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Thapsigargin (THG) is an inhibitor of the endoplasmic reticulum Ca2�-ATPase that induces caspase 3
activation and apoptosis in HCT116 cells through a Bax-dependent pathway. In Bax-deficient HCT116 cells,
however, THG specifically generates two additional species of caspase 3, termed p40 and p64, with molecular
masses of approximately 40 and 64 kDa, respectively, through unknown mechanisms. Here, we report that the
Ca2�-dependent protein cross-linking enzyme tissue transglutaminase (tTGase) is involved in THG-induced
p40 and p64 formation by catalyzing caspase 3 cross-linking reactions, thereby inactivating caspase 3 and
apoptosis in Bax-deficient cells. Overexpression of tTGase increases p40 and p64 in THG-treated cells, and
purified tTGase catalyzes procaspase 3 cross-linking in vitro. Inhibition of tTGase activity by either the tTGase
inhibitor monodansylcadaverine or short-hairpin RNA reduces the cross-linked species p40 and p64 and
restores caspase 3 activation in response to THG treatment. Moreover, prolonged exposure to THG results in
a decrease in protein levels of XIAP and cIAP-1, which is subsequently followed by an increase in tTGase
protein expression and activity. Expression of cytosolic Smac sensitizes Bax-deficient cells to THG-induced
apoptosis; however, this effect is diminished by coexpression of tTGase. Taken together, these results suggest
a novel role for tTGase as a new type of caspase 3 inhibitor in THG-mediated apoptosis.

Tissue transglutaminase (tTGase) is a unique member of the
transglutaminase family that serves as a bifunctional enzyme
for catalyzing both Ca2�-dependent protein cross-linking and
Ca2�-independent GTP and ATP hydrolyses (5, 20). In the
presence of Ca2�, tTGase catalyzes an acyl transfer reaction
between the �-carboxamide group of a protein-bound glu-
tamine residue and the primary amine group of either a pro-
tein-bound lysine residue or other polyamine molecules (5).
The reaction results in a posttranslational modification, which
is highly stable and resistant to mechanical and proteolytic
breakdown, through either the formation of an irreversible
protein cross-link or the incorporation of a polyamine into an
acyl donor protein (9). These irreversible protein cross-links
have been implicated in the following diverse physiological
processes: cell growth and differentiation, receptor-mediated
endocytosis, cell adhesion, and regulation of apoptosis (25, 30,
35, 38). In numerous experimental models, tTGase has been
shown to be induced and activated during apoptosis (10, 27, 31,
44). However, since tTGase exhibits both anti- and proapop-
totic features in different experimental systems, the precise
role of tTGase in apoptosis remains elusive.

Apoptosis is executed by caspases, a family of cysteine pro-
teases whose activation is controlled by two major pathways in
mammalian cells: the intrinsic and extrinsic pathways (6). In
the intrinsic pathway, various cytotoxic stimuli cause the re-
lease of cytochrome c from the mitochondria into the cytosol
(39). Once it is released from mitochondria, cytochrome c
forms complexes with procaspase 9 and Apaf-1 in the presence

of dATP or ATP, resulting in activation of this initiator caspase
(19). On the other hand, the extrinsic pathway utilizes death
receptors, such as Fas, TNFR1, DR3, DR4, and DR5, for the
activation of caspases. Binding of ligand to these cell surface
receptors recruits adaptor proteins, such as FADD, to the
cytoplasmic domain of the receptors, which in turn recruits the
initiator procaspase 8 to form the death-inducing signaling
complex that induces caspase 8 activation (3, 26). Once acti-
vated, these upstream initiator caspases cleave and activate
downstream executioner caspases, such as caspase 3, caspase 6,
and caspase 7 (7). While the IAP family proteins block caspase
3 and caspase 9 activation, Smac and Omi promote caspase
activation by antagonizing IAPs when they are released from
mitochondria (37). The antiapoptotic Bcl-2 family proteins
inhibit the release of these proapoptotic factors from mito-
chondria, whereas the proapoptotic Bcl-2 family members in-
duce those events (11, 24, 29). The extrinsic and intrinsic path-
ways cross-talk through caspase 8 cleavage of the BH3-only
protein Bid, which activates the intrinsic pathway to amplify
the extrinsic apoptosis signals (18, 21).

