
Fluid Shear Stress Induction of the 
Transcriptional Activator c-fos in Human 
and Bovine Endothelial Cells, HeLa, and 
Chinese Hamster Ovary Cells 

Vibhu Ranjan. Raymond Waterbury, Zeshuai Xiao, and Scott L. Diamond+ 
Bioengineering Laboratory, Department of Chemical Engineering, The 
State University of New York, Buffalo, New York 14260 

Received June 16, 1995/Accepted August 30, 1995 

The c-fos protein belongs to a family of transcriptional 
cofactors that can complex with proteins of the Jun family 
and activate mRNA transcription from gene promoters 
containing an activator protein 1 (AP-1) binding element. 
The shear stress inducibility of the c-fos protein was stud- 
ied in human and animal cell lines of vastly different 
origins. Primary human umbilical vein endothelial cells 
(HUVEC), bovine aortic endothelial cells (BAEC, passage 
2-14), HeLa cells, and Chinese hamster ovary (CHO) cells 
were subjected to steady laminar shear stress using a 
parallel plate flow apparatus. After 1 h of f low exposure 
at 25 dyn/cm2, the c-fos levels in nuclei of shear stress 
HUVEC, BAEC, HeLa, and CHO were 5.4 2 2.0 ( n  = 3). 
2.25 2 1.38 ( n  = 61, 2.14 2 0.07 ( n  = 81, 1.92 ? 0.58 ( n  
= 2) times higher, respectively, than in matched station- 
ary controls. Flow exposure at 4 dyn/cm2 caused no en- 
hancement of c-fos levels in any of the cell lines tested, 
but caused significant reduction in c-fos expression in 
the HeLa cells. The c-fos induction by shear stress could 
be blocked by pharmacological agents. For example, the 
flow induction of the c-fos protein levels was blocked 
by 50% with the preincubation of HUVEC with a protein 
kinase C inhibitor, H7 (10 pM) and blocked completely in 
HeLa cells preincubated with the phospholipase C inhibi- 
tor, neomycin (5 mM). The minimum time of shear stress 
exposure required to  induce the c-fos protein expression 
in HeLa cells was found to be as low as 1 min. By Northern 
analysis, the c-fos mRNA levels were found to be elevated 
in BAEC, CHO, and HeLa cells exposed to  25 dyn/cm2 for 
30 min. These studies indicate that c-fos induction is a 
consistent genetic response in a variety of mammalian 
cells that may alter cellular phenotype in mechanical envi- 
ronments. 0 1996 John Wiley & Sons, Inc. 
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INTRODUCTION 

The mechanical environment in bioreactor systems in- 
cludes forces generated on cells by bulk liquid flow, 
solid-liquid interactions, and the effects at gas-liquid 
interfaces, including the formation and disruption of 
b ~ b b l e s . ' , ~ ~ , ~ ~ , ~ ~  Physical forces also occur in natural and 
artificial tissue structures and can influence cellular 
physiology in vivo. For example, fluid shear stress can 
have a profound influence on the function of cells, rang- 
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ing from altered metabolism to cell lysis.5,7-11,24*45 The 
interactions of various types of cells with fluid flow re- 
gimes and gas-liquid interfaces typical of bioreactors 
have been studied in detail, particularly with respect to 
cell ~iabil i ty. '~?'~ The shear sensitivity of endothelial 
cells, hybridoma cells, red blood cells, insect cells, and 
other animal or plant cells has also been studied with 
respect to cellular ~iability.8.'~*'~ Some of the detrimental 
effects of hydrodynamic forces in sparged systems can 
be diminished by the addition of polymers, such as 
Pluronic F-68, methylcellulose, or serum.12*28 

In the sublytic regime, mechanical forces involving 
cellular deformation can also play an important role 
in intracellular signaling and gene regulation. Direct 
mechanical deformation of cells has been shown to in- 
crease intracellular calcium of several cell  type^.^^,^^ The 
mechanical stretching and relaxation of rat mesangial 
cells induces protooncogenes such as c-fos and zif/erg- 
1 and prostaglandin H2 (PGHZ) synthase-2 (mitogen 
inducible form).' Hyperosmotic-induced cell shrinking 
stimulates the expression of the tissue plasminogen acti- 
vator (tPA) gene in endothelial and HeLa cells.20 Re- 
cently, both fluid shear stress and cyclic strain have been 
shown to upregulate endothelial nitric oxide synthase 
gene e x p r e ~ s i o n . ~ " ~ . ~ ~  In endothelial cells, fluid shear 
stress is well-recognized to cause changes in morphol- 
ogy, metabolism, gene regulation, protein synthesis, and 
membrane ion p e r m e a b i l i t i e ~ . ~ ~ ' ~ - ~ ~ - ~ ~  Ho wever, less is 
known about the genetic response of other commonly 
used animal cell lines. 

