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Verge: A Novel Vascular Early Response Gene
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Vascular endothelium forms a continuous, semipermeable barrier that regulates the transvascular movement of hormones, macromol-
ecules, and other solutes. Here, we describe a novel immediate early gene that is expressed selectively in vascular endothelial cells, verge
(vascular early response gene). Verge protein includes an N-terminal region of ~70 amino acids with modest homology (~30% identity)
to Apolipoprotein L but is otherwise unique. Verge mRNA and protein are induced selectively in the endothelium of adult vasculature by
electrical or chemical seizures. Verge expression appears to be responsive to local tissue conditions, because it is induced in the hemi-
sphere ipsilateral to transient focal cerebral ischemia. In contrast to the transient expression in adult, Verge mRNA and protein are
constitutively expressed at high levels in the endothelium of developing tissues (particularly heart) in association with angiogenesis.
Verge mRNA is induced in cultured endothelial cells by defined growth factors and hypoxia. Verge protein is dramatically increased by
cysteine proteinase inhibitors, suggesting rapid turnover, and is localized to focal regions near the periphery of the cells. Endothelial cell
lines that stably express Verge form monolayers that show enhanced permeability in response to activation of protein kinase C by phorbol
esters. This response is accompanied by reorganization of the actin cytoskeleton and the formation of paracellular gaps. These studies
suggest that Verge functions as a dynamic regulator of endothelial cell signaling and vascular function.
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Introduction

Vascular endothelium forms an interface that defines intravascu-
lar and extravascular compartments and serves to regulate the
exchange of fluid, solutes, and cells (Klagsbrun, 1996; Majesky,
2001). Impairment of endothelial barrier function results in the
development of tissue edema and contributes to the pathogenesis
of many illnesses, including stroke, acute respiratory distress syn-
drome (ARDS), and sepsis (Bernard et al., 1994; Bannerman and
Goldblum, 1999; van Soeren et al., 2000). Significant progress has
been made in understanding the molecular and cellular mecha-
nisms that account for endothelial barrier function (Lum and
Malik, 1996; Dudek and Garcia, 2001). A major mechanism ac-
counting for inflammation-induced increased vascular perme-
ability is increased paracellular permeability resulting from
changes in cell shape, loosening of endothelial cell-cell contacts,
and the formation of inter-endothelial gap, events shown to be
critically dependent on regulation of the actin cytoskeleton (Lum
and Malik, 1996; Dudek and Garcia, 2001; Vogel et al., 2001;
Minshall et al., 2002). Such events are induced by bioactive mol-
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ecules such as thrombin, tumor necrosis factor a (TNF«), phor-
bol 12-myristate 13-acetate (PMA), or H,O, and have been doc-
umented in vivo as well as in cultured endothelial cells (Majno
and Palade, 1961; Majno et al., 1969; McDonald et al., 1999).
Although the signaling pathways associated with these cellular
changes remain unclear, the protein kinase C (PKC) family has
been implicated as a key regulator (Lum and Malik, 1996; Dudek
and Garcia, 2001).

In the present study, we report a novel gene that is selectively
expressed in endothelial cells and is regulated as an immediate
early gene (IEG). We term this gene verge for vascular early re-
sponse gene. Verge mRNA is rapidly and transiently induced in
mature, quiescent vasculature and is highly expressed during de-
velopmental angiogenesis. Functional studies that examine en-
dothelial cell monolayer permeability indicate that Verge alters
the response of endothelial cells to activation of PKC. Our obser-
vations suggest that Verge functions to dynamically regulate
PKC-dependent signaling that leads to reorganization of the ac-
tin cytoskeleton and alterations of vascular permeability.

Materials and Methods

Reagents. PMA, human recombinant fibroblast growth factor (FGF),
RNase A, kainic acid, pentylene tetrazole (PTZ), thrombin, transforming
growth factor-B (TGF-B), and horseradish peroxidase-conjugated Ban-
deirae Simplicifolia lectin (BS-1) were purchased from Sigma (St. Louis,
MO). Angiopoietin-1 (Ang-1), angiopoietin-2 (Ang-2), and hepatocyte
growth factor (HGF) were purchased from R & D Systems (Minneapolis,
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MN). U0126, bisindolylmaleimide I (BIM), SB203580, Calpain inhibitor
I (ALLN), and Calpain inhibitor II (ALLM) were obtained from Calbio-
chem (La Jolla, CA)-Novabiochem (San Diego, CA). 4',6-diamidino-2-
phenylindole, dihydrochloride (DAPI) and mouse monoclonal antibody
(AD) against hemagglutinin (HA) were purchased from Roche Diagnos-
tics (Mannheim, Germany). Fluorescent secondary antibodies were pur-
chased from Jackson ImmunoResearch (West Grove, PA). Fluorescein
isothiocyanate (FITC)-labeled phalloidin was purchased from Molecular
Probes (Eugene, OR).

cDNA subtraction and isolation of full-length verge cDNA. A subtracted
cDNA library was constructed as described previously (Yamagata et al.,
1993). Full-length verge cDNA clones were isolated by screening an un-
substracted, oligo (dT)-primed ¢cDNA library prepared from the hip-
pocampus of rats that had been given cycloheximide (20 mg/kg) and 4 hr
of multiple maximal electroconvulsive shock (MECS).

Northern blot analysis. Total RNA was isolated using standard CsCl
density centrifugation and assayed for purity and yield by ultraviolet
spectroscopy. Ten micrograms of RNA per lane was subjected to dena-
turing agarose gel electrophoresis. Gels were stained with ethidium bro-
mide, and the ribosomal bands were visualized to assess equal loading of
RNA. After transfer to Hybond N* nylon membranes, Northern blot
analysis was performed with a probe corresponding to the open reading
frame (ORF) of rat verge or to a 2070 bp Xhol/HindIII cDNA fragment of
human Verge. A probe for glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) was used as an RNA loading control. Quantification of the
hybridization signal was performed using the Typhoon imaging system
(Amersham Biosciences, Piscataway, NJ) and normalized to GAPDH.

Generation of anti-Verge antibodies. Synthetic peptides representing the
N-terminal and C-terminal 22 amino acids of the rat Verge were conjugated
to thyroglobulin  (m-maleimidobenzoyl-N-hydroxysuccinimide ester;
Pierce, Rockford, IL) and used as immunogens in rabbits (Covance, Prince-
ton, NJ). Rabbit polyclonal Abs were similarly generated using a gluta-
thione S-transferase (GST) fusion protein containing the C-terminal 73
amino acids of rat Verge (Covance). Rabbit polyclonal antibodies were
similarly generated using human Verge sequences. Human Verge pep-
tides comprising amino acids 3-21 [Ab 30, 3651 (Ab 25), and 230248
(Ab 23)] were conjugated via an additional cysteine to keyhole limpet
hemocyanin (Biotrend Chemikalien GmbH, Koln, Germany).

Isolation of rat brain microvessels. Capillary segments were isolated
from PBS-perfused rat brain as described previously (Goldstein et al.,
1975). Isolated microvessels were air dried onto superfrost plus-coated
slides (VWR Scientific Products, West Chestire, PA) and stored at —20°C
before analysis.

Insitu hybridization. Colorimetric in situ hybridization was performed
on fresh-frozen sectioned tissue using nonradioactive digoxigenin-
labeled ¢cRNA probes and 5-bromo-4-chloro-3-indolyl phosphate/ni-
troblue tetrazolium (Roche) colorimetric detection as described previ-
ously (Blackshaw and Snyder, 1997). Fluorescent in situ hybridization
was performed using identical hybridization and wash conditions as for
colorimetric in situ. Fluorescent-tyramide kit (NEN, Boston, MA) was
used for detection.

