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The transglutaminase-mediated, covalent cross-link-
ing of proteins is an essential step in tissue remodel-
ing after injury. This process provides tissues with
extra rigidity and resistance against proteolytic deg-
radation. Plasma coagulation factor XIII (FXIII) is a
transglutaminase that promotes cross-linking of the
extracellular matrix (ECM) components fibrin and fi-
bronectin to form a provisional matrix in response to
tissue damage. However, the functional requirement
for this FXIII-mediated cross-linked provisional ma-
trix in adult tissue remodeling remains to be defined.
Although it has been proposed that the formation
FXIII-mediated fibrin-fibronectin provisional matrix
is a critical step for ECM remodeling, we show in an
FXIII subunit A—deficient murine model of acute liver
injury that the lack of FXIII subunit A did not interfere
with collagen reconstruction and resolution after
liver injury. Furthermore, FXIIIA deficiency caused
significantly increased hepatocyte apoptosis and a de-
lay in hepatocyte regeneration after injury, which
were accompanied by a significantly high induction
of p53 expression. These findings suggest novel func-
tions of FXIII that the FXIII-mediated covalently cross-
linked matrix could promote survival signals for
hepatocytes in adult tissue remodeling. (4m J Patbol
2011, 179:3011-3019; DOI: 10.1016/j.ajpath.2011.08.037)

Covalent cross-linking between proteins, including in
the provisional matrix, is catalyzed by transglutami-
nases (TGs). This is an important process for tissue
remodeling as it generates extra rigidity and a resis-
tance against proteolytic degradation.’ Plasma coag-
ulation factor Xl (FXIIl), one of the TG family members,
circulates as a heterotetramer composed of two cata-
lytic A subunits (FXIII A) and two noncatalytic B sub-

units (FXIII B) (A,B.,), which are activated by thrombin-
mediated cleavage. FXIll is a Ca®*-dependent TG and
catalyzes the formation of e-(y-glutamyl) lysyl cross-
links between specific protein pairs. The cross-linking
of fibrin molecules by FXIll to form y-chain dimerization
is the final step of blood coagulation.?~* FXIIl also acts
on fibronectin-fibronectin and fibrin-fibronectin cross-link-
ing.>® Thus, the action of FXIII in forming covalent cross-
linkages clearly plays a vital role in establishing the me-
chanical stability of the clot, which is critical for homeostatic
functions.?* Growing evidence demonstrates that the
source of FXIII is not only from plasma: Megakaryocytes/
platelets and monocytes/macrophages also contain cellular
FXIII subunit A in their cytoplasm.”-8

Acute liver injury mediated by the hepatitis virus or
hepatotoxins causes massive hepatocyte apoptosis
and/or fatal liver damage, and eventually liver transplan-
tation is required.®'° |dentification of hepatic survival fac-
tors is critical for successful therapeutic intervention in
liver failure. After acute injury, the liver undergoes a
wound-healing response to restore tissue architecture
and maintain homeostasis."" It requires both a well-or-
chestrated proliferation of cells and the reconstruction of
the extracellular matrix (ECM). A central paradigm of
ECMs in the process of wound healing, including after
liver injury, is that the “provisional matrix” formation be-
tween plasma fibrin(ogen) and plasma type fibronectin
during an initial stage stabilizes wound areas and pro-
vides a road map for cell migration, and such a provi-
sional matrix acts as a nidus for collagen fibrillogen-
esis.’® The components of provisional matrix, plasma
fibrinogen (~340 kDa as [A«a, BB, y], chains) and plas-
ma-type fibronectin (~440 kDa as a dimer), are pro-
duced by hepatocytes in the liver.5612
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FXIIl is of clinical importance because patients with
FXIII deficiency have moderate to severe hemorrhagic
diathesis, and impaired wound healing is frequently
associated with inherited FXIII deficiency.”'® However,
the molecular mechanisms underlying impaired wound
healing in the absence of FXIIl are still largely un-
known. Furthermore, very little is known about FXIII
dependence during the response to acute tissue dam-
age. The pertinent questions in relation to FXIIl are as
follows: i) Are exudated fibrin and plasma fibronectin in
the initial stage of adult tissue damage largely cova-
lently cross-linked by FXIII? ii) What is the requirement
for FXIll-mediated cross-linked provisional matrix dur-
ing tissue remodeling? iii) Does plasma fibronectin and
fibrin deposition without covalent cross-linking suffi-
ciently function as an initial matrix, which is then fol-
lowed successfully by collagen fibrillogenesis?

