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FLUID SHEAR STRESS INDUCES SYNTHESIS AND NUCLEAR LOCALIZATION
OF C-FOS IN CULTURED HUMAN ENDOTHELIAL CELLS
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Quiescent cultured primary human umbilical vein endothelial cells were exposed to
low levels (4 dynes/cm?) or arterial levels (25 dynes/cm?) of steady laminar shear
stress for one hour. Intracellular c-fos protein was measured by immuno-
cytochemistry and quantitative fluorescence video microscopy. The nuclear-
localized c-fos protein level was 5.4 + 2.0 fold higher (p<0.01) in the cells exposed to
arterial levels of shear stress as compared to the cells maintained in stationary
culture. In contrast, the cells exposed to low levels of shear stress showed diffuse but
slightly elevated levels of c-fos (2.4 + 0.73 times higher than control; p<0.01)
without preferential nuclear localization. The protein kinase C inhibitor, H7 (10 uM)

significantly attenuated the induction of c¢c-fos by 50 % in cells exposed to arterial
Shear stress fOr 1 hour. © 1993 Academic Press, Inc.

The vascular endothelium is continuously exposed to blood flow and
consequently experiences hemodynamic shear stress. Alignment of endothelial cells
is observed in vivo and in vitro in zones of unidirectional high shear stress (1,2).
Short term responses of the endothelial cells to the onset of shear stress include
activation of a membrane potassium current (3), a burst of prostacyclin production
(4,5) and elevation of inositol trisphosphate levels (6). In vitro studies have shown
that the chronic exposure of endothelial cells to shear stress can cause a sustained
increase in tissue plasminogen activator (tPA) secretion (7) and tPA mRNA levels
(8), sustained decrease of endothelin mRNA levels and endothelin secretion (9),
and transient enhancement of platelet-derived growth factor mRNA levels (10).
These genetic responses in endothelial cells exposed to hemodynamic forces are
similar to changes seen with stimulation of endothelial cells by exogenous addition
of protein kinase C (PKC) activators.

It is known that activation of PKC in mammalian cells can lead to rapid
induction of the proto-oncogenes, c-fos and c-jun (11). These proteins bind each
other and form a transcriptional activator which can bind AP-1 promoter sites of
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various genes (12,13). In a recent study, pulsatile and steady flow were found to
elevate c-fos m-RNA levels in human endothelial cells (14). The activation of PKC
and subsequent induction of c-fos may be a link between rapid signal transduction
events in cells exposed to fluid flow (3-6) and slower changes in genetic expression
(7-10) which occur over several hours. In this study, we investigated the effects of
shear stress on the intracellular c-fos protein levels and c-fos cellular localization.

MATERIALS AND METHODS

Cell culture: Primary human umbilical vein endothelial cells (HUVEC) were
cultured as previously described (7,15). Briefly, two to four umbilical cords (obtained
within 6 hours of delivery) were rinsed, cannulated, and filled with collagenase.
(Worthington Biochemical Corp., Freehold, NJ) in phosphate buffered saline (PBS,
40-50 U/ml) at 37°C, then incubated for 30 minutes. The pooled effluent was
centrifuged for 10 minutes at 100g, and the pellet was resuspended in complete
DMEM with 20% heat-inactivated newborn calf serum, 0.30 mg/ml glutamine, 150
U/ml penicillin, and 0.15 mg/ml streptomycin (Gibco Laboratories, Grand Island,
NY) .

Exposure of endothelial cells to shear stress: Primary, confluent monolayers (72-86
hours post-seeding) were serum starved for 48 hours in DMEM with 0.5 % serum.
The cells were exposed to steady laminar shear stress in individual parallel plate
flow chamber systems with recirculating medium (20 mM HEPES and 1% BSA in
PBS, pH 7.4) as previously described (7) or maintained in the incubator. No ATP
was present in the circulatory medium. After 1 hour, immunocytochemistry was
carried out on the monolayers.

Immunocytochemistry: Cells on each individual slide were fixed by incubating the
slides in a solution containing 2% paraformaldehyde, 0.5% Triton X-100 at 49C for 15
minutes. The slides were then washed with 3% BSA, 0.5% Triton X-100 in PBS and
incubated with 50 ul of sheep polyclonal antibody against c-fos (Cambridge Research
Inc., Wilmington, DE) at a dilution of 1:20 ( 3% BSA, 0.5% Triton in PBS) for 2
hours. The slides were then washed three times with 5 ml of 3% BSA, 0.5% Triton
in PBS solution. Each slide was incubated with 50 pl of fluorescein donkey anti-
sheep IgG (H+L) conjugate ( Molecular Probes Inc., Eugene, OR) (1:20 dilution) for 1
hour. The slides were washed 4 times with PBS and view by video microscopy.