We have reported previously that thapsigargin (THG), an
inhibitor of endoplasmic reticulum (ER) Ca2�-dependent
ATPase, triggers the apoptosis of HCT116 cells through a DR5
(death receptor)-initiated but Bax (mitochondria)-dependent
mechanism (40, 43). In response to THG, the ER stress-acti-
vated transcription factor CHOP upregulates DR5 expression,
which subsequently activates caspase 8. The activated caspase
8 cleaves Bid and procaspase 3 to produce tBid (18, 21) and the
p20 (also called p24)/p12 subunits of caspase 3 (8, 32), respec-
tively. In the presence of Bax, tBid induces the release of Smac
and Omi in order to remove the inhibitory effects of IAPs,
allowing caspase 3 to be fully processed to p19/p17/p12 sub-
units. In contrast, cells lacking Bax fail to release mitochon-
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drial IAP inhibitors, thus preventing the full processing of
caspase 3 in response to THG (40). Interestingly, two high-
molecular-weight species of caspase 3, termed p40 and p64,
appeared in Bax-deficient cells after prolonged exposure to
THG. In this study, we investigated the underlying mechanism
for the generation of p40 and p64 caspase 3 and found that
tTGase is the enzyme responsible for cross-linking caspase 3
and suppressing apoptosis in THG-treated, Bax-deficient
HCT116 cells.

MATERIALS AND METHODS

Reagents. Thapsigargin, brefeldin A (BFA), 5-fluorouracil (5-FU), vinblastine
(VBL), guinea pig liver tTGase, monodansylcadaverine (MDC), antitubulin and
antiactin monoclonal antibodies, and z-VAD-fmk were purchased from Sigma.
Anti-caspase 3 antibody was described previously (17). Anti-XIAP and cyto-
chrome c monoclonal antibodies were purchased from BD Biosciences. Anti-
cIAP-1 polyclonal antibody was purchased from R&D Systems. Anti-tTGase
monoclonal antibody (CUB9402) was obtained from NeoMarkers. Anti-Myc
monoclonal and polyclonal antibodies were described previously (14).

Cell culture and transfection. HCT116 cells were maintained in McCoy’s 5A
medium supplemented with 10% fetal bovine serum and 1% penicillin/strepto-
mycin. HeLa cells were maintained in Dulbecco’s modified Eagle’s medium
supplemented with 10% fetal bovine serium and 1% penicillin/streptomycin. Cell
transfection was performed using Lipofectamine 2000 (Invitrogen) as described
previously (41).

Plasmid. Human tTGase and caspase 3 cDNAs were amplified by PCR and
subcloned into the EcoRI and XhoI sites of the pcDNA3-Myc vector. The
accuracy of the plasmids was verified by DNA sequencing. The pSHAG-MAGIC
vector encoding short-hairpin RNA (shRNA) against tTGase was obtained from
the Expression Arrest human shRNA collection (Open Biosystems). The green
fluorescent protein (GFP)-IETD-Smac expression plasmid was described previ-
ously (13, 40).

Immunoblot and immunoprecipitation. Whole-cell lysates were prepared in
1% CHAPS (3-[(3-cholamidopropyl)-dimethylammonio]-1-propanesulfonate)
or 0.2% Nonidet P-40 lysis buffer as described previously (42). For the cytosolic
(S-100) fraction preparation, cells were resuspended in mitochondrial lysis buffer
(40) and homogenized with a Dounce homogenizer. The lysates were centrifuged
at 100,000 � g for 30 min to obtain an S-100 fraction. For coimmunoprecipita-
tion, cells were transfected with pcDNA3-Myc-tTGase and cultured in the pres-
ence or absence of THG for 24 h. The cells were washed with phosphate-buffered
saline and lysed in Nonidet P-40 lysis buffer. Cell lysates containing 500 �g of
total proteins were incubated with 15 �l of protein G agarose preadsorbed with
anti-Myc monoclonal antibody in 500 �l of the same lysis buffer at 4°C overnight.
After being washed three times with the same lysis buffer, the beads were
resuspended in Laemmli sample buffer to elute proteins. The samples were
separated by 12% sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(12% SDS-PAGE) and transferred onto a polyvinylidene difluoride membrane.
The membranes were then blocked and probed with an appropriate primary
antibody and horseradish peroxidase (HRP)-conjugated secondary antibody. De-
tection was performed using SuperSignal West Pico chemiluminescence sub-
strate (Pierce).

