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Cells Transformed by PLC-Gamma 1 Overexpression are Highly Sensitive
to Clostridium difficile Toxin A-Induced Apoptosis and Mitotic Inhibition
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Phospholipase C-γl (PLC-γl) expression is associated with

cellular transformation. Notably, PLC-γ is up-regulated in

colorectal cancer tissue and breast carcinoma. Because

exotoxins released by Clostridium botulinum have been

shown to induce apoptosis and promote growth arrest in

various cancer cell lines, we examined here the potential

of Clostridium difficile toxin A to selectively induce

apoptosis in cells transformed by PLC-γl overexpression.

We found that PLC-γl-transformed cells, but not vector-

transformed (control) cells, were highly sensitive to C.

difficile toxin A-induced apoptosis and mitotic inhibition.

Moreover, expression of the proapoptotic Bcl2 family

member, Bim, and activation of caspase-3 were significantly

up-regulated by toxin A in PLC-γl-transformed cells. Toxin

A-induced cell rounding and paxillin dephosphorylation

were also significantly higher in PLC-γl-transformed cells

than in control cells. These findings suggest that C.

difficile toxin A may have potential as an anticancer agent

against colorectal cancers and breast carcinomas in which

PLC-γl is highly up-regulated.
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Phospholipase C-γl (PLC-γl) regulates cell proliferation

[4], mitogenic signals [7], and cellular transformation in

various cell types [5]. Moreover, it is known that expression

of PLC-γl is significantly up-regulated in colorectal cancer

tissue [24, 28] and breast carcinomas [3]. However, there

is no effective therapeutic drug candidate for these cancer

types. Numerous reports have shown that bacterial toxins

such as Bordetella pertussis AC toxin, Botulinum toxin,

and cholera toxin induce apoptosis and growth arrest in

various cancer cell lines [1, 12, 17]. However, Clostridium

difficile toxin A, a causative pathogen of acute gut

inflammation and colonic epithelial cell apoptosis [10],

has not been studied in this context.

C. difficile is the most common known cause of

antibiotic-associated diarrhea and pseudomembranous colitis

in humans and animals [13, 18, 19, 21, 22, 29-31, 35].

Pathogenic strains of C. difficile produce two large

exotoxins: toxin A and toxin B [15]. These two exotoxins

have glucosyltransferase activity that monoglucosylates

the small GTPases Rho, Rac, and Cdc42 at threonine 37,

resulting in actin disaggregation [14-16], microtubule

depolymerization [27], and cell rounding. These toxins are

responsible for the apoptosis of surface colonocytes

observed during infection and are also known to induce

apoptosis in intestinal epithelial cells and peripheral blood

monocytes [18, 21]. The signaling pathway that mediates

colonocyte apoptosis following toxin A exposure is known

to involve p38-dependent activation of p53 and subsequent

induction of p21, resulting in caspase-3 activation [18].

Activation of p38 MAP kinase by C. difficile toxin A is

also known to mediate monocyte necrosis in a mouse

enteritis model [35].

On the basis of previous reports that up-regulation of

PLC-γl is associated with cellular transformation and the

demonstrated role of bacterial toxins in modulating

apoptosis and mitosis, we examined the potential of C.

difficile toxin A to induce apoptosis and inhibit mitosis in

cells transformed by overexpression of PLC-γl. We found

that PLC-γl-transformed cells were highly sensitive to C.

difficile toxin A-induced apoptosis and mitotic inhibition
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compared with vector-transfected (control) cells. Unlike C.

difficile toxin A, cholera toxin did not cause apoptosis or

mitotic inhibition in either control or transformed cells.

Toxin A-induced paxillin dephosphorylation was also

greater in PLC-γl-transformed cells than in control cells.

Moreover, the Bcl2 family member Bim (Bcl-2-interacting

mediator of cell death) and caspase-3, both of which are

proapoptotic [32], were significantly up-regulated by toxin

A exposure in PLC-γl-transformed cells. Our results

suggest that C. difficile toxin A could be used as an

anticancer agent against cancers in which PLC-γl is

overexpressed, such as colorectal cancer and breast carcinomas.

