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SUMMARY Y 

Inn a previous study we have identified lung Kruppehlike factor (LKLF") , a zinc finger 

transcriptionn factor, as being exclusively expressed at high levels in in vitro shear-exposed 

endotheliall  cell cultures. A number of studies have shown that LKL F plavs an important 

rolee in vasculogenesis and it has been reported that it is expressed in a limited number of 

celll  types, i.e. endothelial cells, naive T-cells and pre-adipoevtes. In the current study we 

extensivelyy assessed the expression of LKL F in various human vascular dssues, in 

correlationn with specific positions in the vasculature that are subjected to strong flow 

deviations,, e.g. aortic bifurcations. Prior histological and immunohistochemical 

examinationn of the tissues was performed to select healths' vessels with at most a moderate 

thickeningg of the intima. Using in situ hybridization, medium to high levels of LKL F 

mRNAA were found in the endothelium of all the specimens, i.e. aorta, iliac and carotid 

arteriess and capillaries, which were obtained from healthy donors of ages 13 months - 57 

years.. Isolated ncoimimal/medial cells that expressed LKL F in some vascular specimens 

aree most likely non-activated monocytes and T-cells, as verified bv RT-PCR. At the aortic 

arch-carotidd artery bifurcation and the abdominal aorta-iliac artery bifurcation differential 

LKL FF expression was observed in various specimens and appeared correlated with 

predictedd local flow variations and an increased neointimal area. To study LKL F 

expressionn in a controlled in vivo experimental setting, we used a murine carotid artery 

collarr model, in which a non-constrictive collar is placed around the carotid arteries 

resultingg in a local increase in lumen flow and thus shear stress. Compared to the sham-

operatedd control mice, a substantial increase of LKLF' mRNA was observed in the 

endotheliumm inside the collar from 2 until at least 9 davs after placement of the collar. 

Proximall  to the collar (—0.5 mm), at the low shear stress region that potentially involves 

turbulentt flow, the endothelial LKL F expression was comparable to the levels found in 

thee sham-operated mice. The contribution of the different hemodynamic forces exerted 

onn endothelial cells in vivo were next dissected in vitro, revealing that in contrast to shear 

stress,, neither uniaxial strain, nor pulsatile pressure influences LKL F expression. 

Expressionn of LKL F was induced by shear stress in a non-linear fashion, with a treshold 

off  —5 dyne/cm-, being equivalent to arterial but not venous shear-stress levels. These 

observationss arc in line with the in vivo data we present on its expression in healthy 

endothelium.. The restricted expression of LKL F to the ejuiescent state of several cell-types 

inin vivo suggests that LKL F has a specialized role in vascular-related cells and is a distinctive 

markerr for the quiescent endothelial barrier. 
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INTRODUCTION N 

Thee focal development of atherosclerosis has been linked to the local variations in blood 

flowflow that are observed near the irregular blood vessel geometries of bifurcations and bends 

(Friedmann et ai., 1975; Topper et ai., 1099). Continuous exposure of endothelial cells to 

floww in vivo generates a tangential force, shear stress, across their apical surfaces. The 

hypothesizedd protective role of shear stress against atherogenesis is supported by a large 

numberr of studies on the effects of biomechanical stresses on endothelial function (Dewey 

tttt ai., 1981). An increasing number of genes that are transcriptionally regulated under high 

versuss low shear stress in endothelial cells have been identified (Topper et ai., 1996; 

Garcia-Cardenaa et ai., 2001; Dekker et a/., 2002; Wasserman et ai., 2002; McCormick / ai, 

2003).. In a previous study, we have identified a limited set of genes, which are still highly 

inducedd after an exposure of human umbilical vein endothelial cells (HL'VEC) to flow for 

77 days, but which are not transcriptionally induced by various other (inflammatory) stimuli 

(Dekkerr et ai., 2002). The expression of one of those genes, the transcription factor lung 

Krüppel-likee factor (I.XI.F/AJ ,t'2), was restricted to the endothelium in the healthy adult 

humann aorta. Furthermore, treatment of HUVFX with the inflammatory cytokine TNF-a 

resultedd in a substantial decrease of the LKL F rnRNA. These findings make LKJ.F a 

potentiall  marker for the resting, non-activated state of the endothelial cell that is exposed 

too continuous flow during its entire life span. A combination of a local decrease in shear 

stresss at sites that are predisposed to atherogenesis and a chronic inflammation of the 

vessell  wall may, on the basis of the /'// vitro data, also be of importance tor the in vivo 

regulationn of FKLF expression. 

