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Abstract

Background—Traditional forms of cancer therapy, which includes chemotherapy, have largely
been overhauled due to the significant degree of toxicity they pose to normal, otherwise healthy
tissue. It is hoped that use of biological agents, most of which are endogenously present in the
body, will lead to safer treatment outcomes, without sacrificing efficacy.

Objective—The finding that PEDF, a naturally-occurring protein, was a potent angiogenesis
inhibitor became the basis for studying the role of PEDF in tumours that are highly resistant to
chemotherapy. The determination of the direct role of PEDF against cancer paved the way for
understanding and developing PEDF as a novel drug. This review focuses on the patent
applications behind testing the anticancer therapeutic effect of PEDF via its receptors as an
antiangiogenic agent and as a direct anticancer agent.

Conclusions—The majority of the PEDF patents describe its and/or its fragments’
antiangiogenic ability and the usage of recombinant vectors as the mode of treatment delivery.
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PEDF’s therapeutic potential against different diseases and the discovery of its receptors opens
possibilities for improving PEDF-based peptide design and drug delivery modes.
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1. Introduction

Pigment epithelium-derived factor (PEDF), a 50kDa glycoprotein, belongs to the serpin
superfamily of proteins, which have common structural homology. Most of the serpin
members are serine protease inhibitors like antitrypsin, plasmin inhibitor and
antichymotrypsin. However, there is subgroup of serpins that lack protease inhibitory
activity, and PEDF is classified as a non-inhibitory serpin [1]. It is thought that during
evolution several non inhibitory serpins, including PEDF, had lost their protease inhibitory
ability while at the same time gained other properties. In particular, PEDF does not undergo
the serpin conformational change that inhibitory serpins do upon interacting with target
proteases [1]. However, because PEDF is expressed by different cell lines (Figure 1), PEDF
interacts with a variety of cellular components and its structure-function relationships have
been revealed. PEDF is able to interact with multiple signalling cascades and molecular
systems enabling PEDF as a multi-functional protein with therapeutic effects in several
diseases, especially in different cancer types (Table 1).

Tombran-Tink and Johnson [2] first discovered that media conditioned by retinal pigment
epithelial cell induced Y79 retinoblastoma tumour cell differentiation into a non-
proliferating type with an increase in neurite outgrowth in the neuronal morphology of the
tumour cells. Then Tombran-Tink, Chader and Johnson [3] identified the protein responsible
for such activity in the retinal pigment epithelial conditioned media and termed it PEDF.
This marked the role of PEDF as a neurotrophic factor, where apart from playing a role in
changing the morphology of the cells; PEDF was also shown to protect spinal cord motor
neurons and immature cerebellar granule cells from degeneration and apoptosis as well as
photoreceptors from light damage [4-7]. Soon after, PEDF was defined as the most potent
inhibitor for angiogenesis among other well-characterised antiangiogenic factors like
angiostatin and endostatin [8]. It was demonstrated that the action of PEDF as to whether it
will act as a neurotrophic agent or an antiangiogenic agent reflects on the phosphorylation
state of PEDF [9]. Two different kinases, casein kinase (CK2) and protein kinase A (PKA),
phosphorylates PEDF. CK2-phosphorylated PEDF at sites Ser24 and Ser114 follows a
molecular conformational change in PEDF preventing phosphorylation of PKA to Ser227
which results in the antiangiogenic activity of PEDF and eliminates PEDF’s neurotrophic
function [9]. On the other hand, PKA-phosphorylated PEDF at site Ser227 induces the
neurotrophic functions of PEDF reducing PEDF’s antiangiogenic function [9]. However, the
PKA-phosphorylation site at PEDF can be phosphorylated by CK2 which results in PEDF as
a potent antiangiogenic factor which does not reduce PEDF’s neurotrophic activity [9]. As
an antiangiogenic factor, PEDF has shown great potential in inhibiting endothelial cell
proliferation and migration through various mechanisms such as initiating endothelial cell
apoptosis via the Fas/FasL intrinsic death pathway and disrupting the balance between pro-
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and anti-angiogenic factors present in the bloodstream via the inhibitory effect of PEDF on
vascular endothelial growth factor (VEGF) by inhibiting its receptor 1 (VEGFR-1) (Table 1)
[10]. But what seems to be one of the most important therapeutic actions of PEDF is its
potential as a novel drug candidate against cancer (Table 1).

