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ABSTRACT

In vivo and in vitro studies have shown the efficiency of anti-cancer peptides PNC-27 and PNC-28 in
killing cancer cells by necrosis without affecting normal cells (Kanovsky et al., 2001; Do et al., 2003;
Michl et al., 2006). These peptides were derived from the HDM2-binding domain of p53 (PNC-27: aal2-
26 and PNC-28: AA17-26) and linked to a membrane residency peptide (MRP).

Here I provide morphological and biochemical evidence of the effect of PNC-27 on a wide range of
cancer cells including primary cancer cells, and the absence of any effect on untransformed cells. I also
demonstrate that PNC-27-induced cytotoxicity is time, dose and temperature dependent. Moreover, |
demonstrate the role of HDM2 as a possible tumor marker and a target for PNC-27 in the tumor cell’s
plasma membrane, which is confirmed by: immunofluorescence, exogenous expression of HDM2 in
normal cell plasma membrane, competition experiments and immunoblot of isolated plasma membrane
(Sarafraz-Yazdi et al., 2010). I also evaluate the sequence of cellular events following the exposure of

tumor cells to PNC-27 using live cell imaging spinning disc confocal microscopy.

Furthermore, using Immuno-gold TEM and SEM I show that gold-conjugated antibodies to HDM2 and
PNC-27 decorate ring-like pore structures in the plasma membrane of tumor cells exposed to PNC-27,
further confirming the co-localization of HDM2 and PNC-27 in tumor cell membranes. These results
strongly suggest that the highly amphipatic PNC-27 inserts itself into the plasma membrane of only
cancer cells upon binding to HDM2, where, by random movement, the HDM2-PNC-27 complexes
assemble into oligomers and eventually into membrane pores. Influx of free PNC-27 molecules, through
the newly formed membrane pores, into the cell’s cytoplasm leads to the assembly of pores in

mitochondrial membranes and rapid cell death.



INTRODUCTION

Cancer as a Deadly Disease

Cancer ranks as a leading cause of death, accounting for approximately 13% of all deaths worldwide. In
the United States alone, it accounted for 23% of all deaths in 2010, only second to heart diseases which
accounted for 25% of all deaths (National Cancer Institute, 2010). A total of 1,529,560 new cancer cases
and 569,490 deaths from cancer were projected to occur in the United States in 2010 (Surveillance,

Epidemiology and End Results Program, 2009; Jemal et al., 2010).

The overall 5-year relative survival for 1999-2006 from 17 Surveillance, Epidemiology and End Results
(SEER) was 66.0%. Five-year relative survival by race and sex was: 66.8% for white men; 67.0% for
white women; 60.6% for black men; 54.9% for black women. Based on rates from 2005-2007, 40.77% of
men and women born today will be diagnosed with cancer of all sites at some time during their lifetime.
This number can also be expressed as 1 in 2 men and women will be diagnosed with cancer of all sites

during their lifetime.

What is Cancer and How Does it Develop?

In order to better understand cancer and its properties it is essential to know how body’s normal cells
function. Normal cell proliferation and division is a highly ordered and systemic process. Normal cells
control their growth, division and death through the genetic instructions that they carry in their nuclei. It
is the between these three processes of growth, division and death that defines the normal function of our

bodies. The growth of cells can be categorized into two types: benign or malignant.

When a cell loses its control over the balance of growth versus division, a small benign lump of cells tend
to form which can happen anywhere in the body (Lodish et al., 2000). On the other hand, when a cell
grows and divides aggressively with no attention to requirements and limitations of the body it forms a
malignant mass. This mass has the capability of growing in size and spreading to other parts of the body.
This large mass of cells is called cancer and the cells which leave their primary location and spread to
other parts of the body are metastases (Lodish et al., 2000). Normal cells, unlike cancer cells, stay in their
primary location and do not have the ability to spread to other areas of the body. Aggressive cancer cells,

however, ignore this rule tend to spread to other areas of the body (metastasize) in different ways (Lodish



et al., 2000). One way of spreading is “direct invasion” where it mainly results in destruction of the
primary organ site. Another way of cancer cell spreading is through the lymphatic system or bloodstream
which enables the cancer cells to travel to other organs such as the bone, lung, and liver. It has been
shown that the metastasized cancer cells retain the properties of the original cancer (Lodish et al., 2000).
For instance, melanoma or prostate cancer cells that spread to the bones still have the properties of a
melanoma or prostate cancer. Moreover, the morphology of the metastatic melanoma is different than a
tumor that has originated in the bone and it responds to treatment just like the primary melanoma and not
like a bone cancer. The original cancer is, therefore, called a primary cancer whereas the cancer that has

spread to other areas is called “metastatic cancer”.

Looking at normal cells in culture and under the microscope one would see a regulated cell division
which is obvious by the monolayer pattern of growth and continues until the surface of the tissue culture
dish is fully covered. This is when their growth comes to a stop. This pattern of growth of normal cells
that stops growing once they touch each other is called “contact inhibited” cell growth and division.
Normal cells essentially keep dividing for a certain pre-determined number of generations and then their
division stops and if kept at that condition the whole culture will die. Cancer cells, on the other hand,
have no controlled growth and division cycle and grow endlessly as long as they are supplied with
nutrients. Therefore, cancer cells, unlike normal cells, have no “contact inhibition” in their growth pattern

and are able to form layers of cells stack on top of each other.

At the molecular level, the onset of cancer is the accumulation of several mutations in the genome of just
a single cell (Tomlinson et al., 1996; Klein, 1998; Cahill et al., 1998; Lengauer et al., 1998; Lodish et al.,
2000). Identification of these molecular alterations is a key step in distinguishing a cancer cell from its
normal counterpart. Targeting these tumor markers requires in depth molecular understanding of these
changes that would help in designing new anti-cancer drugs. Targeted cancer therapy, unlike the
conventional approach of chemotherapeutics, promises a more selective effect with higher efficacy in
killing only cancer cells. Even though the identification of novel tumor markers has attracted much

attention in the past decade, an urgent need for new and efficient cancer biomarkers still remains.



Molecular Targets for Selective Cancer Therapy

Depending on the particular type of cancer, the standard treatments which patients usually undergo, either
used alone or in combination, comprise classical treatments such as surgery, chemotherapy and/or
radiotherapy. Targeted therapies that would be specific for cancer cells and their mis-regulated pathways
would be of great advantage and it would lead to:

1) Cancer diagnostics, in order to identify patients at earlier stages of cancer

2) Novel targeted therapies that would aim at key molecules involeved in cancer growth and progression
3) Novel approaches to maximize the effectiveness of targeted therapies and minimize the side effects
through selective targeting of the cancer cell or processes through which the can escape cell cycle check

points.

Identification of novel molecular targets for some of the most popular cancers (lung, breast, colon,
prostate, pancreatic, ovarian and melanoma cancer), would allow early diagnosis of cancer, and therefore
resulting in early detection of patients who need treatment. All this would be of great value in order to
choose the right treatment for individual patients. Moreover, the identification of new cancer molecular
targets would greatly assist in the development of new anti-cancer drugs. In addition, there is a possibility
of more prognostic markers to be identified in the process of these investigations that will be useful in
assessing the risk of developing metastasis. The ultimate goal is to identify pharmaceutical compounds

that can be used as new therapies and for treatment of cancer.

Targeted Cancer Therapy as an Efficient Treatment for Cancer

Targeted cancer therapy has been shown to be a potentially effective way of treating multiple cancers
(Sawyers, 2004). In this approach, anti-cancer drugs are designed to interfere with molecular targets
involved in tumor growth or progression. By focusing on the changes at molecular and cellular level that
are specific to cancer, targeted cancer therapies may be more effective than other types of treatment such
as chemo- and radiotherapy, with minimal effect on normal cells (Drebin et al., 1989; Markman, 2008;
Katzel et al., 2009). By triggering of the signals that would tell a cancer cell to die, targeted cancer
therapies would selectively stimulate the death pathways for a progressive cancer cell through processes
such as apoptosis. To develop effective targeted therapies, therefore, it is essential to identify good targets

which are involved in cancer cell proliferation and progression.



The prevention of the development of human cancer depends on the integrity of a complex network of
defense mechanisms that help cells to respond to various stress conditions. A key player in this network is
the p53 tumor suppressor protein. By inducing efficient growth inhibition, p53 eliminates cancer cells,
thereby preventing the development of human malignancies (Laptenko and Prives, 2006). p53 activity is
often affected by the mis-regulation of its many modulators, such as MDM2 or p73, which balance p53
tumor suppressive activity (Laptenko and Prives, 2006). Therefore it is crucial to fully understand how
p53 mediators contribute to cancer. Taken together, it is potentially an exciting approach to develop
therapeutic drugs that would manipulate p53 modulators, thereby activating the tumor suppression

activities of p53 which would drive the cancer cell to death.

Targeting pS3 Pathway for Cancer Treatment

The tumor suppressor protein, p53, is the most frequently altered gene in human cancer (Chang et al.,
1993; Berchuck et al., 1994) and, consequently, is considered an ideal target for cancer therapy. p53 is an
important regulator of the cell cycle that plays a central role in regulating the growth and division of cells
(i.e. that have sustained DNA damage) to prevent uncontrolled cell growth, which leads to the onset of
cancer (Chang et al., 1993). Over 50% of all human cancers exhibit non-functional p53 (Chang et al.,
1993). When p53 becomes activated in cancer cells, it activates apoptosis or programmed cell death by
inducing the expression or activation of pro-apoptotic proteins (Laptenko and Prives, 2006). These
proteins are: annexin V, Bax, waf p21 and caspases (Murphy et al., 2000; Fesik and Shi, 2001; Dejean et
al., 2006). It is desirable, therefore, to devise ways of activating wild-type p53 protein in cancer cells as a
powerful molecular target to induce the cells to undergo apoptosis. The p53 protein itself, however, is
regulated by the murine-double-minute (MDM?2) protein (HDM2 in humans, RDM?2 in rats) (Thut et al.,
1997; Haupt et al., 1997; Honda et al., 1997). MDM2 inhibits p53 in two ways: (1) MDM2 physically
blocks the ability of p53 to function as a transcription factor for p53 activated genes (Thut et al., 1997),
and (2) MDM2 stimulates degradation of p53 through the ubiquitin-dependent proteasome pathway
(Haupt et al., 1997; Momand et al., 2001).

The activity of the p53 protein is regulated by MDM?2 in normal cells. Mis-regulation of MDM2/p53
balance leads to transformation of cells. For instance, MDM2 overexpression results in growth advantage,
and tumorigenesis (Oliner et al., 1992; Zhou et al., 2000; Momand et al., 2001; Rayburn et al., 2005;
Bond et al., 2005). Mechanisms such as amplification of the MDM2 gene, polymorphism at nucleotide



309 (SNP309), increased transcription and translation are some of the mechanisms which result in
MDM2 overproduction (Bond et al., 2004; Bond et al., 2005). The fact that MDM2 binds and inhibits p53
function leads to the prediction that MDM?2 overexpression and p53 mutations should be mutually
exclusive in tumors. MDM2 gene amplification has been shown in 28 different types of tumors
comprising more than 3000 tumors and high lights and shows a negative correlation between occurrence
of p53 mutations and MDM2 amplification (Momand et al., 2001). Therefore, MDM?2 could be an
important therapeutic target in cancers. Different therapeutic approaches have been attempted to restore
p53 function (Bykov et al., 2002; Issaeva et al., 2004; Vassilev et al., 2004; Ding et al., 2005; Wiman,
2006; Vassilev, 2007). Targeting the MDM2-p53 complex using small-molecules to reactivate p53 has
been shown as a promising approach for the treatment of cancers (Vassilev et al., 2004; Ding et al., 2005;
Shangary and Wang, 2005; Shangary et al., 2008). Since MDM2 inhibits the p53 protein, one way to
stabilize wild-type p53 protein levels and activate p53 function, is to block the inhibitory pathway of
MDM2. By blocking the formation of the p53-MDM2 complexes, wild-type p53 is stabilized and is able
to induce p53-dependent cell cycle arrest and apoptosis (Thut et al., 1997; Haupt et al., 1997; Mirnezami
et al., 2003; Harris, 2006).

Genetic evidence that that embryonic lethality of MDM2-null mice can be rescued by the simultaneous
deletion of the p53 gene has also proven the MDM2-p53 interaction (Jones et al., 1995; Montes de Oca
Luna et al., 1995). Taken together, these studies show that MDM2 is important in regulating pS3 during

development, and that changes in MDM?2 levels can affect tumorigenesis.

Blocking pS3-MDM2 Complex to Induce Cancer Cell Death

Genetic and biochemical studies have shown that the MDM2-p53 interaction sites is at the 106 amino
acid long N-terminal domain of MDM2 and the N-terminus of the transactivation domain of p53 (Nagata,
2000). The p53-MDM2 binding domain has four hydrophobic residues (Phe 19, Leu 22, Trp 23 and Leu
26) in an amphipathic helix formed by p53 and a hydrophobic pocket in MDM2 (Nagata, 2000).

The crystal structure of the MDM2-p53 complex has now allowed the design of several of small-
molecule inhibitors of this complex. Some of these inhiitors are: cis-imidazoline (Harbour et al., 2002),
spiro-oxindole (Parks et al., 2005), benzodiazepinedione (Parks et al., 2005; Koblish et al., 2006),
terphenyl (Lu et al., 2006), quilinol (Lu et al., 2006), chalcone (Stoll et al., 2001) and sulfonamide



(Galatin and Abraham, 2004). Intensive investigations has led two non-peptidic compounds, Nutlin-3
(Vassilev et al., 2004) and MI-219 (Shangary et al., 2008), as potent inhibitors of the MDM?2-p53
interaction with acceptable pharmacological properties. Nutlin-3 was modeled on the N-terminal binding
domain of p53 for HDM2 (human MDM?2). It has been shown in vitro to inhibit the binding of p53 to
HDM2 and with a similar affect in vivo (Vassilev et al., 2004). Nutlin-3 treatment of cancer cells resulted
in the reduction of the turnover rate of p53 which resulted in an increase in the cellular concentration of
p53 (Vassilev et al., 2004), the reduction in cell growth and an increase in the apoptosis of the Nutlin-

treated cancer cells (Vassilev et al., 2004).

Targeted Peptide Therapy

The employment of peptides as efficient cancer therapeutics has recently become validated because of
their potency, specificity and low toxicity (Bottger et al., 1997). A critical requirement for peptide-
therapy is the ability of these molecules to efficiently transduce across the cancer cell plasma membrane.
Even though the plasma membranes of cells are impermeable to proteins and peptides, it has been shown
that certain short peptide sequences composed mostly of basic, positively charged amino acids (i.e.. Arg,
Lys and His), are capable of not only transporting themselves across cell membranes, but also carrying
cargo molecules such as proteins and DNA into cells (Wadia and Dowdy, 2002). The basic sequences in
these peptides are called protein transduction domains (PTD) and have been shown to transport cargo
proteins across a variety of cell membranes (Denicourt and Dowdy, 2003). Moreover, it has been reported
that the ionic interaction between positively charged Arg residues from PTDs and the negatively charged
phosphate group of the membrane lipid bilayer is a key player in the interaction of these peptides with
membranes (Mitchell et al., 2000). Nevertheless, the precise mechanism of action of PTDs is still to be

investigated.

PNC-27 and PNC-28 Cancer Cell Killers: Peptide Design and Structure

Based on the hypothesis of increasing the likelihood of driving cancer cells into apoptosis by increasing
the concentration of intact and active p53, our laboratory has designed two peptides, PNC-28 and PNC-
27, that contain the binding domain of p53 for HDM2, which is located in the amino terminal sequence of
the p53 protein between AA 13-27 (Moll and Petrenko, 2000). In contrast to Nutlin-3, which is a non-
peptidic compound left to enter cells simply by trans-membrane diffusion (Vassilev et al., 2004), the p53
AAs 12-26 in PNC-27 and AAs 17-26 in PNC-28 are linked to a 17 amino acid PTD from the modified



Drosophila homeobox sequence of Antennapedia (Ant) (Cp53Ant-37) to allow the insertion into and
transport of the active peptide through the cell’s plasma membrane directly into cytoplasm and nucleus.
We have termed this sequence “membrane residency peptide” or MRP, for short. Once in the nucleus, the
peptide was expected to block the formation of HDM2-p53 complexes by locating itself into the p53
binding site of HDM2. Linkage of the p53-derived peptide to the MRP was decided to be a necessary step
to prevent the uptake of either peptide or its digestion during endocytosis. The MRP peptide, a sequence
of 16 AA was modeled on the Antennapedia homeodomain protein of the fruit fly but modified by
replacing two AA. The peptide facilitates the transport of molecules into cells by inserting its tryptophan
residue at position 6 into the plasma membrane and creating a pathway into the cell (Do et al., 2003). For
the use of the MRP peptide in the preparation of the PNC-27 and PNC-28 peptides, the AA sequence in
the antennapedia protein was inverted and modified to increase its highly charged membrane-active
characteristics. Synthesis of the small p53 peptide, AA 12-26 in PNC-27 and AA 17-26 in PNC-28, and
their linkage to the MRP peptide could be performed at the carboxyl terminus or the amino terminus. In
fact, each of the linkages were performed and the peptides were analyzed with respect to their helicity
(Rosal et al., 2004) and compared by computer manufactured overlay to the conformation of the p53
peptide in its location in the groove of the HDM2 molecule as observed by crystallography (Figure 1;
Rosal et al., 2004). The analysis showed that linkage of the p53 peptide at its carboxyl terminus to the
MRP peptide end, not only retained the helical conformation of the p53 peptide but, most importantly,
preserved a nearly complete conformational overlap of the peptide with the published crystallographic
image of the p53 bound by HDM?2 (Fig. 1 and Fig. 2) (Kanovsky et al., 2001; Rosal et al., 2005; Sarafraz-
Yazdi et al., 2010). Based on these findings and the results of the peptide’s cytotoxicity on cancer cells
(Kanovsky et al., 2001; Do et al., 2003; Michl et al., 2006; Bowne et al., 2008), only the carboxyl
terminus-linked PNC-28 or PNC-27, respectively, have been used in all subsequent studies including the
investigations of my thesis. In order to determine whether or not the leader sequence itself or the p53
peptide alone were cytotoxic, the peptides were examined independently in vitro on cancer and normal
untransformed cells for their effects.

The results with cells from different cancer and normal untransformed cell lines and normal primary cells,
clearly demonstrate that neither the p53-derived peptides lacking an MRP sequence, nor the MRP
independent of the p53 peptides had any effect on the pancreatic or breast cancer cells or on
untransformed pancreatic acinar (BMRPA1) cells and other normal cells (Kanovsky et al., 2001; Pincus

et al., 2007).



Figure 1: PNC-27 structure. A: Solid ribbon structure for PNC-27 in the nonaqueous solvent. Helical
segments are shown as wide colored ribbons. Residue labels are shown along the backbone. B: Space
filling model showing amphipathic structure formation in PNC-27 in nonaqueous solvent. The color
scheme is as follows: green for hydrophobic domains, red for hydrophilic, neutral, or negatively charged
residues, and blue for positively charged residues. The amino terminus is at the right, while the carboxyl
terminus is at the left. (Adopted from Rosal et al., 2004).

These results strongly demonstrated that the presence of the MRP sequence, its specific carboxylic local
and its positively charged residues that stabilize the a-helix of the PNC-peptides, are crucial to the
cytotoxic effects of the p53 amino terminal PNC-peptides (Kanovsky et al., 2001).

To further understand the peptide’s effect on cancer cells, Rosal and colleagues (Rosal et al., 2004) used
bioinformatics and biophysical analyses of PNC-27 to determine whether the peptide’s structural
properties could explain its functionalities. Amino-acid sequence analysis shows that PNC-27 has strong,
distinct regions of hydrophobicity most prominently between residues 17 and 27 (Rosal et al., 2004).
When the MRP and p53 peptide residues 12-26 were analyzed examined independently and under the
same conditions, no regions of hydrophobicity were visible (Rosal et al., 2004). Secondary structure
prediction shed light on the location of the a-helix (residues 8-21), the B-strand (residues 25-30) and the
random coil structure (residues 1-7, 23-24, and 32) (Do et al., 2003; Rosal et al., 2004). Circular
dichroism analysis showed similar findings to the secondary structure predictions, in that the peptide
exhibits 26.35% a-helix, 14.56% extended B-strand, and 59.09% random coil at 37°C in aqueous PBS
solution (Do el al., 2003; Rosal et al., 2004). This information is important because the secondary
structure of a protein primarily dictates the way in which it interacts with a membrane. Cancer cell

membranes, especially, are known to display properties that are different from non-cancer cells, such as



differing lipid content, membrane fluidity and interaction with protein sequences. Do TN and colleagues
(Do et al., 2003) have speculated that one of these factors may be the cause of the PNC-27 selectivity
toward cancer cells. Short peptides, such as the p53 derived peptides with hydrophobic residues that
create a-helices, have been shown to cause cell death by altering the cell’s membrane permeability (Do et

al., 2003).

Figure 2: PNC-27 adopts an HDMZ2-binding conformation. Ribbon representation for the
superimposition of the NMR structure for residues 17-26 of PNC-27 (purple) on the x-ray
crystallographic structure for the same residues of the p53 17-29 peptide (green) bound to MDM2. N-
terminus, lower right; C-terminus upper left (Sarafraz-Yazdi et al., 2010).

Once the mechanism of cell death of cancer cells after being exposed to PNC peptides was confirmed to
be p53-independent necrosis (Kanovsky et al. 2001; Do et al., 2003), the peptide’s structural properties
were investigated in different environments as they exist within a cell: an aqueous milieu and a solution
that simulates a membrane, in order to determine the role of the environment on the peptide’s three
dimensional structure, and to learn about the disruptive behavior of PNC-27 and its selectivity for tumor
cell plasma membrane (Rosal et al., 2004). Using NMR experimental techniques, it was discovered that
the three dimensional structures of p53 and the MRP peptide, respectively, in an aqueous and non-
aqueous membrane-like environment are similar to one another (Rosal et al., 2005). In an aqueous
solution, the peptide has three helical segments throughout the peptide at residues 7-11, 12-15 and 16-19
(Rosal et al., 2005). These peptides therefore create an S-shaped structure (Rosal et al., 2005). In a non-

aqueous membrane-like solution, the peptide structure shows a bent helix-loop-helix motif that forms a
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U-shaped rod peptide structure derived from two helices that are positioned at right angles to one another

(Fig. 1A).

From the analysis of the structures carried out by Rosal and colleagues (Rosal et al., 2004, Rosal et al.,
2005), it appears that the peptide’s aqueous structure may be the precursor of the peptide structure found
in non-aqueous solution that exhibits the helix-loop-helix motif, if certain helices are shifted and
extended. This suggests that the conformation of the peptide can adjust to the properties of its

environment.

Structural Significance of PNC-27: Amphipathic Helix—Loop—Helix Structure

The loop-helix-loop motif has been shown in 20-30 amino acid peptides that are known to be membrane-
active, including melittin, the active component of bee venom that induces disruption of red cell
membranes (Lazarev et al., 2002; Lazarev et al., 2004; Lazarev et al., 2005), and the antimicrobial

peptide that causes lysis of bacterial membranes, magainin (Zasloff, 1987; Cruciani et al., 1992).

An important feature of this structural motif is its amphipathic nature. The presence of hydrophobic
groups on one face of the structures and hydrophilic groups on the opposite face allows these peptides to
become membrane-active. In PNC-27, the hydrophobic residues are grouped on one face of the molecule
and the hydrophilic motifs on the opposite face and separate into positively and negatively charged
domains as shown in Figure 1B. Unlike melittin, which is unstructured in water (Lazarev et al., 2002;
Lazarev et al., 2004; Lazarev et al., 2005), PNC-27 adopts amphipathic structures in an aqueous
environment (Rosal et al., 2004). This allows PNC-27 to interact with the plasma membrane. In the extra-
cellular matrix, the precursor S-shaped aqueous form would intercalate in the cell membrane and would
change to the U-shaped non-aqueous (Fig. 1A) form which would be membrane-active and eventually
would undergo a relatively small conformational rearrangement and adopts the full U-shaped

helix—loop—helix structure once in the membrane (Rosal et al., 2004; Rosal et al., 2005).

In addition to being membrane-active as amphipathic forms, U-shaped helix—loop—helix structures have
been hypothesized to form toroidal pores within the membrane, thereby further promoting membrane
lysis (Rosal et al., 2004; Rosal et al., 2005). The functional significance of the amphipathic helix-loop-

helix structural motif is derived from similar sized peptides that adopt the same helix-loop-helix
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conformation that are known to be active membrane proteins (Lazarev et al., 2002; Lazarev et al., 2004;
Lazarev et al., 2005). Peptides that exhibit this bent helix-loop-helix structure have also been known to
form toroidal pores in the membranes with which they interact, inducing cell lysis (Zasloff, 1987,

Cruciani et al., 1992; Corzo et al., 2001; Rosal et al., 2005).

The mechanism of necrosis is slowly becoming understood through the discovery of crucial components
of the peptide which includes its conformational motifs in different cellular environments. When PNC-27
or PNC-28 were added to cancer cells maintained in growth media, they killed most of the cells within 12
to 48h after initiation of the treatment (Kanovsky et al., 2001; Do et al., 2003; Pincus et al., 2007). While
killing breast cancer MDA-MB-468 cells that contain mutant p53 reveals that the peptides are cytotoxic
to cancer cells, the killing of other breast cancer cells such as MCF-7 which over-express wild-type p53,
and of human MDA-MB-157 breast and osteosarcoma SA0S2 cells both of which are p53-/- (p53 null)
were unexpected findings (Kanovsky et al., 2001; Do et al., 2003; Pincus et al., 2007).

These results demonstrate that unlike other molecules that interfere with the complex formation of p53 to
HDM2 (Chene et al., 2002; Vassilev et al., 2004), PNC-27 and PNC-28 are cytotoxic to a variety of
cancer cells including p53-/- cancer cells. The results strongly support the notion of a potentially different
mechanism of action for PNC-27 and PNC-28 in killing cancer cells than the apoptosis-inducing action of
Nutlin-3 and Nutlin-like molecules. Moreover, when untransformed normal breast epithelial cells MCF-
10-2A and normal rat pancreatic acinar BMRPA1 cells were cultured for the same time period as cancer
cells and in presence of the same concentrations of either PNC-27 or PNC 28, the cells showed no effect
and continued to grow uninhibited (Kanovsky et al., 2001; Do et al., 2003). The observation was
expanded to include examination of the effect of the peptides on human umbilical cord-derived
hematopoietic stem-cells from 5 different donors that, when cultured for up to 12 days in presence of
doses of PNC-28 that are lethal to cancer cells maintained their growth and their capacity for lineage-

specific differentiation (Kanovsky et al., 2001).

