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CHAPTER |

Proteomic analysis of differential protein

expression in atherosclerosis



ABSTRACT

Although recent studies have shown that severaliflammatory proteins

can be used as biomarkers for atherosclerosisnéobanism of atherogenesis

is not clear and little information is availablegaeding proteins that are

involved in development of the disease. Atherostiertissue samples were

collected from patients in order to identify theofgins involved in

atherogenesis. The protein expression profile loéraisclerosis patients was

analyzed using two dimensional electrophoresisdbgs®teomics. Thirty-

nine proteins that were differentially expressedttin atherosclerotic aorta

compared with the normal aorta were detected. Tyweenen of these

proteins were identified in the MS-FIT databaseeyfare involved in a

number of biological processes, including calciumdmted processes,

migration of vascular smooth muscle cells, matrixetaioproteinase

activation, and regulation of pro-inflammatory dsittes. Confirmation of

differential protein expression was performed bysWwm blot analysis.



Potential applications of these results include niifieation and

characterization of signaling pathways involvedatherogenesis, and further

exploration of the role of selected identified jins in atherosclerosis.

Keywords : atherosclerosis, cardiovascular disease, biomarkammation,

two dimensional electrophoresis



|. INTRODUCTION

Atherosclerosis is a major cause of sudden cardlaath, acute

myocardial infarction, and unstable angina pectfFisusouliset al., 2003).

There is now a general agreement that atherosideimsan inflammatory

vascular disease characterized by endothelial a&iiv, cellular influx, and

production of mediators and cytokines (Ross, 1388¢hheimeret al., 2001;

Elgharibet al., 2003). This process leads to formation of foanacrophages

and atheromatous plaques, atheroma instability atatjue disruption

followed by local thrombosis, that underlies thimichl presentation of acute

coronary symdromes (Ross, 1999; Vorchheistet., 2001).

There have been efforts to understand the mechavfismtherosclerosis

and identify biomarkers in cardiovascular diseas® evidence from recent

studies indicates that many proteins are involvedtherogenesis (Blarat

al., 2003; Elgharibet al., 2003; Nomotoet al., 2003). Since inflammation

plays a pivotal role in all stages of atherogenesight gained from recent



basic and clinical data linking inflammation to etbsclerosis has yielded

important diagnostic and prognostic information $R01999; Vorchheimest

al., 2001; Elghariket al., 2003).Although measurement of lipid levels, stress

testing, and coronary angiography are effectivécatdrs of the extent and

severity of the disease, biomarkers that can béyeaeasured would be

powerful tools to diagnosenonitor, and intervene in this disease process.

As a marker of low-grade chronic inflammation, @ative protein (CRP)

expression has been widely usedotedict the future risk of acute coronary

syndrome independent of traditional cardiovasculsk factors (Abrams,

2003). CRP is a major acute phase response psyethesized in the liver in

response to elaboration of the acute phase respoyteéines, such as

interleukin-1 (IL-1), interleukin-6 (IL-6), and tuon necrosis factor alpha

(TNF-o) (Elgharibet al., 2003). However, CRP is a relatively non-specific

marker of inflammation. Serum levels of CRP haveerbaused as an

inflammatory marker for other diseases, such asmagoid arthritigAbrams,

2003).



Other associated acute phase proteins include samyinid A protein

(Fyfe et al., 1997), fibrinogen(Daneshet al., 1998), and plasminogen

activator inhibitor (PAI-1) (Ridkeet al., 1993). Various cytokines, such as IL-

6 and TNFe, andadhesion molecules, such as intercellular adhesmacule

(ICAM-1) and vascular cell adhesion molecule (VCAVY-have been found

to be independently associateith cardiovascular end points (Reagteal .,

1999; Fassbendet al., 1999). The adhesion molecule P-selectin is tefr@st

because of its role in modulating interactions leetw blood cells and the

endothelium, and also due to possible use of thebkoform as a plasma

predictor of adverse cardiovascular events (Blahral., 2003). Matrix

metalloproteinases (MMPs) and interferon-gamma {;Nvhich participate

in collagen degradation, are pathological factorplaque vulnerability as an

important mechanism underlying acute coronary symér (Nomotoet al.,

2003).

Although these proteins are known to be involvedtimerosclerosis, how

these proteins are related to each other and thsigbbgical roles of these



proteins in atherogenesis still remain to be chiaremed. Also, atherosclerosis

specific proteins that function as a driving fofoe the atherogenic process

have not been identified. In an effort to identifyoteins involved in

atherogenesis or specific biological markers fonerdsclerosis, protein

profiles that show differential expression in atsslerosis were analyzed

using the MALDI-TOF and MS-FIT database.



Il. MATERIALS AND METHODS

Materials

Hematoxylin and eosin solution were obtained froig (St. Louis,
MO, USA). Acrylamide and DTT were purchased from Amresco8o0DH,
USA) and immobiline dry strips were obtained frormérsham Biosciences
(Uppsala, Sweden). Ultrapure electrophoretic retgesnd silver stain
reagents were purchased from Bio-Rad (Richmond, G8A). Sequence
grade trypsin was obtained from Promega (Madisoh, W6A) and in-gel
digestion reagents were purchased from Sigma (Buis. MO, USA).
SelfPack POROS 10 R2 for ZipTip process was puszhdsom Applied
Biosystems (Foster city, CA, USA). Goat polyclomaiti-decoy receptor 1
(DcR1), rabbit polyclonal anti-14-3y3 and goat polyclonal anti-annexin-5
(ANX-5) antibodies were purchased from Santa C&anfa Cruz, CA, USA).

Mouse monoclonal anfi-actin antibody was purchased from Sigma.

Tissue sample preparation



Atherosclerotic specimens were obtained from seuatients undergoing
aorta bypass surgery. Atherosclerotic aorta tissue® obtained from the
ascending aorta during the bypass procedure, apdibs of the normal aorta
tissues were also obtained from the same patidissue samples were
immediately stored at -8@ until use. All samples were gathered with the
informed consent of the patients after permissias wbtained from the

institutional ethics committee.

Tissue staining

Normal and atherosclerotic aorta tissues were firetD% formalin and
paraffin-embedded. The sectionsy#h thick) of normal and atherosclerotic
tissues were routinely stained by hematoxylin aosire The sections were
cleared with xylene (two changes, 5 minutes eack) r&hydrated through
decreasing grades of ethanol (100% to 70%, 1 mieatd). After staining
with hematoxylin and eosin, the sections were dedted and mounted with
Canada balsam.The sections were photographed on an Olympus

photomicroscope (Inha, Japan).



Sample preparation for 2 dimensional electrophoresi (2-
DE) analysis

Frozen tissues were homogenized at 3,000 rpm wdis bbuffer (8 M
urea, 4% CHAPS, 40 mM Tris, 20 mM DTT and 100 mM$® on ice until
completely lysed. The debris was removed by cemgaifion at 15,008 g for
30 min at 4C. Before isoelectric focusing (IEF), 7QQ of total sample
proteins were mixed with rehydration buffer (4 Meay 2% CHAPS, 20 mM
DTT and 1% v/v carrier ampholytes 3-10 and 5-8) Mgas carried out on
linear, wide-range immobilized pH gradients (pH,424 cm long) by using
the IPGphor system (Amersham Biosciences) for al tatn of 69.5 kV.
Following IEF, the gel strips were equilibrated idr min in 50 mM Tris-HCI
(pH 8.8) buffer containing 6 M urea, 30% glycer@lp SDS, 1% DTT and a
few grain of bromophenol blue. After the first-dingonal separation, the
IPG strips were loaded on the top of vertical 10B&S$olyacrylamide gels

with a run of 2.5 W per gel for 30 min followed by W per gel for4to 5 h

10



at 10°C. For analytical purpose, the gels were silvemsth as described

(Gevaertet al., 2000).

Image acquisition and data analysis

Spot signals were measured by densitometric scgnifatching and
quantification of spots were performed with PDQUésbftware (Bio-Rad,

V7.1) package.

In-gel digestion of proteins

The protein spots of interest were excised fromgile and placed in a 0.5
ml siliconized centrifuge tube. The gel pieces wedestained with 30 mM
potassium ferricyanide and 100 mM sodium thiosalfathe dehydration was
performed with acetonitrile and dried in a vacuuantdfuge. For trypsin
digestion, the gel pieces were re-swollen in 50 @imonium bicarbonate
buffer (pH 7.8), 1ug of trypsin solution was added, and the mixtures wa
incubated 45 min on ice. After incubation, the snp&ants were discarded

and 50 mM ammonium bicarbonate buffer (pH 7.8) a@ded.For complete

11



digestion, the gel pieces were incubated overragl¥7” C. The digested gel
pieces were purified with ZipTiprocess. The peptides were eluted from the
tip directly onto the MALDI plate with a solution f oa-cyano-4-

hydroxycinnamic acid (CHCA) (6 mg/ml in acetoniyiD.6% TFA).

