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The human papillomavirus type 16 (HPV-16) E7 oncoprotein rapidly induces centrosome duplication errors
in primary human cells, thereby increasing the propensity for multipolar mitoses, which can lead to chromo-
some missegregation and aneuploidy. We analyzed a series of HPV-16 E7 mutants and demonstrate that this
biological activity of the E7 oncoprotein is mediated by sequences encompassing the core pRB binding site but
is independent of its ability to inactivate the retinoblastoma tumor suppressor protein pRB and the related
pocket proteins p107 and p130. In addition, interaction of E7 with the S4 subunit of the 26S proteasome and
dysregulation of cdc25A transcription are also dispensable for the induction of centrosome duplication errors.
Consistent with these results, expression of HPV-16 E7 induces abnormal centrosome duplication in a cell line
that lacks functional pRB and in mouse embryo fibroblasts that are deficient for pRB, p107, and p130. These
results demonstrate that the molecular mechanism whereby HPV-16 E7 induces centrosome duplication errors
is independent of its ability to inactivate pRB, p107, and p130 or to interact with the S4 proteasome subunit.

Infection with “high-risk” human papillomaviruses (HPVs)
is associated with anogenital neoplasia—in particular, cervical
cancer (reviewed in reference 53). During malignant progres-
sion, the HPV genome is frequently integrated into host cell
chromosomes, and as a consequence only the viral oncopro-
teins E6 and E7 are consistently retained and expressed in
cervical cancers (reviewed in reference 32). HPV E6 and E7
exert their transforming activities by subverting critical anti-
proliferative control mechanisms. By binding and destabilizing
the retinoblastoma tumor suppressor protein (pRB) and the
related pocket proteins p107 and p130 (14, 18), the HPV type
16 (HPV-16) oncoprotein E7 thwarts E2F-mediated transcrip-
tional repressor functions that normally restrain G1/S cell cycle
progression (3, 15). In addition, HPV-16 E7 can interfere with
p21Cip1- and p27Kip1-mediated inhibition of cdk2 activity (17,
24, 40, 52). HPV-16 E7 also dysregulates cdc25A expression
(35), and the Drosophila cdc25 homologue string is necessary
for completion of daughter centriole assembly (48). Aberrant
expression of cyclin E and cyclin A and abnormal patterns of
cdk2 activity have been detected in HPV-16 E7-expressing cells
(29, 40, 43, 51). The cooperating HPV-16 oncoprotein E6
induces accelerated proteasomal degradation of the p53 tumor
suppressor (42), thereby bypassing p53-induced antiprolifera-
tive cellular defense responses in reaction to unscheduled pro-

liferative signals triggered by expression of the HPV E7 onco-
protein. Since HPVs replicate their genomes in terminally
differentiated keratinocytes, the transforming activities of E6
and E7 likely reflect their functions during the viral life cycle to
induce and/or maintain a replication-competent cellular milieu
in these normally growth-arrested host epithelial cells. Coex-
pression of HPV E6 or E7 extends the life span of primary
human keratinocytes and facilitates cellular immortalization
(20, 33). High-risk HPV-immortalized keratinocytes are non-
tumorigenic at low passage numbers but can undergo malig-
nant conversion upon long-term passaging or exposure to
additional carcinogens (11, 23). Similarly, progression of high-
risk HPV induced premalignant lesions to invasive cervical
cancers in vivo occurs relatively infrequently and is associated
with additional alterations of the host cell genome (reviewed in
reference 27). In vitro, high-risk HPV E6- and E7-expressing
cell populations are genomically unstable and prone to develop
distinct chromosomal alterations when selected for resistance
to N-(phosphonoacetyl)-L-aspartate (PALA). HPV-16 E6-
expressing cells acquire PALA resistance by amplifying the
chromosomal region harboring the resistance locus. High-risk
HPV E7-expressing cells become resistant by gaining addi-
tional copies of the entire chromosome that encodes the
PALA resistance element and develop aneuploidy (49). This
result is consistent with an earlier report demonstrating that
expression of the HPV E7 oncoprotein leads to chromosome
segregation defects (19). We have previously shown that mi-
totic infidelity in HPV E7-expressing host cells is increased by
formation of multipolar mitotic spindles (13). Multipolar mi-
toses in cervical lesions have long been recognized as histo-
morphological hallmarks of high-risk HPV infection (7). Ex-
pression of high-risk HPV E7 induces centrosome duplication
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errors by uncoupling centrosome duplication from the cell
division cycle (13). In contrast, centrosome abnormalities in
high-risk HPV E6-expressing cells accumulate in parallel with
other morphological signs of genomic instability and defective
cytokinesis (12). Centrosomes are the major microtubule-
organizing centers in animal and human cells and contribute
importantly to mitotic spindle formation and function (re-
viewed in reference 47). In order to ensure bipolarity of cell
division, the single centrosome of a G1 cell duplicates precisely
once prior to mitosis in intimate synchrony with the cell divi-
sion cycle (22), followed by an intrinsic block of rereplication

