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SUMMARY Y 

Thee endothelium expresses a large repertoire ot" genes under apparent transcriptional 

controll  ot biomechanica! torces, many of which arc neither cell-type nor flow specific. We 

sett out to identify genes thar are uniquely flow responsive in human vascular endothelial 

cells.. Transcriptional profiling using commercial DNA microarravs identified 12 of 18,000 

geness that were modulated at least 5-fold after 24 hours of steady laminar flow (25 

dyne/cm--).. After a 7-day exposure to unidirectional pulsatile flow (19  12 dyne/cm-'), 

onlyy 3 of 1 2 remained elevated at least 5-fold. A custom microarrav of ~300 vascular cell-

relatedd gene fragments was constructed, and expression analysis revealed that many flow-

inducedd genes are also induced by at least one of the following agents: tumor necrosis 

factor-aa (TNF-x), interleukin-1̂  (II.-1J3), transforming growth factor- ,̂ vascular 

endotheliall  growth factor, or thrombin, indicating a more general role in adaptive or stress 

responses.. Most flow-induced genes were also induced by TNF-x hut not H.-lfS, 

suggestingg the involvement of reactive oxygen species. A limited panel of genes that are 

uniquee for flow-exposed cultures was identified, including lung Kruppel-like factor 

(LKLF/A7.r-2)) a nd cytochrome P450 1B1 (CYPIBl). In marked contrast, both these 

geness were substantially repressed by TNF-a. LKL F but not C1T/BI mRNA was 

detectedd exclusively in the vascular endothelium of healthy human aorta by in situ 

hybridizationn and appeared to be flow regulated. To date IJvLF is the first endothelial 

transcriptionn factor that is uniquely induced by flow and might therefore be at the 

molecularr basis of the physiological healthy, flow-exposed state of the endothelial cell. 
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INTRODUCTION N 

Atherosclerosiss is a chronic multifactorial disease of the arteries that initiates and develops 

fromm voung age until it manifests itself clinically later in human life. Although the risk 

factorss for atherosclerosis are of a systemic nature, the localization of lesions is conhned 

too specific and reproducible positions in the arterial tree. The hypothesis that this tocality 

off  atherosclerosis is caused by local blood flow turbulence at vessel bifurcations and 

curvaturess has been firmly supported over the last decades (Friedman et <//., 197.->; Topper 

etet aL, 1999). Lowering of the shear stress on the vascular endothelium at sites of flow 

turbulence,, creating steep shear-stress gradients (DePaola et a/., 1999), is now believed to 

bee one of the initiating factors in atherogenesis. Consequently, the ability or the 

atheroprotectivee force of shear stress to modulate the transcription of genes expressed by 

endotheliall  cells, denoted endothelial genes, has triggered ample research effort on the 

identificationn of shcar-stress-regulated genes (Davies, 1995; Topper et ai, 1999). In 

contrastt to the protective function of shear stress, the cytokine tumor necrosis factor-x 

(TNL-a)) is an important mediator of the inflammatory process that occurs during the 

progressionn of atherosclerosis (Ross, 1993). Produced by macrophages that have infiltrated 

thee lesion, cytokines like TNI ;-a arc known to induce the expression of many endothelial 

geness that contribute to the complex processes that are involved in atherogenesis 

(Horrevoetss et a/., 1999). In contrast to shear stress, cytokines are therefore mostly 

consideredd to be proatherogenic factors (Ross, 1993). 

Severall  studies have been aimed at the identification of endothelial genes that are regulated 

byy arterial levels of shear stress (Topper et a/., 1996; Garcia-Cardcna et at., 2000). These 

studiess have typically focused on the identification of genes that are selectively induced by 

laminarr but not by turbulent flow. Well-known examples include the transcriptional 

regulationn of various adhesion molecules like vascular cell adhesion molecule-1 (YCAM-1) 

andd intercellular adhesion molecule-1 (ICAM-1) and several atheroprotective genes 

involvedd in, for instance, handling oxidative stresses; for example, superoxide dismutases ( 

Sampathh et nl, 1995; Topper et a/.t 1996; Inoue et eiL, 1996). Most of these genes can be 

consideredd atheroprotective solely on the basis of their function and thus would be 

significantt in a physiological context. Their regulation patterns, however, reveal that they 

aree expressed in a variety of cell types and are also induced in response to various 

cytokiness believed to be primarily atherogenic, including TNP-a (Horrevoets ef a/., 1999). 

Inn this study, we took an alternative approach to identify genes that are consistently 

expressedd in endothelial cells exposed to prolonged laminar flow and not in static cultures. 

Thus,, we aimed at identifying those genes that are truly discriminative for the physiological 

long-termm flow-exposed state of the endothelial cell and potentially lie at the basis of the 

phenotypicc changes induced by laminar flow. This rationale is essential!) based on the 

contrastingg difference between the in vivo protective effect of shear stress and the 

atherogenicc potential of inflammatory cytokines exclusively at sites of flow turbulence in 
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RESULTS S 

Identificationn of shear-stress-responsive endothelial genes 

Wee first set nut to identity endothelial genes that are highly shear-stress—regulated. f or 

thatt purpose we have performed transcriptional profiling using commercially available 

c D NAA arrays containing approximately 18,(100 c D NA clones. Primary i l l ' YKC s were 

subjectedd to laminar flow in a parallel plate-type perfusion chamber, generating a shear 

stresss ot 25 dvne/cin-1. For use as controls, HL'VUCs were cultured in parallel under static 

condit ions.. Cells were exposed to flow for 4 or 24 hours to evaluate early responses versus 

thee effect ot" longer-term flow exposures. Subsequently, total RNA was isolated and 

amplifiedd in one round of T 7 RNA polymerasc-based amplification yielding antisense 

RNAA (aRNA) (Van Gelder et al., 1990). Reverse transcription of the aRNA was performed 

too obtain HP-labeled c D NA probes, which were hybridized with the c D NA arrays. 'The 

hybridizedd arrays were quantified, background corrected, and normalized. A plot was 

constructedd comparing the signal intensities of all spots in the shear-exposed situation to 

thee static cultures (Figure 1A). This plot shows that the vast majority ot the genes present 

onn the arrav are only marginally modulated after a 24-hour flow exposure, and lie between 

thee 5-fold up-down-regulation lines. Approximately 4,000 of 18,000 genes ( -20%) were 

significantlyy expressed, of which about 230 (-5.7%) appeared more than 2-fold induced or 

repressed.. Next, for each gene on the arrav the ratios were calculated of the hybridization 

signall  intensities of the 4- and 24-hour shear experiments over their corresponding static 

controls.. To score genes as significantly shear-stress—regulated, two stringent selection 

criteriaa were used. First, genes had to be at least 5-fold differentially expressed, that is, 

ratioss > 5 or < 0.2. Second, background-corrected hybridization signals had to be above 

thee selected intensity threshold in either the shear-exposed or static condit ions, that is, 