MALDI-TOF mass spectrometry

Analysis was performed on a matrix-assisted lagmobtion ionization
time of flight (MALDI-TOF) Voyager-DE STR mass spemmeter (Applied
Biosystems) operated in delayed extraction modenpBs (0.5ul) were
spotted onto a sample plate to which matrix wassddd@he sample-matrix
mixture was dried at room temperature and analyzeéflector mode. The
time of flight was measured using following paraene0 kV accelerating
voltage, 66% grid voltage, 0% guide wire voltagéQ 2isec delay and low
mass gate 800 Da. External calibration was perfdromng angiotensin |
(m/z 1296.8585), fibropeptide B (m/z 1570.8669),readcorticotropic
hormone fragment 1-17 (m/z 2094.3471), 18-39 (n48626449). Spectra

were the sum of 200 laser shots, and those pedksavdignal-to-noise ratio

12



of greater than 4:1 were selected for data baselsng.

Protein database search

The monoisotopic masses for each peptide wereeshiato the program
MS-FIT (available at prospector.ucsf.edu) for skascagainst the Swiss-Prot
and NCBI. For MS-FIT searches, masses derived trgpsin, CHCA, and
keratin were excluded. Typically, the initial sddng parameter were (a)
search specieddomo sapiens; (b) pl range: 4-7; (c) mass tolerance100
ppm; (d) a minimum of four peptide ‘hits’ requiréat a match; (e) cysteine as

carboxylamidomethyl cysteine; and (f) methionin@moxidized form.

Western blot analysis

Normal and atherosclerotic tissue samples were beniged in phosphate
buffered saline at 3000 rpm on ice until completiglsed. The debris was
removed by centrifugation at 15,0809 for 30 min at 4C. Protein samples
were separated on 10% SDS-polyacrylamide gels aadsferred to

nitrocellulose filters. The blots were incubatedhnanti-DcR1, anti-ANX-5

13



or anti-14-3-¥ antibodies for 2 h. After washing three times withs

buffered saline (TBS) containing 0.1% Tween 20, bhets were incubated

with anti-goat antibody conjugated with horse radieroxidase for 90 min

and washed three times with TBS containing 0.1%em20, then developed

with the enhanced chemiluminescence detection mys{@mersham

Pharmacia BiotechRiscataway, NJ, USA). The same blot was strippetl an

reprobed with antg-actin antibody for use as an internal control.

14



lll. RESULTS

Histological examination of normal and atheroscleroc

aorta tissues

To examine the morphological and histological d&mnin normal and
atherosclerotic regions of aorta, hematoxylin angkire staining was
performed. Results from tissue staining showed Htherosclerotic aorta
appeared to be much thicker than normal aorta,catidig the plaque

formation on the endothelial vessel wall of athel@tic tissues (Figure 1).

15



Figure I-1. Hematoxylin and eosin staining of tisses. Paraffin-
embedded blocks were sectioned and stained withateatylin and
eosin (original magnification x 100\therosclerotic aorta (B) shows

the thicker endothelial vessel than normal aorfa (A

16



Proteomic analysis of differentially expressed prains

To identify newly expressed proteins in atherosdir that might serve as
biomarkers or help elucidate the development ofraikclerosis, protein
profiles were investigated using proteomic analysisitherosclerotic aorta
and normal aorta tissues as a control. Proteiraetstrwere prepared from
atherosclerotic aorta tissues of seven atherosifepatients and normal aorta
tissues obtained from the same patients. Protgiresgion patterns of normal
and atherosclerotic tissues were examined using Zdbl 4-7, 24 cm long),
and proteins that were differentially expresseddnh sample were analyzed.
To avoid experimental variation, 2-DE separatiom &ach sample was
repeated more than four times. Figure 2 showseahelts of 2-DE separation
of protein extracts from atherosclerotic tissuasobtain comparable staining
intensities, equal amounts of protein were sepdrated proteins were
visualized by silver staining. 2-D gel image scagniand densitometric
scanning of spot signals were performed using tB®Quest" software

package. The expression patterns of more than 90ip spots were

17



analyzed from normal and atherosclerotic tissuesuRs from 2-DE image

analyses showed that the protein profile was signitly different between

normal and atherosclerotic tissues. Thirty-nindedéntly expressed proteins

were detected in atherosclerotic tissues, of whith proteins showed

increased levels in all severtherosclerotic tissues and 19 proteins showed

increased levels in one or two atherosclerotizigss

18
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Figure 1-2. 2-DE expression patterns of atherosclessis tissueThis
gel was separated on a 25.5 x 20.5 plate, andestaiith silver stain
as described in section 2.3. The horizontal axteeslEF dimension,
which stretches from pH 4 to 7 and the verticalrespnts a 10 %
SDS-PAGE gel. Seven hundredy of total sample proteins were
loaded. Proteins that were highly expressed in sdven
atherosclerotic tissues were indicated.
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Identification of proteins specifically expressed n

atherosclerosis

Since protein profiles from the seven atherosdertissues were not
identical, | focused on identification of proteinbat showed increased
expression levels in all seven atherosclerotic $asnpbut not or less
expressed in normal aortBigure 3 shows the results of PDQU¥simage
analysis. Images of the identified protein spots@esented with a histogram
of the expression patterns (Figure 3). All protgots from 2-D gels of each
tissue sample were excised and trypsinized beforsl D-TOF mass
spectrometric analysis. Figure 4 shows representaieptide peaks from the
MALDI-TOF analysis. Of the 39 proteins that wergylily expressed in
atherosclerosis, 27 proteins were identified frone tMS-FIT database.
Twelve protein spots were unidentified. Table | dhdhow the complete
results of the database search. Twenty proteing Wighly expressed in all
seven atherosclerotic tissues and 19 proteins wgoeessed in only one or
two tissues. Of the 20 proteins that were highlypregssed in all

atherosclerotic tissues, 14 proteins were ideqtifising the MALDI-TOF

20



mass and the MS-FIT database (Table I). Theseifidenproteins are known

to be involved in a number of biological processesluding calcium-

mediated processes, migration of vascular smoothclaucells (VSMCs),

MMP activation and regulation of pro-inflammatorytakines. Of the 19

proteins that were highly expressed in one or ttherasclerotic tissues, 13

proteins were identified (Table Il). These proteins known to be involved in

smooth muscle regulation, signal transduction,angiogenesis.

Confirmation of differential protein expression waerformed by Western

blot analysis. Among 27 proteins that | have fodusm, the protein

expression levels of selective 3 proteins were é@xath Results from Western

blotting showed that the protein expression leeéBcR1, ANX-5, and 14-3-

3y were increased in atherosclerotic samples comp@ratbrmal samples

(Figure 5A). These results were also confirmed gisiiensitometry. The

expression levels ofDcR1, ANX-5, and 14-3-3 were increased

approximately 2-fold in atherosclerotic sampleg(fé 5B).

21
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Figure 1-3. Image analysis of differentially expresed proteins
between atherosclerotic and normal tissues.The expression
kinetics, determined by PDQu&étsoftware, is depicted in histogram
on right (A; atherosclerotic tissue, C; control taotissue). (A)
Proteins highly expressed in all seven atherostitettissues, (B)

Proteins highly expressed in one or two atherostitetissues.
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Figure I-4. MALDI-TOF spectrum of a representative protein
spot (Calcium-dependant protease)The silver stained protein spot
from a 2-DE gel was trypsin-digested as describbé. spectrum was
obtained by delayed extraction and reflector modé the MS-FIT
database search was performed. This spectrum isonkeof 39

spectrums.
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Table I-1. Proteins highly expressed in all seventherosclerotic tissues
Spot Swiss-Prot.
Protein name MW Pl
ID Access #.
1 Calcium-dependant protease 28316/ 5.0 P04632
2 Homeobox protein Hox-C8 27755| 6.6 P31273
Protein-tyrosine phosphatase, non-
3 49967 | 5.9 P18031
receptor type 1
Annexin A5 (thromboplastin
4 o 35937 | 4.9 P08758
inhibitor)
Ribonucleoside-diphodphate
5 44878 | 5.3 P31350
reductase M2 chain
Human hypothetical protein KIAA
6 32234 | 53 Q14165
0512
Tumor necrosis factor receptor
7 superfamily member 10C precursor | 27395 | 4.8 014798
(decoy receptor 1)
Platelet-activating factor
8 _ 25569 | 5.6 Q29459
acetylhydrolase 1B beta subunit
Anti-mullerian type 2 receptor
9 62750 | 5.5 Q16671
precursor
Interferon-induced guanylate-
10 binding protein 2 (guanine 67184 | 5.5 P32456
nucleotide-binding protein 2)
11 Cytochrome c-type heme lyase 30607 6 P53701
Neuropilin-2 precursor (vascular
12 endothelial cell growth factor 165 104832 | 5.0 060462
receptor 2)
Rod Cgmp-specific 3',5'-cyclic
13 ) ) 98408 | 5.1 P35913
phosphodiesterase beta-subunit
14 F-box/WD repeat protein 67297 | 5.3 Q8N3Y1
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Table I-Il. Proteins highly expressed in one or twatherosclerotic tissues

