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Mini Review 

Protein Crosslinking in Assembly and 
Remodelling of Extracellular Matrices: 

The Role of Transglutaminases 
DANIEL AESCHLIMANN"." and VILMOS THOMAZY 

Transglutaminases form a family of proteins that have evolved for specialized functions such 
as protein crosslinking in haemostasis, semen coagulation, or keratinocyte cornified envelope 
formation. In contrast to the other members of this protein family, tissue transglutaminase is a 
multifunctional enzyme apparently involved in very disparate biological processes. By virtue 
of its reciprocal Ca*+-dependent crosslinking activity or GTP-dependent signal transduc- 
ing activity, tissue transglutaminase exhibits true multifunctionality at the molecular level. 
The crosslinking activity can subserve disparate biological phenomena depending on the 
location of the target proteins. lntracellular activation of tissue transglutaminase can give rise 
to crosslinked protein envelopes in apoptotic cells, whereas extracellular activation contri- 
butes to stabilization of the extracellular matrix and promotes cell-substrate interaction. 
While tissue transglutaminase synthesis and activation is normally part of a protective cel- 
lular response contributing to tissue homeostasis, the enzyme has also been implicated in a 
number of pathological conditions including fibrosis, artherosclerosis, neurodegenerative 
diseases, celiac disease, and cancer metastasis. This review discusses the role of trans- 
glutaminases in extracellular matrix crosslinking with a focus on the multifunctional enzyme 
tissue transglutaminase. 

K ( ~ i . i i . o r d \ ~  Matrix proteins. ci-oszlinking. transglutaminasr. pathology 
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INTRODUCTION 

Transglutaminases catalyze the post-translational 
modification of proteins, referred to as the R- 
glutaminyl-peptide, amine-y-glutamyl transferase 
reaction (EC 2.3.2.13), which leads to the formation 
of a A,-glutamyl -e-lysine isopeptide bond either 
within or between polypeptide chains (for review 
see [ 1.21). The action of these enzymes consequently 
results in the formation of covalently crosslinked, 
often insoluble supramolecular structures. While 
the role of transglutaminases in tissue homeostasis 
in many biological systems is well established, it has 
only recently become clear that transglutaminases 
play a more diverse role in biology than hitherto 
assumed. Crosslinking may be a dynamic process 
i n  as much as transglutaminases catalyze not only 
the formation but also the hydrolysis of the r- 
glutamy1~L-c-lysine crosslink.[31 The existence of a 
distinct enzyme capable of cleaving the transgluta- 
niinase crosslink has been a matter of much debate 
but still remains doubtful.[41 Besides playing a 
structural role, transglutaminase crosslinking has 
been shown to modulate the biological activity of 
signalling proteins such as interleukin-2, transform- 
ing growth factor-ij. and midkineL5~ 91 and thereby to 
have a profound effect on cells. In the absence of 
suitable amines for crosslinking, transglutaminases 
hydrolyze peptide-bound glutamine to glutamate 
(by reaction with H20).["'] While the hydrolysis 
reaction had been extensively studied in vitr.o.[l.' ' I  its 
biological significance has only recently been estab- 
lished in connection with celiac disease.[".13] 

'l'ransglutaminase Gene Family 

Seven different ti-ansglutaminase genes have been 
ch ;i r ~ c  t e r i zed in man thus far.[ ' '- ' and the gene 
products found to have specialized in the cross- 
linking of proteins in different biological processes 
and even to have adopted additional functions. i.e.. 
;IS structural proteins or i n  one case, a s  a G-protein 
in signalling. The pathologies associated with defi- 
ciencies in  different transglutaminase gene products 
indicate the absence of redundancy in this gene 

family and exemplify the importance of protein 
crosslinking.['6L'01 In addition to the diversity at the 
genetic level, transglutaminases have been shown 
to undergo a number of post-translational modifi- 
cations such as phosphorylation, fatty acylation, 
and proteolytic cleavage, as a means of regulating 
their enzymatic activity and subcellular localiza- 
tion in different biological situations (for review 
see [14,21-231). 

The focus of this review will be on one member of 
this gene family, transglutaminase C (TGc, tissue 
transglutaminase, transglutaminase type I I ) ,  which 
is expressed in many cell types and tissues in the 
body."4L261 Despite its abundance. the large num- 
ber of studies addressing its function. and in con- 
trast to the other members of this gene family, the 
physiological function of TGc remains unclear and 
might be diverse in different tissues or biological 
events. TGc has been implicated in processes a s  

diverse as stabilization of extracellular matrices in 
development and in wound healing, GTP binding 
and hydrolysis in receptor signalling, and cross- 
linked cell envelope formation associated with 
programmed death of different cell types as the end- 
stage of their differentiation and of cell populations 
in morphogenetic events (for detailed discussion 
and references see TGc, a Multifunctional Enzyme). 
N o  inherited deficiencies are known for this enzyme 
and it has been speculated that the deficiency is 
lethal. Nevertheless, TGc has been implicated in a 
number of pathologies, including tissue fibrosis in 
various organs, atherosclerosis, cataract formation, 
neurodegenerative diseases. cancer metastasis, and 
celiac disease (see TGc Associated Pathology). 

Other members of this gcne family seem to have 
more restricted and more clearly defined functions. 
Factor XI11 is the last zymogcn to become activated 
in the blood coagulation cascade and covalently 
stabilizes the fibrin clot (for review see [2,14.27]). 
Despite crosslinking many different proteins under 
iir i , i f r ' o  conditions. i/z viiw factor XI I I is highly 
specialized for the clotting reaction, i.e. rapid cross- 
linking of fibrin -,-chains, circulating in blood 
plasma as a latent complex with fibrinogen and 
thrombin.''x1 The catalytic a-subunit of factor XI1 I 
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is primarily expressed in megakaryocytes and 
monocytes in bone marrlow. and platelets have been 
shown to be the major source for the factor XI11 
a-subunit in plasma (for review see [27]). The 
mechanism for a-subunit secretion from platelets 
is unknown, and it appears that its plasma level is 
maintained by constant slow release and its activity 
controlled by an excess of the regulatory b-subunit 
in plasma. Congenital deficiencies or acquired auto- 
immune responses to factor XI11 lead to a delayed 
bleeding tendency due t o  insufficient clot stability 
even though the primary heinostasis is nor- 
n ~ a l . " ~  "] Factor XI11 deficiency occurs in the 
human population at  a rate of about 1 per 3.5 x 
10" and often results in premature death due to 
hemorrhage in the central nervous system following 
minor trauma. Factor XI11 has also been implicated 
in the remodelling of the granulation tissue by 
mediating cell-matrix interactions.['" j2] However. 
most patients with factor XI11 deficiency have no 
apparent impairment of wound healing. and the 
observed differences in cell behavior may reflect the 
changed mechanical properties of the matrix.[331 
Another plausible explanation is that matrix cross- 
linking by TGc compensates for the lack of factor 
XI11 with the exception of the highly specialized 
fibrin y-chain crosslinking in coagulation. 

Transglutaminase K (TGK, keratinocyte trans- 
glutaminase; transglutaminase type I) and transglu- 
taminase E (TGE. epidermal transglutaminase. 
transglutaminase type 111) are expressed in different 
stages of epidermal difrerentiation (for review see 
[ 14,21.34,35]) and crosslink structural proteins 
forming the cornified cell envelope.'36 3')1 A c on- 
genital keratinization disorder, a distinct forin of 
the heterogenous group of skin diseases referred to 
as lamellar ichthyosis. :has recently been linked to 
mutations in the gene coding for TGK.[1y.201 This 
recessively inherited keratinization disorder is 
found in the human population with a frequency 
of 1 per 2.5 x 10'. Affec1.cd individuals suffer from a 
lifelong disfiguring disease characterized by a 
thickened epidermis arid large scales with a high 
risk of sepsis and dehydration. Mice lacking the gene 
for T G K  have recently been generated and showed a 

phenotype that resembles the pathology in lamel- 
lar ichthyosis patients.'"] In homozygotes, the 
stratum corneum assembly was impaired and, as a 
consequence, the barrier function of the skin was 
severely compromised, resulting in dehydration and 
early postnatal death. 

Transglutaminase P (TGp, prostate transgluta- 
minase, transglutaminase type IV) is an androgen- 
regulated protein involved in semen coagulation, 
and its expression is restricted to prostate(for review 
see [14.23,41]). Little is known about the human 
gene and no deficiencies have been reported. 

Transglutaminase X (TGx. transglutaminase 
type V) has recently been discovered in the labora- 
tory ofone ofthe authors and full-length cDNAs for 
two splice variants have been isolated from human 
keratinocytes."51 Northern blot analysis suggests 
widespread expression of TGX in the developing 
and mature organism, with the exception of the 
central nervous system and the lymphatic system 
(D. Aeschlimann. unpublished results), thus provid- 
ing little information with regard to its potential 
biological function(s). 

Band 4.2 protein is a membrane cytoskeleton 
component expressed at a high level in erythroid 
cells (for review see [42]). Band 4.2 protein is the only 
member of this gene family that has lost the enzy- 
matic activity to become a purely structural protein. 
Inherited band 4.2 protein deficiency, termed 
spherocytosis, elliptocytosis or ovalostoniatocyto- 
sis. causes fragility of  erythrocyte^.[^'] Affected 
individuals of this rare genetic disorder are pri- 
marily found in Japan and suffer from severe hemo- 
lytic anemia. Band 4.2 protein had also been 
implicated with the mouse mutation p l l i r l  ( p u ) ,  
but more recently it has been shown by cDNA 
analysis and immunoblotting that pqp/ mice 
express normal band 4.2, and that the two genetic 
loci segregate in an interspecific cross.'"" 

Enzyme Mechanism 

Transglutaminases catalyze the Ca' ' -dependent 
transferase reaction which leads to the formation 
of an isopeptide bond between the ?-carboxamide 
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group of a peptide-bound glutamine residue and 
various primary amines.[I.'] Most commonly. 
?-glutaniyl-,--lysine crosslinks are formed in or 
between proteins by reaction with the E-amino 
group of lysine residues. The catalytic mechanism 
of transglutaminases has been solved based on 
biochemical data available for several transgluta- 
minases and the X-ray crystallographic structure of 
the factor XI11 a-subunit dimer. The reaction pro- 
cccds through an acyl-enzyme intermediate and is 
driven by the release of ammonia and its subsequent 
protonation which occurs readily under physiolog- 
ical conditions (for review see [1,2]). Analysis of 
the three-dimensional structure of the a-subunit 
of factor XI11 showed that transglutaminases con- 
tain a central core domain that forms the enzyme 
active site and contains a Ca'+-binding site, and an 
N-terminal &sandwich domain and two C-terminal 
,)-barrel domains which arc presumably involved 
i n  regulation of enzyme activity and specificity 
(Fig. 1).[44.4.i1 The catalytic core domain of trans- 
glutaminases is structurally related to the cysteine 
proteases, and the reaction center i s  formed by 
hydrogen bonding of the active site Cys to a His and 
Asp residue t o  form a catalytic triad reminiscent of 
the Cys-His-Asn triad found in the papain family 
of cysteine protcases.[44 471 This parallel provides 
strong evidence for the transglutaminase cross- 
linking reaction being the reverse of the proteolytic 
cleavage reaction catalyzed by cysteine proteases 
and supports a distant evolutionary relationship 
between these enzyme families. 

TGc, A MULTIFUNCTIONAL ENZYME 

Extracellular Matrix Stabilization 

TransglLitaniiiiases are involved in many aspects of 
development, from the earliest stages, including for- 
mation of the egg envelope following fertilization 
([4X] and references therein) and embryo implan- 
tation (for review see [27,49]), to organogenesis. 
TCc. expression accompanies differentiation of 
cells along different pathways and the enzyme has 

been implicated in the development of skeletal ele- 
ments,['6.50.5 I 1  heart,[5" salivary gland,[s41 
and central and peripheral nervous systems[551 as 
well as in hematopoiesi~['-~('l and spermatogen- 
e ~ i s , [ ~ ~ I  and is likely involved in the developmental 
process of other organ systems"x1 (Fig. 2). Develop- 
mental processes are recapitulated in tissue repair 
and, not unexpectedly, the enzyme plays a role in 
hormone-induced or injury-related tissue remo- 
delling[5'.5g -611 as well as in pathologic tissue 
repair[6' ~651 (see TGc Associated Pathology). Des- 
pite the fact that transglutaminases are not con- 
ventionally secreted proteins and the mechanism for 
release of transglutaminases from cells remains 
unclear (Fig. 3) (for review see [14]), the presence 
of TGc and other transglutaminases in the extra- 
cellular space is well documented.['5.50,6hhXl While 
factor XI11 circulates in blood plasma and TGp is 
a semen component, TGc seems to be expressed at 
the cell surface of various cells such as fibroblasts, 
macrophages, hepatocytes, endothelial cells, 
etC,[6.7.06-73] A f unction for crosslinking of extra- 
cellular matrix structures by TGc has been well 
established in a number of different biological 
situations. 

Pericellular Matrix 

Several lines of evidence suggest that cell surface 
expression of TGc is directed to distinct domains 
of the plasma membrane,[69.741 facilitating matrix 
assembly a t  these sites[30.66 "I and contributing 
to the stabilization o f  cell-substrate interac- 

(Fig. 3) .  Crosslinking of fibronectin in 
endothelial cell cultures occurs at  the basal but not 
the apical surface of these polarized cells, indicating 
that externalization of TGc is topographically 
restricted and occurs in conjunction with matrix 
assembly.["71 Downregulation of TGc synthesis by 
stable transfection of cells with an antisense con- 
struct or culturing of cells in the presence of non- 
peptidyl inactivators specific for transglutaminases 
rendered the cells susceptible to detachment from 
the s u b s t r a t ~ i r n . [ ~ ~ ~ ~ ~ ~  Incubating cells prior to 
seeding with monoclonal antibodies that inhibit 

t,on[67.75.70] 
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the cell surface of transfected cells,'7ii suggesting 
that sequestration of TGc- into the pericellular 
matrix is mediated by fibronectin binding. Further 
support for a direct link between crosslinking of 
fibronectin and cell adhesion comes from a recent 
study showing that adhesion and spreading of fibro- 
blasts on a fibrin-fibronectin matrix formed with a 
mutant fibronectin lacking the major transglutami- 
nase crosslinking site is greatly reduced as compared 
to a matrix formed with recombinant wild-type 
tibronectin.[3'1 Since factor XI11 and TGc cross- 
link fibronectin primarily at the same site, namely 
the N-terminal ainine acceptor site (for review see 
[8 I ] ) ,  it is likely that the same process is active and 
promotes cell adhesion in different situations. e.g., 
i n  remodelling of granulation tissue when cross- 
linked by factor XI11 or in pericellular matrix 
assembly when crosslinked by TGC.[?') 31.66.h7.761 

Finally, the requirement of enzymatic activity.'"."71 
and the implication ofintegrins ( i 5 , j ,  and (k, j3. and 
tyrosine phosphorylation of presun- 
ably of  pp"' focal adhesion kinase and paxillin.[x21 
i n  this process strongly suggest that T G c  and factor 
X l l l a  promote cell adhesion via fibronectin cross- 
linking (Fig. 3). 

