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Tannerella forsythia, a Gram-negative anaerobe implicated in periodontitis, has been detected

within human buccal epithelial cells and shown to invade oral epithelial cells in vitro. We have

previously shown that this bacterium triggers host tyrosine kinase-dependent phosphorylation and

actin-dependent cytoskeleton reorganization for invasion. On the bacterial side, the leucine-rich

repeat cell-surface BspA protein is important for entry. The present study was undertaken to

identify host signalling molecules during T. forsythia entry into human oral and cervical epithelial

cells. Specifically, the roles of phosphatidylinositol 3-kinase (PI3K), Rho-family GTPases,

cholesterol-rich membrane microdomains and the endocytic protein clathrin were investigated.

For this purpose, cell lines were pretreated with chemical inhibitors or small interfering RNAs

(siRNAs) that target PI3Ks, Rho GTPases, clathrin and cholesterol (a critical component of ‘lipid

rafts’), and the resulting effects on T. forsythia uptake were determined. Our studies revealed that

T. forsythia entry is dependent on host PI3K signalling, and that purified BspA protein causes

activation of this lipid kinase. Bacterial entry also requires the cooperation of host Rac1 GTPase.

Finally, our findings indicate an important role for clathrin and cholesterol-rich lipid microdomains

in the internalization process

INTRODUCTION

Tannerella forsythia is a Gram-negative oral anaerobe
implicated in the development of periodontal disease, an
inflammatory disease of the tooth-supporting tissues that
results in tooth loss (Tanner & Izard, 2006). While the
contribution of T. forsythia in periodontitis has been well
established through epidemiological and clinical interven-
tion studies, the mechanisms underlying T. forsythia
virulence are poorly understood (Sharma, 2010). T.
forsythia has been detected intracellularly in buccal and
crevicular epithelium of patients with periodontitis
(Colombo et al., 2007; Rudney et al., 2005). Furthermore,
T. forsythia has been shown to invade epithelial cells in vitro
(Han et al., 2000; Inagaki et al., 2006; Kirschbaum et al.,
2010; Sabet et al., 2003). Thus, it is likely that this
bacterium exploits epithelial cell invasion to avoid host
defence surveillance. In addition, the buccal and crevicular

epithelia may serve as bacterial reservoirs for recurrent
infections.

We have previously shown that the T. forsythia leucine-rich
repeat (LRR) cell-surface and secreted BspA protein is
required for attachment to and invasion of epithelial cells
(Inagaki et al., 2006). Moreover, our study demonstrated
that this invasion depends on protein phosphorylation and
cytoskeleton remodelling (Inagaki et al., 2006). Recently, we
demonstrated that the NanH sialidase expressed by T.
forsythia promotes bacterial invasion of oral epithelial cells
by hydrolysing cell-surface sialic acid residues (Honma
et al., 2011). These findings indicate that siliac acid residues
mask the epithelial cell epitopes involved in bacterial
interactions. Currently, specific receptors and intracellular
proteins involved in the entry of T. forsythia into epithelial
cells have not been identified. In this regard, pathogens are
known to usurp host cellular machinery for entry. A
majority of bacteria that invade non-phagocytic cells express
surface proteins that interact with cellular receptors to
initiate signalling cascades that result in membrane ‘zipper-
ing’ for entry (Cossart & Sansonetti, 2004; Veiga & Cossart,
2006). Alternatively, bacteria that possess a type III secretion
system directly inject protein effectors into the host cytosol,
avoiding initial intimate contact with the host cell. These
effectors trigger massive actin polymerization and the
formation of macropinocytic membrane extensions that

Abbreviations: Cav-1, caveolin-1; CLTC, clathrin heavy chain; EGF,
epidermal growth factor; HRP, horseradish peroxidase; LRR, leucine-rich
repeat; MbCD, methyl-b-cyclodextrin; MDC, monodansylcadaverine;
PI3K, phosphatidylinositol 3-kinase; qRT-PCR, quantitative real-time
RT-PCR; RNAi, RNA interference; siRNA, small interfering RNA.

