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1. Introduction

ABSTRACT

Proteasome inhibition has become synonymous with inhibition of NF-«kB activity. However, hyperactive
NF-kB responses often accompany physiological conditions marked by proteasomal defects, i.e.
advancing age, geriatric diseases, and bortezomib resistance. These paradoxical NF-kB responses are
likely to be impervious to proteasomal defects because they stem from atypical NF-kB signaling induced
by upstream mechanisms which are proteasome-independent. While this atypical pathway does not
require proteasome for NF-kB nuclear translocation, a role for proteasome in regulating nuclear NF-«kB
remains unexplored. We now demonstrate that proteasome stringently controls transcription of
inflammatory mediators regulated by this atypical NF-kB pathway. Proteolytic activity of the
proteasome mediates the removal of the NF-kB subunit, p65/RelA, from inflammatory genes, thereby
terminating atypical NF-kB-dependent transcriptional responses. For the first time, we demonstrate that
both 19S and 20S components of the 26S proteasome complex are recruited to an inflammatory gene
promoter; additionally, the 19S and 20S complexes appear to play distinct roles in the negative
regulation of NF-kB-dependent transcription. By demonstrating that proteasome regulates the
termination of atypical NF-kB-dependent transcriptional responses, these studies clearly indicate a
novel, regulatory role for proteasome in atypical NF-kB signaling. Moreover, these results signal a
potential interplay between lowered proteasomal function and increased inflammation and may explain
why inflammation accompanies physiological conditions under which proteasomal function is
compromised, such as during advancing age or following bortezomib treatment. Given this role for
proteasome in inflammation resolution, restoration of proteasome function may constitute a novel
mechanism for intervening in chronic inflammatory diseases.

© 2009 Elsevier Inc. All rights reserved.

Additionally, proteasomal degradation of transcriptionally active
p65/RelA promotes the prompt termination of NF-kB responses

As a principal regulator of inflammatory and immune response
genes, the NF-kB/Rel family encompasses five transcription
factors, p65/RelA, cRel, RelB, p50, and p52 [1]. NF-kB/Rel proteins
are sequestered in the cytoplasm of unstimulated cells in an
inactive form through its association with a member of the
inhibitory protein (IkB) family. In the canonical pathway of NF-kB
induction, IkBs are phosphorylated at two amino-terminal serines,
thus targeting them for polyubiquitination and subsequent
proteasomal degradation. IkB degradation enables NF-kB to
translocate to the nucleus and bind target genes, including IxBa.
NF-kB-dependent resynthesis of IkBaw promotes a negative feed-
back loop which is designed to terminate NF-kB signaling.
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[2]. Collectively, these mechanisms comprise the dominant
mechanisms for shutting off canonical NF-kB-dependent tran-
scriptional responses. Presently, it remains unclear if these
negative regulatory mechanisms contribute to signal inactivation
in additional NF-kB induction pathways.

Although it is lesser-known, the atypical NF-kB pathway is a
phospho-tyrosine dependent pathway that is generally associated
with redox stimuli such as H,0,, pervanadate and hypoxia/
reoxygenation, as well as various growth factors, including ciliary
neurotrophic factor (CNTF), epidermal growth factor (EGF), and
nerve growth factor (NGF) [3-11]. Upstream signaling within this
pathway culminates in tyrosine phosphorylation of IkBa followed
by its dissociation from NF-kB without the involvement of the
proteasome [3,4]. While mechanisms associated with tyrosine
phosphorylation of IkBa have been studied extensively, few
studies have focused on the mechanisms which terminate atypical
NF-kB-dependent transcription. Recent studies have highlighted a
role for IkBa resynthesis but further clarification is required to
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determine if it has the same significance in the atypical pathway as
it has in the canonical pathway [12,13]. Additionally, it is unclear if
the atypical pathway employs proteasomal degradation of nuclear
p65/RelA as a mechanism for down-regulating NF-kB activity.

Based primarily on in vitro studies, NF-kB induction by tyrosine
phosphorylation of IkBa appears to be a vital cellular response to
acute events, such as ischemia/reperfusion and hypoxia/reoxy-
genation [3,5,14,15]. As for its role in chronic, pathological
conditions, studies have linked tyrosine phosphorylation of IkBa
to the development of inflammatory-osteolytic arthritis and HCV-
related hepatocellular carcinoma [16,17]. Furthermore, atypical
pathways of NF-kB induction have recently been implicated in the
chronic activation of NF-kB which accompanies aging [18].
However, given the paucity of information on this pathway’s
negative regulatory mechanisms, it is unclear if these chronic
conditions are the result of excessive induction of NF-kB and/or
insufficient termination of NF-kB activity.

Distinct from its tyrosine phosphorylation-dependent mechan-
isms, the atypical pathway has the hallmark of being a protea-
some-independent mechanism of NF-kB induction. This is quite
significant because proteasome inhibition has become synon-
ymous with inhibition of NF-kB activity. For example, the
proteasome inhibitor PS-341 (Velcade/bortezomib) is currently
being used in the treatment of multiple myeloma, with the
therapeutic benefit of bortezomib partly attributed to its ability to
block NF-kB induction [19,20]. Paradoxically, many reports have
described the development of inflammatory symptoms and
increases in serum levels of pro-inflammatory cytokines following
administration of bortezomib [21-23]. As suggested recently,
complications and resistance to bortezomib treatment may stem
from NF-kB signaling induced by proteasome-independent
mechanisms [24]. As yet, there have been few studies, if any,
which have proposed that proteasome inhibition might further
impact the termination of these atypical NF-kB responses. Hence,
we explored the effects of proteasome inhibition on NF-kB-
mediated, inflammatory gene transcription induced by upstream
mechanisms which are both proteasome-independent and phos-
pho-tyrosine dependent.