Spot Swiss-Prot.
Protein name MW Pl
ID Access #.
Myosin regulatory light chain2
1 Y ) 9 i g 19827 | 4.8 P24844
(cardiac muscle isoform)
Myosin regulatory light chain2
2 Y ) 9 i g 19827 | 4.8 P24844
(cardiac muscle isoform)
Myosin regulatory light chain2
3 Y ) 9 i g 19827 | 4.8 P24844
(cardiac muscle isoform)
4 14-3-3 protein gamma 28303 4.8 P35214
Calcineurin B subunit isoform 1
5 (protein phophatase 2B regulatory 19300 | 4.6 P06705
subunit 1)
6 Methionine aminopeptidase 2 52892 5.6 P50579
7 SH3 domain-binding protein 5 47030 | 5.1 060239
Guanine nucleotide-binding protein
8 _ 42124 | 55 P29992
G (Y), alpha subunit
ATP synthase beta chain,
9 56560 | 5.3 P06576
mitochondrial precursor
10 Interferon regulatory factor 6 53130 | 5.2 014896
11 Calcium-binding protein CaBP 5 19826 | 4.5 Q9NP86
12 Tropomyosin alpha 3 chain 32819| 4.7 P06753
Serine/threonine protein phophatase
13 . 47661 | 4.6 Q9Y5P8
2A, 48kDa regulatory subunit B

25
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| e ————— ‘ B-actin

Relative protein level (%)

DcR1 ANX-5 14-3-3y

Figure 1-5. Proteins highly expressed in atheroscletic tissues.
(A) Normal and atherosclerotic tissues from three ptgievere
homogenized. Fortyg of total sample proteins were loaded on 10 %
SDS-polyacrylamide gels and transferred to nitlotede
membranes. The protein expression levels of DcRIXA, and 14-
3-3y were determined by Western blotting. The samesbieere
stripped and reprobed with affitiactin antibody for use as an internal
control (C: control aorta, A: atherosclerotic apr{@) Densitometric
analysis was performed using Quantity One softyBre-Rad). Data
are expressed as the mean vatustandard deviation (the protein
level of control aorta is set to 100%). Data repnés three

independent experiments
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V. DISCUSSION

In this study, a 2-DE-based proteomics was usedetatify proteins that

are differentially expressed in atherosclerotisues. A variety of proteins,

many of which are involved in calcium-mediated mexes, migration of

VSMCs, MMP activation and regulation of pro-inflaratary cytokines in

atherosclerosis progression, showed differentiptession on 2-D gel. A few

proteins showed decreased expression levels inroattierotic tissues

compared to normal aorta tissues. However, | fataseproteins that showed

increased expression levels in atherosclerosisrderoto identify proteins

responsible for atherogenesis or biomarkers faratitlerosis.

Calcium-dependant protease, one of the 14 proigergified in all seven

atherosclerotic tissues, is important in intradatu calcium-mediated

processes (Sorimachki al., 1997) and is related to a variety of pathologica

conditions, such as cataracts (Andessnal., 1996), oxidative stress

(Andessoret al., 1998) and ischemia reperfusion injury (Yoshetlal., 1995).

27



In post-ischemic myocardium, the proteolytic adyivf this protein is related

to degradation of the sarcomeric proteins tropdnand desmin (Papgi al.,

2000; Gaoet al., 1996), indicating that intracellular calcium-reed

processes may control the pathological progredsi@therosclerosis. Recent

studies also show that arterial calcification isc@sated with atherosclerosis

(Doherty et al., 2004). Protein-tyrosine phophatases are respengor

migation of VSMCs and MMP activation, which are ion@ant for

atherosclerotic progression (Uzeti al., 2000). Protein-tyrosine phophatases

also play a role in type 2 diabetes and obesitiya asegative regulator of

insulin (Ramachandraet al., 2003). Decoy receptor 1 is known to regulate

the activities of primary pro-inflammatory cytokimeand chemokines

(Antovaniet al., 2001), as well as apoptosis signaling (Ashkeezali., 1999).

The soluble decoy receptors are involved in theaguottizing receptor-

mediated function in atherosclerosis (Jalkaretnal., 2003). Platelete-

activating factor acetylhydrolase 1B subunit is involved in pro-

inflammatory responses and has correlation withraat stroke, myocardial

28



infarction and non-familial cardiomypathy (Tjoelketral., 2000). This protein

is also concerned to one of the most potent lipatliators. Other identified

proteins are involved in vascular endothelial getiwth and inflammation via

coagulation mechanism.

Of the 13 proteins identified in one or two athetesotic tissues, myosin

regulatory light chain 2 is a major regulatory snibof smooth muscle and a

modulator of troponin controlled regulation of atdd muscle contraction

(Danutaet al., 2004). This protein is one of the sarcomeridgins associated

with familial hypertrophic cardiomyopathy (Poettgtral., 1996; Flavignyet

al., 1998; Anderenet al., 2001). Changes in myosin subunit isoform

expression are also involved in intracellular aaiti homeostasis and

metabolism (Marcust al., 1998). The 14-3-3 protein family is believedo®

an important regulator of multiple signal transdéorctprocesses (Wheeler-

Jonest al., 1996) and it has been suggested that 14-3f@dvied in control

of platelet secretion, in addition to the role mbe assigned to 14-3-3 in

secretion/exocytosis from the adrenal medulla (Momg al., 1992). 14-3-3

29



is especially induced in injured vessels and piysmportant role in cellular

proliferation by binding to VSMCs and activatingetiprotein kinase Raf-1

(Autieri et al., 1996). In VSMCs treated with platelet-derivedwth factor

(PDGF), 14-3-3 was expressed and phosphorylated in an activation-

dependent manner (Autiedt al., 1999). Methionine aminopeptidase 2

(MetAP 2)is up-regulated during cell proliferation and hae studied as a

target molecule in cancer therapy (Waagl., 2003). MetAP2 is also known

to regulate both N-terminal modification of proteiand the peptides required

in processes such as maturation, activation, agdadation, and is involved

in angiogenesis (Sato, 2003). Although cytomegaleviand Chlamydia

pneumoniae were known as important factors in atherosclerdsigelopment

at the transcription level, microorganism-origirthtenolecules were not

detected in the MS-FIT database.

In this study, differentially expressed proteinsaitherosclerotic tissues

have been isolated and identified using proteomittough the role of each

protein involved in atherosclerosis has not beearadterized, these data
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indicate that proteins involved in intracellularlatam-mediated processes,

migration of VSMCs, MMP activation and regulatiof gro-inflammatory

cytokines are important in atherosclerosis progoaesshese results indicate

that cellular inflammatory processes play importesies in atherogenesis.

Since the atherosclerotic tissues instead of plasamaples were analyzed,

well-known circulating biomarkers for inflammatiosiich as CRP, IL-6, and

TNF-a were not detected. Also thirty percent of the @it that were

analyzed were either unidentified or functionalhcbaracterized.

Further studies will be required to establish ablase of specific proteins

that are involved in development of atherosclerasisl clinical confirmation

tests will be required to use candidate proteinbiamarkers or therapeutic

targets.However, to my knowledge, this is the first attenaptanalysis of

proteins that are differentially expressed in athelerotic tissues. We can

now begin to understand the molecular mechanisnaghefrosclerosis, which

are important pathological processes. PotentialiGgiipns of these data

include identification and characterization of siting pathways involved in
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atherogenesis, and further exploration of the rofeselected identified

proteins in clinical samples.
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CHAPTER Il

Human LZIP induces monocyte CC chemokine
MCP-1 and its receptor CCR2 expression and is

involved in atherosclerosis development
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ABSTRACT

Monocyte chemoattractant protein (MCP)-1 and CCnuliéne receptor

(CCR) 2 play major roles in atherosclerosis develept including promoting

migration of circulating monocytes to the artesiall during atherogenesis.

The role of the novel transcription factor LZIPfoam cell formation and in

expression of MCP-1 and CCR2 during the procesatlérosclerosis was

investigated. RNase protection analysis showed tH#? increased mMRNA

expression of MCP-1, leukotactin-1 (Lkn-1), CCRhdaCCR2 in THP-1

cells. Flow cytometric data showed that surfaceresgions of both CCR1

and CCR2 were increased by LZIP, which also enhdrtbe chemotactic

activities of MCP-1 and Lkn-1. During the formatiafi foam cells, LZIP

expression was significantly elevated in foam cafld siLZIP inhibited foam

cell formation. Results from an electrophoretic ftigbshift assay showed

that LZIP binds to the C/EBP element in the CCR@nmoter. Western blot

data showed that the LZIP level was highly elevateserum from coronary

42



atherosclerosis patients compared to normal heagltople. These results

suggest that LZIP regulates expression of chemekiaed chemokine

receptors that are involved in development of atheerosis and plays an

important role in foam cell formation. LZIP is paitdy a key modulator in

atherogenesis and is a putative biomarker for atoigrosis.

