Shear Stress Regulates Endothelial Nitric Oxide Synthase
Expression Through c-Src by Divergent Signaling Pathways

Michael E. Davis, Hua Cai, Grant R. Drummond, David G. Harrison

Abstract—In this study, we defined the signaling cascade responsible for increased eNOS mMRNA expression in response
to laminar shear stress. This pathway depends on the tyrosine kinase c-Src because shear induction of eNOS mRNA is
blocked by the c-Src inhibitors PP1 and PP2, as well as an adenovirus encoding kinase inactive c-Src. After activation
of c-Src, this pathway diverges. One arm is responsible for the short-term (6 hour) increase in eNOS mRNA. This
involves atransient, 1-hour increase in eNOS transcription, as detected by nuclear run-on, that is dependent on activation
of Ras and is blocked by adenoviral infection with dominant negative Ras. Downstream of Ras, MEK1/2 and ERK1/2
areimportant in this pathway, as 2 inhibitors of MEK 1/2, PD98059 and UO126, completely prevented this early increase
in eNOS mRNA. ERK1/2 was rapidly phosphorylated in response to shear, and this was prevented by ¢-Src and Ras
inhibition. Further, Raf is phosphorylated in response to shear stress, and thisis prevented by c-Src inhibition, suggesting
that Raf may transduce the signal between Ras and ERK1/2. The second arm of the pathway linking activation of c-Src
to eNOS expression involves stabilization of eNOS mMRNA by shear stress. This response to shear is completely
abrogated by the c-Src inhibitor PP1 but not altered by Ras or MEK /2 inhibition. Thus, c-Src plays a centra role in
modulation of eNOS expression in response to shear stress via divergent pathways involving a short-term increase in
eNOS transcription and a longer-term stabilization of eNOS mRNA. (Circ Res. 2001;89:1073-1080.)
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hen first identified, eNOS was considered a constitu-
tively expressed enzyme. During the past severa
years, however, it has become evident that its expression is
regulated by a variety of stimuli.® One of the most physio-
logically important of these is laminar shear stress, the
tangential force exerted by flow over the surface of the
endothelium. Areas of the vasculature exposed to high shear
are protected from the development of atherosclerosis,
whereas areas exposed to low shear are prone to atheroscle-
rotic lesion formation.2 It is thought that increases in eNOS
caused by shear may contribute to this phenomenon because
of the many antiatherogenic properties of nitric oxide (NO’).
In vivo, exercise training increases eNOS expression, proba-
bly by increasing shear stress.3
To date, the mechanisms linking mechanical forces like
laminar shear to gene expression have remained poorly
defined. Shear stress is known to activate numerous intracel-
lular signaling molecules, including tyrosine kinases (in
particular c-Src), G-proteins, PlI-3 kinase, the mitogen acti-
vated protein kinases (MAPK) extracellular-related kinases 1
and 2 (ERK1/2), c-Jun N-terminal kinase (JNK), and protein
kinase C.45 How these interact and relate to increases in
eNOS expression remains undefined.
There is also evidence that shear stress may increase
activity of the eNOS promoter through transcriptional regu-

lation of the eNOS gene, but this has only been demonstrated
using studies of promoter-luciferase constructs.® To date,
there has been no evidence of posttranscriptional regulation
of eNOS mRNA by laminar shear stress, although many other
stimuli seem to modulate eNOS expression by changing its
MRNA stability.”8

The present study was performed to examine specific
mechanisms responsible for increased eNOS expression in
response to shear stress. Given the documented effect of shear
on activation of c-Src, we began by examining a potential role
of this tyrosine kinase. Subsequently, we found that eNOS
expression is modulated by a pathway involving c-Src acti-
vation of Ras/Raf and ERK1/2 to increase the transcription
rate and a pathway dependent on c-Src but independent of
Ras/Raf/ERK to increase mRNA half-life.

