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Eukaryotic cells are equipped with an efficient quality control system to selectively eliminate misfolded and damaged proteins,
and organelles. Abnormal polypeptides that escape from proteasome-dependent degradation and aggregate in the cytosol can
be transported via microtubules to inclusion bodies called ‘aggresomes’, where misfolded proteins are confined and degraded
by autophagy. Here, we show that Type 2 transglutaminase (TG2) knockout mice display impaired autophagy and accumulate
ubiquitinated protein aggregates upon starvation. Furthermore, p62-dependent peroxisome degradation is also impaired in the
absence of TG2. We also demonstrate that, under cellular stressful conditions, TG2 physically interacts with p62 and they are
localized in cytosolic protein aggregates, which are then recruited into autophagosomes, where TG2 is degraded. Interestingly,
the enzyme’s crosslinking activity is activated during autophagy and its inhibition leads to the accumulation of ubiquitinated
proteins. Taken together, these data indicate that the TG2 transamidating activity has an important role in the assembly of protein
aggregates, as well as in the clearance of damaged organelles by macroautophagy.
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Misfolded proteins are a constant byproduct of eukaryotic cell
metabolism resulting from genetic mutations, inappropriate
posttranslational protein modifications, and environmental
stress. It has been proposed that up to 30% of newly
synthesized proteins are not properly folded.1 These non-
functional misfolded proteins are prone to form aggregates
that can interfere with normal cellular functions inducing
cellular stress, which can ultimately lead to cell death. Thus,
the efficient management of misfolded proteins and their
aggregates is essential for cellular viability, and thus cells have
evolved several interconnected pathways to limit their accu-
mulation.2 This system of protein quality control acts at
multiple levels, trying to re-establish the proper tertiary
structure of unfolded or misfolded proteins via molecular
chaperones, and eventually promoting the degradation of
those aberrant proteins that fail to refold.2 In fact, the misfolded
proteins are recognized and poly-ubiquitinated by specific
ubiquitin E3 ligases and this posttranslational modification
targets them to proteasome degradation, which constitutes a
critical part of the cytoprotective protein quality control
machinery.3,4 Defects in the ubiquitin–proteasome machinery
lead to the accumulation of misfolded proteins and aggregates
under the specific form of ‘aggresomes’, a pathological
condition commonly found in many degenerative diseases.2

Recent findings suggest that the formation of aggresomes is
an attempt to prevent the intracellular toxicity derived from

protein aggregates before they are actively removed
by autophagy.5 In fact, once aggregated, misfolded
proteins cannot be degraded efficiently by proteasome as
they cannot pass through the narrow structures of the
proteasome.6

Autophagy was initially described as a cellular response to
nutrient deprivation by which cells are able to ‘self-digest’ part
of their own cytoplasm to recycle essential macromolecules
for survival.7 In the most characterized form of autophagy,
macroautophagy, starvation induces a double-membrane
structure that sequesters cytosolic contents (including mito-
chondria, peroxisomes, and ribosomes) into large autophagic
vesicles to form the autophagosomes. Autophagosomes
subsequently fuse to lysosomes, where their contents are
degraded by hydrolytic enzymes.8 This feature makes
autophagy an ideal way to remove protein aggregates that
cannot be processed by proteasomes. The molecular
mechanisms regulating the specific recognition and elimina-
tion of the aggresomes by autophagy have just recently begun
to be uncovered.

This process requires autophagy cargo proteins, such as
p62/SQSTM1 and NBR1, which bind ubiquitinated proteins
via UBA domains, and interact with LC3 via their LIR
domain.9 Therefore, at least two modifications, ubiquitination
and oligomer formation, have been proposed to serve as
cis-acting signals to promote selective autophagy.
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Type 2 transglutaminase (TG2) is a multifunctional protein
that is capable of carrying a large number of biochemical
functions. In the presence of high calcium levels, TG2
catalyzes a vast array of protein posttranslational modifica-
tions, including protein–protein crosslinking, incorporation of
primary amines into proteins, as well as glutamine deamina-
tion. In addition, TG2 might also act as a G-protein, coupling
various receptors to phospholipase C (PLCd1).10 This activity
is inhibited by Ca2þ , which then acts as a switch between the
two main biochemical functions of the enzyme.10 Under
physiological conditions, the low cytosolic Ca2þ concentration
does not allow the enzyme to act as a transamidating agent.11

However, catalytically inactive TG2 can perform other func-
tions; for example, TG2 can associate with integrins to activate
signaling pathways contributing to increase cell survival.10

If the stress or cellular damage is too severe, the Ca2þ -
dependent activation of TG2 crosslinking activity has an
important role in the induction of apoptosis.12

Several studies show that TG2 is involved in the pathogenic
mechanisms responsible for a number of human degenerative
diseases characterized by the accumulation of protein
aggregates in affected brains, such as Alzheimer’s disease
(AD), Parkinson’s disease (PD), Huntington’s disease (HD),
and in liver diseases (Mallory bodies).13,14 We have recently
shown that TG2 is involved in autophagosome maturation.15,16

Starting from these premises we decided to analyze the role of
TG2 in autophagy and shed light on the possible involvement
of the enzyme in the degenerative disorders involving the
formation of aggresomes and their clearance by autophagy.

