Expression of the Bumetanide-sensitive Na-K-CI Cotransporter BSC2 Is
Differentially Regulated by Fluid Mechanical and Inflammatory Cytokine Stimuli

in Vascular Endothelium

James N. Topper,* * Scott M. Wasserman,* Keith R. Anderson,* Jiexing Cai,

§ Dean Falb, 8 and Michael A. Gimbrone, Jr.*

*Vascular Research Division, Department of Pathology, and *Cardiovascular Division, Department of Medicine, Brigham and Women’s
Hospital and Harvard Medical School, Boston, Massachusetts 02115-5817; and $Millennium Pharmaceuticals, Cambridge, Massachusetts

02139-4815

Abstract

In vascular endothelium, the electroneutral Na-K-Cl co-
transport system is thought to function in the maintenance
of a selective permeability barrier in certain vascular beds
(e.g., brain), as well as in the preservation of endothelial ho-
meostasis in the face of fluctuating osmotic conditions that
may accompany certain pathophysiological conditions (e.g.,
diabetes mellitus). Here we demonstrate that the gene en-
coding the bumetanide-sensitive cotransporter BSC2, one of
the two major isoforms of Na-K-Cl cotransporters present
in mammalian cells, can be differentially regulated by in-
flammatory cytokines and fluid mechanical forces in cul-
tured endothelium. Interleukin-13 and tumor necrosis fac-
tor-a significantly upregulate expression of BSC2 mRNA
and protein in human umbilical vein endothelial cells, a re-
sponse that is inhibited by pretreatment with interferon-y.
Steady laminar fluid shear stress, at a physiologic magni-
tude (10 dyn/cm?), is also able to induce and maintain ele-
vated expression of BSC2 in cultured human umbilical vein
endothelial cells, while a comparable time-averaged magni-
tude of turbulent fluid shear stress is not. In vivo, BSC2
mRNA is upregulated after intraperitoneal administration
of bacterial endotoxin (LPS) in murine lung and kidney, but
not in cardiac tissue. These results provide the first experi-
mental evidence that the BSC2 gene can be selectively regu-
lated by different inflammatory cytokine and fluid mechani-
cal stimuli in endothelium, and support a role for BSC2 in
vascular homeostasis and inflammation. (J. Clin. Invest.
1997. 99:2941-2949.) Key words: Na-K-Cl cotransport « en-
dothelium « cytokines « shear stress « inflammation

Introduction

Most mammalian cells express a cell surface membrane-asso-
ciated electroneutral Na-K-Cl cotransport system. In general,
this system is thought to support two primary physiologic func-
tions: vectorial transport of ions across certain polarized epi-
thelia, and a more generalized regulation of intracellular vol-
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ume common to many cell types (1, 2). Specifically, in vascular
endothelium, this system is thought to contribute to the main-
tenance of a selective permeability barrier at the blood-tissue
interface in certain organs (e.g., the “blood-brain” barrier in
the central nervous system), as well as the integrity of the vas-
cular lining in response to fluctuations in ambient osmotic con-
ditions that may accompany certain pathophysiologic states
(e.g., diabetes mellitus) (3, 4). Because of the potential impor-
tance of electroneutral Na-K-Cl transport in the adaptation of
endothelium (and other cell types) to varying physiologic and
pathophysiologic conditions, the regulation of this class of
transporters has been an active area of study. In addition, this
system is the primary molecular target of a commonly used
class of drugs known as the loop diuretics (hence the term bu-
metanide-sensitive Na-K-Cl transport), and thus the regula-
tion (or dysregulation) of its expression may be relevant in a
number of clinical disease settings.

Several laboratories have reported that the activity of this
Na-K-Cl cotransport system is responsive to biochemical stim-
uli, such as vasoactive hormones, or biophysical stimuli, such
as osmotic stresses, in both endothelial and nonendothelial cell
types (3-5). This regulation of activity appears to occur pre-
dominantly at a posttranslational level as a result of the ability
of cells to alter the activity of existing transport molecules via
changes in their phosphorylation states (1, 6, 7). Recently, the
molecular basis for mammalian Na-K-Cl cotransport has be-
gun to be elucidated via the identification of two genes encod-
ing distinct electroneutral Na-K-Cl cotransport molecules (2,
8-12). The first gene, bumetanide-sensitive cotransporter 1
(BSC1, also known as NKCC2),! encodes a kidney-specific
Na-K-Cl cotransporter expressed on the apical surface of epi-
thelial cells lining the thick ascending limb of Henle (9, 13, 14).
This molecule, also termed the absorptive form, is thought to
play a central role in transcellular reabsorbtion of NaCl in the
kidney tubule. A second gene, BSC2 (or NKCC1), encodes a
more widely expressed cotransporter. This molecule (also
known as the secretory form) is thought to function in intracel-
lular volume regulation in a variety of cell types, as well as
more specialized functions such as salt and water secretion
across respiratory, sweat gland, and salivary epithelia (1, 8, 15).
Both of these molecules are members of the large superfamily
of 12 membrane-spanning transporters whose members sub-
serve diverse functions ranging from the transport of inorganic
and organic ions to the regulation of macrophage activation
and antimicrobial activity (1, 16).

