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Abstract
Although nuclear translocation of NF-κB and subsequent binding to promoters of ICAM-1 and
VCAM-1 have been shown to be decisive for their expression, a number of discrepancies in the
expression patterns of these adhesion molecules have been reported in both cell culture systems and
disease settings, including atherosclerosis, asthma, and autoimmune diseases. Here we show that
while p65 NF-κB nuclear translocation in TNF-treated smooth muscle cells (SMCs) was sufficient
for the expression of VCAM-1, expression of ICAM-1 showed a critical requirement for PARP-1.
I-κBα phosphorylation and subsequent degradation were virtually identical in both TNF-treated wild-
type and PARP-1−/− SMCs. VCAM-1 expression in TNF-treated PARP-1−/− SMCs was completely
inhibited by the NF-κB inhibitor, pyrrolidine dithiocarbamate, confirming that VCAM-1 expression
was indeed NF-κB-dependent. The expression of both VCAM-1 and ICAM-1 was associated with
a transient interaction between PARP-1 and p65 NF-κB when examined in the fibroblastic cell line,
COS-7, and in the airway epithelial cell line, A549. Such interactions were confirmed using
florescence resonance energy transfer analysis. Protein acetylation activity, mediated by p300/CBP,
was required for both VCAM-1 and ICAM-1 expression in TNF-treated SMCs; however, the
interaction of PARP-1 with p300/CBP was dispensable for VCAM-1 expression. These findings
indicate that p65 NF-κB nuclear translocation may be sufficient for certain genes (e.g., VCAM-1)
while insufficient for others (e.g., ICAM-1), thus providing a novel insight into the role of NF-κB in
driving target gene expression. Furthermore, the data suggest a differential requirement for PARP-1
expression in inflammatory processes.

Introduction
Evidence for the expression of the ICAM-1 and VCAM-1 adhesion molecules on the surfaces
of structural and inflammatory cells, as well as endothelial cells, in inflammatory diseases,
such as asthma and arthrosclerosis, is mounting [1,2]. The exact role for the expression of such
adhesion molecules on smooth muscle cells (SMCs) is not fully understood, although it has
been suggested that such expression facilitates transmigration, accumulation of leukocytes,
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and cell-cell interactions at inflammatory sites [3–5]. Expression of these adhesion molecules
on SMCs was described as prominent in the fibrous caps of advanced atherosclerotic plaques
in human specimens and was also associated with disease severity [6]. Similarly, expression
of both ICAM-1 and VCAM-1 by SMCs in response to several inflammatory factors within
airways has been described in animal models of asthma [7,8]. In many of these inflammatory
situations, the expression of adhesion molecules is induced by cytokines, such as tumor
necrosis factor (TNF), which are released by a number of immune and structural cells, including
T lymphocytes, macrophages, as well as epithelial and endothelial cells [1]. The expression of
these molecules further recruits macrophages and monocytes to sites of lesions, creating
conditions that are conducive for chronic inflammation [9]. TNF, as well as the dependent
expression of adhesion molecules, can therefore be considered major players not only in the
initiation of inflammatory lesions but also in the progression and persistence of inflammation
[10,11].

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 ICAM-1 and
VCAM-1 [12]. NF-κB binds to the promoter regions of target genes as a dimer of two Rel
family proteins, most frequently p50 and p65 [12] [13]. In quiescent cells, NF-κB is sequestered
in the cytoplasm as a result of its interaction with a member of the IκB family of proteins,
which includes I-κBα and IκBβ. I-κBα is phophorylated, polyubiquitinated, and degraded by
the 26S proteasome in response to cell stimulation, resulting in the unmasking of the nuclear
localization signal of NF-κB and its consequent translocation to the nucleus [12].

The role of poly(ADP-ribose) polymerase-1 (PARP-1) in the process of inflammation has been
intensely investigated in the context of its direct participation in cellular responses to DNA-
damaging agents, including oxidative stress, by way of its catalytic activity [14]. 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 [15–17]. We have recently shown that PARP-1 plays an
important role in allergic asthma and atherosclerosis [18–20]. An emerging role for this protein
is its ability to participate, directly or indirectly, in the regulation of a number of inflammatory
genes at the promoter level, especially those mediated by NF-κB (reviewed in [21].

