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Galectin-9 expression in endothelial cells can be induced in
response to inflammation. However, the mechanism of its
expression remains unclear. In this study, we found that inter-
feron-� (IFN-�) induced galectin-9 expression in human endo-
thelial cells in a time-dependent manner, which coincided with
the activationof histonedeacetylase (HDAC).Whenendothelial
cells were treated with the HDAC3 inhibitor, apicidin, or
shRNA-HDAC3 knockdown, IFN-�-induced galectin-9 expres-
sion was abolished. Overexpression of HDAC3 induced the
interaction between phosphoinositol 3-kinase (PI3K) and IFN
response factor 3 (IRF3), leading to IRF3 phosphorylation,
nuclear translocation, and galectin-9 expression. HDAC3 func-
tioned as a scaffold protein for PI3K/IRF3 interaction. In addi-
tion to galectin-9 expression, IFN-� also induced galectin-9
location onto plasma membrane, which was HDAC3-indepen-
dent. Importantly, HDAC3 was essential for the constitutive
transcription of PI3K and IRF3, which might be responsible for
the basal level of galectin-9 expression. The phosphorylation of
IRF3was essential for galectin-9 expression.This studyprovides
new evidence that HDAC3 regulates galectin-9 expression in
endothelial cells via interactionwith PI3K-IRF3 signal pathway.

Galectins are a familyof lectins classified into threegroups (pro-
totype, tandem-repeat, and chimera-type galectins) according to
their conserved carbohydrate recognition domains and their abil-
ity to bind to �-galactosides (1). To date, 15 galectin proteins
have been identified in mammals displaying wide tissue dis-
tribution whereas some have higher tissue specificity. They
can function intracellularly and extracellularly. Accumulat-
ing evidence implicates galectins as immunoregulatory
mediators in diverse physiological and pathological pro-
cesses such as immune and inflammatory responses, tumor
immunity, wound repair, and atherosclerosis (2, 3).
Galectin-9 belongs to the tandem-repeat galectins that con-

tain two carbohydrate recognition domains, mainly function-
ing as a chemoattractant of eosinophils (4, 5) and immuno-
modulation in a physiological and pathological setting (6, 7).
Galectin-9 exerts its immunosuppressive roles through its
receptor, T cell immunoglobin domain and mucin domain 3

(Tim3),2 which can increase the survival of transplants (6,
8–11). Galectin-9 may also induce proinflammatory cytokines
in monocytes and T cells in a Tim3-independent manner (12,
13). Galectin-9-deficient mice show enhanced susceptibility to
arthritic induction with increased CD4� TIM3� cells (14) and
were prone to increased mortality and died within 72 h of LPS
induction (15). In endothelial cells, galectin-9 can be induced by
interferon-� (IFN-�) (16, 17) and double-stranded RNA (18),
which may play a role in inflammatory response by regulating
interactions between the vascular wall and eosinophils. How-
ever, themechanism of how galectin-9 is expressed in endothe-
lial cells is unknown.
Histone deacetylase 3 (HDAC3) belongs to class I HDAC

family (19). Distinct from other family members which are
nuclear-exclusive, HDAC3 can shuttle in and out of the nucleus
(20). Disruption of the HDAC3 gene in mouse germ line causes
early embryonic lethality (21). In endothelial cells, HDAC3 can
regulate agonist-induced tissue factor expression (22), eNOS
expression (23) and activity (24) as well as VCAM-1 expression
(25). In our laboratory, we have shown that HDAC3 is essential
for stem/progenitor cell differentiation toward endothelial lin-
eage (26, 27) and plays a prosurvival role in mature endothelial
cells (28). This suggests that HDAC3 could be critical in the
maintenance of endothelial integrity. It would be of interest to
investigate whether HDAC3 has the ability to regulate galec-
tin-9 expression in endothelial cells. In this study, we demon-
strated that HDAC3 modulates the constitutive expression of
galectin-9 in endothelial cells. We also show that HDAC3 is
crucial for IFN-�-induced galectin-9 expression via interaction
with phosphoinositide 3-kinase (PI3K) and IFN response factor
3 (IRF3).

