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Phosphorylation of the o subunit of eukaryotic translation initiation factor 2 (eIF2«) at serine 51 inhibits
protein synthesis in cells subjected to various forms of stress including virus infection. The human papillo-
mavirus (HPV) E6 oncoprotein contributes to virus-induced pathogenicity through multiple mechanisms
including the inhibition of apoptosis and the blockade of interferon (IFN) action. We have investigated a
possible functional relationship between the E6 oncoprotein and elF2a phosphorylation by an inducible-
dimerization form of the IFN-inducible protein kinase PKR. Herein, we demonstrate that HPV type 18 E6
protein synthesis is rapidly repressed upon eIF2a phosphorylation caused by the conditional activation of the
kinase. The remainder of E6, however, can rescue cells from PKR-mediated inhibition of protein synthesis and
induction of apoptosis. E6 physically associates with GADD34/PP1 holophosphatase complex, which mediates
translational recovery, and facilitates eIF2a dephosphorylation. Inhibition of elF2« phosphorylation by E6
mitigates elF2a-dependent responses to transcription and translation of proapoptotic genes. These findings
demonstrate, for the first time, a role of the oncogenic E6 in apoptotic signaling induced by PKR and elF2a
phosphorylation. The functional interaction between E6 and the elF2« phosphorylation pathway may have

important implications for HPV infection and associated pathogenesis.

Eukaryotic cells respond to various stress conditions, includ-
ing virus infection, in part by downregulating protein synthesis
(12). This translation response is mediated largely through the
phosphorylation of the o subunit of the eukaryotic translation
initiation factor 2 (elF2a) at serine 51 (28). Phosphorylated
elF2 has increased affinity for the translation initiation factor
elF2B, a guanine nucleotide exchange factor required for the
recycling of eIF2-GDP to eIF2-GTP (28). Phosphorylation at
serine 51 traps elF2-GDP and eIF2B in a complex with re-
duced guanine nucleotide exchange factor activity. The result-
ing reduction in eIF2-GTP levels leads to the inhibition of the
overall rate of protein synthesis (28). To date, there are four
distinct eIF2a kinases that play a role in translational control
by modulating elF2 function; these are the heme-regulated
inhibitor (9), the double-stranded RNA (dsRNA)-activated
protein kinase PKR (36), the homologue of the Saccharomyces
cerevisiae protein kinase GCN2 (38), and the endoplasmic re-
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ticulum (ER)-resident protein kinase PERK (64). Functional
analyses of the eIF2a kinases have indicated that each enzyme
provides the cell with a unique ability to modulate translation
in response to specific types of stress (16). For example, heme-
regulated inhibitor responds to heme depletion (9) and PERK
mediates translational control in response to ER stress (64),
whereas GCN2 is activated in response to amino acid starva-
tion (38).

PKR is unique among the eIF2a kinase family for its ability
to respond to virus infection (13, 36). The kinase is ubiqui-
tously expressed in all cells at low levels but is transcriptionally
induced by alpha/beta interferon (IFN-«/B), a family of cyto-
kines with antiviral and antiproliferative actions that are se-
creted from infected cells (73). PKR consists of an N-terminal
dsRNA-binding domain (dsRBD) and a C-terminal kinase do-
main (KD) (36). The dsRBD contains two dsRNA-binding
motifs (dAsSRBMI and dsRBMII), which are essential for RNA
binding, whereas the KD contains all 11 catalytic subdomains
that are highly conserved among protein kinases (13, 36). Bind-
ing of PKR to dsRNA produced during virus replication in-
duces dimerization and conformational changes that result in
kinase activation by interphosphorylation on multiple sites (13,
36). Activated PKR then phosphorylates elF2a at serine 51,
causing the inhibition of protein synthesis. Through this capac-
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ity, the kinase functions as a mediator of the antiviral and
antiproliferative actions of IFNs (73) and as an inducer of
apoptosis (32). Because of the deleterious effects of the host’s
protein synthesis inhibition, many viruses have evolved distinct
mechanisms to counteract PKR activation and elF2«a phos-
phorylation as a means to avoid, at least in part, the antiviral
action of IFNs (21). These mechanisms include the direct in-
hibition of the kinase by viral proteins and/or RNAs, the down-
regulation of PKR protein, the regulation of eIF2a phosphor-
ylation levels, or the control of translational pathways
downstream of elF2a phosphorylation (34, 35). In addition to
translational control, PKR is implicated in signaling pathways
that induce gene transcription in response to various cytokines
and growth factors, virus infection, or various forms of envi-
ronmental stress (12, 13, 36).

Infection with human papillomavirus (HPV) is associated
with tumors in various tissues and organs and is clearly impli-
cated in the development of cervical cancer, which has an
incidence rate of ~500,000 cases per year globally (15, 49, 87).
To date, a total of almost 100 subtypes of this virus have been
identified, which are divided into two groups: the low-risk
HPVs, such as subtypes 6 and 11, which are rarely found in
malignant tumors but induce benign genital warts, and the
high-risk subtypes, such as 16 and 18, which are frequently
found in cervical carcinoma (15, 49, 87). Among the several
HPYV proteins, E6 plays a major role in virus-mediated onco-
genesis. It is a small basic protein of 151 amino acids (aa),
whose major structural characteristic is the presence of two
hypothetical zinc fingers (48). The best-characterized function
of the high-risk E6 is the degradation of tumor suppressor p53
through ubiquitin-mediated proteolysis, a process that is de-
pendent on the presence of a cellular protein termed E6-
associated protein (48, 50). Degradation of p53 is an important
mechanism by which E6 prevents apoptosis upon virus infec-
tion or exposure to ionizing radiation (48, 50). E6 can interact
with and inactivate several other cellular proteins, including
c-Myc, Bak, or the human homologue of the Drosophila mela-
nogaster disks large tumor suppressor protein (48). E6 has also
been shown to disrupt the transcriptional machinery through
its association with the transactivator CBP/p300 protein or to
induce cellular telomerase activity, a function with important
implications in cellular immortalization and transformation
(48, 50). Furthermore, E6 can efficiently immortalize human
mammary epithelial cells and induce epithelial hyperplasia and
skin tumors in transgenic mice (48, 50).

In addition to oncogenesis, E6 has a significant contribution
to altering the immune response through its ability to inhibit
apoptosis and suppress IFN action (41). This may account, at
least in part, for the poor responsiveness of HPV-infected cells
to IFN treatment in vitro and in vivo (41). Given the demon-
strated role of eIF2a phosphorylation in the antiviral effects of
IFNs, we were interested to examine a possible implication of
E6 in eIF2a phosphorylation. Herein, we show that HPV type
18 (HPV-18) E6 protein synthesis is inhibited in response to
IFN treatment or elF2a phosphorylation by a conditionally
active PKR. We also show that, despite its translational repres-
sion, E6 is capable of counteracting the inhibitory effect of
elF2a phosphorylation on cellular protein synthesis. We pro-
vide evidence that this is possible due to the ability of E6 to
interact with the GADD34/PP1 holophosphatase complex and
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promote dephosphorylation of eIF2«. Furthermore, we dem-
onstrate that inhibition of eIF2a phosphorylation by HPV-18
EO6 prevents PKR-mediated apoptosis through the inhibition of
expression of proapoptotic genes. The significance of these
findings is underscored by our data showing that the antiapop-
totic function is a property of the high-risk HPV-18 E6 but not
of low-risk HPV-11 E6, thus supporting a role for the PKR-
elF2a phosphorylation pathway in virus-mediated tumorigen-
esis.