In the present study, we examined the role of PARP-1 in the specific expression of the adhesion
molecules ICAM-1 and VCAM-1 in response to TNF treatment. We investigated the exact role
of PARP-1 in the expression of these two adhesion molecules in SMCs with a special focus
on the requirement for NF-κB nuclear translocation. We also studied associated signal
transduction pathways, p300/CPB acetylation activity, and the physical interactions between
the involved proteins.

Materials and Methods
Animals, isolation of SMCs 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, 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 [19]. All animals were genotyped by
PCR.

SMCs were isolated after removal of whole thoracic aortas from sacrificed C57BL/6 Wt or
PARP-1−/− mice. Adventitia and endothelia were removed after digestion of aortic segments
with collagenase (175 units/mL) (Sigma-Aldrich, St. Louis MO). The media were further
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digested with a mixture containing collagenase (175 units/mL) and elastase (1 mg/mL) (Sigma-
Aldrich). Cells were grown in DMEM containing 10% fetal bovine serum (FBS, Hyclone,
Logan, UT), 100 units/mL penicillin, and 100 μg/mL streptomycin, and incubated at 37 °C in
5% CO2. Purity of SMC preparations was verified by subjecting a fraction of the cells to
immunocytochemistry with antibodies to smooth muscle actin (Sigma-Aldrich) (Fig. 1A).
Cells were used between passages 4 and 7. Human A549 lung epithelial cells and monkey
kidney COS-7 cells (American Type Culture Collection, Manassas, Virginia) were maintained
in DMEM supplemented with 10% FBS, penicillin, and streptomycin. Prior to treatment, cells
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 15 ng/mL TNF (Roche, Nutley, N.J)
for the indicated times. For microscopy, cells were incubated in CO2-independent medium.

Immunoblot analysis
After treatment with TNF, cells were washed with ice-cold PBS by centrifugation, and then
incubated for 15 min on ice in lysis buffer supplemented with proteases and phosphatase
inhibitors as previously described [22,23]. 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, VCAM-1,
ICAM-1, p300/CBP, c-Myc, Flag, and actin (Santa Cruz Biotechnology, Santa Cruz, CA), as
well as antibodies to the phosphorylated form (serine residues 32 and 36) of I-κBα (p-I-κBα)
(Cell Signaling Technology, Danvers, MA). Immune complexes were detected with
appropriate secondary antibodies and chemiluminescence reagents (PerkinElmer Life Science
Inc., Boston, MA).

Conventional and real-time 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, VCAM-1, or β-actin were purchased from Invitrogen. 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′; VCAM-1: forward primer,
5′-ACA CTC TTA CCT GTG CGC TGT -3′; reverse primer, 5′-ATT TCC CGG TAT CTT
CAA TGG -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 2 min. 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.

For real-time PCR, the specific primers were as follows: VCAM-1: forward primer, 5′-
TGCCGAGCTAAATTACAC ATTG-3′, reverse primer, 5′-
CCTTGTGGAGGGATGTACAGA -3′ and β-actin: forward primer, 5′-
TACAGCTTCACCACCACAGC-3′, reverse primer, 5′-TCTCCAGGG
AGGAAGAGGAT-3′. Quantitative determination of gene expression levels using a 2-step
cycling protocol was performed on a MyIQ Cycler (Bio-Rad, Hercules CA). Relative
expression levels were calculated using the 2[-Delta Delta C(T)] method [24]. Quantities of
all targets from the test samples were normalized to the mouse β-actin housekeeping gene.

Construction of the p65 NF-κB-FLAG (or c-Myc)-YFP and Wt PARP-1-poly-His-YFP plasmids,
transfection, and pull-down assay

