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Transglutaminase 2 (TGase 2), or tissue transglutaminase, catalyzes either «-(g-glutamyl)lysine or N1,N8-
(g-glutamyl)spermidine isopeptide bonds. TGase 2 expression has been associated with apoptosis, and it has
been proposed that its activation should lead to the irreversible assembly of a cross-linked protein scaffold in
dead cells. Thus, TGase 2-catalyzed protein polymerization contributes to the ultrastructural changes typical
of dying apoptotic cells; it stabilizes the integrity of the apoptotic cells, preventing the release of harmful
intracellular components into the extracellular space and, consequently, inflammation and scar formation. In
order to perform a targeted disruption of the enzyme, we prepared a construct deleting part of exons 5 and 6,
containing the active site, and intron 5. Complete absence of TGase 2 was demonstrated by reverse transcrip-
tion-PCR and Western blot analysis. TGase activity measured on liver and thymus extracts showed, however,
a minimal residual activity in TGase 22/2 mice. PCR analysis of mRNA extracted from the same tissues
demonstrated that at least TGase 1 (normally present in the skin) is also expressed in these tissues and
contributes to this residual activity. TGase 22/2 mice showed no major developmental abnormalities, and
histological examination of the major organs appeared normal. Induction of apoptosis ex vivo in TGase 22/2

thymocytes (by CD95, dexamethasone, etoposide, and H2O2) and in vitro on TGase 22/2 mouse embryonal
fibroblasts (by retinoids, UV, and H2O2) showed no significant differences. A reduction in cross-linked
apoptotic bodies with a modestly increased release of lactate dehydrogenase has been detected in some cases.
Together our results show that TGase 2 is not a crucial component of the main pathway of the apoptotic
program. It is possible that the residual enzymatic activity, due to TGase 1 or redundancy of other still-
unidentified TGases, can compensate for the lack of TGase 2.

Transglutaminase 2 (TGase 2; also called tissue transglu-
taminase or TG C) belongs to the transglutaminase (EC
2.3.2.13) family, which includes intracellular and extracellular
enzymes catalyzing Ca21-dependent reactions resulting in the
formation of ε-(g-glutamyl)lysine cross-links and/or in the co-
valent incorporation of di- and polyamines and histamine (25,
26). The establishment of these covalent cross-links leads to
the posttranslational modification and, in many instances, the
oligomerization of substrate proteins. The resulting protein
polymers are resistant to breakage and chemical attack and can
release polypeptides only through the proteolytic degradation
of protein chains. At least seven distinct types of TGases in
mammals have been characterized: TGase 1 (or TG K), TGase
2, TGase 3 (or TG E), TGase X, coagulation factor XIII,
band 4.2., and prostate TGase. At least four transglutaminases
(TGases 1, 2, 3, and X) are expressed and synthesized during
terminal differentiation and death of human epidermal kera-
tinocytes (44, 45), where they contribute to the formation of
the cornified envelope.

The TGase 2 gene is constitutively expressed both during
development (29, 48) and in adult tissues (for a review, see
reference 36). In both cases a tight correlation between TGase
2 expression and occurrence of apoptosis has been found. This
includes, for example, interdigital web formation (29), implan-
tation of the embryo in utero (35), and mammary gland re-
gression (31, 46). In addition, the presence and activity of the

enzyme have been shown to increase in cells undergoing apo-
ptosis in several models (2, 9, 10, 21, 23–25, 32–34, 37, 40).
Indeed, during apoptosis de novo transcription of the TGase 2
gene is induced by several factors (e.g., retinoic acid [RA],
prostaglandin E2, interleukin 6, and tumor growth factor b).
Moreover, in addition to transcriptional regulation (24, 28, 41),
TGase 2 can also be modulated posttranscriptionally (1, 23, 50)
during apoptosis. TGase 2 activation leads to the assembly of
intracellular cross-linked protein polymers, which irreversibly
modifies cell organization, contributing to the wide ultrastruc-
tural changes occurring in cells undergoing apoptosis (9, 10,
39). This extensive TGase 2-dependent protein polymerization
stabilizes apoptotic cells before their clearance by phagocyto-
sis, thus contributing to the prevention of inflammation in the
surrounding tissues (39).

