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ABSTRACT
Purpose: The tumor suppressor gene p16INK4A is in-

activated frequently in a large number of human cancers,
and many investigators have attempted to restore the func-
tion of p16 using the p16 wild-type gene and viral vectors. In
this study, we treated the tumor-bearing animals with the
p16-derived synthetic peptide coupled with the Antennape-
dia carrier sequence, which we designated as Trojan p16
peptide.

Experimental Design: Injections (i.p.) of the Trojan p16
peptide (100 �g/mouse/day) were given for 3 weeks in the
AsPC-1 and BxPC-3 s.c. tumor models. Tumor growth,
histopathology, and TUNEL staining of the tumor and tox-
icity of the animals were evaluated. To examine its influence
on the survival of tumor-bearing mice, Trojan p16 was
administered in the AsPC-1 peritoneal dissemination model.

Results: In the AsPC-1 s.c. tumor model, a significant
growth inhibition was obtained by the Trojan p16 treatment
when compared with the three control treatments, i.e., ve-
hicle, unconjugated form of p16, or Trojan peptide alone.
Tumor growth inhibition was almost complete in the
BxPC-3 tumor, a relatively slow growing tumor. Neither
hematological cytotoxicity or body weight loss were ob-
served. Histopathology of the BxPC-3 s.c. tumor in the
Trojan p16 treatment group revealed marked vacuole for-
mation and apoptotic death of cancer cells. In the AsPC-1
peritoneal dissemination model, the survival curve of mice
treated with Trojan p16 was significantly longer than that of
control.

Conclusions: These results provide evidence that the
Trojan p16 peptide system, a gene-oriented peptide coupled

with a peptide vector, functions for experimental pancreatic
cancer therapy.

INTRODUCTION
The tumor suppressor gene p16INK4A, an inhibitor of cdk3

4, is inactivated frequently through intragenic mutation, ho-
mozygous deletion, and methylation-associated transcriptional
silencing in a large number of human cancers (1–3). Pancreatic
cancer has the highest frequency of p16 alterations of all human
malignancies (�95%; Ref. 4). The main biological function of
the p16 involves regulation of the cell cycle, which blocks the
transition through the G1-S phase in a pRb-dependent fashion by
inhibiting cdk-4 and cdk-6 (5). Reconstitution of p16 gene in
malignant cells revealed additional biological functions for p16,
namely: (a) block of glioma cell invasion through MMP-2
inhibition (6); (b) down-regulation of vascular endothelial
growth factor expression and inhibition of tumor angiogenesis
in gliomas (7); (c) inhibition of �v�3 integrin-mediated cell
spreading (8); and (d) induction of apoptosis on loss of anchor-
age (anoikis) via up-regulation of �5�1 fibronectin receptor (9).
Thus far, many investigators have attempted to restore the
function of p16 in a variety of tumors and obtained promising
experimental results for future gene therapy using the p16
wild-type gene and viral vectors (6, 7, 9–13).

The amino acid residues of p16, which are important for its
interaction with cdk4 and cdk6 and for the inhibition of pRb
phosphorylation, were first demonstrated by Fahraeus et al. (14,
15). They identified a 20-residue synthetic peptide, correspond-
ing to amino acids 84–103 of the p16 protein, that blocks cell
cycle progression in late G1 in a pRb-dependent fashion. The
p16 peptide was linked to the 16-amino acid Antennapedia
homeodomain carrier sequence, which allowed the chimeric
peptides to be transported across the membranes directly from
the tissue culture medium to both the cytoplasm and nuclear
compartments (16). The findings stimulate novel approaches for
peptidometic cancer drug design that targets intracellular mol-
ecules (17).

To confirm whether this strategy is operative or not, we
have investigated previously the effect of synthetic p16 peptide
on the growth of pancreatic cancer cells in vitro (18). We found
that the peptide with the Antennapedia carrier sequence was
taken up smoothly by the cells when they were cultured in
serum-containing media and subsequently inhibited the growth
of p16-negative and pRb-positive pancreatic cancer cells, induc-
ing G1 phase cell cycle arrest through the inhibition of pRb
phosphorylation. The results were expected; however, there has
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been no report demonstrating that this type of chimeric peptide
also functions in in vivo circumstances. In the current study, we
treated the tumor-bearing animals with the p16-derived syn-
thetic peptide coupled with the Antennapedia carrier sequence,
which we designated as Trojan p16 peptide (19). We found that
systemic treatment with Trojan p16 peptide suppressed pancre-
atic cancer growth and prolonged survival. The p16 peptide
coupled to a nonviral vector may serve as an alternative therapy
for the pancreatic cancer through restoration of p16/pRb tumor-
suppressive pathway.