In vitro tTGase assay. HeLa cells transfected with Myc-tagged caspase 3 were
lysed in tTGase assay buffer containing 50 mM Tris-HCl [pH 8.0], 150 mM NaCl,
1% Triton X-100, 5 mM CaCl2, 10 mM dithiothreitol, and protease inhibitors.
After centrifugation at 13,000 � g for 10 min at 4°C, the resulting supernatant
(500 �g of total protein) was incubated with 1 �g of bovine serum albumin or
purified guinea pig liver tTGase at 37°C for 2 h, and 1/10 (50 �g) of the samples
was then subjected to SDS-PAGE/immunoblot analysis with anti-Myc antibody.
Alternatively, in vitro-translated Myc-tagged caspase 3 proteins were used. In
brief, procaspase 3 (p32), the large subunit with prodomain (p20), and the small
subunit (p12) of caspase 3 proteins were in vitro translated and labeled with
[35S]methionine using pcDNA-Myc-caspase 3 plasmids and the TNT T7 coupled
reticulocyte lysate system (Promega) according to the manufacturer’s recom-
mendations. One microliter of 35S-labeled proteins was incubated in 15 �l of
tTGase assay buffer with or without 1 �g of purified guinea pig liver tTGase for
20 min at 37°C, and the samples were subjected to SDS-PAGE, followed by
autoradiography.

In situ tTGase assay. In situ tTGase activity was determined as described
previously (31, 44). In brief, HCT116 cells were treated with THG for various
periods of time and cultured in the presence of 1 mM biotinylated pentylamine

for 1 h prior to the preparation of cell lysates by sonication in 50 mM Tris-HCl
[pH 7.5], 150 mM NaCl, 5 mM EGTA, and 5 mM EDTA. After centrifugation
at 13,000 � g for 10 min at 4°C, the resulting supernatant (50 �g of total protein)
was separated by 12% SDS-PAGE, transferred to a polyvinylidene difluoride
membrane, and probed with HRP-conjugated streptavidin.

Fluorescence microscopy. HCT116 Bax�/� cells were transfected with GFP,
GFP-IETD-Smac, or GFP-IETD-Smac plus Myc-tTGase expression plasmids
and treated with 1 �M THG for 48 h. Both attached and detached cells were
collected and fixed with 3.7% formaldehyde. After the cells were washed with
phosphate-buffered saline, they were resuspended in mount medium containing
DAPI (4�,6�-diamidino-2-phenylindole; Vector Laboratories) and examined un-
der a fluorescence microscope.

RESULTS

THG specifically induces high-molecular-weight forms of
caspase 3 in Bax-deficient HCT116 cells. To further under-
stand the characteristics of the high-molecular-weight species
of caspase 3 observed in THG-treated, Bax-deficient HCT116
cells (40), we treated Bax�/� and Bax�/� HCT116 cells with
THG as well as BFA, another type of ER stress inducer that
inhibits ER-Golgi transport. We then compared the effects of
these reagents on cell death, caspase 3 activation, and the
formation of high-molecular-weight species of caspase 3. We
used BFA at a concentration of 1 �g/ml, because at this con-
centration, it exhibits almost the same cytotoxicity and kinetics
of cell death as does 1 �M THG in Bax-positive HCT116 cells
(Fig. 1A). In contrast to THG, which kills HCT116 cells in a
Bax-dependent manner, BFA was able to induce cell death of
both Bax-positive and -negative cells at essentially the same
kinetics (Fig. 1A). These results were confirmed by clonogenic
assay. As shown in Fig. 1B, the number of clonogenic cells was
dramatically decreased in Bax-positive HCT116 cells after 48 h
of exposure to THG. In contrast, a significant portion of
Bax�/� cells could be recovered to form colonies even after
144 h of treatment with THG. Consistent with the trypan blue
dye exclusion assay, BFA treatment suppressed colony forma-
tion in both Bax�/� and Bax�/� HCT116 cells. However, BFA-
induced caspase 3 activation was delayed in Bax-negative cells
compared to that in Bax-positive cells (Fig. 2A), suggesting
that other mechanisms may contribute to BFA-induced cell
death as well. Indeed, BFA has been shown to induce autoph-
agy (28). Interestingly, immunoblot analysis showed that the
p20 large subunit containing the prodomain of caspase 3 was
accumulated in THG-treated, Bax-deficient cells at early time
points and decreased after 48 h, and two additional bands with
high molecular masses (�40 kDa and �64 kDa), termed p40
and p64, respectively, appeared simultaneously. This suggests
that a highly stable caspase 3 complex formation (resistant to
SDS and 2-mercaptoethanol) occurred in Bax-deficient cells
after prolonged exposure to THG. In contrast, BFA caused full
processing of caspase 3 and increased its enzymatic activity
even in Bax�/� cells after long-term exposure, and the high-
molecular-weight species of caspase 3 were not observed in
BFA-treated cells (Fig. 2). These results suggest the possibility
that THG fails to induce cell death of Bax-deficient cells due to
the inactivation of caspase 3 by the generation of high-molec-
ular-weight caspase 3 species.

