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Cytotoxic necrotizing factor 1 (CNF1) is a protein toxin produced by some pathogenic strains of Escherichia coli that
specifically activates Rho, Rac, and Cdc42 GTPases. We previously reported that this toxin prevents the ultraviolet-B—
induced apoptosis in epithelial cells, with a mechanism that remained to be defined. In this work, we show that the
proteasomal degradation of the Rho GTPase is necessary to achieve cell death protection, because inhibition of Rho
degradation abolishes the prosurvival activity of CNF1. We hypothesize that Rho inactivation allows the activity of Rac
to become dominant. This in turn leads to stimulation of the phosphoinositide 3-kinase/Akt/IxB kinase/nuclear factor-«B
prosurvival pathway and to a remarkable modification in the architecture of the mitochondrial network, mainly consisting
in the appearance of elongated and interconnected mitochondria. Importantly, we found that Bcl-2 silencing reduces the
ability of CNF1 to protect cells against apoptosis and that it also prevents the CNF1-induced mitochondrial changes. It is
worth noting that the ability of a bacterial toxin to induce such a remodeling of the mitochondrial network is herein

reported for the first time. The possible pathophysiological relevance of this finding is discussed.

INTRODUCTION

Today, it is largely acknowledged that apoptosis, besides
being an evolutionary conserved form of cell death that
plays a pivotal role during development, morphogenesis,
and cell homeostasis, is also critically implied in a constantly
growing number of diseases (Fadeel and Orrenius, 2005). In
fact, apoptosis can be regarded as a widespread strategy
exploited by pathogenic bacteria to favor their own survival
or spreading in the host (Fiorentini et al., 2003), often by
producing protein toxins that mediate their long-range
cross-talk with host cells. In this context, we have previously
reported the ability of a protein toxin from Escherichia coli,
namely the cytotoxic necrotizing factor 1 (CNF1), to prevent
the ultraviolet-B (UVB)-induced apoptosis and to increase the
expression of antiapoptotic Bcl-2 family proteins (Fiorentini
et al., 1998). The precise mechanism by which CNF1 allows
cells to survive, however, is not yet defined.
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CNF1 is a protein toxin produced by some pathogenic
strains of E. coli mainly involved in extraintestinal infections
(Landraud et al., 2000). In eukaryotic cells, CNF1 binds to its
receptor, reported to be the receptor of laminin (Kim et al.,
2005), and it is endocytosed and released into the cytoplasm
by an acidic-dependent mechanism (Contamin et al., 2000).
Once in the cytoplasm, CNF1 exerts its enzymatic activity
that is represented by deamidation of a pivotal glutamine
residue of the guanosine triphosphate (GTP)-binding pro-
teins Rho, Rac, and Cdc42 (glutamine 63 of Rho or glutamine
61 of Rac and Cdc42), giving rise to a glutamic acid (Flatau
et al., 1997; Schmidt et al., 1997; Lerm et al., 1999). The
glutamine residue modified by CNF1 lies in the switch 2
domain of Rho proteins, which is involved in GTP hydroly-
sis; thus, the modification exerted by CNF1 blocks the Rho
GTPases in their GTP-bound activated state. Very high lev-
els of activated Rho GTPases are recognized by cells that
ubiquitinate and degrade them to more physiological levels
(Doye et al., 2002). Although Rho, Rac and Cdc42 are mainly
involved in the actin cytoskeleton organization (Hall, 1998),
it is known that these proteins are also involved in a huge
number of other cellular processes, such as gene transcrip-
tion, cell proliferation, and survival. Thus, the consequence
of CNF1-induced Rho activation is the induction of a num-
ber of actin-dependent phenomena, such as contractility, cell
spreading (Fiorentini et al., 1988), assembly of focal adhesion
plaques (Lacerda et al., 1997), and the induction of macropi-
nocytosis (Falzano et al., 1993; Fiorentini ef al., 2001), as well
as the stimulation of new activities in cells, including the
ability to counteract apoptosis (Fiorentini et al., 1998).

It is well known that, among the several molecules im-
plied in the regulation of apoptotic cell death, an important
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role is played by the transcription factor nuclear factor-«xB
(NF-«kB), whose activation has been reported to protect from
various apoptotic stimuli in different cellular systems (for
review, see Shishodia and Aggarwal, 2002). In this context,
we recently demonstrated the ability of CNF1 to induce the
activation of NF-«B (Boyer ef al., 2004), highlighting a pos-
sible involvement of this transcription factor in the toxin-
induced cell survival. NF-«kB consists of five members that
exist as both homo- and heterodimers, the best characterized
form being a heterodimer composed of p50 and p65 subunits
(for review, see Ghosh et al., 1998; Hayden and Ghosh, 2004).
This heterodimer is sequestered in the cytoplasm by associ-
ation with the inhibitory subunit IkBa (Beg et al., 1992).
Signals leading to NF-«kB activation trigger IkBa phosphor-
ylation at two specific serine residues, allowing IkBa polyu-
biquitination and subsequent proteolytic degradation by the
26S proteasome. Thus, freed NF-«B is translocated into the
nucleus for gene transactivation (Baldwin, 1996). Regarding
CNF1, we have reported previously that activation of Rac
and NF-«B by CNF1 is strictly linked via the recruitment of
Rac, IkBa, and the Skp, Cullin, F-box—containing complex
(responsible for the ubiquitination process) to the ruffling
membranes (Boyer ef al., 2004).

