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Abstract

The tractive force generated by blood flow, called fluid shear stress, is an important regulator of endothelial cell gene expression. Several

transcription factors are activated by shear stress, including members of the NF-nB/Rel family. The nature of the upstream-signaling

components involved in the activation of NF-nB by flow has been studied in human endothelial cells. Flow rapidly increased endogenous

IKK1/2 activity and transiently degraded InBa and InBh1, but not p105/p50. Nuclear translocation of the p65 subunit was induced by flow in

wild-type (w/t) cells and in cells overexpressing w/t NIK, IKK1 or IKK2, but not in cells transiently transfected with kinase-inactive mutants

of these enzymes. Nuclear translocation of p65 in response to flow was not affected by overexpressing a dominant-negative mutant of a

MAPKKK related to NIK, called TPL2 kinase, nor by pretreating cells with the selective PKC inhibitor bisindoylmaleimide-1. Gel shift

assays showed that the binding of p50/p65 heterodimer to radiolabeled oligonucleotide containing a shear-stress response element was

increased by flow. The activity of a 3nB conA-luciferase reporter was also increased, confirming that NF-nB activated by flow was

transcriptionally active. We conclude that shear stress induces gene transactivation by NF-nB (p50/p65) via the NIK-IKK1/2 pathway and

proteosome-dependent degradation of InB and that induction by flow does not involve TPL-2 kinase or PKC.
D 2003 Elsevier B.V. All rights reserved.
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1. Introduction identified in other genes that are known to be regulated by
Endothelial cells (EC) are exquisitely responsive to the

tractive force associated with blood flow, called fluid shear

stress [1,2]. Shear stress activates multiple signaling cas-

cades [3–6], whose downstream targets include several

inducible transcription factors (e.g. c-myc, c-fos, c-jun,

Egr-1, AP-1, SP-1 and NF-nB/Rel) that regulate endothelial
gene expression [7–14]. Lan et al. [12] showed that the NF-

nB transcription factor is activated by flow in cultured

bovine aortic endothelial cells. A cis-acting shear-stress

responsive element (SSRE) was found in the promoter of

the flow-sensitive PDGF-h chain gene [8] and this was later

shown to act as a nonconsensus binding site for NF-nB [11].

The 6-bp core binding sequence (GAGACC) has been
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flow (e.g. tPA, ICAM-1, TGFh, c-fos, c-jun, MCP-1,

eNOS); furthermore, insertion of the SSRE into the pro-

moters of several flow-insensitive genes renders them in-

ducible by flow [15].

NF-nB family members (p50/NF-kB1, p52/NF-kB2,

p65/Rel A, c-Rel, and Rel B) form homo- or heterodimers

that are retained in the cytoplasm in quiescent (unstimu-

lated) cells by a family of protein inhibitors, called InBs.
The formation of a NF-nB/InB complex masks a critical

nuclear localisation signal (NLS) on a conserved region of

the N terminus of NF-nB proteins, called the Rel homol-

ogy domain (RHD), and this prevents translocation of NF-

nB dimers into the nucleus. The InB family of inhibitor

proteins (InBa, InBh, InBq and Bcl 3) each contain

multiple copies (3–7) of an amino acid sequence known

as the ankyrin repeat. The genes for p50 and p52 encode

larger precursor proteins, designated NF-kB1/p105 and

NF-kB2/p100, respectively. Both proteins contain several

ankyrin repeats in their carboxy domains and function as
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NF-nB inhibitors, retaining p50, c-Rel and Rel-A proteins

within the cytoplasm.

Agonist-mediated activation of NF-nB (e.g. by TNFa)

involves posttranslational modification of InB proteins that

targets them for destruction by the 26S proteasome-depen-

dent pathway [16,17]. InB is first phosphorylated by a

serine-specific kinase called InB kinase, or IKK. IKK

comprises three subunits: IKKa/IKK1 and IKKh/IKK2
are catalytic [18–22] and able to form homo- or hetero-

dimers through leucine zipper domains, while the third,

called IKKg or NF-nB essential modulator (NEMO), is

regulatory [23]. Phosphorylated InB then undergo polyubi-

quitination. P-InB is first recognised by the h-transducin
repeat-containing protein (h-TrCP), a component of an E3

ubiquitin ligase complex that catalyses the transfer of

ubiquitin to lysine residues on InB [24–26]. Polyubiquiti-

nated InB is then degraded by the proteasome pathway [27–

29], exposing the NLS and facilitating the entry of NF-nB
into the nucleus.

IKK1 and IKK2 are themselves downstream targets for

members of the MAP kinase kinase kinase (MAP3 K)

family. Two of these, called NF-nB-interacting kinase

(NIK) and MAPK/extracellular signal-regulated kinase

kinase 1 (MEKK-1), can activate IKK1 and 2 by phos-

phorylating specific serine residues. NIK binds to the

adaptor protein TNF-receptor-associated factor 2, or

TRAF2, and preferentially phosphorylates IKK1, while

MEKK-1 activates IKK2, suggesting that distinct signaling

pathways may be triggered by different extracellular stim-

uli [30]. IKKs are also downstream targets for TAK1, or

TGF-h-inducible kinase-1 [31], protein kinase B, or Akt

[32], and two protein kinase C (PKC) isoforms, PKC ~ and

u [33].

