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Infection with high-risk human papillomaviruses (HPV) is a major risk factor for development of cervical
cancer. Expression of the HPV E6 and E7 oncoproteins increases in differentiating keratinocytes, resulting in
inactivation of the p53 and retinoblastoma proteins, two important transcriptional regulators. We used cDNA
microarrays to examine global alterations in gene expression in differentiating cervical keratinocytes after
infection with retroviruses encoding HPV type 16 (HPV-16) E6 and E7. Expression of 80 cellular genes
(approximately 4% of the genes on the array) was altered reproducibly by E6 and/or E7. Cluster analysis
classified these genes into three functional groups: (i) interferon (IFN)-responsive genes, (ii) genes stimulated
by NF-kB, and (iii) genes regulated in cell cycle progression and DNA synthesis. HPV-16 E6 or a dominant
negative p53 protein downregulated multiple IFN-responsive genes. E6 decreased expression of IFN-« and -f3,
downregulated nuclear STAT-1 protein, and decreased binding of STAT-1 to the IFN-stimulated response
element. E7 alone was less effective; however, coexpression of E6 and E7 downregulated IFN-responsive genes
more efficiently than E6. The HPV-16 E6 protein also stimulated expression of multiple genes known to be
inducible by NF-kB and AP-1. E6 enhanced expression of functional components of the NF-kB signal pathway,
including p50, NIK, and TRAF-interacting protein, and increased binding to NF-kB and AP-1 DNA consensus
binding sites. Secretion of interleukin-8, RANTES, macrophage inflammatory protein 1o, and 10-«Da IFN-
v-inducible protein were increased in differentiating keratinocytes by E6. Thus, high-level expression of the
HPV-16 E6 protein in differentiating keratinocytes directly alters expression of genes that influence host

resistance to infection and immune function.

Human papillomaviruses (HPVs) are small DNA tumor vi-
ruses that replicate in differentiating keratinocytes of the epi-
dermis and anogenital tract (59). The E6 and E7 viral genes
are expressed at low levels in proliferating basal cells, but
transcription is activated as cells enter the terminal differenti-
ation pathway (11, 16). E6 and E7 delay keratinocyte differ-
entiation, reactivate host DNA synthesis, and stimulate cell
cycle progression (60), allowing the virus to utilize host DNA
synthetic enzymes to replicate its genome. HPVs induce be-
nign warts and papillomas; however, infection with high-risk
types (HPV-16, -18, -31, and -45) is a major risk factor for the
development of cervical cancer (reviewed in reference 60). The
E6 and E7 genes are particularly important because they are
retained and expressed in most cervical carcinomas, and con-
tinued expression is required to maintain the malignant phe-
notype (595).

An early step in HPV-associated carcinogenesis is perturba-
tion of cellular gene expression by the E6 and E7 oncoproteins.
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EO6 binds to a number of cellular proteins and transactivates or
represses gene expression (reviewed in reference 48). An im-
portant target for E6 is E6-associated protein (E6AP), a pro-
tein-ligase of the ubiquitin pathway of proteolysis. E6-E6AP
complexes target the tumor suppressor protein p53 for degra-
dation by the proteasome (51). p53 is a central transcription
activator that regulates responses to stress and DNA damage.
Loss of p53 leads to genetic instability and rapid malignant
progression. The HPV-16 E7 protein binds to the retinoblas-
toma protein (pRb) (17) and members of the pRb family
(reviewed in reference 31). Interaction occurs primarily with
the hypophosphorylated form of pRb causing release of active
E2F transcription factors, which in turn stimulate expression of
genes involved in cell cycle progression and DNA synthesis
(21). The E7 protein also binds to and alters the functions of
other proteins, including AP-1 transcription factors (2). E6 and
E7 exert overlapping effects on cell cycle control, and in com-
bination, they efficiently immortalize human keratinocytes
(39).

Because E6 and E7 interact with numerous cellular tran-
scription regulators, these viral proteins have the potential to
significantly modify keratinocyte gene expression. Recently,
cDNA microarrays have been successfully used to study global
patterns of gene expression in human cancer (1, 13, 14, 25, 47).
For this methodology, labeled cDNAs from two samples are
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hybridized with a microarray containing spots for thousands of
genes. Differences in gene expression are measured directly,
and groups of differentially expressed genes can be clustered to
identify common regulatory pathways. We used cDNA arrays
to identify alterations in gene expression in cultures of human
cervical keratinocytes infected with HPV-16 E6 and E7 retro-
viruses. Cervical keratinocytes are the natural target for HPV
infection and the progenitors for cervical cancer. We examined
how E6 and E7 influenced the pattern of gene expression in
proliferating and differentiating cultures, as well as after treat-
ment with tumor necrosis factor alpha (TNF-o), a factor that
plays a role in cervical infection and inflammation. Our results
show that E6 and E7 alter expression of a large number of
cellular genes and that these genes can be grouped into func-
tional categories, suggesting common regulatory pathways.

MATERIALS AND METHODS

Cell culture. Primary cultures of human ectocervical keratinocytes were es-
tablished from fresh cervical tissue obtained after hysterectomy due to fibroids or
endometriosis (57). We used cell pools as well as cell preparations from single
donors. Cells were maintained in serum-free MCDB153-LB medium (K-SFM;
Life Technologies, Gaithersburg, Md.). Primary cultures were infected with
high-titer retroviruses expressing the neomycin resistance gene only (pLXSN) or
the HPV-16 E6, E7, or E6/E7 genes (27). Retroviruses encoding mutant E6
proteins with single amino acid exchanges (F2V, F125V, and L110Q) have been
described elsewhere (35, 40). A retrovirus producer line expressing a dominant
negative p53 (pS3DN) miniprotein was established in the PA317 packaging cell
line, using a recombinant construct kindly provided by Moshe Oren (26). After
retrovirus infection, cells were always selected in G418 (200pg/ml for 2 to 4 days)
and subcultured prior to extraction of RNA. Killing of noninfected cells is
observed after 2 days in G418 and is complete by day 4. At this time point, all
cells in the mock-infected control dish are dead. Longer exposure to 200 wg of
G418/ml shows no detectable cytopathic effects. Western blots show that E7 is
actively expressed under these conditions and that p53 is strongly diminished,
suggesting that E6 is also expressed (40). For array analysis, all cell cultures,
including the immortalized cell lines and those for the experiments using recom-
binant IFNs, were treated identically. After reaching confluency, keratinocyte
cultures were rendered quiescent (growth arrested) by removal of growth factors
including epidermal growth factor, bovine pituitary extract, insulin, hydrocorti-
sone, triiodothyronine, and transferrin for 24 h. Quiescent cells were then in-
duced to undergo terminal differentiation by adding 1.4 mM calcium for 24 h. In
additional experiments, keratinocytes were treated with 300 to 1,000 U of re-
combinant alpha interferon (IFN-a) or IFN-B per ml, 500 U of IFN-y per ml,
1 nM TNF-q, or 1 nM interleukin-la (IL-1at) (all from R&D Systems, Minne-
apolis, Minn.). Treatment was for 4 to 6 h. For immortalization, keratinocytes
were infected with HPV-16 E6/E7 retroviruses, and cells were seeded at low
density (10° cells/150-mm-diameter dish) and passaged several times until growth
ceased due to crisis or senescence (usually between 7 and 15 passages). Senescent
cultures were maintained in complete medium until colonies of rapidly growing
cells appeared as described in reference 40. After colonies reached a diameter of
approximately 1 cm, selected colonies were picked and cultured for at least three
more passages (eight population doublings) to confirm that cells were immortal.

