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Histone deacetylase inhibitors (HDACi), such as trichostatin
A (TSA), can regulate gene expression by promoting acetylation
of histones and transcription factors. Human tissue factor (TF)
expression is partly governed by a unique, NF-�B-related “TF-
�B” promoter binding site. We find that TSA and four other
HDACi (apicidin, MS-275, sodium butyrate, and valproic acid)
all inhibit by �90% TF activity and protein level induction in
human umbilical vein endothelial cells stimulated by the physi-
ologic agonists tumor necrosis factor (TNF)-�, interleukin-1�,
lipopolysaccharide, andHOSCNwithout affecting expressionof
the NF-�B-regulated adhesion molecules ICAM-1 and E-selec-
tin. TSA and butyrate also blunt TF induction �50% in vitro in
peripheral bloodmononuclear cells and in vivo in thioglycolate-
elicited murine peritoneal macrophages. In human umbilical
vein endothelial cells, TSA attenuates by �70%TNF-� stimula-
tion of TF mRNA transcription without affecting that of
ICAM-1. By electrophoretic mobility shift assay analyses,
TNF-� and lipopolysaccharide induce strong p65/p50 and p65/
c-Rel heterodimer binding to both NF-�B and TF-�B probes.
TSA nearly abolishes TF-�B binding without affecting NF-�B
binding.Achromatin immunoprecipitationassayandapromoter-
luciferasereportersystemconfirmthatTSAinhibitsTF-�Bbutnot
NF-�B activation. Chromatin immunoprecipitation and small
interferingRNAinhibitorstudiesdemonstrate thatHDAC3playsa
significant role in TNF-�-mediated TF induction. Thus, HDACi
transcriptionally inhibit agonist-induced TF expression in endo-
thelial cells and monocytes by a TF-�B- and HDAC3-dependent
mechanism. We conclude that histone deacetylases, particularly
HDAC3, play a hitherto unsuspected role in regulating TF expres-
sion and raise the possibility thatHDACimight be a novel therapy
for thrombotic disorders.

Tissue factor (TF)2 is the critical initiator of physiologic and
pathologic coagulation that binds VIIa to form a TF�VIIa com-

plex that cleaves factors IX and factor X to activate the coagu-
lation protease cascade (1, 2). In addition to its pivotal role in
hemostasis and thrombosis, TF-dependent signaling also par-
ticipates in the processes of inflammation, angiogenesis,metas-
tasis, and cell migration (3). TF gene expression is regulated
mainly at the transcriptional level (4). Diverse biologic stimuli,
such as bacterial endotoxin (lipopolysaccharide; LPS), inflam-
matory cytokines (e.g. tumor necrosis factor (TNF)-� and inter-
leukin (IL)-1�), growth factors (e.g. vascular endothelial growth
factor), oxidized and acetylated low density lipoproteins,
hypoxia, shear stress, and oxidants (5) induce TF expression in
endothelial cells andmonocytes. These agonists activate several
signal transduction pathways, including mitogen-activated
protein kinase, phosphatidylinositol 3-kinase, and protein
kinase C (2). The human TF gene promoter contains binding
sites for activator protein-1 (AP-1), epidermal growth
response-1 (Egr-1), and specificity protein-1 (SP-1) transcrip-
tion factors and has anNF-�B-like “TF-�B” sequence that binds
members of the NF-�B family, including p65/p50 and p65/c-
Rel (4). In monocytes, SP-1 sites contribute to the constitutive
expression of base-line TF, whereas theAP-1, Egr-1, andTF-�B
sites mediate inducible TF expression (6). In endothelial cells,
constitutive AP-1 and inducible TF-�B activation mediate TF
induction by LPS, TNF-�, IL-1� (7), and, as we have recently
shown, the principal phagocyte peroxidase-derived oxidant,
HOSCN (5).
Specific reversible histone deacetylase inhibitors (HDACi),

such as trichostatin A (TSA) and suberoylanilide hydroxamic
acid, were originally described to mediate acetylation of chro-
matin-associated histones and thereby open promoter loci to
permit interaction with transcription factors to promote gene
expression. However, more recent studies show that HDACi
can also promote acetylation of transcription factors, including
the p50 and p65 subunits ofNF-�B (8), and can suppress (9–11)
as well as promote (12, 13) gene expression. Recently, HDACi
were found to inhibit the expression of proinflammatory cyto-
kines and mediators in some inflammatory disease models
(14–19). For example, suberoylanilide hydroxamic acid atten-
uates the expression of certain NF-�B-regulated cytokines,
including TNF-�, IL-1�, IL-6, and interferon-�, in a mouse
endotoxemia model (16). These findings led us to hypothesize
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that inhibition of HDAC activity by HDACi would, through
inhibition ofTF-�Bactivation, suppress the expression of tissue
factor in agonist-stimulated endothelial cells and monocytes.
We tested the effect of five HDACi (TSA, apicidin, MS-275,

sodium butyrate, and valproic acid) on TF expression induced
by the physiologic agonists LPS, TNF-�, IL-1�, and HOSCN.
We find thatHDACi potently inhibit agonist-inducedTF activ-
ity in human endothelial cells and monocytes through specific
blockade of TF-�B activation. TSA also suppresses murine
macrophage TF activity induction in vitro and decreases peri-
toneal macrophage TF activity in an in vivo mouse peritonitis
model. Our results suggest that HDAC3 plays an unanticipated
and pivotal role in regulating TF expression and suggest that
HDACi might be a novel therapy for thrombotic diseases.