Immunohistochemistry. Brains were removed from control rats or rats
treated for 2 hr with kainic acid (11 mg/kg, i.p.). Brains were frozen in
optimal cutting temperature compound (Sakura, Tokyo, Japan) and sec-
tioned at 20 wm on superfrost-coated slides. Sections were immersion
fixed in 3.7% paraformaldehyde (PFA; in PBS, pH 7.4) for 10 min, per-
meabilized for 15 min in 0.25% Triton X-100/PBS, and then treated for
15 min with 3% H,0O,. Antigen retrieval was performed by placing the
slides in 100 mwm Citrate, pH 4.0, and heating to ~95°C by microwave for
30 sec. Slides were blocked with 10% normal goat serum (NGS) in PBS at
room temperature. Primary Ab was added to the slides and incubated at
4°C overnight. Slides were washed thoroughly, and bound antibodies
were detected using ABC kit (Vector Laboratories, Burlingame, CA) fol-
lowed by DAB (Sigma) colorimetric staining.

Cell culture and transfection. Primary endothelial cells from adult
mouse lung and heart were isolated as described previously (Allport et al.,
2002). Neonatal human dermal microvascular endothelial cells (HM-
VECs) were purchased from Cambrex BioScience (Walkersville, MD)
and cultured in the endothelial growth medium 2-microvascular
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(EGM2-MV) media from the manufacturer, supplemented with EGM2
single quots. Rat brain endothelial cell line 4 (RBE4) cells have been
described previously (Roux et al., 1994) and were a generous gift from
John Laterra (Johns Hopkins University, Baltimore, MD). These cells
were grown on gelatin-coated tissue culture dishes in RBE4 media
(DMEM, 10% fetal bovine serum (FBS), 1% penicillin-streptomycin, 20
mwm HEPES, pH 7.4, and 1 ng/ml hrbFGEF). Stable cell lines were estab-
lished that express 5'-HA-Verge transgene. For transfection, the plas-
mids pRK5-5"HA-Verge and pPUR (containing the puromycin resis-
tance gene; Clontech, Palo Alto, CA) were mixed together in a molar ratio
of 10:1. RBE4 cells were electroporated with this plasmid mixture and
allowed to recover for 48 hr. Stably transfected cells were selected with 10
pg/ml puromycin (Clontech) and screened for transgene expression by
Western blot analysis. Four stable lines were selected and termed clones
2, 38, 41, and 42. Nontransgene-expressing, puromycin-resistant clones
were also selected as negative controls (termed clones A and B). COS-1
cells were purchased from American Type Culture Collection (Manassas,
VA) and grown in DMEM, 10% FBS, and 1% penicillin/streptomycin
and were transiently transfected using calcium phosphate.

Hypoxia treatment. HMVECs of passage 6 were seeded with 1.2 X 10°
cells per 10 cm dish and grown to confluence in supplemented
EGM2-MV media. On day 4, cells covered by 3 ml of medium per plate
were placed into a 37°C tempered hypoxia chamber. For catalytic re-
moval of residual oxygen, a package of BBL GasPak replacement charges
(Becton Dickinson, Cockeysville, MD) was placed into the chamber and
then it was constantly floated with a mixture of N, (90% volume), CO,
(5% volume), and H, (5% volume) at 37°C. Plates were removed from
the chamber at indicated time points, and RNA preparation and North-
ern blot analysis was performed as described.

Immunofluorescence. HMVECs of passage 8 were grown on
fibronectin-coated glass coverslips. Cells were washed three times with
PBS and fixed for 15 min at 37°C in 4% PFA in PBS. Cells were rinsed
twice with PBS and washed three times for 5 min with glycine (50 mm)/
PBS. After permeabilization on ice with 0.15% Triton X-100/PBS for 7
min, cells were blocked with 2% NGS/PBS for 1 hr at room temperature.
Incubation with anti-Verge antisera was performed in a 1:200 dilution in
1.5% (v/v) NGS/PBS for 2 hr at room temperature. Cells were washed
four times with washing buffer [1.5% (v/v) NGS, 100 mm NaCl, 10 mm
Tris-HCI, pH 7.6] and incubated with FITC-anti-rabbit IgG for 1 hr.
Cells were washed three times for 5 min with washing buffer, three times
with PBS, and rinsed four times with Tris-HCI (10 mm, pH 7.6). Cover-
slips were mounted with Aqua Poly/Mount (Polysciences, Warrington,
PA), and cells were visualized using a confocal Leica (Bensheim, Ger-
many) microscope.

Electrical cell-substrate impedance-sensing experiments. RBE4 cells were
grown to confluence on small gold electrodes (Applied Biophysics, Troy,
NY) in RBE4 media (Tiruppathi et al., 1992; Verin et al., 2000; Garcia et
al,, 2001). Electrical resistance of endothelial cell monolayers was mea-
sured with an electrical cell-substrate impedance-sensing (ECIS) system
(Applied Biophysics). Before experimentation, cells were incubated with
fresh media, and resistance across the resting monolayer was monitored
for 1 hr to ensure a stable baseline. A 4000 Hz AC signal witha 1 V
amplitude was applied to the RBE4 monolayer through a 1 M) resistor,
creating an approximate constant-current source of 1 pwA. The small
electrode and larger counter electrode (1 cm?) are connected to a phase-
sensitive lock-in amplifier with a built-in differential preamplifier
(5316A; EG & G Instruments, Princeton, NJ). The in-phase and out-of-
phase voltages between the electrodes were monitored in real time with
the lock-in amplifier and were converted to scalar measurements of
transendothelial impedance. Resistance values from each microelectrode
(measured in ohms) were normalized as the ratio of measured resistance
to baseline resistance and plotted versus time and statistically assessed
using Epool software, kindly provided by Dr. K. L. Schaphorst (Johns
Hopkins University School of Medicine, Baltimore, MD). At time 0,
either agonist or vehicle was added to the cells, and resistance was assayed
over the course of several hours. Resistance data were normalized to the
initial voltage and plotted as normalized resistance. An independent ¢ test
was performed to analyze the differences between means of electrical
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resistance. Results are expressed as means * SD. Differences in two
groups are considered statistically significant when p < 0.05.

Focal cerebral ischemia model. For middle cerebral artery occlusion and
reperfusion, the filament model was used as described previously
(Schneider et al., 1999).

Quantitative PCR. cDNA was synthesized using oligo-dT primers and
Superscript II reverse transcriptase (RT) and purified by using silica-
based columns (Qiagen, Hilden, Germany). Quantitative PCR was per-
formed using the LightCycler system (Roche) as described previously
(Brambrink et al., 2000). In brief, cDNAs were serially threefold diluted
to obtain four to five concentration points for quantification. The con-
centrations of genes of interest in different cDNA samples were normal-
ized to levels of the housekeeping gene cyclophilin; 60°C was chosen as
the annealing temperature. Measurements of cyclophilin and Verge
amplicons were performed at 84°C to exclude potential PCR by-products
from the analysis. The following primers were used for PCR amplification:
cyclophilin: cyc5(s), 5'-ACCCCACCGTGTTCTTCGAC-3'; acyc300(as),
5'-CATTTGCCATGGACAAGATG-3', Verge: 119-17(s), 5'-GGGTCT-
GAATAGGAA GGGAGTCTG-3'; L119-19(as), 5'-ATAGGACATCAG-
GTTTCCAAGGTC-3'". The specificity of the PCR reaction was checked
by determining the melting point and by size using agarose gel electro-
phoresis. Values were averaged from at least three different dilution mea-
surements per sample and are given as means * SD.