(50). Centrosome abnormalities have been detected in a vari-
ety of human tumors (39), including HPV-associated prema-
lignant cervical lesions and cancers (13, 45), and are believed
to contribute to mitotic defects and aneuploidy, the most com-
mon form of chromosomal instability in human tumors (41).

Inactivation of pRB is not required for HPV-16 E7-induced
abnormal centrosome duplication. It was previously shown
that the HPV-16 E7 �D21-C24 mutant, which contains a de-
letion of the core pRB binding site within the conserved region
2 homology domain and is defective for pocket protein binding
(34, 37) and degradation (18, 25), is unable to induce aberrant

FIG. 1. (A) Schematic representation of HPV-16 E7 mutants used in this study. CR, conserved region. (B) Visualization of centrioles in U-2
OS cells stably expressing centrin-GFP and transiently transfected with empty vector (left) or HPV-16 E7 (right). Mitochondrial DsRED was used
as transfection marker. Nuclei were stained with DAPI. Bar, 10 �m. (C) Immunoblot detection of hemagglutinin-tagged full-length and mutant
HPV-16 E7 oncoproteins. The actin immunoblot is shown as a loading control. (D) Quantitation of the proportion of U-2 OS/centrin-GFP cells
exhibiting abnormal centriole numbers at 48 h after transfection with either empty vector (neo), wild-type HPV-16 E7 or E7 mutants. Each bar
shows the average plus the standard error for at least three independent experiments. (E) Quantitation of the proportion of Saos-2 cells exhibiting
abnormal centrosome numbers at 48 h after transfection with either empty vector (neo), wild-type HPV-16 E7, or the HPV-16 E7 �D21-C24
mutant. Each bar shows the average plus the standard error for at least three independent experiments. (F) Quantitation of the proportion of TKO
MEFs exhibiting abnormal centrosome numbers at 48 h after transfection with either empty vector (neo), wild-type HPV-16 E7, or the HPV-16
E7 �D21-C24 mutant. Each bar shows the average plus the standard error for at least three independent experiments.
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centrosome duplication (13). To analyze in more detail
whether HPV-16 E7-induced abnormal centrosome duplica-
tion and interaction with pRB may be linked, we tested several
additional HPV-16 E7 mutants (Fig. 1A). The transformation-
deficient HPV-16 E7 �P6-E10 mutant lacks a segment within
the conserved region 1 homology domain and is pocket protein
binding competent (34, 37) but defective for inducing pocket
protein degradation (18, 25). The HPV-16 E7 C24G and E26G
mutants are defective for pRB binding and degradation but
retain the ability to bind and destabilize p107 (9, 10, 18). Since
centrosome duplication is dependent on proteasome-mediated
protein degradation (16), we also tested the HPV-16 E7 C91S
mutant, which retains the ability to bind and degrade pocket
proteins (18) but is defective for binding to the S4 subunit of
the 26S proteasome (2) (Fig. 1A).

