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Abstract

It is known that inflammatory response
plays an important role in atherogenesis.
Interferon-gamma (IFNy) 1s an
inflammation-related  cytokine that can
stimulate endothelial cells (ECs) to express
CXC chemokines via JAK/STATI signaling
pathway. ECs are constantly exposed to blood
flow-induced shear stress (SS). Laminar flow
(LF)-associated shear stress protects ECs from
endothelial dysfunction and thus is
atheroprotective. This study was conducted to
analyze whether ECs under laminar shear stress
were protected from IFNy-induced
inflammatory responses. IFNy triggered the
activation of JAK/STATI1 signaling pathway with
the phosphorylation of JAK1/2 and phosphorylation
of Tyr701 and Ser727 in STATI1. The Tyr701
phosphorylation approached the highest level at 30
minutes and Ser727 phosphorylation obviously
raised after 30 minutes. IFNy induced Tyr701 and
Ser727 phosphorylation in a dose-dependent
manner, with their highest levels occurring at the
IFNy concentration of 2.5 ng/ml. When SS was
applied to IFNy-treated ECs, it significantly
inhibited the IFNy-induced Tyr701 phosphorylation
of STAT1 in a shear force- and time
course-dependent ~ manner  whiles Ser727
phosphorylation was unaffected. In the presence of
sodium orthovanadate (an inhibitor of protein
tyrosine phosphatase), SS was unable to suppress
IFN-y-induced STATI1 Tyr-701 phosphorylation,
indicating that protein tyrosine phosphatase (PTP)
was involved in the suppression process. Next, we
performed Taqman real-time PCR to detect the
mRNAs of downstream target genes such as CXC
chemokines and CIITA in the JAK/STATI
signaling pathway. IFN-y (2.5 ng/ml) stimulation
dramatically increased the mRNA levels of CXC
chemokines (CXCL9, CXCL10 , and CXCL11) and
CIITA. To examine the atheroprotective effects of
laminar flow on ECs, IFNy-treated ECs were
subjected to LF for 4 hours. The expression of
IFNy-inducible CXC chemokines was significantly
attenuated. Consistently, LF greatly suppressed
CXCL10 secretion into a cultured medium. In
addition to CXC chemokines, the IFNy-induced
expression of CIITA, a crucial transcriptional

regulator of MHCII expression, was also attenuated
by LF. We further transfected ECs with
STAT]1-targeting siRNA to reduce the amount of
STATI1 protein and found that the expressions of
the IFNy-induced CXC chemokines and CIITA
were significantly suppressed. This result revealed
that CXC chemokines and CIITA are the
downstream target genes of STAT1. We also found
that LF suppressed [FNy-induced CXC chemokines
expression in a shear stress-dependent manner, with
high shear stress (25 dyn/cm®) being more effective
than low shear stress (2 dyn/cm?) in suppressing
CXC chemokines expression. In summary, LF
suppressed IFNy-induced JAK/STAT1 signaling
and downstream inflammation-related target genes
including CXC chemokines and CITA, thereby
protecting ECs from dysfunction and suppressing
atherogenesis.

Keywords: shear stress, laminar flow, endothelial
cells, CXC chemokines, interferon-gamma,
STATI1
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Fig. 1. Shear stress (SS) does not affect the basal
STATL1 Tyr 701 and Ser727 phosphorylation in
HUVECs. HUVECs were in static condition or exposed
to SS (25 dyn/cm?) for 10, 30, 60, 120 minutes. ECs
were stimulated by IFNy (2.5 ng/ml) for 30 minutes as