RNA isolation and purification. Confluent monolayers of differentiating,
growth-arrested cells were washed with prewarmed phosphate-buffered saline
(PBS) and lysed with Trizol reagent (Life Technologies), and residual genomic
DNA was removed by digestion with RNase-free DNase 1. DNase, proteins, and
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other contaminants were removed by two extractions with buffer-saturated phe-
nol-chloroform, and RNA was precipitated with 1.5 volumes of isopropanol or
lithium chloride. The precipitated RNA was centrifuged at 6,000 X g, washed
with 70% ethanol, dried by evaporation, and resuspended in diethyl pyrocarbon-
ate-treated water. RNA integrity was confirmed by electrophoresis, and samples
were stored at —80°C until used. All RNA combinations used for array analysis
were matched. For example, pLXSN controls and HPV-16 E6- and/or E7-
infected cells were from the same donor(s) and treated identically (basal medium
with 1.4 mM calcium for 24 h). The same applies to immortalized cell clones,
which were compared to matching, pLXSN-infected primary cultures from the
same donors or cell pools, cultured under identical growth conditions. This
parameter is critical considering the high biological variability and age, gender,
and racial differences between donors. We used a number of different single
donors and, in about 50% of experiments, pools of three to five donors. A small
number of arrays are duplicates using the same RNA preparations in indepen-
dent experiments. These can easily be identified in Fig. 1 by their highly similar
expression patterns.

cDNA synthesis and ¢cDNA array hybridization. The National Cancer Institute
(NCI) oncochip glass arrays were manufactured and printed at the NCI microar-
ray core facility (Advanced Technology Center, Gaithersburg, Md.). The onco-
chip contains 2,208 named cDNAs that are immobilized on poly-L-lysine-coated
glass slides. Thirty to 50 g of purified total RNA in 20 pl of diethyl pyrocar-
bonate-treated water was denatured at 70°C for 5 min and primed with 4 pg of
oligo(dT),, primer while cooling to room temperature. Reverse transcription
was performed in a volume of 40 wl using 8 pl of first-strand reaction buffer, 4
wl of 0.1 M dithiothreitol, 4 pl of 10 mM deoxynucleoside triphosphate (ANTP),
2 pl of RNasin (Promega, Madison, Wis.), and 4 pl of 1 mM Cy3- or Cy5-dUTP
(Amersham, Piscataway, N.J.). cDNA synthesis was completed at 42°C for 1 h.
Remaining RNA was hydrolyzed by adding 10 wl of 1 M NaOH and 5 pl of 0.5
M EDTA and incubation for 0.5 1 h at 65°C or by adding DNase-free RNase.
The reaction was quenched by adding 25 pl of 1 M Tris HCI (pH 7.4), and the
probe was purified using Microcon YM-30 columns. Purified probes were com-
bined and reduced to a volume of 15.6 wl, and 14 pg of cot-1 DNA, 14 ng of
poly(A), 5.6 pg of yeast tRNA, and 4.4 ul of 20X SSC (1x SSC is 0.15 M NaCl
plus 0.015 M sodium citrate) were added to a final volume of 24 pl. Before
hybridization, the mixture was heated to 100°C for 2 min and cooled to room
temperature, and 1 pl of 10% sodium dodecyl sulfate (SDS) was added. Hybrid-
ization was performed overnight at 65°C. After hybridization, slides were washed
in 2X SSC with 0.1% SDS for 2 min and then sequentially with 1X SSC, 0.2X
SSC, and 0.05% SSC (1 min with each). Before drying by centrifugation, slides
were briefly immersed in ultrapure water.

Scanning and analysis of cDNA array data. Hybridized arrays were scanned at
10-pum resolution on a GenePix 4000 scanner (Axon Instruments, Inc., Foster
City, Calif.) at variable photomultiplier tube voltage to obtain maximal signal
intensities with <1% probe saturation. Resulting images were analyzed with the
ArraySuite software (National Human Genome Research Institute, Bethesda,
Md.). Differentially expressed genes were defined as reproducible outliers in
consecutive arrays that exhibit Cy3/CyS5 ratios significantly different from 1.0 at a
99% confidence level (cutoff ratio in most experiments usually 1.6- to 1.7-fold).
Array data (images and sample intensity files) were entered into the NCI mi-
croarray database (mAdb), and expression profiles and single data were retrieved
from multiple arrays for cluster analysis using a high-stringency data filter (Cy3/
Cy5 or Cy5/Cy3 ratios of >3-fold in at least 33.3% or more of all relevant arrays,
fluorescence intensity of >500 in each channel unless that of the other channel
was >2,000, and a spot size of >50 um or 50 pixels). Data were processed with
the Cluster program using the K-Means clustering algorithm and visualized using
the TreeView software (18). Protocols and gene lists for the NCI oncochip can
be downloaded from http://nciarray.nci.nih.gov.

RT-PCR. For cDNA synthesis, 5 to 10 ug of purified total RNA were reverse
transcribed for 1 h at 42°C in a volume of 50 wl containing 500 uM each dNTP,

FIG. 1. Cluster analysis of cellular gene expression. Data from 48 independent hybridization experiments examined multiple experimental
conditions and different combinations of HPV-16 E6 and/or E7 genes or pS3DN. Data were organized and displayed using cluster analyses
(K-Means clustering algorithm). The four treatment groups are indicated at the top. Group 1 included cells expressing pS3DN, E6, E7, or E6/E7
and maintained in the absence of growth factors with 1.4 mM Ca®* to induce differentiation. Three experiments were performed using cells that
were made quiescent but that were not induced to differentiate with calcium (qui). Group 2 included HPV-immortalized keratinocytes in Ca** to
induce differentiation. Group 3 denotes a subset of experiments performed in parallel with group 1 but with inversion of Cy3 and Cy5 dyes as a
control for labeling. Group 4 includes HPV-infected, differentiating keratinocytes treated with 300 to 1,000 of U IFN-a, -3, or -y per ml. In groups
1 to 3, vector-only-infected cells are compared to HPV-infected cells; in group 4, E6/E7-expressing cells with and without IFN are compared.
Clusters of differentially expressed mRNAs are shown on the left (I to IV); gene names and IMAGE clone IDs are given at the right. Color coding:
green, downregulation of gene expression; red, induction; black, no significant change; grey, no data available.
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TABLE 1. Summary of expression data in clusters I to IV corresponding to Fig. 1¢

