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PNC-28, a p53-derived peptide that is cytotoxic to cancer cells,
blocks pancreatic cancer cell growth in vivo
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PNC-28 is a p53 peptide from its mdm-2-binding domain (residues
17-26), which contains the penetratin sequence enabling cell pene-
tration on its carboxyl terminal end. We have found that this pep-
tide induces necrosis, but not apoptosis, of a variety of human tu-
mor cell lines, including several with homozygous deletion of p53,
and a ras-transformed rat acinar pancreatic carcinoma cell line,
BMRPAIL. Tuc3. On the other hand, PNC-28 has no effect on
untransformed cells, such as rat pancreatic acinar cells, BMRPA1,
and human breast epithelial cells and no effect on the differentia-
tion of human stem cells. In this study, we now test PNC-28 in vivo
for its ability to block the growth of BMRPAL. Tuc3 cells. When
administered over a 2-week period in the peritoneal cavities of
nude mice containing simultaneously transplanted tumors, PNC-
28 causes complete destruction of these tumors. When delivered
concurrently with tumor explantation at a remote site, PNC-28
causes a complete blockade of any tumor growth during its 2-week
period of administration and 2 weeks posttreatment, followed by
weak tumor growth that plateaus at low tumor sizes compared
with tumor growth in the presence of a control peptide. When
administered after tumor growth has occurred at a site remote
from the tumor, PNC-28 causes a decrease in tumor size followed
by a slow increase in tumor growth that is significantly slower
than growth in the presence of control peptide. These results sug-
gest that PNC-28 may be effective in treating cancers especially if
delivered directly to the tumor.
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Activation of latent wild-type p53 in cancer cells is an emerging
strategy in the treatment of human cancers." p53 is known to bind
to the mdm-2 (hdm-2 in humans) protein, that targets p53 for
ubiquitination and ultimate proteosomal degradation, using resi-
dues 12-27 in its trans-activating amino terminal regulatory do-
main.”> The X-ray crystal structure of the p53 12-27 fragment
bound to the p53-binding domain of hdm-2 has been determined®*
and shows that the p53 peptide forms an amphipathic alpha-helix
and binds with residues Phe 19, Trp 23 and Leu 26 to a deep
hydrophobic pocket of hdm-2.** Since the hdm-2 binding domain
of p53 contains many conserved residues and since the 12-27 p53
peptide forms a stable, structurally well-defined complex with
hdm-2, several groups have proposed to utilize this p5S3 segment
or analogues of it to block the p53—hdm-2 interaction™® thereby
prolonging the half-life of wild-type p53. A study utilizing in vitro
binding® or phage-display peptide libraries® has found that the p353
12-26 peptide blocks the p5S3—hdm-2 interaction and that other ho-
mologous peptides are even more effective than the parent p53
peptide in blocking this interaction.’

Modified peptides and small molecules that block p53—hdm-2
interactions, with affinities for hdm-2 several thousand-fold

L‘Eﬁ\\ - Publication of the International Union Against Cancer
& UICC

Biota)l cancer contrl

greater than that of the parent p53 sequence, have been introduced
into human cancer cells containing wild-type p53, many of which
overexpress hdm-2, and have been found to induce p53-dependent
apoptosis.” ! In several of these studies (e.g., Ref. 7), use of pepti-
des that block the pS3—-hdm-2 interaction were found not to induce
cell death in p53-null cells, such as the SAOS2 osteogenic sar-
coma cell line, consistent with their predicted mechanism of
action, prolongation of the half-life of wild-type p53. Recently,
using a combined chemical library in a rapid throughput assay for
agents that block p53—hdm-2 interactions, a class of imidazoline
compounds (nutlins) was found to block p53-hdm-2 interaction
with IC50’s in the 100 nM range, the most powerful of which was
nutlin-3. This compound induced apoptosis of cells containing
wild-type p53 (like HCT116) but had no effect on the proliferation
of cell lines that were p53-null or that contained mutant p53."!

High affinity peptides and small molecules, like nutlin-3, have
further been tested on wild-type p53-containing tumor xenografts
in animal models. Nutlin-3 was found to reduce by 90% the
growth of tumors containing wild-type p53 explanted into nude
mice. In another study, a peptide was synthesized containing 12
residues (the exact sequence was not specified) from the mdm-2
binding domain of p53 and an amino terminal membrane-penetrat-
ing sequence from the tat protein enabling cell penetration and
was found to induce apoptosis of uveal melanoma and retinoblas-
toma cell lines explanted into the anterior chambers of rabbit eyes
but had only minimal effects on their normal cell counterparts.'®
All of these cell lines tested contained wild-type p53, which pre-
sumably activates apoptosis of the cancer cells; while the active
peptide was not tested against pS3-null cells, it was found to
induce a}l)optosis in the cervical cell line, C33A, that contains mu-
tant p53.'°

In a series of studies, we have found that peptides corre-
sponding to residues 12-26, 12—18 and 17-26 of the hdm-2-bind-
ing domain of p53 attached to the membrane-penetrating antenna-
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pedia penetratin sequence are cytotoxic to a variety of human can-
cer cells. We assumed that these peptides would bind to hdm-2
and so placed the highly positively charged penetratin sequence
on their carboxyl terminal ends where they would stabilize alpha-
helical formation'? as observed in the X-ray structure of p53 12—
27 peptide bound to the hdm-2 fragment.** Each of these p53 pep-
tides, 12-26, 12-18 and 17-26, attached to penetratin is termed
PNC-27, PNC-21 and PNC-28, respectively. PNC-28 (p53 resi-
dues 17-26-penetratin) is cytotoxic to a rat pancreatic cancer cell
line, called BMRPA1.Tuc3,'>'%!7 that we have developed by
transfecting the Ki-ras oncogene into a normal pancreatic acinar
cell line, established in our laboratory and called BMRPA1.'>!°
Treatment of BMRPA1.Tuc3 cells for 3 days with PNC-28 results
in 90-100% cell killing while treatment of BMRPA1 cells over
the same time period results in no cell death and no inhibition of
the growth of these cells into contact-inhibited monolayers.'?
These peptides have no effect on the viability or on the growth of
normal cells, including human hematopoietic stem cells, which
form colonies in response to growth factors whether or not these
peptides are present. 2 In contrast, but as expected from our struc-
tural considerations,'? the p53 17-26 peptide linked to penetratin
on its amino terminal end, was only about 5% as effective in
inducing cell killing as PNC-28 with penetratin on its carboxyl ter-
minal end (Refs. 12,13; Kanovsky M., Michl J. and Pincus M.R.,
unpublished observations).

