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Abstract Tissue transglutaminase (TG2) activity has

been implicated in inflammatory disease processes such

as Celiac disease, infectious diseases, cancer, and neu-

rodegenerative diseases, such as Huntington’s disease.

Furthermore, four distinct biochemical activities have

been described for TG2 including protein crosslinking via

transamidation, GTPase, kinase and protein disulfide

isomerase activities. Although the enzyme plays a com-

plex role in the regulation of cell death and autophagy,

the molecular mechanisms and the putative biochemical

activity involved in each is unclear. Therefore, the goal

of the present study was to determine how TG2 modu-

lates autophagy and/or apoptosis and which of its bio-

chemical activities is involved in those processes. To

address this question, immortalized embryonic fibroblasts

obtained from TG2 knock-out mice were reconstituted

with either wild-type TG2 or TG2 lacking its transami-

dating activity and these were subjected to different

treatments to induce autophagy or apoptosis. We found

that knock out of the endogenous TG2 resulted in a

significant exacerbation of caspase 3 activity and PARP

cleavage in MEF cells subjected to apoptotic stimuli.

Interestingly, the same cells showed the accumulation of

LC3 II isoform following autophagy induction. These

findings strongly suggest that TG2 transamidating activity

plays a protective role in the response of MEF cells to

death stimuli, because the expression of the wild-type

TG2, but not its transamidation inactive C277S mutant,

resulted in a suppression of caspase 3 as well as PARP

cleavage upon apoptosis induction. Additionally, the

same mutant was unable to catalyze the final steps in

autophagosome formation during autophagy. Our findings

clearly indicate that the TG2 transamidating activity is

the primary biochemical function involved in the physi-

ological regulation of both apoptosis and autophagy.

These data also indicate that TG2 is a key regulator of

cross-talk between autophagy and apoptosis.
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Introduction

Transglutaminases (EC 2.3.2.13; TG) are a family of

enzymes that catalyse thiol- and Ca2?-dependent transa-

midation reactions, through the formation of a covalent

bond between the c-carboxamide group of a peptide bond

glutamine residue and a primary amine group (Folk and

Finlayson 1977). The most ubiquitous isoenzyme is rep-

resented by type 2 transglutaminase (TG2), which has been

found both intracellularly as well as on the cell surface in

association with the extra-cellular matrix (Gaudry et al.

1999; Piacentini et al. 2002). TG2 has been implicated in a

variety of cellular processes, such as differentiation, cell
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death, inflammation, cell migration, and wound healing

(Collighan and Griffin 2009; Fesus and Piacentini 2002;

Fesus and Szondy 2005; Lorand and Graham 2003).

The vast array of biochemical functions catalysed by

TG2 distinguishes it from the other members of the TG

family. In fact, in addition to its transamidating activity,

TG2 might also act as a GTP-binding protein that medi-

ates intracellular signaling by coupling several receptors

to the phospholipase C-gamma1 (Fesus and Piacentini

2002). This activity is inhibited by Ca2?, which acts as a

switch between the two main biochemical functions of the

enzyme (Melino and Piacentini 1998). More recent evi-

dence indicates that under physiological circumstances the

TG2 enzyme may also act as protein disulfide isomerase

(PDI) (Hasegawa et al. 2003; Mastroberardino et al. 2006)

and as a serine/threonine kinase (Mishra and Murphy

2004).

Importantly, all members of the TG superfamily possess

a catalytic triad of cysteine 277 (C277), histidine 335

(H335) and aspartate 358 (D358), which is requisite for

transamidating activity (Liu et al. 2002; Pedersen et al.

1994; Yee et al. 1994). The cysteine to serine mutation at

the position 277 (C277S) has been extensively used to

inactivate the transamidation function of TG2 (Tucholski

and Johnson 2002). Furthermore, the various biochemical

activities of TG2 are differentially regulated depending on

its subcellular localization and may exert differential

effects on cell survival (Antonyak et al. 2006; Mehta et al.

2006).

One of the primary roles that TG2 plays in the cell is the

modulation of the cell death processes. Depending on cell

type and apoptotic stimuli, TG2 can exert a protective role

(Cao et al. 2008; Yamaguchi and Wang 2006), as well as a

facilitatory role, on apoptosis (Datta et al. 2007; Fesus and

Szondy 2005; Piacentini et al. 2002; Szondy et al. 2006;

Tucholski and Johnson 2002). Recently, it has also been

shown that TG2 is involved in the later stages of matura-

tion of autophagolysosomes (D’Eletto et al. 2009).