Keywords : atherosclerosis, inflammation, leukocytes, reasptasignal

transduction
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|. INTRODUCTION

Atherosclerosis is a complex chronic inflammatorsedse that is a cause

of death in western countries and Asia (Ross, 198b}he early stage of

atherosclerosis, monocyte-derived macrophages hhae left circulation

penetrate and accumulate in the arterial wall (Rd€93). Foam cell

formation occurs in this process caused by migratadrophages that ingest

oxidized low-density lipoproteins (oxLDL) (Ross, 3. The accumulation

of foam cells in the intima is a feature of thelyatage of atherosclerosis and

is a primary component of fatty streak (Ross, 199&rious molecules,

including adhesion molecules, chemokines, and chamoreceptors are

involved in development of atherosclerosis (Desstial., 2005). Elevated

circulating adhesion molecules are associated egttiovascular risk factors

(Ponthieux et al., 2004) and can be used to predict atherosclerasis

cardiovascular events (Hwangt al., 1997; O’'Malley et al., 2001).

Chemokines are a superfamily of chemotactic cyexkithat are categorized
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into four groups on the basis of their conservatbriour cysteine residues

and on their ability to induce leukocyte trafficgimto sites of inflammation

(Gerardet al., 2001). The action of chemokines is mediatechieyr treceptors,

a family of seven transmembrane G-protein-coupéseptors (Geraret al.,

2001). Evidence suggests that chemokines andrénxptors are involved in

inflammation development including atherosclerogteapeet al., 1999).

Recruitment of monocytes into the arterial subenglaim is one of the

earliest steps in development of atherosclerosia €Gal., 1998). CC

chemokine monocyte chemoattractant protein (MCP)wihich is a

chemoattractant for monocytes, is an important ch@me for formation of

atherosclerotic plaque (Nelkest al., 1991). MCP-1 is induced by various

stimuli, such as cytokines and oxidized adducts] @ secreted from

endothelial cells, smooth muscle cells and macrogphdMyerset al., 1996).

CC chemokine receptor (CCR) 2 is highly expressegeéripheral blood

monocytes, macrophages, and T lymphocytes and theionly established

functional receptor for MCP-1 on hematopoietic £Boringet al., 1998).
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Although MCP-1 and CCR2 are believed to play andrgmt role in

leukocyte trafficking and the development of atlsefterosis, little

information is available regarding the key modulato the atherosclerosis

process and the mechanism of intracellular siggadivents that regulates the

formation of foam cells.

The human leucine zipper protein LZIP is a ubiquétéranscription factor

that belongs to the bZIP superfamily (Burbel@l., 1994; Luet al., 1997; Lu

et al., 1998). LZIP is known to be involved in regulatiof cell growth by

binding to human host cell factor, which is invalvia cell proliferation (Jin

et al., 2000). It has also been suggested that LZIPeseavnovel cellular

tumor suppressor function that is targeted by tgalitis C virus core (Jiet

al., 2000). However, the exact biological role and tiatural target genes of

LZIP have not been characterized. Although themmigroversy regarding the

localization of endogenous LZIP, it has been regbthat LZIP physically

interacts with CCR1 and participates in regulatidrieukotactin-1 (Lkn-1)-

dependent cell migration without affecting the cbéawtic activities of other
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CCR1-binding chemokines (Kai al., 2004). These results indicate that LZIP

probably functions as a cellular modulator as vaslla transcription factor.

Since LZIP regulates Lkn-1-induced chemotaxis akd-L is involved in

atherosclerosis, | investigated whether LZIP play®le in the development

of atherosclerosis and whether it affects regutatid CCR2 and MCP-1

expression.
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Il. MATERIALS AND METHODS

Materials

Human THP-1 cells were purchased from American Typelture
Collection (ATCC). RPMI 1640, fetal bovine serunB@&) and Trizol reagent
were obtained from Invitrogen corp. (GaithersbukgD, USA). Human
oxLDL was purchased from INTRACEL (Frederick, MD,SH). RNase
protection assay kit was obtained from BD biosage(an Jose, CA, USA).
Recombinant human MCP-1, Lkn-1, macrophage inflatarga protein
(MIP)-1a, and anti-CCR1 and anti-CCR2 antibodies were prtsdaf R&D
systems (Minneapolis, MN, USA). FITC-conjugated tgaati-mouse IgG and
rabbit polyclonal 1gG-HA probe were purchased fro8anta Cruz
Biotechnology (Santa Cruz, CA, USAu-{PJUTP, -*?P]JATP, albumin and
IgG removal kit were from Amersham Pharmacia Bibtg®iscataway, NJ,
USA). FITC-conjugated rabbit anti-rat 19G, monodbranti-CRP antibody
and other ultra pure chemical reagents were puechfem Sigma-Aldrich

(St. Louis, MO, USA). Rabbit polyclonal anti-LZIPhtgbody was raised
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against an N-terminal peptide (amino acids 2-2Mjugated to keyhole

limpet hemocyanin.

Cell culture and transient transfection

THP-1 cells were grown in RPMI 1640 supplementethwli0% heat-
inactivated FBS, penicillin (100 U/ml) and streptarim (100ug/ml). Human
embryonic kidney (HEK) 293 cells were maintaineddunlbecco’s Modified
Eagle Medium supplemented with 10% heat-inactiv&B&, penicillin (100
U/ml) and streptomycin (10Qg/ml). THP-1 cells were seeded into 6-well
plates at a density of 2 x % 6ells/well. Cells were transfected withug of
DNA using lipofectamine reagents (Invitrogen) aciog to the

manufacture’s instructions.

FACS analysis

Transfected cells were harvested and washed withsgitate buffered
saline (PBS) containing 0.5% bovine serum albunBi8A). Blocked cells

with normal rabbit IgG were separated into new suligach tube was added
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with PBS containing anti-HA, anti-CCR2, or anti-CCRntibodies. Baseline
fluorescence was obtained from cells transfected thie mock vector alone.
Following incubation and washings, cells were irated for 30 min at €

with FITC-conjugated goat anti-mouse IgG or ralaiti-rat 1I9G. Then cells
were washed and analyzed on a FACSort cytofluoem@ecton Dickinson,

Franklin Lakes, NJ, USA).

Chemotaxis assay

Migration of cells was monitored using a 48-well croichamber
(Neuroprobe, Cabin John, MD, USA) as previouslycdbsd (Ko et al.,
2002). Briefly, the lower wells were filled with 28 buffer alone or with
buffer containing MCP-1 or Lkn-1 and the upper wallere filled with 5Qul
of THP-1 cells at X 10 cells/ml in RPMI 1640 containing 1% BSA and 30
mM HEPES. The two compartments were separated by a
polyvinylpyrrolidone-free filter (Neuroprobe) with um pores that was
precoated with RPMI 1640 containing rat tail colagype | at & overnight.

After incubation for 6 h at 3¢ , the filters weren@ved from the chamber,
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washed, fixed, and stained with Diff-Quick (BaxtBeerfield, IL, USA). The
cells of two randomly selected oil-immersed fieldere counted using
Axiovert 25 (Carl Zeiss, Jena, Germany) and Visuade Analysis System
(Foresthill Products, Foresthill, CA, USA). The ofwactic index (Cl) was

calculated from the number of cells that migratethe control.

RNase protection assay

THP-1 cells were seeded into 6-well plates at 20% dells/well and
cultured in RPMI 1640. After transfection, the sellere harvested and total
RNA was extracted using Trizol reagent (Invitrogead described by
manufacturer’s instruction. The hCR5 template setaining DNA templates
for CCR1, CCR3, CCR4, CCR5, CCR8, CCR2a+b, L32, @AdPDH was
purchased from BD biosciencea-PJUTP-labeled RNA probes were
synthesized from the hCR5 template set by T7 RNiikmerase. The hCK5
template set contains RANTES, IP-10, MIB-MIP-1a, MCP-1, IL-8, 1-309,
L32 and GAPDH. Probes were hybridized overnighhwirget RNA. Free

probes and other single-stranded RNA were digesittdiRNase, followed by
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proteinase K treatment and phenol chloroform efitac After ethanol
precipitation with 4 M ammonium acetate, the RNps®ected probes were
dissolved in loading buffer. Denaturing polyacryldengel (4.75%) was pre-
electrophoresed in 0.5 x Tris-borate EDTA (TBE)feufor 30 min prior to
loading and electrophoresis continued at 55 W foh.2Dried gel was
visualized by autoradiography. Specific bands watentified by their
individual migration patterns in comparison witte tindigested probes. The

bands were normalized with GAPDH band.