The p65 NF-κB (GeneBank™ accession number M61909) cDNA was generated by PCR from
the pcDNA3.1+-p65 NF-κB plasmid (a kind gift from Dr. C. Giardina, University of
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Connecticut, Storrs, CT) using PCR. A Kozak sequence (CCACCATGG) was introduced
upstream of p65 NF-κB and a Flag-tag was fused at its C-terminus. The fragment was then
cloned in-frame into the Xho1 and HindIII site of pEYFP-N1 (CLONTECH Laboratories Inc.,
Palo Alto, CA). The accuracy of the construct was verified by restriction digestion and sequence
analysis. SMCs were transiently transfected with pEYFP-N1-c-myc-p65 NF-κB 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 TNF as described earlier. Subcellular localization of p65 NF-κB was
monitored throughout the treatment using a Carl Zeiss inverted fluorescence microscope. A
Wt-PARP-1 fragment was amplified from pcDNA3.1+-wt-PARP-1-6-histidine/flag using PCR
and a Kozak sequence was added. The fragment was introduced into the Xho1/Kpn1 site of the
pECFP-N1-N1 expression vector. All sequences were confirmed by sequencing. A549 and
COS-7 cells were transiently transfected with the indicated expression vectors using
Lipofectamine LTX (Invitrogen) or the Mirus TransIT-LT1 transfection reagent, respectively.

Poly-His-PARP-1 was pulled down using Ni-NTA magnetic agarose beads (Qiagen, Valencia,
CA) according to the manufacturer’s instructions and as described [25].

Cell Labeling for Fluorescence Resonance Energy Transfer (FRET)
Acceptor photobleaching was performed to test the specificity of FRET. Filters used for
observing CFP allowed excitation at 458 nm and emission at 465–495 nm; for YFP excitation
at 515 nm and emission at 565–595 nm was used; for FRET of YFP and CFP excitation was
at 458 nm and emission at 565–595 nm. ROIs (region of interest) were positioned over only
those areas of the nucleus that appeared to possess authentic CFP and YFP fluorescence; several
areas were tested within the same nucleus to avoid biased sampling. The increase in donor
fluorescence (CFP-PARP-1) following acceptor (YFP-p65 NF-κB) photobleaching was
observed in all experiments. The acceptor (YFP-p65 NF-κB) fluorescence was decreased by
90% after photobleaching. To obtain a quantitative measure of FRET efficiency and estimate
the distance between donor and acceptor molecules from the same cell, image data was
processed using FRET software obtained from Leica microsystems (Leica Confocal Software
TCS SP2 156108810 version 2.61.1537, Mannheim, Germany). The FRET efficiency E is
given by: FRET eff = Dpost − Dpre/Dpost for all Dpost > Dpre. Quantitative FRET analysis
was performed using FRET efficiencies between CFP-PARP-1 and YFP-p65 NF-κB that were
higher than 10%. A low resonance energy transfer signal was obtained in untransfected A549
cells (data not shown).

RESULTS
Differential requirements for PARP-1 for ICAM-1 and VCAM-1 proteins and mRNA expression
in TNF-induced primary smooth muscle cells

To investigate the role of PARP-1 in the expression of adhesion molecules in SMCs after TNF
exposure, we examined the effects of the PARP-1 gene deletion on ICAM-1 and VCAM-1
expression. The purity of SMCs was assessed by immunofluorescence with antibodies to
smooth muscle actin (Fig. 1A). Wt and PARP-1−/− SMCs were treated with TNF for the
indicated time intervals after which cell extracts were prepared and subjected to western
immunoblotting with antibodies to murine ICAM-1, VCAM-1, or actin. Fig. 1B shows a clear
induction of ICAM-1 and VCAM-1 expression in Wt SMCs as early as 12 h post-TNF
treatment. While ICAM-1 expression was undetectable in PARP-1−/− SMCs, VCAM-1
expression was unaltered in these cells compared with the expression pattern of the protein in
Wt SMCs. These results imply a differential requirement for PARP-1 in the respective
expression of ICAM-1 and VCAM-1.
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We next wished to examine whether the differential expression between these two adhesion
molecules was at the level of gene expression. To this end, Wt and PARP-1−/− SMCs were
treated with TNF for 2, 4, or 6 h after which total RNA was extracted and subjected to RT-
PCR using specific primers to either mRNA. Fig. 1C shows, as expected, that the expression
of ICAM-1 and VCAM-1 was relatively similar in Wt SMCs. However, while VCAM-1
expression in PARP-1−/− SMCs was similar to that observed in Wt cells, ICAM-1 expression
was undetectable in PARP-1−/− SMCs. These results clearly show that PARP-1 participates in
and is required for ICAM-1 expression at the gene level but is dispensable for that of VCAM-1
in SMCs. Our results show a critical difference in the regulation of the expression of these
molecules after TNF treatment in SMCs.

