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Previously, we reported that human papillomavirus (HPV) type 16 E6 binds to C/H1, C/H3, and the
C-terminal domains of coactivators p300 and CBP, causing the modulation of the transcription of certain genes
controlled by NF-�B (p65 or relA) and p53. To establish the biological significance of these observations, we
have focused on the transcriptional regulation of interleukin-8 (IL-8), a potent chemoattractant for T lym-
phocytes and neutrophils, which is also essential for the initiation of the local immune response. The IL-8
promoter is regulated by NF-�B/p65 in response to tumor necrosis factor alpha and requires the cooperation
of the coactivators CBP/p300 and steroid receptor coactivator 1 (SRC-1) and the p300/CBP-associated factor
(P/CAF) for optimal activation. Here we report that, in the presence of HPV-16 E6, the promoter activity of IL-8
was repressed. Moreover, from the mutational analysis of the IL-8 promoter, we found that E6 down-regulates
the IL-8 promoter activity through the NF-�B/p65 binding site. This inhibition appears to result from the
ability of HPV-16 E6 to compete with NF-�B/p65 and SRC-1 for binding to the N terminus and C terminus of
CBP, respectively. Reporter data also showed that E7 represses IL-8 promoter activity, though to a lesser extent
than E6 but, like E6, the repression by E7 is through the NF-�B/p65 binding site. E7 was shown for the first
time to bind to P/CAF, and the binding was necessary for the down regulation of the IL-8 promoter. E6 and
E7 together inhibited transcription of the IL-8 promoter to a greater extent than either alone. Finally, by RNase
protection assay, we showed that the synthesis of endogenous IL-8 mRNA was repressed in keratinocytes stably
expressing E6 and E7. Taken together, the results provide evidence that E6 and E7 can cooperatively disrupt
IL-8 transcription through disruption of transcriptional active complexes, and this may have important
consequences for immune responses in infected hosts.

Human papillomaviruses (HPVs) are small DNA tumor vi-
ruses which exhibit distinct tropism for stratified epithelia in
different parts of the body. Several genotypes infecting genital
mucosa are known to cause cancers, and among them types 16,
18, 31, and 33 are found in more than 90% of cervical cancers.
Two major viral proteins, E6 and E7, are found to exert a
significant impact on cellular control mechanisms. E6 of HPV
type 16 is 151 amino acids (aa) long with two zinc fingers
comprised of four Cys-X-X-Cys motifs between aa 30 to 56 and
103 to 139. E6 has been shown to bind to p53 and promote p53
degradation through a ubiquitin-dependent pathway (63). It
has also been demonstrated that E6 of HPV type 16 can bind
to coactivators CBP and p300 and disrupt CBP/p300-depen-
dent transcription (57, 83). E6 from high-risk HPV alone is
sufficient to transform mammary epithelial cells (64), though
efficient immortalization of primary human keratinocytes re-
quires both E6 and E7 (25). E7 of HPV type 16 consists of 98
aa with an approximate molecular size of 13 kDa. It is com-
prised of three conserved regions, namely CR1, CR2, and
CR3. Binding partners of E7 consist of many important regu-
latory proteins and transcription factors, such as the pRb fam-
ily and AP-1 factors (2–4, 11, 47, 67). It has been previously

determined that E7 has an important role during the G1 phase
of the cell cycle and in facilitating cells to overcome the G1/S
boundary (10, 24, 58).

The coactivator p300 was first identified through its direct
interaction with adenovirus E1A protein (12, 80; Z. Arany,
W. R. Sellers, D. M. Livingston, and R. Eckner, Letter, Cell
77:799-800, 1994). Its homologue, CBP (CREB binding pro-
tein), was initially described as a binding partner of the phos-
phorylated form of the cyclic AMP-responsive transcription
factor CREB (8). There are several distinct regions within the
protein sequence of CBP and p300 (20, 66). For example, two
cystine-histidine-rich regions (C/H1 and C/H3) and a C-termi-
nal domain adjacent to the C/H3 domain contribute to a large
extent to the binding of CBP/p300 to transcription factors,
basal transcription machinery elements, and viral proteins such
as E1A and simian virus 40 large T protein and other cofactors
(8, 9, 12–14, 19, 27, 37, 53, 61, 66, 81). The extreme N terminus
binds to nuclear receptors such as retinoic acid receptor and
estrogen receptor (26, 29). Finally, an intrinsic histone acetyl-
transferase (HAT) domain also exists between the C/H2 and
C/H3 domains.

Both CBP and p300 are essential components of the tran-
scription machinery. Firstly, CBP/p300 binds directly to both
the basal transcription machinery and to some transcription
factors, serving as a bridge to connect the two major elements
of transcription (1, 33, 48). Secondly, as well as having intrinsic
HAT activity, CBP/p300 can also recruit other HATs, such as
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the p300/CBP-associated factor (P/CAF), to modify the tail of
histone proteins forming the nucleosome by adding an acetyl
group. This will eventually lead to the uncoiling of chromatin
structure and facilitate the entry of transcription factors to
promoter regions (75). Finally, by utilizing either their own
HAT domain or recruited HAT, CBP and p300 are able to
acetylate transcription factors directly, resulting in optimal
transcription (6, 21, 40, 60, 68).