MATERIALS AND METHODS

Plasmids. FLAG-tagged HPV-18 E6 or HPV-11 E6 in pcDNA3.1/Zeo vector
(Invitrogen, Inc.) was constructed as described previously (46). The construction
of GyrB.PKR cDNAs in pSGS5 vector (Stratagene, Inc.) was previously described
(78), and the generation and characterization of FLAG-GADD34 constructs
were also described elsewhere (6).

Cell culture and IFN treatment. The human fibrosarcoma HT1080 cells
(ATCC CCL-121) were maintained in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% calf serum and antibiotics. The generation
and characterization of HT1080 cells expressing FLAG-HPV-18 E6 were pre-
viously described (46). To generate HT1080 cells expressing GyrB.PKR and E6
proteins, cells were transfected with either GyrB.PKR or GyrB.PKRK296H
cDNA in pSG5 vector together with either FLAG-HPV-18 E6 or FLAG-
HPV-11 E6 in pcDNA3.1/Zeo vector at a ratio of 5:1. In control transfections,
GyrB.PKR cDNAs with pcDNA3.1/Zeo vector were used. Transfection was
performed with Lipofectamine reagent (Invitrogen, Inc.) according to the man-
ufacturer’s instructions. Cells were selected in the presence of 200 ug of zeocin
(Invitrogen)/ml, and clones were isolated, expanded, and characterized as de-
scribed previously (46). For IFN treatment, 1,000 IU of human IFN-a2b (Intron
A; Schering-Plough Corp.)/ml or 5 ng of human IFN-y (Biosource International)/ml
was used.

Microarray analysis. For cDNA microarray analysis, total RNA (10) was used
for hybridization of the Affymetrix human U133A c¢DNA chip, which covers
22,000 genes, as described previously (53). For each cell line, the values obtained
after coumermycin treatment were normalized to those in the absence of the
antibiotic. We focused on those genes whose expression was either induced or
suppressed a minimum of fivefold in GyrB.PKR-expressing cells and remained
unaffected in GyrB.PKRK296H-expressing cells (less than threefold induction or
suppression) after coumermycin treatment.

Protein extraction, immunoblotting, immunoprecipitation, and pull-down as-
says. Cells were washed twice with ice-cold phosphate-buffered saline (PBS)
solution (140 mM NaCl, 15 mM KH,PO, [pH 7.2], 2.7 mM KCl), and proteins
were extracted with a lysis buffer containing 10 mM Tris-HCI (pH 7.5), 50 mM
KCl, 2 mM MgCl,, 1% Triton X-100, 1 mM dithiothreitol (DTT), 1 mM phe-
nylmethylsulfonyl fluoride, 3 g of aprotinin/ml, 1 g of leupeptin/ml, and 1 pg
of pepstatin/ml. After incubation on ice for 20 min, the lysates were centrifuged
at 14,000 X g for 10 min at 4°C. The supernatant was transferred to a fresh tube,
and the protein concentration was measured by the Bradford assay (Bio-Rad).
Samples were stored at —85°C.

Proteins were subjected to sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE) or two-dimensional (2D) gel electrophoresis and trans-
ferred to polyvinylidene difluoride membranes (Immobilon-P; Millipore Corp.).
Immunoblottings were performed according to the standard protocol (66). The
primary antibodies (Abs) were as follows: anti-FLAG M2 mouse monoclonal Ab
(Sigma; 2 pg/ml), anti-human PKR mouse monoclonal Ab (clone F9 or E8 [47],
1 pg/ml), anti-GyrB mouse monoclonal Ab (clone 7D3; John Innes Enterprises;
0.2 pg/ml), anti-human eIF2a rabbit polyclonal Ab (Cell Signaling; 1 wg/ml),
rabbit serum to phosphoserine 51 of eIF2a (45) (1 wg/ml), anti-actin mouse
monoclonal immunoglobulin G (IgG; ICN; 0.1 wg/ml), anti-Bik mouse mono-
clonal Ab (clone C33-1; BD Biosciences; 1 pg/ml), and anti-p53 mouse mono-
clonal Ab (Ab-2; Oncogene Science; 1 pg/ml). The following Abs were used from
the APOPTOPAK miniature set from Upstate Biotechnology Inc.: anti-Bcl-2
mouse monoclonal Ab (clone 124; 1 wg/ml), anti-Bak rabbit polyclonal Ab (1
pg/ml), and anti-Bax rabbit polyclonal Ab (1 pg/ml). The following Abs were
purchased from Santa Cruz Biotechnology: anti-GADD153 (C/EBP homologous
protein [CHOP]) rabbit polyclonal Ab (sc-575; 1 pg/ml), anti-PP1 mouse mono-
clonal Ab (sc-7482; 2 wg/ml), and anti-FAS rabbit polyclonal Ab (sc-715; 1
png/ml). The secondary Abs were horseradish peroxidase-conjugated anti-mouse
AD or horseradish peroxidase-conjugated anti-rabbit Ab (dilution, 1:1,000; Am-
ersham Pharmacia Biotech). Proteins were visualized using the enhanced chemi-



VoL. 24, 2004

REGULATION OF elF2a PHOSPHORYLATION BY HPV E6 3417

HT1080 + FLAG-18 E6

- IFN-o.

IFN-y

me132 - 4 -

I 1
-+

— P - — s G

<— FLAG-18 E6

-<+— PKR

-+— Actin

Lane 1 2 3

5 6

FIG. 1. E6 protein levels are downregulated upon treatment with IFN-a. HT1080 cells expressing FLAG-tagged HPV-18 E6 were left untreated
(lanes 1 and 2) or treated with either IFN-a (lanes 3 and 4) or IFN-y (lanes 5 and 6) for 18 h followed by treatment with 40 uM MG-132 for an
additional 2 h (lanes 2, 4, and 6). Protein extracts (50 ng) were subjected to immunoblot analysis with anti-FLAG monoclonal Ab (top panel),
anti-human PKR monoclonal Ab (clone F9) (middle panel), and antiactin monoclonal Ab (bottom panel).

luminescence detection system according to the instructions of the manufacturer
(Perkin-Elmer Life Sciences, Inc.). Quantification of the bands in the linear
range of exposure was performed by densitometry using NIH Image 1.54 soft-
ware. Immunoprecipitations and glutathione S-transferase (GST) pull-down as-
says were performed as described previously (46). For GADD34 immunopre-
cipitation, 2 pg of anti-GADD?34 rabbit polyclonal Ab (sc-8327) per 500 mg of
protein extract was used.