Some components of the signaling pathway involved in

the activation of NF-nB by flow have been identified in

bovine aortic endothelial cells. Bhullar et al. [10] showed

that activation of IKKs and degradation of InBs are essential
steps in the process. They further demonstrated that induc-

tion of IKK1/2 activity by shear stress is inhibited by

pretreating cells with a blocking antibody (LM609) to the

avh3 integrin, pointing to a role for this integrin in the

mechanotransduction process. The nature of the upstream

signaling elements involved in the activation of NF-nB by

flow in human endothelial cells has not been studied, though

this is of considerable interest in light of recent reports that

implicate NF-nB in the pathogenesis of atherosclerosis [34–

37]. The matter has now been investigated using human

umbilical vein endothelial cells (HUVEC). Our results show

that NIK, as well as IKK1 and IKK2, is an essential

component of the flow-activated pathway. The process

involves proteasome-dependent degradation of InBa and

InBh1, facilitating nuclear translocation of p50/p65 hetero-

dimer and resulting in NF-nB-dependent gene transactiva-

tion. Activation of NF-nB by flow does not involve TPL-2

kinase-mediated proteolysis of p105 and it is also indepen-

dent of PKC.
2. Materials and methods

2.1. Cell culture and treatment

HUVEC were used in all experiments (Cell Tech,

Slough, UK). They were maintained in EBM-2 medium

supplemented with 5% foetal bovine serum and Bulletk kit

reagents (Clonetics) and grown in a humidified 5% CO2 and

95% air incubator at 37 jC. Approximately 4.5� 105 cells

were seeded onto uncoated glass coverslips (22� 22 mm)

for immunofluoresence and f 1.5� 106 cells seeded on

glass microscope slides (75� 25 mm) for preparing cell

lysates (Western blotting, DNA binding assay, kinase assay

and luciferase assay). In some experiments, cells were

grown on coverslips and pretreated with MG132 (20 AM;

Biomol), leptomycin B (LMB; 20 nM; Novatex) or bis-

indolylmaleimide (bisin; 100 nM; Calbiochem) for 30 min

before subjecting them to flow. Cells cultured in six-well

plates and on glass microscope slides were also stimulated

with tumour necrosis factor a (TNFa; 30 ng/ml; Insight)

before immunoblotting and kinase assays. NF-nB and PKC

were activated in response to treatment with a combination

of phorbol myristyl acetate (PMA; 25 ng ml� 1) and

ionomycin (Sigma Ltd., 1 Ag ml� 1).

2.2. Flow apparatus

Cells were exposed to uniform laminar shear stress in one

of two parallel plate flow chambers [38], one of which

accommodated cells grown on cover slips for morphological

studies, while the other held cells grown on microscope

slides for biochemical analyses. The chambers were incor-

porated into a closed loop perfusion system containing

culture medium, driven by an adjustable peristaltic pump

(Cole Parmer MasterflexR type 7521–47, CP Instruments

Ltd, Herts). Culture medium was equilibrated with 5% CO2/

95% air and the temperature was maintained at 37 jC.
We determined that each of the chambers generated

uniform laminar (two dimensional) flow by measuring shear

stresses generated at different flow rates and comparing the

values obtained (s) with those calculated on theoretical

grounds (s*). Shear stress was determined experimentally

from measurements of the absolute pressure gradient along

the flow channel, using the relation:

s ¼ qgah=l ð1Þ

where q =medium density (g cm� 3); g = acceleration due to

gravity (cm s� 2); h = difference in pressure (cm water)

along chamber; a = chamber half-height (cm); l = distance

between pressure measuring ports (cm). Theoretical values

were calculated from:

s* ¼ 3Qv=2a2W ð2Þ

where Q = volume flow rate (ml s� 1); v =medium viscosity

(Poise); a = chamber half-height (cm); and W = channel
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width (cm). The values obtained for s and s* were within

F 15% over a 100-fold range of flow rates. In the experi-

ments to be described, the flow rate was adjusted to generate

a shear stress of 15 dyn cm� 2, a value within the normal

physiological range encountered in medium size arteries

[7,39].

2.3. DNA plasmids and transient transfection procedures

HUVEC were transfected with expression plasmids con-

taining cDNAs for TPL2 (provided by Dr. Steve Ley,

NIMR, London, UK), NIK (provided by Dr. David Wallach,

Israel) and IKK1 and 2 (provided by Dr John Taylor, Pfizer

Central Research, Sandwich, Kent, UK) or, alternatively,

with cDNAs encoding the corresponding kinase inactive

mutants. As a control, cells were transfected with pcDNA 3

empty vector. After transfection, the cells were grown to

confluence, exposed to shear stress for different times and

then processed for immunofluoresence [40].

