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Summary
Porphyromonas gingivalis can inhibit chemically induced apoptosis in primary cultures of gingival
epithelial cells through blocking activation of the effector caspase-3. The anti-apoptotic phenotype
of P. gingivalis is conserved across strains and does not depend on the presence of fimbriae, as
fimbriae-deficient mutants and a naturally occurring non-fimbriated strain were able to impede
apoptosis. To dissect the survival pathways modulated by P. gingivalis, protein and gene expression
of a number of components of apoptotic death pathways were investigated. P. gingivalis infection
of epithelial cells resulted in the phosphorylation of JAK1 and Stat3. Quantitative real-time reverse
transcription polymerase chain reaction showed that expression of Survivin and Stat3 itself, targets
of activated Stat3, were elevated in P. gingivalis-infected cells. siRNA knockdown of JAK1, in
combination with knockdown of Akt, abrogated the ability of P. gingivalis to block apoptosis. In
contrast, cIAP-1 and cIAP-2 were not differentially regulated at either the protein or mRNA levels
by P. gingivalis. One mechanism by which P. gingivalis can block apoptotic pathways in gingival
epithelial cells therefore is through manipulation of the JAK/Stat pathway that controls the intrinsic
mitochondrial cell death pathways. Induction of a pro-survival phenotype may prevent programmed
host cell death and aid survival of P. gingivalis within gingival epithelial cells.

Introduction
Porphyromonas gingivalis, a Gram-negative anaerobe, is a major aetiological agent in severe
manifestations of periodontal diseases that involve destruction of the tissues supporting the
tooth (Holt and Ebersole, 2005; Feng and Weinberg, 2006). Periodontal diseases are among
the most common infections of humans, and indeed reports indicate that around half of adults
in developed countries have some form of chronic periodontitis (Albandar, 2005). The primary
ecological niche of P. gingivalis is in the subgingival crevice, and the organism possess a array
of virulence determinants including multiple colonization factors, proteolytic enzymes and
immune modulins (Lamont and Jenkinson, 1998; Holt and Ebersole, 2005). However, P.
gingivalis frequently colonizes the subgingival area in the absence of overt disease, and can
be considered an opportunistic pathogen, causing disease only when the host-microbe balance
is perturbed (Haffajee et al., 1998; Ximenez-Fyvie et al., 2000; Marsh, 2003). A dynamic and
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interactive association develops between P. gingivalis and the epithelial cells that line the
gingival crevice and comprise a barrier to oral microbial intrusion. The long fimbriae of P.
gingivalis engage an integrin receptor on the gingival epithelial cells (GECs) resulting in
bacterial manipulation of downstream signalling events and culminating in bacterial
internalization (Belton et al., 1999; Watanabe et al., 2001; Yilmaz et al., 2002; 2003).
Intracellular P. gingivalis reside in the cytoplasm and accumulate in the perinuclear area
(Belton et al., 1999). Epithelial cell association induces major changes in the expressed
proteome and transcriptome of P. gingivalis (Hosogi and Duncan, 2005; Zhang et al., 2005)
and the host epithelial cells react with a tailored transcriptional response (Handfield et al.,
2005). In this manner both P. gingivalis and GEC adapt to their conjoint status to facilitate
long-term cohabitation. Indeed, intracellular P. gingivalis cells remain viable and capable of
spreading between host cells (Yilmaz et al., 2006), and epithelial cells can survive for up to 8
days after infection with P. gingivalis (Madianos et al., 1996). Moreover, epithelial cells
recovered from the oral cavity show high levels of intracellular P. gingivalis (Noiri et al.,
1997; Rudney et al., 2001; Vitkov et al., 2005).

Apoptosis is a highly regulated process of cell deletion that is involved in development,
differentiation, homoeostasis and regulation of immune function. Dysfunction or dysregulation
of the apoptotic program is involved in a variety of pathological conditions including
autoimmune disease and cancer (Fadeel and Orrenius, 2005). There are two major apoptotic
pathways that operate through activation of a family of cysteine proteases called caspases: the
mitochondrial-mediated or intrinsic pathway; and the death receptor-mediated [e.g. tumour
necrosis factor (TNF) receptor and Fas] or extrinsic pathway (Hail et al., 2006). In addition,
apoptosis can be mediated through non-caspase proteases such as cathepsins, calpains and
granzymes, and by ex-mitochondrial proteins such as apoptosis-inducing factor (AIF) (Hail et
al., 2006). A number of intracellular bacteria evoke elevated apoptosis in host epithelial cells,
a response thought to facilitate clearance of infected cells (Gao and Kwaik, 2000; Hacker et
al., 2006). In contrast, several bacterial pathogens including Chlamydia, Neisseria
gonorrhoeae and Salmonella can impinge on apoptotic pathways to extend host cell survival
(Gao and Kwaik, 2000; Hacker et al., 2006; Simons et al., 2006). Prevention of host cell death
by intracellular bacterial pathogens will prolong the integrity of their intracellular environment
and thus favour bacterial persistence.