A growing number of publications demonstrate that

apoptosis induction is often associated with increased

autophagy, indicating the existence of an interplay between

these two important cellular events (Fimia and Piacentini

2010). It is becoming clear that autophagy may contribute

differently to cell death induction depending on the type

and degree of environmental changes, or stress stimuli, as

well as the cell type. Inhibition of autophagy leads in most

cases to an increased susceptibility to apoptotic stimuli,

highlighting the pro-survival role of the autophagic process

(Eisenberg-Lerner et al. 2009; Fimia and Piacentini 2010;

Yousefi et al. 2006).

Deregulation of autophagy has been proposed to play a

major role in several pathologies, including cardiomyopa-

thy, hepatitis, diabetes and neurodegenerative disorders

(Facchiano et al. 2006; Levine and Kroemer 2008;

Rubinsztein et al. 2007), which are all diseases where the

involvement of TG2 has been clearly established (Kahlem

et al.1998; Malorni et al. 2008; Mastroberardino et al.

2002).

Although the involvement of TG2 in apoptosis and

autophagy is well documented, the molecular mechanisms

of its action on these processes is still unknown. In par-

ticular, it is still not fully established which of the several

TG2 biochemical activities is involved. Therefore, the goal

of the present study was to dissect out the biochemical and

cellular mechanisms involved in either the autophagic or

apoptotic activity of TG2. To this aim immortalized

fibroblasts obtained by TG2 knock-out mouse embryos

stably transfected with active wild-type TG2 or TG2

without transamidating activity (C277S) were used to

determine how TG2 modulates apoptosis and autophagy in

response to different treatments.

Materials and methods

Materials

Anti-tubulin (T-4026) and anti-actin (A-2066) were from

Sigma, anti-LC3 (NB100-2331) was from Novus Bio-

logicals, mouse monoclonal TG2 antibody TG100 (MS-

279-P) or CUB7402 (MS-224-P1) were from Lab Vision

NeoMarkers, anti-PARP (SA-250) was from Biomol,

anti-caspase 3 (9662) was from Cell Signaling and anti-

ANT (AP 1034) was from Calbiochem. Secondary anti-

bodies were from Jackson Immunoresearch Labs. Earle’s

balanced salt solution (EBSS), 2-deoxy-D-glucose (2-DG),

Staurosporine (STS), NH4Cl (A0171), acridine orange

and puromycin were obtained from Sigma, D-MEM

and FBS were from Invitrogen Life Technologies Inc.,

ECL detection system (Chemi-Glow) was from Alpha

Innotech, 5-(biotinamido)pentylamine and horseradish

peroxidase (HRP)-conjugated streptavidin were from

Pierce.

Cloning of TGase 2 gene

TG2 cDNA was obtained by polymerase chain reaction

(PCR) amplification using a human fibroblast cDNA

library (Clontech, Palo Alto, CA, USA). The construct of

wt human TG2 gene was designed to be inserted into the

XhoI and EcoRI sites of the pLPCX vector obtaining the

pLPCX-TG2 plasmid. The full length human TG2 gene

was ligated into the XhoI and EcoRI sites of the pLPCX

vector, obtaining the pLPCX-TG2 plasmid, which was

transformed and sequenced to verify the amplification

efficacy. The mutant of the plasmid pLPCX-TG2 was
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obtained using Quick Change Site-Directed Mutagenesis

kit (Stratagene).

The primers used for mutant of the plasmid pLPCX-

TG2 in the cysteine 277 (pLPCX-C277S) were:

C277S 50-tcaagtatggccagagctgggtcttcgcc-30

C277S_antisense 50-ggcgaagacccagctctggccatacttga-30

pLPCX-TG2 plasmid was used as mutagenesis template.

The PCR-amplification products were treated with restric-

tion enzyme DpnI (Fermentas). An aliquot of 5 ll above

PCR product was transformed into DH5a competent cells

and inoculated on Luria–Bertani (LB) plate containing

100 lg/ml ampicillin. A total of 10 colonies were selected

and their plasmids were isolated by mini-prep. The positive

mutants were selected by DNA sequencing. pLPCX

plasmid contains a packaging signal under the control of

a Moloney murine leukemia virus 50 long terminal repeat

and a puromycin resistance gene under the control of the

CMV promoter.