Gene reporter experiments were performed using

HUVEC transfected with 10 Ag of a 3-nB enhancer

conA-luciferase plasmid, or with a con A-luciferase plas-

mid that lacked NF-nB binding sites as a negative control.

They were grown to confluence and then exposed to

shear stress for 12 h. After shearing, cells were main-

tained in EBM-2 for a further 24 h and then assayed for

luciferase activity (RLU/mg protein) as described elsewhere

[40].

cDNA plasmids were transfected into HUVEC at f 80%

confluence using Lipofectaminek reagent (GIBCO-BRL).

After incubating the cells for 4 h, they were washed with

EBM-2 culture medium (Clonetics) and maintained in EBM-

2 until a confluent monolayer had formed. Cells were

subjected to shear stress within 36 h of transfection.

2.4. Western immunoblotting

HUVEC were subjected to flow and immediately after-

wards extracted with lysis buffer (composition: 20 mM

Tris–HCl, pH 8.0, 500 mM NaCl, 1 mM EDTA, 1 mM

EGTA, 0.25% Triton-X 100, 1 mM DTT, 10 mM h-
glycerophosphate, 300 AM sodium orthovanadate, 2 AM
PMSF, 10 mM sodium fluoride and a protease inhibitor

cocktail tablet). Cell extracts were cleared by centrifugation

at 14,000 rpm for 10 min at 4 jC and the protein

concentration in the supernatants determined using the

BCA (Pierce) assay reagent. Proteins were separated by

electrophoresis in 10% polyacrylamide gels containing

SDS, then transferred to polyvinylidene difluoride (PVDF)

membrane and subjected to ECLk (Amersham, UK)

Western blotting. Monoclonal antibody to IKK1 (B8) was

used at a dilution of 1:100. Rabbit polyclonal antibodies to

InBa (C-21) and InBh (C-20) were used at a dilution of

1:250 (Santa Cruz Biotechnology Inc.). Antibody to p105/

p50 was raised in sheep, antigen affinity purified and used

at a dilution of 1:500. The secondary antibodies used were
anti-sheep HRP (Dako), anti-mouse HRP (Amersham) and

anti-rabbit HRP (Amersham), all used at a dilution of

1:10,000.

2.5. Immunostaining and fluorescence microscopy

Nuclear translocation of NF-nB was monitored by

indirect immunofluorescence using monoclonal antibody

to p65 (F-6; Santa Cruz Biotechnology). Confluent mono-

layers of HUVEC were fixed in 3% paraformaldehyde

dissolved in phosphate buffered saline (PBS; 10 min, room

temperature), then quenched by immersion in PBS con-

taining 0.1 M glycine (2� 10 min). Following permeabi-

lisation in PBS containing 0.1% Triton X-100 (10 min),

cells were immersed in PBS containing 0.2% BSA (10

min). Rabbit polyclonal antibody to TPL-2 (TSP-3; cour-

tesy Dr Steve Ley, NIMR, London, UK) was used at a

dilution of 1:250. Rabbit polyclonals to NIK (H-248),

IKK1 (H-744) and IKK2 (H-470) (Santa Cruz Biotechnol-

ogy) and antibody to p65 (F-6) were all used at a

concentration of 1:100. Antibody to hnRNP1 (4B10 mono-

clonal), courtesy Dr. Gideon Dreyfuss (University of

Pennsylvania), was used at 1:100 dilution and antibody

to PML (5E10), provided by Professor R. van Driel

(Amsterdam), was used at 1:10 dilution. Secondary anti-

bodies were goat anti-mouse FITC and goat anti-rabbit

Texas Red (1:200). Cells were examined using a Nikon

Microphot fluorescence microscope.

2.6. IKK activity assay

HUVEC were grown on microscope slides and either

exposed to flow or activated with TNFa. They were lysed

immediately afterwards in 1 ml of lysis buffer (composition

as above). The resulting lysate was cleared by high-speed

centrifugation (80,000 rpm, 4 jC, 30 min) and incubated

for 30 min at 4 jC with 10 Al of protein G beads

conjugated to an affinity-purified sheep antibody raised

against the C-terminus of IKK1 (residues 734–745). The

immunoprecipitate was washed twice with lysis buffer,

twice with pulldown buffer (composition: 40 mM Tris–

HCl, pH 8.0, 500 mM NaCl, 6 mM EDTA, 6 mM EGTA,

0.1% NP-40, 1 mM DTT, 10 mM h-glycerophosphate, 300
AM sodium orthovanadate, 2 AM PMSF, 10 mM sodium

fluoride, containing a protease inhibitor cocktail tablet),

then once with kinase assay buffer (composition: 20 mM

HEPES, pH 7.7, 2 mM MgCl2, 1 mM DTT, 10 mM h-
glycerophosphate, 300 AM sodium orthovanadate, 10 mM

NaF, containing a protease inhibitor cocktail tablet). The

immunoprecipitate was resuspended in 20 Al kinase assay

buffer containing 3 ACi of [g-32P] ATP, 10 AM ATP and 1

Ag of either wild-type (w/t) GST-N terminal InBa (amino

acids 1–70) or a GST-N terminal InBa mutant (S32E/

S36E) for 1 h at 30 jC. The reaction was terminated by

adding 3� SDS to the sample and boiling for 5 min.