In addition to its cross-linking activity, TGase 2 acts as the
Gah subunit, associated with the 50-kDa b subunit (Gbh), of
the GTP-binding protein (Gh) in a ternary complex associated
with the rat liver a1-adrenergic receptor (30). Thus, TGase
2-Gah is a multifunctional protein, which by binding GTP in a
Gah-GTP complex can modulate receptor-stimulated phos-
pholipase C activation.

In order to clarify the role of TGase 2 in apoptosis we have
generated mice lacking TGase 2 by homologous recombination
techniques. Our results, however, show that the disruption of
TGase 2 does not produce a major phenotype and that apo-
ptosis still occurs normally in the absence of TGase 2.

MATERIALS AND METHODS

Reagents. Ham’s F-12 and minimal essential media were from Gibco (Berlin,
Germany), and fetal calf serum was from HyClone (Oud-Beijerland, The Neth-
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erlands). HEPES, bovine serum albumin (BSA), RNase A, propidium iodide
(PI), Triton X-100, RA, N,N9-dimethylcasein, and putrescine were obtained from
Sigma Chemical (St. Louis, Mo.). The mouse monoclonal anti-TGase 2 antibod-
ies (clone CUB 7402 and clone CUB 74021TG100) were purchased from Neo-
Markers (Union City, Calif.). All electrophoresis reagents and secondary anti-
bodies were from Bio-Rad (Richmond, Calif.) [3H]putrescine was obtained from
Amersham (Arlington Heights, Ill.).

Generation of TGase 2-deficient mice. A genomic clone containing the
genomic sequence 39 of exon 5 was isolated by screening a 129/SvJ mouse
genomic library (Stratagene, La Jolla, Calif.). The targeting vector (Fig. 1A) was
constructed by cloning an ;4-kb EcoRV/BamHI fragment of this clone, con-
taining the sequence from intron 6 to exon 9, into the pPNT vector (49) 39 of the
neomycin resistance gene between the XbaI and BamHI unique sites. An ;2-kb
fragment containing intron 3 was generated by PCR using primers designed on
the basis of the sequence of exons 4 and 5. This fragment was cloned into the
XhoI site of the pPNT vector 59 of the neomycin resistance gene. This construct
deletes 1.2 kb containing part of exon 5, intron 5, exon 6, and a small piece of
intron 6 up to the EcoRV site.

The targeting vector was linearized by NotI and electroporated into embryonic
stem cells. Cells were selected with G418 and ganciclovir. Surviving clones were
screened by PCR using the following primers: S2 (59AGCCGATGATGTGTA
CCTAGAC39) and N1 (59ACGAGACTAGTGAGACGTGC39) (Fig. 1B). The
following PCR program was used: 95°C for 5 min, followed by 40 cycles of 94°C
for 1 min, 58°C for 1 min, and 72°C for 1 min. PCR products were resolved on

a 0.8% agarose gel and stained with ethidium bromide. The positive clone was
then confirmed by Southern blotting.

Cells from the positive clone were microinjected into C57BL/6 blastocysts and
transferred into pseudopregnant recipients by Genome Systems, St. Louis, Mo.
The six chimeric animals obtained were bred with C57BL/6 mice. The genotype
of the subsequent offspring was determined by PCR using the following primers:
S1 (59TACTCCAGCTTCCTGTTCTG39), A1 (59TCCTGACCTGAGTCCTCG
TC39), and N1 (Fig. 1). The following PCR program was used: 95°C for 5 min,
followed by 30 cycles of 94°C for 1 min, 56°C for 45 s, and 72°C for 1 min. PCR
products were resolved on a 1% agarose gel and stained with ethidium bromide.
Each mouse was individually genotyped before every experiment.

