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INNOKPATEIOXZ OPKOZX
KEIMENDO

OMNYMI AMOAAQNA IHIRON=KAL AZKAHMION KAl YFEIAN KAl
NANAKEIAN KAI E)EOYi I'IP.NTP_L*Z* Té KAI NMAZAZ IiTOPA-}Z NOIEY-
MENOZ, ENITEAEA MOIHIEIN-KATA-AYNAMIN KAl KPIZIN EMHN
OPKON TONAE KAl =YITPA®HN THNAE. HFHZEI©AI MEN TON
AIDAZANTA ME THN TEXNHN TAYTHN IZA TENETHZIN EMOIZI, KAl
BIOY KOINQIEZOQAI KAI XPEQN XPHIZONTI METAAOZIN MOIH-
SESOAI KAl FENOX TO EZ AYTOY AAEAGEQIZ IZON ENIKPINEEIN
APPEZ! KAl AIAAZEIN THN TEXNHN TAYTHN, HN XPHIZOQZI MAN-
OANEIN, ANEY MIZOOY KAl ZYITPA®HI MAPAITEAIHEZ TE KAl
AKPOMZIOE KAl THE AOINHE ANAEZHI MA@HZIIOZ METAAOZIN NOIH-
SEIGAl YIOIZI TE EMOIZI KAIL TOIZI TOY EME AIAASANTOZI KAl
MA@HTAIZI ZYITEFPAMMENOIE TE KAl QPKIZIMENOIX NOMQ
IHTPIKQ AAAQ AE OYAENL AIAITHMAZI TE XPHIOMAI EN’
QOEAEIH KAMNONTON KATA AYNAMIN KAI KPIZIN EMHN, EMI
AHAHZIE| AE KAl AAIKIH EIPZEIN. OY AQIQ AE OYAE ®APMAKON
OYAENI AITHOEIZ ©ANAZIMON, OYAE YOHIHIOMAI ZYMBOYAIHN
TOIHNAE OMOIQE AE OYAE FYNAIKI NESEON ®OOPION AQEIQ
AFNQE AE KAl OZIQE AIATHPHEIQ BION TON EMON KAl TEXNHN
THN EMHN OY TEMEQ AE OYAE MHN AIOIONTAZ, EKXQPHIQO AE
EPFATHEIN ANAPAZIN NPHZIOIZ THZIAE. EXZ QIKIAZ AE OKOZAZ AN
EXIQ, EZEAEYZOMAI AN Q®EAEIH KAMNONTQN, EKTOX EQN
MAIHE AAIKIHE EKOYZIIHE KAl ®OOPIHI THZ TE AAAHZ KAl ADPO
AISION EPrQN EMI TE TYNAIKEIQN ZQOMATQON KAl ANAPEIQN,
EAEY®EPON TE KAI AOYAQN. A A" AN EN ©EPANEIH H 1AQ H
AKOYZQ, H KAl ANEY OEPAMNEIHE KATA BION ANOPQNQON, A MH
XPH MOTE EKAAAEESGAl EZQ, EIFHEOMAI, APPHTA HFEYMENOZX
EINAI TA TOIAYTA. OPKON MEN OYN MOI TONAE ETNITEAEA
MOIEONTI KAl MH SYMXEONTI EIH ENAYPAZOAI KAl BIOY KAl TEX-
NHZ, AOZAZOMENQ MAPA MAZIN ANOPQMNOIZ EX TON AIEI XPO-
NON MAPABAINONTI AE KAI ENIOPKEONTI, TAAANTIA TOYTEQN
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PREFACE

The purpose of this doctoral thesis was presented first as an idea, in 2013.
Two main reasons exist, that are responsible for the formation of this research. The
first reason is the extremely common complaint of ocular pterygium in the Greek
population, especially in agricultural communities. The second reason, is the

recent advent of biological therapy options.

Pterygium, identified as a benign growth of the conjunctiva, has a high prevalence
that can rise up to 40% in countries, closer to the equator. So far, it exhibits poor
response to conservative treatment with a high recurrence rate, after a surgical

approach.

On the other hand, biologic agents have the ability to control tissue growth, with
fewer adverse reactions, compared to traditional cancer treatment. Biological
drugs are a diverse category of complex molecules produced through
biotechnology in a living system, such as a microorganism, plant cell, or animal

cell.

Understanding the etiopathogenesis and the various factors involved in this
particular lesion, may allow advances on therapeutic strategies to prevent its
onset and/or progression and may even result in less surgical manipulation, in the
future. Although numerous studies have already been conducted, important genes
and proteins have not yet, been fully explored. In this sense, additional research
to better understand the mechanisms that lead to the appearance of pterygium,
could promote more targeted and effective treatment options. Especially in

recurrent cases, that are so far, proven to be extremely challenging, to treat.

The aim therefore, of this study is to investigate possible pathophysiologic
mechanisms, that could explain pterygium’s behavior, its striking similarities to
tumor histopathology and characteristics. Furthermore, this study could identify a
possible link between the disease and newer therapeutical approaches, justifying

their use for pterygium treatment, aiming for a higher success rate.



PART I

1. Embryology

The eye is formed from ectoderm and mesenchyme, and its formation
begins early in the fourth week of intrauterine life from diencephalon. The
rudimentary eyeball develops from an ectodermal diverticulum from the lateral
aspect of the forebrain. The diverticulum grows out laterally to the side of the
head and the end becomes enlarged to form the optic vesicle, and the proximal

side becomes constricted to form the optic stalk [1].

The neural tube gives rise to the ectoderm that later forms the retina, optic nerve
and smooth muscle of the iris. The surface ectoderm at the side of the head gives
rise to the corneal and conjunctival epithelium, the lacrimal and tarsal glands and

the lens [1].

A small area of surface ectoderm above the optic vesicle thickens to form the lens
placode, which sinks under the surface ectoderm, to form the lens vesicle. The
optic vesicle invaginates to produce the double-layered optic cup (Figure 1). The
inferior edge of the optic cup is deficient and this notch is continuous with a

groove at the inferior margin of the optic stalk, called the optic choroidal fissure

[2].

Surface /f /

ectoderm Vi Oplic vesicle // Optic cup

Optic stalk
Lens
placode Neuroectoderm Lens pit

Retinal pigment
epithelium

Outer layer

Optic nerve

vesicle

Figure 1 Ocular development



The mesenchyme forms corneal stroma, sclera, choroid, iris, ciliary musculature,
the vitreous body. The origin of the corneal endothelium is uncertain and thought
to be of the neural crest. Vascular mesenchyme grows into the optic fissure and
forms the hyaloid artery. This fissure by the seventh week of embryonic growth

closes and forms a narrow tube inside the optic stalk, the optic canal [2].

By the fifth week, the lens vesicle separates from the surface ectoderm and lies

within the entrance of the optic cup, the edges of which will form the pupil.

The extraocular muscles and the orbital bones are formed from the mesenchyme
in the region of the developing eyeball, the orbicularis muscle from the second
pharyngeal arch, while the eyelids form as folds of surface ectoderm above and
below the developing cornea with their core connective tissue from mesenchyme,

as well. The eyelids remain fused until the seventh month of gestation [1, 2].



2. The conjunctiva

2.1 Anatomy of the conjunctiva

Conjunctiva is a thin mucous membrane that overlays the inner surface of
the eyelids and is spread along the superior and inferior fornices onto the anterior
surface of the eyeball. The conjunctiva epithelium is continuous with the
epidermis of the skin at the lid margin and with the corneal epithelium at the

limbus.

The conjunctiva can be divided anatomically to the palpebral conjunctiva, the

conjunctival fornices and the bulbar conjunctiva [3].

The palpebral part of the conjunctiva is firmly attached to the posterior surface of

the tarsal plates of the eyelids.

The conjunctival fornices form the transition areas between the palpebral and the
bulbar conjunctiva. The fornices are loosely attached to the underlying fascial
expansions of the extraocular muscles sheath. Contraction of the muscles can pull
on the conjunctiva, so that it can move with the eyelids and the eyeball. The ducts

of the lacrimal glands open into the lateral part of the superior fornix [3].

The superior fornix is situated about 10mm from the limbus and the inferior about
8mm, from the limbus. Medially, the fornices are absent and replaced by the
caruncle and plica semilunaris. On the lateral side of the eye, the fornices are
deeper and lie about 14mm from the limbus, extending posterior to the eyeball

equator [4].

The bulbar conjunctiva lines the eyeball (Figure 2). It is thin, translucent, and
loosely attached by connective tissue to the underlying visible white sclera. The
bulbar conjunctiva is also attached to the fascia covering the extraocular muscles.
At the corneoscleral junction, the conjunctiva is more firmly attached to the

underlying connective tissue and the sclera [4].

The ring formation produced from the fusion of the cornea and conjunctiva is
called the conjunctival limbus. This is where the pathological pterygial tissue is

formed. It is Imm anterior to the corneoscleral limbus, where the fusion of the



cornea and sclera occurs. The bulbar sheath of connective tissue fuses with the

sclera 1,5 mm posterior to the corneoscleral limbus [2].

Accessory lacrimal
glands:

Clands of Krause
Glands of Wolfring

Bulbar
conjunctiva

Conjunctival
fornix

Palpebral
conjunctiva

Surface of the
comnea (functions
as a part of the
conjunctival sac)

Meibomian
gland

Figure 2 Anatomy of the conjunctiva

2.2 Histology of the conjunctiva

The conjunctiva is composed of two layers, the epithelium and the lamina

propria also described, as stroma [4].

Epithelium is a nonkeratinized stratified columnar epithelium with admixed
columnar goblet cells. It consists of two to five layers of epithelial cells resting on
the substantia propria, the loose underlying connective tissue. At the limbus, the
columnar cells convert to squamous cells. Also, at the limbus, the lamina propria
displays papillae that are not seen anywhere else on the conjunctiva; this
formation is called the palisades of Vogt. The thickness of the conjunctival
epithelium varies regionally. The flattened surface cells demonstrate many

microvilli and they are coated by a glycocalyx and mucin [4].

Although, conjunctival epithelial cells can slide over to corneal defects, and
transdifferentiate to normal corneal epithelial cells, the ability of the corneal
epithelium to heal and maintain a normal cycle of corneal epithelial cell turnover
depends on the presence of epithelial stem cells at the limbus, represented by

areas of thickened epithelium between the palisades of Vogt. Damage to the limbal



epithelium from disease or mechanical injury can significantly alter the healing

process [5].

On the posterior border of the lid margin, the conjunctiva fuses with the skin
along the posterior margin of the tarsal glands. Here, the nonkeratinized
conjunctival squamous epithelium fuses with the keratinized squamous epithelium

of the epidermis [6].

Goblet cells constitute approximately 10 percent of the conjunctival epithelial cell
population. They are scattered along the surface of the conjunctiva, being more
numerous in the fornices, plica semilunaris and caruncle, especially inferonasally.
They secrete mucin, a hydrophilic protein, that is dispersed on the surface, thus
decreasing the surface tension of the tear film. This allows for the tears to be

evenly distributed on the ocular surface [6].

Type 1 goblet cells are found in the forniceal conjunctiva and secretion is by an
apocrine method and type 2 goblet cells are found diffusely throughout the
conjunctiva and secrete by a merocrine function, with discharge of the product

from an intact cell.

The conjunctival epithelium, contains also, nonepithelial cells similar to those in
the skin. Melanocytes are present basally and Langerhans cells are scattered
throughout. Lymphocytes are also present and cytotoxic/suppressor T cells (CD8

cells) dominate [2].

The substantia propria of the conjunctiva plays a significant role in the ocular
immune mechanisms. The lymphocytic population here is predominantly helper T
cells. However, the number of suppressor T cells may increase in disease states.
Scattered B cells and macrophages are present. Lymphocyte population increases
with age. Langerhans cells are not present and mast cells increase significantly in

allergy [6].

Situated in the connective tissue, there are accessory lacrimal glands, that are
found throughout the conjunctival sac and their ducts open to the free surface of
the conjunctiva. In the deeper parts of the submucosa, there are blood vessels,
nerves and smooth muscle. The lamina propria projects toward the surface

epithelium at the lid margins to form conjunctival papillae [2, 6].



The arterial blood supply of the conjunctiva is from the anterior ciliary arteries
and the two palpebral arches, branches of the ophthalmic artery and the inner
carotid artery. The conjunctival veins are more numerous, they accompany the
arteries and merge into the palpebral veins or directly drain into the superior and

inferior ophthalmic veins.

The conjunctival lymph vessels are arranged as a superficial and a deep plexus in
the substantia propria. Those from the lateral side, drain into the superficial

parotid nodes and those from the medial side pass to the submandibular nodes [4].



3. The cornea

3.1 Anatomy of the cornea

The cornea is the transparent convex fibrous structure that forms the
anterior one sixth of the eyeball. It serves as a light refractive medium and a
mechanical and chemical barrier between the eye and the environment. Corneal
curvature is greater than the rest of the eyeball, for this reason, there is a slight
sulcus, where the cornea joins the sclera., the corneoscleral sulcus. When seen
from the posterior surface, the cornea appears spherical but the anterior surface is
in effect slightly elliptical in shape. Although the dimensions vary from one person
to the other, the average anterior horizontal diameter is 11.9mm and the vertical
one is about 10.9mm, whereas the posterior diameter of the cornea measures
around 11.7mm. The radius of the anterior corneal surface is about 7.7mm and that
of the posterior surface is 6.9mm. However, the vertical plane is more curved than
the horizontal, giving rise to the phenomenon of astigmatism. The cornea is
thinner in the center with a thickness of 0.5 - 0.6mm and is thicker at its

periphery, measuring around 0.7mm [6].

The cornea is the main refractive anatomical structure of the eye and its anterior
surface provides approximately 48 diopters of power, it consists of five layers
(Figure 3). From the front to the back, they are: the Epithelium, the Bowman’s

layer, the Stroma, the Descemet’s membrane and the Endothelium.

Bowman'’s layer

epithelium

Descemet's
membrane

endothelium

T stroma

Figure 3 Anatomy of the Cornea



Although not part of the cornea, the preocular tear film is intimately associated
with the cornea and the conjunctiva, anatomically and functionally. The surface of
the cornea must be kept moist to prevent damage to the epithelium. Moisture and
smoothing of the ocular surface are provided by the tear film, in conjunction with
the spreading function of the eyelids, during blinking. The tear film consists of two
structurally identifiable layers. A thin anterior lipid layer derived from
meibomian gland secretions that delays evaporation of the preocular tear film and
prevents thus drying, between blinks. And a posterior thicker aqueous layer into
which a mucin rich glycocalyx extends. The aqueous component is mainly
produced by the lacrimal gland, situated in the superior temporal orbit, at a rate
of 1.2ul/min. tears leave the eye by evaporation, conjunctival absorption and flow
through the punctae and canaliculi, to the nasolacrimal duct and its opening at the
inferior nasal meatus. Although the ocular surface is a good barrier against
diffusion of polarized or physically large substances, water can move, within
limits, back and forth between the ocular interior and the tears, which can
regulate the effects of evaporation to some extent. The rate of tear evaporation is
approximately 3ul/hr. at 30 percent relative humidity and is significantly reduced
in dry environment. The tear film mucin is secreted by conjunctival goblet cells.
Mucin forms links with the epithelial surface glycocalyx, forming a several
microns thick hydrophilic coating on the cornea, rather than interacting directly

with epithelial surface membranes [1].

3.2 Histology of the cornea

The corneal epithelium is stratified squamous epithelium. It presents four
to six layers of cells and comprises the 10 percent of the corneal thickness. It is
divided morphologically into three layers. The superficial flattened squamous cell
layer, the middle or wing cell layer and the deep or basal columnar cell layer. The
basal cells are the only corneal epithelial cells that undergo mitosis. The cells thus
formed, push anteriorly and change their shape, conforming to the surrounding
wing cells. As the cells continue to move anteriorly, to become the superficial cells
and eventually disintegrate and are shed into the tear film, in a process known as

desquamation. The cell turnover is approximately every seven days. At the limbus



the corneal epithelium transforms into transitional epithelium and then into

conjunctival epithelium [6].

Two layers of superficial cells are usually seen. The cells are polygonal in shape
and 40 to 60pm in diameter. Their role is to maintain the tear film and form a
barrier between the cornea and the environment. These cells possess microscopic
projections that extend into the tear film, termed microvilli, reticulations and
microplicae. Their outer surface is thickened and supports an extensive fibrillar

glycocalyx layer that increases the adherence of the tear film mucin layer [6].

An important property of the superficial cells is the tight junctions that surround
every cell and bind it to the adjacent ones and resist the flow of fluids through the
epithelial surface. Therefore, if aqueous humor passes through the endothelium

into the stroma, it gets trapped within the epithelium, resulting in oedema [6].

The middle wing cells are polyhedral in shape, with convex anterior surfaces and
concave posterior surfaces. They are joined together by desmosomes and at their
periphery they are extremely elongated and interdigitated. Numerous gap

junctions permit free intercellular communication [2].

The deepest basal cells are tall, columnar and form a single layer resting on a
basement membrane. They represent the germinal layer of the epithelium. Their
lateral margins interdigitate with one another and are attached by desmosomes
and gap junctions. Their posterior surface is flat attached to the basement
membrane by hemidesmosomes that tether to the stroma by anchoring fibrils,

passing through the basement membrane and the Bowman’s layer [6].

Bowman’s layer lies immediately beneath the epithelial basement membrane,
measures about 8 to 12 pm in thickness, it is acellular and consists of randomly
arranged collagen fibrils that merge to the more organized anterior stroma. It
functions as a dome shaped structure that is anchored to the limbus. It offers
resistance to changes of the corneal shape, hence it is impossible to change the

anterior surface curvature of the cornea without first cutting through it [1].

The stroma takes up 90 percent of the corneal thickness, it is transparent, fibrous
and compact. It consists of many lamellae of collagen fibrils neatly stacked, that

run parallel to the surface. The arrangement of fibrils is more regular in the
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posterior stroma. The parallel fibrils are mainly type 1 collagen with smaller
amounts of type 3, 5 and 7. It is calculated that there are 250 to 500 flattened
lamellae, each of which is about 2um thick. The direction of the collagen fibrils in
any given lamella is the same, but they run at roughly right angles to those of
adjacent lamellae. The lamellae are bound together by fibrils that pass between
them. Collagen is approximately the 70 percent of the dry weight of the cornea
and is the structural macromolecule that provides tissue transparency and
mechanical resistance to intraocular pressure. The collagen fibrils are embedded
in glycosaminoglycans of the keratan sulfate and the chondroitin sulfate type,
which occur in a ratio of 3:1. Lying between the lamellae are flattened fibroblasts
called keratocytes, occasional macrophages, lymphocytes and polymorphonuclear
leukocytes. Keratocytes occupy 3-5 percent of the stromal volume, their function
is to sustain the collagen fibrils and extracellular matrix by a continuous synthetic
activity. These cells present extensive processes that span the lamellae, but
usually they do not extend out of the lamellae, instead they form tight junctions
with their neighboring keratocytes. Keratocytes undergo extensive cellular
transformation in response to wounding or acute oedema, entering a fibroblastic
state. At this state, their processes become less numerous, but in the vicinity of the

wound, new keratocytes extend toward the damaged area [4].

Descemet’s membrane is the thick basal lamina formed by the endothelium. It lies
just posterior to the stroma. It is strong and homogeneous and measures 10pm in
thickness. It is sharply demarcated by the stroma and is thicker than the
endothelium. It is composed of two layers. The anterior one is a banded layer that
is produced during fetal development and contains banded collagen and the
posterior layer that is nonbanded and is produced by the endothelium throughout
life. It consists mainly of type 4 collagen arranged in a hexagonal pattern,
embedded in matrix. Descemet’s membrane increases in thickness during life but
this accumulation is limited to the posterior layer. It is also, loosely attached to the
stroma and tends to separate easily and curl up if incised. If endothelial cells are
stimulated to produce excessive amount of basal lamina material, focal thickenings
occur that are called guttae and occur with age at the corneal periphery, known as
Hassal-Henle bodies. If these guttae are seen in the central area, they are

indicative of endothelial cell dysfunction [1].
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The endothelium forms a single layer of flattened cells, that are hexagonal in
shape and whose plasma membranes interdigitate with one another. The cell
cytoplasm contains numerous mitochondria, prominent endoplasmic reticulum
and a Golgi apparatus, indicating that the endothelium is actively involved in the
synthesis and transport of fluid. The cells maintain tight apposition with their
neighboring cells. They coat each other with elaborate interdigitations, such that
the paracellular pathway is at least 10 times the thickness of the cells. Specific
tight junctional complexes are located near the apical membrane of the cells, close
to the anterior chamber and their free surfaces show a few microvilli. These cells
play a major role in controlling normal hydration of the cornea, both by a barrier
function that regulates access of water from the aqueous humor to the corneal
stroma and by an active transport mechanism. They cover the posterior surface of
the Descemet’s membrane and are continuous with the endothelial cells that line

the iridocorneal angle and the anterior surface of the iris [2].

Corneal endothelium cells are of neural crest origin and like the central nervous
tissue, are essentially amitotic after birth. However, they have the remarkable
ability to enlarge and maintain normal function in the face of cellular inadequacies
or deficiencies. Endothelial cell density at birth ranges from 3.500 to 4.000
cells/mm? in adulthood it is between 1.400 to 2.500 cells/mm’ and they can

maintain corneal clarity even with a population of 1.000 cells/mm?* [6].

When endothelial cells are lost, the remaining cells may lose their hexagonal

shape and become irregular in shape (pleomorphism) and size (polymegathism).

The cornea is avascular and devoid of lymphatic drainage. The capillary blood
vessels from the anterior ciliary arteries of the conjunctiva and sclera end at the
circumference of the cornea. The cornea is nourished by diffusion from the
aqueous humor and the capillaries at its edge. The central part receives oxygen
indirectly from the air, via oxygen dissolved in the tear film and the peripheral
parts of the cornea take up oxygen by diffusion from the anterior ciliary blood

vessels [1].
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4. Degenerations of the conjunctiva and the corneoscleral coat

A degenerative disorder is one in which progressive and permanent
cellular or tissue dysfunction ultimately results in cell death and loss of

specialized function. Degenerative changes may be primary or secondary.

Primary degenerations progress in the absence of associated disease processes and
are a major cause of morbidity in the elderly. They occur throughout the eye, and
the deposition of endogenous substances, as in age- related macular degeneration,

is often a feature.

Some primary degenerations have an inherited component in their etiology.
Secondary degenerations are associated with other disease processes such as

inflammation and neoplasia [7].

Conjunctival and corneal degenerations may be unilateral or bilateral.
Conjunctival degenerations occur at any age and usually affect the interpalpebral
area, while corneal degenerations often present later in life at the periphery and
spread to involve central areas. Scleral degenerations comprise increased

thickness and rigidity and are frequently age-related [4].

4.1 Vogt's white limbal girdle

Vogt's white limbal girdle is a common harmless age related peripheral
primary corneal degeneration characterized by an opacity consisting of fine
crescentic white lines extending irregularly from the medial and temporal limbal

regions (Figure 4).

Two types are defined according to the presence (Type 1) or absence (Type II) of
a clear interval between the girdle and the limbus. Type II is the commonest, and
exhibits subepithelial elastotic degenerative changes similar to those of
pingueculae and pterygia. Type I limbal girdle is possibly early calcific band
keratopathy [7].

13



Figure 4 Voght’s limbal girdle

4.2 Terrien's marginal degeneration

Terrien's marginal degeneration is an uncommon primary corneal
degeneration of unknown etiology. It is usually bilateral but often asymmetric and
is seen mostly in middle-aged or elderly males, in whom it slowly progresses over
the course of years. Although often asymptomatic, vision may be seriously affected

by irregular astigmatism and, rarely, perforation [7].

This condition starts superiorly as a marginal opacification and progresses to

stromal thinning, but is separated from the limbus by a clear zone (Figure 5).

The epithelium remains intact, but a yellow border of lipid is present at the
advancing edge. Circumferential spread is associated with superficial

vascularization and occasionally the formation of pseudopterygia.

The peripheral corneal thinning and the intact epithelium can be confirmed
histologically, and an irregular Bowman's layer is associated with a mild

inflammatory cell infiltrate of the superficial stroma.

The condition may result from the activity of histiocytes, which appear to
phagocytose collagen precursors, stromal ground substances and possibly lipids.

Circulating immune complexes have not been demonstrated [6].
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Figure 5 Terrien's Marginal Degeneration

4.3 Spheroidal degeneration (climatic droplet keratopathy, Labrador keratopathy)

Spheroidal degeneration of the cornea is related to climatic conditions,
there being a strong association with UV-B light exposure. It occurs usually in
men who spend their working life outdoors. Commencing in the periphery and
spreading centrally, amber-colored subepithelial oil-like droplets or spheroidal
granules appear in the interpalpebral fissure (Figure 6). These can spread to the

conjunctiva and may be associated with pingueculae.

Spheroidal degeneration can also occur as a secondary change in absolute
glaucoma, phthisis bulbi and in various chronic corneal conditions including post-

traumatic scars and lattice dystrophy.

Varying-sized deposits are seen on histological examination to replace Bowman’s
layer and also lie in the anterior stroma. In unstained sections the deposits auto
fluoresce, but the proteinaceous material of which they are composed has not been

identified and its source of origin is unclear.

Electron microscopy suggests that the deposits are extracellular and lie in relation

to collagen fibrils [7].
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Figure 6 Spheroidal degeneration

4.4 Salzmann's nodular degeneration

Salzmann's nodular degeneration is manifested as multiple bluish-white
superficial nodules, usually in the mid- peripheral cornea (Figure 7). Those mostly
affected are elderly women and are asymptomatic, although some may develop

epithelial erosion or decreased vision.

Predisposing factors include inflammatory diseases, epithelial basement

membrane dystrophy, contact lens wear, keratoconus and corneal surgery.

The nodules are areas of hyalinized collagenous tissue lying between the

epithelium and Bowman’s layer, which is often focally destroyed [7].
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Figure 7 Salzmann's nodular degeneration

4.5 Senile Scleral Plaques

Senile scleral plaques appear on the sclera rather than the cornea or
conjunctiva, but they are frequently mistaken for a melting process similar to that

of corneal degenerations or as conjunctival depositions (Figure 8).

They appear as yellow, gray, or black vertical plaques, anterior to the insertion of
the medial and lateral rectus muscles, in elderly patients. They become more
frequent after the age of 60 years and, like pinguecula and pterygium, may be due

to ultraviolet light exposure.

Histologically, calcium deposits alongside decreased cellularity and hyalinization

are observed. These lesions do not need therapy [6].
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Figure 8 Senile plaques

4.5 Pingueculae

Pingueculae and pterygia are clinically distinct but have similar

histological features and pathogenesis.

A pingueculum is a localized elevated yellowish-white lesion of the bulbar
conjunctiva in the interpalpebral fissure close to the nasal and/or temporal limbus

(Figure 9).

The causes of pingueculae are not yet clearly identified. Good evidence exists, of
an association with increasing age and ultraviolet light radiation exposure.
Pingueculae are encountered in most eyes by 70 years of age and in almost all by
80 years of age. Chronic sunlight exposure has been documented to be a factor [8].
There is a strong association with equatorial residence and outdoor work. In some

studies, the strength of this association is less than that for pterygium.

The connection with light exposure has also been found in welders, for whom a
higher rate of pingueculae occurs than for non-welders as well as an increasing
rate with increasing welding exposure. It is believed that the predominantly nasal

location is related to reflection of light from the nose onto the nasal conjunctiva [7].
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Figure 9 Pingueculum

Pingueculae are associated only rarely with any symptoms other than a minimal
cosmetic defect. They may become red with surface keratinization. When

inflamed, the diagnosis of pingueculitis may be given.

Distinguishing pingueculae from other lesions is usually not a problem because of
the typical appearance. The histopathology of pingueculae is characterized by
elastotic degeneration with hyalinization of the conjunctival stroma, collection of

basophilic elastotic fibers, and granular deposits [6].

Hyalinization of subepithelial collagen is associated with a variable amount of
elastotic degeneration, as evidenced by abnormal curled fibers on light
microscopy. Abnormal curled fibers are particularly well demonstrated with
elastic stains, although this reaction is not abolished by the enzyme elastase. Some
lesions exhibit deposits of amorphous material and calcium. Elastotic degeneration

may sometimes be histologically evident in clinically normal conjunctiva [6].

The main histological difference between a pinguecula and a pterygium is that the
latter is more vascular. The epithelium overlying pingueculae may become
atrophic, hypertrophic or hyperplastic, or may even develop dysplastic and in situ
neoplastic changes (intraepithelial neoplasia), but associated infiltrating
malignancy (squamous cell carcinoma) is rare. Conjunctival drying, chronic
irritation and the effects of radiation may collectively lead to the degenerative

changes which resemble actinic degeneration of the dermis of the skin;
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pingueculae are associated with a warm dry climate, a dusty environment and

exposure to UV light [7].

4.6 Pseudopterygium

Pseudopterygia are not degenerations. They are folds of conjunctiva fixed
only by their apices to the cornea, and occur secondary to corneal disease such as
peripheral ulceration and degeneration (Figure 10). Subepithelial elastotic

degeneration is not a feature [7].

Figure 10 Pseudopterygium
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5. Pterygium

Pterygium is an extremely frequent ocular surface disease worldwide, that
merits further analysis and attention due to its aggressive nature and poor

treatment response.

5.1 Incidence and Prevalence

The prevalence of pterygium has been explored in several population-
based studies. Percentages widely vary depending on the studied population,
ranging from 2.8% to 38.7%. Cameron's map of world prevalence rates of pterygia
demonstrates the direct relationship between prevalence and proximity to the
equator. The nearer the population to the equator, the greater the prevalence.
Beyond the fortieth parallel, the prevalence of pterygia is negligible (2 percent or
less) [6].

A large-scale analysis of the rate of pterygium has not been conducted yet. A
metanalysis published in 2013, covering a total of 20 studies involving 12 countries
with 900,545 samples, disclosed a combined prevalence rate of 10.2%, with 95%

confidence interval, in the general population [6, 9].
Factors other than geographic location also affect the prevalence of pterygia:
1. Pterygia are seen nearly twice as often in men as in women.
2. They are more common in farmers than in city dwellers.
3. They are more common in those who do not wear eyeglasses.
4. Prevalence differs with respect to age.