EXPERIMENTAL PROCEDURES

Reagents—Trichostatin A (T8552), lipopolysaccharide (Esche-
richia coli 055:B5), sodium butyrate (B5887), PMA (phorbol
12-myristate 13-acetate), and protease inhibitor mixture
(P8340) were from Sigma. Apicidin, MS275, and valproic
acid were from Calbiochem. Recombinant human TNF-�
and IL-1� were from R&D Systems (Minneapolis, MN). Lipo-
fectamineTM 2000 was from Invitrogen (Carlsbad, CA). Rabbit
polyclonal antibodies against human ICAM-1, Egr-1, SP-1,
c-Rel, p65, p50, I�B-�, Ac-histone H3, Ac-histone H4, goat
polyclonal antibody against actin, and alkaline phosphatase-
conjugated goat anti-rabbit IgG and donkey anti-goat IgGwere
from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA). Rabbit
polyclonal antibodies against human tissue factor (20) were
kindly provided by Dr. Ronald Bach (Veterans Affairs Medical
Center, Minneapolis, MN). The chromatin immunoprecipita-
tion (ChIP) assay kit was from Upstate Biotechnology, Inc.
(Lake Placid, NY; catalog number 17-295). Nuclear extraction
kit (AY2002) was from Panomics, Inc. (Redwood City, CA).
ReagentHOSCNwas synthesized and quantitated as previously
described using lactoperoxidase (21, 22).
Human Umbilical Vein Endothelial Cell (HUVEC) Culture—

HUVEC were isolated from umbilical cords and cultured as
previously described (23). HUVEC were used for experiments
at passage 2 or 3.
Peripheral Blood Mononuclear Cell (PBMC) Preparation—

Fresh human blood was collected from healthy, adult volun-
teers after their informed consent into acid-citrate-dextrose (38
mM citric acid, 75 mM trisodium citrate, and 100 mM dextrose;
1:7 acid-citrate-dextrose final concentration). After removal of
platelet-rich plasma by centrifugation of the whole blood at
100 � g at 22 °C for 15 min, the cell pellet was diluted with
ice-cold phosphate-buffered saline to original blood volume
and layered onto the same volume of HISTOPAQUE�-1077
(catalog number 1077-1; Sigma) and centrifuged at 400 � g at
22 °C for 30 min (24). The supernatant and interface were col-
lected and washed twice by phosphate-buffered saline. The
PBMC were resuspended in RPMI medium with 10% fetal
bovine serum and incubated at 37 °C for 2 h before use.
One-stage Clotting TF Activity Assay—Confluent HUVEC

monolayers or PBMC were pretreated with TSA (0.01–1 �M)
for 4 h and then stimulated by either 1 �g/ml LPS, 1 ng/ml
TNF-�, 1 ng/ml IL-1�, or 100 �M reagent HOSCN for another

4 h. Tissue factor activity was detected by a one-stage clotting
assay standardized against recombinant human TF as
described before (5). Alternatively, HUVEC were treated with
increasing doses of apicidin, MS-275, sodium butyrate, or val-
poric acid and then stimulated by LPS and TNF-� for another
4 h before assaying TF activity. The 50% inhibitory concentra-
tion (IC50) and maximal inhibition were calculated from the
inhibition curve.
Reverse Transcription-PCR Analysis—Confluent HUVEC

monolayers were pretreated with 1 �M TSA for 4 h and then
stimulated by 1 ng/ml TNF-� for 1 or 2 h. Total cellular RNA
was isolated, and reverse transcription-PCR was performed as
previously described (5). Specific primers were purchased from
Integrated DNA Technologies (Coralville, IA): long tissue factor,
sense (5�-GGCACTACAAATACTGTGGCAGCA-3�) and anti-
sense (5�-ACTCTTCCGGTTAACTGTTCGGGA-3�); full-
length tissue factor, sense (5�-CGCCGCCAACTGGTAGAC-
3�) and antisense (5�-TGCAGTAGCTCCAACAGTGC-3�);
ICAM-1, sense (5�-CAGTGACCATCTACAGCTTTCCGG-
3�) and antisense (5�-GCTGCTACCACAGTGATGATGACAA-
3�). PCR products were analyzed by electrophoresis loading 10-�l
aliquots on 1.2% agarose gels. Gels were stained with 0.5 �g/ml
ethidium bromide and imaged with ultraviolet transillumination.
Nuclear Protein Extraction—Monolayers of HUVEC were

pretreated 4 h with 0.3 or 1.0 �M TSA and then stimulated by 1
ng/ml TNF-� for 30 min, and nuclear protein was prepared
with a nuclear extract kit (Panomics) according to the manu-
facturer’s instructions and stored at �80 °C until use.
Electrophoretic Mobility Shift Assay (EMSA)—NF-�B consen-

sus (5�-AGTTGAGGGGACTTTCCCAGGC-3�) and NF-�B
mutant (5�-AGTTGAGGCGACTTTCCCAGGC-3�) and SP-1
consensus (5�-ATTCGATCGGGGCGGGGCGAGC-3�) and
SP-1mutant (5�-ATTCGATCGGTTCGGGGCGAGC-3�) oligo-
nucleotides were purchased from Santa Cruz Biotechnology.
Oligonucleotides for the TF-�B consensus site (5�-GTCCCG-
GAGTTTCCTACCGGG-3�) and a TF-�B-like mutant control
(5�-GTCCCGGAGTTAGATACCGGG-3�) and proximal TF
AP-1 consensus site (5�-CTGGGGTGAGTCATCCCTT-3�)
and AP-1 mutant control (5�-CTGGGGTGAGTTGTCCCTT-
3�) were from Integrated DNA Technologies, Inc. (Coralville,
IA). Oligonucleotides were end-labeled with [�-32P]ATP
(Amersham Biosciences) and T4 polynucleotide kinase (Amer-
sham Biosciences). Five �g of nuclear extract was loaded per
lane (10 �g for the TF-�B probe), and EMSAwas carried out as
described (5).
Western Blot Analysis of TF—HUVECmonolayers were pre-

treatedwith TSA and stimulated by agonists as described above
(see “One-stageClotting TFActivity Assay”).Whole cell lysates
were prepared and analyzed on 8% SDS-polyacrylamide gels
and for nuclear extracts on 12% gels. Western blot analysis was
performed as described before (5), using specific primary anti-
bodies against human tissue factor, ICAM-1, c-Rel, p65, p50,
Egr-1, SP-1, I�B-�, Ac-histone H3, Ac-histone H4, and actin.
ChIP Assay—HUVEC monolayers were pretreated with