We undertook this study to analyze the molecular mech-
anism underlying the CNF1-induced protection from apo-
ptosis. In the present article, we provide evidence that the
antiapoptotic property of the toxin is dependent on the
Rac-induced activation of the phosphoinositide 3-kinase
(PI3K)/Akt/IKK/NF-«B prosurvival pathway and that it
also relies on the Bcl-2-dependent remodeling of the mito-
chondrial network. Notably, the capacity of a bacterial toxin
to promote the formation of a complex system of elongated
and interconnected mitochondria is a hitherto uncharted
novelty in the bacterial world.

MATERIALS AND METHODS

Cell Cultures, Treatments, and Inhibitors

Human epithelial HEp-2 cells were grown in minimal Eagle’s medium sup-
plemented with 10% fetal calf serum (Flow Laboratories, Rockville, MD), 5
mM L-glutamine, 100 U/ml penicillin, and 100 pg/ml streptomycin.

CNF1 was obtained from the 392 ISS strain (kindly provided by V. Falbo,
Department of Cell Biology and Neuroscience, Istituto Superiore di Sanita,
Rome, Italy), and it was purified as described previously (Falzano et al., 1993).
The plasmid coding for a nontoxic mutant of CNF1 that completely lacks the
enzymatic activity (C866S) (Schmidt et al., 1998), was kindly provided by E.
Lemichez (INSERM U627, Nice, France), and it was prepared as described
previously (Flatau et al., 1997).

In all experiments, cells were seeded at a density of 2 X 10* cells/cm?, and
24 h after the seeding, cells were exposed for 1,2, 4, 6,12, 18, and 24 h to 10~ 1°
M CNF1 or to 10~19 M CNF1 C866S.

UVB Exposure. Control and treated HEp-2 cells were exposed to UVB irra-
diation in phosphate-buffered saline (PBS) by using a Philips TL 20 W/12
lamp as described previously (Malorni et al., 1995). Plastic Petri dishes con-
taining cells were placed without covers at the vertical distance of 10 cm from
the center of the tube of UVB. To eliminate UVC radiation, a Kodak filter
(Kodacell TL 401) was placed on the Petri dishes during exposure. In these
conditions, the UVB radiant flux density to the cells was 2.2 Wm ™2, as verified
by an Osram Centra UV meter. All the results reported herein were referred
to cells still adhering to the substrate analyzed 24 h after UVB exposure.

Inhibitors. For PI3K, IKK, and proteasome inhibition, cells were pre-incu-
bated for 30 min with 100 ng/ml wortmannin (Alexis Biochemicals, San
Diego, CA), 30 uM prostaglandin A1 (PGA1) (BioMol, San Diego, CA), and
2.5 uM lactacystin (BIOMOL Research Laboratories, Plymouth Meeting, PA),
respectively, before being challenged with CNF1.

Transfection of HEp-2 Cells

Control and treated HEp-2 cells were transfected with 1 ug/35-mm Petri dish
of plasmid DNA encoding myc-tagged dominant-positive form of the Rho
GTPase (RhoV14) or DsRed-Mitochondria (Clontech, Palo Alto, CA), a plas-
mid DNA encoding DsRed-tagged protein that specifically recognizes and
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binds mitochondria. Lipofectamine (Invitrogen, Carlsbad, CA) was used to
transfect cells according to the manufacturer’s instructions. Eighteen hours
after transfection, cells were exposed to CNF1 for 24 h. Efficiency of transfec-
tion was 30%.

To silence Racl, Bcl-2, and Bcl-X; proteins, cells were transfected with
specific small interfering RNAs (siRNAs) synthesized by M-Medical-Genenco
(Florence, Italy). The following oligonucleotides were used: 5-GGA GAU
UGG UGC UGU AAA ATT-3' or 5'-CCU UUG UAC GCU UUG CUC ATT-3’
(for Rac); 5'-AAC AUC GCC CUG UGG AUG ACU-3’ or 5'-CAG GAC CUC
GCC GCU GCA GTT-3’ (for Bcl-2); and 5'-GGA GAU GCA GGU AUU GGU
GTT-3' (for Bcl-X} ). Lipofectamine was used to transfect cells according to the
manufacturer’s instructions, and 36 h after silencing, cells were exposed to
CNF1 for 24 h. To verify the actual occurrence of target protein silencing, cells
were lysed and subjected to Western blot analysis, as described below.