Cell cultures. Mouse embryonic fibroblasts (MEFs) and thymocytes were
grown in a 1:1 mixture of minimal essential medium and Ham’s F-12 medium
supplemented with 10% heat-inactivated fetal calf serum, 1.2 g of sodium bicar-
bonate per liter, and 15 mM HEPES at 37°C with 5% CO2 in a humidified
atmosphere.

Western blotting. Livers were homogenized in 3 ml of cold lysis buffer con-
taining 100 mM Tris-HCl (pH 7.4), 10 mM KCl, 2 mM MgCl2, 0.1% Triton
X-100, 1 mM EDTA, and 1 mM phenylmethylsulfonyl fluoride. They were then
centrifuged, and the protein content of the supernatants was determined using
the Bradford method (Bio-Rad). Proteins were normalized to 30 mg/lane, sep-
arated on sodium dodecyl sulfate (SDS)–12% polyacrylamide gels, and blotted
onto nitrocellulose sheets. Filters were washed twice with phosphate-buffered
saline (PBS) containing 0.1% Tween 20 before blocking nonspecific binding

FIG. 1. (A) Schematic representation of the targeting construct used to generate TGase 2 knockout mice. An EcoRV/BamHI genomic
fragment (from intron 6 to exon 9) was cloned at the 59 end of the neomycin resistance gene into the pPNT vector (49). Subsequently, a PCR
fragment from exon 4 to exon 5 was cloned into this vector at the 59 end of the neomycin resistance gene, using an XhoI site. As a result, part of
exon 5 and the totality of exon 6 (containing the active site) and intron 5 were deleted. The arrows show the positions of the primers used for the
screening of the recombinant clones (N1 and S2) and the genotyping of the mice (A1, N1, and S1). Intron positions were obtained by direct
sequencing or PCR analysis with primers located in the flanking exons. The position of exon 7 was not determined, and therefore its position in
the scheme is arbitrary. hsv TK, herpes simplex virus thymidine kinase. (B) PCR screening for the recombinant clone using a primer in the
neomycin resistance gene (N1) and a primer on the TGase sequence (S2) in a region upstream of the fragment used to generate the targeting
vector. Lanes 1 to 3 contain wild-type clones, and lane 4 contains the recombinant clone used to generate chimeras. (C) PCR screening for the
genotyping of the mice. Three different primers (see Materials and Methods) were used at the same time: an antisense primer on the neomycin
resistance gene (N1), an antisense primer in intron 5 (A1) deleted in the targeted alleles, and a sense primer in intron 4 (S1) present in both
wild-type and targeted alleles.
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overnight with 10% nonfat milk and 5% BSA dissolved in PBS–0.1% Tween 20.
The TGase 2 antigen was detected by incubation for 2 h with a 1:1 mixture of
mouse monoclonal anti-TGase 2 antibodies (1:300 in PBS–0.1% Tween 20).
Nitrocellulose filters were washed five times, and detection was performed by
horseradish peroxidase-conjugated goat anti-mouse monoclonal antibody (1:
2,500 in PBS–0.1% Tween 20 with 10% milk and 5% BSA) for 1 h at room
temperature, using the ECL method (Amersham).

Enzyme assay. TGase activity was determined by measuring the incorporation
of [3H]putrescine into N,N9-dimethylcasein (22, 26). The reaction mixture con-
tained 150 mM Tris-HCl buffer (pH 8.3), 90 mM NaCl, 10 mM dithiothreitol, 15
mM CaCl2, 12.5 mg of N,N9-dimethylcasein/ml, and 0.2 mM putrescine contain-
ing 1 mCi of [3H]putrescine. Proteins from different tissue and cellular extracts
(0.1 to 0.3 mg) were incubated with the reaction mixture in a final volume of 150
ml at 37°C. After 20 min of incubation, the reaction was stopped by spotting
100-ml quadruplicate aliquots onto Whatman 3MM filter paper. Unbound
[3H]putrescine was removed by washing with large volumes of 15, 10, and 5%
trichloroacetic acid and absolute ethanol. Filters were then air dried and the
radioactivity was measured by liquid scintillation counting.

