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Apoptosis in normal and diseased oral tissues
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Apoptotic cell death plays an important role in main-
tenance of the normal physiological state and in the
pathogenesis of diseases in the body. Over the last three
decades the molecular mechanisms of apoptosis have
been unravelled leading to development of novel thera-
peutic approaches. This paper aims to present current
knowledge of the role of apoptosis in normal oral tissues
and in the development of oral diseases.
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Introduction

In multicellular organisms, cells are continuously shed
and replaced. It is estimated that 1 x 10! cells die per
day, equivalent to the turnover of an adult’s total body
weight every 18—-24 months (Israels and Israels, 1999).
Apoptosis is the main mechanism by which cells are
physiologically removed and thus plays an important
role in regulating tissues during embryogenesis and in
normal homeostasis. A dysfunctional apoptotic system
can lead to either excessive removal or prolonged
survival of cells. Therefore, dysregulation of apoptosis
is involved in the pathogenesis of a variety of diseases
such as cancers, viral infections and immunological
disorders. This review focuses on current knowledge on
apoptosis in normal oral tissues and its role in the
pathogenesis of a variety of diseases in the oral cavity.
An understanding of the role of cell death in the
pathophysiology of oral tissues is pertinent to the
development of novel therapeutic approaches.

Cell death may take place by apoptosis or by non-
apoptotic forms such as necrosis. The differences
between various forms of cell death are not clear-cut.
There exist forms of cell death that display intermediate
features between classical apoptosis and necrosis. The
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mode of cell death and its morphological features is
dependent on a number of factors including cell type,
inducing factor and signalling pathway (Ziegler and
Groscurth, 2004). Cell death by necrosis occurs follow-
ing pathological injury caused by factors such as
infection, ischaemia or hypoxia. Necrosis is character-
ized by cell swelling and rupture, leading to the release
of the cell’s toxic contents, which induce an inflamma-
tory response. Apoptosis, on the other hand, is charac-
terized by cell shrinkage, blebbing of the plasma
membrane and nuclear condensation and fragmentation
(Figure 1). Apoptotic cells eventually fragment into
small membrane bound bodies (apoptotic bodies),
which are phagocytosed by macrophages, or neighbour-
ing cells without inducing an inflammatory response
(Kerr et al, 1972). Phagocytic cells recognize ‘eat me’
signals sent out by dying cells (Fadok et al, 2001;
Moreira and Barcinski, 2004). The entire apoptotic
process is insidious and explains why little was known
about apoptosis until relative recently.

During embryogenesis-specific, selected cells are des-
tined to die by apoptosis. In developmental biology the
term programmed cell death (PCD) is often used to
describe this form of cell death as cells are programmed
to die after performing a particular function at a specific
time. PCD occurs in the oral epithelium where basal
keratinocytes continuously proliferate mature and dif-
ferentiate to flattened squames, which are then shed-off
from epithelial surfaces. This process is often referred to
as terminal differentiation.

Epithelial cells require contact with each other for
survival signals. Detachment of an epithelial cell from its
neighbours triggers a form of spontaneous apoptosis
termed ‘anoikis’ (Frisch and Screaton, 2001; Gross-
mann, 2002). Anoikis is involved in a wide range of
tissue-homeostatic, developmental and oncogenic pro-
cesses. Loss of cell-cell contact deprives epithelial cells
of necessary integrin- and cadherin-mediated survival
signals (Evan and Vousden, 2001). It has become clear
that the integrin-o6$4, a major component of hemides-
mosomes, is able to transduce signals from the extra-
cellular matrix to the interior of the cell, which critically
modulate the organization of the cytoskeleton, prolifer-
ation, apoptosis and differentiation (Borradori and
Sonnenberg, 1999). Maintenance of cell—cell contact is



Figure 1 An early apoptotic cell in oral squamous cell carcinoma. The
terminal transferase deoxyuridin triphosphate (UTP) nick-end label-
ling (TUNEL)-positive cell (arrow) shows the shrinking and DNA
condensation characteristic of apoptotic cells (original magnification
%1000, oil emulsion)

therefore important for preservation of normal epithe-
lial structure and function.

The characteristic morphological features of apopto-
sis and its underlying biochemical mechanisms permit its
detection by a number of methods possible. The widely
used terminal transferase deoxyuridin triphosphate
(UTP) nick-end labelling (TUNEL) method detects
DNA breaks in apoptotic cells (Figures I and 2a).
However, the TUNEL method also detects non-apop-
tosis-induced DNA damage, such as DNA breaks in
accidentally damaged cells or in necrotic cells. These
limitations dictate that a number of standardization

Figure 2 Demonstration of apoptotic cell
death by the terminal transferase deoxyuridin
triphosphate (UTP) nick-end labelling
(TUNEL) method and by light microscopy in
tissue sections. TUNEL-positive apoptotic
cells were detected as single cells in a section of
oral squamous cell carcinoma (a, arrows).
Aggregates of necrotic cells in microabscesses
were also TUNEL reactive (a, arrowheads).
(b) Late apoptotic cells (Civatte/colloid bodies;
arrows) observed in a haematoxylin and
eosin-stained tissue section of oral lichen
planus (a and b, original magnification x400)
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experiments and controls be conducted for each tissue
prior to assessment of apoptotic cell death by the
TUNEL method (reviewed in Potten, 2001; Loro et al,
2003). Other methods used for assessing cell death
include light microscopy on a standard haematoxylin
and eosin stained slide (Figure 2b), electron microscopy
and immunocytochemical techniques based on antibod-
ies raised against cleavage products of apoptosis
(reviewed in Loro et al, 2003).

Apoptotic pathways

Programmed cell death occurs following the induction
of an intracellular genetically regulated cell death
programme (Horvitz, 1999). A number of physiological
and pathological stimuli including lack of nutrients,
activation of cell surface death receptors, chemicals,
ionizing radiation and direct physical injury can activate
the apoptotic programme (Figure 3). These stimuli
activate different pathways leading to apoptosis but
often converge on one common pathway involving the
activation of caspases. Caspases are a group of enzymes
that are involved in the regulation of apoptosis resulting
in the classical apoptotic features (Kerr et al, 1972).
Although caspases are important in the apoptotic
pathways, recent studies indicate that caspases are not
required for all forms of cell death and activation of
caspases does not always lead to cell death but may be
involved in cell differentiation (reviewed in Abraham
and Shaham, 2004). The first caspase-independent
apoptosis effector to be identified was apoptosis-indu-
cing factor (AIF; Susin et al, 1999), which translocates
from the mitochondria to the nucleus where it interacts
with DNA (Daugas et al, 2000). Two distinct pathways
leading to activation of caspases (Figures 3 and 4) have
been identified. The extrinsic pathway is initiated by
activation of transmembrane death receptors (reviewed
in Debatin and Krammer, 2004). The intrinsic pathway
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Figure 3 An overview of apoptosis signalling pathways. Apoptosis may be triggered by a variety of stimuli such as activation of cell surface death
receptors or release of granzyme B and activation of the mitochondria by cellular stresses. Apoptotic stimuli trigger a cascade leading to induction

of apoptosis

is activated by cellular stress and generally involves the
release of mitochondrial proteins such as cytochrome ¢
(reviewed in Green and Kroemer, 2004). Certain mol-
ecules such as BH3 interacting domain agonist (BID)
can amplify apoptosis by coupling the death receptor
pathway to the intrinsic pathway (Figure 3).

Apoptosis in response to DNA damage may be
induced in p53-dependent or -independent pathways
(Figure 3). Early DNA damage sensing in the nucleus
involves the Ataxia telangiectasia mutated (ATM) and
ataxia telangiectasia and RAD3 related (ATR) protein
kinases (reviewed in Norbury and Zhivotovsky, 2004).
The p53-dependent signalling pathway induces tran-
scriptional activation of proapoptotic genes such as
BAX and FAS. Whereas, the p53-independent pathway
involves transcriptional activation of p73 and procasp-
ases via the transcription factor E2F-1 and activation of
caspase-2 (Norbury and Zhivotovsky, 2004).

Cell death by surface receptors

Cell surface death receptors of the tumour necrosis
factor-receptor (TNFR) family, such as TNFR1 and
Fas (CD95) can transduce apoptotic signals upon
engaging their respective ligands or specific antibodies.
Death receptors of the TNFR superfamily are expressed
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in a wide variety of tissues including normal oral
epithelium and oral carcinoma (Chen et al, 1999; Loro
et al, 1999a; Fukuda et al, 2003). Upon stimulation by
FasL or TNF-a, these death receptors trimerise and
their cytoplasmic death domains engage cytoplasmic
adapter proteins (reviewed in Debatin and Krammer,
2004). The adapter protein for Fas is Fas-associated
death domain (FADD) and that for TNFR1 is TNFR-
associated death domain (TRADD). FADD and
TRADD then recruit and active caspase-8, which may
further activate other caspases leading to apoptosis
(Figure 3).

