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Porphyromonas gingivalis is a pathogen in severe periodontal disease. Able to exploit an intracellular lifestyle
within primary gingival epithelial cells (GECs), a reservoir of P. gingivalis can persist within the gingival
epithelia. This process is facilitated by manipulation of the host cell signal transduction cascades which can
impact cell cycle, cell death, and cytokine responses. Using microarrays, we investigated the ability of P.
gingivalis 33277 to regulate microRNA (miRNA) expression in GECs. One of several miRNAs differentially
regulated by GECs in the presence of P. gingivalis was miRNA-203 (miR-203), which was upregulated 4-fold
compared to uninfected controls. Differential regulation of miR-203 was confirmed by quantitative reverse
transcription-PCR (qRT-PCR). Putative targets of miR-203, suppressor of cytokine signaling 3 (SOCS3) and
SOCS6, were evaluated by qRT-PCR. SOCS3 and SOCS6 mRNA levels were reduced >5-fold and >2-fold,
respectively, in P. gingivalis-infected GECs compared to controls. Silencing of miR-203 using a small interfering
RNA construct reversed the inhibition of SOCS3 expression. A dual luciferase assay confirmed binding of
miR-203 to the putative target binding site of the SOCS3 3’ untranslated region. Western blot analysis
demonstrated that activation of signal transducer and activator of transcription 3 (Stat3), a downstream target
of SOCS, was diminished following miR-203 silencing. This study shows that induction of miRNAs by P.

gingivalis can modulate important host signaling responses.

Periodontitis is one of the most prevalent human diseases,
and it has been reported that greater than 50% of adults over
30 years of age in the United States have a manifestation of the
disease (2). Persistent bacterial infection of the periodontal
tissues leads to increased inflammation and in severe cases
culminates in the destruction of the alveolar bone and tooth
loss. The disease is initiated by consortia of pathogenic
bacteria, of which one of the most important members is the
Gram-negative anaerobe Porphyromonas gingivalis (12, 22, 30).
P. gingivalis expresses several virulence factors that enable col-
onization of oral surfaces and facilitate tissue destruction (18,
30, 61). Moreover, P. gingivalis can internalize and survive
within host gingival epithelial cells (GECs) (29, 58) and move
intercellularly without exposure to the extracellular environ-
ment (62). Invasion is effectuated through manipulation of
host cell phosphorylation-dependent signaling pathways and
remodeling of the microfilament and microtubule cytoskeleton
(21, 56, 57). P. gingivalis also modulates host cell gene expres-
sion and affects pathways that control cytokine production and
apoptotic cell death (20, 38). Indeed, infection of epithelial
cells by P. gingivalis can stimulate the production of some
cytokines, such as interleukin-1p (IL-1B) (53), and suppress
the production of others, such as IL-8 (9). The differential
regulation of cytokine responses may allow P. gingivalis to
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orchestrate innate and adaptive immunity. P. gingivalis also
inhibits apoptotic cell death in gingival epithelial cells through
activation of the Janus kinase (JAK)/signal transducer and
activator of transcription (Stat) and Akt pathways (38, 63).

MicroRNAs (miRNAs) are small (=~22-nucleotide [nt]) sin-
gle-stranded noncoding RNAs that can suppress gene expres-
sion by binding to the 3’ untranslated region (UTR) of target
mRNA, leading to mRNA degradation and translational re-
pression. In mammals, they are involved in many regulatory
processes, including the regulation of differentiation/prolifer-
ation (1) and host cell immune responses (43, 51). The expres-
sion of miRNAs is often temporally and spatially specific (40,
60), and the differential expression of miRNAs has been di-
rectly linked to disease (36, 37). Host cell responses to patho-
gens have also been shown to be regulated in part by miRNAs.
Human monocytes exposed to lipopolysaccharide (LPS) up-
regulate miRNA-146a (miR-146a) and miR-9, resulting in the
downregulation of cytokines involved in the innate immune
response (5, 54). Furthermore, miR-146a is essential for
endotoxin tolerance in monocytes in vitro (41). P. gingivalis
can also regulate miRNA expression, and epithelial cells
exposed to nonviable P. gingivalis showed increase miR-105
expression, which in turn suppressed levels of Toll-like re-
ceptor 2 (TLR-2) (7).