Materials and Methods

Cedll Culture

Bovine aortic endothelial cells (BAECs, Cell Systems, Kirkland,
Wash) were cultured in Media 199 (M199; Gibco Laboratories)
containing 10% fetal calf serum (FCS; Hyclone Laboratories, Logan,
Utah) as described earlier.® Postconfluent BAECs between passages
4 and 9 were used for experiments.
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Figure 1. A, Northern analysis illustrating
the effect of 6 hours of laminar shear
stress on eNOS mRNA expression in
BAECs. Cells were exposed to either no
shear or 15 dynes/cm? of shear stress
for 6 hours. Top, Representative blot for
eNOS mRNA; middle, corresponding
I 28S band; bottom, grouped densitomet-
ric data (mean+=SEM) from 4 separate

experiments. Asterisks indicate signifi-
0 123 4_5 6 cant difference from static (**£<0.01, t
Shear Time test). B, Nuclear run-on analysis demon-
strating an increase in e gene tran-
h trati i in eNOS t

scription after 1 hour of laminar shear

d c Control Shear ‘-3:10 stress. Nuclei harvested from BAECs
11 ! : =] N.ew\ after 1 to 6 hours of 15 dynes/cm? of
o I = 50- : laminar shear stress and 1 to 6 hours of
o < eNOS & '. LA ;" . % static conditions were incubated with
‘é’\ o® © ' i 32p-UTP and unlabelled ATP, CTP, and
) G}\ 28S “ 10 static GTP in reaction buffer for 30 minutes at
8 30°C. Transcripts containing equal
0612180 6 1218 =2 | . ; ; amounts of radiolabel from each group
- o were hybridized to membranes previ-
Time after DRB (h) 1?ime :fter I132RB (1:) ously slot-blotted with cDNAs for eNOS,

B-actin, and vector DNA (2 ng each).
Hybridization was allowed to proceed for

36 hours at 68°C. Left, Representative blot of the significant time point; right, grouped densitometric data (mean=SEM) for all time
points from 3 separate experiments. Asterisks indicate significant difference from unsheared (***P<0.001, Dunnett’s test after 1-way
ANOVA). C, DRB-chase experiments to examine changes in eNOS mRNA half-life in response to shear. BAECs were exposed to static
or exposed to 15 dynes/cm? of laminar shear stress for 6 hours before addition of DRB (60 umol/L). The cells were then harvested at
the time points indicated and Northern analyses performed to determine the rate of eNOS mRNA decay in each group. Top left, Repre-
sentative blot for eNOS mRNA; bottom left, corresponding 18S bands; right, grouped densitometric data (mean=SEM) from 4 separate

experiments.

Shear Apparatus

A cone-in-plate viscometer with a 1° angle was used to shear cells.10
All shear studies used a shear rate of 15 dynes’cm? and were
performed in an incubator at 37°C in 5% CO,. The culture medium
was changed to 5% FCS the night before the experiments. Cells were
pretreated with the indicated agent in media containing 5% FCS for
1 hour prior to shear.

Assessment of eNOS Expression

Northern analyses and nuclear run-ons were performed as previously
described.1t

Assessment of MAP Kinase Activation

Western analysis for ERK1/2 was performed using a 1:1000 dilution
of a polyclona antibody against either total or phosphorylated
ERK1/2 (New England Biolabs) as well as a 1:5000 dilution of a
secondary goat anti-rabbit antibody conjugated to horseradish per-
oxidase (Bio-Rad, Hercules, Cdlif). Western analysis for Raf was
performed using a 1:1000 dilution of either a polyclonal antibody
against phosphorylated Raf (New England Biolabs) or a monoclonal
antibody against total Raf (Transduction Laboratories) as well as a
1:5000 dilution of a secondary goat anti-rabbit antibody or a goat
anti-mouse antibody (Bio-Rad) conjugated to horseradish
peroxidase.

Materials

PD98059, U126, 5,6-dichloro-1-B-b-ribofuranosylbenzimidazole
(DRB), and PP2 were obtained from Calbiochem. PP1 was obtained
from Biomol. All drugs were dissolved in DM SO and the resulting
stock solutions 0.2 wmol/L filtered before use. Adenoviruses con-
taining either the B-galactosidase cDNA or a cDNA encoding a
kinase inactive c-Src were a generous gift of Dr Bradford C. Berk
(University of Rochester, NY) and were prepared as described
previously.’2 The adenovirus containing dominant negative Ras
(RasN17) was a generous gift of Dr Craig D. Logsdon (University of
Michigan, Ann Arbor, Mich) and was amplified in the same manner

as c-Srey,. Estimates of viral titer were determined using absorbance
at 260 nm as described previously.13

Results

Laminar Shear Stress Causes an Early Increase in
eNOS mRNA Transcription and a Sustained
Stabilization of eNOS mMRNA

Six hours of laminar shear stress resulted in a 4- to 5-fold
increase in eNOS mRNA (Figure 1A). Steady state levels of
MRNA are dependent on both the rate of mMRNA transcription
and decay. To determineif endogenous eNOS gene transcrip-
tion was increased by shear, cells were sheared for O to 6
hours and transcriptional rate was measured using nuclear
run-on analyses. At only 1 hour of shear was an increase in
eNOS mRNA transcription rate appreciable (Figure 1B); after
this, eNOS transcription rate was similar between sheared and
nonsheared cells (Figure 1B).