One of the transcription factors activated by CBP/p300 is
RelA/p65, which belongs to the NF-�B family. NF-�B tran-
scriptional activation is essential for the synthesis of a variety
of cytokines, chemokines, and inflammatory effectors which
are crucial in initiating immune responses against viral or bac-
terial infections. Therefore, it would be beneficial for an infec-
tious agent to evade the host immune system by down-regu-
lating NF-�B transcriptional activation. Such disruption of
NF-�B transcriptional activation can occur at several levels of
NF-�B regulation. For instance, some enteric organisms have
been shown to elicit immunosuppressive effects by down-reg-
ulating the synthesis of inflammatory effectors by preventing
I�B-� degradation, thus avoiding the subsequent translocation
of NF-�B family members to the nucleus (51). The interfer-
ence of NF-�B transcription can also take place at the forma-
tion of the transcriptional complex. For example, SNIP1, a
nuclear protein shown to be an inhibitor of the transforming
growth factor � signal transduction pathway, inhibits NF-�B
signaling by competing with RelA/p65 for binding to the C/H1
domain of CBP/p300 (28). It is now known that SRC-1 and
P/CAF, along with CBP/p300, are required for the transcrip-
tional activation by RelA/p65 and are recruited to an NF-�B-
responsive promoter (65). Therefore, CBP/p300 serves as a
platform to recruit these essential components to facilitate the
transcription by p65. However, as shown recently by Chen et al.
(7), the level of NF-�B transcriptional regulation is thought to
be more complicated. They demonstrated for the first time that
p65 is acetylated and that CBP/p300 and histone deacetylase-3
regulate the acetylation state of p65, which in turn determines
the nuclear localization of p65 (7).

As mentioned above, NF-�B is involved in the transcrip-
tional control of a number of cytokines and chemokines, in-
cluding interleukin-8 (IL-8). IL-8 belongs to the CXC chemo-
kine family and was originally identified as a potent activator
and chemoattractant for neutrophils, basophils, and T lympho-
cytes (56), although T lymphocytes have been shown to be
much more sensitive to IL-8 chemotaxis than neutrophils (34).
IL-8 is secreted predominantly as a 72-aa protein and is
strongly induced during viral infection and bacterial invasion.
Moreover, IL-8 is secreted in a stimulus-specific manner, such
as treatment with tumor necrosis factor alpha (TNF-�), by a
wide variety of cell types, including keratinocytes, and is reg-
ulated at the level of gene transcription (16, 49, 69, 70, 76). The
transcriptional control of IL-8 is mediated by the 100 bp of the
5�-flanking sequence upstream of the TATA box in its pro-
moter. This region contains cis-acting elements for the binding
of AP-1 factors, CCAAT/enhancer binding protein � (C/EBP-
�), and NF-�B transcription factors. Previous reports have
demonstrated that the IL-8 promoter is predominantly acti-
vated by the induction of NF-�B complex containing p65, al-
though AP-1 factors and C/EBP-� may also play supporting
roles (31, 32, 46, 55, 71).

HPVs may persist in their host for months, years, or even
decades. To achieve this, the virus must have mechanisms to
avoid inducing an effective immune response. Since we have
previously shown that HPV-16 E6 inhibits the activity of an
NF-�B consensus promoter (57), we explored the possibility
that HPV-16 E6 down-regulates a more physiologically rele-
vant NF-�B-induced promoter. In view of the fact that many
cytokine and chemokine genes are regulated by NF-�B, we
have chosen the promoter of IL-8, a chemokine predominantly
regulated by NF-�B and induced by viral or bacterial infection
in keratinocytes, as the subject of this study. In addition, since
E7 is also known to modulate transcription and is synthesized
concurrently with HPV-16 E6 during the course of viral infec-
tion, we also examined the effect of HPV-16 E7 on the IL-8
promoter. In this report, we show that E6 and E7 of HPV type
16 cooperatively repress IL-8 transcription. Furthermore, we
offer a potential mechanism by which these viral proteins dis-
rupt optimal NF-�B transcriptional activation, and the impli-
cations of these findings may help us understand how papillo-
maviruses cause persistent infections.

MATERIALS AND METHODS

Plasmids. pGL2basic-IL-8(�135), pGL2basic-IL-8mAP1(�135), and
pGL2basic-IL-8mNF-�B(�135) were generously provided by Lawrence Young
and are described elsewhere (15). pGL2basic-IL-8mC/EBP�(�135) was a gift
from Gary Wu (78). E6.16, E6 C66G/C136G, E6�123-127, E7.16, and E7.16.2
were cloned in pCDNA3 as previously described (57). pCMV-p300 was kindly
provided by David Livingston and was described elsewhere (57). pCX-Flag.P/
CAF and pCX-Flag.P/CAF.�HAT were a generous gift from Tony Kouzarides
(62). pGEX-CBP.1-771 was kindly provided by Dimitri Thanos (42). pGEX-
CBP.CT, pGEX-E6.16, pGEX-E6.6, pGEX-E7.16, and pGEX-E7.16.2 were de-
scribed previously (50, 57). pET-His-E6.16 and pQE30-His-E7.16 were gener-
ated and have been described elsewhere (50, 57). pSG5-SRC-1 and pGEM-
RelA/p65 were gifts from David Heery and Sanjay Maggirwar, respectively. In
addition, full-length P/CAF was cut from pCX-Flag-P/CAF by using KpnI and
EcoRI and cloned in pGEM vector. The HAT domain of P/CAF (aa 352 to 658)
was amplified from pCX-Flag.P/CAF by PCR and cloned in a pGEM vector.

