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Integrins control many cell functions, including generation of reactive oxygen species (ROS) and regulation of
collagen synthesis. Mesangial cells, found in the glomerulus of the kidney, are able to produce large amounts of ROS
via the NADPH oxidase. We previously demonstrated that integrin �1-null mice develop worse fibrosis than
wild-type mice following glomerular injury and this is due, in part, to excessive ROS production by �1-null
mesangial cells. In the present studies, we describe the mechanism whereby integrin �1-null mesangial cells
produce excessive ROS. Integrin �1-null mesangial cells have constitutively increased basal levels of activated Rac1,
which result in its increased translocation to the cell membrane, excessive ROS production, and consequent
collagen IV deposition. Basal Rac1 activation is a direct consequence of ligand-independent increased epidermal
growth factor receptor (EGFR) phosphorylation in �1-null mesangial cells. Thus, our study demonstrates that
integrin �1�1-EGFR cross talk is a key step in negatively regulating Rac1 activation, ROS production, and excessive
collagen synthesis, which is a hallmark of diseases characterized by irreversible fibrosis.

Integrin �1�1, a major collagen binding receptor, is ex-
pressed in different cell types, including fibroblasts (45), endo-
thelial cells (8), and mesangial cells in the glomerulus of the
kidney (30, 53). Integrin �1�1 confers the ability of cells to
bind to collagenous substrata, including collagens I and IV (4,
45), and to proliferate on these substrata (45). Moreover, cells
expressing integrin �1�1 sense extracellular levels of collagen
and downregulate its synthesis at both transcriptional and
translational levels (4, 14). Finally, we demonstrated that inte-
grin �1�1 also downregulates the production of reactive oxy-
gen species (ROS) (4, 58).

Following renal injury, mice lacking integrin �1�1 develop
more extensive glomerular fibrosis characterized by excessive
accumulation of collagen type IV compared to wild-type (WT)
mice (4, 58). Increased fibrosis is due to both a direct effect of
the lack of integrin �1�1-mediated downregulation of collagen
IV synthesis and excessive ROS production by �1-null mesan-
gial cells.

Constitutive production of ROS by mesangial cells, a major
cell type found in the glomerulus of the kidney, originates from
an intrinsic NADPH oxidase (26, 48) that normally functions at
a low level and increases in response to inflammatory stimuli,
high glucose, or stress (25, 34, 35, 37, 55). The NADPH oxi-
dase, highly characterized in phagocytes, is a multicomponent
enzyme complex that consists of the membrane-bound cyto-
chrome b558 (p22phox and gp91phox) and cytoplasmic proteins
(p40phox, p47phox, p67phox) that translocate to the membrane

following cellular stimulation to produce superoxide (3, 9, 47).
A multicomponent phagocyte-like NADPH oxidase is also a
major source of ROS in many nonphagocytic cells, including
mesangial cells. In the phagocyte-like NADPH oxidase, the
catalytic subunits are termed Nox proteins, with Nox4 (homol-
ogous to gp91phox/Nox2) highly expressed in mesangial cells
(16, 19, 48). In addition, membrane-bound and cytoplasmic
subunits p22phox, p47phox, and p67phox have also been found in
mesangial cells (1, 32, 40, 55) and their expression or mem-
brane assembly is increased following stimulation with angio-
tensin II, hormones, and high glucose (1, 40, 55). Moreover,
the finding that treatment of mesangial cells with antisense
against Nox4, p22phox, or p47phox prevents angiotensin II- or
high-glucose-mediated ROS production (1, 19, 32, 55) clearly
demonstrates a role for these NADPH subunits in ROS syn-
thesis by mesangial cells.

One of the major adapters proposed to aid in the interaction
of the cytoplasmic subunit p67phox with membrane-bound cy-
tochrome b558 is the small G protein Rac (reviewed in refer-
ences 2, 3, and 22). Within the Rac family, three major mem-
bers have been described, namely, Rac1, Rac2, and Rac3. Rac1
is ubiquitously expressed, Rac2 is primarily expressed by cells
of the hematopoietic lineage (20, 28), while Rac3 is expressed
primarily in the brain, nervous system, and mammary gland (6,
36). Rac members are known to be key regulators of the actin
cytoskeleton, as well as of the NADPH oxidase system, partic-
ularly Rac1 and Rac2 (3, 22). In this context, Rac1 regulates
gene expression, cell cycle progression, cell spreading, rear-
rangement of the actin cytoskeleton, and activation of the
nonphagocytic NADPH (22), while Rac2, besides controlling
actin-mediated functions, is necessary for activation of phago-
cytic NADPH oxidase (3, 18). The recent observation that
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fibroblasts lacking Rac1 upregulate Rac3 activation and cellu-
lar ROS suggests a potential role for this Rac family member
in ROS synthesis (7). Mesangial cells express Rac1 (19, 33),
and this small GTPase is required for regulating angiotensin
II-dependent ROS production (19), clearly suggesting that
Rac1 can control ROS generation in this glomerular cell type.

Integrins have been shown to control cytosolic, as well as mi-
tochondrial, ROS production via interactions with small G pro-
teins. In this context, activation of integrin �5�1 leads to a tran-
sient activation of Rac1, followed by mitochondrial ROS
production and consequent matrix metalloproteinase synthesis
(27, 54). In addition, activation of integrin �2�1 induces NADPH
oxidase-mediated ROS production in a p38-dependent manner
(21). In contrast to this finding, adherent leukocytes transiently
suppress NADPH oxidase activity and ROS production (59). This
effect is due to integrin-mediated inhibition of Rac2 as a result of
enhanced tyrosine phosphatase activity and decreased Vav1 acti-
vation (59). All together, these data clearly suggest that integrin
activation can either enhance or inhibit ROS production and this
effect is cell and tissue specific.

In the present study, we investigated the mechanisms
whereby integrin �1�1 modulates the production of ROS by
the NADPH oxidase in order to understand why �1-null mes-
angial cells produce excessive collagen IV. We show that lack
of integrin �1�1 results in constitutively upregulated Rac1
activity due to increased phosphorylation of the epidermal
growth factor (EGF) receptor (EGFR) and consequent acti-
vation of Vav2, a guanine nucleotide exchange factor (GEF)
for the Rho/Rac family of small G proteins. Activated Rac1 is
translocated to the cell membrane, resulting in excessive ROS
production and consequent excessive synthesis of collagen IV.
These findings show that �1�1-EGFR cross talk plays a key
role in modulating ROS production and subsequent collagen
synthesis, which has critical implications for understanding reg-
ulation of the fibrotic response following injury.

MATERIALS AND METHODS

Cell culture. Mesangial cells were isolated from WT and integrin �1-null mice
crossed onto the immorto mouse background (gift of D. Cosgrove) as previously
described (4) and propagated at 33°C in the presence of 100 IU/ml gamma
interferon. For experiments, cells were cultured at 37°C without gamma inter-
feron for at least 4 days before use, as this is the optimal time for immorto
mesangial cells to acquire a phenotype similar to that of freshly isolated primary
mesangial cells.

