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OBSERVATIONAL STUDY

Epigenetic Modifications and Accumulation of DNA
Double-Strand Breaks in Oral Lichen Planus Lesions
Presenting Poor Response to Therapy

Caroline S. Dillenburg, DDS, Marco A.T. Martins, DDS, PhD, Luciana O. Almeida, PhD,
Luise Meurer, MD, PhD, Cristiane H. Squarize, DDS, PhD, Manoela D. Martins, DDS, PhD,
and Rogerio M. Castilho, DDS, PhD

Abstract: Epigenetics refers to changes in cell characteristics that
occur independently of modifications to the deoxyribonucleic acid
(DNA) sequence. Alterations mediated by epigenetic mechanisms are
important factors in cancer progression. Although an exciting prospect,
the identification of early epigenetic markers associated with clinical
outcome in premalignant and malignant disorders remains elusive. We
examined alterations in chromatin acetylation in oral lichen planus
(OLP) with distinct clinical behavior and compared the alterations to the
levels of DNA double-strand breaks (DSBs). We analyzed 42 OLP
patients, who had different responses to therapy, for acetyl-histone H3 at
lys9 (H3K9ac), which is associated with enhanced transcription and
nuclear decondensation, and the presence of DSBs, as determined by
accumulation of phosphorylated YH2AX foci. Patients with high levels
of H3K9ac acetylation failed to respond to therapy or experienced
disease recurrence shortly after therapy. Similar to H3K9ac, patients
who responded poorly to therapy had increased accumulation of DNA
DSB, indicating genomic instability. These findings suggest that histone
modifications occur in OLP, and H3K9ac and yH2AX histones may
serve as epigenetic markers for OLP recurrence.
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Abbreviations: APC = adenomatous polyposis coli, ATM = ataxia
telangiectasia mutated, BRCA1 = breast cancer 1, early onset,
BRCA2 = breast cancer 2, early onset, DNA = deoxyribonucleic
acid, DSB = double-strand break, FANCD2 = Fanconi anemia
group D2 protein, HNSCC = head and neck squamous cell
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carcinoma, OLP = oral lichen planus, WHO = World Health
Organization.

INTRODUCTION

F rom the discovery of oncogenes in the late 1980s to cancer
genome sequencing during the Cancer Genome Project to
the latest findings using next-generation sequencing technol-
ogy, it is evident that the cancer genomic landscape is far more
complex than anticipated. Known as a genetic disease, cancers
are also susceptible to epigenetic events that regulate gene
expression independently of deoxyribonucleic acid (DNA)
mutations. New evidence suggests that epigenetic alterations
including histone modifications are associated with the initial
steps of carcinogenesis.

Histone modifications occur by acetylation, methylation,
ubiquitination, phosphorylation, and sumoylation to directly
influence DNA packaging and increase transcription.'* Histone
modifications are detected during normal cellular plasticity in
neurons and lymphocytes and play a major role in tumor
behavior.> > In cancer cells, histone modifications dynamically
promote transcription of prosurvival genes and silence tumor
suppressor genes to support the deregulated cancer physiology.
Therefore, by identifying early epigenetic modifications in
lesions at risk for malignancy will help us to understand
epigenetic events that dictate tumor formation and progression.

It has been challenging to identify early epigenetic markers
associated with clinical outcome of potentially malignant dis-
order. Oral lichen planus (OLP) is a relatively common disease
that affects the oral mucosa and is classified as potentially
malignant disorder by the World Health Organization
(WHO).%7 The OLP clinical presentation can range from
reticular, atrophic, to erosive lesions. The reticular lesions
are asymptomatic and appear as bilateral white striae located
specially in the buccal mucosa, tongue, and lips. Erosive and
ulcerative lesions are associated with symptoms that range from
a burning sensation to severe pain.®® The histopathologic
aspects of OLP consist of atrophy of the surface epithelium
with hyperkeratosis (except for erosive lesions), absent or saw-
toothed rete ridges, and a band-like infiltrate of lymphocytes
immediately subjacent to the basement membrane with associ-
ated destruction of the basal layer. Diagnosis of OLP should be
made by evaluating both clinical and histological features.'®'2
Several treatments have been proposed to OLP including topical
or systemic corticosteroids, immunosup}:l)ressors, immunomo-
dulators, and laser phototherapy (LPT).'"!?

