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SEZNAM ZKRATEK

SEZNAM ZKRATEK

2-DE
AMP
APRT
ATP
AVP
CA125
DcR1
DcR2
DISC
DNA
DR4
DRS
ELISA
ESI
ESI-MS/MS
GMP
GSH
GSS
GTP, dGTP
H,O
HADHA
HBL-2
HBL-2/R
HE4
HPLC

CHSS
ICs

1IEF
IEF-IPG

dvourozmérni elektroforéza, two-dimensional electrophoresis
adenozin-5"-monofosfat

adeninfosforibosyltransferdza

adenosintrifosfat

aorto-vendzni pistel

marker karcinomu vaje¢niku, cancer agent 125, nebo také MUC16

,decoy“ receptor TRAILu

»decoy* receptor TRAILu

death-inducing signaling complex

deoxyribonukleova kyselina

,death* receptor TRAILu

»death receptor TRAILu

enzyme-linked immunosorbent assay

ionizace elektrosprejem, electrospray ionization

tandemova hmotnostni spektrometrie s ionizaci ESI
guanozin-5'-monofosfat

glutathion, redukovand forma

glutathion, oxidovana forma

guanozin-5'-trifosfat, deoxyguanozin-5'-trifosfat

voda, Cistota — deionizovana

a-podjednotka mitochondridlniho trifunk¢éniho proteinu

bunééna linie, zavedeny laboratorni model lymfomu bunék z plastové zony
subklon odvozeny od HBL-2 rezistentni na protinddorovou latku TRAIL
marker karcinomu ovaria

vysokotlakd kapalinova chromatografie, high pressure/performance liquid
chromatography

chronické srde¢ni selhani

inhibi¢ni koncentrace, half maximal inhibitory concentration

izoelektrickd fokusace, isoelectric focusing

izoelektrickd fokusace v imobilizovaném gradientu pH, isoelectric

focusing - immobilized pH gradient



SEZNAM ZKRATEK

IMP
IMPDH2
IPG
IPTL
iTRAQ

kDa
KEGG
KO

LC
MALDI

inozin-5'-monofosfat

inozin-5"-monofosfitdehydrogendza 2

imobilizovany gradient pH, immobilized pH gradient

znaceni pomoci stabilnich izotopii, isobaric peptide termini labeling

znaceni pomoci stabilnich izotopi, isobaric tags for relative and absolute
quantitation

kilodalton, 1 dalton=1 Da = 1,661)(10_27 kilogramu

genova databdze, Kyoto encyclopedia of genes and genomes

karcinom ovaria

kapalinova chromatografie, liquid chromatography

ionizace laserem v  pfitomnosti matrice, matrix-assisted laser

desorption/ionization

MALDI-MS/MS tandemova hmotnostni spektrometrie s ionizaci MALDI

MAO-A
MARS

MCL

MDa
MS
MS/MS

mRNA
MUCI16
m/z
NADPH
NID
NTT

PMF
PNP
PRPP
RBP4
RNA

monoaminoxiddza A

imunodeplec¢ni kolonka, multiple affinity removal system spin cartridge,
Agilent Technologies

lymfom bunék z plastové zény, mantle cell lymphoma, laboratorni modely
MCL jsou bunééné linie JEKO-1, MINO, REC-1, GRANTA-519, HBL-2
megadalton

hmotnostni spektrometrie

tandemova hmotnostni spektrometrie, fragmentace peptida

relativni molekulovd hmotnost

messengerova (medidtorovd) ribonukleova kyselina

marker karcinomu vaje¢niku, cancer agent 125, nebo také CA125

pomér hmotnosti iontu a jeho néboje, mass-to-charge ratio
nikotinamidadenindinukleotidfosfat, redukovana forma

NADP-dependentni izocitrat dehydrogendza

nikotinamidnukleotid transhydrogendza

izolelektricky bod

peptidovy fingerprinting, peptide mass fingerprinting, peptidové mapovani
purinnukleosidfosforylaza

5-fosforibozyl-1-pyrofosfat

retinol binding protein 4

ribonukleova kyselina
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SEZNAM ZKRATEK

ROS
RP-HPLC

RP-LC

SDS
SDS-PAGE

SERCA 2
SILAC

TGM2
TMP
TMT
TOF
TRAIL

TTR

reaktivni formy kysliku, reactive oxygen species

vysokotlakd kapalinovd chromatografie s reverzni fizi, reversed-phase high
pressure/performance liquid chromatography

kapalinovd chromatografie sreverzni féazi, reversed-phase liquid
chromatography

dodecylsulfat sodny, sodium dodecyl sulfate

elektroforéza v polyakrylamidovém gelu v pfitomnosti detergentu
dodecylsulfatu sodného, sodium dodecyl sulfate — polyacrylamide gel
electrophoresis

sarco/endoplasmatic reticulum Ca®* ATPase

znaceni pomoci stabilnich izotopi, stable isotope labeling by amino acids in
cell culture

transglutaminédza 2

transmembranové proteiny

znaceni pomoci stabilnich izotopi, tandem mass tagging

hmotnostni analyzator doby letu, time of flight

proapoptoticky cytokin, tumor necrosis factor-related apoptosis-inducing
ligand

transthyretin
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SOUHRN

SOUHRN

Proteomika je soubor analytickych metod umoZnujici kvalitativni a kvantitativni
popis proteomu. Expresni proteomika kvantitativné porovndvéd proteomy bunék, tkéni,
télnich tekutin a dalSich biologickych materidli za rGznych podminek s cilem nalézt
rozdily v expresi proteinil a na zdkladé¢ téchto rozdili popsat biologické procesy probihajici
ve zkoumanych organizmech.

Vychozim materidlem expresnich proteomickych studii jsou sloZité smési
obsahujici tisice proteind, které jsou analyzovdny kombinaci separac¢nich (hlavné
elektroforetickych a chromatografickych) metod a identifikovany, piipadné kvantifikovany
pomoci hmotnostni spektrometrie.

Cilem této dizertacni prace je demonstrovat vyuZiti ndstroju expresni proteomiky
k feSeni n€kolika biomedicinskych problémi. Rizné proteomické ptistupy a ndstroje jsme
vyuzili ke studiu molekuldrnich mechanizmt zdvaznych onemocnéni jak na biologickych
vzorcich pacientl, tak na modelovém organizmu a bunécné kultufe. Konkrétné jsme tesili
tfi projekty, a to hleddni potencidlnich molekularnich cili pro selektivni likvidaci bun¢k
lymfoma z plastové zoény rezistentnich na protinddorovou molekulu TRAIL, studium
molekuldrnich mechanizmt srdecniho selhani s vyuZitim potkaniho modelu objemového
pretiZzeni a hledani diagnosticky vyuzitelnych biomarkerti karcinomu ovaria. Vysledkem
téchto projektii je nalezeni molekuldrni ,,slabiny* bun¢k rezistentnich na protinddorovou
terapii potencidlné vyuZitelné k selektivni eliminaci rezistentnich bunck, dile navrZeni
dvou moZnych terapeutickych zdsahii v 1é€be chronického srde¢niho selhdni a identifikace
potencidlniho biomarkeru karcinomu ovarii.

Ukézali jsme, Ze pfi vhodném uspofddédni experimentu a kritickém vyhodnoceni
ziskanych informaci proteomika poskytuje velmi cenny vhled do fyziologickych
i patologickych molekularnich procesi a mé potencidl v oblasti zdkladniho i aplikovaného

biomedicinského vyzkumu.

klicova slova: expresni proteomika, hmotnostni spektrometrie, dvourozmeérna
elektroforéza, lymfom bunék z plastové zony, TRAIL, rezistence, srdecni selhdni,

karcinom ovaria, biomarker
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ABSTRACT

ABSTRACT

Proteomics is a set of analytical methods which enable qualitative and quantitative
characterization of the proteome. Expression proteomics quantitatively compares
proteomes of cells, tissues, body fluids or other biological materials to find differencies
in protein expression and, based on these differencies, to describe the biological processes
occuring in investigated organisms.

An initial material for expression proteomic studies are complex mixtures
containing thousands of proteins, which are analyzed using separation (electrophoretic
and chromatographic) methods, and identified, possibly quantified wusing mass
spectrometry.

The aim of this Thesis is to demonstrate the application of the tools of expression
proteomics in solving diverse challenges in biomedicine. We employed various proteomic
approaches and tools for studying molecular mechanisms of human diseases using pacient
biological samples, or a model organism and a cell culture. We were conducting three
different research projects, namely: A quest for potencial molecular targets for selective
elimination of TRAIL-resistant mantle cell lymphoma cells; Investigation of molecular
mechanisms of heart failure using a rat model of the disease induced by volume overload;
and Searching for diagnostically usable serum biomarkers of ovarian cancer. Results of our
three projects are discovery of molecular ,,weakness* of resistant cells which has
a potencial as a therapeutic target for the selective elimination of such cells, suggestion
of two highly potential therapeutic targets for treatment of heart failure and identification
of a new potential biomarker of ovarian cancer.

We demonstrated that with a suitable experimental design and pointed evaluation
of gained results proteomics provides significant insight into the physiological and also
pathological molecular processes and carries a huge potencial in the fields of basic

and applied biomedical research.

key words: expression proteomics, mass spectrometry, two-dimensional
electrophoresis, mantle cell lymphoma, TRAIL, drug resistance, heart failure, ovarian

cancer, biomarker



1.1 Genom, proteom a proteomika UvVOD

1 UVOoD

1.1 Genom, proteom a proteomika

Protein je produkt genové exprese. Exprese genu je vysoce regulovany proces,
ktery je tvofen n¢kolika zakladnimi kroky, a to transkripci DNA, pfii které je syntetizovan
primérni transkript RNA; posttranskripénimi modifikacemi (ty zahrnuji syntézu poly(A)
konce a 7-methylguanozinové Cepicky, splicing, alternativni splicing, trans-splicing,
¢i editaci primarniho transkriptu), kdy vznikd mRNA; degradaci mRNA; translaci mRNA,
pii které je syntetizovan aminokyselinovy fetézec proteinu; posttranslacnimi modifikacemi
proteinu (dosud je zndmych 300 raznych typl posttranslacnich modifikaci); transportem
a degradaci proteinu. Termin proteom, poprvé pouzity roku 1994 M. Wilkinsem [1],
vyjadiuje proteinovy komplement genomu, tedy soubor vSech proteini nachdzejicich se
v urcity Cas v organizmu, tkdni, bunice ¢i organele. Kolika proteiny je ale lidsky proteom
tvofen? Lidsky genom obsahuje pfiblizné 21000 genid kodujicich protein [2].
Predpoklddame-li, Ze produkty vzniklé z jednoho genu jsou pouze varianty téhoZ genu
atedy jeden protein, je lidsky proteom tvofen cca 21 000 proteiny. Ze sloZitosti genové
exprese ale vyplyvd, Ze z jednoho protein-kédujiciho genu muze vznikat riznymi
kombinacemi alternativni transkripce, posttranskripcnich modifikaci, alternativni translace,
posttranslaénich modifikaci a cilené degradace nckolik findlnich produkti s odliSnou
strukturou a Casto také funkci. Takovych proteinovych variant — proteoforem — vzniklych
z tém¢et 21 000 gend [3] mohou existovat az miliény (Obrazek 1).

Proteom je diky sloZitosti a variabilité v expresi genu mnohem komplexné&jsi nez
genom ¢1 transkriptom (Obrazek 1). V zavislosti na ¢ase a subcelularni lokalizaci zahrnuje
proteom vSechny proteinové varianty (proteoformy), metabolicky obrat proteintl, interakce
mezi jednotlivymi proteiny i proteinové komplexy. Proteom ma dynamickou povahu —
hladina proteinti se v buiice stdle méni v zavislosti na aktudlnich potfebach organizmu, na
rozdil od genové vybavy buiky, kterd se takto dynamicky neméni. Transkriptomické
analyzy zabyvajici se expresi mRNA k popisu realizace genetické informace nejsou
dostate¢né, protoZe nukleové kyseliny obecné pouze reprezentuji plany dané buiky.
Z hladiny transkriptu nelze spolehlivé odvodit hladinu proteinu, nebot’ mira transkripce

mRNA koreluje s vyslednym mnoZstvim proteinu jen ¢astecné [4]. Biologické procesy



1.1 Genom, proteom a proteomika UvVOD

zkoumanych organizmu je proto nutné studovat na drovni fenotypu a findlnimi tvlrci

fenotypu jsou pravé proteiny.

~ 1000 000
proteini
’
’
’
~100 000 ‘
transkripti . M
’
.
~ 21 000 geni: U
kédujicich protein -
\ W_“‘\’\/—nn
ARA
Genom - - - - - - - » Transkriptom - - - - - - 4 » Proteom
transkripce translace
alternativni transkripce alternativni translace
posttranskripéni modifikace posttranslaéni modifikace

Obrazek 1: Schematické zndzornéni komplexity proteomu v porovndni s genomem a transkriptomem.
Lidsky genom obsahuje pfiblizné 21 000 gent kédujicich protein. Predpoklada se, Ze tyto geny produkuji
primémé 5 az 6 riznych mRNA variant. Kazdd z téchto mRNA je translatovdna do aminokyselinového
fetézce, ktery je ddle modifikovan a vznikd tak primérné 8 az 10 odlisnych proteoforem [5]. Findlnich

produktti genové exprese muZe existovat az 1 milion (21 000 x 6 x 10 = 1 260 000).

Ke komplexit¢ a dynamicnosti proteomu, kromé variability v expresi proteint,
prispiva i fakt, Ze pocty kopii proteinti se v ramci jediné buniky mohou liSit od desitek kopii
az po desitky miliond kopii. R4dové jsou rozdily koncentraci proteinti v tkdnich az 10" [6].
V biologickych tekutinich miiZe byt dynamicky rozsah koncentraci proteint jesté vetsi,

naptiklad v séru je fadovy rozdil az 10" [71.
O popis proteomu/t usiluje proteomika. Proteomika je védni obor, ¢i spiSe soubor

analytickych metod, umoziujici kvalitativni a kvantitativni hodnoceni proteomu, vcetné

studia struktury, funkce, lokalizace a interakce mezi proteiny. Hlavni naplni této dizertacni
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1.1 Genom, proteom a proteomika UvVOD

prace je tzv. expresni proteomika studujici rozdily v expresi ¢i koncentraci proteini mezi
dvéma a vice vzorky. Kvantitativné porovnava proteomy télnich tekutin, tkani a bunéénych
liniich za rliznych podminek s cilem charakterizovat molekularni mechanizmy probihajici
ve studovaném organizmu. Vychozim materidlem expresnich proteomickych studii jsou
slozité smési obsahujici tisice proteinli, které jsou analyzovdny kombinaci separac¢nich
(hlavn¢ elektroforetickych a chromatografickych) metod a identifikovany, piipadné
kvantifikovany, pomoci hmotnostni spektrometrie.

Pravé proteomické pfistupy a ndstroje jsme vyuZzili ke studiu molekuldrnich

mechanizmti zdvaznych onemocnéni jak na biologickych vzorcich pacientli, tak na

v vy

Technické mozZnosti soucasnych analytickych metod a pfedev§im hmotnostnich
spektrometrii nedosahuji takového dynamického rozsahu, aby byly schopné pokryt tak
vysoky rozsah koncentraci proteinti, ktery v biologickych vzorcich existuje. Komplexni
smési proteinl je proto nutné podrobit frakcionaci pomoci vhodné separa¢ni metody, nebo
kombinaci nékolika separaCnich metod s ohledem na typ vzorku a cil experimentu.

Separacni metody jsou popsdny v nésledujici kapitole.



1.2 Separac¢ni metody vyuzZivané v proteomice UvVOD

1.2 Separacni metody vyuZivané v proteomice

NejvyuZzivanéj§imi metodami k déleni komplexnich proteinovych vzorkli jsou
elektroforetické a chromatografické separacni techniky, které spolecné s hmotnostni

spektrometrii tvoii zdkladni néstroje proteomiky.

1.2.1 Elektroforeticka separace

Elektroforéza je jednou ze zdkladnich a nejstarSich separa¢nich metod de€leni
proteind. ZaloZend je na rozdilné pohyblivosti iontll ve stejnosmérném elektrickém poli

a pro proteomiku m4 z4sadni vyznam.

Elektroforéza v polyakrylamidovém gelu v piitomnosti detergentu

Elektroforéza v polyakrylamidovém gelu v pfitomnosti detergentu dodecylsulfatu
sodného (sodium dodecyl sulfate — polyacrylamide gel electrophoresis, SDS-PAGE) je
zaloZena na objevech S. Raymonda [8], ktery prvni pouzil polyakrylamidovy gel jako
médium pro elektroforézu a A. L. Shapiroa s R. Pitt-Riversovou, ktefi odhalili skutec¢nost,
Ze mnozstvi detergentu SDS vdzaného na protein je funkci molekulové hmotnosti proteinu
[9, 10].

SDS-PAGE d¢li proteiny na zdklad¢ jejich odlisné molekulové hmotnosti. SDS je
anionicky detergent, ktery zajiStuje denaturaci proteinii a udé€luje jim zdporny néboj.
Vétsina proteinil vdze SDS ve stejném pomeéru, asi 1,4 g SDS na gram proteinu. Vazbou na
protein SDS stini ndboj proteinu aten v elektrickém poli migruje pouze na zdkladé

negativniho naboje SDS a rychlost migrace proteini je funkci hmotnosti proteinti.

Izoelektricka fokusace

Dalsi elektroforetickou metodou kli€ovou pro proteomiku je izoelektrickd fokusace
(isoelectric focusing, IEF). Pfi IEF protein/peptid vlivem elektrického proudu migruje
v gelu v gradientu pH do okamziku, kdy se dostane do oblasti pH shodného s jeho
izoelektrickym bodem (plI) a tam vlivem vyrovnani dil¢ich kladnych a zdpornych nédbojii
migrovat prestane, je zaostien. MoZnost separace amfoternich molekul v gradientu pH jako

prvni publikoval H. Svensson v roce 1961 [11]. K praktickému vyuZiti oteviel dvefe v roce
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1982 B. Bjellqvist, ktery derivatizoval akrylamid karboxy- a aminoskupinami a tim
umoznil vytvoreni stabilnitho gradientu pH a zvysil tak reprodukovatelnost a rozliSovaci
schopnost IEF (izoelektrickd fokusace v imobilizovaném gradientu pH, immobilized pH

gradient — isoelectric focusing, IPG-IEF) [12].

Ob¢ metody (SDS-PAGE a IPG-IEF) se kombinuji do dvourozmérné separace

(vice v kapitole 1.3 Proteomické strategie, str. 19).