Mammalian cell lines possess distinct phenotypes that 
are strongly dependent on the tissue of arigin, time in 
culture, and culture conditions. Given the numerous 
examples of tissue-specific gene regulation, the response 
of mammalian cells to physical forces may be quite 
heterogeneous, depending on the gene, the cell, and the 
precise nature of the force. For example, shear stress 
produced a biphasic response of the monocyte chemo- 
tactic protein 1 (MCP-1) gene expression in human um- 
bilical vein endothelial cells (HUVEC), HeLa, glioma 
cell lines, and skin  fibroblast^.^^ Different levels of shear 
stress can modulate gene expression, causing either 

Biotechnology and Bioengineering, Vol. 49, Pp. 383-390 (1996) 
0 1996 John Wiley & Sons, Inc. CCC 0006-3592/96/040383-08 



~pregulation’~ or d o ~ n r e g u l a t i o n ~ ~ ~ ~ ~ , ~ ~  of the endo- 
thelin gene, depending on the magnitude of shear stress. 
Interestingly, the stretching of endothelial cells causes 
an induction of the endothelin gene. 

10% complete DMEM. After various exposure times, 
immunocytochemistry or RNA extraction was carried 
out on the monolayers. 

The present study has sought ;o evaluate the changes 
in expression of the c-fos gene in mortal and immortal 
human cell lines (HUVEC and HeLa) and mortal and 
immortal animal cell lines [bovine aortic endothelial 
cells (BAEC) and Chinese hamster ovary (CHO)] in 
response to hemodynamic forces. The protooncogenes 
c-fos and c-jun are the members of the AP-1 (activator 
protein-1) family of transcription factors, which mediate 
transcriptional stimulation through their interaction 
with a specific DNA sequence of TGA(C/G)TCA (20) 
known as the TPA-responsive element (TRE) or AP- 
1 binding element.21 Transcriptional activation of genes 
through the protein kinase C pathway occurs via this 
sequence. We report that c-fos protein and mRNA lev- 
els are elevated in human and bovine endothelial cells, 
HeLa, and CHO cells. These results indicate that the 
responsiveness of cultured animal cells to laminar shear 
stress is not specific to only those animal cells derived 
from hemodynamically active origin. 

MATERIALS AND METHODS 

Cell Culture and Shear Stress Exposures 

Primary human umbilical vein endothelial cells were 
harvested and cultured as previously and 
grown to confluence in Dulbecco’s modified Eagle’s me- 
dium (DMEM) containing 20% heat-inactivated new- 
born calf serum (NCS), 0.30 mg/mL glutamine, 150 U/ 
mL penicillin, and 0.15 mg/mL streptomycin (Gibco 
Laboratories, Grand Island, NY) (20% complete 
DMEM). Bovine aortic endothelial cells, HeLa, and 
CHO cells were grown to confluence in 10% complete 
DMEM. In some experiments, slides were treated with 
human plasma fibronectin (Gibco Laboratories, Grand 
Island, NY) at 2 pg/cm2 prior to seeding the cells. 

Monolayers were exposed to a steady laminar shear 
stress of either 4 or 25 dynes/cm2 in individual parallel 
plate systems with recirculating medium [20 mM N- 
(2-hydroxyethyl)piperazine-N’-2-ethanesulfonic acid 
(HEPES) and 1% bovine serum albumin (BSA) in phos- 
phate buffered saline (PBS), pH 7.4, for HUVEC and 
10 mM HEPES in DMEM, pH 7.4, for BAEC, HeLa, 
and CHO cells] as previously d e ~ c r i b e d l ~ , ~ ~  or main- 
tained in a C02  incubator. No adenosine triphosphate 
(ATP) was present in the perfusion medium. Prior 
to shear exposure, primary confluent monolayers of 
HUVEC were serum-starved for 48 h in 0.5% NCS- 
supplemented DMEM to establish quiescence in the 
monolayers. Confluent monolayers of BAEC (passage 
2-14) and CHO were serum starved in 1.5% complete 
DMEM for 48 h. HeLa cells were grown throughout in 