PEDF as an anticancer agent branched out from the discovery of its antiangiogenic
properties. From here, PEDF has been explored in different types of cancers and was found
to have an indirect effect as an antiangiogenic agent as well as a direct anti-cancer effect in
different tumours (Table 1) [11]. Patent applications have been published where PEDF can
be used in the prevention and treatment for melanoma [12] and osteosarcoma [13]. Further
tests on PEDF have generated patents in using plasmid vectors to deliver the PEDF gene
[14-16] and the detection of the different forms of PEDF phosphorylation states have led to
the search of more than one PEDF receptor (PEDF-R) which could explain the neurotrophic
and antiangiogenic functions of PEDF [9, 17]. The purpose of this article aims to summarise
the current patent applications in addressing the therapeutic potential and the different
treatment method deliveries used for PEDF. Furthermore, this article also aims to
acknowledge the benefits associated with further understanding of the role of the receptors
for PEDF.

An antiangiogenic and anticancer agent

Research on antiangiogenic factors against cancer has increased as it has been
acknowledged that angiogenesis plays a factor in the growth, survival and metastasis of a
tumour [18, 19]. The tumour can activate the overexpression of angiogenic factors,
especially VEGF, which allows for the production of blood vessels supplying nutrients and
oxygen to the tumour [18, 19]. The inhibitory role of PEDF against VEGF as well as
fibroblast growth factor (FGF); its action in targeting only new blood vessels and not
affecting pre-existing blood vessels [20]; and its wide distribution (Figure 1) and actions in
different types of cells and molecular systems (Table 1) make PEDF a suitable
antiangiogenic drug against cancer. This was the rationale behind the PEDF patents
published in regards to the use of full length PEDF [16] or derived fragments as anticancer
agents [21, 22].

The overproduction of VEGF allows the recruitment and proliferation of endothelial cells
and form blood vessel branches surrounding the tumour enabling the tumour to grow and
evolve from benign to malignant [18]. Apart from the tumour’s ability to switch on the
expression of proangiogenic factors for its growth and survival, the tumour also has the
ability to switch off transcription of antiangiogenic factors [18]. Thus, measuring PEDF’s
concentration within the tissue or fluid of a cancer patient compared to healthy individuals
may determine whether the tumour is on its early or advanced stage of tumorigenesis [16],
though this remains a hypothesis at present.

Introducing exogenous full-length or fragments of PEDF enables it/them to target
endothelial cells by inhibiting their proliferation and migration into the bloodstream through
apoptosis of endothelial cells recruited by the tumour [16, 23, 24]. This method does not
only prevent the expansion of blood vessels to the tumour but also inhibits tumour growth
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by restricting the tumour’s supply of nutrients and oxygen [16]. Not only does PEDF play a
role in inhibiting the growth of a primary tumour, PEDF also prevents tumour cell invasion,
adhesion and migration which all contributes to the suppression of cancer metastasis in order
for the development of a secondary tumour (Figure 2). For instance, the treatment of
exogenous full length PEDF inhibits VEGF expression in cells and in mice, administration
or overexpression of PEDF leads to the inhibition of osteosarcoma tumour growth, which
also disables metastasis to the lungs [25]. The same result was also evident when PEDF
fragments, StVOrth-2 and -3, were given to mice with orthotopic osteosarcoma.
Furthermore, StVOrth-3 and -4 were found to repress VEGF expression [26]. Apart from
osteosarcoma, several other studies also showed the efficacy of PEDF against the growth of
primary tumours and inhibition of tumour cell metastasis (Table 1).