Me2SO or TSA (0.3 or 1 �M) for 4 h and then stimulated with 1
ng/ml TNF-� for 0.5 h. HUVECmonolayers were fixed by add-
ing formaldehyde directly to the medium to a final concentra-
tion of 1% and incubated for 10 min at 37 °C. ChIP assay was
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performed according to the kit instructions. Immunopre-
cipitations were carried out at 4 °C overnight with 4 �g of
rabbit IgG or rabbit polyclonal antibodies against p65 (sc-
372), HDAC1 (sc-7872), HDAC2 (sc-7899), or HDAC3 (sc-
11417) (Santa Cruz Biotechnology). About one-third of the
immunoprecipitated DNA was used in each PCR (25). Pro-
moter-specific primers for TF and ICAM-1 were as follows:
TF forward, 5�-GCCCTCCCTTTCCTGCCATAGA-3�; TF
reverse, 5�-CCTCCCGGTAGGAAACTCCG-3�; ICAM-1
forward, 5�-ACCTTAGCGCGGTGTAGACC-3�; ICAM-1
reverse, 5�-CTCCGGAACAAATGCTGC-3�.
HUVEC Transfection and Luciferase Promoter Assay—The

human TF wild-type promoter (�227 to �121) and the TF-�B
mutant (5�-CGGAGTTTCC-3� 3 5�-CGGAGTTAGA-3�)
reporter plasmid in pGL2 basic were provided by Dr. Nigel
Mackman (6) (Scripps Research Institute, La Jolla, CA). The
ICAM-1 wild-type luciferase reporter plasmid (26) was a gift
from Dr. Asrar B. Malik (University of Illinois College of Med-
icine, Chicago, IL). HUVEC were plated into 6-well plates
12–18 h before transfection. Transfections of HUVEC were
performed using LipofectamineTM2000 (Invitrogen) according
to themanufacturer’s recommendations. Briefly, reporterDNA
(1 �g) was mixed with 1.5 �l of Lipofectamine in 200 �l of
Opti-MEM reduced serum medium. The DNA-Lipofectamine
complexes were incubated with HUVEC for 4 h at 37 °C in the
5% CO2 incubator and then replaced with growth medium.
After 36 h, cells were pretreated with anMe2SO solvent control
or TSA (30, 100, or 300 nM) for 2 h, followed by stimulationwith
10 �g/ml LPS, 10 ng/ml TNF-�, or 50 nM PMA for another 6 h.
Cell lysates were assayed for luciferase activities using the lucif-
erase assay system (Promega, Madison, WI). The pCMV� vec-
tor (BD Clontech, Palo Alto, CA) was cotransfected so that the
transfection efficiencies could be normalized with the �-galac-
tosidase activities determined using a luminescent �-galacto-
sidase detection kit II (BD Clontech) (27).
HUVEC Transfection and RNA Interference—siRNA duplexes

for human HDAC2 (sc-29345) and HDAC3 (sc-35538) and a
scrambled control (sc-37007, causing no specific degradation of
any known cellular mRNA) were purchased from Santa Cruz
Biotechnology. siRNA transfection was performed following
themanufacturer’s instructions. Briefly, HUVECwere plated at
2 � 105 cells in a 6-well cell culture plate. HUVEC were incu-
bated with 45 nM siRNA/9 �l of Lipofectamine 2000 (Invitro-
gen) mixture in Opti-MEM (Invitrogen) medium for 5 h at
37 °C in a humidified CO2 incubator and then replaced with
growth medium (28). After 72 h, cells were stimulated by 1
ng/ml TNF-� for another 4 h. TF activity of HUVEC lysates
was assayed by a one-stage clotting assay, and protein levels
of HDAC3, HDAC2, TF, and ICAM-1 were detected by
Western blot using specific antibodies against human
HDAC3, HDAC2, TF, and ICAM-1. Alternatively, cells were
stimulated by TNF-� for 0.5 h, and a ChIP assay was con-
ducted as described above using specific antibodies against
HDAC2 and HDAC3.
Murine Macrophage TF Activity Measurement—Male mice

(C57 Bl/6J, 25–30 g body weight) were injected intraperitone-
ally with 2 ml of 4% thioglycolate medium. Three days later,
peritoneal macrophages were harvested by peritoneal lavage

using 10 ml of sterile Hanks’ balanced salt solution buffer sup-
plemented with 5 mM EDTA. Lavage fluids were pooled and
centrifuged at 200 � g for 10 min. The cell pellet was washed
once in sterile Hanks’ balanced salt solution, and red blood cells
were lysed in 10 ml of ice-cold sterile water followed by adding
10 ml of 2� Hanks’ balanced salt solution after 30 s (29). This
suspension was pelleted, resuspended in RPMI (10% fetal
bovine serum), and counted using a hemocytometer. Lavage
leukocytes were diluted in RPMImedium (1–2 � 106 cells/ml),
aliquoted into 6-well plates, and then incubated (37 °C and 5%
CO2) overnight. The next day, nonadherent cells were washed
away, and adherent macrophages were overlaid with fresh
RPMI medium. Macrophages were pretreated with 0.3 or 1 �M
TSA for 4 h before stimulation with 10 �g/ml LPS, 20 ng/ml
human TNF-� or IL-1� for 5 h. Macrophage TF activity in
whole cell lysates was detected by a one-stage clotting assay, as
described before (5). Relative TF activity was normalized using
a standard curve generating using recombinant human TF
protein.
Mouse Peritonitis Model—Male mice (C57 Bl/6J; 25–30 g

bodyweight) were intraperitoneally injectedwith either TSA (1
mg/kg, as used in Refs. 18 and 70) (n � 6) or Me2SO vehicle
control (n� 6) 4 h before intraperitoneal injection of 2ml of 4%
thioglycolate medium. In an additional three control animals,
saline rather than thiogycolate was injected intraperitoneal
without TSA or Me2SO treatment. Mice were given a second
intraperitoneal injection of TSA or Me2SO at day 2 and sacri-
ficed at day 3. Peritoneal cavities were lavaged, and total leuko-
cytes were enumerated and identified as described before (24).
Thismodel generates leukocytes with a cell population that was
65–75% macrophages, the remainder equally split between
lymphocytes and neutrophils. Total TF activity in whole cell
lysates was detected by a one-stage clotting assay and normal-
ized to macrophage cell number.

