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Nuclear translocation of cysteinyl leukotriene
receptor 1 is involved in oxygen-glucose deprivation-
induced damage to endothelial cells
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Aim: Cysteinyl leukotriene receptor 1 (CysLT, receptor) is located in epithelial cells, and translocates from the plasma membrane to the
nucleus in a ligand-dependent manner. Here, we investigated whether CysLT, receptors translocated to the nucleus in endothelial cells
after ischemic insult in vitro and whether it was involved in ischemic injury to endothelial cells.

Methods: EA.hy926 cell line, derived from human umbilical vein endothelial cells, was subjected to oxygen-glucose deprivation

(OGD). The expression and distribution of CysLT, receptors were detected by immunofluorescent staining, immunogold labeling and
immunoblotting analyses. Cell viability was evaluated using MTT reduction assay. Necrosis and apoptosis were determined by double
fluorescent staining with propidium iodide and Hoechst 33342.

Results: CysLT, receptors were primarily distributed in the cytoplasm and nucleus in EA.hy926 cells, and few was found in the cell mem-
brane. OGD induced the translocation of CysLT, receptors from the cytoplasm to the nucleus in a time-depen dent manner, with a peak
reached at 6 h. OGD-induced nuclear translocation of CysLT, receptors was inhibited by pretreatment with the CysLT, receptor antago-
nist pranlukast (10 umol/L), or by preincubation with NLS-pep, a peptide corresponding to the nuclear localization sequence of CysLT,
receptor (10 ug/mL). However, zileuton, an inhibitor of 5-lipoxygenase that was a key enzyme in cysteinyl leukotriene generation, did
not inhibit the nuclear translocation of CysLT, receptors. Moreover, preincubation with NLS-pep (0.4 ug/mL) significantly ameliorated

OGD-induced cell viability reduction and necrosis.

Conclusion: CysLT, receptors in endothelial cells translocate to the nucleus in a ligand-independent manner after ischemic insult in

vitro, and it is involved in the ischemic injury.
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Introduction

Cysteinyl leukotrienes (CysLTs), namely LTC,, LTD,, and
LTE,, are important inflammatory mediators produced from
arachidonic acid via the 5-lipoxygenase (5-LOX) pathway.
CysLTs exert their actions through the activation of the CysLT;
and CysLT, receptors, which are G-protein-coupled receptors
(GPCRs)™M. The CysLT, receptor has been extensively studied,
and its selective antagonists have been used for the treatment
of bronchial asthma™. Generally, CysLT, receptor ligands
initiate a series of intracellular signaling events by interact-
ing with the receptor on the plasma membrane®”. However,
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the CysLT, receptor is also localized in the nuclear envelope
in colon cancer cells and the epithelial cell line Int 407. The
ligand LTD, also induces translocation of the CysLT, receptor
from the plasma membrane to the nucleus™ *. In the process
of nuclear translocation, a nuclear localization sequence (NLS)
is necessary for the nuclear import of proteins. An NLS is
contained within the structure of the CysLT, receptor. Muta-
tion of the NLS inhibits nuclear translocation of the CysLT,
receptor and LTD-induced cell proliferation®. The nuclear
distribution and translocation of the CysLT, receptor may reg-
ulate physiological processes in cells. Previous studies have
suggested that the nuclear distribution of the CysLT, recep-
tor may be involved in tumor cell proliferation®*. However,
whether pathological stimuli can induce the nuclear transloca-
tion of the CysLT; receptor remains unknown.

The CysLT, receptor mediates various pathophysiological



www.nature.com/aps
Fang SH et al

@

1512

responses in different disease processes. One typical response
is a CysLT; receptor-mediated change in vascular perme-
ability. We have reported that the CysLT; receptor mediates
ischemic brain injury in vivo™ ‘. This effect is potentially gov-
erned by a CysLT; receptor-mediated increase in blood-brain
barrier permeability and, consequently, brain edema, after

ischemia” ®

. Endothelial cells are crucial to vascular permea-
bility; thus, their injury or death after ischemia may contribute
to secondary post-ischemic injury and tissue edema®'”. We
have reported that the CysLT, receptor antagonist pranlukast

M How-

protects endothelial cells against ischemia-like injury
ever, the distribution of the CysLT, receptor in endothelial
cells after ischemia is not known. In intestinal epithelial cells,
the CysLT, receptor translocates to the nucleus after stimula-
tion by the ligand LTD,, which mediates cell proliferation®.
Based on these findings, whether ischemia induces nuclear
translocation of the CysLT; receptor and how this transloca-
tion affects ischemic injury warrants further study.