We hypothesized that live P. gingivalis can affect expression
of miRNAs involved in networks that control innate immunity
and apoptosis and that extend beyond TLR regulation. Array
and in silico analyses were undertaken to identify miRNAs
differentially regulated in P. gingivalis-infected primary GECs.
P. gingivalis induced the upregulation of miR-203, which di-
rectly inhibited suppressor of cytokine signaling 3 (SOCS3)
and resulted in increased Stat3 activation. These results sug-
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gest a role of miRNA in the pathogenesis of P. gingivalis,
contributing to the modulation of host cell immune responses
and facilitating bacterial persistence.

MATERIALS AND METHODS

Bacterial and eukaryotic cell culture. P. gingivalis 33277 was cultured in Tryp-
ticase soy broth, supplemented with yeast extract (1 mg ml™!), hemin (5 pg
ml '), and menadione (1 ug ml™!), anaerobically at 37°C. Primary cultures of
GECs were generated as described previously (44). Briefly, healthy gingival
tissue was collected from patients undergoing surgery for removal of impacted
third molars and following Institutional Review Board guidelines. Basal epithe-
lial cells were separated and cultured in keratinocyte growth medium (Der-
malLife basal medium; Lifeline, Walkersville, MD) in the absence of antibiotics.
GECs were used at passage 4. Cells of the HTR8/SV neo trophoblast cell line
(HTRS cells) were provided by Charles Graham (Kingston, Ontario, Canada).
HTRS cells were routinely cultured in RPMI 1640 medium (Sigma-Aldrich, St.
Louis, MO) supplemented with 10% fetal bovine serum. Eukaryotic cells were
cultured at 37°C in 5% CO.,.

miRNA array profiling and analysis. GECs were infected with P. gingivalis at
a multiplicity of infection (MOI) of 100 for 6 h, and total RNA was isolated using
TRIzol extraction, followed by purification with a Qiagen miRNeasy kit, accord-
ing to the manufacturer’s instructions. RNA quality and concentration were
confirmed using an Agilent Bioanalyzer 2100 apparatus. Experiments were per-
formed in triplicate using primary epithelial cells isolated from three different
patient sources. Microarray experiments were performed using a service provider
(LC Sciences, Houston, TX). Total RNA was size fractionated using a YM-100
Microcon centrifugal filter (Millipore, Billerica, MA), and the small RNAs
(<300 nt) were 3’ extended with a poly(A) tail using poly(A) polymerase. An
oligonucleotide tag was ligated to the poly(A) tail for later fluorescent dye
staining; two different tags were used for the two RNA samples. Hybridization
was performed overnight on a wParaflo microfluidic chip using a microcircula-
tion pump (Atactic Technologies, Houston, TX) (13, 66). On the microfluidic
chip, each detection probe consisted of a chemically modified nucleotide coding
segment complementary to target microRNA (from miRBase, http:/microrna
.sanger.ac.uk/sequences/, version 13.0) and a spacer segment of polyethylene
glycol to extend the coding segment away from the substrate. The detection
probes were made by in situ synthesis using photogenerated reagent chemistry.
The hybridization melting temperatures were balanced by chemical modifica-
tions of the detection probes. After RNA hybridization, tag-conjugating Cy3 and
Cy5 dyes were circulated through the microfluidic chip for dye staining. Fluo-
rescence images were collected using a laser scanner (GenePix 4000B; Molecular
Devices, Sunnyvale, CA) and digitized using Array-Pro image analysis software
(Media Cybernetics, Bethesda, MD). Data were analyzed by first subtracting the
background and then normalizing the signals using a Lowess filter (8). The ratio
of the two sets of detected signals (log, transformed, balanced) and P values of
the ¢ test were calculated, and those with P values of <0.01 were designated
differentially expressed.

Quantitative RT-PCR (qRT-PCR) of miR-203. Total RNA was isolated and
purified from control and infected GECs and size fractionated as described
above. Equal amounts (200 ng/reaction mixture) were used to synthesize cDNA
employing a TagMan microRNA reverse transcription (RT) kit and primers
specific for miR-203 and RNU-48 (control) (Applied Biosystems, Carlsbad, CA).
Negative RT reactions were included in all experiments. Real-time PCR was
performed using TagMan Fast universal PCR master mix (Applied Biosystems).
A Bio-Rad iCycler with iCycler 1Q (version 3.1) software (Bio-Rad, Hercules,
CA) was employed, with the autocalculated threshold cycle (C;) selected. The
cycle threshold values were determined, and miRNA expression values were
determined relative to the value for RNU-48 following the 27447 method.