lmmunofluorescence Staining and Digital 
Epifluorescence Microscopy 

A solution of 2% paraformaldehyde, 0.5% Triton-X-100 
in PBS at 4°C was used to fix cells of the individual glass 
slides by incubating the slides in this solution for 
15 min. The slides were then washed with 3% BSA, 
0.5% Triton X-100 in PBS and incubated with 50 pL 
of sheep polyclonal antibody against c-fos (Cambridge 
Research, Inc., Wilmington, DE) at a dilution of 1 : 20 
(3% BSA, 0.5% Triton X-100 in PBS) for 2 h. The slides 
were washed three times with 5 mL of 3% BSA, 0.5% 
Triton X-100 in PBS solution. Each slide was then incu- 
bated with 50 p L  of fluorescein donkey anti-sheep IgG 
(H + L) conjugate (Molecular Probes, Inc., Eugene, 
OR) (1 : 20 dilution) for 1 h. The slides were then washed 
three times with PBS. A Leitz Aristoplan microscope 
(100 X objective) with image intensified-charge coupled 
diode camera assembly (GenIIsys-CCD72, Dage-MTI, 
Michigan City, IN) was used for epifluorescence visual- 
ization to detect the fluorescence emission. The noise 
reduction of the video signal was conducted with a 
Hamamatsu Argus-10 image processor with no gray 
scale stretching or contrast enhancement. The video 
signal was recorded on a in. videotape for digital image 
analysis using a Quickcapture framegrabber (Data 
Translation, Marlboro, MA) supported on a Macintosh 
IIci with image analysis software (NIH Image 1.47). 

RNA Isolation and Northern Blot Analysis 

Total RNA was extracted from control and shear stress 
stimulated endothelial cells using the Chomczynski 
method.6 Briefly, endothelial cell monolayers (15 cm’) 
were rinsed and sterile PBS, lysed in 1.0 mL of denatur- 
ing buffer (4.0 M guanidium isothiocyanate, 0.5% sarko- 
syl, 25 mM sodium citrate, and 0.1 M mercaptoethanol), 
followed by addition of 0.1 mL of 2.0 M sodium acetate 
(pH 4.0). The mixture was extracted twice by phenol 
and chloroform/isoamyl alcohol (49 : 1). RNA was pre- 
cipitated by addition of equal volumes of isopropyl alco- 
hol and ethanol, followed by centrifugation. The RNA 
pellet was then redissolved in diethylpyrocarbonate- 
treated water. The PC-fos (human)-1 clone was ob- 
tained from the American Type Culture Collection 
(ATCC). This 9.0-kb insert has homology to the FBJ 
murine osteosercoma viral (v-fos) oncogene.= The in- 
sert, containing the entire human c-fos gene, was sub- 
cloned into the EcoRI site of the pBR322 vector 
(13.36 kb). The DNA of this clone was purified and 
digested with EcoRI and the 9.2 kb fragment was iso- 
lated. The cDNA probe was synthesized by the random 
priming hexanucleotide method using [cY-~’P]~ATP. A 
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quantity of 5 pg of each total RNA extract was run on 
each lane of a 1.0% agarose/formaldehyde gel. Ethidium 
bromide staining indicated complete integrity of the 
rRNA bands as well as even lane loading. The gels were 
blotted overnight to Millipore Immobilon N membrane, 
and then membranes were probed using ?lo5 cpm/mL 
of probe in hybridization buffer, followed by high strin- 
gency washes. Autoradiography was performed at 
-75°C for 16 h. Northern blotting of BAEC, HeLa, and 
CHO total RNA produced a band at 2.2 kb as expected 
for c-fos mRNA.39 