Cell death by granzyme B

Granzymes are a family of proteases that cleave a
number of protein substrates, which in turn induce
apoptotic cell death (reviewed in Roberts et al, 2003).
Granzyme B is the only granzyme that shares substrate
specificity with caspases, cleaving its substrate specific-
ally after an aspartate residue (Harris et al, 1998).
Cytotoxic T lymphocytes can kill target cells by release
of cytotoxic granules, comprising lethal proteins such as
perforin and granzymes. A wide range of substrates
including a number of caspases and apoptosis-related
proteins are cleaved by granzyme B (reviewed in
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Figure 5 A summary of mechanisms by which oral pathogens induce
cell death in host cells. Oral pathogens induce tissue damage by release
of bacterial toxins, proteinases and interaction of bacterial surface
molecules with host cells

Roberts et al, 2003). Recent reports indicate that
mitochondria play a key role in granzyme B-induced
cytotoxicity (Goping et al, 2003; Roberts et al, 2003).
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Prevention and evasion of apoptosis

Each living cell has the ability to undergo cell death. It is
therefore crucial for the survival of a cell that the
apoptotic programme is kept under strict control to
avoid unnecessary death. Cells contain a number of
molecules that prevent the inappropriate activation of
the apoptotic programme. These molecules can inhibit
apoptosis at critical points such as at the plasma
membrane, the mitochondria and the caspases (Fig-
ure 4). Cancer cells and viruses exploit these control
points to their own advantage. At the level of the cell
membrane apoptosis is prevented by factors such as
maintenance of intercellular contacts, ionic homeostasis
(Bortner and Cidlowski, 2004) and decoy receptors
(Debatin and Krammer, 2004). At the mitochondrial
level the antiapoptotic members of BCL-2 family block
mitochondrial events that trigger apoptosis (Sharpe
et al, 2004). In the cytosol molecules such as inhibitor
of apoptosis protein (IAP), survivin (Ambrosini et al,
1997), ubiquitin (Zhang et al, 2004) and viral products
(Polster et al, 2004) are involved in suppressing apop-
tosis (Figure 3).

Apoptosis in normal oral tissues

During oral embryogenesis the regulation of the delicate
balance between cell death and cell survival and the
epithelial-mesenchymal interaction play an essential
role in determining which cells are to be shed and which
ones are to survive (Thesleff and Sharpe, 1997, Hogan,
1999). Molecules involved in regulating the development
of oral soft and hard tissues include fibroblast growth
factor (Hoffman et al, 2002; Miletich and Sharpe, 2003),
bone morphogenic proteins (BMP), sonice hedgehog
(Shh), wingless type-1 (WNT-1) and TNF family (Chai
et al, 2003; Miletich and Sharpe, 2003). The lining of
oral mucosa is covered by a dynamic epithelium that is
constantly renewed by proliferating basal cells. Basal
keratinocytes differentiate and migrate through epithe-
lial layers to the surface where they are shed-off as
keratin squames. In this way keratinocytes are pro-
grammed to divide, differentiate and die by terminal
differentiation. Therefore, for maintenance of epithelial
structure and function, cell proliferation, terminal dif-
ferentiation and spontaneous apoptosis have to be
strictly regulated. The BCL-2 family of proteins appears
to be involved in regulating terminal differentiation of
keratinocytes. The antiapoptotic BCL-2 and BCLX
proteins are preferentially expressed in the basal and
lower spinous layers, whereas the proapoptotic protein
BAX is expressed in the more differentiated suprabasal
cell layers (Maruoka et al, 1997; Loro et al, 1999b).
Also, the differential expression of antiapoptotic and
proapoptotic proteins of the BCL-2 family corresponds
to expression of the keratinocyte differentiation markers
cytokeratin and involucrin (Maruoka et al, 1997).
In vitro studies have shown that terminal differentiation
is associated with decreased expression of p53, p21 and
increased levels of transforming growth factor-f and
phospholipase C-y1 (Min et al, 1999; Oh et al, 2003).
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Apoptosis in oral diseases

Reactive lesions

Cells in multicellular organisms are inflicted with a
variety of challenges to which they react by regener-
ation, hyperplasia, dysplasia, hypertrophy, atrophy or
metaplasia depending on the nature of the challenge.
These modes of cellular adaptability involve modulation
of the balance between cell proliferation and cell death.
The mouth is the inlet to the gastrointestinal tract and is
thus exposed to a wide range of ingested substances,
some of which may induce physical, chemical or
microbial irritation. Some individuals may react
adversely to some of these substances by developing
epithelial lesions. Triclosan, an active ingredient in
dentifrices used in the prevention of plaque formation
and treatment of gingivitis, can induce cell death in
human gingival epithelial cells (Zuckerbraun et al,
1998). Physical irritation from ill-fitting dentures to the
oral mucosa may lead to ulceration or production of an
exuberant fibrous reparative connective tissue. Also,
removable dentures may contain bioactive substances
that can have toxic effects on the mucosa. Poly(methyl
methacrylate) resins, used as base material for remov-
able dentures, have been shown to induce both apop-
totic and necrotic cell death in human monoblastoid
cells and in murine fibroblasts (Cimpan et al/, 2000a,b).

Besides chemical and physical irritation, hormonal
changes may influence normal oral mucosa. Pyogenic
granuloma in pregnancy, a reactive oral lesion associ-
ated with hormonal changes during pregnancy, is
characterized by complete or partial regression after
childbirth. A recent study showed that regression of
pyogenic granuloma after parturition is associated with
increased apoptosis and lack of vascular endothelial
growth factor (Yuan and Lin, 2004).

Other substances that may affect normal oral mucosa
include tobacco products, which modulate the turnover
of epithelial and mesenchymal tissues. Smokeless
tobacco is increasingly being used in some parts of the
world including the Indian subcontinent, the Sudan,
parts of Scandinavia and the USA (Idris et al, 1998;
Warnakulasuriya, 2004). Use of smokeless tobacco is
associated with white lesions in the oral mucosa,
whereas smoking causes hypermelanocytosis and mela-
nosis (Sarswathi ez al, 2003). Tobacco induced changes
at the cellular level may be observed in apparently
normal oral mucosa of smokers after chronic exposure
and include DNA anueploidy, oxidative stress,
enhanced cell proliferation and increased apoptosis
(Bagchi et al, 2001; Schwartz et al, 2003). The effects
of tobacco on oral mucosa are strongly associated with
the development of oral cancer and will be more
specifically addressed in the section on apoptosis and
oral tumorigenesis (see below).

Apoptosis and oral ulcers

Ulceration of oral epithelium is a common occurrence
and may be caused by factors such as trauma, chemicals,
infections, immunological disorders or neoplasms.
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Non-steroidal anti-inflammatory drugs such as aspirin
(acetylsalicylic acid) are widely used for treatment of
headaches and a range of pains including toothache.
Aspirin is known to impair mucosal defences and tissue
repair. Reports in the literature indicate that aspirin
delays healing of oral mucosal ulcers by amplification of
apoptosis (Slomiany and Slomiany, 2001a,b) and inhi-
bition of cell proliferation (Law et al, 2000). Besides the
effects of systematically administered aspirin topical
application can also induce ulceration of oral mucosa,
commonly referred to as ‘aspirin burn’. Chronic alcohol
ingestion is another factor that may cause delayed
wound healing. A study on animals has indicated that
chronic alcohol consumption triggers proinflammatory
cytokine production and apoptosis causing a delay in
mucosal repair responses (Slomiany et al, 2000).

Recurrent aphthous ulceration (RAU) is a common
inflammatory condition of the oral mucosa with a poorly
understood pathogenesis. RAU occurs predominantly in
non-keratinizing oral mucosa and is consistently seen in
Behcet’s syndrome. Apoptotic degeneration of the
prickle cell layer was demonstrated microscopically in
RAU lesions (Honma et al, 1985). More recently,
lymphocytes obtained from patients with Behcet’s syn-
drome were relatively resistant to Fas-induced apoptosis,
suggesting that a defect in the Fas pathway may be
involved in this condition (Yang et al, 2002).

Erythema multiforme (EM) may present as ulcers in
the oral cavity particularly on the lower lip and usually
occurs following a cytotoxic attack on keratinocytes
induced by viruses or drugs (Ayangco and Rogers,
2003). Keratinocyte cell death in EM was found to be
associated with altered expression of p53 and proteins of
the BCL-2 family but not the Fas/FasL system (Table 1;
Chrysomali et al, 1997). In Stevens-Johnson syndrome
and toxic epidermal necrolysis, two conditions with
severe blistering and ulceration of epithelial surfaces,
serum levels of FasL were increased but not in ordinary
EM-type drug-induced lesions (Abe et al, 2003). More-
over, serum from patients with Stevens-Johnson syn-
drome was able to induce cell death in cultured
keratinocytes (Abe et al, 2003). These studies show that
Fas signalling is involved in the pathogenesis of Stevens-
Johnson syndrome but not in EM pointing to differ-
ences in the molecular basis of the systemic and localized
forms of EM.

Systemic lupus erythematosus and discoid lupus
erythematosus are autoimmune diseases, which may
both manifest in the mouth as erythematous or ulcer-
ative lesions with white striae radiating from the
margins. Microscopically, the lesions show keratosis,
basal cell loss, and subepithelial and perivascular
lymphocytic infiltration. Destruction of basal keratino-
cytes results in formation of Civatte (apoptotic) bodies
(Reibel and Schiodt, 1986). Mutations in the Fas gene
have been associated with defective apoptosis in sys-
temic lupus erythematosus (Vaishnaw et al, 1999). A
number of studies in the literature indicate that
increased apoptosis or abnormal clearance of apoptotic
material can contribute to autoimmune diseases
(reviewed in Kaplan, 2004).
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Table 1 A summary of apoptotic findings in oral ulcerative and vesiculobullous diseases

Disease Features

Behcet’s disease/
aphthous ulceration

Erythema multiforme

Ulceration due to prickle
cell layer apoptosis

Ulceration due to basal and
parabasal keratinocyte apoptosis

Autoimmune destruction of
basal keratinocytes

Basal keratinocyte apoptosis and
interface lymphocytic infiltrate

Lupus erythematosus

Oral lichen planus

Bullae and ulceration due to
keratinocyte acantholysis (anoikis)
Bullae due to keratinocyte apoptosis

Pemphigus vulgaris

Epidermolysis bullosa

Resistance of lymphocytes to
FAS-induced apoptosis
Ip53, BAX; TBCL-X

FAS mutations

Tp53, TNF-a, FAS, FasL, MMP-9,
granzyme-B and caspase-3; {BCL-2

Tp53, FAS, FasL, sFasL, BAX; {BCL-2

Mutant keratin-5, -14 and integrin-f4,
TNF signalling

Molecular findings References
Honma et al (1985),
Yang et al (2002)
Chrysomali et al (1997)

Vaishnaw et al (1999)

Dekker et al (1997),

Bloor et al (1999),
Sugerman et a/ (2000),
Neppelberg et al (2001),
Tobon-Arroyave et al (2004)
Puviani et al (2003),

Wang et al (2004)

Bonifas et al (1991),
Jonkman et al (2002),
Yoneda et al (2004)

TNF, tumour necrosis factor; MMP, matrix metalloproteinase, T increased, | decreased expression.