Surprisingly, in contrast to the results of other studies using p53
peptides and peptidomimetics,”’~"' BMRPA1.Tuc3 cells treated
with PNC-28 do not express high levels of any of the protein
markers for p53-induced apo;z)tosis and cell cycle arrest, including
BAX, waf-p21 and caspases.'*'® The DNA from these cells is frag-
mented and does not form the ‘‘ladder pattern’” typical of DNA
from cells undergoing apoptosis.'? In contrast to the findings in the
other studies discussed above,”’~'! PNC-27 and PNC-28 were cyto-
toxic to several different known human p53-null cancer cell lines
including MDA-MB-453 human breast cancer, H1299 human colon
cancer, SAOS2 human osteosarcoma and SW1417 human colon
cancer cell lines.'? (The latter were obtained from the American
Type Culture Collection as p53-null cells were found to express no
p53 in blots using polyclonal anti-p53 antibody'?). These findings
suggested that PNC-28 induces cancer cell cytotoxicity by mecha-
nisms that are at least partially p53-independent.

These results were further corroborated in studies on a series of
breast cancer cell lines using PNC-27 and PNC-28." Both pepti-
des induced rapid total cell necrosis (within 1 hr) of a number of
breast cancer cell lines but did not affect the untransformed MCF-
10-2A breast epithelial cell line."® In the breast cancer cell lines
treated with these peptides, there was no elevation of caspases, as
would be expected for cells undergoing apoptosis, consistent with
our findings in the BMRPA1.tuc3 cell line, but there was a marked
elevation of LDH in the cell media, suggesting necrosis as the
mechanism of action of these peptides. Time-lapse electron micro-
graphic studies of MDA-MB-468 breast cancer cells treated with
PNC-27 revealed the development of pores in both cell and nu-
clear membranes'® suggesting lysis of the cell membrane as an
important component in the mechanism of action of these pepti-
des. That membrane damage may be an important component of
the cytotoxic effect of these peptides is further suggested by the
3D structure of PNC-27. Using 2D NMR, we have found that this
peptide forms an amphipathic structure consisting of 2 alpha-heli-
ces in the p53 peptide segment and the penetratin segment, sepa-
rated by a loop, a motif that has been described for several mem-
brane-lytic peptides such as melittin and maganin."*'> These
results all suggest that our peptides, in contrast to the agents that
block p53-hdm-2 interactions,5 711 induce necrosis of cancer
cells selectively using mechanisms that are largely independent of
classical apoptotic pathways induced by activated p53 protein and
its “‘surrogates’” such as p63 and p73 proteins' and that involve,
at least in part, damage to cancer cell membranes.

Since our peptides are cytotoxic to cancer cells but not to nor-
mal cells, we have elected to test one of these peptides, PNC-28,
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the shorter of the 2 effective p5S3—penetratin peptides, for its abil-
ity to block tumor cell growth in a nude mouse animal model. In
these studies, we have xenotransplanted BMRPA1.TUC3 pancre-
atic cancer cells into nude mice and have infused PNC-28 or a
control peptide into these mice to determine if PNC-28 specifi-
cally blocks tumor growth in vivo.

Material and methods
Peptides

PNC-28 peptide-containing residues 17-26 of human p53 (bold)
attached to penetratin (italics), whose sequence is ETFSDLWKL-
LKKWKMRRNQFWVKVQRG and a negative control peptide,
called PNC-29, which consists of a peptide from cytochrome P450
(also called X13) (bold) attached to penetratin (italics), whose
sequence is MPFSTGKRIMLGEKKWKMRRNQFWVKVQRG,
were synthesized using solid phase methods by the Biopeptide
Company (La Jolla, CA). On the day of the implantation of the
mini-osmotic pumps, which are described later, the peptides were
dissolved in sterile PBS at the concentrations defined later for the
experiments. Once the peptides had apparently dissolved, the pep-
tide solutions were sonicated twice for 30 sec in a sonicator bath
followed by sterilization by passing the solution through a 0.22-
um syringe filter (Millipore, Billerica, MA). The sterile peptide
solution was then dispensed under sterile conditions into each
pump (described later) (0.095 ml/14 days pump) using the spe-
cially designed needle provided by the company.

Pancreatic carcinoma cells

BMRPA1.Tuc3 cells, rodent pancreatic carcinoma cells, were
derived from BMRPAL1 cells by transfection with a plasmid con-
taining an activated human K-ras oncogene (single base mutation
at codon 12, valine substitution for the wild-type glycine in the ras
protein [K-rasvall2, a kind gift of Dr. M. Perucho (IBR, La Jolla,
CA)]).1 17 Tn contrast to BMRPA1 cells, which are untrans-
formed, rat pancreatic acinar cells expressing a normal epithelial
phenotype and differentiated acinar cell functions including a nor-
mal response to secretagogue,'*'® BRMPAI.Tuc3 cells display a
transformed cellular phenotype, grow significantly faster than
their parent cells, form colonies in vitro and tumors in vivo in Nu/
Nu mice (Refs. 12,17; Bradu S., Huynh R., Akman H.O., Zheng T.,
Bao L-Y., Pincus MR. and Michl J. manuscript in preparation).
BMRPA1.Tuc3 cells were maintained in culture in cRPML'>'¢'®
Cells were passaged by release from their culture dish surface by
tryé)sin—EDTA (GIBCO), and their cell number adjusted to 107—
10° live cells/ml for xenotransplantation by injection of 0.1 ml of
the respective cell concentration into Nu/Nu mice (see below).

In some experiments, cells were retrieved from sterile collected
ascites and phosphate buffered saline (PBS) washes, respectively,
of the peritoneal cavities of the mice.'® The cells present in the as-
cites and the PBS washes were pelletized by centrifugation,
washed with sterile PBS, and 2 X 10° nucleated cells were dis-
persed into sterile tissue culture dishes (100 mm diameter). Within
24 hr after seeding, nonadherent cells were washed off and the ad-
herent cells continued in culture for up to 1 week. Cells were
observed for growth and morphology.

