Specitic down-modulation ot Notchl
signaling in cervical cancer cells is
required tor sustained HPV-EG/E7
expression and late steps

of malignant transtormation

Claudio Talora," Dennis C. Sgroi,”> Christopher P. Crum,* and G. Paolo Dotto'*

!Cutaneous Biology Research Center and 2Department of Pathology, Massachusetts General Hospital and Harvard Medical
School, Charlestown, Massachusetts 02129, USA; 3Brigham and Women’s Hospital, Department of Pathology, Boston,

Massachusetts 02115, USA

The Notch family of cell surface receptors plays a key role in cell-fate determination and differentiation,
functioning in a cell- and context-specific manner. In mammalian cells, Notch activation is generally thought
to maintain stem cell potential and inhibit differentiation, thereby promoting carcinogenesis. However, in
other contexts such as primary epithelial cells (keratinocytes), increased Notch activity causes exit from the
cell cycle and/or commitment to differentiation. We now report that expression of the endogenous Notch1
gene is markedly reduced in a panel of cervical carcinoma cells whereas expression of Notch2 remains
elevated, and Notchl expression is similarly reduced or absent in invasive cervical cancers. Conversely,
expression of activated Notchl causes strong growth inhibition of HPV-positive, but not HPV-negative,
cervical carcinoma cells, but exerts no such effects on other epithelial tumor cells. Increased Notchl
signaling, but not Notch2, causes a dramatic down-modulation of HPV-driven transcription of the E6/E7 viral
genes, through suppression of AP-1 activity by up-regulation of the Fra-1 family member and decreased c-Fos
expression. Thus, Notchl exerts specific protective effects against HPV-induced transformation through
suppression of E6/E7 expression, and down-modulation of Notchl expression is likely to play an important

role in late stages of HPV-induced carcinogenesis.
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The Notch gene family encodes evolutionarily con-
served transmembrane receptors with a key role in cell-
fate determination and differentiation. Notch activation
is triggered by interactions with ligands of the Delta and
Serrate/Jagged families, and results in release of the in-
tracellular region of the receptor by proteolytic cleavage
and nuclear translocation (Artavanis-Tsakonas et al.
1999; Mumm and Kopan 2000). The activated Notch in-
tracellular region binds to a ubiquitous DNA-binding
protein of the CSL family [Drosophila Suppressor of hair-
less, Su(H), or its mammalian homolog RBP-Jx/CBF1],
converting it from a repressor into an activator of tran-
scription. This results in the induction of genes that an-
tagonize differentiation in a number of cell types, of neu-
ronal origin as well as mesenchymally derived (hemato-
poietic cells, myoblasts, etc.; Artavanis-Tsakonas et al.
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1999; Mumm and Kopan 2000). However, in cell types of
other lineages and/or in different contexts, increased
Notch signaling can promote differentiation (Morrison
et al. 2000; Schroeder and Just 2000; Shou et al. 2001). In
primary keratinocytes, increased Notch activity pro-
motes exit from the cell cycle and entry into differentia-
tion (Lowell et al. 2000; Rangarajan et al. 2001b). In par-
ticular, in mouse keratinocytes, Notch signaling induces
differentiation directly through two distinct mecha-
nisms, one involving the RBP-Jk-dependent up-regula-
tion of p21WAFY/CiPl expression and the other the RBP-
Jk-independent induction of terminal differentiation
markers of the intermediate epidermal layers (Rangara-
jan et al. 2001b). In human primary keratinocytes, in-
creased Notchl activity is not sufficient to induce p21
expression and growth arrest (C. Talora and G.P. Dotto,
unpubl.), but it promotes the commitment of self-renew-
ing stem cells to transit amplifying populations that are
still actively proliferating but only for a limited amount
of time (Lowell et al. 2000).
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The dual capability of Notch to suppress or induce
differentiation can have important consequences for tu-
morigenesis. Development of human T-cell acute lym-
phoblastic leukemia (T-ALL) has been linked to a spe-
cific chromosomal translocation that generates an aber-
rant Notchl protein, lacking most of the extracellular
domain and therefore functioning as a constitutive ac-
tive mutant (Ellisen et al. 1991). Forced expression of
similarly activated forms of the Notchl and/or Notch2
proteins in cultured cells or transgenic animals have
been shown to have a transforming potential (Capobi-
anco et al. 1997 and references therein), as it has the
inappropriate expression of the endogenous Notch4
(wnt3) gene by integration of an activating retrovirus in
mammary tumorigenesis (Uyttendaele et al. 1996). Based
on these findings, and the observation that expression of
activated Notch proteins can have protective effects
against apoptosis (Miele and Osborne 1999), it has been
postulated that antagonists of Notch signaling could pro-
vide new powerful anti-neoplastic agents (Jang et al.
2000). Although such an approach could be very useful,
it would need to be validated for each individual tumor
type and specific stages of the carcinogenesis process,
given the already mentioned possibility that increased
Notch signaling can also suppress growth and/or induce
differentiation.

