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Abstract High-risk human papillomaviruses (HPV) are
linked to human cervical and other ano-genital cancers. In-
tegration of the viral genome in the transformed epithelial
cells is restricted to the coding regions for the E6 and E7
oncoproteins. Nevertheless, E7 plays the major role in cell
transformation. We report a novel interaction between HPV-
16 E7 and the Nm23-H1 and Nm23-H2 proteins identified
in yeast by the two-hybrid system and confirmed by co-
immunoprecipitation in the human keratinocyte HaCaT cell
line. Expression of the E7 oncoprotein in HaCaT cells in-
duces modified keratinocyte proliferation and differentiation
patterns, and leads to down-modulation and functional inac-
tivation of the metastasis suppressor Nm23-H1 protein. Both
transcriptional down-regulation and protein degradation con-
tribute to reduce Nm23-H1 intracellular content. Besides
metastasis suppression, Nm23-H1 displays multiple func-
tions in cell cycle regulation and differentiation, develop-
ment, DNA regulation and caspase-independent apoptosis.
As a consequence of Nm23-H1 inhibition, HPV-16 E7 ex-
pressing HaCaT cells, acquire invasiveness capabilities and
resistance to granzyme A-induced apoptosis. We propose
that impairment of the multifunctional role of Nm23-H1 is
an important feature consistent with the complex strategy
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carried out by HPV-16 E7 to promote cell transformation
and tumor progression.
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Introduction

The human papillomavirus (HPV) family is composed of
more than 100 different genotypes, characterized by a re-
markable affinity for epithelial cells. “Low-risk” HPVs are
responsible for benign warts, while “high-risk” HPVs, be-
sides their infecting capabilities, are linked to the majority
of cervical cancer and to more than 50% of other ano-genital
cancers in humans (Munoz et al., 2003; zur Hausen, 2002).
Transformed epithelial cells are characterized by the integra-
tion in their genome of the coding regions for the viral E6 and
E7 oncoproteins (Munger, 2002). Indeed, these oncoproteins
play a major role in virus reproduction as well in inducing
immortalization and transformation by re-programming cell
cycle control in the differentiating host epithelial cells, to al-
low DNA replication and cell division. The E7 oncoprotein
is considered mandatory for “high-risk” HPVs transforming
properties, while a cooperating role is played by the part-
ner E6 oncoprotein (Munger et al., 2001; Zwerschke and
Jansen-Durr, 2000).

We screened a HeLa cDNA library, by the yeast two-
hybrid system (Fields and Song, 1989; Chien et al., 1991)
using full-length HPV-16 E7 as bait, to identify novel HPV-
16 E7 targets in the host cell. We found a novel interac-
tion between HPV-16 E7 and the Nm23-H1 and Nm23-H2
proteins. These factors are the most characterized compo-
nents of a human protein family composed of eight members
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endowed with nucleoside di-phosphate kinase (NDPK) ac-
tivity (Lacombe et al., 2000), and participate in multiple
cellular functions, such as: 1) Suppression of metastasis and
cell invasiveness operated in vitro and in vivo by Nm23-H1
and its murine cognate Nm23-M1 (Steeg et al., 1988; Steeg,
2004); 2) Embryo development (Lakso et al., 1992; Gervasi
et al., 1998); 3) Cell cycle regulation and differentiation,
where Nm23-H1 and Nm23–M1 play a critical role (Gervasi
et al., 1996; Lombardi et al., 2001); 4) Gene regulation (Pos-
tel et al., 2000; Postel, 2003); and 5) DNA repair (Postel,
2003; Ma et al., 2004). Moreover, Nm23-H1 is the Granzyme
A (GzmA)-activated DNase during cytotoxic T lymphocytes
(CTL)-induced caspase-independent apoptosis of virus in-
fected or transformed cells (Fan et al., 2003). In addition,
Nm23-H1 is involved in several protein-protein interactions
(Lombardi and Mileo, 2003), such as with Epstein-Barr virus
EBNA-3C and EBNA-1 nuclear antigens. Suppression of
cell motility dependent on nm23-H1 over-expression was re-
verted by the over-expression of the viral proteins in breast
carcinoma and lymphoma cell lines (Subramanian et al.,
2001; Murakami et al., 2005).

Here we show that HPV-16 E7 interacts with the
Nm23-H1 and Nm23–H2 proteins. HPV-16 E7-expressing
human HaCaT keratinocytes display a modified dif-
ferentiation pattern, coupled with a drastic Nm23-H1
and Nm23–H2 protein down-regulation due to tran-
scriptional repression and protein degradation. Impair-
ment of Nm23-H1 function by HPV-16 E7 expression
in HaCaT cells promotes invasion capabilities and con-
fers resistance to GzmA-induced caspase-independent cell
death.