MATERIALS AND METHODS
Peptides, Cells, and Mice. A 21-residue synthetic pep-

tide corresponding to amino acids 84–103 � Cysteine (DAAR-
EGFLDTLVVLHRAGAR-Cys) of the p16 protein (14, 15) was
synthesized (A. O. and N. F.). A 17 amino acid region of the
Antennapedia homeodomain (designated as Trojan peptide;
Cysteine � amino acid 43–58: Cys-RQIKIWFQNRRMKWKK)
was also synthesized. The Trojan peptide was then linked to the
COOH terminus of the p16-derived synthetic peptide (amino
acid, 84–103) by a disulfide bridge and was designated as
Trojan p16 peptide. For Trojan alone injection, the NH2 termi-
nus of the peptide was capped chemically to avoid the possible
uptake of nonspecific substances. These synthetic peptides were
initially dissolved in DMSO at a concentration of 10 mM and
stored in the dark at �80°C.

Two human pancreatic cancer cells lines, AsPC-1 and
BxPC-3, were obtained from American Type Culture Collection
(Rockville, MD). The cells were grown as monolayers in RPMI
1640 (Life Technologies, Inc., Gaithersburg, MD) containing
10% fetal bovine serum and antibiotics (100 units/ml penicillin
and 100 �g/ml streptomycin) at 37°C in a humidified atmo-
sphere composed of 95% air and 5% CO2. These cell lines were
chosen for this in vivo study, because we had demonstrated
previously that these cell lines were negative p16 protein ex-
pression and responsive to Trojan p16 treatment in vitro (18).

Four-week-old male BALB/c-nu/nu mice (SLC, Hamamatsu,
Japan) were used. They were maintained and fed in sterile
conditions and fed with sterile food and water ad libitum. All
procedures involving animals and their care were carried out at
the Institute of Laboratory Animals, Faculty of Medicine, Kyoto
University, in accordance with institutional guidelines.

Animal Models and Treatment Schedule. Cells in the
exponential growth phase were detached with EDTA and
washed twice in PBS. Cell number and viability were assessed,
and cell cultures with a viability � 90% were used. For the s.c.
tumor model, AsPC-1 or BxPC-3 cells (2 � 106; 200 �l in
RPMI) were injected s.c. into the back of athymic mice. For the
peritoneal dissemination model, AsPC-1 (3 � 106; 200 �l) was
injected into the peritoneal cavity of mice.

As for the s.c. tumor model, Trojan p16 treatment was
injected i.p. at a dose of 100 �g/mouse/day for 5 consecutive
days, and after 2 days off, it was administered for 3 weeks.
Trojan p16 treatment was repeated in a separate s.c. model,
namely, mice bearing a rapid growing AsPC-1 tumor (n � eight
in each treatment group) and mice bearing a BxPC-3 tumor with
a moderate growing rate (n � four in each group). When the s.c.
tumor was clearly visible, Trojan p16 treatment was started; it

was 10 days after implantation in the AsPC-1 s.c. tumor model,
and it was 14 days after implantation in the BxPC-3 s.c. tumor
model. As the control treatment, the vehicle (DDW) was given
in the same manner as Trojan p16 treatment. To examine the
specific effect of the Trojan p16 peptide, two control treatments,
i.e., the unconjugated form of Trojan peptide or p16 peptide,
were administered at a dose of 50 �g/mouse to the AsPC-1 s.c.
tumor model; the dose was equivalent to that of Trojan p16
peptide on a molar basis.

As for the AsPC-1 peritoneal dissemination model (n � 12
in each group), Trojan p16 treatment was repeated in separate
experiment with a lower dose of 100 �g/mouse/day and a higher
dose of 200 �g/mouse/day. The treatment was started 24 h after
the i.p. injection of the cancer cells and continued as the same
manner as the s.c. tumor model.

Measurements and TUNEL Staining. In the s.c. tumor
model, tumor growth was monitored at 7-day intervals by meas-
uring the two orthogonal diameters (D, the longer and d, the
shorter) of the tumor mass with a caliper and by applying the
formula D � d � d/2 to calculate the tumor volume. Later (21
days), the animals were sacrificed, blood was drawn for blood
cells counts, and the tumor was excised, weighed, and fixed in
4% paraformaldehyde in PBS. In the peritoneal dissemination
model, the end point of the experiment was the survival period
of the animals.

