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Endothelial Cells: 12 Up-Regulated Distinct Genes Including 5 Cell
Growth-Related, 3 Thrombosis-Related, and 4 Others'
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Lysophosphatidylcholine (lysoPC), a component of oxidatively modified lipoproteins, is
present in atherosclerotic lesions, and its proatherogenic properties have been demonstrat-
ed. To gain an insight into lysoPC-mediated endothelial gene expression, we applied
nonradioactive differential display analysis of mRNA from lysoPC-treated and untreated
human umbilical vein endothelial cells. We identified 12 up-regulated distinet genes
including 5 cell growth-related genes (two phosphatases CL100 and B23/hVH-3, gravin,
activating transcription factor-4, and heparin-binding epidermal growth factor-like
growth factor), 3 thrombosis-related genes (plasminogen activator inhibitor-1, tissue
plasminogen activator, and thrombomodulin), and 4 others (stanniocalcin, NAD-dependent
methylenetetrahydrofolate dehydrogenase/methenyltetrahydrofolate cyclohydrolase,
BENE, and reducing agents and tunicamycin-responsive protein). We isolated a full-length
¢DNA of human gravin. The ¢cDNA sequence of gravin was homologous with rat mitogenic
regulatory gene or rat protein kinase C binding protein and substrate, suggesting that
gravin would regulate cell growth. Thus, lysoPC apparently accelerates atherosclerosis by
regulating the expression of a wide variety of genes. Our data suggest the involvement in

atherogenesis of the genes hitherto regarded as atherosclerosis-unrelated.
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Oxidative modification of LDL occurring in the subendo-
thelial space is a crucial step in the pathogenesis of athero-
sclerosis (1, 2). It is associated with generation of lipid
peroxides, lysophospholipids, aldehydes, and oxysterols.
Lysophosphatidylcholine (lysoPC), which is generated in
oxidized LDL and present in atherosclerotic plaques, is a
major factor in the atherogenic effects of oxidized LDL (3).
LysoPC has been shown ‘to possess a wide variety of
proatherogenic properties: chemotactic activity for circu-
lating monocytes and T-lymphocytes (4, 5), impairment of
endothelium-dependent arterial relaxation (6), mitogenic

! This work was supported in part by Grants-in-Aid from Special
Coordination Funds for Promoting Science and Technology (Encour-
agement System of COE), the Science and Technology Agency of
Japan and from the Ministry of Education, Science, Sports and
Culture of Japan. The nucleotide sequence data of human gravin
appears in the DDBJ, EMBL, and GenBank nucleotide sequence
databases with the accession number AB003476.

2Present address: The First Department of Internal Medicine,
Niigata University School of Medicine, Niigata 951-8510.

3 To whom correspondence should be addressed. Tel: +81-6-833-
5012 (Ext. 2460), Fax: +81-6-872-8091, E-mail: miyata@ri.ncve.
go.jp

Abbreviations: lysoPC, lysophosphatidylcholine; PAI-1, plasminogen
activator inhibitor-1; HUVEC, human umbilical vein endothelial
cells; 5"-RACE, rapid amplification of 5" -end of cDNA; PCR, polymer-
ase chain reaction; PKCBP, protein kinase C-binding protein and
substrate; 3'-UTR, 3’-untranslated region; ATF4, activating tran-
scription factor-4; tPA, tissue plasminogen activator; NMDMC,
NAD-dependent methylenetetrahydrofolate dehydrogenase-cyclohy-
drolase; RTP, reducing agents and tunicamycin-responsive protein.

© 1998 by The Japanese Biochemical Society.

effect on macrophages and smooth muscle cells (7, 8),
promotion of plasminogen activator inhibitor-1 (PAI-1)
release (9), and induction of proatherogenic endothelial
gene expression including vascular adhesion molecule-1,
intracellular adhesion molecule-1 (10}, platelet derived
growth factor, and heparin-binding epidermal growth
factor-like growth factor (11, 12). In contrast, several
studies have demonstrated that lysoPC augments the
endothelial gene expression of potentially antiatherogenic
or vasoprotective molecules such as nitric oxide synthase
(18, 14) and cyclooxygenase-2 (15). These properties
counter the proatherogenic profile of lysoPC. Therefore,
the functional consequence of endothelial cell response to
lysoPC stimulation is likely to be a complex process, and
some aspects would be mediated by a wide spectrum of
gene expression.

Endothelial dysfunction caused by various types of
vascular injury is the initial step in atherosclerosis. LysoPC
is considered to provide an atherogenic stimulus affecting
endothelial cells (I). In the present study, we performed
differential display analysis of mRNA on lysoPC-treated
and untreated human umbilical vein endothelial cells
(HUVEC) to identify potential mediators in atherogenesis.
We identified 12 lysoPC up-regulated genes, including 5
cell growth-related genes, 3 thrombosis-related genes, and
4 others.

