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Manickam N, Patel M, Griendling KK, Gorin Y, Barnes JL.
RhoA/Rho kinase mediates TGF-�1-induced kidney myofibroblast
activation through Poldip2/Nox4-derived reactive oxygen species. Am
J Physiol Renal Physiol 307: F159–F171, 2014. First published May
28, 2014; doi:10.1152/ajprenal.00546.2013.—The small G proteins
Rac1 and RhoA regulate actin cytoskeleton, cell shape, adhesion,
migration, and proliferation. Recent studies in our laboratory have
shown that NADPH oxidase Nox4-derived ROS are involved in
transforming growth factor (TGF)-�1-induced rat kidney myofibro-
blast differentiation assessed by the acquisition of an �-smooth
muscle actin (�-SMA) phenotype and expression of an alternatively
spliced fibronectin variant (Fn-EIIIA). Rac1 and RhoA are essential in
signaling by some Nox homologs, but their role as effectors of Nox4
in kidney myofibroblast differentiation is not known. In the present
study, we explored a link among Rac1 and RhoA and Nox4-dependent
ROS generation in TGF-�1-induced kidney myofibroblast activation.
TGF-�1 stimulated an increase in Nox4 protein expression, NADPH
oxidase activity, and abundant �-SMA and Fn-EIIIA expression.
RhoA but not Rac1 was involved in TGF-�1 induction of Nox4
signaling of kidney myofibroblast activation. TGF-�1 stimulated ac-
tive RhoA-GTP and increased Rho kinase (ROCK). Inhibition of
RhoA with small interfering RNA and ROCK using Y-27632 signif-
icantly reduced TGF-�1-induced stimulation of Nox4 protein, NA-
DPH oxidase activity, and �-SMA and Fn-EIIIA expression. Treat-
ment with diphenyleneiodonium, an inhibitor of NADPH oxidase, did
not decrease RhoA activation but inhibited TGF-�1-induced �-SMA
and Fn-EIIIA expression, indicating that RhoA is upstream of ROS
generation. RhoA/ROCK also regulated polymerase (DNA-directed)
�-interacting protein 2 (Poldip2), a newly discovered Nox4 enhancer
protein. Collectively, these data indicate that RhoA/ROCK is up-
stream of Poldip2-dependent Nox4 regulation and ROS production
and induces redox signaling of kidney myofibroblast activation and
may broader implications in the pathophysiology of renal fibrosis.

fibrosis; NADPH oxidase; oxidative stress; GTPase; myofibroblast
differentiation; Rho kinase; transforming growth factor-�1; polymer-
ase (DNA-directed) �-interacting protein 2

TRANSFORMING GROWTH FACTOR (TGF)-�1 is the predominant
growth factor responsible for mesenchymal cell synthesis of the
matrix during fibrosis (3, 14, 46). A hallmark of mesenchymal cell
activation is the acquisition of a myofibroblast phenotype,
whereby fibroblasts acquire the expression of smooth muscle
proteins, most notably �-smooth muscle actin (�-SMA), and
synthesize the extracellular matrix. TGF-�1 regulates differentia-

tion of fibroblasts to a myofibroblast phenotype (3, 11, 54) and
subsequent matrix synthesis, particularly of the alternatively
spliced isoform of fibronectin (Fn-EIIIA) (3, 6, 54).

The signaling pathways for TGF-�1-induced myofibroblast
differentiation are complex and not completely understood.
The fibroblast-to-myofibroblast transition is differentially reg-
ulated by the cononical Smad pathway (28). In mesangial cells
and fibroblasts, TGF-�/Smad signaling (Smad2/3) is tightly
controlled by MAPK (Ras/MEK/ERK) signaling cascades (3,
24, 66). Also, ERK and Akt/PKB act as alternative pathways in
TGF-�1 signaling of matrix proteins (15, 24, 25, 30), making
these three signaling proteins important transduction molecules
in myofibroblast differentiation.

ROS are also known to be second messengers in cell
activation (19). Recent studies have indicated that NADPH
oxidase-generated ROS, particularly from the Nox4 homolog,
appears to be responsible for TGF-� signaling of myofibroblast
activation and differentiation (3, 10). We have recently ob-
served TGF-�1-induced myofibroblast differentiation and ex-
pression of Fn-EIIIA signals through a redox pathway involv-
ing Nox4 and ERK in kidney fibroblasts (5).

A variety of studies also have indicated that a small G
protein signaling pathway involving Rho family GTPases
(RhoA and Rac1) act as molecular switches for a variety of
cellular functions that could be involved in myofibroblast
differentiation (29). Of these, RhoA and its downstream effec-
tor Rho kinase (ROCK) are known to regulate myofibroblast
differentiation (26, 50). The RhoA/ROCK pathway constitutes
an important mediator for a variety of cell functions, including
actin cytoskeleton reorganization, regulation of cell shape,
adhesion, migration, and proliferation (26, 51). As with
TGF-�1 and Nox4, a close association exists between RhoA/
ROCK and myofibroblast activation by regulating the actin
cytoskeleton, stress fiber formation, and �-SMA expression in
progenitor cells, pericytes, and fibroblasts (20, 26, 47, 51).
RhoA/ROCK may also be involved in the regulation of
NADPH oxidase signaling (39, 53, 64); however, if or where
RhoA/ROCK functions in TGF-�1 signaling of renal myofi-
broblast differentiation is not known. Also, the small G protein
Rac1 is necessary for Nox1 and Nox2 activation and is a com-
ponent of the active enzymatic complex; however, control of
Nox4 function through Rac1 is not clear and remains controver-
sial (3, 8, 18). Nox4 does not require the classical cytoplasmic
subunits or Rac1, and activation of Nox4 is undisturbed in cells
where Rac1 is knocked down, supporting the notion that Nox4 is
Rac independent (41) and suggesting a role for other G protein
transduction pathways, perhaps through RhoA. In addition, poly-
merase (DNA-directed) �-interacting protein 2 (Poldip2), a Nox4
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enhancing protein, induces cytoskeletal changes, including
strengthening of focal adhesions and stress fiber formation in
vascular smooth muscle cells, suggesting interplay among these
signaling proteins (39, 57). A role for RhoA and Poldip2 interac-
tions with Nox4 has not been explored in TGF-�1-induced myo-
fibroblast activation. The present study investigated a role for
Rac1 and RhoA/ROCK in Poldip2/Nox4 signaling in TGF-�1-
induced kidney myofibroblast differentiation and cell migration.

