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BACKGROUND & AIMS: Fibrosis is an abnormal ex-
tension of the wound healing process that follows tissue
damage; it is involved in pathogenesis in a variety of
chronic diseases. The formation of extracellular matrix is
an essential response in wound healing. Although it has
been proposed that collagen organization and assembly
depend on the fibronectin matrix in culture, the contri-
bution of fibronectin to these processes remains to be
defined in vivo. METHODS: We generated a conditional,
fibronectin-deficient mouse model of liver injury and
explored whether fibronectin would be a suitable target
for preventing extensive collagen deposits and scar for-
mation that could lead to liver fibrosis. RESULTS: The
lack of fibronectin did not interfere with reconstruction
of collagen fibril organization in response to liver injury.
Signaling by transforming growth factor-� and type V
ollagen were required for collagen fibrillogenesis during
emodeling of adult liver tissue. CONCLUSIONS:
ransforming growth factor-� and type V collagen
re targets for regulating the initial fibrogenic re-
ponse to liver damage.

eywords: Liver Disease; Hepatic Stellate Cells; Mouse
odel of Fibrosis; Conditional Knockout.

Wound healing is a crucial response to maintain
organ structure and integrity after tissue damage.

If injuries persist, they underlie the cause of pathogenesis
in a variety of chronic fibrotic diseases such as liver
fibrosis.1,2 The essential response in wound healing is the

eposition of extracellular matrices (ECMs). The key
layers in ECM production and remodeling in the liver
re hepatic stellate cells (HSCs), which undergo activa-
ion and transdifferentiate into myofibroblast-like cells
n response to liver damage.3,4 A paradigm of ECMs in
dult liver remodeling is that, similar to other tissues, the
nitial deposition of plasma-type fibronectin and fibrin-
gen exudated from plasma to form provisional matrix
an stabilize wounded areas and induces the local pro-
uction of cellular-type fibronectin in activated HSCs.5 In

vitro data suggest that the subsequent formation of an
extensive collagen network requires the presence of fi-

bronectin.6 It also is believed that the profibrogenic cy-
okine transforming growth factor (TGF)-� is responsible
or up-regulating ECM production in activated HSCs.7

Fibronectin is a dimeric glycoprotein and exists as 2
types. Plasma fibronectin is a soluble form produced
solely by hepatocytes, whereas cellular fibronectin is an
insoluble form produced by a variety of cells and incor-
porated into tissue ECM. Both isoforms are generated
from a single gene by alternative splicing.8 Although
considerable in vitro functional studies have indicated
that fibronectin plays a key role in cell differentiation,
proliferation, migration, and survival,9,10 knowledge of
the functional identity of each fibronectin isoform in
adult tissue remodeling remains loosely defined because
of the complexity and the lack of model systems.

A recent study suggested a mechanism by which fi-
bronectin plays a role in TGF-� signaling. Fibronectin
participates in the initial incorporation of latent TGF-�–

inding protein (LTBP)-1 into the ECM in vitro.11 A
ytokine TGF-� is secreted in a biologically inactive (la-
ent) form in a complex with TGF-� latency-associated

protein and LTBPs. The tissue concentration of these
latent complexes is maintained at a constant level.12 In
esponse to injury, local latent TGF-� complexes are
onverted into active TGF-�. There are several mecha-

nisms for activation, such as via chaotropic agents, pro-
teases, integrins (�v�6, �v�8), and thrombospondin
(TSP)-1, all of which are likely to be tissue-specific.13,14

However, fibronectin/TGF-� interdependence on the ini-
tial fibrogenic response to liver damage has not yet been
addressed in vivo and it remains unknown whether the
collagen fibrillogenesis could be prevented or attenuated
by interfering with fibronectin during the response pro-
cess. Here, using our mouse model lacking both fibronec-
tin types in the adult liver, we investigated whether fi-