Crosslinking ol'l'ibronectin could affect cell adhe- 
sion in several ways. Recent evidence suggests that 
cells are able to sense the rigidity ofthe extracellular 
matrix and respond by localized strengthening of 
thc linkages with the cytoskeleton.[331 In addi- 
tion to iiitegriri~substrate interaction. cell adhcsion 
requires receptor which is promoted 
by aggregation of binding sites. The immobilization 
of fibronectin at the cell surface may also induce a 
confoi-mational change exposing cryptic cell bind- 
ing sites,'s41 which is thought to occur in fibronectin 
matrix assembly. The mechanism for polymeriza- 
tion of fibronectin is not completely understood 
but requires cells. involves the N-terminal type I 
modules of fibronectin. and takes place at specia- 
lized sites on the cell surface.["] Since TGc is present 
a t  these ~ i t e ~ [ ~ ~ . ~ ' " . ~ ~ ~  and binds to this segment of 
fibron~ctin. '~"' it may also play a role in fibronectin 
assembly. High affinity binding sites for TGc on 
substrate proteins including fibronectin have been 

shown to be distinct from the crosslinking sites and 
non-covalent substrate interaction is Ca2 indepen- 
dent.[7',x61 Thus, TGc could also have a structural 
function in this process as a cell surface receptor not 
requiring its catalytic activity in analogy to band 4.2 
protein which lacks catalytic activity and has a 
structural role based on protein-protein interac- 
 ti"^.'^'] On the other hand. i t  has recently been 
suggested that fibronectin assembly is an inside-out 
effect of the cell, i.e.. is mediated by the actin stress 
fiber formation and cell co~~traction. '~ ']  TGc has 
been shown to codistribute with stress fibers intra- 
cellularly,~XX1 and it is possible that TGc contributes 
to this process by modulating the cytoskeletal 
organization, particularly in the light of its recently 
discovered role as a G protein[x9.901 (see GTPase 
Activity and Signalling). 

Vusculur. Wall 

Besides the role in the endothelial basement mem- 
brane biogenesis,'2"671 TGc presumably contributes 
to hemostasis and wound healing.["' This notion is 
supported by the presence ofcrosslinkcd fibrin (P 3- 
chain hybrids characteristic of TG(. crosslinking in  
vascular lesions ([92] and references therein). Vari- 
ous substrate proteins for TGc. such a s  fibronectin. 
von Willebraiid factor, vitronectin, lipoprotcin ( a ) .  
derniatan sulfate proteoglycans, collagen V. 
BM-40, osteonectin, SPARC, nidogen, cntactin arc 
present in blood plasma and, or the vascular 
wall ([25,70,72.73,79,80,X6,93~~95] and references 
therein) and may contribute to the stability of 
platelet~fibrin~~endotheliuin interaction and to the 
wound healing process. Crosslinking of compo- 
nents involved in controlling plasmin activity 
including urokinase plasminogen activator, plasnii- 
nogen activator inhibitor-2, plasminogen, and o?- 
plaslnin inhibitor,['0.71,93.y6 9x1 may be important 
in modulating fibrinolytic reactions. Crosslinked 
complexes containing fibronectin, vitronectin, 
ostconectin/ BM-40/SPARC. dermatan-sulfate pro- 
teoglycans. or plasminogcn have been denion- 
strated in endothelial cell c i ~ l t u r c s , ' " ~ ~ ~ " ~ ~ ' ~ ' ~ '  111 ' 
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support of a role for transglutaminase crosslink- 
ing in assembly of the subendothelial extracel- 
lular matrix and in wound healing. It has been 
tacitly assumed that TGc-induced modification of 
extracellular matrix components is primarily of 
structural significance since transglutaminase cross- 
linking imparts physical and chemical stability to 
protein assemblies. Evidence for the importance of 
crosslinking in modulating cellular responses comes 
from studies on activation of TGF-B, a pluripotent 
growth factor involved in angiogenesis, tissue 
repair and fibrogenesis. TGc- has been shown to 
be involved in the regulation of the activation of 
latent TGF-,!3 by modulating cell surface associated 
plasmin 

Drrmo-Epidermal Junction 

I t  has become clear that the key structures forming 
the dermo-epidermal junction are crosslinked by 
transglutaminase and that this process is important 
for providing stability at this tissue interface.[''] 
Antibodies to the -y-glutamyl-~-lysine crosslink 
highlight the dermo-epidermal junction[501 and 
several basement membrane components includ- 
ing nidogenjentactin,[:''."51 osteonectin/BM-40,' 
SPARC,[861 fibronectin,["71 and the major constitu- 
ent of anchoring fibrils, collagen VII.["l have been 
shown to be substrates for TGc. and to occur in 
crosslinked complexes in tissues. TGc is expressed 
by basal keratinocytes and dermal fibroblasts ([ 151 
and references therein) which cooperate in the 
synthesis ofthis tissue interface, and TGc is thought 
to be the enzyme primarily involved in this pro- 
cess,[251 in analogy to it:; role in the establishment 
of the subendothelial extracellular Direct 
evidence for the role of transglutaminase cross- 
linking in dermo-epidermal cohesion comes from 
the analysis of biopsies from patients receiving 
keratinocyte autografts, which revealed that clinical 
stability of the skin grafi. correlated with transami- 
dation of anchoring fibrils and the dermal extra- 
cellular matrix.["] 

Microfibrils are found in many tissues and at the 
dermo-epidermal junction, project perpendicularly 

to the basement membrane into the papillary der- 
mis. They are thought to function as a scaffold for 
elastin deposition in elastic fiber formation. Micro- 
fibrils in skin and in hyperconfluent dermal fibro- 
blast cultures have been shown to be potent amine 
acceptor substrates for tran~glutaminase.[~~] and 
isolation and amino acid analysis of microfibrils 
from amniotic membranes revealed the presence of 
y-glutamyl-E-lysine crosslinks.[lOO1 The periodic 
pattern of amine acceptor sites along microfibrils 
revealed in immunoelectron microscopy'"91 is con- 
sistent with the identification of fibrillin- 1 ,  the 
major component of microfibrils, as an amine 
acceptor substrate in fibroblast cultures'991 as well 
as with the isolation of peptides of Gbrillin-l con- 
taining y-glutamyl-c-lysine crosslinks from micro- 
fibrils of amniotic membranes.""01 Similar to 
nid~gen/entactin,~"] the crosslink is located in an 
extended segment primarily made up of epidermal 
growth factor-like repeats in the interbead region of 
fibrillin- I .  While these results established the pres- 
ence of crosslinked homopolymers of fibrillin- 1, 
other components associated with microfibrils 
including fibronectin, vitronectin, and microfibril- 
associated glycoprotein may participate in cross- 
links as well. Microfibril-associated glycoprotein 
forms non-reducible aggregates in tissues and has 
been shown to be a substrate for TGc in vitro. 
However, these latter experiments have been con- 
ducted after complete denaturation of the protein by 
reduction and alkylation, and it remains to be seen 
whether this holds true for the native protein. I t  has 
recently also been shown that latent transforming 
growth factor binding protein (LTBP)-I, which is 
structurally related to fibrillin-I and fibrillin-2, is a 
constituent of microfibrils in skin""'] and is cross- 
linked to the extracellular matrix by transglutami- 
nase in co-cultures of endothelial cells and smooth 
muscle cells.[71 Transglutaminase crosslinking may 
be in part responsible for the sequestration of large 
latent complex of TGF-P into the extracellular 
matrix, and microfibrils may form a repository for 
latent TGF-/-I that can only be released by proteo- 
lysis.[7.'o'1 Marfan syndrome, which manifests in 
characteristic abnormalities in the skeletal, ocular, 
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and cardiovascular systems, is an inherited auto- 
soma1 dominant disorder caused by mutations in 
the fibrillin- 1 gene. Microfibrils isolated from fibro- 
blast cultures grown for an extended period of 
time in the presence of transglutaminase inhibitors 
showed structural alterations similar to those of 
patients with Marfan syndrome when analyzed by 
rotary shadowing electron microscopy.[991 This 
indicates that the absence of transglutaminase 
crosslinking results in a failure of proper fibril 
assembly or decreased stability of the assembled 
fibrils, and suggests that mutations in fibrillin-] 
leading to a lack or misalignment of crosslinking 
sites in the fibril could cause Marfan syndrome. 

Skeletal Tissues 

Not surprisingly, matrix stabilization by transglu- 
taminases is part of the developmental program of 
the skeletal elements that form the structural frame- 
work of the vertebrate body (for review see [81]). 
117 i ~ i i ~ o .  7 -glutamylLE-lysine crosslinks are abun- 
dant in maturating and ultimately mineralizing 
cartilages, regardless of whether the tissue is sub- 
sequently replaced by bone through endochondral 
ossification or remains as mineralized cartilage.["'] 
We have shown that TGc expression correlates with 
chondrocyte hypertrophy ( Fig. 2A)'26.5i1 and that 
the enzyme is externalized at a distinct step in the 
chondrocyte niatiiration program.[26.s01 Upon acti- 
vation a t  the elevated ionic Ca'+ concentrations 
encountered in thc extracellular space, TGc cross- 
links matrix proteins including osteonectin, BM-40 
SPARC and collagen I1,[s"l and likely also other 
matrix components that are substrates for the 
enzyme such as osteoponth SPP- 1, galectin-3.['"'] 
fibronectin. fibrillin- I .  collagen XI. etc., a s  dis- 
cussed in detail elsewhere.["1 

Retinoids have been shown to play an important 
role i n  chondrocyte differentiation['"3.'041 and 
regulation of TGM2 (TGc) gene transcriptioii['O.ii 
(see Transcriptional Regulation). It is likely that 
retinoid signalling is involved in the upregulation 
of TGC concomitant with chondrocyte differen- 
tiation.'5x' In fact. T G ~  expression is very low in  

primary cultures of normal articular chondrocytes 
but is strongly upregulated in cells induced to 
differentiate by treatment with retinoic acid.['""' 
Nevertheless, other factors regulating T G c  expres- 
sion such as interleukin-6['"'] and members of the 
transforming growth factor-0 family[i0X1 play major 
roles in chondrogenesis and osteogenesis and may 
contribute to the temporo-spatial expression pat- 
tern of the enzyme in skeletal development and 
remodelling. 

Other transglutaminases have also been demon- 
strated in chondrocytes but their function is less 
clear ([106,109] and references therein). The nature 
of a membrane-associated pool of transglutaminase 
activity in chondrocytes['06.'uy1 is unknown and 
could be constituted by TGc. or TGK.[72.' '(L' ' ' I  
I n  a recent study, factor XI11 a-subunit has been 
isolated a s  a gene product upregulated upon differ- 
entiation of avian chondrocytes using subtractive 
hybridization of polyA+ RNA. and factor Xllla 
has been suggested to be involved in the induction 
of cell death of hypertrophic chondrocytes upon 
proteolytic a~tivation."~'] As discussed below. 
conflicting results on whether transglutaminascs 
play an essential role in the process of cell death 
have been obtained. h7 viiv studies in a rat model 
in our laboratory have shown that blocking o f  
cartilage mineralization and resorption by tran- 
sient application of the bisphosphonate etidronate 
results in transient and reversible downregulation 
of T G c  expression in hypertrophic chondrocytes 
(D. Aeschlimann and A. Wetterwald, unpublished 
results). This suggests that induction of transgluta- 
minase expression in hypertrophic chondrocytes 
by itself does not coininit the cells to a death pro- 
gram. However, the results by Linsenmayer and 
co-wor ke rs ')')] indica t e that fact c) r X I I Ia plays a 
role in tissue remodelling extending beyond its 
previously assumed function in blood coagulation 
and wound healing.["'.321 The extent to which 
either transglutaminase contributes to cartilage 
maturation is not clear, given that TGc. has also 
been localized to hypertrophic cartilage in the 
chicken embryo by if7 situ hybridization and 
iiiiiiiunohistocIieiiiistry.l' ' I  
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Transglutaminase croijslinks are also abundant in 
bone matrix["] and osteoblasts have been shown 
to express transglutamiriase activity.""] The nature 
of the enzyme involved in this process remains to 
be determined and several transglutaminase gene 
products, including TGc. may play a role.'' ''.I 13] 

Crosslinked complexes of osteopontin have been 
isolated from bone matrix (for review see [81]). and 
it has recently been shown that osteoblast-like cells 
derived from primary bonemarrow stromal cultures 
form plaques at the cellLsubstratum interface that 
contain ov[j3-integrin, TGc, and crosslinked com- 
plexes of osteopontin." 1 3 ]  The size and number of 
these protein complexes as well as mineral deposi- 
tion increased with mechanical strain, providing 
further support for the idea that clustering of fixed 
charge groups at the cell surface by crosslinking of 
Ca2+-binding matrix proteins, e.g., osteonectin and 
osteopontin, may provide a surface that promotes 
nucleation and/or growth of hydroxyapatite crys- 
tals (Fig. 3).'501 Matrix crosslinking by trans- 
glutaminase correlates not only with tissue 
mineralization in several situations in skeletal devel- 
opment and repair including cartilage maturation, 
endochondral bone formation and intramem- 
braneous but also with ectopic 
mineralization in pathological processes such as 
artherosclerosis.["7."71 

Programmed Cell Death 

Programmed cell death plays a crucial role in fun- 
damental processes su'ch a s  morphogenesis and 
hormone-induced tissue remodelling. Apoptosis is 
a cell-autonomous mode of cell death that can occur 
either coupled to cell cycle arrest or as the end-stage 
of terminal differentiation, apparently independent 
of the cell cycle. The participation and role of TGc 
in apoptosis have been conceived in analogy to the 
function of TGK and 'TGE in cornified envelope 
formation of terminally differentiating keratino- 
cytes. TGc is thought to be involved in the final 
stages of the protein activation cascade leading to 
cell death, and activati'on of the enzyme resulting 

in the formation of a highly crosslinked, insoluble 
protein shell ([114] and references therein). The 
crosslinking process is thought to prevent an inflam- 
matory response by immobilizing intracellular con- 
tents and/or to render apoptotic cells targets for 
clearance by phagocytes. This concept and support- 
ing data has been abundantly reviewed in the 
past." I s . '  I"] While apoptosis normally subserves 
tissue remodelling during development, physiolog- 
ical atrophy, or resolution of inflammation,['"] 
TGc crosslinking and deposition of abnormal 
crosslinked protein aggregates seems to contribute 
to disease progression in lens cataract formation 
and in chronic neurodegenerative diseases such as 
Alzheimer's disease and CAG-repeat expansion 
diseases (for review see [2,117,1 IS], also see TGc 
Associated Pathology). 