We now demonstrate that proteasome stringently controls
transcription of inflammatory mediators regulated by the atypical
NF-kB pathway. Proteolytic activity of the proteasome mediates
the removal of the NF-kB subunit, p65/RelA, from inflammatory
genes, thereby terminating atypical NF-kB-dependent transcrip-
tional responses. Both the 19S and 20S components of the 26S
proteasome complex are recruited to an inflammatory gene
promoter, but appear to play distinct roles in the negative
regulation of NF-kB-dependent transcription. Our results uncover
a novel role for the proteasome in NF-«kB signaling induced by
upstream mechanisms which are both proteasome-independent
and phospho-tyrosine dependent. Finally, our study provides a
molecular basis for the hyperactive NF-kB responses accompany-
ing physiological conditions marked by proteasomal dysfunction,
i.e. advancing age, geriatric diseases, and bortezomib resistance.

2. Materials and methods
2.1. Reagents

Phospho-tyrosine antibody was obtained from Cell Signaling
Technology (Danvers, MA). FK2 (Anti-Ubiquitin), Sugl and 20S
proteasome antibodies were purchased from Biomol (Plymouth
Meeting, PA). Phospho-specific IkBa (Tyr-42) was purchased from
ECM Biosciences (Versailles, KY). All other antibodies were from
Santa Cruz Biotechnology (Santa Cruz, CA). Enhanced Chemilu-
minescence reagents were from Amersham (Arlington Heights, IL).
All fine chemicals, unless otherwise mentioned, were obtained

from Sigma Chemical Company (St. Louis, MO). Electrophoresis
supplies and molecular weight standards were from BioRad
(Richmond, CA). Aclacinomycin (Acla), Lactacystin (Lacta), and
PSI-1 were from Calbiochem (La Jolla, CA). MG132 was obtained
from Sigma Chemical Company (St. Louis, MO). Murine TNFax was
purchased from R&D Systems (Minneapolis, MN). SN50 peptide
was obtained from Biomol (Plymouth Meeting, PA).

2.2. Cell culture

Bone marrow derived stromal cell line **LDA.11 were
maintained in DMEM medium supplemented with 2 mM gluta-
mine, 100 units/mL penicillin, 100 pg/mL streptomycin, and 10%
fetal bovine serum. ILU-18 clone was derived from **LDA.11
parental line which was stably transfected with a murine IL-6
minigene designated ILU, containing the entire IL-6 promoter and
first intron, including the 3'UTR [25]. Both **LDA.11 and ILU-18
cells were kindly provided by Dr. Charles O’Brien (UAMS, Little
Rock, AR). Murine embryonic fibroblasts (MEF) were obtained from
p65~/~ and p50 ' mice and were maintained in DMEM
supplemented with 10% FBS.

2.3. RNA interference

siRNA duplexes targeting murine Sugl or 35 were purchased
from Santa Cruz Biotechnology (Santa Cruz, CA). ILU-18 cells were
seeded one day before transfection at a density of 75,000 cells per
well. Cells were transfected with either control siRNA or Sug1/s
siRNA using Lipofectamine 2000 (Invitrogen Corporation, Carlsbad,
CA) according to the manufacturer’s instructions. Cells underwent
transfection twice in 72 h; thereafter cells were either harvested
for protein extraction or appropriately stimulated for analysis by
luciferase reporter assay.

2.4. Hypoxia/reoxygenation

ILU-18 cells were seeded at a density of 1 x 10° cells/well and
plated in medium supplemented with 10 mM Hepes. Cells were
subjected to hypoxia (H) by incubating at 37 °C for 6 hin an airtight
chamber equilibrated with 5% CO, and 95% N,. Cells then
underwent reoxygenation (R) by exposure to atmospheric oxygen
(21% 0,) at 37 °C for 18 h. Control cells were maintained at 5% CO,
in atmospheric oxygen.

2.5. Western blotting

Cytosolic lysates were prepared as described previously [26].
Protein content of cytosolic extracts was determined using BioRad
protein assay. Cell lysates equalized for protein (30 g) were
resolved by SDS-polyacrylamide gel electrophoresis (PAGE),
transferred to nitrocellulose, immuno-blotted with specific anti-
body/s, and detected using anti-IgG coupled to horseradish
peroxidase followed by Enhanced Chemiluminescence, per man-
ufacturer’s instructions (ECL, Amersham).