Cervical carcinomas are a major type of epithelial ke-
ratinocyte-derived tumors. Infection with human papil-
lomaviruses (HPVs), more specifically the high-risk
HPV16 and HPV18, is associated with most cervical can-
cers and is thought to have a causal link with the disease
(zur Hausen 2000). In particular, the E6 and E7 oncopro-
teins of HPV16 or HPV18 perturb normal cell cycle con-
trol through interaction with a number of cellular pro-
teins. Thus, E6 targets the p53 tumor suppressor protein
for ubiquination and degradation (Scheffner et al. 1990),
whereas E7 functionally inactivates p105-Rb (Dyson et
al. 1989). Additionally, E6 can increase telomerase activ-
ity in normal primary cells (Klingelhutz et al. 1996), pro-
viding an additional mechanism for escape from cellular
senescence, whereas E7 binds to other members of the
pl105-Rb family, p107 and p130 (Dyson et al. 1992), as
well as the cyclin/CDK inhibitor p21WAFY/CP! (Funk et
al. 1997; Jones et al. 1997), suppressing their function.
Compelling evidence indicates that sustained expression
of the E6 and E7 oncoproteins is required for mainte-
nance of the transformed malignant phenotype (Scheff-
ner et al. 1994; zur Hausen 2000). In fact, in cervical
cancer cell lines like HeLa, the p53 and p105-Rb path-
ways are only dormant and can be reactivated by loss of
E6 and E7 expression (Goodwin and DiMaio 2000). The
consequent increase in p21WAFY/CiPl expression in these
cells can account, to a large extent, for growth suppres-
sion and senescence (Wells et al. 2000).

Clinically, the HPV E6/E7 genes are expressed at low
levels in low-grade cervical intraepithelial neoplasias but
are abundantly expressed in high-grade malignant le-
sions (zur Hausen 2000), consistent with deregulated ex-
pression of viral oncogenes being a key element in the
later stages of neoplastic development. In fact, the HPV
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life cycle is intimately connected with the normal
growth/differentiation program of cervical keratino-
cytes. The viruses persist in an episomal state for long
periods of time, with balanced proliferation and matura-
tion being limited to the upper differentiated layers of
the stratified epithelium (McMurray et al. 2001). Neo-
plastic transformation has been linked to integration of
the viral DNA into the host genome, together with dis-
ruption of the viral E2 open reading frame (Scheffner et
al. 1994; zur Hausen 2000). E2 functions as a repressor of
the viral upstream regulatory region (URR) promoter
that drives transcription of the E6 and E7 oncogenes, so
that loss of E2 appears to be a prerequisite for increased
E6/E7 expression (Goodwin and DiMaio 2000; Wells et
al. 2000). However, besides loss of E2 function, addi-
tional changes in the host genome are likely to be in-
volved in deregulating E6/E7 expression in HPV-trans-
formed malignant cells. In fact, expression of the E6/E7
genes can be down-modulated in HPV-immortalized ke-
ratinocytes by a number of cytokines involved in inter-
cellular forms of growth regulation, whereas sensitivity
to these cytokines is lost with malignant transformation
(zur Hausen 2000). The cellular events responsible for
deregulated HPV-driven gene expression in malignant
cervical carcinoma cells have not been elucidated.

Previous immunohistochemical data have indicated
that Notchl expression is elevated in squamous meta-
plasia of the cervical columnar epithelium and in early
HPV-induced lesions, that is, cervical intraepithelial
neoplastic (CIN) lesions and well-differentiated superfi-
cial carcinomas of the cervix (Zagouras et al. 1995;
Daniel et al. 1997; Gray et al. 1999). We report here that
in more aggressive cervical cancers, as well as cells de-
rived from these cancers, Notchl expression is substan-
tially and specifically reduced. Down-modulation of
Notchl, but not Notch2, signaling is required for sus-
tained HPV-EG/E7 expression and HPV-induced malig-
nant transformation.

Results

Specific down-modulation of endogenous Notchl
expression in cervical cancer cells and tumors

As Notch signaling promotes exit of keratinocytes from
the cell cycle and/or commitment to differentiation
(Lowell et al. 2000; Rangarajan et al. 2001b), this path-
way may be down-modulated in cells derived from cer-
vical carcinomas, a major type of keratinocyte-derived
tumors. Immunoblotting of total cell extracts with anti-
bodies against Notchl allowed ready detection of this
protein in primary human keratinocytes, HPV-negative
cervical carcinoma cells (C33a), as well as a keratinocyte
cell line with episomal HPV initiated from a low-grade
cervical lesion (W12; Stanley et al. 1989). In contrast,
Notchl levels were undetectable or strongly reduced in
all HPV-positive malignant cervical cancer cells that
were tested (HeLa, C4-I, C4-II, SiHa, and Caski), except
HT-3 cells, a cervical cell line that harbors HPV30 DNA
and contains a dominant-negative p53 gene and a mutant
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pl05%P allele (Naeger et al. 1999; Fig. 1A,C). Unlike
Notchl, the Notch2 protein was expressed in all cervical
cancer cells to similar levels as in human primary kera-
tinocytes (Fig. 1B,D). Notch3 and Notch4 expression was
undetectable in all cells (data not shown).

Southern blot analysis with a Notchl-specific probe
indicated that the copy number of this gene is not re-
duced in the HPV-positive cervical cancer cells (data not
shown). Treatment of HeLa cells with proteasome in-
hibitors failed to elevate Notchl protein levels (data not
shown). To determine whether there is a block in mRNA
expression, RNA derived from HeLa cells as well as from
primary human keratinocytes was analyzed by semi-
quantitative RT-PCR using primers for the 3’ unique re-
gions of the Notchl, Notch2, and GAPDH transcripts.
Whereas Notch2 mRNA expression was similar in the
two cells, that of Notchl mRNA was drastically reduced
in HeLa cells (Fig. 1E). This analysis was quantified and
extended to other carcinoma cells by real-time PCR us-
ing the same set of oligonucleotide primers. As shown in
Figure 1F, in HeLa cells endogenous levels of Notchl
mRNA were found to be >45-fold lower than in human
primary keratinocytes, and a lesser but still significant
reduction (greater than eightfold) was observed in all the
other cervical carcinoma cells. In contrast to Notchl,
Notch?2 mRNA levels were approximately the same in
all cells.

