7-AKAP protein (Fig. 3A). Transient expression of the
E7-AKAP fusion protein in U2OS cells, however, did not re-
sult in an increased incidence of supernumerary centrosomes
(Fig. 3B). Thus, targeting of HPV16 E7 to centrosomes is not
sufficient to cause centrosome overduplication in this assay.
The E7-AKAP fusion protein retains the ability to associate
with pRb, demonstrating that the fusion does not globally
interfere with the structural integrity of HPV16 E7 (data not
shown).

HPV16 E7 associates with �-tubulin. Despite the fact that a
centrosome-targeted HPV16 E7 protein was unable to induce
supernumerary centrosomes, the detection of HPV16 E7 near

mitotic spindle poles and the association with centrosome
structures observed by sucrose density centrifugation prompted
us to determine if HPV16 E7 can interact with specific cen-
trosomal components, which may account for these observa-
tions. Coimmunoprecipitation experiments with several anti-
bodies specific for centrosomal components, such as centrin
and �-tubulin, however, failed to yield reproducible, conclusive
results (data not shown), which may reflect a weak or low-level
transient association that does not withstand detergent-based
cell lysis. Hence, we utilized a recently described method that
allows the visualization of protein-protein interactions in living
cells (29). This method uses a fusion of reovirus �NS(471-721),
the portion of the protein responsible for forming cytoplasmic

FIG. 1. HPV16 E7 can concentrate around mitotic spindle poles. (A) Western blot analysis of E7 expression levels in stable NIH 3T3, 3T3-poz
(control), and 3T3-cE7 cells compared to HPV-positive CaSki cervical cancer cells. Actin is shown as a loading control. (B) Percentage of 3T3-cE7
cells with more than two centrosomes compared to control 3T3-poz cells. Bar graphs indicate averages of four experiments in which 150 cells
were counted per experiment. Error bars indicate the standard errors between experiments. (C) Representative images of mitotic NIH 3T3 cells
with stable expression of C-terminally HA- and FLAG-tagged HPV16 E7. Coimmunofluorescence was performed using an E7-specific antibody
(�-E7) and a �-tubulin antibody (�-�-Tubulin) as a centrosomal marker. Nuclei were visualized with Hoechst 33258 DNA dye.

FIG. 2. HPV16 E7 cofractionates with centrosomal components after sucrose density gradient centrifugation. (A) Immunofluorescence analysis
of endogenous E7 and �-tubulin expression in HPV16-positive CaSki cervical carcinoma cells. (B) Detection of HPV16 E7 in centrosome-
containing fractions. Cytoplasmic lysates of the HPV16-positive CaSki cervical cancer cell line were subjected to sucrose density gradient
centrifugation. Aliquots (150 �l) of individual fractions (fractions 1 to 5 of 25 fractions) along with 100-�g aliquots of total cytoplasmic (Cyto) and
nuclear (Nuc) extracts were analyzed by Western blotting. E7 cofractionates with the centrosomal components �-tubulin and cdk2 in fraction 3.
Sp1 is shown as a nuclear marker, and the black bar indicates the direction of sucrose density. Consistent with its cytoplasmic localization, the
majority of HPV16 E7 is contained in the later, cytoplasmic fractions (not shown).
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inclusions during infection, to a fluorescent protein (mCherry)
such that the inclusions can be readily visualized upon trans-
fection (29). We then fused full-length HPV16 E7 as well as
the �21-24, C24G, and E26G mutants to the N terminus of the
mCherry/�NS(471-721) protein. The HPV16 E7 �21-24 mu-
tant is pRb/p107/p130 binding deficient (34) and is defective in
the induction of centrosome abnormalities even in cells that
lack pRb/p107/p130 (10). The C24G and E26G mutants are
pRb binding deficient but retain associations with p107 and
p130 (16) and remain competent for the induction of centro-
some abnormalities in cells with functional pRb/p107/p130
(10). To ensure that these various HPV16 E7/mCherry/
�NS(471-721) fusion proteins function as expected, we ana-
lyzed them in U2OS cells for the relocalization of endogenous
pRb and p107. As expected, the fusion of wild-type HPV16 E7,
but not fusions of any of the HPV16 E7 mutants, was able to
relocalize pRb to cytoplasmic inclusions, whereas fusions
with wild-type HPV16 E7 as well as the C24G and E26G
mutants, but not the �21-24 mutant, relocalized p107 as
expected (Fig. 4).