Apoptosis and oral lichen planus

Oral lichen planus (OLP) is characterized histologically
by a dense band-like infiltration of lymphocytes sub-
epithelially and destruction of the basal keratinocyte
cell layer. The aetiology of OLP remains unclear.
However, a psychoneuroimmune hypothesis has been
proposed (Prolo et al, 2002). Apoptotic keratinocytes
(Civatte/colloid bodies) in OLP are routinely observed
by light microscopy as shrunken cells with condensed
nuclei and eosinophilic cytoplasm (Figure 2b). Apop-
totic cells in OLP have also been demonstrated by the
TUNEL method (Neppelberg et al, 2001; Karatsaidis
et al, 2004) and by electron microscopy (Tobon-Arroyave
et al, 2004). It is thought that activated T cells are
responsible for induction of keratinocyte apoptosis in
OLP. In a recent study the majority of cells detected by
the TUNEL method in OLP were lymphocytes (Kara-
tsaidis et al, 2004). However, the mechanism by which
lymphocytes and keratinocytes die in OLP is not yet
clear. The frequently observed cell death among
lymphocytes may be partly accounted for by the
relatively short lifespan of lymphocytes. Also, local
factors at the epithelial-connective tissue interface are
supposed to have a specific role in lymphocyte apop-
tosis in OLP. So far, some factors have been implicated
in induction of apoptosis in lichen planus including p53
(Dekker et al, 1997), the BCL-2 family proteins (Dek-
ker et al, 1997, Bloor et al, 1999), TNF-a, the Fas/
FasL pathway, granzyme B-perforin system, proteases
of the matrix metalloproteinase-9 type (MMP-9;
Sugerman et al, 2000) and caspase-3 (Tobon-Arroyave
et al, 2004; Table 1). Data from our laboratory indicate
that the OLP is associated with loss of CD40 and
CD40L in basal keratinocytes (E. Neppleberg,
L. L. Loro, A. C. Johannessen, unpublished observa-
tion). It is still unknown what molecules are involved in
the interaction between basal keratinocytes and
lymphocytes, and if the molecular mechanisms under-
lying cell death in lymphocytes are the same as those
responsible for cell death in keratinocytes.

Apoptosis and vesiculobullous diseases

Vesiculobullous diseases are characterized by loss of cell
contact between keratinocytes or between basal kera-
tinocytes and the basement membrane leading to cell
death by anoikis. The resultant vesicles may eventually
rupture to form ulcers. A decade ago, it was suggested
that Fas/FasL signalling might play an important role in
the pathogenesis of diseases-like pemphigus vulgaris,
bullous pemphigoid and EM (Sayama et al, 1994). A
recent study confirmed these earlier findings and showed
that the sera of patients with pemphigus vulgaris contain
soluble FasL, which is able to induce keratinocyte cell
death in culture (Puviani et a/, 2003). Also, other genes
such as BCL-2, BAX and TP53 have been found to be
altered in pemphigus vulgaris (Puviani et al, 2003; Wang
et al, 2004; Table 1).

Epidermolysis bullosa, a hereditary vesiculobullous
disease characterized by blistering of the skin and oral
mucosa because of basal keratinocyte apoptosis, is
caused by mutations in the genes encoding keratin-5
and -14 (Bonifas ez al, 1991). A recent study on an
in vitro epidermolysis bullosa model showed that the
mutant keratin-5 and -14 proteins form aggregates,
which induce cell death by stimulation of TNFRI
signalling (Yoneda et al, 2004). Other molecular defects
in epidermolysis bullosa include integrin-a6$4, a major
component of hemidesmosomes involved in prolifer-
ation, apoptosis and differentiation (Borradori and
Sonnenberg, 1999). In epidermolysis bullosa, deletion
of the cytoplasmic domain of integrin-4 results in
impaired hemidesmosomes thus predisposing basal ker-
atinocytes to apoptosis (Jonkman et a/, 2002). Normal
keratinocytes are protected from apoptosis via integrin
signalling in a BCL-2-dependent manner (Tiberio et al,
2002).

Apoptosis and oral viral infections

A variety of viruses are present in the oral cavity, many
of which are involved in the pathogenesis of some oral
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diseases. Viruses such as herpes simplex virus (HSV),
varicella zoster virus (VZV) and coxsackie viruses may
cause vesiculobullous diseases. Others such as human
pallomaviruses (HPV) and Epstein—Barr virus (EBV)
are involved in the development of benign oral lesions
such as squamous cell papilloma, condyloma, verruca
and focal epithelial hyperplasia. There is evidence in the
literature indicating a relationship between HPV and
oral squamous cell carcinoma (Syrjanen, 2003), and
between AIDS and oral hairy leukoplakia (OHL)
and Kaposi’s sarcoma (KS; Teo, 2002).

Viruses exert their effects on tissues by modulating the
balance between cell death and cell proliferation. They
can induce apoptosis in infected host cells by production
of an array of viral products (reviewed in Roulston et al,
1999; Table 2). Induction of apoptosis in infected cells
permits escape of viruses, hence facilitating viral spread.
Host cells respond to viral infection by initiating the
suicide programme through inflammatory responses
(Roulston et al, 1999). However, viruses have evolved
mechanisms to overcome host defences (Figure 4),
which include: blockage of apoptosis by viral BCL-2
(vBCL-2) homologues (reviewed in Polster et al, 2004),
utilization of the phosphatidylinositol 3-kinase-Akt
signalling pathway (reviewed in Cooray, 2004) or
suppression of inducers of apoptosis such as p53
(reviewed in Roulston et al, 1999).

In vitro and animal studies have shown that HSV
induces apoptosis in activated T cells (Raftery et al,
1999) and dendritic cells (Muller et al, 2004). HSV-
induced apoptosis of dendritic cells could be reduced by
blocking cell death receptors but not by the antiviral
drug acyclovir (Muller et al, 2004). This may explain
why acyclovir has limited effectiveness in the treatment
of herpetic infections. Infection by VZV causes varicella
(chickenpox) in sero-negative individuals and herpes
zoster (shingles) in previously infected persons. VZV
characteristically progresses along sensory nerves and
remains quiescent in sensory ganglia during latency. In a
recent study, it was shown that VZV-infected neurones
were resistant to apoptosis compared with infected

fibroblasts, suggesting that inhibition of apoptosis in
neurones may play an important role in establishment of
the latency stage by promoting survival of neurones
(Hood et al, 2003). An earlier study had shown that
VZV-infected dendritic cells were resistant to apoptosis
and were able to transmit the infection to T lympho-
cytes, suggesting a mechanism for transmission of VZV
infection from mucosal surfaces to regional lymph nodes
(Abendroth et al, 2001). The mechanisms by which HSV
and VZV induce apoptosis are not clearly understood.

Infection with Coxsackie viruses or enterovirus 71
(EV71) leads to viraemia and lesions in the oral mucosa
and cutaneous surfaces of the hands and feet (Hand-
foot-and-mouth disease). The vesicles, which rupture
quickly to become ulcers, occur as a result of keratino-
cyte apoptosis induced by viral products. Expression of
the 2A protease of EV71 was able to induce apoptotic
cell death in several cell lines (Kuo et al, 2002).

The HIV infection causes apoptosis of infected
lymphocytes and increased spontaneous apoptosis of
uninfected lymphocytes leading to massive CD4 + T-cell
depletion in AIDS patients (Dianzani et al, 2003).
Lymphocyte apoptosis in AIDS is induced by viral
components such as gpl20, tat, nef and cell surface
death receptors (reviewed in Dianzani et al/, 2003). The
immunodeficient state that may develop consequent to
HIV infection results in the development of otherwise
rare conditions such as OHL, KS (Dianzani et al, 2003)
and oral lymphomas (Regezi et al, 1998). OHL is
characterized by massive EBV viral replication and
excessive epithelial keratinization on the surface of the
tongue. EBV produces viral proteins, which induce
hyperproliferation of infected cells, and resists apoptosis
by production a viral homologue of BCL-2 (Webster-
Cyriaque et al, 2000). A strong association between KS,
AIDS and human herpesvirus-8 (HHV-8)/Kaposi’s
sarcoma-associated herpesvirus (KSHV) has been repor-
ted (Schalling et al, 1995). HHV-8/KSHV modulates a
number of cellular events such as immune evasion, cell
proliferation and inhibition of apoptosis by encoding a
number of protein including viral interleukin-6 (vIL-6)

Table 2 Common oral viral infections, causative virus, viral products and their effects on cell survival

Disease Viral cause Viral product Effect of viral product Reference
Herpes simplex infections Herpes simplex virus ? Proapoptotic Tropea et al (1995)
type 1 and 2

Varicella (chicken pox), Varicella zoster virus 2 Proapoptotic Sadzot-Delvaux et al (1995)

Zoster (shingles)

Hand-foot-and-mouth Coxsakie viruses 2 Proapoptotic Roivainen et al (2000)

disease Enterovirus 71 Proteases Kuo et al (2002), Li et al (2002)

(2A and 30)

Oral hairy leukoplakia Epstein—Barr virus BHRF1 Antiapoptotic Dawson et al (1995)
LMPI1 Cell survival Webster-Cyriaque et al (2000)

Kaposi’s sarcoma Human herpesvirus-8 vBCL-2 Antiapoptotic Sarid et al (1997)

Kaposi’s sarcoma-associated vFLIP Dittmer et al (1998)

herpes virus

“No viral products have been identified from HSV, VZV or coxsakie viruses, which are responsible for induction of apoptosis.
vBCL-2, viral BCL-2; HSV, herpes simplex virus; VZV, varicella zoster virus.
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and vBCL-2 (reviewed in Cathomas, 2003; Moore and
Chang, 2003).

