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Nuclear translocation of cytosolic CLIC4 is an essential feature of its
proapoptotic and prodifferentiation functions. Here we demon-
strate that CLIC4 is induced concurrently with inducible nitric oxide
synthase (iNOS) and S-nitrosylated in proinflammatory peritoneal
macrophages. Chemical inhibition or genetic ablation of iNOS
inhibits S-nitrosylation and nuclear translocation of CLIC4. In
macrophages, iNOS-induced nuclear CLIC4 coincides with the pro-
to anti-inflammatory transition of the cells because IL-1f and
CXCL1 mRNA remain elevated in CLIC4 and iNOS knockout macro-
phages at late time points, whereas TNFo mRNA is elevated only in
the iNOS knockout macrophages. Active IL-1§ remains elevated in
CLIC4 knockout macrophages and in macrophages in which CLIC4
nuclear translocation is prevented by the NOS inhibitor .-NAME.
Moreover, overexpression of nuclear-targeted CLIC4 down-regu-
lates IL-1p in stimulated macrophages. In mice, genetically null
for CLIC4, the number of phagocytosing macrophages stimulated
by LPS is reduced. Thus, iNOS-induced nuclear CLIC4 is an essential
part of the macrophage deactivation program.
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hloride intracellular channel 4 (CLIC4) is the most well-
characterized member of a family of channel proteins con-
served from Caenorhabditis elegans to humans. Although the chlo-
ride-selective channel activity of various members has long been
established by multiple groups (1-3), the signaling and adaptor
functions of soluble CLIC4 and other members have only recently
come to the fore. Soluble CLIC4, originally identified as a p53- and
c-myc-responsive proapoptotic protein (4, 5), is important for PKC-
dependent keratinocyte differentiation (6) and a modulator of
TGEFp signaling in multiple cell types (7-9). Many of these proa-
poptotic and differentiation functions of CLIC4 are dependent on
its translocation to the nucleus (6, 8, 10). CLIC4 exhibits redox
sensitivity in both its soluble and membrane-associated states (11,
12). Indeed, a central mechanism for induction of nuclear CLIC4 is
nitric oxide (NO)-dependent modification (S-nitrosylation) of the
protein that induces a conformational change, enhancing its asso-
ciation with nuclear transporters and thus its nuclear levels (13).
Recently, a role for CLIC4 has been implicated in innate im-
munity. CLIC4 is an IRF3-dependent early response gene in LPS-
stimulated macrophages, transrepressed by the anti-inflammatory
activity of the glucocorticoid receptor (14). Moreover, CLIC4
knockout macrophages exhibit dysregulation of multiple in-
flammatory mediators during the early response to LPS, in part as
a consequence of altered IRF3 activity (15). These studies suggest
that CLIC4 is important in macrophage early functions in response
to stimulation but do not address later aspects of macrophage
biology related to deactivation and phagocytosis. Furthermore,
information is not available to reveal if the CLIC4 channel or
nuclear activity is involved in these functions. Therefore, we in-
vestigated the role of CLIC4 activity in inflammatory macrophages
and the contribution of nuclear CLIC4 to their function.
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Results

CLIC4 Is Highly Expressed in Murine Marcrophages, Is S-Nitrosylated,
and Translocates to the Nucleus in Response to LPS and IFNy. CLIC4
is highly induced in macrophages upon stimulation of toll-like re-
ceptor 4 with LPS (14). We used a combination of LPS and IFNy to
stimulate peritoneal macrophages. LPS-induced innate immune
response is modulated by Thl-dependent IFNy to fully activate
macrophages for host defense against bacterial infections (16).
These peritoneally derived, primary macrophages will be referred to
as macrophages through the rest of the paper. CLIC4 mRNA is
induced by 10- to 15-fold by LPS/IFNy in macrophages and the
murine macrophage cell line RAW264.7, compared with unstimu-
lated granulocytes, monocytes, B-cells, and T-cells (Fig. 14). This
robust increase is noted at 3 and 6 h post treatment, remains elevated
for up to 48 h, and mirrors the early induction for inducible nitric
oxide synthase (INOS) mRNA (Fig. 1B). Both proteins show a sim-
ilar temporal increase in protein levels post stimulation (Fig. 1C).
CLIC4 nuclear translocation is regulated by NOS activity
through direct modification of a CLIC4 cysteine residue by NO
(13), and nuclear CLIC4 functions to enhance TGF- signaling
(8), the latter being a critical modulator of macrophage de-
activation (17). Stimulation with LPS and IFNy induces S-
nitrosylation of CLIC4 in macrophages as detected by a biotin
switch assay (Fig. 1D), and this is coincident with increased levels
of nuclear CLIC4 (Fig. 1E) in the DAPI-stained nuclei (Insets).