Mice

Hsd: Athymic Nu/Nu mice of 7-8 wks (22-24 g) were obtained
from Harlan-Sprague Dawley (Indianapolis, IN). The mice were
held in an aseptic room inside Biolncubator units.

Tumor growth inhibition studies — in vivo tumor model

All experiments were performed according to NIH guidelines
for animal research with animal research protocols reviewed annu-
ally and in force by the Animal Experiment Review Committee at
the SUNY Downstate Medical Center Institutional [ACUC Com-
mittee. An in vivo tumor model was established according to the
procedure described previously.'” Briefly, Nu/Nu mice were xeno-
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TABLE I - EFFECTS OF PNC-28 AND CONTROL PNC-29 PEPTIDES ON TUC-3 CELLS
(1 X 10%MOUSE) IMPLANTED IN THE PERITONEAL CAVITY

Numbers of Pump PNC-28 PNC-29 Results
Nu/Nu mice location (10 mg/mouse) (10 mg/mouse)
4 s.c. + - Day 21: no ascites; no liver metastasis
4 s.C. — + Day 21: ascites, liver metastasis; carcinomatosis
5 i.p. + - Day 21: no ascites; no liver metastasis
5 ip. — + Day 22: ascites; carcinomatosis; liver metastasis

s.c., subcutaneousi.p., intraperitoneal

transplanted by subcutaneous (s.c.) injection with a 28 gauge nee-
dle on the right side and above the hind leg with 10°-107
BMRPA1.Tuc3 cells. Under drug-free conditions and over a pe-
riod of 6-14 days the cells grew into tumors with a range from
20-240 mg/mouse. Tumor sizes were measured in mm in 2 dimen-
sions (length = 1, width = w) using an electronic digital caliper
(Control Company, Friendswood, TX), and the tumor masses cal-
culated according to the equation tumor mass (mg) = [ X W)
2.2 The tumor masses of multiple tumors in the same mouse were
added together as indicative of the (visible) tumor load of the ani-
mal. Immediately prior to pancreatic carcinoma cell transplanta-
tion and at the time of each tumor measurement the weight of each
mouse was obtained as well using an electronic balance (Ohaus,
Denver, CO).

Implantation of osmotic pumps

Alzet mini-osmotic pumps were purchased from the Durect
Corp.(Cupertino, CA). A mini-osmotic pump infuses its contents
at a defined constant rate of 0.10-0.25 pl/hr for periods from 14 to
28 days. Mice were surgically implanted s.c. in the region above
the left front leg with a single Alzet mini-osmotic pump per
mouse. Surgery was performed under strictly sterile conditions.
The animals were anesthetized by intraperitoneal (i.p.) injection of
pentobarbital at 65 mg/kg body weight.?! The anesthetized animal
was placed in a biological hood under laminar flow conditions on
its belly on a sterile surgical drape, the skin was cleaned with etha-
nol, and, via a 0.5 cm cut in the skin on the back and above the left
front leg, a small subcutaneous pocket was made, and the pump
was moved gently into this pocket with the nozzle in the upward
(head) direction. The cut was closed with nonabsorbable nurolon
(3-0, Ethicon) thread, which was removed 7-10 days later when
the wound had completely closed. The animals were then placed,
1 per cage, under a warming lamp, and closely watched until they
had completely recovered from anesthesia. During the period of
anesthesia, the animals in each group were marked using the
standard ear-marking system. The mice were kept in their aseptic
Biolncubators, 1 animal per cage, to avoid the biting off the
sutures and, consequently, to keep the wounds closed and healing.
Upon having been returned to individual cages, the mice were
inspected daily for 1 week to assure their recovery. Once the
wound had closed and the sutures were removed, the mice were
moved together up to 4 animals/cage. In addition to observing
their recovery, the mice were examined following the implantation
of the minipumps to evaluate the effects of treatment on tumor
growth. Tumor size was measured and tumor weight was calcu-
lated as described previously. An identical group of mice under-
went the same procedure of mini-osmotic pump implantation that
infused, in several experiments, PNC-29 control peptide or, as
described later, in some experiments, sterile physiological saline.

Microscopy and photography

Cells maintained in culture in cRPMI medium were fixed over-
night in 3% buffered (phosphate-buffered saline pH 7.2) and pho-
tographed in a Zeiss inverted microscope using TMX-100 film
with 10X and 40X objectives, respectively.

Statistical analyses

All experiments were conducted at least 2 times with each ex-
perimental group consisting of 4 or 5 mice each from the same lit-
termate with the exception of the i.p. pump implantation, which
was done once. Each longitudinal dataset was analyzed by apply-
ing a general linear mixed model. Tumor mass was analyzed as a
function of time, and its interaction with the treatment groups was
assessed. Therefore, to test this treatment-based hypothesis a type
III repeated measures ANCOVA test was employed. Estimation of
regression parameters was performed, and these parameters were
contrasted to estimate the treatment effect. We found that
ARIMA? covariate structure best fit the repeated measures data;
however, other structures such as compound symmetry and
unstructured fits were also analyzed. To assess the experimental
effects, log tumor volume was analyzed as a function of time
(days), and its interaction with the treatment groups (PNC-28 and
PNC-29) and phase of treatment (treatment and posttreatment).
Therefore, a 3-way repeated measures ANCOVA test was applied
to perform repeated measures regression using days as a continu-
ous variable. Estimation of regression parameters was performed,
and these parameters were contrasted to estimate the treatment
effect.

Results

The effect of PNC-28 on the establishment and growth of xeno-
transplanted pancreatic carcinoma cells was examined in homozy-
gous Nu/Nu mice in 2 experimental conditions: infusion of PNC-
28 at virtually the same time as the s.c. implantation (simultane-
ous, Condition I), and after the s.c. xenotransplantation of the pan-
creatic carcinoma cells (posttreatment, Condition II). While the
effect of PNC-28 released by the mini-osmotic pumps implanted
s.c. was, in most experiments, examined on pancreatic carcinoma
cells implanted s.c., in one separate experimental design, pancre-
atic carcinoma cells were injected i.p. and the pumps implanted in
the peritoneal cavity and s.c., respectively, as described later.