1. Abbreviations used in this paper: BSCI1, bumetanide-sensitive
cotransporter 1; HUVEC, human umbilical vein endothelial cell;
ICAM-1, intercellular adhesion molecule-1; LSS, laminar shear
stress; rhIL-1B, recombinant human IL-18; RT-PCR, reverse tran-
scriptase—PCR; TSS, turbulent shear stress.
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In this report, we demonstrate that the levels of BSC2
mRNA and protein are selectively regulated by certain inflam-
matory cytokine and fluid mechanical stimuli in cultured hu-
man endothelial cells. Furthermore, systemic activation of en-
dothelium and other cells by intraperitoneal Gram-negative
bacterial endotoxin (LPS) administration in the mouse results
in upregulation of this molecule in lung and kidney. These re-
sults demonstrate for the first time that the genes encoding the
human and mouse Na-K-Cl cotransporter BSC2 can be regu-
lated by both humoral and biomechanical stimuli, pointing to a
more complex role for this molecule in vascular homeostasis
than previously appreciated.

Methods

Endothelial cell culture. Human umbilical vein endothelial cells
(HUVEC) were isolated from multiple segments of normal term um-
bilical cords, pooled and cultured in Medium 199 supplemented with
Endothelial Cell Growth Supplement (50 wg/ml; Collaborative Re-
search Inc., New Bedford, MA), heparin (50 wg/ml, porcine intestinal;
Sigma Chemical Co., St. Louis, MO), antibiotics (100 U/ml penicillin-G,
100 pg/ml streptomycin; Sigma Chemical Co.), and 20% fetal bovine
serum. Cells at passage level 2 or 3 (unless otherwise specified) were
replicate plated on 0.1% gelatin-coated standard petri dishes or spe-
cially designed plates fabricated from the same tissue culture plastic
(Costar Corp., Cambridge, MA), and allowed to grow to confluent
densities before experimental use. For the experiments involving pro-
gressive passage of HUVEC (see Fig. 1 C), a split ratio of 1:4 was em-
ployed at each subculture.

Differential display and semiquantitative reverse transcriptase—
PCR analyses. Differential display was performed on RNA isolated
from HUVEC exposed to steady laminar and turbulent shear
stresses, or the cytokine stimulus recombinant human IL-18 (rhIL-1B),
as previously described (17, 18). Semiquantitative reverse transcriptase
(RT)-PCR were carried out as previously described (18). The se-
quences of the primers used for the RT-PCR analyses of BSC2 are as
follows: BSC2, 5’GCAGTCCTTGTTCCTATGGC3' and 5'CACTAG-
GGATGCTAATGC3'; GAPDH, 5TGAAGGTCGGTGTGAACG-
GATTTGGC3' and 5’"CATGTAGGCCATGAGGTCCACCACS'.

Cytokine treatment and Northern blot analysis. HUVEC at con-
fluent densities were treated with cytokines by replacing the growth
medium with identical medium supplemented with the appropriate
cytokine. Recombinant human IL-1B (Biogen, Inc., Cambridge, MA)
was used at 10-20 U/ml, TNF-a (Genzyme, Corp., Boston, MA) at
200 U/ml, and interferon-y (Genzyme, Corp.) at 500-1,500 U/ml.
Controls were treated identically without the addition of cytokine.
RNA was isolated by guanidinium/phenol extraction, resolved on 1.2%
agarose/formaldehyde gels, and transferred to nylon membranes by
capillary blot. The probe for BSC2 consisted of a cDNA fragment
generated by PCR corresponding to nucleotides 1850-2148 of the hu-
man BSC2 gene (accession No. U30246; Genbank/EMBL/DDBJ);
this fragment possesses < 60% homology with the BSC1 gene. Blots
were washed with 0.2X SSPE and 0.1% SDS at 60°C and, after strip-
ping, were reprobed with a cDNA encoding human GAPDH as a
control for RNA loading.

Shear stress apparatus. Confluent HUVEC monolayers grown on
17.8-cm diameter “maxiplates” (~ 107 cells/plate) were introduced
into a coneplate flow cuvette (19) consisting of a stainless steel cone
rotating over a stationary baseplate. The culture medium present be-
tween the cone and the plate was constantly replenished at the rate of 0.5
ml/min during experiments, and the entire apparatus was maintained
in a humidified 5% CO,/95% air atmosphere. The equations and cal-
culations for describing the shear stresses generated in this coneplate
apparatus have been reported in detail previously (20). For laminar
shear stress at 10 dyn/cm?, we used a 0.5° cone at a rotational velocity of
100 rpm; for 4 or 12 dyn/cm?, the rotational velocity of the cone was
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40 or 120 RPM, respectively. As described by Sdougos et al. (20), the
parameter R is a function of the local radius from the center of the
cone, the angular velocity of the cone, the angle of the cone itself, and
the fluid kinematic viscosity of the media, and at values < 1, it pre-
dicts laminar flow conditions. Turbulent shear stresses can be gener-
ated by manipulating these variables to achieve R values > 4. Using
a 3.0° cone angle, a rotational velocity of 135 rpm and radii = 3.5 cm,
the R values are > 5, and turbulence is predicted as well as observed
experimentally. For the experiments involving pretreatment with in-
terferon-vy, the cells were preincubated for 12 h in media containing
IFN-y (500 U/ml), and then exposed to laminar fluid shear stress
(LSS) at 10 dyn/cm? for 6 h in the continued presence of the cytokine.

