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1. Introduction

Cancer is one of the most widespread diseases in the modern world. The increase in
the life expectancy along with the modern way of living led to the increased occurrence of
cancer. It is expected that one of four persons will be diagnosed cancer during his/her
lifetime and that one in five diagnosed will die of cancer. Moreover, as the population on
Earth grows older the cancer incidence grows and it is expected that by the year 2030 there
will be 75% more cancer patients than today.

Our understanding of molecular pathogenesis of cancer has improved significantly
over the last decade thanks to the efforts of basic research combined with translational
medicine and clinical trials. This also led to the notable increase in diagnostics and treatment
options for cancer patients. The main goal of any anticancer therapy is to eradicate cancer
cells while preserving the normal tissue. This is usually achieved by the inhibition of the
division and the induction of one of the types of the programmed cell death, most usually
apoptosis. However, the existing anticancer therapy is still largely nonspecific for tumor cells
and needs to be applied in high and recurring doses to ensure the desirable effect. This
causes the damage of the normal, healthy tissue and the occurrence of severe side effects.
Unfortunately, lowering of the applied dose can lead to the incomplete eradication of the
tumor cells and trigger the emergence of the tumor chemo-resistance. Therefore, there is a
pressing need for the development of an anticancer therapeutic modality that would deliver
the anticancer drug specifically to the tumor site where it would target cancer specific

molecular mechanisms.

1.1 Anticancer Therapeutics

In modern times chemotherapy is considered to be treatment of cancer with one or
more cytotoxic antineoplastic drugs. However, historically, chemotherapy has a much
broader meaning and refers to any chemical agent used to cure a disease. The first modern
chemotherapeutic was arsephenamin synthesized at the very beginning of 20" century and it
was used to treat syphilis.

One of the main features of the cancer cells is their rapid division and the majority of
currently applied chemotherapeutics affect the cell division or DNA synthesis thereby
effectively targeting only dividing cells. Based on their mechanism of action
chemotherapeutic agents are classified as alkylating agents, antimetabolites, anthracyclines,

alkaloids and topoisomerase inhibitors. Some new agents do not directly interfere with the



dividing potential of the cancer cell and those include monoclonal antibodies and tyrosine
kinase inhibitors. In addition, hormones that modulate tumor cell behavior are also being
used in anticancer therapy.

Most cancer patients today are treated with chemotherapy in combination with other
cancer treatments such as radiation therapy and/or surgery with hopes to minimize the
occurrence of resistant tumor cells. Also, the treatment is applied in cycles with the frequency
and duration of the treatment limited by the toxicity to the patient.

Since the majority of the presently available chemotherapeutics target rapidly dividing
cancer cells they also affect rapidly dividing normal cells like those of skin, gastrointestinal
tract as well as blood cells in the bone marrow causing severe side effects related to the
damage in those types of tissue and organs. To address these issues the development of
anticancer drugs has shifted towards targeted therapeutic approaches that aim to target
cancer-specific molecular events as well as targeted delivery of an anti-cancer modality

selectively to the tumor site.

1.1.1 Targeted Cancer Therapeutics

The ultimate goal of anticancer researcher is to develop drug that will efficiently
address a specific event in cancer cell while sparing the rest of the organism resulting in
fewer or no side effects. Over a century ago, a German physician Paul Erlich came up with
the concept of targeted therapy. He described this type of the therapy as a magic bullet for a
particular disease that would interact only with the intended cellular target. An increased
understanding of the molecular etiology of cancer has enabled the development of novel
therapies that are collectively referred to as molecular targeted agents. Unlike the drugs used
in conventional chemotherapy, these agents are designed to specifically interfere with key
molecular events that are responsible for the malignant phenotype. They hold a great
promise for widening the therapeutic window, which would provide more effective treatment
options as compared with cytotoxic therapies. In addition, the targeted approach that is
characteristic of these drugs provides unique opportunities for combination therapies with
other anticancer agents that have non-overlapping toxicities. Targeted agents are therefore
primed to become invaluable therapeutic tools in the multimodal treatment of cancer and
they are already applied in clinics for the treatment of breast (1) and prostate (2) cancer as

well as leukemia (3), multiple myeloma and mantle cell lymphoma (4)



1.1.1.1 Proteasomal Inhibition

One of the core processes involved in the maintenance of the cellular homeostasis is
a systematic and timely regulated degradation of the cellular proteins. There are two distinct
peptide degradation mechanisms, the ubiquitin-proteasome pathway and the lysosomal
degradation pathway. The lysosomal pathway is less specific and leads to the degradation of
the both, membrane-bound proteins and exogenous proteins engulfed through phagocytosis
or endocytosis (5). Lysosomes are also involved in a cellular process known as autophagy
by which dysfunctional organelles, as well as some endogenous proteins, are cleared from
the cell (6). However, the maijority of the proteins are degraded by the 26S proteasome which
is therefore involved in a plethora of crucial cellular processes like the regulation of cell cycle
and apoptosis as well as differentiation (5,7,8). Some of the proteins whose presence is
timely regulated by proteasomal degradation involve cyclins, cyclin dependent kinase
inhibitors, pro- and antiapoptotic Bcl-2 family proteins, tumor suppressor protein p53,
transcription factors like c-Myc and inhibitor of NF-kB, IkB (9,10).

Proteasomal degradation is a highly conserved process and can occur both in the
cytoplasm and in the nucleus since proteasomes are found in both cellular compartments
(10). Targeting of a certain protein for the proteasomal degradation is achieved through the
polyubiquitination after its phosphorylation on PEST (proline-glutamate-serine-threonine) or
PEST-like sequence (11-13). Ubiquitination of the protein is a multistep process that
involves three different enzymes. In the initial step ubiquitin is activated by ubiquitin
activating enzyme, E1, and then transferred to the same enzyme in a process that requires
ATP. In the next step ubiquitin conjugating enzyme, E2, acquires the activated ubiquitin. In
the final step, ubiquitin ligating enzyme, E3, recruits the targeted protein and guides the
transfer of the activated ubiquitin from the E2 to the substrate (Figure 1.1). This process is
repeated in a cyclic manner, where, in each step, a new ubiquitin is added to an internal
lysine residue, usually Lys*® of the previously conjugated molecule. The generated
polyubiquitin chain provides a signal for the downstream 26S proteasomal degradation (14).

The 26S proteasome is a multi-protein complex of ~2.5 MDa that is composed of 20S
barrel-like proteolitic core flanked by two 19S regulatory units responsible for recognition,
unfolding and translocation of the polyubiquitinated substrates The 20S core particle is
composed of four stacked seven-membered rings where the two outer (a) and the two inner
(B) rings are the same (Figure 1.1). Each B ring contains three active sites, a chymotripsin-
like, trypsin-like and caspase-like (7,10).

Accumulating evidence suggests that tumor cells are more dependent on
proteasomal degradation than the normal ones and are more susceptible to proteasomal

inhibition. The well-defined mechanism to the difference in sensitivity to proteasomal
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inhibition is yet to be established, but it is believed to be due to the accumulation of the
proteins involved in negative regulation of the cell cycle as well as the proapoptotic members
of the Bcl-2 family and IkB (15). Moreover, proteasomal inhibition leads to the accumulation
of unfolded or oxidatively damaged proteins which causes an overload of the endoplasmatic
reticulum and induces pro-survival stress response. In the case of the excessive amount of
damaged proteins the pro-survival stress response signals are overwhelmed which finally

leads to the induction of apoptosis (16).
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Figure 1.1. The Ubiquitin-Proteasome Pathway Ubiquitin (Ub) is activated by Ub-activating (E1)
enzymes through adenylation and formation of high-energy thiolester bond and then transferred to Ub-
conjugating (E2) enzymes. With the help of Ub-ligating (E3) enzymes, Ub is finally transferred to a
reactive lysine residue of a target protein. Ubiquitinated proteins are recognized by the 19S cap of the
26S proteasome and fed into its 20S catalytic core for degradation into oligopeptides. The Ub is then

released and recycled. (Taken from (15)).

Knowledge that the cancer cells have enhanced proteasomal activity and are highly
sensitive to the proteasomal inhibition led to the development of proteasome inhibitors as

novel type of targeted cancer therapeutics (9). Bortezomib was the first proteasome inhibitor
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to approved by US FDA for the treatment of relapsed and refractory multiple myeloma (17)
and mantle cell lymphoma (18). Bortezomib is a dipeptide boronic acid analog that shows
extreme selectivity towards cancer cells. It reversibly inhibits chymotripsin-like activity of the
B subunit of the core proteasomal complex (19) and its dominant form of action is presumed
to be the inhibition of IkB degradation. IkB in turn inhibits NF-kB transcription factor nuclear
translocation and the subsequent transcription of its pro-proliferative and pro-survival target
genes (15). Since its approval in 2003, bortezomib was shown to have a positive effect on
the inhibition of proliferation of castration resistant prostate (20), breast (21), lung (22), and
colon (23) cancer cell lines. Unfortunately, despite the promising initial data on the efficiency
in hematological tumors, bortezomib has a limited potential to be used as a treatment for
solid tumors due to a narrow therapeutic window with therapeutic dose at 1.3 mg/m? and
toxic dose at 1.5 mg/m? (24). However, it was shown that proteasome inhibition may increase
effectiveness of chemotherapy and/or radiation by either restoring sensitivity or showing
additive or even synergistic effect, allowing decreased dosing and potentially reduced toxicity
(10).

1.1.1.2 Therapeutic Peptides

In the past several decades a huge leap has been done in understanding the normal
as well as cancerous molecular pathways. Sequences, structures and interaction partners of
many proteins are known and in the current anticancer therapy research effort is undertaken
in developing peptides that would specifically target oncogenic proteins and/or aberrant
interactions. In contrast to small molecule inhibitors, therapeutic peptides (TPs) are easier to
develop and can be more specific for their target protein reducing the likelihood of an off-
target effects. Furthermore, peptides are easily designed as well as produced and their
sequence is easily modified using chemical synthesis or molecular biology techniques. Small
molecule inhibitors are usually developed against the catalytic activity of a certain enzyme. In
contrast, TPs can be designed to target different proteins that do not necessarily need to
possess enzymatic activity (25). Therefore, TPs have a huge potential as targeted
chemotherapeutics for cancer but also for other diseases due to their versatility.

When considered as anticancer therapeutics, TPs can be grouped into three classes
depending on their targeted pathway:

1. peptides that target and inhibit certain oncogenic signaling pathway
2. peptides that arrest the cell cycle

3. peptides that induce programmed cell death, usually apoptosis.
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The TPs that target signaling pathways can function either by directly inhibiting
mitogenic protein and signaling cascade or by inducing/restoring the activity of a
oncosupressive protein. So far the peptide-based strategies have been explored for the
inhibition of the oncogenic Ras at different points upstream or downstream of its activation,
inhibition of oncogenic activation of MEK and NF-kB pathways (25). In addition, several
peptides that have the potential to reactivate p53 function in cancerous tissue have also
been tested. Those include peptides that restore the ability of mutant p53 to bind DNA and
activate the transcription of the target genes and peptides which block MDM2 binding to p53
(25).

Therapeutic peptides that induce cell cycle arrest mimic the function of physiological
cyclin-dependent kinase inhibitors (CKIl). Aberrant control of the cell cycle is a common
finding in cancer and the restoration of CKI activity represents a promising method for cancer
therapy. Several peptides derived from CKI proteins have been tested so far as potential
therapeutic peptides. These include peptides derived from p21 (26), p27 (27) and p16 (28)
proteins. Moreover, several other authors used peptides derived from cyclin A (29), E2F
transcription factors (30,31) and retinoblastoma (Rb) protein (32) which contained CDK2-
cyclin binding motif common for all CDK2-cyclin binding proteins. Those peptides were
shown to be able to bind to CDK2 in complex with various cyclins which led to cell cycle
arrest and profound inhibition of the cancer cell line proliferation.

Apoptosis is a carefully governed process that serves to eliminate old and damaged
cells without negatively affecting their neighborhood. Most cytotoxic anticancer agents induce
apoptosis, and the ability of tumor cells to evade engagement of apoptosis can play a
significant role in their resistance to conventional therapeutic regimens. Therapeutic peptides
that affect several different pathways linked to the induction of apoptosis have been
explored so far and they include inhibitors of the prosurvival PI3K/Akt pathway (33-35), pro-
apoptotic Bcl-2 protein (36—40) and the inhibitors of the inhibitors of apoptosis (41-45).

Though, TPs represent a new and promising, target specific modality of anticancer
drugs (25,46), their main drawback is their instability in plasma as well as their poor
intratumor/intracellular delivery (46). Improvement in drug delivery techniques will make

peptides viable as drugs.

1.2 Targeted Delivery of Therapeutic Peptides

In the terms of targeted delivery of therapies anticancer strategies can be divided into

two major subtypes, active and so-called passive. The passive targeting of the anticancer
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drug is based on the drug accumulation in the tumor due to tumors' leaky vasculature. This is
commonly referred to as enhanced permeability and retention (EPR) effect and is in fact a
misnomer. Passive targeting happens with almost all the drugs and is observed not only at
the tumor site but also in other highly perfused organs and tissue like spleen, liver and lungs
(47). Active targeting is more ,to the point” because it is used to describe specific interactions
between the drug or drug-carrier complex and the targeted molecular mechanism or cells.
However, currently used drug delivery systems do not have the ability to be directed to the

desired cells resulting in the emergence of side effects due to the off target activity (47).

1.2.1 Cell Penetrating Peptides

As our knowledge on the molecular basis of any disease grows, so does our potential
to successfully treat it using the newly obtained information. However, the implementation of
the newly developed targeted therapy is largely restricted due to the impermeability of the
plasma membrane. Cell penetrating peptides (CPP) represent an innovative technology
efficiently applied in vivo at preclinical as well as clinical levels for the improvement of cellular
uptake of therapeutic peptides (48).

CPPs are short peptides consisting of less than 30 amino acids. They can be derived
from either natural or unnatural proteins or chimeric sequences. Their main characteristic is
the ability to trigger the uptake of various cargo across the plasma membrane and to improve
intracellular routing thereby facilitating interactions with the desired target. For example, Tat
and Bac CPPs have been reported to be able to deliver their cargo in the cytoplasm as well
as inside the nucleus (49). The cargo that CPPs are able to translocate into the cytoplasm
includes plasmid DNA, oligonucleotides, siRNA, peptide-nucleic acid, proteins, peptides as
well as liposomes (50-55).

The first CPP tested, was independently developed by two laboratories in 1988, when
it was found that the trans-activating transcriptional activator (Tat) from Human
Immunodeficiency Virus-1 (HIV-1) efficiently enters various cell types in culture and enter the
nucleus (56). Since then, the number of known CPPs has expanded considerably and small
molecule synthetic analogues with more effective protein transduction properties have been
generated.

Since their discovery, the cellular uptake mechanism of CPPs has been studied
extensively. During this time the field both suffered and learned from technical artifacts.
Several different routes of entry have been reported, some of which are independent of the
endosomal pathway. The controversial results from different groups were largely a

consequence of the implementation of different methods which are not always comparable.
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Furthermore, utilization of fluorescent dyes to track the intracellular localization of CPPs has
been shown to interfere with the cellular uptake of the very CPP by altering the cell entry
pathway (48).

Although the exact molecular pathway remains elusive, cellular internalization of
CPPs has been reported in a wide variety of cell types and most of the well studied CPPs
had cationic amino acid residues among which the most prominent one was arginine. Later it
was suggested that guanidinium head group of the arginine residues was a feature required
for an efficient uptake of CPP (57). Today the general consensus is that the first contact
between CPPs and the cell surface takes place through the electrostatic interactions of
positively charged residues on the CPP and the proteoglycans on the cellular surface. The
uptake is driven by several parameters which include nature and secondary structure of the
CPP, its ability to interact with cell surface and membrane lipid components, the nature, type
and active concentration of the cargo and the cell type and the membrane composition (48).
Moreover, it has been shown that various CPPs and CPP-cargo conjugates enter the cells
using different endocytotic mechanisms and can end up in different subcellular
compartments (58,59). Mechanisms thought to be involved in the internalization of CPP are
summarized in the Figure 1.2.

Despite the largely unknown cellular uptake mechanism, a major breakthrough in the
CPP field came from the groups of Dowdy and Langel who in the late '90s showed that CPPs
can be utilized for the in vivo delivery of peptides and peptide-nucleic acids (52,60).

With time, the number of CPPs and their potential application has increased
significantly. The increasing interest in CPP-based strategies for the intracellular delivery of
the molecule of interest is mainly due to the low cytotoxicity of CPPs and virtually no
limitations for the cargo type they can deliver. Numerous preclinical and clinical trials of CPP-
based delivery approaches are currently under evaluation. Those include not only anticancer
therapeutic approach but also its diagnosis and tracking using CPPs as contrast agents
transporters as well as therapeutic delivery approach for other disease like acute myocardial

infarction, cerebral ischemia, asthma and psoriasis (61).
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Figure 1.2. Model of cellular uptake and intracellular trafficking of CPPs. (1) Binding of
CPP/cargo complexes to extracellular matrix via the cell surface proteoglycan platform, (2) clustering
of GlucosAminoGlycan platform triggers selective activation of small GTPase and remodeling of the
actin network, (3) increase of membrane fluidity or microdomain dynamic promotes the cell entry and
release in the cytosol of CPP-NCS and of CPP-CS (at high concentrations) via membrane fusion or
cellular uptake of CPP/cargo complexes via (4) endocytosis pathway (a: caveolin-dependent, b:
clathrin-dependent, c: clathrin-and caveolin-independent) or (5) macropinocytosis. After endocytic
capture, CPP/cargo complexes can escape from lysosomal degradation and enter the cytosol and the
nucleus (6), remain in the early or late endosomes (7), or be delivered in the Golgi apparatus and the

endoplasmic reticulum (8). (Taken from (48))

1.2.2 Elastin-like Polypeptides

In the past 25 years the development of "intelligent" biopolymers that are
"environmentally sensitive" has provided new means for drug targeting at the desired site.

Stimulus-responsive biopolymers can be designed to be responsive to various changes in
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their environment that include changes in the pH or temperature as well as application of
magnetic or electrical field, ultrasound, light or solvents/ions (62). When applied, these
stimuli change the solubility and/or conformation of the biopolymer leading to its
accumulation and/or drug release at the site where the stimulus was applied. Of note is the
fact that the biopolymers are designed so that the stimuli necessary for their change can be
applied locally through an external device.