MATERIALS AND METHODS

Kidney fibroblast cell culture. Normal rat kidney fibroblast cells
(NRK-49F) were obtained from the American Type Culture Collec-
tion (ATCC; Rockville, MD). Cells were grown in RPMI medium
containing 10% FCS, antibiotics, and antimycotics in a humidified
incubator at 37°C under 5% CO2. Cells were grown to 80% conflu-
ence and then rendered quiescent by replacing the complete medium
with serum-free medium for a period of 24 h, as previously described
(5). Quiescent cells were treated with TGF-�1 (1 ng/ml) and then
analyzed for Rac1, RhoA/ROCK, and NADPH oxidase signaling
pathways. In experiments using chemical inhibitors of the various
signaling pathways, compounds were added 0.5–2 h before the addi-
tion of TGF-�1 and incubated until the time of harvest. The following
inhibitors were used: NSC-23766 (50 �M) for Rac1 (Calbiochem,
EMD Biosciences, San Diego, CA), small interfering (si)RNA target-
ing RhoA (siRhoA; Dharmacon Products, Thermo Scientific, Lafay-
ette, CO), ROCK inhibitor Y-27632 (10 �M, Calbiochem), NADPH
oxidase inhibitor diphenyleneiodonium (100 nM, Sigma-Aldrich, St.
Louis, MO), and siRNA targeting Poldip2 (siPoldp2; Life Technolo-
gies-Invitrogen, Grand Island, NY). Previous studies have indicated
that Nox4 signaling is an early event, occurring within 5 min of
stimulation by TGF-�1, possibly due to translational mechanisms (5);
thus, readout times for signaling proteins Rac1, RhoA, Nox4, and
Poldip2 ranged from 5 min to 6 h. Fibroblast-to-myofibroblast differ-
entiation was assessed by the expression of �-SMA and Fn-EIIIA
detected by immunoblot analysis and immunohistochemistry at 24 or
48 h after stimulation with TGF-�1.

Adenoviruses. NH2-terminal Myc-tagged Poldip2 (AdPoldip2) (39)
or active wild-type Nox4 (40) and adenovirus with empty vector or
noninfected fibroblasts served as controls. NRK-49F cells were in-
fected for 1 h with recombinant adenovirus in serum-free culture
medium and incubated for another 2 days in the same medium without
virus before being harvested for protein extraction.

Western blot analysis. Immunoblot analysis was performed as pre-
viously described (5, 13). Cells were lysed in RIPA buffer and centri-
fuged at 4°C at 14,000 rpm for 5 min, and the supernatant was retained
and quantified for protein using the Bio-Rad DC protein assay method
(Bio-Rad Laboratories, Herculus, CA). After samples had been boiled in
sample buffer for 10 min, equal amounts of protein lysate were loaded
onto SDS-PAGE gels and electrophoretically separated. Separated pro-
teins were transferred to polyvinylidene difluoride membranes followed
by blockade with 5% nonfat dry milk. Protein bands were detected by
enhanced chemiluminescence using standard ECL detection methods as
recommended by the manufacturer (Amersham Pharmacia Biotech).
Signals were visualized by film radiography or using a Bio-Rad Chemi-
doc XRS photo documentation system (Bio-Rad Laboratories) and rep-
resented by column graphs as average intensity percentages of TGF-�1

intensity. The antibodies used were targeted against �-SMA (clone 1A4,
Sigma Chemical), Fn-EIIIA (clone IST-9, Abcam, Cambridge, MA),
Nox4 [H-300, Santa Cruz Biotechnology, Santa Cruz, CA, or produced in
our laboratory (17)], Poldip2 (Santa Cruz Biotechnology), Rac1 (Cyto-
skeleton, Denver, CO), RhoA (Millipore, Temecula, CA), ROCK, and
phosphorylated myosin phosphatase targeting protein-1 (MYPT-1; Santa
Cruz Biotechnology). Western blot data were normalized to GAPDH
(anti-GAPDH, Novus Biologicals, Littelton, CO) or total nonphosphory-
lated protein.

Rac1 and RhoA activation assays. Activation of Rac1 and RhoA was
determined using GTP pulldown assay kits according to the manufactur-
ers’ instructions (Rac1: Cytoskeleton and RhoA: Millipore). After cells
were lysed, active GTP-Rac1 was pulled down from 150 �g of cleared
lysate using 10 �g of PAK-PBD beads. Similarly, active GTP-RhoA was
bound using 15 �g of glutathione-agarose bound glutathione-S-trans-
ferase-tagged rhotekin-RBD. For both assays, samples were incubated at
4°C on a rotator for 1 h, washed three times in PBS, resuspended in
Laemmli buffer, and then resolved with 12.5% SDS-PAGE. Lysates and
precipitates were analyzed by immunoblot analysis using mouse mono-
clonal antibody specifically against Rac1 or RhoA.