Gene Symbol Uml(l;ene Retg%g;/\s/z;fgfted Immortalized/vector Ret\‘;gz:gjggg; ted IFN treated”
Cluster I
Prion protein PRNP Hs.74621 0.57 0.42 1.31 0.88
Heat shock protein 60 HSPD1 Hs.79037 0.27 0.30
TGF-B PLAB Hs.116577 0.56 0.39 1.65 1.15
IGFBP-3 IGFBP3 Hs.77326 0.21 0.46 191
Transcription factor AP-4 TFAP4 Hs.3005 0.24 0.59 2.20 0.85
Lipocalin LCN2 Hs.204238 0.24 0.09 1.72 0.88
Activating transcription factor 3 ATEF3 Hs.460 0.41 0.24
EWS/RNA binding protein DDIT3 Hs.279946 0.99 0.41 0.84
NIP3/Bcl-2-interacting protein BNIP3 Hs.79428 0.49 1.07 1.69 1.06
Gravin AKAPI12 Hs.788 0.27 0.85 0.84
Uridine phosphorylase Up Hs.77573 0.48 0.48 1.63 0.80
p21 Waf-1 CDKNIA  Hs.179665 0.47 0.47
Fanconi’s anemia C FANCC Hs.37953 0.53 0.39 1.09 0.91
MKP-1 DUSP1 Hs.171695 0.45 0.45 1.14
CD27 binding protein/Siva SIVA Hs.112058 0.62 0.34 0.92 1.10
a-IFN-induced 11.5-kDa protein IF127 Hs.278613 0.20 0.45 2.98 0.87
Keratin 6 KRT6A Hs.111758 0.26 0.56 1.28 0.95
Fas/APO-1 TNFRSF6  Hs.82359 0.24 0.59 2.20 0.85
Histone 2A-like protein H2AFL Hs.28777 0.28 0.23 2.01 1.07
Importin beta KPNBI Hs.180446 0.47 0.24 1.11 0.98
Ser/Thr protein kinase receptor Unknown 0.73 0.21 0.86
Cluster II
TRAIL/Apo-2 ligand TNFSF10  Hs.83429 0.33 0.43 2.59 11.01
Staf50 STAF50 Hs.68054 0.45 0.65 2.66 2.69
RDCI1 RDCI1 Hs.23016 0.66 0.26 2.06 0.84
Fibroblast growth factor receptor 2 FGFR2 Hs.278581 0.35 0.35 3.39 3.13
IFN-induced 17-kDa protein ISG15 Hs.833 0.18 0.32 3.83 6.27
Inositol phosphatase IPP110 INPP5D Hs.155939 0.45 0.28 2.84 0.96
MyD88 MYDS88 Hs.82116 0.45 0.83 1.73 2.53
IFN-induced 56-kDa protein IFIT1 Hs.20315 0.37 0.32 345 15.85
MxB MX2 Hs.926 0.76 1.18 2.01 2.68
HNPP/nuclear phosphoprotein IF175 Hs.38125 0.57 0.53 3.24 2.86
IFN-induced 54-kDa protein IF154 Hs.169274 0.43 0.85 3.06 48.43
IFN-induced protein 9-27 IFITM1 Hs.146360 0.43 0.81 1.99 1.81
STAT-induced STAT inhibitor SOCS1 0.45 0.65 2.66 2.69
Prefoldin 3/VHL binding protein 1 VBP1 Hs.198307 0.35 0.56 3.20 2.39
67-kDa guanylate binding protein 1 GBP1 Hs.62661 0.45 0.40 2.96 6.60
IFN-induced protein IFI-6-16 GIP3 Hs.265827 0.24 0.36 2.36 1.01
2'-5" Oligoadenylate synthetase E OAS1 Hs.82396 0.45 0.70 2.81 5.56
Cluster III
Nek2 protein kinase NEK2 Hs.153704 2.32 1.99 0.52 0.96
JkR1 TACC3 Hs.104019 2.04 1.99 0.39 1.03
PDCD2 PDCD2 Hs.41639 1.53 241 0.29 0.52
cdc2 p34 protein kinase CDC2 Hs.184572 1.73 2.24 0.48 0.98
BUBI mitotic checkpoint protein BUBI Hs.98658 2.26 1.97 0.60 1.06
Survivin/apoptosis inhibitor 4 BIRC5S Hs.1578 3.22 2.54 0.19 0.67
Hyaluronan-receptor RHAMM HMMR Hs. 72550 2.53 1.61 0.57 1.03
Matrix metalloproteinase 9 MMP9 Hs.151738 1.41 1.89 0.37 1.08
Cyclin B1 CCNB1 Hs.23960 2.51 2.96 0.36 0.63
Polo-like kinase PLK Hs.77597 3.02 3.42 0.14 0.66
p55CDC CDC20 Hs.82906 2.78 591 0.34 0.81
NF«B2/NF-«B p100 NFKB2 Hs.73090 1.14 1.01 0.41 0.90
Myt1 kinase PKMYT1  Hs.77783 1.55 1.90 0.32 0.83
p16-INK4a clone IMAGE 550316 CDKN2A  Hs.1174 291 3.38 0.33 0.77
cdc6-related protein CDC6 Hs.69563 1.79 1.48 0.30 0.75
Replication factor C 38 kDa RFC3 Hs.115474 1.42 1.82 0.45 0.56
Topoisomerase Ila (170 kDa) TOP2A Hs.156346 2.83 3.58 0.19 0.75
Natural killer cells protein 4 NK4 Hs.943 1.86 3.40 0.44 1.14
cdc2-associated protein CKS1 Hs. 77550 1.30 1.79 0.42 0.79
aurora/IPL1-related kinase STK15 Hs.48915 1.90 2.83 0.38 0.60
Cyclin A CCNA2 Hs.85137 2.67 2.89 0.38 0.78
CENP-F kinetochore protein/mitosin ~ CENPF Hs. 77204 1.82 2.08 0.33 0.87
Madp2 MAD2L1  Hs.79078 2.12 1.94 0.35 0.83
DNA primase (subunit p48) PRIM1 Hs.82741 1.59 1.67 0.52 0.93
cdc25B CDC25B Hs.153752 2.56 2.24 0.40 0.73

Continued on facing page
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TABLE 1—Continued

UniGene

Retrovirus-infected

Retrovirus-infected

Gene Symbol D E6E7jvector Immortalized/vector vector/E6E7 IFN treated®
Ribonucleotide reductase M2 RRM2 Hs.75319 2.03 2.92 0.29 0.79
Cluster IV

Galectin-1 LGALS1 Hs.227751 1.38 5.85 0.71 0.88
Fibronectin 1 FN1 Hs.287820 0.42 17.82 1.55 0.62
pl6-INK4a (clone IMAGE1161155) CDKN2A  Hs.1174 1.04 10.37

p38 gamma MAPK MAPK12 Hs.55039 0.63 8.90 1.02 0.76
Tissue factor F3 Hs.62192 0.27 1.80 1.80 0.66
TIMP 1 TIMP1 Hs.5831 0.70 3.22 0.67 1.01
MAdCAM-1 mucosal addressin MADCAMI1 Hs.102598 2.26 2.54 1.32 1.55
Protein kinase receptor 1 ACVRI1 Hs.150402 0.64 5.94 1.29 0.65
VEGF-B VEGFC Hs. 79141 0.84 2.87 0.72 2.31
p16-INK4a (clone IMAGE 510467) CDKN2A  Hs.1174 1.31 13.40 1.00 1.00
JunD JUND Hs.2780 1.54 2.52 0.94 0.70
Vimentin VIM Hs.2064 0.84 2.77 0.57 0.73
CD52/CAMPATH-1 CDWS52 Hs.276770 0.85 5.16 0.68 0.79
Osteonectin/SPARC SPARC Hs. 111779 1.15 3.66 0.61 0.87

“ Ratios represent average mRNA expression data from keratinocytes expressing HPV-16 E6/E7 oncogenes (13 experiments) or immortalized cells (10 experiments)
compared to vector control (pLXSN), or vice versa (8 experiments). Values in bold indicate upregulated genes; those in italics indicate repressed genes (factors between
>1.7 or <0.6). Gene names, symbols, and IDs are in accordance with the UniGene database.

® Data for cells treated with IFN-a and - (four experiments).

10 wM dithiothreitol, 1.25 wM oligo(dT) primer (T _;g), 20 to 40 U of RNasin
(Promega), and 75 U of Superscript Reverse Transcriptase II (Life Technolo-
gies) in 1X reverse transcription (RT) buffer. RT reaction mixtures were diluted
2.5- to 10-fold and stored at —70°C. PCRs were performed in 20 pl containing
2 pl of reaction product, 50 puM dNTPs, 0.2 to 0.5 pM each oligonucleotide
primer, 1.75 mM magnesium chloride, and 1 U of AmpliTaq Gold (Perkin-Elmer
Corp.). Amplification was limited to a total of 20 to 25 cycles to avoid saturation
of the reaction. Each reaction was performed at least twice in independent
experiments to confirm reproducibility. Oligonucleotide primers were designed
using the Genetics Computer Group (Madison, Wis.) program package, avail-
able at http://bimas.dcrt.nih.gov.

ELISA analysis of cell-associated and secreted cytokines. To measure cell-
associated cytokines, cells were lysed in buffer containing 150 mM NaCl, 50 mM
Tris-HCI (pH 7.5), 1.5 mM MgCl,, 1% glycerol, 1% Triton X-100, 5 mM EGTA,
and protease inhibitors 4-(2-aminoethyl) benzenesulfonyl fluoride (AEBSF),
leupeptin, and aprotinin (each at 100 pg/ml). Protein samples and standards
were diluted with lysis buffer to a concentration of 0.25 to 0.5 wg of protein/ul.
Total protein concentration was determined by the bicinchoninic acid protein
assay (Pierce, Rockford, III.), and protein concentration was used for normal-
ization of enzyme-linked immunosorbent assay (ELISA) data. Roughly, 1 mg of
total protein equaled approximately 10° cells. To measure secreted cytokines,
cell conditioned medium (5 ml/10-cm-diameter dish) was supplemented with 10
mM EDTA and the protease inhibitors AEBSF (1 mM) and aprotinin, pepstatin
A, and leupeptin (each at 10 pwg/ml) and then centrifuged for 5 min at 5,000 X
g to remove cell debris. After sampling media, cells were trypsinized and counted
in a Coulter Counter for normalization of ELISA data. Samples and standards
were added to ELISA plates in duplicate or triplicate (200 pl/well) and incubated
overnight at 4°C with constant agitation. Plates were washed four times, and the
protocol was continued according to the manufacturer’s recommendations. Lev-
els of macrophage inflammatory protein lao (MIP-1at), RANTES, vascular en-
dothelial growth factor (VEGF), IL-8, granulocyte-macrophage colony-stimulat-
ing factor, TNF-a, and IL-6 were measured using Quantikine ELISA kits from
R&D Systems. For the 10-kDa IFN-y-induced protein (IP-10), matched antibody
pairs and recombinant IP-10 were purchased from R&D Systems. IFN-a and
IFN-B ELISA kits were purchased from Research Diagnostics.

