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Shear Stress–Dependent Regulation of the Human
b-Tubulin Folding Cofactor D Gene

Andreas Schubert, Marco Cattaruzza, Markus Hecker, Dorothea Darmer,
Juergen Holtz, Henning Morawietz

Abstract—The flowing blood generates shear stress at the endothelial cell surface. The endothelial cells modify their
phenotype by alterations in gene expression in response to different levels of fluid shear stress. To identify genes
involved in this process, human umbilical vein endothelial cells were exposed to laminar shear stress (venous or arterial
levels) in a cone-and-plate apparatus for 24 hours. Using the method of RNA arbitrarily primed polymerase chain
reaction, we cloned a polymerase chain reaction fragment representing an mRNA species downregulated by arterial
compared with venous shear stress (shear stress downregulated gene-1, SSD-1). According to Northern blot analysis,
corresponding SSD-1 cDNA clones revealed a similar, time-dependent downregulation after 24 hours of arterial shear
stress compared with venous shear stress or static controls. Three SSD-1 mRNA species of 2.8, 4.1, and 4.6 kb were
expressed in a tissue-specific manner. The encoded amino acid sequence of the human endothelial SSD-1 isoform
(4.1-kb mRNA species) revealed 80.4% identity and 90.9% homology to the bovineb-tubulin folding cofactor D (tfcD)
gene. Downregulation of tfcD mRNA expression by shear stress was defined at the level of transcription by nuclear
run-on assays. The tfcD protein was downregulated by arterial shear stress. The shear stress–dependent downregulation
of tfcD mRNA and protein was attenuated by the NO synthase inhibitorNv-nitro-L-arginine methyl ester. Furthermore,
the NO donor DETA-NO downregulated tfcD mRNA. Because tfcD was shown to be a microtubule-destabilizing
protein, our data suggest a shear stress–dependent regulation of the microtubular dynamics in human endothelial cells.
(Circ Res. 2000;87:1188-1194.)
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The flowing blood generates shear stress at the endothelial
cell surface. Physiological shear stress is not only in-

volved in the regulation of vascular tone but is also consid-
ered a protective mechanism against the localization of
arteriosclerotic plaques.1,2

The mean physiological shear stress acting on endothelial
cells is higher in arterial vessels ('15 dyne/cm2) compared
with venous vessels ('1 dyne/cm2). This difference in shear
stress affects the shape and differentiation of endothelial cells
in arteries and veins. Endothelial cells align their shape and
reorganize their cytoskeleton in response to the direction and
degree of shear stress.3,4 Long-term application of arterial
levels of laminar shear stress results in alignment of actin
stress fibers in the direction of flow.5 However, the molecular
mechanism underlying this cytoskeletal reorganization is not
well understood. Furthermore, the regulation of gene expres-
sion by arterial levels of shear stress could be mediated by a
mechanism involving vasoactive substances released from
endothelial cells in a flow-dependent manner. High shear
stress stimulates flow-dependent dilation of large vessels6,7

by release of endothelium-derived NO in animal studies and
induces endothelial cell NO synthase expression.8–10

In view of these differences, we compared the gene
expression of human endothelial cells exposed to high arterial
or low venous levels of shear stress by RNA arbitrarily
primed (RAP) polymerase chain reaction (PCR). One cDNA
species showing very strong regulation by high shear stress
was cloned and studied in more detail. We also tested the
hypothesis that shear stress–dependent regulation of this gene
may be mediated by NO.

Materials and Methods
Cell Culture and Application of Shear Stress
All cell culture reagents and chemicals were purchased from Sigma
Chemical Co if not indicated otherwise. Human umbilical vein
endothelial cells (HUVECs) were isolated as described previous-
ly.11,12 HUVECs were subjected to laminar shear stress in a cone-
and-plate viscometer13 with minor modifications as described.14

Laminar shear stress of 1 dyne/cm2 (0.1 N/m2 [venous or low shear
stress]) or 15 or 30 dyne/cm2 (1.5 or 3 N/m2, respectively; arterial or
high shear stress) was applied in a humidified environment with 5%
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CO2 at 37°C. Cell culture medium containing dextran did not affect
mRNA expression in this study (Figure 1 online; available in the
online data supplement at http://www.circresaha.org). Shear stress
did not increase medium temperature or lactate dehydrogenase
release (Figures 2 and 3 online).