Absence of organ toxicity of PNC-28 was subsequently shown in rodents that had been implanted with
osmotic pumps delivering a continuous dose of the peptide over extended periods of time (Michl et al.,
2006). Additional control experiments have shown that the MRP component alone of the peptide, the
“naked” AA 17-26 and AA 12-27 peptides of p53, and peptides synthesized with the scrambled AA 12-
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27 sequence linked via the carboxyl terminus to the MRP peptide (called X13-MRP) as well as a 16 AA
long sequence from an unrelated protein, cytochrome P450 and linked on the carboxyl terminus to MRP
(called PNC-29), do not induce cytotoxicity in human breast cancer MCF-7 cells (Kanovsky et al., 2001;
Do et al., 2003). Taken together these results strongly indicate that the anti-cancer effect of the PNC-27
and PNC-28 peptides is directly linked to their unique composition and structure (Do et al., 2003; Pincus
et al., 2007). Insight into the mechanism of action may come from the structure of PNC-27. As alluded to
above, our laboratory has determined the structure of PNC-27 using two-dimensional NMR both in
aqueous and membrane-like solvents (Rosal et al., 2005). The structure of PNC-27 in both solvents
exhibited two a-helices, one in the p53 segment and one in the MRP domain separated by a loop at the

junction of the p53 and MRP peptide sequences (Figure 1A).

PNC- Peptides are Effective in Treating Pancreatic Cancer in vivo

In addition to examining the cytotoxicity of PNC-27 and PNC-28 peptides on cancer cell lines in vitro,
our laboratory has demonstrated the effectiveness of PNC-28 in inducing selective cytotoxicity against
cancer cells in vivo (Michl et al., 2006). Rat pancreatic cancer BMRPA1.TUC3 cells were transplanted
into nude mice.

The tumors were treated by the intra-peritoneal or subcutaneous implantation of osmotic pumps that
delivered a constant dose of either PNC-28, control X13-MRP or PNC-29 over a two week period. No
tumor growth was observed when PNC-28 was applied to the mice parallel to the intraperitoneal
implantation of the tumor cells. In contrast, mice that in the same protocol received treatment with any of
the control peptides succumbed within less than three weeks to the rapidly growing tumors. At this time,
peritoneal lavage of mice treated with PNC-28 and PNC-29 control showed colonies of spindle-shaped
malignant cells were in the PNC-29 treated group while in PNC-28-treated mice the only cells that were
retrieved were large numbers of mononuclear phagocytes (Fig. 3A) (Michl et al., 2006).

When tumor cells were transplanted subcutaneously (s.c.) and allowed to grow prior to the s.c.
implantation of the osmotic pumps, the delivery of PNC-28 arrested the growth of the tumors and, in
some cases, even reduced tumor size strongly suggesting that the peptide’s tumor-specific cytotoxic
effects are expressed in vivo (Fig. 3B), while rapid growth occurred in the control peptide-treated mice
(Michl et al., 2006). After PNC-28 administration was discontinued, growth of tumors from any residual
cells was not observed for more than fifteen days (Michl et al., 2006). In contrast, tumors implanted s.c.

in nude mice treated with control PNC-29 peptide grew rapidly and metastasized. Importantly, the mice
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treated with PNC-28 thrived and neither they nor mice, that had not been implanted with cancer cells but
that were treated with PNC-28 releasing pumps, exhibited any side effects.
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Figure 3: PNC-28 Kills rat pancreatic cancer cells in vivo. A: Comparison of peritoneal aspirate from
tumor bearing mice treated with PNC-27 (left panel) or PNC-29 (right panel) showing the presence of
tumor cells in PNC-29 treated mice which are absent in PNC-27 treated mice. B: Comparison of tumor
size in mice bearing rat pancreatic cancer BMRPA1.TUC3 tumor treated with either PNC-27 or PNC-29
for 14 days followed by no treatment up to 35 days (Adopted from Michl et al. 2006).

These findings corroborate the in vitro findings that PNC-28 and, by inference and experiments described
in this thesis, PNC-27 have potent cytotoxic effects on cancer cells, and that the PNC-peptides do not

affect the viability and function of untransformed normal cells.

These results are highly encouraging and they suggest that PNC-27 and PNC-28 may provide effective
novel therapeutics in the war on cancer. Of specific interest in the context of the presently used protocols
in cancer therapy are the process by which PNC-28 and PNC-27 select tumor cells and not normal cells
nor hematopoietic cells, the limiting target of all presently used chemotherapy, for their lethal attack and
the mechanism by which the two peptides kill tumor cells. It was the general aim of the work summarized
below to identify a structure or molecule(s) that guide PNC-28 and PNC-27 to tumor cells and to
elucidate the mechanism that the two PNC-peptides employ in killing cancer cells. The specific aims of

this thesis are summarized on page 28.
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MATERIALS AND METHODS

Materials

Peptides
PNC-27,H-Pro-Pro-Leu-Ser-GIn-Glu-Thr-Phe-Ser-Asp-Leu-Trp-Lys-Leu-Leu-Lys-Lys-Trp-Lys-
Met-Arg-Arg-Asn-GIn-Phe-Trp-Val-Lys-Val-GIn-Arg-Gly-OH, was synthesized using solid phase
methodology (Shaanxi Zhongbang Pharma-Tech Corp., NanguanZhengjie, Xi’an, China) and was >95%
pure by HPLC and mass spectrographic analysis. The bold-type sequence corresponds to amino acid
residues 12-26 of the HDM2-binding domain of human p53 while the italicized sequence corresponds to
the membrane residency peptide (MRP) segment. PNC-28, which contains p53 AA 17-26 linked to the
MRP, was likewise synthesized by solid phase methodology (Biopeptide Corp., La Jolla, CA). A double
fluorescent probe-labeled form of PNC-27 was prepared containing an amino terminal fluorescein
isothiocyanate (FITC) fluorophore and a carboxyl terminal rhodamine fluorophore. The negative control
peptide, PNC-29 (Kanovsky et al., 2001; Do et al., 2003; Pincus et al., 2007; Bowne et al., 2008; Michl et
al., 2006), containing the X13 peptide from cytochrome P450 (bold-type) attached to the MRP (italics),
H-Met-Pro-Phe-Ser-Thr-Gly-Lys-Arg-Ile-Met-Leu-Gly-Glu-Lys-Lys-Trp-Lys-Met-Arg-Arg-Asn-Gln-
Phe-Trp-Val-Lys-Val-GIn-Arg-Gly-OH, was likewise synthesized by solid phase methodology, was >95%
pure and was purchased from Biopeptide Corp. For the experiments stock solutions of 20mg peptide/ml
Dulbecco’s phosphate buffered saline (PBS) were prepared of each peptide which was distributed in
volumes of 0.05 to 0.1 ml into sterile protease-free vials and stored frozen at -80°C. The stock was used
for up to three months without loss of activity whereby repeated freezing and thawing of individual vials

was strictly avoided.

Buffers

PBS (pH 7.2): 0.14M NacCl, 0.003M KCl, 0.002M KH,PO4, 0.02M NaH,PO4

Lysing buffer (Triton-x100) (pH 6.8): 0.06M Tris-HCL, 1% TritonX-100, 1:50 dilution of Protease
Inhibitor Cocktail, 0.001M Na orthovandate and 0.015M MgCl..

Homogenization buffer (pH 7.4): 0.02M sodium phosphate, 0.001M MgCl,, 250 mM sucrose and
protease inhibitor cocktail (1:50).

Laemmli Sample buffer (pH 8.3): 0.0625 M Tris-HCL, 2% SDS, 0.01% bromphenol blue; 25% Glycerol.
Transfer buffer (SDS-PAGE) (pH 8.3): 0.025M Tris-HCL, 0.192M glycine, 20% methanol, 0.1% SDS
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TBS-T (pH 7.6): 0.02M Tris Base, 0.137M NaCl, 0.1% Tween-20
Buffered Paraformaldahyde (2-3%) made fresh, dissolved in PBS and adjusted to pH 7.0.
Buffered Glutaraldehyde (3%) was prepared in 0.13M cacodylate buffer adjusted to pH 7.2.

Antibodies (Abs)

Anti-H(M)DM2 Abs:

MDM2 (N-20; sc-813): rabbit IgG (R IgG), epitope mapping at the N-terminus of MDM?2
MDM2 (SMP14; sc-965): mouse monoclonal IgG (mAb) raised against AA 154-167
MDM2 (H-221; sc-7918): R IgG, epitope corresponding to AA 100-320 of MDM2
MDM2 (HDM2-323; sc-56154): mAb IgG, raised against AA 389-402 of MDM2

MDM2 (D-7; sc-13161 TRITC): TRITC-mAb IgG, raised against AA 100-320 of MDM?2
MDM2 (2G2; sc-53368): mAb IgG, raised against AA 180-190 of MDM?2

MDM2 (CalBiochem OP145): mAb IgG, raised against AA 19-50 of HDM2

Anti-p53 and PNC-27 Abs:
p53 (DO-1; sc-126 FITC): mAb IgG2a, epitope mapping to AA 11-25 of p53 of human origin
MRP: R IgG, raised against the MRP sequence of PNC-27. This Ab is a product of our laboratory.

Secondary Abs:
6 nm gold-GoataMouse F(ab’)2 (GaM); 6 nm gold-DonkeyaR F(ab’)2 (DaR); 15 nm gold-DaR F(ab”)2.

Cell Culture Media and Reagents

RPMI 1640, DMEM containing 5.5mM glucose (DMEM-G+) penicillin-streptomycin, 0.2% trypsin with
2mM EDTA and Trypan blue were from GIBCO (New York). Fetal bovine serum (FBS) was from
Atlanta Biologicals (Atlanta, GA). Protease inhibitor cocktail was purchased from BD PharMingen
(Franklin Lakes, NJ). Mercaptoethanol (2-ME), dithiothreitol (DTT), sodium dodecyl sulfate (SDS),
nitrocellulose membrane, blot papers, prestained markers and Protein Assay Dye Reagent were obtained
from BIO-Rad (Richmond, CA). Tissue culture flasks (TCF) were from Falcon (Mountain View, CA);
tissue culture dishes (TCDs), 96 well ELISA plates, 15ml and 50 ml sterile conical polypropylene
centrifuge tubes were from Corning. TC plates (TCP) (6-well, 24-well and 96-well) were from Costar
(Cambridge, MA).
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Cells and Cultures

BMRPA1, BMRPAIL.TUC3, OVCA4 and OVCAS cells were established in this laboratory (Bao and
Thelmo, 1994; unpublished OVCA4 and OVCAS data). BMRPAI cells are normal rat pancreatic acinar
cells maintained in culture; the cells exhibit the differentiated characteristics of normal epithelial cells and
the biosynthetic and secretory responses of pancreatic acinar cells. BMRPAI.TUC3 (BMRPA.K-ras
Vall2) are BMRPALI cells transformed by transfection with a plasmid containing activated human K-ras
minigene with an oncogenic mutation at codon 12 [(G>T:Gly—>Val) (Kind gift from M. Perucho,
CIBR)] (Konovsky et al., 2001). OVCA4 and OVCAS8 are primary human ovarian cancer cells derived
from tissue from patients undergoing surgery due to ovarian cancer. The tissue was obtained in
accordance with a protocol approved by the institutional IRB. The tissue and the cultured cells were
characterized as ovarian cancers by their histopathology and the presence of immunohistological markers
(manuscript in preparation; cells established and characterized in this laboratory by Drs. C. Gorelic and
A. Wagerich, Div. of Gynecological Oncology, Dept. OB/GYN, Downstate Medical Center). BMRPALI,
BMRPAI1.TUC3, OVCA4 and OVCAS cells were cultured in cRPMI which is RPMI prepared in this
laboratory as described (Bao and Thelmo, 1994) and supplemented with 10% FBS and Penicillin-
Streptomycin (100U/100 pg per ml). Other cell lines studied were obtained from the American Type
Culture Collection (ATCC; Manassas, VA) and cultured in cDMEM which is DMEM with 10%FBS and
Penicillin-Streptomycin (100U/100 pg per ml). B16 cells are mouse melanoma cells. A2058 are human
melanoma cells. MIA PaCa-2 (Yunis et al., 1977) are human pancreatic cancer cells. MCF-7 are human
breast cancer cells. MCF-10-2A are untransformed human breast epithelial cells. Agl3145 are primary
human fibroblasts (Coriell Institute, Camden, NJ). During cell culture spent cell media were renewed
every two or three days. When the cells were ~80% confluent, they were released with trypsin-EDTA,
washed and resuspended in fresh complete medium and distributed into desired number of TCFs. Cells

were incubated at 37°C in a 95% air-5% COz.

Methods

Assay for 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)

MTT assay was performed using the guidelines of the manufacturer of the assay kit (Promega, Madison,

3
WI). Briefly, 5x10 cells were seeded into the wells of a 96-well Tissue Culture Plates (TCP) and allowed
to adhere over night in presence of 100 pl of complete medium (DMEM or RPMI containing 10-15%
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FBS) when they were treated with the concentrations of peptide (All peptides were sonicated twice for 30
sec.). After 24h incubation with the peptide, 10 pl of MTT substrate mix (Promega) was added to each
well and incubated at 37°C. After 4 h, 100 ul of MTT stop solution was added to each well and
absorbance was read at Optical Density of 570 nm in SpectraMax 90. The values obtained for each set of
triplicates were calculated for the mean and the standard error from the mean (SEM). Since the
calculations showed that the SEM in virtually all experiments remained below 5% their reproduction is

not visible in the respective graphs.

Lactate Dehydrogenase (LDH) Assay

Approx. 7000 cells grown in 96 well tissue culture plates (TCP) over night were treated in triplicate wells
with PNC-27 and PNC-29 peptides at various concentrations as described in Results. All peptides were
sonicated twice for 30 sec. After 30min of incubation with the peptides titrated in Dulbecco’s Phosphate-
Buffered Saline (PBS) at 37°C, a volume of 50 pl of the supernatant was collected from each well and
distributed into a second set of 96-well TCP for the LDH Cytotoxicity Assay (Promega, WI) as the
described previously (2,4). Briefly, 50 ul of the assay buffer — substrate mix were added to each sample
well of the second 96-well TCP. After another 30min reaction period, stop solution was added to each

well and the samples were read at OD in an Enzyme-Linked ImmunoSorbent Assay (ELISA) reader.

90nm
The values obtained for each set of triplicates were calculated for the mean and the standard error from

the mean (SEM).

Dose Response Experiments

For dose response experiments, 0.1 ml of cells at 7xlO3 cells/ml of complete medium was pipetted into
each of the wells of a 96-well TCP. After allowing the cells to adhere overnight, the medium was
removed and 100 pl of the different PNC-27 concentrations in PBS (37°C) was added to triplicate wells
and the incubation continued for 30 min at 37°C. At T=0 min and T=30 min a triplicate set of
supernatants and cell lysates were removed that had been incubated in PBS only (controls). These two
sets of samples were used to establish background values for LDH release and LDH content of cells
incubated for 0 and 30 min, respectively, in PBS only. At the end of the incubation period 50 pl of culture
supernatant were removed from each of the experimental wells, and 50 pl of lysis buffer (2% Triton-X-

100 in dH20) were added to each well to measure intracellular LDH (as described above).
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Caspase Assay

To determine if apoptosis occurred in PNC-27-treated cells, for each time point, cells from each well
were washed with PBS, harvested, and lysed with 50 ul of cell lysis buffer (Biovision Inc, Mountainview,
CA) for 10 min in ice with intermittent gentle vortexing. For the positive control experiment, a total of 50
ul of total lysate along with 50 pl of staurosporine (Sigma, St. Louis, MO, USA) at a concentration of 45
ul /ml was added to a 96 well plate. 2X Reaction buffer (50 pl) and 5 pl of caspase 3 and 7 substrate
(Biovision, Inc) were then added. The plate was incubated at 37°C, according to manual protocol and
then read at 405 nm. The above procedure was repeated in parallel for the untransformed counterpart,

MCF-10-2A, cell line.

Real-Time Live Cell Imaging Using Spinning Disc Confocal Microscopy

Cells (5—10X104) were seeded and grown overnight in 35 mm TC dishes containing glass coverslip (#1.5)
bottoms (Mattek, MA, USA). The next day, the cells were prepared for three different conditions of real-
time studies: Experiments using condition one (I) were done without preloading the cells with a marker.
Experiments using the second condition (II) required loading the cell’s mitochondria or lysosomes with a
fluorescent dye prior to microscopy. In the experiments using the third condition (III), competition
experiments, cells were pre-incubated with Ab to either HDM2 or MRP followed by the successive
addition of PI and PNC-27.

Experimental Condition I

Cells were washed with PBS and Iml warm (37°C) PBS was added to the 35 mm TCD which was placed
immediately into the specimen carrier of the microscope inside an environmental chamber equipped with
an automated temperature setting at 37°C. Subsequent to bringing the cells into optical focus a
Differential Interference Contrast (DIC) picture was taken to document the untreated cell’s morphology at
T=0 min. The nuclear dye Propidium lodide (PI, 491 nm, Molecular Probes, Invitrogen, CA) was added
to a final concentration of 5 M in PBS and cellular staining was recorded at 491 nm in 10 -30 sec
intervals for up to 15 min when PNC-27 was added at a predetermined concentration. At this time another
DIC picture was taken of the culture and the recording of the appearance of any fluorescence of the cells

was continued for up to 15 min. Another group of TCDs containing the same cancer cells served as

4
controls and were treated with PNC-29 or were left untreated. Normal primary human fibroblasts (5X10
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cells/35mm TCD) were used as additional controls and exposed to the same concentration of PNC-27 and

their response recorded.

For experimental condition I, the spent medium in the dishes was replaced with medium without FBS,
and Mitotracker dye (516 nm, Green FM, M7514, Molecular Probes, Invitrogen) was added to a final
concentration of 150 nM and incubation of the cells was continued in the 37°C incubator. After 30 min to
45 min, the preloaded cells in TCD were transferred to the microscope specimen carrier, a DIC picture
and the staining of the cells mitochondria were recorded and PNC-27 or PNC-29 was added to the
medium and recording of the cell’s reactions was begun within one minute and an image was taken every

10 seconds.

Experimental Condition 11

Different set of cells were also pre-stained with Lysosensor dye (505 nm, L7535 Green DND-189,
Molecular Probes, Invitrogen, CA) at a final concentration of 2 M at 37°C. Control TCDs were incubated
with an equal amount (21) of dimethyl sulfoxide (DMSO) the solubilizer of the lysosensor dye. After 45
min the cells were washed, transferred into PBS, dishes were placed onto the microscope at which time
(T= 0) DIC and fluorescent images were recorded prior PNC-27 addition to the cells. During incubation

with PNC-27 images were taken every 10 sec for 20 min.

Experimental Condition I1I

Cells were placed into PBS and preincubated with either RHDM-2 (100 pg/ml) or RaMRP IgG (100
pg/ml). In control TCDs cells were left either untreated or incubated with RM IgG (100 pg/ml) or with
Human Serum Albumin (200 pg/ml) (HSA, Sigma, St. Louis, MO, USA). The specific Ab concentrations
applied had been determined in earlier experiments using the LDH release assay. After incubation for 45
to 60 min. at RT, the TCDs were transferred to the microscope, the cells were brought into focus in each
of 5 different areas on the cover slip and that were observed virtually simultaneously enabling the
recording of no less than 100 cells for each time point. The cell’s morphology was recorded using a 40x
dry Plan-Apo/0.11-0.23 FN objective (T=0 min). At this time PI was added to a final concentration of 5
mM. After 1 min, pictures of the cells were recorded for 2 min at 30 sec intervals at 491 nm to establish
the number of cells in each of the 5 successive areas that would take up PI in absence of any peptide

treatment. At this time PNC-27 was added and recording was continued at 561 nm at 10 sec intervals for
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up to 15 min or 20 min when the final DIC picture was taken before the incubation was stopped.
Immediately after the end of the recording period, the cells in each of the five separate areas that had been
recorded for each time point were analyzed for PI uptake and the number of PI positive cells was noted.
The number of PI positive cells found within the total number of cells present in the five areas per

recorded time point is expressed as per cent PI positive (dead) cells.

Real-time live cell imaging of cells studied in experimental conditions I and II was performed in a
spinning disk Confocal Laser Microscope (Zeiss/Perkin Elmer, CT, USA) using an Inverted Zeiss
Axiovert 200 linked to a Hamatsu Orca ER cooled CCD Camera and 491 nm and 561nm lasers. Image
acquisition and analysis were done using MetaMorph software (Molecular Devices, Downingtown, PA).
Real-time live cell imaging of cells studied in experimental conditions III was performed in a spinning
disk Confocal Mercury Lamp IX2UCB Microscope (Olympus IX81) linked to a Hamatsu Orca R2 cooled

CCD Camera. Image acquisition and analysis were done with Slidebook 4.2 software.

Immunofluorescence Staining (IF)

Cells were seeded and grown on glass cover slips in 24-well TCP until they reached 50-60% density.
After removal of the spent medium and PBS washing buffer the cells were treated for defined period of
time (see Results) at 37°C in a humidified 5% CO2 - 95% air incubator chamber with PNC-27 at pre-
determined concentrations. At the end of the incubation the cells were washed and fixed in 3% buffered
paraformaldehyde. After 1.5 h fixation the cells were washed and free aldehyde groups from the fixation
step were quenched by incubating the samples with glycine (1%) and sodium borohydride (1%) in PBS
each for 30 min, followed by washing in PBS. Cells were then stained directly, for 2 h, 4°C, with hu-p53
specific FITC-mAb DO-1 (5 pg/ml) and HDM-2-specific TRITC-mAb D-7 (5 pg/ml) in 1% FBS-PBS.
After removal of non-reactive Abs and extensive washing, the cover slips were mounted on glass slides
over Prolong Gold Antifade (Molecular Probes, Invitrogen, Carlsbad, CA) and examined with a laser-
equipped Olympus Confocal microscope 1X76 (Olympus America Inc, Center Valley, PA). Results were
digitally recorded. In some experiments indirect staining was performed (as indicated in Results), where
cells prepared as above on cover slips were incubated with mAb DO-1 or RuMRP IgG (to stain for PNC-
27) and RaH/Rat/MDM-2 IgG #H-221 for 4 h followed by extensive washing to remove unbound Ab.
The cells were then incubated with biotinylated GaM IgG or biotinylated GaR IgG (Zymed) at 1:200
dilution for 2 h, washed, and further incubated (1 h, RT) in PBS containing Streptavidine, Alexafluor-488
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nm conjugate (1:200) and Streptavidine, Alexafluor 568 nm conjugate (1:200), respectively, washed and

mounted on glass slides over Prolong Gold Antifade and examined as above.

Preparation of Cell Lysates and Plasma Membrane for Western Blotting (WB)

2
Cells were grown in 175 cm Tissue Culture Flasks (TCF) to approximately 80% confluency when they
were placed on ice, washed with ice cold PBS, scraped and collected in ice cold PBS. The collected cell
volume was divided into two equal parts: One part was used to obtain whole cell lysates while the second

part was used to purify plasma membrane from the same cell population.

To prepare whole cell lysates, the cells in PBS were pelleted for 10 min at 250xg, 5°C, the supernatant
was removed and the pellet resuspended in lysing buffer [2% Triton X-100 in 0.06M Tris-HCI, pH7.5,
0.001M Na-orthovanadate, cocktail of HALT protease inhibitors (1:100; Pierce Biotech, Rockford, IL)]
and incubated in ice with frequent agitation. After 30 min the cell lysate was cleared of intact cell nuclei
by centrifugation at 12,400xg, and the clear supernatant was removed and saved for determination of
protein concentration, protein separation on polyacrylamide gels and WB. Cell lysates were stored frozen
at -80°C. To obtain the purified plasma membrane fraction, we used a plasma membrane protein
purification kit (Biovision, CA). Briefly, cells were rinsed in ice-cold PBS, re-suspended in
homogenization buffer with cocktail of HALT protease inhibitors (1:100; Biovision, CA). The
homogenate was centrifuged at 700 x g for 10 min. The supernatant was collected and further centrifuged
at 10,000 x g for 30 min. To purify plasma membrane protein, the pellet was re-suspended in a 1:1 upper
phase solution: lower phase solution, followed by 5 min incubation on ice. The lower phase was extracted
twice with the upper phase solution by centrifugation at 3,500 x g for 5 min. The upper phase was
collected and diluted in 5 volumes of water for 5 min on ice. The pellet of the plasma membrane protein
was obtained by centrifugation at 14,000 x g for 10 min. To assure that this fraction contained plasma
membranes, samples were subjected to transmission electron microscopy to confirm the presence of

membranes.

For both whole cell and plasma membrane lysates, the protein concentrations were measured using the
Bradford assay as described by the manufacturer (Pierce Biotech). For the Bradford assay, ten-fold
dilutions of the protein samples and bovine serum albumin (BSA) controls in solubilization buffer were

prepared in the same buffer without Triton X-100 to bring the Triton X-100 concentration to <0.1%.
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Samples of the different lysates containing equal amounts of proteins were prepared with 2x Laemmeli
sample buffer (BioRad, Hercules, CA) under reducing conditions and separated in linear 12% SDS-
PAGE gels (BioRad), followed by electrophoretic transfer to nitrocellulose paper (BioRad) for WB with
antibodies (each at 5 pg/ml blocking buffer) to RDM2, MDM2, HDM2 and PNC-27. After
electrophoretic transfer of the separated polypeptides, the remaining charged sites of the nitrocellulose
membrane were blocked 2x30min at Room Temperature (RT) with 5% dry milk in Tris Buffered-Saline
Tween-20 (TBS-T) buffer, washed with deionized H20 (dH20) before the membrane was incubated at

RT with the primary Ab solution in 0.1% milk in TBS-T. One hour later the membrane was washed
extensively with TBS-T and reincubated for 30min, RT, with the secondary Ab solution of HRP-DM IgG
(Jackson ImmunoResearch, West Grove, PA) 1:1000 in 0.1% milk in TBS-T. After extensive sequential

washing in TBS-T followed by dHZO to remove any remaining non-reactants, Immun-Star HRP Peroxide

Buffer + Immun-Star HRP Luminol/Enhancer (ratio 1:1) (BioRad) were added to the nitrocellulose
membranes and the chemiluminescent reaction was exposed in complete darkness to X-ray film (HyBlot

CL, Denville Scientific, NJ). Exposure time was from 1 to 10min as indicated in Results.