Cell culture and establishment of cell lines. Pooled primary keratinocytes
were harvested from human neonatal foreskins (HFKs) and maintained in KGM
(BioWhittaker) as previously described (52). Experiments involving HFKs were
restricted to use of subconfluent early passage cells. COS-1 cells were maintained
in Dulbecco modified Eagle medium (DMEM) (GIBCO-BRL) supplemented
with 10% fetal calf serum (FCS) (HyClone). Cell lines stably expressing E6.16,
E7.16, or E6.16/E7.16 were established by the pBABE amphotropic retroviral
infection system and are described elsewhere (43, 52).

Reporter assays. Reporter assays using HFKs were performed by seeding cells
in 12-well dishes at a density of 6 � 104 cells/well. Cells were transfected 24 h
later with 50 ng of IL-8WT, IL-8mAP1, IL-8mC/EBP�, or IL-8mNF-�B along
with 200 ng of E6.16, E6C66G/C136G, E7.16, or E7.16.2 and/or pCMV-p300,
pCX-Flag.P/CAF, or pCX-Flag.P/CAF.�HAT by using FUGENE 6 (Roche)
according to the manufacturer’s instructions. After a 24-h incubation period, the
transfection medium was removed and cells were treated with either vehicle or
2,000 U of TNF-� (Promega)/ml for an additional 6 h, at which time luciferase
activity was measured and standardized as previously described (50, 57).

In vitro competition assays. One microgram of purified GST-CBP 1-771 or
GST-CBP.CT bound to glutathione beads was incubated with either His-E6.16
or His-E7.16 at various molar ratios in buffer A (50 mM Tris [pH 8.0], 150 mM
NaCl, 5 mM EDTA, 0.5% NP-40) at 4°C overnight. Subsequently, radiolabeled
in vitro-translated proteins were added to the solution and incubated for a
further 2 h at 4°C. The pelleted beads were washed three times with buffer A,
resuspended in 1� sample buffer, and subjected to sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) for analysis. The presence of
the radiolabeled proteins was visualized by using a phosphorimager.

Glutathione S-transferase (GST) binding assays. Radiolabeled P/CAF
(80,000 cpm) was incubated in buffer B (25 mM Tris [pH 8], 60 mM KCl, 1 mM
EDTA, 5% glycerol, 1 mM dithiothreitol, 0.2% NP-40) along with 2.5 	g of
GST-E7.16, GST-E7.16.2, GST-E6.16, or GST-E6.6 bound to glutathione beads
at 4°C overnight. Beads were then washed three times in buffer B, sample buffer
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was added, and the proteins were analyzed by SDS-PAGE and visualized by
autoradiography or with a phosphorimager.

Coimmunoprecipitation. For transient protein expression, COS-1 cells were
plated at 50% confluence onto 100-mm plates the day before transfection.
Subsequently, 10 	g of pSG5, pCX-Flag.P/CAF, or pSG5-E7.16 was transfected
into cells by using Lipofectamine (Gibco-BRL) according to the manufacturer’s
protocol. After a 5-h incubation period, the transfection medium was removed
and cells were maintained in DMEM with 10% fetal calf serum for 40 h. The cells
were harvested and lysed in buffer A, and the cell lysates were rotated for 1 h at
4°C before the cell debris was removed via centrifugation. Total protein was
determined using a Bradford protein assay (Bio-Rad) according to the manu-
facturer’s instructions. The cell lysates (4 mg of protein per lysate) were pre-
cleared with 20 	l of anti-mouse immunoglobulin G (IgG) magnetic beads
(Dynal Biotech) for 2 h at 4°C. The appropriate lysate was immunoprecipitated
with the addition of anti-E7.16 (Zymed) and 20 	l of anti-mouse IgG magnetic
beads. The immunocomplexes were washed three times in buffer A and then
separated on a 4-to-20% gradient gel (Bio-Rad). Following protein transfer,
immunodetection of E7.16 or Flag-P/CAF was achieved by blotting with anti-
E7.16 or anti-Flag antibody (Sigma) and developing with Super Signal West
Femto chemiluminescent reagent (Pierce).

RPA. RNA was harvested from established cell lines treated with vehicle or
TNF-� (2,000 U/ml) for 24 h. The RNase protection assay (RPA) was performed
with the RiboQuant kit and Multi-Probe template hCK-5 (PharMingen), which
contained probes for the chemokines RANTES, IP-10, IL-8, Ltn, MIP1-�,
MIP1-�, MCP-1, and I-309, using 5 	g of total RNA, according to the manu-
facturer’s protocol. Samples were loaded onto an acrylamide-urea gel and run at
constant voltage (2,000 V) for approximately 3 h. After drying, protected mRNA
species were visualized and quantified using a phosphorimager.