Results

Verge is a novel immediate early gene

We used a differential cloning strategy to identify mRNAs that are
rapidly induced in rat brain by electrical seizure (Yamagata et al.,
1993). A novel cDNA (verge) corresponding to a ~3.0 kb mRNA
was isolated, and three independent full-length cDNAs were se-
quenced. The size of the full-length verge cDNA (2947 bp) corre-
sponds closely to the estimated size of the rat mRNA identified by
Northern blotting (Fig. 1A). The longest ORF with an initiator
methionine predicts a protein of 246 amino acids. This initiator
methionine is an acceptable Kozak consensus sequence (Kozak,
1981) and is downstream of an in-frame stop codon (Fig. 2A). The
3" noncoding region contains eight AUUUA (ATTTA in cDNA)
mRNA instability motifs (Shaw and Kamen, 1986). The predicted
molecular mass of rat Verge is 26.8 kDa, and the pI is 9.60. Analysis of
Verge amino acid sequence predicts an N-terminal leucine-zipper
motif (amino acids residues 15-43), two regions of hydrophobicity
[amino acids residues 50-97 and 157-179, as predicted using the
TMpred program (Kyte and Doolittle, 1982)], and a C-terminal
coiled-coil domain [amino acid residues 188—240 predicted by the
Lupas method (Lupas et al., 1991)] (Fig. 2 B). There are several pre-
dicted phosphorylation sites including a PKC site at residue 153 and
PKA sites at residues 50 and 237.

Verge sequences and predicted ORFs were subsequently iden-
tified for both mouse and human in the National Center for
Biotechnology Information database (NCB AX_665396 and
NM_030817, respectively), and three independent mouse
c¢DNAs obtained by screening a brain library were confirmed to
match the NCBI database. The human verge mRNA is ~4.7 kb
and encodes an ORF predicted to be 248 amino acids, with two
additional amino acids at the N terminus. The amino acid resi-
dues are 87% identical between rat, mouse, and human species
(Fig. 2B).

Basic Local Alignment Search Tool (BLAST) analysis of the
verge ORF identified several proteins that contain regions of
modest homology (Fig. 2C). In mammals, all six members of the
apolipoprotein L (ApoL) family (NP_003652.2, NP_6663612.2,
XP_235464.1, NP_085146.2, NP_085145.1, NP_085144.1) en-
code a ~70 amino acid region that is homologous to Verge. Two
putative Fugu rubripes proteins (NCBI accession numbers
SINFRUP053682 and SINFRUP055309) and two putative C. el-
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Figure 1. Verge mRNA is induced by seizures and cycloheximide in rat brain. A, RNA was
isolated from hippocampi of control rats or rats treated with either a single MECS or cyclohexi-
mide (20 mg/kg, i.p.) and killed at the indicated time. Northern blot analysis was performed on
10 g of total RNA using 32P-dCTP-labeled rat verge ORF as a probe. B, Rats received an intra-
peritoneal injection of PBS, kainic acid (11 mg/kg), or PTZ (50 mg/kg) and were killed at the
indicated time points. RNA was isolated from hippocampi. Northern blot analysis was per-
formed on 10 g of total RNA using *2P-dCTP-labeled rat verge ORF as a probe. A probe for
GAPDH was used as a control for RNA loading.

egans proteins (NCBI accession numbers T15963 and
NP_740988.1) also show homology to Verge. One of the F. ru-
bripes proteins (SINFRUP053682) appears to be a fish homolog
of mammalian ApoL, and the second F. rubripes protein (SIN-
FRUP055309) appears to be a partial sequence. In all cases, ho-
mology is limited to amino acid residues 35-108 of Verge (Fig.
2C). Within this region, Verge shows 30% identity/55% amino
acid homology with the ApoL family members, 30% identity/
61% homology with F. rubripes (SINFRUP055309), and 25%
identity/42% homology with C. elegans. In comparison, mem-
bers of the ApoL family show ~50% identity/~72% amino acid
homology in this region with each other and 30% identity/50%
homology with the putative F. rubripes or C. elegans proteins.
PsiBlast analysis did not identify additional proteins that contain
the putative ApoL domain.

Analysis of expressed sequence tag (EST) and serial analysis of
gene expression (SAGE) databases revealed verge mRNA to be
abundantly expressed in a large number of tissues sources, in-
cluding fetal tissues, placenta, and solid tumors (data not shown).
BLAST analysis indicates that the genomic location of human
verge is chromosomal position 12p13.2.