It has been recommended that if PEDF is combined with other antiangiogenic factors,
tumorigenesis can be effectively eradicated [16]. Given that PEDF is already a potent
antiangiogenic factor in itself, testing it in combination with a chemotherapeutic agent,
doxorubicin, against a chemo-resistant tumour —osteosarcoma made the tumour more
susceptible to treatment [27]. Using PEDF as an antiangiogenic factor has been such a
success that researchers focused at the direct anticancer properties of PEDF. Two patent
applications demonstrated that treating melanoma and osteosarcoma with PEDF results in
decreasing the proliferative property of these cancer cells with increasing doses of PEDF
concentration [12, 13]. The antiproliferative property of PEDF was attributed to its ability to
induce Fas ligand-dependent apoptosis [12, 28] and regulate cell cycling [29]. Treatment of
osteosarcoma cell lines results in a decrease in cell proliferation and invasion and an
increase in tumour cell apoptosis and adhesion. The ability of PEDF to directly target cancer
cells enables a potential research on using PEDF as a direct drug against cancers and
eliminates the use of conventional and toxic chemotherapy.

2.2 Treatment delivery approaches for PEDF

Many patent applications have focused on using gene delivery of PEDF either full-length or
derived fragments via the use of recombinant vectors [12, 13, 15, 16]. To effectively ensure
PEDF’s activity especially in deep and hard to reach tumour locations, the normal
introduction of plasmid vectors through virus-mediated delivery becomes inefficient and
ineffective. Zhou and colleagues [30] made use of PEDF gene transfer through ultrasound-
mediated microbubble destruction where choroidal neovascularisation’s development was
inhibited. Chitosan microparticles containing a PEDF-expressing plasmid (pPEDF)
demonstrated a reduction in primary tumour growth, bone lysis and pulmonary metastasis
[31]. Using the same technique with the addition of administering a chemotherapeutic agent,
doxorubicin, in osteosarcoma has shown effective in decreasing primary and secondary
tumour development as well as decreasing the toxic side-effects of doxorubicin [27].
Though these methods are novel, research on these techniques with PEDF is starting to
become apparent and soon enough, patent applications for these methods will emerge.

2.3 PEDF receptors

Extracellular PEDF is known to be involved in inducing or mediating intracellular signalling
transduction mechanisms and different molecular pathways. PEDF actions are dependent on
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interactions with cell surfaces [35]. Little is known about the identification of receptors for
PEDF (PEDF-Rs) until recent studies initiated a search for cell-surface proteins with high
affinity for PEDF [35]. As mentioned previously, due to PEDF’s variable phosphorylation
states affecting how PEDF exerts either its neurotrophic or antiangiogenic function have
lead the authors to believe that there might be two different receptors for PEDF which caters
for the two different mechanistic actions of PEDF [9]. It was suggested that heparin and
heparan sulfate regulate the ligand: receptor interactions of PEDF, likely because these
glycosaminoglycans can promote a conformational change enabling an epitope of PEDF to
be exposed and bind to its receptor [32, 33]. Two distinct receptors are proposed for PEDF,
a 80kDa PEDF putative receptor (PEDF-RN) localised on motor neurons with high affinity
to the 44-mer PEDF peptide involved in neurotrophic activity and a 60kDa PEDF putative
receptor (PEDF-RA) localised on endothelial cells with high affinity to the 34-mer PEDF
peptide involved in the antiangiogenesis [34-36].

The first identified receptor, PEDF-RN, was found in the retina and is a novel phospholipase
and triglyceride lipase involved in triglyceride metabolism [34]. It is also termed PNPLAZ2,
adipose triglyceraide lipase, desnutrin, iPLAC and human Transport Secretion Protein-2.2
(TTS-2.2)/independent phospholipase AC [37]. The effect of the interaction of PEDF to
PNPLAZ2 activating a molecular signalling pathway is still under investigation, although a
number of propositions have already been put forward: (1) the localisation of PNPLA2
around the neural retina and the central nervous system depicts the neurotrophic role of this
receptor upon activation of PEDF; (2) the triglyceride lipase domain is known to facilitate
energy mobilisation and adipocyte storage; (3) upon PEDF binding, this novel receptor was
found to induce phospholipase A2 liberating fatty acids and lysophosphatidic acid from
phospholipids [34, 37, 38] which could act as second messegers or precursor in mediating
signal transduction for neuronal cell development and survival or in eliciting
antitumorigenic (e.g. DHA’s apoptotic role in tumour cells) and antiangiogenic functions
(e.g. PLA2 mediating PPAR-gamma ligands to activate the PPAR-gamma receptor in
vascular endothelial cells) [23, 37].