Nuclear runoff analysis. Three maxiplates (~ 107 cells/plate) were
simultaneously prepared as above. One served as a control, one was
treated with 20 U/ml of rhIL-1 for 3 h, and the third was subjected
to 3 h of steady LSS at 10 dyn/cm? as above. Transcriptional rate of
BSC2, intercellular adhesion molecule-1 (ICAM-1), and tubulin was
assayed by nuclear runoff as described (18). Rsv-CAT is a plasmid
that contains no endothelial genes and serves as a negative control.

Fluorescence immunoassay and indirect immunofluorescence.
For the BSC2 immunoassay, HUVEC monolayers were prepared on
specially constructed, tissue culture-treated plastic coverslips (Costar
Corp.) and exposed to the appropriate stimuli. These were fixed and
permeabilized with cold methanol (—20°C) for 5 min and incubated
with the primary antibody consisting of an affinity purified polyclonal
rabbit antiserum directed against the carboxy (intracellular) terminus
of the murine BSC2 molecule expressed as a fusion protein (kindly
provided by E. Delpire, Children’s Hospital, Boston, MA). This anti-
sera is specific for the BSC2 isoform and does not cross-react with the
BSC1 molecule (15). The monolayers were then washed and incu-
bated with goat anti-rabbit IgG conjugated to FITC. After a second
round of washing to reduce nonspecific binding, the monolayers were
lysed in 0.01% NaOH and 0.1% SDS and the fluorescence intensity
was measured in a fluorimeter. Fold induction was calculated by di-
viding the fluorescence intensity of the test monolayers by the fluo-
rescence of identical control monolayers that had not been exposed
to the respective stimuli. For immunofluorescence microscopy, the
monolayers were fixed and permeabilized as above and stained with
the same primary antisera followed by a biotinylated goat anti-rabbit
secondary antibody, detected with avidin-Texas red (Vector Laborato-
ries, Inc., Burlingame, CA) and imaged with a Microphot-FXA fluo-
rescence microscope (Nikon Inc., Melville, NY), and photographed
with Ektachrome P1600 film (Eastman Kodak Co., Rochester, NY).
To detect cell surface BSC2, HUVEC monolayers (static, rhIL-18
treated) were surface biotinylated with 0.5 mg/ml sulfo-NHS-biotin
(Pierce, Rockford, IL) in Dulbecco’s PBS. The cells were subse-
quently washed, lysed in 1% Triton X-100, 0.1 M Tris-HCI, pH 7.4,
0.15 M NaCl, 5 mM EDTA, 1 mM PMSF, 10 pg/ml leupeptin, 60 U/
ml aprotinin, and immunoprecipitated with the anti-BSC2 antisera,
or rabbit IgG as a control. The immunoprecipitates were run on 10%
acrylamide gels, transferred to nitrocellulose, and probed with
Streptavidin-HRP (Amersham Corp., Arlington Heights, IL), fol-
lowed by a chemiluminescent substrate to detect biotinylated protein.

Induction of BSC2 expression in vivo. Young adult (6-8-wk old)
C57/B6 mice were injected intraperitoneally with either sterile phos-
phate-buffered saline, pH 7.4 (control), or 2 pg/g body wt purified
Gram-negative bacterial endotoxin (LPS) (Sigma Chemical Co.). The
mice were killed 24 or 48 h later, and the heart, lungs, and kidneys
were harvested. For RNA analysis, the organs were homogenized in a
polytron homogenizer, RNA isolated by guanidinium/phenol extrac-
tion, and Northern analysis was carried out as above.

Results

Identification of the cotransporter BSC2 as a regulated gene in
cultured human endothelial cells. As part of an analysis aimed
at identifying and characterizing novel genes regulated by both
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Figure 1. (A) Semiquantitative RT-PCR
validation of BSC2 as a regulated species
in endothelial cells. The left panel demon-
strates the pattern of expression of a par-
tial cDNA, identified by differential dis-
play, in HUVEC exposed to steady
laminar shear stress (LSS, 10 dyn/cm?), tur-
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humoral and biomechanical stimuli in vascular endothelium,
we exposed cultured HUVEC to three distinct types of stimuli
and analyzed the resulting patterns of gene expression by dif-
ferential display. The stimuli chosen consisted of a steady LSS
at a physiologic magnitude (10 dyn/cn??), turbulent shear stress
(TSS), a nonlaminar fluid mechanical stimulus of an equiva-
lent time-averaged magnitude, and the soluble cytokine stimu-
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serves as an internal control for RNA nor-
malization. The partial cDNA identified by
differential display was used as a probe in a
Northern analysis of RNA isolated from
static (Control), or shear stressed (24 h, 10
dyn/cm?) endothelial cells. The locations of
the 18S and 28S ribosomal RNA bands are
indicated to the left, and the arrowheads to
the right indicate the two major species de-
tected (~ 7.2 and 5.1 kB, respectively). (B)
Induction of human BSC2 RNA (hBSC2)
in HUVEC by cytokines. Northern analy-
sis was performed on RNA isolated from
cultured HUVEC that had been stimulated
with 24 or 48 h of recombinant interleukin-
1B (20 U/ml), tumor necrosis factor-a (200
U/ml), or interferon-y (500 U/ml). Con-
trols consisted of static HUVEC that were
not stimulated with cytokine. Arrowheads
indicate the two major RNA species de-
tected. The blots were reprobed with
GAPDH to control for RNA loading. (C)
The induction of BSC2 RNA in HUVEC
in response to cytokine stimulation is inde-
pendent of prolonged passage in vitro.
HUVEC at subculture-1 (sc-1), -3 (sc-3), or
-5 (s¢-5) were stimulated for 0 or 24 h with
interleukin-1B (20 U/ml), and levels of
BSC2 RNA were determined by Northern
analysis. GAPDH serves as a control for
RNA loading. Arrowheads indicate the
two major RNA species detected.

