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Thrombospondin (TSP)-2-null dermal fibroblasts dis-
play an attachment defect that results from increased
matrix metalloproteinase (MMP)-2 levels in their con-
ditioned media. To investigate the molecular mecha-
nisms responsible for this defect, we analyzed the
activity of tissue transglutaminase (tTG) in TSP-2-null
dermal fibroblasts and in tissues of TSP-2-null mice.
tTG functions as a co-receptor for �1 and �3 integrins
and stabilizes extracellular matrix proteins by intro-
duction of isopeptide cross-links. Cell-surface tTG ac-
tivity was reduced in TSP-2-null cells (0.50 � 0.05
arbitrary units versus 0.84 � 0.07 for wild type; P <

0.05), and addition of MMP-2 to the culture medium of
wild-type cells caused a 35% reduction in cell-surface
tTG activity. tTG was susceptible to proteolysis by
MMP-2 in vitro , and addition of the MMP inhibitor
TIMP-2 to TSP-2-null cells restored tTG activity (0.3 �

0.08 for untreated cells; 0.71 � 0.09 with TIMP-2).
TSP-2-null mice had reduced tTG activity in skin, as
measured by incorporation of fluorescein isothiocya-
nate-labeled cadaverine, and a threefold increase in
acetic acid-extracted dermal collagen. Furthermore,
isopeptide cross-links were reduced in both unin-
jured skin and in excisional wounds of TSP-2-null
mice, as determined by morphometric immunohisto-
chemical analysis, indicating that isopeptide cross-
links are important for the stabilization of the collag-
enous matrix in dermis. These findings provide a
mechanism for the reduced adhesion of TSP-2-null
fibroblasts and an explanation for the increased col-
lagen solubility and fragility of TSP-2-null skin. (Am
J Pathol 2005, 167:81–88)

The phenotype of the thrombospondin (TSP)-2-null
mouse has provided investigators with a number of im-
portant clues to the regulation of the assembly and sta-
bilization of the extracellular matrix (ECM). TSP-2-null
fibroblasts show a marked adhesive defect, and mice
that lack TSP-2 have fragile skin of low tensile strength,1

but heal excisional skin wounds more rapidly and with
less scarring than controls.2 Reduced tensile strength
and tissue integrity have also been documented in the
pregnant cervix3 and in the injured myocardium of the
TSP-2-null mouse.4 At the level of the light microscope,
collagen fibers are disorganized in dermis1 and in gran-
ulation tissue of healing skin wounds,2,5 and collagen
fibrils show an abnormal size distribution with irregular
contours,1 and abnormalities in fibroblast-matrix interac-
tions in the electron microscope.6

A pathogenesis for these matrix abnormalities was
suggested by the findings that matrix metalloproteinase
(MMP)-2 levels are increased in cultured fibroblasts of
TSP-2-null mice, and that the adhesive defect in these
cells could be reversed by inhibitors of MMP-2.7 Elevated
levels of MMP-2 were also documented in tissues of
TSP-2-null mice after a variety of injuries, eg, in the for-
eign body reaction to subcutaneously implanted bioma-
terials,8 in healing skin wounds,5 in the circumferentially
stressed pregnant cervix,3 and in injured myocardium.4

In some of these tissues, MMP-9 was also increased. An
explanation for accumulation of MMP-2 in tissues of TSP-
2-null mice was provided by the demonstration that
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MMP-2 is normally cleared from the pericellular environ-
ment by the formation of a TSP-2-MMP-2 complex that is
endocytosed by the LRP1 scavenger receptor.9

These findings, although implicating proteolysis by
MMP-2 in the generation of matrix abnormalities in TSP-
2-null mice, raise the question of the target of that prote-
olysis. MMP-2 is capable of degrading many matrix pro-
teins, including type I collagen and fibronectin,10,11 but
there is evidence that much of the proteolytic activity of
MMP-2 in the extracellular milieu is neutralized by the
tight-binding inhibitor, TIMP-2.12 However at the cell sur-
face, pro-MMP-2 is activated by MT1-MMP in a complex
with TIMP-2 and free, active MMP-2 is released.13 There
is ample evidence for a role of MMP-2 and other MMPs in
regulating cell adhesion and other cellular functions by
proteolysis of cell-surface proteins.14,15

