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ABSTRACT

Regulation of human endothelial nitric oxide synthae
MRNA stability through sterol-responsive elements:

multiple cis-acting elements and trans-acting facts

Guo Hua Song
Dept. of Medicine
The Graduate School

Yonsei University

Statins lower serum cholesterol by inhibiting theerlimiting enzyme in the
mevalonate pathway of cholesterol synthesis. Se ften used as pharmaceutical
agents in people with or at risk of cardiovascudésease. There are many reports
showing that statins exhibit action beyond lipieing activity in the prevention of
atherosclerosis. Previously, we have reported linadstatin increased the levels of
eNOS mRNA at a post-transcriptional level using HE®/ (human umbilical vein
endothelial cell)-derived cell line, EA.hy926. Letatin stabilized eNOS mRNA by
depriving intracellular sterols, including mevalt@mar geranylgeranyl pyrophosphate
(GGPP). Because GGPP was required for the isomeoryl of various intracellular
signaling molecules, such effect of lovastatin se¢rno be mediated by intracellular
signaling pathways. In this experiment, either bygfasudil, a Rho-kinase inhibitor, or
cytochalasin D, a disrupter of the actin cytoskamletupregulated the levels of eNOS

MRNA. These data indicated that the status of leellarchitecture regulated by



Rho-mediated pathways may play a role in determgitinie decay rate of eNOS mRNA.
We also proved that 3"-untranslated regions (3"Uam) the adjacent coding regions of
eNOS mRNA harbored the cis-acting elements necedsaregulate eNOS mRNA
decays. In this experiment, we aimed to deterntieeprecise sequences and the exact
locations of these cis-acting elements. Severalamst corresponding to CU-rich
elements were prepared. Data from transfectionrarpats showed that six elements,
UCCUC, UUCUC, CUUU, UCCUU, CCUCC and CCUCU were dtional in the
regulation of eNOS mRNA stability. In order to \fgrithe presence of trans-acting
factors associated with these cis-acting elemeRMA-protein binding assay using
radiolabelled RNA probes was performed and an agpmiate 60 kDa ribonucleoprotein
(RNP) complex was detected. The binding activitylad RNP complex was increased
in the presence of lovastatin. In order to deteettime identity of this RNA-binding
protein, UV-crosslinking studies using biotin-laleel RNA probes and two dimensional
gel electrophoresis were performed. Analysis ofMa&IOF spectrum identifie@-actin
protein as the major component of this RNP complérese data indicated that binding
of B-actin protein to CU-rich elements played a funwdiorole in the regulation of
eNOS mRNA stability. Our results provided a basts future studies on the

mechanisms of regulation of transcripts stability.

Key words: Statin, eNOS mRNA stability, CU-rich elements,ldla ribonucleoprotein,

B-actin
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I . Introduction

1.1. Characteristics and functions of nitric oxidesynthase

Nitric oxide synthase (NOS) produces nitric oxiddCO{) by catalysing a
five-electron oxidation of a guanidino nitrogenweérginine (-Arg) to L-citrulline[1].
Three different forms of NOS have been classifieah :endothelial isoform (eNOS),
which is localized in the endothelium under physgital conditions, generates NO in
blood vessels and is involved with regulating véesctunction; an inducible isoenzyme
(INOS), which requires cytokines or endotoxin aation for its expression and can be
found in the immune system but is also found indhediovascular system[1, 2]. And
the neuronal NOS (nNOS), which produces NO in neairtissue and performs a role
in intercellular communication.

Endothelium—derived NO is an important mediatovagodilation in response to a
wide variety of stimuli, and plays a critical role both the regulation of endothelial
function and the control of blood pressure. Reled98O in response to shear-stress or
stimulation with agonists such as bradykinin andtycholine is responsible for the
moment-to-moment adjustment of vascular diametad maintenance of optimal
conductance characteristics of the arterial tré&@[&Endothelial NO is not only a potent
vasodilator, but it can inhibit leukocyte—endothbdidhesion, vascular smooth muscle
migration and proliferatiorand platelet aggregation, all of which are impdr&teps in
atherogenesis[5]. Thus, the dysregulation of NGlsgis in the endothelium may have
far ranging influences in vascular pathophysiolaggl may lead to vascular disorders,

including atherosclerosis.



1.2. Regulation of eNOS gene expression

1.2.1 Regulation of eNOS gene expression

The eNOS is described as a ‘constitutive’ NOS idathelial cells and the levels of
eNOS were initially thought to be static. It hacebegenerally accepted that the eNOS
activity is primarily regulated by calmodulin an€d];. However, recent research
revealed new mechanisms controlling eNOS activiti wultiple additional regulatory
steps[6], including gene transcription, mMRNA dlihiposttranslational modification
(phosphorylation, myristoylation, palmitoylation)and intracellular localization
(membrane bound versus cytoplasmic, interactionh witaveolae). In cultured
endothelial cells, transforming growth facfif; oxidized linoleic acid,
3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) rextase inhibitors, cell growth,
lysophosphatidylcholine, shear stress, and hydrggeroxide have been shown to
increase eNOS gene expression. However, hypoxpmpdilysaccaride, thrombin,
oxidized LDL and tumor necrosis factercan decrease eNOS mRNA levels[2, 7-10].
For many of these stimuli, both transcriptional gmabsttranscriptional mechanisms

contribute to the regulation of eNOS gene expressio

1.2.1.1. Transcriptional regulation: eNOS promotorand cis-regulatory elements

The eNOS gene encodes a mRNA of approximate 4,0@&otides (nt) and is
present as a single copy in the haploid human gendine eNOS promoter has been
cloned from many species and there is a high degfes=quence homology among
different species[11]. Sequence analysis of S5kilag regions revealed multiple
potential cis-regulatory DNA sequences in the sgttof a ‘TATA-less’ promoter,
including a CCTA box, Sp1 sites, GATA motifs, CAC®0xes, AP-1 and AP-2 sites, a
P53 binding region, NF-1 element, shear-stressorespelements, acute phase reactant

regulatory elements, and sterol-regulatory elenfgR}s



Early work have described that trans-acting factpdl and GATA-2 bind to
proximal promoter elements and mediate the basalstription of eNOS gene in
quiescent systemic endothelium[12, 13]. However,rttechanism of basal transcription
of eNOS remained poorly characterized until thenidieation of two tightly clustered
cis-positive regulatory elements in the proximalecpromoter of the human eNOS gene.
Positive regulatory domain | (PRD I; -104 to -9%ative to the transcription initiation
site) was found to bind Spl and two variants of [543 The other regulatory region,
positive regulatory domain 1l (PRD II; -144 to -)l&ncompasses a 30-bp region of the
core promoter and binds transcription factors EtsHIf-1, YY1, Spl, and
MYC-associated zinc finger protein[14]. Furthermadi@nctional interactions between
these trans-acting factors that bind to these wgulatorydomains seems to be critical
for eNOS promoter activation. Mutating cis-elememsPRD | or PRD Il disrupted
cooperative activation of the human promoter[14kifve and negative protein—protein
and protein—DNA interactions were identified oveb@bp region of the core human
eNOS promoter. These data highlight the complenreatf the eNO$romoter and the
fact that its regulation involves multiptes and trans interactions.

Chromatin-based mechanisms and epigenetic eveutsegjulate the expression of
eNOS gene at the transcriptional level in a celtrieted fashion. It has been reported
that eNOS promoter was more heavily methylated amnendothelial cells than in
endothelial cells by using methylation-sensitiveosshizomer mapping and
high-resolution sodium bisulfite genomic sequencinilethylation of eNOS
promoter-reporter regions was associated with akedarimpairment of promoter
activity in mammalian cells[15]. DNA methylation pfomoters is often accompanied
by histone modifications that render the chromasfiectively inaccessible to
transcription factors [16-18]. Taking all evidenicéo account, DNA methylation and
chromatin structure regulate the endothelial cgbleeific conformation of eNOS

promoter.



1.2.1.2. Posttranscriptional regulation: the regulon of eNOS mRNA stability

Most of signals regulate eNOS mRNA levels, at l@agart, by modulating eNOS
MRNA stability. For example, Laufs et al obserntgflG-CoA reductase inhibitors
attenuated the ability of hypoxia to destabilizeSNMRNA in human saphenous vein
endothelial cells[19]. In addition, Yoshizumi et adported that addition of tumor
necrosis factoee (TNF-o ) to human umbilical vein endothelial cells desexh eNOS
MRNA level by decreasing the stability of the mRNA]. Furthermore, Bouloumie et
al showed that vascular endothelial growth fagtoreases endothelial eNOS mRNA
stability[20].

The balance between gene transcription and mRNAadagon shows steady-state
MRNA levels. The half-lives of mMRNA in mammalianilsanay vary over a wide range
(from minutes to many hours) and can be regulayeexracellular and/or intracellular
signals. The mechanisms regulating mRNA stabiligyraultiple and diverse although it
is less clear than that regulating gene transoniptit is well-known that mRNA can be
stabilized by posttranscriptional modifications luding a 7-methylguanosine cap
structure at the 5° end and a poly(A) tail at theeBd[21, 22]. Moreover, ongoing
translation has an important role in the regulatioh mRNA stability via the
stabilization by inhibitors of translation elongat[21, 22]. On the other hand,
premature and aberrant translation terminationyedsas impaired translation initiation,
can promote mRNA degradation[21, 22].

The regulation of mMRNA stability has emerged asriéical control step in
determining cellular mRNA levels. Searles et &l[2aimed at understanding the
molecular mechanisms for the regulation of eNOS RARStability in response to
changes in the endothelial cell proliferative stdiieey examined the decrease in eNOS
MRNA levels in cultured bovine aortic endothelialle (BAECS) in transition from a
proliferative to a postconfluent state. There waglifference in the transcriptional rate

of eNOS in proliferating and postconfluent BAEC$ereas eNOS mRNA stability was



markedly increased in proliferating cells. They bypesized that mRNA-binding
proteins may have an important role in the modotabf eNOS mRNA stability, UV
cross linking RNA-protein binding experiments wedene, then cis-acting RNA
sequences were found and a cytoplasmic proteinkiband to those “destabilizing”
sequences were characterized. Alonso have reptiréccytosolic proteins of bovine
endothelial cells formed complexes with in vitroartscribed 3'UTR of eNOS
MRNA[24]. The binding activity of these cytosolicopeins was enhanced by cytokines
which are commonly found in atherosclerotic lesiaes TNFe, and was correlated
with higher eNOS mRNA destabilization[24, 25]. Someearchers also demonstrated
that cerivastatin prevented the downregulationM®8 protein expression by TNE-
They also shown that cerivastatin inhibits the bigdactivity of TNFe - induced
endothelial cytosolic proteins to 3'UTR of eNOS nmiRahd is associated with eNOS
MRNA stabilization[26].

The rate of mRNA degradation is controlled, at feis part, by nucleotide
sequences, which are typically located in the 3" WFRoding region of the mRNA.
These “cis-acting” nucleotide sequences may jussdspience specific for the binding
of trans-acting proteins, or they may form seconddem-loop RNA structures that
facilitate binding of regulatory “trans-acting” fieins.

It seems that cis-acting sequences and corresppRNA-binding proteins varied
differentially in response to different mRNA-stabihg/destabilizing signals[23, 24, 27].
Analysis of sequence homology between human anthé@NOS 3 'UTR reveals an
unexpectedly high degree of sequence homologyeiBtbTR (approximately 66%  of
430 nt in the bovine 3'UTR are identical to thosethe human sequence)[28],
suggesting that the cis-acting sequences in théB,Wvhich are functional in the

regulation of eNOS mRNA stability, have been comsérduring evolution.



