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Isolation and culture of primary trophoblast cells. Tmphohlm ulls wv.-re Iso-
lated from the placentas of early human preg P
[11]. We reg d experi in this i igation th ,'lhcuscafm
than 20 placentas from sat 7 to 9 g | weeks. Briefly, minced

villous tissues were digested with 0.125% trypsin (Invitrogen Corporations,
Carlsbad, CA), 042 mM of Mg50,, and 20 U/ml of DNase type | (Invitrogen Cor-
porations) and passed through mesh (100 um pore size, Invitrogen Corpora-
tions). The collected cells separated over 40%/25%/0% Percoll density gradients
(Sigma-Aldrich Inc., St Louis, MO; 4 ml per layer in a 15-mi conical tube). After
centrifugation at 800g for 20 min, cells positioned at the interface between the
25 and 40% Percoll layers were collected. The isolated cells were seeded in a
plate precoated with type 4 collagen (Becton-Dickinson, Franklin Lakes, NJ,
USA) in 5% CO/20% O, at 37°C in defined keratinocyte serum free medium
{dKSFM; Invitrogen Corporations). In this study, the ada.!nonal magnmc bead

purification described previously [11] was not perf
:eltul.tr melds Instead, purity of the isolated pﬂmaqr trophablast cells was ad-
d by i ytochemistry using amiqnnnmm type 7 LPSK (1 ug/ml,
I gicals dl.m:t, dshire, UK) and anti-vi in V9 (5 ug/ml. DAKO,
Kyoto, Japan) mAbs.
I histochemistry. Early gestational placentas were obtained from elective
ions of fi d at 7-9 weeks of gestation. Tissue segments

were snap-frozen in |-qu-d natrmen and cryosectioned at 7 ym intervals (Leica, Nu-
ploch, Germany). Slides were fixed in methanol-acetone and incubated in 0.03%
H;0; (DAKO, Kyoto, Japan) for 10 min. After blocking. slides were incubated with
primary antibodies |anti-CD1d NOR3.2 (Abcam lInc., Cambridge, MA), anti-CD9
P1/33/2 (DAKO, Kyoto, Japan) or anti-HLA-G 87G (kind gift. Daniel E. Geraghty, Fred
Hutchinson Cancer Research Center, Seattle, WA)| for 30 min at room temperature,
Isotype- and concentration-matched mouse IgGs (IgG1 for NOR3.2 and P1/33/2,
1gG2 for 87G, DAKO, Kyoto, Japan) served as negative controls. After washing, slides
were incubated with a peroxidase-conjugated polymer- Iabded goat anti-mouse
immunoglobulin antibody for 30 min at room
plex method; DAKO). The reaction was visualized using a durmnohen:}dlm solu-
tion containing Hy0; in TBS (DAKO).

Flow cytometry. Single—color nuw cy y was perfc d to cell-
surface CD1d expressi blast cells were detached from culture
plates with 0.05% EDTA in in TBS and incubated with anti-CD1d NOR3.2 or anti-
HLA-G 876G mAbs (1 pg/ml) in PBS for 30 min. For indirect staining experiments,
cells were incubated with RPE anti mouse IgC (Dako Cytomation, Glostrup, Den-
mark) for 30 min, Controls were exposed to an isotype-matched irrelevant mAb
(Dako Cytomation, 1 ug/ml). Double-color flow cytometry was also performed to
address co-expression of CD1d and CD9 or HLA-G. Detached trophoblast cells
were incubated with NOR3.2 or isotype-marched control IgG (1 ug/ml) for
30 min. After washing, the cells were incubated with CyS-conjugated anfi-mouse
IgG. Cells were again washed in PBS and incubated with FITC-conjug mAbs
(CDY-FITC for CD9, MEMGI-FITC for HLA-G, or IgG-FITC for control) (1 pg/mi)
for 30 min, After washing, the cells were subjected to flow cytometry analysis
for PC5 and FITC.

Quantitative RT-PCR. Quantitative RT-PCR was performed for CD1d in cultured tro-
phoblast cells. Total RNA was isolated from the primary cultured trophoblast cells
using the RNeasy kit (Qiagen Inc., Valencia, CA). Two micrograms of total RNA were
subjected to reverse transcription using the ReverTraAce kit (TOYOBO, Tsuruga,
Japan) according to the manufacturer’s instructions, About 0.2-2 pl of each RT-reac-
tion was used for quantitative PCR using the Light Cycler system (Roche Diagnostics,
Lewes, UK) and the following primer pairs: CD1d-forward 5-AAGAAGCAAG
TGAAGCCCAA-F, -reverse 5'-CCACTTCACCCATACAGGCT-3'; and peactin-forward
5-CGACAACGGCTCCGGCATGTGE-3, -reverse  5'-CGTCACCGGAGTCCATCACGATG
C-¥, These primer pairs were designed using "primer3” primer-making software
(htrp: [ fworkbench sdsc eduf), f-Actin mRNA levels were quantified in each sample
as an internal control to allow normalization. To allow highly quantitative analysis,
RT-quantitative PCR was repeated at least five times,

Cytokine exposure and monoclonal antibody neutrolization of TGF-A1. At 48 h
after seeding. cultured trophoblasts were d to human recombi TGF-
p1 or IFN-y (R&D Systems, Minneapolis, MN 03 and 1.0 ng/ml, respectively)
for an additional 48 h to use RT-PCR or flow cytometry. Culture media was
changed daily and cytokines newly added with media changes. For TGF-f1 neu-
tralization, an anti-TGF-p1 mAb (R&D Systems; 5 ug/ml working concentration)
was added to the medium at 48 h after seeding. After 48 h of incubation in
the presence of the anti-TGF-p1 mAb, the total RNA in cultured trophoblasts
was collected for RT-PCR analysis.

ELISA for TGF-jil. Culrure medium of primary EVT cells was collected at 48. 72,
and 96 h of culture. Levels of secreted TGF-fil were quantified using solid phase
sandwich ELISAs (R&D Systems) according to the manufacturer’s instructions. A
standard curve was produced using absorbance measurements at 450 nm for stan-
dard samples. Each unknown sample was similarly measured and plotted on the
standard curve,

Statistical analysis. Quantitative PCR data are presented as means £ standard

e eXp jentl

were perfi three times, and
each experiment was repeated in four different pamnu mRNA levels were com-

pared between those at each dose or time by ANOVA. A p-value of <0.05 was con-
sidered significant.

Results

Expression and distribution of CD1d in human placenta from normal
early pregnancies

To assess the localization of CD1d in human placenta, sections
of snap-frozen placental tissues from early pregnancies (7-9 gesta-
tional weeks) were immunostained using an anti-CD1d mAb
(NOR3.2). Since CD1d had been previously documented in EVT
cells [4], sections of tissues from the maternal-fetal interface that
contained anchoring villi were used, EVT derived from anchoring
villi typically form aggregates, called cell columns, as they invade
into the decidua (Fig. 1). They then stream into the decidua, where
they are called interstitial trophoblast cells, and into the maternal
decidual vessels (endovascular trophoblast cells), Classical EVT are
positive for CD9 and HLA-G, so immunostaining for these products
was performed on serial sections to confirm the presence of EVT
cells. CD1d was detected in the trophoblast cells of early gestation
placental specimens (Fig. 1A and A"). Strong immunoreactivity for
CD1d was observed in those villous cytotrophoblast cells located
along the inner layer of the epithelium of anchoring villi. Those
EVT cells forming the proximal trophoblast cell columns (proximal
EVT cells) demonstrated the strongest immunoreactivity for CD1d
noted in the placenta. EVT cells forming distal trophoblast cell col-
umns (distal EVT cells) that invade into the decidua and differenti-
ate into interstitial or endovascular trophoblast cells strongly
expressed both CD9 and HLA-G, as expected. Interestingly. the
€D1d immunoreactivity of the EVT cells decreased as level of inva-
sion/differentiation increased and was barely detectable in the
most distal EVT cells. Inmunostaining patterns for CD9 and HLA-
G were inverse to those for CD1d, positively correlating with the
level of invasion/differentiation (Fig. 1B for CD9 and Fig. 1C for
HLA-G). CD1d immunoreactivity was not observed in syncytiotro-
phoblast, decidual or stromal cells.

Decreased cell-surface expression of CD1d in EVT cells occurs in the
absence of decidual interactions

We then confirmed cell surface expression of CD1d in vitro in
primary cultured trophoblast cells using flow cytometry. Culture
purity was assessed using anti-cytokeratin type 7 and anti-
vimentin immunocytochemistry. The percentage of contaminat-
ing stromal cells (cytokeratin type 7 negative and vimentin
positive) was less than 5% at 96 h of culture (Fig. 2A). In this in
vitro system, we had previously shown that cultured trophoblast
cells retained characteristics of proximal EVT cells until at least
48 h of culture (expressing CD9 and HLA-G) | 11]. Here, isolated
trophoblast cells were similarly cultured for 48 h but co-stained
with an anti-CD1d (NOR3.2) mAb and either an anti-HLA-G (87G)
or an anti-CD9 mAb (Fig. 2B). Double staining and FACS analysis
demonstrated that the majority of cells expressed CD1d and
HLA-G (Fig. 2B, left) or CD1d and CD9 (Fig. 2B, center). Since both
HLA-G and CD9 are well-described cell-surface markers for EVT
cells, the isolated trophoblast cells had differentiated into EVT
cells by 48 h of culture. These data support immunohistochemi-
cal data showing that CD1d was present on the cell surface of the
proximal EVT cells which were immunoreactive for both HLA-G
and CD9.

To quantitatively assess whether trophoblast differentiation
was associated with a decrease in cell surface CD1d expression,
cultured EVT cells were harvested at several time points post-iso-
lation and analyzed by flow cytometry, We have previously dem-
onstrated that our primary culture system allows in vitro
trophoblast differentiation | 11]. Cytotrophoblast cells exhibit phe-
notypic alterations that characterize first cells of the proximal EVT
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cell column, then those of the distal EVT cell column and finally
those of the interstitial EVT | 11). Consistent with our immunchis-
tochemical data (Fig. 1B and C), those interstitial EVT cells that dif-
fusely invade the maternal decidua in vivo are known to express
specific cell surface markers, including integrin-a1, HLA-G, and
CD9 [12]. Fig. 2 reconfirms that cytotrophoblast cells differentiated
into proximal EVT cells by 48 h of culture using our primary tro-
phoblast culture model. Flow cytometry revealed that proximal
cell column EVT cells at 48 h of culture strongly expressed CD1d
at the cell surface (Fig. 3A, left top panel). The number of CD1d-
bearing EVT cells decreased dramatically by 96 h of culture (Fig.
3A, left panels). in turn, HLA-G-bearing EVT cells increased with
time in culture, indicating the proximal EVT cells differentiated
into invading EVT cells during 48-96 h of culture (Fig. 3A, right
panels). Cell-surface CD1d in EVT cells decreased as the cells differ-
entiated during in vitro culture, This decrease recapitulates that
seen occurring with invasion in vivo, but occurs in the absence of
interactions with maternal decidua.

TGF-f1 downregulates the transcription of CD1d in cultured human
EVT

To address mechanisms by which cell-surface CD1d is downreg-
ulated in EVT cells, we employed quantitative RT-PCR to investi-
gate alterations in CD1d mRNA levels in cultured EVT cells over
time. When compared to the 48 h control time point, CD1d mRNA

Closed

villous cytotrophoblast. Small arrows indicate syncytiotro-

levels decreased at 72 h and 96 h of culture (Fig. 3B). CD1d tran-
scriptional changes paralleled cell-surface expression patterns
seen with flow cytometry, indicating that downregulation of
CD1d occurs at least at the level of transcription.

Since CD1d downregulation in EVT cells coincides with EVT dif-
ferentiation in vitro, we investigated the possibility of autocrine
modulation through cytokines. We here focused on the immuno-
suppressive cytokine, TGF-p1, which is reported to be secreted
from EVT cells [13]. We addressed secretion of TGF-fi1 by EVT
using ELISA (Fig. 3C). TGF-g1 levels in EVT culture media increased
over time, indicating that TGF-p1 is secreted from cultured EVT
cells and accumulates as the cells differentiate. To examine the
direct effect of TGF-p1 on CD1d expression, EVT cells at 48 h of cul-
ture were exposed to TGF-p1 or to IFN-y (Fig. 4A and B). IFN-y in-
duced CD1d transcription as expected [ 14], but TGF-B1 suppressed
CD1d transcription in a dose-dependent fashion (Fig. 4A). These
alterations in CD1d expression were also shown at protein level
by flow cytometry (Fig 4B).