Transmission Electron Microscopy (TEM)

TEM- Cells

Cells (1X106) were grown in 6-well dishes overnight; spent medium was removed, and the cells were
washed with PBS and treated at 37°C with PNC-27 at pre-determined concentrations. After 10 min of
PNC-27 or PNC-29 treatment, the cells were washed and fixed in 3% buffered paraformaldehyde
supplemented with 1% glutaraldehyde for 2hrs at which time they were scraped into PBS and centrifuged
into a pellet. The pellet was embedded in 6% agar in PBS followed by osmication and dehydration
through sequential passages in increasing concentrations of ethanol (50-100%). The pellet was embedded
in 50% resin for 1h followed by 100% resin embedment overnight. Samples were processed for TEM by

preparing 60nm thin sections that were stained with uranyl acetate and examined in a Zeiss EM10 TEM.

TEM- Membranes
As described earlier, plasma membranes were obtained in a series of steps following cell homogenization
with an Omni TH115 homogenizer, low speed (500 and 1000xg) and ultracentrifugation of the

homogenized cells to enrich for the cell’s plasma membranes. Prior to the solubilization of the 30,000 xg
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pellet that is expected to contain the plasma membrane enriched fraction; a small amount was removed
from the pellet, transferred and fixed in 2.5% glutaraldehyde in 0.113M Cacodylate buffer (pH7.4). After
overnight fixation, the membrane samples were post-fixed in osmium tetraoxide, embedded, sectioned for
TEM as described above, the sections (60 nm) stained with uranyl acetate and examined with a Zeiss

EM10.

Immunogold TEM

Cells (1X 106) were grown in 6-well TCD overnight, when spent medium was removed; the cells were
then washed with PBS and treated at 37°C with PNC-27 in PBS. After 10 min, the cells were washed and
fixed in 3% buffered paraformaldehyde supplemented with 0.1% glutaraldehyde for 1.5 h. After extensive
washing, quenching with glycine and NaBH4 (as described earlier for immunofluorescence) the cells
were incubated overnight at 4°C with Mhu-p53 mAb clone DO-1 or RRP and RHDM -2, each at Sug/ml,.
After removal of unbound Ab and washing with PBS the cells were incubated for 6 h with 6 nm gold-
conjugated GaM F(ab’)2 or 6 nm gold-conjugated RaM F(ab’)2 and 15 nm gold-conjugated GaR
F(ab’)2. After extensive washing, cells were post-fixed in 1% glutaraldehyde in cacodylate buffer
(0.113M, pH 7.2) overnight when the fixed cells were scraped into PBS, centrifuged into a pellet, washed
in cacodylate buffer and post-fixed in 1% osmium tetraoxide. Following embedding and sectioning, the
thin sections were stained with uranyl acetate and examined in a Zeiss EM10 TEM. In a separate set of
control experiments, A2058 human melanoma cells were treated with streptolysin O (Santa Cruz

Biotechnology) Rabbit IgG against SLO (RaSLO IgG) (Santa Cruz Biotechnology, Santa Cruz,

nd
California) and 2 antibody (Ab) 6 nm gold particles conjugated Goat IgG against RIgG (gold-GRIgQ)
was from Electron Microscopic Sciences (EMD, Ft. Washington, PA, USA) (In a series of preliminary
dose-response experiments over a 30 min incubation period at RT, 10 Hemolytic Units (HU)/ml were

established as the LD50 in A2058). After 10 min SLO-treatment at RT unbound SLO was washed off with

ice cold PBS, the cells were fixed, blocked and quenched as described above. The cells were then
successively stained with RaSLO Ab (Sigma) and 6 nm gold -derivatized GoaR IgG, post-fixed in 1%
glutaraldehyde in cacodylate buffer, scraped and processed for TEM as described above. Photography
was done using an automated digital camera providing a scale bar for each picture that accompanied the
preparation of the present photographs and defines in any comparisons the correct sizes of cells and

cellular organelles.
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Scanning Electron Microscopy (SEM)

Cells were grown on glass cover slips and treated with PNC-27 (150 pg/ml) for 3 -5 min at 37°C. Control
cells were left untreated in the same buffer conditions. At the end of the incubation period the cells were
fixed in 3% glutaraldehyde in 0.113M cacodylate buffer (pH7.4) at 37°C in a waterbath for 15 to 30 min,
followed by overnight fixation at RT. The cells were then immuno-gold stained with antibodies against
PNC-27 and HDM2 as described for TEM immuno-gold experiments. The cells were then dehydrated by
moving each cover slip through a series of increasing alcohol concentrations from 50% to 90% (2
incubations each for 5 min) and 100% (2 incubations, 10 min each). The cover slips with the cells up
were then mounted on metal stubs, platinum sputter-coated and viewed in a LEO 1550 SEM equipped
with an automated digital camera that inserted scale bars according to the magnifications used during
photographic recording of the results. These studies were performed at Rockefeller University and

American Museum of Natural History, New York, NY.

Temperature Studies of PNC-27

Cells (0.1 ml of a concentration of 7X104 cells/ml) were seeded in the wells of 96-well TCP and allowed
to adhere overnight. The next day, cells and peptide concentrations examined were brought separately to
the different temperatures described in Results by incubation in a circulatory water bath set to maintain at
the desired temperature. In addition to the automated electronic temperature sensor that maintained the
water temperature at the defined temperature + 0.1°C, the temperature in the wells was measured in
parallel by the continued placement of a narrow-tipped thermometer in one or more of the wells in the
TCP. Only when the two temperature measurements agreed was the spent medium replaced in the cell-
containing wells by 0.1ml of PBS containing PNC-27 that had been allowed to equilibrate in the water
bath to the same temperature as the cells in the TCP. Each PNC-27 concentration was examined in
triplicate wells. In addition, triplicate wells of cells were assayed in the absence of peptide treatment.
Following 30 min incubation at the defined temperature, 50 pul of the supernatant were removed from
each well, and the cells were immediately lysed and supernatant and cell lysates were assayed for LDH as
described above. In the case of temperature transition from 17°C to 37°C, cells were seeded as above and
grown for 72 h before they were incubated with different concentrations of PNC-27 at 17°C for 30 min,
when the free and non-reacted PNC-27 was removed from the culture by a triplicate washing with 17°C

PBS. Cells were then transferred to 100 pl of 37°C PBS and incubated for another 30 min which was
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followed by collection of 50 pul of culture supernatant followed by lysis of the cells. LDH was then

measured as above.

Competition Experiments

Cells (7000 cells/well) were seeded in 96-well dishes and were grown overnight. The next day, the spent
medium was removed and triplicate sets of cells were incubated with serial dilutions of HDM2-specific
Ab. The dilutions were prepared in PBS spanning concentrations from 100 mg/ml to 0.1mg/ml. Another
set of triplicate cells was incubated with serial dilutions of non-specific R IgG and HAS in PBS,
respectively, with concentrations from 100 mg/ml to 0.1mg/ml. An additional triplicate set of cells was
incubated in PBS only. Cells were incubated for 30min at 37°C when PNC-27 was added to a final
concentration of 75 ug/ml. The cells in a total volume of 0.1ml of PBS-PNC-27-Competitor combination
were incubated at 37°C water bath for another 30 min when the LDH assay on cell supernatants and
lysates was performed as described above. Serial dilutions were used as controls and are described in

Results.

Immunoprecipitation (IP) Experiments

To determine if fluorophore-labeled PNC-27 binds to HDM2 in cancer cells treated with this peptide,

double-fluorophore-labeled PNC-27 (50 pg/ml) was incubated with 1X107 MIA-PaCa-2 cells for 4 h at
room temperature. The cells were then lysed and were subjected to immunoprecipitation with 0.5 ug mAb
D-7 against MDM2 (mAb D-7 MDM?2) (Santa Cruz Biotech.), Biotinylated Horse anti-M IgG (Biotinyl-
H(M) IgG) (Pierce) and a suspension of UltraLink-immobilized NeutrAvidin Biotin Binding Protein
beads. The samples were then electrophoresed in 12.5% PAAG gel (Bio-Rad). The position of the
fluorescent peptide was analyzed in the gel with Kodak Image Station 2000R.

Frequency of Experiments and Data Presentation

All quantitative experiments including cytotoxicity (LDH assay), cell proliferation (MTT assay) and
caspase assay were performed at least three times and each time in triplicates. The values shown in graphs
represent the average of all these values in each of the three experiments. TEM and SEM preparations

were performed once for each of the cancer cell types.
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SPECIFIC AIMS

Chapter 1: PNC-27 Selectively Kills Cancer Cells by Necrosis with No Effect on Normal Cells

PNC-27 selectively kills cancer cells and does not affect normal cells
e light microscopy imaging
e Quantitative analysis using cytotoxicity and cell growth assays
e Spinning disc confocal imaging of cells using PI as death marker

Validating cancer cell necrosis:
e Real-time live cell imaging: Evaluation of time frame for cancer cell killing
e TEM analysis: Morphological evaluation
e (Caspase activity

Chapter 2: Identification of HDM2 Expression in Plasma Membrane of Cancer Cells:
A Target for Anti-Cancer Peptide PNC-27

Validating the presence of mis-localized HDMZ2 in the plasma membrane of only cancer cells by:

¢ Immunoflourescence staining

¢ Immunoblot of isolated plasma membrane

e Co-Immunoprecipitation of surface HDM2 with PNC-27

e Exogenous expression of HDM2 in plasma membrane of untransformed cells which makes
them susceptible to PNC-27 treatment

e Blocking of surface HDM2 using HDM2-specific Ab in competition against PNC-27-
mediated cytotoxicity

e Demonstration of the integrity of PNC-27 peptide components once in the plasma membrane
of cancer cells, suggesting the presence of a specific plasma membrane target

Chapter 3: “Pore Formation”: Mechanism of action of PNC-27

Validating Pore Formation as the mechanism of necrosis of cells treated with PNC-27
e TEM and Immuno-gold TEM analysis of PNC-27 induced pores
e Immuno-gold SEM of PNC-27-induced plasma membrane pores
e Temperature-dependency studies of PNC-27 oligomerization/pore formation

Evaluation of PNC-27 killing on other membrane-limiting organelles
e Mitotracker staining to study effect of PNC-27 on mitochondrial integrity
e Lysosensor staining to study the effect of PNC-27 on lysosomal integrity
e Immuno-gold TEM; localizing PNC-27 on mitochondrial membrane
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Results

Chapter 1

PNC-27 Selectively Kills Cancer Cells by Necrosis with No Effect on Normal Cells
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Defining the response of cancer cells to PNC-27 morphologically and biochemically

In order to evaluate the effect of PNC-27 on a variety of tumor cells in vitro, I first examined the
morphology of cancer cells versus normal cells after PNC-27 and control peptide, PNC-29, treatment.
Furthermore, in order to confirm the cytotoxic effect of PNC-27 on cancer cells, I performed assays that
measured cell proliferation, cell cytotoxicity and membrane permeabilization, of cancer and normal cells

after PNC-27 treatment.

Morphological effect of PNC-27 on cells treated in complete medium: Long term effect

OVCA4 human ovarian cancer cells, BMRPA1.TUC-3 rat pancreatic cancer cells, A2058 human
melanoma cells, and Ag13145 normal primary human fibroblasts grown overnight in 6-well dishes were
treated with 150 pg/ml of either PNC-27 or PNC-29 in their appropriate complete medium. After 24 h
continuous treatment the cells in each well were examined in an inverted microscope and photographed
using a 40x objective. As shown in Fig. 4, after 24 h of incubation with PNC-27, the smooth, elongated
and often spindle-shaped appearance of the cells (Fig.4, left column) has largely given way to a rough
“granulated” (Fig.4, right column, BMRPA1.TUC3 and A2058) and more round expanded (bloated)
appearance of the cancer cells (Fig.4, right column, OVCA4). Many, if not most of the cancer cells
appear to be disintegrating, where their nuclei are surrounded by shells of broken plasma membrane or
are in the process of being extruded from the cells. In contrast, no change is seen in the cellular
morphology of Agl3145 cells, normal primary human fibroblasts, that were incubated with the same
concentration of PNC-27 (150 pg/ml) and for the same time period (24 h) as the cancer cells and have
remained fully intact (Fig.4, last lane of photomicrographs). Moreover, treatment of each of the cancer
cells with PNC-29 (150 pg/ml) did not affect the cell’s morphology nor did PNC-29 have any effect on
Agl13145 cells. The morphological appearance of the cultures and individual cells remain unchanged

when compared to the untreated control cultures (Fig.4, middle column vs. right column).

Morphological effect of PNC-27 on cells treated in PBS: Short term effect

As previously described by this laboratory and in the study above, the cytotoxic effect of PNC-27 and its
sister peptide PNC-28 on cancer cells was first observed after the cells had been treated for 24 — 72 h
with either peptide contained in complete medium i.e. the cell-specific medium supplemented with 10%
to 15% (FBS). In view of the amphipathic nature of both peptides and the carrier function of albumin, it is

possible that some of the drug in the medium is bound by albumin or another protein in the serum which
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may deprive access of the peptide to, and reduce or delay its effect in cancer cells. To minimize any
interference of peptide action by the presence of protein in the incubation medium, the morphological
study was repeated with the cells incubated at 37°C with PNC-27 dissolved in protein-free PBS. In
preliminary experiments I had observed that cancer as well as normal cell cultures showed no obvious
changes when incubated in PBS alone for 4 - 5 h at 37°C, at which time both cell cultures begun to retract

their plasma membranes.

To avoid any overlapping effect of peptide treatment on the cells with other cellular reactions due to the
absence of protein and energy supplies from the medium (PBS), cell cultures incubated with PNC-27 in
PBS were examined every 5 — 10 min in an inverted microscope for any changes in cell appearance and
morphology. The results of incubating BMRPA1.TUC3 and A2058 cells with PNC-27 at 150 pg/ml and
100 pg/ml in PBS, respectively, showed that most of the cancer cells had lost the integrity of their
cultures (layered cell growth, foci formation) and the appearance of their individual cells (elongated
spindle shape) within 30 min (Fig.5, compare column on the right with column on the very left). When
treated with PNC-29 no changes can be seen in any of the cell cultures (Fig.5, middle column). Similarly,
incubation with PNC-27 (150 pg/ml) in PBS of A13145 cells did not affect these normal cells, which
retained their fibroblastic polygonal appearance (Fig.5, last row) even at a concentration that lethally

affects the growth and morphology of BMRPA1.TUC3 cells (Fig.5, right column).
In all cases of different cells treated with PNC-27 in PBS, untreated cells remained morphologically

intact, confirming that PBS may be used as a medium in which cells are maintained morphologically

intact in a short period of time in the absence of serum.
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Untreated (24h) PNC-29 (24h) PNC-27 (24h)

BMRPAL.
TUC3

OVCA4

AG13145

Figure 4: Morphology of transformed versus untransformed cells treated with PNC-27 in complete
medium. Each set of cells was treated in complete medium for 24h with either the effective peptide
(PNC-27), the control peptide (PNC-29) or was left untreated as labeled. PNC-peptide concentrations:
BMRPA1.TUC3 (150 pg/ml), OVCA4 (150 pg/ml), A2058 (100 pg/ml), and Agl3145 (150 pg/ml).
Photographed with 20x objective.
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Untreated (30 min) PNC-29 (30 min) PNC-27 (30 min)

AGI3145

Figure 5: Morphology of transformed versus untransformed cells treated with PNC-27 in PBS.
Each set of cells was treated in PBS for 30 min with either PNC-27, PNC-29 or was left untreated. PNC-
peptide concentrations were as follows: BMRPA1.TUC3 (150 pg/ml), A2058 (100 pg/ml) and Agl3145
(150 pg/ml). Photographed with 20x objective.
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Quantitative analysis of PNC-27 effect in complete medium

In order to accurately quantify the number of cells affected by PNC-27 treatment and to establish the
effective peptide concentration, I evaluated the cytotoxicity of PNC-27 on cancer and normal cells using
two cell viability assays, the MTT and LDH assays. Both assays are colorimetric and are read in a

spectrophotometer at OD and OD , respectively.
57 490nm

Onm

The MTT cell proliferation assay measures the activity of enzymes that reduce MTT or MTS + PMS to
formazan, giving a purple color. Since PNC-27 results in cell toxicity, the cell’s metabolism is
compromised, leading to decreased performance in the assay. In order to quantitatively measure the effect
of the PNC-27 peptide on cancer cells, I performed the MTT Cell Proliferation assay on 3 cancer cell
lines: MIAPaCa-2, BMRPA1.TUC3 and A2058 cells and a primary human cancer, OVCA-4 cells (p4).
The cells were incubated for 24 h with a series of PNC-27 and PNC-29 peptide concentrations in
complete medium. I observed a dose-dependent effect of PNC-27 on each one of the cancer cell line (Fig.
6, blue graph). Each one of the cancer cell lines responded differently to the peptide treatment: A2058
cells were the most susceptible and MIAPaCa-2 cells were the most resistant as measured by the LDsg
(Fig. 6 and Table 1). As a control, I treated the cells with PNC-29 control peptide which had minimal to
no effect on cancer cell proliferation (Fig. 6, red diamonds). The MTT activity for untreated cells was

subtracted from all the values plotted on the graph for PNC-27 and PNC-29 treated cells.

Efficiency of PBS as PNC-27 treatment medium
LDH is a stable enzyme normally found in the cytosol of all cells. LDH is rapidly released into the

supernatant upon damage to the cell’s plasma membrane.

Consequently, PNC-27-mediated cytotoxicity was measured using the release of the intracellular enzyme,
LDH, as a marker for a leaky plasma membrane and cell death. Since serum contains large amounts of all
5 isoforms of LDH, the release of LDH was assayed on cells cultured in PBS without any serum. To
further evaluate, as suggested above, the possibility of using PBS to study the effect of PNC-27 in the
absence of any proteins and during extended cell culture, the release of LDH from cells was measured
while they were maintained at 37°C in PBS alone, while separate sets of triplicate wells were incubated in

PBS containing PNC-27.
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Figure 6: PNC-27 affects cancer cells proliferation in a dose-dependant manner in complete
medium. Effect of PNC-27 (1-600pg/ml) on cancer cell proliferation after 24 h treatment in complete
medium using the MTT assay. A: BMRPA1.TUCS3, rat pancreatic cancer cells; B: MIAPaCA-2, human
pancreatic cancer cells; C: OVCAA4, primary ovarian cancer cells (p. 4); D: A2058, human melanoma
cells. PNC-27 blue triangles; Control peptide PNC-29 red diamonds. Each point represents the average of
three 3 experiments + SEM.

As shown in Figure 7, MIA PaCa-2 cells maintained in PBS alone for up to 180 min showed no change in

the readings at OD49 for LDH when compared to the readings (OD490 = 0.120) at the time of transfer

On

of the cells from cDMEM into PBS (t=0 min). This indicats that the cancer cells had remained intact and

viable (Fig. 7, green triangles). In contrast, a four fold increase in the amount of released LDH was
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observed within 15 min of adding PNC-27 (50 pg/ml) in PBS (Fig.7, blue triangles). LDH release

continued to rise through the next 75 min reaching a maximum (OD49 = 0.8) and a plateau at 90 min..

Onr

When the cells were treated for 180 min with the same concentration of PNC-29 (50 pg/ml) in PBS
(Fig.7, red squares), no change in the level of released LDH in the supernatant was seen, when compared
to untreated cells. The results strongly support the notion that MIA PaCa-2 cancer cells are not affected
by incubation for up to 3 h in PBS and in the absence of any protein or other source of energy, and that it
is indeed the PNC-27 peptide that damages the cells, causing the release of cytoplasmic LDH. I
concluded that PBS could be used as an environment in which the cells will stay healthy and intact for the
period of the study. On the other hand, when PBS is supplemented with PNC-27, the peptide appears to
take much less time to exerts its cytotoxicity towards cancer cells than in serum-containing medium. This
enables us to study the mechanism of action of the PNC-27 peptide in a much faster manner and
unaffected by any serum components.
Human Pancreatic Cancer MiaPaCa-2
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0.6 ~

Released LDH
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Time (Min.)
Figure 7: PNC-27 Kkills human pancreatic cancer cells in a time-dependant manner. Time course
experiment of the effect of PNC-27 (50 pg/ml; blue triangles) on MIA PaCa-2 cells treated in PBS for up
to 180 min using LDH assay. Cells incubated with PNC-29 (50 pg/ml; red squares) and samples left

untreated (green triangles) showed no effect up to 180 min. Each point represents the average of 3
experiments.

Dose response effect of PNC-27 on cancer cells treated in PBS

After having shown that a constant dose of PNC-27 kills MIAPaCa-2 cells in a time-dependant manner, |
established a PNC-27 dose response curve in PBS for three cancer cell lines: MIA PaCa-2,
BMRPA1.TUC3 and A2058 cells and one untransformed cell, primary human fibroblasts Agl13145 (p.7).
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Figure 8: PNC-27 is cytotoxic to cancer cells but not normal cells in PBS. Cytotoxicity effect of PNC-
27 (1-600 pg/ml) on cancer and normal cells treated in PBS (30 min, 37°C) as measured by the release of
LDH A: BMRAPI.TUC3 pancreatic cancer cells. B: MIAPaCA-2 pancreatic cancer cells. C: A2058
melanoma cells. D: AG13145 primary human fibroblasts (passage 7). PNC-27, blue triangles; PNC-29,
red diamonds. Each point represents the average + SEM of 3 experiments.

As illustrated in Figure 8, all cancer cells were killed by PNC-27 in a dose-dependant manner, whereas
the normal primary human fibroblasts (p7) were not affected even with the highest concentration of PNC-

27 (600 ug/ml). Interestingly, each of the three cancer cells examined, showed a somewhat different
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susceptibility to the peptide when the LDsy values for PNC-27 were established (Table 1). With LDs, of
only 25 pg/ml, PNC-27 appears to be the most effective against A2058 human melanoma cells. In
contrast, with a LDsg of 150 pg PNC-27/ml, MIA PaCa-2 human pancreatic cancer and OVCA4 primary
human ovarian cancer cells require a six fold higher concentration of PNC-27 to kill 50% of the cells,
compared to A2058 human melanoma cells. Within 30 min incubation cancer cells treated with PNC-29
over the same concentration range, showed no release of LDH even at a concentration as high as 600 pg
PNC-29/ml (Fig.8). Moreover, PBS as the environment in which cells were treated with the peptide, did

not affect the viability of cancer and normal cells.

Cells LDs (in PBS)
BMRPA1.TUC3 Rat Pancreatic Cancer 125 pg/ml
MIAPaCa-2 Human Pancreatic Cancer 150 pg/ml
A2058 Human Melanoma 25 pg/ml
OVCA4 (p.4) Primary Human Ovarian Cancer 150 pg/ml
Agl13145 (p.8) Primary Human Fibroblasts No effect

Table 1: LDsy of PNC-27 for cancer and normal cells treated in PBS. The lethal dose that kills half of
the cells in each cell population was calculated from the results obtained in the LDH assays. Incubation
for 30 min, 37°C.

Propidium lodide staining of the nucleus as a marker for cell death

To confirm that morphologically disrupted cancer cells are indeed dead and that leakage of LDH from
cancer cells treated with PNC-27 is due to some level of compromised plasma membrane, I used
propidium iodide (PI), which stains the nucleus of non-viable cells and is a marker for cell death. P is a
fluorescent molecule with a molecular mass of 668.4 Dalton that binds to DNA by intercalating between
the bases with little or no sequence preference with a stoichiometry of one dye molecule per 4-5 base
pairs of nucleotides. Since PI is membrane impermeable and excluded from viable cells, I used it as a
marker of death for cells whose plasma membrane is compromised. I treated MIAPaCa-2 cells and
OVCA4 cells with PNC-27 (150 pg and 100pg in 1ml of PBS, respectively) in the presence of PI at a

final concentration of 5 uM, as described in Methods.
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Figure 9: Effect of PNC-27 and PNC-29 on cancer and normal cells as observed by PI staining of
the nucleus. A: MIAPaCa-2 cells treated with PNC-29 (top panel) or PNC-27 (bottom panel) both at the
same concentration of 150ug/ml in presence of PI for 15 min and observed by confocal fluorescence
microscopy. B: OVCA4 cells (p.4) treated with PNC-27 (150pug/ml) in presence of PI for 15 min. Top
panel shows the PI staining of the dead cells as visualized by confocal microscopy, the bottom panel
shows the DIC image of the same field before (left) and after 15 min of treatment (right). C: Agl13145
treated with PNC-27 (150pug/ml) for 25 min, 37°C, in presence of PI (top panel): no PI staining. These
cells were then treated and killed by addition of ETOH (1%) to show the presence of PI in the same field
(top panel; far right image). Bottom panel shows the DIC image of the same field before (left) and after
25 min of PNC-27 treatment (right) showing intact cells in both fields. D: MIAPaCa-2 cells were
incubated with PI in PBS only (15 min, 37°C): No PI staining was observed (top panel) and the cells
remained morphologically intact (DIC image, bottom panel).

Within 15 min after beginning treatment with PNC-27, PI was taken up by 100% of the cells and their
nuclei were stained (Fig. 9A and B). In contrast, MIAPaCa-2 cells treated with PNC-29 (150 pg/1ml

PBS) for 15 min at 37°C, did not show any significant nuclear staining which, as expected, was also
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absent from the nuclei of untreated cells (Fig. 9A upper panel). As shown in the DIC images (Fig. 9B
lower panel), primary ovarian cancer OVCA4 cells are morphologically disrupted as compared to cells
before PNC-27 treatment. When normal human fibroblasts were exposed to PNC-27 (150 pg in 1ml of
PBS) no nuclear staining was observed in the presence of PI, even after 25 min (Fig. 9C). However, to
check for the presence of PI and cells in the field, ethanol was added and within 10 seconds, 100% of the
cells were stained with PI (Fig. 9C). As shown in the lower panel of Fig. 9C, the morphology of Ag13145

cells remain intact as compared to untreated cells.