2.6. RT-PCR

Total RNA was isolated using TRIzol Reagent (Invitrogen
Corporation, Carlsbad, CA). Four microgram of RNA per sample
was used in the reverse transcription reaction. The resultant cDNA
was amplified using PCR. The resulting PCR products were
resolved by 2% agarose gel electrophoresis and visualized by
ethidium bromide staining. Gene-specific primers for murine IL-6
and B-ACTIN were designed by Primer3 employing sequences
obtained from GenBank [27]. B-Actin was used as a loading
control.
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2.7. Quantitative PCR

Four micrograms of RNA per sample was used in reverse
transcription reaction; resulting cDNA was diluted to 100 pL and
used in subsequent real-time PCR reactions. Real-time fluores-
cence detection was carried out using BioRad iCycler PCR system.
Reactions were performed in micro 96-well reaction plates using
12.5 uL of SYBR Green Master Mix (SuperArray Biosciences
Corporation), forward and reverse primers (0.3 nmol each), and
cDNA (3 L) in a final volume of 25 L. Amplification parameters
were denaturation at 95 °C for 10 min followed by 40 cycles at
95 °C for 30s and 60 °C for 70 s. No template containing wells
served as negative control. Samples were analyzed in duplicate,
and murine [3-actin was used as a housekeeping gene control. Fold
induction was calculated after normalization to murine (3-actin
using the AAGy method. Dissociation curves indicated that each
reaction consisted of a single reaction product. Primer sequences
are available upon request.

2.8. Chromatin immunoprecipitation assay

The chromatin immunoprecipitation (ChIP) assay was per-
formed with the ChIP assay kit (Upstate Biotechnology, Lake Placid,
NY) according to the manufacturer’s protocol. Briefly, untreated or
treated ILU-18 cells were subjected to cross-linking with 1%
formaldehyde at 37 °C for 10 min, followed by cell lysis using SDS
lysis buffer (1% SDS, 10 mM EDTA, 50 mM Tris-HCIl - pH 8.1, and
protease inhibitors). Sonication was used to shear the genomic
DNA into fragments with an average size of ~500 bp which were
then diluted 10-fold in ChIP dilution buffer. After removing an
aliquot for evaluation as input DNA, the lysates were pre-cleared
with Salmon Sperm DNA/Protein G Agarose. The pre-cleared
lysates were immunoprecipitated with the appropriate antibody
by overnight incubation and immune complexes were precipitated
with Salmon Sperm DNA/Protein G Agarose. The precipitates were
washed sequentially with buffers, including low salt wash buffer,
high salt wash buffer, LiCl wash buffer, and TE buffer. Antibody-
DNA complexes were eluted twice with extraction buffer (100 mM
NaHCOs, 1% SDS, 20 pg yeast tRNA). The eluates were heated
overnight at 65 °C to dissociate the cross-linking. Genomic DNA
fragments were extracted and purified by phenol:chloroform
extraction and ethanol precipitation before proceeding to detec-
tion of specific chromatin fragments by PCR. Using primer
sequences previously published, the amplification conditions were
94 °C for 45 s, 60 °C for 1 min, and 72 °C for 1 min for 30-36 cycles.
PCR products were analyzed by 3% agarose gel electrophoresis and
stained with ethidium bromide.

ChIP assay employing quantitative real-time PCR (using the SYBR
Green Master mix in the BioRad iCycler PCR system) was performed
on the immunoprecipitated DNA which was obtained as described
above. Fold differences represent Anti-Ubiquitin (FK2) ChIP relative
to control ChIP, where control ChIP was performed on untreated
cells using Anti-Ubiquitin antibody for the immunoprecipitation.

Fold differences were calculated as follows: 2[AC{“™™) — ACF¥?)],

where ACy = C{{mmunoprecipitated sample) _ <(nPWY) 'Each treatment con-
dition was quantitated in duplicate on at least two separate
occasions, and from at least two independent immunoprecipita-
tions, to give a minimum of four independent quantitations.

2.9. Luciferase reporter assay

ILU-18 cells, with or without pretreatment, were activated with
pervanadate (100 wM) for 18 h at 37 °C. Utilizing a Luciferase
Reporter assay kit (Promega, Madison, WI), lysates were prepared
with Reporter lysis buffer followed by repeated freezing and

thawing. Protein content was determined by BioRad assay. Per the
supplier’s protocol, 50 g cell extract was combined with 100 pL
of the luciferase assay reagent at room temperature and analyzed
by a luminometer.

2.10. IL-6 ELISA

After addition of the stimuli, cells were incubated for 4, 8, or
24 h and then the culture supernatants were collected and frozen.
Assays for murine IL-6 were performed with an enzyme-linked
immunosorbent assay kit (eBioscience, San Diego, CA) according to
the manufacturer’s instructions.

2.11. Statistical analyses

Data were analyzed using Student’s t-test. Differences were
considered significant, if p < 0.05.

3. Results

3.1. Proteasome function is required for down-regulating pro-
inflammatory IL-6 secretion induced by phospho-tyrosine dependent
mechanisms