The ability of viruses to both induce and evade
apoptosis plays an important role in the pathogenesis of
viral diseases. The understanding of these mechanisms is
important for the elucidation of the molecular basis of
viral diseases and for the development of vaccines and
effective inhibitors directed against viral proteins.

Apoptosis and periodontal disease

Periodontal disease is characterized by destruction of
the periodontium leading to loss of tooth support and if
untreated to tooth loss. Periodontal disease develops
when an imbalance between host defences and endog-
enous or exogenous microbial agents ensues. In subjects
with gingivitis or periodontitis the cell death/prolifer-
ation ratio was found to be highest in the most apical
part of the gingival sulcus (Jarnbring et al, 2002).
Periodontal pathogens cause tissue destruction by a
number of mechanisms including production of cell
death-inducing factors such as leukotoxins, lipoproteins
and lipopolysaccharides (LPS), and by induction of
inflammatory cells to secrete tissue destructive cytokines
and lysosomal enzymes (Figure 5).

Actinobacillus actinomycetemcomitans was shown to
induce apoptosis of leucocytes by secretion of leuko-
toxin in a pathway involving casapase-1 (Kelk et al,
2003). Besides inducing cell death, leukotoxin is known
to cause rapid degranulation of polymorphonuclear
leucocytes (PMNL; Johansson et al, 2000; Claesson
et al, 2002) leading to tissue destruction. An aggressive
form of periodontal disease seen in Africa has been
related to excess production of leukotoxin as a result of
mutation in the leukotoxin gene (Brogan et al, 1994).

Porphyromonas gingivalis causes chronic adult perio-
dontitis by evasion of host immune response and
induction of tissue damage by surface molecules and
secretion of proteinases (reviewed in Nakayama, 2003).
Bacterial LPS are known to prolong the lifespan of
neutrophils in vitro and to cause tissue damage (Murray
and Wilton, 2003). LPS produced by P. gingivalis and
lipoproteins produced by Bacteroides forsythus have
been shown to induce apoptotic signalling in fibroblasts
and keratinocytes (Alikhani et a/, 2003; Hasebe et al,
2004). Furthermore, data from an in vivo study indicates
that LPS can induce expression of many apoptotic genes
and down-regulation of several antiapoptosis genes
(Alikhani et al, 2003).

Apoptosis and oral tumorigenesis

Cancer cells have attained the ability to evade activation
of their inherent apoptotic programme and to escape
apoptosis induced by the immune system (Hanahan and
Weinberg, 2000). In multicellular organisms, normal
cells have a number of potent apoptotic mechanisms for
elimination of cells damaged by a variety of stresses such
as hypoxia, lack of nutrients, DNA damage and
anticancer therapy. It is therefore essential for cells to
overcome cell death induced by these stimuli for cancer
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to develop (Hoeijmakers, 2001). Tumour cells may
evade apoptosis by inactivation of apoptosis-inducing
genes or by enhancement of the activity of antiapoptosis
genes. The role of apoptosis in oral carcinogenesis has
been covered by a number of reviews (Kamer et al,
1999; Polverini and Nor, 1999; Loro et al, 2003;
Nikitakis et al, 2004).

The TP53 gene is important for induction of cell cycle
arrest and apoptosis. The p53 protein appears to exert
its effects at multiple stages of cancer progression,
implying that there is a strong selection for tumour cells
to inactive TP53 (Evan and Vousden, 2001; Woods and
Vousden, 2001). The importance of p53 inactivation
during tumorigenesis is shown by the frequency with
which it is mutated in human cancers. Besides TP53 a
number of apoptosis-inducing proteins, such as BAX
and BAD, may be inactivated in tumours. BAX was
shown to be down-regulated in oral carcinoma cells
(Papa et al, 2003) and in snuff (toombak)-associated
oral carcinomas (Loro et al, 2000). A recent report
showed that nicotine enhances cell survival by inactiva-
tion of BAD (Jin et al, 2004).

Tumours also increase the expression of proteins that
inhibit apoptosis. BCLX, an antiapoptosis protein was
found to be overexpressed in oral cancer cells (Masuda
et al, 2002) and could confer resistance to multiple
chemotherapeutic agents in several squamous cell carci-
noma cell lines (Noutomi et al, 2002). The role played by
BCL-2 in tumorigenesis has been demonstrated in several
tumours (reviewed in Liu et al, 2003). However, in oral
carcinogenesis its role is less clear. Reports in the
literature on BCL-2 expression and its prognostic signi-
ficance in oral carcinomas remain controversial (reviewed
in Loro et al, 2003). It is intriguing that some reports
indicate a loss of BCL-2 in basal cells of premalignant and
malignant oral epithelia (Loro et al, 1999b, 2002; Teni
et al,2002). Data from our laboratory indicate that loss of
BCL-2 mRNA and protein in these lesions is not
associated with mutations in the BCL-2 gene suggesting
that aberrant BCL-2 expression in dysplastic and neo-
plastic epithelia may be under transcriptional regulation
(L. L. Loro et al, in press). Both BCL-2 and BCLX
possess antiapoptotic and antiproliferative properties
(Greider ef al, 2002) and have been shown to inhibit
tumour progression in animal (Furth et al, 1999; Murphy
et al, 1999) and human cancers (Sinicrope et al, 1995;
Silvestrini et al, 1996). These findings seem paradoxical
because BCL-2 was originally cloned as an activated
oncogene in follicular lymphomas because of a break-
point translocation (Tsujimoto et al, 1985). It appears
that differential modulation of the antiapoptosis
and antiproliferation functions of BCL-2 can result
in either enhanced oncogenic or tumour suppressive
activities (Janumyan et al, 2003). The implications of
the dual effects of BCL-2 in oral tissues still remain
obscure.

Many solid and haematological malignancies are
known to evade apoptosis by overexpression of
IAP. Survivin, a member of the IAP family is undetected
in most normal adult tissues, but is interestingly
overexpressed in human tumours (reviewed in Altieri,

281

Oral Diseases



Apoptosis and oral diseases
LL Loro et al

282

2003). Survivin is not expressed in normal oral epithe-
lium but is detected in premalignant oral lesions, oral
squamous cell carcinoma (Lo Muzio et al, 2003a,b;
Tanaka et al, 2003) and ameloblastomas (Kumamoto
and Ooya, 2004). Furthermore, survivin expression was
associated with a more aggressive and invasive phenotype
of oral cancer (Lo Muzio et a/, 2003b). A number of
molecular mechanisms by which survivin regulates cell
death and cell division have been identified (reviewed in
Altieri, 2004). The selective expression of survivin in
neoplastic tissues and its role in inhibition of cell death
provides a novel therapeutic target for cancer treatment.

Most of the work on apoptosis and oral tumours has
largely been on malignant neoplasms particularly, oral
squamous cell carcinomas. There are a limited number
of studies on apoptosis and benign oral neoplasms. In
ameloblastomas BCL-2 was predominantly expressed in
the periphery of tumour islands (Mitsuyasu et al, 1997,
Sandra et al, 2001), whereas the proapoptotic proteins
BAX and BAK were preferentially expressed in the
central stellate reticulum zones, where apoptotic cell
death was most pronounced (Sandra et al/, 2001). Other
studies have suggest a role of p53, Fas, FasL and heat
shock proteins (HSP) in modulating apoptosis during
tumorigenesis of ameloblastomas (Kumamoto, 1997
Kumamoto et al, 2001, 2002). In benign odontogenic
tumours such as odontogenic myxoma and oral gran-
ular cell tumour it has been proposed that survival of
tumour cells may be attributed to suppression of
apoptosis by antiapoptosis proteins of the BCL-2 family
(Bast et al, 2003; Chrysomali et a/, 2003). In salivary
gland tumours a differential expression of BCL-2,
c-erbB-2 and p53 compared with normal salivary tissue
is thought to contribute to resistance to apoptosis and
tumour progression (Nagler et al, 2003).

Apoptosis and jaw cysts

Cyst formation, like the development of neoplasms,
involves a dysregulation of the balance between cell
proliferation and cell death. Induced proliferation of
epithelial cell rests (rests of Serres or Malassez) in the
jaw region plays an important role in the pathogenesis
of odontogenic cysts. Factors such as inflammation or
trauma stimulate epithelial rests to proliferate sealing off
the inflamed or traumatized region from the surround-
ing healthy tissues. Debris from dead cells in periapical
lesions contributes to the formation and expansion of
cysts by increasing osmotic pressure within the lumen of
newly formed cyst (Takahashi et al, 1999). Cyst expan-
sion appears to also involve IL-1a, which is expressed in
the lining epithelia and cysts cavities of jaw cysts
(Kubota et al, 2000).