After validating the assay, we investigated whether these
E7/mCherry/�NS(471-721) fusion proteins could relocalize
centrosomal proteins by performing immunofluorescence ex-
periments with various antibodies specific for known centro-
some components. Expression of the 16E7/mCherry/�NS(471-
721) fusion in U2OS cells caused a strong relocalization of
endogenous �-tubulin to inclusions in every cell examined (Fig.
5A). Furthermore, the �21-24 and C24G mutant fusions have
greatly diminished capacities for relocalizing �-tubulin,
whereas the E26G mutant fusion remained competent for
�-tubulin relocalization (Fig. 5A). Given that the HPV16 E7
�21-24 mutant is also incompetent for pRb/p107/p130 binding,
we wanted to determine whether the observed association of
HPV16 E7 and �-tubulin was dependent on pRb/p107/p130
integrity and similarly transfected triple-knockout pRb/p107/
p130�/� mouse embryo fibroblasts (5). As we observed with
U2OS cells, an mCherry/�NS(471-721) fusion of wild-type
HPV16 E7 and the E26G mutant caused �-tubulin relocaliza-
tion, whereas the �21-24 and C24G mutants did not (Fig. 5B).
We also observed a robust relocalization of �-tubulin–GFP,
demonstrating that the observed effect was not antibody spe-
cific (Fig. 5C). Interestingly, �-tubulin was not relocalized by

low-risk HPV6 E7 fused to mCherry/�NS(471-721) (Fig. 5D).
Furthermore, we did not observe the relocalization of other
centrosomal proteins such as centrin and ninein (Fig. 6A), and
moreover, the centrosomal �-tubulin signal was still observed
in cells expressing the 16E7/mCherry/�NS(471-721) fusion
protein (Fig. 5C, inset), suggesting that E7 may associate
mostly with noncentrosomal �-tubulin. We also tested whether
HPV16 E7 may associate with other tubulin family members,
but we did not detect an association of HPV16 E7 with �- or
�-tubulin (Fig. 6B). Together, these results show that HPV16
E7 associates specifically with �-tubulin but not with the other
centrosomal proteins centrin and ninein or with other tubu-
lin family members.

Association with �-tubulin may contribute to the pRb/p107/
p130-independent ability of HPV16 E7 to induce centrosome
overduplication. HPV16 E7 expression causes supernumerary
centrosomes through both pRb/p107/p130-dependent and -in-
dependent mechanisms. Since we found that HPV16 E7 but
not the HPV16 E7 �21-24 mutant interacts with �-tubulin in
pRb/p107/p130�/� cells, we investigated whether �-tubulin as-
sociations might play a role in E7-mediated centrosome over-
duplication in a pRb/p107/p130-independent manner. We ex-
pected that the HPV16 E7 E26G mutant that retains �-tubulin
binding would be able to induce centrosome abnormalities in
pRb/p107/p130�/� cells, whereas the �-tubulin binding-defec-
tive HPV16 E7 C24G mutant would be inactive, similar to
what was previously reported for the �-tubulin binding-defec-
tive HPV16 E7 �21-24 mutant (10). Upon transient transfec-
tion of wild-type HPV16 E7 as well as the �21-24, C24G, and
E26G mutants into pRb/p107/p130�/� mouse embryo fibro-
blasts, we found that HPV16 E7 induces an approximately
1.7-fold increase of cells with supernumerary centrosomes,
whereas the HPV16 E7 �21-24 mutant was unable to do so
(Fig. 7), as previously described (10). Consistent with our ex-
pectations, the HPV16 E7 C24G mutant, which has greatly
diminished �-tubulin binding, is also unable to cause centro-
some overduplication, and the HPV16 E7 E26G mutant that
retains �-tubulin binding increases the percentage of cells with
supernumerary centrosomes approximately 1.3-fold over con-
trol cells and 1.5-fold over cells transfected with the HPV16 E7
C24G mutant (Fig. 7).