Transcript]ona33 induction of die LKL F gene was considerably higher under unidirectional 

pulsatilee flow (12  7 dyne/cm2) than under steady laminar flow of higher magnitude (25 

dvne/cm2)) (Dekker et ai., 2002). This observation implies that the biomechanics behind 

thee effect of flow on endothelial cells are complex and might involve additional 

hemodvnamicc stresses like pulsatile variations in pressure and pressure-related stretch of 

thee endothelium. It has been demonstrated that, compared to steady flow, the effect of 

unidirectionall  pulsatile flow on gene transcription is larger, or in some cases even reversed 

(Neremm et ai., 1991; Blackman et ai, 2002). Pulsation of flow occurs in the large elastic 

arteriess (e.g. aorta), but is dampened by the resistance function of the arterioles and 

completelyy absent in capillaries. In addition, the average magnitude of shear stress 

decreasess going from the large arteries (from 10 to locally >100 dyne/cm2) to the 

capillariess and ultimately the veins (generally <5 dyne/cm2) (Turitto et al, 19S2; Davies et 

ai.,ai., 1989). Typically, flow turbulence is observed exclusively in the larger arteries and is not 

achievablee in capillaries, due to their hemodynamic properties. The large arteries are 

exclusivelyy prone to pulsatile flow turbulence-induced local lowering ot shear stress as a 

resultt of their architecture, i.e. a large lumenal diameter combined with high shear rates. 
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Thee resulting steep gradients in shear stress are believed to be of primary importance in 

triggeringg endothelial dysfunction (DePaola et til., 1999). In addition to shear stress, 

numerouss genes have been identified that arc transcriptionallv responsive to cyclic 

circumferentiall  strain, e.g. endothelin and endothelial nitnc oxide synthase (eNOS) 

(Gorfienn eta/., 1989; Sumpio et a/., 1990; Awolesi etui., 1994; Qui et ai, 2000). Comparison 

ott shear stress and cyclic strain-regulated genes reveals some overlap, whereas also 

oppositee effects of these biomechanical stresses have been reported. The transient 

inductionn of intracellular oxidative stress and various signal transduction kinases, like 

HRK,, JNK and p38, by cyclic strain provides a basis for this overlap, as the transcriptional 

regulationn ot primary stress genes is generally dependent on these second messengers 

(Howardd eta/., 1997; Azuma etai, 2000). 

Thee expression of LKL F is not ubiquitous, but appears restricted to a limited number of 

celll  types, i.e. endothelial cells, naive T-cells, and adipocytes (Kuo et ai, 1997a, 1997b; Sen 

etet ai, 2002). The data from some studies suggest that expression of LKL F in these cells is 

correlatedd with a quiescent phenotype or confined to a certain stage of cell differentiation. 

Too date, only two genes have been identified that are under transcriptional control of 

LKLF ,, i.e. the vav pro to-oncogene (Denkinger et al, 2002) and PPARy2 (Sen et ai, 2002) 

arcc induced and repressed by LKLF, respectively. A response element in the promoter of 

PPARy22 has been identified that mediates the inhibitorv effect of LKLF . 

Too gain more insight into the potential flow-mediated spatial expression of LKLF, we 

havee studied its detailed in vitro biomechanica! regulation and in vivo expression in various 

humann vascular tissues. Using a murine carotid artery collar model (von der Thüsen et ai, 

2001),, we have found moderate basal expression of endothelial LKLF, which was 

significantlyy elevated at the sites of increased shear stress. 
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RESULTS S 

LKLFF is consistently expressed in healthy human arteries at all ages 

Previouss studies have demonstrated that LKL F is expressed in different murine tissues 

underr varying circumstances (Anderson ef al, 1995). In the murine arteries and veins, the 

expressionn of LKL F appears to he limited to endothelial cells and resident naive T-cells 

(Kuoo d ill.,  199"7a, 1997b). An important role of LKLF' in vasculogenesis was implicated by 

thee gene knock out studies of Kuo et ai, which demonstrated that expression of I.KJ.F 

exclusivelyy in the endothelium is essential during embrvogenesis {Kui> et a/., 199*7b). As 

dataa on expression of LKJ.F in human vessels is still lacking, wc first examined the 

expressionn of I.KJ.F in human umbilical vessels by performing mRNA in situ 

hybridizationss on cross sections of a fresh human umbilical cord. Moderate expression of 

LKLF '' mRNA was detected in both the umbilical arteries and vein (Fig. 1). The expression 

inn the umbilical vein was significantly lower, which is in agreement with the lower shear 

stressess that are generally observed in a large diameter vein. We have previously found that 

att later ages, LKL F continues to be expressed in the entire endothelium of the healthy 

humann aorta (Dekker ef c/i., 2002). This finding suggests that LKL F has a maintenance 

functionn in the adult healthy vessel wall, as well as a crucial role in embryonic 

vasculogenesis.. To further investigate the qualitative spatial expression of LKL F in various 

adultt human vascular dssues, non-radioactive in situ hybridizations were performed. 

Specimenss taken from three different positions in the aorta (aortic arch, abdominal aorta 

andd aorta bifurcation/iliac arteries) of donors of various ages (13 months - 57 years) were 

sectionedd and hematoxilin-eosin stained for determining morphology. Subsequentiy, in situ 

hybridizationn for the endothelial-specific von Willebrand factor (v\YF) mRNA was 

performedd to check the integrity of the endothelium and endothelial RNA (data not 

shown).. Specimens with an intact, v\V'F positive endothelium and at most mild f o mis or 

atherosclerosiss were selected to study the expression of LKL F by /'// situ hybridization 

(Tablee I). Moderate to high LKL F hybridization signals were found in all the tested 

sectionss from donors of all ages, exclusively in the endothelium (Fig. 2). Significant 

endotheliall  expression was observed in the aorta of a 13 month old human donor (Fig. 