To determine the functional role of FXIII during adult
tissue remodeling, we used, in the present study, a
transgenic mouse strain that lacks FXIII subunit A (FX-
lIIA-null) as an in vivo model system, which completely
abolishes FXIII transglutaminase activity.' Although
FXIIl mediates covalent cross-linking in several ECM
proteins,* we focused here on the plasma fibronectin-
fibrin(ogen) provisional matrix and its roles in response
to tissue damage. This study provides evidence dem-
onstrating that FXIlI-mediated covalent cross-linking of
fibronectin and fibrin is not essential for collagen fibril-
logenesis after acute liver injury; we suggest that FXIII
mediates covalently cross-linked matrix survival sig-
nals for hepatocytes.

Materials and Methods

Mice and Induction of Acute Liver Injury by
Carbon Tetrachloride

The generation of FXIIIA-null mice has been described
elsewhere.™ Control [FXIIIA(*/)] and FXIIA(™/™) young
adult mice at 6 to 8 weeks of age from the same litters
with the CBA/129 mixed background were used for the
analysis. All mice were maintained and bred at the Cleve-
land Clinic’s Biological Research Unit (BRU) in accor-
dance with institutional guidelines and National Institutes
of Health standards. This study was approved by the
Institutional Animal Care and Use Committee. Mice were
regularly monitored and had free access to standard
mouse chow and water. Mice received humane care
according to National Institutes of Health (NIH) recom-
mendations outlined in the “Guide for the Care and Use of
Laboratory Animals.” Acute liver injury was induced in-
traperitoneously by a single-dose administration of car-
bon tetrachloride [CCl,; 1.0 ml/kg body weight as a 50%
(v/v) solution in olive oil (Fluka)] in sex-matched mice as
described previously.'®

Antibodies, Cytokines, and Reagents

The following antibodies were used for the analyses:
rabbit polyclonal antibody (pAb) against mouse fi-

bronectin (Chemicon, Temecula, CA); goat pAb
against fibrinogen (Nordic Immunological Laborato-
ries, Tiburg, The Netherlands); mouse monoclonal an-
tibody (mAb) against a-smooth muscle actin (aSMA:
clone 1A4, Sigma, St. Louis, MO); rabbit mAb against
Ki-67 (clone SP6, Lab Vision, Fremont, CA); rabbit pAb
against cleaved caspase 3 (Cell Signaling, Danvers,
MA); rat mAb against F4/80 (clone A3-1, Serotec, Ox-
ford, UK); mouse mAb against phospho-extracellular
signal-regulated kinase (Erk)1/2 (pT2°?/pY2°4) and rab-
bit pAb against total Erk (Cell Signaling); rabbit pAbs
against phospoho-Akt (pT3°8), phospho-Akt(pS*”3)
and total Akt (Cell Signaling); rabbit pAbs against p53
and p21 (Santa Cruz Biotechnology, Inc., Santa Cruz,
CA), and mouse mAb against heat shock cognate pro-
tein 70 (Hsc70, Santa Cruz Biotechnology, Inc.). Rab-
bit pAbs against type Il and type | collagens were a
kind gift from Dr. Takako Sasaki (Department of Exper-
imental Medicine |, University of Erlangen-Nuernberg,
Erlangen, Germany). Cy3-conjugated donkey anti-rab-
bit 1gG, and peroxidase-conjugated donkey anti-
mouse, anti-rabbit, and anti-goat 1IgG were from Jack-
son ImmunoRes Laboratories Inc. (West Grove, PA).
Alexa Fluor488-conjugated donkey anti-goat IgG, and
DAPI were from Molecular Probes (Eugene, OR).

Histological Analysis, Immunohistochemistry,
and Immunofluorescence

Histological analysis, and immunohistochemistry and im-
munofluorescence studies were performed as described
previously.'®'® To quantify positive areas in response to
acute liver injury, images were captured with the same gain,
offset, magnitude and exposure time. Then a minimum of
four different images from each mouse were randomly se-
lected and the intensities were quantified using Image-Pro
Plus software version 6.1 (Media Cybernetics, Beth-
esda, MA).