PNC-27 and PNC-28 affect a variety of cancer cells
I tested a variety of cancer cell lines for the effect of PNC-27 or PNC-28. I observed a killing effect in all
cancer cells but with different dose/time efficiency. A summary of the cancer and untransformed normal

cells treated with PNC-27 and its sister peptide PNC-28 is presented in Table 2.

Table 2A: List of Normal Cells Treated with PNC-27 or PNC-28

Untransformed Cell type Reference
Cell Line

BMRPA-1 Normal Rat pancreatic acinar Kanovsky et al,
2001

MCF-10 Human breast Kanovsky et al,

2001 & this study

MCF-10-2A Human breast Kanovsky et al,
2001

Primary Human Cells

Ag 13145 Primary Human Fibroblasts This study

Keratinocytes Primary Human Keratinocytes Kanovsky et al,
2001

Hematopoetic Umbilical cord Stem cells from 5

stem cells donors Kanovsky et al,
2001
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Table 2B: List of Cancer Cells Treated with PNC-27 or PNC-28

Cell Line Cell Type Reference
BMRPA1.TUC-3 | Rat Pancreatic Cancer k-ras transformed | Kanovsky et al,
2001 & this
study
E-49 Rat Brain Angiosarcoma Kanovsky et al,
2001
B16 Mouse Melanoma Kanovsky et al,
2001 & this
study
HeLa Hu Cervical Squamous Cancer Kanovsky et al,
2001
A549 Hu Non-small Cell Lung Cancer Kanovsky et al,
2001
H1299 Hu Non-small
Cell Lung Cancer p53 null Kanovsky et al,
2001
MDA-MB-468 Hu Breast Cancer p53 mut Do et al, 2003
MDA-MB-157 Hu Breast Cancer; p53 null Do et al, 2003
MDA-MB-453 Hu Breast Cancer; p53 null Do et al, 2003
MCEF-7 Hu Breast Cancer Do et al, 2003
SW-1417 Hu Colon Cancer p53 null Kanovsky et al,
2001
SAOS2 Hu Osteosarcoma p53 null Do et al, 2003
A2058 Hu Melanoma This study
MIA-PaCa-2 Hu Pancreatic Cancer Michl et al, 2006
& this study
OVCA4 Primary Hu Ovarian cancer This study

Table 2: List of Cancer and Normal Cells treated with PNC-27 or PNC-28. A: Untransformed cell
lines and normal primary human cells and B: Cancer cell lines and primary cancer cells that have been
treated with PNC-27 or PNC-28.
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Evaluation of necrosis as the mechanism of PNC-27-mediated cytotoxicity

As described in the Introduction, PNC-27 and PNC-28 peptides were initially designed with the purpose
of inducing apoptosis in cancer cells by inhibiting the p53 and H/MDM?2 interaction, hence, causing the
release of p53 from H/MDM2. We anticipated that the released p53 will allow the p53 pathway to be
activated and cause apoptosis. In fact our laboratory has recently shown (Bowne et al., 2008) in
MiaPaCa-2 cells that apoptosis is indeed the result of expressing DNA encoding the human p53 AA 17-
26 sequence, corresponding to the p53 AA sequence in PNC-28 which was cloned into an expression
vector. The presence of AA 12-26 of p53 intra-cellularly competed out H/MDM?2, leading to p53 over-

expression and, therefore, activation of the p53 pathway of apoptosis in the transfected cells.

However, our results from cancer cells treated with PNC-27 extra-cellularly, as shown by the MTT and
LDH assays and by the uptake of PI by cancer cells, which led to 90 to 100% of the cell nuclei being
stained with PI within 15 min after the PNC-27 treatment, as opposed to 48 h when PNC-28 is expressed
intra-cellularly (Bowne et al., 2008), disputed apoptosis as the cytotoxic mechanism of the PNC-27
peptide. Apoptosis is the process of programmed cell death, which involves a series of biochemical
events that lead to a characteristic change of cell morphology over time, including membrane blebbing,
cell shrinkage and nuclear fragmentation (Kerr et al., 1972). However, since PNC-27 results in 100%
cancer cell killing within only 30 min after the peptide has been added to the cancer cells, I hypothesized
that PNC-27 causes direct cell necrosis as a much faster mechanism of killing cancer cells than apoptosis.
Cell death by apoptosis is a time and energy consuming process that actively involves cellular
biosynthesis. In contrast, considering the relatively short time that PNC-27 requires to kill cancer cells as
compared to an apoptotic event which normally takes 4-8 h, the findings strongly suggest that the rapid
death of cancer cells by PNC-27 is unlikely the consequence of apoptosis. Following the notion that
PNC-27 and PNC-28 induce tumor cell death and necrosis by direct cytotoxicity, a series of experiments
have been performed to establish the absence of an apoptotic event and show that rapid tumor cells death

by PNC-27 or PNC-28 is in fact due to necrosis.

Necrosis: Real-time live cell imaging analysis
Due to extensive membrane damage, necrotic cells are quickly stained after short incubations with PI.
Apoptotic cells (with the exception of late apoptosis, which, from this standpoint, behave as necrotic

cells) show an uptake of PI that not only begins much later in the incubation, but is also seen in much
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fewer cells and at a much lower level than what is seen in necrotic cells. It is therefore possible to

distinguish healthy (PI negative), apoptotic (PI dim) and necrotic (PI bright) cells from each other.

In order to precisely define the start time of killing in cancer cells during PNC-27 treatment, real-time live
cell imaging using spinning disc confocal microscopy was performed by continuously observing and
recording the fate of human melanoma cells maintained in the 37°C microscope chamber in the presence
of PI. Prior to the addition of PNC-27 and in the presence of PI, a picture was taken every 10 sec to
establish background staining and to determine if any of the cells in the culture dish stained with PI,
which suggests pre-existing membrane damage. After 10 min of recording, PNC-27 at 100 pg/ml was
added to the cells, and recording was continued at 10 sec intervals for up to 15 min as described in

Methods.

Detailed examination during the course of the experiment and of the recorded images enabled us to
observe the first signs of nuclear staining with PI at minute three and half (Fig. 10A). As the time
progressed, more cells incorporated PI into their nuclei and by 15 min, 100% of the cells had their nuclei
stained with PI (Fig. 10A, upper panel). In contrast, in PNC-29 treated (100 pg/ml) cells, I did not
observe any PI incorporation into the nuclei and the cells remained intact morphologically, as it is shown

in the DIC image before and after PNC-29 treatment (Fig. 10B).

Furthermore, untreated samples did not show any PI uptake after 15 min and the morphological features
of all cells remained intact, presenting a well spread and adherent status. This further confirmed the
results from morphological studies and the LDH cytotoxicity experiments. Real time confocal imaging of
the cells post PNC-27 treatment enabled us to measure the start of the killing effect of PNC-27 on cells in
culture in a time course of 15 min. Therefore, the rapid cell killing, which starts within the first 5 min
after PNC-27 treatment, further suggests that PNC-27 kills cancer cells via the rapid mechanism of
necrosis rather than apoptosis. Further evidence for necrosis was observed in ultra-structural studies as

described below.
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Figure 10: Time course effect of PNC-27/-29 on human melanoma cells using confocal real time
imaging. A: A2058 cells treated with 50 pg/ml (the LDsg value) of PNC-27 in presence of PI for 15 min
(top panel), which shows the start of cell killing at 3.5 min post PNC-27 treatment. DIC image of the
before (bottom left) and after 15 min PNC-27 treatment (bottom right) show the morphology of the cells.
B: Effect of PNC-29 (50 pg/ml) on A2058 cells for the same period of time used in A. Only the start and
end slides are shown. The bottom panel shows the DIC image of the same field indicating the
morphologically intact cells after control peptide PNC-29 treatment.

Necrosis - TEM Study: Loss of plasma membrane prior to nuclear membrane

In numerous cells derived from mammalian tissues, surface blebbing is considered a pattern specific of
apoptosis and is frequently observed in cell culture (Falcieri et al., 1990). Occasionally, membrane blebs
are also observed on the surface of cells undergoing necrosis, but they are followed by the rapid
appearance of membrane discontinuities, causing influx of H,O and rapid ion redistribution. No cell
splitting appears in the course of necrosis, but general cell hydration occurs followed by swelling and

disruption of the cell (Falcieri et al., 1990; Falcieri et al., 1994). When a cell dies by necrosis the early
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changes can be identified on the plasma membrane. It shows progressive discontinuities that cause
organelle disruption, in addition to cell hydration and swelling. The plasma membrane and cytoplasm are,
therefore, the first targets of the necrotic process, while the nucleus appears relatively well preserved. In
contrast, in the apoptotic death of a cell, the cell nucleus is early and specifically involved and the plasma
membrane and cellular organelles are preserved for longer (Falcieri et al., 1990; Falcieri et al., 1994;
Stuppia et al., 1996). TEM analysis provides detailed information on necrotic and apoptotic cells,
particularly in identifying the presence of very early and minimal changes, including abnormalities in
morphological features of the cells, which are difficult to detect with other experimental approaches. With
this in mind, I chose an ultrastructural approach for the identification of early signs of apoptosis or

necrosis in cancer cells treated with PNC-27.

Figure 11: TEM evidence for loss of plasma membrane prior to disruption of nuclear membrane.
Electron micrograph of human pancreatic cancer Mia PaCa-2 cells treated with PNC-27 (150 pg/ml, 15
min in PBS) demonstrating loss of plasma membrane integrity (black arrows) while nuclear membrane is
still intact (right picture, red arrow). Image of the whole cell is magnified on the right for close up view.

MiaPaCa-2 cells grown for 24 h in TCD were treated with PNC-27 (150 ug/ml PBS) for 10 min at 37°C,
washed extensively to remove free PNC-27, and fixed in 3% buffered glutaraldehyde overnight, when the
samples were scraped for collection and prepared for TEM. Examination of numerous cells in the TEM at
medium and high magnifications showed that in most of them, the plasma membrane had disappeared or
was severely disrupted by the loss of long membrane sections (Fig. 11, right, black arrows) within only

10 min of exposure to PNC-27. Despite the apparently extensive loss of the cell’s plasma membrane and
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of cytoplasm, the cell nucleus did not follow suit with fragmentation and instead remained constrained
within the nuclear membrane whose lipid bilayer was still intact (Fig.11, right, red arrows). In contrast to
these findings, which are indicative of a rapid cellular necrotic process, no structural changes ascribable
to an apoptotic event were seen while examining several sections prepared from different PNC-27 treated
Mia PaCa-2 human pancreatic cancer cells. These findings, therefore, further ascertain that cancer cell

death by PNC-27 treatment is not an apoptotic, but a necrotic process.

Evaluation of Apoptosis: Absence of Caspase activity in cells treated with PNC-27

We have previously shown that PNC-27 does not induce the expression of Caspase 3 or Caspase 7 in
human breast cancer MCF-7 cells, indicating that PNC-27 does not kill tumor cells using pS3-dependent
or independent pathways, but rather induces tumor cell necrosis as supported by early LDH release (Do
et al., 2003). I also did not observe any Caspase activity above the baseline in MCF-7 cancer and
untransformed human breast MCF-10-2A cells incubated at 37°C with PNC-27 in cDMEM for 48h (Fig.
12).
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Figure 12: PNC-27 treatment of cancer cells does not activate Caspase 3 and 7. Measurements in
Units of luminescence of Caspase activities expressed in MCF-7 cancer cells (filled bars) and
untransformed MCF-10-2A cells (empty bars) treated with PNC-27 (50 pg/ml cDMEM) for 4, 12, 24
and 48 h. Controls: Incubation of both cell populations with staurosporine (labeled “staurosporin™) for
48 h on the right of the figure.
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In contrast, when cells were incubated at 37°C for the same time period (48 h) with staurosporine, a
strong inducer of apoptosis (Belmokhtar et al., 2001), induction of high levels of Caspase activity were
measured in both cell populations (Fig.12, columns to the far right). This indicates that the cells are
capable of responding with the induction of apoptosis in the presence of the right drug. Since this response
was completely absent when treated with PNC-27, the findings strongly confirm that PNC-27 was not

causing cancer cell death by apoptosis.

46



Chapter 2

Identification of HDM2 Expression in Plasma Membrane of Cancer Cells:

A Target for Anti-Cancer Peptide PNC-27

* Some of the results from this Chapter (2) have been recently published in PNAS (2010)
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How does PNC-27 select cancer cells to mediate its cytotoxic effect?

A unique feature of PNC-27 and PNC-28 over other H/R/MDM2-p53 inhibitor peptides is the fact that
PNC-27 as well as PNC-28 selectively induce necrosis of cancer cells leaving untransformed cells
unaffected. Our previous studies have shown that, unlike the effects of similar kind of peptides, PNC-27
and PNC-28 exert their cytotoxic action against cancer cells with intact, defective or mutated p53 and
against cancer cells that are pS3-negative (Kanovsky et al., 2001; Table 2 in this report). This finding,
while unexpected, suggests a different and novel cytotoxic mechanism for PNC-27 and PNC-28 that is
independent of p53 and, possibly, of the interaction of p53 with its regulator protein H/R/MDM?2.

The fact that PNC-27 and PNC-28 only recognize cancer cells for killing led me to search for possible
cell surface molecule(s) that could have the potential to be recognized by PNC-27 and PNC-28 and
selectively bind the peptides to the cancer plasma membrane. Recognizing that both PNC-27 and PNC-
28 contain in addition to the MRP peptide the AA sequence from the HDM2-binding domain of p53, we
hypothesized the presence of H/R/MDM?2 or a similar molecule with the p53 binding site on the plasma
membrane of cancer cells. The presence of such molecule could help targeting, concentrating and/or
anchoring PNC-27 to the plasma membrane of cancer cells resulting in the disruption of the membrane as
observed by TEM (Fig. 7), the release of cytoplasmic content (Fig. 6) and finally cell death (Figs. 4,5 and
7-9). The absence of such molecule from the plasma membrane of untransformed normal cells would
make it impossible for PNC-27 and PNC-28 to recognize and bind to these cells. The absence then from
the plasma membrane of a targeting molecule would protect untransformed normal cells from the
peptides’ lethal effect. Based on this hypothesis and the identification of numerous HDM2 protein
variants in cancer tissue but not normal cells (Sigalas et al., 1996; Liang et al, 2004), I began to examine
cancer cell plasma membrane for the membrane expression of a mis-localized H/R/MDM2 protein or

another molecule containing the sequence for the binding site to the N-terminus of p53.

IF staining of HDM2 and PNC-27 in cancer cell plasma membrane

To investigate the presence of H/R/MDM2 and its interaction with PNC-27 in the plasma membrane of
cancer cells, I treated live A2058 cells seeded in a 35 mm TCD with PNC-27 (50 pg/ml PBS) for 5 min
at RT, washed off any free PNC-peptide and stained the cells with TRITC-mAb specific for HDM2 (D-
7) or with mAbaHDM?2 IgG OP145 followed by TRITC-GaM IgG. A second TCD of A2058 cells was
reacted with FITC-mAb DOI1 specific for the N-terminal AA sequence of human p53. A third TCD of
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A2058 cells that had been exposed to PNC-27 (50 pg/ml PBS) for 5 min at RT was reacted with both
TRITC-mAb specific for HDM2 and FITC-mAb DO1 against p53 or with RaMRP IgG followed by
FITC-DaR IgG to identify the location of the respective antigen on the cell’s plasma membrane surface.

The results obtained by confocal microscopy examination of the experiments are shown in Figure 13.

Cancer cells that were left untreated or treated briefly (5 min) with PNC-27 (50 ug/ml) strongly stained
with a TRITC-labeled mAb to HDM2/RDM2 (Fig.13A). Cancer cells treated with PNC-27 further
showed strong membrane staining with FITC-anti-p5S3 Ab that co-localized with TRITC-mAb to anti-
HDM?2 identifiable by the complementary yellow color after merging the two images. I also indirectly
stained primary human ovarian OVCA4 cancer cells which were freshly grown in the lab for both HDM2
and PNC-27 after treatment with PNC-27 (50 pg/ml for 5 min). HDM2 was indirectly stained using an
HDM2-specific mAb and for PNC-27 using polyclonal Ab MRP (Fig. 13B).

In contrast, untransformed rat pancreatic acinar BMRPA1 cells which were treated with PNC-27 (50
pg/ml for 5 min) and directly stained for RDM2 (TRITC-mAb anti-H/M/RDM2) and PNC-27 (FITC-
mAb; DO1), showed strong green plasma membrane staining outlining the cell’s membrane (Fig. 13C,
middle image). In contrast, no RDM2 plasma membrane staining was observed (Fig. 13C, left image),
hence, no co-localization of the green and red (Fig. 13C, right image). To ascertain that the RDM2 Ab
stains the nuclear RDM2, cells were permeabilized before staining, and therefore, a nuclear staining of
RDM2 (red) is detected (Fig. 13C, left image). Moreover, I also treated primary human Ag 13145 p8
with PNC-27 and indirectly stained for HDM2 (mAb anti-HDM2) and PNC-27 (anti-MRP polyclonal
Ab). As shown in Fig. 13D, no HDM2 staining (green) can be seen, whereas PNC-27 was stained on the
plasma membrane. Therefore, while a cancer cell line and a primary human cancer cells cell showed
strong staining for H(R)DM2 in their plasma membranes, two untransformed cells showed no

immunofluorescent staining for H(R)DM2 in their plasma membranes.

Note, only normal BMRPA.1 cells were permeabilized to show the intracellular staining for RDM?2 (rat

homologue of HDM2) and the rest of the cells were stained on intact cells for surface staining of HDM2.
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Figure 13: IF for HDM2 and PNC-27 on live cancer cells treated with PNC-27. Cells were seeded in
several glass bottom TCDs and allowed to adhere overnight. The next day the live cells were treated with
PNC-27 and stained with TRITC-HDM2-specific (OP145 or D-7) and PNC-27-specific (FITC-mAb
DO1) or by RaMRP IgG followed by species and type-specific FITC-DaR IgG. (A) A2054, human
melanoma cells. (B) OVCA4, primary human ovarian cancer cells. (C) BMRPAI, normal pancreatic
acinar cells. (D) Agl13145 primary human fibroblasts. All staining was performed on live intact cells with
the exception of BMRPAI1 cells which were briefly fixed in 2% buffered formaldehyde and
permeabilized prior to staining.
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HDM2 protein in isolated plasma membrane of cancer cells versus normal cells
To further show the presence of HDM2 in the plasma membrane of cancer cells, I employed IB for

H(R)DM2 on purified plasma membranes from human and rodent cancer and normal cells.

During the membrane preparation and prior to the solubilization of the 30,000 xg pellet that is expected
to contain the plasma membrane enriched fraction, a small amount was removed from the pellet to
confirm that the isolated materials are in fact plasma membrane. The sample was transferred to a fresh
tube, fixed in 2.5% glutaraldehyde in 0.113M Cacodylate buffer (pH 7.4) and processed for examination
by TEM.

Figure 14C shows electron micrographs of enriched plasma membrane of BMRPA1 cells and of
BMRPA1.TUC3 cancer cells. The arrows point out the lipid bilayer of the many large and small vesicles
formed during the fractionation procedure. As it is well known, plasma membrane tends to form inside-
out-vesicles which leads to inclusion of some cytoplasmic materials. Despite this possible contamination,
the sampling of membrane preparations strongly suggests that the approach chosen provides significantly

enriched plasma membrane from these cells.

Once assured that these fractions were in fact enriched plasma membrane, I immunoblotted isolated
plasma membrane fractions from three untransformed and four cancer cells and the corresponding whole
cell lysates for H(R)DM2. The results are shown in Fig 14A. On the lower panel for the blots in Fig.
14A, it can be seen that all whole cell lysates of all untransformed and transformed cells blot positively
for HDM2. On the upper panel for the blots in Fig. 14A, the membrane fraction of each cancer cell line
(lanes 4-7) is seen to contain significant levels of HDM2. In contrast, the three untransformed cell lines
(lanes 1-3) were found to contain none or only minute amounts of HDM2 in their membrane fractions

which may be due to contamination by cytoplasmic material.
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Figure 14: IB of HDM2 in the isolated plasma membrane of cancer cells. A: Blots of whole cell
lysates (Lower) and membrane fractions (Upper) for H(R)DM-2 (a-HDM2, N20) in different cell lines
as follows: Lane 1, MCF-10-2A; lane 2, BMRPAI1; lane 3, AGI13145 fibroblasts; lane 4,
BMRPA1.TUC-3; lane 5, MIA-PaCa-2; lane 6, MCF-7; lane 7, A-2058. The first three cell lines are
untransformed; the remainders are different cancer cell lines. B: Each bar graph shows the percentage of
HDM-2 in whole cell lysate that is present in the membrane of each cell line listed above as calculated
by percent membrane to total band intensity. The numbers on the X axis of the bar graphs correspond to
the lane numbers shown in the blots. C: TEM images of plasma membrane enriched fractions from
untransformed BMRPAT1 cells (left) and transformed BMRPA1.TUC3 cells (right). Arrows point to the
lipid bilayer of plasma membrane vesicles.

It can be seen that the amount of H(R)DM2 present in the isolated plasma membranes of the cancer cell

lines are four to nine times greater than those found in the plasma membrane of the untransformed cells.
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It should be noted that the HDM2 band shown in Figure 14A for each cell population is that of the major
HDM2 protein at 92-94 kDa. Several other less prominent bands of lower MW and that reacted with
RaHDM2 Ab N20 which, most likely, represent variant proteins of HDM-2 were also present in the
membrane fractions of cancer cells. We are currently investigating the identity of these variant forms of

the HDM?2 protein.

Co-IP of HDM2 with double fluorescence-labeled PNC-27 (PNC-27%%)

Since confocal microscopy has shown that HDM2 co-localized with PNC-27 (Fig. 13) suggesting an
association between the two proteins, I examined their possible interaction by co-IP. MIAPaCa-2 cells
were treated with double fluorescent-labeled PNC-27 (PNC-27*%*) as described in Methods. After 10 min
incubation at 37°C unbound PNC-27** was washed off, the cells were lysed and subjected to
immunoprecipitation with RoHDM?2 Ab N-20 and biotinylated GaR IgG followed by suspension with
UltraLink-immobilized NeutrAvidin-Biotin-Binding Protein beads as described in Methods. The
extracted protein samples were then separated on SDS-PAGE gel and the position of the fluorescent
peptide was identified. HDM2 protein (MW 92-94kD) in the immunoprecipitates was identified by
immunoblotting with HDM2-specific Ab. In Figure 15, lane 1 shows untreated cells whose lysate stains
positive for HDM2 but is negative for PNC-27** which had not been added to this cell sample Lane 2
shows PNC-27** alone which migrates at ~5 kD. Lane 3 shows the lysate of cells that had been treated
with unlabeled (cold) PNC-27 to compete out PNC-27**. It can clearly be seen that no PNC-27** was
bound by the cells in presence of the cold protein which competed successfully with PNC-27** for
binding to HDM2. Lane 4 shows that immunoprecipitated HDM-2 bound and retained a significant
amount of the PNC-27**, In contrast, as shown in lane 5, if the MIAPaCa-2 cells are incubated with
equimolar concentrations of PNC-27** and cold PNC-29, the fluorescent band of PNC-27** is still
present demonstrating the selective binding by HDM2 of PNC-27**. The absence in lane 6 of both
HDM2 and PNC-27** proteins demonstrates that when HDM2 is immunodepleted from the cell lysate
with HDM2-specific Ab, no staining can be seen. These results strongly suggest that, in addition to the
co-localization of PNC-27 with HDM2 in cancer cell plasma membrane, the two proteins directly
interact with each other at the level of the cell’s surface membrane which results in their co-

immunoprecipitation by antibodies directed against either one of the proteins.
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Figure 15: Co-IP of PNC-27 with HDM2 in MIA PaCa-2 cells. Cells were incubated with a double
fluorescent-labeled form of PNC-27 (PNC-27**), and the cell lysates were subjected to
immunoprecipitation with RoHDM2 Ab N-20 followed by blotting on the gel where the presence of
fluorescenctly-labled PNC-27 was directly observed (B). The gel was also blotted with fluorescently-
labled-aHDM2 Ab for HDM2 and the fluorescent signal was observed (A). Lane 1, untreated cells; lane
2, PNC-27** alone MW = ~5 kD; lane 3, cell lysate incubated with PNC-27** in the presence of “cold”
PNC-27; lane 4, cells incubated with only PNC-27** and immunoprecipitated with RoHDM2 Ab N-20;
lane 5, cells incubated with PNC-27** in the presence of the control PNC-29 peptide; lane 6, lysate from
cells treated with PNC-27**, immunodepleted with RaHDM?2 Ab , showing absence of PNC-27**,

Effect of PNC-27 on normal cells that are induced to express HDM2 on their plasma membranes

Since PNC-27 is not cytotoxic to untransformed cells (Kanovsky et al., 2001; Do et al., 2003; Michl et
al., 2006; Pincus et al., 2007; Bowne et al., 2008) and to begin to understand the possible role for the
HDM2 protein in the plasma membrane of cancer cells in which the presence of HDM2 is a possible link
in the selective killing of cancer cells by PNC-27, I investigated if the exogenous expression of HDM2 in
the plasma membrane of untransformed cells can make the cells susceptible to killing by PNC-27. To
this end, I transfected MCF-10-2A untransformed human breast cells with a Precision Shuttle vector
encoding full-length HDM2 with a membrane-targeting CAAX (Cys-Val-Val-Lys) sequence (Vassilev et
al., 2004) and green fluorescent protein (GFP) (HDM2-CVVK) both under the control of a constitutive
promoter as described above. For control purposes, I also transfected a second group of MCF-10-2A

cells with Precision Shuttle vector encoding full-length HDM?2 but without the CAAX. A second control
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sample of MDF-10-2A cells was transfected with the vector that encoded HDM2 but not AAs 1-109
which, in intact HDM2 bind to the p53 peptide present in PNC-27 (Harris, 2006). This vector, however,
contained the carboxyl terminal CAAX sequence (dell-109-HDM2-CVVK). Another control group of
MCF-10-2A cells was transfected with the empty vector. For each transfected cell sample, transfection
efficiency was ~ 45% as computed from the number of GFP-expressing cells divided by the total number

of cells in the samples.
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Figure 16: Exogenous plasma membrane expression of HDM2 in untransformed cells. A:
Imunoblots for expression of HDM2 in the plasma membrane fractions of each of the four sets of
transfected MCF-10-2A cells: lane 1, empty vector-transfected cells (EV); lane 2, cells transfected with
plasmid expressing full-length HDM2 (HDM2); lane 3, cells transfected with plasmid expressing del 1-
109 HDM2- CVVK (del-109-HDM2-CAAX); lane 4, cells transfected with plasmid expressing full-
length HDM2-CVVK (HDM2- CAAX). Uppermost panel: blots for HDM2 from whole cell lysates;
Middle panel: blots for HDM2 from the plasma membrane fractions. Lower panel: blots for actin in the
membrane fractions. B: Confocal IF micrographs of MCF-10-2A cells transfected with vectors
expressing full-length HDM2-CVVK membrane localization peptide. C: IF of MCF-10-2A cells
transfected with vector only. Blue fluorescence for PNC-27, red fluorescence for HDM?2.
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I then examined the 4 groups of transfected cells for expression of membrane-bound HDM2 by Western
blotting of the plasma membrane fractions and whole cell lysates. As shown in Figure 16A, lane 1, cells
transfected with the empty vector have no detectable HDM2 in their plasma membranes. Full-length
HDM2-expressing cells contain a trace of HDM2 in their plasma membrane of the total amount of the
protein present in the cells (Figure 16A, lane 2). In contrast, both full length HDM2-CVVK (Figure 16A,
lane 4) and del1-109-HDM2-CVVK (lane 3) are expressed at high levels in the cell’s plasma membrane.

