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Figure 5. Both histone deacetylase (HDAC) and hsp90 inhibition down-regulate LPS-mediated NF-«B activation in HLMVECs. HLMVECs were treated
with LPS (4 h, 10 EU/mI) in the presence or absence of the HDAC inhibitor, trichostatin A (TSA; 1 uM for 1 h) or 17-AAG (5 wg/ml for 16 h). TSA also
blocked the LPS-induced p65 binding to the IKBa promoter (P < 0.5) (A), and prevented the LPS-induced core histone H3 displacement from the IKBa
promoter (*P < 0.01). However, TSA did not prevent the LPS-induced deacetylation of promoter-associated H3 (Lys9) (P < 0.05) (B). ChIP assay
demonstrated that, unlike TSA, 17-AAG blocked both the deacetylation of H3 (Lys9), as well as the displacement of core H3 from the IKBa promoter (C).
However, both HDAC and hsp90 inhibitors block the LPS-induced hypersensitivity of IKBa promoter to microccocal DNase (MNase) (D). The upper panel
in (B) shows the inverted image of a representative PCR-amplified IKBa promoter after partial MNase digestion. The lower panel in (B) depicts means +
SE of three experiments. 17-AAG completely prevented the effect of LPS (**P < 0.01), whereas TSA only partially blocked MNase hypersensitivity.

whether hsp90 inhibition and HDAC
inhibition shared a common mechanism.
The partial micrococcal DNase assay
demonstrated that both 17-AAG and TSA
attenuated LPS-induced DNase
hypersensitivity, albeit to different extents
(Figure 5D). 17-AAG blocked the LPS
effect, whereas TSA produced a partial
attenuation. To determine whether hsp90
inhibition acted via HDAC inhibition, we
sudied the effect of 17-AAG on LPS-
induced HDAC activation. 17-AAG did not
affect LPS-induced HDAC activation

(Figure E10). This suggests that hsp90
inhibitors work through an alternate
pathway of H3 deacetylation, and possibly
regulate nucleosomal reorganization via
mechanisms other than HDAC inhibition.

The hsp90 Inhibitor, 17-AAG,
Attenuates CBP/HAT Activity and
Prevents Its Recruitment to the

IKBa Promoter

Because 17-AAG did not alter HDAC
activity, we considered that it could prevent
the LPS-induced activation of histone
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acetyltransferases. LPS alone induced
nuclear HAT activation and 17-AAG
blocked this activation (Figure 6A).
NEF-kB employs several cofactors for
transcriptional activation of target genes,
including CBP/p300 and PCAF (25). CBP
belongs to a family of HAT, and regulates
NE-kB-responsive gene expression (26).
Thus, we used immunoprecipitated CBP
from nuclear lysates to test the hypothesis
that 17-AAG prevents LPS-stimulated
CBP/HAT activation. LPS induced CBP
activation and 17-AAG attenuated the
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Figure 6. The hsp90 inhibitor, 17-AAG, blocks LPS-induced CBP/histone acetyltransferase (HAT) activation and recruitment to the IKBa promoter.
HLMVECs were treated with LPS (10 EU/m, 1 h) in the presence and absence of 17-AAG (16 h). Nuclear extracts were used to estimate total nuclear HAT
activity and CBP activity using the HAT activity assay kit. 17-AAG attenuated the LPS-induced total HAT activation (A) (**P < 0.0001) and blocked the
LPS-induced nuclear CBP activation in a concentration-dependent manner (B) (P < 0.01). Means * SE of three independent experiments, each
performed in duplicate. In addition, CBP protein was immunoprecipitated from HLMVEC nuclear extracts, and its association with p65 was investigated by
Western blotting. LPS induced an association between CBP and p65 that was prevented by 17-AAG (C). We also checked the recruitment of CBP to

the IKBa promoter by ChIP assay. LPS (10 EU/ml, 15 min) promoted CBP binding to the IKBa promoter, and 17-AAG (5 ng/ml, 16 h) blocked this
binding (D) (P < 0.01). Means = SE of three experiments (*P < 0.05).

activation in a concentration-dependent
manner (Figure 6B). Furthermore, the
physical interaction between p65 and CBP
is considered to be important for NF-«B
activity and gene induction (26). Thus, in
coimmunoprecipitation studies, we
examined the interaction of p65 and CBP. LPS
induced CBP/p65 association in HLMVEC
nuclear extracts, and 17-AAG suppressed this
interaction (Figure 6C). We also tested the
recruitment of CBP to the IKBa promoter,
and observed that 17-AAG blocked the LPS-
induced recruitment of CBP (Figure 6D).
Ser276 phosphorylation of p65 by
mitogen and stress activated kinase-1 and
cAMP-dependent protein kinase promotes