S-Nitrosylation and Nuclear Translocation of CLIC4 Is Dependent on
iNOS Activity in Macrophages. NO from NOS activity is required
for nitrosylation and translocation of CLIC4 in RAW264.7 cells
because pretreatment with 1400W, an iNOS-specific inhibitor,
reduces CLIC4 nitrosylation following LPS/IFNy stimulation (Fig.
2A4). Nuclear residence of the protein is also reduced under the
same conditions (Fig. 2C) where NO levels are significantly reduced
(Fig. 2B). Macrophages also show a similar dependence on NOS
activity for CLIC4 nitrosylation and nuclear translocation (Fig. S1,
and see Fig. 54). Synergistic induction of iNOS protein and activity
following stimulation by LPS and IFNy is well established in mac-
rophages (18). In macrophages genetically deleted of iNOS, CLIC4
S-nitrosylation (Fig. 2D) was significantly reduced following LPS/
IFNy stimulation. However, the modified protein migrated faster
than full-length CLIC4, suggesting that it was prone to degradation.
This is likely a consequence of the conformational change induced
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in the protein (13). iNOS knockout macrophages stimulated with
LPS and IFNy also showed reduced CLIC4 nuclear translocation
(Fig. 2 E and F). These results establish that iNOS regulates
nitrosylation and thus nuclear levels of CLIC4 in macrophages.

CLIC4 and iNOS Knockout Macrophages Exhibit Similar Dysregulation
of Proinflammatory Mediator IL-18. CLIC4 knockout macrophages
derived from the bone marrow have decreased levels of TNFa
and IL-6 cytokines immediately following LPS stimulation alone
(15), a result that can be replicated with our CLIC4 knockout