Nuclear translocation of p65 NF-κB is insufficient for the induction of ICAM-1 expression in
PARP-1−/−SMCs in response to TNF

NF-κB represents a crucial and important transcription factor necessary for driving ICAM-1
and VCAM-1 gene expression [26–28]. We and others have suggested that PARP-1 may
regulate signal transduction events that result in the activation of NF-κB [18,29–31]. In fact,
PARP-1 inhibition by gene deletion prevents NF-κB nuclear translocation in
lipopolysaccharide (LPS)-treated peritoneal macrophages and prevents the consequent
expression of both inducible nitric oxide synthase (iNOS) and monocyte chemoattractant
protein-1 (MCP-1) [32,33]. Thus, we wished to examine the effect of the PARP-1 gene deletion
on NF-κB nuclear translocation in SMCs after TNF treatment. A plasmid encoding
fluorescently tagged p65 NF-κB (pEYFP-N1-Flag-p65) was constructed and expression of the
protein was verified by subjecting protein extracts of plasmid-transfected COS-7 cells to
immunoblot analysis with antibodies to Flag peptide (Fig. 2A). Primary SMCs were transiently
transfected with the pEYFP-N1-Flag-p65 NF-κB plasmid and treated with TNF (15 ng/mL)
after which the subcellular localization of p65 NF-κB was monitored throughout the treatment
using fluorescence microscopy. Fig. 2B shows that p65 NF-κB was strictly cytoplasmic prior
to stimulation in Wt cells and that the subcellular localization quickly changed to nuclear when
cells were stimulated with TNF (30 min). After 2 h of treatment, p65 NF-κB became mostly
cytoplasmic, which is consistent with the transient nature of this transcription factor in the
nucleus [34]. The pattern of NF-κB translocation from the cytoplasm to the nucleus in SMCs
derived from PARP-1−/− mice was nearly identical to that observed in Wt cells. Interestingly,
however, the exit of p65 from the nucleus to the cytoplasm appeared to be delayed in TNF-
treated PARP-1−/− cells. Fig. 2C provides a quantitative assessment of NF-κB subcellular
localization with additional time points. Such lack of a difference in NF-κB translocation was
confirmed in fibroblasts derived from the two mouse strains by electrophoretic mobility shift
assay (data not shown). These results clearly show that p65 NF-κB nuclear translocation was
sufficient to drive only the expression of VCAM-1 but was completely insufficient to drive the
expression of ICAM. Furthermore, these results show that unlike H2O2 or LPS treatment
[18,31–33], the PARP-1 gene deletion does not affect NF-κB translocation. Accordingly, these
findings provide new insight into the role of NF-κB in driving target gene expression and the
differential requirement for PARP-1 in such a process.

The PARP-1 gene deletion does not alter I-κBα phosphorylation or its subsequent
degradation in TNF-treated SMCs

As mentioned above, signal transduction events, such as the phosphorylation of I-κBα by I-
κB kinase at serine residues 32 and 36, as well as its subsequent degradation, are critical for
the activation and nuclear translocation of NF-κB in response to TNF and a variety of other
inflammatory factors [34,35]. Accordingly, we assessed the status of I-κBα phosphorylation
and its fate during TNF treatment in SMCs derived from Wt and PARP-1−/− mice. To this end,
cells were treated with TNF for different time intervals after which total proteins were extracted
and subjected to immunoblot analysis with antibodies specific for mouse I-κBα,
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phosphorylated I-κBα at serine residues 32 and 36, or actin. Fig. 2D shows that I-κBα was
phosphorylated and degraded in a matter of minutes (5–10 minutes) and that the PARP-1 gene
deletion exerted no apparent effects on such events. Furthermore, no differences in the fate of
I-κBβ were observed between Wt and PARP-1−/− SMCs (data not shown). These results
strongly suggest that the signal transduction cascade of NF-κB, such as the activities of I-
κBα kinase and the 26S proteasome, were unaffected by the PARP-1 gene deletion. These
results also suggest that differences in the regulation of ICAM and VCAM-1 gene expression
reside in the nucleus, likely at the promoter level post-NF-κB nuclear translocation.