The formation of high-molecular-weight species of caspase 3
is suppressed under conditions favorable for caspase 3 pro-
teolytic cleavage. Next, to determine whether the lack of high-
molecular-weight species of caspase 3 in Bax-positive cells in
response to THG is due to the full processing of this caspase,
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we treated the cells with THG in the presence of the caspase
inhibitor z-VAD-fmk. As expected, z-VAD-fmk blocked
caspase 3 processing and resulted in the appearance of p64
species in Bax�/� HCT116 cells (Fig. 3). This result indicates
that the high-molecular-weight species of caspase 3 induced by
THG is inhibited under conditions favorable for caspase 3
proteolytic cleavage. Moreover, the p20 and p40 bands of
caspase 3 disappeared, and only the p64 band was observed in
Bax�/� HCT116 cells cotreated with THG and z-VAD-fmk,
suggesting that the p40 band originates from the cleaved prod-
ucts of caspase 3 and that the p64 band is derived from the
cross-linking of procaspase 3 (p32).

MDC inhibits high-molecular-weight caspase 3 formation
and sensitizes Bax-deficient cells to THG. It has been shown
that tTGase, a family member of the transglutaminase enzymes
that catalyze the posttranslational modification of proteins by
Ca2�-dependent cross-linking reactions, induces oligomeriza-
tion of a variety of proteins (12, 15, 16, 23). Since tTGase is
induced and activated in response to increased intracellular
Ca2� concentration and THG causes an intracellular Ca2�

increase by inhibiting the Ca2�-ATPase pump on the ER, it is
plausible that tTGase is responsible for THG-induced high-
molecular-weight caspase 3 formation. To investigate this pos-
sibility, we measured the effects of treating Bax-deficient
HCT116 cells with THG for 24 h, followed by the addition of
MDC for another 24 h. The cells were subjected to trypan blue
dye exclusion assay, and the lysates were used for SDS-PAGE/
immunoblot analysis and caspase 3 assay. As expected, treating
cells with MDC diminished the formation of p40 and p64
bands of caspase 3 (Fig. 4A), restored the full processing of
caspase 3 into p19/p17 active forms (Fig. 4A), enhanced
caspase 3 activity (Fig. 4B), and induced cell death (Fig. 4C).
To determine whether this restoration of caspase 3 activation
by MDC occurs through the mitochondrial pathway, we exam-
ined cytochrome c release in HCT116 cells treated with THG
in the presence or absence of MDC. Consistent with our pre-
vious results (40), THG treatment caused cytochrome c release
in Bax-positive but not Bax-deficient cells (Fig. 4D). Impor-
tantly, the addition of MDC to THG-treated, Bax-deficient
cells did not induce cytochrome c release, suggesting that

FIG. 1. Bax-deficient HCT116 cells are selectively resistant to THG. (A) HCT116 Bax�/� and Bax�/� cells were treated with 1 �M THG or
1 �g/ml BFA for the indicated periods of time and subjected to trypan blue dye exclusion assay. (B) HCT116 Bax�/� and Bax�/� cells were treated
with 1 �M THG or 1 �g/ml BFA for the indicated periods of time, and 1 � 104 cells were reseeded on 100-mm plates in normal growth medium.
Ten days later, colonies were visualized with hematoxylin-eosin staining.
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MDC permits the activation of caspase 3 by inhibiting caspase
3 cross-links rather than by releasing mitochondrial apopto-
genic factors.

Caspase 3 serves as a substrate for tTGase in vitro. To
further determine the potential role of tTGase in THG-in-
duced cell death, we next asked whether tTGase is induced and
activated in HCT116 cells exposed to THG. To this end,
HCT116 Bax�/� and Bax�/� cells were treated with THG or
BFA as a control for various periods and subjected to immu-
noblot analysis with anti-tTGase antibody. As shown in Fig.
5A, tTGase expression was significantly enhanced by THG but
not by BFA treatment in both Bax-positive and -negative cells.
In addition, we examined the in situ transamidation activity of
tTGase by detecting the incorporation of biotinylated poly-
amine into proteins (31, 44). Consistent with its expression,
tTGase activity was also increased after long-term exposure to
THG (Fig. 5B).

To confirm whether caspase 3 is a substrate of tTGase,
Bax�/� and Bax�/� HCT116 cells were transfected with Myc-
tagged tTGase expression plasmid or empty control vector,
treated with THG for 48 h or left untreated, and subjected to
immunoblot analysis with anti-caspase 3 antibodies. The re-
sults indicated that the formation of p40 and p64 species was
enhanced by tTGase overexpression in Bax knockout cells
(Fig. 5C). In contrast, neither p40 nor p64 was observed in
Bax�/� cells, suggesting that this complex formation does not

FIG. 2. BFA activates caspase 3 independently of Bax while THG generates high-molecular-mass species of caspase 3. HCT116 Bax�/� or
Bax�/� cells were treated with 1 �M THG or 1 �g/ml BFA for the indicated periods and subjected to caspase 3 activity assay (A) or immunoblot
analysis (B) with anti-caspase 3 rabbit antiserum or anti-�-tubulin monoclonal antibody. 	FU, difference in fluorescence units.