Elastin-like polypeptide (ELP) is a thermally responsive macromolecule that consists
of Val-Pro-Gly-Xaa-Gly pentapeptide repeats where Xaa is any amino acid except proline.
ELP was derived from hydrophobic domain of the tropoelastin and was shown to undergo an
inverse temperature phase transition. This means that ELP is soluble in aqueous solutions
below the certain temperature called transition temperature (T;). At the temperatures above
its characteristic T, water molecules associated with the nonpolar hydrophobic side-chains of
the ELP molecule are expelled, leading to the structural collapse and subsequent
aggregation (63). Moreover, it has been shown that T;of an ELP molecule depends on its
amino acid composition as well as the chain length of the pentapeptide repeat and can be
adjusted by careful design of the amino acid sequence (64).

In 2001 Meyer et al showed that the phase transition-induced aggregation of the ELP
can be exploited for the thermal targeting of ELP-drug conjugates to solid tumors (65). They
designed an ELP molecule that had T; around 41 °C which meant that it was soluble
systemically, but became insoluble and accumulated in locally heated regions where
temperature was increased above T; by externally applied mild hyperthermia. Their ELP
molecule was 59.2 kDa big and consisted of 160 repeats of VPGXG pentapeptide where X
were V, A or G in 5:3:2 ratio, respectively (65).

Besides the ability to be thermally targeted, ELP is a macromolecule and as a drug
carrier confers additional advantage because it can increase the plasma half-life of the low
molecular weight drug, increase the solubility of the hydrophobic drugs and provide passive
targeting to tumors by EPR effect (66). Moreover, because the vascular permeability
increases at temperatures above 40 °C, hyperthermia treatment needed for the targeting of
the ELP molecule can also enhance the delivery of the ELP-bound drug to the solid tumor
(67). It has also been shown that when combined with radio- and chemotherapy,
hyperthermia can synergistically enhance tumor cytotoxicity (68,69).

ELPs are genetically engineered and can be purified from E.coli in large quantities by
using their property to reversly aggregate at temperatures above their T;. Additionally they
can easily be modified by the addition of other amino acid sequences of interest, like CPPs
or TPs. In their study, Bidwell et al have shown that the c-Myc inhibitory peptide fused to the
C-terminal part of the ELP carrier, that was modified at its N' terminal part by the addition of

CPP penetratin, is able to block the heterodimerization of c-Myc and Max fragments leading
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to a decrease in the mRNA levels of c-Myc-Max controlled genes and inhibition of
proliferation of MCF-7 breast cancer cells (70). Recently, in an in vivo study the same
authors showed that thermally targeted c-Myc inhibitory polypeptide inhibits breast tumor
growth (71). Other therapeutic peptides fused to the same macromolecular carrier were also
shown to have an inhibitory effect on proliferation of various cancer cell lines (72-75).
Additionally, Bidwell et al reported that ELP-based c-Myc inhibitory peptide led to an
enhancement of antiproliferative effects of topoisomerase Il inhibitors that was observed in
1.5-fold decrease of the ICsy value of two topoisomerase Il inhibitors, doxorubicin and
etoposide (73).

In conclusion, there are several advantages in using ELP as a macromolecular carrier
- it can increase the stability of the of its cargo, drug or therapeutic peptide, and it can
increase the specificity of the treatment to the tumor site through the EPR effect and active
targeting by hyperthermia. ELP-based therapies can potentially accumulate the
chemotherapeutics to the tumor site and therefore, reduce chemoterapeutics associated side

effects, provide a better treatment outcome and improve patients' quality of life in general.

1.3 p21 Protein

1.3.1 p21 Protein and the Regulation of the Cell Cycle

p21Waf/CPT is 5 protein coded by the CDKN1A gene located on chromosome 6, loci
6p21.2. CDKN1A gene is composed of 3 exons and was relatively conserved throughout the
evolution. p21, along with p27°P"KP" and p57¥P2 pelongs to a family of Cip/Kip cell cycle
inhibitors that bind and inhibit cyclin dependent kinase (CDK)-cyclin complexes. CDKs are a
group of kinases that tightly regulate the progression through the cell cycle. Their timely
activity is regulated by binding of cyclins, proteins whose expression varies depending on the
cell cycle phase as well as phosphorylation by CDK-activating enzymes (CAK). The target
proteins of CDKs are proteins that regulate cell cycle phase specific events, such as
chromosome condensation, nuclear membrane break down, spindle formation, etc. Besides
binding of cyclins and phosphorylation by CAKs, CDK activity is regulated by CDK inhibitors
(CKIl). There are two major groups of CKils: the already mentioned Cip/Kip family (p21, p27
and p57) and Ink4 family of inhibitors (p15, p16, p18 and p19). In contrast to Cip/Kip, Ink4
inhibitors bind and inhibit CDKs (76). In the Table 1.1 are presented CDKs and their partner
cyclins depending on the cell cycle phase as well as the CKI involved in the regulation of a
particular CDK. In the Figure 1.3 is shown a schematic representation of the cell cycle and

the key proteins involved in its regulation.
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Table 1.1. CDKs, cyclins, cell cycle phase that they affect and the corresponding CKis

CDK cyclin inhibitor Cell cycle phase
CDK1 Cyclin B p21 M
CDK 2 Cyclin A p21 S

Cyclin E p21, p27 G1/S transition
CDK 4 Cyclin D p15, p16, p18, p19, p21, p27, p57 Early G1
CDK 6 Cyclin D p15, p16, p18, p19, p21, p27, p57 Late G1

7
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CDKls
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P21
\ CDKls
P27

P21

Figure 1.3. Schematic representation of the cell cycle phases and the corresponding CDK-
cyclin complexes and CKis. (Taken and adjusted from http://drgeo.com/prostate-cancer-why-

cruciferous-vegetables).

The main function of the p21 protein is considered to be cell cycle regulation via the
inhibition of CDK2-cyclin E kinase activity required for Rb protein phosphorylation.
Unphosphorylated Rb binds and inhibits E2F1 transcription factor whose target genes code
for the proteins needed for the G1/S transition and the initiation of the S-phase (77).
Consequently, upon the inhibition of E2F by Rb, the cell cycle progression is arrested at the
G1 to S point. In addition, in normal fibroblasts arrested in GO cell cycle phase, p21 is found
upregulated and its depletion by anti-sense RNA promotes cell cycle reentry and DNA
synthesis (78). Besides the inhibition of the CDK2-cyclin E complex, p21 is the only CKI that
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is known to be able to bind cyclin A and cyclin B complexes which results in G2 arrest (79).
This role of p21 appears upon the exposure to y-irradiation and is more prominent in Rb-null
cells (80). Apart from CDK regulatory function, p21 can also interact with chromatin-bound
proliferating cell nuclear antigen (PCNA) which leads to the loss of the PCNA interaction with
the p125 catalytic subunit of polymerase-0 resulting in the inhibition of the DNA synthesis
and the cell cycle arrest in the S phase (81,82). Owing to its broad influence on the cell cycle
regulation, overexpression of the p21 protein can result in cell cycle arrest in either G1, G2 or
intra-S phase cell cycle arrest (83).

In contrast to negative regulation of the cell cycle, p21 protein, as well as other two
Cip/Kip family members, has been shown to be adaptor proteins for the formation and
nuclear targeting of CDK6-cyclin D complexes. In 1999 Cheng et al published that mouse
embrional fibroblasts (MEFs) lacking p21 and p27 proteins fail to assemble CDK-cyclin D
complexes (84). The two opposite functions of Cip/Kip CKls appear to be intracellular
concentration dependent and probably evolved to supply the cell with a new layer of
regulation with which it can control its growth and proliferation (85).

In all three Cip/Kip family members, CDK and cyclin binding domains were
considered to be located at the N-terminus. However, in 1999. Mutoh et al found that a C-
terminal p21 peptide spanning the amino acids 139-146 is able to bind and inhibit both,
PCNA as well as CDK-cyclin complexes (86).

1.3.2 Transcriptional and Posttranscriptional Regulation of the p21 Protein

It is a well established fact that p21 protein is one of the most important downstream
effectors of p53 protein. p53 is a cellular sensor of the presence of extrinsic as well as
intrinsic stress that include DNA damage as well as oxidative and oncogenic stress (87). As
a downstream transcriptional target of the p53 protein, that directly interacts with the p53-
responsive element within its gene, p21 protein expression elevates when above mentioned
types of stress occur in the cell (88). Other cellular factors like BRACA1, Pin1, GADD34,
LKB1 assist p53 in the regulation of the p21 protein expression (89). In addition to p53, other
transcriptional factors and stress signals like TGF-B, butyrate and myristate acetate were
found to activate CDKN1A transcription in a p53-independen manner (87). On the other
hand, oncogene c-Myc, was found to be able to transcriptionally repress the expression of
p21 protein (90).

Besides transcriptional regulation, expression of CDKN1A gene was found to be
regulated on the mRNA level by various miRNAs as well as by different RNA-binding
proteins that can influence the p21 mRNA stability (89).
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On the protein level, several serine or threonine residues can be phosphorylated by
various proteins. Those phosphorylations influence the p21 intracellular localization, its ability
to bind CDK-cyclin complexes and its stability. For instance Thr-145 can be phosphorylated
by Akt (PKB), PKA, PKC or Pim-1. In breast cancer this phosphorylation leads to the
cytoplasmic export of the p21 protein. However, this effect was not observed in normal
endothelial cells suggesting that the effect of various phosphorylations of the p21 protein is
context dependent (89). Furthermore, when Ser-130 is phosphorylated by the CDK2 kinase,
p21 protein is subsequently ubiquitinated and targeted for the proteasomal degradation. In
addition, p21 protein was found to be degraded by an ubiquitin-independent mechanism (89).
In the Figure 1.4 are shown phosphorylation sites of the p21 protein as well as the various

protein binding domains within its sequence.
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Figure 1.4. Phosphorylation sites of the p21 protein as well as various protein binding domains
within its sequence. p21 has six well-defined functional domains, including two cyclin-binding
domains (Cy1 and Cy2), a kinase-binding domain (CDK), a Helix motif (Helix), a PCNA-binding
domain (PCNA), and a nuclear localization signal (NLS). p21 protein contains 20 serine/threonine
residues, seven of which are found to be phosphorylated by various protein kinases indicated at the
top of the figure. Five other serine and threonine residues are potential phosphorylation sites (S31,
T97, S114, S123, and S137) as predicted by NetPhos 2.0 program (Technical University of Denmark).
(Taken from (89)).

1.3.3 p21 Protein and the Regulation of the Cell Fate

As mentioned previously, apoptosis is a tightly regulated programmed type of the cell
death that occurs during the normal development or whenever elimination of a certain cell is
needed. It can be initiated by various stimuli that trigger either extrinsic or intrinsic apoptosis
inducing pathways. Extracellular signals include toxins, hormones, nitric oxide or cytokines
that either cross plasma membrane or transduce the apoptotic signal across it. The intrinsic
apoptotic pathway is usually initiated as a response to an extensive stress that the cell
cannot deal with. Binding of glucocorticoids to the nuclear receptors, heat, radiation, nutrient
deprivation, viral infection, hypoxia and increased intracellular Ca®* can all trigger the

activation of intracellular apoptotic pathway.
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Regardless of the proapoptotic stimuli type, they always activate caspase cascade
that eventually leads to the characteristic phenotypical changes and death of the particular
cell. The morphological changes occur due to cleaving of different intracellular proteins by
activated caspases and include membrane blebbing, cell shrinkage, nuclear fragmentation,
chromatin condensation and chromosomal DNA fragmentation. Finally the whole cell
crumbles into apoptotic bodies that are cleared out by macrophages or surrounding cells.
This way, apoptosis does not cause damage to the neighborhood cells, since no cellular
content that includes enzymes is spilled into the surrounding tissue. Unlike apoptosis,
necrosis can cause tissue damage and inflammation since necrotic cells lose their
membrane integrity and the proteolytic enzymes are released into the surrounding area. This
is one of the main reasons why apoptosis is a preferred type of cell death to be initiated
during the antitumor therapy.

In addition to its cell cycle regulatory functions, p21 has been reported to be involved,
both positively and negatively, in the induction of apoptosis. In some cases p21 was found to
protect tumor cells from apoptosis initiated by p53 after a low degree of DNA damage (83).
As shown in the Figure 1.4, p21 protein is able to interact with several other proteins besides
PCNA and CDKs. The anti-apoptotic properties of p21 protein can be due to its interaction
with procaspase-3 (91) as well as other apoptosis regulatory proteins like stress-activated
protein kinase (SAPK) and apoptosis signal-regulating kinase 1 (ASK1) (92). Furthermore, it
is believed that p21 possesses antiapoptotic properties thanks to its cell cycle inhibition
activity. In the case of genotoxic stress or microtubule-destabilizing agents active cell cycle is
required for their detection and subsequent apoptosis triggering. Since p21 leads to the cell
cycle arrest at the G1/S transition, the stress cannot be detected and there is no induction of
apoptosis (93).

On the other hand, under some circumstances, like the enforced overexpression, p21
promotes the induction of apoptosis (83). Also, p21 expression was found to be necessary
for the apoptosis induced by various agents that include oxysterol (94), human papilloma
virus E7 (95), histone deacetylase inhibitors (96) and proteasomal inhibitors (97). Moreover,
ectopic p21 expression was also demonstrated to sensitize human cancer cells to
chemotherapeutic agents that include retinoids (98) and farnesyl transferase inhibitors (99).
Although the complete mechanism underlying this life or death decision is still unknown, p21
is considered to play a major role in it.

Besides its role in apoptosis, p21 was also found to be involved in the regulation of
autophagy as well as promotion and sustenance of senescence. Autophagy is a process
where membrane-enclosed vesicles surround and engulf cellular components. It is a
mechanism by which the cell eliminates damaged organelles, intracellular pathogens as well

as larger complexes within the cytoplasm (100). Autophagy can be initiated in response to
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cell starvation due to insufficient nutrients, during differentiation, after hypoxia and due to
high temperatures (101). Morphologically, autophagy is characterized by large vacuoles
present in their cytoplasm. Apoptosis and autophagy are involved in a complicated, often
contradictory interplay in which there are three distinct scenarios. In one autophagy opposes
apoptosis by recycling damaged organelles, in the second autophagy precedes apoptosis
and facilitates its induction by providing ATP and in the third one apoptosis and autophagy
together lead to the programmed cell death (102). The role of the p21 protein in this interplay
in yet to be established. In one of the rare reports on the topic, Fujiwara and coworkers
showed that in mouse embryonic fibroblasts p21 protein inhibits autophagy and activates
caspases and apoptosis after the treatment of the cells with the ceramide, a known
autophagy inducer (103). However, more research needs to be done to decipher the exact
role p21 protein in this interesting phenomenon.

Cellular senescence is a hallmark of aging and can be induced by telomere
shortening, DNA damage, chromatin instability and oncogene activation. Senescent cells are
in a permanent cell cycle arrest and they assume senescent phenotype characterized by a
distinct flattened and enlarged shape, endogenous (3-galactosidase activity and senescence-
associated secretory phenotype (SASP) (104). There are two pathways that control
senescence induction, the p16-Rb and p53-p21 pathway. Overexpression of p21 can induce
premature senescence in normal and tumors cells in both p53-dependent and -independent
manner (105-107). Also, p21 was found upregulated in oncogenic Ras-induced senescence
and its physiological function is thought to be inhibition of the oncogenic transformation of
normal cells (108-110). In addition, recently it was found that p53-p21 pathway could
function as a barrier in induced pluripotent stem (iPS) cell generation that prevents the
reprogramming of the cells that carry various types of DNA damage and DNA repair
deficiencies or are exposed to extrinsic stress (111).

Other functions of p21 protein include regulation of gene transcription by direct
interaction with E2F1 and STAT3 transcriptional factors (112,113). In addition, p21 can inhibit
Myc transcriptional activity by associating with the N-terminus of Myc thus interfering with
Myc-Max dimerization necessary for the Myc activity. In turn, Myc can disrupt the PCNA-p21
interaction thus eliminating the inhibition of PCNA and DNA synthesis by p21 (114).

1.3.4 p21 as Therapeutic Peptide

As already mentioned, p21 is one of the key players in the regulation of the cell cycle
progression. It is therefore not surprising that several different groups examined the effect of

p21 protein as a therapeutic peptide. Early in the p21 research, Bonfanti et al fused p21
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derived peptides to an internalization peptide and showed that those peptides had a potential
to inhibit ovarian cancer cell growth regardless of their p53 protein status (115). Since then
several other groups have reported that p21 derived therapeutic peptides are able to inhibit
the cancer cell growth (86,116,117). However, peptides are in general easily degraded in
circulation, poorly deposited in tumor tissue and inefficiently internalized by tumor cells
resulting in poor pharmacokinetic parameters. To be efficiently used in anticancer therapy as

well as other disorders, advancement in delivery technology is urgently needed.

1.4 Prostate Cancer

Prostate cancer is a common malignancy in men and has the highest mortality rate
other than lung cancer. It is most often diagnosed in man that are over the age of 65 years.
Prostate cancer is genetically and phenotypically heterogeneous which is most probably the
consequence of mutations in different cell types resulting in different malignant maturation
pathways (118). However, one consistent feature of the prostate cancer is its progression to
castrate resistance. In the early stages prostate cancer is usually androgen-dependent and
hormonal therapy provides initial disease control. However, majority of the patients
eventually develop progressive androgen-independent (AIPC) also called castration resistant
(CRPC) prostate cancer.

Prostate cancer cell growth is supported by several different pathways activated by
androgens, and deprivation of androgens has been found to be able to induce cell death
(119,120). Androgens were found to interfere with the caspase activation upon the Fas or
TNFa induced apoptosis in LNCaP androgen-dependent prostate cancer cell line. This was
found to be independent of both, PI3K/Akt and NF-kB pathways (121,122). Prostate cancer
cells can yield androgen independence through several different mechanisms that include
activating mutations in androgen receptor (AR) gene (123—125) as well as phosphorylation of
AR activation sites by growth factors (126). Moreover, upregulated paracrine and autocrine
expression of growth factors coincides with tumor metastasis and androgen independent
growth (10). Upregulation of the NF-kB pathway is also associated with more aggressive
prostate cancer behavior and its transcriptional activity was found to be ~10 times higher in
invasive PC-3 prostate cancer cell line clones compared with less invasive cell lines (127).
This finding suggests that the NF-kB pathway is associated with the highly metastatic
phenotype of CRPC. The constitutive NF-kB expression is related with the resistance of
CRPC to apoptosis inducing effects of TNFa (128) and its inhibition via dominant negative
IkBa was found to suppress the angiogenesis and prostate cancer cell invasion and

metastasis (129). The target genes of the NF-kB pathway include proinflammatory cytokines
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including IL-6, cell adhesion molecules, stress response enzymes and antiapoptotic proteins
which are all involved in tumor growth, angiogenesis, metastasis and resistance to
chemotherapy (130-134).