RNA Isolation and RAP-PCR
Total RNA from endothelial cells was isolated by guanidinium
thiocyanate/cesium chloride centrifugation.15 The mRNA was then
obtained using an mRNA purification kit (Pharmacia).

RAP-PCR was used to identify differentially expressed transcripts
(RAP-PCR kit, Stratagene).

Northern Blot Analysis
Northern blot analysis was done as previously described.16 The
human multiple tissue Northern blot was purchased from Clontech.
The expression of control gene GAPDH was not affected by laminar
shear stress (Figure 4 online).

cDNA Cloning and DNA Sequence Analysis
Selected RAP-PCR fragments were cloned with the pCR-Script Amp
SK(1) cloning kit (Stratagene). Single clones showing an identical
shear stress–dependent regulation by Northern blot analysis were
used to screen 13106 plaque-forming units of an oligo(dT) and
randomly primed human heart–Lambda ZAP II–cDNA library
(Stratagene).

The cDNA sequence was determined by cycle sequencing on an
automated ABI PRISM 373A DNA sequencer (ABI/Perkin Elmer).
The DNA and deduced protein sequence was analyzed by database
searches of GenBank.17

Nuclear Run-On Assays
Nuclear run-on assays were performed as previously described.18

Inhibitor and NO Donor Studies
HUVECs were cultured under static conditions or exposed to laminar
shear stress for 24 hours with or without the NO synthase inhibitor
Nv-nitro-L-arginine methyl ester (L-NAME, 1 or 400mmol/L).

In further studies, static cultures of HUVECs were incubated with
the NO donor DETA-NO (0.1 to 2 mmol/L) for 24 hours and
analyzed by Northern blotting.

Production of Antibodies Directed Against Shear
Stress Downregulated Gene-1 (SSD-1) Peptide
One strongly immunogenic peptide of SSD-1 protein was selected
using Gene Runner software (Hastings Software, Inc). A 14-mer
immunogenic peptide (VKKEIKNSKDIQKL, SSD-1 residues 1075
to 1088) was synthesized and conjugated with an additional
N-terminal cysteine residue to KLH and used for immunization of
rabbits (Eurogentec, Berlin, Germany). Specificity of preimmune
and SSD-1 antiserum was tested in slot blot and Western blot
analysis.

Protein Isolation and Western Blot Analysis
Protein isolation and Western blot analysis using SSD-1 antiserum
was performed as described.16

Statistics
Data are given as mean6SEM (n$3 in all cases). Statistical analysis
was performed with ANOVA procedure followed by the Bonferroni
t test (multiple comparison) or the Studentt test (SigmaStat software,
Jandel Corp). Differences were taken as statistically significant at
P,0.05.

An expanded Materials and Methods section can be found in an
online data supplement available at http://www.circresaha.org.

Results
Molecular Cloning of SSD-1, a Gene
Downregulated by Arterial but Not Venous
Shear Stress
After exposure of HUVECs to low venous levels of shear
stress (1 dyne/cm2) or high arterial levels of shear stress (15
dyne/cm2) for 24 hours, 30 cDNA fragments differentially
expressed at these 2 levels of shear stress were isolated by the
method of RAP-PCR. Using this unbiased approach, we
selected one mRNA species showing the greatest downregu-
lation by long-term (24 hours) shear stress of 15 dyne/cm2

(Figure 1). We termed this mRNA species “shear stress
downregulated gene-1” (SSD-1). SSD-1 RAP-PCR fragments
were cloned into the pCR-Script Amp SK(1) plasmid.