One- and Two-Dimensional SDS-PAGE and
Western Blot Analysis

Liver samples (50 mg) were homogenized in 500 wl de-
oxycholate (DOC) buffer (2% deoxycholate and 0.02
mol/L Tris-HCI, pH 8.8). The DOC-insoluble materials
were isolated by centrifugation and solubilized with urea
buffer (8 mol/L urea, 2% SDS, 0.16 mol/L Tris-HCI, pH
6.8). The 2% DOC-soluble and -insoluble fractions are
defined as immaturely and maturely assembled matrices,
respectively, as described.’” One- and two-dimensional
nonreducing/reducing SDS-PAGE analyses were then
performed as described by others.'®'° For two-dimen-
sional SDS-PAGE, the first dimension was performed us-
ing a 4% to 20% gradient gel (Novex, Invitrogen, Carlsbad,
CA) under nonreducing conditions. Lanes containing sep-
arated nonreduced samples were cut out and soaked with
60 mmol/L Tris, pH 6.8, containing 2% SDS and 10% B-mer-
captoethanol for 30 minutes at 60°C. The gel slice was put
on top of the stacking gel and the second dimension was
performed using a 3.3% stacking gel and a 6% separating



gel. Western-blot analyses were performed as de-
scribed.?® In some immunoblotting analyses, samples
were transferred onto Immobilon-FL PDVF membrane
(Millipore Corp., Temecula, CA) and probed with primary
and IRDye 800CW- or IRDye 680-conjugated secondary
antibodies (LI-COR Bioscience, Lincoln, NE). Immunore-
active bands were detected using the Odyssey Infrared
Imaging System (LI-COR Bioscience) as described pre-
viously.'®

Real-Time PCR

Real-time PCR was performed as described previously.?"
The following primers were used: TG2 forward, 5'-TGT-
CAAGTTCATCAAGAGTGTGC-3'; TG2 reverse, 5'-CAG-
GAACTTGGGGTTCATATCC-3’; 78S rRNA forward,
5'-GGCGACGACCCATTCG-3'; 18S rRNA reverse, 5'-
ACCCGTGGTCACCATGGTA-3'. All samples were ana-
lyzed in triplicate as a minimum. After the reactions, the
specificity of amplifications in each sample was confirmed
by dissociation analysis showing that each sample gave a
single melting peak. The relative mRNA levels were nor-
malized to the level of 18S rRNA.

Data Presentation and Statistical Analysis

All experiments were performed in triplicate as a mini-
mum on separate occasions, and the data shown were
chosen as representative of results consistently ob-
served. Results are presented as the mean + SD. Differ-
ences between groups were analyzed using the two-
sided Student’s t-test on raw data. A P value of <0.05
was considered significant.

Results

FXIIA Deficiency Alters Cross-Linking Activities
Between Plasma Fibronectin and/or Fibrin in
Response to Acute Liver Injury

Because FXIII stabilizes clots by covalent cross-linking
and FXIIIA deficiency is often associated with hemor-
rhagic diathesis, histopathological analysis of the liver
was initially performed in FXIlIIA-null mice. Intact FXIIIA-
null livers from young adult mice at 8 weeks of age
revealed normal morphology and showed no inflamma-
tion and/or fibrosis (see Supplemental Figure S1A at
http://ajp.amjpathol.org). ldentical plasma levels of fi-
bronectin and fibrinogen, including a-, B-, and y-chains
in the control and the FXIIIA-null mice were confirmed by
Western blot analysis (see Supplemental Figure S1B at
http://ajp.amjpathol.org).