Immunofluorescence and Confocal Microscopy

Control and CNFl1-treated HEp-2 cells were processed as follows. For p65
immunostaining, cells were fixed in acetone/methanol (1:1, vol/vol) for 10
min at room temperature and air-dried. After 1 h of preincubation with PBS
containing 10% of AB human serum, cells were incubated with an anti-p65
antibody (diluted 1:50; Santa Cruz Biotechnology, CA) for 1 h at room
temperature. After three washing in PBS, cells were incubated for 1 h at room
temperature with fluorescein isothiocyanate (FITC)-labeled anti-rabbit anti-
body. For apoptosis detection, cells were fixed in 3.7% paraformaldehyde and
stained with Hoechst 33258 (Sigma-Aldrich, St. Louis, MO) as described
previously (Fiorentini et al., 2001). Cells were mounted on glass coverslips and
analyzed with an Olympus BX51 fluorescence microscope. For mitochondria
immunostaining, cells were fixed in 3.7% paraformaldehyde in PBS for 30 min
at room temperature, and then they were permeabilized with 0.5% Triton
X-100 in PBS for 10 min at room temperature. After washing in the same
buffer, samples were incubated with an anti-mitochondria antibody (diluted
1:1000; BD Biosciences Transduction Laboratories, Lexington, KY) for 1 h at
room temperature. After three washing in PBS, cells were incubated for 1 h at
room temperature with a tetramethylrhodamine B isothiocyanate-labeled
anti-mouse antibody. Cells transfected with DsRed-Mitochondria were fixed
in 3.7% paraformaldehyde. Both cells immunostained with anti-mitochondria
and transfected with DsRed-Mitochondria were analyzed with a Leica TCS
SP2 spectral confocal microscope (Leica Microsystems, Wetzlar, Germany)
equipped with Argon-HeliumNeon (Ar-HeNe) lasers. Images represent or-
thogonal maximum projection of a series of optical sections, obtained by
calculating maximum intensity values. The excitation and emission wave-
lengths were 550 and 570 nm, respectively. Fluorescence emissions were
collected after passage through a DD488/543 filter in a detection bandwidth
of 555-620 nm. Images were processed by using the LCS (Leica Microsys-
tems) software program.

Reverse Transcription-Polymerase Chain Reaction
(RT-PCR)

Total cellular RNA was extracted using the RNeasy kit (QIAGEN, Hilden,
Germany). RNA was reverse transcribed into cDNA and amplified by PCR by
using the Access RT-PCR System (Promega, Madison, WI) according to the
manufacturer’s instructions. Glyceraldehyde-3-phosphate dehydrogenase
(GAPDH), Bcl-2, and Bcl-X;_ set of primers were synthesized by M-Medical-
Genenco. The following couples of primers were used: Bcl-2: sense 5'-GCG
TCA ACC GGG AGA TGT CGC CC-3’, antisense 5'-TTT CTT AAA CAG CCT
GCA GCT TTG-3'; Bel-X; : sense 5'-AGA GAA GGG GGT GGG AGG GTA-3',
antisense 5'-ATT GGT GAG TCG GAT CGC AGC-3'; and GAPDH: sense
5'-GTC TTC ACC ATG GAG AAG GTC-3', antisense 5'-CAT GCC AGT GAG
CTT CCC GTT CA-3'. To exclude false positive results due to contamination,
in all experiments a control RT-PCR without RNA was conducted. For den-
sitometry analysis, the reaction products were electrophoresed through a
1.8% agarose gel (Bio-Rad, Hercules, CA), and ethidium bromide-stained gels,
scanned using the Imaging Densitometer GS-700 (Bio-Rad), were quantified
by means of MultiAnalist software (Bio-Rad). The levels of mRNA were
normalized to GAPDH mRNA levels.

Protein Extraction and Western Blot

Cells were lysed in boiled sample buffer 1X (50 mM Tris-HCI, pH 6.8, 2% SDS,
10% glycerol, and 100 mM dithiothreitol). Twenty-five micrograms of total
protein extracts were resolved on 10 or 12% SDS-polyacrylamide gel electro-
phoresis (PAGE) and electrically transferred onto polyvinylidene difluoride
membranes (Bio-Rad). Membranes were blocked with Tris-buffered saline-
Tween 20 (TBS-T) (20 mM Tris-HCI, pH 7.4, 150 mM NaCl, and 0.02% Tween
20) containing 5% skimmed milk (Bio-Rad) for 30 min at room temperature,
and then they were incubated overnight at 4°C with primary antibodies
diluted in TBS-T containing 2% milk. The following primary antibodies were
used: mouse monoclonal anti-Rac1 (1:3500; BD Biosciences Transduction Lab-
oratories), rabbit polyclonal anti-Bcl-X; (1:500; Santa Cruz Biotechnology,
CA), mouse monoclonal anti-Bcl-2 (1:200; Santa Cruz Biotechnology, CA) and
mouse monoclonal anti-a-tubulin (1:10,000; Sigma-Aldrich).

Molecular Biology of the Cell
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After extensive washing in TBS-T, immunocomplexes were detected with
horseradish peroxidase-conjugated species-specific secondary antibodies
(Jackson Laboratory, Bar Harbor, ME) followed by enhanced chemilumines-
cence reaction (Pierce Chemical, Rockford, IL).