In vivo 35S labeling, isoelectric focusing (IEF), and 2D gel electrophoresis.
Cells were treated with coumermycin in DMEM plus 10% calf serum for the
appropriate time. Then, the medium was changed to DMEM lacking methionine
and supplemented with 10% dialyzed fetal bovine serum for 2 h. Tran>S-label
(ICN) was then added to the cells at a concentration of 100 wCi/10° cells, and
culture was continued for an additional 2 h in the presence of coumermycin.
Protein extracts prepared as described above were subjected to SDS-PAGE, and
radioactive proteins were visualized by autoradiography.

For 2D gel electrophoresis, protein lysates were prepared using a specific lysis
buffer {8 M urea, 4% (wt/vol) 3-[(3-cholamidopropyl)-dimethylammonio]-1-pro-
panesulfonate (CHAPS), 65 mM DTT, 0.5% (vol/vol) immobilized pH gradient
(IPG) buffer, (Amersham 17-6000-86) pH 4 to 7. The first dimension (IEF) was
performed using the Ettan IPGphor IEF unit (Amersham) and 7-cm strips, pH
4 to 7 (14, 19). The isoelectric gels were first passively rehydrated in a total
volume of 125 pl of rehydration solution (8 M urea, 2% [wt/vol] CHAPS, 10 mM
DTT, 0.5% [vol/vol] IPG buffer [pH 4 to 7], trace of bromophenol blue) for 10 h
(67). After the rehydration phase, IEF was performed at 150 V for 40 min, 500
V for 40 min, 1,000 V for 40 min, and 5,000 V for 3 h. After IEF, gels were
incubated in equilibration buffer I (50 mM Tris-HCI [pH 8.8], 6 M urea, 30%
glycerol, 2% SDS, 1% [wt/vol] DTT, trace of bromophenol blue) for 12 min and
in equilibration buffer IT (50 mM Tris-HCI [pH 8.8], 6 M urea, 30% glycerol, 2%
SDS, 2.5% [wt/vol] iodoacetamide, trace of bromophenol blue) for 5 min prior to
separation by SDS-PAGE (second dimension).

elF2a dephosphorylation assay. Purified recombinant histidine-tagged eIF2a
was prepared as described previously (86) and phosphorylated by a purified GST
fusion protein of human PKR in vitro based on a previously published protocol
(86). The unincorporated [y->*P]ATP was removed using MicroSpin G-25 col-
umns (Amersham Pharmacia Biotech). An aliquot of 3?P-eIF2a was then incu-
bated with anti-FLAG immunoprecipitates and subjected to dephosphorylation
as described previously (54). Phosphorylated eIF2« was detected by SDS-PAGE
and autoradiography.

Cell staining and flow cytometry analysis. Cells were prepared for flow cy-
tometry analysis as described previously (81) with a few modifications. Briefly,
approximately 10° cells per 10-cm-diameter dish were detached in PBS plus 0.1
mM EDTA and washed in ice-cold PBS. Following centrifugation at 900 X g for
5 min, cells were suspended in 0.5 ml of cold PBS and fixed by adding 4.5 ml of
ice-cold ethanol dropwise with gentle mixing. Fixed cells were stored at —20°C
for at least 8 h. For staining, pelleted cells were washed once with PBS and
suspended in 0.5 ml of PBS containing 50 pg of propidium iodide (Sigma)/ml and
20 pg of RNase (Sigma)/ml. Cells were incubated at 37°C for 30 min and

maintained at 4°C for 8 h before being subjected to flow cytometry analysis on a
FACScan cell sorter.

RESULTS

Inhibition of HPV-18 E6 protein synthesis by IFN-a. We
previously generated a human epithelial cell-like fibrosarcoma
HT1080 cell line carrying a FLAG-tagged form of the high-risk
HPV-18 E6 (46). When HT1080 cells were treated with IFN-a,
we noticed a decrease in FLAG-HPV-18 E6 expression levels
compared to those in untreated cells (Fig. 1, top panel, com-
pare lane 3 with lane 1). Inhibition of FLAG-HPV-18 E6
expression, however, was not observed in cells treated with
IFN-y (lane 5). Since E6 protein stability is controlled by the
26S proteasome (37), we tested whether inhibition of FLAG-
HPV-18 E6 by IFN-« involved the proteasome-dependent deg-
radation of the viral protein. Incubation of HT1080 cells with
the proteasome inhibitor MG-132 increased FLAG-HPV-18
E6 levels equally in untreated and in IFN-a- or [IFN-y-treated
cells (top panel, lanes 2, 4, and 6). However, MG-132 failed to
completely restore FLAG-18E6 levels in IFN-a-treated cells
(lane 4) as opposed to untreated (lane 2) or IFN-y-treated
(lane 6) cells, suggesting that the inhibitory effect of IFN-« is
not exclusively based on the proteasome-mediated degradation
of the viral protein. Since FLAG-HPV-18 E6 expression in
HT1080 cells was mediated by a heterologous promoter, whose
activity is not affected by IFNs (46), our findings implied a
translational regulation of FLAG-HPV-18 E6 by IFN-a. This
notion was supported by our observation that downregulation
of FLAG-HPV-18 E6 was associated with an induction of the
elF2a kinase PKR protein in IFN-a-treated cells (Fig. 1, mid-
dle panel, lanes 3 and 4).

E6 protein synthesis is controlled by elF2a phosphoryla-
tion. To establish a direct link between E6 protein synthesis
and PKR, we employed an alternative approach to induce the
activity of the kinase by expressing the KD of PKR as a fusion
protein with the first 220 aa of Escherichia coli GyrB protein
(Fig. 2A). Using this approach, Ung et al. previously demon-
strated that chemical cross-linking of the GyrB domain within
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FIG. 2. Inhibition of E6 protein synthesis by GyrB.PKR activation and eIlF2a phosphorylation. (A) Schematic representation of PKR and
GyrB.PKR proteins. The dsSRBD of PKR was replaced by the GyrB domain, which mediates the dimerization of the chimera protein in the
presence of coumermycin. This leads to the activation of GyrB.PKR, which in turn mimics the effects of wt PKR (78). (B) HT1080 cells expressing
either GyrB.PKR (lanes 1 to 4) or GyrB.PKRK296H (lanes 5 to 8) were treated with 100 ng of coumermycin/ml for the indicated times. Protein
extracts (50 pg) were subjected to immunoblotting with anti-GyrB monoclonal Ab (top panel), anti-eIF2a phosphoserine 51-specific rabbit Ab
(middle panel), or anti-eIF2a rabbit polyclonal Ab (bottom panel). (C) HT1080 cells expressing FLAG-HPV-18 E6 (lanes 1 to 8) together with
either GyrB.PKR (lanes 1 to 4) or GyrB.PKRK296H (lanes 5 to 8) were incubated with 100 ng of coumermycin/ml for up to 4 h. Immunoblot
analysis of 50 pg of protein extracts with either anti-FLAG or antiactin monoclonal Ab is shown in the top or bottom panel, respectively.
(D) HT1080 cells expressing FLAG-HPV-18 E6 and either GyrB.PKR (lanes 1 to 3) or GyrB.PKRK296H (lanes 4 to 6) were subjected to
Northern blot analysis using 10 pg of total RNA followed by hybridization with either **P-labeled HPV-18 E6 cDNA (top panel) or **P-labeled
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) cDNA (bottom panel) as previously described (46). The radioactive bands were quantified
by densitometry, and the ratio of FLAG-HPV-18 E6 to glyceraldehyde-3-phosphate dehydrogenase is shown.