lus rhIL-1B at a maximally effective concentration (20 U/ml).
As reported previously, these three distinct stimuli reproduc-
ibly elicit complex patterns of gene expression in these cells
(18). One pattern, which we have termed “selective cytokine
and laminar shear upregulation,” was manifest by several tran-
scripts identified by differential display, one of which is shown
in Fig. 1 A. As demonstrated by semiquantitative RT-PCR, a
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species labeled here as BSC2 (see below) is markedly upregu-
lated by 6 h of steady LSS, but not by an equivalent exposure
to TSS, and is also upregulated by the IL-1B cytokine stimulus.
As shown in Fig. 1 A, right, when the partial cDNA identified
by differential display was cloned and used to probe RNA iso-
lated from static and shear-stressed HUVEC, it identified two
RNA species (~ 7.2 and 5.1 kb in length) that were upregu-
lated significantly by exposure to steady laminar fluid shear
stress. This partial cDNA was then sequenced and used to ob-
tain a full length cDNA from a library constructed from cul-
tured HUVEC. Initial sequence analysis revealed a novel
member of the 12 membrane-spanning superfamily of trans-
porters that was ~ 70% homologous to a Na-K-Cl cotrans-
porter from shark rectal gland (data not shown) (12). Subse-
quently, Payne et al. (11) reported the primary structure of the
bumetanide-sensitive Na-K-Cl transporter (BSC2, NKCC1)
from a human colonic cell line, and examination of that se-
quence revealed it to be identical to that of the human endo-
thelial-derived clone.

The size of the larger transcript detected in Fig. 1 A is con-
sistent with the reported size of the major transcript for the hu-
man BSC2 gene (11). In addition, we reproducibly observed a
smaller, less abundant transcript of ~ 5 kb. Payne et al. have
reported a transcript of this size in human kidney, which they
identify as BSC1, or the kidney-specific isoform that is en-
coded by a separate gene (9-11). However, because the probe
we used would not be predicted to hybridize to BSC1 RNA
under the conditions employed (see Methods), this smaller
transcript observed in HUVEC likely represents an alternative
transcript generated from the BSC2 gene. This would be con-
sistent with the results reported for the murine BSC2 gene,
which has been demonstrated to produce two major transcripts
similar in size to the two transcripts we detect in HUVEC, the
longer consisting of a 3’ extension of the smaller transcript (8).
The significance of these two alternative forms is currently un-
known and, in all of our analyses, they appear to be coordi-
nately regulated.

BSC2 gene is selectively responsive to certain inflammatory
cytokines in vascular endothelium. To characterize the ob-
served cytokine responsiveness of BSC2 in more detail, cul-
tured HUVEC were exposed to rhIL-1B, TNF-a, and inter-
feron-y. As demonstrated in Fig. 1 B by Northern analysis, the
steady state level of transcript for BSC2 was upregulated after
24 and 48 h of exposure to either rhIL-1B or TNF-«. In con-
trast, interferon-y had no effect when added alone. Induction
by rhIL-1B or TNF-a was seen as early as 3 h after exposure to
the cytokine and appeared to peak at between 12 and 24 h
(data not shown), and was sustained for at least 48 h (Fig. 1 B).
To address the issue of whether the significant inducibility
demonstrated here related to serial passage in vitro (21), we
tested the ability of isolated HUVEC at subculture 1, 3, or 5 to
manifest induction of the BSC2 gene in response to IL-1B. As
seen in Fig. 1 C, the cytokine inducibility of this gene was not
significantly affected by serial passaging of the cells in vitro.
Furthermore, rhIL-1B reproducibly induced significant upreg-
ulation of BSC2 in > 15 separate HUVEC isolates that were
tested (data not shown).

Interferon-y is an immunomodulatory molecule known to
have diverse actions (22). In cultured HUVEQC, it is capable of
acting synergistically with the inflammatory cytokines 1L-1B
and TNF-a to augment induction of certain cell surface adhe-
sion molecules (23). In preliminary experiments designed to
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determine whether a similar effect would be seen with BSC2
gene regulation in HUVEC, we observed that the co-addition
of interferon-y significantly blunted the response of this gene
to both IL-18 and TNF-a (data not shown). To examine this
further, HUVEC were preincubated with interferon-y for 12 h,
and then stimulated with IL-18 or TNF-a in the continued
presence of interferon-y. As demonstrated in Fig. 2, this re-
sulted in almost complete inhibition of induction by either of
these cytokines.