EXPERIMENTAL PROCEDURES

Materials—Cell culture media and serum were purchased
from Invitrogen. Cell culture supplements were purchased
from Sigma. Antibodies against GAPDH, H2B, and H4 were
purchased from Santa Cruz Biotechnology, whereas antibodies
against anti-FLAG, tubulin, and HDAC3 were purchased from
Sigma. Antibodies against galectin-9, p85�, p-IRF3 (Ser-386),
and IRF3 were purchased from Abcam. All secondary antibod-
ies were fromDakocytomation. LY294002 was purchased from
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Merck Bioscience predissolved in dimethyl sulfoxide. Apicidin
was purchased from Enzo Life Science and dissolved in
dimethyl sulfoxide. IFN-� was purchased from Sigma and dis-
solved in PBS.
Cell Culture and Treatment—Human umbilical vein endo-

thelial cells (HUVECs) were purchased from Promocell and
cultured on collagen I-coated flasks in M199 medium supple-
mented with 1 ng/ml �-EC growth factor, 3 �g/ml EC growth
supplement from bovine neural tissue, 10 units/ml heparin,
1.25 �g/ml thymidine, 10% fetal bovine serum (FBS), 100
units/ml penicillin and streptomycin in humidified incubator
supplemented with 5% CO2. The cells were split every 3 days at
a ratio of 1:4. Cells up to passage 10 were used in this study.
IFN-� (10 ng/ml) treatment was carried out for the time indi-
cated or for 16 h. Inhibitors, 5�MLY294002 or 200 nM apicidin,
were added 1 h prior to IFN-� treatment.
Quantitative RT-PCR—Relative gene expression was deter-

mined by quantitative real time PCR, using 2 ng of cDNA (rel-
ative to RNA amount) for each sample with the SYBR Green
Master Mix in a 25-�l reaction. Ct values were measured using
ABI PRISM7000 SequenceDetector (AppliedBiosystems). The
18 S ribosomal RNA served as the endogenous control to nor-
malize the amounts of RNA in each sample. For each sample,
PCR was performed in triplicate in a MicroAmp Optical
96-well reaction plate (Applied Biosystems). The genewas con-
sidered undetectable beyond 35 cycles. The primer sets used for
this study are as follows: 18 S forward, 5�-cccagtaagtgcgggt-
cataa-3� and reverse, 5�-ccgagggcctcactaaacc-3�; GAPDH for-
ward, 5�-acagtcagccgcatcttctt-3� and reverse, 5�-tggaagatggt-
gatgggatg-3�; HDAC3 forward, 5�-ttccagccggttatcaacca-3� and
reverse, 5�-gttaaagcagcccaatcgatca-3�; galectin-9 forward,
5�-ctttcatcaccaccattctg3� and reverse, 5�-atgtggaacctctgag-
cactg-3�; p85� forward, 5�-acgacagcctgcaccagcac-3� and
reverse, 5�-accgctcttggtctggcac-3�; IRF3 forward, 5�-caactg-
gagggcgtggcctg-3� and reverse, 5�-ttgcggttgagggcagagcg-3�.
Cellular Fractions Isolation—Cell membrane proteins were

labeled with biotin and isolated using a commercially available
kit (Cell Surface Protein Isolation kit; Pierce) according to
the manufacturer’s protocol. Cytosolic and nuclear fractions
were isolated by the standard centrifuge procedure. Briefly, 150
�l of cytosolic buffer (10 mM HEPES, 1.5 mM MgCl2, 10 mM

KCl, 0.5 mM DTT, 0.05% Nonidet P-40, and a mixture of pro-
tease and phosphatase inhibitors (Roche Applied Science), pH
7.9) was added to suspend the cell pellet obtained from a T-75-
treated flask. The cell suspension was left on ice for 10 min and
subsequently centrifuged at 4 °C at 3,000 rpm for 10 min. The
supernatant, which contains the cytosolic fraction, was ali-
quoted. The remaining cell pellet was resuspended in 50 �l of
lysis buffer (50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1 mM

EDTA, 1% Triton X-100 plus a mixture of protease and phos-
phatase inhibitors) and sonicated for 9 s on a Radson Sonifier at
the lowest power setting and left on ice for 30 min. The cell
lysate was then centrifuged at 4 °C at 14,000 rpm for 20 min.
This nuclear fraction was aliquoted. Both cytosolic and nuclear
fractions were measured by the Bradford method, and 25 �g of
protein was applied to Western blot analysis.
Immunofluorescent Staining—The immunofluorescent stain-

ing of galectin-9 was performed using standard procedures.