1.2.2.Regulation of eNOS gene expression by statins

Statins upregulate the expression of eNOS via date-undefined mechanism,
although it is well-known to occur by stabilizatioheNOS mRNA[29-31]. Lovastatin
is an inhibitor of HMG-Co0A reductase, an enzyme clihcatalyzes the conversion of
HMG-CoA to mevalonate. Mevalonate is a requiredidag block for cholesterol
biosynthesis and lovastatin interferes with itsduaion by acting as a competitive
inhibitor for HMG-CoA which binds to the HMG-CoAdactase. Therefore, statins are
frequently prescribed to prevent coronary heagals. Large clinical trials have shown
that the inhibition of cholesterol biosynthesis HMG-CoA reductase inhibitors or
statins improves clinical outcomes in patients vetherosclerosis [32, 33]. Although
this protective effect of statins seems to be tinectiresult of its cholesterol-lowering
properties, statins also exert various beneficieiofropic effects in those with
cardiovascular diseases[34-36]. The cholester@prddent or "pleiotropic” effects of
statins include the upregulation and activatioeNOS. Because statins inhibit an early
step in the cholesterol biosynthetic pathway, thego inhibit the synthesis of
iIsoprenoids such as farnesylpyrophosphate and ggeaanyl pyrophosphate, which
are required for posttranslational modificationirdfacellular signaling molecules such
as Rho GTPases. The regulation of eNOS levels liy@&FPases, therefore, may be an
important mechanism underlying the cardiovasculantegtive effect of statins[37].
Because intracellular factors regulating this pimeoon have remained elusive, we
decided to investigate the underlying regulatorycina@isms in human umbilical vein
endothelial cell (HUVEC) - derived cell line, EA936.

Previously, we had reported the effects of lovastah the expression of eNOS
gene at the posttranscriptional level. After treatnof 25 uM of lovastatin, eNOS
MRNA levels reached submaximal levels at 12 hondsraached plateau at 24 hours. In
the presence of 5,6-dichloroftb-ribofuranosylbenzimidazole, a transcription iitor,

or cycloheximide, a translation inhibitor, sucheefs of lovastatin were blocked.



Among sterols examined in our experiments, geramidhrnesyl pyrophosphate could
not block the effect of lovastatin, however, mewal@ or geranylgeranyl pyrophosphate
completely blocked the effects of lovastatin arghsicantly decreased eNOS mRNA
half-life. In order to determine whether cis-acting elements @ecessary for the
regulation of eNOS mRNA stability, four differenhimeric gene constructs which
contain a part of the human eNOS cDNA were prepasinly pEGFP-C2/stopl.2. The
data from transfection experiments shows the existeof cis-acting elements in
heNOS_D fragment which contains the 3'UTR and tHgcant coding regions of
eNOS cDNA.

The aim of the present study was to determine dradacterize the molecular
mechanisms controlling eNOS mRNA stability. As tfe#a showed that 3'UTR and the
adjacent coding regions have paramount importamt¢lee regulation of the stability of
eNOS mRNA, we specifically examined RNA-proteinelactions at this region and
analyzed whether or not statin modify the bindingvéty of the cytosolic proteins, then

tried to identify the trans-factor binding protéimough mass spectrum technics.



II . Materials & Methods

2.1. Cell culture

EA.hy926 cells were maintained in Dulbecco’s MagtifiEagle Medium (Gibco,
Auckland, N.Z.) containing 10% fetal bovine seruRB§), 2 mML-glutamine, 100
units/ml penicillin, and 1Qug/ml streptomycin. For experimental purposes, oskse
cultured in a medium containing 10% delipidized FHE#BS) and 25uM lovastatin.
DFBS was prepared as described by Choi et al. {1988ml of FBS was added to 500
ml of prechilled 1 : 1 mixture of ethanol (Merckainstadt, Germany) : acetone (Sigma
Chemical Co, St. Louis, MO, USA) and stirred foh# to precipitate proteins. Then
samples were filtered through #1 Whatman filter .00 125 paper (Whatman,
Maidstone, England) using a Buchner and vacuunerAifjuid passed through the filter
paper, 100 ml of ethyl ether (Sigma Chemical Co,L8uis, MO, USA) was added
directly onto the paper and let the paper dry afrrdemperature. Proteins were then
scrapped from paper into a beaker and let it ogatrwith a cover at 4°C. The next day,
proteins were transferred to a lyophilizer beakeSKIN lab, Gyeonggi-Do, South
Korea) and dissolved in 100 ml of distilled watster which proteins were lyophilized
for two days and dissolved in 100 ml distilled watderilized by passing through the
filter of 0.2 um pore size in the hood and themestaat -80°C until use. EA.hy926 cells
were kindly provided by Dr. Edgell (Department cdtiology, University of North
Carolina at Chapel Hill). Lovastatin was provideg ®hoong Wae Pharmaceuticals
(Seoul, South Korea) and was prepared as descbpdtita et al. (1980): 40 mg of
lovastatin sodium powder was dissolved in 0.9 mp-warmed ethanol (55°C) and
0.45 ml of 0.6 N sodium hydroxide was added folldwsy adding 7 ml of distilled
water. Mixture was then incubated at room tempeeafir 30 min and pH was adjusted
to 8.0 by using hydrochloric acid. Total volume wajusted to 9.3 ml with distilled

water to make a final concentration of 10 mM. Afiération through a filter of 0.22



um pore size, lovastatin solution was aliquotedstoded at -80°C until use.

2.2. RNA isolation

A single step method of RNA isolation using acidagidinium/thiocyanate/
phenol/chloroform extraction was used throughous tstudy[38]. After removing
culture medium, EA.hy926 cells grown in monolayargvwashed twice with PBS. One
ml of solution D (4 M guanidinium thiocyanate, 29%vhsodium citrate, pH 7.0, 0.5%
N-laurosylsarcosine and 0.1 M 2-mercaptoethanol) added directly to a 60 mm
culture dish and cells were collected by using selaper to a polypropylene tube. Then
the following was added sequentially to 1 ml ofalgs 0.1 ml of 2 M sodium acetate,
pH 4.0, mix thoroughly by inversion; 1 ml water«aited phenol solution, pH 4.3 £ 0.2
(Sigma Chemical Co, St. Louis, MO, USA), mix thagbly by inversion; 0.2 ml of
chloroform/isoamyl alcohol (49:1), vortex vigoroygor 10 s. After that, samples were
cooled on ice for 15 min and then centrifuged fom2in (13,000 rpm, 4°C). The upper
aqueous phase, which contained mostly RNA, wasfeared carefully to a clean tube.
One ml of isopropanol was added to precipitateRN& and then samples were kept at
-20°C for at least 2 hrs. Following centrifugatitor 20 min (13,000 rpm, 4°C), a
gel-like RNA pellet was dissolved in 0.3 ml of stddun D and transferred to a 1.5-ml
microcentrifuge tube. Then 0.3 ml of isopropanolswadded and samples were
incubated for at least 1 hr at -20 °C. After cdagation for 10 min (13,000 rpm, 4 °C),
RNA pellet was washed twice with 80% ethanol andgsalved in 30 - 50 pl of
DEPC-treated water. Afterwards, RNA samples weceliated for 5 min at 75 °C and
then quickly chilled on ice to ensure complete biization and denature the secondary
structure. RNA quantity and purity were measured using spectrophotometric
readings at wavelengths of 260 nm and 280 nm. TieiRNA samples were diluted by
DEPC-water to the concentration of 200 ng/ul andnediately used for further

experiments or kept at -80°C until use.



2.3. Reverse transcription (RT)

cDNA synthesis was performed using 600 ng of tetdA, 25 mM MgC} solution
4 ul, 10 X PCR buffer 2 pl, 2.5 mM each dNTP mixture 8 plnit/ul RNase inhibitor 1
pl, 2.5 unit/pl MuLV Reverse Transcriptase 1 pind &0uM oligo d(T)e primer 1 pl.
Total reaction volume, including sample, was 20Ril.reaction was extended at 42°C
for 45 min, denatured at 95°C for 5 min, and theoled at 5°C for 5 min. The reagents

for reverse transcription were all from Applied Bystems (Foster City, CA, USA).

2.4. Real-time PCR

The primers used for real-time PCR are listed ibldal. PCR samples were
amplified using a SYBR-green PCR 2 x master mix (KRtAGEN GmbH, Hilden,
Germany) and a Rotor-Gene 2000 (Corbett Reseaydme$, Australia). In some cases,
real-time PCR was also performed in the same condity using Power SYBR-green
PCR 2 x master mix (Applied Biosystems, Foster ,Gi,USA) and a ABI PRISM
7700 system (Applied Biosystems, Foster City, CAAUFCR reactions were run in 20
pl of reaction mixtures containing 10 pl of SYBRegn PCR 2 x master mix, 2ul of
cDNA sample, 1.7 ul of 1 pmol/ul forward primer7 1ul of 1 pmol/ul reverse primer,
4.6 pl of nuclease-free distilled water by using tdonditions listed in Table 2: @5for
15 min followed by 40 cycles of amplification stdpuring each cycle, DNA strands
were melted for 15 sec at % and then extended for 60 sec at®OANnd then melting
curve analysis step was performed by increasingéeatures gradually from 60 to
99°C in 5 min. The data was analyzed by using Rotoegsoftware ver. 6.0 (Corbett
Research, Sydney, Australia) or ABlI sequence detecsystem 1.9.1 (Applied
Biosystems, Foster City, CA, USA). Relative mRNAdE were calculated as’2".
AACt = AE - AC. AE = Ctample— Clappn. AC = Ctonrol— Clearpn. The levels of target



MRNAs relative to GAPDH mRNA were determined. Dats expressed as means +/-

S.E.M. and differences between groups were coreidggnificant foP values < 0.05.

Table 1. Real time PCR primers

Predicted

Primer  Accession # Sequence .
size

F ACACCCTGGTGAACCGCAT
GFP  U57606 111 bp

R CCATGATATAGACGTTGTGGCTGTT

F CTCATGGGCACGGTGATG
heNOS NM_000603 152 bp

R ACCACGTCATACTCCCATACAC

F AACAGCGACACCCATCCTC
GAPDH NM_002046 85 bp

R CATACCAGGAAATGAGCTTGACAA

F : forward, R : reverse

Table 2. Real time PCR conditions

Step Temperature (°C) Time Cycle number
Initial Activation 95 15 min 1
Amplification 94 15 sec 20
(Cycling) 60 60 sec

Melting curve 60~99 5 min 1




2.5. Transfection of chimeric gene constructs

DNA construct plasmids used for transfection experit were prepared by
QIAGEN plasmid mini kit for purification of transtéon grade plasmid (QIAGEN
GmbH, Hilden, Germany) as described in the manualiged with the manufacturer.
Then the DNA concentrations were accurately deteethiusing 260-nm absorption
following the estimation of DNA content based oe thtensity of agarose gel bands.
The DNA purities were also determined using a A260%x280nm ratio. Only the DNA
plasmids whose ratios were between 1.8~2.0 werfosehe further experiments.

Transient transfection was performed by using FUBEBI reagent (Roche
diagnostic, Indianapolis, USA) as described by tmanufacturer. For initial
optimization experiments, EA.hy926 cells approxienat0 — 80% confluent were
transfected in a 24-well culture plate, using 3:2, and 6:1 ratios of FUGENE 6 (ul) to
DNA construct (pg), respectively. The experimenswgarformed in duplicate, group 1
and 2. The volume of FUGENE 6 and the mass of DN&dufor optimization
experiment are listed in Table 3. FUGENE 6 reagead pipetted directly into Opti -
MEM serum free medium (Life Technologies, Grandarsl, NY, USA) without
allowing contact with the walls of plastic tubesdamcubated for 5 min at room
temperature. Then DNA constructs were added to diieted FUGENE 6. The
complexes were mixed well and incubated for 20 atiroom temperature, after which
the complexes were added in a drop-wise manneheocells grown in one 24-well
culture plate with 0.5 ml of normal medium per well hrs after transfection, the cells
were observed directly under a Fluorescence MiomscModel IX51 (Olympus
Corporation, Tokyo, Japan). Total viable cell hunsband GFP-positive cell numbers
were counted in three random areas, named 1, Z3,avfceach well (shown in Table 3).
Also, total cell numbers including dead cells whielre suspended and floated in the
medium in those areas were counted. And then, faetisn efficiencies were
determined by calculating the ratios of cell nunsbeetween GFP positive cells and
total cells. Cell viabilities were determined usiagatio between viable cell numbers
and total cell numbers. As shown in Table 3, comtiam of 0.6 pl FUGENE 6 and 0.4
png DNA gave the highest transfection efficiencyapiproximate 40.57% and a low



death rate of approximate 5%. Therefore, this ra@tween the volume of FUGENE 6
and the mass of DNA was determined to be used én ftlowing transfection
experiments. As the 100-mm cell culture dishes naede used in the further
experiments, the starting volume of FUGENE 6 arel starting mass of DNA were
adjusted to 18 pl and 12 pg in proportion to tHatnee surface areas of 24 well-1 well
(1.9 cnf)/100 mm dish (55 cf). Transfection experiments in 100-mm dishes were
performed as described in Table 3 following thecpdure described above. After
confirming transfection efficiencies and cell vidti®s 24 hrs post-transfection, the cells
were divided into four or five 60-mm cell cultureskes. Addition of drugs to medium
was performed until cells became stable (approx@n@dhr after division). Total RNAs

were prepared 48 hrs after drug treatment.

