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Introduction

The oral epithelium, the most abundant structural tissue lining 
the oral mucosa, is an important line of defense against infec-
tious microorganisms. With the advent of highly active anti-
retroviral therapy (HAART), HIV-infected individuals are 
living longer. While many pathological sequelae have decreased 
among HAART-treated HIV positive patients, the incidence of 
certain oral infections, such as oral warts, increase the risk of 
oral cancer and remain a major concern.1-4 Proteomic analysis 
of primary oral epithelial cells (POEC) in HIV patients com-
pared with uninfected individuals confirms specific molecular 
alterations of proteins involved with protein folding, stress regu-
lation, and pro- and anti-inflammatory responses.5 These results, 
derived from an examination of expanded oral epithelial cells, 
suggest that potential epigenetic changes as a function of HIV 
and/or HAART may be the molecular basis for altered suscep-
tibility of HIV patients to oral complications. The well-docu-
mented adverse effects of HIV protease inhibitors (PIs) on the 
orofacial complex also suggests that epithelial cell biology in the 
oral cavity could be compromised by the effects of these agents.6-9 
Danaher et al.10 demonstrated that PIs significantly inhibit the 
viability of immortalized oral keratinocyte cell-lines as well as 
primary oral keratinocytes. Moreover, the anti-proliferative 
effects of PIs on POECs have been reported by several groups.10-14 
However, whether HAART therapy and/or HIV chronicity is/
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are responsible for the changed phenotype in epithelial cells 
isolated from HIV+ (on HAART) individuals has not yet been 
determined. Nevertheless, as long-term HAART treatment is the 
standard of care worldwide, understanding the combined effects 
of HIV chronicity and HAART treatment is essential to reduc-
ing morbidity and mortality of HIV-infected individuals.

The epigenetic landscape is modulated by multiple factors, 
including modifications of DNA and histones and the role and 
importance of epigenetic regulation in understanding disease is 
increasing dramatically.15 Epigenetic mechanisms play important 
roles during normal development, aging and in a variety of dis-
ease states. Numerous studies have implicated aberrant methyla-
tion in the etiology of common human diseases.16-22 A multitude 
of modern molecular biology and next generation sequencing 
techniques have revolutionized our understanding of the com-
plexity of epigenetic factors and their potential interrelationships. 
Of increasing biological interest, of course, is the link epigenetics 
plays between the gene and the organism’s environment. Viral 
infection is a well-known cause of DNA and histone modifica-
tions and HIV in particular has well-established effects in T-cells 
that regulate the expression of both viral and host genes.23 In 
addition, drug treatment and diet are also known to modulate 
gene expression through epigenetic effects.24,25 However, to date, 
the epigenetic effects (or defects) caused by HIV and/or HAART 
on oral epithelia and their role in mediating pathogenesis are not 
well established.
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that POECs from subjects with chronic 
HIV on HAART (HIV+O/H) exhibit 
heritable epigenetic changes modulating 
their molecular phenotype.

Results and Discussion

Previous in vitro studies have reported 
retarded epithelial cell growth in the pres-
ence of HAART.10-14 All of those studies 
were performed using epithelial cells iso-
lated from healthy subjects. In the pres-
ent study, we compared the growth of 
POECs isolated from 3 healthy subjects 
with those isolated from 3 HIV+O/H 
subjects. The POECs isolated from 
HIV+O/H subjects had reduced (p < 
0.05, Mann–Whitney t-test) doubling 
times compared with POECs isolated 
from healthy subjects (Fig. 1A). Healthy 

control POECs expand approximately 6-fold during the 10 d of 
growth while the cells from the HIV+O/H subjects expand only 
2–3-fold. Isolated keratinocytes cells are cultured in normal kera-
tinocyte basal growth media (KBM) with no exogenous nucleo-
side reverse transcriptase inhibitors (NRTIs), protease inhibitors 
(PI) or non-nucleoside reverse transcriptase inhibitors. Therefore, 
changes in proliferation are entirely due to heritable properties 
regulating cellular duplication.