Preparation of cytoplasmic and nuclear protein extracts. Cells were washed
with PBS, scraped from the plate, and snap-frozen in liquid nitrogen. For cyto-
plasmic extracts, frozen pellets were thawed in 4 volumes of buffer (10 mM
HEPES [pH 7.9], 10 mM NaCl, 0.1 mM EDTA, 1 mM dithiothreitol, 5%
[vol/vol] glycerol, 500 mM phenylmethylsulfonyl fluoride, 50 mM NaF, 100 mM
sodium vanadate, 100 pg of leupeptin/ml, 4 wg of aprotinin/ml, 2 pg of pepstatin/
ml, 2 pug of antipain/ml). After repeated pipetting, the lysate was centrifuged at
10,000 rpm for 20 min, and the supernatant (cytoplasmic fraction) was frozen at
—70°C until use. For nuclear extracts, the pellet was resuspended in 2 volumes of

the above buffer with 0.4 M NaCl and centrifuged again, and the supernatant
(nuclear fraction) was collected and frozen at —70°C.

EMSA. The Promega gel shift assay system containing oligonucleotides for
SP1, AP-1, AP-2, CREB, NF-kB, Oct-1, and TFD transcription factors was
used for electrophoretic mobility shift assay (EMSA). Additional oligonucleo-
tides (STAT-1, insulin response factor 1 [IRF-1], and SIE) for band shift exper-
iments were purchased from Santa Cruz Biotechnology (San Diego, Calif.).
Oligonucleotides were labeled using Escherichia coli polynucleotide kinase and
[y-**P]dATP (>3,000 Ci/mmol; Amersham) and purified by gel filtration; 10,000
cpm was used per reaction. Reactions were performed according to manufac-
turer’s protocol, using 5 pg of nuclear protein/20 l of reaction mixture. Super-
shift experiments were performed using p50, p52, and p65 NF-kB and p84/p91
STAT-1a antibodies (Santa Cruz Biotechnology). Reaction products were frac-
tionated on polyacrylamide gels at room temperature; gels were dried on What-
man 3MM paper and analyzed by autoradiography.

Western blotting. Cells were lysed in lysis buffer (10 mM Tris HCI, 150 mM
NaCl, 1% deoxycholate, 1% Nonidet P-40, 0.1% SDS, 5 mM EDTA, 1% Triton
X-100, 1 pg of leupeptin/ml, 1 mM phenylmethylsulfonyl fluoride, 0.5 mM
orthovanadate) on ice for 5 min. Lysates were centrifuged at 15,000 rpm for 15
min to remove insoluble components. Equal amounts of protein lysates were
separated by SDS-polyacrylamide gel electrophoresis on 10% or 4 to 15% gra-
dient gels (Bio-Rad) and transferred to Immobilon-P polyvinylidene difluoride
membranes (Millipore, Bedford, Mass.). The membranes were blocked with 5%
dry milk in wash buffer (PBS, 0.05% Tween 20) for 1 h. Primary antibodies were
incubated in PBS-1% bovine serum albumin-0.05% thimerosal or 5% dry milk
overnight at 4°C, washed for 1 h with several changes of buffer, and incubated
with anti-rabbit or anti-mouse secondary antibodies conjugated with horseradish
peroxidase (Sigma Chemical Co.) for another hour. After a second wash as
described above, the signal was visualized by enhanced chemiluminescence (ECL
Plus; Amersham). Antibodies against human STAT-1 p84/91, phosphorylated
STAT-1, RelA p65, NF-kB-1 (p50) and -2 (p52), and IRF-1 were purchased from
Santa Cruz Biotechnology.

RNase protection assay. RNase protection assays were performed using
RiboQuant Multi-Probe RNase Protection Assay Systems hCK3 and hCK, an in
vitro transcription kit, and an RPA kit (all Pharmingen, San Diego, Calif.).
Reactions were performed following the standard protocol provided by the
manufacturer. Purified, DNase-treated total RNA (10 or 20 g per reaction) was
incubated with in vitro-transcribed radioactive probe for 16 h at 56°C and then
15 min 37°C, followed by RNase treatment (RNase A-RNase T, mix for 45 min
at 30°C). Residual RNase was digested by proteinase K (15 min at 37°C), and
protected fragments were precipitated with 75% ethanol-4 M ammonium ace-
tate for 16 h at —70°C. RNA pellets were dissolved in 8 ul of loading buffer, and
4 pl was loaded on 6% polyacrylamide-50% urea gels. Dried gels were analyzed
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and signals were quantified using a STORM Phosphorlmager (Molecular Dy-
namics, Sunnyvale, Calif.).

RESULTS

Microarray analysis of keratinocytes expressing HPV-16 E6,
E7, or E6/E7. We used the first version of the NCI human
oncochip with 2,208 cDNAs to search for genes whose expres-
sion is reproducibly altered by E6 and/or E7. Cultures of hu-
man cervical keratinocytes were infected with retroviruses en-
coding HPV-16 E6, E7, E6/E7, or the empty vector (pLXSN)
as a control and selected with G418 for stably expressing cells,
and RNA was purified for array hybridization. In these exper-
iments, we compared gene expression in vector-infected, dif-
ferentiating cells to that in cells with one or both HPV onco-
proteins. Cells were analyzed under different conditions by
using medium that promoted either cell growth (data not in-
cluded), quiescence (growth factor removal), or squamous dif-
ferentiation (1.4 mM Ca*"). We also examined E6E7-express-
ing, differentiating cervical keratinocytes that were treated with
IFN-q, -B, or -y(300 to 1,000 U/ml for 6 h), as well as several
independent, E6/E7-immortalized cervical cell lines. E6 and
E7 stimulated very few changes in gene expression in rapidly
growing cells; therefore, these experiments were excluded from
further analyses. Similarly, infection with E6 and E7 oncogenes
of HPV-6b, a low-risk HPV type associated with benign genital
warts, resulted in few changes in cellular gene expression in
cervical keratinocytes and were also excluded from this study.
In contrast, HPV-16 E6 and E7 reproducibly altered expres-
sion of 80 to 90 genes in quiescent and/or differentiating cul-
tures (approximately 4% of all genes on the array). HPV-16
E6/E7-immortalized cells also exhibited numerous, usually
more pronounced alterations relative to normal keratinocytes.
Gene expression patterns varied slightly in cultures isolated
from different patients, and these differences probably repre-
sent true biological variations between donors since they were
reproducible in multiple assays. For this reason, a large num-
ber of array experiments (total of 48 selected for this study)
had to be performed and analyzed.

Cluster analysis of expression data. Figure 1 represents an
analysis of combined data from 48 independent hybridization
experiments. Genes were considered to be differentially ex-
pressed if they were upregulated or downregulated more than
threefold in at least one-third of all comparable experiments.
Expression data were sorted using the K-Means clustering
algorithm and displayed using the TreeView program (18). As
expected, clustering reorganized all array experiments into
treatment groups based on similarity in patterns of gene ex-
pression. These included (i) differentiating keratinocytes in-
fected with HPV-16 E6, E7, E6/E7, or pS3DN, (ii) E6/E7-
immortalized cell lines, (iii) experiments in which the Cy3-Cy5
cDNA labeling was inverted as an internal control for cDNA
labeling, and (iv) keratinocytes expressing E6/E7 and treated
with 300 to 1,000 U of recombinant IFN-«, -B, or -y.

Most importantly, the K-Means algorithm grouped the 80
differentially expressed genes into four distinct gene clusters (I
to IV) based on similar patterns of expression (Fig. 1). Figure
1 also shows gene names (denoted by product encoded) and
IMAGE clone identifier (ID) numbers; additional data (Uni-
Gene ID numbers, gene symbols, and average factors of dif-
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ferential mRNA expression) are included in Table 1. Several
genes were represented more than once on the array and are
usually located in the same cluster (e.g., p16 INK4a and p67
guanylate binding protein). These spots are composed of dif-
ferent portions of the same gene and serve as internal controls
for the quality of hybridization and clustering. Clusters I and
III contain mostly genes that are involved in cell cycle progres-
sion and DNA synthesis. However, they also contain genes
whose differential expression indirectly correlates with changes
in cell proliferation but have no functional role in cell cycle
regulation (keratin 6, prion protein, heat shock protein 60,
insulin-like growth factor binding protein 3 (IGFBP-3), gravin,
etc.). Additionally, cluster IIT also contains a subset of genes
inducible by the proinflammatory cytokine TNF-a and the
transcription factor NF-kB (Table 2). Cluster II represents
IFN-inducible genes. Last but not least, cluster IV shows genes
that are over expressed exclusively in immortal cell lines in
comparison to primary keratinocytes. Each cluster is discussed
in detail below.