Therefore, we investigated whether the CysLT,; recep-
tor translocates to the nucleus after in vitro ischemia and its
involvement in ischemic injury to endothelial cells. In this
study, the EA .hy926 cell line, derived from human umbili-
cal vein endothelial cells (HUVECs), was used. This cell line
displays a wide range of properties ascribed to differentiated
endothelial cells and has been used to investigate endothelial
cell inflammatory responses*™*l,

Materials and methods

Cell culture and oxygen-glucose deprivation (OGD)

EA.hy926 cells were a kind gift from Dr C] EDGELL (Univer-
sity of North Carolina, Chapel Hill, NC, USA). Cells were
cultured in Dulbecco’s modified Eagle’s medium (DMEM,
Gibco, Grand Island, NY, USA), supplemented with 10% heat-
inactivated fetal calf serum, penicillin (100 U/mL) and strepto-
mycin (100 mg/mL). Experiments were conducted 24 h after
cells were seeded.

OGD was performed as described previously". Briefly, the
original medium was removed; the cells were washed twice
with glucose-free Earle’s balanced salt solution (EBSS) and
placed in fresh glucose-free EBSS. Cultures were then placed
in an incubator containing 5% CO, and 95% N, at 37 °C for 2 to
8 h. Control cultures were maintained in glucose-containing
EBSS under normal conditions. Ten pmol/L pranlukast (a gift
from Ono Pharmaceutical Co, Osaka, Japan), 10 pmol/L zileu-
ton, a 5-LOX inhibitor (Comens Chemical Co, Beijing, China)
or 10 pmol/L pyrrolidine dithiocarbamate (PDTC), a specific
NF-xB inhibitor (Aldrich-Sigma, Saint Louis, MO, USA), was
added to the culture 30 min before OGD exposure and main-
tained during OGD.

Osmotic loading of synthetic peptides into EA.hy926 cells

A peptide corresponding to a putative NLS of the CysLT,
receptor [amino acids 312-323, (NLS-pep)], and its mutant, in
which the NLS was replaced by a non-NLS of CysLT, [amino
acids 323-330, (NLS-mut)], were synthesized by GL Biochem
Ltd (Shanghai, China)®. Osmotic loading of peptides was per-
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formed as described previously"® .. In brief, EA.hy926 cells
were rinsed in glucose-containing EBSS, incubated for 10 min
with loading solution (0.5 mol/L sucrose, 10% polyethylene
glycol 1000, 10% FBS, and 10 mg/mL NLS-pep or NLS-mut in
DMEM, buffered with 25 mmol/L HEPES, pH 6.8), and then
rapidly rinsed with a hypotonic solution (6.5 vol H,0:3.5 vol
DMEM, buffered with 25 mmol/L HEPES, pH 6.8). Cells were
then incubated in DMEM and used immediately for experi-
ments.

Nuclear isolation and immunoblotting

EA.hy926 cells were rinsed twice with ice-cold PBS and col-
lected with a cell scraper. The cell membrane, cytosolic and
nuclear fractions were extracted using a protein extraction
kit (DBI-1031, DBI, USA) according to the manufacturer’s
instructions. The protein concentration was determined by
Coomassie blue protein assay. To determine CysLT; receptor
expression, samples (30 pg protein) were separated by 10%
SDS-polyacrylamide gel electrophoresis and then electrically
transferred to nitrocellulose membranes. The membranes
were blocked with 5% bovine serum albumin and incubated
overnight at 4 °C with a rabbit polyclonal antibody against
the CysLT, receptor (1:100, Cayman Chemical, USA). Then,
the membranes were washed repeatedly and incubated with
IRDye™ 700 conjugated affinity-purified anti-rabbit IgG
(1:8000, Rockland Immunochemicals, Inc, USA). Finally, the
protein bands were detected using an Odyssey fluorescent
scanner (LI-COR Bioscience, USA). The purity of subcellu-
lar fractions was routinely verified by immunoblotting with
antibodies specific for markers of different subcellular compo-
nents: CD44 for the plasma membrane, GAPDH for the cyto-
plasm, and lamin B for the nucleus. Data are reported as fold
increases compared with control cells.

