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Abstract Transglutaminase 2 has been postulated to be
involved in the pathogenesis of central nervous system
neurodegenerative disorders. However, its role in neuronal
cell death remains to be elucidated. Excitotoxicity is a
common event underlying neurodegeneration. We aimed to
evaluate the protein targets for transglutaminase 2 in cell
response to NMDA-induced excitotoxic stress, using SH-
SYS5Y neuroblastoma cells which express high trangluta-
minase 2 levels upon retinoic acid-driven differentiation
toward neurons. NMDA-evoked calcium increase led to
transglutaminase 2 activation that mediated cell survival,
as at first suggested by the exacerbation of NMDA toxicity
in the presence of R283, a synthetic competitive inhibitor
of transglutaminase active site. Assays of R283-mediated
transglutaminase inhibition showed the involvement of
enzyme activity in NMDA-induced reduction in protein
basal levels of pro-apoptotic caspase-3 and the stress pro-
tein Hsp20. However, this occurred in a way different from
protein cross-linking, given that macromolecular assem-
blies were not observed in our experimental conditions for
both proteins. Co-immunoprecipitation experiments pro-
vided evidence for the interaction, in basal conditions,
between transglutaminase 2 and Hsp20, as well as between
Hsp20 and Hsp27, a major anti-apoptotic protein promot-
ing caspase-3 inactivation and degradation. NMDA
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treatment disrupted both these interactions that were
restored upon transglutaminase 2 inhibition with R283.
These results suggest that transglutaminase 2 might be
protective against NMDA-evoked excitotoxic insult in
neuronal-like SH-SY5Y cells in a way, independent from
transamidation that likely involves its interaction with the
complex Hsp20/Hsp27 playing a pro-survival role.
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Introduction

Transglutaminase 2 (TG2) belongs to a family of enzymes
which catalyze calcium-dependent protein modifications,
such as intra- or inter-molecular protein cross-linking, with
formation of covalent y-glutamyl-¢-lysine (GGEL) iso-
peptide bonds (cross-links), as well as, alternatively,
polyamine incorporation into cell proteins or deamidation
of specific glutamine residues in the absence of suitable
amine acceptors (Folk and Finlayson 1977).

Multiple biochemical activities, i.e. acting as G protein,
adaptor protein and cell surface adhesion mediator, as well
as disulphide isomerase and serine/threonine kinase, dis-
tinguish TG2 from other TGs (Park et al. 2010), and
account for TG2 involvement in a wide variety of physi-
ological processes encompassing regulation of cytoskele-
ton, differentiation, apoptosis, cell migration, and wound
healing, as well as in cell response to different stressors
(Griffin et al. 2002; Ientile et al. 2007).

Moreover, an important pathogenetic role for TG2 has
also been demonstrated in neurodegenerative disorders
(Jeitner et al. 2009). TG2 is abundantly expressed in human
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brain, being present in the amygdala, corpus callosum,
cerebellum and frontal cortex. Notably, postmortem anal-
ysis of human brains of individuals affected by Alzheimer’s
disease, Parkinson’s disease, and Huntington’s chorea,
has shown the co-localization of TG-catalysed cross-links
with protein aggregates of disease-specific proteins (Jeitner
et al. 2009).

These findings suggest that TG2 activation might play a
key role in the mechanisms of central nervous system
(CNS) cell death, although its role in neurodegeneration
remains to be elucidated.

A number of factors, including excitotoxicity, oxidative
stress, mitochondrial dysfunction, inflammation, and
apoptosis, have been implicated in the massive cell loss
observed in neurodegenerative diseases (Jellinger 2009).
Interestingly, it has been demonstrated that TG2 expression
and enzyme activity are dramatically increased in cell
response to perturbations of calcium and redox state
homeostasis induced by excitatory amino acids in primary
cultures of neurons as well as astrocytes (Ientile et al. 2002;
Caccamo et al. 2004; Jeitner et al. 2009).

In the light of these observations, the present work was
aimed to evaluate the protein targets of TG activity in cell
response to NMDA-induced excitotoxic stress.

