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Background: Nox4 is known to be regulated primarily at the transcriptional level and regulates myofibroblast differentiation.
Results: Nox4 protein expression is suppressed by Hic-5 via Cbl-c- and HSP27-mediated ubiquitination and proteasomal
degradation.
Conclusion: Nox4 is posttranslationally regulated by Hic-5, and its interacting proteins, Cbl-c and HSP27 regulate myofibro-
blast differentiation and senescence.
Significance: Prosenescence and profibrotic effects of Nox4 may be mitigated by Hic-5-mediated suppression of its protein
expression.

Hydrogen peroxide-inducible clone 5 (Hic-5) is a focal adhe-
sion adaptor protein induced by the profibrotic cytokine TGF-
�1. We have demonstrated previously that TGF-�1 induces
myofibroblast differentiation and lung fibrosis by activation of
the reactive oxygen species-generating enzyme NADPH oxidase
4 (Nox4). Here we investigated a potential role for Hic-5 in
regulating Nox4, myofibroblast differentiation, and senes-
cence. In normal human diploid fibroblasts, TGF-�1 induces
Hic-5 expression in a delayed manner relative to the induction
of Nox4 and myofibroblast differentiation. Hic-5 silencing
induced constitutive Nox4 expression and enhanced TGF-�1-
inducible Nox4 levels. The induction of constitutive Nox4 pro-
tein in Hic-5-silenced cells was independent of transcription
and translation and controlled by the ubiquitin-proteasomal
system. Hic-5 associates with the ubiquitin ligase Cbl-c and the
ubiquitin-binding protein heat shock protein 27 (HSP27). The
interaction of these proteins is required for the ubiquitination of
Nox4 and for maintaining low basal levels of this reactive oxygen
species-generating enzyme. Our model suggests that TGF-�1-
induced Hic-5 functions as a negative feedback mechanism to
limit myofibroblast differentiation and senescence by promot-
ing the ubiquitin-proteasomal system-mediated degradation of
Nox4. Together, these studies indicate that endogenous Hic-5
suppresses senescence and profibrotic activities of myofibro-
blasts by down-regulating Nox4 protein expression. Addition-
ally, these are the first studies, to our knowledge, to demonstrate
posttranslational regulation of Nox4.

The reactive oxygen species (ROS)2-generating enzyme
NADPH oxidase 4 (Nox4) has been implicated in a number of

physiological and pathological states (1), including fibrotic dis-
orders and cancer. The regulation of Nox4 expression has been
attributed primarily to its transcriptional activation and is, thus,
uniquely referred to as a “constitutive” enzyme (2). TGF-�1 is
the most widely reported inducer of Nox4 gene transcription
and induces sustained levels of hydrogen peroxide (H2O2) (3,
4). Posttranscriptional mechanisms that control Nox4 expres-
sion are limited. One study reports a posttranscriptional mech-
anism involving translation-initiated mRNA destabilization of
Nox4 (5). However, to our knowledge, posttranslational mech-
anisms regulating Nox4 have not been reported.

Hic-5 is a focal adhesion adaptor protein that was identified
initially as a TGF-�1- and H2O2-inducible gene (6). Hic-5 has
been reported to mediate senescence (7, 8). More recent studies
demonstrate that Hic-5 interacts with the small heat shock pro-
tein HSP27 (9), which binds ubiquitin (10). Cbl-c has been iden-
tified as a new interacting protein of Hic-5. The binding of
Hic-5 to Cbl-c leads to an increase in the E3 ubiquitin ligase
activity of Cbl-c (11).

HSP27 enhances the degradation of proteins through the
ubiquitin-proteasomal system (UPS) (10) and can itself be ubiq-
uitinated (12). Notably, HSP27 regulates TGF-�1 signaling (13,
14) and is known to induce senescence (15). HSP27 is overex-
pressed in human and experimental lung fibrosis (14). Overex-
pression of HSP27 in renal tubular epithelial cells protects
against oxidative injury (16), and inhibition blocks fibrosis
(17). Increased expression of p16, hypophosphorylated-Rb,
and HSP27 expression has been observed in senescing human
fibroblasts following environmental stress (18). However, the
relationship between cellular senescence and fibrogenesis is not
well understood.