Our attention was drawn to the possibility that tissue
transglutaminase (transglutaminase 2; tTG) might serve
as a target of the elevated levels of MMP-2 in TSP-2-null
mice for several reasons. As shown by Akimov and Bel-
kin,16 cell-surface tTG interacts with �1 and �3 integrins
and mediates their association with the gelatin-binding
domain of fibronectin, which lacks intrinsic integrin-bind-
ing sites. tTG also increases the size of focal adhesions
and increases adhesion-dependent phosphorylation of
focal adhesion kinase. These properties are not shared
by a functional homologue of tTG, factor XIIIA, and do not
depend on the catalytic activity of tTG.16 Reduced levels
of tTG could account for both reduced cell adhesion and
abnormal collagen fibrillogenesis in TSP-2-null mice,
since it is now recognized that assembly of collagen
monomers into fibers occurs in close association with the
cell surface,17,18 and this association could involve col-
lagen-binding �1 integrins. Finally, tTG is known to sta-
bilize the ECM by the introduction of �-glutamyl-�-lysyl
isopeptide bond cross-links into many ECM proteins,
including collagens and fibronectin.19

Indeed, we show in this study that tTG is susceptible to
proteolysis by MMP-2 in vitro, and that tTG activity is
reduced in both fibroblasts in culture and in tissues from
TSP-2-null mice. A reduction in tTG activity could there-
fore account for the inferior structural properties of
connective tissues, as summarized above, and for the
increased extractability of collagen from the dermis of
TSP-2-null mice, as demonstrated in this study. Further-
more, the content of isopeptide cross-links is reduced in
TSP-2-null skin and excisional skin wounds. We therefore
propose that a reduction in intact tTG protein and activity
is a major cause of the connective tissue abnormalities in
TSP-2-null mice.

Materials and Methods

Mice

All mice used in this study were on a mixed C57BL6/
129SvEMS�Ter background.

Cell Culture

After euthanasia, mice (four of each genotype) were
shaved and skinned. Subcutaneous fat was removed by
scraping, and the skin was treated with 0.25% w/v trypsin
in Dulbecco’s modified Eagle’s medium (DMEM) at 4°C
overnight to detach the epidermis from the dermis. The
dermis was then cut into small pieces with a scalpel and
digested with 0.25% w/v collagenase in DMEM at 37°C
for 3 to 5 hours. The resulting cells were collected by
centrifugation, washed twice with DMEM, plated, and
maintained in DMEM supplemented with 10% fetal calf
serum.

Cell Attachment Assays

Cell attachment assays were performed in 96-well plates
coated with fibronectin or vitronectin as previously de-
scribed.7 Briefly, cultured fibroblasts were trypsinized,
washed, and 100 �l of a cell suspension (104 cells) was
added to each well. Cells were allowed to attach for 1
hour at 37°C, unattached cells were removed by washing
the plates with DMEM, and attachment was quantified by
addition of 20 �l of Cell Titer 96 solution (Promega, Mad-
ison, WI). After incubation at 37°C for 1 hour, the absor-
bance at 650 nm was measured in a microplate reader
(Molecular Devices, Sunnyvale CA). MMP-2 (25 to 100
ng/ml) (a generous gift from Dr. C.M. Overall, University
of British Columbia, Vancouver, BC, Canada) was added
to the culture medium for 9 hours to determine its effects
on tTG activity and cell attachment.

Analysis of Cellular tTG Activity

Fibroblasts were suspended in 0.1 mmol/L biotinylated
cadaverine (Molecular Probes, Eugene, OR) and plated
in fibronectin-coated 96-well plates at 2 � 103 cells/well.
After incubation at 37°C for 2 hours, the cells were
washed and lysed with deoxycholate. Incorporation of
biotinylated cadaverine into soluble protein was detected
by addition of avidin-horseradish peroxidase and tetra-
methyl benzidine, followed by measurement of absor-
bance at 450 nm. DNA concentrations of the cell lysates
were measured in a fluorimeter using SYBR green dye,
and were used to normalize the cell content of the wells.
Antibodies to laminin 5 (DAKO, Glostrup, Denmark) were
used to test for contamination of fibroblasts with epider-
mal keratinocytes. Recombinant mouse TIMP-2 (Chemi-
con, Temicula, CA) was used to inhibit MMP-2 activity.