Although the elderly have the highest prevalence rate, a much younger (20- to
40-year-old) group has the highest incidence rate. Pterygia rarely occur in
patients younger than 20 years. Curiously, the discrepancy between incidence
and prevalence rates is not seen with pingueculae, which are widely accepted to
be the precursors of pterygia. Both the incidence and prevalence of pingueculae
increase with age. Another difference between pingueculae and pterygia is that
pingueculae occur with similar frequency in both sexes. Also, pingueculae are

common even in regions where pterygia rarely occur [10].
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5.2 Clinical Features

A pterygium presents as a fleshy triangular band of fibrovascular tissue,
originating from the bulbar conjunctiva encroaching over the cornea. It has a
broad base on the nasal or temporal epibulbar surface and a blunted apex on the
cornea (Figure 11). Rarely, it can affect both the nasal and the temporal side of the
cornea (Figure 12). The axis of the triangle is not exactly horizontal; instead, it

gently slopes superiorly on the corneal side [6].

Figure 11 Nasal pterygium encroaching over the cornea

A pterygium has several components:

® A gray zone, or cap, precedes the apex, or head. The cap is a flat, grayish-white
avascular zone of variable size located in the subepithelial corneal tissue,

surrounding the head of the pterygium like a halo.

* Sometimes, round, gray, coin-like extensions of the cap precede it ("Fuchs

spots").

* In some cases, a golden-yellow iron line (Stocker's line) is evident in the corneal

epithelium, bordering the corneal side of the head.

® Between the head and the cap are small capillaries that often anastomose with

the limbal plexus.

® The head of the pterygium, is slightly elevated and white. It is the only site of
firm adhesion of the pterygium to the globe; the body of the pterygium can be

readily lifted from the epibulbar surface.
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e The body is a fleshy sheet of pink, highly vascularized tissue that is outlined
from the physiological conjunctiva superiorly and inferiorly by sharp folds and
attaches on a broad base. The body is under horizontal tension, as evidenced by
the vessels, which appear stretched and straight. Application of fluorescein
frequently reveals punctate staining over the epithelial surface of the body and

occasionally on the cornea immediately in front of the head [7].

® Corneal dellen may occur, but are rare, although central dry spots are common.

Figure 12 Bilateral pterygium

5.3 Clinical Course

Usually, a pterygium is already fully developed when the patient first
seeks help. The history reveals that the lesion grew rapidly over a period not
exceeding 2 or 3 months [6]. In some cases, the patient acknowledges that before
the onset of rapid growth, the lesion has been a small mound present for many

months or even years [7]. The lesion progresses in the following manner:
1. The initial lesion is indistinguishable from a pinguecula.

2. In the weeks or months following, prominent new vessels continue to
appear on the conjunctival side of the mound, while on the corneal side
many delicate vascular twigs project toward segmentally engorged limbal

vessels.
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3. With the appearance of superior and inferior folds, the body of the

pterygium is defined.

4. The entire lesion becomes a true pterygium when the yellow mound,
now the head, encroaches on the cornea. Actual encroachment is heralded

by the appearance of a halo-like subepithelial cap in the cornea.

5. In contrast to the relatively rapid formation, growth across the cornea is
slow, and the pterygium usually takes several years to reach the rim of the
pupil. Often, however, growth abruptly ceases. Inactivation is
characterized by the absence of episodic congestion, the disappearance of

punctate staining over the body and the shrinkage of the halo-like cap [6].
6. The lesion may remain stationary for several years.

7. Eventually, involutional changes occur. The head progressively, thins
and flattens, leaving a scar that blends imperceptibly with adjacent cornea,
and the body withers into a veil-like membrane transversed by only a few

delicate blood vessels.

Actively growing pterygia typically occur in the young age group (20- to 30-year-
old patients), the group with the highest incidence of pterygium [8]. The most
exuberant pterygia, that is, extremely fleshy masses with marked corneal
extension, are seen in people who are exposed to the elements, such as farmers
and construction workers [6]. Pterygia can be classified in relation to their

behavior to:

1. Actively growing pterygia
2. Slowly growing pterygia
3. Stationary pterygia

According their morphological features to:
1. Fleshy pterygia
2. Atrophic pterygia (Figure 13)

Diagnosis is established with slit lamp examination, in which the pterygium can
be classified as grade 1, when the fibro- vascular tissue extends to the limbus;
grade 2, when it slides over the cornea about 2 mm; grade 3, when it approaches

the pupil margin; and grade 4, when it exceeds the pupil. Recently, a functional
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classification utilizing corneal topographic data, that based on corneal higher
order irregularity was proposed, to objectively evaluate pterygium severity [I1].
Pterygium was graded according the corneal irregularity within the three zones:
1.0, 3.0- and 5.0-mm diameters from the corneal center. Therefore, increased
corneal irregularity within a 1.0-mm diameter was considered to highly result in
the risk for visual function impairment, and increased corneal irregularity within
a 5.0-mm diameter was graded as mild severity with visual function influences

[12].

Figure 13 Atrophic- Flat pterygium

5.4 Associated Findings and Symptoms

During intermittent episodes of inflammation, the pterygium becomes

hyperemic and causes photophobia, tearing and foreign body sensation [13].

Visual acuity may decrease as a result of astigmatism, increased glare and
decreased contrast sensitivity and encroachment of the pterygium on the visual
axis. In severe cases, diplopia may be caused by symblepharon formation and

limitation of ocular motility [14].

Astigmatism induced by a pterygium is most common with-the- rule (steep
vertical axis) but can be against-the-rule, oblique, or irregular. As much as 9 D of
astigmatism can occur. Regular astigmatism induced by a pterygium occurs long
before the pterygium encroaches on the entrance pupil and certainly before it
reaches the visual axis [15]. Corneal topography has shown that the distortion of

the precorneal tear film by the leading edge of a pterygium alters the topographic
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mires, thereby effectively flattening the horizontal meridian and creating with-

the-rule astigmatism [14].

5.5 Histopathology

Epithelial hyperplasia accompanied by fibrovascular growth thought to
originate at the corneo-conjunctival junction, points to the presence of altered

stem cells that migrate centripetally to reach the central cornea.

Histomorphologically, all the analyzed pterygia could be defined as fibrovascular
proliferations, mostly covered by conjunctival epithelium. However, it is
impossible to see topographic division to the cap, head, neck and body in the

examined pterygia [7].
Three basic elements characterize the histologic appearance of a pterygium:

1. An epithelial covering of either atrophic, hypertrophic or even
hyperplastic conjunctiva extends beyond its normal anatomic confines onto the
cornea. The head of pterygium exhibits the morphology of modified stratified

squamous epithelium of the cornea [16].

In the epithelium of this region, cellular and nuclear polymorphism is found,
especially expressed in the surface layer of the epithelium, where young cells
with large nuclei are seen. Previous studies showed that scleral epithelium of
progressive pterygium consisted of more layers in comparison to stationary
pterygium. It makes up numerous wrinkles, invaginations, as well as partial and
isolated epithelial canals. The epithelium of progressive pterygium shows
significantly higher hyperplasia and basal germinative layer activity than
stationary pterygium. Particularly, clearly defined hyperplasia and activity of the
basal layer of the epithelium were found in the progressive pterygium base,
where numerous invaginations and epithelial canals can be seen. However, it was
proven that these larger invaginations, as seen in longitudinal cross-sections, are
in fact a gap between lateral lobe of pterygium and its base. The epithelium is
extremely attenuated in certain parts (especially in the lateral parts of the lobe),
due to epithelium stretching caused by enlargement of connective tissue mass of

pterygium. Measurement (quantification) of the degree of division of pterygium
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epithelial cells showed no increase. It is certainly possible that during pterygium
development over the years, proliferative activity varies. The recent studies
indicate increased telomerase activity, a biomarker of cell proliferation, in nearly
two thirds of the examined pterygiums [17]. This epithelium overlies the second

element:

2. A bulky mass of thickened, hypertrophied, and degenerated connective
tissue, the collagen part of which assumes a coiled, fibrillated shape reminiscent of
elastic tissue. Signs of young, newly-formed connective tissue in the avascular
part of the progressive pterygium head are present. This tissue strongly resembles
the corneal connective tissue, except that the lamellas are thinner and irregularly
intertwined. It has significantly more cell elements of connective tissue, roundly
shaped, in comparison to normal cornea. Immature character of this newly formed
avascular connective tissue is also confirmed by histochemical analyses.
Thickening and de-layering of the basement membrane on pterygia specimens is
observed when stained with PAS reaction. This membrane sends abundance of

filaments towards the underlying connective tissue [18].

In the stationary pterygium head, there is more compact connective tissue than in
progressive pterygium, composed of thicker corneal-like lamellas, but not so
regularly arranged. This tissue contains less cell elements (thin and hardly seen)
in comparison to newly-formed connective tissue in progressive pterygium. These
indicate that connective tissue breakdown occurs. The basal epithelial membrane
in the avascular part of the stationary pterygium is less thickened and less de-

layered than in progressive pterygium [17].

The main part (body) of the pterygium is composed of connective tissue, in the
course of pterygium evolution, undergoes pathological changes that are
accompanied by the increase of the mass of the pterygium itself. The newly
formed structure in this part of the pterygium, is located subepithelially and
progresses towards the cornea. In the corneal part of pterygium, this newly
formed and well vascularized conjunctiva is positioned between the epithelium
and the rough original layers of stroma (including Bowman’s layer). In such a

way, that changes in extracellular matrix responsible for physical properties of
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tissue occur. As a result, mechanical stability of tissue is lost. Mechanical stress

cannot be absorbed anymore, so the tissue is bulged above the eyeball surface [17].

According to statistic data, this tissue protrusion then forms lobes laterally to the
pterygium basis, with simultaneous modification and expansion of epithelial
surface. For these reasons, during the surgical procedures not only this surface
loose tissue in the region of cornea and sclera should be removed, but the tissue
underneath and around lateral margins as well, to prevent recurrences of residual

pathologically changed cells [19].

In regards to characterizing elastotic material within the pterygium, the term
“elastotic degeneration” was introduced to describe tissue susceptibility to
Weigert’'s and Verfhoff’'s elastic tissue stains, but at the same time the lack of

tissue degradation by pancreatic elastase [17].

The abnormal collagen displays basophilia and an affinity for elastic tissue stains,
but it is not digested by elastase. Hence, it is not elastic tissue but falls into a
category of elastotic degeneration. Elastotic material within the pterygium is
possibly formed in three ways: 1) by degenerated collagen, 2) by abnormal
fibroblastic activity and 3) by ground substance disorder. Recently,
ultrastructural analysis attributed the elastotic degeneration only to abnormal
fibroblastic activity with the production of abnormal maturational forms of elastic

fibers [18].

Electron-microscopic studies, have revealed elastogenesis in substantia propria in
normal conjunctiva, then in deeper episcleral connective tissue, as well as at the
level of Tenon’s capsule. Ultrastructural examinations also disclosed evidence of
elastogenesis in the body of pterygia, but with distorted morphogenetic sequence

of fiber formation (Figure 14).

In substantia propria, elastodysplasia (immature formation of elastic fibers) and
elastodystrophy (degenerative changes of elastic fibers and formation of electron-
dense inclusions) were verified. The amorphous materials in the epibulbar part of
pterygium are composed of large number of hollow-centered microfibrils,
precursors of elastic fibers that show the tendency to agglomerate centrally in the

form of large aggregated envelopes. These irregular elastic fibers exist in the
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substantia propria of the body part of the pterygia, and fibroblasts have a role in

their formation [18].

Figure 14 Elastotic degeneration of collagen in the vascularized subepithelial stroma
a) low magnification b) high magnification

There is no difference in the cellular proliferation between pterygial and normal
conjunctival tissue, and pterygium is not a disorder of overexpressed cellular
proliferation. By transmission electron microscopy it was proven, that
extracellular matrix is a dominant component of pterygium, and that cellular
proliferation of primary and recurrent pterygium does not significantly differ. It is
confirmed that the fibroblasts of pterygium, thanks to their adherent ability and
higher growth kinetics, are superior to fibroblasts of normal conjunctiva [20]. This
might explain the high growth ability in ocular pterygium. But there are
significantly higher number of mastocytes in progressive pterygium in comparison

to stationary one, with dominating de-granulated forms [19].

3. New blood vessels, usually congested, are dispersed among the
hypertrophied collagen fibers. Additionally, the episcleral bed beneath the

pterygium is hyperemic.

The number, diameter and type of blood vessels showed extreme variability [6].
Fragile capillary network of multiple blood vessels in edematous stroma of

pterygia with discretely exposed fibrinoid change can be seen in evolutive shorter
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forms, while complexes with abundant branching of well-developed capillaries
with greater lumen are characteristic for other evolutive forms. Pterygia
specimens had a greater number of blood vessels positive to vVWF (von Willebrand
factor) and VEGF (vascular endothelial growth factor) [21]. Generally, there is a
greater number of VEGF positive cells, than in normal conjunctiva. Over-
expression of VEGF in pterygium tissue, along with abundance of vWF stained
blood vessels, can support the idea that angiogenesis plays an important role in
formation of pterygium [18]. Vascularization in the body of the progressive
pterygium is more abundant, in comparison to the body of stationary one. The
patients with Fuchs’ spots present, marking the zones of pterygium progression,
had higher inflammation in pterygium tissue in comparison to the group of
patients without progression zones. This was expected, since Fuchs’ patches are a
significant clinical indicator of progressiveness or activity of the pterygium tissue

[22].

Tenon's capsule is fused with the body of the pterygium and contributes to its
vasculature and bulk. Because Tenon's capsule is interposed between the
pterygium and the episclera, the body of the pterygium is loose and not adherent

to the sclera [18].

On the corneal side, just in front of the head of the pterygium, an advancing row
of fibroblasts penetrates the cornea between Bowman's layer and the basement
membrane of the overlying epithelium. This plane of invasion corresponds
anatomically to that of the subconjunctival connective tissue. These fibroblasts
account for the gray zone, or cap, and are thought to prepare a path for
fibrovascular tissue to enter the cornea. As this tissue enters the cornea,
Bowman's layer is pushed posteriorly and eventually becomes fragmented. The
head of the pterygium becomes firmly adherent to the superficial stroma over

these sites of focal interruptions in Bowman's layer [6].

5.6 Pathogenesis

Aside from corneal invasiveness, the most impressive characteristic of a
pterygium is the exuberant fibrous tissue proliferation that is observed clinically

as a thick head and a bulky body. This feature has been likened to keloid
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formation and is reminiscent of the subepithelial scar tissue prominent in alkali
burns. Indeed, many of the findings suggest that a pterygium is a type of burn
produced over several years by the cumulative absorption of infrared and UV

radiation from sunlight [23, 24].

Also, the anatomic location in the interpalpebral region implicates sunlight as an
etiologic agent. The conjunctiva and cornea absorb most of the infrared and UV
radiation from sunlight, which can damage epibulbar tissue. Although the
proportion of infrared radiation greatly exceeds that of UV radiation (40 percent

vs. 2 percent), the latter is much more biologically active [23].

In one study, those who worked outdoors mainly in a sandy environment had an
increased risk of several hundredfold; those who worked in a concrete
environment had an increased risk of 20-fold. Persons who spent their first 5 years
of life at latitudes less than 30 degrees had almost 40 times the risk of pterygium
formation compared with those who spent their first 5 years of life at latitudes

greater than 40 degrees [23].

Some have proposed that the iron line (Stocker's line) seen at the head of an
advanced pterygium is evidence of drying and exposure from the stagnation of
tears and failure of the tear film to spread over the area. Others argue that neither
dellen nor micro-ulcerations of the corneal epithelium are consistent findings in
active pterygia. In addition, they believe that the presence of an iron line at the
head of a pterygium suggests pooling of tears in this area, quite the opposite of a

proposed mechanism based on corneal desiccation [22].

UV radiation exposure

UV radiation from the sunlight is subdivided into three categories:

UVA (wavelength, 320-400 nm) exhibits the longest wavelength and the highest
penetration power. It penetrates the ozone layer in the atmosphere; thus, it is a
significant inducer of pigmentation and results to premature skin aging,

immunosuppression and carcinogenesis [25].

UVB (wavelength, 280-320 nm) is obstructed by the ozone layer and constitutes

1%-10% of the total UV radiation that reaches the Earth. It is accountable for
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various Dbiological events, including sunburn, immunosuppression, and

carcinogenesis [26].

UVC (wavelength, 200-280 nm) possesses the highest energy among the three UV
rays and presents strong mutagenic properties. It is almost completely deflected

by the ozone layer, thereby imposing negligible effects to human eyes [12].

UVB light exposure has been evaluated as a major cause of pterygium. This type
of radiation has the ability to potentially damage and transform cells and tissues.
It exerts its actions by direct phototoxicity effects on the cellular DNA and
formation of reactive oxygen species, which can damage the cellular DNA.
Wavelengths below 300 nm are known as the most biologically active forms and
are absorbed by the cornea. Exposure to UVB radiation leads to cellular oxidative
stress, which may lead to upregulation of many potential mediators of pterygium
growth. It is possibly due to ultraviolet-induced damage to the limbal stem cells

that pterygium grows and hence considered as a focal stem cell deficiency [27].

Angiogenesis and lymphangiogenesis are widely accepted but incompletely
characterized processes, involved in the pathogenesis of human pterygium.
Several mechanisms for blood and lymphatic vessel development in human
pterygium have been proposed, including inflammation, growth factor
overexpression, hypoxia, and transcription factors. UV light—induced angiogenesis
was reported many years ago, that demonstrated increased endothelial cell
proliferation within existing blood vessels, leading to telangiectasia and new blood
vessel development in mice skin due to a UV radiation—induced imbalance
between a positive angiogenic molecule (basic fibroblast growth factor) and a
negative angiogenic molecule (interferon-beta). A recent study reported UV light—
induced DNA damage in endothelial cells from human pterygium blood vessels
and suggested the involvement of UV light—induced angiogenesis in the

pathogenesis of the human primary and recurrent pterygium [28].

If UV light-induced DNA damage has already been recognized in the
pathogenesis of the skin lesions and now described in human pterygium, data are
now available about DNA damage in the pericytes, as the presence of thymine

dimer positive reaction in the pericyte nuclei surrounding small blood vessels
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from the fibrovascular compartment of primary and recurrent pterygia, suggest

[29].

Viral infections

The polymerase chain reaction technology permitted examination of the possible
involvement of viral infections in pterygium pathogenesis. Some studies
demonstrated the presence of herpes simplex virus and human papilloma virus
(HPV) in pterygium samples. Viruses encode proteins that can inactivate p53,
leading to chromosomal instability and increasing the likelihood of cell
progression to malignancy [30]. HPV is frequently encountered in the pterygium,
with variable prevalence rates. Its association as a cofactor in the pterygium
pathogenesis is suggested, but remains controversial [31]. If HPV is involved in
pterygium pathogenesis or recurrence, anti-viral medications or vaccination may

be new options in pterygium therapy [32].

Molecular mechanisms

Many studies have offered possible mechanisms of pterygium development,
including oxidative stress, DNA methylation, loss of heterozygosis, extracellular
matrix modulators, apoptotic and oncogenic proteins, inflammatory mediators,
lymphangiogenesis, transition from mesenchymal to epithelial cells, and
cholesterol metabolism alterations [23, 29, 33]. These studies demonstrated that
several molecules, such as matrix metalloproteinases (MMPs), growth factors, and
interleukins are related to proliferation, inflammation, angiogenesis, and fibrosis

[34].

Tumor suppressor genes

Tumor suppressor genes protect cells from converting into cancer cells and
regulate cell growth along with proto-oncogenes. One of the tumor suppressor
genes that has been extensively studied is p53. A survey showed that >20% of all
pterygium samples were positive for p53 expression [35]. Another
immunohistochemical study evaluated pterygium samples and normal
conjunctiva, which disclosed that 54% of pterygium were positive for p53 aberrant
expression and no pathological staining was observed in the normal conjunctiva

[36]. These data are supported by the study we conducted, using liquid-based

33



cytology assay to examine fifty specimens. Among them, 38 specimens were
pathologic tissue, from pterygium lesions and 12 were specimens of normal

conjunctival epithelia [37].

Therefore, the aberrant expression of p53 is believed to promote cell proliferation
and slow down apoptosis, thereby accelerating the development of pterygium [38,
39]. The growth of limbal tumors is also suggested to be influenced by cellular
DNA damage that causes mutations in other genes. Additionally to p53, other
tumor suppressor genes, such as p63, pl6, and p27, were possibly involved in the
development of pterygium [40]. P63 is overexpressed in the basal and parabasal
layers in primary pterygium and through the total thickness of the epithelium in
recurrent pterygium. Increased expression of pl6 protein was also detected in
pterygium. Both p63 and pl6 seem to be rarely expressed in the normal
conjunctiva [41]. P27 gene showed low nuclear immunoreactivity in pterygium

tissues, differing from other tumor suppressor genes.

Apoptosis-related proteins

The protein survivin is encoded by the BIRC5 gene in the human genome; it is a
member of the inhibition of apoptosis family and is expressed in the pterygium
epithelium, as our study has also shown [37]. The mechanisms of survivin function
are still not well understood; however, survivin regulation seems to be associated
with the p53 protein [42, 43]. Oxidative stress has been demonstrated to promote
the activation of survivin, leading to pterygium growth. Moreover, survivin has
been identified as overexpressed in all pterygium tissues, but not in the normal
conjunctiva. Survivin was reported to be closely related with COX-2 in primary

pterygium, suggesting an antiapoptotic mechanism [44].

Bcl-2 is the core member of the Bcl-2 family of apoptosis regulatory proteins,
which can induce or inhibit apoptosis [45]. It is encoded by the Bcl-2 gene and its
expression was noticed in the basal epithelial layer of all pterygium samples, but
the normal conjunctiva showed no evidence of the protein. Decreased miR-122
expression in the pterygium could lead to cell apoptosis, due to regulation of Bcl-
w expression, which is also, a gene of the Bcl-2 family, with anti-apoptotic

properties and subsequently contribute to the development of pterygium [46].

34



Rapamycin complex 1 (mTORCI) is a key regulator of cell growth, transcription,
protein synthesis, proliferation, and autophagy. mTORCI activates the protein
translation and the mTOR signaling is highly activated; therefore, aberrant
apoptosis and cell proliferation were observed in pterygium samples [47].
Activation of mTORCI is believed to inhibit apoptosis by regulating Beclin-
l-dependent autophagy and targeting Bcl-2. mTORCI also, downregulates
fibroblast growth factor receptor 3 (FGFR3) by inhibiting p73, that leads to
stimulation of cell proliferation in the pterygium. This provides evidence, that
mTORCI signaling is highly activated in pterygium and provides new pathways

on its pathogenesis and progression [48].

Cell adhesion molecules

Cell adhesion molecules appear to play a significant role in a variety of
physiological and pathological phenomena [49]. These proteins are localized on
the cell surface and are intimately involved in cell bridging and other
extracellular matrix components, related to cell adhesion, including selectin, and
integrin. The positive expression of Intercellular Adhesion Molecule-1 ICAM-1) is
obvious in pterygium and absent in the epithelium of a normal conjunctiva [50].
Beta-1 catenin and E-cadherin and have also been discovered to be abundant in
the pathological tissue of pterygium and are possibly involved in the epithelial

proliferation and adhesion, that the pterygium exhibits [49].

Proliferation-related proteins

Proliferation related proteins such as cyclin DI, Ki-67 and nuclear proliferation
antigen play an important role in the cell cycle [40]. Ki-67 is an important
biomarker of cell proliferation and its abnormal expression was demonstrated in
pterygium samples when compared to normal conjunctiva [51]. Proliferating Cell
Nuclear Antigen (PCNA) is a nonhistone protein that is essential for DNA
synthesis and its expression can be utilized, as a marker of cell proliferation. The
expression of PCNA is significantly higher in pterygium than that in normal
conjunctiva. Cyclin D1 is also, a well-known protein that controls cell cycle and
facilitates cell cycle progression. A study presented PCNA and cyclin DI to be
overexpressed across the limbal area of pterygium epithelial cells compared to

normal conjunctiva samples, implying that it might lead to hyperproliferation of
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epithelial cells [52]. Cyclin D1 protein expression in fleshy pterygium is found
significantly higher than in the atrophic pterygium lesions. Another study
indicates that 6-catenin expressed in the nuclei/cytoplasm could potentially
increase cyclin DI protein expression, that favors the proliferation of pterygium
cells [53]. A point mutation of CYPIA2 protein, which is also related to
tumorigenesis, may be linked, due to increased enzymatic activity and subsequent

proliferation [54].

Heat shock proteins

Heat shock proteins (HSP) are a group of proteins, produced by cells in response
to exposure to stressful stimuli. They were originally described in connection to
heat shock, but are recently found to be expressed during other stresses, as well,
including exposure to cold temperatures, UV light, and during wound healing or
tissue remodeling. The expression of HSPs, i.e., Hsp27, Hsp70, and Hsp90, and
hypoxia inducible factor-la. (HIF-la) were found elevated in pterygium. Hsp27
expression was detected in the epithelial, endothelial, and vascular smooth muscle
cells in pterygium, but only in the epithelium, in normal conjunctiva [55]. Changes
in HIF-la and HSP levels in pterygium are believed to represent an adaptive

process for cell survival under stressful conditions [56].

Tight junction proteins

Tight junction proteins accommodate cell-to-cell adhesion in the endothelial and
epithelial cells, conforming continuous seals around the cells, serving as a physical
barrier to prevent solutes and water from entering the cell freely, through the
paracellular space. Claudin proteins are essential for this functional and structural
barrier and dysregulation of their expression may result in various diseases,
including cancer. In normal cornea and conjunctiva tissue, claudin-1 and claudin-4

positivity were demonstrated immunohistochemically [57].

Claudins are indispensable for the formation and maintenance of tight junctions. A
strong immunohistochemical expression of claudin-1 was identified in normal
epithelial conjunctiva samples. In the contrary, its expression in pterygium was

low. The significant decrease observed in claudin-1 expression, in the pterygium
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compared to normal conjunctiva appears to be implicated in the pathogenesis of

pterygium [58].

Extracellular matrix proteins

The extracellular matrix (ECM) is another group of extracellular molecules
secreted by resident cells that deliver mechanical and biochemical support to the
surrounding cells. The abnormal expression of extracellular matrix proteins is
thought to facilitate the proliferative growth of pterygium, because it is a
fibrovascular tissue characterized by an excessive deposition of extracellular
matrix and vascular growth [59]. The extracellular matrix proteins contain elastin,
collagen, keratin and fibrin, among others. K8, K16, K17, K14, and AE3 were
shown to be present throughout the whole thickness of the pterygium epithelium
but absent in normal conjunctiva. Pterygium samples revealed a higher mRNA
level and tropoelastin expression than physiological conjunctival tissue [60, 61].
Type II collagen expression was found positive only in pterygium, whereas the
collagen types I, III, and IV were detected in both the normal conjunctiva and

pterygium [62].

Matrix metalloproteinases and tissue inhibitors of metalloproteinases

Matrix metalloproteinases (MMPs), also known as matrixins, hydrolyze elements
of the extracellular matrix. These enzymes play a key part, in numerous biological
procedures, like normal tissue remodeling, wound healing, angiogenesis, and
embryogenesis. Also, they are important molecules, in diseases such as atheroma,
arthritis, cancer, and tissue ulceration. MMPs are a multiple gene family of >25
secreted and cell surface enzymes that process or degrade various extracellular
matrices, which can be divided into five subgroups based on substrates:
collagenases (MMP-1, MMP-8, MMP-13), stromelysins (MMP-3, MMP-10),
gelatinases (MMP-2, MMP-9), membrane associated MMPs (MTI-MMP,
MT2-MMP), and others like MMP-12, MMP-19, MMP-20. Tissue inhibitors of
metalloproteinases (TIMPs) bind to and block the action of MMPs. The relation
between pterygium and these two groups of proteins in the pathogenesis of
pterygium has been studied [63]. MMP-1, MMP-2, MMP-3, TIMP-1, and TIMP-3
were discovered in greater amounts in epithelial cells, and fibroblasts of

pterygium tissue, as compared to normal conjunctiva. MMP-3 was positively
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found, located in the pterygium epithelium, which may help explain the various
pterygium phenotypes. A study proposed that cyclosporin A can reduce MMP-3
and MMP-13 expressions in the pterygium fibroblast culture [64]. MMP and TIMP
expressions appear to vary at the different stages of evolution of the pterygium.
The balance breach between MMPs and TIMPs may be responsible for the

progression or recurrence of pterygium [65].
Interleukins

Interleukins are a group of cytokines and signal molecules originally thought to be
secreted and expressed by white blood cells (leukocytes). These cells are
intricately involved in the inflammation process; thus, ILs can be closely related to

pterygium [66].

The expression of IL-lo, IL-16 precursor proteins were detected, via
immunofluorescence, in primary pterygium and normal conjunctival epithelium.
High levels of IL-1 group of proteins were present in pterygium, only.
Furthermore, IL-lo was found to be highly expressed not only in primary, but also

in recurrent pterygium [12].

IL-6 and IL-8 were highly expressed in the pterygium epithelium compared to the
normal cornea, conjunctival limbus. Additionally, IL-6 and IL-8 proteins were
significantly elevated in pterygium treated with UVB, suggesting that UVB could
promote the secretion of these two interleukins. IL-8 can induce corneal
vascularization, directly. IL-10 has also, been described to be expressed more in
pathological pterygium tissue, than that in the physilogical conjunctiva.
Also,recently, IL-17 was found to be upregulated in the ocular surface in
inflammatory pathologies, such as pterygium. Another chemokine was also, found

overexpressed in pterygial stroma, CXCR4 [67, 68].

Growth factors

A growth factor is a normally occurring substance capable of stimulating cellular
growth, proliferation, healing, and cellular differentiation. They are important in

the regulation of various cellular processes, such as mitosis.

A large number of growth factors are considered to play a significant role in

pterygium pathogenesis, like the vascular endothelial growth factor (VEGF),
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transforming growth factor beta (TGF-6), basic fibroblast growth factor (bFGF),
insulin like growth factor, nerve growth factor, heparin binding epidermal growth
factor-like growth factor and connective tissue growth factor (CTGF) [69-71]. The
VEGF family has been in depth investigated in ophthalmology, because of its
significant part in pathological angiogenesis and in accelerating the vascular
permeability in ocular diseases, like pterygium and choroidal neovascularization

diseases [72].

Increased expression of VEGF would ultimately lead to angiogenesis and
lymphangiogenesis, which could affect the normal metabolism of connective cells
and promote vascular growth [73]. When compared to the normal conjunctiva,
pterygium exhibited higher VEGF levels [74]. TGF-6 regulates various processes
common to tissue repair and disease, including fibroblast proliferation,
angiogenesis, synthesis, and degradation of extracellular matrix proteins. TGF-61
and TGF-62 were also observed to be positively upregulated, but transforming
growth factor beta receptor 1,2 (TGFR-61, -62) was found to be negatively

regulated in pterygium [75].

