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Abstract

Endothelial nitric oxide synthase (eNOS) is theanapurce of nitric oxide (NO) production
in blood vessels. One of the pleitropic functi@i®eNOS derived NO is to inhibit vascular
smooth muscle cell proliferation in the blood véseall, and whose dysfunction is a primary
cause of atherosclerosis and restenosis. In thdy ghere was an interest in examining the
gene profile of eNOS adenoviral (Ad-eNOS) transdubeiman coronary artery smooth
muscle cells (HCASMC) to further understand the &\@hibitory effect on smooth muscle
cell proliferation. To this aim a whole genome widnalysis of eNOS transduced
HCASMCs was performed. A total of 19 genes wereregulated, and 31 genes down
regulated in Ad-eNOS transduced HCASMCs comparedelts treated with an empty
adenovirus. Noticeably, a cluster of HSP70 genalfamembers was amongst the genes up
regulated. Quantitative PCR confirmed that trapserfor HSPA1A (HSP70A), HSPA1B
(HSP70B) and HSPA6 (HSP70B’) were elevated 2, bid/ Ia4-fold respectively in Ad-eNOS
treated cells. The novel gene HSPAG6 was furthetoeg as a potential mediator of eNOS
signaling in HCASMC. Immunoblotting showed that P#% protein was induced by Ade-
NOS. To functionally examine the effect of HSPAS ®MCs, an adenovirus harboring the
HSPAG6 gene under the control of a constitutive mt@nwas generated. Transduction of
HCASMCs with Ad-HSPAG inhibited SMC proliferationn 8 and 6 days post serum growth
stimulation, and paralleled the Ad-eNOS inhibitmSMC growth. The identification in this
study that HSPAG6 overexpression inhibits SMC peoéifion coupled with the recent finding
that inhibition of HSP90 has a similar effect, pegges the field of targeting HSPs for

vascular repair.

Keywords. human vascular smooth muscle; nitric oxide; miaegr adenoviral gene

transfer; heat shock protein 70.



I ntroduction

Cardiovascular disease is often associated witlottetal damage in the blood vessel wall.
A consequence of the endothelial damage is theatmgr of smooth muscle cells (SMC)
from the media to the intima layer of the artenialll where they begin to proliferate. This
stimulated growth of SMCs leads to the adverseomang of the lumen of the blood vessel,
fibrous and ultimately restenosis. The endothelinrthe blood vessel is the principal source
of nitric oxide (NO), which is vital to suppressit8MC migration and proliferation [1,2].
One of the many pleitropic effects of NO is itsilmtion on SMC proliferation. Vascular
diseases including atherosclerosis, diabetes meblind post-angioplasty restenosis are
associated with a deficiency in NO production frtme endothelium, which is thought to
contribute to these disease states [3,4]. Therghaee main nitric oxide synthase (NOS)
isoforms, nNOS (neuronal), INOS (inducible) and é&N(@ndothelial) and all catalyze the
production of NO from L-arginine and oxygen. In #@dothelium eNOS is the enzyme most
active in generating NO, and whose deficiency t&kdd to vascular maladies [5,6]. It is
established that reduced eNOS activity causesaadse in smooth muscle cell proliferation
after vascular injury, leading to an increase ia thtimal layer of the vascular wall, and
further narrowing of the vessel lumen. ConseqyemlOS gene therapy has been a
promising therapeutic approach to vascular repdir\We and others have shown in rabbits
that extraneous overexpression of eNOS by geneedglito the vascular wall reverses
thickening of the intimal layer by inhibiting SMCgliferation [8-10]. This phenomenon can
be effectively mimickedn vitro by adenoviral delivery of an eNOS transgene iniman
arterial SMCs [11,12]. We and others have showthi;simodel that eNOS induces cell-cycle
arrest by up regulating cell cycle regulators g&71 [11,13], and the tumour suppressor gene
p53[14]. It is unknown if there are other targetNOS signaling, that may also be more
amenable to therapeutic intervention. Given theartgmce of eNOS to vascular disorders it
is surprising to date, that little is known abdug mechanism by which eNOS/NO exert their
effects on SMCs. To this end, we decided to exarthiregene profile of eNOS transduced
human coronary arterial smooth muscle cells (HCASMCfurther understand the influence
of eNOS on smooth muscle cells. Here, we reporidaetification of a unique HSP70 gene
family member called heat shock 70kDa protein 6 FA6 or HSP70B’), which is induced
by eNOS overexpression and can alone suppress lsrmusicle cell growth.