2E),, In addition to the large arteries and both die umbilical vein and umbilical arteries, 

expressionn of LKJ.F was observed in the rasa vasamm, venules and capillaries in the 

adventitiaa of the human aorta specimens (Fig. 2F', 31:,). The observed variation in the 

expressionn levels might be explained bv the substantially differing magnitudes of shear 

stresss at these positions. In conclusion, in individuals of different ages, LKL F is 

continuouslyy expressed in the endothelium of the human aorta at all positions checked. In 

somee specimens, expression of LKL F was also observed in medial and/or neointimal cells 

(r.«« Fig. 2A). Likclv sources for this expression are infiltrated T-cells or monocytes that are 

frequentlyy observed in vascular tissues. LKL F is highly expressed in naive T-cells and 
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completelyy repressed upon activation (Kuo c/ a/., 1997a). We therefore determined the 

expressionn of I.lvLF in human primary monocytes and macrophages to determine the 

originn of LKL F expression in the vessel wall of these specimens. Semi-quantitative 

expressionn of the LKLF" mR\A, as determined by real-time RT-PCR, demonstrated a 

highh LKL F mRNA level in primary human monocytes (data not shown). Thus, the medial 

andd neolntimal cells that express LKL F are most hkelv native T-cclls and/or monoevtes. 

TABLEE 1 - Description of the human aorta specimens used for in situ hybridization. 

Age e 

133 months 

122 years 

133 years 

344 years 

411 years 

499 years 

577 years 

Sex x 

fernn ate 

male e 

female e 

female e 

female e 

female e 

male e 

Vessell type 

Descendingg aorta (thoracic area) 

Commonn iliac artery (close to bifurcation) 

Abdominall aorta 

Aorticc arch-carotid bifurcation 

Commonn iliac artery (close to bifurcation) 

Commonn iliac artery (close to bifurcation) 

Abdominall aorta 

Commonn iiiac artery (close to bifurcation) 

Neointima a 

none e 

minor r 

none e 

significant t 

minor r 

significant t 

significant t 

Figure e 

2E E 

2A A 

2B B 

2F,, 3 

4B-D D 

2C C 

2D D 

4E,, F 
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FIGUREE 1 - LKLF mRNA expression in the human umbilical cord. Non-radioactive in situ hybridizations 

weree performed on sections of a fresh human umbilical cord, using an antisense riboprobe of LKLF, and stained 

withh nuclear fast red. The detection of the mRNA-riboprobe hybrid results in a blue color associated with the 

nuclei.. (A) Umbilical artery. (B) Umbilical vein. 

*  « *  * 

FIGUREE 2 - Endothelial-specific LKLF mRNA expression in human aorta specimens. Aorta or iliac arteries 
weree obtained from different donors (see Table 1), sectioned and used for in situ hybridization with an LKLF 
antisensee riboprobe. Afterwards, nuclei were stained with nuclear fast red. Vascular tissues were: common 
iliacc artery (A) and abdominal aorta (B) from a 12 year old male, common iliac artery from a 41 year old 
femalee (C), abdominal aorta from a 49 year old female (D), and descending aorta from a 13 month old female 
(E).. Expression of LKLF was routinely observed in endothelial cells of the adventitial capillaries (F). 
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FIGUREE 3 - Differential LKLF mRNA expression in the human aortic arch to carotid artery branch. Using 
non-radioactivee in situ hybridization, LKLF mRNA expression was assessed in the aorta-carotid bifurcation of a 
133 year old female donor. Nuclei were stained with nuclear fast red. A schematic overview of the aorta-carotid 
arteryy flow divider in the aortic arch is presented (A), with the site indicated where sections were made. An 
overvieww of the complete section (B) shows that the LKLF mRNA is exclusively detected in the endothelium of 
thee aorta (large vessel) and carotid artery (smaller vessel). Magnifications of panel B, indicated by the red box, 
aree shown in panels C-E. High levels of the LKLF mRNA were detected in the aorta on both sides of the thin 
vessell wall that forms the separation between the aorta and carotid artery (C). On top of the aortic side of 
thiss separating wall, LKLF expression was substantially decreased (D). Note the positive staining for LKLF mRNA 
inn the endothelium of some capillaries in the media of this specimen (E). 

Differentiall expression of LKLF near vessel bifurcations 

()urr previous in vitro studies demonstrated that LKL F is exclusively expressed in H l \T . C 

thatt  are exposed to laminar flow, i.e. high shear stress (Dekker et al, 2002). Differences in 

flowflow generating high versos low shear stresses on the endothelium can be observed in vivo 

nearr  bifurcations, particularly those oi the aorta (Friedman et al, 1975). Thus, from the 

preselectedd specimens described in the previous paragraph, the following selection was 
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niiidc:: the abdominal aorta bifurcation, the common iliac artcrv, and the branch ot the 

c o m m onn carotid artery trom the aortic arch, hi situ hybridizations were performed to study 

endotheliall  LKL F expression in sections of these tissues. In the aortic arch of a 13 year-

oldd donor, and particularly at the shoulders ot the separation between the aorta and 

commonn carotid artery (Fig. 3A, B), moderate to high endothelial LKL F expression was 

observedd (Fig. 315, Q. In contrast, significantly lower amounts of the LKL F niRNA were 

detectedd on rhe top ot this separating vessel wall, a flow divider known tor turbulent flow7 

patternss (Fig. 3D), In the following two specimens, the exact orientation of rhe two 

commonn iliac arteries was preserved as both iliac arteries were still attached at the 

bifurcationn while being embedded. Lesions tend to develop on the outer walls ot the 

commonn iliac arteries immediately after the aorta bifurcation where turbulent blood flow 

hass been observed in various model systems and by /// vivo measurements (Fig. 4A) (Xu et 

a/.,a/., 1999; Chandran it al., 1993). L. sing in situ hybridization, high LKL F signals were found 

att the inner walls of the common iliac arteries obtained from a 34 year old female donor 

(Fig.. 4B, C). At the outer wall an early lesion was present and the hybridization signal of 

LKL FF was significantly lower in the endothel ium covering this ncointima area (Fig. 4D). 