cells by the drug coumermycin resulted in the dimerization and
activation of the fusion protein, leading to the induction of
elF2a phosphorylation and inhibition of protein synthesis (78).
We generated HT1080 cells stably expressing either wild-type
(wt) PKR or the catalytically inactive PKRK296H mutant as a
fusion protein with GyrB. Immunoblot analysis with an anti-
GyrB Ab showed equal expression of GyrB.PKR and
GyrB.PKRK296H (Fig. 2B, top panel). When cells were
treated with coumermycin, we found that phosphorylation of
endogenous elF2a was highly induced in GyrB.PKR-express-

ing cells but not in GyrB.PKRK296H-expressing cells (Fig. 2B,
middle panel).

Given that the GyrB.PKR system was functional in HT1080
cells, we further established cells expressing FLAG-HPV-18
E6 together with either GyrB.PKR or GyrB.PKRK296H (Fig.
2C). Treatment of these cells with coumermycin resulted in a
rapid repression of FLAG-HPV-18 E6 levels in GyrB.PKR-
expressing cells but not in GyrB.PKRK296H-expressing cells
(Fig. 2C, top panel, compare lanes 1 to 4 with lanes 5 to 8).
Northern blot analysis showed that 18E6 mRNA levels were
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FIG. 3. Control of GyrB.PKR-mediated cell death by E6. (A) HT1080 control cells (i.e., expressing the zeocin-resistant gene only) and cells
expressing either GyrB.PKR alone or GyrB.PKR in the presence of either FLAG-HPV-18 E6 or FLAG-HPV-11 E6 were treated with 100 ng of
coumermycin/ml for 24 or 48 h. Cells were harvested, fixed in ethanol, stained with propidium iodide, and subjected to flow cytometry analysis.
The percentages of apoptotic cells or cells in various phases of the cell cycle are indicated. Data represent one of four reproducible experiments.
(B) Quantification of cell death. The values represent the average percentages of cell death (sub-G, population) for each cell line treated with

coumermycin from three independent experiments.

not diminished by coumermycin treatment of GyrB.PKR- or
GyrB.PKRK296H-expressing cells (Fig. 2D). Similar results
were obtained with HT1080 cells expressing GyrB.PKR and a
FLAG-tagged form of the low-risk HPV-11 E6 (data not
shown). Collectively, these data suggested that E6 expression is
translationally suppressed by PKR-mediated eIF2a phosphor-
ylation.

High-risk 18E6 blocks PKR-mediated apoptosis. The inhi-
bition of E6 protein synthesis by GyrB.PKR prompted us to
examine a possible role of the viral protein in the biological
effects of PKR activation. Considering that activation of PKR
promotes apoptosis (75), we assessed the induction of death in
HT1080 cells expressing GyrB.PKR in the absence or presence

of either FLAG-HPV-18 E6 or FLAG-HPV-11 E6 (Fig. 3).
When control HT1080 cells (i.e., cells transfected with the
expression vector bearing the zeocin-resistant gene only) were
treated with coumermycin, we observed that neither the
growth (data not shown) nor the viability of the cells was
affected by the presence of the antibiotic (Fig. 3A, left-
most panels). On the other hand, HT1080 cells expressing
GyrB.PKR underwent massive death (see increased sub-G,
population) after treatment with coumermycin (panels second
from the left). Interestingly, death was significantly lower in
coumermycin-treated cells expressing GyrB.PKR and FLAG-
HPV-18 E6 (Fig. 3A, panels third from the left). In contrast
to this, the percentage of dead cells was not diminished in
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FIG. 4. Regulation of GyrB.PKR-mediated inhibition of protein synthesis by E6. (A) HT1080 cells expressing GyrB.PKR alone,
GyrB.PKRK296H alone, or GyrB.PKR together with either FLAG-HPV-18 E6 or FLAG-HPV-11 E6 were treated with 100 ng of coumermy-
cin/ml for 10 h followed by labeling in vivo with [**S]methionine for an additional 2 h. Protein extracts (50 ug) were subjected to SDS-PAGE. Total
protein was visualized by Coomassie blue staining (lanes 1 to 4), whereas radioactive proteins were detected by autoradiography (lanes 5 to 8). MW,
molecular weight in thousands. (B) HT1080 cells were left untreated or treated with 100 ng of coumermycin/ml for 4 or 10 h followed by
[>*S]methionine labeling for an additional 2 h. The radioactive proteins were quantified in 10 g of total protein extract after trichloroacetic acid
precipitation and counting (66). Values represent the average percentages of protein synthesis (i.e., [>>S]methionine incorporation) calculated from

two independent experiments performed in triplicate.

GyrB.PKR-expressing cells expressing FLAG-HPV-11 E6
compared to GyrB.PKR-expressing cells after treatment with
coumermycin (Fig. 3A, rightmost panels). Quantitative analy-
sis of cell death induced by GyrB.PKR activation in the ab-
sence or presence of E6 proteins is shown in Fig. 3B. Collec-
tively, these findings clearly demonstrated the killing potential
of activated GyrB.PKR and the ability of the high-risk HPV-18
EO6 only to rescue cells from PKR-mediated death.

High-risk 18E6 impairs translational control by elF2a
phosphorylation. Since PKR-mediated cell death is tightly as-
sociated with protein synthesis inhibition (75), we next sought
to examine the regulation of protein synthesis in HT1080 cells
expressing GyrB.PKR in the absence or presence of the E6
proteins. Specifically, coumermycin-treated cells were labeled
with [**S]methionine, and protein extracts were subjected to
SDS-PAGE and autoradiography (Fig. 4A, lanes 5 to 8). We
observed that, although total protein load measured by Coo-

massie blue staining was equal in all cells (Fig. 4A, lanes 1 to
4), treatment with coumermycin drastically inhibited protein
synthesis in cells with GyrB.PKR (lane 5) as opposed to cells
bearing the catalytic mutant GyrB.PKRK296H (lane 6). Inter-
estingly, the presence of FLAG-HPV-18 E6 relieved the inhi-
bition of protein synthesis by GyrB.PKR significantly (compare
lane 7 with lane 5). In contrast to FLAG-HPV-18 EG6, expres-
sion of FLAG-HPV-11 E6 did not affect inhibition of protein
synthesis by GyrB.PKR (compare lane 8 with lane 5). To better
assess the differences in protein synthesis, cells were labeled
with [**S]methionine and radioactive proteins were extracted
and quantified (Fig. 4B). We observed that protein synthesis
was inhibited after 6 or 12 h of coumermycin treatment of
GyrB.PKR-expressing cells or GyrB.PKR-expressing cells ex-
pressing FLAG-HPV-11 E6. On the other hand, protein syn-
thesis was still reduced in GyrB.PKR-expressing cells express-
ing FLAG-HPV-18 E6 but to a lesser extent than in
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GyrB.PKR-expressing cells or GyrB.PKR-expressing cells con-
taining FLAG-HPV-11 E6 particularly at 6 h after coumermy-
cin treatment. These data showed the ability of FLAG-
HPV-18 E6 to relieve the translational blockade induced by
PKR-mediated eIF2a phosphorylation.