Although controversial, 1% to 2% of OLP becomes
malignant. However, at present, there are no reliable predicting
factors of malignant transformation that can be used.
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Interestingly, the etiology of OLP is unknown, but consensus
agrees that this disorder involves the immune system; thus, OLP
is characterized as an autoimmune disease. The presence of a
substantial chronic inflammatory infiltrate primarily composed
by T lymphocytes localized juxta epithelial have elicited com-
paring OLP to other inflammatory diseases that have greater
potential for cellular transformation,'* including colon polyps,
stomach gastritis, bronchial preneoplastic lesions, and Barret
esophagus.'® Interestingly, epigenetic events have also been
linked to the development of chronic inflammation by upregu-
lating proinflammatory cytokines,'®™*° reviewed by Coussens
and Werb,15 and Lonkar and Dedon.?!

Histones are the most abundant proteins associated with
DNA and are related with the regulation of nuclear gene
expression in several tissue types. The pattern of histone
modifications determines chromatin status (euchromatin or
heterochromatin), the accessibility of DNA to nuclear factors,
and ultimately transcription.>*? Alterations in chromatin struc-
ture due to histone modifications have been correlated with
gene expression, the cell cycle, DNA replication and damage,
DNA repair, and chromosome stability.”** Among all histone
modifications, the process of global chromatin remodeling
driven by acetylation of histones is still largely unknown.
Histone acethylation results in a switch from repressive hetero-
chromatin to permissive euchromatin.

Nonetheless, histone hypoacetylation (H4K12ac) is an
effective epigenetic marker for colorectal cancer staging and
for tumor recurrence of prostate and non-small cell lung can-
cers.’“**2% In contrast, histone hyperacetylation occurs in
hepatocellular carcinoma and head and neck squamous cell
carcinomas.”®*” We have recently shown that histone modifi-
cations play a central role in the aggressiveness and resistance to
chemotherapy observed in head and neck squamous cell car-
cinoma via upregulation of nuclear factor kappa-light-chain-
enhancer of activated B cells, a molecule involved in cancer
development, autoimmune diseases, and inflammation.>?®

In a previous randomized controlled trial performed by our
group, we compared the efficacy of LPT to topical clobetasol
propionate 0.05% for the treatment of 42 patients with atrophic
and erosive OLP. We observed that, independent of the treatment
used, the OLP lesions exhibited different clinical behavior. Based
on these findings we decided to investigate the clinical relevance
ofhyperacetylation of histone H3 lys9 (H3K9ac) as an epigenetic
marker for OLP disease behavior and response to therapy.
Acetylation of H3K9 controls chromatin decondensation, chro-
matin assembly, and gene activation thereby being a great marker
of transcriptionally active chromatin.?® Furthermore, we decided
to associate the expression of H3K9ac with the identification of y-
H2AX phosphorylated on serine 139 (yH2AX) as an indirect
monitor of DNA damage and DNA double-strand breaks (DSBs).
Also, we focus on YH2AX histone foci because it is accepted that
it reflects the number of DSBs and is a powerful tool to analyze
DSB repair.’®*? Surprisingly, patients with high levels of
H3K9ac either failed to respond to therapy or experienced disease
recurrence shortly after therapy. Furthermore, similar to H3K9ac,
patients who responded poorly to therapy had increased phos-
phorylation of yH2AX. These findings suggest that histone
modifications are early events in OLP and that H3K9ac and
yYH2AX histones are promising epigenetic markers for OLP
recurrence. Our findings also suggest that increased acetylation
of H3K9ac and accumulation of phosphorylated YH2AX may
help identify OLP patients with genomic instability above the
average. Although the potential for OLP to become malignant is
controversial, it is disturbing that increased genomic instability is
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associated with a poor response to therapy. We discuss these
findings in light of recent developments in the molecular circui-
tries that regulate OLP.

METHODS

Ethics Statement

All human samples were derived from our previously
published single-center, randomized, controlled, single-blind
study and approved by the Human Research Ethics Committee
(HCPA protocol 11-0365), as previously reported by our
group.”?