Abbreviations used in this paper: �SMA, �-smooth muscle cell actin;
CM, extracellular matrix; Fn[fl/fl], floxed fibronectin gene; HSC, he-
atic stellate cell; LTBP, latent transforming growth factor-�–binding

protein; pSmad, phosphorylated Smad; TGF, transforming growth fac-
tor; TSP-1, thrombospondin-1.
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Figure 1. Effect of fibronectin deficiency on hepatic collagen production and assembly after acute liver injury. (A) Time course of fibronectin mRNA
expression. As a loading control, the blot was rehybridized with a glyceraldehyde-3-phosphate dehydrogenase (GAPDH) probe. Note that there is
no induction of fibronectin (Fn) mRNA in polyinosinic-polycytidic acid–injected Fn(fl/fl)/Mx-Cre� liver throughout the time course. (B) Depositions of
fibronectin and fibrinogen in control and mutant livers at 72 hours after injury by immunofluorescent staining (fibronectin and fibrinogen in red;
=6-diamidino-2-phenylindole [cell nuclei] in blue). CV, central vein. Bar, 25 �m. (C) Deposition and assembly of type III (untreated and at day 3) and
ype I (untreated and at day 5) collagen fibrils by immunofluorescent staining. Bar, 50 �m. (D) Hepatic hydroxyproline content at day 0 (untreated) and

day 5 (n � 5 at day 0 and n � 6 at day 5 for each group). Note that there are no significant differences between control and mutant livers at day 0
and 5, whereas the amounts in both livers at day 5 are significantly higher compared with day 0. *P � .05. (E) Real-time polymerase chain reaction
analysis of Col3a1 and Col1a1 mRNAs. Relative mRNA expression levels are shown relative to the control value of 1.0 at day 0 (n � 5 for each group).
Note that the expression levels in each time point (days 0, 3, and 5) are not significantly different between control and mutant livers. (F) Western blot
analysis of collagen �1(I) and �2(I) chains at day 0 (untreated) and day 3 after injury. Note that the control and mutant livers show identical expression

levels.
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May 2011 COLLAGEN ORGANIZATION WITHOUT FIBRONECTIN 1655
bronectin is a suitable molecular target for ameliorating
the initial fibrogenic response to liver injury.

Materials and Methods
Generation of Mutant Mice and Animal
Studies
Mice carrying a fibronectin-floxed gene (Fn[fl/fl])

were generated (Supplementary Figure 1). Mice lacking
both plasma and cellular fibronectin in the liver were
established by mating Fn(fl/fl) mice with mice expressing
Cre recombinase under the control of the interferon- and
polyinosinic-polycytidic acid–inducible Mx promoter
Mx-Cre) described by Sakai et al.15 It was confirmed that

fibronectin gene was deleted from parenchymal as well as
nonparenchymal cells (liver fibronectin-null mice) (Sup-
plementary Materials and Methods section and Supple-
mentary Figures 1 and 2). �6 integrin- and TSP-1– knock-

Figure 2. Effect of fibronectin deficiency on latent TGF-� production an
2% deoxycholate-soluble and deoxycholate-insoluble LTBP-1 and LT
conditions. The intensity of the bands was measured by densitometry, a
were stained with Coomassie brilliant blue (CBB) to confirm that compa
markers are indicated. (B) Increased depositions of latency associated
orescent staining. Bar, 100 �m. (C) Upper panels: representative Wes
xpression. Lower panel: analysis of pSmad2 intensities. The pSmad2
f control) (n � 4 for each group). Note that pSmad2 expression level in fi

D) Western blot analysis of pSmad2, total Smad2, and glyceraldehy
ontrol, fibronectin-null, fibronectin/TSP-1–double null, fibronectin/�6

ivers. Pooled samples from 4 mouse livers from each strain were used
nd each pSmad2 intensity was normalized to GAPDH, then the intens

he control value.
out mice were kindly provided by Dr Dean Sheppard
(University of California, San Francisco, CA) and Dr Jack
Lawler (Beth Israel Deaconess Medical Center, Boston,
MA), respectively.16,17 Liver injury was induced by

Cl4.1,18

Isolation of Primary HSCs and Generation of
Adult HSC Lines
Primary HSCs were isolated principally according

to the method described by Schafer et al.19 Adult control
nd fibronectin-null HSC lines were generated from
SCs of mice on p53- and p21-null genetic back-

round20: HSCs from adult livers of Fn(fl/fl)/p53(�/�)
nd Fn(fl/fl)/p21(�/�) mice were isolated and treated
ith a Cre-transducing adenovirus to delete the fibronec-

in-floxed genes (Supplementary Materials and Methods
ection and Supplementary Figure 3).