TUNEL assay was undertaken to asses apoptotic cell death
in the s.c. tumor; details of the procedure were described pre-
viously (20). In brief, tissue samples were embedded in paraffin
and cut into 4-�m-thick consecutive sections. The serial sec-
tions were deparaffinized in three changes of xylene, rehydrated
in descending concentrations of ethanol, and then washed three
times for 5 min each with DDW. After rehydration, the sections
were treated with 20 �g/ml proteinase K (Oncor, Gaithersburg,
MD) at 37°C for 15 min and then washed in DDW. After
proteinase K treatment, the sections were immersed in TDT
buffer (30 mM Trizma base, 140 mM sodium cacodylate, and 1
mM cobalt chloride), then incubated with TDT buffer containing
12.5 �M biotinylated dUTP (Boehrinnger Mannheim, Mann-
heim, Germany) and 0.15 units/�l TDT (Takara, Kyoto, Japan)
at 37°C for 70 min. The reaction was terminated by immersing
them in terminating buffer (300 mM sodium chloride and 30 mM

sodium citrate). The sections were incubated in streptavidin-
peroxidase complex for 30 min and then developed with diami-
nobenzidine-tetra-hydrochloride for 1–5 min as a substrate. As
positive control samples, the ovaries of adult mice were sub-
jected to TUNEL assay, and positive TUNEL labeling was
confirmed in the nuclei of follicular cells in the maturing folli-
cles (20). The number of TUNEL-positive cells in the sample
was counted, and the apoptotic index was calculated as de-
scribed previously (20).

Statistical Analysis. Data are expressed as the mean
value 	SE. Statistical differences among treatment groups of
the s.c. tumor model were assessed by the Wilcoxon nonpara-
metric comparison test. The Kaplan-Meier method was used to
calculate survival curves of treatment groups of the peritoneal
dissemination model, and Log-rank and generalized Wilcoxon
tests were performed to compare differences in survival rates.
All statistical analyses were done using JMP statistical software
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(version 3.02) for Macintosh. The level of significance was
defined as 
0.05.

RESULTS
Inhibition of Tumor Growth in the s.c. Tumor Model.

To examine the inhibitory effect on tumor growth, the Trojan
p16 peptide was administered systemically to mice bearing
AsPC-1 s.c. tumor and compared with three control treatments,
namely, vehicle (DDW) alone, p16 peptide alone, and Trojan
peptide alone. The tumor growth curve of animals treated for 3
weeks with p16 peptide alone (50 �g/mouse/day) or the Trojan
peptide alone was similar to that observed in mice treated with
vehicle. The tumor growth curve in mice treated with the Trojan
p16 peptide (100 �g/mouse/day) was reduced significantly
when compared with that of the p16 peptide alone group, Trojan
peptide alone group, or vehicle treatment group (Fig. 1A). When
animals were sacrificed at 21 days after the start of the treat-
ment, the weight of the excised tumor was 139 	 16 mg in the
vehicle group, 151 	 15 mg in mice treated with the p16 peptide
alone, 149 	 12 mg in mice treated with the Trojan peptide
alone, and 79 	 17 mg in mice treated with the Trojan p16
peptide (Fig. 1B). Inhibition of tumor growth by treatment with
Trojan p16 was statistically significant (P 
 0.05, Wilcoxon
nonparametric comparison test).

Instead of challenging the dose-response study, we re-
peated the experiment with the same dose schedule in a rela-
tively slow growing tumor model, the BxPC-3 s.c. tumor model.
Because the specific effect of Trojan p16 was demonstrated in
the AsPC-1 model, vehicle treatment served as the control in
this case. There was a marked difference in the results obtained
with the AsPC-1 and BxPC-3 s.c. models. In BxPC-3 models,
the tumor growth curve in mice treated with the Trojan p16
peptide was almost completely inhibited when compared with
that of control group (Fig. 2A). The tumor wet weight in the
BxPC-3 s.c. tumor model was 41 	 13 mg in the control group,
which was �30% of that of the AsPC-1 tumor. The tumor wet
weight (6 	 2 mg) in mice treated with Trojan p16 was signif-
icantly smaller than control (Fig. 2B).