To address the mechanism of translational control by E6, we
assessed the phosphorylation levels of elF2a in GyrB.PKR-
expressing cells lacking or expressing FLAG-HPV-18 E6 (Fig.
5A). Immunoblot analysis with phosphospecific Abs to serine
51 of eIF2a showed that phosphorylation was significantly re-
duced in coumermycin-treated cells expressing GyrB.PKR and
FLAG-HPV-18 E6 compared to cells expressing GyrB.PKR
only (Fig. 5A, middle panel). We further verified this finding by
testing eIF2a phosphorylation by IEF, 2D gel electrophoresis,
and immunoblotting with phosphoserine 51-specific anti-eIF2a
Abs (Fig. 5B). We found that eIF2a phosphorylation was
highly induced in GyrB.PKR-expressing cells after coumermy-
cin treatment. However, the levels of phosphorylated elF2a
induced in coumermycin-treated GyrB.PKR-expressing cells
containing FLAG-HPV-18 E6 were lower than in GyrB.PKR-
expressing cells lacking the viral oncoprotein. We also noticed
that several species of phosphorylated eIF2a were recognized
by the phosphospecific Ab based on their migration to acidic
pH upon coumermycin treatment. These data indicated that
activation of GyrB.PKR leads to hyperphosphorylation of
elF2a at multiple sites including serine 51. It is noteworthy
that, although serine 51 is the only residue directly phosphor-
ylated by PKR (22), hyperphosphorylation of eIF2« is indirect,
most probably due to the ability of GyrB.PKR to activate
pathways leading to multiple phosphorylation of eIF2«. Nev-
ertheless, the above data clearly demonstrated the inhibitory
effect of FLAG-HPV-18 E6 on GyrB.PKR-mediated elF2a
phosphorylation. We also compared eIF2a phosphorylation in
GyrB.PKR-expressing cells containing either FLAG-HPV-18
E6 or FLAG-HPV-11 E6 (Fig. 5C). We found that the induc-
tion of elF2a phosphorylation by activated GyrB.PKR was
higher in cells expressing FLAG-HPV-11 E6 than in cells
expressing FLAG-HPV-18 E6 (middle panel, compare lanes 5
to 8 with 1 to 4), indicating a higher capacity of FLAG-
HPV-18 E6 than of FLAG-HPV-11 E6 to inhibit eIF2a phos-
phorylation.

We next addressed the specificity of FLAG-HPV-18 E6 in
inhibiting eIF2a phosphorylation. If eIF2a phosphorylation
was generally inhibited by E6, this should also take place in
cells subjected to ER stress, which induces eIF2a phosphory-
lation through the activation of the PKR-like ER-resident ki-
nase PERK (25). When cells expressing either GyrB.PKR
alone or GyrB.PKR and FLAG-HPV-18 E6 were treated with
the ER stress inducer thapsigargin in the absence of coumer-
mycin, induction of elF2a phosphorylation was reduced in
cells expressing the viral oncoprotein compared to cells lacking
it (Fig. 5D, panel a, compare lane 2 with lane 6 and lane 3 with
lane 7). It has been well established that induction of elF2a
phosphorylation in ER-stressed cells leads to the expression of
CHOP, which is also known as growth arrest and DNA damage
gene 153 (GADD153) (26, 69). When CHOP/GADD153 was
used as a marker for responses to eIF2a phosphorylation in
thapsigargin-treated cells, we found that CHOP/GADD153
protein levels were more highly induced in cells with
GyrB.PKR alone than in cells with GyrB.PKR and the viral
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oncoprotein (Fig. 5D, panel ¢, compare lane 2 with lane 6 and
lane 3 with lane 7). Taken together, these findings demon-
strated that the ability of FLAG-HPV-18 E6 to impair elF2a
phosphorylation is not specific for the PKR pathway but can be
seen in other elF2a kinase pathways such as ER stress, which
induces elF2a phosphorylation through the activation of
PERK.

HPV-18 E6 promotes elF2« dephosphorylation. The growth
arrest and DNA damage gene product 34 (GADD34) is a
stress-inducible regulatory subunit of a holophosphatase com-
plex, which contains the catalytic subunit of protein phospha-
tase 1 (PP1c) and specifically promotes the dephosphorylation
of eIF2a in cells subjected to ER stress (6, 54, 55). Because
elF2a phosphorylation is reduced in ER-stressed cells express-
ing FLAG-HPV-18 E6, we hypothesized that E6 might play a
role in eIF2a dephosphorylation via GADD34/PP1 (Fig. 6). To
test this hypothesis, we first tested for a possible interaction
between E6 and GADD34 or PP1. To this end, we used either
FLAG-GADD34 or different mutants of FLAG-GADD34
with a deletion of the last 121 aa in the C terminus (1 to 553),
deletion of the first 179 aa in the N terminus (180 to 674), or
substitutions of the highly conserved KVRF sequence involved
in PP1 binding (KARA mutant) (6). FLAG-GADD34 proteins
were transiently expressed in HeLa cells, and binding to E6
was assessed in pull-down assays with a GST-18 E6 fusion
protein (46) (Fig. 6A). Immunoblot analysis with anti-FLAG
Ab revealed the interaction between E6 and the FLAG-
GADD34 proteins independently of the type of mutation (top
panel). The interaction of E6 with GADD34 was further tested
in transient-transfection assays in HeLa cells. That is, coex-
pressed FLAG-GADD34 and FLAG-E6 proteins were sub-
jected to immunoprecipitation with anti-GADD34 Ab fol-
lowed by immunoblotting with anti-FLAG Ab (Fig. 6B). We
found that both E6 subtypes were coimmunoprecipitated with
GADD34 (lanes 1 and 2), thus confirming the interaction. We
also examined the ability of E6 to interact with PP1. To this
end, FLAG-E6 proteins transiently expressed in HeLa cells
were immunoprecipitated with anti-FLAG Ab followed by im-
munoblotting with anti-PP1 Ab (Fig. 6C). We observed that a
higher amount of endogenous PP1 was bound to FLAG-
HPV-18 E6 than to FLAG-HPV-11 E6 (compare lanes 2 and
3). It is noteworthy that in this experiment the amount of
transfected FLAG-HPV-18 E6 DNA was fivefold higher than
that of FLAG-HPV-11 E6 DNA in order to achieve equal
levels of expression of the two viral proteins. These data sug-
gested that PP1 interacts more efficiently with FLAG-HPV-18
E6 than with FLAG-HPV-11 E6. To verify the significance of
the interaction, we performed an elF2a dephosphorylation
assay by incubating FLAG-E6 immunoprecipitates with *P-
labeled eIF2« in vitro (54). We found that a higher amount of
32P-elF2a was dephosphorylated by immunoprecipitated
FLAG-HPV-18 E6 than by FLAG-HPV-11 E6 (Fig. 6D, lanes
2 and 3), suggesting that 18E6 promotes eIF2a dephosphory-
lation.