Our previous proteomics study indicated significant dysregu-
lation of multiple protein targets related to cell cycle and prolif-
eration, such as increased levels of phospho-MEK1/2 in epithelial 
cells of HIV+ (O/H) POECs compared with normal.5 MEK can 
cause inhibition of cyclin dependent kinase activity31 and can 
affect cell cycle arrest.32,33 Thus, overall these previous results are 
consistent with our present data. Since there is evidence implicat-
ing the transcription factor NF-κB as a positive mediator of cell 
growth,34,35 we measured the levels of total NF-κB p65 and phos-
pho-p65 NF-κB in cell lysates of POECs from 9 HIV and 10 
healthy subjects. No differences in the endogenous levels of total 
NF-κB p65 were observed between the two cohorts (Fig. S1). 
Although endogenous phospho-p65 NF-κB levels were decreased 
in HIV, the difference was not significant. Thus, our observed 
proliferation differences are not related to NF-κB signaling.

HDAC1 has been shown to be associated with cell growth; for 
example its knockdown in HeLaS3 cells results in reduced prolif-
eration.36 Thus, we compared the levels of HDAC1 in the nuclear 
extracts of POECs isolated from 9 healthy and 6 HIV+O/H sub-
jects. We found that HDAC1 levels are reduced approximately 
2-fold in the nuclear extracts of HIV+O/H subject POECs when 
compared with healthy volunteers (p < 0.05, Mann–Whitney 
t-test) (Fig. 1B). Thus, HDAC1 reduction and its effects on his-
tone modifications may be related to the reduced proliferation 
potential of POECs in HIV+O/H individuals.

In order to probe the changes in global DNA methyltransferase 
(DNMT) activity, nuclear proteins were extracted from POECs 
of 9 HIV+O/H and 10 healthy volunteers, and total DNMT 

DNA methylation is a common epigenetic tool controlling 
gene expression and, ultimately, cellular phenotype. Methylation 
of the 5' carbon of cytosine is a common epigenetic tag in many 
eukaryotes that does not affect the primary DNA sequence, but 
alters secondary interactions of the transcriptional machinery 
that play a critical role in gene expression. DNA methylation is 
facilitated by dedicated DNA methyltransferases (DNMTs) with 
highly conserved catalytic motifs that are essential for the estab-
lishment of cytosine methylation patterns, as well as for their 
maintenance throughout cell replication.26 Of the five DNMT 
family members, only DNMT1, DNMT3a and DNMT3b pos-
sess methyltransferase activity in mammals. Mice that lack a par-
ticular DNMT have reduced methylation levels and die early in 
development.27

Regulating protein function is often accomplished through 
posttranslational mechanisms. Histones serve as a central tar-
get for modification resulting in the alteration of all chromatin-
mediated processes. Histones H3, H4, H2A and H2B form 
the nucleosomal core surrounded by 147 bp of DNA stabilized 
by histones H1 and H5. Modification of histones through 
covalent changes occurs primarily on histones that protrude 
from the nucleosome and include common alterations, such as 
methylation, acetylation, phosphorylation, ubiquitination and 
ADP-ribosylation.28 Indeed, acetylation of Lys by histone acet-
yltransferase and deacetylation by histone deacetylases (HDACs) 
have been shown to alter gene regulation including increased 
transcription and repression.29 HIV viral latency has also been 
linked to histone modifications.30

In this communication, we report differences in cellular pro-
liferation rates, changes in DNA methyltransferase (DNMT1 
and DNMT3A) activity, changes in histone deacetylase 1 
(HDAC-1) activity, targeted proteomics changes and variation in 
innate immune responsiveness to microbial challenge of POECs 
derived from the oral mucosa of HIV+ on HAART subjects when 
compared with healthy control POECs. These observations, 
coupled to our previous proteomics studies, lead us to suggest 

Figure 1. (A) pOEc growth comparison (hIV+O/h vs. Normal): cell growth assays for pOEcs isolated 
from 3 hIV+O/h and three normal subjects were performed using prestoBlue® cell Viability Reagent 
(*p < 0.05). (B) comparison of hDac1 protein levels in the nuclear extract of pOEcs isolated from 9 
normal and 6 hIV+O/h subjects (*p < 0.05, Mann–Whitney t test).
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activity. Levels of DNMT1 and DNMT3A, but not DNMT3B, 
were significantly lower in POECs from HIV+O/H subjects 
when compared with healthy controls (p < 0.05, Mann–Whitney 
test) (Fig. 2B–D). A correlation analysis between DNMT pro-
tein levels and DNMT activity among all samples revealed a 
significant correlation between DNMT1 protein expression and 
DNMT activity (Fig. 2E). This correlation was weaker but still 
significant for DNMT3A and DNMT3B.