RESULTS 

Immunofluorescence staining for c-fos in unstimulated 
cells produced little fluorescence staining in HUVEC 
(Fig. 1). When matched serum-starved monolayers were 
exposed to 4 dyn/cm2 of fluid shear stress for 1 h, a low 
level of diffuse, whole cell staining was observed in 
HUVEC (Fig. 1). The level of cell staining for BAECs 
and CHO cells was not altered significantly by this level 
of shear stress. However, the level of fluorescence in 
HeLa cells was significantly reduced (0.41 f 0.12 times 
the control value) at low level of shear stress of 4 dyn/ 
cm2 (Fig. 1). Highly localized nuclear staining of c-fos 
was observed in the different cell lines exposed to fluid 
shear stress levels of 25 dyn/cm2 for 1 h (Fig. 1). The 
nuclei in the shear stressed HUVEC were 5.4 -+ 2.0 
times brighter ( p  < 0.1) than matched stationary con- 
trols (Fig. 2). BAECs, HeLa, and CHO were 2.25 ? 1.38 
( p  < O.l), 2.14 ? 0.07 ( p  < O.Ol),  and 1.92 2 0.58 ( p  < 
0.1) times brighter, respectively, than the matched sta- 
tionary controls (Fig. 2). The larger stimulation relative 
to control found with HUVEC (in relation to other cell 
lines) was due to a lower baseline level under resting 
conditions. 

Given the rapid induction of c-fos protein levels in 
different cell lines exposed to shear stress, we tested 
whether c-fos mRNA levels were elevated in shear 
stressed cells. Northern blot analysis also revealed the 
induction of c-fos at high levels of shear stress 
(25 dyn/cm2) after 0.5 h of flow exposure (Fig. 3). The 
mRNA level of the 2.2 kb mRNA band for c-fos was 
elevated in BAEC grown on glass slides or fibronectin- 
coated slides. A similar induction of c-fos mRNA was 
observed at 0.5 h in two experiments with CHO cells 
and also in HeLa cells exposed to a shear stress of 
25 dyn/cm2 (Fig. 3).  

For our next set of experiments, we selected HeLa 
cells for studying the induction of c-fos protein levels 
under different conditions. HeLa are one of the most 
commonly used undifferentiated human cell lines, origi- 
nally obtained from a malignant tumor of the cervix. 
We selected HeLa as a prototype human cell line be- 
cause they display little variability in their function or 
protein production with passage number. It is known 
that stimulation of cells by chemical agonists like phor- 

bol esters involves large but highly transient elevation 
of c-fos levels. For example, an induction of c-fos mRNA 
levels in macrophages occurs after treatment with phos- 
pholipase C (PLC) or the activation of the protein ki- 
nase C pathway by phorbol 12-myristate 13-acetate 
(PMA)?,32 In such studies, the c-fos mRNA levels were 
elevated as early as 30 min after the addition of the 
agonists like PMA, phospholipase C, and cholera toxin, 
reaching a maximum at 1 h and then decreasing to 
preinduction levels within 3 h in THP-1 monocytic leu- 
kemia cells? 

We have studied the time course for the induction of 
c-fos in HeLa cells at three time points of 30, 60, and 
180 min of shear stress exposure. It was observed that 
the c-fos induction due to shear stress followed a course 
similar to the induction of c-fos by other agonists, with 
the c-fos levels peaking at about 1 h after exposure to 
shear and returning to near baseline levels after 3 h 
of shear stress exposure (Fig. 4). The minimum time 
required for the c-fos induction in HeLa cells also was 
studied by exposing the HeLa cells to shear stress for 
different times and then letting the cells remain in a no- 
flow environment for up to 60 min. We found that as 
little as one minute of exposure to shear stress of 
25 dyn/cm2 could induce the c-fos protein levels in HeLa 
cells, indicating very rapid intracellular signaling with 
the onset (and perhaps the offset) of fluid flow (Fig. 5). 

Because activation of the phospholipase C (PLC) and 
protein kinase C (PKC) signaling pathways causes an 
induction of c-fos t r a n s c r i p t i ~ n , ~ ~ ' ~ ~ ~ ~  we investigated the 
effect of inhibitors of these two signaling pathways on 
the induction of c-fos by shear stress. A 30-min preincu- 
bation of the cells with the phospholipase C inhibitor 
neomycin (5  mM) followed by shear stress exposure for 
1 h almost completely blocked the shear induction of 
c-fos in HeLa cells (Fig. 6). We have also found in a 
similar experiment that the protein kinase C inhibitor, 
H7 (10 p M )  in HUVEC blocked the induction of c-fos 
by 50% as compared to untreated HUVEC exposed to 
high shear stress, which had nuclei that were 3.7 2 1.6 
times brighter than the stationary controls (Fig. 7). The 
H7-treated cells exposed to high shear stress had co- 
fos levels that were 1.9 2 1.2 times higher ( p  < O.Ol), 
indicating that H7 did not completely block the induc- 
tion of c-fos by high shear stress. 