PARP-1 interaction with NF-κB is transient after TNF treatment
A rather important question is whether VCAM-1 expression is indeed regulated by NF-κB in
PARP-1−/− SMCs. This became important in light of the finding by Lavi et al. [36] who showed
that VCAM-1 can be NF-κB-independent in differentiated SMCs; in this study, VCAM-1
expression was shown to be sensitive to PDTC, a known inhibitor of NF-κB, only in
undifferentiated SMCs. To this end, we stimulated PARP-1−/− SMCs with TNF in the presence
of PDTC after which expression of VCAM-1 was assessed by RT-PCR. PDTC almost
completely abrogated VCAM-1 expression in response to TNF treatment (Fig. 3A), suggesting
that VCAM-1 expression is certainly regulated by NF-κB in PARP-1−/− SMCs in a manner
similar to that observed in Wt cells (data not shown).

PARP-1 interactions with the NF-κB subunits, including p65, were shown to be required for
specific NF-κB transcriptional activation in cultured cells and that both NF-κB and PARP-1
formed a stable immunoprecipitable nuclear complex [29]. Given our results showing that
VCAM-1 expression was NF-κB-dependent and did not require PARP-1 expression, it became
important to determine whether, in our experimental system, p65 NF-κB interacted with
PARP-1 after TNF stimulation. For this purpose, COS7 cells were co-transfected with
expression vectors encoding poly-His-PARP-1 and c-Myc-tagged p65 NF-κB. Cells were then
treated for different time intervals with TNF after which whole cell extracts were prepared and
subjected to pull-down assays using magnetic nickel beads. Fig. 3B (top panel) shows that
PARP-1 interacted with p65 NF-κB soon after TNF stimulation and that such an interaction
was rather transient in nature. A maximal interaction was detected 5 to 15 min after stimulation
and immediately began to subside during the course of treatment. A similar interaction pattern
was observed in the airway epithelial cell line A549 (Fig. 4A). The transient nature of this
interaction is in sharp contrast to that reported by Hassa el al. [29] who described a persistent
and stable interaction between these two proteins.

To fully confirm the interaction between PARP-1 and p65 NF-κB in cells without the
interference of additional pull-down assay-associated manipulations, we examined such
interactions in whole cells using FRET. A549 cells were transfected with CFP-PARP-1 and
YFP-p65 NF-κB, incubated for 36 h, and cells were then treated with TNF for 15 min and fixed
with methanol. The interaction between PARP-1 and NF-κB was monitored using a Leica
confocal microscope. The nuclear distribution of CFP-PARP-1 did not differ from that of
endogenous Wt PARP-1 during the course of treatment with TNF as assessed by
immunofluorescence (data not shown). Fig. 3C shows that PARP-1 physically interacted with
p65 NF-κB after its translocation to the nuclei of TNF-treated A549 cells with a rather high
FRET efficiency (10–19%). A low resonance energy transfer signal was obtained in
untransfected A549 cells or in cells with cytosolic CFP-PARP-1 (data not shown). These
results strongly demonstrate a robust interaction between PARP-1 and p65-NF-κB after TNF
stimulation and validate our findings using the pull-down assay.
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Relationship between PARP-1 and p300/CBP is dispensable for VCAM-1 expression in
response to TNF treatment in SMCs

Recently, Hassa et al. [37] reported that PARP-1 directly interacts with p300/CBP and that
such an interaction results in the acetylation of PARP-1 at specific lysine residues. Furthermore,
they suggested that such a relationship is required for NF-κB-dependent transcriptional
activity. Therefore, it became important to determine whether an interaction between PARP-1,
p65 NF-κB, and p300 takes place after TNF treatment in our experimental system. To this end,
A549 cells were transiently co-transfected with expression vectors encoding poly-His-PARP-1
or p65 NF-κB. Cells were then treated for different time intervals after which whole cell extracts
were prepared and subjected to a pull-down assay using magnetic nickel beads followed by
immunoblot analysis with antibodies to PARP-1, p65 NF-κB, or p300/CBP. Similar to results
obtained using COS7 cells, NF-κB transiently interacted with PARP-1 (Fig. 4A). Such an
interaction was accompanied by an interaction with p300/CBP (Fig. 4A, bottom panel). The
interaction between PARP-1 and p300/CBP increased with time of treatment. Maximal
interaction between PARP-1 and p300/CBP appeared to take place after that with p65 NF-κB.
These results confirm the reported interaction [37] between the two proteins but show that such
interaction is dynamic in nature.