To confirm the specificity of the TGF-1 effect, an anti-TGF-p1
neutralizing mAb or an isotype-matched mAb control was added
in neutralization assays. EVT cells at 48 h after isolation were cul-
tured for an additional 48 h in the presence of TGF-p1 neutralizing
or control antibodies with no media changes. Messenger RNA was
collected after 48 h. Quantitative RT-PCR demonstrated that the
transcription of CD1d was recovered upon TGF-f1 neutralization
(Fig. 4B).
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Fig. 2. CD1d and HLA-G are expressed on the surface of EVT in culture. (A) Purity of cultured EVT cells was by i Yl ¥ using anti-cy type?
(left) and anti in (right) anti The percentage of contaminating stromal cells (cytokeratin type 7 negative and vimentin positive) was less than 5% at 96 h of

culture. (100x ). (B) Cell surface expression was d by flow ¢ y of the trophoblast cells cultured in vitro for 48 h and double-stained for (left) HLA-G (a marker for
EVT differentiation) and CD1d or (center) CD9 (a marker for EVT cells) and CD1d. Isotype-matched controls are represented in the plot on the right. These data were
reproduced in samples from at least four different patients.
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Fig. 3. Time-dependent alterations in cell-surface expression of CD1d and HLA-G and in CD1d transcription in tﬂmred EVT cells. (A) Trophoblast cells were cultured for 48,
72, and 96 h, immunostained with anti-CD1d NOR3.2 (left) and anti-HLA-G 87G (right) antibodies and anal flow c y. Isotype-matched antibody controls are
depicted as dotted lines in each histogram. These data were reproduced in samples from at least five different patients, (B) Cultured trophoblast cells were harvested at 48, 72,
and 96 h. Isolated mRNA was subjected to quantitative RT-PCR using primers specific for CD1d. Samples were normalized to f-actin (n = 4). (C) EVT cells were cultured with
daily media changes until 48 h after seeding then cultured for additional 48 h without media changes. Culture media was collected at 48, 72, and 96 b of culture. Levels of
secreted TGF-P1 were measured by sandwich ELISA (n = 6). Asterisks indicate statistical significance (p < 0.05) when analyzed by ANOVA.

tion between CD1d expression and invasion into the maternal de-
cidua. CD1d was not expressed in syncytiotrophoblast cells that

Discussion

Here, we present several major findings concerning CD1d at the
human maternal-fetal interface. First, we demonstrate that CD1d
expression is regulated in vivo in a trophoblast differentiation-
dependent manner. Morphologic examination of early gestational
tissues from the maternal-fetal interface reveals characteristics of
normal trophoblast invasion from anchoring villi into the maternal
decidua. Immunchistochemical data reveal a clear inverse associa-

serve as the initial points of contact between fetal and maternal
tissues. iNKT cells at this site are of maternal origin and are present
only in the maternal decidua and in the maternal blood bathing
areas of placental villi that are completely enveloped in syncytio-
trophoblast cells |1]. The lack of CD1d expression in syncytiotro-
phoblast, even those in anchoring villi, may protect the early
placenta from interactions with iNKT cells. This could serve to in-
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hibit the massive pro-inflammatory reaction that might result if all
CD1d-bearing villous cytotrophoblast cells were exposed to decid-
ual iNKT cells. Instead, the EVT expressed CD1d, with immunoreac-
tivity strongest in cells located proximally in the trophoblast cell
columns. Here CD1d and iNKT cells may make initial interactions
during placental formation, a site where a localized pro-inflamma-
tory reaction seems necessary for appropriate invasion of EVT into
the decidua [2]. Boyson et al. have reported the importance of
decidual INKT cells and pro-inflammatory cytokines in human
pregnancy |4]. CD1d-mediated activation of iNKT cells may play
a critical role in creating this inflammatory microenvironment
through rapid downstream cytokine production and release. 5till,
since massive activation of iNKT cells induces pregnancy loss
[9.10] the activation of decidual iNKT cells must be tightly
regulated,

Other studies have demonstrated the presence of CD1d at the
human maternal-fetal interface [4,15]. However, the lack of facile
in vitro trophoblast culture systems has limited spatiotemporal
studies on placental CD1d localization and function. Our in vivo
data indicated that CD1d expression in EVT decreases at distal
locations within the trophoblast cell columns, sites where intersti-
tial EVT cells are closely opposed to a great number of decidual
stromal cells and infiltrating decidual immune cells (including
decidual iNKT cells). This pattern differs from that for HLA-G, a
cell-surface molecule whose expression inc with increasing
levels of EVT invasion, Our supporting findings in an in vitro tro-
phoblast cell culture model mimic the differentiation of EVT that
occurs with decidual invasion in vivo [ 11]. Using this system, flow
cytometry confirmed a decrease in cell surface expression of CD1d
with EVT differentiationfinvasion. Quantitative RT-PCR then re-
vealed that CD1d downregulation occurred at least at the level of
transcription. These highly purified EVT cultures also allow us to
surmise that direct EVT/decidual interactions are nol necessary
for the decreases in CD1d that occur with EVT differentiation.

Several reports have shown that placental TGF-f1 is derived
from decidual CDS6""*™ CD16-NK cells [12] and EVT cells [13] and
that extracellular TGF-p1 accumulates near the distal trophoblast

cell columns | 1G], In our study, cultured EVT cells secrete TGF-p1
in the absence of interactions with maternal decidua. In vive TGF-
B1 may accumulate at the maternal-fetal interface, due to a combi-
nation of autocrine and paracrine secretion from differentiated EVT
cells and activated decidual NK cells. We hypothesize that TGF-p1-
mediated downregulation of CD1d may be involved in this
mechanism. Exposure of differentiating EVT in culture to exogenous
TGF-f1, combined with TGF-p1 antibody neutralization assays,
allowed demonstration that TGF-p1 specifically downregulated
CD1d expression by EVT at the transcriptional level. In contrast,
exposure of cultured EVT to IFN-y resulted in a concentration-
dependent increase in CD1d expression. Taken entirety, the CD1d
expression in EVT cells may be regulated by the relative proportions
of these functionally opposing cytokines and this may play a role in
regulation of decidual iNKT cells in maternal-fetal interface.
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Prolactin can modulate CD4* T-cell response through
receptor-mediated alterations in the expression of T-bet

Ayako Tomio'4, Danny ] Schust®**, Kei Kawana'??, Toshiharu Yasugi', Yukiko Kawana'?,
Shruthi Mahalingaiah®, Tomoyuki Fujii! and Yuji Taketani'

Low-dose prolactin induces proinflammatory responses and antibody production, whereas high-dose prolactin suppresses these
responses. Mechanisms for these opposing effects remain incompletely defined. We have previously demonstrated that T-bet,
a key transcription factor directing T helper type 1 inflammatory responses, is regulated by female steroid hormones in human
mucosal epithelial cells via Stat1 and 5 pathways. T-bet was also modulated in a CD4* T cell line by prolactin exposure

Prolactin rapidly induced T-bet transcription through phosphorylation of JAK2 and Stat5, but not Statl. Phuﬂmyhtulsms

then bound to the T-bet regulatory region. These effects were weaker with high-dose prolactin exposures. Upon long-term
prolactin exposure, low-dose prolactin induced T-bet expression, whereas high-dose prolactin tended to suppress it. Prolactin
induced the suppressors of cytokine signaling (SOCS) 1 and 3 in a dose-dependent manner. With high-dose exposure, this was
associated with an inhibition of the phosphorylation of T-bet regulatory region-bound Stat5. Further, the dose-dependent
prolactin effects on T-bet expression were confirmed in murine primary CD4* T cells. These data suggest that the divergent
immune effects of low- and high-dose prolactin may involve modulation of T-bet and alterations in the balance of the prolactin/

JAK2/StatS and the prolactin/SOCS1 and 3 pathways.

Immunology and Cell Biology advance online publication, 15 April 2008; doi:10.1038/icb.2008.29

Keywords: CD4* T cells; JAK2; prolactin; SOCS; Stat; T-bet

Prolactin (PRL) is a polypeptide hormone with multiple physiological
functions, including mai e of pregnancy, development of the
mammary glands, fluid homeostasis and immune modulation.!* PRL
receptor (PRLR)-deficient mice develop normally functioning con-
ventional cellular and humoral immune systems.* Although PRLR and
PRL may not be essential for development of the immune system, they
may still be important modulators of its responses. PRL has been
reported to alter the cellular and humoral arms of the i

innate immune responses. To this point, high-dose PRL (100 ngml ')
inhibits the expression of interferon regulatory factor (IRF)-1, a key
transcription factor driving the Thl phenotype in T cells’® In
contrast, low-dose PRL (10 ngml™!) transiently induces IRF-1 in the
nonpregnant human endometrium® and | the production of
Thl cytokines (interferon (IFN)-y and interleukin (IL)-12) by human
whole blood cells.”'?

Diffe ion of naive T helper cells along the inflammatory Thi

system.! It can stimulate and inhibit immune responses, with type
of response related to prolactin dosage.'? The mechanisms responsible
for these opposing effects remain undefined.

PRLuachsaal pnmuwhomme.but it is also produced by the
decid lometrium. Within the endometrium, prolactin acts
independently of hypothalamic/pituitary feedback. Endometrial
synthesis begins in the mid-secretory phase of the human menstrual
cycle and continues throughout the majority of pregnancy, resulting in
markedly elevated levels of PRL in the maternal serum throughout
human gestation.®® High-dose PRL enhances B-cell activity and
suppresses natural killer cell-mediated cytotoxic activity in vive.!
This suggests that high-dose PRL may p the devel
and/or function of T helper type 2 (Th2) cells and suppress Th] and

pathway is also directed by a transcriptional factor called T-bet.!!
T-bet induces chromatin remodeling of the IFN-y locus in Thi
cells.'? Tyrosine phosphorylated T-bet also binds to a transcription
factor that upregulates the production of Th2 cytokines, called GATA-
3. By binding GATA-3, T-bet interferes with the interactions of GATA-3
and its target DNA.' In short, T-bet induces IFN-y production while
inhibiting the expression of Th2 cytokines.'")? T-bet is expressed in
lymphoid cells, in a diverse array of the antigen-presenting cells
(APCs; monocytes, macrophages, dendritic cells (DCs), myeloid
cells)!*% and in epithelial cells of the human reproductive tract.'é
The Stat (signal transducers and activators of transcription) pro-
teins are latent cytoplasmic transcription factors that are activated via
receptors for cytokines, growth factors and h Statl k
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T-bet expression in lymphoid and DCs through IFN-y receptor/janus
kinase (JAK) 2 signaling.'” Statd, synergistic with IL-12 receptor-p2
(IL-12RP2), is essential for Thl development in naive T cells.'?
However, the IL-12Rp/Stat4 pathway is not specifically essential for
IFN-y-induced T-bet expression in either T cells or APCs. We have
previously demonstrated that Stat5 is involved in the regulation of
T-bet expression in endometrial epithelial cells (EECs).'® In EECs,
Stat] and 5, but not Stat3 and 4, bind to the T-bet regulatory region
(TRR) at the site of an IPN-y-activated sequence (GAS) element and
thereby activate T-bet transcription. Further, the Statl and 5 pathways
are modified by exposure to the Thl cytokines, IFN-y and IL-15, and
by exposure to the steroid hormones, estrogen and progesterone.
Signaling through the cytokine receptors utilizes JAK2 for phosphory-
lation of Statl and 5 prior to their binding to the TRR; signaling
through the steroid hormone receptors does not.'®

Prolactin receptor is a member of the cytokine receptor superfamily.
It is expressed on the cell surfaces of a diverse array of cells involved in
immune responses, including both lymphoid and nonlymphoid
derivatives. Among hematopoietic cells, PRLR has its greatest expres-
sion level on B cells, followed closely by macrophage, and finally by
T cells.'® Like signaling pathways used by more classical members of
the cytokine receptor superfamily, PRLR signaling utilizes the JAK2/
Stat pathways.!*2!

‘We hypothesized that PRL may exent its immunomodulatory effects
via alterations in T-bet expression and that PRLR-mediated signaling
would involve JAK2/Stat pathways. Here, we test this hypothesis and
its implications for the seemingly paradoxical effects of low- and high-
dose PRL on immune response in CD4* T cells.

RESULTS

Prolactin-induced alterations in T-bet mRNA and protein
expression use JAK2/Stat5 signaling

To address the effects of PRL on T-bet transcription, quantitative, real-
time RT-PCR was used to assess T-bet mRNA levels in response to
short-term exposure of CD4* T cells to PRL (Figure la). The
expression of a PRLR in the CD4* T cells was confirmed by reverse
transcription (RT)-PCR (data not shown). T-bet mRNA levels
increased rapidly in the presence of low- and high-dose PRL.
Although the alterations in T-bet transcription followed similar
patterns, T-bet mRNA levels were higher with low-dose PRL exposure
when compared to high-dose PRL exposure.