Differential regulation of BSC2 by fluid shear stress stim-
uli. A diverse group of genes has now been demonstrated to
be regulated by fluid shear stress in vitro; however, to our
knowledge BSC2 represents the first molecule of its class to be
identified as a shear-responsive species (24-26). To further
characterize this novel finding, we investigated the behavior of
the BSC2 gene in response to a variety of shear stress condi-
tions in vitro, using a coneplate flow apparatus as described in
Methods. As demonstrated in the first two lanes of Fig. 3,24 h
of steady laminar shear stress at a magnitude of 10 dyn/cn? re-
sults in a significant upregulation of the level of BSC2 mRNA.
This level of induction is comparable with that observed after
24 h exposure to rhIL-1B (Fig. 3 A, lane 4), while 24 h of turbu-
lent shear stress, delivered at a comparable time-averaged
magnitude, did not significantly induce this gene (Fig. 3 A, lane
3). We performed a series of preconditioning experiments to
further investigate this selective induction in response to
steady laminar shear stress. As demonstrated in Fig. 3 A, lanes
5-7, a lower magnitude of steady laminar shear stress (4 dyn/
cm?) for 24 h did not induce significant expression of BSC2
(Fig. 3 A, lanes 5 and 6). However, when the cells were precon-
ditioned by exposure for 18 h to this “lower” magnitude of
laminar shear (4 dyn/cm?), and then exposed for only 6 h to a
higher level of LSS (12 dyn/cm?), significant induction of BSC2
was observed (Fig. 3 A, lane 7). Interestingly, as shown in Fig.
3 A, lanes 8 and 9, the reciprocal experiment, consisting of pre-
conditioning by exposure for 18 h to 12 dyn/cn? of LSS, and
then lowering the magnitude of applied shear stress to 4 dyn/
cm?for an additional 6 h, resulted in rapid decay in the level of
BSC2 mRNA. These results suggest that the induction of
BSC2 gene expression is dependent on both the nature and the
magnitude of the applied fluid mechanical stimulus, and that
sustained exposure to steady laminar shear stress, at a thresh-
old level between 4 and 10 dyn/cm?, is necessary to maintain
induction of the BSC2 gene in vitro.

To determine if IFN-y was capable of inhibiting the induc-



Figure3. (A) BSC2RNA
is upregulated by fluid
mechanical forces in
HUVEC. (Lanes 1-4)
Northern analysis of
HUVEC exposed to
static, no flow conditions
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were exposed to 24 h of steady laminar shear stress at 12 dyn/cm? (LSS(12 d/cm?)), or 18 h of steady laminar shear at 12 dyn/cm? followed by 6 h
of steady laminar shear at 4 dyn/cm? (LSS (12 to 4 d/cm?)). (B) Interferon-vy inhibits LSS-mediated induction of BSC2. HUVEC monolayers
were subjected to static conditions (Control), LSS at 10 dyn/cm? for 6 h, or pretreatment with IFN-y (500 U/ml) for 12 h followed by LSS at 10 dyn/
cm? for 6 h in the presence of IFN-y.
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tion of the BSC2 gene in response to LSS, HUVEC were pre- mechanical stimuli, nuclear runoff analyses were performed.
treated for 12 h with IFN-y (500 U/ml), and then subjected to 6 h As demonstrated in Fig. 4, the transcriptional rate of the BSC2
of LSS at 10 dyn/cm? in the continued presence of IFN-y. As gene was increased in cultured HUVEC in response to both
demonstrated in Fig. 3 B, 6 h of LSS results in a significant in- LSS (10 dyn/cm?) and cytokine (rhIL-18) stimuli. The tubulin
duction of BSC2 mRNA, a response that is completely inhib- gene was not significantly affected by these stimuli, while the

ited by the IFN-y treatment. ICAM-1 gene also demonstrated transcriptional upregulation

Upregulation of the BSC2 gene occurs at the level of tran- in response to both cytokine and shear stress stimuli, consis-
scriptional activation and results in increased expression of the tent with previous data (18). These results indicate that the up-
BSC2 protein. To further investigate the mechanism of induc- regulation of steady state mRNA for BSC2 occurs, at least in

tion of the BSC2 gene in response to both cytokine and fluid  part, at the level of transcriptional activation, and suggest that
one or more cis-acting elements within the promoter of this
gene are responsive to shear stress and cytokine stimuli.