PCR analysis of TGases 2 and 1. Total RNA was extracted from mouse livers,
using the RNeasy minikit from Qiagen (Crawley, United Kingdom). Reverse
transcription (RT)-PCRs were performed with the RT-PCR One Step System
(Life Technologies, Paisley, United Kingdom), using 100 ng of total RNA,
according to the manufacturer’s instructions. The primers used for the amplifi-
cation of TGase 2 were TG30 (59GACAACAACTATGGGGATGGT39) and
TG9B (59ATCATCTCGCTCTTGTTCGTC39). The primers used for the am-
plification of TGase 1 were MTG1F (59ACCACCACAGTGCTCCGATG39)
and MTG1R (CCACACGTGGAAGTTCCAAAC39). The following PCR pro-
gram was used in all cases: 42°C for 30 min and 94°C for 2 min, followed by 35
cycles of 94°C for 30 s, 57°C for 30 s, and 70°C for 30 s. PCR products were
resolved on a 1.6% agarose gel and stained with ethidium bromide.

Determination of cell death. To estimate DNA fragmentation, a mixture of
floating cells and cells mechanically recovered from flasks, which had been
subjected to different treatments, were collected at 800 3 g for 10 min and fixed
with a 1:1 solution of PBS and methanol-acetone (4:1, vol/vol) at 220°C. The cell
cycle was evaluated by flow cytometry using PI staining (40 mg/ml) (22) in the
presence of 13 kU of RNase A per ml (20 min of incubation at 37°C) on a
FACS-Calibur flow cytometer (Becton Dickinson, San Jose, Calif.). Cells were
excited at 488 nm using a 15-mW argon laser, and the fluorescence was moni-
tored at 578 nm at a rate of 150 to 300 events/s. Ten thousand events were
evaluated using the Cell Quest program (Becton Dickinson). Electronic gating
(FSC-a/vs/FSC-h) was used, when appropriate, to eliminate cell aggregates.

LDH release. For measurement of lactate dehydrogenase (LDH) levels, a kit
was used according to the manufacturer’s instructions (Sigma Chemical). Briefly,
the cell culture supernatant was incubated with pyruvate and NADH, and the
LDH activity was determined photometrically at 340 nm.

Quantification of cross-linked apoptotic bodies. Cross-linked apoptotic bodies
were estimated on cells cultured in 175-cm2 flasks, as previously described (26).
Cells floating in the culture medium were collected by centrifugation at 800 3 g
for 10 min and pooled with the cells mechanically recovered from flasks. After
being washed in PBS, cells were suspended in 1 ml of lysis buffer (10 mM KCl,
2 mM MgCl2, and 0.5% Triton X-100 in 10 mM Tris-HCl, pH 7.4) containing 1
mM phenylmethylsulfonyl fluoride and 2 mM iodoacetamide. After centrifuga-
tion the pellet was washed in lysis buffer, suspended in a 2% sodium dodecyl
sulfate solution containing 5% b-mercaptoethanol, and boiled, and the number
of detergent-insoluble apoptotic bodies was scored using a phase-contrast mi-
croscope (Diaphot; Nikon) and normalized to milligrams of protein.

RESULTS

Generation of TGase 2-deficient mice. The TGase 2 gene
was disrupted by homologous recombination. The targeting
vector deletes 1,200 bp of the TGase gene from exon 5 to
intron 6. This deletion includes exon 6, which contains the
active site. The loss of the catalytic site abolishes the protein
cross-linking activity of TGase 2, consequently removing its
presumed role in the formation of the apoptotic body. Figure
1 shows the targeting vector and the screening strategy.

TGase 22/2 mice show no clear phenotypic abnormality
(macroscopic or microscopic); they develop normally and are
capable of reproducing at the expected frequency.