The role played by apoptosis in the pathogenesis of
cysts in the jaws has not been extensively investigated.
Apoptosis in periapical cysts appears to involve the
proapoptosis proteins of BAX, Fas and FasL (Ungure-
anu et al, 2000). A recent study indicated that p53,
BAX, BCL-2 and caspase-3 were involved in the
pathophysiology of radicular cysts (Suzuki et al,
2005). HSP27, an inhibitor of cell death, was found
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overexpressed in epithelial cell rests, islands of epithe-
lium and epithelial lining of microcysts suggesting that
HSP27 may be involved in increased resistance of
epithelial cells to cell death (Leonardi et al, 2001).

Keratocysts in nevoid basal cell carcinoma (Gorlin’s)
syndrome and a subset of sporadic keratocysts are
associated with inactivation of the Patched (PTCH)
gene, which results in evasion of apoptosis and abnor-
mal cell growth (Barreto et al, 2000). PTCH seems to
have tumour suppressive activity and appears to be
inactivated in developmental cysts of the jaw (dentiger-
ous cyst and dermoid cyst) but not in inflammatory cysts
(Levanat et al, 2000). Moreover, a number of known
tumour suppresser genes, such as p16, p53 and cyclin D1
are inactivated in odontogenic keratocytes (Lo Muzio
et al, 1999; Agaram et al, 2004) thus supporting a
neoplastic rather than developmental pathogenesis of
keratocysts.

Several studies have shown that keratocysts have a
higher proliferative rate compared with radicular or
dentigerous cysts (reviewed in Shear, 2002), a fact that
may explain why the lumen of keratocysts are filled with
desquamated apoptosed keratinocytes. The desquamat-
ed keratinocytes in turn increase the protein content of
the cyst lumen raising the osmotic pressure and thus
contributing to an increase in cyst size. Apoptotic cells
in the epithelium of odontogenic cysts may undergo
intracellular dystrophic calcification to form Rushton’s
hyaline bodies (Pesce and Ferloni, 2002). The high
proliferative rate and apoptotic activity in keratinocytes
in a confined area may contribute to the aggressiveness
of keratocysts.

Apoptosis and Sjogren’s syndrome

Sjogren’s syndrome is a chronic autoimmune disease
characterized by loss of epithelial glandular cells of
salivary and lacrimal glands and their replacement with
a focal lymphocytic infiltrate. Studies on Sjogren’s
syndrome have proposed apoptosis as the mechanism
underlying the damage of salivary and lacrimal gland
tissues resulting in impaired secretory function
(reviewed in Jonsson et al, 2003; Manganelli and Fietta,
2003). Fas signalling has been proposed as an important
mechanism of salivary gland apoptosis in Sjégren’s
syndrome (Ichikawa et al, 1995; Shibata et al, 2002;
Bolstad et al, 2003). However, another study showed
that despite high levels of Fas and FasL in salivary
glands of Sjogren’s syndrome subjects, TUNEL-positive
cells were rarely detected in the lymphocytic infiltrate
suggesting that these lymphocytes may be resistant to
Fas-induced cell death (Ohlsson ef al, 2001). The level of
detection of apoptotic cells in salivary glands may be
dependent on the stage in the development of the disease
with its detection likely to be very low in severely
atrophic glands. Other suggested mechanisms of apop-
tosis in acinar and ductal epithelial cells in salivary and
lacrimal glands include: cell death induced by cytotoxic
T cells through the perforin/granzyme B system (Dar-
mon et al, 1996; Atkinson et al, 1998), the BCL-2 family
proteins (Masago et al, 2001; Badillo-Almaraz et al,



2003) and cytokines such as CD40 (Ohlsson et al, 2002),
TNF-a and interferon-y (Kamachi ez al, 2002). It is clear
that apoptosis regulatory molecules are involved in the
pathogenesis of Sjogren’s syndrome. However, it still
remains unknown which of these molecules is/are crucial
or how they influence each other during the develop-
ment of Sjégren’s syndrome.

Conclusion

Apoptosis has emerged over the last three decades as an
important biological process involved in normal phys-
iology and in the pathogenesis of a variety of diseases.
This review is an attempt to sum up current knowledge
on the role of apoptosis in oral diseases. The under-
standing of the molecular basis of apoptotic cell death
has lead to the development of therapeutic strategies in
the treatment of a number of diseases including cancer,
immunological disorders and autoimmune diseases.
There is still a lot that is unknown about the molecular
mechanisms underlying disease in the oral cavity. It is
unclear why KS has a strong predilection for the hard
palate or why aphthous ulceration predominantly affects
non-keratinizing oral epithelium. So far, little has been
done to understanding the role of apoptosis in benign
oral tumorigenesis.

References

Abe R, Shimizu T, Shibaki A et a/ (2003). Toxic epidermal
necrolysis and Stevens-Johnson syndrome are induced by
soluble Fas ligand. Am J Pathol 162: 1515-1520.

Abendroth A, Morrow G, Cunningham AL et al (2001).
Varicella-zoster virus infection of human dendritic cells and
transmission to T cells: implications for virus dissemination
in the host. J Virol 75: 6183-6192.

Abraham MC, Shaham S (2004). Death without caspases,
caspases without death. Trends Cell Biol 14: 184-193.

Agaram NP, Collins BM, Barnes L ez a/ (2004). Molecular
analysis to demonstrate that odontogenic keratocysts are
neoplastic. Arch Pathol Lab Med 128: 313-317.

Alikhani M, Alikhani Z, He H et a/ (2003). Lipopolysaccha-
rides indirectly stimulate apoptosis and global induction of
apoptotic genes in fibroblasts. J Biol Chem 278: 52901—
52908.

Altieri DC (2003). Survivin, versatile modulation of cell
division and apoptosis in cancer. Oncogene 22: 8581-8589.
Altieri DC (2004). Molecular circuits of apoptosis regulation
and cell division control: the survivin paradigm. J Cell

Biochem 92: 656—663.

Ambrosini G, Adida C, Altieri DC (1997). A novel anti-
apoptosis gene, survivin, expressed in cancer and lym-
phoma. Nat Med 3: 917-921.

Atkinson EA, Barry M, Darmon Al et al (1998). Cytotoxic T
lymphocyte-assisted suicide. Caspase 3 activation is primar-
ily the result of the direct action of granzyme B. J Biol Chem
273: 21261-21266.

Ayangco L, Rogers RS III (2003). Oral manifestations of
erythema multiforme. Dermatol Clin 21: 195-205.

Badillo-Almaraz I, Avalos-Diaz E, Villalobos-Hurtado
R et al (2003). FasL and Bax genes are differentially
expressed in acinar epithelium and inflammatory cells
of primary Sjogren salivary glands. Minerva Med 94:
341-345.

Apoptosis and oral diseases
LL Loro et al

Bagchi M, Kuszynski CA, Balmoori J et al (2001). Protective
effects of antioxidants against smokeless tobacco-induced
oxidative stress and modulation of Bcl-2 and p53 genes in
human oral keratinocytes. Free Radic Res 35: 181-194.

Barreto DC, Gomez RS, Bale AE et a/ (2000). PTCH gene
mutations in odontogenic keratocysts. J Dent Res 79: 1418—
1422.

Bast BT, Pogrel MA, Regezi JA (2003). The expression of
apoptotic proteins and matrix metalloproteinases in odon-
togenic myxomas. J Oral Maxillofac Surg 61: 1463—1466.

Bloor BK, Malik FK, Odell EW et al (1999). Quantitative
assessment of apoptosis in oral lichen planus. Oral Surg
Oral Med Oral Pathol Oral Radiol Endod 88: 187-195.

Bolstad Al, Eiken HG, Rosenlund B er a/ (2003). Increased
salivary gland tissue expression of Fas, Fas ligand, cytotoxic
T lymphocyte-associated antigen 4, and programmed cell
death 1 in primary Sjogren’s syndrome. Arthritis Rheum 48:
174-185.

Bonifas JM, Rothman AL, Epstein EH Jr (1991). Epidermo-
lysis bullosa simplex: evidence in two families for keratin
gene abnormalities. Science 254: 1202—1205.

Borradori L, Sonnenberg A (1999). Structure and function of
hemidesmosomes: more than simple adhesion complexes.
J Invest Dermatol 112: 411-418.

Bortner CD, Cidlowski JA (2004). The role of apoptotic
volume decrease and ionic homeostasis in the activation and
repression of apoptosis. Pflugers Arch 448: 313-318.

Brogan JM, Lally ET, Poulsen K et al (1994). Regulation of
Actinobacillus actinomycetemcomitans leukotoxin expres-
sion: analysis of the promoter regions of leukotoxic and
minimally leukotoxic strains. Infect Immun 62: 501-508.

Cathomas G (2003). Kaposi’s sarcoma-associated herpesvirus
(KSHV)/human herpesvirus 8 (HHV-8) as a tumour virus.
Herpes 10: 72-77.

Chai Y, Ito Y, Han J (2003). TGF-beta signaling and its
functional significance in regulating the fate of cranial neural
crest cells. Crit Rev Oral Biol Med 14: 78-88.

Chen Q, Samaranayake LP, Zhen X et al (1999). Up-regula-
tion of Fas ligand and down-regulation of Fas expression in
oral carcinogenesis. Oral Oncol 35: 548—553.

Chrysomali E, Lozada-Nur F, Dekker NP ef al (1997).
Apoptosis in oral erythema multiforme. Oral Surg Oral
Med Oral Pathol Oral Radiol Endod 83: 272-280.

