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MicroRNAs Regulate Cytokine Responses in Gingival Epithelial Cells
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MicroRNAs (miRNAs) have been established as key regulators of various biological processes with possible involvement in the
pathobiology of periodontal disease. Expanding our earlier observations of substantial differential expression of specific
miRNAs between clinically healthy and periodontitis-affected gingival tissues, we used miRNA inhibitors (sponges) in loss-of-
function experiments to investigate the involvement of specific miRNAs in the response of pocket epithelium-derived, telomer-
ase-immortalized human gingival keratinocytes (TIGKs) to microbial infection. We constructed stable knockdown (KD) cell
lines for five epithelium-expressed miRNAs (miR-126, miR-141, miR-155, miR-210, and miR-1246) and assessed their response
to infection with periodontal pathogens using microarray analysis, quantitative PCR (qQPCR), enzyme-linked immunosorbent
assay (ELISA), and Western blot assay. miR-126 KD cells showed lower expression of interleukin 8 (IL-8) and CXCL1, both on
the mRNA and protein levels, than did controls upon stimulation by heat-killed wild-type Porphyromonas gingivalis, live P. gin-
givalis protease-deficient mutant KDP128, and live Aggregatibacter actinomycetemcomitans. In contrast, infection of miR-155
KD and miR-210 KD cells with the same organisms resulted in higher IL-8 and CXCL1 mRNA and protein expression. These
effects appeared to be regulated by NF-kB, as suggested by altered transcription and/or phosphorylation status of components of
the NF-kB system. Reduced neutrophil-like HL-60 cell chemotactic activity was observed in response to infection of miR-126 KD
cells, indicating that miR-126 plays an important role in immune responses. Our findings indicate that specific miRNAs regulate

the expression of inflammatory cytokines in human gingival epithelial cells in response to microbial infection.

icroRNAs (miRNAs) are noncoding, single-stranded, ~22-

base RNA sequences that have been shown to play critical
roles in posttranscriptional regulation, primarily through their
ability to induce mRNA destabilization and/or repression of pro-
tein translation (1). MicroRNAs have been shown to play impor-
tant roles in the regulation of immune responses (2—4) and have
also emerged as novel biomarkers for several diseases of multifac-
torial etiology, including cancer (5, 6), cardiovascular disease (7—
9), and Alzheimer’s disease (10, 11).

Mapping of the function of miRNAs in biological systems is the
focus of intense ongoing research efforts. Experimental studies
have employed loss-of-function strategies, i.e., inhibition of
miRNAs using intracellular delivery of either chemically synthe-
sized miRNA inhibitors or plasmids in nonviral vectors such as
cationic polymers or liposomes (12—14). These methods can pro-
vide transient inhibition of target miRNAs and generally lead to
low transfection efficacy in primary cells that may not be sufficient
for inducing functional consequences (15). In addition, the use of
inhibitory reagents has been shown to induce cellular immune
responses, suggesting that this strategy is unsuitable for mapping
the role of miRNAs in immune response regulation (16). In con-
trast, the use of lentiviral vectors that carry specific miRNA inhib-
itors (sponges) has been shown to overcome these challenges (17,
18). These vectors integrate into the host genome and allow stable
expression of miRNA sponges and long-term inhibition of specific
miRNAs.