Proteins were separated on a 12.5% SDS polyacrylamide
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gel and radioactivity detected using a phoshorimager (Fuji

Bas 1500).

2.7. Protein–DNA binding assay

Nuclear extracts were analysed in a gel electrophoresis

DNA binding assay with a 32P-labelled ds oligonucleotide

(top strand: 5VGTCCTCAGAGACCCCCTAAGC 3V) con-
taining a 6-mer shear stress response element (underlined)

that was previously shown to bind NF-nB [11]. The proce-

dure was carried out and controlled as described elsewhere
Fig. 2. Flow and TNFa treatment induces degradation of InBa and h, but
not p105/p50. Western immunoblots of whole cell extracts from

monolayers exposed to flow (15 dyn cm� 2; left panels) or to TNF-a

(right panels) for the times indicated. Membranes were probed with

antibodies to InBa, InBh1 and p50/p105 and detected by ECL using HRP-

tagged secondary antibodies. Flow and TNF-a caused transient reductions

in both InBa and InBh1 levels. Immunoreactivity to p50 and p105 was

increased after 60–120 min flow. Membranes were stripped and reprobed

with antibody to actin to check uniformity of loading. Result of a single

experiment using same cell lysates that were later assayed for IKK activity

(see Fig. 3).
[41]. Radioactivity was detected using a phoshorimager

(Fuji Bas 1500).
3. Results

3.1. Fluid shear stress stimulates NF-jB-dependent gene
transcription

HUVEC were exposed to uniform shear stress (15 dyn

cm� 2) for periods ranging from 5 to 240 min. Nuclear

extracts were prepared and subjected to a DNA binding

assay (Fig. 1A) using 32P-labelled oligonucleotide contain-
Fig. 1. Flow increases p50/p65 binding to an SSRE and upregulates an NF-

nB luciferase reporter. (A) EMSA of nuclear extracts obtained from cells

sheared at 15 dyn cm� 2 for the times indicated and incubated with labeled

oligonucleotide containing a known NF-nB-binding SSRE. Pretreating

extracts with antibodies to p50 and p65, but not PIS, produced a supershift,

indicating binding of flow-activated p50/p65 heterodimer to the SSRE.

Control experiments (R.C.) showed that labeled SSRE bound to

recombinant p50/p65 heterodimer (positive control; P.C.) and that this

was prevented by the addition of excess unlabelled oligonucleotide

(COMP). (B) Binding of labeled oligonucleotide was transient, reaching

a maximum (ca. 3� control levels) after 30-min flow. (C) Gene reporter

assay using a conA-luciferase reporter containing 3 nB bindings sites. Cells

exposed to flow (12 h) showed a 19-fold increase in luciferase reporter

activity when compared to cells maintained in static culture. Results are

meanF S.E. of three experiments.



Fig. 4. Flow stimulates nuclear translocation of p65 subunit. Immuno-

fluorescence images of cells stained with rabbit polyclonal antibody to

recombinant p65 (C-20) and goat anti-rabbit secondary antibody tagged

with FITC. The numbers shown in panels B, D, F and H indicate percentage

of cells exhibiting nuclear p65 immunoreactivity. Staining was largely

confined to the cytoplasm in cells maintained in static culture (A, C, E and

G). Flow (15 dyn cm� 2 for 30 min; right panels) caused p65 to move from

the cytoplasm (A) into the nucleus (B). Nuclear translocation of p65 in

response to flow was unaffected by transfecting cells with empty vector (C,

D) but prevented in cells treated with MG132, which blocks nuclear import

(E, F). The proportion of cells that stained for p65 decreased after f 120

min flow (not shown) due to CRM-1-dependent nuclear export of p50/p65

complexed with newly synthesised InB. Leptomycin B (LMB) blocks

nuclear export and therefore resulted in nearly all cells exhibiting nuclear

p65 (G, H).

Fig. 3. Flow activates endogenous IKKs. (A,B) Assay of IKK1 and 2

activities in response to flow (15 dyn cm� 2) for the times indicated. Flow

produced a biphasic pattern of 32P incorporation into a GST-tagged InBa
(1–70) fusion protein. Mutant substrate lacking serines 32 and 36 did not

incorporate radioactive label. (C,D) IKK1 and 2 activities in cells treated

with TNF-a for the times indicated. TNF-a produced a monophasic pattern

of kinase activity. Results are meanF S.E. of three experiments.
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ing a SSRE. Flow produced a transient increase in DNA

binding that peaked after f 30 min, then decreased to

around 50% of its maximum value in cells that were sheared

for 60–240 min (Fig. 1B). Pretreating nuclear extracts with

anti-p65 or anti-p50 caused a supershift of labelled oligo-

nucleotide, while the addition of pre-immune serum (PIS)

had no effect on DNA binding. These results show that flow

causes activation of the p65/p50 heterodimer. Binding of

recombinant p50/p65 is shown as a positive control (PC). A

competition asssay (COMP) using excess nonradioactive

oligonucleotide (20� ) abolished retention of 32P-labelled

material on the gel.

