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BACKGROUND AND PURPOSE
Tissue transglutaminase (TG2) has been shown to mediate cell survival in many cell types. In this study, we investigated
whether the role of TG2 in cytoprotection was mediated by the activation of PKA and PKC in cardiomyocyte-like H9c2 cells.

EXPERIMENTAL APPROACH
H9c2 cells were extracted following stimulation with phorbol-12-myristate-13-acetate (PMA) and forskolin. Transglutaminase
activity was determined using an amine incorporating and a protein crosslinking assay. The presence of TG isoforms (TG1, 2,
3) was determined using Western blot analysis. The role of TG2 in PMA- and forskolin-induced cytoprotection was
investigated by monitoring H2O2-induced oxidative stress in H9c2 cells.

KEY RESULTS
Western blotting showed TG2 >> TG1 protein expression but no detectable TG3. The amine incorporating activity of TG2 in
H9c2 cells increased in a time and concentration-dependent manner following stimulation with PMA and forskolin. PMA and
forskolin-induced TG2 activity was blocked by PKC (Ro 31-8220) and PKA (KT 5720 and Rp-8-Cl-cAMPS) inhibitors
respectively. The PMA- and forskolin-induced increases in TG2 activity were attenuated by the TG2 inhibitors Z-DON and
R283. Immunocytochemistry revealed TG2-mediated biotin-X-cadaverine incorporation into proteins and proteomic analysis
identified known (β-tubulin) and novel (α-actinin) protein substrates for TG2. Pretreatment with PMA and forskolin reversed
H2O2-induced decrease in MTT reduction and release of LDH. TG2 inhibitors R283 and Z-DON blocked PMA- and
forskolin-induced cytoprotection.

CONCLUSIONS AND IMPLICATIONS
TG2 activity was stimulated via PKA- and PKC-dependent signalling pathways in H9c2 cells These results suggest a role for
TG2 in cytoprotection induced by these kinases.

Abbreviations
MTT, (3-(4-5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide); PMA, phorbol-12-myristate-13-acetate; TG2,
transglutaminase type 2
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Introduction
Transglutaminases (TGs) are a family of calcium (Ca2+)-
dependent enzymes that catalyse the post-translational
modification of proteins. Once Ca2+ binds to TG, a cysteine is
exposed leading to the formation of a bond between ε-amide
(as an isodipeptide or polyamine bond) and γ-carboxamide
of protein-bound glutamine residues (Lorand and Conrad,
1984). There are eight distinct members of the TG family,
which exhibit differential expression (Factor XIIIa and TGs
1–7; Griffin et al., 2002; Mhaouty-Kodja, 2004). Blood plasma
TG (Factor XIIIa) is essential for the formation of fibrin clots,
TG1 (keratinocyte TG) regulates keratinocyte differentiation,
TG3 is expressed in the epidermal layer of the skin and
also regulates keratinocyte differentiation, whereas TG4 is
expressed in the prostate gland and is thought to play a role
in mammalian fertility (Griffin et al., 2002; Mhaouty-Kodja,
2004).

The ubiquitously expressed transglutaminase 2 (TG2) is
the most widely studied member of the TG family, which has
been implicated in the regulation of a wide range of cellular
processes, including cell adhesion, migration, growth, sur-
vival, apoptosis, differentiation and extracellular matrix
organization (Nurminskaya and Belkin, 2012). The role of
TG2 in cell survival and cell death is cell-specific with initial
findings suggesting that TG2 was pro-apoptotic; however,
more recent data indicate that TG2 has a role in cell survival
(Piacentini et al., 2011). Dysregulation of TG2 has been impli-
cated in much pathology, including celiac disease, neurode-
generative disorders, some cancers and as such represents a
potential therapeutic target (Caccamo et al., 2010).

TG2 has been described as a molecular ‘Swiss army
knife’ as it exhibits many enzymic functions that include
transamidation, protein disulphide isomerase and PK activity
(Gundemir et al., 2012). It also functions as a G-protein,
which is independent of its TG activity; mediating signal
transduction pathways triggered by several GPCRs including
the α1B-adrenoceptor (Nakaoka et al., 1994). Interestingly, the
activity of TG2 and other TG family members can be regu-
lated by PKs. For example, phosphorylation of TG2 by PKA
inhibits its transamidating activity but enhances its kinase
activity (Mishra et al., 2007). The cross-linking activity of TG1
(keratinocyte TG) is enhanced by phorbol ester-induced
stimulation of PKC and ERK1/2 (Bollag et al., 2005). Finally,
PKC-δ has been shown to regulate TG2 expression in pancre-
atic cancer cells (Akar et al., 2007). Overall, these observations
suggest that the activity and expression of specific TG isoen-
zymes can be regulated by PKA and PKC-dependent signal-
ling pathways.

PKA and PKC are two major mediators of signal transduc-
tion pathways associated with cell survival (Yellon and
Downey, 2003; Sanada et al., 2011). Interestingly, TG2 has
been shown to mediate cell survival by regulating ATP syn-
thesis in cardiomyocytes (Szondy et al., 2006). Similarly,
increased TG2 expression protects neuronal cells from
oxygen and glucose deprivation-induced cell death (Filiano
et al., 2008). Given the evidence suggesting a role for TG2 in
cytoprotection coupled with its regulation by PKs associated
with cell survival, we hypothesize that TG2-mediated cyto-
protective effects are modulated by PK activity. Therefore, one
aim of this study was to explore the regulation of TG2 by PKA

and PKC in the rat embryonic cardiomyoblast-derived H9c2
cell line (Kimes and Brandt, 1976). Although the regulation of
TG isoenzymes by PKA and PKC has been studied in other cell
lines (Bollag et al., 2005; Mishra et al., 2007) the regulation of
TG2 has not been investigated in H9c2 cells. Therefore, the
primary aims of this study were (i) to investigate the activa-
tion of TG2 in response to phorbol-12-myristate-13-acetate
(PMA; a PKC activator) and forskolin (PKA activator), and (ii)
to determine whether TG2 plays a role in PKC/PKA-mediated
cytoprotection in H9c2 cells. The results obtained indicate
that TG2 activity is increased in H9c2 cells treated with PKC
and PKA activators. Furthermore, inhibition of TG2 activity
attenuated PMA and forskolin-mediated cytoprotection
against H2O2-induced oxidative stress.

Methods

Cell culture
Rat embryonic cardiomyoblast-derived H9c2 cells were
obtained from the European Collection of Animal Cell Cul-
tures (Porton Down, Salisbury, UK). These cells, derived from
embryonic rat heart tissue (Kimes and Brandt, 1976), are
increasingly used as an in vitro model since they display
similar morphological, electrophysiological and biochemical
properties to primary cardiac myocytes (Hescheler et al.,
1991). Cells were cultured in DMEM supplemented with
2 mM L-glutamine, 10% (v/v) fetal calf serum and penicillin
(100 U·mL−1)/streptomycin (100 μg·mL−1). Cells were main-
tained in a humidified incubator (95% air/5% CO2 at 37°C)
until 70–80% confluent and sub-cultured (1:5 split ratio)
using trypsin (0.05% w/v)/EDTA (0.02% w/v).