Final]v,, LKL F expression was evaluated in the region ot the common iliac artcrv directly 

followingg the aorta bifurcation of a 57 year old male donor. Slight neointimal thickening at 

thee outer walls of the bifurcation was observed. F.xprcssion of LKLF ' was significandv 

higherr in the endothel ium covering the inner wall (Fig. 4F) compared to the outer wall 

(Fig.. 4F). In summary, moderate to high LKL F hybridization signals were exclusively 

observedd in the endothel ium of all aordc tissues tested t rom donors of a wide range of 

ages.. Locally, LKL F is expressed significantly lower at or near bifurcations of the aorta, 

bothh in the aortic arch and the abdominal aorta. 

LKLFF is induced by flow in a murine carotid artery collar model 

Theree is limited access ro human vascular tissues, the tissue quality is variable, and the 

observedd differences in LKLF" expression at bifurcations can only he indirectly related to 

predictedd local flow variations. Therefore, we have used a controllable flow model in mice, 

inn which a silastic, partly constrictive collar is placed around both carotid arteries, directly 

precedingg the bifurcation (von der Thüsen at cd, 2UUI) (Fig. 5Aj. As a result ot the 

narrowingg of the artery, flow wil l be locally increased generating higher endothelial shear 

stresses.. Collars were placed for maximally 9 days to exclude (in)direct ctfects ot the 

atherogenicc processes that are observed in this model after prolonged collar placement. In 

44 groups of two LDLR- / - mice each, either a sham operadon was performed or a silastic 

collarr was placed around both carotid arteries for 2, 5 or 9 days. Afterwards, the collars 

weree removed and the extracted carotid arteries were fixed, paraffin- em bedded, sectioned, 

andd used for in situ hybridization experiments. Sections were taken from the middle and 

0.33 mm proximal of the collar to compare high and low flow regions within one specimen. 
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Thee presence of an intact endothel ium was verified using immunohistochemistn and /// 

iiiuiiiu  hybridization for murine v\YF mR_NA. Immunohistochemistn.' confirmed the absence 

orr proliferating SMC (PCNA staining), granulocytes (Fy-6G staining) and macrophages 

(A1AA staining) in the media and intima. Only specimens displaying an intact endothelial 

monolayerr and lacking inflammatory cells were evaluated for LKL F expression. In the 

carotidd arteries from the sham operated control mice, low LKL F expression was generally 

observedd (Fig. 5Bj. Already 2 days after collar placement, FKL F hybridization signals 

significantlyy increased in the mid-collar section and were sustained until at least dav L) (big. 

5CJi,,( i).. Within a single specimen, LKL F expression was also increased (1.5 mm proximal 

too the collar at all time points. However, in the majority of the mid-collar sections, the 

increasee in LKL F expression was substantially higher compared to the low-flow proximal 

regionn (Fig. 5D,F,[f). Therefore, the moderate expression of F K L F that is observed in the 

endothel iumm of the murine carotid artery under normal physiologic flow condit ions is 

significantlyy induced by a collar-induced increase in luminal flow. These observations 

providee evidence tor the direct involvement of hemodynamic forces in the hi vivo 

transcriptionall  regulation of FKLF. 

Dissectionn of the transcriptional response of LKLF to biomechanical stresses 

Thee endothelium is exposed to a combinat ion of simultaneous hemodynamic forces, i.e. 

shearr stress, cyclic strain, and hydrostatic transmural pressure, both in vivo as well as in in 

ri/triri/tri  model systems. The endothelial expression of LKL F in human vascular specimens 

andd in the murine carotid artery collar model can thus be under transcriptional control of 

forcess other than shear stress. As a result of the manipulation of luminal flow bv 

placementt of the constrictive collar, the elasticity of the carotid artery is reduced. The 

pulsatilee pressure-related distension of the vessel wall, generating endothelial cyclic strain, 

cann thus be significantly restricted. To identify the hemodynamic component that 

primarilyy drives endothelial LKLF" expression, we determined the transcriptional response 

off  LKLF ' to cyclic endorhclial-cell stretch and steady shear stress. First, H l 'YFX ; were 

culturedd on flexible tissue culture plates and exposed for 2, 4, 6, 11 and 24 hours to 

uniaxiall  cyclic strain, with maximal 5 or 15" > stretch and evele periods of 1 and 0.3 Hz, 

respectively.. Subsequently, total UNA was isolated and LKL F mRNA levels were 

determinedd using real-time semi-quantitative RT-PCR. Compared to static control 

cultures,, cyclic strain caused a transient 2-fold reduction of LKL F expression, which 

returnedd to baseline levels within 24 hours (Fig. 6Aj . Reduced endothelial cell stretch at 