In this study utilizing lung fibroblasts, we demonstrate that
the expression of Nox4 is regulated inversely by Hic-5 and its
interacting proteins HSP27 and Cbl-c. The loss of negative reg-
ulation of Nox4 at the posttranslational level by ubiquitination
may, in part, account for its high expression in fibrotic disor-
ders. Therefore, therapeutic strategies to augment Hic-5-, Cbl-c-,
and HSP27-dependent ubiquitination and degradation of Nox4
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may prove to be beneficial in progressive fibrotic disorders (19,
20).

EXPERIMENTAL PROCEDURES

Cell Culture—We obtained human diploid fibroblasts
(IMR-90 cells, Coriell, Camden, NJ). IMR-90 cells were cul-
tured in DMEM (Invitrogen) supplemented with 10% FBS
(Invitrogen), 100 units/ml penicillin, 100 �g/ml streptomycin,
and 250 �g/ml Fungizone and were incubated at 37 °C in 5%
CO2 and 95% air. 70% confluent cells were serum-starved for
16 h and treated with actinomycin D (0.05 �g/ml) or cyclohex-
imide (1 �g/ml) (Sigma), MG132 (10 �M) (EMD Millipore, Bil-
lerica, MA) or bortezomib (100 nM) (LC Chemicals, Boston,
MA), and 2 ng/ml TGF-�1 (R&D Systems, Minneapolis, MN)
for the indicated time.

Gene Silencing with siRNA—For in vitro RNAi studies, we
transfected IMR-90 cells with duplexes targeting Hic-5, Cbl-c,
and HSP27 or non-targeting control siRNA (Dharmacon,
Lafayette, CO) using Lipofectamine 2000 (Invitrogen). Hic-5
knockdown was performed initially using a pool of four human
siRNAs and confirmed using duplex 1 (GGAGCUGGAUA-
GACUGAUGUU) and duplex 2 (GGACCAGUCUGAA-
GAUAAGUU). Silencing with both pooled and the individual
siRNAs resulted in 90% decreased expression of Hic-5 in cells
under basal conditions. Additionally, all results with both
duplexes were similar. In this study, we used four pooled human
siRNA for in vitro silencing of Cbl-c and the individual human
siRNA for HSP27 (GUCUCAUCGGAUUUUGCAGCUU) from
Dharmacon.

Overexpression Plasmids (cDNA) and Transient Trans-
fections—Plasmids encoding human Cbl-c and HSP27 were
procured from Addgene (Cambridge, MA). Overexpression of
Cbl-c and HSP27 plasmid constructs was by transient transfec-
tions of IMR-90 cells using the cationic lipid reagent Lipo-
fectamine 2000 according to the instructions of the manufacturer.
The optimal ratio of DNA (in micrograms) to Lipofectamine 2000
(in microliters) was determined to be �1:2 for IMR-90 cells. Cells
were incubated with DNA-lipid complexes in Opti-MEM
reduced-serum medium overnight prior to introducing DMEM
containing 10% serum for 48 h.

Cloning of the Hic-5 Overexpression Plasmid (Hic-5 cDNA)—
The coding region for the human Hic-5 gene was amplified
from IMR-90 fibroblasts. Cells were cultured in DMEM supple-
mented with 10% fetal bovine serum, 100 units/ml penicillin,
100 �g/ml streptomycin, and 1.25 �g/ml Fungizone (Invitro-
gen) at 37 °C and 5% CO2. Cells were serum-starved for 18 h
and subsequently stimulated with 2 ng/ml TGF-�1 for 24 h.
RNA was isolated using the RNeasy Miniprep kit (Qiagen,
Carlsbad, CA). cDNA was synthesized using SuperScript III
cDNA synthesis according to the recommendations of the manu-
facturer (Invitrogen). 3 ng of cDNA was used as template in a PCR
using Phusion polymerase (New England Biolabs, Ipswich, MA).
The amplicon was ligated into the pcDNA3.1V5hisB vector
(Invitrogen), which had been linearized with EcoRV (New Eng-
land Biolabs). Colonies were screened for orientation, and the
sequence was confirmed (Heflin Center for Genomic Science,
University of Alabama at Birmingham). IMR-90 cells were trans-

fected with the control (empty vector) or human Hic-5 plasmid
construct as discussed above.