Briefly, HUVECs were seeded at 2.5 � 104cells/chamber on a
chamber slide (BDBiosciences) and treated as indicated. The cells
were fixed with 4% paraformaldehyde, permeabilized with 0.1%
Triton X-100 in PBS, and blocked with 10% normal swine serum.
Incubationwith galectin-9primary antibody (1:100 in10%normal
swine serum) was carried out at 4 °C overnight and subsequently
washed three times with PBS. Swine anti-rabbit FITC-conjugated
(1:50 in 10%normal swine serum) secondary antibodywas applied
for 45min at room temperature and washed with PBS. Cells were
counterstainedwithDAPI (1:1,000 inPBS) for 2min at room tem-
perature. Cells were mounted with fluorescent mounting media
(Dako), and images were taken with the Axio Imager.M2 micro-
scopeandAxioVisionDigital ImagingSystem(CarlZeissLtd.) and
processed with Adobe Photoshop software.
Immunoprecipitation and Western Blotting—Ad-FLAG-

HDAC3 infected or uninfected HUVECs were treated with
IFN-� treatment (10 ng/ml) for 4 h in the absence or presence of
apicidin. The cells were lysed in 400 �l/T75 flask IP-A buffer
(25 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1 mM EDTA, pH 8.0,
1%TritonX-100 plus protease inhibitors) on ice for 45min. The
protein concentration was measured by the Bradford method.
The cell lysate (1 mg) was mixed with 3 volumes of IP-B buffer
(IP-A buffer without Triton X-100, plus protease inhibitors).
The cell lysate was precleared with 2 �g of mouse, rabbit, or
goat normal IgG and 10 �l of protein G-agarose beads for 1 h
and then incubated with 2 �g of rabbit anti-HDAC3 or goat
anti-IRF3 and 10 �l of protein G-agarose beads or directly with
10 �l of anti-FLAG-agarose beads, followed by Western blot-
ting. 50 �g (5%) of lysate was included as input control. For
Western blotting, cells were lysed in IP-A buffer. 50�g of lysate
was applied to SDS-PAGE and transferred to Hybond PVDF
membrane (Amersham Biosciences), followed by standard
Western blotting procedure. The bound primary antibodies
were detected by the use of HRP-conjugated secondary anti-
body and the ECL detection system (Amersham Biosciences).
The band density was semiquantified by Adobe Photoshop Ele-
ments software using the histogram tool.
Plasmid Transient Transfection—The plasmid pcDNA3-IRF3

(29) was purchased from Addgene (Addgene plasmid 22860).
Mutated pcDNA3IRF3S386A was created by PCR-based
mutagenesis with a primer set of 5�-gctggcaccccctacccgggc-
catttc-3� and 5�-gctctggagaatactgtggacctgcac-3� and verified by
DNA sequencing. The expression vector pShuttle2-FLAG-
HDAC3, pcDNA3-IRF3, or pcDNA3-IRF3S386Awas transfected
into HUVECs (2 �g of plasmid/2 � 106 cells) by electroporation
using theHUVECnucleofectionkit (Lonza) according to theman-
ufacturer’s recommendation. pShuttle2-FLAGorpcDNA3empty
vectorwas includedasmockcontrol.Thecellswereharvested48h
later.
Adenoviral Gene Transfer and shRNA Lentiviral Particle

Transduction—Ad-FLAG-HDAC3 adenovirus and HDAC3
shRNA lentivirus were amplified in HEK293 and 293T cells,
respectively, as described previously (28). For adenoviral DNA
transfer, HUVECs were seeded on collagen I-coated plates 24 h
prior to infection and incubatedwithAd-FLAG-HDAC3 at a 10
multiplicity of infection (m.o.i.) for 6 h. Subsequently, fresh
medium was added, and the cells were cultured or treated for
the time indicated. For shRNA lentiviral transduction assays,
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HUVECs were seeded on collagen I-coated plates 24 h prior to
transduction and incubated with HDAC3 shRNA lentivirus
(HD3sh) or nontarget shRNA lentivirus (NTsh) at 1 � 107
units/1 � 106cells in the presence of 10 �g/ml Polybrene for
24 h. Subsequently, the medium was refreshed with complete
growth medium and the cells treated with IFN-� 48 h after
transduction. The shRNA lentivirus-infected cells were
assessed 72 h after transduction.
Statistical Analysis—Data expressed as themean� S.E. were

analyzed with a two-tailed Student’s t test for two-groups or
pair-wise comparisons. A value of p � 0.05 was considered
significant.