Cell transfection. Mesangial cells were transfected with plasmid pEGFP-CL,
pEGFP-CL-Rac-N17, or pEGFP-CL-RacL61 by using FuGENE 6 Transfection
Reagent (Roche), and flow cytometry was used to select populations of L61Rac-
or N17Rac-green fluorescent protein (GFP)-positive cells. Levels of total Rac
and GFP-Rac fusion proteins were confirmed by Western blotting with anti-
mouse Rac1 antibody.

The retrovirus LZRS-GFP vector, which allows bicistronic expression of the
protein of interest and GFP (see reference 43), was used to generate �1KO cell
populations reexpressing the full-length human integrin �1 subunit (gift of E.
Marcantonio). Stable cell populations expressing high levels of GFP or GFP and
the full-length integrin �1 subunit (�1KO-Rec) were selected by flow cytometry
with an antibody to the extracellular domain (Calbiochem). Polyclonal cell pop-
ulations were used in order to avoid some of the pitfalls associated with isolation
of monoclonal cell lines.

Immunofluorescence. To visualize actin, Rac1, EGFR, and focal adhesions, se-
rum-starved mesangial cells were plated in serum-free medium on chamber slides
precoated with 10 �g/ml collagen IV or fibronectin. After 3 h, cells were fixed in 4%
formaldehyde for 10 min and permeabilized with 0.1% Triton X-100 in phosphate-
buffered saline (PBS) for 5 min. After blocking with 3% bovine serum albumin
(BSA) in PBS, cells were incubated with rhodamine-phalloidin (1:2,000; Molecular

Probes Inc.), anti-mouse Rac1 (1:300; Transduction Laboratories), antivinculin
(1:100; Upstate Biotechnology), or anti-mouse EGFR (1:200; Upstate) antibodies,
followed by the appropriate rhodamine isothiocyanate (RITC)- or fluorescein iso-
thiocyanate-conjugated secondary antibodies (Calbiochem). Slides were mounted
with antifade mounting medium (VECTASTAIN; Vector Labs) and analyzed under
an epifluorescence microscope (Nikon).

To visualize collagen IV deposition, 104 cells were plated on uncoated cham-
ber slides in complete medium. After 3 days, cells were permeabilized in cold
acetone for 10 min and blocked with 3% BSA in PBS. Cells were then incubated
with anti-mouse collagen IV antibody (1:200 dilution; BD Transduction Labo-
ratories), followed by incubation with RITC-conjugated secondary antibody (1:
200 dilution). Collagen IV was quantified as follows. Collagen-positive structures
(i.e., RITC-positive images) were imaged, and the color images were converted
to black-and-white pictures with Photoshop (Adobe) and processed with the
Scion Image program as previously described (44). Collagen IV was expressed as
a percentage of the area occupied by collagen IV-positive structures per micro-
scopic field. Six images per cell type were imaged per experiment, with a total of
24 images analyzed.

In some experiments, cells were serum starved for 24 h with or without Na
orthovanadate (25 �M; Sigma), genistein (20 �M; Sigma), or the EGFR-specific
inhibitor AG1478 (300 nM; Calbiochem) and then plated on collagen IV with or
without the reagents indicated above or with human EGF (100 ng/ml; Calbio-
chem). After 3 h, the cells were processed as described above.

PAK1-PBD pull-down assays. PAK1-p21Rac binding domain (PBD)-conju-
gated glutathione Sepharose beads were prepared and used as previously de-
scribed (17). Cells serum starved for 24 h were scraped in 1ysis buffer containing
50 mM Tris-HCl (pH 7.5), 10 mM MgCl2, 200 mM NaCl, 1% NP-40, 5% glycerol,
0.05% Tween 20, 1 mM NaF, 1 mM Na3VO4, and proteinase inhibitor (Roche).
Eight hundred micrograms of cell lysate was incubated with 30 �l of PAK1-PBD-
conjugated glutathione Sepharose beads at 4°C for 1 h. Beads were then centri-
fuged, washed with 25 mM Tris-HCl (pH 7.6)–30 mM MgCl2–40 mM NaCl–1
mM dithiothreitol–1% NP-40, suspended in 20 �l of Laemmli’s sample buffer,
boiled for 5 min, and analyzed by Western blotting as indicated below.

Western blot analysis. Beads were subjected to 12% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis, and the fractionated proteins were trans-
ferred to nitrocellulose membrane and incubated with anti-Rac1 antibody (1:
3,000). Immunoreactive proteins were visualized with an appropriate peroxidase-
conjugated secondary antibody and an ECL kit. Equal loading was confirmed by
analyzing the levels of total Rac1 in 40 �g of total cell lysate.

To detect levels of phosphotyrosine proteins or phosphorylated EGFR, mesangial
cells were serum starved for 24 h with or without the antioxidants TEMPOL (5 �M)
and diphenyleneiodium (0.5 �M), as previously described (4). Equal amount of cell
lysate (40 �g/lane) were analyzed by Western blotting with anti-phosphotyrosine
PY-99 antibody (1:1,000; Santa Cruz), anti-phospho-EGFR pY1173 antibody (1:
1,000; Santa Cruz), or anti-EGFR antibody (1:200; Upstate).

To detect the levels of total, as well as phosphorylated, Vav2, mesangial cells
were serum starved for 24 h with or without AG1478 (300 nM) and equal
amounts of cell lysate (40 �g/lane) were analyzed by Western blotting with rabbit
anti-p-Vav2 (Tyr-172; 1:1,000; Santa Cruz) and rabbit anti-Vav2 antibodies (1:
1,000; Santa Cruz). Anti-Tyr-172 Vav2 antibodies were used since EGFR phos-
phorylates Vav2 at its N-terminal domain, specifically, Tyr-142, Tyr-159, and
Tyr-172 (51).

For collagen IV analysis, cells cultured for 3 days in complete medium were
scraped and suspended in 50 mM HEPES (pH 7.5)–150 mM NaCl–1% Triton
X-100. Cell lysates (40 �g/lane) were fractionated by 8% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis, and the levels of collagen IV were detected
with rabbit anti-collagen IV antibody (1:1,000).

Subcellular fractionation of mesangial cells was performed as previously de-
scribed (57). Equal amounts of cytosol and membrane fractions (40 �g/lane)
were analyzed by Western blotting for levels of total Rac, total EGFR, or
phosphorylated EGFR with the antibodies indicated above. Anti-N-cadherin
(1:1,000; Santa-Cruz) and anti-ERK (1:1,000; Cell Signaling) antibodies were
used to validate the purity of the subcellular fractionation products.

Inhibition of TCPTP expression by siRNA. The murine T-cell protein tyrosine
phosphatase–non-receptor-type protein tyrosine phosphatase 2 (TCPTP) se-
quences 5�-GCAGTTGTCATGCTAAACC-3� and 5�-CGAGAACCATATCTC
ACTT-3� were targeted for RNA interference. Double-stranded small interfer-
ing RNAs (siRNAs) were obtained from Ambion. Subconfluent populations of
mesangial cells were transfected with a mixture of the two TCPTP siRNAs (15
nM each) or glyceraldehyde-3-phosphate dehydrogenase siRNA (30 nM) as a
control with the Effectene transfection reagent (QIAGEN). After 72 h, cells were
serum starved for 24 h and equal amounts of cell lysates (40 �g/lane) were
analyzed by Western blotting for levels of phosphorylated and total EGFR, as
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well as total TCPTP. Anti-mouse TCPTP antibodies (clone 3E2) were a gener-
ous gift of M. Tremblay, McGill University, Montreal, Quebec, Canada (24).