A second receptor for PEDF was identified more recently [36]. This receptor, PEDF-RA also
a receptor for laminin, binds to PEDF at a site which contains residues 46—70, the PEDF-
interacting domain on this receptor is located between amino acids 120 and 210, which
includes the laminin-1 binding domain of the receptor, binding of a 25-mer (P46) short
peptide within the 34-mer region of PEDF, which also binds specifically to EC membranes,
inhibits bFGF-induced angiogenesis. Upon binding of the 25-mer PEDF region to the
laminin receptor, EC apoptosis is initiated while angiogenesis, migration, tumour cell
adhesion and proliferation are inhibited. Through the binding of PEDF to the laminin
receptor, the authors claimed that their results reveal a new signalling pathway for PEDF’s
anti-angiogenic activities. Furthermore, the authors were able to postulate that PEDF
binding to the laminin receptor also activates multiple apoptotic pathways independent of
the Fas/FasL death pathway such as MAPK, JNK, p38 and caspase-3. True enough, a recent
paper demonstrated PEDF initiating apoptosis via the JINK pathway and inhibiting migration
via the p38 pathway [42]Even more recently, it has been identified that PEDF, like
angiostatin, interacts and inhibits endothelial and tumor cell surface F1-ATP synthase [39].
The interaction of PEDF and angiostatin occurs at the same location on the F1-ATP
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synthase and prevents the formation of ATP from ADP and inorganic phosphate by the
enzyme. ATP and ADP have receptors on cell surfaces and would constitute mediators of
PEDF. A change in ATP levels could affect cell viability and proliferation negatively. Given
that the enzyme is also a proton pump, it is proposed that these antiangiogenic factors could
prevent the exit of protons from cells resulting in an decrease of intracellular pH leading to
cell death. Agents that inhibit exclusively the cell-surface F1-ATP synthase, like PEDF,
could be used as agents to prevent endothelial and tumour viability. This ectopic enzyme is
being considered another receptor for PEDF.

This discovery of PEDF-Rs enables researchers to further probe PEDF’s therapeutic
activities and provide researchers with a finer tool for identifying and isolating PEDF
sequences, creating antibodies that will allow specific localisation of PEDF [17],
determining the pathways involved after PEDF-R activation/inhibition [34], and most
important of all, design novel drugs using PEDF fragments that can bind to PEDF-R that
could lead to a possible breakthrough in cancer treatment research. Furthermore, modulation
of PEDF activity via its receptor could provide an attractive option for treating angiogenesis-
dependent diseases, of which metastatic cancer is a prime example.

3. Conclusion

The therapeutic role of PEDF has shown great potential against different diseases because of
its potent activity in inhibiting angiogenesis. This antiangiogenic property of PEDF makes
PEDF an attractive antiangiogenic drug to be used in cancer research creating patent
applications for its use in research. Direct anticancer effects of PEDF have only started to
emerge after the testing of PEDF as a direct drug across a range of malignancies which also
lead to patent applications for using PEDF in preventing and treating melanoma and
osteosarcoma. In addition, treatment methods in inducing exogenous PEDF is also starting
to evolve in terms of creating effective ways of delivering PEDF and ensuring its uptake in
hard to reach tissues. Furthermore, the discovery of PEDF-R and the continuous research in
dissecting its role upon PEDF binding yields a positive road towards designing novel drugs
against cancer.

4. Expert Opinion

For cancer, faced with toxicity of current drugs and due to lack of efficacy of others, various
biological agents, most of which are endogenously present in the body, are being tested in
the hope of finding forms of therapy that are safer to administer, but have efficacy. One such
promising molecule, PEDF, a naturally-occurring protein, a known potent angiogenesis
inhibitor, is a leading protein candidate for certain tumours, including osteosarcoma, a type
of bone tumour. Due to several studies showing PEDF’s therapeutic role directly and
indirectly against a wide range of tumours, it is not surprising that several patents have been
published indicating the different experimental applications and treatment methods for
PEDF. Elucidating the specific molecular pathways for PEDF action against cancer has
become the focus of several groups of researchers around the globe. These are surely
helping to develop PEDF as a novel anticancer drug candidate. However, in this case,
understanding not only the ligand (PEDF) is crucial, but its two receptors, given the ability
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of PEDF to have versatile roles in cells. The latest research showing the discovery of PEDF
receptors shows how the field in PEDF research is progressing. Although there are still
missing pieces of the puzzle that are yet to be explored, especially the molecular pathways
involving PEDF and PEDF binding to its receptors, there is no denying that patenting of
PEDF for various biomedical applications attests to the latent potential of this protein.