Quantitative RT-PCR for mRNA. To determine expression levels of SOCS3
and SOCS6, RNA was isolated essentially as described above without size frac-
tionation. cDNA was synthesized (2 pg/reaction mixture RNA) using a high-
capacity RNA-cDNA kit (Applied Biosystems). Real-time PCRs used TagMan
Fast universal PCR master mix and gene expression assays for SOCS3 or SOCS6
(Applied Biosystems). Glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
was used as a housekeeping control, and negative RT reactions were included in
each assay. Expression values of mRNA were quantified as described above after
normalization to the value for GAPDH.

Transfection of GECs with miRNA. Cells were transfected, using siPORT
NeoFX transfection agent, with 100 nM miR-203 mimic, silence miR-203 (si-
miR-203; antagomir), si-miR-146b (unrelated control), or a nonsilence control (a
nontargeting RNA-negative control with no significant homology to any known
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human gene sequence) (Applied Biosystems). Following 24 h in transfection
medium, the medium was replaced with regular culture medium for a further
24 h. Transfected cells were infected with P. gingivalis at an MOI of 100 for 6 h,
and total RNA was isolated for real-time PCR analysis of SOCS3 expression, as
described above.

Dual luciferase reporter assay. Confirmation of miR-203 binding to the pu-
tative 3" UTR binding site of SOCS3 utilized a dual luciferase reporter assay.
HTRS cells at 80% confluence were transfected with 100 ng reporter vector
pSGG-SOCS3 3'UTR, empty vector pSGG-EMPTY-3UTR (positive transfec-
tion control), or pSGG-GAPDH-3UTR, a vector containing the 3" UTR region
of GAPDH (housekeeping gene control). All vectors were from Switchgear
Genomics. Reporter vectors were cotransfected with miR-203 mimic (100 nM)
or miR-146 mimic (unrelated negative control) (Applied Biosystems). Dharma-
FECT Duo (Dharmacon, Lafayette, CO) was used as the transfection reagent in
serum-free medium. Following 24 h of incubation in transfection medium,
Steady-Glo luciferase assay reagent (Promega, Madison, WI) was added to each
well and the plate was incubated at room temperature in the dark for 30 min. The
luciferase signal was measured using a Wallac Victor® 1420 multilabel counter
luminometer (Waltham, MA). Knockdown was assessed by calculating luciferase
signal ratios for specific miRNA/nontargeting control, using data for housekeep-
ing and empty reporter vector groups to control for nonspecific effects.

Western immunoblotting. Whole-cell lysates of uninfected or P. gingivalis-
infected GECs were collected, separated by SDS-PAGE, and transferred onto
nitrocellulose membranes by electroblotting. Blots were blocked in 10% skim dry
milk in Tris-buffered saline (TBS) overnight at 4°C. Primary antibody was rabbit
anti-Stat3 or rabbit anti-phospho-Stat3 (Sigma) at 1:1,000 for 2 h at room tem-
perature. Antigen-antibody binding was detected using horseradish peroxidase-
conjugated species-specific secondary antibodies followed by enhanced chemilu-
minescence Western blotting detection reagents (Perkin-Elmer, Waltham, MA).
Densitometric analysis was performed and phospho-Stat3/Stat3 ratios were cal-
culated following normalization to the value for GAPDH.

Microarray data accession number. The array results have been deposited
in the GEO repository (http:/www.ncbi.nlm.nih.gov/geo), accession number
GSE28635.

RESULTS

miRNAs differentially regulated following P. gingivalis infec-
tion of epithelial cells. We investigated the potential involve-
ment of miRNA expression in the primary gingival epithelial
cell response to P. gingivalis infection using chip-based miRNA
profiling. Expression levels of GEC miRNAs are listed in the
data set in the supplemental material. Following background
subtraction, data were normalized to the statistical mean of
detectable transcripts. Clustering analysis by analysis of vari-
ance (ANOVA) identified differentially regulated miRNAs
(see Fig. S1 and the data set in the supplemental material).
Fourteen miRNAs differentially expressed between infected
and uninfected groups gave both strong signals and high sig-
nificance (Table 1). We focused on miR-203, which was up-
regulated 4-fold in P. gingivalis-challenged cells compared with
controls (Fig. 1A) and which is involved in the regulation of a
number of epithelial cell properties (51, 60). Increased miR-
203 expression was confirmed using qRT-PCR. Expression was
upregulated >3.5-fold in infected groups compared with un-
infected controls (P < 0.001) (Fig. 1B).