Verge is rapidly induced in endothelial cells of cerebral
vessels by seizures

Verge mRNA expression was analyzed for regulation by seizure
evoked by MECS or by chemical inducers of seizures, including
kainic acid and PTZ. We also examined the dependence of verge
mRNA induction on de novo protein synthesis using cyclohexi-
mide, which blocks protein translation (Rajagopalan and Malter,
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GGAATGTTCTAGATTCGCAGCATCCACAAGGAAGTGCTACATGGGCGGAGTGCAAAGGATTTCAGAAGCTCTTCTTG 858
CAGGGCATCAGTCCGTAGCTCCTTGTGTGTGCGAAAGACTTTTCACTTGTGTAATCCCAACTGAGTATGTGACCCTA
AACAGTCACTTTGGGGACTCCCCAAATCCTTTTTAGCTGCACACAGCTTGTCAGACTGTCCTTCAATTAGAGTTATT 1010
GGGGTGGGGGGGCTTGATGGCTTGAGTAATAGAGGTCTGGCGAGGTGTCTCCCTCTTGGACCTCTTATGTGTTGTTA
CTAGAATCCTGAGATTCTCAAATGTTGGTGAGAGGAGACTTTTACTTTTCAACTTTGCTTCGGCAGTTTCCGATACA 1162
CAGGACTCCAGAATCCAGAACAAGAAAGAAGAACCTTGTGTTTGTAGGGTGTGCAGACCCAGACGGGGCCGAGGAGC
TGACTTGCTCAGCTCTCACACGCAGCCAGTTTATCCACTCACAGACCAAACCTGGCTACTGCATAGACTGTTCCAGT 1238
GTGGCTTCAAATCCACACCTCTAGGTACCCTGAGAAGGAAAGCCACCTGAAGAGTCACTCTAATCCCAACACGCTCA
CCCCCTTCACGTCCATAAAGGAGCTGGGCAAGGGGTGAGATGAAGACCCTGACAATTTTAAATGACTGTAGCATAGA 1390
GAGCCATGGCCTTTGAGTTTAAGAGTCTTGATCCCAGGTTCTGTCCCCCACTGTCCTGTGACTTAGCCACCTTGTCT
TGCTACAGATGGTGGTAGGAGGCCACCCTGTTGCGAAGTCCTGAGATAATGACAAACACAGAGGCTAGCTCACAAAA 1618
ATGTACTTCCTGGCCTGGCTTCTGAAGGGTTAACTGTTGGGCTCCATCCCAGATTTCTGAGATCAGGAACTCCAAAT
ATGAGGCCCGCCTCTGGCTGATTCTGATGCCCCATAAATGTTTGAAAATGACACAGCAAAGGTTCATCTCCAGCCAG 1770
GTGTGGTGGGACACACCTGTAAGGCCAGCGCTTGGAGATGGAGACAGGGGGACCAGTAGTTCAGGGTCATTCTTGGC
TACATAGCAAACTCAAGGCCACCCTGGTCTCAAAAACCAAAACAAAAAGCCATCTTCTGACTCCCTTCAATTGTTCA 1922
AAGCCTTTCCAGGGCCTTCAGAATCACGCTCAGAGTGTTCTGGGAAGATTAGCCCAGAAGCCAGAGAAAGAGTACGC
TGTGTGCTTGTAAAGCCAGTTACTCTGTCCCCTGTGAACTAGGAGACAGAGCACTTCCGACCCTATAGAGGGCAGTA 2074
GTGGCCATTCCTTGTAGGGGACTGGTATAGAAGTAATGTGAACTATTTAAAAATAGTTATTTAATTGCTGCCTTCAC
ATTTGATTTTATTTAACCTTCACATTATTTAGAAAATAATAAGAGTAGTAAGTGTCTGAATAGGAAGGGAGTCTCTT 2226
AAGGCTCTTTCCAAGAGCTCAGGTTTGGATTTCTAGAGTCCCCCCGACCCCAGAGAGGACTCTTTAGTGTTTGACAC
GGTCTTTGTAAGTAAGATGGGGAGTCCTGGAGAGAGAGACCAAGCTGATTTTTAARAACTAGGAAATGGAGTCTTGAAC 2378
TGTGGAAGATTTGAAAAGTTAAGCCTATGTGTCTTGAAGGTACTTGGCCAGAAAAGCACTTGGCTTGAAAAAGAAAA
CCTGTTTAATTCAGGGGTGGAGGAATAGAGACAGATGAAGAAAGCATTTAGACCTCGGAAACCTGATGTCCTATGAA 2530
ATTCTGTTTTTATAAAATTGTGTTATGGTGGAGATCTGTTGCATTTCGACTTTGTGGCTGTAAGAAACCTGTTATCT
ATGTTTAAGAAAGTACTTCTAATTTATTCAATGTCTTCCTAAATTATCCTTTAAAAAAAAAAGTTGGAAAGTCTATG 2682
AGACCGTACCTAAGAAACCTTGACTGTGTATTTAAGTTATTTAATGCCATGCATTTGTGAAGCCCCTTCCCAGTGAT
GGCTGTGGTGTGTCTGAGGAAATGTAAGTTTGGCATGAGGGGGAGGGGCTGCTGTTTCTATATTTGTTTTTGTTTTC 2834
TATAAACAGTAATCAGGATGTATCCTGGTTTCATTTGACATTGAAAAAAAAARAARAAA 2947

Rat verge —--ME] E| D] E| E) 58
Mouse verge ——ME) E) D) 1 1 58
Human verge E} 12 D 12t E 60
Kk ik kkok .
Rat verge D] [E 118
Mouse verge D] E 118
Human verge D] El 120
Tkkk

Hokkk Tkk

Rat verge IE D) 124 E) D) D) 178

Mouse verge 1 Df 12 12 D] D) 178

Human verge E| D) E E Df 180
: Dhkk LKk ko

CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC

Rat verge 121 ESHE| DEESEREF) 238

Mouse verge E) 19 DEEEFRNF) 238

Human verge 121 ESE| DEEREREF] D] 240
H R

Rat verge D) 246
Mouse verge D) 246
Human verge 248

C

Hu-verge
Hu-apo-L6
Fugu-53682
C.el-NP_740988

Figure 2.  Nucleotide and amino acid sequences for verge and protein homologies. A, Rat verge nucleotide and amino acid
sequence. Numbers to the right refer to the last nucleotide in each line. ATTTA mRNA instability signals are bold and underlined.
B, Rat, mouse, and human Verge proteins show 87% amino acid identity. The conserved N-terminal leucine zipper motif is
indicated by ZZ above the alignment, and C-terminal coiled-coil domain is identified by CC above the alignment. The region of
homology with ApoL proteins is indicated by = =. Sequence coloring is based on ClustalW: blue, small and hydrophobic; green,
hydroxyl plus amine plus basic Q plus cysteine residues; yellow, acids; magenta, bases; *, identical; :, conserved substitution; .,
semi-conserved substitution. C, Multiple sequence alignment of human Verge (amino acids 35—108), human ApoL6 (amino acids
57-130), putative f. rubripes protein 53682 (amino acids 18—91), and putative C. elegans protein NP 740988 (amino acids
936—-1004). Coloring and symbols are the same as in B. Symbols above alignment represent homology of Verge and ApoL6.
Symbols below alignment show homology of all proteins.
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1996). Northern blot analysis demon-
strates that both MECS seizure and cyclo-
heximide induce verge mRNA (Fig. 1A).
Induction by MECS is rapid and transient
with peak mRNA expression occurring
20-30 min after seizure. Verge mRNA ex-
pression returns to baseline by 1 hr. Induc-
tion by cycloheximide is also rapid but
continues up to 6 hr (final time point) af-
ter administration. The level of verge
mRNA after 6 hr of cycloheximide is esti-
mated to be ~20-fold higher than the peak
level induced by MECS (Fig. 1A). Simi-
larly, treatment of rats with the epilepto-
genic excitatory amino acid kainic acid (15
mg/kg, i.p.) or PTZ (50 mg/kg, i.p.) re-
sulted in a rapid transient induction of
verge mRNA in brain (Fig. 1B). This tem-
poral pattern of induction by seizure, and
induction in rats treated with cyclohexi-
mide, indicates that verge is regulated as an
immediate early gene in adult brain.

In situ analysis indicates that Verge
mRNA is expressed in capillaries and in
the cells lining the inner surface of veins
and arteries (Fig. 3A-C), suggesting ex-
pression by endothelial cells. Verge mRNA
was not detected in smooth muscle cells.
Verge mRNA was also detected in the en-
docardium that lines the atria and ventri-
cles of the heart (Fig. 3D). To confirm that
verge mRNA is expressed in endothelial
cells, dual fluorescent labeling was per-
formed using the BS-1, which selectively
binds endothelial cells (Thurston et al.,
2000). Verge mRNA colocalized with BS-1
in isolated brain capillaries prepared from
rats treated with cycloheximide (Fig. 3E).
At high magnification, verge mRNA is vis-
ible in the perinuclear region, whereas the
BS-1 lectin stains plasma membrane (Fig.
3F). Verge mRNA that is induced by cyclo-
heximide was similarly detected in vessel
endothelium of all tissues sampled (lung,
liver, spleen, brain, retina, kidney, heart,
adrenal gland, skin; data not shown).