5.7 Differential Diagnosis
The differential diagnosis of pterygium includes the following conditions:

1. A pseudopterygium is a fibro vascular tissue that may occur on any
quadrant of the cornea. Like pterygia, the majority of these lesions develop at the
3 and 9 o'clock positions because these areas are constantly exposed to dryness
and irritation (Figure 10). In contrast to a pterygium, a pseudopterygium lacks
organization into different regions (cap, head, and body) and firm adhesion at the

limbus [7].

Pseudopterygia may be seen secondary to peripheral corneal disease, such as
marginal ulceration, chemical burns, cicatricial conjunctivitis and hard contact
lens wear, especially with a lens that rocks on a steep vertical axis in a cornea
with significant with-the-rule astigmatism. Chronic mechanical irritation from
contact lens movement and abnormal tear wetting may induce a punctate
keratopathy that can stimulate peripheral corneal vascular ingrowth. A contact

lens-induced pseudopterygium has a broad, ill-defined leading edge on the
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corneal surface, which distinguishes it from a true pterygium. Furthermore, a
pseudopterygium caused by hard contact lens wear may regress after removal of

the lens [76].

2. A conjunctival malignancy (e.g., squamous cell carcinoma) must be
differentiated from a pterygium (Figure 15). Rarely, the epithelium overlying a
pterygium may undergo malignant degeneration [16]. Therefore, all surgical
specimens should be submitted for pathologic examination to rule out neoplasia

[77].

Figure 15 Squamous cell carcinoma

5.8 Treatment

Surgical manipulation of a pterygium should not be undertaken casually.
The possibility of a recurrent pterygium is high, and the recurrence is often worse
than the primary lesion. In addition, complications may be associated with any
surgical technique. Therefore, when possible, medical management should be

attempted first [78].

Medical Treatment

A small pterygium that does not involve the visual axis may be amenable to
medical management. Such a pterygium can cause signs and symptoms suggestive
of local inflammation, including hyperemia, foreign body sensation, and tearing,

which may be alleviated with
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e Artificial tears
¢ Lubricants
® Brief courses of topical corticosteroids

Any associated blepharitis should be treated [79]. The eye should be protected
from a hostile environment, including exposure to UV light, dust, and dry hot

wind. Sunglasses that filter UV light are also recommended [80].

Surgical Treatment

Signs and symptoms of pterygium that are not amenable to medical management

and require surgical intervention include

¢ Significant cosmetic blemish

® Decreased visual acuity from encroachment of the pterygium on the visual axis
e Regular or irregular astigmatism [81]

® Restriction of ocular motility

¢ Formation of dellen

® Recurrent inflammation unresponsive to medical therapy

Pterygia would certainly arouse less interest, if it were not for their tendency to
recur despite various surgical strategies designed to avoid just that. The many
therapeutic options available for the treatment of pterygia imply that no single
method is universally successful [82]. The successful removal of a pterygium
depends on the surgical technique used, as well as on the type of lesion

encountered:

® Slow-growing, stationary, and atrophic pterygia can be removed by virtually

any technique, with little risk of recurrence.
® Actively growing or fleshy pterygia are more likely to recur.

Avulsion, the earliest technique used to treat pterygia, was practiced by the
ancient Greeks and still has its proponents. The method that followed, simple
excision, has the same high recurrence rate as avulsion (23 to 75 percent). This
complication spurred the development of alternative and adjunctive surgical

procedures [6].
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The bare sclera technique involved leaving an area of bare sclera adjacent to the
limbus to give the raw corneal surface time to heal before the conjunctiva grew up
to the limbus again. The proponents of this approach emphasized the importance
of excising subconjunctival connective tissue present under the body of the

pterygium in deterring recurrence [82].
Evolving excision techniques were coupled with new graft techniques:

Some thought it was crucial to cover the entire exposed epibulbar defect with
normal conjunctiva. Various rotating conjunctival flaps have been designed to

accomplish this.

Others recommended the use of a free graft to cover the defect, and they
introduced the barrier concept, wherein the grafted tissue forms a barrier against

the passage of new vessels into the cornea, thus helping to avoid recurrence.

Conjunctival autografts allow coverage of large defects that occur from large
excisions, which are often encountered in advanced and recurrent pterygia [83].
The grafts can cover large areas of sclera and exposed extraocular muscle and
provide tissue for reconstruction of the fornix [84]. A recurrence rate of 5 percent
was reported when this technique was used on advanced and recurrent pterygia;
two of the three recurrences were successfully treated with repeat conjunctiva!
autografts. However, a recurrence rate of 21 percent after conjunctival
autografting was found in a study in the Caribbean, where the risk of pterygium

recurrence is high [85].

In tropical countries, where many patients have trachomatous scarring and
xerosis, sufficient conjunctiva for a graft cannot always be obtained. To overcome
this obstacle, labial or buccal mucous membrane may be used. No recurrences
were reported with oral mucous membrane harvested from the lower lip.
However, 6 percent of the patients complained of a cosmetically unsatisfactory

result because of the color differences between the graft and ocular tissues [86].

A more recent alternative to autografts, Amniotic Membrane Transplantation,
appears to be a safe and efficacious adjunct to the surgical treatment [87].
Although, AMT possibly offers the advantage of better control of pathological

neovascularization, scar tissue formation and lower levels of postoperative
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inflammation, it does not appear to convey a lower recurrence rate than

conjunctival autografts [88].

Excision of Recurrent Pterygia

Most patients with stationary or atrophic pterygia do well with simple excision
and sliding conjunctival flaps. However, if the same technique is used for an active
or fleshy lesion, the pterygium usually recurs promptly [89]. In a retrospective

analysis, regardless of the type of procedure, the following was found:

Surgery Mean time to recurrence

Excision of a primary pterygium | 123 days

Second surgery 97 days

Third surgery 67 days

In terms of surgical treatment, a recurrent pterygium is considerably different
from a primary pterygium. In a recurrent pterygium, subconjunctival fibrous

tissue is more abundant and is tightly bound to the underlying sclera.
Complications
Intraoperative complications

1. Perforation of the cornea during the keratectomy is rare with microscopic

visualization and maintenance of a superficial plane of dissection.

2. Perforation or dissection into the sclera can be avoided by taking care to

observe the limbal junction and then shifting to a more superficial plane.
Postoperative complications

1. Some degree of scarring is inevitable at the keratectomy site, but it is
usually mild and does not interfere with vision unless the pupillary axis is

involved.

2. Minor amounts of astigmatism may occur with excision of lesions having

considerable corneal involvement.
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3. Damage to the medial rectus muscle after pterygium excision has been
reported. Symptoms of injury to the horizontal rectus muscle include diplopia and

restriction of ocular movement.
4. Symblepharon formation, due to scarring over the denuded areas.

5. Conjunctival graft edema generally occurs within the first 10
postoperative days; it is usually caused by one of the following, excessive surgical

manipulation, inadequate Tenon's capsule excision, poor graft orientation [84].

6. Conjunctival graft retraction can occur when the graft has excessive
Tenon's capsule, is of inadequate size, is of poor quality because of cicatricial

processes, including trauma, prior surgery, infection, or inflammatory reaction

7. Necrosis of conjunctival autografts has been associated with avascular

scleral beds resulting from radiation therapy or the use of antimetabolites.

8. Inadvertent inversion of the graft, such that the epithelium is apposed to

the sclera, will cause the graft to fail.

9. Epithelial cysts and Hematomas are another possible complication due to

poor apposition of the tissues and excessive manipulation.

10. Recurrence is more common in younger patients and is often associated
with a family history. It is the most daunting challenge, with a rate as high as 88%,

for the bare sclera technique [85].

Two or 3 weeks after the removal of a pterygium, fine capillaries may be seen in
some cases. These vessels appear to arise from the episcleral surface under the
conjunctival flap. Many parallel vessels race forward toward the area of bare
sclera in a brush-like fashion. If not treated, they often cross the bare area and
extend into the cornea [90]. In a matter of weeks, the vascularized region is
covered by fibrous tissue similar in appearance to the original pterygium, so that

the patient is left with a lesion as unsightly as the original one [82].

Whether this lesion constitutes a true recurrence is unclear. From the patient's
point of view, the pterygium has grown back [91]. Therefore, prompt action is
required as soon as the brush-like vessels are detected. Various methods of

adjunctive therapy may be applied at that time [92].
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5.9 Adjunctive Therapy

Antimetabolites decrease the recurrence of pterygia by preventing the
proliferation of abnormal tissue [93, 94]. Cyclosporine A, 5 Fluorouracil (5FU) and
mitomycin C have been investigated for their ability to prevent pterygium

recurrence [95-98].

Anti-Vascular Growth Factors, like bevacizumab and ranibizumab appear to
arrest angiogenesis. Anti- VEGF drugs have been widely used for the treatment
and control of ocular diseases associated with vascular proliferation [99]. Although
some studies suggest the use as an adjuvant therapy for surgery, large scale
studies conducted to characterize them for the treatment of pterygium are still

lacking [100, 101].

Historically, 6-radiation has been used to cause tissue damage by an emission of
high -speed electrons that induce ionizing radiation [102]. Severe complications of
postoperative irradiation after pterygium excision are known to occur as late as 3

to 20 years after treatment and the method is largely abandoned.

The theoretical use of the excimer laser as an adjunct to pterygium surgery is to
polish the cornea after excision of the pterygium to create an ultrasmooth surface,
which may re-epithelialize more quickly and uniformly and help to prevent

recurrence of the pterygium [103].

Some have reported a high success rate in treating pterygia with the argon laser.
It was hypothesized that an angiogenic factor released by the cornea leads to
neovascular tufts or membranes similar to those seen in the retina of diabetic
patients. Early pterygia that have not encroached on the limbus or cornea that are

inflamed and elevated, can be effectively treated with argon laser [104].
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6. Biomarkers

A biomarker is defined as an objectively measured characteristic that
depicts a physiological or biological state in an organism by analyzing molecules
such as DNA, RNA, protein, peptide, and biomolecular chemical modifications.
Interestingly, one must bear in mind that the definition of biomarkers has been
continuously, evolving over the past years, with one particularly broad definition,
by the World Health Organization suggesting that “A biomarker is any substance,
structure or process that can be measured in the body or its products and

influence or predict the incidence of outcome or disease” [105].

13

According to the United States National Cancer Institute, a biomarker is ‘“a
biological molecule found in blood, other body fluids, or tissues that is a sign of a

normal or abnormal process, or of a condition or disease,” such as cancer [106].

Biomarkers typically assist in differentiating an affected person from someone
without the disease. The variations can be due to a number of factors, including
germline or somatic mutations, transcriptional changes, and post- translational
modifications. There is an enormous variety of biomarkers, which may include
proteins (e.g., a receptor or an enzyme), nucleic acids (e.g., a microRNA or other

non-coding RNA), antibodies, and peptides, among other categories [107].

A Dbio-marker can also be a collection of adaptations, such as proteomic,
metabolomic signatures and gene expression. Biomarkers can be detected in the
body circulation (whole blood, serum, or plasma), excretions or secretions (stool,
urine, sputum, or nipple discharge), and in this way, easily assessed non-
invasively and repeatedly. In addition, biomarkers can be tissue-derived, and
require either biopsy or special imaging for effective evaluation. Genetic
biomarkers can be inheritable, and detected as sequence variations in germ line
DNA isolated from sputum, whole blood, or buccal cells, or they can be somatic,
and identified as mutations in DNA, extracted from tumor tissue. More
importantly, in terms of clinical use, a cancer biomarker can assess the possibility
of presenting cancer in a particular tissue or, alternatively, may measure the risk

of cancer progression or possible response to therapy [108].
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Apart from providing useful information for guidance in clinical decision making,
cancer biomarkers are increasingly connected to specific molecular pathway
deregulations and cancer pathogenesis to justify application of certain

therapeutic/ interventional strategies [108].

Cancer biomarkers can be classified into the following categories based on their
applicability. Predictive biomarkers prognosticate response to specific therapeutic
interventions such as positivity/activation of HER2 that predicts response to
trastuzumab in breast cancer. A prognostic biomarker, on the other hand, does not
have to be directly associated to or trigger specific therapeutic decisions, but their
purpose is to inform physicians of the risk of clinical conclusions such as disease

progression or cancer recurrence, in the future [105].

A suitable example of a prognostic cancer biomarker is the 21-gene recurrence
score which is predictive of breast cancer overall survival and recurrence in
tamoxifen-treated, node-negative, breast cancer. Another class of biomarkers are
the diagnostic biomarkers. They are used to identify whether a patient suffers
from a specific disease. Diagnostic biomarkers have recently been utilized for

colorectal cancer surveillance by testing for stool cancer DNA [109].

It is important distinction to make the distinction between biomarkers and targets,
since in many cases these are not equivalent. A biomarker may act as a target for
therapy, or it may not be the actual target of therapy. Instead, it may predict
responsiveness to anti-tumor therapies. It is important to bare in mind this

distinction, when clinical studies of potential biomarkers, are contemplated [110].
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6.1 Survivin

Survivin is a member of the Inhibition of Apoptosis Protein family (IAPs).
This is an important group of proteins involved in regulation of apoptosis.
Apoptosis is the principal manifestation of programmed cell death and relies on
cysteine proteinases, named caspases, to disassemble the cell in a controlled

manner [111].

Two apoptotic pathways exist: the intrinsic and extrinsic pathway. Upon
sustaining endogenous stress signals or irradiation, mitochondria instigate the
intrinsic cascade and release of cytochrome c, through loss of the mitochondrial
outer membrane potential. This cascade causes activation of the initiator caspase,
caspase 9 (Figure 16). On the contrary, the extrinsic pathway is independent of
mitochondria and is generated by the binding of ligands to receptors at the cell
surface. For example, the TRAIL-bound TNF receptor (TRAIL, also known as
TNFSF10), which activates caspase-8 via FADD, which can be inhibited by cIAPI
and cIAP2. After stimulation of the initiator caspases (caspase 8 or 9), both
pathways converge on the effector caspases 3 and 7, which cause cellular demise

by cleaving downstream macromolecules [112].
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Figure 16 Apoptosis pathways
The IAP family of proteins, as the name suggests, hinder this mechanism of

programmed cell death. Inclusion in the [AP family is based on the identification
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of, at least one baculovirus inhibitor of apoptosis repeat domain (BIR), which is, a
globular fold that has been originally discovered in insect viruses [113]. Inhibitors
of apoptosis family of proteins are present in almost all species, from lower to
higher vertebrates. First located in baculoviruses, as apoptotic suppressors, eight
IAP homologs namely baculoviral TAP repeat-containing protein 2 / human
inhibitor of apoptosis protein-2 (c-IAP1/HIAP-2), neuronal apoptosis inhibitory
protein (NAIP), baculoviral IAP repeat-containing protein3/ human inhibitor of
apoptosis protein-1 (c-IAP2/ HIAP-1), X-linked inhibitor of apoptosis (XIAP), IAP
like protein 2 (ILP2), survivin, melanoma inhibitor of apoptosis protein (MLIAP)
and BIR repeat-containing ubiquitin enzyme system (BRUCE) have been
identified in humans till date [114]. IAPs are functionally and structurally similar.

Their function involves the regulation of programmed cell death [115].

Considering the fact, that [APs are an important protein family, which regulates
cell fate in response to stress signals or genomic instability, any dysregulation in
IAP function has a direct association with cancer development, induction of
oncogenesis or drug resistance [116]. Their structure is similar, all members
contain approximately 70 amino acid long Baculovirus IAP Repeats (BIR)
domains at the N-terminus, which are important but not sufficient for their anti-
apoptotic activity [117]. Even though, the number of BIR domains varies among
IAP members, each BIR domain consists of cysteine and histidine residues in a
well-defined pattern (Cx2Cx6Wx3Dx5Hx6C), that represents a novel zinc-binding
fold [118].

In addition, several insect, viral and mammalian [APs require a ring finger
domain (RING) near the C-terminus for apoptosis suppression [119]. However, C-
terminal RING is not the key, for suppression of apoptosis by human c-IAPI, c-
IAP2 and XIAP. Human cIAP-1 and cIAP-2 possess a Caspase Recruitment
Domain (CARD). The significance of CARD, during apoptosis suppression, is not
fully understood. Also, [APs present additional domains; ubiquitin-associated
(UBA) domain (in c-IAPI1, c-IAP2, XIAP and hILP2), ubiquitin conjugating (UBC)
domain (in BRUCE/APOLLON). These domains serve in inducing ubiquitination
and proteasome degradation of particular caspases, resulting in suppression of

apoptosis [120]. Of all the IAPs identified so far, survivin is the smallest TAP
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protein with a C-terminus Coiled Coil (CC) domain and a single N-terminus BIR
domain. When compared to other [APs, survivin presents a most specific and
restricted expression in adult tissues and plays a critical part in modulating both
apoptosis and cell division. It is not expressed in normal, terminally differentiated

adult tissues, in the contrary it is highly expressed in most human cancers [115].

Humans have eight [APs, of which survivin is the smallest one. Originally, it was
speculated, to bind to and inhibit caspase activity directly, but modern views
propose that only the canonical member of this family, XIAP, can efficiently and
directly block caspases, in vivo [113]. Nevertheless, XIAP can cooperate with other
[APs, including survivin, as well; this may strengthen its stability and enhance the
inhibitory effect of XIAP. Regarding XIAP, both the BIR domains themselves and
the linker between two adjacent BIR domains, contribute to the prevention of
apoptosis. The former negates the catalytic cysteine residue of the effector
caspases, meanwhile the latter can arrest dimerization of the initiator caspases,
which is crucial for their activation. Upstream factors such as Smac, that is
released from the mitochondria upon apoptotic stimulation, can hinder IAPs by
binding to the BIR domain; this impedes Smac from binding to its caspase target,
and there is accumulating evidence to propose, that survivin might in fact, inhibit

the inhibitor [121].

IAPs also have a significant impact in regulation of T cell responses, in anti-tumor
immunity. Survivin occupies a central position because of overexpression in
cancer cells [122]. It is hypothesized that survivin overexpression in tumor cells
facilitates tumor progression by numerous pathways, such as dysregulation of
apoptosis and cell division, promoting survival of cancer stem cells, altering
sensitivity to antitumor drugs. Survivin can ideally, serve as a universal tumor
antigen because it is expressed in most human malignancies and has the ability to
trigger immune effector responses [123]. Therefore, blocking survivin functions by
different immunotherapeutic or molecular approaches is emerging as a promising

therapeutic strategy, in cancer [124].

Survivin is encoded by BIRC5 gene and is composed of 4 exons and 3 introns
covering 14,796 nucleotides on chromosome 17q25. It forms transcripts with

multiple functional domains. BIRC5 gene encodes wild type survivin (WT, four
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exons; 142 amino acid) additionally, five known splice variants i.e.; AEx3 (Survivin
with deletion of exon 3; 137 amino acid), 2B (survivin with an additional exon; 165
amino acids), 3B (five exons; 120 amino acid), 20 (2 exons;74 amino acids), 3a

(two exons;78 amino acids) [125].

All of survivin’s isoforms share complete sequence identity in the N-terminus
region, including some or the entire BIR domain, but they are different in the
carboxyl end (Figure 17). Survivin isoforms also present variable expression
patterns and cellular localization as compared to wild type form. Survivin- AEx3 is
identified predominantly in the nucleus whereas Survivin- 2B is found in the
cytoplasm [126]. Alternative splicing of survivin has been observed to have
correlation with disease activity, in different patient studies. Survivin WT, 2B and
AEx3 variants have all been extensively investigated for clinical and prognostic
association and applicability, in cancer. The presence of AEx3 variant has been
associated with unfavorable clinical outcome and prognosis [127]. The data that
exist for clinical and pathological correlation of variant 2B in cancer, remain
conflicting; some studies demonstrate association of 2B variant with exacerbated
disease and poor survival rates, while other studies suggest that presence of 2B
variant is associated with less severe disease [128]. Overall, there is a common
consensus that AEx3 has anti-apoptotic properties and 2B has pro-apoptotic
function and that these variants may be involved in contrasting functions in tumor
progression and response to therapy [129]. Presence of survivin isoforms has also
been shown to influence angiogenesis [130]. But whether, alternative splicing of
survivin is an adaptation used by cancer cells to sustain their proliferation and
escape detection by immune surveillance, still remains unclear. The association of
splice variants with distinct pathological and survival outcomes, indicates possible

role of these variants in disease progression.

Although, a few human adult tissues. express survivin, like vascular endothelial
cells, primitive hematopoietic cells, erythroid cells, adult peripheral blood T cells,
polymorphonuclear neutrophils, megakaryocyte, cells of colonic and
gastrointestinal mucosa, placenta, testes, ovary, neurons, melanocytes etc., the
presence is almost minimal, in most terminally differentiated tissues [116]. The

more mature and differentiated the tissue, the lesser the expression of the protein.
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Instead, survivin appears to interfere with angiogenic regulation, vascular
remodeling, cell cycle regulation and proliferation, erythropoiesis, maintenance of
normal adult hematopoiesis, megakaryocyte maturation, apoptosis inhibition in
neural development hepatocyte proliferation, spermatogenesis, oogenesis and self-

renewal and differentiation of cryptic stem cells [131].

Despite the fact, that the majority of normal tissues does not express the splice
variants, some tissues do express minimal amounts of certain isoforms. S-AEx3
expression is found in vascular endothelial cells. Additionally,S-AEx3 is the only
isoform expressed in adult cerebrum, whereas fetal brain tissues disclosed the
expression of WT and S-2b, as well. Minimal expression of S-2a has also been
discovered in normal brain cerebellum and breast tissues. Expression of other

splice variants is unknown, till date [132].

Survivin 38 H"i 87
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Figure 17 Survivin isoforms

Survivin is predominantly localized in the cytosol of tumor cells (Figure 18).
However, a smaller nuclear fragment of survivin localized in kinetochores of
metaphase chromosomes has also been reported in tumor and proliferating cells,
indicating that these different subcellular pools of survivin may have different
functions. Cytosolic survivin is thought to function as apoptotic suppressor while
nuclear Survivin is speculated to regulate cell division [133]. However, the
pathological significance of nuclear survivin as a favorable prognostic marker for
tumor cells, is still debatable. The data from patient studies are so far, equivocal
regarding the role of nuclear/cytosolic Survivin expression as an unfavorable or

favorable prognostic marker in cancer. Apart from the cytosolic and nuclear pool,
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survivin has also been found in mitochondria and was shown to be released in the
cytosol, in response to cellular stress stimuli. There, it is believed to suppress

caspase activation [134].
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Figure 18 Localization of Survivin

Extracellular pool of survivin has also been found to exist as exosomes in form of
40-100 nm membrane vesicles, that are secreted from tumor cells and taken up by
surrounding cells. In fact, many IAPs such ascIAPl, cIAP2 and XIAP including
survivin have been shown to exist as tumor exosomes in cancer cell lines.
Exosomes carrying survivin, have been shown to re-enter the cells and promote
tumor growth. Extracellular pools of survivin have the ability to stimulate
neighboring cancer cells and increase their resistance to therapy, rapidly
proliferate, and achieve an increased potential for becoming invasive, in vitro
[135]. Elevated levels of plasma derived exosomal survivin from prostate cancer
patients has been found to correlate with disease severity. Thus, both intracellular
and extracellular expression of survivin in cancers, can be responsible for

aggravated disease [136].

The Multiple roles of Survivin

Cell proliferation

Regulation of cell division is accepted as prominent function of survivin. Normal
cells exhibit cell cycle dependent synthesis, expression and degradation of
survivin. Survivin constitutes an integral part of the Chromosomal Passenger

Complex (CPC) which ensures correct segregation of chromosomes and
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cytokinesis during cell division [137]. Numerous checkpoints ensure proper
nuclear division, correct attachment to mitotic spindle and cytokinesis. CPC is a
hetero-tetrameric complex which is found in different sites, at different times
during mitosis. This helps in regulating key events, in cell division such as proper
spindle assembly, chromosome-microtubule attachment and occurrence of

cytokinesis [138].

Aurora B kinase is known as the enzymatic component of CPC, whereas, the other
three components; inner centromere protein (INCENP), survivin and Borealin
(also known as Dasra) have targeting and regulatory functions. Changes in any of
the four components can result to a defect in chromosomal segregation and/or
cytokinesis and cause genomic instability [139]. Analysis of the separate individual
contribution of these proteins to the formation of CPC, implies that the enzymatic
part of Aurora B kinase is directed in the mitotic cell, by the other three proteins
of CPC, namely INCENP, survivin and Borealin/Dasra. INCENP appears to act as
a scaffold protein that stabilizes the complex. Borealin’s function is, to facilitate
binding of survivin to INCENP and survivin acts as a determining agent, in
centromere localization of CPC [140]. Although, survivin protein carries a central
role in mediating CPC targeting, other proteinic components of CPC act, to secure
a stable structure. Additionally, a specific pool of subcellular survivin is connected
to polymerized tubulin and regulates microtubule formation, during cell division

[141].
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Figure 19 Role of Survivin in mitosis
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Metastasis, angiogenesis and chemo-resistance of tumor cells

One of the various pathways responsible for survivin mediated tumor progression
is stimulation of angiogenesis, in cancer cells. Survivin upregulates VEGF
expression and encourages endothelial cell (ECs) proliferation by mechanisms
which are still not clear. Existence of a positive feedback loop that connects
survivin expression in tumor cells, to PI3K/Akt enhanced 6-catenin-Tcf/Lef-
dependent transcription induction of VEGF secretion and angiogenesis, has been
proposed [142]. Blocking of survivin in glioma has been shown to inhibit
angiogenesis. Small interfering RNA (siRNA) that mediate silencing of survivin,
sensitized human breast cancer cells to apoptosis and inhibited tumor formation

and angiogenesis in breast or cervical cancer xenograft model, in vivo [143].

Survivin induced VEGF expression also, contributes to chemo-resistance by
stimulating the assembly of tubulin into distinctly organised fibers [144]. Survivin
is especially overexpressed in tumor vascular ECs as compared to normal tissues,
and in this way, it appears to be conferring drug resistance on tumor vascular ECs
[145]. It is evident therefore, that targeting survivin in tumors, will promote not
only, tumor cell death but also it will sensitize the cells of tumoral vascular
network to chemotherapeutic drugs. Survivin may also, cooperate with other IAP
protein members to promote metastasis. Survivin upregulation, enhanced
migration of human melanocytes and melanoma cells on fibronectin whereas
survivin knockdown under sub-apoptotic conditions blocked their migration and

invasion [146].

Inter-molecular interaction between XIAP and survivin accelerates tumor cell
invasion, in vitro and metastatic propagation, in vivo, in murine model of breast
cancer and rat insulinoma [115]. This pathway operates independently of the role
of IAPs in cell survival. Signal transduction through this process resulted in
transcriptional upregulation of fibronectin, NF-kB activation, autocrine/paracrine
signaling by 61 integrins, and consecutive phosphorylation, i.e., activation of cell
motility kinases, FAK and Src. This implies direct involvement of I[APs in
promoting metastasis. Most importantly, signal transduction via this pathway did
not produce the usual Epithelial Mesenchymal Transition (EMT), but rather

provoked an adhesion gene signature and many fold increase in expression of
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fibronectin gene, in tumor cells [147]. Survivin has also been proven to enhance
melanoma cell metastasis through integrin upregulation. Survivin induced breast
cancer lymphatic metastasis, through cooperation with vascular endothelial
growth factor-C (VEGF-C) [148]. Multiple patient studies have also, indicated that
overexpression of survivin corresponds to increased tumor invasion and
metastasis, thereby suggesting a wider role for survivin, beyond regulation of

apoptosis and cell division of cancer cells [149].
Stem Cells

Increased survivin expression has been reported in early Embryonic Stem cells
(ES) and subsequently, it reduces during fetal development [150]. Also, survivin is
found overexpressed in some adult stem cells. Survivin expression in apoptosis
regulates stem cell layer of stratified epithelia of skin, human fetal tissues
including thymic medulla, gastrointestinal tract and endocrine pancreas. In this
way, the protein is assisting in the viability of stem cells, in a developmentally
conformed fashion, thus helping in tissue homeostasis and differentiation [150].
The measurement of the protein expression in umbilical cord blood cells and adult
bone marrow CD34+ cells and umbilical cord blood cells showed that, the protein
is regulated by hematopoietic cytokines and depends on hematopoietic growth
factors. The protein expression is found in all the stages of cell cycle and showed

an inverse correlation with apoptosis, in a caspase dependent manner [151].

Survivin upregulation is a mandatory procedure for entering to the cell cycle,
maintenance and self-renewal in normal cord blood CD34+ cells, hematopoietic
stem cells and progenitor cells (HSPCs) [152]. In human embryonic stem cells
(HES) exposed to ionizing radiation, the expression of survivin along with
checkpoint kinase 2 (Chk2) helps to amend DNA damage without the dependency
on p2l, to support cell cycle arrest [153]. High survivin levels correlate to stability
of the state of pluripotency in HES and induction of pluripotent stem cells (iPSCs)
[154]. It has been shown that the protein is involved in the regulation of cell

proliferation and signaling pathways in stem cells.

A study conducted to clarify the role of survivin in pluripotency, disclosed a
significantly higher expression of the protein in human embryonic stem cells,

(nearly 9-fold) in comparison to that in differentiated cell types [155]. This IAP is
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involved in regulating basal and growth factor dependent survival, differentiation,
proliferation, and migration of mouse and human mesenchymal stem cells (MSCs).
The expression is shown, in all stages of interphase with extremely high
expression in G2/M phase. Increased survivin expression protects MSCs that
produce HSCs, when HSCs-supportive niche is depleted post irradiation exposure
[156]. In addition, the protein has been linked to increased survival in these cells
subjected to stress, produced by heat shock, UV or etoposide, as well [157].
CD44+/CD105+human amniotic fluid MScs, that are ideal for stem cell
transplantation, because they proliferate rapidly also, express high levels of
Survivin. The participation of hematopoietic adipocyte-derived stem cells (ASCs)
in apoptotic resistance demostrated by adipocyte tissue in obese subjects, was
correlated to upregulated survivin expression. At the same time, Keratinocyte
Stem Cells (KSCs) show increased expression of survivin, that plays a critical part
in preventing abnormal mitosis in these cells [158]. The availability of survivin, as
a marker for KSCs, that helps in maintaining skin homeostasis, is under

investigation [159].

Also, the role of survivin in the regulation of stem cell functions has been
demonstrated in neuronal stem cells and intestinal stem cells [160]. HES expresses
S-AEx3, S-2b, S-2a, S-3b along with WT in various subcellular areas. The
expression is consistently elevated in HES, when compared to further
differentiated cell types, like MSCs. Survivin isoform, S-AEx3 exhibits the highest
expression levels followed by S-2b. The other two isoforms are expressed in
negligable quantities. S-3y and S-3yV isoforms with expression higher than WT are
responsible for imparting growth factor independent growth in HSPCs. KSCs as
well express S-AEx3 and S-2b at higher levels than S-2a, S-3b [161].