Materialsand Methods

Cdl culture



Human coronary artery smooth muscle cells (HCASMgren grown according to

manufacturer’s instructions (Promocell). Brieflylsevere grown in medium supplemented
with fetal calf serum (5%), human epidermal grow#ctor (0.5ng/ml), human basic

fibroblast growth factor (2ng/ml), human insulinp@ml). Penicillin (100units/ml) and

streptomycin (100mg/ml) were also added to the omadiCells were grown in ventilated

flasks at 37C in a humidified 5%Cg 95%Q incubator. Cells were passaged by
trypsinization (0.04% trypsin/0.03% EDTA) and usstween 3 and 7 passages.

Construction, Propagation and Purification of Adenoviral Vectors

An expression plasmid for HSPA6 in the pCMV-SPOR/EGtor background was obtained
from Open Biosystems,USA. This expression constwas recombined into the Donor
vector of Invitrogen’s Gateway system to generate Entry vector according to
manufacturer’s instructions. The Entry vector cangtwas recombined into an adenoviral
destination vector (pAd, Invitrogen, Carlsbad, G8)generate the final adenoviral HSPA6
expression vector. Adenovirus was produced by teating purified Pacl digested
adenoviral expression vector into 293A cells angppring a crude viral lysate. The crude
lysate was used to infect 293A cells to amplify ¥ires. Adenovirus was purified by double
cesium chloride (CsCl) gradient ultra-centrifugatiocCsCl was removed by putting the virus
suspension through a PD-10 column (GE Healthcait) tve final elution into Phosphate
buffered saline (PBS). Viral stocks were stored8&PC and the viral titre determined by
plague assay. All other adenoviruses packaged wibtwvine eNOS (Ad-eNOS), a
constitutively active form of human eNOS (Ad-eNOS1%9D) [15,16] or without a
transgene (Ad-Null) were amplified and purifieda®ve from previously used viral stocks
[12].

Adenoviral Transduction

HCASMs were transduced as previously described. [Bijefly cells were plated, and the
following day transduced with viruses diluted in $Bvith 0.5% albumin (PBS-A) at a

multiplicity of infection (MOI) of 100 for 1 h. P8-A was included as an additional control.
The following day cells were transduced with aderawwectors encoding eNOS (Ad-

eNOS), or empty vector (Ad-Null) at multiplicity affection (MOI) of 100. Viruses were

diluted in PBS with 0.5% albumin (PBS-A) and PBSaAs used as an additional control.

Cells were exposed to the viral solutions for 1rifollowing which medium was added.



Microarray Analysis

Microarray experiments were carried out using thymetrix 2 platform using the human
array HGU-133A (Affymetrix High Wycombe, UK) which represents ~22,000 genes.
HCASMCs were cultured, transduced as above andikempiedium for 48 hrs. Microarray
analysis was carried out on RNA isolated from tleeparate treatments, Ad-eNOS, Ad-Null
transduced and non-transduced HCSMCs and eaclméaettvas done in triplicate (n=3)
such that there were a total of 9 treatment samijole®RNA purification and microarray
analysis. RNA was isolated as described below. RpNAlity was assessed by resolution of
28S and 18S ribosomal RNA by gel electrophoresisraitroanalysis using the bioanalyser
analysis system. Transgene expression, and no sk@nein control treatments were
confirmed in each sample by RT-PCR of the eNOSstmapt. Data analysis was performed
using GeneSpring Version 7.2 from Silicon Genetigsts of interesting genes were isolated
based on filtering by fold change. Only a fold ohparf at least two or more at a particular

time point was considered as a significant change.

Real-Time PCR

RNA was extracted from cells transduced at a demsitl x 1¢ on 100mm dish using Tri-
reagent (Sigma) and an RNAeasy Kit (Qiagen) with aB® treatment according to
manufacturer’s instructions. RNA samples were tjtiad and reverse transcribed using the
InProm-Il Reverse Transcription System (Promega)l aandom primers. Quantitative
polymerase chain reactions (Q-PCR) were each peeidin a 15ul mixture containing 1-2ul
of cDNA, 2x Fast SYBR Green Master mix (Applied Bystems) and gene-specific PCR
oligonucleotide primer pairs (Eurofins Genomics)ng the standard heat-cycle parameters
on the StepOne Plus PCR System (Applied Biosystand)results analysed by StepOne
Software v2.1. (PCR Primer details see Supplemgdiia Table 1 and Fig.1).