Results

Loss of TG2 leads to a defective autophagic response in
the liver and heart upon starvation. In order to get an
insight into TG2’s role in the autophagic process, we decided
to investigate the effect of its ablation in vivo by producing a
transgenic mouse line lacking TG2 and expressing GFP-
LC3, which is widely used as an in vivo marker for autophagic
vesicles. The newly developed transgenic mouse line shows
no abnormality and reproduces normally.
Liver: Considering the importance of autophagy in the liver
upon starvation, we decided to start our analysis by examining
this organ.17 In both TG2þ /þ GFP-LC3- or TG2�/� GFP-LC3-
fed mice, GFP-LC3 signals were found to diffuse in the
cytoplasm with few punctate dots (Figures 1a and c).
Following 48 h of starvation (Starv), the number of GFP-LC3
dots increased in both mouse strains, indicating the expected
induction of autophagy. However, in the TG2�/� mice, the
accumulation of the dots was significantly higher than in
TG2þ /þ mice (Figures 1b and d), suggesting that, in the
absence of TG2, more autophagosomes are formed and/or
less autophagosomes are degraded by fusing with lysosomes.
The quantification of GFP-LC3-positive dots confirmed the
increase of these structures after starvation (Figure 1e), with a
significant difference in their number in livers of TG2�/� mice
compared with the TG2þ /þ mice. These results are in
agreement with the impairment of autophagosome matu-
ration observed in vitro in cells lacking TG2.15

Heart: It is well known that heart muscle shows major
changes during starvation; in fact, the number and size of

autophagosomes increased drastically after 48 h of fasting.17

Therefore, we decided to compare autophagy levels also in
cardiac muscles of TG2þ /þ GFP-LC3 with those of TG2�/�

GFP-LC3 mice following 48 h of starvation. As illustrated in
Figures (1f–i), the increase in GFP-LC3-positive structures
was more accentuated in TG2�/� mice compared with
the TG2þ /þ mice. The quantification of the GFP-LC3
dots evidenced a drastic difference between the levels of
autophagy induced in TG2þ /þ mice compared with TG2�/�

mice (Figure 1j) similarly to those described above for the liver.

TG2 is degraded during autophagy. On the basis of the
above-reported in vivo findings, we decided to further
address the role of TG2 in autophagy. To this aim, we
analyzed the TG2 protein level in mouse liver after 24–48 h of
starvation. Interestingly, we observed a progressive
significant decrease (up to 70% at 48 h) in the total protein
levels compared with normally fed animals (Figure 2a). To
verify whether this phenomenon could be due to the enzyme
degradation into autophagolysosomes, we treated the
starved animals with chloroquine (CQ), which is known to
block the acidification of lysosomes, thus preventing the last
stages of autophagy. The results reported in Figure 2b
indicate that TG2 is rescued from degradation when the
lysosomal activity is partially reduced by CQ. In order to
verify whether the degradation of TG2 was a general
autophagy-dependent event, we induced autophagy in
2fTGH cells, a human cell line expressing high TG2 levels,
by several agents, that is, starvation, 2-deoxy-D-glucose
(2-DG) and rapamycin (Rap) (Figure 2c). In the presence of
all tested autophagy stimuli we observed a significant
decrease of TG2 protein levels, which was comparable to
that of p62, an autophagy-cargo protein degraded inside
autophagolysosomes (unpublished observations). Prompted
by this result, we investigated whether TG2 was detectable
inside autophagosomes, by analyzing its co-localization with
LC3 upon autophagy induction. The immunofluorescence
analysis carried out in 2fTGH-GFP-LC3 cells reported in
Figures 3a and b shows that the two proteins co-localize in
punctate vesicular structures upon starvation. In keeping with
this finding, ultrastructural analysis showed the presence of
TG2 immuno-gold positive particles inside double-membrane
autophagosomes (Figures 3c and d). To confirm the
autophagosomal nature of these structures, we co-immuno-
stained the same sections for p62, which showed the same
localization (Figure 3d).

TG2 is present in protein aggregates containing
p62. Several reports have suggested that TG2 has a role
in the formation of ubiquitinated protein aggregates found in
diseases affecting both the brain and the liver.18.These
TG2-related aggregates contain poly-ubiquitinated proteins
and therefore are likely to be bound by p62, via its UBA
domain.9 In order to verify whether TG2 can physically
interact with the cargo proteins mediating the delivery of
ubiquitinated proteins to autophagosomes, we analyzed by
immunoprecipitation the interaction of the enzyme with p62,
NBR1 and the valosin-containing protein (VCP), which
are essential elements able to convey ubiquitinated
substrates into the autophagosomes.19 To this aim, we
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used 2fTGH cells, HEK293 cells in which the TG2 expression
is undetectable, and HEK293TG2, in which the wild-type
enzyme was stably ectopically expressed (Supplementary
Figure S1A). The results indicate that TG2 is part of a protein
complex containing p62 (Figures 4a and b) and NBR1
(Supplementary Figure S1B), while the interaction with VCP
(Figures 4a and b) and LC3 (unpublished observations) was
not detected. Interestingly, in both cell lines the interaction
between TG2 and p62 was largely increased upon the
inhibition of the proteasome by MG132, which is known to
determine the accumulation of ubiquitinated protein
aggregates (Figure 7f).20 In order to clarify whether TG2
cooperates with the cargo proteins in the clearance of
ubiquitinated proteins, we analyzed TG2 transamidating
activity in 2fTGH cells upon starvation. To this aim,
we used the 5-(biotinamido)pentylamine incorporation
method to verify the enzyme’s transamidating activity in
vivo under the employed experimental conditions.

Intracellular TG2 is known to be largely inactive under
normal physiological settings, but it is activated under
stressful conditions, which lead to the accumulation of free
calcium in the cytoplasm.11 Interestingly, we detected an
increased labeling of TG2 substrate proteins already upon
autophagy induction, but the amine incorporation was
dramatically increased when autophagy induction was
associated with the proteasome inhibition (Figure 4c).