FIG. 3. Targeting HPV16 E7 to the centrosome is not sufficient for centrosome overduplication. (A) Coimmunofluorescence of E7 and
�-tubulin in a U2OS cell transiently transfected with HPV16 E7-AKAP. The merged image includes nuclear staining with Hoechst 33258 DNA
dye (blue). (B) Quantitation of cells with abnormal centrosome numbers at 48 h after transfection with either empty pCMV Neo-Bam vector or
E7-AKAP. Bar graphs show the means of counts done in triplicate where 200 cells were analyzed per experiment. Error bars indicate standard
deviations.
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HPV16 E7 alters �-tubulin recruitment to centrosomes. It
has been estimated that only 20% of the total cellular �-tubulin
pool is localized at centrosomes, with the remaining 80% lo-
calized in the cytoplasm (32). Moreover, �-tubulin recruitment
to the centrosomes is a dynamic process throughout the cell
cycle (25). To gain insights into the functional consequences of
the interaction between HPV16 E7 and �-tubulin, we investi-
gated whether E7 could affect the recruitment of cytoplasmic
�-tubulin to centrosomes. To experimentally address this issue,
FRAP studies were performed on the above-mentioned stable
3T3-poz and 3T3-cE7 cells containing either empty vector or
C-terminal HA/FLAG-tagged full-length HPV16 E7; we also
used stable 3T3-�21-24 cells expressing the C-terminal HA/
FLAG-tagged �21-24 mutant to levels similar to those seen in

3T3-cE7 cells (data not shown). The cells were transfected with
�-tubulin–GFP so that a single fluorescent centrosome could
be discerned and photobleached (Fig. 8A). Fluorescence in-
tensity of the centrosomal �-tubulin signal in interphase cells
was measured over time, and from this, we were able to ex-
trapolate the amount of time it took to reach half-maximal
fluorescence recovery (�1/2). In vector-expressing cells, the ob-
served average �1/2 was 18.8 s. This value was increased to
26.1 s in E7-expressing cells (Fig. 8B). Therefore, the recruit-
ment of �-tubulin to the centrosome is approximately 40%
slower in the E7-expressing cell line. Similar results were ob-
tained when clonal populations of U2OS cells with stable ex-
pression of full-length, untagged HPV16 E7 were compared to
control vector-transfected cells (data not shown). Interestingly,

FIG. 4. HPV16 E7/mCherry/�NS(471-721) relocalizes pRb and p107. Shown is immunofluorescent analysis of U2OS cells expressing the
indicated fusion proteins. Cells were transfected 20 to 24 h prior to fixation. The red fluorescent mCherry signal represents the inclusion bodies
formed by �NS(471-721). Cells were stained with antibodies against either pRb or p107, shown in green, as indicated. Secondary-only controls
showed no positive staining or bleed-through of the mCherry signal (data not shown).
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the average �1/2 in cells expressing the HPV16 E7 �21-24
mutant, which showed diminished binding for �-tubulin, de-
creased to 22.1 s (Fig. 8B). These results indicate that �-tubulin
dynamics may be altered in HPV16 E7-expressing cells, poten-
tially due to an interaction between �-tubulin and HPV16 E7.

DISCUSSION

Localization of HPV16 E7 near the centrosome in mitotic
cells. High-risk HPV E7 expression results in supernumerary

centrosomes, a necessary step for the formation of multipolar
mitoses, which in turn can lead to aneuploidy (3, 35). The
ability of HPV16 E7 to induce aberrant centrosome duplica-
tion is at least in part independent of pRb/p107/p130 inactiva-
tion but requires cdk2 activity (6, 8, 10). In this study, we
further investigated the mechanisms utilized by HPV16 E7 that
may contribute to pRb/p107/p130-independent centrosome
overduplication. As mentioned above, regulators of centro-
some duplication often show at least partial centrosomal colo-
calization. Furthermore, proteins encoded by other viruses,

FIG. 5. HPV16 E7/mCherry/�NS(471-721) relocalizes �-tubulin to inclusions. (A) Immunofluorescent analysis of U2OS cells expressing the
indicated fusion proteins as described in the legend of Fig. 4. The cells were stained for �-tubulin as indicated. (B) As described above (A),
pRb/p107/p130�/� cells were transfected with the indicated constructs and stained for �-tubulin. (C) As described above (A), stable U2OS cells
expressing �-tubulin–GFP were transfected with the indicated constructs. The inset shows centrosomal �-tubulin fluorescence. (D) As described
above (A), U2OS cells were transfected with the indicated constructs and stained for �-tubulin.
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including the Gag proteins of foamy virus, human immunode-
ficiency virus type 1, Jaagsiekte sheep retrovirus, and Mason-
Pfizer monkey virus as well as human T-cell lymphotropic virus
type 1 Tax and Epstein-Barr virus thymidine kinase, have also
been shown to localize to the centrosome, although the con-
sequences of these interactions have not been fully delineated