Western Blot Analysis of Transduced Cells.

Cells transduced at a density of 1 ¥ d® 100mm dish were trypsinized, spun at 2000rpm,
5min and resuspended in lysis buffer (20mM Hepes7g 1mM MgCl2, 350mM NaCl,
0.5mM EDTA, 1% NP40) with addition of a proteasaibitor cocktail (Pierce) and PMSF
(Sigma). Cells were left on ice for 10min, mixatwaspun at 13,000rpm for 5min. Aliquots

were stored frozen and lysate protein was quadtifig the BCA protein assay (Pierce).



Equal amounts of protein (20ug) were electrophatese 10% SDS-PAGE gel and
transferred to a hybond nitrocellulose membranemblanes were blocked in 5% non-fat
milk in Tris buffered saline, 0.1% tween (TBST) apdobed with rabbit anti-HSPAG6
(Abcam, 1:1000 dilution) and mouse anti-eNOS amlié® (BD Biosciences, 1:2000 dilution)
respectively. Membranes were then incubated wattsdradish peroxidase-conjugated anti-
mouse-lgG and anti-rabbit-IgG respectively and aiiged using enhanced chemiluminescent
(ECL) detection (Amersham). Blots were reprobeduauit stripping with HRP-conjugatgd
actin antibody (Abcam) to control for loading.

Immunofluorescent Analysis of cells.

Cells grown and transduced on sterile glass cdigs were fixed with 4% paraformaldehyde
on ice for 5min, permeabilized with 0.05% Triton1XO, blocked in 10% fetal calf serum for
1 h, incubated with a rabbit anti-human HSPA6 adib (Abcam) for 2 hrs, followed by
secondary antibody Alexa fluor 594 conjugated I¢®lecular Probes). Cells were mounted
in an aqueous medium (Vector shield) with DAPI armelved under Olympus BX51 upright

fluorescent microscope.

Céll Counting

HCASMCs were plated and transduced the day aftells @vere then switched into serum
free media for 3 days to synchronise cell growtlAfter 3 days and prior to serum

stimulation, cells in one set of plates were codrated called day 0 in Fig.4B. The remaining
cells were switched to media containing serum afalvad to grow. Cell counts after

transduction prior to serum stimulati@ay 0) were similar among the four groups

Proliferation of cells was determined as previowdsgcribed [12]. Briefly HCASMCs were
plated in 6-well plates at 1 x 1@ells per well and transduced as above. Aftersataction
0.5% serum medium was added to cells for 48 hrertder the cells quiescent to synchronize
cell growth. After 48 hrs, growth was stimulateddrlding 5% serum medium. Cells were
counted on days 0, 3 and 6 using a Millipore Seeptndheld automated cell counter
(Millipore) according to manufacture’s instructionsor each day of cell counting, cells were
washed with PBS, briefly trypsinized, spun, resasigel in 1ml of medium and counted. At

each time point fresh medium was added to the m@ngacells.

Satistical Analysis



Data is presented as mean + standard error of ga@.nStatistical analysis was performed by

two tailed unpaired t-tests with significance a0®5.

Results

We performed a microarray analysis on adenoviraD8Nransduced HCASMCs after 48
hours. Fold differences were compared to both adeadonull control cells and non-
transduced cells. Before performing the microatheeyeNOS transgene was confirmed to be
overexpressed by RT-PCR analyses of the RNA igblfxtan transduced HCASMCs (data
not shown). Microarray detected gene transcripisegulated above 2-fold in the eNOS
transduced cells are summarized in table 1. Tipeession of 19 genes were up-regulated
(>2 fold change) and 31 genes (>2 fold) were doegulated in response to adenoviral-
mediated overexpression of eNOS in HCASMCs comptoedd-Null transduced cells and
non-transduced cells (Table 1). The overexpressi@NOS was confirmed by detection of a
66-fold up-regulation of this gene on the microgrchip analysis of Ad-eNOS transduced
HCASMCs (data not shown).