To address the roles of FXIII in the initial stage of adult
tissue remodeling, acute liver injury was induced with a
well-established model of a single treatment with the liv-
er-damaging agent CCl, (1 mL/kg body weight).'"?? Be-
cause the initial step in ECM remodeling in response to
tissue damage is to form a provisional matrix composed
of fibronectin and fibrin, it was first examined whether the
deposition and tissue distribution patterns of such exu-
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dated plasma proteins were altered in the FXIIIA-null liver
after acute injury. The depositions of fibronectin and fibrin
did not show marked differences between control and
FXIIA-null liver up to day 3 after injury (Figure 1A). In
contrast, their colocalization was significantly reduced in
the mutant liver at 6 and 24 hours after injury by double
immunofluorescence staining, as evidenced by less yel-
lowish fluorescence in merged figures (Figure 1, A and
B), suggesting an active role of FXIIIA in stabilizing clots
by cross-linking.

Next, to determine whether the absence of FXIIIA af-
fected the formation of covalently cross-linked products
at the molecular level, one-dimensional Western analysis
was performed focusing on early stages (up to 24 hours
after injury) under reducing conditions using deoxy-
cholate (DOC)-insoluble liver-tissue fractions (defined as
maturely assembled matrices'). The quantity of nonre-
ducible high-molecular-weight complexes with fibrin and
fibronectin was lower in the mutant livers compared with
controls, particularly at the earlier stage (Figure 1, C and
D, arrows: The relative intensity in the mutant liver at 6
hours was 0.2 for fibrinogen and 0.4 for fibronectin).
These results suggest the participation of FXIlI-mediated,
nonreducible, covalent cross-linkages in the early stages
after injury. No yy-dimer chain cross-linking of fibrin was
detectable in the mutant liver up to 24 hours after injury
(Figure 1C™), confirming the absence of FXIII activity in
those mutant mice.

To determine more precisely the contribution of
plasma fibronectin and fibrinogen to FXIlI-mediated co-
valent cross-links in the early stages after injury, two-
dimensional nonreducing/reducing SDS-PAGE and im-
munoblotting were performed. In the control liver, the
formation of high-molecular-weight complexes with fibrin,
fibronectin, and of fibrin yy-dimer were apparent up to 24
hours after injury (Figure 2, A and B). Importantly, nonre-
ducible cross-linked high-molecular-weight  fibrin-fi-
bronectin complexes were evident at the top of the gel in
the control liver from 6 hours after injury, as shown by
yellow fluorescence in the merged figure (Figure 2, A and
B). In addition, nonreducible cross-linked high-molecu-
lar-weight fibrin-fiorin and fibronectin-fioronectin com-
plexes were also detected, as evidenced by green and
red fluorescence, respectively (Figure 2B). In contrast, in
FXIIA-null livers, those high-molecular-weight fibrin-fi-
bronectin complexes were completely absent at 6 hours
after injury (Figure 2B). Such complexes gradually
started to form from 12 hours; however, the amounts were
still lower than in controls (Figure 2A), suggesting the
participation of other transglutaminases from this time
point, such as locally produced tissue transglutaminase
(also termed transglutaminase type 2 [TG2]) produced
by hepatocytes and/or endothelial cells.?>2% Indeed,
real-time PCR analysis revealed that the expression level
of TG2 mRNA was upregulated in both control and mu-
tant liver after injury, and the mutant liver showed sig-
nificantly upregulated expression level at 72 hours af-
ter injury (Figure 3). Interestingly, the molecule which
migrated to the top of the gel in the first dimension and
migrated as a fibronectin monomer (~220 kDa) in the
second dimension was identified as one of the major
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Figure 1. FXIIIA deficiency results in decreased cross-linking activities of clots in the early stages after liver injury. A: Time-course of fibronectin and fibrin
deposition in control and FXIIIA-null livers at 6 and 24 hours and day 3 after acute liver injury induced by carbon tetrachloride. Double immunofluorescence
staining for fibronectin (FN, in red) and fibrin(ogen) (FG, in green), and the merged images. Scale bar = 50 um. CV, central vein. B: Quantification of colocalized
areas between fibronectin and fibrinogen (yellowish fluorescence in each merged figure shown in A; see Materials and Methods) (n = 5 for each group). *P <
0.05. € and D: Western blot analysis of fibrin (FG) (C) and fibronectin (FN) (D) after one-dimensional SDS-PAGE of DOC-insoluble liver samples under reducing
conditions. The detection of both fibronectin and fibrin signals was performed in the same membrane using IRDye 800CW- or IRDye 680-conjugated secondary
antibodies and the Odyssey Infrared Imaging System (see Materials and Methods). Arrowheads point to top of gels. The positions of a molecular mass marker
(kDa) are indicated. Arrows indicate nonreducible high-molecular-weight complexes. The intensity of nonreducible high-molecular-weight bands was measured
by densitometry, and the intensity of the control liver at each time point was set to 1. The relative intensities in mutant liver are: fibrinogen, 0.2 at 6 hours, 0.3
at 12 hours, and 0.8 at 24 hours; fibronectin, 0.4 at 6 hours, 0.4 at 12 hours, and 0.6 at 24 hours.