Materials and methods

Yeast two-hybrid constructs

Full-length HPV-16 E7 cDNA was amplified by polymerase
chain reaction (PCR) with an appropriate set of primers using
the HA-tagged pBabe Puro-HPV-16 E7 retroviral construct
(Giarre et al., 2001) (pBabe-E7) as template, and sub-cloned
into the pGBT9 vector (Clontech, Mountain View, CA)
(pGBT9-E7). Deletion mutants of the HPV-16 E7 cDNA,
were amplified by PCR using appropriate sets of primers
and sub-cloned into the pGBT9 vector. The HeLa cDNA
library (Clontech) was constructed into the pGAD424 vec-
tor (Clontech). Full-length nm23-H1 and nm23-H2 cDNAs
were amplified by PCR with appropriate sets of primers us-
ing as templates the pCMV-nm23-H1 and pCMV-nm23-H2
constructs (MacDonald et al., 1996) and sub-cloned into the
pGAD424 vector (pGAD424-nm23-H1, pGAD424-nm23-
H2).

Yeast two-hybrid screening

The procedure for the two-hybrid library screening was
performed as previously described (Gervasi et al., 1998)
and generally following the Matchmaker Two-Hybrid Sys-
tem 2 (Clontech) protocol. Briefly, pGBT9-E7 (500 µg)
and the pGAD424-HeLa cDNA library (500 µg) were co-
transformed into the yeast strain AH109 (Clontech). Ap-
proximately 1×106 transformants were selected on min-
imal medium and screened for β̃-galactosidase activity
in a filter assay. Further, pGBT9-E7 or the deletion mu-
tant constructs were co-transformed with either pGAD424-
nm23-H1 or pGAD424-nm23-H2 into yeast to validate the
interaction.

Cell cultures and treatments

HaCaT cells were routinely grown at low density, i.e. 40%-
confluent in DMEM (Gibco Invitrogen, Carlsbad, CA) sup-
plemented with 10% fetal bovine serum (Gibco Invitrogen) at
37◦C and 5% CO2. To induce differentiation, 40%-confluent
HaCaT cells were cultured for further 4 days to reach post-
confluent density. Otherwise, 40%-confluent HaCaT cells
were transferred to the synthetic Keratinocyte-SFM basal
medium (Gibco Invitrogen), containing 0.09 mM calcium
and supplemented with 50 µg/ml of bovine pituitary extract
and 5 ng/ml of recombinant epidermal growth factor (both
from Gibco Invitrogen) (low calcium-containing medium).
Four days later, HaCaT cells were shifted to Keratinocyte-
SFM containing 1.80 mM calcium and supplemented as
above (high calcium-containing medium). In time course
experiments cells were collected and analyzed after 1, 2,
4 and 6 days in high calcium-containing medium. When
required, HaCaT cells were treated with either DMSO or
10 µM MG132 in DMSO for 4 h. When needed, 5×105

HaCaT cells in 300 µl of HBSS (Gibco Invitrogen) con-
taining 1 mg/ml BSA were loaded for 2 h with 0.125 or
0.25 or 0.50 µg of human recombinant GzmA (Alexis Bio-
chemicals, Axxora, CH) using a sub-lytic concentration
of purified perforin (Shi et al., 1992; Beresford et al.,
1999).

Phoenix (�NX) cells were grown in DMEM supple-
mented with 10% fetal bovine serum at 37◦C and 5% CO2.

Transfections and infections

�NX cells were treated with 25 µM chloroquine and trans-
fected with 15 µg of either HA-tagged pBabe Puro back-
bone (pBabe) or pBabe-E7. Retrovirus containing �NX cell
supernatants were collected 48 h later and filtered through
a 0.45-µm filter (Millipore, Bedford, MA). 3×104 Ha-
CaT cells were plated in 35-mm dishes 24 h prior to be
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infected with 1 ml of the retrovirus suspensions contain-
ing 8 µg/ml polybrene. After incubation for 18 h at 32◦C
and 5% CO2, cells were shifted to selection medium con-
taining 2 µg/ml puromycine for 3 days at 37◦C and 5%
CO2.

RNA isolation, RT-PCR and Real-Time RT-PCR

Total RNA was isolated from HaCaT/pBabe or
HaCaT/pBabe-E7 cells by the TRIzol Reagent (Invitro-
gen, Carlsbad, CA). cDNA was synthesized using the
First-strand cDNA synthesis kit (Amersham Biosciences,
Buckinghamshire, UK). Full-length HPV16-E7 cDNA was
amplified with an appropriate set of primers by PCR.