To examine the effect of shear on eNOS mRNA stability,
cells were either exposed to shear or static conditions for 6
hours. After this, the RNA polymerase inhibitor DRB was
added to the media and cells harvested for Northern analysis
at the times indicated. In unsheared cells, the eNOS mMRNA
half-life was approximately 5 hours. This value is similar to
that previously reported.’* In contrast, laminar shear stress
increases the eNOS mRNA half-life by more than 3-fold
(Figure 1C).

Role of c-Src in Induction of eNOS mMRNA

by Shear

Shear stress has been shown to activate the tyrosine kinase
¢-Src within seconds in a calcium-dependent fashion.2 Be-
cause of itsrole in signaling and mechanical force transduc-
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tion, we examined the importance of c-Src in induction of
eNOS mRNA expression by shear stress. Pretreatment of
BAECs for 1 hour with the Src family inhibitors PP1 (10
uwmol/L) and PP2 (10 wmol/L) had no effect on baseline
eNOS mRNA levels. In contrast, PP2 significantly attenuated
and PP1 completely abolished the increase in eNOS mMRNA
caused by shear (Figure 2A).

To further address the role of ¢c-Src in modulation of eNOS
expression in response to shear, adenoviruses were used to
overexpress either B-galactosidase (B-gal) or a kinase inac-
tive c-Src (c-Srcy;). For these studies, the virus was diluted
(50 plaque-forming unit (PFU)/cell) in serum-free medium
and exposed to cells for 2 hours. Serum was then added to
achieve a fina concentration of 5% and experiments per-
formed 46 hours later. BAECs treated with 3-gal responded
to shear by increasing eNOS mRNA by 2.6-fold. In contrast,
cellsinfected with c-Src,, had no increasein eNOS mRNA in
response to shear (Figure 2B). Lower concentrations of the
C-Srcy, aso inhibited eNOS expression caused by shear,
albeit to a lesser extent (data not shown).

Role of c-Src Activation of Raf

It has been shown that c-Src can activate the Raf cascade in
other systems.’4 We therefore considered the possibility that
Raf may be activated by c-Src in response to shear in
endothelial cells. Cells were pretreated with either PP1 (10
wmol/L) or media aone for 1 hour and sheared for 15
minutes. Pretreatment with PP1 had no effect on the basal
phosphorylation of Raf but completely prevented the shear-
induced phosphorylation of Raf to below baseline levels
(Figure 3A).

Role of Rasin eNOS mRNA Induction by Shear

In many cases, Raf and Ras are both required to activate
downstream components such as MEK and ERK1/2.15 Be-
cause c-Src inhibition prevented Raf phosphorylation, we
hypothesized a role for Ras in eNOS mRNA induction by
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Figure 2. Northern analysis showing the
effect of c-Src inhibition on shear-
induced eNOS mRNA expression in
BAECs. Cells were pretreated with media
alone, PP2 (10 umol/L), and PP1 (10
umol/L) for 1 hour (A) or pretreated with
adenoviruses encoding either lacZ or
c-Srcy (50 PFU/cell for 48 hours) to
inhibit endogenous ¢c-Src (B). Cells were
then exposed to 15 dynes/cm? of laminar
shear stress for 6 hours. Top panels,
Representative blots for eNOS mRNA;
middle panels, corresponding 28S
bands; bottom panels, grouped densito-
metric data (mean=SEM) from 4 sepa-
rate experiments. Asterisks indicate sig-
nificant difference from shear alone
(*P<0.05, *P<0.01, Dunnett’s test after
1-way ANOVA).

shear. To test this hypothesis, cells were treated with adeno-
viruses containing either B-gal or dominant negative Ras
(RasN17) in a similar fashion as the c-Srcy, experiments.
BAECs treated with the B-gal adenovirus responded to 6
hours of laminar shear by increasing eNOS mRNA levels
about 3.2-fold. Treatment of cells with RasN17, however,
completely prevented the increase in eNOS mRNA in re-
sponse to shear at this early time point (Figure 3B).