In order to confirm that no TGase 2 protein is produced in
TGase 2-deficient mice, we performed Western blot analysis
on liver, thymus, brain, and erythrocyte extracts from wild-type
animals (TGase 21/1) and from TGase 22/2 mice. Our results

FIG. 2. (A) Western blotting performed on liver extracts from wild-
type and TGase-knockout mice with anti-TGase 2 antibody. Thirty
micrograms of total protein was loaded in each lane. Recombinant
guinea pig TGase 2 (0.1 mg) was used as a positive control (C). This
blot is representative of experiments performed on different tissues
from four different animals per group. (B) TGase enzymatic activity
measured in extracts from different mouse tissues and cultured MEFs
in both wild-type and TGase-knockout mice. Activity was measured as
incorporation of [3H]putrescine into casein. Standard deviations for 10
different evaluations are shown. (C) RT-PCR performed on RNA
extracted from thymus tissues of wild-type and TGase-knockout mice
using primers for TGase 2 and TGase 1.
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show the absence of TGase 2 protein in the 2/2 animals (Fig.
2A shows liver extracts). However, measurement of TGase
activity (Fig. 2B) in different tissues extracted from TGase
22/2 animals showed that some residual TGase enzyme activity
was still present. Indeed, while erythrocytes showed a reduc-
tion in activity close to 100%, thymocytes showed the highest
level of residual TGase activity, which is quite significant com-
pared with the activity of TGase 21/1 animals. RT-PCR of
RNA extracted from thymus tissues of both 1/1 and 2/2
animals showed that no transcript for TGase 2 was present in
2/2 animals (Fig. 2C).

In order to detect and identify TGases different from type 2,
we performed RT-PCRs using both specific and degenerate
primers for the catalytic site region of TGases. Figure 2C
shows that similar amounts of TGase 1 were expressed in 2/2
and 1/1 animals. This should account for the residual TGase
enzymatic activity.

TGase 22/2 thymocytes and MEFs show normal induction
of apoptosis. Since a large number of reports suggest a role for
TGase 2 in apoptosis, including in vivo in the thymus (47), we
studied apoptosis induced ex vivo in mouse thymocytes and in
vitro in MEFs.

Apoptosis was induced with different stimuli, namely, eto-
poside (Fig. 3A), CD95 ligation (Fig. 3B), dexamethasone (Fig.
3C), and H2O2 (Fig. 3D). Figure 3A shows also the sponta-
neous level of apoptosis of thymocytes ex vivo. No relevant
difference in the number of cells undergoing apoptosis was
observed between 1/1 and 2/2 animals with any of the treat-
ments.

The evaluation of apoptosis ex vivo was performed on cells
presenting a significant TGase enzymatic activity (Fig. 2B), at
least in part due to TGase 1. We therefore performed similar
experiments on cultured MEFs, which show the lowest residual
enzymatic activity (Fig. 2B).

FIG. 3. Hypodiploid events in wild-type and knockout mouse thymocytes, either left untreated (spontaneous programmed cell death [PCD])
(bottom curves in panel A) or treated with etoposide (25 mM) (top curves in panel A), anti-CD95 agonist antibody (1 mg/ml) (B), dexamethasone
(10 mM) (C), and H2O2 (30 mM) (D). Cells were treated for 6, 12, and 24 h, then fixed with a 1:1 solution of PBS and methanol-acetone (4:1,
vol/vol) at 220°C and stained with PI. The number of events (10,000 collected) with hypodiploid DNA was measured by flow cytometry. The data
reported are averages of four independent experiments performed on different mice. p, P 5 0.0352 for 1/1 versus 2/2 mice; pp, P 5 0.0451 for
1/1 versus 2/2 mice (according to the Student t test). Differences not indicated are not statistically significant.
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As in the ex vivo studies, no difference was observed when
1/1 and 2/2 MEFs were treated in vitro with H2O2 (Fig. 4A),
RA (Fig. 4B), or UV (Fig. 4C). Treatment of 1/1 MEFs with
RA and UV resulted in an increase in TGase activity; 2/2
MEFs had a much lower basal activity that increased with UV
and H2O2 treatment, while RA treatment resulted in a de-
crease of TGase activity (Fig. 4D). Since TGase 1 is negatively
regulated by retinoids, while TGase 2 is upregulated (50),
these results are in keeping with the evidence that the minimal
residual activity observed in MEFs is due to TGase 1 (Fig. 4D).
Indeed, as for thymocytes, mRNA for TGase 1 was also de-
tected in MEFs by RT-PCR (data not shown).