Though structured detergent-resistant bodies 
have only occasionally been isolated in connection 
with TGc-related cell death," ''I crosslinking of 
cellular contents has repeatedly been demon- 
strated.['.h'."41 A large number of intracellular. 
mostly cytoskeletal or plasma membrane- 
associated proteins have been shown to be cross- 
linked by the enzyme upon a rise in intracellular 
free Ca'+ which in most instances, is coupled with a 
loss of cellular integrity. Examples include ageing 
erythrocytes,["'] cataract formation in ageing eye 
lenses,["o1 neurodegenerative diseases including 
Huntington's and Alzheimer's disease,["' 1731 and 
terminal differentiation of hepatocytes" or 
macrophages ([ 124,1251 see also references therein 
and in [2,14,117]). Preferential crosslinking at these 
sites may reflect the non-covalent association of 
the enzyme with the cytoskeleton and the plasma 
membrane in the intact cell.["".x"' '0.126.127 Such a 
co-localization may indicate that TGc. plays a role 
in the organization of the cytoskeleton similar to 
the function of band 4.2 protein in  erythrocyte^.[^'] 
However. the intrinsic ability of TG,- to tightly bind 
to many structures upon loss of cellular integrity"'] 
has made the search for the physiologic a 1 interac- ' 

tion partners of the enzyme a technical challenge 
and the work with cell extracts unreliable. We have 
recently generated various fusion constructs of TGc 
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with green fluorescent protein to monitor the local- 
ization of the enzyme in living cells. Expression in 
various cell types confirmed that TGc associates 
with elements of the cytoskeleton and that this 
process is not dependent on catalytic activity since 
replacing the active site Cys residue with a Ser 
residue which renders the transglutaminase inactive 
does not alter the distribution of the fusion proteins 
in the cell.'741 It is also conceivable that fluctuations 
in intracellular Ca2 '-, for example, those found in 
muscle contraction or resulting from transient rup- 
tures in the plasma membrane,"281 could result in 
limited intracellular crosslinking and contribute to 
the stabilization of the cy t~ske le ton . [ '~~ '  

It is easy to understand how a potent crosslinking 
enzyme associated with the cytoskeleton could liter- 
ally "fix" the cell upon activation due to an overload 
in intracellular Ca2+ caused by a loss of membrane 
integrity. This in fact, has repeatedly been docu- 
mented by treatment of cells expressing TGc with 
;I Ca't-ionophore.[2.681 It is less clear how this 
phenomenon relates to cell death programmed 
by a gene activation cascade. Induction of TGc 
expression accompanies apoptosis in several 

model systems. Evidence supporting an induction 
of TGc, expression as part of a physiological cell 
death program comes primarily from its upregula- 
tion in connection with cell death in the inter- 
digital web during limb morphogenesi~[~'.~~.~~~.'~~~ 
and with regression of hormone-dependent tissues, 
such as involution of the mammary gland following 
weaning[5y1 or prostatic atrophy induced by andro- 
gen ablation.[('"] However, evidence for a direct and 
essential involvement of TGc action in the apop- 
totic process has not been obtained. Recent studies 
provide many examples where apoptosis is not 
associated with an induction of TGc expres- 

suggesting that TGc contributes 
to the apoptotic process only in certain situations. 
An induction of TGc expression can also be part of 
the cell's response to stimuli resulting in the necrotic 
type of cell death, e.g. in CC14-induced liver 
damage.[h41 This finding implies that the induction 
of TGc might be the component of a broader stress 

,,i,,o[s8 60.11S.i29.130] and irl ,,itro[5h. I i 6. I 18.13 I ]  

sion[6x.77. IO6.I32] 

response rather than the process of apoptosis per s c .  
It has been shown that cells unable to maintain their 
proper shape and cytoskeletal organization because 
of the loss of contact with the extracellular matrix 
die by apoptosis ([133] and references therein). 
Upregulation of TGc in apoptotic cells may be part 
of a stress response designed to counteract the 
apparent disintegration of the tissue architecture 
with the purpose of stabilizing the surrounding 
extracellular matrix. This is consistent with the 
observation that changes in TGc expression alter 
cell morphology and upregulation of TGc promotes 
cell adhesion.[67368.75- 77,1061 Interestingly, it has 
recently been shown that TGc upregulation asso- 
ciated with liver damage is mediated by nuclear 
factor-tcB (NF-KB),[('~,~'~] a universal mediator of 
the stress response. NF-KB signalling in turn has 
been linked to aVp3 integrin-mediated cell survi- 
val," 33. I351 thereby implicating TGc in a cell pro- 
tective mechanism in the liver. 

Retinoids upregulate TGc expression in many 
cells (see Transcriptional Regulation) and can elicit 
apoptosis in the course of differentiation, as in 
myeloid cells, or independent of it, as in epithelial 
 cell^.[^".'^^^ It has also been shown that retinoid 
signalling mediates expression of TGc concurrent 
with apoptosis in the interdigital web in limb devel- 
opment.[129~'"01 Different retinoid receptor sig- 
nalling pathways have been implicated in TGc 
upregulation in different systems.[s6713"~1311 
Retinoid regulation of TGc has been most exten- 
sively studied in myeloid cells, and in this system 
retinoid-mediated induction of TGc involves 
distinct regulatory pathways in the context of 
differentiation and of apoptosi~. '~"~"" 1 3 ' ]  Experi- 
ments with receptor-selective agonists and antago- 
nists, and retinoid receptor gene transfer in various 
cell lines having different functional retinoid recep- 
tor subtypes implicated RARa in differentiation 
whereas ligand-dependent activation of RXRs 
elicits programmed cell death in these cells with- 
out their prior commitment to differentia- 

ile TGc upregulation correlates 
with apoptosis in certain myeloid cell lines,'s6*1381 
in others. retinoid-induced apoptosis (without 

tion,[56. 132,1371 Wh' 
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differentiation) was not associated with TGc 
upregulation.[1'21 In acute promyelocytic leuke- 
mia, the activation of the mutant PML-RARa 
signalling pathway by retinoids results in super- 
induction of TGc expression, growth arrest and 
differentiation, while at the same time promoting 
cell survival by inhibiting programmed cell 
death."361 Collectively, these results suggest that 
TGc is neither an esiiential nor an exclusive 
component of the apoptotic program in myeloid 
cells and that apoptosis may not be the imperative 
consequence of TGc upregulation by itself. 

Decreased cell viability has repeatedly been asso- 
ciated with overexpression of T G c  in cells.[7'.' 16] 

However, recent experiments using an inducible 
instead of a constitutive promoter for regulation of 
TGc expression did not support the earlier notion 
that decreased cell viability is associated with an 
upregulation of TGC.IhX1 Overexpression of the 
factor XI11 a-subunit has, for the first time also been 
implicated in programmed cell death.['"] Surpris- 
ingly, the cell death induced by an activation of 
factor XI11 in hypertrophic chondrocytes did not 
show the classical features of apoptosis but was 
instead characterized by an increased membrane 
permeability reminiscent of cell necrosis. While 
there is no strong evidence suggesting an essential 
role of TGc in the apoptotic program per- sr. it is 
likely that the presence of high levels of TGc makes 
cells very vulnerable to changes in intracellular free 
Ca'+. An influx of Ca'+ resulting from a transient 
loss of membrane integrity or stress-activated ion 
channels['391 could have irreversible or even fatal 
consequences for the cell. This is supported by the 
fact that cells induced to overexpress TGc show the 
characteristic features of apoptosis at much higher 
frequency when exposed to a transient increase in 
intracellular Ca'+ than their non-induced counter- 
parts.[6x1 Such an interpretation would also explain 
the findings that only a subset of cells undergo 
apoptosis following TG<. upregulation in a homog- 

enous cell p o p ~ l a t i o n , ' ~ ~ . ~ ' , ~ ~ . ~ ~ ]  and that in tissues, 
there is no apparent difference in TGc expression 
in cells undergoing apoptosis and those showing 
a normal m o r p h ~ l o g y . [ ~ ~ , ~ ~ ~ ~ ~ ~  The current data 
suggests that the upregulation of TGc is not a 
specific hallmark of apoptosis but that the enzyme 
can be recruited during cell death and apparently 
has adopted the function of an effector molecule 
for apoptosis in distinct biological situations. By 
extension, TGc cannot be used as a marker of 
apoptosis. 

GTPase Activity and Signalling 

TGc, unlike the other transglutaminases, has a 
second function as a G-protein in hormone receptor 
signalling (for review see [SS]). In this case, TGc was 
historically referred to as the a-subunit of Gh and 
has been shown to transmit the cvl-adrenergic recep- 
tor signal to phospholipase C-61 (Fig. 3).[903140,1411t 
A 5OkDa &subunit of G h  that modulates the 
affinity of TGc/Grrl, for guanine nucleotides re- 
mains to be identified.' A membrane-associated 
form of TGc/Gah has been isolated from different 
tissues (for review see [ 1 lo]), and preliminary data 
suggests the presence of a fatty acid anchor on TGc/  
Gal,.[' I ' I  Several transglutaminases are membrane- 
bound via lipid anchors, but the underlying mecha- 
nisms appear to be complex since the nature of the 
anchor and attachment site is not conserved among 
transglutaminases and multiple types of modifica- 
tion can occur on the same enzyme (for review see 
[14,22,23,42]). A substantial number of proteins 
involved in signal transduction, including Ras, 
undergo covalent modifications such as fatty acyla- 
tion and isoprenylation. Similar to Ras, membrane 
anchorage of TGC/Gq, by fatty acylation may 
regulate its function in signalling. 

Binding and hydrolysis of GTP appears to be 
a characteristic feature of the tissue type enzyme 
(TGC,'Gah) independent of its origin and is not 

+Transgenic mice over expressing TGc Gnh in the heart do not show enhanced basal or agonist-stimulated coupling of o I-adrenergic 
receptor to inositol phosphate hydrolysis but do have cardiac hypertrophy and interstitial fibro~is.""~ These pathologic findings are 
consistent with TGc/Gnh acting primarily its a transglutaminase in this tissue. 

A recent publication suggests that Gdh is identical to calreticulin."xO1 
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found in other transglutaminase gene products (for 
review see [14]). GTPiGDP binding inhibits trans- 
glutaminase activity of TGcIGrvh in the presence of 
Ca' ' in  a non-competitive manner, and it has been 
shown that GTPase activity and receptor signal- 
ling are independent of the residues constituting the 
transglutaminase active site and its crosslinking 

TGclGcuh has no significant sequence 
homology with the "classical" heterotrimeric 
G-proteins, and a typical glycine-rich GTP-binding 
site consensus sequence is not present. Analysis 
of mutant recombinant proteins generated by it 

domain deletion approach demonstrated that the 
transglutaminase core domain contains the GTP- 
binding site and has GTPase activity, whereas the 
N-terminal :'$-sandwich domain and the core 
domain are required for transglutaminase activ- 
ity.""] Based on this work and on analysis of pro- 
teolytic fragments and other deletion mutants of 
TGc; GcL,,. a GTP-binding site has been proposed 
(Fig. 1 )  (for discussion see [142]). Modelling indi- 
cates that binding of GTP at this site induces a 
conformational change that translates into the 
transglutaminase active site and thus, explains the 
inhibition of the crosslinking activity by GTP. 
The C-terminal ,l-barrel domains were not required 
for either catalytic activity but a binding site for 
phospholipase C has been localized close to the 
C-terminus of TGc Go,, ( Fig. exemplifying 
the importance of these domains in mediating the 
in t crac t i o n  with substrates . 

Transcriptional Regulation 

Controlling the activity of TGc is critical for cell 
survival (see Programmed Cell Death) and regula- 
tion of TGc activity occurs at several levels ensuring 
tight control. Post-translational regulation has been 
discussed above and involves allosteric regulation 
by GTP and Ca'+. In contrast to factor XIII, the 
intracellular level of TGc in most instances is 
adjusted by changes in transcription. The promoter 
of the TGM2 gene is complex (Fig. 4) which pres- 
umably is a reflection of the diverse roles the enzyme 
plays in different biological situations. The short 
proximal promoter sequences were shown to drive 
constitutive expression of the gene while distal 
regions are required for tissue-specific and dif- 
ferentiation-specific expre~sion.""~ Studies with 
reporter constructs also revealed that there was 
no homology in the proximal promoter elements 
of different transglutaminase genes except for the 
presence of one or more SPI sites (Fig. 4), which is a 
general feature ofmany genes transcribed by RNA 
polymerase 11. 

While a large number of different factors, includ- 
ing EGF, TGF-Ys, HGF, IL-l.l-l,IL-4, IL-6. IFN--,, 
TNF-n, vitamin D, glucocorticoids, and retinoids, 
have been shown to ultimately affect TGc transcrip- 
tion in various cells and biological situations, a 
direct link of the signalling pathway and TGc. 
transcription has only been established for a few 
of these factors and our discussion will be limited 
to those. Several important niorphogens, including 

A retinoids TNF-a IL-6 TGFBlTTGF02 methvlation 



B proximal promoter 

CAAT-box SP1 SP1 SP1 TATA-box 
human gactaaacaa tgggtgtcct ccca------ ---------- ggtcgccgcc ttcccgcggg gccccacccc cggcccaccc caaagcgggc tataaattag 
mouse tcccggacag acagccgggg gt-------- ---------- gtccaccccg ccccacccgg ggcccaccc- gccacccggc caccctgggc tataaattcg 
guinea pig cctgaaacaa tacatgtggg cacagggccc tcgtggcctc ggccaccccg cctacccgcc gccccaccc- cggcccaccc cgcagcgggc tataaatcca 

Cl Met 
human cgccgc-tct ccgcctcggc gagtgcca-gcc gccagtggtcgc acttggaggg tctcgccgcc agtggaagga gccaccgcc- cccgcccgacc ATG 
m n l l c o  L , L " U U L  cgccgc-gcg gctggtccgc agcaccgqc t ggtgatcctcgc --- t tgagtg tcccgc tgcg tc t- ----qa gc tgtcgccg c tagcc tggcc ATG 
guinea pig ggtctcagca cagccccagc gagtggtctgca ctgcacggtcgc cgccacttcg gga-gccgcc gct---agga gcagaggaat ttggcccgacc A X  

TNF-o! response element: NF-kappaB 

human -1.3kb tgccg aaqaaacccc gtggg 

TGF-P response element (TRE): 

muse -0.9kb ggatg aaattaqtcc atggg 

cis regulatory element for retinoid activation (cisHR): 

mouse -1. lkb ctggt ccttcaccagtcacagggagcaatttctataacaactaccataaagtggggtgaccccggggtccc caagga 
human - 1 . h k k  ccaag ctttcaccagctgcagggagcagtttctgcaacaatctctataaaatggggcaattacgggtcagc tgggcc 

retinoid response element: RAR/RXR 

mouse -1.7kb taatcctaaccccactggaacctctcacagtaacccccatg 

FIGURE 4B 

FIGURE 4 Schematic representation of the TGc. promoter. The schematic in panel A represents it simplified model of the TGc, promoter based on data of sequence 
eleinents from different species (B) .  The proximal promoter is comprised of a TATA-box element and of a series of upstream SPI binding sites and drives constitutive 
e x p r e s ~ i c ~ ~ i , ~ " ~ ~  The CAAT-box element has no effect or only a minimal effect on transcription from the human and guinea pig promoterl144,177(,] and is absent in the mouse 

The state of methylation of CpG islands in the proximal promoter differs in different cell types11771 and provides a mechanism for negative control of promoter 
activity. Differential expression is also regulated by a series of upstream enhancer, silencer elements. Response elements for retinoic acid,'loS1 members of the T G F d  gene 
family.["'x1 and T N F - o [ ~ ~ ~ ]  have been identified. The response element for 1L-6["'1 has not been fully characterized yet.""] The dissection of the TGc promoter has been 
complicated by the fact that despite similar responsiveness of the gene to signalling molecules in different species, the response elements in mouse and human differ 
significantly in their relative position as well its sequence. Therefore, predictions based on sequence comparison are not conclusive. 
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retinoids and members of the transforming growth 
factor-,D gene family, have been shown to regulate 
TGc expression (for review see [14]). Retinoids 
induce TGc expression in many different cell types, 
and animals rendered vitamin A-deficient have a 
generalized decrease in TGc expression in many but 
not all tissues.['451 A composite retinoid response ele- 
ment has recently been identified - 1.7 kb upstream 
of the transcription initiation site in the mouse 
TGM2 gene and found to impart both RAR- and 
RXR-agonist inducibility to the gene (Fig. 4).[loS1 
The 3.8kb of 5' flanking DNA of the mouse 
TGM2 gene gave tissue-specific and retinoid- 
regulated expression of a reporter construct in trans- 
genic mice.[ssJ In limb development, the promoter 
was selectively activated in cartilage anlagen under- 
going endochondral bone formation (Fig. 2A) and 
in areas of interdigital apoptosis (Fig. 2E), consis- 
tent with the reported expression pattern of the 

Retinoids play an important role in 
regulating chondrogenic differentiation and apop- 
tosis associated with limb morphogenesis['0~.104.'4~1 
and are likely to be responsible for upregulation of 
TGc in these tissues. A number of itz L8itr.o studies 
with receptor selectivc agonists and antagonists 
implicated various retinoid receptor combinations 
in the upregulation of TGc- ([56,131,138] and 
references therein). This is consistent with the 
observation that TGC upregulation associated with 
interdigital apoptosis, in contrast to chondrogenesis 
or apoptosis of other tissues in limb development, is 
regulated by RARij and RARy as determined by 
crossing the mice transgenic for the TGc-promoter 
lacZ reporter construct with various retinoic acid 
receptor knock-out mice."301 This suggests that 
different retinoid receptor combinations may be 
responsible for the regulation of TGc in different 
biological contexts and may be a reflection of the 
overlapping functionality of the different retinoid 
receptor subtypes.'1031 

A response element for members of the TGF-.j 
protein family has recently been located 868 nucleo- 
tides upstream of the transcriptional start site in the 
mouse TGM2 gene promoter (Fig. 4).[10x1 This 
element directs BMP-2 and BMP-4-dependent 

enzyme.l'".s I .58] 

repression of promoter activity in different cells 
in vitro. TGF-PI , using the same decanucleotide 
motif, can either induce or repress TGc expression 
in a cell type-specific manner. Since activation of 
TGF-131 is promoted by TGc,[6,7J an amplification 
loop is potentially created whereby TGF-P1 induces 
synthesis of TGc, which in turn leads to the con- 
version of latent to active TGF-P1. An intriguing 
possibility is that information imprinted in the 
extracellular matrix (latent TGF-0) is read out by 
cells capable of externalizing TGC, an interplay 
exquisitely suited for morphogenesis and tissue 
repair. Retinoids and TGF-Rs are pleiotropic agents 
with overlapping activities in inhibition of cell 
proliferation and induction of cell differentiation, 
and have been shown to contribute to matrix bio- 
genesis by suppressing the expression of various 
proteases including matrix metalloproteinases and 
upregulating the expression of protease inhibitors 
and matrix proteins. Synthesis of TGc appears to be 
a component of a concerted regulatory event pro- 
moting matrix formation and inhibiting matrix 
breakdown. 