To this purpose, we used the continuously dividing
human neuroblastoma SH-SYSY cells that have been lar-
gely employed to study neurodegenerative disorders.
Indeed, SH-SYSY cells may be easily induced to differ-
entiate by retinoic acid (RA) into cells that are biochemi-
cally, ultrastructurally, and electrophysiologically similar
to neurons, and are known to express high levels of TG2
upon all-trans RA-mediated cell differentiation (Tucholski
et al. 2001).

Since retinoid response elements are present in the
promoter of TG2, we chose to use RA as physiologically
relevant ligand of the endogenous promoter rather than
over-expressing the protein from an exogenous source, in
order to physiologically increase the expression of TG2
protein while at the same time giving rise to a suitable
differentiated cell model.

Materials and methods
Materials

Eagle’s minimal essential medium (MEM), Ham’s F12
medium, foetal bovine serum (FBS), and penicillin/strep-
tomycin mixture were from Invitrogen Life Technologies
(Milan, Italy). All-trans RA, NMDA, RIPA buffer, Fura2-
AM, 3-(4, 5-methylthiazol-2-yl)-2, 5-diphenyl-tetrazolium
bromide (MTT), Protein-G Agarose, anti-o-tubulin mouse
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monoclonal antibody (mAb), horseradish peroxidase-
conjugated (HRP) anti-mouse secondary Ab, and other
chemicals of analytical grade were from Sigma (Milan,
Italy).

Mouse mAbs against caspase-3 and TG2 (CUB 7402) as
well as anti-TG2 rabbit polyclonal Ab (clone Ab-4) were
from NeoMarkers (BioOptica, Milan, Italy). Control mouse
IgG as well as mouse mAb against Hsp27 were from Santa
Cruz Biotechnology (DBA, Milan, Italy). Rabbit poly-
clonal Abs against Hsp20 and Hsp27 were from Upstate
(Milllipore, Milan, Italy). HRP-conjugated anti-rabbit
secondary Ab was from GE Healthcare (Milan, Italy),
while streptavidin-HRP was from Pierce (CELBIO, Milan,
Italy). Kodak X-ray film was from Kodak (Milan, Italy).

The cell permeable, active site-directed specific TG
synthetic inhibitor R283, namely 1,3-dimethyl-2-[(2-oxo0-
propyl)thio]imidazolium chloride (Griffin M, Coutts IG,
Saint R-Intl. Pub. Num.r WO 2004/1133603, GB patent
PCT/GB2004/002569), as well as biotin-cadaverin were
available from Prof. Martin Griffin.

Cell culture and differentiation

Human SH-SYS5Y neuroblastoma cells were maintained in
MEM/Ham'’s F12 (1:1) culture medium supplemented with
10% FBS, 2 mM L-glutamine, 10 U/ml penicillin, and
100 mg/ml streptomycin.

After three passages, cells were induced to differentiate
by exposure to 10 uM RA in MEM/F12 (1:1) with 1% FBS
for 5 days in vitro (DIV). Medium was renewed every
2 days.

SH-SYSY cell differentiation toward a neuronal phe-
notype was assessed by microscopical examination, and
Western blot analysis of a-tubulin expression.

NMDA treatment

Excitotoxic stress was triggered in 5 DIV RA-differentiated
SH-SYSY cells by 1 h exposure to NMDA (0.1-1 mM) in
Locke’s buffer, containing 2.3 mM CaCl,, and lacking of
Mg in order to remove Mg®" block of the NMDA
receptor channels (Ientile et al. 2002).

After NMDA treatment, cells were washed, and
re-incubated for 4-24 h in 1% FBS fresh culture medium
devoid of RA.