Fluorescence video microscopy: A Leitz Aristoplan microscope (100 X objective) was
used for epifluorescence visualization. The fluorescence emission was directed
toward an image intensified (Genllsys)-charge coupled diode (CCD-72) camera
assembly (Dage-MTI). A Hamamatsu Argus-10 Image Processor was used for noise
reduction of the video signal but no grey scale stretching or contrast enhancement
was carried out. The data was recorded on 1/2" videotape for digital image analysis
(NIH Image 1.47) using a Quickcapture framegrabber (Data Translation) and a
Macintosh Ilci.

RESULTS

To establish a state of quiescence within monolayers of endothelium, the cells
were serum starved for 48 hours. After serum starvation, immunostaining for c-fos
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Fig. 1. Locahzation and immunaotluorescence intensity of ¢ tos protein in human umbilical vein
endothelial cells maintained in stationary culture (A) ar exposed to fluid shear stress of 4 (B) or 25
L‘]}'I\L‘S/CI\\E (Cytor 1 hour. The perfusion media was HEPES-buttered PBS with 170 BSA containing no
extracellular ATE. Two representative viess of cach monolaver are shown. The cells maintained in
stationary culture £A) had a detectable but very low level of fluorescence

in unstimulated cells produced almost no fluorescence (Fig. 1A). When matched
serum starved monolayers were exposed to 4 dynes/cm? of fluid shear stress for 1
hour, a low level of diffuse, whole cell staining was detected (Fig. 1B). There was no
significant preferential localization of ¢-fos protein in stationary controls or in cells
exposed to low shear stress of 4 dynes/cm2. We observed an intense and highly
localized nuclear staining of c-fos in endothelial cells exposed to arterial levels of
fluid shear stress of 25 dynes/cm? for 1 hour (Fig. 1C). The nuclei in shear stressed
HUVEC were 5.4 t 2.0 times brighter (p<0.01) than matched stationary controls (Fig.
2).  In HUVEC exposed to high shear stress for 1 hour, the concentration of c-fos in
the nucleus was 2.9 + 1.1 times greater than that in the cytoplasm.

In a separate experiment, HUVEC were preincubated with the protein kinase
C inhibitor, H7 (10 uM) for 30 min and then exposed to arterial levels of shear for 1
hour with H7 (10 pM) in the perfusion media. Elevation of c¢-fos levels was
significantly reduced by 50 % (p<0.01) in H7-treated HUVEC exposed to high shear
stress as compared to the c-fos levels in untreated endothelial cells exposed to high
shear (Fig. 3) which had nuclei that were 3.7 £ 1.6 times brighter than stationary
controls. The H7-treated cells exposed to high shear stress had c-fos levels which
were 1.9 + 1.2 times higher (p<0.01) than stationary controls, indicating that H7 did
not fully block the c-fos induction by high shear stress.
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Fig. 2. Nuclear (closed bar) and cytoplasmic (open bar) intensity of ¢-fos immunofluorescence as a
function of fluid shear stress. Average intensity + 5D was determined by digital image analysis for 30
cells in each monolayer. Intensity values were normalized to the nuclear intensity of quiescent control
endothelium maintained in static conditions. Data were typical of three separate experiments
conducted with three independent harvests of HUVEC. A student t-test was used with a bonferoni
correction for multiple comparisons (*p<0.01; NS, not significant).

The basal level of c-fos protein in the endothelial cells was completely
suppressed by serum starvation of the cells for 48 hours. It was found that when the
unstimulated, confluent endothelial cells were serum starved for only 24 hours,
numerous nuclei contained c-fos-immunolocalized fluorescence. Cells were viable
after serum starvation for 48 hours as indicated by their ability to synthesize and
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Fig. 3. Nuclear (closed bar) and cytoplasmic (open bar) intensity of c-fos immunofluorescence as a

function of fluid shear stress in the presence or absence of the protein kinase C inhibitor, H7 (10 uM).
Average intensity values + SD were determined from 15 cells of cach monolayer and were normalized as

in Fig. 2 (*p<0.01, compared to stationary control; +p<0.01, compared to high shear without H7).
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translocate c-fos and to maintain adherence to a glass substrate under arterial levels
of shear stress. Cellular morphology was normal as accessed by light microscopy.

DISCUSSION

Several studies have shown that fluid shear stress can regulate the expression
of endothelial genes (7-10). Changes in secretion of tPA and endothelin appear to be
due to changes in the mRNA levels of these particular genes. We report that
arterial levels of fluid shear stress can stimulate the synthesis of c-fos protein which
was then translocated into the nucleus.

