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Abstract
The role of NF-κB in the expression of inflammatory genes and its participation in the overall
inflammatory process of chronic diseases and acute tissue injury are well-established. We and
others have demonstrated a critical involvement of poly(ADP-ribose) polymerase (PARP)-1
during inflammation, in part, through its relationship with NF-κB. However, the mechanism by
which PARP-1 affects NF-κB activation has been elusive. Here, we show that PARP-1 inhibition
by gene knockout, knockdown, or pharmacological blockade prevented p65-NF-κB nuclear
translocation in smooth muscle cells (SMCs) upon TLR4 stimulation, NF-κB DNA-binding
activity, and subsequent iNOS and ICAM-1 expression. Such defects were reversed by
reconstitution of PARP-1 expression. PARP-1 was dispensable for LPS-induced I-κBα
phosphorylation and subsequent degradation but was required for p65-NF-κB phosphorylation. A
perinuclear p65-NF-κB localization in LPS-treated PARP-1−/− cells was associated with an export
rather an import defect. Indeed, while PARP-1 deficiency did not alter expression of importin α3
and α4 and their cytosolic localization, the cytosolic levels of exportin (Crm)-1 were increased.
Crm1 inhibition promoted p65-NF-κB nuclear accumulation as well as reversed LPS-induced p65-
NF-κB phosphorylation and iNOS and ICAM-1 expression. Interestingly, p65-NF-κB poly(ADP-
ribosyl)ation decreased its interaction with Crm1 in vitro. Pharmacological inhibition of PARP-1
increased p65-NF-κB-Crm1 interaction in LPS-treated SMCs. These results suggest that p65-NF-
κB poly(ADP-ribosyl)ation may be a critical determinant for the interaction with Crm1 and its
nuclear retention upon TLR4 stimulation. These results provide novel insights into the mechanism
by which PARP-1 promotes NF-κB nuclear retention, which ultimately can influence NF-κB-
dependent gene regulation.
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Introduction
The role of poly(ADP-ribose) polymerase-1 (PARP-1) in inflammation has been
investigated intensely in the context of its direct participation, by way of its catalytic activity
in cellular responses to DNA-damaging agents, including oxidative stress (1). In a number
of pathological conditions that involve massive DNA damage, the excessive activation of
PARP-1 depletes cellular stores of both NAD and its precursor ATP, leading to irreversible
cytotoxicity and potentially, cell death (2–4). We recently showed that PARP-1 plays
important roles in allergic asthma and atherosclerosis (5–7). An emerging role for this
protein, however, is the ability of PARP-1 to participate, directly or indirectly, in the
regulation of a number of inflammatory genes, especially those mediated by NF-κB
(reviewed in (8). NF-κB is a pleiotropic transcription factor that plays a critical role in the
regulation of the expression of multiple genes involved in inflammatory responses,
including inducible nitric oxide synthase (iNOS), and adhesion molecules (9). NF-κB binds
to the promoter regions of target genes as a dimer of two Rel family proteins, most
frequently p50 and p65 (9,10). In quiescent cells, NF-κB is sequestered in the cytoplasm as a
result of its interaction with members of the IκB family of proteins, which includes I-κBα
and IκBβ. I-κBα is phosphorylated, polyubiquitinated, and degraded by the 26S proteasome
in response to cell stimulation, resulting in the release of the nuclear localization signal of
NF-κB and its subsequent translocation to the nucleus (9).

Interestingly, while p65 NF-κB nuclear translocation in TNF-treated smooth muscle cells
(SMCs) was sufficient for the expression of VCAM-1, we recently demonstrated that
PARP-1 is required for expression of ICAM-1 (11). The expression of ICAM-1 was
associated with a transient interaction between PARP-1 and p65 NF-κB when examined in
COS-7 cells and in the airway epithelial cell line, A549. We (5,7,11,12) and others (13,14)
have reported that NF-κB nuclear translocation requires PARP-1 expression as assessed by
electrophoretic mobility shift assay (EMSA) upon TLR4 stimulation by LPS treatment. The
defect in the nuclear translocation of NF-κB culminated in the severe reduction in the
expression of NF-κB-targeted genes such as iNOS, MCP-1, COX-2, and adhesion
molecules.

The nuclear localization signal (NLS) embedded within NF-κB binds to importins and thus
promotes nuclear translocation of the transcription factor by allowing its passage through the
nuclear pore complex (15). The import of p65 NF-κB to the nucleus upon stimulation has
been attributed predominantly to importin α3 and importin α4 (15). Additionally, NF-κB has
been reported to interact with exportins, which through a multifactor complex can transport
the transcription factor from the nucleus to the cytosol (16). Crm1, an important member of
the nuclear export machinery, recognizes and export proteins containing a leucine-rich
nuclear export signal (NES) (17). Crm1 binds cooperatively with RanGTP and the cargo to
form a trimeric complex NES-RanGTP-Crm1, which then exports through the nuclear pore
complexes.

The mechanism(s) by which PARP-1, a nuclear enzyme, influences cytosolic events leading
to the release of NF-κB from the cytosol and translocation to the nucleus are not understood.
Thus, the goals of the present study were to determine the mechanism(s) by which PARP-1
participates in the retention of NF-κB in the nucleus upon TLR4 stimulation by LPS.

Materials and Methods
Animals, isolation of SMCs and fibroblasts, and treatment protocols

Mice were bred in a specific pathogen-free facility at LSUHSC, New Orleans, LA, and
allowed unlimited access to sterilized chow and water. Maintenance, experimental protocols,
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and procedures were all approved by the LSUHSC Animal Care & Use Committee. C57BL/
6 wild-type (WT) mice were purchased from Jackson Laboratories (Bar Harbor, ME). The
generation of C57BL/6 PARP-1−/− mice was previously described (6). All animals were
genotyped by PCR.