EXPERIMENTAL PROCEDURES

Cell Culture—HUVEC (Clonetics) were seeded on plaé-
tic plates precoated with bovine type I collagen (Sumitomo)
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and cultured in modified MCDB131 medium (Sigma)
supplemented with 2% fetal bovine serum (GIBCO BRL),
10 ng/ml human basic fibroblast growth factor (R&D
Systems), and heparin at 10 units/ml (Novo Nordisk). All
experiments were performed using confluent second to
third passage cells. At 24 h before the addition of lysoPC
(L- «-lysoPC, palmitoyl, Sigma), the medium was replaced
with fresh medium. Cells cultured in the presence or
absence of 50 M lysoPC for 4 h were used for the differ-
ential display analysis. In the time-course experiments,
cells were treated with 50 4 M lysoPC for 0, 1, 2, 4, 6, 12,
and 24 h. In the dose-response experiments, cells were
treated with 0, 15, 30, or 50 uM lysoPC. In this set of
experiments, the incubation time was adjusted to attain the
maximum intensity of each mRNA level. In the culture
medium containing 2% fetal bovine serum, lysoPC at
concentrations of 50 4 M and below, as estimated by trypan
blue exclusion and cell counting, did not affect the viability
of HUVEC incubated up to 24 h.

RNA Preparation—Total RNA was isolated from lyso-
PC-treated or untreated cells by a modified acid-guanidine
thiocyanate-phenol-chloroform method using ISOGEN
(Nippon Gene). For the differential display analysis, total
RNA was further treated with MessageClean Kit (Gen-
Hunter) to remove residual DNA contamination, if present.
For rapid amplification of 5-ends of ¢cDNA (5-RACE),
poly(A)* RNA was isolated from the total RNA by using
Oligotex-dT 30 (Super) (Takara Shuzo).

Differential Display Analysis—Differential display anal-
ysis (16) was performed as previously described (17).
Briefly, purified total RNA (0.4 xg) was reverse-tran-
scribed with 200 units of Superscript II reverse tran-
scriptase (GIBCO BRL) in the presence of 0.5 4 M degener-
ate oligo(dT) T11VN (where V represents either dG, dA, or
dC, and N represents either dG, dA, dT, or dC) anchor
primer and 0.5 mM dNTP. By this process, 12 different
single-stranded ¢cDNA pools were obtained. Each ¢cDNA
pool was then subjected to the polymerase chain reaction
(PCR) for differential display analysis. We used 31 distinct
decanucleotide primers. The PCR amplification products
were separated on a non-denaturing 6% polyacrylamide gel
(126X 137X 1 mm) and visualized with SYBR Green I
(Molecular Probes). The differentially expressed bands
(~150 to ~500bp) were extracted from the gels and
reamplified using the corresponding primer sets.

TA Cloning and Sequence Analysis—The reamplified
products were subcloned into the TA cloning vector pCRII
(Invitrogen). The sequence reaction was performed using a
Dye Primer Cycle Sequencing Kit (Perkin Elmer) and a
Molecular Biology Labostation Catalyst model 8000 (Per-
kin Elmer). The reaction products were analyzed with a
DNA sequencer model 373A (Perkin Elmer). The nucleo-
tide sequences were compared with those stored in Gen-
Bank and EMBL databases by using BLAST (18) and
FASTA (19). The PCR-amplified insert DNA fragments
described here were also used for preparation of probes in
the Northern blot analysis described below.

Northern Blot Analysis—Samples of total RNA (5 ug/
lane) were separated on a 1% agarose gel containing 0.66
mM formaldehyde, 40 mM morpholinopropanesulfonic
acid-NaOH (pH 7.2), 10 mM sodium acetate, 1 mM EDTA,
and 0.01% SYBR Green II (Molecular Probes). After
electrophoresis, the gel was excited at 254 nm with a
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transilluminator to verify the amount of RNA in each lane.
RNA was transferred by capillary technique to a Gene-
Screen membrane (DuPont NEN), which was then UV-
crosslinked using UV Stratalinker 2400 (Stratagene).
Specific fluorescein-labeled DNA probes were generated by
PCR using two primers (5'-AGTGTGCTGGAATTCGGC-3
and 5-ATATCTGCAGAATTCGGC-3’) that flank insert
DNA in the pCRII vector (17). The PCR was performed
using fluorescein-12-dUTP (DuPont NEN) and the PCR
product described above. A fluorescein-labeled probe speci-
fic to human PAI-1 was also generated by the PCR using
HUVEC cDNA as a template. Sense primer (5 -TTCATG-
CCCCACTTCTTCAG-3’) and antisense primer (5 -CAGG-
ATGTCGTAGTAATGGC-3'), each corresponding to nu-
cleotide position 337-356 and 665-684 of human PAI-1
¢DNA (20), were used. The resultant PCR fragments were
directly sequenced from both ends using a Dye Terminator
Cycle Sequencing Kit (Perkin Elmer), yielding a predicted
sequence of PAI-1. Hybridization and chemiluminescence
detection were performed according to the manufacturer’s
instructions supplied with the RENAISSANCE Random
Primer Fluorescein dUTP Labeling Kit (DuPont NEN).