FIG. 3. THG induces the p64 species of caspase 3 in HCT116 cells
in the presence of z-VAD-fmk (�z-VAD). Bax�/� and Bax�/� cells
were treated with 1 �M THG in the presence or absence of 50 �M
z-VAD-fmk for the indicated periods and subjected to immunoblot
analysis with anti-caspase 3 rabbit antiserum or anti-
-actin monoclo-
nal antibody.
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occur under conditions favorable for its proteolytic cleavage
(Fig. 5C). To further determine whether caspase 3 can be a
substrate of tTGase, we examined the ability of tTGase to
cross-link caspase 3 in vitro. First, we transfected Myc-tagged
noncleavable procaspase 3 mutant or control empty vector in
HeLa cells and prepared cell lysates in 1% Triton X-100 lysis
buffer. The cell lysates were incubated with purified guinea pig
tTGase and subjected to immunoblot analysis with anti-Myc
antibody (Fig. 5D). Next, we prepared 35S-labeled in vitro-
translated proteins, including noncleavable procaspase 3 (p32),
the p20 large subunit, and the p12 small subunit; each protein
and the combinations were incubated with purified tTGase;
and specific signals were detected by SDS-PAGE/autoradiog-
raphy (Fig. 5E). As shown in Fig. 5D and E, tTGase catalyzed
the cross-linking of procaspase 3 and generated the highly
stable p64 species in vitro, even though the distinct p40 species
was not produced by in vitro assay using either p32, p20, p12,
or their combinations (Fig. 5E).

Finally, we performed coimmunoprecipitation to determine
whether caspase 3 interacts with tTGase. HCT116 Bax�/� cells
transfected with Myc-tagged tTGase or empty plasmid were

treated with or without THG for 24 h and subjected to immu-
noprecipitation with anti-Myc antibody. As shown in Fig. 5F,
endogenous caspase 3 could be coprecipitated with tTGase,
and this association was enhanced by THG treatment.

Taken together, these results suggest that caspase 3 is a
substrate of tTGase, which catalyzes caspase 3 cross-linking in
response to THG treatment.

Suppression of tTGase expression by shRNA restores
caspase 3 activation in Bax-deficient cells treated with THG.
To further demonstrate the role of tTGase in caspase 3 acti-
vation, we used shRNA to decrease tTGase expression and
examined its effect on THG-induced caspase 3 cross-links. The
shRNA expression vector against human tTGase was trans-
fected into HCT116 Bax-deficient cells, and stable transfec-
tants were obtained by puromycin selection. We isolated six
independent clones with different expression levels of tTGase
(Fig. 6A). These stable clones were treated with THG for 72 h,
or left untreated, and subjected to caspase 3 activity assay and
immunoblot analysis with anti-caspase 3 antibody. Consistent
with MDC treatment, knockdown of tTGase sensitized Bax-
deficient HCT116 cells to THG-induced caspase 3 activation

FIG. 4. The tTGase inhibitor MDC restores caspase 3 activation and cell death in THG-treated, Bax-deficient cells. (A to C) HCT116 Bax�/�

cells were left untreated or treated with 1 mM MDC for 24 h, 1 �M THG for 24, 48, and 72 h, or 1 �M THG for 24 h, followed by the addition
of 1 mM MDC for a further 24 h. The cells were harvested and subjected to immunoblot analysis with anti-caspase 3 rabbit antiserum or
anti-�-tubulin monoclonal antibody (A), caspase 3 activity assay (B), and trypan blue dye exclusion assay (C). (D) HCT116 cells were treated with
1 �M THG for 0, 24, and 40 h or 1 �M THG for 24 h, followed by the addition of 1 mM MDC for a further 16 h. The cells were subjected to
subcellular fractionation, and the resulting cytosolic (S-100) fraction was analyzed by SDS-PAGE/immunoblotting with monoclonal antibodies
specific for 
-actin or cytochrome c. 	FU, difference in fluorescence units; Cyt c, cytochrome c.
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(Fig. 6B). More importantly, the formation of high-molecular-
weight caspase 3 species p40 and p64 was decreased in cells
expressing low levels of tTGase (Fig. 6C). In contrast, knock-
down of tTGase did not affect caspase 3 activation induced by
5-FU, VBL, or BFA (Fig. 6D). Therefore, these results suggest

that tTGase plays a role in the suppression of THG-induced
caspase 3 activation by cross-linking this effector caspase.