Table 3. Optimization experiment in a 24-well cultwe plate and transfection

experiment in a 100-mm culture dish using FUGENE 6eagent

Typical
Surface  total Total | OFp- Teml |, Cell Transfection

: Tube | Opti-MEM FuGENE & positive  viahle .
Container area volume of lahel  medium (ul) reagent (u) DNA (pg) Group Area cell cell cell viahility mean  efficiency (%) efficiency

(cm2) m::;lll;.m numbers numbers numbers (Vi) i) mean ()
1 3 440 100 "9, 17272727
1 2 am a0 300 100 10
3 380 39 330 100 10. 2631579
13:1) 19.4 0.6 0.2 I R 100 100 o EE ST 10.369787
2 PR 36 312 100 11. 5384615
3.__am b 370 100 T.83783784
14 101 240 | 90.509 "38. 2675758
1 2 am 128 208 | 98.675 42. 384108
. 3 26 110 250 | 05.42 41.9847328
24 203:2) 19.4 0.6 0.4 1 o 112 280 o308 9 55 sazass 10-DTIST
2 2 a4 156 331 | 95.542 452173913
0 well- L9 o5 5 3 112 200 | 95,395 ,36.8421053
1 . 1T i 270 | 96. 429 21. 4285714
_ 1 2 ;22 ?2 345 gj. 262 13. 1147541
3 261 | 94,585 27, 5362319
3(6:1) 18. 8 1.2 0.2 1 03 63 ot | o980 94, 369 1. 1400394 20, 602244
2 2 2 4 239 | 94.094 18.897A375
3 3 69 alo. | 96,573 21, 4953271
1 240 60 220 | 91,667 I 25
1 2 zm 4 184 92 38
5 26 66 228 | 89.063 25, 78125
4(3:2) 18. 8 1.2 0.4 1 03 o a1 00, 04 a0, 95 30, 2013423 29, 95202
2 2 s 7 263 | 89.153 26. 1016949
3 309 107 287 | o9z.88 34, 6278317
1 a3 115 515 | 97.523 738, 53250TT
1 2 a0 113 205 | 95.44 37. 4592834
3 34 168 331 | 96. 221 48.8372093
T 100 mm 55 10 T(3:2) 582 18 12 1 Eoe 17 317 | 94,085 95, 351 3. A0BE165 40, 619187
2 2 3 134 200 | 94.025 42.1383648
3 3 139 312 | 94,833 42, 2482401

O: optimization experiment; T: transfection expegirh



2.6. Construction of chimeric gene constructs

1) Plasmids for transfection experiments: A certpart of eNOS cDNA was
inserted into the EcoRI and BamHI restriction eneysites located in the multiple
cloning site (MCS) of pEGFP-C2/stopl.2 vector (@émh, Palo Alto, CA, USA). The
restriction map and MCS of pEGFP-C2/stopl.2 vewtas shown in Figure 1. This
vector contains two stop codons: the first one tiexdoetween GFP coding region and
MCS, the second one locates at the end of MCS s&faences of the cDNA fragments
inserted into the vector are depicted in Figure@NA fragments were made by PCRs
which were performed in a reaction volume of 5@qitaining primers (0.8 pmol each),
50 ng template of eNOPucl3 plasmid, 1.25 unit TagADpolymerase(Applied
Biosystems, Foster City, CA,USA), 1.5 mmol MgCApplied Biosystems, Foster City,
CA,USA), and 0.2 mmol dNTPs(Applied Biosystems, tEoLity, CA,USA) Primers
designed to contain EcoRI or BamHI restriction eneysites at 5'-flanking regions are
listed in Table 4. The sequences underlined inditia¢ additional EcoRI and BamHI
recognition sites and sequences in boldface irglittee corresponding flanking bases
for enzyme to bind and cleave efficiently. PCR tigas were run in a condition as
shown in Table 5: 94°C for 2 min, then 30 cycle94fC for 1 min followed by the
annealing temperatures, which were different amoeiyOS_D fragments, for 1 min
followed by 1 min of extension at 72°@&garose gel electrophoresis was run and target
bands were excised. QlAquick gel extraction kitAGEN GmbH, Hilden, Germany)
was used to extract PCR products from agaroseagetsrding to the protocols supplied
by manufacturer. Then the products were digestedeyRl and BamHI enzymes
(Promega, Madison, WI, USA), after which agarosé was run and target cDNA
inserts were extracted by using QIAquick gel extoackit. pPEGFP-C2/stopl.2 vector
which was used for ligation experiment was alsopared by EcoRI and BamHI
digestion in the same way. Ligation was carriedlyutising a DNA Ligation Kit ver.2.1

(TaKaRa Bio Inc, Otsu, Shiga, Japan) in a 10 peattion volume containing 5 pl of



TaKaRa ligation solution I, 100 ng of lineared pEGE2/stopl.2 vector, cDNA insert
(8:1 of molar ratio of insert:vector), and TE buffpH 8.0. Following incubating the
reaction at 16°C for overnight, ligation producteres transformed into chemically
competent. coli, JM 109 cells, and grown overnight on LB-kanamyuletes at 37°C.
Colonies were screened for the presence of theoppptely sized plasmid using the
"colony crack" method (Maniatis et al., Moleculdofing: A Laboratory Manual, Cold
Springs Harbor Literature, pp. 270-247, 1982.): pP&C2/stopl.2 vectors containing
inserts of foreign DNA were distinguished from terent plasmids based on their size
as estimated by electrophoresis in agarose gétsviolg "colony cracks” to release the
plasmid DNA from transformants. Then, DNA miniprgorification kit (Promega,
Madison, WI, USA) was used to extract construct Dplasmids from the screened
colonies. The base sequence identity of all plascodstructs were verified by
restriction enzyme digestion and/or DNA sequencingich was performed by

Macrogen Inc. (Seoul, Korea).



heNOS inserts

BamHI|
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Fig. 2. Construction of chimeric DNA



Table 4. Primer pairs used for making heNOS fragmets

Predicted

Primer Sequence ]
size

F CGGAATTCCGCGACGCTACG
D1 645 bp

R CGGGATCOCGAAACATGTGGC

F CGGAATTCCGGGGGCCACAT
D2 287 bp
R CGGGATCCCGGGGGCTGTTG

F CGGAATTCCGTCAGACACCAA
3UTR 439 bp
R CGGGATCOCGGAGCTGGGGT

F CGGAATTCCGCGACGCTACG
D1-1 234 bp
R CGGGATCOCGCCCAGCCCAT

F CGGAATTCCGCACTATGGAG
D1-2 279 bp
R CGGGATCOCCGGGTAGAGATG

F CGGAATTCCGGCGACGAGGT
D1-3 184 bp
R CGGGATCOCGAAACATGTGGC

F CGGAATTCCGCCCTGAGAGC
3UTR-1 158 bp
R CGGGATCCCGGAATCCTTGC

F CGGAATTCCGGGATTCAGCA
3UTR-2 174 bp
R CGGGATCCCGTTCGACTAAG

F CGGAATTCCGCGAATGTTAGA
3UTR-3 162 bp
R CGGGATCOCCGGAGCTGGGGT

F : forward, R : reverse; GAATTCEcoRI site, GGATCC BamHI site




Table 5. PCR conditions used for making heNOS fragemts

Step Temperature (°C) | Time ;| Cycle number
Initial Activation 94 2 min 1
Denaturation 94 1 min
D1 57
D2 59
3UTR 55
D1-1 60
Amplification Annealing D1-2 51  1min 30
(Cycling) D1-3 59
3UTR-1 57
3UTR-2 55
3UTR-3 56
Extension 72 1 min
Extension 72 7 min 1




2) Plasmids for in vitro transcription experimenBgven parts of eNOS cDNA
(D11, D12, D13, D2, 3utr-1, 3utr-2, and 3utr-3) wdigated into pGEM-3Z vector
(Promega, Madison, WI, USA) at the EcoRI and Barsltds according to the same
principle with step 1. pGEM-3Z vector contains Trompotor sequence just at 5° end
ahead of EcoRI site as shown in Figure 3. LB-artipiglates were used for screening
pGEM-3Z transformants. The base sequence identfiesdl plasmid constructs were

also verified by restriction enzyme digestion and}dA sequencing.

Ssp |
Xmn | 1937 2142  Aatll

Scal 1818 2260

7 4' 1 start
EcoR | 5
Sac | 15
Kpn | 21
Ava | 21
Xma | 21
®._ Smal 23
pG\Fe“gtorg'Z ﬁgmlH I|26
a 32
(2,743bp) Sall 38
Acc | 39
Hinc Il |40
Pstl 48
Sph | 54
Hind Il |56
69
Pspe

Fig. 3. pPGEM-3Z Vector circle map and sequence refence points

2.7. Site-directed mutagenesis for in vitro transdption and transfection

experiments

The sequences of cDNA fragments are shown below. SBEguences in boldface

indicate the multiple CU-rich regions. And sequenitehighlight indicates the possible



cis-elements reported previously[28, 39]. One repuas shown that a 39-kDa
ribonucleoprotein complex failed to form after sttosing CAAGC for CCTCC
motif[39], indicating CAAGC represents an unfunaib sequence. Therefore, in our
experiment, site-directed mutants were made bytsutassg CAAGC for the possible
cis-elements which contain five nucleotides, andsstuting CAAG/AAGC for
cis-elements which contains 4 nucleotides. A ‘megagxy’ PCR method[40] was used
to make some of these mutants. This method waslh@sehe design of forward and
reverse flanking primers with significantly differemelting temperatures J. Primers
were listed below. A mega primer was synthesizethe first PCR reaction using a
mutagenic primer, the lowIflanking primer and a low annealing temperaturee T
second PCR reaction was performed in the sameatsittiee first PCR and utilized the
high Ty, flanking primer, the megaprimer product of thetfiPCR and a high annealing
temperature, which prevented priming by the low primer from the first PCR

reaction.

1) D1-3 sequence

CGGAATTCCGGCGACGAGGTGCAGAACGCCCAGCAGCGCGGGGTGTTTGGGAGTCC
TCACCGCCTTCTCCC GGGAACCTGACAACCCCAAGACCTACGTGCAGGACATCCTGAG
GACGGAGCTGGCTGCGGAGGTGCACCGCGTGCTGTGCCTCGAGCGGGGM@MAGTTTC
GGGATCCCG

Three mutants, namely by D1-3 mutant 1, D1-3 muggnbl1-3 mutant 3, were
made according to D1-3 sequence. D1-3 mutant 1 syathesized by substituting
CAAGC for TCCTC, the first cis-element. The ‘megaper’ PCR method for making
mutant 1 was outlined in Figure 4: the two flankimgmers of D1-3 mutant 1 were
different in length. The short, ‘reverse' flankipgmer was just 15 bases long and
typically had a calculated.Jof 45°C. The long, forward' flanking primer wassigned
to be 29 bases long and had a calculatgdf179°C. The first PCR reaction was carried
out using the short flanking primer, the internaltagenic primer and a low annealing
temperature of 44°C. Then, the second, highflanking primer was added directly to

— 20 —



the reaction tube. The second step PCR was perfbraseng a high annealing
temperature of 72°C. The high annealing temperatssared that the final PCR product
can be generated through selective priming by thgaprimer product of the first PCR
and the high 7 flanking primer. The short flanking primer thatmained from the first
PCR did not interfere with the second PCR synthlestause of its poor efficiency of
annealing to the template at 72°C.