To determine whether this upregulation at the level of
mRNA results in an increase in BSC2 protein, fluorescence
immunoassays were performed using an affinity purified poly-
clonal antisera generated against the BSC2 protein (15). This
polyclonal antibody is specific for the BSC2 isoform and cross-
reacts with the human molecule as evidenced by immunoblotting
Lo (data not shown). As seen in Fig. 5 A, total cellular immunore-
active BSC2 protein, quantified by immunobinding in perme-
abilized HUVEC monolayers, was increased approximately
five- and eightfold, respectively, by exposure to steady laminar
shear stress or rhIL-1B. In addition, Fig. 6 illustrates immuno-
fluorescence staining for BSC2 protein in HUVEC monolayers
exposed to 24 h of laminar shear stress or rhIL-1B stimulation.
r— As seen in Fig. 6 a, A, static HUVEC demonstrate little, if any,
specific immunofluorescence. In contrast, after a 24-h expo-
sure to 10 dyn/cm? of steady laminar shear stress, endothelial
cells manifested a characteristic shape change and alignment in
the direction of flow as well as a dramatic increase in BSC2 im-
munofluorescence (Fig. 6 a, B). In response to the cytokine
stimulus (rhIL-1B), the level of immunofluorescence was also

Rsv-CAT
Tubulin
hBSC2

i

.
' . ‘ ICAM-1
'

Control

LSS

IL-18 s

Figure 4. Nuclear runoff analysis of BSC2 in HUVEC exposed to IL-
1B or steady laminar shear stress (LSS). HUVEC were exposed to 3 h
of either rhIL-1B (20 U/ml), steady laminar shear stress (10 dyn/cm?),
or static conditions, and the transcriptional rates of the hBSC2,
ICAM-1, and tubulin genes were measured by nuclear runoff as de-

scribed in Methods. ICAM-1 is known to be upregulated by the cy- significantly increased, although without the typical morpho-
tokine and shear stress stimuli in HUVEC (18). Rsv-CAT is a plas- logical changes noted in the cells exposed to shear stress (Fig. 6
mid containing no endothelial genes that serves as a control for the a, C). Because the antisera used recognizes an intracellular
specificity of hybridization. epitope of BSC2 (and thus requires permeabilization of the
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Figure 5. BSC2 protein
is increased in HUVEC
stimulated with laminar
shear stress or rhIL-1pB.
HUVEC monolayers
subjected to static
(CONTROL),24 h of
10 dyn/cm? laminar
shear stress (LSS 24hr),
or 24 h of 20 U/ml rhIL-
1B (IL-1B 24hr) were
fixed, permeabilized,
and the level of BSC2
protein was assayed by
quantitative fluores-
cence immunoassay, using a specific polyclonal antisera as described
in Methods. Average fold induction of fluorescence intensity relative
to static control monolayers is presented for three separate experi-
ments (error bars represent mean=1 SD).

Relative Fluoresence

Intensity

cells), we employed surface labeling of HUVEC proteins to
determine if increased amounts of BSC2 protein were present
at the cell surface after BSC2 gene induction. As demonstrated
by Western blotting in Fig. 6 b, a significant increase in sur-
face-biotinylated BSC2 protein is present after rhIL-1B treat-
ment (compared with static controls), indicating that cytokine
induction of the BSC2 gene results in increased BSC2 protein
at the cell surface.

The level of BSC2 mRNA is regulated in the lung and kid-
ney in response to inflammatory stimuli in vivo. To investigate
whether BSC2 could be regulated by inflammatory stimuli in
vivo, we exposed mice to a systemic activation stimulus con-
sisting of intraperitoneal Gram-negative bacterial endotoxin
(LPS) administration. This proinflammatory stimulus induces
the expression of a variety of endogenous cytokines, and also
results in the induction of cytokine-regulated molecules in the
vascular endothelium of many tissues in vivo (27). Fig. 7 is a
Northern analysis of tissue from mice that were killed after ei-
ther control injection of sterile PBS, or 24 or 48 h after intraperi-
toneal administration of LPS. As shown in Fig. 7, the human
BSC2 probe used recognizes one major transcript of ~ 7.3 kb
in murine tissues, as well as a minor band at ~ 4.5 kb. These
results are consistent with those reported by Delpire et al. (8).
As demonstrated in Fig. 7 however, the steady state level of
murine BSC2 message was significantly upregulated 48 h after
intraperitoneal LPS administration in both lung and kidney,
while its level remained unchanged in heart. This induction ap-
peared to peak at ~ 24 h and was sustained for at least 48 h af-
ter LPS administration (Fig. 7).

Discussion

This report provides the first experimental evidence that a
member of the superfamily of 12 membrane-spanning trans-
porters, known as BSC2, can be differentially regulated at the
level of gene expression by both inflammatory cytokines and
biomechanical stimuli in human vascular endothelium. In cul-
tured HUVEC, the BSC2 gene is upregulated selectively by
certain cytokines (IL-18 and TNF-a, but not interferon-y), as
well as certain fluid mechanical stimuli (steady LSS but not
TSS), in a time-dependent manner, and this upregulation re-
sults in increased levels of BSC2 protein. Previous studies have
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b Figure 6. (a) Immunofluorescence
microscopy of HUVEC monolay-
rhiL-1B ers subj egt}f/:d to shear stress or c};—
tokine stimuli. HUVEC monolay-
ers were exposed to static (control)
- conditions (A), 24 h of laminar
shear stress (B) or 24 h of rhIL-1B
(C), as in Fig. 5. After fixation in
methanol, specific staining with
anti-BSC2 antisera was detected