We validated select genes of interest from the @aicay analysis including a cluster of
HSP70 gene family members. To this aim, we peréalmuantitative real-time PCR on Ad-
eNOS transduced HCASMCs compared to Ad-null tracsducells at 72 hours post
transduction. As expected eNOS transduction indibthe HCASMCs cell density after 72
hours as visible by light microscopy (Fig.1A). Gengression levels at protein and mRNA
were again confirmed by immunoblotting and RealetiRCR respectively, and levels were
comparable to that achieved in the microarray erpents (Fig.1B,C). Real-time PCR of the
eNOS transgene showed a 83-fold increase in eN&Sdript levels above Ad-Null controls
at 72 hours (Fig.1C).

HSP70A and HSP70B transcripts were induced 2.141andold respectively in Ad-eNOS
versus Ad-Null treated smooth muscle cells (Fig.2An the same samples the human
specific gene HSPAG6 was detected to be inducedft#izn Ad-eNOS compared to Ad-Null
transduced HCASMCs (Fig. 2B). We wanted to endghe the elevation in HSPAG6
transcript was a specific response to eN#@&Sse. To this end, we further examined HSPA6

in non-transduced HCASMCs containing only the vidilaent, in Ad-Null transduced cells,



in Ad-eNOS transduced cells and in cells transdueét a constitutively active mutant
(phosphomimetic) form of eNOS (S1179D). The adé@msvalone had no effect on HSPAG6
compared to the PBS diluent (Fig.2C). Furthermd&d;eNOS and Ad-eNOS S1179D
induced HSPAG6 by 23.75 and 53.2-fold respectivelyve Ad-Null (Fig.2C). S1179D eNOS
activated HSPAG6 by 2.24 fold compared to wild-tygleOS, which parallels the two-fold
increase in the rate of NO production from this amitcompared to wild-type eNOS [15]. In
contrast, HSP70A and HSP70B were not further edelvdty mutant eNOS S1179D and
remained at similar levels to that induced by viyyde eNOS (Supplementary Fig. 2).

In order to confirm that elevated transcripts weosmcomitant to an increase in HSPAG6
protein we performed immunoblotting of protein fesaprepared from Ad-eNOS and Ad-
Null transduced HCASMCs respectively. The HSPA6tgn at 71kDa was specifically
detected only in Ad-eNOS transduced HCASMCs. Titdady signal detection for HSPAG6
was confirmed to be specific by the inclusion obtpm lysates from HEK293 cells
transfected with a HSPAG6 expression plasmid andtraorsfected cells respectively. HSPAG
protein expression was also seen to be furthereasad with the expression of the
constitutively active Ad-eNOS S1179D compared tédwype Ad-eNOS (Supplementary
Fig.3).

In order to examine the function of HSPA6 we oxpressed the gene in HCASMCs. We
attempted to transfect a plasmid encoding HSPA6 HCASMCs by lipofection and
electroporation, but levels of expression and e@bility were deemed insufficient for
assessing the effects on cell function. Therefae,generated an adenovirus harboring the
HSPA6 gene under transcriptional control from tloastitutively active cytomegalovirus
(CMV) promoter. During the steps to generate tHe&PH6 adenovirus (as described in
methods) we wanted to confirm that the final adérbWHSPAG6 plasmid expressed HSPA6
protein. To this aim the adenoviral shuttle plasmas transfected into HEK293 cells and
we confirmed the 71kDa HSPAG6 protein expressionimgnunoblotting (Fig.3A). Protein
lysates from HEK293 cells with and without the ared HSPA6 plasmid acted as positive
and negative controls. The eventual generatedigdriédenovirus carrying the HSPA6 gene
was then transduced into HCASMCs and expressiofircwd by real-time PCR (Fig. 3B)
and immunofluorescence (Fig. 3C). Real-time PCRustdip detected high fold change
HSPA6 mRNA levels. HSPA6 protein was widely detdcby immunofluorescence in
HCASMCs. Noticeably, HSPAG6 staining appeared wicsly punctate in the cytoplasm of all



smooth muscle cells. This may reflect the affinifyHSPA6 for subcellular localization
within smooth muscle cells, as has been reportedH®PA6 in colon cells, [17] neurons

[18], and macrophages [19] .