A supplementary figure, showing that C3 toxin disrupts actin stress
fibres, is available with the online version of this paper.
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lead to bacterial internalization (‘trigger’ mechanisms)
(Cossart & Sansonetti, 2004; Veiga & Cossart, 2006). With
regard to T. forsythia, the genome sequence (available at
http://www.oralgen.lanl.gov) does not predict the presence
of a conventional type III secretion system in the bacterium.
The objective of our study was to better understand the
molecular mechanism of T. forsythia internalization by
identifying specific human host proteins that promote
bacterial entry.

METHODS

Chemicals. Genistein, wortmannin, LY294002, chlorpromazine,

methyl-b-cyclodextrin (MbCD), monodansylcadaverine (MDC) and

nystatin were purchased from Sigma. Cell-permeable C3 transferase

from Clostridium botulinum was bought from Cytoskeleton, and

EHT1864 was bought from Tocris Bioscience. Stock solutions of each

of these chemicals were made in manufacturer-recommended

diluents (water or methanol), and serial dilutions of the stock

solutions were made in Dulbecco’s modified Eagle’s medium

(DMEM).

Bacterial strains and culture conditions. Porphyromonas gingivalis

strain 381 was cultured in trypticase soy broth (BD) supplemented with

0.5 % yeast extract, 0.1 % L-cysteine, 5 mg haemin ml21 and 0.5 mg

vitamin K ml21. T. forsythia ATCC 43037 was cultured as described by

Honma et al. (2001). KB cells (CCL-17, ATCC) used as host cells for

invasion studies were maintained in DMEM (Invitrogen) supplemen-

ted with 10 % fetal bovine serum (Invitrogen). KB cells were originally

thought to be derived from an epidermal carcinoma of the mouth, but

have subsequently been found to have been established via HeLa cell

contamination. The OBA-9 cell line (a gift from D. Demuth, University

of Louisville, KY, USA) is a human gingival epithelial cell line

immortalized by simian virus transformation. OBA-9 cells were

maintained in keratinocyte basal medium KGM-2 supplemented with

epidermal growth factor (EGF), bovine pituitary extract, epinephrine,

transferrin, hydrocortisone and insulin, as per the manufacturer’s

recommendations (Lonza). Both cell lines were cultured at 37 uC under

5 % CO2.

Small interfering RNA (siRNA) transfection. KB cells were seeded

at 1.46104 cells per well in 48-well plates the day prior to

transfection. Caveolin-1 (Cav-1), clathrin heavy chain (CLTC),

CDC42, Rac1, RhoA and control siRNAs were purchased from

Dharmacon. Prior to transfection, we added 90 pmol siRNA with

1.5 ml Oligofectamine Reagent (Invitrogen) and Opti-MEM

(Invitrogen), followed by 20 min incubation at room temperature.

The KB cells were treated with Oligofectamine–siRNA complex and

incubated for 48 h at 37 uC under 5 % CO2.

Invasion assay. One day before the invasion assay, KB or OBA-9

cells were seeded at a density of 16105 cells per well in 48-well plates.

Overnight-grown monolayers were treated with inhibitors diluted in

plain DMEM for 30 min. T. forsythia cells were added at an m.o.i. of

200. The monolayers were incubated for 4 h, washed with DMEM for

KB cells or keratinocyte basal medium KGM-2 for OBA-9 cells, and

then treated with gentamicin (50 mg ml21) and metronidazole

(200 mg ml21) to kill extracellular bacteria. The monolayers were

washed gently with DMEM or KGM-2, and finally lysed with distilled

water to obtain intracellular bacteria for counting.

Quantitative real-time RT-PCR (qRT-PCR). All procedures were

according to the manufacturer’s protocol. RNA from transfected cells

was extracted with an RNeasy kit (Qiagen), followed by treatment

with DNase I (Qiagen) to remove residual DNA. cDNA was then

generated by using an iScript cDNA Synthesis kit (Bio-Rad).