Limited data are available on the function of miRNAs in the
gingival tissues and their role in the pathobiology of human peri-
odontitis (19). Benakanakere et al. (20) showed increased miR-
105 expression in primary human keratinocytes challenged with
heat-inactivated Porphyromonas gingivalis and identified miR-105
as amodulator of Toll-like receptor 2 (TLR-2) protein translation.
Nahid et al. (21) showed a persistent association of miR-146a
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expression in both the periodontium and spleens isolated from
ApoE™'" mice infected with P. gingivalis, Treponema denticola,
and Tannerella forsythia, suggesting that it may modulate the
course of infection by these microorganisms. Moffatt and Lamont
(22) studied the differential expression of several miRNAs be-
tween P. gingivalis-infected and uninfected primary gingival ep-
ithelial cells and showed an upregulation of miR-203 in in-
fected cells followed by inhibition of important host signaling
responses. Our group recently described the differential ex-
pression of miRNAs and their target genes in inflamed or non-
inflamed gingival tissue samples harvested from patients with
periodontitis (23). Given that the epithelial lining of the gingi-
val crevice/periodontal pocket constitutes the barrier that in-
terfaces with the microbial biofilm of the dental plaque (24), we
selected a number of miRNAs (miR-126, miR-141, miR-146a,
miR-155, miR-210, miR-223, miR-451, miR-486, and miR-
1246) earlier shown by us (23) to be strongly differentially ex-
pressed between states of gingival health and disease and studied
their role as regulators of cytokine responses in gingival epithelial
cells.
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FIG 1 (A) Constitutive expression of the selected miRNAs in wild-type (WT) TIGKs, assessed through TagMan miRNA qPCR. Five miRNAs (miR-126,
miR-141, miR-155, miR-210, and miR-1246) were expressed at levels higher than or comparable to those of the reference RNU6B gene and were therefore chosen
for further analysis. Bars indicate relative expression calculated by delta C;- values in relation to RNU6B reference gene expression (=1). (B) Relative expression
level of miRNAs in the knockdown cells assessed through qPCR. Relative miRNA expression in each miRNA knockdown cell line was normalized to their
corresponding miRNA level in the WT cells (=100%). Bars express means and standard deviations, based on triplicate experiments. Asterisks indicate statistically
significant differences between WT and miRNA KD cells (**, P < 0.01). (C) Schematic representation of miRNA sponge expression cassette.

MATERIALS AND METHODS

Cell culture and bacteria. Telomerase-immortalized human gingival ke-
ratinocytes (TIGKs; a generous gift from Richard Lamont, University of
Louisville, KY) (25) were cultured in keratinocyte serum-free medium
(K-SFM; Invitrogen, Carlsbad, CA) supplemented with 0.4 mM calcium
chloride, 25 wg/ml of bovine pituitary extract, 0.2 ng/ml of epidermal
growth factor, penicillin (100 U/ml), and streptomycin (100 pwg/ml).
HL-60 promyelocytic cells (ATCC CCL-240) were maintained in Iscove’s
modified Dulbecco’s medium with 10% heat-inactivated fetal bovine se-
rum (FBS) and 100 U/ml of penicillin-streptomycin at 37°C. To induce
differentiation, cells were diluted (2.5 X 10° cells/ml) with 1.25% di-
methyl sulfoxide (DMSO) for 4 to 5 days. Wild-type (WT) Porphyromo-
nas gingivalis strain ATCC 33277 and the KDP128 mutant, which is defi-
cient in the production of proteases encoded by rgpA, rgpB, and kgp (a
generous gift from M. R. Benakanakere, University of Pennsylvania), were
cultured in Trypticase soy broth (30 mg/ml) supplemented with yeast
extract (5 mg/ml), hemin (5 pg/ml), and vitamin K, (1 pwg/ml), anaero-
bically, at 37°C. Overnight cultures were diluted to an optical density at
600 nm (ODyy,) of 1.0 (10° CFU/ml). Since the WT P. gingivalis strain has
profound proteolytic capabilities, we used heat-killed WT P. gingivalis
cells to avoid extensive degradation of cytokines in the culture medium.
These were produced by heating at 70°C for 1 h, washing three times with
sterile phosphate-buffered saline (PBS) at 6,000 X g for 10 min, and sus-
pension in cell culture medium. Aggregatibacter actinomycetemcomitans
strain ATCC 33384 was cultured in brain heart infusion broth (37 mg/ml)
and grown at 37°C in 5% CO,. Overnight cultures were diluted to an
ODyy of 1.0 (10° CFU/ml), followed by three washes with sterile PBS at
6,000 X g for 10 min and suspension in cell culture medium.