F-� activation at 40 hours after injury. (A) Increased expression of both
in fibronectin-null livers by Western blot analysis under nonreducing

e intensities of each control sample were set to 1.0. The same samples
amounts of protein were loaded. The positions of the molecular weight
in (LAP) and LTBP-1, -3, and -4 in fibronectin-null livers by immunoflu-
lot analysis of pSmad2 (C-terminal serine 465/467) and total Smad2
ssion levels are shown relative to the control value of 100 (percentage

ectin-null livers is significantly higher compared with controls. **P � .01.
-phosphate dehydrogenase (GAPDH) (loading control) expression in
in-double null, and fibronectin/�6 integrin/TSP-1–triple null (triple-null)
e analysis. The intensity of the bands was measured by densitometry,
the control was set to 1.0. Each pSmad2 intensity is shown relative to
d TG
BP-4
nd th
rable
prote
tern b
expre
bron
de-3
integr
for th
ity of
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1656 MORIYA ET AL GASTROENTEROLOGY Vol. 140, No. 5
Data Presentation and Statistical Analysis
All experiments were performed in triplicate as a

minimum on separate occasions and the data shown
were chosen as representative of results consistently ob-
served. Results are presented as means � standard devi-
ation. Differences between groups were analyzed using
the 2-sided Student t test on raw data. A P value of less
than .05 was considered significant.
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For more detailed descriptions of the Materials and
Methods used, please see the Supplementary Materials
and Methods.

Results
Generation of Liver Fibronectin-Null Mice
To address the role of Fn in remodeling of adult

tissue ECMs, we established (liver) fibronectin-null (mu-
tant) mice (Fn(fl/fl)/Mx-Cre�) and verified deletion effi-
ciency (Supplementary Figures 1 and 2). Acute liver in-
jury was induced with a well-established model1,18 of a
ingle treatment with the liver-damaging agent CCl4 (1

mL/kg body weight). Fibronectin messenger RNA
(mRNA) was undetectable in Fn(fl/fl)/Mx-Cre� liver
throughout the acute injury period (baseline time 0
through day 7 after injection). In contrast, considerable
induction of fibronectin mRNA was noted in control
liver (Figure 1A). No newly deposited fibronectin protein
was obvious in mutant livers throughout the regenera-
tion process, except for a small remnant amount in the
sinusoidal ECM as detected with immunohistochemistry
(Figure 1B; data not shown). These results show that we
successfully established an adult mouse model lacking
both fibronectin types in the liver during tissue remod-
eling. Deposition of fibrin(ogen), a counterpart of the
provisional matrix with plasma fibronectin, showed no
marked differences by immunohistochemistry between
control and mutant mice throughout the injury (Figure
1B).

Fibronectin Deficiency Does Not Attenuate
Collagen Network Formation in Acute Liver
Injury
Collagen assembly upon tissue damage occurs as

a multistep process. The expression level of collagen
mRNAs, processing during collagen protein secretion,
and the level of degradation contribute to collagen as-
sembly and maintenance.21 Because a preformed fi-
bronectin matrix is indispensable for type III and type I

4™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™
Figure 3. The lack of fibronectin increases activation of HSCs after ac
ivers at 72 hours after injury by immunofluorescent staining (�SMA in r

estern blot analysis of the time-course of �SMA induction after injury. N
rom 3 to 5 days after injury. (C) Left panel: Western blot analysis of �SMA
anel: analysis of �SMA intensities. The �SMA expression levels are sh

group). **P � .01. (D) Upper left panels: immunostaining for pSmad2 a
25 �m. Upper right panel: analysis of pSmad2-positive cells. Note that
arrowheads) is significantly higher in fibronectin-null livers. For comparis
double-immunostaining for pSmad2 (in purplish-blue) and �SMA (in b
marker �SMA in their cytoplasms (black arrowheads). Bar, 25 �m. (E)
fibronectin/�6 integrin–double, and fibronectin/�6 integrin/TSP-1–triple
0 �m. Right panel: analysis of intensity in assembled collagen fibrils. R

LivFn-null). *P � .05; **P � .01. (F) TGF-�1 effectively induces activati
72 hours after the isolation of primary HSCs from adult control and fibron
Eagle medium containing 2% Fn-depleted fetal bovine serum with indic
cent staining for �SMA (in green) at 72 hours after the isolation of prim

hapes with long cytoplasmic processes in addition to intense �SMA induct
collagen-containing fibril formation in culture,6,22,23 it
was hypothesized that the absence of fibronectin could
attenuate collagen fibrillogenesis after acute liver injury.
However, any difference was not detected between con-
trol and fibronectin-null livers in the following: (1) the
deposition and assembly of type III and type I collagens;
(2) hepatic hydroxyproline content as a measure of net
collagen production; (3) expression levels of Col3a1 and
Col1a1 mRNAs and �1(I) and �2(I) protein chains; and
4) expression levels of collagen-related matrix metallopro-
einases 8 and 13 mRNAs (Figure 1C–F; data not shown).
hese findings indicate that there is an alternative in vivo
echanism for collagen fibrillogenesis in the absence of

bronectin.