Antibodies generated against N- and
C-terminal peptides or GST fusion pro-
teins detected Verge transgene expressed
in COS cells. Verge Abs were specific and
at least as sensitive as the best commercial
anti-HA Abs in detecting the epitope-
tagged Verge transgene by Western blot-
ting (Fig. 4A). However, native Verge pro-
tein was not clearly detected in lysates
from hippocampus or other tissues of con-
trol rats. We next examined Verge protein
expression in hippocampus of naive and
kainate-treated rats. N- and C-terminal
Verge antibodies recognized a kainate-
inducible protein of the correct molecular
weight (Fig. 4 B). Immunohistochemistry
was performed using the same antibodies



4096 - J. Neurosci., April 21, 2004 - 24(16):4092—4103

Figure 3.  Verge is expressed in blood vessel endothelium. /n situ hybridization analysis of
verge mRNA in tissues from rats treated with cycloheximide (20 mg/kg, i.p., for 2 hr). A, Verge
mRNA in blood vessels in the cerebral cortex. B—D, High magnification of cerebral cortex (B),
spleen ((), and heart ventricle (D) showing verge in cells lining the intimal layers of blood
vessels. Tissues are counterstained using nuclear fast red. £, F, Brain capillaries were isolated
fromrats treated with cycloheximide. Verge mRNA [detected by fluorescent in situ hybridization
(FITC/green)] is expressed in cells that are costained by the endothelial cell marker lectin B.
Simpliforica (Cy3-conjugated BS-1/red) (£). In £, nuclei are counterstained with DAPI (blue,
arrows), and high magnification shows verge mRNA in the perinuclear region of cells staining
for BS-1. Capillaries from control rats showed no verge mRNA signal (data not shown). Scale
bars, 50 pm.

and revealed a specific signal in kainate-treated brain (Fig. 4 D,E)
that was not present in naive brain (Fig. 4C). Preimmune serum
failed to detect a specific signal in kainate-treated brain (data not
shown). Staining was restricted to small blood vessels, consistent
with verge mRNA expression in endothelial cells. We conclude
that Verge protein is induced by kainate seizures and is expressed
in vascular cells in the adult brain.

Verge is induced in cultured endothelial cells by TNFe, FGF2,
and hypoxia

To investigate the effects of vascular bioactive molecules on verge
expression, primary cultured mouse lung endothelial cells
(MLECs) were exposed to either Ang-1 (50 ng/ml), Ang-2 (50
ng/ml), FGF2 (50 ng/ml), HGF (40 ng/ml), TNF-« (25 ng/ml),
PMA (300 nMm), or cycloheximide (10 ug/ml). Northern blot
analysis was performed, and hybridization signals were quanti-
fied (Fig. 5A,B). Similar to in vivo studies, cycloheximide in-
duced continuous verge mRNA expression. FGF2 and TNF-«
each induced verge expression ~20-fold within 30 min after ini-
tial exposure. Verge mRNA levels returned to near baseline levels
by 60 min. HGF induced verge expression approximately twofold
to threefold. PMA proved to be the most potent inducer of verge
as mRNA levels increased 55-fold after 30 min of stimulation and
were decreased at 60 min. Ang-1 and Ang-2 showed subtle, if any,
effects on verge expression at the concentrations and time points
studied. Identical Northern blots were probed for c-fos, zif268,
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and jun B mRNA, and their signal was quantified (Fig. 5B). Of
these, c-fos showed the most similar profile of responses suggest-
ing a shared signaling pathway leading to transcriptional activa-
tion. Verge mRNA is also rapidly induced by FGF2 in primary
mouse heart endothelial cells (Fig. 5C). These studies provide
precedent in which verge can be induced in endothelial cells by
membrane receptor signaling pathways.

We next examined verge mRNA expression in primary cul-
tured human endothelial cells. Northern analysis confirmed that
verge mRNA is expressed by neonatal HMVECs, and the ~4.5—
5.0 kb size corresponds well with estimated size of the human
verge cDNA (4.6 kb) present in the NCBI database and ESTs
identified by our laboratory (Fig. 5D). To investigate the effects of
hypoxia on verge expression, HMVECs were exposed to hypoxic
conditions. Verge mRNA expression revealed a time-dependent
increase over the 3 hr studied (Fig. 5D). Note that hypoxia and
cycloheximide are the only stimuli identified to produce persis-
tent upregulation of verge mRNA.

Verge mRNA is focally induced by cerebral ischemia

Based on the preceding observation that verge is differentially
induced by defined growth factors or hypoxia, we examined the
hypothesis that verge expression may be regulated by local con-
ditions of the tissue. We examined the effect of focal ischemia on
the expression of verge using a well characterized stroke model in
which the middle cerebral artery of an adult mouse is transiently
occluded by a filament that is threaded into the lumen of the
vessel (Schneider et al., 1999). This model results in a transient
disruption of the blood-brain barrier and increased vascular per-
meability (Cole et al., 1990; Betz et al., 1994). Transient focal
ischemia (1.5 hr ischemia and 2 hr reperfusion) resulted in a
threefold increase in verge mRNA expression in the ischemic
hemisphere compared with the nonischemic hemisphere of the
same animal (Fig. 6A). Similarly, immunofluorescence studies
revealed increased Verge protein to be present in blood vessels in
ischemic portions of brain (Fig. 6C), relative to nonischemic por-
tions of the same brain (Fig. 6 B). The increase in the ischemic
hemisphere suggests that local tissue conditions can influence the
induction or stability of verge mRNA and protein.

Verge is developmentally regulated in the rat heart

Although verge expression is low in normal adult vasculature, the
abundance of verge ESTs from developing tissues suggested that it
may be developmentally regulated. An initial survey of tissues
from postnatal day (P) 0 rat confirmed prominent expression of
verge mRNA in heart. Detailed in situ analysis of developing heart
is presented in Figure 7. Verge mRNA is evident at high levels in
heart from embryonic day (E) 17 to P12 (Fig. 7A-D). Verge ex-
pression is restricted to vessels. There is a marked decrease in
verge expression between P12 (Fig. 7D) and P17 (Fig. 7E), and by
P30 verge expression is no longer detected (Fig. 7F). The devel-
opmental progression of angiogenic activity is well documented
in heart (Baldwin, 1996; Tomanek, 1996; Tomanek et al., 1996,
1999) and parallels the expression of verge.

Verge protein is expressed in primary cultured endothelial
cells and localizes to focal regions at the periphery of the cell
Using conventional approaches, we were not able to detect Verge
protein in HMVECs under normoxic or hypoxic conditions by
Western blotting. This stands in contrast to the striking induction
of verge mRNA by hypoxia and growth factors (Fig. 5). IEG pro-
teins are often in rapid turnover (Kruijer et al., 1984; Murphy et
al., 2002), and treatment of cells with protease inhibitors can lead
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Figure 4.

to accumulation of rapidly degraded proteins (Wang et al., 1994;
Blagosklonny et al., 1999). Accordingly, we examined the effect of
treating endothelial cells with protease inhibitors. Verge protein
was detected in HMVEC lysates after treatment with the cysteine
protease inhibitors ALLN and ALLM (25 ug/ml of each added
directly to media for 3-5 hr) (Fig. 8 A). Western blots revealed a
prominent band of ~26 kDa that was present in total lysates
prepared from ALLN-ALLM-treated cells but not untreated
cells. Immunofluorescence was performed to examine the sub-
cellular localization of Verge in HMVEC:s. Staining with two in-
dependent Verge antibodies showed Verge protein to be enriched
in cells treated with ALLN-ALLM and localized to the periphery
of cells in close proximity to the plasma membrane (Fig. 8C,E).
Verge immunoreactivity frequently showed focal accumulations
along the periphery of cells. Peripheral staining was not seen in
control HMVECs stained with preimmune serum (Fig. 8 B,D)
(data not shown). Confocal images confirmed that focal puncta
of Verge localize to basolateral periphery, particularly at sites
where the membrane displayed outward convexity (Fig. 8 F,G).
These data indicate that Verge protein is rapidly synthesized and
degraded in HMVECs and suggest that Verge functions at or near
the plasma membrane.