Pro-inflammatory cytokines such as TNF-o: and 
IL-6 also induce expression of TGC. IL-6 has been 
shown to upregulate transcription of TGc in hepa- 
toma cells in a protein synthesis-independent man- 
ner"471 and to enhance promoter activity of a 2 kb 
5'-llanking segment of the guinea pig TGM2 
gene.[14XJ A sequence motif for potential binding of 
nuclear factor IL-6 has been identified (Fig. 4)."44J 
The TNF-cu signal is transmitted via an NF-KB sitc 
located 1338 nucleotides upstream of the transcrip- 
tion initiation site in the human TGM2 gene 
promoter (Fig. 4),['341 which was shown to be 
occupied in liver injury conducive to fibrogenesis 
(see TGc Associated Pathology). N F-KB mediates 
the translation of a number of environmental 
stimuli such as oxidative stress or lipopolysacchar- 
ides into gene expression and is involved in the 
regulation of transcription of diverse proteins 
involved in inflammation, including cytokines and 
cell adhesion molecules. Similar to TGC, several of 
these proteins. including intercellular adhesion 
molecule-1 and IL-6. contain NF-KB binding sites 
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and response elements for IL-6 in their promoter 
which are synergistically activated by TNF-ru 
and IL-6.['4'1 Thus, aui.oregulation of IL-6 may 
contribute to the accumulation of these gene 
products in cells following injury or at sites of acute 
inflammation. 

TGc ASSOCIATED PATHOLOGY 

TGc has been implicated in a large number of 
different pathologies (fix review see [2,14,117]). 
We will limit our discussion on areas where recent 
discoveries have opened up new fields of investiga- 
tion or where new data generates the need for 
discussion. 

Wound Healing, Inflammation and Fibrosis 

TGc is foremost present in vascular walls and con- 
tributes, in conjunction with factor XIIIa, to the 
stabilization of the fibrin clot and endothelial extra- 

While T G  C 

expression can be induc'ed in many cell types and 
tissues, it is constitutively expressed at a high level 
in endothelial and smooth muscle ~ e l l s . [ * ~ . * ~ ~  Con- 
sequently, a variety of pathological conditions in 
which TGC appears to participate have to do with 
wound healing and neovascularization. Increased 
transglutaminase activity and TGC-specific cross- 
linked products are present in artherosclerotic 

and transglutaminase crosslinking 
may, in analogy to promote tissue 
mineralization. An as,sociation of TGc with 
inflammatory processes is further indicated by its 
upregulation in rheumatoid arthritis but not in 
osteoarthritis,[lSo1 and lby its abundance in the 
neostroma surrounding tumors (Fig. 2G)."511 
Fibrogenesis is the usual late sequel ofinflammatory 
repair, and abundant crosslinking by TGc is found 
in fibrotic diseases such as renal interstitial fibrosis, 
liver cirrhosis, parasitic liver fibrosis, and pulmo- 
nary fibrosis ([64,65,134,152] and references 
therein). While several inflammatory mediators 
involved in the disease process, including IL-6, 
TGF-,5 isoforms, and 7°F-a, can regulate TGc 

cellular matrix following 

expression directly (see TGc, a Multifunctional 
Enzyme), nuclear factor-KB binding to the TGc 
promoter implicates TNF-a in the early stages of 
hepatic i n j ~ r y . ' ~ ~ . ' ' ~ ]  y-glutamyl-E-lysine cross- 
links accumulate in fibrotic tissue,[6531521 and it is 
likely that T G c  crosslinks the deposited extracel- 
M a r  matrix as well as intracellular components in 
compromised cells. Interestingly, transglutaminase- 
crosslinked complexes of osteonectin similar to 
those found in maturing cartilage[501 have recently 
been demonstrated to be a major product of the 
crosslinking in fibrotic liver.[1521 Similar to endo- 
chondral ossification, upregulation of TGc in liver 
fibrosis accompanies increased synthesis of osteo- 
n e ~ t i n . [ ' ~ ~ ]  In many cell types, osteonectin is a 
prominent stress response product,['541 so that 
formation of osteonectin complexes by TGC may 
not be a mere coincidental event of tissue remodel- 
ling during development and repair, but may 
represent a coordinated component of the cell- 
substrate interaction, perhaps during angio- 
genesis,[3*.Y4.~X~l general, it has been assumed 
that transglutaminase crosslinking contributes to 
the manifestation of these pathological condi- 
tions by increasing the resistance of the deposited 
extracellular matrix to breakdown. However, the 
demonstration of a possible role of TGC in the acti- 
vation of latent TGF-B,["'I a major factor stimu- 
lating matrix synthesis, suggests that the enzyme 
may play a more central, regulatory role in these 
processes. 

Neurodegenerative Diseases 

The formation of a vascular connective tissue, 
whether elicited by inflammation or invasive 
tumors, is part of a stereotype repair response. 
Deposition of extracellular matrix and concomitant 
accumulation and activation of TGc is designed to 
create stromal support and re-establish tissue con- 
tinuity, and thus is biologically "useful". In a large 
group of degenerative neurological diseases, in 
contrast, the formation of crosslinked, abnormal 
protein deposits may in part result from inappro- 
priate (intracellular?) activation of TGc and 
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directly contribute to the pathological process 
(for review see [ 1 171). In the unique group of codon 
reiteration diseases, such as Huntington's disease, 
den ta torubral -pallidoluysian atrophy, spinobulbar 
muscular atrophy, and spinocerebellar ataxias, the 
respective genes accumulate CAG repeats and the 
protein products correspondingly exhibit polyglu- 
tamine extensions. These proteins form insoluble 
intranuclear and cytoplasmic inclusions resulting 
in neuronal death and progressive neurodegenera- 
tion. It has been shown that such polyglutamine 
stretches are potent substrates for TGc, and 
transglutaminase crosslinking has been implicated 
in protein aggregate formation and cell 

espite the fact that TGC does 
not contain a nuclear import signal and in most 
instances, is not detectable in the nucleus by immu- 
n o ~ o c a l i z a t i o n ' ~ ~ ~ ~ ~ ' - ~ ~ '  or in transfection experi- 
inents when expressed with various N- or 
C-terminal fusion tags which facilitate visualiza- 

vation of TGc could result in autocatalytic 
crosslinking of the enzyme to nuclear proteins such 
its huntingtin and "piggy-backing" of the enzyme 
into the nucleus. In Alzheimer's disease. transglu- 
taminase-mediated crosslinking has been impli- 
cated in the deposition of amyloid plaques in the 
extracellular compartment as well as the formation 
of intracellular neurofibrillary tangles since their 
maJor components, amyloid peptide BA4 and non- 
A ) j  component. and T proteins, respectively. are 
readily modified by TG<. ; / I  ritm ([l 17,121,122] and 
references therein). Accumulation of TGc in brain 
regions preferentially affected by the disease sup- 
ports a pathogenetic role for the 
although a causative relationship between transglu- 
taminasc crosslinking and the formation of these 
distinct protein aggregates remains to be shown. 

death.[' 18,123.I5S.Ish] D 

tion,[73.741 i t  ' is conceivable that intracellular acti- 

Celiac Disease 

Celiac disease is a frequently occurring humoral 
immune response to the wheat protein gluten 
(gliadin) and to the intestinal epithelium and causes 
malnutrition due to inflammation and loss of the 

intestinal epithelial villi. It is also associated with a 
high risk for T-cell lymphoma if not recognized 
early. TGc has recently been identified as the auto- 
antigen present in many extracellular matrices that 
is recognized in the endomysium of the gut (Fig. 2D) 
in celiac disease patients."5x1 The development of 
autoantibodies to TGc- has been suggested to result 
from formation of heteromeric complexes of TGc 
with gliadin upon release of TGc from lesions in the 
intestinal epithelium which creates neoepitopes that 
could trigger the initial immune response. The 
formation of TGc-gliadin complexes is consistent 
with the autocatalytic activity of TGC.[251 How- 
ever, evidence that this could not be the sole expla- 
nation for the pathology came from the restricted 
manifestation of the disease despite the ubiquitous 
presence of TGC in tissues as well as the reversibility 
of the disease upon removal ofgluten from the diet. 
Sollid and co-workers[15"] have recently proposed 
that for production of disease-associated autoanti- 
bodies the interaction of helper T-cells with TGc- 
specifk B-cells is required, a scenario that is met by 
the hapten-carrier-like complexes formed by TGc 
with gliadin in combination with the T-cell response 
to gliadin. Furthermore, it has recently been shown 
that gliadin-derived peptides reactive with gut- 
derived T-cell clones of celiac patients contain 
deamidated glutamine residues at distinct positions 
and that deamidation of these glutamine residues is 
mediated by TGC.[1'.'31 I t  is well known that trans- 
glutaminases catalyze deamidation of glutamine 
residues as a consequence of a nucleophilic attack 
of the acylenzyme intermediate by water, a reaction 
that is negligible under physiological conditions 
(pH > 7) but becomes significant in an acidic cnvi- 
ronment such as the gut due to the degree of 
protonation of amines."'] From these findings it is 
apparent that TGc contributes to the development 
of this disease in susceptible individuals on several 
levels, i.e. by deamidation of distinct glutamine 
residues in gliadin, which potentiates the T-cell 
response to gliadin, and by formation of hetero- 
meric gliadin-TGc complexes, which stimulates 
T-cell mediated stimulation of autoantibody pro- 
duction by TGc-specific B-cells. 
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Cancer Metastasis 

TGc has repeatedly k e n  implicated in tumor 
growth and progression, and a correlation between 
metastatic potential and downregulation of TGc 
has been suggested ([77,15 1,1601 and references 
therein). A comparison of normal and matched 
transformed fibroblasts by subtractive cDNA 
hybridization has identified TGc,  along with sev- 
eral extracellular matrix proteins promoting cell 
adhesion, as a gene specifically downregulated 
in neoplastic cells.['"'] Considering the reduced 
adhesive properties invasive tumors usually 
exhibit, this finding is consistent with the proposed 
role of TGc- in mediating cell-matrix interac- 
tion by facilitating ex1.racellular matrix assem- 

However. analysis of different 
tumor cell lines by this and other groups demon- 
strated a highly variable level of TGc- expression, 
and no apparent correlation between TGc expres- 
sion and malignant potential of the cells ([I611 and 
references therein). Analysis of transformed cells 
may not reflect all aspects of tumor establishment 
and progression occurring in ixiiw, and comparative 
analysis of non-invasive and invasive epithelial 
cancers revealed differential TGC expression at 

mulation of the enzyme :it the boundary of normal 
tissue and the tumor could be the consequence of 
cellular lesions and conslecutive repair mechanisms 
such as inflammation, angiogenesis and forma- 
tion of tumor neostroma (Fig. 2F and G).rls'.lhO1 

Metastatic tumors were devoid of TGC.[lhol 
indicating that at the si.age of dissociated tumor 
growth, cell clones with low levels of TGc expres- 
sion were selected, or the expression of the enzyme 
was downregulated. In agreement with this 
observation, a reduced incidence of tumor forma- 
tion in vivo by transplanted flbrosarcoma and 
neuroblastoma cell lines has been reported after 
their transfection with a vector directing high-level 
constitutive expression of TGc.[77.1621 While the 
current data do not allow the assignment of a 
causal role to TGc in tumor progression, they 
suggest that the enzyme may play a role in certain 

bly,[67.68,73.75 771 

various stages of tumor progression." s'.'601 Acc U- 

aspects of the process and should stimulate further 
investigation. 

BIOMEDICAL APPLICATIONS 

Wound Healing, Tissue Glues and 
Formation of Bioartificial Materials 

Patients deficient in factor XI11 who are suffering 
from bleeding episodes or are unable to carry their 
pregnancy to term can be successfully treated with 
repeated intravenous injections of factor XIII.['61 
Fibrin sealants which are based on fibrin polymer- 
ization and clot stabilization by factor XI11 have 
been used clinically as biological glues in surgical 
procedures or as a vehicle for drug or growth factor 
delivery for several decades (for review see [163]). 
Initially, a cryoprecipitate from pooled plasma was 
used, a product that carried an inherent risk of 
pathogen contamination. This problem has been 
overcome with the availability of recombinant fac- 
tor XIIIa  preparation^."^^' The importance of 
transglutaminase crosslinking of the granulation 
tissue in the early steps of wound healing suggested 
by irz v i t ~ o  data['9 j2] is further exemplified by 
the clinical observation that topical application of 
factor XI11 is successful in the treatment of chronic 
wound conditions, such as ulcerative leg disease, 
and by a higher incidence of factor XI11 deficiency 
in such patients.[l"sl We have recently shown that 
TGc by itself produces superior adhesive strength 
than fibrin sealants in cartilage and may be used to 
anchor repair materials in cartilage lesions.[16h1 
Nerve regeneration and re-gain of function has been 
documented in an optic nerve injury model after 
treatment of the injury site with TGc-.['"71 The effect 
is likely linked to stabilization of the matrix at  the 
site of injury by the enzyme. thereby preventing 
excessive tissue remodelling and scar formation and 
supporting re-growth of axons along the established 
paths. 