Histopathological Changes in the s.c. Tumor. His-
topathological changes were evaluated in BxPC-3 tumors re-
moved on day 21 of treatment. H&E staining demonstrated
marked vacuole formation inside the tumor in mice treated with
Trojan p16 (Fig. 3B). When the tumor samples were subjected
to TUNEL staining, substantial numbers of TUNEL labeling
were detected in the nuclei of cancer cells lining the vacuole
(Fig. 3D). These histopathological changes were not observed in
the control tumor samples (Fig. 3, A and C). The apoptotic index
of s.c. tumor treated with Trojan p16 was significantly higher
than that of control (16 	 4% versus 4 	 1%, P 
 0.05 by
Wilcoxon nonparametric comparison test).

In the separate experiment, we have treated the BxPC-3 s.c.
tumor model with control saline injections for 4 days, and the
tumor was harvested and subjected to H&E and TUNEL stain-
ing. Neither vacuole formation nor TUNEL-positive nuclei were
detected in the control small tumor whose size was equivalent to
that of tumors in mice treated with Trojan p16.

Fig. 1 Effect of treatment with the Trojan p16 peptide on the growth of
AsPC-1 s.c. tumors. A, tumor growth curve; B, tumor wet weight on day
21. Each peptide was i.p. injected for 3 weeks. Significant growth
inhibition was obtained by treatment with Trojan p16 when compared
with the three control treatments, i.e., vehicle, unconjugated form of
p16, or Trojan peptide. Mean 	SE (n � 8 each). �P 
 0.05 (Wilcoxon
nonparametric comparison test).

Fig. 2 Effect of treatment with the Trojan p16 peptide on the growth of
BxPC-3 s.c. tumors. A, tumor growth curve; B, tumor wet weight on day
21. Tumor growth inhibition was almost complete in this tumor, which
is a relatively slow growing tumor. Mean 	SE (n � 4 each).

Fig. 3 Histopathological changes in BxPC-3 tumor. A, B, H&E stain-
ing; C, D, TUNEL staining. A, C, control treatment; B, D, Trojan p16
treatment. Original magnification: �200. Vacuole formation and
TUNEL-positive nuclei of cancer cells were noted in the tumor treated
with Trojan p16.
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Toxicity in Animals. We could not evaluate the toxicity
of Trojan p16 in a full dose range in this study, but changes in
body weight and peripheral blood cell counts of the animals are
given in Table 1. All mice appeared healthy at least during the
observation periods of these experimental protocols. The body
weights of the mice treated with Trojan p16 were not signifi-
cantly different from those of control mice; maybe they were
rather heavier than control mice, which bore bigger s.c. tumors.
RBC counts, WBC counts, and platelet counts were not different
significantly among treatment groups. WBC counts and platelet
counts in Trojan p16-treated mice bearing BxPC-3 tumors were
slightly lower than in control; however, the values were not
statistically different. Systemic organs were harvested at the
time of sacrifice, but H&E staining did not show significant
tissue damages on lungs, heart, liver, kidneys, or small intestine
of the mice treated with Trojan p16.

Survival Benefit in the Peritoneal Dissemination Model.
To examine its influence on the survival of tumor-bearing mice,
Trojan p16 was administered to mice in the AsPC-1 peritoneal
dissemination model (Fig. 4). All mice died of cachexia asso-
ciated with either massive ascites or bowel obstruction, regard-
less of the type of the treatment. The survival curve of the mice
treated with 200 �g/mouse/day Trojan p16 peptide was signif-
icantly better than control, with a survival benefit of 6 days in
terms of mean survival time. When the lower dose (100 �g/
mouse/day) was administered in the same model, there was no
significant survival benefit (Table 2).

DISCUSSION
The current study demonstrated in mice s.c. tumor models

that i.p. injections of the Trojan p16 peptide significantly inhib-
ited pancreatic cancer growth without exhibiting severe sys-
temic toxicity. The extent of inhibition varied between the rapid-
and the moderate-growth tumors, but no inhibition was obtained
with the unconjugated form of the p16 peptide. Histopathology
of the s.c. tumor in the Trojan p16 treatment group revealed
marked vacuole formation and apoptotic death of cancer cells.
Trojan p16 also contributed to a modest but statistically signif-
icant survival benefit observed in the peritoneal dissemination
model of pancreatic cancer.