populations in both control and mutant liver products
(Figure 2, A and B, asterisks).'®2%27 There was little
infiltration of monocytes/macrophages, which contain
the cellular FXIIIA type, in both control and mutant liver
as shown by F4/80 immunostaining up to day 3 after
injury (data not shown). These results indicate that FXIII
mediates the covalent cross-linking that forms the pro-
visional matrix (fibrin-fibronectin) as well as fibrin-fibrin
and fibronectin-fibronectin complexes in the early
stages of acute liver injury.

Lack of FXIIIA Does Not Affect the Activation of
Hepatic Stellate Cells or Collagen Fibrillogenesis
After Acute Liver Injury

Activation and transdifferentiation of hepatic stellate

cells (Ito cells or fat-storing cells) into myofibroblasts is
the central event in mediating collagen production and

remodeling in response to liver injury.'" Therefore it
was next determined whether the delay in provisional
matrix formation in FXIIIA-null liver altered the activa-
tion of hepatic stellate cells, which thereby affected
collagen organization after injury. The induction level of
aSMA, a marker for activated hepatic stellate cells,
was identical in control and mutant liver over time
(Figure 4A). Furthermore, total ECM deposition by
trichrome staining, and the deposition and assembly of
collagen type lll and type | fibrils did not show any
obvious differences between control and mutant liver
both at day 3 and 4 (Figure 4, B and C). In addition,
those newly organized collagen networks were nearly
completely cleared from both control and mutant liver
by day 7 (data not shown). These results indicate that
FXIIIA deficiency does not interfere with hepatic stellate
cell activation or normal reconstruction and resolution
of collagen organization after acute liver injury.



Factor XlIl in Acute Liver Damage 3015
AJP December 2011, Vol. 179, No. 6

12 hr 24 hr

NR

MR,

——

Figure 2. FXIIIA deficiency decreases the formation of non-reducible covalently cross-linked
high-molecular-weight complex after injury. A: Western blot analysis of fibronectin (FN) and fibrin
(FG) after two-dimensional (2D: NR, non-reducing; R, reducing) SDS-PAGE of DOC-insoluble liver
samples from control and FXIIIA-null mice at 6, 12, and 24 hours after injury. The detection of both
fibronectin and fibrin signals was performed in the same membrane using IRDye 800CW- or IRDye
680-conjugated secondary antibodies and the Odyssey Infrared Imaging System (see Materials
and Methods). At 6 hours after injury, the fibronectin and fibrin signal is shown separately in each
black and white image, and their merged picture is shown as a color image (fibronectin and fibrin
signals are in red and green, respectively). B: Enlarged merged images of the control and
FXIIIA-null blot shown in A at 6 hours after injury (high-molecular-weight areas). Note that the
non-reducible covalently cross-linked high-molecular-weight complexes between fibronectin and
fibrin are detected only in control liver, as evidenced by the yellow spot in the merged figure
(white arrow). Arrowheads point to the top of gels in the first dimension. The positions of a
molecular mass marker (kDa) are indicated. White arrows, non-reducible covalently cross-linked
high-molecular-weight complexes; asterisks, high-molecular-weight disulfide-bonded fibronec-
tin complexes; vy, fibrin yy-dimer. fn, covalently cross-linked high-molecular-weight fibronectin

Control FXIIIA-null

FXIIIA Deficiency Results in Significantly
Increased Hepatocyte Apoptosis and Delayed
Hepatocyte Proliferation After Injury

Because FXIIIA deficiency is often associated with im-
paired wound healing,’®'* we examined whether the
lack of FXIIIA affects hepatocyte apoptosis and/or prolif-
eration in response to acute liver damage. There was a
significantly increased number of cleaved caspase 3 (a
marker for apoptosis)-positive cells in the FXIIIA-null liver
at 24 hours after injury (P < 0.05), whereas no significant
differences were noted at 3 days after injury (Figure 5A).
No obvious extensive hemorrhage was observed in either
FXIIA-null or control liver throughout the periods (data
not shown).