One-step quantitative real-time RT-PCR for nm23-H1,
nm23-H2 and cyclophilin A was carried out with appro-
priate sets of primers using the LightCycler RNA ampli-
fication kit SYBR Green I in the LightCycler instrument
(Roche Applied Science, Monza, Italy) following manufac-
turer procedure. Real-time RT-PCR for cyclophilin A was
performed on each sample as an internal control (Steele
et al., 2002). Relative expression of nm23-H1 and nm23-
H2 mRNAs was calculated as described (Chen et al.,
2003).

Flow cytometry

Cell cycle analysis was carried out as described (Gervasi
et al., 1996).

To evaluate DNA synthesis, HaCaT cells were exposed
to 45 µM bromodeoxyuridine (BrdU) for 2 h. Cells were
processed and analyzed as described (Biroccio et al., 2002).

Evaluation of apoptosis was performed using the Annexin
V-Fluos Staining Kit (Roche Applied Science) following the
manufacturer procedure.

Cells were analyzed by a FACScan flow cytometer
(Becton Dickinson, Franklin Lakes, NJ).

Western blot analysis

Cell lysis, SDS-PAGE and protein transfer to nitrocellulose
were performed as described (Lombardi et al., 1995). Im-
munodetection was done by the ECL Western blotting system
following the manufacturer procedure (Amersham Bio-
sciences). Primary antibodies were: rabbit polyclonal anti-
HA sc-805, rabbit polyclonal anti-pRb sc-50, mouse mono-
clonal anti-HSP70 sc-24 (all from Santa Cruz Biotechnology,
Santa Cruz, CA), rabbit polyclonal anti-Nm23 (Lombardi
et al., 1995) able to recognize both Nm23-H1 and Nm23-
H2 proteins, mouse monoclonal anti-Involucrin (Sigma, St.
Louis, MO).

Immunoprecipitation

Immunoprecipitation was performed as described (Lombardi
et al., 1995). Cell lysate aliquots containing 1 mg of total pro-
teins were immunoprecipitated with the polyclonal anti-HA
antibody and ImmunoPure Immobilized Protein A-agarose
(Pierce, Rockford, IL). Immunoprecipitates were resolved
by reducing SDS-PAGE and electroblotted to nitrocellulose.
Immunodetection was performed using the rabbit polyclonal
anti-Nm23 antibody.

Glutathione S-Transferase fusion proteins
expression and purification

Full-length cDNAs of nm23-H1 and nm23-H2 were sub-
cloned into the pGEX-3X vector (Pharmacia-Biotech, Pis-
cataway, NJ). Full length HPV-16 E7 cDNA was sub-
cloned into the pGEX-4T-1 vector (Pharmacia-Biotech).
The GST fusion proteins were expressed in Escherichia
coli (BL21) and purified as described (Lombardi et al.,
1995).

Nucleoside-diphosphate kinase assay

NDPK activity of GST-Nm23-H1 and GST-Nm23-H2 was
assayed as described (Freije et al., 1997). When required, the
assay was carried out in the presence of the GST-HPV16-E7.

DNA cleavage activity

Plasmid pcDNA3 cleavage was carried out with GST-Nm23-
H1 as described (Fan et al., 2003). When required GST-
HPV16 E7, or mouse monoclonal anti-Nm23-H1 antibody
(BD Transduction Laboratories, Franklin Lakes, NJ), or
mouse monoclonal anti-HSP70 sc-24 were added to the
reaction.

In vitro invasion assay

The in vitro invasion experiments were performed using 6-
well BioCoat Matrigel Invasion Chambers (Becton Dickin-
son) provided with 8-µm pore PET membranes covered with
basement membrane matrix. HaCaT cells maintained in high
calcium-containing medium for 4 days were suspended at
1×105 in 2 ml of serum-free DMEM containing 0.1% BSA
and added to the chambers. Wells were filled with 2.5 ml of
pre-confluent HaCaT cell-conditioned medium containing
0.1% BSA and 0.5% FBS. Invasion chambers were incu-
bated for 48 h at 37◦C and 5% CO2. The invading-cells were
stained with May-Grünwald Giemsa and counted under a
microscope.
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Fig. 1 HPV-16 E7 interaction with Nm23-H1 and Nm23-H2 in yeast.
A) Scheme of full-length HPV-16 E7 (1) and its deletion mutants (2–6).
B) Interaction of HPV-16 E7 and deletion mutants with Nm23-H1 and