Foam cell formation and lipid staining

THP-1 cells were treated with 100 nM of phorbolhgristate 13-acetate
(PMA) for 48 h and then oxLDL (2mg/ml) for 4 days. To detect lipids
accumulated in THP-1 derived macrophages, oil redtining was

performed as previously described @ual., 2004).

Semi-quantitative RT-PCR

Total RNA was extracted from cells using Trizol geat according to
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manufacture’s instruction. The cDNA was synthesizech 2 ug of total RNA
using Superscript Il reverse transcriptase (Ingérg). The reaction was
carried out for 50 min at 42°C and for 15 min at@Q0The resulting cDNA
samples were amplified by 25 cycles (denaturin§4dt for 30 s, annealing
at 60C for 40 s, and elongating at 72  for 40 s) usi@R2a primers (sense
primer 5- ATGCTGTCCACATCTCGTTCTCG-3 and antisensémer 5-
CTAGGCTCCTTCTTTGTCCTGAAGA-3) and MCP-1 primer (serngrimer
5-CAGCCAGATGCAATCAATGC-3), Lkn-1 primer  (sense  5-
CTCCTACACCCCACGAAGCAT-3). GAPDH was amplified as amernal
control. The PCR products were electrophoresed 2% gw/v) agarose gel
containing 0.5ug/ml ethidium bromide, and the sizes of the proslwere
determined by comparison with 1 kb DNA ladder maikevitrogen). All the
PCR reactions were repeated at least three tintesinfensity of each band
amplified by RT-PCR was analyzed using Multiim&geight Cabinet (Alpha
Innotech Corp., San Leandro, CA, USA), and normealito that of GAPDH

MRNA in corresponding samples.
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Electrophoretic mobility shift assay (EMSA)

Nuclear extracts were prepared from confluent Saskthe mock vector or
HA-LZIP transfected HEK 293 cells. The oligonucides of
CCAAT/enhancer binding proteins (C/EBP) binding sit CCR2 promoter (-
324~-298) were synthesized. The oligonucleotide Bvasd-labeled withyf
$P|ATP using T4 polynucleotide kinase (Promega, Maudj WI, USA).
Unincorporated nucleotide was removed by passage aBio-Gel P-6 spin
column (Bio-Rad, Hercules, CA, USA). Nuclear extsa¢l5 pg of total
protein) were incubated with radiolabeled probe & min at room
temperature, and protein-DNA complexes were sepdimom free probe by
electrophoresis on a 4% native polyacrylamide g@&.5 x Tris-HCI (pH 7.5),
1 mM MgChk, 50 mM NacCl, 0.5 mM EDTA, 4% glycerol, 0.5 mM DTand
50 ug/ml of poly(dl-dC)spoly(dI-dC). Gels were pre-elephoresed in 0.5 x
TBE for 30 min prior to loading and electrophoresisntinued for
approximately 3 h until the bromophenol blue dyprapched the bottom of

the gel. Dried gels were visualized by autoradipbya For competition
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experiments, binding reactions were incubated ®@kold molar excess of
unlabeled C/EBP binding oligonucleotide for 20 rhiefore addition of the
radiolabeled oligonucleotide. Feupershift assays, the antibodies were added
to the reaction mixtur®r an additional 30 min. After incubation, the ctan
mixture was then separated by electrophoresis through a néftre

polyacrylamide gel, and the results were recordealiboradiography.

Western blot analysis

Serum samples were donated from healthy donors emanary
atherosclerosis patients. Each patient serum wiecta from vein and aorta.
Serum IgG and albumin were discarded using albwanih IgG removal kit
(Amersham Pharmacia biotech., Piscataway, NJ, U%A&yording to
manufacture’s instruction. Protein samples (@@ of each lane) were
separated by a 10% SDS-polyacrylamide gel electnegsis and transferred
to nitrocellulose filters. The blots were incubatith anti-LZIP-antibody and
developed with the enhanced chemiluminescence timtecsystem

(Amersham Pharmacia biotech.).
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lll. RESULTS

LZIP increases mRNA expressions of MCP-1 and CCR2
in THP-1 cells

To investigate the effect of LZIP on mRNA expressiof selected
chemokines and CC chemokine receptors, an RNasecpom assay in THP-
1 cellstransfected with the mock vector or LZIP was perfed. CCR1 and
CCR2 mRNA expressions were increased in cells fieated with LZIP
compared to cells transfected with the mock veffigure 1A) CCR3 and
CCR4 mRNA expressions were slightly increased byPLZFigure 1A).
Although mRNA expressions of CCR1 and CCR2a wemnifscantly
enhanced by LZIP, CCR2b mRNA expression was sligtecreased in LZIP
transfected cells (Figure 1A). Figure 1B shows th®@NA expression of
selected chemokines is increased in cells trarestesith LZIP. Especially,
MCP-1 mRNA was highly expressed in cells transi@atéth LZIP (Figure
1B). mRNA expression of IP-10, MIRzl MIP-13, and IL-8 were also

increased in LZIP transfected cells. Yeast tRNA wased as a negative
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control and GAPDH was used for normalization of gi®. Figure 1C shows

the transfection efficiency of THP-1 cells analyzading a FACSorter

cytofluorimeter. These results indicate that LZIP-ragulates mRNA

expression of chemokines and chemokine receptociiding MCP-1 and

CCR2.
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Figure 1l-1. LZIP increases mRNA expressions of MCPL and
CCR2 in THP-1 cells. THP-1 cells were transfected with the mock
vector or HA-LZIP and total RNA was extracted framansfected
cells. The mRNA levels of CCRs (A) and chemokin& (ere
analyzed by RNase protection assay using tempéds$eas described
in methods. Specific bands were detected by comgawith the
undigested probes. The bands were normalized wiR[BH and L32
bands. Data are expressed as representative of thoividual
experiments. C, Expression of transfected LZIP wasfirmed by

fluorescence-activated cells sorter using polydiétfaprobe.
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Surface expressions of CCR1 and CCR2 are increaség

LZIP

Since LZIP increased mRNA expressions of CCR1 aBRZ; | examined
whether surface protein expressions of CCR1 andZ &R affected by LZIP.
Strong CCR1 and CCR2 surface expressions weretddtby flow cytometry
in LZIP transfected THP-1 cells compared to calesfected with the mock
vector (Figure 2). CCR1 and CCR2 surface expressiere increased by
LZIP 2.1- and 1.9-fold, respectively. These resutisrelate with CCR1 and
CCR2 mRNA expressions due to LZIPhese data indicate that LZIP up-

regulates mRNA and protein expressions of both C&RILCCR2.
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Figure 11-2. Surface expressions of CCR1 and CCR2 ra
increased by LZIP.
vector or HA-LZIP.

THP-1 cells were transfected with the mock
Surface expressions of CCR2 éid CCR1 (B)
were analyzed by fluorescence-activated cells sortsing
monoclonal anti-CCR1 and anti-CCR2 antibodies. Rataexpressed

as representative of three individual experiments.
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LZIP enhances THP-1 cell migration in response to [@P-

1 and Lkn-1

Cell migration is the primary cellular event inféd by the chemokine
receptor interacting with chemokine. Thereforenuvestigated whether LZIP
affects the chemotactic activities of MCP-1 and {lkim THP-1 cells. To
examine the chemotactic activity in LZIP transfectEHP-1 cells, a cell
migration assay was performed in a 48 well microuher. MCP-1 showed
the typical bell-shape curve in THP-1 chemoattoectivith the peak of the
curve at 10 ng/ml (Figure 3AY.HP-1 cell migration in response to MCP-1
was increased by 2-fold based on the chemotadtiexirin cells transfected
with LZIP (Figure 3A).The chemotactic activity of Lkn-1 was increased by
5-fold at 100 ng/ml in LZIP transfected cells comgzhwith cells transfected
with the mock vector (Figure 3B). However, the clogaatic activity of MIP-
la, used as a negative control in LZIP transfectéid,c@as comparable with
cells transfected with the mock vector (Figure 3B)ese data indicate that
LZIP up-regulates CCR1 and CCR2 expressions at bmthmRNA and

protein levels in THP-1 cells and enhances the claetic activities of MCP-
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1 and Lkn-1.
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Figure 11-3. LZIP enhances THP-1 cell migration in response to
MCP-1 and Lkn-1. A, THP-1 cells transfected with the mock vector
(&) or HA-LZIP (M) were incubated with the indicated
concentrations of MCP-1. B, THP-1 cells transfeatéth the mock
vector or HA-LZIP were incubated with MCP-1 (10 md), Lkn-1
(200 ng/ml), and MIP-d (1 ng/ml). After incubation for 5 h, filters
were stained with Diff-Quick (Sigma). The number célls that
migrated was counted microscopically in four rantorselected
fields per well. The chemotactic index (Cl) wascctdted from the
number of cells migrating to the test chemokinegidaid by that
migrating to the controls. Data are expressed ann@ + SEM of

three independent experiments.
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LZIP is involved in formation of foam cells

Since LZIP increased the chemotactic activitieM&P-1 and Lkn-1 that

are known to be involved in atherosclerosis, | exagh whether LZIP is

involved in the process of foam cell formation. FHeells were treated with

PMA for 48 h, then with oxLDL for 4 days in order induce the formation of

foam cells. Cells were stained with oil red-O tded¢ foam cell formation.