Figure 1. Specific down-modulation of endog- A
enous Notchl expression in cervical carci-
noma cells. (A,B) Total cell extracts from pri-
mary human foreskin keratinocytes (hKC), a
panel of cervical carcinoma cell lines, cervical
keratinocytes (cKC), and a keratinocyte cell
line with episomal HPV (W12) were analyzed
by immunoblotting with antibodies against
Notchl (C-20) and Notch2 (C65) as indicated
(upper panels). Immunoblotting with antibod-
ies against Cdk2 was used as an equal loading C
control (lower panels). Similar results were ob-

tained in at least two other experiments, in-
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To examine expression of Notchl and Notch2 in cer-
vical carcinomas in vivo, we used a combined biochemi-
cal and immunohistochemical approach. Antibodies
with tested specificity against these proteins (Fig. 2A)
were used for immunoblotting of protein extracts de-
rived from two surgically excised tumors with confirmed
histological diagnosis (invasive moderately differenti-
ated squamous cell carcinoma, Carc.l, and invasive
poorly differentiated squamous cell carcinoma, Carc.2)
versus surrounding normal regions of the same patients.
This analysis revealed that levels of Notchl were sub-
stantially reduced in both tumors (>10-fold), whereas
levels of Notch2 were reduced in one case but not the
other (Fig. 2B,C).

As an alternative approach, laser capture microscopy
was used to quantify levels of Notchl and Notch?2
mRNA expression in the neoplastic areas of three inde-
pendent cervical carcinomas versus normal epithelium.
Total RNA prepared from the captured tissues was con-
verted into cDNA followed by real-time PCR using the
same set of oligonucleotide primers used for analysis of
cultured cells. As shown in Figure 3, levels of Notchl
mRNA expression in the tumors were substantially
lower (~10-fold) than in the normal epithelium, but
Notch2 mRNA levels were reduced to a more limited
extent (~twofold).

Finally, the same tumors examined above as well as 10
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cluding use of Tan-20 antibodies for detection
of Notchl, and of anti-B actin antibodies for an
equal loading control. (C,D) Densitometric
scanning of the autoradiographs shown in A
and B was used for quantification of the rela-
tive levels of Notchl and Notch2 proteins in
human primary keratinocytes versus the other
cells. Cdk2 expression was used for internal
value normalization. (E) Total RNA from hu- E
man primary keratinocytes and HeLa cells was
analyzed by RT-PCR with oligonucleotide
primers specific for the 3’-untranslated regions
of the Notchl and Notch2 transcript and for
GAPDH as indicated. Each sample was ana-
lyzed in three serial dilutions (1:1, 1:10, 1:100).
(F) Total RNA from human primary keratino-
cytes and various carcinoma cells was ana-
lyzed by real-time RT-PCR with primers spe-
cific for the 3'-untranslated regions of the
Notchl and Notch2 transcripts as indicated.
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Values were normalized for B-actin expression and expressed as relative levels in reference to primary human keratinocytes. All RNAs
were tested in triplicate samples, and the standard deviation is indicated.
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Figure 2. Down-modulation of Notchl protein expression in cervical carcinomas. (A) Total cell extracts derived from 293 cells
transfected with plasmid expression vectors for Notchl (lane 1), Notch2 (lane 2), or Notch3 (lane 3) were immunoblotted with the
indicated antibodies as control of their specificity. (B) Extracts from surgically excised invasive cervical carcinomas (Carc.1 and Carc.2)
and surrounding normal cervical tissues from the same patients (Norm.1 and Norm.2) were analyzed for levels of Notch1 and Notch2
protein expression by immunoblotting with the corresponding antibodies as indicated. Immunoblotting with antibodies against
B-actin was used for an equal loading control. (C) Densitometric scanning of the autoradiographs shown in B was used for quantifi-
cation of the relative levels of Notchl and Notch2 proteins after normalization for levels of B-actin expression.

additional tumors were analyzed by immunohistochem- shown). As reported previously (Zagouras et al. 1995;
istry. Strong staining for Notch1 expression was found in Daniel et al. 1997; Gray et al. 1999), staining for Notch1
the stratified epithelium of the normal outer cervix (Fig. expression was elevated at the junction between normal
4B), but no positive signal was detected in the simple stratified epithelium and adjacent areas of metaplastic/
columnar epithelium of the inner cervix (data not neoplastic transformation (Fig. 4C). In contrast, little or

Figure 3. Down-modulation of Notchl
mRNA expression in cervical carcinomas as
assessed by laser capture microscopy and real-
time RT-PCR. (A-F) Histological slides of
normal cervical tissue (A-C) and an invasive
cervical tumor (D-F) photographed before la-
ser capture microscopy (A,D) and after re-
moval of the normal (B) and neoplastic (E) epi-
thelium. (C,F) Cap images of the correspond-
ing captured epithelia. Hematoxylin and
' |  eosin, x40. (G) Total RNAs from normal squa-
mous epithelium and three invasive squa-
mous carcinomas of the cervix microdis-