HPV-18 E6 inhibits Bax induction by activated PKR. Con-
sidering the antiapoptotic role of FLAG-HPV-18 E6 in
coumermycin-treated GyrB.PKR-expressing cells, we next
sought to identify proteins implicated in the antiapoptotic
function of E6 (Fig. 7). Oncogenic forms of E6 were shown to
activate Bcl-2 and inactivate p53, Bak, or Bax (48), whereas
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FIG. 5. E6 impairs elF2a phosphorylation in response to GyrB.PKR activation or ER stress. (A) HT1080 cells expressing GyrB.PKR alone
(lanes 1 to 3) or in the presence of FLAG-HPV-18 E6 (lanes 4 to 6) were treated by 100 ng of coumermycin/ml for 2 h (lanes 2 and 5) or 4 h (lanes
3 and 6). Protein extracts (50 pg) were subjected to immunoblot analyses with anti-human PKR monoclonal Ab (clone E8) (top panel), anti-eIF2a
phosphoserine 51-specific rabbit polyclonal Ab (middle panel), or anti-eIF2a polyclonal Ab (bottom panel). The slower-migrating band recognized
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induction of apoptosis by PKR was found to be associated with
an increase in Bax and Fas protein synthesis (2, 17, 32). Im-
munoblot analysis showed that expression of the antiapoptotic
Bcl-2 was resistant to GyrB.PKR activation (top panel, lanes 1
to 4), although its overall protein levels were elevated in cells
expressing FLAG-HPV-18 E6 (top panel, lanes 5 to 8). On the
other hand, expression of the proapoptotic Bak (panel second
from the top) was not affected by the induction of GyrB.PKR
(lanes 1 to 4), nor was its expression impaired by the presence
of FLAG-HPV-18 E6 (lanes 5 to 8). In contrast to the above
proteins, the proapoptotic Bax (third panel from the top) was
highly induced upon GyrB.PKR activation (lanes 1 to 4). Sig-
nificantly, Bax induction did not take place in cells expressing
FLAG-HPV-18 E6 (lanes 5 to 8), suggesting a specific regu-
lation of this protein in GyrB.PKR-mediated apoptosis. Unlike
Bax, the proapoptotic Fas protein (fourth panel from the top)
was not affected significantly by GyrB.PKR in either the ab-
sence or the presence of FLAG-HPV-18 E6. When we probed
for p53, we found that its protein levels were reduced by 80%
in cells expressing FLAG-HPV-18 E6 prior to GyrB.PKR ac-
tivation (compare lane 1 with lane 5). This effect was most
likely due to the proteasome-dependent degradation of the
tumor suppressor protein by E6 in HT1080 cells (23). We also
noticed that p53 protein levels were upregulated in coumer-
mycin-treated GyrB.PKR-expressing cells containing FLAG-
HPV-18 E6 (lanes 5 to 8). Since FLAG E6 protein synthesis is
rapidly repressed by activated GyrB.PKR (Fig. 2C), the most
conceivable explanation is that downregulation of FLAG-
HPV-18 E6 contributes to stabilization of p53. From the above
data, we concluded that FLAG-HPV-18 E6 specifically targets
Bax protein in cells with activated PKR.

Transcriptional responses induced by elF2«a phosphoryla-
tion are mitigated by HPV-18 E6. In addition to protein syn-
thesis, induction of eIF2a phosphorylation can control gene
transcription in response to diverse stressful conditions (12,
25). Based on this, we sought to identify genes that are tran-
scriptionally regulated by GyrB.PKR in the absence or pres-
ence of E6. To this end, GyrB.PKR-expressing cells were sub-
jected to cDNA microarray analysis using the human U133A
DNA chip from Affymetrix, which contains 22,000 genes (53).
Genes that were either induced or suppressed more than five-
fold in coumermycin-treated GyrB.PKR-expressing cells
are shown in Table 1. Among the nine genes suppressed by
GyrB.PKR, some have been clearly implicated in cell cycle
progression, such as the cyclins E1 and E2 (58) and the gene
for centromere-associated protein E (CENPE) (83); in DNA
repair, such as the radiation sensitivity protein RADS4L (44);
or in cell signaling, such as the Rho GDP dissociation inhibitor
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beta (RhoGDIB) (56), the regulator of G-protein signaling 4
(RSG4) (52), and peroxiredoxin 1 (PRDX1) (82). On the other
hand, among the 22 genes induced by GyrB.PKR, some encode
proteins involved in apoptosis, such as the growth arrest and
DNA damage genes (GADDA45) A and B (72), the natural-
born killer and BH3-only Bcl-2 homologous protein (NBK/
BIK) (61), and the IFN regulatory factor 1 (IRF1) (77) as
well as the forkhead transcription factor FOXO3A/FKHRL1
(7). Interestingly, regulation of expression of these genes by
GyrB.PKR was significantly mitigated by FLAG-HPV-18 E6
and to a much lesser extent by FLAG-HPV-11 E6 (Table 1).
These data provided strong evidence for a role of E6 in gene
transcription induced by the activation of the PKR-eIF2a
phosphorylation pathway.

DISCUSSION

Regulation of protein synthesis by eIF2a phosphorylation
plays an important role in the cell’s defense against viral in-
fection (12, 34, 35). During virus replication, production of
dsRNA generated by symmetric transcription can bind and
induce PKR activity. This results in elF2a phosphorylation,
which in turn compromises the translational machinery and
contains virus replication (Fig. 8). The significance of regulat-
ing PKR activity is emphasized by the distinct mechanisms
evolved by DNA tumor viruses to circumvent PKR activation
and elF2a phosphorylation. For example, adenovirus and Ep-
stein-Barr virus express VA; and EBER-1/2 RNA, respec-
tively, which bind and block PKR activation (8, 51). Moreover,
the herpes simplex virus encodes a protein, vy,34.5, which com-
plexes with the protein phosphatase la (PP1le) to dephosphor-
ylate eIF2a (43). Interestingly, vy,34.5 shares sequence homol-
ogy with GADD34 (27), which functions as the regulatory
subunit of the PP1 holoenzyme complex that targets elF2a
dephosphorylation (6, 54, 55). Furthermore, the simian virus
40 large T antigen prevents PKR-mediated translational shut-
off at a step downstream of PKR (62, 74).