RESULTS

TSA Inhibits Agonist-induced TF Activity and Protein
Expression in Human Endothelial Cells—HDACi induces apo-
ptosis in many cancer cells with little or no toxicity for primary
untransformed cells (30, 31).We found that�1�MTSA has no
significant effect on the viability of HUVEC as detected by
trypan blue staining after a 24-h treatment (data not shown).
For our studies, we chose doses and treatment times similar to
those previously used successfully to investigate the influence
of TSA on endothelial NO synthase expression and angiogene-
sis in HUVEC in vitro (15, 32) and some inflammatory disease
models in vivo (18, 32).
We first assessed the effect of the TSA on agonist-stimulated

TF expression in HUVEC. HUVEC were pretreated with TSA
(10 nM to 1 �M) for 4 h and then stimulated by LPS, TNF-�,
IL-1�, or HOSCN for another 4 h. HUVEC lysates were then
assayed for TF activity by a one-stage clotting assay (Fig. 1), and
whole cell detergent lysates were probed for TF protein by
Western blot analysis (Fig. 2). As shown in Fig. 1, 1 �g/ml LPS
(Fig. 1A), 1 ng/ml TNF-� (Fig. 1B), 1 ng/ml IL-1� (Fig. 1C), or
100 �MHOSCN (Fig. 1D) all induced TF activity 25–1000-fold,
as expected. TSA treatment inhibited by up to 90% TF induc-
tion by all four agonists in a dose-dependent manner with an
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IC50 of 20–50 nM. In data not shown, TSA had no significant
effect upon base-line TF expression in nonstimulated HUVEC.
Western blot analysis of TF protein (Fig. 2) confirms the pro-
nounced inhibition by TSA of agonist-induced TF expression.
In contrast, as previously reported (28), we also found that TSA
had no significant impact upon expression of the NF-�B-regu-
lated adhesion molecules ICAM-1 (26, 33) (Fig. 2) and E-selec-

tin (34) (not shown) in agonist-stim-
ulated HUVEC. This phenomenon
was reproduced using four other
HDACi (apicidin, MS-275, sodium
butyrate, and valproic acid) in LPS-
and TNF-�-stimulated HUVEC
(Table 1). The IC50 of TSA is much
less than that of the other four
HDACi, reflecting their relative
potencies as HDAC inhibitors
(35). We therefore chose TSA as a
prototype to investigate HDACi
effects on monocyte/macrophage
TF expression and elucidate the
molecular mechanisms behind
HDACi suppression of agonist-
driven TF expression.
TSA Attenuates TF Activity

Induction in Human PBMC and
Murine Peritoneal Macrophages—
Human PBMC were treated with
TSA (10 nM to 1�M) for 4 h and then
stimulated by 1 �g/ml LPS (Fig. 3A)
or 1 ng/ml IL-1� (Fig. 3B) for
another 5 h before lysates were
assayed for TF activity. Both LPS
and IL-1� induced the expected
15–50-fold increase in TF activity of
PBMC (Fig. 3, A and B). TSA sup-
pressed by up to 60% this TF activity
induction with an IC50 of 50–100
nM. To test the influence of TSA
upon TF expression function in
vivo, we utilized amurine thioglyco-
late peritonitis model to elicit acti-
vated murine macrophages. TF
activity was assayed both in vitro,
after incubation for 5 h in the pres-
ence of agonists (Fig. 3C), and in
vivo, in freshly isolated peritoneal
macrophages (Fig. 3D). Both 0.3 and
1 �M TSA treatment decreased TF
activity by 60–70% in base-line or
LPS-, TNF-�-, or IL-1�-stimulated
macrophages in vitro (Fig. 3C).
Thioglycolate induced a 15-fold
increase in peritoneal macrophage
TF activity over that of resident
macrophages (Fig. 3D, control
group). In vivo, TSA treatment sig-
nificantly decreased (�50%) thiogy-

colate-elicited peritoneal macrophage TF activity (Fig. 3D)
without significantly affecting peritoneal macrophage accumu-
lation (not shown).
TSA Decreases TF mRNA Level in Human Endothelial Cells—

Todetermine whether the inhibition of TF induction by TSA
is transcriptionally mediated, we performed reverse tran-
scription-PCR analysis to assess TF mRNA levels. HUVEC

FIGURE 1. TSA suppresses tissue factor activity induced by physiologic agonists in HUVEC. HUVEC
monolayers were preincubated with 0.01–1 �M TSA for 4 h and then exposed to 1 �g/ml LPS (A), 1 ng/ml
TNF-� (B), 1 ng/ml IL-1� (C), or 100 �M HOSCN (D) for another 4 h. Scraped, freeze-thawed monolayer
lysates were prepared and assayed for TF activity using a one-stage clotting assay. All data are shown �
S.D. TF activities in TSA-treated HUVEC were all statistically significantly (p � 0.05) different from that of
agonist alone at TSA concentrations from 0.03 to 1.0 �M.

FIGURE 2. TSA suppresses TF protein expression of agonist-stimulated HUVEC. HUVEC monolayers were
treated with 0.01–1 �M TSA for 4 h and then exposed to 1 �g/ml LPS (A), 1 ng/ml TNF-� (B), 1 ng/ml IL-1� (C), or
100 �M HOSCN (D) for another 4 h. Whole cell lysates were prepared and probed for TF and ICAM-1 expression
by Western blot analysis. Actin was detected as a loading control.
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were pretreated with 1 �M TSA for 4 h and exposed to 1 ng/ml
TNF-� for 1 or 2 h prior to RNA extraction. Two different pairs
of TF-specific primers were designed to yield 605-base pair
(Long TF) and 931-base pair (Full TF) fragments, respectively.
These PCR products span the alternative splice site described
by Bogdanov et al. (36) to yield a truncated, soluble form of TF
and would therefore also detect formation of this alternatively
spliced product. As shown in Fig. 4, TNF-� stimulation induced
a 22-fold increase of TF mRNA that is attenuated up to 70% by
TSA treatment without affecting the 10-fold ICAM-1 mRNA
increase. Neither TNF-� nor TSA affected the relative expres-
sion of a barely visible, highermobility PCR product band com-
patible with the smaller, alternatively spliced soluble TFmoiety
(36).