Nm23-H2 in yeast transformants grown on minimal medium lacking
tryptophan (W), leucine (L), histidine (H) and adenine (A)

Results

HPV-16 E7 interacts with Nm23-H1
and Nm23–H2 in yeast

In order to identify novel potential targets of the E7 onco-
protein from the “high-risk” HPV-16 type (HPV-16 E7), a
human HeLa cDNA library was screened by the yeast two-
hybrid system using HPV-16 E7 as bait. Among the rescued
plasmids, a cDNA sequence encoding for a large portion of
the nm23-H2 gene product, from nt 241 to nt 517 (aa 57
to aa 152), was isolated. Since the Nm23-H2 protein shares
88% identity with Nm23–H1 (Lombardi et al., 2000), fur-
ther yeast two-hybrid interaction studies were performed to
verify the potential molecular association of HPV-16 E7 also
with Nm23-H1. In addition to full-length HPV-16 E7, five
deletion mutants (Fig. 1A) were also employed, in order to
identify the portion(s) of the oncoprotein sufficient for the
interaction with the Nm23 proteins. The results showed that
HPV-16 E7 was able to interact with both full-length Nm23-
H1 and Nm23-H2, and that its N-terminal portion, containing
intact CR1 and CR2 domains, was responsible for such in-
teraction (Fig. 1B). It is worth of note that the CR2 region
embraces the LXCXE motif, responsible for the interaction
with the pocket domain of all three Retinoblastoma family
proteins (Munger et al., 2001).

Retrovirally-expressed HPV-16 E7 interacts with
endogenous Nm23-H1 and Nm23-H2 in
HaCaT keratinocytes

With the purpose of investigating the biological relevance of
the interaction between HPV-16 E7 and the Nm23 proteins

in a superior eukaryotic context, we chose the human Ha-
CaT keratinocyte cell line as experimental model, being the
epithelial cells the natural target of the HPVs (Fehrmann
and Laimins, 2003). HaCaT cell line originated sponta-
neously from a long-term primary culture of human adult
skin keratinocytes. HaCaT cells are immortal, not tumori-
genic and retain the ability to undergo epidermal differenti-
ation (Boukamp et al., 1988).

The HA-tagged pBabe Puro retroviral system was used
to express HPV-16 E7 in HaCaT cells. The expression was
confirmed by RT-PCR (Fig. 2A) and by Western blotting, us-
ing a polyclonal anti-HA antibody (Fig. 2B). The oncopro-
tein interaction with Nm23-H1 and Nm23-H2 was demon-
strated to occur also in vivo in HPV-16 E7-expressing HaCaT
cells (HaCaT/pBabe-E7). Proliferating, 40%-confluent, con-
trol (HaCaT/pBabe) and HaCaT/pBabe-E7 cell lysates were
incubated with a polyclonal anti-HA antibody to immuno-
precipitate the HA-tagged HPV-16 E7 oncoprotein. Immuno-
precipitates were resolved by SDS-PAGE and the following
Western blotting using a polyclonal anti-Nm23 antibody,
demonstrated that the oncoprotein co-immunoprecipitated
with both endogenous Nm23-H1 and Nm23-H2 proteins
(Fig. 2C), thus confirming in a human cell context the
protein-protein interaction identified in yeast.

HPV-16 E7 interferes with the cell cycle machinery and
with Nm23-H1 and Nm23–H2 protein expression upon
induction of keratinocyte differentiation

To verify whether the HPV-16 E7 oncoprotein retrovirally-
expressed in HaCaT cells was functionally active, the ef-
fects on proliferation and differentiation were investigated.
In vitro keratinocyte differentiation of HaCaT cells can be
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Fig. 2 HPV-16 E7 expression
and interaction with Nm23-H1
and Nm23-H2 in
HaCaT/pBabe-E7 cells. A)
RT-PCR amplification of
HPV-16 E7 cDNA from
HaCaT/pBabe and
HaCaT/pBabe-E7 cells analyzed
by agarose gel electrophoresis.
B) Western blotting for
HA-tagged HPV-16 E7 in
HaCaT/pBabe and
HaCaT/pBabe-E7 cell lysates.
HSP70 detection served as
loading control. C) Western
blotting for Nm23-H1 and
Nm23-H2 in HaCaT/pBabe and
HaCaT/pBabe-E7 cell lysates
and HA-tagged HPV16-E7
immunoprecipitates. All the
analyses shown are
representative of three
experiments, each in duplicate