There is a great interest in the development of 
novel biodegradable materials for local delivery of 
cells or bioactive factors such a s  drugs, growth 
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[actors, and cytokines in the new research arena of 
"tissue engineering". Even though much of the 
research is still in its infancy stage, the potential 
for enzymes and their substrates which have essen- 
tially evolved to function as biological "glues" in 
tissue homeostasis and repair is obvious. While 
lysine-containing peptides and primary amines 
essentially mimicking the side chain of a lysine 
residue have been shown to act as acyl acceptor 
substrates for transglutaminase-catalyzed cross- 
linking,"] the substrate requirements for acyl donors 
are more stringent. Only peptide-bound glutamine 
residues in a certain conformation, presumably 
dictated by the primary structure adjacent to the 
reactive glutamine residue, are functional (for 
discussion see [86,95]). Nevertheless, potent syn- 
thetic peptide (glutaminyl) substrates for TGc and 
factor XIIIa have been developed based on the 
amine acceptor sites in cr2-plasmin inh ib i t~ r , " "~ '~~]  
f ib r~nec t in [ l~~]  and osteonectin (Fig. 5),["l and 
could be employed to form a crosslinked scaffold. 
Using peptide-substituted polymers, novel bioma- 
terials based on polylysine and hyaluronic acid, 
and polyethylene glycol, have been generated in 
our laboratory (Fig. 5)["'] and by Sperinde and 
Griffith,""] respectively. It is conceivable that 
transglutaminase crosslinking could not only 
serve to produce crosslinked scaffolds but could 
also serve to design materials with distinct biolog- 
ical properties by splicing transglutaminase cross- 
linking sites onto bioactive polypeptides, e.g. by 
recombinant DNA technol~gy, ' '~ '~  for subsequent 
transglutaminase-mediated anchorage onto a (bio)- 
polymer scaffold. In fact, bifunctional peptides con- 
taining a transglutaminase crosslinking site as well 
a s  an RGD cell attachment site have recently been 
used to alter the biological properties of a fibrin 
matrix.""' This approach may not only serve to 
provide cues such as cell attachment sites to a 
scaffold, but also to link the availability of polypep- 
tide growth and differentiation factors to matrix 
resorption, which yields a constant slow release 
and prolonged lifetime ofthe factor, therebyenhanc- 
ing its biological effectiveness. Interleukin-2 has 
recently been modified with polyethylene oxide 

using this approach.[l7'I However, it is important 
to keep in mind that transglutaminase crosslinking 
may also alter the biological activity of a protein as 
has been shown for interleukin-2.15] Transglu- 
taminase crosslinking is an integral part of tissue 
repair processes, and as such, is typically well 
tolerated. However, it also has the potential to 
produce protein conjugates that lead to pathol- 
ogy as exemplified by gliadin-TGc complexes in 
celiac disease (see TGc Associated Pathology) and 
prolactin-IgG complexes in chronic lymphocytic 
leukemia."741 

CONCLUDING REMARKS 

The large number and diversity of cellular and 
tissue functions linked to TGc-mediated protein 
modification suggests that some of them might be 
epiphenomena rather than cause-and-effect rela- 
tionships. Although the underlying mechanism is 
not fully understood, a role for TGc in promoting 
cell adhesion has recently emerged, providing an 
explanation for the implication of TGc in cell 
proliferation and differentiation. The frequent asso- 
ciation of increased synthesis of TGc and accumula- 
tion of its extracellular products with inflammation, 
wound healing, and fibrotic processes suggests that 
TGc- induction is part of a cellular stress response. 
Since elements of complex cellular responses are 
reiterated in seemingly disparate biological situa- 
tions (developmental processes during tissue repair, 
inflammation during embryo implantation or 
tumor growth), i t  is easy to envision that an enzyme 
empowered with the ability to modify a host of 
intracellular and extracellular substrates will con- 
tribute to diverse biological processes in develop- 
ment, tissue homeostasis and repair. In some cases 
this stress response might be misplaced (neurode- 
generative diseases, cataract formation), exag- 
gerated (fibrosis, artherosclerosis), or provoke 
autoimmunity (celiac disease) leading to pathology. 
In this perspective, the participation of TGc in 
programmed cell death is not part of an apoptosis- 
specific gene activation cascade, but rather reflects 
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FIGURE 5 Generation of multivalent transglutaminase substrates and crosslinked polymer scaffolds. A poly(acy1 donor) 
substrate for transglutaminase (A) was created by carbodiimide-mediated coupling[j"l of the N-terminally blocked peptide APQ- 
QEA to the €-amino group of polylysine ( M ,  -2  x lo4). and the conjugate separated from low molecular weight compounds by 
passage over a PDlO column. Incubation of peptide-substituted polylysine with TGc in the presence of the acyl acceptor 
['H]putre~cine''~~ gave time-dependent label incorporation (B),  thereby demonstrating successful generation of a multivalent 
polylysine-based acyl donor substrate. Crosslinking of peptide-substituted polylysine with multivalent amines (C) such as poly- 
lysine or lysine-modified hyaluronic acid""' at an equimolar ratio of substrate sites yields hydrogel materials. 

a stereotype response of' cells to stress triggered by 
signalling molecules or by a loss of proper cyto- 
architecture, e.g., as a result of matrix breakdown. 
The protective response may be successful and the 
cell may recover, may survive with diminished 
functions (atrophy), or die by apoptosis. By virtue 
of its wide range of substrate proteins, intracellular 
and extracellular localization, and responsiveness to 
signals that regulate development, inflammation, 

tissue repair and cell death, TGc appears to be an 
integral component ofcellular responses controlling 
tissue homeostasis. 

Acknowledgments 

We are grateful to Drs. Vivien Yee and Paul Bulpitt 
for their help in the preparation of Figs. 1 and 5.  

mats
Markering

mats
Markering



_ _  77 D. AESCHLIMANN A N D  V. THOMAZY 

Rejevences 

[ I ]  Folk. J.E. and Finlayson. J.S. (1977). The E-(;r-glutaniyl)- 
lysine crosslink and the catalytic role of transglutaminases. 
Adr. Prorciri Clwrii., 31. 1-133. 

[2] Lol-and. L. and Conrad. S.M. (1984). Transglutamlnases. 
Mol .  C'c,// Bioclrcr71.. 58. 9-35. 

[3] Parameswaran, K.N.. Cheng. X.-F.. Chen. E.C.. 
Velasco. P.T., Wilson. J.H. and Lorand, L. (1997). Hydro- 
lysis of ? : : isopeptides by cytosolic transglutaminases 
and bq coagulation factor XIIIa. J .  B id .  C/ietir.3 272. 
1031 I-10317. 

[4] Loewy. A.G.. Santer. [J.V.. Wieczorek. M.. Blodgctt. J .K. .  
Jones. S.W. and Cheronis, J.C. (1993). Purification and 

dc,ori~orim.s hydrop/iilct. J .  Biol. Clietii., 268, 907 1-9078. 
[5] Eitan, S .  and Schwartz, M. (1993). A transglutaminase that 

converts intcrleukin-2 into a factor cytotoxic to oligoden- 
cirocytes. Science, 261. 106-108. 

[6] Kojima. S.. Nara. K. and Ritkin. D.B. (1993). Requirement 
for transglutaminase in the activation of latent transforming 
growth factor-,3 in bovine endothelial cells. .I. Cell Biol.. 121. 
439-448. 

[7] Nuncs. 1.. Gleizes. P.-E.. Metz. C.N.  and Ritkin. D.B. 
( 1  997). Latent transforminggrowth factor-.jbindingprotein 
domains involved in activation and transglutaniinase- 
dependent crosslinking of latent transforming growth 
factor-,?. J .  C ' d /  Biol.. 136. I I5 I ~- 1 163. 

181 Kojima. S . .  Inui.  T.. Muraniatsu. H.. Suzuki. Y . .  
Kadomatsu. K.. Yoshizana, M.. Hirose. S.. Kimura. T.. 
Sakakibara. S .  and Muraniatsu. T. (1997). Dimeruation of 
inidkine by tissue transglutaminass and its functional 
implications. J .  Biol. Clrcw7.. 272. 9410-9416. 

[9] Mnhoncy. S.-A.. Perry. M.. Seddon. A.. Bohlen. P. and 
Ha)nes. L. (1996). Transglutaminase forms midkine homo- 
dimcrs i n  cerebellar neurons and modulates the neurite- 
outgrowth response. Bioclrer7i. Bicip/rj..r. Rcc. CO~~IMILOI.. 224. 
1 4 7 ~  157. 

[ I O ]  Taniaki. T. and Aoki. N. (1982). Crosslinking ofci:-plasiiiin 
inhibitor 10 fibrin catalyzed by activated fibrin-stabilizing 
fklctor. .J. Bid .  C/iwr.. 257. 14 767T 14172. 

[ I  I] Mycek. M.J. and Waelsch. H.  (1960). The enzymatic 
deamidation of proteins. J .  Biol. C'herir.. 235, 3513 3517. 

[I?] Molberg. O., McAdani, S.N.. Korner. R., Quarsten. H.. 
Kristiansen. C.. Madsen. L.. Fugger. L.. Scott. H.. 
Norcn. 0.. Roepstorff. P.. Lundin. K.E.A.. S j o s t r h .  H.  
and Sollid. L.M. ( 1998). Tissue transglutaminase selcc- 
tiiely modifies gliadin peptides that are recognized by 
gut-dei-ived ,T cclls in celiac disease. Nritirrr M r c l . .  4. 
713 717 

[I.?] Viin de Wal. Y.. Koo) .  Y.. \in1 Veclcn. P.. Pefia. S.. 
Mearin. I... Pupadopoulos. G .  and Koning. F. (1998). 
Selective deaniidation bq tissue transglutammase stronglq 
enhances gliadin-specific T cell reactivity. J .  I r n t m r d . .  161. 
IS85 1588 

[ 141 Acschliinann. D. and Paulsson. M. (1994). Transglutanii- 
iiascs: Protcin cro\slinking enzqmes in tissues and bod? 
fluids. Throrirh. Hrrc,rrio.srtr.sis. 71. 401 415. 

11 51 Aeschlimann. D.. Koellrr. M.-K.. Allen-Hoffmann. B.L. 
and Mosher. D.F.  (199X). Isolation o f a  cDNA encoding 21 

no\,cl member of thc transglutaminase gene family from 
human keratinocytes: Detection and identification of trans- 
glutaniinnse gene products based on RT-PCR with dcgen- 
erate primers. J.  Biol. Chcvi7.. 273. 3452-3460. 

ch, ,iiaLtcrization ., . of a novel zinc-proteinase from cultures of 

1161 Board. P.G.. Losowsky, M.S. and Milosrewski, K.J. (1993). 
Factor XIII: Inherited and acquired deficiency. Blood Rev., 

[I71 Ichinose. A,. Tomonori. I .  and Hashiguchi. T.  (1996). The 
normal and abnormal genes of the a and b subunits in 
coagulation factor XIII. Seni. Throti7h. liet71ostcrsi.s. 22, 
385-391. 

[I81 Mikkola. H. and Palotie, A. (1996). Gene defects in  
congenital factor XI11 deficiency. Swi .  277rotiih. Hcwioslusis. 
22.393-398. 

[I91 Huber. M., Rettler, 1.. Bcrnasconi. K . .  Frenk. E.. 
Lavrijsen. S.P.M.. Ponec. M.. Bon, A,, Lautcnschlager. S . .  
Schorderet, D.F. and Hohl, D.  (1995). Mutations of ker:c- 
tinocyte transglutaminase in lamellar ichthyosis. Scierrcc,. 
261.525-528. 

[20] Russell, L.J.. DiCiovanna, J.J.. Rogers. G . R . ~  
Steinert, P.M.. Hashem. N.. Conipton, J.G. and 
Bale. S.K. (1995). Mutations in the gene for transglutami- 
nase 1 in autosomal recessive lamellar ichthyosis. iVuture 
Grric~tics. 9. 279 -283. 

[21] Kim. S.Y.. Chung. S.-L. and Steinert. P.M. (199s). 
Highly active soluble processed forms of the TGasc 1 
enzyme in epidermal keratinocytcs. J .  B id .  Cliem., 270. 
18 026- 18 035. 

[22] Steinert, P.M.. Kim. S.Y., Chung. S.I. and Mnrckov. L.N. 
(1996). The transglutaniinase 1 enzymc is variably acylated 
by myristate and palinitate during differentiation in epider- 
mal keratinocytes. J .  Bid.  C'l~~wi.. 271, 26 242-26 250. 

[23] Esposito. C.. Pucci, P.. Amoresano, A., Marino. G.. 
Cozzolino, A. and Porta. R.  (1996). Transglutaminase fi-om 
rat coagulating gland secretion: Post-translational modifi- 
cations and activation by phosphatidic acids. J .  Biol. Cher7r., 
271,27416-~27423. 

[24] Thomazy. V .  and Fesus. L. (1989). Differential expression 
of tissue transglutaminase i n  human cells. Cell Ti.s.vuc, Rca..  
255.2 15-224. 

[25] Aeschlimann. D.  nnd Paulsson. M. (1991 j. Crosslinking 01' 
laminin-nidogen complexes by tissue transglutaminasc: A 
novel mechanism for basement membrane stabilization. 
./. Biol. C'IILWII.. 266, IS  30% 15 3 17. 

[26] Aeschlimann. D.. Welterwald. A,. Fleisch. H .  aud 
Paulsson, M.  ( 1993). Expression of [issue transglutaminasc 
in skeletal tissue correlates with events of terminal diffcr- 
entiation of chondrocytes. J .  Cell Biol.. 120. 1461 -1470. 

[27] Muszbek. L.. Adany. R. and Mikkola, H. (1996). Novel 
aspects of blood coagulation factor XIII:  Structure. dis- 
tribution. actication. and function. C'RC' C'rit. Rev .  Clir7. 
Ld~.Sci . .33 .  357-421. 

[2X] Mosesson, M.W. (1997). Fibrinogcn and librin polymcrim- 
tion: Appraisal of the binding events that accompany fibrin 
generation and fibrin clot assembly. B/oodC'ocr,y. Fihrrrrol.. 8. 
257-267. 

[29] Knox. P.. Crooks, S. and Rimmcr. C.S. (19x6). Kolc of 
fibronectin in the migration of fibroblasts into plasma clots. 
J .  Cell Biol., 102, 2318-2323. 

[30] Mosher, D.F.. Fogerty. F.J.. Chcrnousov. M.A. and 
Barry, E.L. (1991). Assembly of fibronectin into extracel- 
lular matrix. Aritr. N Y  .4c.crt/. Sci., 614. 167-180. 

[31] Ueki, S.. Takagi. J .  and Saito. Y.  (1996). Dual functions o f  
transglutaminase in novel cell adhesion. .I. Ccdl Sci.. 109. 
2727-2735. 

[32] Corbett, S.A.. Lee. L.. Wilson. C.L. and Schwarzbauer. J.E. 
(1997). Covalent crosslinking of fibronectin to fibrin is 
required for maximal cell adhesion to a fibronectin-fibrin 
matrix. .I. Biol. C'hc~r~?., 272, 24 999-25 0 0 5 .  

7.229- 242. 



TRANSGLUTAMINASE CROSSLINKING IN THE ECM 23 

[33] Sheetz, M.P., Felsenfcld. 13.P. and Galbraith. C.G. (1998). 
Cell migration: Regulation, offorcc on extracellular-matrix 
integrin complexes. Tr.ei1d.r Cell Bid.. 8. 5 1-54, 

[34] Reichert, U.. Michel. S. and Schmidt. R. (1993). "The 
cornified cell envelope: A key structure of terminally differ- 
entiating keratinocytes." In: Mokecrrlrrr. Biologj, of the Skill. 
edited by M. Darmoii and M.  Blumberg. pp. 107-150. 
San Diego. CA: Academic Press. Inc. 

[35] Kim, I.G., Gorman. J.J.. Park. S.C.. Chung. S.I. and 
Steinert, P.M. (1993). The deduced amino acid sequence of 
the novel protransglutaminasc E (TGase 3) of human and 
mouse. .I. Biol. < ' / l m l . .  268. 12 682- I2 690. 

[36] Steinert. P.M. and Marekov. L.N. (1995). The protcins 
elafin, filaggrin. keratin in termediatc filaments. loricrin. and 
small proline-rich proteins 1 and 2 are isopcptide crosslinked 
components of the human epidermal cornified cell envelope. 
J .  Biol. Clicwi.. 210. 17 702- 17 7 1 1 .  