RESULTS

Characterization of IL-8 promoter activity in human kera-
tinocytes. In order to examine IL-8 transcription regulation in
human primary keratinocytes (HFKs), cells were transfected
with various constructs of the IL-8 promoter upstream of the
luciferase gene and then treated with TNF-�, a potent inducer
of the IL-8 promoter. The wild-type IL-8 promoter (IL-8WT)
or IL-8 promoter with mutations (IL-8mAP1, IL-8mCEBP�,
and IL-8mNF�B) that inhibit the binding site for each of three
known transcription factors (AP-1 factors, C/EBP-�, and NF-
�B, respectively) were transfected into HFKs. Approximately
20 h after the transfection, keratinocytes were treated with
vehicle or 2,000 U of TNF-�/ml for 6 h. In the absence of
exogenous TNF-�, keratinocytes were still able to maintain a
basal level of IL-8 promoter activity (Fig. 1A), a phenomenon
that has been observed by others (72). In this setting, the
activities of IL-8mAP1 and IL-8mC/EBP� were significantly
reduced, while that of IL-8mNF�B was completely eliminated.
Upon stimulation with TNF-�, IL-8mAP1 and IL-8mC/EBP�
were inducible by TNF-�. Importantly, even after stimulation
with TNF-�, IL-8mNF�B exhibited no activity. Therefore, we
concluded that although AP-1 factors, C/EBP-�, and NF-�B
cooperatively activate IL-8 promoter activity in keratinocytes,
NF-�B is absolutely required for the activation of the promoter
by TNF-�.

HPV-16 E6 oncoprotein down-regulates IL-8 promoter ac-
tivity in keratinocytes. To assess the effect of the E6 protein of
HPV 16 (E6.16) on the IL-8 promoter, we cotransfected wild-
type E6.16 with IL-8WT, IL-8mAP1, IL-8mCEBP�, or IL-
8mNF�B into HFKs. As described above, approximately 20 h
after the transfection keratinocytes were fed with fresh me-
dium containing vehicle or 2,000 U of TNF-�/ml for 6 h.
Interestingly, E6.16 repressed both the basal and TNF-�-in-
ducible activity of IL-8WT, IL-8mAP1, and IL-8mCEBP� (Fig.
1B). Since there was no activity from IL-8mNF�B to begin

with, the presence of E6.16 did not pose any further effect on
this construct. Our results suggested that E6.16 was disrupting
IL-8 promoter activity by interfering with the optimal activa-
tion by NF-�B. Given that NF-�B activation requires the co-

FIG. 1. NF-�B is required to maintain the IL-8 promoter activity in
HFKs, and E6.16 down-regulates the IL-8 promoter activity. (A) Ker-
atinocytes were seeded in 12-well dishes at a density of 6 � 104

cells/well. Cells were transfected 24 h later with 50 ng of ILWT,
IL-8mAP1, IL-8mC/EBP�, or IL-8mNF-�B using FUGENE 6. After a
24-h incubation period, the transfection medium was removed and
cells were treated with either vehicle or 2,000 U of TNF-�/ml for an
additional 6 h, at which time luciferase activity was measured and
standardized as previously described (50, 57). Results are representa-
tive of three independent experiments. Error bars indicate standard
deviations. (B) Wild-type E6.16 (200 ng) was cotransfected with 50 ng
of IL-8WT, IL-8mAP1, IL-8mCEBP�, or IL-8mNF�B into HFKs, and
approximately 20 h after the transfection the keratinocytes were fed
with fresh medium containing vehicle or 2,000 U of TNF-�/ml for 6 h,
harvested, lysed, and measured for luciferase activity. Results are rep-
resentative of three independent experiments. Error bars indicate
standard deviations.
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activators CBP and p300 for optimal transcriptional activation
and that E6.16 is able to down-regulate NF-�B activation
through CBP/p300 (57), we suspected that the repression of
IL-8 promoter activity by E6.16 could be through CBP/p300.
To this end, we cotransfected either E6.16 or an E6.16 mutant
that was shown previously not to bind to CBP/p300, namely E6
C66G/C136G, along with IL-8WT into HFKs (57). While
E6.16 showed a significant inhibition of the promoter activity,
the C66G/C136G form failed to repress the activity to the same
extent (Fig. 2A). Another E6 mutant which binds poorly to
CBP/p300 (57) was also shown not to repress IL-8 promoter
activity (Fig. 2B). Subsequently, we cotransfected an increasing

amount of p300 into HFKs in the presence of both IL-8WT
and E6.16. As expected, the exogenous p300 increased pro-
moter activity on its own and could rescue the repression of
IL-8 promoter activity by E6.16 (Fig. 2C and D). These obser-
vations indicated that the binding of E6.16 to CBP/p300 might
play a major role in the suppression of IL-8 promoter activity.

HPV-16 E6 competes with p65 and SRC-1 for the N termi-
nus and the C terminus of CBP, respectively. It has previously
been shown by others that NF-�B (p65), SRC-1, and P/CAF
bind to the C/H1, C-terminal, and C/H3 domains of CBP/p300,
respectively (18, 23, 41, 59, 74, 79, 82). Also, it was reported
that p65 requires CBP/p300, SRC-1, and the HAT activity of