NF-nB-dependent gene transcription was measured in

cells transfected with the NF-nB-dependent luciferase re-

porter (3nB Con A-Luc). Cells expressing a version lack-

ing NF-nB consensus binding sites (Con A-Luc) were used
as a negative control. Confluent monolayers of HUVEC

were first exposed to shear stress (15 dyn cm� 2) for 12

h and then cultured for a further 24 h before preparing

nuclear extracts and measuring luciferase activity. The

results are shown in Fig. 1C. Cells transfected with

reporter incorporating the 3 nB enhancer showed a ~19-

fold increase in luciferase activity, as compared to only a

2.6-fold increase in cells expressing the NF-nB indepen-

dent reporter (Con A Luc).

3.2. Fluid shear stress and TNFa stimulate IjBa and IjBb
degradation, but not p105

HUVEC were exposed to laminar shear stress (15 dyn

cm� 2) or treated with TNFa (30 ng/ml) for periods of
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5–240 min (Fig. 2). Whole-cell lysates were prepared

and analysed by ECL Western blotting, using rabbit

polyclonal antibodies to InBa and InBh1 and an affini-

ty-purified sheep polyclonal antibody to p105/p50. Pro-

tein levels were quantified by gel densitometry and the

values obtained were normalised with respect to those of

actin.

Flow resulted in a transient reduction of InBa. InBa
levels were minimal after f 30 min, falling to f 32% of

the amount present in cells maintained in static culture, but

then recovered fully in cells that were sheared for 60 and

120 min (Fig. 2A). Restoration of InBa to control levels is

due to activation of InBa gene transcription by NF-nB and

the subsequent expression of new protein [41]. Significant-

ly, however, after 240 min shearing, the levels of InBa had

fallen again, to f 35% of the levels in unsheared cells,

suggestive of a biphasic pattern of degradation. The levels
Fig. 5. Catalytically inactive mutants of IKK1 and 2 block nuclear translocation of

Paired images of cells exposed to 15 dyn cm� 2 for 30 min. Nuclear translocation o

and IKK2 (E,F) but prevented in cells expressing mutant forms of IKK1 (C,D

transfected with mutant IKK1 and 2 but absent in those that were. Numbers in p
of InBh1 were also reduced by flow, to 6–7% of unsheared

control cells after 30–60 min (Fig. 2B). Recovery of control

InBh1 levels was complete in cells that had been sheared for

120–240 min.

The time course of the degradation of InB proteins was

also studied after the same periods of TNFa (30 ng ml� 1)

stimulation. InBa was maximally degraded (48% of

unsheared control) after treating cells with TNFa for 30

min (Fig. 2A). Some recovery was seen after 60-min

treatment and this was complete in cells treated for 120

and 240 min. InBh1 was degraded maximally after 60 min

exposure to TNFa (11% unsheared control cells) and

returned to pretreatment levels in cells treated for 120 min

(Fig. 2B).

The levels of p105/p50 were not reduced by flow or by

TNFa, but instead showed a slight increase at the 60-, 120-

and 240-min time points (Fig. 2C).
p65. Double indirect immunofluorescence of IKK1/2 (red) and p65 (green).

f p65 in response to flow was normal in cells overexpressing w/t IKK1 (A,B)

) and 2 (G,H). p65 staining was present in nuclei of individual cells not

anels B,D,F and H show percentage of nuclei containing p65.
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3.3. Fluid shear stress and TNFa activate endogenous IKK

in endothelial cells

Cells were first exposed to flow (15 dyn cm� 2) or to

TNFa a (30 ng/ml), for periods ranging from 5 to 240 min,

then extracted immediately afterwards in lysis buffer. The

IKK complex was then immunoprecipitated with a sheep

polyclonal antibody raised against the C-terminus of IKK1.

This antibody also recognises IKK2. IKK1/2 activity was

measured by monitoring the incorporation of 32P into a

GST-InBa (residues 1–70) w/t fusion protein. The radiola-

bel is incorporated into serine residues 32 and 36. A mutant

form of the substrate, in which S32 and S36 were replaced

with glutamic acids (GST-InBa 1–70 S/E), served as a

negative control. IKK recovery was monitored by immuno-

blotting using antibody to IKK1 (not illustrated).

Shear stress caused rapid activation of endogenous IKK.

Kinase activity peaked after 5 min flow, declined to control

levels in cells exposed to flow for 20 min, and then rose
Fig. 6. A catalytically inactive mutant of NIK, but not mutant TPL-2 kinase, block

or TPL-2 (red) and p65 (green). Paired images of cells exposed to 15 dyn cm� 2 fo

p65. Nuclear translocation of p65 in response to flow was normal in cells overe

inactive form of the enzyme (C,D). In contrast to this, nuclear translocation wa

overexpressing the inactive mutant (G,H), indicating that TPL-2 kinase is not inv
again, reaching a secondary maximum after 120 min flow

(Fig. 3A,B). The mutant substrate (GST-InBa 1–70 S/E)

was not phosphorylated confirming the specificity of the

assay (Fig. 3A).