tTGase compensates for IAP function at the late stage of
THG treatment. In a previous report (40), we showed that
Smac and Omi are released from mitochondria in response to

FIG. 5. Caspase 3 cross-linking is catalyzed by tTGase. (A) HCT116 Bax�/� and Bax�/� cells were treated with 1 �M THG or 1 �g/ml BFA
for the indicated times and subjected to immunoblot analysis with anti-tTGase or 
-actin monoclonal antibody. (B) HCT116 Bax�/� and Bax�/�

cells were treated with 1 �M THG for 72 and 96 h or left untreated. Biotinylated pentylamine (1 mM) was added to the culture 1 h prior to harvest,
and the incorporation of biotinylated pentylamine into proteins was determined by immunoblot analysis with HRP-conjugated streptavidin.
(C) HCT116 Bax�/� and Bax�/� cells were transfected with Myc-tagged tTGase or empty plasmid, cultured in the presence or absence of 1 �M
THG for 48 h, and subjected to immunoblot analysis with anti-caspase 3 rabbit antiserum or anti-Myc and anti-
-actin monoclonal antibodies.
(D) HeLa cells were transfected with Myc-tagged caspase 3 or empty plasmid, and cell lysates were prepared, incubated with purified tTGase for
2 h, and analyzed by SDS-PAGE/immunoblot analysis with anti-Myc monoclonal antibody. (E) The in vitro-translated 35S-labeled procaspase 3
(p32), the p20 large subunit, the p12 small subunit, and their combinations were incubated with or without purified tTGase for 20 min and subjected
to SDS-PAGE/autoradiography. (F) HCT116 Bax�/� cells were transfected with pcDNA3-Myc-tTGase or control empty vector and cultured for
24 h in the presence or absence of 1 �M THG. The cells were then subjected to immunoprecipitation with anti-Myc monoclonal antibody, followed
by immunoblot analysis with anti-caspase 3 or Myc polyclonal antibody.

574 YAMAGUCHI AND WANG MOL. CELL. BIOL.



THG through a Bax-dependent pathway and that this is a
critical step for HCT116 cells to achieve THG-induced apo-
ptosis by removing the inhibitory effect of IAPs from caspase 3.
However, we also observed that inhibition of tTGase restored
caspase 3 activation in Bax-deficient HCT116 cells after pro-
longed exposure to THG. If the IAP family proteins are main-
tained at high levels throughout THG treatment, inhibition of
tTGase should not be able to restore caspase 3 activation in
Bax knockout cells. Therefore, we examined by immunoblot
analysis the expression of IAP family proteins, including XIAP
and c-IAP1, in HCT116 cells exposed to THG for various
periods of time. As shown in Fig. 7A, both XIAP and cIAP-1
decreased after THG treatment. Notably, this decrease was
followed by an increase in tTGase (Fig. 6A), suggesting that
tTGase may take a role in inhibition of caspase 3 after XIAP
and cIAP-1 are decreased. To test this possibility, we examined
the ability of tTGase to suppress THG-induced apoptosis after
the IAP antiapoptotic function is removed by overexpression
of active cytosolic Smac. Bax-deficient HCT116 cells were
transfected with GFP-IETD-Smac with or without tTGase ex-
pression plasmid, treated with THG, and subjected to DAPI
staining. The GFP-IETD-Smac fusion protein becomes mature
cytosolic Smac after cleavage by caspase 8 and sensitizes Bax-
deficient HCT116 cells to THG-induced apoptosis (33, 40).
Consistently, transfection of GFP-IETD-Smac sensitized Bax-
deficient HCT116 cells to THG-induced apoptosis as demon-
strated by nuclear condensation and fragmentation (Fig. 7B
and C). In contrast, coexpression of tTGase suppressed the

enhanced sensitivity of GFP-IETD-Smac-transfected cells to
THG-induced apoptosis. These results support the notion that
tTGase functions as a caspase 3 inhibitor compensating for the
IAP family proteins at the late stage of THG treatment.

DISCUSSION

THG triggers caspase 3 activation and apoptosis in HCT116
cells through a Bax-dependent mechanism (40). In Bax-defi-
cient cells, the THG-induced release of Smac and Omi is
blocked, allowing the IAP family proteins to suppress caspase
3 activation (Fig. 8). However, the cells became rounded and
detached from the plates after prolonged exposure to THG
(data not shown). Nonetheless, a significant number of Bax-
deficient cells could survive even after 5 days of treatment with
THG, as demonstrated by clonogenic assay (Fig. 1B). These
cells ceased cell cycle progression but were not in a senescent
state because no senescence-associated 
-galactosidase activity
was observed (data not shown). Interestingly, these cellular
characteristics were accompanied by the formation of high-
molecular-weight species (p40 and p64) of caspase 3. In con-
trast, BFA, an inhibitor of the ER-Golgi transport that also
causes ER stress, could induce caspase 3 activation and cell
death independently of Bax (Fig. 1 and 2). These results sug-
gest that THG specifically produces the high-molecular-weight
forms of caspase 3 that may contribute to the resistance of
Bax-deficient cells to THG-induced apoptosis.