1.2.2 Chromatograficka separace

Kromé elektroforetickych  metod vyuzivd proteomika také metody
chromatografické, pfedev§Sim chromatografii kapalinovou. Chromatografické separacni
metody jsou zaloZeny na rozdilné distribuci analytu mezi mobilni a staciondrni fazi.
U kapalinové chromatografie (liquid chromatography, LC) tvoifi mobilni fazi kapalina.
Ta unasi proteiny/peptidy vrstvou staciondrni faze, se kterou proteiny/peptidy podle svych
fyzikdlné-chemickych vlastnosti (velikosti, ndboje, hydrofobicity) v riizné mite interaguji
ajsou na zaklad€ téchto interakci stacionarni fazi zadrzovany. Dochazi tak k jejich
separaci. Mira interakce analytu se staciondrni fazi je samoziejm¢ zdvisla také na
vlastnostech mobilnf faze.

D¢leni aminokyselin a peptidii kapalinovou chromatografii bylo mozné jiZ po roce
1940 [13]. Postupny vyvoj staciondrnich fazi vedl k vysokému rozliSeni chromatografie,
predevSim zavedenim malych sférickych Castic staciondrni fize s moznosti modifikovat
jejich povrch. Pouziti malych Castic stacionarni faze je vSak nutné spojeno se separaci
za vysokych tlakii, byla tak vyvinuta vysokotlakd kapalinovd chromatografie (high
pressure/performance liquid chromatography, HPLC) [14].

Separa¢ni LC techniky jsou zaloZzeny na rGznych vlastnostech proteint/peptidi.
Separovat lze proteiny napiiklad podle jejich velikosti gelovou filtraci (size-exclusion
chromatography), podle jejich naboje (iontoméniCovd chromatografie), na zaklade
specifickych interakci (afinitni chromatografie), nebo podle hydrofobicity proteind/peptidli
(chromatografie s reverzni fazi, reverse phase-HPLC) [15].

Dnes je kseparaci proteinti a piedevSim peptidit v proteomickych analyzach
nejcastéji pouzivana LC s mikro- a nanolitrovymi pritoky v uspofdddni RP-HPLC, casto

v rezimu s gradientovou eluci, a to diky vysoké rozliSovaci schopnosti a kompatibilité
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s hmotnostni spektrometrii. Staciondrni fazi zde tvofi nepoldrni uhlovodikové fetézce
(o délce C4-Cjg) chemicky vazané na nosi¢. Mobilni fazi tvofi smés vody s organickymi
rozpoustédly, zejména acetonitrilem a methanolem. Rezim gradientové eluce znamena,
Ze je béhem analyzy sniZovana polarita mobilni faze (zvySujicim se podilem organického
rozpoustédla), coZz umoziuje postupnou eluci proteini ¢i peptidi z chromatografické
kolony podle jejich relativni hydrofobicity. Vzhledem k typu mobilni faze je moZné piimo
(on-line) spojit vystup kolony siontovym zdrojem hmotnostniho spektrometru, nebo
eluované peptidy sbirat a provadét hmotnostni analyzu nésledné (off-line) [16].

Separacni techniky na principu LC lze, podobné jako elektroforetické separace,
uspotddat do vicerozmérnych separaci, kdy je v kazdém rozméru vyuZita jind vlastnost
proteint/peptidii. Pro rozdéleni komplexnich peptidovych smési ve dvou rozmérech
je v proteomice nejCastéji kombinovdna chromatografie na iontoméniCich se separaci
sreverzni fazi [17]. RP-LC je téméf vzdy poslednim krokem separace praveé diky

kompatibilit€¢ s hmotnostni spektrometrii.
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1.3 Proteomické strategie

Pro separaci, identifikaci a kvantifikaci proteini/peptidli vyuZzivd expresni
proteomika dvé zdkladni strategie:
1) tzv. ,klasickou* strategii vyuZivajici separace intaktnich proteintli, typickym
piikladem je dvourozmeérnd elektroforéza (2-DE)
2) strategii ,,shotgun* (neboli brokovnice) zaloZzenou na jedno- nebo vicerozmérné
separaci peptidd, které vznikly nastépenim analyzovaného proteinového vzorku

specifickou endoprotedzou

1.3.1 ,,Klasicka‘ strategie (2-DE)

,,Klasické* usporadani proteomické analyzy provadi separaci komplexnich vzorka
na drovni intaktnich proteini. Nejbéznéjsi design ,klasického* uspofadani piedstavuje
dvourozmérnd elektroforéza (two-dimensional electrophoresis, 2-DE) v kombinaci
s hmotnostni spektrometrii (Obréazek 2).

Separace pomoci 2-DE je v obou rozmérech zalozena na odliSnych vlastnostech
proteintt — v prvnim rozméru je smes proteinli separovana izoelektrickou fokusaci na
prouZcich gelu v imobilizovaném gradientu pH (IPG-IEF) podle naboje proteinu, ve
druhém rozméru jsou ,,zaosttené proteiny dale (kolmo na smér pivodni separace) déleny
v polyakrylamidovém gelu v pfitomnosti detergentu SDS (SDS-PAGE) podle jejich
molekulové hmotnosti (Mr).

Vysledkem 2-DE je polyakrylamidovy gel, na kterém je mozné vizualizovat stovky
proteinovych spotl (skvrn). Vizualizace na 2-DE gelu se provadi kolorimetricky barvenim
viditelInymi pigmenty (Coomassie Brilliant Blue, dusi¢nan stiibrny), nebo fluorescencné
(pomoci fluoroforii, napt. Sypro, cyaninové barvy), pfipadné radioaktivné (s vyuZzitim
metabolické inkorporace radioaktivnich izotopt do proteinil). Z proteinového spotu mize
byt protein identifikovdn pomoci hmotnostni spektrometrie.

Poprvé tuspésné zkombinoval IEF s SDS-PAGE P. O’Farrell v roce 1975 [18]. Na
jediném 2-DE gelu rozdélil 1 100 proteinovych spott lyzitu E. coli. Siroce se zagala 2-DE
pouzivat v 90. letech 20. stoleti, kdy byly vyvinuty algoritmy a programy pro analyzu

obrazl proteinovych spotli na 2-DE gelech a predevsim techniky k identifikaci proteinil

19



1.3 Proteomické strategie UvVOD

z minimalntho mnozstvi, které je ze spotu mozné extrahovat, pomoci hmotnostni
spektrometrie. Hmotnostni spektrometrie je rychlejsi a citlivéjsSi nez Edmanovo
sekvenovani, které bylo pro identifikaci proteinii pouZivdno hlavné v obdobi 1950 — 1990
[19] a poskytuje vice informaci. Po obrazové analyze gell je vybrany proteinovy spot
z gelu vyfiznut a proteiny v gelu jsou specifickou endoprotedzou (nejcastéji trypsinem)
Stépeny na peptidy. Ty je moZné z gelu extrahovat organickym cinidlem a protein,
ze kterého peptidy pochazeji, identifikovat pomoci MS (vice v kapitole 1.4 Hmotnostni

spektrometrie, str. 23).

1.3.2 Strategie ,,shotgun‘

Podstatou ,,shotgun® pfistupu je déleni proteinovych vzorkli na drovni peptidd,
které vznikaji St€penim proteinii specifickou endoprotedzou, pred samotnym zacatkem
separace. Peptidy maji lep$i separacni vlastnosti pro LC neZ intaktni proteiny (peptidy jsou
mensi a kratSi — jejich separace neni ztizend interakcemi v ramci jedné molekuly tolik, jako
u proteintl). Nejpouzivanéjsi endoprotedzou je trypsin, ktery specificky S$tépi proteinovy
fetézec za kazdym argininem a lyzinem v aminokyselinové sekvenci proteinu (pokud
nenasleduje prolin). St&penim proteinovych vzorkil trypsinem vznika sloZitd peptidova
smés o prumérné velikosti peptidi 10 az 20 aminokyselin (z jednoho proteinu vznika
pramérné 30 az 40 peptidi). Cely vzorek se tak stdvd komplexnéjSim a je nutné pouZzit
n¢kolikastupniovou separaci az stovek tisic riiznych peptidii. Kombinovat Ize rtzné
separacni metody, nejCastéji dvé LC (iontoméniCovou chromatografii s RP-LC)
(Obrazek 2). Pfi feSeni dvou projektl komentovanych v kapitolach 2.2 a 2.3 jsme pouZili
mén¢ Castou dvourozmérnou separaci smesi peptidii kombinujici IEF peptidi s ndslednou
RP-LC extrahovanych peptida (Obrazek 3).

Poslednim krokem v separaci peptidii je vZdy RP-LC, kdy jsou peptidy déleny
podle jejich hydrofobicity, protoZe peptidy eluované organickym rozpoustédlem mohou
byt 1) pfimo z kolony pfivadény do iontového zdroje hmotnostniho spektrometru (ESI-
MS/MS), nebo 2) roboticky sbirdny na MALDI ter¢ik a nasledné identifikovdny pomoci
MALDI-MS/MS (vice v kapitole 1.4 Hmotnostni spektrometrie, str. 23).
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Obrazek 2: Schéma strategie 2-DE (A) a strategie ,,Shotgun“ (B). (A) komplexni smés proteint
je separovdna pomoci IPG-IEF podle pl, nédsledné jsou proteiny separovany podle jejich Mr pomoci SDS-
PAGE. Po ukonleni elektroforézy jsou gely promyvdny a separované proteiny na gelu barveny.
Po naskenovani gelti a denzitometrické analyze proteinovych spotl jsou vybrané spoty z gelu vyfiznuty,
proteiny v nich $tépeny endoprotedzou (nejcastéji trypsinem) na peptidy a vzniklé peptidy jsou extrahovany
a identifikovany pomoci hmotnostni spektrometrie. (B) komplexni smés proteinti je pied separa¢nimi kroky
Stépena endoprotedzou na peptidy. Pro ndslednou separaci smési peptidti je mozné kombinovat fadu technik,
nejbéznéji jde o dv€ LC, kdy kazd4 je zaloZena na jiném principu, nebo o kombinaci IEF s ndslednou LC.
Separované peptidy jsou ndsledn€ analyzovdny pomoci hmotnostni spektrometrie (metodami PMF nebo

MS/MS viz Hmotnostni spektrometrie, str. 24).
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|
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do iontového zdroje hmotnostniho spektrometru,
nebo sbirany a analyzovany off-line

Identifikace proteint
hmotnostni spektrometrii

Obrazek 3: Schéma proteomické strategie ,,shotgun* vyuzivajici k déleni smési peptidit méné obvyklou

kombinaci IPG-IEF peptidii s naslednym délenim fokusovanych peptidt (extrahovanych z IPG prouzku)
na koloné¢ RP-HPLC. Eluované peptidy mohou byt pfimo vstfikovany do iontového zdroje hmotnostniho
spektrometru a identifikovdny on-line (ESI-MS/MS), nebo jsou spotovdny na MALDI teréik
a analyzovéany off-line (MALDI-MS/MS, viz Hmotnostni spektrometrie, str. 24)

22



1.4 Hmotnostni spektrometrie UvVOD

1.4 Hmotnostni spektrometrie

At uz si zvolime 2-DE, nebo strategii ,,shotgun®, po zjednoduSeni smési
separacnimi technikami ziskdme peptidy (pochézejici z jednoho proteinu v piipadé 2-DE,
nebo ze smési proteind v piipadé ,,shotgun), které identifikujeme hmotnostni
spektrometrii. Hmotnostni spektrometrie (MS) je analytickd metoda méfici piesnou
(molekulovou) hmotnost chemickych latek. Analyzu proteini a peptidi pomoci MS
umoznil vyvoj mékkych ionizacnich technik, jako je ionizace elektrosprejem (electrospray
ionization, ESI) [20, 21] a ionizace laserem v pfitomnosti matrice (matrix-assisted laser
desorption/ionization, MALDI) [22], pii kterych nedochézi k rozpadu ionti makromolekul,
protoZe energie pouzitd na vznik iontl je nizkd. Hmotnostni spektrometr v iontovém zdroji
generuje ze vzorku peptidid ionty v plynné fazi, které jsou rozdéleny v hmotnostnim
analyzétoru podle poméru hmoty iontu a ndboje (m/z, mass-to-charge ratio). Hmotnostni
analyzdtory jsou dal$i duleZitou soucdsti spektrometrti, mezi nejpouzivanéjs$i patii
analyzitor doby letu (time of flight, TOF), kvadrup6lovd iontovd past, iontova
cyklotronova rezonance, hybridni pfistroje kombinujici kvadrup6lové analyzatory s TOF,
nebo orbitrap [23-25]. Po rozdéleni v analyzatoru podle hodnot m/z ionty ndasledné
dopadaji na detektor, ktery jejich signdly zaznamendvd. Vystupem je pak hmotnostni
spektrum, coz je grafické zndzornéni Cetnosti iontl (intenzita) v zavislosti na hodnoté m/z.

Jednotlivé peptidy jsou definovany svou aminokyselinovou sekvenci, kterd zaroven
uréuje hmotnost peptidu a rovnéZz hmotnost jeho fragmenti. Na zdkladé porovnéani
hmotnosti peptidu (nebo jeho fragmentl, hodnoty m/z, viz niZze podkapitola Peptidovy
fingerprinting a Sekvenovani peptidii, str. 24) zméfené spektrometrem s teoretickou
hmotnosti vypocitanou z jeho aminokyselinové sekvence lze peptid identifikovat.
Teoretické hodnoty m/z peptidl a jejich fragmentii jsou odvozovény in silico z genovych
a proteinovych databazi. Pfifazeni odpovidajici sekvence aminokyselin namétené hodnoté
m/z peptidu, nebo jeho fragmentu, je provedeno softwarem (za piedpokladu, Ze je
sekvence puvodniho proteinu, nebo kdédujictho genu, v databdzich piitomna). Pokud je
spektrum identifikovano, tedy pfifazeno ur¢itému peptidu, je ndsledné odvozen i protein,
ktery dany peptid obsahuje. Mira korelace mezi experimentdlnimi a databdzovymi
hodnotami m/z se oznaCuje jako skore a vysledek snejvySSim skore je povaZovan
za spravny. Pokud skore nedosdhne wurcité hodnoty, identifikaci nelze povazovat

za spolehlivou.

N
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Identifikace proteini pomoci MS na =zdkladé porovnidni naméfenych dat
s teoretickymi hmotnostmi peptidll a jejich fragment vypoctenych na zdkladé zndmych

sekvenci kédujicich genli byla demonstrovana poprvé v roce 1993 [26-29].

Existuji dv€ zdkladni metody identifikace proteinu pomoci MS, a to tzv. peptidovy

fingerprinting a sekvenovani peptidu.

1.4.1 Peptidovy fingerprinting

Metoda peptidového fingerprintingu (peptide mass fingerprinting, PMF, peptidové
mapovani) je zaloZzena na porovnani zmétenych presnych hmotnosti (hodnot m/z) peptida
vzniklych z proteinu po Stépeni urcitou endoprotedzou (typicky trypsinem) s teoretickymi
hodnotami m/z peptidli v genovych a proteinovych databazich [30].

Postup identifikace proteini pomoci PMF z 2-DE gelu je ndsledujici: protein
jevgelu Stépen trypsinem na peptidy, vzniklé peptidy jsou =z gelu extrahovany
organickymi rozpoustédly a po dalsi dprave (objemu a pH vzorku) jsou peptidy ionizovany
v hmotnostnim spektrometru (metodou MALDI, ESI). Po ionizaci vzorku prolétaji ionty
peptidi analyzitorem a dopadaji na detektor, ktery méfi jejich pfesnou hodnotu m/z a
vznikd tak MS spektrum. Hodnoty m/z peptidii (piki) z MS spektra jsou vyhleddvacim
algoritmem porovnany s hodnotami m/z vSech teoretickych tryptickych peptida
v databdzich a pokud dojde ke shod¢ s urCitou hodnotou skoére, dojde k identifikaci
proteinu, ze kterého peptidy vznikly.

PMF se vyuziva v piipad¢, kdy vzorek urCeny k identifikaci obsahuje peptidy
pouze n¢kolika proteinti, nejlépe jen jednoho. Proto se PMF pouZziva hlavné v kombinaci
s 2-DE. Pii ,shotgun® experimentech PMF vyuzit nelze, protoze pii této strategii
se vjednom MS spektru nachdzi piky peptidt vzniklych z velkého mnoZstvi proteint

a k identifikaci nedojde.

1.4.2 Sekvenovani peptidu

Sekvenovani peptidii (tandemova MS, MS/MS, fragmentace peptidli) je zalozené

na tzv. proteinové inferenci [31], kdy je fragmentaci peptidii v hmotnostnim spektrometru
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ziskdna CasteCnd nebo uplnd aminokyselinovd sekvence peptidl, ze které je odvozen
puvodni protein. Tuto metodu je nutné pouZit pti ,,shotgun® pfistupu, kdy jsou peptidy
vzniklé Stépenim velkého mnoZstvi proteinii kontinudlné (nezdvisle na tom, z jakého
proteinu vznikly) eluovany z kolony LC a ionizovany pomoci mékké ionizacni techniky.
V jednom MS spektru se tak nachazi piky peptidi pochdzejicich z mnoha riznych proteinii
a z takovych spekter k identifikaci proteinti nedojde. Proto jsou néckteré peptidy z MS
spektra vybrany jako prekurzory pro dalsi, naslednou ionizaci (proto tandemova MS nebo
MS/MS). Kté dochazi v kolizni cele nebo iontovém zdroji spektrometru a vybrané
prekurzorové peptidy jsou dile fragmentovany (srdzkami s molekulami inertniho plynu
nebo zvySenim disociacni energie). Fragmentaci se peptid rozpadé predevS§im v peptidické
vazbé a vznikaji tak rtizné velké fragmenty, které jsou ndsledné déleny podle m/z
v hmotnostnim analyzatoru a dopadaji na detektor. Vznikaji tak MS/MS spektra fragmentt
peptidu a zméfené presné hmoty peptidu a jeho fragmentl jsou vyhleddvacim algoritmem
porovndny s databdzemi, dojde ke stanoveni aminokyselinové sekvence analyzovaného

peptidu a tim i k identifikaci ptivodniho proteinu.

Moderni hmotnostni spektrometry jsou schopné identifikovat v jednom
experimentu az nékolik tisic proteint [6, 32] a dosahuji relativné vysokého dynamického
rozsahu a rozliSeni. Nejvyssich hodnot rozliSeni, coz je schopnost spektrometru odlisit dva
rizné piky v hmotnostnim spektru s témét shodnou hodnotou m/z, dosahuje iontova
cyklotronova rezonance s Fourierovou transformaci (Fourier transform ion cyclotron

resonance, FT-ICR) [33].