IKK1/2 were stimulated in HUVEC treated with TNFa.

Activity was maximal after 10-min treatment (Fig. 3C,D)

and then fell back to control levels in cells exposed to TNFa

for 30 min or more. Again, the mutant form of the substrate

(GST-InBa 1–70 S/E) was not phosphorylated.

3.4. Fluid shear stress activation of NF-jB in single cells

NF-nB activation under flow was studied by monitoring

nuclear translocation of the p65 subunit by indirect immu-

nofluorescence. Untransfected HUVEC (Fig. 4A,B) and

HUVEC transfected with empty pcDNA 3 (Fig. 4C,D)

were exposed to shear stress (15 dyn cm� 2) for 30 or 120

min. The number of cells showing nuclear staining with

anti-p65 was measured from photographic enlargements of
s nuclear translocation of p65. Double indirect immunofluorescence of NIK

r 30 min. Numbers indicate percentage of cells showing nuclear staining for

xpressing w/t NIK (A,B) but not in those overexpressing the catalytically

s seen both in cells overexpressing w/t TPL-2 kinase (E,F) and in those

olved in flow-mediated activation of NF-nB.
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randomly selected areas of the cover slip and expressed as

a percentage of the total number of cells examined

(n = 100–150 cells).

Nuclear translocation of NF-nB was maximal after 30

min of flow. The percentage of activated cells in untrans-

fected and pcDNA3-transfected cells was similar, 42F 12%

and 45F 3%, respectively (Fig. 4B,D). This correlates well

with electrophoretic mobility shift assay (EMSA) and West-

ern blotting data, showing that DNA binding and InBa and

InBh1 degradation were also maximal after 30 min of flow

(Fig. 2). The percentage of nuclei staining for p65 was

reduced in cells exposed to 120 min flow (not illustrated), to

33F 5.5% (untransfected cells) and 39F 7.8% (pcDNA3

transfected cells).

Nuclear staining for p65 was also studied in cells that had

been treated with either MG132 or with leptomycin B

(LMB) for 30 min before subjecting them to flow. MG132

specifically inhibits proteasome-mediated degradation of

InBs. This blocks nuclear translocation of NF-nB and

results in the accumulation of polyubiquitinated complexes

in the cytoplasm [16,24]. LMB targets CRM1/exportin-1

and prevents complexes of NF-nB and newly synthesised

InBa from leaving the nucleus [42,43]. Pretreating cells

with MG132 prevented nuclear translocation of p65 in

response to flow, as anticipated. Only 9F 1.9% of

MG132-treated cells showed nuclear staining after 30 min

of flow (Fig. 4E,F) and 6F 2% after shearing cells for 120

min. In contrast, virtually all of the cells exhibited nuclear

staining for p65 after treatment with LMB: 97F 1% after 30
Fig. 7. Bisindolymaleimide 1 blocks agonist-induced, but not flow-induced, nuclea

PKC isoforms, has no effect on the distribution of p65 immunoreactivity in static

PMA and ionomycin (C) was blocked by bisin (100 nM, for 30 min; D) where

showing nuclear staining for p65 shown in panel F.
min (Fig. 4G,H) and 98F 2% after 120 min of flow (not

shown).

Shear stress had no effect on the cellular distribution of

the shuttling protein hnRNPA1 [44], nor did it alter the

subnuclear distribution of promyelocytic leukemia protein

[45,46] (data not shown), confirming that flow has a

selective effect on nuclear translocation of NF-nB.

3.5. Catalytically inactive mutants of IKK1 and IKK2 block

p65 nuclear translocation

HUVEC were transfected with plasmids encoding w/t

IKK1 and IKK2 proteins or with the corresponding kinase

inactive mutants (K44A) and then exposed to shear stress (15

dyn cm� 2) to determine whether flow-induced activation of

NF-nB requires IKK1 and/or 2 (Fig. 5). Double indirect

immunofluorescence was used to monitor NF-nB nuclear

translocation, using a mouse monoclonal antibody to p65 in

combination with rabbit polyclonal antibodies to IKK1 or

IKK2. Under the conditions of our experiments, endogenous

IKK1/2 levels were below the threshold of detection by

immunofluorescence and therefore only the cells that over-

expressed w/t or mutant kinases were stained. The results

show that p65 was present in the nuclei of cells overexpress-

ing w/t IKK1 (Fig. 5B) and w/t IKK2 (Fig. 5F) after 30 min

flow. However, there was no nuclear staining in cells

that were transfected with mut IKK1 (Fig. 5D) or mut

IKK2 (Fig. 5H). Translocation of p65 was normal in cells

that escaped transfection with IKK1 mut or IKK2 mut
r translocation of p65. Bisindoylmaleimide 1 (bisin), a selective inhibitor of

cultures (A,B). Nuclear translocation of p65 caused by treating cells with

as flow-dependent nuclear translocation was not (E,F). Percentage of cells
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constructs (Fig. 5D,H, respectively). These data demonstrate

that both IKKs are required for activation of NF-nB by flow.