Single SSD-1 clones were tested by Northern blot analysis
of HUVECs exposed to shear stress of 1 or 15 dyne/cm2 (24
hours). SSD-1 clones showing a similar downregulation by
shear stress of 15 dyne/cm2 were used to isolate 3 indepen-
dent, overlapping cDNA clones from a human heart–Lambda
ZAP II–cDNA library. A SSD-1 fragment present in all 3
cDNA clones was hybridized with RNA of HUVECs exposed
to shear stress of 15 dyne/cm2 for varying periods of time
(Figure 2). This SSD-1 fragment detects an RNA transcript of
4.1 kb in HUVECs. The endothelial SSD-1 transcript was
downregulated by shear stress of 15 dyne/cm2 for 24 hours by
70% as compared with the static control. In contrast, long-
term application of low venous shear stress (1 dyne/cm2, 24
hours) had no effect on SSD-1 mRNA expression. Indepen-
dently, in separate experiments, we isolated fragments with
sequence identity to SSD-1 showing a similar downregulation
by long-term arterial shear stress compared with venous shear
stress or static control (not shown).

SSD-1 Encodes Humanb-Tubulin Folding
Cofactor D (tfcD)
The DNA sequence of 3 SSD-1 cDNA clones suggested that
these clones originated from the same gene because of large

Figure 1. Identification of SSD-1 by RAP-PCR. HUVECs were
subjected to laminar shear stress of 1 dyne/cm2 (mean shear
stress in venous vessels) or 15 dyne/cm2 (mean arterial shear
stress) for 24 hours in a cone-and-plate apparatus. Poly(A)1

RNA was isolated from 2 independent experiments for each
level of shear stress and analyzed by RAP-PCR. One RAP-PCR
fragment downregulated by laminar arterial shear stress, com-
pared with venous shear stress, is indicated by an arrow. The
corresponding cDNA was termed SSD-1.
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overlapping sequences. The sequence of the SSD-1 cDNA
fragments revealed 4049 bp with a 3744-bp open reading
frame encoding a protein of 1248 amino acids (Figure 3). The
SSD-1 amino acid sequence revealed 2 putative cell adhesion
sequences (RGD sites) and 9 potentialN-myristoylation sites.
We found in the SSD-1 protein putative phosphorylation sites
for cAMP- and cGMP-dependent protein kinase (1 site),
tyrosine kinase (1 site), protein kinase C (8 sites), and casein
kinase II (22 sites).

The SSD-1 amino acid sequence revealed 80.4% identity
and 90.9% homology to the recently cloned bovine tfcD.19

Alignment of the amino acid sequences of human SSD-1
encoding tfcD with bovine tfcD is available in the online data
supplement at http://www.circresaha.org (Figure 5 online).

Tissue-Specific Expression of Human tfcD Gene
The human tfcD was hybridized to RNA from different
human tissues (Figure 4). The tfcD probe detected mRNA
species of 4.6, 4.1, and 2.8 kb. The 4.1-kb transcript, found in
endothelial cells, was the most abundant tfcD mRNA in all of
the human tissues we tested (heart, brain, placenta, lung,
liver, skeletal muscle, kidney, and pancreas). In addition, 2
tfcD mRNA species of 4.6 and 2.8 kb, expressed at lower
levels, were detected in human heart, brain (4.6 kb only),
placenta, lung (2.8 kb only), skeletal muscle (2.8 kb only),

and pancreas, suggesting the presence of tissue-specific tfcD
isoforms.