Given the suggested crucial role of PARP-1 acetylation by p300/CBP in the regulation of NF-
κB-dependent gene expression, we next wished to determine whether p300/CBP-acetylation
activity was important for VCAM-1 expression in PARP-1−/− SMCs. Before conducting these
experiments, we wished to ascertain that the PARP-1 gene deletion did not have a direct effect
on the expression of p300/CBP in SMCs. Fig. 4B shows that the PARP-1 gene deletion indeed
exerted no effect on p300/CBP expression as assessed by immunoblot analysis with antibodies
to p300/CBP, which is consistent with those reported for fibroblasts [37]. We next examined
the effect of the inhibition of p300/CBP-acetylation activity by curcumin, a specific inhibitor
of the enzyme, on VCAM-1 expression in VCAM-1 Wt and PARP-1−/− SMCs. Cells were
treated with TNF for 2 or 4 h in the presence or absence of curcumin after which total RNA
was extracted and subjected to cDNA generation followed by an assessment of mRNA by real-
time PCR. Fig. 4C shows that the inhibition of p300/CBP enzymatic activity completely
abrogated the ability of TNF to induce VCAM-1 expression in Wt SMCs, consistent with a
recent report using human tracheal SMCs [38]. The PARP-1 gene deletion, however, exerted
little to no effect on the ability of curcumin to modulate VCAM-1 expression after TNF
treatment. These results clearly show that the interaction between PARP-1 and p300/CBP and
the subsequent acetylation of PARP-1 are not necessary for VCAM-1 expression.

DISCUSSION
Evidence for the expression of ICAM-1 and VCAM-1 in SMCs in inflammatory diseases, such
as arthrosclerosis and asthma, is mounting [1,2]. The exact roles for the expression of such
adhesion molecules are not fully understood, although it has been suggested that such
expression facilitates transmigration and accumulation of leukocytes at inflammatory sites
[39,40]. The expression of these adhesion molecules in SMCs was described as prominent in
the fibrous caps of advanced atherosclerotic plaques in human specimens and was also
associated with disease severity [6]. Similarly, expression of both ICAM-1 and VCAM-1 by
SMCs in response to several inflammatory factors within airways has been described in animal
models of asthma [7,39]. In many of these inflammatory situations, the expression of adhesion
molecules is induced by cytokines, such as TNF, which are released by a number of immune
and structural cells, including T lymphocytes, macrophages, as well as epithelial and
endothelial cells [1].

For many years, VCAM-1 and ICAM-1 have been described as closely related in their
mechanisms of regulation given the number of similarities in the regulatory sequences of their
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respective promoters, with NF-κB exerting a dominant role [41–44]. NF-κB has been shown
to bind to the promoter regions of both ICAM-1 and VCAM-1 to drive their expression [12,
35,43,45]. Inhibition of NF-κB activation, pharmacologically, by gene knockout, or through
expression of dominant-negative mutants of I-κBα or I-κB kinase has been shown to hinder
the expression of these adhesion molecules [43,46,47]. Initially, it was considered that PARP-1
may indiscriminately regulate all NF-κB-dependent genes and that its inhibition by gene
knockout compromises the expression of these genes [21,31]. Also, it was also considered that
via mere translocation of NF-κB to the nuclei of cytokine-stimulated cells, NF-κB-regulated
genes would be expressed [45,48]. The results of the present study challenge these two
concepts. PARP-1 may be required for certain NF-κB-regulated gene (e.g., ICAM-1) but not
for all (e.g., VCAM-1). Preliminary results show that the PARP-1 gene deletion prevented the
expression of ICAM-1, but not of VCAM-1, in airway epithelial cells after intranasal
administration of TNF in mice (data not shown), lending additional support to our findings.