Activated Rho GTPases Pull-Down and Akt Kinase Assay

Pull-down assays were performed as described previously (Travaglione et al.,
2005). Cells were lysed in 1) 50 mM HEPES, pH 7.4, 0.5% sodium deoxy-
cholate, 1% NP-40, 0.1% SDS, 0.5 M NaCl, and 10 mM MgCl,, plus protease
inhibitors (to detect Rho-GTP) or 2) 50 mM HEPES, pH 7.4, 0.1 M NaCl, 10
mM MgCl,, 5% glycerol, 1% NP-40, and 10 mM NaF, plus protease inhibitors
(to detect Rac/Cdc42-GTP). The cleared lysates were incubated with 80 ug of
glutathione S-transferase (GST)-Rhotekin (for Rho; Cytoskeleton, Denver,
CO) and GST-PAK-CD (for Rac/Cdc42, prepared as described previously;
Travaglione ef al., 2005) fusion proteins, bound to glutathione-coupled Sepha-
rose beads (GE Healthcare, Little Chalfont, Buckinghamshire, United King-
dom) for 40 min at 4°C. Beads were washed three times in 1) 50 mM HEPES,
pH 7.4, 0.5% sodium deoxycholate, 1% NP-40, 0.1% SDS, 0.25 M NaCl, 5 mM
MgCl,, plus protease inhibitors (for Rho) or 2) 50 mM HEPES, pH 7.4, 0.1 M
NaCl, 10 mM MgCl,, 5% glycerol, 0.5% NP-40, and 10 mM NaF, plus protease
inhibitors (for Rac/Cdc42). The bound proteins were eluted in sample buffer
before being subjected to SDS-PAGE and immunoblotting with the following
specific antibodies: mouse monoclonal anti-RhoA (1:500; Cytoskeleton),
mouse monoclonal anti-Rac1 (1:3500; BD Biosciences Transduction Laborato-
ries), and mouse monoclonal anti-Cdc42 (Santa Cruz Biotechnology, CA).
Whole-cell lysates (2% of input) were analyzed in parallel. Autoradiographs,
scanned using the Imaging Densitometer GS-700 (Bio-Rad), were quantified
by means of MultiAnalist software and normalized as a function of the total
proteins loaded in the assay.

The Akt kinase assay was performed by using the nonradioactive kit
purchased by Cell Signaling Technology (Danvers, MA) and following the
manufacturer’s instructions. Briefly, cells were lysed and centrifuged for 10
min at 4°C. Akt was immunoprecipitated by adding 20 ul of anti-Akt anti-
body bead slurry to 200 ul of cell lysates. After overnight at 4°C, bound Akt
was pelleted and incubated with 1 pg of glycogen synthase kinase 3 (GSK-3)
fusion protein together with 10 mM ATP for 30 min at 30°C. The reaction was
terminated by adding 25 ul of 3X sample buffer, and samples were boiled for
5 min at 95°C. Proteins were resolved on SDS-PAGE and immunoblotted with
a specific anti-phospho-GSK-3 «/ B (Cell Signaling Technology).

Statistical Analysis

The values reported in graphs are the means = SD from three separate
experiments performed in duplicate. Student’s ¢ test was used for analysis
of statistical significance. A p value <0.05 was considered significant.
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RESULTS

The Ability of CNF1 to Protect HEp-2 Cells from
UVB-induced Apoptosis Requires the Inactivation
of Rho Protein

CNF1 activates Rho GTPases in all cell systems where its
effects have been studied, but the timing and level of acti-
vation of distinct members of Rho family differ depending
on the cell type (Doye et al., 2002; Boyer et al., 2006). Hence,
to investigate the role played by these proteins in the ability
of cells to survive UVB radiation, we monitored the activa-
tion state of Rho, Rac, and Cdc42 in HEp-2 cells. For this
purpose, cells were treated with CNF1 for different time
lengths, and, at each time point, the active forms of GTP-
bound Rho, Racl, and Cdc42 GTPases were detected by
pull-down assays (see Materials and Methods). In accordance
with the work by Doye et al. (2002) and Boyer et al. (2006),
the results obtained clearly evidenced that CNF1 induced a
sustained activation of Racl (Figure 1, A and B), this GTPase
being active at least until 24 h of toxin challenge. By contrast,
Rho (Figure 1, C and D) and Cdc42 (data not shown) pro-
teins were activated by CNF1 in a transient manner. Indeed,
the immunoblot reported in Figure 1C shows that the active
form of Rho, virtually absent in control cells, significantly
increased after 2 h of toxin exposure, reached a maximum at
4 h, and then dramatically decreased and disappeared after
12 h of treatment (Figure 1, C and D).