Role of ERK1/2 Activation in Regulation of eNOS

MRNA Expression

As reported previously,'s we found in preliminary experi-
ments that shear stress resulted in arapid phosphorylation of
ERK1/2. This occurred as early as 1 minute after onset of
shear and pesked at 15 minutes (data not shown). To
determine if ERK1/2 activation by shear was dependent on
c-Src, cells were pretreated for 1 hour with PP1 (10 wmol/L)
and then exposed to shear for 15 minutes. Treatment with PP1
abolished the shear-induced phosphorylation of ERK1/2 but
had no effect on basal phosphorylation of ERK1/2 or total
levels of ERK1/2 (Figure 4A). Further, pretreatment of
BAECs for 1 hour with the RasN17 adenovirus resulted in a
complete inhibition of ERK1/2 phosphorylation whereas
treatment with the lacZ virus did not (Figure 4B).

Because our data indicate a role of c-Src and Ras/Raf in
both eNOS mRNA upregulation and ERK1/2 phosphoryla-
tion by shear stress, we examined the role of ERK1/2
activation in regulation of eNOS mRNA. BAECs were
pretreated with either PD98059 or UO126 for 1 hour and
were then exposed to shear stress for 6 hours. At this early
time point, both PD98059 and UO126 completely abolished
the upregulation of eNOS mRNA in response to shear stress
without affecting the basal levels (Figure 4C).

Numerous other downstream targets of c-Src have been
described that could potentially mediate the effect of laminar
shear on eNOS expression. These include p38 MAPK,”
various isoforms of protein kinase C, and PI-3 kinase.’8 In
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Figure 3. Western and Northern analysis
showing the effect on Raf phosphorylation
and eNOS mRNA expression by shear
stress. A, Cells were pretreated with media
alone or PP1 (10 wmol/L) for 1 hour and
either held static or exposed to 15 dynes/
cm? of laminar shear for 15 minutes. Cells
were harvested in 1X sample buffer and
~15 ug were loaded in a 12.5% SDS-poly-
acrylamide gel. Proteins were then trans-
ferred to a nitrocellulose membrane and
probed with antibodies for phospho-specific
| Raf (A, top) or total Raf (A, middle). Bottom,
Grouped densitometric (mean+=SEM) data
from 4 separate experiments. Asterisks indi-
cate significant differences from shear alone
(*P<<0.05, Dunnett’s test after 1-way
ANOVA). B, Cells were pretreated with lacZ
| or RasN17 (50 PFU/cell for 48 hours) to
inhibit endogenous Ras and then exposed
| to 15 dynes/cm? of laminar shear stress for
6 hours. Top, Representative blots for eNOS
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preliminary experiments, we found that specific inhibition of
these pathways with Wortmanin (100 nmol/L, to inhibit PI-3
kinase), SB202190 (10 wmol/L, to inhibit p38 MAP kinase),
and GF109203X (1 wmol/L, to inhibit protein kinase C) had
no effect on either the phosphorylation status of ERK1/2 or
eNOS mRNA expression (data not shown).

Role of c-Src/RasERK Pathway in Regulation of
eNOS Transcription

Our data have shown that eNOS mRNA upregulation by
laminar shear stress is in part due to a transient increase in

A  control PD UO PP1 C
Shoar & s S S  SNER

mRNA; middle, corresponding 28S bands;
bottom, grouped densitometric data
(mean+SEM) from 4 separate experiments.
Asterisks indicate significant difference from
shear alone (*P<0.05, Dunnett’s test after
1-way ANOVA).

transcription rate. Activation of ERK may result in activation
of severa transcription factors including SP-1%° and AP-1,20
for which numerous binding sites are found in the eNOS
promoter.2t To determine if c-Src, Ras, and ERK1/2 regulate
eNOS transcription, nuclear run-on analysis was used. Pre-
treatment of BAECs with the c-Src inhibitor PP1 for 1 hour
completely prevented the increase in transcription rate caused
by 1 hour of laminar shear stress (Figure 5A). In contrast,
pretreatment the lacZ virus did not inhibit the increase in
eNOS transcription rate (2.5-fold). In addition, exposure of
cells to RasN17 adenovirus completely inhibited the tran-