MATERIALS AND METHODS

Toxin A Preparation and Cell Culture

Toxin A was purified from C. difficile strain VPI 10463 (American

Type Culture Collection, Manassas, VA, USA) as described previously

[19]. The purity of native toxin A was assessed by gel electrophoresis,

which confirmed a single protein at the expected molecular mass of

307 kDa. Rat 3Y1 fibroblasts were stably transfected with pREFA-

vector only or pREFA-PLC-γl, and stable clones constitutively

expressing PLC-γl were isolated and maintained in hygromycin

selection medium [Dulbecco’s Modified Eagle Medium (DMEM)

containing 100 µg/ml hygromycin and 10% fetal calf serum (FCS)]

at 37oC in a humidified 5% CO2 incubator (Win Biotech, Incheon,

Korea) [7].

Antibodies and Reagents

The polyclonal antibodies for Bak, Bax, and Bid were from Santa

Cruz Biotechnology (Santa Cruz, CA, USA). The polyclonal antibodies

against paxillin, phospho-paxillin (Tyr-118), caspase-3, and Bim

were from Cell Signaling Technology (Beverly, MA, USA). The β-

actin antibody, propidium iodide (PI), the pan-caspase inhibitor Z-

VAD-FMK, and the monoglucosyltransferase inhibitor UDP-2'3'-

dialdehyde [18] were from Sigma-Aldrich (St. Louis, MO, USA).

Cell Viability

3Y1 fibroblasts (104 cells/well) were incubated with toxin A (0.1 µg/ml)

for 48 h and further incubated with MTT (3-[4,5-dimethythiazol-2-

yl]-2,5-diphenyl tetrazolium bromide) dye for 2 h. The solubilization

reagent was added, and the absorbance was determined at 570 nm

using a microplate reader (Model 3550; Bio-Rad, Mississauga, ON,

Canada) [18].

Terminal Deoxynucleotidyl Transferase dUTP Nick-End Labeling

(TUNEL) Assay and DNA Fragmentation Analysis

3Y1 fibroblasts treated with 0.1 µg/ml toxin A for 48 h were fixed

with 4% paraformaldehyde for 20 min. Cells with fragmented nuclear

DNA were detected according to the manufacturer’s instructions

[33]. Cells were counterstained with PI at room temperature and then

analyzed using a Nikon Eclipse E600 Epifluorescence microscope.

The percentage of TUNEL-positive cells among 100 counted cells

was determined. DNA fragmentation was also assessed by

monitoring DNA laddering on 1% agarose gels according to the

manufacturer’s instructions (Roche Molecular Biochemicals, Mannheim,

Germany) [18].

BrdU Uptake

Mitosis-inhibitory effects of toxin A on PLC-γl-transformed cells

were investigated by measuring uptake of BrdU, a thymidine analog

that is incorporated into DNA during DNA synthesis. PLC-γl-

transformed and non-transformed control cells were incubated with

0.1 µg of toxin A for 24 h, and then incubated with 10 µM BrdU for

an additional 24 h. A final incubation with a horseradish peroxidase-

conjugated secondary antibody catalyzes the conversion of the

chromogenic substrate tetra-methylbenzidine (TMB) to a colored

reaction product, which was quantified at 450 nm using a Model

3550 microplate reader [11].

Anchorage-Independent Growth on Soft Agar

PLC-γl-transformed cells and non-transformed control cells (5 × 10
5
)

were suspended in 0.35% (w/v) agarose in standard medium. The

suspended cells were overlaid onto 0.1% (w/v) agarose/standard

medium supplemented with 100 µg/ml of hygromycin B and grown

at 37
o
C under 5% CO2. After incubating cells for 4 weeks, foci in

the 0.35% agarose layer were identified and photographed [36].

Reverse Transcriptase-Polymerase Chain Reaction (RT-PCR)

Total RNA (1 µg) was reverse transcribed using a GeneAmp RNA

PCR Kit (Applied Biosystems, Foster City, CA, USA). Bim was

amplified from cDNA using the primer pair 5'-GCC AAG CAA

CCT TCT GAT GTA-3' (sense) and 5'-CAG TGC CTT CTC CAG

ACC AG-3' (antisense). β-Actin was amplified as an internal

control. PCR was conducted using the thermocycling conditions,

94oC for 1 min, 58oC for 1 min, and 72oC for 1 min, with an

empirically optimized number of cycles (i.e., conditions under

which generated PCR products did not reach saturation). PCR

products were separated on agarose gels and stained with ethidium

bromide. Bands were quantified with Quantity One software and

normalized to those of β-actin [21].

