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Activated Notchl (AcN1) alleles cooperate with oncogenes from DNA tumor viruses in transformation of
epithelial cells. AcN1 signaling has pleiotropic effects, and suggested oncogenic roles include driving prolif-
eration through cyclin D1 or the generation of resistance to apoptosis on matrix withdrawal through a
phosphatidylinositol 3-kinase (PI3K)-PKB/Akt-dependent pathway. Here, we extend the antiapoptotic role for
AcN1 by showing inhibition of p53-induced apoptosis and transactivation. Chemical inhibitors of the PI3K
pathway block AcN1-induced inhibition of p53-dependent apoptosis and nuclear localization of Hdm2. We
show that expression of wild-type p53 does not inhibit synergistic transformation by AcN1 and human
papillomavirus E6 and E7 oncogenes. We suggest that activation of Notch signaling may serve as an additional
mechanism to inhibit wild-type p53 function in papillomavirus-associated neoplasia.

Human cervical tumors represent a major subset of female
cancers in the developing world. These tumors are character-
ized by the persistent expression of the E6 and E7 oncogenes
of the high-risk type 16 and 18 human papillomaviruses
(HPV-16 and -18) (34). A range of observations have revealed
the central roles of these two proteins in immortalization of
human epithelial cells and their continuing requirement for
persistent tumor progression in vivo (18, 21, 29). Invasive cer-
vical tumors also consistently reveal the intracellular expres-
sion of Notch1 and Notch2 proteins, suggestive of deregulated
Notch signaling (5, 33). Further, ligands of Notch are ex-
pressed in human cervical cancers (10). A functional role for
deregulated Notch signaling has been suggested in the context
of cervical neoplasias, as activated alleles of the Notchl gene
synergize with E6 and E7 oncogenes in in vitro transformation
assays (24), analogous to the synergy with adenovirus E1A (4).
Suggested roles for Notchl in regulating epithelial tumor pro-
gression are induction of proliferation through transcriptional
upregulation of cyclin D1 (25) and inhibition of apoptosis by
activation of the phosphatidylinositol 3-kinase (PI3K)-PKB/
Akt pathway (24).

One of the well-documented functions of the E6 protein is to
bind and degrade p53 (34). This is believed to inhibit the
function of the p53 pathway, as HPV-associated tumors have a
low frequency of mutant p53 alleles. The major consequence of
inhibiting p53 function is to inhibit a key inducer of apoptosis
in transformed cells. Paradoxically, many cervical tumors often
reveal detectable levels of p53 (22, 14), possibly reflecting
incomplete degradation by E6. Alternative possibilities to ex-
plain the detection of the p53 protein include the presence of
variants of E6 incapable of degrading p53 (16) and the pres-
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ence of feedback loops that lead to high p53 levels consequent
to E6 expression. In addition, there are reports suggesting that
the E7 protein may have a role in stabilizing p53 levels (7).

In addition to being inhibited by viral oncogenes, p53 func-
tion is negatively regulated by cellular gene products such as
Hdm?2 (15). This process is regulated in part by a feedback loop
since Hdm?2 is a transcriptional target for p53. Activation of
PI3K signaling through PKB/Akt can also activate Hdm2 and
thus can negatively regulate p53 function (1, 9, 20), apart from
modulating apoptosis by phosphorylating proteins on serine or
threonine residues to potentiate cell survival proteins such as
Bad, caspase 9, GSK3, etc. (3, 6). In this study, we have exam-
ined a potential link between activated Notchl (AcN1) and
p53 function mediated through the PI3K pathway.

The human Notchl was originally cloned from a chromo-
somal rearrangement generated in a human T-cell acute lym-
phoblastic leukemia cell line (8). The truncated allele gener-
ates a constitutively active intracellular form of Notchl protein
(2). We have shown that expression of AcN1 in HaCaT cells
induces resistance to anoikis (apoptosis induced on matrix
withdrawal) and sustains colony formation by HPV-16 E6 and
E7 oncogenes in soft-agar assays (24). HaCaT is an HPV-
negative immortalized line with mutant p53 alleles and stable
expression of the mutant protein (17). Consistent with previous
reports (23), we find that expression of wild-type p53 in HaCaT
cells induced apoptosis (Fig. 1A). Transfection of wild-type
pS3 in HaCaT-Neo cells induced apoptosis in 40 to 45% of
transfected cells by microscopy (Hoechst-stained cells were
analyzed for chromatin condensation and nuclear fragmenta-
tion as in reference 24). However in HaCaT-AcN1 cells, no
apoptosis induction was detected following expression of p53
(Fig. 1A). Similarly, HaCaT-Neo cells cotransfected with both
AcN1 (AcNl-green fluorescent protein [GFP]) and p53
showed resistance to p53-induced apoptosis (Fig. 1C).