Cells treated with PMA and oxLDL showed accumulagiof lipid aggregates

inside of the cell, indicating typical formation fafam cells (Figure 4). Total

RNA was isolated and semi-quantitative RT-PCR wardopmed to examine

the mRNA expression of LZIP. LZIP mRNA expressioaswow in control

THP-1 cells and was increased 2-fold by PMA treain{€igure 5A and B).

LZIP mRNA expression was increased by 6-fold innfoeells treated with

PMA and oxLDL compared to control THP-1 cells (FigbA and B). Since

LZIP mRNA expression was increased in foam celldetermined whether

LZIP affects the formation of foam cells using siRNZIP (siLZIP) in THP-

1 cells. siLZIP that can reduce the expression BfPLto 0-50% of the
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endogenous level was generated @al., 2004). After transfection, THP-1

cells were treated with PMA and oxLDL. Cells traewted with the mock

vector formed foam cells while cells transfectedhvwsiLZIP failed to form

foam cells (Figure 6). LZIP did not increase tharfation of foam cells by the

treatment of PMA and oxLDL (Figure 6). These datdidate that LZIP is

involved in foam cell formation and may play an omant role in the

subsequent development of atherosclerosis.
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Control

PMA +oxLDL

Figure II-4. In vitro foam cell formation. THP-1 cells were treated
with 100 nM of PMA for 48 h, and the differentiatetacrophages
were incubated with 25ug/ml of oxLDL for 4 days. Oil red-O
staining was performed to determine foam cell fdiom and

hematoxylin was used for counter-stain. Red col@aaindicates

formation of foam cell.
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Figure 1I-5. LZIP mRNA expression is elevated in fam cells. A,

Total RNA was extracted from THP-1 cells treatedhwor without
PMA and oxLDL, and RT-PCR analysis was performedRBlative
mMRNA expression of LZIP was analyzed by densitometad
normalized with GAPDH. All experiments were perfaun three

times. The bars represent the mean + S.D.
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LZIP

SiLZIP

Figure 1I-6. LZIP is involved in formation of foam cells. THP-1
cells were transfected with the mock vector, LZIP sLZIP.
Transfected cells were treated with 100 oMPMA for 48 h, and the
differentiated macrophages were incubated withu@snl of oxLDL
for 4 days. Oil red-O staining was performed toed®ine foam cell
formation and hematoxylin was used for countemstadriginal

maghnification, x 40.
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LZIP increases mRNA expressions of MCP-1 and CCR2a

in foam cells

Since LZIP is involved in foam cell formation, taffect of LZIP in MCP-1
and CCR2 mRNA expressions in foam cells was exanid¢iP-1 cells
transfected with the mock vector, vectors encodiddP, or siLZIP were
stimulated with PMA and oxLDL to induce foam cedlrfnation, and then
MRNA expression was analyzed by semi-quantitatiVvePRR. THP-1 cells
lacking treatment with PMA and oxLDL were used asemative control.
Foam cells transfected with LZIP highly expresskd mRNA of MCP-1,
CCR2a, and Lkn-1 compared to foam cells transfeatitiil the mock vector
(Figure 7A). However, mRNA expressions of MCP-1,R2a, and Lkn-1
were repressed in foam cells transfected with $L.Zbmpared to cells
transfected with the mock vector (Figure 7A). Foealis cotransfected with
LZIP and siLZIP restored mRNA expressions of MCRECR2, and Lkn-1 to
normal levels (Figure 7A). Results from densitonigetnalysis showed that
relative mRNA expressions of MCP-1, CCR2a, and Lkwere increased by

approximately 2 to 3-fold due to LZIP in foam cell§gure 7B). These data
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indicate that LZIP increases mRNA expressions ofAviCand CCR2a in

foam cells.

70



e
= ) =] =] =t
E K] ~ ~ [y ]
s A - 3 3
o 7
=|
(%]
|
B < 1000
= W MCP-1
g O] CCR2a
.2 s00
e B Lin-1
e
2 600
(_r:
é 400
g
@
2
£ 200
=
&
0
[ -4 a a =|
= N N N
g ﬁ = 3 —
-— 'F
- o +
=|
B
|

Figure 1I-7. LZIP increases mRNA expressions of MCPL and
CCR2a in foam cellsA, THP-1 cells were transfected with the mock
vector, LZIP or siLZIP. Total RNA was extracted rfrotransfected
cells treated with 100 nMf PMA for 48 h and 25ug/ml of oxLDL
for 4 days, and RT-PCR analysis was performed. @ative mRNA
expression was analyzed by densitometer and naechliwith
GAPDH. All experiments were performed three tim@&he bars

represent the mean £ S.D.
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LZIP binds to the C/EBP element in CCR2 promoter

CCR2 promoter contains the CCAAT enhancer bindiraigin (C/EBP)
element (Yamatcet al., 1999), and LZIP binds to the C/EBP element and
activates transcription from C/EBP-containing réeogenes (Lt al., 1997).
To investigate the mechanism of CCR2a mRNA expoessi foam cells, an
electrophoretic mobility shift assay (EMSA) was fpemed using a*’P-
labeled C/EBP element as a probe. Figure 8A shoslsifeed LZIP nuclear
complex bound to the probe. Cells transfected wWilP showed an increase
in the formation of this complexio determine the specificity of LZIP binding
activity, nuclear extracts were incubated with ldimeled LZIP binding probes
in the absence and presence of a 20-fold molarsexoé unlabeled LZIP
binding probesCompetition analysis showed that the LZIP bindiogplex
competed with the unlabeled LZIP binding probeg\iFe 8B), indicating that
the LZIP binding activity is specificThe authenticity of the LZIP nuclear
complex was confirmed using supershift EMSA by betion of nuclear

extracts with antibody against LZIP (Figure 8Bhese data indicate that
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LZIP binds to the C/EBP element and induces CCRZNAWRnd protein

expression.
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Figure 11-8. LZIP binds to the C/EBP element in CCR2 promoter.
Nuclear extracts (1pg) from mock or HA-LZIP transfected HEK
293 cells were prepared and subjected to EMSAH®INA binding
activity of LZIP with **P-labeled oligonucleotides in the absence (A)
and presence (B) of 20-fold molar excess of unkbeaompetitors.
Anti-HA antibody was added to the reaction mixtiorean additional

30 min for super shift assay.
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The LZIP level is elevated in serum from coronary

atherosclerosis patients

| examined whether LZIP expression is affected Hyemgenesis. My
preliminary data indicated that LZIP is presensémum, suggesting that LZIP
is secreted into the extracelluar region by a dtisw Therefore, the
expression level of LZIP in normal serum and irusefrom atherosclerosis
patients was examined. Normal serum was donate@ Mifferent healthy
people and atherosclerotic serum was obtained fBoriifferent coronary
atherosclerosis patients. LZIP was highly expressed serum from
atherosclerosis patients both in the vein and ammapared to normal serum
(Figure 9). Vein serum samples from atherosclenpai®nts showed a higher
LZIP level than aorta serum samples (Figure 9)e&:tive protein (CRP), a
well known inflammatory disease marker for athelerssis (deFilippiet al.,
2003; Elgharibet al., 2003), was also detected in the serum samples of
atherosclerosis patients, however, LZIP expressias greater than CRP
expression in atherosclerosis patients (Figur@l9se data indicate that LZIP

probably plays an important role in atherosclerdgigelopment and may be
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used as a biomarker for atherosclerosis.
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Figure 11-9. The LZIP level is eleveated in serumrom coronary
atherosclerosis patientsSerum IgG and albumin were discarded as
described in methods. Protein samples (8D were separated by a
10% SDS-PAGE and transferred to nitrocelluloseefdit The LZIP
level was detected by Western blotting using a@ifLantibody. The
same blot was stripped and reprobed with monoclamdl-CRP

antibody.
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V. DISCUSSION

CCR2 and MCP-1 are known to be important moleculegherosclerosis.

During the early stage of atherogenesis, CCR2 a@P{l play important

roles in atherosclerotic plaque formation via acelaton of circulating

monocytes in the arterial wall (Dawsoe al., 1999). The role of

uncharacterized transcription factor LZIP in atlseterosis development was

investigated.