Activation of EGFR in A431 cells. Mesangial cells (2 � 105) were plated onto
six-well plates in complete medium. After 12 h, the cells were incubated with 1
ml serum-free medium for 72 h. The medium was collected, and the cells were
counted to verify the same number in each well. A431 cells serum starved for 24 h
were kept untreated, incubated for 10 min with 1 ml mesangial-cell-conditioned
medium, or incubated with 10 ng/ml recombinant EGF. Equal amounts of total
cell lysates (5 �g/lane) were then processed for Western blot analysis with
anti-pY1173 (1:1,000), anti-phospho-ERK (1:1,000; Cell Signaling), or anti-ERK
(1:1,000) antibodies.

ELISA. To determine whether mesangial cells secrete detectable levels of
EGFR ligands, 1 � 106 cells were plated on uncoated 10-cm dishes and after 24 h
the cells were incubated with 10 ml serum-free medium. At 72 h later, the
medium was collected and concentrated to a final volume of 500 �l with Cen-
tricon centrifugal filter devices (5,000-Da cutoff) and 100 �l was used to analyze
the levels of secreted EGF, HB-EGF, and transforming growth factor alpha
(TGF-�) by enzyme-linked immunosorbent assay (ELISA). Briefly, concentrated
media were mixed with sodium bicarbonate coating buffer (pH 9.6) to a final
bicarbonate concentration of 50 mM and plated in quadruplicate in 96-well
Immulon plates (Dynex) under ventilation until dry. Plates were blocked with 2%

BSA in PBS for 1 h at room temperature and then probed with antibodies
specific for EGF, HB-EGF, and TGF-� (2 �g/ml in 1% BSA in PBS). Anti-
TGF-� and -HB-EGF antibodies were from R&D Systems, while the anti-EGF
serum was a gift from Stan Cohen. After 1 h, plates were washed with PBS–
0.05% Tween 20 and probed with secondary antibodies conjugated to alkaline
phosphatase (1:1,000 in PBS–0.05% Tween 20). After 1 h, plates were washed as
described above and then exposed to p-nitrophenylphosphate substrate (Sigma).
After 1 h, the reactions were stopped with NaOH (500 mM) and plates were read
at 405 nm. Concentrated medium alone or 10 pg/ml purified mouse EGF,
HB-EGF, and TGF-� were used as negative and positive controls, respectively.

Detection of ROS. ROS production was measured with dihydrorhodamine as
previously described (4). Briefly, 15 � 104 mesangial cells were plated in six-well
plates in Dulbecco modified Eagle medium (DMEM) containing 1% fetal calf
serum (FCS) with or without AG1478 (300 nM). After 2 days, 2 �M dihydro-
rhodamine (Sigma) was added to the wells. After 2 h, cells were trypsinized and
generation of fluorescent rhodamine 123 was analyzed by a FACScan. Three
independent experiments were performed in triplicate.

Adhesion assay. A cell adhesion assay was performed as previously described
(4). Briefly, 96-well plates were coated with fibronectin or collagen IV (both at
10 �g/ml) for 1 h at 37°C. After blocking of nonspecific adhesion with 1% BSA
in PBS, 5 � 104 mesangial cells in 100 �l serum-free DMEM were added to the

FIG. 1. Integrin �1KO mesangial cells transfected with the integrin �1 subunit downregulate ROS and collagen synthesis. (A) Mesangial cells
were transfected with either the empty vector (�1KO) or the human integrin �1 subunit cDNA (�1KO-Rec), and cell populations expressing the
integrin �1 subunit were sorted by FACS. PE, phycoerythrin. (B) WT, �1KO, and �1KO-Rec mesangial cells were plated in serum-free medium
onto collagen IV or fibronectin (10 �g/ml each) and incubated for 1 h, and their adhesion was determined as described in Materials and Methods.
Values represent the mean � standard deviation of three independent experiments performed in quadruplicate. (C) Mesangial cells (15 � 104

cells/well) were plated on uncoated six-well plates in DMEM containing1% FCS. After 2 days, 2 �M dihydrorhodamine was added and ROS
generation was evaluated as described in Materials and Methods. Values are as in panel B. (D) Mesangial cells were cultured on uncoated dishes
for 72 h in complete medium, and an indirect immunofluorescence assay was performed to evaluate collagen IV deposition. The percentage of the
area occupied by collagen IV-positive structures per microscopic field was quantified with the Scion Image program as described in Materials and
Methods. Values are the mean � standard deviation of four independent experiments. An asterisk indicates a significant difference (P � 0.05)
between WT and �1KO cells. (E) Lysates (40 �g/lane) from mesangial cells cultured as described for panel D were analyzed by Western blotting
for levels of collagen IV (CIV). Membranes were reincubated with anti-FAK antibody to verify equal loading. Collagen IV and FAK bands were
quantified by densitometry analysis, and the collagen IV signal is expressed as the collagen IV/FAK ratio. Values are the mean � standard
deviation of three experiments and represent changes (n-fold) relative to WT cells. An asterisk indicates a significant difference (P � 0.05) between
WT and �1KO cells.
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FIG. 2. Increased membrane-bound and activated Rac1 in integrin �1KO mesangial cells. (A) Mesangial cells were serum starved for 24 h and plated
for 3 h on collagen IV or fibronectin (10 �g/ml each), after which they were stained with rhodamine-phalloidin, anti-Rac1, or anti-vinculin antibodies.
The arrows indicate membrane-bound Rac1. Scale bar, 10 �m. (B, C) The percentage of cells plated on collagen IV that exhibited lamellipodium-like
structures (B), as well as membrane-associated Rac (C), was quantified. Values are the mean � standard deviation of three experiments (n 	 200 cells).
(D) Mesangial cells were plated on uncoated dishes, incubated for 48 h, and subsequently serum starved for 24 h. Equal amounts of cytosol and
membrane fractions (40 �g/lane) were then analyzed by Western blotting with anti-Rac antibodies. Membranes were then incubated with anti-ERK or
anti-N-cadherin antibodies to verify equal loading and purity of the preparation. Rac and N-cadherin bands in membrane fractions were quantified by
densitometry analysis, and the Rac signal is expressed as the Rac/N-cadherin ratio. Values are the mean � standard deviation of three experiments and
represent changes (n-fold) relative to WT cells. The asterisk is as in Fig. 1D. (E) Eight hundred micrograms of total cell lysate of mesangial cells incubated
as described for panel D was incubated with glutathione S-transferase–PBD beads. Bound GTP-Rac was detected by Western blotting with anti-Rac1
antibody (top). Forty micrograms of total cell lysate was used to detect the levels of total Rac1 (bottom). GTP-Rac and Rac bands were quantified by
densitometry analysis, and the activated Rac signal is expressed as the GTP-Rac/N-cadherin ratio. Values and asterisks are as described for panel D.
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FIG. 3. Dominant negative Rac1 decreases membrane-bound and activated Rac1 in integrin �1KO mesangial cells. (A) �1KO mesangial cells
were transfected with either GFP vector (�1KO) or dominant negative GFP-N17Rac (�1KO-N17) and sorted by FACS into three different cell
populations on the basis of levels of GFP (low, medium, high). Endogenous Rac1 and GFP-N17Rac were detected by Western blotting with
anti-Rac1 antibody (40 �g cell lysate/lane). (B) Mesangial-cell adhesion on collagen IV or fibronectin (10 �g/ml each) was determined as described
in Materials and Methods. Values represent the mean � standard deviation of three experiments performed in quadruplicate. (C) Serum-starved
mesangial cells were plated on collagen IV (10 �g/ml) and incubated for 3 h, and Rac localization was analyzed with anti-Rac antibodies. Arrows
represent membrane-associated Rac. Scale bar, 10 �m. (D, E) The percentages of cells plated on collagen IV that exhibited lamellipodium-like
structures (D) and membrane-associated Rac (E) were quantified. Values are the mean � standard deviation of three experiments (n 	 150 cells).
(F) Cytosol and membrane fractions (40 �g/lane) of mesangial cells were analyzed by Western blotting with anti-Rac antibodies. Membranes were
subsequently incubated with anti-ERK or anti-N-cadherin antibodies to verify equal loading and the purity of the preparation. Rac and N-cadherin
bands in membrane fractions were quantified and expressed as described in the legend to Fig. 2D. Values are the mean � standard deviation of
three experiments and represent changes (n-fold) relative to �1KO cells. An asterisk indicates a significant difference (P � 0.05) between �1KO
and �1KO-N17H cells. (G) Eight hundred micrograms of total mesangial-cell lysate was incubated with glutathione S-transferase–PBD beads, and
bound GTP-Rac or total Rac was detected by Western blotting. GTP-Rac and Rac bands were quantified and expressed as described in the legend
to Fig. 2E. Values and asterisks are as already described.
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plates and incubated for 1 h at 37°C. After removal of nonadherent cells, the cells
were fixed with 4% formaldehyde, stained with 1% crystal violet, solubilized in
20% acetic acid, and then read at 595 nm. Cell adhesion to 1% BSA-coated wells
was subtracted from the values obtained with extracellular-matrix proteins.
Three independent experiments were performed in quadruplicate.