Our fundamental understanding of the interplay between
tyrosine phosphorylation and NF-kB activation is principally
derived from studies employing pervanadate, a tyrosine phospha-
tase inhibitor [4,5]. Therefore, we utilized pervanadate (PV) and
the proteasome inhibitor, Aclacinomycin, to analyze the effects of
proteasome inhibition on IL-6 secretion induced by the activation
of cellular tyrosine kinases. We focused on IL-6 secretion by
murine stromal cells because flow cytometric bead array analysis
highlighted IL-6 as a pro-inflammatory cytokine that is highly
sensitive to the combined treatment of proteasome inhibitor
pretreatment and PV-stimulation. As depicted in Fig. 1, pretreat-
ment with proteasome inhibitor significantly increased IL-6
production induced by PV, regardless of treatment duration. As
a control, we measured IL-6 in the supernatant of cells undergoing
pretreatment with proteasome inhibitor followed by TNF-a
treatment. As expected, pretreatment with proteasome inhibitor
significantly blocked TNF-a-mediated IL-6 production. Based on
these results, proteasome appears to function as a negative
regulator of pro-inflammatory IL-6 secretion induced by the
activation of cellular tyrosine kinases.
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Fig. 1. Proteasome function negatively regulates pro-inflammatory IL-6 secretion
induced by PV. ILU-18 cells were either left untreated or pretreated with 0.25 uM
Aclacinomycin for 2 h. At the end of 2 h, cells were activated with TNFa (20 ng/mL)
or pervanadate (100 wM) for 4, 8, or 24 h and supernatants were collected.
Supernatants were analyzed by murine IL-6 ELISA kit per manufacturer’s protocol.
Values presented are mean =+ standard error from a minimum of three independent
experiments and were adjusted for basal (control unstimulated cells) IL-6 secretion
(338 pg/mL). Statistically significant differences are denoted by asterisks (**).
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Fig. 2. Proteasome limits IL-6 gene transcription mediated by NF-«kB subunit, p65. (A) ILU-18 cells were either pretreated with SN50 (18 wM) for 1 h or left untreated. At the
end of 1 h, these cells were either exposed to PV (100 M) or left untreated for 18 h. At the end of 18 h, cell lysates were obtained and luciferase activity was determined
employing the Promega luciferase assay kit. For panels (A, C, D and E), fold induction represents a ratio of luciferase activity obtained in treatment-induced to that of untreated
cells. Data represents mean =+ standard deviation from four independent experiments, following normalization. Statistically significant differences are denoted by asterisks (**). (B)
Murine embryonic fibroblasts (p50~/~ and p65~/-), either untreated (UN) or treated with PV (100 M) for 4 h with or without pretreatment with Acla (0.25 wM) for 2 h were used to
isolate total RNA. Equal amounts of RNA were analyzed by RT-PCR. 3-Actin was used as a loading control. (C) ILU-18 cells were either pretreated with Aclacinomycin (0.25 wM) or
left untreated. At the end of 2 h, cells were stimulated with PV (100 M) for 18 h or left untreated. Lysates obtained were evaluated for luciferase activity. (D) ILU-18 cells were
pretreated with either MG132 (1 wM) or PSI-1 (20 wM) for 2 h or left untreated. At the end of 2 h, cells were activated with PV (100 wM) for 18 h. Cells treated with MG132 or PSI-1
for 20 h served as controls. Lysates obtained were evaluated for luciferase activity. (E) ILU-18 cells were either pretreated with 0.25 M Acla or left untreated. At the end of 2 h, cells
were subjected to hypoxia (H). Cells underwent reoxygenation (R) for 18 h, either in the presence or absence of 0.25 M Acla. This resulted in the following samples: H/R, Acla + H/R,
and H + Acla/R. Lysates obtained were evaluated for luciferase activity.

3.2. NF-kB subunit, p65, mediates IL-6 transcription induced by In p65~/~ MEFs, IL-6 expression was not induced by PV, regardless
phospho-tyrosine dependent mechanisms and may be a target of the of proteasome inhibition. In contrast, p50~/~ MEFs responded to PV
26S proteasome by inducing transcription of IL-6. Thus, nuclear translocation and

activity of the NF-kB subunit, p65, is necessary for PV-mediated
To establish a role for NF-kB in PV-mediated IL-6 expression, we expression of IL-6.

again utilized the ILU-18 cell line because it is stably transfected To further address the possibility that proteasome activity
with a murine IL-6 luciferase minigene. To evaluate this, cells were negatively regulates the role of nuclear NF-kB, we then determined
pretreated with the NF-kB-specific inhibitor, SN50 (inhibits the effect of proteasome inhibition on IL-6 reporter activity
nuclear translocation of NF-kB), before activation with PV. As induced by atypical, NF-kB stimuli. Regardless of the proteasome
depicted in Fig. 2A, pretreatment with SN50 inhibited PV-induced inhibitor employed in the pretreatment, a significant increase in
IL-6 reporter activity, indicating that PV-induced IL-6 expression is PV-induced IL-6 reporter activity was observed (Fig. 2C and D).
dependent upon nuclear translocation of NF-kB. To show Similar results were obtained when siRNA to proteasome catalytic
conclusively that NF-kB is instrumental in PV-mediated transcrip- subunit, 35, was employed (Fig. 6C); this further confirms that
tion of IL-6, we employed murine embryonic fibroblasts lacking catalytic activity of the proteasome plays a vital role in down-
either the NF-kB subunit, p65, or the NF-kB subunit, p50 (Fig. 2B). regulating PV-induced IL-6 reporter activity. To determine
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whether proteasome inhibition accentuated IL-6 reporter activity
induced by yet another atypical stimulus, we carried out hypoxia/
reoxygenation (H/R) in ILU-18 cells (Fig. 2E). Data presented in
Fig. 2E demonstrates that similar to PV, H/R-induced IL-6 is up-
regulated by proteasome inhibition, irrespective of the timing of
inhibition (i.e. either before or after hypoxia). A priori, these results
suggest that the proteasome limits NF-k B-mediated, inflammatory
gene transcription induced by phospho-tyrosine dependent
mechanisms.