Fig. 2. Pharmacologic inhibition or genetic ablation of A
iNOS inhibits S-nitrosylation and nuclear translocation of
CLIC4 in murine macrophages. (A-C) RAW 264.7 macro-
phages were pretreated with (N-(3-(Aminomethyl) ben-
zyl) acetamidine dihydrochloride) 1400 W (100 uM) for
1 hin indicated cases before treatment with LPS and IFNy
(1 pg/mL and 10 ng/mL, respectively) for 24 h. (A) Lysates
were used to perform biotin switch assays. Lysate from
LPS/IFNy-treated cells was also used for a reaction that
omitted biotin. Lane 3 of CLIC4 input is representative
for both LPS/IFNy-treated pull-down assays. Five percent
of lysates were used as input controls and immuno-
blotted for CLIC4. SNO-CLIC4:CLIC4 input ratio was cal-
culated for treatments across three independent
experiments. Statistical significance was determined us-
ing a two-tailed unpaired Student’s t test. 1400W versus
LPS/IFN treatment has a P < 0.05 and LPS/IFN versus LPS/
IFN +1400W has a P < 0.05. (B) Media from treated plates E
was collected and assayed for nitrite + nitrate levels in
control and treated cells. (C) Cells were immunostained
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29 noblotting with CLIC4, CLIC1, and iNOS proteins. (D
and E) Primary mouse macrophages were treated with
LPS and IFNy (1 pg/mL and 10 ng/mL, respectively) for
18 h. (D) Lysates were used to perform biotin switch
assays to detect S-nitrosylation. Lysate from LPS/IFNy-
treated cells was also used for a reaction that omitted
ascorbate (“no Asc.”). Five percent of lysates were
used as input controls. Assays were immunoblotted for
CLIC4. Lane 2 of CLIC4 input is representative for both
LPS/IFNy-treated pull-down assays. The SNO-CLIC4:
CLIC4 input ratio was calculated for all treatments
across four independent experiments. Statistical sig-
nificance was determined using a two-tailed unpaired
Student’s t test. Control versus LPS/IFN treatment has
a P <0.01and LPS/IFN versus LPS/IFN (no ascorbate) has
a P < 0.05. (E) Macrophage cells were immunostained
for CLIC4 and visualized with confocal microscopy. In-
set nuclei are visualized using DAPI.
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macrophages derived from the peritoneum (Fig. S2). In contrast,
however, IP-10 mRNA levels are higher in our LPS-stimulated
CLIC4 knockout macrophages (Fig. S2) and may reflect inherent
differences between peritoneal and bone marrow-derived macro-
phage populations (19). LPS-stimulated iNOS activity is associ-
ated with transient induction of multiple cytokines followed by
dissipation of the response (20). We examined transcript levels of
various chemokines and cytokines at early and late time points
post CLIC4 translocation. Immunokines like IL-1p, CXCL1, and
TNFa mRNA are induced early by LPS/IFNy in both CLIC4 and
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type cells was also used for a reaction that omitted ascorbate (“no Asc.”). Five percent of lysates were used as input controls and immunoblotted for CLIC4. (E)
Cells were used for subcellular fractionation, and nuclear and cytosolic lysates were immunoblotted for CLIC4 and p-actin. (F) Macrophage cells were immu-
nostained for CLIC4 and visualized with confocal microscopy. Nuclei were counterstained with DAPI and are pseudocolored red for better visualization.
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Fig. 3. CLIC4 and iNOS knockout macrophages exhibit similar dysregulation of IL-1p and CXCL1 but not TNFa mRNA after prolonged stimulation with LPS/
IFNy. Primary mouse macrophages from CLIC4 knockout, iNOS knockout, and wild-type mice were treated with LPS and IFNy (1 pg/mL and 10 ng/mL, re-
spectively) for the indicated times. Lysates were used for real-time PCR analysis of IL-18, CXCL1, and TNFa mRNA. Bars represent the mean + SEM of three
replicates. Statistical significance was determined using a two-tailed unpaired Student'’s t test and is indicated.

iNOS knockout macrophages as well as in their wild-type coun-
terparts (Fig. 3). However, the knockout genotypes sustain ele-
vated levels of IL-1p and CXCL1 mRNA for more than 24 h post
stimulation (Fig. 3). These results suggest that iNOS-induced
CLICH4 translocation may be important to dissipate the expression
of certain proinflammatory mediators like IL-1p and CXCL1, but
not others like TNFa, following activation of macrophages.

CLIC4 Knockout Macrophages Show Enhanced Levels of IL-1f and Lower
F4/80 Levels with Reduced Numbers of Phagocytosing Macrophages
Compared with Wild-Type Cells. Stringent regulation of IL-1p activ-
ity is accomplished by multiple processes, including transcription,
mRNA stability and translation, and protein processing and release.
High levels of IL-1p precursor protein, which mirror the increased
IL-1p mRNA levels, are detected in cell lysates from CLIC4
knockout macrophages at multiple time points after stimulation
with LPS/IFNy (Fig. 44). IL-1p precursor is processed by the cas-
pase 1-centered inflammasome to generate the active, cleaved
protein that is secreted through multiple processes. CLIC4 knock-
out macrophages show significantly higher levels of cleaved IL-1p
(Fig. 44) on immunoblots, which are reflected by the increased
levels of IL-1 activity in the media from these cells, as measured by
ELISA (Fig. 4B). These results suggest that CLIC4 is required to
down-regulate IL-1f activity of proinflammatory macrophages.
Macrophage phagocytic activity is essential for the body’s re-
sponse to injury and infection, and iNOS-mediated NO pro-
duction is linked with the cytotoxic and cytostatic effects of
activated macrophages against pathogens (21). CLIC4 knockout