Statistical analysis. The Student t test was used for comparisons between two
groups, and analysis of variance with Sigma-Stat software was used for determi-
nation of statistically significant differences among multiple groups. P � 0.05 was
considered statistically significant.

RESULTS

Increased ROS and collagen synthesis by �1-null mesangial
cells is a direct consequence of the loss of this collagen binding
receptor. We previously reported that integrin �1-null (�1KO)
mesangial cells have upregulated collagen synthesis relative to
their WT counterparts at both RNA and protein levels (4, 14).

This is both due to an increase in ROS production and a direct
consequence of the loss of the negative regulatory effect of the
�1�1 integrin (4). To determine whether these observations in
integrin �1KO mesangial cells were a direct consequence of
loss of �1�1, we generated populations of integrin �1KO mes-
angial cells expressing the human integrin �1 subunit (�1KO-
Rec) (Fig. 1A). To ensure functionality of the human subunit,
WT, �1
� (transfected with vector only), and �1
�-Rec cells
were plated on either collagen IV (a major integrin �1�1
binding ligand) or fibronectin (an integrin �1�1-independent
ligand) and their adhesion was evaluated 1 h after plating. As
previously described (15), �1
� cells showed an �60% reduc-
tion in adhesion on collagen IV compared to their WT coun-
terparts (Fig. 1B), while �1KO-Rec cells were able to adhere
to collagen IV as well as WT cells (Fig. 1B). No differences in

FIG. 4. Dominant negative Rac1 partially decreases ROS generation and collagen deposition in integrin �1KO mesangial cells. (A, B)
Mesangial cells (15 � 104/well) were plated on uncoated six-well plates in DMEM containing 1% FCS. After 2 days, 2 �M dihydrorhodamine was
added and ROS generation was evaluated as described in Materials and Methods. Values represent the mean � standard deviation of three
experiments performed in triplicate. (C) Mesangial cells were cultured as described in the legend to Fig. 1D, and collagen IV deposition was
evaluated by indirect immunofluorescence assay. The percentage of the area occupied by collagen IV-positive structures per microscopic field was
quantified with the Scion Image program as described in Materials and Methods. Values are the mean � standard deviation of four experiments.
Differences between WT and �1KO cells (�) or �1WT and �1KO-N17H cells (
) were significant at P � 0.05. (D) Collagen IV (CIV) levels in
cell lysates (40 �g/lane) were detected by Western blot analysis and are expressed as described in the legend to Fig. 1E. Symbols (� and 
) are as
already described.
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adhesion on fibronectin were observed among the three dif-
ferent cell types (Fig. 1B). �1KO-Rec cells also produced ROS
(Fig. 1C) and collagen (Fig. 1D and E) to levels observed in
WT cells. These findings demonstrate that the increased ROS
and collagen deposition in the �1
� cells is a direct conse-
quence of the loss of this receptor. In addition, it verifies that
the properties of the WT and �1KO-Rec cells are the same
with respect to integrin �1�1-dependent functions.

Integrin �1KO mesangial cells show increased basal levels
of activated Rac1. To define the mechanism underlying the
increased basal ROS production in integrin �1KO mesangial
cells, we investigated the activation state and localization of
Rac1. This small GTPase can serve as an adapter to position
p67phox for interaction with the membrane-bound cytochrome
b558 (reviewed in reference 2). Moreover, Rac and consequent
ROS synthesis can be transiently activated by integrin cluster-
ing in various cell types, including fibroblasts and platelets (11,
27, 49, 54).

Despite their weak cell-adhesive properties on collagen sub-

strata, �1KO mesangial cells that adhere to collagen IV (�40%
compared to WT cells; Fig. 1B) showed an altered morphology
compared to their WT counterparts. While WT cells spread and
expressed an extensive network of actin filaments and stress fibers
(Fig. 2A and B), �1KO cells did not spread and developed mul-
tiple lamellipodia, membrane ruffles, and subcortical F-actin at
the leading edge of the cells (Fig. 2A and B), similar to cells
overexpressing constitutively active Rac1 (13, 46). Reexpression
of the integrin �1 subunit in �1
� cells reverted the phenotype
to that observed in WT cells (Fig. 2A and B). The peculiar phe-
notype of the �1KO cells was only visible on collagen IV, as all
three cell types spread equally and showed similar networks of
actin filaments and stress fibers when plated on fibronectin (Fig.
2A). Immunofluorescence assay revealed increased amounts of
membrane-associated Rac1 in integrin �1KO cells plated on col-
lagen IV compared to WT or �1KO-Rec cells (Fig. 2A and C).
Moreover, membrane-bound Rac1 localized to areas that con-
tained vinculin (Fig. 2A) and phosphopaxillin (not shown), two
proteins found in abundance in focal complexes (56). Although