Parallel inhibition experiments of TG activity were also
carried out by incubating cell cultures with 1 mM NMDA
in the presence/absence of the inhibitor R283, used at a
dose of 250 uM that does not significantly affect cell via-
bility, as previously reported (Beck et al. 2006). The TG
inhibitor was added to the culture medium three hours
before NMDA treatment.
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Cell viability assay

To assess the effects of NMDA treatment on cell viability
an MTT (3-(4,5-methylthiazol-2-yl)-2,5-diphenyl-tetrazo-
lium bromide) reduction assay was performed. After
treatment, differentiated SH-SYSY cells, grown in 96-well
culture plates, were incubated with fresh medium con-
taining MTT (0.5 mg/ml) at 37°C for 4 and 24 h. Then,
insoluble formazan crystals were dissolved in 100 pl of a
10% (w/v) SDS solution in HC1 0.01 M. The optical den-
sity in each well was evaluated by spectrophotometrical
measurement at 540 nm with a Sunrise microplate reader
(Tecan Italia, Cologno Monzese, Italy).

The percent cell viability was assessed by the absor-
bance ratio of treated versus untreated cells. All experi-
ments were made in triplicate.

Determination of intracellular calcium concentration

The intracellular Ca®>" concentration ([Ca”],-) in NMDA-
treated and untreated SH-SYSY cells was measured by
using the cell membrane permeant fluorescent dye Fura2-
AM. The cells were seeded in six-well plates at a density
of 2.5 x 106/ml, and treated with NMDA as above
described.

For Fura 2-AM loading, NMDA-treated and untreated
cells were collected and incubated with the complete
medium containing Fura 2-AM to a final concentration of
2 uM (stock solution: 1 mM in DMSO) for 45 min at
37°C. Then, cells were washed three times with HEPES
buffer by centrifuging at 400xg for 2 min. Fluorescence
was measured in 2 ml of cell suspension on a Perkin Elmer
LS-3 fluorescence spectrophotometer, by dual excitation at
340 and 380 nm and emission at 510 nm. The ratio of
fluorescence intensities excited by 340 or 380 nm was
calculated after subtraction of the background fluorescence,
i.e. cell auto-fluorescence.

The F340/F380 ratio was measured to estimate the
internal Ca** concentration. The [Ca”]i was calculated
using the equation: [Ca®™]; = K4 [(R — Ruin)/(R — Ryna)] X
Sf2/Sf1, where K4 is dissociation constant of Fura2-AM for
(Ca®™), R is ratio of fluorescence for Fura 2-AM at the two
excitation wavelengths, i.e. F340/F380, measured without
the addition of Triton X-100 or EGTA, R,y is ratio of
fluorescence in the presence of calcium excess obtained by
cell lysis with 0.1% Triton X-100, R, is ratio of fluo-
rescence in the presence of minimal calcium obtained by
lysing the cells and then chelating all the Ca®" with 0.5 M
EGTA, Sf2 is the fluorescence of Ca®" free form of Fura
2-AM at 380 nm excitation wavelength, and Sfl is the
fluorescence of Ca>* bound form of Fura 2-AM at 380 nm
excitation wavelength.

In situ TG activity assay

In situ TG activity was evaluated spectrophotometrically
according to the method reported by Zhang et al. (1998),
with a major modification being the use of biotin-cadaverin
(BC) instead of 5-(biotinamido)pentylamine. TG activity in
situ was calculated as a percentage of basal activity.

To visualize the protein substrates into which the BC
had been incorporated, 7.5 pg of cell proteins were
resolved on a 10% polyacrylamide SDS gel and transferred
to nitrocellulose. Membrane blocking and incubation with
HRP-conjugated streptavidin were carried out as reported
by Zhang et al. (1998).

Western blotting

After treatment, SH-SYSY cells were homogenized on ice.
Proteins (30 pg) were separated by SDS-PAGE onto 10%
gel, and transferred to nitrocellulose membranes. After
blocking, membranes were incubated overnight at 4°C, on a
rotating device, with mouse mAbs against different proteins
(TG2, a-tubulin, caspase-3) (diluted 1:1,000-1:2,000 in 5%
non-fat dry milk in TBS-T), and rabbit polyclonal Abs
against either Hsp20 or Hsp27 (diluted 1:2,000 in 5% non-
fat dry milk in TBS-T). After four times washing by TBS-T,
blotted membranes were incubated for 2 h with HRP-
conjugated anti-mouse (1:2,500 in 5% non-fat dry milk in
TBS-T) or anti-rabbit (1:10,000 in 5% non-fat dry milk in
TBS-T) secondary Abs, and developed by ECL chemilu-
minescence detection system kit using Kodak film. Bands
were scanned and quantified by densitometric analysis
with an Alphalmager 1200 System (Alpha Innotech, San
Leandro, CA, USA), after normalisation against «-tubulin.