E6 inhibits expression of IFN-inducible genes and IFN-a
and -B. Genes in cluster II were consistently downregulated in
HPV-16 E6- and E6/E7-expressing keratinocytes, and this ef-
fect was even more pronounced in their immortal derivatives.
The IFN inducibility of genes in cluster II was confirmed by
treatment of E6/E7-expressing, differentiating keratinocytes
with 300 to 1,000 U of recombinant IFN-« or -3 per ml (Table
1). Each IFN type strongly stimulated expression of genes in
cluster II. Interestingly, E6 or E6/E7 decreased expression of
most genes in cluster II more effectively than E7 alone. De-
creased mRNA expression for some candidates in E6- or E6/
E7-infected cells was confirmed by RT-PCR (Fig. 2A). For
example, two isoforms of 2'-5" oligoadenylate synthetase, a
well-established IFN-inducible gene, were downregulated. Ex-
pression of both TRAIL (TNF family member 10) and the p67
guanylate binding protein were decreased. The highest factors
of downregulation were observed for Staf50 and SOCS-1
(STAT-induced STAT inhibitor 1), genes originally identified
as regulated by STAT-1. The STAT-1 transcription factor con-
stitutes part of the IFN-stimulated gene factor 3 (ISGF-3)
complex that activates IFN-regulated gene expression in re-
sponse to IFN exposure (reviewed in references 12 and 24).
Promoter sequences of genes in cluster II, if represented in
GenBank, were analyzed using the PromoterScan program
(courtesy of Dan Prestridge, Singapore University), and most
contained one or multiple IFN-stimulated response elements
(ISRE), which promote the expression of IFN-responsive
genes.

E6 and E6/E7 downregulate IFN-a and -f expression. In
contrast to E7, E6 decreased expression of RNAs for IFN-a
and -B, as shown by RT-PCR analysis (Fig. 2B). IFN-« and -8
RNAs were detected in both growing and differentiating ker-
atinocytes, but differentiating cells expressed significant higher
levels (data not shown). Secreted IFN-a or -B proteins were
not detected by ELISA in conditioned medium of normal
keratinocytes or retrovirus-infected cells. The inability to de-
tect secreted IFN may be due to rapid sequestering of secreted
IFN molecules by the extracellular matrix that is produced in
abundance by keratinocytes in culture. Similar effects have
been observed with TGF-8 (40). However, intracellular IFN-a
protein could be detected in cell lysates by ELISA (Fig. 2C and



VoL. 75, 2001 REGULATION OF GENE EXPRESSION BY HPV-16 ONCOGENES 4289
TABLE 2. Average expression data for a selection of genes in clusters I and III
Differentiation” TNF-o”
Gene
Avg SD Avg SD
Cluster I
Prion protein 2.83 0.96 NC
MKP-1 3.03 1.20 NC
Fanconi’s anemia C NC 2.12 0.95
Keratin 6 2.74 1.53 NC
SOCS-5 3.27 0.72 NC
Histone 2A-like protein 5.10 1.64 NC
Tissue factor 3.90 2.34 NC
Fas/APO-1, CD95 NC 2.30 0.12
Gravin 17.78 1.53 NC
Uridine phosphorylase 3.68 1.13 NC
TGF-B superfamily protein PLAB 7.33 0.93 NC
Lipocalin 6.54 3.85 NC
EWS/RNA binding protein (GADD 153) 2.79 0.27 NC
Cluster 11
p55CDC NC 2.27
NFkB2/NF-«kB p100/p52 NC 2.75 0.77
Polo-like serine-threonine kinase 0.59 0.02 3.15 1.46
Cyclin B1 0.40 0.03 NC
JNK kinase 2/MAPK kinase NC 1.59
Hyaluronan-mediated motility receptor RHAMM NC 2.15 0.36
Survivin/apoptosis inhibitor 4 0.35 0.23 NC
cdc2 p34 protein kinase 0.48 0 NC
Matrix metalloprotease 9 NC 1.98 0.32
p16-INK4a, cyclin-dependent kinase inhibitor p16 0.65 0.18 4.40 0.88
aurora/IPL1-related kinase 0.45 0.16 NC
CENP-F kinetochore protein/mitosin 0.41 0 NC
Cyclin A 0.22 0 NC
cdc25B M-phase inducer phosphatase 2 0.42 0 NC
Topoisomerase Ila (170 kDa) 0.51 0.2 NC
MAdCAM-1 mucosal adhesin 0.26 0.66 NC
Insulin-induced protein 1 0.39 0.10 NC
Matrix metalloprotease 1 0.20 0 NC

“ Differentially expressed after induction of keratinocyte differentiation (average of two experiments). Expression of these genes correlates with keratinocyte growth

and proliferation.

® Differentially expressed upon treatment with TNF-« (average of three experiments). These genes are responsive to NF-kB, which is induced by TNF-a.

D). In this context, it is important to note that infection of
human cervical keratinocytes with retrovirus vectors (pLXSN)
and selection with G418 does not induce detectable changes in
cellular IFN-a/B expression. In several control experiments,
uninfected primary keratinocytes and pLXSN-infected cells
expressed similar levels of IFN. The total amount of intracel-
lular IFN-a ranged from 40 to 55 pg/mg of cellular protein in
cultures from different individuals, and E6 or E6/E7 decreased
levels to 0 to 10 pg/mg of protein (factors of 5 or greater).
Infection of keratinocytes with a pS3DN retrovirus (26) re-
duced levels of IFN-a only about twofold. Although the total
amount of IFN-a produced was variable in different cultures,
HPV-16 E6 and E6/E7 reproducibly lowered IFN-a levels in
three independent experiments (Fig. 2D). The E7 protein was
considerably less effective. Over expression of functional wild-
type p53 protein induced IFN-a expression approximately two-
fold. When normal keratinocytes were treated with double-
stranded RNA (dsRNA; a strong inducer of IFN production),
IFN-a expression increased 5- to 10-fold; however, cells ex-
pressing E6/E7 were partially resistant to induction of IFNs by
dsRNA (only two- to fivefold increase [data not shown]). We
were not able to reproducibly detect the IFN-B protein using
several commercially available ELISA test systems.

E6 decreases STAT-1 protein expression and binding to the
ISRE. RT-PCR demonstrated that E6 or/and E7 did not sig-
nificantly alter expression of mRNAs encoding components of
the IFN signal transduction pathway including IFN receptors
R1 and R2, Jak kinases, STAT-1, STAT-2, and p48 (data not
shown). Similarly, cDNA array experiments did not show any
significant differences in mRNA expression for these genes.
However, E6 reproducibly reduced total and cytoplasmic
STAT-1 protein as detected by Western blotting (Fig. 3A).
Both E6 and E7 reduced the levels of STAT-1 proteins that are
translocated to the nucleus. E6 plus E7 decreased nuclear
STAT-1 expression more effectively than E6 or E7 alone. E6 or
E7 also reduced phosphorylated STAT-1 protein in compari-
son to controls infected with the empty vector (Fig. 3A, bottom
panel). EMSA showed that E6 or E6/E7 reduced the amount
of nuclear protein that bound to specific oligonucleotides con-
taining the ISRE consensus sequence (Fig. 3B). Binding of
STAT-1 to oligonucleotides was reduced by E6 under different
culture conditions including the treatment with dsRNA to in-
duce IFN-mediated gene transcription, use of basal medium
to induce quiescence, or the addition of Ca** to induce squa-
mous differentiation. Keratinocytes expressing pS3DN (26)
also showed slightly reduced specific DNA binding activity.
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FIG. 2. RT-PCR and ELISA of differential expression of IFN-in-
ducible genes in cluster II. (A) RT-PCR analysis of IFN-regulated
genes after infection of keratinocytes with HPV E6 and/or E7. Dupli-
cate data are from two independent experiments. 2'-5'-OAS, 2'-5’
oligoadenylate synthase. (B) RT-PCR analysis of IFN-a and -8 RNAs
using consensus primer pairs for IFN. NC indicates the negative con-
trol in which no enzyme was added to the RT reaction. (C) ELISA
analysis of intracellular IFN-a from one representative experiment.
Keratinocytes were infected with HPV-16 E6, E6/E7, or pS3DN. (D)
ELISA analysis of intracellular IFN-a from three independent exper-
iments. Cells were infected with HPV-16 oncogenes or p5S3DN mutant
as above, with low-risk HPV-6 E6 or E7, or with sense p53 (p53+).
Bars depict the means of three experiments, and brackets indicate
standard errors. Changes other than HPV-6 E7 were statistically sig-
nificant (Fisher’s exact test).