6132 | www.pnas.org/cgi/doi/10.1073/pnas.1201351109

macrophages were examined for phagocytic activity, in vivo, us-
ing pHrodo-labeled Escherichia coli particles followed by flow
cytometric analysis of F4/80 and pHrodo-positive, viable cells.
Wild-type and CLIC4 knockout macrophages show a similar
level of phagocytic activity as measured by the median pHrodo
fluorescence (Fig. 4C) for macrophages in the two genotypes.
Strikingly, knockout cells have significantly lower levels of F4/80
macrophage receptor as measured by fluorescence intensity and
significantly lower numbers of F4/80-positive, pHrodo-positive
macrophages (Fig. 4C). There was no difference in cell viability
between CLIC4 knockout and wild-type macrophages (Fig. S3).

Chemical Inhibition of iNOS-Induced CLIC4 Nuclear Translocation
Enhances IL-18 Levels, Whereas Overexpression of Nuclear CLIC4
Down-Regulates IL-18. The timing of iNOS-induced CLIC4 nu-
clear translocation coincides with the transition of classically
activated macrophages to an anti-inflammatory program for res-
olution of inflammation. This suggests that nuclear CLIC4 may be
important for down-regulation of proinflammatory mediators like
IL-1p and iNOS. Induction and increased activity of iNOS in im-
mune cells is also considered a hallmark of inflammation. Indeed,
inhibition of nuclear translocation of CLIC4 by L-NAME in
macrophages (Fig. 54) coincides with enhanced levels of IL-1p
and iNOS proteins (Fig. 5B) and IL-1f release (Fig. 5C). To es-
tablish the importance of nuclear CLIC4 in deactivation of mac-
rophages, native (HA-CLIC4) or nuclear-targeted (NUC-CLIC4)
CLIC4 was overexpressed in RAW264.7 cells by adenoviral
transduction with adenoviral GFP used as a control. All adenoviral
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Fig. 4. CLIC4 knockout macrophages show enhanced levels of IL-1f activity, lower levels of F4/80 receptor, and reduced numbers of phagocytosing mac-
rophages in vivo. (A and B) Primary mouse macrophages from CLIC4 knockout and wild-type mice were treated with LPS and IFNy (1 pg/mL and 10 ng/mL,
respectively) for the indicated times. (A) Whole-cell lysates were immunoblotted for CLIC4, IL-1B, iNOS, and p-actin, as indicated. (B) Media from quadruplicate
samples was assayed for cleaved IL-1p by ELISA. Bars represent the mean + SEM. (C) Wild-type and CLIC4 knockout animals were injected with thioglycollate
and 6 d later injected with LPS (12.5 pg/g) for 24 h. Animals were injected with pHrodo-labeled E. coli for 1 h before peritoneal macrophages were collected by
lavage and stained for APC-F4/80 and with DAPI. Viable cells from each animal were analyzed for F4/80 and pHrodo fluorescence using flow cytometry.
Statistical significance was determined using a two-tailed unpaired Student’s t test and is indicated. Each dot represents results from a single animal.

constructs have been previously characterized (10). Treatment
with both CLIC4 vectors decreased IL-1p and iNOS following
stimulation of cells (Fig. 5D). Taken together, these results un-
derscore the importance of nuclear CLIC4 for deactivation of
proinflammatory macrophages.