Besides NF-kB pathway deregulation, mutations in other oncogenes as well as tumor
suppressor genes were found in primary prostate cancer and metastasis as well as
established androgen dependent (LNCaP) and androgen-independent (DU-145 and PC-3)
human prostate cancer cell lines. Those include genes such as p53, Rb, PTEN, however no
specific genotype has yet been assigned to cancer cells with androgen independence (135—
137). Of particular interest is PTEN tumor suppressor gene whose inactivating mutations
have been found in primary prostate tumors as well as the DU-145 prostate cancer cell line
(135,137). PTEN is a phosphatidyl phosphatase that negatively regulates PI3K/Akt pathway
(138). PTEN inactivation results in the constitutive activation of the PI3K/Akt pathway in
prostate cancer regardless of its dependence on androgens(139—-142) One of the molecular
targets of the PI3K/Akt pathway is IkBa which is degraded by proteasome upon the
phosphorylation by Akt (143). This, in turn, leads to the activation of NF-kB pathway that
leads to the protection from the apoptosis induction. In addition, Akt was found to be involved
in the expression of the AR in normal and cancer prostate cells (144). Loss of PTEN and
increased activity of PI3K/Akt have also been associated with upregulation of antiapoptotic
Bcl-2 protein expression as well as loss of CKIs' and the enhanced tumor progression
(129,139).

To conclude, the transition to androgen-independency depends on multiple
mechanisms including activation of AR as well as NF-kB and PI3K/Akt pathways that are all

involved in the deregulation of the normal cell growth (Figure 1.5).
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Figure 1.5. Important cellular mediators of prostate cancer growth. PTEN and HER-2/neu
regulate the PI3K/Akt signaling pathway, which, in turn, regulates the activity of important mediators of

proliferation, survival, and apoptosis. (Taken from (10)).

Radiation and chemotherapy remain the major treatment option for CRPC but
resistance severely limits their potential to inhibit further tumor progression as well as
metastasis and to improve lives of the patients. Consequently, the progression from
androgen-dependent to androgen-independent state results in the development of the
advanced metastatic prostate cancer and represents the main cause of mortality in prostate
cancer patients.

In spite of the continuous effort in research concerning molecular mechanisms
involved in development of prostate cancer and the emergence of the castrate resistant
cancer cells, there is no satisfying therapeutic modality for it. Cisplatin treatment is efficient in
only ~19% of the prostate cancer patients (145) and median survival in patients treated with

docetaxel-based therapy remains in the range of 18-19 months (146).
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2. The Aim of the Research

The overall strategy in developing anticancer regimens is to identify a drug that will
specifically target a pathway present only in a cancer cell and/or that can be targeted to the
cancer tissue. In the present study we have investigated the effect of thermally targeted ELP-
bound p21-mimetic therapeutic peptide on the two castrate-resistant prostate cancer cell
lines. The intracellular delivery of the ELP-bound p21 mimetic peptide was enhanced by the
Bac CPP that was previously shown to traffic its cargo into the nucleus. Also, we have
extended our research to determine whether there is a rationale to use ELP-delivered p21-
mimetic therapeutic peptide in combination with proteasomal inhibition. Given that the ELP
macromolecule can be thermally targeted to tumors in vivo, we believe that the combination
of bortezomib with thermally targeted p21-mimetic peptide will lead to locally enhanced
bortezomib toxicity at the thermally targeted site. Considering the narrow therapeutic window
of bortezomib, combination therapy with thermally targeted p21 peptide would permit lower
doses of systemically applied bortezomib, resulting in a more effective treatment without

subjecting patients to severe toxicity.
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3. Materials and Methods

3.1 Molecular Cloning of the ELP-based Polypeptides

3.1.1 Construction of the ELP-based Polypeptides

In this research three ELP-based polypeptides were used; p21-ELP1-Bac, scrambled
p21-ELP1-Bac and p21-ELP2-Bac polypeptide. The scrambled p21-ELP1-Bac was used as
a functional control for the protein effect of the C-terminal part of the p21, while the p21-
ELP2-Bac polypeptide was used to test the efficiency of thermal targeting.

The oligonucleotide cassettes containing p21 C-terminal part aa 139-164, or
scrambled p21 C'-terminal part, as well as Ndel restriction site at the N'-termini and Sfil
restriction site at the C'-termini were purchased from Integrated DNA technologies Inc (IDT
Inc, lowa, USA) and are shown in the Figure 3.1A and 3.1B, respectively. Schematic
representation of the restriction sites in the plasmids is shown in Figure 3.1C. The final amino

acid sequence of the used polypeptides is presented in the Table 3.1.
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Figure 3.1. Schematic presentation of the oligonucleotide cassettes used in the research. p21
C-terminal part aa 139-164 (A) and scrambled p21 C'-terminal part (B) were flanked by the Ndel
restriction site at the N-termini and Sfil restriction site at the C-termini. (C) Schematic presentation of

the restriction sites used to create p21-ELP-Bac cassettes.



Table 3.1. The amino acid sequences of the polypeptides used in the research.

Polypeptide sequence MW / KDa
GRKRRQTSMTDFYHSKRRLIFSKRKP-(VPGXaa®G)1so-
p21-ELP1-Bac 65.9
MRRIRPRPPRLPRPRPRPLPFPPRP
scrambled p21- RTDKIKFRKFLRSRRSQPMYSTKRGH -(VPGXaa®G);sp- 65.9
ELP1-Bac MRRIRPRPPRLPRPRPRPLPFPPRP '
GRKRRQTSMTDFYHSKRRLIFSKRKP-(VPGXaa"G);so-
p21-ELP2-Bac 67.5
MRRIRPRPPRLPRPRPRPLPFPPRP

Bac sequence is underlined, ® Xaa represents V, G, and A in a 5:3:2 ratio, ® Xaa represents V, G, and
Ain a 1:7:8 ratio

3.1.2 Annealing of the Oligos

Oligonucleotides were dissolved in mQ water to 100 uM concentration and 200 pmols
of oligonucleotide pairs were ligated in the presence of T4 ligase buffer (New England
Biolabs Inc. MA, USA). In the initial step using the thermocycler (Biometra GmbH, Gottingen,
Germany) the mix was heated for 2 min at 95 °C. The temperature was then lowered to 20

°C at 0.5 °C/min rate. The annealed oligos were stored at 4 °C until use.

3.1.3 Cloning of the Annealed Oligos into the pET25+ Vector

Prior to the insertion of the annealed cassette, pET25+ vector already containing Bac
CPP oligonucleotide cassette was cut with the Ndel (New England Biolabs Inc, Ipswich, MA,
USA) and Sfil (New England Biolabs Inc, Ipswich, MA, USA) restriction enzymes.
Considering that the Sfil enzyme has the highest activity at 50 °C, the pET25+ Bac vector
was first incubated for 1h at 37 °C in the presence of the Ndel enzyme and then
subsequently for 5h at 50 °C with the Sfil enzyme. The cut plasmid was resolved by
electrophoresis in 1% agarose gel (Acros Organics, Geel, Belgium) in TAE buffer (2 M Tris-
acetate (Sigma, St. Louis, MO, USA) pH 8.0, 50 mM EDTA (Sigma, St. Louis, MO, USA) and
visualized using the transilluminator (UVitec, Cambridge, UK). The 3.5 kbp fragment was cut
out of the gel, purified using QIAquick Gel extraction kit (Qiagen, Hilden, Germany) according
to the manufacturer protocol and eluted from the columns in 30 pyL of mQ water.

Two different ratios of purified cut pET25+ vector vs. annealed cassette were used;

2:7 and 10:7 as well as mock ligation reaction that lacked the annealed oligos and served as
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a negative control for the efficiency of the pET25+ vector restriction. The ligation was
performed using T4 Ligase (New England Biolabs Inc, Ipswich, MA, USA) over night at room
temperature.

The following day the ligated plasmids were transformed into DH5a E. Coli competent
cells (Novagen, Madison, WI, USA) and plated on agar (Sigma, St. Louis, MO, USA)
supplemented with 100 mg/mL ampicillin (Sigma, St. Louis, MO, USA) containing plates and
incubated for 18h at 37 °C. The pET25+ vector contains the gene for ampicilin resistance
therefore the bacteria that were transformed with the circular pET25+ vector conferred the
resistance to that antibiotic.

The following day, grown colonies were picked into 5 mL of TB media (MoBio,
Carlsbad, CA, USA) supplemented with 100 mg/mL ampicilin and allowed to grow for 18h at
37 °C under constant agitation. The plasmids were purified from bacteria using QlAprep
MiniPrep Kit (Qiagen, Hilden, Germany) according to the manufacturer’s protocol and eluted
from the columns in 30 pyL of mQ water. The construct sequences were confirmed by
sequencing and stored in 3.5% DMSO (Sigma, St. Louis, MO, USA) at -80 °C.

3.1.4 Cloning of the ELP Cassette into the Ndel-p21-Sfil or Ndel-scrambled p21-Sfil pET25+

Vector

In this research we used two variants of the ELP molecule: ELP1 with the Tt around
42 °C and ELP2 as a control with the Tt > 60 °C. ELP1 consisted of (VPGXG)50 where X is
V, G, or A in a 5:3:2 ratio. ELP2 molecule consisted of (VPGXG)¢o Where XisV, G, or Aina
1:7:8 ratio.

The ELP1 and ELP2 containing pUC19 vectors were previously described by Mayer
et al (147). For the insertion into p21- and scrambled p21-sequence-containing
pET25+vector, ELP cassettes were cut out from the pUC19 plasmids (2,000 ng), using the
Bgll (New England Biolabs Inc, Ipswich, MA, USA) and PfIMI (New England Biolabs Inc,
Ipswich, MA, USA) enzymes.

The cut plasmid DNA was resolved by electrophoresis in 1% agarose gel in TAE
buffer and visualized using transilluminator. The 2 kbp fragment was cut out of the gel,
purified using QIAquick Gel extraction kit according to the manufacturer protocol and eluted
from the columns in 30 pL of mQ water.

At the same time Ndel-p21-Sfil-Bac or Ndel-scrambled p21-Sfil-Bac pET25+
plasmids (1,000 ng) were cut with Sfil restriction enzyme. After the restriction, the opened
ends of the pET25+ plasmid were protected from annealing using the calf intestinal alkaline

phosphatase (CIP, New England Biolabs Inc, Ipswich, MA, USA). The mixture was
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subsequently purified using QIAquick Gel extraction kit according to the manufacturer
protocol and eluted from the columns in 30 pL of mQ water.

The purified ELP1 or ELP2 cassettes were ligated with opened Ndel-p21-Sfil or Ndel-
scrambled p21-Sfil pET25+ vector in three different ratios (2:1, 1:1, 1:2), using T4 Ligase.
The ligation mixtures were incubated for 48h at room temperature and then transformed into
DH5a E. Coli competent cells and obtained in higher quantities as described above.

The purified plasmids were cut with Ndel and BamHI (New England Biolabs Inc,
Ipswich, MA, USA) restriction enzymes in order to confirm the insertion of the ELP cassette.
The ELP molecule is around 2 kbp long, therefore plasmids that efficiently incorporated it,
should have present a 2 kbp fragment after the restriction with Ndel and BamHI restriction
enzymes. The restriction mixture was incubated for 1h at 37 °C and resolved by
electrophoresis in 1% agarose gel in TAE buffer and visualized using transiluminator.
Sequences of the candidates that had fragment of 2 kbp were additionally confirmed by
sequencing and stored in 3.5% DMSO at -80 °C.

3.2 Purification of the ELP Polypeptides

After the verification, plasmids were transformed into E. Coli BLR(DE3) competent
cells (Novagen, Madison, WI). Proteins were expressed using a hyperexpression protocol
(148). Briefly, 0.5 L TB Dry supplemented with 50 pg/mL ampicillin was inoculated with the
DE3 culture, and incubated at 37 °C, under constant agitation for 18-20 h. The following day
the cells were harvested by centrifugation (10 min at 3,000 x g and 10 °C) and then
sonicated (Sonic Dismembrator Model 550, Fisher Scientific, Pittsburgh, PA, USA) in PBS
buffer (Cellgro, Mediatech Inc, Manassas, VA, USA) containing 10% p-mercaptoethanol
(Sigma, St Louis, MO, USA). A centrifugation step (45 min at 13,000 x g and 10 °C) was
carried out to remove the cell debris. To precipitate nucleic acids, 0.5% w/v
polyethyleneimine (PEI, Sigma, St. Louis, MO, USA) was added to the supernatant fraction.
The nucleic acids were removed by centrifugation (30 min at 13,000 x g and 10 °C). Finally,
the phase ftransition of ELP was induced at room temperature by adding NaCl (Fisher
Chemicals, New Jersey, NJ, USA) to 2 M concentration to the supernatant. After a brief
exposure to water bath temperature of 40-42 °C, the sample was centrifuged (10 min at
11,000 g and 30 °C), and the protein pellet was dissolved in PBS buffer. To obtain pure ELP
polypeptide the last two steps were repeated 3-5 times. The described process is known as

the inverse thermal cycling.
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The protein concentration was calculated using the Beer-Lambert formula after
measuring the absorbance of the solution at 280 nm using the UV-1600 spectrophotometer
(Shimadzu, Kyoto, Japan).

Aogo = concentration * € * L [mol/L]

L - light path length, standard laboratory spectrophotometers are
fitted for the use of 1 cm width sample cuvettes

€- molar extinction coefficient, depends almost exclusively on the
number of aromatic residues, particularly tryptophan, and can
be predicted from the sequence of amino acids (149). For all
three polypeptides used in this research it was calculated to be
6890 m?/mol

3.3 Characterization of the ELP-based Polypeptides

3.3.1 Determination of p21-ELP-Bac Polypeptides Molecular Weight

To confirm their purity and the molecular weight, the polypeptides were subjected to
the SDS-polyacrylamide gel electrophoresis (SDS-PAGE). For that purpose 100 uM of each
polypeptide was diluted in 4x Laemmli buffer (63 mM Tris pH 6.8, 0.1% 2-mercaptoethanol,
2% SDS (Sigma, St Louis, MO, USA), 10% glycerol (Sigma, St Louis, MO, USA), 0.0005%
bromphenol blue (Sigma, St Louis, MO, USA) to obtain 1x concentration of it and subjected
to electrophoresis using 6% Mini-PROTEAN® TGX™ Precast Gels (BioRad, Hercules, CA,
USA) and Mini-PROTEAN Tetra cell system for vertical electrophoresis (BioRad, Hercules,
CA, USA). Precision Plus Protein™ Dual Colour Standards (BioRad, Hercules, CA, USA)
was used as a molecular weight marker. The polypeptides were visualized using Coomassie
stain (0.1% Coomassie R250 (Sigma, St Louis, MO, USA) a, 10% acetic acid (Sigma, St
Louis, MO, USA) and 40% methanol (Sigma, St Louis, MO, USA). The destain buffer

consisted of 20% methanol and 10% acetic acid.

3.3.2 Characterization of the Transition Temperature of the Polypeptides

The effect of the modification of the ELP molecule on its phase transition temperature
was determined by monitoring the optical density of the protein solution as a function of

temperature at 350 nm. Solutions of p21-ELP1-Bac, scrambled p21-ELP1-Bac and p21-
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ELP2-Bac at different concentrations in 10% serum were heated at a constant rate of 1
°C/min using the thermal feature of a multi-cell holder UV-vis spectrophotometer (Cary 100,
Varian Instruments, Palo Alto, CA, USA). Absorbance data was converted to the percentage
of the maximum for each curve and plotted against temperature. The transition temperature
was defined as the temperature at which polypeptide aggregation reached 50% of the
maximum. In order to assess the concentration dependence, Tt of various concentrations
were plotted against concentration and the data was fit to a logarithmic equation. This gave
the range of concentrations that would lead to the polypeptide aggregation at the

temperatures above 37 °C and bellow 42 °C.

3.4 Cell lines Used and Cell Culture Conditions

PC-3 and DU-145 androgen-independent prostate carcinoma cells were obtained
from ATCC and were grown as a monolayer in 75 cm? tissue culture flasks and passaged
every 3 to 5 days. Both cell lines were grown in RPMI media (Cellgro, Mediatech Inc,
Manassas, VA, USA) supplemented with 10% fetal bovine serum (Atlanta Biologicals,
Lawrenceville, GA, USA) and 1% Antibiotic-Antimycotic (Cellgro, Mediatech Inc, Manassas,
VA, USA) at 37 °C in a 5% CO; humidified atmosphere. Hyperthermic treatment was
performed in a 42 °C incubator with 5% CO2 and humidified atmosphere. In the Table 3.2
are shown the main characteristics of the cell lines used. No further authentication was done

for any cell line.

Table 3.2. Androgen-independent prostate cancer cell lines used in the research and their

main characteristics

Cell
i ATCC Number Origin p53 status Rb status p16 status
ine
DU-145 HTB-81 brain metastasis Mutated Mutated Non functional
PC-3 CRL-1435 bone metastasis Null Wild type Non functional
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3.5 The Thermal Pull-down Assay

DU-145 cells from a 80% confluent T75 cell culture flask were lysed in 1 mL of lysis
buffer containing 50 mM Tris pH 7.6, 150 mM NaCl, 2 mM EDTA (Sigma, St Louis, MO,
USA), 1% NP-40 (BioRad, Hercules, CA, USA) and supplemented with Complete Mini
protease inhibitors (Roche Applied Science, Penzberg, Germany). Cellular lysate (200 pL)
was incubated for 2h with 100 uM p21-ELP1-Bac or scrambled p21-ELP1-Bac polypeptide at
4 °C under constant agitation. Solution was then briefly warmed to 42 °C to induce
polypeptide aggregation and spun down to precipitate the aggregated polypeptide.
Supernatant was removed and the ELP polypeptide pellets were dissolved in 100 yL lysis
buffer supplemented with protease inhibitors. The ELP solutions were then incubated over
night at 4 °C under constant agitation to wash off non-specifically bound proteins. The
following day solutions were again briefly warmed up to induce polypeptide aggregation and
spun down to precipitate the polypeptide. Precipitated polypeptides were then dissolved in 40
uL of 1x Laemmli buffer and subjected to SDS-PAGE using Mini-PROTEAN® TGX™ Precast
Gels and Mini-PROTEAN Tetra cell system for vertical electrophoresis. The proteins were
then transferred to a 0.2 ym PVDF membrane (BioRad, Hercules, CA, USA). The membrane
was immunobloted with anti-cyclin E (1:250 dilution, HE12, Santa Cruz Biotechnology, Santa
Cruz, CA, USA) or anti-PCNA (1:250 dilution, PC10, Santa Cruz Biotechnology, Santa Cruz,
CA, USA) antibodies to detect the amount of bound protein to p21-ELP1-Bac7 or scrambled
p21-ELP1-Bac? polypeptide. The bound primary antibodies were detected according to the

protocol described bellow under western blotting section.