Proteolysis of tTG in Vitro

Pro-MMP-2 was activated for 30 minutes at 4°C with 1
mmol/L p-aminophenylmercuric acetate (Sigma Chemi-
cal Co., Saint Louis, MO). Purified tTG (5 �g; Diarect Ag,
Freiburg, Germany) was incubated with activated MMP-2
(0.3 �g) for 1 hour at 37°C in a buffer containing 0.05
mol/L Tris-HCl, pH 7.5, 50 mmol/L NaCl, 1 mmol/L CaCl2,
and 10 �mol/L ZnCl2. The digestion products were ana-
lyzed by 12% sodium dodecyl sulfate (SDS)-polyacryl-
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amide gel electrophoresis (PAGE). Western analysis for
tTG was performed with a polyclonal antibody (Neo-
markers, Fremont, CA).

Extraction of Collagen from Mouse Skin

Three mice of each genotype were euthanized, shaved,
and the skins were removed. After removal of subcuta-
neous tissue by scraping, the skins were weighed,
minced, and extracted in phosphate-buffered saline at
4°C overnight with gentle stirring. The mince was then
centrifuged, the supernate discarded, and the sediment
extracted with 0.5 N of acetic acid (30:1, v/w) for 2 days
at 4°C with gentle stirring. The mixture was centrifuged,
the supernate was filtered, and NaCl was added to a final
concentration of 10% to precipitate the collagen. After
centrifugation, the supernatant was discarded, 0.1 N
acetic acid was added to the collagen pellet, and the
slurry dialyzed against 0.1 N of acetic acid to dissolve the
salt-free collagen. The mince was then subjected to a
second extraction and purification. The resulting soluble
collagens were combined and lyophilized.

Activity of tTG in Skin Homogenates

Four mice of each genotype were euthanized and
shaved, and skin was removed from the back. Skins were
minced and homogenized with a Polytron homogenizer in
2 ml of phosphate-buffered saline containing 2 mmol/L
phenylmethyl sulfonyl fluoride and 1 �g/ml each of apro-
tinin, leupeptin, and pepsin A (Sigma Chemical Co.).
Protein content was determined by the bicinchoninic acid
method according to the manufacturer’s instructions
(Bio-Rad Laboratories, Hercules, CA). tTG activity in the
skin homogenate was measured as described above.

Analysis of tTG Activity in Excisional Wounds

Four mice of each genotype, �3 months of age and sex-
matched, were anesthetized with avertin and 6-mm exci-
sional wounds were made as described previously.2

Wounded animals were housed individually. Uninjured skin
and excised wounds were fixed in 10% zinc-formalin buffer
(Z-fix; Anatech, Battle Creek, MI), paraffin-embedded, and
sectioned at 5 �m thickness, as described previously.2 The
measurement of tTG activity in situ was performed as pre-
viously described.20 Briefly, cryostat sections were washed
with a solution containing a cocktail of protease inhibitors
and then incubated with fluorescein isothiocyanate cadav-
erine (Molecular Probes) in 2.5 mmol/L CaCl2 for 1 hour at
room temperature. For negative controls, CaCl2 was re-
placed with 2 mmol/L ethylenediamine tetraacetic acid. Vi-
sualization and quantification were performed using fluores-
cence microscopy.

Immunohistochemical Analysis of Isopeptide-
Bond Cross-Links in Tissues

Analysis of cross-link formation was quantified by immu-
nodetection of isopeptide bonds with specific antibodies

to �-lysyl �-glutaminyl cross-links (Abcam, Cambridge,
MA) in paraffin-embedded sections, as described previ-
ously.21,22 All examinations were performed with a Nikon
Eclipse 800 microscope (Tokyo, Japan). For morphomet-
ric analyses, images were captured with a digital camera
and analysis was performed with Metamorph software
(Universal Corp., West Chester, PA), as described previ-
ously.8 Four sections per sample were analyzed.

Statistical Analysis

All results are expressed as means � SEM. Statistical
significance was evaluated by the two-tailed unpaired
Student’s t-test for comparisons between the means of
two groups. A value of P � 0.05 was considered to be
statistically significant.