Identification of downstream targets of miR-203. To begin
to address the role of miR-203 in GEC responses to P. gingi-
valis, potential targets of miR-203 were investigated using a
bioinformatic approach. The microRNA database (www.mirbase
.org) identified over 4,000 predicted targets for miR-203. Sev-
eral proteins involved in host immune responses had potential
miR-203 target sites and were also predicted by 3 different
search databases (microRNA.org; Targetscan, version 5.1; and
Pictar-vert). In particular, members of the SOCS family pro-
teins, including SOCS2, -3, -5, and -6, were targets for miR-203
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TABLE 1. MicroRNAs differentially expressed” in P. gingivalis-
infected gingival epithelial cells

miRNA expression

hsa-miR Control cells Infected cells P value (in fectlgg/gcrz()n trol)
Mean SD Mean SD
149* 398 74 2,117 363 0.0014 241
203 564 96 2,437 635 0.0037 2.11
205 27,191 1,159 22,661 621 0.0086 —-0.26
181a 2,765 265 1,789 171  0.012 —0.63
1308 2,777 263 4,582 559  0.012 0.72
107 4,427 270 3,316 228 0.012 —0.42
26a 6,092 243 7,229 278 0.012 0.25
221 13,308 1,327 9,476 765 0.019 —0.49
200a 1,310 214 782 132 0.029 —-0.74
22 2,558 227 1,176 254 0.03 —1.12
31 18,946 2,004 13,466 1,461 0.03 -0.49
141 1,395 285 434 156 0.046 —1.68
1826 7,883 622 13,721 2,715 0.047 0.80
575 46 16 458 383  0.048 3.32

“ miRNAs with expression levels above 500 (mean fluorescence signal intensity
in arbitrary units) and P values of <0.05 are shown, and data are sorted by P
values.

in all the databases. Furthermore, SOCS3 has been shown to
be a target of miR-203 in skin keratinocytes (51). We thus
investigated whether SOCS expression differed in P. gingivalis-
infected gingival cells using qRT-PCR for SOCS3 and SOCS6.
Levels of SOCS3 and SOCS6 mRNA were reduced in P. gin-
givalis-infected GECs; SOCS3 was downregulated >5-fold in
infected groups (P < 0.001), with SOCS6 expression decreased
2-fold compared with uninfected groups (P < 0.001) (Fig. 2).

SOCS3 expression is correlated with miR-203 levels in ep-
ithelial cells. To determine if SOCS3 expression was regulated
by miR-203, we knocked down miR-203 levels with si-miR-203,
an antagomir. Cells were subsequently infected with P. gingi-
valis, and SOCS3 expression levels were measured by qRT-
PCR (Fig. 3). Knockdown of miR-203 significantly affected
SOCS3 expression compared with controls, with a 50% in-
crease in SOC3 expression in the miR-203-silenced group (P <
0.05). The results support the concept that suppression of
SOCS3 mRNA levels by P. gingivalis is mediated by miR-203.

miR-203 binds the 3" UTR region of SOCS3. Next we sought
to establish direct binding of miR-203 to the UTR of SOCS3.
The luciferase reporter vector pSGG-SOCS3 3'UTR, contain-
ing the putative miR-203-binding site, was transfected into
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FIG. 2. SOCS mRNA levels are decreased in GECs following P.
gingivalis infection. SOCS3 or SOCS6 expression was measured by
qRT-PCR on mRNA from GECs infected with P. gingivalis for 6 h at
an MOI of 100. Results are representative of 3 independent assays.
Data were normalized to GAPDH expression (control). Error bars
represent SDs (n = 12). #**, P < 0.001 by unpaired ¢ test.

HTRS cells. Trophoblasts were selected for this assay, as
nonepithelial cells express relatively low levels of miR-203
and qRT-PCR confirmed that they express lower levels of
miR-203 than GECs (data not shown). An empty vector
served as a positive transfection control (pSGG-EMPTY-
3UTR), and pSGG-GAPDH-3UTR, a vector containing the
3" UTR of GAPDH, was an unrelated gene control. Cells were
then dually transfected with either miR-203 mimic or miR-146
mimic (unrelated control), and luminosity was measured. Re-
sults were calculated as the ratio of miR-203-transfected to
miR control-transfected luciferase activity. Cells transfected
with pSGG-SOCS3 3'UTR and miR-203 mimic showed signif-
icantly reduced luciferase activity than empty vector and
housekeeping vector controls (P < 0.001) (Fig. 4). These re-
sults establish direct binding of miR-203 to the 3" UTR of
SOCS3.