FIG. 2. E6.16 down-regulates IL-8 promoter activity through its interaction with CBP/p300. (A) E6.16 or E6 C66G/C136G (200 ng) was
transfected along with IL-8WT (50 ng) into HFKs, and subsequent experimental procedures and assays were carried out as described in the legend
for Fig. 1. (B) E6.16 or E6 �123-127 (100 ng) was transfected into keratinocytes along with IL-8WT (50 ng), and assays were carried out as
described above. (C) IL-8WT (50 ng) was cotransfected with pCMV-p300 (200 ng). The subsequent experimental procedure and assays were
carried out as described above. (D) E6.16 (200 ng) and IL-8WT (50 ng) were cotransfected with pCMV-p300 (200 or 400 ng). Subsequent
experimental procedures and assays were carried out as described above.
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P/CAF to achieve its optimal activation (65). Since we previ-
ously demonstrated that E6.16 binds to the C/H1, C/H3, and
the C-terminal domains of CBP/p300 (57) and that E6.16 does
not inhibit the ability of NF-�B to translocate to the nucleus,
nor does it inhibit the binding of NF-�B factors to the IL-8
promoter (data not shown), we wished to examine if E6.16
could affect the interactions between these proteins. In in vitro
competition assays, the purified GST fusion protein GST-CBP
1-771 (the N terminus of CBP that includes the C/H1 domain)
(Fig. 3A) was incubated with bacterially derived His-E6.16,
His-E6C66G/C136G, or His-E7.16 in various molar ratios.
Subsequently, radiolabeled in vitro-translated p65 was added
to the mixture and incubated for a further 2 h at 4°C. Our
results demonstrated that E6.16 was able to compete with p65
for the C/H1 domain in the N terminus of CBP (50 and 80%
inhibition at 1:1 and 1:5 molar ratios, respectively); however,
the E6 mutant and E7.16, which do not bind to the C/H1
domain of CBP/p300, did not inhibit the binding of CBP and
p65 (Fig. 3B). A similar phenomenon was observed when using
purified fusion protein GST-CBP C terminus (GST-CBP.CT)
(Fig. 3A) and radiolabeled in vitro-translated SRC-1. GST-
CBP.CT bound to SRC-1 with high affinity, pulling down 40 to
50% of SRC-1 input. Even so, the presence of His-E6.16, but
not E7.16, almost completely abolished the binding of SRC-1
to the C terminus of CBP at the molar ratio of 1:5 (Fig. 3C) (50
and 80% inhibition with 1:1 and 1:5 molar ratios). Surprisingly,
however, we found that E6.16 was not able to compete P/CAF
away from the C/H3 domain of CBP/p300 (data not shown).
Taken together, these results implicated a potential mecha-
nism by which E6.16 inhibits the optimal transcriptional acti-
vation of NF-�B through CBP/p300.

HPV-16 E7 also down-regulates IL-8 promoter activity.
Since E6 and E7 are both expressed in a normal infection, we
investigated if E7.16 had any effect on IL-8 transcription. To
assess the effect of E7.16 on IL-8 promoter activity, we co-
transfected E7.16 with IL-8WT, IL-8mAP1, or IL-8mCEBP�
into HFKs. As previously described, approximately 20 h after
the transfection HFKs were fed fresh medium containing 2,000
U of TNF-�/ml for 6 h. We found that E7.16 alone was able to
repress IL-8 promoter activity by approximately 40%, which
was not as significant as the repression by E6.16 (Fig. 4A).
Interestingly, similar to the data for E6.16, the results also
showed that E7.16 repressed the activity of IL-8WT, IL-
8mAP1, and IL-8mCEBP�, implying that E7.16 inhibited the
activation of the IL-8 promoter by altering the optimal func-
tion of NF-�B. Since it has previously been shown that the
presence of P/CAF is required for NF-�B transcriptional acti-
vation, we wished to further examine the interplay between
E7.16 and P/CAF on the IL-8 promoter. Interestingly, when
IL-8WT was cotransfected with the wild-type P/CAF, the ac-
tivation of the promoter was significantly enhanced. However,
when the same amount of the mutant P/CAF, which has a
30-aa (aa 497 to 526) deletion in the HAT domain of P/CAF
and has no HAT activity, was cointroduced into HFKs with
IL-8WT, the enhancing effect of the wild-type P/CAF on the
activation of the IL-8 promoter was no longer observed (Fig.
4B). Subsequently, we cotransfected increasing amounts of
P/CAF into HFKs in the presence of both IL-8WT and E7.16.
Interestingly, the exogenous P/CAF rescued the repression of
IL-8 promoter activity by E7.16 (Fig. 4C). These results sug-

gested that E7.16 might contribute to the repression of the
IL-8 promoter by disrupting the function of P/CAF in NF-�B
transcriptional activation.