In contrast to arterial levels of shear stress, low shear stress of 4 dynes/ cm? did
not cause a striking induction of c-fos expression or nuclear translocation of c-fos
protein. This would indicate that local mixing or boundary layer phenomena is not
the cause of the arterial shear stress-induced expression of c-fos since the wall shear
rate (400 sec’1) at the low shear stress is still at least three orders of magnitude
greater than that found in stationary cultures due to natural convection.

The c-fos proto-oncogene product, together with the transcription binding
factor c-jun, has been shown to form DNA-binding nucleoprotein complexes,
related to the regulation of gene expression in a variety of cell types (12, 16-18). The
c-fos proto-oncogene is an early gene that is induced when cells are stimulated by
agents like growth factors, thrombin, ATP, or phorbotl esters (19, 20). Our results are
consistent with a recent study (14) which showed that flow can cause c-fos m-RNA
levels to be elevated in HUVEC. The partial inhibition of this response by H7
indicates that PKC (as well as other possible pathways) are involved in shear stress
induction of c-fos expression. Some nuclear translocation—a cAMP-dependent
process (21)—did occur in H7-treated cells, suggesting that H7 did not completely
and/or nonspecifically inhibit cAMP-dependent protein kinase (PKA). In cells
stimulated by arterial levels of shear stress, the elevation of c-fos synthesis was
accompanied by a marked translocation of this newly synthesized protein into the
nucleus, suggesting that the activity of cytoplasm retention factors (21) and the
DNA-binding affinity of the AP-1 complex changed in HUVEC exposed to flow.

Acknowledgments: The authors thank Dr. Robert Patterson and the nursing staff of
Children's Hospital of Buffalo, NY for their generous assistance. This work was
supported by NIH Grant # HL47486 and NSF grant # BC5-9211197 to S.L.D.

REFERENCES

Nerem, RM, Levesque, MJ, and Cornhill, JF. J. Biomech Eng. 103:172-176 (1981).
White, GE, Gimbrone Jr., MA, and Fujiwara, K. J. Cell Biol. 97:416-424 (1983).
Olesen, SP, Clapham, DE, and Davies, PF. Nature 331:168-170 (1983).
Grabowski, EF, Jaffe, EA, and Weksler, BB. J. Lab. Clin. Med. 105:36-43 (1985).
Frangos, JA, Eskin, SG, Mclntire, LV, and Ives, CL. Science 227:1477-1479 (1985).

Do LN

83



Vol. 196, No. 1, 1993 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

10.
11.

12.

13.

14

15.

16.
17.

18.

19.

20.

21.

Nollert, MU, Eskin, 5G, and MclIntire, LV. Biochem. Biophys. Res. Comm. 170,
281-287 (1990).

Diamond, SL, Eskin SG, and MclIntire, LV. Science 243:1483-1485 (1989).
Diamond, SL, Sharefkin, JB, Eskin SG, Dieffenbach C, Frasier-Scott, K, and
MclIntire, LV. J. Cell. Physiol. 143:364-371 (1990).

Sharefkin, JB, Diamond, SL, Eskin SG, Dieffenbach C, and MclIntire, LV. .
Vasc. Surg. 14:1-9 (1991).

Hsieh, HJ, Li, NQ, and Frangos, JA. Am. J Physiol. 260:H642-H646 (1992).

Chiu, R, Imagawa, M, Imbra, R], Bockoven, JR, and Karin, M. Nature 329:648-
651 (1987).

Chiu, R, Boyle, W], Meek, ], Smeal, T, Hunter, T, and Karin, M. Cell 54:541-552
(1988).

Kouzarides, T, and Ziff, E. Nature 340:568-571 (1984).

Hsieh, HJ, Li, NQ, Frangos, JA. ]J.Cell. Physiol. 154:143-151 (1993).

Gimbrone Jr, MA. Progress in Hemostasis and Trombosis. T.H. Spaet, ed. Grune
and Stratton, New York, Vol. 3, pp 1-28 (1976).

Sambucetti, LC, and Curran, T. (1986) Science 234:1417-1419 (1986).

Rausher, FJ, Cohen, DR, Curran, T, Bos, TJ, Vogt, PK, Bohmann, D, Tjian, R,
and Franza, BR. Science 240:1010-1016 (1988).

Angel, P, Allegretto, EA, Okino ST, Hattori, K, Boyle, W], Hunter, T, and Karin,
M. Nature 332:166-171 (1988).

Lampugnani, MG, Collota, F, Polentarutti, N, Pedenovi, M, Mantovani, A, and
Dejana, E. Blood 76:1173-1180 (1990).

Boutherin-Falson, O, Reise, S, Dumont, JE, and Boeynaems, JM. Biochem.
Biophys. Res. Comm. 172:306-312 (1990).

Roux, P, Blanchard, JM, Fernandez, A, Lamb, N, Jeanteur, P, and Piechaczyk, M.
Cell 63:341-351 (1990).

84