Treatment of cells with PK activators
H9c2 cells were cultured in 75 cm2 flasks until 80% confluent
and then treated with 1 μM PMA or 10 μM forskolin for 1, 5,
10, 20 and 40 min. Stock concentrations of PMA (10 mM)
and forskolin (10 mM) were dissolved in DMSO, which was
present in all treatments including the control at a final
concentration of 0.1% (v/v). For concentration-response
determination, cells were incubated for 5 min with PMA (up
to 1 μM) or forskolin (up to 10 μM).

Treatment of cells with PK inhibitors
All PK inhibitors were prepared as 10 mM stock solutions
dissolved in DMSO and further diluted with DMEM to obtain
final concentrations. H9c2 cells (80% confluent) were pre-
incubated for 30 min in medium with or without the PKC
inhibitor Ro 31-8220 (10 μM; Davis et al., 1989), and the PKA
inhibitors KT 5720 (5 μM; Kase et al., 1987) and Rp-8-Cl-
cAMPS (50 μM; de Wit et al., 1984) for 5 min prior to treat-
ment with 1 μM PMA or 10 μM forskolin.

Cell extraction for measurement of
TG2 activity
Following stimulation H9c2 cells were rinsed twice with
2.0 mL of chilled PBS, lysed with 500 μL of ice-cold lysis
buffer (50 mM Tris-HCl pH 8.0, 0.5% (w/v) sodium deoxy-
cholate, 0.1% (v/v) protease inhibitor cocktail and 1% (v/v)
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phosphatase inhibitor cocktail 2). Cell lysates were scraped
and clarified by centrifugation at 4°C for 20 min at 14 000× g
prior to being assayed for TG activity using the biotin-labelled
cadaverine incorporation assay (see below). Supernatants
were collected and stored at −20°C.

Protein estimation
The bicinchoninic acid protein assay, based on the method of
Smith et al. (1985), was performed using a commercially
available kit (Sigma-Aldrich, Gillingham, UK), with BSA as
the standard.

TGactivity
This was monitored by two different assays; amine incorpo-
ration and protein cross-linking.

Biotin-labelled cadaverine incorporation assay
The assay was performed as per the method described by
Slaughter et al. (1992) with modifications of Lilley et al.
(1998). Briefly, 96-well microtitre plates were coated
overnight at 4°C with 250 μL of N’,N’-dimethylcasein
(10 mg·mL−1 in 100 mM Tris-HCl, pH 8.0). The plate was
washed twice with distilled water and blocked with 250 μL of
3% (w/v) BSA in 0.1 M Tris-HCl, pH 8.0 and incubated for
30 min at 37°C. The plate was washed twice before the appli-
cation of 150 μL 100 mM Tris-HCl pH 8.0 containing 225 μM
biotin cadaverine (a widely used substrate to monitor TG
amine incorporating activity) and 2 mM 2-mercaptoethanol
and either 6.67 mM calcium chloride and or 13.3 mM EDTA
(used to deplete calcium and inactivate TG). The reaction was
started by the addition of 50 μL of samples or positive control
(TG2 standard) and negative control (Tris buffer). After incu-
bation for 1 h at 37°C plates were washed as before. Then,
200 μL of 100 mM Tris-HCl pH 8.0 containing ExtrAvidin-
HRP (1:500 dilution) was added to each well and the plate
incubated at 37°C for 45 min then washed as before. The
plate was developed with 200 μL of freshly made developing
buffer (7.5 μg·mL−1 3, 3’, 5, 5’-Tetramethylbenzidine and
0.0005% (v/v) H2O2 in 100 mM sodium acetate, pH 6.0) and
incubated at room temperature for 15 min. The reaction was
terminated by adding 50 μL of 5.0 M sulphuric acid and the
absorbance read at 450 nm. One unit of TG2 was defined as a
change in absorbance at 450 nm of 1.0 h−1. Each experiment
was performed in duplicate.

Biotin-labelled peptide-cross-linking assay
The assay was performed according to the method of Trigwell
et al. (2004) with minor modifications. Microtitre plates (96-
well) were coated and incubated overnight at 4°C with casein
at 1.0 mg·mL−1 in 100 mM Tris-HCl pH 8.0 (250 μL per well).
The wells were washed twice with distilled water, before incu-
bation at 37°C for 1 h with 250 μL of blocking solution
[100 mM Tris-HCl pH 8.0 containing 3% (w/v) BSA]. The plate
was washed twice before the application of 150 μL 100 mM
Tris-HCl pH 8.0 containing 5 μM biotin-TVQQEL and 2 mM
2-mercaptoethanol and either 6.67 mM calcium chloride and
or 13.3 mM EDTA. The reaction was started by the addition of
50 μL of samples or positive control (TG2 standard) and nega-
tive control (Tris buffer) and allowed to proceed for 1 h at
37°C. Reaction development and termination were performed
as described for biotin cadaverine assays. One unit of TG2 was

defined as a change in absorbance at 450 nm of 1.0 h−1. Each
experiment was performed in duplicate.

Oxidative stress-induced cell death: PMA and
forskolin-induced cytoprotection
H9c2 cells in fully supplemented DMEM were pretreated for
5 min with 1 μM PMA or 10 μM forskolin prior to 2 h expo-
sure to 600 μM H2O2. Where appropriate, cells were also
treated for 1 h with the cell-penetrating TG2 inhibitors
Z-DON (150 μM) or R283 (200 μM) before the addition of
PMA or forskolin. Medium containing PMA/forskolin and
TG2 inhibitors was removed and replaced with fresh fully
supplemented DMEM prior to H2O2 treatment.

MTT assay
H9c2 cells were plated in 24-well flat-bottomed plates (15 000
cells per well) and cultured for 24 h in fully supplemented
DMEM. Cell viability was determined by measuring the
metabolic reduction of (3-(4-5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide) (MTT) to a coloured formazan
product. Cells were incubated for 1 h in 0.5 mg·mL−1 MTT (in
the absence of H2O2) after which the medium was removed
and replaced with 200 μL DMSO. Absorbance was measured
at 570 nm.

LDH assay
H9c2 cells were plated in 96-well flat-bottomed plates (5000
cells per well) and cultured for 24 h in fully supplemented
DMEM. Following H2O2 exposure, the activity of LDH
released into the culture medium was detected using the
CytoTox 96® non-radioactive cytotoxicity assay (Promega,
Southampton, UK). Assays were performed according to the
manufacturer’s instructions and monitored at 490 nm.