HCASMC Proliferation

HCASMCs transduced with Ad-Null, Ad-eNOS and Ad-H$P respectively appeared

normal, adherent and viable and on cell culturdneiswhen examined under bright-field
microscopy compared non-transduced PBS-A treatésl ¢€ig. 4A). HCASMCs transduced

with Ad-eNOS showed the expected decrease in oelhts compared to Ad-Null and non-

transduced (PBSA) cells on day 3 and day 6 follgwatimulation with smooth muscle

medium containing 10% FBS (Fig. 4B). Noticeablyd-MSPA6 showed a significant

decrease in cell counts compared with Ad-Null and-transduced PBS-A treated cells on
day 3 and day 6. Interestingly, the decrease inncehber was greater in Ad-HSPAG6 than in
Ad-eNOS transduced cells, and compared to Ad-Nudl @on-transduced cells on day 3 and
day 6. HSPAG protein levels were detected by imrfluncescence staining of HCASMCs

transduced with Ad-null, Ad-eNOS and Ad-HSPAG6 redpely. HSPA6 was moderately

detected in the Ad-eNOS transduced cells, with ARPK6 transduced cells exemplifying a

more robust HSPA6 immunostaining, indicating higheatein expression (Fig 4B).

Discussion and Conclusions

In this study, in an effort to further understahé tecognised inhibitory properties of eNOS
and NO production on human SMC proliferation [1],120], we have performed a genome
wide gene expression analysis of eNOS transducethhwascular smooth muscle cells.
Adenoviral eNOS transduction into SMCs is a modelamd others have used to study the
effect of localized delivery of NO to SMC [11,12,21], which is relevant to developing a
gene therapy approach to halting deleterious intimyperplasia in injured arterial vessels
[7] [6]. Following the validation of genes up addwn-regulated, we identified a cluster of
HSP70 genes that were up-regulated by eNOS overssipn in human SMCs. Amongst
these genes was a unique HSPAG6 gene, which we dtrated to be highly up regulated by
eNOS, and further elevated by a constitutivelyvactorm of eNOS. We also demonstrated
that HSPAG6 overexpression alone abrogated SMC feration in growth promoting cell
culture conditions. This suggests that HSPA6 isoaehtarget of eNOS, which may be

involved in mediating inhibition of human smooth sole cell proliferation.



SMC proliferation is a confounding factor and cdnitor to vascular pathologies including
disease states such as atherosclerosis and rest¢g2®ls We and others have shown the
efficacy of eNOS derived nitric oxide in inhibitifgMC proliferation [11,21] as well as in
preventing in-stent restenosis [9]. During vascuéamodelling after injury, eNOS is known
to have a dual role of simultaneously stimulatiegendothelisation of the denuded vessel
wall, whilst inhibiting the proliferation of SMCgnd hence neointimal re-growth [9,10]. For
this reason eNOS is of major therapeutic inter@stdasons of promoting vascular repair and
prevention of in-stent restenosis after surgicderiention in atherosclerotic patients.
Adenoviral delivery of NOS genes to the vasculatuage shown promising results, with
studies showing a reduction in intimal hyperplaf8al?] [23]. We have shown that
adenoviral delivery of eNOS accelerated re-ends@@gbn and inhibition of SMC
proliferation in atheroclerotic rabbits [9,12]. Vdad others have also shown that eNOS can
be delivered to arterial wall vessels by non-vireans using liposomes with efficacy in the

form of endothelium regeneration [10,24] and intidn of restenosis [10].

The events that lead to the eNOS driven inhibibbsmooth muscle proliferation have been
proposed to involve several factors including p2Z1 p53 [11] [14] and paxillin [23]. In
the present study we identified three genes froen HISP70 family to be upregulated in
response to eNOS overexpression including; HSP70-5#70-1B and HSPAG.

The HSP family are known to play a protective nolgen cells are subjected to stresses such
as heat shock, toxins, heavy metals and radia#ibh These cell stress proteins fulfill a wide
range of functions, including cytoprotection, itedular assembly, folding and translocation
of oligomeric proteins [26]. HSP70 protein has b&aown to play a role in atherogenesis,
although its precise role in cardiovascular diseaseains unclear [25]. In the present study
the observed upregulation of HSP 70-1A and -1B asststent with a previous report
showing NO inducing HSP 70 expression in SMC'sMBF 1 activation [27]. It is thought
that the upregulation of HSP 70 is to protect tidCS from injury as a result of NO

stimulation [27].