Stable Verge-expressing RBE4 cells show increased sensitivity
to PKC stimulation in an in vitro assay of monolayer
permeability

To examine the function of Verge in endothelial cells, we gener-
ated stable cell lines that express HA-tagged full-length Verge.

Kainic acid induces Verge protein in brain blood vessel endothelium. A, Western blot analysis of Verge protein
expressed in transfected cells. COS cells were transiently transfected with either pRK5 empty vector or pRK5—5"HA-Verge. Anti-HA
Ab confirms expression of HA-Verge protein (left panel) that is also detected with an Ab raised against an N-terminal Verge
peptide (right panel). 8, Hippocampus from control and kainate-treated rats (kainicacid; 11 mg/kg, i.p.; for 2 hr) was analyzed for
Verge expression by Western blotting. Abs that generated against the N terminus and C terminus of Verge each detected an
inducible protein of the correct molecular weight (arrow). (£, Immunohistochemistry of Verge in hippocampus of rats treated
with kainicacid as described in B. Immunoreactivity (anti-C-terminal Ab) localizes to vessels (arrows) seen in longitudinal (D) and
transverse profiles ( £). No immunoreactivity was detected in control rat brain ( (). Scale bar, 30 m.
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RBE4 cells, an immortalized cell line de-
rived from rat brain microvasculature
(Roux et al., 1994), were transfected with
separate expression constructs for puro-
mycin resistance and HA-tagged full-
length Verge. Although low levels of en-
dogenous verge mRNA were detected in
RBE4 cells by RT-PCR, endogenous Verge
protein was not detected in Western blots
of total lysate (Fig. 9C, top panel). Four cell
lines were selected and confirmed to ex-
press Verge transgene. In these cells, Verge
transgene was evident in total lysates and
migrated at the anticipated molecular
mass. Two cell lines from the same screen
that did not express Verge transgene were
maintained as controls.

Because Verge accumulates at the pe-

N riphery of HMVECs, we hypothesized that
A"} o it might function to regulate endothelial
~ cell barrier function. Accordingly, we per-
formed assays of cellular permeability us-
ing Verge-expressing endothelial cell lines.
Confluent monolayers of RBE4 clones
were grown on gold electrodes in cham-
bers designed to measure the electrical re-
sistance of the layer using the method of
Tiruppathi et al. (1992). Growth proper-
ties and measures of base line electrical re-
sistance were identical for Verge-
expressing and nonexpressing (control)
RBE4 cell lines (Table 1). We then exam-
ined the effect of adding agents that are
reported to influence monolayer resis-
tance. Thrombin and TGF-f failed to af-
fect permeability characteristics of either control or stable Verge-
expressing monolayers (Table 1). However, the PKC-activating
phorbol ester PMA decreased monolayer resistance of stable
Verge-expressing cells but not control cells (Table 1). In all four
stably expressing Verge RBE4 clones, but not in two nonexpress-
ing clones, PMA (100 nM) treatment induced a rapid decline in
transendothelial electrical resistance (TER). A reduction of resis-
tance was statistically significant within 10 min, and ~90% of the
response was complete by 30 min after agonist stimulation (Fig.
9A). The rapid kinetics and magnitude of PMA-induced increase
in permeability is similar to that reported using primary endo-
thelial cells (Verin et al., 2000). In contrast, cell lines that do not
express Verge transgene showed <10% reduction in monolayer
resistance over the 3.5 hr time course of the experiment. PMA
effects were dose dependent and maximal at 100-300 nm (Fig.
9B).

We next examined the molecular mechanism of the PMA ef-
fect. Preincubation of 5'HA-Verge-expressing RBE4 cells with
the PKC inhibitor BIM (Toullec et al., 1991) (1 um) did not alter
basal electrical resistance but did block the PMA-induced de-
crease in electrical resistance (Table 2). Pretreatment with either
U0126, a potent MAP kinase kinase (MEK) 1/2 inhibitor (Favata
et al., 1998), or SB203580, which specifically inhibits p38 (Lee et
al., 1994), did not affect basal resistance or responses to PMA
(Table 2). We conclude that in this in vitro model of monolayer
permeability, increased expression of Verge leads to an increased
sensitivity to PMA that requires PKC. This effect does not appear
to be dependent on MEK1/2 and p38.

- -
-

a-Verge-CT
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To further assess the mechanism of in-
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ported to be expressed in endothelial cells

and that are stimulated by PMA (Ferro et

al.,, 2000; Idris et al, 2001; Siflinger- -
Birnboim and Johnson, 2003). No signifi-
cant change in expression levels of PKC-a,
-B, -7y, -6, or -€ were detected between
Verge expressing and nonexpressing RBE4
cell lines (Fig. 9C). Thus, differences in re-
sponse to PMA are not likely attributable
to changes in expression of PKCs.
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PMA treatment of Verge-expressing 60
RBE4 cells leads to a rapid and transient
remodeling of the actin cytoskeleton 50
and the formation of paracellular gaps B
PMA-induced increases in endothelial cell 40 ‘E oros)
permeability are often associated with 30 iy
changes in cell shape, reorganization of the
cytoskeleton, and the formation of para- 20 -
cellular gaps (Antonov et al., 1986; Grigo- 10
rian and Ryan, 1987; Lynch et al., 1990;
Garcia et al.,, 1992). As noted, control and 0 -

Verge-expressing RBE4 cell lines form
similar monolayers, and staining of nuclei
confirm their cell density to be approxi-
mately equal (Fig. 10A,B). Visualization
of F-actin with FITC-labeled phalloidin
showed that the actin stress fiber network
is also similar in control and Verge-
expressing RBE4 cells (Fig. 10C,D, respec- o
tively). In Verge-expressing RBE4 cells, o
treatment with PMA (100 nM, 1 hr)ledto a
reorganization of the actin cytoskeleton
and the formation of paracellular gaps
(Fig. 10 F). PMA failed to induce a change
in actin cytostructure or formation of
paracellular gaps in the control, non-
Verge-expressing lines (Fig. 10 E). Remod-
eling of the actin cytoskeleton and the for-
mation of paracellular gaps was transient
as normal monolayer morphology re-
turned to stable expressing cell lines 24 hr
after continuous PMA treatment (data not
shown).

Figure 5.
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Analysis of Verge expression in primary endothelial cells, requlation by various bioactive molecules, and hypoxia. A,
Astudy of verge mRNA expression in primary cultured MLECs. Total RNA was isolated at the indicated time points after cells were
stimulated with Ang-1 (50 ng/ml), Ang-2 (50 ng/ml), FGF2 (50 ng/ml), HGF (40 ng/ml), TNF-cx (25 ng/ml), PMA (300 nm), or
cycloheximide (10 wg/ml) and analyzed by Northern blotting. FGF2, TNFe, PMA, and cycloheximide potently induce verge
expression. Lower blot shows GAPDH as a control for RNA loading. B, Quantification of mRNA induction of verge (gray), jun-B
(white), c-fos (black), and zif 268 (black and white stripes) in MLECs. C, FGF2 can also induce verge mRNA in primary mouse cardiac

endothelial cells. D, Human microvascular endothelial cells (HMVECs) were placed in a hypoxic chamber. At indicated time points

Discussion
We describe the cloning and initial charac-
terization of a novel gene that is selectively
expressed in vascular endothelium. In the adult brain, verge
mRNA is rapidly and transiently induced by a number of stimuli
including the protein synthesis inhibitor cycloheximide. These
observations indicate that verge is regulated as an IEG. In contrast
to adult endothelium, where expression in normal tissue is very
low, verge is prominently expressed during developmental angio-
genesis. Verge ESTs are also present in many human tumor librar-
ies from brain and other tissues, suggesting it contributes broadly
to vascular biology.