The blockade of proteasomal degradation is known to
determine a stressful cellular condition leading to the
formation of ‘aggresomes’ containing ubiquitinated proteins.20

To determine whether, under these conditions, TG2 and p62
co-localize on the aggresomes, we carried out the analysis of
their ultrastructural localization in starved cells treated with
MG132. The data reported in Figure 5 indicate that the
enzyme is specifically localized in protein aggregates of
various sizes. Interestingly, the co-localization with p62 is
observed only in protein aggregates, which display a large

Figure 1 Effect of starvation on liver and heart autophagy in TG2þ /þ GFP-LC3 or TG2�/� GFP-LC3 mice. (a and b) Liver samples from TG2þ /þ GFP-LC3 transgenic
mice before (a) and after 48 h of starvation (b) were analyzed by fluorescence microscopy. (c and d) Liver samples from TG2�/�GFP-LC3 transgenic mice before (c) and after
48 h of starvation (d) were analyzed by fluorescence microscopy. Scale bar, 8 mm. (e) Quantitative analysis of the formation of GFP-LC3 dots following autophagy-induction.
The number of dots was counted in five independent fields of three independent mice. Results are expressed as the mean±S.D. Statistical analysis was performed by
analysis of variance (*Po0.05). (f and g) Heart samples from TG2þ /þ GFP-LC3 transgenic mice before (f) and after 48 h of starvation (g) were analyzed by fluorescence
microscopy. (h and i) Heart samples from TG2�/� GFP-LC3 transgenic mice before (h) and after 48 h of starvation (i) were analyzed by fluorescence microscopy. Scale bar,
3mm. (j) Quantitative analysis of the formation of GFP-LC3 dots following autophagy-induction. The number of dots was counted in five independent fields of three
independent mice. Results are expressed as the mean±S.D. Statistical analysis was performed by analysis of variance (*Po0.05, **Po0.001, ***Po0.0001)
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size, thus suggesting that TG2 could be recruited on small
protein aggregates and participates to form larger complexes
where p62 is later recruited. Furthermore, the immunofluor-
escence co-localization analysis of p62 and TG2, in cells
treated with MG132, confirmed the presence of both proteins
in the aggresomes (Supplementary Figure S2).

TG2 is involved in pexophagy. Considering that p62-
dependent autophagy of ubiquitinated proteins has been
shown to have a key role also in the clearance of damaged
and hyper-accumulated organelles, such as mitochondria
and peroxisomes, we decided to verify whether the above-
described defect in TG2-mediated autophagy could be
reflected in an abnormal homeostatic control of these

organelles.19 In fact, ubiquitination of peroxisomal proteins
in mammalian cells is sufficient to cause their p62-mediated
turnover by targeting these organelles to autophagosomes
and lysosomes.21

We took advantage of a well-established pharmacological
protocol of peroxisomal induction and subsequent removal in
liver rodents.22,23 Peroxisomes are known to increase in their
number and size, in response to a class of chemically
unrelated substances, called peroxisome proliferators; when
their administration is discontinued, the liver peroxisomal
population rapidly decreases and readily returns to the pre-
proliferation status due to autophagy-mediated clear-
ance.21,24 We chose a model of inducing peroxisomal proli-
feration by dietary administration of ciprofibrate. Excess liver

Figure 2 TG2 is degraded by autophagy. (a, upper panel) Immunoblot analysis of TG2 in liver tissues from TG2þ /þ and TG2�/� mice, before and after 24 and 48 h of
starvation. Actin was used as loading control. (a, lower panel) Densitometric analysis of blots (quantification of TG2 bands normalized to actin levels). (b, upper panel)
Immunoblot analysis of TG2 in liver tissues from TG2þ /þ mice, before and after 24 and 48 h of starvation in the presence or not of CQ. For the autophagy inhibition the CQ
was administered in the drinking water during the whole starvation time. Actin was used as loading control for immunoblot. (b, lower panel) Densitometric analysis of blots
(quantification of TG2 bands normalized to actin levels). TG2 expression is reduced following autophagy induction and is rescued from degradation when the lysosomal activity
is blocked by CQ. (c, upper panel) Western blot analysis of TG2 in 2fTGH cells subjected to different treatments to induce autophagy (see Materials and Methods). Actin was
used as loading control for immunoblot. (c, lower panel) Densitometric analysis of blots (quantification of TG2 bands normalized to actin levels)
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peroxisomes are normally degraded within a week, but this
rapid removal is impaired in autophagy-deficient liver.25

Morphological and molecular data indicated effectiveness
of the treatment on both TG2�/� and TG2þ /þ mouse liver
(Figure 6). Remarkable peroxisomal proliferation was demon-
strated by increased number of catalase-positive organelles,
as detected by transmission electron microscopy, immedi-
ately after ciprofibrate treatment (T0; Figures 6a and b).
Consistently, the levels of the 70-kDa peroxisomal membrane
protein (PMP70) were significantly higher in treated animals
than in controls (Figure 6e). At later stages (T7), the size of
peroxisomal population returned to normal values in the
TG2þ /þ liver, as assessed by PMP70 western blot analysis
(Figure 6e), while in the hepatocytes of TG2�/� mice,
numerous peroxisomes were still present, as detected by
ultrastructural (Figures 6c and d) and western blot analyses
(Figure 6e). Though often found inside autophagic vacuoles,
these organelles displayed normal morphological features,
including homogeneous catalase cytochemical activity, and
electron-dense cores (Figure 6d). These hallmarks, indicating
intactness of the organelles in the knockout liver, were
paralleled by intense PMP70 immunoreactivity, significantly
higher than in TG2þ /þ samples (Figure 6e).