3.6 Assessment of the Intracellular Protein Uptake

3.6.1 Conjugation of the Polypeptides with Fluorescent Probe

The newly synthesized polypeptides were labeled on their cysteine residues with
thiol-reactive probe fluorescein (FITC) -5-maleimide (Invitrogen, Eugene, OR, USA). In a
typical labeling reaction protein was diluted to 100 uM in PBS buffer and incubated with 10-
fold molar excess of tris-(2-carboxyethyl) phosphine (TCEP, Invitrogen, Eugene, OR) at 4 °C
for 20 min. The thiol-reactive FITC-5-maleimide was added in 2-fold molar excess to the
protein. Since the fluorescent probe is not directly soluble in the conjugation buffer, it was
dissolved in 10-12 pL of DMSO before addition to the conjugation mixture. The conjugation
was carried out with continuous stirring at 4 °C overnight. The free, non-bound fluorescent

probe was removed from the polypeptide solution by inverse thermal cycling of the protein 3-
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5 times. The labeling efficiency was assessed by UV-visible spectrophotometry at 495 nm for
fluorescein, and at 280 nm for protein. The protein concentration was estimated by
subtracting the percentage of absorbance by the dye. A typical molar label to protein ratio
was 0.15-0.25.

3.6.2 Detection of the Fluorescently-labeled Protein Uptake

To determine the protein uptake, 1.5x10° cells/well were plated in 6-well plates. The
following day, the cells were treated with 10 uM FITC-labeled ELP polypeptides. Duplicate
plates were incubated at 37 or 42 °C for 1h, subsequently washed thrice with PBS and
harvested using non-enzymatic cell stripper (Cellgro, Mediatech Inc, Manassas, VAUSA).
The harvested cells were spun down and resuspended in 1 mL PBS. Not-internalized
polypeptides bound to the cell surface were quenched by the addition of Trypan blue
(Cellgro, Mediatech Inc, Manassas, VAUSA). The florescence intensity of the transduced
FITC-labeled polypeptides was measured in channel FL1 using a fluorescence-activated cell
scanner (Gallios, Beckman coulter Inc., Miami, FL, USA).

The data on FITC fluorescence intensity was collected from 10,000 events in FL1-H
(height) channel, using a fluorescence-activated cell scanner. The collected data was
analyzed using FlowJo software version 7.2.5 for Microsoft (TreeStar, San Carlos, CA, USA)

to determine the mean fluorescence intensity after the each treatment.

3.7 Intracellular Localization of the ELP Polypeptide

The subcellular localization of p21-ELP1-Bac was verified using fluorescence
microscopy after detection of the p21-ELP1-Bac polypeptide with the anti-p21 antibody.
Briefly, DU-145 and PC-3 cells were plated at ~50% confluence on cover slips and allowed to
attach. After 24h, the attached cells were exposed to 5 uM p21-ELP1-Bac at 37 or 42 °C for
1 h. After the treatment, cells were allowed to grow at 37 °C and 24h after were washed in
PBS and fixed in 4% paraformaldehyde (Sigma, St Louis, MO, USA). After the fixation step,
the glass cover slips were incubated for 30 min at room temperature in 2% BSA (Sigma, St.
Louis, MO) to block non-specific binding of the primary antibody. Subsequently, the glass
cover slips were incubated with primary anti-p21 antibody (1:200 dilution, F-8, Santa Cruz
Biotechnology, Santa Cruz, CA, USA) diluted in 2% BSA over night at 4 °C. The following
day, the glass cover slips were washed thrice in PBS and incubated in Texas red-labeled

anti-mouse secondary antibody (1:200 dilution, Santa Cruz, Biotechnology, Santa Cruz, CA,
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USA) diluted in 2% BSA for 30 min at room temperature. After the incubation, the cover slips
were washed thrice in PBS and mounted on glass slides in mounting media (Dako, Glostrup,
Denmark) containing DAPI (Sigma, St Louis, MO, USA) to label the nuclei. The cells were
then imaged using fluorescence microscopy (Olympus, Tokyo, Japan). The obtained

photographs were arranged in Photoshop CS2 (Adobe, San Jose, CA, USA) program.

3.8 The Effect of the p21-ELP-Bac Polypeptides on Cell Proliferation
3.8.1 The Treatment with ELP Polypeptides Only

To determine the influence of ELP-bound p21 peptides on the androgen-independent
prostate cancer cell growth, DU-145 or PC-3 cells were seeded at concentration 1.5x10°
cells/well in 96 well plates and allowed to attach. The following day, the cells were incubated
with different concentrations of ELP polypeptides at 37 or 42 °C for 1h. After the exposure,
the media containing the polypeptides was replaced with the fresh one, and the cells were
cultured at 37 °C for additional 72 h. After the treatment, cell proliferation was determined
using the MTS Assay CellTiter 96® AQyeous (Promega, Madison, WI, USA).

The CellTiter 96® AQue.ous Non-Radioactive Cell Proliferation Assay is a colorimetric
method for determining the number of viable cells in proliferation or chemosensitivity assays.
The assay is composed of solutions of a tetrazolium compound (3-(4,5-dimethylthiazol-2-yl)-
5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner salt; MTS) and
phenazine methosulfate, an electron coupling reagent. MTS is bioreduced by cells into a
formazan product that is soluble in tissue culture medium. The absorbance of the formazan
at 490nm was measured directly from 96-well assay plates on plate reader (Sunrise,
Mannedorf, Switzerland). The conversion of MTS into aqueous, soluble formazan is
accomplished by dehydrogenase enzymes found in metabolically active cells. The quantity of
formazan product as measured by the amount of 490nm absorbance is directly proportional

to the number of living cells in culture.

3.8.2 The Combination Treatment with Bortezomib and p21-ELP1-Bac Polypeptide

To determine the influence of proteasomal inhibition in combination with ELP-bound
p21 peptides on the androgen-independent prostate cancer cell growth, DU-145 and PC-3
cells were again seeded in concentration of 1.5x10° cells/well in 96 well plates and allowed to

attach. The cells were then incubated for 24h with different concentrations of bortezomib.

37



After the bortezomib treatment, the cells were incubated with different concentrations of p21-
ELP1-Bac polypeptide for 1h at 42 °C. Change in the cell growth was determined 48h later
using the MTS Assay CellTiter 96® AQueous- The combination index (Cl) of the treatment was

determined using the CalcuSyn 2.0 software.

3.9 The Cell Cycle Distribution Analysis

In an average experiment, 1.5x10° cells/well of DU-145 and PC-3 cells were plated in
6 well plates and treated with 7.5 nM bortezomib and/or 20 uM ELP polypeptide, as
described above. After 24h of the polypeptide treatment, the cells were pulsed for 1h with 10
MM BrdU (Sigma, St. Louis, MO, USA) in the dark. Subsequently, the cells were collected
and fixed in cold 70% ethanol (Sigma, St. Louis, MO, USA) for 1h on ice. Fixed cells were
washed in cold PBS and incubated for 15 min in 2 N HCI (Sigma, St. Louis, MO, USA) with
2% Triton-X (Sigma, St. Louis, MO, USA) to denature their DNA. The cells were spun down
and the residual HCI was neutralized using 0.1 M Na,B,O- (Sigma, St. Louis, MO, USA) The
cells were again spun down, resuspended in cold PBS and counted. The cells (4x10°) were
transferred to a new 1.5 mL tube, spun down and resuspended in 75 yL PBS containing 1%
BSA, 0.5% Tween-20 (Sigma, St. Louis, MO, USA), 5 uL anti-BrdU-Alexa488 antibody (1:15
dilution, B35139, Invitrogen, Eugene, OR, USA) and 0.1 ug/pL RNase (Sigma, St. Louis,
MO, USA) and incubated over night at 4 °C under gentle agitation. The following day the
cells were spun down to remove unbound antibody and resuspended in cold PBS containing
5 pg/mL propidium-iodide (PI, Sigma, St. Louis, MO, USA). The data on Alexa488 and PI
fluorescence intensity was collected from 20,000 events in FL1-H (logarithmic scale) and
FL3-A (linear scale) channels, respectively, using a fluorescence-activated cell scanner. The
collected data was analyzed using FlowJo software. A scatter plot of forward scatter vs. FL3-
A intensity was used to exclude cell debris and cell aggregates from the analysis. FL1-H in a
logarithmic scale and FL3-A in a linear scale were plotted against each other and
distinguished cell populations were gated into regions representing cell cycle phases, to

determine the percentage of cells in each phase of the cell cycle.

3.10 Annexin V Assay for Apoptosis Induction Detection

In an average experiment, 1.5x10° cells/well of DU-145 and PC-3 were plated in 6
well plates and treated with 15 nM bortezomib and/or 10 uM ELP polypeptide as described
above. After the polypeptide treatment (24h), both floating and the attached cells were
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harvested using trypsin supplemented with EDTA (Cellgro, Mediatech Inc, Manassas, VA,
USA). The cells were spun down and shortly incubated in cell culture media at 37 °C to allow
the cell membrane damage that might have occurred due to trypsin treatment, to be repaired.
This cell membrane damage could result in falsely positive annexin V cells. Subsequently,
the cells were counted and 1x10° cells were washed in 0.5 mL annexin V binding buffer
containing 10 mM HEPES (Sigma, St. Louis, MO, USA) pH 7.4, 140 mM NaCl and 2.5 mM
CaCl, (Sigma, St. Louis, MO, USA). After the washing step, the cells were resuspended in
0.1 mL annexin V binding buffer containing 5 uL of Alexa488 annexin V (Invitrogen, Eugene,
OR, USA) and 2 yg/mL Pl and incubated in dark at room temperature for 15 min.

After the incubation, 0.5 mL of annexin V binding buffer was added into each sample
and the data on Alexa488 and PI fluorescence intensity was collected from 10,000 events in
FL1-H (logarithmic scale) and FL3-H (logarithmic scale) channels, respectively, using a
fluorescence-activated cell scanner. The collected data was analyzed using FlowJo software.
FL1-H (logarithmic scale) and FL3-H (logarithmic scale) data were plotted against each other
and distinguished cell populations were gated into regions representing live (annexin V -/PI -

), early apoptotic (annexin V +/PI -) and late apoptotic/necrotic cells (annexin V +/Pl +) cells.

3.11 Assessment of the Autophagy Induction by Staining the Autophagic Vacuoles

with Acridin-Orange Stain

For the assessment of the autophagy induction, 1x10° DU-145 and PC-3 cells were
plated in 12 well plates and treated with 15 nM bortezomib and/or 10 uM ELP polypeptide as
described above. 24h after the polypeptide treatment, the cells were stained directly in the 12
well plates with 2 pg/mL Acridin-orange (AO, Polysciences Inc, Warrington, PA, USA) diluted
in RPMI media. The staining process was performed for 30 min at 37 °C in a 5% CO,
humidified atmosphere.

After the staining, the cells were harvested using trypsin supplemented with EDTA
and washed in cold PBS. After the washing step, harvested cells were resuspended in 0.5
mL cold PBS and 10,000 cells was analyzed on flow cytometry by monitoring the intensity of
the green (FL1-H, linear scale) and red (FL3-H, linear scale) fluorescence. The obtained data
was analyzed using FlowJo software. The data from FL1-H and FL3-H channels were plotted
against each other and distinguished cell populations were gated into regions representing
live (FL1 -/FL3 -) and autophagic (FL1 -/FL3 +and FL1 +/FL3 +) cells.
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3.12 Detection of the Senescent Cells by Detecting the Activity of the Endogenous -

galactosidase Activity

DU-145 and PC-3 cells were plated in 24 well plates in 4x10* cells/well concentration
and treated with 15 nM bortezomib and 5 uM ELP polypeptide as described above. 48h after
the polypeptide treatment, the cells were washed with PBS and subsequently fixed in 300 yL
1% glutaraldehyde (Sigma, St Louis, MO, USA) diluted in RPMI supplemented with 10% FBS
and 1% Antibiotic-Antimycotic in dark at room temperature. After 10 min, the fixed cells were
washed twice with PBS and stained with 300 pL of 1 mg/mL X-gal, supstrate for (-
galactosidase (Fermentas, Hanover, MD, USA). The X-gal was diluted in the staining buffer
that contained 5 mM Kj3Fe(CN)es (Kemika, Zagreb, Croatia), 5 mM K4Fe(CN)s (Kemika,
Zagreb, Croatia),150 mM NaCl, 2 mM MgCl, (Kemika, Zagreb, Croatia) and 40 mM citric
acid pH 6.0 (Kemika, Zagreb, Croatia). Cells were incubated with X-gal for 48h in dark at 37
°C to allow the characteristic blue stain to develop.

After the incubation, 200 cells in 4-6 fields was counted using invert light microscopy
(Olympus, Tokyo, Japan) with 25x magnification. The results are presented as the ratio of
the number of the blue cells present in the 200 counted cells for each sample.
Representative fields were photographed using single-lens reflex (SLR) camera E-300
(Olympus, Tokyo, Japan) connected to the invert microscope used for the counting of the
cells. The obtained results were analyzed in Microsoft Excel program and the obtained

photographs were arranged in Photoshop CS2 program.

3.13 Western Blot Analysis

3.13.1 Protein Isolation

For protein expression analysis 5x10° cells/well were plated in 10 cm plates and
treated with 15 nM and 10 uM ELP polypeptides as described above. After 24h both floating
and the attached cells were collected by trypsinization, washed thrice in PBS and
resuspended in the same lysis buffer used for thermal pull down assay. The cells were
shortly sonicated to ensure complete lysis and the cellular debris was removed by

centrifugation at 16,000 x g for 20 min at 4 °C. The lysates were then stored at -80 °C.
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3.13.2 Protein Concentration Determination

Total proteins were measured using microassay procedure for Bradford Protein
Assay reagent (BioRad, Hercules, CA, USA). The Bio-Rad Protein Assay is a dye-binding
assay in which a differential color change of Coomassie® Brilliant Blue G-250 dye occurs in
response to its binding to protein. The Coomassie blue dye binds primarily to basic and
aromatic amino acid residues, especially arginine which leads to shift in its acidic solution
absorbance maximum from 465 nm to 595 nm. The extinction coefficient of a dye-albumin
complex solution is constant over a 10-fold concentration range, thus, Beer's law may be
applied for accurate quantization of protein by selecting an appropriate ratio of dye volume to
sample concentration (150).

The protein concentration was measured in microtiter 96 well plates. For each
experiment a standard curve was determined using the 2 mg/mL BSA diluted to 1.0, 0.5,
0.25 and 0.125 mg/mL. The standard and sample concentrations were assayed in duplicated
according to the manufacturer protocol. The absorbance was measured at 595 nm on plate
reader (Multiskan EX Microplate Photometer, Thermo Fisher Scientific, Waltham, MA, US).
The ODsgs was corrected for blank and the sample protein concentration was calculated by

linear equation of the standard.

3.13.3 SDS-polyacrylamid Gel Electrophoresis

25 ug of the total protein was mixed with 4x Laemmli buffer to its final 1x
concentration. The proteins were resolved according to their molecular weight using
denaturing SDS-polyacrylamid gel electrophoresis. For that purpose Mini-PROTEAN Tetra
cell system for vertical electrophoresis and Mini-PROTEAN® TGX™ Precast Gels were used.
Depending on the protein size different separating gel percentages were used; for the
smaller protein the higher gel percentage was used. Immediately before loading on the gels,
proteins were denatured for 5 min at 95 °C. Precision Plus Protein™ Dual Color Standards
was used as a molecular weight marker.

Upon loading on the gel, the samples were subjected to constant electrical voltage of
90 V for 30 min to allow them to enter into the stacking gel. The voltage was then increased
to 120 V until the front line reached the bottom of the gel. The running buffer for the
electrophoresis consisted of 25 mM Tris-HCI, 192 mM glycine (Sigma, St. Louis, MO, USA),
0.1% SDS and had pH of 8.3.
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3.13.4 Transfer of the Proteins on the Membrane

After the SDS-polyacrylamid gel electrophoresis the proteins were transferred to the
0.2 ym PVDF membrane using the same Mini-PROTEAN Tetra cell system used for the
vertical electrophoresis. The membranes were activated in methanol (Sigma, St. Louis, MO)
and the so called “sandwich” consisting of filter paper, sponge, gel and membrane was
formed. For the protein transfer, the “sandwich” was submerged in the transfer buffer (25 mM
Tris-HCI, 192 mM glycine, 20% methanol, pH 8.1-8.4) and the constant electric current of
250 mA was applied for 2h.

3.13.5 Blotting of the Membrane with Antibodies

After the protein transfer, the membrane was stained in 0.1% w/v Ponceau S (Sigma,
St. Louis, MO, USA) solution in 5% v/v acetic acid (Sigma, St. Louis, MO, USA) to confirm
equal loading and that no air bubbles were present between the gel and the membrane
during the transfer.

Before incubation with primary antibodies, the membrane was blocked for 30 min at
room temperature in 5% solution of non-fat milk (Nestle, Vevey, Switzerland) in TBS-Tween
buffer (150 mM NaCl, 20 mM Tris-HCI, pH 8.0, 0.1% Tween-20 (BioRad, Hercules, CA,
USA)). After blocking, the membranes was incubated with the indicated primary antibody
diluted in 5% non-fat milk at 4 °C over night under constant rocking. Table 3.3 presents

antibodies and their dilutions used in this research.

42



Table 3.3. Primary antibodies used in the research.