Hepatocyte regeneration is a multistep process. In re-
sponse to injury, intracellular signaling pathways that in-
volve Ras/extracellular signal-regulated kinase (Erk) and

complexes; fg, covalently cross-linked high-molecular-weight fibrin complexes.

PI3K/Akt pathways are activated, which thereby provide
clues to the initiating signals.®® Since the mutant liver
showed more extensive hepatocyte damage with in-
creased apoptosis in response to acute injury, it was next
examined whether such a phenotype altered the prolifer-
ation activity of the hepatocytes. Indeed, the proliferative
response in the mutant liver was delayed: The number of
Ki-67 (a marker for cell proliferation)-positive hepatocytes
in the mutant liver was significantly lower at day 3 com-
pared to controls (Figure 5B, P < 0.05). Interestingly,
although proliferation activity in the control liver consid-
erably decreased from day 3 to day 5, no such decrease
was observed in the mutant liver (Figure 5B). Therefore
the mechanism underlying the altered proliferation re-
sponse of mutant hepatocytes to injury was further
investigated. Considerable phosphorylation of Erk1/2
(~fivefold induction compared to untreated controls)
was induced in the control liver in response to injury
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Figure 3. Lack of XIIIA increases the expression level of TG2 mRNA by
real-time PCR analysis. The mRNA level of intact control liver (day 0) was set
to 1 (control). The mRNA levels determined at each time point are shown
relative to control. Data are mean = SD (n = 3 for each group). *P < 0.05.

with the induction peak from 24 to 48 hours. Such
phosphorylation levels decreased from day 3 to day 5
and reverted to control levels at day 5 after injury. In
contrast, in the mutant liver the pErk1/2 induction level
was lower (~threefold induction compared to un-
treated controls) but such lower phosphorylation levels
were prolonged from 24 hours to day 5 after injury
(Figure 5C). There were no obvious differences in the
induction patterns and levels in the phosphorylation of
Akt between control and mutant liver (Figure 5C). Im-
munohistochemical observation revealed that the num-
ber of pErk1/2-positive cells in the mutant liver was

A

@)

significantly lower compared with controls at 72 hours
after injury, whereas the number of pAkt-positive cells
did not show significant differences between two
groups (Figure 5D). These findings indicate that FXIIIA
deficiency causes delayed but not defective hepato-
cyte regeneration phenotype largely mediated by Erk
pathway, and strongly suggest that FXIIl plays a sig-
nificant role in protecting hepatocyte cell death.
Inappropriate cell-ECM interactions and environment
induce apoptosis.?® Plasma fibronectin can support cell
survival through ECM receptor integrin-mediated sig-
nals.’® p53-p21-Mediated hepatocyte apoptosis plays a
crucial role in the response to some liver injuries such as
cholestasis.®° Subsequent analysis of p53 revealed that
FXINIA-null liver showed a markedly high induction of p53
expression and its activation, as evidenced by increased
p21 expression levels at 24 and 48 hours after injury by
Western analysis (see Supplemental Figure S2A at http://
ajp.amjpathol.org). Furthermore, the number of nuclear
p53 positive hepatocytes significantly increased in FXIII-
null liver at 24 hours after injury (see Supplemental Figure
S2B at http://ajp.amjpathol.org). Thus, these findings sug-
gest that the lack of FXIIIA causes the defect in plasma
fibronectin and fibrin(ogen) covalent cross-linking com-
plexes after liver injury (Figures 1 and 2), which could
lack FXIll-mediated matrix-survival signals and induces
p53-mediated hepatocyte apoptosis in the initial stages
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FXlll-null livers at 0, 1, 3, 4 and 7 days after injury. The intensity of the bands was measured by densitometry, and each aSMA intensity was normalized to Hsc70,
then the intensity of the control at day 3 was set to 1.0. Relative intensities are 1.1 at day 3 in FXIII-null, and 2.8 and 3.0 at day 5 in control and FXIII-null,
respectively. B: Masson trichrome staining at day 0 (untreated), 3 and 4 to examine total ECM deposition (blue color). Scale bar = 50 um. C: Upper panels:
Deposition and assembly of type IIT and type I collagen (in red) at day 0 (untreated), 3 and 4 by immunofluorescence staining. Scale bar = 50 um. Lower panel:
Quantification of areas in assembled collagen fibrils (12 = 5 for each group). Note that the collagen positive areas show similar levels between control and mutant

