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Ni, Chih-Wen, Hsyue-Jen Hsieh, Yuen-Jen Chao, and Danny
Ling Wang. Interleukin-6-induced JAK2/STAT3 signaling pathway
in endothelia cellsis suppressed by hemodynamic flow. Am J Physiol
Cell Physiol 287: C771-C780, 2004. First published May 19, 2004;
10.1152/gjpcell.00532.2003.—Endothelia cells (ECs) are constantly
exposed to shear stress, the action of which triggers signaling path-
ways and cellular responses. During inflammation, cytokines such as
IL-6 increase in plasma. In this study, we examined the effects of
steady flow on IL-6-induced endothelial responses. ECs exposed to
IL-6 exhibited STAT3 activation via phosphorylation of Tyr705.
However, when ECs were subjected to shear stress, shear force-
dependent suppression of 1L-6-induced STAT3 phosphorylation was
observed. IL-6 treatment increased the phosphorylation of JAK2, an
upstream activator of STAT3. Consistently, shear stress significantly
reduced IL-6-induced JAK2 activation. Pretreatment of ECs with an
inhibitor of MEK1 did not alter this suppression by shear stress,
indicating that extracellular signal-regulated kinase (ERK 1/2) was not
involved. However, pretreatment of ECs with an endothelia nitric
oxide synthase inhibitor (nitro-L-arginine methyl ester) attenuated this
inhibitory effect of shear stress on STAT3 phosphorylation. Shear
stress-treated ECs displayed decreased nuclear transmigration of
STAT3 and reduced STAT3 binding to DNA. Intriguingly, ECs
exposed to IL-6 entered the cell cycle, as evidenced by increasing
G2/M phase, and shear stress to these ECs significantly reduced
IL-6-induced cell cycle progression. STAT3-mediated IL-6-induced
cell cycle was confirmed by the inhibition of the cell cycle in ECs
infected with adenovirus carrying the inactive mutant of STAT3. Our
study clearly shows that shear stress exertsits inhibitory regulation by
suppressing the IL-6-induced JAK2/STAT3 signaling pathway and
thus inhibits I1L-6-induced EC proliferation. This shear force-depen-
dent inhibition of I1L-6-induced JAK2/STAT3 activation provides new
insights into the vasoprotective effects of steady flow on ECs against
cytokine-induced responses.

shear stress; nitric oxide; cell cycle

HEMODYNAMIC FORCES PLAY an important role in maintaining
vascular integrity. Endothelial cells (ECs) lining the vascular
wall are subject to hemodynamic forces, including flow-in-
duced shear stress. Previous studies examined the mechanisms
involved in transducing these mechanical forces into second
messengers and changes in gene transcription (12). ECs ex-
posed to shear stress activate the extracellular signal-regulated
kinase (ERK1/2) and c-Jun NHz-terminal kinase (INK) path-
ways (9, 23, 26). Previous studiesin our laboratory (10, 21, 34)
have shown that induction of the ERK pathway by shear stress
plays arole in the activation of redox-sensitive genes such as
monocyte chemotactic protein (MCP-1), intercellular adhesion
molecule-1 (ICAM-1), and c-fos. However, exposure of ECsto

shear stress was also shown to promote vasoprotective mech-
anisms. Berk and coworkers (3, 40) indicated that steady
laminar flow decreases endothelial apoptosis and TNF-induced
endothelia activation. This inhibition of TNF-induced signal
transduction subsequently produces atheroprotective effects on
the endothelium. Laminar shear stress also induces endothelial
nitric oxide synthase (eNOS) activity and the expression of the
eNOS gene, both of which are crucial in maintaining endothe-
lia function (4, 9, 11). Shear stress-induced release of nitric
oxide (NO) plays an inhibitory role by attenuating the activa-
tion of these signaling pathways (28). Interestingly, increased
expression of redox-sensitive genes mediated via the antioxi-
dant response element in the promoter region of those genes
was documented in ECs under steady flow (8, 13). Taken
together, these findings suggest that laminar shear stress pro-
tects ECs from inflammation via the modulation of signaling
pathways and transcriptional regulation.