To ascertain the mechanism of transcriptional regulation involved
in PRL-associated modulation of T-bet expression, we examined the
PRL-induced phosphorylation of JAK2/Stat] and 5, and correlated
phosphorylation patterns with T-bet transcription levels (Figure 1b).
Specific binding of phosphorylated Statl and 5 to the TRR was
detected using oligonudcleotide precipitation.'® At baseline, TRR-
bound phosphorylated Stat] was present in CD4" cells, possibly as a
result of stimulation by substances within the culture media. Low-dose
PRL suppressed the phosphorylation of the TRR-bound Statl after
40min of exposure, although an undulating pattern was noted at
earlier time points. In contrast, TRR-bound phosphorylated StatSa
and 5b were barely detectable at baseline, but was rapidly induced by
low-dose PRL exposure in CD4* cells,. TRR-bound phosphorylated-
Stat5 returned toward baseline levels by 40min of exposure. These
patterns were consistent with the alterations noted in T-bet mRNA
levels upon low-dose PRL exposure (Figure la). The induction of
JAK2 phosphorylation upon the low-dose PRL exposure mirrored that
of TRR-bound phosphorylated StatSa and 5b, suggesting that the
JAK2/Stat5 pathway, rather than the JAK2/Stat] pathway, is involved
in PRL-associated alterations in T-bet expression.
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Figure 1 Prolactin (PRL) ind T-bet through the janus kinase
2 (JAK2Vsignal transducers and activators of transcriplion 5 (Stats)
pathway. (a) CD4* T cells were exposed to PRL (10 or 100ngmi- 'Il for
10-40min. mRNA was extracted from d cells and 1
quantitative RT-PCR using SYBR Green methodology. T-bet mRNA levels
were normalized to P-actin, Regular and bold lines indicate 10 and
100ngmi~! of PRL exposures, respectively. Mean values with standard error
bars are presented. Asterisks indicate those comparisons (vs basal levels:
broken lines) with statistical significance (P<0.05). (b) CD4* T cells were
exposed to low-dose PRL (10ngmi~!) for 10-40min. Conjugated beads
carrying olig tides with the seq of the T-bet regulatory region
(TRR) were incubated with 100 pg of total cell extracts from pre-exposed or
PRL-exposed cells. Extracts from CD4* T cells treated with interleukin (IL)-
15, which induces phosphorylation of Stat1 and 5,'6-2% were incubated with
TRR (positive control for phospharylated Statl and 5) or mutTRR (negative
control for sequence-specific binding to the TRR). Precipitants were
denatured in sample buffer and separated across a 7.5% polyacrylamide gel.
Anti-phosphorylated Statl (pY?0l) or anti-phosphorylated Stats (pY53)
antibodies were used to immunoblot the precipitants. Molecular size
markers of 116 and 83 kDa are shown on the right side of each panel. Open
and closed arrows indicate the StatSa (95kDa) and 5b (91kDa) forms,
respectively. Cell extracts were separately resolved an B%
polyacrylamide gel and anti-phosphorylated JAK2 (pYpY!007/1008) and anti.
p-actin antibodies were used for immunoblotiing. P-Actin detection was
added as an internal loading control.

PRLR signaling to the TRR is inhibited by SOCS1 and 3
We hypolhesmd that the dose dependence of prolactin’s effects might
gulators of JAK2/Stat5 signaling. Therefore, we
Im'u‘tlglted the dose-dependent effects of short-term PRL exposure
on the synthesis and/or stability of factors that inhibit the JAK2/Stat
pathway, the suppressors of cytokine signaling (SOCS) 1, SOCS3 and
cytokine-inducible SH2-containing protein (CIS). In these experi-
ments, we compared the alterations in the levels of inhibitory proteins
with changes in the phosphorylation of JAK2 and TRR-bound Stat5 in
CD4* T cells (Figure 2). PRL-associated increases in detectable SOCS1
and 3 were dose- and time dependent. PRL exposure also caused an
increase in CIS protein levels; although this effect was neither dose-
nor time dependent (at 10-100 nsml ! doses). Phosphorylation of
JAK2 increased in a dose-d fashion upon exp to
low-dose PRL (10-30ngmi~') but was reduced or returned to basal
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Figure 2 Prolactin (PRL) effects on negative regulators of the janus kinase
(JAK)signal transducers and activators of transcription (Stat) pathway, CD4*
T cells were expesed to PRL (10 or 100ngmi~!) for 10 or 120min. Cell
extracts from pre-exposed or PRL-exposed cells were separated across an 8
or 10% polyacrylamide gel. Anti-supp of cytokine signaling (SOCS)1,
anti-SOCS3, anti-cytokine-inducible SH2-containing protein (CIS), anti-
phosphorylated JAK2 (pYpY!097/1008) and anti-p-actin antibodies were used
for immunoblotting. For detection of T-bet regulatory region (TRR)-bound

Prolactin regulates T-bet expression
A Tomio ef &

a PRL
(ng/mi)
4hrs E o 2 g
T-bet —
p-actin ———
0.4 -
b — 10 ngémi
.
- 100 ngimi

T-bet/fi-actin
e
[

0 10 20 30 40
Exposure time (hrs)
Figure 3 Dose-dependent effects of long-term prolactin (PRL) exposure on
T-bet expression in CD4* T celis. (a) CD4* T cells were exposed to PRL (10
or 100ngmi~?) for 4h. Nuclear extracts (50 pg) from exposed and control
cells was separated over an 8% polyacrylamide gel and immunoblotted with
a mouse antl-T-bet antibody (4B10) and a rabbit anti-f-actin antibody.
lewmhunfhtmtmtmwalhdhﬂh-n
duced with the murine T-bet gene were used as a positive control,

Stat5, oligonuclectide precipitation with the TRR was p as
described in Figure 2. The anti-phosphorylated StatS (pYS®) antibody was
used to immunoblot the precipitants. Molecular size markers of 116 and
83 kDa are shown on the right side of the panel for Stat5. Open and closed
amows indicate the StatSa (95kDa) and 5b (91kDa) forms, respectively.
}kﬂndﬂtﬂmwumimhﬂmcwmfﬂnum
blot bands were quantitated using an image
mlywand normalized to factin, 'Ratio’ refers to comparisons (exposure
vs nonexposure) among normalized protein levels,

levels with high-dose exposure (100ngml™'). Phosphorylated JAK2
levels were similar after 10 and 120min of exposure, so time
dependence was minimal. Like the alterations in phosphorylated
JAK2, the levels of TRR-bound phosphorylated Stat5 increased after
exposure to 10-30ngmi~' of PRL but were reduced or unaltered in
the presence of 100ngmi~" of PRL. TRR-bound phosphorylated Stat]
was not altered with PRL dose escalation (data not shown).

Dose-dependent differences in the effects of PRL on T-bet
expression are magnified with long-term exposures

T-bet expression was induced by low-dose short-term PRL exposure
and signaling appeared to involve the JAK2/Stat5 pathway. To more
thoroughly address the described paradoxical effects of low- and high-
dose PRL on immune function, we performed similar experiments
using longer PRL exposure times (Figure 3). Western immunoblotting
of nuclear extracts from CD4* T cells demonstrated that the cells
express T-bet protein (Figure 3a). Low-dose PRL (10ngml™!) expo-
sure for 4h increased T-bet protein levels, whereas high-dose PRL
(100 ng ml~") suppressed it slightly. In the CD4* T cell line, low-dose
PRL exposure again induced T-bet mRNA production, peaking at 3h
and returning toward baseline levels by 9h (Figure 3b). High-dose
PRL exposure of CD4* T cells suppressed T-bet transcription through-
out the entire 36h. In summary, long-term, low-dose PRL induced
T-bet, whereas high-dose PRL suppressed T-bet transcription.

Nuclear f-actin detection was added as an internal loading control for
nuclear extracts. (b) CD4* T cells were exposed to PRL (10 or 100ngmi-1)
and harvested at 3, 6, 9, 18 or 36h. mMRNA was extracted from exposed
cells and analyzed by quantitative RT-PCR using SYBR Green. T-bet (left)
mRNA levels were normalized to [-actin. Fine and bold lines indicate 10
and 100ngmi~? of PRL exposures, respectively. Mean values with standard
emor bars are presented. Asterisks Indicate those comparisons (vs basal
levels; broken lines) with statistical significance (P<0.05),

Rodent T cells have been known to respond to human PRL through
the PRLR.*%?! Primary CD4* T cells were obtained from nonlactating
female mice and examined to see if the PRL effects on T-bet
transcription occurred in a dose-dependent manner. Murine primary
CD4* T cells were isolated from mice spleens using positive selection
by magnetic beads bearing anti-CD4 monodonal antibodies (mAbs).
Primary CD4* T cells were exposed to human PRL in culture medium
at concentrations of 0, 10, 30 or 100ngml™' for 3h and then
examined for alterations in T-bet mRNA levels (Figure 4). Low-dose
PRL (10ngmi~") dramatically increased T-bet mRNA levels in CD4*
primary T cells. The increased T-bet mRNA levels were much higher
in primary CD4* T cells than the CD4* T cell line shown in Figure 3,
although the basal levels were equivalent for both. T-bet mRNA levels
decreased with dose escalation and were below unexposed levels in the
presence of 100ngml~' of PRL In primary CD4* T cells, high-dose
PRL (100 ngml~') tended 1o suppress T-bet expression, although the
d:ﬁ'umb:rwmh-hndm-dm:m-apnndThﬁlruhwu
not significant (P=0.077).

DISCUSSION

We have approached the paradoxical dose-dependent effects of
prolactin on immune function by investigating the modulation
of T-bet promoter activity and T-bet production upon exposure to
low- and high-dose PRL. PRL-associated alterations in T-bet

w
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Figure 4 Dose-dependent effects of long-term prolactin (PRL) exposure on
T-bet expression in primary CD4* T cells. Nonlactating female Balb/c mice
(60-day old) were killed and their spleens were removed and homogenized
in culture medium. CD4* T cells were purified from splenocyte by positive
selection using magnetic beads bearing anti-CD4 monoclonal antibodies
{mAbs). The isolated primary CD4* T cells were exposed to human PRL at
several concentrations (10, 3l.'.l or 100ngmi-1) fu 3h. mRNA was extracted
from d or exposed cells and yzed by quantitative RT-PCR
using SYBR Green, T-bet mRNA levels were nurmalll:ac to p-actm Mean
values with standard error bars are p di those
comparisons (vs nonexposure) with statistical smnrhcam:e (P<0.05).

expression paralleled those in the JAK2/Stat5 pathway, rather than the
JAK2/Stat] pathway, in both time- and dose-dependent manners. We
propose a possible mechanism for dose-dependent alterations of T-bet
expression that depends upon the balance of PRL/JAK2/Stat5 and
PRL/SOCS] and 3 signaling pathways. The induction of T-bet
expression in the p ¢ of low-dose PRL has an undulating pattern
over time.

We have previously shown that upregulation of T-bet expression
associated with hormone exposure is mediated by JAK2/Stat5 signal-
ing, followed by the binding of phosphorylated Stat5 to a GAS element
in the TRR.'® Although Stat protein activity is characteristically
mediated by binding to a given promoter at the site of a GAS element,
the PRL-induced action of Stat proteins on gene exp differs
depending on the target gene and the PRL dosage. In T cells, it has
been shown that PRL-induced Stat] and Stat5 act as dose-dependent
activators of the P-casein promoter.?! Using the JAK2/Stat5 pathway,
PRL also induces glycosylation-dependent cell adhesion molecule
promoter activity in a dose-dependent fashion.”? In primary endome-
trial glandular cells, PRL (100 ngml~") rapidly induces the phosphor-
ylation of JAK2/Stat proteins (within 20 min after exposure). ? Finally,
dose-dependent and opposing effects of PRL on IRF-1 expression in
T cells have been associated with alterations in Stat protein-mediated
signaling.”® In this system, high-dose PRL inhibits the IRF-1 promoter
via Stat5, but low-dose PRL induces lRF-l mmugh Sm!