3.3. Aclacinomycin specifically targets the catalytic activity of the
proteasome without disrupting PV-induced tyrosine phosphorylation
of cellular proteins, including IkBa

Before examining the precise mechanisms by which protea-
some down-regulates atypical NF-kB transcriptional responses,
we verified the cellular effects of the proteasome inhibitor,
Aclacinomycin. By employing an active-site directed chemical
probe (Biomol), we confirmed that Acla specifically inhibits
chymotryptic activity by targeting (s subunits of the 26S
proteasome (Supplementary Fig. S1). Additionally, PV-treatment,
even in the presence of Acla, resulted in robust tyrosine
phosphorylation of cytosolic proteins (Fig. 3A). Correspondingly,
tyrosine phosphorylation of IkBa (Tyr-42) induced by PV was
unaffected by pretreatment with proteasome inhibitor (Fig. 3B).
Thus, in the process of targeting the chymotryptic activity of the
proteasome, Acla does not interfere with the PV-mediated
inhibition of tyrosine phosphatases and/or activation of tyrosine
kinases which regulates tyrosine phosphorylation of IkBa.

3.4. Proteasome limits association of p65/RelA with the IL-6 promoter
to terminate atypical, NF-kB-dependent transcriptional responses

In the canonical pathway, proteasome terminates NF-kB
transcription by mediating the timely removal of p65/RelA from
the promoters of target genes [2]. To delineate if proteasome
exploits a similar mechanism to terminate atypical, NF-kB
transcriptional responses, NF-kB was induced with PV in cells
deficient or sufficient in proteasome activity, and then ChIP assay
was performed with an antibody to p65. At the IL-6 promoter,
inhibition of the proteasome results in the enhanced retention of
p65 at 4 h post-activation (Fig. 4A). Pretreatment with proteasome
inhibitor does not appear to alter the kinetics with which NF-kB is
recruited to the IL-6 promoter because, both in the absence and
presence of proteasome inhibitor, p65 was not detected at the
promoter upon 2 h PV-activation (Fig. 4A). Furthermore, p65 is
found at the IL-6 promoter as late as 8 h post-activation when
proteasome is inhibited (Fig. 4A). Since p65 is persistently bound
only when proteasome is inhibited, these results indicate that
proteasome regulates the timely removal of p65 from the
promoter.

An inability to remove promoter-associated p65 is likely to
impact IL-6 expression because, as determined by mRNA analysis
of p65~/~ and p50~/~ MEFs, the NF-kB subunit, p65, is absolutely
required for PV-induced IL-6 expression (Fig. 2B). Consequently,
we deduced that IL-6 expression would be significantly affected by
the dysregulation in p65 transactivation accompanying protea-
some inhibition. As predicted, IL-6 transcript levels analyzed by
qPCR were enhanced and more persistently up-regulated by PV in
ILU-18 cells deficient in proteasome activity (Fig. 4B and C).
Moreover, the enhanced expression of IL-6 detected in the
presence of proteasome inhibitor was not attributable to post-
transcriptional mechanisms (Supplementary Fig. S2). Collectively,
these data demonstrate that removal of p65 from target promoters
by the proteasome results in the termination of atypical NF-kB
transcriptional responses.
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Fig. 3. Pretreatment with proteasome inhibitor, Aclacinomycin, does not modulate
PV-induced tyrosine phosphorylation. (A) ILU-18 cells were treated with PV
(100 wM) for 2 h, with or without prior treatment with Acla (0.25 wM) for 2 h. At
the end of incubation, cells were washed and cell lysates prepared. As controls, cell
lysates were made from ILU-18 cells left untreated or treated for 4 h with 0.25 uM
Aclacinomycin alone. Lysates, equalized for protein, were analyzed by
immunoblotting using an antibody specific to phospho-tyrosine residues.
Molecular weights derived from standards are indicated in kDa. (B) ILU-18 cells
were treated with PV (100 wM) for 20 min, with or without prior treatment with
Aclacinomycin (0.25 wM) for 2 h. At the end of incubation, cells were washed and
cytosolic lysates prepared. As controls, cell lysates were made from ILU-18 cells
either left untreated or treated for 140 min with 0.25 wM Aclacinomycin alone.
Lysates, equalized for 30 pg protein, were resolved using SDS-PAGE, followed by
Western blotting using both antibodies to IkBa and phospho-IkBa (Tyr-42) and
ECL. After stripping, the blot was reprobed with anti-f3-actin to demonstrate equal
loading.