Reactions were set up for qRT-PCR containing iQ SYBR Green

SuperMix (Bio-Rad). Expression ratios were calculated according to

the 2DDCT method for each transcript.

Western blotting. To assess phosphatidylinositol 3-kinase (PI3K)

activation, epithelial cells were grown in six-well culture plates to

approximately 80 % confluence. Cells were then incubated for up to

16 h in serum-free DMEM (for KB cells) or growth factor-free KGM-2

medium (for OBA-9 cells) before stimulating with either bacteria

(m.o.i. 100), BspA (10 mg ml21) or EGF (20 ng ml21) for 5, 15 and

30 min, or left untreated (0 min). The plates were immediately chilled

on ice, and cells were washed with cold PBS and harvested with cold cell

lysis buffer (50 mM Tris, pH 7.4, 0.25 % deoxycholic acid, 1 % Triton

X-100, 1 mM sodium orthovanadate, 1 mM sodium fluoride) contain-

ing 1 mM PMSF and protease inhibitor cocktail (Sigma). Lysates were

centrifuged at 13 000 g for 10 min, supernatants were collected, and

protein concentrations were determined by Pierce BCA Protein Assay

reagent (Thermo Scientific). Lysates were separated on 10 % denaturing

SDS polyacrylamide gels and electroblotted onto nitrocellulose

membranes. Membranes were processed for the detection of target

proteins by immunoblotting as per standard protocols. Akt phos-

phorylated at Ser 473 was detected using rabbit anti-phospho-Akt

antibody (Cell Signaling Technology), and total Akt was detected by

using rabbit anti-Akt antibody (Cell Signaling Technology). Goat anti-

rabbit horseradish peroxidase (HRP)-conjugated secondary antibody

and chemiluminescent membrane peroxidase substrate reagent (KPL)

were used for detection. Chemiluminescent bands were detected with a

Fuji LAS-1000 Plus imager.

The expression of caveolin-1 (Cav-1) and CLTC was detected by

rabbit anti-caveolin and mouse anti-CLTC antibody (BD). As

secondary antibodies, goat anti-rabbit HRP-conjugated and goat

anti-mouse HRP-conjugated antibodies were used. The protein bands

were visualized by the TMB Membrane Peroxidase Substrate System

C-3 (KPL).

Data analysis. Data were analysed with GraphPad Prism software

(GraphPad). Comparisons between groups were made using

Student’s t test (between two groups) or analysis of variance

(ANOVA; multiple group comparisons), as appropriate. Statistical

significance was defined as P,0.05.