The focus of our study was shifted to the obsemwede highly upregulated HSPA6 gene.
HSPAG is a unique human specific gene with no mgravith little known about its function
[28]. HSPAG is a strictly inducible member of thesPi 70 family with little or no basal



expression [29]. HSPAG is closely related to HSBf7&ring 93% protein sequence homology
and may have an overlapping function [17]. Thalifags in this study that a heat shock
protein HSPAG is induced by eNOS in SMCs and carbihsmooth muscle proliferation is

not unprecedented. Other HSP70 family members sschiSP70 has been shown to be
protective against atherosclerosis and exogenolisedeof HSP70 has been proposed for

clinical therapy [25].

There are multiple factors that can regulate vascidmooth muscle cells during
atherosclerosis [30]. Some of these regulatorsreduce atherosclerosis via preventing neo
intimal hyperplasia. Relevant to the current stiglyhe observation that heat treatment can
inhibit neo-intima growth [31-33]. Interestingly,legation in HSP72 (which has high
homology with HSPAG) has been associated with e Bhock reduction in smooth muscle
cell proliferation after trauma [31]. Two studiegndonstrated that thermal treatment of
arterial tissuesn vitro and in vivo caused a reduction in media growth, leading to a
prevention of arterial restenosis [33,34]. In ohglg hyperthermia at 48 was effective in
suppressing rat vascular SMC proliferation in vibg causing cell cycle arrest without
causing cell death and not affecting endothelidls c&hich are normally damaged after
angioplasty [34]. In the second study thermal treait of cuff injured rat arteries in vivo
inhibited neo-intimal thickening in association kviincreased HSP72 expression [33].
Therefore, heat shock proteins maybe obvious cateBdo mediate this response. Since then
several heat shock proteins have been postulateé itovolved in atherosclerosis in a pro- or

anti-atherosclerotic mode, although the mechantsme not been clearly defined [25,35,36].

In this study HSPA6 was found to be upregulated ¥ald by eNOS overexpression in
smooth muscle cells and expression of the constiytactive eNOS mutant further induced
HSPAG6 by 23 fold above controls (or ~1.8-fold abeMOS expression). The fold induction
of HSPAG6 closely parallels the known NO productifstam these two different eNOS

transgenes with the constitutively active eNOS miuaoducing double the amount of NO
compared to wild-type eNOS [15]. Therefore, we womlfer that HSPAG is responding in a
dose dependent manner to the NO generation by ttiffeeing transgenes. We further
demonstrate that overexpressed HSPAG6 alone cahiti8VIC proliferation. This suggests
that HSPAG is involved in the eNOS driven inhibitiof SMC proliferation. Interestingly, in

a separate study a DNA oligoarray analysis idexttithe HSPA6 gene to be strongly

upregulated in Jurkat T cells treated with the N{@asing donar aspirin, which inhibits T-

10



cell proliferation [37]. Although the overexpremsiof HSPAG6 in our study likely reaches
supraphysiological levels, the findings nonethelesdicate the therapeutic potential of

HSPAG as a target for diminishing intimal hyperpdas

Notably, recent studies including Kim et al ideietf heat shock protein 90 involvement in
atherosclerosis [38]. HSP90 is elevated in aftgplaques of atherosclerosis patients.
Functionally, inhibition of HSP90 suppressed migmatand proliferation of SMCs in human
vascular SMCs, and in mice HSP90 blockage suppdeatfeerosclerotic plaque formation
[38]. It was further deciphered that blockage off98 reduced SMC migration via a down-
regulation of integrifl, and matrix metalloproteinase-2. In addition,iltion of HSP90
suppressed SMC proliferation via down-regulationcg€linD3, proliferating cell nuclear
antigen (PCNA) and retinoblastoma protein (pRbilileg to cell cycle arrest [38]. The Kim
et al study is not unprecedented, as others haverstthat targeted inhibition of elevated
HSP90 in SMCs prevents intimal hyperplasia of iefumouse arterial vessels [39]. eNOS
similarly induces cell cycle arrest in SMCs and hasn shown to interact with HSP90 [40].
However, in endothelial cells (ECs) HSP90 assosiatgth eNOS in promoting NO
generation and inhibition of HSP90 in ECs cause®upling of eNOS, which decreases NO
production [40] [41] [42]. Therefore, paradoxicallye above studies suggest that HSP90

inhibition in EC versus SMC would have opposingef§ on SMC growth in vivo.