Condition I — Effect of simultaneous treatment
with PNC-28: Intraperitoneal tumor implantation

In the first experiment, a group (n = 4) of Nu/Nu mice was
implanted s.c. with 14 days mini-osmotic pumps releasing PNC-
28 (2 mg/mouse) at a rate of 0.25 pl/hr. While the mice were still
under anesthesia, the animals were injected i.p. with 10°
BMRPA1.Tuc3 cells/mouse. A control group (n = 4) of mice was
implanted with mini-osmotic pumps that released PNC-29 and
several hours later injected i.p. with 10° BMRPA1.Tuc3 cells. The
animals were observed every other day for up to 21 days during
which time the mice in the control group developed ascites so that
they had to be sacrificed by day 21 (Table I, row 2). In contrast,
no ascites was seen in the PNC-28-treated animals (Table I,
Row 1). Cells obtained by peritoneal lavage with sterile saline of
the mice treated with PNC-28 were seeded into tissue culture
plates, which were then incubated for 8 days; microscopic inspec-
tion of this fluid revealed the presence of no tumor cells, but abun-
dant macrophages and some lymphocytes which, as expected, did
not grow in culture (Fig. 1, left). In contrast, the ascites from the
mice that had received PNC-29 for the first 14 days of simultane-



FiGure 1 — Left: Peritoneal aspirate from Nu/Nu mice injected with

BMRPAI1.Tuc3 cells and treated with PNC-28 for 2 weeks. The
microphotograph shows the characteristic morphology of adherent
macrophages and no tumor cells were present. Right: Peritoneal aspi-
rate from Nu/Nu mice containing untreated BMRPA1.Tuc3 cells
allowed to grow in the peritoneum for 3 days showing foci formation
and tumor cell (spindle-shaped) growth. Both pictures were taken 3
days into the cell culture.

ous treatment and tumor implantation contained a large number of
cells that rapidly divided in in vitro culture and that microscopi-
cally displayed a spindly phenotype and formed numerous foci
(Fig. 1, right). We note here that tumor size in mice treated with
PNC-29 was statistically the same as that in mice treated with ster-
ile saline (see below) indicating that PNC-29 has no inhibitory
effect on tumor growth (results not shown).

All of these findings are characteristic of a tumor cell phenotype
and, in this case, of the previously injected pancreatic carcinoma
BMRPA1.Tuc3 (Hannan et al. [2006] manuscript submitted). The
presence of tumor cells in the ascites and their absence in the peri-
toneal cavity of the PNC-28- treated mice strongly suggest that
even when infused simultaneously and at a location distant from
the site of tumor growth, PNC-28 can be strongly effective in in-
hibiting this particular tumor. The absence of tumor cells in the
PNC-28-treated animals further suggests that part of the peptide’s
effect is cytotox101ty against tumor cells and, thus, similar to the
in vitro effect.'*"3

In a similar experimental design, mini-osmotic pumps deliver-
ing PNC-28 (2 mg/mouse rate = 0.25 pl/hr) over a 14 days period
were 1mp1anted i.p. into 4 Nu/Nu mice. Apé)roximately 12 hr later,
the same mice were injected i.p. with 10° BMRPA1.Tuc3 cells/
mouse. Correspondingly, a control group of 5 Nu/Nu mice was
first implanted with mini-osmotic pumps delivering sterile phy51o-
logical saline followed 12 hr later by injection i.p. with 10°
BMRPA1.Tuc3 cells/mouse. After their return to their aseptic
cages, the nude mice in each group were examined for 1 week
daily and then every other day for signs of tumor growth. Within
12 days, the control group of mice had developed clearly visible
ascites, begun to show signs of distress and all of the animals died
before the 22nd day with large distended abdomens and metastatic
cancer of the peritoneum and abdominal viscera including liver
(Table I, Row 4). In contrast, after 18 days, neither any signs of
distress were observed nor was ascites present in the mice that had
been treated i.p. with PNC-28. The mice were sacrificed by day 21
and inspection of the peritoneal cavity showed no sign of tumor
growth, and there were no signs of peritoneal cancer as in the mice
treated with PNC-28 s.c. described previously (Fig 1). These find-
1ngs suggest that similar to the observations in in vitro tumor kill-
ing by PNC-28,'? the delivery of the peptide directly to the site of
a tumor results in total cell killing and may be an effective method
of delivery of this peptide into tumors.
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Our results for the effects of PNC-28 administered either at the
same peritoneal site or at a site remote from the peritoneal seeding
site of the BMRPA1.Tuc3 cells are summarized in Table I. Clearly
PNC-28 is cytotoxic to pancreatic cancer cells in the peritoneal
cavities of these mice, implying the possibility that it may be
effective in blocking the growth of pancreatic cancer metastatic to
the peritoneum.

Condition I — Simultaneous subcutaneous implantation
of osmotic pumps and tumor cells

We performed experiments on 2 sets of 5 nude mice in which
we implanted tumor cells and pumps delivering peptide (PNC-28,
n =5, PNC-29, n = 5). In each set of experiments, a group (n =
5) of Nu/Nu mice was implanted s.c. with mini-osmotic pumps
releasing PNC-28 (2 mg/mouse) at a rate of 0.25 pl/hr for 14 days.
While the mice were still under anesthesia, the animals were xeno-
transplanted s.c. at the right hind leg region with BMRPA1.Tuc3
cells (10° BMRPA1.Tuc3 cells/ mouse) Nu/Nu mice of a control
group (n = 5) were implanted with mini-osmotic pumps that were
loaded with PNC-29 (2 mg/mouse) followed immediately by the
xenotransplantation s.c. of 10® BMRPA1.Tuc3 cells. Mice were
observed daily for 10 days, then every other day for up to 4 weeks.
As shown in Figure 2a, which presents the results of each individ-
ual mouse in 1 of the 2 groups of 5, simultaneous treatment of Nu/
Nu mice with PNC-28 strongly delayed the growth of pancreatic
carcinoma cells in their s.c. inoculation site. By the 13th day after
the virtually simultaneous implantation of the mini-osmotic pumps
releasing PNC-28 and the xenotransplantation s.c. of BMRPA.-
Tuc3 pancreatic carcinoma cells, tumor growth was nearly com-
pletely inhibited (Fig. 2b, filled circles; p = 0.001, day 13). In
contrast, tumor growth continued uninhibited in the control pep-
tide PNC-29-treated group (Fig. 2b, open squares). Figure 2c¢
shows the statistical significance of the mean values plotted in
Figure 2b computed from ANCOVA analysis, based on repeated
measures regression in order to predict log tumor size using days
as a continuous variable, treatment condition (2 levels: control and
PNC-28), and treatment phase (2 levels: during and posttreatment)
of the log-transformed data in Figure 1/ on the set of 5 mice.
Almost identical results were obtained on the second group of 5
Nu/Nu mice (data not shown). This figure clearly shows a rapidly
expanding statistical significance in the small tumor masses seen
in the PNC-28-treated animals of the experimental group versus
the large tumor masses developing in the group of animals infused
with the control peptide. In fact, both Figures 2b and 2¢ show that,
even after day 15, when the pumps ceased delivery of peptide,
until around day 30, i.e., until close to the end of the observation
period, there was no significant tumor growth in the PNC-28-
treated animals while there was strong tumor growth in the PNC-
29 control peptide-treated group.