E6 and E7 perturb expression of cell cycle regulatory genes.
Most genes in clusters I and III encode proteins that regulate
cell cycle progression, DNA synthesis, or squamous differen-
tiation. These genes were either strongly repressed (cluster I)
or induced (cluster IIT) by E6 and/or E7 retroviruses or, more
prominently, after immortalization (compare Fig. 1 and Table
1). Table 2 summarizes data from three independent experi-
ments which show that expression of most genes in clusters I
and III correlates with keratinocyte differentiation. Most genes
in cluster I were upregulated during differentiation but down-
regulated by E6 and E7. Many of these genes were also
strongly responsive to TGF-B, as shown previously (40). Dif-
ferentiation-related genes include cytokeratin K6, tissue factor,
gravin, lipocalin, and the TGF superfamily protein MIC-1.
Cluster I also contains some proapoptotic genes, including
Fas/APO-1, CD27 binding protein or Siva, and NIP3/Bcl-
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interacting protein. MKP-1 (mitogen-activated protein kinase
[MAPK] phosphatase 1) and the EWS/RNA binding protein
(CHOP or GADD 153) were previously identified as charac-
teristic stress-inducible genes. In contrast, genes in cluster 111
were mostly decreased during differentiation but induced by
E6 and E7. Many of these encode proteins that stimulate cell
cycle progression including p55CDC (cdc42), polo-like kinase,
cdc2 p34, and cdc2-associated protein, the cyclins A and B,
MAPK kinase, and cdc25B. Other genes in cluster III encode
proteins involved in DNA replication and mitosis including
CENP-F, DNA primase, Madp2, topoisomerase Ila, and rep-
lication factor C.

Most interestingly, genes in cluster IV were significantly and
strongly induced exclusively in HPV-16 E6/E7-immortalized
keratinocytes that are derived from retrovirus-infected cells
after extended in vitro culture (>20 passages or population
doublings). These mRNAs are usually repressed in differenti-
ation, and many encode cytoskeletal proteins (e.g., vimentin)
or regulators of cell adhesion and extracellular matrix
(TIMP-1, galectin-3, BM-40, or osteonectin [BM-40, SPARC],
fibronectin, and MadCAM-1).

E6 and E7 enhance expression of genes regulated by NF-«B
and AP-1 in differentiating cervical keratinocytes. A subset of
genes in cluster IIT were induced after treatment of keratino-
cytes with TNF-a (Table 2), a proinflammatory cytokine that
activates the transcription factors NF-kB and AP-1. We con-
firmed that TNF-a stimulated expression of several genes in
cluster 111, including IL-8, NF-kB2/p52, matrix metalloprotein-
ase 9, and others by RT-PCR (data not shown). We also found
that E6, E7, or E6/E7 stimulated expression of several addi-
tional genes that are known to be involved in NF-kB activation
(Fig. 4A). Additional RT-PCR analyses showed that E6/E7
characteristically increased mRNA expression of TRAF-inter-
acting protein 1, p5S0 (NF-kB1), IkBa, and NF-«kB-inducing
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FIG. 3. Western analysis showing altered expression and activity of
STAT-1 in keratinocytes expressing E6 and E7. (A) Western analysis
of total, cytoplasmic, nuclear, and phosphorylated STAT-1 protein in
keratinocytes after infection with retroviruses containing HPV-16 E6
and/or E7. (B) EMSA for binding of STAT transcription factors to
oligonucleotides containing the ISRE consensus sequence. Nuclear
extracts were derived from cells infected with E6 and/or E7 or pS3DN
mutant and grown in the presence of dsSRNA (which induces STAT
activation), basal medium to induce quiescence (basal), or the same
medium with Ca®>" to induce differentiation. HeLa, control nuclear
extract from HeLa cell line; 100x comp., competition for specific DNA
binding with a 100-fold molar excess of unlabeled oligonucleotide; 100x
unsp. comp, unspecific competition with unrelated oligonucleotide.
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FIG. 4. RT-PCR and EMSA demonstrate that E6 increased expression of NF-kB-regulated genes and enhanced activity of NF-kB and AP-1.
(A) RT-PCR analysis of several NF-kB-regulated genes after infection with HPV-16 E6 and/or E7. Duplicate data are from two independent
experiments. (B) Western analysis of p65 RelA, p50 (NF-kB1), IkBa, and p38 MAPK proteins in keratinocytes after infection with retroviruses
containing HPV-16 E6 and/or E7. (C) EMSA analysis for binding of CREB, AP-1, and NF-«kB transcription factors in nuclear extracts to
oligonucleotides with the respective DNA consensus sequences. Nuclear extracts were derived from cells growing in the presence of dsSRNA (which
induces STAT activation), and quiescent (basal) or differentiating keratinocytes (Ca*"). HeLa, control nuclear extract from HeLa cell line; 100x
comp., competition for specific DNA binding with a 100-fold molar excess of unlabeled oligonucleotide; 100x unsp. comp, unspecific competition
with unrelated oligonucleotide. D. EMSA analysis of NF-kB DNA binding activity in keratinocytes expressing wild-type HPV-16 E6 and mutants
with variable p53-degrading activities. Eomut F2V does not bind and degrade p53 in vitro. Mutants L110Q and F125V retain p53 binding activity.

kinase (NIK). p56 Lck is a tyrosine kinase in the Src family that
is required for TNF-mediated activation of NF-kB and AP-1.
Both nerve growth factor (NGF) and the 75-kDa NGF recep-
tor are induced by E6, can protect from apoptosis, and con-
tribute to NF-kB activation (23, 37). Western blot analysis
showed induction of p65 RelA protein expression, one of two
major functional subunits shown to be expressed in cervical
keratinocytes (Fig. 4B). In contrast, p50 (NF-kB1) expression
was basically unchanged. Supershift assays using antibodies
against the p50, p52, and p65 subunits of NF-kB showed that
cervical keratinocytes strongly express p65 (cRel) and p50 but
express little p52 (NF-kB2). Induction of mRNA and the cor-
responding proteins by HPV were also found for IkBa and
NIK. IkB-a is an inhibitor of NF-«B activity, but this protein is
a component of a large complex of proteins including NIK and
IKK which are generally induced as a result of NF-«kB activa-
tion (for example, by IL-1 and TNF-a). p38 MAPK is similarly
induced by E6 and E7. MAPK is required for both NF-«kB- and
AP-1-dependent gene expression (6, 7). Levels of both total
and phosphorylated p38 MAPK protein are induced by
HPV-16 E6. Very similar results were observed for p44/p42
MAPK (data not shown).

HPV-16 E6 induces NF-kB DNA binding. We analyzed the
activity of NF-«kB in keratinocytes expressing E6 or E6/E7 by

EMSA and detected activation of DNA binding for NF-«B and
AP-1 by E6 (Fig. 4C). NF-kB was activated in both quiescent
(basal) and differentiating (Ca**-induced) keratinocytes. The
high NF-«B activity in the presence of dsRNA, an inducer of
cellular stress, was further increased by E6 (Fig. 4C). DNA
binding activity of AP-1 was also induced by E6 and E6/E7,
particularly under conditions of quiescence or keratinocyte
differentiation. pS3DN did not induce NF-«B activity as effec-
tively as E6 or E6/E7. We also found that NF-kB activation was
induced by several functionally impaired E6 mutants (35) that
retain p53 binding activity (Fig. 4D). One E6 mutant (F2V)
that does not bind p53 did not increase NF-kB binding. Su-
pershift assays using antibodies against the p50 (NF-kB1), p52
(NF-kB2), and p65 (RelA) subunits identified p50 and p65 as
the major components of functional NF-kB in cervical kera-
tinocytes (data not shown), with little p52 expression. In con-
trast to NF-kB, DNA binding activity of transcription factors
CREB (Fig. 4C) and Oct-1 transcription factors (data not
shown) did not change significantly in HPV-expressing kera-
tinocytes.