5. Article highlights (Figure 3)

»  The role of pigment epithelium-derived factor (PEDF) in tumorigenesis AQ5
(Figure 3).

—  The concentration of endogenous PEDF can be used to determine the
stage of tumorigenesis.

— PEDF treatment results in apoptosis of recruited endothelial cells
preventing tumorigenesis, restricting tumour growth and inhibiting
metastasis.

— PEDF can be combined with other antiangiogenic or chemotherapeutic
agents for better tumour efficacy.

» PEDF as an anticancer agent.

—  PEDF decreases tumour cell proliferation by decreasing cell cycling and
inducing Fas ligand-dependent apoptosis.

—  PEDF plays multiple roles in different stages of metastasis making it a
powerful agent against secondary tumour growth.

»  PEDF gene delivery through viral-mediated plasmid vectors has been the most
conventional way of inducing exogenous PEDF.

e New methods have been introduced for PEDF to reach deep tissues such as
ultrasound-mediated microbubble destruction and chitosan microparticles
containing PEDF-expressing plasmid.

e PEDF receptors (PEDF-Rs) with a high affinity binding towards PEDF are
proposed.

» PEDF-RN (PNPLAZ2) plays a role in initiating PEDF’s neurotrophic activity.
e PEDF-RA (laminin receptor) is involved in blocking angiogenesis.
»  Proteins are identified as receptors for PEDF.

»  Alipase-linked cell membrane PEDF-R is involved in PEDF’s neurotrophic
activity, fatty acid liberation and phospholipase A(2) enzymatic activity.

» PEDF interacts with cell-surface F1-ATP synthase.
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Main body distribution of PEDF.
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Cell type

Role of PEDF

Retinal pigment epithelium (RPE)
Retinal ganglion cells
Non-pigmented ciliary epithelial cells

Neuroprotective, neurotrophic,
antiangiogenic [43]

Neurons Neuroprotective, Neurotrophic [44]
Ependymal cells

Epithelial cells Antiangiogenic [43]

Cardiac myocytes Protective, antiangiogenic [44]

Cardiac fibrobla:
I\\$

Antiangiogenic, hepatic triglyceride
homeostasis [45]

Neuroprotective, Neurotrophic [43]

Ovarian surface epithelial cells
Testis/epididymis

Antiangiogenic, growth factor [46, 47]

Osteoblast
Osteoclast
Chondrocytes

Antiangiogenic [48]
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Primary tumour cell
growth

¢ PEDF activates
apoptoticpathwaysto
destroy tumour cells
[28].

* An anti-proliferative
property of PEDF is
PEDF's ability to
translocate tothe
nuclear compartment
regulating cell eycle
arrest[34].

*PEDF inhibited tumour
cell growth [11].

Figure 2.

Angiogenesis

* PEDF acts as an
inhibitor of VEGF
preventing endothelial
cellrecruitment,
proliferation and
migrationto make new
bloodvesselsto supply
nutrientstothe growing
tumeour [L1].

*PEDF targets and
destroys de novo blood
vessels and not affecting
the pre-existingblood
vessels [10].

*PEDF treated-tumour
cellsshowed a decrease
in microvessel density
[11].

Invasion and
Adhesion

*PEDF decreasedtumour
cellinvasion [25,26].

* PEDF has high affinity
to collagen, an
extracellular matrix
component, arresting
cellular migration [34)

Migration

* PEDFtreatment
inhibited cell motility
r11].

* PEDF inhibited the
UPA/UPAR system, most
commeonly known for
regulatingtumour cell
migrationthrough a
variety of methods
{Table 1}).
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.,

Secondary tumour
cell growth/
metastasis

sStudies showed PEDF-
treated cancer cells
decreased metastasis
[10,11,25,26].

* The anti-proliferative,
apoptoticand
antiangiogenic
properties of PEDF
prevents cancer cell
proliferation, survival
and growthin another
organ[11].