Patients and OLP Clinical Follow-Up

Medical records and histopathological slides from 42
patients with atrophic/erosive OLP were analyzed. All partici-
pants were clinically examined and submitted to oral biopsy
during our previous study'® to establish the diagnosis of OLP.
Inclusion criteria were age >21 years, symptomatic atrophic/
erosive OLP, and histopathological diagnosis of OLP based on
the criteria proposed by the WHO. The exclusion criteria were
pregnant or nursing women, histological signs of dysplasia,
OLP therapy in the previous 3 months, amalgam restoration
near the lesions, and the use of medications associated with oral
lichenoid reaction. The patients received topical clobetasol
propionate 0.05% or applications of InGaAlP diode laser during
the initial 30 days of the trial.'* The patients were evaluated at
baseline (day 0), once a week during treatment (days 7, 14, 21,
and 30) as well as at 8 weeks (da;/ 90) after the discontinuation
of treatment (follow-up period).'® At the end of outcome period
(day 90), we observed different clinical behavior of OLP lesions
independent of the treatment. Then, we decided in the present
study to examine the histopathologic and cellular alterations
according to the clinical behavior of this cohort of OLP. The
patients were divided into 3 groups according to their clinical
outcome after therapy. The groups included the following: Type
I patients presenting complete resolution without recurrence,
Type II presenting complete resolution associated with recur-
rence, and Type III presenting no response to treatment.

Histology and Immunofluorescence of OLP
Tissues

We reassess the histopathological slides of the 42 patients
that received diagnosis of OLP based on the criteria proposed by
the WHO.? Histological signs of dysplasia were exclusion
criteria. Immunofluorescence was performed as previously
reported® using a double staining with anti acetyl-histone H3
(cell signaling) and vimentin (DAKO, Carpinteria, CA) and anti
phospho-histone H2A.X (Millipore, Billerica, CA) as primary
antibodies followed by FITC or TRITC-conjugated secondary
antibody (Covance, Berkeley, CA). DNA was stained using
Hoechst 33342. Images of 4 to 10 fields of each case were
captured at 400x magnification using a QImaging-ExiAqua
monochrome digital camera attached to a Nikon Microscope
(Nikon, Melville, NY) and visualized with QCapturePro 7
software (Surrey, BC, Canada). We performed morphometric
image analysis for yYH2AX using the software ImageJ (Version
1.38s; NIH, Bethesda, MD). All positive and negative cells were
counted in each field and the percentage of total number of cells
in each case was calculated. For ac.H3K9ac staining intensity
analysis, all cases were classified as negative (0), weak (+),
moderate (++), or strong (+++). The intensity of H3K9ac was
graduated independently by 3 oral pathologists.

Copyright © 2015 Wolters Kluwer Health, Inc. All rights reserved.
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Statistical Analysis

Statistical analyses were performed using GraphPad Prism
(GraphPad Software, San Diego, CA). Statistical analyses of the
total number of ac.H3 (Lys9)-positive nuclei, OLP type, and
comparison between YH2AX and ac.H3 (Lys9) staining was
performed using 1-way analysis of variance followed by Tukey
multiple comparison tests. We determined the mean of OLP
clinical types and the total number of nuclei expressing YH2AX.
We also calculated standard error of the mean. Asterisks denote
statistical significance (“P <0.05; **P <0.01; ***P <0.001;
and ™P > 0.05).

RESULTS

OLP Patients Show Distinct Response to Therapy

Current therapeutic strategies for OLP patients include
corticosteroids, immunosuppressors, retinoids, antifungal
agents, and low-level laser therapy, among others.'>3*3* All
of these treatments improve symptomatic OLP, but none are
curative. The clinical response to therapy is heterogeneous, and
disease relapse and resistance to treatment is common in OLP
patients.'®> OLP lesions have a range of clinical appearances that
vary from reticular to atrophic and erosive lesions. With the goal
of identifying markers associated with disease progression, we

Type I

Type II

Type I

classified the patients treated into 3 groups based on response to
therapy. We found that half of patients had a complete clinical
resolution of symptoms (Type I), which was determined by total
absence of symptoms and remission of all atrophic/erosive
lesions regardless of persisting hyperkeratotic lesions. This
group of patients was classified as responsive to therapy.
Thirty-two percent of patients achieved partial clinical resol-
ution (Type II), which was determined by a decrease in, but not
the complete remission of, atrophic/erosive areas and symp-
toms; these patients were classified as partially responsive.
Finally, all remaining patients were nonresponsive (Type III)
and did not benefit from therapy and/or experienced worsening
of symptoms (Figure 1A). Histologically, all patients enrolled in
this trial had clinical manifestations and histological findings
compatible with OLP (Figure 1A).