Immunoblotting and Immunoprecipitation—Cells cultured
in 6-well plates were washed with cold PBS and lysed using
radioimmune precipitation assay buffer (pH 7.5) (Sigma) con-
taining protease inhibitor mixture (EMD Millipore, Billerica,
MA), 2 mM sodium vanadate, and sodium fluoride (New Eng-
land Biolabs). Protein concentration of the cell lysates was
determined by BCA protein assay (Pierce). Equal amounts of
protein (10 �g) were separated by SDS-PAGE and transferred
to nitrocellulose membranes (Bio-Rad). The membranes were
blocked with 5% nonfat milk powder in TBS (pH 7.5) and incu-
bated overnight at 4 °C with the primary antibody Hic-5 and
p16 (BD Transduction Laboratories); Nox4 (Novus Biologicals,
LLC, Littleton, CO); �-smooth muscle actin (�-SMA) (Ameri-
can Research Products Inc., Waltham, MA); fibronectin (FN)
(Sigma); Cbl-c (Rockland Immunochemicals Inc., Gilbertsville,
PA); HSP27 and GAPDH (Abcam, Cambridge, MA); and phos-
pho-Rb, phospho-SMAD3, and SMAD3 (Cell Signaling Tech-
nology, Danvers, MA). Immunoprecipitation of cell lysates
from control (NT siRNA) and Hic-5-, Cbl-c-, and HSP27-si-
lenced cells treated without or with bortezomib (100 �g pro-
tein) were performed with overnight incubation of Nox4 poly-
clonal antibody at 4 °C, followed by pulldown using anti-rabbit
IgG beads (Rockland Immunochemicals Inc.) for 3 h. The pro-
teins were resolved by SDS-PAGE, transferred to nitrocellulose
membranes, and immunoblotted with anti-Lys48 polyubiquitin
antibody (EMD Millipore). Immunoprecipitation with Hic-5
antibody from cell lysates of IMR-90 were immunoblotted with
Cbl-c or HSP27 antibody to demonstrate endogenous protein
interactions.

Real-time PCR—Cells were washed with PBS. The total RNA
was extracted using an RNeasy mini kit (Qiagen) according to
the instructions of the manufacturer. Total RNA was reverse-
transcribed to cDNA using a random hexamer and Superscript
III first strand synthesis kit (Invitrogen). Expression levels of
Hic-5, Nox4, and �-actin mRNAs were determined by using
specific primer as follows: Hic-5, GACTTCCTGCAGCT-
GTTCG (forward) and AAGTGGTTCTCGCACAACG (re-
verse); Nox4, CTGGAGGAGCTGGCTCGCCAACGAAG
(forward) and GTGATCATGAGGAATAGCACCACCACC-
ATGCAG (reverse); and actin, CACCCTGAAGTACCCCA-
TCGA (forward) and CTCCTTAATGTCACGCACGATTTC
(reverse). The real-time PCR reactions were performed in a
7300 real-time PCR system (Applied Biosystems, Grand Island,
NY) using a SYBR Green-based real-time PCR assay with SYBR
Green PCR master mix (Applied Biosystems).

Statistical Analysis—We made statistical comparisons with
GraphPad software (Prism 5) using one-way analysis of vari-
ance followed by a Bonferroni test.

RESULTS

Hic-5 and Nox4 are Up-regulated during TGF-�1-induced
Myofibroblast Differentiation—TGF-�1 is known to induce
myofibroblast differentiation (21) while up-regulating Hic-5 (6)
and Nox4 expression (22) in lung fibroblasts. However, the
precise relationships between these effects of TGF-�1 are
unknown. We examined the effect of TGF-�1 in normal
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human diploid lung fibroblasts (IMR-90) on the expression
of these proteins. TGF-�1 induced a time-dependent
increase in the expression of Hic-5 and Nox-4 in parallel with
the up-regulation of �-SMA, a marker of myofibroblast differ-
entiation (Fig. 1).