Porphyromonas gingivalis has been shown to modulate apoptotic cell death in many kinds of
cells, including immune cells, fibroblasts, epithelial cells and endothelial cells, resulting in
both pro- and anti-apoptotic outcomes (Hiroi et al., 1998; Gemmell et al., 1999; Graves et
al., 2001; Ozaki and Hanazawa, 2001; Harris et al., 2002; Murray and Wilton, 2003; Brozovic
et al., 2006; Inaba et al., 2006; Sheets et al., 2006; Urnowey et al., 2006). In primary and
transformed epithelial cells derived from the gingiva, metabolically active P. gingivalis do not
induce apoptosis and, moreover, inhibit chemically induced apoptotic cell death (Nakhjiri et
al., 2001; Yilmaz et al., 2004; Handfield et al., 2005). This survival phenotype is associated
with upregulation of anti-apoptosis genes Bcl-2 and Bfl-1 (Handfield et al., 2005), and down-
regulation of the pro-apoptosis gene Bax (Nakhjiri et al., 2001). All of these genes are involved
in control of mitochondrial permeability. Consistent with these transcriptional responses, P.
gingivalis activates the pro-survival phosphatidylinositol 3-kinase (PI3K)/Akt pathway and
blocks depolarization of the mitochondrial membrane and cytochrome c release (Yilmaz et
al., 2004). Hence, the primary anti-apoptotic activity of P. gingivalis in GECs is through
modulation of the intrinsic cell death pathways.

Signal transduction pathways that control programmed cell death are complex and
multithreaded. Indeed, in a recent systems model of apoptosis a network of 7980 intracellular
signalling events directly linked to 1440 response outputs were found to accurately predict
cytokine induced apoptosis (Janes et al., 2005). To gain greater insight into the modulation of
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the apoptotic signalling network in GECs by P. gingivalis, we investigated the signal
transduction events that funnel into, and propagates from, the mitochondrial hub of the intrinsic
cell death pathway. The results indicate that P. gingivalis upregulates the JAK/Stat pathway,
ultimately blocking caspase-3 activation.

Results
Caspase-3 activation is inhibited by P. gingivalis

Apoptosis can occur through both caspase-dependent and caspase-independent pathways
downstream of the mitochondria (Hail et al., 2006). Hence, to distinguish between these
pathways in primary GECs, the ability of P. gingivalis to inhibit activation of the effector
caspase-3 was investigated. We first determined the range of moi through which P.
gingivalis inhibits apoptosis in GECs by assaying the level of cytoplasmic histone associated
DNA, a marker of late events in the process of apoptotic cell death. As shown in Fig. 1A, P.
gingivalis 33277 significantly reduced camptothecin-induced DNA fragmentation at moi of
100, 50 and 10. At an moi of 1 the anti-apoptotic effect was lost. Thus, the anti-apoptotic
activity of P. gingivalis in GEC is dose-dependent and requires few infecting bacteria. Infection
with P. gingivalis over the same moi inhibited camptothecin-induced activation of caspase-3
in a similar dose-dependent manner (Fig. 1B). Furthermore, P. gingivalis did not modulate
expression of the caspase-independent apoptosis effector, AIF, in the GECs (not shown). These
data indicate that the anti-apoptotic pathways activated by P. gingivalis in GECs ultimately
converge to limit activity of the executioner caspase-3. Although caspase-3 levels did not return
to baseline, visual inspection of the GECs containing P. gingivalis and treated with
camptothecin did not reveal cell rounding or detachment, and the GECs could be successfully
passaged (laboratory observations), demonstrating the absence of significant cell death.