Molecular weight of
Antibody Dilution Raised in Manufacturer
the protein
Clone D11, Santa Cruz
Anti-cyclin B1 ~ 60 kDa 1:250 Mouse Biotechnology, Santa Cruz,
CA, USA
Santa Cruz Biotechnology,
Anti-a tubulin ~ 55 kDa 1:1000 Mouse
Santa Cruz, CA, USA
Clone HE12, Santa Cruz
Anti-Cyclin E ~ 50 kDa 1:250 Mouse Biotechnology, Santa Cruz,
CA, USA
Clone H-12, Santa Cruz
Anti-GAPDH ~ 37 kDa 1:500 Mouse Biotechnology, Santa Cruz,
CA, USA
PC10, Santa Cruz
Anti-PCNA ~ 36 kDa 1:250 Mouse Biotechnology, Santa Cruz,
CA, USA
Clone 1B4-UB, Santa Cruz
Anti-cyclin D3 ~ 35 kDa 1:250 Rabbit Biotechnology, Santa Cruz,
CA, USA
Clone H-277, Santa Cruz
Anti-caspase 3 | ~ 30, 20, 17, 11 kDa 1:250 Rabbit Biotechnology, Santa Cruz,
CA, USA
Clone F8, Santa Cruz
Intracellular — 21 kDa
Anti-p21 1:250 Mouse Biotechnology, Santa Cruz,
ELP1-bound ~ 65 kDa
CA, USA
8.5 kDa, all the Clone A-5, Santa Cruz
Anti-Ub ubiquitinated cellular 1:250 Mouse Biotechnology, Santa Cruz,
proteins CA, USA

The following day, membranes were washed trice in TBS-T buffer and incubated with the
appropriate HRP-labeled secondary antibody (Dako, Glostrup, Denmark), diluted 1:10,000 in
5% non-fat at room temperature for 2h. Upon incubation with the secondary antibody,
membranes were again washed trice in TBS-T buffer and the bound secondary antibodies

were detected.
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3.13.6 Detection of the HRP-labeled Secondary Antibodies

Supersignal West Pico and Supersignal West Femto chemiluminescent substrate
(Thermo Fischer Scientific, Rockford, IL, USA) in 3:1 ratio were used to visualize the bound
HRP-labeled secondary antibodies. Images were acquired using ChemiDoc™ MP System
(BioRad, Hercules, CA, USA).

3.14 Statistical Analysis

All the experiments were repeated at least three times. For the statistical analysis an
Analyse-it® Microsoft Excel add-in was used. The statistical difference between the
treatment groups and the untreated control was determined by one way ANOVA with
Bonferroni multiple comparisons. The p value smaller than 0.05 was considered statistically

significant.
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4. Results

4.1 Synthesis of the p21-ELP-Bac Polypeptides

The oligonucleotides containing sequences of the C'-terminal part of the p21 protein
as well as scrambled C-terminal end of p21 protein were dissolved and annealed. Bac
cassette flanked by Ndel and Sfil restriction sites at the N-terminal end and BamHI restriction
site at the C-terminal end was previously inserted in pET25+ plasmid. The p21 and
scrambled p21 cassettes were flanked by the restriction sites for Ndel and Sfil restriction
enzymes that enabled insertion in pET25+ Bac plasmid. pET25+ Bac plasmid was therefore
cut with Ndel and Sfil restriction enzymes and then ligated with the p21 or scrambled p21
cassettes to obtain p21-Sfil-Bac or scrambled p21-Sfil-Bac pET25+ plasmids. After the
ligation, the plasmids were transformed into XL-Blue E.coli, purified after multiplication and
analyzed by sequencing. Plasmids that contained p21-Sfil-Bac or scrambled p21-Sfil-Bac
cassette were used in subsequent insertion of ELP1 or ELP2 cassettes.

The ELP1 and ELP2 cassettes were flanked by Pflml and Bgll recognition sites and
already inserted in pUC19+ plasmid (Table 4.1) (147). Those restriction sites allowed design
of a cassette flanked by nucleotides that anneal even after the restriction with the different
restriction enzymes. The NNNN sequence was named linker and for all three enzymes is
presented in the Table 4.1. After the cassette flanked by PfIMI and Bgll restriction sites was

annealed in Sfil site, all three recognition sites were lost.

Table 4.1. Recognition sites of PfIMI, Bgll and Sfil restriction enzymes and the sequences used

in linker regions for p21 and scrambled p21 cassettes.

Restriction
Recognition site Linker sequence
enzyme
PHMI 5 ... GCC NNNN NGGC 5 ... GCC GGCC GGGC
3’ ... CGG NNNN NCCG 3’ ... CGG CCGG CcCCG
5 ... CCANNNN NTGG 5 ... CCA GGCC GTGG
Byl 3 ... GGT NNNN NACC 3’ ... GGT CCGG CACC
) 5 ... GGCC NNNN NGGCC 5 ... GGCC GGCC GGGCC
Sfil 3’ ... CCGG NNNN NCCGG 3’ ... CCGG CCGG CCCGG
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The pET25+ plasmids containing p21-Sfil-Bac or scrambled p21-Sfil-Bac cassettes
were cleaved with Sfil enzyme. Subsequently, 5’ phosphate groups were removed using CIP
enzyme. CIP catalyzes the removal of 5 phosphate groups from DNA, RNA, ribo- and
deoxyribonucleoside triphosphates. Since CIP-treated fragments lack the 5 phosphoryl
termini required by ligases, they cannot self-ligate (151) which prevented re-ligation of the
pET 25+ plasmid since it was cleaved only with Sfil restriction enzyme. The cut pET 25+
plasmid and the ELP cassette were ligated multiplied in XL-Blue E.coli bacteria. p21-ELP-
Bac potential candidates were cleaved with BamHI and Ndel restriction enzymes to confirm
the insertion of ELP cassette. In the plasmids that successfully inserted the ELP molecule
this resulted in two molecules of 5.5 and 2 kbp. A representative picture showing the results
of p21-ELP1-Bac restriction with Ndel and BamHI restriction enzymes is presented in the

Figure 4.1. The potential candidates were then confirmed by sequencing.

1 2 3 4 5 6 7 8

5.5 kbp -

2.2 kbp -

Figure 4.1. Restriction enzyme analysis of the potential p21-ELP-Bac candidates. The purified
plasmids were digested with Ndel and BamHI enzymes and the DNA fragments were separated on
1% agarose gel. The potential candidates are located in lanes 2, 3, 6, 7 and 8 where 2 bands of ~5.5

and ~2 kbp are present.

4.2 Characterization of the p21-ELP-Bac Polypeptides

4.2.1 Determination of the Molecular Weight and Purity of the Polypeptides

The obtained p21-ELP-Bac plasmids were expressed in BLR E. coli (DE3) competent
cells and purified by the inverse thermal cycling. Every 6 L of bacterial culture yielded on
average 250 mg of ELP1-based and 500 mg of ELP2-based polypeptides. In this study we

used two variants of ELP that have similar molecular weights but different transition
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temperatures to distinguish the effects of aggregation from nonspecific effects of
hyperthermia. At 65.9 kDa and 67.5 kDa, respectively both ELP1 and ELP2 are comparable
in their molecular weights (Figure 4.2). However, due to the difference in amino acid
composition that affects the hydrophobicity of ELP, Tt of ELP1 is at 40 °C, whereas Tt of
ELP2 is above 65 °C. Additionally, besides p21-ELP1-Bac and p21-ELP2-Bac, scrambled
p21-ELP1-Bac polypeptide was used as a functional control for the C-terminal part of the p21
protein effect. Scrambled p21-ELP1-Bac polypeptide had the same molecular weight as p21-
ELP1-Bac since the p21 peptide consists of the same amino acids.

The polypeptides were resolved in polyacrylamide gel by electrophoresis and
subsequently stained with Coomassie blue stain. Coomassie blue stain is a triphenylmethane
dye and it binds to the proteins to form a protein-dye complex. The formation of the complex
stabilizes the negatively charged anionic form of the dye producing the blue color.

As it can be seen in the Figure 4.2 p21-ELP1-Bac and scrambled p21-ELP1-Bac
polypeptide had approximately the same molecular weight above 50 and bellow 75 kDa and
p21-ELP2-Bac polypeptide showed slightly higher molecular weight which is all in

accordance with the molecular weight predicted by their amino acid composition.

250 -
150 -
100 -
75 -

50 -

1l

37 -
25 -

LB

Figure 4.2. Gel electrophoresis of p21-ELP1, scrambled p21-ELP1-Bac and p21-ELP2-Bac
polypeptides. After the polypeptides were resolved on 6% polyacrylamid e gel, the gel was stained

with Coomassie blue protein stain.
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4.2.2 Characterization of the Transition Temperature of the Polypeptides

Modifications of the ELP polypeptide often lead to changes in its Ty, therefore, we
determined the T, for each newly designed ELP polypeptide by measuring its’ turbidity at
different concentrations as a function of temperature.

Increase in the concentration of p21-ELP1-Bac causes a downward-shift in the Tt of
p21-ELP1-Bac polypeptide (Figure 4.3A). In order to determine the concentration range of
p21-ELP1-Bac suitable for thermal targeting, a logarithmic fit of the plot of Tt versus protein
concentration was performed. This plot confirmed that a protein concentration range of 10-40
MM is optimal to achieve the target transition temperature of 37 to 42 °C (Figure 4.3B).

20 PM  scrambled p21-ELP1-Bac polypeptide showed similar temperature
dependence as p21-ELP1-Bac. This confirmed that it can be used at the same
concentrations as p21-ELP1-Bac and that it can serve as a functional control for p21-ELP1-
Bac effect in subsequent in vitro experiments (Figure 4.3C). Furthermore, p21-ELP2-Bac had
T of approximately 60 °C at 20 uM indicating that this polypeptide can indeed be used as a

non-thermally responsive control in the 42 °C hyperthermia condition (Figure 4.3C).

48



100 70
60
o
&
2 50
O —_—
£ §340
g et
£ F 30
=
1]
e 20
o
X 10
0 i ; : .
50 60 70 80 0 10 20 30 40 50
Temperature °C) Concentration (uM)

C.
100
3
o 80
(=]
O [ !
g 60 d iy --+--- p21-ELP1-Bac
= i
% 40 ‘ K --=--- p21-ELP2-Bac
= P ---0--- scr p21-ELP1-Bac
S 20 'y
= #
04 . .

20 30 40 50 60 70 80
Temperature (°C)

Figure 4.3. Thermal properties of polypeptides (A) The concentration dependence of p21-ELP1-
Bac T; was determined by monitoring the solution turbidity of various concentrations of polypeptide in
cell culture media while heating at 1°C/min. Absorbance data was converted to the percentage of the
maximum for each curve and plotted against temperature (B) The T, values for different
concentrations of p21-ELP1-Bac plotted against the protein concentration (C). The turbidity profiles of
20 uM p21-ELP1-Bac, scrambled p21-ELP1-Bac and p21-ELP2-Bac polypeptides in cell culture media
while heating at 1°C/min. The absorbance data was converted to the percentage of the maximum

absorbance in order to view all the curves on the same plot.
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4.3 Determination of the Functionality of the p21-ELP1-Bac Polypeptide by the Pull
Down Assay

The C-terminal part of p21 protein has been shown to interact with both CDK-cyclin
complexes as well as PCNA protein to regulate cell cycle transition (86). To determine
whether the ELP-bound p21 polypeptide retained the ability to specifically interact with the
molecular partners of the p21 protein, p21-ELP1-Bac and scrambled p21-ELP1-Bac
polypeptides were subjected to a pull down assay in a whole cellular lysate of the DU-145
cell line. The thermally responsive ELP1 polypeptide enables simple peptide purification by
inverse transition cycling, due to its property to reversibly aggregate and precipitate between
39 and 42 °C (70). This property was also utilized for the thermal pull-down assay.

We found that, when incubated with DU-145 cellular lysates, p21-ELP1-Bac
precipitated both cyclin E and PCNA (Figure 4.4). Under the same conditions, the control
scrambled p21-ELP1-Bac bound some of the target protein, but to a much lesser extent,

which can be attributed to non-specific binding.

p21-ELP1-Bac + -
scr p21-ELP1-Bac -

55 -

+

1

IB: anti-cyclin E

37 - | 1B: anti-PCNA

f

Figure 4.4. The thermal pull-down assay with p21-ELP1-Bac and scrambled p21-ELP1-Bac
polypeptides. For the pull-down assay, 200 pyL of DU-145 cellular lysate was incubated with 100 yM
p21-ELP1-Bac or scrambled p21-ELP1-Bac polypeptide, subjected to thermall pull down assay and

analyzed by western bloting using anti-cyclin E and anti-PCNA antibodies.

4.4 Cellular Uptake of the p21-ELP1-Bac Polypeptide

Bac CPP has been previously shown to efficiently cross biological membranes and
deliver its cargo into the nucleus (49). To assess the cellular uptake of ELP-Bac polypeptide
and its p21-mimetic cargo, fluorescently labeled p21-ELP1-Bac or FITC-p21-ELP2-Bac were
incubated at 37 and 42 °C for 1h with DU-145 and PC-3 cells, and the mean cellular
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fluorescence was determined by flow cytometry. Non-internalized polypeptides bound to the
cell surface were quenched by the addition of trypan blue to the cell suspension prior to the
analysis.

Immediately after the incubation at 42 °C with the thermally responsive FITC-p21-
ELP1-Bac polypeptide, the fluorescence intensity increased more than 4-fold in DU-145 cells
and more than 10-fold in PC-3 cells with the respect to non-heated cells (p<0.0003 and
p<0.0008, respectively, Figure 4.5). Furthermore, the uptake of FITC-p21-ELP1-Bac was 15-
fold higher in the DU-145 and 18-fold higher in PC-3 cell line compared to thermally non-
responsive FITC-p21-ELP2-Bac after the incubation at 42 °C (p<0.0003 and p<0.0008,
respectively). Additionally, at 37 °C, FITC-p21-ELP1-Bac showed increased intracellular
localization with respect to the ELP2 construct; however this increase was not statistically
significant.

Taken together, these results confirm that the p21-ELP1-Bac polypeptide can be
delivered in both DU-145 and PC-3 cell lines and the uptake of the polypeptide is a specific

result of the hyperthermia-triggered phase transition due to the thermal properties of ELP1.
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Figure 4.5. p21-ELP-Bac polypeptide intracellular uptake. DU-145 (A) and PC-3 (B) cells were
incubated for 1 h at 37 °C or 42 °C with 20 yM FITC-p21-ELP-Bac polypeptides. Immediately after the
treatment, cells were harvested and analyzed on flow cytometer. Non-internalized polypeptides bound
to the cell surface were quenched by the addition of Trypan blue to the cell suspension prior to the
analysis. Forward and side scatter gating was used to eliminate cell debris from the analysis and
fluorescence data was corrected for variations in labeling efficiency among the polypeptides. Data
represents mean + SEM of 3 experiments, *p<0.0003, #p<0.0008.
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4.5 Intracellular Localization of the p21-ELP1-Bac Polypeptide

p21 protein exerts its CKl as well as PCNA binding activity in the nucleus where its
target proteins are located. To confirm that the Bac CPP was indeed able to deliver the p21-
mimetic cargo inside the nucleus and that this phenomena is thermally dependent, DU-145
and PC-3 cells were incubated with the p21 polypeptide at 37 and 42 °C and the polypeptide
was visualised using the anti-p21 antibody raised against the C-terminal part of the p21
protein (Figure 4.6).

In both cell lines after the incubation of the cells at 37 °C with the p21 polypeptide a
faint, diffused p21 staining can be observed, however this staining is not nuclear and it can
also be seen outside the cells. In contrast, after the incubation of the cells at 42 °C with the
polypeptide there is a strong p21 staining that co-localizes with the nuclei. Moreover, large
polypeptide aggregates can be seen inside the cells as well as on the cell surface and
around the cells. Additionally, in the samples incubated with the p21-ELP1-Bac polypeptide
at the hyperthermia temperatures there are significantly less cells with regards to the control

samples.
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Figure 4.6. p21-ELP-Bac polypeptide intracellular localization. DU-145 (A) and PC-3 (B) cells
were incubated for 1 h at 37 °C or 42 °C with 10 uM p21-ELP-Bac polypeptides. After the treatment,
p21-ELP1-Bac polypeptide was labeled with anti-p21 primary mouse antibody that was detected with

Texas red labeled anti-mouse secondary antibody. The nuclei were labeled using DAPI nuclear stain.

The cells were visualized using fluorescence microscopy.
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4.6 Effect of the p21-ELP-Bac Polypeptides on Cell Proliferation

4.6.1 Treatment with the ELP Peptides

To assess whether the ELP1-bound p21-mimetic peptide was able to inhibit
proliferation of CRPC cell lines in a thermally dependent manner, DU-145 and PC-3 cells
were incubated for 1h at 37 and 42 °C with increasing concentrations of p21-ELP1-Bac. p21-
ELP1-Bacs' antiproliferative effect was significantly enhanced by the hyperthermia treatment
in a concentration dependent manner in both cell lines (Figure 4.7A, 4.7C). In addition, the
effect of scrambled p21-ELP1-Bac polypeptide was statistically insignificant in comparison to
the effect of p21-ELP1-Bac (Figure 4.7B, 4.7D). In both cell lines at 42 °C, the thermally non-
responsive p21-ELP2-Bac polypeptide at 10 pM concentration caused less than 20%
inhibition compared to almost 60% inhibition caused by thermally responsive p21-ELP1-Bac
(Figure 4.7B, 4.7D). The effect of hyperthermia alone was negligible in both cell lines (data
not shown) which is consistent with other reports (26,49). These data confirm that the ELP1-
bound p21-mimetic peptide inhibits androgen-independent prostate cancer cell proliferation,
and that inhibition of proliferation may be further enhanced due to the thermally induced

internalization of the p21-mimetic peptide by the ELP carrier.
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Figure 4.7. The influence of the p21-mimetic polypeptides on CRPC cell lines' proliferation. DU-
145 and PC-3 cells were treated for 1 h at 37 °C and 42 °C with various concentrations of p21-ELP1-
Bac (A, C). Cell viability was determined 72 h after the polypeptide treatment. An overlay of 42 °C
data, 72 h after the treatment with p21-ELP1-Bac, scrambled p21-ELP1-Bac or p21-ELP2-Bac is
presented in the panel (B) for the DU-145 and panel (D) for the PC-3 cell line. The concentrations
used for scrambled p21-ELP1-Bac and p21-ELP2-Bac were those of p21-ELP1-Bac polypeptide that
did not have significant influence on DU-145 and PC-3 cell proliferation after the treatment at 37 °C.
Cell survival was calculated as % of the untreated control at the designated temperature. Results are

presented as mean + SEM of 3 independent experiments. * p<0.01, # p<0.005.