Cancer stem cells

The presence of cancer stem cells has been proposed as the primary reason for
occurrence of cancer and disease relapse. It is hypothesized that tumors are
maintained by a subset of tumor stem cells possessing a self-renewal capacity
similar to that of stem cells. The role of survivin has been demonstrated in the
regulation of adult stem cell physiology such as in hematopoietic stem cells,

neuronal stem cells or intestinal stem cells [162]. Survivin is also crucial for
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embryonic stem cell and totipotent stem cell function. Since normal stem cells and
cancer stem cell share these common features, it is acceptable to assume that like,
in normal stem cells, survivin expression on cancer stem cells can also, be

involved in regulating cancer stem cell behavior [132].

An investigational study of co-expression of survivin and stem cell specific
proteins in esophageal squamous cell carcinoma (ESCC) patients disclosed that
those patients that exhibit overexpression of both the stem cell specific protein
Oct-4 and survivin, revealed worst prognosis. Survivin expression correlates with
Oct-4 expression in ESCC cells, suggesting a probable regulation-interaction
between Oct-4 and survivin [163]. The molecular mechanisms that underly the
regulation-interactions between survivin and stem cell specific proteins are still
not entirely understood. Survivin appears also, to play a role in regulating
specifically, the genes involved in Leukemia Cancer Stem Cell (LCSC) fate but not
in normal hematopoietic stem cell (HSC). This difference in survivin signaling in
LCSC vs HSC, provides new avenues for specific therapeutic targeting and

elimination of cancer stem cells [164].

The upregulation of survivin in the majority of tumors as well as in the early
embryonic stages, when combined with the protein’s relative absence in most
normal adult tissues, classifies survivin as a classic oncofetal gene. A deregulation
in the usual expression pattern seems to result in survivin overexpression,
through the cell cycle. This aberrant expression is detected in transformed cells
and is found to be mediated by oncogenes or tumor suppressor genes, thus
explaining the selective expression of survivin gene in cancers [165]. Molecular
analyses studies compared increased survivin expression to more aggressive and
invasive tumor behavior, poor prognosis, reduced response to drugs, abbreviated

survival and increased recurrence [166].

A definite majority of malignancies, including breast, blood, colon, lung, ovarian,
uterus, liver, uterus, astrocytoma, glioblastoma, meningioma, bladder, prostate,
bladder, gastrointestinal, melanoma, nonmelanoma skin cancer, soft tissue sarcoma
and viral induced neoplasms, demonstrate overexpression of survivin at different
stages in tumor progression [167-170]. Additionally, overexpression of the protein

acts as a critical factor for radio-resistance and chemoresistance, in variable
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cancers [171, 172]. The presence of survivin may be detected in body fluids of
cancer patients, by using survivin antibodies circulating in blood, an action that

renders survivin an effective diagnostic marker [173].

The detection of survivin from the urine samples of bladder cancer patients,
proves to be a simple and sensitive diagnostic tool, for determining new or
recurrent bladder cancer [174]. A study conducted, to identify survivin positive
circulating breast cancer cells in peripheral blood, identified its appearance in
more than half of breast cancer patients, while being absent in healthy controls
[175]. Several studies involving survivin levels in serum, also demonstrated
survivin, to be a reliable and sensitive diagnostic biomarker for tumors. The
protein’s increased expression, in hematological malignancies, has suggested the
possibility of using this molecule as a regular biomarker for detection of these

types of diseases [176].

Isoform S-AEx3 has been shown to be expressed in a wide variety of cancers and
is often found in association with malignant tumors. This isoform appearance has
been demonstrated as indicative of tumor grade and invasiveness [177]. Studies
conducted on S-2b reported, as mentioned earlier, conflicting results regarding the
expression of the isoform [127, 177]. Some reports proposed that the expression can
be positively correlated with adverse clinical outcome while a few other reports
revealed an inverse correlation. The expression was reported to be more in benign
or early-stage tumors. Certain cases of breast cancer documented S-2a, S-3a and
S-3b expression along with WT, S-AEx3 and S-2b. S-2a expression has also been
reported in medulloblastoma. The expression of variants AptEx2/3 and AptEx1/2
is observed in acute myeloid leukemia (AML). The potential use of S-3a and S-
AEx3 as diagnostic markers for breast and papillary thyroid cancers, respectively,

is currently under investigation [125].

Survivin materializes, as well, as a core regulator of clonal expansion of Teff cells,
activated mature B cells, proliferation of early B cell progenitors and activated

mature B cells, erythroid and megakaryocyte differentiation [178].

Due to the critical role of survivin in tumor cell apoptosis, division, chemo-
resistance and cancer stem cell survival; therapeutic arrest of survivin in tumor

cells may very likely yield significant, cumulative benefits. Numerous strategies
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have been envisioned to block the expression or function of survivin in tumor
cells: a) immunotherapeutic approaches to produce immune responses against
survivin, b) small molecule inhibitors-antagonists to block the actions of survivin,
) nucleic acid-based treatments that interfere with survivin gene expression or d)
gene ablation of survivin to down regulate cell cycle division and induce

apoptosis.
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6.2 PTEN

Phosphatase and tensin homolog (PTEN) is a fundamental tumor
suppressor that arrests cell growth and augments cellular sensitivity to apoptosis.
Since, it was first discovery in 1997, the role of PTEN as a biomarker in cancer
pathology, has become increasingly significant [179]. In contemporary studies, any
alterations in this gene and/or its protein expression are regarded as applicable
molecular hallmarks, meaning that their presence has bearing on clinical decision-

making [180].

Loss or altered PTEN function has been discovered in a wide spectrum of
neoplasms, thus being considered an instigator genetic event for tumorigenesis
and tumor evolution. PTEN function can be either dependent upon or
independent of the down-deregulation of the phosphatidylinositol-3-kinase
(PI3K)/protein kinase B (Akt) pathway [181]. Accumulating data propose that
PTEN is also involved in the overall DNA damage response and the designing of
the adaptive component of the anti-tumor immune response [182]. The practicality
of identifying PTEN alterations in clinical practice remains a matter of
controversy, given the lack of additional diagnostic tests for their investigation.
Furthermore, due to the three-dimensional level of alterations (i.e., DNA, mRNA,
and protein expression) involved in PTEN function, the development and
validation of a single test approach, that would cover all the clinically significant
variations are extremely intricate. In spite of the insights offered by several
studies over the past two decades, the multifaceted biology of PTEN remains, not

entirely understood [183].

The PTEN gene (10q23.31) consists of 9 exons and a variable additional exon (i.e.,
exon 5b) that is omitted in the principal transcript [184]. A highly conserved
sequence upstream of the promoter involves a canonic E-box sequence, which is
responsible for PTEN transcriptional activation. PTEN is a dual-specificity protein
phosphatase that is formed of 403 amino acids, that span across five functional
domains and has a major enzymatic activity on phosphatidylinositol (3,4,5)-
trisphosphate (PIP3). The first 14 residues at the N-terminal region comprise the
phosphatidylinositol 4,5-bisphosphate (PIP2) binding domain (PBD). Different
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oncogenic mutations can target this region, resulting in a reduced affinity of PTEN

for the cell membrane [184].

The protein tyrosine phosphatase (PTPase) domain constitutes the active site of
PTEN. This wide and positively charged pocket area is capable to integrate the
negatively charged, large PIP3 substrate. Located at the C-terminal region, the
PTEN type II calcium-independent (C2) domain appears to interact
nonspecifically with the cell membrane. The elaborate interaction between the C2
domains and PTPase, and their critical involvement in PTEN regulation, have
resulted in their characterization as a “super-domain” [185]. Numerous driver
mutations lead to the breakdown of the PTPase-C2 boundary, with subsequent
PTEN inactivation. The PTEN C-terminal extremity consists of a carboxyl-terminal
tail (C-tail) and a PDZ-binding domain (PDZ-BD) that acts as a protein-protein
interaction repeated pattern [181]. Premature stop codons that can remove the C-

tail are driver genetic events for tumorigenesis and tumor expansion [186].

The spectrum of potential post-translational modifications of the PTEN C-terminal
region is exceedingly heterogeneous. Phosphorylation in C-tail and C2 domains of
the C-terminal region facilitates their interaction, that results in the ‘“closed”

configuration of the phosphorylated form of PTEN.

As a consequence of this biochemical modification, the interactions between PDZ-
BD and PDZ domain-containing proteins in the cell membrane are hindered [187].
Auto-dephosphorylation reverses this conformational alteration, to “open” status,
allowing PTEN to bind to the membrane and PDZ domain-containing proteins. As
a general rule, phosphorylation events reduce PTEN activity by increasing its
chemical stability. Other post-transcriptional modifications include oxidation,

ubiquitination, acetylation, and small ubiquitin-like modifier (SUMO )ylation [188].
Downregulation of PI3K/Akt/mTOR Pathway

The phosphoinositide 3-kinase (PI3K)/Akt/mammalian target of rapamycin
(mTOR) is the most frequently upregulated pathway in human cancers [189]. It is
profoundly interwined in many aspects of cell processes, i.e., growth, proliferation,
survival, metabolism, and immune response regulation [190]. Abnormal activating

events targeting PI3K/Akt lead to a deep disruption of these processes, which
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will ultimately lead to tumorigenesis, metastasis, tumor progression, and therapy
resistance [191]. PI3Ks are grouped into three categories, based on their substrate
specificity and their structure. In specific, class I PI3Ks are a group of signal
transducers of tyrosine kinases, small GTPases and G protein-coupled receptors
(GPCRs), while class II and class III PI3Ks influence signaling indirectly by
mainly influencing membrane trafficking [192]. Activation of G protein-coupled
receptors (GPCRs), receptor tyrosine kinases (RTKs) and chemokine receptors
(CKRs), on the cell membrane by specific ligands results in autophosphorylation

on tyrosine residues [190].

The three classes of PI3K are, as a consequence, recruited and activated, leading
to the production of the second messenger PIP3 from the substrate PIP2. This
mechanism results in the recruitment of signaling proteins, including Akt, protein
serine/threonine kinase-3 and phosphoinositide-dependent kinase 1 (PDK1) [190].
This process is the core element of cell survival and the control of cell cycle
progression. Following the phosphorylation event, the serine-threonine kinases
are fully activated, either by the mTOR complexes, the PDKI1 or other kinases. Akt
is directly blocked by the dephosphorylation from phosphatase domain and
leucine-rich repeat protein phosphatase (PHLPP) [193].

In contrast, the negative regulation of mMTORCI and PIP3 function by PTEN, liver
kinase B1 (LKB1), tuberous sclerosis 1 (TSC1) and tuberous sclerosis 2 (TSC2) lead
to the indirect inactivation of Akt [194]. A significant part of the PTEN tumor
suppressor role is expressed by the negative regulation of the PI3K/Akt/mTOR
pathway [195].

Loss of PTEN influence leads to the stable activation of the PI3K/Akt signaling,
with subsequent abnormal cell survival, growth and proliferation (Figure 20). It is
important to stress, however, that another important part of the PTEN tumor-

suppressor activity is outside the PI3K/Akt axis [196].
Biochemical Functions in Cancer Metabolism

PTEN, as lipid—phosphatase acts as down-regulator of the «class I
phosphatidylinositol 3-kinases (PI3Ks) which phosphorylates phosphatidylinositol-

4,5-bisphosphate (PIP2) to conform the second messenger phosphatidylinositol-
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3,4,5-trisphosphate (PIP3) [197]. The PIP3 promotes molecular signaling, involving
the activation of AKT kinases, which act on molecular targets important for
different biological roles, like cell proliferation and regulation of cell growth,
vesicle trafficking, angiogenesis, anabolic metabolism, angiogenesis and cancer
[198]. Therefore, PTEN is critical for the control of the nutrient-responsive

signaling process involved in protein synthesis and transcription [196].

Activated AKT is a key regulator of oncogenic metabolism. It is proposed that
AKT stimulation advances the glycolytic metabolism of tumor cells. The activation
of AKT, that results from PTEN loss, stabilizes the enzyme phosphofructokinase-1
(PFK1), leading to promotion of glycolysis, cellular proliferation, and tumor
growth [199]. Phosphorylation of AKT augments cellular glucose uptake and is
crucial in inducing glucose transporter 1 (Glutl) and Glut4 translocation to the cell

membrane of adipocytes [200].

In addition, AKT activates the mTOR, a serine/threonine kinase that an important
part of two distinct complexes, the mTOR Complex (TORC) 1 and TORC2, which
directly regulate cell metabolism and growth in response to environmental signals

[201].

The mTOR pathway is one of the most disrupted signaling mechanisms in human
cancer, and constitutive activation of mTORCI is very commonly observed in
various tumors [202]. Indeed, mTOR exerts its action on many anabolic pathways
preserving cell proliferation, such as glycolysis and the pentose phosphate
pathway (PPP) and glycolysis, through regulation of hypoxia-inducible factor
(HIF)L

It also activates lipid synthesis by stimulating the transcription factor sterol
regulatory element-binding protein (SREBP)1 and nucleotide synthesis. through
regulation of the PPP and by activation of an enzyme of pyrimidine composition
[203]. The PI3K-AKT-mTOR pathways afford a critical role in cancer

development.
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This role is facilitated, through an increased number of elements within the

cascade, whose level or activity is found altered.

Recent studies propose that tumor suppression activities for PTEN are exerted at
the biochemical metabolic pathways [204]. The phosphatase function of PTEN
controls phosphoglycerate kinase 1 (PGK1) glycolytic enzyme, which is capable of

autophosphorylation.

Loss of PTEN function in cancer cells results in increased PGKI
autophosphorylation, ATP production and glycolysis, induction of cancer cell
proliferation and tumorigenesis. PTEN presents multiple functions that occur in
various cellular compartments for which the phosphatase domain is essential to
inhibit cancer development. Consequently, PTEN may serve as one of the main

targets for cancer therapy [205].
The Diverse Role of PTEN on Cell Metabolism

Cancer cells can reprogram their metabolism to preserve abnormal cell
proliferation, their survival, and long-term maintenance. The most common
characteristic of this altered metabolism is increased glucose uptake and

fermentation of glucose to lactate.

This phenomenon is discovered even in the presence of completely normal
functioning mitochondria and is known as the Warburg effect [206]. This is the

most important metabolic hallmark of cancer cells which proves that cancer cells

65



prefer the glycolysis pathway even in the presence of normal or high oxygen

tension.

Despite the fact that aerobic glycolysis is an inefficient mean of generating ATP
compared to the amount obtained by mitochondrial respiration, cancer cells
assume this metabolic reprogramming as their approach to energy compensation
[207]. The reason being, that the rate of glucose metabolism through aerobic
glycolysis is accentuated, such that the production of lactate from glucose occurs
10—-100 times faster, when compared to the complete oxidation of glucose in the
mitochondria. The amount of ATP synthesized over any specific period of time, in
cancer cells, is comparable when either pathway of glucose metabolism is utilized

[208].

In support of this concept, microarray analysis shows that genes relevant to the
glycolysis pathway exhibit increased expression, in the majority of clinically
relevant cancers. In addition, the upregulation of plasma membrane glucose
transporters and alterations in important enzymes involved in glucose utilization

have been found in many tumor types [208].

It is possible that this procedure emphasizes in the importance of avid uptake of
glucose, even when its availability is becoming depleted, because of the
continuous expansion of the tumor. Some tumors present increased expression
and activity levels of PFKI1, PFK2, hexokinase (HK) isoforms, aldolase (ADO),
enolase (ENO), phosphoglycerate kinase (PGK) and pyruvate kinase (PK) which

assist pyruvate production from glucose breakdown [209].

Inhibition of glycolysis in tumor cells is now, considered an alternative treatment
strategy for cancer patients; meaning that, drugs targeting the abovementioned
regulating enzymes in tumor glycolysis could have new promising applications

[210].

Various oncogenic pathways, like Myc, PI3K, or Ras-dependent promote
glycolysis instead of oxidative phosphorylation, while multiple tumor suppressors
such as Von Hippel-Lindau (VHL), p53 or liver kinase Bl (LKB1) negate the
“Warburg effect” [211].
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Accordingly, in vivo experiments with tumor suppressor PTEN overexpressed to
different levels, have shown mouse embryonic fibroblast (MEF) metabolic
changes, where less glucose is utilized, but it is more efficiently absorbed in the
mitochondrial Krebs cycle, consistent with an “anti-Warburg effect”. More
precisely, PTEN tg MEFs reveal higher levels of peroxisome proliferator-activated
receptor gamma coactivator l-alpha (PGCla), which is a transcriptional coactivator
that controls mitochondrial biogenesis and energy metabolism. These mice present

increased oxygen consumption and energy expenditure [212].

Moreover, MEFs exhibit an increased number of mitochondria, together with
increased ATP production and oxygen expenditure and decreased levels of lactate
secretion. All these characteristics indicate that PTEN reduces the glycolytic rate

and promotes the oxidative phosphorylation.

In summary, PTEN tg mice develop an unexpected cancer-proof and very unique
metabolic state which is the result of PTEN capability, to control metabolism at

different levels both in the cytosol and in the nucleus [213].

Glucose consumption is limited in cancer cells, by PTEN, which prevents the
expression of Glutl on cell membrane. At the molecular level, PTEN obstructs
AKT activation which regulates the localization of Glutl in the cell membrane
[208]. The regulator of glycolysis HK2, is increased by the simultaneous loss of
PTEN and p53. The process of PTEN deletion dependents on the activation of the
AKT-mTORC] and HK2 protein synthesis. In prostate cancer experimental
models with PTEN/p53-deficiency, aerobic glycolysis dependent on HK2 promotes
tumor growth [214]. Recently, it has been proposed that the regulation of
PTEN/AKT/HK2 could be targeted to overcome cancer resistance to cisplatin

treatment [215].

Additionally, PTEN reduces the levels of pyruvate kinase muscle isozyme (PKM)
2 which catalyzes the last step of glycolysis and its expression is known to be
associated to the “Warburg effect” of cancer cells [216]. The transcription of PKM2
is induced by mTOR, so that decreased levels of PKM2 are discovered in PTEN
transgenic cells. Interestingly, PTEN counteracts the glyoxalase dependent
PI3K/AKT/mTOR/p-PKM2(Y105) pathway that induces an increased glycolytic

rate and cell proliferation, in prostate cancer [217].
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Loss of PTEN, via suppression effects on anaphase-promoting complex (APC) and
its coactivator Cdhl-mediated ubiquitination, could achieve stability to the 6-
phosphofructo-1-kinase/fructose-2,6-biphosphatase isoform 3 (PFKFB3) family
member. PFKFB3 is critical for the first commitment step of glycolysis and its

activity has been implicated in cancer [206].

Glutaminolysis, as well as glycolysis, is another mainstay for energy production
and anabolism in cancer cells. PTEN loss results in a hyper glycolytic phenotype
which would render T-cell acute lymphoblastic leukemia (T-ALL) cells resistant to
Notch signaling pathway inhibition, with the fact that the aberrant activation of

Notch is present, in over 60% of T-ALL cases [218].

Moreover, the same T-cells appear less sensitive to inhibition of glutaminolysis as
a result of elevated glucose-derived carbon input to the Krebs cycle. Notably,
PTEN can control glutaminolysis as a critical point in metabolic reprogramming,

affected by Notch.

The glutaminases (GLSl and GLS2) produce glutamate from glutamine and
activate the first step, in the glutaminolytic pathway. Glutamine absorption is
reduced by PTEN due to the concomitant degradation of GLSI1, which is pro-
oncogenic; however, GLS2 is anti-oncogenic [219][220]. The oncogene Myc
upregulates GLSI while the onco-suppressor p53 stimulates GLS2 [221]. In keeping
with these data, PTEN blocks the glutaminase GLSI, further sustaining the tumor-

suppressive function of PTEN, in cancer metabolism.

In particular, studies performed on the effects of suppression of PTEN expression
by a specific miRNA, such as miR-18la, reveal increased AKT phosphorylation and
lactate production, resulting in cell proliferation [222]. Notably, miR-18la via
PTEN, is a key determining factor of metabolic reprogramming in colon cancer,

while no notable changes in the main components of mMTORC2 are identified.
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Figure 21 The multiple actions of PTEN

The Krebs cycle takes a central position in metabolism and fulfills most of cell
energy requirements by complete oxidation of acetyl-CoA, an important product
in the catabolism of carbohydrates, amino acids and fatty acids, to CO2. Recent
studies in non-transformed thyrocytes of a PTEN-deficient mouse model, revealed
that constitutive PTEN loss influences Krebs cycle and oxidative phosphorylation,
leading defective mitochondria to compensatory metabolic switch and glycolysis.
In addition, impairment of the Krebs cycle is connected to pathological conditions
such as cancer. Genetic and epigenetic modifications of Krebs cycle enzymes
encourage the shift of cancer cells from oxidative phosphorylation to anaerobic

glycolysis [223].

Moreover, recent information from transgenic mice models, that carry additional
copies of PTEN (PTEN tg) suggest that upregulation of this gene produces a tumor
suppressive metabolic state [224]. The PTEN tg mice displayed homogeneous and
systemic and homogeneous PTEN overexpression (2—3 fold higher than normal
mice) and shared remarkably overlapping phenotypes. Elevation of PTEN results
in normal metabolism indicated by elevated energy consumption and diminished
body fat accumulation (Figure 21). Cells derived from these mice prove resistant
to oncogenic alteration and exhibit reduced glucose and glutamine uptake and

elevated mitochondrial oxidative phosphorylation [224]. These data demonstrate
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that PTEN is a key nodal element for the regulation of tumorigenesis, related to
dysregulation of cell metabolism. Interestingly, PTEN plays also, a central role in
insulin-mediated oxidative stress and DNA damage in human hepatocyte cell
lines and in vivo animal models [225]. Increased levels of reactive oxygen species
(ROS), stress-proteins, and genomic damage in the liver of PTEN haplo-deficient
mice produced by a high fat diet, is advocated to further support a causative role
of PTEN in hepatic and extrahepatic tumorigenesis, observed in obese patients

[226].

Notably, in PTEN tg mice, oxidative phosphorylation is accentuated together with
the elevated amount of ROS [224]. Since, the increased expression of PTEN is
associated with cancer resistance, this increase in ROS levels can not sufficiently
produce relevant effects on DNA. Besides, it should be considered, that PTEN
promotes the transcription of genes that mediate antioxidant functions through the

Forkhead box O (FOXO)3 transcription factors [227].
PTEN modulation of DNA damage response

PTEN although, once considered a strictly cytoplasmic protein, is now proven to
be present and functional in the mitochondria, nucleus, endoplasmic reticulum,
and the extracellular space [228]. Specifically, PTEN action in the cellular nucleus
is crucial for tumor suppression, separately of PTEN phosphatase function.
However, there is gap in understanding how the dysregulation of PTEN nuclear

functions influence tumorigenesis [229].

PTEN is located within the centromere, where it normally interacts with proteins
that are important for centromere conformation and stabilization, such as
centromere-specific binding protein C (CENP-C) [230]. The stable condition of the
centromere is the result of RAD5] expression by PTEN modification. RAD51 is
considered to be a key component of the double-strand breaks (DSB) homologous
recombination (HR) DNA repair systems, so PTEN is currently viewed as a DNA-
damage response control [231]. Especially, PTEN loss can lead to DSB, through
increased Akt-mediated cytoplasmic sequestration of the checkpoint kinase 1
(CHK1). So that, in response to genome damage, PTEN loss will result in altered
G2/S arrest [232]. Additionally, it has a key role in controlling and maintaining the

integrity of various checkpoints during the GI-S and G2-M cell cycle transitions.
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Specifically, the intra-S checkpoint is a critical DNA damage stage which blocks
cell cycle progression to favor repair of DNA damage [233]. Accordingly,
radiation-induced DNA damage combined with an impaired PTEN activity, has
been linked to an accelerated transition from G2/M to GIl, while PTEN
phosphorylation leads to expedited G2-M transition [234]. Furthermore, an
additional nuclear function of PTEN participates in its interaction with p53, which
eventually leads to Gl arrest [235]. Another mediator of PTEN-related cell cycle
regulation is represented by histone acetyltransferase (HAT). The interaction that
exists between PTEN and HAT is particularly noticeable in the management of
chromatin dynamics and global gene expression. Moreover, with its C-terminal
domain, PTEN is able to bind histone HIl and to preserve a physiological

chromatin condensation [236].

The variable functions of PTEN, the input across different cellular procedures and
the interactions with various cellular components emphasize the important role

that allows scientists to address it, as a novel guardian of the genome [237].

Another important observation that establishes the function of PTEN, in
controlling DNA damage response is exhibited by its expression in endometrial
tumors. Notably, loss of PTEN expression and microsatellite instability (MSI) are
found to be two of the most common molecular alterations in endometrial
carcinoma [238]. Indeed, in the MSI mutated molecular subgroup, PTEN reveals
high mutational rates and reduced protein expression [239]. These modifications
coincide with those in phosphatidylinositol 4,5-bisphosphate 3-kinase catalytic
subunit, alpha isoform (PIK3CA), both in the mismatch repair (MMR) deficient-
MSI and the copy number-low subgroups. It has been proposed that the 5’-
polyadenosine tracts in PTEN might be a possible target for mutations in MMR-
deficient tumors[240]. Subsequently, numerous studies have disclosed that many
PTEN mutations associated with MSI-high (MSI-H) status appear with increased
frequency in the poly(A6) regions, compared to PTEN mutations that are found in
Microsatellite Stable Tumors (MSS) , particularly in endometrial cancer and
colorectal cancer [241]. In non-endometrioid endometrial carcinomas, PTEN-
retained and/or wild-type status co-occur significantly, with a preserved positive

expression of the MMR proteins [242]. Additionally, significant correlation
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between MMR proficiency, PTEN wild-type expression, and a better outcome
have been reported, in breast cancers [240]. These data can be of clinical
importance, not only for Lynch syndrome screening (e.g., endometrial cancer,
colorectal cancer) but at the same time, for prognosticating and immunotherapy
prediction (e.g., breast cancer) [243]. Genomic alterations in the MMR system are
relatively rare in breast cancer, being reported in ~2% of cases [244]. However,
this subject is ambiguous in literature, given the scarcity of diagnostics and/or
tumor-specific guidelines for MMR analysis [240]. Unlike, in endometrial and
colorectal cancers, MSI is confined to a minority of breast cancers showing MMR
protein loss [245]. Of note, MMR protein and not PTEN protein expression
present a  remarkable degree of intra-tumor  heterogeneity, by
immunohistochemistry (IHC), resulting in a possible diagnostic algorithm to

overcome this issue [183].

Recent additional data demonstrate that cell metabolism is tightly related to the
autophagic pathways. Specific enzymes such as protein kinase A (PK) A, AMP-
activated protein kinase (AMPK), and mTOR play a role in cellular energy
homeostasis and regulate autophagy process together with respiration amending
energy requests for cellular metabolism [246]. Cell proliferation is possible in
specific energy conditions affected by cellular ATP demands. Autophagy, which is,
in effect, a catabolic process, produces glucogenic and ketogenic amino acids and
is capable of fueling the Krebs cycle, at multiple entry points. Thus, autophagy
contributes to the ATP supply. During autophagy, lysosomes degrade damaged
cell elements and, in this way, precursor molecules, metabolic requests and
energy for neo-synthesis are generated. Consequently, autophagy maintains an
adaptive response through which cells tolerate unfavorable and adverse
conditions. Furthermore, autophagy appears to be a protective mechanism capable
to avoid hazardous situations in the cell (e.g., increasing ROS or DNA damage),

thus preventing cancer initiation and progression [183].

Notably, genetic manipulation that causes impaired autophagy in mice
demonstrates that tumor formation can be prevented by autophagy process. For
example, mice with allelic loss of BECLIN 1, the master autophagic gene, exhibit

increased susceptibility to tumor progression compared to wild-type mice [247].
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Although autophagy preserves tumor metabolism and expansion during Ras-
induced transformation and tumorigenesis, compelling evidence suggests that
onco-suppressors mediate autophagy process particularly, by targeting mTOR.
Specifically, AMPK, LKBI, tuberous sclerosis proteins (TSC) and PTEN induce

autophagy, equally, oncogenes that activate mTOR block autophagy [248].

PTEN is frequently mutated and ectopic expression of functional PTEN in U87TMG
glioma cells, induces the autophagic flux, in the lysosomal mass. Nevertheless,
proteasome activity and ubiquitination of proteins, are inhibited. Notably, the
effects are independent of PTEN lipid phosphatase activity on the
PI3K/AKT/mTOR signaling pathway [249]. These results suggest a novel
signaling pathway, that is mTOR-independent and by which PTEN may possibly,
act on intracellular protein degradation affecting autophagy. The molecular
constituents by which the tumor suppressor PTEN controls proteolytic systems,
related to cancer evolution could represent innovative therapeutic targets for

patient treatment [205].

Blocking autophagy, in connection with PTEN hemizygosity, permit tumor
development and an early death related to pancreatic cancer compared to
autophagy-competent mice [250]. Especially, autophagy-deficient tumors are also
PTEN-deficient but interestingly, wild-type for p53 [251]. This condition further

strengthens the crucial protective role of PTEN.

Published data show that PTEN can determine autophagy’s contribution to tumor
development by oxidative stress increase, increased inflammation DNA damage,
and metabolic reprogramming. For example, molecular pathways controlling
autophagy are affected by the cellular messenger nitric oxide (NO) produced by
distinct isoforms of nitric oxide synthase (NOS). In detail, NOSI activates the
survival of nasopharyngeal carcinoma cells through S-nitrosylation of PTEN

proteins, introduction of AKT/mTOR, and blockage of the autophagic flux [252].

Normally, autophagy effects are context-dependent to produce a tumor
suppressive or oncogenic action; there is an association of casein kinase 1 alpha 1
(CKla)-dependent autophagic pathway and the tumor-suppressor action exerted

by PTEN/Atg7 signal, in xenograft models as well as, in lung cancers [253].
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Furthermore, CKlo increases PTEN stability and activity counteracting PTEN
polyubiquitination and abolishing of PTEN phosphorylation. These events are
responsible for AKT inhibition and FOXO3a-induced transcription of Atg7. The
results of PTEN deficiency are also, investigated in hepatocyte of PTEN-deficient
mice. A decrease of autophagosome formation and maturation, inhibition of Atg
conjugation reaction and activation of insulin pathway, imply that hepatic PTEN
loss causes accordingly, relevant action on the whole mice metabolism [254].
However more detailed characterization of Atg proteins is important to improve
the understanding of autophagy defects, in the PTEN loss and cancer appearance

[255].

