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Biological significance of 5-hydroxymethylcytosine in oral
epithelial dysplasia and oral squamous cell carcinoma
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Objectives. The aim of this study was to determine the levels of 5-hydroxylmethylcytosine (5-hmC) in oral epithelial

dysplasia (OED) and oral squamous cell carcinoma (OSCC) compared with those in benign, reactive inflammatory lesions

and to explore whether DNA hydroxymethylation may serve as a novel biomarker for early diagnosis and prognosis of

OSCC.

Study Design. The study included normal mucosa from uninvolved margins of 9 fibromas, 10 oral lichen planus, 15 OED, and

23 OSCC. Cultured human keratinocyte lines from benign oral mucosa, OED, and OSCC, as well as a murine model in which

OSCC was induced with 4-nitroquinoline-1-oxide, were also evaluated.

Results. Progressive loss of 5-hmC from benign oral mucosal lesions to OED and OSCC was documented in patient samples.

Decreased levels in 5-hmC that typify OED and OSCC were also detectable in human cell lines. Moreover, we characterized

similar alterations in 5-hmC in an animal model of OED/OSCC.

Conclusions. This study demonstrated that 5-hmC distinguishes OED and OSCC from benign lesions with high sensitivity and

specificity. Consequently, loss of 5-hmC may be useful for the diagnosis of OED with potential implications for therapy of

OSCC. (Oral Surg Oral Med Oral Pathol Oral Radiol 2018;125:59e73)
Leukoplakia can clinically mimic lesions that are
reactive in nature (e.g., frictional keratosis and benign
morsicatio mucosae oris) or may represent oral
epithelial dysplastic lesions, which are premalignant in
nature. Standardized criteria for the diagnosis of
leukoplakia are controversial, and subjectivity accounts
for interpretative variations that have been docu-
mented.1,2 In addition, there are no predictive factors or
established standards to identify those premalignant
lesions that will progress to oral squamous cell carci-
noma (OSCC) versus those that will remain stable or
perhaps even regress. Accordingly, the development of
predictive biomarkers and/or molecular-based
approaches that could be used for the early recogni-
tion and classification of these potentially malignant
lesions would be of great help in the detection and
prognostication of oral cancer.

Recent data indicate that in addition to the genetic
changes that contribute to the initiation and propagation
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of tumors, epigenetic alterations also are associated
with the development of neoplasms and many other
diseases. Currently, epigenetics is commonly used to
define the study of chromatin.3 It describes molecular
alterations that cause potentially heritable changes in
cellular phenotype and gene expression, without
causing changes in the DNA sequence.4 In contrast to
the genome, modifications in the epigenome are
reversible and thus, for potentially therapeutic
purposes, represent a more feasible alternative to the
prospect of repairing mutations affecting the genetic
code itself. There is information available on 3 DNA
modification pathways associated with epigenetics:
DNA methylation, histone modification, and
noncoding RNA regulation.5,6

Alterations in these 3 pathways have been associated
with the development of OSCC. In terms of histone
modification, a recent publication showed progressive
reduced expression of H39aC in OSCC compared with
oral leukoplakia and normal oral mucosa.7 Similarly, with
regard tomicroRNA dysregulation specifically, alterations
Statement of Clinical Relevance

More evidence demonstrates that DNA hydrox-
ymethylation mark 5-hydroxylmethylcytosine con-
verted to 5-methylcytosine plays a critical role in
cancer initiation and progression. This study aims to
determine 5-hydroxylmethylcytosine levels in oral
epithelial dysplasia and oral squamous cell carcinoma
compared with those in benign lesions.
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in the expressionofmiR-486-3p,miR-139-5p, andmiR-21
were characteristic of OSCC, and their levels were
significantly different from those found in normal oral
mucosa, implying its biomarker diagnostic potential.8

DNA methylation and hydroxymethylation, are the
most common epigenetic pathways affected in
cancer.5,6 Methylation of the carbon 5-position of
cytosine to form 5-methylcytosine was the first epige-
netic modification described in DNA and likely repre-
sents the most extensively studied pathway in cancer
cells. Alterations in methylation patterns of DNA,
including genome-wide hypomethylation and promoter
region hypermethylation, are closely related to the
development of OSCC.9 Recent studies have shown
different methylation patterns of specific genes
involved in the development of OSCC. For instance,
P16, DAPK, and MGMT demonstrate promoter
hypermethylation in OSCC compared with normal
mucosa.10 Interestingly, a recent study using samples
of OSCC further reported hypomethylation of
promoter regions of immune genes, such as those
regulated by cytotoxic T-lymphocyte-associated
protein 4 and interleukin immunologic signaling
pathways. These methylation patterns induced a
specific inflammatory infiltrate in the tumor
microenvironment that may also influence prognosis.11

Epigenetic modifications at the level of those
enzymes that are responsible for the transfer of methyl
groups to DNA have also been implicated in the
development of OSCC. Recently, a study showed that
hypermethylation of DNMT3a contributed to epige-
netic silencing of KLOTHO (an antiaging gene that acts
as a tumor suppressor), in oral epithelial dysplasia
(OED) and OSCC, compared with normal oral
mucosa.12

It has been shown that the enzymatic oxidation of
5-methylcytosine to 5-hydroxymethylcytosine (5-hmC)
may act as a stable modification of DNA and that
subsequent removal of 5-hmC involves a complicated
process of epigenetic regulation.13 5-hmC can both
activate transcription of genes and cause gene silencing.
It is the most copious intermediate of the active DNA
demethylation pathway. In addition, it has been re-
ported that 5-hmC levels directly correlate with the
differentiation of various human tissues.14-17 In the
squamous epithelium, the basal cell layer harbors very
low levels of 5-hmC, with higher levels present in the
uppermost layers of the epithelium. Similar results have
been demonstrated in the human colonic mucosa, where
the apical, more differentiated cells harbor strong
5-hmC levels, and the more undifferentiated cells at the
bases of the crypts have reduced 5-hmC levels.17

Importantly, loss of 5-hmC has been reported in
many malignant neoplasms, including melanoma,
breast cancer, gastrointestinal stromal tumor,
hepatocellular carcinoma, and OSCC.18-21 In fact,
Larson et al.22 showed a progressive gradient of loss of
5-hmC from benign dermal nevi to high-grade
dysplastic nevi and melanomas. In addition, a recent
study demonstrated a significant decrease in 5-hmC
level in OSCC, compared with healthy oral mucosa.18

However, no information was provided with regard to
5-hmC in oral premalignant dysplastic lesions or in
benign hyperkeratotic and inflammatory oral mucosa
lesions, and mechanistic insights or experimental ap-
proaches were lacking.