Cross-linked apoptotic body formation is present in TGase
22/2 mice. It has been consistently suggested that TGase 2
induction during apoptosis results in the formation of cross-
linked insoluble apoptotic bodies. In order to investigate the
possibility that the formation of cross-linked apoptotic bodies
is impaired in TGase 22/2 mice, we measured the number of
insoluble apoptotic bodies in control or RA-, UV-, and H2O2-
treated MEFs. Figure 5A shows that apoptotic bodies also
formed in TGase 22/2 cells, even though the number of cross-
linked apoptotic bodies was significantly reduced in UV- and
H2O2-treated 2/2 MEFs.

The reduction of cross-linked apoptotic bodies could be

FIG. 4. Hypodiploid events in wild-type and knockout MEFs treated with 1, 3, 5, and 10 mM H2O2 for 15 min in PBS, washed, and then cultured
in medium for 24 h (A); treated with 10 mM RA for 48 and 72 h (B); or treated with UV irradiation for 1 or 3 min in PBS and then cultured in
medium for 24 h (C). Cells were fixed with a 1:1 solution of PBS and methanol-acetone (4:1, vol/vol) at 220°C and stained with PI. The number
of events with hypodiploid DNA was measured by flow cytometry (see Materials and Methods). The data reported are averages of four
independent experiments. (D) Corresponding transglutaminase activity in wild-type and knockout MEFs, untreated (C) or treated with 10 mM RA
for 48 h, UV irradiation for 3 min followed by 24 h of culture, and 5 mM H2O2 followed by 24 h of culture. The data reported are averages of
four independent experiments. Statistical differences between treated cells and the corresponding controls were evaluated. In detail, differences
were statistically significant as follows: }, P 5 0.0189 for control and RA-treated 1/1 cells; }}, P 5 0.0013 for control and UV-treated 1/1 cells;
h, P 5 0.0294 for control and UV-treated 2/2 cells; and hh, P 5 0.0475 for control and H2O2-treated 2/2 cells. Differences not indicated were
not statistically significant. All differences between 1/1 and 2/2 cells are statistically significant.
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accompanied by an increased release of cytoplasmic material
from cells undergoing apoptosis. In order to evaluate this as-
pect, we measured the release of LDH from 1/1 and 2/2
MEFs after induction of apoptosis with UV, RA, and H2O2.
Figure 5B shows that LDH release was only moderately in-
creased (not statistically significant) in 1/1 versus 2/2 MEFs.
Treatment with UV, with which some necrosis was expected,
showed a significant increase in LDH release in both 1/1 and
2/2 cells. Therefore, our results are consistent with an essen-
tially normal induction of apoptosis.

DISCUSSION

We have generated TGase 2-deficient mice through homol-
ogous recombination techniques. No TGase 2 was detectable
in these mice by RT-PCR or Western blotting. The mice were
viable and fertile and showed no developmental abnormalities.
Apoptosis induced with different agents in both fibroblasts and
thymocytes is normal. The reduction in enzymatic activity in
2/2 mice showed only a minor effect on both cross-linked
apoptotic body formation (Fig. 5A) and LDH release (Fig.
5B), with no major consequences for the mice. Although we
cannot exclude the possibility that TGase 2 deficiency may play
a role in pathological situations (11, 38), aged mice (up to 20
months of age) do not show abnormalities such as cancer
development and generation of autoimmunity (data not
shown). It might be necessary to cross the mice into a more
permissive genetic background in order to reveal an overt
phenotype.