3.6. A catalytically inactive mutant of NIK, but not TPL2,

blocks p65 nuclear translocation

HUVEC were transfected with plasmids encoding w/t

NIK or the corresponding catalytically inactive mutant

(KK429-430AA) and then subjected to flow. Nuclear trans-

location of NF-nB was monitored by immunofluorescence,

using mouse monoclonal antibody to p65 and a rabbit

polyclonal antibody to NIK. Again, endogenous NIK was

below the limit of detection so that only those cells that were

overexpressing w/t or mut NIK were stained. Fig. 6A,B

shows that shear stress induced nuclear translocation of NF-

nB in cells expressing w/t NIK, but that this was prevented

in cells expressing mut NIK (Fig. 6C,D). Here again,

nuclear translocation was seen in those cells that escaped

transfection with the NIK mut. These results show that NIK

is an essential component of the upstream signaling pathway

activated by flow.

HUVECwere also transfected with plasmids encoding the

w/t TPL2 protein or the corresponding catalytically inactive

mutant form (TPL-2 mut, A270) and then exposed to shear

stress (15 dyn cm� 2) for 30 min. Mouse monoclonal anti-

body to p65 and a rabbit polyclonal antibody to TPL2 were

used to monitor nuclear translocation of p65. Endogenous

TPL2 levels were once again below the limit of detection by

immunostaining. The results showed that nuclear transloca-

tion of p65 in response to flow occurred normally in cells

transfected with either TPL2 w/t (Fig. 6E,F) or with the

kinase inactive TPL2 mut (Fig. 6G,H), demonstrating that

TPL-2 is not involved in the activation pathway.

3.7. Activation of NF-jB by flow is independent of PKC

Treating cells with PMA and ionomycin together acti-

vated NF-nB and induced nuclear translocation of p65 in

100% of cells (Fig. 7C). This was prevented by pretreating

cells with bisindoylmaleimide-1 (bisin; 100 nM) for 30 min

immediately before the addition of PMA+ ionomycin (Fig.

7C,D): under these conditions, fewer than 5% of nuclei

stained positively for p65. In contrast, pretreating cells with

bisin before subjecting them to flow did not prevent nuclear

translocation of p65: around 47% of cells showed nuclear

p65 immunoreactivity after 30 min (Fig. 7F), a figure

similar to that obtained after shearing untreated cells (Fig.

4B). These experiments show that the PKC isoforms found

in HUVEC (viz: PKC-a, -q and ~) are not involved in shear

stress induced activation of NF-nB.
4. Discussion

There is growing evidence to implicate NF-nB-depen-
dent gene regulation in atherogenesis [34]. NF-nB is acti-
vated in advanced atherosclerotic lesions [35], where many

of the genes that are expressed are known to be regulated by

NF-nB [36]. Furthermore, several components of the NF-nB
signaling pathway (e.g. RelA, InBa, InBh) are upregulated
in areas of the vasculature that are at high risk of developing

atheroma in the future but are free of disease for the present.

This suggests that local haemodynamic forces may predis-

pose (or ‘prime’) the endothelium to respond to systemic

risk factors at some time in the future [37].

The cells used in this study were exposed to uniform

(spatially and temporally) laminar flow, generating a unidi-

rectional shear stress of 15 dyn cm� 2, maintained for up to

4 h. This treatment resulted in a transient reduction in InBa
and InBh1 levels: both started to decrease within 5–10 min

of commencing flow and were maximally depressed after

ca. 30–60 min. The binding of p50/p65 heterodimer to the

SSRE and nuclear translocation of p65 were also maximal at

this time, as shown by EMSA and immunofluorescence

microscopy, respectively.

The levels of InBa and InBh1 were fully restored in cells

that were sheared for ca. 60–120 min, respectively. This

was accompanied by reduced binding of p50/p65 to the

SSRE. The proportion of cells showing nuclear staining for

p65 was also reduced while cytoplasmic staining for p65

increased correspondingly. The recovery of InBa was

anticipated because its gene is activated by NF-nB [47–

49]. Newly synthesised InBa is transported from the cyto-

plasm into the nucleus where it binds to NF-nB, causing it

to dissociate from DNA, thereby terminating gene transcrip-

tion [41]. The InBa–NF-nB complex is then exported from

the nucleus into the cytoplasm in a CRM-1 protein-depen-

dent process [40] that can be blocked by LMB. Nuclear

export of p65 under flow was blocked in our experiments by

treating cells with LMB, showing that autoregulation of NF-

nB gene transcription also occurs when NF-nB is induced

by flow.