Transcriptional Regulation of tfcD mRNA by
Shear Stress
Downregulation of tfcD mRNA by shear stress could be due
to downregulation at the transcriptional level or to decreased
mRNA stability. Therefore, we performed nuclear run-on
assays with nuclei isolated from HUVECs with or without
application of arterial levels of laminar shear stress. Using a
new reverse transcriptase (RT)–PCR–based run-on assay,
downregulation of tfcD mRNA expression (to 1167% of the
level in static controls; n53, P,0.001) by arterial levels of
shear stress was found at the level of transcription (Figure 5).
As a control, endothelial NO synthase (eNOS), a gene well
known to be upregulated by laminar shear stress, was induced
at the transcriptional level in the same nuclei (to 273661% of
the level in static controls; n53, P,0.05), whereas mRNA
expression of the housekeeping gene GAPDH was not af-
fected by shear stress. RT-PCR fragments amplified with this
procedure reflect de novo mRNA synthesis in isolated nuclei
during the incubation period because RT-PCR fragments
were usually not detectable or were less abundant (maximum
20% of control) in control nuclei lysed immediately after
isolation.

Downregulation of tfcD by Arterial
Levels of Shear Stress Is Mediated by a
NO-Dependent Pathway
Because arterial shear stress induces endothelial NO synthe-
sis, the effect of eNOS inhibition (L-NAME, 400mmol/L) on
shear stress–dependent downregulation of tfcD mRNA was
tested (Figure 6). The inhibitor had no significant effect on
basal tfcD mRNA expression but prevented the downregula-
tion of tfcD mRNA by arterial shear stress.

A similar downregulation of tfcD protein was observed
after exposure to different levels of arterial shear stress (15
dyne/cm2, 47.666.7%; 30 dyne/cm2, 40.665.1%; n$5 each,
P,0.05 versus static control in each) (Figure 7), whereas
application of long-term venous shear stress (1 dyne/cm2, 24
hours) did not affect tfcD protein expression. The downregu-
lation of tfcD protein expression by arterial levels of shear
stress was attenuated by eNOS inhibition with L-NAME (400
mmol/L) (Figure 7).

To get direct evidence for NO-dependent regulation of
tfcD expression, HUVECs were incubated under static con-
ditions with different concentrations of the NO donor
DETA-NO for 24 hours (Figure 8). At DETA-NO concen-
trations higher than 1 mmol/L, tfcD mRNA was downregu-
lated by 30% as compared with control.

Discussion
Laminar shear stress induces a variety of molecular changes
in endothelial cells.2,4 Cellular changes in response to shear
stress include alignment of cells in the direction of flow,
reorganization of the cell surface, downregulation of fi-
bronectin expression, and increased mechanical stiffness.4

Figure 2. Time course of SSD-1 mRNA expression in response
to arterial laminar shear stress. HUVECs were exposed to lami-
nar shear stress of 15 dyne/cm2 (mean shear stress in arterial
vessels) in a cone-and-plate apparatus for the times indicated
(con indicates control without shear stress). Total RNA was har-
vested, and 10-mg samples were subjected to electrophoresis
and Northern blotting and hybridized to cDNA probes for SSD-1
and GAPDH. Results shown are representative of 4 independent
experiments. In the corresponding bar graph, SSD-1 mRNA
expression is normalized vs GAPDH expression and indicated
as percentage of expression under static culture conditions
(static condition, white bar; shear stress, dashed bars). *P,0.05
vs control.
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Our interest was to identify changes in endothelial gene
expression by long-term exposure to venous or arterial levels
of laminar shear stress. We initially identified 30 cDNA
fragments differentially expressed after application of venous
or arterial shear stress in endothelial cells. However, for an
overall estimation of the number of genes differentially
expressed by long-term venous or arterial levels of laminar
shear stress, initially identified fragments have to be con-
firmed by isolation of individual cDNA clones and alternative
techniques (eg, subtractive hybridization, cDNA expression
array). We focused in this study on one gene with apparently
the most prominent downregulation by arterial shear stress.
This gene was identified as the human tfcD gene.