(1, 14). Hence, we evaluated the subcellular localization of
HPV16 E7. In HPV16 E7-expressing cells, we noticed that
HPV16 E7 and �-tubulin display similar punctate cytoplasmic
stainings (Fig. 1 and 2) and that in approximately 15% of
HPV16 E7-expressing mitotic cells, E7 concentrated around
mitotic spindle pole bodies (Fig. 1). Coimmunofluorescence
experiments, however, failed to provide conclusive evidence
for a precise colocalization of E7 with various centrosome
markers. Nevertheless, a fraction of HPV16 E7 cofractionated
with centrosome components upon sucrose density gradient
centrifugation (Fig. 2). These results suggest that HPV16 E7
may indeed be associated with cellular proteins, such as �-tu-
bulin, that localize to centrosomes. Our results cannot distin-
guish whether HPV16 E7 is loosely associated with centro-
somes throughout the cell division cycle and/or whether the
association may target centrosomal structures transiently dur-
ing specific phases of cell division.

Generic targeting of HPV16 E7 to the centrosome alone,
however, is not sufficient for the induction of supernumerary
centrosomes (Fig. 3). Restricting the localization of other pro-
teins that regulate centrosome duplication, such as the NDR1
kinase, to the centrosome has been shown to be sufficient for
their regulatory functions (21), suggesting that E7 may disrupt
the regulation of centrosome duplication through a distinct
mechanism off of the centrosome. Furthermore, this finding is

FIG. 6. Relocalization of �-tubulin by HPV16 E7/mCherry/�NS(471-721) is specific. (A) Immunofluorescence against the centrosomal proteins
centrin (left) and ninein (right) was done on cells transfected with indicated plasmids as described in the legend of Fig. 4A. (B) Same as above
(A). Cells were stained for �-tubulin (left) and �-tubulin (right). No relocalization of these proteins was detected.

FIG. 7. Induction of supernumerary centrosomes in pRb/p107/
p130-deficient mouse embryo fibroblasts by HPV16 E7. The bar graph
shows the average percentages of cells with more than two centro-
somes after expression of indicated constructs for 48 h. Counts were
done in duplicate, where 100 cells were counted per experiment.
Error bars indicate standard errors between experiments.
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consistent with the notion that HPV16 E7 may preferentially
target non-centrosome-associated pools of �-tubulin. Nonethe-
less, these results do not rule out the possibility that E7 may
also have an activity at the centrosome. Whereas the E7-
AKAP fusion effectively localized to centrosomes, the PACT
domain targets proteins to the pericentriolar matrix to sites
shared with pericentrin (15). Therefore, it is possible that the
PACT domain fails to target HPV16 E7 to the appropriate
centrosomal structure, where it would productively interfere
with specific regulators of centrosome function.

HPV16 E7 associates with �-tubulin. Since we observed a
pool of E7 cofractionating with centrosome components on
sucrose density gradients, we performed various coimmuno-
precipitation experiments, which failed to yield compelling ev-
idence for an association of HPV16 E7 with centrosomal pro-
teins. Due to the high concentration of sucrose in centrosome
fractions, we were unable to perform coimmunoprecipitation
experiments specifically with centrosome-enriched materials.
Similarly, E7 coimmunofluorescence experiments with purified
centrosomes did not yield any interpretable results (data not
shown). Hence, any potential interaction of HPV16 E7 with
centrosomes may be transient and/or weak, or specific E7
epitopes may be blocked, which may bar us from detecting
centrosomal localization or associations with centrosome com-
ponents by immunoprecipitations. Therefore, we adapted a
newly described method to visualize protein-protein interac-
tions in vivo (29). Using a 16E7/mCherry/�NS(471-721) fusion,
we show that HPV16 E7 can associate with �-tubulin (Fig. 5).
The detection of this association is specific, as the 16E7/
mCherry/�NS(471-721) fusion was unable to relocalize the
centrosomal proteins centrin, ninein, and pericentrin, nor was
it able to relocalize �-tubulin and �-tubulin (Fig. 6 and data
not shown). Moreover, E7 may preferentially associate with
the noncentrosomal �-tubulin pool, as centrosomal �-tubulin
staining remained intact in cells expressing 16E7/mCherry/
�NS(471-721) (Fig. 5). This method does not allow us to dis-
tinguish whether E7 directly associates with �-tubulin or
whether an additional cellular protein(s) is necessary to medi-
ate this association.