[\
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1.5 Kbvantifikace v proteomice

Jak jiz bylo zminéno diive, expresni proteomika hledd rozdily mezi riznymi stavy
proteomu a na jejich zdkladé usiluje o popis molekuldrnich mechanizma. Hledd ty
proteiny, které jsou ve dvou ¢i vice vzorcich bunécnych linii ¢i tkani diferencidlné
exprimované, nebo se mezi dvéma ¢i vice vzorky nachdzeji v rozdilnych koncentracich
(t€lni tekutiny). Takova (semi-) kvantitativni analyza je tedy nutné zavisla na spolehlivém
stanoveni relativntho mnoZstvi individudlnich proteind v porovndvanych vzorcich.
Kvantitativni informaci o proteinu Ize ziskat dvéma zptisoby, a to bud’ denzitometrii spotil
pii 2-DE, nebo kvantifikaci signdli pomoci hmotnostni spektrometrie v piipad¢ ,,shotgun*

experimentu.

1.5.1 Kbvantifikace pii 2-DE uspoiadani

Dvourozmérna elektroforéza umoznuje semikvantitativni porovndni mnoZstvi
proteinti mezi gely. Po separaci proteinll jsou proteinové spoty na gelu vizualizovany, gely
jsou skenovdny a skeny analyzovany pomoci softwaru, ktery vyhodnocuje optickou
denzitu shodnych spotii. Porovndnim (obrazovou analyzou) skenli ziskdme informaci
o relativnim poméru intenzit shodnych proteinovych spotll mezi jednotlivymi gely. AZ po
této semikvantitativni analyze extrahujeme z vybranych spott s odliSnou denzitou peptidy

a identifikujeme je pomoci hmotnostni spektrometrie (pomoci PMF ¢i MS/MS).

1.5.2 Kbvantifikace v ,,shotgun‘‘ experimentech

Zatimco vysledkem 2-DE je gel s vizualizovanymi proteinovymi spoty, které je
mozné analyzovat denzitometricky a kvantifikovat, pfi ,,shotgun® pfistupu je potieba
vyuzit ke kvantifikaci hmotnostni spektrometrii. MS vSak neni sama o sob¢ kvantitativni
metodou. Intenzita signdlu iontu (vyska, plocha piku) ve spektru nevypovida piimo
o mnozstvi peptidu ve vzorku, protoZe je ovlivnénd fadou faktorti — naptiklad schopnosti
peptidu byt ionizovan, mnozstvim ionizovaného peptidu dopadlého na detektor a dal§imi

slozkami vzorku, které ionizaci ovliviiuji. Prostym porovnidnim dvou MS ¢i MS/MS
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spekter, pochdzejicich ze dvou rtiznych vzorkd, spolehlivé kvantifikovat nelze. Lze vSak
porovnavat signal dvou identickych, ale odliSitelnych peptidii v rdmci jednoho spektra.
Toho lze docilit vnesenim stabilnich izotopt do struktury peptidu. Metody kvantifikace
pomoci MS jsou proto zalozeny piedevSim na vyuZiti znaceni stabilnimi izotopy.
V poslednich letech vSak sili 1 snahy o ziskani kvantitativni informace piimo

z hmotnostnich spekter bez znaeni stabilnimi izotopy vyuZitim tzv. label-free metod.

Znaceni proteinu/peptidi stabilnimi izotopy

Kvantifika¢ni metody vyuzivajici stabilnich izotopli jsou zaloZeny na schopnosti
MS rozlisit izotopové slozeni peptidii chemicky identickych latek v jednom hmotnostnim
spektru. Informaci o relativnim mnoZstvi peptidu lze ziskat porovnanim intenzity signalu
dvou identickych peptidii v jediném hmotnostnim spektru. Aby je v§ak bylo mozné od sebe
odlisit, musi se tyto peptidy liSit svou hmotnosti, a to vlivem rtizného zastoupeni stabilnich
izotopti (pfedeviim "“C, N a '0) vjejich molekulich. Vzorky proteinii/peptidi
oznacenych riznymi kombinacemi stabilnich izotopl 1ze smichat a analyzovat jako jediny
vzorek, k jejich odliSeni a relativni kvantifikaci pak dochdzi na urovni MS spektra nebo
MS/MS spektra.

Kvantifikace proteinii vyuzivajici inkorporace stabilnich izotoptli se stala centralni
technologii v modernim proteomickém vyzkumu. Vnést stabilni izotop do
aminokyselinové sekvence proteinu/peptidu muizeme nckolika zplsoby: metabolicky
(metoda SILAC), enzymaticky (znaceni 18O), nebo chemicky (znaceni iTRAQ). Jednotlivé

zpusoby inkorporace stabilnich izotopti jsou vysvétleny v nasledujicich odstavcich.

SILAC

Metoda SILAC (stable isotope labeling by amino acids in cell culture) [34]
je zaloZena na metabolickém znaceni proteinii v bunécné kultuie pomoci inkorporace
esencidlnich aminokyselin nesoucich stabilni izotopy uhliku a/nebo dusiku (°C, °N). P
porovndni dvou bunéfnych linii je jedna péstovdna v pfitomnosti béZnych ,lehkych*
aminokyselin a druhd linie v médiu, kde je jedna (nebo vice) esencidlnich aminokyselin
(typicky arginin a/nebo lyzin) nahrazena ,,t¢Zkymi‘“ aminokyselinami (argininem a/nebo
lyzinem obsahujicim stabilni izotopy "*C a/nebo '°N). Po n&kolika bun&nych délenich,

béhem kterych jsou aminokyseliny inkorporovdny do nové syntetizovanych proteind,
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obsahuji proteiny prvni bunécné linie ,,lehké* aminokyseliny zatimco buiiky druhé linie
nesou v proteinech ,,tézké*“ aminokyseliny. Buniky obou linii jsou sklizeny a smichany
vpoméru 1:1. V hmotnostnim spektru jsou pak chemicky identické peptidy dvou
bunécnych linii rozliSitelné diky hmotnostnimu rozdilu vnesenému stabilnim izotopem —
rozdil mezi ,,Jlehkym* a ,,téZkym* peptidem je fddové v jednotkdch Daltonil v zavislosti na
pouzitych izotopech. Kvantifikace proteinli je provedena na drovni PMF nalezenim
odpovidajictho paru ,lehky*“-, tézky*“ peptid a porovnanim intenzity jejich signdlu.
Identifikace proteinu je provedena sekvenovanim peptida (MS/MS).

SILAC je Siroce vyuZivand metoda pro vysokou ucinnost znaceni, vysokou
pfesnost a moznost znacené vzorky kombinovat (smichat) pfed dalSim zpracovanim, takze
kvantifikace neni ovlivnéna rozdilnou piipravou vzorkli. U bun€k znacenych stabilnimi
izotopy metodou SILAC nebyly pozorovany zadné patologické zmény v porovnani
s bunéénou kulturou rostouci v prostiedi neznacenych aminokyselin [34]. Kromé
bunécnych linif jiZ existuji 1 slozit€jSi modelové organizmy znacené touto metodou, napf.
nckterd prokaryota (E. coli), rostliny (A. thaliana), houby (S. cerevisiae), bezobratli

(C. elegans), ryba (pstruh duhovy), ptak (kur bankivsky) a savci (mys, potkan) [35].

Enzymatické znaceni

Dal3i kvantifikadni metodou je enzymatické znadeni stabilnim izotopem '*O. Tato
metoda vyuziva trypsinové Stépeni proteinli ve vodném prostfedi, a to Stépeni jednoho
vzorku proteinti v bézné H,O a druhého vzorku proteinli v izotopicky znacené H,"*0.
Trypsin $tépi peptidicky fet€zec za argininem a lyzinem vnesenim -OH do aminokyseliny
na C-konci peptidu a -H do aminokyseliny na jeho N-konci. Do peptidi vznikajicich
$tépenim jednoho vzorku proteint je tak inkorporovan '°OH a do peptidi vznikajicich
$tdpenim druhého vzorku proteint zase '*OH [36]. Vzniklé ,lehké a t&7ké peptidy* jsou
poté smichdny v poméru 1:1 a po frakcionaci analyzovidny pomoci MS. V jednom spektru
je pak mozné podle intenzit pik peptidu 'OH a 'OH ur¢it relativni mnoZstvi peptida
v ptivodnich vzorcich — kvantifikace proteinu probihd na drovni MS spektra a identifikace
na drovni MS/MS spektra.

Touto metodou je mozné kvantifikovat smési proteint maximdlné¢ ve dvou

vzorcich.
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iTRAQ

Tteti kvantifika¢ni metodou vyuZivajici stabilni izotopy je metoda iTRAQ (isobaric
tags for relative and absolute quantitation) zalozend na chemickém znaceni tryptickych
peptida syntetickymi izobarickymi znackami [37]. iTRAQ znacky se skladaji vzdy ze tii
casti (Obrazek 4). Prvni Cast znaCky tvoii reaktivni skupina, kterd se kovalentné vdaze
na aminy peptidii vzniklych $tépenim proteinti trypsinem, a to na jejich N-konec nebo na
e-aminoskupinu lyzinu. Druhou ¢ast tvoii reportérova skupina, kterd ma v kazdé iTRAQ
znacce jinou hmotnost, a kterd je pfi fragmentaci peptidu odstépena a ionizovana a objevi
se v MS/MS spektru. Treti ¢ast tvoii neutrdlni balancni skupina, kterd ma také v kazdé
iTRAQ znacce jinou hmotnost a tim zajisSt'uje, aby vSechny znacky mély stejnou vyslednou
hmotnost (byly tedy izobarické). Znacky po vazbé na peptidy zachovavaji jejich
chemickou identitu, protoze se liSi pouze izotopovym slozenim. Nelisi se ani hmotnost
stejnych peptidi oznacenych rtiznymi iTRAQ znackami. iTRAQ znacky jsou dostupné
v n¢kolika kombinacich (reportérova cast o hmotnosti 114-117 pro analyzu ¢tyi vzorkd,
nebo o hmotnosti 113-121 pro analyzu az osmi vzorkit).

Ke kazdému vzorku je pfiddna jind znacka, poté jsou oznacené peptidy smichany
v poméru 1:1, vysledna smés separovana a analyzovana pomoci hmotnostni spektrometrie.
Signdly identickych (izobarickych) peptidli jsou v MS spektru nerozliSitelné, jejich piky
se prekryvaji. Stejn¢ tak se prekryvaji signdly fragmenti identickych peptidi v MS/MS
spektru. Na drovni MS/MS spekter je provedena identifikace peptidi a také kvantifikace,
protoZe pii fragmentaci jsou rozst€peny 1 iTRAQ znacky a reportérové ionty se v MS/MS
spektru objevi v oblasti m/z 114-117 (resp. 113-121). Intenzita signalt reportérovych iontl
v MS/MS spektru vypovida o relativnim mnoZstvi peptidu v jednotlivych vzorcich —
v jednom MS/MS spektru je kvantitativni informace o mnozstvi peptidu ve vSech Ctyfech
(resp. aZ osmi) vzorcich.

Metoda iTRAQ je vhodnd ke kvantifikaci tam, kde nelze pouZit metodu SILAC,
tedy ke kvantifikaci proteint v jiz odebranych tkdnich, télnich tekutindch apod. Pomoci
iTRAQ znacek miliZeme najednou analyzovat az osm ruznych vzorki v jednom
experimentu. Existuji i konkuren¢ni znacky na podobném principu, napiiklad TMT

(tandem mass tagging) [38] a IPTL (isobaric peptide termini labeling) [39].
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Izobaricka iTRAQ znacka
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Obrazek 4: Schéma znacek iTRAQ a jejich pouziti (pfevzato z Applied Biosystems). Ke kazdému ze Ctyf
vzorkl je pfidana jind iTRAQ znacka (114, 115, 116 nebo 117). Reaktivni skupinou se znacky kovalentné
vaZzi na peptidy ve vzorku, v jednom vzorku tak vSechny peptidy nesou jednu znacku. Poté jsou oznacené
peptidy smichdny v poméru 1:1:1:1, vysledny MIX je separovdn a analyzovdn pomoci hmotnostni
spektrometrie. Signdly identickych (izobarickych) peptidi ze vSech ¢tyf vzorkli jsou v MS spektru
nerozlisitelné, jejich piky se pfekryvaji. Stejn¢ tak se piekryvaji signdly fragmentd identickych peptidii
v MS/MS spektru. Ty jsou pouZity k identifikaci peptidu a tim proteinu. Na trovni MS/MS spekter je také
provedena kvantifikace, protoze fragmentaci peptidu dojde i k odstépeni reportérovych iontli iTRAQ znacek
z peptidu. Reportérové ionty se objevi v MS/MS spektru v oblasti m/z 114-117 a intenzita jejich signal
vypovida o relativnim mnoZstvi peptidu v jednotlivych vzorcich — v jednom MS/MS spektru je relativni

kvantitativni informace o mnoZstvi peptidu ve vSech ¢tyfech vzorcich.
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Shrnuti metod kvantifikace pomoci stabilnich izotopt

Izotopicky se daji znalit proteiny v bunécné kultufe i vysSich organizmech
(metabolicky), nebo v proteinovych/peptidovych vzorcich (enzymaticky a chemicky). Jsou
to metody pfesné a citlivé, ale vyZaduji pomérné nékladné izotopické znacky, specidlni
chemikdlie, specifické programy na vyhodnoceni a ndro¢nou analyzu dat. Manipulaci
se vzorky pii zna¢eni miZzeme do experimentu vnést chyby a snizit tak reprodukovatelnost
metod. Na druhou stranu vyhodou téchto kvantifikaénich metod je paralelni zpracovani
vzorkli — po oznaceni stabilnimi izotopy probihd jejich analyza spolecné€, coZ naopak
reprodukovatelnost metod zvysuje.

Vzhledem k finanéni ndaro¢nosti izotopického znaCeni ale existuji snahy
o odvozovani kvantitativni informace pfimo z hmotnostniho spektra, tzv. label-free [40].
O téchto metodich se zmifluji pouze okrajov€, protoZe nebyly v dizertani praci vyuZity

a navic jsou dosud spiSe ve stddiu vyvoje a ovérovani.

Label-free kvantifikace pomoci MS

Relativni kvantifikace proteini pomoci intenzity chromatografickych piki

Tato metoda kvantifikace proteinti/peptidil je zaloZena na porovnavani plochy piki
peptidu pfi on-line spojeni s ESI-MS/MS s mnoZstvim proteinu/peptidu ve vzorku. Plochy
pikt identifikovanych peptidi rostou v zdvislosti na mnoZstvi peptidi ve vzorku a tak

i s mnozstvim proteinu v pivodnim vzorku, dokonce i ve sloZité smési riznych proteint.

Label-free kvantifikace pomoci pocitani MS/MS spekter

Tato metoda (spectral counting) je zaloZena na porovndvani poctu MS/MS spekter
peptidl pochéazejicich z jednoho proteinu mezi dvéma ¢i vice vzorky. Peptidy pochdzejici
z jednoho proteinu poskytuji MS/MS spektra, jejichz mnozstvi je Umérné mnoZstvi
proteinu ve vzorku. Je-li proteinu v jednom vzorku vice, zvysi se pocet detekovanych
peptidl a tim pocet MS/MS spekter.

Label-free metody jsou alternativou k metoddm vyuZivajicim znaceni stabilnimi
izotopy a nabyvaji na vyznamu, protoZe nevyzaduji drahé chemikdlie na znaceni a kroky
navic jako metody vyuzivajici stabilni izotopy. Jsou ovSem narocné na statistické

zpracovani dat a vyZaduji dodrZeni naprosto reprodukovatelné LC separace [40].
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Expresni proteomika usiluje o kvantitativni porovnani proteomu za dvou (¢i vice)
riznych stavii s cilem popsat fyziologické i patologické procesy na molekuldrni drovni.
Proteomické ndstroje se hodi zejména tam, kde chybi pocateCni (a priori) hypotéza.
Proteomika porovnava napiiklad razné stavy téze tkdn¢, nddorové bunky se zdravymi
buiikami ¢i bunky rezistentni na urcité 1é¢ivo s bunkami senzitivnhimi atd. Vychozim
materidlem proteomickych studif jsou sloZité smési (t€lni tekutiny, homogenaty bunéénych
linii a tkdni) obsahujici tisice proteinti. Proteomika kombinuje citlivé separac¢ni (hlavné
elektroforetické a chromatografické metody) a kvantifikacni metody spojené s hmotnostni
spektrometrii a bioinformatikou.

Tato dizertaéni prace si klade za cil demonstrovat vyuziti ruznych
proteomickych nastroji a dvou zakladnich proteomickych strategii (2-DE
a ,,shotgun*) k FeSeni nékolika biomedicinskych problémii. Expresni proteomika zde
byla vyuzita ke studiu molekularnich mechanizmu zavaznych onemocnéni, a to jak
na biologickych vzorcich pacientli, tak na bunéénych kulturich a modelovém

organizmu.

Dil¢éi cile prace:

1. Identifikovat potencialni molekularni cile pro selektivni likvidaci bunék

lymfomu z plast'ové zony rezistentnich na protinadorovou molekulu TRAIL
2. Popsat molekularni mechanizmy srde¢niho selhdani s vyuzitim potkaniho
modelu objemového pretizeni (a nalézt nové potencialni terapeutické

moznosti)

3. Nalézt diagnosticky vyuzitelné biomarkery karcinomu ovaria

Na nasledujicich strankéch jsou jednotlivé dil¢i cile podrobné komentovany.

W
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2.1 TRAIL DIiLCi CILE

2.1 Identifikace potencidlnich molekularnich cila pro selektivni likvidaci
bunék lymfomii z plast'ové zony rezistentnich na protinadorovou

molekulu TRAIL

Proteomicka analyza TRAIL-rezistentnich bunék lymfomu z plast’ové zény

pomoci 2-DE

2.1.1 Lymfom bunék z plast'ové zony

Lymfom bunc¢k z plastové zony (mantle cell lymphoma, MCL) patii mezi
nehodgkinské lymfomy. MCL vznikd maligni transformaci riznych diferenciacnich stadii
B lymfocytl, a to z perifernich B lymfocytti naivnich, ale i z téch, které se jiz setkaly
s antigenem. Jde o velmi agresivni, 1 kdyZ vzicny typ lymfomu s incidenci v Evropé
primérné 0,45/100 000 [41, 42]. MCL buiiky nesou translokaci mezi chromozomy 11 a 14,
t(11;14)(q13;932), kde jsou umistény geny kédujici t€Zky imunoglobulinovy fetézec
acyklin DI1. Translokace zpusobuje nadmérnou expresi cyklinu DI, coZ vede
k nekontrolované proliferaci téchto bunék [43, 44].