Isolation and assessment of purity of SMCs preparations were conducted as described (11).
SMCs were used between passages 4 and 7. Mouse embryonic fibroblasts (MEF) were
isolated as described (18). 293T cells and SMCs were maintained in DMEM supplemented
with 10% FBS, penicillin, and streptomycin. Prior to treatment, SMCs at 50–80%
confluence were starved by incubation in DMEM/F12 with 0.5% cell culture-tested BSA
(Sigma-Aldrich) for 18 h. Cells were treated with 1μg/mL LPS (AXXORA, San Diego, CA)
for the indicated times in the absence or presence 50 μM of the PARP-1 inhibitors NU1025
(Santa Cruz Biotechnology, Santa Cruz, CA) or 1 mM 3-aminobenzamide (Santa Cruz
Biotechnology). In some experiments, cells were treated with 1 mM H2O2 for the indicated
time intervals before processing for immunofluorescence. For microscopy, cells were
incubated in CO2-independent medium.

Total, cytoplasmic and nuclear extract preparations and immunoblot analysis
After treatment with the indicated agents, cells were washed with ice-cold PBS followed by
centrifugation. For total protein extracts, cell pellets were incubated for 15 min on ice in
lysis buffer supplemented with proteases and phosphatase inhibitors as previously described
(19). The preparation of cytoplasmic and nuclear extracts was performed using a
commercial Kit (Active Motif, Carlsbad, CA) according to manufacturer’s instructions. A
portion (15 μg protein) of each lysate was then fractionated by SDS-PAGE on a 4 to 20%
gradient gel, and the separated proteins were transferred to a nitrocellulose filter. The filter
was stained with Ponceau S to confirm equal loading and transfer of samples, and was then
probed with antibodies to IκBα, ICAM-1, VCAM, iNOS, Crm1, p65 NF-κB, PARG, or actin
(Santa Cruz Biotechnology), PARP-1 (BD-Pharmingen, San Jose, CA), importin α3
(Sigma), importin α4 (Imgenex, San Diego, CA), GST (Novus Biologicals, Littleton, CO) as
well as antibodies to the phosphorylated form (serine residues 32 and 36) of I-κBα (p-I-κBα)
(Cell Signaling Technology, Danvers, MA), or of p65 NF-κB at serine 276, serine 529, or
serine 536. Immune complexes were detected with appropriate secondary antibodies and
chemiluminescence reagents (PerkinElmer Life Science Inc., Boston, MA).

Conventional RT-PCR
RNA was extracted from cells using standard methods and cDNA was generated using
reverse transcriptase III (Invitrogen, Carlsbad, CA). Oligonucleotide primers to specifically
amplify a fragment of ICAM-1, iNOS, or β-actin were purchased from Integrated DNA
Technologies. The specific primers were as follows: ICAM-1: forward primer, 5′-TCC TAA
AAT GAC CTG CAG ACG - 3′; reverse primer, 5′- AGT TTT ATG GCC TCC TCC TGA -
3′; iNOS: forward primer, 5′- CAG CTG GGC TGT ACA AAC CTT-3′; reverse primer, 5′
CAT TGG AAG TGA AGC GTT TCG -3′; and β-actin: forward primer, 5′-ACC GTG AAA
AGA TGA CCC AGA TC -3′; reverse primer, 5′-TAG TTT CAT GGA TGC CAC AGG -3′.
The amplification program was as follows: 3 min at 95 °C, 30 sec at 95 °C, 45 sec at 60 °C,
and 45 sec. at 72 °C. The cycle numbers were optimized for each primer pair. The PCR
products were then incubated for 15 min at 72 °C. The resulting PCR products were
subjected to electrophoresis in a 2%-agarose gel and stained with ethidium bromide.

Construction of the GST-p65 NF-κB, p65 NF-κB-EYFP and PARP-1-EYFP plasmids, and
adenoviral vector expressing PARP-1-EYFP, transduction, and transfections

Construction of the p65 NF-κB-EYFP expression vector was described elsewhere (11). For
the construction of the GST-p65 NF-κB expression vector, the p65 NF-κB cDNA was
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cloned into a Gateway entry vector pENTR/SD/D-TOPO (Invitrogen). The accuracy of the
construct was verified by sequence analysis. The expression clone was generated by
performing an LR recombination reaction between the entry clone and the destination vector
GST-pDEST27 (Invitrogen).

SMCs were transiently transfected with p65 NF-κB-EYFP using the Mirus TransIT-LT1
transfection reagent (Mirus, Madison, WI) according to the manufacturer’s instructions.
After starvation, SMCs were cultured in CO2-independent medium (Invitrogen) and treated
with LPS as described earlier (11). Subcellular localization of p65 NF-κB was monitored
throughout the treatment using a Carl Zeiss inverted fluorescence microscope. The PARP-1-
EYFP expression vector was described previously (20). All sequences were confirmed by
sequencing. Knockdown of PARP-1 (sc-29438-V, Santa Cruz Biotechnology) or PARG
(sc-152026-V, Santa Cruz Biotechnology) in wild type SMCs was achieved using lentiviral
vectors encoding the respective targeting shRNA, according to the manufacturer’s
specifications and instructions, before treatment with the indicated reagents.