Deletion of various genes involved in apoptosis does not
always produce an evident phenotype. Mice with deleted
caspases 1, 2, 6, and 11 do not show evident developmental
abnormalities (51), while in other cases a very specific or min-
imal phenotype is observed. Disruptions of other genes pro-
duce a phenotype only when animals are stressed with specific
inducers requiring that protein, namely, radiation on p532/2

(8) or liposaccharides on caspase 12/2 (16, 18) cells. Even
though the accredited model for apoptosis indicates the re-
quirement for the apoptosome and in particular for apaf-1 and
caspases 3 and 9 (for a review, see references 6 and 17), the
knockout of the genes for these proteins shows that thymocytes
are still able to undergo apoptosis (for a review, see references
5 and 51). This has elicited various explanations, including the
existence of additional unknown pathways or compensation
mechanisms.

Similarly, there are different possible interpretations for the
lack of phenotype in TGase 2 animals: (i) TGase 2 is not
involved in apoptosis; (ii) it is not involved in the central,
essential apoptotic machinery, but it is part of a regulatory or
side pathway elicited only by specific inducers or only in spe-
cific tissues; or (iii) there is redundancy in the system.

The lack of effect on apoptosis of targeted disruption of the
TGase 2 gene is in apparent contrast to previous evidence in
favor of a role for TGase 2 in the apoptotic program. Indeed,
it has been shown previously that transfection of an antisense
TGase 2 construct into cell lines confers resistance to apoptosis
induction, while sense transfectants show enhanced spontane-
ous apoptosis (22). There are several reasons for this disparity.
First, not all models of apoptosis require TGase 2. For exam-
ple, CD95 ligation elicits apoptosis independently of the
steady-state levels of TGase 2 protein (3); correspondingly,
there is no change in TGase enzymatic activity during CD95-
induced apoptosis (3). Second, other TGases may assume the
protein cross-linking role of TGase 2. Indeed, the TGase 22/2

mice showed different degrees of TGase enzymatic activity in
different tissues. Our data show the presence of TGase 1 in
both 1/1 and 2/2 mice. Recently, TGase 1 has been shown to
exist in tissues different from the skin, namely, in the central
nervous system (15). Furthermore, the TGase activity levels in
2/2 thymocytes is inhibited by GTP, a property of TGase X
(E. Candi, G. Melino, et al., unpublished observation), sug-

FIG. 5. (A) Cross-linked apoptotic body formation in wild-type and
knockout MEFs. Cells were treated with 10 mM RA for 48 h, UV
irradiation for 3 min followed by culture for 24 h, or 3 mM H2O2 for
15 min followed by culture for 24 h. See Materials and Methods for
details. (B) LDH release in wild-type and knockout MEFs. Cells were
left untreated (C) or treated with UV irradiation for 3 min followed by
culture for 24 and 48 h, 10 mM RA for 48 and 72 h, or 1 and 10 mM
H2O2 for 15 min followed by culture for 24 and 48 h. The data reported
are averages of four independent experiments. Statistical analysis was
performed according to the Student t test to compare 1/1 and 2/2
cells: p, P 5 0.0014; pp, P 5 0.0003. Differences not indicated are not
statistically significant.
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gesting its expression in lymphoid tissue. Therefore, the pos-
sibility that other TGases, and particularly TGase 1, can com-
pensate for TGase 2 loss cannot be excluded. TGases show
very different biochemical properties, such as kcat/Km ratio,
residue preference, and yield (26). Therefore, it is unlikely that
there is a perfect compensation among distinct TGases. In fact,
TGase 1 knockout animals show a lethal phenotype, despite
the presence of four distinct TGases in the skin (20). However,
point mutations for TGase 1 in humans, with complete loss of
TGase enzymatic activity (4), are compatible with life but
cause a skin disease known as lamellar ichthyosis (12, 42),
suggesting a different degree of compensation in humans.

Despite the large body of data suggesting an involvement of
TGase 2 in apoptosis, its precise role in this process is not
evident from the present gene disruption study. While the
TGase 22/2 animals could be used to study other functions of
the enzyme, particularly by further crossbreeding to evaluate
its contribution in pathologies such as celiac (7, 27) and Hun-
tington (13, 14, 19, 43) diseases, clarification of the importance
of TGase 2 in apoptosis may well require the generation of
animals deficient in multiple TGases.
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