IL-6, a key proinflammatory cytokine, is involved in a
spectrum of diseases, including atherosclerosis, osteoporosis,
arthritis, diabetes, and certain cancers. A recent study (27)
indicated that chronic stress increases IL-6 level in plasma
IL-6 has been linked to cardiovascular diseases because of its
role in enhancing the production of C-reactive protein, an
important risk factor for myocardia infarction (27). Various
cells, including ECs, are capable of secreting IL-6 upon stim-
ulation of cytokines (16) or endotoxins (24) during inflamma-
tion. Thereleased IL-6 preferentially activates STAT3 with the
phosphorylation of Tyr705 via the JAK signaling pathway.
STAT3 isamember of afamily of functionally related STAT
proteins that can be activated by various cytokines or growth
factors and plays akey rolein avariety of biological activities,
including cell growth, differentiation, apoptosis, transforma-
tion, inflammation, and immune responses (6, 18). Although
the role of IL-6 in tumor growth has been well studied (5), its
impact on endothelial function has not been well defined.
Earlier studies have shown that IL-6 increases endothelia
permeability (31). IL-6-induced EC proliferation has also been
reported (17, 20). Moreover, studies have demonstrated that
IL-6 induces angiogenic activity in both ex vivo and in vivo
assays (17, 20).

In this study, we show that JAK2/STAT3 pathway activation
by IL-6 israpidly suppressed upon theinitiation of steady flow
to ECs and that this suppression is shear force dependent.
Furthermore, we show that shear stress retards progression of
the IL-6-induced endothelial cell cycle. Thus laminar shear
stress not only prevents endothelial inflammatory responses but
also inhibits EC proliferation. This study provides a molecular
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Fig. 1. IL-6 stimulates STAT3 tyrosine phosphorylation in endothelial cells
(ECs). A: IL-6 induces tyrosine phosphorylation of STAT3. ECs were treated
with 1 ng/ml IL-6 at different intervals asindicated. Cell lysates were subjected
to Western blot analysis with anti-phospho-Tyr705 STAT3 (pTyr-STAT3) or
anti-STAT3 (STAT?J) as indicated. B: IL-6 increases STAT3 tyrosine phos-
phorylation in a concentration-dependent manner. ECs were treated with IL-6
at the indicated concentration for 10 min, and the Tyr705 phosphorylation of
STAT3 was examined. Results are representative of duplicate experiments
with similar results. C, control.

basis for how shear stress protects ECs from cytokine-induced
responses. The rapid inactivation of the JAK2/STAT3 pathway
by laminar shear stress that leads to growth arrest provides a
new mechanism for the vasoprotective effects exerted by
hemodynamic flow on cytokine-induced vascular responses.

MATERIALS AND METHODS

Materials. The hemagglutinin antigen (HA)-tagged STAT3 (HA-
STAT3) and HA-STAT3F mutant (Tyr705Phe) overexpression plas-
mids were gifts from Dr. T. Hirano (Department of Molecular On-
cology, Osaka University Medical School, Japan; Ref. 32). Adenovi-
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rus carrying STAT3 mutant (Ad-STAT3F) was a gift from Dr.
C.-Y. F. Huang (National Health Research Institutes, Taipei, Taiwan).
Recombinant human IL-6 was purchased from R&D Systems (Min-
neagpolis, MN). Anti-phospho-Tyr705 STATS3, anti-phospho-ERK,
and anti-JAK2 were purchased from Upstate Biotechnology (Lake
Placid, NY). Anti-STAT3 and anti-ERK 1 were purchased from Trans-
duction Laboratories (Lexington, KY). Anti-HA antibody was ob-
tained from Covance Research Products (Berkeley, CA). Anti-phos-
pho-JAK2 was purchased from Biosource International (Camarillo,
CA). Anti-nucleolin («C23) and anti-tubulin were purchased from
Santa Cruz Biotechnology (Santa Cruz, CA). PD-98059, U0126,
AG490, and nitro-L-arginine methyl ester (L-NAME) were purchased
from Calbiochem (Cambridge, MA). All other chemicals of reagent
grade were obtained from Sigma (St. Louis, MO).

Cell culture and transfections. Bovine aortic ECs were cultured in
DMEM supplemented with 10% fetal bovine serum (FBS), 100 U/ml
penicillin, and 100 pg/ml streptomycin (Invitrogen/Life Technolo-
gies, Carlshad, CA) as described (42). The culture medium was then
changed to DMEM containing only 0.5% FBS overnight before steady
flow experiments. Transient transfection was performed by using
Lipofectamine (Invitrogen/Life Technologies, Carlsbad, CA) as de-
scribed previously (42).

Shear stress experiments. ECs were exposed to shear stress in a
paralel plate flow chamber as previously described (21). This con-
tinuous, well-defined flow of culture medium to the chamber was
maintained with the use of a roller pump. The flow loop system was
situated in an acrylic plastic enclosure maintained at 37°C by a heater.
The pH of the medium was constantly maintained by continuous
gassing of the medium reservoir with humidified 5% CO.. The
reservoir consisted of DMEM containing 0.5% FBS.