Immunofluorescent staining

EA.hy926 cells cultured on coverslips were fixed with cold
methanol (-20°C) for 5 min and subsequently incubated with
10% normal goat serum for 120 min. Cells were then incu-
bated with a rabbit polyclonal antibody against the CysLT;
receptor (1:100, Cayman Chemical, USA) or a rabbit poly-
clonal antibody against NF-kB (1:50, Santa Cruz Biotechnol-
ogy, Santa Cruz, CA, USA) as the primary antibody at 4°C
overnight. After washing with PBS, the cells were incubated
for 2 h with FITC-conjugated goat anti-rabbit IgG antiserum
(1:200, Chemicon, USA) and examined under a fluorescence
microscope (Olympus X51) or a laser scanning confocal micro-
scope (Olympus FV1000). Control coverslips were incubated
with normal goat serum instead of the primary antibody, and
no positive staining was observed.

Cell viability and cell death

Cell viability was evaluated by the MTT reduction assay. At
the end of OGD, the media were removed, and the cells were
incubated in 0.5 mg/mL 3-(4,5-dimethyl-2-thiazolyl)-2,5-
diphenyl-2H-tetrazolium bromide (MTT) solution for 2 h in
a humidified 5% CO, incubator at 37°C. The incubation was



stopped by removing the media and adding dimethylsulfox-
ide (DMSO) to solubilize the formed formazan salt. The absor-
bance of formazan was read at 490 nm on a microplate reader
(ELX800, Bio-Tex Instruments Inc, USA). Data are reported as
the percentage of the absorbance in control cells.

As described previously, death of endothelial cells by necro-
sis and apoptosis was determined by double fluorescent stain-
ing with propidium iodide (PI) and Hoechst 33342"""). In brief,
monolayers of cells on slides were stained with PI (10 pg/mL)
and Hoechst 33342 (10 pg/mL) for 10 min at 37 °C. After
washing with EBSS, the cells were fixed in 3.7% (v/v) para-
formaldehyde and then examined under a fluorescence micro-
scope. The necrotic cells stained red by PI and the apoptotic
cells showed nuclear condensation and fragmentation after
Hoechst 33342 staining. The total necrotic and apoptotic cells
were counted, and the percentages of necrotic and apoptotic
cells were calculated.

Statistical analysis

Data are presented as mean+SEM. For statistical comparisons,
differences between groups were analyzed by a one-way anal-
ysis of variance (ANOVA), followed by Dennett’s post-hoc test.
A value of P<0.05 was considered to be statistically significant.

Results

The CysLT, receptor is localized in the nuclear compartment

The subcellular distribution of the CysLT; receptor in
EA hy926 cells was analyzed by confocal microscopy after
immunofluorescent staining and by electron microscopy after
immunogold labeling. Immunofluorescent staining showed
that the CysLT, receptor was primarily distributed in the cyto-
plasm and the nucleus (Figure 1A). This result was verified by
immunogold labeling followed by electron microscopy (Figure
1B). To further confirm the nuclear localization of the CysLT,
receptor, the nuclei were isolated, and the purity of the nuclear
fraction was confirmed by immunoblotting with markers for
the nucleus (Lamin B), cell membrane (CD44) and cytoplasm
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(GAPDH). Lamin B was detected only in the purified nuclear
fraction. The CysLT, receptor was primarily detected in the
nuclear and cytosolic fractions, and little was detected in the
cell membrane (Figure 1C). The specificity of anti-CysLT;
receptor antibody (Cayman Chemical) used in these experi-

ments has been verified in previous reports™ ™,

OGD-induced nuclear translocation of the CysLT, receptor

Next, we determined whether induction of in vitro ischemia
by OGD induces nuclear translocation of the CysLT; receptor.
We found that the CysLT, receptor in the nucleus increased
gradually after OGD, and CysLT, receptor-positive staining
was almost entirely distributed in the nucleus 6 or 8 h after
OGD (Figure 2A). The results were verified by immunoblot-
ting assay, which showed that the amount of CysLT; recep-
tor in the nucleus significantly increased 4-8 h after OGD,
with the maximum at 6 h (Figure 2D), whereas the amount of
CysLT; receptor in the cytoplasm decreased (Figure 2C). In
addition, we found no change in the total CysLT; receptor
expression level after OGD (Figure 2B).