>> 1.5 * 104 for the 4-hour and > 5  101 tor the 24-hour shear experiments (outside the gray 

areaa in Figure 1 A). Of 18,000 G DA filter array clones, only 29 met these criteria. As the 

G DAA arrays contain nonscquencc verified clones, with an estimated 30% incorrect 

annotat ions,, all 29 clones were ordered and their identity established by resequencing, and 

PCRR fragments were analyzed by filter-based spot blot analysis. Thus, we could confirm 

shearr responsiveness for 12 of these genes, of which the expression kinetics are shown in 

Figuree 1B-D. Three different kinetic classes of gene regulation can be distinguished: genes 

thatt arc quickly induced and reach a maximum response within ó hours (f igure 1C), genes 

thatt have a delayed response and continue to increase in a linear fashion beyond 24 hours 

off  shear-stress exposure (figure IB) , and the down-regulated gene claudin-5 (Figure ID) . 
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FIGUREE 1 — Gene expression profile of laminar 

flow-exposedflow-exposed HUVECs determined by cDNA 

arrayarray hybridization. (A) The plot shows a log-log 

comparisonn of the 24-hour shear-stress exposed 

versuss static cultures of background corrected and 

normalizedd hybridization signals of all -18.000 

cDNAss on the array. Diagonal lines represent the 

following:: dashed line, unity line with equal 

expressionn in both conditions; *5/-5 and <-10/-10 

labeledd lines. 5- and 10-fold up- and down-

regulation.. Gray boxes represent hybridization 

signalss that are below the limits of significant 

expressionn (<5-103). Clones more than 5-fold 

differentiallyy expressed were picked, re-arrayed 

onn a custom microarray, checked for reproducibil-

ityy of induction (B-D), and sequence verified. 

(B-D)) The kinetics of transcriptional regulation by 

steadyy laminar flow (25 dyne/cm2) for 0, 2, 6, and 

244 hours were determined for the 12 highly shear-

stresss responsive genes (Table 1). (B) Late flow-

responsiveresponsive genes: DIA4 (diaphorasel. SAT 

(spermidine/sperminee N1-acetyltransferase), FTL 

(ferritinn light polypeptide), TXNRD1 (thioredoxin 

reductasee 1), AF1Q (ALL1-fused gene from 

chromosomee 1q). SLC7A11 (solute carrier family 

7),, and GenBank T80319 (hypothetical protein), 

(C)) Immediate-early induced genes: KLF2 (LKLF). 

CYP1B1CYP1B1 (cytochrome P450 1B1). CDKN1A (cyclin-

dependentt kinase inhibitor 1A [p21]), and CJA5 

(connexin-40).. (D) Down-regulated gene: CLDN5 

(claudin-5).. Hybridization signals shown are the 

DD of duplo spots and expressed as 

percentagee of the GAPDH signal (%GAPDH|. 
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Genee transcription levels after long-term adaptation to flow 

Currently,, no conclusive data arc available on the time required for endothelial cells to 
fullyy adapi to flow /// vitro. Life long exposure ol the endothelium to flow in vivo inhibits 
proliferationn and lowers the metabolic rate, which is consistent with a resting phenotvpe 
(Caplann el a/., 1973). There-tore, sustained flow-regulated expression of die 12 flow-
responsivee and additional vascular genes was studied in an artificial capillar,' flow system 
usingg custom-made cardiovascular microarravs. This flow system allows culturing of 
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FIGUREE 2 - Characterization of unidirectional pulsatile flow in the artificial capillary flow system and 

parallelparallel plate flow chamber. The time-dependent change in flow was measured in the artificial capillary 

floww system [solid line) and parallel plate-type flow chamber (dashed line) as described in 'Materials and 

methods',, revealing a unidirectional sinusoidal pulsatile flow profile. Flow is expressed in ml/min and was 

usedd to calculate the corresponding wall shear stress in the artificial capillaries (330 u.rn diameter) and parallel 

platee chamber (550 urn height; 0.98 cm wide) expressed in dyne/cm2 on 2 separate axes. Calculated mean, 

minimal,, and maximal shear stresses were 19, 8, and 32 dyne/cm', respectively, for the artificial capillaries 

andd 12, 6, and 19 dyne/cm\ respectively, for the parallel plate flow device. 

endotheliall  ceils under cont inuous unidirectional pulsatile laminar flow tor long periods of 

t imee (On etaL, 1995). In addition, cells arc grown in a polar fashion on the luminal surface 

off  permeable hollow fibers, which arc in contact with a separate extracapillary 

(subendothelial)) compartment. Thus, a more physiological model system is created 

comparedd to endothelial cells cultured on flat, solid supports. The r ime-dependent change 

off  flow in the system was accurately measured and revealed a pulsatile, unidirectional flow 

profilee generating a minimal, maximal, and mean wall shear stress of 8, 32, and 19 

dyne /cm22 (19  12 dvnes/cm2) , respectively (Figure 2). The capillaries were seeded with 

primaryy H U V E Cs and exposed to flow for 7 days after a 24-hour period of gradual flow-

increase,, allowing cell attachment and growth. Next, total RNA was extracted and used in 

hybridizationn experiments with custom microarravs (construction and content is described 

inn "Materials and methods' and footnotes of Table 1). These arrays comprise a selection of 

~3000 genes, facilitating a simultaneous quantitative analysis of the expression of the 12 

shcar-stress-responsivee genes identified in this study and various additional 

genes/pathh wavs that play prominent roles in endothelial cell biology. Table 1 shows i he-

expressionn ratios calculated from 3 independent sustained-flow experiments and their 

controll  static cultures only for the 68 genes whose expression level exceeded 5% of the 

hybridizationn signal of GAPD11 in at least the flow or static condit ion. Overall, the 

expressionn of 9 of the - 3 00 genes that are present on ihe array was increased at least 3-

foldd bv sustained flow compared to static cultures. These expression analyses also show-

thatt 3 of the 12 genes, which were identified in this study after a 24-hour exposure to flow, 

weree no longer significantly 'differential" after chronic flow exposure. The induction levels 

-- 16 I 

"122 g 

1066 | ChapterChapter 4 



TABLEE 1 - Genes expressed by endothelial cells and their transcriptional regulation by prolonged 
unidirectionall pulsatile flow. 