Thangjam, Dimitropoulou, Joshi, et al.:

the interaction and recruitment of CBP to
target promoters (27-29). Thus, we
investigated the effect of 17-AAG on the
LPS-induced p65 (Ser276) phosphorylation
in HLMVECs. LPS induced p65 Ser276
phosphorylation, and this was attenuated
by hsp90 inhibition (Figure E11). We then
overexpressed adenoviral p65 wild type and
Ser276—Asp mutant in HLMVECs and
examined the LPS-mediated activation of
NE-kB Luc reporter. The phosphomimic
did not prevent the 17-AAG-mediated
attenuation of the LPS-stimulated NF-kB
reporter activity (Figure E12). This suggests
that p65Ser276 phosphorylation does not
play a significant role in NF-kB regulation

Regulation of NF-kB by Hsp90 in Endothelial Cells

by 17-AAG, and is unlikely to be involved
in the recruitment of CBP by p65.

The recruitment of CBP by p65
promotes cooperative binding of NF-kB to
multiple elements (26). This, in turn,
induces an optimal DNA conformation for
subsequent downstream events, such as
binding of nucleosome remodeling
enzymes and other factors that regulate the
transcription of inducible genes (30). Ser5-
phosphorylated RNA Pol II is important for
initiation of transcription, and Ser5
phosphorylation increases enzyme activity
(31). We thus examined, by ChIP assay,
whether hsp90 inhibition prevents the
assembly of a functional RNA Pol II
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complex at the IKBa promoter of
HLMVECs. LPS induced the
phosphorylation of RNA Pol II Ser5 at the
IKBa promoter; this phosphorylation event
was attenuated by 17-AAG (Figure 7A). As
a control, we also studied the B-actin
promoter. RNA Pol II was hyperactivated
in the constitutively active B-actin
promoter, and the level of Ser5
phosphorylated RNA Pol II was high. No
additional stimulation/phosphorylation by
LPS was observed, and no attenuation by
17-AAG. Similarly, no change in RNA Pol
IT Ser5 phosphorylation was observed in the
SOCS3 promoter under these conditions.
These findings suggest that 17-AAG
attenuated LPS-mediated RNA Pol II

complex assembly specifically at the
NEF-kB-responsive IKBa promoter.

Discussion

NEF-kB activation is regulated at multiple
steps: nuclear translocation, post-
translational modification, and chromatin
remodeling at the promoter region (32, 33).
Our data suggest that, in HLMVECs, hsp90
inhibition blocks IKKR activation

and IKBa phosphorylation and
polyubiquitination by LPS (canonical
pathway), but cannot prevent IKBa
degradation. Crystal structure (22) and
thermodynamic studies have revealed an
interaction between NF-kB and IKBa (34)
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that is responsible for the difference in the
turnover rate between the bound and free
IKBa (34, 35). Any modification that
destabilizes this interaction promotes IKBa
degradation. The destabilization of IKBa by
17-AAG in LPS-stimulated HLMVECs
could be due to reduced binding of IKBa to
po5.

Hsp90 inhibition did not affect DNA
binding affinity of NF-kB/p65. However, it
blocked its binding to the IKBa promoter.
Free NF-«kB binds cognate elements inside
the nucleus. However, in most cases,
multiple kB elements need to be occupied
before transcriptional induction. The
human IKBa promoter has three critical
NF-kB consensus sites in the proximal
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Figure 7. The hsp90 inhibitor, 17-AAG, prevents the assembly of RNA polymerase (Pol) Il complex at the IKBa promoter. To study whether 17-AAG
affected the assembly of an active RNA Pol Il complex at the IKBa promoter, ChIP assay of phosphor-RNA Pol Il Ser5 was performed in HLMVECs. LPS
induced binding of phosphor-RNA Pol Il Ser5 on the IKBa promoter, and this was prevented by 17-AAG. The effects of LPS and 17-AAG were unique for
the IKBa promoter and not observed at the actin and SOCS3 promoters, which are insensitive to LPS and NF-«kB, respectively. Means = SE of three
experimental repeats (A); *P < 0.05). (B) The proposed model of hsp90 regulation of LPS-stimulated NF-«kB transcriptional activation in HLMVECs. Under
physiologic conditions, nucleosome-associated kB enhancer in the promoter is not accessible for NF-kB binding. LPS displaces core histones that
unmask kB enhancer elements. Recruitment of CBP by p65 stabilizes the NF-kB/enhancer complex and, at the same time, promotes its interaction with
RNA Pol Il. The inhibition of hsp90 by 17-AAG blocks core histone displacement and prevents CBP recruitment, thereby terminating transcriptional