Influence of TSA onAgonist-driven I�BDegradation and p65,
p50, and c-RelNuclear Translocation—Weassayed the effect of
TSA on the upstream cytoplasmatic I�B-� degradation
induced by TNF-�. As Western blot data show in Fig. 5C,
TNF-� induced a rapid degradation of I�B-� within minutes,
followed by its complete reappearance at 1 h that was totally
unaffected by 1�MTSA treatment.We assayed protein levels of
p65, p50, and c-Rel in the same nuclear extracts used for EMSA
(Fig. 5,A andB) byWestern blot analysis (Fig. 5D). As expected,
0.3 and 1.0 �MTSA treatment increased the levels of acetylated
histone H3 and acetylated histone H4. However, the TNF-�-
stimulated increase of c-Rel, p65, and p50 in the nucleus was
unaffected by TSA (Fig. 5D). Thus, these key upstream compo-
nents of the NF-�B/TF-�B activation pathway are unaffected
by TSA.
Effects of TSA upon Agonist-driven AP-1, Egr-1, SP-1, and

TF-�B Transcription Factor Activation in HUVEC—Because
TF transcription is regulated by upstream binding sites for
AP-1, Egr-1, and TF-�B transcription factors (4, 6), we deter-
minedwhich of these transcription factorswas affected byTSA.
EMSA analysis assessed the effect of TSA on HUVEC nuclear
extract protein binding to TF-�B- and NF-�B- specific probes.
As shown in Fig. 5A, TNF-�, but not TSA, markedly induced a
p65/p50-specific retardation band. That this band was com-
posed of both p65 and p50was confirmed by “supershift assays”
using specific polyclonal antibodies. Excess consensus unla-
beled (Cc), but not excess mutant unlabeled (Mut) competitor

probe, totally eliminated the p65/
p50-specific band, confirming the
specificity of the interaction. Nei-
ther 0.3 �M nor 1 �M TSA dimin-
ished p65/p50 binding to theNF-�B
probe (Fig. 5A). However, the
human TF promoter has a TF-�B
(NF-�B-like) upstream site that also
binds the p65/c-Rel heterodimer.
Using a TF-�B probe for EMSA,
TNF-�, but not TSA, again induced
a p65-specific retardation band (Fig.
5B). The p65 antibody produced a
clear supershift, and the c-Rel anti-
body diminished the intensity of the
parent band by 30% (based on scan-
ning densitometry) without yielding
a convincing supershift. In a sepa-
rate experiment not shown, we
found that the TF-�B EMSA band
was supershifted strongly by an
anti-p50 antibody, confirming our
previous observation (5) that this
band is predominantly p50/p65 but
also partly p65/c-Rel. In striking
contrast to the NF-�B probe, 0.3�M
or 1 �M TSA almost totally abol-
ished p65/c-Rel binding to TF-�B
probe (Fig. 5B). In EMSA data not
shown, TSA potently blocked
TF-�B, but not NF-�B, activation in

FIGURE 3. TSA inhibits TF activity in LPS- and IL-1�-stimulated human PBMC and murine macrophages.
A and B, human PBMC were purified from human blood and cultured in 1640 medium with 10% fetal bovine
serum at 37 °C. PBMC (1 � 106) were treated with 0.01–1 �M TSA for 4 h and then stimulated with 1 �g/ml LPS
(A) or 1 ng/ml IL-1� (B) for another 5 h prior to assay of TF activity in whole cell lysates. C and D, mouse
macrophages derived from thioglycolate-induced peritonitis peritoneal lavage preparations (see “Experimen-
tal Procedures”) were cultured in RPMI medium with 10% fetal bovine serum and then pretreated with either
0.3 or 1.0 �M TSA for 4 h prior to stimulation with 10 �g/ml LPS, 20 ng/ml TNF-�, or IL-1� for another 5 h, and
then whole cell lysates were assayed for TF activity (C). Alternatively (D), mice were injected with either Me2SO
(DMSO) vehicle control (n � 6) or TSA (1 mg/kg, n � 6) 4 h prior to and 2 days after intraperitoneal injection with
thioglycolate. On day 3, peritoneal macrophages were recovered, and whole cell lysates assayed for TF activity
by a one-stage clotting assay. The column designated Control represents three mice injected only with saline 3
days prior to recovery of peritoneal lavage macrophages. All data are shown � S.D. D, *, p � 0.05 TSA versus
Me2SO treatment.

TABLE 1
HDACi inhibition of TNF-�- and LPS-driven tissue factor activity
induction in HUVEC
HUVECmonolayers were incubated with a range of concentrations of the indicated
HDACi for 4 h and then stimulated for 4 h by either 1 ng/ml TNF-� or 1�g/ml LPS.
Whole cell lysates were assayed for tissue factor activity, and the dose–response
curve was used to calculate an IC50 value and maximal attainable inhibition.

HDACi
IC50

Maximal inhibition
percentage (concentration)

TNF-� LPS TNF-� LPS
TSA 30 nM 20 nM 95% (1 �M) 91% (0.3 �M)
Apicidin 200 nM 150 nM 85% (3 �M) 80% (1 �M)
MS-275 10 �M 6 �M 85% (30 �M) 92% (30 �M)
Sodium butyrate 2 mM 1 mM 90% (10 mM) 95% (10 mM)
Valproic acid 2 mM 1.5 mM 81% (6 mM) 93% (6 mM)
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LPS-stimulated HUVEC as well. AP-1, Egr-1, and SP-1 were all
constitutively activated and unaffected by TNF-� treatment
irrespective of whether TSA is present (not shown). Moreover,
TSA did not affect SP-1 and Egr-1 levels in the nuclear extracts
as detected by Western blot (Fig. 5D). These data suggest that
TSA exerts its inhibitory effect on TF transcriptional expres-
sion predominantly through suppression of TF-�B, but not
NF-�B, promoter site interaction with p65/c-Rel (Fig. 5B) and
p65/p50 (not shown).
To confirm the specific blockade ofTF-�Bactivation byTSA,

ChIP was performed to analyze p65 binding to the authentic
endogenous TF-�B site in the TF promoter and an NF-�B site
in the ICAM-1 promoter. As shown in Fig. 6, TSA treatment
strongly inhibited p65 binding to the TF-�B site in the TF pro-
moter induced by TNF-� without affecting p65 binding to the
ICAM-1 NF-�B site in HUVEC.
TF-�B-dependent Modulation of Gene Expression by TSA in

a Promoter-Luciferase Reporter System—To test the apparently
critical role of TF-�B in TSA suppression of TF expression, we
also assessed its effect in a TF promoter-luciferase reporter sys-
tem. Luciferase plasmids containing a TF promoter (either a
wild-type TF-�B- containing promoter or one containing a
TF-�B non-binding mutant) or an ICAM-1 NF-�B-containing

FIGURE 4. Influence of TSA upon TF mRNA levels in TNF-�-stimulated
HUVEC. HUVEC monolayers were treated with 1 �M TSA for 4 h and then
exposed to 1 ng/ml TNF-� for 1 or 2 h. Total cellular RNA was extracted and
analyzed by reverse transcription-PCR using Long TF, Full TF, ICAM-1, or 18 S
rRNA-specific primers. Gels were stained with ethidium bromide and imaged
using ultraviolet transillumination.