Proteinn name 

a-Actt in 
Actii vin £ A 
ALU-fusedd gene from chromosome 1q 
Amyloidd ,3 A4 precursor protein 
Annexinn II 
Annexinn V 
ApoLl l 
ApoL2 2 
ApoL33 (CG12J) 
AT7_4_3 3 
Biglycan n 
Caveolinn 1 
Claudd in 5 
Cockaynee syndrome, type 1 
Connexinn 40 
Cyclin-dependentt kinase inhibitor 1A (p21) 
Cytochromee P450 1B1 
Derr ma tan sulphate proteoglycan 3 
Diaphorase e 
DKFZp564F0533 cDNA clone 
Earlyy growth response 1 
Endotheliall protein C receptor 
eNOS S 
ESTT 15 
ESTT 23 
ESTT 35 
ESTT 41 
Ferritin,, heavy polypeptide 
Ferrit in,, light polypeptide 
Fibronectinn 1 
G11 to S phase transition 1 
Galectinn 8 
GAPDH H 
Hypotheticall protein 
Hypotheticall protein 
Hypotheticall protein 
Hypotheticall protein 
Hypotheticall protein 
Interleukinn 8 
LOX-1 1 
Lungg Krijppel-like factor 
Matrixx Gla protein 
MnSOD D 
Multimerin n 
PAI-1 1 
PECAM-1 1 
Prefoldinn 2 
Proteasee nexin l 
Rabkinesinn 6 
Ras-relatedd C3 botulinum toxin substrate 3 
Regulatorr of G protein signaling 
28SS ribosomal RNA 
Ribosomall protein L30 
Ribosomall protein S11 
Solutee carrier family 7, member 11 
Spermidine/sperminee N1-acetyltransferase 
Stromall celt-derived factor 2 
Thioredoxinn reductase 1 
Thrombinn receptor 1 
Thrombomodulin n 
Thyroidd hormone receptor interactor 7 

Genee name 

ACTB ACTB 
INHBA INHBA 
AF1Q AF1Q 
APP APP 
ANXA2 ANXA2 
ANXA5 ANXA5 
APOU APOU 
APOL2 APOL2 
APOU APOU 

BGN BGN 
CAV1 CAV1 
CLDN5 CLDN5 
CKN1 CKN1 
CJA5 CJA5 
CDKN1A CDKN1A 
CYP1B1 CYP1B1 
DSPG3 DSPG3 
DIA4/NQ01 DIA4/NQ01 

EGR1 EGR1 
PROCR PROCR 
NOS3 NOS3 

FTH1 FTH1 
FTL FTL 
FN1 FN1 
GSPT1 GSPT1 
LGALS8 LGALS8 
GAPD GAPD 

FU235U FU235U 
FU20Q03 FU20Q03 

iL8 iL8 
ÖLR1 ÖLR1 
KLF2 KLF2 
MGP MGP 
$002 $002 
MMRN MMRN 
SERP1NE1 SERP1NE1 
PECAM1 PECAM1 
PFDN2 PFDN2 
GDN GDN 
RAB6KIFL RAB6KIFL 
RAC3 RAC3 
RGS5 RGS5 

RPL30 RPL30 
RPS11 RPS11 
SLC7A11 SLC7A11 
SAT SAT 

son son 
TXNRD1 TXNRD1 
F2R F2R 
THBD THBD 
TRIP7 TRIP7 

Genn Bank* 

NM_001101 1 
NM_0O2192 2 
NM_006818 8 
NM_0O0484 4 
NM_OO4039 9 
NMJM1154 4 
NM_O03661 1 
NM_030882 2 
NMJD14349 9 
Noo match 
NM_001711 1 
NM_01753 3 
NMJXJ3277 7 
NM_000082 2 
NMJJ05266 6 
NM_0OO389 9 
NM_000104 4 
NMJXM950 0 
NM_OOO903 3 
AA166719 9 
NM_001964 4 
NM_006404 4 
NM_0006Q3 3 
R96525 5 
AI632668 8 
AA455259 9 
AMM 40281 
NMJM2032 2 
NM_000146 6 
X02761 1 
NM_002094 4 
NM_006499 9 
NM_002046 6 
NM_014108 8 
NML021827 7 
N47844 4 
T80319 9 
BC004930 0 
M28130 0 
NM_079167 7 
NM_016270 0 
NMJXXBOQ Q 
NM_000636 6 
NMJM7351 1 
NM_000602 2 
NMJXM442 2 
NMJJ12394 4 

Ml7783 3 
NM_005733 3 
NM_005052 2 
R38334 4 
Ml1167 7 
NM_000989 9 
NM_001015 5 
NM_014331 1 
NM_002970 0 
AA343837 7 
NMJM3330 0 
NMJJ01992 2 
NM_OO0361 1 
L40357 7 

Ratioo t 

1.11  0.07 
3.11  1.29 
1.44  0.43 
2.33  0.49 
1.22  0.06 
2.22 + 0.14 
2.00  0.19 
1.77  0.42 
3.99 + 1.40 
0.44  0.10 
1.33  0.41 
0.66  0.13 
2.11  0.43 
5.77  2.35 
3.22  0.93 
1.77 t 0.62 

26.99  0.08 
0.77  0.05 

10.99  5.93 
3.77  1.24 
1.22  0.17 
1.11  0.24 
4.00  0.73 
1.77  0.25 
1.22  0.30 
1.88  0.21 
1.77 t 0.42 
2.55  0.48 
2.00  0.12 
3.99  0.59 
0.55  0.08 
4.33  0.73 
1.00 0 
2.33  1.00 
0.66  0.09 
1.88  0.30 
2.99  0.58 
0.44  0.23 
1.00  0.16 
1.00  0.45 
4.99  1.74 
3.77  1.21 
1,11 1 
2.00  0.54 
1.44  0.71 
2.11  0.37 
2.22 + 0.44 
6.44  3.18 
3.00  0.55 
1.66  0.07 
1.44  0.77 
0.99  0.19 
1.11  0.16 
0.77  0.13 
2.11  0.06 
1.00 i 0.12 
2.44 i 0.20 
2.00  0.08 
2.00  0.18 
2.33  0.11 
2.55  0.67 