Figure 4. Western and Northern analysis
illustrating the effect of ERK1/2 phos-
phorylation inhibition on shear-induced
eNOS mRNA expression in BAECs. A,

p-ERK‘lIZ = Cells were pretreated with adenoviruses
nERK12 —=—= —=—===— — — 288 encoding either lacZ or RasN17 (50 PFU/
cell for 48 hours) and exposed to 15
) s e dynes/cm? for 15 minutes. Western anal-
M= 5 g ysis was performed using a phospho-
e g 4 ITE hid ERK1/2 specific antibody and the repre-
g = 3 8 sentative blot from 4 separate
; 32 *o ol 04 | experiments is shown. B, Cells were pre-
S< i - D 'ﬁ treated with media alone, PD98059 (PD,
w9, : ~ N . — s 50 umol/L), UO126 (UO, 50 umol/L), or
& ¥ & = PP1 (10 pmol/L) for 1 hour and either
& “ ‘* @2 held static or exposed to 15 dynes/cm?
‘\@ ,00" 00‘ o of laminar shear for 15 minutes. Western
) ) > 81 1 analysis was performed using antibodies
B Z | D for phospho-specific ERK1/2 (B, top) and
@0 - : : total ERK1/2 (B, middle). Bottom,
lacZ RasN17 F S PP ‘]?’ 'l;b Grouped densitometric (mean=SEM)
P SN
Shear " 2 o o oo, o 00 ‘)0 data from 4 separate experiments. Aster-
- - Q¥ Q > isks indicate significant differences from
_ - i 4 x < ok )
- _ = . > shear alone (*P<0.01, Dunnett’s test
p-ERK12X - h’ - f’: @6 oé %@ 6‘00 after 1-way ANOVA). C, Cells were pre-
: 9" & treated with media alone, PD98059 (50

umol/L), or UO126 (50 umol/L) for 1 hour

and then exposed to 15 dynes/cm? of laminar shear stress for 6 hours. Top, Representative Northern blot for eNOS mRNA; middle,
corresponding 28S bands; bottom, grouped densitometric data (mean+SEM) from 4 separate experiments. Asterisks indicate signifi-
cant differences from shear alone (**P<0.01, Dunnett’s test after 1-way ANOVA).
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scriptional increase caused by 1 hour of shear (Figure 5B).
Finaly, pretreatment of BAECs with PD98059, the MEK 1/2
inhibitor completely inhibited eNOS transcription in response
to shear stress (Figure 5C). These data indicate that the
c-Src/Ras/ERK pathway modulates eNOS mRNA by increas-
ing the rate of transcription of the gene.

Role of c-Src/RasERK Pathway in Regulation of
eNOS mRNA Stability

Our data suggest that a major component of the steady state
upregulation of eNOS mRNA by shear stress is the result of
prolonged mRNA stabilization. To determine if the pathway
that modulates eNOS transcription in response to shear also
affects mMRNA stability, additional DRB-chase studies were
performed. Pretreatment of endothelial cells with the c-Src
inhibitor PP1 significantly attenuated the response of shear on
eNOS mRNA half-life reducing it from >18 hours to under

10 hours, compared with 6 to 7 hours in static cells (Figure
6A). In contrast, pretreatment of BAECs with either the
MEK /2 inhibitor PD98059 or the RasN17 adenovirus had no
effect on eNOS mRNA stabilization by shear stress (Figures
6B and 6C).

Effect of Long-Term Shear on eNOS Expression
During c-Src and MEK 1/2 Inhibition

The pervious data suggest that shear activates eNOS tran-
scription transiently, and that this involves a pathway involv-
ing Raf/Ras’MEK/ERK but this pathway is not involved in
stabilization of the eNOS mRNA. We hypothesized that
prolonged shear, in excess of the normal eNOS half-life,
would increase steady state levels of eNOS even in the
presence of MEK /2 inhibition. As shown in Figure 7, eNOS
MRNA levels were increased 2.6- and 3.8-fold in cells