FIGURE 5. TSA effects on NF-�B signaling pathway in stimulated HUVEC. A, EMSA analysis of NF-�B activation. HUVEC were pretreated with 0.3 or 1 �M TSA for 4 h
and then exposed to 1 ng/ml TNF-� for 0.5 h prior to extraction of nuclear proteins. Five-�g aliquots of nuclear extracts were incubated with a radiolabeled NF-�B
consensus binding sequence oligonucleotide and separated on 5% nondenaturing polyacrylamide gels. The mobility of the shifted NF-�B consensus probe is shown
by the arrow on the right; the slower migration of supershifted bands is shown in brackets. The lanes designated Cc show the effect of adding a 50-fold excess of
unlabeled consensus probe; Mut, the effect of adding a 50-fold excess of unlabeled mutant NF-�B oligonucleotide; p65 and p50, the effects of adding antibodies to the
designated proteins. B, EMSA analysis of TF-�B activation. The same nuclear extracts in A and a probe comprising the authentic TF-�B sequence were used. C, kinetic
analysis of I�B-� degradation. HUVEC were pretreated with 1 �M TSA for 4 h and then exposed to 1 ng/ml TNF (for 0–60 min prior to extraction of whole cell lysates).
The kinetics of I�B-� degradation was followed by Western blot analysis. Actin was a loading control. D, Western blot of nuclear extracts. The same nuclear extracts
used in A and B were probed using polyclonal antibodies specific for c-Rel, p65, p50, SP-1, Egr-1, acetylated histone H3, and acetylated histone H4.
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promoter (wild-type) were transfected into HUVEC. Trans-
fected HUVEC were pretreated with TSA and then stimulated
by LPS (10 �g/ml), TNF-� (10 ng/ml), or PMA (50 nM) prior to
assay of luciferase activity. As shown in Fig. 7, both LPS and
TNF-� induced a significant increase of luciferase activity in
cells transfected with wild-type TF (Fig. 7A) and wild-type
ICAM-1 (Fig. 7B) constructs. TSA treatment inhibited the
luciferase activity induction of wild-type TF (Fig. 7A) without
affecting that of wild-type ICAM-1 (Fig. 7B) in a dose-depend-
ent manner. No agonist induction was observed for the
mutant TF-�B construct (Fig. 7A, far right bars). PMA
strongly induced TF expression by activating both TF-�B
and Egr-1 transcription factors in endothelial cells (5, 7, 37).
We find that 100 nM TSA attenuates by 75% TF activity
induced by 50 nM PMA in HUVEC (data not shown). In
luciferase-reporter-transfected HUVEC, PMA induced
luciferase activity 4.5-fold for wild-type TF, 2-fold for
mutant TF-�B, and 6-fold for wild-type ICAM-1 (Fig. 7C).
TSA (30–300 nM) treatment decreased the induction of TF

wild type from 4.5- to 2-fold, the same as that of the mutant
TF-�B construct, without altering the induction of the wild-
type ICAM-1 and mutant TF-�B constructs.

FIGURE 6. Effect of TSA on p65 binding to the TF-�B site in the TF pro-
moter. HUVEC monolayers were pretreated by Me2SO or TSA (0.3 or 1 �M) for
4 h and then stimulated with 1 ng/ml TNF-� for 0.5 h. HUVEC monolayers were
fixed by 1% formaldehyde. HUVEC were lysed and sonicated to shear the
DNA. Chromatin immunoprecipitations were performed using either rabbit
IgG control or rabbit anti-human p65 antibody. The immunoprecipitated
DNA was detected by PCR amplification using promoter-specific primers for
TF (A) and ICAM-1 (B).

FIGURE 7. TSA influence upon TF-�B- or NF-�B-dependent gene expression
in a promoter-luciferase reporter system. A, luciferase plasmids containing a
wild-type TF promoter (TF) or mutant TF-�B promoter (TFm) were transfected into
HUVEC and treated with TSA (or Me2SO) for 4 h followed by stimulation with 10
�g/ml LPS (gray bars) or 10 ng/ml TNF-� (white bars) for 6 h prior to assay of
luciferase activity. B, HUVEC were transfected with wild-type ICAM-1 promoter
luciferase plasmid and treated as in A. C, HUVEC were transfected with plasmids
containing a wild-type TF promoter (gray bars), wild-type ICAM-1 (diagonal bars)
or a mutant TF-�B (white bars) promoter and treated with TSA (or Me2SO) for 4 h
followed by stimulation with 50 nM PMA for 6 h. The relative luciferase activity is
shown as -fold induction normalized to the signal of nonstimulated HUVEC. All
data are shown � S.D. (*, p � 0.05 versus agonist alone).
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Role ofHDAC3 inTNF-�-mediatedTFExpression—HDAC1,
HDAC2, and HDAC3 have been shown to participate in the
regulation of NF-�B activation (12, 13, 38, 39). We tested
whether any of these HDACs binds to the TF-�B region in the
TF promoter byChIP analysis. As shown in Fig. 8A, in unstimu-
lated HUVEC, HDAC2, but not HDAC1 or HDAC3, bound to
the TF promoter (TF-�B region). TNF-� treatment induced a
significant increase inHDAC3bindingwithout affecting that of
HDAC1 and HDAC2 (Fig. 8A), and these interactions were
unaffected by TSA treatment (data not shown), suggesting a
possible functional role for HDAC3 in TF gene transcription.
We tested this possibility using HDAC3 siRNA knockdown
analysis (Fig. 8, B–D). An siRNA duplex specific for human
HDAC2, HDAC3, or a scrambled control was transfected into
HUVEC. After 72 h, Western blots showed a specific 85%
knockdown ofHDAC3 and 65% knockdown ofHDAC2protein
(Fig. 8B). ChIP analysis showed a complete blockage of HDAC3
and 40% decrease of HDAC2 binding to the TF promoter (Fig.
8C). Compared with HUVEC transfected with siRNA control,
HDAC2 siRNA-treated cells have a slight (15%) increase of TF
activity induced by TNF-�, but HDAC3 siRNA suppresses TF
protein (Fig. 8B) and activity (Fig. 8D) induction by 65%without
affecting ICAM-1 expression (Fig. 8B). Although the difference
in degree ofHDAC2 versusHDAC3 knockdown in these exper-

iments precludes a definitive quan-
titative comparison of their func-
tional roles in TF expression, these
results nonetheless show strikingly
disparate roles for HDAC2 and
HDAC3.