FIG. 5. Increased tyrosine phosphorylation in integrin �1KO mesangial cells leads to increased membrane-bound Rac1. (A) Mesangial cells
were serum starved for 24 h with or without Na orthovanadate (25 �M) or genistein (20 �M). Cells were subsequently plated for 3 h on collagen
IV (10 �g/ml) with or without Na orthovanadate (5 �M) or genistein (5 �M) and stained with rhodamine-phalloidin or anti-Rac1 antibodies. The
arrowheads indicate membrane-bound Rac1. Scale bar, 10 �m. (B, C) The percentages of cells plated on collagen IV that exhibited lamellipodium-
like structures (B) and membrane-associated Rac (C) were quantified. Values are the mean � standard deviation of three experiments (n 	 150
cells). (D) Total tyrosine phosphorylation in serum-starved cells was determined with an anti-phosphotyrosine antibody (40 �g total cell
lysate/lane). The symbol # indicates tyrosine-phosphorylated proteins highly increased in �1KO cells. (E) Mesangial-cell lysates (40 �g/lane)
prepared as described for panel D were analyzed by Western blotting with antiphosphotyrosine, anti-pY1173, and anti-EGFR antibodies. The
asterisk indicates the position of the EGFR. The values on the left are molecular sizes in kilodaltons.
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less evident, membrane-associated Rac1 was also seen in the
�1KO cells plated onto fibronectin (Fig. 2A). Increased mem-
brane-associated Rac1 in �1KO cells was also confirmed by West-
ern blot analysis of membrane-enriched fractions (Fig. 2D).

Since it has been shown that activated Rac1 (i.e., GTP-Rac)
is recruited to the plasma membrane (10), we analyzed the
levels of GTP-Rac and found that �1KO cells also have ele-
vated basal levels of activated Rac compared to WT cells (Fig.
2E). As expected, reexpression of the integrin �1 subunit in
�1
� cells significantly decreased levels of both membrane-
bound and GTP-bound Rac1 (Fig. 2A, C, D, and E). Thus, loss
of integrin �1�1 leads to increased levels of activated and
membrane-bound Rac1, which is independent of the ligand on
which the cells are plated.

Dominant negative Rac decreases both membrane-bound
Rac and ROS synthesis in �1KO mesangial cells. To deter-
mine the contribution of activated Rac to both ROS and col-
lagen synthesis, �1KO mesangial cells were transfected with

GFP-labeled dominant negative Rac1 (GFP-N17Rac) and
sorted by fluorescence-activated cell sorter (FACS) into low-,
medium-, and high-expressing cell populations on the basis of
the levels of GFP (�1KO-N17L, �1KO-N17M, and �1KO-

FIG. 6. WT and �1KO mesangial cells do not secrete detectable
levels of EGFR ligands. (A) Serum-starved A431 cells were kept un-
treated, treated with medium conditioned for 72 h with WT and �1KO
mesangial cells, or treated with 10 ng/ml EGF. After 10 min, total cell
lysates (5 �g/lane) were analyzed by Western blotting for phosphory-
lated EGFR, as well as phosphorylated and total ERK. (B) One hun-
dred microliters of medium conditioned for 72 h with WT and �1KO
mesangial cells was used to analyze the levels of secreted EGF, HB-
EGF, and TGF-� by ELISA (see Materials and Methods for details).
Concentrated medium alone or 10 pg/ml purified mouse EGF, HB-
EGF, or TGF-� was used as a negative or positive control, respectively.

FIG. 7. ROS partially contribute to increased EGFR phosphoryla-
tion in integrin �1KO mesangial cells. (A) Mesangial cells were serum
starved for 24 h with or without antioxidants (AOX) (see Materials and
Methods for details), and total cell lysates (40 �g/lane) were analyzed
by Western blotting with anti-pY1173 or anti-EGFR antibodies. Phos-
phorylated and total EGFR bands were quantified by densitometry
analysis, and phosphorylated EGFR is expressed as the pY1173/EGFR
ratio. Values are the mean � standard deviation of three experiments
and are expressed as changes (n-fold) relative to WT cells. Differences
between WT and �1KO (�), WT and �1KO�AOXs (��), or �1KO
and �1KO�AOXs (
) cells were significant at P � 0.05. (B) The
mesangial cells indicated were serum starved for 24 h, and the levels of
phosphorylated and total EGFR were analyzed by Western blotting.
Phosphorylated EGFR bands were quantified and expressed as indi-
cated above. Differences between WT and �1KO (�), WT and �1KO-
N17H (��), or �1KO and �1KO-N17H (
) cells were significant at P �
0.05. (C) Cell lysates (40 �g/lane) of serum-starved WT mesangial cells
either left untransfected or transfected with the siRNAs indicated were
analyzed by Western blotting with anti-pY1173, anti-TCPTP, and anti-
EGFR antibodies. Phosphorylated EGFR and TCPTP bands were
quantified by densitometric analysis and normalized to total EGFR
bands. Values are the mean � standard deviation of three experiments
and are expressed as changes (n-fold) in pY1173/TCPTP relative to
WT cells. Differences between untransfected and TCPTP siRNA-
transfected cells (�) were significant at P � 0.05. GAPDH, glyceral-
dehyde-3-phosphate dehydrogenase.
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N17H) (Fig. 3A). Dominant negative Rac1 did not alter the
ability of �1KO cells to adhere to collagen IV, as �1KO-N17
cells adhere to collagen IV as well as vector-transfected �1KO
cells (Fig. 3B). In addition, all three cell populations showed
similar adhesion to fibronectin (Fig. 3B), suggesting that
N17Rac did not alter integrin expression and/or avidity for
ligand. Despite similar adhesion, �1KO-N17 cells (only cell
populations expressing high levels of N17Rac are shown)
spread more on collagen IV and show less lamellipodium-like
structures (Fig. 3C and D) compared to vector-transfected
�1KO mesangial cells (Fig. 3C and D). Moreover, �1KO-N17
cells showed decreased membrane-bound (Fig. 3C, E, and F),
as well as GTP-bound, Rac1 (Fig. 3G) compared to vector-
transfected �1KO mesangial cells. These findings confirm that
activation of Rac1 is sufficient to mediate cytoskeletal reorga-
nization (52) and downregulation of endogenous Rac1 is suf-
ficient to reduce peripheral lamellipodia and promote cell
spreading (42).

�1KO-N17 cells also showed reduced ROS synthesis, and
the maximum reduction was observed in �1KO-N17H cells
which produced ROS at levels of vector-transfected WT cells
(Fig. 4A). To further confirm the role of Rac in the control of
ROS production, WT mesangial cells were transfected with
GFP-labeled, activated Rac1 (GFP-L61Rac) and ROS synthe-
sis was compared to that of WT and �1KO cells transfected
with the vector only. WT-L61 cells expressing high levels of
GFP produced ROS at levels of �1KO cells (Fig. 4B), con-
firming a positive role for Rac1 in ROS generation. Interest-
ingly, although �1KO-N17H cells produced ROS levels similar
to those of WT cells (Fig. 4A), they only partially reduced
collagen IV deposition compared to WT (Fig. 4C and D) or
�1KO-Rec (Fig. 1D and E) cells, suggesting that an integrin
�1-dependent, ROS-independent mechanism is also involved
in the control of collagen synthesis.