easily obtained upon high cell density culture conditions
in conventional medium (Ryle et al., 1989) or culturing
cells in low calcium-containing medium, to allow optimal
proliferation, and then shifting to high calcium-containing
medium, to reproduce tissue occurring terminal differentia-
tion (Breitkreutz et al., 1993). Cell cycle analysis was carried
out on proliferating, 40%-confluent (Pro), and post-confluent
(PC) control and HPV-16 E7-expressing cells. Both Pro Ha-
CaT/pBabe and Pro HaCaT/pBabe-E7 cells displayed com-
parable cell cycle distribution. Indeed, PC HaCaT/pBabe-
E7 cells did not undergo G0/G1 accumulation, hallmark of
cell cycle arrest, as the control PC counterpart (Table 1).
Moreover, bromodeoxyuridin (BrdU) incorporation anal-
ysis indicated that PC HaCaT/pBabe-E7 cells retained a
DNA synthesis capability as compared to PC control cells
(Table 1).

Differentiation in HaCaT cells was monitored by West-
ern blotting for involucrin, a marker of keratinocyte termi-
nal differentiation (Griffin and Harris, 1992; Carroll et al.,
1993). Involucrin expression was remarkably increased in
PC HaCaT/pBabe cells as compared to the Pro counterpart.

Increased involucrin expression was also evident in con-
trol HaCaT cells differentiating in high calcium-containing
medium (Fig. 3A). On the other hand, in HaCaT/pbabe-E7
cells, involucrin expression was noticeably lower than in
control cells both in the PC condition and upon high calcium
treatment, where a trend of slight increase could still be ob-
served (Fig. 3B). In addition, Western blot analysis for pRb,
the well-known negative regulator of cell cycle and HPV-16
E7 target (Munger et al., 2001), was done. Increased pRb
expression level and dephosphorylation were evident in PC
HaCaT-pBabe cells compared to the Pro counterpart, indi-
cating cell cycle withdrawal. Moreover, as expected, pRb
expression level and dephosphorylation increased through-
out the whole differentiation process in high calcium-
containing medium (Fig. 3A). Of note, in HaCaT/pBabe-E7
cells, pRb expression levels were always remarkably reduced
in all the conditions (Fig. 3B). Overall, the above find-
ings provide evidence that the HPV-16 E7 oncoprotein was
functionally active in HPV-16 E7-expressing HaCaT cells
since DNA synthesis, proliferation and pRb inhibition were
induced.

Table 1 HPV-16 E7 effects on
HaCaT cell proliferation HaCaT/pBabe HaCaT/pBabe-E7

Pro PC Pro PC

Cell cycle
G0/G1 35.66% ± 1.52 52.66% ± 2.08 34.66% ± 0.57 37.00% ± 1.00
S 43.00% ± 1.00 26.66% ± 2.08 42.66% ± 1.52 36.66% ± 0.57
G2/M 21.33% ± 2.08 20.66% ± 1.15 22.66% ± 1.15 26.33% ± 1.15

BrdU incorporation
G0/G1 25.00% ± 1.73 47.33% ± 1.52 25.66% ± 2.08 32.00% ± 1.73
S 71.33% ± 1.52 49.00% ± 2.00 68.00% ± 2.00 64.66% ± 1.15
G2/M 4.33% ± 0.57 3.66% ± 0.59 6.33% ± 0.57 6.66% ± 0.57

Note. Percentages of cell
distribution in the phases of cell
cycle are indicated. Values are
arithmetical means ± SD for
three independent experiments.

Springer



220 J Bioenerg Biomembr (2006) 38:215–225

Fig. 3 HPV-16 E7 effects on HaCaT cell proteins expression. Western
blotting for involucrin, Nm23-H1, Nm23-H2 and pRb in HaCaT/pBabe
(A) and HaCaT/pBabe-E7 (B) cells in different culture conditions: pro-
liferating (Pro), post-confluent (PC), cultured for 4 days in low calcium

medium (low Ca++) and for 1, 2, 4, 6 days in high calcium medium
(high Ca++). HSP70 detection served as loading control. All the anal-
yses are representative of five experiments, each in duplicate