DISCUSSION

Histone acetyltransferases and
HDACswere originally described as
enzymes that catalyze, respectively,
either acetylation or deacetylation
of �-amino groups of lysine residues
in the N-terminal tails of core his-
tones (recently reviewed by Huang
and Pardee (40)). Acetylation of his-
tones, in turn, diminishes their pos-
itive charge and reduces their affin-
ity for DNA, thereby altering
nucleosomal structure to facilitate
the binding of transcription factors
and enhancing transcription (41,
42). Conversely, HDACs, by cata-
lyzing the removal of histone acetyl
groups, increase histone affinity for
DNA, hinder the access of tran-
scription factors, and suppress tran-
scription. However, since the initial
description of this histone acetylation
paradigm, fully 18 members of the
HDAC family have now been identi-
fied and categorized into three classes
based on their sequence homology to
yeast homologs (43). Recentwork has

shown that HDAC, in addition to regulating histone acetyla-
tion, can associate with and acetylate transcription factors,
including E2F, NF-�B, p300, Stat3, p53, and the retinoblastoma
protein (41, 43, 44). Moreover, HDAC can also modify other
nonhistone proteins, such as �-tubulin (44) andHsp90 (45, 46),
as well as influence the ubiquitination pathway of protein deg-
radation (43, 47).
Given the numerous facets of cellular biochemistry that are

affected by acetylation, it is not surprising that HDACi have
been found to exert protean effects on cellular function. The
HDACi TSA modifies transcription in a limited (2%) set of
genes and can both stimulate and suppress gene transcription
(48). Currently, a major focus of investigations with HDACi is
on their potential efficacy as an anti-cancer treatment (41, 43,
44). Themechanism for HDACi anti-cancer activity is complex
and may reflect transcriptional regulation of genes involved in
proliferation, differentiation, and apoptosis (40, 49–52).
HDACi have also been found to have potent activity as a treat-
ment for inflammatory diseases, including inflammatory bowel
disease (53), systemic lupus erythematosus (14, 17), and rheu-
matoid arthritis (54). Thus, although the multiple aspects of
cellular function influenced by HDACi-induced changes in
acetylation have yet to be fully defined, HDACi seem to have
promise as potential therapy for important human diseases.

FIGURE 8. Role of HDAC3 in HUVEC TF gene expression. A, ChIP assay. HUVEC monolayers were stimulated
with phosphate-buffered saline or 1 ng/ml TNF-� for 0.5 h. ChIP was performed as described for Fig. 6 using
either rabbit IgG control or rabbit anti-human HDAC1, HDAC2, or HDAC3 antibodies. The immunoprecipitated
DNA was detected by PCR amplification using promoter-specific primers for TF. B–D, siRNA analysis. HUVEC
were transfected with control (Si-control), HDAC2 (Si-HDAC2), or HDAC3 (Si-HDAC3) siRNA duplex. 72 h after
transfection, HUVEC were stimulated by TNF-� for another 0.5 h (C) or 4 h (B and D). B, protein levels of HDAC2,
HDAC3, TF, and ICAM-1 were detected by Western blot using actin as a loading control. C, binding of HDAC2
and HDAC3 to the TF promoter was assayed by a ChIP assay. D, TF activity of transfected HUVEC lysates was
assayed by a one-stage clotting assay. All data shown � S.D. (*, p � 0.05 versus Si-HDAC2 or Si-control).
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We here find that TSA and four other HDACi suppress TF
induction induced by TNF-�, LPS, IL-1�, and HOSCN up to
90% in HUVEC (Figs. 1 and 2), and TSA inhibits LPS- and
IL-1�-stimulated TF activity by 50–60% in human PBMC and
murine macrophages (Fig. 3). TSA exhibits a remarkably low
IC50 (20–50 nM) for inhibition of agonist-induced TF induc-
tion, raising the possibility that TSA or related HDACi might
have utility as an in vivo antithrombotic therapeutic agent. This
IC50 is up to orders of magnitude less than that of other known
TF inhibitors, such as salicylates (55), curcumin (56), aniso-
damine (57), and andrographolide (5, 27).
Investigating themechanism underlying TSA inhibition of

TF expression in HUVEC, we find that TSA suppresses the
TF mRNA increase induced by TNF-� (Fig. 4). In other
experiments not shown, we found that TSA does not signif-
icantly affect TF mRNA translational efficiency as assessed
in a polyribosomal mRNA distribution assay (58); nor does it
affect ubiquitination-dependent TF degradation assessed in
the presence of the ubiquitination-dependent protease path-
way inhibitor MG-132. Further investigation of potential tran-
scription factors involved in TF expression showed no impact
of TSA upon SP-1, Egr-1, or AP-1 activation by EMSA analysis
(not shown), and nuclear protein extract levels of SP-1 and
Egr-1 were unaffected by TNF-� stimulation regardless of
whether TSAwas present (Fig. 5D). However, TSA nearly com-
pletely blocks binding of p65 and c-Rel (Fig. 5B) and p50 (not
shown) to the TF-specific TF-�B promoter binding sequence.
These data together with the findings using the ChIP assay (Fig.
6) and luciferase reporter system (Fig. 7) clearly confirm that
TSA suppression of TF expression in TNF-�-stimulated
HUVEC is strictly TF-�B-dependent.