RESULTS

HDAC3 Is Necessary for IFN-�-induced Galectin-9 Expres-
sion in Endothelial Cells—To explore the mechanism of galec-
tin-9 expression, we first assessed the basal level and responsive
expression of galectin-9 in HUVECs under IFN-� treatment in
our culture system. Galectin-9 was expressed at low level in
HUVECs and significantly up-regulated by IFN-� at mRNA
(Fig. 1A) and protein (Fig. 1, B and C) levels. Because HDAC3
participates in IFN-� downstream signaling, we wondered
whether HDAC3 is involved in IFN-�-induced galectin-9
expression inHUVECs. To test this, we assessedwhether IFN-�
up-regulatedHDACactivity. Indeed, IFN-� activatedHDAC in
a time-dependent manner (Fig. 2A), whereas HDAC1 and
HDAC3 protein levels were not affected (data not shown). The
inhibitor experiments showed that both the general HDAC
inhibitor, trichostatinA (data not shown), andHDAC3-specific
inhibitor, apicidin (30) (Fig. 2, B–D) abolished IFN-�-induced

galectin-9 expression at mRNA (Fig. 2D) and protein (Fig. 2, B
and C) levels. Further experiments with shRNA lentivirus-me-
diated gene knockdown assay demonstrated that knockdownof
HDAC3 not only decreased the basal level of galectin-9 expres-
sion (Fig. 3, A–C) but also abolished the IFN-�-induced galec-
tin-9 expression (Fig. 3, D and E). Importantly, a cell plasma
membrane fraction assay revealed that IFN-� induced galec-
tin-9 translocation to plasma membrane whereas the location
of HDAC3 on the membrane remained unchanged (Fig. 3D).
These results suggest thatHDAC3 is essential for the basal level
and IFN-�-induced galectin-9 expression in HUVECs.
Overexpression of HDAC3 Up-regulates Galectin-9 Expres-

sion in HUVECs—To explore whether up-regulation of
HDAC3 protein level could affect galectin-9 expression,
HUVECs were transfected with pShuttle2-HDAC3 plasmid
(Fig. 4, A–C, pHDAC3) or infected with Ad-FLAG-HDAC3
virus (Fig. 4,D–F). pShuttle2-HDAC3 plasmid transfection sig-
nificantly up-regulated galectin-9 protein level (Fig. 4A) due to
mRNA increase (Fig. 4, B and C). Similarly, Ad-DAC3 gene
transfer up-regulated galectin-9 protein (Fig. 4D) and mRNA
(Fig. 4, E and F) levels in a dose-dependent manner. These
results suggest that elevatedHDAC3 is sufficient to up-regulate
galectin-9 expression in HUVECs.
HDAC3 Regulates PI3K and IRF3 Expression in HUVECs—It

has been reported that the PI3K and IRF3 signal pathway is
involved in double-stranded RNA-induced galectin-9 expres-
sion in vascular endothelial cells (18). We wondered whether a
similar pathway was involved in IFN-�-mediated galectin-9
expression in HUVECs. To explore this hypothesis, HUVECs
were pretreated with PI3K inhibitor LY294002 prior to IFN-�
treatment. Immunofluorescent staining showed that LY294002
significantly reduced the galectin-9 protein level (Fig. 5A).

FIGURE 1. IFN-� induces galectin-9 expression in HUVECs at mRNA and
protein levels. A and B, HUVECs were treated with 10 ng/ml IFN-� for the time
indicated, followed by quantitative RT-PCR analysis of galectin-9 mRNA (A)
and Western blot analysis of galectin-9 protein (B, lower panel represents the
relative galectin-9 protein level to GAPDH). *, p � 0.05; **, p � 0.01. C, HUVECs
were treated with 10 ng/ml IFN-� for 16 h, followed by immunofluorescent
staining with galectin-9 antibody (green). DAPI was included to counterstain
the nucleus (blue). PBS was used as vehicle control. IgG was included as pri-
mary antibody control of the staining. Scale bar, 5 �m. Note that the fluores-
cence intensity in IFN-�-treated cells is significantly higher than untreated
cells. Data presented are representative of mean � S.E. (error bars) of three
independent experiments.