The aforementioned studies suggest that 5-hmC
immunoreactivity could potentially serve as a diag-
nostic tool to distinguish between benign and
malignant oral epithelial lesions and perhaps aid in the
distinction between those OEDs that will likely prog-
ress to OSCC.

The overall objectives of this research project were
evaluation of the patterns of 5-hmC level in benign,
reactive, inflammatory/immune-mediated, and
neoplastic lesions affecting the human oral mucosa;
moderate to severe OED; and OSCC; confirmation of
the levels and genomic profiles of 5-hmC by using oral
keratinocyte cell lines; and comparison of the findings
of 5-hmC level in human oral mucosa with those in an
established murine model of oral carcinogenesis elicited
by 4-nitroquinoline-1-oxide (4 NQO).
MATERIALS AND METHODS
Clinical data acquisition of human tissue
A total of 66 human cases (N ¼ 66) were evaluated: 9
cases diagnosed as fibromas (F; nF ¼ 9), which served
to evaluate the pattern of 5-hmC level in the non-
inflamed/noncancerous mucosa at the margins of exci-
sions; 9 cases diagnosed as frictional keratosis (FK;
nFK ¼ 9); 10 cases diagnosed as oral lichen planus
(OLP; nLP ¼ 10); 15 cases diagnosed as moderate-to-
severe OED (nOED ¼ 15); and 23 cases diagnosed as
OSCC (nOSCC ¼ 23). Cases in a 7-month period
(January 2015 through July 2015) were identified from
the archives of Strata Pathology Services, the surgical
pathology laboratory affiliated with the Harvard School
of Dental Medicine (Boston, MA).

Clinical data were obtained, where available. Lesions
were present in the alveolar mucosa, gingiva, buccal
mucosa, hard and soft palatal mucosae, tongue
(dorsum/ventrum/lateral and base), and floor of mouth
(Table I). Hematoxylin and eosin (H&E) sections and
prior diagnoses were independently reviewed and
confirmed by 2 oral pathologists (M.C.C.N. and
S.B.W.). Studies of discarded bioarchives of
deidentified patient specimens (tissue blocks) were
approved by the Institutional Review Board of the
Brigham and Women’s Hospital (Boston, MA).



Table I. Summary of clinical data

Normal mucosa Frictional keratosis Oral lichen planus Oral epithelial dysplasia
Oral squamous cell

carcinoma

Gender M: 45% (4) M: 55% (5) M: 60% (6) M: 60% (9) M: 57% (13)
F: 55% (5) F: 45% (4) F: 40% (4) F: 40% (6) F: 43% (10)

Location Tongue: 100% (9) Tongue: 45% (4)
Ridge: 55% (5)

Buccal mucosa: 80% (8)
Alveolar mucosa: 20% (2)

Tongue: 80% (12)
Floor of mouth: 20% (3)

Tongue: 72% (17)
Gingiva: 9% (3)
Floor of mouth: 9% (3)

The numbers in parentheses indicate number of samples.
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Clinical data acquisition of animal tissue
For this study, an established murine model of oral
carcinogenesis elicited by 4 NQO was used. Animal
tissue was obtained from a previous experiment.23 Ten
animal oral tongue samples (N ¼ 10) were received as
unstained, paraffin-embedded tissues on glass slides
from an established murine model of oral carcinogen-
esis elicited by 4 NQO. Five consisted of nontreated
normal dorsal tongue mucosa (T; nT ¼ 5), and 5
consisted of mouse OSCC (nmOSCC ¼ 5), of which all
showed macroscopic alterations compared with the
nontreated dorsal tongues. OED was evaluated at the
margins of the OSCC. Hence, the 5 samples used for
OSCC were also examined for OED (nOED ¼ 5).23

As described by Guo et al.,23 OSCC was elicited in
these animals by including 4 NQO (Sigma) at a
concentration of 100 mg/mL in their drinking water,
ad libitum, for a period of 8 weeks, followed by
drinking water alone for a period of 16 weeks, for a
total of 24 weeks. Control mice were given only
drinking water, ad libitum, for 24 weeks. The tongues
were harvested, and the sections that showed
macroscopic alterations were fixed in 10% buffered
formalin overnight and then processed and embedded
in paraffin. Sections were cut at 5 mm and then
stained with H&E. Histopathologic analysis was
performed in a blinded manner, without prior
knowledge of the experiment.
Immunohistochemistry
Immunohistochemistry (IHC) for 5-hmC was per-
formed on all human cases of fibromas, oral FK, OLP,
moderate-to-severe OED, and OSCC, as well as in all
animal cases, including noninflamed/nonneoplastic oral
dorsal tongue mucosa, OSCC, and OED present at the
edges of the tumors. These studies were done as pre-
viously described by Lian et al.21 Briefly, sections were
incubated overnight with rabbit-anti-5-hmC (1:5000
dilution; Active Motif, Carlsbad, CA), washed, and
subsequently incubated with a peroxidase-linked
anti-rabbit IgG (1:200 dilution; Vector Laboratories,
Burlingame, CA). The sections were then treated by
using the corresponding hydrogen peroxide substrate
kit (Vector Laboratories) and counterstained in hema-
toxylin and clarifying solution (Fisher Scientific Com-
pany, Kalamazoo, MI). Appropriate isotype-matched
antibody controls and tissue controls were included for
all experiments. TET-2 overexpressed melanoma cells
were used as control tissue.