0.5 .
sected by the above technique were analyzed
in triplicate samples for levels of Notchl and
o IR Notch2 mRNA expression by real-time RT-
G034 G068 G618 CERVIX G034 G068 G618 CERVIX  PCR as described in Materials and Methods.
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Figure 4. Localization of endogenous Notchl protein expression in normal squamous epithelium and invasive squamous carcinoma
of the cervix. (A,B) Serial sections of normal squamous epithelium of the cervix stained with affinity-purified nonimmune antiserum
(A) or Tan-20 antibodies against Notchl (B). (C,D) Staining with Tan-20 antibodies of an area of cervical intraepithelial neoplastic
lesion (C) or invasive cervical carcinoma (D) present in the same histological slide as the normal squamous epithelium shown in B.
Note the positive staining for Notchl expression in cells at the transition between normal and neoplastic epithelium (C, arrows). In
contrast, little or no Notchl staining is detectable in the invasive tumor area (D). Similarly, inconspicuous staining with Notchl
antibodies was also found in 10 other advanced cervical cancers that were analyzed. Bar, 80 num.

no Notchl staining was found in the deeper and more
invasive tumor areas (Fig. 4D), similar to what was seen
by others (P. Zagouras, pers. comm.).

Specific growth inhibition of cervical cancer cells
by activated Notchl

There may be a link between the specific down-modu-
lation of Notchl expression in cervical cancer cells and
their deregulated growth. To assess whether increased
Notchl signaling can directly affect growth of these
cells, we resorted to an adenovirus-mediated approach.
Cervical cancer cell lines were infected along with other
epithelial cancer cells with either a recombinant adeno-
virus expressing the intracellular constitutive active
form of Notchl (Ad-Notchl) or a control virus express-
ing GFP (Ad-GFP). All cells expressed comparable levels
of adenovirally transduced Notchl protein (Fig. 5A, up-
per panel). Cellular DNA synthesis was measured at 36 h
after infection by a thymidine incorporation assay (Fig.
5A, lower panel). DNA synthesis in cells derived from
epidermoid (A-431), breast (MDA-MB-453), and colon
(HCT116) carcinomas was affected to a very limited ex-
tent by infection with the Ad-Notchl virus versus the
Ad-GFP control. A similar lack of effects was observed
with HPV-negative cervical carcinoma cells, C33A. In
contrast, Ad-Notchl expression caused strong inhibition
of DNA synthesis in all tested HPV-positive cervical
cancer cells (HeLa, C4-I, C4-II, SiHa, Caski), except HT-3
cells, which, as mentioned before, contain mutated p53
and p105-Rb genes (Naeger et al. 1999).

To confirm the above results by an adenovirus-inde-
pendent approach, HeLa cells were transfected with a
plasmid expression vector for activated Notchl or empty
vector control, plus a GFP expression vector for identi-
fication of the transfected cell population. Even in this
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case, DNA synthesis, as determined by a BrdU-labeling
index of transfected cells, was strongly suppressed by
activated Notchl expression (Fig. 5B). In a long-term
growth colony assay, cotransfection of HeLa cells with a
plasmid for G418 resistance plus the activated Notchl
vector caused a greater-than-fivefold reduction in colony
formation relative to cotransfection with the empty vec-
tor control (Fig. 5C). Whereas expression of activated
Notchl could be readily detected in HeLa cells at 24 h
after transfection, no expression was found in six inde-
pendent colonies that emerged from cultures transfected
with the same vector after prolonged selection (Fig. 5D).
This indicates that there is strong selection pressure for
loss of Notchl expression, even if it may still be possible
to recover cells with activated Notchl expression that
harbor secondary mutations rendering them resistant to
the Notchl growth inhibitory effects.

Down-modulation of HPV E6/7 expression
by activated Notchl expression

As growth of HPV-transformed cervical cancer cells is
dependent on sustained E6 and E7 expression (Scheffner
et al. 1994; zur Hausen 2000), we tested whether the
specific growth inhibitory effects of activated Notchl on
these cells could be explained by down-modulation of
the E6 and E7 genes. Northern blot analysis of HeLa cells
at various times after adenovirus infection revealed a
drastic block of E6 and E7 mRNA expression as a con-
sequence of activated Notchl expression (Fig. 6A).