Pulldown assay, EMSA, and Luciferase Assay
293T cells were transiently transfected with the GST-p65 NF-κB vector using
Lipofectamine LTX (Invitrogen) and were treated with 1μg/mL LPS (AXXORA, San
Diego, CA) for the indicated times. GST-p65 NF-κB was pulled down using Glutathione
Sepharose™ 4 Fast Flow (GE Healthcare, Piscataway, NJ). EMSA analysis of DNA-binding
activity in prepared nuclear extracts was performed as described (21). MEF were transiently
transfected with a total of 5 μg of the RapidReporter pRR-High-NFκB plasmid (Active
Motif) using Lipofectamine™ 2000 (Invitrogen) according to the manufacturer’s
instructions. After treatment, cells were lysed (20 μl of Lysis Buffer per well) then incubated
for 30 minutes at room temperature. Substrate was added to extracts according to the
manufacturer’s instructions and measured on a tristar LB 941 luminometer (Berthold
Technologies, USA).

Poly(ADP-ribosyl)ation in Vitro
Purified recombinant GST-p65 or untagged p65 (Active Motif, Carlsbad, CA) NF-κB and
Purified PARP were incubated in a mixture (25 μl) containing reaction buffer (100 mM Tris-
HCl, 1 mM DTT, 10 mM MgCl2), sonicated salmon sperm DNA and 2 mM NAD (sigma)
for 30 min at 37 °C. The reaction was either terminated by the addition of an equal volume
of SDS sample buffer and heating at 95 °C for 5 min or subjected to pulldown with GST
beads after addition of recombinant Crm1 protein. Samples were then subjected to
immunoblot analysis with antibodies to poly(ADP-ribose) (PAR) (AXXORA, San Diego,
CA), p65 NF-κB, or GST.

Indirect immunofluorescence
Cells grown on chamber slides were washed in PBS three times after the indicated
treatment, and then fixed with 3.7% paraformaldehyde for 20 min at room temperature.
After permeabilization in 0.05% Triton X-100 in PBS for 5 min, cells were incubated with
primary antibodies for 1 h at room temperature. Antibody–antigen complexes were detected
with Alexa-546-conjugated secondary antibody for 1 h at room temperature. The cells were
thoroughly washed after each incubation and then counterstained with DAPI. Cells were
examined under a fluorescence microscope (Leica) using a 40× objective lens.
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Results
PARP-1 is required for LPS-induced translocation of p65 NF-κB to nuclei of SMCs and
expression of iNOS and ICAM-1

Using both live imaging of SMCs transfected with YFP-tagged p65 NF-κB (Fig. 1A) and
immunofluorescence with antibodies to p65 NF-κB (Fig. 1F-a), we showed that PARP-1
gene deletion severely reduced the ability of p65 NF-κB to translocate to the nuclei of
primary SMCs upon TLR4 stimulation by LPS, confirming earlier reports from our
laboratory (7,11,12) and that of others (13,14). Fig. 1B provides a quantitative assessment of
NF-κB subcellular localization with additional time points. Treatment of SMCs with LPS
resulted in a marked increase in the DNA-binding activity of NF-κB as assessed by EMSA,
and this effect was completely blocked in LPS-treated PARP-1−/− SMCs (Fig. 1C). PARP-1
expression appeared to be required for the expression of ICAM-1 and iNOS as well as other
NF-κB-dependent genes in cells other than SMCs. Indeed, expression of ICAM-1 (see
supplemental Fig. S1) and iNOS (7,22) was blocked in LPS-treated PARP-1−/−

macrophages. Furthermore, in MEF transiently transfected with the RapidReporter pRR-
High-NF-κB plasmid, treatment with LPS induced a pronounced increase in luciferase
activity; such increase was completely blocked in the PARP-1−/− counterparts (Fig. 1D),
which is consistent with published reports (5,14,23). PARP-1 knockdown with a lentiviral
vector encoding a shRNA targeting mouse PARP-1 (Fig. 1E-a) significantly reduced nuclear
localization of p65 NF-κB upon LPS treatment of wild type SMCs (Fig. 1E-b-c). The
impairment of p65 NF-κB nuclear translocation in LPS-treated PARP-1−/− cells (Fig. 1F-a)
was fully reversed upon reconstitution of PARP-1 expression using adenovirus gene transfer
(Ad-YFP-PARP-1) as assessed by immunofluorescence with antibodies to p65 NF-κB (Fig.
1F-b). PARP-1 gene deletion markedly reduced expression of iNOS and ICAM-1 at the
protein (Fig. 1G) and mRNA levels (Fig. 1H). The expression of iNOS and ICAM-1 was
fully restored by adenoviral-mediated reconstitution of PARP-1 expression (Fig. 1I),
confirming the specificity and validity of our observations.

PARP-1 expression is dispensable for I-κBα phosphorylation and subsequent degradation
but is required for p65 NF-κB phosphorylation in response to TLR4 stimulation

We next investigated whether PARP-1 gene deletion prevented NF-κB nuclear translocation
in response to LPS by affecting the critical events leading to its activation and consequent
nuclear translocation as well as its subsequent post-translocation phosphorylation.
Surprisingly, I-κBα phosphorylation and subsequent degradation were almost identical in
both LPS-treated WT and PARP-1−/− SMCs (Fig. 2A) with the clear preservation of the
transient nature of I-κBα phosphorylation and degradation. These results strongly suggest
that the NF-κB signal transduction machinery post-TLR4 stimulation is intact in PARP-1−/−

cells and that the defect may reside in the actual translocation of the transcription factor to
the nucleus rather than its association with I-κBα.