vessell  bifurcations or by placement of a constrictive collar in the murine flow model, ts 

thereforee not accountable for the substantial variations in FKLF expression that were 

observed.. Finally, the sensitivity of F K FF induction bv shear stress was assessed to 

determinee whether the differentia] expression of F K FF in rim is caused by the ability of 

smalll  variations in shear stress to induce substantial differences in LKL F gene 
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FIGUREE 4 - Differential LKLF mRNA expression in human iliac arteries. Using non-radioactive in situ 
hybridization,, expression of LKLF was determined in sections of the iliac artery of a 34 (B-D) and 57 year old 
(E,F)) donor. Sections were taken approximately 1-3 cm distal to the abdominal aorta bifurcation, as indicated 
byy the gray bar in the schematic overview (A), and counterstained with nuclear fast red after the hybridization 
procedure.. A complete overview of a section from the iliac artery of the 34 year old donor, showing inner and 
outerr walls, is presented in panel B (magnifications of the boxed areas are shown in panels C and D). High LKLF 
mRNAA levels were detected in the endothelium covering the inner walls, relative to the bifurcation, of the 
iliacc artery of both donors (C,E). At the outer walls, which are particularly vulnerable to flow turbulence-
inducedd lesion formation, significantly reduced expression of the LKLF mRNA was observed (D.F). Neointimal 
(Nl)) sizes are indicated by arrows. 
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internall carotid \ r external carotid 

commonn carotid artery 

FIGUREE 5 - Expression of LKLF mRNA is flow-controlled in a murine carotid collar model. A non-
constrictive,, silastic collar was placed around both carotid arteries of Apo E ' mice, which were fed a semi-
syntheticc Western-type diet (A). After 2 (C,D), 5 (EtF) and 9 (G,H) days, the carotid arteries were removed, 
fixed,, embedded and sectioned. Non-radioactive in situ hybridizations were performed, using a murine LKLF 
antisensee riboprobe, and sections were counterstained with nuclear fast red. As controls, mice were sham-
operated,, showing low endothelial LKLF expression (B). Intra-collar (mid-collar) sections of the carotid arteries 
(C,E,G)) revealed substantially increased endothelial expression of LKLF mRNA after 2 (C), 5 (E), and 9 (G) 
days.. Approximately 0.5 mm proximal to the collar, sections showed significantly lower LKLF mRNA levels after 
22 (D), 5 (F), and 9 (H) days, compared to the intra-collar sections. 
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transcription.. To that end, I IUVE C were exposed to varying magnitudes of steady flow in 

aa parallel plate-type flow chamber for 6 hours. Alter the flow-exposure, LKL F mRNA 

levelss were determined using real-time RT-PCR. LKL F expression was not significantly 

alteredd bv shear stresses <5 dyne/cm2, hut was substantially induced by 5 and 

dynes /cm22 of shear stress, i.e. 6- and 22-fold compared to static cultures, respectively (Fig. 

6B).. This exponential correlation between LKL F expression and shear stress levels, 

suggestss that a threshold of ~5 dyne /cm2 of shear stress stringently discriminates between 

(turbulent)) flow-variations and mediates the high variations in LKL F expression that were 

observedd in vivo, i.e. arterial bifurcations, capillaries and veins. Therefore, shear stress is the 

primee hemodynamic force that regulates high endothelial transcription of LKLF , both in 

vitrovitro and in vivo. 

FIGUREE 6 - Effect cyclic strain and 
steadysteady flow on endothelial LKLF mRNA 
expression.expression. (A) HUVEC cultures were 
exposedd to either 5% (1 Hz cycles, 0) or 
15%% (0.3 Hz cycles. • ) of sinusoidal 
uniaxiall cyclic strain for various time 
intervals,, and LKLF expression was 
subsequentlyy deter-mined by RT-PCR. 
Differencess in LKLF mRNA level are 
expressedd as the logged ratio compared 
too unstrained control cultures. (B) Using 
aa parallel-plate flow chamber, HUVEC 
culturess were exposed to various levels 
off non-pulsatile shear stress (0.5, 1.4, 
3.0,, 5.1 and 7.3 dyne/cm2). After the 
exposuree of HUVEC to flow for 6 hours 
( • ) .. LKLF mRNA levels were determined 
byy real-time RT-PCR and compared to 
thee control cultures ( D), which were not 
exposedd to flow. 

Shearr stress (dyne/cm ) 
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DISCUSSION N 

Inn the present study, we have expanded on our previous finding that LKL F is exclusively 

expressedd in the endothelium ut a healthy specimen of aorta that was obtained from a 13 

yearr old human donor (Dekker et a/., 2002). The analysis of LKL F expression in various 

humann vascular donors demonstrates that LKL F expression is in most cases restricted to 

thee endothelium and never observed in SMC. In a minority of specimens LKL F 

expressionn was observed in neointimal cells, likely being leukoevtes (T-cells and 

monocytes)) that have infiltrated the vessel wall. 1 ligh LKL F expression levels were 

exclusivelyy observed under high-flow conditions hi vifroy suggesting that the continuous 

endotheliall  expression of LKL F in vivo is related to the high and or pulsatile arterial wall 

shearr stress. In contrast, static cultures and venous endothelial cells have lower basal levels 

off  LKL F expression. Treatment of endothelial-cell cultures with the inflammatory-

cytokinee TNF-oc resulted in a substantial down-regulation of the LKLF' mRNA (Dekker et 

a/.,a/., 2002). Thus, the reduced expression of LKL F in the endothelium, covering lesion-

pronee sites in various human vascular specimens (Fig. 3 and 4), is thus likely the result of 

locall  blood-flow turbulence in combination with a chronic inflammation of the vessel wall, 

involvingg cytokines such as TNF-x It remains to be established, however, which of these 