Confirmation of specific miRNA expression in wild-type TIGKs.
MicroRNAs were isolated using the mirVana miRNA isolation kit (Life
Technologies, Grand Island, NY). miRNA-specific cDNA templates were
prepared from 10 ng of total RNA using a TagMan microRNA reverse
transcription kit (Life Technologies). The constitutive expression of miR-
126, miR-141, miR-146a, miR-155, miR-210, miR-223, miR-451, miR-
486, and miR-1246 in TIGKs was assessed by real-time quantitative PCR
(qPCR; TagMan microRNA assay; Life Technologies). RNU6B was used
as the reference gene.
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MicroRNA sponge design and generation and lentivirus packaging
and production. Specific miRNA inhibitors (sponges) each containing 10
tandemly arrayed miRNA binding sites (MBS) separated by 4-nucleotide-
long spacer sequences (Fig. 1C) were synthesized by Life Technologies for
those miRNAs found to be constitutively expressed in wild-type TIGKSs,
using a central-mismatch design (26) that results in better knockdown
(KD) efficiency than a perfect-match design. Sponge sequences are listed
in Table S1 in the supplemental material, and their sites of binding to each
target miRNA are listed in Table S2 in the supplemental material. Each
sponge was cloned into the Xhol and EcoRI sites of the pLVX-
AcGFP1-NI1 lentiviral vectors (Clontech, Mountain View, CA). For lenti-
virus packing and production, Lenti-X 293T packaging cells (Clontech)
were cultured to 80% confluence in 175-cm? culture flasks in Dulbecco’s
modified Eagle medium (DMEM) containing 10% FBS, 100 U/ml of pen-
icillin, and 100 pg/ml of streptomycin. Lentiviruses were produced by
cotransfection of lentiviral vector plasmids (16 pg) and packing plasmids
A8.9 (8 g) and vesicular stomatitis virus G protein (VSV-G) (8 pg) with
96 wl of TransIT-LT1 (Mirus, Madison, WI) and 3.2 ml of Opti-MEM
(Life Technologies) into 293T packaging cells according to the manufac-
turer’s protocol. On the second day, medium was replaced with fresh
medium. On the third day, the supernatant was collected and cellular
debris was removed by low-speed centrifugation (300 X g for 5min). The
supernatant was filtered through a 0.45-mm low-protein-binding mem-
brane (Pall Life Science, Port Washington, NY). To concentrate the viral
particles, Lenti-X concentrator (Clontech) was used according to the
manufacturer’s protocol.

Production of miRNA KD cells and assessment of miRNA KD effi-
ciency. To produce miRNA KD isogenic clones, TIGKs were infected with
lentiviruses containing miRNA sponges. Transduced cells (positive for
green fluorescent protein [GFP™]) were single-cell sorted into 96-well
plates by flow cytometry. Seven to 9 days after sorting, cell colonies were
transferred to larger plates for further expansion. Mock-transduced cells
were generated by transducing wild-type cells with lentiviruses that did
not contain an miRNA sponge; GFP™ cells were subsequently sorted by
flow cytometry. MicroRNAs were isolated using mirVana miRNA isola-
tion kit (Life Technologies). cDNA templates were prepared from 10 ng of
total RNA using a TagMan MicroRNA reverse transcription kit (Life
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Technologies). The knockdown efficiency was assessed by real-time qgPCR
(TagMan microRNA assay; Life Technologies). RNU6B was used as the
endogenous control.

Gene expression analysis and GSEA. Total RNA was isolated from P.
gingivalis-stimulated (multiplicity of infection [MOI] of 100 for 6 h)
TIKG wild-type cells and miRNA KD cells using TRIzol Plus RNA puri-
fication kit (Thermo Fisher Scientific, New York, NY). RNA quantity was
measured spectrophotometrically on a NanoDrop, and RNA quality was
assessed using an Agilent 2100 bioanalyzer (Agilent Technologies, Santa
Clara, CA), demonstrating an RNA integrity number =9. One hundred
nanograms of total RNA was reverse transcribed and labeled using the
Ilumina TotalPrep RNA amplification kit (Life Technologies). La-
beled RNA was hybridized on HumanHT-12 v4 Expression BeadChips
(Illumina, San Diego, CA). Gene expression profiles were analyzed
with R and Bioconductor statistical frameworks. Gene set enrichment
analysis (GSEA; http://software.broadinstitute.org/gsea/index.jsp)
was carried out.