Consistent with morphological data, immunoblot results
using the autophagic marker LC3 II (Figure 6f) showed
dramatic induction of the autophagic program in TG2þ /þ liver,
soon after suspension of ciprofibrate in vivo administration (T0).

Later on, LC3 levels returned rapidly to control values (T7). By
contrast, LC3 levels in TG2�/� liver were unchanged at T0, and
raised in the first week after treatment, indicating, together with
the increased level of PMP70, a much slower clearance of
peroxisomes due to an impaired autophagy flux.

Interestingly, autophagy serves to degrade intracellular lipid
stores in murine liver through a process that has been termed
‘macrolipophagy’.26 Histological examination of paraffin
sections stained either by hematoxylin and eosin (H&E)
or by Sudan Black, as well as ultrastructural analysis,
demonstrates lipid accumulation in TG2�/� mouse liver after
ciprofibrate treatment (Supplementary Figure S3), further
confirming the impairment of autophagy in the presence of a
defect in TG2 transamidating activity.

Impaired clearance of ubiquitinated protein aggregates
in the absence of TG2 transamidating activity. Based on
the above-described results, we decided to verify whether
the defect of autophagy induced by the lack of TG2 in vivo
was characterized by the accumulation of ubiquitinated
protein aggregates.

To this end, we analyzed the liver of TG2 knockout
and wild-type mice upon starvation. Under fed condition

Figure 3 TG2 colocalizes with LC3 in the autophagosomes. (a and b)
Immunofluorescence microscopy analysis of 2fTGH-GFP-LC3 cells undergoing
autophagy. Cells expressing GFP-LC3 protein were cultured in complete medium
(a) or subjected to starvation (b) in EBSS for 16 h, stained with an anti-TG2 antibody
and analyzed by microscopy. Green dots represent autophagosomes, red dots TG2
protein, and yellow dots sites of overlap of GFP-LC3 with TG2. Scale bar, 6mm.
(c and d) Immuno-gold analysis in human 2fTGH cells double-labeled against TG2
(15-nm gold particles) and p62 (5-nm gold particles). The colloidal gold particles,
indicating the presence of TG2 (arrows) and p62 (arrowheads), were detected in
typical autophagosome-like structures. Original magnification: � 85 000

Figure 4 TG2 interacts with autophagy-related cargo proteins. (a) Western blot
analysis of TG2, p62 and VCP proteins in human 2fTGH cells subjected to
immunoprecipitation for TG2. After 4 h of treatment as indicated, cells were lysed and
proteins were immunoprecipitated using anti-TG2 antibody (see Materials and
Methods). Immuno- and co-immunoprecipitated proteins were separated by SDS-
PAGE and immunoblotted using the indicated antibodies. WC, whole cell lysate, was
used as protein control. (b) Western blot analysis of TG2, p62 and VCP proteins in
HEK293TG2 cells stably transfected with TG2 protein, subjected to immunoprecipita-
tion for TG2. After 2 h of treatment as indicated, cells were lysed and proteins were
immunoprecipitated using anti-TG2 antibody. Immuno- and co-immunoprecipitated
proteins were separated by SDS-PAGE and immunoblotted using the indicated
antibodies. WC, whole cell lysate, was used as protein control. (c) Representative
blot of the TG-catalyzed incorporation of 5-(biotinamido)pentylamine into proteins in
2fTGH cell line. Cells were labelled with 5-(biotinamido)pentylamine and treated as
indicated for 4 h. After separation by SDS-PAGE, biotinylated proteins were revealed
with HRP-conjugated streptavidin. p53 and p27 proteins were used as a control for
monitoring proteasome inhibition, and actin was used as loading control
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some ubiquitin-positive cells were found in TG2þ /þ mice
(Figures 7a and e). However, the amount of ubiquitinated
protein aggregates was much more pronounced in TG2-
deficient mouse (Figures 7b and e). Interestingly, following
48 h of starvation, the number of cells with ubiquitinated
protein aggregates decreased in TG2þ /þ mouse, as a result
of their clearance by autophagy (Figures 7c and e). On the
contrary, in the liver of TG2�/� mouse, an increased number
of cells with ubiquitinated protein aggregates was observed
(Figures 7d and e), thus suggesting that, in the absence of
TG2, elimination of protein aggregates is affected. In order to
demonstrate that the accumulation of ubiquitinated proteins
observed in knockout animals was indeed dependent on the
lack of TG2, we analyzed the profile of ubiquitinated proteins
in HEK293 cells lacking the enzyme and in the same cells
overexpressing TG2 protein (HEK293TG2). The data reported
in Figure 7f clearly show that in the absence of the enzyme
there was a marked accumulation of high-molecular-weight

ubiquitinated proteins, particularly evident when the protea-
some inhibition was carried out by MG132.

To characterize whether this effect is dependent on the
TG2 crosslinking activity, we analyzed the importance of the
enzyme’s transamidating activity in the clearance of ubiqui-
tinated protein aggregates. To this aim, we studied the direct
interaction of ubiquitinated proteins with TG2 using the
HEK293 cell line stably transfected with the wild-type
enzyme and with its mutant lacking the transamidating
activity (HEK293C277S) (Supplementary Figure S1A). Inter-
estingly, the active TG2 and its transamidating mutant both
interact with high-molecular-weight ubiquitinated proteins

Figure 5 TG2 is present in cytosolic protein aggregates. (a and b) HEK293TG2

cells were cultured under starved condition in presence of MG132 for 2 h. Cells were
double-labelled against TG2 (15-nm gold particles), and against p62 (5 nm gold
particles). Immuno-gold analysis shows that small cytosolic membrane-free
electron-dense structures (arrowheads) are positively stained for TG2 while larger
aggregates display simultaneous positivity for TG2 and p62 (arrows). Original
magnification: � 85 000