Integrin �1KO mesangial cells show increased basal levels
of activated EGFR. Activation of Rac1 can be mediated by
multiple mechanisms, including activation of tyrosine kinase re-
ceptors, such as the EGFR (38, 51). It has been shown that loss of
integrin �1�1 leads to upregulated EGFR tyrosine phosphoryla-
tion (39). In addition, ROS can initiate a number of physiological
responses, including tyrosine phosphorylation of growth factor
receptors, such as platelet-derived growth factor receptor and
EGFR (23). For this reason, we determined whether increased
levels of tyrosine phosphorylation might account for the increase
in Rac1 activation in �1KO mesangial cells. To test this hypoth-
esis, we treated WT cells with the tyrosine phosphatase inhibitor
Na orthovanadate and the �1KO cells with the tyrosine kinase
inhibitor genistein. Na orthovanadate-treated WT cells plated on
collagen IV not only acquired a morphology that resembled that
of �1KO cells (Fig. 5A and B) but also showed increased mem-
brane-associated Rac1 (Fig. 5A and C). In contrast, genistein-
treated �1KO cells acquired a phenotype similar to that of WT
cells, spread normally, and lost membrane-associated Rac1 (Fig.
5A to C). We therefore assessed whether there were differences
in tyrosine phosphorylation levels between �1KO and WT mes-
angial cells by performing Western blot analysis on serum-starved
cell lysates with an anti-phosphotyrosine antibody. As shown in
Fig. 5D, increased basal levels of tyrosine-phosphorylated pro-
teins were detected in the lysates of �1KO mesangial cells, with at
least six bands (�170 kDa, �110 kDa, �95 kDa, �70 kDa, �50

kDa, and �40 kDa) more prominent. Treatment of WT cells with
Na orthovanadate significantly increased, while treatment of
�1KO cells with genistein significantly decreased, the levels of
these bands (data not shown), suggesting a correlation among
levels of tyrosine-phosphorylated proteins, cell morphology, and
Rac localization. As the EGFR runs at a molecular mass of �170
kDa and it is known that both integrin �1�1 (39) and ROS (23)
can modulate its activation status, we determined whether the
highly phosphorylated band observed at �170 kDa was the
EGFR. Lysates of serum-starved WT and �1KO mesangial cells,
analyzed by Western blotting with a specific phospho-EGFR an-
tibody, revealed increased basal levels of phosphorylated EGFR
in �1KO mesangial cells (Fig. 5E).

Increased basal levels of activated EGFR in �1KO mesan-
gial cells are ligand independent. We next investigated
whether increased levels of phosphorylated EGFR in the
�1KO mesangial cells were due to excessive EGF secretion. To
do this, we exposed A431 cells, known to express high levels of
EGFR (29), to medium conditioned for 72 h with WT and
integrin �1KO mesangial cells, following which the activity of
their EGFR was analyzed. As shown in Fig. 6A, no activation
of EGFR or downstream ERK was observed in A431 cells
incubated with medium conditioned with either WT or integrin
�1KO cells, unlike cells treated with 10 ng/ml recombinant

FIG. 8. Increased membrane-associated EGFR in integrin �1KO
mesangial cells. (A) Mesangial cells were serum starved for 24 h,
subsequently plated for 3 h on collagen IV (10 �g/ml), and double
stained with anti-EGFR and anti-Rac1 antibodies. The asterisk and
arrow indicate localization of membrane-associated EGFR and Rac,
respectively. Scale bar, 10 �m. (B) Membrane fractions (40 �g/lane)
from mesangial cells were analyzed by Western blotting with anti-
pY1173 and anti-EGFR antibodies. Membranes were subsequently
incubated with anti-N-cadherin antibodies to verify equal loading.
pY1173 and N-cadherin bands were quantified by densitometric anal-
ysis, and the results are expressed as the pY1173/N-cadherin ratio.
Values are the mean � standard deviation of three experiments and
represent changes (n-fold) relative to WT cells. Differences between
WT and �1KO cells (�) were significant at P � 0.05.
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EGF. Similarly, no measurable levels of secreted EGFR li-
gands (i.e., EGF, HB-EGF, and TGF-�) were detected by
ELISA (Fig. 6B), thus confirming that activation of the EGFR
in the �1KO cells is indeed a ligand-independent event.

ROS-dependent and -independent mechanisms are respon-
sible for EGFR activation in �1KO mesangial cells. As ROS
can induce EGFR activation (23), we treated mesangial cells
with the antioxidants TEMPOL and diphenyleneiodium (see

FIG. 9. Increased EGFR phosphorylation in integrin �1KO mesangial cells upregulates Rac1 activation and ROS generation. (A) Mesangial
cells serum starved for 24 h with or without AG1478 (300 nM) were plated onto collagen IV (10 �g/ml), incubated for 3 h with or without AG1478
(300 nM) or EGF (100 ng/ml), and stained with rhodamine-phalloidin or anti-Rac1 antibody. The arrows indicate membrane-bound Rac1. Scale
bar, 10 �m. (B, C) The percentages of cells plated on collagen IV that exhibited lamellipodium-like structures (B) and membrane-associated Rac
(C) were quantified. Values are the mean � standard deviation of three experiments (n 	 150 cells). (D) �1KO cells were serum starved for 24 h
as indicated for panel A, and cell lysates (40 �g/lane) were analyzed by Western blotting with anti-phosphotyrosine, anti-pY1173, and anti-EGFR
antibodies. The symbol # indicates tyrosine-phosphorylated proteins highly increased in �1KO cells, while the asterisk indicates the position of
the EGFR. The values on the left are molecular sizes in kilodaltons. (E) �1KO cells were serum starved for 24 h as indicated for panel A, and
GTP-Rac or total Rac1 levels were detected as described in the legend to Fig. 2C. GTP-Rac and Rac bands were quantified and expressed as
described in the legend to Fig. 2E. Values are the mean � standard deviation of three experiments and represent changes (n-fold) relative to
untreated �1KO cells. The asterisk indicates a significant difference (P � 0.05) between untreated and AG1478-treated cells. (F) Mesangial cells
were plated in six-well plates at a density of 15 � 104/well in DMEM containing 1% FCS with or without AG1478 (300 nM). After 2 days, 2 �M
dihydrorhodamine was added to the wells and ROS generation was evaluated. Values represent the mean � standard deviation of three
independent experiments performed in triplicate.
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Materials and Methods for details). Although the phosphory-
lation levels of EGFR markedly decreased in antioxidant-
treated WT and integrin �1KO cells (Fig. 7A), more phosphor-
ylated receptor was still evident in the antioxidant-treated
�1KO cells (Fig. 7A). To further confirm our finding, we com-
pared the levels of phosphorylated EGFR in WT, �1KO, and
�1KO-N17H cells. Although �1KO-N17H and WT cells pro-
duce similar levels of ROS (Fig. 4A), �1KO-N17H showed
more activated EGFR than WT cells (Fig. 7B); however, this
activation was less than in �1KO cells. This result suggests that
both ROS-dependent and ROS-independent mechanisms are
responsible for EGFR activation in �1KO cells. Since integrin
�1�1 negatively regulates EGFR activation by recruiting or
activating the protein tyrosine phosphatase TCPTP (39), we
determined the contribution of this phosphatase in EGFR
activation in mesangial cells. WT mesangial cells were there-
fore depleted of endogenous TCPTP by siRNA, and the levels
of phosphorylated EGFR were compared to those of WT cells
transfected with a control siRNA. As shown in Fig. 7C, down-
regulation of TCPTP resulted in increased basal levels of
EGFR phosphorylation, demonstrating that this phosphatase
negatively regulates EGFR activation in mesangial cells.