[37] Steinert. P.M. and Marekov. L.N. (1997) Dircct evidence 
that involucrin is a major early isopeptide crosslinkcd 
component of the keratinocyte cornified cell envelope. 
J .  Biol. C / I C I ~ . ,  272. 2021 ~ 2030. 

[38] Robinson, N.A.. Lapic. 5. Welter. J.F. and Eckert. R.L. 
(1997) SlOOAl I .  S100A10,annexin I.desmosomal proteins. 
small proline-rich proteins. plasminogen activator inhibitor- 
2, and involucrin are components of the cornified envelope 
of cultured human epidermal keratinocytes. J .  Biol. C ~ C I J J . .  
272. 12035-12046. 

[39] Candi, E.. Tarcsa. E.. Idler. W.W.. Kartasova. T.. 
Marekov. L.N. and Steiuert. P. (1999). Transglutaminase 
cross-linking properties of the small proline rich 1 family 
of cornified cell cnvclope proteins: Integration with loricrin. 
J .  Biol. C ~ C I J I . .  214. 7226-~7237. 

[40] Matsuki. M.. Yaniashita. F..  Ishida-Yamamoto. A,. 
Yamada. K.. Kino?hii;i. C.. Fushiki. S., Ueda, E.. 
Morishima. Y.. Tabatn. K.. Yasuno. H.. Hashida. M.. 
Iizuka, H.. Ikawa. MI.. Okabe. M.. Kondoh. G.. 
Kinoshita. T.. Takeda. J. and Yamanishi. K.  (1998). 
Defective stratum corneum and early neonatal death in 
mice lacking thc gene for transglutaminase 1 (keratino- 
cyte transglutaminase). .Pr.oc. Vrrt l .  A c r i d  .%i. L.SA. 95. 
1044 1049. 

[41] Dubbink, H.J.. Verkaik. N.S.. Faber. P.W.. Trapniaii. J.. 
Schrijder. F.H. and Romijn. J.C. (1996). Tissue-specific and 
androgen-regulated exprcssion of human prostate-specific 
transglutaminase. Biidwm. J.. 315. 901 -908. 

[42] Cohen, C.M.. Dotimns. E. and Korsgren. C. (1993). Human 
erythrocyte membrane pi-otein band 4.2. Swiirt. H ~ v ~ ~ ~ r t o l . .  
30.119-137. 

[43] Gwynn. B.. Korsgren. C.. Cohen. C.M.. C'iciotte. S.L. and 
Peters, L.L. ( I  997). The gme encoding protein 4.2 is distinct 
from thc mouse platclet storage pool deficiency mutation 
pallid. Gcviorllic~.r. 42. 532 ~ 535. 

[44] Yec. V.C.. Pederscn. L.C.. Lc Trong. 1.. Bishop. P.D.. 
Stenkamp. R.E. and  Tellrr. D.C. ( 1994). Threc-dimensional 
structure of B transg1ut;iiniiiasc: Human blood coagula- 
tion factor XIII. P r o < .  Ntrrl. . 4 c d .  .%i. L.S.4. 91. 
7296-7300. 

[45] Ycc, V.C.. Le Trong. I.. Bishop. P.D.. Pcdcrsen. L.C.. 
Stenkamp. R.F. and Teller. D.C. (1996). Structure and 
function studies of factor XllIa by X-ray crystallography. 
Sen I .  Tlirori I h . Herr io.\ lir s i r .  22. 3 7 7- 3 8 4. 

[46] Pederscn. L.C.. Yec. V C.. Bishop. P.D.. Le Trong. I . .  
Teller, D.C.. Stenkamp. R.E. ( 1994). Transglutaminase 
factor XI11 uses proteinase-like catalltic triad to crosslink 
macromolccules. Priitcirr Sci . .  3. 1 I3 I 1 135. 

[47] Micanovic. R.. Procyk. R.. Lin. W. and Matsueda, G.R. 
(1994). Role of histidine 373 in the catalytic activity of 
coagulation factor XII I .  J .  B id .  Chern., 269.9190-9194. 

[48] Cariello. L.. Zanetti. L. aiid Lorand. L. (1994). Effects of 
inhibiting transglutarninase during egg fertilization and 
development. BiocherJl. Bioplrjs. RL's. Con?n?uii.. 205, 

[49] Mukherjee. A.B.. Cordella-Miele. E., Kikukawa. T. and 
Miele. L. (1988). Modulation ofcellular response toantigens 
by uteroglobin and transglutaminase. A h .  E.17. M e d .  Biol.. 
231. 135-152. 

[50] Aeschlimann. D.. Kaupp. 0. and Paulsson. M. (1995). 
Transflutaminasc-catalyzed matrix crosslinking in differ- 
entiating cartilage: Identification of osteonectin as ii major 
glutaminyl substrate. J .  Cell Biol.. 129. 88 1-89?, 

[51] Thomizy. V.A. and Davics. P.J.A. (1999). Expression of 
tissue transglutaminase in the developing chicken limb is 
associated both with apopto nd endochondral ossifica- 
tion. Cell Detrth Diffiv..  6. 146-1 54. 

[52] Iwai. N.. Shimoike. H.  and Kinoshita. M. (1995). Genes 
up-regulated in hypcrtrophied ventricle. Biocheni. Biop/i>,.s. 
Rcs. Ciiriimuii.. 209. 527 534. 

[53] Schittnp. J.C.. Paulsson, M.. Vallan. C., Burri. C.. Kedci, N. 
and Aeschlimann. D. (1997). Protein crosslinking mediated 
by tissue transglutaminase correlates with the maturation of 
extracellular matrices during lung development. Am. J .  
Rrspir.. Cdl Mol.  Biol.. 17, 334 343. 

[54] Lee. S.K.. Chi, J.G.. Jeon. Y.J.. Park, S.C.. Mori. M. and 
Chung, S.I. (1995). Expression of transglutaminasec dur- 
ing the prenatal development of human submandibular 
zlands. J .  Driitcrl Rc.~.. 74. 1812-1816. 

[55] Hand, D . Perry. M.J. and Haqnes. L.W. (1993). Cellular 
transglutaminase in neural dcvcloprnent. 117t. J .  Dev. 
"Veirwsci.. 11. 709-720. 

[56] Nagy. L.. Thomirq. V.A.. Chandraratna. R.A.. 
Heynian. R.A. and Davies. P.J.A. (1996). Retinoid- 
regulated expression of h d 2  aiid tissue transglutaminasc 
during differentiation and apoptosis of human myeloid leu- 
kemia (HL-60) cells. Leuhmiicr Rcs.. 20, 499-505. 

[57] Shimizu. T.. Takao. T.. Hozunii. K.. Nunomura. K.. 
Ohta. S.. Shimonishi. Y .  and Ikcgami. S. (1997). Structurc 
of ii covalently crosslinked form of core histones present in 
the starfish sperm. Bioclic~r~~i,str.j. 36. 12 07 I ~ 12 079. 

[58] N a g .  L.. Thomizy. V.A.. Saydak, M.M.. Stein. P. and 
Davies. P.J.A. (1997). The promoter of the mouse tissue 
transglutaminase gene directs tissue-specific, rctinoid- 
regulated and apoptosis-linked expression. Cell Dctrth Dif f : .  
4. 534-547. 

[59] Ncmes Jr.. Z.. Friis. R.R.. Aeschlimann. D.. Saurer. S.. 
Paulsson. M. a n d  FCsiis. L. (1996). Expression and acti- 
\ation of tissue transglutamiiiasc in apoptotic cells of 
involuting rodent mammary tissue. G r r .  J .  Cdl  Biol.. 70, 
125-~133. 

[60] Ciuenctte. R.S.. Ihehlin. L.. Mooibroek. M .. Wong. K. 
and Tenniswood. M. (1994). Thanatogen expression dur- 
ing involution of the rat ventral prostate after castration. 
.I. .Ailtl~~l..  15. 200-21 I 

[61] Razhunath. M.. Hiipfner. B.. Acschlimann. D.. Liithi. U., 
Meuli, M.. Altermatt. S.. Gobet. R.. Bruckner-Tuderman. L. 
and Steinmann. B. (1996). Crosslinking of the dermo- 
epidermal junction of skin rcgecnerating from keratinocytc 
autografts. J .  C ' h .  11tiw\t.. 98. 1174 ~ 1184. 

[62] Valenzuela. R.. Shainoff. J.R., DiBello. P.M.. 
Urbanic. D.A.. Anderson. J.M.. Matsueda. G.R.  and 
Kudryk. B.J. (1992). Ininiunoclcctroplioretic and 

565 -569. 



24 D. AESCHLIMANN A N D  V. THOMAZY 

ininiunohistochcmical characterizations of fibrinogen deri- 
vatives in artherosclerotic aortic intimas and vascular 
prosthesis pseudo-intimas. Ani. J .  Pathol., 141, 861 -880. 

[63] Bowness. J.M., Venditti, M., Tarr, A.H. and 
Taylor. J .R.  ( 1994). Increase in E(y-glutamyl)lysine 
crosslinks in artherosclerotic aortas. Arrherosclerosis, 11 1 ,  

[64] Mirza, A,, Liu. S.-L.. Frizell. E.. Zhu. J . ,  Maddukuri. S.. 
Martinez, J., Davies. P., Schwarting, R., Norton, P. and 
Zern. M.A. (1997). A role for tissue transglutaminase in 
hepatic injury and fihrogenesis, and its regulation by NF-KB. 
An?. J .  Phy.yioI.. 272, G28 1 -G288. 

[65]  Johnson. T.S., Griffin, M., Thomas. G.L.. Skill. J.. 
Cox. A,. Yang, B.. Nicholas. B., Birckbichler. P.J.. 
Muchaneta-Kubara, C. and El Nahas, A.M. (1997). The 
role of transglutaminase in the rat subtotal nephrectoniy 
model of renal fibrosis. J .  Cliii. Imesr., 99, 2950-2960. 

[66] Barsigian. C., Stern. A.M. and Martinez, J. (1991). Tissue 
(type 11) transglutaminase covalently incorporates itself. 
fibrinogen, or fibronectin into high molecular weight coni- 
plexes on the extracellular surface of isolated hepatocytes. 
J .  Biol. C%c,nr . .  266. 22 501 --22 509. 

[67] Martinez. J., Chalupowicz, D.G., Roush, R.K.. Sheth. A. 
and Barsigian. C.  (1994). Transglutaminase-mediated pro- 
cessing of fibronectin by endothelial cell monolayers. 

1681 Verderio. E.. Nicholas. B.. Gross, S .  and Griffin, M. (1998). 
Regulatcd expression of tissue transglutaminase in Swiss 
3T3 fibroblasts: Effects on the processing of fibronectin. cell 
attachment. and cell death. E Y ~ .  Cell Res.. 239. 119 -138. 

[6Y] Tyrrcll. D.J., Salc, W.S. and Slife. C.W. (1988). Fibronectin 
is a component of the sodium dodecyl sulfate-insoluble 
transglutaminase substrate. J .  Bid .  Cheiii., 263, 846448469, 

1701 Kinsella. M.G.  and Wight. T.N. (1990). Formation of 
high molecular weight derniatan sulfate proteoglycan in 
bovine aortic cndothelial cell cultures. J .  Biol. Chein,. 265. 
17 891 - 17 898. 

[71] Bcndixen. E. .  Borth. W. and Harpel, P.C. (1993). Transglw 
taminases catalyze crosslinking of plasminogen to fibro- 
nectin and human endothelial cells. J .  Biol. Chrn?., 268. 

1721 Klcman. J.-P.. Aeschlimann. D.. Paulsson. M.  and 
van der Rest. M. ( 1  995). Transglutaminase-catalyzed cross- 
linking of  fibrils of collagen V:XI in A204 rhabdoniyo- 
sarcoma cells. Biochrmistry. 34. 13 768-13 775. 

[73] Gaudry. C.A.. Verderio. E., Aeschlimann. D.. Cox. A.. 
Smith, C. and Griffin. M.  (1999). Cell surface localization 
of tissuc transglutaminase is dependent on a fibronectin 
binding site in its N-terminal .3-sandwich domain. J .  Bid.  
Climn.. 274, 30 707-30 714. 

1741 Aeschlimann. D.. Acschliniann. P. and Mosher, D.F. ( 1  996). 
Monitoring of tissue transglutaminase localization in 
cellular events by expressing the enzyme as a fusion protein 
with green fluorescent protein. Proceedings g/ rhr Fifth 
/ i z j ~ ~ r m i l ~ o t i d  C‘onferencc on T~aiis~1utu~iinasr.s uild Protrill 
C’rossliiiking R(~crc~fions. p. 47. 

(751 Gentile. V.. Thomazy. V.. Piacentini, M.. Fesus. L. and 
Davies. P.J.A. ( 1992). Expression oftissue transglutaminase 
in Balb-c 3T3 fibroblasts: Effect on  cellular morphology and 
adhesion. J .  Cdl  Biol.. 119, 463-474. 

[76] Jones. R.A.. Nicholas. B.. Mian, S., Davies. P.J.A. and 
Griffin. M. (1997). Reduced expression of tissue transgluta- 
minase in a human endothelial cell line leads to changes in 
cell spreading, cell adhesion and reduced polymerisation of 
fibronectin. .I. Cell  Scr.. 110,2461-2472. 

247 -253. 

Bioc~/ io~~i .c t ,?~ ,  33, 2538 ~2545.  

21 962-21 967. 

[77] Johnson, T.S., Knight, C.R.L., El-Alaoui, S . ,  Mian, S. .  
Rees, R.C., Gentile, V., Davies, P.J.A. and Griffin. M. 
(1994). Transfection of tissue transglutaminase into 
highly malignant hamster fibrosarcoma leads to a reduced 
incidence of primary tumour growth. Oncogene, 9, 2935- 
2942. 

[78] Upchurch, H.F.. Conway, E., Patterson Jr., M.K. and 
Maxwell, M.D. (1991). Localization of cellular transgluta- 
minase on the extracellular matrix after wounding: Char- 
acteristics of the matrix bound enzyme. J .  Cell Physiol., 149. 
375-382. 

[79] LeMosy, E.K., Erickson, H.P.. Beycr, W.F.. Radek, J.T.. 
Jeong, J.M., Murthy, S.N.P. and Lorand, L. (1992). Visual- 
ization of purified fibronectin-transglutaminase complexes. 
J .  Biol. Cheni., 267, 7880-7885. 

[80] Jeong, J.-M., Murthy, S.N.P.. Radek, J.T. and Lorand, L. 
( 1995). The fibronectin-binding domain of transglutami- 
nase. J .  Bid .  Chem., 270, 5654--5658. 

[81] Aeschlimann, D., Mosher, D.F.  and Paulsson, M. (1996). 
Tissue transglutaminase and factor XI11 in cartilage and 
bone remodelling. Seni. Throinb. Heniostusis, 22, 437.- 443. 

[82] Burridge. K., Turner. C.E. and Romer, L.H. (1992). 
Tyrosinephosphorylation of paxillin and P ~ ” ~ F A K  acconi- 
panies cell adhesion to extracellular matrix: A role in  
cytoskeietal assembly. J .  Cell Biol., 119, 893-903. 

[83] Miyamoto, S.. Akiyama, S.K. and Yamada, K.M. (19%). 
Synergistic roles for receptor occupancy and aggregation in 
integrin transmembrane function. Science, 267, 883-885. 

[84] Morka. A., Zhang,Z., Ruoslahti, E. (1994). Supertibroncctin 
is a functionally distinct form of fibronectin. Nuturr, 367. 
193- 196. 