3.5. Proteasomal regulation of promoter-associated p65/RelA limits
inflammatory gene transcription induced by PV

Having established a distinct role for the proteasome in
enhanced and persistent retention of p65 at the IL-6 promoter,
we next tested the role for proteasome at additional NF-kB target
genes, i.e. MCP-1, IkBa, and COX-2. At the kB site in the MCP-1
enhancer, proteasome inhibition prior to PV-treatment negatively
impacted p65 binding by decreasing p65 association with the MCP-
1 enhancer (Fig. 5A). In contrast, proteasome inhibition prior to PV-
treatment modestly enhanced p65 associated with the IxBo
promoter (Fig. 5A). Most important, pretreatment with protea-
some inhibitor elicited results at the COX-2 promoter which are
similar to those observed at the IL-6 promoter, as inhibition of the
proteasome significantly enhanced p65 association with the COX-2
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Fig. 4. Proteasome limits association of p65/RelA with the IL-6 promoter to terminate atypical, NF-kB-dependent transcriptional responses. (A) ILU-18 cells were either
untreated or treated with PV (100 wM) for 2, 4, and 8 h, with (+) or without (—) pretreatment with Acla (0.25 wM) for 2 h. ChIP assay employing anti-p65 was performed using
immunoprecipitated DNA amplified with primers specific for the IL-6 promoter region. ChIP assay employing a-HA (irrelevant antibody) in cells treated with Acla + PV served
as a specificity control. Input samples are representative data generated from sonicated DNA fragments not subjected to immunoprecipitation and analyzed by PCR
amplification with IL-6 promoter primers. (B and C) Equal amounts of RNA were analyzed by real-time PCR detection, after isolation of total RNA from ILU-18 cells treated
with TNFa (20 ng/mL) or Acla (0.25 uM) for 4 h, or PV (100 wM) for 4 h with or without pretreatment with Acla for 2 h (B). Data obtained following 8 h treatment regimen
with PV (100 wM), with or without pretreatment with Acla (0.25 wM) for 2 h is presented as fold induction in (C). Fold induction represents treatment-induced IL-6
expression relative to basal IL-6 expression by untreated cells; data represents results from two independent experiments. Statistically significant differences are denoted by

asterisks (**).

promoter (Fig. 5A). Accordingly, this increase in retention of p65 at
the COX-2 promoter led to an up-regulation in COX-2 transcript
levels, as confirmed by qPCR (Fig. 5B). Thus, despite the selectivity
with which proteasome targets p65/RelA at NF-kB-regulated
promoters, proteasomal regulation of promoter-associated p65
clearly limits inflammatory transcription induced by PV.

3.6. To negatively regulate PV-induced, IL-6 transcription,
both 19S and 20S components of the 26S proteasome are
recruited to the IL-6 promoter

To provide additional evidence for proteasomal involvement in
the transcriptional regulation of NF-kB, we next determined if 195
and 20S components of the 26S proteasome directly associate with
the IL-6 promoter, and compared their recruitment with that of
p65, by employing ChIP assays on the IL-6 promoter in vivo. As
depicted in Fig. 6A, enhanced recruitment of 20S occurred upon4 h
PV-activation, and coincided with the observation of decreased
p65 binding at the IL-6 promoter (Fig. 4A). Unexpectedly,
inhibition of proteasome catalytic activity interfered with the
recruitment of the 20S catalytic core to the IL-6 promoter (Fig. 6A).
Given this defective recruitment of the 20S catalytic core, we
determined if an accumulation of ubiquitinated proteins are
associated with the promoter when proteasome is inhibited. For
these analyses, we performed qChIP assay using an immunopre-
cipitating antibody specifically recognizing mono- and poly-
ubiquitinated proteins, but not free ubiquitin. As depicted in
Fig. 6B, proteasome inhibition is accompanied by a significant
increase in mono- and poly-ubiquitinated proteins at the IL-6
promoter upon 4h PV-activation (Fig. 6B). Re-ChIP analysis,
employing first an antibody directed at p65 followed by an
antibody which recognizes mono- and poly-ubiquitinated pro-

teins, revealed that p65 is among the promoter-associated factors
which are retained when proteasome is inhibited (Supplementary
Fig. S3). As added proof that p65 undergoes signal-induced
ubiquitination, immunoprecipitation of p65 confirmed that
ubiquitinated p65 accumulates following combined exposure to
PV and Aclacinomycin (proteasome inhibition) (Supplementary
Fig. S4). Altogether, these results suggest that the activity of the
20S catalytic core must be intact if it is to be properly recruited to
degrade ubiquitinated, promoter-associated proteins, such as p65/
RelA.

In contrast to the 20S catalytic core, enhanced association of
the 19S proteasome subunit, Sug1, occurred when proteasome
was inhibited and this recruitment corresponds with the
increased p65 binding observed upon proteasomal inhibition
(Fig. 6A). Since the 19S and 20S components appeared to fulfill
distinct roles at the IL-6 promoter, we determined if both
components negatively regulate IL-6 transcription induced by
PV, by employing siRNA. Transient transfection of either 35 or
Sugl siRNA led to up-regulation of PV-induced IL-6 reporter
activity (Fig. 6B and C). Thus, both 20S and 19S components of the
26S proteasome function as negative regulators of PV-induced
IL-6 transcription.