The first PCR amplifications were performed in 10 reaction mixtures
containing 0.5 ul Taq polymerase, 200 pg D1-3 wyige template, 200 uM of dNTPs
in the 1 x PCR buffer. All the PCR reagents werppfied by Applied Biosystems
(Foster City, CA, USA). 10 pmol of D1-3 mutant 1 tagenic primer and 100 pmol of
D1-3 mutant 1 short flanking primer were employed 25 cycles of amplification
using the conditions shown in Table 6. After cortipte of the first PCR, 0.5 ul Taq
polymerase and 3pul containing 7.5 nmol of each dW&Re added to the reaction tube,
which was mixed gently and spun briefly. The secdd@dR was then initiated
asymmetrically by subjecting the reaction mixturefive cycles of 94°C for 40 s and
72°C for 90 s. Following the five asymmetric cycheslizing only the megaprimer,
which may improve the efficiency of the megaprinaenplification step, 100 pmol of
D1-3 mutant 1 long flanking primer was added, dmelreaction was continued for 25

cycles with the same two-step temperature profilshleown in Table 6.

D1-3 mutant 2 was synthesized by substituting CAABCTTCTC, the second
cis-element, according to the same principle ang B@hdition with mutant 1.

D1-3 mutant 3 was made by substituting CAAGC fothbdéCCTC and TTCTC.

Mutant 1 was used as template for synthesizing miiBan the same PCR condition.
Primers are listed in Table 7.

— 21 —
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Fig. 4. Schematic outline of the ‘megaprimer’ PCR ratagenesis protocol used in

this study



Table 6. PCR conditions used for making D1-3 mutast

Step Temzecr;:\ture Time mcjr):]ctﬁr
Initial Activation 94 4 min 1
Denaturation 94 40 sec
PlgtR AT&,‘EE?S;)” Annealing 44 1 min 25
Extension 72 40 sec¢
Extension 72 5 min 1
Denaturation 94 40 sec
Annealing & Extension 72 90 sec >
Pzg; Adding 100 pmol of D1-3 mutant 1 long flanking pem
Denaturation 94 40 sec -
Annealing & Extension 72 90 sec

Table 7. Primer pairs used for making D1-3 mutants

Primer Sequence

M AGCAAGCACCGCCTTCTC
D1-3 mutantl S CGGGATCCCGAAACA

L CGGAATTCCGGCGACGAGGTGCAGAACGC

M TCCTCACCGCCCAAGT
S

D1-3 mutant2 CGGGATCCCGAAACA

-

CGGAATTCCGGCGACGAGGTGCAGAACGC

CAAGCACCGCCCAAGCC

n <

D1-3 mutant3 CGGGATCCCGAAACA

-

CGGAATTCCGGCGACGAGGTGCAGAACGC

M : mutagenic primer, S : short flanking primer, llong flanking primer

CAAGC : mutated sequence



2) D2 sequence

CGGAATTCCGGGGGCCACATGTTTGTCTGCGGCGATGTTACCATGGCAAGACGTCCTG
CAGACCGTGCAGCGCATCCTGGCGACGGAGGGCGACATGGAGCTGGACGEECGGCG
ACGTCATCGGCGTGCTGCGGGATCAGCAACGCTACCACGAAGACATTTTOGGCTCACG
CTGCGCACCCAGGAGGTGACAAGCCGCATACGCBCCAGAGLTTIITCCTT GCAGGAGC
GTCAGTTGCGGGGCGCAGTGCCCTGGGCGTTCGACCCTCCCGGCTCAGATRAACAGC
CCCTCGGGATCCCG

Three mutants corresponding to D2 were made. D2amut was synthesized by
substituting CAAGC for TCCTT and D2 mutant 2 wasitegsized by substituting
AAGC for CTTT. D2 mutant 3 was made by substitutbaih of them. PCR principles
and conditions were totally same with that for Dir@tants. Primers are listed in Table

8.

Table 8. Primer pairs used for making D2 mutants

Primer Sequence

M CTTTCAAGCGCAGGAGC
D2 mutantl S CGGGATCCCGAGGG

L CGGAATTCCGGGGGCCACATGTTTGTCTGC

M AAGCTCCTTGCAGGAGCG
D2 mutant2 S CGGGATCCCGAGGG

L CGGAATTCCGGGGGCCACATGTTTGTCTGC

M  AAGCCAAGCGCAGGAGC
D2 mutant3 S CGGGATCCCGAGGG

L CGGAATTCCGGGGGCCACATGTTTGTCTGC

M : mutagenic primer, S : short flanking primer, llong flanking primer

CAAGC, AAGC : mutated sequence



3) 3UTR-1 sequence

CGGAATTCCGCCCTGAGAGCCGCTGGLTTTICCCTTCC AGTTCCGGGAGAGCGGCTGC
CCGACTCAGGTCCGCCCGACCAGGATCAGCCCGCTCCTCCCCTCTT GAGGTGGTGCC
TTCTCACATCTGTCCAGAGGCTGCAAGGATTCCGGGATCCCG

Five mutants corresponding to 3UTR-1 were made. BUTmutant 1 was
synthesized by substituting CAAG for CTTT, thefficss-element. The PCR method for
making 3UTR-1 mutant 1 was outlined in Figure ® thutagenesis site was located at
the proximal 5° end of 3UTR-1 sequence. Therefore-step PCR was carried out
using the proximal mutagenic primer, the flankingner, and an appropriate annealing
temperature designed according to the of two primers. PCR amplifications were
performed in 100 pl reaction mixtures containing @ Tag polymerase, 200 pg
3UTR-1 wild-type template, 200 uM of dNTPs, 100 pnod 3UTR-1 mutant 1
mutagenic primer, 100 pmol of 3UTR-1 mutant 1 flizgkprimer in the 1 x PCR bulffer.
Twenty-five cycles of amplification was performesing the reaction conditions shown
in Table 9.

Mutant 2 and 3 were synthesized by substituting G&for CCTCC and CCTCT,
respectively. Mutant 4 was made by substituting GAAfor both CCTCC and CCTCT.
PCR amplifications for making mutant 2, 3 and 4eveerformed in the same principle
and conditions with that for D1-3 mutant 1 using timegaprimer’ PCR method.
3UTR-1 mutant 3 was the template for making mudant

Mutant 5 was synthesized by mutating all of the¢hcis-elements. PCR was run
in the same principle and condition with that of TRJ1 mutant 1 by one-step PCR

method using 3UTR-1 mutant 4 as template. Primerdisted in Table 10.
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Fig. 5. Schematic outline of the one-step PCR mutagesis protocol used in this

study

Table 9. PCR conditions used for making 3UTR-1 mutat 1

Temperature . Cycle
Step (°C) Time number
Initial Activation 94 4 min 1
L Denaturation 94 40 sec
Amplification ) o5
(Cycling) Anneallng & 79 100 sec
Extension
Extension 72 5 min 1




Table 10. Primer pairs used for making 3UTR-1 mutaits

Primer Sequence

M CGGAATTCCGCCCTGAGAGCCGCCTGGCAAGC
3UTR-1 mutantl
F CGGGATCCCGGAATCCTTGCAGCCTCTGGACAG

CGCTCAAGQCCTCTTGAG

n <

3UTR-1 mutant2 CGGGATCCCGGAATC

—

CGGAATTCCGCCCTGAGAGCCGCCTGG

CGCTCCTCCCAAGOGAG

n <

3UTR-1 mutant3 CGGGATCCCGGAATC

—

CGGAATTCCGCCCTGAGAGCCGCCTGG

M CGCTCAAGCCAAGCTGAG
3UTR-1 mutant4 S CGGGATCCCGGAATC

L CGGAATTCCGCCCTGAGAGCCGCCTGG

M CGGAATTCCGCCCTGAGAGCCGCCTGGCAAGC
3UTR-1 mutant5
F CGGGATCCCGGAATCCTTGCAGCCTCTGGACAG

M : mutagenic primer; F : flanking primer; S : shflanking primer; L : long flanking primer; CAAGC

CAAG : mutated sequence

4) 3UTR-2 sequence

CGGAATTCCGGGATTCAGCATTATTGCTCCAGGAAGGAGCAAAACECTCTTTTCCCTC
TCTAGGCCTGTTGCCTCGGGCCTGGGTCCGCCTTAATCTGGAAGECCTCCCAGCAGC
GGTACCCCAGGGCCTACTGCCACCCGCTTCCTGTTTCTTAGTCGAACGGEBCCG

Five mutants corresponding to 3UTR-2 were made.RBQTmutant 1, 2 and 3 was
synthesized by substituting CAAGC for CCTCT, CCTQICTCC, respectively.
3UTR-2 mutant 4 was made by substituting CAAGC fmth of the first two
cis-elements, CCTCT and CCTCT, using mutant 2 explete. And, 3UTR-2 mutant 5

— 2’7 —



was made by mutating all of the three cis-elem&its mutant 4 as template. PCR
methods for making 3UTR-2 mutants were performedtha same principles and
conditions with that of D1-3 mutant 1 by the ‘megayer’ method. Primers are listed in

Table 11.

Table 11. Primer pairs used for making 3UTR-2 mutats

Primer Sequence

M AACGCAAGCTTTCCCTCT
3UTR-2 mutantl S CGGGATCCCGTTCG

L CGGAATTCCGGGATTCAGCATTATTCCTCC

M AACGCCTCTTTTCCAAGC
3UTR-2 mutant2 S CGGGATCCCGTTCG

L CGGAATTCCGGGATTCAGCATTATTCCTCC

CCAAGCCAGCAGCGGTAC

n <

3UTR-2 mutant3 CGGGATCCCGTTCG

CGGAATTCCGGGATTCAGCATTATTCCTCC

-

M AACGCAAGCTTTCCAAGC

3UTR-2 mutant4 S CGGGATCCCGTTCG

L CGGAATTCCGGGATTCAGCATTATTCCTCC

M CCAAGCCAGCAGCGGTAC
3UTR-2 mutant5 S CGGGATCCCGTTCG

L CGGAATTCCGGGATTCAGCATTATTCCTCC

M : mutagenic primer; S : short flanking primer; long flanking primer;

CAAGC : mutated sequence



5) 3UTR-3 sequence

CGGAATTCCGCGAATGTTAGATTCCTCTTGCCTCTCTC AGGAGTATCTTACCTGTAAAG
TCTAATCTCTAAATCAAGTATTTATTATTGAAGATTTACCATAAGGGACTG TGCCAGATGTT
AGGAGAACTACTAAAGTGCCTACCCCAGCTCCGGGATCCCG

Three mutants corresponding to 3UTR-3 were mad@R38 mutant 1 and 2 were
synthesized by substituting CAAGC fof' and 2° CCTCT, respectively. 3UTR-3
mutant 3 was made by substituting CAAGC for bothhaf two cis-elements. Mutant 2
was used as template for synthesizing mutant 3. P@fiples and conditions for
3UTR-3 mutants were totally same with that for 3UTRutant 1 using one-step PCR

method. Primers are listed in Table 12.

Sequence comparison of CU-rich elements among tydd-and mutants of all

five cDNA fragments was summarized in Table 13.

All the PCR products were verified by agarose ¢giteophoresis, and then ligated
into pEGFP-C2/stopl.2 or pGEM-3Z vector as desdriladove. All the mutated

constructs were also sequenced to confirm the absarthe expected mutations.