Fig. 4 HPV-16 E7 dependent Nm23 proteins down-modulation oc-
curs via ubiquitination and transcriptional regulation. A) Western blot
analysis for Nm23-H1 and Nm23-H2 in HaCaT/pBabe-E7 cells in dif-
ferent culture conditions: proliferating (Pro), post-confluent (PC) and
cultured for 2 and 4 days in high calcium medium (high Ca++) prior to
and after treatment with MG 132, as indicated. Ponceau S red staining
served as loading control. The analysis is representative of five exper-
iments, each in duplicate. B) Histograms representing the transcript

accumulation index (T.A.I.) of the nm23-H1 and nm23-H2 genes in
HaCaT/pBabe-E7 cells under different culture conditions: proliferating
(Pro), post-confluent (P.C.) and cultured for 4 days in high calcium
medium (high Ca++) evaluated by real time RT-PCR. T.A.I. values in
HaCaT/pBabe-E7 cells are compared to T.A.I. found in HaCaT/pBabe
cells, under the same culture conditions, expressed as value 1. Values
are arithmetical means ± SD for three experiments, each in duplicate
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In the same context, Western blotting of the Nm23 pro-
teins was also performed. Essentially, control cells displayed
a noticeable increase of expression in PC status and a pro-
gressive increment during the whole high calcium-induced
differentiation process (Fig. 3A). The finding strongly sug-
gests a link between Nm23-H1 up-modulation and growth
arrest and differentiation in HaCaT cells, an association
already demonstrated for other models of cell differentia-
tion (Gervasi et al., 1996; Lombardi et al., 2001; 31); here,
a similar involvement of Nm23-H2 could be also envis-
aged. Contrarily, the analysis of Nm23-H1 and Nm23-H2
in HaCaT/pBabe-E7 cells showed a strong decrease of ex-
pression for Nm23-H1, up to almost undetectability in the
final phases of the high calcium treatment (Fig. 3B).

Down-modulation of the Nm23 proteins in HPV-16 E7
expressing HaCaT cells depends upon ubiqitination and
transcriptional regulation

Because HPV-16 E7 binding to pRb functionally inacti-
vates the target protein and induces its degradation via the
ubiquitin-proteasome pathway (Wang et al., 2001), we inves-
tigated the role of ubiquitination in the down-modulation of
the Nm23 proteins detected in HPV-16 E7-expressing cells.
To this end, HaCaT/pBabe-E7 cells, in the Pro and PC status,
as well as at 2 and 4 days of high calcium-induction of dif-
ferentiation, were treated with 10 µM MG132, an inhibitor
of the 26S proteasome, and assayed by Western blotting
for Nm23-H1 and Nm23-H2 content compared to the un-
treated counterparts. In all the conditions, MG132-treated
cells showed a partial recovery of the expression of both
Nm23 proteins, more pronounced for Nm23-H1 (Fig. 4A).
These results imply that HPV-16 E7-promoted degradation
of the Nm23 proteins occurred through the involvement of
the ubiquitin-proteasome pathway, being, at least in part,
inhibited by MG132.

Quantitative real-time RT-PCR was then performed to
evaluate whether HPV-16 E7-dependent down-modulation
of the Nm23 proteins could be also due to transcriptional
regulation of the respective genes. In HaCaT/pBabe-E7 cells,
a decreased transcript accumulation for both nm23-H1 and
nm23-H2 genes was observed. This transcriptional down-
modulation resulted especially evident for nm23-H1 when
cell differentiation was triggered in high calcium-containing
medium (Fig. 4B).

HPV-16 E7 does not interfere with the NDPK activity,
but affects the in vitro DNA cleavage activity of the
Nm23-H1 protein

Nm23 proteins are evolutionarily conserved NDPKs
(Lombardi et al., 2000). In order to evaluate whether HPV-16
E7 might interfere with the NDPK activity of the Nm23 pro-

teins, an in vitro kinase assay was carried out. The presence of
the recombinant GST-HPV-16 E7 protein in the reaction mix-
ture did not affect the NDPK activity of the GST-Nm23-H1
protein (Fig. 5A). Similarly, GST-Nm23-H2 NDPK activity
was not influenced by the presence of GST-HPV-16 E7 (not
shown). These results indicate that Nm23 NDPK activity is
not a target of the HPV-16 E7 oncoprotein. Noteworthy, the
NDPK activity is not required for Nm23-H1 function in cell
differentiation and metastasis suppression (Lombardi et al.,
2001; MacDonald et al., 1996)

Since Nm23-H1 is endowed with DNase activity in vitro
towards plasmid and eukaryotic DNA (Ma et al., 2004),
the possibility that the HPV-16 E7 oncoprotein might in-
terfere with such activity was determined. In an in vitro
DNA cleavage assay, GST-Nm23-H1 was able to linearize a
pcDNA3 supercoiled plasmid used as substrate, an activity
that was specifically inhibited by the anti-Nm23-H1 anti-
body but not affected by the unspecific anti-HSP70 antibody