The recently cloned bovine tfcD is involved in the gener-
ation of exchange-competentb-tubulin.19 The folding of

newly synthesizedb-tubulin into its native conformation is
the first posttranslational step in the pathway leading to the
tubulin heterodimer (consisting of onea- and oneb-tubulin
polypeptide). The correct folding ofa- andb-tubulin requires
the assistance of a cytosolic chaperonin and several additional
tubulin folding cofactors (A through E).20,21 This tubulin-
specific chaperone/tfc supercomplex is considered as a
dimer-making machine.20 Because tubulin generates the mi-
crotubules as essential elements of the cytoskeleton, this
process might affect the reorganization of the cytoskeleton in
response to arterial laminar shear stress. Apart from folding
b-tubulin, tfcD can captureb-tubulin in tfcD/b-tubulin com-
plexes by disrupting nativeab-tubulin heterodimers.22 Re-
cently, tfcD was shown to modulate microtubule dynamics by
sequesteringb-tubulin from GTP-boundab-tubulin het-

Figure 3. Nucleotide and deduced amino acid sequence of SSD-1 identified as tfcD. The putative amino acid sequence of SSD-1/tfcD
protein is shown in one-letter code below the nucleotide sequence. Numbers on the right indicate positions of nucleotides and amino
acids. The position of putative cell adhesion sequences (RGD sites), N-myristoylation sites, and phosphorylation sites for cAMP- and
cGMP-dependent protein kinase and tyrosine kinase are indicated. The sequence reported in this paper has been deposited in the
EMBL/GenBank database (accession No. AJ006417).
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erodimers, suggesting a role as a microtubule destabilizing
protein.23 This is supported by overexpression of tfcD in
transfected HeLa cells resulting in a progressive loss of
microtubules.23,24 Therefore, downregulation of tfcD expres-
sion in response to arterial laminar shear stress would
probably increase the number of microtubules, resulting in
stabilization of the microtubular network.

We identified in the human tfcD protein several interesting
structural features. The existence of 2 RGD sites usually
found in extracellular matrix proteins suggests a role of tfcD
in cell adhesion.25 From the 9 potential myristoylation sites
detected by tfcD sequence analysis, most probably only 1
N-terminal site exists in vivo. Furthermore, the putative
phosphorylation sites for cAMP- and cGMP-dependent pro-
tein kinases, tyrosine kinase, protein kinase C, and casein
kinase II represent potential targets for regulation of tfcD
activity. The functional importance of each of these structural
features must be confirmed in further studies.

A critical role of microtubules in shear stress–dependent
reorganization of the cytoskeleton was previously described.3

Disruption of microtubular network and inhibition of tyrosine
kinase activity blocked the shear-induced alignment of cell
shape and actin stress fibers. These data suggest a dynamic
interaction between the microtubular and actin fiber network
in response to mechanical forces.26 The role of microtubules
in this tensegrity model is a stabilization of cytoplasm and

nucleus against lateral compression. Shear stress of low
degree (eg, venous shear stress) might induce only minor
changes in the microtubular network, resulting in a more
flexible cytoskeleton, compared with higher degrees of arte-
rial shear stress with development of actin stress fibers and
reorganization of microtubular network, resulting in in-
creased mechanical stiffness. The key role of tyrosine kinases
in shear stress–induced reorganization of cytoskeleton3 could

Figure 4. Tissue-specific expression of human tfcD gene. A North-
ern blot of RNA isolated from different human tissues (10 mg/lane)
was hybridized with a human tfcD cDNA probe. The probe detects
tissue-specific mRNA species of 4.6, 4.1, and 2.8 kb.

Figure 5. Nuclear run-on assays using a new RT-PCR–based
approach performed with nuclei isolated from HUVEC with (ss)
or without (con) application of arterial levels of laminar shear
stress. tfcD mRNA expression is downregulated by arterial lev-
els of shear stress at the transcriptional level in HUVECs. In
contrast, eNOS mRNA is induced in the same nuclei, whereas
GAPDH transcription is not affected. Results shown are repre-
sentative of 3 independent experiments.