LKL FF transcriptional modulators that have been identified prevails in regulating 

differentiall  LKL F transcription in vivo. Additional cell-culture experiments in this study 

demonstratee that only when shear-stress levels exceed 5 dyne/cm2, LKL F is substantiallv 

induced.. This "threshold-level", which has to be passed before substantial transcriptional 

inductionn of LKL F is observed, has interesting implications for the flow-regulated 

expressionn of LKL F in human vascular tissues and die murine carotid artery collar model. 

Thee lower expression of LKL F in the human umbilical vein (Fig. IB), compared to the 

umbilicall  arteries, is in agreement with the lower shear stresses that are typicallv observed 

inn veins (<5 dyne/cm2). The high LKL F mRNA levels that were found in the adventitial 

capillariess ot multiple human vascular donors arc in line with the high shear stresses that 

capillaryy endothelial cells are exposed to as a result of their small lumen diameter. In 

addition,, our previous finding that the in ritro  LKLF' transcriptional response to pulsatile 

flowflow is significantly higher compared to steady flow likelv has interesnng implications for 

itss in vivo expression (Dekker et a/., 2002). Particularly, the large elastic arteries are exposed 

too pulsatile flow, thus giving a sound explanation for the high endothelial LKL F 

expressionn levels that were observed in all human aorta specimens. Furthermore, flow 

pulsauonn increases the complexity of turbulent flow and is far less pronounced in such 

regionss where flow is already random. The reduced pulsatilitv component of turbulent 

flow-flow- is thus a potential source of the reduced expression of LKL F near the branches of 

thee aorta. In addition, the contrasting difference between these tvpes of flow locally 

generatess steep shear stress gradients. The importance of such gradients for flow-regulated 

genee expression was previously demonstrated and provides further support for these 

substantiall  differences in LKLF' expression (DePaola el a/., 1999;. At the onset of shear 
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stresss in in vitro model systems, transient intracellular Ca2*  burst have been observed and 

impliedd as part of endothelial shear-stress signal transduction (Ando eta/., 1993). Possibly, 

thee transient transcriptional response of LKL F to steady shear stress is related to these 

(."a2""  transients. In this view, pulsatile flow might repeatedly trigger these bursts, 

integratingg into the cont inuous transcriptional response of LKLF . Moreover, these 

thoughtss can explain the higher transcriptional response to pulsatile than to steady flow, as 

thee pulsatile flow-mediated re-triggered Ca2+ increases can accumulate into an augmented 

andd cont inuous response. 

Placementt of a Sum en-narrowing collar around the carotid arteries in a mouse model, 

therebyy locally increasing luminal flow and shear stress proportionally, resulted in a 

significantt increase of endothelial LKL F expression. The work of von der Thiisen et a/., 

describingg this model, previously demonstrated that the expression of the established 

shear-regulatedd endothelial genes 1CAM-1, YCAM- 1 and e \ OS in the constricted lumen 

off  the carotid artery is modulated (von der Thusen cl #/., 2001). Therefore, the flow-

responsivee expression ot LKLF ' in this murine flow model supports the flow-regulated 

expressionn of LKLF" in the human vascular specimens. In addition to the intended flow 

increase,, placement of a collar around an artery might affect the local hemodynamics in 

otherr ways. The elasticity of the vessel is constrained by the collar, resulting in a locally 

decreasedd compliancy and associated endothelial cell and SMC stretch, which are 

generatedd by the pulsatile variation of pressure. N o significant effect of cyclic strain on 

LKL FF expression in HL'VEC was observed in vitro, thereby ruling out a potential effect of 

aa hemodynamic force other than shear stress and the pressure that is necessary to drive a 

flowflow system. FAen though the most relevant and experimentally feasible endothelial 

condit ionss have been tested, the possibility exists that L K L F in vivo is induced by other, yet 

unknownn stimuli. 

Thee endothel ium plavs a central role in coordinating sprouting and assembly of new blood 

vessels,, particularly during embryogenesis (reviewed by Risau et ah, 1995). Moreover, it is 

thee key controller ot vessel wall homeostasis during the entire lif e span ot the vasculature. 

Too that end, under condit ions of health and disease, endothelial cells constantly 

communicatee with cells in the subendothelial space, relaying various blood-borne 

biological,, chemical and mechanical signals from the luminal side and vice versa. While in 

somee of these processes the endothel ium plavs merely a passive or facilitating role, in 

manyy cases the endothel ium responds to changes in its biological environment by adapting 

itss gene expression pattern accordingly (Topper et ni., 1999). These changes in gene 

expressionn result from modulation of either the product ion or the activity of numerous 

transcriptionn factors (Resnick et a/., 1993; Nagel et ai, 1999; Bao et <//., 1999}. The 

exclusivityy of the endothelial communicative processes suggests that a unique set ot 

endothelial-- and stimulus-specific transcription regulator) pathways is required. Since the 

completionn of the human genome sequencing projects, it has become apparent that the 

genomee encodes a substantial, but still limited, number of transcription factors 

(McPhersonn et a/., 2001; Venter et a/., 2001). Hence, in order to obtain specificity in the 
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mam'' gene regulatory pathways, unique combinations of non-cell type and non-stimulus-

specificc transcription factors are frequently used in a combinatorial fasliion to generate ceil 

specificity. . 