I then incubated membrane-associated HDM2-CVVK-expressing cells and HDM2-expressing cells with
PNC-27 to determine by confocal fluorescence microscopy, if PNC-27 co-localized with HDM2 in the
cell’s plasma membrane. Figure 16B shows that PNC-27 (blue fluorescence) binds to the membrane of
HDM2-CVVK-transfected cells which now express high levels of membrane-bound HDM2 (red
fluorescence). Fig. 16B (last frame) shows by the extent of the lavender fluorescence that there is
extensive co-localization of PNC-27 with HDM2-CVVK on the cell’s plasma membrane. Figure 16C
shows that the PNC-27 signal (blue) in the plasma membranes of control cells transfected with empty
vector is only barely visible and that the HDM?2 signal (red) appears to be diffuse throughout the cell and
is not present along the plasma membrane. Furthermore, co-localization of the two fluorescent dyes is

not evident in these cells (Fig. 16C; far right image).

Susceptibility of Transfected Cells to PNC-27

From each set of transfected cells, cultures were established and treated with PNC-27 (100 pg/ml) and
cytotoxicity was evaluated using the LDH assay. As shown in Fig. 17A, the cells expressing membrane-
bound HDM2-CVVK are induced to release LDH over twice the background value for untreated or
empty-vector-transfected cells, and none of the other control cells were found to release LDH above this
background value. I also observed, using the MTT assay for cell growth, a major decrease in cell
proliferation but only in the cells that expressed full-length HDM2-CVVK (Fig. 17B). The decrease was
threefold compared with that for untreated cells and almost three-fold when compared with that for
empty-vector-transfected cells. Cell proliferation was also reduced >2.5 times when compared with the
proliferation of cells expressing HDM2 on their membranes but that lacked the binding site for HDM2 in
the HDM2 molecule present in the cell membrane (Fig. 17B). These results suggest that PNC-27 is
recognized by and binds specifically to HDM2 on the cell membrane and that this interaction is a/the

basis for the peptide’s cytotoxicity.
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Figure 17: Exogenous expression of HDM2 in plasma membrane of untransformed cells makes
them susceptible to PNC-27. A: Results of LDH release (cytotoxicity) assay for each of the sets of
MCF-10-2A cells transfected with vectors as labeled on the abscissa. B: MTT Cell Proliferation Assay
after PNC-27 treatment of each of the sets of MCF-10-2A cells transfected with the vectors described in
A. C: A summary of the vectors and their effectiveness.

Competition Experiment

In a further approach to ascertain the role of HDM2 protein expressed in the plasma membrane of cancer
cells, I evaluated the need of PNC-27 to interact with HDM2 protein in the cells plasma membrane to
mediate its cytotoxicity by competition with Abs specific for the p5S3 binding site of HDM2. Treatment
of cancer cells with these Abs is expected to interfere in the recognition and binding of PNC-27 to the
HDM2 protein in the cells surface membrane and, consequently, will effectively block PNC-27-mediated
cell killing. Effective blocking by site-specific Ab was measured using confocal imaging with PI staining

as a marker for dead cells and LDH release induced by PNC-27 in presence of competing Ab.
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Confocal microscopy evidence

Using real-time live cell imaging by spinning disc confocal microscopy, I performed time course
experiments of A2058 melanoma cells treated with PNC-27 (50 pg/ml) in presence of RoHDM2 Ab N-
20. Briefly, A2058 cells grown on glass bottom TCD were pre-incubated at 37°C with a saturating dose
of RoeHDM?2 Ab N-20 (50 pg/ml) specific for the N-terminus of HDM2 including the p53 binding region
and, thus, the binding region for the PNC-27 peptide. After 20 min incubation of RaHDM2 Ab N-20
with the cells, PNC-27 was added to the medium (PBS or serum-free DMEM-G+) to a final
concentration of 50 pg/ml in presence of PI (5 uM) and the incubation was continued for 15min at 37°C
as described in Methods. Control cell preparations were incubated with the same concentration of PNC-
27 peptide but in the absence of any Ab and in presence of a non-specific but species-, class and isotype-
matched Ab. Five to eight successive fields of cells (totaling >100 cells) were then examined for nuclear
staining with PI as a marker for cell death. As shown in Figure 18A, in a representative field with >25
cells, only the nuclei of only two cells picked up PI showing the majority of the cells was intact even
after 15min of PNC-27 treatment. In the next experiment I pre-incubated PNC-27 with RuMRP Ab for
20 min which should bind most of the MRP in PNC-27 and, consequently, and therefore not allow PNC-
27 to bind to the cell’s plasma membrane. Consequently, I expect that to RuMRP Ab will prevent PNC-

27 to bind to the cells plasma membrane and to kill the cancer cells.

As illustrated in Figure 18B, in a field with >15 cells, only one cell was stained with PI, showing the
remaining cells as being healthy and alive even after treatment with PNC-27. In control studies, as shown
in Fig. 18C, in the absence of any Ab, treatment of A2058 cells with PNC-27 in presence of PI, results in
PI uptake by virtually 100% of the cells. I then investigated the competition of a non-specific Ab with
PNC-27 at the same equimolar concentration used in HDM2 study. Figure 18D shows that the majority
of the cells are able to uptake PI after PNC-27 treatment (50 pg/ml) in presence of a non-specific rabbit
IgG (50 pg/ml). As mentioned earlier, I examined >100 cells from different fields in each of the above
experimental conditions where I observed ~ 93% inhibition of PNC-27 cytotoxicity when plasma
membrane HDM2 in blocked with an HDM2 mAb (Fig. 18A). Moreover, approximately 93% of PNC-27
cytotoxicity was inhibited when I blocked PNC-27 ability of plasma membrane delivery by pre-
incubating PNC-27 with aMRP Ab followed by addition to the cells (Fig. 18B). In contrast, when I used
a non-specific IgG in the same concentration as HDM2 Ab, I observed only 24% reduction in PNC-27
cytotoxic efficiency across eight different fields of cells totaling >100 cells (Fig. 18D).
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Figure 18: Blocking surface HDM2 inhibits PNC-27 mediated cytotoxicity as measured by PI
staining. A: A2058 cells were pre-incubated with ReHDM2 Ab N20 followed by treatment with PNC-
27 in presence of PI. B: PNC-27 pre-incubated with PNC-27-specific RaMRP IgG then incubated with
A2058 cells in presence of PI. C: PNC-27 was incubated with A2058 cells in presence of PI and in the
absence of any Ab. D: A2058 cells pre-incubated with non-specific R IgG followed by PNC-27
treatment in presence of PI. Right panel shows the DIC image of the cells after each treatment with
intact cells in A and B and destroyed cells in C and D. Left panel shows confocal images of dead cells
stained with PI. An average percent inhibition of PNC-27 cytotoxicity in each of the conditions observed
in multiple fields is shown on the right of the images.
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Figure 19: Blocking PNC-27-HDM2 binding sequence results in a more efficient inhibition of PNC-
27-mediated cytotoxicity. A: A2058 cells were pre-incubated with HDM2-specific mAb OP145,
followed by treatment with PNC-27 in presence of PI. Photomicrographs were taken after 3 min (top
panel), 10 min (middle) and 20min (bottom panel) after addition of PNC-27 to the cells in culture. DIC
images of the cells post-PNC-27 treatment are shown on the left and the confocal image of the PI from
the same field is shown on the right. B: Average percent inhibition of PNC-27 mediated cell death by
RaHDM?2 IgG N20 from different experiments. C: Average percent inhibition of PNC-27 mediated cell
death by mAbaHDM2 IgG1 OP145 from two separate experiments. Bars on each column +SEM.
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mAb IgG1 OP145 against the HDM2 N-terminal AAs 19 to 50, which also blocks PNC27 binding region
to HDM2, proved even more effective, showing a 96% inhibition of PNC-27 mediated cell death after 20
min (Fig. 19). Thus, antibodies raised against the p53 binding N-terminus of HDM?2 prove to be efficient

competitors for PNC-27 mediated cell killing of intact live tumor cells.

These results strongly suggest not only cell surface expression of HDM2 but also are indicative of
dependency of PNC-27 on binding to plasma membrane HDM?2 to mediate cancer cell-specific

cytotoxicity.

Effect of site-specific Abs on LDH release by PNC-27.
In another approach I evaluated the effect of HDM2-specific Abs in live cells on PNC-27 cytotoxicity by
measuring the release of LDH from cancer cells treated with PNC-27 in presence and absence of

competing Abs.

A2058 cells were pre-incubated with increasing concentrations of aHDM2 mAb IgG1 OP145 (0.1-100
pg/ml) for 30 min at 37°C followed by treatment with PNC-27 (50 pg/ml) for another 30 min. LDH
released by the cells into the supernatant and LDH retained by the cells was then measured in triplicate
wells as described earlier. Several sets of wells were processed in parallel as controls: A2058 cells were
pre-incubated for 30 min, 37°C, with buffer alone, with BSA or with non-specific mAb IgG1 covering
the same range of protein concentrations as stated for the mAb IgGl OP145. Pre-incubation was
followed by treatment with PNC-27 (50 pg/ml) for 30 min and measurement of LDH release. Additional
sets of triplicate wells seeded with A2058 cells which were treated for 30 min with the highest
concentration (100 pg/ml) of mAb IgG1 OP145, non-specific mAb IgG1, BSA or buffer only but not

with PNC-27 for 30 min when LDH release was measured.

The results in Figure 20 demonstrate the efficiency of PNC-27 cytotoxicity decreases with increasing
concentrations of mAb IgG1 OP145 until cancer cell killing is inhibited by >90% at a concentration of
1.0 pg mAb IgG1 OP145 per 0.1 ml medium or 10 pg Ab/ml (Fig. 20, blue triangles). In contrast, even at
their highest concentration of 100 pg/ml, which is ten fold higher than the concentration of mAb IgGl
OP145, neither BSA nor non-specific mAb IgG1 affected PNC-27-mediated cancer cell cytotoxicity
(Fig. 20, red dots and green diamonds).
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Figure 20: PNC-27-mediated cytotoxicity is dependent on the availability of plasma membrane
HDM2 sites. Human melanoma A2058 cells were pre-incubated (30 min, 37°C) with increasing
concentrations of aHDM2 mAb IgG1 OP145 (blue triangles), non-specific mAb IgG1 (green diamonds)
or BSA (red dots) as controls, followed by treatment with PNC-27 (50 pg/ml) for 30 min, 37°C when the
LDH assay was performed. Each point represents average cytotoxicity + SEM of 3 experiments.

A summary of the Ab competition against PNC-27-mediated cytotoxicity is shown in Table 3. mAb
oHDM?2 IgG1 OP145 which targets AA 19-50 of HDM2 shows efficient inhibition of PNC-27-mediated
cytotoxicity on human melanoma cells. The inhibition is comparable to that observed with RoHDM?2
IgG N20 which binds to a region within the first 102 AAs of HDM2. It should be pointed out that this
sequence also contains the domain to which PNC-27 binds via its p5S3 component. As expected RuMRP
IgG against PNC-27, blocks the cytotoxic effect of the peptide due to complex formation with the peptide
and therefore blocking its delivery to plasma membrane. Non-specific mAb IgG1 and R IgG as well as
BSA had little or no effect on killing of cancer cells by PNC-27.
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% Inhibition of

Antibody HDM2 Targeting Epitope PNC-27 cytotoxicity
aHDM2 mAb IgG10P145 AA 19-50 96%
RaHDM2 N20 AA 1-102 93%
RaMRP IgG N/A 93%
Non-specific R IgG N/A 24%
Non-specific mAb IgG1 N/A 5%
Human Serum Albumin N/A 2%

Table 3: Summary of Ab competitions with PNC-27-induced cytotoxicity in human A2058 cancer
cells.

Taken together, the results of effective inhibition of PNC-27-mediated cytotoxicity against A2058 human
melanoma cancer cells by Abs that are directed to specific binding sites of HDM2 for the p53 peptide
component of the PNC-27 provide strong evidence for the presence of HDM2 in the plasma membrane
of these live cancer cells. The findings, therefore, strongly support the notion that PNC-27 interacts with
HDM?2 in the plasma membrane of the cancer cells to mediate its cytotoxic effect. We deduce from these
observations that the absence of HDM?2 in the plasma membrane of untransformed normal cells prevents
the cytotoxic effect of PNC-27 peptide, although it does not prevent its (temporary?) adsorption to these

cell’s surface membrane.

PNC-27 causes cancer cell death only as intact peptide

The fact that PNC-27 induces tumor cell necrosis suggests that it maintains its structural integrity during
tumor cell lysis. However, this inference, and our laboratory’s previous finding that neither the p53
peptide or MRP alone, the peptide sequences joined into PNC-27, induce tumor cell necrosis, do not
preclude the possibility of cleavage of this peptide into different fragments that may themselves be
membrane-active and possibly cytotoxic. Moreover, to evaluate whether PNC-27 interacts with specific
targets in the plasma membranes of cancer cells that are not expressed in the plasma membranes of
untransformed cells and that allow for PNC-27 to be held in the plasma membrane, I treated MCF-7
human breast cancer cells (Fig. 21A) and MCF10-2A untransformed human breast cells with the double-
fluorophore-labeled PNC-27 (PNC-27**) (50 ug/ml cDMEM) and I followed the fate of the peptide, its
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integrity and its distribution in the cells for 48 h by confocal fluorescence microscopy. At the
predetermined time points of 0.5 h, 4 h, 24 h and 48 h after the cells exposure to PNC-27** confocal
images were recorded of whole cells as well a of sections through the cells (0.5um) that were rejoined
into one image stack. Images were recorded separately for each individual fluorophore i.e red (carboxyl
terminal), green (amino terminal) and for the merged images which is expected to produce a yellow color
if the two fluorophores are collocalized as outlined earlier. Figure 21 shows representative images of this

investigation.

When MCF-7 cells were treated with a low dose of 50 pg/ml PNC-27** in cDMEM for 30 min (0.5 h)
punctate red and green fluorescence is seen to locate all over the cell surface (Fig. 21A). At 0.5 and 4 h,
the a strong yellow punctuate pattern is seen evolving within the individual red and green fluorescence
suggesting that the peptide on the cell surface is largely bound as an intact PNC-27 peptide to the cell
membrane (Fig. 21A). The punctate pattern, on the other hand, suggests that PNC-27 binds to discrete
sites in the cell membrane rather than just intercalating itself due to its amphipathicity “non-specifically”
into the lipid bilayer membrane. At the 4 h time point, a small level of green fluorescence only can be
discerned on the nuclear membrane and in the nucleus suggesting that some of the peptide was
hydrolysed while entering the cell allowing the p53 AA 12-26 component to move into the cell nucleus.
During the same time period (0.5-4 h) the yellow fluorescence pattern on the cell membrane increased in

intensity (compare the right-most frames for the 0.5 and 4 h time points in Fig. 21A).

Surprisingly, the yellow fluorescence continued to increase in intensity on the surface membrane of the
intact cancer cells (Fig.21 A) even during the next 20 h when grotesque changes observed in the cells’
morphology indicated PNC-27** mediated damages to many of the cells and their imminent death.
Death by necrosis of most cancer cells by 48 h finally resulted in the virtual complete loss of
fluorescence in these cell samples. While these events took place, I also noted an increasing
accumulation of green fluorescence that is indicative of the p53 component of the PNC-27** peptide in
the cells’ nucleus and especially in the nucleoli without the red fluorescence. Upon merging the images
no yellow color was seen in the cell nuclei, nucleoli or nuclear membrane. In fact, at this time point (24
h) the yellow (merged) color that would indicate the presence of the intact PNC-27** peptide was absent
from any cell compartments but the plasma membrane of intact cancer cells. This finding strongly

suggested the proteolysis of the PNC-27** peptide into at least two components, the FITC-(green
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fluorescent)- p53 peptide and the TRITC-(red fluorescent)-MRP peptide. In line with these observations
was the localization of some red but not green fluorescence in the nuclear membrane, membranes of
some intracellular vesicles and the plasma membrane of intact cancer cells. Since at 24 h the cancer cells
plasma membrane also showed staining with green fluorescence, the results suggest that PNC-27** once
bound to the cell plasma membrane is subject to proteolysis into two or more peptide components that
proceed along a separate path: the FITC-labeled p53-component continues into the cell and nucleus
where it is concentrated by binding to HDM?2 at its p53 binding site. In contrast, the highly amphipathic
TRITC-labeled MRP component transfers from the plasma membrane to vesicle membranes to the
nuclear membrane until by the 48 h time point the cancer cells underwent complete necrosis and lost

virtually all of the TRITC-MRP- and most of the FITC-p53 peptide- derived fluorescence.

These findings indicate that PNC-27 peptide enters cancer plasma membranes as an intact peptide at
selective locations (locations of HDM2, the receptor molecule?) rather than randomly. Accumulation of
the intact peptide continues for at least 4 h when some of the peptide molecules, still intact, begin to
transfer to intracellular membranes/compartments and, at the same time, are being hydrolysed into at
least two components the FITC-tagged p53 petide (green fluorescence) and the TRITC-tagged MRP
peptide (red fluorescence). Considering the low dose of PNC-27** used in this experiment most of the
cells are still intact by 4 h but begin to respond to the peptide’s cytotoxic effect as can be seen by
changed cellular morphology. Within the next 20 h hydrolysis of the peptide continues which leaves little
intact by the 24 h time point as shown by the absence of yellow color in the merged images. During this
time also, the p53 peptide component (green fluorescence) moves into the nucleus where it is likely to
bind to HDM2 and in particular into the nucleoli where HDM2 is stored for use by p53. During the same
time, whatever remains intact of the TRITC-labled-MRP peptide red fluorescent is seen concentrated
into the membranes of intracellular compartments before it disappears from the cells within the next 24 h
period. During this period, when most of the cells are dying, the FITC-p53 peptide appears to continue to
concentrate into the nucleoli making them distinctly visible at the 48 h time point despite the overall
reduction of fluorescence intensity of the images. In contrast, at the 48 h time point virtually no red

fluorescence is left in the cells indicating that the MRP component has all been degraded.
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Confocal microscopy studies on untransformed MCF-10-2A cells

When the same PNC-27** treatment was performed on untransformed MCF-10-2A breast epithelial cells
(Fig. 21B), at 0.5 h there is an intense red and green fluorescence on the surfaces of the cells, giving an
intense yellow membrane fluorescence in the merged images (Fig.21B, right-most frame). This strongly
suggests that the peptide present in the plasma membrane of these cells is virtually all intact. In contrast
to the observation in the MCF-7 cancer cells, that showed punctuate yellow fluorescence (Fig. 21A), the
yellow fluorescence on the membrane of the MCF-10-2A cells is uniformly distributed over the whole

surface membrane.

This observation suggests that PNC-27 adsorbs to or inserts into the cell membrane randomly and does
not bind to specific sites. In striking contrast to the MCF-7 cancer cells treated with PNC-27**_ at the 4 h
MCF-10-2A cells show virtually no red or yellow fluorescence in any cellular compartments and contain
only a small amount of green fluorescence homogenously distributed in the cells a pattern that was seen

enhanced by 24 h without any particular concentration.

The findings further imply that when PNC-27** interacts with a specific membrane target(s), its receptor
(HDM2), that is present in the plasma membrane of cancer cells, it may be protected from hydrolysis by
cellular proteases. Supporting this notion is the observation of the rapid disappearance (within 4 h) of
the red fluorescence and consequently of the yellow merged fluorescence from the plasma membrane of
untransformed normal cells. At 0.5 h significant amounts of intact PNC-27** have been adsorbed to the

MCF-10-2A cell’s surface membrane (red and green fluorescence and, merged, yellow color).
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Figure 21: PNC-27 causes cancer cell death as an intact peptide. MCF-7 breast cancer cells (A) and
MCF10-2A untransformed breast cells (B) treated with PNC-27**, with a green FITC tag on the amino
terminus and a red TRITC tag on the carboxyl terminus. Treatment times are labeled on the left. For each
time frame, the three fluorescent images are shown from left to right: TRITC, left; FITC, middle; and
combined red and green (yellow), right.
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However, at 4 h virtually no red fluorescence or yellow color (merged images) is left in the plasma
membrane or in the cells while the presence of green fluorescence throughout the cells at 4 and 24 h
indicates the (selective) retention of the p53 peptide in the cells. 1 speculate, that the absence of the
HDM2 from the plasma membrane of untransformed normal cells not only affects the selective targeting
of PNC-27 to these cells but also allows the degradation of the intact peptide into its two components to
begin immediately upon non-specific adsorption of PNC-27 to the surface membrane of normal cells. On
the other hand, the presence of a specific binding site, a receptor in HDM2, for the PNC-27 peptide on
the surface membrane of cancer cells provides for a mechanism to not only selectively concentrate the
peptide molecules on the cancer cell’s surface but also for a protection against hydrolysis once the
peptide has interacted with and has been stabilized by its receptor and assembled into oligomers that
form the trans-membrane pores in the surface membrane of PNC-27 treated cancer cells. Once the
molecules have been assembled into oligomers and pores, the proteins are likely to be highly protease
resistant as has been shown for other occurring pore-forming proteins including SLO (Sekiya et al.,

1996).
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Chapter 3

“Pore Formation”

Mechanism of action of PNC-27
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What is the mechanism of action of PNC-27 that leads to the death of PNC-peptide-treated cancer
cells?

Having shown the rapid effect of PNC-27 in killing cancer cells using live imaging and following up on
the TEM observation of loss of plasma membrane integrity, I investigated, using immuno-electron
microscopy, the effect of PNC-27 on cancer cell’s ultra-structure subsequent to PNC-27 treatment and
the presence of the peptide in the plasma membrane as well as its possible interaction with plasma

membrane proteins such as HDM?2 using immuno-electronmicroscopy.

TEM analysis of cells treated with PNC-27

MIA PaCa-2 cells were treated with PNC-27 (150 pg/ml) or PNC-29 (150 pg/ml) for 5 min followed by
extensive washing off unbound peptide and fixation in glutaraldehyde as described in the Methods. I also
processed untreated cells in the same fashion as controls. The samples were then subjected to the TEM
sample preparation procedure as described above. Detailed analysis of the morphological changes in the
PNC-27-treated cells versus untreated or PNC-29-treated cells revealed multiple gaps along the plasma
membrane of the cells treated with PNC-27 (Fig. 22B). These gaps appeared to be of different sizes and
they were distributed along the cell’s plasma membrane (Fig. 22B, arrow heads). In contrast, none of
these gaps were observed in the plasma membrane of untreated control cells (Fig. 22A) or PNC-29-
treated MIAPaCa-2 cells (Fig. 22C). For additional controls two untransformed cell lines, BMRPA1 and
Agl13145 fibroblasts (p4), were treated with PNC-27 (150 pg/ml for 5 min), fixed and prepared for TEM.
Examination of the sections showed that despite PNC-27 treatment no changes had taken place in the
cells nor were any disruptions of the plasma membrane lipid bilayer evident. In fact, the PNC-27 treated
normal cells and untreated normal cells looked virtually the same. In both samples the plasma membrane
was intact (Fig. 22D and 22E). Therefore, the observed gaps in PNC-27 treated cancer cells may very
well explain the rapid killing of cancer cells which does not occur in the case of untreated or PNC-27-

treated untransformed cells.

The ultra-structural analyses of cells treated with PNC-27 revealed another interesting observation:
abnormal morphology of mitochondria in cancer cells. A rapid mitochondrial swelling was observed in
PNC-27 treated cancer cell samples (Fig. 22B, right frame) as compared to mitochondria in untreated

(Fig. 22A, right frame) or PNC-29 treated samples (Fig. 22C, right frame).
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Figure 22: TEM of cancer and normal cells treated with PNC-27 shows disrupted plasma
membrane and mitochondria. MIAPaCa-2 cancer cells were either left untreated (A; a section of the
view on the left is shown magnified in the photo on the right) or treated with 150 pg/ml of PNC-27 for 3
min (B; membrane view on the left and view of the cytoplasm on the right) or they were treated with 150
pg/ml PNC-29 (C; whole cells view on the left and cytoplasmic view on the right). AG13145
untransformed human primary fibroblasts (D) and BMRPA1 normal pancreatic acinar cells (E) were also
treated with 150 pg/ml PNC-27. All the samples were prepared for TEM. Blue arrow heads in B indicate
the plasma membrane gaps observed after PNC-27 treatment. The red arrows in (B) indicate the
grotesquely deformed mitochondria, which is evident only in PNC-27 treated cancer cells.
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These observations lead us to study mitochondria as organelles with respect to the potential role they
may play in the PNC-27 mechanism of action. I followed up on each of the stated observations starting
with investigating the possible mechanism by which the gaps in the cancer cell plasma membrane were
formed. I performed immuno-gold TEM of untreated and PNC-27-treated cancer cells to investigate, if
PNC-27 molecules can be found at or near the location of gaps that were formed in the plasma membrane

of cancer cells by the effect of the cytotoxic peptide.