Immunoprecipitation assays

To perform co-immunoprecipitation assays, a new set of
experiments was carried out in which untreated and treated
RA-differentiated SH-SY5Y cells were collected 16 h after
NMDA treatment, in order to anticipate either TG2 or
Hsp20 protein degradation. Cells, harvested with PBS,
were collected by centrifugation at 800x g for 10 min, and
lysed by 20 min on ice incubation with RIPA buffer. Then,
cell lysates (1 ml) were pre-cleared by incubation at 4°C
for 30 min with control mouse IgG (0.25 pg), followed by
addition of suspended Protein G-Agarose (20 pl; 25% v/v).
IgG-Protein G agarose conjugates were pelleted by cen-
trifugation at 1,000x g for 2 min at 4°C. Supernatants were
collected and transferred to new microcentrifuge tubes.
After protein quantification by Bradford assay, cell proteins
(100 pg) were subjected to immunoprecipitation with
0.2 pg mouse mAb against either TG2 (CUB 7402) or
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Hsp27. After 2 h of incubation at 4°C with the primary
antibody, cell lysates were incubated overnight at 4°C with
20 pl of suspended Protein-G Agarose on a rotating device.
Pellets were collected by centrifugation at 1,000xg for
2 min at 4°C, washed four times with RIPA buffer, and
finally resuspended in 40 pl of 2x electrophoresis sample
buffer. After boiling for 5 min, samples (20 pl) were sub-
jected to SDS-PAGE on a 10% polyacrylamide gel, and
electroblotting on nitrocellulose membranes; then, mem-
branes were probed with rabbit polyclonal Ab against
either TG2 (clone Ab-4), to confirm TG2 immunoprecipi-
tation, or Hsp20 (diluted 1:2,500 in 5% non-fat dry milk in
TBS-T). After extensive washing (4 times) with TBS-T,
immunoblots were incubated with HRP-conjugated anti-
rabbit Ab (diluted 1:5,000 in TBS-T). Immunoblots were
developed by advanced ECL system.

Statistical analysis

All values are presented as mean £ SEM. Statistical
analysis was performed using one-way ANOVA, followed
by Newman—Keuls post-hoc test.

Results

After exposure to 10 uM RA for 5 DIV, SH-SYS5Y neu-
roblastoma cells ceased proliferating, and differentiated
with extending neuritic processes (not shown).

Differentiated SH-SY5Y cells were challenged for 1 h
with NMDA (0.1-1 mM) in Locke’s buffer, and then
re-incubated up to 24 h in fresh culture medium devoid of
RA to exclude RA effects on gene expression, in order to
compare early (4 h) and delayed (24 h) effects of NMDA
treatment.

A nearly fivefold increase of cytosolic Ca*" concen-
tration was observed in cell cultures treated for 1 h
with 1 mM NMDA compared with untreated ones
(477.8 £ 28.4 vs. 102.4 & 8.3 nm; p < 0.05), while the
exposure for the same time to 0.1 mM NMDA did not
produce a significant calcium elevation (202.9 £ 14.7 vs.
152.4 £+ 8.3 nm).

We next investigated whether NMDA-induced altera-
tions of intracellular Ca*" homeostasis were associated
with cell death, given the reported toxicity of cytosolic
Ca”" increases when the Ca®* concentration reaches a set-
point between 0.3 and 1 pM (Arundine and Tymianski
2003).