Too date, LKL F has been the subject of limited functional studies, mainly aimed at its 

involvementt in T-cell activation (Kuo ef «//., 1997a, 1997b). expression of LKL F has been 

demonstratedd in a limited number of cell types that are somehow related to the vasculature 

andd blood-borne processes, i.e. endothelial cells (Kuo eta/., 1997b), naive T-cclls (Kuo et 

a/.,a/., 1997a), pre-adipocytes (Kuo ef a/., 1997) and primary' monocytes (this stud}'). In T-cells, 

pre-adipoevtes,, and likely monocytes, LKL F is a marker for different developmental stages 

ass expression is lost during activation/differentiation. A direct correlation of LKL F with 

thee undifferentiated state of the pre-adipocyre was demonstrated, as LKL F suppresses the 

expressionn of PPAR-y2, a transcription factor that is essential for maturation into 

adipocytes.. Similarly, down-regulation of LKL F upon T-cell activation demonstrates that 

inn this particular cell type, LKL F plays an important part in T-cell differentiation and 

quiescencee (Kuo el a/., 1997a). The gene knockout studies in mice have revealed that 

endotheliall  LKL F has an indispensable role during vasculogenesis in embryonic mice 

(Kuoo ef a/., 1997b). Together with the finding that LKLF' expression in embryonic wild 

typee mice is restricted to the endothelium, this observation elaborated into the concept 

thatt downstream products of endothelial LKL F would have a critical role in stabilization 

off  the new vessel. Likely, the products that arc made under transcriptional control of 

LKLF '' are secreted into the subendothelial space and are involved in coordinating SMC 

behaviorr during the formation of the medial SMC layers, i.e. growth factors or 

chemoattractants.. In addition, in line with the observed correlation between T-cell 

quiescencee and high LKL F expression levels, a similar role of LKL F in pertaining 

endotheliall  quiescence under shear stress can be expected. 

Inn summary, irrespective of its source of transcriptional regulation, the differential and 

endothelial-exclusivee LKL F expression in both human and murine vascular tissues, 

togetherr with the phenotype of LKL F mice implies an important function tor this 

transcriptionn factor in vascular biology'. The transcriptional targets for LKLF' likely 

constitutee one or multiple endothelial-specific pathways that directly drive the regulatory 

functionss of the endothelium in the vessel wall. Therefore, LKL F is a marker for the 

quiescent,, naive state of all these cell-types and exerts this function by regulating the 

expressionn of, most likely, the genes that are specific to the resting cell. Along the same 

line,, repression of the usually high endothelial LKL F levels at sites of turbulent flow might 

activatee the endothelium to communicate 'stress' signals to the various subendothelial and 

lumenall  cell types. The immediate-early transcriptional response of LKL F to flow implies 

thatt this transcription factor is one of the direct functional effects of shear stress on 

endotheliall  function, rather than an indirect consequence thereof. Flucidation of the 

downstreamm transcriptional targets of LKL F will ultimately result in a better understanding 

off  the contribution and importance of the LKLF-driven pathways to endothelial 

(dvs)function. . 
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MATERIAL SS AND METHODS 

Celll culture, shear stress and stretch experiments 

II  IL'YEC were isolated as described (jaffc el ai, 1973; Horrevoets ft ai., 1999) and cultured 

inn Medium-199 (G/bco-BRl „  Paisley, Scotland), supplemented with 20% (v/vj fetal bovine 

serumm (PBS), 50 pig/ml heparin [Sigma, St. 1 jmis, A/O), 6-25 pig/ml endothelial Cell 

Growthh Supplement (KCGS) {Sigma), 100 I ' /ml penicillin/streptomycin {G/bcu-BR\.). Cells 

att passage level 1-2 were plated on fibronectin-coated Thermanox coverslips (ATTvC, 

Xapienvile,Xapienvile, JL) in growth medium containing 6 [ig/ml FCGS, 24 hours before the 

exposuree to shear stress. Shear stress was applied in a parallel plate-type flow chamber as 

describedd (Dekker et al., 2002). The flow system was driven by a CelLMax Quad positive-

displacementt pump (Cef/co hn\. Gerwantonti, WD) at settings 1, 2, 4, 6 and 8, generating a 

shearr stress ot 0.5, 1.4, 3.0, 5.1 and *\3 dyne/cm2, respectively. At all settings used, the 

timee dependent pulsatile flow variations in this system were determined as previously 

describedd (Dekker et cj/., 2002). From these measurements the mean, minimal and maxima! 

shearr stress was calculated for each setting, using: T ~ 6-ïyQ/l.rh-, where r is shear stress 

(dyne/cm2),, T] is viscosity (-0.01 dyne-s/cm2), Q is flow (ml/s), b is flow-cell width (0.98 

cm),, anti h is flow-cell height (0.06 em). After various periods of flow-exposure, total 

RNAA was isolated using TRIZOL [Invitrogen, Gar/sbad, GA), according to the 

manufacturerss instructions. 