TG2 knockout reconstitution by retrovirus infection

pLPCX-TG2 and pLPCX-C277S were transfected in the

Bosc 23 ecotropic packaging line using CaCl2 and HBS

to create high titer of ecotropic retrovirus. After 48 h,

the retroviral supernatant was harvested, filtered through

a 0.45 lm membrane and used to transduce -/-MEF

cells. For the creation of cell lines, -/-MEF cells were

transduced by replacing the culture medium with retro-

viral conditioned medium from Bosc 23 ecotropic

packaging cells, in the presence of 8 lg/ml Polybrene

(Sigma) followed by incubation for 16–18 h at 37�C.

The culture medium was replaced with fresh D-MEM,

and cells were grown, trypsinized, replated, and selected

for puromycin resistance using the antibiotic added to

the culture medium (3 lg/ml). We had previously per-

formed a survival curve with the antibiotic on untrans-

fected cells to determine optimal antibiotic concentration

and plating density.

Cell culture and treatments

MEF cells were cultured in Dulbecco’s modified Eagle’s

medium (D-MEM) supplemented with 10% fetal bovine

serum, 2 mM L-glutamine, 100 mg/ml streptomycin and

100 units/ml penicillin. Cells were grown in a humidified

atmosphere containing 5% CO2 at 37�C. For amino acid

starvation (STV), cells were washed two times in Earle’s

balanced salt solution (EBSS) and incubated in EBSS for

the indicated periods in presence or not of 20 mM NH4Cl.

For apoptosis induction, MEF cells were treated with 2 lM

STS for 4 h, or with 10 mM 2-deoxy-D-glucose (2-DG) for

36 h at 37�C.

Preparation of isolated mitochondria

Mitochondria were prepared by differential centrifugation:

unbroken cells, nuclei and large membranes were removed

through a centrifugation at 500 g for 15 min. The super-

natant was further centrifugated at 9,000 g for 20 min. The

mitochondrial enriched fraction, was resuspended in

50 mM Tris–HCl pH 7.4, 1 mM EDTA with protease

inhibitor. Proteins were quantified with standard Bradford

staining.

Immunoblotting

Cells were rinsed in ice-cold phosphate-buffered saline

(PBS) and collected in lysis buffer, containing 20 mM

Tris–HCl pH 7.4, 150 mM NaCl, 1% Triton X-100 with

protease inhibitor. Samples were centrifuged at 9,000 g for

15 min. Protein concentrations were determined by the

Bradford assay, using bovine serum albumin as a standard.

Aliquots of total protein extracts (30 lg) from cells after

different treatments were resolved on a 12% pre-cast SDS-

polyacrylamide gel (Invitrogen) and transferred to nitro-

cellulose membrane. Blots were blocked in 5% nonfat dry

milk in T-PBS (PBS ? 0.05% Tween 20) for 1 h at room

temperature. The blots were then incubated overnight with

above described antibodies. The membranes were washed

three times with T-PBS and incubated with HRP-conju-

gated secondary antibody for 1 h at room temperature. The

membranes were rinsed three times with T-PBS, and the

signal was detected by enhanced ECL chemiluminescent

detection system.

In situ transglutaminase assay

For in situ TG2 activity measurements, the cells were

preincubated for 20 min with 2 mM 50-(biotinamido)pen-

tylamine, prior to treatment with 2 lM STS for 4 h. Cells

were then harvested, lysed as described above and incor-

poration of the reagent into proteins was determined by

blotting with HRP-conjugated streptavidin (1:2,000). The

blots were then developed following the standard ECL

protocol.

Fluorescence microscopy

Sub-confluent cells (MEFs) grown on coverlips were

transiently transfected with pLPCX-GFP-LC3 vector using

lipofectamineTM 2000 (Invitrogen) according to the

manufacturer’s protocols. Acidic compartments were

labeled by incubating the cells with 75 nM LysoTracker

Red (Molecular Probes) in the culture medium at 37�C for

20 min. Nuclei were stained with 10 lg/ml Hoechst 33342

for 20 min. Cells were then fixed with 4%
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paraformaldehyde for 20 min at room temperature. The

coverslips were mounted on microscope slides, sealed with

an antifade solution and examined with a image worksta-

tion DeltaVision (AppliedPrecision) Olympus 1X70

microscope.