Liver Lacking Fibronectin Increases the
Production of TGF-� Latent Complexes and
Local TGF-� Bioavailability in Response to
Injury
Because fibronectin is associated with latent

TGF-� complexes to incorporate into ECM,7,12,14 we next
etermined whether lacking fibronectin affected the pro-
uction of latent complexes of TGF-� after liver injury.
he expression of both 2% deoxycholate-soluble and de-
xycholate-insoluble fractions (defined as immaturely
nd maturely assembled matrices, respectively24) of

LTBP-1 and -4 was higher in fibronectin-null livers after
injury (Figure 2A). The substantial depositions of laten-
cy-associated protein and of LTBP-1, -3, and -4 in the
ECM of the mutant liver after injury were confirmed with
immunohistochemistry (Figure 2B). Although LTBPs are
associated with ECM components such as fibronectin
and fibrillin,12,14 they showed fibrillar structures even

ithout fibronectin.
Latent TGF-� that is activated in response to injury

binds to the TGF-� type I receptor, which then phos-
horylates the C-terminal regions of Smad 2/3 transcrip-
ion factors. Activated Smads translocate to the nucleus
here they are involved in the regulation of gene expres-

™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™
er injury. (A) Pronounced induction of hepatic �SMA in fibronectin-null
=6-diamidino-2-phenylindole in blue). CV, central vein. Bar, 25 �m. (B)
hat a higher induction level of �SMA is indicated in fibronectin-null livers
plasma and liver fibronectin protein levels at 72 hours after injury. Right

relative to the control value of 100 (percent of control) (n � 4 for each
ours after injury. Sections were counterstained with hematoxylin. Bar,
umber of nuclear pSmad2-positive nonparenchymal cells (brown; red
epatocyte nuclei are indicated (black arrows). **P � .01. Lower panels:
. Note that the nuclear pSmad2-positive cells express activated HSC
panels: induction of �SMA in fibronectin-null, fibronectin/TSP-1– and
kout livers at 72 hours after injury by immunofluorescent staining. Bar,

e fluorescence intensities are shown relative to the control value of 100
primary HSCs in vitro. Upper panel: Western blot analysis of �SMA at
-null intact livers. Primary HSCs were incubated in Dulbecco’s modified
supplements. HSC70, loading control. Lower panels: immunofluores-

HSCs. Note that TGF-�1 (0.25 pmol/L) induces characteristic stellate
™™™
ute liv
ed; 4
ote t
, and
own
t 40 h
the n
on, h
rown)
Left
knoc

elativ
on of
ectin
ated
ary
ion in fibronectin-null HSCs. Bar, 100 �m.
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sion.25,26 Therefore, it was next examined whether the
ncreased production of latent TGF-� complexes in fi-
ronectin-null livers altered the local activation of TGF-�

after injury. Phosphorylation of Smad2 (pSmad2) in fi-
bronectin-null livers at 40 hours after injury was 2.2-fold
higher (P � .01) than in controls (Figure 2C). To deter-
mine the molecular mechanisms underlying increased
TGF-� activity in fibronectin-null livers after injury, we
enerated fibronectin/TSP-1– and fibronectin/�6 integ-
rin– double and fibronectin/�6 integrin/TSP-1–triple

nockout mice.16,17 The induction level of pSmad2 was
own-regulated to 52% in fibronectin/TSP-1–null, 29% in
bronectin/�6 integrin–null, and 19% in fibronectin/�6

integrin/TSP-1–null livers in comparison with fibronec-
tin-null livers (Figure 2D). These results showed that
although both �6 integrin and TSP-1 participate in local
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TGF-� activation in acute liver injury, �6 integrin plays a
more significant role in its activation than does TSP-1.