4.6.2 The Combination Treatment with Bortezomib and p21-ELP1-Bac Polypeptide

To examine the effect of a combination treatment of bortezomib and the thermally
targeted p21-mimetic polypeptide on CRPC cells, DU-145 and PC-3 cells were pre-treated
with various concentrations of bortezomib, which was removed 24h later and replaced with
different concentrations of p21-ELP1-Bac (Figure 4.8A-B). For both cell lines, all the
combinations of bortezomib and p21-ELP1-Bac produced a Cl of ~1, indicative of an additive
effect (152). However, we detected a statistically significant decrease in DU-145 and PC-3

cell proliferation (p<0.001 and p<0.01, respectively) after the incubation with low
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concentrations of bortezomib followed by the treatment with p21-ELP1-Bac at 42 °C
compared to each treatment alone. The ICsq values of bortezomib in DU-145 and PC-3 cells

in combination with different concentrations of p21-ELP1-Bac polypeptide are presented in
Table 4.2.
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Figure 4.8. The influence of the combination treatment on CRPC cell lines' proliferation. For the
combination treatments, DU-145 (A) and PC-3 (B) cells were pretreated with various concentrations of
bortezomib, and 24h later, incubated for 1 h at 42 °C with indicated concentrations of p21-ELP1-Bac.
Cell viability was determined 48h after the polypeptide treatment using the MTS assay. Cell survival

was calculated as % of the untreated control. Results are presented as mean + SEM of 3 independent
experiments. * p<0.001; # p<0.01
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Table 4.2 . IC5, values of bortezomib after the incubation of DU-145 (A) and PC-3 (B) cells with
different concentrations of p21-ELP1-Bac polypeptide

A.
p21-ELP1- ICs,
Bac/pM bortezomib/nM
0 15.9+0.7
7.2 10.9+0.7
14.4 NA*
* not available
B.
p21-ELP1- IC,
Bac/uM bortezomib/nM
0 36.1+6.7
7.7 33.7£71
15.4 220+29

4.7 The Mechanism of the Influence of Bortezomib and p21-ELP1-Bac Combination

Treatment on the Proliferation of the CRPC Cell Lines

The inhibition of cancer cell growth by a chemotherapeutic may be due to the
inhibition of cell cycle progression or the combination of the cell cycle arrest with one of the
types of cell death. Therefore, we compared the effects of single treatments with the
combination treatment on cell cycle progression as well as the induction of apoptosis,

autophagy and senescence.

4.7.1 The Influence of Bortezomib and p21-ELP1-Bac Combination Treatment on the Cell
Cycle Distribution in the CRPC Cell Lines

To determine the influence of the treatment on the cell cycle distribution two
parameter analysis was used in order to precisely distinguish the percentage of the cells in
G1, S and G2/M cell cycle phases. The total intracellular DNA was labeled with propidium-

iodide (Pl), a dye that emits red fluorescence upon intercalation into double strand DNA.
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Cells in the S phase of the cell cycle that actively replicate their DNA were additionally
labeled using bromo-deoxiuridine (BrdU), a thymidine analogue that can be detected using
the anti-BrdU antibody. Labeling with BrdU enables accurate distinction of the cells in the S
phase of the cell cycle after staining the DNA with PI. It also allows for the detection of the
cells in the S phase of the cell cycle that do not actively replicate their DNA and therefore do
not incorporate BrdU (intra-S phase arrest).

In the DU-145 cell line the p21-ELP1-Bac polypeptide led to a substantial intra-S
phase cell cycle arrest (Figure 4.9A-B). In the same cell line, bortezomib as a single
treatment induced G2/M arrest on the account of the S phase. However, the combination
treatment of the DU-145 cells induced an increase in the intra-S phase arrested cells
compared to the single treatments. In PC-3 cells, all the treatments induced a decrease in S
phase; however, that decrease was most evident in the cells treated with bortezomib
followed by p21-ELP1-Bac (Figure 4.9C-D). In the same sample, a significant intra-S phase
arrest was also detected. In both cell lines, p21-ELP1-Bac alone and applied after
bortezomib induced a statistically significant intra-S phase arrest with regards to the
scrambled p21-ELP1-Bac, confirming that the scrambled p21 polypeptide does not possess

the p21 peptide related activity.
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Figure 4.9. The cell cycle analysis after the single and combination treatments. For the
assessment of the cell cycle distribution, DU-145 (A, B) and PC-3 (C, D) cells were pretreated with 7.5
nM bortezomib. 24h after bortezomib treatment, cells were treated for 1 h at 42 °C with 20 yM p21-
ELP1-Bac. Twenty four hours later the cells were stained with anti-BrdU Alexa 488 labeled antibodies
and propidium-iodide and analyzed by flow cytometry. Alexa 488 fluorescence was measured in
channel FL1 and propidium-iodide fluorescence was measured in channel FL3 A scatter plot of
forward scatter vs. FL3 intensity was used to exclude cell debris and cell aggregates from the
analysis. The plots of propidium-iodide and Alexa 488 fluorescence intensity were gated into regions
representing cell cycle phases to determine the percentage of cells in each phase of the cell cycle.
Raw data from single representative experiment are presented in panel (B) for DU-145 cell line and

(D) for PC-3 cell line. Results are presented as mean + SEM of 3 independent experiments.
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4.7.2 Influence of Bortezomib and p21-ELP1-Bac Combination Treatment on the Expression

of Different Proteins Involved in the Regulation of the Cell Cycle

To examine the influence of the combination treatment on CRPC cell lines cell cycle
in detail we analyzed the expression of different proteins involved in its regulation. In DU-145
cell line treated with p21-ELP-Bac, bortezomib and their combination we found substantial
downregulation of cyclin B1 involved in the G2/M phase and cyclin D3 involved in the late G1
phase regulation with regards to control and cells treated with scrambled p21-ELP1-Bac
polypeptide. However, in the same cell line the expression of the cyclin B1 was higher after
the bortezomib treatment than in those treated with p21-ELP1-Bac or their combination. On
the other hand the treatment with p21-ELP1-Bac did not lead to such a drastic decrease in
cyclin D3 as the treatment with bortezomib and their combination treatment led to a
somewhat rescue of the cyclin D3 expression. No change in the expression of the cyclin E
which is involved in the regulation of the G1 to S phase transition was observed (Figure
4.10A).

In the PC-3 cell line none of the treatments examined led to a substantial change in
expression of any cyclins tested. However, we have found a decrease in the phosphorylation
of the Rb protein after the treatment with bortezomib, p21-ELP1-Bac protein as well as their
combination. The lowest level of the phosphorylated Rb was observed in samples treated
with p21-ELP1-Bac polypeptide and its levels increased somewhat after the addition of the
bortezomib to the treatment regimen (figure 4.10B). The DU-145 cell line lacks functional Rb
protein and therefore its phosphorylation was not tested in that cell line.

The scrambled p21-ELP1-Bac polypeptide did not lead to substantial changes in

expression any of the proteins tested in either CRPC cell line used.
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4.10 The effect of bortezomib and p21-ELP1-Bac combination treatment on the expression of
different proteins involved in the regulation of the cell cycle. DU-145 (A) and PC-3 (B) cells were
pretreated with 15 nM bortezomib as indicated in the figure and after 24h, incubated at 42 °C with 10
MM p21-ELP1-Bac polypeptide for 1 h. Twenty four hours later, both floating and attached cells were
harvested and whole cell lysates were examined for phosphorilated Rb, cyclin E, cyclin B1 and cyclin

D3 levels by Western blotting. Anti-a tubulin antibody was used as a loading control.
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4.7.3 The Influence of Bortezomib and p21-ELP1-Bac Combination Treatment on Apoptosis
Induction in the CRPC Cell Lines

To assess the induction of apoptosis, DU-145 and PC-3 cells were stained with the
FITC-labeled annexin V. Annexin V binds to phosphatidylserine (PS) externalized early in the
induction of apoptosis. In DU-145 cell line, p21-ELP1-Bac as a single treatment induced the
3.8-fold increase in the PS externalization with the respect to the cells exposed only to
hyperthermia conditions (Figure 4.11A-B). PS externalization was significantly increased
when both, DU-145 (Figure 4.11A-B) and PC-3 (Figure 4.11C-D) cell line was treated with
bortezomib and p21-ELP1-Bac polypeptide (8.6-fold and 5.7-fold, respectively). The
incubation of DU-145 and PC-3 cell lines with scrambled p21-ELP1-Bac polypeptide or

bortezomib alone did not induce significant PS externalization with the respect to the control.
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Figure 4.11. The effect of bortezomib and p21-ELP1-Bac combination treatment on the early
apoptotic events. DU-145 (A, B) and PC-3 (C, D) cells were pretreated with 15 nM bortezomib and
24h later incubated for 1 h at 42 °C with 10 uM p21-ELP1-Bac or scrambled p21-ELP1-Bac
polypeptide. After 24h, cells were co-stained with Alexa488 labeled annexin V and propidium-iodide.
The ratio of annexin V positive cells was calculated as % of the untreated control that was heated at
42 °C. Raw data from single representative experiment are presented in panel (B) for DU-145 cell line

and (D) for PC-3 cell line. Results are presented as mean + SEM of 3 independent experiments.
*p<0.01

The apoptosis induction was additionally confirmed by the activation of the effector
caspase-3. In both cell lines increase in the activated caspase-3 was detected after the
incubation with p21-ELP1-Bac polypeptide with and without the bortezomib pretreatment

(Figure 4.12). In the samples where the increase of the activated caspase-3 was detected,
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the cleaved fragments of caspase-3 were also present. Those data confirmed the data

obtained by the annexin V binding assay.
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4.12. Activation of the procaspase-3. The DU-145 and PC-3 cells were treated the same way as for
the anexin V assay and 24h after the polypeptide treatment the whole cell lysates were examined for
caspase 3 cleaving by Western blotting.

4.7.4 Influence of Bortezomib and p21-ELP1-Bac Combination Treatment on Autophagy
Induction in the CRPC Cell Lines

Autophagy is an evolutionary conserved process of removing the damaged proteins
and organelles from the cell via autophagosomes. In the final step autophagosomes merge
with the lysosmes which provide enzymes necessary for the degradation. Autophagic
vacuoles that are acidic can be visualized using the Acridin-Orange (AO) stain. After the AO
stain enters the autophagic vacuoles it becomes protonated and cannot cross the membrane
anymore. This causes the accumulation and ordered stacking of the AO molecules that emit
bright red fluorescence. The AO molecules bound to the nucleic acid stay in monomer form
and emit green fluorescence. Therefore, the occurrence of the bright red fluorescence is
indicative of the autophagy and can be monitored using the flow cytometry.

Bortezomib alone at 15 nM concentration didnot lead to the induction of the
autophagy in none of the cell lines tested. p21-ELP1-Bac polypeptide led to a 2-fold increase
in the induction of autophagy in the DU-145 cell line (Figure 4.13A).On the other hand, p21-
ELP1-Bac polypeptide alon did not induce autophagy in PC-3 cell line (Figure 4.13C). After

the combination treatment an additional 2-fold increase in autophagy induction with the
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respect to p21-ELP1-Bac treatment was detected in DU-145. Moreover, combination
treatment led to a 3-fold increase in autophagic cells in PC-3 cell line with the respect to the
non-treated cells (Figure 4.13).

In DU-145 cell line scrambled p21-ELP1-Bac polypeptide led to a minor increase in
the autophagy induction, however this was not as intense as with the p21-ELP1-Bac
polypeptide. In the PC-3 cell line, scrambled p21-ELP1-Bac did not have the same effect and
in those samples the autophagy induction was comparable as in the non treated cells (Figure
4.13).
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Figure 4.13. The effect of bortezomib and p21-ELP1-Bac combination treatment on the
induction of autophagy in DU-145 and PC-3 cells. DU-145 (A, B) and PC-3 (C, D) cells were
pretreated with 15 nM bortezomib and 24h later incubated for 1 h at 42 °C with 10 yM p21-ELP1-Bac
or scrambled p21-ELP1-Bac polypeptide. After 24h, cells were stained with AO and the intensity of the
red and green fluorescence was monitored by flow cytometry in FL1-H and FL3-H channel,
respectively. Raw data from single representative experiment are presented in panel (B) for DU-145
cell line and (D) for PC-3 cell line. The ratio of the cells with autophagic vacuoles was calculated as %
of the untreated control that was heated at 42 °C. Results are presented as mean + SEM of 3

independent experiments. *p<0.05
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4.7.5 The Influence of Bortezomib and p21-ELP1-Bac Combination Treatment on

Senescence Induction in the CRPC Cell Lines

B-galactosidase is an exoglycosidase which hydrolyzes the B-glycosidic bond formed
between galactose and its organic moiety. Induction of senescence, leads to the
overexpression of B-galactosidase and its accumulation in lysosomes. Since it is reliable and
easy to detect B-galactosidase expression, it is one of the most widely used biomarkers for
detection of the senescent and aging cells.

The senescence induction was monitored by staining the cells with B-galactosidase
substrate 48h after the treatment with bortezomib, p21-ELP1-Bac or their combination. In
DU-14 cell line we observed a modest increase in senescence induction after the treatment
with both p21-ELP1-Bac and scrambled p21-ELP1-Bac polypeptide (Figure 4.14 A).
However, after the combination treatment a decrease in the number of the senescent cells
was detected. Bortezomib alone did not lead to significant change in the senescence
induction in that cell line. In PC-3 cell line bortezomib alone and scrambled p21-ELP1-Bac
did not significantly alter the senescence occurrence with respect to the control cells. In
contrast, p21-ELP1-Bac polypeptide led to a 3-fold increase in senescence induction and

that effect was additionally enhanced after the pretreatment with bortezomib.
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Figure 4.14. The effect of bortezomib and p21-ELP1-Bac combination treatment on the
induction of senescence in DU-145 and PC-3 cells. DU-145 (A) and PC-3 (B) cells were pretreated
with 15 nM bortezomib and 24h later incubated for 1 h at 42 °C with 5 yM p21-ELP1-Bac or
scrambled p21-ELP1-Bac polypeptide. After 24h, cells were incubated with the substrate for
endogenous B-galactosidase. The blue endogenous B-galactosidase positive cells were counted using
invert microscope in the total of 200 cells. Senescent cells are expressed as % with respect to the
non-treated control. Bellow (C) are presented representative images of the cells stained for
endogenous [3-galactosidase activity. Typical senescent cells with flattened shape and senescence-

associated B-galactosidase blue staining are indicated with arrows. Results are presented as mean +
SEM of 3 independent experiments.

68



4.8 The Influence of Bortezomib on Degradation of the p21-ELP1-Bac polypeptide

To investigate why the combination treatment of bortezomib and p21-ELP1-Bac led to
an increased inhibition of the cell proliferation we analyzed the levels of p21-ELP1-Bac
protein in the cells that had been pretreated with bortezomib. Immunoblotting experiments
revealed that the pretreatment of the cells with bortezomib led to increased levels of
ubiquitinated proteins due to the inhibition of their proteasomal degradation. In the same
samples we compared the levels of p21-ELP1-Bac with those from the cells that had not
been pretreated with bortezomib (Figure 4.15). We found that after the pretreatment with
bortezomib, the levels of p21-ELP1-Bac polypeptide were increased with regards to the

samples that were not pretreated with bortezomib.

DU-145 PC-3
Bortezomib -+

-+
H ' IB: anti-ubiquitin
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| | e wow | |B: anti-GAPDH

Figure 4.15. The effect of bortezomib on intracellular levels of p21-ELP1-Bac. DU-145 and PC-3
cells were pretreated with 15 nM bortezomib as indicated and after 24h, incubated at 42 °C with 10
UM p21-ELP1-Bac polypeptide for 1 h. Twenty four hours later, both floating and attached cells were
harvested and whole cell lysates were examined for p21-ELP1-Bac levels by Western blotting. Anti-

GAPDH antibody was used as a loading control.
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5. Discussion

The major limitations of the standard antineoplastic therapy are poor efficacy and/or
severe side-effects. Targeted therapies allow cancer cell-specific treatment by explicitly
targeting aberrant cancer pathways. Recently, TPs have emerged as a new and promising
class of targeted anticancer drugs (25,46). These peptides are specific for their targets, can
enable reduction of the administered dose and, consequently, the unwanted side effects.
Additionally, TPs can be easily designed to modulate specific protein functions in cancer
cells. The biggest obstacle in the utilization of peptides as anticancer drugs, however, is their
poor pharmacokinetic parameters.

A thermally responsive delivery vector based on ELP has previously been utilized to
deliver bioactive peptides into cells (70,72,153,154). ELP is advantageous as a drug carrier
because it is a macromolecule and therefore has increased solubility and extended plasma
half life, passive tumor accumulation, and reduced drug toxicity (49). ELP has an additional
advantage of being actively targeted to the tumor through hyperthermia induced aggregation
(71). The ELP drug delivery system can be further enhanced by modification of the ELP
sequence with a CPP to efficiently translocate various cargoes into the cells. As already
mentioned, ELP-bound c-Myc inhibitory peptide was shown to be able to decrease the
expression of the c-Myc target genes leading to the inhibition in proliferation of the MCF-7
breast cancer cell line (70). The effect of c-Myc inhibitory TP was additionally confirmed in an

in vivo study where it was revealed its breast cancer growth inhibitory potential (71).

Other TPs fused to the same macromolecular carrier were also showed to have an
inhibitory effect on proliferation of various cancer cell lines (72—75). Previous in vitro studies
demonstrated that the C-terminal part of the p21 protein fused to the ELP carrier along with a
Bac CPP, is able to inhibit proliferation through the cell cycle arrest and the induction of
apoptosis in ovarian, breast and pancreatic cancer cell lines (26). In the present study, we
examined the effect of proteasomal inhibition combined with the thermally targeted delivery
of modified p21-ELP1-Bac polypeptide on the proliferation of CRPC cell lines. Previously
described Bac-ELP-p21 polypeptide has been modified in order to obtain higher yield of
more pure polypeptide. Instead of cloning the p21-mimetic peptide at the N-terminal part of
the ELP molecule and the Bac CPP at the C part, those two peptides were cloned at the
opposite ends resulting in the p21-ELP-Bac polypeptide (Figure 3.1C). We report here that,
though modified, the p21-ELP1-Bac polypeptide retained T, in the desired temperature range
and concentrations between 10-40 pM are optimal to achieve the target transition
temperature of 37 to 42° C (Figure 4.3A and 4.3B). In addition to p21-ELP1-Bac polypeptide,
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we have constructed two control polypeptides, scrambled p21-ELP1-Bac polypeptide that
served as a functional control for the p21-mimetic effect and p21-ELP2-Bac polypeptide that
served as a control for the thermal targeting effect. The scrambled p21-ELP1-Bac
polypeptide showed a similar temperature dependence as p21-ELP1-Bac which confirmed
that it can be used at the same concentrations as p21-ELP1-Bac (Figure 4.3C). Furthermore,
p21-ELP2-Bac had T; of approximately 60° C indicating that this polypeptide can indeed be
used as a non-thermally responsive control in the 42° C hyperthermia condition (Figure
4.3C).