Accumulating evidence indicates that after the release of NF-κB from inhibition by I-κBα,
the phosphorylation of the p65 subunit at serine 276, serine 529, and serine 536 is critical for
its interaction with transcriptional co-activators such as CBP/p300 and for binding to its
target sites on DNA (24). We and others have reported that interaction between PARP-1,
p65 NF-κB, CBP/p300 takes place upon stimulation with TNF or LPS (11,25). Given that
the TLR4-associated signal transduction appeared to be intact in PARP-1−/− cells, while
expression of NF-κB-dependent genes was compromised, it became important to determine
whether PARP-1 plays a role in events leading to p65 NF-κB phosphorylation. Fig. 2B
shows that phosphorylation of p65 NF-κB at serine 276 and serine 529 was evident in WT
SMCs but almost completely absent in PARP-1−/− cells upon TLR4 stimulation by LPS.
These results clearly suggest that PARP-1 expression is necessary for events leading to the
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phosphorylation of p65 NF-κB. It is unclear how PARP-1 influences these phosphorylation
events.

Expression of importin α3 and importin α4 and their cytosolic localization are not altered
in PARP-1−/− cells

A closer examination of p65 NF-κB localization in LPS-treated PARP-1−/− cells revealed
that the protein appeared to accumulate in the perinuclear area of a subpopulation (30–40%)
of the examined cells (Fig. 3A), which suggested a potential defect in the nuclear import
system in these cells. We surmised that the defect in p65 NF-κB nuclear translocation in
response to LPS may be coupled to a defective importin system. First, we examined whether
PARP-1 gene deletion exerted any effect on expression of importin α3 and importin α4. Fig.
3B shows that the expression levels of importin α3 and importin α4 were not affected by
PARP-1 gene deletion in SMCs. Given that interaction between p65 NF-κB and importins
takes place in the cytosol after release from I-κBα upon stimulation, we examined whether
the levels of cytosolic importins were different between WT and PARP-1−/− cells upon
stimulation with LPS. The levels of cytosolic importin α3 (Fig. 3C) and importin α4 (Fig.
3D) were not different between WT and PARP-1−/− cells suggesting that the defect in p65
NF-κB nuclear translocation in LPS-treated PARP-1−/− cells resides upstream of importins.

Inhibition of Crm1 by leptomycin B (LMB) promotes accumulation of p65 NF-κB in nuclei
of PARP-1−/− cells, and reverses expression of NF-κB-dependent genes upon TLR4
stimulation

Since the importin system was not affected by PARP-1 gene deletion, we reasoned that
elevated export activity resulted in NF-κB-nuclear accumulation upon TLR4 stimulation in
PARP-1−/− cells. Accordingly, we tested the hypothesis that NF-κB was not detected in the
nucleus because it was rapidly exported by Crm1-associated export machinery. PARP-1
gene deletion did not alter total Crm1 expression (Fig. 4A-a) but was associated with an
increase in cytosolic Crm1 in control cells (Fig. 4A-b-c). This increase in cytosolic Crm1
was verified by cell fractionation followed by immunoblot analysis (Fig. 4B). LPS treatment
promoted a decrease in cytosolic Crm1 in WT cells. In sharp contrast, the levels of cytosolic
Crm1 were relatively unchanged in LPS-treated PARP-1−/− cells (Fig. 4B). Interestingly, no
major changes in nuclear Crm1 was observed in both WT and PARP-1−/− cells suggesting
that the level of the translocated Crm1 to the cytosol was minor compared to that in the
nucleus. A quantitative assessment of the data is presented in Fig. 4B-b. The persistence of
Crm1 in the cytosol of control and LPS-treated PARP-1−/− SMCs was verified by
immunofluorescence (Fig. 4C–D). These results suggest that PARP-1 may play a role in the
dynamics of Crm1 trafficking.

The coincidence of Crm1 and p65 NF-κB in the cytosolic compartments of LPS-treated
PARP-1−/− cells is suggestive of a potential link between PARP-1 gene deletion and the
defect in NF-κB nuclear translocation. To further investigate the relationship between
PARP-1, p65 NF-κB, and Crm1 and to establish that the export system is affected by
PARP-1 gene deletion, we hypothesized that inhibition of Crm1 would allow p65 NF-κB
nuclear accumulation in LPS-treated PARP-1−/− cells. Indeed, Crm1 inhibition allowed p65
NF-κB nuclear accumulation in PARP-1−/− cells without LPS treatment, similar to that
observed in WT cells (Fig. 4E). LPS treatment appeared to increase the nuclear retention of
p65 NF-κB with almost a complete absence of the protein in the cytosolic compartment in
PARP-1−/− cells (Fig. 4E). These results suggest that nuclear accumulation of p65 NF-κB in
PARP-1−/− cells in response to TLR4 stimulation results from enhanced Crm1-associated
export of the transcription factor from the nucleus.
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The nuclear retention of p65 NF-κB in LMB-treated PARP-1−/− cells coincided with a
robust increase in its phosphorylation state at ser-276, ser-529, and ser-536 but only upon
LPS treatment, suggesting a potential transcriptional activity (Fig. 4F). An important
question to be addressed was whether such nuclear accumulation of p65 NF-κB and
concomitant phosphorylation at ser-536 in LPS and LMB-treated PARP-1−/− cells
culminated in expression of NF-κB-driven genes such as iNOS or ICAM-1. Fig. 4G shows
that, indeed, inhibition of Crm1 restored LPS-stimulated iNOS or ICAM-1 expression in
PARP-1−/− cells. Together, these data strongly suggest that PARP-1 promotes the nuclear
function of NF-κB by preventing its export from the nucleus by Crm1.