Results

Cell-Surface Activity of tTG Is Reduced in
Primary Fibroblast Cultures from TSP-2-Null
Mice

To evaluate the basis for the adhesive defect observed in
TSP-2-null cells, dermal fibroblasts were isolated from
both wild-type (WT) and TSP-2-null mice. Cell-surface-
mediated tTG activity was measured by incorporation of
biotinylated cadaverine (a substrate for tTG) into soluble
proteins. Cell-surface tTG activity was significantly re-
duced in mutant in comparison with WT cells (0.50 � 0.05
arbitrary units versus 0.84 � 0.07 for WT, P � 0.05; Figure
1). To assess possible contamination with keratinocytes,
which are rich in tTG, fibroblasts were plated on chamber
slides at a density of 105 cells/well. Cells were allowed to
attach and were then stained with an antibody to laminin

Figure 1. Cell-surface tTG activity in dermal fibroblasts from WT and TSP-
2-null mice. tTG activity was quantified by incorporation of biotinylated
cadaverine into soluble proteins. The bar graphs represent the averages of
four determinations; mean � SEM; *P � 0.05. A.U., arbitrary units. This
experiment was repeated four times with similar results.
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5, a keratinocyte marker. Less than 1% of the cell popu-
lation stained positively (data not shown).

Purified tTG Is a Substrate for MMP-2

To determine whether the reduced adhesion of TSP-2-
null fibroblasts could be attributed directly to increased
MMP-2 levels, we subjected purified tTG to proteolysis by
MMP-2. Pro-MMP-2 was incubated with p-aminophe-
nylmercuric acetate and the conversion of zymogen to
the active form of the enzyme was confirmed by gelatin
zymography (data not shown). The proteolytic digest of
tTG was subjected to SDS-PAGE and Western blot anal-
ysis. As shown in Figure 2, additional low molecular
weight fragments of tTG were generated by MMP-2.

Addition of Exogenous MMP-2 to WT
Fibroblasts Reduces tTG Activity and
Attachment, and an Inhibitor of MMP-2
Increases tTG Activity

To provide additional support for the possibility that in-
creased MMP-2 activity is responsible for the reduced
activity of cell-surface tTG in TSP-2-null fibroblasts, ex-

ogenous, purified active MMP-2 was added to WT fibro-
blasts. Addition of 100 ng/ml of MMP-2 to cultured WT
dermal fibroblasts caused a 35% reduction in tTG activity
(Figure 3A). The addition of MMP-2 also resulted in a
dose-dependent reduction in the adhesive properties of
WT cells (Figure 3B). In support of these findings, the
MMP-2 inhibitor, TIMP-2, increased tTG activity in TSP-2-
null fibroblasts to levels similar to those found in WT cells
(0.68 � 0.07 arbitrary units, TIMP-2; 0.70 � 0.1; Figure 4).
We conclude, on the basis of the results shown in Figures
1 to 4, that the adhesive defects observed in TSP-2-null
fibroblasts are a consequence of partial proteolysis of
tTG by the elevated levels of MMP-2 present in these
cells.

Increased Collagen Extractability and Reduced
tTG Activity in TSP-2-Null Skin

To determine whether the reduced tTG activity docu-
mented in cultured TSP-2-null fibroblasts could also ac-
count for some of the phenotypic features of TSP-2-null

Figure 2. Proteolysis of tTG in vitro. tTG was incubated with MMP-2 for 1
hour at room temperature. The digest was examined by Western analysis of
SDS gels with an anti-tTG antibody. Lane 1, tTG; lane 2, fragments gener-
ated by cleavage of tTG with MMP-2. The positions of migration of tTG (68
kd) and a molecular weight standard (41 kd) are indicated. Figure 3. Addition of MMP-2 to WT fibroblasts reduces cell-surface tTG