In contrast to the Stat protei PF n of IRF-1 by
high-dose PRL, the inhibition of T-bet expression appears to be
mediated by the inhibitory effects of SOCS1 and SOCS3. Both
suppressors are increased in response to high-dose PRL exposure.
SOCS1, SOCS3 and CIS are known to inhibit JAK/Stat signaling and
thereby impair a diverse array of immunologic activities.> SOCS1 and
3 directly bind to the kinase domains of JAK proteins and inhibit their
tyrosine kinase activity.?** CIS binds to cytokine receptors and

Immunology and Cell Biology

inhibits the recruitment of Stat5 by the receptors.** In PRLR signaling,
SOCS] and 3 inhibit the PRLR/JAK2/Stat5 pathway in a PRL dose-
dependent manner by binding of SOCS] to JAK2 proteins and SOCS3
to PRLR?-?* SOCS1 and 3 increase rapidly in response to PRL
signaling and switch off PRLR/JAK2/Stat5 signaling® Anderson
et al?* recently reported that treatment of nonpregnant female rat
with prolactin increases levels of SOCS1 and 3 in a PRL dose-
dependent manner. In late pregnant and lactating rats, PRL loses
the ability to activate Stat5b and this is associated with an increase in
SOCS! and 3. CIS binds to PRLR as well as to conventional cytokine
receptors, but its inhibitory actions on the PRLR/Stat5 pathway appear
to differ depending on the experimental promoter activity
assessed.?>?® In our study, the increase in the detectable amounts of
CIS in response to PRL was independent of PRL dose, and this effect
was not correlated with alterations in the phosphorylation of TRR-
bound Stat5. In turn, the levels of SOCS1 and 3 were negatively
correlated with phosphorylation of JAK2 and TRR-bound Stat5. To
summarize, we show that SOCS1 and 3, but not CIS, appear to inhibit
signaling of T-bet gene expression via the PRLR/Stat5 pathway in a
PRL-dose-dependent manner.?>¥ This may explain the divergent
elfects of low- and Ing!: -dose prolactin on T-bet expression and
ream im

In low-dose PRL crposurt. T-bet mRNA levels peaked rapidly at
10min of exposure, returned toward baseline levels by 40min of
exposure and then rose again at 3 h of exposure as shown in Figures 1
and 3. This suggests that T-bet expression is modulated by PRLR-
mediated signaling in an undulating fashion. Indeed, low-dose PRL is
reported to promote a similar induction pattern for IRF-1 expression.”
Since alterations in SOCSI and 3 expression in the presence of low-
dose PRL were minimal, undulations in T-bet expression may result
from a suppression of the JAK2/Stat5 pathway by cellular inhibitory
factors in response to PRL signaling rather than SOCS molecules.

The PRL effects on T-bet expression were observed in not only
CD4* T cell line but also in murine primary CD4* T cells. This clearly
confirms that low-dose PRL induce T-bet expression in CD4" T cells,
whereas high-dose PRL suppresses it. The noted induction in T-bet
mRNA levels was much higher in murine primary CD4* T cells than
in the human CD4* T cell line. The difference between the human cell
line and murine primary cells might be the result of T-bet poly-
morphisms or differences in responsivity within PRLR-mediated
intracellular pathways. Alternatively, the primary CD4* T cells used
may include many Thi-differentiated cells producing IFN-y, which in
turn induces T-bet expression.

How does PRL-regulated T-bet act on the immune system? T-bet
promotes IFN-y secretion from naive CD4* T cell and DCs forming a
positive feedback loop that enhances the Thl envi nt.! =15 We
have previously demonstrated that T-bet can induce IL-15 production
in EECs and have hypothesized that the I1L-15/T-bet/IL-15 pathway
may allow positive feedback support to the Thl microenvironment
within mucosal epithelia.'® In CD4* T cells, low-dose PRL induced,
but high-dose PRL suppressed, T-bet expression; an effect that was
rapid but transient. Low-dose PRL (10-30ngml~') promotes the
secretion of Thi-type cytokines (IFN-y, 1L-12) from human whole
blood, whereas high-dose PRL (more than 100ngml™') has litde
effect.’” In conjunction with data presented here, this suggests that
low-dose PRL promaotes systemic Thl-type cytokine secretion through
increases in T-bet, whereas high-dose PRL has mildly suppressive
effects. High and sustained levels of PRL, such as those existing in
pregnancy, may synergize with female steroid hormones to protect the
embryo from local and systemic maternal Thl and innate immune

responses.




METHODS

Cell line and cytokine/h
Iﬂcﬂnmad}!’?dlnew&mahdem&m
expresses human immunodeficiency virus structural proteins (American Type
Culiture Collection, Manassas, VA, USA), 8ES cells were cultured in RPMI 1640
thnm&mCﬂMCA.lﬁAlwﬂnndnﬁlﬂhﬂ!al‘
serum and Corporation). The cells were
mdhhmm{&pnld\ﬂndlln:.&[muﬂm]ﬂuﬁ
concentrations (10, 30 or 100ngml™') for times ranging from 10min 1o 36h.
Cells were harvested at 10, 20 or 40 min time points for short-term exposures
and 3, 6, 9, 18 or 36h time points for long-term exposures.

Exposure of murine primary CD4" T cells to prolactin

Nonlactating female Balb/c mice (60-day old) were killed and their spleens were
removed and homogenized in RPMI 1640 (lnvitrogen Corporation) supple-
mented with 10% fetal calf serum and penicillin/streptomycin (Invitrogen
Corporation). Anti-CD4 mAb (1 ug mi™"; Dako, Kyoto, Japan) was mixed with
2x10* magnetic beads (Dynabeads; CellectionTM PanMouse TgG Kit; Dynal
Biotech, Oslo, Norway) in 10 ml of phosphate-buffered saline (PBS) with 0.1%
bovine serum albumin (BSA) and was incubated for 3 h at room temperature.
For purification of CD4* T cells, we used positive selection by magnetic beads
bearing anti-CD4 mAbs. A total of 1 x107 antibody-coated magnetic beads
were incubated with 2x 10° splenocytes suspended in | ml of PBS with 0.1%
BSA for 30 min at 4 °C with gentle agitation. The cells attached to the beads
were removed using a magnetic collector and incubated in RPMI medium for
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bands were analyzed using image analysis software (Scion Image, Frederick,
MD, USA) and normalized to P-actin.

Oligonucleotide precipitation
A putative binding site for Stat family members was identified in the TRR by
the presence of an IFN GAS element, TTC(N),GAA, at 1200bp from the T-bet
gene.'® Three nucleotides in the core motif of this GAS element were replaced
with alternative nucleotides to serve as a negative conitrol (NC) for oligonu-
cleotide precipitations. Biotinylated 50-mer oligonucleotides with sequences
derived from the TRR (5%biotin-TTGAACTATATCCCAGACCCOGGGG
ATGCTTTTTATTTCAAAAGAAAACT-3) or muTRR (5%biotin-TTGAACT
WWMMTﬂMW
sized (Invi C ) and streptavidin besd-conjugated (Pierce
Bhlulmdnyl for pmdpimlnn. Total cell extracts from pre-exposed or
PRL-exposed cells were prepared in Jysis buffer with 2 mu EDTA, | mm EGTA,
MMMIMM\O,MMW(SWQM Inc.).
Protein concentrations were measured using standard protein assay kits (Pierce
). Conjugated beads carrying 25 pmol of oligonudeotides with
the sequences of either the TRR were incubated with 100 pg of total cell extracts
for 4h at 4 °C in binding bufier ¢ Extracts from CD4" T cells exposed 10 IL-13
as described 18 which induces phosphorylation of Statl and 5,'6%
mw%m“ammﬂthSﬂlludi
or with mutTRR (NC), Precipitants were boiled in sample buffer for 5 min and
scparated over a 7.5% polyacrylamide gel.
Anti-phosphorylated Statl (pY”™™) (Biosource International Inc.) or anti-

3h before PRL exposure. Isolated CD4* T cells were then exposed to human
PRL (Sigma-Aldrich Inc.) at several concentrations (0, 10, 30 or 100 ngmi~")
for 3h in RPMI medium.

Real-time PCR
For quantitative analyses, mRNA from exposed and nonexposed BES cells, or
murine primary CD4* Tdﬂmnﬁﬁﬂdwmn-mmglug
of total RNA. Human T-bet and fl-actin RNA expression levels were
mmh(%lmm%m)mﬁhﬂwlnm
the following primer pairs amplified a single PCR product for
each gene: T-bet (67 bp): forward 5"-AACCGCCTGTACGTCCACC-Y, reverse
5-ATGAAACTTCCTGGOGCATC-3"; factin (113bp): forward 5-GAAA
TCGTGCGTGACATTAAGG-Y, reverse 5-TCAGGCAGCTCGTAGCTTCT-Y,
The mRNA levels of T-bet were normalized to those of f-actin,

Western imm
Treated and control SE5 cells were harvested and 50 pg of nuclear extracts'® was

phqlmqhudﬂuﬁ(pY“)aM(&anmMmbgyh&]m
used at 1:500 working concentration for western immunoblotting of precipi-
tants. fi-Actin proteins were detected by western i ing using a rabbit
anti-P-actin polyclonal antibody (Abcam Inc.) (1:1000) and served as an
mﬂmﬁﬁm&nﬁ@tdmwmgwlml
protein was confirmed by lar weight marks
sMMWlM(Mﬂm?MM}

Statistical analysis
T-mmmmwmmmmww
levels using standard or Stodent’s t-testing. A Povalue of
-:O.Mwuoumw
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used for western immunoblotting. Protein concentrations were d using
standard protein assay kits (Pierce Biotechnology, Rockford, IL. USA). Using
the 4B10 mAb (Santa Cruz Biotechnology Inc, Santa Cruz, CA, USA) in
standard western immunoblotting, a T-bet-specific band was observed at
62kDa on an 5% gel. Nuclear extracts from T-bet knockout
mouse T cells transduced with the murine T-bet gene (kind gift from Dr LH
Glimcher, Harvard School of Public Health, Boston, MA, USA) were used a5 a
mm»mmhmmnmmm
were d d by i blotting using a rabbit anti-f-actin
pdydondamﬂ:odytllmhhmlu.mmus&}
ng the detection of the SOCS1 and 3, the CIS and
phuphuyhmdu\n !ESCD"TthwIlhoruidthRl.Wm
lysed in lysis buffer (1% NP-40, 10% glycerol, 10mm 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid, 150 ma KCl, 2 msm EDTA, | ms ethylene glycol
tetraacetic adid (EGTA), 0.5mm dithiothreitol (DTT), 1 mm NayVO, and
pmmmm[ﬂmmlm}lldmudmdﬂlym
up-ﬂndm-nﬂipdpcryhmkkg:l" F were
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Infection by human papillomavirus (HPV) is a major risk factor for human cervical carcinoma. However, the
HFYV infection alone is not sufficient for cancer formation. Cervical carcinogenesis is considered a multistep
process accompanied by genetic alterations of the cell. Ras is activated in approximately 20% of human
cancers, and it is related to the metastatic conversion of tumor cells. We investigated how Ras activation was
involved in the malignant conversion of HPV.infected lesions. The active form of H-ras was introduced into
human primary Keratinocytes expressing the HPV type 18 (HPV18) oncoproteins E6 and/or E7. We analyzed
the keratinocytes’ growth potentials and found that the activation of the Ras pathway induced senescence-like
growth arrest. Senescence could be eliminated by high-risk E7 expression, suggesting that the pRb pathway was
important for Ras-induced senescence. Then we analyzed the elfect of Ras activation on epidermis development
by using an organotypic “raft” culture and found that the E7 and H.ras coexpressions conferred invasive
potential on the epidermis. This invasiveness resulted from the upregulation of MTI-MMP and MMP9 by
H-ras and E7, respectively, in which the activation of the MEK/extracellular signal-regulated kinase pathway
was involved. These results indicated that the activation of Ras or the related signal pathways promoted the

malignant conversion of HPV-infected cells.

It has been proposed that carcinogenesis is a multistep pro-
cess accompanied by multiple genetic alterations (4, 55). Hy-
perplasia is considered the first step of carcinogenesis, which is
induced by inflammation, activation of growth signals, or organ
regeneration. Among the expanding population of cells, some
cells acquire genetic mutations in the genes that regulate cell
division, motility, and invasiveness. If the mutation disrupts the
cell eycle checkpoint machinery, genctic instability is induced,
resulting in the acceleration of genetic alterations, Immortal-
ization can be induced by reactivation of telomerase and/or
disruption of the pRb pathway. These multiple processes are
required for the malignant conversion of the cell.