Verge encodes a 73 amino acid region that is 30% identical to
the ApoL family of proteins. It is unlikely that Verge represents

control for RNA loading.

total RNA was isolated from cells and verge mRNA expression was analyzed by Northern blot analysis. The S26 gene was used as a

another ApoL family member because Verge shows no homology
to other regions of the ApoLs, whereas known family members
show significant homology throughout. Also, the ApoL family
most likely arose from a series of gene duplications in a 619 kb
region on human chromosome 22 (Page et al., 2001), whereas
human verge is present on chromosome 12. Although ApoL-1 has
been shown to be secreted and present in high-density lipopro-
tein fractions (Duchateau et al., 1997), no functional data are
currently known regarding the ApoL proteins. The same region
of Verge shows 30 and 25% identity to hypothetical Fugu rubripes
and C. elegans proteins, respectively. The presence of a conserved
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Figure 6. Verge mRNA and protein is induced in an animal model of focal ischemia. Quanti-
tative RT-PCR was performed to assess induction of verge mRNA in mouse brain. 4, MCA occlu-
sion model of cerebral ischemia (1.5 hr ischemia and 2 hr reperfusion) shows a more than
threefold induction (3.39 == 0.21; n = 4) of verge mRNA in the ischemic hemisphere compared
with the control hemisphere. B, (, Inmunofluorescence with anti-Verge Ab revealed increased
expression of Verge protein in cortical blood vessels (arrows) in the ischemic portion of the brain
(€) compared with normoxic portions of the same brain ( B).
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Figure 7.  Developmental expression of verge in rat heart. A—F, In situ localization of verge
mRNA in heart at developmental stages: E17 (A), P1(B), P4 (), P12 (D), P17 (E), and P30 (F).
Verge mRNA is abundant in capillaries from E17 to P12. Verge mRNA expression is reduced by
P17 and no longer detected by P30. Scale bar, 50 wm.

region in multiple proteins across species is suggestive of a novel
protein domain.

In vivo, MECS, kainic acid, PTZ, and cycloheximide are each
able to induce verge mRNA in adult quiescent vasculature. Verge
mRNA induction by cycloheximide is rapid and robust and com-
parable with c-fos. The ability of cycloheximide to superinduce
IEGs appears to result from inhibition of transcription repressors
that are normally rapidly induced (Greenberg et al., 1986; Lau
and Nathans, 1991; Nathans et al.,, 1991). Ang-1 and Ang-2
showed little significant induction of verge mRNA in cultured
endothelial cells. In contrast, FGF2, TNF-«, PMA, hypoxia, and
cycloheximide proved to be rapid, potent inducers. Of the known
signaling pathways that are activated by these stimuli, nuclear
factor-«B and stress-activated protein kinase/c-Jun N-terminal
kinase appear to be shared and therefore are candidate signaling
pathways responsible for verge induction. Independent of the
precise mechanism, it is evident that new protein synthesis is not
required for verge mRNA induction. As hypoxia, FGF2 and TNF«
signaling are important in angiogenesis and inflammation, our
studies suggest that Verge could contribute to these biological
responses.

Verge is notable in that it is the only gene identified in our
screen for seizure-induced cDNAs in adult brain that is expressed
selectively in vascular endothelium. We and others reported ~20
IEGs that are induced by seizure in neurons (Sheng and Green-
berg, 1990; Nedivi et al., 1993; Lanahan and Worley, 1998; Wal-
ton et al., 1999; Herschman et al., 2000). Certain IEGs can also be
expressed in endothelial cells (Fig. 5), but Verge is present only in
endothelial cells and is not expressed or induced in neurons in
vivo. Interestingly, neural activity is known to result in rapid
growth of capillaries in brain and is age dependent (Black et al.,
1987; Churchill et al., 2002). Because Verge is induced by sei-
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Figure 8.  Analysis of Verge expression in primary endothelial cells, regulation, and focal
accumulation of verge protein at the cell periphery. A, Western blot analysis (using Ab 25
generated against human Verge residues 39 —52) reveals accumulation of Verge protein after
treatment of HMVECs with the cysteine protease inhibitors ALLN and ALLM (25 wg/ml, 3 hr).
Lysate from C0S-1 cells transiently transfected with Verge was used as a positive control (4, left
lane). B—G, Subcellular localization of Verge in HMVECs. Ab 25 shows focal staining at the
periphery of ALLN/ALLM-treated cells ( C, arrows), preimmune control for Ab 25 ( B). Likewise,
Ab 30 (generated against Verge residues 3—21) also recognizes specific puncta present at the
periphery of inhibitor-treated cells (£, arrows), preimmune control for Ab 30 (D). £, G, T um
confocal sections show Verge puncta (Ab 30) are enriched and nearly confluent at prominences
along a basolateral surface of the cell (G) but are discrete at more apical regions of the cell (F,
arrows).

zures, which result in increased neuronal activity, and can be
induced by soluble factors such as FGF2 and TNFe, which are
produced by both neurons and glia (Woodward et al., 1992; Allan
and Rothwell, 2001), it is possible that verge plays a role in
activity-dependent changes of brain vasculature. Enhanced ex-
pression ipsilateral to middle cerebral artery (MCA) occlusion in
the stroke model supports the notion that verge can respond to
local conditions within the tissue. Whether the critical stimulus
in this model is hypoxia- or tissue-derived signaling molecules
remains to be determined.

Verge protein also appears to be under tight regulation be-
cause inhibition of cysteine proteases results in its rapid accumu-
lation. There is ample precedent for rapid degradation of IEGs.
For example, c-fos is rapidly translated and degraded unless
phosphorylated by ERK (extracellular signal-regulated kinase),
which leads to stabilization of c-fos protein (Murphy etal., 2002).
Itisinferred that the absolute level and temporal dynamics of IEG
protein is critical for cellular function.

Studies of Verge-expressing brain endothelial cells suggest
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Figure9. Stable Verge-expressing RBE4 cells show increased sensitivity to PMAin an in vitro

assay of endothelial cell monolayer permeability. A, The effect of PMA on TER in control and
5"HA-Verge-expressing RBE4 cells was assessed. Shown are measurements of normalized elec-
trical resistance across a monolayer of endothelial cells grown to confluence on ECIS gold mi-
croelectrode plates. Each experiment represents the pooled TER values of two independent
control (clones A and B) and two independent stable Verge-expressing (clones 38 and 41) cell
lines examined in three independent experiments (n = 3). Endothelial cells were rinsed with
DMEM to remove serum, incubated to stabilize basal electrical resistance, and then treated with
eithervehicle (0.1% DMSO) or PMA (100 nm). Data are expressed as mean TER == SD versus time.
Verge-expressing RBE4 cells are responsive to PMA, but control cells are not. B, A representative
experiment showing dose responsiveness of Verge-expressing RBE4 cells to PMA. Cells were
treated with vehicle (0.1% DMSO0), 3 nm PMA, 30 nm PMA, or 300 nv PMA, and TER was mea-
sured over 4.5 hr. ¢, Analysis of PKC isoform expression in control (clone A) and Verge-
expressing RBE4 cells (clone 38). PKC isoform expression was not altered in Verge-expressing
cell lines. Similar comparisons of both control and all four Verge-expressing cell lines failed to
detect changes in PKC expression (data not shown).