ROS detection by 2=,7=-dichlorodihydrofluorescein assay. Kidney
fibroblasts were cultured in a multiwell LAB-TEK no. 1 coverslide
chambers (Nalge Nunc, Naperville, IL) and then made quiescent at
30–40% confluence as described above. To explore a role for RhoA/
ROCK in endogenous ROS generation, cells were treated with
Y-27632 (10 �M) 1 h before TGF-�1 stimulation, and 2=,7=-dichlo-
rodihydrofluorescein (DCF) fluorescence was examined as an indica-
tor of ROS generation, as previously described (5, 17). The peroxide-
sensitive fluorescent probe DCF diacetate (10 �M, Molecular Probes,
Eugene, OR) was added to cells under various conditions, and pho-
tographs were taken 30 min after the addition of TGF-�1 using an
Olympus Fluoview confocal laser scanning inverted microscope
equipped with a 40A planfluor objective. DCF fluorescence was
detected with an excitation wavelength of 488 nm, and DCF emission
was detected using a 510- to 550-nm band-pass filter.

NADPH oxidase assay. NADPH oxidase was measured by the
lucigenin-enhanced chemiluminescence method as previously described
(5, 17). Cells were treated with NSC-23766, Y-27632, or vehicle and then
stimulated with TGF-�1 for 30 min. Cells were washed in PBS and
homogenized in lysis buffer containing 20 mM KH2PO4 (pH 7.0), 1 mM
EGTA, 1 mM PMSF, 10 �g/ml aprotinin, and 0.5 �g/ml leupeptin.
Homogenate (100 �l) was added to 900 �l of 50 mM potassium
phosphate buffer (pH 7.0) containing 1 mM EGTA, 150 mM sucrose, 5
�M lucigenin (Sigma Chemical) as an electron acceptor, and 100 �M
NADPH (Roche Diagnostics, Indianapolis, IN) as an electron donor.
Photon emission expressed as relative light units was measured every 30
s for 5 min in a Modulus luminometer (Turner BioSystems, Promega
Biosystems, Sunnyvale, CA). There was no measurable activity in the
absence of NADPH. Protein content was measured using Bio-Rad pro-
tein assay reagent. NADPH oxidase activity was expressed as the rate of
relative chemiluminescence units per milligram of protein per minute.
H2O2 is the major product of Nox4, and thus measuring superoxide
underestimates its activity.

Immunofluorescence microscopy. Immunofluorescence microscopy
was used to examine the relative roles of Rac1 and RhoA/ROCK in
myofibroblast �-SMA and Fn-EIIIA expression. Quiescent kidney fibro-
blast cells grown in multiwell plastic chamber slides were treated with
NSC-23766 or Y-27632 followed by TGF-�1 and then incubated for 24
or 48 h. At the termination of the study time, cells were washed twice
with ice-cold PBS and fixed in methanol at �20°C for 5 min. After a
brief rinse, cells were blocked with 0.1% BSA in PBS and then stained
with Cy3-conjugated mouse anti-�-SMA. Fn-EIIIA was detected using
indirect immunofluorescence as previously described (5). Cy3-conju-
gated donkey anti-mouse served as secondary antibody (Chemicon and
Millipore). Stained cells were washed with PBS, mounted with cover-
slips, viewed by epifluorescence, and photographed using an Olympus
AX70 Research microscope equipped with a DP-70 digital camera
(Melville, NY).

siRNA transfection. To specifically examine a role for RhoA in
kidney fibroblast ROS generation, cells were transfected with
siGenome smart pool rat RhoA or a nontargeting RNA pool as a control
using DharmaFECT 2 transfection agent (Thermo/Dharmacon Re-
search, Lafayette, CO). Likewise, a role for Poldip2 in kidney fibro-
blast activation was examined using Stealth siRNA targeting rat
Poldip2. Nontargeting siRNA served as a control. Cells were grown to
60% confluence in six-well culture plates, and the medium was then
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replaced with antibiotic/antimycotic-free RPMI containing siRNA in
DharmaFECT 2 reagent at a concentration of 100 nM. After an incuba-
tion period of 72 h, transfected cells were made quiescent and then treated
with TGF-�1. Subsequently, NADPH oxidase activity assay, Nox4,
Poldip2, �-SMA, and Fn-EIIIA were examined as described above.

Statistical analysis. All experiments were repeated at least three
times. Experiments were analyzed by one-way ANOVA followed by
Newman-Keuls multiple-comparison post hoc test performed by
GraphPad Prism 5 software (GraphPad Prism, San Diego, CA).
Significance was assigned at P � 0.05.

RESULTS

TGF-�1-induced activation of kidney myofibroblast differ-
entiation is not Rac1 dependent. Cellular signaling by several
NADPH oxidase homologs requires the cytosolic subunit
Rac1; however, an essential role for this small G protein in
TGF-�-induced Nox4 signaling of kidney myofibroblast dif-
ferentiation is less certain (see the discussion above). To

determine if Rac1 regulates myofibroblast activation, Rac1
GTP loading after stimulation with TGF-�1 was examined at
time intervals that we have previously reported to stimulate an
early increase in Nox4 protein expression in kidney myofibro-
blasts (5). Short-term treatment of cells with TGF-�1 had no
effect on the level of active Rac1-GTP, as determined by a
pulldown assay (Fig. 1, A and B). The Rac1 inhibitor NSC-
23766 substantially reduced active Rac1-GTP levels (Fig. 1B)
but had no effect on TGF-�1-induced increases in Nox4 protein
(Fig. 1C) or NADPH oxidase activity as assayed by lucigenin-
enhanced chemiluminescence (Fig. 1D). *P � 0.05 vs. control.
#P � 0.05 vs. TGF-ß1 according to ANOVA.