Interestingly, HSP90 inhibition has been well doemted in inhibiting cellular proliferation

in various cancers and in the preparation of thenwscript a study was published that
strongly demonstrates a large induction of HSPA6nupISP90 inhibition in cancer cells
[43]. In light of our present study it will be sresting to examine the effect of nitric oxide
on HSP90 and HSPAG6 in human SMCs and if there imt@nplay between these two heat

shock proteins as has been reported in tumor cells.

The identification of eNOS targets has implicatidos understanding the mechanism for
eNOS driven inhibition of smooth muscle cell pretdtion and hence has implications as
alternative therapeutic targets for the preventbrestenosis in coronary arterial disease. In
summary we conclude that HSPAG is a putative tasfetNOS and is involved in the highly
clinically relevant inhibition of smooth muscle kptoliferation. The findings from this study
provide evidence to support the further investmaf a unique isoform of the HSP70 gene

family in human atherosclerosis. HSPA6 could bealernative target protein to modify by

11



gene therapy or pharmacology in preventing neoaitihyperplasia for vascular repair in
human atherosclerosis as has been proposed for(HEBJ and more recently for HSP90
[38].
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LEGENDS
Fig.1

Effect of eNOS overexpression in human coronary arterial smooth muscle cells (HCASMCs).
HCASMCs were transduced with adenovirus expressing bovine eNOS or adenovirus without
transgene for 72 hours. (A) Representative bright field image of HCASMCs at 4x magnification
post 72 hours transduction. Ad-GFP was transduced into HCASMCs to indicate the transduction
efficiency of the adenovirus (B) Immunoblot for eNOS on protein lysates extracted from
transduced HCSMCs. (C) Quantitative real-time PCR anaysis of bovine eNOS from cDNA
prepared from RNA extracted from transduced HCASMCs. Bar graph represents relative levels
of eNOS transcript compared to housekeeping GAPDH transcript (bars; mean+SEM. n=3, three
separate transductions measured in triplicate *p<0.05).

Fig.2

eNOS elevates Hsp70 genes and induces novel HSPA6G gene in HCASMCs. (A) Quantitative
real-time PCR analysis of Hsp70A and Hsp70B transcripts in HCASMCs overexpressing eNOS.
(B) Quantitative rea-time PCR analysis of HSPAG transcript in HCASMCs overexpressing
eNOS. (C) Quantitative real-time PCR analysis of HSPAG in Controls viral dilutant (PBS) and
virus aone (AdNull) versus wild-type eNOS (Ad-eNOS) and a constitutively active mutant of
eNOS (AdeNOS S1179D). (Bars; mean+ SEM. n=3, from three separate transductions measured
in triplicate * p< 0.05). (D) Representative immunblot for HSPAG, eNOS and |oading control f3-
actin in eNOS overexpressing HCASMCs compared to Ad-Null control. Protein lysates from
HSPAG6 plasmid transfected and non-transfected HEK293 cells were used as a positive and
negative controls for HSPAG protein detection. Protein lysates were run from two separate vira
transductions for each treatment.

Fig.3

Generation of of adenovirusto overexpress HSPA6 in HCASMCs. (A) Immunoblot detection of
HSPAG6 protein in HSPA6 adenoviral shuttle vector (pAd-HSPAG) transfection of HEK2993
cells used for preparing vira stocks. (B) Quantitative rea-time PCR analysis of Ad-HSPAG6
transduced HCASMCs post 24hours. (C) Representative immunofluorescent detection of
HSPA6 in Ad-HSPAG6 transduced HCASMCs. Nuclear DAPI staining appears as blue
fluorescence and image appears at 40x magnification. Secondary antibody control stained cells
were negative (not shown).

Fig.4

HSPAG6 overexpression inhibits smooth muscle cell proliferation. (A) Representative bright field
images of transduced HCASMCs on day 0, 3 and 6 post-transduction and replacement in full
growth serum medium. (B) Immunofluorescent detection of HSPAG6 levels in Ad-Null, Ad-
eNOS and Ad-HSPAG6 transduced HCASMCs (C) Automated cell count of transduced



HCASMCs on day 0, day 3 and day 6 (Bars; meant SEM. n = 3, from three separate
transductions with single count measurements, * p<0.05).