Immuno-gold TEM of cancer cells treated with PNC-27

From the IF studies of cancer cells I now know that PNC-27 treated cells show PNC-27 localized in their
plasma membrane. Moreover, TEM analysis showed channel-like gaps formed in the plasma membrane
which may account for the rapid cell death in PNC-27 treated cancer cells. Guided bby these
observations I examined the localization of PNC-27 in the cancer plasma membrane using immuno-gold
staining TEM to look for a possible role of PNC-27 in channel formation. The visualization of PNC-27
near or at the site of the observed gaps or channels in the plasma membrane of peptide-treated cancer
cells would be a first suggestion that the PNC-27 peptide may, perhaps, be an active component in the
gap formation. In order to identify the structure of a possible channel formed by PNC-27, I studied the
structural appearance of a pore in TEM using Streptolysin O (SLO) which is a well-known pore-forming

exotoxin (Bhakdi et al., 1985).

Immuno-TEM of SLO-induced pores

SLO is a bacterial protein from Streptococcus pyogenes that forms an alpha helix and is toxic to
eukaryotic cells. SLO is a secreted protein of 61 kDa (Bhakdi et al., 1985). Its toxic effect is due to the
protein's ability to bind to cholesterol and form holes in the plasma membrane of cells. Oligomerization
of SLO monomers in the membrane creates membrane complexes that form stable pores with a diameter
of 30-35 nm (Bhakdi et al, 1985). While SLO is known for its specific effectiveness in assembling into
pores in the red blood cell membrane inducing the cell’s lysis, SLO is able to induce lysis also in
nucleated cells but at 1000 to 10,000 times the concentration as is needed to lyse red blood cells. To treat
cancer cells for TEM analysis and to generate sufficient images of SLO pores, I exposed the cells to 10
hemolytic unit (HU)/ml of SLO for 5 min, followed by extensive washing and fixation using 3%
paraformaldehyde. Following fixation and quenching (as described in Methods), cells were incubated

with aSLO mAb IgG1 followed by incubation with 6 nm gold-GaM IgG and prepared for TEM. Figure
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23 shows formation of ring structures on or around the cell’s plasma membrane which were labeled with
6 nm gold particles indicating the presence of aSLO mAb IgG1-gold-GaM IgG complexes and, thus, of
SLO. These rings were very similar to the previously reported SLO rings that were identified and
characterized as SLO pores in red blood cells and by SEM (Bhakdi et al., 1985).

Figure 23: Immuno-TEM of SLO pores. Human pancreatic cancer MIAPaCa-2 cells were treated with
SLO, fixed and followed by staining with primary Ab against SLO, a-SLO mAb IgG, and a secondary
Ab, 6 nm-gold-GaM IgG. The electron micrograph on the left shows a ring structure of the SLO pore
on the plasma membrane which is magnified on the right (bars indicate magnification). As it can be
seen, multiple gold particles decorate the ring which indicates the location of SLO molecules.

Based on the identification of SLO pores in MIA PaCa-2 cells, I hypothesized that, if PNC-27 inserts
itself into the lipid bi-layer of cancer cell plasma membrane through its membrane resident peptide
(MRP), it may rearrange itself structurally in a fashion that would create some sort of trans-membrane
channel or pore in the plasma membrane similar to those formed by bacterial pore-forming toxins such
as SLO. Since I have shown also that the presence of HDM2 protein in the plasma membrane of cancer
cells is required for PNC-27 to mediate its cytotoxic effect, I further hypothesized that HDM2 may also

play a role in the formation of these pores.
In order to study these hypotheses and to determine whether PNC-27-induced channel/pore formation in

the cancer cell membrane involves complexes of PNC-27 with HDM2, I performed experiments in

which I incubated MIA-PaCa-2 cells with PNC-27 and then incubated the cells sequentially with anti-
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PNC-27 Abs (mAb DOI1 or RaMRP IgG) and aHDM2 Ab (RoHDM2 IgG N20). The cells were then
further incubated with 6 nm gold-GaM F(ab’)2 (for mAb DO1) or 6 nm gold-DaR F(ab’)2 (for RaMRP
IgG1) and 15nm gold-DaR F(ab’)2 (for RaHDM?2 IgG N-20). TEM was then performed on the gold-

labeled cells as previously described.

As shown in Figure 24A, ring structures can be seen on the plasma membrane of the PNC-27 -treated
cells which were stained with five gold particles bound to the complexes identifying the presence of one
or more peptide molecules in the structure. These PNC-27 oligomeric ring structures were very similar

to the structures of SLO pores that I visualized earlier (Fig. 23).

Blue arrows
Indicate
HDM2-PNC-27
Complex

Figure 24: Pore formation and co-localization of PNC-27 and HDM2 on the plasma membrane of
cancer cells. Immuno-TEM of PNC-27-treated human pancreatic cancer MIAPaCa-2 cells (100 pg/ml
for 3 min), showing A: pore structures identified by anti-PNC-27 Ab (RaMRP IgG) and 6 nm gold-
labeled secondary Ab [6 nm gold-DaR F(ab”)2]. B: A cross section of a pore stained for HDM2 (15 nm
gold) with RoHDM2 IgG N20 followed by 15 nm gold-DaR F(ab’)2 and for PNC-27 (6 nm gold) with
ap53 mAb DOL followed by 6 nm gold-GaM F(ab’)2.

In the next step I performed immunostaining for both PNC-27 and HDM?2 with ap53 mAb DO1 for
PNC-27 and RoHDM2 IgG N-20 for HDM2, respectively. Primary Ab staining was followed with
secondary species-specific gold-conjugated Ab [6nm gold-GaM F(ab’)2 and 15 nm gold-DaR F(ab”)2,
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respectively] which showed co-localization of PNC-27 and HDM2 on the plasma membranes of cancer

cells (Fig. 24B).

In a cross section of a cell’s plasma membrane the membrane is disrupted by a pore-like structure with
an inside diameter of 35-40 nm (the channel) and an outside diameter of 80-90 nm (the pore complex).
The two walls of the pore complex appear to have penetrated through both layers of the lipid bi-layer
membrane while still extending beyond the extracellular surface membrane by 8-10nm ending in two
“bulky heads” that, in fact, stick “their heads out” into the extracellular space. One of the “bulky” heads
(blue arrow) is stained with 2 closely apposed 6nm gold particles indicating the presence of PNC-27
protein Ag, while nearby, in <17 nm distance, and on the same “bulky head” is located one 15nm gold
particle indicating the presence of HDM2 in the same complex that contains the PNC-27 protein.
Applying the specificity of the immunostaining reaction to the structure of the pore it can be stated that
the two heads are likely to represent part of the external rim of the pore which was formed by the
assembly of the PNC-27-HDM2 complexes into the pore complexes. It should be noted that the cross
section of the PNC-27-HDM2 pore complex is very similar to the cross-sectioned channels of SLO
(Bhakdi et al., 1985). The morphological similarity of SLO pores and PNC-27-HDM2 pore complexes
together with the fatal outcome of cells whose plasma membrane has been penetrated and made leaky by
the insertion of SLO pores suggest a similar functional consequence(s) to the formation of PNC-27-

HDM2 pore complexes as the cause of rapid cancer cell necrosis by PNC-27.

Scanning Electron Microscopy (SEM) of cells treated with PNC-27

A better visualization of the ring-like structures and transmembrane channels identified for the first time
in 2-D TEM as described above would be an important step to ascertain that these are indeed
components of transmembrane pores formed by the binding to and interaction of PNC-27 with
H/R/MDM2 expressed in the plasma membrane of cancer cells. To achieve a better view of the pore-
structure and its relation to the cell surface topography as well as of the participating molecules PNC-27
and HDM2, I combined high-resolution back scatter SEM with immunostaining to obtain 3-D images of
the cancer cell’s surface membrane and of the pore structures. These are expected to be seen upon
addition of PNC-27 and they are expected to be identifiable by the presence of the different sized gold
particles on the rim of the pores if, in fact, they are assembled from PNC-27-HDM2 complexes.
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After treating MIA PaCa-2 cancer cells briefly (3 min, 37°C) with PNC-27 (150 pg/ml PBS) the cells
were fixed for 1.5 h in warm (37°C) 3% buffered paraformaldehyde supplemented with 0.1%
glutaraldehyde. After extensive washing and quenching with glycine and NaBH4, cells were incubated
overnight at 4°C with RaHDM?2 IgG N20 and ap53 mAb [IgG2a DO-1. After washing off non-reacted
Abs the cells were incubated for another 2 h at RT with 6nm gold-GaR F(ab’)2 and 15 nm gold-GaM
F(ab’)2, all at 5 pg/ml and in PBS with 1% BSA. After removal of non-bound Abs, the cells were post-
fixed in 3% glutaraldehyde in cacodylate buffer (0.113M, pH7.2) and processed for SEM analysis. I also
prepared separate TCDs with MIA PaCA-2 cells which were incubated in parallel to the experimental
samples but without PNC-27 (untreated samples), and with AG13145, normal fibroblasts (p8), that were
incubated with PNC-27, and stained and processed as described for MIA PaCa-2 cells. MIA PaCa-2
cells were chosen for these studies, since they have been found in earlier low resolution SEM studies to
present a smooth surface membrane. If penetrated by PNC-27-HDM2 complexes, these cells are
expected to provide a good target for immunostaining and viewing of the extruding rim of the pore

structures.

Figure 25A-D shows the plasma membrane of untreated MiaPaCa-2 cells at four successively increasing
magnifications. As seen in the low magnification (Fig. 25A & B) the cells are rather flat and well
extended. Their surface membranes are intact, smooth and they show little structural features but for a
few filopodia-like extensions (Fig. 25 B-C). Even at the highest magnification (Fig. 25D) the membrane
appears to be completely intact, uniformly smooth and without recognizable holes or bulges. In contrast,
when the cells are exposed for only 3 min at 37°C to PNC-27 (100 pg/ml) their surface membrane

exchanges the smooth appearance into a rough and stippled appearance (Fig. 25 E).

When the same surface membrane area is viewed after immuno-gold staining and at higher
magnifications as well as in SEM back scatter mode, numerous see-through pore-like channels can be
seen distributed randomly over the plasma membrane (Fig.25, G, H, M). These pore-like channels are
seemingly surrounded by limiting rings like donuts or partial donuts which appear to be sticking out

from the membrane level (Fig. 25H-J & M).
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Figure 25: PNC-27 pores in cancer cells identified by Immuno-SEM. Immuno-gold SEM on human
pancreatic cancer MIAPaCa-2 cells that are either untreated (A-D) or PNC-27-treated (150 pg/ml, E-M)
for 3 min showing staining for HDM2 (red arrow heads) and PNC-27 (yellow arrow heads). E and M are
secondary electron micrographs, and the rest are back scattered. Sequential magnifications from E (whole
cells) to J (pore site). Only pores limited by gold-labeled donuts were measured for their inside
diameters.
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Most impressive, virtually everyone of these donuts is dotted with 6 and 15 nm gold particles indicating
the presence of both PNC-27 Ag peptide (15 nm gold particles, yellow arrows) and HDM2 protein (6 nm
gold particles, red arrows) (Fig. 25, H — K). Furthermore, the donut-like rings enclose transmembrane
pores that, when measured, have inside diameters of very similar sizes of 28 — 44nm with an average
diameter of 34.5 + 5.6 nm (n = 100) (Fig.25 I-L). The remaining holes in the PNC-27 treated membrane
of these cancer cells are most likely secondary holes that indicate that the plasma membrane is already
breaking apart due to the inability of the cells to maintain their fluid and ion balance and energy

production in face of the HDM2-guided missile attack by PNC-27.

These observations provide strong support for the notion that PNC-27 molecules which are inserted into
the plasma membrane of the cancer cells tend to form oligomers and assemble into a defined structure
with a channel in the middle, the pore, which penetrates the plasma membrane. In contrast, no such
aggregates were observed in the plasma membrane of normal human fibroblasts after treatment with
PNC-27; the plasma membrane in these cells strangely resembled those of untreated MiaPaCa-2 cells
(Fig. 22D). These observations are consistent with the membrane gaps first observed in the TEM studies.
The observations support the notion that pore-formation is a direct result of the exposure of cancer cells
to and their ability to retain PNC-27 via a receptor, HDM2, that is expressed only in the plasma

membrane of cancer cells.

Temperature Dependency analysis of cancer cell response to PNC-27
Based on “fluid Mosaic Model”, at physiological temperature (37°C), most of the membrane lipids are

organized in a fluid lamellar liquid-crystalline phase, L phase, which allows lateral and rotational
mobility. The L phase also allows random movement of other components of the plasma membrane

such as membrane proteins (Giocondi and Le Grimellec, 1989). As the temperature decreases, bilayer

lipids undergo a transition to the gel phase, LB phase, with more ordered fatty acids chains. In the gel-like

areas, molecular motion is very slow and in the liquid-crystal-like microdomains, molecules move

relatively freely. The phase transition temperature (T ) depends on the lipidic composition of every

membrane or even of each lipidic domain and it may differ from one cell type to another (Giocondi and
Le Grimellec, 1989). In the gel-like state, as a result of decreased fluidity, events such as pinocytosis,

phagocytosis and exocytosis happen to a lower degree.
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Based on this phase transition temperature, it has been shown that pore-forming agents such as SLO
function in a temperature-dependent manner where at lower temperatures, the monomeric SLO

molecules are unable to move in the plasma membrane, hence, no pore is formed (Bhakdi et al., 1985).

In order to investigate the ability of PNC-27 molecules to form pores in the plasma membrane of a
cancer cell, I examined the efficiency of PNC-27 cytotoxicity at different temperatures. Cells from three
different cancer cell lines: MIAPaCa-2, BMRPA1.TUC3 and A2058 cells were treated with different
concentrations of PNC-27 at the four different temperatures of 4°C, 17°C, 25°C and 37°C as described
in Methods. Each condition was performed in triplicates with a standard deviation of <0.02. Untreated
cells were used as controls for normal cell death in PBS (30 min), which was minute and was subtracted
from all the values. As shown in Figure 26, there was no release of LDH observed from any of the three
cancer cell lines in the absence of any treatment and where incubated with different concentrations of

PNC-27 at both 4°C and 17°C. Moreover, cells appeared intact morphologically during the course of the

treatment.
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Figure 26: PNC-27 cytotoxicity effect is temperature-dependent. Three different cancer cell:
MIAPaCa-2 (A), A2058 (B) and BMRPA1.TUC3 (C) treated with increasing concentrations of PNC-27:
37°C (blue triangels), 25°C (red diamonds), 17°C and 4°C (green dots). LDH assay was performed to
evaluate cell killing. Each point represents the average + SEM of 3 experiments.
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It is important to note that while PNC-27 at 500 pg/ml at 37°C resulted in 100% cancer cell killing by 30
min, the same concentration of PNC-27 at 25°C resulted in only 30-55% cell killing whereas no cell

death was observed when PNC-27 at the same concentration was added to the cells at 17°C.

These data clearly indicate that there is a T (phase transition temperature), 17°C in this case, below
m

which PNC-27 does not function and is not cytotoxic to cancer cells. However, a decrease in efficiency
of PNC-27 at 25°C as compared to 37°C implies that PNC-27 functions in a temperature-dependent
fashion and that PNC-27 requires physiological fluidity state of the plasma membrane to fully achieve its

function.

This principal of PNC-27 function is very well established for other pore-forming agents such as SLO
(Bhakdi et al., 1985). As the plasma membrane becomes less fluid the movement of molecules within the
plane of the membrane is reduced. For example, at the same concentrations PNC-27 is much more
cytotoxic at 37°C than at at 25°C, where it is more cytotoxic than at 17°C and below. In fact at < 17°C
the peptide no longer has an effect on cancer cells. I propose that this observation indicates the PNC-27
peptide monomer’s inability to move through the plasma membrane and to assemble into pores, thus the
absence of cell killing. As mentioned earlier, the phase transition (TM) varies between cells depending
on the plasma membrane lipid composition. These data clearly show different TM for each of the cell
lines, and they suggest that distinctive differences exist in the lipid composition of these cancer cell’s

plasma membranes.

I, then, extended my investigations of the hypothesis that PNC-27 movement within the plasma
membrane of cancer cells is required for its efficiency. Since these studies have generated evidence that
PNC-27 kills selectively cancer cells by binding to and being retained (stabilized) by a receptor, HDM?2,
expressed in the plasma membrane of cancer cells only, I examined if PNC-27 can bind to the plasma
membrane at low temperature and can be retained in sufficient concentration to exert its cytotoxic action
when the cells are re-incubated at 37°C. I incubated BMRPA.TUC3 cells with different PNC-27
concentrations at 17°C for 30 min, allowing the peptide to adsorb to and/or insert itself into the plasma
membrane perhaps through its Tryptophan residue as described in the Introduction. The cells were then
extensively washed to remove non-absorbed peptide molecules and incubated in PBS at 37°C for another

30 min.
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As can be seen in Figure 27, when returned to 37°C, the cancer cells pre-incubated with PNC-27 at 17°C
were rapidly killed (measured by LDH release into the spent supernatant) in a dose-dependent manner
that very much followed that of cells being treated with the peptide directly at 37°C. It has been reported
that the peptide penetratin, that is similar to MRP with respect to it being a small amphipathic peptide but
very distinct from MRP, is able to maintain its function of cargo delivery in a temperature independent
manner (Derossi et al.,, 1994). This is comparable with our observation that insertion of PNC-27 into
plasma membrane may in fact take place at 17°C and below in an temperature-independent manner.
However, as demonstrated in the present investigation, the PNC-27 monomers are unable to move freely
through the plasma membrane at 17°C or below in order interact with each other to form pores with
HDM2. To do so, higher temperature (25-37°C) is required to increase membrane fluidity which is
temperature-dependent so that greater random movement of the membrane-bound molecules enables
their assembly into pores. It is also possible that the PNC-27 peptide recognizes, binds to and is retained
by its plasma membrane receptor, HDM2, and that are events that, for many ligand — membrane receptor
complexes are well known to be completely temperature independent. As soon as the fluidity of the
plasma membrane resumes at 37°C, the already bound PNC-27 monomers on the plasma membrane
oligomerize into pores as shown by immuno-gold TEM and SEM. This characteristic of PNC-27 further
supports the notion that PNC-27 mediated cytotoxicity is due to the mechanism of pore formation in the

cancer cell plasma membrane.
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Figure 27: PNC-27 insertion into plasma membrane is temperature-independent while PNC-27
oligomerization is temperature-dependent. BMRPA1.TUC3 cells were treated with PNC-27 at 17°C
followed by extensive washing of the unbound PNC-27. The cells were then brought to 37°C for 30min
and the release of LDH was measured. Each point represents the average + SEM of 3 experiments.

87



Does PNC-27 affect the function of other membrane containing organelles (i.e. mitochondria or

lysosomes)?

Involvement of mitochondria in rapid cell death (necrosis)

Detailed TEM analysis of the ultra-structural morphology of Mia PaCa-2 cells treated with PNC-27
showed severe mitochondrial swelling as compared to untreated control cells (Fig. 22B). The fact that
mitochondria play a central role in both apoptosis and necrosis makes this observation an interesting,
informative and important for further investigation with regards to the causes of rapid cell death which
occurs in cancer cells due to PNC-27 treatment. Mitochondria are known for their central role of cellular
energy production. The unhealthy morphology of mitochondria in TEM images (Fig. 22B) of PNC-27
treated cancer cells suggests their disruption as a consequence of peptide treatment, although it should be
noted that other MRP-peptides such as PNC-29 remain without effect on cell morphology or function.
Since mitochondria are crucial to the viability of the cell, it is important to narrow the time at which
mitochondria are affected subsequent to addition of PNC-27 to the cancer cells. In order to determine the
status and role of mitochondria in PNC-27-mediated cytotoxicity, I investigated the effect that PNC-27

may have on mitochondrial integrity.

Disruption of mitochondria in cancer cells during PNC-27 treatment

Using spinning disc confocol fluorescence microscopy of pre-stained mitochondria, I evaluated the time
at which mitochondria are disrupted subsequent to PNC-27 in the medium. I incubated MIA PaCa-2 cells
in glass bottom TCDs with MitoTracker (150 nM, 45 min, 37°C), which becomes detectable and defines
the worm-like morphology of the cell’s mitochondria once the fluorescent dye has accumulated in the
organelles. The cell-permeant MitoTracker probes contain a mildly thiol-reactive chloromethyl moiety
for labeling mitochondria. The dye passively diffuses across the plasma membrane and accumulates in
active mitochondria. MitoTracker is readily sequestered by functioning mitochondria and is easily
washed out of cells. The dye is also rapidly lost from the mitochondria, once the organelles experience a
loss in membrane potential or are damaged otherwise. Figure 28A shows untreated MIAPaCa-2 cells that
have their healthy, active and worm-shaped mitochondria stained with Mitotracker. I then treated these

cells with control peptide PNC-29 (150 pg/ml) for 15 min at 37°C.
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Figure 28: PNC-27 is selective towards mitochondrial membrane but not lysosomes. MIAPaCa-2
cells were pre-stained with Mitotracker followed by either no treatment (A), PNC-29 (B) or PNC- 27 (C)
treatment. The disruption of mitochondria and leakage of the dye occurs only in PNC-27 treated cells as
seen in IF staining. D-E: Agl3145 normal human fibroblasts pre-incubated with Mitotracker and PI,
followed by PNC-27 treatment. Mitochondria remain intact after PNC-27 treatment (F) and there is no PI
staining or cell death (G). D and E shows untreated cells pre-stained with Mitotracker in presence of PI.
H-K: MIAPaCa-2 cells pre-stained with Lysosensor followed by PNC-27 treatment (J and K). H and J
show the confocal images of the lysosensor dye-containing cells before and after PNC-27 treatment
where lysosomes remain intact during the course of PNC-27 treatment. I and K, before and after
treatment DIC images showing disrupted cells due to PNC-27 treatment while the lysosomes remained

intact (J).
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Figure 28B shows the last frame of the 15 min PNC-29 treatment time course experiment where

mitochondria remain stained and unchanged morphologically.

In contrast, when I treated these cells with PNC-27 (150 pg/ml) for another 15 min, the mitochondria
started to swell up within 3.5 min became round by 5-6 min and exploded within another 1-2 min (7-9
min after begin of peptide treatment) losing the Mitotracker dye into the cytoplasm and the medium as
shown in Figure 28C which is the last frame of a 15 min live imaging time course during which the cells

were recorded in 10 sec intervals.

The time course experiments allowed recording of the exact timing of the mitochondrial disruption at 3.5
min post PNC-27 treatment. In contrast, when Agl3145 (p8) primary human fibroblasts that had
Mitotracker pre-stained mitochondria were treated with PNC-27 in presence of PI, no disruption of
mitochondria and no Mitotracker leakage was observed (compare Fig. 28D and F). Furthermore, no PI
staining of the nuclei of the fibroblasts was observed which indicated that the cells were intact and

healthy (Fig. 28E, G).

PNC-27 disruption of cellular lipid bi-layers is selective

Since I observed that PNC-27 leads to disruption of plasma membrane and also mitochondrial integrity,
it is crucial to investigate whether the effect of PNC-27 on lipid bi-layers is selective and if other intra-
cellular organelles with membranes are affected by PNC-27. To evaluate this question, I studied
lysosomes as a lipid bi-layer containing organelle. I stained lysosomes with lysosome-specific dye,
Lysosensor, as described in Methods. Figure 28H, shows untreated MIA PaCa-2 cells that are stained
with Lysosensor. Lysosomes appear as round and densely stained red dots throughout the cells.
Moreover, the DIC image of the cells shows that they are morphologically intact (Fig. 281). I then treated
these cells with PNC-27 (150 pg/ml) for up to 30min. As shown in Figure 28], the lysosomes stay intact
as it is indicated by the concentrated Lysosensor that is engulfed in lysosomes and no leakage of the dye
is observed. However, as shown in Figure 28K, the cells are morphologically disrupted which indicates
their death. These interesting observations show that PNC-27 is selective in disruption of lipid bi-layers.
PNC-27 causes plasma membrane and mitochondrial membrane disruption most likely due to its ability

to interact with a receptor, most likely HDM2, expressed in the plasma membrane and, perhaps, even in
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mitochondrial membrane, whereas it has no effect on lysosomal membrane possibly because of the

absence of such receptor in lysosomal membrane.

Does PNC-27 directly interact with mitochondrial membrane?

Studies of intracellular organelles in cancer cells revealed the disruption of mitochondria within 3.5 min
of PNC-27 treatment. TEM analysis of the identically treated cancer cells showed the presence of
deformed mitochondria. Moreover, the rapid leakage of Mitotracker dye from mitochondria confirmed
the disruption of this organelle. None of these observations were made in cancer cells treated with PNC-
29 or in normal untransformed cells treated with PNC-27 (see Fig. 22). The observation of mitochondrial
disruption in cancer cells by treatment of the cells with PNC-27 prompted the question whether
mitochondrial disruption is directly caused by PNC-27 binding to mitochondria or is it caused plainly by
binding of PNC-27 to the plasma membrane and the leaking of intracellular content from the cells.

The rapid disruption of mitochondria which occurs minutes prior to nuclear staining with PI suggests
mitochondrial membrane as another possible target for PNC-27. Bcl2 is a mitochondrial outer membrane
permeabilization (MOMP) protein which can be either pro-apoptotic (Bax, BAD, Bak and Bok among
others) or anti-apoptotic (including Bcl2 proper, Bcl-xL, and Bcl-w, among others) (Zamzami et al.,
1998). Since the presence of Bel2 in mitochondrial membrane is well documented (Adachi et al., 1997),
and because HDM2 and Bcl2 share the binding sequence for the p53 peptide (AA 12-26) in PNC-27,

Bcl2 may play the role of a targeting molecule for PNC-27 in the membrane of mitochondria.