Figure 6 Impaired in vivo pexophagy after ciprofibrate-induced peroxisomal
proliferation in the liver of TG2�/� mice. Ultrastructural catalase cytochemistry of
TG2þ /þ (a) and TG2�/� (b–d) mouse liver, after ciprofibrate treatment. Mice
were given ciprofibrate-containing food for 10 days, then killed immediately (T0) or
7 days (T7) after suspension of treatment. Liver specimens were prepared as
described in Materials and Methods and ultrathin sections were observed in a
Zeiss EM 900 electron microscope. (a and b) Remarkable peroxisomal induction is
observed in both TG2þ /þ and TG2�/� hepatocytes, at T0. However, while
autophagosomes with partially degraded material are readily detected in the
TG2þ /þ samples (arrows), the knockout shows virtually no autophagic vacuoles.
(c and d) Several autophagosomes are recognized in TG2�/� samples at T7.
These mostly contain indigested peroxisomes, with homogeneous catalase
positivity (arrowheads). The higher magnification micrograph (d) shows the details
of an autophagic vacuole (arrowhead), surrounding an intact peroxisome, in which
the double membrane is clearly visible, catalase is cytochemically active and a
typical peroxisomal core (white arrowhead) is present. N, nucleus; m,
mitochondrion; p, peroxisome. Original magnification: (a and b)� 12 000;
(c� 4400;) (d� 20 000.) (e and f) Densitometric analysis of western blotting
data, obtained on liver extracts from TG2þ /þ and TG2�/�mice before and after in
vivo ciprofibrate administration, using the peroxisomal marker PMP70 (e) and the
autophagic marker LC3 normalized to GADPH (f). LC3 levels are expressed as the
ratio between LC3 II and LC3 I. Statistical analysis was performed by analysis of
variance (*Po0.05)
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(Figure 8a), thus indicating that the transamidating activity is
dispensable for the binding of ubiquitinated proteins.
On the contrary, the transamidating activity is essential for
their clearance, as shown by the accumulation of high-
molecular-weight ubiquitinated proteins detected in cells
expressing the C277S mutant (Figure 8b). Furthermore, the
data reported in Figure 8a suggest that the interaction
between TG2 and the ubiquitinated proteins is not dependent
on p62, as protein complexes co-immunoprecipitating with

the TG2 mutant contain significant less amount of this cargo
protein.

Discussion

The data reported in this study indicate that TG2 is an
essential component for the proper maturation of autophago-
somes under basal and particularly under stressful cellular
conditions such as proteasome impairment or organelle

Figure 7 Effect of TG2 on ubiquitinated aggregates accumulation. (a–d) Immunofluorescence detection of ubiquitin in the liver of TG2þ /þ and TG2�/� mice
before (a and b) and after starvation (c and d). Scale bar, 8 mm. (e) Quantitative analysis of the formation of ubiquitin-positive aggregates in basal condition and
after autophagy induction. The number of cells containing aggregates was counted in five independent fields of three independent mice. Results are expressed
as the mean±S.D. Statistical analysis was performed by analysis of variance (*Po0.05, **Po0.001). (f) Immunoblotting analysis of ubiquitinated proteins in HEK293 and
HEK293TG2 cell lines. Cells were incubated with or without MG132 for 2 h, and ubiquitin expression levels were assayed by immunoblotting with anti-ubiquitin antibody. Actin
was used as loading control
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hyper-proliferation. Indeed, we have previously shown that
the ablation of TG2 results in an evident accumulation of LC3
II on pre-autophagic vesicles, pointing to a marked induction
of autophagy.15 By contrast, the formation of the acidic
vesicular organelles was very limited, as detected by the lack
of acidification of the autophagolysosomes observed in TG2�/�

MEFs, suggesting an impairment in the autophagosome
maturation process.15 In this paper, we demonstrate that the
ablation of TG2 leads to the accumulation of ubiquitinated
organelles and protein aggregates, which are not cleared by
autophagy, thus indicating a role for the enzyme in the selection
of the autophagy substrates. In fact, in the absence of TG2
and particularly under stressful conditions, we observed both
in vivo and in vitro a marked accumulation of ubiquitinated
proteins. We have also shown that the TG2-dependent
posttranslational modification of its substrate proteins is
increased by autophagy induction, and further potentiated
upon proteasome inhibition. In connection with this, it is
accepted that during the early stage of autophagy there is an
accumulation of free calcium ions in the cytoplasm that may
activate the TG2’s transamidating activity.27

Interestingly, TG2 is present in protein complexes contain-
ing two cargo proteins, p62 and NBR1, which are known to
mediate the clearance of ubiquitinated proteins by autophagy.
These cargo proteins contain UBA domains at their C-terminal
regions, allowing them to interact with the aggregated protein