HPV-16 E6 and E7 stimulate secretion of specific proinflam-
matory cytokines. NF-«kB and AP-1 activate expression of spe-
cific proinflammatory and immunoregulatory cytokines. Using
the RNase protection assay, we examined whether E6 and/or
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FIG. 5. RNase protection analysis of chemokine gene expression.
Cervical keratinocytes were infected with empty vector (pLXSN) or
E6, E7, and E6/E7 retroviruses and induced to undergo squamous
differentiation. Raw data were normalized using glyceraldehyde-3-
phosphate dehydrogenase and L32 expression. Data were analyzed by
densitometry using a PhosphorImager.

E7 induced expression of selected cytokines (Fig. 5). E6 or
mutant p53 induced IL-8, IP-10, MIP-1«, and RANTES. The
promoters of each of these genes contain one or more binding
sites for NF-kB or AP-1. We also examined conditioned me-
dium from keratinocyte cultures by ELISA to determine
whether E6 and/or E7 or pS3DN altered cytokine secretion
(Fig. 6). Secretion of IL-8 and IP-10 was increased directly
after infection with E6 and/or E7. E6 but not E7 increased
secretion of MIP-lao and RANTES. E6 and E7 stimulated
expression of several other cytokine mRNAs but did not sig-
nificantly increase secretion in vitro (IL-6, IL-12 p35 and p40
subunits, granulocyte-macrophage colony-stimulating factor,
and VEGF-B and -C [data not shown]).

DISCUSSION

Infection with high-risk HPV is a major risk factor for the
development of cervical cancer (60). In infected epithelia and
low-grade cervical intraepithelial neoplasias (CIN I), expres-
sion of E6 and E7 mRNA:s is increased as keratinocytes enter
the terminal differentiation pathway or progress to high-grade
dysplasia (CIN II and III) and cancer (16). We used retrovi-
ruses to express high levels of the E6 and E7 oncoproteins in
cultures of differentiating cervical keratinocytes and directly
examined resultant alterations in gene expression using cDNA
arrays. Approximately 80 genes out of 2,208 on the chip (4%)
were reproducibly increased or decreased more than threefold
by E6 and/or E7. These genes fell into several functional
groups providing insights into pathways by which E6 and E7
deregulate differentiation, cell cycle progression, and the host
response to viral infection.

The most obvious result was that E6/E7 strongly decreased
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expression of IFN-responsive genes, as shown in cluster II.
Similar or even more pronounced results were observed in
cells immortalized by E6 and E7. Efficient production of IFNs
in virally infected and/or immortalized cells is an essential aspect
of the host defense and is regulated by a number of cellular
transcription factors. The transcription factor complex ISGF-3
was originally identified as a critical mediator of IFN signaling.
ISGF-3 is formed by association of STAT-1, STAT-2, and p48
proteins. Upon stimulation of the IFN receptor, the complex
translocates to the nucleus, binds to ISREs, and activates ex-
pression of IFNs and IFN-inducible genes (12, 24). Transgenic
animals that carry a disruption in STAT-1, p48, or IFN recep-
tor genes exhibit severe defects in virus-induced IFN-o/3 gene
expression (28). Our observations that E6 and E7 downregu-
late expression of IFNs and IFN-responsive genes confirm and
extend recent work by Chang et al. (8) that showed that im-
mortalized foreskin keratinocytes transfected with the com-
plete HPV-31 genome have reduced expression of multiple
IFN-responsive genes. Our cluster analysis determined that the
relative effectiveness of oncoproteins was E6/E7 > E6 > E7.
Thus, in particular under conditions promoting differentiation,
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FIG. 6. ELISA analysis of chemokine secretion. Keratinocytes
were infected with HPV-16 E6 and/or E7 retroviruses or pS3DN mu-
tant. Cells were induced to undergo differentiation, and some cultures
were treated with TNF-a. ELISA was performed on supernatants of
E6/E7-infected cultures; in other experiments, cells were examined
after several (three to eight) subpassages or after immortalization.
Data are averages of four individual ELISA readings from experiments
and were normalized for absolute cell number or total cellular protein.
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E6 appears to be primarily responsible for most but not all
changes. Furthermore, most IFN-responsive genes were down-
regulated by infection with the retrovirus encoding a pS3DN
miniprotein (26), suggesting that E6-mediated degradation of
p53 contributes to this response but is not exclusively respon-
sible. We found that E6 decreased constitutive expression of
IFN-«a and -8B mRNAs and diminished the intracellular level of
IFN-a 5- to 10-fold. IFN-a production was also inhibited by
the pS3DN mutant, although not as effectively as by E6 or
E6/E7. We also showed that E6 decreased the level of cyto-
plasmic and nuclear STAT-1, an important component of the
ISGF-3 complex which binds to ISRE and activates expression
of IFN and IFN-inducible genes. This downregulation of cyto-
plasmic and nuclear STAT-1 appears to occur at the posttran-
scriptional level, as arrays and RT-PCR analyses did not show
a strong reduction of STAT-1 mRNA in response to E6/E7.
Downregulation and inactivation of STAT-1 might directly
inhibit IFN production in E6-expressing cells. It would be
interesting to determine whether STAT-1 protein is targeted
for degradation by E6-E6AP complexes, as is observed for p53
protein. Ronco et al. have shown that the HPV-16 E6 protein
binds and blocks transcriptional activity of IRF-3 another im-
portant activator of IFN-responsive gene expression (50). In
addition, Li et al. used HT1080 cells to show that E6 binds
to and diminishes the activity of Tyk2 a kinase involved in
activation of STAT-1 and STAT-2 (34). Thus, E6 has been
shown to target IFN signaling by at least two different types of
interactions. Our observation that E6 downregulates multiple
IFN-responsive genes directly demonstrates the biological rel-
evance of these interactions in the natural target of HPV
infection, primary ectocervical keratinocytes.

HPV-16 E6 or E6/E7 decreased expression of multiple IFN-
responsive genes. However, E7 alone was less effective and
diminished expression of only a subset of genes. Recently,
Barnard et al. showed that E7 binds to p48, a component of
IGSF3, and abrogates signaling mediated by IFN-« in HaCaT
cells (3). Furthermore, they recently showed that E7 is able to
inhibit the antiproliferative and antiviral functions of IFN-a
(4). E7 also binds and inhibits transactivation by IRF-1, an
important component of IFN signaling (44, 46). Thus, E7 tar-
gets at least two components of the IFN signal pathway. Sur-
prisingly, our own results showed that E7 alone did not effec-
tively downregulate the majority of IFN-responsive genes in
differentiating human cervical keratinocytes. However, coex-
pression of E6 and E7 was more effective than E6 alone in
inhibiting IFN-responsive genes. These results suggest that E6
is more effective than E7. However, we have previously shown
that high-level expression of E7 in differentiating cervical ker-
atinocytes sensitizes cells to apoptosis (29). Thus, it is possible
that some cells (approximately 5% in our previous study) that
express very high levels of E7 are eliminated before the anal-
ysis. This might explain, in part, why E7 had reduced effective-
ness for downregulation of IFN-responsive genes. IFNs pro-
vide an important first line of defense against viral infection.
IFNs stimulate expression of several intracellular proteins with
direct antiviral activity. IFNs also enhance expression of major
histocompatibility class I and II proteins, which mediate im-
mune recognition of viral antigens. Thus, the ability of E6 and
E7 to interfere with expression of IFN-responsive genes may
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allow circumvention of the host response to HPV-infected
keratinocytes.