Anti-apoptotic activity is not strain specific and does not require the presence of fimbriae
To ensure that the anti-apoptotic phenotype of P. gingivalis is not unique to strain 33277, a
variety of strains of P. gingivalis were tested. All of the P. gingivalis wild-type strains,
comprising A7A1-28, ATCC 49417 and W83, were capable of preventing chemically induced
caspase-3 activation (Fig. 2). Thus, the anti-apoptotic properties of P. gingivalis are widely
distributed among strains. As these strains have differing virulence properties in animal models
of disease (van Winkelhoff et al., 1993;Katz et al., 1996), this would tend to suggest that
inhibition of apoptosis is important for long-term survival of the organism in the host, rather
than for overt pathogenicity. Interestingly, W83 is naturally deficient in the production of both
the long (FimA) and short (Mfa) fimbriae (Watanabe et al., 1992;Noiri et al., 2004). Hence,
inhibition of apoptosis by W83 argues against a role for the P. gingivalis fimbriae in the process.
To test this hypothesis, we examined two strains of P. gingivalis, YPF1 and SMF1, containing
an insertional inactivation of the fimA and mfa genes respectively. Both YPF1 and SMF1
retained the capability to inhibit chemically induced caspase-3 activation in GEC,
corroborating the lack of involvement of either fimbrial type in the process (Fig. 2). This
contrasts with the situation in monocytes where the long FimA-containing fimbriae of P.
gingivalis inhibited apoptosis induced by growth factor deprivation (Ozaki and Hanazawa,
2001). Thus, P. gingivalis has more than one anti-apoptotic effector molecule that can be used
according to the context of the type of host cell being encountered.

Elevation of Stat3 is associated with P. gingivalis infection
Inhibition of caspase-3, along with elevation of Bcl2 and block of cytochrome c release
demonstrated previously (Nakhjiri et al., 2001; Yilmaz et al., 2004), is indicative of an anti-
apoptotic pathway involving the transcription factor Stat3 (Zhong et al., 1994; Calo et al.,
2003). To examine this possibility, the levels of phosphorylated Stat3 in GECs following
challenge with P. gingivalis were determined by immunoblotting with specific Stat3, and
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phospho (tyrosine 705)-Stat3 antibodies (Fig. 3). Quantitative densitometry showed that the
ratio of phosphorylated Stat3/total Stat3 was increased after 30 min at moi of 1, 10 and 50,
with up to a sixfold induction observed at moi 50. After 2 h, the level of phosphorylation
decreased, however, at moi 50, activated Stat3 levels were twofold higher than in the control
uninfected cells. At 16 h of infection with P. gingivalis, phosphorylated Stat3 levels returned
to baseline. Furthermore, the blots revealed that the total amount of Stat3, as expressed by the
ratio of Stat3/actin, was transiently increased in a dose-dependent manner after 30 min of P.
gingivalis infection (Fig. 3A). In addition to phosphorylation on tyrosine 705, activation of
Stat3 usually requires other post-translational modifications, including phosphorylation on
serine 727 (O’Shea et al., 2005; Liu et al., 2006), that were not tested in this study. However,
as the stat3 gene is autoregulated (Narimatsu et al., 2001), the increased levels of Stat3 protein
are consistent with functional activation of this transcription factor by P. gingivalis.

JAK is activated by P. gingivalis
Upstream of the Stat transcription factors in eukaryotic signal transduction pathways are the
JAK kinases. JAK mediated phosphorylation of Stat enables Stat dimerization, through
reciprocal interaction of each Stat SH2 domain, followed by nuclear translocation and DNA
binding (Aaronson and Horvath, 2002). JAKs in turn are activated by transient phosphorylation
of a number of tyrosine residues (Khwaja, 2006). Therefore, to further define the signalling
events impacted by P. gingivalis, an immunoblot analysis with JAK1 and phospho-JAK1
antibodies was used to monitor activation of JAK. As shown in Fig. 4, 30 min infection with
P. gingivalis resulted in phosphorylation of JAK1, an effect that was dose-dependent. At moi
50 a greater than twofold induction of JAK phosphorylation was evident. After 2 h, activation
was less pronounced, and phosphorylated JAK/total JAK ratios returned to baseline levels after
16 h. Together with the Stat activation data, these observations provide compelling evidence
for the involvement of the JAK/Stat signalling pathway in the P. gingivalis-mediated protection
of GECs from chemically induced apoptosis.