SDS-PAGE and Western blot analysis
To investigate the presence of TG2 and monitor ERK1/2 acti-
vation, protein extracts (50 μg per lane) were separated by
SDS-PAGE (10% polyacrylamide gel) using a Bio-Rad Mini-
Protean III system (Biorad Laboratories Ltd., Hemel Ham-
stead, UK). Proteins were transferred to nitrocellulose
membranes in a Bio-Rad Trans-Blot system using 25 mM Tris,
192 mM glycine pH 8.3 and 20% (v/v) MeOH). Following
transfer, the membranes were washed with Tris-buffered
saline (TBS) and blocked for 1 h at room temperature with 3%
(w/v) skimmed milk powder in TBS containing 0.1% (v/v)
Tween-20. Blots were then incubated overnight at 4°C in
blocking buffer with the following primary antibodies: anti-
TG2 (CUB 7402; 1:1000), phospho-specific ERK1/2 (1:2000)
and GAPDH (1:1000). The primary antibodies were removed
and blots washed three times for 5 min in TBS/Tween 20.
Blots were then incubated for 1 h at room temperature with
the appropriate secondary antibody (1:1000) coupled to HRP
(DAKO Ltd, Cambridge, UK) in blocking buffer. Following
removal of the secondary antibody, blots were extensively
washed as above and developed using the Ultra Chemilumi-
nescence Detection System (Uptima, Interchim, France) and
quantified by densitometry using Advanced Image Data
Analysis Software (Fuji; version 3.52; Fujifilm UK, Ltd., Bed-
fordshire, UK). The uniform transfer of proteins to the nitro-
cellulose membrane was routinely monitored by transiently
staining the membranes with Ponceau S stain prior to
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application of the primary antibody. Samples from each
experiment were also analysed on separate blots using total
unphosphorylated ERK1/2 and GAPDH primary antibodies in
order to confirm the uniformity of protein loading.

Visualization of in situ TG2 activity
H9c2 cells were seeded on 8-well chamber slides (15 000 cells
per well) and cultured for 24 h in fully supplemented DMEM.
The medium was then removed, monolayer gently washed
with PBS and slides incubated for 4 h with 1 mM biotin-X-
cadaverine (a cell permeable TG2 substrate; Perry et al., 1995)
before experimentation. Where appropriate cells were treated
for 1 h with TG2 inhibitors Z-DON (150 μM) or R283 (200 μM)
before the addition of 1 μM PMA or 10 μM forskolin. Follow-
ing stimulation, cells were fixed with 3.7% (w/v) paraformal-
dehyde and permeabilized with 0.1% (v/v) Triton-X100 both
in PBS for 15 min at room temperature. After washing, cells
were blocked with 3% (w/v) BSA for 1 h at room temperature
and the biotin-X-cadaverine-labelled protein substrates
detected by (1:200 v/v) FITC-conjugated ExtrAvidin (Sigma-
Aldrich). Nuclei were stained with DAPI and viewed using an
epifluorescence microscope (Olympus BX51 with a DP70
Digital Camera System; Olympus UK, Ltd., Southend, UK).

Measurement of biotin-X-cadaverine
incorporation into proteins serving as
substrates for TG2
Cellular proteins acting as substrates for endogenous TG2-
catalysed polyamine incorporation reactions was investi-
gated as described by Singh et al. (1995). After incubation
with 1 mM biotin-X-cadaverine the cells were treated with
PMA or forskolin in the presence or absence of Z-DON as
described above. The cell extracts (50 μg) were subjected to
SDS-PAGE and transferred to nitrocellulose membrane. The
biotinylated proteins were probed using ExtrAvidin HRP and
visualized by enhanced chemiluminescence (ECL). In some
experiments, biotinylated proteins were enriched using Cap-
tAvidin™ agarose (Life Technologies Ltd., Paisley, UK) prior
to SDS-PAGE.

Proteomic analysis of TG2 biotinylated
substrate proteins
Following pretreatment with 1 mM biotin-X-cadaverine,
Hc92 cells were treated with PMA and FK and extracted as
described above. The proteins labelled with biotin-X-
cadaverine were purified using CaptAvidin agarose (Life Tech-
nologies) prior to SDS-PAGE using a 4–20% gradient gel
(Biorad Laboratories Ltd.). Protein bands were visualized
using ‘Safe Blue’ protein stain (Expedeon, Harston, UK),
excised from the gel and cut into small pieces using a sterile
scalpel. The polyacrylamide pieces containing biotin
cadaverine-labelled proteins were processed for trypsin diges-
tion (trypsin gold; Promega, Southampton, UK). The peptides
were concentrated using ZipTip-C18 columns (Millipore,
Watford, UK) and the eluted peptides were spotted onto a
MALDI-TOF sample plate prior to analysis using LC-
MALDI-TOF (UltrafleXtreme, Bruker Daltonics Ltd., Coven-
try, UK). LC-fractions were controlled using WARP-LC soft-
ware (version 3.2, Bruker Daltonics) and FlexControl software
(version 3.3, Bruker Daltonics). Data acquired were searched
against rat gene sequence database (UniProt) using MASCOT

(version 2.3 server, Matrix Science Ltd., London, UK). To
validate the identification of one protein transamidated
by TG2, cell lysates were immunoprecipitated with anti
α-actinin antibody (clone BM-75.2; Sigma-Aldrich) and pre-
cipitated proteins were separated by SDS-PAGE in a 10% (w/v)
polyacrylamide gel, transferred to nitrocellulose, probed
using ExtrAvidin HRP and visualized by ECL.

Statistical analysis
Results are presented as means ± SEM. Statistical analysis
(one-way ANOVA followed by Tukey’s multiple comparison test
and two-way ANOVA for group comparison) was performed
using GraphPad Prism® software (GraphPad Software, Inc.,
La Jolla, CA, USA). P < 0.05 was considered statistically
significant.