As observed in a previous study (5), TGF-�1 stimulated
kidney fibroblasts to transition to a myofibroblast phenotype as
assessed by increased expression of �-SMA and Fn-EIIIA. In
resting fibroblasts, there was negligible expression of �-SMA
and Fn-EIIIA as assessed by immunoblot analysis (Fig. 2, A

A

Rac1-GTP

Total Rac1

B

Rac1-GTP

Total Rac1

C

Nox4

GAPDH

Cont.     TGF-β1   TGF-β1+   NSC-23766
NSC-23766

Cont.     TGF-β1   TGF-β1+   NSC-23766
NSC-23766

0            5         15         30      60         min

TGF-β1

Time in Minutes

Ra
c1

-G
TP

/ T
ot

al
 R

ac
1

0 5 15 30 60
0.0

0.4

0.8

1.2

1.6

Ra
c1

-G
TP

/ T
ot

al
 R

ac
1

Contro
l 1β

TGF-

1+
NSC-23

76
6

β

TGF-
NSC-23

76
6

0

20

40

60

80

100

120

#

#
#

D

Fig. 1. Transforming growth factor (TGF)-�1-
induced myofibroblast signaling via Nox4 is
independent of Rac-GTP. A: TGF-�1 had no
effect on active Rac-GTP from 5 to 60 min, a
time course known to stimulate myofibroblast
differentiation (5) (see other figures). In addi-
tional experiments, cells were incubated with
or without NSC-23766 (50 �M), an inhibitor
of Rac, 2 h before the addition of TGF-�1 or
diluent. B–D: Rac-GTP loading (B), Nox4
protein (C), and NADPH oxidase activity (D)
were examined after 30 min of incubation and
compared with diluent controls. NSC-23766
reduced active Rac-GTP but had no effect on
Nox4 expression (C) or NADPH oxidase ac-
tivity (D). Cont, control. *P � 0.05 vs. con-
trol. #P � 0.05 vs. TGF-�1 according to
ANOVA.
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and B) and immunohistochemistry (Fig. 2, C and G). TGF-�1

substantially increased both �-SMA and Fn-EIIIA (Fig. 2, A,
B, D, and H). TGF-�1 also induced myofibroblast transition
characterized by the acquisition of �-SMA into well-defined
stress fibers as well as Fn-EIIIA substrata expression viewed
by immunofluorescence relative to controls. NSC-23766 did
not reduce TGF-�1-induced increased expression of �-SMA
and Fn-EIIIA by immunoblot analysis or immunohistochem-
istry (Fig. 2, A, B, E, and I). These results indicate that Rac1
does not participate in TGF-�1-induced Nox4-mediated kidney
myofibroblast differentiation.

TGF-�1 rapidly stimulates RhoA and ROCK activation.
Because RhoA GTPase is a known target of TGF-�1 (20, 48),
we then focused on a role for this G protein in signaling kidney
myofibroblast differentiation. We observed that TGF-�1 stim-
ulated Rho GTP loading as early as 5 min after the addition of
TGF-�1 to kidney fibroblasts (Fig. 3A). TGF-�1 continued
increasing the level of RhoA-GTP up to 1 h, peaking at 30 min.
Total RhoA remained unaffected by TGF-�1. Similarly, pro-
tein expression of ROCK, an immediate effector of activated
Rho-GTP, increased at 5 min after the addition of TGF-�1,
again peaking at 30 min (Fig. 3B). Additionally, TGF-�1
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Fig. 2. TGF-�1-induced kidney myofibroblast differentiation is not regulated through Rac-1. Kidney fibroblasts were stimulated with TGF-�1 or diluent with or
without pretreatment with NSC-23766, as described in Fig. 1. Myofibroblast differentiation was examined 2 days later by detection of �-smooth muscle actin
(�-SMA) and alternatively spliced fibronectin variant (Fn-EIIIA) protein using Western blot analysis (A and B) and immunofluorescence microscopy (C–J).
TGF-�1 stimulated increased �-SMA protein incorporation in stress fibers by immunohistochemistry (D). Incubation of cells with NSC-23766 did not reduce
TGF-�1-induced increased expression of �-SMA or Fn-EIIIA, as shown in Western blots (A and B) or by immunohistochemistry (E and I). Similarly,
�-SMA-positive stress fibers were not altered by NSC-23766 (E). *P � 0.05 vs. control according to ANOVA.
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stimulated phosphorylation of MYPT-1, the immediate sub-
strate for ROCK, used as an indicator of its activity, closely
correlating with the activation of RhoA and ROCK (Fig. 3C).