5-hmC staining was scored in accordance with
previously published methodology.22 In summary,
immunoreactivity was estimated on the basis of
nuclear staining intensity (0-4; 0 ¼ absent; 4 ¼ dark
brown reactivity involving the entire nuclear profile;
and 1-3 ¼ semiquantitative intermediates [1 ¼ faint
tan; 2 ¼ light brown; 3 ¼ medium brown]).
Likewise, the percentage of 5-hmC-positive cells ker-
atinocytes, as assessed over representative 1-mm2

fields, was also determined. Fields were selected on the
basis of the presence of key histologic features relevant
to the study (i.e., areas of dysplastic and poorly
differentiated cells), as assessed and determined by
H&E examination alone. A total of 2 randomly selected
and representative sections were examined in terms of
nuclear staining positivity and intensity in all histologic
sections.

An immunoreactivity score (IRS) was derived by
multiplying the percentage of positive cells with the
number consistent with staining intensity. The resultant
scores were analyzed statistically among specific foci of
interest (e.g., normal or inflamed oral mucosa,
dysplastic oral mucosa, and cancerous oral mucosa).
All semiquantitative immunoreactivity scoring was
performed by one investigator (M.C.N.). In the first
session, the investigator reviewed all cases. In addition,
this same investigator reviewed a selective subset of
cases for a second time (session 2), 1 month apart, to
ensure intraobserver reliability. A random, selective
subset of cases, including fibromas, FK, OLP,
moderate-to-severe OED, and OSCC were reviewed by
one other investigator (G.F.M.) to ensure concordance
and interobserver reliability. The resultant scores of the
2 readings of the first investigator (M.C.N.) and of the 2
investigators (M.C.N. and G.F.M.) were analyzed sta-
tistically among 3 parameters (i.e., percentage of posi-
tive cells, intensity of the staining, and product of these
two attributes).



Table II. Human cell lines

Cell line
Donor sex,
age in years Special characteristics

Oral keratinocyte (OKF4/1.3 mM Ca) (Floor of mouth) M, 28 Normal nonkeratinized oral mucosa from floor of mouth
Oral keratinocyte (OKF4/TERT-1) (Floor of mouth) M, 28 Normal nonkeratinized oral mucosa from floor of mouth; immortalized
Oral keratinocyte (OKF4/E6 E7) (Floor of mouth) M, 28 Normal nonkeratinized oral mucosa from floor of mouth; immortalized;

p53 and pRb deficient
Oral keratinocyte from moderate-to-severe dysplasia

(POE9 n) (Floor of mouth)
M, 65 Homozygous deletion of p16INK4A and p14ARF; p53 deficient

Oral keratinocyte from moderate-to-severe dysplasia
(POE9 n/TERT) (Floor of mouth)

M, 65 Homozygous deletion of p16INK4A and p14ARF; p53 deficient. TERT
overexpressed; immortalized

Oral keratinocyte from oral SCC-15 (Base of tongue) M, 55 p16 and p53 deficient; immortalized
Oral keratinocyte from oral SCC-25 (Side of tongue) M, 74 p16 and p53 deficient; immortalized
Oral keratinocyte from oral SCC-68 (Base of tongue) M, no data p16 and p53 deficient; immortalized
Oral keratinocyte from oral SCC-71 (Soft palate) M, 80 p16 and p53 deficient; immortalized

SCC, squamous cell carcinoma; TERT, telomerase reverse transcriptase.
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Cell lines and cell cultures
The OKF4, SCC-15, SCC-25, SCC-68, and SCC-71
cell lines were provided by the Brigham and
Women’s Hospital Department of Dermatology and of
unique identity, verified by short tandem repeat
profiling performed by the American Type Culture
Collection. OKF4, OKF4/TERT, OKF4/E6 E7,24