Control

B %!
A

o N g s with Texas red, and images were
Ry 8 .-..g' 7] obtained as described in Methods.
= iy c @ The direction of fluid flow in B

was from left to right. (b) Cyto-
kine-induced BSC2 protein is present at the cell surface. HUVEC
monolayers were surface biotinylated (Methods), lysed, and pro-
tein was immunoprecipitated with anti-BSC2 antisera or rabbit IgG.
Biotinyl-labeled proteins were detected by Western blotting with
Streptavidin-HRP. The indicated bands thus represent cell surface
BSC2 protein.
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Figure 7. BSC2 RNA is upregulated in mouse lung and kidney after
intraperitoneal LPS injection. Total RNA was isolated from mouse
lung, kidney, and heart after intraperitoneal administration of sterile
PBS as a control (0), or 24 and 48 h after administration of intraperi-
toneal Gram-negative bacterial endotoxin (LPS). The arrowheads to
the right indicate the locations of the two transcripts detected in
mouse tissues. GAPDH serves as a control for RNA loading.

shown that the activity of Na-K-Cl transporters can be signifi-
cantly modulated by a variety of stimuli, in both endothelial
and nonendothelial cell types, but, in most instances, this regu-
lation appears to be occurring at the level of transporter pro-
tein activity (1, 6). For example, vasoactive substances such as
angiotensin II, bradykinin, thrombin, and atrial naturietic pro-
tein, as well as growth factors such as nerve growth factor, can
rapidly modulate the activity of existing transporter mole-
cules via signaling pathways involving cyclic nucleotides and
protein phosphorylation in vascular endothelium, smooth mus-
cle, mesangial cells, and other cultured cell types (5-7, 28-30).
Opver longer time periods, certain stimuli also have been dem-
onstrated to upregulate the number of transporter molecules.
Examples of this type of upregulation include angiotensin II-
mediated induction in rat vascular smooth muscle and the in-
duction of Na-K-Cl cotransport activity in bovine cerebral mi-
crovascular endothelial cells by coculture with astrocytes or
their conditioned medium (31-33). In addition, arterial cells
isolated from spontaneously hypertensive rats manifest re-
duced bumetanide-sensitive Na-K-Cl cotransport activity (34).
However, the majority of the studies to date have involved
quantitation of transporter activity via ion flux measurements
or antagonist (bumetanide) binding to transporter molecules,
and thus do not differentiate among the Na-K-Cl cotrans-
porter isoforms involved, nor the level of their regulation (i.e.,
transcriptional versus posttranscriptional).

We found that the gene for BSC2 is induced ~ 10-20-fold
at the mRNA level by both rhIL-1B and TNF-« in cultured en-
dothelial cells, and that this increase in BSC2 message results
in an 8-10-fold increase in BSC2 protein. This dramatic induc-
ibility does not appear to be a consequence of prolonged pas-
sage of cells in vitro (21), since HUVEC at subculture-1 and -5
were comparably responsive to cytokine stimulation (Fig. 1 C).
In addition, cytokine-induced upregulation of BSC2 gene ex-
pression was not limited to cultured HUVEC, but was also ob-
served with microvascular endothelial cells from murine lung,
as well as macrovascular endothelial cells from bovine aorta, in
response to TNF-a (J.N. Topper and S.M. Wasserman, unpub-
lished observations). These observations provide a possible
mechanism for the previously observed induction of BSC2 in
bovine microvascular endothelium by coculture with brain as-
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trocytes that are capable of secreting inflammatory cytokines
such as IL-1pB (32, 33). A similar paracrine (astrocyte—-endothe-
lial) regulatory loop has been demonstrated for other endothe-
lial effector molecules and may have relevance to the modula-
tion of blood-brain barrier function in vivo (35, 36).

The inhibition by interferon-y of the induction of BSC2 in
response to IL-18 and TNF-« is an interesting feature of the
cytokine modulation of this molecule in endothelial cells. In-
terferon-vy is capable of inducing the expression of a variety of
genes in endothelial and nonendothelial cell types (22). For ex-
ample, interferon-y has been shown to increase expression of
class I MHC molecules in cultured endothelial cells, and is ca-
pable of upregulating the vascular cell adhesion molecule-1
(VCAM-1) in rabbit smooth muscle cells (23, 37). In cultured
HUVEQ, interferon-y is capable of acting synergistically with
IL-1B to augment expression of ICAM-1, an effect that is
thought to involve posttranscriptional stabilization of ICAM-1
mRNA, while levels of E-selectin are not significantly affected
(38). Thus, the ability of interferon-y to inhibit the induction of
BSC2 is not a nonspecific cytotoxic effect, and these results
suggest that the regulation of the inducible expression of BSC2
by inflammatory and immune cytokines may be a complex
phenomenon. Interestingly, this pattern of interferon-y—inhib-
itable cytokine responsiveness resembles that of the PDGF-A
and -B genes in HUVEC (39). These genes are also induced by
the inflammatory cytokines IL-1f and TNF-a in endothelium,
a response that is significantly attenuated by concomitant
treatment with interferon-y.