Screening for cytokine expression. Wild-type TIGKs and miR-
126-KD cells were stimulated with heat-killed P. gingivalis and assessed for
simultaneous expression of 36 different cytokines using the human cyto-
kine array, panel A (R&D Systems, Minneapolis, MN).

Confirmation of selected cytokine expression by ELISA. A total of
5 X 10° WT TIGKs, mock-transduced cells, and miRNA KD cells were
seeded on 12-well plates. Twenty-four hours later, 10* CFU of heat-killed
WT P. gingivalis, P. gingivalis mutant KDP128, or A. actinomycetemcomi-
tans at an MOI of 100 were added to the culture medium for 6 h. Concen-
trations of CXCL1 and interleukin 8 (IL-8) in the supernatants were de-
termined using CXCL1 (R&D Systems) and IL-8 (Thermo Fisher
Scientific, New York, NY) ELISA kits. Assessments were replicated in
three independent experiments.

Gene expression in wild-type and miRNA KD TIGKs by qPCR. To
assess gene expression for IL-8 and CXCL1 in WT TIGKs and miRNA KD
cells, 12-well plates were seeded at a density of 5 X 10° per well. Twenty-
four hours later, heat-killed WT P. gingivalis, live P. gingivalis mutant
KDP128, or A. actinomycetemcomitans was added to the culture medium
atan MOI of 100 for 6 h. Cells were lysed with TRIzol (Life Technologies)
and total RNA was isolated according to the manufacturer’s protocol.
Total RNA was treated with DNase I (Promega, Madison, WI), a high-
capacity cDNA reverse transcription kit was used to produce cDNA, and
ABsolute blue qPCR SYBR green mixes (Thermo Scientific, New York,
NY) were used for qPCR (primer sequences are listed in Table S3 in the
supplemental material). The qPCR experiments were performed using
the ViiA 7 real-time PCR system (Life Technologies). The relative amount
of each gene was calculated using the comparative threshold cycle (C;)
method, using glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as
an endogenous control. Assessments were replicated in three independent
experiments.

Western blotting. Whole-cell extracts were fractionated by SDS-
PAGE and transferred to a polyvinylidene difluoride membrane using a
semidry transfer apparatus according to the manufacturer’s protocols
(Bio-Rad). After incubation with 5% nonfat milk and 2% bovine serum
albumin (BSA) in Tris-buffered saline with Tween 20 (TBST) for 1 h at
room temperature, the membrane was washed once with TBST and incu-
bated with antibodies against phospho-NF-kB p65 (Ser536) (Cell Signal-
ing Technology), NF-kB P65 (Santa Cruz Biotechnology, TX), or
GAPDH (Thermo Fisher Scientific, NY) at 4°C overnight. Membranes
were washed three times for 10 min and incubated with a 1:3,000 dilution
of horseradish peroxidase-conjugated anti-mouse or anti-rabbit antibod-
ies for 1 h. Blots were washed with TBST three times and developed with
the ECL system (Amersham Biosciences) according to the manufacturer’s
protocol.

Chemotaxis and myeloperoxidase activity assays. A leukocyte che-
motaxis/myeloperoxidase activity assay was carried out as described pre-
viously (27), using 24-well Transwell tissue-culture permeable inserts
with 3-pwm pores (Corning, NY, USA). A total of 10° induced HL-60 cells
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in 100 pl of Hanks’ balanced salt solution (HBSS) buffer (devoid of cal-
cium and magnesium) were added to the upper compartment, and 600 pl
of supernatant collected from WT and miRNA KD cells stimulated with
heat-killed WT P. gingivalis for 6 h was added to the lower compartment.
After 2 h of incubation, the number of migrated HL-60 cells was quanti-
fied by assessing relative myeloperoxidase activity against a linear stan-
dard curve of known numbers of HL-60 cells. To prevent any effects of the
cell culture supernatant on myeloperoxidase activity, the plates were cen-
trifuged at 200 X g for 5 min with no brake, the supernatant was dis-
carded, and 600 pl of PBS was added into each well to resuspend the cells.
After resuspension, 50 .l of 10% Triton X-100 was added to each well and
the plate was rotated at 4°C for 20 min. Thereafter, 50 pl of 1 M citrate
buffer was added to each well, followed by thorough mixing. One hundred
microliters from each sample was transferred to a 96-well plate, and 100 .l
of fresh prepared 2,2’-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid)
(ABTS) solution with 0.003% H,O, was added. The plate was allowed to
develop for 10 min in the dark and was read at a wavelength of 405 nm
using a microplate reader.