Chrysomali E, Nikitakis NG, Tosios K er a/ (2003). Immu-
nohistochemical evaluation of cell proliferation antigen
Ki-67 and apoptosis-related proteins Bcl-2 and caspase-3
in oral granular cell tumor. Oral Surg Oral Med Oral Pathol
Oral Radiol Endod 96: 566-572.

Cimpan MR, Cressey LI, Skaug N et a/ (2000a). Patterns of cell
death induced by eluates from denture base acrylic resins in
U-937 human monoblastoid cells. Eur J Oral Sci 108: 59-69.

Cimpan MR, Matre R, Cressey LI et al (2000b). The effect of
heat- and auto-polymerized denture base polymers on
clonogenicity, apoptosis, and necrosis in fibroblasts: denture
base polymers induce apoptosis and necrosis. Acta Odontol
Scand 58: 217-228.

Claesson R, Johansson A, Belibasakis G et a/ (2002). Release
and activation of matrix metalloproteinase 8 from human
neutrophils triggered by the leukotoxin of Actinobacillus
actinomycetemcomitans. J Periodontal Res 37: 353-359.

Cooray S (2004). The pivotal role of phosphatidylinositol
3-kinase-Akt signal transduction in virus survival. J Gen
Virol 85: 1065-1076.

Darmon AJ, Ley TJ, Nicholson DW ez al (1996). Cleavage of
CPP32 by granzyme B represents a critical role for granzyme
B in the induction of target cell DNA fragmentation. J Biol
Chem 271: 21709-21712.

283

Oral Diseases



Apoptosis and oral diseases
LL Loro et al

284

Daugas E, Susin SA, Zamzami N et a/ (2000). Mitochondrio-
nuclear translocation of AIF in apoptosis and necrosis.
FASEB J 14: 729-739.

Dawson CW, Eliopoulos AG, Dawson J et al (1995). BHRF1,
a viral homologue of the Bcl-2 oncogene, disturbs epithelial
cell differentiation. Oncogene 10: 69-77.

Debatin KM, Krammer PH (2004). Death receptors in
chemotherapy and cancer. Oncogene 23: 2950-2966.

Dekker NP, Lozada-Nur F, Lagenaur LA et al (1997).
Apoptosis-associated markers in oral lichen planus. J Oral
Pathol Med 26: 170-175.

Dianzani U, Bensi T, Savarino A et al (2003). Role of FAS in
HIV infection. Curr HIV Res 1: 405-417.

Dittmer D, Lagunoff M, Renne R et al/ (1998). A cluster of
latently expressed genes in Kaposi’s sarcoma-associated
herpesvirus. J Virol 72: 8309-8315.

Evan GI, Vousden KH (2001). Proliferation, cell cycle and
apoptosis in cancer. Nature 411: 342-348.

Fadok VA, Xue D, Henson P (2001). If phosphatidylserine is
the death knell, a new phosphatidylserine-specific receptor is
the bellringer. Cell Death Differ 8: 582-587.

Frisch SM, Screaton RA (2001). Anoikis mechanisms. Curr
Opin Cell Biol 13: 555-562.

Fukuda M, Hamao A, Tanaka A et a/ (2003). Tumor necrosis
factor-related apoptosis-inducing ligand (TRAIL/APO2L)
and its receptors expression in human squamous cell
carcinoma of the oral cavity. Oncol Rep 10: 1113-1119.

Furth PA, Bar-Peled U, Li M et al (1999). Loss of anti-mitotic
effects of Bcl-2 with retention of anti-apoptotic activity
during tumor progression in a mouse model. Oncogene 18:
6589-6596.

Goping IS, Barry M, Liston P et al (2003). Granzyme
B-induced apoptosis requires both direct caspase activation
and relief of caspase inhibition. Immunity 18: 355-365.

Green DR, Kroemer G (2004). The pathophysiology of
mitochondrial cell death. Science 305: 626-629.

Greider C, Chattopadhyay A, Parkhurst C ez al (2002). BCL-
x(L) and BCL2 delay Myc-induced cell cycle entry through
elevation of p27 and inhibition of Gl cyclin-dependent
kinases. Oncogene 21: 7765-7775.

Grossmann J (2002). Molecular mechanisms of ‘detachment-
induced apoptosis — anoikis’. Apoptosis 7: 247-260.

Hanahan D, Weinberg RA (2000). The hallmarks of cancer.
Cell 100: 57-70.

Harris JL, Peterson EP, Hudig D et al (1998). Definition and
redesign of the extended substrate specificity of granzyme B.
J Biol Chem 273: 27364-27373.

Hasebe A, Yoshimura A, Into T ef a/ (2004). Biological
activities of Bacteroides forsythus lipoproteins and their
possible pathological roles in periodontal disease. Infect
Immun 72: 1318-1325.

Hoeijmakers JH (2001). Genome maintenance mechanisms for
preventing cancer. Nature 411: 366-374.

Hoffman MP, Kidder BL, Steinberg ZL et al (2002). Gene
expression profiles of mouse submandibular gland develop-
ment: FGFR1 regulates branching morphogenesis in vitro
through BMP- and FGF-dependent mechanisms. Develop-
ment 129: 5767-5778.

Hogan BL (1999). Morphogenesis. Cell 96: 225-233.

Honma T, Saito T, Fujioka Y (1985). Possible role of apoptotic
cells of the oral epithelium in the pathogenesis of aphthous
ulceration. Oral Surg Oral Med Oral Pathol 59: 379-387.

Hood C, Cunningham AL, Slobedman B et a/ (2003). Vari-
cella-zoster virus-infected human sensory neurons are resist-
ant to apoptosis, yet human foreskin fibroblasts are
susceptible: evidence for a cell-type-specific apoptotic
response. J Virol 77: 12852-12864.

Oral Diseases

Horvitz HR (1999). Genetic control of programmed cell death
in the nematode Caenorhabditis elegans. Cancer Res 59:
1701s—1706s.

Ichikawa Y, Arimori K, Yoshida M et al (1995). Abnormal
expression of apoptosis-related antigens, Fas and bcl-2, on
circulating T-lymphocyte subsets in primary Sjogren’s syn-
drome. Clin Exp Rheumatol 13: 307-313.

Idris AM, Ibrahim SO, Vasstrand EN er al (1998). The
Swedish snus and the Sudanese toombak: are they different?
Oral Oncol 34: 558-566.

Israels LG, Israels ED (1999). Apoptosis. Stem Cells 17: 306—
313.

Janumyan YM, Sansam CG, Chattopadhyay A et al (2003).
Bel-x(L)/Bcl-2 coordinately regulates apoptosis, cell cycle
arrest and cell cycle entry. EMBO J 22: 5459-5470.

Jarnbring F, Somogyi E, Dalton J et a/ (2002). Quantitative
assessment of apoptotic and proliferative gingival keratino-
cytes in oral and sulcular epithelium in patients with
gingivitis and periodontitis. J Clin Periodontol 29: 1065—
1071.

Jin Z, Gao F, Flagg T et al (2004). Nicotine induces multisite
phosphorylation of Bad in association with suppression of
apoptosis. J Biol Chem 279: 23837-23844.

Johansson A, Hanstrom L, Kalfas S (2000). Inhibition of
Actinobacillus actinomycetemcomitans leukotoxicity by bac-
teria from the subgingival flora. Oral Microbiol Immunol 15:
218-225.

Jonkman MF, Pas HH, Nijenhuis M et a/ (2002). Deletion of a
cytoplasmic domain of integrin-beta4 causes epidermolysis
bullosa simplex. J Invest Dermatol 119: 1275-1281.

Jonsson R, Gordon TP, Konttinen YT (2003). Recent advan-
ces in understanding molecular mechanisms in the patho-
genesis and antibody profile of Sjogren’s syndrome. Curr
Rheumatol Rep 5: 311-316.

Kamachi M, Kawakami A, Yamasaki S eral (2002).
Regulation of apoptotic cell death by cytokines in a
human salivary gland cell line: distinct and synergistic
mechanisms in apoptosis induced by tumor necrosis
factor alpha and interferon gamma. J Lab Clin Med
139: 13-19.

Kamer AR, Krebs L, Hoghooghi SA et al (1999). Proliferative
and apoptotic responses in cancers with special reference to
oral cancer. Crit Rev Oral Biol Med 10: 58-78.

Kaplan MJ (2004). Apoptosis in systemic lupus erythemato-
sus. Clin Immunol 112: 210-218.

Karatsaidis A, Schreurs O, Axell T et al (2004). Identity of
TUNEL-positive cells in the oral buccal epithelium of
normal mucosa and lichen lesions. J Oral Pathol Med 33:
264-2638.

Kelk P, Johansson A, Claesson R e al (2003). Caspase 1
involvement in human monocyte lysis induced by Actinoba-
cillus actinomycetemcomitans leukotoxin. Infect Immun 71:
4448-4455.

Kerr JF, Wyllie AH, Currie AR (1972). Apoptosis: a basic
biological phenomenon with wide-ranging implications in
tissue kinetics. Br J Cancer 26: 239-257.

Kubota Y, Ninomiya T, Oka S et al (2000). Interleukin-
lalpha-dependent regulation of matrix metalloproteinase-9
(MMP-9) secretion and activation in the epithelial cells of
odontogenic jaw cysts. J Dent Res 79: 1423-1430.

Kumamoto H (1997). Detection of apoptosis-related factors
and apoptotic cells in ameloblastomas: analysis by immu-
nohistochemistry and an in situ DNA nick end-labelling
method. J Oral Pathol Med 26: 419-425.