SCC-15, SCC-25,25 SCC-68,26 and SCC-7127 cells
were cultured in GIBCO keratinocyte serum-free me-
dium (K-sfm) (Invitrogen/Life Technologies, Carlsbad,
CA) with 12.5 mg/mL bovine pituitary extract,
0.2 ng/mL epidermal growth factor, and CaCl2 to a final
Ca2þ concentration of 0.4 mmol/L, as described pre-
viously.24,26 Table II shows the characterization of
these cell lines. After cultures reached w60%
confluence, they were refed daily with a 1:1 (vol/vol)
mixture of K-sfm and DF-K medium. The DF-K me-
dium consists of a 1:1 (vol/vol) mixture of calcium-free,
glutamine-free Dulbecco’s Modified Eagle Medium
(Invitrogen/Life Technologies) and Ham’s F-12 me-
dium (Invitrogen/Life Technologies) supplemented
with 0.2 ng/mL epidermal growth factor, 12.5 mg/mL
bovine pituitary extract, 2 mmol/L L-glutamine, and
CaCl2 to a final concentration of 0.4 mmol/L.24
DNA isolation
Genomic DNA was isolated from cultured cells by
standard methods (Gentra Puregene QIAGEN, Gai-
thersburg, MD). Samples were lysed in a buffer solu-
tion composed of proteinase K, 100 nM Tris-HCl,
pH8.5, 5 mM ethylenediaminetetraacetic acid
(EDTA), 0.2% sodium dodecyl sulfate, 200 nM NaCl
(55�C overnight) and were subsequently extracted with
phenol/chloroform/isoamyl alcohol (25:24:1; saturated
with 10 nM Tris, pH 8.0, 1 nM EDTA) and precipitated
with 2 volumes (100% ethanol and 1/10 volume 3 M
sodium acetate). The genomic DNA was then recovered
and dissolved with Tris-EDTA buffer (10 nM Tris-HCl,
pH8.0, 1 nM EDTA). The DNA concentration was
determined with NanoDrop 1000 (ThermoScientific,
Waltham, MA). Genomic DNA samples were further
shared with needle at w500 ng/mL concentration.
Immuno-dot-blot
The dot-blot was performed using the Bio-Dot Appa-
ratus. In summary, the DNA was loaded onto a 96-well
plate in 30 mL Tris-EDTA buffer with 2-fold serial
dilution (100 ng-1 mg), mixedwith 20 mL 1MNaOH and
25 nM EDTA. The plate was then sealed and heated at
95�C for 10 minutes. After heating, the plate was
immediately cooled on ice, and 50 mL ice-cold 2 M
ammonium acetate (pH 7.0) was added. The plate was
placed on ice for 10 minutes. The nitrocellulose mem-
brane was incubated with double-distilled water for
20 minutes and then in 6� saline sodium citrate (SSC)
for 20 minutes. Subsequently, the membrane was rehy-
drated on the Bio-Dot Apparatus with TE buffer, and the
denatured DNA sample was applied and then washed by
2� SSC. The membrane was rinsed by 2� SSC and
allowed to air-dry. The completely dried membrane was
baked for 2 hours at 80�C and then blocked with Tris-
buffered saline with Tween-20 (TBS-T), containing 5%
non-fat milk for 1 hour at room temperature.

The membrane was incubated with primary 5-hmC
antibody (1:1000) for 1 hour at room temperature.
The membrane was then washed with TBS-T 3 times
and incubated with enzyme horseradish peroxidase
conjugated secondary antibody (1:10000) at room
temperature for 1 hour. The signal was developed with
enhanced chemiluminescence after being washed with
TBS-T. The dot-blot then was analyzed by using Image
Lab software. This software measured the integrated
density of 5-hmC in each dot. The machine created a
circular selection that was dragged over the first dot and
then repeated for each of the other dots. Subsequently,
the calculation was done, and the mean of the DNA



Fig. 1. (continued).

OOOO ORIGINAL ARTICLE

Volume 125, Number 1 Cuevas-Nunez et al. 63
density for each dot was obtained for each of the con-
centrations of DNA (0.5 mg, 0.25 mg, and 0.125 mg).
Methylene blue was used for DNA concentration
loading control.

Statistical analysis
Results from IHC studies performed in human and
animal tissues, as well as intraobserver and interobserver
reliability, were analyzed by t test, using GraphPad
Prism, Version 6 (GraphPad Software, La Jolla, CA).
All P values were 2 tailed, with a P value < .05
considered statistically significant. For the immuno-dot-
blot results, statistical analysis was performed by 1-way
analysis of variance using GraphPad Prism, Version 6.
All P values were 2 tailed, with a P value < .05
considered statistically significant.



Fig. 1. Correlative hematoxylin and eosin (H&E) histology and 5-hydroxylmethylcytosine (5-hmC) nuclear immunoreactivity in
human oral mucosal lesions. A, Uninvolved mucosa adjacent to fibroma. Note differences between progressive hierarchical
staining intensity (demonstrated by dotted, dashed, solid gray and black outlines). B, Frictional keratosis (high magnification
denoted by inset). C, Lichen planus. D, Oral epithelial dysplasia (high magnification denoted by black solid outline). E, Invasive
OSCC (black solid outline denoted skeletal muscle cells stained with 5-hmC that served as internal control). (H&E,
magnification �200, �400; 5-hmC �200, �400).
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RESULTS
5-hydroxymethylcytosine immunoreactivity
significantly decreased in moderate-to-severe OED
and OSCC compared with that of human normal or
inflamed oral mucosa
The evaluation of the lesions was based on 3 parameters
(percentage of positive-staining cells, intensity of the
staining, and pattern of distribution of the positive-
staining cells) adapted from previously published in
studies on 5-hmC IHC in human and animal
tissues17,21,22 (Supplemental Figure 1A). An IRS of
[a � b ¼ c] was derived by multiplying the score
representative of the percentage of positive cells [a]
with the number derived from staining intensity [b].
The resultant product scores [c] were analyzed
statistically in relationship to the different lesions
under study. Importantly, when comparing the
predictive power of a versus b alone, a was expressed
relatively constantly (>75% of all cases exhibited
high percentage of positive cells, score 4), with a
minority exhibiting scores of 3 or 2. To this end, b
alone led to statistically significant differences that
did not deviate from the interpretation derived from
use of c, the product of a � b (Supplemental
Figure 1B).

Oral mucosa that was noninflamed and nonneoplastic
at the edges of fibromas (nF ¼ 9) exhibited strong
5-hmC nuclear immunoreactivity in epithelial cells
(mean percentage of positive cells ¼ 4.0; mean IHC
intensity ¼ 3.0) (Figure 1A). Similarly, benign reactive
lesions of FK and immune-mediated OLP exhibited
comparable results. Regions of FK cases (nFK ¼ 9)
demonstrated strong 5-hmC nuclear immunopositivity
of the epithelial cells (mean percentage of positive
cells 3.8; mean IHC intensity 2.8) (Figure 1B). OLP
(nLP ¼ 10) cases showed retention of nuclear 5-hmC
(mean percentage of positive cells 3.7; mean IHC in-
tensity 2.9) (Figure 1C). Interestingly, although they all
exhibited at least 75% stained cells, the percentage of
negatively stained cells tended to be higher in OLP
compared with that in fibromas and FK. In contrast,
moderate-to-severe OED (nOED ¼ 15) showed a loss
of intensity of 5-hmC nuclear staining, with a mean
IHC intensity score of 1.7. However, there was a similar
percentage of positive cells (mean percentage of posi-
tive cells 3.9) (Figure 1D). OSCC (nOSCC ¼ 23)
demonstrated diminished intensity of nuclear 5-hmC
immunoreactivity (mean IHC intensity, 1.2) but also
exhibited a high percentage of positive-staining cells
(mean percentage of positive cells 3.8) (Figure 1E).