Cervical cancer is one of the gynecological cancers. Human
papillomaviruses (HPVs) are detected in more than 90% of
cervical cancer cases (59), and HPV infection is considered a
major causative factor for the cancer. HPVs are small DNA
viruses which have about 8.00(-bp, double-strand DNA as the
genome (25). More than 100 types of HPVs have been re-
ported (59), which are classiticd as low-risk and high-risk types
according 1o their associations with malignant tumors (59).
High-risk HPVs encode two oncogenes, E6 and E7, which play
importunt roles in carcinagenesis (36). E6 has two zine linger
domains and inleracts with tumor suppressor pS3 (7) and de-
grades it to escape from apoptosis and to disrupt cell cycle
checkpoint machinery (45). E7 interacts with the tumor sup-
pressor pRb and degrades or nactivates it 1o escape from the
checkpoint machinery and 10 induce genome instability (11,
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12). Although the inactivation of both p533 and pRb seems 10
be pivotal for oncogenesis by HPV, other functions of these
oncoproteins also contribute 10 corcinogenesis. Eb is able to
reactivate human telomerase activity, resulting in immortaliza-
tion of the infected cell (29). E6 has a PDZ-binding domuin ut
the C terminus that interacts with PDZ proteins (32), such as
hDlg and hScrib, the association of which is reported to be
involved in the transformation function (28, 38). E7 inactivales
Cdk inhibitor p21 and disrupts the cell cycle checkpoim (23,
27) and enhances myc expression (o upregulate cell prolifera-
tion (40, 41),

Although HPV infection is eritical for cervical oncogenesis,
most infected lesions do not proceed to the malignant tumor
stage, and a long incubation period is required for cancer
development (14, 46), indicating that HPV infection alone is
nol sufficient and that several genetic alterations of the cell are
required for the induction of cervical cancer. Even though
many mulations have been reported for HPV-positive cervical
cancer (54), the critical genes responsible for cancer develop-
ment have not been identified.

ras is a proto-oncogene which is frequently mutated or am-
plificd in human cancers (3). Activating types of rus mutations
are detected in approximately 200% of all human cancers (10).
Ras regulates cell proliferation and migration through the ac-
tivation of mitogen-activated prolein kinase (MAPK), phos-
phatidylinositol 3-kinase, and the Rae/Rho signaling pathways
(48). ras mutation and smplification have silso been detecied in
some cases of cervical cancers, and the involvement of Ras
activation in HPV-induced carcinogenesis was proposed by
several reports (2, 44), Ras sctivation upregulated the gene
expression levels of E6 and E7 (34). Ras was reported to
contribute to cellular transformation in cooperation with E6
and E7 in the mouse model (19, 47). With clinical samples, the
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rate of ras mutation was reported 1o increase m association
with the lesion’s grade of cervical neoplasia (2). These findings
suggested that Ras activation is one of the major genetic al-
terations in the development of cervical cancer

To clarify HPV-induced carcinogenesis and 1o prevent can-
cer progression, an understanding of the HPV life cycle is
essential, Tt s known that HPV replication has an intimate
connection with the differentiation process of keratinocytes
(39, 56). Virion production is restricted in the differentiated
layer of epidermis; therefore, the standard monolayer culture
of keratinoeytes is unable to suppont the HPV life cycle. To
analyze virion production, a culture medium containing a high
concentration of calcium ions (15} or a suspension culture with
semisolid medium (43) has been employed, by which some
aspects of viral replication have been studied. An organotypic
raft culture is one of the culture systems used for studying viral
replication, which can reproduce an epidermal structure in
vitro and support the whole life cycle of HPV (9, 35). It scems
better to use the culture condition that can support HPV
replication for evaluating viral gene functions and for analyzing
virus-induced oncogenesis because some ol these aspects
might be cell and/or tissue specific.

In this report, we analyzed the effects of Ras activation on
HPV-induced tumorigenesis, using human primary keratino-
cytes. Studies of the ransformation activity of Ras were per-
formed mainly with rodent fibroblasts and mouse model sys-
tems. As noted above, however, it is important 1o use the assay
system suitable for studying the HPV life cycle. We employed
the organotypic raft culture and found functions of E7 and Ras
that cooperated in the acquisition of invasiveness. We also
found that the induction of matrix metalloproteases (MMPs)
by E7 and H-ras was involved in invasivencss, These observa-
tions indicated that the activation of Ras or the related path-
ways conferred invasive potential on HPV-infected cells,

MATERIALS AND METHODS

Veetor constructions, HPY oncogenes (E6 and E7) were isolated by PCR with
a full-lengih HPV type 18 (HPV18) clone (GenBank accession number Nusois)
as the semplate and then mserted mto the pLXSN (BD Bisciences Cluntech,
Pulo Alte, CA, GenHank sevcssion number MIS245) sector. The active form of
the human Homs (G12V) gene. which was inscited into the pMXpuro vector with
a hemagglutinin tag st the N terminus, was provided by Ishikawa (Labortory of
Cell Cyele Regulation, Dept of Gene Mechanisms, Div. of Integrated Life
Science, Gradunte School of Biostudics. Kyoto University, Jupan), The DNA
frngment containing the H-ras sequence wax isalated by EcoR1 and then cun by
Bglll The fragment was inserted into the pLPCX (BD Biosciences Clontech
Palo Allo, TA) vector. MAPK constitutive active mutams (mek -SDSE | Xemo-
puy, S2181, $222E), mkk7-DED |mouse, S287D, THIE. S293D|, and mikk6-
SETE [human, SHITE. T2HE]) (21) were provided by Nishida (Labomtory of
Signal Tramsductiom, Dept. of Cell and Developmentsl Biology. Div. of Integrated
Life Science. Grad) Schisol of Bustudics, Kyvido University, Japan), The DNAs
encoding these MAPK mutants were amplificd by POR and ihen inserted into
pLPC K. The shert liirpin RNA (shRNA) scquences used for pRhwere GAT ACT
AGA TUG TGT CAG ATT CAA GAG ATC TGA CAT GAT CTG GTA TCT
TTETTATOG AT The annealed oligonucleotides were inverted into the pSTREN-
Retrol) vector (BD Bioscionces Clontech, Palo Allo, CA)

Cell enltures. Human foreskin keratinocytes {HFRs, Kurabo Indusinies, Lid
Owarka, Tapan) were muimtained with serumefree kerannocyie growth medium
(KGM: product. Fpilife-KG2, Kurabn) Human toreskin fibroblasts (HFFS;
Kurabio) Hela cells wnd 293T cells were mainisned with Linlbecca's modifiel
minkmal cssential medium {DMEM ) supplemented with 1006 fetal bovine serum
{prowih medium)

Retruviral praduction and infection, 2937 cells were pansfected with the
et inal geng expression plasmid (3.3 g pLXSN o pl POX), pCLIDAT (1 pp:

INVASIVENESS BY Rus ACTIVATION AND HPVIR E7 KR

Imgunes Corp. San Diego. CA), and plircenlantcme ) (05 pg: Invitngen
Corp. Carlshad, CA) and herming sperm DNA (5 ug: Roche Diagnostics, Gmbl .
Manaheim, Germany) by using the calcium phosphute copreeipitation methed
At day 2 ufter transfectbon. the culture medinm was roplaced with fresh KGM,
anid the retroviral veetor wis collected in the medium for 8 b The conditioned
medium contuning viral vector was clarified through a 045 pm-pore filter and
used for the infection ol HFKs For the infection procedure, the provious KGM
was remuved. nnd the virus-containing medium mised with ¥ pg/ml polybrene
wis ovetluid on the HFKs. The eclls were maintained for 6 hin n CO; incubator
and then the medium was changed 10 fresh KGM. At 24 h after infection, the
cells wore spread ot a low demsity. G418 (60 pgml) and puramycin (02 pg/ml)
were added 1o the medium at 48 b afier infection, and the cells were incubated
for 4 1w 7 days.

SA-fgal assay. Horms and HPFV oncoproteim-cocxpressing HFKs were spread
al L0 > 107 cellsadish. Afier 24 b, an evaluation of senescence wis performed
with a tuted f-galactosidase (SA--gal) assay kit (Cell Signaling
Technology, 1nc., Danvers, MA) by following the manufacturc's instructions

{mmunohlot analysis. Total ccll lysates were proparcd with triple-detergent
tysis buffer (50 mM Tris HO [pH B0), 150 mM NaCl, 0L1% sodium dodecyl
sulfate [SDS), 1% Nonidet P<40, 0.5% sodium deaxycholate ) supplemented with
protemse inhibitor cocktail (Nakarsi Tesque, Kyoto, Bipan). The ool lysates were
subjected 1o SDS-polyacrylamide gel clectroph i, and | blot analysis
was perfi d by using » Jurd protucol. The sntibodies used in the exper-
iment were anti-18E7 (clone C-20), anti-H-Ras (clone 259) (Santn Cruz Bio-
technulogy, Inc. Sunta Cruz, CA). and an pRb-cpecific antibody (B Biosciences
Pharmingen, San Dicgo, CA)

Organotypic raft culture. For a preparation of the dermal cquivalent. one part
type | collagen (cell matrix type 1-P: Nina Gelatin Co.. Lad.. Osaka, Japan) and
two parts growth medium contuining HFFs (T % 10° celis) were mined while they
couled and were poured into o f-em dish, @md then the colls were mamtained in
o 36 €Oy incubmor st 3TC uniil the collagen gel comracted 1o about a 2-cm
dinmeter. The gel wis souked in fresh KGM for several hours and then trans-
ferred in a Transwell insert. The gel was put in u 6ewell plite, and fresh KGM was
filled into both the bottom and the inser, TIFKs were overlaid on the gel (day 0)
At day 1. the medivm was changed tooa mixture of KGM and DMEM growih
medium (KGM/IOMEM, 1:1), and 24 b later, the moedium was changed 1o the
same misture, adjusting the CaCl. conc i 1K mM (day 2). On day 3,
the surface of the collagen gel was cxposed 10 sir, and then the medium in the
Pottam was changed 1o fresh medium cvery day. Multilavered cultures of kera-
tinucyles were ubtained at day 10,

The construction of the ralt culture with Hela cells was performed by a
protoacol similar to that deseribed above, except tht DMEM supplemented with
1% feral bovine serum was uscd for the Hela celis

Hemutoxylin sod cosin (H&E) stoining. Specimens of mah culture were em-
bedded in optimal cutting tempermture compound (Sakura Finetechnical Co,
Lid. Tokyo, Japan), and thin sections (7 pm) were obtamcd by cryoscctioning
(Cryo-Star HMS60M machine, Microm Laburgerite GihH, Walldiof, Ger-
many) The scetions were transforred onto shide glases and dricd. They were
stnined with hemusoaylin 3G (Sakura) for S min Afler seetions wore washed with
watcr, they were rinsed with HOT(4 < 107 * N) for about | min and washed again,
They were then stained with & pure conin solution (Sakura) for 3 min and
destivined with 8% cthanol

The covoscctions were fiaad with Mildivim
10N {Waikes Pare Chemical Industrics. Lid. O=aka, Jupan) and then trested with
a tnrget rerricval solution (Diko Japan KK, Kyou, Japan). The endogenous
peroxidase metivity was quenched with 135 1L,0,-MeOQH aficr the wrger re-
tricval process. Antigen detection was performed with u iyramide signal pmpli-
ficanon-yotin system | Perkin-Limer, Bastan. MA) by tollowing the manufac-
wre's msruchions. Chromogenic detection of  honeradish  porovdase was
perfurmed with a Metl Enhanced 3.3 -dinmimobenzidine substrate kit (Pierce
Biotechnology, Rockford, 1L) Antibodics for MMP2Z MMPY, and MTI-MMP
{ Daiichi Fine Chemical Co. Lt Toyama, Japan) and & sccondary antibody for
mouse (Santn Cruz Biotechnology, Inc. Santa Cruz CA) were purchased com-
mercially The immunohistochemicn] samples were counterstained with hemie
oy lin,

MMP inhibitor and MAPK inhibitor. MMP2 inhibitor. MMP inhibiton, and
inhibitors GMBUOL, PDYSOSY, SPOOD12S, amd SB203580 were purchascd from
Merek KGuA (Darmstadt, Gormany ). Comcentiatiuns were as follows: dimethyl
sulfoxide, =50, MMP2 inhihitor. 20 oM: MMPY inlubitor. 2 pM; GMGDL 5
WM PDUSO5Y, 20 M, SPENIT2S, 20 uM: and SB2O3580. 8 M. Inhilvtors were
introduced into the medium minture for the orginotypic raft culture from day |
o dny 10
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FIG, 1. Coexpression of HPV oncoproteins and H-rasV12 in pri-
mary HFKs. (A) Morphology end senescence induction of the HFKs
expressing HPV oncoproteins and H-ras, The senescent cells were
delected by SA-B-gal assay. The control cells (Cr) used in this and the
following experiments were infected with two empty retroviral vectors,
pLXSN and pl.PCX. Magnification, %200, (B) The effects of H-ras
activation on the proliferation of the HFKs expressing HPV oncopro-
teins, At days 1 and 3 after they were seeded, the cells in the dishes
were counted, and relative cell numbers (those at 1 day after sceding

are set 2t 1) are indicated as a bar.