HPV-16 E7 binds to P/CAF both in vitro and in vivo. To
further clarify the interplay between E7.16 and P/CAF, we
postulated that E7.16 associates with P/CAF. Firstly, in vitro
GST pull-down assays were performed. The purified fusion
protein GST-E7.16 was incubated with radiolabeled in vitro-
transcribed and -translated P/CAF in buffer B for 2 h at 4°C.
GST-E7.16 was able to interact with radiolabeled in vitro-
translated P/CAF, and it pulled down approximately 40% of
the P/CAF input (Fig. 5A, left panel). Interestingly, E7.16.2,
which contains a mutation at the second amino acid of E7.16,
resulting in inhibition of many of the biological properties of
wild-type E7.16, bound to P/CAF at only 30% of that for
E7.16. However, this mutation is still able to bind to the reti-
noblastoma protein (Rb) (3). In contrast, neither E6.16 nor E6
of HPV type 6 (E6.6) was able to interact with any radiolabeled
P/CAF (Fig. 5A, right panel). In addition, to further map the
E7-P/CAF binding on P/CAF, the purified fusion protein GST-
E7.16 was incubated with either the radiolabeled in vitro-tran-
scribed and -translated HAT domain (aa 352 to 658) of P/CAF
or the HAT domain with a 30-aa deletion (aa 497 to 526)
(�HAT) that completely abolishes the HAT activity. The re-
sults demonstrated that E7.16 bound to the HAT domain of
P/CAF, while the 30-aa deletion that eliminates the HAT ac-
tivity inhibited the binding of E7.16 to P/CAF (Fig. 5B). These
results imply a possible means by which the E7-P/CAF inter-
action may affect the HAT activity of P/CAF. To further assess
the binding of E7.16 to P/CAF, we transfected either Flag-P/
CAF or the empty vector into COS-1 cells and harvested the
transfected cells 48 h after the transfection. The cellular ex-
tracts were incubated with GST, GST-E7.16, or GST-E7.16.2
overnight at 4°C. The pulled down proteins were separated by
SDS-PAGE and assayed by Western blotting using �-Flag an-
tibody. We showed that E7.16 was able to associate with the
Flag-P/CAF expressed in the COS-1 cellular extract (Fig. 5C)
and that E7.16.2 exhibited reduced binding capacity to P/CAF.
Moreover, to demonstrate that E7.16 and P/CAF associate in
vivo, Flag-P/CAF and E7.16 were either transfected with the
empty vector or cotransfected into COS-1 cells. The cell lysates
were immunoprecipitated with anti-E7 antibody and subse-
quently blotted with either anti-E7 or anti-Flag antibody (Fig.
5D). The results confirmed that E7.16 indeed associated with
P/CAF in vivo, since the anti-Flag antibody was able to detect
the presence of Flag-P/CAF in the E7-antibody precipitated
complex. Nevertheless, when in vitro competition assays were
performed to examine the effect of E7.16 on P/CAF binding to
CBP/p300, E7.16 did not disrupt the binding (data not shown).
Therefore, we examined the effect of E7.16-P/CAF interaction
on the HAT activity of P/CAF. The HAT domain of P/CAF (aa
352 to 658) was purified as a GST fusion protein and used in an
in vitro HAT assay with a commonly used substrate, histone
H3. E7.16 was able to exert only a moderate level of repres-
sion, approximately 50%, on the acetylation of H3 (data not
shown). These data established the interaction between E7.16
and P/CAF. However, despite this interaction, E7.16 did not
seem to exert a profound effect on the HAT activity of P/CAF
on histone H3.

Mutation E7.16.2 does not inhibit IL-8 promoter activity.
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FIG. 3. HPV-16 E6 competes SRC-1 and p65 away from the C terminus and the N terminus of CBP, respectively. (A) Schematic of CBP 1-771
and CBP.CT. The binding domains of E6.16, RelA (p65), and SRC-1 are indicated. (B and C) 35S-radiolabeled in vitro-translated p65 or SRC-1
was synthesized using a TNT coupled rabbit reticulocyte system. One microgram of purified GST-CBP 1-771 or GST-CBP.CT bound to glutathione
beads was incubated with His-E6.16, His-E7.16, or E6 C66G/C136G at various molar ratios at 4°C. Subsequently, 80,000 cpm of in vitro-translated
p65 or SRC-1 was added and incubated for a further 2 h at 4°C. The pelleted beads were washed three times with buffer A, resuspended in 1�
sample buffer, and subjected to SDS-PAGE for analysis. The presence of the radiolabeled proteins was visualized by using a PhosphorImager. At
a 1:1 molar ratio, E6.16 inhibited binding of p65 to CBP 1-771 or SRC-1 to CBP.CT by approximately 50%, and at a 1:5 molar ratio the inhibition
was 80%. The input levels of GST fusion proteins and His-tagged proteins utilized in each competition assay are indicated.
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Since E7.16.2 exhibited significantly less binding to P/CAF
than E7.16, we next examined the effect of this mutant on IL-8
promoter activity. As described previously, we cotransfected
either E7.16 or E7.16.2 along with IL-8WT into HFKs. Ap-
proximately 20 h after transfection, cells were fed with fresh
medium containing either vehicle or 2,000 U of TNF-�/ml. We
found that while E7.16 inhibited IL-8 promoter activity as
shown previously, E7.16.2 did not have any effect (Fig. 6). The
results suggested that the binding of E7.16 to P/CAF might
play a role in the suppression of IL-8 promoter activity.

HPV-16 E6 and HPV-16 E7 cooperatively achieve maximum
repression of IL-8 promoter activity and endogenous gene
expression. After observing the individual effect of E6.16
and E7.16 on IL-8 promoter activity, we next examined the
combined effect of E6.16 and E7.16 on the activation of
IL-8WT. Interestingly, we found that in the presence of both
E6.16 and E7.16 the activity of IL-8WT can be further
reduced approximately twofold compared to that with E6.16
alone (Fig. 7A), demonstrating that E6.16 and E7.16 were
able to cooperatively repress IL-8 promoter activity. To further
scrutinize the effect of E6.16 and E7.16 on endogenous IL-8
expression in keratinocytes, we produced keratinocytes con-
stitutively expressing E6, E7, or E6 and E7 by infecting
keratinocytes with retroviruses that contain pBABE-E6,
pBABE-E7, or pBABE-E6/E7 constructs, respectively, and
selecting cells expressing viral proteins with puromycin.
Cells were used for experiments at an early passage after
puromycin selection. These selected cells were treated with
fresh medium containing vehicle or 2,000 U of TNF-�/ml
at approximately 50% confluence for 24 h. Subsequently,
total RNA was harvested and a standard RPA was per-
formed. The intensity of the IL-8 transcripts was measured
using a phosphorimager and normalized against the tran-
scription of a housekeeping gene, L32. Our results showed
a similar trend to that demonstrated by the reporter as-
say data (Fig. 7B). pBABE keratinocytes were able to main-
tain a basal level of IL-8 transcription, and the protected
RNA showed up as a doublet. However, after TNF-� stim-
ulation, the intensity of IL-8 transcript was increased ap-
proximately 5.5-fold (Fig. 7B and C). The introduction of
E6.16 reduced IL-8 mRNA synthesis in the presence of
TNF-� by approximately 50%, while the reduction by E7.16
was approximately 20%. More importantly, in the presence
of both E6 and E7, the intensity of the IL-8 mRNA was
reduced by almost 82% (Fig. 7B and C), further demonstrat-
ing the ability of E6.16 and E7.16 to cooperatively down-
regulate IL-8 transcription. At least two sets of cell lines
were produced for each construct, with similar effects on the