¢DNA Cloning of Gravin from HUVEC ¢DNA Library—
A cDNA library constructed from homocysteine-treated
HUVEC by using lambda ZAP vector (17) was screened for
the isolation of human gravin cDNA. Positive phages were
cloned by the PCR-based screening method as described
previously (17). Approximately 2.3 10° phages were
screened by the PCR using the gravin-specific primers
(5"-GGATACCTCAGTATCTTGGG-3" and 5-AATGACT-
CCCAGGTGGAAAC-3), which are based on the 5 -region
sequences of fragment GG11 obtained by the differential
display analysis. Finally, two positive phages (#10-1-32
and #11-5-13) were cloned. The pBluescript phagemids
were excised by the in vivo excision protocol using ExAssist
helper phage and Escherichia coli SOLR strain (Strata-
gene). The insert DNAs were sequenced using the dye-
primer methods and the dye-terminator methods with 30
synthesized specific primers. The plasmids, pGRA-a and
pGRA-b, were 4,426 and 6,072 bp in size, respectively.
From their alignment with the nucleotide sequence of rat
mitogenic regulatory protein gene and rat protein kinase C-
binding protein and substrate (PKCBP) gene, both plas-
mids containing human gravin were considered to be
partial. Therefore, we attempted to isolate the plasmids
with the longer insert DNA using the same HUVEC library.
We isolated six additional clones, but all of them showed
the same 5'-sequence as pGRA-b. In order to obtain the
5’-nucleotide sequence of the gravin cDNA, we carried out
the 5-RACE assay using Marathon ¢cDNA Amplification
Kit (Clontech) and TaKaRa LLA PCR Kit Ver.2 (Takara
Shuzo). The amplified DNA fragments were cloned into the
plasmid vector pCR II and sequenced.

RESULTS

Differential Display and Sequence Analyses—We com-
pared the mRNA expression patterns of lysoPC-treated
HUVEC with those of untreated cells by using differential
display analysis. Figure 1 shows the representative pat-
terns of amplified PCR products. We modified the differ-
ential display analysis using highly sensitive DNA staining
SYBR Green I instead of radioactive **S and obtained 13
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PCR fragments, all of which were expressed at higher
levels in lysoPC-treated cells than in untreated cells. They
are listed with their sizes in Table I. Except for GG11 and
GT15, each sequence contained a potential polyadenylation
signal (AATAAA).

The nucleotide sequences of the insert DNA were
searched for homology with the GenBank and EMBL
databases. The fragments CA14, CC19, AA2, GG11, CC1,
and AT30 were respectively identical to or highly homol-
ogous with the 3’-untranslated region (3'-UTR) of the
following cell growth-related genes: dual specificity phos-
phatase CL100 (21), dual specificity phosphatase B23/
hVH-3 (22, 23), gravin (24), rat mitogenic regulatory gene
(25)/rat PKCBP (26), activating transcription factor-4
(ATF4) (27, 28), and heparin-binding epidermal growth
factor-like growth factor (29). The fragment AA2 showed
99.5 and 69% identity to 3'-UTR of human gravin and rat
mitogenic regulatory gene, respectively. As described in a
later section, we cloned and characterized the human gravin

Fig. 1. Representative band patterns on
differential display analysis showing up-
regulated PCR fragments in lysoPC-treated
HUVEC. Confluent monolayers of HUVEC
were treated with or without 50 uM lysoPC in
modified MCDB131 medium with 2% fetal
bovine serum for 4 h. Total RNA was extracted
and subjected to differential display analysis.
Non-denaturing 6% polyacrylamide gels stain-
ed with SYBR Green I are shown for 5 different
primer combinations that identified 5 distinct
fragments (arrows) up-regulated in the lysoPC-
treated HUVEC. The primer combinations
used are as follows: (from left to right) T11CA
and 5-GATCAAGTCC-3’; T11CC and 5'-GA-
TCATAGCC-3"; T11AT and 5-ATTACCTGC-

1121

¢DNA. The nucleotide sequencing of human gravin cDNA
demonstrated that rat mitogenic regulatory gene or rat
PKCBP gene was a rat homologue of gravin or a rat
gravin-related gene. The fragment GG11 showed 78.9%
identity to the open reading frame of rat mitogenic regu-
latory gene and 100% identity with the human gravin that
was cloned in the present study. Therefore, both the AA2
and GG11 fragments were apparently derived from the
identical gene, gravin.