A = RasN17
PP1 S100° Control Shear ) ,
Control Shear 2 50- ;._Shear - ] _Fl_gurtehG. DIRB—fchaSse egperlmegtEReé(?/rg—
£ - - o ¥ & ining the role of c-Src, Ras, an
e A [~ °oNOS s "U. on eNOS mRNA half-life in response to
eNOS * | - static shear. BAECs were pretreated with either
78" 10 135m PP1 (10 wmol/L, 1hour, A), PD98059 (50
133“ > 0 61218 0 61218 wmol/L, 1 hour, B), or adenoviruses
2T E um | s encoding lacZ or RasN17 (50 PFU/cell,
061218061218 © 0 6 12 18 Time after DRB (h) 48 hours, C). The cells were then
Time after DRB (h)  Time after DRB (h) exposed to no shear or sheared at 15
dynes/cm? for 6 hours before the addi-
Y = shear tion on DRB (60 umol/L). Cells were then
PD98059 S ‘WWE'"\. F1o 4,  harvested at the time points indicated
Control Shear =2 50! 2 &0 i and Northern analyses performed to
. - - ]' ) < 507 determine the rate of eNOS mRNA
eNOS ~ '. ‘ g static i g B decay in each group. Shown are repre-
- = = N sentative blots for eNOS mRNA, the cor-
188 1131IT 8 10 » 10 responding 18S bands, and grouped
> — _— g densitometric data (mean=SEM) from 4
061218061218 © ©° 6 12 w8 FH [ separate experiments. The dotted lines
0 6 12 18 (C) indicate lacZ mRNA levels.
Time after DRB (h) Time after DRB (h)

Time after DRB (h)
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Figure 7. Northern analysis illustrating the differences between
short- and long-term shear on eNOS mRNA expression. BAECs
were pretreated with media alone, PP1 (10 wmol/L), or PD98059
(50 wmol/L) for 1 hour and exposed to 15 dynes/cm? for 6, 12,
or 18 hours. Top, Representative Northern blots for eNOS; mid-
dle, corresponding 28S bands; bottom, grouped densitometric
data (mean=SEM) from 3 separate experiments. Asterisks indi-
cate significant differences from static control (*P<0.05,
**P<0.01, Dunnett’s test after 1-way ANOVA).

exposed to shear stress for 12 or 18 hours, respectively, even
in the presence of PD98059. In contrast, cells exposed to 12
or 18 hours of shear in the presence of PP1 had no change in
eNOS mRNA levels.

Discussion

Although it well established that shear stress upregulates
eNOS mRNA and protein expression, the signaling pathways
that mediate this response have for the most part remained
unidentified. In this study, we identified two pathways
involving c-Src that lead to a transient increase in eNOS
mRNA transcription and prolongation of the eNOS mRNA
half-life. The increase in mRNA transcription is dependent on
a pathway involving Raf, Ras, and ERK1/2, whereas the
stabilization of eNOS mRNA is independent of these. Thus,
c-Src leads to increased eNOS expression in response to shear
via 2 divergent pathways, one leading to a transient increased
eNOS expression and a second leading to a prolonged
stabilization of eNOS message.

Shear stress has been shown to increase transcription of
several genes. Many of these genes contain a shear stress
response element (SSRE), with the core sequence
GAGACC.22 Severd such elements are found in the bovine
and human eNOS promoter. Of note, as we found in the case
of eNOS, the increase in transcription of severa other genes
in response to shear is very transient.2324 The prolongation of
the eNOS mRNA stability in response to shear therefore
seems critical in alowing sustained expression of eNOS in
response to shear stress. In many ways, the combination of an
early increase in transcription and a prolongation of mRNA

stability seems analogous to a loading dose, followed by a
maintenance dose of a medication to obtain rapid and
sustained levels of a drug. Increased levels of a drug can
ultimately be achieved without a loading dose if treatment is
sustained for asufficient length of time. Indeed, in the case of
eNOS, we found that prolonged shear stress (18 hours)
increased its MRNA levels even when the pathway leading to
increased transcription was blocked. On first inspection, these
two pathways may seem redundant, but one should not
discount the importance of the early increase in transcription.
For example, brief episodes of exercise may predominantly
increase eNOS expression via the rapid, transcription-
mediated pathway.

One of the earliest signaling events in response to laminar
shear in the endothelium is activation of tyrosine kinases.2s
The tyrosine kinase c-Src is activated within seconds after
onset of shear and in turn causes phosphorylation of the
tyrosine kinase Flk-1.26 Our data strongly implicate c-Src as
a mediator of eNOS expression in response to shear stress.
Both c-Src inhibitors PP1 and PP2 markedly attenuated the
increase in eNOS mMRNA in response to shear. Further,
treatment with an adenovirus encoding kinase inactive c-Src
completely prevented the effect of shear on eNOS expression,
without affecting basal levels of eNOS mRNA. Our data do
not exclude arole for inhibition of c-Src dephosphorylation.
Indeed, shear stress has been shown to ater the endothelial
cell redox state and severa lines of evidence suggest that
redox stress can inhibit tyrosine phosphatases,2” which could
in turn augment the effect of c-Src activation. In prior studies,
we could not prevent the increase in eNOS expression in
response to shear using antioxidants.®