With regard to the percentage of positive cells, there
were no statistically significant differences among the
mucosa at the margins of fibromas, FK, OLP, OED, and
OSCC (P ¼ .1298). In contrast, there were statistically
significant differences with regard to intensity scores
for the benign lesions, including fibroma, FK, and OLP,
compared with OED and OSCC lesions (P < .001)
(Figure 2A). When the product or 5-hmC IRS was
evaluated among all nondysplastic or cancerous lesions
compared with normal mucosa at the edges of fibromas,
there were no statistically significant differences
between fibromas and the other 2 benign inflammatory
conditions (FK and OLP), although there was a statis-
tically significant result compared with OED and OSCC
(P < .001) (Figure 2B and C). Finally, there were no
statistically significant differences in 5-hmC IRS
scores between OED and OSCC (Figure 2D).

Distinct architectural patterns of 5-hmC immunore-
activity were observed in all of the different types of
lesions. In noninflamed and nonneoplastic oral mucosae
at the edges of fibromas, 100% of the lesions (nF ¼ 9)
exhibited a predominant hierarchical pattern of staining,



Fig. 2. A, Analysis of variance reveals statistically significant differences in 5-hydroxylmethylcytosine (5-hmC) immunostaining
with respect to nuclear staining intensity and resultant (immunoreactivity score [IRS]) product score (P < .001). B, C, When the
(IRS) product score was evaluated among all nondysplastic/noncancerous lesions (fibroma, frictional keratosis [FK], oral lichen
planus [OLP]) compared with oral epithelial dysplasia (OED) and oral squamous cell carcinoma (OSCC), there were statistically
significant differences (P < .001). Benign lesions retained the strongest nuclear intensity for 5-hmC, whereas OED and OSCC
demonstrated loss. D, There were no statistically significant differences in 5-hmC (IRS) product score among OED and OSCC.
*P � .05, **P � .01, ***P � .001.
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as typically has been seen and described in normal
dorsal tongue from murine models, as well as other
human epithelial tissues, such as skin and bladder.17,22

In these tissues, the level of 5-hmC correlated with the
level of differentiation of the cells, where the basal cell
layer (immature cells) demonstrated low intensity
staining (IHC intensity 1). As cells matured with ascent
above the basal layer, the cells gradually and progres-
sively acquired a more intense nuclear level of 5-hmC
(Figure 3A). Therefore, in the stratum spinosum
(prickle cell layer), or “middle portion” of the
epithelium, the cells exhibited IHC intensity 3. The
most superficial layer/layers of the epithelium,
consistent with the most differentiated cells, exhibited
high intensity for nuclear staining (IHC intensity 4).

Similarly, for 10% of FK lesions (nFK ¼ 1) and
30% of OLP lesions (nLP ¼ 3), a hierarchical pattern
of staining was also noted. In contrast, the other 90%
of FK lesions (nFK ¼ 8) and 70% of OLP lesions
(nLP ¼ 7) failed to exhibit a hierarchical pattern of
nuclear staining. Rather, a haphazard distribution of
epithelial cells showing negative and positive



Fig. 3. Architectural patterns of 5-hydroxylmethylcytosine (5-hmC) immunoreactivity. A, Fibromas exhibit a predominant hier-
archical pattern of 5-hmC immunoreactivity. Insert: The expression of 5-hmC correlates with the level of differentiation of the
cells, where basal and parabasal cells (immature cells) demonstrate low intensity staining (immunohistochemistry [IHC] in-
tensity 1). Then, as cells matured with ascent above the basal layer, they gradually and progressively acquired more intense nuclear
expression of 5-hmC. In the stratum spinosum (prickle cell layer), or “middle portion” of the epithelium, the cells exhibit IHC
intensity 3, and in the most superficial layer/layers of the epithelium (the most differentiated cells) they exhibit high intensity for
nuclear staining (IHC intensity 4). B, Frictional keratosis (FK), oral lichen planus (OLP), oral epithelial dysplasia (OED), and oral
squamous cell carcinoma (OSCC) exhibit a predominant nonhierarchical/haphazard distribution of epithelial cells showing
negative and positive nuclear-stained cells (IHC intensity 1-3) throughout the thickness of the epithelium.
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Fig. 4. 5-hydroxylmethylcytosine (5-hmC) nuclear immunoreactivity in oral mucosal cell lines. A, Analysis of variance (ANOVA)
reveals statistically significant differences in 5-hmC expression between noninflamed/noncancerous well-differentiated keratinocyte
lines (OKF4/1.3 mMCa) and immortalized normal oral keratinocyte cell lines (OKF4/TERT-1 and OKF4/E6 E7) (P < .001). B, C,
Global 5-hmC expression levels in cell lines by dot-blot assay. Methylene blue was used as total genomic DNA loading control.
ANOVA reveals statistically significant differences in 5-hmC expression between noninflamed/noncancerous well-differentiated
keratinocyte line (OKF4/1.3 mMCa) and OED cell lines (POE9 n, POE9 n/TERT), as well as with OSCC cell lines (SCC-71)
(P < .001). Well-differentiated keratinocytes of normal oral mucosa (OKF4/1.3 mMCa) retained the strongest nuclear intensity for
5-hmC, whereas dysplastic cell lines (POE9 n, POE9 n/TERT) and OSCC cell lines (SCC-71) demonstrated loss. ANOVA also
reveals statistically significant differences in 5-hmC expression between noninflamed/noncancerous well-differentiated keratinocyte
lines (OKF4/1.3 mMCa) with immortalized noninflamed/nonneoplastic cell lines (OKF4/TERT-1 and OKF4/E6 E7) and with
several different OSCC cell lines (SCC-15, SCC-68, SCC-71) (P < .001). Consistent decreases in 5-hmC levels were seen in
immortalized noninflamed/nonneoplastic cell lines and all carcinomatous cell lines compared with OKF4/1.3 mMCa. D, ANOVA
reveals no statistically significant differences between all dysplastic and all carcinomatous cell lines. *P � .05, **P � .01,
***P � .001.
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nuclear-stained cells (IHC intensity 1-3) was detected
throughout the thickness of the epithelium. Notably,
for OLP lesions, the stratum spinosum and corneum
(middle and top layers of the epithelium)
demonstrated a higher number of negative stained
cells (Figure 3B).