The fragments GT31, GG17, and CA28 encoded throm-
bosis-related genes. Fragment GT31 showed 100% identity
with PAI-1 (20, 30) and 95% identity with «-actinin (31),
both of which share a highly homologous DNA sequence at
the 3’-terminal portion. The fragments GG17 and CA28
were nearly identical to the 3’-UTR of tissue plasminogen
activator (tPA) (32) and thrombomodulin (33), respective-
ly.

The fragments GT15, AC27, CG22, and GC4 were
respectively identical to or highly homologous with the 3’-

<
GC4

C-3’; T11CA and 5’-CAACCATTCC-3"; T11GC and 5'-TTTTGGCTCC-3'. DNA size standards derived from ¢ X174 DNA digested with Hincll

are shown in bp on the left,

TABLE 1

Differentially up-regulated fragments identified in lysoPC-stimulated HUVEC.

c¢cDNA
fragment

T, VN
primer

Fragment mRNA size

Primers for PCR iz (b} (kb)®

Known gene with sequence similarity

% GenBank
identity/bp®  accession No.

Cell growth-related proteins

Dual specificity phosphatase, CL100
Dual specificity phosphatase, B23/hVH-3 100/294

8.5 & 6.8 Rat mitogenic regulatory gene (gravin

99.8/438 X68277,546269
U15932, U16996
99.5/445 M96322
78.9/289 U23146

homolog)

CAl14 T,,CA GATCAAGTCC, T,;C 467 2.4

CC19 TwCC  GATCATAGCC, T\sC 395 2.6

AA2 TnAA  TGGATTGGTC, TsA 474 8.5 & 6.8 Gravin
GG11  T,GG TACCTAAGCG, T\sG 320

CC1 T,,CC TACAACGAGG, Ti:C 205 1.6

AT30 T,AT ATTACCTGCC, TsA 221

Thrombosis-related proteins

Undetectable Heparin-binding EGF-like growth factor
(HB-EGF)

Activating transcription factor-4 (ATF4) 98.5/176 M86842

100/192 M60278

GT31 T.GT CTAATCAGCC, T\;:G 254 3.6 & 2.6 Plasminogen activator inhibitor-1 (PAI-1) 100/225 J03764, M55991
GG17 T,,GG  GATCTGACAC, T\:G 460 3.0 Tissue plasminogen activator (tPA) 99.1/431 X13097
CA28 T.,CA  CAACCATTCC, T,;,C 413 3.8 Thrombomodulin 94.4/384 M16552
Others
GT15 T,GT GATCCAGTAC, T\sG 361 4.0 Stanniocalcin 99.4/332 U25997
AC27 T, AC  GCTTTTGAGG, T,sA 482 2.5 NAD-dependent 98.7/453 X16396
methylenetetrahydrofolate
dehydrogenase-cyclohydrolase
(NMDMC)
CG22 T..CG  GATCGCATTG, T\sC 362 2.4 BENE 99.7/333 U17077
GC4 T.wGC TTTTGGCTCC, T\:G 340 3.3 Reducing agents and 100/312 D87953

tunicamycin-responsive protein (RTP)

*The fragment size includes both primer sequences. "mRNA size (kb) was estimated by Northern blot analysis. bp and % 1dnet1ty indicate the

size of the DNA fragment not including the two primer sequences.
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UTR of the following genes: stanniocalcin (34, 35), NAD-
dependent methylenetetrahydrofolate dehydrogenase/
methenyltetrahydrofolate cyclohydrolase (NMDMC) (36),
BENE (37), and reducing agents and tunicamycin-re-
sponsive protein (RTP) (17). RTP is a novel gene product,
recently identified by our group, whose mRNA is up-regu-
lated by homocysteine treatment in HUVEC. Thus, we
identified 12 distinct up-regulated genes by lysoPC treat-
ment in HUVEC.