Lack of Fibronectin Results in Significantly
Increased HSC Activation After Acute Liver
Injury
The key event for ECM remodeling in response to

liver injury is the activation of HSCs.3 Both TGF-� and
he cellular fibronectin extradomain A segment promote
he initiation of HSC activation in vitro, accelerating the
nduction of the activated HSC marker, �-smooth muscle
ell actin (�SMA).27,28 Because the absence of fibronectin

increases local TGF-� activity after injury (Figure 2C), we
next addressed the functional relationship of fibronectin
and TGF-� with HSC phenotypes both in vivo and in
itro. We found that after acute injury fibronectin-null
ivers had higher �SMA levels than controls, especially in
he areas of the central vein (Figure 3A–C). The number
f �SMA-positive cells at day 3 were 173.8 � 17.1 cells/

field in mutant mice (field � 0.24 mm2, n � 8) vs 69.4 �
2.4 cells/field in control mice (n � 8; P � .01). Fibronec-
in-null livers also showed a significantly increased num-
er of nuclear pSmad2-positive nonparenchymal cells
fter injury (35.1 � 3.8 cells/field in mutant; field � 0.24

mm2 [n � 10] vs 3.5 � 1.1 cells/field in control [n � 10];
P � .01), and those pSmad2-positive cells expressed
�SMA (Figure 3D). The �SMA induction was diminished
in fibronectin/�6 integrin- and fibronectin/TSP-1– dou-
ble-knockout livers and was reduced even further in fi-
bronectin/�6 integrin/TSP-1–triple knockout livers (Fig-
ure 3E). To further determine the extent, if at all, that
TGF-� can activate HSCs in the absence of fibronectin, we

repared primary HSCs isolated from adult control and
bronectin-null mice. TGF-�1 stimulation induced �SMA
roduction at concentrations as low as 0.25 pmol/L (6.25
g/mL). The production surpassed that of nontreated con-

4™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™
Figure 4. Fibronectin-null HSCs form type V collagen–nucleated type II
in vitro. (A) Real-time polymerase chain reaction analysis of Col5a1 mRN
fibronectin (pFn, 10 �g/mL) or TGF-�1 (2 pmol/L). mRNA expression lev
group). Note that TGF-�1 significantly up-regulates Col5a1 mRNA levels
(B and C) TGF-�1 induces type III, type I, and type V collagen assembly
ype V collagen in fibronectin-null HSCs. (B) Double immunofluorescen
=6-diamidino-2-phenylindole (in blue) in control and fibronectin-null H

�g/mL) or TGF-�1 (2 pmol/L). For type V collagen staining, the same im
C) Analysis of intensity in assembled collagen fibrils in fibronectin-null H
o each control value of 100 (no addition). **P � .01. (D–F) Effect of Co
hain reaction analysis of Col5a1 mRNA levels in fibronectin-null HSCs
elative to the control value of 1.0 (scrambled dsRNA transfectants) (n �
f Col5a1 mRNA levels in fibronectin-null HSCs. **P � .01. (E and F) Eff

(10 �g/mL)-mediated (F) type I and type III collagen assembly. Left pan
ed; 4=6-diamidino-2-phenylindole in blue) in fibronectin-null HSCs at 4
iRNA almost completely inhibits TGF-�1–induced collagen network fo
ollagen network formation. Control (vehicle only), treated with Lipof
ouble-stranded RNA transfectant. Bar, 50 �m. Right panels: analysis o
hown relative to each control value of 100 (cells transfected with sc

scrambled dsRNA and plasma fibronectin [10 �g/mL] added [F]). Th

ubtracted from each value. **P � .01.
rol and cells treated with 80 �g/mL plasma fibronectin.
TGF-�1 addition (0.25 pmol/L) also induced characteristic
stellate shapes with long cytoplasmic processes (Figure 3F).
Taken together, our results indicate that TGF-�1 alone
ufficiently initiates HSC activation after liver injury.

TGF-�–Induced Collagen V Generates Type
III/I Collagen Networks in the Absence of
Fibronectin Both In Vitro and In Vivo
To determine whether TGF-� is involved in type

II/I collagen network formation in the absence of fi-
ronectin, adult control and Fn-null HSC lines were
enerated from HSCs of mice on p53- and p21-null
enetic backgrounds20 (Supplementary Figure 3). Be-

cause all fibronectin-null cells, including adult fibronec-
tin-null HSCs, do not assemble collagen fibrils in normal
cultures,6,22,23 it was examined which of those factors that
regulate activated HSC phenotypes were involved in col-
lagen fibrillogenesis. We found that TGF-�1, which is
activated and secreted in response to liver injury7 and
howed increased activity in fibronectin-null livers (Fig-
re 2C), was the most potent factor. The addition of
GF-�1 to fibronectin-null HSCs in culture at concen-

trations as low as 2 pmol/L (50 pg/mL) induced type I
collagen fibril network formation. Other cytokines/
growth factors such as platelet-derived growth factor–AA
(mitogenic factor; up to 800 pmol/L � 20 ng/mL) and
amphiregulin (injury-protective factor; up to 3500
pmol/L � 40 ng/mL) had no effect on collagen fibril
assembly (Supplementary Figure 4).