With regard to OED, the staining architectural
pattern for 73% (nOED ¼ 11) consisted of diminished



Fig. 5. Correlative hematoxylin and eosin (H&E) histology and 5-hydroxylmethylcytosine (5-hmC) nuclear immunoreactivity in
the oral mucosa of a murine model of oral carcinogenesis elicited by 4-nitroquinoline-1-oxide (4 NQO). Note preservation of
hierarchical pattern of 5-hmC expression in normal non-inflamed/non-neoplastic dorsal tongue (A); dramatic loss of 5-hmC
expression in moderate-to-severe epithelial dysplasia (B); and invasive oral squamous cell carcinoma (C) (H&E, �200, �400;
5-hmC, �200, �400).
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Fig. 6. A, Normal noninflamed/nonneoplastic dorsal tongue retained the strongest nuclear intensity for 5-hydroxylmethylcytosine
(5-hmC), whereas oral epithelial dysplasia (OED) and oral squamous cell carcinoma (OSCC) demonstrated loss. B-D, Analysis of
variance (ANOVA) reveals statistically significant differences in 5-hmC immunostaining with respect to percentage of positive
cells, nuclear staining intensity, and resultant (immunoreactivity score [IRS]) product score (P < .001). *P � .05, **P � .01,
***P � .001.
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reactivity (mean IHC score 1.7), which was uniformly
distributed in the lower-to-middle strata of the
epithelium and which correlated with the zones of
OED, as evidenced in adjacent, conventionally stained
sections. The other 27% (nOED ¼ 4) exhibited a di-
chotomy, in which cells showed light nuclear staining
(mean IHC intensity 1), with a minority of cells (about
10%) showing nuclear staining of IHC intensities
ranging from 2 to 3. In 85% of OSCC (nOSCC ¼ 19),
tumor islands exhibited cells with uniform light
nuclear staining (mean IHC intensity 1). The other
15% (nOSCC ¼ 4) showed a dichotomy in 5-hmC
immunoreactivity, where tumor islands consisted of
about 50% of cells with light nuclear staining (mean
IHC intensity 1) and 50% of cells with nuclear
staining of IHC intensities ranging from 2 to 3
(Figure 3B).

Finally, with regard to intraobserver variability and
reliability, there was a positive correlation between the
2 reading sessions (session 1 and session 2) (r ¼ 0.9)
(Supplemental Figure 2A). Similar results were noted
for interobserver reliability, with a positive correlation
between the 2 investigators (r ¼ 0.9) (Supplemental
Figure 2B).
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Significant lower level of 5-hmC detected by
immuno-dot-blot in cultured SCC cell lines than in
normal keratinocyte cell lines
These studies were performed to further evaluate and
confirm differences in 5-hmC levels between benign
human oral epithelial cells and human dysplastic/ma-
lignant oral epithelial cells at genomic levels in vitro.24

First, all noninflamed/noncancerous primary and
immortalized oral keratinocytes (OKF4/1.3 mMCa,
OKF4/TERT-1 and OKF4/E6 E7) were compared.
The mortal noninflamed/noncancerous well-
differentiated keratinocyte line (OKF4/1.3 mMCa)
exhibited the highest levels of 5-hmC, and statistically
significant differences were found in 5-hmC levels
between normal, well-differentiated keratinocytes
(OKF4/1.3 mMCa) and immortalized, normal oral
keratinocytes (OKF4/TERT-1 and OKF4/E6 E7)
(Figure 4A). Then, a noninflamed/noncancerous well-
differentiated keratinocyte line (OKF4/1.3 mMCa)
was compared with oral dysplastic mortal and immor-
talized cell lines (POE9 n and POE9 n/TERT) as well as
with an OSCC cell line (SCC-71). Dysplastic and
carcinomatous cell lines exhibited global decrease of
5-hmC levels compared with cells representative of
normal oral mucosa (P < .001) (Figure 4B).

Furthermore, in a second experiment, a noninflamed/
noncancerous mortal keratinocyte line (OKF4/1.3
mMCa) was compared with both immortalized non-
inflamed/nonneoplastic cell lines (OKF4/TERT-1 and
OKF4/E6 E7) and with several different oral SCC cell
lines (SCC-15, SCC-25, SCC-68, SCC-71). Consistent
decreases in 5-hmC levels were seen in all carcinomatous
cell lines compared with OKF4/1.3 mMCa. However,
only the results between the carcinomatous cell lines
SCC-15, SCC-68, SCC-71 and OKF4/1.3 mMCa were
statistically significant (P < .001) (Figure 4C). Finally,
all dysplastic and carcinomatous cell lines were
compared, and no statistically significant differences
were found between those cell lines (Figure 4D).
5-hydroxymethylcytosine levels significantly
decreased in an established in vivo murine model
of oral carcinogenesis elicited by 4 NQO
On the basis of our results in human tissues in vivo and
in vitro, we next sought to determine whether similar
findings with respect to 5-hmC levels in the oral
epithelium could be reproduced in an established
animal model of experimentally induced OED or
OSCC. Evaluation of IHC staining of animal samples
was based on 3 parameters, as applied to the human
specimens described previously.