RhoA/ROCK mediates TGF-�1-induced myofibroblast acti-
vation assessed by �-SMA and Fn-EIIIA expression. The above
experiments indicated that the activation of the RhoA/ROCK
pathway is an early event in kidney fibroblast activation by
TGF-�1. To further examine a role for this pathway in kidney
myofibroblast differentiation, cells were exposed to siRhoA
before the addition of TGF-�1. The results showed that down-
regulation of RhoA protein with siRhoA inhibited RhoA ex-
pression relative to nontargeting siRNAs (Fig. 4D). siRhoA
significantly reduced the expression of both �-SMA and
Fn-EIIIA relative to controls as detected by immunoblot
analysis (Fig. 4, A–C). Similarly, the effect of ROCK
inhibitor Y-27632 on myofibroblast differentiation was ex-

amined (Fig. 5, A–F). Y-27632 inhibited TGF-�1-stimulated
increases in both �-SMA and Fn-EIIIA expression by West-
ern blot analysis (Fig. 5, A–C), which was substantiated by
immunofluorescence histochemistry (Fig. 5, D–F). These
results indicate that RhoA/ROCK plays a role in myofibro-
blast activation by TGF-�1.

Role of RhoA/ROCK in ROS-mediated myofibroblast activa-
tion through NADPH oxidase. Our previous study (5) indicated
that TGF-�1-induced kidney myofibroblast differentiation is
dependent on Nox4-derived ROS. To determine a role for the
RhoA/ROCK pathway in TGF-�1-induced Nox4/ROS stimu-
lation of myofibroblast differentiation, the effects of siRhoA
and Y-27632 on Nox4 protein expression and NADPH oxidase
activity were investigated. As previously shown, TGF-�1 stim-
ulated a significant increase in Nox4 protein and NADPH
oxidase activity (Fig. 6, A–F). TGF-�1-induced increases in
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Fig. 3. TGF-�1 rapidly activates the RhoA/Rho kinase (ROCK) signaling pathway. A: TGF-�1 stimulated myofibroblast signaling of active RhoA-GTP from 5
to 60 min. B and C: TGF-�1 also stimulated the downstream effector ROCK (B) and phosphorylation of the ROCK substrate myosin phosphatase targeting
protein-1 (MYPT-1; C), as detected by immunoblot analysis of lysates collected 5–30 min after the addition of TGF-�1 or diluent. pMYPT-1, phosphorylated
MYPT-1. *P � 0.05 vs. control according to ANOVA.
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Fig. 4. TGF-�1-induced myofibroblast differentiation requires RhoA signaling. Cells were exposed to small interfering (si)RNA to RhoA (siRhoA) or
nontargeting (nt)RNA for 72 h. TGF-�1 or diluent was then added, and lysates were collected 24 h later to examine markers of myofibroblast differentiation by
immunoblot analysis. TGF-�1-enhanced �-SMA and Fn-EIIIA protein expression was reduced by siRhoA relative to ntRNA (A–C). D: verification of the
effectiveness of siRhoA to inhibit RhoA protein relative to ntRNA. *P � 0.05 vs. ntRNA control. #P � 0.05 vs. ntRNA � TGF-�1 according to ANOVA.
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Nox4 protein expression were significantly reduced by siRhoA
(Fig. 6, A and B) as well as by Y-27632 (Fig. 6, D and E).
Similarly, TGF-�1-enhanced NADPH oxidase activity was
abrogated by siRhoA (Fig. 6C) as well as Y-27632 (Fig. 6F).
TGF-�1 stimulated a significant increase in intracellular ROS,
as revealed by increased DCF fluorescence detected by confo-
cal microscopy (Fig. 6G). Y-27632 nearly completely inhibited
DCF fluorescence (Fig. 6G). Diphenyleneiodonium, an inhib-
itor of NADPH oxidase and other flavin-containing oxidases,
had no effect on RhoA-GTP loading by TGF-�1 (Fig. 6, H and
I) but inhibited NADPH oxidase activity (Fig. 6J), indicating
that NADPH oxidase-derived ROS are downstream of RhoA.
Overall, the above data show that RhoA/ROCK regulates
TGF-�1-induced myofibroblast activation through Nox4-de-
pendent ROS generation.

Role of Poldip2/Nox4 in TGF-�1-induced myofibroblast
activation. A role for Poldip2, a known regulator of Nox4, in
kidney myofibroblast differentiation was examined by trans-
duction of fibroblasts with AdPoldip2 and compared with
control adenovirus without construct. Likewise, the effect of
Nox4 on Poldip2 expression and myofibroblast differentiation
was examined using Nox4 adenovirus. The results showed that
overexpression of Poldip2 protein examined 2 days after in-

fection enhanced basal expression of Nox4 (Fig. 7, A–C) and
enhanced NADPH oxidase activity (Fig. 7D) relative to con-
trols. Similarly, overexpression of Poldip2 protein via AdPoldip2
enhanced the basal expression of myofibroblast differentiation
markers �-SMA and Fn-EIIIA (Fig. 7, A, E, and F). Con-
versely, we found that overexpression of Nox4 protein via
AdNox4 enhanced basal expression of Poldip2 (Fig. 7, G–I)
and enhanced NADPH oxidase activity (Fig. 7J) relative to
controls. Similarly, overexpression of Nox4 protein enhanced
the basal expression of myofibroblast differentiation markers
�-SMA and Fn-EIIIA (Fig. 7, G, K, and L). We also found that
treatment of cells with TGF-�1 increased Poldip2 and Nox4
protein expression (Fig. 8, A–C) and NADPH oxidase activity
(Fig. 8D) relative to controls as early as 30 min after stimula-
tion. Knockdown of Poldip2 using siPoldip2 inhibited TGF-
�1-mediated increases in Nox4 protein and NADPH oxidase
activity as well as downstream markers of myofibroblast acti-
vation (�-SMA and Fn-EIIIA) relative to nontargeting controls
(Fig. 8, A, E, and F).