Poly(ADP-ribosyl)ation of p65 NF-κB by PARP-1 decreases its interaction with Crm1
We next investigated the potential mechanism by which PARP-1 influences the relationship
between Crm1 and p65 NF-κB. Fig. 5A confirms the interaction between Crm1 and p65 NF-
κB and the dynamic nature of such an interaction upon LPS stimulation in 293T cells. Using
an in vitro poly(ADP-ribosyl)ation system (26), we showed that p65 NF-κB can be modified
by PARP-1 (Fig. 5B), confirming the report by Kameoka et al. (27). We next examined
whether PARP-1-mediated modification of p65 NF-κB would affect the interaction between
the transcription factor and Crm1 in vitro. Fig. 5C shows that poly(ADP-ribosyl)ation of p65
NF-κB almost completely abolished the interaction between the two proteins. These
observations are consistent with the hypothesis that poly(ADP-ribosyl)ation of p65 NF-κB
inhibits its association with Crm1 and hence attenuates nuclear export of the transcription
factor.

Pharmacological inhibition of PARP-1 reduces p65 NF-κB nuclear retention and
subsequent expression of ICAM-1 and iNOS in response to TLR4 stimulation, in part, by
promoting persistence of p65 NF-κB-Crm1 interaction

While the involvement of the PARP-1 enzymatic activity in the expression of NF-κB-
dependent genes and interaction with related transcription factors remains controversial, its
involvement in NF-κB nuclear translocation upon TLR4 stimulation is completely unknown.
Our data predict that inhibition of PARP1 enzymatic activity should promote the p65 NF-
κB-Crm1 interaction and thereby enhance Crm1-mediated nuclear export of the transcription
factor. Figure 6A shows that inhibition of PARP-1 by either a non-competitive (NU1025) or
a competitive (3-aminobenzamide) inhibitor significantly reduced p65 NF-κB nuclear
accumulation in LPS-treated SMCs. Such reduction in nuclear translocation correlated with
a decrease in p65 NF-κB phosphorylation upon pharmacological inhibition of PARP-1 (see
supplemental Fig. S2). In agreement with these findings, expression of iNOS and ICAM-1
in LPS-stimulated SMCs was markedly reduced by the PARP-1 inhibitors (Figure 6B).
Accordingly, these results demonstrate that the enzymatic activity of PARP-1 is required for
a full nuclear translocation of p65 NF-κB and subsequent expression of iNOS and ICAM-1.
The requirement of PARP-1 enzymatic activity for NF-κB-dependent gene expression was
verified by a luciferase activity assay using wild type MEF that were transiently transfected
with the RapidReporter pRR-High-NF-κB plasmid (Fig. 6C). Whether the requirement for
PARP-1 enzymatic activity applies to all NF-κB stimuli and all cell types is not fully
established.

Inhibition of PARP-1 activity can also be achieved by reducing expression of PARG, the
PAR-hydrolysing enzyme through an increase in the population of automodified PARP-1
molecules (28,29). Indeed, poly(ADP-ribosyl)ation activity was markedly reduced in cells
that were subjected to PARG knockdown with a lentiviral vector encoding PARG-targeting
shRNA (Supplemental data S3-A) upon treatment with the DNA damage-inducing agent
H2O2 (Supplemental data S3-B). The decreased in PARP-1 activity in PARG-depleted cell
extracts was confirmed using an in vitro poly(ADP-ribosyl)ation assay (Supplemental data
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S3-C). PARG knockdown significantly decreased p65 NF-κB retention in SMC upon LPS
treatment (S3-D), which provides additional support for the involvement of PARP-1 activity
in the nuclear retention of the transcription factor.

We next investigated the potential effect of pharmacological inhibition of PARP-1 on the
interaction between Crm1 and p65 NF-κB. Figure 6D shows that the interaction of p65 NF-
κB was persistent in cells treated with LPS in the presence of the PARP-1 inhibitor NU1025
compared to that observed in cells treated with LPS alone. These results strongly suggest
that PARP-1 enzymatic activity is required for an efficient nuclear retention of p65 NF-κB
upon TLR4 stimulation and confirm our in vitro data.

Overall, these results strongly suggest that the potential key regulatory mechanism of NF-κB
nuclear retention may reside in the modification of p65 NF-κB by poly(ADP-ribosyl)ation,
which prevents its interaction with Crm1, rendering the transcription factor resistant to
export and promoting its retention in the nucleus.

Discussion
The mechanisms by which PARP-1, a nuclear protein, affects the activation of NF-κB in the
cytosol and its nuclear translocation are not understood. The results of the present study shed
light on these mechanisms. Our initial prediction was that the importin system was defective
in PARP-1-deficient cells given the accumulation of NF-κB in the perinuclear compartment
of the cells. However, our results showed that PARP-1 exerts a decisive effect on the
interaction between p65 NF-κB and the exportin protein Crm1. In the absence of PARP-1,
the interaction between the transcription factor and Crm1 increases such that little to no p65
NF-κB was detectable in the nuclei of cells upon TLR4 stimulation. Such an enhanced
interaction culminates in the down-regulation of NF-κB-dependent genes despite the
presence of functional TLR4-dependent signal transduction. The specificity of the effect of
PARP-1 gene deletion on NF-κB nuclear translocation/retention was supported by the
finding that a re-establishment of PARP-1 expression completely reversed the ability of the
transcription factor to be retained within the nuclei of LPS-treated cells and to promote the
expression of the NF-κB target genes ICAM-1 and iNOS.