Western blotting. For Western blot analysis, ECs were lysed with
buffer containing 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS,
and protease inhibitors. ECs were disrupted by repeated aspiration
through a 21-gauge needle. After cellular debris were removed, the
same amount of protein was subjected to SDS-PAGE. After being
transferred to a nitrocellulose membrane, antigen was analyzed using
specific antibodies. Antigen-antibody complexes were detected using
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horseradish peroxide-labeled rabbit anti-mouse or goat anti-rabbit
1gG. Results were analyzed with an enhanced chemiluminescence
detection system (ECL; Pierce).

Immunofluorescence microscopy. After treatment, ECs were fixed
with 4% paraformaldehyde for 15 min and then washed with PBS
containing 1% Triton X-100 for 15 min. ECs were blocked with 1%
BSA and then treated with anti-HA for 1 h at room temperature.
Secondary antibody labeled with FITC was used. HA-tagged wild-
type or mutant STAT3 was transiently transfected into ECs and
STAT3 intracellular localization was revealed by confocal laser scan-
ning microscopy.

Nuclear protein extraction and electrophoretic mobility shift assay.
Nuclear extracts from ECs after treatment were prepared as previously
described (42). Nuclear proteins were analyzed by Western blot. The
electrophoretic mobility shift assay (EMSA) was performed as previ-
ously described (42). End-labeled high-affinity Sis-inducible element
(hSIE) (41) probe (0.5-2 ng) was added to the reaction mixture.
Samples were then analyzed on a 5% nondenaturing polyacrylamide
gel. For the supershift assay, anti-STAT3 or anti-STAT1 (Santa Cruz
Biotechnology) was incubated with nuclear extracts before addition of
the labeled hSIE probe.

Flow cytometry and cell cycle analysis. For cell cycle analysis, ECs
were washed with cold PBS and then fixed and permeabilized with

70% ethanol for 18 h at —20°C. ECs were then incubated with
staining buffer (0.1% Triton X-100, 0.2 mg/ml RNase A, and 20
pg/ml propidium iodide) in the dark. Samples were filtered through
35-uwm nylon mesh, followed by flow cytometric analysis of DNA
content using a Becton Dickinson flow cytometer (FACS Calibur).
Cell cycle distribution was calculated using CellQuest software (Bec-
ton Dickinson).

Satistical analysis. Data are presented as means + SE. Statistical
analysis was performed using one-way ANOVA. Differences were
considered statistically significant at P < 0.05.

RESULTS

IL-6-induced phosphorylation at Tyr705 of STAT3 is sup-
pressed by shear stress. It is well documented that Tyr705 in
STATS3 is phosphorylated after stimulation of cells by cyto-
kines, including IL-6. To investigate whether 1L-6 induces
phosphorylation at Tyr705 of STAT3in ECs, cellswere treated
with IL-6 at different time intervals. As shown in Fig. 1A,
phosphorylation at Tyr705 of STAT3 rapidly increased within
10 min and then gradually returned to basal level after contin-
uous exposure to IL-6 for 120 min. This phosphorylation of
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Fig. 4. Extracellular signal-regulated kinase (ERK1/2) is not involved in the
inhibitory effect of SS on IL-6-induced STAT3 phosphorylation. A: ECs were
pretreated with an inhibitor to MEK1 (10 wM U0126) for 30 min followed by
1 ng/ml IL-6 for 10 min and then maintained static or exposed to SS for 10
min. The phosphorylation of STAT3 was analyzed by Western blot using
antibody specific to pTyr-STAT3 or phospho-ERK1/2 (p-ERK1/2). B: ECs
were pretreated with an inhibitor of MEK1 (10 uM U0126 or 30 puM
PD-98059) for 30 min and then maintained static or stimulated with 1 ng/ml
IL-6 for 10 min. The phosphorylation of STAT3 was analyzed by Western blot
using an antibody to pTyr-STAT3 or p-ERK1/2. Similar results were obtained
from 3 independent experiments.

Tyr705 was dependent on IL-6 concentration. The increased
phosphorylation of Tyr705 was noticeable even in ECs treated
with a low concentration of IL-6 (0.5 ng/ml) (Fig. 1B). Our
results show that I1L-6 triggers a rapid increase in phosphory-
lation of Tyr705 in STAT3.