There is evidence that TGF-�1 up-regulates Col5a1
hain mRNA level during osteogenesis.29 Of the 20 type

I/III collagen assembly related molecules examined (Sup-
plementary Table 1), Col5a1 had the strongest response to
TGF-�1: TGF-�1 addition (2 pmol/L) to the media of
fibronectin-null HSCs significantly increased Col5a1

™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™
type I collagen fibril networks even in the absence of a fibronectin matrix

fibronectin-null HSCs. Cells were incubated for 12 hours with plasma
re shown relative to the control value of 1.0 (no addition) (n � 4 for each
reas plasma fibronectin does not have any remarkable effect. **P � .01.
reas plasma fibronectin induces assembly of type III and type I but not

ning for type III (in red), type I (in red), or type V collagen (in green) and
. Cells were incubated for 18 hours with plasma fibronectin (pFn, 10
for type V single staining (black and white) also are shown. Bar, 50 �m.
shown in panel B. Relative fluorescence intensities are shown relative
siRNA on fibronectin-null HSC phenotypes. (D) Real-time polymerase
hours after transfection. Relative mRNA expression levels are shown

each group). Note that siRNA leads to a significant knockdown (�75%)
Col5a1 siRNA on TGF-�1 (2 pmol/L)-induced (E) or plasma fibronectin
eposition and assembly of collagen fibrils (type I and type III collagen in
rs after transfection by immunofluorescent staining. Note that Col5a1
n, whereas it does not remarkably affect plasma fibronectin-mediated
ine 2000 (Invitrogen, Carlsbad, CA) only. SCR DSRNA, scrambled

nsity in assembled collagen fibrils. Relative fluorescence intensities are
led dsRNA and TGF-�1 [2 pmol/L] added [E]; cells transfected with

ckground fluorescence intensity measured in control (vehicle only) is
™™™
I and
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mRNA levels (�2.5-fold) in comparison with controls
(P � .01; Figure 4A). The up-regulation of Col5a1 mRNA
evels was observed at concentrations of TGF-�1 as low as
.1 pmol/L (data not shown). TGF-�1 (2 pmol/L) was

able to induce type V collagen assembly in fibronectin-
null HSCs, and underwent type III and type I collagen
fibril network formation. In contrast, plasma fibronectin
(10 �g/mL) clearly organized type III and type I fibrils
ut did not induce type V collagen assembly (Figure 4B
nd C). When fibronectin-null HSCs were exposed to
oth TGF-�1 and plasma fibronectin, there was a syner-
istic effect on type I collagen organization (Supplemen-
ary Figure 5), suggesting that TGF-�1 and fibronectin

mediate, at least in part, different pathways to induce
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collagen assembly. Untreated fibronectin-null and its pa-
rental HSC cells expressed similar levels of Col3a1 or
Col1a1 mRNAs by real-time polymerase chain reaction

nd the type I collagen secretion by pulse chase analysis
Supplementary Figure 3D and E). Thus, these findings

suggest that the fibronectin-null HSCs have a defect in
the process of fibril assembly or their attachment to the
cells as they form the matrices. The addition of exoge-
nous pepsin-treated type V collagen alone in fibronectin-
null HSCs could form short and thin type I collagen
fibrils but at a lesser extent than TGF-�1 (Supplementary

igure 6), suggesting that the intracellular process may
lay an important role in type V collagen–mediated type
collagen fibril network formation.30 Matrix metallopro-

teinase inhibitor GM6001 at a concentration up to 25
�mol/L did not support type III and I collagen assembly
in fibronectin-null HSCs (data not shown).