In striking contrast, TSA has no effect on TNF-� stimulated
expression of ICAM-1 (Fig. 2) and E-selectin (not shown). Two

NF-�B sites in ICAM-1 promoter,
which bind the p65/p65 homodimer
and p65/p50 heterodimer, respec-
tively, play an important role in
ICAM-1 gene expression (33). For
E-selectin expression, the p65/p50
heterodimer is the most abundant
form, binding to three NF-�B sites
(34).Our EMSAdata show thatTSA
has no significant effect on p65/p50
binding to a consensus NF-�B bind-
ing probe (Fig. 5A), a finding com-
patible with its lack of effect on
ICAM-1 and E-selectin expression.
However, TSA significantly sup-
presses TNF-�-mediated VCAM-1
expression in endothelial cells (28),
a finding we confirmed in HUVEC
(not shown). The VCAM-1 gene
promoter contains two NF-�B
binding sites with distinct se-
quences that both bind the p65/p50
heterodimer (59). It is possible that
TSA, irrespective of its effect on
NF-�B, inhibits the activity of other

transcription factors, such as endothelial interferon-regulatory
factor 1 (60) and GATA (61), that are critically involved in reg-
ulatingVCAM-1 expression in cytokine-activatedHUVEC.We
acknowledge, however, that our findings were made in
HUVEC, and it is possible, perhaps even likely, that TSAmight
down-regulate expression of NF-�B-regulated genes in other
cell types.
Our studies do not define the mechanism whereby TSA

down-regulates TF-�B-dependent TF expression without
affecting NF-�B activation in HUVEC, a focus of our ongoing
investigations. The effects of HDACi on NF-�B activation are
highly variable, with activation (12, 13), inhibition (9–11), and
lack of effect (62) described, depending on the HDACi and cell
type. The NF-�B family has five members: p105/p50 (NF-�B1),
p100/p52 (NF-�B2), p65 (RelA), RelB, and c-Rel. The p65/p50
heterodimer is the most abundant form that regulates expres-
sion of a wide spectrum of genes, including cytokines, chemo-
kines, and cell adhesion molecules, including ICAM-1,
VCAM-1, and E-selectin. Various coactivator and corepressor
proteins, including p300/CBP, HDAC1, HDAC2, and HDAC3,
participate in the regulation of NF-�B activation (8). Both p50
and p65 can be acetylated at multiple lysine residues by p300/
CBP acetyltransferases, and acetylated p65 or p50 can be
deacetylated by HDAC1 (38, 39), HDAC2 (38), or HDAC3 (11,
12). Human TF has a TF-�B (�B-like) upstream site that binds
the p65/c-Rel heterodimer. TF-�B contains a cytosine at posi-
tion 1 (5�-CGGAGTTTCC-3�) and does not fit the consensus
�B binding site sequence (5�-GGGRNNYYCC-3�, where R rep-
resents a purine, N represents any nucleotide, and Y represents
a pyrimidine) (63).
One possible explanation for the relative specificity of TSA

for inhibition of TF-�B over NF-�B activation is a differential
effect of p65 acetylation upon its interaction with these two

FIGURE 9. Schema of possible HDAC3 interactions with the TF gene promoter TF-�B site in TNF-�- stim-
ulated HUVEC. A, TNF-� stimulation induces p65/c-Rel (and P65/p50) binding to, and HDAC3 binding to or
near, the TF-�B site and promotes TF transcription. HDAC2 binds constitutively to the TF promoter with or
without TNF-� treatment. B, HDACi (TSA) treatment decreases the binding of p65/c-Rel to the TF-�B site
without significantly affecting HDAC2 or HDAC3 binding and impairs TF gene transcription. C, Si-HDAC3 treat-
ment blocks HDAC3 binding to the TF-�B site TF promoter and impairs TF transcription, possibly by suppress-
ing binding of p65/c-Rel to the TF-�B site.
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sites. Acetylated p65 recombinant protein has a decreased
binding affinity for an NF-�B probe in vitro (11). It is possible,
for example, that the binding affinity of hyperacetylated p65/c-
Rel or hyperacetylated p65/p50 is decreased much more for
TF-�B than for NF-�B, and therefore HDACi selectively sup-
presses activation of TF-�B. Alternatively, different acetyla-
tion-modulated coactivators or corepressors may localize on a
TF-�B site than on NF-�B sites, a possibility supported by the
demonstration that a single nucleotide change in a �B site can
determine cofactor specificity for NF-�B dimers (64). Myriad
other possibilities exist for this complex system, so significant
further experimentationwill be necessary to define the basis for
the selective effect of TSA on TF-�B.
Although we performed our experiments predominantly in

vitro with primary culture endothelium, PBMC, and macro-
phages, the demonstration that TSA suppresses macrophage
TF induction in response to thioglycolate-evoked inflamma-
tion in the murine peritonitis model (Fig. 3D) shows that TSA
can inhibit TF induction in vivo as well. This, in turn, suggests
the possibility that HDACi, particularly TSA, could decrease
aberrant TF expression in thrombotic diseases as well as in
inflammatory/thrombotic states such as sepsis. Both vessel
wall-derived TF and the circulating leukocyte-associated pool of
TF participate in thrombus formation (65, 66). The circulating
pool ofTF, derived almost exclusively frommonocytes andmono-
cyte-derived microparticles, plays an important role in thrombus
propagation by sustaining thrombin production on the clot sur-
face (65). Vessel wall-derivedTFplays roles in thrombus initiation
immediately after vessel wall damage, especially in the macrovas-
cular system (66).Of note, previous studies found that theHDACi
TSA (67) and butyrate (67–69) increase expression of tissue-type
plasminogen activator, a key activator of fibrinolysis, in HUVEC
(67, 69) and human peritoneal mesothelial cells (68). Thus,
HDACi, by simultaneously decreasing agonist-induced expres-
sion of TF in vessels andmonocytes aswell as increasing endothe-
lial tissue-type plasminogen activator expression, might have util-
ity as a therapy for thrombosis.We are testing this hypothesis in a
murine deep venous thrombosis model.
Finally, our HDAC-specific ChIP and siRNA experiments

show that HDAC3 plays a hitherto unsuspected and influential
role in regulating TF expression in TNF-�-stimulated endothe-
lial cells (Fig. 8). Fig. 9 is a schema summarizing our results and
depicting one possible mechanistic scenario for the role of
HDAC3 in regulation of TF expression. Finally, we note that
TSA is a broadly active HDACi affecting both class I (HDAC1,
-2, -3, -8, and -11) and class II (HDAC4, -5, -6, -7, -9, and -10)
HDACs. Amore targetedHDAC3 inhibitormight exhibitmore
specificity for suppressing aberrant TF expression in throm-
botic states than a nonselective HDACi such as TSA.
In summary, we find thatHDACi transcriptionally inhibit TF

expression in agonist-stimulated endothelial cells, monocytes,
andmacrophages by specific blockade of TF-�B activation, and
HDAC3 plays an important role in regulating TF expression.
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