Kumamoto H, Ooya K (2004). Expression of survivin and X
chromosome-linked inhibitor of apoptosis protein in ame-
loblastomas. Virchows Arch 444: 164-170.



Kumamoto H, Kimi K, Ooya K (2001). Immunohistochemical
analysis of apoptosis-related factors (Fas, Fas ligand,
caspase-3 and single-stranded DNA) in ameloblastomas.
J Oral Pathol Med 30: 596-602.

Kumamoto H, Suzuki T, Ooya K (2002). Immunohistochem-
ical analysis of inducible nitric oxide synthase (iNOS) and
heat shock proteins (HSPs) in ameloblastomas. J Oral
Pathol Med 31: 605-611.

Kuo RL, Kung SH, Hsu YY et al (2002). Infection with
enterovirus 71 or expression of its 2A protease induces
apoptotic cell death. J Gen Virol 83: 1367-1376.

Law BK, Waltner-Law ME, Entingh AJ et al (2000). Salicy-
late-induced growth arrest is associated with inhibition of
p70s6k and down-regulation of c-myc, cyclin D1, cyclin A,
and proliferating cell nuclear antigen. J Biol Chem 275:
38261-38267.

Leonardi R, Villari L, Caltabiano M et a/ (2001). Heat shock
protein 27 expression in the epithelium of periapical lesions.
J Endod 27: 89-92.

Levanat S, Pavelic B, Crnic I ez al (2000). Involvement of
PTCH gene in various noninflammatory cysts. J Mol Med
78: 140-146.

Li ML, Hsu TA, Chen TC et al (2002). The 3C protease
activity of enterovirus 71 induces human neural cell apop-
tosis. Virology 293: 386-395.

Liu W, Bulgaru A, Haigentz M et al (2003). The BCL2-family
of protein ligands as cancer drugs: the next generation of
therapeutics. Curr Med Chem Anti-Canc Agents 3: 217-223.

Lo Muzio L, Staibano S, Pannone G et a/ (1999). Expression
of cell cycle and apoptosis-related proteins in sporadic
odontogenic keratocysts and odontogenic keratocysts asso-
ciated with the nevoid basal cell carcinoma syndrome.
J Dent Res 78: 1345-1353.

Lo Muzio L, Pannone G, Leonardi R ez a/ (2003a). Survivin, a
potential early predictor of tumor progression in the oral
mucosa. J Dent Res 82: 923-928.

Lo Muzio L, Pannone G, Staibano S et a/ (2003b). Survivin
expression in oral squamous cell carcinoma. Br J Cancer 89:
2244-2248.

Loro LL, Vintermyr OK, Johannessen AC et al (1999a).
Suppression of Fas receptor and negative correlation of Fas
ligand with differentiation and apoptosis in oral squamous
cell carcinoma. J Oral Pathol Med 28: 82-87.

Loro LL, Vintermyr OK, Liavaag PG et al/ (1999b). Oral
squamous cell carcinoma is associated with decreased bcl-2/
bax expression ratio and increased apoptosis. Hum Pathol
30: 1097-1105.

Loro LL, Vintermyr OK, Ibrahim SO et al (2000). Apoptosis
and expression of Bax and Bcl-2 in snuff- and non-snuff
associated oral squamous cell carcinomas. Anticancer Res
20: 2855-2860.

Loro LL, Johannessen AC, Vintermyr OK (2002). Decreased
expression of bcl-2 in moderate and severe oral epithelia
dysplasias. Oral Oncol 38: 691-698.

Loro LL, Vintermyr OK, Johannessen AC (2003). Cell death
regulation in oral squamous cell carcinoma: methodological
considerations and clinical significance. J Oral Pathol Med
32: 125-138.

Loro LL, Johannessen AC, Vintermyr OK. (2005). Loss of
BCL-2 in progression of oral cancer is not attributed to
mutations. J Clin Pathol (in press).

Manganelli P, Fietta P (2003). Apoptosis and Sjogren
syndrome. Semin Arthritis Rheum 33: 49-65.

Maruoka Y, Harada H, Mitsuyasu T et a/ (1997). Keratino-
cytes become terminally differentiated in a process involving
programmed cell death. Biochem Biophys Res Commun 238:
886-890.

Apoptosis and oral diseases
LL Loro et al

Masago R, Aiba-Masago S, Talal N ez al (2001). Elevated
proapoptotic Bax and caspase 3 activation in the NOD.scid
model of Sjogren’s syndrome. Arthritis Rheum 44: 693-702.

Masuda M, Suzui M, Yasumatu R et a/ (2002). Constitutive
activation of signal transducers and activators of transcrip-
tion 3 correlates with cyclin D1 overexpression and may
provide a novel prognostic marker in head and neck
squamous cell carcinoma. Cancer Res 62: 3351-3355.

Miletich I, Sharpe PT (2003). Normal and abnormal dental
development. Hum Mol Genet 12 (Spec No 1): R69-73.

Min BM, Woo KM, Lee G ef al (1999). Terminal differenti-
ation of normal human oral keratinocytes is associated with
enhanced cellular TGF-beta and phospholipase C-gamma 1
levels and apoptotic cell death. Exp Cell Res 249: 377-385.

Mitsuyasu T, Harada H, Higuchi Y et a/ (1997). Immunoh-
istochemical demonstration of bcl-2 protein in ameloblasto-
ma. J Oral Pathol Med 26: 345-348.

Moore PS, Chang Y (2003). Kaposi’s sarcoma-associated
herpesvirus immunoevasion and tumorigenesis: two sides of
the same coin? Annu Rev Microbiol 57: 609—639.

Moreira ME, Barcinski MA (2004). Apoptotic cell and
phagocyte interplay: recognition and consequences in dif-
ferent cell systems. An Acad Bras Cienc 76: 93-115.

Muller DB, Raftery MJ, Kather A et al (2004). Frontline:
induction of apoptosis and modulation of c-FLIPL and p53
in immature dendritic cells infected with herpes simplex
virus. Eur J Immunol 34: 941-951.

Murphy KL, Kittrell FS, Gay JP et a/ (1999). Bcl-2 expression
delays mammary tumor development in dimethylbenz(a)an-
thracene-treated transgenic mice. Oncogene 18: 6597-6604.

Murray DA, Wilton JM (2003). Lipopolysaccharide from the
periodontal pathogen Porphyromonas gingivalis prevents
apoptosis of HL60-derived neutrophils in vitro. Infect
Immun 71: 7232-7235.

Nagler RM, Kerner H, Ben-Eliezer S et a/ (2003). Prognostic
role of apoptotic, Bcl-2, c-erbB-2 and p53 tumor markers in
salivary gland malignancies. Oncology 64: 389-398.

Nakayama K (2003). Molecular genetics of Porphyromonas
gingivalis: gingipains and other virulence factors. Curr
Protein Pept Sci 4: 389-395.

Neppelberg E, Johannessen AC, Jonsson R (2001). Apoptosis
in oral lichen planus. Eur J Oral Sci 109: 361-364.

Nikitakis NG, Sauk JJ, Papanicolaou SI (2004). The role of
apoptosis in oral disease: mechanisms; aberrations in
neoplastic, autoimmune, infectious, hematologic, and devel-
opmental diseases; and therapeutic opportunities. Oral Surg
Oral Med Oral Pathol Oral Radiol Endod 97: 476-490.

Norbury CJ, Zhivotovsky B (2004). DNA damage-induced
apoptosis. Oncogene 23: 2797-2808.

Noutomi T, Chiba H, Itoh M et al (2002). Bcl-x(L) confers
multi-drug resistance in several squamous cell carcinoma cell
lines. Oral Oncol 38: 41-48.

Oh JE, Kook JK, Park KH et al (2003). Phospholipase
C-gammal is required for subculture-induced terminal
differentiation of normal human oral keratinocytes. Int J
Mol Med 11: 491-498.

Ohlsson M, Skarstein K, Bolstad Al e a/ (2001). Fas-induced
apoptosis is a rare event in Sjogren’s syndrome. Lab Invest
81: 95-105.

Ohlsson M, Szodoray P, Loro LL et a/ (2002). CD40, CD154,
Bax and Bcl-2 expression in Sjogren’s syndrome salivary
glands: a putative anti-apoptotic role during its effector
phases. Scand J Immunol 56: 561-571.

Papa F, Scacco S, Vergari R et al (2003). Expression and
subcellular distribution of Bcl-2 and BAX proteins in serum-
starved human keratinocytes and mouth carcinoma epider-
moid cultures. Life Sci 73: 2865-2872.

285

Oral Diseases



Apoptosis and oral diseases
LL Loro et al

286

Pesce C, Ferloni M (2002). Apoptosis and Rushton’s body
formation. Histopathology 40: 109-111.

Polster BM, Pevsner J, Hardwick JM (2004). Viral Bcl-2
homologs and their role in virus replication and associated
diseases. Biochim Biophys Acta 1644: 211-227.

Polverini PJ, Nor JE (1999). Apoptosis and predisposition to
oral cancer. Crit Rev Oral Biol Med 10: 139-152.

Potten CS (2001). Apoptosis in oral mucosa: lessons from the
crypt. A commentary. Oral Dis 7: 81-85.

Prolo P, Chiappelli F, Cajulis E et al (2002). Psychoneuroim-
munology in oral biology and medicine: the model of oral
lichen planus. Ann N Y Acad Sci 966: 429-440.

Puviani M, Marconi A, Cozzani E et al (2003). Fas ligand in
pemphigus sera induces keratinocyte apoptosis through the
activation of caspase-8. J Invest Dermatol 120: 164—167.