DISCUSSION 

This study has sought to measure the level and localiza- 
tion of the transcriptional activator c-fos in anchorage- 
dependent mammalian cells exposed to well-character- 
ized levels of laminar shear stress using a parallel plate 
flow system. The protooncogenes c-fos and c-jun help 
couple the short-term signals elicited at the cell surface 
to longer term changes in the cellular phenotype by 
altering the expression of specific target genes. The AP- 
1 binding proteins have been implicated in a number 

RANJAN ET AL.: INDUCTION OF c-fos BY SHEAR STRESS IN MAMMALIAN CELLS 385 



Figure 1. Localization and immunofluorescence intensity of c-fos protein levels in human umbilical vein endothehal cells (HUVEC), bovine 
aortic endothelial cells (BAEC), HeLa cells, and Chinese hamster ovary (CHO) cells maintained in stationary culture (0 dyn/cm2) or exposed 
to fluid shear stress of 4 or 25 dynicm’ for 1 h 
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Figure 2. Immunofluorescence intensity of c-fos in HUVEC, BAEC, 
HeLa, and CHO cells maintained in stationary culture (open bar), 
or exposed for 1 h to shear stress at 4 (hatched bar) or 25 (solid bar) 
dyn/cm2. Average intensity 2SD was determined by digital image 
analysis for over 30 cells in each monolayer. The average intensity was 
normalized to the average intensity of the quiescent control cultures 
maintained in stationary culture to give the relative fluorescence inten- 
sity. Each experiment was conducted with an independent harvest of 
primary HUVEC or independent passage of BAEC, HeLa, or CHO. 
All monolayers were visualized under identical conditions. 

of signal transduction cascades associated with growth, 
differentiation, and cellular 

In endothelial cells, the c-fos gene has been shown 
to be sensitive to various forms of mechanical stimuli. 
Pulsatile and steady flow induce c-fos expression in en- 
dothelial cells.16 Also, both shear stressls and cyclic 
stress have been shown to stimulate the formation of 
AP-1 complexes with DNA in BAECs using the gel 
shift assay. Lan et a1.18found that the exposure of BAEC 
to flow led to a biphasic induction of AP-1 binding, 
reaching a peak at 10-20 min, declining, and then rising 
again after 2 h exposure. Interestingly, mechanical 
stresdrelaxation induces c-fos expression in cultured rat 
mesangial cells.' 

The actual magnitude and temporal nature of a partic- 
ular mechanical stimulus can have a profound effect on 
the intracellular signaling pathways and gene regulation 
of a living cell. Different flow rates may cause different 
responses, leading to either induction or suppression of 
a given gene. The inhibition of ET-1 mRNA levels and 
ET-1 secretion by HUVEC by shear stress of 25 dyn/ 
cm2 has been well d o c ~ m e n t e d . ~ ~ * ~ ~  However, HUVEC 
endothelin-1 peptide release is stimulated by about 50% 
at low levels of shear stress (1.8 dyn/cm2), whereas 6- 
25 dyn/cm2 shear stress for periods of >6 h inhibited ET- 
1 re1ea~e.I~ Some genes like monocyte chemoattractant 
protein 1 (MCP-1) display a biphasic response to flow 
with the mRNA levels peaking at 1.5 h before gradually 
decreasing a basal levels after 4 h shear stress.40 In the 
context of these studies, the downregulation of c-fos 
protein level in HeLa at 4 dyn/cm2 and its upregulation 
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0 25 25 (F) 
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(2.2 kb) 
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(2.2 kb) 

< c-fos 
(2.2 kb) 

Figure 3. Fluid shear stress causes elevation of c-fos mRNA levels 
in BAEC, CHO, and HeLa cells exposed to shear stress of 25 dyn/ 
cm2 for 0.5 h as compared to stationary controls (0 dyn/cm2). Two 
monolayers of BAEC at the same passage number, but grown on 
different substrates, glass, or fibronectin-coated glass (F), were ex- 
posed to shear stress. Two replicate monolayers of CHO were sub- 
jected to shear stress simultaneously using individual flow loops. A 
total of 5 kg  RNA was subjected to electrophoresis in each lane. 

at 25 dynlcrn' shear stress is not unprecedented and 
indicates a role of different intracellular signal transduc- 
tion mechanisms for gene regulation in response to dif- 
ferent flow rates. 