Beginning at day 30, there is an increase in tumor size in the
PNC-28-treated mice (Figs. 2b and 2¢). The actual increase in tu-
mor size, however, over the period from day 30-35 can be seen in
Figure 2b to be much greater in the control group, PNC-29-treated
than in the PNC-28-treated mice.

We have further analyzed the effects on the rates of tumor
growth during treatment and posttreatment for PNC-28- and PNC-
29-treated mice. The results of ANCOVA-based analysis of the
slopes that give a measure of the rate of tumor growth, of the log-
transformed data shown in Figure 2¢ are shown in Figure 2d. Ta-
ble II summarizes the statistical significance of the slope analysis
from Figure 2d. In these analyses, the slopes were calculated and
contrasted within the regression model, in order to assess differen-
ces in growth rate between the control and PNC-28 groups during
the different treatment phases.

Clearly, tumor growth rate is strongly inhibited in the PNC-28-
treated group as compared with the control group (p = 0.00012 in
Table II). This difference becomes less significant in the posttreat-
ment phase, barely achieving statistical significance (p = 0.049),
although, as noted above, the absolute increase in tumor size is
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Fi1GURE 2 — a: Tumor cell growth in individual Nu/Nu mice (labeled as ‘*“M1, M2,”” etc.) either treated with control PNC-29 peptide or PNC-
28 therapeutic peptide delivered simultaneously with s.c. tumor implantation in Nu/Nu mice. Inset shows scheme for symbols. . Comparison of
means from Fig. 1a (see legend for Figure 1) for PNC-28-treated mice (filled circles) versus control peptide, PNC-29 (open squares). c. Plot of
the log-transformed data in Figure 1b. d. Analysis of the slopes for tumor cell growth during treatment and posttreatment (data to the right of the
“‘pumps off’” vertical line). Slope comparisons are shown in Table II. Symbols are the same as in Figures 15 and 1c.

TABLE II - COMPARISONS OF SLOPES IN FIGURE 2D

Condition p Value fqr 1
slope comparison
PNC-28- and 29-treated during treatment phase 0.00012
PNC-28 and 29 during posttreatment phase 0.043
PNC-28 during and posttreatment 0.034
PNC-29 during and posttreatment 0.0003

'p values < 0.05 are considered to denote statistically significant
differences.

much lower in the PNC-28-treated mice in the posttreatment ob-
servation period (Fig. 2b). Also, this loss of statistical significance
in slopes between treated and control groups may be attributed to
a leveling in the growth of tumors in the control group due to such
effects as the extreme size of the tumors, possibly outgrowing
their blood supply. On the other hand, the increase in tumor size
in the posttreatment period for the PNC-28-treated group may be
caused by proliferation of tumor cells that were not accessible to
the peptide. This issue is discussed further in the Discussion sec-
tion. The increase in growth of tumors after 30 days in the PNC-
28-treated mice results in a marginally statistically significant
increase in slope in the posttreatment period (p = 0.034, Fig. 2d
and Table II), and the decrease of tumor growth in the control
group in the posttreatment phase causes a significant decrease in
slope for the posttreatment control group (p = 0.0003, Fig. 2d and
Table II).

These effects have been further ANCOVA-analyzed as sum-
marized in Table III. For single parameter tests, i.e., treatment
group, treatment phase (treatment or posttreatment) and days, stat-
istically significant main effects were found for treatment group
and days but not for treatment phase, the latter resulting from
omission of treatment group. All of the 2-way interactions were
significant except for treatment phase by days, again resulting
from omission of treatment group. In the critical analysis for this
experiment, the 3-way interaction of group by treatment phase by
days was found to be highly significant (Table III). This implies
that the differences in the slopes of tumor growth between both
treatment conditions depends on phase of the treatment as con-
cluded from the results in Figure 2d.

Although it is evident that PNC-28 did not result in the elimina-
tion of all implanted tumor cells, significant tumor growth in the
experimental group of Nu/Nu mice was absent for at least another
2 weeks after the end of peptide infusion (Fig. 2b). This suggests
an effect of this peptide on the tumor cells in vivo that extends
beyond the limited treatment period as discussed further in the
Discussion Section.