Several studies on the potential mechanism by which PARP-1 regulates NF-κB-mediated
gene activation, including those from our laboratory, have focused on factors that are related
directly to NF-κB DNA-binding to the promoter regions of target genes
(5,11,14,23,25,27,30,31). The requirement of PARP-1 activity for the expression of iNOS
and ICAM-1 as well as other NF-κB-dependent genes has been reported by several groups
(32–34). Our results also show that PARP-1 activity is crucial for efficient nuclear retention
of the transcription factor. Thus, to the best of our knowledge, these results reveal a novel
mechanism by which PARP-1 influences p65 NF-κB nuclear localization. However,
whether PARP-1 activity is the only defining factor in NF-κB nuclear retention and
expression of target genes has yet to be fully settled. In several comprehensive
investigations, Hottiger’s group reported that neither enzymatic nor DNA binding activity of
PARP-1 is required for NF-κB to induce its target genes; only its direct protein-protein
interaction with the transcription factor is required for the specific induction of gene
transcription (reviewed (8). It is noteworthy that the enzymatic activity of PARP-1 is clearly
required for the transcriptional activity of other factors, such as NFAT, HES1, Sp1, and Elk1
(reviewed (35). The release of p65 NF-κB from inhibition upon phosphorylation and
subsequent degradation of I-κBα does not seem to be sufficient to mediate transcription of
target genes; the transcription factor must be actively retained in the nucleus for
transcriptional activity to take place. PARP-1 does not appear to play a role in the cytosolic
events upstream of p65 NF-κB translocation to the nucleus upon TLR4 stimulation.
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The role of Crm1 in the export of nuclear factors including proteins is complex and is
associated with numerous sophisticated processes (36). The interaction between Crm1 and
NF-κB subunits as well as I-κBα has been well-established (37). Our results showed that
inhibition of Crm1 resulted in NF-κB nuclear accumulation but did not enhance the
expression of the NF-κB-dependent genes, iNOS and ICAM-1; stimulation of TLR4 was
still required. Nuclear accumulation of p65 NF-κB in LPS-treated WT cells coincided with a
decrease in cytosolic Crm1. Interestingly, the lack of nuclear accumulation of p65 NF-κB in
LPS-treated PARP-1−/− cells correlated with the persistent cytosolic expression of Crm1. It
is noteworthy that PARP-1 gene deletion did not exert any effect on the total expression of
Crm1. Whether the changes in cellular localization of Crm1 upon LPS stimulation were
strictly associated with p65 NF-κB translocation or were a general phenomenon related to
the overall signal transduction associated with TLR4 stimulation is not clear. However, it is
plausible to predict that, at least, a portion of the cytosolic Crm1 is responsible for the lack
of nuclear accumulation of p65 NF-κB in LPS-treated PARP-1−/− cells. This observation is
supported by the finding that Crm1 inhibition by LMB promoted the accumulation of
nuclear p65 NF-κB in LPS-treated PARP-1−/− cells. According to our in vitro data, such
role involved PARP-1-mediated poly(ADP-ribosyl)ation of p65 NF-κB, which reduced the
interaction of the modified protein with Crm1. This observation was confirmed in LPS-
treated cells using NU1025, a potent inhibitor of PARP-1 enzymatic activity. A recent report
by Fukasawa’s group (38) investigating Crm1 in the context of nuclear accumulation of p53
supports the notion that this mechanism of regulation is not restricted to NF-κB alone.

PARP-1 appears to be required for the phosphorylation of p65 NF-κB at serine residues 276,
529, and 536. Although the mechanism by which PARP-1 influences p65 NF-κB
phosphorylation is not clear, PARP-1 has been reported to interact with several kinases such
as DNA-dependent protein kinase and ERK (39). Thus, it will be very important to
determine how p65 NF-κB phosphorylation relates to the role of PARP-1-mediated
regulation of this transcription factor and its interaction with Crm1. It is noteworthy that
PARP-1 deficiency did not seem to affect the phosphorylation of p65 NF-κB given the
observation that such event was reversed by LMB-mediated Crm1 inhibition in LPS-treated
PARP-1−/− cells. This may suggest that the phosphorylation was related to a defect in
nuclear retention rather than PARP-1 deficiency. What is clear and established, however, is
that the phosphorylation of the transcription factor at these sites is critical for the expression
of NF-κB-dependent genes (40–43). Additionally, the expression levels of I-κBα (balance
between expression and degradation) also may dictate the nature of the interaction between
PARP-1 and p65 NF-κB as well as with Crm1. Furthermore, the role of acetylation
undoubtedly is very important and may be a critical factor in the functionality of NF-κB and
its ability to drive target gene expression. As stated above, we and others recently showed an
interaction between PARP-1 and p300/CBP that appears to take place immediately after the
interaction of PARP-1 with NF-κB (11,25). The consequences of the sequence of these
events are far from clear.