MIA PaCa-2 + PNC-27

Figure 29: PNC-27 localizes to mitochondrial membrane of MIAPaCa-2 cells. Immunogold TEM of
human pancreatic cancer MIA PaCa-2 cells treated with 150 pl/ml PNC-27 for 15-20 min and stained
with RaMRP IgG primary Ab and 6 nm gold-aR F(ab’)2. Disrupted mitochondria can be seen by TEM
are shown. A higher magnification of the same mitochondria (from left to right) is shown to locate the
staining for PNC-27 on the surface of mitochondria (orange arrow).
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Therefore, in presence of Bcl2 in mitochondrial membrane the PNC-27 molecules which have passed
through the PNC-27-induced plasma membrane pores would have the ability to not only access and
insert themselves into mitochondrial membrane but also target Bcl2 in the mitochondrial membrane
resulting in the formation of pores in the mitochondrial membrane similar to those identfied in the cell’s
plasma membrane. To evaluate this hypothesis of PNC-27 causing pore formation in the mitochondria, I
performed immunogold TEM analysis of mitochondria that have been treated with PNC-27 and

evaluated mitochondrial membranes for PNC-27 staining.

MIA PaCa-2 cells treated with PNC-27 (150 pg/ml) for 30 min and stained with anti-PNC-27 Ab
(RaMRP IgGG) were subjected to immunogold TEM preparation as described. As demonstrated in Figure
29, 6 nm gold particles are present on the mitochondrial membrane which represents staining for PNC-
27. This finding indicates the localization of PNC-27 on mitochondrial membrane of cells that were
treated with PNC-27. The observation helps explain the adverse effect of PNC-27 treatment on the
integrity of mitochondrial membrane as it was observed in the leakage of Mitotracker dye from

mitochondria and their destruction in cancer cells treated with PNC-27.
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DISCUSSION

Previous reports have from our own laboratory and others shown that the peptide PNC-27 and its
shorter sister peptide PNC-28 are highly lethal for cancer cells maintained in vitro and for
xenotransplanted pancreatic cancer cells in vivo (Kanovsky et al., 2001; Do et al., 2003). From the
same reports it is clear that PNC-28 and PNC-27 have no effect on normal untransformed cells
including human hematopoietic stem cells (Kanovsky et al., 2001). In the present study I provide
morphological and biochemical evidence of the effect of PNC-27 on additional cancer cell lines and,
for the first time, on primary human tumor cells. My investigations also extend the observation that
over a wide range of concentrations PNC-27 has no effect on untransformed normal cells. I further
demonstrate that PNC-27-mediated cytotoxicity against cancer cells is dependent on the dose of the
peptide, the length of time that the target cells are exposed to the peptide and the temperature of the
peptide’s cytotoxic effect on cancer cells. Most importantly, my studies identify HDM?2 as a target
molecule for PNC-27 that is expressed only on cancer cell plasma membrane and not in the plasma
membrane of untransformed normal cells. The expression of HDM2 in the surface membrane of cancer
cells, therefore, provides a novel and unique marker for the identification of cancer cells. The presence
of the HDM2 in the cancer cell’s plasma membrane enables PNC-27 to selectively recognize and bind

to cancer cells and to induce necrotic cell death by the formation of transmembrane pores.

PNC-27 Kills three different cancer cell types in vitro but has no effect on normal cells

I examined the effectiveness of PNC-27 in vitro on cells from long established cancer cell lines and
from a primary human tumor that had been freshly explanted in vitro. Microscopic observation along
with biochemical and molecular analyses of cancer cells cultured in PNC-27-containing medium
indicate that the killing of cancer cells by PNC-27 takes place in a dose and time dependent manner. At
the same concentrations control peptide PNC-29 has no effect on any of the cancer cells (Figs. 4 and
5). In contrast, untransformed cells and primary human fibroblasts (passage 3 to 6) remain unaffected
by the same doses of PNC-27 and the cells continue to grow (Figs. 4 and 5). Taken together these
observations strongly support the notion of specificity and selectivity of PNC-27 mediated killing of

cancer cells.
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The list provided in Table 2B expands the number of cancer cell lines examined for their sensitivity to
treatment with PNC-27 and PNC-28, respectively. It shows the unique capability of PNC-27 as a
cytotoxic drug to cause cell death of a range of cancer cell lines that include breast (Do et al., 2003),
lung (Kanovsky et al., 2001), colon (Kanovsky et al., 2001), pancreas (Kanovsky et al., 2003),
melanoma cells (this study) and of primary human ovarian cancer cells (this study). Not unexpectedly
though, the cytotoxic efficacy of PNC-27 against different cancer cells varies with respect to the LDs.
Thus, the LDsy of PNC-27 for melanoma cells is approximately 25 ug/ml (~11 uM) whereas for rodent
pancreatic cancer cells (BMRPA1.TUC3) it is 125 pg/ml (27.3 uM) and 150 pg/ml (~33 uM) for
human pancreatic MIA PaCa-2 and primary human ovarian OVCAA4 cells (Table 1).

PNC-27 Kkills cancer cells by necrosis

The interaction between p53 and H/MDM?2 and the development of drugs that can be used to control a
cancer cell’s fate by the external i.e. pharmaca-induced regulation of the interactions between these two
proteins has become a central subject for drug development. To date, a number of small molecule
inhibitors of p53-MDM2 interaction have been synthesized that provide a rational therapy for the
treatment of tumors (Oliner et al., 1992; Oliner et al., 1993; Bottger et al., 1996; Picksley et al., 1996;
Blaydes et al., 1997). IP3 is one of these small molecules with a I8STFSDLW23 sequence that has a
100-fold higher affinity for H/MDM2 than the equivalent p53 sequence (Bottger et al., 1996). IP3 has
been shown to induce apoptosis in tumor cells that over-express H/MDM?2 (Bottger et al., 1996). These
findings demonstrated that a peptide homologue of p53 is sufficient to induce p53-dependent cell death
in cells over-expressing H/MDM2. The result strongly supports the notion that disruption of the p53-
MDM2 complex is a potentially worthwhile target for the development of therapeutic anti-cancer

agents.

Based on these earlier observations, PNC-27 and PNC-28 were originally conceived to compete with
p53 in binding to H/MDM2. In competing for binding to H/MDM2 with p53, PNC-27 would force the
release of p53 from binding to H/MDM2, an increase and activation of pS3 which will direct the cell

towards apoptosis.

Virtually all anticancer agents including chemotherapy, hormones and radiation induce cytotoxicity of

tumor cells by apoptosis (Fine et al., 1996; Harris, 1996). Hallmarks of the process of apoptosis include
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activation of caspase protein cascade (Fine et al., 1996), fragmentation of DNA and the cell nucleus
(Nagata, 2000). However, previous (Do et al., 2003) and my own observations (Figs. 11 and 12) on
cancer cells treated with PNC-27 strongly indicated that PNC-27 mediates its lethal effects rapidly and
in the absence of the classical signs of apoptosis such as nuclear fragmentation (Fig. 11), DNA ladder

formation (Do et al., 2003) and caspase activation (Fig. 12).

The better understanding of the mechanism of PNC-27-induced necrosis has been helped through the
discovery of crucial components of the peptide which includes its conformational motifs in different
cellular environments. When PNC-27 or PNC-28 were added to cancer cells maintained in growth
media, the peptides killed most of the cells within 12 to 48h after initiation of the treatment (Kanovsky
et al., 2001; Do et al., 2003; Pincus et al., 2007). While killing breast cancer MDA-MB-468 cells that
contain mutant p53 reveals that the peptides are cytotoxic to cancer cells, the killing of other breast
cancer cells such as MCF-7 which over-express wild-type p53, of human MDA-MB-157 breast and
SAO0S2 osteosarcoma cells both of which are p53-/- (p53 null) were unexpected findings (Kanovsky et
al., 2001; Do et al., 2003; Pincus et al., 2007). These results demonstrate that unlike other molecules
that interfere with the formation of the p53-HDM2 complex (Chene et al., 2002; Vassilev et al., 2004),
PNC-27 and PNC-28 are cytotoxic to a variety of cancer cells including p53-/- cancer cells. The
findings strongly support the notion of a different mechanism of action for PNC-27 and PNC-28 in
killing cancer cells than the apoptosis-inducing action of, for example, Nutlin-3 and Nutlin-like

molecules.

Furthermore, using live cell imaging spinning disc confocal microscopy of untreated, PNC-29 and
PNC-27-treated human pancreatic cancer MIA-PaCa-2 cells, in conjunction with fluorescent markers
of different cellular compartments I was able to demonstrate unequivocally that cancer cell death by
PNC-27 occurs by necrosis. The appearance of PI in the cell’s cytoplasm and nucleus within minutes
after the addition of PNC-27 to the incubation medium was followed by extrusion and rupture of the
cell’s plasma membrane strongly suggesting the loss of the integrity of the cell’s plasma membrane
before nuclear fragmentation could occur (Fig. 11). Subsequent ultra-structural studies on PNC-27-
treated and sham-treated cancer cells demonstrate that the cytotoxic peptide exerts its first effect on the
plasma membrane of the affected cell (Fig. 22B). Within 2-3 min after addition of PNC-27 to the

incubation medium small (20-40 nm) disruptions could be seen along the cell’s plasma membrane
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which , within another 5-8 min disintegrated with the loss of the cytoplasmic content. During the same
time period, the nuclear membrane remained intact and nuclear fragmentation was not seen (Fig. 11).
The observation of a rapidly disintegrating cell in presence of PNC-27 is clearly different from an
apoptotic event where the nucleus is fragmenting long before the disruption of the apoptotic cell’s
plasma membrane is being seen (Nagata, 2000). Moreover, the short time of 3.5 min that PNC-27
requires to kill cancer cells (incubated in FBS-free PBS) virtually eliminates apoptosis as the

mechanism by which the peptide induces death in cancer cells.

Taken together, absence of apoptosis markers, disruption of plasma membrane and loss of cytoplasmic
content prior to disruption of nuclear membrane, and the rapid killing effect of PNC-27 strongly
suggests that incubation of cancer cells with PNC-27, unlike other inhibitors of the p53-MDM?2
interaction, causes cancer cells death by necrosis. In our continuing investigation of PNC-27-mediated
cytotoxicity against cancer cells we have recently shown that in contrast to the necrotic cell death of
cancer cells by external application of PNC-27 and PNC-28, the over-expression of the HDM2-binding
N-terminal sequence of p53 AA17-26 intra-cellularly in human pancreatic cancer MIAPaCa-2 cells
induced apoptosis in the cancer cells while normal cells showed no response (Bowne et al., 2008). This
result provides evidence for the potent apoptotic capacity of the HDM2-binding p53AA17-26 peptide
sequence when expressed intra-cellularly where it may indeed disrupt the p53-HDM2 complex
resulting in p53-mediated apoptosis. In fact, our laboratory could recently show that cellular p53 levels
of cancer cells rapidly increase in presence of transfected cytoplasmic p53 AA17-26 but that they
showed no response to the extra-cellular presence of PNC-27. The findings provide one more support
for a different mechanism that is used by intact and extra-cellularly administered PNC-27 to kill cancer
cells. These observations also strengthen the importance of the location of PNC-27 in treating cancer
cells and for its efficiency to induce rapid necrotic cell death in the tumor cells when supplied as intact

p53-MRP peptide.

A novel tumor cell marker: HM)DM2 is exclusively expressed in the plasma membrane of
cancer cells and is required for PNC-27 cytotoxicity.

PNC-27 disrupts the plasma membrane of cancer cells without affecting the plasma membrane of
untransformed normal human cells (Figs. 2, 8D, 9C; Kanovsky et al., 2001). Considering that the
lipophilic MRP portion of the PNC-27 molecule should enable the peptide to insert itself into the lipid
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bilayer of the plasma membrane of any mammalian cell which should result in the intracellular
transport of free PNC-27 (Derossi et al., 1994; Derossi et al., 1996), its translocation into intracellular
membranes (Derossi et al., 1994) and the potential disruption of cell functions, several questions
immediately arise: What is the mechanism of the selective cytotoxicity of PNC-27 for cancer cells?
What makes cancer cells the target for PNC-27? Is binding of PNC-27 to its target (the cancer cell)
sufficient to convey cytotoxicity? Does the PNC-27-mediated cytotoxic event require a targeting or
“collaborating” molecule in the plasma membrane of cancer cells? Are selectivity and cytotoxicity
directed in part by the p53 AA12-26 sequence of the PNC-27 peptide that contains the HDM2-binding
domain? Based on the new observations described in this report and drawing on previous findings, I

will discuss and try to answer some of these questions.

In searching for a PNC-27-specific target molecule(s) on cancer cells that could help explain the
selectivity of the PNC-27 for cancer cells, I noted that in contrast to normal cells whose metabolism
and biosynthesis are under strict cellular control, most if not all cancer cells have lost or redirected
much of these fine tuning controls in favor of one aim which is cell growth and replication. These
changes in cancer cells may be due to losses of genes, chromosomes, gene mutations and
amplifications, translocations and other abnormal events in the life’s progression of a normal cell to a
cancer cell (Trosko and Chu, 1975; Lanfrancone et al., 1994; Funk and Kind, 1997). One of the
consequences of this genetic instability of a cancer cell’s life is the production of proteins containing
one or more mutations which remove them from cellular control as evidenced by the change of proto-
oncogenes into oncogenes such as ras, myc and many more (Molecular Cell Biology, 2000; Croce,
2008). Another is the fragmentation of transcription and the production of variants of an established
cellular protein(s) that, in normal cells, exists in one form of a defined molecular size. While a number
of proteins have been shown to be produced in variant forms of different molecular sizes in cancer cells
(Brigitta and Brinkman, 2004; Omemm et al., 2010), I noted to my surprise that many different protein
variants of HDM2 had been found expressed in several primary human cancers and cancer cell lines
(Bartel et al., 2002). Moreover, when we performed a superposition of the 2D NMR structures of the
HDM2-binding domain of PNC-27 on the X-ray structure of the isolated peptide from p53 bound to
HDM2 it was revealed that residues 17-26 of PNC-27 fold into a native HDM2-binding conformation

(Fig. 2).
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Taking note of these observations and merging them into the un- and mis-regulated life style of cancer
cells, I examined the possibility of the expression of HDM2 or one of its variant proteins in the plasma
membrane of cancer cells. Using unlabeled, FITC- and gold-labeled Abs specific for HDM2 in
competition, IF staining and immuno-TEM and -SEM experiments I was able to clearly show staining
for HDM2 on the plasma membrane of only cancer cells (Figs.13; Dathe and Wieprecht, 1999; Chen et
al., 2001; National Center for Health Statistics Database, 2004).

Using FITC-Ab against HDM2 and only the cell surface membrane of several different live cancer
cells (OVCA4, A2058, MIA PaCa-2, BMRPA1.TUC3) was stained (Fig.13). When that FITC-labeled
RaMRP Ab and TRITC-labeled HDM2-specific Ab (both N20 and OP145) were applied for staining
the same live cancer cells, analysis and merging of the images of the cells captured by confocal
microscopy clearly showed by the turning of the red (TRITC-aHDM?2) and green (FITC-R aMRP)
color into yellow color along the cell’s plasma membrane that the two Ab co-localize on cancer cell
surface membrane. Although co-localization does not mean in absolute terms that the two Abs are
bound to the same molecule, very close apposition or superimposition of the two fluorescent dyes is
required to produce upon merging the yellow color that prevails on the surface membrane of the
double-stained cancer cells. This first identification by fluorescent staining of the expression of HDM?2
in the plasma membrane of cancer cells and its co-localization with PNC-27 was ultimately
corroborated by subsequent immuno-ultrastructural studies. These clearly showed that the Abs for
MRP and HDM2 co-localize directly on the sites of pores found in the plasma membrane of PNC-27
treated cancer cells (Figs. 24 and 25). The presence of the 6 nm gold-labeled Ab specific for the MRP
sequence in PNC-27 at the sites of the pores indicate that the PNC-27 peptide is, at the minimum, an
important component of if not the integral structure that assembles into transmembrane pores (Figs. 24
and 25). It is important to note that when applied to AG13145 normal human fibroblast the double
staining did not produce any color change, since TRITC- labeled Abs for HDM2 did not bind to the
cell’s plasma membrane, demonstrating the absence of HDM?2 expression in the plasma membrane of

normal cells (Fig.13 D).
The binding of 15 nm gold-labeled Ab specific for HDM2 to the same sites and within only a few nm

to the binding site of 6 nm gold-aRMRP Ab not only provides evidence for HDM2 molecules to be

expressed in the cancer cell surface membrane but for its actual presence at the same sites to which
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PNC-27 binds to the plasma membrane of cancer cells. While these findings strongly indicate a
topographically close relationship between HDM2 in and the binding of PNC-27 to the plasma
membrane of cancer cells, the results do not yet explain a potential cooperative role between the two
molecules in the targeting PNC-27 to and the peptide’s retention on the plasma membrane of cancer
cells and in the formation of the membrane pores. Further investigations using co-precipitation of the

different molecules and the cell-free assembly of the pore complex may provide us with more answers.

Results of competition experiments with site-specific Abs and PNC-27 on intact cells provided a first
suggestion of cooperation between membrane HDM2 and the selective cancer cell killing by PNC-27
peptide. The cytotoxic effect of PNC-27 for cancer cells could be blocked >90% by pre-incubation of
the cancer cells with Ab against the HDM2-binding site of p53 (OP145). Conversely, an Ab, N20,
against p5S3AA1-60, which contains the binding site of p53 for HDM2 of PNC-27, completely inhibited
the cytotoxicity of the peptide. Similarly, Ab specific for the MRP part (RoMRP) of PNC-27 blocked,
not unexpectedly, PNC-27 mediated cancer cell cytotoxicity (Figs.18-20). The results of these
experiments provide at once the first experimental evidence for the expression of HDM?2 on the surface
of the plasma membrane of cancer cells. The results also provide evidence that untransformed normal
cells do not express the HDM2 molecule on their plasma membrane. While the absence of the
molecule from the surface membrane of normal cells may make these cells a less interesting target for
the PNC-27 peptide, the presence of HDM2 molecules with their p53 binding sites in the surface
membrane of cancer cells make these cells a preferred target for PNC-27 and by inference for PNC-28.
This view is strongly supported by the ability of PNC-27 to kill normal un-transformed human breast
MCF10-2A cells when HDM2 is exogenously delivered to the plasma membrane of these cells (Fig.16,
17; Sarafraz-Yazdi et al., 2010) which are as virtually normal cells unaffected by PNC-27 (Do et al.,
2003). Taken together, the findings underscore the critical role of HDM2 protein as a target molecule

for PNC-27-mediated selective cytotoxicity against cancer cells.

The presence of HDM2 protein in the plasma membrane of cancer cells was further demonstrated by
immuno-extraction and immunoblotting experiments of membrane isolated from human breast MCF-7
cancer cells (Fig.14). Subsequent experiments using double-fluorescent-labeled PNC-27 to bind to
HDM2 in the plasma membrane followed by immunoprecipitation of HDM2 and the identification of
fluorescent PNC-27 and HDM2 in the same cell lysate support an interaction of the two proteins at the
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plasma membrane level (Fig.15). Moreover, in recent preliminary experiments I have found a variant
of the HDM2 protein of ~28 kD variant of HDM?2 exclusively expressed in the plasma membrane of
several cancer cells. The size of this protein variant which is ~1/3 of the full length HDM?2 protein is
similar to the size of other published H/MDM2 protein variants that have been reported previously to
be the result of the translation of mRNA splice variants of H/MDM?2 (Sigalas et al., 1996).
Interestingly, H/MDM2 splice variants have been shown to be exclusively expressed in cancer cells
and absent from normal cells (Sigalas et al., 1996; Liang et al., 2004). Investigations to further

characterize this HDM?2 variant protein at the protein and molecular level are under way.

In this context the question can be asked as to how an otherwise nuclear protein can be misdirected to
the plasma membrane in cancer cells? It has been shown by many different groups (Sigalas et al.,
1996; Matsumoto et al., 1998; Kraus et al., 1999; Bartel et al., 2001; Tamborini et al., 2001; Lukas et
al., 2001; Bartel et al., 2002; Liang et al., 2004; Yang et al., 2006) that of more than 40 HDM2 splice
variants that have been described in cancer cells to date, in over 90% of these variants, the nuclear
localization signal (NLS) has been spliced out, resulting in mis-localization of these variants to other
cell compartments. The data further show that the fate of cellular localization of H/MDM2 variants is
rather complex and unpredictable. To date, no function has been described for the majority of these
variants which are present in many different types cancers such as ovarian, bladder (Sigalas et al.,
1996), breast (Lukas et al., 2001), glioblastomas (Matsumoto et al., 1998; Kraus et al., 1999),
anaplastic astrocytomas (Matsumoto et al., 1998), adult soft tissue sarcomas (Bartel et al., 2001;
Tamborini et al., 2001) and leukemias (Sigalas et al., 1996). Sigalas et al. first reported the detection of
multiple-sized transcripts in ovarian carcinomas, benign ovarian tumors, transitional cell carcinomas of
the urinary bladder and human leukemia cell lines (Sigalas et al., 1996). In total 6 multiple-sized
transcripts were detected among the various tumor samples: mdmz2-a, 941 bp; mdm2-b, 707 bp; mdm2-
c, 1016 bp; mdm2-d, 449 and mdm2-e, 303 bp. Some of the variants were common to several tumor
types, for example MDM2-A and MDM2-B. However, others have only been identified in specific
tumors, for example MDM2-FB25 and MDM2-FB26 in pediatric rhabdomyosarcoma (Bartel et al.,
2002). Some of these spliced MDM2 transcripts have been shown to correlate progressive cancer of
human ovarian tumors, bladder carcinomas and astrocytic tumors (Bartel et al., 2002). It has also been
shown that aberrant mdm2 (281-, 254-, and 219-bp) and alternative mdm2 (653-bp) splice products

have a great correlation with the survival rate of breast cancer patients (Bartel et al., 2002).
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Clearly, these reports strengthen the results of my present studies with respect to the expression of
H/MDM2 or a variant protein thereof in cancer cells and the intensive search for its finite
identification. Based on my present findings, however, I am unable to identify any of the known
H/MDM2 variants as the one HDM2 protein(s) that is expressed in cancer cell plasma membrane and

that functions as the target molecule (receptor) for PNC-27.

I also like to note that the presence of H/MDM2 at the cancer cell plasma membrane has been
suggested by a recent report that identified H/MDM2 as one of the molecules that triggers the
ubiquitination of E-cadherin in vivo, leading to the down-regulation of E-cadherin protein levels,
revealing a previously unknown function for MDM2 (Yang et al., 2006). It has also been shown that
the loss of E-cadherin appears to be directly correlated with the invasive and metastatic potential of
cancer cells (Yang et al., 2006). According to immuno-ultrastructural observations H/MDM2 protein

regulating the ubiquitination of E-cadherin is found at the cell’s plasma membrane (Yang et al., 2006).

Seen together with many published observation on H/MDM?2 in cancer cells, my findings suggest that
the novel HDM2 variant localized in the plasma membrane of only cancer cells i.e. human ovarian and
pancreatic cancer as well as melanoma cells can be used as a tumor cell marker which in turn could be
selectively targeted by the anti-cancer peptides PNC-27 and PNC-28. The rational for the presence and
the identification of plasma membrane H/MDM2 is provided by the fact that splice variants of HDM2
are exclusively expressed in cancer cells and that the majority of the HDM2 splice variants identified
have been shown to have lost their NLS sequence. Loss of the NLS sequence could be the cause for an
aberrant localization of the variant to many cellular compartments including the plasma membrane of
the cancer cells. Moreover, due to the splicing event new AA sequences may be produced which may
result in a hydrophobic sequence that may act as a plasma membrane delivery sequence of the
H/MDM2 variant. An evaluation of the sequence of the plasma membrane HDM2 protein that has been

identified in the present investigations is required to further validate this hypothesis.

PNC-27 selectively disrupts cancer cell mitochondria but has no effect on lysosomes
Real-time imaging using spinning disc confocal microscopy showed that exposure to PNC-27 of
MIAPaCa-2 cells preloaded with Mitotracker dye and incubated in medium containing PI results in the

expansion within 3.5 min of the cell’s plasma membrane followed within <6 min by rounding and
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disruption of the mitochondria and the concomitant loss of the Mitotracker dye. These events were
paralleled by the rapid appearance of PI in the cell nuclei (Fig. 28). Interestingly, the cell’s lysosomes
pre-loaded with Lysosensor dye remained intact throughout this process strongly suggesting that the
cells did not succumb to lysosomal death which occurs following the release of the potent digestive
enzymes contained in the lysosomes into the cell’s cytoplasm. Thus, these findings strongly support
the notion that PNC-27 has a selective target in the cancer plasma membrane and, possibly, in
mitochondrial membranes. The identification of the target molecule (HDM2 variant protein or Bcl-2)
for PNC-27 in cancer cells mitochondrial membrane is a remaining task of the continuing
investigations. Moreover, PNC-27-mediated is selectively directed against certain membranes such as
cancer plasma and mitochondrial membranes, and the peptide does not bind to and/or affect other

cellular membranes such as lysosomal membrane.

Mechanism of lethal action of PNC-27 against cancer cells: Pore formation

As discussed above the PNC-27 peptide and HDM2 protein not only co-localize in cancer cell plasma
membranes but they are also found closely organized around pore-like structures with an average
diameter of 37 nm. The pores appear to span the plasma membrane (transmembrane pores) and are
found only in the plasma membranes of PNC-27-treated cancer cells. As described in the introduction
sections, PNC-27 has been shown to have a highly amphipathic helix-loop-helix U-shaped structure in
non-aqueous membrane-like solution. The functional significance of the amphipathic helix-loop-helix
structural motif has been shown in similar peptides that have the same helix-loop-helix conformation
and that are known to be active membrane proteins (Lazarev et al., 2002; Lazarev et al., 2004; Lazarev
et al., 2005). Peptides that exhibit this bent helix-loop-helix structure such as Mellitin, Maganin and
bacterial protein Streptolysin-O have also been known to form toroidal pores in the plasma membranes
of cells with which they interact, inducing cell lysis (Zasloff et al., 1987; Cruciani et al., 1992; Corzo et
al., 2001; Rosal et al., 2005). While the pore forming capacity of these small amphipathic molecules
has been extensively studied, the mechanism(s) underlying their target cell selection remains poorly
understood.