Standardni 1écba nové diagnostikovanych pacienti kombinuje rtzné reZimy
zaloZené na rituximabu (imunochemoterapeutikum, monoklondlni protildtka proti CD20
antigenu), cyklofosfamidu (alkyla¢ni ¢inidlo), vinkristinu (inhibitor mit6zy) a cytarabinu
(analog pyrimidinovych nukleosidil). Odezva pacienti na prvni fazi 1écby je ale
kratkodob4, u vétsiny pacientll dojde do 1,5 az 3 let k opétovnému propuknuti nemoci. Pro
takové pacienty neexistuje standardni doporucena terapie [45], ve vétSiné piipadl zahrnuje
dalsi faze 1écby rtizné reZzimy zaloZzené na kombinaci vysokych davek fludarabinu (analog
purinovych nukleosidll), gemcitabinu (analog pyrimidinovych nukleosidl), lenalidomidu
(imunomodulaéni 1dtka), bendamustinu (alkyla¢ni cinidlo), bortezomibu (inhibitor
proteazomu) nebo temsirolimu (inhibitor mTOR). I pfes veskeré pokroky v terapii pacientl
— béhem dvaceti let se jejich prezivani prodlouZzilo na 5 az 7 let od pocatecni diagnézy [42]
— zUstdvd MCL nevylécitelnym onemocnénim, a proto je nutné hledat nové 1éky
a terapeutické moZznosti pro 1écbu pacientl a zlepSeni kvality jejich Zivota.

Jednou z novych experimentdlnich molekul se silnym protinidorovym ucinkem

a terapeutickym potencidlem k 1écb¢ nddorovych onemocnéni vcéetné MCL je
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proapoptoticky cytokin TRAIL (tumor necrosis factor-related apoptosis-inducing ligand).
TRAIL patii mezi transmembranové glykoproteiny [46, 47] schopné indukovat apoptézu
pres vn&jsi aktivaéni drdhu. Na svém povrchu ho exprimuji builky imunitniho systému
(NK bunky, cytotoxické T-bunky, makrofdgy a dendritické bunky) [48, 49], ale jeho
pfesnd molekularni uloha ve fyziologii neni dosud jasnd. TRAIL pravdépodobné tvori
soucdst imunitniho systému schopnou rozeznat pfitomnost transformované, abnormadlni
buniky v téle a zareagovat na ni [50].

Lidsky TRAIL je schopen vazby na Ctyii rtizné receptory béZné exprimované na
povrchu bunéénych membrén, a to receptory DcR1, DcR2, DR4 a DRS [51]. Pokud dojde
k interakci mezi TRAILovym extracelularnim tsekem na jeho C-konci stzv. ,,death
doménou* receptoru DR4 ¢i DRS, dojde v cilové buiice ke strukturnim zméndm vedoucim

k homotrimerizaci receptoru a formaci komplexu DISC (death-inducing signaling

.....

Vev s

k apoptéze cilové buiky [52]. VngjSi drahu aktivace apoptézy indukuje TRAIL pouze
vazbou na receptory DR4 a DRS5. Receptory DcR1 a DcR2 jsou tzv. ,,decoy* receptory
a postradaji funk¢ni ,,death doménu®. TRAIL se na né¢ muze i tak vazat, ¢imz ,,decoy*
receptory inhibuji apoptézu kompetici o TRAIL s ,,death* receptory DR4 a DRS. ,,Decoy*
receptory také mohou interagovat s ,,death* receptory a tim je inaktivovat [53-55].
Rekombinantni solubilni forma TRAILu ma cytostaticky nebo cytotoxicky efekt na
fadu nddorovych bunécnych linii, véetn¢ leukemickych a lymfomovych bunék in vitro,
ale netransformované buniky jsou na TRAIL rezistentni [46, 47]. Pfi experimentech
s lidskymi nddory transplantovanymi imunodeficientnim mySim dochdzi po terapii
TRAILem k zastaveni rastu nadord, ¢i jejich zmensSeni [56]. Z vySe uvedenych divodi byl
TRAIL a protilatky cilené na jeho receptory zatfazeny do néckolika klinickych studii
(www.clinicaltrials.gov) a je povaZzovan za latku se znaCnym terapeutickym potencidlem.
Obecnym problémem 1écby ndadorovych onemocnéni je vyvoj rezistence
nadorovych bunck na terapii. Rezistence je Casto zodpovédna za selhani 1€¢by, za progresi
onemocnéni a/nebo za relaps nemoci, a protoze TRAIL neni vyjimkou [57], miZe byt
i jeho terapeuticky potencidl vyvojem rezistence omezen. Cilem této proteomické studie
bylo identifikovat zmény v expresi proteinti spojené s rezistenci lymfomovych bunék na
protinddorovou molekulu TRAIL a mezi identifikovanymi proteiny vybrat takové
molekuly, které by mohly tvofit ,,slabiny* rezistentnich bunék vhodné jako terapeutickd
zésahova mista. Dédle bylo cilem na zdkladé téchto ,,slabin“ navrhnout vhodné zpiisoby

selektivni eliminace rezistentnich bunék.
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2.1.2 Odvozeni rezistentniho subklonu

Bunécné linie odvozené od MCL (HBL-2, JEKO-1, REC-1, MINO, GRANTA-
519) jsou senzitivni na indukci apoptézy TRAILem, nicméné pii dlouhodobé expozici
subletdlnim ddvkdam mohou bunky vyvinout rezistenci na TRAIL a/nebo dojde
k vyselektovani rezistentni bunécné subpopulace. Proteomickou studii jsme se rozhodli
provést na bunécné linii HBL-2, coz je zavedeny laboratorni model MCL onemocnéni.
Z bunécné linie HBL-2, kterd je senzitivni na TRAIL (ICsy 1 ng/ml po 48 hodinich), jsme
odvodili rezistentni subklon (HBL-2/R) tak, Ze jsme buiniky vystavili zvySujicim se
koncentracim TRAILu v médiu, ve kterém bunky rostly. Po péti tydnech jsme ziskali
buniky rezistentni na TRAIL (proliferovaly v 1 000 ng/ml TRAILu v médiu) (Obrazek 5).
Po ziskani rezistentniho subklonu jsme provedli expresni proteomickou analyzu
porovnavajici plivodni senzitivni bunéfnou linii HBL-2 s rezistentnim subklonem

HBL-2/R pomoci 2-DE.
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Obrazek 5: Relativni cytotoxicita TRAILu. Pfezivani bunék HBL-2 a HBL-2/R po 78 hodinich
v pfitomnosti TRAILu analyzované WTS-kolorimetrickou eseji. Subklon HBL-2/R rezistentni na TRAIL
jsme odvodili od bunék HBL-2 senzitivnich na TRAIL. Absorbance HBL-2 bunék rostoucich v médiu bez
TRAILu byla stanovena jako 1.
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2.1.3 Proteomicka analyza bunéénych linii metodou 2-DE

Intaktni proteiny v celobunécnych lyzatech (6 replikith HBL-2 a 6 replikati
HBL-2/R) byly nejdiive zaostteny pomoci IPG-IEF a poté v druhém rozmeéru separovany
na polyakrylamidovém gelu SDS-PAGE (Obrazek 6). Po analyze proteinovych skvrn
vizualizovanych pomoci koloidni Coomassie G-250 byly proteiny, jejichZ exprese byla
mezi senzitivnimi a rezistentnimi bunikami signifikantné zménéna, Stépeny v gelu
trypsinem a vzniklé peptidy byly extrahovany a identifikoviny pomoci hmotnostni

spektrometrie (MALDI-MS/MS).

Jednou ze zndmych pficin rezistence naddorovych bunéénych linii na TRAIL je
zmeéna v expresi receptorit TRAILu na povrchu téchto bunék. Proto jsme provedli analyzu
exprese receptortt DR4, DRS, DcR1 i DcR2 priitokovou cytometrii. Na bunééném povrchu
HBL-2/R byla exprese vSech Ctyi receptorii vyrazné sniZend oproti expresi receptori na

povrchu bunék HBL-2 (Obrazek 7).
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HBL-2 HBL-2/R
homogenizace sklizenych bunék homogenizace sklizenych bunék
centrifugace centrifugace
smés proteinl smés proteinl
separace proteinti podle pl separace proteinti podle pl
pomoci IPG-IEF pomoci IPG-IEF
Sest technickych replikatu Sest technickych replikatd

separace proteinti podle Mr
pomoci SDS-PAGE

Mr (kDa)

Mr (kDa)

NS

vizualizace a semikvantitativni denzitometricka
analyza proteinovych spott

vyfiznuti vybranych proteinovych spotti z gelu,
Stépeni proteint endoproteazou
a extrakce peptidu

Identifikace proteint

hmotnostni spektrometrii

Obrazek 6: Postup experimentu. Intaktni proteiny v celobun&énych lyzatech byly separovany IPG-IEF
a SDS-PAGE, vzdy v Sesti replikatech pro HBL-2 a HBL-2/R bunky. Po vizualizaci proteinovych spott byly

gely naskenovéany a analyzovany denzitometricky. Vybrané proteiny byly identifikovany MS.
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Obrazek 7: Analyza exprese receptori TRAILu na povrchu bunék HBL-2 a HBL-2/R prutokovou
cytometrii. Buitkky byly znaceny protildtkami (konjugovanymi fykoerytrinem) proti povrchovym receptorim
TRAILu DR4, DRS, DcR1 a DcR2. Exprese vSech ctyf receptorti byla u HBL-2/R bun¢k oproti HBL-2

bunikdm vyrazné sniZend. Jako blank byly pouZity butiky bez znaceni a izotypové kontroly.

Proteomickou analyzou jsme detekovali 820 proteinovych spotl vizualizovanych
Coomassie G-250. Z toho bylo 21 spotli vyznamné kvantitativné zménénych v HBL-2/R
bunikédch oproti HBL-2 (Obrazek 8). Tyto spoty byly vyfiznuty, proteiny Stépeny trypsinem
a vzniklé peptidy extrahovany a identifikovdny pomoci MALDI-MS/MS (Tabulka I).

Vyuzitim databize KEGG (Kyoto encyclopedia of genes and genomes) jsme
identifikované proteiny rozd¢lili do funkcnich skupin. Nejvyznamnéji byla mezi proteiny
zastoupena skupina enzymu metabolizmu purinii, a to tfemi proteiny, jejichZ exprese byla
v HBL-2/R  bunkdch vyznamné€ snizend oproti expresi v HBL-2 bunkach.
Slo o purinnukleosidfosforylaizu (PNP, 1,6x sniZzend exprese u HBL-2/R),
adeninfosforibosyltransferazu (APRT, 2,2X snizena) a inozin-5'-
monofosfatdehydrogenazu 2 (IMPDH2, 1,6x sniZzend). Pro ovéfeni vysledka z 2-DE byla
provedena analyza metodou western blot pomoci specifickych protildtek proti PNP a APRT

s HBL-2 i HBL-2/R celobunéénymi lyzaty (Obréazek 9).
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Obrazek 8: 2-DE bun¢k HBL-2 a HBL-2/R (IPG stripy 24 cm, pH 4-7, 10% SDS-PAGE). Po vizualizaci
pomoci Coomassie G-250 byly spoty analyzovéany denzitometricky. Sipkou jsou oznateny spoty, které
se mezi HBL-2 a HBL-2/R gely lisily optickou denzitou (spoty 1-11 maji sniZenou denzitu na HBL-2/R gelu,
spoty 12-21 zvySenou denzitu na gelech HBL-2/R). Ve vybranych spotech 1-21 byly identifikovany proteiny
pomoci MS (Tabulka I).
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Tabulka I: Seznam proteint diferencidlné exprimonavych v bunkidch HBL-2/R (zména min 1,5x

se statistickou vyznamnosti p<0,05).

cislo anotace ’ zmena
NAZEV PROTEINU vV expresi
spotu (Swiss-Prot) .
proteinu
Proteiny se zvysenou expresi v HBL-2/R
1 P04792 Heat shock protein beta-1 3,9
2 P42704 Leucine-rich PPR motif-containing protein, mitoch. 2,6
3 075351 Vacuolar protein sorting-associated protein 4B 2,6
4 P23381 Tryptophanyl-tRNA synthetase, cytoplasmic 2,4
5 P20591 Interferon-induced GTP-binding protein Mx1 2,2
6 P09211 Glutathione S-transferase P 1,9
7 P06396 Gelsolin 1,9
8 P13010 X-ray repair cross-complementing protein 5 1,7
9 Q9HAV7 GrpE protein homolog 1, mitochondrial 1,6
10 043776 Asparaginyl-tRNA synthetase, cytoplasmic 1,5
11 Q15084 Protein disulfide-isomerase A6 1,5
Proteiny se snizenou expresi v HBL-2/R
12 P08559 Pyruvate dehydrog. E1 component subunit alpha 3,2
13 P19338 Nucleolin 24
14 P07741 Adenine phosphoribosyltransferase (APRT) 2,2
15 075792 Ribonuclease H2 subunit A 1,7
16 Q07955 Serine/arginine-rich splicing factor 1 1,7
17 P00491 Purine nucleoside phosphorylase (PNP) 1,6
18 P12268 Inosine-5'-monophosphate dehydrogenase 2 (IMPDH2) 1,6
19 P40121 Macrophage-capping protein 1,6
20 P13674 Prolyl 4-hydroxylase subunit alpha-1 1,5
21 Q15019 Septin-2 1,5
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Obrazek 9: Relativni exprese PNP a APRT analyzovand v buné¢nych lyzatech HBL-2 a HBL-2/R metodou
western blot. (A) Triplikdty bunéénych lyzatd byly déleny na minigelech 12% SDS-PAGE. Poté byly
proteiny pfeneseny na membrdnu PVDF, blokovdny a vyvoldny s protildtkami proti PNP a APRT. GAPDH
bylo vyuzito jako kontrola proteinové nandsky. (B) Statistické vyhodnoceni western bloti PNP a APRT,
optickd dentiza PNP a APRT v HBL-2 lyzétech byla stanovena jako 100.

2.1.4 Diskuze k diléimu cilu

Expresni proteomickou analyzou lze popsat rozdily ve fenotypu bunck zplsobené
adaptaci piivodné senzitivnich bunék na chemoterapii a identifikovat tak molekularni
mechanizmy bezprostiedné s rezistenci spojené, ale i sekunddrni zmény ve fyziologii
rezistentnich bunék. Proteomickd analyza tak muze pfindSet cenné informace
o molekuldrnich odliSnostech mezi senzitivni a rezistentni buiikou a tedy i o potencidlnich

mistech, na kterd lze cilit terapii.

Snizend exprese TRAILovych ,death® receptori DR4 a DRS5 byla jiz diive
popisovéna jako moznd pficina rezistence bunék na TRAILem indukovanou apoptézu [58].
V nasem piipad¢ mély bunnky HBL-2/R oproti HBL-2 vyrazné sniZenou expresi vSech Ctyf
povrchovych receptori. TRAILu. SniZend exprese DR4 a DRS5 vysvétluje rezistenci
HBL-2/R na TRAIL. SniZena exprese ,,decoy receptort DcR1 a DcR2 pravdépodobné
indikuje dalsi, komplexnéjsi fenotypové zmény v HBL-2/R bunkach.
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Diferencidlné exprimované proteiny identifikované proteomickou analyzou byly
pomoci databaze KEGG rozdéleny do nckolika funkénich skupin. Mezi proteiny byly
molekuly zapojené naptf. do regulace cytoskeletu, syntézy a maturace ribozom,
metabolizmu RNA, translokace chromozomu, replikace a opravy DNA a sklddéani proteinu.
Nejvyznamnéji vSak byla zastoupena skupina enzymi metabolizmu purind, a to PNP,
APRT a IMPDH2. SniZena exprese téchto tii klicovych enzymi purinového metabolizmu
ma pravdépodobné silny dopad na nukleotidovou homeostizu v TRAIL-rezistentnich
lymfomovych buiikdch. Purinové nukleotidy jsou stavebni kameny syntézy DNA, RNA
a enzymovych kofaktorti. Ziskdvany jsou dvéma odliSnymi metabolickymi drahami, a to
de novo syntézou z nizkomolekularnich prekurzorti a/nebo recyklaci volnych nukleovych
bazi tzv. salvage drdhou (Obrazek 10). De novo syntéza i salvage draha jsou schopné
dodavat nukleotidy (nukleosid-5'-fosfaty) pro bunécnou potrebu nezavisle, ale mira vyuZziti
téchto metabolickych drah bunkou je tkdnové specifickd a muze se liSit i v zdvislosti na
fyziologickych podminkédch. U leukemickych a lymfomovych bunék je za hlavni zdroj
purinovych nukleotidi povazovdna salvage drdha [59, 60].

De novo syntéza purinovych nukleotidi vyzaduje S5-fosforibozyl-1-pyrofosfat
(PRPP), ATP, glutamin, glycin, CO,, foldt a aspartét. Z téchto nizkomolekularnich latek
vznikd prvni nukleotid inozin-5'-monofosfat (IMP). IMP je dale konvertovan na guanozin-
5'-monofosfit (GMP) enzymem IMPDH2 nebo (jinym enzymem) na adenozin-5'-
monofosfit (AMP) (Obrazek 10). Katabolizmem purinovych nukleotidi dochézi
k uvolnéni purinovych bazi pomoci enzymu PNP. V salvage draze jsou tyto volné
purinové baze konvertovany zpét na nukleosid-5'-monofosfit v reakci aktivované cukrem
PRPP a katalyzované enzymem APRT (Obrazek 10). Ribonukleotidy jsou konvertovany

ribonukleotidreduktdzou na odpovidajici deoxyribonukleotidy.
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Obrazek 10: ZjednoduSené schéma purinového metabolizmu, ukazujici roli IMPDH2, APRT a PNP
v syntéze purinovych nukleotidi (pfevzato z [61]). Pfi de novo syntéze purinovych nukleotidd vznika
v n€kolika krocich z PRPP (5-fosforibozyl-1-pyrofosfatem) prvni nukleotid IMP. IMP je pomoci enzymu
IMPDH2 konvertovin na GMP. Enzym PNP katalyzuje reverzni Stépeni purinovych nukleosidt, ¢imz
se uvoliiuji purinové nukleové baze (adenin, hypoxanthin, xanthin a guanin). V salvage drdze jsou volné
nukleové bédze konvertovdny zpét na nukleosid-5'-monofosfity enzymem APRT. V de novo syntéze
purinovych nukleotidll i salvage draze hraji enzymy APRT, PNP a IMPDH?2 duleZitou roli a jejich nizka

exprese v buitkkdch HBL-2/R pravdépodobné piedstavuje ,,slabinu* vyuZitelnou pro eliminaci téchto bunék.