Analysis by FACS

To evaluate the acidification of the lysosomal compart-

ment, cells were incubated with 1 lg/ml Acridine Orange

for 20 min at room temperature, with protection from light.

Cells, treated as above described, were analysed on a

FACScan (Becton–Dickinson) cytometer. CellQuest soft-

ware was used for analysis.

Data analysis

All the data reported were verified in at least three different

experiments and reported as mean ? SEM. Only p \ 0.01

were considered significant.

Results

Characterization of the TG2 knockout MEFs

reconstituted with the wild type and C277S mutant TG2

enzyme

To determine the role of TG2 in autophagy or apoptosis,

we expressed the wild-type TG2 or the enzyme mutated at

cysteine 277 (C277S), which is the active site for tran-

samidating activity, into immortalized fibroblasts obtained

from TG2 knock-out mouse embryos (-/-MEF) (D’Eletto

et al. 2009).

We stably transfected -/-MEFs by retroviral infection,

and after antibiotic selection with puromycin (3 lg/ml), we

isolated various independent puromycin resistant clones

from the -/-MEF-transduced cells in which the

TG2 expression was detected by western blot analysis as

compared to -/-MEFs. In Fig. 1, the level of TG2

expression of three cell clones expressing wild-type TG2

(-/-MEFWT1, -/-MEFWT2, -/-MEFWT3; Fig. 1a)

and the TG2 inactive C277S mutant (-/-MEFC277SA,

-/-MEFC277SB, -/-MEFC277SC; Fig. 1b) is reported.

These cell clones were choosen since they expressed pro-

tein levels comparable to the wild-type MEFs to study the

effect of TG2 transamidating activity on induction of

apoptosis and autophagy in response to different stimuli.

In a first set of experiments we used the 50-(biotinami-

do)pentylamine incorporation method to verify whether

the reconstituted cell clones (either the -/-MEFWT and

-/-MEFC277S) display the expected transamidating-TG2

activity. Intracellular TG2 is known to be largely inactive

under normal physiological condition, but it is activated

under stressful conditions. In keeping with this, we treated

the above-mentioned clones with STS, a well-known

inductor of apoptosis. As shown in Fig. 1c we found

that intracellular TG2 activity upon apoptosis induction

by STS increased both in ?/?MEF and in reconstituted

-/-MEFWT cells, but was effectively suppressed in

-/-MEF and -/-MEFC277S cells, as expected due to its

active-site inactivation. To further characterize the selected

cell clones we also verified the subcellular localization of

the reconstituted TG2 by isolating cytosolic and mito-

chondrial fractions from transfected cells as well as from

2F TGH as a control cell line expressing high levels of

endogenous TG2 protein. The purity of cytosolic and

mitochondrial fractions was verified by immunoblotting for

adenine nucleotide translocator (ANT, as a resident mito-

chondrial protein) and tubulin (as a cytosolic protein)

(Fig. 1d). As expected, the majority of TG2 protein was

localized in the cytoplasm although an appreciable amount

of TG2 was also detected in the mitochondrial fractions of

the transfected cells (Fig. 1d). Notably, the active-site

mutation did not cause any change in the subcellular

localization of TG2 (Fig. 1d).

Effect of TG2 transamidating activity on apoptosis

induction

It has been well established in different experimental sys-

tems that TG2 is one of the effector genes induced in cells

undergoing apoptosis in vivo (Oliverio et al. 1999; Pia-

centini et al. 2002; Tucholski and Johnson 2002). Previous

studies suggest that TG2 can either facilitate or prevent

apoptosis depending on the cell type, the kind of stimuli,

the cellular localization or the prevalence of the different

enzyme activities (Antonyak et al. 2006; Cao et al. 2008;

Mehta et al. 2006; Piacentini et al. 1991; Tucholski and

Johnson 2002).