It is important to note that the observed decrease in DNMT 
activity is a decrease in total DNMT activity and does not distin-
guish the relative contributions of the maintenance methyltrans-
ferase (DNMT1) vs. de novo methyltransferases (DNMT3A and 
3B). Relative contributions of DNMTs and how they may medi-
ate a decrease in DNMT activity in POECs from HIV+ subjects 
requires further investigation. However, to determine if any cor-
relation between DNMT activity and total DNA methylation 
exists, we measured total global DNA methylation and DNMT 
activity in genomic DNA and nuclear extracts of additional 
POEC samples from eight HIV+ (O/H) subjects, respectively. 
As shown in Figure 3, DNMT activity correlates well (p < 0.02) 

activity was measured. Nuclear extracts from HIV+O/H subjects 
exhibited decreased DNMT activity compared with normal sub-
jects (p < 0.05, Mann–Whitney t-test) (Fig. 2A). Several studies 
suggest multiple functional roles for DNA methylation, includ-
ing silencing of transposable elements, mediating developmen-
tal gene regulation and reducing transcriptional noise.37-39 DNA 
methylation in mammals is also essential for differentiation and 
cell cycle control.40,41 Thus, methylation defects in HIV+O/H 
subjects may contribute to a multitude of molecular alterations 
of POECs,

Different members of the DNMT family of enzymes act 
either as de novo DNMTs, i.e., responsible for the initial pat-
tern of methyl groups in place on a DNA sequence, or as main-
tenance DNMTs, i.e., copying the methylation from an existing 
DNA strand to its new partner after replication. Lower levels of 
DNMT activity in HIV+O/H subjects is indicative of lower levels 
of one or more of DNMT1, DNMT3A and 3B, which play major 
roles in the establishment and maintenance of methylation pat-
terns.15,42 We determined the levels of these three DNMTs in the 
same nuclear extracts that were used to determine total DNMT 

Figure 2. comparison of DNMT activity (A), DNMT1 (B), DNMT3a (C) and DNMT3B (D) protein levels in the nuclear extract of pOEcs isolated from 10 
normal subjects vs. 9 hIV+O/h subjects. (E) correlation between DNMT activity and the levels of three individual DNMTs.
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HIV subjects may account for reduced F. nucleatum induced 
hBD-2 levels.

The p38 groups of MAP kinases serve as a nexus for signal 
transduction and play a vital role in numerous biological pro-
cesses. While p38 MAPK has classically been associated with the 
induction of apoptosis, p38 MAPK can also mediate cell growth 
in specific situations.48,49 Therefore, in order to determine if p38 
has any role in the regulation of cellular growth of POECs, we 
pre-treated POECs isolated from healthy subjects with the p38 
specific inhibitor (SB203580; Cell Signaling) for 2 h and com-
pared cell growth for 1 week in treated vs. vehicle (DMSO) con-
trol. As shown in Figure S2, the pretreatment of POECs with 
SB203580 did not significantly alter their growth indicating 
decreased phosphorylation of p38, as observed in HIV+ (O/H) 
subjects, may not be responsible for reduced cell growth rates 
observed in POECs from HIV+ (OH) subjects.

Additionally, to see if p38 has any role in the epigenetic modi-
fication observed in the POECs isolated from HIV+ (O/H) 
subjects, we pre-treated POECs from healthy subjects with 
SB203580 and measured the levels of HDAC1, DNMT activities 
and global DNA methylation. Pretreatment with the p38 inhibi-
tor did not alter HDCA1 levels, DNMT activity or global DNA 
methylation (Fig. S2), indicating that p38 does not affect the epi-
genetic changes observed in POECs from HIV+ (O/H) subjects. 
Indeed, Yin and Chung (2011) showed that F. nucleatum, which 
is known to cause phosphorylation of p38 in POECs, did not 
affect the expression of HDAC1 and DNMT proteins in POECs. 
This observation supports our present finding that p38 inhibition 
does not directly affect HDAC1 levels or DNMT activity.

As reported in Table S1, there was variation in the HAART 
regimen of our HIV+ subjects. However, this variation did not 
alter the variation in the epigenetic markers measured in this 
study; as similar degrees of variation were noted in the HIV neg-
ative subjects. The variation within each cohort might be due 
to interpersonal variability that is often seen with primary cells 
from different subjects. Moreover, the viral loads of all the sub-
jects on HAART were similar.