Microscopical examination (not shown) as well as MTT
reduction showed that the exposure to NMDA, even at the
highest dose, did not significantly affect cell viability at
early (4 h) after treatment or late (24 h) after treatment
(Table 1).
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Table 1 Effects of NMDA treatment on cell viability in RA-differ-
entiated neuronal-like SH-SYSY cells

Viable cells (%)

4h 24 h
Control 98.7 £ 0.8 97.3 £ 0.7
NMDA (0.1 mM) 96.3 £ 0.9 94.2 £ 0.8
NMDA (1 mM) 93.2 £ 0.7 857+ 14
Control 4+ R283 (250 uM) 923 £ 0.7 89.7 £ 0.4
NMDA (1 mM) + R283 (250 uM) 75.7 £ 1.5% 60.8 £+ 1.6%*

Cell viability was assessed as percentage of MTT reduction in com-
parison with control cells

*p <0.05 in comparison to control cells. Data shown are
mean + SEM from five replicates

In the light of these results, all subsequent experiments
were carried out using 1 mM NMDA, in order to achieve a
relatively high Ca®" level needed for TG2 activation.

RA-differentiated SH-SYSY cells expressed high TG2
levels in basal conditions (Fig. 1a). However, in resting
conditions, when the intracellular calcium concentration was
around 100 nM, the enzyme remained inactive in the cyto-
sol, as suggested by undetectable TG-catalyzed incorpora-
tion of BC into cell proteins as a measure of in situ activity.

Cell exposure to 1 mM NMDA early (4 h) produced a
moderate increase in TG2 levels compared with controls
(Fig. 1a), and a nearly fourfold increased in situ TG-med-
iated BC incorporation into cell proteins (Fig. 1b). NMDA-
induced BC incorporation was strongly reduced (52%) by
the pre-incubation with R283 (250 uM), the specific site-
directed inhibitor of TG activity (Fig. 1b). The gel visual-
ization of BC-labelled substrates showed the appearance of
three novel substrates, ranging from 25 to 50 kDa, in
NMDA-treated cells compared with control cells, that was
almost suppressed in the presence of R283 (Fig. 1c).

Interestingly, the R283-mediated inhibition of TG2
activity exacerbated NMDA cytotoxicity, while, in parallel,
did not significantly affect cell viability in control cells
(Table 1).

Notably, a dramatic TG2 down-regulation was observed
in control cell cultures at 24 h upon cell re-incubation in
medium devoid of RA, while high TG2 protein levels,
together with residual in situ enzyme activity, were found
at the same time in NMDA-treated cells (Fig. 1a, b).

This suggested that molecular effects of NMDA treat-
ment were able to counteract TG2 decrease following RA
removal.

To assess whether in our experimental conditions high
levels of TG2 would affect sensitivity of neuronal-like
SH-SY5Y cells to NMDA-induced excitotoxicity, we
investigated the expression and activation of caspase-3, the
major executioner of apoptosis in neuronal cells.



TG?2 and small HSPs in excitotoxic stress

155

A
4h 24h
[ A \
TIJ C N NR C N NR
TGZ;--#-& — ——

O-tubulin> — —— — F—-

60 - OC mXN EHNR
1490 -
w
E 1M
E% “HOD -
& & B
02
Mo 6
o
& 0
20 4
o

4h 24h

Fig. 1 NMDA treatment stimulates TG2 up-regulation and activation
in RA-differentiated neuronal-like SH-SY5Y cells. a, b RA-differen-
tiated neuronal-like SH-SYS5Y cells were exposed for 1 h to 1 mM
NMDA in the presence or absence of 250 uM R283, the inhibitor of
TG active site. Then, cells were re-incubated in culture medium
devoid of RA up to 24 h, and the effects of NMDA treatment on TG2
expression and activity were assessed at early (4 h) and delayed
(24 h) time points. a Immunoblots and densitometric analysis of TG2
expression. b TG activity was evaluated by spectrophotometric
detection of 1 mM BC incorporation into cell proteins throughout 4
and 24 h of incubation. BC was added to cell cultures immediately

Neuronal-like SH-SYSY cells possessed a high basal
content of pro-caspase-3. Neither increases in protein lev-
els nor pro-caspase-3 processing into the active p17 subunit
were observed at 4 h in NMDA-treated cells compared
with untreated ones (Fig. 2). Instead, a strong caspase-3
down-regulation, that was reversed upon TG2 inhibition
with R283, occurred 24 h after NMDA treatment in
NMDA -exposed cells compared with control ones (Fig. 2).