Since caspase 3 is ubiquitinated by XIAP and undergoes

FIG. 6. Knockdown of tTGase sensitizes Bax-deficient cells to THG but not to BFA, VBL, or 5-FU. The shRNA expression plasmid against
tTGase was stably transfected into HCT116 Bax�/� cells, and six independent clones were obtained by puromycin selection. The stable clones were
cultured with or without 1 �M THG for 72 h and subjected to immunoblot analysis with anti-tTGase or 
-actin monoclonal antibody (A) or caspase
3 activity assay (B). (C) The stable clones were treated with 1 �M THG for 72 h and subjected to SDS-PAGE/immunoblot analysis with
anti-caspase 3 rabbit antiserum or anti-
-actin monoclonal antibody. (D) The stable clones were treated with 500 �M 5-FU, 20 nM VBL, or 1 �g/ml
BFA for 24, 48, or 96 h, respectively, and subjected to caspase 3 activity assay. 	FU, difference in fluorescence units; DMSO, dimethyl sulfoxide;
Cont, control.

VOL. 26, 2006 tTGase CROSS-LINKS/INACTIVATES CASPASE 3 575



FIG. 7. XIAP and cIAP-1 are decreased during THG treatment, and tTGase compensates for the lost IAP function for cell survival.
(A) HCT116 Bax�/� cells were exposed to 1 �M THG for the indicated periods of time and subjected to immunoblot analysis with antibodies
specific for 
-actin, XIAP, or cIAP-1. (B and C) HCT116 Bax�/� cells were transfected with GFP, GFP-IETD-Smac, or GFP-IETD-Smac plus
Myc-tTGase expression plasmids and treated with 1 �M THG for 48 h. The cells were stained with DAPI and analyzed under a fluorescence
microscope (C), and GFP-positive cells with condensed or fragmented nuclei were counted as apoptotic cells (B). DMSO, dimethyl sulfoxide.
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proteasome-dependent degradation (34), we first speculated
that the high-molecular-weight species of caspase 3 are caused
by ubiquitination. If this is the case, inhibition of proteasome-
mediated degradation should accumulate the high-molecular-
weight forms of caspase 3. However, when we treated Bax-
deficient HCT116 cells with THG in the presence of the
proteasome inhibitor MG132, the high-molecular-weight spe-
cies of caspase 3 disappeared rather than accumulated (data
not shown), suggesting that they are not ubiquitinated forms of
caspase 3. It is worth noting that the combinational treatment
of THG with MG132 induced cell death in Bax knockout
HCT116 cells (data not shown). Therefore, we next focused on
tTGase, because tTGase is activated by Ca2� and catalyzes a
highly stable cross-linking of proteins during apoptosis (12, 25,
36).

It has been reported that tTGase has both pro- and anti-
apoptotic activities that depend on cell type and stimulation (1,
2, 4, 22, 25). However, the exact mechanism by which this
enzyme regulates cell death is far from clear. One potential
antiapoptotic mechanism is that tTGase prevents the degrada-
tion of retinoblastoma (Rb) protein and maintains its anti-
apoptotic function during apoptosis (4, 22). On the other hand,
it has been reported that tTGase has a BH3-like domain and
serves as a BH3-only protein to promote cytochrome c release
and Bax conformational change (30). However, HCT116 cells
transfected with tTGase expression plasmid did not alter
THG-induced Bax conformational change (data not shown).
Therefore, it is likely that tTGase plays no significant role in
upstream Bax activation and mitochondrial outer membrane
permeabilization induced by THG treatment. In contrast,
overexpression of tTGase increased the formation of high-
molecular-weight species of caspase 3 in THG-treated, Bax-

deficient cells, and purified tTGase catalyzed caspase 3 cross-
linking in vitro (Fig. 5). Conversely, inhibition of tTGase by
MDC or shRNA suppressed caspase 3 cross-linking and pro-
moted cell death in Bax-deficient HCT116 cells (Fig. 4 and 6).
However, knockdown of tTGase by shRNA only partially sup-
pressed THG-induced p40 and p64 species of caspase 3, and
the protein levels of tTGase did not correlate absolutely with
the sensitivity to THG-induced caspase 3 activation (Fig. 6). In
contrast, MDC treatment almost completely abrogated
caspase 3 cross-linking and restored its full processing and
enzymatic activities (Fig. 4). Since the human transglutaminase
family consists of eight different members (20), it is possible
that other types of transglutaminase are involved in caspase 3
cross-linking as well.