FIGURE 2. HDAC3 activity is essential for galectin-9 expression. A, IFN-�
increases HDAC activity. HUVECs were treated with 10 ng/ml IFN-� for the
time indicated, followed by HDAC activity assay. Arbitrary unit was defined as
A420 nm/�g of protein with untreated set as 1.0. *, p � 0.05. B–D, apicidin
decreased the basal level and IFN-�-induced galectin-9 expression. HUVECs
were pretreated with 200 nmol/liter apicidin for 1 h, then treated with 10
ng/ml IFN-� for 16 h in the presence of apicidin, followed by immunofluores-
cent staining (B: green, galectin-9; blue, DAPI; Scale bar, 5 �m), Western blot
assay (C) and quantitative RT-PCR analysis (D) are shown. *, p � 0.05; ***, p �
0.0001. Data presented are representative of mean � S.E. (error bars) of three
independent experiments. DMSO, dimethyl sulfoxide.
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Western blotting confirmed that LY294002 reduced the basal
level and IFN-� induced IRF3 phosphorylation at serine residue
386 (Fig. 5B). These results suggest that PI3K-mediated IRF3
phosphorylation at Ser-386 is responsible for the basal and IFN-
�-induced galectin-9 expression in HUVECs. To investigate
further the involvement of HDAC3 in this signal pathway,
HDAC3 shRNA lentivirus-mediated knockdown assays were
performed. Surprisingly, HDAC3 knockdown dramatically
decreased PI3K (p85�) and IRF3 protein levels together with
IRF3 phosphorylation at a basal level and in response to IFN-�
treatment (Fig. 5,C andD). Quantitative RT-PCR analysis dem-
onstrated that the decrease in protein levels was due to
decreased mRNA levels (Fig. 5E). To explore whether IRF3
phosphorylation was necessary for galectin-9 expression,
mutated IRF3 was created by substituting Ser-386 with Ala-
386. Transient transfection with wild-type IRF3 showed ele-
vated phosphorylation and galectin-9 expression, in contrast to
IRF3S386A, although there was robust expression of mutant
IRF3 (Fig. 5F). These results suggest thatHDAC3plays a crucial
role in regulating galectin-9 expression in endothelial cells
throughmodulating PI3K and IRF3 transcription and that IRF3
phosphorylation is essential for galectin-9 expression.
HDAC3 Is Essential for IRF3 Nuclear Translocation—Fur-

ther experiments were performed to assess the effect of
HDAC3 on IRF3 subcellular location. As shown in Fig. 6A,
overexpression of HDAC3 via adenoviral gene transfer
increased IRF3 nuclear translocation and its phosphorylation.
However, when HDAC3 was knocked down by shRNA lentivi-

rus, IRF3 expression, phosphorylation, and nuclear location
were significantly reduced (Fig. 6B). Most importantly, IFN-�-
induced IRF3 phosphorylation and nuclear translocation were
totally ablated (Fig. 6B). These results suggest that HDAC3 is
essential for IFN-�-induced IRF3 nuclear translocation. Data
presented are representative or the average of three indepen-
dent experiments.
HDAC3 Forms a Complex with PI3K and IRF3 in Response to

IFN-�—HDAC3 is reported to interact with nonhistone pro-
teins, such as Akt1 and MEF2 (28, 31, 32). To investigate
whether HDAC3 physically interacts with PI3K and IRF3 in
addition to regulating their expression, Ad-HDAC3-infected or
uninfected HUVECs were treated with IFN-� followed by
immunoprecipitation assay with anti-FLAG (for exogenous
HDAC3) or anti-HDAC3 (endogenous). No association of
exogenous HDAC3 was detected in untreated cells. However,
IFN-� treatment induced HDAC3 association with PI3K and
IRF3 (Fig. 6B). Surprisingly, when we used anti-HDAC3 anti-
body to pull down endogenous HDAC3, the association of
HDAC3 with PI3K and IRF3 could be detected at low levels in
untreated cells, which was significantly enhanced by IFN-�
treatment (Fig. 6C). Because HDAC3 is a deacetylase, we won-
dered whether the deacetylase activity is necessary for this
interaction. To test this hypothesis, immunoprecipitation was
performed with anti-IRF3 antibody under IFN-� treatment in