Our previous study showed that shear stress induces Ser727
phosphorylation in STAT3 via the ERK1/2 pathway, and this
Ser727 phosphorylation subsequently inhibits the serum-in-
duced Tyr705 phosphorylation in STAT3 (33). To determine
whether shear stress exerts a similar protective effect on
IL-6-induced STAT3 activation, we treated ECs with IL-6,
subjected the ECs to shear stress, and then examined the
phosphorylation state of STAT3. In ECs pretreated with IL-6
(1 ng/ml) for 10 min followed by shear stress (16 dyn/cm?) in
medium containing IL-6 (1 ng/ml) for 10 min, IL-6-induced
Tyr705 phosphorylation was significantly inhibited by 60%
compared with |L-6-treated ECs under static conditions (Fig.
2A). Furthermore, when ECs were exposed to shear stress for
30 min, this IL-6-induced Tyr705 phosphorylation of STAT3
was further reduced to near basal level. More important, the
inhibition of IL-6-induced Tyr705 phosphorylation by shear
stress was shear force dependent (Fig. 2B); i.e., greater shear
force applied to ECs resulted in decreased Tyr705 phosphor-
ylation by IL-6.

IL-6-induced JAK2 phosphorylation is suppressed by shear
stress. It is well documented that IL-6-induced STAT3 phos-
phorylation is mediated via JAK in many cell types (6, 18).
ECs pretreated with a JAK2 inhibitor (AG490) showed greatly

HEMODYNAMIC FLOW SUPPRESSES IL-6-INDUCED SIGNALING PATHWAY

reduced IL-6-induced STAT3 phosphorylation (Fig. 3A). This
is in agreement with previous results indicating that AG490
treatment downregulated the STAT3 pathway (14). We exam-
ined whether the shear stress inhibition of IL-6-induced
STATS3 phosphorylation was mediated by JAK. IL-6 treatment
increased JAK?2 activation over the basal level of Tyr705
phosphorylation seen in control ECs (Fig. 3B). However, shear
stress to ECs suppressed both IL-6-induced JAK?2 phosphory-
lation and STAT3 phosphorylation. Although IL-6 treatment of
ECs aso induced JAK1 phosphorylation, shear stress on these
ECs did not show a significant effect on IL-6-induced JAK1
phosphorylation (data not shown). Thus decreased JAK?2 acti-
vation may account, at least partialy, for the inhibitory effect
of shear stress on IL-6-induced STAT3 activation.

ERK is not involved in STAT3 dephosphorylation caused by
shear stress. Our previous work demonstrated that shear stress
attenuates serum-induced STAT3 Tyr705 phosphorylation via
ERK activation (33). Our current research shows that shear
stress suppresses IL-6-induced Tyr705 phosphorylation of
STAT3. We next investigated whether the ERK pathway is
also involved in STAT3 dephosphorylation that occurs upon
exposure to shear stress in the presence of IL-6. ECs were
pretreated with an inhibitor of MEK1 (U0126) and then sub-
jected to shear stress in the presence of 1L-6. Surprisingly, the
diminished level of STAT3 phosphorylation by shear stress
was not restored even if ERK phosphorylation was inhibited
substantially (Fig. 4A). Further study of IL-6-induced STAT3
phosphorylation indicated that it was independent of ERK
activation because ECs pretreated with a MEK1 inhibitor
(U0126 or PD-98059) did not affect IL-6-induced Tyr705
phosphorylation (Fig. 4B). Thus ERK activation is not in-
volved in this STAT3 dephosphorylation induced by shear

IL-6 - -+ + + +
L-NAME - + - - + +
SS - = = + =
pTyr-STAT3| —.___|

STAT3 | " s e e o = |

H 0,
Intensity (%) N
B [=2] (=] (=3 N
o o o o o

Relative pTyr-STAT3/STAT3
N
o

0

IL-6 + + + +

L-NAME - - + +

ss -+ -+
Fig. 5. Nitric oxide (NO) is involved in the inhibitory effect of SS on
IL-6-induced STAT3 phosphorylation. A: ECs were pretreated with an inhib-
itor to endothelia nitric oxide synthase [100 M nitro-L-arginine methyl ester
(L.-NAME)] for 30 min followed by 1 ng/ml IL-6 for 10 min and then
maintained static or exposed to SS for 10 min. The phosphorylation of STAT3
was analyzed by Western blot using antibody specific to either pTyr-STAT3 or
STATS3. B: STAT3 phosphorylation was normalized to the level of STAT3 and

is presented as mean = SE from 3 independent experiments. *P < 0.05 vs.
ECs under SSin the presence of L-NAME.
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HA-STAT3