liver at day 0 and at days 3 and 4 after injury.
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Figure 5. FXIIA deficiency results in significantly
increased hepatocyte apoptosis and delay in hepato-
cyte proliferation after injury. Az Analysis of cell death.
Left panels: Immunostaining for cleaved caspase 3
(CC3) at 24 hours after injury at low (upper panels)
and high (lower panels) magnifications. Scale bars:
50 wm (upper panel); 25 um (lower panel). Right
panel: Analysis of cleaved caspase 3—positive cells.
Data are mean * SD |[cells/field; field = 0.036 mm?
(n = 4 for each group)l. Note that the number of
positive cells in mutant liver is significantly higher at 1
day after treatment. *P < 0.05. B: Analysis of hepato-
cyte proliferation. Left panels: Immunostaining for
Ki-67 at 3 and 5 days after injury. Inset in each box
shows Ki-67—positive hepatocytes at higher magnifi-
cation [hepatocyte nuclei (arrowheads) are ~two-
to threefold larger than those of nonparenchymal
cells such as hepatic stellate cells, endothelial cells,
and lymphocytes]. Scale bar = 50 um. Right panel:
Analysis of Ki-67—positive cells. Data are mean * SD
[cells/field; field = 0.14 mm? (12 = 4 for each group)].
Note that the number of positive hepatocytes in con-
trol liver is significantly higher at 3 days after injury.
*P < 0.05. C: Western blot analysis of phospho-Erk
[ERK(p202/204)), total Erk, phospho-Akt [AKT(p473)],
and total Akt in control and FXIII-null liver. Pooled
samples from three mouse livers from each strain
were used for the analysis. Intensity of bands was
measured by densitometry. Each pErk and pAkt in-
tensity was normalized to total Erk and total Akt,
respectively, and then the intensity at 0 hours in the
control liver was set to 1. Each intensity is shown
relative to control value. D: Left panels: Immuno-
staining for pErk and pAkt at 72 hours after injury.
Scale bar = 50 um. Right panels: Analysis of pErk-
and pAkt-positive cells. Data are mean £ SD [cells/
field; field = 0.14 mm?* (72 = 3 for each group)]. Note
that the number of pErk-positive cells in the mutant
liver is significantly lower at 72 hours after injury,
whereas the number of pAkt-positive cells does not
show significant differences between them. *P <
0.05.
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of liver damage, which in turn could result in the delay in
hepatocyte proliferation.

Discussion

FXIII belongs to the transglutaminase family of proteins
and has been postulated to participate in the stabilization
of the provisional matrix and cell-matrix interactions in the
adult tissue repair process.' However, the role FXIII
plays in adult tissue remodeling remains to be defined. In
the present study, the functional requirement of FXIII-
mediated provisional matrix formation during adult tissue
remodeling was investigated. We provide evidence using
a mouse model of acute liver injury that: i) FXIIA defi-
ciency results in the decreased covalent cross-linking
activities between plasma fibronectin and/or fibrin in the
initial stage after injury; i) The absence of FXIIIA does not
affect hepatic stellate cell activation or collagen fibrillo-
genesis during the initial stages of tissue remodeling; and
i) FXINIA deficiency causes significantly increased hepa-
tocyte apoptosis and a delay in hepatocyte proliferation
after injury, which are accompanied by a significantly
high induction of p53 expression. Thus, these findings
indicate the possible functional links between FXIII and
cell survival signaling during adult tissue remodeling.