FIGURE 3. Knockdown of HDAC3 decreases basal level and IFN-�-induced
galectin-9 expression. A–C, knockdown of HDAC3 decreased basal level of
galectin-9 expression. HUVECs were infected with nontarget (NTsh) or HDAC3
(HD3sh) shRNA lentiviruses at 1 � 107 units/1 � 106 cells for 72 h, followed by
Western blotting (A), routine RT-PCR(B), and quantitative RT-PCR (C) assays.
An arbitrary unit was defined as the ratio of target gene mRNA to 18 S RNA
with that of NTsh set as 1.0. **, p � 0.01; ***, p � 0.0001. D and E, knockdown
of HDAC3 abolishes IFN-�-induced galectin-9 expression. HUVECs were
infected with NTsh or HD3sh RNA at 1 � 107 units/1 � 106 cells for 48 h, then
treated with 10 ng/ml IFN-� for 16 h, followed by membrane fraction isolation
and RNA extraction. HDAC3 and galectin-9 protein levels were detected in
total cell lysate and membrane fractions by Western blotting (D), and mRNA
was detected with quantitative RT-PCR (E). *, p � 0.05; ***, p � 0.0001. Data
presented are representative of mean � S.E. (error bars) of three independent
experiments.

FIGURE 4. Overexpression of HDAC3 increases galectin-9 expression. A–C,
HUVECs were transfected with pShuttle2-FLAG-HDAC3 plasmid (pHDAC3, 2
�g/2 � 106cells) via electroporation, followed by Western blotting (A), rou-
tine RT-PCR (B), and real time RT-PCR (C) assays 48 h after transfection.
pShuttle2-FLAG vector was included as mock control. **, p � 0.01; ***, p �
0.0001. D–F, HUVECs were infected with Ad-FLAG-HDAC3 virus at the m.o.i.
indicated, followed by Western blotting (D), routine RT-PCR (E), and real time
RT-PCR (F) assays 48 h after infection. Ad-null virus was included as negative
control and to compensate the m.o.i. *, p � 0.05; **, p � 0.01. -Fold of induc-
tion was defined as the ratio of target gene mRNA to 18 S RNA with that of
control group set as 1.0. Data presented are representative of mean � S.E.
(error bars) of three independent experiments.
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the absence or presence of HDAC3 inhibitor, apicidin. As
shown in Fig. 6D, the presence of apicidin did not affect the
interaction of HDAC3, IRF3, and PI3K. These results suggest
that HDAC3 may be directly involved in PI3K-IRF3 signal
transduction acting as a scaffold protein independent of
deacetylase activity.

DISCUSSION
Through interaction with �-galactosides containing pro-

teins, galectin-9 may function in cell-to-cell communication
involved in inflammatory response and tumor metastasis. In
the present study, we demonstrated thatHDAC3 is required for
the constitutive galectin-9 expression. In addition, HDAC3 is
activated by IFN-� and forms a complex with PI3K and IRF3,
which increases PI3K-mediated IRF3 phosphorylation, leading
to up-regulation of galectin-9 transcription. This is the first
time that HDAC3 has been shown to play a role in regulating
the expression of immune modulator molecules such as galec-
tin-9 in vascular endothelial cells.
Galectin-9 can exist extracellularly, on the plasma mem-

brane, and intracellularly. Different locationsmay determine its

different functions. In extracellular matrix, galectin-9 may
function as chemoattractant of eosinophils (33). On the cellular
membrane, galectin-9maymediate cell-to-cell communication
via its specific receptor, Tim3, or other �-galactosides contain-
ing proteins (34, 35).
Intracellularly, galectin-9 may interact with �-galactosides

containing signal transducer, leading to gene transcription reg-
ulation, such as cytokine production in monocytes and T cells
(12, 13). In endothelial cells, the expression of galectin-9 can be
controlled by HDAC3. Inhibition of HDAC3 activity by apici-
din or knockdown of HDAC3 protein level decreases the galec-
tin-9 expression. In this study, we found that IFN-� exerted
dual effects on galectin-9: induction of expression and mem-
brane location. The former is HDAC3-dependent, as apicidin
and HDAC3 shRNA abolish IFN-�-induced galectin-9 expres-
sion at mRNA and protein levels. However, the latter is
HDAC3-independent. In HDAC3 shRNA lentivirus-infected
cells, although the total protein level of galectin-9 is signifi-
cantly decreased, IFN-� still increases the galectin-9 location
on membrane compared with untreated cells. Galectin-9 on