The Trojan peptide is a 16-mer oligopeptide derived from
the homeodomein of Antennapedia, a synonym of penetratin,
and it is reported to enter cells via a nonendocytotic and recep-
tor- and transporter-independent pathway, even when conju-
gated with large hydrophilic molecules (16, 19, 21). The exact
mechanism of this cell-penetrating peptide is still unknown, but
recent studies indicate that the COOH-terminal segment of
seven amino acid residues is essential for plasma membrane
translocation (21) and that the uptake mechanism depends on
the direct interaction of the peptide with the lipid bilayer of the
plasma membrane (22, 23). This system allows direct targeting
of oligopeptides and oligonucleotides to the cytoplasm and
nucleus and has applications of potential cell biology and clin-
ical interest as an efficient transduction vector (19, 24). A
number of oligopeptides has been developed as a cargo and
proved to function against cancer cells with the help of this
peptide vector. These are the p53 COOH-terminal peptide (25,
26), p21WAF1-derived peptide (27), p16INK4A-derived pep-
tides (14, 15, 18), BH3 domain peptide of Bak that antagonizes
Bcl-XL (28), Sos-derived peptide that blocks Ras-signaling
(29), and the c-Myc derived peptide that interferes with c-Myc
transcription activity (30). The results are challenging for future
cancer therapy; however, all of the studies were performed in
vitro. Recently, the Trojan peptide has been reported to cross the
blood-brain barrier of experimental animals after administration
through an in situ brain perfusion system and by i.v. injection
(22). To our knowledge, the current study is the first report to
demonstrate that systemic treatment with the Trojan p16 pep-
tide, a gene-oriented peptide coupled with a peptide vector,
suppresses cancer growth in experimental animals.

The Trojan peptide shows highly efficient internalization
and no cell-type specificity (19). Our previous in vitro study

Table 1 Changes in body weight and peripheral blood cell counts of animals

Treatment No. of mice

Body weight (grams) Peripheral blood cell count (day 21)

Day 1 Day 21 RBC (� 104) WBC PLTa (�104)

AsPC-1 S.C. tumor model
Vehicle 8 23.5 	 0.3 23.8 	 0.2 974 	 20 3450 	 748 92 	 5
p16 alone 8 23.3 	 0.4 23.4 	 0.9 963 	 15 3313 	 295 93 	 8
Trojan alone 8 23.9 	 0.2 24.5 	 0.5 998 	 22 3613 	 532 95 	 6
Trojan p16 8 22.9 	 0.3 24.3 	 0.5 993 	 22 3163 	 360 99 	 4

BxPC-3 S.C. tumor model
Vehicle 4 22.6 	 0.3 23.9 	 0.3 978 	 38 2175 	 530 72 	 9
Trojan p16 4 23.3 	 1.0 25.0 	 1.0 942 	 20 1625 	 247 62 	 8

a PLT, platelet counts.

Fig. 4 Effect of treatment with the Trojan p16 peptide on the survival
of mice bearing AsPC-1 peritoneal dissemination. The survival curve of
mice treated with Trojan p16 was significantly longer than that of
control.
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demonstrated that the Trojan p16 peptide was taken up by
osteosarcoma cells and fibroblasts, as well as pancreatic cancer
cells. However, the cell cycle arrest and subsequent growth
inhibition elicited by Trojan p16 were observed in p16-negative
and pRb-positive pancreatic cancer cells but was not observed in
p16-positive and pRb-negative osteosarcoma cells or fibroblasts
positive for both p16 and pRb (18). Because i.p. injections of
Trojan p16 resulted in a significant growth inhibition of s.c.
tumors in the current study, the peptide is likely to be delivered
into the tumor through the systemic circulation. The peptide
might penetrate noncancerous quiescent or proliferating cells
through the systemic circulation, but neither hematological cy-
totoxicity or body weight loss were observed at the dose levels
used in this study. In a separate experiment, we tried to identify
the uptake of this peptide by the s.c. tumor and systemic organs
in mice. Biotinylated Trojan p16 was injected i.p., and tissue
samples were subjected to FITC-avidin staining, but FITC fluo-
rescence was under detectable levels (data not shown). Although
direct evidences of the peptide delivery were not provided in the
current study, the results suggest that cell-type-specific status of
p16 deficiency might be responsible for the effect of p16
treatment.

Control of the cell cycle at G1-S boundary is not the sole
biological function of p16INK4A. Plath et al. (9) showed that
stable transfection of the p16 gene restitutes apoptosis induction
on loss of anchorage (anoikis) in pancreatic cancer cell lines and
indicated that p16 might influence a critical feature of a malig-
nant epithelial phenotype, anchorage dependence. They also
demonstrated, in mice, that p16-transfected cell lines exhibited
remarkably reduced tumorigenecity and cellular apoptosis, as
detected by TUNEL assay. Our previous in vitro p16 treatment
did not cause apoptosis but G1 arrest when cultured under
anchorage-dependent conditions (18). Although the specific
mechanisms have not been determined, apoptotic cancer cell
death observed in s.c. tumors might reflect the other function of
p16 in vivo.