Expression of the E6 protein prevented the induction of
apoptosis caused by p53 (Fig. 1B), as suggested from the well-
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FIG. 1. (A and B) Graphs showing percentages of apoptotic nuclei in transfected cells. (A) pPCDNA3 (Mock [M]) and pCDNA3-AcN1 (AcN1)

were used to generate HaCaT-Neo and HaCaT-AcN1 cells, respectively, by selecting with G-418 and pooling different clones. Inset, Notchl
overexpression in HaCaT-AcN1 stable cell lines compared to that in Neo-expressing cells. These cells were transfected with various combinations
of plasmids. Mock (pCDNA3) or pCEP4-p53 along with pPEGFPN1 was transfected in a ratio of 5:1 (2.5 pg of Mock or p53 plasmid with 0.5 pg
of tracer GFP plasmid). GFP-positive cells were counted 24 h after transfection, counterstained with bisbenzamide (Hoechst), and assessed
microscopically for nuclear condensation and chromatin fragmentation. Typically 100 GFP-positive cells were scored for apoptotic features.
(B) HaCaT-E6 (lanes 1 and 2 [counting from the left]) and HaCaT-E6 and -E7 (lanes 4 and 5) cells expressing HPV-16 oncogenes were transfected
with Mock (pCDNA3) or pCEP4-p53 along with pPEGFPN1. HaCaT-AcN1 (lanes 6 and 7) cells were transfected with E6 and E7 plasmids along
with Mock (pCDNA3) or pCEP4-p53. Standard deviations from the means of at least three independent experiments are shown for panels A and
B. (C) HaCaT-Neo cells were transiently transfected with AcN1-GFP (fusion of AcN1 and GFP coding sequences in pEGFPN1 [gift from A. Sarin
and H. Sade, National Centre for Biological Sciences], which was generated from a plasmid expressing AcN1 given by A. Rangarajan, Whitehead
Institute) and the p53 vector in a ratio of 1:5 (0.5 pg of AcN1-GFP and 2.5 pg of p53). Adherent cells 14 h after transfection were fixed with 4%
paraformaldehyde and observed under the fluorescence microscope. Ten minutes before fixation, bisbenzamide was added to the medium and the
mixture was incubated at 37°C (Hoechst). Cells that were AcN1-GFP positive (nuclear GFP; arrow) were resistant to p53-induced cell death, while

the controls transfected with pEGFPN1 and p53 showed around 40% cell death.

documented link between these two proteins (26). There are
conflicting reports on the role of E7 in regulating the function
of p53. Consistent with the suggestion of Hickman et al. (12),
we find that, on expression of both E7 and E6, there is p53-
induced apoptosis of around 30% (Fig. 1B). However, AcN1
blocks the induction of p53-dependent apoptosis even in the
additional presence of E7 (Fig. 1B).

Induction of apoptosis by p53 can be through the transcrip-
tional upregulation of proapoptotic proteins such as Bax or
downregulation of prosurvival proteins such as Bcl2 and Bel-x1
(28). Transactivation-independent mechanisms that have been
suggested include a direct interaction of the p53 protein in the
mitochondria (11, 19, 27). We evaluated the activation of a
p53-dependent reporter and find that AcN1 reduces the induc-
tion by sevenfold (Fig. 2A). Correspondingly, in the presence
of p53, we find a 1.5-fold overexpression of the Bax protein in
HaCaT-Neo cells and no increase in HaCaT-AcN1 cells (Fig.

2B). We evaluated the expression of Hdm2, another protein
that is transcriptionally upregulated by p53, and find a similar
phenomenon. There are 2- and 1.2-fold inductions of Hdm2 by
p53 in the absence and presence of AcNI1, respectively (Fig.
2B).