FIGURE 5. HDAC3 is essential for IFN-�-induced PI3K-IRF3 activation and galectin-9 expression. A and B, PI3K is crucial for IFN-�-induced galectin-9
expression and IRF3 activation. HUVECs were pretreated with PI3K inhibitor LY294002 (5 �mol/liter) for 1 h, then treated with 10 ng/ml IFN-� for 16 h in the
presence of LY294002, followed by immunofluorescent staining (A: green, galectin-9; blue, DAPI; Scale bar, 5 �m) and Western blot assay (B). The same amount
of dimethyl sulfoxide was included as vehicle control. p-IRF3 indicates phosphorylation of IRF3 at Ser-386. C–E, HDAC3 is crucial for basal level expression of
PI3K and IRF3 and IFN-�-induced IRF3 activation. HUVECs were infected with NTsh or HD3sh RNA for 48 h, then treated with 10 ng/ml IFN-� for 16 h, followed
by Western blot analysis (C, representative image; D, quantitative analysis) and quantitative RT-PCR assays (E). *, p � 0.05; **, p � 0.01. F, IRF3 phosphorylation
is essential for galectin-9 expression. HUVECs were transfected with pcDNA3 (vector), pcDNA3-IRF3 (WT), or pcDNA3-IRF3S386A (S386A) plasmids for 48 h,
followed by Western blot analysis of IRF3 phosphorylation and galectin-9 expression. Data presented are representative or average � S.E. (error bars) of three
independent experiments.
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endothelial membrane increases eosinophil adhesion (16).
These findings suggest thatHDAC3may function in inflamma-
tory responses through regulating galectin-9 expression, which
in turn affects cell-to-cell interaction.
Our previous study indicated that disturbed flow induced

HDAC3 translocation to plasmamembrane in endothelial cells
(28). On plasma membrane, HDAC3 can associate with c-Src
and is phosphorylated by c-Src, which is essential for HDAC3
activation (36, 37). In this study, IFN-� may activate HDAC3 in
another unknown way, because membrane-associated HDAC3
remains unchanged under IFN-� treatment. Activation of
HDAC3 is crucial for IFN-�-induced galectin-9 expression.
HDAC3-specific inhibition with apicidin can abolish the IFN-
�-induced galectin-9 expression.

HDAC3 may regulate galectin-9 expression in two ways. On
the one hand, HDAC3 may function as a scaffold protein for
PI3K and IRF3 interaction, which is independent of HDAC3
activity, as the presence of apicidin does not affect PI3K and
IRF3 interaction. This HDAC3-PI3K-IRF3 complex may be
responsible for the constitutive expression of galectin-9 in
untreated cells. On the other hand, activated HDAC3 activity
may promote IRF3 phosphorylation and its access to gene pro-
moter. Further experimentswill be needed to address this issue.

Furthermore, it has been reported that theN-terminal region of
HDAC3 is responsible for its protein/protein interaction. In
this study, immunoprecipitation with anti-FLAG antibody that
detects exogenous HDAC3 binding with PI3K and IRF3 was in
contrast to that detected with endogenous HDAC3 interac-
tions. Immunoprecipitation with anti-HDAC3 antibody that
detects endogenousHDAC3 shows association ofHDAC3with
PI3K and IRF3 in untreated cells. This basal level of interaction
is not seen with exogenous immunoprecipitation of HDAC3.
Exogenous HDAC3 is expressed as a fusion protein, in which a
FLAG tag is fused into the N-terminal of HDAC3. Anti-FLAG
antibody will affect the access of associated proteins to the
N-terminal region of HDAC3. The anti-HDAC3 recognizes an
epitope in the farC terminus. Thus, these results also imply that
the N-terminal domain of HDAC3may mediate its association
with PI3K and IRF3.
IRF3 dimerization and transcriptional activity are regulated