EGFR activation is required for the altered cell morphology
and activation of Rac1 in �1KO mesangial cells. We next
analyzed the localization of EGFR in mesangial cells plated on
collagen IV. Uniform distribution of the receptor was detected on
the WT cell surface, while in �1KO cells abundant levels of
membrane-associated EGFR were found to cluster in lamellipo-
dium-like structures like membrane-bound Rac1 (Fig. 8A). Mem-
brane fractions, prepared from serum-starved mesangial cells,
confirmed that �1KO cells have more membrane-bound, as well
phosphorylated, EGFR compared to WT or �1KO-Rec cells
(Fig. 8B), thus paralleling the distribution of Rac (Fig. 2D).

To determine whether EGFR was responsible for the al-
tered cell morphology and activation of Rac1 in �1KO mes-
angial cells, mesangial cells were treated with AG1478, a spe-
cific EGFR inhibitor that inhibits the kinase activity of the
receptor in a ligand-independent fashion. Integrin �1KO mes-
angial cells treated with AG1478 acquired a morphology that
resembled that of WT cells and lost membrane-associated
Rac1 (Fig. 9A to C). In contrast, WT cells treated with EGF
ligand acquired a phenotype similar to that of �1KO mesangial
cells and became elongated and developed lamellipodia, mem-
brane ruffling, and membrane-associated Rac1 (Fig. 9A to C),
typical of cells treated with EGF ligand (31). To confirm that
the phenotype observed in AG1478-treated �1KO cells was
due to attenuation of EGFR signaling, we initially analyzed
tyrosine phosphorylation levels in �1KO cells left untreated or
treated with AG1478. As expected, the phosphorylation levels
of the protein at �170 kDa decreased in the AG1478-treated
�1KO cells (Fig. 9D). Interestingly, the phosphorylation levels
of two other bands (�110 kDa and �95 kDa) also significantly
decreased in the AG1478-treated �1KO cells (Fig. 9D), sug-
gesting that these proteins are EGFR substrates. Finally, treat-
ment with AG1478 led to decreased levels of phosphorylated
EGFR (Fig. 9D), reduced membrane-associated (Fig. 9A and
C) and GTP-bound Rac1 (Fig. 9E), and decreased ROS syn-
thesis (Fig. 9F). Thus, increased levels of activated EGFR in
�1KO cells lead to increased levels of activated membrane-
associated Rac1 and consequent ROS generation.

Vav2 is involved in EGFR-mediated Rac activation in �1KO
mesangial cells. We finally investigated whether the GEF Vav2
might be involved in increased Rac activation in �1KO cells.
We focused on Vav2, as (i) this GEF, unlike Vav1 and Vav3,
is ubiquitously expressed; (ii) mesangial cells express this Vav
family member (Fig. 10A); (iii) EGFR controls Rac activation
via Vav2 tyrosine phosphorylation (51); (iv) we observed a
prominent tyrosine-phosphorylated band at �110 kDa in
�1KO cells (Fig. 5D), and (v) phosphorylation of this �110-
kDa band was significantly decreased following AG1478 treat-
ment (Fig. 9D).

Interestingly, increased basal levels of phosphorylated Vav2
(Tyr-172) were observed in �1KO mesangial cells compared to
those in WT cells (Fig. 10A). Treatment of �1KO cells with
AG1478 significantly decreased the levels of activated Vav2
(Fig. 10B), confirming that EGFR positively controls Vav2
activation in mesangial cells.

As integrin-activated protein tyrosine phosphatases can di-

FIG. 10. Increased basal levels of phosphorylated Vav2 in �1KO mes-
angial cells. (A) Mesangial cells were plated on uncoated dishes, incu-
bated for 48 h, and subsequently serum starved for 24 h. Forty micrograms
of cell lysate was then analyzed by Western blotting with anti-pVav2
(Tyr-172) or anti-Vav2 antibodies. pVav2 and Vav2 bands were quantified
by densitometry analysis, and the pVav2 signal is expressed as the pVav2/
Vav2 ratio. Values are the mean � standard deviation of three experi-
ments and represent changes (n-fold) relative to WT cells. Differences
between WT and �1KO cells (�) were significant at P � 0.05. (B) �1KO
mesangial cells incubated as described above were serum starved for 24 h
with or without AG1478 (300 nM). Forty micrograms of cell lysate was
analyzed by Western blotting with the antibodies indicated above. pVav2
and Vav2 bands were quantified, and the results are expressed as indi-
cated above. Values are the mean � standard deviation of three experi-
ments and represent changes (n-fold) relative to untreated �1KO cells.
Differences between untreated and AG1478-treated cells (�) were signif-
icant at P � 0.05. (C) WT mesangial cells transfected with the siRNAs
indicated were serum starved for 24 h with or without AG1478 (300 nM).
Forty micrograms of cell lysate was analyzed by Western blotting with the
antibodies indicated above. pVav2 and Vav2 bands were quantified and
expressed as indicated above. Values are the mean � standard deviation
of three experiments and are expressed as changes (n-fold) relative to
untreated WT cells transfected with GAPDH (glyceraldehyde-3-phos-
phate dehydrogenase) siRNA. Differences between GAPDH siRNA ver-
sus TCPTP siRNA-transfected cells (�) and TCPTP siRNA versus
TCPTP siRNA-plus-antioxidant cells (��) were significant at P � 0.05.
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rectly downregulate Vav1 activation in neutrophils (59), the
levels of phosphorylated Vav2 were analyzed in WT cells trans-
fected with TCPTP siRNA. As shown in Fig. 10C, downregu-
lation of TCPTP resulted in increased basal levels of activated
Vav2. However, this activation was completely inhibited in
TCPTP siRNA-transfected WT cells incubated in the presence
of AG1478 (Fig. 10C). Together, these data strongly indicate
that EGFR is the major, if not the only, activator of Vav2 in
mesangial cells, as inhibition of TCPTP expression increased
Vav2 phosphorylation by enhancing EGFR phosphorylation.

DISCUSSION

Mice lacking integrin �1�1 develop increased glomerular
sclerosis following renal injury, which is characterized by in-
creased collagen IV production by mesangial cells in part be-
cause of excessive ROS production (4). In the present study,
we provide evidence that excessive ROS and collagen IV pro-
duction by �1KO mesangial cells is due to increased Rac1
activation mediated by constitutive EGFR phosphorylation.
These results define a novel mechanism whereby integrin �1�1
regulates the production of ROS and collagen, both of which
are critical components in the development of fibrosis, the final
common pathway of end organ damage in multiple diseases.