NLS-pep and a CysLT, receptor antagonist inhibit the nuclear
translocation of the CysLT, receptor

Because a peptide corresponding to the NLS inhibits nuclear
translocation of the corresponding protein”), we used the pep-
tide corresponding to the NLS of the CysLT, receptor (NLS-
pep) to determine its effect on translocation. The results show
that preincubation with NLS-pep significantly inhibited OGD-
induced nuclear translocation of the CysLT; receptor, whereas
the control NLS-mut had no effect (Figure 3A and 3B). The
inhibitory effect of NLS-pep was specific to the CysLT; recep-
tor because NLS-pep had no effect on OGD-induced nuclear
translocation of NF-«B (Figure 4). We also assessed the effects
of the CysLT, receptor antagonist pranlukast and the 5-lipoxy-
genase inhibitor zileuton on translocation. The results showed
that pranlukast, but not zileuton, inhibited the translocation of
the CysLT; receptor 6 h after OGD (Figure 3A and 3C).
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Figure 1. Nuclear localization of the CysLT, receptor in EA.hy926 cells. Confocal microscopy assay showing CysLT, receptor distribution after
immunostaining and DAPI counterstaining (A). Immunogold detection of nuclear CysLT, receptors (B). EA.hy926 cells were immunostained with
antibody against the CysLT, receptor followed by gold-particle conjugated secondary antibody. Arrows indicate gold particles, and arrow heads
indicate the nuclear envelope. Immunoblotting analysis of CysLT; receptor expression (C). The membrane (M), cytosolic (C), and nuclear (N) fractions
were extracted, and equal amounts of proteins were used for SDS polyacrylamide gel analysis. The purity of subcellular fractions was verified by
immunoblotting for CD44 for the plasma membrane, GAPDH for the cytoplasm, and lamin B for the nucleus. Scale bar=5 ym in Figure 1A and 0.5 ym
in Figure 1B.
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Figure 2. OGD time-dependently induces nuclear translocation of the CysLT, receptor in EA.hy926 cells. Intracellular distribution of the CysLT, receptor
(A), immunoblotting analysis of CysLT, receptor expression (B), immunoblotting analysis of the CysLT, receptor in the cytoplasmic fraction (C), and
immunoblotting analysis of the CysLT; receptor in the nuclear fraction (D) after OGD are shown. OGD did not change the CysLT; receptor expression
level, but induced nuclear translocation of the CysLT, receptor in a time-dependent manner. Data are expressed as mean+SEM, n=4 experiments and
®P<0.05 vs control. Data were analyzed by one-way ANOVA. Ctrl, control; OGD, oxygen-glucose deprivation. Scale bar=50 pm.

Nuclear translocation of the CysLT, receptor is involved in OGD-
induced cell damage

Finally, we investigated whether nuclear translocation of the
CysLT, receptor is involved in OGD-induced cell damage.
OGD reduced cell viability in a time-dependent manner (data
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not shown). Cell viability was reduced by 34% at 6 h after
OGD as determined by the MTT reduction assay. The addi-
tion of NLS-pep or NLS-mut alone did not induce any cell
damage (Figure 5A). The presence of NLS-pep significantly
increased cell viability after OGD, whereas NLS-mut did not
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Figure 3. NLS-pep and pranlukast inhibit OGD-induced nuclear translocation of the CysLT, receptor in EA.hy926 cells. Six hours of OGD significantly
induced nuclear translocation of the CysLT, receptor. The translocation was reduced by NLS-pep (a peptide corresponding to the NLS of the CysLT,
receptor) and pranlukast (a CysLT, receptor antagonist), but not by NLS-mut or zileuton (a 5-lipoxygenase inhibitor). Data are expressed as mean+SEM,
n=4, °P<0.05 vs control, ®P<0.05. Data were analyzed by one-way ANOVA. Ctrl, control; OGD, oxygen-glucose deprivation; Pran, pranlukast; Zileu,
zileuton. Scale bar=50 ym.

Ctrl OGD+PDTC OGD+NLS-pep OGD+NLS-mut

Figure 4. NLS-pep does not inhibit OGD-induced nuclear translocation of NF-kB in EA.hy926 cells. Eight hours of OGD significantly induced nuclear
translocation of NF-kB. The translocation was reduced by PDTC (a specific NF-kB inhibitor), but not by NLS-pep or NLS-mut. Ctrl, control; OGD, oxygen-

glucose deprivation; PDTC, pyrrolidine dithiocarbamate. Scale bar=50 pm.

have this effect (Figure 5A).