Constitutively activated forms of PKB/Akt cooperated with
HPV-16 E6 and E7 oncogenes in in vitro transformation assays
to the same extent as AcN1 (24). Further, we have earlier
reported the detection of phosphorylated forms of PKB/Akt in
detached cells in the presence of AcN1 (24). Addition of chem-
ical inhibitors to PI3K induces anoikis and eliminates the phos-
phorylation of PKB/Akt (24). Here, we extended this analysis
and find that, even in adherent cells, there is a markedly higher
level of phosphorylated PKB/Akt consequent to AcN1 expres-
sion (Fig. 3A). We also evaluated levels of Bad, a downstream
target of phosphorylated PKB/Akt. When phosphorylated by
Akt, Bad is unable to interact with Bcl-xl (6), restoring Bcl-xI’s
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FIG. 2. (A) Activation of the p53-dependent PG13-Luc reporter. HaCaT-Neo and HaCaT-AcN1 were transfected with either Mock (pCDNA3)
or pCEP4-p53 (2 g of DNA) along with the p53 reporter (0.5 wg of DNA). Renilla luciferase (0.2 wg of DNA) was used to normalize for
transfection. Error bars, standard deviations from the means for three independent experiments. The assay was done 48 h after transfection.
(B) Western blot showing Bax (N-20 [Santa Cruz Biotechnology]) and Hdm2 (AB-1 [Oncogene]) (Hdm2 dimer at 95 kDa) protein expression.
Briefly, cells were lysed with 1% sodium dodecyl sulfate—1.0 mM sodium vanadate in 10 mM Tris (pH 7.4) lysis buffer heated to 95°C. Fifty
micrograms of total protein, by the Bradford estimation method, was loaded into each well of a 10% polyacrylamide gel. Plasmids (1.5 ng of Mock

[Neo] and p53 plasmids) were transfected in Neo- and AcN1-expressing cells. TFIID (SI-1 [Santa Cruz Biotechnology]) was used as a loading
control.

antiapoptotic function. In the AcN1-expressing cells, levels of (Fig. 3A). Addition of LY294002 to HaCaT-AcN1 cells grown
Bad phosphorylated at serine 136 were significantly higher on coverslips and transfected with p53-GFP eliminated resis-
(twofold) than those in Neo cells (Fig. 3A). However, there tance to p53-induced apoptosis. Results of the assay are shown
was no difference in levels of the antiapoptotic Bcl-xI protein in Fig. 3B, and representative images are shown in Fig. 3C.
and total Bad protein between Neo- and AcN1-expressing cells Apoptosis was induced in around 40% of the p53-GFP-trans-
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FIG. 3. Blocking PI3K eliminates resistance to p53-induced apoptosis. (A) Western blot showing endogenous phospho-Akt (antibody against
Serd72, Ser473, and Ser474 [BD transLab]), phospho-Bad (antibody against Ser136 [CST]), total Bad (CST), and Bcl-Xl1 (S-18 [Santa Cruz
Biotechnology]) protein levels in HaCaT-Neo and HaCaT-AcN1 cell lysates. (B and C) PI3K inhibitor L'Y294002 eliminates resistance to
p53-induced apoptosis. (B) Histogram showing apoptotic nuclei from HaCaT-AcN1 cells transfected with p53-GFP and treated with LY294002.
Adherent cells were transfected with pS3-GFP and treated as in Fig. 1C. (C) Representative images of the histogram in panel B. Neither pPEGFPN1

(section 1) nor p53-GFP (section 2) induces apoptosis (arrows). Addition of LY294002 (20 M) (section 3) induces apoptosis in these cells in the
presence of p5S3-GFP (arrows).
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FIG. 4. Hdm2 localization in HaCaT-Neo (A) and HaCaT-AcN1 (B to I) cells. Briefly, cells grown on coverslips were fixed in 4% parafor-
maldehyde for 10 min at room temperature, permeabilized for 1 h in phosphate-buffered saline (PBS) containing 10% goat serum and 0.3% Triton
X-100, and incubated overnight with the Hdm2 (AB-1 [Oncogene]) antibody at 4°C. An anti-mouse red fluorescent antibody was then added after
washes with 1X PBS, and the cells were incubated for 1 h. The cells were washed again in 1X PBS and visualized under a confocal microscope.
(A) HaCaT-Neo cells have a predominantly cytosolic localization of Hdm2. (B) HaCaT-AcN1 cells have Hdm2 localized both in the nucleus and
the cytosol. (C) All HaCaT-AcN1 cells treated with LY294002 have Hdm2 localized in the cytoplasm (arrow). (D to F) Wild-type p53-GFP was
visualized in the nucleus in transfected AcN1 cells (D; green). Hdm2 is overexpressed in these cells (E; red) and colocalizes with p53 (F; yellow).