With the use of the p16 peptide, Fahraeus et al. (8) dem-
onstrated another biological function of p16, i.e., inhibition of
�v�3 integrin-mediated cell spreading. Integrins are important
molecules that regulate adhesion, migration, and invasion of
cancer cells through interaction with the extracellular matrix and
are involved in peritoneal carcinomatosis (31). We have shown
previously that invasiveness of pancreatic cancer was related
greatly to MMP-2 activation and �v�3 integrin expression and
that AsPC-1 cells had the most invasive phenotype with the
strongest expression of MMP-2 and �v�3 integrin (32, 33).
The prolonged survival of the mice treated with Trojan p16 in
the AsPC-1 peritoneal dissemination model might be because of

suppression of invasiveness-related molecules, as well as inhi-
bition of cancer growth. Because the p16 tumor-suppressive
pathway is abrogated in virtually all pancreatic carcinomas (4)
and this tumor is characterized by aggressive local invasiveness
and metastasis (34), p16 might be one of the best target mole-
cules for gene-oriented therapy for pancreatic cancer.

Gene-oriented therapy involves the transfer of gene con-
structs, oligoneucleotides, and peptides, and the vectors used in
the transfer are generally viruses. Various problems have been
encountered in their use, including transfer efficacy, complex
manipulation, cellular toxicity, and immunogenecity, which
would preclude their routine use in vivo (35). The Trojan peptide
and other internalization peptides (24, 35) might be the alterna-
tives. Our current study provides evidence that the Trojan p16
peptide system functions for experimental pancreatic cancer
therapy. The maximal tolerance doses, tissue and blood distri-
bution of the peptide, and unpredictable toxicity, such as ana-
phylaxis of the polypeptide, should be determined in the future
preclinical study. Moreover, the efficacy and the mechanism of
the action of this peptide therapy must be compared with those
of p16 gene transfer using viral vectors.

REFERENCES
1. Caldas, C., Hahn, S. A., da Costa, L. T., Redston, M. S., Schutte, M.,
Seymour, A. B., Weinstein, C. L., Hruban, R. H., Yeo, C. J., and Kern,
S. E. Frequent somatic mutations and homozygous deletions of the p16
(MTS1) gene in pancreatic adenocarcinoma. Nat. Genet., 8: 27–32,
1994.

2. Yang, R., Gombart, A. F., Serrano, M., and Koeffler, H. P. Muta-
tional effects of the p16INK4a tumor suppressor protein. Cancer Res., 55:
2503–2506, 1995.
3. Liggett, W. H., and Sidransky, D. Role of p16 tumor suppressor gene
in cancer. J. Clin. Oncol., 16: 1197–1206, 1998.
4. Schutte, M., Hruban, R. H., Geradts, J., Maynard, R., Hilgers, W.,
Rabindran, S. K., Moskaluk, C. A., Hahn, S. A., Schwarte-Waldhoff, I.,
Schmiegel, W., Baylin, S. B., Kern, S. E., and Herman, J. G. Abrogation
of the Rb/p16 tumor-suppressive pathway in virtually all pancreatic
carcinoma. Cancer Res., 57: 3126–3130, 1997.
5. Ruas, M., and Peters, G. The p16INK4a/CDKN2A tumor suppressor and
its relatives. Biochim. Biophys. Acta, 1378: F115–F177, 1998.
6. Chintala, S. K., Fueyo, J., Gomez-Manzano, C., Venkaiah, B.,
Bjerkvig, R., Yung, W. K., Sawaya, R., Kyritsis, A. P., and Rao, J. S.
Adenovirus-mediated p16/CDKN2 gene transfer suppresses glioma in-
vasion in vitro. Oncogene, 15: 2049–2057, 1997.
7. Harada, H., Nakagawa, K., Iwata, S., Saito, M., Kumon, Y., Sakaki,
S., Sato, K., and Hamada, K. Restoration of wild-type p16 down-
regulates vascular endothelial growth factor expression and inhibits
angiogenesis in human gliomas. Cancer Res., 59: 3783–3789, 1999.
8. Fahraeus, R., and Lane, D. P. The p16INK4a tumour suppressor
protein inhibits �v�3 integrin-mediated cell spreading on vitronectin by

Table 2 Dose-response effect of Trojan p-16 treatment in AsPC-1peritoneal dissemination model