Figure 6. NO-dependent downregulation of tfcD mRNA by arte-
rial shear stress. HUVECs were cultured under static conditions
(con, white bars) or exposed to long-term arterial laminar shear
stress (ss, dashed bars). Effect of NO synthase inhibition
(L-NAME, 400 mmol/L) on downregulation of tfcD mRNA by
shear stress was tested. Total RNA was harvested and analyzed
by Northern blotting with tfcD and GAPDH cDNA probes as
described in Figure 2. The tfcD mRNA expression is normalized
vs GAPDH mRNA expression and indicated as percentage of
static internal control incubated with or without L-NAME. (n$4
each, ***P,0.001 vs control and ss1L-NAME).

Figure 7. tfcD protein is downregulated by arterial shear stress
via a NO-mediated mechanism. HUVECs were cultured under
static conditions or exposed for 24 hours to laminar venous (1
dyne/cm2) or 2 different levels of arterial shear stress (15 or 30
dyne/cm2) in the absence (2) or presence (1) of the NO syn-
thase inhibitor L-NAME. Subsequently, tfcD protein was quanti-
fied by Western blot analysis in these cells. Arterial shear stress
resulted in NO-dependent downregulation of tfcD protein in
HUVECs. Results shown are representative of 5 independent
experiments. In the corresponding bar graph, tfcD protein
expression is indicated as percentage of expression under static
culture conditions (static condition, white bar; shear stress,
dashed bars). *P,0.05 vs control without shear stress and cor-
responding shear stress sample with L-NAME.
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involve modulation of tfcD activity by phosphorylation of the
evolutionarily conserved tyrosine kinase site.

Further studies were aimed at understanding the molecular
mechanism underlying this downregulation of tfcD by arterial
laminar shear stress. Because application of arterial laminar
shear stress was found to induce the endothelial isoform of
NO synthase and NO formation as an atheroprotective mech-
anism,8–10 we analyzed the effect of NO synthase inhibition
on shear stress–dependent downregulation of tfcD mRNA.
We also studied the effect of the NO donor DETA-NO on
tfcD expression. Our data provide evidence for a NO-
dependent downregulation of tfcD. The downregulation of
tfcD mRNA by shear stress was much more marked than the
effect shown in response to the exogenous NO donor DETA-
NO. One possible explanation for this difference could be the
need of a long-lasting NO release to get a sustained down-
regulation of tfcD mRNA. Even while DETA-NO is consid-
ered as a compound mediating a long-lasting NO release, the
24-hour incubation period in the cell culture medium con-
taining 5% dextran could decrease the NO level. In contrast,
high laminar shear stress is considered as a strong physiolog-
ical stimulus causing a sustained upregulation of eNOS
expression and NO release.10 This could explain the lower
level of downregulation of tfcD mRNA by NO donor DETA-
NO, compared with high laminar shear stress. Furthermore,
shear stress elicits the activation of other signaling pathways
and the generation of additional endothelial autacoids that
affect gene regulation without the involvement of NO. NO
can affect expression of other genes via cGMP by activation
or deactivation of transcription factors.27 Disruption of mi-
crotubular network attenuates flow-dependent NO release in
perfused vessels.28 Our data suggest an additional signal-
transduction pathway leading to the opposite direction with
NO-mediated regulation of microtubular turnover through
b-tubulin folding.

In summary, our data show a NO-dependent downregula-
tion of the tfcD gene by arterial levels of laminar shear stress
in human endothelial cells. The tfcD gene might be involved
in modulation of endothelial microtubule dynamics in re-
sponse to shear stress. The higher degree of shear stress in
arterial vessels reduces the expression of the microtubule-

destabilizing protein tfcD in endothelial cells and makes the
cytoskeleton more rigid than the more flexible cytoskeleton
in venous endothelial cells. This change in microtubule
dynamics seems to be mediated by NO. Therefore, our data
suggest a new role of NO as a signaling molecule that
transduces mechanical forces into functional changes of the
microtubular network in human endothelial cells.
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