Loss of PTEN is crucially involved in immune resistance in cancer disease. For
example, in cancer cells and in mouse models of melanoma, PTEN knockout
negates T cells’ action on tumor cells and reduces T cell trafficking in cancer tissue
[256]. Loss of PTEN prompts a mechanism that 1is controlled by
immunosuppressive cytokines, dictating a reduction of T cells infiltration into
tumor tissue and suppression of autophagy and eventually T cell-mediated cell
death. In patients, PTEN loss correlates with worse outcomes with PD-1 inhibitor

therapy [256].

In humans, cancer evolution is commonly associated with long term
immunosuppression and chronic inflammatory diseases [257]. For example, head
and neck squamous cancers are characterized by neutrophils in inflammatory

infiltrates [258].

Neutrophils identified in mouse tumors antagonize effector T cell function, assist
in the generation of immunosuppressive T cell populations. Neutrophils also,
inhibit the lysis of tumor cells by natural killer cells (NK) or cytotoxic T cells
[259]. In mice, biallelic inactivation of LKBI, involved in starvation-induced
autophagy and PTEN, causes lung squamous cell carcinoma, displaying histologic
pattern and gene expression similar to human disease [260]. These tumors are
typical of tumor-associated neutrophils and of epithelial cell populations
expressing increased levels of the CXC chemokines. These chemokines regulate
the agility and adhesion competence of neutrophils. In addition, cancer stem cells

population exhibit enhanced tumor-propagating ability as well as increased
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expression of the immune evasion marker (PD-LIl), suggesting that these cells

possess immune evasion capacity [260].

The results are also indicative of the inefficacy of checkpoint inhibitors in these
models, a strong indicator for non-responder tumors. Moreover, a meta-analysis of
the data of non-small-cell lung cancer (NSCLC) patients treated by
immunotherapy revealed that while epidermal growth factor receptor (EGFR),
p53 and LKB mutations are not correlated with the immune response, PTEN was

found to be associated to resistance to anti-PD-1[261].

Furthermore, studies established that PD-1 may be employed as an
haploinsufficient tumor suppressive effector, in T cell lymphoma. This molecular
pathway appears to be related to the PD-1 activity which elevates PTEN levels
and decreases AKT and protein kinase C signals in premalignant cells (Figure 22).
Therefore, enhancing PTEN function could be a possible treatment strategy for
therapy of these types of cancers; for instance, checkpoint inhibitors could

reactivate T cell in lymphoma patients [262].
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Figure 22 Role of PTEN in immune response

Systemic immunosuppression was indicated in patients with glioblastoma and in
glioma animal models [263]. Particularly, glioblastomas had a decreased amount of
infiltrating T cells and harbored quite a small number of somatic mutations
compared to other tumors. Nevertheless, a considerable augmentation of PTEN
mutations, correlated with the immunosuppressive expression model, in
glioblastomas patients resistant to anti-PD-1 immunotherapy [263]. At the same

time, another study in glioblastoma reveals that expression of PD-L1 leads to an
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increase in human glioma, when accompanied by PTEN deletion as well as,

dysregulation of PI3K signal [264].
Role in Macrophages Function

Additionally, the immune response in cancer cells, involves macrophages. These
cell types become activated and initiate immune responses, after pathogens and
other noxious stimuli. The different stages of macrophage activation are defined as
M1 and M2 polarization and characterized by specific phenotypes, that are
triggered by inflammatory stimuli and affected by the cellular context [265].
Macrophages isolated from metastatic human cancers commonly present an M2-
like phenotype, consistent with the cancer-related inflammation [266]. PI3K/AKT
pathway and its downstream targets play a critical role in the activation of

macrophages [267].

Furthermore, PTEN action on various converging pathways, regulates
macrophage behavior. It is advocated, that PTEN controls macrophages’ activation
by increase of Arginase I release, that results in a hypo-inflammatory environment
[268]. Further evidence suggests, that a potent inhibitor of PTEN, VO-OHpic,
blocks adverse cardiac remodeling due to the macrophage’s polarization [269]. In
animal models treated with doxorubicin, which can trigger cardiomyopathy, pro-
inflammatory M1 macrophages are decreased, while anti-inflammatory M2

macrophages are increased [269].
Tumor Microenvironment

Tumor proliferation and metastatic process depend on intrinsic characteristics,
namely, the response of host tissue and signals arising from Tumor Micro
Environment (TME). The TME consists the extracellular matrix (ECM), blood
vessels close to cancer cells, and other non-cancer cells [270]. These stromal non-
cancer cells, comprise fibroblasts (CAFs), immune response cells such as T and B
lymphocytes, natural killer cells and tumor-associated macrophages (TAM) but,
only rarely adipocytes. Tumor cells propagate the infiltration of immune cells
inside the TME [271]. Tumor cells and tumor-infiltrating immune cells interact
with each other, subsequently immune responses proceed to inhibit tumor growth.

To this purpose, different stromal cells, CAFs and immune cells, that closely
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interact with tumor cells can produce an inflammatory response, secrete
chemokines and growth factors, and eventually promote tumor development,

progression, and metastasis [272].
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6.3 p53

p53 was discovered, during the peak of tumors linked to viral infection
research studies, as a 53 kD host protein bound to simian virus 40 large T antigen
in virally-transformed cells [273]. Initially classified as an oncogene, subsequent
data established that wild-type p53, encoded by the TP53 gene, suppresses
oncogenic transformation and growth in cell culture. Inactivating TP53 mutations
are common in tumors affecting humans and prevail in many cancers, linked to

poor patient prognosis [274].

p53 is a sequence-specific DNA binding protein that controls transcription [275].
The p53 protein comprises of two N-terminal transactivation domains followed by
a central DNA binding domain, a conserved proline rich domain, a C-terminus,
encoding its nuclear localization signals and an oligomerization domain necessary
for transcriptional activity (Figure 23). In keeping with, the importance of p53-
mediated transcription in tumor suppression, the majority of tumor-derived TP53

mutations appear in the region encoding p53’s DNA binding domain [276].
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Figure 23 p53 structure

In physiological cells, p53 protein is limited at low levels by a number of
regulators including MDM2. MDM?2 functions as a p53 ubiquitin ligase to
expedite its degradation [277]. Nevertheless, p53 is stabilized in response to
numerous cellular stresses, including replication stress and DNA damage
produced by deregulated oncogenes. Processes leading to p53 activation can be

exogenous stimulus-dependent: for example, DNA damage promotes p53
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phosphorylation, blocking MDM2-mediated degradation, while oncogenic
signaling activates the ARF tumor suppressor to inhibit MDM2 [278, 279].

Initial studies from the early 1990s disclosed that p53 is critical for a reversible
DNA damage-induced Gl phase checkpoint that is mediated, in part, by its ability
to transcriptionally activate the p2l cyclin-dependent kinase inhibitor gene,
presumably facilitating DNA repair prior to further cell division [280]. In certain
circumstances, p53 activates cellular senescence, a long lasting, if not permanent
cell cycle arrest mechanism, that also requires the retinoblastoma (RB) gene

product [281].

p53 can also trigger apoptosis, relying on the induction of pro-apoptotic BCL-2
family members whose action facilitates caspase activation and cell death [282].
Why p53 activates cell cycle arrest in some cell types and apoptosis in others is
not completely understood. The conditions under which, p53 can be activated to
arrest or eliminate pre-malignant cells, have guided current investigations, as to
why p53 is such a potent tumor suppressor. Its ability to arrest or discard cells
following DNA damage suggests that it might prevent cancer initiation by
blocking the accumulation of oncogenic mutations [283]. In line with this idea, p53
loss indirectly favors tumorigenesis by increasing the number of mutations in
surviving daughter cells. At the same time, the ability of p53 to arrest proliferation
in response to aberrant oncogene expression implies a role in containing the

consequences of oncogenic mutations.

Therefore, p53 loss directly enhances cancer development by allowing oncogene-
expressing cells to proliferate undisturbed, explaining why TP53 mutations
cooperate with oncogenes in cell transformation [284]. In both models, p53
functions as the “guardian of the genome” to limit the harmful consequences of
mutation [285]. Although, this long-established view delivers the basic conceptual
framework, as to why TP53 mutations are so frequent in human tumors, more
recent work delivers a far more detailed picture of p53 action that underline its
context-dependent regulation and the broadly diverse ramifications of its

activation.

Upon DNA damage, p53 is activated to either promote the disintegration or repair

of damaged cells, ultimately eliminating their risk of propagating mutations. DNA
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Damage Response (DDR) kinases phosphorylate p53 thus, driving cell-cycle
arrest, senescence, cell-cycle arrest, or apoptosis [286]. In addition, p53 regulates
DNA repair by activating target genes that encode components of the DNA repair
mechanism, as demonstrated by p53-null cells, that are defective in certain DNA
repair activities in vitro [286]. While TP53 mutation can correspond with patterns
of specific co-mutated genes and single nucleotide variants, what is interesting, is
that the association between TP53 mutation and copy number variation (CNVs) is

strong and universal in a pan-cancer analysis [287].

Also, cancers possessing TP53 mutations are typically aneuploid, with substantial
alterations in the numbers of whole chromosomes [287]. Various biological
explanations for this correlation have been proposed, but one mechanism
contributing to this relationship is the ability of p53 to control processes in G2/M
transitions [288]. For example, p53 loss disassociates the spindle assembly
checkpoint by derepressing MAD2, resulting in an increased rate of chromosome

missegregation and tetraploidization [289].

Regarding tetraploid cells, p53 loss results to an increased rate of multipolar
mitoses and subsequent chromosome missegregation [290]. An alternative
explanation of how p53 works, is the ability of p53 to restrict chromosomal
instability through destroying cells at risk of aberrant mitoses, especially following
centrosome amplification and/or telomere dysfunction [291]. Extra centrosomes
lead to Hippo signaling pathway upregulation that, in turn, activates p53 by
inhibiting MDM2 [292]. Accordingly, TP53 mutations are correlated to whole
genome doubling events in human tumors [293]. More studies suggest that p53
deficient cells are better at tolerating proteomic stress produced by aberrant gene
dosage, yet others suggest that p53-mediated destruction of aneuploid cells is
more productive against structural aneuploidy than it is against whole
chromosome imbalances, implicating the role of DDR in response to chromosome
shearing [294, 295]. Therefore, it appears that the loss of p53 both facilitates the

accumulation and permits the survival of aneuploid cells.

p53 also, appears to restrict a specific type of chromosome shattering, a massive
genomic rearrangement event, known as chromothripsis. After p53 and RB gene

inactivation, cells that bypass replicative senescence can proliferate despite
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telomere erosion [296] . Failure at this checkpoint, telomere dysfunction initializes
chromosome breakage-fusion-bridge cycles that lead to chromothripsis [297].
Although, the extent to which chromothripsis endorses tumorigenesis remains an
unanswered question. This phenomenon is significantly more prevalent in tumors

harboring TP53 mutations [298].

An unexpected way in which p53 assists in maintaining genomic integrity is by
suppressing retrotransposons. Retrotransposons are latent virus-derived genetic
products, whose aberrant expression can promote mutagenesis, through their
mobilization and re-insertion across the genome [299]. Experimental studies in
activation of mobile elements in drosophila induces DNA double strand breaks
and p53-mediated apoptosis that could, theoretically, reduce their mutagenic
effects [300]. However, recent evidence suggest that the association between p53
mutation and retrotransposon expression is more than simply an elimination
effect. Indeed, p53 binding to target sites within Long Interspersed Nuclear
Elements (LINE) and other transposon sequences are associated with their
downregulation [301]. p53 mediated repression is dependent upon epigenetic
silencing of retrotransposon loci and not apoptosis, and derepressed
retrotransposons are capable of reintegration into the genome, promoting

mutagenesis [302].

Genomic analyses have disclosed that retrotransposon mobilization is frequent in
human cancers [303]. While the precise impact is still undetermined, there is a
significant correlation between repeated element expression and p53 condition in

mouse and human tumors [304].

The immediacy with which p53 loss collaborates with oncogenes to transform cells
is indicating that genomic instability is not absolutely necessary, for tumor
initiation [281]. However, the genomic instability that is fueled by p53 loss,
enables acquisition of additional instigating events with the potential to enhance
transformation, metastasis and drug resistance [305]. The same way, species’
diversity in an ecosystem, is related to its robustness, subclonal diversity and not
the total number of mutations in a tumor, determines the resilience of a cancer
cell population under changing, adverse conditions and challenges. Therefore, p53

inactivation may be unique in its ability to both accelerate genomic instability (by
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increasing the rate of new variants) and allow survival of a wider pool of genetic
configurations (decreasing the likelihood of extinction of variants) [306]. These
observations underline the possibility that p53 inactivation contributes to

intratumoral heterogeneity.

As if regulating genome integrity, apoptosis and cell cycle arrest were not enough
functions for a single gene, a continuously growing body of evidence proposes that
p53 also regulates additional “non—canonical” programs that contribute to its
effects [307]. As examples, p53 can modulate metabolism, autophagy, repress
pluripotency and cellular plasticity, and initiate an iron-dependent form of cell
death, that is known as ferroptosis [308]. Even low, basal levels of p53 can
reinforce various other tumor suppressive networks [309]. Hence, a take-home
message is that the p53 response is remarkably flexible and depends on the cell
type, its differentiation state, collaborating environmental signals and stress

conditions.

The numerous functions of p53 are dependent in its ability to regulate distinct
sets of its many target genes [310]. For example, observations that apoptosis and
cell cycle arrest are associated with upregulation of p2l or pro-apoptotic Bcl-2
proteins, respectively, conceal the fact that the global transcriptional response to
p53 activation involves many other potential modifiers of the metabolic outcome
[311]. Historically, genes have been implicated as p53 targets if p53 binds their
locus and the mRNA is induced [312]. The nature of p53 targets identified,
provides strong confirmation that non-canonical processes including ROS control,
tissue remodeling, autophagy, and metabolism are valid processes controlled by

p53 [3131].

Attempts to identify a universal set of p53 target genes have failed. Meta-analyses
from 16 genome-wide datasets revealed that about 60 genes were implicated as
common targets [314]. It is noteworthy, that the surveys explored a restricted
number of different cell types and applied specific methods for p53 induction.
However, a key point is that cellular environment and variable stimuli induce
transcription of qualitatively separate sets of genes and not just different levels of

the same set of genes. It appears simplistic to expect that oncogene expression in
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different tissues (for example, KRAS activation in pancreas, colon, and lung)

would provoke an identical p53 transcriptional response [315, 316].

Furthermore, one would not hypothesize, that the p53 output produced by DNA
damage would exactly reflect the gene expression signature induced by oncogene
activation, even in a single cell type [317]. In spite of existing data, indicating that
p53 can, in principle, regulate a wide variety of biological processes, the
physiological conditions, in which one or more procedures predominate, are not
completely understood and merit more systematic study [313]. Cellular
metabolism is a non-canonical p53-controlled process, that has received a lot of
attention. The group of metabolic target genes regulated by p53 affects many
individual processes. p53 is noted, to increase anti-oxidant activity, glutamine
catabolism, promote fatty acid oxidation, downregulate lipid synthesis, or
stimulate gluconeogenesis [318]. p53 can also have contrasting actions, on the
same metabolic processes, depending on the cell type. For instance, in breast and
lung cancer cells, p53 negates glycolysis by attenuating glucose uptake or
repressing the expression of glycolytic enzymes [319, 320]. On the contrary, in
muscle cells, p53 induces glycolytic enzymes [318]. At the same time, p53 typically
increases but can also decrease flux across the tricarboxylic acid (TCA) cycle [321,
322]. Taken into account, these results propose that p53 can control variable
aspects of metabolism that produce specific, unique and even factors have yet to

be identified [323].

While it is frequently considered that each p53 effector function is a standalone
procedure, there is increasing evidence that collaboration between separate input
and output pathways is more crucial, than previously recognized. For example,
cellular senescence, driven by p53, may be supported by activation of autophagy
[324]. Modifications in p53 regulation of metabolism undoubtedly contribute to
autophagy, apoptosis and ferroptosis [325]. Under specific conditions, p53-
mediated processes can evidently be antagonistic. For example, autophagy has the
ability to delay apoptosis by reducing levels of p53 Upregulated Modulator of
Apoptosis (PUMA) [326]. However, in situations, where p53 fails to repress

glycolysis, autophagy is not effectively engaged and apoptosis is then favored. In
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these examples, interaction between unique biochemical processes controlled by

p53 elicits different biological results [327] .

The basic mechanism underlying the ability of p53 to induce different biological
outputs remains elusive. It is certain that, p53 can control qualitatively different
programs that result to different biological outcomes, depending on cell type and
stimulus. A possible mechanism, for qualitatively moderating biological p53’s
responses, involves stimulus-dependent, post-translational alterations (PTMs) that
can modify p53 affinity for different target genes; for example, acetyl-p53 (K120)
or phospho-p53 (S46) stimulates apoptosis, whereas PRMT5-methylated p53
activates p2l more efficiently than apoptotic genes [328]. A broad array of other
PTMs at many different sites in the p53 protein have been described to not only
modify protein stability, but also influence target gene bias, such as SUMOylation,
glycosylation, and prolyl isomerization. Furthermore, one post-translational
alteration can increase acquisition of another, thus unlocking additional layers of
regulation of protein to protein interaction, protein stability and biasing DNA-

binding toward select target genes [328].

p53 induction can produce either a steady signaling output, or a signaling that can
oscillate in subtle waves; remarkably, the kinetics of its expression, independent
of maximal p53 protein levels, can determine cell fate in response to genotoxic

stress [329].
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p53 activation kinetics can be interpreted as target gene bias, due to differences in

p53 binding and dissociation rates at specific target loci. Therefore, the p2l
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promoter appears sensitive to short pulses of p53 activity whereas the pro-
apoptotic p53 target FAS ligand, is not [330]; consequently, a short pulse drives
proliferative arrest but a sustained signal induces apoptosis (Figure 24). Perhaps,
some p53-driven stress responses initiate a short-term repair and salvage program
that, if necessary, reaches a tipping point that converts to cellular self-destruction

[317].

Several factors determine how the cell utilizes p53 actions. For example, cell
lineage can be a large determinant in the event of a hypothetical tipping point
between alternate cell fates. First, cell type and state specific chromatin
modifications may make particular genes more or less accessible to p53
transactivation [331]. Transcriptional repressor CTCF insulates the PUMA locus
from repressive histone modifications under certain conditions, governing whether

PUMA is expressed and apoptosis occurs [332].

In Embryonic Stem Cells (ESCs), p53 can be stimulated to bind to the p2l
promoter, but p2l is not efficiently activated, on account of repressive histone
H3K27me3 marks, dependent on cell-type-specific, at the locus [333]. The p53
target range can be modified by cooperation or antagonism with other
transcription factors, such as NF-kB and FOXO, whose levels and occupancy are
also context-dependent [334]. The same transcriptional output may have multiple
effects depending on the state of the cells. ATM serine/threonine kinase signaling
protects cells from p53 mediated apoptosis. This action is accomplished, not by
changing p53-driven transcriptional output, but by blocking autophagy and in this

way, maintaining mitochondrial homeostasis and suppressing ROS levels [335].

Together, these considerations suggest that p53 response is not just an “on-off”
switch. In the contrary, cell destiny is the result of a rich collection of p53-driven
stress responses. Obviously, p53 is rooted in a densely populated and
interconnected network of regulators and effectors that allow for a flexible p53
response. The result is, a response coordinated to match cell type and
microenvironment, at the time of activation [306]. In conclusion, cellular context
(activating signal cell type, tissue microenvironment, epigenetic state) is critical to
both the biochemical aspects of p53 actionability and the biological outcome of its

response, as well.
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Various elements of the p53 pathway regulate the production-utilization of several
classes of metabolites including lipids, amino-acids and nucleotides. Increasing
evidence indicates that it contributes to many adaptive responses to changes in

nutrients and oxygen availability [336].
Mitochondrial Functions of p53 Pathway

Mitochondria, the power producing factory of the cell, serves as a metabolic hub
that integrates multiple signals, originating from the p53 pathway. The p53
protein controls various mitochondrial functions, including integrity and
replication of the mitochondrial DNA, activity of the electron transport chain
(ETC), mitochondrial architecture and dynamics, as well as the flow of numerous
metabolic pathways, that take place in mitochondria [337]. Different research
studies have confirmed the localization of p53 in mitochondria, where it directly
regulates mitochondrial respiration as well as cell death, independently of its
transcriptional functions [338]. More recently, mitochondrial pools of MDM2,
MDM4, ADP ribosylation factor (ARF) and polycomb complex protein BMII have
also been described [339-342]. Mitochondrial MDM?2 regulates the function of the
ETC and controls mitochondria network dynamics, independently of p53.
Therefore, in response to hypoxia or oxidative stress, MDM?2 translocates to the
mitochondrial matrix, where it preferentially binds to the Light Strand Promoter
(LSP), causing transcriptional repression of NADH-Dehydrogenase 6 (MT-ND6), a
gene from the mitochondrial genome, encoding a necessary complex I subunit, of
the ETC. This mitochondrial function of MDM2 is present, both in p53-proficient
and in p53-deficient cells and does not involve its ubiquitin E3 ligase activity

[340].

The recycling of damaged mitochondria, is activated, when mitochondrial
membrane potential is altered and respiration is inefficiently conducted. This
physiological process, called mitophagy, is regulated, at least in part, by PARKIN,
a ubiquitin E3 ligase that ubiquitinates MITO- FUSINI on the mitochondrial outer
membrane. MDM2 and PARKIN directly interact to accelerate PARKIN
enzymatic activity (self-ubiquitination and MITOFUSINI ubiquitination), thereby

promoting mitophagy [343]. Notably, the connection between the p53 pathway
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and PARKIN extend to p53-mediated regulation of PARKIN transcription and to
p53-PARKIN protein-protein interaction [344, 345].

Finally, p53 also controls SPATAI8 (known as MIEAP) transcription. MIEAP gene
product is involved in intramitochondrial lysosome-like structures that eliminate
oxidized mitochondrial proteins and thus, improving mitochondrial functions
[346]. These facts reinforce the belief that the p53 network plays a key role in
quality control and mitochondria turnover. Other important regulators of the p53
pathway control mitochondrial functions, beyond their effects on p53. For
instance, BMII represses the transcription of genes (Alox5, Alox15, Cyp24al,
Cyp26al, Bnip3l, Pmaipl, Duoxl, Duox2, Cdol), encoded by the nuclear genome
[336]. This particular array of genes influences mitochondrial function and redox
homeostasis. In accordance, cells isolated from Bmil knock-out (KO) mice exhibit
impaired mitochondrial respiration and a significant increase in the intracellular
levels of reactive oxygen species (ROS), resulting in the engagement of the CHK2-
dependent DNA damage checkpoint [347]. BMII involvement in metabolism also
includes its mitochondrial localization where it directly regulates polynucleotide
phosphorylase, a ribonuclease that is responsible for mitochondrial RNA (mtRNA)
transcripts degradation. Thus, mtRNA homeostasis and bioenergetics are
regulated [342]. Furthermore, the versatile protein E4Fl, with its intrinsic
transcriptional activity, controls the gene expression responsible for encoding a
complex I subunit (Ndufs5) or an element of the mitochondrial import machinery
(Tomm?7), as well as gene groups involved in cardiolipin (a mitochondria-specific
phospholipid) biosynthesis and maturation or in pyruvate oxidation,

independently of its actions on p53 [348].

Genetic inactivation of E4fl transcription factor, in murine transformed fibroblasts
impacts on oxygen consumption and other metabolic pathways that are
compartmentalized in mitochondria, confirming that this E4FIl-controlled

transcriptional program strongly influences cellular metabolism [348].

Lastly, the MDM4 oncoprotein and the N-terminally truncated isoform of the ARF
tumor suppressor that is produced upon translation induction, at an internal in-
frame AUG codon, at position 45 (called small mitochondrial Arf or pl5smArf),

have both been identified, in mitochondria [339, 349]. Despite the fact that, these
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mitochondrial sources of MDM4 and ARF were originally associated to the
control of cell death, it could be that, similarly to other components of the p53
pathway displaying mitochondrial localization, they also contribute to various
mitochondrial activities, involved in metabolism. Collectively, these studies
propose that the p53 pathway is firmly connected to mitochondria functions to fine

tune metabolism [336].
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Pyruvate Metabolism

Pyruvate is a central metabolite involved in both glycolysis and Oxidative
phosphorylation (Oxphos) [350]. Pyruvate is transported in mitochondria to
facilitate the tri-carboxylic acid (TCA) cycle and sustain mitochondrial respiration.
Also, Pyruvate contributes to various anabolic pathways supporting the de novo
fatty acid and cholesterol synthesis, nucleotide metabolism and gluconeogenesis
(Figure 25). One critical enzyme of pyruvate metabolic pathway, is the pyruvate
dehydrogenase (PDH) complex (PDC), a large multi-subunit metabolic enzyme
that converts pyruvate into Acetyl-Coenzyme A (AcCoA) in the mitochondrial
matrix [351]. Reduced PDC activity reroutes pyruvate metabolism towards lactate
or alanine production by the lactate dehydrogenases (LDH) and alanine amino-
transferases (ALAT), respectively [350]. The p53 pathway is connected to the
PDC, at many levels [352]. While, p53 was shown to suppress the transcription of

PDK2, a gene encoding an inhibitory kinase of the PDC, MDM2 repression
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preserves the protein levels of dihydrolipoamide dehydrogenase (DLD), the E3
subunit of the PDC [353].

Furthermore, the MDM2-DLD complex shuttling, between the cytosol and the
nucleus is controlled by the pharmacological inhibitor Nutlin3A, which regulates
p53-MDM2 interaction [354]. The tight connection between the p53 pathway and
pyruvate metabolism are demonstrated by studies, disclosing that p53 and MDM?2
are part of a regulatory network in pancreatic beta cells, controlling the activity of
pyruvate carboxylase (PC) and thus, influencing glucose-stimulated insulin
secretion and glucose homeostasis [355]. In summary, these data suggest that the
p53 pathway is closely linked to pyruvate metabolism in many cell types and that
disturbance of this complex network contribute to various human diseases,

including inborn metabolic disorders, type-II diabetes, and cancer [338].
Amino-Acid Metabolism

p53 has been linked in many aspects of serine/glycine, glutamine and proline,
metabolism. It appears p53-deficient cells are more sensitive to serine/glycine or
to glutamine deprivation [356]. The regulation of MDM2 subcellular localization is
also involved in amino-acid metabolism, as described by data, showing that
MDM2 is engaged to chromatin, independently of p53 in order to control genes,
involved in glutamine/glutamate, as well as serine/glycine metabolism [357, 358].
Chromatin-bound MDM2 by binding to the ATF4 transcription factor, activates a
transcriptional program involving several genes, encoding transporters that
regulate serine uptake (SLCIA4). or its intracellular processing (SERINCI) [357].
The same transporters regulate as well, enzymes involved in de novo serine
synthesis, an anabolic reaction that transforms the glycolytic intermediate 3-
phosphoglycerate (3PG) into serine through a multi-step enzymatic cascade
implicating phosphoserine aminotransferase 1 (PSATI), phosphoglycerate
dehydrogenase (PHGDH) and phosphoserine phosphatase (PSPH) [359]. MDM2
recruitment to chromatin is initiated by oxidative stress, serine and glycine
deprivation, or upon inhibition of the M2 isoform of pyruvate kinase (PKM2), a
glycolytic enzyme for which serine is an allosteric activator [360]. MDM?2
recruitment to chromatin, involving its central acidic domain, most likely with

conformational changes, occurs independently of its E3 ligase function. It is
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inhibited by its phosphorylation on serine 166 and threonine 35l. An event
regulated by the glycolytic enzyme PKM2 [357]. Surprisingly, chromatin-bound
MDM2 and p53 exhibit antagonistic actions on the transcription of genes involved
in serine metabolism [361]. Therefore, whereas MDM2 initiates the transcription
of SERINCI, SLC1A4, PSATI], , PHGDH and PSPH, p53 is found to deactivate the
PHGDH promoter. Thus, illustrating the complex interactions between the p53
pathway and serine metabolism and the p53 pathway [361]. Serine/glycine and
glutamine/glutamate metabolism influence numerous anabolic pathways,
including glutathione (GSH) and nucleotide biosynthesis [362]. Chromatin-bound
MDM2, according to its role in these metabolic pathways, was shown to affect the
redox status of both cancer and cells, through the modulation of glutathione

recycling and recycling.

The idea that MDM2 is a key regulator of serine metabolism was recently
confirmed in liposarcomas (LPS), a sarcoma subtype typical of a systematic
amplification of MDM2 [363]. Notably, LPS, but not other sarcoma subtypes,
exhibit elevated levels of chromatin-bound MDM2. These data confirm, that the
selective pressure for MDM2 amplification in LPS is powerful and most likely
mirrors its central role in serine metabolism to maintain nucleotide synthesis, in

these highly proliferating cancer cells [363].
Lipid metabolism

An important element of p53 metabolic activities is revealed, through its multiple
roles in lipid transport and storage, in cholesterol and sphingolipid metabolism, in
fatty acids biosynthesis and their desaturation, as well as in fatty-acid oxidation
(FAO). Furthermore, different groups have reported that p53 interferes with
adipocyte differentiation [364]. It is intriguing that, MDM2, MDM4, and BMII are
also, associated with lipid metabolism and adipocyte differentiation, supporting
the idea that the entire p53 metabolic pathway is vital for lipid homeostasis in
distressed and cancer cells, as well as in normal tissues [365](Figure 25).
Confirmation of p53-mediated control of lipid metabolism was demonstrated by
using genetically engineered mouse models displaying altered MDM2 or MDM4
activity. In detail, mice harboring the Mdm2C305F allele, which encodes a mutant

manifesting impaired binding to the RPL1l and RPL5 ribosomal proteins,

90



demonstrate defective response to nutritional distress, because of their inability to
control p53-mediated modulation of FAO [366, 367]. A particular analysis of
Mdm4 Knock-Out mice displaying a p53 acetylation mutant, harboring lysine to
arginine (K to R) substitutions on the key lysines 117, 161, and 162 of its DNA
binding domain (also called p533KR) is another example of the links between the
p53 pathway and fatty acid synthesis. This p53 mutant is unable to induce
apoptosis, cell cycle arrest, and senescence, but remains competent for its
metabolic activities [368, 369]. Interestingly, these Mdm4KO; p533KR compound
mice are resistant to high-fat diet (HFD)-induction of obesity, a phenotype that is

considered to be influenced by enhanced FAO.