Raftery MJ, Behrens CK, Muller A et al (1999). Herpes
simplex virus type 1 infection of activated cytotoxic T cells:
induction of fratricide as a mechanism of viral immune
evasion. J Exp Med 190: 1103-1114.

Regezi JA, McMillan A, Dekker N et al (1998). Apoptosis-
associated proteins in oral lymphomas from HIV-positive
patients. Oral Surg Oral Med Oral Pathol Oral Radiol Endod
86: 196-202.

Reibel J, Schiodt M (1986). Immunohistochemical studies on
colloid bodies (Civatte bodies) in oral lesions of discoid
lupus erythematosus. Scand J Dent Res 94: 536-544.

Roberts DL, Goping IS, Bleackley RC (2003). Mitochondria
at the heart of the cytotoxic attack. Biochem Biophys Res
Commun 304: 513-518.

Roivainen M, Rasilainen S, Ylipaasto P er al (2000).
Mechanisms of coxsackie virus-induced damage to human
pancreatic beta-cells. J Clin Endocrinol Metab 85: 432—
440.

Roulston A, Marcellus RC, Branton PE (1999). Viruses and
apoptosis. Annu Rev Microbiol 53: 577-628.

Sadzot-Delvaux C, Thonard P, Schoonbroodt S et al (1995).
Varicella-zoster virus induces apoptosis in cell culture. J Gen
Virol 76 (Pt 11): 2875-2879.

Sandra F, Nakamura N, Mitsuyasu T ez al (2001). Two
relatively distinct patterns of ameloblastoma: an anti-apop-
totic proliferating site in the outer layer (periphery) and a
pro-apoptotic differentiating site in the inner layer (centre).
Histopathology 39: 93-98.

Sarid R, Sato T, Bohenzky RA et al (1997). Kaposi’s sarcoma-
associated herpesvirus encodes a functional bcl-2 homo-
logue. Nat Med 3: 293-298.

Sarswathi TR, Kumar SN, Kavitha KM (2003). Oral melanin
pigmentation in smoked and smokeless tobacco users in
India. Clinico-pathological study. Indian J Dent Res 14:
101-106.

Sayama K, Yonehara S, Watanabe Y et a/ (1994). Expression
of Fas antigen on keratinocytes in vivo and induction of
apoptosis in cultured keratinocytes. J Invest Dermatol 103:
330-334.

Schalling M, Ekman M, Kaaya EE et a/ (1995). A role for a
new herpes virus (KSHV) in different forms of Kaposi’s
sarcoma. Nat Med 1: 707-708.

Schwartz JL, Muscat JE, Baker V et a/ (2003). Oral cytology
assessment by flow cytometry of DNA adducts, aneuploidy,
proliferation and apoptosis shows differences between
smokers and non-smokers. Oral Oncol 39: 842-854.

Sharpe JC, Arnoult D, Youle RJ (2004). Control of mitoch-
ondrial permeability by Bcl-2 family members. Biochim
Biophys Acta 1644: 107-113.

Shear M (2002). The aggressive nature of the odontogenic
keratocyst: is it a benign cystic neoplasm? Part 2. Prolifer-
ation and genetic studies. Oral Oncol 38: 323-331.

Oral Diseases

Shibata Y, Hishikawa Y, Izumi S et a/ (2002). Involvement of
Fas/Fas ligand in the induction of apoptosis in chronic
sialadenitis of minor salivary glands including Sjogren’s
syndrome. Hum Cell 15: 52-60.

Silvestrini R, Benini E, Veneroni S et al (1996). p53 and bcl-2
expression correlates with clinical outcome in a series of node-
positive breast cancer patients. J Clin Oncol 14: 1604—1610.

Sinicrope FA, Hart J, Michelassi F et al (1995). Prognostic
value of bcl-2 oncoprotein expression in stage II colon
carcinoma. Clin Cancer Res 1: 1103-1110.

Slomiany BL, Slomiany A (2001a). Delay in oral mucosal ulcer
healing by aspirin is linked to the disturbances in p38
mitogen-activated protein kinase activation. J Physiol
Pharmacol 52: 185-194.

Slomiany BL, Slomiany A (2001b). Nonsteroidal anti-inflam-
matory drugs impair oral mucosal repair by eliciting
disturbances in endothelin-converting enzyme-1 and consti-
tutive nitric oxide synthase. J Physiol Pharmacol 52: 81-92.

Slomiany BL, Piotrowski J, Slomiany A (2000). Suppression of
endothelin-converting enzyme-1 during buccal mucosal
ulcer healing: effect of chronic alcohol ingestion. Biochem
Biophys Res Commun 271: 318-322.

Sugerman PB, Savage NW, Zhou X et a/ (2000). Oral lichen
planus. Clin Dermatol 18: 533-539.

Susin SA, Lorenzo HK, Zamzami N et a/ (1999). Molecular
characterization of mitochondrial apoptosis-inducing fac-
tor. Nature 397: 441-446.

Suzuki T, Kumamoto H, Kunimori K ef a/ (2005). Imunoh-
istochemical analysis of apoptosis-related factors in lining
epithelium of radicular cysts. J Oral Pathol Med 34: 46-52.

Syrjanen S (2003). Human papillomavirus infections and oral
tumors. Med Microbiol Immunol (Berl) 192: 123-128.

Takahashi K, MacDonald D, Murayama Y et al (1999). Cell
synthesis, proliferation and apoptosis in human dental
periapical lesions analysed by in situ hybridisation and
immunohistochemistry. Oral Dis 5: 313-320.

Tanaka C, Uzawa K, Shibahara T et al (2003). Expression of
an inhibitor of apoptosis, survivin, in oral carcinogenesis.
J Dent Res 82: 607-611.

Teni T, Pawar S, Sanghvi V et al (2002). Expression of bcl-2
and bax in chewing tobacco-induced oral cancers and oral
lesions from India. Pathol Oncol Res 8: 109-114.

Teo CG (2002). Viral infections in the mouth. Oral Dis 8
(Suppl 2): 88-90.

Thesleff I, Sharpe P (1997). Signalling networks regulating
dental development. Mech Dev 67: 111-123.

Tiberio R, Marconi A, Fila C et al (2002). Keratinocytes
enriched for stem cells are protected from anoikis via an
integrin signaling pathway in a Bcl-2 dependent manner.
FEBS Lett 524: 139-144.

Tobon-Arroyave S, Villegas-Acosta F, Ruiz-Restrepo S et al
(2004). Expression of caspase-3 and structural changes
associated with apoptotic cell death of keratinocytes in oral
lichen planus. Oral Dis 10: 173-178.

Tropea F, Troiano L, Monti D et al (1995). Sendai virus and
herpes virus type 1 induce apoptosis in human peripheral
blood mononuclear cells. Exp Cell Res 218: 63-70.

Tsujimoto Y, Gorham J, Cossman J et al (1985). The t(14;18)
chromosome translocations involved in B-cell neoplasms
result from mistakes in VDI joining. Science 229: 1390-1393.

Ungureanu CG, Johannessen AC, Oijordsbakken G et al
(2000). In situ detection of cell death in human periapical
cysts. J Dent Res 79: 157.

Vaishnaw AK, Toubi E, Ohsako S et al (1999). The spectrum
of apoptotic defects and clinical manifestations, including
systemic lupus erythematosus, in humans with CD95 (Fas/
APO-1) mutations. Arthritis Rheum 42: 1833—1842.



Wang X, Bregegere F, Frusic-Zlotkin M et al (2004).
Possible apoptotic mechanism in epidermal cell acantholysis
induced by pemphigus vulgaris autoimmunoglobulins.
Apoptosis 9: 131-143.

Warnakulasuriya S (2004). Smokeless tobacco and oral cancer.
Oral Dis 10: 1-4.

Webster-Cyriaque J, Middeldorp J, Raab-Traub N (2000).
Hairy leukoplakia: an unusual combination of transforming
and permissive Epstein-Barr virus infections. J Virol 74:
7610-7618.

Woods DB, Vousden KH (2001). Regulation of p53 function.
Exp Cell Res 264: 56—66.

Yang P, Chen L, Zhou H efal (2002). Resistance of
lymphocytes to Fas-mediated apoptosis in Behcet’s disease
and Vogt-Koyangi-Harada syndrome. Ocul Immunol
Inflamm 10: 47-52.

Apoptosis and oral diseases
LL Loro et al

Yoneda K, Furukawa T, Zheng YJ et al (2004). An autocrine/
paracrine loop linking keratin 14 aggregates to tumor
necrosis factor alpha-mediated cytotoxicity in a keratinocyte
model of epidermolysis bullosa simplex. J Biol Chem 279:
7296-7303.

Yuan K, Lin MT (2004). The roles of vascular endothelial
growth factor and angiopoietin-2 in the regression of
pregnancy pyogenic granuloma. Oral Dis 10: 179-185.

Zhang HG, Wang J, Yang X et al (2004). Regulation of
apoptosis proteins in cancer cells by ubiquitin. Oncogene 23:
2009-2015.

Ziegler U, Groscurth P (2004). Morphological features of cell
death. News Physiol Sci 19: 124-128.

Zuckerbraun HL, Babich H, May R er a/ (1998). Triclosan:
cytotoxicity, mode of action, and induction of apoptosis in
human gingival cells in vitro. Eur J Oral Sci 106: 628—636.

287

Oral Diseases



Copyright of Oral Diseases is the property of Blackwell Publishing Limited. The
copyright in an individual article may be maintained by the author in certain cases.
Content may not be copied or emailed to multiple sites or posted to a listserv without
the copyright holder's express written permission. However, users may print,
download, or email articles for individual use.