It was further examined whether type V collagen is
directly involved in de novo type I and type III collagen
network formation. Transfection of Col5a1 siRNA into
fibronectin-null HSCs led to the efficient knockdown of
Col5a1 mRNA levels at 27 hours (�75%; P � .01) and
maintained approximately 55% reduction 45 hours later
compared with scrambled double-stranded RNA trans-
fectants (Figure 4D). Accordingly, the siRNA treatment of
fibronectin-null HSCs resulted in the reduction of TGF-
�–induced Col5a1 mRNA levels (�50%) and significant
nhibition of type I and type III collagen assembly. No
bviously assembled fibril networks were detected with

mmunocytochemistry (�93% inhibition of type I and
95% inhibition of type III fibril formation, respectively,
� .01; Figure 4E). In contrast, Col5a1 siRNA did not

ffect plasma fibronectin-mediated type III and I collagen
ssembly even though it reduced Col5a1 mRNA level to
he same extent (�50%) (Figure 4F). Scrambled double-
tranded RNA had no effect on these phenotypes. Thus,
hese findings show that type V collagen functions to
enerate type III/I collagen fibril assembly even in the
bsence of a fibronectin matrix. Interestingly, this phe-
otype seems to be specific for adult HSCs. When fi-
ronectin-null embryonic fibroblasts were exposed to

4™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™
Figure 5. Collagen fibril organization in control and fibronectin-null live
nd assembly of type I (in red) and type V (in green) collagens at day 5 af

panel: analysis of intensity in assembled collagen fibrils. Relative fluoresc
**P � .01. (B) Ultrastructural analysis of collagen fibrils at day 5 after inju
Bar, 100 nm. Lower left panel: morphometric analysis of collagen fibril d
for each group). Note that there is a significantly increased thinner fibril
ight panel: the average diameter of collagen fibrils in control and fi
bronectin-null livers (41.2 � 6.7 nm) show significantly smaller diamete

type III and type I collagen fibrils at day 7 by immunofluorescent staining
Upper panels: Sirius red staining. Bar, 100 �m. Lower panel: quantifica
epatic hydroxyproline content between control and fibronectin-null liver

chain reaction (PCR) analysis of Col3a1 and Col1a1 mRNAs. Relative mR
(untreated) (n � 5 for each group). Lower panels: deposition and assem

50 �m.
lasma fibronectin in culture, type III and type I collagen
bril networks were clearly organized in response to
lasma Fn without a type V collagen network formation.
n contrast, TGF-�1 at concentrations from 2 to 500

pmol/L supported neither type V collagen nor type III
and type I collagen fibril assembly in this cell type (Sup-
plementary Figure 7).

In vivo analysis after acute liver injury revealed sig-
nificantly more extensive deposition and assembly of type
V collagen in fibronectin-null livers at day 5 in com-
parison with the controls (P � .01; Figure 5A). The
localization of assembled type V collagen fibrils in fi-
bronectin-null livers often overlapped with type I fibrils.
Subsequent analysis of collagen fibril ultrastructure
showed that the thinner fibril subpopulation (�35 nm
diameter) was increased significantly in the fibronectin-
null livers at day 5 after injury (16.8% in mutant vs 3.2%
in control: 5.3-fold; P � .01; Figure 5B). As a conse-
quence, the average diameter of fibrils in fibronectin-null
livers was smaller than control livers (50.2 � 10.0 nm in
control mice vs 41.2 � 6.7 nm in mutant mice; P � .01;
Figure 5B). Newly organized collagen networks were
nearly completely cleared from both control and mutant
mice livers by day 7 (Figure 5C).

Finally, the initial fibrogenic response to chronic liver
injury induced by CCl4 was examined.18 It was confirmed
hat there was no apparent fibronectin protein induction
n fibronectin-null livers after injury by Western analysis
Supplementary Figure 8). Histologically, the bridging-
brosis formation was found in both livers with the same
xtent and there were no obvious differences in fibrotic
reas by Sirius red staining (Figure 5D). Serum alanine
minotransferase and total bilirubin levels and the albu-
in/globulin ratio were not significantly different be-

ween control and mutant livers after CCl4 treatment
(Supplementary Figure 9).31 Furthermore, no difference
was detected between control and fibronectin-null livers
in hepatic hydroxyproline content (Figure 5E), Col3a1
and Col1a1 mRNA levels, and deposition and assembly of
type III and type I collagens (Figure 5F).