Materials
Chelerythrine, Gö 6983 ({2-[1-(3-dimethylaminopropyl)-5-
methoxyindol-3-yl]-3-(1H-indol-3-yl) maleimide}), H-89, KT
5720, Ro-31-8220 ({3-[1-[3-(amidinothio) propyl-1H-indol-3-
yl]-3-(1-methyl-1H-indol-3-yl)maleimide bisindolylmaleim-
ide IX, methanesulfonate}) and Rp-8-Cl-cAMPS (adenosine
3’,5’-cyclic monophosphorothioate, 8-chlro-, Rp-isomer) were
purchased from Calbiochem (San Diego, CA, USA). Casein,
forskolin, N’,N’-dimethylcasein, protease inhibitor cocktail,
phosphatase inhibitor cocktail 2, purified standard guinea pig
liver TG2 and ExtrAvidin® HRP were obtained from Sigma-
Aldrich. PMA was obtained from Tocris Bioscience (Bristol,
UK). The TG2 inhibitor Z-DON (Z-ZON-Val-Pro-Leu-OMe)
was obtained from Zedira GmbH (Darmstadt, Germany).
Biotin-TVQQEL was purchased from Pepceuticals (Enderby,
UK). R283 was synthesized by Dr I Coutts at Nottingham
Trent University. Biotin cadaverine (N-(5-aminopentyl)
biotinamide), biotin-X-cadaverine (5-([(N-(biotinoyl)amino)
hexanoyl]amino)pentylamine) and DAPI were purchased
from Life Technologies. DMEM medium, fetal calf
serum, trypsin (10×), L-glutamine (200 mM), penicillin
(10 000 U·mL−1)/streptomycin (10 000 μg·mL−1) were pur-
chased from BioWhittaker UK Ltd., Wokingham, UK. All other
chemicals were of analytical grade. Antibodies were obtained
from the following suppliers: monoclonal phospho-specific
ERK1/2 (Thr202/Tyr204) from Sigma-Aldrich; monoclonal anti-
TG2 (CUB 7402) from Abcam (Cambridge, UK), monoclonal
anti-GAPDH from Santa Cruz Biotechnology Inc. (Dallas, TX,
USA) and polyclonal anti-human keratinocyte TG1 and poly-
clonal anti-human epidermal TG3 from Zedira GmbH.

Results

Time-dependent effects of phorbol ester (PMA)
and forskolin treatment on TG2-mediated
biotin amine incorporation activity
Western blotting showed TG2 >> TG1 protein expression but
no detectable TG3 (Figure 1). Initial experiments investigated
the possible effect of PMA (a PKC activator) and forskolin
(PKA activator) treatment on TG2 activity in H9c2 cardiomy-
oblasts. H9c2 cells were treated with 1 μM PMA or 10 μM
forskolin and subjected to the biotin cadaverine amine incor-
poration assay (Slaughter et al., 1992). Exposure of cells to
PMA or forskolin produced a statistically significant transient
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increase in TG2-catalysed biotin cadaverine incorporation
activity peaking at 5–10 min (Figure 2). Since an increase in
TG2 activity was observed at an early incubation time, cells
were treated with different concentrations of PMA and
forskolin for 5 min and subjected to biotin-labelled cadaver-
ine incorporation assay. A gradual increase in TG2 activity
was observed with increasing PMA (Figure 3A) or forskolin
(Figure 3B) concentrations.

Time-dependent effects of phorbol ester and
forskolin on TG2-mediated protein
cross-linking activity
TG2 protein cross-linking activity in H9c2 cells was assayed
in the presence of PMA or forskolin using the biotin-labelled
peptide (biotin-TVQQEL) cross-linking assay (Trigwell et al.,
2004). A time course exposure to 1 μM PMA (Figure 4A) did
not produce any significant changes in TG2 protein cross-
linking activity. In contrast, 10 μM forskolin induced a sig-
nificant increase in TG2-mediated protein cross-linking
activity after 20 min exposure (Figure 4B).

The effects of PK activators and inhibitors on
purified guinea pig liver TG activity
The direct effect of PMA and forskolin on TG2 activity was
determined using the biotin cadaverine incorporation assay
(Slaughter et al., 1992). As shown in Figure 5A, PMA and
forskolin had no significant effect on guinea pig liver TG
activity. The effect of PKA (H-89, KT 5720, Rp-8-Cl-cAMPS)
and PKC (Gö 6983, chelerythrine, Ro 31-8220) inhibitors on
purified guinea pig liver TG activity was also determined prior
to accessing the ability of these inhibitors to attenuate PMA
and forskolin-induced TG2 activity. As shown in Figure 5B,
Gö 6983, chelerythrine and H-89 significantly inhibited
purified TG2 activity negating their use in subsequent
experiments.

Effect of PK inhibitors on PMA and
forskolin-induced TG2 activity
Inhibitors of PKA and PKC were used to confirm the involve-
ment of these kinases in PMA- and forskolin-stimulated TG2
activity. H9c2 cells were pretreated for 30 min with the PKC

inhibitor Ro 31-8220 and the PKA inhibitors KT 5720 and
Rp-8-Cl-cAMPS prior to 5 min exposure to PMA or forskolin.
Cell lysates were subsequently screened for TG2 activity using
the biotin cadaverine incorporation assay. Ro 31-8220 signifi-
cantly reduced PMA- and forskolin-induced TG2-catalysed
biotin cadaverine incorporation (Figure 6A and 6B). KT 5720
and Rp-8-Cl-cAMPS blocked forskolin-induced TG2 activity,
but had no effect on PMA responses (data not shown), con-
firming the involvement of PKA (Figure 6C and 6D).

The effect of TG2 inhibitors on PMA and
forskolin-induced TG2 activity
To confirm that TG2 is responsible for PMA and forskolin-
stimulated transglutaminase activity in H9c2 cardiomyo-
cytes, two structurally different cell permeable TG2-specific
inhibitors were tested; R283 (a small molecule; Freund et al.,

Figure 1
Protein expression of TG isoforms in H9c2 cells. Cell lysates (50 μg)
were analysed for (A) TG1, (B) TG2 and (C) TG3 expression by
Western blotting using TG isoform specific antibodies. Levels of
GAPDH expression are included for comparison.

Figure 2
Time-dependent effects of phorbol ester and forskolin on TG activity.
H9c2 cells were incubated with (A) 1 μM PMA or (B) 10 μM forskolin
for indicated time periods and subsequently lysed with 0.1 M Tris
buffer containing protease and phosphatase inhibitors. Cell lysates
were then subjected to the biotin cadaverine incorporation assay.
Data points represent the mean ± SEM TG-specific activity from three
independent experiments. **P < 0.001 versus control.
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1994) and Z-DON (peptide-based; Schaertl et al., 2010). H9c2
cells were pretreated for 1 h with Z-DON (150 μM) or R283
(200 μM) prior to stimulation with PMA or forskolin for
5 min. As shown in Figure 7, Z-DON and R283 pretreatments
completely blocked PMA and forskolin-induced TG amine
incorporation activity, confirming the involvement of TG2
in these cell signalling responses. It is notable that the
concentration-response curves obtained for R283 and Z-DON
versus forskolin-stimulated TG activity only revealed signifi-
cant inhibition at concentrations of 150 μM and 200 μM for
R283 and 100 μM and 150 μM for Z-DON. Although these
TG2 inhibitors are cell permeable, inhibition of cellular TG2
is only achieved at concentrations significantly above their
IC50 value versus purified enzyme (Freund et al., 1994;
Schaertl et al., 2010). However, these data justify the use of
200 μM (R283) and 150 μM (Z-DON) in investigating the
intracellular activity of TG2 in H9c2 cells.