Rovnovédha enzymové aktivity a koncentrace produktli a intermediétii jsou zasadn{
pro vSechny metabolické drahy a tedy i pro purinovou homeostdzu. Naruseni purinového
metabolizmu  obecné vede ke hromadéni ¢i  nedostatku  ribonukleotidil
a deoxyribonukleotidd, nebo metabolickych intermediétii, coZ miZe byt pro bunku toxické.
Je znamo, Ze inhibice enzymu PNP vede ke kumulaci jeho substratu, 2'-deoxyguanozinu,
ktery je dale fosforylovin na deoxyguanozintrifosfit (dGTP). Vysoka intraceluldrni
koncentrace dGTP inhibuje bunécnou proliferaci a indukuje apoptézu [62]. Pokud je
inhibovan enzym APRT, dojde k oxidaci nahromadéného adeninu na nerozpustny
2,8-dihydroxyadenin. Vys$s§i koncentrace tohoto produktu vede k bunécné smrti [63].
Inhibice enzymu IMPDH2 vede k depleci guanozinového nukleotidu, ktery blokuje
syntézu DNA a bunécné déleni [64].
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Snizena exprese tii enzymi nukleotidového metabolizmu PNP, APRT
a IMPDH2 ovliviiuje pravdépodobné jak de novo syntézu, tak salvage drahu purinu
a naruSuje tak zifejmé homeostazu purini v HBL-2/R buiikach.

Nerovnovédha metabolizmu purinii mtiZze predstavovat selektivni nevyhodu (slabinu)
pro HBL-2/R bunky, i kdyZ nemusi byt pfi béZnych podminkédch patrna. Proliferacni
rychlost HBL-2/R a HBL-2 bunék byla srovnatelnd, zjiSténa nerovnovdha v metabolizmu
purinovych nukleotidi v TRAIL-rezistentnich bufikich neni za normélnich podminek
kritickd. Pokud ale dojde k dalSimu zdsahu do purinového metabolizmu, miiZe byt pro
preziti bunék takova ,slabina* zdsadni, protoZze nebude dochizet k dostate¢né tvorbé
stavebnich kament pro syntézu DNA a RNA.

Ob¢ metabolické cesty (de novo i salvage drédha) jsou u HBL-2/R bunék
pravdépodobné naruseny, a proto predpokldddme, Ze na né¢ bude mit dalsi zdsah do
purinového metabolizmu (napiiklad inhibici nékterych dalSich zdcastnénych enzymi)
fatalni vliv. Predpokladame, Ze latky schopné inhibice enzymi purinového
metabolizmu, by mély byt pro TRAIL-rezistentni HBL-2/R buiiky vysoce toxické,
ve srovnani s TRAIL-senzitivhimi buiikami a mély by tedy byt velmi efektivni pri
selektivni (potencialné terapeutické) likvidaci TRAIL-rezistentnich MCL bunék.
Nekolik takovych inhibitorti jiZz existuje a pro klinické vyuZiti jsou schvdlené — napf.
methotrexdt (inhibuje purinovou de novo syntézu tim, zZe blokuje dihydrofolatreduktazu)
[65], ribavirin a mykofenolovd kyselina (inhibuji enzym IMPDH2) [66, 67], nebo
forodezin (novy inhibitor enzymu PNP) [68].

Konstitutivni nebo ziskana rezistence k terapii predstavuji hlavni komplikaci
v 1écb¢ nadorovych onemocnéni. Diisledkem rezistence mize byt selhdni 1éCby, progrese
onemocnéni a/nebo relaps nemoci. Vyvoj rezistence nadorovych bunck na cytotoxickd
a cytostaticka 1é¢iva mize byt spojend se sekundarnimi adaptivnimi zménami bunécného
fenotypu, které bezprostiedné nesouvisi s mechanizmem rezistence. Nékteré molekularni
zmény mohou predstavovat potencidlni ,,slabiny* bun¢k v podobé moZného terapeutického
cile. Pokud jsou takové ,slabiny“ identifikovany, mohou byt vyuZity pro selektivni
eliminaci takovych bun€k a informace o téchto specifickych molekuldrnich ,,slabinach*
rezistentnich bun¢k mtize mit farmakologické a klinické vyuziti.

Proteomickou analyzou zmén asociovanych s rezistenci MCL buné¢né linie HBL-2

na TRAIL jsme prokdzali vyznamné sniZzeni exprese vSech TRAILovych receptor
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exprimovanych na buné¢ném povrchu a identifikovali fadu proteintii se zménénou expresi,
z toho 3 enzymy purinového metabolizmu. Tato metabolickd drdha ptfedstavuje potencidlni
»slabinu® TRAIL-rezistentnich bunék HBL-2/R a tim také mozny terapeuticky cil

pro selektivni eliminaci téchto bunék.

Vysledky této prace byly publikovany v ¢lanku:
Resistance to TRAIL in mantle cell lymphoma cells is associated with the decreased

expression of purine metabolism enzymes. Pospisilova Jana, Vit Ondrej, Lorkova

Lucie, Klanova Magdalena, Zivny Jan, Klener Pavel, Petrak Jiri. International

Journal of Molecular Medicine 2013; 31(5):1273 (IF 1,96).

Tento projekt byl podporovdin Grantovou agenturou Univerzity Karlovy (GA UK
251180 111210 a 253284 70012), Grantovou agenturou Ceské republiky (305/09/1390),
Ministerstvem Skolstvi, mlddeZe a telovychovy (PRVOUK P24/LF1/3 a SVV 2012-264507),
UNCE 204021 a Ministerstvem zdravotnictvi CR (IGA MZ NT12248-5, IGA-MZ NT13201-
4).

Tento projekt byl 7esen v ramci grantu GA UK na téma ldentifikace molekuldrnich
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2.2 Popis molekularnich mechanizmu srdecniho selhani s vyuzitim

potkaniho modelu objemového pretiZeni

Proteomicka analyza potkaniho myokardu pri srde¢nim selhani pomoci
znaceni iTRAQ, IEF peptidi, nano-RP-HPLC a MALDI-MS/MS

2.2.1 Chronické srdeéni selhani

Chronické srdeéni selhani je zdvazné kardiovaskuldrni onemocnéni, kterym v CR
roén¢ onemocni 40 000 osob hlavné¢ dichodového veku (http://www.kardio-cz.cz/).
Chronické srde¢ni selhdani (CHSS) je stav, kdy srdce neni schopné pokryt metabolické
potfeby tkani (pfivod kysliku a Zivin, odstraiovani metabolickych zplodin). Ptes
dostate¢né plnéni srdecnich komor klesd minutovy srde¢ni vydej. CHSS je charakteristické
patologickou remodelaci levé srdecni komory (hypertrofii, pfipadné¢ dilataci
kardiomyocytl) a mezi pfiznaky onemocnéni patii mélké dychdni, dusnost v duasledku
meéstndni krve v plicich pfi dysfunkci levé komory, periferni otoky rukou a nohou
(zptisobené méstnanim krve ve vendznim fecisti pti dysfunkci pravé komory) a ddle tinava
a nevykonnost (jejichZz ptiinou je neadekvéitni doddvka kysliku a Zivin do tkani
a metabolické zmény v tkdnich), zmatenost a ztrita koncentrace. V disledku hypertrofie
se srdecni tkan stdvd elektricky nehomogenni a CHSS je tak navic komplikovdno
arytmiemi, které mohou vést k ndhlé srdecni zastave [69, 70].

CHSS je zpiisobeno predev§im ischemickou chorobou srdecni ve spojeni
s hypertenzi, dale prodélanym infarktem, vrozenou kardiomyopatii, ¢i vlivem infekce nebo
toxickych latek vcetné alkoholu [71, 72]. CHSS je komplexni klinicky syndrom, ktery
muze byt pro kazdého pacienta unikdtni diky rozmanitosti pravodnich problému
a komorbidité (soucasné¢ se vyskytujicim onemocnénim) spojené s vysokym primérnym
vékem pacientil (napf. diabetes, hypertenze, nemoci ledvin a jater).

Onemocnéni ma Spatnou prognézu — do Ctyf let od pocatecni diagndzy umira 50 %
pacientu [73].

Lécba CHSS zahrnuje fadu reZimovych nefarmakologickych opatfeni,

farmakoterapii a v indikovanych piipadech nejriizngjs$i chirurgické zdkroky (zavedeni

46



2.2 CHSS DIiLCi CILE

kardiostimuldtortt ¢i podplrnych levokomorovych pump, revaskularizaéni vykony
a transplantace srdce).

Diagnostika i 1écba CHSS pfredstavuji stdle se zvySujici ekonomickou zatéz.
Vysledky epidemiologickych studii v tadé evropskych zemi ukazuji prudky nértst
prevalence i incidence srdecniho selhdni. Je to dusledek nékolika faktorti, predevSim
vSeobecného starnuti populace a zlepSeni 1é¢by akutnich stavil (napf. akutniho infarktu
myokardu), které maji za ndsledek, Ze vice nemocnych dospéje do chronického stadia
srde¢niho selhdni. Vysoké ndklady na 1éceni CHSS jsou z nejvétsi Casti podminény rychle

nartistajicim poc¢tem hospitalizaci z divodu srde¢niho selhdni, ktery se za poslednich 20 let

zvysil takika Ctyfndsobné [74].

Molekularni mechanizmy zodpovédné za rozvoj CHSS nejsou uspokojivé popsany.
Dosud publikované studie spojuji fenotyp srdecniho selhdni se zménénou expresi fady
proteind zapojenych v energetickém metabolizmu, excitaci membran, excitaci a kontrakci
fizené véapnikem, pienosu signdlu (force transduction) a myofilamentarni kontrakci
a excitaci [71]. Dals{ studie zmén exprese proteinti v postizené srde¢ni tkani by mohly vést
k hlub$imu pochopeni patologickych procesti spojenych s vyvojem a progresi onemocnént,
a tim ke zlepSenti terapie.

S timto cilem jsme provedli:

1) expresni proteomickou a transkriptomickou analyzu selhdvajictho myokardu

potkaniho modelu CHSS a
2) cilenou studii exprese proteinii souvisejicich s arytmii v hypertrofickém

srde¢nim svalu potkaniho modelu.

2.2.2 Potkani model CHSS

Zakladni vyzkum a popis molekuldrnich zmén v selhdvajicim myokardu je ztizen
komplexnosti tohoto onemocnéni, mimo jiné jde o multifaktoridlni onemocnéni, a také
neni mozné ziskat vzorky srde¢ni tkdné od pacientl ¢i odpovidajicich zdravych kontrol.
V tvahu proto pfichazi zvifeci modely. V naSem piipad€ jsme pouzili dobfe popsany
a definovany potkani model CHSS vytvoieny objemovym pietiZzenim srdce v dusledku tzv.
aorto-vendzni pistéle (AVP, Obrazek 11) [75, 76]. Toto chirurgické propojeni aorty s dolni

dutou Zilou vede ke zvySeni srde¢niho vydeje témet o 200 %, ale vétSina srdecniho vydeje
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je diky piStéli odvedena do dolni duté Zily a efektivni srde¢ni vydej je tak sniZeny. Srdecni
tkan se s timto stresem vyrovndvd kompenzanimi mechanizmy, mezi které patii
remodelace myokardu (prodluzovani a zvétSovani kardiomyocytit). To vede k excentrické
hypertrofii obou srdecnich komor. Srde¢ni hypertrofie je do 8 az 10 tydne po zdkroku
asymptomatickd. Nizky efektivni srdec¢ni vydej ma za nasledek rendlni hypoperfuzi, ktera
vede k dalsim kompenzacnim mechanizmim, jako je redistribuce srde¢niho vydeje,
neurohumordélni aktivace a zadrzovani vody a sodnych ionta [75, 77]. Zvysujici se plnici
srdecni tlak dédle zhorSuje srde¢ni pretizeni [78-80], kompenzacni mechanizmy se stavaji
neadekvatnimi a postupné se asymptomatickd hypertrofie vyviji v symptomatické srde¢ni

selhani [77].

Obrazek 11: Schéma operativniho zdkroku pii
tvorbé AVP. Pistel byla provedena

u desetitydennich potkanich samcti kmene Wistar

2.2.3 Vyvoj srde¢niho selhani

V experimentdlni skupiné bylo Sest samcti potkani kmene Wistar s AVP a Sest
kontrolnich potkant, kteti byli operovédni bez tvorby piStéle (sham). U vétSiny potkanti s
AVP se po né€kolika tydnech vyvinula asymptomaticka hypertrofie a cca 150 dni po
operaci potkani vykazovali klinické pfiznaky srdecniho selhédni, jako ztizené dychani,
piloerekci a letargii. Zvitatiim byla pied usmrcenim provedena v celkové anestezii kontrola
pistéle laparotomicky spolu s echokardiografickym a hemodynamickym vySetfenim. Po
usmrceni byla provedena morfologicka vySetfeni. Potkani s AVP se nelisili télesnou vdhou
ani velikosti od kontrolnich (sham) potkanti. Ve srovnani s kontrolnimi zvitaty méla AVP
zvitata vyrazné téz8i a vétsi srdce (5,29+0,18 vs. 2,80+0,12 g/100g télesné vahy, p<0,05)
aplice (4,23+0,19 vs. 3,30+0,16 g/100g télesné véahy potkani) (Obrazek 12).
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Echokardiografickd vySetteni potvrdila zvétSeni obou srde¢nich komor a frakéni zkraceni
levé komory. Hemodynamickd vysSetfeni ukdzala zvySeny tlak na konci diastoly levé
komory. Imunohistochemickd analyza nepotvrdila pfitomnost fibrézy v srdecni tkani AVP
potkanti (viz ¢lanek v Priloze II, str. 105).

Funk¢éni a morfologickd vySetfeni potvrdila kontraktilni dysfunkci srdce AVP
zvitat, coz je ve shod€ s jiz publikovanymi vysledky [81]: zvétSené plice indikujici plicni
kongesci (piekrveni plic) a hromadéni vody, zvétSeni obou srdecnich komor a frakéni
zkraceni levé komory ukazuje na poc¢inajici kontraktilni dysfunkci AVP potkant a zvySeny
tlak na konci diastoly levé komory AVP potkanli ukazuje na dekompenzované srdecni

selhani.

AVP kontrola

Obrazek 12: Transverzélni fez srdcem potkana s AVP a kontrolniho potkana. Potkani s AVP se nelisili

télesnou vahou ani velikosti od kontrolnich potkant, ale ve srovnan{ s kontrolnimi zvifaty méla AVP zvitata

vy

2.2.4 Proteomicka analyza potkaniho myokardu

Expresni proteomickou analyzou jsme porovnali vzorky myokardu potkaniho
modelu AVP s kontrolnimi vzorky s cilem popsat molekuldrni mechanizmy a zmény
v selhdvajicim srdci a navrhnout nové potencidlni terapeutické cile k 1écb¢ CHSS.

Pro potieby proteomické analyzy byla potkaniim kontrolnim i s AVP odebrdna ¢ast
stény levé srde¢ni komory. Pro semikvantitativni porovnani proteomil casti levych
srdecnich komor jsme zvolili pfistup ,,shotgun® v kombinaci s izobarickym znacenim

peptidi metodou iTRAQ.
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Srde¢ni tkan byla zhomogenizovdna mechanicky a pomoci detergentl. Proteiny
byly v roztoku Stépeny trypsinem a vzniklé peptidy zna¢eny metodou iTRAQ — pro dva
smésné vzorky (jeden smésny vzorek byl tvofen vzdy tiemi plivodnimi potkanimi vzorky)
AVP byly pouzity iTRAQ znacky 114 a 115, pro dva smésné kontrolni vzorky (sham) byly
pouzity znacky 116 a 117. Poté byly znacené vzorky 114-117 kombinovany v poméru
1:1:1:1, vytvofeny byly tfi replikity. Kombinované vzorky znacenych peptidi byly
separovany pomoci IPG-IEF. Po IPG-IEF znacenych peptidi byly prouzky IPG gela
rozdéleny na 32 frakci, ze kterych byly peptidy extrahovany roztokem acetonitrilu. Déle
byly peptidy v jednotlivych extrahovanych frakcich déleny pomoci kapalinové
chromatografie (RP-HPLC) a roboticky sbirany na MALDI terc¢ik. Identifikace
a kvantifikace byla provedena pomoci MALDI-MS/MS (Obrazek 13).

Findln¢ bylo identifikovdno a kvantifikovdno 2 030 proteind, z toho 66 proteini
bylo signifikantné diferencidln€ exprimovano (pomér i1TRAQ signédlu>1,5, p<0,05)
(Tabulka II a IIT). Mezi proteiny s nejvétsi zmeénou v expresi byly monoaminoxidaza A
(MAO-A, exprese proteinu byla zvySena ve vzorcich AVP 4x oproti kontrolnim vzorkiim),
transglutaminaza 2 (TGM2, exprese zvySend 3x Vv AVP) a a-podjednotka
mitochondrialniho trifunkéniho proteinu (HADHA, exprese sniZzend 3,3x v AVP).
Metodou western blot jsme pomoci specifickych protilatek potvrdili vysledky proteomické
analyzy na srde¢nich vzorcich pro tyto tfi proteiny (Obrazek 14). Soucasné byla se vzorky
srdecnich tkani provedena analyza hladin exprese mRNA na Illumina RatRef-12v1 ¢ipech.
Testovdano bylo 16 206 transkriptli, z nichZ diferencidlné exprimovanych bylo 851
transkriptd  (q<0,05). Zvyslednych 66 diferencidln¢ exprimovanych proteinli
korespondovalo s odpovidajicim proteinem v trendu exprese 29 transkriptli, 18 transkript
m¢lo troven exprese mensi a 16 mRNA nemélo zménénou expresi. Tti proteiny nebyly

na ¢ipu zastoupeny odpovidajici sondou (Tabulka II a III).
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kontrolni potkani
(sham)

HU%  UHUh

biologické a technické
replikaty

Y Y

AVP1 sham1
AVP2 sham2

homogenizace srde¢ni tkané
redukce, alkylace trypsinizace
iTRAQ znaceni peptidl

¢

114 116
&@ &11@5 w 117

AVP1 sham1
AVP2 sham2

‘ MIX

T

potkani AVP

pasivni rehydratace IPG stripti
pH 3-6, 24 cm, IEF

pH

extrakce fokusovanych peptidi z prouzku
acetonitrilem

1 1 1 1
g déleni jednotlivych frakci
g g znacgenych peptidi pomoci RP-HPLC

!

znacené peptidy eluované z LC kolony
jsou sbirany na MALDI tercik a off-line analyzovany

i

Identifikace a kvantifikace proteint
MALDI-MS/MS

Obrazek 13: Schéma experimentu.
Po homogenizaci srde¢ni tkdné
potkani  byly pfipraveny smésné
vzorky vzdy ze ti{ zvifat. Proteiny byly
Stépeny trypsinem a vzniklé peptidy
znaeny metodou iTRAQ. AVPI
a AVP2 jsou dva smésné vzorky AVP
(znacka 114 a 115), shaml a sham2
jsou dva smésné kontrolni vzorky
(znacka 116 a 117). Po smichani
znacenych peptidd v poméru 1:1:1:1
byly vytvoreny tii technické replikdty
akombinované vzorky znacenych
peptidi separovany pomoci IPG-IEF.
Po IPG-IEF byly peptidy extrahovdny
a déleny pomoci kapalinové
(RP-HPLC)
aroboticky sbirdny na MALDI tercik.

chromatografie
Identifikace a kvantifikace byla

provedena off-line pomoci MALDI-
MS/MS.
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Tabulka II: Proteiny se zvySenou expresi v myokardu AVP potkani a zmény jejich

korespondujicich mRNA. (N.A. — odpovidajici mRNA nebyla pfitomna Cipu).