In order to clarify the involvement of TG2 transami-

dating activity in cell death, ?/?MEF, -/-MEF,

-/-MEFWT and -/-MEFC277S were treated with the

potent apoptotic stimulus, STS. Apoptosis was assessed by

western blot analysis using the specific apoptotic markers

of caspases 3 activation and PARP cleavage. As shown in

Fig. 2a, a marked induction of PARP cleavage and caspase

3 activation was seen in -/-MEFs when compared with

?/?MEFs. Furthermore, when the wild-type TG2 was

reconstituted in -/-MEFs, they displayed a protective

effect against death stimuli, as demonstrated by the

absence of both PARP cleavage and caspase 3 activation

after STS treatment (Fig. 2b). Interestingly, the contrary

was observed in the -/-MEFC277S clones lacking the

enzyme’s transamidating activity, which resulted in an

increased sensitivity to STS when compared with ?/?MEF
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and -/-MEFWT cells (Fig. 2b). It is important to mention

that we have isolated and analysed more than 15 different

clones for the wild-type enzyme and 6 for the C277 mutant.

Although they present some quantitative differences as

shown in Fig. 2b they all share the same behavior as far as

the apoptosis induction is concerned.

In order to confirm the differential response of

-/-MEFWT and -/-MEFC277S cells to apoptosis induc-

tion, we also compared their sensitivity to 2-deoxy-D-glu-

cose (2-DG), a non-metabolisable analog of glucose. 2-DG

has been shown to inhibit glycolysis by depleting the cell’s

ATP content by 25–30%, leading to the induction of

autophagy and/or apoptosis depending on the cell type

(D’Eletto et al. 2009). Here, we treated the cell clones with

10 mM 2-DG for 36 h and assessed the induction of

apoptosis by caspases 3 activation and PARP cleavage. As

shown in Fig. 2c, PARP cleavage increased significantly

after 2-DG treatment in -/-MEF and in the -/-MEFC277S

cells. In contrast, no significant increase in PARP cleavage

was detected in either the ?/?MEF or -/-MEFWT cells.

These results were confirmed by the activation of caspase 3,

which appeared only in -/-MEF and -/-MEFC277S cells

(Fig. 2c), thus substantiating the protective role exerted by

TG2 in the cells through its transamidating activity.

Fig. 1 Expression of TG2 in -/-MEF cells stably transfected with

TG2 constructs. Detection of TG2 expression levels in cell lysates

from three cell clones expressing a wild-type TG2 construct and

b C277S mutant. Actin was used to verify protein loading.

c Transamidating activity of TG2 in the MEF cells treated with

STS. Representative blot of the TG-catalyzed incorporation of

5-(biotinamido)pentylamine into proteins as a measure of in situ

enzyme activity. Cells were treated with 2 lM STS for 2 h and

labeled with 5-(biotinamido)pentylamine. Blots probed with HRP-

conjugated streptavidin indicate that TG2 activity upon apoptosis

induction increased both in ?/?MEF and -/-MEFWT cells

compared to either -/-MEF or -/-MEFC277S, according with the

active-site inactivation. d Subcellular localization of TG2. Cells were

separated into cytosolic and mitochondrial fractions and their TG2

levels were analysed by western blot. 2F TGH cells were used as

control of subcellular localization of human TG2. TG2 blot shows

that the clone reconstitution has no significant effect on the enzyme

intracellular localization. ANT (mitochondrial marker) and tubulin

(cytosolic marker) were used to verify the purity of the fractions
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Effect of TG2 transamidating activity on autophagy

induction

In previous studies, we have demonstrated a role for TG2-

mediated post-translational modifications of proteins in the

final maturation of autophagolysosomes under physiologi-

cal conditions (D’Eletto et al. 2009). In fact, the lack of

TG2 leads to an impairment of the autophagosome for-

mation and LC3 II accumulation both in knock out isolated

MEFs and in mouse tissues (D’Eletto et al. 2009). In order

to define whether the TG2-transamidating activity is

involved in autophagic process we first analyzed the effect

of nutrient depletion on the ?/?MEFs and -/-MEFs

incubated in an amino acid-free and serum-free medium for

18 h. Autophagy was monitored by detecting the conver-

sion of LC3 I into LC3 II by western blot analysis. As

reported in Fig. 3a, the levels of the 16 kDa LC3 II was

increased in -/-MEFs as compared to the ?/?MEFs,

confirming the impairment of the autophagosomes matu-

ration observed in absence of TG2. Interestingly, all of the

analyzed WT TG2 reconstituted cell clones showed an

evident decrease in the LC3 II accumulation as compared

to the -/-MEF cells (Fig. 3b) indicating that the

re-introduction of TG2 protein into the -/-MEFs rescued

the normal autophagyc flux. On the contrary, there was

an evident accumulation of LC3 II in all of the C277S

mutant cell clones (-/-MEFC277SA, -/-MEFC277SB,

-/-MEFC277SC) when compared with ?/?MEFs

(Fig. 3b), indicating that the impairment in the maturation

of autophagosomes, observed in the absence of TG2,

strictly depends on its transamidating activity (D’Eletto

et al. 2009). Similar results were obtained using a different

autophagic stimulus such as 10 mM of 2-DG for 36 h

(Fig. 3c).