Visualization of in situ TG2 activity
following PMA and forskolin treatment
Biotin-X-cadaverine, a cell-penetrating primary amine, acts as
the acyl-acceptor in intracellular TG2-mediated transamidat-
ing reactions and becomes incorporated into endogenous
protein substrates of TG2, which can subsequently be visual-
ized by reporters such FITC- and HRP-ExtrAvidin (Lee et al.,
1993). H9c2 cells were pre-incubated with 1 mM biotin-X-
cadaverine for 4 h at 37°C prior to treatment with PMA or
forskolin for 5, 10 or 20 min. After fixation and permeabili-
zation, intracellular proteins with covalently attached biotin-
X-cadaverine were visualized using ExtrAvidin FITC. As
shown in Figure 8, PMA and forskolin-induced time-
dependent increases in the incorporation of biotin-X-

Figure 3
Concentration-dependent effects of phorbol ester and forskolin on
TG activity. H9c2 cells were treated for 5 min with the indicated
concentrations of (A) PMA or (B) forskolin and subsequently were
lysed with 0.1 M Tris buffer containing protease and phosphatase
inhibitors. Cell lysates were then subjected to the biotin cadaverine
incorporation assay. Data points represent the mean ± SEM
TG-specific activity from three independent experiments. ***P <
0.0001 and ** P < 0.001 versus control.

Figure 4
Time-dependent effects of phorbol ester and forskolin on TG cross-
linking activity using biotin-TVQQEL as a substrate. H9c2 cells were
incubated with (A) 1 μM PMA or (B) 10 μM forskolin for indicated
time period and subsequently lysed with 0.1 M Tris buffer containing
protease and phosphatase inhibitors. Cell lysates were then subjected
to the TG2 cross-linking assay. For comparison, purified guinea pig
liver TG2 gave a specific activity of 15.96 ± 2.33 units·per mg under
the same assay conditions in eight independent experiments. Data
points represent the mean ± SEM TG-specific activity from four
independent experiments. *P < 0.01 versus control.
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cadaverine into endogenous protein substrates of TG2. These
data are comparable to the transient time-dependent
increases in TG2 activity observed in vitro (see Figure 2). To
confirm the involvement of TG2 activation, cells were treated
with the TG2 inhibitor Z-DON (150 μM) 1 h prior to incuba-
tion with PMA or forskolin for 5 min. Pretreatment of cells
with Z-DON resulted in the complete inhibition of biotin-X-
cadaverine incorporation into protein substrates (Figure 8).
Surprisingly, given the covalent nature of biotin-X-
cadaverine incorporation, fluorescent staining returned to
control levels after 20 min incubation with PMA and forsko-
lin. To trace the missing biotinylated proteins, the culture

medium was collected and concentrated prior to being sub-
jected to SDS-PAGE followed by Western blotting. As shown
in Figure 9, the rapid export of biotinylated proteins from
H9c2 cells into the culture medium is evident following treat-
ment of cells with PMA. Similar results were obtained with
forskolin (results not presented). This observation is currently
the focus of an ongoing investigation.

To detect the TG2 biotinylated protein substrates from
PMA and forskolin-treated cells, whole cell extracts were
resolved by SDS-PAGE, transferred onto nitrocellulose mem-
branes and visualized by probing with ExtrAvidin HRP.
Figure 10 shows that treatment with PMA and forskolin for
5 min increased the incorporation of biotin-X-cadaverine
into several proteins of different molecular masses in H9c2
cells. As expected, the incorporation of biotin-X-cadaverine
into TG2 protein substrates was inhibited by pretreatment
with Z-DON.

Identification and validation of biotinylated
TG2 substrates
Following PMA treatment of H9c2 cells, biotinylated proteins
were captured using CaptAvidin agarose and then separated
by SDS-PAGE electrophoresis on a 4–20% gradient gel fol-
lowed by MALDI-TOF analysis of the peptides produced by
trypsin digestion. Mass spectrometry analysis revealed novel
protein substrates for TG2, such as the voltage-dependent
anion channel 1 (VDAC1) and α-actinin-1, as well some pre-
viously identified substrates such as β-tubulin (Table 1).
α-Actinin was chosen for validation by immunoprecipitation,
SDS-PAGE and Western blot analysis. Incorporation of the
biotinylated amine into α-actinin was revealed using ExtrA-
vidin HRP and visualized by ECL as shown in Figure 11. These
data confirm that this cytoskeletal protein is a substrate for
TG2 polyamine incorporating activity following stimulation
of H9c2 cells with PMA or forskolin.

The role of TG2 in PMA and
forskolin-induced cytoprotection
Previous studies have shown that TG2 protects cardiomyo-
cytes from ischaemia/reperfusion-induced injury (Szondy
et al., 2006). Since PKC and PKA are two key mediators of
ischaemic preconditioning and pharmacological precondi-
tioning in cardiomyocytes (Yellon and Downey, 2003; Sanada
et al., 2011), we investigated the role of TG2 in PMA- and
forskolin-induced cytoprotection against oxidative stress in
H9c2 cardiomyoblasts. Oxidative stress was induced by
stimulating H9c2 cells with H2O2 (600 μM for 2 h), after
which cell damage was assessed by monitoring MTT reduc-
tion and LDH activity released into the medium (Fretwell and
Dickenson, 2009). As shown in Figure 12, 5 min pretreatment
with PMA (1 μM) or forskolin (10 μM) significantly reversed
H2O2-induced reduction of MTT metabolism and release of
LDH. The TG2 inhibitor R283 (200 μM) reversed PMA and
forskolin-induced cytoprotection suggesting a protective role
for TG2 in PKC and PKA-induced cell survival. Similarly, the
TG2 inhibitor Z-DON (150 μM) also reversed PMA and
forskolin-induced cytoprotection confirming the protective
role of TG2 against H2O2-induced cell damage in H9c2 cells
(Figure 13). The reversal of PMA and forskolin-induced cyto-
protection by R283 and Z-DON may be a consequence of

Figure 5
The effects of PK activators and inhibitors on purified guinea pig liver
TG2 biotin cadaverine incorporation activity. (A) The effects PMA
(1 μM) or forskolin (10 μM) and (B) PK inhibitors Gö 6983 (5 μM), Ro
31-8220 (10 μM), chelerythrine (1 μM), H-89 (1 μM), KT 5720
(5 μM) and Rp-8-Cl-cAMPS (50 μM) on guinea pig liver TG2 activity.
Data points represent the mean ± SEM TG2-specific activity from four
independent experiments ***P < 0.0001, **P < 0.001 versus control
(guinea pig liver TG) activity.
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these TG2 inhibitors possessing PKC/PKA inhibitory activity.
To address this important consideration, we determined the
effect of R283 and Z-DON on PMA- and forskolin-induced
ERK1/2 activation. As shown in Figure 14, pretreatment of
H9c2 cells with R283 had no significant effect on PMA- or
forskolin-induced ERK1/2 activation. Similarly, Z-DON did
not reverse PMA- or forskolin-induced ERK1/2 activation
(Figure 15). These data suggest that R283 and Z-DON do not
function as inhibitors of PKC or PKA.