Knockdown of JAK and Akt abrogates the anti-apoptotic activity of P. gingivalis
Having shown that P. gingivalis rapidly induces phosphorylation of JAK we investigated the
functionality of this activity through siRNA knockdown of JAK. Moreover, as P. gingivalis
also activates Akt (Yilmaz et al., 2004), that can stimulate distinct anti-apoptotic pathways
through GSK-3 (Sen et al., 2003), both JAK1 and Akt were transcriptionally silenced. As
shown in Fig. 5, whereas down-regulation of JAK or Akt alone was ineffective, down-
regulation of both JAK and Akt resulted in abrogation of the ability of P. gingivalis to block
camptothecin induced activation of caspase-3. These results corroborate the role of JAK/Stat
and suggest a process whereby P. gingivalis induces a pro-survival phenotype in epithelial
cells through activation of at least two functionally distinct pathways including JAK/Stat and
Akt.

Survivin levels are elevated by P. gingivalis
The JAK/Stat pathway regulates expression of a number of genes including the apoptotic
inhibitor Survivin (Hsieh et al., 2005; Wheatley and McNeish, 2005). Thus, we postulated that
elevated levels of Survivin would be present in GEC infected with P. gingivalis. Figure 6 shows
that P. gingivalis at moi 10 and 50 induced over twofold higher levels of Survivin in GEC at
30 min and 2 h. By 16 h post infection, Survivin levels were equivalent between infected and
uninfected cells. These data are consistent with P. gingivalis induction of the JAK/Stat
signalling pathway, and implicate Survivin as one of the mediators of apoptosis inhibition.
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The anti-apoptotic properties of P. gingivalis do not involve cIAP1/2
Inhibition of caspase-3 can also occur through the Inhibitor of Apoptosis proteins cIAP-1 and
cIAP-2, components that can be regulated by Akt (Johnson et al., 2004). Therefore, we next
considered the possibility that P. gingivalis can also protect GEC from apoptosis through
upregulation of cIAP-1 and cIAP-2. However, immunoblots of GEC infected with P.
gingivalis did not show elevation of cIAP/actin ratios, as compared with uninfected cells (Fig.
7). Thus, modulation of apoptotic pathways by P. gingivalis is limited to a discrete set of anti-
apoptotic signal transduction events.

Regulation of protein expression occurs at the mRNA level
To corroborate that the increase in expression of Stat3 is the result of increased transcriptional
activity and to confirm the lack of cIAP regulation, quantitative reverse transcription
polymerase chain reaction (RT-PCR) was performed on mRNA extracted from GEC infected
with P. gingivalis (Fig. 8). mRNA levels for Stat3 were increased over twofold compared with
control at 30 min and 2 h, consistent with the immunoblot data. In contrast, levels of cIAP-1
or cIAP-2 message were not altered between infected and uninfected conditions. At the
transcriptional level cIAP-1 and cIAP-2 are controlled by the transcription factor NF-κb (Wang
et al., 1998) and our previous results demonstrated that P. gingivalis does not activate NF-κb
in GEC (Watanabe et al., 2001). Collectively, these data would tend to exclude a role for the
NF-κB/cIAP pathway in protection against apoptosis by P. gingivalis in GEC.

Discussion
Epithelial cells are among the first host cell types encountered by organisms that colonize
mucosal surfaces, and many mucosal pathogens are capable of entry and survival within
epithelial cells. Bacteria that have an intracellular component to their lifestyle will thus benefit
from the maintenance of epithelial cell integrity. This selective pressure appears to have driven
the development of bacterial strategies to manipulate the apoptotic pathways to prolong the
lifespan of host cells. N. gonorrhoeae, for example, can protect epithelial cells from chemically
induced apoptotic cell death (Binnicker et al., 2003). However, often the situation is less
definitive with pathogens exhibiting both pro- and anti-apoptotic phenotypes, depending on
contextual and temporal cues (Byrne and Ojcius, 2004; Knodler et al., 2005). P. gingivalis is
one such organism. Apoptosis can be induced in some cell types by P. gingivalis components
such as proteases (Sheets et al., 2006). Other cellular constituents such as fimbriae and LPS
can either suppress or induce apoptosis depending on the host cell type (Isogai et al., 1996;
Hiroi et al., 1998; Ozaki and Hanazawa, 2001; Murray and Wilton, 2003). In primary and
transformed GECs, metabolically active P. gingivalis do not induce apoptosis and indeed
protect the cells from chemically induced apoptosis (Nakhjiri et al., 2001; Yilmaz et al.,
2004; Handfield et al., 2005). In contrast, heat-killed P. gingivalis stimulate apoptotic death
in these cells (Brozovic et al., 2006). A broad framework that would accommodate much of
these disparate data involves extracellular P. gingivalis elaborating toxic factors such as
proteases that kill some types of host cells. Once attached to, or inside the host epithelial cell,
P. gingivalis limits protease production (Zhang et al., 2005) and manipulates host cell
signalling pathways to prevent apoptosis. The balance of these activities will determine the
ultimate fate of the host cell.