initiation of NF-«kB target genes by LPS.
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500 bp of the 5'-untranslated region (36).
The accessibility of NF-«kB to these sites is
determined by DNA conformation and the
presence or absence of core histones.
Eukaryotic DNA is packed into chromatins
composed of repeated units of 147 bp DNA
tightly wound around the histone octamer.
These nucleosomes render most elements
inaccessible to transcription factors. During
gene transcription, nucleosomes are believed
to slide along the DNA by an ATP-
dependent remodeling process (37).
Although certain NF-kB-mediated
transcription does not require nucleosomal
remodeling (33), we now demonstrate that
nucleosome remodeling and displacement of
core histone H3 from the IKBa promoter is
a key mechanism of LPS-induced NF-«B
transcriptional activation in HLMVECs.
Furthermore, the displacement of histone H3
was associated with specific deacetylation of
H3 (Lys9), suggesting the involvement of
HDAC. Our data indicate that hsp90
inhibition and HDAC inhibition regulate
NEF-kB activation differently. For example, the
inhibition of HDAC by TSA did not restore
promoter-associated H3 (Lys9) acetylation,
but blocked core histone H3 displacement by
LPS. On the other hand, 17-AAG blocked
both H3 (Lys9) deacetylation and H3
displacement from the IKBow promoter.

The role of hsp90 in chromatin
remodeling was demonstrated in yeast,
where deletion of either hsp70 or hsp90
chaperone suppressed nucleosome eviction
from the actively transcribing galactose
inducible promoter 1 (GAL1) promoter.
The yeast orthologs of hsp70 and hsp90 are
recruited to GAL1 promoter on induction,
and their deletion prevents transcription, in
the absence of any defects in galactose
signaling and GAL4 DNA binding (18).
Our data also suggest that hsp90 inhibition

by 17-AAG prevented LPS-mediated NF-
kB target gene expression without affecting
NF-«kB nuclear translocation and DNA
binding. We then demonstrated that the
suppression of transcription is due to
failure of nucleosome eviction and core
histone displacement from the IKBa
promoter. Nuclear actions of Hsp90 have
been reported before. Hsp90 nuclear
shuttling has been observed in yeast; also,
hsp90 complexes with the immature steroid
receptor and shuttles between the
cytoplasm and the nucleus (38). Thus,
hsp90 is likely to play a key role in nuclear
events, such as nucleosome remodeling
during transcription initiation.

The binding of NF-kB/p65 to the
coactivator, CBP, and its recruitment to the
target promoter has a profound effect on
the transcriptional activation of NF-
kB-responsive genes. CBP is a HAT, and
modifies both histone and nonhistone
proteins (39). LPS promoted p65
interaction with CBP and recruitment to
the IKBa promoter. On the other hand, 17-
AAG abolished CBP recruitment, and this
is likely due to the prevention of p65
binding to the IKBa promoter. As p65
binding to promoter is obligatory for CBP
recruitment (25, 27, 29), the down-
regulation of CBP binding by 17-AAG may
not appear to explain the attenuation of
NF-«kB binding to IKBa promoter (Figures
2D and 2E). On the other hand, cofactor
binding is known to promote the
cooperative binding of transcription factors
to multiple enhancer elements (33). Thus, we
propose that the lack of CBP recruitment to
the IKBa promoter on hsp90 inhibition most
likely precludes NF-kB binding to all
enhancer elements in the IKBa promoter,
and thereby effectively lowers the promoter
binding efficiency of NF-kB.

Coactivator recruitment by NF-kB is
also important for assembly of active
transcriptional machinery on the RNA Poll
IT preinitiation complex. CBP directly
interacts with p65 as well as several
members of the basal transcriptional
complex, such as TATA binding protein,
transcription factor IIB, and RNA Poll II
(30). Thus, CBP acts as a bridge between
the activator complex and the basic
transcription machinery. We now
demonstrate that hsp90 inhibition also
prevents the LPS-induced formation of an
active RNA Pol IT complex at the IKBa
promoter. Thus, the attenuation of CBP
recruitment in the presence of 17-AAG
could be one of the mechanisms for
suppression of LPS-mediated NF-«kB
transcriptional activation in HLMVECs.
The overall scheme of NF-kB
transcriptional regulation by hsp90
inhibition in HLMVECs is depicted in
Figure 7B.

In conclusion, we propose that hsp90
inhibition not only affects cytosolic
signaling pathways, but also influences the
reorganization of nucleosomes during
transcriptional activation of NF-«B. Thus,
the versatile property of hsp90 inhibitors,
such as 17-AAG, could be exploited to
effectively target the NF-kB signaling
pathway and develop novel, potent anti-
inflammatory drugs for acute inflammatory
diseases. Il
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