Our findings further extend the above observations and
demonstrate a functional relationship between E6 and the
elF2a pathway. Specifically, E6 protein synthesis rapidly de-
creases in cells with activated PKR. However, despite the sig-
nificant downregulation of the viral protein, the remainder of
E6 is able to partially rescue cells from the translational block-
ade posed by elF2a phosphorylation. This is possibly medi-
ated, at least in part, by the ability of E6 to promote the
dephosphorylation of eIF2a through the GADD34/PP1 holo-
phosphatase complex. This notion is based on our observations
that high-risk E6 interacts with both GADD34 and PP1 and E6
promotes the dephosphorylation of eIF2a in vitro. In fact, a

by the anti-PKR monoclonal Ab (top panel) is the fusion GyrB.PKR protein, which is slightly smaller in size than endogenous PKR. The ratio of
phosphorylated to total eIF2a protein is indicated. (B) Detection of eIF2a phosphorylation by IEF and 2D gel electrophoresis. Protein extracts
(100 g) of untreated or coumermycin-treated HT1080 cells (4 h, 100 ng/ml) expressing GyrB.PKR in the absence or presence of FLAG-HPV-18
E6 were subjected to IEF and 2D gel electrophoresis as described in Materials and Methods. The phosphorylated forms of eIF2a were detected
by immunoblotting with anti-phosphoserine 51 elF2a-specific Ab. The acidic (pH 4) and basic (pH 7) ends of the gels are indicated. (C) HT1080
cells containing GyrB.PKR in the presence of either FLAG-HPV-18 E6 (lanes 1 to 4) or FLAG-HPV-11 E6 (lanes 5 to 8) were treated with 100
ng of coumermycin/ml for the indicated times and subjected to immunoblotting as described for panel A. The ratio of phosphorylated to total
elF2a protein is indicated. (D) HT1080 cells expressing GyrB.PKR alone (lanes 1 to 4) or together with FLAG-HPV-18 E6 (lanes 5 to 8) were
treated with 1 wM thapsigargin for short (panels a and b) or long (panels ¢ and d) time periods. Protein extracts (50 p.g) were used for immunoblot
analysis with a rabbit polyclonal Ab to serine 51 of eIF2a (panel a), a rabbit polyclonal Ab to eIF2« (panel b), a rabbit polyclonal Ab to CHOP
(panel c), or a mouse monoclonal Ab to actin (panel d). The values of quantified bands are indicated.
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FIG. 6. E6 recruits the GADD34/PP1 complex and enhances eIF2a dephosphorylation. (A) HeLa cells were transiently transfected with

FLAG-GADD34 (lanes 1, 3, and 7) or FLAG-GADD34 mutants bearing ei

ther deletions (lanes 5, 6, 9, and 10) or the KARA mutation in the PP1

binding site (lanes 4 and 8). Protein extracts (500 pg) were used in pull-down assays with 1 wg of purified GST alone (lane 1) or GST-18E6 (lanes
2 to 6). Whole-cell extracts (WCE; 25 pg of protein) from each transfection were used as positive controls (lanes 7 to 10). GADD34 proteins were

detected by immunoblotting with anti-FLAG monoclonal Ab (top panel)

whereas GST proteins were visualized by Coomassie blue staining of

SDS-polyacrylamide gels (middle and bottom panels). (B) HeLa cells were transfected with 1 pg of either FLAG-HPV-18 E6 DNA (lanes 1, 3,

5, and 7) or FLAG-HPV-11 E6 (lanes 2, 4, 6, and 8) in the presence

of 1 pg of pcDNA3 vector DNA (lanes 3, 4, 7, and 8) or 1 pg of

FLAG-GADD?34 ¢cDNA (lanes 1, 2, 5, and 6). Protein extracts (500 pg) were then subjected to immunoprecipitation with anti-GADD34 polyclonal
Ab followed by immunoblotting with anti-FLAG monoclonal Ab to detect the levels of the viral proteins (top panel) or GADD34 (bottom panel).
(C) HeLa cells were transiently transfected with 2 pg of pcDNA3 vector DNA (lane 1), 2 ng of FLAG-HPV-18 E6 DNA (lane 2), or 0.4 pg of
FLAG-HPV-11 E6 DNA and 1.6 ng of pcDNA3 vector (lane 3). Protein extracts (500 pg) were subjected to immunoprecipitation with anti-FLAG
monoclonal Ab. Half of the immunoprecipitates were immunoblotted for endogenous PP1 with a mouse monoclonal Ab to the catalytic subunit

of the phosphatase (top panel) whereas the other half were immunoblotted
(bottom panel). (D) Protein extracts (500 png) from HelLa cells transfected

with an anti-FLAG monoclonal Ab for detection of viral protein levels
as described for panel C were subjected to immunoprecipitation with

anti-FLAG monoclonal Ab. The immunoprecipitates were then subjected to dephosphorylation of **P-labeled histidine-tagged elF2a as described
in Materials and Methods. Half of the reaction mixture was used to detect eIF2a phosphorylation by autoradiography (top panel) whereas the

other half was used to detect E6 protein levels in the immunoprecipitates

higher amount of PP1 was bound to HPV-18 E6 than to
HPV-11 E6, consistent with the higher degree of elF2a de-
phosphorylation by the high-risk viral protein. Although the
precise mechanism utilized by E6 to promote elF2a dephos-
phorylation through GADD34/PP1 is currently not known, this
may be facilitated, at least in part, by the ability of high-risk E6
protein to be localized in both the nucleus and the cytoplasm,
as opposed to low-risk viral protein, which exhibits predomi-

by immunoblotting with anti-FLAG monoclonal Ab (bottom panel).

nantly nuclear localization (24). Mapping of the interaction
between E6 and GADD34 showed that the domain of
GADD34 required for binding to the viral protein is within the
region between residues 180 and 553. The interaction is not
mediated by the KVRF PP1-binding sequence of GADD34,
since the KARA mutation, which abolishes PP1 binding to
GADD34 (6), did not affect the interaction between GADD34
and HPV-18 E6. These findings also indicate that binding of
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FIG. 7. Expression of anti- or proapoptotic proteins in response to elF2a phosphorylation. HT1080 cells expressing GyrB.wtPKR alone (lanes
1 to 4) or together with FLAG-HPV-18 E6 (lanes 5 to 8) were induced with 100 ng of coumermycin/ml for up to 24 h. Protein extracts (50 pg)

were subjected to immunoblot analysis with Abs to the indicated proteins.