The actual mechanisms by which the mechanical stim- 
uli to the cells are transmitted to activate the various 
intracellular signaling pathways in the cells are not fully 
resolved at the molecular level. It is possible that shear 
stress can cause a structural reorganization of the cy- 
toskeleton and selectively adjust gene expression in cells 
exposed to shear stress. Our studies suggest that pertur- 
bation of cells may activate PKC and phospholipase C 
in some cell types. The extensive and intricate protein 
framework of the cellular cytoskeleton affects cell 
shape, cell motility, intracellular transport of macromol- 
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ecules, translation of mRNA into protein, and may in- 
fluence the regulation of gene expre~sion.~ The treat- 
ment of exponentially growing HeLa cells and quiescent 
WI-38 cells with cytochalasin D, which disrupts the cy- 
toskeletal actin microfilaments, results in a rapid and 
marked increase in the transcription of c-fos gene with 
a concomitant increase of the c-fos mRNA steady 
state levels.44 

With respect to the mechanism of gene regulation 
by flow, a core sequence, GAGACC (or its reverse 
orientation, GGTCTC) present in the promoter regions 
of certain genes like PDGF-B, c-fos, c-jun, MCP-1 
endothelin-1, ICAM-1, t-PA has been identified as a 

l o - - - - - -  

static 1.0 5.0 30 60 
Shear Exposure Time (min) 

50 7 

Figure 5. The minimum shear stress exposure time required for c- 
fos induction (at 1 h) in HeLa cells exposed to a shear stress of 
25 dyn/cm2. After exposure to varying times of shear stress, the cells 
were allowed to remain under stationary culture conditions up to the 
1 h time point, at which time the immunofluorescence analysis was 
carried out. Average intensity t S D  was determined by digital image 
analysis for over 30 cells in each monolayer. The average intensity 
was normalized to the average intensity of the quiescent control mono- 
layers maintained in stationary culture to give relative fluorescence. 

25 dynes/sq.crn. 
0 - ' ~ ' ~ ' I ' l ' r ' t ' 3 ' 1 . .  

300 - - 
2 

.$? 200 - 

- 
C 
0 
0 

100 - 

0- 

+ Neo + Neo 

' t  
-r 

Figure 6. Immunofluorescence of c-fos in HeLa as a function of fluid 
shear stress in the presence and absence of the phospholipase C 
inhibitor, neomycin (5  mM). Average intensity values ?SD were 
determined from 30 cells in each monolayer and normalized as in 
Figure 2. 

shear stress response element (SSRE).36 However, a 
recent study has shown that SSRE was not involved in 
the regulation of the MCP-1 gene, while only one of 
the two AP-1 elements in the MCP-1 promoter was 
a functional responsive element to shear stress!l The 
transcriptional factor that binds the SSRE sequence has 
not yet been identified. We have carried out gel shift 
assays using DNA containing the SSRE and protein 
extracts from shear stressed BAEC. The binding of pro- 
teins to this sequence was elevated after 1 h of high shear 

400 1 

Static 25 dyne/cm2 Control + H7 (10 pM) 25 dyne/cm2 

Figure 7. Nuclear (closed bar) and cytoplasmic (open bar) c-fos 
immunofluorescence as a function of fluid shear stress in the presence 
or absence of a protein kinase C inhibitor, H7 (10 p M ) .  Average 
intensity values t SD were determined from30 cells in each monolayer 
and normalized as in Figure 2 (*p < 0.01, compared to stationary 
control; t p  < 0.01, compared to high shear without H7). 
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stress exposure of BAECs, as previously described.36 
Interestingly, we have also detected the presence of this 
transcriptional factor in HeLa cells35 (data not shown). 

Animal cell cultures have been exploited for the pro- 
duction of a variety of useful biological products, and 
a major biochemical engineering challenge encountered 
in large scale cell cultivation is the optimization of envi- 
ronmental conditions (biological, chemical, and physi- 
cal) for cell growth and productivity. From an engineer- 
ing point of view, the various aspects of the shear 
sensitivity of cells, including the role of shear stress in 
the gene regulation and protein production of cells, may 
have important implications. This study measured the 
regulation of c-fos protein and mRNA levels in various 
mammalian cell lines exposed to different levels of well- 
defined, laminar shear stresses. The shear-stress medi- 
ated induction of the c-fos protooncogene was a consis- 
tent response in several mammalian cell lines that were 
tested and may also occur in other cultivation environ- 
ments. 
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