From the novel observations reported herein it is apparent that 
POECs isolated from HIV+ (O/H) subjects represents a molecu-
lar phenotype that is different from those isolated from healthy 
controls and that the retarded growth phenotype is stable upon 
cell duplication, consistent with epigenetic alterations. Further 
research is needed to determine the specific nature of the epigen-
etic defects in POECs induced by HIV infection per se and those 
induced by HAART. This would require enrolling subjects who 
are HIV+ and HAART naïve. However, enrolling subjects with 
these qualifications has become increasingly difficult due to new 
medical guidelines for treating all newly diagnosed HIV+ subject 
with HAART as soon as possible following diagnosis (aidsinfo.
nih.gov/contentfile/lvguidelines/adultandadolescentgl.pdf). To 
best address this important question, a redesigned study using 
subjects from countries where HIV+ HAART naïve patients are 
more prevalent would be required, along with in vitro experi-
ments using POECs from HIV negative subjects exposed to 
various regimens of HAART. We are currently pursuing both 
approaches.

with global DNA methylation, confirming that aberrant DNMT 
activity in HIV+ (O/H) POECs will lead to an aberrantly meth-
ylated epithelial cell phenotype.

Yin and Chung43 have demonstrated that epigenetic modifi-
cations play a critical role in the regulation of innate immune 
responses of POECs where DNMT1 expression is decreased in 
response to two periodontopathogenic bacteria Porphyromonas 
gingivalis and Fusobacterium nucleatum. Exposure to different 
oral bacteria results in differential methylation profiles and bac-
teria-induced expression of epithelial cell derived antimicrobial 
peptides, such as human β defensin 2 (hBD-2). We and others 
have shown that the F. nucleatum cell wall (FnCW) fraction can 
induce hBD-2 in HOECs.44-46 Here, we compared the induction 
of hBD-2 by FnCW in POECs isolated from HIV+O/H subjects 
and healthy controls, where ELISA was used to measure levels 
of released hBD-2 in culture media. We observed significantly 
lower (p < 0.05, Mann–Whitney Test) levels of hBD-2 released 
from FnCW challenged POECs derived from HIV+O/H sub-
jects when compared with FnCW challenged POECs of healthy 
control subjects (Fig. 4A) indicating a reduced innate immune 
defense of HIV+O/H individuals. This result supports a previous 
observation by Sun et al.47 demonstrating lower levels of hBD-2 
in the oral epithelium of HIV+ subjects compared with healthy 
controls. Since p38 regulates induction of hBD-2 by FnCW 
in POECs44 and, since our previous study,5 suggests aberrant 
expression and/or activation of MAPK, including p38, in POECs 
from HIV subjects, we reasoned that the differential induction of 
hBD-2 in HIV+ on HAART subjects might be due to differences 
in endogenous p38 MAPK levels in POECs of HIV+O/H and 
healthy controls. We discovered that phosphorylated p38 (pp38) 
levels, but not total p38 were significantly reduced (p < 0.05, 
Mann–Whitney Test), in the cytoplasm of POECs derived from 
HIV+O/H subjects when compared with POECs from healthy 
controls (Fig. 4B–D). Moreover, a significant positive correlation 
was observed between pp38 protein levels and hBD-2 induction 
by F. nucleatum within both HIV-positive and healthy subjects 
(Fig. 4E). Thus, lower levels of endogenous pp38 in POECs from 

Figure 3. correlation between DNMT activity and global DNa methyla-
tion. Total global DNa methylation and DNMT activity in nuclear extract 
of eight subjects were measured. DNa methylation (expressed as 
5-mc% in total DNa) and DNMT activity (expressed as OD/hr/mg) were 
plotted against each other for each of the subjects.
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CD4+ T-cells counts at the closest date to tissue collection, as well 
as viral load per ml of blood were determined (Table S1).

Epithelial cells isolation. Primary human oral epithelial cells 
(HOECs) were isolated and expanded in serum free keratino-
cyte growth medium with supplements as previously described 
by Krisanaprakornkit et al.44 Briefly, the epithelial layer was sepa-
rated from the underlying fibrous connective tissue with dispase. 
A single cell suspension was prepared from the epithelial sheets 
by trypsinization and repeated pipetting. Cells were suspended 
in serum-free EpiLife media (Cascade Biologics Inc.) and plated 
on 10 cm Petri dishes and grown to near-confluence (~80%). 
Cells were then detached from the Petri dish, pelleted, frozen 
and stored in liquid nitrogen until further use.