Table 12. Primer pairs used for making 3UTR-3 mutais

Primer

Sequence

3UTR-3 mutantl

CT

CGGGATCCCGGAGCTGGGGTAGGC

CGGAATTCCGCGAATGTTAGATTCAAGCIGCCT

3UTR-3 mutant2

GCCTC

CGGGATCCCGGAGCTGGGGTAGGC

CGGAATTCCGCGAATGTTAGATTCCTCTTGCAA

3UTR-3 mutant3

GCCTC

CGGGATCCCGGAGCTGGGGTAGGC

CGGAATTCCGCGAATGTTAGATTCAAGCTIGCAA

M : mutagenic primer; F : flanking primer; CAAGGQGnutated sequence

Table 13. Sequence comparison of cis-elements amomidd-type and mutants of all

cDNA fragments
CU-ri
Zlheme D13 D2 3UTR-1 3UTR-2 3UTR-3
nts
W TCCTC...TT . CTTTTCC ; CTTT...CCTCCC . CCTCTTTTCCCTCT... . CCTCTTGCC
CTC TT CTCT CCTCC TCT
CAAGC...T  CTTTCA CAAG...CCTCCC  CAAGCTTTCCCTCT CAAGCTGC
M1 TCTC AGC CTCT ...CCTCC CTCT
M 2 TCCTC...CA AAGCTC | CTTT...CAAGCC CCTCTTTTCCAAGC CCTCTTGCA
AGC CTT CTCT ...CCTCC AGC
M3 CAAGC...CA AAGCCA CTTT...CCTCCC ; CCTCTTTTCCCTCT... . CAAGCTGC
AGC AGC AAGC CAAGC AAGC
CTTT...CAAGCC | CAAGCTTTCCAAGC
M4 AAGC ...CCTCC
CAAG...CAAGC | CAAGCTTTCCAAGC
M CAAGC ...CAAGC
W: wild-type, M 1: mutantl, M 2:mutant2, M 8wutant3, M4 :mutant4, M5 :mutant5



2.8. In vitro transcription

All the pGEM-3Z constructs were linearized by Bantdtgestion prior to being
used as templates for in vitro transcription, exd¢bat one more template (heNOS_D21)
was generated by restriction digestion of pGEM-3Zfidasmid with Nael. Therefore,
D21 RNA probe contains the 5" end part of heNOSs&fuence. Radioisotope-labelled
RNAs were synthesized by using T7 riboprobe syqdteromega, Madison, WI, USA)
in a 20 ul reaction volume containing 4 pl of trenion optimized 5 x buffer, 2 pl of
100 mM DTT, 1 pl of 40 units/ul RNA inhibitor, 4 pf rATP, rGTP, rUTP mix (2.5
mM ea), 2.4 ul of 100uM rCTP, 1 pg of linearizethptate DNA, 1 pl of20 units/pl
T7 RNA polymerase, and 5@Ci of [*P]CTP (Perkin Elmer life sciences,
Woodbridge, ON, Canada). Biotinylated RNAs weretgaized by using MAXIscript
T7 kit (Ambion, Austin, TEX, USA) in a 20 pl reasti volume containing 2 ul of 10 x
transcription buffer, 1 pl of 10 mM rATP, 1 pl 0@ InM rGTP, 1 pl of 10 mM rCTP, 0.6
pl of 10 mM rUTP, 1ug of linearized template DNApRof T7 enzyme mix, and 014
of 10 mM biotin-16-UTP (Roche diagnostic, IndianBgoUSA). After transcription at
37°C for 1 hour, RNase-Free DNase (AuUYAas added to the reaction mixture to
digest DNA templates, and the transcribed RNAs warefied by passing through
Sephadex G-50 columns (Roche diagnostic, IndiamgpdEA) for radioisotope labeled
probes or NucAway™ Spin Columns (Ambion, Austin, XTEJSA) for biotinylated
probes to remove unincorporated ribonucleotide®raatg to the supplier’s protocol.
Specific activities ofradioisotope labeled probes were measured by wssimgillation
cocktail. The quantities of biotinylated probe wermeasured by using

spectrophotometric readings at wavelengths of 26@&nd 280 nm.
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2.9. Preparation of cellular extracts

EA.hy926 cells were cultured as previously descril@ytoplasmic extracts were
prepared according to the protocol by Patrick FL&. et al [28]. Cells at proliferous
time were washed three times in PBS and then haxédxy using cell scraper in PBS.
Following centrifugation at 1,850 g (10 min, 4°Cgll pellets were resuspended in a
hypotonic lysis buffer consisting of 10 mM HEPE$(p.9), 40 mM KCI, 3 mM MgCl
1 mM DTT, 5% glycerol, 0.2% Nonidet P-40,ufy/ml aprotinin, 0.5ug/ml leupeptin,
and 0.5 mM phenylmethylsulfonylfluoride (all froniggha Chemical Co, St. Louis, MO,
USA). After incubating on ice for 1 hr, samples @nechanically homogenized with
Dounce homogenizer (10 strokes) on ice. The nuamtel debris were removed by
centrifugation (14,000 rpm, 15 min, 4°C), and tlyoplasmic fraction (supernatant)
were aliquoted and immediately used for the neep sir frozen at —80°C until use.
Protein concentrations were determined by Bradfoedhod (Bio-Rad, Hercules, CA,

USA).

2.10. Ultra-violet (UV) irradiation cross-linking studies

RNAs used in UV-cross linking assays were heat&@b3€C for 5 min, then kept at
room temperature for 20 min, and reannealed atidiyhtion temperature (30°C) for
3.5 hours to restore the secondary structure amdirty affinity[41-43]. Fifteerug of
EA.hy926 cell lysate was mixed with 300-500 ng offat yeast RNA in a reaction
mixture containing 20 mM HEPES (pH 7.6), 60 mM Kal,mM MgCL and 10%
glycerol and chilled on ice. Then, 1x100° cpm of 3P labeled RNA probe was added
to make a total volume of 20 ul for further incubatat 30°C for 10 min. RNA-protein
interactions were then stabilized by ultra-viokeadiation on ice for 30 min in CL-1000

UV cross-linker (UVP, Upland, CA, USA ) set to aneegy level of 1800 pJ/dm
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with a distance of 8 cm[44], after which unboundARMKagments were broken down by
1 pg/ul RNase A (QIAGEN GmbH, Hilden, Germany) ahtl (Roche diagnostic,
Indianapolis, USA) at 37°C for 15 min. Each reattisas then mixed with 2 x SDS
sample dissolving buffer (100 mM Tris-Cl, pH 6.8045DS, 0.2% bromphenol blue,
20% glycerol, 200 mMB-mercaptoethanol), boiled for 5 min and analyzed1b96
SDS-polyacrylamide electrophoretic gel. The gelsewd¥ried under vacuum at 50°C for
2 hours and imaged by autoradiography in a darknrasing Fuji medical X-ray film
“super RX” (Fuji photo film, Tokyo, Japan), X-rayedeloper and X-ray fixer (Vivid,

Seoul, Korea).

2.11. Purification and identification eNOS mRNA-birding proteins

RNA-protein bindings were performed essentially gescribed by Mamatha
Garige[45] with slight modifications. Ten pg of biylated RNA probe was incubated
with 50 pl (500ug) of cell extract for 30 min abr temperature in a binding buffer
(10 mM HEPES, pH 7.5, 25 mM KCI, 10% glycerol, ahanM dithiothreitol), after
which unbound RNA fragments were broken down bygIui RNase A (QIAGEN
GmbH, Hilden, Germany) and T1 (Roche diagnostididnapolis, USA) at 37°C for 15
min. Streptavidin magnetic beads (New England Bis|aBeverly, MA, USA) were
resuspended by gently flicking and inverting thélbauntil the particles are completely
dispersed. Then 30 ul of beads were washed in itidenly buffer (lacking glycerol).
Resuspended beads were added to the binding medoti@5 min at room temperature
with gently mixing by inversion every 1-3 min. Theagnetic beads with immobilized
RNA and its bound proteins were separated fromecnall extract on a magnetic stand.
The RNA-protein complex bound to the magnetic beads washed twice with the
binding buffer. Then proteins were eluted by bgjlior 5 min in 50 pl sample buffer
(62.5 mM Tris-HCI, pH 6.8, 25% glycerol, 2% SDSQD% bromphenol blue and 1%
2-mercaptoethanol). After applying magnetic fielge supernatant was loaded onto a
10% SDS-PAGE. The gel was stained with CoomassiéaBt Blue for 2 hours and

destained in a destaining solution of 50% methdat@ glacial acetic acid for 4 hours.
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After confirming the RNA-bound protein band, thengaexperiment was done by
two-dimensional gel electrophoresis (NEPHGE). As scdibed above,
RNA-protein-beads complex was washed twice in thdibg buffer, then proteins were
eluted by boiling for 5 min in 50 pl sample buffeithout bromphenol blue (62.5 mM
Tris-HCI, pH 6.8, 25% glycerol, 2% SDS, and 1% 2rcaptoethanol). The supernatant
was transferred to a new Eppendorf tube, after wwiBSA was added to a final
concentration of 200 pg/ml. Two volumes of ice-cetdanol containing 10 mM Mgg&l
were added to precipitate proteins at -70°C foleast 2 hours. After centrifugation
(12,000 rpm) at 4°C for 10 min, protein pellets svetlissolved in 20 pl isoelectric
focusing (IEF) sample buffer containing 9 M ureaofRega, Madison, WI, USA), 5%
ampholine (pH 3.5-10.0, Sigma Chemical Co, St. §pMO, USA), 0.02 M DTT and
2% Nonidet P-40 and then infused onto the IEF dgeiclvwas the first-dimensional
separation of two-dimensional gel electrophorei&§. running gel was prepared in a
long (15-cm), thin (1.2-mm) capillary tube by iniiug the running gel solution into it.
For one tube gel, a total volume of 1.25 ml of fiagrgel solution was prepared, which
was composed of 0.68 g urea, 0.05 ml distilled wda7 pul O Farrell solution (28.38%
acrylamide, 1.62% bisacrylamide), 62.5 pl Ampholjpe 3.5-10.0), 2.5 pl Ammonium
Persulfate (Sigma Chemical Co, St. Louis, MO, USAHd 1.25 ul TEMED (Sigma
Chemical Co, St. Louis, MO, USA). A 1.5-cm blank snvieft from the top of the
capillary tube when introducing the appropriateunoé of running gel solution into it
and then air bubbles were removed by gently tapgiegbottom of the tube. After
which, distilled water (5~10 pl) was infused onhke tgel solution using a Hamilton
microsyringe (Hamilton Company, Reno, Nevada, US¥)er gel formation, distilled
water was removed. Then the IEF tube was asseniledthe IEF apparatus and 10 pl
of overlay buffer (7 M urea) was added followindusing protein samples to the IEF
tube using the Hamilton microsyringe. Afterward® aippropriate chambers were filled
with upper (0.01 M BPQO, anode) and lower (0.02 N NaOH, cathode) electradfets,
respectively. IEF gel was run at the voltage coodibf 50 V for 15 min, 100 V for 15
min, 200 V for 15 min, and 800 V for 3 hr. AfterHEthe gel was removed from the
capillary tube by injecting water around gels, thiea gel was briefly equilibrated in a
equilibration buffer (0.075M Tris, pH 6.8, 2.3% SD&hd 1% 2-mercaptoethanol) for

10~20 min and placed directly onto the top edga skcond-dimensional slab gel. In
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addition, the control IEF gel, into which distilledater was introduced instead of
protein samples, was cutted into pieces (approdniab-cm / per piece) after

electrophoresis and immersed into distilled waberat least 30 min to measure the pH
of every pieces respectively using a pH Meter Mo#20 A (Orion Research Inc.,

Boston, USA). By measuring the pH gradient acrdss ¢el and recording the

approximate positions of every pieces, we can egérthe approximate pl of our target
protein spot, information which could be valualkhedetermining the identity of the

protein. The second-dimensional 10% polyacrylangeewas stained with Coomassie
Brilliant Blue as described above. Then the tapgetein spot was excised from the gel
and MALDI-TOF spectrum was performed to identife fhrotein.

2.12. Statistics

All results were presented as means + SEM. Staistinalysis were performed by
unpaired student'stest with GraphPad Prism programme ver.4.0 (Graplgeétware

Inc., San Diego, CA, USAR values less than 0.05 were considered to be gigntf



II. Results

3.1. Identification of the more detailed location®f cis-elements in some regions of

human eNOS mRNA.

Previously, we have reported that lovastatin ineedahe levels of eNOS mRNAs
by exhausting intracellular GGPP. The cis-actirgreints mediating such effects were
located in heNOS-D sequence [2979-4341, based @rsdéljuence of heNOS cDNA
(gene bank #NM_000603)] (Figure 6).