Forr the cell-stretch experiments, second-passage HUVFC cultures were plated on a 

fibronectin-coatedd BioFlex Collagen 1 plate (t'/exce//. Hillsborough, XQ and maintained on 6 

fig/mll  F.CGS alter reaching confluency. Uniaxial cyclic strain of either 5 or 15% was 

appliedd for various time intervals using a FX-3000 Mexercell Strain L nit  at a cycle 

frequencyy of 1 and 0.3 Hz, respectively. At the indicated timepoints, total RNA was 

isolatedd using the Absolutely RNA RT-PCR Miniprcp Kit {Stratagem. \M Jolla. GA). 

Humann primary monocytes were obtained from the huffy coats of two different donors 

(Sttucj/rin(Sttucj/rin \otttidation, Amsterdam. 'I'be Xetberbvids) by centrifugation through \ .ymphoprep™ 

solutionn [Axis-Sbiv/d, Os/o. Xonrar) and further purified by negative selection using the 

Monocytee Negative Isolation Kit (Dymri Biokcb. Oslo. Xomay). Subsequently, monocytic 

totall  RNA was directly isolated using the .Absolutely RNA RT-PCR Miniprcp Kit. 

Semi-quantitativee real-time RT-PCR 

Reversee transcription or 3 jig of total RNA wits performed with 1 fig i'dT)]2 is primer 

{(>tB(.O-HRL),{(>tB(.O-HRL), using Superscript II . Real-time RT-PCR reactions were performed using 

thee FastStan DNA Master S'ilïR Green I kit [Rack: Wamibeim, German) in the LighrCvclcr 

Systemm (Roche). Primers were: human 1..KFF, (forward) 5'-GCA CGC ACA CAG GTG 

AGAA AG-.V and (reverse) 5'-ACC AGT CAC AGT TTG GGA GGG-3' and human 
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HPRT,, (forward) 5'-GGG GCT ATA AAT TCT TTG CTG ACC-3' and (reverse) 

5'' GCG ACC TTG ACC ATC T I T GG-3'. Using a range of c D \A dilutions, the PCR 

efficiencyy was determined for each primer pair separately and used to calculate relative 

differencess between the samples. After correction for IIPRT, the LKTh mRNA levels 

weree expressed as ratios compared to the control cultures. 

Vascularr tissues and immunohistochemistry 

Humann vascular tissue specimens were collected after obtaining informed consent during 

organn transplantations trom multiorgan donors according to the Helsinki protocols 

(approvedd by the AMC Medical lithkal Committee #95/146). Tissues were fixed in formalin 

withinn 5 minutes atter resection and subsecjuently paraffin-embedded. Paraffin sections 

(166 u.m) were mounted on Superb'rost Plus microscope slides (Men^el-Glascr, Braunschweig, 

Germany). Germany). 

Murinee carotid arteries were stained immunohistochemicallv with antibodies directed 

againstt 11AM-56 (/VIA'O, dilution 1:50), von WHlebrand factor (\A\T) (rabbit-and-human, 

dilutionn 1:250), proliferating cell nuclear antigen (PCNA) (monoclonal mouse-anti-human, 

dilutionn 1:100), AIA (rabbit-anti-mouse, dilution l:5()00), Ly-6G (dilution 1:500). 

Secondaryy antibodies were biotin-labeled rat-anti-mouse for PCNA (dilution 1:400) and 

goat-anti-rabbitt for vWF and AIA (dilution 1:200). The secondan' antibodies were 

detectedd using the StreptABCumplex/HRP kit (DakoCytomaiion, Glostmp, Denmark) with 3-

amino-9-ethylcarbazolee {AFLC) (Sigma) as a substrate. Counterstaining was performed with 

hematoxylin/eosinn according to standard procedures. 

Non-radioactivee mRNA in situ hybridization 

Thee in situ hybridizations were performed essentially as described (Moorman et al, 2001, 

Dekkerr d a/., 2002). Riboprobes were derived from the following cDNA fragments: 460-

bpp ftr/NI-&r/NT  fragment of the human LKL F cDNA (GenBank: H28611), a 192-bp 

fragmentt of human v\ \T cDN A 8239-8442 bp (GenBank: X04385), 40H-bp Sali-Pacl 

fragmentt (complete 3' untranslated region) of mus musculus I.KL F cDNA (GenBank: 

AA11 84928), and a 200-bp fragment of mus musculus v\\T cDNA (GenBank: W20T54), 

Alll  cDNA clones were obtained as IMAGM-consortium cDNA clones (Lennon d ul., 

1996)) from the I k Human Genome Mapping Project Resource Centre {Cambridge, i'.K.). 

Murinee carotid artery collar model 

Carotidd artery collar experiments were performed as described Aon der Thusen et al., 

2001),, Briefly, male Apo H mice of 20 weeks were fed a scmi-svnthetic Western-type 

diet.. Atter 2 weeks, non-constrictive collars (0.3 mm diameter, 2 mm in length; were 

placedd around the lett and right carotid arteries. After continuing feeding the mice a 

InIn vivo endothelial LKLF expression || 141 



]xtn.]xtn. Subsequently, in si/a hybridizations were performed for murine v\VF and LiCLF m 

describedd above for human tissue. 
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