activity and cell adhesion. A: Quantification of tTG activity after addition of
purified MMP-2 to WT fibroblasts. B: Quantification of attachment after
addition of MMP-2 to WT fibroblasts. The bar graphs represent the averages
of four determinations; mean � SEM; *P � 0.05. A.U., arbitrary units. This
experiment was repeated three times with similar results.
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mice, we first assessed the ability of 0.5 N acetic acid to
extract dermal collagen. The extractability of collagen
from TSP-2-null skin was found to be increased threefold
in comparison with that from WT skin (Table 1). Exami-
nation of the collagens by SDS-PAGE failed to reveal
lower molecular weight bands in the extracts from TSP-
2-null skin, as might be expected if the increased solu-
bility of TSP-2-null collagen resulted from partial pro-
teolysis by MMP-2 (data not shown). Furthermore,
measurement of tTG activity, based on incorporation of
biotinylated cadaverine into proteins solubilized from ho-
mogenates of dermis, indicated that the enzymatic activ-
ity was significantly reduced in skin of mutant mice, in
comparison with WT skin (Figure 5). These results sup-
port a role for tTG in stabilizing the ECM in dermis.

Reduced tTG Activity and Isopeptide Bond
Cross-Links in TSP-2-Null Skin and Excisional
Skin Wounds

tTG activity in intact, uninjured skin was found to be
below the level for reliable detection by fluorescence
microscopy. However, the enzyme has been reported to

be induced in response to injury.23 We therefore chose a
well-characterized injury model, full-thickness excisional
skin wounds, to compare the activity of this enzyme in WT
and TSP-2-null-mice. To detect endogenous tTG activity,
cryosections of day 10 wounds, a time at which levels of
MMP-2 are elevated, were incubated with fluorescein
isothiocyanate-labeled cadaverine, and in situ tTG activ-
ity was tested. Reduced tTG activity was evident by
fluorescence microscopy in sections of granulation tissue
of TSP-2-null wounds, in comparison with sections of WT
wounds (Figure 6).

Levels of isopeptide bond cross-links were also eval-
uated in skin and excisional wounds of TSP-2-null and WT
mice. Uninjured skin and day 10 wound sections were
stained with antibodies to cross-links and peroxidase-
conjugated secondary antibodies, visualized by light mi-
croscopy, and quantified with Metamorph software. In

Figure 5. tTG activity in skin homogenates. The epidermal layer was re-
moved and tTG activity in dermal homogenates was quantified by incorpo-
ration of biotinylated cadaverine into soluble proteins. The graphs represent
the averages of three determinations; mean � SEM; *P � 0.05. This experi-
ment was repeated twice with similar results.

Figure 4. Addition of the MMP-2 inhibitor, TIMP-2, to TSP-2-null fibroblasts
increases cell-surface tTG activity. The bar graphs represent the averages of
four determinations; mean � SEM; *P � 0.05. A.U., arbitrary units. This
experiment was repeated twice with similar results.

Table 1. Extractability of Collagen from Mouse Skin

Genotype* Skin (g)†
Extracted

collagen (mg)
Collagen yield

(mg/g skin)

TSP2�/� 2.7 � 1.6 4.2 � 3.1 1.3 � 0.7
TSP2�/� 3.2 � 1.8 16 � 9.8 4.2 � 2.1‡

Collagen was extracted with 0.5 N of acetic acid at 4°C. Mice
averaged 25 to 30 g in weight and varied between 3 and 4 months of
age. Values are means � SD. The extractability of TSP2-null skin
exceeded that of WT by threefold.

*n � 3 each group.
† Wet weight.
‡P � 0.05.

Figure 6. Incorporation of fluorescein isothiocyanate-labeled cadaverine in
day 10 wounds. Cryosections of day 10 wounds were incubated with fluo-
rescein isothiocyanate-labeled cadaverine, and incorporation into soluble
proteins was visualized by fluorescence microscopy. Reduced tTG activity is
evident in TSP-2-null (B, D) in comparison with WT wounds (A, C). Original
magnifications: �100 (A, B); �200 (C, D).
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comparison with WT tissues, isopeptide cross-links in
TSP-2-null mice were reduced in both uninjured skin
(Figure 7; A, B, E) and in day 10 wounds (Figure 7; C,
D, F).