RESULTS

E7-expressing keratinocytes escaped from Ras-induced se-
nescence through pRb degradation. We analyzed the effects of
Ras activation on HPV-induced tumorigenesis. First, we intro-
duced the active form of H-ras, which has onc amino acid
substitution (H-rasV12, consisting of a G-to-V change al po-
sition 12), into primary HFKs and analyzed the growth poten-
tial (Fig. 1). It was reported that the Ras activation in human
primary cells induced premature senescence (49). In agree-
ment with that report. the Ras activation could induce senes-
cence-like growth arrest in HFKs, The Ras activation attenu-
ated the cell growth and changed the cell to a flattened and
enlarged senescence-like shape. The senescence induction
could also be confirmed by SA-B-gal assay (Fig. 1A). Next, the
H-rasV12 was introduced into the HFKs expressing HPV on-

). Virow

coprotein. Although Ras activation could induce senescence-
like growth arrest in the HFKs expressing HPVIS E6 (18E®),
18E7 expression rescued the cells from senescence.,

High-risk type E7 binds to and inactivites pRb and induces
its degradation through the proieasome pathway (18). To in-
vestigate whether pRb inactivation was required for escape
from Ras-induced senescence, we analyzed the effects of wo
IBE7 mutants (D24G and C27G) and low-risk HPV11 E7
(11E7) expression on Ras-induced senescence (Fig. 1). These
E7 mutants could not inactivate the pRb (22, 31), and neither
of them could eliminate the Ras-induced senescence, indicat-
ing that pRb inactivation was important for escape from se-
nescence.

ET7 has been reported to bind to other pocket protein family
members (37). Although the degradation of pRb is specific to
high-risk E7, we reported that p130) was targeted for degrada-
tion by both types of E7 (HPV I8 E7 and HPV11 E7) in HFKs
(52). In the same report, we demonstrated that the expression
level of pl07 was not modified by E7s. Considering these
observations, the results shown above indicate that p107 and
pl130 were not involved in the Ras-induced senescence. This
notion was supported by the observation that a pRb knock-
down with a specific shRNA could eliminate the Ras-induced
senescence (data not shown),

Coexpression of 18E7 and H-rasV12 conferred invasive po-
tentinl on epidermis raft culture. We analyzed the effect of Ras
activation on epidermis formation, using an organotypic raft
culture system (Fig. 2A). With control HFKs, normal epider-
mal structure could be reproduced. The cells expressing
H-rasV12 or both H-rasV12 and 18E6 could not be used for
the construction of the raft culture because their growth po-
tentials were severely retarded, as shown in Fig. 1B. The 18E7
cxpression induced hyperplasia in the epidermal layer as pre-
viously reported (52). The cells expressing both H-rasV12 and
18E7 showed hyperplasia and invaded the dermal layer that
consisted of type 1 collagen and HFFs, suggesting that Ras
activation conferred invasive potential on the cells expressing
high-risk E7. Invasion induced by H-rasV12 and 18E7 was
confirmed by an invasion assay using a Transwell coated with
extracellular matrix (Matrigel; BD Biosciences, Franklin
Lakes, NJ).

In contrast to the invasive potential observed for the HFKs,
Hela cells derived from HPVI18-positive cervical carcinoma
showed very weak invasion activity, even with the ectopic ex-
pression of H-rasV12 (Fig. 2B), which raised the possibility
that the HFKs expressed E7 protein more abundantly than the
Hela cells. As shown in Fig. 2B, the expressions level of 18E7
in the HFKs was apparently lower than that in Hela cells,
suggesting that the 18E7 expression level in the HFKs was
within the physiological level.

Ras activation was reported to contribute to the invasive
potential of cancer cells by inducing MMPs through MAPK
pathway activation (10). To investigate whether MMPs were
induced in the epidermal layer of the raft culture expressing
both H-rusV12 and 18E7, we performed immunohistochemical
analyses for MMP2 and MMP9, which are type IV collag-
enases and major MMPs inducible by Ras (Fig. 3). MMP2 was
constitutively expressed by the HFFs embedded in the dermal
equivalent and was broadly distributed in the dermal layer. The
expression of MMPY was induced in the whole epidermal layer
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FIG. 2. Effects of Ras activation in E7-expressing cells were eval-
uated using rafl culture. (A) HFKs expressing 1BE7 and/or H-rasV12
were used for the raft cullure construction. The cryosection (7 pm) was
fixed with formaldehyde and stained with H&E. Magnilications in this
and subsequent figures, ¥ 100. H-ras expression in the cells was mon-
itared by immunoblot analysis. (B) Hela cells were used for the rafi
culture system. H-rasV12 was transduced by the retroviral vector
pLPCX. ISE7 expression level was analyzed with an I8E7-specific
polyclonal antibody. Cr, control.

by 18E7 expression. These MMPs might contribute to the
invasive potential of the HFKs expressing both H-rasV12 and
18E7

In the acquisition of invasive potential, the activation of
MMPs through cleavage by other proteases is also involved
(13). MT1-MMP is a matrix-anchored type of MMP, which is

FIG. 31 histochemical lysis of MMP expression in the
raft culture. MMP expression was detected by a TSA biotin system and
15 shown as a dark, brownish signal. The les were c ined
with hematoxylin, Cr, control,

INVASIVENESS BY Ras ACTIVATION AND HPVIS E7

BR23
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FIG, 4. Eflects of MMP-spevific inhibitors on the invasion induced
by both 18E7 and H-rasV12, MMP-specific inhibitors were added 1o
the raft culture medium from day 1 (described in Materials and Meth-
ods). The cryosection (7 wm) was fixed with formaldehyde and siained
with H&E. Cr, control,

a major activator for MMP2 (26). MT1-MMP can also cleave
other MMPs and extracellular matrix proteins, for example.
fibronectin, laminin, and collagen, and contributes to cell in-
vasiveness. We analyzed the MT1-MMP expression in the raft
culture expressing H-rasV12 and 18E7 (Fig. 3). The expression
of MTI-MMP was induced by H-rasV12 in the epidermal
keratinocytes, especially at the boundary between the epider-
mal and the dermal layers, In the same sample, MMP2 also
accumulated at the boundary (Fig. 3, E7 + Hras panels), sug-
gesting that the MT1-MMP induced by the Ras activation
recruited the MMP2 expressed by the HFFs for its activation.

MMP upregulation confers invasive potential on the H-
rasVI2 and 18E7-coexpressing epidermis. To investigate
whether the MMP induction described above was involved in
the invasion potential, we analyzed the effects of MMP inhib-
itors on invasion (Fig. 4). The MMP2-specific inhibitor par-
tially inhibited invasion; the MMPS8-specific inhibitor strongly
inhibited invasion, suggesting that the MMPY induced by 1BE7
contributed 1o invasion. However, induction of MMPY might
not be sufficient for invasion because the expression of [SE7
only could not confer the invasion polential on the keralino-
cytes. GM6001, which is a broad inhibitor of MMPs, sup-
pressed invasion of MMPY. These results suggested that these
MMPs cooperated with each other 1o promote the invasiveness
of the HFKs expressing both H-rasV12 and 18E7.

MMP9 and MTI-MMP were induced through the MEK/
ERK pathway. It is known that Ras induces MMP expression
through the activation of the MAPK pathway (30). To inves-
tigate the involvement of MAPK activation in invasion, the
effects of the MAPK-specific inhibitors on invasion potential
were examined (Fig. 5). A MEK-specilic inhibitor, PD98059,
clearly suppressed the invasion capacity of the cells expressing
both E7 and H-ras. A p38-specific inhibitor, SB203580, had no
clleet on invasiveness, SPA00125, a INK-specilic inhibitor, in-
hibited normal epidermis formation, suggesting that the JNK
activity was essential for the development of stratified epider-
mis as previously reported (58), These resulls indicate that the
invasion potential was induced through the activation of the
MEK/ERK pathway.

Next, the effects of the MAPK inhibitors on the expressions
of MMP9 and MTI-MMP were analyzed by immunohisto-
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F1G. 5 Effects of MAI'K-spwru. inhibilors on the invasion in-
duced by both 18E7 and H-rasV12. MAPK-specific inhibitors were
added to the rafi culture medium from day 1. The cryosection (7 wm)
was fixed with formaldehyde and stained with H&E. Cr. control.

Y

chemical assay (Fig. 6). Expression of MMPY (Fig. 6A) and
MT1-MMP (Fig. 6B) was suppressed by PDYR03Y, suggesting
that their expression was imduced through the activation of the
MEK/ERK pathway.

ISE7 and constitutive active MEK1-coexpressing epidermis
partly reproduced the invasiveness of the H-rasV12 and
HPV18 ET-coexpressing epidermis. The results shown above
suggested that the invasiveness induced by H-rasV12 and 18E7
was mediated by the MMP activation through the MEK/ERK
pathway. To examine whether the MEK/ERK activation could
mimic the Ras activation for the induction of invasiveness, the

Flts, 6, Ellecits of the MAI‘K-ipuulu. inhibitors un the MMI' ex-
pression. The MAPK-specific inhibitors were added to the raft culture

were pcrforrucd
were connter

medium from day 1. histochemical
for MMP9 (A) and MT1-MMP (B). The ph
with hematoxylin. Cr. control

). Viwn

F1G. ? active MAPKs in the HPVIR
E7. inocytes. | activity was monitored with the
mgano:ypnc ran cu]mr: The cryosection (7um) was fixed with form-
aldehyde and stained with H&E. MMP expression was monitored by
immunochistochemical analysis, and the samples were counterstained
with hematoxylin (MMP9 and MT1-MMP).

constitutively active mutant of MEK1, MKK7 or MKK6, was
expressed in the HFKs expressing 18E7, and the raft culture
was constructed with them (Fig. 7). The epidermis expressing
MEKI-SDSE (the MEK1 constitutive active mutant) acquired
invasive potential, and MT1-MMP expression was induced.
MKK7-DED (for the JNK pathway) and MKK6-SETE (for the
p38 pathway) expression did not induce the invasion. Although
these results indicated the involvement of the MEK/ERK path-
way in the induction of MT1-MMP and invasiveness, the in-
vasion induced by the MEK1-SDSE was attenuated compared
with that induced by H-rasV12 and 18E7 coexpression, sug-
gesting that other pathways or factors im addition 1o MAPK
activation contribute to the invasive potential in Ras activation,
It was apparent that all of the MAPK mutants expressing
epidermis showed a thickened comified layer, suggesting that
these MAPK pathways contribute lo the differentiation pro-
gram of epidermis in some part.

MMP9 induction was independent of pRb degradation. We
investigated the mechanisms by which 18E7 induced MMPY
expression. A well-known activity of the high-risk E7 is its
capacity 1o bind to and inactivate pRb. We therefore examined
the effect of the pRb knockdown on the expression of MMP9,
The raft culture with the pRb knockdown cells was established
by using a retroviral vector expressing the shRNA targeted to
pRb. The pRb expression level was monitored by immunaoblot
analysis with anti-pRb antibody (Fig. 8A). The pRb knock-
down did not induce MMP9 in the epidermis, and the expres-
sion of low-risk HPV11 E7 that could not inactivate pRb in-
duced MMP9 (Fig. 8B), suggesting that the vpregulation of
MMP9 by E7 was independent of the pRb degradation.

DISCUSSION

Cancer-prone status of HPV-infected cells. For HPV-in-
duced carcinogenesis, the major viral oncoproteins E6 and E7
are pivotal; both E6 and E7 disturb the cell cycle checkpoint
and the apoptosis induction, resulting in the augmentation of
genetic instability. For the progression of carcinogenesis, it is
believed that additional host mutations are required and that
the ras family of proto-oncogenes is one of the major targels
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FIG. 8. Involvement of pRb downregulation in the E7-induced
MMPY expression. (A) The effect on pRb expression by E7 (derived
from pLXSN) or shRNA targeted to pRb (shRb) (derived from pSIREN-
RetroQ) was analyzed by immunobloiting. (B) HFKs expressing E7 or
shRb were used to construct the raft culture. A random oligonucleo-
tide was used as a control for the shRb (scramble).

for the mutations. Although Ras activation in HFKs induces
premature senescence through the pRb-related pathway, the
high-risk E7 oncoprotein could eliminate senescence induction
and confer invasive potential on the HFKs in cooperation with
Ras activation (Fig. 1 and 2). The results indicate that the
HPV-infected cells that express E7 are tolerant of the Ras
activation, which contributes to malignant conversion of the
HPV-infected lesion. Other oncogenic stresses, such as the
activations of Raf, ERK, or Akl, are also reported to induce
“premature senescence” (5), and our observation suggested
that the high-risk HPV-infected cells are tolerant of such
stresses, which might confer the “cancer-prone” status on the
HPV-infected cells.

It was reported that transformation by Ras activation in
normal human cells requires p53 inactivation, pRb inactiva-
tion, c-mye activation, PP2A inactivation, and telomerase re-
activation (20). Although our report indicated that the high-
risk E7 expression, which induces pRb degradation and c-nmyc
activation, conferred invasiveness on the HFKs in cooperation
with the Ras activation, the combined expression of 18E7 and
H-rasV 12 is not sufficient for the induction of transformation.
For the transformation, additional alterations of the host cells
as well as high-risk E6 expression must be required. We are
secking such additional ceflular factors that are involved in the
multiple aspects of the malignant conversion, such as the ccll

INVASIVENESS BY Rus ACTIVATION AND HPVIS E7 B82S

maotility, the metastasis conversion, and the evasion of the host
immune system.