RESULTS

Tyrosine kinase(s) and PI3K are involved in T.
forsythia invasion

We have previously shown that protein phosphorylation
and actin polymerization are required for T. forsythia entry
into epithelial cells (Inagaki et al., 2006). Here we
investigated the specific involvement of tyrosine kinases
and PI3Ks during T. forsythia entry by using specific
inhibitors. Genistein is an inhibitor of tyrosine kinase
(Akiyama et al., 1987), and wortmannin and LY294002 are
potent and specific inhibitors of PI3Ks (Arcaro & Wymann,
1993; Vlahos et al., 1994). LY294002 is a highly selective
inhibitor of PI3K, and does not inhibit other lipid and
protein kinases (Vlahos et al., 1994). PI3K activation by
phosphorylated tyrosine kinase receptors and/or adaptor
proteins signals to multiple downstream effectors such as
Akt to modify actin for bacterial invasion (Engelman et al.,
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2006; Ireton, 2007). We observed that the T. forsythia
invasion of both KB and OBA-9 cells was significantly
decreased by genistein treatment in a dose-dependent
manner (Fig. 1a), suggesting that T. forsythia invasion is
dependent on tyrosine kinase signalling. In addition,
wortmannin as well as LY294002 in a dose-dependent
manner decreased the efficiency of T. forsythia invasion into
KB or OBA-9 cells (Fig. 1b, c). However, the reason for the
reduced activity of these inhibitors in OBA-9 cells as
compared with KB cells is not known. It is likely that in
OBA-9 cells, other parallel pathways are functioning for T.
forsythia invasion. The results nevertheless demonstrated
that PI3K-dependent signalling contributes to T. forsythia
invasion. In addition, activation of PI3K was confirmed by
analysing for the phosphorylation of serine residue 473 in
Akt (a target downstream of PI3K activation) by Western
immunoblotting. The phosphorylation of Ser 473 is
associated with activation of the kinase activity. Moreover,
since invasion in epithelial cells has been shown to be
dependent on the BspA protein (Inagaki et al., 2006), we
determined whether the BspA protein could be involved in
PI3K activation. For this purpose cell lysates prepared from
KB or OBA-9 cells stimulated with T. forsythia, BspA or EGF
as a positive control were subjected to Western immuno-
blotting. The results indicated that the amount of phospho-
Akt in KB (Fig. 2a, b) as well as OBA-9 (Fig. 2c, d) cells
increased with time initially and then returned to basal levels
following challenge with T. forsythia. Markedly, a less robust
phospho-Akt increase in OBA-9 cells as compared with KB
cells in response to T. forsythia or BspA challenge was
observed (Fig. 2). We believe that this could be due to
differences in the baseline activity of PI3K between the two
cell types; as shown, in comparison with KB cells, OBA-9
cells presented higher baseline levels of phospho-Akt [Fig. 2,
(a) versus (c), 0 min lanes]. We predict that continued
activation of PI3K in OBA-9 cells due to the presence of
epidermal and other growth factors in the KGM-2 medium
is a likely cause.

We observed that phospho-Akt levels in epithelial cells
infected with the BspA-deficient mutant BFM571 were not
significantly different from those in wild-type T. forsythia-
infected cells (data not shown). We expected to observe
reduced phospho-Akt levels in mutant-induced epithelial
cells. A plausible explanation is that other bacterial
components involved in invasion might also contribute
to PI3K activation. Although the identity of these
components is currently unknown, an earlier study has
demonstrated that T. forsythia S-layer proteins also mediate
attachment to and invasion of KB epithelial cells (Sabet
et al., 2003). Interestingly, T. forsythia whole cells and their
components have been shown to activate the pattern
recognition receptor Toll-like receptor (TLR)2 (Hasebe
et al., 2004; Kikkert et al., 2007; Onishi et al., 2008), and
PI3K is also a downstream target of TLR2 activation. Thus,
the contribution of BspA in invasion and host cell
signalling in the context of the bacterial whole cell could
not be discerned in this study.

Rac1 GTPases are involved in T. forsythia invasion

Since Rho-family GTPases link outside signals to proteins
involved in cytoskeleton organization, we sought to reveal

Fig. 1. Invasion assay with (a) genistein-, (b) wortmannin- and (c)
LY249002-treated KB and OBA-9 cells. Values are expressed as
a percentage of the bacterial invasion of non-treated cells
(designated 100 %). Results are means and SDs of three
independent experiments each with triplicate measurements.
** and *** indicate P,0.01 and P,0.001, respectively, relative to
untreated cells.
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which of the GTPases was involved. We utilized an RNA
interference (RNAi) strategy to knockdown Rac1, Cdc42
and RhoA expression in KB cells. We confirmed the
knockdown efficiency by qRT-PCR, and routinely observed
80–85 % knockdown for each of the GTPase transcripts
(Fig. 3a). We observed that T. forsythia invasion efficiency
was decreased significantly in Rac1 knockdown cells as
compared with that in mock- or non-specific siRNA-
transfected cells (negative controls) (Fig. 3b); Cdc42 and
RhoA knockdown did not decrease T. forsythia invasion
efficiency significantly. The reasons for less than optimal,
but significant, inhibition of T. forsythia invasion by Rac1
siRNA could be incomplete depletion of Rac1 or the
presence of another isoform of Rac1 (Rac2) in these cells.
Alternatively, the existence of other pathways in addition to
a Rac-dependent pathway for invasion is quite likely. OBA-
9 cells could not be utilized for siRNA transfections, as we
noticed that transfection manipulations caused cells to
detach from the plates and become non-viable. The RNAi