3.7. To effectively terminate NF-kB activity, proteasome activity must
be intact upon PV-stimulation

To gain further insight into proteasomal inhibition of NF-kB
activity, we performed IL-6 reporter activity assay in which the
addition of Acla was staggered relative to the addition of PV.
Results depicted in Fig. 7 demonstrate that the maximum up-
regulation of NF-kB responses is observed only if inhibition of
proteasome activity precedes exposure to PV.
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Fig. 5. Proteasomal regulation of promoter-associated p65/RelA limits
inflammatory gene transcription induced by PV. (A) ILU-18 cells were either
untreated or treated with PV (100 wM) for 2 and 4 h, with or without pretreatment
with Acla (0.25 wM) for 2 h. ChIP assay employing anti-p65 was performed using
immunoprecipitated DNA amplified with primers specific for the promoter region
of the genes, MCP-1, IkBa, and COX-2. ChIP assay employing a-HA (irrelevant
antibody) in cells treated with Acla + PV served as a specificity control. (B) Total RNA
was extracted from ILU-18 cells treated with TNFa (20 ng/mL) or Acla (0.25 M) for
4 h or PV (100 pM) for 4 h with or without pretreatment with Acla for 2 h. Equal
amounts of RNA were analyzed by real-time PCR. Fold induction represents
treatment-induced COX-2 expression relative to basal COX-2 expression in
untreated cells; representative data from two independent experiments are
presented. Statistically significant differences are denoted by asterisks (**).

4. Discussion

Proteasomal regulation of NF-kB induction has been a subject of
intense investigation, however, the molecular link between
proteasome and NF-kB down-regulation remains to be resolved,
particularly as it relates to the dynamics and prevalence of
proteasomal regulation. Unlike IkBa resynthesis, proteasome has
not been recognized as a global mechanism for the termination of
NF-kB-dependent transcription because its role has only been
examined in studies employing activators of the NF-kB canonical
pathway, i.e. TNFa and LPS [2,28]. Consequently, this study sought
to advance our knowledge of proteasome and NF-«kB down-
regulation by exploring the role of proteasome in the termination
of NF-kB-mediated transcription induced by atypical stimuli.

The results of our study reveal that pervanadate, a protein
tyrosine phosphatase inhibitor, potently induces NF-kB-depen-
dent genes, particularly IL-6. Additionally, we now demonstrate
that the inhibition of proteasome catalytic function leads to a
significant enhancement in PV-induced IL-6 transcription and
secretion. Moreover, these sustained IL-6 responses obtained with
PV following proteasome inhibition occur as a result of
transcriptional up-regulation mediated by the NF-«kB subunit,
p65. Finally, we show for the first time that the catalytic activity of
the 20S proteasome complex directly terminates NF-kB tran-
scription induced by tyrosine phosphorylation-dependent
mechanisms.

Our identification of a molecular link between lowered
proteasomal function and increased inflammatory IL-6 induction
has particular significance from an aging perspective because it

suggests a possible connection between two well-established
aging phenomena: proteasome inhibition and up-regulation of
pro-inflammatory cytokine induction. During advancing age, low-
grade inflammation is implicated in a spectrum of age-associated
diseases whose onset and course are influenced by pro-inflam-
matory cytokines, i.e. cardiovascular disease, osteoporosis, arthri-
tis, Alzheimer’s disease, and frailty [29]. Amongst the pro-
inflammatory cytokines elevated with age, IL-6 has gained
notoriety as the ‘“cytokine for gerontologists” because studies
consistently describe an age-related increase in IL-6 serum
concentration [30]. Concomitant to up-regulation in levels of IL-
6, an age-related decline in proteasomal function has been
reported in myriad mammalian tissues, including liver, heart,
lymphocytes, muscle, and neuronal and epidermal cells [31,32].

While there is no evidence of a direct molecular link between
proteasomal defects and increased IL-6 expression during aging,
proteasome inhibition has been reported to induce a pro-
inflammatory response by activating transcription of pro-inflam-
matory mediators [33,34]. By employing antioxidants, these
studies concluded that proteasome inhibition elevated levels of
reactive oxygen species that in turn functioned as the regulatory
mechanism underlying inflammation. Contrary to these reports, in
our system, proteasome inhibition alone did not induce a pro-
inflammatory response, i.e. marked up-regulation of IL-6. Corre-
spondingly, we did not observe an increase in reactive oxygen
species following treatment with Aclacinomycin (data not shown).
Therefore, we propose that dysregulation in proteasome function
does not represent the driving force in age-associated inflamma-
tion but is instead a contributing factor.

The predominant mechanism underlying induction of inflam-
matory genes during advancing age remains unclear, however,
possible mechanisms can be deduced by virtue of NF-kB-
dependent regulation of these inflammatory genes. A role for
NF-kB in these processes is supported by evidence of age-
associated increases in constitutive nuclear NF-kB activity in rat
liver, cardiac muscle, and hippocampus, as well as epidermis and
major lymphoid organs, such as spleen and bone marrow, of aged
mice [35-38]. As for the mechanism by which NF-kB becomes
activated, redox regulation is considered as a major determinant of
constitutive NF-kB activity in aged rodents. For example, a murine
model of aging established that endogenous IL-6 promoter activity
increases with age and that altered redox regulation profoundly
influenced the endogenous IL-6 gene transcription [39]. Addition-
ally, studies have attempted to determine if the constitutive
activation of NF-kB accompanying aging is also derived from
alterations in NF-kB response termination. Thus far, IkB synthesis
and translation appear unaffected by age [40], indicating that
dysregulation in IkB-mediated down-regulation of NF-kB activity
is probably not significantly contributing to age-related alterations
in NF-kB activity.