Intracellular P. gingivalis have a number of anti-apoptotic effects on GECs including:
upregulation of Bcl-2, Bfl-1, cMYC, SGK, TNFAIP3 and CFLAR; down-regulation of Bax
and CDC2L2; activation of phosphati-dylinositol 3-kinase (PI3K)/Akt pathway; and blockage
of depolarization of the mitochondrial membrane and cytochrome c release (Yilmaz et al.,
2004; Handfield et al., 2005). The diverse nature of these properties indicates that P.
gingivalis can impinge on apoptotic pathways on multiple levels. Many of these regulated
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genes and pathways revolve around the mitochondria, key components of the intrinsic
apoptotic death mechanism, although this does not exclude a role for P. gingivalis in regulation
of the extrinsic pathway. In the current study we have defined in finer molecular detail the
major intrinsic anti-apoptotic pathways controlled by P. gingivalis.

The intrinsic pathway of apoptosis is dependent on mitochondrial outer membrane
permeabilization. Mitochondrial proteins, such as cytochrome c, are then released, which leads
to the formation of the apoptosome (Spierings et al., 2005). The apoptosome binds and activates
initiator caspases such as caspase-9, which in turn cleave and activate effector caspases such
as caspase-3 (Shen and White, 2001). Activated caspase-3 cleaves a variety of substrates
including the inhibitory subunit of DNA ladder nuclease, β-catenin, the cytoskeletal proteins
fodrin and gelsolin, and PAK2, a member of the p21-activated kinase family, all of which
contribute to the process and appearance of apoptotic cell death (Earnshaw et al., 1999).
However, cell death can also proceed downstream of mitochondrial outer membrane
permeabilization independently of caspase activation through the action of lethal factors such
as AIF (Hail et al., 2006). Inhibition of apoptosis in primary GECs by P. gingivalis was
mediated through the caspase-dependent apoptotic pathway and did not involve AIF. Upstream
of the executioner caspase-3 and of the mitochondria, in terms of pro-survival pathways, are
the Stat transcription factors and the JAK family of cytoplasmic tyrosine kinases. The JAK-
Stat pathway transmits information from extracellular polypeptide signals, often cytokines,
directly to target gene promoters (Aaronson and Horvath, 2002). The JAKs are activated by
auto-phosphorylation and subsequently activate Stats by tyrosine phosphorylation. Targets of
Stat3 include anti-apoptotic genes such as Bcl-2, Bcl-XL and Survivin, along with genes
involved in cell cycle progression such as Fos, Cyclin-D and c-Myc (Dauer et al., 2005; Hsieh
et al., 2005). Herein we demonstrated that both Stat3 and JAK1 were transiently
phosphorylated by P. gingivalis and were associated with the pro-survival phenotype in GECs.
Furthermore, Survivin, a bifunctional protein under the control of Stat3, that regulates cell
division and suppresses apoptosis, was upregulated at the mRNA and protein levels following
P. gingivalis infection. Survivin functions to suppress apoptosis by inactivating caspase-3 both
through direct binding and through inhibition of caspase-9 (Johnson and Howerth, 2004; Sah
et al., 2006). Thus, elevated levels of Survivin are consistent with the result that P.
gingivalis prevents activation of caspase-3 by camptothecin. Coupled with our previous results
that P. gingivalis upregulates expression of Bcl-2 and cMyc (Handfield et al., 2005), these data
indicate that the JAK-Stat pathway is a major component of the anti-apoptotic activity of P.
gingivalis. As JAKs are cytoplasmic, this may partially explain why metabolically active P.
gingivalis cells that reside in the epithelial cell cytoplasm, are anti-apoptotic; whereas heat
killed P. gingivalis cells, that are non-invasive, are pro-apoptotic. The mechanism by which
P. gingivalis activates JAK remains to be determined.