Next we analyzed whether the lack of TG2-transami-

dating activity affects the final steps in the autophagosomes

maturation, by transiently transfecting the MEF cell clones

with GFP-LC3 and staining with LysoTracker Red (LTR).

Autophagy was induced by STV in the presence of NH4Cl,

which is known to block lysosomal degradation and thus

leading to a marked accumulation of autophagolysosomes.

Results reported in Fig. 4a clearly indicate the presence of

an elevated number of autophagolysosomes in ?/?MEFs

as well as in -/-MEFWT cells. By contrast, a defect in the

Fig. 2 Wild-type TG2 protects against STS induced apoptosis in

MEF cells. a, b Cell lines were treated with STS (2 lM) for 4 h and

cell lysates were subjected to Western blot analysis with anti-PARP

and anti-Caspase 3 to examine apoptosis induction. a The active form

of caspase 3 and the PARP cleavage appear only in -/-MEF

as compared to ?/?MEF cells. b Similar results were detected in

-/-MEF cells expressing C277S mutant as compared to wild-type

TG2. c Cells were incubated in full medium in the presence of 10 mM

2-DG for 36 h. Then they were lysed and proteins subjected to

immunoblotting for expression of the above indicated antibodies.

PARP cleavage and caspase 3 activation, increased both in -/-MEF

and -/-MEFC277S cells compared to either ?/?MEF or

-/-MEFWT, according with the active-site inactivation

Fig. 3 Effect of autophagy induction on TG2 reconstituted MEF cell

lines. Cells cultured in an amino acid-free and serum-free medium

(EBSS) were collected after 18 h, lysed and proteins were subjected

to immunoblotting for expression of LC3, to examine autophagy

induction. a Note the evident accumulation of LC3 II isoform in

-/-MEF but not in ?/?MEF cells. b LC3 II is significantly

decreased in -/-MEF cells expressing wild-type TG2 compared to

C277S, indicating that stable reconstitution of -/-MEF with wild-

type TG2 restores the capacity of these cells to complete the

autophagic process. c Cells were incubated in full medium in the

presence of 10 mM 2-DG for 36 h and subsequently lysed and

proteins subjected to immunoblotting for expression of LC3. LC3 II

isoform accumulation increased both in -/-MEF and -/-MEFC277S

cells compared to either ?/?MEF or -/-MEFWT, according to the

active-site inactivation
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fusion of autophagosomes with lysosomes was detected in

the cells lacking TG2-transamidating activity (-/-MEFs

and -/-MEFC277S), as highlighted by the absence of

overlap of GFP-LC3 with LysoTracker Red.

It is well-known that during autophagy, the acidification

of the autophagolysosome’s lumen enables this specialized

membrane system to degrade sequestered cytoplasmic

components (D’Eletto et al. 2009). To study the effect of

TG2-transamidating activity on the maturation of auto-

phagolysosomes, we used the lysosomotropic agent acri-

dine orange, a weak base that moves freely across

biological membranes when uncharged which accumulates

in acidic compartments where it forms red fluorescent

aggregates that can be detected by flow cytometry.

As expected, the acidification of autophagosomes

increased after STV in the ?/?MEF and in -/-MEFWT

cells, while the expression of the active-site mutated TG2

failed to restore the capacity of these cells to complete the

autophagic process, resulting in the absence of acidic

vesicular organelles detected by acridine orange staining

(Fig. 4b). These studies demonstrate that the TG2-tran-

samidating activity is sufficient and necessary to catalyze

the final steps of autophagosome formation.