A . zména : zména :
(NCBI) NAZEV PROTEINU Vv expresi | v expresi
proteinu mRNA
Energeticky a substratovy metabolizmus
gil56388799 creatine kinase, brain (Ckb protein) 29 2,5
gil68837285 D-beta-hydroxybutyrate dehydrogenase, mitochondrial 2,4 1,0
gil974168 aldehyde dehydrogenase 2,4 3,6
gil7533042 guanine deaminase 2,4 4,0
gil109468300 | enolase 1 2,2 1,0
0il6981022 hexokinase 1 2,2 N.A.
Struktura a kontrakce
gil55249666 cadherin 13 3,4 4.4
gil535069 muscle LIM protein 3,0 2,5
gil438878 tropomyosin 3,0 2,5
0il462569 microtubule-associated protein 1A 2,6 2,5
gil149018456 | microtubule-associated protein 4 2,2 2,4
gil149063941 | myosin 7 2,2 1,0
gil158186676 | calumenin isoform a 2,2 0,9
gil157819677 | sarcolemma associated protein 1,8 1,0
gil62646949 filamin-C (Gamma-filamin) 1,9 1,2
gil55855 calreticulin 1,9 1,2
Annexiny
0il6978501 annexin A1l 3,0 4,7
gil157830232 | annexin A5 2,6 3,3
gil9845234 annexin A2 2,2 2,4
Heat shock proteiny
0il94400790 heat shock protein 1 3,0 2,6
0il54673763 heat shock protein 90, alpha (cytosolic), class A member 1 2,1 2,4
gil744592 alpha-B crystallin 2,6 1,0
Jiné
gil48425083 monoamine oxidase A (MAO-A) 4,1 4,3
gil5326787 tissue-type transglutaminase 2 (TGM2) 3,1 3,8
0il6981324 prolyl 4-hydroxylase, beta polypeptide 2,9 2,4
gil149048530 | ceruloplasmin, isoform CRA_a 2,8 2,0
gil57241 sulfated glycoprotein 2 2,4 2,5
gil158706096 | hematopoietic PBX-interacting protein 2,4 1,2
gil53237076 EH-domain containing 4 2,2 1,1
gil1051270 14-3-3 zeta isoform 2,0 2,3

)
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Tabulka III:

Proteiny se

korespondujicich mRNA. (N.A. — odpovidajici mRNA nebyla pfitomnana ipu).

sniZzenou expresi v myokardu AVP potkani a zmény jejich

A . zména : zména :
(NCBI) NAZEV PROTEINU Vv expresi | v expresi
proteinu mRNA
Oxidace mastnych kyselin
gil259435950 | acyl-CoA synthetase long-chain family member 1 4,3 N.A.
gil59797483 carnitine O-acetyltransferase; 41 2,0
gil57333 3-2trans-enoyl-CoA isomerase 3,7 1,8
gil60688124 trifunctional enzyme subunit alpha, mitochondrial (HADHA) 3,3 2,7
gil510110 trifunctional enzyme subunit beta, mitochondrial 3,0 1,8
gil56541110 acyl-Coenzyme A dehydrogenase, very long chain 3,0 1,7
gil77993368 acyl-CoA synthetase family member 2 precursor 2,6 N.A.
gil7387725 short-chain 3-hydroxyacyl-CoA dehydrogenase 2,3 2,7
gil6166586 acyl-coenzyme A thioesterase 2, mitochondrial 2,3 1,8
gil51260066 propionyl coenzyme A carboxylase, beta polypeptide 2,3 1,2
gil149050263 | propionyl coenzyme A carboxylase, alpha polypeptide 2,3 1,2
gil57527204 electron-transfer-flavoprotein, alpha polypeptide precursor 2,2 1,5
0il6978431 acyl-Coenzyme A dehydrogenase, long-chain 2,0 1,2
gil48734846 acyl-Coenzyme A dehydrogenase, C-2 to C-3 short chain 1,9 1,7
gil149027156 | acetyl-Coenzyme A acyltransferase 2 1,8 1,7
gil6978705 carnitine O-palmitoyltransferase precursor 1,6 1,7
Energeticky a substratovy metabolizmus
gil189083744 | mitochondrial creatine kinase precursor 4,2 1,0
0il54035288 enolase 3, beta, muscle 3,8 4,2
gil66910891 glutamic-pyruvate transaminase (alanine aminotransferase) 3,0 2,6
gil62079055 isocitrate dehydrogenase 2 (NADP+), mitochondrial (NID) 2,5 1,6
gil6978661 muscle creatine kinase 2,5 1,5
gil83300587 ATP synthase subunit alpha, mitochondrial 2,5 1,4
0il62825891 phosphofructokinase, muscle 2,2 2,0
0il56929 pyruvate kinase muscle isozyme 2,2 1,6
gil61557127 nicotinamide nucleotide transhydrogenase (NNT) 2,1 1,5
0il92090591 glutamate dehydrogenase 1, mitochondrial 2,1 1,2
gil81883712 Alpha-ketoglutarate dehydrogenase 1,9 1,5
Prijem a uvolriovani vapenatych iontt
gil31077132 histidine rich calcium binding protein 3,2 1,7
gil57303 sarcoplasmic reticulum 2+-Ca-ATPase 2,8 -1,0
gil149042663 | sarcalumenin (predicted), isoform CRA_a 2,7 1,1
gil6978543 Na+/K+ -ATPase alpha 1 subunit precursor 2,2 -1,0
gil189181710 | ryanodine receptor 2, cardiac 1,7 1,3
Jiné
gil1906812 inducible carbonyl reductase 3,1 2,2
gil149062241 | LRP16 protein 2,1 2,6
gil6981396 protein kinase, cAMP dependent regulatory, type |, alpha 2,1 -1,0
gil81871846 leucine-rich PPR motif-containing protein, mitochondrial 1,6 1,2

N
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Obrazek 14: Potvrzeni vysledki proteomické

kontrola AVP
analyzy metodou western blot se specifickymi
HADHA g .
- - e protilitkami proti HADHA, MAO-A a TGM2.
- : GAPDH byla vyuZita pro kontrolu proteinové
MAO-A — .

nanasky.

TGM2 M' ?

GAPDH s v s o ——

2.2.5 Diskuze k dilé¢imu cili

I ptesto, ze kontraktilni funkce srdce zlstdvala relativné zachovand i 22 tydnii po
tvorbé AVP, proteomicka analyza potvrdila charakteristické molekuldrni znaky srde¢niho
selhani, které byly publikovdny jiz dfive. Takovym znakem byla napf. vyznamné sniZend
exprese vétSiny enzyml zapojenych v B-oxidaci mastnych kyselin. U pacientl
s pokroc¢ilym CHSS i u zvifecich modeli CHSS dochdzi ke zmén¢ energetického substratu
z mastnych kyselin na jiny, dosud neidentifikovany, zdroj [82, 83]. N¢které studie uvadéji,
Ze selhdvajici srdce preferuje utilizaci glukézy [82]. Nase proteomickd analyza nepotvrdila
zvySenou expresi proteini ucastnicich se glykolytické drahy, dva klicové regulaéni
enzymy — fosfofruktokindza a pyruvatkiniza — mély naopak sniZenou expresi v AVP
vzorcich. Nejveétsi Cast diferencidln€ exprimovanych proteind nasi analyzy tvofily praveé
proteiny spojené s energetickym metabolizmem srdce.

Proteomickd analyza dale potvrdila sniZenou hladinu sarkomerické mitochondridlni
kreatinkindzy a svalové kreatinkindzy spolu se zvySenou hladinou izoformy kreatinkinazy
mozkové, coz jsou zmény typické pro potkani i lidské srdecni selhani [84]. Exprese
odpovidajicich tii mRNA potvrdila trend zmény hladiny enzymu. Kreatinkindzy tvofii
soucdst enzymatické sit¢ ucastnici se rychlého transportu fosfati (ATP) z mitochondrie
do kontraktilntho apardatu svalu [85, 86]. SniZend exprese enzymu kreatinkindzy tudiZz
pravdépodobné pfispivad k naruseni toku ATP, které bylo u CHSS jiz diive popsano [86],
a tim pfispivd k omezeni srdecni funkce.

Dalsi, jiz publikovanou, zménu v metabolizmu selhdvajiciho srdce predstavuje

zvySend hladina tézkého fetézce myozinu beta (B-myozin heavy chain, myozin 7).
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V dospélosti prevladajici a-izoforma myozinu 7 je pii srdeCnim selhdni nahrazena fetdlni
B-izoformou, coz ovliviiuje funkci kontraktilniho aparatu v selhdvajicim myokardu [71].

Srdec¢ni selhdni je také charakterizovdno sniZzenou expresi proteinti odpovidajicich
za ptijem a uvoliovani vapenatych ionti sarkoplazmatickym retikulem [87]. Ve shod¢ s jiz
diive publikovanymi fakty jsme objevili sniZzenou expresi proteinu SERCA 2
(sarco/endoplasmatic reticulum Ca®* ATPase) a ryanodinového receptoru 2. Tyto zmény
jsou ziejmé odpovédné za omezené kontraktilni schopnosti myokardu zavislé na ptfesunech
vapenatych iontt [88, 89].

Dalsi nalezené zmény v expresi se tykaly tii ¢lenli annexinové rodiny: annexind
AS, A2 a Al. U vsech ti{ proteinli byla exprese v AVP vzorcich zvySend na proteinové
drovni i na udrovni mRNA. Annexiny jsou asociované s vnitini cytoplazmatickou
membranou, vazou fosfolipidy a tucCastni se fady procesii na membrané jako napf.
apoptdzy, koagulace a zanétu [90]. Uloha annexinii ve fyziologii srdce neni dosud jasna.
Zmeény exprese annexinu A5 byly jiZ v souvislosti se srdecnimi poruchami (hypertrofie,
selhdvajici srdce) popsdny a tento annexin byl navrzen na biomarker hypertenze
a srde¢niho selhani [90, 91].

Jako vedlejSi produkt okysliCcovani a latkové vymeény v tkdnich vznikaji velmi
reaktivni volné radikdly kysliku (ROS - reactive oxygen species). Oxidativni stres
zpusobeny ROS v kardiomyocytech muze zpusobit nevratné poskozeni buiiky a indukovat
jeji smrt. Oxidativni stres je jednou z moZnych pfi¢in srde¢niho selhdni [92]. ROS jsou
v bunikdch redukovany enzymem glutathionperoxiddzou (GSHP), ktery k reakci vyuziva
jako substrat redukovanou formu glutathionu (GSH). Ten je oxidovan a vznikd tak GSSG.
Oxidovana forma glutathionu GSSG je redukovadna zpét enzymem glutathionreduktidzou
(GR). Antioxida¢ni potencidl buiikky je ddn pomérem mezi redukovanou a oxidovanou
formou glutathionu: GSH vs. GSSG (Obrazek 15). V kardiomyocytech je vysoky pomeér
GSH:GSSG zajistovan glutathionreduktdzou zdvislou na NADPH. NADPH je v srdci
produkovan nikotinamidnukleotid transhydrogendzou (NNT) a izocitrat dehydrogendzou
(ID). V AVP zvitatech mél enzym NNT, ktery produkuje 45 % celkové hladiny NADPH
[93], vyznamné niz§i expresi v porovnani s kontrolnimi potkany. SniZenou expresi méla
i NADP-dependentni ID (NID). Pokles exprese téchto dvou enzymu tak vede k nizsi
hladin€¢ dostupného NADPH a tedy ke sniZeni aktivity glutathionreduktdzy. To miZe mit
za nasledek zmensenou schopnost buniky vypofddat se s oxidativnim stresem. Méfenim
obsahu GSSG a GSH u AVP zvifat byla tato hypotéza potvrzena spoluautory

v navazujicim experimentu [94].

N
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ROOH

NADP GSH
Yenl Yo
NADPH
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Obrazek 15: Schéma cyklu glutathionu. Organické hydroperoxidy (ROOH) jsou enzymem
glutathionperoxiddzou (GSHP) redukovdny na méné reaktivni organické hydroxidy (ROH). Touto reakci
vznikd z redukované formy glutathionu (GSH) forma oxidovand (GSSG). Antioxidacni potencidl builky
jedan pomérem mezi GSH a GSSG. V kardiomyocytech je vysoky pomér GSH:GSSG zajistovan
glutathionreduktdzou (GR) =zdvislou na NADPH a ten je produkovdn nikotinamidnukleotid
transhydrogendzou (NNT) a NADP-dependentni izocitrdt dehydrogendzou (NID). Proteomickd analyza

prokazala vyznamné sniZenou expresi enzymi NNT a NID.

Mezi proteiny s nejvétSim rozdilem v expresi mezi kontrolnimi vzorky a AVP
vzorky patfily tranglutamindza 2 (TGM2) a monoaminoxidiza A (MAO-A). Hladina
TGM2 byla zvySend 3x v AVP vzorcich (potvrzeno western blotem, Obrazek 14). TGM2
je multifunkéni protein nachdzejici se prevdzné v cytosolu a na bunééném povrchu.
Transglutamindzova aktivita tohoto proteinu je odpovédna za stabilni cross-linking mezi
lyzinem a glutaminem v extracelularni matrix, ¢imz vznikd vysokomolekuldrni proteinova
sit’ [95, 96]. Svou G-proteinovou aktivitou se TGM2 podili na intraceluldrni signalizaci
pfes al-adrenergni a tromboxanové receptory [95] a je schopnd indukovat apoptézu
potkanich kardiomyocytli bcéhem oxidativniho stresu [97]. Dvé nezdvislé skupiny
demonstrovaly vztah mezi zvySenou expresi TGM2 a hemodynamickymi a strukturnimi
zménami srde¢ni tkdné€, apoptézou kardiomyocytl, hypertrofii a fibrézou [98, 99].
Vysledky nasi proteomické analyzy prokazaly zvySenou hladinu TGM2, coz je dalsi dikaz
toho, Ze se zvySend exprese TGM2 podili na poskozeni kardiomyocytli souvisejicim
se srdecni hypertrofii a selhanim. TGM2 je inhibovatelnd nizkomolekuldrnimi latkami
(napf. cystaminem a monodansylkadaverinem). PouZiti téchto inhibitorti vede ke sniZeni
apoptézy indukované TGM2 v buiikach hladkého svalstva aorty [100] a ¢asteCné represi
srde¢ni hypertrofie indukované hypoxii u potkant [101]. TGM2 by proto mohla byt novym
zajimavym terapeutickym cilem v 1é¢b¢ srdecniho selhani.

Exprese MAO-A byla ve vzorcich AVP 4x zvySena. Je to enzym zodpovédny
za oxidativni deaminaci monoaminti epinefrinu, norepinefrinu a serotoninu. Touto reakci

vznikd peroxid vodiku a toxické aldehydové metabolity, které jsou ddle metabolizované
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aldehyd-dehydrogendzami [102]. Aldehyd-dehydrogendza 1 A1 méla také zvySenou expresi
ve vzorcich AVP. Peroxid vodiku produkovany srdecni MAO-A pfispiva k apoptdze
kardiomyocyti [103] a zvySend mira katabolizmu norepinefrinu diky zvySené hladin¢
MAO-A vede ke Skodlivé remodelaci kardiomyocytli u potkanitho modelu srde¢niho
selhani indukovaného tlakovym ptetizenim [104]. MAO-A je pravdépodobné (i podle
naSich vysledkt, viz ¢lanek v Pfiloze II, str. 105) jednou z pfi€in srde¢ni hypertrofie
a selhani [105]. Nizkomolekuldrni inhibitory tohoto enzymu jsou jiz zndmé, napiiklad
moklobemid je vyuzivan pfi terapii deprese [106]. MAO-A je tak dal$im potencidlnim
terapeutickym cilem pfti 1é¢bé srdecniho selhani.

Na proteomickou a transkriptomickou analyzu potkani srde¢ni tkdné jsme dale
navézali studii proarytmogennich znakli ve spolupréci se skupinou prof. Sedmery [81].
Arytmie srdeCnich komor je Casto pozorovana u pacienti s CHSS a byla pozoroviana
ul0 % potkanti s AVP zahrnutych v experimentu. Srdecni arytmie je velmi zdvaZna
porucha doprovazejici CHSS [70]. Jeji vyvoj je spojovdn se zvySenou elektrickou
heterogenitou srde¢ni tkdné a zpomalenym vedenim elektrického impulzu v dasledku
srdecni fibrézy, zmén v bunécné a tkanové architektufe, zmén v excitaci bunénych
membrin a/nebo zmén v tésném spojeni bunék (tzv. gap-junction) [107]. Toto tésné
spojeni membrdn sousedicich kardiomyocytli je velmi duleZité pro spravné Siteni
elektrického impulzu a pro synchronni kontrakce ve zdravém srdci. Hlavnim proteinem
tvoficim gap-junction potkanich kardiomyocytii je connexin 43 a jeho fosforylovand forma
(P-connexin 43) [108]. Ve studii navazujici na proteomickou analyzu byla zjiStovana
ptitomnost fibrézy v srdecni tkdni AVP potkanii a ddle byly sledovany zmény v expresi
a distribuci connexinu 43 a P-connexinu 43 mezi kontrolnimi potkany a potkany s AVP.
Tkan AVP zvitat nevykazovala znamky fibrézy, ale hladina connexinu 43 i jeho
fosforylované formy byla u AVP vzorkii v porovnani s kontrolnimi vyznamné sniZena
(060 %) [81]. MnoZstvi, lokalizace connexinu 43 a uroven jeho fosforylace ovliviiuje
tvorbu a vodivost gap-junctions [109-113]. Nizké exprese connexinu 43 i P-connexinu 43
pozorovand u AVP potkant tak pravdépodobné zhorSuje kontraktilni schopnost srde¢ni
tkdn¢ a prispiva ke zvySenému riziku arytmie u AVP potkant. Potencidlni farmakologické
ovlivnéni exprese a fosforylace connexinu 43 [114] by mohlo omezit vznik srde¢ni arytmie

u pacientd s CHSS a zlepsit tak jejich preZiti a kvalitu Zivota.