complexes and organelles that have to be degraded.
Subsequently, by a LIR domain these cargo proteins interact
with the ATG8-family members inside the nascent pre-
autophagic vesicles.9,19 It is interesting to note that, although
TG2 has two potentially canonical LIR domains, we were
unable to detect by immunoprecipitation an interaction
between TG2 and LC3 (unpublished observations). By
contrast, our findings indicate that TG2 is localized in small
protein aggregates where p62 is not present, while this cargo
protein is later recruited on large aggregates where a high
amount of TG2 is detected. In keeping with this finding, we
detected an increased co-localization of the two proteins upon
inhibition of the proteasome, a condition known to favor the
formation of ‘aggresomes’.20 Furthermore, in cells lacking
TG2, we detected the accumulation of ubiquitinated proteins
suggesting that the enzyme is involved in the posttranslational
modification of high-molecular-weight aggregates, which are
then conveyed by cargo proteins to the autophagic machinery
for degradation. Notably, only the reintroduction of the
transamidating active TG2 in these cells favors the clearance
of ubiquitinated proteins, highlighting that TG2’s crosslinking
activity has an important role in the formation/stabilization of
substrates cleared by the autophagy pathway. These findings
are in agreement with our previous results showing that the
transamidating activity of the enzyme is required for the
proper completion of the autophagic flux15,16 and the inhibition
of the transamidating activity of TG2, by means of the specific
inhibitor R283, results in a marked decrease of the number of
acidic vesicular organelles.15 In this regard, it is important to
mention that TG2 has been involved in the pathogenesis of
several degenerative diseases characterized by the accumu-
lation of mutated/misfolded proteins such as Lewy bodies in
PD, neurofibrillary tangles in AD, Huntingtin aggregates in HD,
as well as the Mallory bodies in the liver.13,14 Our previous
studies, carried out in a mouse model for HD, suggested a
possible involvement of TG2 in the neurodegenerative
processes associated with autophagy impairment observed
in this disease. In fact, the analysis of brains of the TG2�/�/HD
transgenic mice showed that the HD onset is associated with a
large reduction in non-apoptotic cell death and with an
increased number of nuclear protein inclusions, suggesting
an impairment in their clearance by autophagy.28

Taken together, these data indicate an important role for
TG2-mediated posttranslational modifications in the matura-
tion of autophagosomes. In support of this assumption is also
the long-lasting use of a well-known competitive inhibitor of
transglutaminase, the auto-fluorescent compound mono-
dansyl-cadaverine (MDC), for in vivo labelling of autophagic
vacuoles. MDC accumulates as a selective marker for
autophagic vacuoles in vivo, and is not present in the early
and late endosome.29 In keeping with this, we have shown
here that TG2 is present inside the autophagosomes, where
the enzyme is selectively degraded similarly to its binding
partner p62.

It is well known that autophagy has a crucial role in the
turnover of cellular organelles; in particular it has been
proposed that autophagy selectively degrades dysfunctional
or supernumerary mitochondria and peroxisomes. Here, we
show that pexophagy following ciprofibrate treatment is
impaired in mice lacking TG2. Also, we have recently shown

Figure 8 Effect of TG2 transamidating activity on the clearance of ubiquitinated
protein aggregates. (a) Western blot analysis of p62 and ubiquitinated proteins in
HEK293, HEK293TG2 and HEK293C277S cell lines subjected to immunoprecipitation
for TG2. Cells treated with MG132 for 2 h were lysed and proteins were
immunoprecipitated using anti-TG2 antibody. Immuno- and co-immunoprecipitated
proteins were separated by SDS-PAGE and immunoblotted using the indicated
antibodies. Arrows indicate ubiquitinated proteins present in TG2 interacting protein
complexes. (b) Immunoblotting analysis of ubiquitinated proteins in HEK293,
HEK293TG2 and HEK293C277S cell lines. Cells were incubated with MG132 for 2 h,
and ubiquitin expression levels were assayed by immunoblotting with anti-ubiquitin
antibody. Actin was used as loading control
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that the absence of TG2 is associated with the impairment of
mitochondria that, in light of the present observations, could
be due to the lack of clearance of the damaged ones.13

Finally, it is relevant to note that a large number of
characterized TG2 candidate protein substrates interact with
the ATG8 family members,30 thus providing further evidence
that the TG2-catalyzed posttranslational modifications may
have a role in their clearance through the autophagosomes in
collaboration with p62 and NBR1. The TG2 transamidating
activity, acting at the level of glutamine and lysine residues of
proteins, might be envisaged as a further regulatory step in the
selection of protein substrates to be degraded into autopha-
golysosomes. In line with this assumption, it is important to
mention that so far no clear consensus sequence has been
described for the TG2’s substrate proteins. Several authors
have proposed that glutamine and lysine residues well
exposed on the protein surface can act as possible targets
for the enzyme, a condition likely to occur in misfolded
proteins.31 On the basis of the data presented in this study we
would like to propose that TG2 can be involved in the early
steps of the recognition of the ubiquitinated proteins and
organelles to be degraded. TG2 could favour by its transami-
dating activity the formation of intracellular structures, which
are recognized by p62 and other cargo proteins leading to
their recruitment in the pre-autophagic vesicles before
degradation by autophagolysosomes (Figure 9).

Materials and Methods
Antibodies. Anti-tubulin, anti-actin and anti-PMP70 were from Sigma-Aldrich
(Saint Louis, MO, USA), anti-LC3 was from Novus Biologicals (Littleton, CO, USA),
anti-TG2 TG100 or CUB7402 were from Lab Vision NeoMarkers (Fremont, CA,
USA), anti-mono and poly-ubiquitinated conjugates were from Enzo (Plymouth

Meeting, PA, USA), anti-p62/SQSTM1 was from MBL (Woburn, MA, USA), anti-
VCP, anti-p27 (C-19), anti-p53 (FL-393) and anti-GADPH (FL-335) were from Santa
Cruz (Santa Cruz, CA, USA), and anti-NBR1 was from Cell Signaling (Danvers, MA,
USA). HRP-conjugated secondary antibodies were from Bio-Rad Laboratories
(Hercules, CA, USA). Alexa Fluor 488- and Alexa Fluor 594-conjugated secondary
antibodies were from Invitrogen (Carlsbad, CA, USA).