Condition Il — Tumor implantation followed by PNC-28 treatment

Since virtually all human tumors are discovered after tumor
establishment and growth have occurred, we explored the effect of
the administration of PNC-28 subsequent to tumor cell implanta-
tion. To this end Nu/Nu mice were xenotransplanted s.c. with pan-
creatic carcinoma BMRPA1.Tuc3 cells (5 X 10°-107 cells/
mouse). When the tumors reached sizes from 40 to 260 mg/mouse,
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TABLE III - TYPE III ANCOVA TESTS FOR STATISTICAL SIGNIFICANCE FOR SIMULTANEOUS TUMOR CELL
AND PEPTIDE DELIVERY PUMP IMPLANTATION

Statistical
Parameter tested Significance F (difference) significance
(p value)'
Group Comparison of the mean of tumor size between treated and control groups 11.24 0.0023
without regard to phase
Treatment phase Comparison of difference in means between treatment phase vs. 2.44 0.1289
posttreatment phase, ignoring treatment group
Days Test of whether slope of least squares best fit line through all tumor size 64.33 0.00000
points differs from zero
Group treatment phase Comparison of the difference in means of tumor size between control and 14.07 0.00083
treated groups during treatment with the difference posttreatment
Group days Comparison of slopes of tumor growth for treated and control groups, 7.08 0.01286
independent of treatment phase
Treatment phase days Comparison of slopes of best fit line of tumor size vs. days, irrespective of 1.96 0.172217
treatment group
Group treatment phase days Comparison of difference in slopes for tumor growth of treated vs. control 20.24 0.000113

groups during treatment with that posttreatment

! p values that are < to 0.05 indicate significant differences.
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FiGure 3 — Dose-response curves as a function of time for treat-
ment after tumors were explanted and grew to a minimum mass of 40
mg. Peptide was then delivered at different concentrations for a period
of 2 weeks, after which observations were continued for up to 45 days.
Filled circles (a), 20 mg/mouse PNC-28; open triangles (b), 10 mg
PNC-28/mouse; open squares (c¢), 1 mg/mouse PNC-28; open circles
(d) 20 mg/mouse, PNC-29.

mini-osmotic pumps were implanted s.c. that released, over a pe-
riod of 14 days, 1 mg, 10 mg and 20 mg of PNC-28 dissolved in
sterile PBS (n = 5 for each treatment group). To each experiment
was added a fourth group of mice (n = 5) carrying BMRPA1.Tuc3
pancreatic carcinomas of sizes similar to that in the experimental
groups, and that were implanted with mini-osmotic pumps releas-
ing 20 mg of PNC-29 in sterile PBS over the same time period as
the experimental groups. Mice were observed daily and tumors
measured in intervals of 2-5 days.

As shown in Figure 3, when BMRPA1.Tuc3 pancreatic carci-
noma-bearing mice are infused over a 2-week period at a constant
dose of 59.5 pg/hr for a total of 20 mg of PNC-28/animal, contin-
ued growth of the carcinoma is strongly inhibited when compared
with tumor growth in animals treated with control peptide PNC-
29. In fact, within 6 days after initiation of PNC-28 treatment, a
reduction in tumor size was observed from an average of 96 mg to
<30 mg that lasted for about 1 week. Even after the pumps had
exhausted their release of PNC-28, BMRPA1.Tuc3 tumor cells
demonstrated a significantly reduced ability to recover their
growth rate throughout the rest of the observation period over 18
days and, at the 20 mg/mouse dose, reached a plateau after which no
further growth occurred (Fig. 3, curve A, filled circles), as we
observed for tumors treated from the time of implantation (Fig. 2b).

TABLE 1V — STATISTICAL SIGNIFICANCE OF TUMOR SIZE IN PNC-28
(20 MG/MOUSE)-TREATED NUDE MICE VS TUMOR SIZE IN PNC-29
(20 MG/MOUSE)-TREATED NUDE MICE (GROUP A VS. GROUP D, FIG. 3).

Day P Value' Condition

10 0.196 No pumps

13 0.165 Pumps implanted
16 0.827

17 0.226

18 0.039

20 0.016

22 0.001

24 0.016

27 0.008 Pumps cease delivery
29 0.030

31 0.015

33 0.033

35 0.008

37 0.006

39 0.036

41 0.012

43 0.030

45 0.003

'p values < 0.05 indicate statistical significance

Table IV summarizes the statistical significance of the results
for the difference in tumor size at each time point for tumors
treated with PNC-28 20 mg/mouse in 14 days vs. those treated
with PNC-29 (20 mg/mouse in 14 days) using the same method
discussed previously for the analysis shown in Figure 2b. As can
be seen in this table, 4 days after pump implantation, tumor sizes
in the PNC-28-treated group were significantly smaller than those
treated with PNC-29 including all points after pumps ceased to
deliver peptide. Tumor sizes in the PNC-28 (20 mg/mouse)-
treated animals during the 14 day posttreatment period remained
at 840 * 235 mg/mouse, well below the tumor sizes measured
(5200 + 1640 mg) in the animals previously treated with PNC-29
peptide. The body weights of the PNC-28-treated mice were, on
average, 26.5 g/mouse (day 27) and not different from the weights
measured in control mice (average 27.4 g/mouse) that had the
same age but had neither been implanted with pancreatic carci-
noma cells nor had been treated with PNC-28. This strongly sug-
gests that PNC-28 itself had no adverse effects on the mice.

Treatment of explanted tumors with the lower doses of PNC-28
(1 and 10 mg) per mouse over the same time period resulted in
less inhibition of tumor growth during the 14 day post-pump im-
plantation period in a dose-related manner, as shown in Figure 3.
Nevertheless, both lower doses, especially the 10 mg/mouse dose,
continued to inhibit tumor growth after discontinuation of the
pumps.
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TABLE V — ANCOVA STATISTICAL ANALYSIS OF PAIRWISE COMPARISONS OF THE RATE OF BMRPA.TUC3
TUMOR CELL GROWTH IN NUDE MICE UNDER DIFFERENT TREATMENT CONDITIONS

Groups compared with respect to slope of
tumor growth without regard to treatment phase

Statistical significance (p value)'

20 mg/mouse PNC-28 vs. 0 mg/mouse PNC-29 (A vs. D , Fig. 3)
20 mg/mouse PNC-28 vs. 1 mg/mouse PNC-28 (A vs. C, Fig. 3)
20 mg/mouse PNC-28 vs. 10 mg mouse PNC-28 (A vs. B, Fig. 3)
10 mg/mouse PNC-28 vs. 20 mg/mouse PNC-29 (B vs. D, Fig. 3)
10 mg/mouse PNC-28 vs. 1 mg/mouse PNC-28 (B vs. C, Fig. 3)
1 mg/mouse PNC-28 vs. 20 mg/mouse PNC-29 (C vs. D, Fig. 3)

0.0002
0.0062
0.0180
0.1375
0.6970
0.2712

Ip values < 0.05 indicate statistical significance.