To our knowledge, there have been few studies, if any, which
have reasoned that age-associated defects in proteasomal proteo-
lysis might impact down-regulation of NF-kB signaling. However,
given the significant up-regulation in IL-6 induction which we
obtained with proteasome inhibition, we propose that alterations
in proteasome-mediated termination of NF-kB responses are
linked to age-related inflammation. Furthermore, consistent with
the role for redox imbalance in the activation of NF-kB, we
hypothesize that age-associated increases in IL-6 are due to defects
in the proteasome’s ability to terminate oxidant-induced NF-kB
transactivation. Substantiating this hypothesis with in vivo data
presents a considerable challenge. However, as we gain further
insight into genetic and chemical means for restoration of
proteasome function [41], future studies have the potential to
provide direct in vivo evidence that proteasome dysfunction
indeed plays a role in age-associated chronic inflammation.
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Fig. 6. Catalytic core and regulatory subunits of the proteasome are recruited to the IL-6 promoter to negatively regulate PV-induced IL-6 transcription. (A) ILU-18 cells were either
untreated or treated with 100 M PV for 4 h, with or without pretreatment with 0.25 WM Acla for 2 h. ChIP assays employing anti-20S, anti-Sug1, and anti-RNA pol Il were then
performed using immunoprecipitated DNA amplified with primers specific for the IL-6 promoter. ChIP assay employing «-HA (irrelevant antibody) in cells treated with Acla + PV
served as a specificity control. (B) ILU-18 cells were either untreated or treated with 100 M PV for 4 h, with or without pretreatment with 0.25 M Acla for 2 h. ChIP assay
employing Anti-Ubiquitin (FK2) was then performed. Immunoprecipitated DNA was analyzed by quantitative real-time PCR analysis using primers amplifying the promoter
region of IL-6. Fold difference is Anti-Ubiquitin (FK2) ChIP relative to control ChIP (immunoprecipitated DNA from untreated cells). Statistically significant differences are denoted
by asterisks (**). (C) ILU-18 cells were either left untreated or transfected twice in 72 h with either scrambled, 35-specific, or Sug1-specific siRNA. Cells were treated with 100 M
PV for 18 h, following transfection. Fold induction represents normalization of treatment-induced luciferase activity to basal luciferase activity obtained in untreated cells. Data
obtained from at least four replicates are presented as mean =+ standard error. Statistically significant differences are denoted by asterisks (**). (D and E) ILU-18 cells were either left
untreated or transfected twice in 72 h with either scrambled, Bs-specific, or Sug1-specific siRNA. Cells were lysed following transfection and 30 g of each sample was analyzed by
immunoblotting using an antibody specific to 35 (D) or Sug1 (E). After stripping, the blot was reprobed with anti-(3-actin to demonstrate equal loading.

350 Similar to aging, multiple myeloma represents a pathological
condition in which hyperactive NF-kB responses accompany

**.p<0.04 P . . .
300 ** proteasomal inhibition. Based on its resistance to bortezomib,
constitutive NF-kB activity in primary multiple myeloma cells has
E 250 been attributed to proteasome-independent mechanisms of NF-kB
5 activation [24]. As yet, there is no evidence that atypical NF-kB
2 200 responses are involved in additional, bortezomib-related compli-
4 cations. However, despite its purported anti-inflammatory effects,
a 150 1 bortezomib treatment has been reported to induce inflammatory
E 100 symptoms, such as neuropathy and increases in serum levels of
pro-inflammatory cytokines [21-23]. In accordance with our
findings, these symptoms suggest that proteasome inhibitors may

50 - . . . .
serve to amplify rather than prevent inflammation. Therefore, in
0| the long term, increased inflammation may be an unintended

-2h Oh +2h +12h result of proteasome inhibition.

Our study highlights several areas for future studies. Firstly, the
precise function and mode of interaction between the proteolytic
and regulatory components of the 26S proteasome at inflamma-

tory promoters will require further clarification. Secondly, the

Fig. 7. To effectively terminate NF-kB activity, proteasome activity must be intact upon
PV-stimulation. ILU-18 cells were treated with Aclacinomycin and PV in the following
order: simultaneous addition of Acla and PV (0 h); pretreated with Acla followed by PV
(=2 h); pretreated with PV followed by Acla(+2 h); pretreated with PV followed by Acla

(+12 h)(— and + denote time in hours when Acla addition occurred, before (—) or after
(+) addition of PV). Eighteen hours after the addition of PV (100 M), cells were lysed
and analyzed for luciferase activity, as previously described. Data obtained from at least
four independent experiments are presented; values are data means + standard
deviation from the mean. Statistically significant differences are denoted by asterisks (**).

signal(s) mediating recruitment of proteasome to the promoter
remain unknown. Clearly, promoter specificities underlie protea-
somal regulation of NF-kB-mediated transcriptional responses
induced by both atypical and canonical pathways [2]. Thus, as the
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effects of proteasome inhibition appear to be gene specific,
understanding promoter-specific differences in proteasomal
recruitment may further elucidate the underlying mechanisms
which govern its recruitment to NF-kB target genes.

In summary, these studies reinforce the importance of
proteasome in the negative regulation of nuclear NF-kB because
we demonstrate that proteasome regulates the termination of NF-
kB transcription induced by upstream mechanisms which are
both phospho-tyrosine dependent and proteasome-independent.
Correspondingly, our study provides a molecular basis for the
hyperactive NF-kB responses accompanying physiological condi-
tions marked by proteasomal defects, i.e. advancing age, geriatric
diseases, and bortezomib resistance.
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