Time-Dependent and Dose-Dependent Gene Expression
in LysoPC-Treated HUVEC—We evaluated time-depen-
dent changes of individual gene expression by using
Northern blot analysis (Fig. 2). The expression of heparin-
binding epidermal growth factor-like growth factor mRNA
was not detected, probably due to the lower specificity of
the probe resulting from its short fragment size and/or to
a low mRNA content. Since the fragment GT31 showed

sequence identity with both PAI-1 (100%) and «-actinin
(95%), a specific probe for PAI-1 was generated and used
for the Northern blot analysis. HUVEC were incubated
with 50 gmol/liter lysoPC for 0, 1, 2, 4, 6, 12, and 24 h,
then total RNA was isolated. CL100 mRNA (CA14) was
induced as early as 1 h and declined to the basal level by 4

Fig. 4. Nucleotide and deduced amino acid sequence of human
gravin. The predicted amino acid sequence is shown by the single
letter code under the nucleotide sequence of cDNA. The amino acid
positions relative to initiating Met are shown on the right in italic
numerals. The underlined nucleotide sequence was obtained from the
5’-RACE analysis. The shaded sequences indicate two peptides that
show sequence similarities to the phosphorylation peptides in rat
PKCBP (27). Five potential nuclear localization signals with the
motif K(R/K)X(R/K) are black-boxed. The asterisk indicates a stop
codon, and the polyadenylation signal sequence is boxed.
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VLiIaQo VggKggﬁgaggasOLPnggng%avLOPVORA%aAERP%%aOA
ctgaagegegggtctgaagaaagagacggatgtagtgt tgaaagtaga tgetcaggaggeaaaaactgageet t t tacacaagggaaggtggl pgggcagaccaceccagaaaget t1g
EASgggLKKETDVVLKVDAOEAKTEPFTOGKVVGOTTPESFE
aaaaagctcctcaagtcacagagagcatagagtccagtgagct tgtaaccact !gtcaagcogaaacct tagctggggtaaaa tcacaggagatggtgatggaacaggctateccccctg
K P Q TES ESSELVTTCO ETL G K S QE VMEOAI PPD
actcggtggaaaoocclacagacagtgagactgatggaagcaccccogtagccgact t tgacgcaccaggcacaacccagaaagacgagat tglggaaatccatgaggagaatgaggtcg

S ETPTDSETHDGS ADFD PG6GTTOKDE E EE E
catct tacccagtca ca agcagaggcagttoctgcacagaaagagaggcctccagcaccltccagttttgtgttccaggaagaaac!aaagaacaatcaaagatggaag
gg 2 T VPAOGKERTPFP PSSFVFOEETKETG OGOSKMETD
acactcta gcataca taaagaggtgtcagt aactgtatccat tctgtcaaagactga ggactcaagaggctgaccagtatgctgatgagaaaaccaaagacgtaccatttt
TLgaHTSaKEVSVggaTVSILSKTEggTOEADOYADEKTKDVPFF
tcgaaggactt tctatagacacaggeataacagtcagtcgggaaaaggtcactgaagt tgecct taaaggt gaagggacagaagaage tgaatgtaaaaaggatgatgetctt
cgaggaLgagSISangclTesﬂl'iI(VT%VALKggEgggTEEAECKKg?)a%ALE
aactgcagagtcacgctaagtctcctccatecceegtggagagagagatggtagt tcaagtcgaaa gaaaacagaagcagagccaaccca tgtgaatgaagagaage t tgagcac
LOSHCgKSPPSPVgaHEMVVOVgaRgg%aKTEA?PTHVN?%KL?HE
aaacagctgt taccgtatctgaagaggtcagtaageagetcctccagacagtgaatgtgeccatcatagatggagcaaaggaagtcageagt t tggaaggaagecctcctcectgecta
TchTVSggaVSKOLLOTVNVPIIgaggaAKggaVSSLg%aGSPPPCL%
gtcaa gtatgcaccaaaattcaagt tcagagetctgaggcatcattcactctaacageggetgca aaaggtct taggal aactgccaacattna aaca
OgaggaggcaVCTKIOVOSSEaASFTLTAAAgaggag%age ggga N ga%
gtgaaacgttggagcctgca tgcacantagttctggaagagaaatcctctgaaaaaaatgaagactttgccgctcatccaggggaagatgctgtgcccacagggcocgactgtcagg
ETLE gg L LEEKSSEK EDFAAHPGTETD PTGPDTCUOA
caaaatogacaocagtgatagtatctgctactaccaagaaaggct taagt tccgacctggaaggagagaaaaccaca tcaclgaagtggaag!cagatgaagtcgatgagcaggt tgct 1
KSTPYV S ATTKKOGLSSDLEGEZKTTSLK SDEVDEDPW C
gccaggaggtcaaagtgagtgtagcaangaggantagagcctgaaaatgggatntggaacngagaccaaaagcagtaaacttgtccaaaacatcatccagacagcogttgaccagt
Q0 E VSVAIEDLETPE G I LELET SSKLVONIITOTA D QF
1 lgtaogtacagaagaaacagccaocgaaatgt tgacgtctgagt tacagacacaagctcacglga taaaagclgacagccaggacgctggacaggaaacggagaaagaaggagaggaac
ET E LTSELO Q AH I K DS AGOETE G EEP