In this context, it is important to refer to an observation made during in my present investigations that
showed that PNC-27-mediated cytotoxicity in cancer cells is highly temperature-sensitive. Three
different cancer cells, MIA PaCa-2, A2058 and BMRPA1.TUC3, were incubated with increasing
concentrations (0.1 — 600 ug/ml PBS) of PNC-27 at 17°C, 25°C and 37°C for 30 min when LDH was
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measured in the spent cell supernatant. As expected, at 37°C death of the tumors cells follows the
previously established rapid pattern with ~50% of the cells killed at their respective LDsy values
(Fig.26; Table 1). In contrast, when the incubation was performed at 25°C, PNC-27 was significantly
less effective killing even at the highest concentration (600 pg/ml) of PNC-27 only 30 to 55% of the
cancer cells. Most surprising was the finding that PNC-27 at all of the concentrations was completely
unable to mediate cancer cell death when added to the cells at 17°C or below. On the other hand, when
the cells were incubated first at 17°C with PNC-27 followed by the removal and washing off the PNC-
peptide and transferred to 37°C, more than >90% of the cancer cells were killed at the concentrations of
>150 mg/ml (Fig.27). This “latent” cytotoxic effect of PNC-27 was virtually identical to the effect seen
when the incubation of cancer cells with PNC-27 was done only at 37°C (compare Fig.27 with Fig.26)
but it occurred in a much shorter time (8-10 min at LDjq). In contrast, when the same treatment,
cooling the cells to 17°C, exposure to PNC-27 at 17°C, washing and warming to 37°C was performed
on Agl3145 normal human fibroblasts, no release of LDH was found indicating that the cells had not

been killed.

While these findings define the temperature dependence of the cytotoxic effect mediated by PNC-27 on
cancer cells, they raise the question as to which component is affected by the lower temperature, the
PNC-27 peptide and its ability to form transmembrane pores or the cancer cell’s responses to the
cytotoxic effect. Concerning the cellular responses it should be noted that at 17°C mammalian cells
including cancer cells are no longer metabolically active. If the inability of PNC-27 to induce cell
killing at this temperature reflects on the need for participation of a metabolically active target cell
remains to be examined. It is interesting to note, however, that even at the ambient temperature of
25°C PNC-27 mediated cancer cell killing reaches less than 50% of that observed with the same
concentrations of the peptide at the 37°C. On the other hand, the effective cell killing observed upon
warming the cancer cells to 37°C after PNC-27 was allowed to interact with the cells at 17°C and after
non-bound peptide was washed off, provides evidence that significant numbers of peptide molecules
were bound to the cells plasma membrane but that they were incapable of inducing cell death. When
transferred to 37°C, the bound molecules sprung into action and completed their killing effect.
Although a need for cellular energy in this process can not be completely excluded, it is well known
that many molecules (ligands, hormones, enzymes, particles) that depend on their interaction with their

specific plasma membrane receptors to exert their functions are nevertheless able to bind to the cell’s
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plasma membrane receptors at low temperature i.e. <17°C but are unable to induce cellular responses.
The recognition and binding of many a ligand to a specific cell surface receptor is a one to one event
which can be observed even at low temperature and, in many cases, in the absence of divalent ions.
The induction of a signal by a newly formed ligand-receptor complex into the cells, the pinocytosis of a
receptor-ligand complex or the endocytosis of a particle-receptor complex, in most scenarios, is
dependent on membrane fluidity and the ability of the receptors to form multimers (dimers, trimers
etc.) by diffusion in the plane of the plasma membrane. At 17°C the stiffened lipid bilayer membrane
no longer allows the random diffusion of membrane-anchored receptor molecules which, however, are
still able to bind and retain their specific ligands. Upon returning the cells to 37°C the fluidity of the
lipid bilayer returns and receptor-ligand diffusion into multimers resumes and cell signaling and

endocytosis of the complexes can be observed.

In applying this scenario to the observations on PNC-27 mediated cancer cell killing in MIA PaCa-2
cells that had been first incubated at 17°C with PNC-2, washed and transferred to 37°C, the rapid
recovery of the cytotoxic effect suggests that the peptide could bind at 17°C to and was retained on the
tumor cells by HDM?2, its target molecule. Assembly of the complex into multimers and
transmembrane pores required higher temperatures. Since the plasma membrane HDM?2 receptors for
PNC-27 were preloaded with PNC-27 molecules and waiting to assemble into pore forming units, cell
killing was expected to be efficient i.e. fast and complete upon returning the cells to 37°C. This was
exactly what ws observed, since killing at the LD;o9 was complete within 8-10 min instead of the 30

min when the same dose of PNC-27 was added at to the cells at 37°C.

Membranolytic action of PNC-27 may be due to its membrane-active conformation

Using double fluorophore-labeled PNC-27, we found that the peptide remains intact during tumor cell
membranolysis (Fig 21; Sookraj et al., 2010). “The findings further imply that when PNC-27**
interacts with a specific membrane target(s), its receptor (HDM?2), that is present in the plasma
membrane of cancer cells, it may be protected from hydrolysis by cellular proteases”.

In solution, PNC-27 adopts a membrane-active conformation in which the HDM2-binding subdomain
adopts the x-ray HDM2-binding conformation (Fig. 2). If the membrane-active conformation is

retained when the peptide binds to HDM2 in the cell membrane, then the peptide would remain
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membrane-active and form pores in the cancer cell membrane, as has been found to occur for other

membrane-active peptides (Sookraj et al., 2010).

When double fluorophore-labeled PNC-27 is incubated with untransformed cells, a small amount of
peptide remains in the cell membrane while only the amino terminal domain is found in the nucleus,
i.e., the carboxyl terminus is absent, signifying peptide cleavage in the cell (Sookraj et al., 2010). This
pattern was also found in the co-localization experiments for untransformed cells incubated with PNC-
27. Interestingly, agents like p53 peptides, that block p53-HDM2-binding do not induce apoptosis in
untransformed cells (Picksley et al., 1996; Bottger et al., 1996; Wasylyk et al., 1999; Chene et al.,
2002; Harbour et al., 2002; Vassilev, 2007; Bowne et al., 2008). Thus it appears that HDM?2 in the cell
membrane blocks the transit of PNC-27 into the cell, allowing it to remain in the membrane where it
can undergo pore formation. This hypothesis can explain why other agents, including small molecules
like the Nutlins (Vassilev, 2007), that bind to HDM2 competitively with p53 in cancer cells, and
therefore should also bind to HDM2 in the cell membrane, induce apoptosis, and not necrosis, of these
cells. These agents would not be expected to adopt membrane-active conformations. This includes
HDM2-binding peptides that contain membrane-penetrating sequences on their amino terminal ends
(Wasylyk et al., 1999; Chene et al., 2002; Harbour et al., 2002), which we previously found are much
less alpha-helical (Kanovsky et al., 2001) and therefore are not likely to adopt membrane-active

conformations.

Proposed model of PNC-27-mediated cancer cell killing

Based on my present findings and those of previously published studies the following model of PNC-
27-mediated killing of cancer cells is being proposed: Upon addition to cancer cells amphipathic PNC-
27, and by inference PNC-28, inserts its MRP component into the plasma membrane of cancer cells
leaving the second component, the p53 peptide available for binding to HDM2 or a variant thereof that

is expressed in the plasma membrane.

By random movement, the HDM2-PNC-27 complexes assemble into stable and size-limited oligomers
that form the numerous membrane pores. The newly formed pores allow the efflux of ions and proteins
and other cytoplasmic components from the cells and the influx of H,O including free PNC-27

molecules into the cells.
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Figure 30: Schematic model of PNC-27 mechanism of action. At physiological temperature (37°C;
right portion of the schematic plasma membrane), the highly amphipathic monomers of PNC-27
(schematic red and blue helix-loop-helix structures) are able to insert themselves into the plasma
membrane of all cells via the MRP sequence (red segment of PNC-27 schematic). But it is only in the
plasma membrane of cancer cells that, by random movement, they interact with HDM?2 (solid red rods)
where the HDM2-PNC-27 complexes assemble into oligomers and eventually into numerous membrane
pores. These pores which form very rapidly throughout the plasma membrane of the cancer cell are the
primary cause of a selective rapid cell death. Absence of HDM2 in normal untransformed cells prevents
the formation of membrane pores and, thus, cell death. On the other hand, influx of free PNC-27
molecules through the newly formed membrane pores into the cell’s cytoplasm leads to the assembly of
pores in mitochondrial membranes which leads to disruption of the energy (ATP) factory of the cell,
resulting ultimately in tumor cell necrosis. In contrast, at cold temperature (17°C; left portion of the
schematic plasma membrane), even though monomeric PNC-27 is able to bind to the plasma membrane
perhaps due to its highly positive charges, it is unable to oligomerize into pores due to decreased fluidity
of plasma membrane and therefore causes no cytotoxic effect on cancer cells.

Influx of free PNC-27 molecules through the newly formed membrane pores into the cells leads to a
rapid assembly of PNC-27 pores in the membranes of mitochondria and the rapid loss of ATP. The loss
of the mitochondria as the cells powerhouse leads to the immediate loss of the cells to maintain the

integrity of their plasma membrane and rapid cell death (Fig. 30).
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PNC-27 and PNC-28: Potential for Clinical Applications

Aside from surgical removal of primary or metastatic cancers, present day anti-cancer therapies are
based on radiotherapy and/or chemotherapeutics that in addition to attacking the cancer cells also have
wide-ranging systemic effects in the cancer patient. With very few exceptions, present day anti-cancer
drugs are largely based on blocking cell replication of the rapidly dividing cancer cells which, not
unexpectedly, affects also the patient’s rapidly renewing tissue cells such as the gastrointestinal
epithelia, spermatogenesis, oogenesis and above all hematopoiesis. In fact, the destruction of the
hematopoietic bone marrow observed in cancer patients during cancer therapy is the most frequent
limiting factor for along-term or repeat treatment with most anti-cancer agents. The often-observed
resistance developed by cancer cells during therapy against many anti-cancer agents only adds to the
slow progress that is being observed in developing and applying successful cancer treatments. Therapies
based on target-specific drugs or ones that interfere with cell-specific functions, similar to those drugs
that have been so successfully developed from the discovery of antibiotics to kill specific pathogens,

would clearly be a considerable help.

Although the effectiveness of PNC-28 and PNC-27 (PNC-peptides) as anticancer drugs has been
principally ascertained in a xenotransplant exocrine pancreatic cancer model, additional experiments
using a syngeneic tumor model(s) are needed to expand the use of the PNC-peptides to human cancer
patients. From the present studies, however, it is clear that the PNC-peptides present a novel paradigm in
cancer treatment. I have shown that PNC-peptides bind selectively to the cells from several cancer cell
lines and to primary ovarian cancer. Binding occurs through a unique cell marker, HDM2 that was
identified for the first time in the present investigations. HDM2 has been found on the cell surface
membrane of several human cancers including ovarian cancer cells. Plasma membrane HDM2 functions
as the targeting molecule, the receptor for PNC-peptides. By examining more cancer cells lines as well
as primary tumor tissues for the expression of HDM2, it is possible that HDM2 will be found in the
plasma membrane of additional cancer cells. If this is the case, HDM2 will not only be a general marker
for differentiating cancer from normal cells by examining peripheral blood for the presence of cancer

cells, but also for a cancer diagnosis using immunocytochemistry.

The value of HDM2 as a unique cancer cell marker is considerably increased by the fact that HDM2 was

absent from any of the normal untransformed human primary cells that have been to date (Kanovsky et
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al., 2001; Do et al., 2003). Even more important for any potential PNC-peptide-based therapy is the
identification in the present investigations of HDM2 in the cancer cell plasma membrane as the specific
receptor for PNC-peptides. By expressing the HDM2 molecule, either the intact HDM2 or a HDM?2
variant protein, containing the p53 binding site on the cancer cell surface membrane, PNC-peptides are
retained and concentrated at the cancer target cell surface. In addition to delivering its lethal bullet, the
capacity of the MRP component of the PNC-peptide to assemble into veritable trans-membrane pores,
allows the possibility for diagnosis and therapy to endow the PNC-peptides with additional capacities
such as delivering small molecule drugs such as chemotherapeutics, radioisotopes or fluorophores and

concentrating them in the cancer cells and metastasis.

Another important and positive asset that PNC-peptides as anti-cancer drugs bring to the clinic is the
absence of any effects on hematopoiesis in vitro and in vivo (Kanovsky et al., 2001; Michl et al., 2006).
Since the peptides apparently do not affect the differentiation of any of the cell lineages, especially not
the development of granulocytes and platelets, in the bone marrow, uninterrupted long-term therapy of
cancer patients with PNC-peptides can seriously be considered and conducted. Extended uninterrupted
cancer therapy with PNC-peptides appears to be safe when one takes into account the absence of any
peptide-effects on the growth and function of other normal tissue cells, such as gastrointestinal and

mucosal epithelia, which are very likely to remain intact during PNC-peptide therapy.

A novel aspect of the PNC-peptides is the lethal mechanism of pore formation through which they cause
rapid cancer cell death by necrosis. Although a rather large number of naturally occurring peptides,
mostly toxins, have been characterized that form pores in the cell membrane of their target (Bhakdi S et
al., 1985), to our knowledge, PNC-27 and PNC-28 are the first synthetic peptides that have been shown
to assemble into pores when embedded in the plasma membrane of their target cell. The pores, with a
diameter of 37 nm + 2 nm are similar to those observed in naturally occurring pores (Bhakdi S et al.,
1985). They are formed by the highly amphipathic design of the peptides, the presence of two
tryptophan residues and its assembly into similar sized aggregates under the control of the HMD?2
protein in the cancer cell plasma membrane. As is the consequence of pores formed during the assembly
of the trans-membrane pores following interaction with SLO with the bee venom, mellitin or the frog
venom, maganin (Zasloff et al., 1987; Cruciani et al., 1992; Corzo et al., 2001), the cell loses its ability
to maintain membrane stability and is subject to rapid cell death by lysis due to loss of membrane

integrity. Because of the selection by PNC-27 of only cancer cells that express HDM2 in their plasma
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membrane to bind to and to assemble into pores, only cancer cells will be affected. Although it appears
unlikely, presently I do not know if under long-term therapy with PNC-27 or PNC-28, cancer cells will
be able to modify their plasma membrane composition in such a way that the PNC-peptides will no

longer be able to injure cancer cells.

Since PNC-peptides are easily soluble in physiological buffers, it is likely that the drug can be infused
without damage to the blood vessel walls or introduced into a patient by several other means. Indeed,
histological examination of the blood vessels in non-human primates through which PNC-27 was
infused into the animals, found no evidence of injuries to the blood vessel walls (Michl, J & C Novotney,
unpublished observations). On the other hand, as observed with many drugs, intravenous infusion is
followed by rapid uptake of the injected peptide into the liver and thus, the removal and degradation of
significant amounts of the peptide. Nevertheless, recent investigations have shown that measurable
amounts of intact PNC-27 can still be found in the peripheral blood three hours after a single
intravenous injection of the drug (Michl, J. et al. in preparation). Intravenous application of the peptide
drug also raised the justified concern of its immunogenicity. With an overall molecular size of a ~5 kD,
the PNC-27 peptide, the larger one of the two that have been tested extensively, is at the borderline of a
being a potential immunogen. It should be pointed out, however, that only the MRP component (16
AAs) with a MW of ~2.8 kD may be seen by a host’s immune system as a foreign, albeit very small
peptide, while the p53 component (15 AAs) is the human sequence, and is unlikely to induce an immune
response in man. In addition, the conformational structure, an o- helix, that the intact PNC-27 peptide
appears to assume when in solution and when it interacts with its binding site (within AAs 1-105) on the
HDM2 molecule, its receptor, is nearly identical to the a- helix formed by the intact p53 molecule
(Sarafraz-Yazdi et al., 2010) when in contact with HDM2. Thus, immunogenicity of the PNC-27 or the
PNC-28 peptides appears to be a rather distant possibility. Presently, our laboratory is devising
experiments in rodents and non-human primates to obtain answers to these concerns. A few preliminary
observations support our notion that there is an absence of any significant immune reactions of the

immediate or of delayed type, against PNC-27 (Michl, J & C Novotney, unpublished observations).

As mentioned above, PNC-peptides are easily dissolved in a simple buffer. Instead of injecting or
infusing the peptides intravenously, they can be applied by intraperitoneal infusion to treat peritoneal
carcinomatosis or dissolved otherwise to be absorbed through a skin pad. It remains to be examined if

the PNC-peptides are effectively able to penetrate the blood-brain barrier to be useful for treating brain
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cancers in situ. Our laboratory, however, has recently observed that the use of combination therapy of
PNC-peptides with a chemotherapeutic drug may make it possible to significantly reduce the dose of the
chemotherapeutic drug. Basing our combination therapy on the knowledge of pore formation by PNC-27
in cancer cells, it appears that the next step is to examine if, due to the transmembrane pores formed by
PNC-27, a chemotherapeutic drug has easier access into the cancer cell. Thus, the combination therapy
would require a lower dose of each of the two drugs, reducing the potential systemic toxicity which, as
described in the introduction, is one of the major limiting factors for long-term and repeat
chemotherapy. The translation from our laboratory to the clinical bedside of the many new findings,
novel experiences, positive and hopeful expectations with PNC-27 and PNC-28 in experimental cancers,

are presently a preeminent goal of this exciting research program.
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the mechanism of action of the p33 17-26 peptide; Further evidence that the presence of the leader se-
without penetratin, the peptide induces apoptosis, quence on the carboxyl terminal end of PNC-27 and 28
whereas with penetratin on its carboxyl terminal end, is essential for its induction of tumor cell necrosis is the
the peptide induces twmor cell necrosis, three-dimensional stnacture of PNC-27. We found that

this is a highly amphipathic alpha-belix-loop-alpha

helix structure that is found in membeane-active pep-
DISCUSSION tides.” Drisruption of this structure, as may occur by
placement of the leader sequence on the amino termi-
nal end of the peptide, would be expected to change the
activity of the peptide. We found that the p33 17-26
peptide containing the penetratin sequence on its

Prior Evidence That the Leader Sequence in PNC-27
and PNC-28 Is Reguired for Induction of Tumor Cell

ST amino terminus, called reverse or r-PNC-28, has much

The purpose of this study was to define the role of  lower activity in cell killing than does PNC-28 itself
the leader sequence in PNC-28 in inducing tumor cell (M. Kamovsky, J. Michl, and M.R. Pincus, unpub-
necrosis. In our previous studies with this peptide and lished ohservations). These findings support the con-
its parent peptide, PNC-27, we found that both clusion that the leader sequence is critical to the
peptides induced twmor cell necrosis, not apoptaosis, activity of the peptide but leaves open the guestion as
and caused necrosis even in cancer cells in which p33 to whether the “naked’” p33 peptide itself can induce
protein was absent.' ' These findings supgested that necrosis or apoptosis of cancer cells.

both peptides exerted their effects independently of
p33 activation. They contrasted with the results of
studies in which similar p33 sequences were attached
to penetratin on their amino terminal ends and in-

Cells Transfected with pTracer-5V40 Plasmid
Encoding p53 17-26 “Naked” Peptide Express

duced p33-dependent tumor cell apoptosis, not Kl Pegaide

necrosis.” ' This results from the binding of these To define the role of the leader sequence defini-
peptides to hdm-2 in place of the p53 protein; these tively, we sought to determine the effects of the p33
peptides are not themselves ubiguitinated since the 17-26 peptide itself on tumor cell growth, ie., whe-

14

sites for p33 ubiguitination lie outside this domain. ther evern without the leader sequence. it could induce
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tunor cell mecrosis. To accomplish this goal, we
introduced the p33 peptide into MiaPaCa-2 cells via
transfection wsing the pTracer-SV40 plasmid that
constitutively expressed this peptide. We then deter-
mined the expression of markers for apoptosis and
nectosis in the transfected cells and compared the
levels of these markers with those found in MiaPaCa-
2 cells treated with PINC-28.

As can be seen in Table 1, transfection efficiencies
were relatively high. MiaPaCa-2 cells transfected with
the p33-peptide-expressing plasmid expressed high
levels of the p53 peptide and expressed high levels of
GFP as revealed by Western blots over this tme
period. By 90 h, when at least two-thirds of the cells
were killed, peptide expression decreased to barely
detectable levels while GFP* levels also decressed
significantly. This phenomenon may have been
caused by cell death and release of proteases causing
peptide depradation. On the other hand, BMRPAI
cells tramsfected with the same peptide-encoding
plasmid expressed much lower levels of this peptide.
Since these cells expressed high levels of GFP, which
is expressed under the same promoter, it is not likely
that p%3 peptide was nant alan heing synthesized in
these cells. One possible explanation for this obser-
vation is the status of hdm-2. Recently, we found that
this protein is expressed at barely detectable levels in
untransformed cells, including BMRPAL cells, but is
expressed at high levels in transformed cells (V. Ad-
ler. W. Bowne, K. Sookraj, E. Yazdi, J. Michl, and
M.R. Pincus, manuscript in preparation). If binding
of the small p53 decapeptide to hdm-2 blocks its
depradation in cells, absence of hdm-2 may make the
peptide susceptible to intracellular proteases, realt-
ing in its degradation.

The p53 17-26 Peptide Induces Apoptosis of Cancer
Cells

Az summarized in Fip. 6, expression of the p33 17
26 peptide in MiaPaCa-2 cells induces increasing
expression of p33 with concomitant increasing
expression of waf™ ' over a time period in which cell
death increases. These results are compatible with
hinding of the peptide to hdm-2, blocking the binding
of p33 to this protein, resulting in prolongation of the
half-life of p33. This would result in its increased
expression in MiaPaCa-2 cells, allowing it to cause
apoptosis, explaining the increasingly elevated levels
of waf™', As shown in Fig. 8, activity of caspase, a
marker for p53-dependent apoptosis, is elevated to
almost five times the background level (condition 2)
in p33 17-26 peptide-expressing MiaPaCa-2 cells

Anve Serg. Gacel

{condition 3). Likewise, it is elevated above back-
ground level in cells incubated with PNC-28 (condi-
tion 4). Also, in virtually all MialPaCa-2 cells treated
with p33 17-26 peptide-expressing cells, there was
strong expression of anpexin-Y-binding phosphatidyl
sering in the membranes of transfected MiaPaCa-2
cells, a known early phenomenon in ﬂpﬂpmﬁiﬁ,ls bt
not in MiaPaCa-2 cells transfected with empty vector
{Fig. 7). These results suggest that the naked p33 17
26 peptide causes cancer cell death by inducing
apoptosis. Furthermore, the p33 peptide-expressing
MiaPaCa-2 cells do not release LDH in 24 h (con-
dition 3. Fig. 8B} as would be expected if the peptide
induced tumor cell necrosis. In contrast, treatment of
MiaPaCa-2 cells with PNC-28 resulted in high levels
of LDH (condition 2, Fig. 4A and condition 4 in
Fig. 5B) over this time course that began as early as
several minutes after treatment, confirming that the
peptide indoces tumor cell necrosis and not apopto-
sis. This effect is independent of the concentration of
PMC-28, supgesting thatits mechanism of action does
not change in a concentration-related manner. Our
finding that expression of the p33 17-26 peptide in a
cancer cell line indnices apoptngs is in agreemeant with
the results of prior studies that showed that similar
peptides from the hdm-2 binding domain of p33
likewise induce apoptosis.’ '

Owerall, our results strongly suggest that the p33
17-26 peptide induces tumor cell apoptosis and not
necrosis. On the other hand, presence of the leader
sequence on the carboxyl terminal end of the p53 17
26 peptide plays a critical role in changing the
mechanism of cell killing of this peptide from apop-
tosis to tumor cell necrosis.

The p53 17-26 Peptide Induces Apoptosis in Tumor
but Mot Nommal Cells

As shown in Fig, 3, transfection of empty vector in
MiaPaCa-2 cells causes a low level of cell death.
However, as shown in Fig. 7, transfection of empty
vector into MiaPaCa-2 cells causes no exposure of
phosphatidyl serine as revealed by absence of annexin
¥ binding. suggesting that the transfection does not
induce apoptosis. On the other hand, transfection of
the vector inducing expression of the p33 17-26 se-
guence into these cells induces higher rates of cell
death (Fig. 3). In all of these cells, as shown in Fig. 7.
there is strong annexin binding, suppesting that these
cells are all undergoing apoptosis.

In contrast, transfection of the p33 peptide-
expressing vector into untransformed BMRPAL cells
does not result in an increase in cell death over the
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background (Fig. 7). Furthermore, neither transfec-
tion of empty vector or of pSi-peptide-expressing
vector resuls in any exposure of annexin-binding
phosphatidyl senne (Fig. 8). These findings may be
due, at least panly, to the low level of expression of
the p53 17-26 peptide. Nonetheless, the p53-peptide-
encoding plasmid does not induce apoptosis in
untransformed BMRPAL cells, Thus, ke PNC-27
and PNC-28 peptides, the p53 17-26 peptide appears
to be selective for killing cancer but not untrans-
formed cells

In summary. the penetratin or lkeader sequence on
the carboxyl terminal end of PNC-28 causes it to
induce tumor cell necrosis. Removal of the penetratin
sequence from the p53 17-26 peptide in cancer cells
results likewise in cytotoxicity to these cells except in
this case, by apoptosis of the tumor cells. Thus the
presence of in this case, the leader sequence on the
carboxyl terminal end of p33 peptide results in a
fundamental change in the mechamsm of action by
which the peptide causes tumor cell death. Like the
full peptide, PNC-28, the naked p33 17-26 peptide
appears to be selective for the induction of apoptoss
of cancer cells but not of untransformed cells. This
may be due in part to low levels of expression of the
peptide in untransformed cells that express low levels
of hdm-2 that may shield expressed peptide from
protease degradation. This finding implies that
introduction of the naked peptide into cells can in-
duce tumor cell apoptosis while leaving normal cells
unaffected.

In the future, additional studies must place
emphasis on further defining the selective anticancer
mechamsm of these pepudes as well as their cancer-
specific  targets). These resulis underscore the
importance of elucidating the p53-hdm-2 intersction
n the cancer cell, whereby we may gain a better
understanding of the manner in which this complex
potentintes possible crosstalk between necrotic and
apoptotic pathways that may lead to novel ap-
proaches for directed therapy. As a result, such
peptide therapeutics could deliver selective cytotoxic
small molecules to cancer cells, targeting pathways
inducing mecrosis, apoptosis or both,
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