RhoA regulates Poldip2/Nox4 in TGF-�1-induced myofibro-
blast activation. To explore a role for the RhoA/ROCK path-
way in the regulation of Poldip2/Nox4 by TGF-�1, cells were
transfected with siRhoA or treated with Y-27632 before the
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Fig. 5. TGF-�1-induced myofibroblast differentiation is blocked by ROCK inhibition. A–C: addition of Y-27632 (10 �M), an inhibitor of ROCK, 1 h before
TGF-�1 also blocked myofibroblast differentiation, as illustrated by the reduced expression of �-SMA and Fn-EIIIA relative to controls. D, E, H, and I: TGF-�1

stimulated an increase in �-SMA protein expression incorporation in stress fibers (E) as well as Fn-EIIIA protein (I) relative to controls (D and H), as illustrated
by immunofluorescence histochemistry. F and J: The ROCK inhibitor Y-27632 blocked �-SMA (F) and Fn-EIIIA (J) protein expression. F and G: diluent had
no effect on the expression of �-SMA or Fn-EIIIA. *P � 0.05 vs. control. #P � 0.05 vs. TGF-�1 according to ANOVA.
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addition of TGF-�1. The results showed that inhibition of
either RhoA or ROCK resulted in a reduction in TGF-�1-
induced increases in Poldip2 protein (Fig. 9, A and B). Over-
expression of Poldip2 in kidney fibroblasts infected with Ad-
Poldip2 had no effect on RhoA-GTP loading or expression of
ROCK or phosphorylated MYPT-1 protein relative to cells
infected with adenovirus with green fluorescent protein, indi-
cating that Poldip2 is downstream of RhoA/ROCK signaling

(Fig. 9, C–G). Also, inhibition of ROCK using Y-27632 had no
effect on AdPoldip2-induced overexpression of �-SMA or
Fn-EIIIA proteins (Fig. 9, H–J). These results indicate the
specificity of Poldip2 in myofibroblast differentiation by by-
passing the Rho/ROCK pathway. Collectively, the results
above indicate that the RhoA/ROCK pathway plays a signifi-
cant role in regulating myofibroblast activation through mod-
ulation of Poldip2 and Nox4.
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Fig. 6. The RhoA/ROCK pathway signals Nox4-derived ROS. A and C: kidney fibroblasts were treated with siRhoA or ntRNA for 72 h followed by stimulation
TGF-�1 or diluent, and Nox4 expression (A) and NADPH oxidase activity (C) were then examined 30 min later. A–C: siRhoA inhibited the TGF-�1-induced
increased expression of Nox4 protein (A and B) and NADPH oxidase activity (C). D–F: similarly, cells treated with the ROCK inhibitor Y-27632 before the
addition of TGF-�1 blocked the increased expression of Nox4 protein (D and E) and NADPH oxidase activity (F) relative to diluent controls. A–F: inhibitors
alone had no effect on basal levels of Nox4 protein or NADPH oxidase activity. G: ROS generation, detected by 2=,7=-dichlorodihydrofluorescein (DCF)
fluorescence, was also inhibited by Y-27632 within 30 min after incubation with TGF-�1. H–J: inhibition of Nox4 using diphenyleneiodonium (DPI) had no
effect on TGF-�1-induced activation of RhoA-GTP (H and I) but reduced NADPH oxidase activity (J), indicating that RhoA is upstream of Nox4. *P � 0.05
vs. control. #P � 0.05 vs. TGF-�1 according to ANOVA.
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Fig. 7. Polymerase (DNA-directed) �-interacting protein 2
(Poldip2) regulates myofibroblast differentiation via Nox4.
A–F: kidney fibroblasts were infected with AdPoldip2 or
adenovirus with green fluorescent protein (AdGFP) over a
48-h period, and the relative effects of overexpression of
Poldip2 on Nox4 protein (A–C), NADPH oxidase activity (D),
and �-SMA and Fn-EIIIA (A, E, and F) expression were
examined. Increased expression of Poldip2, as determined by
Myc and Poldip protein by immunoblot analysis, resulted in
enhanced expression of Poldip2 and Nox4 protein and NA-
DPH oxidase activity as well as the myofibroblast differenti-
ation markers �-SMA and Fn-EIIIA relative to control. G–L:
infection of kidney fibroblasts with AdNox4 significantly
increased Nox4 and Poldip2 protein (G–I), NADPH oxidase
activity (J), and the myofibroblast differentiation markers
�-SMA and Fn-EIIIA (G, K, and L) relative to control
(AdGFP). *P � 0.05 vs. AdGFP vs. control.
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DISCUSSION

TGF-�1 signaling of myofibroblast differentiation is known
to occur through two pathways: Smad and ERK (1, 42). Details
of these transduction pathways have proved to be complex,
may vary in different cell types, and remain incompletely
understood (3, 28). Our previous study (5) showed that TGF-
�1-induced kidney myofibroblast differentiation, characterized
by �-SMA and Fn-EIIIA expression, is regulated by Nox4-
derived ROS via a signaling cascade involving Smad3, Nox4-
generated ROS, and ERK1/2. The present study shows that
Rac1 is not involved in downstream Nox4 regulation of kidney
myofibroblast differentiation. Rather, the small GTPase RhoA/
ROCK pathway regulates Nox4-dependent ROS generation
and subsequent downstream cellular events in TGF-�1-induced
kidney myofibroblast activation. TGF-�1 rapidly activates
RhoA and ROCK, which, in turn, phosphorylates MYPT-1, an
indicator of ROCK activity. siRhoA and the ROCK inhibitor
Y-27632 both abolished TGF-�1-induced increases in Nox4
protein and NADPH oxidase activity as well as expression
markers of myofibroblast differentiation (�-SMA and Fn-
EIIIA). These results and those of our previous study collec-
tively indicate that TGF-�1 induces kidney myofibroblast dif-
ferentiation as assessed by �-SMA expression and Fn-EIIIA
synthesis via a redox signaling cascade involving the TGF-�1