Discussion

The data presented here suggest that TG2 activity is modu-
lated in H9c2 cells by PMA- and forskolin-mediated signalling
pathways, and that its inhibition blocks PMA- and forskolin-
mediated cytoprotection.

In vitro modulation of TG2 by PKC- and
PKA-dependent signalling
TGs are regulated by PKA and PKC in non-cardiomyocyte cell
types (Bollag et al., 2005; Mishra et al., 2007). However, the

regulation of TG2 by PKA- and PKC-dependent signalling in
cardiomyocyte-like cells has not been reported. Hence, the
regulation of TG2 by these pathways was investigated in
H9c2 cells treated with PMA and forskolin. Both cell signal-
ling activators triggered time- and concentration-dependent
increases in TG2-mediated biotin cadaverine incorporation in
H9c2 cells (Figures 2 and 3). Forskolin but not PMA also
induced a time-dependent increase in TG2-mediated cross-
linking activity (Figure 4). These observations suggest a dif-
ferential regulation of TG2’s amine incorporation and
protein cross-linking activities by PKA and PKC-dependent
pathways. It is also notable that PKA-induced protein cross-
linking activity lags at least 10 min behind PKA-induced
biotin cadaverine incorporation. At present, the regulation of
TGs multiple enzymic activities is unknown but this data
does suggest a switch at 20 min from amine incorporation to
protein cross-linking.

TGs can catalyse two types of cross-linking, namely (i)
intra- and/or inter-molecular covalent cross-links between
protein-bound glutamine and protein-bound lysine residues,
and (ii) cross-links between primary amines and protein-
bound glutamine. The regulation of TG2 activity in H9c2

Figure 6
The effect of PKC and PKA inhibitors on PMA and forskolin-induced TG activity. H9c2 cells were pretreated for 30 min with the indicated PK
inhibitors prior to stimulation for 5 min with 1 μM PMA or 10 μM forskolin. The effect of the PKC inhibitor Ro 31-8220 (10 μM) on (A) PMA and
(B) forskolin-mediated TG2 activity. The effect of the PKA inhibitors (C) KT 5720 (5 μM) and (D) Rp-8-Cl-cAMPS (50 μM) on forskolin-mediated
TG2 activity. Following stimulation, cell lysates were subjected to the biotin cadaverine incorporation assay. Data points represent the mean ± SEM
TG-specific activity from five independent experiments. ***P < 0.0001, **P < 0.001, *P < 0.01 versus PMA- or forskolin-treated cells.
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cells by forskolin is in agreement with previous studies
showing that TG2 becomes phosphorylated at Ser216 follow-
ing PKA activation (Mishra and Murphy, 2006). Phosphoryla-
tion of TG2 by PKA has several consequences, including the
promotion of protein–protein interactions, enhancement of
TG2 kinase activity and inhibition of cross-linking activity
(Mishra and Murphy, 2006; Mishra et al., 2007). However, in
our study, forskolin treatment enhanced TG2-mediated cross-
linking activity. The inhibition of TG2 cross-linking activity
reported by Mishra et al. (2007) was observed using histidine-
tagged TG2 immobilized on nickel-agarose and incubated
with the catalytic subunit of PKA, whereas in our study,
cells were treated with forskolin prior to measurement of
TG2 cross-linking activity. The effects of forskolin on TG2
observed in our study may be PKA independent, since
forskolin triggers an increase in ERK1/2 phosphorylation
(Figure 13).

Importantly, PMA- and forskolin-stimulated TG activity
in H9c2 cardiomyoblasts was inhibited by R283 and Z-DON,
two structurally different TG2 inhibitors (Freund et al., 1994;
Schaertl et al., 2010) confirming the involvement of TG2
(Figure 7). Although the expression of TG2 is regulated by
PKC-δ in pancreatic cancer cells (Akar et al., 2007), there are
no published data regarding the regulation of TG2 activity by
PKC-dependent pathways. Hence, our data show, for the first
time that TG2-mediated amine incorporation can be stimu-

lated following treatment of cells with the PKC activator
PMA. Similar effects were observed for TG1 following phorbol
ester-induced PKC activation in keratinocytes (Bollag et al.,
2005). Interestingly, TG1 activation by phorbol esters is
sensitive to the MEK1 inhibitor PD98059, suggesting the
involvement of ERK1/2 in this phenomenon (Bollag et al.,
2005). Future experiments will explore the potential involve-
ment of ERK1/2 and other downstream PKs in PMA-induced
TG2 activation.

To confirm the involvement of PKA and PKC in forskolin-
and PMA-mediated TG2 activation, inhibitors for these
kinases were tested for their ability to block PMA- or
forskolin-induced TG2 activity. PKC inhibitors Gö 6983 and
chelerythrine and the PKA inhibitor H-89 reduced the activ-
ity of purified TG2, indicative of a direct interaction with
TG2, thus negating their further use (Figure 5B). Although
the PKC inhibitor Ro-318220 attenuated PMA-induced TG2
activity, it is unclear as to why this PKC inhibitor blocked
forskolin-induced TG2 activity (Figure 6A), since it does not
attenuate PKA activity (Davies et al., 2000). Further studies
will investigate the ability of a wider range of PKC inhibitors
to modulate purified TG2 activity and also to inhibit PMA-
induced TG2 activity in H9c2 cells. Finally, the PKA inhibitors
KT 5720 and Rp-8-Cl-cAMPS blocked forskolin-induced TG2
activity confirming the involvement of PKA in forskolin-
mediated responses (Figure 6C and 6D).

Figure 7
Effect of TG2 inhibitors on PMA and forskolin-induced TG2 activity. H9c2 cells were pretreated for 1 h with the TG2 inhibitors (A) Z-DON (150 μM)
and (B) R283 (200 μM) prior to 5 min stimulation with PMA (1 μM). In panels C and D, cells were pretreated with the indicated concentrations
of Z-DON and R283 prior to 5 min stimulation with forskolin (10 μM). Cells were subsequently lysed with 0.1 M Tris buffer containing protease
and phosphatase inhibitors and cell lysates subjected to the biotin cadaverine incorporation assay. Data points represent the mean ± SEM
TG-specific activity from three independent experiments. *P < 0.01, **P < 0.001 and ***P < 0.0001.
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In situ modulation of TG2 activity and
detection of TG2 protein substrates
As treatment of H9c2 cells with PMA or forskolin caused
elevated TG2 activity in cell lysates, immunocytochemistry
was used to visualize in situ TG2 activity. The results were
comparable to PMA- and forskolin-induced amine incorpora-
tion activity observed in vitro (Figure 2). However, given the
covalent nature of biotin-X-cadaverine incorporation into
protein substrates, it was surprising to observe that in situ TG2
activity returned to basal levels after 20 min (Figure 8). Pos-
sible explanations of this result include reversal of biotinyla-
tion by TG (Stamnaes et al., 2008), biotinylated proteins were
targeted for degradation or that they were rapidly expelled
from the cell. Figure 9 suggests that the biotinylated proteins
are rapidly expelled from the cell since they are detected in
the culture medium. However, we cannot rule out the possi-

bility that the suggested mechanisms happen concurrently
and this interesting result warrants further investigation.