(G to I) LY294002 was added to HaCaT-AcN1 cells transfected with p53-GFP. p53-GFP remains localized in the nucleus (G; green). Hdm2 (H;
red) localizes in the cytosol in 30% of the GFP-positive cells 10 h after transfection (arrow). No colocalization seen in these cells (arrow [I]).
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fected AcN1 cells when treated with LY294002 (Fig. 3C). Sim-
ilar results were obtained with wortmannin, another chemical
inhibitor of PI3K (data not shown).

PKB/Akt has recently been shown to phosphorylate Hdm?2
and thus inhibit p53 activation. By confocal imaging we show
that HaCaT-Neo cells express endogenous Hdm2 predomi-
nantly in the cytoplasm (Fig. 4A), in keeping with very low
levels of phosphorylated PKB/Akt. HaCaT-AcN1 cells exhibit
the Hdm2 protein in both the nucleus and cytosol (Fig. 4B).
Addition of LY294002 restores the predominantly cytosolic
localization of Hdm?2 (Fig. 4C). This suggests that activation of
Hdm?2 by PKB/Akt leads to nuclear localization. Hdm?2 levels
per se in HaCaT cells are fairly low, in keeping with the
absence of wild-type p53 protein. Expression of wild-type
p53-GFP shows colocalization with Hdm2 in the nucleus in
all HaCaT-AcN1 p53-GFP-positive cells. On addition of
LY294002, cytosolic Hdm2 can be detected in around 30% of
pS3-GFP-positive HaCaT-AcN1 cells. It should be noted that
on overexpression of wild-type p53 in HaCaT, Hdm2 can be
detected in the nucleus even in the absence of detectable
phosphorylated PKB/Akt, possibly due to low levels of phos-
phorylated PKB/Akt in these cells.

The results obtained so far show that AcN1 can inhibit
pS3-induced apoptosis and that this is dependent on a PI3K-
PKB/Akt-dependent pathway. We suggest that there is a bi-
furcation downstream of PKB/Akt, with two components of a
prosurvival mechanism that includes both the upregulation of
genes such as the Bad gene and subcellular relocalization of
Hdm?2. The importance of these observations lies in the po-
tential inability of p53 to block transformation by HPV-16 E6
and E7 oncogenes in the presence of AcN1. Expression of
AcN1 along with E6 and E7 typically yields a three- to fivefold
increase in soft-agar colonies (24) of HaCaT cells. Expression
of p53 does not block this increase (Fig. 5).

To extend the above observations with cell lines that express
endogenous wild-type p53, we used both Caski and U20S cells
(Fig. 6) and induced p53-dependent apoptosis with doxorubi-
cin (Adriamycin) (31). Caski and U20S are cell lines derived
from an HPV-16-positive cervical tumor and osteosarcoma,
respectively. Caski cells have been shown to accumulate p53 on
treatment with actinomycin D and leptomycin B, resulting in
apoptotic death of these cells (13). Here, apoptosis dependent
on p53 expression was induced by doxorubicin. AcN1 or con-
trol (Mock-) transfected cells were identified by coexpressing
GFP. Doxorubicin at 0.2 and 0.4 pg/ml in Caski cells led to 20
and 25 to 30% apoptosis, respectively (Fig. 6A). Expression of
AcNT1 in these cells reduces apoptosis to 5 and 10% with 0.2
and 0.4 pg of doxorubicin/ml, respectively (Fig. 6A). U20S
cells were insensitive to the lower doxorubicin concentration of
0.2 pg/ml. However, around 20% of the transfected cells
showed distinct apoptotic morphology at 0.4 pg of doxorubi-
cin/ml, and AcN1 reduced apoptosis in these cells to 5% (Fig.
6B). Insets in Fig. 6A and B show induction of p53 in these
cells after addition of doxorubicin, and representative pictures
are shown in Fig. 6C. The results in Fig. 6 show that expression
of activated Notchl blocks p53-dependent apoptosis induced
by doxorubicin in transformed cell lines irrespective of the
expression of HPV oncogenes.