The findings of the current study, along with earlier reports (Yilmaz et al., 2004), indicate that
P. gingivalis can modulate at least two major anti-apoptotic pathways, namely the PI3K/Akt
and JAK/Stat pathways. The importance of both pathways is indicated by the inability of either
JAK or Akt knockdown alone to antagonize the anti-apoptotic property of P. gingivalis. In
contrast, knock-down of both Akt and JAK prevented inhibition of apoptosis by P.
gingivalis. A third major anti-apoptotic pathway involves NF-κb-dependent transcriptional
activation of pro-survival factors such as cIAP-1 and cIAP-2 (Wang et al., 1998). However,
neither cIAP-1 nor cIAP-2 was upregulated at the protein or transcriptional levels by P.
gingivalis. Furthermore, our previous studies found that P. gingivalis did not activate NF-κb
in GECs (Watanabe et al., 2001). NF-κb is also a major component of the extrinsic apoptotic
pathway involving TNF and FasL (Beyaert et al., 2002), which would indicate that this pathway
is not impacted by P. gingivalis. Furthermore, as Akt can be involved in activation of NF-κb
(Amiri and Richmond, 2005), these findings demonstrate a degree of precision on the part of
P. gingivalis as it accomplishes apoptotic inhibition. The ability of P. gingivalis to promote a
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pro-survival phenotype in GECs may contribute to its success as a colonizer of the oral
epithelium.

Experimental procedures
Bacterial strains and culture conditions

Porphyromonas gingivalis strains ATCC 33277, ATCC 49417, W83 and A7A1-28 (low
passage clinical isolate), YPF1 (fimA−), SMF1 (mfa−) were grown anaerobically at 37°C in
Trypticase Soy Broth supplemented with yeast extract (1 mg ml−1), haemin (5 μg ml−1) and
menadione (1 μg ml−1).

Eukaryotic cell lines
Primary cultures of GECs were generated as described previously (Oda and Watson, 1990;
Lamont et al., 1995). Briefly, healthy gingival tissue was collected from patients undergoing
surgery for removal of impacted third molars and following Institutional Review Board
Guidelines. Basal epithelial cells were separated and cultured in keratinocyte growth medium
(KGM; Cambrix, East Rutherford, NJ), at 37°C in 5% CO2. GECs were used at passage 3–5
and at 80% confluence.

Epithelial cell apoptosis
Apoptotic cell death in GECs was assayed by ELISA-based detection of histone associated
DNA fragments (Roche Mannhein, Germany). Camptothecin 1 μg ml−1 was used to induce
apoptosis in epithelial cells at 20 h post-P. gingivalis or mock infection. After 4 h of
camptothecin incubation, camptothecin-treated or untreated control cells were lysed and
cytoplasmic extracts were added to wells of ELISA plates coated with monoclonal antibodies
against histone. The presence of histone-associated DNA fragments was then detected in a
sandwich ELISA using anti-DNA peroxidase with 2, 2′-azino-di-[3-ethylbenzthiazoline-
sulphonate] diammonium salt substrate.Absorbance was measured at 405 nm and background
at 490 nm.

Caspase-3 (DEVDase) activity assay
A caspase-3 activity assay was performed on epithelial cells under the same conditions as the
DNA fragmentation assessment. Caspase-3 activity was evaluated fluorimetrically with the
caspase-3 fluorescent substrate acetyl-Asp-Gly-Val-Asp-7-amino-4-methylcoumarin (Ac-
DEVD-AMC; BD Biosciences, San Jose, CA) according manufacturer’s protocol. Cells were
washed with cold PBS, lysed and centrifuged to remove cell debris. Reactions in 96-well plates
contained 20 μl of cell lysate with 180 μl of protease assay buffer and 20 μM (final
concentration) Ac-DEVD-AMC. Fluorescence was recorded in a Victor microplate
fluorescence reader (Perkin Elmer, Wellesley, MA) at excitation and emission wavelengths of
355 and 460 nm respectively. DEVDase activity was calculated as the average arbitrary
fluorescence intensity of duplicate samples after incubation for 1 h.