In order to determine the electrophoretic profile of pro-
teins targeted by TG2, cell lysates from PMA- and forskolin-
treated cells were subjected to SDS-PAGE and Western
blotting, then proteins covalently labelled with biotin-X-
cadaverine in situ were visualized using ExtrAvidin HRP.
Several proteins displayed increased incorporation of biotin-
X-cadaverine following PMA and forskolin treatment
(Figure 10). Proteomic analysis following in vivo biotin-X-
cadaverine labelling revealed a number of biotin-labelled
proteins (Table 1). These proteins appear to be mainly
cytoskeletal, heat shock, mitochondrial and endomembrane
fusion proteins. These data support a role for TG2 in cyto-
protective mechanisms as it provides stabilization of the
cytoskeletal network and modifies proteins, which enhance
cell survival, for example, heat shock protein 90 and suppress
apoptosis, for example, VDAC1 (Keinan et al., 2010).

Role of TG2 in PMA- and
forskolin-induced cytoprotection
As TG2 activity appeared to be regulated by PKs associated
with cell survival, we investigated whether TG2 was involved
in PMA- and forskolin-induced cytoprotection. These data
provide the first demonstration that inhibition of TG2 activ-
ity attenuates PMA- and forskolin-mediated cell survival
(Figures 11 and 12). However, both PMA and forskolin-
induced ERK1/2 activation in H9c2 cells (Figures 13 and 14).
As the ERK1/2 pathway is a prominent PK associated with
cardioprotection (Hausenloy and Yellon, 2004), the cytopro-
tective effects of PMA and forskolin observed in H9c2 cells
may involve ERK1/2. Clearly, further studies investigating the

Figure 8
Immunocytochemistry of in situ TG activity in H9c2 cells following
stimulation with PMA and forskolin. Cells were incubated with 1 mM
biotin-X-cadaverine (BTC) for 4 h after which they were treated with
either 1 μM PMA or 10 μM forskolin for 5, 10 or 20 min. Cells were
also pretreated for 1 h with the TG2 inhibitor Z-DON (150 μM)
before the addition of 1 μM PMA or 10 μM forskolin for 5 min
(bottom panels). TG2-mediated biotin-X-cadaverine incorporation
into intracellular proteins was visualized using FITC-conjugated
ExtrAvidin (green). Nuclei were stained with DAPI (blue) and viewed
using an epifluorescence microscope (40× magnification). Images
presented are from one experiment and representative of three.

Figure 9
Detection of biotinylated TG2 protein substrates in the cell lysate and
culture medium. Cells were incubated with 1 mM biotin-X-
cadaverine (BTC) for 4 h after which they were treated with 1 μM
PMA for the indicated periods of time. After stimulation, the bioti-
nylated proteins in the cell culture medium (M) and cell lysates (L)
were captured and eluted from CaptAvidin agarose. The biotinylated
proteins were subjected to 10% SDS-PAGE, transferred to nitrocellu-
lose membranes and detected using ExtrAvidin HRP. Similar results
were obtained in three independent experiments.
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effect of inhibitors of PKA, PKC and ERK1/2 would confirm/
eliminate the involvement of these particular kinases in PMA-
and forskolin-mediated cytoprotection in H9c2 cells.

Despite the uncertainty surrounding the identity of the
PKs involved in PMA- and forskolin-induced cytoprotection
of H9c2 cells, our findings suggest that TG2 activation is
involved in their cytoprotective actions. H9c2 cells, which are
derived from embryonic rat heart tissue (Kimes and Brandt,
1976), are increasingly used as an in vitro model since they
display similar morphological, electrophysiological and bio-
chemical properties to primary cardiac myocytes (Hescheler

et al., 1991). However, the use of H9c2 cells clearly has
its limitations when making assumptions with about the
potential in vivo role of TG2 in cardioprotection. Although
identifying the mechanism(s) associated with TG2-mediated
cytoprotection are beyond the scope of the present study, it is

Figure 10
Detection of in situ TG activity and protein substrates in PMA and
forskolin-treated H9c2 cells. Cells were incubated with 1 mM biotin-
X-cadaverine for 4 h after which they were treated for 1 h with the
TG2 inhibitor Z-DON (150 μM) before the addition of 1 μM PMA or
10 μM forskolin for 5 min. The total protein extract was resolved by
10% SDS-PAGE (50 μg per lane) and transferred onto nitrocellulose
membranes. (A) TG2 transamidating activity and protein substrates
were detected using ExtrAvidin HRP. Samples were subsequently
analysed on a separate blot using an anti-GAPDH antibody as a
control for protein loading. The arrows point to prominently biotin
ExtrAvidin-labelled proteins. (B) Densitometry of each lane (total
labelled protein) was carried out in Adobe Photoshop CS4 and the
data is expressed as the percentage of basal TG2 substrate proteins
after GAPDH normalization. Values are means ± SEM of three inde-
pendent experiments *P < 0.01 and **P < 0.001.

Table 1
Functional classification of identified TG2 protein substrates

Functional group Proteins SC (%)

Cytoskeletal α-actinin-1 26

β-tubulin 31

myosin 9 31

actin cytoplasmic 1 29

tropomyosin 29

vimentin 21

prelamin 22

Protein folding Heat shock protein 90-α 26

Heat shock protein 90-β 22

Heat shock cognate 70 24

Melactin 28

Serpin H1 31

Mitochondrial Prohibitin-2 39

Voltage-dependent anion
channel 1 (VDAC1)

44

Endosome vesicle
trafficking

Arf GAP ASAP1 23

Ras-related protein Rab-35 30

H9c2 cells were pre-incubated with biotin-X-cadaverine prior to
treatment with PMA (1 μM) and the biotinylated proteins were
captured and were analysed by MALDI-TOF MS/MS. Sequence
data was analysed using MASCOT software and reported
according to percentage sequence coverage (SC%). All identi-
fied proteins exhibited MASCOT scores, which were considered
statistically significant (P < 0.05). Protein substrates are grouped
according to their functions and/or cellular location and novel
TG2 targets not appearing in the TG2 substrate database are
indicated in italics (Csósz et al., 2009).