Although we did not detect higher molecular weight
species of pro-caspase-3, the results achieved in the presence
of the TG2 inhibitor R283, i.e. the R283-mediated preven-
tion of caspase-3 down-regulation, suggested the involve-
ment of TG activity in the decrease of caspase-3 levels.

Therefore, we reasoned that inhibition of caspase-3
activation and caspase-3 decreases might be ascribed to a
different TG2 enzyme function or even interaction of TG2
with other proteins playing an anti-apoptotic function.

We next examined the expression of cell stress proteins,
such as heat shock proteins (HSPs) playing anti-apoptotic
functions, focusing our investigations on small HSPs, i.e.
Hsp27 and Hsp20, that have been shown to act as in vitro
substrates for TG2 (Boros et al. 2004).
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after NMDA treatment. All data shown are representative of at least
three experiments. Values were calculated as percent of basal levels
(Ty), and are shown as mean + SEM. ¢ Gel visualization of TG-
catalyzed incorporation of BC into proteins as a measure of in situ
activity: left Blue Coomassie staining of 10% SDS polyacrylamide
gel, right representative blot of BC-labelled proteins. 7, SH-SY5Y
cells before NMDA treatment, C control cells, N NMDA-treated cells,
NR NMDA-treated cells loaded with R283. M molecular weight
protein marker. *p < 0.05, and **p < 0.01 significant differences in
comparison with untreated cells; “p < 0.01, significant differences in
comparison with NMDA-treated cells

Western blot and immunoblot densitometric analysis
showed that RA-differentiated SH-SYS5Y cells contained
high basal levels of Hsp27, as well as, at a lower extent,
Hsp20 (Fig. 3).

The basal expression of both proteins was not signifi-
cantly affected early (4 h) after NMDA treatment (Fig. 3).
Instead, a dramatic reduction of Hsp20 levels, that became
almost undetectable, was observed at 24 h in NMDA-
treated cells compared with untreated ones (Fig. 3).

The pre-incubation with the TG2 inhibitor R283 did not
significantly affect HSP expression at the early time of 4 h
compared with NMDA-treated cells; in contrast, at 24 h
after NMDA treatment the R283-mediated TG?2 inhibition
was accompanied by the reversal of the NMDA-induced
Hsp20 down-regulation.

These data indicated that NMDA-induced TG2 activa-
tion was directly involved in the late decrease of cytosolic
levels of Hsp20.

To verify whether TG2 physically interacted with Hsp20
in our cell paradigm of NMDA-induced excitotoxicity, we
performed co-immunoprecipitation experiments that were
carried out 16 h after NMDA treatment in order to
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Fig. 2 NMDA-increased TG activity is involved in caspase-3 down-
regulation in neuronal-like SH-SYSY cells. Western blot and
immunoblot densitometric analysis of caspase-3 expression. Ty RA-
differentiated SH-SYS5Y cells before NMDA treatment, C control
cells, N NMDA-treated cells, NR NMDA-treated cells loaded with
R283. All data are representative of at least three experiments. Values
were calculated as percent of basal levels (7), and are shown as
mean + SEM. **p < 0.01, significant differences in comparison with
untreated control cells; §p < 0.05, significant differences in compar-
ison with NMDA-treated cells

anticipate the NMDA-induced down-regulation of Hsp20
as well as the strong decrease of TG2 protein levels in the
controls.

Interestingly, TG2 and Hsp20 were co-immunoprecipi-
tated both in NMDA-treated cells and untreated ones. The
intensity of Hsp20 immunoreactive band was strongly
reduced in NMDA-treated cells, likely due to Hsp20 deg-
radation. Notably, the pre-incubation with R283 restored
Hsp20 control levels (Fig. 4).

This suggested that TG2 interacted with Hsp20 in basal
conditions, and that NMDA-induced TG?2 activation led to
Hsp20 degradation.