Thus, we wondered whether the disappearance of Rho-
GTP that we observed (Figure 1, C and D) could be some-
how necessary to achieve an efficient protection from apo-
ptosis by CNF1. To verify this hypothesis, we transfected
cells with the constitutively active form of the protein RhoA
V14. Twenty-four hours after transfection, cells were treated
with CNF1 for further 24 h, exposed to UVB radiation, and
then stained with the nuclear dye Hoechst 33258 to evaluate,
by fluorescence microscopy, the percentage of apoptotic nu-
clei. Figure 2A clearly shows that, when cells were trans-
fected with the constitutively active form RhoA V14 before
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CNF1 exposure, the toxin was not able to exert its protective
effect against UVB-induced apoptosis, the number of apo-
ptotic nuclei being similar to that of control cells. Because
activated RhoA is degraded via the proteasome (Doye et al.,
2006; Boyer ef al., 2006), to further confirm the need of Rho
deactivation for protection from apoptosis, we pretreated
HEp-2 cells for 30 min with 2.5 uM proteasome inhibitor
lactacystin, and then we added CNF1 for 24 h before UVB
irradiation. As shown in Figure 2B, pretreatment with lac-
tacystin abolished the protective effect of CNF1.

The degradation of RhoA may possibly render Racl the
predominant form of activated Rho GTPases, suggesting a
pivotal role for Racl in the protection from apoptosis. To
verify this hypothesis, cells were transfected with siRNA to
deplete endogenous Racl, treated with CNF1, and finally
exposed to UVB. We found that in HEp-2 cells depleted for
Racl, CNF1 was not able to protect from UVB-induced
apoptosis (Figure 2C). We obtained the same results also by
using a second siRNA with a different target sequence in the
Racl gene (data not shown; this siRNA sequence is reported
in Materials and Methods), whereas a negative siRNA, lacking
the specific sequence that recognizes Racl mRNA, failed in
counteracting the CNF1-induced protection against apopto-
sis. Taken together, these results indicate the presence of
Racl-GTP as well as inactivation of RhoA as critical events
for the capacity of CNF1 to promote cell survival.

Involvement of the PI3K/Akt/IKK/NF-kB Pathway in the

CNF1-induced Protection against UVB-induced Apoptosis

It is worth noting that the ability of lactacystin to impair the
CNFl-induced effects on cell death could be explained by
two different, but probably overlapping, mechanisms: 1) the
impairment of Rho-GTP degradation, which, in turn, pre-
vents the consequent Rac-GTP prevalence, and 2) the inhi-
bition of IkBa degradation and thus of NF-«B activation.
Despite the demonstration that CNF1 stimulates the trans-
activation of NF-«B in a Rac-dependent way (Boyer et al.,
2004), it is still unproved whether NF-«B could play a role in
the CNF1-promoted protection against apoptotic stimuli.
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Silencing of Racl, confirmed by Western blot (C,
right), counteracts the CNF1-induced protection
against UVB-induced apoptosis.

We have thus dissected one of the pathways that lead to the
activation of this transcription factor and that could be in-
volved in the CNF1-dependent cell survival, particularly the
PI3K/Akt pathway that is known to be activated by Rac
(Chan et al., 2002). Hence, we asked whether CNF1 could
activate the PI3K/Akt pathway, and, eventually, whether
this pathway could be implicated in CNF1-mediated NF-xB
activation.

To answer the first question, HEp-2 cells were treated
with CNF1, and the amount of phospho-Akt, the activated
form of Akt, was evaluated. We found that CNF1 exposure
increased the amount of phospho-Akt (Figure 3A). We thus
confirmed that the Akt kinase was activated by using a
nonradioactive method based on the GSK-3a/ B fusion pro-
tein as Akt substrate. The immunoblot reported in Figure 3B
shows that CNF1 was able to increase the amount of phos-
pho-GSK-3a/B starting from 2 h of toxin treatment, this
activation lasting for several hours (data not shown). To-
gether, these data demonstrate that the PI3K/Akt pathway
was activated by CNF1.

To verify whether Akt activity was involved in the CNF1-
mediated NF-«B activation, HEp-2 cells, pretreated with 100
ng/ml PI3K inhibitor wortmannin, were exposed to CNF1
for 4 h, and then they were stained with an antibody di-
rected against the NF-«B subunit p65. The ability of p65 to
translocate into the nucleus was evaluated by fluorescence
microscopy. As shown in Figure 3C, pretreatment with
wortmannin significantly counteracted the CNF1-promoted
nuclear translocation of the NF-«B subunit, being the per-
centage of p65-positive nuclei lower than that of cells treated
with CNF1 alone.

Akt represents one of the kinases responsible for the ac-
tivation of IKK (Romashkova and Makarov, 1999), a kinase
that in turn phosphorylates the NF-«B inhibitor IkBa. We
thus investigated whether this kinase was involved in the
CNF1-dependent NF-«B activation, by pretreating cells with
30 uM IKK inhibitor PGA1. As expected, the inactivation of
IKK strongly reduced the ability of CNF1 to stimulate p65
translocation into the nucleus (Figure 3D).

Molecular Biology of the Cell
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At this point, to verify whether the PI3K/Akt/IKK/
NF-«B pathway was involved in the CNF1-mediated pro-
tection against apoptotic cell death, we pretreated HEp-2
cells with wortmannin or with PGA1 before exposure to
CNF1 for 24 h and subsequent UVB radiation. We then
evaluated the percentage of apoptotic cells, and we found
that both wortmannin and PGA1 prevented the prosurvival
effect of CNF1 (Figure 3, E and F), indicating the involve-
ment of the PI3K/Akt/IKK/NF-«B pathway in the prosur-
vival activity exerted by CNF1.