As with normal human oral mucosa, all cases of
normal noninflamed/nonneoplastic dorsal tongue
(nT ¼ 5) exhibited diffuse strong nuclear positivity in
>75% of the cells (mean percentage of positive cells
4.0; mean IHC intensity 3.0). For all the cases exam-
ined (nT ¼ 5), there was a hierarchical distribution that
paralleled maturation in terms of intensity of the
staining, with the darkest cells (IHC intensity 4) found
in the top layers of the epithelium. In the stratum spi-
nosum, or “middle portion” of the epithelium, which
consists of a higher number of layers, the cells uni-
formly exhibited a 5-hmC nuclear immunoreactivity of
intensity 3 (Figure 5A).

Cases of OED (nOED ¼ 5) and OSCC (nmOSCC ¼ 5)
showed an intermediate to high percentage of positive
nuclear-stained cells. For OED, the mean percentage of
positive cells was 2.8, and for OSCC, the mean
percentage of positive cells was 2.6. In terms of the
intensity of the staining, all dysplastic (nOED ¼ 5)
(Figure 5B) and OSCC lesions (nmOSCC ¼ 5) exhibited
light nuclear immunoreactivity (mean IHC intensity,
1.4; mean IHC intensity, 1, respectively) (Figure 5C).

In all dysplastic lesions (nOED ¼ 5), the pattern was
similar to that seen in our previous results from human
OED, where dysplastic cells exhibited light nuclear
immunoreactivity (mean IHC intensity, 1.4) in the
lowest and middle portions of the epithelium, consistent
with the presence of dysplastic cells that were
confirmed in adjacent, conventionally stained sections.
In 60% of OSCC cases (nmOSCC ¼ 3), tumor islands
were composed of cells with light 5-hmC nuclear
immunopositivity (mean IHC intensity, 1). However, in
the other 40% of cases (nmOSCC ¼ 2), tumor islands
showed a dichotomy, where 85% to 95% of cells
exhibited light nuclear immunoreactivity (mean IHC
intensity, 1) and a subset of cells (about 10-15%)
demonstrated absence of 5-hmC immunoreactivity
(IHC intensity, 0).

With regard to the percentage of positive cells and in
contrast to findings in human tissues, there were
statistically significant differences between 5-hmC
immunoreactivity in mucosa of noninflamed/noncan-
cerous dorsal tongue compared with OED and OSCC
(P < .001) (Figure 6A and B). In addition, there was a
statistically significant difference with regard to the
intensity score of benign dorsal tongue, in contrast to
OED and OSCC lesions (P < .001) (Figure 6C).
When the product or 5-hmC IRS was evaluated
between murine dysplastic and carcinomatous lesions
in comparison with normal mucosa, there was a
statistically significant result (P < .001) (Figure 6D).

DISCUSSION
Our results suggest that loss of 5-hmC level could serve
as a potential biomarker for the characterization and
possible diagnostic recognition of oral dysplastic/pre-
malignant lesions, as well as OSCC. Specifically, we
have confirmed that there is a loss of this epigenetic
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biomolecule in dysplastic oral premalignant lesions and
OSCC, in contrast to its presence in noncancerous
lesions. To our knowledge, this is the first study that
also reports the comparative levels and patterns of
5-hmC in normal, inflamed, and dysplastic oral mucosal
lesions. Importantly, we have shown that 5-hmC is
retained in reactive lesions, such as FK, and inflam-
matory (immune-mediated) lesions, such as OLP.
Because these lesions are often confused or are perhaps
difficult to separate from dysplastic premalignant oral
lesions, biomarkers are needed to facilitate differentia-
tion in difficult cases. In this manner, this project
illustrates the potential utility of 5-hmC as a biomarker
in discriminating between benign reactive lesions and
dysplastic lesions at the time of biopsy. Additionally,
IHC staining for 5-hmC could be useful in clarifying
which leukoplakia (a potentially malignant lesion) will
likely progress to OSCC. Because we correlated loss of
5-hmC with histopathology of lesions that could be
easily diagnosed by routine H&E staining, it could be
argued that whether loss of 5-hmC will serve as an
accurate gauge of early oncogenesis in difficult and
borderline lesions, where follow-up to confirm biologic
potential is not practical, remains unclear. Therefore,
our approach was also to confirm the biologic fidelity of
loss of 5-hmC both in vitro in relevant cell lines and in
an animal model of oral epithelial carcinogenesis.

Interestingly, our results both support the findings
reported by Haffner et al.17 and extend them in terms of
providing insight into understanding this epigenetic
event. Haffner et al. recently showed that there is a
hierarchical pattern of level of 5-hmC in normal
murine oral dorsal tongue and in other epithelia in
humans. The highest 5-hmC levels were observed in the
nuclei of terminally differentiated cells (top layers of
the epithelium), whereas the basal and suprabasal cells
showed low 5-hmC nuclear levels. These results
implied that the level of 5-hmC may correlate with the
stage of differentiation of squamous epithelial cells,
with the highest level found in well-differentiated cells
and basal cells or immature cells showing low levels.
Our data with regard to normal human noninflamed/
nonneoplastic tissue demonstrated precisely this pattern
of staining, and this pattern was also present in murine
oral mucosa.