To determine the more detailed locations of ciseeliets compared to the previous
experiments, we inserted three shorter eNOS-D fesggn(heNOS D1, D2, D3) into a
mammalian expression vector pPEGFP-C2/stopl.2 axided in Materials&Methods.
The GFP vectors, alone or with heNOS_D1, D2, D3eweansiently transfected into
EA.hy926 cells. The relative GFP mRNA levels wereasured in the presence of
lovastatin and isoprenoids by real-time PCR. Asashn figure 7, the relative mRNA
levels of all three gene constructs heNOS D1, D2,w&re increased by lovastatin
treatment. Either mevalonate or GGPP could presaoh effects of lovastatin. There
was no change of control vector's GFP mRNA levetha presence of lovastatin and
isoprenoids. The effects of lovastatin and isopidson heNOS mRNA levels in every
transfection experiments were also measured asitiveocontrol. These data indicated
that cis-elements mediating GGPP-induced decajNa&fmRNA were dispersed at all
three regions of D1, D2 and D3.

In order to identify the more detailed locations cb-elements, a further
subdivision of heNOS_D1 and D3 were performed. Westructed GFP constructs with
six subdivided fragments (heNOS_D11, D12, D13, DB32, D33) to test them in
transiently transfected EA.hy926 cells(Figure8 &)d GFP relative mRNA level

measurements by real-time PCR indicated that disgacelements mediating

— 36 —



GGPP-induced decay of eNOS mRNA were containedith B'UTR region (heNOS _
D31, D32, D33) and the adjacent coding region (h8ND13). heNOS D11 and D12

regions did not contain cis-elements.
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Fig. 6. The effects of lovastatin and GGPP on chime mRNA levels

EA.hy926 cells transfected with the chimeric geoerstruct containing a part of eNOS
cDNA were cultured in a medium containing 10% DF&®I 25uM lovastatin for 48
hours. GGPP was added to the medium at a condentadt20uM. As a control (CON),
cells were cultured without GGPP. Results are esgm@ as means S.E.M. of two
independent experiments, performed in triplicatee Tata shown are ratios of the
treated versus those of the corresponding FBS-alolevels. P < 0.05, ** P < 0.01,
*** P <0.001.
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Fig. 7. The effects of lovastatin and sterols on ¢hlevels of chimeric mMRNA

containing a part of heNOS_D

EA.hy926 cells transfected with the chimeric germmstruct containing a part of
eNOS_D cDNA were cultured in a medium containingol@FBS and 25uM
lovastatin for 48 hours. When necessary, 25-hydrbalesterol, mevalonate or GGPP
was added to the medium at a concentration ofil12300 1M, or 20uM respectively.
As a control (CON), cells were cultured withoutrete. The results are meafsS.E.M.

of three independent experiments, each performeduplicate. The data shown are
ratios of the treated versus those of the corredipgr-BS-control levels. P < 0.05 as

compared with each control.
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Fig. 8. The effects of lovastatin and sterols on ¢hlevels of chimeric mRNA

containing a part of heNOS_D1

Cells transfected with the chimeric gene consteocitaining a part of eNOS_D1 cDNA
were cultured in a medium containing 10% DFBS aBdilg lovastatin for 48 hours.
When necessary, mevalonate or GGPP was added todtieim at a concentration of
300uM or 20uM respectively. As a control (CON), cells were audtd without sterols.
The results are mearsS.E.M. of three independent experiments, eachopregd in
duplicate. The data shown are ratios of the treadesus those of FBS-control levels. *
P < 0.05 as compared with each control.
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Fig. 9. The effects of lovastatin and sterols on ¢hlevels of chimeric mRNA

containing a part of heNOS_D3

Cells transfected with the chimeric gene consteocitaining a part of eNOS_D3 cDNA
were cultured in a medium containing 10% DFBS abdilg lovastatin for 48 hours.
When necessary, mevalonate or GGPP was added todtieim at a concentration of
300uM or 20uM respectively. As a control (CON), cells were audtd without sterols.
The results are mearsS.E.M. of three independent experiments, eachopregd in
duplicate. The data shown are ratios of the treatesus those of FBS-control levels. *
P < 0.05 as compared with each control.



3.2. Investigation of the more detailed regulatorymechanism of statin-mediated

eNOS mRNA stability

It is known that geranylgeranylation is required fioe activatiorand membrane
targeting of small GTPases, including RhoA. Thevacmembrane-bound form of
RhoA elicitsdownstream signaling, which influences cytoskeletoganizationlt has
been reported that eNOS expression is reguldigd changes in the actin
cytoskeleton[46]. In order to determine whetheee of lovastatin on eNOS mRNA
regulation are mediated by intracellular signalpaghways, the relative GFP mRNA
levels of seven chimeric gene construct (heNOS_D1P, D13, D2, D31, D32, D33)
were measured in the presence of either hydroxgifasthe Rho inhibitor, or
cytochalasin D, a cytoskeleton disruptor by re@etiPCR. As shown in figure 10, the
relative GFP mRNA levels of D13, D2, D31, D32, aD83 gene constructs were
increased in the presence of hydroxyfasudil or adyatasin D. These data were in
accordance with that of lovastatin treatment andicated that cis-acting elements
regulating eNOS mRNA stability were contained in ttbo3'UTR region
(heNOS_D31,D32,D33) and the adjacent coding re¢imNOS_ D2,D13). Also, the
status of cellular architecture regulated by Rhatiated pathways may plays a role in

determining the decay rate of eNOS mRNA.
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Fig. 10. The effects of hydroxyfasudil and cytochakin D on the levels of chimeric

MRNA containing a part of heNOS_D

Cells transfected with the chimeric gene constwere cultured in a medium containing
10% FBS for 48 hours. Hydroxyfasudil (A) or cytotdsan D (B) was added to the
medium at a concentration of 1 or 1 uM respectively. CON shows the levels of
GFP/vector mRNA, D11 shows the levels of GFP/heN@R. mRNA and so forth.
LVT shows the levels of eNOS mRNA when cells werdtwwed in a medium
containing 10% DFBS and 2oM lovastatin for 48 hours. The results are means
S.E.M. of three independent experiments, each pedd in duplicate. The data shown
are ratios of the treated versus those of the sporeding FBS-control levelsP*< 0.05,

** P<0.01, ** P<0.001.



3.3. RNA-protein binding interactions by using RNAfragments encoding a part of

heNOS_D cDNA

To confirm whether cis-acting elements at both egdand 3'UTR regions of
eNOS mRNA bind with trans-acting factors, Crosilig experiments were performed
with in vitro transcribed and radiolabelled RNAdmaents encoding D11, D12, D13,
D21, D2, D31, D32, and D33 sequence (Figure 11)eMAadiolabelled RNA fragments
were incubated with EA.hy926 cell lysates, multifdands were observed. In cell
lysates treated 48 hrs with lovastatin, the bingingone RNP complex corresponding
to approximate molecular weight of 60 kDa to D12, D31, D32, D33 fragments were
increased than in extracts from untreated contedlsctherefore, this binding was
considered as specific. However, D11, D12, and Bag@ments displayed very weak
binding to this 60 kDa RNP, and there were no ckangf binding activity after
lovastatin treatment, accordingly this weak bindivegs considered as non-specific and
might attributable to the high sensitivity of radimtope. The binding of other bands
were also not consistently changed after lovastgatment, thereby considered as
non-specific binding which may attributable to higitrundance of some proteins in cell
lysates and not subjected to further investigathdo.distinct bands could be observed
from control reactions performed without cell lysgt demonstrating that the bands
were not attributable to incompletely digested Rikgments (Figure 11D). These data
were in accordance with transfection data, furtiheicating that cis-acting elements
regulating eNOS mRNA stability were contained in3PD31, D32, D33, and the distal
region of D2. In addition, binding of a 60 kDa RiPcis-elements may play a role in
the regulation of eNOS mRNA stability by lovastatimerestingly, D13, D2, D31, D32,
D33 fragments all bind with one same 60 kDa tracigig protein, consequently, we
hypothesized D13, D2, D31, D32, D33 must contaedimilar cis-acting elements or
the similar secondary RNA structure which can bimth one same protein that

contributes to the effect of lovastatin on eNOS.dAthis trans-acting protein is a

— 43 —



stabilizing factor.

In order to confirm the role of the status of cllfuarchitecture in determining
eNOS mRNA stability, the effects of cytochalasinoB the binding activities of cell
lysates to the riboprobes were examined. As showfigure 12, in cell lysates treated
48 hrs with cytochalasin D, the bindings of thek&a RNP to D13, D2, D31, D32, D33
fragments were increased than in extracts fromeatgd control cells. This data was
also in accordance with that of lovastatin treatinéurther confirming all the five
fragments contain cis-elements and suggestingt#tiassof cellular architecture has a

role in determining eNOS mRNA stability.
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Fig. 11. The effects of lovastatin on RNA-protein nteractions by using RNA

fragments encoding a part of heNOS_D cDNA

RNA-protein cross-linking experiments using radombed RNA encoding a part of
eNOS cDNA. CON, control; LVT, 2aM lovastatin treatment for 48 hours. D13 CON
shows cross-linking studies using radiolabelled [RINBA fragment with untreated cell
lysate and so forth. (D) A representative experimesing radiolabelled D33 fragment

in the absence or presence of cell extracts.
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Fig. 12. The effects of cytochalasin D on RNA-prote interactions by using RNA

fragments encoding a part of heNOS_D cDNA

RNA-protein cross-linking experiments using radoeled RNA encoding a part of
eNOS cDNA. CON, control; CYTOD, &M cytochalasin D treatment for 48 hours.
D13 CON shows cross-linking studies using radidladeD13 RNA fragment with
untreated cell lysate and so forth.
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3.4. Determination of the exact locations of cis-eents in eNOS mRNA sequence

Unfortunately, we did not find the similar stem4osecondary RNA structure after
analyzing the secondary RNA structure of D13, D31PD32, and D33 by using a
RNA structure programme ver.4.4 (David H. Mathewss Pharmaceuticals, Inc.,
Carlsbad, CA, USA). Thereby we speculated the bmaif trans-acting factor to RNA
fragments might be sequence specific. In ordedenmtify the essential sequences of
cis-acting elements, we avoided shortening of th&sgments and carried out
site-directed mutagenesis on every fragments. Was achieved by PCR-mediated
mutagenesis replacing 4 or 5 nucleotides by a tegonon-functional sequence as

described in Materials&Methods.

CCUCU,UUCUC,CUUU motifs were reported to be thediiig sequence for a
56kDa RNP complex on the 3'UTR of human eNOS mRBAAd the binding of the
56kDa factor to heNOS mRNA was required in the TdNFAnrduced mRNA
downregulation. The 56kDa factor was speculateletoelated to polypyrimidine tract
binding(PTB) protein[28]. Also, one conserved copf the CCUCC motif was
previously reported to be the binding sequenceaf@9-kDa RNP complex on the
human o—globin mMRNA, and the RNP complex had functionalpamance in
establishing high-level stability af-globin mRNA[39]. We found multiple CU-rich
regions which contain reported CU-rich elementshiem heNOS-D cDNA sequence as
described in Materials&Methods. To show the funaailty of the CU-rich elements,
the resulting 19 mutants, D13 mutant 1 to 3, D2amuf to 3, D31 mutant 1 to 5, D32
mutant 1 to 5 and D33 mutant 1 to 3 were made asritbed in Materials&Methods,
and then the function was tested in transientlydiected EA.hy926 cells by measuring

their relative mRNA level using real-time PCR.

As shown in Table 13, D13 wild-type contains twgaadnt CU-rich elements.
When one of the elements or both of them were radté®13 mutant 1, 2 and 3), GFP
relative mRNA levels showed no varieties in thespreee of lovastatin while wild-type
gave a significant increase of relative mRNA lekgj(ire 13A). This suggested that

both two elements were important for maintaining ttabilizing function of D13
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fragment. The function would be completely lost @mme element was mutated, this
means, only one element was not enough to maintenfunction. Consequently,
cooperation of two adjacent CU-rich elements UCCud UUCUC was necessary for
maintaining their stabilizing function.

D2 wild-type and its mutants exhibited similar \adidonal patterns of relative
MRNA levels with D13 (Figure 13B), which indicatedat two adjacent elements
CUUU and UCCUU need to cooperate to maintain tlséabilizing function. D33
wild-type and its mutants also exhibited similariggonal patterns of relative mRNA
levels with D13 (Figure 13E), which also suggedieat cooperation of two adjacent
CU-rich elements CCUCU and CCUCU was necessargnfontaining their stabilizing
function.