Western immunoblotting
Lysates of control (uninfected) and P. gingivalis-infected epithelial cells were separated by
SDS-PAGE. Electrophoretically separated proteins were then transferred polyvinylidene
difluoride membranes by electroblotting and blocked with 5% non-fat dry milk in TBS (PBS
containing 0.1% Tween 20) for 1 h at room temperature. Blots were probed with the following
primary anti-bodies: anti-Phospho-Stat3 (Tyr705), 1:1000; anti-Stat3 1:1000; anti-Phospho-
Jak1 (Tyr1022/1023), 1:1000; anti-cIAP1, 1:1000 (Cell Signaling, Beverly, MA); anti-JAK1,
1:200; anti-Survivin, 1:200 (Santa Cruz Biotechnology, Santa Cruz, CA); and anti-cIAP2,
1:100 (Abcam, Cambridge, MA), at 4°C overnight. Horse-radish peroxidase-conjugated
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species-specific secondary antibodies along with ECL Western Blotting Detection Reagents
(Amersham Biosciences, Piscataway, NJ) were used to visualize antigen-antibody binding.
The blot was then stripped and probed with anti-β-actin antibodies 1:10 000 (Abcam) as a
loading control. Densiometric analysis was performed on bands using Kodak 1D 3.6 software.

RNA interference
Gingival epithelial cells at 50% confluence were transfected in Opti-MEM medium using 40
nM of siRNA duplexes in Oligo-fectamine (Invitrogen, Carlsbad, CA). siRNA was targeted
to Akt1/2, and/or Jak1 (Santa Cruz). No-target siRNA (Dharmacon, Lafayette, CO) was used
as a negative control. Cells were used in caspase-3 assays at 48 h incubation post transfection.
Gene knockdown was confirmed by Western blotting with antibody to Jak1, or Akt1/2 (Santa
Cruz).

Real-time quantitative PCR
Total RNA was isolated from triplicate independent control- and P. gingivalis-infected
epithelial cell cultures using Trizol LS Reagent (Invitrogen). Genomic DNA contamination
was removed by DNase I (Ambion, Austin TX) digestion and samples were further purified
using the RNeasy Mini Kit (Qiagen, Valencia, CA). Total RNA (1 μg) from each sample was
reverse transcribed using the iScript™ cDNA Synthesis kit (Bio-Rad, Hercules, CA). Real-
time quantitative PCR was conducted in duplicate for each cDNA sample with the iCycler iQ
Real-time PCR detection system using iQ™ SYBR Green Supermix (Bio-Rad). Two microlitre
template cDNA was added to final volume of 25 μl with 1 × SYBR Green Supermix and 4
μM of the following primer pairs:

STAT3: Forward: 5’-TGGCACTTGTAATGGCGTCTTC-3’,
Reverse: 5’-CAGCAGGGAGGAGTCACCAG-3’

cIAP-1 Forward: 5’-TGTTCCAGTTCAGCCTGAGCAG-3’
Reverse: 5’-CACCTCAAGCCACCATCACAAC-3’

cIAP-2 Forward: 5’-CCTCAAGCCACCATCACAAC-3’
Reverse: 5’-GCCATCTAGTGTTCCAGTTCAG-3’

18s rRNA Forward: 5’-CGCCGCTAGAGGTGAAATTC-3’
Reverse: 5’-TCTTGGCAAATGCTTTCGCT-3’

18s rRNA was used as an endogenous control. Real-time results were analysed using iCycler™
iQ Optical System software version 3.0a (Bio-Rad). The melt curve profile was analysed to
verify a single peak for each sample, indicating primer specificity.

Preparation of standards
Specific DNA products for each gene under investigation were synthesized from chromosomal
DNA using standard PCR methods and visualized by gel electrophoresis to verify that a single
specific product had been generated. Each product was purified using the QIAquick PCR
Purification Kit (Qiagen), and quantified using the GeneQuant spectrophotometer. DNA
product copy number was calculated using the formula (Yin et al., 2001):