Cat* * 

F F 
E E 
A A 
D D 
D D 
D D 
C C 
C C 
C C 
C C 
D D 
D D 
A A 
C C 
A A 
A A 
A A 
D D 
A A 
C C 

B/D D 
D D 

B/D D 
C C 

c c 
C C 
C C 

c c 
A A 
D D 
C C 

c c 
F F 
E E 
C C 

c c 
A A 
C C 

D/E E 
D D 
A A 
E E 

B/D D 
D D 
D D 
D D 
C C 
D D 
C C 
C C 

c c 
F F 
F F 
C C 
A A 
A A 
C C 
A A 
D D 

B/D D 
C C 

Proteinn funct ion 

Cytoskeletall protein 
Vascularr growth factor 
Unknown n 
Alzheimerr disease 
Membrane-bindd ing protein 
Anticoagulantt protein 
HDL-assoc.. plasma protein 
Homologg of ApoLl 
Homologg of ApoLl 
Unknown n 
ECMM constituent 
Componentt of caveolae 
Tightt junction protein 
RNAA pol. il transcription 
Gapp junction protein 
Celll cycle regulation 
Hormonee metabolism 
ECMM constituent 
Detoxific./NOO synthesis 
Unknown n 
Transcriptionn factor 
Anticoagulation n 
Nitricc oxide synthesis 
Unknown n 
Unknown n 
Unknown n 
Unknown n 
Intracellularr iron storage 
Intracellularr iron storage 
ECMM protein 
Celll cycle regulation 
Carbohydratee binding 
Carbohydratee metabolism 
Unknown n 
Unknown n 
Unknown n 
Unknown n 
Unknown n 
Inflammatoryy cytokine 
Ox-LDLL internalization 
Transcriptionn factor 
Inhibitss ECM calcification 
Freee radical scavenging 
Hemostasis s 
Fii bri nolysi s/protiferation 
(Leukocyte)) adhesion 
Membrane-bindingg protein 
Serinee protease inhibitor 
Celll division 
Ras-relatedd GTPase 
GTPasee activator 
Translation n 
Translation n 
Translation n 
Aminoo acid transporter 
Polyaminee metabolism 
Secretoryy protein 
Intracellularr redox control 
Mitogenicc signaling 
Anticoagulation n 
Thyroidd hormone signaling 
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TABLEE 1 {continued) 

Tissuee factor F3 NMJM1993 0.4 t 0.03 B/D Extrinsic coagulation 
Tissuee factor pathway inhibitor 1 TFPI NMJM6287 1.8 + 0.77 D Extrinsic coagulation 
Translationn elongation factor 1i2 EEF1A2 NMJXH958 1.1+0.05 F Translation 
^-Tubulinn TUBA3 NM_ 006009 1.2  0.04 F Intracellular transport 
VCAMM VCAM1 NMJM1078 0.6  0.02 B/D Leukocyte adhesion 
Virrcutinn VCL NM_003373 1.6 + 0.63 D Adherens junction protein 
Vonn Witlebrand Factor VWF NMJW0552 2.4  0.18 D Platelet adhesion 

:'' Ceniiaiii accttion numbers jt.r access t<>  *»R\.• f nquence ortpi//Ud< ƒ )_\.• I fraewent. 

JJ bli/ios 'if tin' expression level in flmy-expoted cultures on-r stut/r (ultima, as determined tiy micmtmrt inbrtdi^utinn, an 

expressedexpressed at the Muni i,f i independent "-day shcar-stitss cxpewwnls  W:jf. 

XX dues on the- custom micrcumty are mytmi~edin the folloiriirj  cate^nnes (On): t.-ij 12 tivar-stress-rtspmis.hrgrurs identified 

mm this study. tH) III  established thear-stress-nsprmsire "erics (Darks, I99Ï and Tapper el J.. 1996), (Cj 106 liXl-a-

rrspousirerrspousire .genes (Hum-twit et ai, 1999), ID) prominent endothelial (-specific) genet. (1:> 40 smwith mutch actiratinn-

tpciifktpciifk fftht /de \ 'net et ai. 2000f, ami (1:) control pern's far normalisation purposes. '1'be ti-tt of 'il\l  -a-t\spmitite 

iiidothelialiiidothelial oeiiet and aclirated \\\C item-s were identified in freruait studies from nur^trm/i titins differential disphn KÏ-

PCRPCR (DDlKV-PCR) (Horn-rods el ai, 1999: de I 'net ,-f aL 2000). The recently arailahle I ' niversity <,f California 

SantaSanta C.r»:~ f{ 'CSC) draft rersir.,n of the human genome was ust-ci to anmitan these differential ditp/aï (DDj [ravments that 

hadhad not y<t been mapped to a named «eiie (McPl'ersan et ai. 2001 ). 

ntt 6 genes had dropped to between 2- and 5-fold, but the expression of 3 Irenes remained 

elevatedd at least 5-fold after prolonged flow: lung knippel- l ike factor (1 K\A:/KIJ-_7), 

cytochromee P4.SM IB] (CYPtHf), and diaphorasc 4 (D1A4/XQOl). 

Endotheliall cells differentially respond to a panel 

off atherosclerosis-related stimuli 

Thee qualification of the three genes KIJ'2, C)'P/H!y and DJ.-U as being highly responsive 

too prolonged shear stress prompted us to study the stimulus and cell-type specificity of 

theirr transcription;!) regulation. Therefore, the custom microarravs were used to study the 

ettectt under static conditions of a set of established modulators of endothelial gene 

expression,, including die cvtokines/growth factors T \ I : - y , I1.-1-3, TGI-'-p. YTXik, as well 

ass thrombin, on the expression of the selected endothelial genes and flow-responsive 

geness identified in this study. To that end, Fl l 'YKGs were cultured in the cont inuous 

presencee ot these agents for 2, 6, and 24 hours to allow identification of early- and late-

inducedd genes, whereas nonstimulated controls were taken at u and 24 hours. The human 

celll lines HI,-6(1 (mvelornonocytic) and 1 icLa (cervical carcinoma} were included in the 

analysiss to provide additional information on cell type-specific expression. Total R \ A was 

isolatedd trom these cultures and enriched for po lv .V, which was then tised to produce 

Cy.i-labeledd cDXA probes that were hybridized to the arrays. The fluorescence intensities 

weree cjtiantihcd tor each individual gene under the various conditions, and medians of the 

triplicatess were used to automatically exclude infrequent spotting artifacts, as medians 

were,, in most cases, close to the mean of tine triplicate signals. Subsequently, stringent 

data-filteringg was applied by including only those genes in the analysis ihat had 
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FIGUREE 3 - One-way complete linkage clustering of microarray data. The custom microarray expression 

dataa of endothelial cells exposed to a variety of modulators was clustered on the basis of similar regulation 

patternss using GeneCluster/TreeView (Eisen er al.. 1998). HUVECs were exposed to a pulsatile shear stress of 

199  12 dyne/cm2 in an artificial capillary system. Static cultures were stimulated with TNF-u, IL-1|5, TGF-|i. 

VEGF,, or thrombin for 2, 6, and 24 hours. Expression profiles for HL-60, HeLa, and SMC cells were included 

afterr normalization to GAPDH. (A) The self-organizing map and hierarchical tree show the total cluster of all 

geness after data filtering, only including genes in the analysis that had hybridization signals above 10% of the 

GAPDHH signal with at least one of the stimuli/conditions used. The 12 flow-responsive genes identified in this 

studyy are shown in blue. Specific clusters shown are genes induced exclusively by shear stress (B). genes 

inducedd by IL-1|i and TNF-Ct (C). and genes induced by TNF-u and shear stress (D). Clusters shown in panels B-D 

aree headed by a single row of colored squares representing the general trend of the cluster. Colors of the 

squaress represent the relative expression of the genes in the condition given in the column heading as 

establishedd after median centering of normalized hybridization signals. Red and green represent higher and 

lowerr expression than the median for that particular gene, respectively. Color intensity is related to the 

differencee with the median {black). 
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Filteredd expression data were median centered, and genes were arranged using a self-

organizingg map (Kisen tt <•//. 1fJ'J8,i. Finally, these results were subjected to complete 

linkagee clustering with uncentered correlation to produce a hierarchical tree (Figure 3 A) 

(Kisenn tt tiL, 1rJ'JH}. 