�1KO mesangial cells plated on collagen IV have a striking
phenotype characterized by multiple lamellipodia, membrane
ruffles, and subcortical F-actin at the leading edge of the cells.
This phenotype is consistent with the observations that activa-
tion of Rac induces formation of lamellipodia (41) and resem-
bles that of cells overexpressing constitutively active Rac1 (13,
46). The requirement of Rac activation for this alteration in
cell morphology was confirmed by reversal of the phenotype
following transfection with dominant negative N17Rac. Phe-
notypical changes and spreading of �1KON17 cells were di-
rectly proportional to the amount of dominant negative Rac,
and this is consistent with the finding that a 30 to 50% reduc-
tion in endogenous Rac1 is sufficient to reduce the number of
peripheral lamellipodia (42). Despite high expression of
N17Rac, �1KO mesangial cells did not spread as much as WT
cells on collagen, implying that both Rac and loss of integrin

�1�1 contribute to cell shape on collagen substrata. Interest-
ingly, the lamellipodium-like structures are not observed when
�1KO cells are plated on fibronectin, although these cells still
show membrane-bound Rac. The reason for this is unclear;
however, it is conceivable that cell spreading promoted by
non-collagen binding receptors (i.e., �5�1 or �v�1) might be
sufficient to compensate for the Rac-induced lamellipodium
formation.

In addition to the alterations in cell morphology, we provide
the novel observation that upregulated Rac1 activation in
�1KO mesangial cells results in a ROS-dependent increase in
collagen IV synthesis. As Rac GTPase is required for NADPH
oxidase activity (reviewed in reference 2), the increased acti-
vation of Rac1 in �1KO mesangial cells would explain their
excessive ROS production. Moreover, the fact that dominant
negative Rac1 reduced ROS and collagen IV synthesis implied
that Rac1 activation is upstream of ROS production.

We have clear evidence that the increase in collagen IV syn-
thesis by �1KO mesangial cells is due, at least in part, to increased
ROS production. Other cell types, including fibroblasts, can in-
crease collagen in a ROS-dependent manner (50). In these cells,
ROS contribute to the stabilization of H-Ras protein with subse-
quent ERK1/2-mediated collagen stimulation (50). Thus, as in
fibroblasts, the ROS-dependent increased collagen production by
�1KO mesangial cells may be due to activation of the Ras–
mitogen-activated protein kinase pathway.

We found increased phosphorylation of the EGFR in �1KO
mesangial cells. This observation agrees with the finding that
integrin �1�1 negatively regulates EGFR signaling by activat-
ing the protein tyrosine phosphatase TCPTP (39). In this con-
text, adhesion of integrin �1�1-expressing cells to collagen
(thus engaging integrin �1�1) dramatically reduced EGF-in-
duced EGFR phosphorylation, while persistent EGFR phos-
phorylation occurred in �1-deficient cells (39). Interestingly,
although TCPTP was first described as a T-cell protein tyrosine
phosphatase, this phosphatase is expressed in many different
cell types (39), including primary mesangial cells (this study).
Our observation that downregulation of TCPTP levels by
siRNA in WT cells results in increased basal levels of phos-
phorylated EGFR strongly suggests that this tyrosine phos-

FIG. 11. Regulation of ROS and collagen synthesis in �1KO mesangial cells. Schematic model of how ROS (O2
�) and collagen might be

regulated in �1KO mesangial cells. Lack of integrin �1�1 results in increased EGFR phosphorylation, Vav2 recruitment, Rac1 activation, and
NAPDH-mediated O2

� production. Increased O2
� can subsequently lead to both enhanced collagen IV synthesis and EGFR phosphorylation.
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phatase is a key player in controlling integrin �1-dependent
EGFR activation in mesangial cells.

In our model system, increased basal levels of phosphory-
lated EGFR were observed in �1
� cells relative to WT cells
in the absence of EGF ligand. This increased phosphorylation
may, in part, be due to constitutively high levels of ROS, which
are known to initiate a number of physiological responses,
including tyrosine phosphorylation of growth factor receptors
such as platelet-derived growth factor receptor and EGFR
(23). This possibility is strengthened by the observation that
�1KO cells treated with antioxidants or transfected with
N17Rac show decreased levels of phosphorylated EGFR.
However, the fact that antioxidant-treated and/or N17Rac-
expressing �1KO cells still show increased EGFR phosphory-
lation suggests that besides ROS, lack of integrin �1�1 per se
also contributes to increased basal levels of EGFR phosphor-
ylation in �1KO cells.

Treatment of cells with AG1478 decreased EGFR phosphor-
ylation, Rac activation, and ROS synthesis. This observation
suggests that in our model system the EGFR is required for
Rac activation and agrees with the finding that EGFR activates
Rac by phosphorylating and associating with Vav2, a Rac-
GDP–GTP exchange factor (51). In addition, the effect of
AG1478 on ROS productions agrees with the finding that
glomerular fibrosis is ameliorated in vivo by treatment with the
EGFR inhibitor gefitinib (12). The finding that AG1478 treat-
ment completely inhibits the phosphorylation of Vav2 in cells
transfected with TCPTP siRNA indicates that EGFR is the
major, if not the only, activator of Vav2 in mesangial cells.
These data stand in contrast to the finding that in adherent
neutrophils, integrin engagement leads to inhibition of Vav1
activity via tyrosine phosphatase-mediated dephosphorylation
of Tyr-174 of Vav1 (59). Thus, the Vav/Rac pathway may be
regulated by growth factor receptors and/or tyrosine phos-
phatases.

Taken together, our data demonstrate that the increased
collagen IV production by �1KO mesangial cells is due to the
following cellular events. Lack of integrin �1�1 and recruit-
ment of TCPTP result in increased EGFR activation, Vav2
phosphorylation, and Rac1 activation and translocation to the
cell membrane (Fig. 11). This, in turn, results in increased
ROS production, presumably by activation of the NADPH
oxidase and increased collagen IV production (Fig. 11). In
addition, ROS per se might induce increased EGFR phosphor-
ylation, resulting in a positive feedback situation for increased
collagen IV production (Fig. 11). In this context, ROS can
inhibit the activity of tyrosine phosphatases by transient oxida-
tion of thiol groups, with consequent formation of either an
intramolecular S-S bridge or a sulfenyl-amide bond (5). Con-
versely, ROS-mediated oxidation of protein tyrosine kinases
leads to their activation, either by direct SH modification or
indirectly by concomitant inhibition of protein tyrosine phos-
phatases (5). The possibility that ROS might promote EGFR
phosphorylation in our model is supported by the observation
that �1KO cells treated with antioxidants (Fig. 7A) or express-
ing dominant negative Rac (Fig. 7B) show decreased levels of
activated EGFR.

In conclusion, in addition to integrin �1�1 altering the
phosphorylation status of the EGFR, the cross talk between
this integrin and the EGFR also plays a key role in nega-

tively modulating ROS and collagen IV production, which
has major consequences in host responses to fibrosis-induc-
ing stimuli.
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