Poor Response to Therapy Correlates With
Increased Histone H3 Acetylation

We next reevaluated the histological samples of OLP
patients in light of their responsiveness to therapy and histone
modifications. Emerging evidences indicate the involvement of
histone modifications in the inflammatory conditions such as
rheumatoid arthritis, chronic obstructive pulmonary disease,
and severe asthma.>>~*® Functional acetylation of histone H3

Type 111

ETypel ®Typell ®Typelll

%Total number of cases (n=42)

FIGURE 1. OLP cases exhibit differential responses to therapy. (A) Clinical aspects of response of OLP patients after outcome period (8 wk
after the discontinuation of treatment—day 90). Type | patients (50%) have complete remission of erosive lesions. Type Il patients (32%)
have partial clinical resolution. Type Ill patients (18%) are nonresponsive to therapy. (B) H&E-stained sections of OLP lesions from patients
with differential responses to therapy depict similar histological aspects. Upper panel illustrates the presence of a well-defined band-like
zone of inflammatory cell infiltration (*) (40x magnification). Lower panel shows signs of degeneration of the basal cell layer (arrows)
associated with lymphocytes infiltrate and exocytosis and absence of epithelial dysplasia (200 x magnification). H&E = hematoxylin and
eosin, OLP = oral lichen planus.

Copyright © 2015 Wolters Kluwer Health, Inc. All rights reserved. www.md-journal.com | 3
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FIGURE 2. Acetylation of histone 3 correlates to poor response to therapy. (A) H&E staining of OLP patients (upper panel—100x
magnification; lower panel—400x magnification). Modification in basal cell morphology and nuclear shape is evident in all OLP types in
areas with different degree of exocytosis (arrows). Note that all OLP lesions present focal areas of well-preserved basal architecture
(arrowhead). (B) Immunofluorescence staining of well-preserved basal layers demonstrates increased acetylation of histone 3 in the
nucleus of Types Il and Ill OLP patients (green labeling). Vimentin staining (red staining) was used to differentiate the epithelial from
mesenchymal tissues. (C) Diamond shape represents each patient distributed by OLP response to therapy (OLP type) and histone 3
acetylation. Type | patients*lgave an average ac.H3 intensity of 0.61 compared to 2.07 and 2.62 in Types Il and Il patients, respectively

(error bar, SEM; P=0.15,

at Lys 9 results in chromatin decondensation, chromatin assem-
bly, and gene activation thereby being considered a marker of
transcriptionally active chromatin.®’—>° Here we decided to
explore the transcriptional activity of OLP in patients who
had different responses to therapy (Type I, Type II, and Type
III), using a H3K9ac antibody. Interestingly, we observed high
levels of histone H3 acetylation (Lys9) in the basal layer of
tissue samples from Types Il and 11 patients compared to Type I
patients (Figure 2B). The correlation between increased acety-
lation levels of histone H3 (Lys9) and poor response to therapy
is observed in Types II and III patients (Figure 2C)
("P <0.001).

Enhanced DNA Damage in OLP Samples From
Patients Partially Responsive or Nonresponsive
to Therapy

The transformation potential of OLP is largely unknown.
However, genetic aberrations have been reported in OLP**~+
and provide the rational for the presence of a subset of geneti-
cally instable OLP lesions. Our previous results suggest that the
regulation of OLP response to therapy is directly associated
with histone modifications, which enhance gene transcription.
However, is unknown whether histone acetylation correlates
with increased genomic instability. We next examined for
chronic genomic injuries to OLP chromatin by identifying
DSBs. Histone YH2AX detect DSBs in chromatin and initiates
the DNA damage response complex. In response to

4 | www.md-journal.com

*P<0.001). H&E = hematoxylin and eosin, OLP = oral lichen planus, SEM = standard error of the mean.

phosphorylation at serine 139 by ATM, yH2AX recruits repair
proteins, including p53, BRCA1 and 2, FANCD2, and others, to
DSBs.***> However, sustained phosphorylation of yH2AX
denotes chronic injury to the genome. Early-stage cancer
development is associated with DNA replication stress, which
enhances DNA DSBs and genomic instability, following
increased pressure for p53 mutations.*® We found that the
majority of OLP lesions were positive for yYH2AX in the basal
and parabasal layer of epithelial cells from the oral mucosa
(Figure 3A). Interestingly, Type I patients had the lowest rate of
yH2AX-postive cells (8.71%) (Figure 3B) compared to 49.10%
and 45.30% in Types II (Figure 3C) and I1I patients (Figure 3D),
respectively. Compared to Type I patients, the amount of DNA
damage in Type II and Type III patients was 4.8 and 5.2-fold
higher, respectively.