Statistical analysis of tumor growth rates

We have analyzed the data in Figure 3 using repeated measures
regression based on a general linear mixed model. We found that
the main effect for slope tumor growth by day was significant
(p = 0.002) for group days for all treatment groups compared with
the control group, as performed for the condition of simultaneous
treatment and tumor implantation (Condition 2), as explained in
Table II. Moreover, the analysis that tests the hypothesis that the
growth of tumor by days depends on the group examined (group
by slope of days interaction) was highly significant (p = 0.001).
On the other hand, we analyzed the different growth rates among
the 4 treatment conditions, in a pairwise manner, by computing
the slopes of tumor growth by day, using a test for equality of
slopes for group pairs. The results are summarized in Table V.
This analysis demonstrated that there was a statistically significant
difference in tumor growth rates between the 20 mg/mouse dose
of PNC-28-treated mice and those in each other treatment condi-
tion. On the other hand, the rates of tumor growth for the other 2
doses of PNC-28, 1 and 10 mg/mouse, were not significantly dif-
ferent either from one another or from the control (Table V). We
conclude from these results that a dose of 20 mg PNC-28 per
mouse appears to be the minimal effective dose in inhibiting tu-
mor cell growth in vivo under the stringent conditions employed
in this study.

Discussion

Our results with PNC-28 in treating a pancreatic cancer cell line
in vivo show that this peptide is effective in blocking tumor
growth in vivo when administered concurrently with tumor im-
plantation and after tumor growth has occurred. This effect is spe-
cific because administration of the negative control peptide PNC-
29 has no effect on tumor cell growth in either set of circumstan-
ces. Because Nu/Nu mice were used in these experiments, our
findings further suggest that the antitumor effect of PNC-28 is ini-
tiated by PNC-28 itself rather than by cytotoxicity due to an
immune response. The reduced tumor growth in the treatment and
posttreatment period in the experimental group of mice versus the
rapid tumor growth seen in the control animals strongly suggests a
reduced ability for the tumor cells to grow and/or an actual reduc-
tion in the number of tumor cells in the PNC-28-infused animals.

Administration of PNC-28 to Nu/Nu mice concurrently with tu-
mor cell implantation, at a site removed from the location of tumor
cell implantation, results in complete blockade of tumor cell
growth over the 2-week treatment period. This blockade lasts for 2
weeks after cessation of PNC-28 administration, suggesting the
possibility that it is cytotoxic to many of the cells exposed to it
and that remaining viable tumors cells may have been injured by
peptide treatment. Our observation in Figures 2 and 3 that there is
some growth 1 week after cessation of PNC-28 treatment implies
that not all cells may have been killed by this peptide.

On the other hand, in the experiments in which PNC-28 is
administered to the pancreatic cancer cells in the peritoneum, i.e.,
is delivered directly to the same site as tumor implantation, it
appears that total cell killing results. Importantly, even when
PNC-28 is delivered at a site remote from the peritoneal implanta-
tion site, there appears to be total cell killing although the observa-

tion period for this condition was less extended. This difference
may be due to the increased vascular supply of the peritoneum
compared with a subcutaneous implantation site, resulting in the
delivery of more of the peptide to the tumor site. Our results on
the contiguous implantation of PNC-28-delivering pumps and tu-
mor cells in the peritoneal cavity are parallel to those we obtained
with this and other tumor cell lines in cell culture in which we
found that PNC-28 induces total cell killing over periods ranging
from 1 hr to 3 days.'®'® Taken together, these findings suggest
that direct injection of PNC-28 into tumors or administration of
PNC-28 into the vicinity of these cancers may result in total cell
killing.

Even when administered 13 days after tumor cell implantation
and when tumor growth has occurred, PNC-28 also blocks tumor
cell growth in a similar manner as shown in Figure 3. There is
minimal cell growth during the treatment period; after cessation of
treatment, there is some growth of the tumors. However, this
growth is significantly less even 18 days after cessation of treat-
ment than tumor growth in the presence of PNC-29 control pep-
tide (curve A vs. curve D in Fig. 3). Furthermore, this growth
appears to plateau at day 40 while it increases rapidly in tumors
treated with PNC-29 (Fig. 3). These results suggest that PNC-28 is
lethal to most BMRPA1.Tuc3 cells in vivo and that there may be
peptide-induced injury to remaining viable tumor cells.

In these experiments, it is clear that there is a pronounced dose-
dependence of PNC-28 in inhibition of tumor growth. Doses of 1
and 10 mg administered either for 2 weeks do not a cause statisti-
cally significant difference in the rate of tumor growth when com-
pared with the rate in the presence of PNC-29 (20 mg/mouse). On
the other hand, 20 mg of PNC-28 administered over the same time
period results in a significant level of tumor growth inhibition.
Thus, this dose appears to be approximately the minimal effective
dose in vivo.

The relatively low level of tumor growth observed after cessa-
tion of treatment with PNC-28 after tumor implantation (Condi-
tion II) may be attributed either to the lack of exposure of some of
the BMRPA1.Tuc3 cells to PNC-28 or to the resistance of popula-
tions of these cells to this peptide. In this low level of growth, pla-
teaus (Figs. 2 and 3) occur ultimately whether or not treatment is
concurrent with (Fig. 2) or subsequent (Fig. 3) to PNC-28 admin-
istration. In view of our findings that this peptide kills 100% of
BMRPA1.Tuc3 cells in vitro by inducing necrosis and that PNC-
28 also kills 100% of these cells when administered to the tumor
in the peritoneal cavity in vivo (experimental Condition I), irre-
spective of whether it is contiguously or noncontiguously adminis-
tered, we conclude that the observed growth occurs due to absence
of exposure of cancer cells to the peptide, i.e., the nonoptimal
alignment of the pumps with respect to the tumor cells. Not only
were both located remotely from one another but also the pumps
were delivering peptide into tissues and not even directly into the
circulation. It would therefore be desirable to increase the dose of
PNC-28 and the time of treatment in this Nu/Nu mice model sys-
tem and to inject the peptide at sites more proximate to the tumor.
We are currently undertaking these studies.