Statistical analysis. Mean values and standard deviations of triplicate
experiments were calculated. Differences between control and KD cells
were analyzed using the Student ¢ test. A P value of <0.05 was considered
statistically significant.

RESULTS

Expression of miRNAs by TIGKs and efficacy of miRNA inhibi-
tion in miRNA KD cells. Assessment of the constitutive expres-
sion level of the nine selected miRNAs by wild-type TIGKs using
qPCR showed that five miRNAs (miR-126, miR-141, miR-155,
miR-210, and miR-1246) were expressed at levels higher than or
comparable to those of the reference RNU6B gene (Fig. 1A).
Therefore, sponges for these particular miRNAs were designed,
and corresponding miRNA KD cells were produced, as described
in Materials and Methods. Assessment of miRNA expression in
KD cells by qPCR showed that use of the sponges resulted in vari-
able miRNA inhibition efficiencies, ranging from a low of 33% for
miR-140 KD cells to a high of 90% for miR-126 KD cells (Fig. 1B).
Gene set enrichment analysis. To screen for an overall effect of
miRNA knockdown on gene expression, we selected miR-126 KD
cells, which showed the highest miRNA inhibition efficiency, and
performed whole-genome mRNA profiling, followed by gene set
enrichment analysis to further analyze the gene expression data.
The top 50 differentially expressed genes between WT and miR-
126KD cells are listed in Table S4 in the supplemental material.
Table S5 in the supplemental material lists the top 25 gene sets
enriched in P. gingivalis-stimulated wild-type cells, most of which
were related to immune regulation and host defense responses.
Cytokine responses in miRNA KD TIGKs. To further assess
the role of miR-126 in the regulation of inflammatory responses,
we stimulated wild-type and miR-126 KD TIGKs with the prom-
inent periodontal pathogen P. gingivalis and assessed cytokine
production using human cytokine arrays. Since P. gingivalis has
pronounced proteolytic properties, these experiments were per-
formed with heat-killed P. gingivalis, to avoid extensive degrada-
tion of cytokines in the culture medium. We observed that two
closely related proinflammatory cytokines with potent neutro-
phil-attracting properties, IL-8 and CXCL1 alpha, were induced
upon stimulation. In order to carry out more quantitative com-
parisons, we stimulated wild-type, mock-transduced, and miRNA
KD cells for all 5 miRNAs with heat-killed P. gingivalis and mea-
sured IL-8 and CXCL1 by ELISA (Fig. 2A and B). We observed
lower CXCL1 and IL-8 production by P. gingivalis-stimulated
miR-126 KD than by WT cells. In contrast, P. gingivalis-stimu-
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FIG 2 Expression of IL-8 (A, C, and E) and CXCL1 (B, D, and F) assessed by ELISA after stimulation with heat-killed WT P. gingivalis (A and B), live P. gingivalis
mutant KDP128 (C and D), and live A. actinomycetemcomitans (E and F), at a multiplicity of infection (MOI) of 100 for 6 h. Bars represent mean values and
standard deviations based on triplicate experiments. Asterisks indicate statistically significant differences between WT and miRNA KD cells (*, P < 0.05; **, P <

0.01).

lated miR-155 KD and miR-210 KD cells showed higher IL-8 and
CXCL1 levels than wild-type cells, while no statistically signifi-
cantly different secretion of either cytokine was noted between
miR-141KD, miR-1246 KD, mock-transduced, and WT cells. A
similar pattern of cytokine induction by epithelial cells was ob-
served when we used live P. gingivalis protease-deficient mutant
strain KDP128 (Fig. 2C and D). Stimulation with viable cells by a
second periodontal pathogen, A. actinomycetemcomitans, which
does not induce pronounced proteolysis, led to similar observa-
tions (Fig. 2E and F). We also performed qPCR experiments to
examine whether the observed differences in IL-8 and CXCL1
cytokine production were reflected by corresponding differences
in mRNA expression levels. The results showed concordance be-
tween protein and mRNA levels for both cytokines (Fig. 3).