Control group Trojan p-16 group P

No. of
mice

Median
survival
(days)

Mean
survival
(days)

No. of
mice

Median
survival
(days)

Mean
survival
(days)

Log-rank
test

Wilcoxon
test

Low-dose schedule (100 �g/mouse/day) 12 27 29 	 2 12 31 33 	 2 0.211 0.172
High-dose schedule (200 �g/mouse/day) 12 25 26 	 1 12 31 32 	 2 0.020 0.022

1275Clinical Cancer Research



blocking PKC-dependent localization of �v�3 to focal contacts. EMBO
J., 18: 2106–2118, 1999.
9. Plath, T., Detjen, K., Welzel, M., von Marschall, Z., Murphy, D.,
Schirner, M., Wiedenmann, B., and Rosewicz, S. A novel function for
the tumor suppressor p16INK4a: induction of anoikis via up-regulation of
the �(5)�(1) fibronectin receptor. J. Cell Biol., 150: 1467–1478, 2000.
10. Fueyo, J., Gomez-Manzano, C., Yung, W. K., Clayman, G. L., Liu,
T. J., Bruner, J., Levin, V. A., and Kyritsis, A. P. Adenovirus-mediated
p16/CDKN2 gene transfer induces growth arrest and modifies the trans-
formed phenotype of glioma cells. Oncogene, 12: 103–110, 1996.
11. Hama, S., Heike, Y., Naruse, I., Takahashi, M., Yoshioka, H., Arita,
K., Kurisu, K., Goldman, C. K., Curiel, D. T., and Saijo, N. Adenovirus-
mediated p16 gene transfer prevents drug-induced cell death through G1

arrest in human glioma cells. Int. J. Cancer, 77: 47–54, 1998.
12. Steiner, M. S., Zhang, Y., Farooq, F., Lerner, J., Wang, Y., and Lu,
Y. Adenoviral vector containing wild-type p16 suppresses prostate
cancer growth and prolongs survival by inducing cell senescence. Can-
cer Gene Ther., 7: 360–372, 2000.
13. Hung, K. S., Hong, C. Y., Lee, J., Lin, S. K., Huang, S. C., Wang,
T. M., Tse, V., Sliverberg, G. D., Weng, S. C., and Hsiao, M. Expression
of p16INK4A induces dominant suppression of glioblastoma growth in
situ through necrosis and cell cycle arrest. Biochem. Biophys. Res.
Commun., 269: 718–725, 2000.
14. Fahraeus, R., Paramio, J. M., Ball, K. L., Lain, S., and Lane, D. P.
Inhibition of pRb phosphorylation and cell-cycle progression by a
20-residue peptide derived from p16CDKN2/INK4A. Curr. Biol., 6: 84–91,
1996.
15. Fahraeus, R., Lain, S., Ball, K. L., and Lane, D. P. Characterization
of the cyclin-dependent kinase inhibitory domain of the INK4 family as
a model for a synthetic tumour suppressor molecule. Oncogene, 16:
587–596, 1998.
16. Derossi, D., Joliot, A. H., Chassaing, G., and Prochiantz, A. The
third helix of the Antennapedia homeodomain translocates through
biological membranes. J. Biol. Chem., 269: 10444–10450, 1994.
17. Fahraeus, R., Fischer, P., Krausz, E., and Lane, D. P. New ap-
proaches to cancer therapies. J. Pathol., 187: 138–146, 1999.
18. Fujimoto, K., Hosotani, R., Miyamoto, Y., Doi, R., Koshiba, T.,
Otaka, A., Fujii, N., Beauchamp, R. D., and Imamura, M. Inhibition of
pRB phosphorylation and cell cycle progression by an antennapedia-
p16INK4A fusion peptide in pancreatic cancer cells. Cancer Lett., 159:
151–158, 2000.
19. Derossi, D., Chassaing, G., and Prochiantz, A. Trojan peptides: the
penetratin system for intracellular delivery. Trends Cell Biol., 8: 84–87,
1998.
20. Doi, R., Wada, M., Hosotani, R., Lee, J-U., Koshiba, T., Fujimoto,
K., Mori, C., Nakamura, N., Shiota, K., and Imamura, M. Role of
apoptosis in duct obstruction-induced pancreatic involution in rats.
Pancreas, 14: 39–46, 1997.
21. Fischer, P. M., Zhelev, N. Z., Wang, S., Melville, J. E., Fahraeus,
R., and Lane, D. P. Structure-activity relationship of truncated and
substituted analogues of the intracellular delivery vector penetratin. J.
Pept. Res., 55: 163–172, 2000.
22. Thoren, P. E., Persson, D., Karlsson, M., and Norden, B. The
antennapedia peptide penetratin translocates across lipid bilayers: the
first direct observation. FEBS Lett., 482: 265–268, 2000.