HA-STAT3F

Fig. 6. Tyr705 phosphorylation is required for STAT3 nuclear translocation.
ECs transiently transfected with hemagglutinin antigen (HA)-tagged STAT3
(HA-STAT3) (A, C, and E) or HA-tagged STAT3 point mutant containing a
phenylalanine substitution at position 705 (HA-STAT3F) (B and D) were
incubated with (C and D) or without (A and B) IL-6 (20 ng/ml) for 15 min. ECs
overexpressing HA-STAT3 were subjected to SS with medium containing IL-6
for 15 min (E). ECs were fixed, permeabilized, and incubated with anti-HA,
followed by incubation with FITC-conjugated secondary antibody. ECs were
visualized by confocal laser scanning microscopy.

Control

IL-6

IL-6+SS

stressin IL-6-treated ECs. This result suggests that shear stress
suppresses IL-6-induced STAT3 activation via a different sig-
naling mechanism.

Shear stress-induced STAT3 dephosphorylation is mediated
by NO. Shear stress has been shown to induce the activity of
eNOS, which is crucial in maintaining endothelial function (4,
9, 11). The released NO can exert its inhibitory role by
attenuating signaling pathways and gene expression (28). We
demonstrated earlier that endothelial NO acted as a negative
regulator in endothelial responses to hemodynamic forces by
suppressing ERK activity and early growth response-1 expres-
sion (9). To assess the role of NO in this shear stress-induced
inhibitory effect on STAT3 signaling, ECs were pretreated
with a specific inhibitor to eNOS (100 wm L-NAME) and then
stimulated with IL-6 under shear stress. As shownin Fig. 5, the
suppression of IL-6-induced Tyr705 phosphorylation of
STATS3 by shear stress is significantly attenuated in the pres-
ence of L-NAME. Our results demonstrate that NO is involved
in the inhibitory effect of shear stress on STAT3 signaling.
Shear stress-induced NO may play a role by modulating
endothelial responses to IL-6.

IL-6-induced STAT3 transmigration into the nucleus is at-
tenuated by shear stress. Phosphorylation of Tyr705 is re-
quired for STAT3/3 dimer formation and for nuclear translo-

C775

cation (6, 18). To investigate whether the suppression of
Tyr705 phosphorylation in STAT3 by shear stress prevents
STAT3 from transmigrating into the nucleus, wild-type
STAT3 (HA-STAT3) and a STAT3 point mutant containing a
Phe substitution at position 705 (HA-STAT3F) were compared
in trandocation assays. ECs were transiently transfected with
HA-STAT3 or HA-STAT3F, and STAT3 translocation was
analyzed by confocal microscopy after staining with anti-HA.
HA-STAT3 rapidly translocated into the nucleus of ECs ex-
posed to IL-6 (Fig. 6, A and C). In contrast, there was no
detectable translocation of HA-STAT3F into the nucleus in
ECs from either untreated controls or ECs exposed to IL-6
(Fig. 6, B and D), indicating that Tyr705 phosphorylation is
required for nuclear translocation of STAT3. More important,
when ECs were exposed to shear stress, IL-6-induced HA-
STATS3 nuclear translocation was significantly reduced (Fig.
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Fig. 7. SSinhibits nuclear transmigration and DNA binding of STAT3. A: ECs
were maintained under static conditions (control, C) or treated with 20 ng/ml
IL-6 for 15 min (IL-6). ECs were exposed to SS (16 dyn/cm?) for 15 minin the
presence of IL-6 (IL+SS). Nuclear extracts were prepared and analyzed by
EMSA using a 3?P-labeled high-affinity Sis-inducible element (hSIE) oligo-
nucleotide probe. The specificity of the retarded complex (STAT3/3) was
assessed by preincubating the nuclear extracts with an antibody to STAT3
(IL+Stat3Ab) or STAT1 (IL+Stat1Ab). Results are representative of 3 inde-
pendent experiments that yielded similar results. NS, nonspecific; FP, free
probe. B: ECs treated with 20 ng/ml IL-6 for 15 min were kept static or
exposed to SS with medium containing identical IL-6 concentrations. Nuclear
extracts were prepared and subjected to Western blot analysis with an antibody
to pTyr-STAT3 or STAT3 as indicated. Anti-nucleolin («C23) was used as a
nuclear marker. Results are representative of 3 independent experiments that
yielded similar results.
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Fig. 8. SS inhibits IL-6-induced cell cycle
progression. Cell cycle analysis was per- SS IL-6
formed by flow cytometry using propidium
iodide (Pl) staining. A: ECs were starved GOIG1: 83.9+ 3.0 (%) = (30;(31; 75.0+ 1.6* (%)
overnight and then maintained under static S 1 7.6:1.4 (%) S "83+19 {%;
conditions (control) or subjected to SS (16 : AR T O T
dyn/om?) for 6 h. ECs were fixed and pre- Go/M :8.5+1.7 (%) Go/M :16.7+ 2.7%(%
pared for flow cytometry. Cell cycle distri-
bution was analyzed by PI DNA staining. B:
ECs were starved overnight and then cul-
tured with or without 20 ng/ml IL-6 for 6 h.
ECs were exposed to SS for 6 h in the
presence of IL-6 (IL-6+SS). Cell cycle dis-
tribution was then analyzed. r
2n 4n 2n 4n
IL-6 + SS
: Gp/G1: 86.6+ 3.8% (%)