Regulation of the effects of miRNA knockdown by NF-kB.
We tested the hypothesis that the observed effect on IL-8 and
CXCLI expression induced by miRNA knockdown involves inter-
action with components of the NF-«kB family. Thus, we tested the
expression of NF-kB1 and inhibitor-kB kinase € (IKKe), as well as
the phosphorylation of the p65 subunit of NF-kB in the miRNA
knockdown cells.

First, we measured NF-kBl mRNA expression in wild-type
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and miRNA KD cells stimulated with heat-killed P. gingivalis. As
shown in Fig. 4A, the level of NF-k Bl mRNA expression was lower
in miR-126 KD than in wild-type cells, indicating that miR-126
may affect upstream signaling of NF-kB and that the impaired
cytokine production is due to lower NF-kB transcription. A mod-
est (~1.2-fold), non-statistically significant increase in NF-kB 1
mRNA was observed in miR-155 KD cells, while no effect was
apparent in miR-210 KD cells.

IKKe is a multifunctional IKB kinase protein known to regu-
late NF-kB transcription (28, 29) that was shown to be a potential
target for miR-155 (30). Therefore, we measured IKKe mRNA
expression by qPCR in wild-type and miR-155 KD cells stimulated
by heat-killed P. gingivalis. These experiments (Fig. 4B) showed an
approximate 2-fold increase in IKKe mRNA expression in miR-
155 KD cells over that in wild-type cells, suggesting that the higher
levels of IKKe in miR-155 KD cells contributed to higher levels of
NE-kB and, subsequently, more pronounced cytokine produc-
tion.

Lastly, we assessed phosphorylation of the p65 subunit of
NEF-kB that is directly related to its activation. Indeed, the level of
phosphorylated p65 was found to be strongly increased in miR-
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FIG 3 mRNA expression of IL-8 and CXCLI in WT and miRNA KD TIGKs
stimulated with heat-killed WT P. gingivalis (A and B), live P. gingivalis mutant
KDP128 (Cand D), and live A. actinomycetemcomitans (E and F) at an MOI of
100 for 6 h. Bars represent mean values and standard deviations based on
triplicate experiments. Asterisks indicate statistically significant differences be-
tween WT and miRNA KD cells (*, P < 0.05; **, P < 0.01).

210 KD cells after stimulation with heat-killed P. gingivalis for 30
min (Fig. 5).

Neutrophil-like HL-60 cell chemotactic capacity is lower in
miRNA-126 KD cells. Above, we showed that the knockdown of
miR-126, miR-155, and miR-210 in gingival epithelial cells re-
sulted in a significant alteration of the production of two neutro-
phil-attracting cytokines, IL-8 and CXCLI, when challenged with
heat-killed WT P. gingivalis, live protease-deficient P. gingivalis, or
live A. actinomycetemcomitans. To assess whether these alterations
would lead to functional differences in the ability of challenged
epithelial cells to recruit neutrophil-like HL-60 cells, we per-
formed chemotaxis assays to compare the abilities of the different
cell lines engineered by us to attract these cells. We observed a
significant reduction of the capacity of miR-126 KD cells to attract
neutrophil-like HL-60 cells in comparison to controls (Fig. 6),
which reflected the reduced production of the neutrophil-attract-
ing chemokines IL-8 and CXCL1 by these cells upon infection.
However, although higher levels of IL-8 and CXCLI secretion
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FIG 4 (A) Relative mRNA expression level of NFKB1 in WT TIGKs and
miRNA KD cells; (B) IKKe mRNA expression level in WT and miR-155 KD
cells. TIGK WT and miRNA KD cells were stimulated with heat-killed WT P.
gingivalis at an MOI of 100 for 6 h. Bars represent mean values and standard
deviations based on triplicate experiments. Asterisks indicate statistically sig-
nificant differences between WT and miRNA KD cells (**, P < 0.01).

were observed in miR-155 and miR-210 KD cells, we did not ob-
serve any significant difference in leukocyte chemotaxis by these
two miRNA KD cells compared to WT cells.