D31 wild-type contains three CU-rich elements, CUWkhmed element 1),
CCUCC (named element 2) and CCUCU (named elemenEl8ments 2 and 3 are
adjacent (shown in Materials&Methods). As shownFigure 13C, D31 mutant 5
(mutating all of the three elements) did not ging function, however, when element 1,
CUUU, was mutated (D31 mutantl), the function wi$ remained. This suggested
that elements 2 and 3 showed function in D31 fragm&hile element 2, CCUCC, was
mutated (D31 mutant 2), the function was lost, whsr the mutation of element 3 (D31
mutant 3) did not affect the function. This suggdghat element 2, CCUCC, was very
important for maintaining function. As expectly, tation of both elements 2 and 3
(D31 mutant 4) lead to the loss of the stabilizfogction, attributing to the loss of
element 2, CCUCC.

D32 wild-type contains three CU-rich elements, CQJCCUCU, and CCUCC.
The first two elements are adjacent. As shown gufé 13D, D32 mutant 5 (mutating
all of the three elements) did not give any funttiowhile mutant 4 (mutating the first
two elements) was functional, implicating that teeistence of the third element,
CCUCC, play a role in maintaining the stabilizingnétion. Mutant 3 (mutating the

third element) was functional, suggesting that CCJCCUCU could also maintain
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the function. Mutant 1 and 2 were both functioratributing to the existence of the
third functional element CCUCC. However, whethee tunction of CCUCU and

CCUCU was cooperative or separative is still uragertAccording to the data of D33
mutants, the function of CCUCU and CCUCU was cargd as cooperation. These
data revealed that two adjacent CU-rich element®)CC and CCUCU were able to
maintain their stabilizing function, and the exmste of CCUCC also played a role in

stabilizing eNOS mRNA.

In order to confirm whether Rho pathway play a rolehe regulation of CU-rich
elements mediated stability of eNOS mRNA, the a#fed hydroxyfasudil on the levels
of chimeric mMRNAs containing part of heNOS_D oritheutants were tested in
transiently transfected EA.hy926 cells by measutimgjr relative mRNA level using
real-time PCR. We can see from Figure 14, the effethydroxyfasudil were totally in
accordance with the effects of lovastatin on thienenic mRNA levels. We concluded
that Rho-mediated pathway affects eNOS mRNA stgpilvhich is mediated by
multiple CU-rich elements located in the 3'UTR autjacent coding regions of eNOS
MRNA.
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Fig. 13. The effects of lovastatin on the levels chimeric mMRNA containing a part

of heNOS_D or their mutants

Cells transfected with the chimeric gene constaacttaining a part of eNOS_D cDNA
fragments or their mutants were cultured in a mmdaontaining 10% DFBS and 25
uM lovastatin for 48 hours. Mutants were made byssitiding CU-rich elements as

described in Materials&Methods. The results aremaeaS.E.M. of three independent
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Fig. 14. The effects of hydroxyfasudil on the levelof chimeric mMRNAs containing a

part of heNOS_D or their mutants

Cells transfected with the chimeric gene constoacttaining a part of eNOS_D cDNA
fragments or their mutants were cultured in a mdiontaining 10% FBS for 48 hours.
Hydroxyfasudil was added to the medium at a comagah of 10uM. CON shows the
levels of eNOS mRNA when cells were cultured in @diam containing 10% DFBS
and 25 uM lovastatin for 48 hours. Mutants were made ascrgsd in
Materials&Methods. The results are meanS.E.M. of three independent experiments,

each performed in duplicatePx 0.05, * P < 0.01, *** P < 0.001.



3.5. RNA-protein binding interactions by using mutded RNA fragments

To confirm whether trans-acting factors bind witbl-@ch elements, cross-linking
experiments were performed with in vitro transadilaad radiolabelled RNA fragments
encoding D13, D2, D31, D32, D33 sequences and tingiants (Figure 15).

D13, D2 and D33 mutants displayed weak bindingh&b 60 kDa RNP, and there
were no changes of binding activities after loviasté&reatment (Figure 15A, B, E),
therefore, these weak bindings were consideredaspecific and might attributable to
the high sensitivity of radioisotope . This suggedsthat, when the cooperative CU-rich
elements were mutated, the corresponding RNA priasésheir binding ability.

In cell lysates treated 48 hrs with lovastatin, thedings of the 60 kDa RNP
complex to D31 mutant 1 and 3 were increased thaxiracts from untreated control
cells (Figure 15C). However, D31 mutant 2, 4 arekbibited very weak binding to that
60 kDa RNP, which was not in response to lovastatatment and considered as
non-specific binding. This suggested that the erise of CCUCC element was crucial
for binding of trans-acting factor to D31 fragment.

D32 mutant 1, 2, 3 and 4 probes did not lose thieiding ability, which could be
increased by lovastatin treatment, while mutatibralbthree elements (mutant 5) do
affected the binding (Figure 15D), strongly sugipesthat cooperation of two adjacent
elements, CCUCU and CCUCU, played a role in bindihgrans-acting factor to D32
fragment. And, the existence of CCUCC element diad a role in binding of

trans-acting factor to D32 fragment.
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Fig. 15. The effects of lovastatin on RNA-protein nteractions by using RNA

fragments encoding D13, D2, D31, D32 and D33 mutant

RNA-protein cross-linking experiments using radombbed RNA encoding D13, D2,
D31, D32 and D33 mutants. CON, control; LVT, g6l lovastatin treatment for 48
hours. (A, B, C, D, E) Cross-linking studies usragdiolabelled D13, D2, D31, D32 and
D33 mutants respectively. M 1 CON shows cross+igkstudies using radiolabelled
mutant 1 RNA fragment with untreated cell lysatd ao forth.



3.6. Identification of the trans-acting factor whicd binds to the cis-elements of

eNOS mRNA

In order to determine the identity of the 60 kDaRRddmplex, Biotin-labelled D33
wild-type RNA probe was used along with D33 mutangrobe to study the specificity
of their binding to EA.hy926 cell lysates. As shoimrFigure 16, a band corresponding
to 60kDa was found only with D33 wild-type probar(é 4) but not with D33 mutant 3
probe (lane 3) under identical conditions. As exgecin cell lysates treated with
lovastatin, the binding of the 60 kDa RNP compl@XB83 wild-type was increased than
in extracts from untreated control cells (lane 4 &). Lane 1 and 2 showed same
amount of untreated and lovastatin treated celits And we can see there were no
differences of the amount, demonstrating that nicesiase of the binding in the presence
of lovastatin was specifically due to the effecttié drug and not due to differences

between cell lysate amounts.

In order to separate and determine the identitythef 60 kDa RNP complex,
two-dimensional gel electrophoresis were perfornwednalyze the protein profile after
cross-linking experiments using biotin-labelled D8idd-type and D33 mutant 3 RNA
probes. As shown in Figure 17, three adjacent spiodicated by black arrows)
corresponding to approximate molecular weight okB@& and pl value of 4.0-7.0 was
found only with D33 wild-type probe (Figure C and but not with D33 mutant 3
probe (Figure B) under identical conditions. Alsoexpected, the binding of the 60 kDa
RNP complex to D33 wild-type was increased in beslates treated with lovastatin than
in extracts from untreated control cells (Figurar@l D).

In order to purify and identify the eNOS mRNA bindi protein, three adjacent
spots corresponding to approximate 60 kDa weresedcand MALDI-TOF spectrum
technics were performed. Figure 18 shows the gpmctresults of the central
predominant spot. Analysis report (Figure B) intecbthaf3-actin was the predominant
protein in that target spot. This suggested fhattin was an integral part of the 60 kDa
RNP that interacts with the eNOS mRNA fragment. &se of the intrinsic nature of
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mass spectrometry, there may be other proteirtseisample that were not detected but
were part of the RNP complex. Despite this posgibihe discrepancy in size between
B-actin (41 kDa) and the 60 kDa protein may belaitable in part to the presence of a
crosslinked fragment of eNOS mRNA. Unfortunatelye viailed to determine the
identity of the other two spots which locate at swes. The failure is attributable to the
weak density of them. Those two spots were consitién be the migration of the

central predominant one.
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Fig. 16. Identification of RNA-binding protein by using biotin-labelled RNA probe
RNA-protein cross-linking experiments were perfodiis using biotin-labelled RNAs
encoding D33 wild-type and D33 mutant 3. Riboprbbend proteins were separated
by streptavidin magnetic beads. Protein profilesewanalyzed by SDS-PAGE and
Coomassie Brilliant Blue staining as described iatdials&Methods. CON, control;
LVT, 25 uM lovastatin treatment for 48 hours. Lane 1 anch@wsed total cell lysate
protein profiles of non-treated control and lovést&reated groups. Lane 3, 4, 5 shows
cross-linking studies using biotin-labelled RNA pes and treated or non-treated cell

lysates.



Total cell lysate
D33 mutant 3 LVT

D33 wild-type CON D33 wild-type LVT

Fig. 17. Identification of RNA-binding protein by two-dimensional gel

electrophoresis

RNA-protein cross-linking experiments were perfodiisy using biotin-labelled RNAs
encoding D33 wild-type and D33 mutant 3. Riboprbbend proteins were separated
by streptavidin magnetic beads. Protein profilesenanalyzed by two-dimensional gel
electrophoresis and Coomassie Brilliant Blue stani as described in
Materials&Methods. CON, control; LVT, 26M lovastatin treatment for 48 hours. (A)
Protein profiles of non-treated control total dgfate. (B, C, D) Cross-linking studies

using biotin-labelled RNA probes and treated or-treated cell lysates.



Voyager Spec #1=>BC[BP = 842.2, 1103]

A
100 842.2222 1103.:
90
1790.3393
80
70
1198.3413
60
o 1132.1725
3 s0 952017 1516.2650
5
2
40
8(4.0136
30
2215.4720
923.2636
118lis7 499.1913
sl 1o 1051 odao 1954.1900 o s
| 2403449088020 "™ 1§i2-9023172 3055 | 1980.3610" |y015.4004 2621.8007 3184.7242
3R (11105 1563 6.7869, | | 2000.p : 2485.3p00 2717.2692 3305.730
K " by pqrii030 29388009 | b0t
10 A i | il g hpAs 9651952
TN ol ‘i"“w! il it e
A UL LG “‘\‘ P
0 r : r T +o
699.0 1259.4 1819.8 2380.2 2940.6 3501.0
Mass (m/z)
B Concise Protein Smmnary Report
Concise Protein Summary [ Help
Significance threshold p=|0.05 Mz number of hits |20
[ Re-Search All ] [ Search Unmatched |
1. gi| 15277503 Mass: 40194 Score: 93 Expect: 0.00011 Queries matched: 7
ACTE protein [Homo sapiens]
oi| 14250401 Mass: 40978 Score: 92 Expect: 0.00012 Queries matched: 7
actin, bheta [Homo sapiens]
gi| 16924318 Mass: 40477 Score: 92 Expect: 0.00013 Queries matched: 7
Unknown (protein for IMAGE:3538275) [Homo sapiens]
gi| 4501885 Mass: 41710 Score: 92 Expect: 0.00013 Queries matched: 7
heta actin [Homwo sapiens]
gi| 4501887 Mass: 41766 Score: 92 Expect: 0.00013 Queries matched: 7
actin, gamma 1 propeptide [Homo sapiens]
gi| 62897671 Mass: 41694 Score: 92 Expect: 0.00013 Queries matched: 7
bheta actin variant [Homo sapiens]
oi| 62597408 Mass: 41696 Score: 92 Expect: 0.00013 Queries matched: 7
beta actin wvariant [Homo sapiens]
oi| 62897625 Mass: 41738 Score: 91 Expect: 0.00016 Queries matched: 7
beta actin wvariant [Homo sapiens]
gi| 16359158 Mass: 41736 Score: 71 Expect: 0.014 Queries matched: &
Aotin, heta [Homo sapiens)
gi| 28336 Mass: 41786 Score: T0 Expect: 0.018 Queries matched: ©
mutant beta-actin (beta'-actin) [Homwo sapiens]
i 175045 Mass: Z5562 Score: 63 Expect: 0.022 Queries matched: 5

gamma-actin

Fig. 18. Results of MALDI-TOF spectrum experiment
(A) Spectrum peptide peaks (B) Mascot Search Resabncise protein summary

report by searching NCBI database.