that Verge modifies the response to activation of protein kinase
C. In these cells, PMA induces an increase in monolayer perme-
ability that is accompanied by a rapid, time-dependent remodel-
ing of the actin cytoskeleton and formation of paracellular gaps.
This type of response is seen in numerous primary endothelial
cells in culture but is absent in the parental RBE4 cell line. Ac-
cordingly, Verge appears to restore PKC-dependent pathways
that regulate cell shape and cell-cell contact to RBE4 cells. Verin et
al. (2000) observed a similar PMA-dependent phenomenon in
cultured pulmonary endothelial cells and described the following
signaling pathway. PMA activation results in PKC-a transloca-
tion to the plasma membrane and leads to the sequential activa-
tion of Ras, Raf-1, MEK-1/2, and ERK1/2. However, inhibition of
MEK1/2 blocked only 30-50% of the PMA effect, suggesting a
role for a second PKC-dependent, MEK1/2-independent path-
way that leads to increased monolayer permeability. This path-
way is consistent with effects of Verge expression in brain endo-
thelial cells and deserves additional scrutiny. It is also worth
noting that PMA is a potent inducer of verge expression in lung
endothelial cells and suggests the potential of a feedback loop in
which an initial PKC stimulation leads to verge upregulation and
may affect future PKC signaling events.

Our studies also support the notion that Verge induction by
one stimulus could alter the signaling properties of endothelial
cells to a subsequent stimulus in a way that enhances PKC signal-
ing. Verge would thus provide a molecular mechanism for cross-
talk between signaling pathways. PKC signaling is implicated in
modulating barrier function both in endothelial cells containing
tight junctions (Lippoldt et al., 2000; Sukumaran and Prasadarao,
2003), like those making up the blood-brain barrier, as well as
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Table 1. Analysis of control and stable Verge-expressing RBE4 cells: effect of different endothelial cell agonists on barrier function
5"HA-Verge-expressing cells

Non-5'HA-Verge-expressing cells
TGF-B PMA TGF-B PMA

- + - + - + - + - + - +

1.012 +0.02 0.973 =0.12 1.004 = 0.03 0.947 =0.05 1.007 =0.03 0.960 = 0.09 1.009 =0.03 0.977 =0.13 1.001 =0.03 0.952 =0.06 1.010 =0.02 0.563 = 0.13**

Normalized TER values are means = SD in €. Each experiment represents the pooled TER values of two independent control (clones A and B) and two independent stable Verge-expressing (clones 38 and 41) cell lines (n = 3). RBE4 cells
were grown to confluence on ECIS plates, and cells were rinsed with DMEM to remove serum and incubated in fresh DMEM for 30 min to achieve stable basal electrical resistance. Cells were then treated with vehicle, thrombin (100 nw, 15

Thrombin Thrombin

min), TGF-B (1 ng/ml, 20 hr), or PMA (100 nm, 1 hr). PMA treatment resulted in reduced electrical resistance in mutant cell clones. **p << 0.05 between control and PMA-treated groups.

Table 2. Analysis of control and stable Verge-expressing RBE4 cells: monolayer permeability and sensitivity to kinase inhibitors

Non-5"HA-Verge-expressing cells

5"HA-Verge-expressing cells

Treatment Control U0126 SB BIM Control U0126 SB BIM
Vehicle 0.998 = 0.03 0.998 = 0.05 0.903 = 0.05 0.973 = 0.06 1.003 + 0.02 0.996 = 0.07 0.910 = 0.07 0.980 = 0.08
PMA 0.940 = 0.08 0.927 = 0.06 0.960 = 0.08 0.880 = 0.08 0.561 = 0.12** 0.631 = 0.07** 0.551 = 0.10** 0.860 = 0.08

Normalized TER values are means == SD in €. Each experiment represents the pooled TER values of two independent control (clones A and B) and two independent stable Verge-expressing (clones 38 and 41) cell lines (n = 3). RBE4 cells
were grown to confluence on ECIS plates, and cells were rinsed with DMEM to remove serum and incubated in fresh DMEM for 30 min to achieve stable basal electrical resistance. Cells were then treated with vehicle, U0126 (10 i), SB203580
(10 um), or BIM (1 um) for 30 min followed by PMA (100 nw) for 1 hr. Stimulation of Verge-expressing cells, but not control cells, with PMA leads to a significant decrease in TER. Pretreatment of Verge-expressing cells with BIM blocks the

PMA-induced increase in permeability. Pretreatment with either U0126 or SB203580 produced no effect (**p << 0.05).

Figure 10.  Treatment of Verge-expressing RBE4 cells with PMA causes remodeling of the
actin cytoskeleton and the formation of paracellular gaps. A, B, DAPI staining of control (clone A;
A) and Verge-expressing RBE4 cells (clone 38; B) grown to confluence on glass coverslips shows
equal cell densities within the monolayer. (, D, Treatment of control (() and stable Verge-
expressing (D) RBE4 cells with vehicle (0.1% DMSO) for 1 hr showed no effect on endothelial
actin cytostructure (as visualized using FITC-labeled phalloidin). £, PMA treatment (100 nm, 1hr)
of stable Verge-expressing cells showed alterations in the actin cytoskeleton leading to the
formation of paracellular gaps (arrowheads). £, PMA treatment of control cells produced no
obvious effect on actin cytoskeleton and no formation of paracellular gaps.

those without tight junctions. PKC is a common downstream
signaling pathway important in response to a number of endo-
thelial cell permeability-inducing agents, including vascular en-
dothelial growth factor (VEGF) (Wu et al., 1999; Breslin et al.,
2003), thrombin (Lynch et al., 1990), TNFa (Ferro et al., 2000),
bradykinin (Murray etal., 1991; Shigematsu et al., 2002), platelet-
activating factor (Kobayashi et al., 1994), and reactive oxygen
species (Zhao and Davis, 1998). PKC functioning downstream of

VEGEF activation has been shown to play a key role in both the
mitogenic and permeability-inducing activities of VEGF (Wu et
al., 1999). Cellular mechanisms by which PKCs are thought to
lead to increased permeability include phosphorylation of cy-
toskeletal proteins (Stasek et al., 1992; Yuan, 2002), disassembly
of VE-cadherin junctions (Sandoval et al., 2001; Sukumaran and
Prasadarao, 2003), prostaglandin synthesis (Garcia et al., 1992;
Saishin et al., 2003), and nitric oxide synthesis (Ramirez et al.,
1996; Huang and Yuan, 1997). PKC-dependent signaling events
within endothelial cells that lead to increased permeability and
barrier dysfunction have been implicated in a number of human
diseases, including sepsis, acute lung injury, ARDS, and diabetes
(Bannerman and Goldblum, 1999; Idris et al., 2001; Siflinger-
Birnboim and Johnson, 2003). Electrical or chemical seizure and
focal ischemia, which induce verge, also lead to increased vascular
permeability (Lorenzo et al., 1972; Sperk et al., 1983). Although
the data presented in this study lays the groundwork describing a
novel protein involved in modulating vascular permeability, it is
important to note that the model used to study verge function
thus far is an immortalized brain endothelial cell line and thus
may not fully replicate the function of verge in vivo. Determining
the stimuli that lead to verge expression and the PKC-dependent
mechanisms by which verge expression may affect blood-brain
permeability in vitro and in vivo will require additional experi-
mentation. Nonetheless, it is intriguing to speculate that Verge
plays a role in modulating both angiogenesis and barrier
function.
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