positive controls. Arrows indicate STATloa and
STATI.
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Fig. 2. IFNy stimulates STAT1 tyrosine and serine
phosphorylation. A, IFNy induced Tyr 701 and Ser727
phosphorylation of STATI1 in a time-dependent manner.
HUVECs were treated with IFNy (2.5 ng/ml) for 5, 10,
30, 50, 120 minutes. B, IFNy induced tyrosine and serine
phosphorylation of STAT1 in a concentration-dependent
manner. ECs were treated with IFNy at the indicated
concentration for 30 minutes.
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Fig. 3. Shear stress (SS) suppresses IFNy-induced
STAT1 Tyr701 phosphorylation in HUVECs. SS
suppresses IFNy-induced STATI1 Tyr701
phosphorylation in a time- and force-dependent manner.
A, HUVEC:s pretreated with IFNy (2.5 ng/ml) for 10 min
were either maintained static or exposed to following SS
(25 dyn/cm®) in medium containing IFNy for an
additional 10 or 20 minutes. After stimulation, cell
lysates were subjected to western blot analysis and the
Tyr701 phosphorylation was examed. The intensity of
Tyr701 phosphorylation was normalized to the level of
STATla and is presented as mean + SE of three
independent experiments. * P < 0.05 vs. respective
IFNy-treated ECs under static conditions. B, HUVECs
pretreated with 2.5 ng/ml IFNyfor 10 min were
maintained static or exposed to SS in medium containing
IFNy for 20 minutes with increasing shear stress as
indicated, and the Tyr701 and Ser727 phosphorylation of
STAT1 was examined. STAT1 phosphorylation was
normalized to the level of STATI and is presented as
mean * SE of three independent experiments. * P < 0.05
vs. respective IFNy-treated ECs under static conditions.
#P < 0.05 vs. ECs under SS of 5 dyn/cm®. +P < 0.05 vs.
ECs under SS of 12.5 dyn/cm’.
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Fig. 4. Shear stress (SS) suppresses IFNy-induced
JAK/STAT1 activation in BAECs. SS suppresses
[FNy-induced JAK/STATI tyrosine phosphorylation in a
time- dependent manner. BAECs pretreated with IFNy
(0.5 ng/ml) for 30 min were either maintained static or
exposed to following SS (25 dyn/cm?) in medium
containing IFNy for an additional 10 or 20 minutes.
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Fig. 5. IFNy induces CXCL10 (IP-10) expression in
HUVECs. Time course study of IFNy-induced IP-10
mRNA levels. HUVECs were in static condition or
treated with IFNy (2.5 ng/ml) for 1, 2, 3, 4, or 6 hours.
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Fig. 6. Protein tyrosine phosphatase is involved in
tyrosine dephosphorylation of STAT1. BAECs were
pretreated with Na;VO, (100 pM), an inhibitor to protein
tyrosine phosphatase, for 30 min followed by 0.5 ng/ml
IFNy for 30 min and then maintained static or exposed to
LF (shear stress: 25 dyn/cm®) for 20 min. The
phosphorylation of STATI was analyzed by Western
blot using antibody specific to either pTyr-STAT! or
STATI. Results are representative of 3 independent
experiments with similar results.
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Fig. 7. Laminar flow (LF) suppresses IFN-y-induced
DNA binding of STATL1. Nuclear extracts were
prepared and analyzed by gel shifting using a **P-labeled
high-affinity sis-inducible element (hSIE)
oligonucleotide probe. HUVECs were maintained under
static conditions (lane 1) or treated with 2.5 ng/ml IFNy
for 4 hours and 10 minutes (lane 2). Followed by IFNy
pretreatment, ECs were exposed to laminar flow (LF)
with shear stress of 25 dyn/cm® for 4 hours in the
presence of IFNy (lane 3). The specificity of the retarded
complex (STAT1/STAT1 homodimer) was confirmed by
preincubating the nuclear extracts with an antibody to
STAT1 or STAT3. Results are representative of 3
independent experiments with similar results.
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Fig. 8. IFN-y stimulates CXC chemokines (CXCL9,
CXCL10, CXCL11) and CIITA expressions. ECs were
treated with IFNy (2.5 ng/ml) at different intervals as
indicated. Total RNA was extracted, purified and were
subjected to Tagman real-time PCR analysis. All these
gene expressions (CXCL9, CXCL10, CXCLI11, and
CIITA) were normalized to the level of GAPDH. Results
are representative of 2 independent experiments with
similar results.
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Fig. 9. IFN-y induces expression of CXC chemokines
(CXCL9, CXCL10, CXCL11) via STATL activation.
HUVECs were transfected with either STAT1-specific or
nonspecific siRNA. mRNA expression of CXC
chemokines and CIITA was analyzed using Tagqman
real-time PCR analysis. In a parallel experiment, ECs
transfected with siRNA were analyzed by western
blotting to detect the expression of STATI in ECs
transfected with STAT1-specific or nonspecific siRNA.
Results are presented as the mean £ S.E. from three
independent experiments. *P < 0.05 and #P < 0.001 vs.
respective gene mMRNA expression in IFNy-treated
HUVEC:s transfected with nonspecific siRNA.
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Fig. 10. Laminar flow (LF) suppresses IFNy-inducible
CXC chemokines (CXCL9, CXCL10, CXCL11) and
CIITA. (A) ECs were maintained under static conditions
(lane 1) or exposed to LF (25 dyne/cm2) for 4 hours and
10 min (lane 2); ECs were treated with IFNy for 4 hours
and 10 min (lane 3) or exposed to IFNy for 10 min
followed by LF for 4 hours in a medium containing IFNy
(lane 4). CXCL9, CXCL10 and CXCL11 mRNA levels
were determined by real-time quantitative RT-PCR.
Chemokine expression was normalized to GAPDH. (B)
LF  suppresses IFNy-induced CXCL10 protein
production. ECs were treated as in lanes 1, 3 and 4 of A.
Conditioned medium was collected for ELISA analysis.
CXCL10 protein is expressed as pg/mg of total protein.
(C) LF attenuated IFNy-induced CIITA expression in
ECs pretreated with IFNy. The expression of CIITA was
analyzed using RT-PCR. Results are presented as the
mean£S.E. from three independent experiments. *P <
0.05 vs. [FNy-treated ECs under static condition.
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Fig. 11. Laminar flow (LF) suppresses IFNy-induced
CXC chemokines (CXCL9, CXCL10, CXCL11) in a
shear stress-dependent manner. ECs were maintained
under static conditions (lane 1), treated with IFNy for 4
hours and 10 minutes, or pretreated with IFNy (2.5 ng/ml)
for 10 minutes and then subjected to LF in medium
containing IFN-y for 4 hours with shear stress of 2 or 25
dyn/cm®. CXCL9, CXCL10 and CXCL11 mRNA levels
were determined using Tagman real-time PCR analysis.
Chemokine expression was normalized to GAPDH and is
presented as the mean * S.E. of three independent
experiments. *P < 0.05 vs. respective chemokine
expression of [FNy-treated ECs under static conditions.
#P < 0.05 vs. respective chemokine expression of
IFNy-treated ECs under LF (2 dyn/cm?).