Fig. 5 HPV-16 E7 effects on Nm23-H1 NDPK activity and DNA cleav-
age activity. A) Purified recombinant GST-Nm23-H1 was incubated
with [γ -32P]ATP and cold GDP in the presence or absence of recombi-
nant GST-HPV-16 E7 (GST-E7), and the formation of [γ -32P]GTP was
analyzed by thin layer chromatography and autoradiography. Positions
of [γ -32P]ATP (substrate) and [γ -32P]GTP (product) are indicated.
The analysis is representative of three experiments, each in duplicate.
B) Cleavage of pcDNA3 plasmid by GST-Nm23-H1 in the presence of
absence of GST-HPV-16 E7 (GST-E7) monitored by agarose gel elec-
trophoresis. Plasmid states are indicated: SC, supercoiled; Lin, linear;
and OC, open circle/nicked circular. The analysis is representative of
three experiments, each in duplicate
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Fig. 6 HPV-16 E7 dependent Nm23-H1 down-modulation promotes
HaCaT cell survival upon Granzyme A treatment. A) Induction of
apoptosis in HaCaT/pBabe and HaCaT/pBabe-E7 cells by GzmA was
monitored as Annexin V binding by flow cytometry. The analysis is

representative of five experiments, each in duplicate. B) Percentages
of live and apoptotic HaCaT/pBabe and HaCaT/pBabe-E7 cells upon
treatment with different concentrations of GzmA. Values are arithmeti-
cal means ± SD for five experiments, each in duplicate

used as control. In the presence of GST-HPV-16 E7, the
DNA substrate was partially protected from cleavage, thus
indicating an interference of HPV-16 E7 with the Nm23-H1
DNase activity (Fig. 5B).

HPV-16 E7 prevents Granzyme A-induced,
Nm23-H1-mediated apoptosis in HaCaT cells

Recently, Nm23-H1 has been demonstrated to be the GzmA-
activated DNase responsible for a caspase-independent
apoptosis pathway triggered by CTL in virus-infected or
tumor cells (Fan et al., 2003). Control and HPV-16 E7-
expressing cells were shifted from low calcium to high
calcium-containing medium and cultured for 4 days. Cells
were thereafter loaded with perforin and human recombinant
GzmA at three different concentrations for 2 h. Apoptosis
was evaluated by flow-cytometry detection of annexin V-
positive cells. Treatment with increasing concentrations of
GzmA proportionally increased the percentage of annexin

V-positive control cells, whereas induced almost no apopto-
sis in HPV-16 E7-expressing cells (Fig. 6). These results pro-
vide evidence that HPV-16 E7 interference with the Nm23-
H1 protein inhibited the onset of the caspase-independent
apoptosis that involves the Nm23-H1 DNase activity.

HPV-16 E7-dependent Nm23-H1 down-modulation
promotes HaCaT cell invasiveness

Nm23–H1 has been extensively documented as a negative
regulator of cancer cells invasiveness (Steeg, 2004). In order
to investigate whether HPV-16 E7 interference on Nm23–
H1 could promote HaCaT cell motility and invasiveness, a
chemoinvasion assay was performed. Control and HPV-16
E7-expressing cells were shifted from low calcium to high
calcium-containing medium and cultured for 4 days. Cells
were thereafter transferred to the invasion chambers. Fig. 7A
shows that HPV-16 E7-expressing cells, were able to migrate
through an in vitro reconstituted basement membrane, due
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Fig. 7 HPV-16 E7 dependent Nm23-H1 down-modulation promotes
HaCaT cell invasiveness. A) HaCaT/pBabe and HaCaT/pBabe-E7
cells migrated through a matrigel-coated 8-µm filter (100× magni-

fication). B) Histograms of the migrated HaCaT, HaCaT/pBabe and
HaCaT/pBabe-E7 cells per field. Values are arithmetical means ± SD
of 20 fields counted for five experiments, each in duplicate

to HPV-16 E7-mediated Nm23-H1 down-modulation and/or
inactivation. Histograms in Fig. 7B indicate that the number
of invaded HaCaT/pBabe-E7 cells was at least 8-fold the
number of invaded control cells. These data clearly indicate
that Nm23-H1 inactivation induced by HPV-16 E7 results
in the attainment of an invasive phenotype by the HaCaT
cells.