Immunoblot Analysis

3Y1 fibroblasts were washed with cold PBS, and then lysed in lysis

buffer [150 mM NaCl, 50 mM Tris-HCl (pH 8.0), 5 mM EDTA, 1%

Nonidet P-40]. Equal amounts of protein were fractionated by sodium

dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) on

10% gels. Antigen-antibody complexes were detected with LumiGlo

reagent (New England Biolabs, Ipswich, MA, USA) [21].

Statistical Analysis

The results are presented as mean values ± SEM. Data were

analyzed using the SIGMA-STAT professional statistics software

program (Jandel Scientific Software, San Rafael, CA, USA).

Analyses of variance with protected t-tests were used for intergroup

comparisons.

RESULTS AND DISCUSSION

PLC-γl-Transformed Cells are Highly Sensitive to C.

difficile Toxin A-Induced Apoptosis

On the basis of reports that C. difficile toxin A induces

apoptosis in various cell types, such as enterocytes,

colonocytes, and monocytes [35], and the association of

PLC-γl up-regulation with colorectal cancer tissues and
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breast carcinomas [24, 28], we assessed here whether C.

difficile toxin A selectively caused apoptosis in cells

transformed by PLC-γ1 overexpression. To explore this,

we used 3Y1 fibroblast clones transformed by stable

overexpression of PLC-γ1 and control clones transfected

with vector only. Compared with vector-only control cells,

PLC-γ1-transformed cells exhibited an altered morphology

(Fig. 1A), increased BrdU uptake (Fig. 1B), and anchorage-

independent growth (Fig. 1C), all of which are characteristic

features of transformed cells [6]. To determine the

apoptotic effects of toxin A, we used TUNEL assays. As

shown in Fig. 1D, exposure of PLC-γl-transformed cells to

toxin A for 48 h caused more than a 4-fold increase in

TUNEL-positive cells, which are indicative of DNA

fragmentation, compared with control cells exposed to

toxin A. This result was confirmed by DNA-laddering

experiments (Fig. 1E), which showed a significant increase

in toxin A-induced DNA laddering in PLC-γl-transformed

cells but not in control cells. As shown in Fig. 1F, the

decrease in cell viability induced by toxin A was greater in

PLC-γl-transformed cells (43%) than in control cells

transfected with vector only (11%). In addition, exposure

of PLC-γl-transformed cells to toxin A for 48 h strongly

inhibited mitosis (Fig. 1G), an effect not seen in the non-

transformed control cells. These results suggest that C.

difficile toxin A promoted apoptosis and inhibited mitosis

in PLC-γl-transformed cells, but not in vector-transfected

control cells.

Mazzoni et al. [26] reported that a mutant form of

Diphtheria toxin (designated CRM197) induced tumor cell

Fig. 1. PLC-γl-transformed cells are sensitive to C. difficile toxin A-induced apoptosis and mitotic inhibition. 
Rat 3Y1 fibroblasts were stably transfected with pREFA-vector only or pREFA-PLC-γl, and stable clones constitutively expressing PLC-γl were isolated.

Vector, non-transformed control cells; PLC-γl, PLC-γl-transformed cells. (A) Morphological changes in PLC-γl-transformed cells. (B) Increased mitosis in

PLC-γl-transformed cells. (C) Anchorage-independent growth of PLC-γl-transformed cells. All images are representative of three separate experiments. (D)

Cells were exposed to 0.1 µg/ml toxin A (TxA) for 48 h and analyzed by TUNEL staining as described in Materials and Methods. *, p < 0.05 versus non-

transformed control cells. (E) Cells were incubated with toxin A (0.1 µg/ml) for 48 h, after which nuclear DNA was isolated and run on 1% agarose gels

along with a DNA size marker to assess DNA laddering. (F) Cells were exposed to toxin A for 48, and cell viability was measured by MTT assay. *, p <

0.005 versus medium-treated PLC-γl-transformed cells. (G) Cells were exposed to culture medium or toxin A for 48 h, and the inhibitory effects of toxin A

on mitosis were determined by BrdU-uptake assays. All results are representative of three separate experiments. *p < 0.001 versus toxin A-treated vector

control cells.
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apoptosis and reduced both angiogenesis and tissue invasion

in nude mice implanted with adrenocortical carcinoma tumor

cells. The Clostridium botulinum neurotoxin has also been

shown to facilitate destruction of cancer cells by both

radiotherapy and chemotherapy [2]. These results suggest

that combinations of bacterial toxins with anticancer drugs

and/or irradiation could potentially increase the efficacy of

cancer treatment. Thus, C. difficile toxin A may serve as a

useful anticancer agent against colorectal cancers and

breast carcinomas in which PLC-γl is greatly up-regulated.