We also examined whether the expression of HPV16 E7

could alter the recruitment of �-tubulin to the centrosome. In
support of the hypothesis that an E7 association alters �-tubu-
lin dynamics, we found that �-tubulin–GFP recovered to pho-
tobleached centrosomes at an approximately 40% slower rate
in E7-expressing cells than in control cells (Fig. 8). Cells ex-
pressing the HPV16 E7 �21-24 mutant showed only a slight
increase in the amount of time it took for �-tubulin to recover
to the centrosomes and was only approximately 20% slower
than in control cells (Fig. 8). This result agrees with our above-
mentioned data showing that the HPV16 E7 �21-24 mutant
shows a greatly diminished, although not completely ablated,
ability to bind �-tubulin. Thus, it seems possible that the ob-
served interaction between HPV16 E7 and �-tubulin may alter
the recruitment of �-tubulin–GFP to the centrosome. While
FRAP experiments do not with certainty demonstrate that the
altered recruitment of �-tubulin directly contributes to HPV16
E7-mediated centrosome overduplication, it is a provocative
observation that warrants further study. Additionally, it will be
interesting to examine whether the recruitment of other cen-
trosomal regulators to the centrosome is altered upon E7 ex-
pression as well.

HPV16 E7 induces supernumerary centrosomes by both
pRb-dependent and -independent mechanisms. From all the
published data, it is clear that the ability of HPV16 E7 to
induce supernumerary centrosomes represents a congruence
of several distinct mechanisms. Most strikingly, cdk2 activity is
absolutely required for HPV16 E7 to induce supernumerary
centrosomes, whereas it is dispensable for normal centrosome
duplication (6, 8). HPV16 E7 can cause aberrant cdk2 activity
through several mechanisms including the E2F-mediated acti-
vation of cyclin E and cyclin A expression, inactivation of the
cdk inhibitors p21cip1 and p27kip1, and, potentially, direct bind-
ing to and activation of cdk2 (13, 20, 24, 44, 45). Our previous
finding that ectopic expression of a dominant negative DP1
mutant, a heterodimerization partner required for the function
of E2F, abrogates the ability of HPV16 E7 to induce supernu-
merary centrosomes suggests that aberrant E2F activation
through the degradation of pRb/p107/p130 by HPV16 E7,
which results in ectopic cyclin E and cyclin A expression, may
be a critical step (9). However, there are also pRb/p107/p130-

FIG. 8. Slower recovery of �-tubulin to photobleached centrosomes in cells expressing HPV16 E7. (A) Representative images of a single FRAP
experiment performed on a stable 3T3-�21-24 cell transiently transfected with �-tubulin–GFP. The elapsed time at which each image was taken
is indicated in the bottom right corner of the frame. The white arrow signifies the centrosome that was photobleached in this specific experiment
where photobleaching occurred directly prior to the 10-s image. (B) Dot plot of the �1/2 values calculated for each experiment. The �1/2 represents
the amount of time taken to reach half-maximal recovery in each trial. The averages of each cell line are shown as black bars, and numerical values
are indicated.
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independent mechanisms that importantly contribute to the
E7-mediated induction of supernumerary centrosomes. Most
strikingly, HPV16 E7 can induce supernumerary centrosomes
in pRb/p107/p130-deficient mouse embryo fibroblasts, and
amino acid residues 21 to 24 are critical for this activity.