results suggested that Rac1-dependent pathways are
responsible for T. forsythia invasion. To further confirm
the role of Rac1 in KB and OBA-9, a Rac1 inhibitor,
EHT1864 (Shutes et al., 2007), was utilized. EHT1864 is a
specific high-affinity inhibitor of Rac1 that causes loss of
bound nucleotide, inhibiting both guanine nucleotide
association and Tiam1 Rac guanine nucleotide exchange
factor-stimulated exchange factor activity in vitro.
EHT1864 therefore places Rac in an inert and inactive
state, preventing its engagement with downstream effectors
(Shutes et al., 2007). In addition, we also utilized a cell-
permeable form of C. botulinum C3 transferase toxin as a
potent and selective inhibitor of RhoA GTPase to confirm
the siRNA results. Both KB and OBA-9 cells were treated
with the inhibitors for 1 h, and before infection with T.
forsythia for the invasion assay. The results showed that T.
forsythia invasion was significantly decreased in EHT1864-
treated KB and OBA-9 cells (Fig. 4a). On the other hand, T.
forsythia invasion was not reduced in KB or OBA-9 cells

Fig. 2. Akt kinase activity in KB (a, b) and OBA-9 (c, d) cells following EGF, T. forsythia or BspA treatment. (a, c) Cell extracts
were analysed by Western blotting. Anti-Akt and anti-phospho-Akt antibodies were used as primary antibodies. (b, d)
Densitometric analyses of immunoblots in (a) and (c) showing expression levels of phospho-Akt after various treatments relative
to those of non-treated cells. Total Akt levels were used for normalization. Data were analysed with NIH ImageJ software. The
tables below the bar graphs show fold changes observed for representative blots and two other independent replicates.
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following treatment with C3 toxin (Fig. 4b). The activity of
C3 toxin in inhibiting the cytoskeleton was confirmed by
observing for the disappearance of stress-fibre formation in
cells (Supplementary Fig. S1). These results demonstrated
that RhoA GTPase is not responsible for T. forsythia
invasion of epithelial cells.

T. forsythia invasion requires cholesterol-rich
lipid-raft domains

The entry of many pathogens into host cells involves
cholesterol- and sphingolipid-rich membrane microdo-
mains or lipid rafts (Goluszko & Nowicki, 2005; van der
Goot & Harder, 2001; Zaas et al., 2005). Cholesterol
maintains the membrane integrity and is preferentially

confined to lipid rafts (Goluszko & Nowicki, 2005). The
lipid-raft domains allow receptor clustering and are rich in
signalling molecules, and thus are involved in receptor
signalling. Moreover, lipid rafts have been implicated in
pathogen recognition and invasion. To determine whether
cholesterol-enriched lipid-raft domains were involved in T.
forsythia entry, we treated epithelial cells with the choles-
terol-depleting agents MbCD and nystatin. Our results
showed that pretreatment of KB and OBA-9 cells with
MbCD significantly reduced the invasion of T. forsythia in a
dose-dependent manner (Fig. 5a). Invasion by P. gingivalis
was also significantly reduced in KB cells pretreated with
MbCD (Fig. 5a). P. gingivalis has been shown to utilize lipid
rafts for invasion (Tamai et al., 2005), and was thus used as a
positive control. Since MbCD has also been shown to have
pleitropic effects on other membrane processes, such as
blocking clathrin-mediated endocytosis (Rodal et al., 1999;
Subtil et al., 1999), we confirmed the involvement of
cholesterol in T. forsythia entry by utilizing low dosages of

Fig. 3. (a) Relative expression of RhoA, Rac1 and Cdc42,
assessed by qRT-PCR. The values were normalized with respect
to GAPDH expression. The expression of each gene in non-treated
KB cells was designated 100 %. (b) Invasion efficiency of Rac1,
Cdc42 and RhoA knockdown KB cells. The number of bacteria
that invaded non-treated KB cells was designated 100 %. Non-
specific indicates KB cells treated with negative control RNAi.
Results are means and SDs of three independent experiments each
with triplicate measurements. The asterisk indicates a statistically
significant difference relative to untreated cells.