At a molecular level, this result was associated to the transcriptional regulation of
Long-chain fatty acid elongase 3 (Elovl3), a p53-target gene affecting adipocyte
cell fate and energy expenditure [369]. Notably, MDM2 and BMIl were also
suggested to regulate adipocyte cell fate, independently of p53. This MDM?2
function was linked to its ability to control cAMP-mediated initiation of
CCAAT/enhancer-binding protein delta (C/EBPA) expression, by promoting the
recruitment of the cAMP regulatory element-binding protein (CREB)-regulated
transcription coactivator (CRTC2) to the ¢/EBPA promoter [370]. In addition, the
polycomb member BMII blocks adipogenesis of bone marrow stromal progenitors
in the hematopoietic stem cell niche, an action accomplished through the
epigenetic control of a PAX3-regulated developmental program. This is clarifying
the Cdkn2a-independent cell-extrinsic results of BMII deficiency on hematopoietic
stem cell maintenance [371]. Therefore, these effects suggest that the p53 pathway
exerts multiple functions affecting lipid homeostasis and adipocyte cell fate. These
p53 attributes have a major impact on tissue homeostasis, metabolic diseases,

aging, and cancer development.
Iron Metabolism

Regulating iron levels is crucial for cell survival, and iron overload facilitates
carcinogenesis. p53 and MDM?2 are important in a complex network affecting iron
uptake, storage, and usage, both at the systemic and the cellular levels [372]. p53
controls the transcription of several key iron regulators including Hepcidin

(HAMP), iron-sulfur cluster assembly enzyme (ISCU), Ferredoxin reductase
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(FDXR), and Frataxin (FXN) [373-377]. Furthermore, its activities are directly
regulated by intracellular iron levels [378, 379]. Changes in free iron levels also
control MDM2 mRNA levels and protein expression, partly, through the binding
of IRP2 to the 3 untranslated region (3 UTR) of MDM2 mRNA, thus interfering

indirectly with p53 protein stability [380].

The connection between high iron levels and enhanced MDM?2-mediated
degradation of p53 in hepatocytes may result in the increased risk of
hepatocellular carcinoma in patients suffering from chronic liver disease [380].
Ferroptosis is an important biological process, linked to the regulation of iron
metabolism by the p53 pathway. This iron-dependent cell death mechanism is
connected to lipid peroxidation [381]. The transcriptional and the non-
transcriptional control on inducers and regulators of ferroptosis is a well-
recognized role of p53. Recent work revealed that MDM2 and MDM4 interfere
with the ability of cells to strengthen their defenses against lipid peroxidation
[382]. Inhibition of MDM2 and/or MDM4 permits cells to accumulate endogenous
lipophilic antioxidants such as Coenzyme Ql0 (CoQ), an effect mediated by
PPARa and FSPI [383]. Of note, p53-mediated regulation of the mevalonate
pathway has also been identified to contribute to CoQ biosynthesis, indicating that
p53, MDM2, and MDM4 control synergistic metabolic functions, converging on

this key metabolite [384].
p53 and Hypoxia pathway

Cells modify their metabolism according to changes in oxygen and nutrient
availability. Reduced oxygen concentration activates a complex cellular response,
coordinated by the Hypoxia-Inducible-Factor (HIF) transcription factors, as well
as other components of the p53 pathway [385]. This biological procedure involves
numerous metabolic alterations during which p53 and MDM2 and MDMA4,
regulate the activity of the Electron Transport Chain (ETC) and the accumulation
of ROS, as well as the amount of anti-oxidant molecules to influence cell survival.
Initially, HIFla, the regulating partner of this heterodimeric transcription factor,
was shown to stabilize p53, by directly binding to it. [386]. Other pathways
leading to p53 activation have been proposed, as well, such as HIFla interaction

with MDM2, a process that inhibits MDM2-mediated degradation of p53 and
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which bridges p53 to HIFla [387]. MDM2 is downregulated, upon its
phosphorylation by the p38 mitogen-activated protein kinase. contributing to p53

activation in hypoxic neuronal cells [388].

Additionally, a proteomic study identifying new partners of the von Hippel
Lindau (VHL) tumor suppressor, which is an important component of the
ubiquitin E3-ligase complex that mediates proteasomal-mediated degradation of
HIFs, characterized ARF as a partner of the long isoform of VHL. ARF appears to
be interfering with the E3 ligase complex containing VHL, thus enhancing its
interaction with the arginine methyl- transferase PRMT3 which methylates p53
[389]. Several other essential factors of the p53 pathway may also mediate the
cellular response to hypoxia, independently of p53. As previously reported,
MDM2 translocation to the mitochondrial matrix can lead to repression of the MT-
ND6 transcription and thereby, specifically impacting on complex I activity [340].
There is substantial evidence, that associates uncoupling of the ETC to the
production of mitochondrial ROS by complex I and/or complex III [390]. In
accordance with its role in the regulation of complex I activity in hypoxic cells,
enhanced recruitment of MDM2 to the mitochondria results in increased
mitochondrial ROS levels. Furthermore, mitochondrial MDM2 displays a
physiological action in muscular cells in response, to low oxygen levels [391]. In
experimental studies, mice MDM?2 and p53 deficient in their skeletal muscles,
exhibit high ND6 levels that correspond to higher complex I activity, and
subsequently, MDM2. p53 double KnockOut (KO) animal models display
increased muscular endurance in mild hypoxic conditions when compared to p53
KO mice [340]. Of note, increased mitochondrial-MDM2 levels result in
enhancement of the migratory and invasive potential of cancer cells [340]. These
data suggest, that mitochondria-MDM2 could also, increase cancer cell
aggressiveness, in tumoral hypoxic areas. Whereas, ARF counteracts hypoxia-
induced migration of cancer cells, through its direct binding to the COOH-
terminal binding protein (CtBP) family of metabolically-regulated transcriptional,

co-repressors [392].

In addition, MDM4 appears also, to play an important part in modulating p53

functions, in hypoxic conditions. A process that involves MDM4 phosphorylation
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by the CHKI kinase and its subsequent sequestration in the cytoplasm by the
14.3.3 protein. Hence, these data suggest that many components of the p53

pathway contribute to coordinate the cellular response to hypoxia [393].

It is intriguing to consider, how and why did the p53 network evolved. The
majority of tumors appear after reproductive age, suggesting that the TP53 gene
did not originally, evolve to prevent cancer [394]. Furthermore, although it seems
surprising, the neonatal p53-null mice seem initially normal, given the diverse
outputs of the p53 network. Genes that share resemblance to TP53 by sequence
and induction, following DNA damage are also, discovered in simple invertebrates
(including worms sea anemone and choanoflagellates), that are not susceptible to

cancer [395].

These genes, like mammalian p53, initiate apoptosis in response to stress but, in
contrast to mammalian p53, they are expressed mainly, in germline stem cells. It
appears that, protection of the germline is crucial and evolved further to suppress
emerging tumors, at adult life [300]. A closer look at p53, beyond the germline,
focusing on the consequences of its disruption, suggests that it has a significant
part in embryonic development. In essence, multicellularity is a necessary
compromise between the cells of complex organisms. The most thriving individual
cell organisms prevail over populations of single cell organisms, whereas
multicellular organisms mandate cellular collaboration, at the expense of
competition and antagonism, to maintain coordinated and specialized functions
[396]. The necessity for cooperation starts early, in embryonic development,
where p53 blocks proliferation of individual “cheater” cells, noted in chimeric
blastocysts upon p53 knockdown and following positive selection of spontaneous
TP53 mutations detected in commonly used human Embryonic Stem Cell lines
(ESC) [397]. Tight control of DNA methylation by DNMT and TET family enzymes
involves p53 and it seems that epigenetic influence, leads to clonal heterogeneity
in p53-deficient ESC colonies. Downregulation of p53 protects cultured cells from
apoptosis, caused by DMNTI deficiency and subsequent genomic demethylation,
supporting the notion of p53 can sense and respond to perturbations in the

epigenome [398].
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Besides, restricting abnormal clonal outgrowth, p53 also controls target genes that
accomplish specific biological requirements in embryonic development, such as
LIF, which is important for effective mammalian embryo implantation [399]. Trp53
knockout mice display a variety of low-penetrance and tissue-specific
developmental anomalies in the eyes, neural tube and testes [400]. p53 orthologs
in more primitive species appear to exhibit conserved non-canonical p53 actions.
For instance, promoting redox control and survival are regulated by p53, in
simple organisms [308]. Similarly, the ortholog Lvp53 is expressed in the somatic
cells of the shrimp, where cross-talk with NF-kB eradicates virally infected cells
and activates innate immunity [401]. These observations support the notion that
the p53 family is critical, in promoting cell survival or resisting infection.
Therefore, it appears that, the p53 network developed diverse physiological roles

before its implementation for tumor suppression.

Despite the fact that, p53 protein sequence itself is fairly conserved in higher
eukaryotic organisms, the domains involved in p53 regulation on the N- and C-
termini and the onward p53 response are subject to continuous evolutionary
pressure [402]. Indeed, many p53 response elements display remarkably low
conservation compared to other transcription factor recognition sites [403].
Another way that illustrates the p53 network evolution, is its ability to increase
gene dosage. The fact that, elephants have acquired up to 20 TP53 retrogenes may
provide an explanation, at least in part, as to how an organism with such a large
body size and considerable longevity, is not prone to high cancer risk [404]. It
seems only suitable, that a more detailed investigation of the elements that have
been selected and counter-selected in p53 biology during evolutionary continuity,
will be able to provide more detailed insight into the biological processes that are

important, for tumor suppression.

There is considerable evidence that p53 has complementary roles in non-
pathological tissue homeostasis. It has been illustrated, that p53 function seems to
be connected to stem cell biology and their differentiation in the cells of higher
organisms. For example, in stem cells and progenitor cells of the hematopoietic
system, liver, brain, and breast, p53 restricts cellular self-renewal [405-407]. It

evident therefore, that p53 is governing transition between cell states, limiting

95



cellular plasticity and at its most extreme, it restricts the ability somatic cells
possess, to undergo epigenetic reprogramming, if required, into induced
pluripotent stem cells [313]. The induced Pluripotency promoting (iPS) factors
Oct4 and KLF4 repress p53, and inversely, p53 activity opposes the efficiency of
iPS cell reprogramming [408].

A practical application of the previously mentioned principles, can be observed in
tissue regeneration and the wound-healing response, a complex process that
involves waves of inflammation, angiogenesis, extracellular matrix (ECM)
remodeling, tissue regeneration and fibrosis to prevent infection and repair tissue
damage. During the initial proliferative phase of tissue regeneration, mitogens are
activated and p53 must be downregulated to permit tissue remodeling [409]. By
initiating cellular senescence, p53 enhances the release of secretory factors that
enable resolution of fibrosis and organize ECM remodeling [410]. Notably, the
necessity for p53 to control plasticity seems to be evolutionarily conserved,
demanding the synchronized suppression and unsuppression of p53, as evidenced

during salamander limb regeneration [411].

It is interesting, that the physiological and developmental functions of p53 are
tightly connected to the cancer-associated phenotype of p53 loss [412]. Avoiding
terminal differentiation is a pivotal step in malignant transformation and p53 loss
may be one available pathway to debilitate this innate barrier to tumorigenesis. In
support of this observation, an embryonic stem cell-like gene signature is noted in
p53-mutant breast cancer [413]. By interfering with differentiation, incipient TP53
mutations enhance the expansion of hematopoietic stem cell (HSC) clones in
otherwise healthy individuals, occasionally occupying the entire hematopoietic
system [414]. Additionally, p53 function in wound healing also, regulates the
tumor microenvironment. As an example, the p53-driven senescence associated
secretory phenotype (SASP) in tumor stroma can produce a tumor suppressive
immune condition, that alters the incidence of cancer [415]. In another context, the
SASP can be assisting tumor progression, by promoting epithelial-mesenchymal

transition (EMT) [410, 416].

The heterogeneity of TP53 mutational events results in distinct functional

consequences. New developments, in our understanding of p53 biology have
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perplexed, rather than clarified, our views on how TP53 mutations facilitate
cancer initiation and propagation. Similarly, our appreciation of the intriguing
range of ways in which the TP53 locus is altered in tumors, remains puzzling. The
most common and well-identified TP53 mutations are missense mutations in the
DNA binding domain, suggesting that this feature of p53 is critical for tumor
suppression [417]. Current views, propose p53 classification, as either wild-type or
mutant, but TP53 mutations can appear with diverse patterns, specific co-
mutations, and in various allelic configurations that result in surprisingly

compelling functional and phenotypic consequences [418].

DNA sequencing of thousands of tumors has proved that approximately half of all
cancers retain a TP53 mutation, but the distribution and the frequency of
mutations can extremely diverse between tumor types. Most of the single
nucleotide variants (SNVs) observed across cancers are missense mutations, with
25% of those falling into 5 “hotspot” mutations [419]. Surprisingly, nearly 25% of
all TP53 mutations are frameshift or nonsense mutations anticipated to encode
truncated proteins, while the remaining 75%, consists of in-frame insertions-
deletions and splice site SNVs, of unclear biological significance [419]. Although,
several ways to disable the second TP53 allele are feasible, this typically
materializes, through “loss of heterozygosity” (LOH) by segmental deletion [420].
These deletions appear to be significantly variable in size and occur at a
frequency rate, that is similar to p53 SNVs. Nearly all conceivable allelic
combinations can be observed, such that, practically, only 25% of tumors carry the

canonical p53 missense mutation/deletion combination [420].

Cancer genome studies have also, disclosed remarkable insights into the range of
TP53 mutation and its connection with other somatic events. TP53 mutations often
co-occur, in some cancers, with MYC amplification or activating KRAS mutations
[421, 422]. This observation is in accordance, with previous functional studies that
demonstrated the propensity of p53 loss to cooperate with oncogenes in
transforming primary cells [284]. While, epidemiology studies and genome
sequencing experiments can suggest variable environmental or endogenous
mutagens as accountable for particular TP53 mutations, it is very difficult, if not

impossible, to evaluate individual alleles without specific functional studies.
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Practically, experimental data emerging over the last 25 years have implied, that
particular mutant TP53 alleles exhibit “gain of function” properties that result in
phenotypes, different from the null [423]. The most prominent phenotype
generated by such mutant proteins is their ability to increase invasion and
metastasis, while in other distinct settings, specific mutants support epigenetic

reprogramming, drug resistance, or angiogenesis [424].

While the proposed functions are diverse, an emerging general rule, is that tumor-
derived p53 mutants oppose wild-type p53 activities or, more accurately,
aggravate the consequences of p53 loss [276]. Either way, the idea that not all p53
mutations are functionally equal is further supported, by the evidence, that the
tumor onset and pathology, in genetically engineered mouse models, varies with
the type of mutant allele [425]. A p53 mutant that has distinct phenotypes from
the p53 null is not sufficient to define a mutant as “neomorphic.” In theory, p53
mutant alleles may mirror separation of function, attenuation of function, or
neomorphic function. Loss of function is a common characteristic in all cancer-
associated p53 mutants, since most mutants fail to induce apoptosis [426].
Separation of function, whereby a p53 mutant can maintain some but not all
interactions, is also possible [427]. Finally, neomorphic mutant activities have also

been identified [428].

In effect, the mutations observed in cancer, acquire a combination of these
independent characteristics. Although p53 mutants are in general classified by
their impact on structure —i.e., “contact” mutants that disturb DNA binding and
“conformation” mutants that lose proper folding — it is currently not possible to
anticipate accurately, how a distinct mutation affects function [424]. Some p53
mutant proteins maintain residual transactivation abilities, thus activating novel
targets. For example, mutant p53 is proposed to impact chromatin state [429].
Some unstructured p53 mutants sequester other proteins that, in specific settings,
facilitate mutant p53 to bind p63 or p73, resulting to changes in transcriptional
profiles, that alter receptor tyrosine kinase signaling to enhance invasion and

metastasis [430].

Additionally, in an instance of gain-of-function protein-protein interaction, mutant

p53 can upregulate the angiogenesis regulator VEGFR2 [431]. It remains difficult
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to comprehend, how so many distinct yet specific protein to protein interactions
can present for diverse mutant proteins [426]. It is generally accepted that TP53
truncating mutations are null alleles, but there are emerging data that even these
alleles can exhibit neomorphic activity. Suggesting some selective advantage, the
frequency of TP53 nonsense mutations, particularly targeting exon 6, is greater
than expected by chance [419]. Some of these mutation products are not subject to
nonsense-mediated degradation, allowing for certain truncated p53 mutants to
promote invasion, metastasis, and sustain tumor maintenance in a manner that
mirrors established gain of function missense mutants [419]. Provocatively, exon 6
truncated proteins mimic the structure and function of a naturally-occurring p53
splice variant (p53psi) that enhances cell invasion and is transiently expressed
during particular wound healing responses, advocating that these mutant genes
may represent “separation of function” alleles [432]. It appears that, mimicry
and/or aberrant expression of alternative splice variants may contribute to the

phenotype of other frequent mutations, as well [433].

Further from the heterogeneity exhibited by different p53 SNVs, the variable
extent of human chromosome 17p deletions can result in heterogeneity, both in the
nature and in the number of p53- linked genes, during tumorigenesis [306]. Loss
of these neighboring genes could well represent a “passenger” event of no
functional consequence. Nevertheless,, 17p deletions observed in human cancer
often include other genes that are now, functionally validated as tumor

suppressors [420, 434].
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7. Principles of Immunocytochemistry

The need to find new methods in order to promote the diagnostic process
in Pathological Anatomy and Cytology led to the discovery of
immunohistochemistry. This is a field of histopathology, that deals with the
identification of normal or pathological components of cells and tissues [435]. The
immunohistochemistry technique is employed in the search of cell or tissue
antigens that range from amino acids and proteins to specific cellular populations
and infectious agents [436]. The technique consists of two phases: (1) slide
preparation (specimen fixation and tissue processing) and stages evolved in the
antigen reaction (in the following order: antigen retrieval, non-specific site block,
endogenous peroxidase block, primary antibody incubation, and the
implementation of systems of detection, revealing and counterstaining and finally,
slide mounting and storage) (2) interpretation and quantification of the obtained

expression [437].

Immunohistochemistry is an umbrella term that envelopes many methods used to
identify tissue components (the antigens) with the use of specific antibodies that
can be visualized through staining. When it is used in cell preparations it is called
immunocytochemistry, a term that some scientists apply for all methods entailing
the immunological search of cell antigens, even when this involves tissue slices

[438].

Immunostaining for cell markers serves as a way to “converse with cells”, because
it allows, not only to decipher the histological origin of a cell, but it also indicates
its function in vivo, when thoroughly investigated against the correct antibodies

[435].

The history of immunostaining methods began when reagents were produced
against typhus and cholera microorganisms, using a red stain conjugated to
benzidine tetraedro [439]. However, antigen detection provided by red color in
tissue slices had very low sensitivity under optical microscopy and, in the early
nineteen forties, the localizing of antigens, especially microorganisms, was made
possible in tissue slices by using antibodies against Streptococcus pneumoniae,
that was stained with fluorescein, and visualized by ultra-violet light

(fluorescence microscopy) [437].
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Subsequently, the utilization of enzymes as marked antibodies, signaled a new
and important era for immunohistochemistry [440]. It was, for the first time,
possible to observe these reactions through optical microscopy. These results had
great impact and were very much awaited. This innovation improved
immunohistochemistry beyond the secluded space of laboratories equipped with
fluorescence microscopes, and the technique expanded to a broad group of

pathologists and researchers [441].

The following discoveries of the unlabeled antibody peroxidase-antiperoxidase
(PAP) method and the alkaline phosphatase-antialkaline phosphatase (APAAP)
method significantly expanded the application of immunohistochemistry technique
[442, 443]. The diaminobenzidine molecule (DAB) was also available and utilized,
during the same period, as a conjugate to antibodies. DAB, currently represents
the most common chromogen for peroxidase. Also, it produces an electrodense
precipitate which is used in electronic microscopy, substituting ferritin [444, 445].
Subsequently, gold colloidal particles were also, introduced as
immunohistochemical colorations and this finding rapidly led to an important

method of subcellular immunostaining [446, 447].

The introduction of retrieval methods for antigens (exposing of antigen epitopes in
the study tissue, facilitating the antigen-antibody reactions for the next steps of
the technique) and also the system of secondary antibody detection (like the
avidin-biotin-peroxidase complex—ABC and the labeled streptavidin-biotin
complex—LSAB), permitted immunohistochemistry to be applied in fresh
specimens as well as in fixed tissues, that further spread the application of the
technique in  pathology  diagnostic  routines [448-450]. However,
immunohistochemistry became truly incorporated into the diagnostic routine of
pathological anatomy, only after the identification of tissue antigens could be
demonstrated by immunoperoxidase technique, in tissues fixed in formalin and

embedded in paraffin [451].

Cancer cells have different biological behavior resulting in the secretion of
mutated biological products of a specific or non-specific type for the tumor type of
tumor cells (biological or biochemical tumor markers) [452]. This recognition is

achieved by the use of specific antibodies against the target antigens, which are
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bound to specific dyes, thus making the localization sites of these antigens visible.
Although immunofluorescence - a pioneering technique for detecting proteins
through an antibody fluorescent-dye binding process, isothiocyanate fluorescein -
has long been the only method of identifying tissue-specific antigens,
immunoglobulins and various fractions of the complement [453]; more reliable and
specialized techniques developed for immediate and visible by conventional

microscopy assessment of the result.

Immunoenzymatic techniques are based on the use of enzymes or enzyme
systems applied to tissues or cell smears after antigen-antibody binding, brightly
staining their localization sites thus making them visible to the common
microscope. The methods of immunoperoxidase, avidin-biotin, streptavidin are the
most important, as well as new methods of bypassing biotin using the polymer
dextran [454]. A key role in increasing the sensitivity and specificity of the
aforementioned methods was the production of specific antisera, i.e., specific
binding antibodies to the respective antigens. Two antibody categories were thus
developed, which, depending on the criterion of their targeted specificity, are
distinguished in polyclonal and monoclonal antibodies [455]. Polyclonal antibodies
are less specific, because they target more than one antigenic epitope, whereas
monoclonal antibodies target specific antigenic sites, giving greater specificity

than the former [456].

Structurally, monoclonal antibodies are immunoglobulins (Ig), which consists of
two heavy (Heavy-H) and two light (Light-L.) chains based on their molecular
weight. Heavy chains are divided into five different subtypes (a, m, c, d, e), while
light chains are divided into two types [457]. The isotype of an immunoglobulin is
characterized by the type of immunoglobulin heavy chain e.g., IgA, IgG, IgM. The
four chains of immunoglobulins are covalently linked together by disulfide bonds.
Each light chain consists of a fixed (fragment Fc) and a variable region, while each
heavy chain consists of a variable and 3-4 fixed regions. The variable regions are
where the antigens bind to the immunoglobulins and are called Fab fragments

[458].

The production of antibodies is associated with the body's immune response. The

latter in each antigen introduced into the body is polyclonal, meaning that many
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different B-cell clones are stimulated to produce antibodies. These antibodies have
different molecular structures and respectively recognize different antigen
epitopes [456]. Pure antigen is used to immunize an organism; however, this
organism produces a variety of antibodies against very small amounts of foreign
substances, which are inevitably contained in the antigen. The most specific
antisera contain a mixture of antibodies, which differ from each other in biological
behavior. For these reasons, immunologists try to produce large amounts of
antibodies that are homogeneous in their behavior [459]. Multiple myeloma
proteins are known to be homogeneous immunoglobulins (monoclonal), which
appear in the y-globin region during electrophoresis. This is because cancer
mutation occurs only in one B-cell clone, which produces large amounts of

immunoglobulins of the same biochemical composition [460].

Biologists have developed the fusion of experimental animal cells into tissue
cultures. These cells with special genetic characteristics form a new cell, the so-
called hybrid [461]. Monoclonal production is accomplished by sensitizing the
experimental animal to a specific antigen. After a specified time, the experimental
animal is killed and then spleen cells are taken from which the B-lymphocytes are
separated and fused with other multiple myeloma cells [462]. Their fusion results
in the production of cells with the capacity of continuous production of cells with
the same features (hybridomas). Amounts of hybrid cells can be stored in deep
freezing, while other cells sometimes are introduced in the peritoneal cavity of
experimental animals, where they produce ascites fluid, that contains a high-titer

antibody [461, 462].

Monoclonal antibodies and polyclonal antisera are used in histopathology for the
differential diagnosis of diseases and mainly neoplasms. The advantages of
monoclonal antibodies are that they are produced in large quantities and with
great purity, their application is easy and is done by the combination of
immunoenzymatic methods or immunofluorescence and their sensitivity is
extremely high [455]. The problem of cross-reactions, although much smaller than
that of polyclonal antibodies, exists and is due to different antigens having the

same or similar antigenic properties [455, 463].
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Immunohistochemistry, unlike conventional histochemical methods, is based on
reactions specializing in the recognition of the antigenic target. Unlabeled
techniques (enzymatic) are based on the immunoactivity of antibodies and the
chemical properties of enzymes or enzyme complexes [437]. These react with
undyed substrates of chromogenic compounds to form a dyed final product. The
enzymes used are mainly hydrogen peroxidase, alkaline phosphatase and

secondarily glucose oxidase [464]. The main methods are summarized as follows:

7.1 Immunoperoxidase method

This method is characterized by the binding of antibodies to the peroxidase
enzyme. The application of the method is carried out either directly or indirectly,
following a series of unbound antibodies against the target antigen for the indirect
method [465]. The identification of the deposits (antigens) with the common
microscope is finally achieved with the use of chromogens, most commonly with
the addition of diaminobenzidine (DAB). DAB polymerizes in the presence of
peroxidase and hydrogen peroxide to form an insoluble polymer in the antigen-
antibody complexes giving a brown tint to the common optical microscope. These
molecular changes of DAB lead to the formation of a solid color that is not soluble
in organic solvents. The sections are then placed in hematoxylin solution (Harris,
Mayer’s) to determine the remaining morphological or histological features of cells

[466]. In detail:

a) The direct method is simpler, but at the same time it is quite sensitive for the
detection of mainly immunoglobulins, complement fractions and several antigens
using polyclonal and monoclonal antibodies. The antibodies are directly bound to

peroxidase [455].

b) The indirect method (Sandwich technique) is more sensitive than the one

mentioned above and two series of antibodies are used. The first antiserum, which
is also the primary, is usually derived from rabbits (polyclonal antibodies) or mice
(monoclonal antibodies) and is not peroxidase-bound. The second antiserum is
peroxidase-bound and comes from another species of animal (pig) that has already

been sensitized to the IgG immunoglobulin of the former [465]. Thus, these
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antibodies target those of first series which in this case act as antigen and reveal

the primary antigenic site.

¢) The “bridge method” (immunoperoxidase bridge method) is an extension of the

indirect method. Three series of antisera are used and an unbound antibody is
inserted between the first and last antibody [455]. It is also unbound and targets
the peroxidase of the animal species from which the primary antibody is derived.
The slices are then incubated with an antiserum containing free peroxidase, which

binds to the latter antibody by an antigen-antibody reaction [467].

d) The peroxidase-antiperoxidase method (PAP method) is a modification of the

enzyme bridge method. The peroxidase binds to its antibody (antiperoxidase)
before being applied, to form a cyclic complex in a ratio of 3 molecules of
peroxidase to 2 molecules of antiperoxidase. The first and second antiserum are
not linked, while the peroxidase-antiperoxidase complex is the third sequence.
The great advantage of the method is the possibility of using the primary antibody
in high dilution, thus reducing the degree of its binding to unwanted tissue
antigens [468]. This method reduces the likelihood of antibodies being cleaved
from the antigens because all of their antigen binding sites (Fab fragments) are

saturated and reduces the degree of non-specific staining (background) [469].

7.2 Avidin-Biotin-Peroxidase (ABC) Complex Method

This is an immunoenzymatic method, similar to PAP and is considered a
more sensitive method than that, due to the strong binding property between
biotin and avidin [470]. Avidin is a glycoprotein derived from the egg white and
tissue of birds, reptiles and amphibia [471]. It is formed by four identical subunits,
with a combined mass of 67 to 68 kDa. Each one of the subunits consists of 128
amino acids and binds one molecule of biotin. Therefore, a total of four biotin
molecules bind to a single avidin molecule [472]. The extent of glycosylation on
avidin is very high and carbohydrates account for about 10% of the total body of
the tetramer [473]. Avidin presents a basic isoelectric point (pI) of 10 to 10.5 and is
remarkably stable through a wide range of temperatures and variable pH [474].
Extensive chemical alterations have little effect on the activity of avidin, which

makes the protein especially useful for protein purification. In addition, avidin,
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due to its carbohydrate content and basic pl, exhibits considerable, nonspecific

binding properties [450].

Biotin is a small molecule (MW 244.3), also known as vitamin H. It is present in
small amounts in all living cells and is crucial for a variety of biological processes
[475]. The valeric acid side chain of the biotin molecule is derivatized, so that it
can incorporate different reactive groups that can be used to bind biotin to other
molecules. In regards to ImmunoHistoCytochemistry, biotin is conjugated to

antibodies or to enzyme reporters, in order to detect target antigens [476].

The remarkable affinity of avidin (AV) for biotin, allows biotin-containing
molecules, that are in a complex mixture to be specifically bound to avidin.
Avidin—biotin binding appears to be the strongest known non-covalent interaction
between a protein and ligand [470]. The bond between avidin and biotin is formed
very rapidly, and once it is formed, remains unaffected by extremities in
temperature, pH, organic solvents and other denaturing agents [477, 478]. These
properties of avidin in detecting or purifying biotin-labeled proteins or other
molecules are particularly useful in a number of biomedical applications [479].
The third antiserum then consists of a complex of avidin and biotin-binding
enzyme, which has some free avidin binding sites to the biotin of the second
antibody [480]. A variation of the method is the replacement of avidin by

streptavidin in the aforementioned ABC trinity.

Streptavidin, is a biotin-binding protein, isolated from the bacterium Streptomyces
avidinii. It is a 60 KD molecular weight protein and its isoelectric point is near
neutral. Streptavidin contains four identical subunits, each of which has a biotin
binding site [481]. Its use over avidin is preferred because it is not glycosylated,
which makes the protein less prone to nonspecific binding. Also, streptavidin is
much less water-soluble than avidin. Guanidinium chloride at pH 1.5 will
segregate avidin and streptavidin into subunits, but streptavidin is more resistant
to dissociation [482]. Streptavidin is used either as a complex with biotin or as an

enzyme labeled (labeled streptavidin).
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7.3 Alkaline phosphatase method

Alkaline phosphatase is applied either as an avidin-biotin-alkaline
phosphatase complex or as an alkaline phosphatase-anti-alkaline phosphatase
complex. The latter complex consists of two antigen molecules bound to one
antibody molecule. This arrangement resembles the normal binding reaction of a

divalent antibody and therefore the complex is stable for a long time [483].