The p53 and pl05-Rb tumor suppressor pathways are
intact in HeLa cells, and repression of E6 and E7 expres-
sion results in activation of these pathways with conse-
quent growth suppression (Goodwin and DiMaio 2000;
Wells et al. 2000). In parallel with the block of E6/E7
expression, expression of activated Notchl in HeLa cells
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Figure 5. Specific growth inhibitory effects of activated Notchl in cervical carcinoma cell lines. (A) Epidermoid carcinoma (A-431),
breast (MDA-MB-453), colon (HCT116), and indicated cervical carcinoma cells were infected with a recombinant adenovirus express-
ing activated Notchl (Ad-Notchl) or green fluorescence protein (Ad-GFP). (Upper panel) Total cell extracts from the indicated cell
lines infected with the Ad-Notchl virus were examined for levels of activated Notchl expression by immunoblotting with the
corresponding antibody. (Lower panel) Cellular DNA synthesis was determined by ®H-thymidine incorporation assay 36 h after
infection. Cells were tested in triplicated wells, and the standard deviation is indicated. The slight differences in sensitivity of the
various HPV-positive carcinoma cell lines to Ad-Notchl growth inhibition are likely owing to the different growth patterns of these
various cells. In fact, some of these cell lines tend to grow in tightly packed clusters, with cells at the center of these clusters being
less susceptible to adenoviral infection (as evaluated by expression of the GFP marker, which is also transduced by the Ad-Notchl
virus). (B) HeLa cells were transfected with a plasmid expression vector for activated Notch1 (Notch1'“P) or empty vector control (Ctr)
together with trace amounts of a GFP expression vector for identification of transfected cells. Cells were labeled with BrdU for 3 h prior
to termination of the experiment (36 h after transfection). The BrdU-labeling index of GFP-positive transfected cells was determined
by counting in each case a minimum of 120 cells from six independent fields. Values are expressed as percentages relative to the
control. Similar results were obtained in two other independent experiments. (C) HeLa cells were transfected with a plasmid expres-
sion vector for activated Notchl (Notch1'“P) or empty vector control (Ctr) together with trace amounts of an expression vector for
G418 resistance. The same number of transfected cells was plated and cultured in triplicate dishes in the presence of antibiotic
selection for 2 wk. The number of macroscopically visible colonies formed by cells transfected with the control versus activated
Notchl expression vector was 311 (+20) and 68 (+8), respectively. Similar differences were observed in two other independent
experiments. (D) HeLa cells at 24 h after transfection with the activated Notchl vector (Notch1'“P), and cells from six independent
colonies (1-6) that emerged from cultures transfected with the same vector after 2 wk of G418 selection (as in C), were analyzed for
levels of Notchl expression by immunoblotting with the corresponding specific antibodies. (Ctr) Cells from a colony of HeLa cells
transfected with empty vector control. The immunoblot was reprobed with anti-cdk2 antibody for an equal loading control.

caused a sustained increase of p53 protein levels together
with induction of the p53-responsive p21"AF1/Cirl gene
(Fig. 6B). Concomitantly, p105-Rb was mostly converted
to its hypophosphorylated form, as was reported previ-
ously for HeLa cells growth-arrested by viral E2 expres-
sion (Goodwin and DiMaio 2000).

Selective suppression of HPV-driven transcription
by the Notchl but not Notch?2 protein, independently
of RBP-Jk function

Transcription of the E6 and E7 genes is driven by the
viral URR promoter, which is maintained intact and ac-
tive in HPV-transformed cancer cells (zur Hausen 2000).
To assess whether the block of E6/E7 expression by ac-

tivated Notchl occurs at the level of URR promoter ac-
tivity, HeLa cells were transfected with a luciferase re-
porter plasmid for the URR promoter (Goodwin et al.
1998) plus or minus an expression vector for activated
Notchl in various amounts. As shown in Figure 7A,
URR promoter activity was drastically reduced by co-
transfection of the activated Notch1 expression vector in
a dose-dependent manner.

The Notchl protein shares a high degree of homology
with Notch2 (Artavanis-Tsakonas et al. 1999; Mumm
and Kopan 2000). The selective down-modulation of the
Notchl protein in cervical cancer cells with normal
Notch2 levels (Fig. 1) suggested that in the context of
HPV-driven transcription and transformation, the two
proteins are not functionally equivalent. To investigate
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Figure 6. Suppression of E6/E7 mRNA expression by activated
Notchl and associated downstream effects. (A) HeLa cells were
either uninfected (UN) or infected with the Ad-Notchl and Ad-
GFP virus for the indicated times (in hours). Levels of HPV18
E6/E7 mRNA expression were determined by Northern blot
analysis with corresponding specific probes. Densitomeric scan-
ning of the autoradiographs indicated that activated Notchl ex-
pression caused a 95-fold reduction of E6/E7 mRNA levels by 24
h of infection (i.e., by the time the activated Notchl protein is
expressed). (B) HeLa cells were infected as in A, followed by
immunoblot analysis of total cell extracts with antibodies
against the p53, p21, and p105-Rb proteins as indicated. Immu-
noblotting with antibodies against Cdk2 was used for an equal
loading control.

this possibility, HeLa cells were transfected in parallel
with expression vectors for the activated cytoplasmic
forms of Notchl and Notch2 (Capobianco et al. 1997).
Expression of the two proteins in this equivalent acti-
vated form induced activity of the Notch/RBP-Jk-respon-
sive promoter HES-AB to a similar extent (Fig. 7B). In
contrast, expression of activated Notch2 failed to cause
suppression of HPV-URR promoter activity at any tested
concentrations, although this was observed readily after
expression of activated Notchl (Fig. 7A).

The Notchl cytoplasmic region is composed of several
functional domains involved in distinct protein—protein
interactions, including the Ram23 region involved in
RBP-Jk binding and activation and the ankyrin-repeat do-
main (ANK), which provides a second site for RBP-Jx
binding and activation, and also interacts with a number
of other cell signaling molecules (Artavanis-Tsakonas et
al. 1999; Mumm and Kopan 2000). Mutants lacking the
Ram23 or ANK domains were found to suppress URR
promoter activity, although to a lower extent than intact

2258 GENES & DEVELOPMENT

the Notchl cytoplasmatic region. Expression of the
Notchl ANK domain or of the separate N- and C-termi-
nal regions exerted no such effect (Fig. 7C).