Several lines of evidence suggest that the association of
HPV16 E7 with �-tubulin may contribute to the pRb/p107/
p130-independent mechanism of induction of supernumerary
centrosomes. Our findings that HPV16 E7 associates with the
centrosomal regulator �-tubulin independent of pRb/p107/
p130 and that amino acids 21 to 24 are essential for this
association suggest that the E7-mediated subversion of �-tu-
bulin dynamics, in addition to aberrant cdk2 activation, may
also contribute to the ability of E7 to induce aberrant centro-
some synthesis. Furthermore, the HPV16 E7 C24G mutant
that also exhibited diminished binding for �-tubulin is also
defective in the induction of centrosome overduplication in
pRb/p107/p130-deficient cells (Fig. 6). We previously showed
that the HPV16 E7 C24G mutant is competent for the induc-
tion of centrosome overduplication in U2OS cells which con-
tain functional pRb/p107/p130. This is likely due to the fact
that this mutant remains competent for p107/p130 degradation
(16) and hence induces aberrant E2F activity, cyclin E and
cyclin A overexpression, and cdk2 activation (10), which we
hypothesize constitutes the major mechanism by which E7
induces supernumerary centrosomes. Thus, if the effects of an
association with �-tubulin contribute to E7-mediated centro-
some overduplication to a lesser degree than the pRb/p107/
p130- and/or cdk2-dependent mechanism, the lack of supernu-
merary centrosomes as a result of the failure of the HPV16 E7
C24G mutant to efficiently associate with �-tubulin would in-
deed go unnoticed in pRb/p107/p130-expressing cells, as su-
pernumerary centrosomes would result mostly from aberrant
cdk2 activation. Nevertheless, since the E2F pathway is con-
stitutively activated in pRb/p107/p130�/� cells, the finding that
the �-tubulin binding-defective HPV16 E7 C24G mutant does
not induce additional supernumerary centrosomes in such cells
is consistent with our model that the interaction between �-tu-
bulin and HPV16 E7 may contribute to centrosome overdu-
plication in a pRb/p107/p130-independent manner. Our results
showing that the low-risk HPV6 E7 protein, which is incom-
petent for the induction of centrosome abnormalities (9), does
not associate with �-tubulin (Fig. 5D) are also consistent with
this model.

Proposed mechanisms of E7-mediated centrosome overdu-
plication through targeting of �-tubulin. We envision two
models of how E7 may interfere with �-tubulin function.
HPV16 E7 may target cytoplasmic noncentrosomal �-tubulin
and alter its functions or regulation away from centrosomes.
Our finding that �-tubulin recruitment to centrosomes is de-
celerated in HPV16 E7-expressing cells is consistent with this
model. A second but not mutually exclusive model is that E7
targets specific sites on �-tubulin and that the functional con-
sequences of this interaction manifest themselves at the cen-
trosome. In other words, centrosomal localization of E7 is
indeed important for centrosome overduplication but only via
an interaction with centrosomal �-tubulin. Such an interaction
may be weak, transient, and/or confined to a specific phase of
the cell division cycle. The fact that HPV16 E7 concentrates
around mitotic centrosomes as well as our finding that HPV16

E7 cofractionates with centrosomal components are consistent
with both of these options, as centrosomal localization could
be required or simply be coincidental with a �-tubulin interac-
tion. Additional experimentation will be required to clearly
distinguish between these two possibilities. Nonetheless, as we
have mentioned above, �-tubulin has been implicated in the
regulation of centrosome duplication, and an interaction be-
tween E7 and centrosomal and/or cytoplasmic �-tubulin may
interfere with the localization and/or modifications of �-tubu-
lin, such as monoubiquitination, that are important for its
regulatory functions (reviewed in reference 39).

Additionally, an association of HPV16 E7 with �-tubulin
may subvert �-tubulin activities that are not directly related to
the regulation of centrosome duplication. It is interesting to
note that �-tubulin is involved in the nucleation of mitotic
microtubules (38), and it remains to be determined whether E7
may affect this activity. Our previous analyses of mitotic ab-
normalities in HPV oncogene-expressing cells have revealed
an increased incidence of lagging chromosomal material (9), a
phenotype that may potentially be caused by hypotrophic cen-
trosomes. The possibility that an E7/�-tubulin interaction may
play a role in centrosome overduplication and the possibility
that this interaction interferes with nucleation are not mutually
exclusive, and the abrogation of BRCA1-mediated �-tubulin
monoubiquitination has been shown to result in the induction
of supernumerary centrosomes as well as to interfere with
microtubule nucleation activity (40).

Here, we have identified �-tubulin as being a novel interact-
ing partner of HPV16 E7, and it will be interesting to deter-
mine how this association specifically alters various �-tubulin
functions. The viral E7 oncoprotein has proven to be a useful
tool for examining normal cellular processes and, furthermore,
how these processes are deregulated in cancer cells. Studies on
E7-induced supernumerary centrosomes will hopefully shed
more light on the complexities of centrosome duplication as
well as give us insights into the role that centrosome abnor-
malities play in carcinogenic progression.
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