7.4 One- or two- step method using polymer dextran (EPOS or two-step method-

Dako En Vision* dextran technology)

The main virtue of the method is based on the bypass of biotin (pancreas
belongs to the organs that produce moderate levels of endogenous biotin) [484].
The system is based on an enzyme-labeled (HRP-Horseradish Peroxidase or AP-
Alkaline Phosphatase) water-soluble dextran polymer, to which the secondary
antibodies bind after the primary antibody is added. In contrast to this classic
standard immunohistochemical treatment, the one-step method system is based on
the binding of the primary antibody to the dextran polymer, after endogenous
peroxidase binding has taken place [485]. The whole technique allows the fastest
and most sensitive final immunostaining, as the required stages of
immunohistochemistry are reduced and due to the non-cross-reaction with the
endogenously produced biotin no staining substrate is formed [486]. This
technique was applied with an antibody-modified protocol to the protein analysis

of cancer tissues [485, 487].

Immunocytochemistry is usually performed in four consecutive steps. First, the
cells are placed on a solid support, which usually can be either a glass slide or a
glass-bottom plate. According to the type of cells and seeding technique, the
following incubation time may be necessary before proceeding with
immunostaining [488]. When seeding adherent cells, the cells will attach to the
solid surface support, during the incubation, which can vary from half an hour to
24 h, for the different cell types. In the second step, the cells are exposed to
immunostaining, which involves fixation, permeabilization, and antibody
incubation [489]. Fixation ensures that the proteins are retained at their location

in the cell and that they preserve their chemical and structural state, at the time
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of fixation. This can be achieved by crosslinking or by precipitating the proteins,
with the use of organic solvents. Then, membranes are punctured with the use of
solvents or detergents, allowing the relatively large antibodies to cross the cellular
membranes, this process is called permeabilization. For efficient permeabilization,
fixation is required, hence limiting the technique to studying dead cells. During
antibody incubation, the antibodies are allowed to bind to target antigens within
the cells, after which unbound antibodies are removed by washing. In the third
step, the cells and the locations of antibodies bound to target antigens are
visualized using microscopy [490, 491]. Images are taken using a camera or other
detector, and finally, the images are analyzed and cellular structures annotated

[492].

Liquid-Based Cytology

In the early 1980s, work began on improving cytology preparations (CP) by
distributing cell collections in a liquid-based preservative before placing them on
the slide [493]. Much of the original impetus for this research came from the early
attempts to develop automated computer image analysis systems that are suitable
for the evaluation of Pap smears. A number of problems with computer image
analysis of CP, such as inadequate visualization of cells because of cell overlap
and obscuring by mucus, blood and other debris, greatly complicated the
development of image algorithms [494]. Liquid-based preparations were soon
shown to overcome most of these problems, facilitating the single-cell analysis
favored by automated systems. These innovations, along with improved sampling
devices, revolutionized cytologic screening that had essentially remained

unchanged since the introduction of the Pap smear nearly 50 years, ago [495].

This dramatic acceptance is secondary to a number of theoretical advantages LBC
has over traditional CP, including capturing more of the exfoliated cells from the
collection device, random and presumably more representative transfer of
exfoliated cells to the slide, and improved microscopic visualization attributable to

reduced overlapping, obscuring blood, and inflammation [496, 497].
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8. Principles of digital analysis of microscopic image

The traditional optical microscope has been the primary tool in aid of
pathological examinations [492]. The contemporary digital pathology, combines
the power of microscopy with electronic detection and computerized analysis. It
enables cellular, molecular, and genetic imaging with extreme efficiency and

accuracy, thus facilitating clinical screening and diagnosis [498].

Image analysis systems emerged as a result of the insurmountable need for higher
quality controls on high-tech products (transistors, microchips) in the early 1980s
in the field of Electronics. They offer the possibility of quantifying the quality

through a quick and accurate estimation of the measured parameters [499].

Morphometric analyzes at the level of pathological anatomy and cytology refer to
measurements of absolute number of cell areas (e.g., nuclei) or geometric
characteristics such as diameter of nuclei or cells, ratio of diameters or areas (N/C
ratio), as well as densitometry studies, in which the extent and optical density
(color depth) of nuclear or cytoplasmic histochemical or immunohistochemical

stains [500].

Two types of image analysis systems are identified, based on the independence of
their activity: fully automated, which by using robotic mechanisms and based on
modified macros, perform the management and measurement of the desired
features in a fully automated way and those which are characterized as semi-
automated, in which the physician-operator intervenes by cutting or integrating

regions of interest [501-503].

In each histological or cytological plate, representative fields are selected at the
desired magnification and under constant light intensity and the absolute number
of nuclei and the optical density or the intensity of the immunochemical staining
(staining intensity) are measured in the selected cell subsystems (e.g. membrane,
cytoplasm),after the corresponding macros are structured in Basic language to
determine the color range (in this case shades of brown due to DAB as per RGB
standard (Red/Green/Blue) [504]. The digitized image of the microscope occupies
a fixed measuring box on the computer screen (active window) of 16848 um? area

at 40x magnification, i.e., /% the field of view of the microscope. Each pixel receives
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a value of the color spectrum, which is the component of the aforementioned basic
colors [505]. The optical density range in this system covers the range of values
from 0 (absolute black) to 255 (absolute white). In this way, the correlation of
staining intensity (decreasing values-color depth) with the biological behavior of

the tumor (differentiation-staging) is translated at a clinical level [498].

During the measurement process the analogue image of the microscope is
digitally filtered (formation of a temporary or saved digital file of jpeg or TIFF
type) and after its immobilization, the pre-made macro captures the measurement
areas marked with a color (e.g., red), so that in the final stage, i.e., before the final
scorecard (Excel sheet type) is formed, the operator is allowed to intervene by
integrating or cutting out regions of interest, which the system ignored or
overestimated [506]. The combination of correct macro, stained plate quality
(purity-specificity of immunohistochemical staining) and user experience

dramatically reduces the statistical error (<5%) [437, 507].
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PART II

9. Purpose of the research study

The pterygium is a common eye disease, with a recurrent nature, that
mainly affects people who are exposed to intense sunlight. In Greece, the
incidence rate of this disease has not yet been estimated, but it is an extremely
common complaint especially in rural populations, a fact that is in line with the
prevailing view today that sunlight is implicated [65]. It is considered a
degenerative disease of the conjunctiva that can cause chronic inflammation with
pain, photophobia, redness and if left untreated, it can potentially result to
gradual deterioration of vision, for the patients. Most of the research papers that
have been published so far, suggest a disorder at the level of cell proliferation,
with degeneration of the cell layers of the conjunctiva and development of

hypertrophic fibrous connective tissue [80].

The primary aim of this study, was to detect in the pterygial tissue the protein
expression of the PTEN tumor suppressor gene-apoptotic factor, the mitotic
regulator and inhibitor of cell death survivin, in combination with the expression
of p53 tumor suppressor. The current trend in the international literature
indicates as a possible pathogenetic mechanism of the occurrence of pterygium,
the effect of ultraviolet rays on the mechanism of control of cell division of the
layers of the conjunctiva [508]. By investigating survivin and PTEN, factors
involved in the oncogenesis process, we intend to study the possibility that the
pterygium is a precancerous lesion of the conjunctiva, rather than a simple
degenerative process. Such a case would probably change the therapeutic
direction. The treatment applied to date, which is mainly the surgical removal of
the lesion, has a high recurrence rate, exceeding 60%. We hope that a new
approach to pathophysiology and consequently to pterygium treatment will add

new, more effective means of treatment.

Our secondary aim, was to identify different expression patterns of these
biomarkers, between different morphological features and anatomical location of

the pterygium.

111



10. Materials and Methods

10.1 Origin-Collection-Management of cytological material

Patients from a Tertiary General Hospital were recruited. They were informed to
the purpose of our study and taken through the relative procedures, before

signing the consent form.

Pathological cells from the pterygium area and healthy cells were brushed off,
from 38 patients with pterygium and 12 patients with healthy conjunctiva,
respectively. This was done under local anesthesia, in the form of topical

proxymetacaine 0.5% eye drops.

Then, this material was placed in a special vial with fixative liquid (alcohol) and
the corresponding plates were prepared by liquid phase cytology. P53, survivin
and PTEN factors were detected in this material. Each sample was given a serial

identification number.
Method of data collection - material identification - ensuring confidentiality

Patients, after signing the consent form, received the relevant serial number, with
which the samples of material from the conjunctiva were identified and stored. No
other patient data were collected, relating to their personal details, other than the
concerning medical history, which would allow their identification at any stage of

the research.
Method of file storage

The relevant information was collected in Excell sheets, in a computer, so that the
statistical analysis of the findings could be possible and at the same time, archives
were kept in hard copies, with the data and information that was collected during

the research.
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10.2. Laboratory study algorithm

Briefly, the Laboratory Algorithm is formulated as follows:

LIQUID-BASED CYTOLOGY

!

IMMUNOCYTOCHEMISTRY

!

DIGITAL IMAGE ANALYSIS

!

STATISTICAL ANALYSIS

10.3 Epidemiological-Clinical pathological features of study material

The study of protein expression of the three biomarkers, survivin, PTEN and p 53,
included thirty-eight patients. Twenty male patients and eighteen female patients,
that visited our outpatient ophthalmology department, with a mean age of 63

years, were recruited.

Our secondary aim, was to identify differences in protein expression between

different morphological appearances and anatomical distribution.

An initial letter was allocated to each specimen, regarding the anatomical location
of the lesion. Eighteen were characterized as central (encroaching towards the
pupillary axis, on the cornea) and the rest as peripheral (affecting the peripheral
cornea). Furthermore, sixteen specimens were classified according to their
morphology as swollen-fleshy and the remaining twenty-two, as superficial-flat

(atrophic). The characteristics of the pterygia are reported in Table 1.
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10.4 Cytochemical process

A specialized cytology brush, designed to optimize cellular yield was used, to
collect the samples. With a rubbing motion, cells were gathered from the area of
pterygium and healthy tissue, respectively. Then, the brush was placed in a
special vial with fixative fluid (alcohol), the vials were sealed and subsequently

the corresponding plates were prepared by liquid-based cytology.

Cytological smear sampling resulted in the embedding of the obtained cells in a
fixative fluid for liquid-based cytology analysis (liquid-based cytology: LiquiPrep,
FL, USA). This was followed by analysis and coating of the samples on special
plates which were stained with immunocytochemical staining. The whole process

was performed by a specialized technologist-manufacturer.

10.5 Immunocytochemistry protocol

For the immunocytochemical analysis of the selected p53/PTEN/survivin protein
markers plates were made from the liquid-phase sample. The antibodies applied

during the automated immunocytochemistry process are listed below:
anti-p53 mouse monoclonal (clone DO-7, Dako NA Inc, Ca, USA; dilution at 1:40)

anti-PTEN mouse monoclonal (clone 6H2.1, Dako NA Inc, Ca, USA; dilution at

1:100)

anti-Survivin mouse monoclonal (clone 12C4, Dako NA Inc, Ca, USA; dilution at

1:100)

The modified protocol applied during the immunocytochemical analysis of the

specific type of plates (liquid-based cytology) is listed below:
Immunohistochemistry Protocol - IHC EnVision two step method (Dako)
Deparaffinization Not applied (cellular substrate)

Inactivation of endogenous peroxidase (Peroxidase blocking)
-Incubation of the plates in 0.03% H20O2 solution for 5 min

-Rinse with distilled H2O for 5 min x 2 times
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-Immersion in isotonic TBS solution for 5 min x 2 times

Detection of antigen sites (Antigen Retrieval)

-Enzymatic digestion for 10 minutes at 37° C

-Incubation with the primary antibody for 40-50 min, respectively.
-Rinse with distilled H2O for 5 min x 2 times

-Immersion in isotonic TBS solution for 5 min x 2 times

Binding to the Peroxidase Labeled Polymer Complex
-Incubation with Horseradish peroxidase-labeled polymer-HRP LP
-Rinse with distilled H20O for 5 min x 2 times

-Immersion in isotonic TBS solution for 5 min x 2 times

-Addition of 3 drops of DAB chromogen solution for 30 min

-Rinse with distilled H20O for 5 min x 2 times

-Immersion in isotonic TBS solution for 5 min x 2 times

Antistain and Coating

Immersion in Hematoxylin solution (Hematoxylin MAYRES-water based) for 5-10

seconds
Rinse the sections with tap water for 2-3 min

Progressive dehydration (Dehydration with graded alcohol)

70% Ethanol immersion for 3 min at room temperature
85% Ethanol immersion for 3 min at room temperature
96% Ethanol immersion for 3 min x 2 times at room temperature
100% Ethanol immersion for 3 min x 2 times at room temperature

Immersion in pure Xylol for 2-3 min x 3 times and affixation of coverslips

(previous coating with Histomount just before Xylol evaporates).
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The whole procedure, which is based on bypassing the biotin binding to give a
cleaner substrate, was performed with the Biogenex I 6000 automatic

immunochemistry device.
Immunocytochemical staining was judged as acceptable per marker as follows:

Table 1 Immunohistochemical staining criteria

MARKER STAINING STANDARD
P53 NUCLEAR/PERINUCLEAR
PTEN CYTOPLASMIC
SURVIVIN NUCLEAR/CYTOPLASMIC

10.6 Digital Image Analysis Protocol

The objective evaluation of the protein expression of the examined markers P53,

PTEN, Survivin was performed by application of digital image analysis protocol
with structure and software from Intel Pentium Dual-Core, Digital Camera Sony
Cyber-shot (5mPx digital analysis), Microscope Olympus CX-31, Windows XP /
NIS - elements image analysis software, Nikon, Jp, 2009. Progressive
measurement of the intensity of immunocytochemical staining was performed in

cell spots and 5 optical fields.
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Figure 26 Computerized image analysis of a case of survivin protein expression objective
evaluation.

Reddish areas demonstrate different expression values (range: 0-255 grey scale
immunostaining intensity levels).

Progressive measurement of the intensity of immunocytochemical staining was

performed in cell spots and 5 optical fields.

The digital database in excel was forwarded for statistical analysis. The
measurement is based on a range of 256 RGB (combined red, green, blue colors
per pixel) of continuous values (values leading to 0 correspond to protein
overexpression, while leading to 255 to gradual loss of stain). Normal cell
substrates from healthy conjunctiva and vaginal cervical smears were set as a
control group, to ascertain the level of staining. Based on the measurement values,

the cases were categorized as high/medium and low protein expression (low).
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11. Results — Statistical Analysis

11.1 Descriptive Analysis

Pathological specimens from thirty-eight patients presenting with conjunctival
lesions, identified as pterygia and twelve specimens from normal conjunctiva,

were collected by smooth scraping of the conjunctiva.

The majority of the examined pterygia cases overexpressed the markers (p53:
22/38-57.9%. survivin: 30/38-78.9%. and PTEN: 25/38-65.7%. respectively).
Interestingly, overall p53/PTEN co-expression was found to be statistically
significant (p=0.022). Overexpression of survivin and PTEN is remarkably strong,
whereas p53 appears to be expressed to a lesser extent, in the pathological
epithelial cells. The association of survivin, PTEN and p53, to abnormal
conjunctiva epithelia was with a statistical probability of p= 0.019, p= 0.456 and

p= 0.03, respectively.

No statistical significance was observed regarding the anatomical localization of

the pterygia (central/peripheral) or their morphological type (fleshy/flat).

11.2 Statistical Tables

Table 2 Measurement values of protein expression

A/A | age p>53 survivin PTEN control/pathological
1 74 141.4 142.1 98.91 C
2 67 127.3 133.84 129.15 C
3 77 131.2 140.97 114.31 C
4 72 129.9 102.98 121.58 C
5 56 154.9 136.08 135.19 C
6 78 144.9 135.86 122.74 C
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7 71 139.3 135.53 132.11
8 81 143.6 137.1 118.16
9 79 148.7 122.86 124.37
10 84 121.9 130.57 126.76
11 72 117.3 123.86 104.69
12 69 110.1 86.4 121.15
13 75 121 103.01 130.76
14 89 117.7 106.43 125.14
15 73 131.5 115.47 118.82
16 45 137.7 101.76 132.91
17 57 121.6 83.08 125.05
18 72 100.9 93.64 113.57
19 62 115.3 127.68 93.57
20 82 120 114.38 124.08
21 51 120.1 140.68 92.77
22 49 131.8 98 141.79
23 58 116.1 101.5 139.04
24 66 144.8 92.29 137.8
25 53 130.7 138.33 143.84
26 60 117.9 108.47 107.2
27 55 134.2 101.04 144.65
28 59 108.4 113.25 82.29
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29 68 137.7 115.31 145.94
30 64 119.2 92.88 102.5

31 72 137.1 106.25 135.61
32 73 92.83 144.4 126.37
33 69 131.4 105.47 81.14

34 72 100.9 127.65 86.16
35 54 100.9 90.91 91.06
36 49 153.7 115.9 137.63
37 42 122.5 118.57 112.49
38 65 104.9 95.01 140.39
39 68 135.5 119.8 133.23
40 71 136.5 123.94 120.28
41 76 85.83 142.09 144.16
42 58 154.5 121.48 108.96
43 44 131 115.51 93.61
44 53 134.2 123.82 100.88
45 71 121.6 97.97 73.5

46 75 118.3 90.74 117.58
47 77 132.6 125.48 100.53
48 62 127.8 137.05 106.08
49 79 135.5 118.96 126.52
50 71 145.9 104.66 135.09
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Table 3 Classification according to anatomical location and pterygium morphology

A/A | age anatomical morphology pathological
location
1 84 K A P
2 72 K A P
3 69 S E P
3 75 S A p
5 89 S A P
6 73 K A P
7 45 K E P
8 57 K A p
9 72 S E P
10 62 S E P
11 82 K A P
12 51 K E p
13 49 S A P
14 58 K E p
15 66 S E P
16 53 S E p
17 60 K A P
18 55 S A p
19 59 S A P
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20

68

21

64

22

72

23

73

24

69

25

72

26

54

27

49

28

42

29

65

30

68

31

71

32

76

33

58

34

44

35

53

36

71

37

75

38

77

S: Sclerocorneal limbus
K: Corneal involvement
E: fleshy pterygium

A: flat, atrophic pterygium
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Statistical data processing was performed using the IBM SPSS v25 statistical
software (SPSS Inc, Chicago, IL, USA) 0. Pearson Chi-Square (x2) test and Fisher’s
exact tests were used to compare between immunocytochemical molecular
analysis and clinicopathological features, respectively. The level of statistical

significance between the above correlations was set at p<0.05.

Table 4 p53 vs PTEN

Double input matrix

PTEN
Expression Low Expression
Count Row N Count Row N
%o %
Expression 19 82.6% 4 17.4%
Low
p53 . 14 51.9% 13 48.1%
Expression
Total 33 66.0% 17 34.0%
x? control result
Pearson Chi-Square Tests
PTEN
Chi-square 5.236
P53 df 1
Sig. .022°

Results are based on nonempty rows and columns in each innermost sub table.

The Chi-square statistic is significant at the ,05 level.
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Correlation coefficient value Phi (®)

Symmetric Measures

Value | Approx. Sig.
Nominal by Phi 324 .022
Nominal Cramer's V 324 022
N of Valid Cases 50

a. Not assuming the null hypothesis.

b. Using the asymptotic standard error assuming the null hypothesis.

The control of the two categorical variables P53 and PTEN confirms the existence

of a relationship, as evidenced by the statistical chi-square test and determined by

the value of X 21 = 5.236, with p = 0.05. According to the value of the correlation

coefficient Phi (®) which is equal to 0.324 we can say that there is a weak to

moderate positive correlation between them.

Table 5 p53 vs Control/Lesion

Double input matrix

Control / Lesion

control lesion
Count |Row N| Count | Row N
% %o
Expression 1 4.3% 22 95.7%
p53 | Low Expression 11 40.7% 16 59.3%
Total 12 24.0% 38 76.0%
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x? control result

Pearson Chi-Square Tests

Control / Lesion
Chi-
9.018
square
53
p df 1
Sig. .003’

Results are based on nonempty rows and columns in each innermost sub table

The Chi-square statistic is significant at the ,05 level.

Correlation coefficient value Phi (®)

Symmetric Measures

Value | Approx.

Sig.
Phi 425 .003
Nominal by Cramer'sV| 425 .003
Nominal
N of Valid Cases 50

a. Not assuming the null hypothesis.

b. Using the asymptotic standard error assuming the null hypothesis.

Table 6 p53 vs Survivin

Double input matrix

Survivin
Expression Low Expression
Count | Row N | Count| Row N %
%
Expression 16 69,6% 7 30,4%
p33 Low Expression 18 66,7% 9 33,3%
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¥2 control result

Pearson Chi-Square Tests

Survivin
Chi-
,048
square
53
P df 1
Sig. ,827

Results are based on nonempty rows and columns in each innermost sub table.

The control of the two categorical variables p53 and survivin, does not confirm a

relationship between them.

Table 7 PTEN vs Survivin

Double input matrix

Survivin
Expression Low Expression
Count Row N Count Row N
% %
Expression 22 66,7% 11 33,3%
PTEN | Low
i 12 70,6% 5 29,4%
Expression
¥2 control result
Pearson Chi-Square Tests
Survivin
Chi-
,079
square
PTEN
df 1
Sig. 178

Results are based on nonempty rows and columns in each innermost sub table

The Chi-square statistic is significant at the ,05 level.
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Table 8 Survivin vs Peripheral-Central

Double Input Matrix

Peripheral / Central location

Count | Row N % | Count | Row N %
Expression 17 50,0% 17 50,0%
Survivin | Low
. 8 50,0% 8 50,0%
Expression
¥2 control result
PearsonChi-SquareTests
Peripheral / Central
Chi-
,000
square
Survivin
df 1
Sig. 1,000

Results are based on nonempty rows and columns in each innermost subtable.

The control of the two categorical variables Survivin and Peripheral / Central

location, does not confirm a relationship between them

Table 9 PTEN vs Fleshy / Flat

Double Input Matrix

Fleshy / Flat

Count | Row N Count Row N
% %
Expression 19 57,6% 14 42.,4%
PTEN | Low
) 9 52,9% 8 47.1%
Expression
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¥2 control result
PearsonChi-SquareTests

Fleshy / Flat
Chi-
,098
square
PTEN
df 1
Sig. ,7154

Results are based on nonempty rows and columns in each innermost subtable.

The control of the two categorical variables PTEN and Fleshy / Flat does not

confirm a relationship between them

Table 10 Total results of the examined markers and also p values

n=50 p53 PTEN Survivin
L OE | p-value | L | OE | p-value L | OE | p-value

pterygia 16 22 0.03 13 | 25 0.456 8 | 30 0.019
(n=38)
type NS NS NS
flat 10 12 9 13 5 17
(n=22)
fleshy 6 10 4 12 3 13
(n=16)
localization NS NS NS
central 10 8 11 7 4 14
(n=18)
peripheral 8 12 2 18 7 13
(n=20)
control* 1 11 4 8 9 3
(n=12)

L: low expression OE: over expression NS: no statistical

significance

* Control: normal conjunctival epithelia

p53 mean values** (pterygia: 126.4, control: 147.9)
PTEN mean values** (pterygia: 121.6, control: 139.5)
Survivin mean values** (pterygia: 113.7, control: 141.7)
p53/PTEN co-expression (p=0.022)

**Mean values: staining intensity levels (range 0-255)
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12. Discussion

Pterygium is one of the most commonly observed, diseases in
ophthalmology. It is a proliferative, invasive and highly vascularized tissue, that
progressively stretches from the conjunctiva onto the nasal, temporal, or both
aspects of the cornea, in a wing-like shape [24]. It can impair vision through
altered tear film, photophobia, epiphora, induced irregular astigmatism or even
binocular diplopia due to contraction of Tenon’s capsule and in severe cases,
central corneal stromal scarring. Exposure to high levels of ultraviolet (UV)
radiation is believed to be one of the main causative factors, alongside reflected
scattered light and other environmental elements, like dust and chronic
inflammation [509]. This exposure causes increased damage through oxidative
stress to the respective epithelial and limbal stem cells and acts as the main
mechanism in the transformation of their cellular microenvironment [510].
Although this pathological condition of the conjunctival epithelium was
traditionally considered as a benign degenerative process, it exhibits traits similar
to tumors and neoplasia, such as epithelial proliferation, goblet cell hyperplasia,
angiogenesis, inflammation, elastosis and most importantly, recurrence after
resection. Progressive dysplasia is observed combined with the development of an
infiltrative pattern [511]. For these reasons, the classification of the pterygium as a
pathological entity is relatively difficult due to its nature and evolution. As
manifestations of the same pathology, both the degeneration and reconstruction of
the epithelium, as well as the neoplastic diversion of the pterygium, have been

proposed [512].

A significant number of studies were conducted that support the notion of tumor
behavior, providing some evidence to the pathogenetic mechanisms [513, 514].

Substrates investigated include

-Growth factors that are molecules that stimulate cell growth. They have the
ability to promote mitosis and proliferation, in cell cycle. Numbers of growth
factors, such as transforming growth factor-beta (TGF-6), vascular endothelial
growth factor (VEGF), basic fibroblast growth factor (bFGF), nerve growth factor
(NGF) insulin-like growth factor (IGF), and connective tissue growth factor

(CTGF) have all been discovered, in pterygium.

129



The VEGF family control pathological angiogenesis and increase vascular
permeability in ocular diseases [515]. Compared to normal conjunctiva, pterygium
presents higher levels of VEGF and vascular endothelial growth factor receptor
(VEGFR)-2, -3 [516]. Upregulation of VEGF-C mRNA level probably leads to
lymphangiogenesis in pterygium, especially in recurrent pterygium [517]. Lately,

it was clarified that TNF-a mediated the expression of VEGF-C [518].

TGF-6 is responsible for regulating many of the processes that are common to both
tissue repair and disease, including fibroblast proliferation, angiogenesis,
fibroblast proliferation, degradation of matrix proteins like collagen and
fibronectin and controlled synthesis. TGF-61 and TGF-62 were found to be
upregulated while transforming growth factor-beta receptor 1, 2 (TGFR-61, -62)
were downregulated in pterygium, compared to normal bulbar conjunctival

tissues [519].

Insulin-like Growth Factor (IGF), capable of promoting cell mitosis, stimulating
cell proliferation and inhibiting apoptosis, contributes to the growth of pterygium.
Insulin-like growth factor binding protein-2 (IGFBP2) was overexpressed in
pterygium’s body fibroblasts [520]. However, insulin-like growth factor binding
protein-3 (IGFBP3) was markedly decreased in pterygium compared to normal
conjunctiva. Downregulation of IGFBP3 is known to be closely associated with the
occurrence of cancer. This could mean that low level of IGFBP3 may be relevant
to the out-of-control cell proliferation, signifying that downregulation of IGFBP3 is

possibly, linked to the continuing growth of pterygium [521, 522].

Nerve Growth Factor (NGF), is a peptide that regulates growth, proliferation and
survival of certain neuronal cells. Epithelial cells, fibroblasts and vascular
endothelial cells of pterygium overexpress NGF [69]. Connective Tissue Growth
Factor (CTGF), involved in cell adhesion, migration and chemotaxis is also present

in the epithelium of pterygium but absent in normal conjunctiva [523].

-Tumor suppressor genes like p63, pl6 and p27 appear to participate in pterygium
pathology, as well [4], 524]. P63 is increasingly expressed, in the basal and
parabasal layers of primary pterygium, similarly in the full thickness of the

epithelium in recurrent pterygium. Increased expression of plé protein was
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observed in pterygium. Yet, p63 and pl6 seemed to express rarely in normal

conjunctiva [55].

-Proliferation related proteins, such as Ki-67, proliferating cell nuclear antigen
(PCNA) and cyclin D1, play important roles in the process of cell growth. The Ki-
67 protein is known as a cellular marker for proliferation. It is suggested that Ki-67
might be a sensitive marker for ocular malignant tumors [525]. Expression of Ki-67
was found increased in both primary and recurrent pterygium, which supports the

proliferative nature of pterygium [51, 526].

PCNA is a DNA clamp and achieves its role by surrounding the DNA, where it
functions as a scaffold to engage proteins involved in DNA replication, DNA
repair, chromatin remodeling and epigenetics [527]. It was reported that the
expression of PCNA and Ki-67 was significantly higher in pterygium than normal

conjunctiva [528].

Cyclin DI is a protein that is essential for progression through the Gl phase of the
cell cycle [529]. Recent studies found that PCNA and cyclin DI were
overexpressed in the epithelial cells of the limbal part of pterygium, compared
with normal conjunctivas. This event might lead to limbal micro-environmental
anomaly such as hyper-proliferation of resident epithelial cells and it may explain

how these two proteins promote the initiation of the disease [52].

Significant increase of Glutathione S-transferase expression in pterygium observed
in a study, may reflect the activation of GST in response to excessive free radical
formation from ultraviolet exposure to maintain antioxidant capacity in pterygium
[530]. Although, best known for their ability to detoxify cellular environments,
GSTs are also capable of binding nonsubstrate ligands, with important cell
signaling implications. Several GST isozymes from various classes have been
shown to inhibit the function of a kinase involved in the MAPK pathway that
regulates cell proliferation and death[531]. 6-Catenin overexpressed in
nuclei/cytoplasm could increase cyclin D1 protein expression, which could

contribute to proliferation of pterygium cells [53].

-Apoptosis related proteins, Bcl-2, Bax and Bcl-w, are known to be involved in the

regulation of cell apoptosis. Bcl-2, a protein encoded in humans, by the Bcl-2 gene,
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is the founding member of the Bcl-2 family that controls apoptosis by either
inducing or inhibiting apoptosis. Bax, known as an apoptotic activator protein,
comes from the Bcl-2 gene family as well [532]. Notable expression of Bcl-2 was
observed in the basal epithelial layer of all pterygium epithelial cells, while
normal conjunctiva showed no evidence of Bcl-2. Bax expression though, seemed
to be similar in both pterygium and normal conjunctiva [55]. Bcl-w, another
member of Bcl-2 family, protects cell from apoptosis and was reported to be

overexpressed, in pterygium [46].

It is evident, that so far various molecular analyzes of the tissue substrate from
pterygia have identified specific genes involved in cell proliferation, apoptotic
death and the transmission of signals from the periphery to the nucleus - whose
deregulation appears to lead to the gradual transformation from normal

epithelium to the pterygium shaping.