Thus ,, the comprehensive series of expression tiara obtained by the microarrav analyses 

organizess into various clusters, of'which three reveal a particularly interesting trend, that is, 

thevv reveal genes predominantly induced by shear stress (Figure 3B), genes induced In 

TNP-77 and 11.-113 (Figure 3C), and genes induced by T \ F - a and shear stress but not b\ 

11.-1,33 (1'igure 3D), Fur thermore, this analysis showed that the expression of 1(1 of rhe 12 

flow-modulatedd genes identified in this study was substantial!} increased by at least one of 

thee applied stimuli. In the shear-specific cluster, two genes, I .KL1 (KIT'I) and cytochrome 

P4500 1LJ1 ( n ' J V r J / ) , were expressed onlv at high levels in endothelial cells exposed to 

prolongedd pulsatile flow and not iniluced by TNI7-"/ or any of the other agents tested. 

Furthermore,, in static I Il 'YL.C cultures, the expression level of l . k L F in 1 ll.-dd and I l e l a 

cellss was around or below the detection limit of the microarrav experiments. In marked 

contrast,, substantial expression of ('YPilW was also found in l i b 61 > cells and moderate 

expressionn in I l e l a cells, whereas DL\4 was expressed rm- trrsti. 

Kineticss of LKLF and CYP1B1 induction by flow and inverse regulation by TNF-a 

Semiquantitativee real-time RT-PCR was tised to verify the microarrav expression data, to 

moree accurately determine the induct ion/ repression levels, and to determine rhe 

expressionn kinetics of LKLF and (7)'P/BI, which both have low basal expression levels in 

culturedd cells. Pulsatile flow experiments (12  7 dynes / cm ' ; see Figure 2 for flow profile), 

usingg a parallel-plate (low chamber, and separate T N F - a stimulations were performed on 

HUYF.Css for 2. 4, 6, 12, and 24 hours, with static nonstimulated controls taken at (I, 6, 

andd 24 hours. In addition, FIl'VF.Cs were exposed to a steady laminar flow tor 2, 6, and 

244 hours 125 dvne/cnv-;. Relative expression levels of LKLF and C.YPIIM were 

determinedd using real time RT-PCR and expressed as ratios over the controls (Figure 4). 

LKLFF and (.YPIH! were induced bv flow to maximum levels within 6 hours and 12 

hours,, respectively. Interestingly, compared to steaelv laminar flow, pulsatile How resulted 

inn an additional 3-fold increase in LKLF' expression. These expression levels were 

sustainedd well bevond 24 hours of flow exposure. In contrast, both LKLF anil O PIIM 

weree significantly down-rcgulared bv T N F - a within 6 hours. LKLF expression remained 

att levels that were still 2.5-fold lower than in static cultures, whereas repression ot ( ) Pitt! 

bvbv TNF-7 was sustained. 
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FIGUREE 4 — Kinetics of LKLF and CYP1B1 differential expression as determined by real-time semi-
quantitativequantitative RT-PCR. In a parallel plate-type flow chamber. HUVECs were exposed to either steady laminar 
floww generating a shear stress of 25 dyne/cm'1 (O) or unidirectional pulsatile laminar flow generating a shear 
stresss of 12 + 7 dyne/cm' ) for various time intervals. Static HUVECs cultured in parallel were treated with 
500 ng/ml TNF-(/ . Ratios of the relative expression levels for LKLF (A) and CYP1B1 (B) determined by 
semiquantitativee real-time RT-PCR over static cultures were calculated and expressed as fold induction or fold 
repression. . 

Humann vascular expression of LKLF, cytochrome P450 1B1, and elaudin-5 

Thee microarray data have aided us in limitin g the extensive (endothelial) gene collection to 

aa set of three genes with interesting vascular cell—tvpe specificity and patterns of 

transcriptionall  regulation by various stimuli. In contrast to all oil ier genes tested, tip-

regulationn of both LKL F and (.) PIBI was largely endothelial specific, whereas LKL F was 

exclusivelyy expressed in endothelial cells under How. In contrast, claudin-5 (CL*DN5) was 

thee only gene found to be considerably down-regulated after 24 hours of exposure to 

laminarr flow, but its expression was induced by TNF-cc (Figures I D , 3D). We therefore 

studiedd the expression of these genes in human vascular tissue. Nonradioactive mRNA in 

situsitu hybridizations were performed on various sections from our human vascular tissue 

collectionn (Horrevoets et til., 1999; de Vries et al., 2000). Figure 5 shows the results 

obtainedd with the thoracic aorta taken from a 13-vear-old female donor. In this tissue-, no 

neointim.ii  was present, and inflammatory processes in the- vessel wall were absent. 

Expressionn of LKL F was restricted to the endothel ium and cont inuous throughout all the 

endotheliall  cells of the aorta itself (Figure 5A-B). In the small branch, however, substantial 

differencess in LKL F expression were observed (Figure SI)-!']). Whereas the endothelial 

LKL FF expression at the opposite wall of the brandl ing point was comparable to that in 

thee aorta (Figure 5D), no LKL F mRNA was detected in the endothel ium covering the area 

wheree the branch physically disconnects from the larger aorta (Figure 51'.;. In contrast, 

expressionn of claudin-5 also was restricted to the endothel ium but was not significantly 

differentiall  at this branching point, in accordance with the observation that /// vitro, its 

transientt down-regulation at 24 hours (Figure ID ) returns to baseline levels after 7 days' 

Tablee 1) exposure to pulsatile shear (f igure 511). Remarkably, in contrast to its high level 

off  expression under flow in vitro (151)".. of G A P D H ), the level of (\Vl\M mRNA 
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FIGUREE 5 — Endothelial-specific expression of LKLF and claudin-5 in the normal human aorta. (A) 
Overvieww of a section of the thoracic aorta of a 13-year-old female stained with nuclear fast red. 
Nonradioactivee mRNA in situ hybridizations was performed on consecutive sections, using antisense riboprobes 
off LKLF (B.D.E). claudin-5 (H), cytochrome P450 1B1 (I), and the endothelial-specific marker von Willebrand 
factorr (VWF) (C,F,G). The detection of the mRNA-probe hybrid results in a blue color associated with the 
nuclei.. Panels E and G show no significant expression of the LKLF mRNA (E), whereas VWF (G) is consistently 
andd specifically expressed in the endothelium of the entire specimen. Stacks of nuclei are visible because of 
thee thickness of the sections (16 urn) and the conical shape of the branching artery. Claudin-5 was specifically 
expressedd in the endothelium (H), but detection of the cytochrome P450 1B1 mRNA was too close to 
backgroundd hybridization levels (I). 
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detectedd in vivo was not significantly above background (Figure 51), confirming earlier 

histochemicall  reports on the tissue distribution of CYP1B1 expression (Murray eta/., 1997; 