Regulation of SOCS by miR-203 leads to increased Stat3
activation. Stat3 is known to be a target of SOCS proteins,
including SOCS3. Increased SOCS expression is correlated
with reduced Stat3 activation, resulting in an abrogated host
cell cytokine response (11). We therefore investigated whether
the observed miR-203-dependent decrease in SOCS3 levels in
GECs following P. gingivalis infection would regulate Stat3
activation. GECs were transfected with si-miR-203 or nonsi-
lencing/nonrelated miR controls. Stat3 activation was assessed
by Western blot analysis with Stat or phospho-specific Stat
antibodies. As shown in Fig. 5, P. gingivalis infection increased
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FIG. 1. Upregulation of miR-203 in GECs following P. gingivalis infection. GECs were infected with P. gingivalis for 6 h at an MOI of 100, and
RNA was extracted from infected and control cells. (A) miR-203 expression by fluorescent signal intensity (arbitrary units) in a microarray;
(B) qRT-PCR of miR-203. Data were normalized to RNU-48 expression. Error bars represent SDs (n = 12). #%, P < (0.001 by unpaired ¢ test.
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FIG. 3. SOCS3 expression is regulated by miR-203. qRT-PCR for
SOCS3 expression in GECs challenged with P. gingivalis at an MOI of
100 for 6 h. Cells were transfected with si-miR-203 (antagomir), si-
miRNA-146b (control antagomir), or nonsilence control. Results are
representative of 3 independent assays (n = 12) and are shown as
SOCS3 expression ratios relative to the nonsilence control. Data were
normalized to GAPDH expression. *, P < (.05 by one-way ANOVA.

the level of activated Stat3. Silencing of miR-203 resulted in
abrogated Stat3 activation in infected cells compared with
transfection control groups. These results confirmed that miR-
203 regulates the pathway that leads to activation of Stat3 in
GEC:s infected with P. gingivalis.

DISCUSSION

miRNAs are abundant in the human genome and have
emerged as a key component of pathway and network control
in a wide range of important cellular processes, including in-
flammation and apoptosis (3, 25, 64). miRNAs also contribute
to host responses to bacterial and viral infections (6, 32, 35). In
this work we show that P. gingivalis significantly affected the
expression of 14 miRNAs in primary cultures of gingival epi-
thelial cells. While previous studies have shown that heat-killed
P. gingivalis can modulate the expression of miRNAs in epi-
thelial cells (7), the current study is the first to show the impact
of live, invasive P. gingivalis on the miRNA profile of GECs.

Among the miRNAs significantly regulated by GECs were
miR-149*, miR-575, and miR-203. miR-149* has been shown
to regulate apoptosis in neuroblastoma cells (33), and miR-575
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FIG. 4. Binding of miR-203 to SOCS3 3’ UTR binding site. HTRS
cells were transfected with luciferase reporter vector pSGG-SOCS3
3'UTR, an empty vector (pSGG-EMPTY-3UTR), or a vector contain-
ing the 3’ UTR region of glyceraldehyde-3-phosphate dehydrogenase
(pSGG-GAPDH-3UTR). Reporter vectors were cotransfected with a
miR-203 mimic or unrelated negative-control miR mimic (miR-146b).
Following 24 h of incubation, luciferase activity was measured. Results
are representative of two independent assays (n = 4). Error bars
indicate SDs. **%, P < 0.001 by Tukey-Kramer multiple comparison
test.

empty vector
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FIG. 5. Stat3 activation by P. gingivalis is inhibited by miR-203
silencing. GECs were transfected with si-miR203 (si-203), si-miR-146
(si-146), or nonsilence control (non-si). (A) Lysates of P. gingivalis-
infected (inf) or uninfected cells were examined by Western blotting
with antibodies to Stat3 or phosphorylated Stat3. GAPDH antibodies
were used as a loading control. (B) Blots were analyzed by scanning
densitometry, and ratios of phospho-Stat3/Stat3 were determined.
Data are representative of three independent experiments. Controls
(ctrl) were cells treated with transfection agent only; control infected
(ctrl-inf) cells were transfection-agent-only-treated cells subsequently
exposed to P. gingivalis.