Hic-5 Negatively Regulates Nox4 Expression, Myofibroblast
Differentiation, and Senescence—To determine whether Hic-5
regulates Nox4 and myofibroblast differentiation/senescence,
we silenced Hic-5 with RNAi. Silencing of Hic-5 induced
expression of Nox4, �-SMA, and fibronectin, both in the pres-
ence and absence of TGF-�1 (Fig. 2A). This constitutive activa-
tion was associated with the induced expression of the markers
of senescence p16 and hypophosphorylated Rb. TGF-�1-in-
duced myofibroblast differentiation and senescence were aug-
mented under conditions of Hic-5 silencing. Furthermore,
silencing of Hic-5 did not inhibit the TGF-�1-induced acti-
vation of SMAD3 (Fig. 2B). Collectively, these data indicate
that Hic-5 functions as a negative regulator of Nox4, myofi-
broblast differentiation, and senescence independently of
SMAD3 signaling.

Hic-5 Regulation of Nox4 Is Independent of Transcription and
Translation—Next, we investigated mechanisms for the nega-
tive regulation of Nox4 by Hic-5. Cells expressing endogenous
Hic-5 (NT, non-targeting siRNA) and Hic-5-silenced cells were
treated with actinomycin D (an inhibitor of transcription) and
cycloheximide (an inhibitor of translation), and the effects on
Nox4 were assessed. The up-regulation of Nox4 in Hic-5
silenced cells was not affected by blocking transcription or
translation (Fig. 3A), suggesting potential posttranslational
mechanisms for this effect. To confirm that actinomycin D and
cycloheximide were effective at these doses, we treated IMR-90
cells with TGF-�1 in the absence or presence of these inhibitors
and assessed the expression of Nox4. Nox4 expression induced
by TGF-�1 was inhibited by actinomycin D and cycloheximide
(Fig. 3B), consistent with prior data indicating a role of gene
transcription in this TGF-�1 response (3, 23). Next, we assessed
the steady-state levels of Nox4 mRNA in Hic-5-silenced cells.
Knockdown of Hic-5 did not result in an increase in Nox4
mRNA expression (Fig. 3C). Together, these data indicate that
the up-regulation of Nox4 protein expression is not related to
the activation of Nox4 gene transcription or protein transla-
tion. To determine Nox4 protein stability, we treated control

(NT siRNA) and Hic-5-silenced cells with cycloheximide. We
observed a marked reduction in steady-state levels of Nox4 pro-
tein in NT cells by 30 min, whereas Nox4 expression was sus-
tained in Hic-5-silenced cells. Thus, Nox4 was stabilized with
Hic-5 knockdown (Fig. 3D).

Hic-5 Mediates Ubiquitination and Proteasomal Degrada-
tion of Nox4—On the basis of our data suggesting posttransla-
tional mechanisms in Nox4 regulation by Hic-5, we investi-
gated the role of the UPS system. We focused on the detection
of Lys48 ubiquitination because ubiquitin chains conjugated to
this Lys residue target proteins for proteasomal degradation,
whereas Lys63 ubiquitination is involved in the recruitment of
DNA repair enzymes, cell signaling, and endocytosis (24). Con-
trol cells (NT siRNA) treated with the UPS inhibitors MG132 or
bortezomib demonstrated higher steady-state levels of Nox4
expression, suggesting that Nox4 is regulated by the UPS (Fig.
4A). Interestingly, the constitutive increase in Nox4 in Hic-5-
silenced cells was only marginally augmented in the presence of
UPS inhibitors (Fig. 4A). These data suggest that the UPS is
responsible for maintaining low levels of Nox4 under basal con-
ditions and that this may be dependent on constitutive Hic-5
expression.

Next, we determined whether Hic-5 mediates Nox4 poly-
ubiquitination. Polyubiquitination of Nox4 was detected in
cells pretreated with the proteasomal inhibitor bortezomib.

FIGURE 1. TGF-�1 induces expression of Hic-5 and Nox4 in lung fibro-
blasts. IMR-90 cells were stimulated with 2 ng/ml of TGF-�1 for the indicated
times. Cells were lysed, and levels of Hic-5, Nox4, �-SMA, and GAPDH were
determined by Western blotting. Representative results are shown. MW,
molecular weight.