[85] Zhang. Q. and Mosher. D.F. (1996). Crosslinking of the 
NH2-terminal region of tibronectin to molecules of large 
apparent molecular mass. .J. Biol. Chcm., 271, 33 284- 
33 292. 

[86] Hohenadl. C.. Mann. K.. Mayer. U.,  Timpl, R.. 
Paulsson, M.  and Aeschlimann. D.  (1995). Two adjacent 
N-terminal glutamines of BM-40 (osteonectin. SPARC) act 
as aniine acceptor sites in transglutaminasec.-catalyzed 
modification. J .  Biol. Chein.. 270, 23 415-23 420. 

[87] Zhang, Q., Magnusson. M.K.  and Mosher, D.F. (1997). 
Llsophosphatidic acid and microtubule-destabilizing 
agents stimulate fibronectin assembly through Rho- 
dependent actin stress fiber formation and cell contraction. 
Mol.  B i d .  Cell. 8, 1415-1425. 

[88] Chowdhury. Z.A.. Barsigian. C.. Chalupowicz. G.D., 
Bach, T.L., Garcia-Manero. G. and Martinez, J. (1997). 
Colocalization of tissue transglutaminase and stress fibers in 
human vascular smooth muscle cells and human umbilical 
vein endothelial cells. Esp .  Cell Rcs.. 231, 38 49. 

[ W ]  Im. M.J., Russell, M.A. and Feng, J .F.  (1997). TrdnSglUt21- 
minase 11: A new class of GTP-binding protein with new 
biological functions. Cell Sigiiullirrg, 9,477- 482. 

[90] Nakaoka, H., Perez, D.M.. Baek, K.J., Das, T.. Husain, A,. 
Misono, K., Im. M.-J. and Graham. R.M. (1994). Gh: A 
GTP-binding protein with transglutaminase activity and 
receptor signaling function. Scieiiccj, 264. I593 1596. 

[91] Greenberg, C.S., Achyuthan, K.E., Borowitz, M.J. and 
Shuman, M.A. (1987). The transglutaminase in  vascular 
cells and tissues could provide an alternative pathway foi- 
fibrin stabilization. Blood. 70, 702 709. 

[92] Shainoff, J.R., Urbanic, D.A. and DiBello, P.M. (1991). 
Immunoelectrophorctic characterization of the crosslinking 
of fibrinogen and fibrin by factor XIIIa and tissue trans- 
glutaminase. J .  Bid.  Clieni., 266, 6429-6437. 



TRANSGLUTAMINASE CROSSLINKING IN THE ECM 25 

[93] Borth. W.. Chang. V., Bishop. P. and Harpel. P.C. (1991). 
Lipoprotein (a) is a sub:jtrate for Factor XIIIa and tissue 
transglutaminase. J .  B id .  Cheni., 266. 18 149- I8 153. 

[94] Rosenblatt. S. .  Bassuk. J.A.. Alpers. C.E.. Sage. E.H.. 
Timpl, R. and Preissner, K.T. (1997). Differential niodula- 
tion of cell adhesion by interaction between adhesive and 
counter-adhesive proteins: Characterization of the binding 
ofvitronectin to osteoncctin ( BM40. SPARC). Bioc~lrerir. . I . .  
324. 311-319. 

[95] Aeschlimann. D.. Paulason. M. and Mann. K .  (1992). 
Identification of Gln"" in nidogen a s  the amine acceptor 
in transglutaminase-cat,ilyzed cross-linking of laminin- 
nidogen complexes. J .  Biol. C h m . .  267. 1 I 3 16- I 1 32 1 . 

[96] Behrendt, N.. Ronnc. E.. and Dano. K.  (1993). A novel 
specific pro-urokinasc complex on monocyte-like cells. 
detected by transglutaminase-catalqzed crosslinking. 
FEBS Lett . .  336. 394-406. 

[97] Bendixen, E.. Harpel. P.C. and Sottrup-Jcnscn. L. (1995). 
Location of the major c-(*,-glutamyl)lysyl crosslinking site 
in transglutaniinase-nioclilied human plasminogen. J .  B id .  
C ' h n i i . ,  270. 17 929 I7 9.33. 

[98] Jensen. P.H.. Schuler. E . Woodrow. G.. Richardson. M.. 
Goss, N., Hnjrup. P.. Pelersen. T.E. and Rasmussen. L.K. 
(1994). A unique intcrhelical insertion in plasminogen acti- 
vator inhibitor-? contains three glutamines. Glnxz. Glnx4. 
Glnxh. essential for transglutaminase-inediated cross- 
linking. J .  B i d  C'lriw7.. 269. I5 394- IS  398. 

[99] Raghunath. M.. BHchi. T.. Aeschlimann. D.  and 
Steinmann. B. (1996). 10 12nm microfibrils and their 
main component. fibrillin. arc crosslinked by transgluta- 
minase in dermal fibroblast cultures and human dermis. 
A d r .  Dcr.nrtitol. Rcs. .  288. 282. 

[I001 Qian, R.-Q. and Glainille. R.W. (1997). Alignment of 
fibrillin molecules in elastic niicrolibrils is defined b> 
transglutaminase-deri~e(~ crodinka.  Bi~)i~/ri~rrri.~/r~~. 36. 
15841 15847. 

[ I O I ]  Raghunath. M.. Unsold. C.. Kubitscheck. U..  
Bruckncr-Tudcrnian. L.. Peters. R. and Meuli. M. (1998). 
The cutaneous microfihrillar apparatus contains latent 
transforming growth factor-,j binding protein- I (LTBP- 1 ) 
and is a repository for lalent TGF-,II. J .  I t i i ~ ~ s r .  Derrrrorol.. 
111.559-564. 

[I021 Mehul. B.. Bawumia. S. and Hughes. C. (1995). Ci-oss- 
linking of galectiii-3. a galactosc-binding protein of 
mammalian cells. by tissue transglutaminase. FEBS Lctr.. 
360, 160 164. 

[I031 Lohnes. D.. Mark. MI.. Mendelsohn. C.. Dolle. P.. 
Decimo, D.. Le Meur. M.. Dierich. A, .  Gorry. P. 
and Chambon. P. (1995). Developmental roles of the 
retinoic acid receptors. J'. Stcwitl  Bioc~licwr. Mol .  Biol.. 53. 
475-486. 

[I041 Cash, D.E.. Bock. C.B.. Schugart. K.. Linney. E. and 
Underhill. T.M. (1997). Retinoic acid receptor (1 function 
in vertebrate limb sk.cletogenesis: A modulator o f  
chondrogenesis. J .  C'rll 13iol.. 136. 445-457. 

[I051 Nagy, L., Saydak. M.. Shipleq. N.. Lu. S.. Basilion. J.P.. 
Yan. Z.H.. Syka. P.. Chandraratna. R.A.S.. Stein. J.P.. 
Heyman. R.A. and Davies. P.J.A. (1996). Identification 
and characterization of a versatile retinoid response 
element (retinoic acid rtceptor response element-rctinoid 
X receptor response clement) in the mouse tissue trans- 
dutaminase gene promoter. J .  Biol. C'lrc~rir.~ 271. 4355 
4365. 

[I061 Borge. L., Deniignot. S.  and Adolphe. M. (1996). 
Type I I  transglutaminasc expression in rabbit articular 

chondrocytes in culture: Relation with cell differentiation, 
cell growth. cell adhesion, and cell apoptosis. Bioclrim. 
Bioph!.s. Acta. 1312, 117Tl24. 

[I071 Suto. N.. Ikura. K.  and Sasaki. R. (1993). Expression 
induced by interleukin-6 of tissue-type transglutaminase 
in hepatoblastoma HepG2 cells. .I. B id .  Cliem.. 268, 
7469 7473. 

[I081 Ritter. S.J. and Davies. P.J.A. (1998). Identification of a 
transforming growth fxtor-.3l 'bone morphogenetic pro- 
tein 4 (TGF-31, BMP4) response element within the mouse 
tissue transglutaminase gene promoter. J .  Biol. C'hern.. 273, 
12 798- I 2  806. 

[I091 Nurminskaya. M.. Magee. C.. Nurminsky, D. and 
Linsenniayer. T.F.  ( 1998). Plasma transglutaminase in 
hypertrophic chondrocytes: Expression and cell-specific 
intracellular activation produce cell death and externaliza- 
tion. J .  Cell Biol., 142. 1135- 1144. 

[IIO] Slife. C.W.. Morris. G.S. and Snedeker, S.W. (1987). 
Solubilization and properties ofthc liver plasma membrane 
transglutaminasc. Arch. Bioc,/icwr. Biuplij,.s., 257. 39 47. 

[ I  I I ]  Harsfalvi. J., Arato. G. and Fesus. L. (1987). Lipids 
associated with tissue transglutaminase. Biodiirii. Biopl7.v.s. 
A(.tn, 923. 42-45. 

[ I  121 Aeschlimann. D. and Wetterwald. A.  (1998). Transgluta- 
niinase crosslinking of bone matrix: Isolation of a cDNA 
encoding a novel human transglutaminase. Trrrns. Orthop. 
Res. SOC.. 23. 3 10. 

[ I  131 Wozniak. M.and Hruska. K.A.(  1999).0rganizationofthe 
extracellular matrix by cells ofthc human ostcoblast lineage 
is stimulated by mechanical strain through the tuv& inte- 
grin. J .  Boric Miii. Res. (in press). 

[ I  141 Tarcsa. E.. Kedei. N.. Thomazy. V. and Fesus. L. (1992). 
An involucrin-like protein in hepatocytes serves as a sub- 
strate for tissue transglutaminasc during apoptosis. J .  Biol. 
C'herii.. 267, 25 648-25 651 

[ I  151 Fesus. L.. Madi,Z.. Balajthq. Z.. Nemes. Z. and Szondy, Z. 
( 1996). Transglutaminase induction by various cell death 
and apoptosis pathuays. E\-pwrcwritr. 52. 942 949. 

[ I  161 Melino. G. and Piacentini. M. (1998). "Tissuc" transgluta- 
niinase in  cell death: A downstream or a multifunctional 
upstream effector'! FEES Lett . .  430, 59-63. 

[ I  171 Lorand. L. (1996). Ncurodegenerative diseases and 
transglutaminasc. Pur. Ntrrl. Ai, t id .  Sci. U S A .  93, 
14 3 10- 14 31 3. 

[I181 Igarashi. S. .  Koide. R.. Shimohata. T., Ynmada, M.. 
Hayashi. Y., Takano. H.. Date. H . .  Oyake, M.. Sato, T.. 
Sato. A, .  Egawa. S.. Ikcuchi. T.. Tanaka. H.. Nakano. R., 
Tanaka. K.. Hozumi. 1.. InuLuka. T.. Takahashi, H. and 
Tsuji. S. (1998). Suppression of aggregate formation and 
apoptosis by transglutaminase inhibitors in cells expressing 
truncated DRPLA protein with an  expanded polygluta- 
mine stretch. Ntitirrc, Gcr7rt.. 18. 1 1 1 

[ I  191 Murthy. S.N.P.. Wilson. J.. Zhang. Y .  and Lorand, L. 
(1994). Residue Gln-30 of human erythrocyte anion trans- 
porter is a prime site for reaction with intrinsic transgluta- 
minase. J .  Biol. Clicw., 269. 22 907-22 9 I I .  

[I201 Clement. S.. Velasco. P.T.. Murthy. S.N.P.. Wilson, J.H., 
Lukas. T.J.. Goldman. R.  and Lorand. L. (1998). Thc 
intermediate filament protein. vimentin. in thc lens is a 
target for crosslinking by transglutaminasc. J .  Biol. Clicni.. 
273. 7604-7609. 

[I211 Selkoe. D.J.. Abraham. C. and Ihara. Y.  (1982). Brain 
transglutaminase: 1ti vitro crosslinking of human neurofila- 
ment proteins into insoluble polymers. Proc. Ntrtl. Actrrl. 
Sci. USA.  79. 6070-6074. 

1 17. 



2 6 D. AESCHLIMANN A N D  V. THOMAZY 

[I221 Dudek. S.M. and Johnson. G.V.M. (1993). Transglutanii- 
nase catalyzes the formation of sodium dodecyl sulfate- 
insoluble. Alz-50-reactive polymers of T. J .  Neurodirm..  61. 
1159 ~ 1162. 

[I231 Kahlem. P.. Green. H. and Djian. P. (1998). Transgluta- 
minase action imitates Huntington's disease: Selective 
polymerization of huntingtin containing expanded poly- 
glutamine. Mol.  Cd/ ,  I .  595-601. 

11241 Nenies Jr.. Z . .  Adiny. R.. Balizs, M.. Boross. P. and 
Fi-siis, L. (1997). Identification of cytoplasmic actin 3s an 
abundant glutaminyl substrate for tissue transglutaminase 
in HL-60 and U937 cells undergoing apoptosis. J .  Biol. 

[I251 Uniar. S.. Malavasi. F. and Mehta. K.  (1996). Post- 
translational modification of CD38 protein into high 
molecular weight form alters its catalytic properties. 

[I261 l'rcjo-Skalli. A.V.. Vclasco. P.T.. Murthy. S.N.P.. 
Lorand. L. and Goldman. R. (1995). Association of a 
traiisgliitiiiiiinase-related antigen with intermediate fila- 

< ' / f C f J f . .  272. 20 517 -20 583. 

./. BiO/. C/fl,fJl.. 271. 15 922- 15 927. 

i i1entS. f l ' r J < ' .  .&ltt/. A c ~ .  S C ~ .  C'SA. 92. 8940-8944. 
[I271 Kang. S.J.. Shin. K.S..Song, W.K..Ha. D.B.,Chung.C.H 

and Kang. M . 2 .  ( 1995). In\wlvement of transglutaminase 
in inyofibril nsscnibly of chick embryonic myoblasts in 
culture. J .  Crll Biol.. 130. I127 - 1  136. 

[ 12x1 Steinhardt. R.A.. Guoqiang. B. and Alderton. J .M. (1993). 
Ccll nicmbrane resealing by a vesicular mechanism similar 
to iieurotraiisiiiittei- rclcase. Scicww. 263. 390-393. 

11291 Kochhai-. D.M.. Jiang. H.. Harnish. D.C. and 
Soprano. D.R. (1993). Evidence that rctinoic acid- 
induced apoptosis in  the mouse limb bud core incsenchj - 

i \  gene-niediatcd. f r o g .  CliiJ. Biol. Ri,.c.. 383B. 

.. Ghqselinck. N.H.. Thoinazy. V.. Nag). L.. 
Dabics. P.J.A.. Chnmbon. P. and Mark. M.  (1999). Essen- 

id signalling in interdigital apop- 
P-7 expression in motisc autopoda. 

11311 Zhang. L.X.. Mills. K.J.. Dawson, M.I.. Collinh. S.J. 
and  Jctten. A.M. ( 1995). Evidence for the involvement of 
I-ctinoic acid receptor RARwdependent signaling path\<' 
i n  the induction of tissue transglutaminase and apopto. 
b j  I.clillOids. ./. BiO/. C ' h P f J l . .  270. 6022- 6029. 

[ 1-32] Monc7;ik. Y.. Ti-udel. M.. Lamph. W.W. and 
Miller Jr.. W.H. (1907). Induction of apoptosis without 
differentiation by rctinoic acid in PLB-985 cells requires the 
activation ofboth RAR and RXR. Blood. 90. 3345 3355.  

11.331 Scatcna. M.. Alnieida. M.. Chaisson. M.L.. Fausto. N..  
Nicosia. R.F. and Giachelli. C.M. (1998). NF-h-B mediates 
o\  , I 3  integriii-mediated endothclial cell survival. J .  c'c,/l 
Biol.. 141. 1083-1093. 