MMP induction and invasiveness, Tl acquisition of inva-
sive potential by the coexpression of H-rasV12 and 18E7 re-
sulted from MMP induction, which was supported by experi-
ments with several MMP inhibitors (Fig. 4). MMPY expression
was upregulated by 1BE7, but 18E7 expression by itself did not
induce the invasiveness of the epidermal cells (Fig. 2, 3). Al-
though this observation indicated that MMPY expression was
not sufficient for the acquisition of the invasive potential, its
involvement in invasiveness was supporied by the result of the
MMP9-specific inhibitor (Fig. 4). It was reported that MMP9
was related not only Lo invasiveness but also to cell prolifera-
tion (8). The hyperplasia of epidermis induced by 18E7 expres-
sion was significantly suppressed by the MMP9-specific inhib-
itor (Fig. 4), suggesting that the MMPY expression was also
involved in the cell proliferation of epidermis. We reported
that the 18E7-induced hyperplasia resulted from the degrada-
tion of pRb and p130 and that the low-risk HPV1] E7 caused
mild hyperplasia by inactivating p130 (52). The induction of
MMPY was independent of pRb inactivation, and HPV11 E7
had a potential to induce MMPY expression (Fig. 8), indicating
a possibility that MMPY induction was a common feature of
both types of E7 and that induction is involved in E7-mediated
hyperplasia.

E7-mediated MMP induction has been reported with other
types of HPVs. HPV16 ET7 induced MTI-MMP expression in
keratinocytes; such an effect was not evident for HPV18-pos-
itive HeLa cells (50, 57). 1t was reported that the expression of
HPV8 E7, which is a cutaneous-type HPV, was enough 1o
confer the invasive potential on the epithelial cells in the or-
ganotypic raft culture (1), in which MMP1, MMPS, and MT]1-
MMP were induced. The differences between E7 functions in
the invasiveness of various HPV types might be due to their
host cell tropism, and it will be necessary 1o examine the key
factor involved in the MMP induction by E7s. An examination
of the expression levels of a variety of MMPs in the epidermal
cells expressing both ISE7 and H-ras will also be required.

MT1-MMP was induced by H-rasV12 in the epidermal cells
of the rafl culture, especially at the basal layer cells in contact
with the dermal equivalent (Fig. 3). It was reported that MT1-
MMP was highly expressed at the cell surface of cancer cells
(26). MMP2 was expressed from the fibroblasts embedded in
the dermal equivalent and was broadly distributed in the der-
mal layer (Fig. 3), which is one of the proteolytic targets of
MTI-MMP. The immunohisiochemical staining showed the
accumulation of MMP2 at the region of basal membrane,
suggesting that the MT1-MMP recruited the MMP2 at the
region and activated il by proteolylic cleavage (51). 1t is known
that MT1-MMP is also able to degrade type 1 collagen (24).
Type [ collagen is a major component of the dermal region (6);
therefore, the MTI-MMP might function as a “pioneer” for
the invasion into the dermal region.

In contrast to MTI-MMP, both MMP2 and MMPY are
known as type IV collagenases (13, 53). Type IV collagen
localizes at the hasal membrane (6), and both MMPs might be
involved in the degradation of basal membrane at the early
stage of invasion. MMP2 was also known to activate MMP9
(16). A recent study reported that MMP2 could upregulate cell
migration in vitro in cooperation with MMP9 (42). That re-
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port, using the knockout mouse for MMP2 and MMPY, indi-
cated their contribution to the invasiveness (33). These reports
mdicate that a cooperative function between MMP2 and
MMPY is important for invasiveness.

The MEK/ERK pathway was involved in the MMP induc-
tion by H-ras and 18E7. The expression of MMP9 and MT1-
MMP was vpregulated through the MEK/ERK pathway. The
upstream events, however, might be distinet, because they were
differentially regulated by IXE7 and H-ras (Fig. 3). The con-
stitutive active mutant of MEK could induce significant but
weak invasion in cooperation with 18E7 (Fig. 7), suggesting
that the other pathways triggered by the Ras activation were
involved in the strong invasiveness observed for the cells ex-
pressing both H-rasV12 and 18E7. The p38 pathway appeared
not 1o be involved in the epidermal formation and the in-
vasion potential (Fig. 5). JNK activation seemed to be es-
sential lor the prolileration of stratified epithelial cells, be-
cause SP60012S, a JNK inhibitor, drastically suppressed
epidermal formation, which is consistent with a report that
the INK activity was essential for the development of strat-
ified epidermis (17, 58).

We reproduced a portion of multistep carcinogenesis, “the
acquisition of imvasiveness,” by introducing 18E7 and H-rasV12
into the raft culture system. The raft culture is suitable (o analyze
the cell invasion and motility in 4 semiphysiological condition and
useful for the screening of the drugs against invasiveness.

AUKNOWLEDGMENTS

This work is supported by Japanese Grants-in-Aid for Scientific
Research from the Ministry of Education, Culure, Sports, Science,
and Technology and by the Japanese Ministry of Health and Welfare,
S.Y._ and H.N. are supported by the 2151 Century COE Program of
ISPS.

Activated H-ras gene was provided by Ishikawa. Several DNAs ol
MAPK mutants were provided by Nishida,

REFERENCES

Akgiil, B., R. Gorein-Esoudern, L Ghali, H. ). Plister, P. G. Fuchs, H.
Nuvsaria, and A. Storey. 2005, The E7 protein of cutancous human papil-
lomavirus type 8 causes ion of homan § inter the dermis in
arganatypic culiures of skin. Cancer Res, 68:2216-2273,
Alania, L. V., M. A Dalbert, . Mural, ). Barit, 0. Ragin, G, Dominguez,
and A, R, Teyssié, 2003, Ha-ras oncogene mutation associnted o progression
of papillomavirus induced kesions of uterine corviv. J. Clin. Virol. 27:263-
264,
Bos, J. L. 1989 ras oncogenes in human cancer: 3 roview. Oaneor Res
A%A682 F6EY.
Calbrns, J. 1978 Mutation selection and the natuml history of cancer Nature
255:197-200.
Campisi, J, and F. d"Adda ol Fagagna. 2007, Cellulonr sencsconoc: when had
things hmppen 1o good cells Nat, Rov. Mol Cell Binl 8:7249-740
Canty, K. G, and K. E. Kadler, 2005, Procollagen traficking. processitg and
fibrillogencsis. J, Cell S 118;1341 1353
Cale, 5. T., nnd O, Dunvs, 1987, Nuclcotide scquence and comparative
analysts of the human papillomavirus type 18 genome. Phylogeny of papil-
fomaviruses and repeated structure of the E6 and E7 gene producs. 1 Mol
Biol. 193:599-608
X Coussens, 1. M., € L Tinkle, B, Hanuhan, and Z. Werb, 2000 MMP-4

supplicd by bone marmow-derived cells contributes 1o skin carcinogencais

Cell 103481490,
4 Dolterd, S, €, 1 L Wilson, L. M. Demeter, W, Bunnes, R. € Reichman,
T. R, Broker, and L. T, Chow, 1992 Production of hismun papillonsinus and
mudulation of the infectious program in cpithelinl mf cultures. Clenes Dev
f:1131-1142
Downward, J. 2003 Targeting RAS signalting pathways n canvet theraps
Nat. Rev. Cancer %11-12
Duensing, 8. A Duensing, E. R, Flares, A, Do, P. F. Lambert, and K.
Milnger. 2001 Controsame atmormmalities and genomic inmtability by cprso.
mal cxpression of human papillomasirus type 16 in raf cullures of human
Kerntinneyies. 1. Virol. 75:9712-7716

o

-

1 Vo

2 Dywen, N, P. M. Howley, K. Milnger, and £ Harlow, 1959 [he human

30,

1

n

. Kiyuno, T., A. Hirniwa, M. Fujita, Y. i

papilloma virus-16 ET oncoprotein is able 1o hind w the retinohibstoms gene

product. Scicnce 243:934-937

Egeblad, M., and 7. Werh. 2002 New functioun fin the matris metallopr.

teinases in ceneer progrosion. Nut. Rev. Cancer 20101174,

Fehrmann, F. and L. A. Laimins. 203 Hurman pupillomevinees targeting

dificrentiating cpithelial cells for malignam mansformanion. Oncogene 22:

$201-5477,

Flores, E. R, and P. F. Lambert. |997. Exidence for a switch in the mode of

human papi irus type 16 DNA replication during the viral fife onde

1. Vitol, TE7167-7179

Fridman, R, M. Tath, D. Pena, and 5. Mubashery, 1995 Aci of

pmgelatim B [MMP-9) by pelatinase A (MMP-2), Cancer Rex. 55:2548.

255

Guael, A, T. Banna, R. Wahb, and M. Mrl. 2006, Fnhibition of INK
diff of 1. Biol.

Chem. 28):
20530-20541,

Gms. I... M.m X. He, J. R. Basile, and K. Minger. 2001
D tumie supy h)' Illg Inlunn Mlh‘b
in s i for fi and

mmm irpe Ib E‘.l' P
from § Ik i of E7, ). Virol 75:7583-7501,

t‘-runhllh.n.LK.J w-«..:.awj N.&MM.I.

Quintanilla, J. L. Barber, D. S. Ilm_n. A. Lamgley, R.

0. R. Roop. 1994, Transgenic mice d HPV-18 Ed und E7

oncogenes in the cpidermis dmiop verrucous lesions and EPOTTATCuUS,

Hasras-activated papillomas. Cell Growth Differ. S:667-675.

Habn, W, C, C. M. Counter, A. 5. Lundberg, R. L. Beljersbergen, M. W,

Brooks, and R. A, Weinberg, 1999, Creation of human tumour cells with

defined genetic clements. Nuture 400:404-468

Harada, T. 0. Matsozaki, H. Hayashl, S, Segano, A, Matsuda, and E.

Nishidm, 2003 AKRL1 and AKRL2 nctivate the INK pathway. Gencs Cells

8493500,

Heck, . V., C L Yer, P M. Howley, and K. Miinger. I'.I'F Efficiency of

hinding the retinobl protein futes with the

of the E7 ongoproteins of the hurman papillomaviruses, Prog. Natl, Acad Sei

USA B%:4442-0440.

Helr, A M., ). 0. Funk, and I A, Galloway, 2002 Inscrivaton of both ihe
thshil tumur supp anad p2 1 by the human papillomavirus 1y

16 ET oncoprotcin is necessary to inhibit coll cycle arrest in human cpithelial

cells ). Virol 7610559 10568

Hotary, K., E. Allen, A. Ponturiert, 1 Yana, and S. L Weiss, 2000. Regula-

tion of cell § lrmmun and morphogenesis in a three-dimensional type § colla-

gon matnix by type matris Hoprotoinases 1. 2 and 3 1 Cell

Biol 14%) 3091323,

Howley, P. M., and D. Lowy, 2001 P ineses and thel repl 'y

2197-2229, In . M. Knipe and P. M. Hmlcy (edl ), Fickds virology, 4th cd.

Lippincatt Williams & Wilkins, Baltimore, M1,

Itah, Y., and M. Seiki. 2006, MT1-MMP: 8 potent modities of pesicellula

microcmdronment. J. Cell Physiol. 206:1-5.

Junes, 1, L, R M, Aland, and K. Minger, 1997 The human papillomavirs

E? mv.-nwmcin can uncouple ecllular diferentiathon and proliferstion in

human kerati by ahrogating p21Cipl-mediated inhibition of cdk2.