Baronn et a/., 1999; Murray et aJ.t 2001). As a positive control for the integrity of both the 

endotheliall  cell lining and the mRNA at this site, in situ hybridi2ations for von Willebrand 

factorr (VWF) mRNA were performed on consecutive sections (Figure 5C,F-G). There 

wass a strong and uniform signal for VWF, demonstrating the presence of a continuous 

layerr of endothelium and the good RNA quality in these tissues, as well as confirming the 

endothelium-specificc expression of LKL F and claudin-5. 
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DISCUSSION N 

Presently,, the only cell types known to exhibit a physiologically significant response to 

flowflow arc endothelial cells and osteocytes (Weinbaum da!., 1994). Adaptation of these cells 

too continuous flow during their entire life span is crucial for correct functioning in their 

respectivee physiological contexts. A change of this biomechanica! force likely leads to 

dysfunctionn of those processes that are specific for these cell types and are specifically 

underr the control of flow. Studies with novel screening techniques such as DNA 

microarrayy hybridizations and differential display have shown that TNF-oc and 

hemodynamicc forces tike shear stress regulate the transcription of a large and diverse set of 

endotheliall  genes /// vitro (Topper f/<//., 1996; Horrevoers da/., 1999; Garcia-Cardena ei a/., 

2001).. This extensive, though not vet fully known, gene set, however, includes many genes 

thatt are general stress responsive or involved in handling oxidative stress. Moreover, the 

expressionn of these genes by a variety of cell types and their transcriptional regulation 

revealss that most of them are not involved in processes specific to the endothelium nor in 

thee atheroprotective force of shear stress. Also, in vivo verification of the endothelial 

expressionn has been performed for only a few of these targets. In this study, we therefore 

aimedd to extract candidates from the large set of shear-stress—responsive genes that 

determinee the endothelium's unique capacity to modulate its phenotype in accordance 

withh local hemodynamic factors. The results described here demonstrate that the vast 

majority77 of the genes identified in this study and by others are also induced by various 

otherr (atherogenic) stimuli and/or are expressed in other cell types. 

Thee kinetics of steady laminar flow—induced genes identified in this study can be divided 

intoo 2 different classes: genes that are up-regulated to steady levels within 6 hours and 

geness that have a delayed response increasing beyond 24 hours of flow exposure. In 

contrastt to the immediate-early induced genes, the induction of the late genes likely 

requiress de novo protein synthesis, for example, flow-induced transcription/translation of 

transcriptionn factors. Up until now, a panel of transcription factors has been demonstrated 

too be modestly regulated bv flow, and their response elements have been identified 

(Resnickk et <//., 1993; Nagel et ,//., 1999; Bao et ai, 1999). However, the wide patterns of 

expressionn of the transcription factors, early growth response-1 (Fgr-1), nuclear factor-B 

(NF-KB) ,, c-Fos, and c-Jun, show that they are neither endothelium specific nor exclusively 

regulatedd bv sustained flow. This view is further substantiated by the involvement ot 

reactivee oxygen species, which can be produced by endothelial cells under flow in the 

activationn of c-Fos, API, and N F - KB (Fan ft a/., 1994; Barchowsky eta/., 1995; Hsieh d a/., 

11 998). Coordinatcly expressed genes, which are under the control of similar combinations 

off  transcription factors, can be detected by clustering analysis. The clustering analysis ot 

thee microarray data from our study on a variety of modulators of endothelial cell gene 

expressionn arranged the panel of vascular genes in various clusters, ot which 3 are 

particularlyy interesting: genes induced predominantly by shear stress (Figure 3B), genes 
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inducedd by TNF-a and IL-lf 3 hut not by shear stress (Figure 3C), and genes induced bv 

bothh shear stress and TNF-a (Figure 3D). The latter 2 panels show that genes induced bv 

TNF-aa but not by shear are also likely to be induced bv IF-1£, whereas genes induced bv 

shearr and TNF-a are inn likely to be induced by 1Ï.-1J3. This implies the existence of some 

distinctt overlap between the transcriptional pathways of shear stress and TNF-a on one 

side,, and TNF-a and IT--1 [3 on the other. The involvement of the TNF-a—related 

transcriptionn factor N F - KB in activating transcription from a previously identified shear-

stress-responsee element (SSRK) (Resnick et a/., 1993) is in agreement with these findings 

andd might be at the basis or the apparent cross-talk between shear stress and TNF-a 

signalingg pathways. The indirect activation of NF-K'B bv flow, together with the presence 

off  the NF-KB-binding SSRIi in the gene promoters, is a potential source for this 

overlappingg transcriptional response to flow and to TNF-oc of the majority of flow-

regulatedd genes identified in this study and by others. However, although we found up to 

threee SSRhs in a few of the 12 highly flow-responsive genes, no conclusions can be drawn 

onn tlii s subject without performing systematic promoter studies. Nevertheless, the large 

overlapp between flow- and TNF-a—induced gene regulation patterns is presumably related 

too the observed increase of intracellular oxidative stress in endothelial cells that occurs 

bothh by TNF-a activation (Baeuerlc et aL, 1994; Schmidt et aL, 1995) and under 

unidirecuonall  pulsatile, but not oscillator}' or steady flow (Silacci et a/., 2001). The 

involvementt of reactive oxygen species is further substantiated by the induction of many 

protectivee flow-induced genes that handle oxidative stress, which are neither stimulus nor 

cell-typee specific. In this respect, the regulation of Mn and (Ju/Zn-superoxide dismutascs 

byy flow (Li et aL, 1995; Topper et aL, 1996; Inoue et aL> 1996) and their expression in 

variouss cell types can be complemented with the flow responsiveness of thioredoxin 

reductasee and ferritin, identified in this study. 