Discussion

The TSP-2-null mouse has proved to be a useful experi-
mental animal in which to study the role of angiogenesis
in reactions to injury, tumor growth and metastasis, and

the mechanisms involved in the assembly and stabiliza-
tion of the ECM. In previous publications, both from our
own laboratory and in collaboration with other scientists,
we had identified elevated levels of MMP-2 in cultured
fibroblasts and in tissues of TSP-2-null mice,3–5,7–9 and
considered the relation between the increase in protease
activity and the reduced cell adhesion and tissue integrity
observed in these mice. In this study we have shown that
a target of MMP-2 is cell-surface tTG on fibroblasts, and
possibly on other cells. MMP-2 is capable of digesting
tTG in vitro, and the addition of MMP-2 to cultured WT
fibroblasts results in a significant reduction in tTG activity,
with a concomitant reduction in cell attachment. Further-
more, the concentration of isopeptide bond cross-links,
the product of catalysis by tTG, was reduced in uninjured
dermis and in dermal wound tissue of TSP-2-null mice.
While this article was in preparation, Belkin and col-
leagues24 also reported that tTG is a substrate for
MMP-2, acting in concert with MT1-MMP in vitro. The size
of proteolytic fragments of tTG generated by MMP-2/
MT1-MMP in experiments described by Belkin and col-
leagues24 are very similar to those shown in Figure 2.

tTG, also known as TG2, is a member of a family of
eight homologous proteins, and is widely expressed in
mammalian tissues, not only on cell surfaces but also in
the cytosol and the nucleus. The enzyme catalyzes many
posttranslational modifications of ECM proteins, such as
amine incorporation, acylation, esterification, and deami-
dation, in addition to cross-linking.19 Its cross-linking
function is also thought to be important in the lens, in the
stabilization of apoptotic cell bodies and insoluble protein
aggregates that cause neuronal death, and in mineral-
ization of bone.19 In addition, tTG is involved in a number
of physiological processes that are independent of its
cross-linking function, including its role as a GTP-binding
protein in the regulation of cell-cycle progression,25 in
receptor-mediated signal transduction,26 and in cell-ma-
trix interactions.27 The latter findings are consistent with
the observations that overexpression of tTG in fibroblasts
increased cell attachment,28 and that reduced expres-
sion in endothelial cells, by use of anti-sense technology,
resulted in decreased attachment and spreading.29

Given the widespread distribution of tTG and its mul-
tiple functions, it is surprising that the phenotype of tTG-
null mice is relatively mild.30,31 tTG-null mice are viable
and fertile, and are born with the expected Mendelian
frequency. In particular, the induction of apoptosis ap-
pears to be primarily normal. We have found that the
extractability of collagen from the skins of tTG-null mice
(kindly provided by Dr. R.M. Graham, Victor Chang Car-
diac Research Institute, Darlinghurst, NSW Australia) did
not differ from that of control mice (N.Y. and P.B., unpub-
lished observations). However, there was a small but
statistically significant decrease in the viability of tTG-null
thymocytes after dexamethasone treatment, and in at-
tachment of tTG-null fibroblasts.30 The lack of more seri-
ous defects in tTG-null mice can be attributed, in part, to
compensation by other TGs, specifically to the small
amounts of TG1 (keratinocyte TG) and factor XIIIA that
have been detected in tissues of both control and tTG-
null mice.30,31

Figure 7. Detection of isopeptide bonds in dermis and wounds. Isopeptide
bond formation is decreased in both uninjured skin (B) and day 10 wounds
(D) of TSP-2-null animals in comparison with WT tissue (A, C). Sections
were stained with antibodies to isopeptide bonds, and visualized by the
peroxidase reaction. Metamorph software was used to quantify the staining
intensity in skin (E) and in wounds (F). A.U., arbitrary units. Original
magnifications, �400.
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To what extent can we ascribe the diverse matrix ab-
normalities in the TSP-2-null mouse to a reduction in
functional tTG? It should first be emphasized that our
measurements of tTG activity in fibroblasts in culture and
in tissues of TSP-2-null mice were meant to provide us
with an indication of the levels of protein that were active
in catalysis. These determinations would therefore not
detect partial proteolysis that did not interfere with the
catalytic function of tTG. However, as shown in Figure 3
and by Belkin and colleagues,24 proteolysis of tTG with
MMP-2 results in the loss of both the catalytic and adhe-
sive activities of the protein. We believe that the sum of
evidence presented here, together with the experiments
cited above, argue strongly for proteolysis of tTG by
MMP-2 as a major cause of the cellular adhesive defect in
TSP-2-null fibroblasts in vitro. However, the increased
levels of MMP-2 in TSP-2-null fibroblasts are also capable
of increased partial proteolysis of the collagen substra-
tum in culture (T.R.K. and P.B., in preparation).