Discussion

We demonstrate that CLIC4 is significantly induced upon clas-
sical activation of peritoneal macrophages. This concurs with
earlier reports of CLIC4 as an inflammatory response gene and
a transcriptional target of NF-xB and IRF3 (14). The increase is
detected in both the cytosolic and nuclear levels of CLIC4 and is
concurrent with induction of iNOS protein. CLIC4 nuclear
translocation is governed by nitric oxide through S-nitrosylation,
which in turn dictates its association with nuclear import proteins
(13). iNOS-induced S-nitrosylation and nuclear translocation of
CLIC4 in proinflammatory macrophages seems to be essential
for down-regulating that part of the proinflammatory program of
macrophages that resolves inflammation. Deactivation of mac-
rophages is essential for the transition from a microbiocidal,
tissue-damaging phenotype to tissue repair in the infected or
injured host. Indeed, dysregulation of this anti-inflammatory
program leads to numerous autoinflammatory diseases (22).
CLIC4 knockout cells have decreased levels of proinflammatory
cytokines like TNF and IL-6 at the early time points in response to
LPS alone (15). We obtain similar results under those conditions;
however, when cells are costimulated with IFNy, mimicking the
priming of macrophages in vivo by natural killer (NK) cells (23),
CLIC4 knockout cells show only aberrant down-regulation of
proinflammatory IL-1p whereas early induction seems to be com-
parable to wild type. CLIC4 knockout mice have less Listeria
monocytogenes clearance compared with wild-type animals after 5 d
and reduced levels of TNFa and IL-12 (15). Indeed, our in vivo
phagocytosis results indicate that CLIC4 knockout mice have fewer
phagocytically active macrophages in the peritoneum that may lead
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to reduced bacterial clearance. In addition, knockout macrophages
have reduced levels of F4/80 receptor that may also contribute to
reduced cytokine secretion, like IFNy. F4/80 is critical for in-
teraction of macrophages and NK cells, which in turn is essential for
optimal secretion of cytokines (TNFa and IL-12) by macrophages
and IFNy by NK cells. IFNy is a major barrier to bacterial growth
during infection (24).

CLIC4 knockout macrophages have reduced expression of
IRF3-dependent cytokines (15); however, dysregulation of IRF3-
independent genes suggests that CLIC4 has additional roles in
macrophage biology. TGF-p1 is central for deactivation of mac-
rophages following stimulation, in particular for down-regulating
proinflammatory mediators like IL-1p (25) and iNOS (26). The
Smad-dependent TGF-B1 pathway, specifically Smad3, is essential
for abatement of the proinflammatory macrophage phenotype,
including iNOS and IL-1p (27, 28), whereas Smad4 is important
for endotoxin tolerance (29). We have previously established that
nuclear CLIC4 is an essential positive modulator of TGF-f1 sig-
naling in keratinocytes through its stabilization of phospho-
Smad2/3 by disrupting their interaction with the phosphatase
PPMIA (8). Thus, it is likely that the prolonged proinflammatory
phenotype of CLIC4 knockout macrophages stems from aberrant
TGF-p1 signaling. Propagation of Smad-dependent TGF-p1 sig-
naling may be a central function of iNOS-induced nuclear CLIC4
in facilitating deactivation of macrophages. However, we cannot
rule out a function for cytosolic CLIC4 in this pathway. More
recently, p38 and its phosphatase MKP-1 have been implicated
in regulation of the transition from a pro- to anti-inflammatory
program in macrophages (30). Chemical inhibition of phospho-
p38 increases IL-1p levels at late time points, which in turn regu-
late anti-inflammatory molecules like IL-10 and TGF-f1 through
p-p38. It remains to be determined which pathway(s) may be im-
portant for CLIC4-dependent deactivation of macrophages.

CLIC4 knockout macrophages, with high IL-1p and iNOS
proinflammatory activities, exhibit a more M1 tumoricidal pheno-
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cell lysates were immunoblotted for IL-1B, iNOS, CLIC4, GFP, and p-actin.

type. Overexpression of CLIC4 inhibits the proinflammatory pro-
gram and may shift the cells to a more M2 anti-inflammatory
phenotype that may have implications for both tumor biology and
wound healing. Indeed, we have previously reported the reciprocal
changes in expression of CLIC4 in multiple human cancers, with
decreased levels in the tumor epithelium and a marked up-regu-
lation in the tumor stroma (31). It remains to be determined if any
of the stromal up-regulation occurs in tumor-associated macro-
phages and what significance CLIC4 may have in the immuno-
suppressive tumor microenvironment.