As mentioned, the best characterized mediator of
Notch activation is the DNA-binding protein RBP-Jk
(CSL), which is converted from a repressor into an acti-
vator of transcription by Notch (Artavanis-Tsakonas et
al. 1999; Mumm and Kopan 2000). Expression of a domi-
nant-negative mutant of RBP-Jk (R218H), which sup-
presses activation of endogenous RBP-Jk (Kurooka et al.
1998), had no effect on the ability of activated Notchl to
suppress HPV-URR promoter activity, but under the
same conditions it blocked induction of a classical
Notch/RBP-Jk-responsive promoter (HES-AB; Jarriault et
al. 1995; Fig. 7D). Thus, HPV-URR activity is specifically
suppressed by the activated Notchl, but not the Notch?2,
protein, and is independent of RBP-Jk function.

Suppression of URR-driven transcription by activated
Notchl through differential modulation of specific
AP-1 family members

The AP-1 complex plays a key role in initiating and
maintaining transcription from the URR promoter (Thi-
erry et al. 1992). Transient transfection of HeLa cells
with an AP-1 reporter plasmid plus/minus a vector for
activated Notch1 showed that increased Notchl activity
represses AP-1 activity both under basal conditions and
after induction by the phorbol ester TPA (Fig. 8A,B).
AP-1 is a heterodimeric DNA-binding complex formed
by proteins of the c-Jun and c-Fos families (Angel and
Karin 1991). Despite their high degree of sequence ho-
mology, individual members of these families differ in
their ability to activate target genes and can also func-
tion in an inhibitory fashion. In particular, whereas c-
Fos-containing heterodimers lead to AP-1 active com-
plexes, the c-Fos-related Fra-1 protein exerts, in specific
contexts, a suppressive effect (Yoshioka et al. 1995). Im-
munoblotting with antibodies against various AP-1 fam-
ily members revealed that in HeLa cells infected with
the Ad-Notchl virus, levels of c-Jun were unaffected,
expression of c-Fos was significantly suppressed, and
that of Fra-1 was increased (Fig. 8C). To assess whether
induction of Fra-1 expression by activated Notchl is
RBP-Jk-dependent, HeLa cells were transfected with a
plasmid expression vector for activated Notch1 plus/mi-
nus a vector for an RBP-Jk dominant-negative mutant.
As shown in Figure 8D, activated Notchl induced Fra-1
expression in both situations. On the basis of the above
results, in cervical tumors with decreased Notchl ex-
pression, Fra-1 protein levels should also be down-modu-
lated. Immunoblotting of two independent tumor ex-
tracts in parallel with matched surrounding normal re-
gions (the same as analyzed for levels of Notchl
expression in Fig. 2B) showed that this is, indeed, the
case (Fig. 8E).

Finally, to assess whether these changes in AP-1 com-
ponents can account for suppression of URR promoter
activity, HeLa cells were transfected with the URR re-
porter plasmid plus/minus vectors for activated Notchl,
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minus the expression vector for activated
Notchl (0.90 pg) alone or together with an
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c-Fos, or anti-sense Fra-1 cDNA. As shown in Figure 8F,
suppression of URR promoter activity by activated
Notchl was reversed by increased c-Fos expression in a
dose-dependent manner. Similar counteracting effects
were observed after expression of the anti-sense Fral
cDNA (Fig. 8G).

Discussion

Although the link between HPV infection and cervical
carcinogenesis is well established, additional changes in
the host cell and/or surrounding environment are a pre-
requisite for tumor development (zur Hausen 2000). In
particular, studies of keratinocytes at various stages of
HPV-induced transformation indicate that sustained and
deregulated expression of the HPV E6 and E7 oncogenes
is required for malignant conversion, rendering cells re-
sistant to intercellular forms of negative growth regula-

RBP-Jk (0.90 ng) as indicated. Luciferase
* activity was determined 48 h after trans-
+ fection as in A.

tion (zur Hausen 2000). Activation of the Notch signal-
ing pathway is an important form of intercellular com-
munication that serves to coordinate differentiation of
keratinocytes within overlying layers of the stratified
epithelium (Rangarajan et al. 2001b). Cervical cancer
represents a major type of keratinocyte-derived tumor.
Our findings indicate that Notchl exerts specific coun-
teracting effects against HPV-induced transformation
and E6/E7 expression, and down-modulation of Notchl
expression is likely to play an important role in the later
stages of HPV-induced carcinogenesis.

Previous immunohistochemical data have indicated
that Notchl expression is elevated in squamous meta-
plasia of the columnar epithelium, and in early HPV-
induced lesions (CINI-III) and well-differentiated super-
ficial carcinomas of the cervix (Zagouras et al. 1995;
Daniel et al. 1997; Gray et al. 1999). We have shown here
that in invasive cervical cancers, Notchl expression is
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Figure 8. Suppression of HPV-URR promoter activity by activated Notch1 through differential modulation of specific AP-1 compo-
nents. (A,B) HeLa cells were transfected with an AP-1 reporter plasmid plus/minus an expression vector for activated Notch1 or empty
vector control. Promoter activity was measured under (A) basal conditions and (B) at 12 h of AP-1 activation by phorbol ester TPA
treatment (100 ng/mL). (C) HeLa cells were infected with the Ad-GFP or Ad-Notchl viruses for the indicated times (in hours), and total
cell extracts were analyzed by immunoblotting with antibodies against various AP-1 components as indicated. Immunoblotting with
antibodies against Cdk2 was used as an equal loading control. Densitometric scanning of the autoradiographs indicated that, relative
to the control, expression of Fra-1 was increased 3.2- and 8.5-fold at 24 and 36 h, respectively, after infection with the Ad-Notchl virus.
Conversely, expression of c-Fos was decreased >10-fold at 24 h and 36 h after Ad-Notch1 infection. (D) HeLa cells were transfected with
either the pPCDNAS3 or Notch1“P plasmids plus/minus the expression vector for dominant-negative RBP-Jk as indicated. Transient
transfection efficiency, as assessed by expression of a GFP expression vector added in trace amounts, was >80%. At 48 h after
transfection, total cell extracts were analyzed by immunoblotting with antibodies against Fra-1 or B-actin as indicated. (E) Total
extracts from surgically excised cervical carcinomas and corresponding surrounding normal regions (examined for levels of Notch1 and
Notch2 expression in Fig. 2B) were analyzed by immunoblotting with antibodies against Fra-1 or B-actin as indicated. (F,G) HeLa cells
were transfected with the HPV-URR reporter plus/minus expression vectors for activated Notchl and c-Fos (F) or anti-sense Fra-1
¢DNA (G) in various amounts (in micrograms) as indicated. Luciferase activity was determined at 48 h after infection as in Fig. 7.