Results from RPA analysis indicated that LZIP ilases CCR2a mRNA

expression, but slightly decreases CCR2b mRNA esgwa. It has been

reported that CCR2a and CCR2b, the two isoformid©P-1 receptor (Charo

et al., 1994), are differentially expressed in inflamargtmyopathies (Bartoli

et al.,, 2001). It has also been reported that CCR2apisegulated in

inflammatory myopathies, such as vessel walls, xpressed by some

mononuclear cells (Bartoét al., 2001), and that CCR2b is down-regulated by

oxLDL in THP-1 cells (Hanet al., 2000). Although CCR2b is the
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predominant isoform described in human monocyt€&R2b is not increased

in inflammatory myopathies (Bartadt al., 2001). The function of CCR2a has

not been clearly defined but CCR2a is strongly egped in the heart

endothelium (Bergeret al., 1999). LZIP also increased CCR1 mRNA

expression. The previous report suggests that lfdifetions as a cellular

modulator of CCR1-dependent chemokines and is weebin Lkn-1-induced

cell migration (Koet al., 2004). CCR1 mRNA expression in THP-1 cells

transfected with the mock vector was very low, hesve cells transfected

with LZIP showed an increase in CCR1 mRNA exprassi®Gurface

expressions of CCR1 and CCR2 were also increased I indicating that

LZIP plays a role in the expressions of CCR1 andR€®oth at the mRNA

and at the protein level, and probably functionsaagositive regulator of

CCR1 and CCR2 involved in atherosclerosis. Varicusmokines, including

MCP-1 and Lkn-1, which are related to inflammatiamd development of

atherosclerosis, were significantly expressed inlPLZransfected cells.

Especially, MCP-1 mRNA expression was greatly iasesl by LZIP.
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Transmigration of monocytes through endothelial atayers is induced by

chemotaxis, which is an essential step for compisteocyte recruitment to

the vessel wall. It was shown that LZIP modulate<CRMVL-mediated

monocyte chemotactic activity and Lkn-1-mediategrobtaxis. However,

LZIP did not affect the chemotactic activity of MIR, indicating that LZIP

probably participates in plaque formation via aoré@ase in CCR1, CCR2,

Lkn-1, and MCP-1 expressions and subsequent irmudi the chemotactic

activities of MCP-1 and Lkn-1.

Human THP-1 monocytes differentiate to macrophagesare transformed

to foam cells in response to PMA and oxLDMCP-1 participates in

formation of foam cells and atherosclerotic pla@helkenet al., 1991). Lkn-

1 is also involved in foam cell formatioand is significantly increased in

human carotid atherosclerotic lesions and the pagrh atherosclerotic

patients (Yuet al., 2004). According to the RT-PCR data, LZIP mRNA

expression was elevated 6-fold in foam cells coeghao naive THP-1 cells.

Since LZIP increases the expressions of CCR1, CQ@Ra;1 and MCP-1
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involved in foam cell formation, LZIP probably ise driving force to induce

foam cells and atherosclerotic plaques by up-reimgiahe chemokines and

chemokine receptors involved in atherogenesis. Thygothesis was

confirmed using siLZIP. Although LZIP did not inase foam cell formation

compared to THP-1 cells transfected with the modkcter, siLZIP

dramatically inhibited the formation of foam ceitgluced by treatment with

PMA and oxLDL. These data indicate that LZIP playsimportant role in

foam cell formation. It was also found that LZIRieased mRNA expressions

of MCP-1, Lkn-1 and CCR2a in foam cells and thatZ#? inhibited the

positive regulatory effects of LZIP in mRNA exprigssof these molecules. It

can be proposed that LZIP is not only an importantecule in foam cell

formation, but is also a key regulator of the pescef atherosclerosis via

regulation of chemokines and chemakine receptors.

To determine the regulatory mechanism of LZIP inR2Gexpression, the

promoter region of CCR2 was analyzed. LZIP is aidbdsucine zipper

transcription factor that binds consensus DNA elasiesuch as CRE, AP-1
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and C/EBP (DenBoest al., 2005). Based on reports regarding the nucleotide

sequence of the human CCR2 gene (Yanetta., 1999), C/EBP elements

exist in CCR2 promoter. Results from EMSA show th&tP binds to the

C/EBP element in CCR2 promoter, indicating that RZAunctions as a

transcription factor that binds to the C/EBP eletrefnrCCR2 and accelerates

the transcriptional activation of CCR2. Althoughther studies are required

to characterize the exact regulatory mechanism &fLin expression of

chemokines and chemokine receptors, these datoasistent with previous

results.

Efforts to find biomarkers in inflammatory diseasedncluding

atherosclerosis and rheumatoid arthritis, have lmeade. In atherosclerosis,

CRP is a useful biomarker (deFilipgi al., 2003; Elgharitet al., 2003), and

serum amyloid protein A is also a circulating infimation marker that is

related to carotid artery atherosclerosis (Larstah., 2005). Although LZIP

is a transcription factor, the preliminary datawhbat LZIP was secreted into

the extracellular region. Therefore, the possipiiitat LZIP can be a putative
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biomarker for atherosclerosis was investigated. t&¥asblot analysis using

sera from normal healthy people and atherosclenosigents showed that

LZIP was highly elevated in the serum of atherasdlis patients compared to

normal serum. The secretory mechanism of LZIP theoserum has not been

known. However, LZIP is cleaved by proteases (Glieah., 2002). Therefore,

the possibility that a cleaved fragment of LZIPsecreted into the serum is

under investigation. The level of LZIP in serumnfratherosclerosis patients

was much higher than the well known inflammatorykea CRP. To validate

the possible use of LZIP as a biomarker for athedeossis, | am screening

atherosclerosis patients according to clinicaldnist

Herein, | report important roles for LZIP in athscterosis. The results

indicate that LZIP regulates the expressions ottl@mokines and chemokine

receptors that are involved in atherosclerosis lopweent, and that LZIP is

involved in foam cell formation in the early stagefs atherogenesis. The

modulation effect of CCR2 expression is due to DA binding ability of

LZIP to the C/EBP element in CCR2 promoter. LZIPhighly elevated in
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serum from atherosclerosis patients, suggesting tZdP is a putative

biomarker for atherosclerosis. In conclusiathe function of LZIP in

development of atherosclerosis and in regulationthef chemokines and

chemokine receptors that are involved in atherossie was characterized.

Further characterization of the role of LZIP inexttgenesis will contribute to

an understanding of the development of atherosgilerand the regulatory

mechanisms of the chemokines and chemokine resefhtat are involved in

atherosclerosis.

84



REFERENCES

Bartoli, C., Civatte, M., Pellissier, J.F., and #iglla-Branger, D. (2001)

CCR2A and CCR2B, the two isoforms of the monocytencoattractant

protein-1 receptor are up-regulated and expressedlifferent cell

subsets in idiopathic inflammatory myopathidsta. Neuropathol. 102,

385-392.

Berger, O., Gan, X., Gujuluva, C., Burns, A.R.,BulG., Stins, M., Way, D.,

Witte, M., Weinand, M., Said, J., Kim, K.S., Taub,, Graves, M.C.,

and Fiala, M. (1999) CXC and CC chemokine receptarsoronary and

brain endotheliaMol. Med. 5, 795-805.

Boring, L., Gosling, J., Cleary, M., and Charo,. I(E998) Decreased lesion

formation in CCR2—/— mice reveals a role for chemek in the

initiation of atherosclerosi®Nature 394, 894—-897.

Burbelo, P.D., Gabriel, G.C., Kibbey, M.C., Yamadg, Kleiman, H.K., and

Weeks, B.S. (1994) LZIP-1 and LZIP-2: two novel niems of the

85



bZIP family. Gene 139, 241-245.

Charo, I.F., Myers, S.J., Herman, A., Franci, Ginablly, A.J., and Coughlin,

S.R. (1994) Molecular cloning and functional expies of two

monocyte chemoattractant protein-1 receptors revedternative

splicing of the carboxyl-terminal tail®roc. Nai. Acad. Sci. 29, 2752—

2756.

Chen, X., Shen, J., and Prywes, R. (2002) The lamilomain of ATF6

senses endoplasmic reticulum (ER) stress and carssedocation of

ATF6 from the ER to the Golgi. Biol. Chem. 277, 13045-13052.

Dawson, T.C., Kuziel, W.A., Osahar, T.A., and Magda(1999) Absence of

CC chemokine receptor-2 reduces atherosclerosipdtipoprotein E-

deficient mice Atherosclerosis 143 205-211.

deFilippi, C., Wasserman, S., Rosanio, S., Tibker,Sperger, H., Tocchi, M.,

Christenson, R., Uretsky, B., Smiley, M., Gold, Muniz, H.,

Badalmenti, J., Herzog, C., and Henrich, W. (2008)diac troponin T

and C-reactive protein for predicting prognosis, rooary

86



atherosclerosis, and cardiomyopathy in patienterguing long-term

hemodialysisJAMA 16, 353—359.

DenBoer, L.M., Hardy-Smith, P.W., Hogan, M.R., Caok, G.P., Audas, T.E.,

and Lu, R. (2005) Luman is capable of binding araivating

transcription from the unfolded protein responsemgnt. Biochem.