can be downregulated by lipid peroxidation products in leuke-
mic cells (46). In this study we focused on miR-203, which has
defined targets and is predicted to regulate the cytokine sig-
naling pathway, a property with direct relevance to the disease
status of the periodontal tissues. One potential downstream
target of miR-203 is SOCS, a family of molecules that are
intracellular, cytokine-inducible proteins and that inhibit cyto-
kine production as part of a negative-feedback loop (42).
SOCS family molecules are also involved in regulating the
activity of both T cells and antigen-presenting cells (APCs),
such as dendritic cells (DCs), and SOCS3 is thought to regulate
the cytokine signaling that controls receptor activator of nu-
clear factor kB ligand (RANKL)-mediated osteoclastogenesis
(55). Binding of miR-203 to SOCS3 in skin keratinocytes has
been shown (51); however, other studies failed to show a direct
interaction between miR-203 and SOCS3 (31). To contribute
to the clarification of this issue, we utilized a dual luciferase
assay which confirmed direct binding of miR-203 to the puta-
tive target binding site of SOCS3 3" UTR. SOCS proteins
function through inhibition of JAKSs, which in turn prevents
phosphorylation and activation of Stats, transcription factors
that regulate the expression of a number of cytokines. Consis-
tent with this, P. gingivalis infection decreased levels of SOCS3
and -6 mRNA, coincident with induction of miR-203. RNA
interference established that regulation of SOCS3 by P. gingi-
valis was dependent on miR-203. Reduction of SOCS levels
also increased the activation status of Stat3, a transcription
factor that binds to IL-6-responsive promoter elements (27).
P. gingivalis can stimulate the production of IL-6 from gingival
epithelial cells (47), and IL-6 levels are elevated in gingival
crevicular fluid in periodontal disease (14, 26). Hence, induc-
tion of miR-203 by P. gingivalis has the potential to contribute
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to the inflammation associated with periodontitis. Further-
more, SOCS3 has been shown to play a critical role in modu-
lating cytokine signaling involved in RANKL-mediated den-
dritic cell-derived osteoclastogenesis, leading to alveolar bone
loss in mice (65). Increased miR-203 expression has also been
reported in psoriasis and rheumatoid arthritis, indicating that
miR-203 may play a role in a number of other chronic inflam-
matory diseases (51, 52).

In addition to a role in cytokine signaling, targets of Stat3
include antiapoptotic effectors such as Bcl-2, Bcl-XL, and sur-
vivin, along with proteins involved in cell cycle progression,
such as Fos, cyclin D, and c-Myc (10, 23). Our previous studies
have shown that Stat3 is part of the antiapoptotic responses
induced in GECs by P. gingivalis, and the current study pro-
vides a mechanistic basis for this through the involvement of
miR-203. Moreover, SOCS3 overexpression has been shown to
reduce cell proliferation and induce apoptosis and partial
G,/G, arrest via pathways that include JAK/Stat3 (24). As P.
gingivalis can accelerate cell cycle progression in GECs (28),
miR-203 may also contribute to this process through inhibition
of SOCS3. The regulation of cell cycle by miR-203 may par-
tially explain the pathological expression in some carcinomas
(16, 17, 48).

The mechanism by which P. gingivalis modulates miR-203
levels is currently under investigation but is as yet unknown.
However, as stimulation of epithelial cells with heat-killed P.
gingivalis does not regulate miR-203 (7), it would appear that
viable bacteria are required and that induction may be related
to an aspect of the process of internalization or intracellular
adaptation. Transcription factors AP-1, SP1, and NF-kB can
control expression of miR-203 (39, 50), and although viable
P. gingivalis cells do not activate NF-kB in GECs (57), the
organism can activate AP-1 in HeLa cells (59) and SP1 in
monocytes (15). Activation of AP-1 can occur through the
protein kinase C (PKC) pathway, and inhibitors of PKC abro-
gate expression of miR-203 (50). Both fimbriae (45) and LPS
(49) of P. gingivalis can stimulate PKC, suggesting the potential
for P. gingivalis to upregulate miR-203 through PKC activation
of AP-1.

P. gingivalis selectively modulates multiple pathways in epi-
thelial cells to effectuate invasion, differential cytokine re-
sponses, and inhibition of cell death. The results of the current
study show that miRNAs such as miR-203 make important
contributions to host cell responses to P. gingivalis. As miRNAs
are considered attractive targets for therapeutic intervention
(4, 19, 34), such an approach may be beneficial for P. gingivalis-
induced diseases such as periodontitis.
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