In addition to demonstrating selective induction by certain
cytokine stimuli in vitro, we have shown that BSC2 appears to
be upregulated by systemic inflammatory activation in vivo.
Administration of intraperitoneal LPS resulted in a significant
upregulation of the steady state level of BSC2 mRNA in mu-
rine kidney and lung (Fig. 7). However, no significant
upregulation of BSC2 mRNA was observed in the heart, an-
other highly vascularized tissue, although significant upregula-
tion of VCAM-1 protein in capillary endothelium (an index of
endothelial activation) was detected in this tissue (data not
shown). This selective pattern of induction of BSC2 mRNA
suggests that expression of the BSC2 gene can be differentially
regulated at the tissue level, perhaps reflecting tissue- or cell-
specific factors yet to be defined. In a recent report (15), posi-
tive immunofluorescence staining of constitutively expressed
BSC2 protein was confined to collecting duct epithelium,
glomerulus, and afferent arteriole in the unstimulated murine
kidney, while most vascular structures did not display signifi-
cant amounts of BSC2. Current efforts are directed at defining
the cellular distribution of inducible BSC2 protein in organs
such as the lung and kidney after systemic inflammatory acti-
vation. Bacterial endotoxin stimulation is capable of directly
activating endothelium and other tissues while also inducing a
variety of secondary effects such as the elaboration of potent
cytokines and vasoactive molecules by leukocytes. Both the el-
evated plasma levels of these mediators, as well as the hemo-
dynamic alterations they can induce, may be mechanistically
important in the induction of the BSC2 gene demonstrated
here. Thus, although these results demonstrate that the BSC2
gene can be regulated in vivo, further work will be required to
define the role of the specific humoral and/or biomechanical
stimuli involved.

In addition to its cytokine responsiveness, we have also
demonstrated that the BSC2 gene can be differentially regu-
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lated by fluid mechanical forces applied to cultured endothe-
lial cells. Although fluid mechanical forces have been shown to
regulate the expression of a wide variety of pathophysiologi-
cally important effectors in endothelium, BSC2 represents the
first molecule of its class (a 12 membrane-spanning trans-
porter) to demonstrate responsiveness to shear stress at the
level of gene expression (24-26). This response appears selec-
tive in that sustained steady laminar shear stress at a physio-
logic magnitude of 10 dyn/cm? is capable of inducing this gene,
while a comparable time-averaged magnitude of turbulent
shear stress (a definably nonlaminar fluid mechanical stimu-
lus) (40) does not induce BSC2 expression. Furthermore, in
addition to the nature of the fluid shear stress (laminar versus
nonlaminar), the magnitude of the applied shear also appears
to be important. Sustained exposure of HUVEC to a lower level
of laminar shear stress (4 dyn/cm?) resulted in minimal induc-
tion of BSC2. This relatively low level of shear stress is capable
of inducing a number of acute events in cultured endothelium,
such as the stimulation of an inward rectifying potassium cur-
rent, mobilization of intracellular calcium, and the flow-stimu-
lated release of endothelium-derived relaxing factor, but is
typically below the threshold needed to induce sustained mor-
phological changes (e.g., cell shape change, cytoskeletal reor-
ganization) in cultured endothelial cells (24, 25). When the
cells are preconditioned under this low level of laminar shear
(4 dyn/cm?), and then exposed to a higher level of steady lami-
nar shear (12 dyn/cm?) for only 6 h, the BSC2 gene is promptly
induced, suggesting that the lower level of shear stress is not
inhibitory per se, but rather represents an inadequate stimulus
for induction of BSC2. When the BSC2 gene is induced by 18 h
of steady laminar shear stress at 12 dyn/cm?, and then the mag-
nitude of applied shear stress is reduced to 4 dyn/cn?, the ex-
pression of BSC2 RNA quickly declines. These results suggest
that it is not the acute transition from a static (no flow) state
that is the relevant stimulus in vitro, but rather that a minimum
or threshold level of sustained fluid shear stress (between 4
and 10 dyn/cm?) is required to maintain elevated expression of
this gene in vitro, and that in the absence of this stimulus, the
level of BSC2 RNA quickly decays.

The BSC2 gene is induced at the transcriptional level by
both cytokine and fluid mechanical stimuli, as evidenced by
nuclear runoff analysis (Fig. 4). Resnick et al. have demon-
strated that the transient induction of the PDGF-B gene in re-
sponse to steady laminar shear stress was dependent upon a
cis-acting transcriptional element termed the “shear stress re-
sponse element” (SSRE) (41). Subsequently, a number of
genes have been demonstrated to be induced by fluid shear
stress at the transcriptional level in endothelial cells, and sev-
eral distinct transcriptional regulatory elements have been im-
plicated in these responses (42, 43). The ability of IFN-y to in-
terfere with both humoral (e.g., cytokine) and biomechanical
(e.g., laminar fluid shear stress) stimulation of BSC2 gene ex-
pression in vitro suggests that common transduction mecha-
nisms are involved in these responses. Analysis of the pro-
moter of the BSC2 gene should yield interesting insights into
transcriptional mechanisms involved in its differential regula-
tion by diverse types of humoral and biomechanical stimuli.

In summary, we have demonstrated that the gene encoding
the bumetanide-sensitive, electroneutral Na-K-Cl cotrans-
porter (BSC2) is differentially regulated by certain inflamma-
tory cytokines and fluid shear stresses in cultured endothelial
cells. This gene can also be induced in vivo within the kidney
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and lung by intraperitoneal administration of bacterial endo-
toxin. These data identify BSC2 as an inducible gene, selec-
tively responsive to humoral and biomechanical stimuli. The
regulated expression of this molecule in endothelial cells may
play an important role in vascular homeostasis in both health
and disease.
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