FIG. 4. HPV-16 E7 down-regulates IL-8 promoter activity. (A) Re-
sults with the same treatment shown in Fig. 2, except that 200 ng of
E7.16 was transfected with IL-8WT, IL-8mAP1, or IL-8mCEBP� into
HFKs. Results are representative of three independent experiments.
(B) Results with the same treatment shown in panel A, except that 50
ng of IL-8WT was cotransfected with either 200 ng of pCX-Flag.P/
CAF or pCX-Flag.P/CAF�HAT. (C) E7.16 (200 ng) and IL-8WT (50
ng) were cotransfected with either 100 or 200 ng of pCX-Flag.P/CAF.
The subsequent experimental process was carried out as described for
panel A.
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endogenous IL-8 promoter. The bands in the upper part of
the gel represent the chemokines RANTES (upper faint
band) and IP-10, which have also been shown to be regu-
lated by NF-�B (17, 35, 36, 38, 39, 44, 54, 73, 77). Therefore,

HPV-16 E6 and E7 had profound effects on IL-8 transcrip-
tion and possibly also on the transcription of RANTES and
IP-10, but not on other chemokines detected in this assay
system. Since these chemokines have important roles in

FIG. 5. HPV-16 E7 binds to P/CAF both in vitro and in vivo. (A) The purified fusion proteins GST, GST-E7.16, GST-E7.16.2, GST-E6.16, or
GST-E6.6 were incubated with 35S-radiolabeled in vitro-transcribed and -translated P/CAF for 2 h at 4°C. The pelleted beads were washed three times
with buffer A and subjected to SDS-PAGE for analysis. The presence of the radiolabeled proteins was visualized by using a PhosphorImager. (B) The
purified fusion protein GST-E7.16 was incubated with either the radiolabeled in vitro-transcribed and -translated HAT domain (aa 352 to 658) of P/CAF
(HAT) or the HAT domain with a 30-aa deletion (aa 497 to 526) that completely abolishes the HAT activity (�HAT) in buffer B. The subsequent
experimental procedure was carried out as described above for panel A. (C) Either pCX-Flag.P/CAF or the empty vector was transfected into COS-1
cells, and the transfected cells were harvested 48 h after the transfection. Two milligrams of cellular extracts was incubated with GST, GST-E7.16, or
GST-E7.16.2 overnight at 4°C. The proteins pulled down were separated by SDS-PAGE and assayed by Western blotting using anti-Flag antibody. The
levels of GST fusion protein inputs in these pull-down experiments are shown on the right panel. (D) COS-1 cells were plated at 50% confluency onto
100-mm-diameter plates the day before transfection. Subsequently, 10 	g of pSG5, pCX-Flag.P/CAF, or pSG5-E7.16 was transfected into cells by using
Lipofectamine. The cells were harvested and lysed in buffer A. The cell lysates (4 mg of protein per lysate) were precleared with 20 	l of anti-mouse IgG
magnetic beads, and proteins were immunoprecipitated with the addition of anti-E7.16 and 20 	l of anti-mouse IgG magnetic beads. Following protein
transfer, immunodetection of E7.16 or Flag-P/CAF was achieved by blotting with anti-E7.16 or anti-Flag antibody and developing with Super Signal West
Femto chemiluminescent reagent. Asterisks denote the heavy chain (upper) and light chain (lower).
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recruiting immune cells to sites of infection, our results
suggest that E6 and E7 may affect the ability of host kera-
tinocytes to induce an effective immune response after HPV
infection.

DISCUSSION

In this study, we investigated the effect of E6 and E7 on the
transcription of the NF-�B-dependent IL-8 promoter and we
showed that both viral proteins can significantly reduce the
activity of the endogenous IL-8 promoter in human primary
keratinocytes. IL-8 is a potent chemoattractant for T cells,
neutrophils, and basophils (56) and is also essential in initiating
a local immune response. Moreover, it was shown by others
that keratinocytes, the natural host of HPV, synthesize IL-8
under the stimulation of various cytokines (16) produced in
response to infectious agents, resulting in the initiation of a
local immune response. Interestingly, it has been demon-
strated that HPV-immortalized exocervical cell lines synthesize
reduced amounts of IL-8 (76), and there is a strong association
between persistent infection by HPV and the development of
squamous intraepithelial lesions (30, 45). Taken together, the
reduced IL-8 synthesis due to the inhibition of NF-�B tran-
scription by E6 and E7 may create a more favorable environ-
ment for persistent HPV infection and subsequent oncogene-
sis.