The main biological role of the p21 protein is to control cell cycle progression through
inhibition of the CDK-cyclin complex activity and by interacting with PCNA thereby directly
preventing the DNA synthesis (155). In 1999 Mutoh et al investigated the CDK-cyclin
inhibitory activity of a series of p21 peptide fragments covering the complete p21 sequence
(86). They reported that p21 peptides spanning amino acids 15-71 and 106-164 possessed
CDK-inhibitory activity. The most potent peptide tested in their research was the one that
spanned amino acids 139-164. In addition, they have shown for the first time the importance
of putative B-strand and 31¢-helix motif of the 139-164 peptide for its CDK-inhibitory activity.
They have extended their research and described the cytotoxic activity of the 139-164
peptide linked to antennapedia peptide CPP that was dependent on binding of CDK-cyclin
complexes.

To determine whether p21-ELP1-Bac polypeptide, that spans the same amino acid
sequence, is able to interact with the target proteins we performed a pull down assay on DU-
145 cellular lysate using the ELPs property to reversibly aggregate at the temperature above
its T.. We have shown that p21-ELP1-Bac protein is able to specifically interact with its
molecular targets cyclin E and PCNA. Under the same conditions, the control scrambled
p21-ELP1-Bac bound some of the target protein, but at much lesser extent, which can be
attributed to non-specific binding (Figure 4.4).

Bactenecin7 (Bac7), antimicrobial peptide rich in Pro and Arg amino acids has been
reported to contain regions within its amino acid sequence that are capable of acting as a
vector for the delivery of the protein cargo (156). In their research, Sadler et al found that the
(PX)n motif that linked to the membrane translocating activity, contained both hydrophobic
character and a distinct secondary structure, both of which were found to be implicated in the
translocation activity. Proline is a hydrophobic imino acid and, along with the other
hydrophobic residues that are found in the (PX)n motif of Bac 7, creates a peptide capable of
interacting with the lipid tails that constitute the cell membrane. The high content of proline in

Bac7 peptides confers on these sequences a conformation containing a hybrid of the PPII

71



helix and the R-helix. In addition, they showed show that Bac7 equiped its sequence with
multiple cell-permeant regions capable of translocating to both cytoplasm and nucleus (156).

Using flow cytometry we detected increased intracellular delivery of fluorescently
labeled Bac-bound polypeptide upon the incubation of the cells at hyperthermia temperatures
(Figure 4.5). Cellular uptake of thermally responsive ELP1 polypeptide was more than 15-
fold higher than the thermally non-responsive ELP2 polypeptide in both cell lines in the
presence of hyperthermia leading us to the conclusion that the observed enhanced cellular
uptake of ELP1 polypeptide is due to its thermally-induced phase transition. Of the two cell
lines tested, PC-3 cells showed a higher degree of the p21-ELP1-Bac internalization after the
hyperthermia in comparison to the DU-145 cell line. This phenomenon is most probably due
to the already reported differences in susceptibility of different cell lines to protein
transduction (70).

The growth inhibitory properties of p21 protein are considered to be associated with
its nuclear localization whereas its antiapoptotic properties are thought to be related to its
cytoplasmic accumulation (93). Therefore we have investigated the subcellular localization of
the p21-ELP1-Bac polypeptide after its thermal targeting (Figure 4.6). After the incubation of
the both cell lines used with the p21-ELP1-Bac polypeptide at 37° C we did not detect
significant intracellular p21 staining. In contrast, after the incubation at 42° C, large
polypeptide aggregates were observed outside the cells, on the plasma membrane as well
as inside the cells. It is already established that the hyperthermia induced aggregation of the
ELP-polypeptide in the cell culture media leads to accumulation of the polypeptide on the cell
plasma membrane while the CPP mediates the polypeptide cellular entry and subcellular
localization (70). Previous studies with Pen-ELP and Tat-ELP demonstrated that these
polypeptide aggregates were initially present on the outer surface of the cell membrane, and
were slowly internalized by an endocytic mechanism (70,72). Polypeptide aggregates were
observed in the cell cytoplasm, confirming entry of the large aggregates into the cell.
Therefore, during hyperthermia, the role of the CPP is to mediate attachment of these
aggregates to the cell surface, where they are poised for endocytic cell entry. In addition, it
has been reported that Bac CPP can actively target its cargo into the nucleus (156). Our data
is in accordance with this and bright nuclear staining can be observed inside the cells of the
samples incubated with the polypeptide at 42° C. This phenomenon is likely due to the fact
that, when aggregation is induced; more polypeptide is delivered into the cell. It is believed
that Bac actively shuttles the polypeptides into the nucleus in a mechanism similar to a
nuclear localization sequence (NLS). As already noted, the Bac peptide is rich in Pro and Arg
amino acids, a feature that distinguishes it from other CPPs that are rich in the Lys residues.
The enhanced nuclear localization is likely the result of a higher intracellular polypeptide

concentration and not of direct nuclear uptake of polypeptide aggregates (49). In addition,
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we have noticed that in the samples incubated with the p21-ELP1-Bac polypeptide at the
hyperthermia temperatures there is significantly less cells with regards to the samples
incubated at 37° C. The finding that the number of the cells decreased despite the
cytoplasmic localization of the p21-ELP1-Bac polypeptide is somewhat controversial.
However, Inoue et al published in 2009 that p21 levels could have a dose-dependent effect
in cell fate decisions (157). Since ELP-CPP strategy led to accumulation of substantial

amounts of p21 peptide inside the cells we believe that this led to CRPC cell death.

Overexpression of the p21 protein has been repeatedly reported to be able to inhibit
the proliferation of various cancer cell lines including glioma (158), colon (159) cervical and
breast cancer cell lines (160). Moreover, Kralj et al reported in 2003 that adenovirally
mediated overexpression of the p21 protein led to increased inhibition of proliferation of
mouse Renca cells both in vitro and in vivo (161). The incubation of CRPC cells with the p21-
ELP1-Bac polypeptide in the presence of hyperthermia resulted in a statistically significant
inhibition of proliferation that was concentration-dependent (Figure 4.7A and 4.7C) with 1Cs
values being 5.410.7 yM for DU-145 and 12.2+2.3 yM for PC-3 cell line. The previously
tested Bac-ELP-p21 polypeptide had somewhat lower inhibitory effect with the 1C5, values
being around 20 pM for the SKOV-3, MCF-7 and Panc-1 cell lines (26). The observed
enhancement in p21-ELP1-Bac polypeptide cytotoxicity is probably due to the different
position and accessibility of the p21-mimetic portion within the ELP polypeptide as well as
different cell lines used in this research.

Mild p21-ELP1-Bac polypeptide toxicity was observed in the absence of hyperthermia
which is consistent with the results of the polypeptide uptake where we found that a small
amount of the polypeptide can be found in the cells even without the presence of
hyperthermia (Figure 4.5). This phenomenon has already been described and attributed to
the initial phase transition (70). In both CRPC cell lines, the scrambled p21-ELP1-Bac
polypeptide showed some inhibitory effect (Figure 4.7B and 4.7D). The observed toxicity of
the scrambled p21-ELP-Bac polypeptide is most probably due to previously described
toxicity of the Bac CPP(49,156). In their research on the cell penetrating properties of
bactenecin 7 derived peptides, Sadler et al concluded that the PR-rich Bac peptide is no
more toxic than the other already describedl CPPs, even after incubation at the relatively
high concentration of 20 uM for 24 h (156). In our results the toxicity of scrambled p21-ELP1-
Bac polypeptide was observed only in combination with hyperthermia and was small in
comparison to the effect seen with p21-ELP1-Bac peptide, indicating that the C-terminal part
of the p21 protein is indeed responsible for the majority of the inhibitory effect observed in

prostate cancer cell lines.
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The overall strategy in developing anticancer regimens is to identify a drug
combination that will allow the administration of a lower drug dose to prevent undesirable
side effects in patients while preventing the development of chemoresistance, and
maintaining a high amount of specific toxicity to the tumor cells. In a previous in vitro
research, Bidwell et al reported that ELP-based c-Myc inhibitory peptide led to an
enhancement of antiproliferative effects of topoisomerase Il inhibitors that was observed in
1.5-fold decrease of the ICsy value of two topoisomerase Il inhibitors, doxorubicin and
etoposide (73). Tumor cells are known to be more susceptible to proteasome inhibition,
although a well defined mechanism of normal cell resistance is yet to be established (15).
However, despite promising initial data on the efficiency in hematological tumors, bortezomib
has a limited potential to be used as a treatment for solid tumors due to a narrow therapeutic
window with therapeutic dose at 1.3 mg/m? and toxic dose at 1.5 mg/m? (24).

In the present study, we have extended our research on the p21-mimetic peptide to
determine whether there is a rationale to use it in combination with proteasomal inhibition.
Since the p21-mimetic polypeptide contained the phosphorylation site responsible for the
targeting of the p21 protein for ubiquitination and subsequent proteasomal degradation,
bortezomib was administered prior to the protein treatment (162). Due to the higher
sensitivity of the DU-145 cell line to bortezomib and p21-ELP1-Bac polypeptide, the
treatment was administered in lower doses than in the PC-3 cells. In DU-145 cells thermally
targeted p21-ELP1-Bac polypeptide led to a significant, almost 6-fold, increase in bortezomib
toxicity even when bortezomib was administered in low doses such as 3 nM. In contrast, in
PC-3 cell line, p21-ELP1-Bac polypeptide did not induce such a drastic change in bortezomib
toxicity (less than 4-fold).

The inhibition of cancer cell growth may be due to the inhibition of cell cycle
progression and/or apoptosis. In order to decipher the molecular mechanism behind the
higher toxicity of the combination treatment in DU-145 cell line, we compared the effects of
single with the combination treatment on cell cycle progression and the induction of various
types of cell death like apoptosis, autophagy and senescence.

On a protein expression level, in DU-145 cell line we observed changes in both cyclin
B1 and cyclin D3 after the treatment with bortezomib, p21-ELP1-Bac polypeptide or their
combination while cyclin E levels remained unchanged (Figure 4.10A). As already noted,
cyclins are proteins that regulate the CDKs’ activity necessary for the progression through
the cell cycle. Each cyclin is cell cycle phase specific and their expression varies throughout
the cell cycle (Table 1.1). Cyclins D are involved in the regulation of the CDK4 and -6 and the
progression of the cell through the G1 phase. There are 3 types of cyclin D, cyclin D1, D2
and D3 and they are expressed during the early, mid and late G1 phase, respectively. Cyclin

E, in turn, regulates the activity of the CDK2 necessary for the inactivation of the Rb protein
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and subsequent G1 to S transition. Cyclin B1 is the main regulator of the G2 checkpoint and
drives the progression through the mitosis (163). Its levels start to increase after the
completion of the DNA synthesis at the beginning of the G2 phase and it is necessary for the
CDK1 activity that is involved in the early events of mitosis such as chromosome
condensation, nuclear envelope breakdown, and spindle pole assembly. Therefore cyclin B1
levels peak right before mitosis is initiated and remain high until the completion of the mitosis
(164). The levels of the cyclin B1 have been shown to be regulated through the proteasomal
degradation therefore the treatment with bortezomib leads to its accumulation (165). After the
proteasomal inhibition, due to the increased intracellular level of the mitotic cyclin the cell
cannot exit the M phase which leads to a sustained G2/M cell cycle arrest (163). As already
mentioned, p21 protein is a cell proliferation regulatory protein known to inhibit the activity of
both CDK2-cyclin E as well as CDK1-cyclin B1 complexes leading to the G0/G1 or G2/M
arrest, respectively. Moreover, due to its PCNA binding properties p21 protein can induce
cell cycle arrest within the S phase (166,167). The net effect of the p21 protein on the cell
cycle depends on the cellular context like the presence of the functional Rb protein (80).

In DU-145 cell line decreased levels of the cyclin D3 were found after the bortezomib
treatment as well as after the thermally targeted p21-ELP1-Bac and their combination (Figure
4.10A). This finding is in accordance with the results of the cell cycle phase distribution
where decrease in the GO0/G1 cells after the treatments (Figure 4.9) was observed. In
addition, changes in the levels of the cyclin B1 were also detected. In the samples treated
only with bortezomib, the cyclin B1 levels were decreased with respect to the non-treated
cells and a G2/M arrest in the cell cycle was observed. The levels of cyclin B1 further
decreased after the polypeptide as well as the combination treatment though in those
samples less cells in G2/M phase was detected. These findings, as well as the changed
cyclin D3 levels, point to a somewhat different mechanism that led to the observed changes
in the cell cycle distribution. As already noted, bortezomib has been known to be able to
mediate the accumulation of different cell cycle regulatory proteins that exert directly
opposite effects on the progression through the cell cycle. On one hand, it leads to the
accumulation of the cyclin B1 that leads to a G2/M arrest (165) while on the other it inhibits
the degradation of the cell cycle inhibitory proteins p21 and p27 that halt the cell cycle
progression at the G1 to S phase transition (9) (10). p21 protein, besides G1/S arrest has
also been implicated in both intra-S-phase (89) as well as G2/M cell cycle arrest (79). In
contrast to the broadly accepted opinion that during the G2/M cell cycle arrest cyclin B1
levels are accumulated, in 2009. Kraljevic Pavelic et al reported that adenovirally mediated
p53 protein overexpression led to a strong induction of p21 protein that resulted in decrease
of cyclin B1 and G2/M arrest (168) which is in agreement with our findings. Our data, point to

the broad effect that bortezomib has on the cell cycle regulation. We believe that bortezomib
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lead to the reactivation of the G2/M checkpoint due to the change in expression of p21
protein rather than cyclin B1. Moreover, we suggest that the observed changes in the levels
of the cyclin D3 and B1 after the polypeptide treatment were the consequence of the
inhibition of the DNA polymerase machinery due to the binding of the p21-ELP1-Bac to the
PCNA protein which resulted in the observed intra-S-phase arrest (Figure 4.9).

In contrast to the DU-145, in the PC-3 cell line none of the treatments exerted a
drastic effect on the expression of the cyclins D3, E or B1. Rather than that, we found
difference in the phosphorylation of the Rb protein that was decreased after all three
treatments. The thermally targeted p21-ELP1-Bac decreased the phosphorylation of the Rb
protein the most and the Rb phosphorylation was somewhat rescued after the bortezomib
treatment (Figure 4.10). However, we did not detect GO/G1 phase arrest but, as in the DU-
145 cell line, accumulation of the cells in the S-phase that did not actively replicate their
DNA. This intra-S phase was the most evident after the combination treatment. The
differences observed in cyclin levels in DU-145 and PC-3 cell lines are most probably due to
the fact that PC-3 cell line has functional Rb protein whose inhibition is necessary for the G1
to S transition. However, despite the different status of the functional Rb we detected the
same net outcome and we suggest that the influence of the thermally targeted p21-ELP-Bac
polypeptide in investigated CRPC cell lines was related to its ability to interact with and
regulate components of the DNA replication machinery.

The main goal of the anticancer therapy is to decrease the replicative potential of the
cancer cells. Besides cell cycle inhibition this is achieved by the induction of the cancer cell
death, preferentially apoptosis. Senescence and autophagy represent additional types of cell
fate that can be beneficial in the anticancer treatment. However, induction of either
autophagy or senescence is not always a favored outcome of the anticancer treatment.
Autophagy for instance, is induced as a stress response and has an important role in the cell
survival. Autophagy directly prevents the genetic instability by removing the damaged
organelles that can be the source of the free radicals. Additionally, it ensures recycling of the
cellular components and can be the alternative source of energy in the low energy conditions
(169). In cancer cells that are often exposed to the metabolic stress due to the nutrients
deprivation, autophagy represents a survival mechanism. It has been shown that genetic
inactivation of autophagy by either constitutive activation of PI3K pathway that negatively
regulates autophagy induction (170), or by loss of one of the genes necessary for its
execution (171), prevents cell survival in response to metabolic deprivation even when
apoptosis is inactivated. In addition to providing recycled material for the cell survival,
autophagy has been shown to attenuate apoptosis by creating the cellular environment in
which survival is favored. For example, in various events of ER stress it has been shown that

autophagy prolongs the functionality of ERs and limits the apoptosis induction through
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scavenging the misfolded proteins and protein aggregates (172,173). Moreover, autophagy
can ensure genomic maintenance in the face of DNA damage due to drug or radiation
treatment (174). Depolarized mitochondria are a source of genotoxic ROS and can be
eliminated from the cell through the autophagy (175). Consistent with this in the absence of
autophagy, DNA damage, gene amplification and chromosomal abnormalities activate
apoptotic response. Accordingly, inhibition of autophagy in various types of cancer cell lines,
like breast, prostate and colon cancer has been shown to lead to enhanced death response
after radiotherapy (176,177). In contrast to a wide accepted notion of autophagy as a survival
promoting mechanism, emerging evidence suggest that it is also a legitimate means of self-
killing. Several commonly known inducers of apoptosis have also been shown to activate
autophagy. Those include cisplatin (178),etoposide (179), ceramide (180) and activators of
TRAIL receptor-2 (181). Moreover, autophagy has been shown to be necessary for the
execution of the apoptotic program without leading to death itself. Many apoptotic feature
processes like the PS exposure and membrane blebbing are energy consuming and
autophagy-dependent maintenance of cellular ATP levels during nutrient deprivation ensures
their completion (174). In addition to its apoptosis induction and execution enabling
properties, autophagy has been shown to be an important mediator of the mitotic-
senescence transition. In 2010 Young et al showed that in human diploid fibroblasts
autophagy is an important component of oncogene induced senescence (OIS) and
development of its full phenotype. The importance of autophagy in OIS was revealed by the
inhibition of autophagy which resulted in the delayed senescence and decrease in the
accumulation of senescence-associated secreted proteins (182). Cellular senescence can be
initiated in many cell types as a response to telomere shortening as well as genotoxic stress
that leads to DNA damage and aberrant hyperproliferative stimulus that leads to already
mentioned OIS. Consequently, senescence is primarily thought to impose a barrier to
tumorigenesis and contribute to the cytotoxicity of a certain anticancer drug (183). However,
in addition to its role in tumor suppression, scientific community has become increasingly
aware of the role of senescence in changing the tumor microenvironment and stimulation of
the malignant phenotype in neighboring cells (184). After the reversion of the cell to a
senescent phenotype, the level of more than 40 factor increases. This phenomenon is known
as senescence-associated secretory phenotype (SASP). The SASP has pro-inflammatory
properties and can be harmful if left unchecked. For example, senescent cells can promote
the proliferation and tumorigenesis of epithelial cells, stimulate angiogenesis, trigger an
epithelial-to-mesenchymal transition, accelerate the invasion of transformed cells and
increase the growth of xenograft tumors in vivo (183—-185). Thus, senescent cells and the

SASP that emerges after the treatment with the anticancer agent can influence the
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acquisition of aggressive behavior in adjacent cells which can lead to the failure of the
treatment.