ctctggoctclgcacagga gaaacaccaattacttcagccaaagaggagtcagagtca 2 gtgggacaagcaca(tct%atatttocaaagacatgagt%aagcctca%aaaaga
ocatg_ai_mgttgaggtagaaggléoc?ctetaaatgatgaggagf_tggaagaggtogtoitogméctgaggaagaggga%g ggagct%ga?caaagt:tgt?cca;%a:%a tga tggtc
atgcclt.tglt.tagcagaaaga?tagag'aiagécaftag/ttgaaocgaaagaagatgaaaaagglgatgatgltgatgaccct%aa?‘acgag?‘acscagoci ggAc gatac %a gee cag
gaggcﬁ taachgaagagécogcaga t?caaalggagcaiaagaa?(aagagaaggagga tgoccaggaagtagaa t tgcag%aaggaaaagtgcacagt%aatcagat aaagogla tc]qca’g:
wgaagcagaggaggagitagag:aagaagagagagaaéctgcaiagécagaatt t?cagaaéct iaaa,ab%%!catgcagt taaactcat tgtctgtttggaa gaccagaatgtgaagac

aagtagtagaagaaaatgaatgetge tgctgagactgaagaccagtatt tcagaact t tgagaat tggagagcaggcacatcaactgatctcat tictagagageccetgacaatectiga
ggcticatcaggage tagagecatttaacat ttcctet ttccaagaccaacctacaattticcct tgataaccatataaattetgat ttaaggtectaaat tet taacctggaactggag
ttggcaatacctagttctget tetgaaactggagtatcattctttacatatttatatgtatgttttaagtagtcctcetgtatctatigtatatitttitct taatgt ttaaggaaatgt
geaggatactacatgetttttgtatcacacagtatatgatggggcatgtgeeatagtgeagaet tggggaget t taagectcagt tatataacccacgaaaaacagagectectagatgt
aacattcctgatcaaggtacaatictttaaaattcactaatgattgaggtccatatttagtggtactctgaaattggtcactttcctattacacggagtgtgetaaaactaaaaageatt
ttgaaacatacagaatgttctattgtcattgggaaatttttctttctaacccagtggaggt tagaaagaagttatattctggtagcaaattaactttacatectttttectactigttat
gt tgt ttggaccgataagtgtget taatcctgaggcaaagtagtgaatatgttt tatatgt tatgaagaaaagaat tgt tgtaagt tittgat tctactct tatatgetggactgeatt
cacacatggcatgaaataagtcaggtict ttacaaatggtattt tgata?étactggat tgtgttigtgecatatttgtgecat tcttttaagaacaatgt tgcaacacatteattigga

taagttgtgatttgacgactgattifaataadatattigeticactt
Fig. 4

6, 1998

23

63

103
143
183
223
263
303
343
383

¥ 423

463
503
543
563
623
663
703
743
783
823
863
903
943
983
1023
1063
1103
1143
1183
1223
1263
1303
1343
1383
1423
1463
1503
1543
1583
1623
1663

1123

Z10Z T Jeqo10 uo AISeAIN pezy dILe | e B10'seunolpiolxo ql/:dny woiy pspeojumod


http://jb.oxfordjournals.org/

1124

h. The transcripts of B23/hVH-3 (CC19), gravin (AA2,
GG11), PAI-1 (GT31), and RTP (GC4) exhibited a slight
increase at 1h, reached a peak at 4 h, and gradually
decreased to the basal level by 24 h. The induction of ATF4
(CC1), thrombomodulin (CA28), and NMDMC (AC27) was
observed within a relatively short period (by 2 to 6 h). For
tPA (GG17), stanniocalcin (GT15), and BENE (CG22), the
maximum response was observed after 6 h of treatment.
The elevation of each transcript level was transient and did
not persist at the maximum level.

We then evaluated the dose-dependent expression of
each gene. HUVEC were incubated with 0, 15, 30, or 50 uM
lysoPC, then total RNA was isolated for Northern blot
analysis (Fig. 3). Concentrations of 75 ¢M or higher were
not appropriate for the analysis because lysoPC was cyto-
toxic to HUVEC. At concentrations of 10 uM or below,
lysoPC did not affect the expression levels of the genes. The
induction of PAI-1 and thrombomodulin was observed even
at 15 M concentration of lysoPC. Expression of most of
the genes was observed at 30 4«M concentration, and the
maximum response was observed at 50 4 M.