Generation of TG2�/� GFP-LC3 mice. In order to obtain TG2�/� mice
expressing GFP-LC3 (TG2�/� GFP-LC3), C57Bl/6 TG2�/�mice were crossed with
C57Bl/6 GFP-LC3 transgenic mice. TG2�/� genotype was assessed by PCR using
50-TCCTGACCTGAGTCCTCGTC-30, 50-TACTCCAGCTTCTCGTTCTG-30, and
50-ACGAGACTAGTGAGACGTGC-30 primers, as previously described.32 To
assess the presence of GFP-LC3 transgene, PCR was carried out with:

Primer 1 (50-ATAACTTGCTGGCCTTTCCACT-30)
Primer 2 (50-CGGGCCATTTACCGTAAGTTAT-30)
Primer 3 (50-GCAGCTCATTGCTGTTCCTCAA-30)
(intron 3 of the LC3 genome as an internal control) following the conditions 941C

for 5 min, then 40 cycles at 941C for 30 sþ 551C for 30 sþ 721C for 1 min, and then
721C for 5 min.

Cell culture, transfection and drug treatments. HEK293 (human
embryonic kidney) and 2fTGH were cultured in Dulbecco’s modified Eagle’s medium
(Invitrogen Life Technologies Inc.) supplemented with 10% fetal bovine serum,
2 mM L-glutamine, 100 mg/ml streptomycin and 100 units/ml penicillin in a 5% CO2

incubator. For generation of the TG2 stably expressing cells (HEK293TG2 and
HEK293C277S), HEK293 cells were transfected with pLPCX-TG2 or pLPCX-
C277S16 using Lipofectamine 2000 (Invitrogen) according to the manufacturer’s
instructions and then selected for puromycin (Sigma-Aldrich) resistance using the
antibiotic added to the culture medium (2mg/ml). For the generation of 2fTGH-GFP-
LC3 cells, 2fTGH cells were transiently transfected with pLPCX-GFP-LC3 vector
using Lipofectamine 2000.

For amino-acid starvation (Starv), cells were washed two times in Earle’s
balanced salt solution (EBSS; Sigma-Aldrich) and incubated in EBSS for
the indicated periods in the presence or not of 5 mM MG132 (Z-Leu-Leu-Leu-al;
Sigma-Aldrich). For autophagy induction cells were incubated in full medium in the
presence of 1mM Rap (Sigma-Aldrich) or 10 mM 2-DG (Sigma-Aldrich).

Figure 9 Tentative scheme of TG2 action during autophagy. The accumulation of misfolded ubiquitinated proteins, sensed by the cell as a stress, leads to the activation
of autophagy at ER level determining the release of free calcium ions in the cytoplasm (1). This event leads to the activation of TG2 transamidating activity associated with
its 3D structural change from the inactive ‘closed conformation’ to the active ‘opened conformation’ (2). The activated enzyme may catalyze the misfolded protein crosslinking,
leading to the formation of small aggregates (3) and subsequently large aggregates (4). The formation of these ubiquitinated inclusions is recognized via the UBA domains by
p62 or other cargo proteins. These complexes finally interact with LC3II through the LIR domains present on the cargo proteins, leading to their uploading inside the pre-
autophagic vesicles
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Animals and treatment. Animals were fed with 0.025% ciprofibrate (Sigma
Chemical Co., St. Louis, MO, USA). Mice were given 40 g ciprofibrate-containing
food for 10 days, then killed immediately (T0) or 7 days (T7) after suspension of
treatment.

For the autophagy induction mice were fed ad libitum or subjected to 24 or 48 h of
starvation. For the autophagy inhibition the CQ was administered in the drinking
water. Considering that the water uptake of mice is between 4 and 7 ml per day, we
calculated a concentration of CQ salt of 0.375 mg/ml dissolved in normal tap water
to deliver a daily oral dose of 1.5–2.6 mg.33

Immunoblotting. Tissues were lysed in HEMG buffer (25 mM Hepes pH 8.0,
100 mM NaCl, 25 mM MgCl2, 0.5% Triton X-100, 0.1 mM EDTA, and 10% glycerol)
supplemented with protease and phosphatase inhibitor cocktail (1 mM sodium
fluoride, 1 mM sodium orthovanadate and 1 mM sodium molybdate; Sigma-Aldrich).

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 and 1% Triton X-100
with protease inhibitor cocktail (Roche, Nutley, NJ, USA).

Protein concentrations were determined by the Bradford assay, using bovine
serum albumin as a standard.

Aliquots of total protein extracts from cells and tissues after different treatments
were resolved on SDS-polyacrylamide gel and transferred to a nitrocellulose
membrane. Blots were blocked in 5% non-fat dry milk in T-PBS (PBSþ 0.05%
Tween 20) for 1 h at room temperature and then incubated overnight with the above-
described antibodies. The membranes were incubated with HRP-conjugated
secondary antibody for 1 h at room temperature and the signal was detected by
Immun-Star WesternC Kit (Bio-Rad Laboratories).

Statistical analysis. Densitometry measurements were used for statistical
analysis using Graph Pad. Statistical significance was determined using the
Student’s t-test. A P-value p0.05 was considered to be significant.

Fluorescence microscopy. Tissues were washed by cardiac perfusion
using PBS, dissected and fixed in 4% paraformaldehyde (PFA). Tissues were then
cryoprotected with increasing concentrations of sucrose (15 and 30%, overnight) in
phosphate buffer. Next, tissues were transferred to an embedding mold filled with
Tissue–Teck OCT compound. The mold was rapidly submerged into isopentane
cooled. The material was then frozen and stored at �801C. The samples were
sectioned at 10–20mm thickness with cryostat (ref ex: CM3050 S, Leica, Deerfield,
IL, USA) and stored at�801C. For GFP observation, nuclei were stained with DAPI
(20 min, 1mg/ml) and then cryosections were examined under a Leica TCS SP5
confocal microscope equipped with an � 40 (NA 1.25) or � 63 (NA 1.4)
oil-immersion objective (Deerfield, IL, USA). We used ‘Leica confocal’ software
(Deerfield, IL, USA) for analysis. For immunohistochemical analysis, sections were
permeabilized with 0.4% Triton X-100 in PBS for 1 h and then blocked in 3% NGS in
HSPBS containing 0.2% Triton X-100 for 1 h. Sections were incubated with the
above-indicated primary antibody.