The pathogenesis of the matrix abnormalities in the
TSP-2-null mouse, in vivo, is somewhat more difficult to
assess, but we believe that the evidence also points to a
major role for a reduction of tTG activity in generating
these abnormalities. The defects in the mouse include
electron microscopic evidence for abnormal collagen fi-
brillogenesis, and reduced tissue integrity in dermis,
myocardium, and cervix (see Introduction for refer-
ences). It is evident that tTG activity is reduced in exci-
sional skin wounds of TSP-2-null mice (Figure 6; we were
unable to assess tTG activity accurately in intact unin-
jured skin), and isopeptide bond cross-links are reduced
in uninjured skin and wounds from these animals
(Figure 7).

The increased extractability of collagen from TSP-2-
null skin with cold acetic acid, coupled with the reduction
in tTG activity and isopeptide bond cross-links, strongly
suggests that reduced cross-linking rather than in-
creased limited proteolysis is responsible for the increase
in solubility of the protein. This interpretation is supported
by the absence of evidence for proteolysis of the ex-
tracted collagen from TSP-2-null mice, although it is pos-
sible that partially proteolyzed collagen may have been
lost during purification. We initially considered the possi-
bility that decreased lysyl- and hydroxylysyl-derived
cross-links were responsible for the increase in extract-
ability of collagen from TSP-null dermis. However, quan-
tification by high performance liquid chromatography of
hydroxylysinonorleucine and dihydroxylysinonorleucine,
two major reducible intermolecular cross-links in dermal
type I collagen, revealed no differences between WT and
TSP-2-null dermis (L.A. and P.B., unpublished observa-
tions). Although it is known that tTG is capable of cross-
linking a variety of extracellular proteins,19,22,32 to our
knowledge this is the first demonstration of a role for
tTG-catalyzed isopeptide bond cross-links in the stabili-
zation of fibers composed of type I collagen in vivo.

We present the following hypothesis for a mechanism
by which cell-surface-associated tTG could participate in
collagen fibrillogenesis. As first demonstrated by Birk
and Trelstad,17 fibroblasts compartmentalize their adja-
cent pericellular space by extension of long cellular ex-

tensions. Nascent collagen fibrils are subsequently as-
sembled in these extracellular compartments, in close
association with the cell surface. In an electron micro-
scopic study, we have shown distinct abnormalities in
fibroblast-collagen fibril interactions in TSP-2-null neona-
tal tendon.6 Additional evidence for the participation of
the cell surface in collagen fibrillogenesis has recently
been presented by Canty and colleagues.18 Building on
the work of Birk and Trelstad,17 Canty and colleagues18

have shown that conversion of procollagen to collagen
and collagen fibrillogenesis are initiated in Golgi-derived
exocytic vesicles, which they term Golgi to plasma mem-
brane carriers (GPCs). GPCs, together with their cargo of
nascent collagen fibrils, are then targeted to protrusions
in the plasma membrane, termed fibripositors, which
project into deep channels between adjacent cells, or
possibly in channels formed by a single cell. Secretion of
the nascent or initial collagen fibrils then occurs from the
tips of fibripositors, and subsequent packing of fibrils into
hexagonal bundles takes place in this relatively special-
ized extracellular environment in close apposition with
the plasma membrane. We suggest that increased levels
of active MMP-2 could proteolyze cell-surface tTG in this
environment, and thus interfere with normal collagen
fibrillogenesis.

In conclusion, we have documented an important role
for tTG, and its ability to introduce covalent intermolecular
cross-links in collagen matrices, in the stabilization of the
ECM. Thus, a deficiency of tTG activity can account for
many of the matrix abnormalities that have been encoun-
tered in the TSP-2-null mouse.33 The importance of
isopeptide bonds in the cross-linking of collagen fibers
has not been fully appreciated. These findings raise the
possibility that local gene therapy that achieves an in-
crease in tTG activity, eg, by introduction of tTG mRNA,34

or a decrease, eg, by use of siRNA, could be used to
manipulate the physical properties of connective tissues.
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