Cell growth assay. Cell growth assays were performed using 
PrestoBlue® Cell Viability Reagent (Life Technologies), which is 
a cell permeable resazurin-based solution that functions as a cell 
viability indicator by using the reducing power of living cells to 
quantitatively measure the proliferation of cells. Briefly, 60–70% 
confluent cells from were seeded onto 96 well plates. Starting 
from day 2 until day 12, three replicate wells were treated with 
10 μL of PrestoBlue and 90 μL of Epilife for 30 min and fluores-
cence readings (at 530 nm) were taken every 2 d.

In summary, our results reveal key phenotypic changes in 
POECs from HIV+O/H subjects that include diminished 
cell growth and proliferation and reduced responsiveness to 
microbial challenge as demonstrated by F. nucleatum induc-
tion of hBD-2. Aberrant POEC proliferation in HIV+O/H 
subjects could result in lesion development and/or altered heal-
ing. Reduced DNA methylation activity and reduced levels of 
DNMT1 in POECs from HIV+ subjects may also be associated 
with the increased incidence of HPV warts in HIV positive sub-
jects on HAART.50

Materials and Methods

Clinical samples. Human gingival tissue behind the last maxil-
lary or mandibular molars from HIV-infected and healthy con-
trol subjects were collected after written informed consent was 
provided by study participants and/or their legal guardians. 
University Hospital Case Medical Center Institutional Review 
Board (IRB) Protocol #: 19981017 approved this study. No diag-
nosis of gingivitis, i.e., inflammation of the gingival tissue, or peri-
odontitis, i.e., alveolar bone loss, was observed in the biopsy sites 
from healthy or HIV-infected subjects. For all the HIV+ subjects, 

Figure 4. pOEcs from 9 normal and 7 hIV+O/h subjects were grown to semi-confluence (80%) and treated with FncW (10 μg/ml) for 18 h, respectively. 
The levels of hBD-2 in media supernatant of FncW treated and untreated pOEcs from hIV+O/h and normal subjects were measured by ELIsa. Mean (± 
sD) fold changes in FncW induced hBD-2 release for the two cohorts, i.e., hIV+O/h and hIV-subjects, were compared (A). Mean (± sD) values of total 
(B) and phophorylated p38 (p-p38) (C) levels in the cytoplasmic extracts of pOEcs from the same two cohorts of subjects were measured and com-
pared. The ratios of p-p38 to total p38 were also compared (D). (E) The correlation between the levels of pp38 and the induction of hBD-2 by FncW.
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Determination of total and phopho-p38 levels. Endogenous 
levels of total and phospho-p38 in the cytoplasmic extract of 
HOECs were determined using ELISA kits from R&D Systems.

Statistical analysis. Graphpad Prism version 6 was used for all 
statistical analyses. Non-parametric Mann–Whitney t tests were 
done for comparison between groups.
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Extraction of nuclear proteins. Nuclear proteins from the 
epithelial cells were extracted using NE-PER reagents (Thermo-
Scientific) according to the vendor’s instruction.

Determination of HDAC1 levels. Levels of HDAC-1 in 
nuclear extracts were determined using a kit from Epigentek.

DNMT activity assay. DNMT activity in the nuclear extract 
was determined using kits from Epigentek, following the vendor’s 
instructions.

Determination of the levels of DNMTs. Levels of DNMTs 
(DNMT1, DNMT3A and DNMT3B) in the nuclear extracts 
were determined using respective kits from Epigentek, following 
the vendor’s instructions.

Global methylation of DNA in POECs. Genomic DNA was 
extracted from the POECs with a commercially available kit 
(Epigentek). Levels of methylated DNA were assessed using the 
Methyl Flash Methylated DNA Quantification Kit (Epigentek). 
The relative values of methylation status of the DNA samples 
were calculated as percentage of 5-mC in total DNA.

Preparation of F. nucleatum cell wall fractions. Cell wall from 
F. nucleatum (FnCW) was prepared as we described previously.45

Detection of hBD-2 peptides in supernatant. HBD-2 was 
measured in supernatants from FnCW-challenged and negative 
control HOECs following our previously published protocol.45,51
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