An additional important aspect of NF-κB nuclear translocation is the importin system (44).
Although the data on the role of importins in p65 NF-κB shuttling between the cytosol and
the nucleus presented in this study are not extensive, however, they suggest that there is no
relationship between PARP-1 and these proteins as it relates to nuclear localization of p65
NF-κB, especially given the fact that PARP-1 gene deletion exerted no effect on total or
cytosolic levels of importin α3 and importin α4 upon LPS treatment. These observations are
supported by the fact that Crm1 inhibition by LMB leads to accumulation of p65 NF-κB
within the nucleus, which again suggests that the importin system may be intact; however,
this remains to be verified. Furthermore, it was recently shown that the nucleoporin Nup214
modulates NF-κB activation (in Drosophila) and influences the relative strength and
duration of NF-κB signaling responses (45). Again, whether Nup214 influences the
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relationship between PARP-1, NF-κB, and Crm1, remains to be studied. In conclusion, the
results of the present study provide novel insights into the mechanism by which PARP-1
influences activation of TLR4-associated signal transduction leading to NF-κB activation
and subsequent nuclear retention.
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Fig. 1. Translocation of p65 NF-κB is defective in PARP-1−/− SMCs in response to LPS
treatment and is reversed by reconstitution of PARP-1 expression
(A) SMCs derived from WT or PARP-1−/− mice were transfected with the YFP-p65 NF-κB
plasmid. Cells were then cultured in CO2-independent medium and incubated on a
temperature-controlled inverted fluorescence microscope. LPS (1 μg/ml) was added to the
culture chambers and images were then taken at the times indicated. (B) p65 NF-κB nuclear
translocation was quantified and assessed as the ratios between nuclear and cytosolic
fluorescence in at least 10 cells and expressed as mean ± SEM; *, difference from LPS-
treated WT cells at a respective time point, p < 0.01. (C) WT or PARP-1−/− SMCs were
treated with LPS for 30 or 90 min or left untreated. Nuclear extracts were then prepared and
subjected to EMSA with a radioactively labeled κB sequence; arrow indicates NF-κB-DNA
complex. (D) WT or PARP-1−/− MEF transiently transfected with the RapidReporter pRR-
High-NFκB plasmid were treated with LPS for the indicated time intervals after which
luciferase activity was assessed; Data (luciferase activity) are expressed in relative light
units and are means ± SD of triplicate values from representative experiments; *difference
from untreated cells, P < 0.05; #difference from cells treated with LPS at the respective time
point, P < 0.05. (E) PARP-1 knockdown by shRNA reduces p65 NF-κB translocation in
LPS-treated SMCs. (E-a) WT SMCs were transduced with lentiviral particles encoding
control shRNA (shRNA-Con) or a shRNA targeting PARP-1 (shRNA-PARP-1); expression
of PARP-1 and actin was assessed by immunoblot analysis and compared to that in
uninfected cells. Cells transduced with either virus were treated with LPS for30 min after
which p65 NF-κB nuclear localization was examined by immunofluorescence (E-b) and
quantified (E-c). *, difference from untreated cells; #, difference from LPS-treated cells
transduced with shRNA-Con virus; p < 0.01. (F) The defective p65 NF-κB translocation in
PARP-1−/− SMCs in response to LPS treatment, confirmed by immunofluorescence (F-a), is
fully reversed by reconstitution of WT PARP-1 expression (F-b). WT and PARP-1−/− SMCs
were infected with the adenoviral vector expressing an YFP-WT PARP-1 (Ad-YFP-
PARP-1) or left uninfected. Thirty-six hours later, cells were treated with 1 μg/ml LPS or
left untreated (Con) for the indicated time periods. NF-κB nuclear translocation was
assessed by immunofluorescence (IF) with antibodies to p65 NF-κB. PARP-1 was
visualized with YFP. (G–I) Expression of iNOS and ICAM-1 is blocked in LPS-treated
PARP-1−/− SMCs and fully restored upon reconstitution of PARP-1 expression. WT or
PARP-1−/− SMCs were treated with LPS for the indicated time intervals after which protein
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extracts or total RNA were prepared and subjected to immunoblot analysis with antibodies
to mouse iNOS, ICAM-1, or actin (G) or subjected to RT-PCR using primers specific to
mouse iNOS, ICAM-1, or β-actin with amplicons analyzed by agarose electrophoresis (H).
(I) WT SMCs or Ad-YFP-PARP-1-infected PARP-1 −/− SMCs were treated with LPS for 3
h after which total RNA was prepared and subjected to RT-PCR using primers specific to
mouse iNOS, ICAM-1, or β-actin; the right panels represent expression of iNOS or ICAM-1
mRNA in untreated WT or PARP-1−/− cells.
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Fig. 2. Effects of PARP-1 gene deletion on phosphorylation and degradation of I-κBα and
phosphorylation of p65 NF-κB in SMCs upon LPS treatment
WT or PARP-1−/− SMCs were treated with 1 μg/ml LPS for different time intervals or left
untreated (Con). (A) Proteins extracts were subjected to immunoblot analysis with
antibodies to I-κBα or phosphor-I-κBα at Ser32/Ser36. (B) The same extracts were subjected
to immunoblot analysis with antibodies to phospho-p65 NF-κB at Ser276 or Ser529, total
p65 NF-κB, or actin.
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Fig. 3. Effect of PARP-1 gene deletion on expression and cytosolic localization of importins in
SMCs upon LPS treatment
(A) High magnification image of nuclear and perinuclear localization of YFP-p65 NF-κB in
LPS-treated WT and PARP-1−/− SMCs, respectively. (B) Total protein extracts, prepared
from WT or PARP-1−/− SMCs, were subjected to immunoblot analysis with antibodies to
importin α3, importin α4, or actin. WT or PARP-1−/− SMCs were treated with 1 μg/ml LPS
for 30 or 90 min or left untreated (Con), after which cytosolic fractions were prepared. The
resulting extracts were subjected to immunoblot analysis with antibodies to importin α3 (C),
importin α4 (D), or actin.
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Fig. 4. Effect of PARP-1 gene deletion on expression and cytosolic localization of Crm1 and
effects of Crm1 inhibition on p65 NF-κB nuclear accumulation and expression of iNOS and
ICAM-1 in LPS-treated SMCs
(A) WT or PARP-1−/− SMCs were subjected to protein extracts followed by immunoblot
analysis with antibodies to Crm1 or actin or subjected to immunofluorescence with
antibodies to Crm1. (B) The same cytosolic fractions described in Fig. 3C were subjected to
immunoblot analysis with antibodies to Crm1 and actin. (C) WT or PARP-1−/− SMCs
cultured on chamber slides were treated with 1 μg/ml LPS for 30 or 120 min or left
untreated (Con), after which cells were fixed and subjected to immunofluorescence with
antibodies to Crm1 (Alexa Fluo 488, green) and p65 NF-κB (Alexa Fluo 594, red). (D)
Crm1 cellular distribution was quantified as described for p65 NF-κB in Fig. 1C; *,
difference from respective untreated cells; #, difference from WT cells at the respective
treatment time; p < 0.01. (E) WT or PARP-1−/− SMC were pretreated with LMB or left
untreated after which they were treated with 1 μg/ml LPS for the indicated time intervals.
Cells were then fixed and subjected to immunofluorescence with antibodies to p65 NF-κB.
Inhibition of Crm1 by leptomycin B (LMB) promotes accumulation of p65 NF-κB in nuclei
of PARP-1−/− cells and expression of iNOS and ICAM-1 in LPS-treated PARP-1−/− SMCs.
WT or PARP-1−/− SMCs, pretreated with LMB or left untreated, were exposed to 1 μg/ml
LPS for different time intervals or left untreated (Con). Proteins extracts were prepared and
subjected to immunoblot analysis with antibodies to phospho-p65 NF-κB at ser276, ser529,
or Ser536, or actin (F). (G) Cells were treated as in (F) but for 3 h, after which total RNA
was extracted and subjected to RT-PCR analysis with primers to iNOS, ICAM-1, and β-
actin.
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Fig. 5. Interaction between Crm1 and p65 NF-κB is blocked by PARP-1-mediated modification
of p65 NF-κB
(A-a) 293T cells, transfected with GST-p65 NF-κB, were treated with 1 μg/ml LPS for 15,
30, or 60 min or left untreated (Con). Protein extracts were then prepared and were subjected
to a pulldown assay with GST-beads. The resulting precipitates were subjected to
immunoblot analysis with antibodies to Crm1 and GST. (A-b) A 5% portion of total protein
was used as input control (right panel). (B-a) GST-p65 NF-κB protein purified from
transiently transfected 293T was incubated with or without recombinant PARP-1 in a
poly(ADP-ribosyl)ation reaction containing NAD and activated DNA for 15 min. The
reactions were terminated with sample buffer and subjected to immunoblot analysis with
antibodies to poly(ADP-ribose) (α-PAR) or GST. (B-b) Purified GST was subjected to a
poly(ADP-ribosyl)ation reaction in the absence or presence of recombinant PARP-1
followed by immunoblot analysis with antibodies to either GST (left panel) or PAR (right
panel). (C-a) p65 NF-κB protein (not tagged with GST) was incubated in a poly(ADP-
ribosyl)ation reaction mixture with or without recombinant PARP-1 (not tagged with GST)
for 30 min (saturated reaction). Recombinant GST-Crm1was then added to the reaction for
15 min. The mixture was then subjected to a pulldown assay with glutathione beads
followed by immunoblot analysis with antibodies to GST or p65 NF-κB. (C-b) A portion
equal to 50% of p65 NF-κB added to the poly(ADP-ribosyl)ion reaction was subjected to
immunoblot analysis with antibodies to p65 NF-κB.