receptor (TGF-�1R)1/RhoA/ROCK/Nox4/Poldip2 pathway
(Fig. 10). As in our previous studies (3, 5), activation of these
signaling events occurred within minutes, consistent with

translational mechanisms in Nox4 signaling. A novel role for
Poldip2 in signaling of kidney myofibroblast differentiation
was indicated by the finding that Poldip2 enhanced Nox4
protein and NADPH oxidase activity and subsequent �-SMA
and Fn-EIIIA expression. Conversely, siPoldip2 inhibited
TGF-�1-induced Nox4 upregulation, ROS generation, and
myofibroblast differentiation. This demonstrates that Poldip2 is
required for TGF-�1-induced Nox4-dependent ROS produc-
tion and subsequent myofibroblast activation and acts as an
upstream regulator of Nox4 expression and ROS release. Here,
we provide the first evidence that Poldip2 is a downstream
effector of RhoA in that siRhoA and Y27643 inhibited Poldip2
protein expression and myofibroblast differentiation.

It is well established that TGF-�1 binds TGF-�R type II
(TGF-�RII) and subsequently phosphorylates a type I receptor
(TGF-�RI) subunit, forming a heterodimeric complex (1, 42)
that signals through a canonical pathway involving the Smad
family of transcriptional activators in myofibroblasts. TGF-
�R1 phosphorylates Smad2/3, which subsequently complexes
with Smad4 and translocates to the nucleus, where the dimer
binds to the promoter region of the �-SMA gene (3, 28). ROS
play a significant role in the progression of fibrotic disease (23,
32, 52). ROS have been identified as intermediates in TGF-�
signaling of mesangial cells or fibroblasts during fibrosis or
progressive disease, which has received considerable recent
interest (3). Indeed, ROS in the form of superoxide and
hydrogen peroxide are directly linked to transmodulation of
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Fig. 8. TGF-�1-induced myofibroblast differentiation is regulated via signaling via Poldip2 and Nox4. A–D: kidney fibroblasts were treated with siRNA to
Poldip2 (siPoldip2) or ntRNA for 72 h followed by TGF-�1 or diluent, and Poldip2 and Nox4 expression (A–C) and NADPH oxidase activity (D) were then
examined 30 min later. siPoldip2 inhibited TGF-�1-induced increases in Poldip2 and Nox4 protein expression as well as NADPH oxidase activity relative to
control (ntRNA). siPoldip2 also inhibited TGF-�1-induced myofibroblast differentiation, as illustrated by reductions in �-SMA (A and E) and Fn-EIIIA (A and
F) relative to ntRNA. *P � 0.05 vs. ntRNA control. #P � 0.05 vs. ntRNA � TGF-�1 according to ANOVA.
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fibroblasts to �-SMA myofibroblasts (67) and are important
mediators of fibrogenic cellular responses including hypertro-
phy, migration, proliferation, apoptosis, and regulation of the
extracellular matrix (5, 17, 23, 56, 60). NADPH oxidases are
important sources of ROS involved in both normal physiolog-
ical functions and oxidative stress (3). Of the NADPH oxidases
of the Nox family, the Nox4 homolog is now recognized as a
principal source of ROS generation and subsequent redox-
dependent pathological processes in progressive fibrotic dis-
ease (3). TGF-�1 is a major regulator of Nox4 protein expres-
sion and Nox4-dependent ROS production in a number of cell
types, including smooth muscle cells, endothelial cells, hepa-
tocytes, and fibroblasts (3). The results of the present study in
kidney fibroblasts also agree with our previous studies and
other published studies indicating a close relationship between
ROS generated by NADPH oxidase and �-SMA expression

and a myofibroblast phenotype in adventitial fibroblast and
vascular smooth muscle cells (3, 5, 9, 10, 55). We (5) have
previously shown that kidney myofibroblasts express NADPH
oxidase homologs Nox2 and Nox4, with the latter appearing to
be the most important in the generation of ROS in response to
TGF-�1 and downstream signaling of ERK1/2 and �-SMA and
Fn-EIIIA expression.

The mechanisms by which Nox enzymes are regulated in
cardiovascular or renal cells and how they generate ROS are
not fully understood. A number of regulatory subunits of Nox
enzymes have been identified. Importantly, p22phox is required
as a docking and maturation subunit for the homologs Nox1,
Nox2, and Nox4 (3, 7). Activation mechanisms for Nox1 are
similar to those of Nox2 but involve complex formation with
regulatory cytosolic subunits Nox organizer 1, Nox activator 1,
and the small G protein Rac1 (3, 7, 35, 36). The small GTPases
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act as molecular switches, and it is well established that the
Nox family of NADPH oxidases is principally regulated
through a Rac-dependent pathway (8, 18, 29). Nox1 and Nox2
are tightly regulated by Rac1 through its binding to phox and
Nox organizer 1 or Nox activator 1 subunits in Nox2 and Nox1
assembly. A role for Rac1 in Nox4 activation is uncertain.
Although it has been suggested that Rac1 is implicated in the
control of Nox4 function in mesangial and endothelial cells (8,
18), several studies in heterologous systems have shown that
Nox4 does not require the recruitment of regulatory cytoplas-
mic subunits and Rac1 to be active. Nox4-mediated ROS
generation is undisturbed in Rac1 knockdown (41) or chemical
inhibition (4), supporting the notion that Nox4 is Rac1 inde-
pendent and suggests alternate transduction pathways. Unlike
mesangial cells, in which Rac promotes TGF-�1-stimulated
collagen type 1 (30) and Rac1 appears to be involved in Nox4
signaling (18), kidney myofibroblast do not use this GTPase in
TGF-�1 signaling of Nox4 activation of �-SMA and Fn-EIIIA.
TGF-�1 did not stimulate Rac1 activity, and inhibition of Rac1
had no effect on TGF-�1-induced Nox4-dependent ROS pro-
duction or �-SMA and Fn-EIIIA expression in kidney myofi-
broblasts.