Unlike the findings for Bax-deficient cells, we could not
detect the high-molecular-weight species of caspase 3 induced
by THG in Bax-positive cells under conditions favorable for
caspase 3 proteolytic cleavage (Fig. 2, 3, and 5). But, these
results do not exclude the possibility that tTGase can also
cross-link the fully processed subunits of caspase 3 and inacti-
vate its enzymatic activity. It is also possible that the in vivo
process of caspase 3 cross-linking is blocked by some uniden-
tified factor(s) in Bax-positive cells. Caspase 9 and caspase 3
are activated by THG treatment in Bax-positive cells but not in
Bax knockout cells. Since z-VAD-fmk restored the cross-link-
ing of caspase 3, active caspase 9 and/or caspase 3 may affect
the accessibility of tTGase to caspase 3 through unknown
mechanisms.

Procaspase 3 is represented as p32 (32 kDa), and active
caspase 3 consists of p20/p19/p17 (large subunit with or with-
out prodomain) and p12 (small subunit) (8). Procaspase 3
exists as a stable dimer, p32/p32, in vivo, and then partial

FIG. 8. A model of THG-induced apoptosis. In Bax�/� cells, Smac is released from mitochondria to inhibit IAPs in order to achieve caspase
3 activation and apoptosis. The tTGase-mediated cross-linking of caspase 3 is suppressed by unknown mechanisms, which may be controlled by
caspase 9 and/or caspase 3. In Bax�/� cells, the full processing and activation of caspase 3 are blocked by IAPs at the early stage of THG treatment.
At the late stage, IAPs are decreased and subsequently induced, and activated tTGase takes the role in inhibition of apoptosis by cross-linking
caspase 3. Cyt C, cytochrome c.
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cleavage by caspase 8 forms a dimer of p32/p20/p12 or p20/
p12/p12/p20. The cross-linking reactions by tTGase probably
occur in the preformed caspase 3 complexes but not in mono-
mers in vivo. Therefore, based on its estimated molecular
weight, the p64 species is likely cross-linked p32/p32 or p20/
p12/p12/20. However, Fig. 5D and E show that only procaspase
3 could form the p64 species in vitro. In addition, Fig. 3 shows
that z-VAD-fmk treatment enhanced the formation of this
species. Therefore, we speculate that the p64 band is most
likely the cross-linked product of p32/p32. The results from
Fig. 2 and 3 indicate that the p40 species appears only when
procaspase 3 is cleaved. Because p20 cannot form a ho-
modimer, the p40 form of caspase 3 may correspond to the
cross-linked p32/p12 or p20/p12/p12. However, we could not
detect a stable cross-linked product by in vitro cross-linking
assay with either a p32/p12 or p20/p12 mixture. This result is
not surprising since we did not produce p20 and p12 by cleav-
age of a stable homodimer of p32 by caspase 8, and it is
probable that p20 and p12 may not be folded correctly to form
the p20/p12/p12 heterodimer in vitro. Moreover, these high-
molecular-weight species of caspase 3 could also be a part of
tTGase-mediated cross-links of caspase 3 with other peptides.
Therefore, a more precise analysis of the cross-linked species
will provide further insight into the tTGase-mediated inactiva-
tion of caspase 3 during THG treatment.

Taken together, the present study demonstrates a novel role
for tTGase as a new type of caspase 3 inhibitor during THG-
induced apoptosis. Previously, we showed that inhibition of
IAPs by Smac or Omi sensitizes Bax-deficient cells to THG
(40). Here, we demonstrated that both XIAP and cIAP-1 ex-
pression were downregulated during long-term exposure to
THG. Concomitant with this downregulation, both tTGase
expression and activity were upregulated. Therefore, we pro-
pose a model (Fig. 8) that at early time points of THG treat-
ment, IAPs bind to and prevent caspase 3 activation in Bax-
deficient cells. However, prolonged exposure to THG leads to
the downregulation of IAPs, which is compensated for by sub-
sequent upregulation and activation of tTGase that cross-links
caspase 3 to continue keeping this effector caspase inactive.
The Bax gene is often mutated in many types of human cancer,
which contributes to chemoresistance (45). The finding that
tTGase acts as a new type of apoptosis inhibitor, therefore,
may provide a target for future attempts at modulating caspase
3 activity in Bax-deficient cancer cells for therapeutic benefit.
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