ECM remodeling in response to wound healing is a
complex process.'? Fibronectin, a component of the pro-
visional matrix, exists in two isoforms: as a soluble iso-
form in plasma (plasma fibronectin, produced solely by
hepatocytes) and as an insoluble isoform in tissue ECM
(cellular fibronectin, produced by a variety of cells).>®
Although cellular fibronectin is less efficiently incorpo-
rated into fibrin clots in vitro®', its contribution in the early
stages of tissue repair is not fully understood. Here, acute
liver injury induced by the cytotoxic reagent CCl, was
used as a current tissue repair model since it has several
benefits when compared to general wound healing mod-
els such as skin wound healing. First, the liver tissue
subjected to CCl,-induced injury does not start cellular
fibronectin synthesis until 24 hours after the treatment.>2
Second, in CCl,-induced liver injury without bleeding, it
leads to the extravasation of plasma but not platelets or
monocytes/macrophages, which could be the source of
cellular FXIIIA and cellular fibronectin, until 18 hours after
injury.3® Therefore, the formation and any potential role of
the provisional matrix in the initial stage of CCl,-induced
liver injury is dependent exclusively on plasma derived
components: plasma fibronectin, fibrin(ogen), and
plasma FXIIl. Indeed, it has been demonstrated in this
study that both the exudated fibrin and plasma fibronec-
tin at 6 hours after tissue damage forms high-molecular-
weight complexes and their nonreducible covalent cross-
linking is largely mediated by FXIII.

The livers lacking FXIIIA markedly upregulated TG2
mRNA compared to controls at 3 days after injury, sug-
gesting a compensatory mechanism as observed by oth-
ers in FXIlIA-deficient platelets.®*® The TG2-null liver
treated with CCl, fails to clear the necrotic tissue and
exhibits a progressive accumulation of ECM with an ele-
vated number of both activated hepatic stellate cells and

inflammatory cells, suggesting a protective role for TG2 in
liver injury.®®> Thus, both FXIIl and TG2 are apparently
involved in adult tissue injury and remodeling,®® and the
precise contribution of each molecule to these processes
needs to be defined.

The surprising finding in the present study was that the
lack of FXIlI-mediated provisional matrix did not interfere
with normal collagen organization in response to injury,
even though there are several lines of evidence that a
preformed fibronectin matrix is crucial for type Il and
type | collagen—containing fibril formation in culture and
that the cross-linking of fibronectin to type Il and type |
collagens is mediated by FXIII in vitro®¢~3°. Thus, cova-
lently and/or non-covalently formed fibronectin aggre-
gates'@2627 gbserved in the current in vivo system could
sufficiently nucleate collagen fibril formation in adult tis-
sue remodeling.

We have previously shown that plasma fibronectin
supports neuronal survival after transient cerebral
ischemia through integrin-mediated signals.'® How-
ever, the functional requirement of FXIII for this pro-
cess has not yet been defined. Although non-FXIIl me-
diated high-molecular-weight fibronectin complexes
were detected in the mutant liver after injury, they did
not compensate and protect FXIlIA-null hepatocyte
apoptosis. ECM-mediated cell survival pathway is
transduced by integrins and subsequent activation of
focal adhesion kinase (FAK), which suppresses p53-
p21-mediated apoptosis in serum free conditions in
vitro.*°~*1 FAK inactivation results in p53-p21-depen-
dent cell growth arrest during development.*? Taken
together, these findings suggest that the FXIll-medi-
ated covalently cross-linked plasma fibronectin and
fiorin plays a crucial role as a survival factor in re-
sponse to liver damage and that ECM survival signals
for hepatocytes could be transduced through the FAK-
p53 signaling axis. The delayed wound healing in pa-
tients with FXIIIA deficiency” could be in part because
of the defect in such a cell survival signaling. Which
cross-linked complex mediated by FXIII is the most
likely to be responsible for a survival factor after acute
liver injury? FXIll-mediated fibrin-fibrin complexes are
unlikely, as certain cell types such as fibroblasts nei-
ther attach nor spread on cross-linked fibrin clots and
they are not able to invade in fibronectin-depleted
plasma clots.*®#4 In contrast, FXIll-mediated fibronec-
tin-fibrin matrices have the ability to support adhesion
and spreading of fibroblasts in vitro**4¢. Thus, FXIII-
mediated fibrin-fibronectin matrices are the most likely
to play a pivotal role as a survival factor during adult
tissue remodeling.
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