Cholera Toxin Does Not Induce Apoptosis in Either

PLC-γl-Transformed Cells or Non-Transformed Control

Cells

Some bacterial toxins, including Bordetella pertussis AC-

toxin and cholera toxin, have also been shown to induce

apoptosis in various cancer cell lines [1, 12]. In particular,

cholera toxin causes apoptosis in human lung cancer cell

lines [1]. C. difficile toxin glucosylates Rho, Rac, and

Cdc42, which mediate polymerization of actin filaments;

similarly, cholera toxin has been shown to catalyze ADP-

ribosylation of cytoskeletal proteins, resulting in disorganization

of the cytoskeleton [34]. On the basis of the similarity of

the cellular toxicity of these toxins, we assessed whether

cholera toxin induced apoptosis in cells transformed by

PLC-γl overexpression. In contrast to the effects of toxin

A, we found that exposure of PLC-γl-transformed cells to

cholera toxin for 48 h did not cause an increase in

TUNEL-positive (apoptotic) cells (Fig. 2A). Exposure to

cholera toxin slightly reduced BrdU uptake in PLC-γl-

transformed cells but not in non-transformed control cells

(Fig. 2B). MTT assays revealed that cholera toxin

increased cell viability in both PLC-γl-transformed cells

and non-transformed cells (Fig. 2C), an effect opposite to

that of C. difficile toxin A. These results indicate that the

apoptosis observed in PLC-γl-transformed cells is a

specific cellular response to C. difficile toxin A.

Toxin A-Induced Cell Rounding and Paxillin

Dephosphorylation Are Enhanced in PLC-γl-Transformed

Cells

Because C. difficile toxin A is known to cause cell

rounding and inhibition of focal adhesion through paxillin

dephosphorylation [20], and our results here indicated that

toxin A caused more severe apoptosis with mitotic

inhibition in PLC-γl-transformed cells compared with non-

transformed vector cells, we next assessed whether PLC-

γl-transformed cells exhibited a greater degree of cell

rounding and paxillin dephosphorylation after toxin A

exposure. To explore this, we exposed cells to toxin A for

0, 6, and 12 h and measured cell rounding by light

microscopy. Marked cell rounding of non-transformed

vector cells was detected after exposure to toxin A for 12 h

(Fig. 3A). However, in PLC-γl-transformed cells, complete

cell rounding was observed after incubating with toxin A

for 6 h and was maintained at 12 h (Fig. 3A). As shown in

Fig. 3B, 6 h exposure of toxin A completely eliminated

paxillin phosphorylation in PLC-γl-transformed cells, but

did not reduce paxillin phosphorylation levels in non-

transformed control cells. These results indicate that, in

addition to apoptosis induction, toxin A also caused more

severe cell rounding and paxillin dephosphorylation in

PLC-γl-transformed cells than in non-transformed control

cells.

Given that internalized toxin A binds to Src and

subsequently inhibits its kinase activity, thereby resulting

in decreased paxillin phosphorylation [20], we speculate

that toxin A internalization into the cytosol might be

Fig. 2. Cholera toxin does not cause apoptosis in PLC-γl-
transformed or non-transformed cells. 
(A) PLC-γl-transformed cells and non-transformed control cells were

exposed to cholera toxin (1 µg/ml) for 72 h and then analyzed by TUNEL

staining. (B) Cholera toxin weakly inhibited mitosis of PLC-γl-transformed

cells. All results are representative of three separate experiments. (C) Cells

were incubated with cholera toxin for the indicated times, and cell viability

was quantified by MTT assay. All results are representative of three

separate experiments.
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accelerated by PLC-γl overexpression. Consistent with this

supposition, it was reported that PLC-γl enhances dynamin-

1-dependent epidermal growth factor receptor endocytosis [8].