Using reporter assays, we demonstrated that the NF-�B
transcription factor is necessary to maintain activity of the IL-8
promoter in keratinocytes. Although the predominant NF-�B
dimer that binds the IL-8 promoter is still unknown (the ex-
isting data suggest that it is possibly not the conventional p65/
p50 dimer), the presence of the p65 member of the NF-�B
family in these putative NF-�B complexes has been docu-
mented (55, 71). We found that E6.16 down-regulates the IL-8
promoter activity and that this repression is via the NF-�B
transcription factor binding site. We have shown that E6.16
does not inhibit binding of NF-�B factors to the IL-8 promoter

(data not shown) but does disrupt the coactivation of NF-�B by
CBP/p300 (57). Moreover, the fact that E6 C66G/C136G, a
mutant E6.16 that does not bind to CBP/p300, did not yield
significant repression strongly implies that the repression of
NF-�B transcriptional activation by E6.16 is associated with
the binding of E6.16 to CBP/p300. In addition, the repressed
IL-8 promoter activity was inhibited when p300 was exog-
enously expressed. We also showed that E6.16 was capable of
disrupting the binding of p65 and SRC-1 to the N terminus and
C terminus of CBP, respectively. Since both CBP and SRC-1
are essential in NF-�B transcriptional activation these data
suggested that E6.16, by binding to CBP, inhibits the binding of
p65 and SRC-1 and in turn suppresses NF-�B activation.

During the course of these investigations, we also revealed
the possible role of E7 in the down regulation of NF-�B-
dependent transcription. We found that, like E6, E7 was able
to repress the IL-8 promoter activity and that this repression
was also through the NF-�B binding site. However, we found
that the repression was moderate, exhibiting approximately 40
to 50% reduction on the IL-8 promoter activity. This result led
us to search for other essential components in the NF-�B
activation complex that could be targeted by E7. Interestingly,
one of the components required in the NF-�B activation com-
plex is P/CAF. Through a series of GST pull-down assays and
coimmunoprecipitation assays, we elucidated a novel interac-
tion between E7 and P/CAF. We have also found that E7.16.2,
which contains a mutation at the second amino acid of E7.16
and inhibits most of the functions of E7.16, bound to P/CAF at
a significantly reduced level compared to E7.16 and was unable
to inhibit TNF-�-stimulated IL-8 promoter activity. In addi-
tion, deletion analysis revealed that E7 bound to the HAT
domain (aa 352 to 658) of P/CAF. Despite the strong interac-
tion between E7 and P/CAF, E7 did not seem to compete
P/CAF away from the C/H3 domain of CBP, and it only re-
duced the HAT activity by at most 50% with histone H3 as
substrate (data not shown). However, since histone H3 was
utilized in this assay, it is possible that the substrate specificity
of the P/CAF HAT activity in the NF-�B transcriptional com-
plex was not accurately reflected. Adenovirus E1A has also
been shown to bind P/CAF, but the outcome of the interaction
is confusing. In three different studies, E1A had either no
effect (62) or actually reduced HAT activity (5, 22). The vari-
able outcomes probably reflect a situation where E1A may
have an effect on specific substrates at certain periods in the
cell cycle. Furthermore, the fact that E7.16.2 had no effect at
all on IL-8 promoter activity and had significantly reduced
binding to P/CAF further demonstrated the need for binding
and the specificity of the inhibitory effect of the E7-P/CAF
interaction on IL-8 transcription.

When the combined effects of E6 and E7 were investigated,
we observed that the presence of both E6 and E7 repressed
IL-8 promoter activity more than either one of them alone.
Subsequently, when endogenous IL-8 mRNA synthesis was
determined by RPAs with retrovirus-infected keratinocytes
stably expressing E6, E7, or E6 and E7, we observed similar
trends in the reduction of IL-8 mRNA synthesis. Endogenous
IL-8 promoter activity in the presence of E6.16, E7.16, or
E6.16/E7.16 was reduced by 50, 20, and 80%, respectively.
Therefore, with the results for IL-8 promoter activity in the
reporter assays together with endogenous IL-8 mRNA quan-

FIG. 6. Mutation E7.16.2 does not inhibit the IL-8 promoter activ-
ity. The experiment was performed as described in the legend for Fig.
2, except that 50 ng of IL-8WT was cotransfected with 200 ng of either
pCDNA-E7.16 or pCDNA-E7.16.2.
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tification in RPAs, we have demonstrated that E6.16 and E7.16
cooperatively inhibit the transcription of IL-8 through disrup-
tion of optimal activation by NF-�B.

IL-8 and IL-6 are two inflammatory chemokines or cytokines
which help to stimulate the initial phase of an immune re-
sponse to infectious agents. Any limit on their production
during infection may reduce the host’s ability to mount an

effective immune response. We have elucidated a potential
mechanism by which the HPV-16 proteins E6 and E7 inhibit
NF-�B-dependent activation of the IL-8 promoter, which com-
promises the ability of the host to respond to HPV infection. In
addition, from the RPA data, we have preliminary evidence
that transcription of two other chemokines, RANTES and
IP-10, are also reduced. The combined effects of E6 and E7
may therefore reduce the ability of the host to respond in HPV
infection, leading to the establishment of persistent HPV in-
fection and subsequent tumorigenesis.
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