Taken together, these data indicate that TG2 constitu-
tively interacts with Hsp20 in RA-differentiated SH-SY5Y
cells, and that this interaction was disrupted when cells
were exposed to NMDA. However, the specific inhibition
of NMDA-induced TG?2 activation by R283 reversed such
effects.

Given the reported association of Hsp20 with Hsp27 in
different tissues (Boros et al. 2004), we wondered whether
Hsp20, in turn, interacted with Hsp27 in our cell stress
paradigm.
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New co-immunoprecipitation experiments using a
mouse monoclonal antibody against Hsp27, followed by
immunoblotting for Hsp20, resulted in a detectable inter-
action between these two proteins in untreated cells
(Fig. 4), indicating a constitutive Hsp27/Hsp20 hetero-
meric association in RA-differentiated SH-SY5Y cells.

The interaction between Hsp20 and Hsp27 was dis-
rupted upon NMDA treatment and was restored upon TG2
inhibition by R283 (Fig. 4).

Discussion

Overexpressed TG2 has been reported to either exert pro-
or anti-apoptotic effects in cultured cells depending upon
the type of cell, the kind of stressor, its activity levels and
subcellular localization (Fesus and Szondy 2005).

Here, we show that high TG2 levels, associated with
RA-induced differentiation of neuroblastoma SH-SYS5Y
cells towards neuronal phenotype, resulted in cell survival
against excitotoxic stress evoked by the exposure to high
NMDA doses (1 mM).

Excitotoxicity, triggered by neuronal cell stimulation with
excitatory aminoacids leading to disturbances of the intra-
cellular calcium homeostasis, is thought to be a major
mechanism contributing to neuronal loss during CNS ische-
mia, trauma, and neurological disorders (Jellinger 2009).

In our cell paradigm of excitotoxicity, despite a nearly
fivefold increase of cytosolic calcium concentration
NMDA treatment did not early induce a significant cell
loss, neither did it delay the appearance of apoptotic fea-
tures, as demonstrated by failure of the activation of cas-
pase-3, the major apoptosis executioner in neurons.

Notably, the rise in Ca*" intracellular levels triggered
TG activation that was found to be involved in SH-SYS5Y
cell survival, as at first suggested by the exacerbation of
NMDA toxicity upon specific inhibition of TG2 active site
with R283.

These results are in contrast with our previous in vitro
observations showing that NMDA treatment—at lower
doses (100 pM) than those used in the present work—
increased TG2 expression and activity which were asso-
ciated with apoptotic features in primary cerebellar granule
cells (Ientile et al. 2002; Caccamo et al. 2004).

Moreover, the use of TG2 transgenic mice has provided
evidence that TG2 over-expression in the CNS potentiates
excitotoxicity-induced neuronal cell damage (Tucholski
et al. 2006). However, neither the identification of TG
activity downstream targets, that play a role in the exci-
totoxic cell death process, nor the elucidation of the
mechanisms by which over-expressed TG2 facilitates
neuronal death, have ever been addressed in in vivo or in
vitro models of excitotoxic insult.
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Fig. 4 NMDA-induced TG2 activation disrupts the constitutive
interaction of TG2 with Hsp20 and leads to Hsp20 degradation in
neuronal-like SH-SYSY cells. Co-immunoprecipitation experiments
showed the interaction between TG2 and Hsp20, and also between

We wondered about the role of TG2 in molecular
pathways underlying SH-SYSY cell resistance to NMDA-
induced excitotoxic stress.

Previous observations, in a different experimental model
of neurotoxicity, have shown that the inhibition of over-
expressed TG2 in SH-SYSY cells reversed the amelioration
of apoptotic response (Beck et al. 2006). In this regard, it is
worthy to note that overexpressed TG2 has been reported
to be protective against apoptosis when its crosslinking
activity is dormant (Fésus and Szondy 2005; Gundemir and
Johnson 2009).