[I341 Knnico. G.S.. Tsyganskkaqa. M.. Zhu. J.. Liu. S.-L.. 
Nagy. L.. Thomazy. V.. Davies. P.J.A. and Zern. M A .  
(199s). T N b n  modulates cxprcssion of the tissue 
transglutaniinase p i c  i n  liver cells. A m .  ./. Ph,~~.siol . .  274. 
G240 ~ G 2 4 5 .  

[I353 Bcg. A.A. .  Sha. W C.. Bronson. R.T.. Ghosh. S. and 
Baltimore. D ( 1995). Embryonic lethality and li\er 
degeneration i n  mice lacking the RelA component o f  

[I361 Hcncdetti. L.. Grignaiii. F . .  Scicchitano. B.M.. 
Jettcn. A.M.. Diverio. D.. Lo Coco. F.. Avvisati. G.. 
G~iiiibacorti-Passel-ini. C . .  Adanio. S.. Levin. A A.. 
Pelicci. P.G. and Nervi. C. (1996). Retinoid-induced 
diltcrcntiation of ;icute proniyelocytic leukemia invol\es 

N F - K H .  / Y c ~ ~ / ~ r c ~ .  376. 167- 170. 

PML-RAR-ti-mediated increase of type 11 transglutanii- 
nase. Blood. 87, 1939- 1950. 

[I371 Mehta, K., McQueen. T., Neamati, N., Collins, S. and 
Andreeff. M. (1996). Activation of retinoid receptors 
RAR-n and RXR-(U induces differentiation and apoptosis. 
respectively. in HL-60 cells. Cell Growrli Dif f : ,  7, I79-~  186. 

[I381 Joseph, B.. Lefebvre, 0.. Mereau-Richard. C'.. 
Danze, P.M.. Belin-Plancot. M.T. and Formstecher, P. 
(1998). Evidence for the involvement of both retinoic acid 
receptor- and retinoic X receptor-dependent signalling 
pathways in the induction of tissue transglutaminase and 
apoptosis in the human myeloma cell line RPMI 8226. 
Blood, 91. 2423 - 2432. 

[I391 Aiken, N.R.. Galey. W.R. and Satterlcc, J.D. (1995). A 
peroxidative model of human erythrocyte intraccllular 
Ca" changes with in viro cell aging: Measurement b) 
"F-NMR spectroscopy. Biochini. Biop/ij.s. Ac,tu. 1270. 
52 57. 

[I401 Feng. J.-F., Rhee. S.G. and Im. M.-J. (1996). Evidencc 
that phospholipase C-61 is the effector in the GI, (tranb- 
glutaminase 11)-mediated signaling. J .  B i d .  Chcw.. 271. 
I645 I - 16454. 

[I411 Chen. S., Lin, F.. Iismaa. S., Lce. K.N.. Birckbichler. P.J. 
and Graham. R.M. ( 1996). t k  I-Adrenergic receptor signal- 
ing via GI, is subtype specific and independent of its trans- 
glutaminase activity. J .  Bid.  Clicwr.. 271. 32 385 ~ 32 391. 

[I421 lismaa,S.E.,Chung.L.. Wu. M.-J..TeIIcr. D.C.. Yee,V.C. 
and Graham. R.M. (1997). The core domain of the tisauc 
transglutaminase Gh hydrolyzes GTP and ATP. Biod7cv~~-  
i.\/r>.. 36, 1 1  655- I I 664. 

[I431 Hwang. K.-C.. Gray. C.D.. Sivasubraiiiaiiiaii, N. and 
Ini. M.-J. (1995). lnteraction site of GTP binding GI, 
(transglutaminase 11) withphospholipase C. J .  Biol. C/IP/J?. .  
270.27 058-27 062. 

[I141 Lu. S.. Saydak. M.. Geiitilc. V.. Stein. J.P. ~ t n d  
'i\ies. P.J.A. (1995). Isolation and characterization ol  

the human tissue transglutaniinasc gcnc promoter. J .  Biol. 
C h c i r i . ,  270. 9748 9756. 

[I453 Verma. A.K.. Shoemaker. A.. Simsiman. R.. Dcnning. M .  
and Zachman. R.D. (1992). Expression of retinoic acid 
nuclear receptors and tissue trnnsglutntninase is altercd 
in various tissues of rats fed ii vitiiniin A-deficicnt diet. 
J .  .Virtr.. 122. 2144-2152. 

[I461 Ahuja. H.S., James. W. and Zakeri. Z. (1997). Rescue 01' 
the limb deformity in hannnertoe mutant mice by rctinoic 
acid-induced cell death. Dcv. D>x.. 208. 466- 481. 

[I471 Suto. N.. Ikura. K. and Sasaki. R. (1993). Exprcssion 
induced by interleukin-6 of tissue-type transglutaniinase 
i n  hepatoblastoma HepG2 cells. J .  B i d .  C/IC/II..  268. 
7469-1473. 

[I481 Ikura. K.. Shinagaua. R.. Suto. N .  and Sasaki. R. (1994). 
Increase caused by interlcukin-6 in promoter activity o f  
guinea pig liver transglutarninase gene. Bio.vci. Bio/w/ i t io / .  
Biochen7.. 58. 1540- 154 1 . 

[I491 Franchimont. N.. Rydriel. S. and Cannlis. E. (19971. 
Interleukin-6 IS autoregulated bq transcriptional niecha- 
nisms in cultures of rat osteoblastic cells. J .  ( ' / i t / .  [ f i w s . .  

100. 1797-1803. 
[I501 Weinberg. J.B. .  Pippcn. A.M. and Greenberg. C'.S. (19OI ). 

Extravaacular fibrin formation and dissolution in syno- 
vial tissue of patients with osteoarthritis and rheumatoid 
arthritis. Arthriris Rlwirni.. 34. 996 1005. 

[I511 Hettasch. J.M.. Bandarenko. N.. Burchette. J.L.. 
Lai. T.S.. Marks. J.R.. Haroon. Z.A.. Pcters. K 
DcMhirst. M.W.. lglehart. J.U. and Greenberg. C 

D, .' 



TRANSGLUTAMINASE CROSSLINKING IN THE ECM 27 

(1996). Tissue transglutaminase expression i n  human 
breast cancer. Ltrh. Irivcsr. .  75. 637-645. 

[IS?] Grcnard, P.. Bresson-Hadni. S. .  Vuitton. D.A. and 
Ricard-Blum. S. ( 1  999). Crosslinking by transglutaniinase 
stabilizes the extracellular matrix of fibrotic liver. Proceed- 
ings of thc XVIth Meeting of the Federation of the 
European Connective Tissue Societies. C 10. 

[I531 Frizell. E., Liu. S.-L.. Abraham. A,. Ozaki. I.. Eghbali. M . .  
Sage. E.H. and Zcrn. M A. (1995). Expression of SPARC 
in normal and fibrotic livers. Hc,ptrfo/o,qj.. 21. 847-854. 

[ I  541 Neri. M., Descalzi-Cvnccdda. F. and Cancedda. R. ( I  992). 
Heat-shock response in cultured chick embryo chondro- 
cytes: Osteonectin is 21 secreted heat-shock protein. E i r r .  J. 
Biochcrii.. 205. 569 574. 

[I551 Kahlem. P.. Tcrrc. C.. Green. H .  and Djian. P. (1996). 
Peptides containing glutaniine repeats as substrates for 
transglutaminase-c~it~ily.~cd crosslinking: Relevance to dis- 
eases ofthe nervous system. P r w .  .Vor/. . . 1 c . d .  St.i. I .S .4 .  93. 
14 580- 14 585 .  

[I561 Cooper. A.J.L.. Shcu. K.-F.R.. Burke. J .R. .  Onodera. 0.. 
Strittmattcr. W.J.. Kost:s. A.D. and Blass. J.P. (1997). 
Transglutaminase-catalyred inactivation ofglyceraldehqde- 
3-phosphate dehydrogenasc and cvketoglutarate dehydro- 
genasc complex by polyylutaniine domains of pathological 

[I571 Johnson. G.V.W.. C o x .  T.M.. Lockhart. J.P.. 
Zinnerman. M.D.. Miller. M.L. and Pouers. R. (1997). 
Transglutaminase activit) is increased in Alrhcimer's 
disease brain. Brtrir7 Re\.. 751. .323 329. 

[I581 Dietrich. W.. Ehnis. T.. Bauer. M.. Donner. P.. Volta. U.. 
Rieckcn. E.O. and Schuppan. D. ( 1997). Identification 
of  tissue transglutaiiiinise a s  the autoantigen of celiac 
disease. Ntr / i / rc~  M d . .  3. 797 X O I .  

[I591 Sollid, L.M.. Molbcrg. 0.. McAdam. S. and 
Lundin. K.E.A. (1997). 4utoantibodics in coeliac disease: 
Tissue transglutaminase - guilt bq association'? Girr. 41. 
851-852. 

[I601 Hager, H.. Jensen. P.H.. Hamilton-Dutoit. S.. 
Neilsen. M.S.. Birckbichler. P. and Glieniann. J .  (1997). 
Expression of tissue transglutaininnsc in human bladder 
carcinoma. J .  Ptrr/rti/.. 183. 398-403. 

[I611 Schenker. T.  and Trueb. B. ( 1996). Tissue transglutamin3sc 
i n  mesenchynial tuii iour cells. . I /~o/~rmi ,~ .  I .  126- 130. 

[I621 Piacentini. M.. Piredda. L.. Starace. D.. 
Annicchiarico-Petruzzelli. M.. Mattei. M.. Oliverio. S.. 
Farrace. M.G. and Melino. G.  ( 1996). Differential growth 
of N- and S-type human neuroblastoina cells xenofrafted 
into SClD mice: Correlation with apoptosis. J Ptrrhol.. 
180,415-422. 

[I631 Martinowitr. IJ. and S a l k  R. ( 1996). Fibrin sealnnt. Cirrr.. 

[I641 Karges. H.E. and MctLner. H.J. (1996). Therapeutic factor 
XI11 preparations and  perspectives for rccombinant factor 
XIII. Smii. Throriih. Hw?m/cr,\i\. 22. 427 436. 

[I651 Wozniak. G.. Dapper. F. and Alemany. J .  (1996). Factor 
X l l l  in ulcerative leg discase: Backgi-ound and preliminary 
clinical results. S c r i i .  T/ironih. Hmio.s t t rs i . s .  22. 445-450. 

[I661 Jurgenscn. K.. Aeschliinann. I ) . .  Cavin. V.. Genge. M.  and 
Hunziker, E.B. (1997). A. neh biological glue for cartilage ~ 

cartilage interfaces: Tissue ti-an~glutaminast'. J .  Borrr Jorrir 

Ictigth. PVOC. N U / / .  , A ~ t / t /  Sc'i. L'SA. 94. 12604 12609. 

O/>i/i. H(,// IU/O/. . 3. 395 -,401. 

Sirrg., 79-A. 18.5-193. 

[I671 Eitan. S. .  Solomon. A,. Lacie. V.. Yoles. E.. 
Hirschberg. D.L.. Belkin. M. and Schwartz. M .  (1994). 
Recovery ofvisual response ofinjured adult rat optic nerves 
treated with transglutaminase. .Sc icv ic~~.  264. 1764- 1768. 

[I681 Ichinose. A, .  Tamaki. T.  and Aoki. N. (1983). Factor 
XIII-mediated crosslinking of NH2-terminal peptide of 
rr2-plasmin inhibitor to fibrin. FEBS Lett.. 153. 369-371. 

[I691 Schensc. J.C. and Hubbell. J.A. (1999). Crosslinking of 
exogenous bifunctional peptides into fibrin gels with factor 
XIIla. Bioc,orij. C'her i i . .  10. 75-81 

[I701 Paramcswaran. K.N.. Velasco. P.T.. Wilson. J .  and 
Lorand. L. (1990). Labeling of z-lysine crosslinking sites 
in protcins uith peptide substrates of factor XIIla 
and traiisglutaminase. Proc,. .Vtrt/. 4c . r r t l .  Sci. USA.  87. 

[I711 Bulpitt. P. and Aeschlimann. D. (1999). Neh strategy for 
chemical modification of hqaluronic acid: Preparation of 
functionalired deribatives and their use in the formation 
ofnovel biocompatible hqdrogels. J .  Bioriic~l. Mtrt. Res.. 47. 
I 52- 169. 

[I721 Spei-indc. J.J. and Griffith. L.G. (1997). Sqnthew and 
characterization of eiizymaticallq-crosslinked poly(ethq- 
lene glycol) hydrogcls. .2iltrc.,,)ri i , , /c,~.ir/f, .s. 30, 5255  5264. 

[I731 Sato. H.. Ikeda. M . .  Suzuki. K. and Hiraqaina. K .  (1996). 
Site-specific modification of interleukin-2 by the combined 
use of genetic eneineering techniques and  ti-ansglutami- 
nase. Biot~/rc~riii.\/r.i.. 35. I3 072- I3 080. 

[I741 Walker. A.M.. Montgonierq. D.W.. Saraiya. S.. 
Ho. T.W.C.. Garewal. H.S.. Wilson. J .  and Lorand. L. 
(1995). Prolactin ~imniunoglobulin G complexes from 
human serum act as co-stimulatory ligands causing prolir- 
eration of malignant B Iqmphocqtes. P v r ~ .  A'(///. .Ac,rrt/. St,i. 
( ~ S A .  92. 3278 - 3 2x2.  

[I751 Ikura. K. .  Yokota. H.. Sasaki. R. and Chiba. H.  (1989). 
Determination of amino- and cnrboxq I-terminal sequences 
of guinea pig liver transglutaminase: Evidcncc for amino- 
terminal processing. Bioc./ic,rrii.str.I.. 28. 2344-1348. 

[I761 Suto. N.. Ikura. K.. Shinagann. R. and Sasaki. R.  (1993). 
Identilication of promoter region of guinea pig liver trans- 
glutaminase gene. Biodiini. Bio)p/iI..s. Acrcr. 1172. 3 19-322. 

[I771 Lu. S. and Davies. P J.A. (1997). Regulation of the exprcs- 
s o n  of the tissue trniisgltitaniinase gene bq DNA mcthyla- 
tion. Proc.. .Vtrt/. . A c d  Sc.i. 1.SA. 94. 4692- 4697. 

[I781 Chcn. P. .  Sapperstein. S K., Choi. J .D.  and Michaclis. S. 
( 1997). Biogcncsis of the Strct~/icrr.ofii.~.t.c.s c.c~rc,i~rsitrc, mating 
pheronioiie a-factoi-. .I. C d /  Bid.. 136. 25 I 269. 

[I791 Small. K.. Feng. J.-F.. Lorenz. J. .  Donnellq. E.T.. Yu. A.. 
Im. M.-J.. Dorn. G.W. and Liggett. S.H. (1999). Cardiac 
specific oLerexpression oftransglutaniinase II (Gh) results 
i n  a unique hypertrophq phenotype independent of phos- 
pholipasc C activation. J. Bid .  C%cwi.. 274. 21 291 --21 296. 

[I801 I-eng.J.-F.. Readon. M..Yadav.S.P.and Im. M.-J.(1999). 
Calreticulin doa-n-regulates both G T P  binding and trans- 
el u t ami na se act i vi t ics of t  ra nsg l u t a m i n a se I I . Bioc.lrcvi I i.5 / r  I'. 
58. 10743-10749. 

[I811 Haroon. Z.A.. Hettasch. J.M.. Lai. T.S.. Deuhirst. M.W. 
and Greenberg. C.S. ( 1999). Tissue transglutaminasc is 
expressed. acti\e. and directly involved i n  rat dermal 
hound  hcaling and angiogenesis. FASEB '1.. 13. I787 ~ 

1795. 

8412-8475. 