6E). These results clearly demonstrate that phosphorylation of
Tyr705 is crucia for the nuclear transmigration of STAT3 and
that shear stress attenuates this STAT3 activation, resulting in
a decrease in its nuclear translocation. Subsequent to STAT3
activation and nuclear translocation, the STAT3/3 dimer binds
to its specific DNA sequence and induces gene expression (6,
18). Because shear stress suppressed IL-6-induced STAT3
activity, we examined whether shear stress reduced STAT3
binding to DNA. EMSA was performed using the 32P-labeled
oligonucleotide probe hSIE (Fig. 7A). The STAT3-DNA com-
plex (STAT3/3) was clearly observed in IL-6-treated ECs (Fig.
7A). In contrast, STAT3/3 was only minimally detected in
those IL-6-treated ECs subjected to shear stress (Fig. 7A).
EMSA specificity was confirmed using nuclear protein extract
preincubated with STAT3 antibody (Fig. 7A). The specificity
of STAT3 was further substantiated by STAT3 transmigration
into the nucleus. As shown in Fig. 7B, shear stress on IL-6-
treated ECs reduced STAT3 transmigration to the nucleus.
This result is in agreement with the decreased Tyr705 phos-

S  :58t19 %%))
Go/M 7.6:3.0% (%

2n 4n

phorylation and reduced DNA-binding activity of STAT3. All
of these data indicate that STAT3 activation by IL-6 is signif-
icantly inhibited by shear stress via the suppression of Tyr705
phosphorylation and a concomitant decrease in STAT3-medi-
ated transcriptional activity.

IL-6-induced cell cycle progression inhibited by shear stress
is mediated by STAT3. Previous studies demonstrated that IL-6
induces EC proliferation (17, 20). Cell cycle progression was
examined by performing flow cytometric analysis of DNA
content in IL-6-treated ECs exposed to shear stress. ECs were
starved and then exposed to IL-6 followed by shear stress for
6 h. ECs primarily remained quiescent (Go/G;) after starvation
(Fig. 8A). Under the starvation condition, there was no signif-
icant difference in cell cycle status between control and
sheared ECs. As expected, IL-6 treatment of ECs increased
DNA synthesis and shifted the population to the G,/M phase
(Fig. 8B). In contrast, IL-6-treated ECs subjected to shear
stress remained predominantly in Go/G;. These results indicate
that shear stress on ECs inhibits IL-6-stimulated cell cycle

AJP-Cell Physiol - voL 287 « SEPTEMBER 2004 - www.gjpcell.org

800Z ‘9T JaqwanopN uo 610 ABojoisAyd-jj@adfe wo.y papeojumoq



http://ajpcell.physiology.org

HEMODYNAMIC FLOW SUPPRESSES IL-6-INDUCED SIGNALING PATHWAY

[V
B “
o =
0 =
L = -
£ Q 9
c =} ©
S « <
STAT3 |= — =
tubulin | == —— ——
Control IL-6
T Gy/Gy: 862 (%) Gp/Gy:72.9 (%)
3 | s 152 (%) s 189 (%)
g oM 86 (%) Go/M : 182 (%)
—
£
=
= — -
2n 4n 2n 4n
> | Gy/Gy: 841 (%) 1 Gy/G1: 72.8 (%)
5 | S 88 (%) S 193 (%)
o Gy/M :8.1 (%) Gy/M :17.9 (%)
o
< |
! x ” -
LnL 2 2n 4n i n n
il Gy/G,: 833 (%) GyfGy: 824 (%)
< S 182 (%) s 195 (%)
- GoM :8.5 (%) Gy/M 181 ( %)
@
T