substantially reduced. This dual pattern of Notchl ex- cervical carcinoma cells (C33A) or HPV-positive cells
pression suggests that this protein may play a permissive (HT-3) with secondary mutations in the p53 and p105-Rb
and/or tumor-promoting function in the early stages of tumor suppressor genes, suggesting that Notchl-induced
cervical carcinogenesis, and a suppressive function in growth arrest depends on restoration of normal tumor
the later stages. Consistent with this possibility, in suppressor pathways abrogated by E6/E7 expression. We
HaCaT cells, an established keratinocyte cell line with have found that RBP-Jk-dependent transcription, which
mutated p53, activated Notchl synergizes with exog- is induced by both activated Notchl and Notch2 in HeLa
enously expressed E6/E7 by protecting cells against sus- cells, is not involved in suppression of HPV-driven tran-
pension-induced apoptosis (Rangarajan et al. 2001a). scription (nor in Notchl-induced growth suppression;
Conversely, we have shown here that activated Notchl data not shown). Rather, E6/E7 expression is suppressed
causes strong growth inhibition of a panel of malignant specifically by activated Notchl through changes in ex-
HPV-positive cervical carcinoma cells, all characterized pression of individual components of the AP-1 transcrip-
by very low expression of the endogenous Notchl gene. tion complex. The importance of AP-1 as a positive regu-

HeLa cells provide a classical model system for mecha- lator of HPV-driven transcription has been documented
nistic studies of HPV-induced malignant transformation in a number of previous studies (Thierry et al. 1992; Soto
in cells with otherwise intact p53 and p105-Rb tumor et al. 1999 and references therein). Our work provides a
suppressor pathways (Goodwin et al. 2000; Wells et al. link between Notch signaling and negative control of
2000; and references therein). Unlike in HeLa, activated AP-1 activity, achieved through changes in the intracel-
Notchl caused no growth inhibition of HPV-negative lular balance of individual components. In particular, ac-
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tivated Notchl was found to suppress expression of the
c-Fos protein, while inducing that of another Fos family
member, Fra-1. The latter protein has the same DNA-
binding specificity as c-Fos but, unlike c-Fos, lacks a
transcription activating domain and can thus function as
a suppressor rather than an inducer of AP-1-dependent
transcription (Yoshioka et al. 1995). Fra-1 is expressed in
vivo in the suprabasal layers of the epidermis (Welter and
Eckert 1995) and has been connected with positive con-
trol of keratinocyte differentiation marker expression,
specifically involucrin (Welter et al. 1995). We have
shown previously that increased Notch signaling in pri-
mary keratinocytes induces involucrin expression
through an RBP-Jk-independent pathway (Rangarajan et
al. 2001b). An attractive possibility is that the role of
Notch in keratinocyte differentiation marker expression,
as well as in negative regulation of HPV-dependent tran-
scription, are both connected, at least in part, with in-
creased Fra-1 expression. Biologically, it is worth stress-
ing the intimate connection between the HPV life cycle
and keratinocyte differentiation control (McMurray et
al. 2001). Although replication and transcription of the
virus are limited to the upper differentiated layers of the
stratified epithelium formed by cervical keratinocytes,
the fine balance between replication of the viral genome
and production of viral particles is likely to require not
only positive but also negative regulatory mechanisms
(McMurray et al. 2001). Elevated Notchl activity,
coupled with increased Fra-1 expression, could provide
one such mechanism that needs to be inactivated for
sustained expression of viral transforming genes in car-
cinogenesis. Consistent with this view are our present
findings as well as the fact that the chromosomal locus
containing the fra-1 gene is structurally deleted or rear-
ranged in a subset of cervical carcinoma cells (Jesudasan
et al. 1995). In nonmalignant HeLa hybrid cells, exposure
to TNF-a causes a suppression of HPV transcription
through a similar mechanism described here, involving
up-regulation of Fra-1 expression, whereas the malignant
parental cells are totally resistant to the TNF-a effect
(Soto et al. 1999). As HeLa cells are still capable of in-
creased Fra-1 expression in response to activated
Notchl, their failure to respond to TNF-a could be
linked to down-modulation of endogenous Notchl sig-
naling and/or blocked activation. In the panel of cervical
carcinoma cells that we have examined, expression of
the Notchl gene was markedly reduced at the level of
transcription, but expression of Notch2 was unaffected.
Although the regulatory regions of the two genes are still
poorly characterized, an elucidation of the specific
down-modulation of Notchl in cervical carcinoma cells
is likely to generate further insights into how cervical
tumors originate.