Besides the regulatory role in the cell cycle progression, p21 has been known to be
an important modulator of the cell fate decision. It has been repeatedly reported to be
involved in both induction and inhibition of apoptosis as well as the induction and sustenance
of the senescence. Recently, p21 has been implicated in the regulation of the autophagy
induction. However, as in the case with the apoptosis induction, the role of p21 in the
autophagy is controversial. In 2008. Fujiwara et al reported that treatment of the p21 -/-
MEFs with ceramide, a known apoptosis inducing agent, leads to the induction of autophagy
as well. Moreover, they showed that forced expression of p21 protein in combination with the
ceramide treatment increased the number of apoptotic and decreased the number of
autophagic cells. Based on those results, they concluded that p21 plays an essential role in
determining the type of cell death, positively for apoptosis and negatively for autophagy
(103). In contrast, Marjanovic from our laboratory in his Dissertation showed that adenovirally
mediated expression of the p21 protein in the colon cancer cell lines leads to the induction of
autophagy. Moreover, in his research he showed that the forced expression of p21 protein
enhanced the induction of autophagy and senescence after the treatment with cisplatin
(178). However, in later it was showed that downregulation of p21 via siRNA in the same cell
lines did not influence the autophagy induction after the cisplatin treatment though the
senescence induction was decreased (186).

In the light of complex role that p21 protein plays in cell death induction we
determined the influence of p21-ELP1-Bac polypeptide on apoptosis, autophagy and
senescence induction. PS exposure on the outer side of the plasma membrane is strongly
related to activation of the cell death program, and occurs during all stages of apoptosis. In
vitro studies have shown that PS exposure and recognition are crucial for removal of
apoptotic cells by phagocytes (187). In this research, thermally targeted delivery of the ELP-
bound p21 peptide resulted in both apoptosis and autophagy induction (Figure 4.11 and
4.13). Of the two cell lines tested, DU-145 was more sensitive to the investigated treatment
and p21-ELP1-Bac led to almost 4-fold increase in apoptosis induction while in PC-3 cell line
the same treatment induced 3-fold increase in early apoptotic cells with respect to the control
cells. The combination treatment had even more drastic effect in DU-145 cell line and
produced more than 8-fold increase in the number of the cells that displayed early apoptotic
phenotype. In PC-3 cell line the combination treatment induced a bit less than 6-fold
increase in apoptosis induction. Of note is the fact that bortezomib as a single treatment
induced almost 2-fold increase in apoptosis induction in DU-145 cell line, while it did not have
effect on the PC-3 cell line in the same concentration. The results on early apoptotic events

were additionally confirmed by western blot analysis of the presence of activated caspase-3
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after the treatments. Caspase-3 is in the cell present as a 32 kDa zymogen and is activated
by cleavage upon the induction of apoptosis. Therefore, the presence of the cleaved
caspase-3 and its fragments is considered to be a proof of its activation. In both cell lines
tested, we detected cleaving of the caspase-3 after the treatment with p21-ELP1-Bac, alone
and in the combination with bortezomib which confirmed the result obtained on the PS
exposure. As in the case of the apoptosis, increase in autophagy induction was detected in
the samples treated with p21-ELP1-Bac and its combination with bortezomib. Again, DU-145
cell line was more sensitive than PC-3 cell line. In contrast to apoptosis and autophagy
induction, we detected decrease in senescent cells after the combination treatment in DU-
145 cell line in comparison to the single treatment with p21-ELP1-Bac polypeptide (Figure
4.14). This finding is of great importance considering the role senescent cells are thought to
have in the aggressive behavior of neighboring cells and the treatment of failure.

In an attempt to elucidate the underlying mechanism by which bortezomib and p21-
ELP1-Bac combination treatment increased the inhibition of prostate cancer cell proliferation,
we determined the levels of internalized p21-ELP1-Bac polypeptide with and without
bortezomib pretreatment in both cell lines. The immunoblot in Figure 4.15 clearly indicates
that pretreatment with bortezomib led to increased levels of the p21-mimetic polypeptide with
respect to the cells that were not pretreated with bortezomib. It is known that proteosomal
inhibition by bortezomib stabilizes the p21 protein in the cells (188). Therefore, it is possible
that pretreatment with bortezomib could also lead to decreased degradation of the p21-
ELP1-Bac polypeptide, especially given that the p21-ELP1-Bac encompasses the C-terminal
region (aa 148-157) of the p21 protein that is necessary for its efficient ubiquitination and
subsequent proteosomal degradation (162). This finding could have an immense impact on
peptide-based therapy because using clinically approved proteasome inhibitors would
prevent or reduce the degradation of therapeutic peptides, resulting in their prolonged and
higher cellular concentration, and consequently in higher therapeutic efficacy. Additionally,
combined treatment with bortezomib and p21-ELP-Bac requires lower concentration of
bortezomib, which could have an important clinical outcome because it could reduce the side
effects associated with bortezomib.

The two cell lines used in this research had a somewhat different response to the
p21-ELP1-Bac polypeptide treatment with DU-145 being twice as responsive as PC-3 cells.
The DU-145 cell line lacks a functional Rb protein which is commonly inactivated in human
cancer (189). Rb functions to link pro- and anti-mitogenic signals to the cell cycle machinery,
and is required for the proper function of cell cycle checkpoints commonly invoked by
chemotherapeutic agents (190). However, in 2008 Stengel et al reported that DNA-damaging
agents represent a more effective therapy for Rb-deficient tumors, as they are able to exploit

checkpoint bypass associated with Rb loss to increase cell death. Rb loss is sufficient to
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abrogate cell cycle checkpoints normally invoked by a variety of therapeutics, resulting in
differential alterations in overall therapeutic response. Interestingly, checkpoint bypass
associated with Rb-deficiency enhanced cell death following treatment with the DNA-
damaging agent. Besides its involvement in cell cycle regulation, overexpression of p21
protein has been shown to be able to upregulate the intracellular level of ROS (191). ROS in
turn is a known inducer of the DNA damage (192). The observed higher responsiveness of
the DU-145 cell line to the thermally targeted p21-ELP1-Bac might be due to the exploit
checkpoint bypass after the ROS induced DNA damage. Moreover, in 2012 Masgrass et al
published that the elevation of intracellular ROS levels is an important part of the mechanism
by which p21 induces apoptosis and that p21 protein levels are not important in the
determination of the cell fate but rather the cellular context (193). Elevated ROS levels have
been related to the induction of apoptosis, autophagy as well as senescence, however the
exact mechanism of the cell fate determination is yet to be established. p21 protein has been
shown be able to induce all three of them and increasing evidence shows that its levels as

well as the intracellular context play a pivotal role in the determination of the final outcome.

We believe that the observed increase in both apoptosis and autophagy and
decrease in senescence induction in the DU-145 cell line was the result of the non-functional
G1 checkpoint due to the non-functional Rb protein. Due to the inability to arrest at the G1-S
transition, the cells experienced additional stress which led to the higher induction of
apoptosis and autophagy resulting in the observed increased sensitivity to the treatment.
Moreover, we believe that in this set up autophagy did not lead to the inhibition of apoptosis
but rather preceded it and accompanied it since we detected increase of both after the
combination treatment. Considering that the senescence is not unambiguously preferred
outcome of the anticancer therapy this finding represents a tremendous potential for the
development of new therapeutic modalities. Given that the p21-ELP1-Bac polypeptide can be
thermally targeted to tumors in vivo, we believe that the combination of bortezomib with thermal
targeting of the p21 peptide will lead to locally enhanced bortezomib toxicity at the thermally targeted
site resulting in a lower dose of chemotherapy and overall reduction of systemic toxicity. In addition,
loss of Rb function is associated with reduced recurrence free-survival after prostatectomy, and is also
related to high frequency in advanced castration-resistant tumors (194). Moreover, mutations in the
Rb gene are observed in a number of other common human malignancies (189, 195). Therefore, the
p21-mimetic polypeptide represents a promising direction in the therapy of androgen-independent

prostate cancer as well as other cancers with a nonfunctional Rb protein.
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6. Conclusions

p21-ELP1-Bac and scrambled p21-ELP1-Bac have approximately the same T; of
around 40 °C while p21-ELP2-Bac has transition temperature above 60 °C and therefore can
be used as a control for the thermal targeting effect. Moreover, p21-ELP1-Bac uptake is
enhanced after the application of mild hyperthermia with regards and in the cell can be found
inside the nucleus.

p21-ELP1-Bac specifically inhibits the proliferation of the CRPC cancer cell lines
while neither the scrambled p21-ELP1-Bac nor p21-ELP2-Bac control polypeptides did not
exert this type of activity. This proves that the inhibitory effect of the ELP polypeptide is
indeed a specific result of the C-terminal part of the p21 protein.

Combinatory treatment of the CRPC cell lines with the proteasomal inhibitor
bortezomib and p21-ELP1-Bac led to a substantial increase in the antiproliferative effect of
the treatment with regards to the single agents which resulted in bortezomib IC50 values
decrease. Additionally, DU-145 cell line was found to be more sensitive to both single as well
as combinatorial treatments than PC-3 cell line.

The combinatory treatment led to increase in the cell cycle arrest as well apoptosis
and autophagy induction in both cell lines tested. The two cell lines had different response to
the treatment with regards to the senescence induction. The differential influence of the
treatment on the two cell lines tested was also observed in the expression of the different
proteins involved in the cell cycle regulation.

The most probable cause to the observed variability is the fact that DU-145 cell line
lacks functional Rb protein that is an important regulator of the cell cycle progression as well
as senescence induction and sustenance.

Bortezomib led to an increase in the intracellular levels of p21-ELP1-Bac polypeptide
which is probably due to the inhibition of the polypeptide proteasomal degradation.

The use of thermally responsive polypeptides to specifically target therapeutic
peptides to solid tumors by local hyperthermia has a potential to increase the efficacy of the
cancer treatment and reduce the cytotoxicity in normal tissues and to provide an alternative

means to substitute or augment present therapy for the treatment of localized tumors.
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8. Summary

Prostate cancer remains one of the most common malignancies in men. Besides
surgical resection, treatments for prostate cancer include hormone therapy, chemotherapy
and radiation therapy. However, advancement of prostate cancer to androgen-independent
state limits the potential of conventional therapeutic approaches. Bortezomib, an FDA
approved proteasomal inhibitor for the treatment of myeloid leukemia, has been shown to
have a positive effect on the inhibition of prostate cancer growth. Unfortunately, bortezomib
has a very narrow therapeutic window which can lead to severe side effects. Elastin-like
polypeptide (ELP) is a genetically engineered, thermally responsive macromolecular carrier
that enables a targeted delivery of the bound molecule due to its soluble property under
normal physiologic conditions. Additionally, ELP aggregates in response to mild
hyperthermia. Using ELP as a carrier, it is possible to improve pharmacological properties of
the therapeutic drug as well as reduce toxicity in normal tissues. In this work, we have
investigated the combination treatment of androgen-independent prostate cancer cells with
bortezomib and C-terminal part of p21 protein bound to an ELP carrier. We have found that
combination treatment with bortezomib and ELP-bound p21 protein leads to an increased
cell cycle arrest as well as apoptosis and autophagy induction with regards to the single
treatments. We believe that the combination of bortezomib with thermal targeting of the p21-
ELP1-Bac will lead to locally enhanced bortezomib toxicity at the thermally targeted site. In
the end, we hope that the use of thermally responsive polypeptides to specifically target
therapeutic peptides to solid tumors by local hyperthermia has a potential to provide an

alternative means to augment or substitute the existing therapy of localized tumors
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9. Sazetak

Rak je jedna od najrasirenijih bolesti danasnjice. Njegova je incidencija u stalnom
porastu te se predvida da ¢e do 2030. broj oboljelih biti 75% veci nego danas. Unato€ novim
spoznajama o molekularnoj patogenezi tumora, postojeCa protutumorska terapija je
nespecificna i uzrokuje ozbiljne nuspojave. Tumor prostate jedno je od naj¢esc¢ih malignih
oboljenja u muskaraca i pored tumora plu¢a ima najviSu smrtnost. Tumor prostate najCesce
se lijeCi kirurSkim odstranjivanjem malignog tkiva nakon ¢ega slijede kemo- i radioterapija te
hormonska terapija kojom se uklanjaju androgeni hormoni iz organizma oboljelog. Naime,
normalne i tumorske stanice prostate za svoj rast trebaju androgene hormone. S vremenom
stanice tumora prostate postanu neovisne o androgenim hormonima te taj oblik terapije
prestaje djelovati.
proteosomalne razgradnje od normalnih tkiva. Ta je spoznaja dovela do razvoja
bortezomiba, inhibitora proteosomalne razgradnje, koji je od 2003. godine odobren za
kliniCku primjenu u tretmanu multiplog mijeloma i limfoma. Od tada je pokazano da
bortezomib inhibitorno djeluje na rast stani¢nih linija tumora dojke, plu¢a, debelog crijeva te
prostate neovisnom o androgenim hormonima. Nazalost, unato¢ obecéavajuc¢im rezultatima u
pretkliniCkim ispitivanjima, bortezomib za sada nije u upotrebi za tretman solidnih tumora
zbog uskog raspona izmedu terapijske i toksiCne doze.

Terapijski peptidi predstavljaju novu, ciljno-specificnu klasu lijekova koji imaju velik
potencijal za primjenu u tretmanu tumora. Njihov glavni nedostatak je $to posjeduju vrlo loSa
farmakokineti¢ka svojsta. Naime, peptidi su nestabilni u plazmi i lako se razgraduju te se lose
dopremaju u tumorska tkiva i stanice. Unapredivanje tehnologije za poboljSanje
farmakokineti¢kih svojstava terapijskih peptida dovelo bi do njihove Siroke primjene kako u
terapiji tumora tako i u terapiji drugih oboljenja kao §to su Seéerna bolest, psorijaza, infarkt
miokarda i dr. Elastinu slican polipeptid (engl. elastin-like polipeptide, ELP) je makromolekula
osjetljiva na toplinu. Pokazano je da su vezanjem na ELP nosac poboljSana farmakokineti¢ka
svojstva terapijskog peptida. Osim toga, koriStenjem ELP-a kao makromolekularnog nosaca
terapijskog peptida povecava se dostava terapijskog peptida u tumor putem pojacane
propusnosti vaskulature i zadrzavanja peptida u tumorskom tkivu (engl. enhanced
permeability and retention, EPR). Uz to, koriStenje ELP nosaa omogucava ciljani unos
terapijskog peptida u tumorske stanice putem primjene topline na tumorskoj masi. Osim ELP
nosaca, unos terapijskih peptida u tumorske stanice moze se poboljSati vezanjem na peptide

koji omogucuju unos u stanicu (engl. cell penetrating peptide, CPP). CPP su kratki peptidi od
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30-ak amino kiselina za koje je pokazano da u in vitro te in vivo uvjetima mogu uéi u stanice
putem endocitoze.

U ovom smo istrazivanju ispitali djelovanje proteina p21 vezanog za ELP i CPP
molekule (p21-ELP-Bac) na stani¢nim linijama tumora prostate koji su neovisni o androgenim
hormonima. Nadalje, ispitali smo utjecaj kombiniranog tretmana istih staniénih linija sa
bortezomibom i p21 polipeptidom.

Pokazali smo da p21-ELP-Bac polipeptid pojacano ulazi u citoplazmu i jezgru
ispitivanih stanicanakon primjene topline. Takoder, p21-ELP-Bac polipeptid doveo je do
koncentracijski ovisne inhibicije rasta stani¢nih linijja tumora prostate. Taj efekt nije bio
izrazen ukoliko nije bilo primjene topline kao ni po primjene polipeptida koji nije bio toplinski
osjetljiv. Takoder, primjenom ispremijeSanog p21-ELP-Bac polipeptida koji nije pokazao
djelovanje, potvrdeno je da je inhibicijsko djelovanje na rast stani¢nih linija specifiCna
posliedica djelovanja p21 terapijskog polipeptida. Osim toga, uoceno je da u slucaju
kombiniranog tretman stanica sa bortezomibom i p21-ELP-Bac polipeptidom nakon primjene
topline dolazi do porasta u inhibiciji rasta stanica i to uslijed pojaanog zaustavljanja
stani¢nog ciklusa te pojaane aktivacije apoptoze i autofagije. Takoder, pokazali smo da u
slu€aju staniéne linije koja nema funkcionalni Rb protein dolazi do smanjenja pojave
senescentnih stanica. Na kraju, pokazali smo da je inhibicija proteosomalne razgradnje
dovela do pojatanog nakupljanja p21-ELP-Bac polipeptida u stanici i njegove smanjene
razgradnje i vjerujemo da je to uzrok poja¢anog djelovanja kombiniranog tretmana

S obzirom na uski terapijski raspon bortezomiba u tretmanu solidnih tumora,
kombinirana terapija sa bortezomibom i p21-ELP-Bac polipeptidom omogudéila bi primjenu
manjih doza bortezomiba uz zadrzzavanje antitumorskog efekta. p21-ELP-Bac polipeptid
moguce je aktivno, ciljano unositi u tumorske stanice €ime se smanjuje njegovo sistemsko
djelovanje. Takoder, primjenom manjih doza bortezomiba izbjegava se njegova sistemska
toksic¢nost te se tako mogu umanijiti intenzitet i pojava nuspojava. Nadalje, smanjenje pojave
senescentnih stanica nakon primjene protutumorske terapije od znacCaja je za razvoj same
terapije jer se vjeruje da senescentne stanice predstavljaju izvor oksidativhog stresa za
okolno tkivo te mogu dovesti do kroni¢ne upale uslijed lu¢enja citokina u svoj okoli§. Osim
toga, pokazano je da senescentne stanice mogu sudjelovati u pojavi tumorskih stanica koje
su otporne na terapiju. Nadamo se da toplinski osjetljivi nosaci za unos terapijskih peptida
predstavlja novi smjer u tretmanu solidnih tumora koji omogucuje poboljSanje ili mozda ¢ak
zamjenu postojece protutumorske terapijeSto moZe rezultirati u smanjenoj pojavi nuspojava

te poboljSanju kvalitete Zivota onkoloSkih pacijenata.
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