Bcl-2, but Not Bcl-X,, Is Necessary for the CNF1-induced
Cell Survival

As cited above, NF-«B is involved in the transcription of
antiapoptotic genes, such as those belonging to the Bcl-2
family (Ghosh et al., 1998). In this context, we previously
reported that CNF1 increases the amount of Bcl-2 and Bel-X,
proteins in HEp-2 cells (Fiorentini et al., 1998). Hence, we
analyzed the ability of CNF1 to regulate the expression of
these antiapoptotic factors at the transcriptional level. For
this purpose, HEp-2 cells were challenged with CNF1, and,
at different time points (4, 12, and 24 h), the amount of Bcl-2
and Bcl-X; mRNA levels were analyzed by RT-PCR. Inter-
estingly, we found that CNF1 was able to increase the tran-
scription of the Bcl-2 gene only starting from 24 h of treat-
ment (Figure 4A), but Bcl-X; was not varied whatever the
time of CNF1 exposure (Figure 4B). Thus, we wondered
whether the observed increase in Bcl-2 mRNA was depen-
dent on the PI3K/Akt pathway. For this purpose, we pre-
treated HEp-2 cells with wortmannin before CNF1 exposure
for 24 h. We found that the increase in Bcl-2 mRNA was
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inhibited by wortmannin, this finding strongly suggesting
the involvement of the PI3K/Akt pathway (Figure 4C). To
verify the involvement of Bcl-2 and Bcl-X; in the CNFI-
induced protection from apoptosis, we blocked the expres-
sion of both antiapoptotic proteins by means of siRNAs
before CNF1 exposure and UVB radiation, and then we
evaluated the percentage of apoptotic cells. Bcl-2 silencing
significantly reduced the ability of CNF1 to protect HEp-2
cells from UVB-induced apoptosis (Figure 5A), whereas si-
lencing Bel-X; did not appreciably influence the antiapop-
totic activity of the toxin (Figure 5B). All in all, these results
demonstrate that Bel-2 protein, but not Bel-X;, is crucial for
CNF1-induced survival against apoptotic cell death.

CNF1 Alters Mitochondrial Morphology in HEp-2 Cells

It is well known that Bcl-2, besides blocking the activity
of the proapoptotic members of Bcl-2 family, is also in-
volved in the regulation of mitochondrial morphology. In
fact, it has been reported that Bcl-2—-overexpressing mito-
chondria show both increased volume and structural
complexity (Kowaltowski et al., 2002). Hence, we decided
to verify whether CNF1 treatment could provoke a mod-
ification in the mitochondrial network morphology. For
this purpose, HEp-2 cells were transfected with DsRed-
Mitochondria, a plasmid DNA encoding DsRed-tagged
protein that specifically recognizes and binds mitochon-
dria, treated with CNF1, and, finally, analyzed by confo-
cal microscopy. The results showed that CNF1 was able
to induce changes in the mitochondrial morphology, mi-
tochondria becoming much more elongated and orga-
nized in a complex network with respect to those present
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Figure 4. CNF1 increases Bcl-2 transcription via the PI3K pathway.
Graphs showing Bcl-2 (A) and Bcl-X; (B) mRNA levels after differ-
ent times of CNF1 exposure in HEp-2 cells, normalized to GAPDH
mRNA levels. The transcription of the Bcl-2 gene increases starting
from 24 h of CNF1 treatment, whereas Bcl-X; gene transcription is
not varied. (C) Graph showing Bcl-2 mRNA level after wortmannin
exposure and CNF1 treatment. Note that blocking the PI3K path-
way renders cells not responsive to the CNF1-induced Bcl-2 mRNA
increase (AU, arbitrary units).

in control cells (Figure 6A and Supplemental Figure
6A.mov). This effect, although starting after 4 h of toxin
challenge (Figure 6B and Supplemental Figure 6B.mov),
became particularly evident at 24 h (Figure 6C and Sup-
plemental Figure 6C.mov) of CNF1 exposure and was
absent when cells were exposed to a nontoxic mutant of
CNF1 (CNF1C8665) that lacks the enzymatic activity (Fig-
ure 6D). To quantify changes in mitochondrial length, we
used Image] software (Research Services Branch, National
Institutes of Mental Health, Bethesda, MD), and the re-
sults clearly showed that the average length of mitochon-
dria increased after CNF1 exposure (Figure 6E).