DISCUSSION

miRNAs are key regulators of gene expression in mammalian
cells, affecting a multitude of molecular and cellular pathways,
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FIG 5 Levels of phosphorylation of NF-kB protein in WT and miRNA KD
cells. (A) Western blot of epithelial cells stimulated with heat-killed WT P.
gingivalis for 30 min; (B) ratio metric analysis ()NFKB/GAPDH) of Western
blot intensity in epithelial cells.
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FIG 6 Neutrophil-like HL-60 cell chemotaxis toward WT and miRNA KD
cells. Supernatants collected from WT and miRNA KD cells stimulated with
heat-killed WT P. gingivalis were used. IL-8 (100 ng/ml) was used as a positive
control, and pure cell culture medium was used as a negative control. Bars
represent mean values and standard deviations based on triplicate experiments
(**, P < 0.01).

notably those involved in the innate and adaptive immunity and
the stress response. Their role in the homeostasis of the periodon-
tal tissues or in the pathobiology of human periodontitis is largely
unexplored and has only recently gained attention (19). In an
earlier study by our group, we identified miRNAs that were differ-
entially expressed in healthy and periodontitis-affected gingival
tissues and examined the concomitant expression of mRNA in the
same samples, making a first step toward the identification of in
vivo targets of miRNAs in the setting of human periodontitis (23).
In our current work, we characterized the role of specific miRNAs
as regulators of inflammatory responses in gingival epithelial cells.
To do so, we first studied the constitutive expression of a number
of the earlier-identified differentially expressed miRNAs in hu-
man gingival keratinocytes (Fig. 1A) and documented that miR-
210 and miR-141 are the most abundantly expressed, followed by
miR-1246, miR-155, and miR-126, while miR-146a, miR-223, miR-
451,and miR-486 were all expressed at levels that were <<0.1% that
of the housekeeping gene, suggesting that the observed differential
expression of the latter miRNAs between healthy and diseased
gingival tissues (23) was likely due to other cellular components.
Of the miRNAs found to be expressed in TIGKs, miR-210 has
been earlier documented in gastric epithelium (31) as well as in
human skin keratinocytes (32); members of the miR-200 family
(to which miR-141 belongs) are known to be involved in epithelial
to mesenchymal transition during tumorigenesis (33, 34). miR-
155 was found to be expressed in nasal epithelium cytology brush-
ings in children with respiratory syncytial virus infection (35),
while miR-126 was found in normal basal and luminal mammary
epithelium (36). We are unaware of any literature describing ep-
ithelial expression of miR-1246.

Our next step was to proceed with establishing stable miRNA
knockdown (KD) cells using miRNA sponge technology (17, 18).
Consistent with the observation that highly abundant miRNAs are
more likely to mediate target suppression and that miRNA/target
ratio is important in miRNA-regulated gene networks (37, 38), we
achieved more efficient suppression in KD cells for the less abun-
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dant miRNAs, such as miR-126 and miR-155, than for the more
abundantly expressed miRNAs (Fig. 1B).