Discussion

Here we report the identification, by the yeast two-hybrid
system, of a novel interaction of the HPV-16 E7 oncopro-
tein with the Nm23-H1 and Nm23-H2 proteins. Moreover,
we show that retrovirally-expressed HPV-16 E7 was able
to physically interact with both the Nm23-H1 and Nm23–
H2 proteins in a human cellular context, the HaCaT ker-
atinocytes. HPV-16 E7-expressing HaCaT cells displayed,
upon triggering of differentiation, strong down-modulation
of Nm23-H1 and Nm23–H2, due to the activation of
ubiquitin-proteasome protein degradation and to a reduced
transcriptional activity of both the nm23 genes. Noteworthy,

HPV-16 E7-expressing HaCaT cells exhibited reduced dif-
ferentiation capabilities and enhanced invasion properties.
In addition, physical interaction with HPV-16 E7 reduced
Nm23-H1 DNA cleavage activity in vitro, and HPV-16 E7
expression in HaCaT cells inhibited GzmA-activated apop-
tosis, a process in which Nm23-H1 plays a pivotal role by
its DNase activity (Fan et al., 2003).

The expression of the E6 and E7 viral factors, associated
to the integration of the respective genes in the host cell
genome, is a characteristic of HPV-related human cancers,
but E7 plays the main transforming role (Munger et al., 2001;
Zwerschke and Jansen-Durr, 2000). The intracellular amount
of the E7 oncoprotein is, however, kept at a very low level,
possibly due to its intrinsic toxicity for the host cell (Smotkin
and Wettstein, 1987). For this reason, the 98-aa HPV-16
E7 protein seems able to develop combined and synergistic
strategies to hit key factors in the target cells, in spite of
its stoichiometrically low intracellular concentration. As an
example, pRb, the product of the RB oncosuppressor gene,
is directly targeted by the LXCXE motif present in the CR2
region of HPV-16 E7, thus neutralizing several pRb-related
functions mainly by releasing transcription E2F factors. In
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addition, HPV-16 E7 is able to activate destabilization of
pRb as well (Wang et al., 2001).

From our results, HPV-16 E7 appeared to behave with a
complex strategy, in which physical interaction with Nm23-
H1 compromised stability and function of the antimetastatic
protein.

We showed that the expression level of the Nm23 proteins
increased during in vitro-induced HaCaT cells differentia-
tion, which is in agreement with several reports indicating
Nm23-H1 up-modulation during ectodermal cell differen-
tiation (Lombardi et al., 2000). The role of the Nm23-H1
and Nm23-M1 proteins in promoting cell cycle withdrawal
and subsequent differentiation has been extensively stud-
ied. Their down-modulation or mutations have been associ-
ated to increased cell proliferation and prevention of neu-
ral differentiation, (Gervasi et al., 1996; Lombardi et al.,
2001). Similarly, in this context, it is conceivable that Nm23-
H1 contributes to HaCaT cell cycle negative control during
keratinocyte differentiation. Conversely, when HPV-16 E7-
expressing HaCaT cells were induced to differentiate, Nm23-
H1 protein down-modulation appeared dramatically evident,
which could belong to the strategy accomplished by HPV-
16 E7 to maintain keratinocytes in a proliferative competent
status.

Among the multiple features of the Nm23 proteins, the
ability to reduce tumor invasiveness is validated by a wealth
of experimental in vitro and in vivo data (Steeg, 2004). Re-
markably, we also demonstrated that HPV-16 E7-dependent
Nm23-H1 down-modulation enabled HaCaT cells to acquire
an invasive phenotype, as revealed by the ability to degrade
and move through an in vitro reconstituted extra-cellular
matrix, a biological phenomenon that underlies metastasis
dissemination.

HPV-16 E7 was able to inhibit Nm23-H1 DNA cleav-
ing activity in vitro, suggested to be part of a DNA repair
mechanism associated with faithful DNA replication (Ma
et al., 2004), and demonstrated as responsible in vivo for
the GzmA-activated pathway inducing caspase-independent
apoptosis by CTL in virus-infected or transformed cells (Fan
et al., 2003). Notably, the interference, herein shown, with
these two features can concur to the tumorigenic potential
of the HPV-16 E7 oncoprotein, favoring genomic instability
and cell survival. Being HPV-16 a pivotal player in human
epithelia tumorigenesis, additional data on Nm23-H1 expres-
sion level in specimens from HPV-16-induced tumors might
be informative for patient’s staging and prognosis.

In conclusion, all the findings described here, started from
the evidence of the physical protein-protein interaction be-
tween HPV-16 E7 and Nm23-H1, can represent an essential
component of the composite strategy employed by the E7
oncoprotein in constituting the ideal scenario for cell trans-
formation and tumor progression.
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