Given the above-mentioned results, we wondered
whether the ability of CNF1 to alter mitochondrial morphol-
ogy was dependent on the activation of the Racl/PI3K/
Akt/IKK pathway. To answer this question, we performed
the following pretreatments: 1) suppression of Racl with
siRNA, 2) pretreatment with wortmannin, and 3) pretreat-
ment with PGA1. Each of these samples was challenged
with CNF1, and finally the mitochondrial morphology was
analyzed by confocal microscopy and quantified in terms of
mitochondrial length by the Image] software. All these strat-
egies led to the inhibition of mitochondrial changes caused
by CNF1 as quantified in the graph of Figure 7A. We thus
wondered whether the mitochondrial rearrangement herein
described could be dependent on the expression of Bcl-2. To
address this point, we used siRNA to silence Bcl-2, and we
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control

found that the ability of the toxin to alter the mitochondrial
morphology was significantly counteracted by this strategy.
In particular, cells transfected with the siBcl-2 before CNF1
treatment exhibited mitochondria smaller with respect to
CNF1-treated cells (Figure 7, B and C). All in all, these
results demonstrate that the pathway involved in the pro-
survival activity of CNF1 (Racl/PI3K/Akt/IKK/NF-«B/
Bcl-2) is also controlling the CNF1-induced mitochondrial
changes.

DISCUSSION

In this work, we present evidence that the bacterial protein
toxin CNF1 protects epithelial cells from apoptosis via acti-
vation of the Racl/PI3K/Akt/IKK/NF-«kB pathway. This
leads to the up-regulation of the antiapoptotic protein Bcl-2,
which is responsible, either directly or indirectly, of a re-
markable change in the architecture of the mitochondrial
network, mainly consisting in the formation of elongated
and interconnected mitochondria.

Many bacterial pathogens have evolved strategies to ma-
nipulate the fate of the host cell toward their own benefit.
The mechanisms by which the different bacteria and bacte-
rial toxins interfere with apoptosis are various, and they
consist of caspase activation, mitochondrial targeting, and
regulatory protein modulation as well as transcription factor
control (for review, see Gao and Kwaik, 2000). Our results
demonstrate that the activation of Rho proteins by CNF1
plays a pivotal role in the protection against apoptosis. As
reported previously (Doye et al., 2002), CNF1 causes activa-
tion and subsequent degradation of Rho, Rac, and Cdc42
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Figure 6. CNF1 alters mitochondrial morphology in HEp-2 cells.
(A-D) Confocal microscopy analysis of control (A) or CNF1-treated
cells for 4 h (B) and 24 h (C) transfected with DsRed-Mitochondria.
In cells challenged with CNF1, mitochondria are more elongated
than those present in control cells, and they seem organized in a
complex network. This effect becomes particularly evident at 24 h
(C) of CNF1 exposure and is not present in HEp-2 cells treated with
the mutant CNF1 (CNF1 C866S, D). (E) Graph showing the average
length (£SD) of mitochondria in control, CNF1-treated or CNF1
C8665-treated cells. Measurements of the average length of mito-
chondria were performed by using Image] software. Bar, 10 wm.

control

with a dynamic that varies between cell types. In HEp-2
cells, this is represented by activation of all the three pro-
teins and the subsequent proteasomal degradation of Rho
and Cdc42 (Doye et al., 2002, 2006; Boyer et al., 2006), which
renders Racl the prevalent form of Rho GTPase activated.
We herein show that in HEp-2 cells, deactivation of Rho and
the presence of Racl-GTP are necessary to achieve cell death
protection. In fact, the ability of CNF1 to protect from apo-
ptosis was abrogated by transfecting active dominant RhoA
(RhoAV14) into cells as well as by preincubating cells with
the proteasomal inhibitor lactacystin that impairs Rho deg-
radation and forces cells to keep high level of activated
RhoA. In keeping, transfection with siRNA for Racl renders
cells unable to be protected by CNF1. It is well known that
Rho family members antagonize each other (Sander et al.,
1998; Sander et al., 1999), thus it is conceivable that degra-
dation of Rho (and of Cdc42) shifts the dynamic balance of
the three GTPases in favor of activated Rac. Rho GTPases
have a role in a number of cellular processes such as cy-
toskeleton remodeling, transcriptional activation, growth
control, metastasis, development, and apoptosis. In particu-
lar, several groups have indicated Rac as either positive or
negative player in the apoptotic program, depending on the
cell line investigated and on the stimulus applied (Nishida et
al., 1999; Embade ef al., 2000; Deshpande et al., 2000; Pervaiz
et al., 2001; Harrington et al., 2002; Murga et al., 2002; Zhang
et al., 2004). However, the majority of the reports ascribe a
protective role to active Racl. Importantly, CNF1-induced
Rac activation protects from apoptosis by stimulating the
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Bcl-2 before CNF1 exposure. CNF1 induces an increase in mitochon-
drial length via activation of the Racl/PI3K/Akt/IKK pathway and
increase in Bcl-2 proteins.
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survival pathway PI3K/Akt/IKK/NF-kB and leads to the
production of the antiapoptotic protein Bcl-2. Although Rac
proteins are usually reported to act downstream from PI3Ks,
it is now well established that Rac itself can enhance the
activity of PI3K (Bokoch et al., 1996), in turn activating Akt.
Akt signaling inactivates several proapoptotic factors, but it
also activates transcription factors that up-regulate anti-
apoptotic genes. Among the others, Akt activates the IKK to
phosphorylate IkBa, leading to its proteasomal degradation
and NF-«B nuclear localization (Romashkova and Makarov,
1999; Hennessy et al., 2005). We have already reported the
ability of CNF1 to activate NF-«B in a Rac-dependent man-
ner (Boyer et al., 2004). Now, we add the novel finding that
CNF1, through the PI3K/Akt pathway, activates the classi-
cal pathway of NF-«B, which involves IKK and IkBa (for
review, see Hayden and Ghosh, 2004) and that this pathway
is responsible for protection against apoptosis. This is in line
with a role for IKK as a link between inflammation and
cancer, as highlighted recently (Greten et al., 2004), strongly
suggesting a possible role of CNFl-producing E. coli in
tumor development.