However, we also found that some changes, such as
keratinization or inflammation, may alter the level
patterns of 5-hmC. One possible explanation is that
external stimuli or injury may alter and perturb matu-
ration patterns, with cells having variable differentiation
properties in different layers of the epithelium. Although
some cells may retain replicative potential, others may
exhibit accelerated differentiation stages. In such a sit-
uation, we might anticipate a disorganized pattern with
mature cells present in the lower third of the epithelium
and more immature, perhaps progenitor or stem-like
cells with replicative potential, present in the upper
layers. Additional studies correlating 5-hmC reactivity
with markers of squamous epithelial differentiation
(e.g., various cytokeratins, involucrin, filaggrin) will be
required to further test this hypothesis. Currently, how
the process of homeostasis is maintained in the oral
epithelium and how it responds to external stimuli and
injuries has not yet been clarified.28

With respect to OLP, we found 5-hmC levels
comparable with those of noninflammatory reactive
conditions, such as FK, and with normal mucosa at the
edges of fibromas. In the majority of our samples, there
was no hierarchical pattern of 5-hmC levels. There is
scant information regarding the epigenetics of oral
inflammatory diseases.29 It has been established that
some systemic autoimmune or immune-mediated
diseases exhibit either hypermethylation or hypo-
methylation of DNA. With regard to OLP, a few studies
have reported findings implying that hypermethylation
of DNA is implicated in its development, although
further investigations are needed. In our study, we did
not find statically significant differences between the
levels of 5-hmC in normal mucosa at the edges of
fibromas or FK lesions, yet we identified higher levels
of this epigenetic mark compared with OED and
OSCC. This may suggest that the loss of 5-hmC in
premalignant and malignant lesions does not result
from inflammation per se and perhaps supports the fact
that this epigenetic mark could serve as a biomarker
that will distinguish between inflammatory and
neoplastic diseases. However, to prove that hyper-
methylation is implicated in OLP, specific genes should
be identified and evaluated with regard to their
methylation status.

Consistent with the findings of cultured cell lines, we
noticed findings similar to those seen in human tissues
and the animal model, where there was a global
decrease in the levels of 5-hmC in OED cell lines and
OSCC compared with the cell lines of normal mucosa.
Interestingly, we found statistically significant results
when these premalignant and carcinomatous cell lines
were compared with normal mucosal cell lines that
were cultured by using a high concentration of calcium
(OKF4/1.3 mMCa), which represented more differen-
tiated keratinocytes typical of in situ findings. Thus, we
consider this cell line to be the most appropriate one
when comparing normal mucosa with dysplastic and
cancerous oral lesions.

Moreover, we noted that immortalized keratinocyte
lines (OKF4/TERT-1 and OKF4/E6 E7) have lower
levels of 5-hmC, and these results were statistically
significant compared with normal mortal keratinocyte
lines (OKF4/1.3 mMCa). Of note, these immortal cell
lines express pathways capable of evading senescence
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and hence have high replicative potential; they are
considered “replicatively immortal.” However, their
growth and differentiation potential is considered to be
normal. Accordingly, these are not considered
neoplastic cell lines. Nevertheless, it has been reported
that because they have the ability to induce growth
arrest and have unlimited replicative potential, they
could be predisposed to further modifications and
malignant transformation.24,30

Our results with regard to cell lines further support a
negative correlation between the level of 5-hmC and of
cells with high replicative potential. This perhaps is also
supported by the fact that the dysplastic cells and cancer
cells in our study collectively exhibited low levels of
this epigenetic mark compared with their normal
counterpart. It is well known that cancer cells likewise
have high replicative potential, although they are also
characterized by other features that make them malig-
nant: lack of normal differentiation potential, capacity
to metastasize and invade tissues, and induction of
angiogenesis, among others. Consequently, it has yet to
be determined if loss of 5-hmC in these cell lines is a
result of modifications in the senescence mechanisms of
a cell or of a combination of modifications in senes-
cence mechanisms with other pathways pertinent to
dysplastic/premalignant and neoplastic cells.

Ultimately, our findings showed remarkable
similarities between the mouse model under study and
the human disease. However, we did not evaluate
comparatively induced inflammatory and hyperplastic
lesions in the murine model, and this will need to be
done before definitive conclusions may be reached
regarding the potential utility of this approach. None-
theless, the ability to induce experimental OED and
OSCC in a mouse model in which 5-hmC is lost now
provides a valuable opportunity to further evaluate this
epigenetic mechanisms on the genesis and progression
of OED and OSCC in a model system relevant to the
human disease.

CONCLUSIONS
Our study aimed to evaluate the level and functional
characterization of 5-hmC in normal and inflamed oral
mucosae, oral premalignant lesions, and OSCC,
suggests a potential strategy for the diagnosis of
premalignant lesions of the oral cavity. Furthermore,
our findings could have an impact on therapeutic
approaches for OSCC, thus contributing to the field of
personalized medicine, which is the present-day goal
for effective management of cancer.
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Supplemental Figure 1. 5-hmC immunoreactivity evaluation system. An immunoreactivity score (IRS) was derived by multiplying
the percentage of positive cells with the number consistent with staining intensity. (A) Nuclear staining intensity consists of: 0-4;
0 ¼ absent; 4 ¼ dark brown reactivity diffusely obscuring internal nuclear chromatin structure, and 1 through 3 representing
semiquantitative intermediates [3 ¼ medium to dark brown; 2 ¼ light to medium brown; 1 ¼ faint to light brown]. (B) ANOVA
analysis reveals statistically significant differences in 5-hmC immunostaining with respect to nuclear staining intensity and resultant
product score between benign reactive lesions (fibroma, FK, LP) with dysplasia and squamous cell carcinoma (P<.001). *P � .05,
**P � .01, ***P � .001.
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Supplemental Figure 2. (A) Intra-observer variability and reliability. Comparison of the two reading sessions by one investigator
demonstrated a positive correlation between session 1 and session 2 (r¼0.9). (B) Inter-observer reliability. Similar results were
noted with a positive correlation between the two readings of two investigators (pathologists) (r¼0.9).
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