Features of deregulated Notch signaling are consistently ob-
served in the progression of high-grade cervical tumor precur-
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FIG. 5. Histogram showing numbers of colonies observed in in
vitro soft-agar transformation assays. Details of soft-agar colony for-
mation assay are given in reference 24. Values are means of two
independent experiments with standard deviations. Bar 1 (counting
from the left), HaCaT-E6/E7 cells transfected with p53; bars 2 and 3,
HaCaT-AcN1 cells transfected with E6 and E7 and Mock and with
p53, respectively.

sors to invasive tumors (5). In addition to the cooperative
transformation that we have noted in HaCaT cells, we have
recently analyzed d1DR cells, which are immortalized by using
the HPV-16 genome. On coexpression of AcN1 and HPV 16
E6 and E7 oncogenes, these cells generate progressive tumors
in vivo (O. Chakrabarti et al., unpublished data). Consistent
with these observations, the use of an antisense construct
against Notch1 in Caski cells, which are derived from a cervical
tumor, inhibited growth in vivo (32). In contrast, recent obser-
vations from Talora et al. suggest that Notchl, in contrast to
Notch2, may be downregulated in late-stage cervical tumors
(30). They suggest that adenovirus Notchl may negatively reg-
ulate the HPV-16 promoter, with consequent growth arrest
(30), in cervical tumor-derived lines including Caski. Thus the
role of the Notch pathway may involve a complex interplay of
signals that both sustain and inhibit aspects of tumor progres-
sion.

In this study, we have shown that, in an immortalized human
epithelial cell line, activation of Notch1 signaling prevents apo-
ptosis induced on p53 overexpression. Our results extend the
link between activated Notch signaling and consequent induc-
tion of the PI3K-PKB/Akt pathway as a mediator of apoptosis
resistance. Further, in transformed cells, we show that acti-
vated Notchl signaling prevents cell death induced by a DNA-
damaging agent.

Expression of HPV-16 E6 and E7 oncogenes with activated
alleles of the Notchl gene sustains transformation even in the
presence of p53. This is consistent with the inhibition of p53
function by activated Notch1 in the process of transformation.
In addition, the introduction of activated Notch1 alleles inhib-
its the induction of apoptosis induced by DNA damage in an
HPV-16-positive cervical tumor line. Collectively, the results in
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FIG. 6. Activated Notchl blocks apoptosis induced in the context of endogenous p53. Caski cells (cervical cancer-derived cell line; A) and
U20S cells (osteosarcoma cell line; B) were transfected with Mock (pCDNA3) or AcN1 expression vector along with a tracer AcNI-GFP vector
in the ratio of 5:1 as mentioned previously. A total of 3 pg of total DNA was transfected in each 35-mm-diameter dish with Lipofectamine.
Twenty-four hours after transfection, doxorubicin (Ad) was added to a final concentration of 0.2 or 0.4 pg/ml to induce p53 expression in these
cells. Fourteen hours after addition of doxorubicin, cells were trypsinized and stained with bisbenzamide (Hoechst) and GFP-positive cells were
assessed microscopically for nuclear condensation and/or chromatin fragmentation. Typically 100 GFP-positive cells were scored for apoptotic
features. U20S cells are not sensitive to 0.2 pg/ml. Values are means of two independent experiments with standard deviations. Insets show
Western blot analysis for p53 expression (FL-393 [Santa Cruz Biotechnology]) from lysate prepared from a parallel set. (A, inset) Lane 1 (counting
from the left), endogenous p53 expression in Caski cells; lanes 2 and 3, graded increase in p53 levels with increasing concentration of doxorubicin.
TFIID is used as a loading control. (B, inset) Lane 1, endogenous p53 expression in U20S cells; lane 2, increase in p53 levels with increasing
concentration of doxorubicin. TFIID is used as a loading control. (C) Upper sections show representative pictures of AcN1-GFP-positive U20S
cells (cotransfected with the Mock plasmid) clearly showing apoptotic nuclei (arrow) after induction of p53 by doxorubicin. Bottom sections shows
AcN1-transfected U20S cells resistant to apoptosis, as marked by normal nuclei (arrow) after induction of p53 by doxorubicin. Left and right
sections show GFP and Hoechst UV fluorescence, respectively.
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