Enhanced DNA Damage Correlates to Histone
Modifications Observed in OLP Cases

We next examined the potential correlation between the
accumulation of DNA DSBs and the progressive acetylation of
OLP chromatin. By crossing the ac.H3 (Lys9) staining data with
the YH2AX data, we observed that progressive chromatin
decondensation correlates to accumulation of DNA DSBs
(Figure 4). In general, the majority of OLP Type I (n=13/
15) did not have chromatin decondensation (negative for
ac.H3K9ac) or a substantial number of yH2AX-positive cells
(mean 7.46). Low expression of ac.H3K9ac was associated with

Copyright © 2015 Wolters Kluwer Health, Inc. All rights reserved.
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FIGURE 3. Increased DNA damage correlates to poor response to therapy. (A) Representative examples of positive and negative OLP
lesions for the yH2AX DNA double-strand break marker. Note the presence of yH2AX-positive cells next to the basal layer (arrow) of the
oral mucosa (dashed line defines limit between connective and epithelial tissue). Quantification of yH2AX positive cells in (B) Type | OLP
patients (mean value of 8.71% of positive cells), (C) Type Il OLP patients (mean value of 41.90% positive cells), and (D) Type Il OLP
patients (mean value of 45.30% positive cells). OLP = oral lichen planus.

a modest and nonsignificant accumulation on DNA DSBs
(mean 18.78, "P > 0.05). However, OLP Types II and III were
characterized by a robust accumulation of DNA DSBs and
increased chromatin acetylation (ac.H3 intensity 2 and 3,
P <0.001). In both the groups, DNA DSBs had a mean
value of 40.72 and 38.98, respectively (Figure 4).

DISCUSSION

OLP is an inflammatory mucocutaneous disease that
affects the oral mucosa. Many studies report the potential for
OLP to become malignant (summarized by Gonzalez-Moles
et a147), which is reflected in the latest WHO classification of
OLP as a potentially malignant disorder. The controversial
transformation potential of OLP is likely based on inconsistent
criteria used to diagnose OLP.*’ Indeed, OLP has been mis-
diagnosed as dysplastic lesions with lichenoid features.*® Fol-
low-up studies of OLP that was diagnosed using more stringent
criteria suggests that 0.5% to 2% of OLP becomes malig-
nant.**~>* Given that premalignant lesions can become malig-
nant, patients with OLP require careful follow-up. This strategy
has been effective in managing premalignant polyps associated
with genetic trails, such as familial adenomatous polyposis in
which the APC gene is mutated and MYH-associated polyposis
in which the MUTYH gene is mutated. The question remains as
to how to identify a potentially malignant disorder in which the

Copyright © 2015 Wolters Kluwer Health, Inc. All rights reserved.

clinical and microscopic features are not sufficient to predict
disease evolution. Emerging evidence suggests epigenetic
mechanisms silence tumor suppressors and activate pro-survival
genes prior to cellular transformation and independent of
changes in the DNA sequence (mutations).>> % In fact, the
term epigenetic disease refers to the development of cancer
driven by epigenetic deregulation of genes.*> Epigenetic
alterations are mediated by DNA methylation, posttransla-
tional silencing of RNA, or histone modifications. Oral dys-
plasia and proliferative verrucous leukoplakia are associated
with increased methylation of the p16 tumor suppressor,®®~ %2
whereas global hypomethylation and compromised 5-hydro-
xymethylcytosine occur in cervical dysplasia and dysplastic
nevi, respectively.®*%> The effects of histone modifications
partially explain the common alterations to nuclear hyperchro-
matin observed in several pathologies. Histones H2A, H2B,
H3, and H4 assemble the nucleosome, which is responsible for
packaging DNA inside the nucleus. Acetylation and deacetyla-
tion of histones control gene transcription by exposing specific
areas of the DNA to the transcriptional machinery.®® The
acetylation of histone H3 observed at Lys9, 14, 18, 23, 27,
and 56 is associated with gene activity.’”*® Of interest, func-
tional acetylation of histone H3 at Lys 9 has been extensively
studied and is associated with chromatin assembly and gene
activation.’’ *° We recently reported changes in the behavior
of head and neck squamous cell carcinomas (HNSCCs) upon