2n 4n 2n 4n

Fig. 9. IL-6-induced cell cycle progression is mediated by STAT3. A: ECs
infected with Ad-STAT3F increased total STAT3 protein. ECs were either
maintained in the unstimulated condition (uninfected) or infected with an
empty vector (Ad-CMV) or adenovirus carrying a STAT3 Tyr705 mutant
(Ad-STAT3F). B: ECs were infected with empty vector or Ad-STAT3F in
serum-free DMEM. Serum was added after 2 h of incubation, and the cultures
were maintained for an additional 22 h. ECs were then starved in DMEM
containing 0.5% FBS overnight. ECs were treated with 20 ng/ml 1L-6 for 6 h.
ECs were fixed and analyzed by flow cytometry. Cell cycle distribution was
analyzed by Pl staining.

progression. To further confirm whether IL-6-induced cell
cycle progression was mediated by STAT3, ECs were infected
with adenovirus carrying a dominant negative mutant of
STAT3 (Ad-STAT3F) (Fig. 9A). IL-6 treatment significantly
induced cell cycle progression in ECsinfected with empty viral
vector (Ad-CMV) or in uninfected control ECs. In contrast,
Ad-STAT3F-infected ECs showed no response to IL-6 (Fig. 9B).
These results confirm that IL-6 induction of the endothelia cell
cycleis mediated by STAT3 and that shear stressto ECs inhibits
this STAT3-mediated cell cycle progression. Taken together, our
results clearly show that laminar shear stress acts as a negative
regulator by inhibiting IL-6-induced STAT3 activation, resulting
in suppression of |1L-6-mediated EC proliferation.

DISCUSSION

During inflammation, IL-6 is produced and secreted by
various cells, including ECs (16). The pathological effects

crr7

of IL-6 on vessel walls are not clear. Vascular ECs are
constantly subjected to shear stress. The present study
shows that IL-6-induced STAT3 activation is rapidly sup-
pressed upon the initiation of steady flow to ECs. This rapid
inactivation of STAT3 represents a vasoprotective mecha-
nism via shear stress. We have shown that IL-6 induces
dose-dependent STAT3 activation, although shear stress to
ECs rapidly suppressed this activation. Several lines of
evidence support this notion. First, the shear stress that
inhibited I1L-6-induced Tyr705 phosphorylation of STAT3
was time dependent. Second, this inhibition by shear stress
was shear force dependent, because we observed that in-
creased shear force progressively suppressed IL-6-induced
Tyr705 phosphorylation. Third, shear stress inhibited the
IL-6-induced activation of JAK2, an upstream activator of
STAT3. This inhibitory effect by shear stress on IL-6-
induced STAT3 activation was further substantiated by
EMSA results that showed decreased STAT3 binding to its
corresponding oligonucleotide, a phenomenon also sup-
ported by a decrease in STAT3 transmigration into nuclei in
IL-6-treated ECs exposed to shear stress.

It is well established that IL-6 binds to membrane recep-
tor complexes and leads to the activation of the JAK/STAT3
pathway. Interestingly, in addition to JAK/STAT3 activa-
tion, IL-6 induced ERK activation (Fig. 3), which is crucial
for cell survival and proliferation (7, 35, 37). Earlier studies,
including ours, showed that shear stress activates the ERK
pathway (25, 26, 29, 33). Our more recent studies demon-
strated that shear stress to ECs inhibited serum-induced
Tyr705 phosphorylation of STAT3 and that inhibition is
shear force dependent (33). Shear stress activated ERK1/2
and subsequently induced phosphorylation of Ser727. This
ERK-dependent Ser727 phosphorylation negatively regu-
lated Tyr705 phosphorylation, a phenomenon similar to
earlier findings that phorbol 12-myristate 13-acetate (PMA)
blocks IL-6-induced STAT3 activation via the ERK signal-
ing pathway (38). The current study, however, suggests that
ERK activation is not responsible for the shear stress-
induced inhibitory effect on IL-6-activated STAT3 phos-
phorylation, because inhibition of the ERK signaling path-
way does not alter the suppression effect of shear stress on
STAT3 phosphorylation (Fig. 3A).