Fig. 4. Invasion assay with (a) EHT1864- and (b) C3 transferase-
treated KB and OBA-9 cells. Values are expressed as a
percentage of bacterial invasion of non-treated KB cells (desig-
nated 100 %). Error bars, SD. Asterisks indicate statistically
significant differences relative to untreated cells (*, P,0.05;
***, P,0.001).
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nystatin. Nystatin is a sterol-binding reagent that removes
cholesterol from the plasma membrane but does not affect
clathrin-coated pits, actin cables or other submembranous
structures (Rothberg et al., 1992). As shown in Fig. 5(b),
pretreatment of KB as well as OBA-9 cells with a low
concentration of nystatin reduced T. forsythia invasion
significantly as compared with non-treated cells. Invasion by
P. gingivalis, which requires lipid rafts (Furuta et al., 2009),
was likewise blocked in KB cells following nystatin
pretreatment (Fig. 5b). These results are consistent with
the notion that the cholesterol in lipid rafts is required for
internalization of T. forsythia.

Lipid rafts are involved in the formation of specialized
flask-shaped structures called caveolae that possess a
versatile endocytic capacity for bacteria and viruses and
even large parasites (Duncan et al., 2002; van der Goot &

Harder, 2001). To further confirm the role of caveolae in T.
forsythia entry we utilized RNAi-treated Cav-1-deficient
KB cells. Cav-1, encoded by the cav1 gene, is a cholesterol-
binding membrane protein and is the major protein of
caveolae (Parton & Simons, 2007). The expression of Cav-1
based on transcript and protein levels was more than 80 %
reduced in specfic RNAi-treated cells compared with either
mock- or non-specific RNAi-treated cells (Fig. 5c). The
invasion efficiency of T. forsythia in Cav-1 knockdown cells
indicated no significant difference from cells expressing
normal levels of Cav-1 (Fig. 5d). However, as expected
(Tamai et al., 2005), the invasion efficiency of P. gingivalis
used as a positive control decreased following Cav-1
knockdown (Fig. 5d). Our data demonstrated that caveolae
do not mediate invasion of T. forsythia in epithelial cells.
The results also indicate that T. forsythia entry is mediated
via lipid rafts lacking caveolae.

Fig. 5. T. forsythia invasion assay with (a) MbCD- and (b) nystatin-treated KB and OBA-9 cells. The number of bacteria that
invaded non-treated KB cells was designated 100 %. Results are means and SEMs of three independent experiments each with
triplicate measurements. Asterisks indicate statistically significant differences relative to untreated cells (*, P,0.05; **, P,0.01;
***, P,0.001). (c) Relative expression of Cav-1 was assessed by qRT-PCR and Western immunoblotting. For qRT-PCR, the
values were normalized with respect to b-actin expression. The Cav-1 expression of non-treated KB cells was designated
100 %. (d) T. forsythia and P. gingivalis invasion efficiency in Cav-1 knockdown KB cells. The number of bacteria that invaded
non-treated KB cells was designated 100 %. Results are means and SEMs of three independent experiments each with triplicate
measurements. *, P,0.05 relative to untreated cells.
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T. forsythia requires the clathrin-mediated
endocytic pathway for entry

Since recent studies have demonstrated that some bacteria
utilize clathrin-dependent entry as a general pathway for
invasion of host cells (Veiga et al., 2007), we sought to
determine whether that was also the case for T. forsythia. To
reveal the involvement of clathrin-coated vesicle transporta-
tion during invasion by T. forsythia, we used RNAi to
knockdown clathrin expression in cells. In addition, we
utilized the clathrin inhibitors MDC and chlorpromazine to
block clathrin function in epithelial cells prior to T. forsythia
infection. MDC (Schlegel et al., 1982) and chlorpromazine
(Wang et al., 1993) block receptor-mediated endocytosis via
clathrin-coated pits. Clathrin forms a triskelion shape which
is composed of three CLTCs and three light chains. We used
siRNA to target CLTC, and calculated the invasion efficiency
of T. forsythia. The efficiency of CLTC gene expression