Supplementary L egends

Supplemental Fig. 1. Dissociation (melting) curves for all the genesrevchecked

for the presence of primer dimers or spurious astdspecific products. using 100 nM
of each Primer (Listed in Suppl. Tablel), and Sybsa® PCR Master Mix.
Reactions were amplified by 45 cycles of PCR u#iBg StepOne Plus PCR System
(Applied Biosystems). The melting curve analysis\parformed by denaturation at
95°C for 15 sec, followed by a standard increasamgp rate of the instrument from
60°C to 95°C. The X-axis is temperature and thexig-s Derivative or
Fluorescence.

Supplemental Fig. 2. Quantitative real-time PCR analysis of HSP70A aisPHA0B

in virus alone (AdNull) versus wild-type eNOS (Ad®S) and a constitutively active
mutant of eNOS (AdeNOS S1179D). (Bars; mean+ Sib3, from three separate
transductions measured in triplicate *p< 0.05).

Supplemental Fig. 3. Immunblot detection of HSPA6 on protein lysatesfréd-
Null, Ad-eNOS and Ad-eNOS S1179D transduced HCASMeEsotein lysates from
duplicate transductions except for Ad-null are shoRrotein lysates from HSPAG6
plasmid transfected and non-transfected HEK293 ce#ire used as a positive and
negative controls for HSPA6 protein detection.



Genes up-regulated in response to eNOS over expression

Siah-interacting protein

chemokine (C-X-C motif) ligand 11

haem oxygenase (decycling) 1

DnaJ (Hsp40) homolog, subfamily B, member 6
DnaJ (Hsp40) homolog, subfamily A, member 1
phorbol-12-myristate-13-acetate-induced protein 1
cysteine and histidine-rich domain (CHORD)-conta@i zinc binding
protein 1

heat shock 105kDa/110kDa protein 1

neuregulin 1

crystallin, alpha B

heat shock 105kDa/110kDa protein 1

DnaJ (Hsp40) homolog, subfamily B, member 1
interleukin 7 receptor

heat shock 70kDa protein 6 (HSP70B")

heat shock 70kDa protein 1A

heat shock 70kDa protein 1B

heat shock 70kDa protein 1A

zinc finger protein 236

endothelial nitric oxide synthase

Genes down-regulated in responseto eNOS over expression

EGF-containing fibulin-like extracellular matrixgdein 1
GATA binding protein 6

KIAA1199 protein

nuclear factor I/B

dihydropyrimidine dehydrogenase

forkhead box G1B

fibroblast growth factor 2 (basic)

aldehyde dehydrogenase 1 family, member A3
leukocyte-derived arginine aminopeptidase

ectonucleotide pyrophosphatase/phosphodiester@aédtaxin)
fibroblast growth factor 7 (keratinocyte growth tiag

fibrillin 2 (congenital contractural arachnodactyly

solute carrier family 4, sodium bicarbonate cotpamter, member 4
platelet-derived growth factor receptor, alpha pelytide
cytochrome P450, family 1, subfamily B, polypeptide

HEG homolog

heterogeneous nuclear ribonucleoprotein A3




* retinoic acid receptor responder (tazarotene indjute

» antigen identified by monoclonal antibody MRC OX-2
* mesoderm specific transcript homolog (mouse)

» collectin sub-family member 12

» cytochrome P450, family 1, subfamily B, polypeptide
» topoisomerase (DNA) Il alpha 170kDa

» growth arrest-specific 1

* pentaxin-related gene, rapidly induced by IL-1 beta

» SRY (sex determining region Y)-box 9

 HEG homolog

» latrophilin 2

* recombining binding protein suppressor of hairl@®sophila)
» desmoplakin

* chromosome 9 open reading frame 26 (NF-HEV)

Table 1. Genes up-regulated and down-regulated (>2 foldegponse to adenoviral-mediated
overexpression of eNOS in HCASMCs compared to adamonull controls.
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Highlights

+  Whole genome wide screen of eNOS regulated genes in human arterial
smooth muscle cells was performed in search of novel eNOS/NO sensitive
genes.

« Adenoviral overexpression of eNOS induces heat shock HSPA6 (or
HSP70B’) at transcript and protein level in human coronary arterial
smooth muscle cells

« HSPAG6 induction responds to eNOS transgenes with increasing enzymatic
activity for nitric oxide production.

+ Overexpression of HSPA6 potently inhibits human coronary arterial
smooth muscle cell proliferation.