¢DNA Cloning and Nucleotide Sequence of Human
Gravin—The lysoPC up-regulated genes other than gravin
and BENE were well-characterized. Human gravin mRNA
is estimated to be 6.8 or 8.5 kb in size (24). Therefore, we
attempted to identify a full-length cDNA of human gravin.
We isolated eight clones encoding gravin from screening of
the HUVEC c¢DNA library. The longest human gravin
clone, pGRA-b, was 6,072 bp in length. Homologies with
this nucleotide sequence were searched for with the
GenBank and the EMBL databases. The search demon-
strated that this sequence is homologous with rat mitogenic
regulatory protein gene (25) or rat PKCBP gene (26), but
encodes a partial ¢cDNA. To obtain the 5 -nucleotide
sequence of human gravin, we performed the 5 -RACE
assay using poly(A)* RNA prepared from lysoPC-treated
HUVEC and isolated a 374-bp fragment. Figure 4 shows a
contiguous cDNA sequence of 6,287 bases and the deduced
amino acid sequence of human gravin. It shows an open
reading frame of 1,684 amino acids with a calculated
molecular mass of 181,671 Da. Human gravin is a highly
acidic protein with 18% Glu residues and its calculated
isoelectric point is 4.25. It has at least five potential nuclear
localization signals with the motif K(R/K)X(R/K): KKDK
(amino acids 88 to 91), KKQK (amino acids 433 to 436),
KRVK (amino acids 523 to 526), KRAK (amino acids 592
to 595), and KKSK (amino acids 672 to 675). Fragments
AA2 and GG11 obtained from the differential display
analysis were positioned, respectively, in 3'-UTR (nucleo-
tide number: 5830-6287) and in the coding sequence
(nucleotide number: 1881-2200).

The previously isolated partial cDNA of human gravin
(1,981 bp in length) (24) corresponds to approximately
one-third of the full-length cDNA we isolated and shows
99.5% identity with the 3’-portion of our sequence, with
one inframe deletion and two missense mutations in the
coding sequence, and three additional mutations in the
3’-UTR. The human gravin showed extensive sequence
homologies to rat mitogenic regulatory protein (25) and rat
PKCBP (26) with 58.2 and 54.7% amino acid identity,
respectively. PKCBP can be phosphorylated in vitro and
two phosphorylation peptides were identified (26). The
potential phosphorylation sites, Ser and Thr residues, in
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these two phosphorylation peptides are highly homologous
with the corresponding region of human gravin (shaded
sequences in Fig. 4).

DISCUSSION

In the present study, we applied differential display analy-
sis to investigate the change of endothelial gene expression
induced by lysoPC, and identified 12 up-regulated genes in
lysoPC-treated HUVEC. These 12 genes can be categorized
into three groups: growth-related genes, thrombosis-re-
lated genes, and functionally uncharacterized genes. One of
the striking findings of our present study is the up-regu-
lation by lysoPC of growth-related genes that have not been
reported in endothelial cells: two dual specificity phos-
phatases, gravin and ATF4.

Two phosphatases, CL100 and B23/hVH-3, inactivate
activated forms of mitogen-activated protein kinase
through dephosphorylation (23, 38, 39). Growth stimuli
such as growth factors, serum, and phorbol ester induce the
gene expression of these two phosphatases (21-23). In
addition, certain kinds of stress such as heat shock, is-
chemia, or oxidative stress also induce the gene expression
of CL100 (21).

One of the growth-related genes up-regulated by lysoPC
is gravin, a ~250-kDa cytoplasmic protein originally
identified as a protein recognized with the serum from a
patient with myasthenia gravis (24). We isolated human
gravin cDNA and clarified its biochemical features: gravin
is an acidic protein consisting of 1,684 amino acids with
18% Glu residues and containing multiple nuclear localiza-
tion signals. More importantly, full sequencing of the cDNA
enabled us to identify two rat homologues of human gravin
and to identify this gene as growth-related. Rat mitogenic
regulatory gene was identified as one of the genes tran-
scriptionally suppressed in NIH3T3 cells transformed by
sre, ras, and fos. Overexpression of this gene product
resulted in decreased cell proliferation rate (25). Rat
PKCBP has been isolated as a binding protein of protein
kinase C. PKCBP is also a substrate of protein kinase C
(26). This growth-related nature of rat homologues or
related proteins suggests that human gravin is a growth-
related protein. Recently, the complete amino acid se-
quence of human gravin has been deduced from the nucleo-
tide sequence of its full-length ¢cDNA clone (40). The
alignment showed that the amino-terminal 8 amino acids of
our sequence has been replaced by 106 amino acids in their
sequence, indicating the possible alternative splicing in this
region.