Discussion

The balance between cell proliferation and death allows

multi-cellular organisms to model their shape during

development and to maintain their own homeostasis in

adulthood. A large amount of evidences show that apop-

tosis induction is often associated with a concomitant

modulation of autophagy indicating the existence of

an interplay between these two important cellular events

(Fimia and Piacentini 2010; Klionsky 2007; Maiuri et al.

2007b). The simultaneous regulation of both mechanisms

has been detected not only in experimental settings, but

also in vivo under physiological and pathological condi-

tions. The best evidence that the regulation of autophagy

and apoptosis are strictly interconnected is highlighted by

the fact that the two pathways share key molecular regu-

lators (Eisenberg-Lerner et al. 2009). Of particular note is

that TG2 protein levels and its activity have been shown to

be induced in both phenomena. However, the role that TG2

plays on the two pathways has not been completely

understood. In keeping with this assumption, in this study

we focused our attention on the role of TG2 and its

transamidation enzymatic activity on the regulation of

apoptosis and autophagy in mouse fibroblasts.

It is well established that intracellular TG2 is able to

carry out three different enzymatic activities in addition to

its predominant transamidase and deamidase activities.

These functions are: (i) the GTPase activity and its related

intra-cellular G protein signalling, via coupling to the

a1b/a1d-adrenergic receptors (Nakaoka et al. 1994), the TPa
thromboxane A2 receptor (Vezza et al. 1999), and the

oxytocin receptor (Park et al. 1998); (ii) a serine/threonine

Fig. 4 Detection of acidic vesicular organelles in wild type versus

-/-MEF reconstituted cell clones. a Immunofluorescence analysis in

MEF cell lines undergoing autophagy in the presence of NH4Cl,

which inhibits the activation of the lysosomal enzymes, hence

blocking the degradation process of LC3 II isoform. MEF cells were

transiently transfected with pLPCX-GFP-LC3 (green), acid compart-

ments were labeled by incubating cells with 75 nM LTR (red) and

nuclei were stained with 10 lg/ml Hoechst 33342 (blue) for 20 min.

Green dots represent autophagosomes; red dots represent free

lysosomes; yellow dots are sites of overlap of GFP-LC3 with LTR

and highlight the formation of autophagolysosomes. b Quantification

of acidic vesicular organelles in MEFs by acridine orange staining

using FACS analysis. Cells were subjected to STV, incubated with

Acridine Orange and then analyzed on a FACScan cytometer. The

increased acidification of autophagosomes in the ?/?MEF and in

-/-MEFWT cells demonstrate that the reconstitution of -/-MEF

with wild-type TG2, but not with C277S mutant, restores the capacity

of these cells to complete the autophagic process. Values are

means ± SEM of 3–4 determinations
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kinase activity, (Mishra and Murphy 2004); (iii) a PDI

activity (Hasegawa et al. 2003; Mastroberardino et al.

2006) for which several mitochondrial substrates have been

identified (Malorni et al. 2009; Piacentini et al. 2002).

Under stressful conditions, such as those induced by many

cell death and authophagic stimuli, where the free intra-

cellular calcium concentrations become elevated, TG2

becomes a cross-linking enzyme (Di Venere et al. 2000).

This is in contrast to its structure when bound to GDP

which have been resolved in a crystal complex (Liu et al.

2002). In that GDP-bound conformation, four distinct

domains were identified: a N-terminal b-sandwich, bearing

fibronectin and integrin-binding sites; a catalytic core,

bearing the catalytic triad for the acyl-transfer reaction and

a putative BH3 domain; and finally, the two C-terminal

b-barrel domains. The binding of GTP, but not that of

Ca2?, proves to be important for the stability of the

enzyme’s conformation, suggesting a molecular mecha-

nism by which GTP inhibits TG2-transamidation activity.

Accordingly, the GTP-TG2 adopts a ‘‘closed’’ conforma-

tion which decreases the accessibility of the protein matrix

to the solvent, thus rendering the accessibility of the cys-

tamine-277 containing active site more hindered (Di

Venere et al. 2000).

Under physiological conditions, TG2 over-expression

primes cells for suicide while its inhibition, through several

strategies, results in decreased cell death (Malorni et al.

2009; Oliverio et al. 1999). It has been reported that the

enzyme might sensitize cells towards apoptosis by inter-

acting with mitochondria and by shifting them to a higher

polarized state (Malorni et al. 2009; Piacentini et al. 2002).