Induction of Bim and Activation of Caspase-3 Are

Associated with Toxin A-Induced Apoptosis of PLC-γl-

Transformed Cells

We next identified key molecules involved in mediating

apoptosis of PLC-γl-transformed cells following toxin A

exposure. Exposure to C. difficile toxin A is known to

induce apoptosis through activation of caspase family

proteins in various cell types, including colonocytes,

monocytes, and neuronal cells [19, 35]. Accordingly, we

measured the activation of caspase-3 and induction of

proapoptotic members of the Bcl2 family, namely Bak,

Bax, Bid [23], and Bim [32]. As reported previously [19,

35], C. difficile toxin A markedly increased caspase-3

activation in PLC-γl-transformed cells (Fig. 4A), whereas

the effects of toxin A in non-transformed control cells

were relatively weak. Bak, Bax, and Bid were expressed at

higher levels in PLC-γl-transformed cells than in non-

transformed control cells, but their expression showed no

toxin A-dependent inducibility (Fig. 4A). The expression

of the proapoptotic Bim, which directly activates Bax/Bak

[32], was markedly up-regulated by toxin A in a time-

dependent manner. Compared with PLC-γl-transformed

cells, Bim expression was weak in non-transformed control

cells exposed to toxin A. Consistent with the absence of an

effect of cholera toxin on apoptosis of PLC-γl-transformed

cells, cholera toxin did not induce Bim expression or

caspase-3 activation in either PLC-γl-transformed cells or

non-transformed cells (data not shown). Inhibition of

caspase with Z-VAD-FMK [32] also attenuated toxin A-

induced apoptosis in PLC-γl-transformed cells (Fig. 4B).

Considered in the light of previous reports that C. difficile

toxin A activates both caspase-dependent and -independent

apoptosis in cells exposed to toxic stress [18, 19, 35], our

findings indicate that the marked increase in Bim

expression and activation of caspase-3 may act collectively

to mediate toxin A-induced apoptosis of PLC-γl-transformed

cells. Expression of Bim is regulated at the transcriptional

level [9] and is also regulated post-translationally by

phosphorylation and ubiquitination [25]. We found that

toxin A increased Bim mRNA levels only in PLC-γl-

transformed cells (Fig. 4C), indicating that the induction of

Bim by toxin A was mainly regulated at the transcriptional

level. Lastly, we assessed whether toxin A-induced

apoptosis of PLC-γl-transformed cells was dependent on

the glucosyltransferase activity of toxin A. To explore this,

we treated cells with UDP-2',3'-dialdehyde, a glucosyltransferase

inhibitor [18], for 1 h prior to toxin A exposure. As shown

in Fig. 4D, blocking the enzymatic activity of toxin A with

UDP-2',3'-dialdehyde did not affect toxin A-induced

apoptosis of PLC-γl-transformed cells. Collectively, these

results suggest that the induction of apoptosis in PLC-γl-

transformed cells by toxin A is mediated by both caspase-

dependent and -independent (Bim-mediated) pathways.

Moreover, this action is independent of toxin A enzymatic

activity and likely reflects the activation of receptor-

mediated signaling pathways by toxin A binding, as

previously reported [19]. Earlier, we found that C. difficile

toxin A-induced apoptosis of colonocytes was associated

with toxin/receptor coupling-dependent production of reactive

oxygen species (ROS), but not with glucosyltransferase

activity causing actin filament disaggregation [18]. Rapid

production of ROS in colonocytes leads to p53-dependent

up-regulation of p21, in turn causing cell cycle arrest in the

G2-M phase, followed by apoptosis [18]. On the basis of

Fig. 3. Toxin A-induced cell rounding and paxillin dephosphorylation
are enhanced in PLC-γl-transformed cells. 
(A) PLC-γl-transformed cells and non-transformed control cells were

exposed to toxin A (TxA; 0.1 µg/ml) for the indicated times, and changes

in cell shape were determined by light microscopy (200×). (B) Cells were

incubated with toxin A for the indicated times and then cell lysates were

subjected to SDS-PAGE on 10% gels. Blotted membranes were probed

with antibodies against paxillin or phospho-paxillin. All results are

representative of three separate experiments. 
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these observations, the marked decrease in BrdU uptake

seen in PLC-γl-transformed cells exposed to toxin A is

likely attributable to ROS generation and subsequent up-

regulation of p21, in turn enhancing apoptosis.
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