Another growth-related gene up-regulated by lysoPC is
ATF4. ATF4, also known as cAMP response element
binding protein-2 (28) or TAXREB67 (27), is a member of
the ATF/cAMP response element binding protein sub-
family of basic region/leucine zipper-containing transcrip-
tion factors. Since overexpression of ATF4 resulted in a
significant repression of cAMP response element-depen-
dent transcription (28), ATF4 is likely to be involved in the
regulation of cell growth (41). It is not clear whether the
changes in these mRNA levels for growth-related genes
reflect the mitogenic activity of lysoPC for HUVEC or
endothelial responses to growth-regulatory effects of lyso-
PC. However, our preliminary observation that lysoPC
induces tyrosine phosphorylation of MAPK (Sato et al.,
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unpublished observation) favors the possibility that lysoPC
stimulates proliferation of HUVEC, as reported with other
cell types (7, 8).

We also identified 3 lysoPC-up-regulated endothelial
genes involved in thrombosis and fibrinolysis (tPA, PAI-1,
and thrombomodulin). Up-regulation of PAI-1 by lysoPC
would account for the increased PAI-1 antigen release from
HUVEC elicited by lysoPC (9). The increased mRNA
expression produced by lysoPC of both PAI-1 and tPA
makes it difficult to interpret the effect of lysoPC on the net
fibrinolytic activity of endothelial cells. However, unlike
that of tPA, the mRNA expression of PAI-1 was augmented
even at 15 gmol/liter lysoPC concentration, and the aug-
mentation persisted for a longer period of time. Further-
more, it has been reported that lysoPC does not effect tPA
antigen release (9). Therefore, enhanced expression of
PAI-1 rather than tPA seems likely to have the more
predominant up-regulatory effect. Thrombomodulin, an-
other up-regulated gene, is an endothelial cell surface
anticoagulant protein that promotes activation of the
anticoagulant protein C and inhibits the procoagulant
activities of thrombin. We have observed in other experi-
ments that lysoPC suppresses the mRNA and antigen levels
of coagulation factors Xa/VIla inhibitor, tissue factor
pathway inhibitor, in HUVEC, whereas no change of the
mRNA level of procoagulant tissue factor was induced (42).
Therefore, the net effects of lysoPC on endothelial cell
surface anticoagulant activity seem to be very complex.

In addition to the genes involved in cell growth or
thrombosis, four other genes were induced by lysoPC in
HUVEC. Stanniocalcin regulates calcium homeostasis (34,
35). Since elevated intracellular Ca?* concentration is
known to induce stanniocalcin mRNA (35), the enhance-
ment of stanniocalcin mRNA expression by lysoPC might
be mediated by increased intracellular Ca** concentration.
Indeed, it was reported that the intracellular Ca** concen-
tration was increased through Ca?* influx induced by
lysoPC (43). NMDMC is a mitochondrial bifunctional
enzyme which has the activities of both 5,10-methylene-
tetrahydrofolate dehydrogenase and 5,10-methenyltetra-
hydrofolate cyclohydrolase, and is involved in tetrahydro-
folate metabolism (36). Partial cDNA of BENE has been
isolated from PC-3 cells (37). The nucleotide sequence
showed 58% identity to that of T-cell differentiation
protein, MAL, although the precise function is unknown.
RTP has been identified as one of the up-regulated genes in
homocysteine-treated HUVEC by our group (17). This
gene was also up-regulated by reducing agents such as
mercaptoethanol and by glycosylation inhibitor tunicamy-
cin (17), strongly suggesting that RTP is induced by the
unfolded protein response pathway (44).

We have previously studied changes in endothelial gene
expression induced by another atherogenic stimulus, homo-
cysteine, and identified six up-regulated and one down-
regulated genes by using differential display analysis (17).
The interesting common feature of changes in gene expres-
sion induced by homocysteine and lysoPC is that both share
the up-regulation of three genes, ATF4, NMDMC, and
RTP, all of which have hitherto been regarded as athero-
sclerosis-unrelated. Although the mechanisms of action of
homocysteine and lysoPC on endothelial gene expression
seem to be quite different, they might be involved in
atherogenesis through the expression of common genes.
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Here we identified a variety of genes induced by lysoPC
using differential display analysis. Additional studies are
necessary to determine whether increased expression of
these proteins is crucial for atherogenesis.

We thank Ms. Keiko Shinohara and Ms. Akemi Fukumoto for their
technical assistance.
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