™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™
vivo. (A–C) Response to acute liver injury. (A) Upper panels: deposition
ury by immunofluorescent staining. CV, central vein. Bar, 50 �m. Lower
intensities are shown relative to each control value of 100 (control liver).
per panels: transmission electron micrographs of transverse sections.
ter in control and fibronectin-null livers at day 5 after injury (1500 fibrils

opulation (�35 nm diameter) in fibronectin-null livers. **P � .01. Lower
ectin-null livers (1500 fibrils for each group). Note that the fibrils in

controls (50.2 � 10.0 nm). **P � .01. (C) Deposition and assembly of
r, 50 �m. (D–F) The initial fibrogenic response to chronic liver injury. (D)
of fibrotic areas (n � 5 for each group). (E) No significant differences in

6 for control; n � 7 for mutant). (F) Upper panels: real-time polymerase
xpression levels are shown relative to the control value of 1.0 at 0 week
f type III and type I collagen fibrils by immunofluorescent staining. Bar,
™™™
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Discussion
Based on the experimental evidence showing that

the preformed fibronectin matrix is required for in vitro
collagen network formation,6,22,23 we investigated in the
present study whether fibronectin was a suitable molec-
ular target for preventing the initial fibrogenic response
to liver damage. We found that fibronectin deficiency
resulted in increased local TGF-� activity and formed
ollagen fibril networks similar to control livers after
njury.

A number of genetic studies have suggested that the
bsence of or a mutation in LTBP-binding ECMs such as
brillin-1 results in increased TGF-� activity and Smad

signaling, whereas the absence of or mutation in LTBPs
results in decreased activity.32–36 These results support
he hypothesis that the LTBPs and their binding mole-
ules such as fibronectin determine the spatial localiza-
ion of LTBPs in tissues, thereby regulating the activating

echanisms of TGF-�. We have identified 2 different
echanisms of latent TGF-� activation in response to

liver injury: one mediated by TSP-1 and the other, more
dominant one, mediated by �6 integrin. Our findings
mply that fibronectin regulates the balance of the active
nd inactive (latent) TGF-�, which in turn modulates

ECM production and remodeling, and consequently
maintains adult liver homeostasis. Indeed, mouse models
of TGF-�1 overexpression show dominant phenotypes
uch as advanced liver fibrosis.37,38

Our present study provides compelling evidence that
collagen fibrillogenesis in adult tissues in response to
damage is mediated by both fibronectin and type V col-
lagen. Type V collagen-null mouse embryos display de-
fects in collagen fibril formation in the mesenchyme.30

These results support the hypothesis that both fibronec-
tin and type V collagen play a critical role in collagen
fibrillogenesis in embryonic development and adult tis-
sue remodeling, the extent according to the temporal and
spatial expression pattern of each molecule. Interestingly,
type V collagen–mediated type III/I collagen fibril assem-
bly in response to liver injury seems to be specific for
adult HSCs because TGF-�1 supported neither type V
collagen nor type III/I collagen fibril assembly in fi-
bronectin-null embryonic fibroblasts. The diameter of
formed type I collagen fibrils is inversely proportional to
the type V/type I collagen ratio, and adult Col5a1(�/�)
mouse dermis contains a larger and abnormal popula-
tion of collagen fibrils.30,39,40 Indeed, our ultrastructural
analysis of collagen fibrils provides evidence that type
V–mediated collagen fibrils in fibronectin-null livers con-
tain a significantly increased number of the thinner sub-
population in response to acute liver injury. Taken to-
gether, these findings suggest that the excess type V
collagen could result in a heterotypic type I collagen
assembly. The contribution of type V collagen–nucleated
collagen fibrillogenesis in adult tissues is largely undeter-

mined. It remains to be elucidated clinically whether
newly reconstructed ECMs induced by initial type V col-
lagen deposition contribute to the critical turning point
from normal to abnormal healing. Our current study,
therefore, has identified 2 players, TGF-� and type V
collagen, that regulate the initial fibrogenic response to
liver damage.

Although a prominent expression of fibronectin is ob-
served during tissue repair, the contribution of fibronec-
tin to adult ECM remodeling, particularly to collagen
fibrillogenesis, has remained as an unsolved ques-
tion.5,9,10,41 Our results have wiped out the long-standing
oncept that collagen fibril organization requires the
rior assembly of fibronectin matrix,6,22,23 and the fur-
her interpretation that fibronectin matrix is probably
erving as a scaffold for collagen fibril organization. Our
resent study has shown that fibronectin scaffold is not
lways essential for tissue remodeling and a certain cell
ype can assemble collagen fibril networks in the com-
lete absence of fibronectin in vivo.

Supplementary Material

Note: To access the supplementary material
accompanying this article, visit the online version of
Gastroenterology at www.gastrojournal.org, and at doi:

0.1053/j.gastro.2011.02.005.
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