Given that TG2 cross-linking occurs at a threshold Ca*"
concentration of about 1 mM (Smethurst and Griffin 1996),
it is reasonable to hypothesize that, in our experimental
conditions, NMDA-increased cytosolic Ca** levels might
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experiments. Values were calculated as percent of basal levels (7)),
and are shown as mean + SEM. **p < 0.01, significant differences
in comparison with untreated control cells; §p < 0.01, significant
differences in comparison with NMDA-treated cells
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Hsp20 and Hsp27. Results shown are representative of three separate
experiments. /C immunoprecipitation control in which the immuno-
precipitating antibody was omitted, C control cells, N NMDA-treated
cells, NR NMDA-treated cells loaded with R283

mediate other TG2 enzyme functions, different from cross-
linking, playing a protective role against excitotoxicity.

Moreover, it should be remarked that the extent of
NMDA-induced TG activation was assessed, as current
practice for TG activity assays, by measuring the incor-
poration of BC, an exogenously added polyamine, into cell
proteins. By this way, we were able to provide evidence
that the NMDA-evoked Ca”" rise activated the TG-medi-
ated in situ polyamination that may take place at intracel-
lular Ca*" levels lower than 1 mM. Notably, the gel
visualization of BC labelled cell proteins showed the
appearance of at least three novel TG2 substrates for TG
enzyme activity, with molecular weight ranging between
around 25 and 50 kDa, in NMDA-treated cells compared
with controls.
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Our preliminary data indicate that the NMDA-induced
TG activation in neuronal-like SH-SYSY cells was involved
in the reduction in cytosolic levels of pro-apoptotic caspase-
3 and the stress protein Hsp20. Indeed, caspase-3 has been
reported to be a substrate for TG2 cross-linking activity in
cell apoptosis (Yamaguchi and Wang 2006), and Hsp20 was
shown to be in vitro crosslinked by TG2 (Boros et al. 2004).
However, in our experimental conditions we did not detect
macromolecular assemblies for both proteins. Whether or
not these proteins may act as direct substrates for TG-cat-
alysed polyamination has to be further investigated, even if
this seems not likely for Hsp20, having a molecular weight
lower than that observed for putative TG activity substrates
upon SDS gel electrophoresis.

Here, we show, by the help of co-immunoprecipitation
experiments, that TG2 interacts with Hsp20, and that this
interaction is disrupted upon NMDA-induced TG2 activa-
tion, which results in Hsp20 degradation.

Interestingly, Hsp20, a chaperone-like protein initially
identified as a by-product of the purification of Hsp27, has
been reported to occur together with Hsp27 as heteromeric
and dynamic complexes, that are modulated by both
phosphorylation and/or macromolecular association with
specific proteins, and usually dissociate from the aggre-
gated form in response to cell stress (Boros et al. 2004).

Notably, Hsp27 has been shown to favour the prote-
asomal degradation of certain proteins under stress condi-
tions and is generally considered an essential inhibitor of
the proteolytic processing and activation of the apoptosis
initiator pro-caspase-3 (Stetler et al. 2009). Indeed, neu-
ronal-like SH-SY5Y cells possessed high basal levels of
procaspase-3 that underwent NMDA-induced degradation,
partly prevented by the specific inhibition of TG2 with
R283.

The present observations raise the possibility that TG2
interaction with Hsp20 upon NMDA treatment might
modulate the anti-apoptotic functions of the complex
Hsp27/Hsp20, including, among others, the suppression of
caspase-3 activation and the promotion of caspase-3 pro-
teasomal degradation. This modulatory effect could take
place without necessarily involving TG2 enzyme activity,
since TG2 has already been shown to be protective against
cell death in a way, independent from transamidation, that
likely involves its physical association with other proteins
playing a pro-survival or apoptotic role (Filiano et al. 2008;
Gundemir and Johnson 2009). Notably, Hsp27 has also
been identified as a “scaffold” protein, leading to the
activation of pro-survival signalling molecules, such as
MAPK-activated protein kinase-2 and the serine/threonine
kinase Akt, which results in cytoprotection in different
model of neuronal injury (Stetler et al. 2009).

Given that Hsp27 has been reported to be among the
most potent suppressors of neurodegeneration induced by
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accumulation of toxic protein aggregates (Stetler et al.
2009), TG2 interaction with small HSP complexes could
assume a relevant biological role and is worthy to be more
extensively characterized.
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