Many necrotic cells and a few apoptotic cells were detected
6 h after OGD (Figure 5B). Necrosis was the main pathway of
OGD-induced cell death, which is consistent with the findings
of our previous study™). OGD-induced necrosis was signifi-
cantly reduced by 0.4 pg/mL NLS-pep (from 35% to 23%), but
not by NLS-mut (Figure 5B and 5C). In addition, we found
that pranlukast, but not zileuton, protected EA.hy926 cells
against OGD-induced damage (data not shown), similar to our
previous study™"!

Discussion
In the present study, we found that the CysLT,; receptor in

EA.hy926 cells was primarily distributed in the cytoplasm
and the nucleus, with little detected in the plasma membrane.
This finding differs from that in epithelial cells and mast cells,
in which the CysLT, receptor is primarily distributed in the
plasma membrane and the nucleus™ ™. This difference may
be cell-type specific, because the same anti-CysLT; receptor
antibody was used here and in other studies™ '\,

The most important finding is that the CysLT; receptor
translocates from the cytoplasm to the nucleus after in vitro
OGD and is involved in ischemic injury to endothelial cells.
Increasing evidence has demonstrated that a number of G pro-
tein-coupled receptors are located in the nuclear membrane
or intranuclear sites. These receptors include members of all

Acta Pharmacologica Sinica
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Figure 5. NLS-pep protects EA.hy926 cells from OGD-induced damage.
Cell viability was determined by MTT reduction assay (A), and cell death
by PI (red) and Hoechst 33342 (blue) staining (B and C). Necrosis was
the primary cause of OGD-induced cell death. OGD-induced cell viability
reduction and cell necrosis were ameliorated by NLS-pep, but not by NLS-
mut. Data are expressed as mean+SEM, n=8, "P<0.05 vs control, and
€P<0.05 vs OGD at 8 h. Data were analyzed by one-way ANOVA. Scale
bar=50 pm.

major classes of GPCRs, such as lysophosphatidic acid recep-
tor-1 (LPATR)™, metabotropic glutamate receptors (mGIuRb5)
21 apelin receptors™, platelet-activating factor (PAF)
receptors™ 7.4 prostaglan-
I and B-adrenergic

, angiotensin 2 type I receptors

din EP; receptorsm, endothelin receptors[26

receptorsm’ %)

. The significance of the nuclear translocation
of GPCRs is not known. Limited reports have shown that
nuclear LPAIR or PAF receptors modulate pro-inflammatory
gene expression in cells that stably express these receptors™ .

Furthermore, mGIuR5 on nuclear membranes mediates intra-
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U and nuclear B-adrenergic

receptors modulate gene expression in adult rat hearts™.
Here, we found that ischemic stimulation induced nuclear
translocation of the CysLT, receptor in a time-dependent man-
ner. The CysLT; receptor was almost entirely distributed in
the nucleus after 6 or 8 h of OGD. This nuclear distribution
could be attenuated by inhibiting its nuclear import sequence
using NLS-pep. Moreover, NLS-pep decreased ischemia-
induced cell damage. These findings indicate that nuclear
translocation of the CysLT; receptor is involved in ischemic

nuclear Ca*" changes in neurons

injury of endothelial cells. This phenomenon is different from
the ligand-induced proliferation mediated by nuclear translo-
cation of the CysLT; receptor in intestinal epithelial cells®.

The mechanisms underlying OGD-induced nuclear trans-
location of the CysLT, receptor remain unknown. However,
it has been reported that GPCRs are translocated from the
plasma membrane to the nucleus in either a ligand-depen-
dent®*' or ligand-independent manner™. We found that the
CysLT; receptor antagonist pranlukast inhibited OGD-induced
nuclear translocation of the receptor, but the 5-lipoxygenase
inhibitor zileuton had no effect. If endogenous agonists of
CysLTs induced this translocation, zileuton would be effective
because it inhibits enhanced production of CysLTs after expo-
sure to OGDM, Moreover, we have reported that pranlukast
ligand-independently attenuates ischemic injury in EA.hy926
cells by inhibiting reactive oxygen species production and
nuclear factor-kappaB activation"l. Therefore, we suggest
that the CysLT; receptor may translocate to the nucleus after
OGD, in part by a ligand-independent mechanism. Based on
previous and present findings™ *, we hypothesize that the
CysLT; receptor exhibits ligand-dependent or ligand-indepen-
dent nuclear translocation.

In conclusion, our results show that after in vitro ischemia,
the CysLT, receptor translocates to the nucleus in a ligand-
independent manner and that this translocation is involved in
ischemic injury to endothelial cells.
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