Subconfluent cells (2fTGH and 2fTGH-GFP-LC3) grown on coverslips were
washed with PBS and fixed in 4% PFA for 10 min at room temperature. Fixed cells
were permeabilized with 0.1% Triton X-100 in PBS for 10 min, blocked with 3% BSA
in PBS for 20 min, and incubated with primary antibodies for 1 h.

After washing, cells and tissue sections were incubated with Alexa Fluor 488-
and Alexa Fluor 594-conjugated secondary antibodies. The coverslips were
mounted on microscope slides, sealed with an antifade solution and examined with
an image workstation DeltaVision (Applied Precision, Issaquah, WA, USA) Olympus
1X70 microscope.

Quantitative analysis of GFP-LC3 dots and ubiquitin-positive
aggregates. The number of GFP-LC3 dots in the liver and heart was counted in
five independent fields from three independent mice for each condition. Each point
value represents the mean±S.D. Statistical analysis was performed by analysis of
variance (*Po0.05).

The number of ubiquitin-positive inclusions was counted in five independent
fields from three independent mice for each condition. Each point value represents
the mean±S.D. Statistical analysis was performed by analysis of variance
(*Po0.05).

Histological examination. Tissues were dissected, fixed in 4% PFA,
paraffin embedded, and sectioned. Sections were stained by Meyer’s hematoxylin
and eosin.

Sudan Black (Sigma-Aldrich) staining was performed on cryostat liver sections,
after dehydration in 70% ethanol for 30 min. Freshly prepared saturated Sudan
Black solution was prepared in 70% ethanol. Sections were incubated with Sudan
Black solution for 10 min, then treated with 70% ethanol for 1 min, and finally
mounted using crystal mount (Biomeda, Burlingame, CA, USA).

Catalase ultrastructural cytochemistry. Liver specimens were fixed
with 2.5% glutaraldehyde in 0.1 M cacodylate buffer, pH 7.4, for 45 min at 41C. After
extensive rinse in the same buffer, samples were incubated for 1 h at 371C in the
dark in 0.05 M 2-amino-2-methyl-1,3-propanediol, pH 9.4, containing 7.5% sucrose,
5 mM NaCN, 0.2% 3,30-diaminobenzidine-tetra HCl (DAB) and 0.05% H2O2. For
controls, the incubation medium was supplemented with 0.1 M 3-amino-1,2,4-
triazole.

Specimens were then rinsed in 0.1 M cacodylate buffer, pH 7.4, postfixed in 1%
OsO4 in the same buffer for 1 h, at 41C, dehydrated, and embedded in epoxy resin.

All the specimens were cut on a Leica UltraCut S ultramicrotome (Leica
Microsystems, Wetzlar, Germany). Semithin sections were stained with toluidine
blue and photographed, and ultrathin sections were briefly contrasted with aqueous
2% uranyl acetate for 20 min. Grids were observed and photographed in a Zeiss EM
900 electron microscope (Zeiss, Oberkochen, Germany).

Immunoprecipitation. Cell lysates were prepared in HEMG buffer (25 mM
Hepes pH 8.0, 100 mM NaCl, 25 mM MgCl2, 0.5% Triton X-100, 0.1 mM EDTA, and
10% glycerol) and protease inhibitor cocktail (Roche). The lysates were subjected to
immunoprecipitation using specific antibodies in a combination with Protein G
PLUS–Agarose (Santa Cruz). Immunoblot analysis was performed with indicated
antibodies.

In situ TG assay. In situ TG activity was quantified by determining the
incorporation of 5-(biotinamido)pentylamine into protein substrates. In brief, cells
were pre-incubated for 20 min with 2 mM Ez-link pentylamine-Biotin (Thermo
Scientific, Rockford, IL, USA) before each treatment. Cells were then harvested,
lysed as above described, and proteins were resolved by SDS polyacrylamide gel.
The blots were probed with streptavidin HRP-conjugated (Amersham Biosciences,
Little Chalfont, UK) for 2 h at room temperature and then developed following the
standard ECL protocol.

Immunoelectron microscopy. For immunolabelling, cells were fixed in 4%
PFA, dehydrated in ethanol, and embedded in LR-White resin. Ultrathin sections
were mounted on Formvar-coated copper grids, then washed three times with PBS
and three times with PBS containing 1% bovine serum albumin and 0.15% glycine,
followed by 30 min blocking with 5% normal goat serum. Samples were incubated
overnight with the primary antibodies, mouse anti-TG2 1 : 25, and rabbit anti-p62
1.3 : 100. After washing in PBS, samples were incubated for 45 min with goat anti-
mouse IgG conjugated to 15 nm gold particles and goat anti-rabbit IgG conjugated
to 5 nm gold particles (BioCell, Cardiff, UK). Sections were stained with 2% uranyl
acetate and observed under a Zeiss EM900 transmission electron microscope.
Images were captured digitally with a Mega View II digital camera (Olympus SIS,
Munster, Germany). The specificity of the immunoreaction was assessed in all
cases by omitting the primary antibodies from the labelling protocol and incubating
the sections only in the protein gold-conjugated secondary antibodies.
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