Among them, survivin, PTEN and p53 genes are important regulators of cellular
and overall tissue homeostasis, most likely, through their effect on apoptotic
pathways [533]. Survivin, (gene locus: 17q25), is a member of the family of proteins
that inhibit apoptosis (IAP) through negative interaction and inhibition of the
activity of the initiating and effector caspases [534]. At the subcellular organelle
level, Survivin interacts with the microtubules at the level of the mitotic sphincter
and competes with mitochondrial-dependent apoptosis [535]. Overexpression of
Survivin results in inhibition of both intrinsic and extrinsic pathways of apoptosis.
Decrease of survivin in the human cells produces defects in apoptosis and multiple
defects in cell division [536, 537]. Although the exact mechanism of inhibition of
apoptosis by Survivin is still largely undiscovered, both direct and indirect
binding of survivin to initiator or effector caspases is believed to contribute to
inhibition of apoptosis by Survivin [538]. Binding of survivin directly to effector
caspase-3 has been hypothesized, however, unlike other IAPs, survivin does not
seem to possess the structural moiety responsible for docking of caspase-3 to the
BIR domain [539]. Some studies suggest that survivin can bind directly to
caspase-9 and inhibits its activity [540]. There is considerable evidence to support
the dual function of survivin i.e., as a regulator of cell division and inhibitor of

apoptosis. The C-terminus of survivin is necessary for cell division and the N-
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terminus is dispensable for apoptosis [541]. Though, appreciated as two separate
functions, it may be possible that survivin expression acts as a vital checkpoint for
initiation of programmed cell death, in those cells that are undergoing aberrant
cell division. More studies are required to demonstrate, whether survivin
specifically acts as a propagator of cytokinesis, or cell death in normal cells and
whether either of these functions becomes prevalent, during tumor progression

[115].

Survivin occupies a central position among [APs as being both the regulator of cell
division and apoptosis. Nevertheless, normal differentiated cells present very low
or no expression of survivin. But, does low or no expression of survivin on normal
cells has any correlation with the cellular functions or does it signify less cell
division/apoptosis in normal cells? Survivin knock-out mice exhibit embryonic
lethality, loss of self-renewing bone marrow progenitor cells and bone marrow
ablation [542, 543]. Conditional deletion of survivin in thymus gland leads to a
developmental arrest in thymocytes at double negative stage and the appearance
of immature T cells in periphery [544]. Survivin also presents as a key regulator of
clonal expansion of T effector cells, proliferation of activated mature B cells and B
cell progenitors, erythroid and megakaryocyte differentiation [122, 178, 545].
Survivin emerges as an intriguing protein that regulates functions of various

immune cells [546].

The coordination of cytokinesis and mitosis, is a fundamental conserved role of
survivin in all eukaryotes, from yeast to human. In particular, it exhibits an
overexpression in the G2 / M phases and undergoes the Gl phase of the cell cycle

[547].

When survivin (BIRC5) was first identified, its discovery generated a
considerable interest from cell biologists and oncologists, an interest that
continues today. For oncologists looking for new anti-cancer targets, proteins that

are required for cell proliferation rate very high on their ‘most wanted’ list [541].

Proteins that are involved in programmed cell death (i.e., apoptosis) are similarly
appealing. This is the intended response of tumor cells to traditional chemo- or
radio-therapies. Therefore, as a protein that is, at the same time, able to inhibit

apoptosis and is essential for mitosis, survivin seemed, at first glance, a promising
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new target. Indeed, the most attractive targets are those that are differentially
expressed in cancer versus normal cells. Moreover, survivin is highly abundant in
cancer, but absent from most normal somatic cells [548]. Therefore, from this point
of view, it seemed an ideal candidate, as well. In spite of these advantageous
characteristics, rather disappointingly, an accurate and specific anti-survivin
agent has not yet reached the clinic. It may be that survivin on its own, has no
enzymatic activity; instead, it fulfils most of its tasks in conjunction with other
proteins and is most likely best characterized as an adaptor protein that interplays
with, or shuttles its partners to their destinations [549]. This is truly the case
during mitosis, when survivin targets the chromosomal passenger complex (CPC)
at the centromeres, and thus enables aurora-B kinase to phosphorylate a number
of proteins that are responsible for ensuring that finally, the chromosomes are

aligned properly, before they are segregated, at anaphase [550].

PTEN (phosphatase and tensin homolog deleted in chromosome 10), which is
encoded by the corresponding gene (gene locus: 10q23.3) acts as a tumor
suppressant. Over the past years, it has been suggested, that the changes
regarding tumor stroma metabolism are powerful inducers of tumor growth [205].
In the stages of cancer induction and progression, the normal fibroblasts that are
neighboring the tumor cells undergo metabolic reprogramming and alter their
phenotype. Cancer Associated Fibroblasts (CAFs) support the growth of adjacent
epithelial cancer cells, causing in turn oxidative stress and senescence in adjacent
CAFs [551]. In senescent CAFs, initiation of autophagy and mitophagy potentiate a
change in aerobic glycolysis producing biochemical molecules that drive oxidative

phosphorylation based, anabolic growth in the tumor cells [552].

Overexpression of PTEN has been of significant interest, both in biologic and
clinical significance terms. Studies that are conducted in non-small cell lung
carcinoma cell lines have shown that overexpression of PTEN was connected to
the inhibition of tumor growth, an increase in levels of cleaved caspase-3 and cell
arrest in GO/G1 phase, thus presenting a role for PTEN, as a potential target [553].
In these patients, improvement based on the efficacy of pemetrexed, a first-line
chemotherapy drug, has been observed [554]. Several studies processing different

types of cancer cell lines, have revealed, that PTEN overexpression can augment
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apoptosis in glioblastoma, inhibit proliferation and promote apoptosis of
hepatocytes and reduce cisplatin resistance of ovarian cancer, by upregulating a
downstream molecule termed as keratin, type I cytoskeletal 10 (KRT10) [555-557].
It can also, have a cooperative role with lithium for reducing colorectal cancer,

suggesting their potential combination as a novel treatment [558].

It becomes evident that in this respect, numerous mechanisms are potentially able
of transcriptional and post-transcriptional regulation of PTEN expression,
including transcriptional repression, epigenetic silencing, regulation by miRNAs
and disruption of competitive endogenous RNA (ceRNA) networks. All of them
have been shown to play a role in regulating PTEN levels [181]. Furthermore,
PTEN is subject to a wide range of post-translational modifications that ultimately
regulate its protein levels, activity and function, including overexpression of
PTEN interacting proteins, dimerization, and secretion [181]. Deregulation of the
gene through deletion, mutation, or epigenetic changes (methylation of the gene
promoter) into a wide variety of malignancies leads to a synchronization of the
internal cytoplasm of molecular signaling pathways to the nucleus [559]. Normally
the produced protein exerts a suppressive effect on cell proliferation by promoting

the cell in the Go dormant phase.

It appears that, through autophagy PTEN determines the fate of the tumor [246].
Furthermore, the biology of the immune system permits tumor initiation and
progression through the balance between effector and tolerance response,
modulated by autophagy [560, 561]. Autophagy affects various biological functions
of different cell types of the immune system such as dendritic cells, natural killer
cells, T and B lymphocytes and macrophages. It can adjust the production of
cytokines and antibodies which also have effects on the autophagic process. In
addition, transforming growth factor -6, interferon-y, and several interleukins (IL)
act as stimulators, while I1L-4, IL-10, and IL-13 counteract autophagy [562].
Autophagy can be prompted by the activity of the innate immune receptors, such
as Toll-like receptors, and in adaptive immunity, it is an important determinant
for lymphocyte differentiation, antigen presentation and cytokine secretion, with

onco-suppressor activity [563, 564].
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Recent studies explore the onco-suppressor role of PTEN in the tumor
microenvironment regulation, affecting autophagy and metabolic reprogramming.
In fact, specific genetic alterations including those of PTEN in cancer cells may
affect the immune composition of the tumor microenvironment and such
infiltrating immune cells may in turn act to inhibit or sustain cancer cells

proliferation [552].

The aforementioned p53 protein is biochemically a 53 kDa phosphoprotein and
plays a key role as a genome “gate keeper” [565, 566]. The encoding gene is
located on chromosome 17 (gene locus: 17pl3). It acts as a transcription factor for
critical genes, inhibiting abnormal DNA duplication and together with the base
repair system (DNA MMR) prevents the replication of abnormal nucleotides, as
well as regulates apoptosis [306]. The pathological protein resulting mainly from
point mutations changes the role of the molecule from tumor suppressor to

oncogene [426].

By definition, tumor suppressor genes control metabolic functions, that limit
inappropriate cell expansion and their inactivation promote tumor initiation or
progression. Taking into account, the many processes that p53 controls, which of
its effector functions are crucial for tumor suppression, has been proven the topic
of much debate between scientists [306]. Senescence and apoptosis are clearly
observed in tumors and when these processes are initiated, they are definitely
tumor suppressive. Nevertheless, a recent body of studies suggests that apoptosis
and senescence can be nonessential for tumor suppression and that, in some

specific contexts, other non-canonical p53 functions may be more critical [567].

There is no clear consensus on which p53-dependent process is the most
important. The only relevant measure of “tumor suppression” is whether a gene
impedes the onset or progression of tumors emerging, in vivo [568]. As
exemplified by the p53 knockout mouse, which is a powerful model that develops

thymic lymphoma (and sometimes sarcoma) at complete penetrance [569].

To address which p53 function is critical for tumor suppression, mutant strains
have been developed, in an attempt to separate the specific p53 functions.
Furthermore, the resulting animal cohorts were continuously monitored for

tumors, over time. If the removal of a p53-driven function permits tumorigenesis,
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it is self-evident. that the underlying process is crucial for the tumor suppressive
activity of p53. If it does not, it is considered dispensable [306]. However, it
should be taken into consideration, that thymic lymphoma rarely occurs in people,
so that the prerequisites for suppressing this rare form of cancer, may not

necessarily apply to other systems [570].

One line of investigation has analyzed tumor onset and pathology between mice
bearing knockouts of p53 target genes versus p53 itself. For example, mice that
are deficient for p21, Noxa and Puma do not develop thymic lymphoma, implying
that p53-mediated cell cycle arrest and apoptosis might be inessential for tumor
suppression [571]. Still, it is possible that p53 target genes may be, already
expressed at basal levels so p53-null cells, for example, are by no means p2l-null
[572]. Accordingly, this approach could overestimate the importance of a particular
p53 effector to the null phenotype. Additionally, since numerous effectors mediate
most of p53 outputs, mouse strains that are deficient for selected p53 effector
genes do not fully incapacitate the relevant p53 effector program (e.g., p21 loss
does not completely negate p53-mediated cell cycle arrest) [573, 574]. However,
this view could underestimate the input of the targeted processes to tumor
suppression. Changes in feedback loops and compensatory mechanisms presenting
as a result of manipulating the pathway could complicate even more, the

interpretation of such studies [575].

Another way to approach this subject, was to attempt to isolate p53 effects,
through separation-of-function mutants that selectively retain or lose their ability
to modulate specific subsets of p53 target genes and activities. For example, the
tumor-derived p53RI175P and p53EI80R alleles exhibit defects in apoptosis while
retaining the capability to evoke cell cycle arrest, thus mice harboring the
relevant mutations show extended tumor-free survival as compared to p53- null

animals [576].

Furthermore, the tumors that do appear in these mice appear to demonstrate far
less chromosomal instability (CIN) than p53-null tumors. This observation
indicates that different p53 mutants may impinge selectively on downstream
effector pathways [576]. On the other hand, engineered structure and function

mutants that disarray p53 transcriptional domains or are deficient in their
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acetylation, can separate critical p53 functions, at least in vitro [577]. Although,
these studies support the importance of p53-mediated transcription for tumor
suppression, they do not determine a single key process. While, such lines of
investigative research regarding structure and function, are appealing, they also
present limitations. Mutant p53 proteins appear to be more stable or less stable
than the wild-type protein and thus, the variability in phenotypes may reflect

quantitative, as well as qualitative modifications [578].

The majority of structure-function mutants have only been isolated in a limited
number of cell types, and with the context limitations, it cannot be presumed, that
these results can effectuate tumorigenesis, in all cell tissues. Maybe, this is why,
studies that are technically sound, have been unable to reach a common

consensus, on the mechanisms involved [306].

Quite a few studies have evaded the issues by focusing on specific functions,
peripheral to p53. So, rather than measuring the onset of tumor itself, upon p53
loss, they instead took advantage of mouse models harboring ‘“switchable” p53
alleles. In these studies, attempts were made to stimulate endogenous p53 in
already established tumors. In all of these situations, p53 remodeling resulted in
an accentuated anti-tumor response, the nature of which was depended on the
model employed [579, 580]. In liver carcinomas and sarcomas, the response is
senescence. In Myc-expressing B cell lymphomas, the response is massive
apoptosis. Under other conditions, p53 reactivation can trigger cellular
differentiation and a loss of self-renewal [581]. It becomes evident that, the result
of p53 reactivation in an existing cancer may not mirror the same processes that
were lost during tumorigenesis and these studies support the belief, that the p53

response varies, depending on the context [582].

Previous studies established the critical relevance of p53 in the autophagy
network, in order to promote cell survival. At the same time, p53 can also trigger
autophagic cell death in various severe stress conditions [583]. p53 can regulate
mitophagy as well as macro-autophagy, a process that leads to the synthesis of
double-membrane vesicles and their integration into lysosomes, that recycle
macromolecules and preserve intracellular pools of metabolites [584]. p53 can

inhibit or stimulate autophagy, depending on its subcellular localization, its
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mutational status, and stress type, through multiple mechanisms that include the
transcriptional control of multiple autophagy-related genes, the modification of the
mTORCI kinase [585]. Kinase mTORCHI firmly controls the autophagic process
conforming to the intracellular nutrient and energy levels, by the regulation of
BCL-2 family members which also control autophagy, or by direct interaction with

the key autophagic regulator BECLIN 1[586].

Several studies propose that the link between the p53 pathway and autophagy
extends further, to other vital components of this cascade, including E4F1 and
MDM2 [587]. Therefore, genetic inactivation of E4fl has been shown to induce
autophagy in leukemic cells and MDM2 was also proven to be regulated upon
accumulation of the autophagy substrate p62/SQSTMI in KRASGI2D- driven

pancreatic cancer cells [588, 589].

In addition, MDM2 supervises the balance between apoptosis and autophagy, in
Nutlin-treated cells. In fact, Nutlin arrests autophagy and promotes apoptosis in
MDM2-amplified cancer cells, but it promotes autophagy in MDM?2 non-amplified
cells. This diverse effect is linked with aKG levels and the transcriptional
regulation of ATG genes, through an epigenetic mechanism implying the

regulation of the aKG-dependent demethylase JM]JD2b [590].

So eventually, what are the most critical p53 activities necessary for tumor
suppression. Obviously, the above-mentioned notions exclude generalities without
considering the necessity for context-specificity. For example, the importance of
context is readily documented, in mouse studies demonstrating that Puma
suppression compares to p53 loss in driving Myc-induced lymphomagenesis but
not in promoting thymic lymphoma [591]. By embracing this notion, it should
enable the demonstration of tumor-specific processes of tumor suppression and

pave the way for restoring the most applicable p53 functions, in individual tumors.

It becomes evident, that evolution has opted for a delicate balance of p53 activity,
since too little of p53 leads to early onset cancer and too much of p53 accelerates
aging. The danger of excess p53 is evident in other pathologies, beyond cancer,

including injury, aging and degeneration [592] .
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As all animals age, the cost of eliminating potentially dangerous cells, is the
gradual weakening of the stem cells responsible for tissue homeostasis. In a rapid
process, patients presenting the heritable DNA repair deficiency syndrome
Fanconi anemia, overstimulate p53 in an effort to resolve accumulating DNA
damage and finally, experience bone marrow failure owing to progressive HSC
loss [593]. Excessive p53-dependent apoptosis can also lead to developmental
disorders of the brain and aging-associated neurodegenerative diseases, namely

Alzheimer’s and Parkinson’s diseases [594].

As a regulator of cell death, it has been documented that p53 is involved in the
pathological response to cardiac and cerebral ischemia; p53 manipulation and
inhibition has been proposed as a protective strategy in the acute phase following
injury [592]. Collectively, the characteristics of p53 function in normal physiology
and non-cancer pathologies disclosed additional regulatory processes, downstream

functions and possible therapeutic targets.

Studies on the presence of p53 in pterygia reveal increased expression [35, 595,
596]. In normal cells, p53 protein is short lived and maintained at low, often
undetectable levels [36]. But mutations in p53 gene result in increased stability of
its protein derivative in the cell, that can be readily detected, by antibodies to

several epitopes of p53.

Many researchers have found abnormal levels of p53 protein in the epithelium in
both primary and recurrent pterygia [43]. The reported prevalence of p53 positive
staining by immunohistochemistry ranges from 7,9% to 100% [35]. Interestingly,
p53 overexpression didn’t block cell proliferation or cause apoptosis, implying that
normal p53 functions were inactivated. UV radiation can cause mutations in the
p53 gene, with loss of heterozygosity, resulting in cell proliferation and genomic

instability, instead [29].

In our experimental study, as part of this doctoral dissertation, we analyzed the
expression of the three aforementioned molecules p53, survivin and PTEN in
pterygium epithelium. Our aim is to explore the possible role, they play in the
evolution and transformation of the normal conjunctival epithelium to pathological
pterygium tissue. In the study of this doctoral thesis, a combination of exfoliating

cytology was applied and the analysis of proteins was performed on a liquid phase
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substrate with an objective assessment of the expression of the molecules through
digital image analysis. A similar application of immunocytochemistry has been
used in another study at the cytological level for the analysis of squamous cell

carcinomas of the eye [597].

Extensive molecular studies have shown that tissue structural stability and
functional corresponding homeostasis are achieved through a balance between
cell proliferation and apoptotic death [598]. Decoding the transition and
transformation of the normal conjunctival epithelium into a pterygium, as a

clinically specific entity, it reinforces the notion, that this balance is deregulated.

Some studies have suggested based on their experimental data that the
progressive development of the lesion is probably due to the synchronization of
the molecules that promote and respectively inhibit this planned process. In
particular, a combined overexpression of the p53 protein and the corresponding
mitochondrial bcl2 and bax, an inhibitor and an apoptosis promoter, respectively,
has been observed [599]. This mechanism of combined protein expression is not
observed in normal epithelium [512]. In fact, the purpose of p53 is to prevent the
abnormal expression of these genes. In combination with this mechanism, survivin
promotes the suppression of apoptosis. It has been observed that in the pterygium
epithelium, the increased transcription of these genes is consistent with their

protein overexpression [55].

A study, analyzing the survivin molecule at the m-RNA and protein levels
combined concluded that elevated levels of the phosphorylated molecule were
found mainly in the cytoplasm relative to the nuclear space [600]. However, it was
only weakly expressed in the cytosol of normal conjunctival epithelium.
Furthermore, knockdown of survivin by siRNA, suppressed propagation of
pterygium epithelial cells, along with downregulation of p63 and upregulation of
p57 and p2l expressions [600]. It was demonstrated that oxidative stress could
cause activation of survivin expression, inducing a hyperproliferative condition,
which might be a crucial event in the growth of pterygium [42]. Survivin had an
essential connection with COX-2 in primary pterygium, suggesting that pterygium

might originate via an anti-apoptotic mechanism [44].
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An interesting observation was that the protein produced, could be the target for
targeted treatment strategies through the development and application of
specialized siRNAs such as in vitro tested in mixed cultures of normal
keratinocytes and pterygium epithelial cells [600]. At the same time, another
similarly important study reported as a result that the combined overexpression of
the proteins p53 and survivin is associated not only with the initial development
of pterygium but also with its regeneration and recurrence after surgical excision

[43].

According to the results of the protein analysis of our study, the increased
expression of surviving, PTEN, mainly and of p53 to a lesser extent, were
associated with the pathological epithelium of the conjunctiva, on pterygium
substrate. This co-expression strongly supports, the role of these molecules in the
deregulation of the apoptotic mechanism in pathological epithelia. In addition,
these proteins appear to interact with others including cyclooxygenase-2 (COX-2)
and cyclic adeno-monophosphatase binding protein (AMP-response CREB) which

also contribute to pterygium formation [44, 601].

Survivin also, shows an indirect synergy in oxidative stress which leads to DNA
pathology, forming an activation circuit of the molecule which facilitates the

formation of the pterygium [42].

At the same time, the exact role of the p53 protein in the process of “neoplastic”
adaptation and change of the normal epithelium to the pterygium type is under
investigation. There are various published, controversial experimental data, on
this view. Some of these studies support the idea that despite the fact of its
overexpression in the primary pterygia, the same does not happen with their
recurrence after surgical treatment [36, 528]. Based on the results of our
experimental study, the total co-expression (overexpression) of p53 / PTEN
molecules is correlated with the pterygium phenotype. Especially for the PTEN
protein, for which there is very limited data regarding its role in the formation

and growth of the pterygium, this correlation is very important.
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A B C

Figure 27 Immunocytochemistry analysis for the markers A: p53 expression (nuclear staining

pattern). B: PTEN expression (cytoplasmic mainly and nuclear staining pattern). C: survivin
(nuclear predominantly and cytoplasmic staining pattern). Second row: negative expression,
original magnification 400x.

Embryo-histogenetic studies have shown that the protein critically regulates the
architecture and homeostasis of ocular tissues and also in cases of traumatic
corneal damage and conjunctivitis increases the migration of new cells and tissue
healing through the promotion of PI3K/AKT signal [602, 603]. In addition,
experimental analyzes in early organisms such as Drosophila and mice have
shown that the effect of the molecule is catalytic during growth by regulating the
balance between proliferation and apoptosis [604]. Regarding pterygium, PTEN
overexpression leads to suppression of signaling, i.e., the signal transduction from
the cell membrane to the nucleus and thus acts as an adjunct to epithelial
apoptosis. In fact, other similar protein analysis studies of the molecules tested,

have shown that PTEN indirectly suppresses survivin [23, 605, 606].
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13. Conclusions

Survivin, PTEN and p53 proteins are important biomarker molecules,
involved in the emergence and propagation of cancer cells. The specific analysis
of their co-expression in our study, supports the growing belief, that pterygium
should no longer be considered as a conjunctival inflammatory degenerative
disease. Instead, pterygium should warrant the attention of premalignant invasive

pathologies with the potential to rarely transform in a true cancerous lesion [596].

Our study demonstrated, in keeping with other publications, that survivin,
through its overexpression leads to the inhibition of the apoptotic potential of the
epithelium in the area of pterygium [37]. In addition, overexpression of p53 is
observed in these epithelia but the impact of the molecule on the formation and
evolution of tissue conversion from normal to their pathological phenotype seems
to be through its mutated self, leading to increased stability and inactivity.
Mutant p53 appears to shed its protective role as a genome gate keeper and it is
very strongly suggested that it may even possess tumorigenic properties, in its
mutated form [607]. Additionally, the role of PTEN as a key nodal point is
confirmed, based on the findings of protein analysis. Although not explicitly
clarified, it seems to indirectly regulate the balance between the other two
molecules examined, by favoring apoptosis. So far, no studies exist to investigate
the importance of PTEN expression in pterygium and our study, is the first to our
knowledge, to demonstrate the significant correlation of p53 and PTEN

expression, to the pathological tissue of pterygia.

Additional molecular analysis relating to apoptotic death pathways, signal
transduction to the nucleus, and cell cycle regulation will demonstrate the true

molecular basis of pterygium.

Regarding the treatment of pterygium, new lines of investigation have already
been undertaken, in an effort to identify the therapeutic agent or agents that
would arrest growth and/or prevent recurrences, thereby relieving both patients
and national health systems, of a significant burden. To this end,
immunosuppressing agents, like mycophenolate mofetil have been employed,

showing promising results with suppression of pterygium fibroblast proliferation
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after short exposure to the acid, in vitro [608]. More published data, support the
use of antioxidants, like curcumin, a yellow-colored polyphenol, also known as
diferuloylmethane, from the Curcuma Longa plant. Curcumin is contemplated as a
potent anticancer drug. In a study conducted, exposing cultured pterygium
fibroblasts to curcumin for 48h, a remarkable inhibitory effect on fibroblasts and

their VEGF expression, was noted [609].

p53, survivin, and PTEN have already been targeted for cancer treatment, either
separately or in conjunction with other forms of therapy, i.e. chemotherapy or
irradiation and they show promising results, with studies entering phase I and II
[115, 610, 611]. Still, given the diversity of their context-specific actions and the
tremendous heterogeneity of human cancer, a lot of research remains to be
undertaken, in order to achieve the necessary level of efficacy and productiveness,

to fend off cancer.

We propose that these molecules may be of considerable value, in discovering
new effective therapeutic modalities, for pterygium. Since conventional treatment
strategies have failed, so far, to prevent recurrences [612], it becomes self-evident
that future investigations should be undertaken to identify the usefulness and
practicality of survivin, PTEN, and p53, either as prognostic biomarkers or

therapeutic targets, in future pterygium treatment options [613].
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14. Abstract

Purpose: Concerning pterygium pathogenesis, high levels of ultraviolet (UV)
exposure are considered as the major risk factor. However, the role of specific
gene deregulations, including apoptotic/anti-apoptotic factors and significant
suppressor genes, in signaling transduction pathways remains unclear. In the
current study, we co-analyzed p53, Survivin, and PTEN proteins in pterygia and

normal conjunctiva.

Methods: Using a liquid-based cytology assay, fifty (n=50) cell specimens were
obtained by a smooth scraping on conjunctiva epithelia and fixed accordingly.
Among them, thirty-eight (n=38) were referred to pterygia and the others (n=12)
to normal epithelia (control group). Immunocytochemistry assays were
implemented on the corresponding slides by applying anti-p53, -Survivin, and -
PTEN antibodies. Digital image analysis was performed for objectively evaluating

the corresponding immunostaining intensity levels.

Results: The majority of the examined pterygia cases overexpressed the markers
(p53: 22/38-57.9%. Survivin: 30/38-78.9%. and PTEN: 25/38-65.7%. respectively).
Interestingly, overall p53/PTEN co-expression was found to be statistically
significant (p=0.022). Overexpression of Survivin, PTEN mainly and of p53 to a
lesser extent, was associated to abnormal conjunctiva epithelia (p=0.019, p=0.03,
respectively). No statistical significance was observed regarding the anatomical

localization of the pterygia (central/peripheral) or their type (fleshy/flat).

Conclusions: Survivin overexpression leads to an increased anti-apoptotic activity
playing a central molecular role in the pathogenesis and progression of pterygia.
Furthermore, p53 expression is also observed in these lesions, but its impact
seems to be low compared to Survivin’s influence on them. Although unexplored,
the role of PTEN in the current process is potentially significant, providing a

suppressor balance to the p53/survivin complex.

Keywords: pterygia, genes, cytology, apoptosis, image analysis
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15. MepiAnyn

XROTIOC: LT TAdOYEVELD TOV TITEPLYIOV, TO LVYNAG eTtimedo €kdeong GTNV VLITEPLOIN
akTvoBoAla, @OlveTaL vo €(0oVV TOV TPWTEVOVTO POAO, ylo TNV eu@avion tov. H
ONPOCLO. OPWC, TNC ATTOPPVIULIONG GUYKEKPLUEVOY YOVIOLWY, OTIWC EIVOL Ol ATTOTTTWTLKOL
KOl OVTIOTOTITOTIKOL TTAPAYOVTEC KOL KOTOGTAATIKG TNG OYKOYEvEGNC yovidia, 61N
dloTOPOYN TV PETAYWYLKOV ONUATOV GTO E€CWTEPIKO TOL KLTTAPOV, OV €Yel

dracagnvioTel.

21N TO.P0VGO. UEAETN, GUV GVOAVOUVUE TO TPWTEIVIKG TPOIOVTO TOV YOVidiwv Survivin,
p53 kat PTEN, ce 0@daApikd TTepVylo. GUYKPLTIKG pe To emdNAlo Tou vyn

ETIEPUKOTOA.

Mé£dodoc: Me kuttapoloyio vypng @dong, avodvdnkov mevivra (50) KUTTOELKA
delypota, OV ANPINKAY pe NTTLo. aTTOLeon TOL eTINALOV TOV ETTEPUKOTA. AT OVTA
ta delypata, Tptdvto oktd (38) mpodpyxovtav amd madoAoyikd 16T, amd TNV TEPLOYN
Tov Ttepuylov kat To vmélorwo dddeka (12) Selypota, ATav amé PUGLOAOYIKS

ETUITEPUKOTO.

‘Eyive 0vOGOKULTTOQOYNIKY HEAETN TOV OVTIOTOLX®Y TAAKISIWV pe eQpappoyn avTl- p53,
-Survivin kat -PTEN avticopdtov kot ynerokn availven g eikévag ylo. v akptén

ERTIUNGN TNG EVTOONC TNG AVOGOYXNILKNC XPWOGNC.

Atotedéopota: H mAeloyneio tov e€eT00dEVIOV 10TOV, OO TTEPUYLA, EUPAVIGAV

utepérPpacn Tov Tpwteivey (p53: 22/38 — 57.9%, survivin: 30/38 — 78.9%, PTEN:
25/38 — 65.7%, avticTorya). Evdiagépov €xel, n 6TaTIGTIKN Gnpocio Tov eviomicoue
o1 Guvdvacpuévn vrepékppacn Tov p53 kot PTEN, pe tiun onuoavtikétntog (p =
0.022). H vmepérppacn tng Survivin kot n vepék@pacn g p53, GXETILOTOV pe TO
madoloyikd emdnALo, pe Ty onuavtikétntac (p = 0.019 kat p = 0.03, avticToya).
Aev  SLoTIGTOINKE, OTOTIGTIKG OGNUOVTIKN GYEGN OVOUEGO GTNV  EKPEOCT TOV
GUYKEKPLUEVDY  TPOTEIVOV KoL TNV OVOTOWIKN  d€om (emektElvVoUEVO
keVTPIKG/Tteptopigdpevo 610 XKO), 1 poppoloyia (cuumayéc/atpo@ikd) TV

TTEPLYLWV.

Yvpmepacpoto: H  vmepekppoon Tng survivin, odnyel 1o KUTTAPO O auvinuévn

OVTIOTOTTOTIKY  dPOGTNELOTNTA KOl OTTOJEKVVEL TO GNUOVTIKO POAO TNG GTNV EUPAVION

kot e€€MEN Tov Tepuylov. Emmpdcdeta, n oe pikpotepo 6adpo ekppaon Tov
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P53, evioyvel TNV Groypn OTL N €TOPAGT TOVL EIVAL GUPLAEYOUEVN, GE GUYKPLON UE TNV
survivin. H onpacia tov PTEN, amno 0 peAétn pag, avadelkvietol onpavTiki, Kodmg
@alvetal vo emitehel €vo KOTAGTOATIKO - PLIWLIGTIKO PONO GTNV LGOPPOTILO. TOV

cvuTAéypatog survivin / p53, mapa v EAetpn AAAOV peAETOV.

Aegeig- Khadia: mtrepiyio, yovidia, andmtocn, avaluen eikovag.
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