Zerfaoui et al. Page 18

J Immunol. Author manuscript; available in PMC 2011 August 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 6. Pharmacological inhibition of PARP-1 reduces p65 NF-κB nuclear retention and
subsequent expression of ICAM-1 and iNOS in response to TLR4 stimulation, in part, by
promoting persistence of p65 NF-κB-Crm1 interaction
(A) PARP-1 inhibitors reduce LPS-induced p65 NF-κB nuclear translocation. WT SMCs
were treated with LPS in the presence or absence of the non-competitive (NU1025) or the
competitive (3-AB) PARP-1 inhibitor for 30 min after which p65 NF-κB nuclear
localization was examined by immunofluorescence (A-a) and quantified (A-b) as described
in Fig. 1C. *, difference from untreated cells; #, difference from LPS-treated cells; p < 0.01.
(B) WT SMCs were treated as in (A) but for 2 or 4 h after which total RNA were prepared
and subjected to RT-PCR using primers specific to mouse iNOS, ICAM-1, or β-actin with
amplicons analyzed by agarose electrophoresis. (C) WT MEF transiently transfected with
the RapidReporter pRR-High-NF-κB plasmid were treated with LPS for 4 h in the presence
or absence of NU1025 after which luciferase activity was assessed; Data (luciferase activity)
are expressed in relative light units and are means ± SD of triplicate values from
representative experiments; *difference from untreated cells, P < 0.05; #difference from cells
treated with LPS alone, P < 0.05. (D-a) 293T cells, transfected with GST-p65 NF-κB, were
treated with LPS for 15 or 30 min or left untreated (Con) in the absence or presence of
NU1025. Protein extracts were then prepared and were subjected to a pulldown assay with
GST-beads. The resulting precipitates were subjected to immunoblot analysis with
antibodies to Crm1 and GST. (D-b) A 5% portion of total protein was used as input control.
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