Thee long-term exposure of endothelial cells to flow in this study shows that the regulation 

off  most of the shear-stress-responsive genes identified in this study and bv others is 

transient.. Although still elevated at 24 hours, they return to basal levels after a 7-dav 

exposuree to flow. 0 7 V / J/ proved to be one of the few highly flow-specific and 

nontransienflyy expressed endothelial genes involved in metabolic processes. The high 

C\T1B1C\T1B1 levels found in the HI.-60 cell line confirm reports that this is the major 

cytochromee P450 isoform in human blood monocytes (Baron d aL, 1999). Also, the 

expressionn in HcLa cells is in agreement with the high CYPW1 expression levels that arc-

observedd in many human tumors (Murray et aL, 1997). The lack of expression in healthy 

humann vascular tissue suggests that its strong transcriptional induction bv flow, also noted 

byy others (Garcia-Cardena et aL, 2001), seems restricted to the conditions in hi vitro model 

systems,, whereas its expression in vivo is regulated in a more complex manner. It can be 

assumedd that transient effects of flow' on gene expression are more generally observed for 

aa wide variety of stimuli and are therefore general stress responses. The continuous, life-

longg exposure ot the endothelium to flow m vivo raises the question whether in vitro general 
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stress-responsive,, and in particular, transiently flow-modulated genes would indeed be 

inducedd in a physiological context. In this view, the transient flow responsiveness or 

claudin-55 and connexin-40, which was found in this study, demonstrates its possible in vivo 

triviality ,, although a plausible rationale is at hand. Both claudin-5 and connexin-40 are 

involvedd in mediating endothelial cell-to-cell contacts in tight junctions and gap junctions, 

respectively.. The process of flow-induced reorganization of endothelial cells to their 

stretchedd shape might require the transient transcriptional modulation of these genes 

becausee of the temporary relief of cell-to-cell contacts (Noria et al., 1999}. In addition, in 

situsitu hybridization for claudin-5 indeed showed its continuous presence in the endothelial 

liningg of all human vessels tested so far. Our results with both claudin-5 and O T / B/ 

stresss the tact that in vitro data, especially when dealing with the transient application of a 

normallyy continuous force or activator, need to be backed up with in vivo confirmation. 

Thee most notable panel from our clustering analysis identifies the small set or genes whose 

expressionn seems almost exclusively regulated by flow in vitro. The mosr remarkable 

exponentt of this set is lung Krüppel-like factor (KLI'I). Also, the difference in 

transcriptionall  response of LKL F to steady laminar versus unidirectional pulsatile flow is 

noteworthy,, exposure of IIUVECs ro pulsatile flow for 24 hours up to 7 days induced 

LKL FF expression continuously as much as 20-fold, whereas steady flow induced LKL F 

lesss than 5-fold with a peak around 4 hours. In contrast to its induction by flow, the 

expressionn of LKL F in vitro was actually repressed by TNF-a and not affected by any 

otherr stimulus tested. Next, we show fur the first time the endothclial-specific expression 

off  LKL F in adult human vascular tissue. Thus far, the expression of LKL F had been 

describedd exclusively in mice and was found to be restricted to endothelial cells and naive 

T-cellss (Kuo et a/., 1990; Kuo et at, 1997). The flow-specific response of LKL F in vitro 

suggestss that the substantial differences in LKL F expression that were found at a small 

vessell  bifurcation of the thoracic aorta are also flow mediated. However, a more detailed 

correlationn between the magnitude of local shear stress and expression or LKL F in such 

tissuess wall require an elaborate future effort. The endothelium-sped fie expression of 

LKL FF during murine cmbryogenesis was implicated in vasculogenesis, based on the 

phenotvpee of LKL F knockout mice (Kuo et a/., 1997). LKL F mice died /'// /item around 

embryonicc day 13 because of severe vessel wall anomalies. Apparenr changes in the 

endotheliall  lineage itself were not observed, nor did any other tissue or organ appear 

damaged.. Restriction of high LKL F expression to endothelium exposed to (pulsatile) 

laminarr flow implies the ability of shear stress to transcriptionally regulate the target genes 

off  LKL F that are involved in the mechanisms behind these vessel abnormalities. However, 

nonee of the flow-responsive genes identified in our study fit the observed phenotvpe in 

LKL FF mice. This includes CYP1B!, since no apparent defects were observed in 

OT7f3/-nuHH mice, excluding a crucial involvement in vasculogenesis (Timers et a!., 1999). 

Furthermore,, we found insignificant expression in the vascular tissues tested thus far, in 

accordancee with published results (Murray et til., 1 99"1 and 2(101). Therefore, the factors 
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thatt are under transcriptional control of LKLF, and thus responsible tor the observed 

phenotypc,, remain unidentified. To our knowledge, LKL F is the only transcription factor 

knownn to date that is specifically expressed by endothelial cells in vivo and exclusively 

inducedd by flow. The Kriippel-like factor family members typically function as 

transcriptionall  switches in differentiation/ activation processes in many cell types 

(Philipsenn et a/., 1999). Recently, the involvement of yet two other Kriippel-like factors, 

GKL FF and BTFIÏ2, was demonstrated in mediating TGF-P-rcgulated smooth muscle ceil 

(SMC)) differentiation (Adam el a!., 2000). Therefore, an interesting role for the Kriippel-

likee factors in vascular biology is implicated. Additional studies will have to be performed 

too reveal the downstream target genes of LKL F and the promoter elements responsible 

forr the flow-specific transcriptional induction of LKLF. 

Inn conclusion, this study on the transcriptional regulation of an extensive collection of 

atherosclerosis-relatedd genes by a variety of (anti-)atherogenic stimuli demonstrates that 

onlyy a very limited set of endothelial genes is more or less exclusively regulated by flow 

andd is cell-type specific. Furthermore, the induction of the majority of flow-regulated 

endotheliall  genes both by flow and by cytokines likely results from potential cross-talk 

betweenn flow- and inflammatory-mediated downstream signaling mechanisms. The 

endothelial-specificc transcription factor LKL F was identified as a promising target to aid 

thee further elucidation of the molecular basis of the flow-mediated vascular protection 

fromm atherosclerosis. 
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MATERIAL SS AND METHODS 

Celll culture and shear-stress experiments 

Humann umbilical vein endothelial cells (HUVFCs) were isolated as described (Horrevoets 

etet a/., 1999; (affc et al., 1973) and cultured in Medium-199 {Gibco-BRl^, Paisley. Scotland), 

supplementedd with 20% (vol/vol) fetal bovine scrum, 50 u.g/mL heparin {Sigma. St I/mis, 

MO),MO), 6-25 u.g/ml. endothelial cell growth supplement (ECGS; Sigma), and 100 U/mL 

penicillin/streptomycinn (Cibco-BRL). Cells at passage levels 1 to 2 were plated on 

fibronecrin-coatedd Thermanox covcrslips (Nl.'XC, Xapwmlk, !L) in growth medium 

containingg 6 ug/ml FCGS 24 hours before the exposure to shear stress. Shear stress was 

appliedd in a parallel plate-tvpe flow chamber as described with either stead}' flow 12 (25 

dvne/cm:)) or pulsatile flow (12  7 dynes/cm-), using a CellMax Quad positive-

displacementt pump {Calico, Germantown, AID). Afterward, total RNA was isolated using 

TRIZOLL  {Gibco-BRl.) according to the manufacturer's instructions. Alternatively, 

HFYUCss were seeded into fibronectin-coated artificial capillar}- cartridges (Polypropylene 

70,, Cat No. 4IXI-025; Cellco) in medium containing 8 g/ml. KCGS (Ott et ai, 1995). Using 

thee CellMax <>/Wpump system, flow was gradually increased to correspond to a pulsatile 

shearr stress of 19  12 dynes/cm2, which was maintained over the next ~i days with 

intermediaryy medium changes. Flow pulsatility was assessed using a T206 Transonic flow 

meterr {Transonic Systems, Ithaca, A : l ) . Simultaneously, inlet pressure of the culture chambers 

wass measured by a dome-type pressure transducer connected to a Nihon-Kohdeii AP-621C 

bridgee amplifier {foothill Ranch, C4). Both signals were digitized at a sampling rate of 40 

11.z,, using Powerlab equipment {Grand junction, CO). HT.-60 and HeLa cells were cultured as 

describedd (Drayson dal., 2001; Fontijn et at, 2001). 