This event triggers an alteration of the redox status that

might provoke the activation of the TG2’s PDI activity. At

the same time, the massive increase of cytosolic Ca2?

concentration, observed during the later stages of apoptosis,

determines the switch of TG2 to its cross-linking configu-

ration in all sub-cellular compartments. This transition

results in an extensive polymerization of intra-cellular

proteins, including actin, Sp1 and Rb, and the formation of

detergent-insoluble structures (Fesus et al. 1989; Oliverio

et al. 1999; Tatsukawa et al. 2009). These protein scaffolds

stabilize the dying cell before its clearance by phagocytosis;

this prevents the release of harmful intra-cellular compo-

nents and the activation of an inflammatory or autoimmune

response (Piacentini and Colizzi 1999). Under pathological

conditions, the death of cells expressing high amounts of

TG2 may occur as a result of a ‘mummification’ event

caused by an extensive cross-linking of cytosolic proteins

without signs of either apoptosis or necrosis.

The results reported in this paper clearly indicate that

the TG2 cross-linking activity is the principal enzymatic

activity involved in the regulation of both apoptosis and

autophagy. In fact, the reconstitution of MEFs, isolated

from the TG2-knockout mouse, with either the wild type or

the C277S inactive mutant, evidenced that the impairment

of autophagy and the activation of apoptosis observed in

the -/-MEFs could only be recovered by the re-intro-

duction to these cells of the wild-type enzyme and not by

its active-site mutant. Our study also indicates that the

impairment of the late stages of autophagy observed in the

-/-MEFs primes the cells for the induction of caspase-

dependent death. It is interesting to note that there is also

an important effect played by the relative TG2 protein level

expressed in the cell on the autophagic outcome. In fact,

both the absence and the overexpression of TG2 led to an

impairment of the autophagic process by acting at different

levels in the pathway. We demonstrated both in vitro and in

vivo, that the lack of TG2 under normal physiological

conditions prevents the formation of mature autophago-

lysosomes and their acidification, thus impairing the deg-

radation of the substrates (D’Eletto et al. 2009). By

contrast, studies carried out in pathological settings (i.e.

cystic fibrosis), in which the enzyme is overexpressed,

showed that TG2 is able to prevent the induction phase at

the level of the endoplasmic reticulum by cross-linking the

Beclin1/Ambra1 initiation complex (Luciani et al. 2011).

These studies suggest that TG2 is absolutely required for

the proper completion of the autophagic process, but its

activity must be finely tuned in order to promote the

autophagic process. Interestingly, the original concept that

inhibition of apoptosis results in autophagic/necrotic cell

death is now being extended and it is clear that apoptosis

and autophagy can act as partners to induce cell death in a

coordinated or cooperative fashion (Fimia and Piacentini

2010). On the other hand, inhibition of autophagy leads, in

most cases, to an increase susceptibility to apoptotic

stimuli, highlighting the pro-survival role of the autophagic

process. It is important to note that Beclin 1-mediated

induction of autophagy is inhibited by the antiapoptotic

Bcl-2 family members; and interestingly, this interaction

involves the binding of Bcl-2 to a BH3 domain present in

Beclin 1 (Maiuri et al. 2007a). Therefore, the protein–

protein interaction network dependent on BH3 domains

present in many pro- and anti-apoptotic proteins does not

seem to be exclusive for the regulation of the apoptotic

process but it is also involved in the induction of autophagy

(Maiuri et al. 2007b). In line with this observation, the

BH3-only proteins BAD, BNIP3 and BNIP3-like

(BNIP3L), also known as NIX, have been shown to play a

role both in cell death and autophagy (Zhang and Ney

2009). We have demonstrated that TG2 contains a putative

BH3 domain by which it can interact with Bcl2 family

members and consequently modulating both apoptosis and

autophagy (Rodolfo et al. 2004).

Thus, in many physiological settings, autophagy acts by

promoting cell survival as an antagonist of apoptosis. In

1800 F. Rossin et al.
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this study, we have demonstrated that the ablation of TG2

sensitizes cells for the induction of apoptosis indicating its

critical role in balancing the onset of these two essential

cellular events. Furthermore, we have identified the trans-

amidation activity of TG2 to be responsible for these

actions. These findings indicate TG2 as one of the key

elements, such as p53 and Bcl2, whose expression and

proper activation can determine the cell’s fate by inducing

cell death or survival.
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