Nuclear translocation of p65 in response to flow was

prevented in cells that were transfected with kinase-inactive

mutants of NIK, IKK1 or IKK2. However, cells overex-

pressing a dominant-negative form of TPL-2 kinase

responded normally. TPL-2 has been implicated in the

posttranslational processing of p105 [50]. The failure of

flow to reduce p105 levels is consistent with the lack of

involvement of TPL-2 in the activation process. Phosphor-

ylation of p105 on serines 927 and 932 by IKK results in

hTrCP-mediated ubiquitination of the protein and triggers

its destruction by the proteasome pathway [51]. The fact that

we did not see any degradation of p105 in our experiments

suggests that flow does not activate IKK-dependent phos-

phorylation of p105. Furthermore, the PKC inhibitor bisin,

while able to fully block PMA+ ionomycin-induced activa-

tion of NF-nB, did not prevent nuclear translocation of p65

in response to flow. These results taken together indicate

that NIK, IKK1 and IKK2, but not PKC or TPL-2, are

required for activation of NF-nB by shear stress. The ability

of MG132 to block nuclear translocation of p65 shows that
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NF-nB activation by flow requires proteolysis of InBs via

the 26S proteasome pathway.

The activation of IKK1/2 under flow was the earliest

event detected in our experiments. Bhullar et al. [10]

reported that flow activated IKKs in bovine endothelial

cells, but the time course was different from that seen here.

IKK activity was monophasic in their study, requiring ca. 30

min to attain a maximum value of f 3.5� control levels,

before returning to control levels after a further 1.5 h.

Activation of IKK was more rapid in our experiments,

reaching a maximum of f 2� control levels after only 5

min, then declining to near basal levels after 20 min, before

increasing once again to reach a secondary peak after 120

min. This result is suggestive of a biphasic pattern of IKK

activation, though additional measurements on cells ex-

posed to flow for longer periods (>120 min) will be needed

to confirm or refute this notion. However, it is of interest to

note in this context that activation of the AP-1 transcription

factor by flow is reported to be biphasic [12]. The discrep-

ancy between our kinase assays and those of Bhullar et al.

might be due to differences in methodology: their study was

performed on bovine endothelial cells that were overex-

pressing IKK1 and IKK2, whereas the results reported here

were obtained using human cells and we measured endog-

enous IKK activity.

The induction of NF-nB-dependent transcription was

maximal after ca. 30 min of flow, as shown by gel shift

assay, yet anti-p65 nuclear staining indicated that fewer than

50% of cells were activated at this time. The flow chambers

used in this study were carefully tested to ensure that they

generated steady, two-dimensional flow. However, the test-

ing procedure employed measured shear forces exerted on a

uniformly flat surface (glass coverslip) and did not take

account of local variations in the surface topography of real

cell monolayers. Barbee et al. [52] studied living endothelial

monolayers by atomic force microscopy and used their

measurements to estimate the spatial gradients of shear

stress due to surface undulations. Their analysis showed a

f 6-Am range of cell heights with a mean slope of 11j. In a

later study [53], they calculated that for a nominal shear

stress of 12 dyn cm� 2 the actual shear stress on the steepest

part of a cell would change at the rate of F 4 dyn cm� 2

Am� 1. Thus, even if the steep region were only 2-Am long,

shear stress could vary from as much as 20 dyn cm� 2 on the

upstream surface of a cell to as little as 4 dyn cm� 2 on its

downstream surface. This variability could contribute to the

heterogeneity in the response of cells to flow.

Numerous studies have implicated the cytoskeleton in the

mechanism(s) by which cells are able to sense and then

respond to altered shear stresses. The decentralised model of

Davies [1] postulates that shear forces acting on the lumenal

cell surface are rapidly disseminated to other sites within the

cell (e.g. cell–cell contacts, focal adhesions, nuclear enve-

lope) by elements of the cytoskeleton. The possible involve-

ment of the intermediate filament (IF) system as an

intracellular force-transmitting pathway has received com-
paratively little attention to date when compared to either

actin- or tubulin-based components. However, direct evi-

dence for mechanical coupling between surface integrins

and the nucleus via cytoplasmic IF was obtained using

microbeads coated with fibronectin or RGD-containing

peptide [54] and recent studies of cells expressing GFP-

tagged vimentin show that IF undergo rapid displacement

shortly after commencing flow [55,56]. Moreover, immu-

nofluorescence studies have shown that fine bundles of IF

make direct contact with the cytoplasmic face of focal

adhesions [57], most likely via plectin, a well-documented

cytoskeletal ‘linker’ protein [58]. Contact with the extracel-

lular matrix is established through interaction of the avh3

integrin with the G domain of the a4 subunit of laminin

[59]. The ability to prevent flow-mediated induction of NF-

nB transcriptional activity by treating cells with LM609

blocking antibody to the avh3 integrin [10] suggests that

vimentin-associated cell–matrix adhesions, and plectin-

based connections with the cytoplasmic IF network, could

play a critical role in the mechanotransduction process.

In summary, our results show that laminar flow induces

NF-nB-dependent gene regulation in human endothelial

cells via a mechanism that involves NIK-IKK1/2 signaling

and degradation of NF-nB inhibitor proteins by the 26S

proteasome pathway. The process does not involve TPL-2

kinase or PKC. Enhanced expression of the luciferase

reporter seen in our experiments confirms that NF-nB
induced by flow is transcriptionally active.
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