FIGURE 2. Hic-5 is a negative regulator of senescence and profibrotic
genes. IMR-90 cells silenced in Hic-5 or control (NT siRNA) cells were serum-
starved and treated without or with 2 ng/ml of TGF-�1 for 24 h (A) or 30 min
(B). Levels of Hic-5; GAPDH; the profibrotic markers Nox4, �-SMA, and FN; the
senescence markers p16 and pRb; pSMAD3; and SMAD3 were determined by
Western blotting. Representative results are shown. MW, molecular weight.
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This was reduced notably in Hic-5 knockdown cells (Fig. 4B).
This suggests that Nox4 is polyubiquitinated under basal con-
ditions and that Hic-5 is, at least in part, involved in the polyu-
biquitination of Nox4.

Hic-5 Interacts with Cbl-c and HSP27 in Lung Fibroblasts—
Hic-5 is known to associate with Cbl-c, an E3 ubiquitin ligase
(11), and with HSP27, a ubiquitin-binding protein (9). We
assessed whether these interactions are required for the poly-
ubiquitination and degradation of Nox4. First, we examined
whether Hic-5 interacts with Cbl-c and HSP27 in lung fibro-
blasts. Immunoprecipitation studies confirmed the interaction
of these endogenous proteins (Fig. 4C), supporting the possibil-
ity that they may be involved in Nox4 polyubiquitination.

Cbl-c and HSP27 Are Required for Nox4 Polyubiquitination
and Degradation—To determine whether Cbl-c and HSP27
were necessary to mediate Nox4 polyubiquitination, we inde-

pendently silenced Cbl-c and HSP27 under conditions of
proteasomal inhibition and assessed the levels of Nox4
polyubiquitination. Nox4 polyubiquitination was decreased
markedly when Cbl-c (Fig. 5A) or HSP27 (Fig. 5B) was
silenced. Next, we determined whether knockdown of these
Nox4 ubiquitination-promoting proteins controls the
steady-state levels of Nox4 protein. Silencing of Cbl-c (Fig.
5C) or HSP27 (Fig. 5D) resulted in increased constitutive
levels of Nox4 protein. This increase in Nox4 protein was
associated with an increase in the myofibroblast differentia-
tion markers �-SMA and fibronectin as well the senescence
markers p16 and hypophosphorylated Rb (Fig. 5, C and D).
These data suggest that the Hic-5-interacting proteins Cbl-c
and HSP27 are required for Nox4 polyubiquitination and
protein stability, which are critical in the control of myofi-
broblast differentiation and senescence.

FIGURE 3. Transcription and translational mechanisms do not regulate Nox4 expression. A, IMR-90 cells silenced in Hic-5 or control (NT siRNA) cells were
serum-starved and treated without or with 0.05 �g/ml of actinomycin D or 1 �g/ml of cycloheximide for 2 h. Cells were lysed, and the levels of Hic-5, Nox4, and
GAPDH were determined by Western blotting. Top panel, representative Western blot data. Bottom panel, densitometry analysis results of the Western blot data
from three independent experiments. *, p � 0.05, significantly different from the corresponding control (NT siRNA) (n � 3). Data are mean � S.E. MW, molecular
weight. B, IMR-90 cells were serum-starved and treated without or with TGF-�1 and in the presence or absence of actinomycin D (Act D) or cycloheximide (CHX)
for 24 h. Cells were lysed, and the levels of Nox4 and GAPDH were determined by Western blotting. C, Hic-5 and Nox4 mRNA levels in IMR-90 cells silenced in
Hic-5 or control (NT siRNA) cells were determined by real-time PCR (n � 3). Data are mean � S.E. *, p � 0.005, significantly different from the control (NT siRNA);
ns, non-significant. D, IMR-90 cells silenced in Hic-5 or control (NT siRNA) cells were serum-starved and treated with cycloheximide for the indicated times. Cells
were lysed, and the levels of Hic-5, Nox4, and GAPDH were determined by Western blotting.
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Overexpression of Cbl-c and HSP27 Enhances Nox4 Polyubiq-
uitination and Degradation and Inhibits Myofibroblast Differ-
entiation and Senescence—Next, we tested the hypothesis that
overexpression of Cbl-c or HSP27 increases the ubiquitination
and proteasomal degradation of Nox4, leading to the inhibition
of myofibroblast differentiation and senescence. Overexpres-
sion of Cbl-c (Fig. 6A) or HSP27 (Fig. 6B) mediated an increase
in Lys48-linked polyubiquitination of Nox4, an effect that was
appreciable even in the absence of the proteasomal inhibitor
bortezomib. We were unable to independently overexpress
Hic-5 because cells appeared to undergo apoptotic cell death
(data not shown). Cbl-c or HSP27 overexpression also medi-
ated a decrease in constitutive levels of Nox4 in association with
the decreased expression of markers of myofibroblast differen-
tiation and senescence (Figs. 6, C and D). These data further
support a role for Cbl-c and HSP27 in regulating Nox4 protein
stability via the UPS system and in modulating myofibroblast
differentiation and senescence.