Overview of the key roles of PEDF during the metastatic process showing the efficacy of
PEDF in not only reducing primary tumour growth but also in preventing metastasis.
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PEDF

_ Treatment
Therapeutic role - Receptors
Neurotrophic Recombinent PNPLA?
agent vectors
Antiangiogenic e
; gentg mediated —Laminin receptor
8 microbubble
Anti-cancer ‘Sl F1-ATP synthase
agent microparticles
Figure 3.

Summary of all the important information in the paper.
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Table 1

Different molecular pathways targeted by PEDF in different types of diseases
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Molecular pathway

Function

Diseases involved

Role of PEDF

UPA/UPAR (urokinase
plasminogen activator
and its receptor)

The binding of uPA to uPAR activates
proteolytic cascades resulting to blood
vessel invasion of tumour cells leading in
metastasis. Serpins plasminogen activator
inhibitor-1 and -2 (PAI-1 and PAI-2) are
known inhibitors of the interaction of uPA to
UPAR.

Osteosarcoma

PEDF in combination with uPAR
downregulation showed a
decrease in osteosarcoma
invasion, growth and metastasis,
The presence of PEDF
internalized the distribution of
UuPA/UPAR from the surface of
the cell hence, reducing the
ability of the osterosarcoma cells
to migrate [10]

Prostate cancer

PAII-2 is upregulated by PEDF
inhibiting the activity of uPA and
UPAR [11]

Lung cancer

Reduced lung cancer cell
adhesion and motility [11]

VEGF/VEGFR
(vascular endothelial
growth factor)

Overexpression generates leaky blood
vessels allowing recruitment of endothelial
cells forming new blood vessels, uneven
distribution of oxygen and nutrients. For
cancer, the effects of VEGF overexpression
can influence tumour growth and survival,
and can leak out delivered chemotherapeutic
drugs.

Cardiovascular disease

PEDF inhibited VEGF-induced
UPA/UPAR activation affecting
vascular permeability [40]

Diabetic retinopathy

PEDF downregulated VEGF
expression at the transcription
level. PEDF was also shown to
compete against VEGF in
binding to VEGF receptor 2 [41]

Lung cancer, prostate cancer,

PEDF resulted in a reduced
tumour microvessel density, and
reduced tumour growth and
weight [11]

Melanoma

Tumour growth, tumour cell
survival and microvessel density
is decreased [11]

Pancreatic cancer

Microvessel density is decreased,
tumour growth is inhibited and
the proliferation and migration of
endothelial cells decreased [11]

Fas/FasL

Fas ligand when bound to Fas creates an
activator complex activating caspase 8, The
activation of caspase 8 and its release in the
cytosol allows the activation of other
caspases, which leads to cell apoptosis.

Melanoma

PEDF lead to increased levels of
apoptosis which was prevented
after the addition of neutralizing
FasL antibodies [11]

p53/PPARY

p53 is a tumour suppressor protein which,
upon signals of DNA damage, is involved in
arresting cell cycling activity or initiates
apoptosis. PPARYy, a transcription factor,
which upon activation by its ligand, 15d-
PGJ2, activates caspase-mediated
endothelial cell apoptosis.

Choroidal neovascularisation

PEDF increased the expression of
PPARYy in human umbilical vein
endothelial cells (HUVECs)
initiating endothelial cell
apoptosis and upon the inhibition
of PPARYy activity using PPARy
antagonists, abolished the
apoptotic effect of PEDF. PEDF
also induced overexpression of
p53 for apoptosis. Inhibition of
either PPARy or p53 attenuates
apoptosis [23]

c-jun N-terminal kinase
(INK)

JNK responses to inflammatory cytokines,
growth factors and environmental stress.
JNK plays a role in cell differentiation,
apoptosis, and inflammation, to name a few.
It modifies proteins acting in the nucleus or
in the mitochondria to regulate cell function
and protein synthesis.

Neovascularization

PEDF regulated the expression of
JNK leading to the apoptosis of
endothelial cell inhibiting
neovascularisation and tumour
growth [42]

Obesity

PEDF activated JNK in the
muscle and liver resulting to
insulin expression inhibition [43]
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