Based on our findings that PNC-28 and PNC-27 both induce tu-
mor cell necrosis in 11 different tumor cell lines,lz'13 several of
which were p53-homozygously deleted, we assume that the tumor
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eradication that we observed in tumors implanted in the peritoneal
cavities of the nude mice (Table I, Fig. 1) also occurred by this
mechanism. Since PNC-28 contains a segment of the mdm-2-
binding domain (residues 17-26) of p53, it is possible that its
mechanism of action changes in vivo to block the p53-mdm-2
interaction to induce apoptosis. We consider this possibility to be
remote in view of the facts that PNC-28 contains 10 of the 15 resi-
dues involved in mdm-2 binding, lowering its affinity for this tar-
get; that this peptide induces tumor cell necrosis, not apoptosis, in
a wide variety of tumor cell lines, containing highly varied genetic
status (some containing p53, others containing no p53, some con-
taining oncogenic ras, others containing progesterone and estrogen
receptors, etc), making a switch in mechanism all the less likely;
and that PNC-28 induces only necrosis of TUC-3 cells, used in the
present in vivo experiments, in culture, irrespective of the concen-
tration of peptide used (10, 50 and 100 pg/ml) and the time of
incubation (from 3-7 days).

An important aspect of this study is the effect of PNC-28 on the
general ability of the mice to function. None of the Nu/Nu mice
treated with this peptide, whether infused concurrently with tumor
cells or infused posttumor cell implantation, and even at the high-
est dose of 20 mg administered over the 2 week period, were
found to undergo any loss of weight and continued to function
normally. This observation suggests that PNC-28 is nontoxic to
these mice and is consistent with our prior observations that this
peptide has no effect on the viability or growth of normal cells in
culture, including stem cells derived from cord blood."?

We note here that maintenance of weight and normal responses
are considered the most commonly made observations for ruling
out drug t0x101ty, including recent studies on the effects of natu-
rally occurrmg peptides on tumor growth in nude mice.>> How-
ever, in a few studies (12 out of 11,225 nude mouse studies listed
in PUBMED), almost entirely those using known marrow-sup-
pressing agents, hematological parameters, and less commonly,
other parameters such as liver function tests, have also been meas-
ured to survey for possible adverse drug effects. We have not per-
formed these analyses in part because we have already found that
PNC-28 has no effect on the ability of stem cells from cord blood
to differentiate into hematopmetlc lines.'? In addition, effects of
marrow- stzlﬂ)resswe drugs require approximately 3—6 weeks to be
observed, at the limit of, or exceeding, our observation peri-
ods. Finally, it is difficult to determine whether decreases in cell
counts should be attributed to the drug or to the tumor.

Other studies have been performed in which p53 peptides, and
small molecules, that block p53—hdm-2 interactions have been
administered to animals in which tumors have been xenografted
(e.g., Refs. 10 and 11). Perhaps most closely related to our present
study is the one utilizing the hdm-2-binding p53 peptide attached
to the membrane-penetrating tat sequence on its amino terminus'%;
this peptide induces apoptosis in uveal melanoma and retinoblas-
toma cell lines explanted into the eyes of rabbits but has little
effect on untransformed counterpart cell lines and causes minimal
damage to surrounding ocular tissue.'® Similarly, PNC-28 induces
tumor cell death but does not affect normal cells in culture.'*"?
Since PNC-28 does not affect the viability of nude mice treated
with it and does not cause damage to the peritoneal cavities of
these mice (Fig. 1), we infer that PNC-28 likewise does not
destroy normal tissue in nude mice. In addition, when we treat
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tumors with PNC-28 in the confined space of the peritoneal cavity,
we obtain tumor eradication (Table I).

However, a major difference between the 2 studies involves the
peptldes themselves. The prior study'® utilized a tat sequence on
the amino terminal end of the p53 effector peptide while we
employed a membrane-penetrating sequence, penetratin, from
antennapedia protein, (both sequences contain a high percentage
of positively charged residues) on the carboxyl terminus of our
p53 effector peptide. As we noted in the Introduction, placement
of the penetratin sequence on the amino terminal end of the p53
peptide results in significant loss of tumoricidal activity. In addi-
tion, these differences in membrane-penetrating sequences and in
their placement on the amino or carboxyl terminal end of the p53
peptide results in induction of either apoptosis or necrosis, respec-
tively. Our peptide induces necrosis such that the presence of p53
or its p73 surrogate, is not required for its effect as it apparently is
for the tat-p53 peptide.'”

Our present study also differs from the prior one'® in that the
prior study was confined to ocular tumors, and the peptide could
be directly administered to tumor cells in an exposed and enclosed
domain. In our protocols, while we tested PNC-28 on tumors in
the confined space of the peritoneal cavity, we also administered it
from a site that is remote from the tumor implanted internally as
would be necessary in the treatment of most cancers. We find that
even when administered at distant sites and not even directly into
the circulation, we obtain maJor mh1b1t10n of tumor growth (Fig.
3). In addition, unlike in the prior study,'® in our experimental pro-
tocols, we further followed tumor growth for several weeks after
discontinuation of peptide infusion and found that tumor growth is
sluggish (Figs. 2b and 3), suggesting that damage to remaining tu-
mor cells may have occurred.

Compared with p53 peptides that block p5S3—hdm-2 interactions,
peptidomimetics such as modified peptldes89 and small mole-
cules, such as nutlin-3,'" that likewise efficiently block p53—-hdm-
2 interactions, have the advantage of longer half-lives due to re-
sistance to proteases and the ability to be administered orally
rather than internally, e.g., intravenously or via implanted pumps.
In this regard, nutlin-3 has been found to block tumor cell growth
of SJSA-1 cells in nude mice when administered orally for several
weeks.!! However, unlike PNC-28, the anti-tumor acthltP/ of nut-
lin-3 is confined to tumor cells expressing wild-type p53'" and has
no effect on the growth of tumor cells containing mutant p53 and,
presumably, on cells that are p53-null, although these cell lines
were not tested. In addition, although it does not affect ultimate
cell viability, this agent, unlike PNC 28, has been found to block
the growth of untransformed cells.''Furthermore, the fate of resid-
ual tumor cells after withdrawal of the drug was not observed as
we have performed in this study (Figs. 2b and 3).

Based on our current findings that PNC-28 blocks tumor cell
growth in vivo and appears not to induce toxic side effects, we
conclude that this peptide may be an effective agent in the treat-
ment of cancers.
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