measured by qRT-PCR as well as protein levels measured by
Western immunoblotting indicated a more than 80 %
reduction in cells treated with clathrin-specific siRNA
compared with that in non-treated or non-specific siRNA-
treated cells (Fig. 6a). Furthermore, the clathrin knockdown
was assessed by determining the invasion efficiency of
fluorescently labelled transferrin, which utilizes clathrin-
coated pits after binding to its receptor. The results
confirmed that clathrin knockdown significantly reduced
transferrin uptake by KB cells in comparison with KB cells
expressing normal levels of clathrin (data not shown). Under
similar conditions of clathrin knockdown, the invasion
efficiency of T. forsythia was significantly reduced (Fig. 6b).
We were not able to completely block clathrin-mediated
invasion by T. forsythia with clathrin RNAi. This is likely due
to incomplete blocking of clathrin expression in cells by the
RNAi approach. The RNAi results were corroborated with
the inhibitors MDC and chlorpromazine, both of which

Fig. 6. (a) Relative expression of CLTC assessed by qRT-PCR and Western immunoblotting. For qRT-PCR, values were
normalized with respect to b-actin expression. The CLTC expression of non-treated KB cells was designated 100 %
(***, P,0.001). (b) T. forsythia infection efficiency in CLTC knockdown KB cells. The number of bacteria that invaded non-
treated KB cells was designated 100 %. Results are means and SEMs of three independent experiments each with triplicate
measurements. Asterisks indicate statistically significant differences relative to untreated cells (**, P,0.01). (c, d) T. forsythia

invasion assay with MDC- and chloropromazine-treated KB and OBA-9 cells. The number of bacteria that invaded non-treated
KB or OBA-9 cells was designated 100 %. Results are means and SDs of three independent experiments each with triplicate
measurements. Asterisks indicate statistically significant differences relative to untreated cells (**, P,0.01; ***, P,0.001).
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dose-dependently inhibited T. forsythia invasion of KB as
well as OBA-9 cells (Fig. 6c, d).

DISCUSSION

The data presented in this study show that signal transduc-
tion involving activation of host PI3K, Akt and the Rho
GTPase Rac1 is involved in T. forsythia entry into epithelial
cells. In addition, the results show that T. forsythia BspA
protein activates PI3K. Our study also reveals an important
role for the endocytic protein clathrin in bacterial uptake.
Finally, while lipid rafts are involved in invasion, lipid raft-
associated caveolae containing Cav-1 protein are not
involved in the entry process.

While we demonstrated roles for PI3K and Rac1-dependent
signalling during T. forsythia invasion, our studies also
indicated that other signalling pathways might be involved.
Moreover, the pathways might be host cell-specific. This
notion is based on the fact that inhibiting PI3K activity was less
effective in blocking the invasion of T. forsythia in oral
epithelial OBA-9 cells compared with cervical epithelial KB
cells. Likewise, Rac1 knockdown was only partially, though
significantly, effective in blocking bacterial invasion in KB cells.
With regard to PI3K activation by whole cells and BspA
protein, PI3K-mediated signalling has been implicated in the
invasion of many bacteria, such as Yersinia, Pseudomonas
aeruginosa and Listeria (Ireton et al., 1996; Kannan et al., 2008;
Kierbel et al., 2005; Schulte et al., 1998). PI3K activation
controls the levels of the lipid messengers phosphatidylinositol
3,4,5-trisphosphate and phosphatidylinositol 3,4-bisphosphate,
which in turn can regulate the activity of downstream effec-
tors (GTPase-activating proteins and guanine nucleotide
exchange factors) involved in activation of Rho GTPase
(Vanhaesebroeck et al., 2010). Activated Rho GTPases then
recruit downstream effectors such as Arp2/3 and WAVE/
WASP complexes, which in turn promote actin polymeriza-
tion (Ridley, 2006). Actin polymerization mediated by Rho
GTPases plays critical roles in many cellular events, including
cell–cell and cell–substrate adhesion, cell motility, and the
uptake of foreign particles via phagocytosis. Since actin
polymerization is also critical for T. forsythia entry into
epithelial cells (Inagaki et al., 2006), it is reasonable to speculate
that PI3K–Rac1 activation would induce actin cytoskeletal
changes by recruiting Arp2/3 and WAVE/WASP during entry.
We plan to test this possibility in our future studies.