Nase ,,shotgun‘ proteomickd studie kombinujici IPG-IEF peptidi s RP-HPLC
a MALDI-MS/MS je dosud nejrozsahlejsi semikvantitativni proteomickou a
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transkriptomickou analyzou zmén souvisejicich se srde¢nim selhdnim. Identifikovali a
kvantifikovali jsme vice nez 2 000 proteini. Vysledkem této analyzy je navrZeni
annexini 2 a 5 na potencialni biomarkery srdecniho selhdni a navrzeni dvou
potencialnich terapeutickych cili pro farmakologické zasahy (MAO-A a TGM2).
Déle jsme odhalili dals$i, s CHSS dosud nespojované, proteiny a mechanizmy, které
s vyvojem a zhorSenim onemocnéni pravdépodobné souvisi a jejichZ identifikace otevird
prostor pro dalsi hypotézy a cilené experimenty sméfujici k detailnimu pochopeni CHSS

nezbytnému pro jeho uc¢innou 1écbu.

Vysledky nasi prace jsme shrnuli ve dvou publikacich:

Proteomic and transcriptomic analysis of heart failure due to volume overload in a
rat aorto-caval fistula model provides support for new potential therapeutic targets -

monoamine oxidase A and transglutaminase 2. Petrak Jiri, Pospisilova Jana,

Sedinova Miroslava, Jedelsky Petr, Lorkova Lucie, Vit Ondrej, Kolar Michal, Strnad
Hynek, Benes Jan, Sedmera David, Cervenka Ludek, Melenovsky Vojtech. Proteome
Science 2011;11,9(1):69 (viz Priloha II), IF 2,42.

Myocardial morphological characteristics and proarrhythmic substrate in the rat
model of heart failure due to chronic volume overload. Benes Jiri Jr, Melenovsky

Vojtech, Skaroupkova Petra, Pospisilova Jana, Petrak Jiri, Cervenka Ludek,

Sedmera David. Anatomical Record-Advances in Integrative Anatomy and

Evolutionary Biology 2011;294(1):102 (viz P¥iloha III), IF 1,34.

Tento projekt byl podporovin Grantovou agenturou Ceské republiky
(305/09/1390), projektem CEVKOON (CZ.2.16/3.1.00/22126), Ministerstvem Skolstvi,
mlddeZe a telovychovy (MSMT-IMOS510, VZ 0021620806, 0021620858, LC06044 a SVV
2012-264507), projektem AV0Z50110509 a Ministerstvem zdravotnictvi CR (MZO-
00023001, 00023736, IGA MZ NT12248-5, IGA-MZ NS10300-3, NS10497-3/2009).
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2.3 Hledani diagnostickych biomarkeru karcinomu ovaria

Proteomicka analyza sér pacientek s karcinomem ovaria pomoci

dvou riznych proteomickych strategii

2.3.1 Biomarkery

Biomarker je jakdkoli métitelnd €i stanovitelnd biologickd molekula fungujici jako
indikdtor fyziologickych nebo patologickych procest. Z medicinského hlediska
je biomarker molekula, ktera se kvalitativné nebo kvantitativné méni v zdvislosti na vyvoji
¢i progresi onemocnéni, a miiZze tak napomdhat ke stanoveni diagn6zy nebo monitorovani
prabéhu onemocnéni.

Idedlni klinicky vyuzitelny diagnosticky biomarker by mél rozpoznat onemocnéni
v raném staddiu, mél by byt méfitelny jednodusSe a levné, nejlépe ve snadno dostupnych
biologickych materidlech (naptf. sérum/plazma, mo¢) bez nutnosti invazivniho zdsahu,
a musi byt pro dané onemocnéni dostatecné senzitivni a specificky. Senzitivita biomarkeru
vypovida o jeho schopnosti identifikovat onemocnéni u pacientl, ktefi onemocnénim trpi
(pomér mezi poctem pacientii s pravdivé pozitivnim testem a celkovym poctem
testovanych pacientli s nemoci). Jde tedy o schopnost biomarkeru zachytit hledany jev.
Specificita biomarkeru je pomér mezi poctem pacientll s pravdivé negativnim vysledkem
a celkovym poctem testovanych lidi bez onemocnéni. Vyjadfuje tak schopnost biomarkeru
pfesné odlisit testovaného pacienta, ktery onemocnénim netrpi.

Proteomickd analyza biologického materidlu miiZe zachytit zmény v expresi nebo
koncentraci proteinu (v tkanich, nebo télnich tekutindch) — identifikovat ho, kvantifikovat,
¢i detekovat jeho modifikace. Proto je vhodnou metodou pro hledani biomarkera raznych
onemocnéni. Piesto je nalezeni biomarkeru velmi sloZity proces. Sance na odhaleni
kandidédtniho proteinu, jeho identifikaci a kvantifikaci jsou ovlivnény vybérem vzorku
(sérum, plazma, tkan atd.), zpisobem jeho odbéru i dobou odbéru, skladovanim vzorku
a manipulaci s nim (oxidace na vzduchu, rozklad biologického materidlu, piisobeni
protedz, fosfatdz a jinych enzymu atd.). Hladina proteint v télnich tekutinich je ovlivnéna
fyziologickymi dé&ji probihajicimi v téle, vékem, Zivotnim stylem, genetickymi faktory,

vnéjSim prostiedim atd. Hladina biomarkeru by méla byt ovlivnéna pouze samotnym
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onemocnénim. Kontrolni skupina musi byt bez studovaného onemocnéni a musi byt
vhodné vybrana vzhledem k experimentdlni skupiné pacientii. V mnoha piipadech
je kritickym bodem statistickd robustnost a reprodukovatelnost pouzitych detekénich

metod.

2.3.2 Karcinom ovaria

Karcinom vajecnikii (karcinom ovarii, KO) je zdvazné nddorové onemocnéni
postihujici pfedev§im Zeny po menopauze. NejcCastéji se jednd o karcinom vznikly
z epitelovych bunék na povrchu ovarii [115]. Dalsi typy nddorti ovaria vznikaji
ze zarode¢nych bunék, ze kterych vznikaji oocyty, nebo z pojivovych tkdni (stromdlnich
bun€¢k) v okoli vajecnikii [116].

Mechanizmy vedouci ke vzniku nddoru vajecniku nejsou dosud zcela jasné. Riziko
vzniku onemocnéni roste s vy$§im vékem Zen (nejvice jsou ohrozeny Zeny nad 50 let),
pozitivni rodinnou anamnézou karcinoma ovarii, prsou, délohy ¢i stfev spojenych
s mutacemi geni BRCAI, BRCA2, genli pro opravu mismatch chyb nebo genu TP53.
Riziko rovnéZ roste s vysSim poctem ovulacnich cyklli a snizuje se poctem porodd.
Ke vzniku onemocnéni prispivaji 1 predchozi gynekologické problémy (cysty,
endometri6za) a podili se na ném i nékteré aspekty zivotniho stylu (obezita, koufeni
a sedavy zpusob zivota) [117]. Ptiblizné 15 % vSech ptipadi KO je familidrniho pivodu a
zbylych 85 % ptedstavuji piipady sporadické [118].

Lécba KO zdvisi na stddiu onemocnéni a posuzovana je velikost nadoru, jeho
umisténi, stupen rozsifeni a fyzicky stav pacientky. Pokud je KO odhalen v¢as, ve stadiu I.
a IL. (nddor se nerozsitil do lymfatickych uzlin ani dalSich ¢asti téla), pacientky maji 95 %
pravdépodobnost pieziti. Bohuzel u témét 70 % Zen s nddorem vajecniku je onemocnéni
odhaleno az ve III. a IV. stddiu onemocnéni s metastdzemi (nddor jiz zaséhl jeden nebo oba
vajecniky a je prokazatelné rozsiteny ve vnitini sténé dutiny bfiSni mimo pénevni oblast).
Lécba je v takovém piipadé omezena na chirurgicky zdkrok (cytoredukce) a ndslednou
chemoterapii (cytostatiky na bazi platiny a taxanu). Ve vétSiné piipadi vSak u pacientek
s pozd¢ odhalenym nddorem dochdzi do 15 mésicii od diagnézy k ndvratu onemocnéni
a do péti let od diagnézy umird 45 % téchto pacientek [119, 120].

Diivodem pozdni diagnézy KO je u velké Césti pacientek predevSim absence

specifickych symptomli onemocnéni v jeho pocatcich. Neprovazi ho bolesti a ani
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preventivni gynekologickou prohlidkou neni zpravidla objeven. Pfi podezieni na KO
je pacientkdm provedena série testll: vysetieni ultrazvukem, magnetickou rezonanci nebo
pocitacovou tomografii a vysetieni krve na zjisténi hladiny markeru CA-125. N¢kdy se pro
potvrzeni diagnézy a stanoveni pokrocilosti onemocnéni (staging) provadi explorativni
operace bfiSni dutiny (laparotomicky, laparoskopicky).

NejbéZnéji pouzivany sérovy marker karcinomu ovaria je protein mucin CA125
(cancer agent 125, nebo také MUCI16, glykozylovany transmembranovy mucin o velikosti
1 MDa). CA125 sice vykazuje reprodukovatelné rozdily v koncentraci mezi séry pacientek
a zdravych kontrol, je detekovan ve zvySeném mnozstvi u 80 % piipadiit KO, ale nedokdze
spolehlivé rozliSit mezi malignim a benignim nddorem ovaria, neodhali rané stadium
onemocnéni a jeho specificita a senzitivita jsou nizké (sérovd koncentrace CA125 roste
piiblizn¢ u poloviny pacientek v raném stddiu onemocnéni, ale i u pacientek s jinymi
benignimi gynekologickymi onemocnénimi, s endometriézou, cirh6zou a srde¢nimi
onemocnénimi) [115]. Novy biomarker HE4, uvedeny do klinické praxe pfed né€kolika lety
s faktem, Ze jeho exprese miiZe byt zvySend u pacientek s karcinomem ovaria, které nemaji
zvysenou hladinu CA 125, rovnéz zcela nenaplnil oCekdvani [116]. I presto, ze CA125
neni dostateCné specificky a senzitivni marker KO a nedokdZe odhalit rand stadia
onemocnéni, je to dosud nejspolehlivéj$i marker tohoto onemocnéni, ktery je k dispozici.

Celosvétove predstavuje karcinom vajenikt osmy nejcastéjsi typ nddoru a sedmou
nejcastéjs$i pfi¢inu dmrti Zen na nddorovd onemocnéni [119, 120]. V rdmci vSech
gynekologickych ndrodovych onemocnéni KO vykazuje nejvyssi timrtnost. Proto je nutné
usilovné patrat po dalSich, specifictéjSich a senzitivnéjSich diagnostickych markerech

karcinomu ovarii. Proto jsme se rozhodli hledat kandidatni bilkoviny pomoci diferen¢ni

proteomické analyzy sér pacientek s KO a zdravych kontrol.

2.3.3 Zpracovani sér

Jako vychozi biologicky materidl jsme pro tuto studii vybrali sérum, protoze je to
jednoduse dostupny zdroj cirkulujicich informaci o stavu organizmu. Krev prochéazi
organovymi soustavami a ,,sbira stopy* v§ech probihajicich fyziologickych i patologickych
déji v podobé metabolitli, proteini a peptidi uvolnénych tkdnémi. Plazma je kapalna
sloZka krve ziskana centrifugaci krve v pfitomnosti antikoagulantu (odstranény jsou krevni

buniky a desticky). Sérum je kapalnd sloZka krve ziskand centrifugaci presrdzené krve
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(odstranén je krevni koldC€ a krevni buiiky), narozdil od plazmy tak sérum neobsahuje
fibrinogen a srazeci faktory. Plazma a sérum se tak svym sloZenim 1i§{ minimalnée.

Plazma a sérum jsou povazovany za vhodny biologicky materidl pro hledani
markert zdvaznych onemocnéni. Dosud bylo v séru/plazmé spolehlivé identifikovano
kolem 3 000 proteini [121], to ale pravdépodobné piedstavuje pouze zlomek lidského
sérového/plazmového proteomu. Soucasné je analyza krevniho sérového ¢i plazmového
proteomu velmi obtiZnd, protoZe rozsah koncentraci jednotlivych proteint v séru/plazmé
je extrémni: od desitek mg/ml (albumin) aZ po pg/ml (interleukin 6), coz odpovida rozdilu
tadové 10" [7]. Devadesit procent proteinové hmoty plazmy tvoii jen 10 proteini:
albumin, transthyretin, IgG, IgA, a2-makroglobulin, haptoglobin, ceruloplazmin,
apolipoprotein, antitrypsin a transferin. Dvacet dva majoritnich proteint piedstavuje vice
jak 99 % vSech plazmovych bilkovin (www.plasmaproteome.org) (Obrazek 16). Zbyvajici
1 % plazmového proteomu tak tvofi moZny zdroj tisicti proteintl. Pfitomnost proteinil
o vysoké koncentraci ve vzorku komplikuje identifikaci proteinti, které jsou ve vzorku
piitomné v nizSich koncentracich. Proto je nutné pied vlastni proteomickou analyzou séra

¢i plazmy dynamicky rozsah koncentraci proteinii sniZzit.

— Fibrinogen
Transferrin /’ IgA Total C4 Complement Complement Factor B

Alpha-2-Macroglobulin Ceruloplasmin Prealbumin

g5l ~ IgM Total .
/ /— Alpha-1-Antitrypsin Factor H | C9 Complement
4 _—C3 Complement C1q Complement
— Haptoglobin | G8 Complement
Lipoprotein(a) \

Alpha-1-acid Glycoprotein

Apolipoprotein A-1
Albumin Apolipoprotein B

0 - 90% 90 - 99%

Obrazek 16: Procentudlni zastoupeni 22 lidskych plazmovych proteint, které tvoii 99 % celkové proteinové

vew s

hmoty plazmy, pfevzato z www.plasmaproteome.org. Levy diagram znazornuje 10 nejhojnéjSich proteind
lidské plazmy tvoticich 90 % proteinové hmoty. Zbylych 10 % je zndzornéno na pravém digramu. Pouhé 1 %

z celkového mnozstvi lidskych plazmovych proteind tvoif mozny zdroj tisict dalSich proteint.
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SniZeni dynamického rozsahu koncentraci proteinil v séru/plazmé je mozné provést

dvéma zptsoby:

1) odstranénim nejhojnéjsich bilkovin pomoci protilatek (imunodeplece)

K imunodepleci se pouZivaji zpravidla imunoafinitni kolony schopné odstranit 6
az 20 nejhojnéjSich proteinti. V nasem piipad¢€ jsme pouZili tzv. MARS kolonku Human 14
(multiple affinity removal system spin cartridge, Agilent Technologies), kterd specificky
odstraniuje 14 majoritnich proteinti ze vzorku télnich tekutin (sérum, plazma a mozkomis$ni
mok), a to proteiny albumin, IgG, antitrypsin, IgA, transferrin, haptoglobin, fibrinogen,
a2-makroglobulin, al-glykoprotein, IgM, apolipoprotein Al, apolipoprotein All,
komplement C3 a transthyretin. Diky selektivni imunodepleci pomoci protilatek
imobilizovanych v kolonce je vétSina celkové proteinové hmoty ze vzorku odstranéna

a frakce minoritnich proteinti, kterd neni kolonou zachycena, je ndsledné zakoncetrovana

pro proteomickou analyzu [122].

2) sniZenim koncentrace nejhojnéjSich proteini pomoci tzv. hexapeptidové

knihovny

Technologie hexapeptidové knihovny (v naSem piipad¢ jsme pouZili ProteoMiner
protein enrichment kit, Bio-rad) umoZiuje ,ekvalizaci“ (sniZeni rozdilti, vyrovnani)
koncentraci proteinit v komplexnich biologickych vzorcich, jako jsou sérum a plazma.
Principem této metody je interakce proteinti ve vzorku s rozsdhlou knihovnou hexapeptidi
tvoficich chromatografickou stacionarni féazi. Tuto hexapeptidovou knihovnu tvoii
syntetizované hexapeptidy kombinatoricky tvofené osmi riznymi aminokyselinami.
V jedné kolonce je tak vazano 6° riznych typi téchto hexapeptidii [123].

Proteiny z ptivodniho vzorku (napft. séra) se pii pritoku kolonkou se zakotvenymi
hexapeptidy specificky vdZou na rizné hexapeptidy srtznou afinitou, dokud nejsou
vSechny hexapeptidy obsazené. Poté je kolonka promyta a po uvolnéni navizanych
proteinii ziskdme eludt, ve kterém jsou rozdily koncentraci proteinti snizené, protoze
proteiny z ptvodniho vzorku se navdzaly na urcity pocet hexapeptidii a zbyvajici

nenavazané proteiny byly vymyty. Ve vysledku tak tato metoda sniZi koncentraci

nejhojnéjsich proteint ve vzorku.
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2.3.4 Proteomicka analyza sér

Do experimentu byly zapojeny pacientky, kterym byl odhalen epitelidlni karcinom
ovaria, sérum bylo odebrdano pfed zahdjenim terapie. Kontrolni skupina zdravych Zen
odpovidala vékem pacientkdm, primérny vék pacientek byl 53,6 + 5.3 let a kontrol
51,4 £5,8 let.

Proteomickd analyza sér byla provedena dvéma paralelnimi piistupy vyuZzivajicimi
dva odlisné zplisoby snizeni dynamického rozsahu koncentraci proteinti v séru a dvé rizné
proteomické strategie (Obrazek 17):

1) pftistup kombinujici imunodepleci séra s ,,shotgun* strategii

2) ptistup kombinujici pouziti hexapeptidové knihovny s 2-DE

Kombinace imunodeplece s ,,shotgun‘ strategii

Po upravé jednotlivych sér pomoci imunodeplece (MARS Human 14) byly eluéty
spojeny do smésného reprezentativniho vzorku, aby byly eliminovany potencidlni rozdily
v ramci jedné skupiny. Jeden smésny vzorek tvorilo 10 sér pacientek a druhy smésny
vzorek 10 sér kontrolnich. Proteiny ze smésnych vzorki byly vysrdZeny acetonem, Stépeny
trypsinem a vzniklé peptidy byly znaCeny metodou iTRAQ. Poté byly znacené peptidy
separovany metodou IPG-IEF, IPG prouzky byly rozd€leny na nékolik frakci a z nich
extrahované peptidy byly dédle dé€leny chromatograficky metodou RP-LC nasledovanou
sbérem eluovanych peptidi na MALDI tercik a identifikaci a kvantifikaci pomoci MALDI-
MS/MS.