Materials and Methods

Reagents. Lactacystin, 1400W, and .-NAME were purchased from Alexis; Sal-
monella LPS from Sigma-Aldrich; and mouse IFNy from Peprotech. MG 132 was
purchased from Calbiochem. All reagents used for the biotin switch assay
were purchased from Pierce. pHrodo-labeled E. coli particles for phagocytosis
were from Invitrogen. Antibodies were from the following sources: p-actin
(Abcam), lamin A/C (Santa Cruz Biotechnology), a-tubulin (Invitrogen), GFP
(Roche), GAPDH (Chemicon), FITC-labeled secondary anti-rabbit (Vector
Labs), rabbit polyclonal CLIC4 N-terminal (Covance), and mouse monoclonal
CLIC1, CLIC4, iNOS, CD3e, CD11b, and CD19 (BD Biosciences). CD16/32 and
APC-F4/80 antibodies were from Biolegend, anti-CD45 from eBioscienceand
anti-IL-1p from R&D Systems. Results are representative of at least two in-
dependent experiments. Prism was used for all graphs, and data analysis and
bars represent the mean + SEM of at least three replicates.

Mice, Cell Culture, Transfections, and Adenoviral Infections. Mouse studies
were performed under a protocol approved by the National Cancer Institute
and the National Institutes of Health Animal Care and Use Committee. iNOS
knockout mice, kindly provided by Perwez Hussein (National Cancer Institute,
Bethesda, MD) (32), were backcrossed to an FVB/N background for eight
generations, and CLIC4 knockout mice were generated in our laboratory.
Isolation and culture of cells is detailed in S/ Materials and Methods.
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Immunofluorescent Cell Staining. Cell staining was performed as described
previously (13), except cells were fixed with 4% (vol/vol) paraformaldehyde
for 20 min.

Protein Lysates and Subcellular Fractionation. Whole-cell lysates and sub-
cellular fractionations were done as previously outlined (13). Lysates were
separated by SDS/PAGE and immunoblotted with the relevant antibodies.

IL-18 ELISA and NO Assays. IL-1p activity in supernatants of wild-type or CLIC4
knockout macrophages was quantified with an ELISA (BD Biosciences) using
the manufacturer’s protocol and normalized to total protein in the re-
spective wells. Cell supernatant was used to detect nitrite + nitrate con-
centrations using a colorimetric assay kit (Oxford Biomedical Research) or
fluorometric assay kit (Cayman Chemical).

Real-Time PCR. RNA was extracted using TRIzol (Invitrogen), following the
manufacturer’s instructions. cDNA was prepared from 0.5 pg of total RNA,
and transcript expression levels were determined and analyzed as pre-
viously described (33). Primers for mouse CLIC4 (catalog no. PPM04113E-
200) and iNOS (catalog no. PPM02928B-200) were purchased from SABio-
sciences. IL-1p, IL-6, CXCL1 (KC), CXCL2 (MIP2), IL-18, Myc, and TNFax were
predesigned Quantitect primers from Qiagen. The GAPDH sequence was
forward (5-CATGGCCTTCCGTGTTCCTA-3') and reverse (5-GCGGCACGT-
CAGATC CA-3).

Biotin Switch Assay for S-Nitrosylation. The assay was performed as outlined in
the original protocol (34) with some modifications (13). Cells were lysed in
HEN buffer (250 mM Hepes-NaOH pH 7.7, 1 mM EDTA, 0.1 mM neo-
cuproine). Protease inhibitors, PMSF, and lactacystin were included in all
buffers throughout the assay. Lysate from LPS/IFNy-treated cells was also
used for a reaction that omitted ascorbate as a specificity control.

Phagocytosis Assays. Phagocytosis assays were carried out essentially as

outlined in ref. 35, using pHrodo-labeled E. coli. Thioglycollate-stimulated
(6 d) mice were injected with a low dose of LPS (12.5 mg/kg animal) for 24 h,
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followed by an intraperitoneal injection of pHrodo-labeled E. coli particles
(0.4 mL) for 1 h. Macrophages were collected by peritoneal lavage and
prepared as detailed above. Two million cells per mouse were blocked with
CD16/32 antibody (2 pg) for 20 min on ice, followed by incubation with APC-
F4/80 antibody (1.4 pg) for 30 min. Cells were washed once with PBS and
labeled with DAPI. Viable APC-F4/80-labeled cells were analyzed for pHrodo
fluorescence by FACS analysis (BD LSR II).
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