The antiapoptotic protein Bcl-2 is one of the main players
in the CNFl-induced protection from apoptosis. We have
previously reported that CNF1 increases the amount of both
antiapoptotic proteins Bcl-2 and Bcl-X; (Fiorentini et al.,
1998), but, in the present work, we found that CNF1-in-
duced protection from apoptosis was dependent on the Bcl-2
protein only. This is in keeping with literature data showing
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that Bcl-2 and Bcl-X;, although sharing a high degree of
homology, can be regulated by different signals and can
display distinct anti-cell death functions (Grad et al., 2000;
Kim, 2005). For example, the increased expression of Bcl-
X;, but not Bcl-2, suppresses tumor necrosis factor-related
apoptosis-inducing ligand (TRAIL)-induced apoptosis in
some tumor cells (Keogh et al., 2000). More importantly,
Bcl-2 (and not Bcl-X;) has been implied in the control of
mitochondrial morphology (Kong et al., 2005). In particu-
lar, overexpression of Bcl-2 is related to larger mitochon-
dria and larger matrix volumes, which may develop from
an increase in crystal folds, resulting in resistance to
cytochrome ¢ loss (Kowaltowski et al., 2002). In living
cells, mitochondria continuously divide (fission) and fuse
(fusion) with one another (Cereghetti and Scorrano, 2006),
and Bcl-2 family members are involved in these processes,
with the proapoptotic members regulating fission, and the
antiapoptotic members regulating fusion of mitochondria
(Delivani et al., 2006). We show herein the ability of the
bacterial toxin CNF1 to induce a modification of the mi-
tochondrial network mainly consisting in the appearance
of elongated and interconnected mitochondria that spread
throughout the cell body. This phenomenon is dependent
on the presence of Bcl-2 protein and is controlled by the
pathway Racl/PI3K/Akt/IKK, also involved in the
CNF1-dependent cell survival. As already stated, cell sur-
vival is achieved via the NF-«kB activation; however, we
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Figure 8. Hypothetical model on how CNF1 may pre-
vent apoptosis in HEp-2 cells. CNF1 activates Rac and
Rho GTPases. The inactivation of Rho protein, which
occurs after 12 h of toxin challenge, allows the preva-
lence of Rac that induces, in turn, the activation of the
transcription factor NF-«B via the PI3K/Akt/IKK path-
way. Thus, freed NF-«B is translocated into the nucleus
where it activates the transcription of the Bcl-2 gene.
Finally, Bcl-2 overexpression induces dramatic changes
in the mitochondrial morphology, thus preventing
UVB-induced cell death.

cannot rule out the possibility that Akt is inhibiting apo-
ptosis also via other survival pathways, such as, for ex-
ample, the regulation of hexokinase-mitochondria inter-
action (Majewski et al., 2004).

Together, we can propose the model shown in Figure 8, in
which CNFl-activated Rac stimulates PI3K/Akt that in turn
activates IKK and the subsequent transactivation of NF-B.
This is responsible of the overexpression of the Bcl-2 protein
that favors the reshaping of the mitochondrial network and the
following protective effect of CNF1 to normally deadly stimuli.

In the microbial world, a number of bacterial toxins have
been reported to manipulate the host cell apoptosis, either
inducing or protecting from this type of cell death (Fioren-
tini et al., 2003; Pirbhai et al., 2006). CNF1-producing E. coli
can benefit from prolonged host cell survival because they
obtain a protected niche wherein they survive (Rajalingam et
al., 2001), and they form a persistent reservoir that can
account for recurrent infections. In this context, the ability of
CNF1 to block the cell cycle, thus slowing the removal of
epithelial cells can be a further bacterial strategy to prolong
tissue colonization (Falzano et al., 2006). The pathogenesis of
CNF1-producing E. coli can also be reinforced by the toxin-
induced release of proinflammatory cytokines from epithe-
lial (Falzano et al., 2003) or endothelial (Munro et al., 2004)
cells, thus causing an inflammatory reaction that, once
chronically established, can potentially be implicated in
transformation of infected tissues. Finally, because the mi-
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tochondrial remodeling is of direct relevance for the role of
these organelles in cell physiology and the mitochondrial
dysfunction can contribute to a number of human disorders,
including cancer (Alirol and Martinou, 2006), the role of
CNF1 as a factor favoring transformation is further sup-
ported by the herein reported novel findings.
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