DISCUSSION

The ROS-generating enzyme Nox4 has been implicated in a
number of fibrotic disorders involving diverse organ systems,
including the lungs (22). The profibrotic cytokine TGF-�1
induces the expression of Nox4, primarily at the level of gene
transcription (25–27). However, mechanisms that “turn off”
this profibrotic pathway and maintain low basal levels of pro-
tein expression in fibrogenic cells are not well defined. In this
report, we studied the regulation of the ROS-generating
enzyme Nox4 by the focal adhesion protein Hic-5. In contrast
to our initial hypothesis that Hic-5 mediates fibroblast senes-
cence, our studies implicate Hic-5 as a negative regulator of
myofibroblast differentiation and senescence. Indeed, Hic-5
silencing led to constitutive increases in the expression of Nox4,
with parallel increases in markers of myofibroblast differentia-
tion and senescence. We demonstrate that Hic-5, along with its
interacting proteins Cbl-c and HSP27, mediates Nox4 ubiquiti-
nation, which leads to its degradation by the UPS. This is the
first demonstration of UPS-mediated degradation of Nox4 by
Hic-5 and its interacting proteins Cbl-c and HSP27 (Fig. 7).

Hic-5 has been proposed initially to be a transcription factor
involved in senescence, inducing a senescent phenotype in non-
tumorigenic human immortalized cells compared with mortal
cells (7). In our study, silencing of endogenous Hic-5 promoted,
rather than suppressed, cellular senescence, which, on the basis
of our model, may be an indirect effect through effects on Nox4.
Recent studies support the concept that Nox4 promotes cellu-
lar senescence (28 –31).

Hic-5, induced by TGF-�1 stimulation, is a novel marker for
the smooth muscle (32) and fibroblast contractile phenotype
(33). A previous study reported that autocrine production of
TGF-�1 up-regulates Hic-5 expression in pathogenic fibro-
blasts (34). In this study, TGF-�1 up-regulated Hic-5, �-SMA,
and extracellular matrix expression in hypertrophic scar fibro-
blasts compared with normal adult fibroblasts (35). Silencing of

FIGURE 4. Hic-5 regulates the ubiquitin-proteasomal degradation of
Nox4. A, IMR-90 cells silenced in Hic-5 or control (NT siRNA) cells were
serum-starved and treated with 10 �M of MG132 or 100 nM bortezomib for
2 h. Cells were lysed, and the levels of Hic-5, Nox4, and GAPDH were
determined by Western blotting. MW, molecular weight. B, IMR-90 cells
silenced in Hic-5 or control (NT siRNA) cells were serum-starved and
treated without or with 100 nM bortezomib for 2 h. Cells were lysed, and
immunoprecipitation (IP) was performed as described under “Experimen-
tal Procedures.” The levels of polyubiquitinated Nox4 and total protein
levels of Hic-5 and GAPDH were determined by Western blotting. Ub,
ubiquitin. C, IMR-90 cells were lysed, and immunoprecipitations were per-
formed as described under “Experimental Procedures.” The levels of Cbl-c

and HSP27 in immunoprecipitated and total cell lysates were determined
by Western blotting. Representative results are shown (n � 3). IB,
immunoblot.
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Hic-5 in hypertrophic scar fibroblasts resulted in decreased
TGF-�1 production, expression of �-SMA, collagen contrac-
tion, and extracellular matrix synthesis. In our study, we did not
find evidence for enhanced TGF-�1 signaling, as evidenced by
Smad3 phosphorylation in Hic-5-silenced cells (data not
shown). Additionally, there was no change in the steady-state
levels of Nox4 mRNA under these conditions, suggesting that
the effects on Nox4 protein expression were independent of
gene regulation. We noted that the expression of �-SMA and
FN “tracked” with the expression of Nox4. Although this might
imply posttranslational regulation of these proteins by Hic-5, a
more plausible explanation is that Nox4 coregulates the expres-
sion of these myofibroblast markers, as we have shown previ-
ously (22).