Biophys. Res. Commun. 27, 113-119.

Dessein, P.H., Joffe, B.l., and Singh, S. (2005%)n&rkers of endothelial

dysfunction, cardiovascular risk factors and athelerosis in

rheumatoid arthritisArthritis Research & Therapy 7, R634—-R643.

Elgharib, N., Chi, D.S., Younis, W., Wehbe, S., #rishnaswamy, G. (2003)

C-reactive protein as a novel biomarker: Reactaah cflag

atherosclerosis and help predict cardiac ev@&usgrad. Med. 114, 39—

44,

Gerard, G., and Rollins, B.J. (2001) ChemokinesdisdaseNat. |mmunal. 2,

108-115.

Gu, L., Okada, Y., Clinton, S.K., Gerard, C., SwkdnoG.K., Libby, P., and

87



Rollins, B.J. (1998) Absence of monocyte chemoetiérst protein-1

reduces atherosclerosis in low density lipoprotesoeptor-deficient

mice.Mol. Cell. 2, 275-281.

Han, K.H., Chang, M.K., Boullier, A., Green, S.Ri, A., Glass, C.K., and

Quehenberger, O. (2000) Oxidized LDL reduces mom@dg@CR2

expression through pathways involving peroxisomelif@rator—

activated receptoy. J. Clin. Invest. 106, 793—-802.

Hwang, S-J., Ballantyne, C.M., Sharrett, A.R., ®mit.C., Davis, C.E., Gotto,

A.M. Jr., and Boerwinkle, E. (1997) Circulating adion molecules

VCAM-1, ICAM-1, and E-selectin in carotid atheromesis and

incident coronary heart disease casgsculation 96, 4219-4225.

Jin, D.Y., Wang, H.L., Zhou, Y., Chun, A.C., Kibld£.V., Hou, Y.D., Kung,

H., and Jeang, K.T. (2000) Hepatitis C virus cor@tgin-induced loss

of LZIP function correlates with cellular transfaation. EMBO J. 19,

729-740.

Ko, J., Jang, S-W., Kim, Y.S., Kim, |.S., Sung, HKim, H-H., Park, J-Y.,

88



Lee, Y.H., Kim, J., and Na, D.S. (2004) Human L&iiads to CCR1

and differentially affects the chemotactic actegtiof CCR1-dependent

chemokinesFASEB J. 18, 890-892.

Ko, J., Kim, I.S., Jang, S-W.,, Lee, Y.H., Shin, SMin, D.S., and Na, D.S.

(2002) Leukotactin-1/CCL15-induced chemotaxis dligiga through

CCR1 in HOS cellSFEBSLett. 515 159-164.

Larsson, P.T., Hallerstam, S., Rosfors, S., andéWwaN.H. (2005) Circulating

markers of inflammation are related to carotid rgragherosclerosignt.

Angiol. 24, 43-51.

Lu, R,, Yang, P., O'Hare, P., and Misra, V. (19Qdman, a new member of

the CREB/ATF family, binds to herpes simplex vinB16-associated

host cellular factorMol. Cell. Biol. 17, 5117-5126.

Lu, R., Yang, P., Padmakumar, S., and Misra, V989The herpesvirus

transactivator VP16 mimics a human basic domaircitheu zipper

protein, luman, in its interaction with HCE.Mrol. 72, 6291-6297.

Myers, S.J., Wong, L.M., and Charo, I.F. (1996) naigtransduction and

89



ligand specificity of the human monocyte chemoattmat protein-1

receptor in transfected embryonic kidney cellsBiol. Chem. 270,

5786-5792.

Nelken, N.A., Coughlin, S.R., Gordon, D., and Wicd.N. (1991) Monocyte

chemoattractant protein-1 in human atheromatougupk& J. Clin.

Invest. 88, 1121-1127.

O'Malley, T., Ludlam, C.A., Riemermsa, R.A., andxF&.A. (2001) Early

increase in levels of soluble inter-cellular adbrsinolecule-1 (sICAM-

1): potential risk factor for the acute coronarmdsomesEur. Heart J.

22, 1226-1234.

Ponthieux, A., Herbeth, B., Droesch, S., Haddy,Udmbert, D., and Visvikis,

S. (2004) Biological determinants of serum ICAM#;selectin, P-

selectin and L-selectin levels in healthy subjethe Stanislas study.

Atherosclerosis 172 299-308.

Reape, T.J., and Groot, P.H. (1999) Chemokines athrosclerosis.

Atherosclerosis 147, 213-225.

90



Ross, R. (1995) Cell biology of atherosclerogisnu. Rev. Physiol. 57, 791—

804.

Ross, R. (1993) The pathogenesis of atherosclerasjgerspective for the

1990s.Nature 362, 801-809.

Yamato, K., Takeshima, H., Harnada, K., Nakao, Kino, T., Nishi, T.,

Kochi, M., Kuratsu, J., Yoshimura, T., and Ushio(¥99) Cloning and

functional characterization of the 5'-flanking mgi of the human

monocyte chemoattractant protein-1 receptor (CCg)e. Essential

role of 5-untranslated region in tissue-specifigression.J. Biol.

Chem. 274, 4646—4654.

Yu, R., Kim, C-S., Kawada, T., Kwon, T-W., Lim, T-Him, Y-W., and Kwon,

B-S. (2004) Involvement of leukotactin-1, a novel €hemokine, in

human atherosclerosiatherosclerosis 174, 35—42.

91



CONCLUSIONS

In this study, differential protein expressionaitherosclerosis was analyzed
using proteomic, and the regulatory role of humatiPLin expression of
chemokines and their receptors was determined., Attgofunction of human

LZIP in development of atherosclerosis was investd.

1. Thirty-nine differently expressed proteins were edétd in
atherosclerotic tissues.

Protein expression patterns of normal and athezostd tissues

were examined using 2-DE (pH 4-7, 24 cm long), pradeins that

were differentially expressed in each sample waetyaed.

2. Twenty-seven proteins were identified using MALDDF mass
spectrometric analysis and the MS-FIT database.

Of the 39 proteins that were highly expressed heratsclerosis,
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27 proteins were identified from the MS-FIT databa3welve

protein spots were unidentified. These identifieotgins are known

to be involved in a number of biological processes

atherosclerosis progressions.

Confirmation of differential protein expression wasrformed by

Western blot analysis.

The expression levels obcR1, ANX-5, and 14-3-3 were

increased approximately 2-fold in atheroscleradimples.

LZIP increases mRNA expressions of MCP-1 and CGRZHP-1

cells.

RNase protection assay in THP-1 cetnsfected with the mock

vector or LZIP was performed. MCP-1 and CCR2 mRNA

expressions were increased in cells transfectdd lwdtP compared

to cells transfected with the mock vector.
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5. Surface expressions of CCR1 and CCR2 are incrdpsedIP.
Strong CCR1 and CCR2 surface expressions were tddtdy
flow cytometry in LZIP transfected THP-1 cells caangd to cells
transfected with the mock vector. These data indittzat LZIP up-

regulates protein expressions of both CCR1 and CCR2

6. LZIP enhances THP-1 cell migration in response ©RVL and Lkn-

THP-1 cell migration in response to MCP-1 was iasexl 2-fold
based on the chemotactic index in cells transfewi¢ta LZIP and

the chemotactic activity of Lkn-1 was also increhSdold in LZIP

transfected cells.

7. LZIP is involved in formation of foam cells.

LZIP mRNA expression was increased 6-fold in foamdllsc
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treated with PMA and oxLDL compared to control THRells and

cells transfected with siRNA-LZIP (siLZIP) failea tform foam

cells.

8. LZIP increases mRNA expressions of MCP-1 and CCiR2@am
cells.

Foam cells transfected with LZIP highly expresdesl mRNA of

MCP-1, CCR2a compared to foam cells transfectet thi¢ mock

vector and mRNA expressions of these were repréadedm cells

transfected with siLZIP.

9. LZIP binds to the C/EBP element in CCR2 promoter.
CCR2 promoter contains the CCAAT enhancer bindingtgin

(C/EBP) element and LZIP binds to the C/EBP eleragidtinduces

CCR2 mRNA and protein expression.
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10. The LZIP level is highly elevated in serum from @aary
atherosclerosis patients.

LZIP was highly expressed in serum from atherossierpatients
both in the vein and aorta compared to normal seftimse data
indicate that LZIP probably plays an important roie
atherosclerosis development and may be used asnaabker for

atherosclerosis.

In summary, this study is the first attempt to gmelthe proteins that are
differentially expressed in atherosclerotic tisswasl the function of LZIP in
development of atherosclerosis and in regulationthef chemokines and
chemokine receptors that are involved in atherossie was characterized.
These results will contribute to an understandifigthe development of
atherosclerosis and the regulatory mechanisms ef dhemokines and

chemokine receptors that are involved in atherossis.
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