Since miR-126 KD cells were the ones in which we achieved the
strongest miRNA suppression (90%), we screened for global dif-
ferential gene expression between wild-type and KD cells and car-
ried out gene set enrichment analysis, which indicated a broad
dysregulation of inflammatory and immune responses in miR-
126 KD cells (see Table S4 in the supplemental material). Further
screening for cytokine induction in wild-type and miR-126 KD
cells stimulated by the keystone periodontal species P. gingivalis
showed upregulation of IL-8 and CXCLI. A quantitative assess-
ment by ELISA comparing all 5 miRNA KD clones with wild-type
TIGKs under similar bacterial stimulation showed significantly
lower induction of IL-8 and CXCL1 in miR-126 KD cells and
higher induction of both cytokines in miR-155 KD and miR-210
KD cells (Fig. 2). These observations were fully corroborated by
qPCR findings that demonstrated that the observed differences in
cytokine induction were regulated at the mRNA level (Fig. 3).
Infection of miRNA KD epithelial cells with live protease-deficient
mutant P. gingivalis and live A. actinomycetemcomitans showed
identical patterns of cytokine expression with the exception of
miR-210 KD cells, which showed higher induction of CXCL1 but
not IL-8 than in control cells. Importantly, the reduced expression
of chemoattractant cytokines by miR-126 KD epithelial cells ap-
peared to be functionally relevant, as supernatants of infected KD
cells showed a lower capacity to attract neutrophil-like HL-60 cells
than supernatants from control cells. In addition, our results
showed that the lower cytokine expression in miR-126 KD cells
concurred with lower NF-kB transcription (Fig. 4A), while the
higher cytokine levels in miR-155 KD cells corresponded to higher
transcription levels of the inhibitor-kB kinase € (Fig. 4B).

Our findings must be interpreted within the larger context of
periodontitis pathogenesis and miRNA biology. Of the three iden-
tified miRNAs shown to affect cytokine expression in epithelial
cells, miR-126 and miR-155 were found to be upregulated and
miR-210 downregulated in periodontitis-affected gingival tissues
(23). Thus, the decreased cytokine expression in miR-126 KD cells
and the increased cytokine expression in miR-210 KD cells are in
accordance with the higher mRNA expression of IL-8 (2.48-fold)
and CXCLI (3.55-fold) in periodontitis-affected versus healthy
gingival tissues (39), and with the higher mRNA expression for
both cytokines in gingival tissues from periodontal pockets with
high versus low levels of colonization by P. gingivalis (40). In con-
trast, the increased cytokine expression in miR-155 KD cells, and
the observed higher expression of both miR-155 (23) and IL-8 and
CXCL1 (41, 42) in inflamed gingival tissues may suggest either
that the effects of this particular miRNA on cytokine induction are
overwhelmed by other regulatory networks acting toward an op-
posite direction or that the observed increased expression of both
miR-155 and these particular cytokines in gingival tissues should
be attributed to nonepithelial cellular sources.

All three miRNAs mentioned above have been shown to have
biologic functions of potential importance for pathological con-
ditions that involve an inflammatory component. Thus, miRNA-
126 has been primarily identified as a potent suppressor of several
validated pathways involved in tumorigenesis (43), but it has also
been associated with inflammatory conditions such as obesity and
arthritis (44). Although miRNA-126 is primarily expressed in en-
dothelial cells and involved in angiogenesis, miR-126-deficient
mice were found to have increased susceptibility to viral infection
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(45). There is a body of vast literature on miR-155 involvement in
immunity and inflammation, with one proposed mode of action
being a positive correlation between miR-155 upregulation and
NF-kB activation (46). Nevertheless, this positive association may
be context or cell type specific and was not corroborated by our
present findings in gingival keratinocytes. Instead, our results in-
dicate that miR-155 is an NF-kB transactivational target that is
involved in a negative-feedback loop through downregulation of
IKKs and possible other genes. Lastly, miR-210 is strongly linked
to hypoxia pathways (47, 48) that are critically important in host
defenses during the course of bacterial infections (49). Although
miR-210 was reported to negatively regulate production of pro-
inflammatory cytokines in lipopolysaccharide (LPS)-stimu-
lated murine macrophages through NF-«kB targeting (50), we did
not observe any significant alteration of NF-kB1 mRNA levels in
miR-210 KD cells infected with P. gingivalis for 6 h, despite the
observed increased cytokine induction. However, we did observe
astrong increase of phosphorylated NF-kB in miR-210 KD cells at
a much earlier time point (30 min) after P. gingivalis infection
(Fig. 5).

In conclusion, our data indicate that miR-126, miR-155, and
miR-210 are potential regulators of inflammatory responses by
gingival epithelial cells and add to the literature on the emerging
role of miRNAs in the pathobiology of periodontitis and other
chronic infectious and inflammatory conditions.
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