Cytokinee stimulation 

Mediaa on confluent HL'VFC cultures (passages 1-2) were replaced with fresh full-growth 

mediumm containing 6 ug/mL KCGS 24 hours before cytokine stimulation. The human 

cvtokincs/growthh factors TNF-a (50 ng/ml), interleukin-lp (IL-1J3; 15 ng/ml), 

transformingg growth factor-(31 (TGF-pM; 10 ng/ml) (RcM3> Systems, Minneapolis, A/A), 

vascularr endothelial growth factor (YF,GF; 50 ng/ml) {PeproTech, Rocky Hill,  A'/), or 

a-thrombinn (5 U/ml; Sigma) were added directly to the culture medium. Total RNA was 

isolatedd using TRIZOL after incubation times of 2, 6, and 24 hours. 

RNAA amplification 

Totall  RNA (-4 ug) from shear-stress—exposed and static HTVKC cultures was amplified 

essentiallyy as described (Van Gelder et al., 1990), Double-stranded cDNA was prepared 

usingg the Superscript Ptasmid System for cDNA Synthesis {Gibco-BRl) with a T7(dT)̂  

primer.. The cDNA was transcribed using the AmpliScribe 'i'7 Transcription Kit {Epicentre 
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II  eïhtwlt/gies, Madison, If"/) . The yield and size distribution of the resulting amplified 

antii  sense RNA (aRNA) was determined by measuring Ai„ n and bv electrophoresis on a l'-'-.i 

(wt/vol)) agarose gel. 

Probee synthesis and cDNA array hybridizations 

Forr the 4 hour flow experiments, probes labeled with a -r , P - d C TP [Amersham, Piscataway, 

A/ )) were directly reverse transcribed trom 4 fig aRNA using 3 u.g random hexamers. 

Probess or the 24-hour flow experiments were transcribed from unlabeled first-strand 

c D NAA (transcribed from 4 fig aRNA using 3 fig random hexamers) using 1 ug T7(dT)is 

pr imerr and SuperScript II RT {Cihco-MU ) . These first- and second-strand c D NA probes 

weree hybridized for 60 hours to the filter-based Cene Discovery Arn/y (CDA.) I 1 'ersion 1.3 

(lncyfr-(lncyfr- Cvnomics. Palo Alto. C.A), according to the manufacturer's instructions. The filters 

weree imaged on a Storm Phosphor!' mager (Molecular Dynamics, Sunnyvale, CA), scanned with 50-

micronn resolution, and quantified at Jticy/e Cenomics. Selected differential clones were 

<< obtained from Incyle Cenomics and sequence verified. 

Constructionn of custom microarrays 

AA custom cardiovascular glass-based microarrav was constructed containing a 

comprehensivee set of prominent endothelial genes and general vascular genes from 

previouss studies, for example, genes encoding various proteoglycans; factors involved in 

thrombosis/t lbr inolvsis,, eel] shape, and vesicular transport/ transevtosis; and control genes 

forr normalization purposes (Horrevoets et ai, 1999; Topper et a!, 1996; Davies tY <//., 1995; 

dee Vries et ai, 2000). Polymerase chain reaction (PCR)—amplified gene-specific fragments 

orr these genes, deprived of any repetitive or highly homologous sequences, were spotted 

onn glass microscope slides in triplicate and hybridized with fluorescent c D NA probes 

usingg the methods previously described by Brown and coworkers (derailed protocols taken 

t romm the web site h t tp : / /cmgm.s tanford .edu/pbrown/pro toco ls / indcx .h tml) (Shalon et 

a/.,a/., 1996). Arrays were scanned on a ScanAmiy 3000 microarrav scanner (CS1 I Jimonics, 

Bedford,Bedford, MA), and fluorescence signals were background corrected and normalized for 

glyceraldehydee phosphate dehydrogenase (GAPDI i j . Al l analyses were performed with the 

FJsenn software package Scana/yy, Cluster, and Tree] "ten; as described (http:/ /rana.lbl .gov) 

(Kisenn <</<//, 1998). 

Semiquantitativee real-time RT-PCR 

Reversee transcription of 3 fig of total RNA was performed with 1 fig (dT)i:i i*  pr imer 

(C/bco-HRL)(C/bco-HRL) using SuperScript II. Real-rime reverse transcriptase-polymerase chain 

reactionss (RT-PCRs; were performed using the l:astSta>1 DXAMaster S)'HR Creeti I kit 

(Roche,(Roche, Mannheim, Carmany) in the i JghtCycler System (Roche). Primers were L K I T , (forward) 
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5'' GCA CGC ACA CAG GTG AGA AG 3' and (reverse) 5'-ACC AGT CAC AGT TTG 

GGG A GGG-3': CVP1B1, (forward) 5'-CTC CTC CTC TTC ACC AGG TAT CC-3' and 

(reverse;; .V-AAC CAC AGT GTC CTT GGG A AT G-3'. The PCR efficiency, 

determinedd tor each primer pair separately using a series ot cDNA dilutions, was used to 

calculatee relative differences between samples, which were expressed as ratios compared to 

thee static controls. 

Nonradioactivee mRNA ia situ  hybridization 

Vascularr tissues were fixed and paraffin embedded as described (Horrevoets ct ci/., 1999), 

andd 16 p.m sections were mounted onto SttperUrnst P/us microscope slides {Men~el-G laser, 

Braunschweig,Braunschweig, Germany). The in sila hybridizations were performed as described (Moorman et 

(//.,(//., 2001). Ribopmbes were derived from the following cDNA fragments: 46D—base pair 

(bp)) Rr/Nl-Rr/NI fragment of the Lk l .F cDNA (GenBank, H28611), entire 1350-bp insert 

off  a human claudin-5 cDNA clone (GenBank, R60153), enure P9(l-bp insert of a 

CYP1B11 cDNA clone (GenBank, N72(X)9), 192-bp fragment of human von Willebrand 

factorr cDNA 8239-8442 (GenBank, \i>4385). All cDNA clones were obtained from either 

hitytehityte Genomics or as LWAGli-consortium cDXA clones (Lennon rf a/., 1996) from the United 

KingdomKingdom Witman Genome Mapping Project Resource Centre {Cambridge, United Kingdom). 
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