Our results show that NF-κB can discriminate between ICAM-1 and VCAM-1 and that
localization of transcription to the nucleus does not necessarily culminate in the activation of
all genes that harbor its consensus sequence within their promoters. Indeed, the kinetics of p65
NF-κB translocation to nuclei of TNF-treated Wt or PARP-1−/− SMCs was very similar.
Interestingly, however, PARP-1 gene deletion appears to affect p65 NF-κB exit from the
nucleus at later time points after TNF treatment (Fig. 2B–C). The mechanism behind such
delay is unclear and is currently under investigation. Kanai et al. very recently reported that
PARP-1 plays an important role in p53 exit from the nucleus as PARP-1-mediated poly(ADP-
ribosyl) ation blocks the interaction between p53 and Crm1 nuclear export receptor, resulting
in nuclear accumulation of p53 [49]. The role of PARP-1 in exit of p53 and p65 NF-κB from
the nucleus appears to involve contrasting mechanisms. Clearly, much experimentation is
needed to clarify the role of PARP-1 in p65 NF-κB exit from the nucleus. It is important to
note, through work by us and others [18, 29, 32, 33], that in response to inducers such as LPS
or H2O2, NF-κB nuclear translocation appears to require PARP-1 expression.

The transient nature of the interaction between PARP-1 and p65 NF-κB is rather interesting.
What regulates this transient interaction is not clear and may involve the enzymatic activity of
PARP-1. Chang and Alvarez-Gonzalez [30] showed that the auto-poly(ADP-ribosyl)ation
reaction catalyzed by PARP-1 facilitates the binding of p50 NF-κB to its consensus DNA
sequence via the inhibition of specific protein-protein interactions between p50 NF-κB and
PARP-1. It is tempting to speculate that similar events take place with p65 NF-κB in TNF-
treated cells. However, a clear assessment of such a relationship remains to be determined.
Hassa et al. reported that such interactions are more stable and independent of DNA [37]. It is
important to note that gene expression is a dynamic event that involves a number of transient
processes which allows regulatory systems to function properly, particularly for inflammatory
genes. An aberration of these processes can lead to uncontrolled expression of these genes,
rendering the environment conducive to chronic inflammation. Recently, Nelson et al. [50]
showed, using single-cell time-lapse imaging and computational modeling of p65 NF-κB
localization, asynchronous oscillations in conditions similar to ours (i.e., TNF treatment). Such
oscillations decreased in frequency with increased I-κBα transcription.

The role of p300/CBP-mediated acetylation in regulating the expression of NF-κB-driven
genes is well established [51]. Our results confirm the critical role of the enzymatic activity of
this protein in VCAM-1 expression. ICAM-1 expression was completely inhibited by curcumin
after TNF treatment in wild-type SMCs (data not shown), which clearly suggests that
expression of these two adhesion molecules is highly dependent on p300/CBP enzymatic
activity. The critical difference between ICAM-1 and VCAM-1 in this context is that ICAM-1
requires PARP-1 expression and VCAM-1 does not. Whether the interaction between p300/
CBP and PARP-1 is required for ICAM-1 is not clear. We do know, however, that the
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interaction between these proteins does take place [37]. Such an interaction was shown to be
critical for the expression of a number of inflammatory genes in lung fibroblasts and
macrophages [37]. Whether the differential requirement for ICAM-1 and VCAM-1 expression
in SMCs is general and operative in all cell types remains to be determined.