The STATS3 activation is a highly regulated process that
includes a negative feedback mechanism involving members
of the suppressors of cytokine signaling (SOCS) protein
family (6, 39). However, the induction of SOCS is a tran-
scriptional event. In contrast, our present data indicate that
the immediate suppression of IL-6-induced STAT3 activa-
tion by shear stress is likely the consequence of a direct
signaling event, although the details of this suppressive
mechanism are not clear. ECs treated with AG490, a specific
inhibitor of JAK2 (an upstream activator of STAT3), re-
sulted in the inhibition on IL-6-induced Tyr705 phosphor-
ylation of STAT3 (Fig. 3), indicating that JAK2 acts up-
stream of STAT3 activation. Shear stress on ECs also
reduces IL-6-induced JAK2 activation, suggesting that
JAK?2 may be a candidate mediator of STAT3 suppression.
Alternatively, shear stress may activate specific phos-
phatases that subsequently inhibit IL-6-induced JAK2/
STAT3 activation. This possibility is supported by findings
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Fig. 10. Inhibitory effect of SS on IL-6-induced
STATS3 activation. IL-6 induces the tyrosine phos-
phorylation (P) of JAK2 and STAT3, which in
turn leads to the nuclear transmigration of STAT3
and an induction of cell cycle progression. SS
induces signaling events, including the activation
of the ERK1/2 and phosphatidylinositol 3-kinase
(PI3K)/Akt pathways. ERK1/2 activation contrib-
utes to the phosphorylation of Ser727 (33). This
ERK1/2 activation, however, is not involved in
the inhibitory effect of SS. The increased NO
production decreases activation of STAT3. Pro-
tein tyrosine phosphatase(s) [PTP(s)] may play an
important role by modulating the phosphorylation
of STAT3. The detailed mechanisms remain to be
defined. eNOS, endothelial nitric oxide synthase;
gp130, glycoprotein 130.
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that STAT signaling is suppressed by counterinhibition of
tyrosine kinase activity by a tyrosine phosphatase (22) and
that shear stress suppression of IL-6-induced Tyr705 phos-
phorylation in STAT3 is significantly attenuated when ECs
are pretreated with the tyrosine phosphatase inhibitor so-
dium orthovanadate (Ni CW and Wang DL, unpublished
observation).

IL-6 reportedly induces EC proliferation (17, 20). IL-6-
activated STAT3 isinvolved in the induction of cyclin D1,
c-myc, and Bcl-xL, each of which participates in the regu-
lation of the cell cycle and/or the induction of apoptosis (2,
5, 19). Additional evidence shows that STAT3 activation by
growth factors or cytokines is involved in cell growth,
particularly during tumor progression (6, 18), and that
inactive STAT3 may hamper EC proliferation and integrity.
Interestingly, we have demonstrated that IL-6-induced cell
cycle progression is inhibited in ECs exposed to shear
stress. Therole of IL-6 activation of STAT3 in the induction
of cell cycle entry is supported by the observation that ECs
infected with adenovirus carrying an inactive STAT3 mu-
tant had a reduced proliferative index. Our results strongly
suggest that IL-6-induced STAT3 activation plays an im-
portant role in EC proliferation. High shear stress has been
shown to inhibit EC proliferation (1, 15, 30). Lin et al. (30)
indicated that laminar shear stress to ECs inhibits the
endothelial cell cycle by inducing the expression of the
growth arrest protein GADDA45 and p21°PY. Our current
study presents another mechanism governing growth arrest

nucleus

by shear stress on IL-6-activated ECs that includes the
phosphorylation-dependent regulation of STAT3 activation.

Multiple recurrent inflammatory events contribute to the
initiation and progression of atherosclerosis (3, 36). It is
possible that IL-6 produced during inflammation activates
JAK2/STAT3 and initiates EC proliferation and inflamma-
tory response. Our present data, however, show that laminar
shear stress exerts an atheroprotective effect by attenuating
the JAK2/STAT3 signaling process. Although the detailed
inhibitory mechanisms remain to be elucidated, the ERK
signaling pathway is not involved, but NO appears to play a
role by suppressing STAT3 activation. Protein tyrosine
phosphatase may also contribute to this shear stress-induced
STATS3 dephosphorylation. Figure 10 shows the inhibitory
effect of shear stress on STAT3 activation and the potential
regulatory mechanisms involved. This shear force-depen-
dent inhibition of IL-6-stimulated JAK2/STAT3 activation
provides a molecular basis for how the shear stress protects
ECs from cytokine-induced responses, including cell divi-
sion. This represents a new negative regulatory mechanism
imposed by laminar shear stress on ECs. Our findings are of
physiological significance because it is well known that
atherosclerotic lesions develop in areas where low shear or
nonlaminar flow is encountered, and these areas are usually
associated with elevated EC proliferation. Our results pro-
vide new insight into atheroresistant mechanisms in the
straight segments of the arterial tree where high shear stress
and low growth rate normally occur.
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