HPV-18 E6 to GADD34 does not interfere with GADD34/PP1
complex formation. Interestingly, PP1 was previously found to
directly bind and nullify PKR activity through the dephosphor-
ylation of the activated kinase (76). However, GyrB.PKR is
unlikely to be affected by PP1 since the N-terminal regulatory
domain of the kinase, which is required for PP1 binding (76),
is missing from the fusion protein. In addition, PKR autophos-
phorylation is not affected in E6-expressing cells (data not
shown), further supporting the notion that the viral protein
exerts its effects downstream of the activated kinase. A role of
the GADD34/PP1 complex in elF2a dephosphorylation is fur-
ther supported by the cDNA microarray analysis data showing
the regulation of GADD34 gene expression by GyrB.PKR.
Specifically, the mRNA levels of GADD34 are induced almost
10-fold in coumermycin-treated GyrB.PKR-expressing cells
and only 2-fold in GyrB.PKRK296H-expressing cells (Table 1).
Interestingly, GADD34 mRNA expression was inhibited by
50% in GyrB.PKR-expressing cells expressing FLAG-18E6
and remained unaffected in GyrB.PKR-expressing cells with
FLAG-HPV-11 E6 (Table 1). Since induction of GADD34
mRNA levels was previously shown to be dependent on elF2a
phosphorylation (55), its inhibition by the HPV-18 E6 further
supports the inhibitory role of the viral oncoprotein in elF2a
phosphorylation.

The biological consequences of elF2a phosphorylation and
induction of apoptosis can be best explained in the context of
virus infection. The ability of viruses to exert total control over
the apoptotic response in infected cells is critical to their rep-
lication and induction of pathogenicity (3). For example, inhi-
bition of early apoptosis is a necessary step to ensure efficient
viral replication and facilitate virus spread by supporting rep-

lication in a broad range of cells and tissues. As such, viruses
have evolved sophisticated means to inhibit apoptosis in in-
fected cells. For example, adenoviruses and herpesviruses con-
tain homologues of the Bcl-2 family and antiapoptotic pro-
teins, whereas other viruses encode inhibitors of caspases (65).
In the case of HPV, it has become clear that E6 plays a
prominent role in prevention of apoptosis through the proteo-
lytic inactivation of the proapoptotic p53, Bak, or Bax (48).
Our findings further substantiate the antiapoptotic function of
the oncogenic E6 and provide strong evidence that it can be
mediated through the regulation of elF2a phosphorylation.
Our data support the notion that the antiapoptotic activities of
EO6 are mediated by its ability to attenuate both transcriptional
and translational responses induced by the PKR-eIF2a phos-
phorylation pathway. At the translational level, we show that
inhibition of apoptosis is likely to be mediated, at least in part,
by downregulating the proapoptotic Bax. Interestingly, a role
for Bax in PKR-dependent apoptosis was previously described
for mouse cells expressing a tetracycline-inducible PKR (2).
Mechanistically, it was proposed that increased Bax protein
synthesis resembles the translational regulation of yeast GCN4
mRNA (32). That is, translation of GCN4 is controlled by the
presence of four upstream open reading frames within the 5’
untranslated region (UTR) of its mRNA (16). Induction of
elF2a phosphorylation facilitates the correct initiation at the
GCN4 AUG codon, leading to increased GCN4 protein syn-
thesis (16). In analogy to GCN4, Bax mRNA possesses three
upstream AUGs, all in frame with the authentic initiation
codon, the first and third of which are followed by a termina-
tion codon (32). This striking similarity between GCN4 and
Bax mRNAs has led to the hypothesis that the unusual 5" UTR
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FIG. 8. A model for regulation of the PKR-eIF2a phosphorylation pathway by E6. During infection, HPV gene expression produces transcripts
containing dsSRNA structures able to activate PKR by autophosphorylation (step 1). Activated PKR then catalyzes the phosphorylation of elF2a
at serine 51 (step 2), an event that leads to the translational inhibition and induction of apoptosis (step 3). Although most of the genes are
translationally repressed by eIF2a phosphorylation, translation of specific mRNAs is likely to escape from this general translational blockade.
These mRNAs may encode proteins that are involved in the inhibition of cell proliferation and induction of apoptosis. Translational inhibition by
PKR rapidly downregulates HPV-18 E6 protein synthesis (step 4). However, the remainder of HPV-18 E6 is capable of counteracting this
translational blockade by facilitating the dephosphorylation of eIF2a through the recruitment of GADD34/PP1 holophosphatase complex (step
5). This results in a translational relief that permits the expression of proteins with antiapoptotic properties. This may represent an important
mechanism utilized by the high-risk HPVs to counteract the antiviral properties of PKR activation and promote virus-mediated oncogenesis.

of Bax plays a role in its translational induction upon elF2a
phosphorylation (32). It is also possible that translation of
antiapoptotic genes is facilitated in FLAG-HPV-18 E6 cells
and this may play a role in the inhibition of cell death by PKR
activation. Identification of genes that are specifically regu-
lated by 18E6 at the translational level upon PKR activation by
functional proteomics is the focus of our future experimenta-
tion.

In addition to translation, we provide evidence for a role of
E6 in PKR-mediated gene transcription and apoptosis. For
example, transcription of several proapoptotic genes is induced
in cells with activated GyrB.PKR (Table 1). Expression of
these genes is strongly suppressed by HPV-18 E6 and to a
lesser degree by HPV-11 E6. These genes include GADDA45,
whose dependency on elF2a phosphorylation was previously
demonstrated in mouse cells containing a homozygous muta-
tion at the serine 51 phosphorylation site of eIF2a (eIF2aS51A)
(69). Specifically, GADD45 transcription was induced 15-fold
in ER-stressed cells from wt mice but was completely abolished
in knock-in cells with the eI[F2aS51A mutation (69). Among
the genes induced by GyrB.PKR, the melanoma differentia-
tion-associated gene 7 (Mda-7) is an interesting target because
of its strong apoptotic functions (68). It was recently shown
that Mda-7 induces and activates PKR in lung cancer cells,
leading to the destruction of the tumor cells by apoptosis (57).

IRF1 is another gene induced by GyrB.PKR activation (Table
1). IRF1 is a protein with antiviral and tumor suppressor ac-
tivities (77). Previous data provided evidence that transcription
of IRFI is defective in a PKR-null mouse (42) whereas the
antiviral and antiproliferative effects of IRF1 are mediated, at
least in part, by the activation of PKR (4, 39). It should be
emphasized, however, that we do not as yet know whether
transcription of all the genes in Table 1 is solely dependent on
elF2a phosphorylation. Inasmuch as PKR has been implicated
in signaling to gene transcription through its functional inter-
action with transcriptional factors (12), it is conceivable that
transcriptional control of some of the above genes could be
exerted independently of eIF2a phosphorylation.
Collectively, our findings provide strong evidence for a role
of the oncogenic HPV-18 E6 in gene translation and transcrip-
tion modulated by the PKR-eIF2a phosphorylation pathway.
Our data reveal a novel mechanism utilized by HPVs to bypass
the translational blockade of eIF2a phosphorylation and the
induction of an antiviral response by activated PKR. Although
the role of eIF2a phosphorylation in virus-mediated tumori-
genesis has already been established (12), the possibility that
E6 affects various levels of translation in addition to elF2a
phosphorylation cannot be ruled out. Further understanding of
the molecular functions of HPV oncoproteins in translational
control and the identification of genes that are translationally
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regulated in HPV-infected cells may prove helpful in the de-
sign of strategies to combat HPV infection and associated disease.
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