The current experiments strongly suggest arole for Raf and
ERK1/2 as being downstream of c-Src in modulation of
eNOS mRNA transcription by shear stress. Thisis similar to
many previously described pathways where c-Src has been
shown to activate the Raf/MEK/ERK cascade.2528.29 |nhibi-
tion of MEKL1/2, the upstream activator of ERK1/2, with
PD98059% and UO1263t completely blocked the shear-
induced eNOS mRNA upregulation a 6 hours. We also
demonstrated that Raf phosphorylation, a critical step in this
process, was prevented by c-Src inhibition with PP1. This
pathway, and ERK1/2 in particular, may represent the final
component activated by laminar shear stress leading to an
increase in eNOS transcription.

Of note, it has been shown that PD98059 and UO126 may
aso inhibit MEKS5 activation in response to epidermal growth
factor.32 Further, it has been shown that shear stress can
activate MEK5/ERK5 in endothelial cells33 In order to
exclude a role of MEK5/ERKS5 in shear induction of eNOS
mRNA, cells were treated with a dominant negative MEK5
adenovirus (DNMEKS5A, a generous gift of Dr J.D. Leg). Of
note, there was a slight increase in basal phosphorylation of
ERKS5 in the DNMEKD5A treated cells. This increase in basal
phosphorylation of ERK5 was not associated with an increase
in basal eNOS message. Further, the DNMEK5A completely
blocked phosphorylation of ERK5 in response to shear. In
fact, shear caused a slight decrease in ERK5 phosphorylation
in these cells. In spite of this, shear still produced a 2.5-fold
increase in eNOS mRNA in DNMEKS5A-treated cells that
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was identical to that observed in control cells infected with
only a lacZ virus (data not shown). In addition, shear
stress-induced increase in ERK5 phosphorylation has been
shown to be insensitive to c-Src inhibition using both PP1 and
C-Srcy.38 Given these results, it is very unlikely that MEK5/
ERKS5 play a role in regulation of eNOS transcription in
response to shear stress.

From our studies, it also appears likely that c-Src activates
the MAPK pathway at the Ras/Raf level, and not via cross
talk from other pathways. In preliminary studies, we found
that inhibitors of p38 MAPK, JNK, and PI-3 kinase had no
effect on phosphorylation status of ERK1/2 or eNOS mRNA
expression (data not shown). Interestingly, PI-3 kinase has
been shown to be important in acute second-to-second regu-
lation of eNOS activity by shear in a phosphorylation-
dependent manner.3* Our data, however, suggest that this
pathway does not modulate the long-term expression of
eNOS mRNA in response to shear.

The mechanisms whereby shear and c-Src modulates
eNOS mRNA transcription and stability will require substan-
tia additional study. In preliminary studies, we have found
that shear stress increases expression of a chimeric eNOS
promoter/chloramphenicol acetyltransferase reporter con-
struct transfected into BAECs, and that this is completely
inhibited by PP1, PD98059, and UO126. This confirms our
nuclear run-on analyses and directly demonstrates that shear
activates the eNOS promoter in a c-Src- and MEK -dependent
fashion. Regulation of mRNA stability is very complex and
often involves mRNA/protein interactions. Recently, we have
identified 2 cytosolic proteins that bind to the eNOS mRNA
3'untraslated region that act as destabilizing proteins.83> In
preliminary studies, it does not appear that binding of either
of these is regulated by shear stress. Previous reports have
described a role of the SH3 domain of c-Src in recruiting
MRNA-binding proteins.26-38 However, it is also conceivable
that phosphorylation of an mRNA binding protein by c-Src or
an upstream effector might alter its activity. Furthermore, it is
also possible that this c-Src might modulate expression of
relevant RNA binding proteins.

In summary, these studies have identified a crucial role of
c-Src in regulation of eNOS expression in response to shear
stress. Activation of c-Src seems to lay upstream of 2
divergent pathways, one leading to a transient increase in
eNOS transcription and a second leading to prolonged stabi-
lization of eNOS mRNA. These pathways seem complimen-
tary in that they alow for both short- and long-term changes
in eNOS mRNA expression. Finally, these data stress the
importance of the tyrosine kinase c-Src as a modulator of
unidirectional laminar shear stress in the endothelium.
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