Materials and methods

Cells and viruses

All cells were maintained in Dulbecco’s modified Eagle’s me-
dium (DMEM) supplemented with 10% fetal bovine serum.

Notchl suppresses HPV-induced transformation

Transient transfection/promoter activity assays were performed
using a Dual-Luciferase/Renella Reporter Assay System (Pro-
mega). All conditions were tested in triplicate samples, and ex-
periments were repeated at least three times. For BrdU-labeling
assays, cells were incubated for 3 h with BrdU (cell proliferation
labeling reagent; Amersham-Pharmacia Biotech) at 48 h after
transfection. For long-term colony growth assays, cells were
transfected with 5 pg of Notchl'“P plasmid or empty vector
control and 1 pg of a G418 resistance vector (pCDNA3; Invit-
rogen). At 24 h after transfection, cells were trypsinized and
replated in the same number (1 x 10° per 60-mm dish) in me-
dium containing 900 png/mL G418 (Gemini Bio Products, Inc.)
for 2 wk.

Recombinant adenoviruses expressing the constitutively ac-
tive form of human Notchl and the green fluorescent protein
(GFP), and conditions for viral amplification, purification, and
infection of cells were previously described (Rangarajan et al.
2001b). Viruses were used at a multiplicity of infection of 100.

Plasmids

Expression vectors for activated Notchl and Notch2 (Capobi-
anco et al. 1997), activated Notchl mutants (Rangarajan et al.
2001b), dominant-negative RBP-Jk (Kato et al. 1997), c-Fos, and
Fra-1 (Cohen and Curran 1988) were described previously. The
expression vector for anti-sense Fra-1 was constructed by insert-
ing the corresponding cDNA in an anti-sense orientation in
pCDNAQ. Expression vectors for cytoplasmic activated Notchl
in its N-terminal (amino acids 1752-2123) or C-terminal (amino
acids 2124-2555) regions were obtained by inserting the corre-
sponding cDNAs into pCDNA3 plasmid. The HPV E6 and E7
probes for Northern analysis and the luciferase reporter plasmid
for HPV18-URR (pGL3-HPV18LCR) were kindly provided by D.
DiMaio (Genetics Department, Yale University, New Haven,
CT; Goodwin et al. 1998), and the luciferase reporter plasmid for
AP-1 was from Stratagene.

Antibodies

The anti-Notch-1 Tan-20 and anti-Notch-2 C651.6DBHN anti-
bodies were from the Developmental Studies Hybridoma Bank,
University of Iowa. The anti-Notchl (C-20) and anti-Notch3
(M-20) antibodies and antibodies against p21, p53, pl05-Rb,
CDK2, c-Fos, Fra-1, and c-Jun were from Santa Cruz Biotech-
nology. HRP-conjugated secondaries were from Amersham. Im-
munoblots were developed with ECL (NEN).

RNA analysis

Same amounts of total cellular RNAs (1 pg) were converted into
c¢DNAs by reverse transcription (Clontech Advantage RT-for-
PCR). Real-time PCR was performed using the Icycler IQ Real-
Time detection System (Bio-Rad) according to the manufactur-
er's recommendations. Amplification of the B-actin cDNA was
used as the endogenous normalization standard. The 50-pL am-
plification reaction mixture contained 23 pL of ¢cDNA (1:200
dilution), 25 uL of 2x SYBR Green PCR master mix (Applied
Biosystems), and 1 pL each (200 nM) of B-actin or Notch prim-
ers. Each sample was amplified in triplicate. A two-step cycling
protocol with combined primer annealing and elongation at
55°C was used. The following forward and reverse primers were
used: B-actin, 5-TCACCCACACTGTGCCCATCTACGA-3’
and 5-CAGCGGAACCGCTCATTGCCAATGG-3’; Notchl,
5'-GGCCACCTGGGCCGGAGCTTC-3' and 5'-GCGATCTG
GGACTGCATGCTG-3’; Notch2, 5'-GGCCCCCTGCCCACC
ATGTAC-3' and 5'-CCCGCTGACCTCCTCCAGC-3'. The
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B-actin, Notchl, and Notch2 PCR products were 295, 365, and
343 bp, respectively.

Laser capture microscopy

All frozen tissues used for this study were obtained from The
Cooperative Human Tissue Network (Gynecology and Oncol-
ogy Group, Tissue Bank, Children’s Hospital of Columbus, OH).
The frozen tissue blocks were sectioned at 8 um in a cryostat,
mounted on uncoated glass slides, and immediately stored at
-80°C. The frozen sections were immediately fixed in 70%
ethanol for 30 sec, stained with H&E, followed by 5-sec dehy-
dration steps in 70%, 95%, and 100% ethanol and a final 5-min
dehydration step in xylene. Once air-dried, the sections were
laser-microdissected with a PixCell T and I LCM system from
Arcturus Engineering, using a standard protocol (Emmert-Buck
et al. 1996). Each sample was estimated to be >98% homoge-
neous as determined by microscopic visualization of the cap-
tured cells. Total RNA from each population of laser captured
cells was extracted by means of a microisolation protocol and
converted to double-stranded ¢cDNA as described (Sgroi et al.
1999). The produced cDNAs were quantified with PicoGreen
(Molecular Probes), and identical amounts (2.5 ng) were ana-
lyzed by real-time PCR using the same set of oligonucleotide
primers indicated above for analysis of RNAs derived from the
cultured cells.
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