by phosphorylation (for review see Ref. 38), one of which is the
phosphorylation site at Ser-386. IRF3 Ser-386 phosphorylation
is mediated by PI3K in response to virus infection (39). In our
study, IFN-� induces IRF3 Ser-386 phosphorylation in a PI3K-
and HDAC3-dependent manner. Both PI3K inhibitor and
HDAC3knockdown abolish IFN-� induced IRF3 Ser-386 phos-
phorylation. The Ser-386 phosphorylation is imperative for the
IRF3-mediated galectin-9 expression, as S386A mutant IRF3
losses its regulatory function on galectin-9 expression. Impor-
tantly, HDAC3 is essential for the constitutive expression of
PI3K and IRF3. Knockdown of HDAC3 decreases PI3K-IRF3
protein andmRNA levels, implying that HDAC3 positively reg-
ulates PI3K-IRF3 transcription. This finding complements the
observation thatHDAC3 knockdowndecreasedAkt phosphor-
ylation, substrate of PI3K (28). HDAC3 may regulate PI3K and
IRF3 transcription through either a direct or an indirect man-
ner. In the direct manner, HDAC3 may function through its
protein/protein interaction or through its deacetylase activity
for the activation/inactivation of transcriptional factors
responsible for PI3K and IRF3 transcription. For example,
Ozaki and colleagues demonstrate that the E2F1 transcription
factor can be regulated by its acetylation status (40). Increasing
the acetylation of E2F1 by trichostatin A treatment enhanced
its transcriptional activity on its target genes. Surprisingly, Xu
et al. have shown that IRF3 transcription can be negatively reg-
ulated by the E2F1 transcription factor through binding on the
human IRF3 promoter region (41). Taken together, HDAC3
knockdownor inhibition ofHDAC3activitymay promote E2F1
negative activity toward IRF3 transcription, reducing IRF3
transcription. In the indirect manner, HDAC3may function as
a standard deacetylase co-repressor negatively regulating the
transcriptional expression of a repressor. HDAC3 deficiency
will increase the expression of the repressor, which in turn
down-regulates PI3K and IRF3 transcription. However, the
detailed mechanism needs further investigations. Considering
the fact that PI3K is involved in multiple signaling pathways, it
implicates HDAC3 in multiple cellular processes including
endothelial/inflammatory cell interaction.
In summary, HDAC3 regulates the basal level of PI3K and

IRF3 transcription, which may be responsible for the constitu-
tive expression of galectin-9 in endothelial cells. Under IFN-�

FIGURE 6. IFN-� enhances the HDAC3-p85�-IRF3 complex formation.
A, overexpression of HDAC3 induced IRF3 nuclear translocation. HUVECs
were infected with 10 m.o.i. Ad-HDAC3 virus for 48 h, followed by cellular
fraction assay. Ad-null virus was included as control. C.E, cytosolic extract; N.E,
nuclear extract. B, HDAC3 knockdown ablated IFN-�-induced IRF3 nuclear
translocation. HUVECs were infected with NTsh or HD3sh for 72 h, and then
treated with 10 ng/ml IFN-� for 4 h, followed by cellular fraction assay. Anti-
tubulin and histone H4 antibodies were included to identify cytosol and
nuclear fractions. C, IFN-� induced the formation of the HDAC3-p85�-IRF3
complex. HUVECs were infected with Ad-FLAG-HDAC3 virus at 10 m.o.i. and
48 h later treated with 10 ng/ml IFN-� for 4 h, followed by immunoprecipita-
tion assay with anti-FLAG antibody. 50 �g of lysate was included as input. D,
IFN-� enhanced endogenous HDAC3 association with p85�-IRF3. HUVECs
were treated with 10 ng/ml IFN-� for 4 h, followed by immunoprecipitation
assay with anti-HDAC3 antibody. E, HDAC3 activity is unnecessary for HDAC3-
p85�-IRF3 complex formation. HUVECs were treated with 10 ng/ml IFN-� for
4 h in the presence or absence of apicidin, followed by immunoprecipitation
with anti-IRF3 antibody. Dimethyl sulfoxide was included as vehicle control.
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treatment, HDAC3 is activated and forms a complex with PI3K
and IRF3, leading to PI3K-mediated IRF3 phosphorylation and
galectin-9 expression (Fig. 7). This study provides new evidence
of HDAC3 involvement in not onlymodulating IRF3 and galec-
tin-9 expression but also in other signal pathways possibly via
regulating PI3K transcription in endothelial cells.
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FIGURE 7. Schematic illustration of IFN-�-mediated galectin-9 expression
in HUVECs. In HUVECs, HDAC3 is involved in the constitutive expression of
IRF3 and the p85� subunit of PI3K. Under IFN-� treatment, HDAC3, PI3K, and
IRF3 form a complex, leading to the phosphorylation of IRF3 at serine 386,
which in turn activates galectin-9 expression.
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