The results described above may have great implications in understanding the mechanism(s)
by which adhesion molecules are expressed during the onset of inflammatory diseases and may
provide insight into the observed discrepancies in the expression of their proteins in a number
of conditions, including atherosclerosis [4,5,52,53], asthma [54,55], and autoimmune diseases
[56]. These results may also help in the design of therapeutic strategies that target adhesion
molecules for the treatment of a number of inflammatory diseases. Indeed, initial studies using
monoclonal antibodies or antisense strategies targeted to ICAM-1 in patients with rheumatoid
arthritis or mild to moderate descending ulcerative colitis, respectively, have provided
promising results [57,58]. These results advance our efforts toward presenting PARP-1
inhibition as a viable therapeutic strategy for the treatment of airway and cardiovascular
inflammatory diseases.
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Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Differential expression of ICAM-1 and VCAM-1 in Wt or PARP-1−/− SMCs after TNF
exposure. (A) Isolated SMCs were fixed and subjected to immunofluorescence with antibodies
to smooth muscle actin (α-actin). (B) SMCs derived from Wt or PARP-1−/− mice were
subjected to protein extraction and immunoblot analysis with antibodies to mouse PARP-1 or
actin. (C) Wt or PARP-1−/−SMCs were treated with 15 ng/mL TNF for the indicated time
intervals after which cell extracts were prepared and subjected to immunoblot analysis with
antibodies to mouse ICAM-1, VCAM-1, or actin. (D) SMCs were treated as in (C) but for
shorter time intervals after which total RNA was extracted and subjected to RT-PCR using
primers specific to mouse ICAM-1, VCAM-1, or β-actin. The amplicons were analyzed by
agarose electrophoresis.
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Fig. 2.
Effects of PARP-1 gene deletion on p65 NF-κB nuclear translocation and associated
phosphorylation and degradation of I-κBα. (A) COS 7 cells were transiently transfected with
an expression vector encoding p65 NF-κB tagged with the yellow fluorescent protein (YFP).
Ectopic expression of p65 NF-κB was assessed by immunoblot analysis with antibodies to
YFP. (B) Wt and PARP-1−/− SMCs were transiently transfected with p65 NF-κB-YFP plasmid.
Cells were then incubated in CO2-independent medium and specific SMCs were then identified
using a temperature-controlled inverted fluorescence microscope. TNF was added to the
culture plates and images were then taken at the times indicated. (C) p65 NF-κB nuclear
translocation was quantitated and assessed as the ratios between nuclear and cytosolic
fluorescence in at least 10 cells and expressed as mean ± SEM; *, difference from Wt SMCs
treated with TNF, p < 0.05. (D) Wt and PARP-1−/− SMCs were treated with TNF for the
indicated time intervals after which protein extracts were prepared and subjected to
immunoblot analysis with antibodies to mouse IκBα, phophorylated I-κBα (at serine residues
32 and 36), or actin.
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Fig. 3.
Dependence of VCAM-1 expression on NF-κB in PARP-1−/− SMCs and interaction between
PARP-1 and p65 NF-κB upon TNF exposure. (A) PARP-1−/− SMCs were stimulated with TNF
in the presence of 100 μM PDTC after which expression of VCAM-1 was assessed by RT-
PCR; β-actin was used as an internal control. (B) COS-7 cells were co-transfected with
expression vectors encoding PARP-1 tagged with poly-His and Flag and p65 NF-κB tagged
with c-Myc or with empty vectors. Cells were treated with TNF for the indicated time intervals
after which total protein extracts were prepared and subjected to a nickel bead-based pull-down
assay. Precipitates were then subjected to immunoblot analysis (WB) with antibodies to either
Flag or c-Myc. A portion of the total proteins was subjected to immunoblot analysis to confirm
equal expression of PARP-1 and p65 NF-κB in the different conditions; antibodies to actin
were used to confirm equal loading. (C) A549 cells were transiently co-transfected with
plasmids encoding CFP-PARP-1 and YFP-p65 NF-κB. Cells were then treated with TNF for
15 min. Protein-protein interactions were assessed by FRET analysis using a Leica confocal
microscope. The panels represent CFP, YFP, an overlay of both, or DRAQ5 (nuclear marker),
respectively; the graph shows an average of FRET efficiency [1] detected in 15 cells in addition
to the efficiency of the particular cell shown in the images [2].
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Fig. 4.
Transient interactions between PARP-1 and p300/CBP and the requirement of p300/CBP
acetylation activity for VCAM-1 expression after TNF treatment. (A) A549 cells were co-
transfected with expression vectors encoding PARP-1 tagged with poly-His and p65 NF-κB
or with empty vectors. Cells were treated with TNF for the indicated time intervals after which
total protein extracts were prepared and subjected to a nickel bead-based pull-down assay.
Precipitates were then subjected to immunoblot analysis (WB) with antibodies to PARP-1, p65
NF-κB, or p300/CBP. (B) Protein extracts from Wt or PARP-1−/− SMCs were subjected to
immunoblot analysis with antibodies to p300/CBP PARP-1 or actin. (C) Wt or PARP-1−/−

SMCs were treated with TNF for the indicated time intervals in the presence or absence of 10
μM curcumin, a specific inhibitor of p300/CBP, after which total RNA was extracted and
subjected to cDNA generation followed by real-time PCR analysis using primers specific to
mouse VCAM-1 or β-actin. *, difference from the Wt counterpart, p < 0.05.
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