Figure 11
Detection of biotin-X-cadaverine incorporation into α-actinin follow-
ing PMA and forskolin treatment of H9c2 cells. Cells were incubated
with 1 mM biotin-X-cadaverine for 4 h after which they were treated
with 1 μM PMA or 10 μM forskolin for 5 min. Control cells were
incubated with biotin-X-cadaverine but not stimulated with PMA or
forskolin. Cell lysates were incubated with anti α-actinin antibody
and the resulting immunoprecipitate subjected to SDS-PAGE,
transferred to nitrocellulose membrane and detected using
ExtrAvidin HRP. Similar results were obtained in three independent
experiments.
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Figure 12
The effect of the TG2 inhibitor R283 on PMA and forskolin-mediated
cytoprotection against H2O2-induced cell death. H9c2 cells were
treated with PMA (1 μM) or forskolin (10 μM) for 5 min followed by
H2O2 (600 μM) for 2 h in presence or absence of the TG2 inhibitor
R283 (200 μM). Cell viability was assessed by measuring (A) the
metabolic reduction of MTT by mitochondrial dehydrogenases and
(B) the release of LDH into the culture medium. Data are expressed
as the percentage of control cells (=100%) and represent the mean
± SEM from (A) four independent experiments each performed in
triplicate and (B) six independent experiments each performed in
quadruplicate. *P < 0.01, **P < 0.001 and ***P < 0.0001.

Figure 13
The effect of the TG2 inhibitor Z-DON on PMA and forskolin-
mediated cytoprotection against H2O2-induced cell death. H9c2 cells
were treated with PMA (1 μM) or forskolin (10 μM) for 5 min fol-
lowed by H2O2 (600 μM) for 2 h in presence or absence of the TG2
inhibitor Z-DON (150 μM). Cell viability was assessed by measuring
(A) the metabolic reduction of MTT by cellular dehydrogenases and
(B) the release of LDH into the culture medium. Data are expressed
as the percentage of control cells (=100%) and represent the mean
± SEM from (A) five independent experiments each performed in
triplicate and (B) four independent experiments each performed in
quadruplicate. *P < 0.01, **P < 0.001 and ***P < 0.0001.
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important to consider the potential mechanism(s) underlying
the cytoprotective function of TG2. Phosphorylation of TG2
by PKA in non-cardiomyocyte cell lines has several conse-
quences, including the enhancement of protein–protein
interactions and TG2 kinase activity, both of which may
underlie its protective role (Mishra and Murphy, 2006; Mishra
et al., 2007). For example, phosphorylation of TG2 at Ser216 by
PKA creates a binding site for the adaptor protein 14-3-3
(Mishra and Murphy, 2006), which regulates diverse cellular
functions including signalling pathways associated with cell
survival (Mackintosh, 2004). Although not linked with PKA
phosphorylation and independent of its transamidating
activity, TG2-mediated protection of neuronal cells against
hypoxia and glucose deprivation-induced cell death involves
TG2 interaction with hypoxia inducible factor 1β (HIF1β),
which attenuates HIF1 signalling (Filiano et al., 2008).
Further work to identify TG2 interacting proteins in cardio-
myocytes following stimulation with PMA and forskolin
would be worthwhile.

TG2 also functions as a serine/threonine kinase that can
phosphorylate insulin-like growth factor-binding protein 3,
p53 and retinoblastoma protein (Gundemir et al., 2012).
Since p53 and retinoblastoma protein are important regula-
tors of apoptosis, it is conceivable that they are associated
with TG2-induced cytoprotection. As the anti-apoptotic
effects of TG2 involve the cross-linking of retinoblastoma
protein (Boehm et al., 2002), it would be interesting to deter-
mine if retinoblastoma protein is a TG2 substrate in H9c2
cells. Finally, the phosphorylation of TG2 by PKA in mouse
embryonic fibroblast cells plays an important role in TG2-
mediated activation of NF-κB and PKB (Wang et al., 2012).
Both these signalling pathways are associated with cardiopro-
tection (Misra et al., 2003; Hausenloy and Yellon, 2007) and
may be regulated by TG2 in forskolin-stimulated H9c2 cells.
Thus, TG2 is capable of triggering pro-cell survival pathways
relevant to cardioprotection that are either independent of its
transamidating activity, require prior phosphorylation by
PKA or rely on its PK function.

Figure 14
The effect of the TG2 inhibitor R283 on PMA- and forskolin-induced
ERK1/2 activation. (A) H9c2 cells were pretreated for 1 h with the
TG2 inhibitor R283 (200 μM) prior to 5 min stimulation with PMA
(1 μM) or forskolin (10 μM). Following PMA and forskolin exposure,
cell lysates were analysed by Western blotting for activation of
ERK1/2 using a phospho-specific antibody. Samples were also ana-
lysed on separate blots using antibodies that recognize TG2 and
GAPDH (to confirm equal protein loading). (B) Quantified data are
expressed as the percentage of control cells (=100%) and represent
the mean ± SEM of three independent experiments. **P < 0.001 and
***P < 0.0001.

Figure 15
The effect of the TG2 inhibitor Z-DON on PMA and forskolin-induced
ERK1/2 activation. (A) H9c2 cells were pretreated for 1 h with the
TG2 inhibitor Z-DON (150 μM) prior to 5 min stimulation with PMA
(1 μM) or forskolin (10 μM). Following PMA and forskolin exposure,
cell lysates were analysed by Western blotting for activation of
ERK1/2 using a phospho-specific antibody. Samples were also ana-
lysed on separate blots using antibodies that recognize TG2 and
GAPDH (to confirm equal protein loading). (B) Quantified data are
expressed as the percentage of control cells (=100%) and represent
the mean ± SEM of five independent experiments. *P < 0.01 and
**P < 0.001.
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Here we show that TG2 activation prior to H2O2-induced
oxidative stress is cytoprotective. It has been suggested that
oxidative stress promotes the up-regulation of TG2, which,
depending on a number of factors including cell type, may
promote cell survival or apoptosis (Caccamo et al., 2012).
Interestingly, oxidative stress up-regulates TG2 expression in
rat neonatal cardiomyocytes contributing to H2O2-induced
apoptosis (Song et al., 2011). We also observed increased TG2
activity in H9c2 cells following H2O2 stimulation (600 μM for
2 h; data not shown). Activation of TG2 may therefore
promote cell survival if occurring prior to an oxidative insult
but participates in cell death when activated afterwards.
Future experiments will seek to address this potential dual
role of TG2.

In conclusion, our data suggest that TG2 activity is regu-
lated via PKC- and PKA-dependent signalling and that TG2
modulates PMA- and forskolin-mediated cytoprotection, sug-
gesting a cell survival role for TG2 in H9c2 cells. Work to
identify the potential cytoprotective mechanism(s) of TG2 is
currently underway.
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