Rather, our data indicate that TGF-�1/Nox4 signaling of
myofibroblast differentiation implicates RhoA GTPase and
ROCK. Of particular interest are experiments identifying the
RhoA/ROCK system as an important signaling system regu-
lating the actin cytoskeleton and stress fiber formation (39).
The RhoA/ROCK system plays an important role in regulating

the myofibroblast phenotype in mesenchymal progenitor cells,
pericytes, and fibroblasts (12, 21, 34, 58). However, studies
showing an association of ROS signaling and the RhoA/ROCK
pathway in vitro are limited (29, 39, 64, 65). Studies in
endothelial cells have indicated that Rac1 is necessary for
downstream activation of RhoA and subsequent Nox4 activa-
tion and cell proliferation, whereas Rac1-dependent Nox2
activity was responsible for cytoskeletal rearrangement via
JNK (63, 64). In vascular smooth muscle cells, RhoA was
found to be downstream of Nox4 and associated with focal
contacts and cell migration (39). Our experiments in kidney
fibroblasts showed that RhoA is upstream of Nox4, as in
endothelial cells, but similar to smooth muscle cells, in that
TGF-�1-induced kidney fibroblast differentiation to a myofi-
broblast phenotype is associated with the formation of �-SMA
incorporated in stress fibers. The present study placing RhoA/
ROCK upstream of Nox oxidase is consistent with reports
showing that the ROCK inhibitor fasudil significantly reduced
angiotensin II-induced Nox4 upregulation and ROS production
in the vascular endothelium (27) as well as diabetes-mediated
increases in Nox4 mRNA expression in the renal cortex (16).

An important recent discovery in smooth muscle cells shows
that Poldip2 associates with Nox4 and stabilizes focal adhe-
sions and stress fiber formation through RhoA (39) and is
involved in the maintenance of a constitutively expressed
smooth muscle phenotype. To date, our experiments with renal
fibroblasts are the only other studies in which a Poldip2/Nox4
interaction has been identified and show regulation of the
Nox4/Poldip2 interaction in response to TGF-�1. Interestingly,
our experiments showed that TGF-�1 induces a reverse order
of signaling events in kidney myofibroblasts compared with
smooth muscle cells, where Poldip2 and Nox4 are downstream
of RhoA. A RhoA/Poldip2/Nox4 sequence of transduction may
indicate a novel outside-in pathway for ROS signaling at the
level of the substratum. The differences between vascular
smooth muscle cells and kidney myofibroblasts may reflect
different states of stress fiber and matrix expression in the two
cell types. Smooth muscle cells constitutively express �-SMA,
whereas kidney fibroblast differentiation into myofibroblasts
appears to be regulated by TGF-�1 via RhoA/ROCK/Poldip2/
Nox4 interactions. Poldip2 has been shown to associate with
Nox4 and control ROS production by Nox4 (39, 57). Here, we
show that Poldip2 controls Nox4 expression and NADPH
oxidase activity. Moreover, our data suggest that TGF-�1-
mediated upregulation of Nox4 protein and NADPH oxidase
activity depends on the induction of Poldip2 expression by
TGF-�1. A TGF-�1-dependent increase in Poldip2 most likely
translates to an increase in Nox4 expression since Poldip2
controls the expression of the oxidase. It is also conceivable
that the increased Poldip2 levels promoted by TGF-�1 are also
a means to enhance Nox4-dependent ROS production. Impor-
tantly, all these events take place downstream of RhoA/ROCK
activation by TGF-�1. Also, we show, for the first time, that
Nox4 can regulate Poldip2 expression, suggesting a functional
association or positive feedback loop in the activation of these
two proteins.

The above experiments indicate that RhoA/ROCK-depen-
dent regulation of Poldip2/Nox4 is involved in TGF-�1-in-
duced kidney myofibroblast activation in vitro. A number of
studies have also indicated that RhoA/ROCK may be a key
initiator in oxidative stress during disease where ROCK inhib-

Fig. 10. Proposed signaling cascade involving RhoA/ROCK/Poldip2/Nox4 in
TGF-�1-induced kidney myofibroblast activation.
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itors blocked the progression of cardiac hypertrophy, liver
fibrosis, diabetic nephropathy, renal fibrosis, and glomerulo-
sclerosis (16, 31, 43–45). Of interest are the observations that
oxidative stress or Nox1 and Nox4 are inhibited by ROCK
inhibitors in several of these models (16, 45). Furthermore,
myofibroblasts during renal fibrosis originate, at least in part,
from a perivascular adventitium (2, 13, 38, 62). This observa-
tion is consistent with the known role of NADPH oxidase-
generated ROS in adventitial fibroblast activation in aortic
perivascular disease (22, 49). Thus, a role for this RhoA/
ROCK/Poldip2/Nox4 pathway in interstitial myofibroblast en-
croachment in vivo during renal fibrosis is plausible but awaits
further investigation.
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