www.md-journal.com | 5
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FIGURE 4. Correlation between histone acetylation and accumu-
lation of DNA double-strand breaks in OLP. Each diamond shape
represents 1 OLP patient. Increased acetylation of histone 3
correlates with accumulation of yH2AX. Note that OLP cases
lacking histone acetylation (ac.H3 intensity “0”’) have low levels
of yH2AX (mean of 7.46). Patients with low levels of histone 3
acetylation (ac.H3 intensity ““1”) have yH2AX expression in
18.78% of cells (P=0.25). Patients with moderate and high
expression of histone 3 acetylation are characterized by the
accumulation of high levels of yH2AX (mean 40.72% and
38.98%, respectively) compared to OLP patients lacking histone
3 acetylation (***P<0.001). OLP = oral lichen planus.

chromatin acetylation (reviewed by Martins and Castilho® and
Le et al*?). We showed that modulation of tumor histones is
sufficient to control tumor invasion® and resistance to che-
motherapy.”® Similar to these findings, global levels of histone
modifications can predict the prognosis of prostate and kidney
cancer.”>% However, the role of histone acetylation in the
behavior of a potentially malignant disorder and its potential
value as a predictor of disease progression and resistance to
conventional therapy is unknown. To address this gap in
knowledge, we analyzed OLP patients who were responsive,
partially responsive or nonresponsive to therapy. Rather than
attempt to identify OLP lesions with the potential to transform,
we focused on identifying patients with epigenetic alterations
characterized by the acetylation of histone H3 (Lys9). Inter-
estingly, this approach revealed that chromatin decondensation
and enhanced histone acetylation correlates to lesions that
respond poorly to therapy and are clinically ‘‘aggressive.”
These results align with our previous findings in HNSCC,
which become more aggressive upon global chromatin acety-
lation in response to treatment with histone deacetylase inhibi-
tors.? Further analysis also revealed that enhanced acetylation
of histone H3 (Lys9) was accompanied by substantial accumu-
lation of DNA DSBs in refractory OLP lesions. Accumulation
of DNA DSBs is a well-known molecular event observed in
premalignant lesions.*®°~7% One explanation for this event is
the oncogene-induced stalling and collapsing of DNA rqplica-
tion forks, resulting in the formation of DNA DSBs.”> 7¢ The
reason that DNA DSBs accumulate in OLP lesions can be
interpreted in several ways. In support of an oncogene-induced
senescence hypothesis, the accumulation of DNA DSBs may
represent a protective  mechanism that activates cellular
senescence and protects against the development of tumors.
Also known as replicative stress, activation of cellular

6 | www.md-journal.com

senescence requires fast cellular proliferation. Indeed, the
presence of a fast cellular turnover has been reported in
OLP lesions, which corroborates with the hypothesis that
accumulation of DNA DSBs is indeed associated to the devel-
opment of cellular senescence in OLP.”” The hypothesis of
activation of cellular senescence in OLP is also supported by
the presence of normal levels of loss of heterozygosity and
microsatellite instability comparable to benign fibromas.””°
However, the OLP senescence hypothesis also implies that
OLP have a constitutively active oncogene, or a deregulated
tumor suppressor gene, capable of triggering the senescence
protective mechanisms, suggesting the presence of genetic
abnormalities rather than a simple inflammatory condition.
Such consideration is sustained by the identification of
increased aneuploidy cells in patients with OLP.*> A second
interpretation would favor the concept of early cancer as an
epigenetic disease. In this case, epigenetic cues lead to pro-
gressive stress on the DNA repair system, resulting in the
accumulation of unrepaired DNA DSBs. This scenario
suggests that a fraction of OLP lesions have genomically
instable chromatin.

Altogether, these findings suggest that histone modifi-
cations occur in OLP, and H3K9ac and yH2AX histones
may serve as epigenetic markers for OLP recurrence.
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