IV Discussion

Posttranscriptional mechanisms play an importarie o the regulation of
expression of an increasing number of eukaryotitegePreviously, we have reported
the effects of lovastatin on the eNOS gene expmasai the posttranscriptional level in
EA.hy926 cells. Our data shows that lovastatin |{(BH increased the levels of eNOS
MRNA to approximately 3 fold. Among sterols exantina our experiments, either
mevalonate (30@uM) or GGPP (20uM) completely blocked the effects of lovastatin
and significantly decreased eNOS mRNA half-life pamed with the half-life of eNOS
MRNA in lovastatin-treated cells. Our data indisatleat either mevalonate or GGPP
accelerated the decay of eNOS mRNA and lovastdtbilzed eNOS mRNA by
depriving these intracellular sterols. We also prbthat cis-acting elements, existed in
the 3" end of eNOS mRNA, are necessary for thelaign of eNOS mRNA decay.

In this experiment, we aimed to 1) characterize anaietailed molecular
mechanisms controlling eNOS mRNA stability, 2) det@e precise sequences and
exact locations of cis-acting elements, and 3)tifienorresponding trans-acting factors
that mediate sterol-responsive regulation of eNGE\ stability by using EA.hy926

cell line.

4.1. Characterizing more detailed molecular mechasms controlling eNOS mRNA

stability

It is known that GGPP serves as an important lipithchments for the
posttranslational modification and activation ofaiety of signaling proteins. Included
in this group of proteins are members of the Rhd?&se family[47]. The cytoskeleton
is adownstream sensor of Rho GTPase, and each membbe d&ho family serves
specific functions in terms of cell shape, motjlisecretion, and proliferation[48].
Therefore, effects of lovastatin on mRNA stabilihay be mediated by intracellular
signaling pathways.

An association between actin cytoskeleton orgaioizeand eNO®xpression has
been described previously. HMG-CoA reductasebitors posttranslationally inhibit



Rho activity and upregulateNOS expression posttranscriptionally[29]. Endaéhel
cells thatoverexpressed a dominant-negative Rho A mutantbérhli decreasealctin
stress fiber formation and increased eNOS expneigkih Mice treated with a Rho
inhibitor or the actin cytoskeletahsrupter cytochalasin D showed increased vascular
eNOS expressioand activity, and these changes were associatdd avilecreasm
cerebral infarction size after middle cerebral rtecclusion[46]. In our experiment,
either hydroxyfasudil (1@mol/L), a Rho-kinase inhibitor, or cytochalasindisrupter

of the actin cytoskeleton, upregulated the levéle dOS mRNA (Figure 10). These
data indicates that the cellular architecture ragal by Rho-mediated pathways has a
role in determining the decay rate of eNOS mRNAoyah in Figure 19). Laufs and
Liao[49] found that Rho negatively regulates eNO@ression in human endothelial
cells and treatment of endothelial cells with sistilecreased the geranylgeranylation,
membrane translocation, and GTP binding activityRbb. Taking together, Alteration
of Rho signaling by statins may lead to changesndothelial actin cytoskeleton
organization that affect the transport, localizatitranslation, and stability of eNOS
MRNA. Furthermore, this mechanism that involves Rignaling to stabilize eNOS
MRNA is likely not unique to statins, Rho/Rho kieashibition has been shown to
reverse the downregulation of eNOS that occursesponse to thrombin[50] and

hypoxia[51].

4.2. Determining precise sequences and exact locats of cis-acting elements

In order to determine whether cis-acting elemengsnacessary for the regulation
of eNOS mRNA stability, transfection experimentsngschimeric gene constructs
containing a part of eNOS cDNA were performed ahd éxistence of cis-acting
elements were confirmed. These cis-elements wespedied at both 3'UTR and
adjacent coding regions of eNOS mRNA. In order étednine precise sequences and
exact locations of these cis-acting elements, séveutants corresponding to the
hypothesized CU-rich elements were prepared. Gaulteeshowed that eNOS mRNA
could be stabilized by lovastatin treatment in pnesence of several CU-rich elements,
while lovastatin failed to stabilize the mRNA mutanacking CU-rich elements,
strongly suggesting that CU-rich elements, UCCUGQJAQUC, CUUU, UCCUU,



CCUCC andCCUCU were functional in the regulation of eNOS nmRBlability in
cultured human endothelial cells. In addition, thetements are not only responsible
for the effect of lovastatin but also for hydroxytalil on eNOS mRNA stability. (Figure
13 and 14), further supporting that the effectovBistatin on eNOS mRNA stability was
mediated by Rho signal pathway (shown in Figure 19)

It has recently become apparent that mMRNA decay hgghly regulated process
involving interactions of cis-acting sequences frads-acting factors. In this study, one
60 kDa RNP that specifically binds to eNOS 3'UTR ARIffagments have been
identified in EA.hy926 cellular extracts. The bingi of this protein increased
significantly in response to lovastatin or cyto@sah D. However, at this point,ist not
known if the changes in binding reflected changdle binding affinity or the relative
abundance of individu®NA-binding factors. Moreover, the mRNA binding thie 60
kDa RNP was found to be enhanced by lovastatin iaaner that correlates to the
concomitant increases in eNOS mRNA abundance, stiggebut not establishing a
causal relationship between the RNA-protein intdgoacand eNOS mRNA stability.
Therefore, this trans-acting protein could repréeseitable therapeutic targets to protect
endothelial function.

The 60 kDa factor can be formed in the presena@elbfysates with CU-rich RNA
fragments, as all RNA mutants lacking CU-rich elatsdfailed to form it, suggesting
that this 60 kDa binding factor has an affinity fBNA rich in CU-elements. The
binding can be increased after treatment with Iatas which upregulates eNOS
MRNA expression by transcript stabilization, indiieg that binding of 60 kDa RNP to
CU-rich elements has functional importance in @aguiation of eNOS mRNA stability.
Together, these findings suggest that the intemaaif the binding factor with CU-rich
elements is associated with enhanced mRNA stabdiig the 60 kDa RNP is a
stabilizing factor. There are also other reportsciwthave shown that CU-rich motifs
have a role in the regulation of eNOS mRNA stajiti®]. However, whether this
theory was also applicable to other genes is sgtiltertain. Future experiments of
CU-rich elements/60 kDa RNP interaction may be eddd examine its role in mRNA
stability of other genes, like 3-hydroxy-3-methyisgryl-CoA reductase.

In bovine aortic endothelial cells, a CU-rich, Z5cis-element in the 5° half of the
eNOS 3'UTR was identified to be the binding seqeenior a 60 kDa cytoplasmic
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protein[24, 27]. And also, a CU-rich region in boieNOS 3'UTR was shown to be
the binding target for 51 and 60 kDa proteins frgumnea pig pericardial extracts[52].
The functional roles of CU-rich binding regions baween observed in endothelial cells
from different species and in response to differgtimhuli. In addition, the CU-rich
region is highly conserved between human, bovimg eabbit eNOS 3'UTRs[53].
Taken together, these observations suggest thatsgaiation between CU-rich region
and RNP complex is part of a conserved pathwayefdODS mRNA stabilization.
However, this work has shown only a relation betw&J-rich region/RNP complex
formation and mRNA stabilization, not causality.réimains to be proven that the 60
kDa protein directly participates in modulationeMOS mRNA half-life.

4.3. ldentifying corresponding trans-acting factorsthat mediate sterol-responsive

regulation of eNOS mRNA stability

In order to determine the identity of this RNA-bimgl protein, UV-crosslinking
studies using biotin-labelled RNA probes and twoehsional gel electrophoresis were
performed. Analysis of Maldi-TOF spectrum identifi@-actin protein as the major
component of the ribonucleoprotein that binds t©&NMRNA CU-rich elements.

We were unable to identify any other proteins in woonucleoprotein sample, but
we cannot exclude that the interaction betweennaatid eNOS mMRNA may be
facilitated by actin-binding proteins. Further segimay be needed to investigate the
molecular details of actin / eNOS mRNA association.

Our data showed that the binding pfactin to CU-rich elements could be
enhanced by cytochalasin D treatment or lovastatiatment, further supporting that
changes in the endothelial actin cytoskeleton orgéion may represent the
mechanistic basis for the effect of lovastatin BiD& mMRNA stability.

In this study, we provide some insight that theustaof cellular architecture of
endothelial cells may regulate eNOS mRNA stabilfiyactin may be a functional
trans-acting factor for transcript stabilizationheélmolecular details of how the
actin/eNOS mRNA interaction regulaEdOS mRNA stability and expression remains

to be determinedput it may involve cytoskeletal-mediated MRNA troo,
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localization,and subsequent translation. Future studies of tig/@NOS mRNA
interactionmay be needed to examine its role in eNOS mMRNA liatgon and
metabolism.

It is known that RNA-binding proteins may serve lduales. For example,
GAPDH has been shown to bind to AU-rich regionsnd®NAs and modulate RNA
turnover in addition to its well-described role gycolysis[54]. The iron-regulatory
protein that recognizes transferrin and ferritin \#&® is identical to aconitase, a Krebs
cycle enzyme[55]. Likewise, heat shock protein-HSP-70) has been shown to
modulate turnover of erythropoietin mRNA in additito its role in stress responses[56].
At present, th@-actin protein we have observed binding to the @d-elements is also
a protein with other functions in forming the mdgnamic one of the three subclasses
of the cytoskeleton, which gives mechanical supfmcells.

Many studies have shown that eNOS expression ikieiméed by several
pathophysiological conditions via posttranscripibnrmechanisms. These include
exposure to hypoxia, oxidized LDL, and cytokines[2®-59].The precise mechanisms
involved in modulation of eNOS mRNA stability inethe studies have not been
determined. The present study indicates that eN@®8lAexpression is regulated via
posttranscriptional mechanisms by lovastatin treatimlikely via interactions of actin
and eNOS mRNA. Whether those various conditiongestsamilar mechanisms of
posttranscriptional regulation is unknown. One gréwas reported that interactions of
actin and eNOS mRNA are involved in growth-relaigtanges in eNOS mRNA
stability[60]. Another group has characterized thigther hydrogen peroxide or laminar
shear stress modulates bovine eNOS mRNA stabititl teanslation via increased 3"
polyadenylation[61]. Interestingly, we find thatéstatin can not induce human eNOS
3" poly (A) tail lengthening (data not shown). Takegether, it suggests that some
features of regulatory mechanisms for eNOS exprassiay be common to diverse
stimuli, but there are also aspects of these mesimanthat are distinct for a given
stimulus.

Demonstration of actin/eNOS mRNA association ogéesdoor to the possibility
that manipulatiorof the cytoskeleton may provide a new avenue favemting or
reversing impaired eNOS activity and vascular N@dpction. Regulation of eNOS

expression by the actin cytoskeleton is a novetepnhthat may help to advance new
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sights in the field of therapy for endothebigisfunction.

In summary, we have identified one cellular fagtactin with binding affinity for
CU-rich RNA sequences in the human eNOS 3'UTR aljdcant coding regions as
candidate regulatory trans-acting factors and lesients in the control of eNOS
MRNA expression in cultured EA.hy926 cells. Thedmg of B-actin to regulatory
CU-rich elements within eNOS 3'UTR and adjacenimgdegions, and the modulation
of these interactions by lovastatin, strongly ssge role in the post-transcriptional
regulation of RNA stability. These data providedbasis for future studies on the
mechanisms of regulation of transcripts stabilityl suggest potential molecular targets

for the manipulation of eNOS expression in endadiheklls.
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Fig. 19. Mechanisms responsible for the regulatiomf eNOS mRNA stability by
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sterol-responsive element (CU-rich element)o] Z$st2 24 eNOS mRNAS] FAA S

7R3 & Al sl Atk

Key words: statin, eNOS mRNA <+4 A CU-rich element, 60 kD ribonucleoprotein,
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