A hallmark of HPV infection is reactivation of host DNA
synthesis and cell cycle progression in differentiating keratin-
ocytes. This allows a small DNA tumorvirus to utilize host
enzymes to replicate its own DNA. Cluster I contains genes
that are downregulated by E6 and E7 and that promote kera-
tinocyte differentiation or growth arrest. Some of these genes
are regulated by p53 (reviewed in reference 19), which is tar-
geted for degradation by HPV-16 E6 (51). p53-inducible genes
that are downregulated by HPV in cluster I include the Fas/
APO-1 receptor, p21 Waf-1, p53-induced genes 8 and 10, Fan-
coni’s anemia antigen C, IGFBP-3, EWS/GADD 153 or
CHOP, the TNF-related proapoptotic ligand TRAIL, and the
TRAIL receptors R2 and R3/decoy receptor DcR3 (not in-
cluded in array and cluster analysis but confirmed by RT-
PCR). Most p53-inducible genes play a role in regulation of
cellular responses to genotoxic stress. E6 and/or E7 also re-
pressed expression of genes typically induced during keratin-
ocyte differentiation or in inflammation. For instance, tissue
factor/thromboplastin is expressed by keratinocytes and in-
duced during differentiation. GADD 153, heat shock protein
60, gravin, and lipocalin are induced under pathological con-
ditions and inflammation (10). MAPK phosphatase 1 (MKP-1)
is a dual-specificity protein phosphatase induced in immediate-
early gene responses to growth factors and during cellular
stress. MKP-1 selectively inactivates stress-activated protein
kinase 3 in vitro by dephosphorylation (22). Cluster I also
contains proapoptotic genes, including Fas/APO-1, CD27
binding protein or Siva, and NIP3. In general, genes in cluster
I encode proteins that regulate various aspects of host re-
sponse to cellular stress. Downregulation of these genes could
contribute to increased resistance of keratinocytes to environ-
mental or host stress factors.

The mRNAs found in cluster III were induced by HPV-16
E6 and E7. Many represent proteins that stimulate cell cycle
progression or are functional in mitosis (15), including BUBI,
CENP-F/mitosin, Madp2, p55CDC, polo-like kinase 1, cdc2
p34, and cdc2-associated protein, cdc6, the cyclins A and B,
and cdc25B. Other genes in cluster III encode proteins in-
volved in DNA synthesis and repair, including ribonucleotide
reductase M2, DNA primase, topoisomerase Ila, and several
subunits of replication factor C. These are representative of a
large number of genes that are induced by the E2F transcrip-
tion factor family, not all of which were included in the first
version of the NCI oncochip. Active E2F factors are released
upon binding of HPV-16 E7 protein to hypophosphorylated
pRB and directly induce expression of genes involved in DNA
synthesis (S phase) and cell cycle progression. Many of these
genes are strongly repressed by TGF-B, one of the most potent
growth suppressors known that strongly inhibits keratinocyte
proliferation. TGF-B itself is efficiently repressed by HPV-16,
as shown previously (40). Previous work over the past decade
has demonstrated that HPV-16 E6 and E7 proteins enhance
expression of many of the genes located in cluster III (53), thus
confirming the accuracy of the cDNA array analysis.

A fraction of genes in cluster III encode proteins known as
induced by the transcription factors NF-«B and/or AP-1. Be-
cause of apparently similar expression profiles, the clustering
software could not distinguish between cell cycle regulatory
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genes and NF-«kB-inducible genes in cluster III. We used ad-
ditional microarray experiments to show that these genes were
induced by TNF-a (Table 2). TNF-a activates both NF-kB and
AP-1 and stimulates expression of many inflammatory genes
such as IL-6 and IL-8. However, TNF-a does not significantly
effect cell cycle regulation and proliferation of normal, primary
keratinocytes (reviewed in reference 43). Using EMSA, we
show that E6 significantly induced DNA binding activity for
NF-kB and AP-1, consistent with the hypothesis that these
transcription factors regulate a subset of E6-induced genes.
We also observed increased mRNA and/or protein expression
of a number of genes that are necessary for or involved in
NF-kB activation. These include p38 MAPK, which is required
for NF-kB dependent gene expression (6, 7). Also induced
were NIK, NF-kB1 and -2 (p50 and p52), TRAF-interacting
protein 1, p56 Lck (36), NGF (37), and the 75-kDa NGF
receptor (23). Transcriptional activation of NF-kB and AP-1 in
HPV-immortalized mouse keratinocytes has been reported re-
cently (32). In contrast, Patel et al. have reported that E6
reduces NF-kB activity in SAOS and U20S cells, which are
derived from osteosarcomas, a mesenchymal tissue (45). The
explanation for this difference between this study and our re-
sults is unclear; however, one possibility is that E6 affects
NF-kB activation differently in differentiating cervical keratin-
ocytes than in osteosarcoma cells.

Both p53 and NF-«kB regulate the cellular response to stress.
In contrast to p53, which is proapoptotic, NF-«kB can efficiently
protect keratinocytes from apoptosis (9). Recent studies have
shown that NF-kB and p53 directly compete for binding to the
transcriptional coactivator CBP/p300. Therefore, degradation
of p53 by E6 could result in an activation of NF-kB as shown
in our work. Furthermore, cross-transcriptional interference
between p53 and RelA may occur due to direct interaction
between these two transcription factors which is mediated by
their dimerization/tetramerization domains and results in in-
hibition of each other’s transcriptional activity (30, 56). The
postulated cross talk between p53 and NF-«B is consistent with
our observation that wild-type E6 and E6 mutants that degrade
p53 also induce NF-«kB activity, in contrast to a mutant that
binds p53 insufficiently (E6mut F2V). Constitutive activation
of NF-«kB and AP-1 transcription factors occur regularly during
mouse skin carcinogenesis (5), and elevated NF-«kB activity is
typically detected in HPV-immortalized cell lines (32). In con-
trast, inhibitors of NF-kB and AP-1 activation block neoplastic
transformation (33). Thus, NF-kB and AP-1 activation occurs
commonly during carcinogenesis, and increased activity may
contribute to HPV-induced transformation.

Expression of E6 and E7 in differentiating keratinocytes
stimulated secretion of several cytokines including IL-8, IP-10,
MIP-1«, and RANTES. IL-8 and IP-10 are members of the
CXC family of chemokines that exert inflammatory, growth-
promoting, and/or chemotactic activity. CXC chemokines are
induced by stressful stimuli such as wound healing (20), in-
flammation, or exposure to UV light (54). IP-10 is chemotactic
for monocytes and T lymphocytes and promotes adhesion to
endothelial cells. IL-8 stimulates leukocyte chemotaxis. RANTES
is a CC chemokine that is chemotactic for memory T lympho-
cytes and activates naive T cells (49). Elevated RANTES and
IP-10 occur in psoriasis and cutaneous hypersensitivity reac-
tions. Both IL-8 and IP-10 were more strongly induced in
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HPV-immortalized cell lines (data not shown). The potential
biological significance of increased chemokine production in
differentiating keratinocytes after high-level E6/E7 expression
is unclear. Most chemokines are not normally expressed in
resting cells but are rapidly induced in response to various
inflammatory and mitogenic stimuli. Induction of chemokine
secretion might reflect activation by NF-kB or AP-1 transcrip-
tion factors due to cell stress induced by E6 and/or E7. In-
creased chemokine production might facilitate recognition and
elimination of HPV-infected cells in vivo. However, chemo-
kines such as IL-8 can also stimulate tumor proliferation or
angiogenesis (38, 42).

Cluster IV contains a number of genes that are characteris-
tically induced in immortal cell lines established from retrovi-
rus-infected keratinocytes. Infection of keratinocytes with
high-risk HPV E6 and E7 results in hyperproliferation, in
dysregulation of the cell cycle, and eventually in increasing
genetic instability and acquisition of somatic mutations. In
vivo, these events can eventually lead to malignant progression
and cervical cancer. In vitro, neoplastic progression is reflected
in immortalization of primary cells. Immortalization requires
long-term cell culture and survival of cellular senescence or
crisis and involves massive losses and/or amplifications of ge-
netic material. HPV-immortalized cell lines show highly dys-
plastic differentiation and growth properties and acquire many
characteristics shared by preneoplastic, high-grade CIN lesions
(58). Therefore, we were particularly interested in identifica-
tion of genes induced in immortalized cell lines independently
of early responses to the E6 and E7 oncogenes. Many genes in
cluster IV encode components of the cytoskeleton or the ex-
tracellular matrix such as vimentin, osteonectin (SPARC or
BM-40), and fibronectin. Interestingly, increased production of
soluble and cell surface-associated fibronectin or throm-
bospondin is not specific for HPV-16-immortalized keratino-
cytes, since these genes are also characteristically increased in
adenovirus and simian virus 40-immortalized cells (52). Up-
regulation of fibronectin gene expression and extracellular ma-
trix formation are consistent characteristics of malignantly con-
verted human keratinocytes. Fibronectin and other genes in
cluster IV, including galectin-1 and osteonectin/SPARC, might
therefore be useful as potential molecular markers that indi-
cate an increased risk for malignant progression of HPV-asso-
ciated lesions (41) and could be highly interesting as novel
diagnostic tools for early detection of preneoplastic cervical
lesions.
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