It is not known at the moment to which epithelial receptor
BspA binds and how that leads to PI3K and Rac1 activation
to cause T. forsythia invasion. The predicted structure of
the BspA protein indicates that the protein contains LRR
and bacterial immunoglobulin-like domains (Big_2)
(Sharma, 2010). These domains have been implicated in
protein–protein interactions and thus may be involved in
receptor binding. In case of Listeria monocytogenes, two
different LRRs containing internalin proteins InlA and InlB
bind distinctly different receptors to trigger cellular
signalling and cause bacterial entry (Dokainish et al.,

2007; Mostowy et al., 2009), and in Prevotella intermedia,
the LRR protein AdpC has recently been shown to mediate
invasion in a cell-type-specific manner (Iyer et al., 2010).

The ability of the cholesterol-sequestering agents MbCD and
nystatin to inhibit T. forsythia invasion suggests that
membrane lipid rafts are involved in entry. Lipid rafts are
membrane microdomains highly enriched in cholesterol,
sphingolipids, glycolipids and glycosylphosphatidylinositol-
anchored receptors. Some, but not all, lipid rafts contain
Cav-1 protein (Brown & London, 2000). Mechanis-
tically, membrane receptors cluster in lipid-raft domains
following micro-organism engagement (Mañes et al., 2003;
Riethmüller et al., 2006). The clustering of these receptors
triggers sorting signals for selective endocytosis through
GTPase-regulated actin polymerization (Lafont et al., 2004).
For example, in the case of L. monocytogenes, depletion of
cholesterol before infection with InlA-expressing Listeria or
before incubation with InlA-coated microbeads reduces
clustering of E-cadherin and affects the initial adhesion to
eukaryotic cells (Seveau et al., 2004). Since the BspA receptor
has not been identified, currently it is difficult to predict
whether receptor clustering would be a prerequisite for entry.

Recent studies have provided evidence for the clathrin-
based entry of a number of pathogens (Cossart &
Sansonetti, 2004; Veiga & Cossart, 2006; Veiga et al.,
2007). This is in contrast to the previously imputed role for
clathrin in the internalization or ‘endocytosis’ of smaller
molecular cargo in the range of 30–150 nm (Ehrlich et al.,
2004). Our findings that reveal both lipid raft- and
clathrin-dependent entry of T. forsythia are intriguing. To
our knowledge, clathrin-based (unlike caveolin-based)
endocytosis is independent of lipid rafts. Therefore, it is
plausible that the lipid raft- and clathrin-mediated path-
ways are independent and play functionally redundant
roles in T. forsythia entry. Alternatively, the possibility also
exists that rafts and clathrin are both required for signal
transduction related to bacterial entry. This is very likely in
relation to rafts, as they do play roles in signal transduction
(Golub et al., 2004). In fact, rafts have been shown to be
required for Rac activation for L. monocytogenes entry
(Seveau et al., 2007). A similar scenario for clathrin, though
less documented, is not improbable. Recent evidence has
indicated that clathrin scaffolds play roles in localization
and/or the activities of protein and lipid kinases
(Mangmool et al., 2006).

In summary, our results illustrate for the first time the key
signalling events of T. forsythia invasion into epithelial cells.
We show that the bacterial entry process is dependent on the
cooperation and activation of the Rho-family GTPase Rac1
and PI3K. Furthermore, the entry process requires lipid-raft
microdomains and the endocytic protein clathrin.
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