23. Bellet-Amalric, E., Blaudez, D., Desbat, B., Graner, F., Gauthier,
F., and Renault, A. Interaction of the third helix of Antennapedia
homeodomain and a phospholipid monolayer, studied by ellipsometry
and PM-IRRAS at the air-water interface. Biochim. Biophys. Acta,
1467: 131–143, 2000.

24. Han, K., Jeon, M. J., Kim, K. A., Park, J., and Choi, S. Y. Efficient
intracellular delivery of GFP by homeodomains of Drosophila fushi-
tarazu and engrailed proteins. Mol. Cells, 10: 728–732, 2000.

25. Selivanova, G., Iotsova, V., Okan, I., Fritsche, M., Strom, M.,
Groner, B., Grafstrom, R. C., and Wiman, K. G. Restoration of the
growth suppression function of mutant p53 by a synthetic peptide
derived from the p53 C-terminal domain. Nat. Med., 3: 632–638, 1997.

26. Kim, A. L., Raffo, A. J., Brandt-Rauf, P. W., Pincus, M. R.,
Monaco, R., Abarzua, P., and Fine, R. L. Conformational and molecular
basis for induction of apoptosis by a p53 C-terminal peptide in human
cancer cells. J. Biol. Chem., 274: 34924–34931, 1999.

27. Bonfanti, M., Traverna, S., Salmona, M., D’Incalci, M., and
Broggini, M. p21WAF1-derived peptides linked to an internalization
peptide inhibit human cancer cell growth. Cancer Res., 57: 1442–1446,
1997.

28. Holinger, E. P., Chittenden, T., and Lutz, R. J. Bak BH3 peptides
antagonize Bcl-xL function and induce apoptosis through cytochrome
c-independent activation of caspases. J. Biol. Chem., 274: 13298–
13304, 1999.

29. Cussac, D., Vidal, M., Leprince, C., Liu, W. Q., Cornille, F.,
Tiraboschi, G., Roques, B. P., and Garbay, C. A Sos-derived peptidimer
blocks the Ras signaling pathway by binding both Grb2 SH3 domains
and displays antiproliferative activity. FASEB J., 13: 31–38, 1999.

30. Giorello, L., Clerico, L., Pescarolo, M. P., Vikhanskaya, F., Sal-
mona, M., Colella, G., Bruno, S., Mancuso, T., Bagnasco, L., Russo, P.,
and Parodi, S. Inhibition of cancer cell growth and c-Myc transcriptional
activity by a c-Myc helix 1-type peptide fused to an internalization
sequence. Cancer Res., 58: 3654–3659, 1998.

31. Schlaeppi, M., Ruegg, C., Tran-Thang, C., Chapious, G., Tevaeatai,
H., Lham, H., and Sordat, B. Role of integrins and evidence for two
distinct mechanisms mediating human colorectal carcinoma cell inter-
action with peritoneal mesothelial cells and extracellular matrix. Cell
Adhes. Commun., 4: 439–455, 1997.

32. Koshiba, T., Hosotani, R., Wada, M., Miyamoto, Y., Fujimoto, K.,
Lee, J-U., Doi, R., Arii, S., and Imamura, M. Involvement of matrix
metalloproteinase-2 activity in invasion and metastasis of pancreatic
carcinoma. Cancer (Phila.), 82: 642–650, 1998.

33. Hosotani, R., Kawaguchi, M., Masui, T., Koshiba, T., Ida, J.,
Fujimoto, K., Wada, M., Doi, R., and Imamura, M. Expression of
integrin�V�3 in pancreatic carcinoma: relationship with MMP-2 activa-
tion and lymph node metastasis. Pancreas, in press.

34. Imamura, M., Hosotani, R., and Kogire, M. Rationale of the so-
called extended resection for pancreatic invasive ductal carcinoma.
Digestion, 60 (Suppl. S1): 126–129, 1999.

35. Vives, E., Brodin, P., and Lebleu, B. A truncated HIV-1 Tat protein
basic domain rapidly translocated through the plasma membrane and
accumulates in the cell nucleus. J. Biol. Chem., 272: 16010–16017,
1997.

1276 Trojan p16 Peptide Inhibits Pancreatic Cancer Growth