Effects on centrosome duplication were assessed by using a
population of the p53- and pRB-positive human osteosarcoma
cell line U-2 OS which was engineered to stably express cen-
trin-green fluorescent protein (GFP) (kindly provided by M.
Bornens, Institut Curie, Paris, France) (36). In these U-2 OS/
centrin-GFP cells, individual centrioles are readily detectable,
allowing accurate determination of the centriole and centro-
some duplication status (12) (Fig. 1B). Cells grown in Dulbec-
co’s modified Eagle medium supplemented with 10% fetal
bovine serum, 50 U of penicillin per ml, and 50 �g of strepto-
mycin per ml were transiently transfected by calcium phos-
phate coprecipitation (4) with 10 �g of pCMVBamH1-Neo-
based plasmids (1) carrying wild-type or mutant HPV-16 E7
genes tagged with a hemagglutinin epitope at their carboxyl
termini (18). One microgram of a mitochondrial DsRED flu-
orescent protein-encoding vector (Clontech) was cotransfected
as a transfection marker. Cells were harvested at 48 h post-
transfection, and expression of wild-type and mutant HPV-16
E7 proteins was assessed by immunoblot analysis as previously
described (24) (Fig. 1C). Cells grown on coverslips were ana-
lyzed for centriole numbers. Briefly, cells were fixed in 4%
paraformaldehyde for 5 min followed by permeabilization in
phosphate-buffered saline (PBS) containing 1% Triton X-100
for 5 min at room temperature. After a final rinse with PBS,
nuclei were counterstained with 4�,6�-diamidino-2-phenylin-
dole (DAPI). Transfected cells were visually selected by mito-
chondrial DsRED expression, and the number of GFP-labeled
centrioles was analyzed by epifluorescence microscopy. At
least 100 cells each from three independent experiments were
assessed, and cells containing more than four centrioles were
counted as abnormal. Similar to results in a previous report
(12), the background level of U-2 OS/centrin-GFP with abnor-
mal centriole numbers was 4.7%. Also consistent with earlier
results (12), expression of the wild-type HPV-16 E7 oncopro-
tein caused a 2.2-fold increase in the proportion of cells with
abnormal centriole numbers (10.4%, versus 4.7% in empty-
vector controls; P � 0.005) (Fig. 1B and D). As expected (13),
expression of the pocket protein binding site mutant HPV-16
E7 �D21-C24 did not induce centriole duplication errors (5.9
versus 4.7% in controls; P � 0.05). In contrast, expression of
the pocket protein binding-competent, degradation-defective
HPV-16 E7 �P6-E10 mutant caused a 1.9-fold increase in cells
with supernumerary centrioles (8.8%, versus 4.7% in controls;
P � 0.05). Expression of the pRB binding- and degradation-
deficient, p107 binding- and degradation-competent HPV-16

E7 C24G and E26G mutants caused significant 2.7- and 2-fold
increases, respectively, in cells with centriole duplication errors
(12.6 and 9.3%, respectively, versus 4.7% in controls; P �
0.05). Since the HPV-16 E7 C24G mutant is defective for
dysregulating cdc25A transcription (35), this activity of E7 is
not connected to induction of centrosome abnormalities. Even
though it is expressed at reduced levels (Fig. 1C), the S4 pro-
teasome subunit binding-deficient HPV-16 E7 C91S mutant
was also able to induce a 2.6-fold increase in centrosome du-
plication errors (12.4%, versus 4.7% in controls; P � 0.05).
These results demonstrate that binding and/or degradation of
pRB, interaction with the S4 subunit of the 26S proteasome,
and dysregulation of cdc25A expression by E7 are not neces-
sary for the induction of centrosome duplication errors.

HPV-16 E7 induces centrosome duplication errors in cells
that lack pRB function. To confirm that HPV-16 E7-induced
centrosome duplication errors are independent of pRB inac-
tivation, we transiently expressed wild-type HPV-16 E7 and the
pocket protein binding- and degradation-deficient HPV-16 E7
�D21-C24 mutant in the human osteosarcoma cell line Saos-2,
which lacks functional pRB and p53 (5, 44) but expresses p107
and p130 at levels similar to those in pRB-expressing cells (6)
(Fig. 1E). Cells were cultured and transiently transfected as
described above and processed for immunofluorescence mi-
croscopy for the pericentriolar marker �-tubulin (46) at 48 h
after transfection. Briefly, cells grown on coverslips were fixed
in 4% paraformaldehyde for 15 min and permeabilized with
1% Triton X-100 in PBS for 15 min at room temperature. Cells
were blocked by using 10% normal donkey serum and incu-
bated with a 1:2,000 dilution of a monoclonal anti-�-tubulin
antibody (GTU-88; Sigma) overnight at 4°C. Cells were then
incubated with a rhodamine red-labeled donkey anti-mouse
immunoglobulin G secondary antibody (Jackson Immunore-
search) for 2 h at 37°C, and nuclei were counterstained with
DAPI. Cells containing more than two centrosomes were
counted in three independent experiments. Although the back-
ground level of centrosome abnormalities in Saos-2 cells was
higher than in U-2 OS cells (compare Fig. 1D and E), expres-
sion of HPV-16 E7 in Saos-2 cells still resulted in a 1.5-fold
increase of the proportion of cells showing abnormal centro-
some numbers (20.9%, versus 13.7% in vector-transfected con-
trols; P � 0.01) (Fig. 1E). In contrast, expression of the
HPV-16 E7 �D21-C24 mutant did not cause an increase of
numerical centrosome abnormalities. Even though the relative
increase of centrosome abnormalities in response to E7 ex-
pression was lower in the pRB-deficient Saos-2 cells (1.5-fold)
than in the pRB-positive U-2OS cells (2.2-fold), in combina-
tion with the mutational analysis (Fig. 1D), these results dem-
onstrate that the ability of HPV-16 E7 to induce abnormal
centrosome numbers does not strictly depend on pRB
inactivation.