Aging is associated with increased incidence of idiopathic
pulmonary fibrosis. Recently defined “hallmarks of aging”
include genomic instability, loss of proteostasis, and cellular
senescence (36). Molecular chaperones such as Hic-5 and
HSP27 are involved in protein folding under both stressed and
non-stressed conditions. HSP27 is a molecule with pleiotropic
characteristics involved in different roles in normal and patho-
logical cells. HSP7 stabilizes protein folding and suppress pro-
tein aggregation (37, 38). Similarly, Hic-5 has been reported to
function as a chaperone, regulating diverse functions such as
growth and differentiation (39 – 41) in a cell- or tissue-specific

manner. The biochemical interaction between HSP27 and
Hic-5 has been demonstrated in rat kidney glomeruli (9). Addi-
tionally, stress-inducible HSP27 binds chains of ubiquitin and
promotes ubiquitination (10). Recent studies demonstrate that
the HSP-induced stimulation of proteasome activity could be
mediated by interactions with its cochaperones (42, 43). Similar
observations have been demonstrated with Hic-5, indicating a
correlation between Hic-5, HSP27, and proteasome activation
(9). One study demonstrated the novel interaction of the E3
ubiquitin ligase Cbl-c with Hic-5 (11). Polyubiquitin chains of
varying length are attached to proteins before degradation.
Lys48 ubiquitin chains conjugate to target proteins for protea-
somal degradation. We observed decreases in the accumulation
of polyubiquitinated Nox4 with silencing of Hic-5, Cbl-c, and
HSP27. Conversely, overexpressing these proteins or inhibition
of the proteasome increased the ubiquitination of Nox4 and
decreased the expression of senescence and profibrotic genes. Our
study is the first to demonstrate that Hic-5 and its interacting pro-
teins Cbl-c and HSP27 negatively regulate the expression of this
ROS-generating enzyme.

In addition to uncovering a novel regulatory mechanism for
controlling the expression/activity of Nox4, our study has sev-
eral important implications. First, Nox4 has been referred to as
a constitutive enzyme that is regulated at the mRNA level (2).
Our studies provide the first evidence for Nox4 regulation at

FIGURE 5. The Hic-5-interacting proteins Cbl-c and HSP27 regulate the ubiquitin-proteasomal degradation of Nox4 and senescence. A and B, IMR-90
cells silenced in Cbl-c or HSP27 and control (NT siRNA) cells were treated without or with 100 nM bortezomib for 2 h. Cells were lysed, and immunoprecipitation
(IP) was performed as described under “Experimental Procedures.” The levels of polyubiquitinated Nox4 and total protein levels of Cbl-c and HSP27 were
determined by Western blotting. MW, molecular weight; Ub, ubiquitin. C and D, the levels of Cbl-c, Nox4, �-SMA, FN, p16, pRb, and GAPDH in total cell lysates
of IMR-90 cells silenced in Cbl-c or HSP27 and control (NT siRNA) cells were determined by Western blotting. Representative results are shown.
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the protein level and a potential additional control over indis-
criminant ROS production. Secondly, Hic-5 induction by
TGF-�1 may serve to limit myofibroblasts from undergoing an

irreversible senescence program. Indeed, we have shown that
myofibroblast differentiation may represent an uncommitted
senescent phenotype that is capable of dedifferentiation (44).
Recently, our laboratory has demonstrated that genetic or
pharmacological targeting of Nox4 in aged mice with persistent
fibrosis attenuated the senescent myofibroblast phenotype
(31). Additional studies will be required to determine whether
sustained Nox4 expression results in a loss of cellular plasticity
and irreversible senescence of myofibroblasts. Finally, loss of
Hic-5 by genetic or epigenetic mechanisms may be sufficient to
derepress Nox4 expression in pathologic states of fibrosis or
cancer associated with high constitutive levels of Nox4. Thera-
peutic strategies to induce or activate Hic-5 may prove to be
beneficial in pathological conditions of Nox4 up-regulation.
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