A 10-fold dilution series of each DNA standard was prepared for SQ of 108 to 104 copies
μl−1. These were used in duplicate in each real-time PCR assay to allow the real-time PCR
software to estimate SQ of that gene in cDNA samples.
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Fig. 1.
Porphyromonas gingivalis infection protects gingival epithelial cells against camptothecin-
induced apoptosis in a dose-dependent manner. Primary GECs were infected with P.
gingivalis 33277 for 20 h at moi of 1, 10, 50 and 100 or were mock-infected (Pg-). Camptothecin
(CAM) at 1 μgml−1 was added to the cells for an additional 4 h. Control represents GEC without
CAM treatment.
A. ELISA for histone-associated DNA fragments in the cytoplasm.
B. Caspase-3 activity assessed by cleavage of the fluorescent substrate Ac-DEVD-AMC
(arbitrary units).
Error bars represent SD, n = 3. An asterisk denotes statistical difference of P. gingivalis-
infected from mock-infected, P < 0.01, t-test.
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Fig. 2.
The anti-apoptotic properties of P. gingivalis are conserved across strains and are not dependent
on the presence of fimbriae. GECs were infected with P. gingivalis wild type and mutant strains
at moi 50 for 20 h, or were mock-infected (Pg-). YPF1 is a FimA (long fimbriae) mutant, and
SMF1 is a Mfa (short fimbriae) mutant. Camptothecin at 1 μgml−1 was added to the cells for
an additional 4 h. Cells were lysed, and caspase-3 activity assessed by cleavage of the
fluorescent substrate Ac-DEVD-AMC. Data are expressed as per cent fluorescent intensity
(arbitrary units) of camptothecin alone control (CAM). Inhibition of caspase-3 was significant
(P < 0.01, t-test) for all P. gingivalis strains.
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Fig. 3.
Porphyromonas gingivalis infection transiently activates Stat3. GEC were infected with P.
gingivalis at moi of 1, 10 and 50, or were mock-infected (control) for 30 min (A), 2 h (B) or
16 h (C). Cell lysates were analysed by immunoblotting with antibodies to Stat3, or
phosphorylated (P-) Stat3. Blots were then stripped and probed with β-actin antibodies as a
loading control. Blots were analysed by scanning densitometry and ratios of P-Stat3/Stat3 and
Stat3/μ-actin determined relative to ratios in control cells. Data are representative of three
independent experiments.
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Fig. 4.
Porphyromonas gingivalis infection transiently activates Jak1. GEC were infected with P.
gingivalis at moi of 1, 10 and 50, or were mock-infected (control) for 30 min (A), 2 h (B) or
16 h (C). Cell lysates were analysed by immunoblotting with antibodies to Jak1, or
phosphorylated (P-) Jak1. Blots were analysed by scanning densitometry and ratios of P-Jak1/
Jak1 determined relative to ratios in control cells. Data are representative of three independent
experiments.
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Fig. 5.
Simultaneous knockdown of Jak1 and Akt abrogates the anti-apoptotic activity of P.
gingivalis.
A. GECs were transfected with siRNA to Akt, Jak1, or both Akt and JAK. Controls were no
target siRNA (SiNT) and transfection agent alone (control). GECs were infected with P.
gingivalis at moi 50 for 20 h and then treated with camptothecin at 1 μgml−1 for 4 h. Caspase-3
activity was determined by a fluorescent substrate assay and data are expressed as per cent of
mock-infected camptothecin treated cells (CAM). An asterisk denotes statistically significant
(P < 0.01, t-test) from control and siNT.
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B. Scanning densiotometry of JAK1 (left panel) or Akt (right panel) expression in GECs after
transfection with siRNA to Jak1, Akt or AKt and Jak1. Protein levels were determined by
Western blotting and are expressed as per cent of the NT-siRNA control. Data are
representative of three independent experiments.
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Fig. 6.
Porphyromonas gingivalis infection transiently increases levels of survivin. GEC were infected
with P. gingivalis at moi of 1, 10 and 50, or were mock-infected (control) for 30 min (A), 2 h
(B) or 16 h (C). Cell lysates were analysed by immunoblotting with antibodies to survivin.
Blots were then stripped and probed with β-actin antibodies as a loading control (not shown).
Blots were analysed by scanning densitometry and ratios of survivin/β-actin determined
relative to ratios in control cells. Data are representative of three independent experiments.
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Fig. 7.
Porphyromonas gingivalis infection does not elevate levels of cIAP-1 or cIAP-2. GEC were
infected with P. gingivalis at moi of 1, 10 and 50, or were mock-infected (control) for 30 min
(A), 2 h (B) or 16 h (C). Cell lysates were analysed by immunoblotting with antibodies cIAP-1
or cIAP-2. Blots were then stripped and probed with β-actin antibodies as a loading control
(not shown). Blots were analysed by scanning densitometry and ratios of cIAP/β-actin
determined relative to ratios in control cells. Data are representative of three independent
experiments.
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Fig. 8.
Stat3, but not cIAP-1/2, gene expression is transiently increased by P. gingivalis infection.
Gene expression was measured by quantitative RT-PCR on mRNA from GEC infected with
P. gingivalis at moi 50 for the times indicated, or mock-infected (control). 18sRNA was
included as an internal control. Fold change was calculated by dividing the copy number of
the gene transcript in P. gingivalis infected cells by the copy number in control cells. Significant
differences infected/control (P < 0.01, t-test) are labelled with an asterisk.
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