Gienes Dev. Ill"!m 21

hi, T. Akl and M. [shibashi
1997, Binding of high-risk human p-;»ﬂl.‘lmmlrm Eb oncoproteins 1 the
human homologee of the iln discx Iarge tumaor suppressar protcin
Proc. Natl Acad. Sa. LISA 94:1 1602- 1616
Klingelbutz, A, J., 5. A. Foster, und J. K. McDougall. 1996, Tclomerase
sctivation by the E6 gene product of human papillomavirus type 16, Nature
A80:79-82.
Kﬂm O, M. F. Gebhink, and E. E. Yool 2004, Stimulation of
Ras ink. Biochim, Biophys. Acta 1654:23- 37,
l!!. J O, A A, Russo, and N. P, Pavietich. 1995, Strocture of the retino-
Ilastomna tumour-suppressor pocket domasin busnd 1 e peptide from HPY
E7. Nature 391:K59-565
Lee, §. S, R. 8. Weiss, and R. T, Juvier. 107 Binding of buman vires
uncupruteins to kg SAPT, & Lt by g of the Iy hika s
large tumor suppressor protein. Proc. Nail, Acad. Sei. USA 94:6670-6675.
Masson, V, [. R de la Balling, C. Munaut, B, Wielockx, M. Jost, C.
Maillard, 5. Macher, K, Bajow, T. Itoh, 5, Itehara, Z. Werb, C, Libert, J. M.
Foldart, and A. Noél. 2005 Contribution of host MMP-2 and MMP-9 10
tumor vascul ion and invasion of malignun kerstinocvics
FA%BI 19234236
Meding-Martinez, O, V. Valljo, M. (. Guid, and A. Garcla-Carranca.
1997, Ha-rs T wl human papill iTus ype
I8 E6 and E7 slnmgmn Mni Curcinog. 19:83-90
Meyers, C, M. G, Frattinl, J. 8. Hodsen, and L A, Laimios, (992 Bisyn-
thests of human papillemavines from a continuous el fine upon epathelial
differentiation. Scicnce 287971973
Miinger, K., A. Baldwin, K. M. Edwurds, 1. Hayakawn, C. L. Nguyen, M,
Owens, M, Grace, and K. Hub, 2004, Mechamisms ol human papilomar i
induced oncogencsia. ) Virol 78:1145) 11460

6002 '92 Arenuer uo Aysseaiun 0jaky| ye Bio wse' (Al Wwoyy papeoumoq



Vaoi

i

i

v |

4

4

;s

45

R2, 2008

Miinger, K., 1. I Basile, 8. Duensing, A. Eichten, 5. L. Gonzalez, M. Grice,
and L. V. Zancy. 2001 Biolugical activitics and mulecular targets of the
human papillomavirus E7 oncoprotein. Oncogene 2:TRES- 7848

Nguyen, M. L, M. M. Ngoyen, D. Lee, A, E. Griep, and P, F. Lambert. 2003
The PDZ ligand domain of the human papillomavirus type 16 E6 protcin is
required for E6'e induction of epithelial hyperplasia in vivo. 1 Vil 77
GHST-H004

O'Connor, M. 1, W, Stiinkel, C. H. Koh, H. Zimmermann, and H, U,
Bernurd. 2000, The diferentintivn-specific Getor CDPACul represses trin-
seription and replication of human papillommviruses through a conserved
silencing clement. ). Virol, 74:401-410

Pletenpol, ). A, R, W. Stein, E. Morun, P. Yaviok, R. Schiegel, R. M. Lyuns,
M. R. Pittelkow, K. Minger, P. M. Howley, and H. L. Moses, 1990, TGF-botn
I nhibition of c-myc transcription and growth in keritinocytes is abrogated
hy viral transforming proteins with pRE binding domains. Cell 61:777-785.
Pim, D, und L. Banks. 199] Loss of HPV-16 E7 dependence in cells
teansformed by HPV-16 ET plus El-ras cormelmes with increased c-mye
expression. Omcogene 6589584

Robinson, C, M., A, M. Stone, J. D. Shiclds, S. Huntley, 1. C, Paterson, and
5. 5 Prime. 2003, Functional significance of MMP-2 and MMP-9 expression
by humin malignant oral keratinocyte cell lines. Arch, Oral Biol. 48:779-786,

. Rugsch, M, N, F. Stbenrauch, and L. A, Lalmins. 19E Activation of

papillomavirus late gene transeription and genome amplification upon dif-
ferentintion in semisolid medium is coincident with cxpression of imvalucrin
nnd I hut not keratin-10. J, Virol, 72:5016-5024.

Sagae, 5., R, Kodo, N, Kozomaki, 1. Wisada, ¥, Mogikora, T. Nikei, T,
Tukedu, snd M. Hashimoto, 199(). Ras ancogenc expression and progression
in intrnepithelinl neoplasia of the uterine corvix, Cancer 66:295-301

Schefner, M., B, A, W , J. M. Hulbregise, A. J. Levine, nnd P, M.
Howley. 1990, The Ed oncoprotein encoded by human papillomavivus types
16 and 18 promotes the degradation of pS3. Cell 63:1129-1136,
Schilfman, M., P, E. Castle, J. Jeronimo, A, U, Rodriguez, and S. Wacholder.
2007, Human papillomavirus and cervical cancer. Lancet X70:800-507
Schreiber, K., R, E. Cannon, T. Karrison, G. Beck-Engeser, D, Huo, R W,
Tennunt, H. Jensen, W. M. Kast, T, Krausz, 8. C. Moredith, L. Chen, and H.

INVASIVENESS BY Ras ACTIVATION AND HPVIS E7

3.

"

-
i

5

57

HR2T7

Schreiber, 2004, Strong syncrgy betwecn mutan s and HPVIO EWET in
the developmen of primary wmon. Cicogene 23:3972-3079

Schubbert, S., K. Shannon, and G. Bollag. 2007 Hyperactive Ras in devels
opmental disorders and camcer. Not, Rev. Cancer 7:295-308

Serrani, M., A. W. Lin, M. E. McCurrach, I, Beach, and S, W, Lowe. 1'47
Onengenic ras provokes premature cell sencscence ussociated with accumu-
Intion of p33 and pl6INKda. Cell 88:3U3-602.

Smuola-Hess, 5., 1, Pahne, C. Mawoch, P. Zigrine, H, Smula, and H. J. Plister.
2005, Expression of membrane type 1 matrix metalloproteinase in papillo-
maviris-positive cells: role of the human papillomavirus (HFV) 16 and
HPVS ET gene products. ). Gen. Virol, 86:1291-1296

Taniwaki, K., H. Fub hi, K. Komord, Y, Ohtuke, T, Nonaka, T, Suks-
moto, T. Shiomi, Y. Okada, T. loh, 8. Dohara, M. Seiki, and 1. Yana, 2007,
Stroma-derived matrix metalloprotcinase (MMP)-2 promotes membhrane
type 1-MMP-dependent tumor gruwih in mice. Cancer Res, 67:431 14310
Ueno, T., K. Sasaki, 5. Yoshida, N. Kajituni, A. Satsuku, H. Nakamura, and
H. Sakai, 2006 Molecular mechanisms of hyperplasia induction by human
papillomavirus E7, Oncogene 25:4155-2164

Werb, Z. 1997, ECM and cell surface proteohysis: regulating ecllular ceology.
Cell 91:439-442.

Waadman, C, B., S. L. Collins, and L. 8, Young. 2007 The natural history of
cervical HPV infection: unresolved issucs. Nat. Rev, Cancer 7:11-22
Yokuota, J., and T. Sugimura. [%93. Multiple sieps in carcinogencsis imvolving
alicrations of multiple tumor suppressor genes. FASER J. 7:920-425,
Yukaws, K., K. Butz, T. Yasui, H. Kikutani, and F. Hoppe-Seyler. 1996
Regulation of human papillomavirus transcription by the difficrentintion-
dependent cpithelial factor Epoc-1/skn-Tu, 1 Viral. 70:10-16.

Zhai, Y., K. B, Hotary, 5. Nan, F. X, Bosch, N. Mufioz, S, J. Weiss, and K. L
Cho, 2005 Expression of membrane tvpe | matrix metalloproteinase is
wsociuted with corvical carcinoma progression and invasion, Cuncer Res
65:6543-6550

Zhang, J. Y., C. L. Greeen, 8. Tuo, ond P A, Khavari, 2004 NF-xB Rela
opposes epidermal proliferation driven by TNFRI and JNK. Genes Dev
1:17-22,

eor Housen, W, 1996, Papillomavirus infections: o mijor cavse of human
eancers. Biochim. Biophys. Actn 1288:F55-F78

6002 "9z Atenuer uo Lisseaun oloky 1e B0 wse il woy papecjumog



Jowimal oF VikoioGy, Sept. 2008, p. B3449-836)
(022-SABX/RS08.00+ 0 doi: 10,1128 V100306-08

Vol 82, No. 17

Copyright © 2008, American Society for Microbiology. All Rights Reserved

Intramembrane Processing by Signal Peptide Peptidase Regulates the

Membrane Localization of Hepatitis C Virus Core Protein
and Viral Propagation’

Kiyoko Okamoto,'t Yoshio Mori,'t Y:u.umd&l Komoda,' I"uru Okamoto,' Masayasu Okmhl.

Masatoshi Takeda,” Tetsuro Suzuki," Kohji Moriishi,' and Yoshiharu Matsuura'*

Department of Molecular Virology, Research Institute for Microbial Diseases,' and Depariment of Post-Genomics and Discases,

Division of Psychiatry and Behavioral Proteomics, Graduate School of Medicine,” Osaka Umwmry Osaka,
and Department of Virology 11, National Instinue of Infectious Diseases, Tokyo,” Japan

Received 12 February 2008/Accepted 11 June 2008

Hepatitis C virus (HUV) core protein has shown to be localized in the detergent-resistant membrane (DRM),
which is distinct from the classical raft froction including caveolin, although the biological significance of the
DRM localization of the core protein has not been determined. The HCV core protein is cleaved off from a
precursor polyprotein at the lumen side of Ala'"" by signal peptidase and is then further processed by signal
peptide peptidase (SPP) within the transmembrane region. In this study, we examined the role of SPP in the
localization of the HCV core protein in the DRM and in \'irnl propagation. The C terminus of the HCV core
protein cleaved by SPP in 293T cells was identified as Phe'”” by mass spectrometry, Mutations introduced into
two residues (Ile'™ and Phe'”) upstream of the cleavage site of the core protein abrogated processing by SPP
and localization in the DRM fraction. Expression of a dominant-negative SPP or treatment with an SPP
inhibitor, L685,458, resulted in reductions in the levels of processed core protein localized in the DRM fraction.,
The production of HCV RNA in cells persistently infected with strain JFH-1 was impaired by treatment with
the SPP inhibitor. Furthermore, mutant JFH-1 viruses bearing SPP-resistant mutations in the core protein
failed to propagate in a permissive cell line. These results suggest that intramembrane processing of HCV core
protein by SPP is required for the localization of the HCV core protein in the DRM and for viral propagation.

The hepatitis C virus (HCV), which has infected an esti-
mated 170 million people worldwide, leads to chronic hepatitis,
which in turn causes severe liver diseases, including steatosis,
cirrhosis, and eventually hepatocellular carcinoma (47). HCV
possesses a positive-sense single-stranded RNA with a nucle-
otide length of 9.6 kb, which encodes a single large precursor
polyprotein composed of about 3.000 ammao scids, The viral
polyprotein is processed by cellular and viral proteases into
structural and nonstructural proteins (24). The development of
cfficient therapies for hepatitis C had been hampered by the
lack of a reliable cell culture system, as well as by the absence
of a small-animal model. Lohmann et al. established an HCV
replicon, which consisted of an antibiotic selection marker and
a genotype Th HCV RNA, and showed that it replicated au-
tonomously in the intracellular compartments of a human hep-
atoma cell line, Huh7 (16), The replicon system has been used
as an important tool in the investigation of HCV replication.
and it has served as a cell-based assay system for the evaluation
of antiviral compounds. Recently, cell culture systems for in
vitro replication and infectious-virus production were estab-
lished based on the full-length HCV genome of a genotype 2a
isolate, which was recovered from a fulminam hepatitis C pa-
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tient (15, 43, 50). However, the molecular mechanism of the
HCV life cycle in host cells has not been well characterized.
Several viruses have been reported 1o utilize a lipid raft
composed ol cholesterol and sphingolipids upon entry (34).
The lipid raft is characterized by resistance to nonionic deter-
gents at 4°C and includes caveolin, glycolipids, and other sub-
stances (40). Several nonenveloped virases enter cells through
a caveola/rall-medialed endosome, designated the caveosome,
and then translocate 1o the endoplasmic reticulum (ER), en-
dosome, or nuclewus (34, 35), although enveloped viruses gen-
crally enter host cells through a clathrin-dependent pathway
(18). HCV is enclosed by a host cell-derived membrane and
belongs 1o the family Flaviviridae. Several reports suggest that
HCV enters host cells through general endocylosis, such as by
# ¢lathrin-mediated pathway (3, 6, 22). However, HCV has
been suggested 10 replicate on a detergent-resistant membrane
(DRM), including some characteristic membrane structures
such as lipid rafts and membranous webs (8, Y, 38). In a pre-
vious report, an HCV replication complex prepared from a cell
[raction trealed with @ nonionic detergent was shown to be
engymatically active (2), HCV nonstructural proteins remodel
the intracellular membrane to form a replication complex that
includes several host proteins (8, 46). The HCV core protein
has a C-terminal transmembrane region that is anchored on
intracellular compartments such as the ER and mitochondria
and on the surfaces of lipid droplets (10, 30, 42). Recent
studies have indicated that assembly of HCV particles occurs
around lipid droplets that are surrounded by the remodeled
membranes (23). Although the HCV core protein functions as
a capsid protein, it 18 found in the DRM fraction, which is

6002 '8 UDIEIY UO $85BESI] SNOROBJU| JO SINISU] [BUOHEN 18 610 wse'iAf wau) papeoumog