HPV-16 E7 induces centrosome duplication errors in TKO
MEFs. Since our mutational analyses indicated that the
HPV-16 E7 C24G and E26G mutants that retain the ability to
bind and degrade p107 also remain competent for induction of
numerical centrosome abnormalities (Fig. 1D), we next deter-
mined whether the capacity of E7 to inactivate p107 and p130
might be linked to induction of centrosome duplication errors.
Hence, we analyzed the ability of HPV-16 E7 to induce nu-
merical centrosome abnormalities in cells that are deficient for
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all three pRB family members. Mouse embryo fibroblasts
(MEFs) in which pRB, p107, and p130 had been genetically
deleted (i.e., triple-knockout [TKO] MEFs; kindly provided by
H. te Riele, The Netherlands Cancer Institute, Amsterdam,
The Netherlands) (8) were grown in Dulbecco’s modified Ea-
gle medium containing 10% fetal calf serum, 50 U of penicillin
per ml, and 50 �g of streptomycin per ml. Early-passage cells
were transiently transfected with 2 �g of E7 expression plasmid
DNA by using Lipofectamine (Invitrogen). Cells were cotrans-
fected with 0.2 �g of a DsRED-encoding plasmid as a trans-
fection marker. Immunofluorescence staining for �-tubulin
was performed at 48 h posttransfection as described above
except that a fluorescein isothiocyanate-conjugated donkey an-
ti-mouse immunoglobulin secondary antibody (Jackson Immu-
noresearch) was used at a 1:100 dilution. Despite a high level
of centrosome abnormalities in vector-transfected control
TKO MEFs, transient transfection of wild-type HPV-16 E7
resulted in a 1.4-fold increase of the proportion of cells with
abnormal centrosome numbers (34.6%, versus 24.4% in con-
trols; P � 0.05). Interestingly, however, expression of the
HPV-16 E7 �D21-C24 mutant did not induce an increase in
centrosome abnormalities (Fig. 1F). Hence, expression of the
HPV-16 E7 oncoprotein can induce centrosome duplication
errors in cells that do not contain any pocket proteins. We
hasten to add, however, that the ability of HPV-16 E7 to
induce abnormal centrosome numbers was somewhat less pro-
nounced in the pRB-negative Saos-2 cells and TKO MEFs
than in pRB-positive U-2 OS cells (1.5-fold in Saos-2 cells and
1.4-fold in TKO MEFs versus 2.2-fold in U-2 OS/centrin-GFP
cells) and that Saos-2 cells and TKO MEFs already contain a
high background level of centrosome abnormalities (Fig. 1E
and F). Hence, our findings may indicate that even though
HPV-16 E7-induced abnormal centrosome duplication is inde-
pendent of pocket protein inactivation per se, degradation of
these negative growth regulators by E7 may contribute to the
ability to induce centrosome duplication errors. Nevertheless,
these results are consistent with an earlier study demonstrating
that inactivation of pRB by constitutive hyperphosphorylation
is not sufficient to yield numerical centrosome abnormalities
(38). Importantly, however, our results demonstrate that the
HPV-16 E7 �D21-C24 mutant is unable to induce centrosome
duplication errors in pocket protein-deficient cells and hence
that this E7 domain mediates activities other than pocket pro-
tein binding. Centrosome duplication is intimately linked to
the cell division cycle, at least in part through cyclin/cdk2
activity (22), and dysregulation of cyclin/cdk2 activity has been
demonstrated to cause aberrant rounds of centrosome dupli-
cation in various model systems (21, 26, 30, 31). In addition to
increasing cyclin A and E expression through pocket protein
inactivation, HPV-16 E7 can interact with and inactivate Cdk
inhibitors (17, 24, 40, 52), including p21Cip1. In our hands, the
ability of E7 to inactivate p21Cip1 was dependent on the integ-
rity of amino acids D21 to C24 (24). Since ectopic expression
of p21Cip1 (as well as p27Kip1) can block centrosome duplica-
tion (26) and loss of p21Cip1 results in abnormal centrosome
numbers (28), our results are consistent with the model that
inactivation of p21Cip1 and/or p27Kip1 by HPV-16 E7 may im-
portantly contribute to the ability of HPV-16 E7 to induce
centrosome duplication errors.
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