Kombinace hexapeptidové knihovny s 2-DE

Ve druhém, paralelnim piistupu, byly po dpravé jednotlivych sér pacientek i
kontrol pomoci hexapeptidové knihovny (ProteoMiner) vytvofeny smésné vzorky
analogicky s pfedchozim pfistupem. Ddéle pak byly analyzovdny pomoci 2-DE. Po
vizualizaci proteinovych spoti na gelech pomoci koloidni Coomassie G-250 byla
provedena denzitometrickd analyza obrazu naskenovanych gell. Pomoci ekvalizace sér
hexapeptidovou knihovnou jsme zvysili pocet spotl detekovatelnych na 2-DE gelech 1,5x
oproti 2-DE neupravenych sér v pilotnim experimentu. Po statistickém vyhodnoceni
intenzit proteinovych spota v Sesti technickych replikatech byly diferencidlné exprimované
proteiny vyfiznuty z gelu (Obrazek 18) a identifikovany hmotnostni spektrometrii MALDI-
MS/MS.
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Vzorky sér

1) analyzovany 2)
dvéma paralelnimi
/ pristupy \
IMUNODEPLECE HEXAPEPTIDOV
KNIHOVNA
snizeni dynamického rozsahu snizeni dynamického rozsahu
koncentraci proteint koncentraci proteinti pomoci
pomoci kolonky MARS Human 14, ProteoMineru,

priprava smésnych vzorkd, pfiprava smésnych vzorku proteind

iTRAQ znaceni peptidiu

114 % -
smés protelnu smés proteintl
3 ze sér KO z kontrolnich sér
znacer?a §6 znacena
séra KO kontrolni séra separace proteinti smesnych vzorku

pomoci IPG-IEF, Sest technickych replikati

l MIX ) oH R
it Ll
NP T e e |
separace proteinl
l pomoci SDS-PAGE

separace znacenych peptidl podle pl
pomoci IPG-IEF

Mr (kDa)

extrakce fokusovanych peptidl z prouzku
acetonitrilem

vizualizace a semikvantitativni denzitometricka
analyza proteinovych spott

g déleni jednotlivych frakci
g g znacenych peptidi pomoci RP-HPLC

|

znacené peptidy eluované z LC kolony
jsou sbirany na MALDI tercik a off-line analyzovany

vyfiznuti vybranych proteint z gelu,
‘ Stépeni endoprotedzou a extrakce peptidi

Identifikace proteint
MALDI-MS/MS

Obrazek 17: Dva paralelni zplsoby zpracovéani vzorki sér pacientek s KO a kontrolnich sér. 1) piistup

Identifikace a kvantifikace proteint

MALDI-MS/MS

kombinujici imunodepleci sér s ,shotgun® strategii a 2) piistup kombinujici ekvalizaci sér pomoci

hexapeptidové knihovny s 2-DE. V obou piipadech jsou proteiny identifikovdny hmotnostni spektrometrii.
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Obrazek 18: 2-DE analyza smésnych vzorkd sér pacientek s KO a kontrol po ekvalizaci pomoci
hexapeptidové knihovny. Po vizualizaci proteinovych spotli pomoci Coomassie G-250 bylo analyzovano
12 gelt. Po porovnani optické denzity byly vybrany tfi spoty, proteiny byly identifikovany pomoci MALDI-
MS.

66



2.3 Karcinom ovaria DIiLCi CILE

Pomoci 2-DE byly identifikovany 3 proteiny s rozdilnou koncentraci v sérech
pacientek s KO ve srovnani s kontrolnimi séry. Byla odhalena zvySena koncentrace
a-1-antitrypsinu (2x vyssi hladina v séru pacientek s KO) a sniZzena koncentrace dvou

evv s

proteint, apolipoproteinu A4 (2,3x nizSi koncentrace) a retinol binding proteinu 4
(RBP4, 2,2x nizsi koncentrace). Strategie ,,shotgun® v kombinaci se zna¢enim iTRAQ
potvrdila diferencidlni expresi a-1-antitrypsinu a apolipoproteinu A4, zZadny dal$i protein
se zménénou expresi jsme timto piistupem neidentifikovali (Obrdzek 19). Proto neni tato
¢ast experimentdlnich dat déle diskutovana, ani zahrnuta v publikaci. Zmény v koncentraci
proteinli byly ovéfeny v individudlnich neupravenych sérech 10 pacientek s KO
a 10 zdravych kontrol metodou western blot (Obrdzek 20) a absolutni koncentrace RBP4

byly uréeny metodou ELISA (Obrazek 21).

a-1-antitrypsin

0,30

*
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)
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Obrazek 19: Hladiny exprese proteinl identifikovanych ve sm&sném vzorku upravenych sér pacientek s KO
a kontrolnich sér. Séra byla upravena imunodepleci, proteiny byly separovdny a identifikovany strategif
,shotgun®. Kvantitativni informace byla ziskdna metodou iTRAQ. M¢éfeny byly dva technické replikaty.
Cervens ¢arkovand linka oddéluje proteiny se zménénou expresi, se zvysenou expresi v séru pacientek s KO

(a-1-antitrypsin) a se sniZzenou expresi v séru pacientek s KO (apolipoprotein A4).
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Obrazek 20: Analyza western blotem pro potvrzeni zménéné exprese RBP4 v pivodnich neupravenych

vzorcich sér kontrol a pacientek s KO.
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Obrazek 21: Stanoveni absolutni koncentrace RBP4 v puivodnich neupravenych vzorcich sér kontrol

a pacientek s KO metodou ELISA. KaZzdy vzorek byl méten v triplikatu.

Zmény hladiny o-1-antitrypsinu a apolipoproteinu A4 byly v sérech pacientek s KO

nalezeny a publikovany jiz diive [124, 125], proto jsme se zam¢fili na protein RBP4, ktery

byl v této souvislosti identifikovdn poprvé. Primérnd koncentrace RBP4 stanovena

metodou ELISA v jednotlivych neupravenych sérech pacientek s KO byla 29,9 pg/ml

a v sérech kontrolnich 47,7 ug/ml. Koncentrace RBP4 se mezi pacientkami a kontrolami

vyznamné liSila a hranice 38-40 pg/ml odliSovala pacientky od kontrol (Obrazek 21).

Koncentrace RBP4 v séru pacientek KO negativné korelovala s hladinou markeru

ovaridlniho karcinomu CA125 (r=-0,715, p=0,015).
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Sérovy protein RBP4 je 21 kDa velky, sekretovany hlavné jatry, adipocyty,
makrofagy a nckterymi epitely vcetné ovaria. RBP4 je specificky pfenaSe¢ retinolu
(vitaminu A) zjater do perifernich tkani a jeho produkce je regulovdna mnoZstvim
dostupného vitaminu. Pokud neni vitaminu A dostatek, RBP4 zlstava v jatrech [126, 127].
Komplex RBP4-retinol se v krvi vdze na transthyretin, coZ zabranuje ztritdim RBP4
1 retinolu glomeruldrni filtraci v ledvinach [126]. SniZend hladina RBP4 v sérech pacientek
s KO by tak mohla teoreticky souviset se snizenou hladinou retinolu a/nebo se zménénou
hladinou transthyretinu. Proto jsme porovnali koncentraci vitaminu A v sérech pacientek
a kontrol. Hladina retinolu vSak byla u obou skupin sér stejnd, proto predpoklddame,
Ze nizka koncentrace RBP4 v sérech pacientek nesouvisi se zménami v hladinach retinolu,
ale s jinymi zménami zpisobenymi pfitomnosti nddoru.

SniZzend koncentrace transthyretinu (TTR) v krvi pacientek s KO byla jiz diive
popsana a TTR byl oznacen za potencidlni biomarker tohoto onemocnéni [128-130]. I my
jsme v jednotlivych sérech pacientek s KO a zdravych kontrol ovéfili hladinu TTR.
Statisticky vyznamnou korelaci mezi hladinou TTR a RBP4 jsme ale neprokézali.

Déle nas zaujala souvislost mezi RBP4 a inzulinovou rezistenci u mySich modela
tohoto onemocnéni [131] a zmény v hladiné sérového RBP4 u pacientli s poruchou
gluk6zové tolerance a diabetem 2. typu [132, 133]. ZvySend koncentrace RBP4 v krvi byla
také odhalena u obéznich pacientek trpicich syndromem polycystickych ovarii
(onemocnéni spojené s inzulinovou rezistenci) [133, 134]. Abychom vyloucili potencidlni
vliv téchto onemocnéni, kterd s KO nesouvisi, na hladinu RBP4 v séru, zpétn€ jsme ovéfili
anamnézu Zen zahrnutych do experimentu. Ani pacientky s KO, ani kontrolni Zeny
netrpély diabetem a rozdily pii porovnani body mass indexu (BMI) pacientek s KO

a kontrolnich Zen v naSem experimentu nebyly statisticky vyznamné.

2.3.5 Diskuze k diléimu cili

Provedli jsme expresni proteomickou analyzu sér pacientek s epitelidlnim
karcinomem ovaria a sér kontrolnich zdravych Zen dvéma paralelnimi pfistupy s odliSnym
zptisobem sniZeni dynamického rozsahu koncentraci proteini v séru a dvéma riznymi
proteomickymi strategiemi: imunodepleci séra v kombinaci s ,shotgun® strategii

a ekvalizaci séra pomoci hexapeptidové knihovny v kombinaci s 2-DE.
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Vylou¢ili jsme né€kolik faktorti, které by mohly teoreticky ovliviiovat hladinu RBP4
v séru, a to vliv koncentrace vitaminu A v séru, koncentrace transthyretinu v séru, mozny
vliv anamnézy inzulinové rezistence, diabetu 2. typu a polycystického syndromu ovarii.

Diéle jsme ovétovali mozny vliv zmén télesné vahy pacientek na hladinu sérového
RBP4. Souvislost mezi zménou hladiny RBP4 a obezitou byla publikovana, ale vysledni
korelace mezi RBP4 a BMI (body mass indexem) je diskutabilni — n¢které prace potvrdily
niz$i hladinu RBP4 u Zen s nizkou hodnotou BMI v porovnani s obéznimi zZenami [132],
jiné korelaci nepotvrdily [135]. U skupiny pacientii s patologickou obezitou bylo po
gastrické banddzi prokdzano sniZeni koncentrace sérového RBP4 [134], testovali jsme
proto vztah mezi poklesem koncentrace RBP4 v séru pacientek a kachexii zptsobenou
niddorem. V nasem piipad¢ nebyly rozdily v BMI pacientek s KO a kontrolnich Zen
statisticky vyznamné.

Tento vysledek tedy nepodpofil hypotézu, Ze sniZend hladina RBP4 v krvi
pacientek souvisi s poklesem jejich BMI v dasledku nddorové kachexie. Podstatou
nadorové kachexie jsou metabolické zmény podminéné reakci imunitniho systému
na rostouci nddor. SniZzend koncentrace RBP4 v séru pacientek s KO by tak mohla byt
ukazatelem nutricnich zmén, ke kterym dochédzi v disledku piitomnosti karcinomu,
a to jeSté pfed patrnou ztradtou hmotnosti pacientek. Pro ovéfeni této hypotézy je nutné
provést dalsi testovani na vétsi skupiné Zen s karcinomem ovaria a zdravych Zen, ktera
bude dobte stratifikovana z hlediska stddia karcinomu, v€ku Zen a jejich celkového

zdravotniho stavu z diitvodu moZnych souvisejicich onemocnéni.

Vysledky tohoto projektu byly shrnuty v publikaci:
Decreased concentrations of retinol-binding protein 4 in sera of epithelial ovarian
cancer patients: a potential biomarker identified by proteomics. Lorkova Lucie,
Pospisilova Jana, Lacheta Jan, Leahomschi Sergiu, Zivny Jaroslav, Cibula David,
Zivny Jan, Petrak Jiri. Oncology Reports 2012;27(2):318 (viz Priloha IV), IF 2,30.
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Cilem této dizertacni prace bylo demonstrovat vyuziti proteomickych piistupt
anastroji k feSeni rtznych biomedicinskych problémt. Dvé zdkladni proteomické
strategie a kvantifikacni metody spolu s hmotnostni spektrometrii jsme vyuzili ke studiu
molekuldarnich mechanizmi zdvaznych onemocnéni, a to na vzorcich pacientd,
na bunécénych kulturdch a jednom modelovém organizmu. Tii popsané projekty poskytly
fadu cennych dat, kterd byla publikovana ve Ctyfech impaktovanych casopisech. Ukézali
jsme, Ze expresni proteomika je velmi vhodny ndstroj k odhalovani rozdilii v expresi
proteinli ve sloZitych biologickych vzorcich. M4 tak velky potencidl zejména ve studiich
bez pocatecni hypotézy a umoznuje komplexni vhled do molekuldrnich procest,
fyziologickych i patologickych.

I ptes dosazené uspéchy naSi price jsme si védomi omezeni, kterd souvisi
s provedenim experimentli a s technickymi limity proteomickych metod a hmotnostni

spektrometrie.

Limity a omezeni jednotlivych projektu

V prvnim projektu (kapitola 2.1 Identifikace potencidlnich molekularnich cilii pro
selektivni likvidaci bun¢k lymfoml z plaStové zony rezistentnich na protinddorovou
molekulu TRAIL, str. 33) jsme odvozenim rezistentntho bunécného subklonu simulovali
moznost vzniku rezistence nddorovych bunék na TRAIL. Vyuzili jsme k tomu bunécnou
linii HBL-2 odvozenou z nddorovych bun¢k pacienta trpiciho lymfomem bunék z plastové
z6ny. Experimenty s bunéénymi kulturami jsou v zdkladnim a aplikovaném vyzkumu cCasto
pouzivané i pfes fadu omezeni, se kterymi je nutné pocitat. Kultivované buiiky rostou
za nefyziologickych podminek - péstovdny jsou vumélém kultivatnim médiu
a v atmosféie s mnohondsobné vyssim tlakem kysliku, nez odpovidd situaci ve tkénich.
Kultivované bunky také postradaji obvykly tkanovy kontext, tj. pritomnost jinych
bunéénych typl,, s nimiZz by in vivo komunikovaly. V disledku toho se fenotyp
kultivovanych bunék casto méni a jejich vlastnosti nemusi pfesné¢ odpovidat situaci
v organizmu. Proto je nutné pocitat s omezenou moZzZnosti aplikace ziskanych vysledka
piimo na pacienta. Redln¢ miiZe v téle pacienta v prubéhu 1écby TRAILem (¢i obecné

jakoukoli protinddorovou terapif) vznikat fada bunéénych klonl s odliSnym fenotypem.
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Tento projekt si vS§ak kladl za cil na in vitro modelu 1) demonstrovat potencial proteomické
analyzy k odhaleni molekuldrnich zmén asociovanych s vyvojem rezistence nadorovych
bunék a 2) dokumentovat vyuziti odhalenych zmén k navrzeni zplsobu eliminace
rezistentnich bunék. V budoucnosti bychom radi analogickou proteomickou analyzu
provedli pifimo na pacientskych vzorcich a demonstrovali tak jeji skute¢ny potenciél pro

translacni vyzkum.

Cilem naseho druhého projektu (kapitola 2.2 Popis molekuldrnich mechanizmu
srdecniho selhdni s vyuZitim potkanitho modelu objemového pretizeni, str. 46) bylo
identifikovat zmény v expresi proteini a mRNA v pribéhu srde¢niho selhdni na potkanim
modelu chronického srdecniho selhdni (CHSS). Motivem této expresni proteomické
a transkriptomické analyzy byla nutnost hlubsiho pochopeni onemocnéni nezbytna
ke zlepSeni terapie CHSS. Identifikované zmény pfisp€ly k dalSimu popisu CHSS
na molekuldrni drovni a odhalené zmény v expresi dvou enzymii MAO-A a TGM2 nis
vedly k navrzeni dvou riznych potencidlnich terapeutickych zdsahi.

Patologické procesy spojené s vyvojem a progresi CHSS dosud nebyly detailné
popsany. Souvisi to nejen s komplexnosti tohoto klinického syndromu, ale také s tim,
Ze studium tohoto zdvazného onemocnéni na vzorcich myokardu pacienti neni mozné,
protoZe by se neobeSlo bez zbyte¢né zatéZe pacientli a zdravych kontrol. Proto jsme
se rozhodli provést proteomickou studii na dobfe definovaném potkanim modelu, kde
CHSS nastava v dusledku objemového pretizeni srdce po operativnim zdkroku [75, 76].
Zviteci modely riznych lidskych onemocnéni jsou podobné¢ jako experimenty s bunéénymi
kulturami pro zékladni biomedicinsky vyzkum velkym piinosem. Je vSak nutné pocitat
s omezenou moznosti aplikace vysledkii pfimo na pacienta z divodi mezidruhovych
rozdild.

MozZna omezeni vyplyvajici z vyuziti potkaniho modelu vSak nejsou jedind, kterad
jena tomto misté¢ nutné diskutovat. Proteomickou a transkriptomickou analyzu jsme
neprovad€li na izolovanych kardiomyocytech, ale na casti srde¢ni tkdné, myokardu.
Takova tkan neobsahuje pouze kardiomyocyty a nalezené expresni zmény nemusi odrazet
uroven exprese v kardiomyocytech, ale mohou byt odrazem zménéné exprese v jinych
typech bunék, naptiklad v endotelu nebo makrofézich infiltrujicich myokard vlivem
odpovédi organizmu na zanétlivé procesy probihajici v poskozeném srdci. Dal$i omezeni
naSeho experimentu spo¢ivd vtom, Ze jsme porovnavali kontrolni (zdravé) potkany

se zvifaty se srdecnim selhdnim (AVP) v jediném casovém intervalu, cca 22 tydna
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po vytvoreni piStéle. Rozsdhlejsi analyza zahrnujici vice Casovych bodi by ndm
pravdépodobné umoZznila rozliSit, zda ziskané vysledky odrdZi metabolické a strukturni
zmény zpusobené srdeCnim selhdnim, nebo jestli tyto zmény souvisi pouze s hypertrofii
srdce, kterd srdecnimu selhdni pfedchdzi. Takovou analyzu pldnujeme provést v brzké

budoucnosti.

Cilem ttetiho projektu (kapitola 2.3 Hledani diagnostickych biomarker karcinomu
ovaria, str. 59) bylo identifikovat proteiny v sérech pacientek s karcinomem ovaria (KO),
které by mohly slouZit jako biomarkery tohoto onemocnéni. KO je nddorové onemocnéni
s velmi Spatnou prognézou, u kterého je 1écba komplikovana pfedev§im pozdni diagnézou.
Pacientky vétSinou netrpi specifickymi pfiznaky, které by odhalily karcinom v rané fazi.
Proto je nutné patrat po jinych diagnostickych moZnostech, mezi které patii prave
senzitivni a specifické markery.

Sérum  teoreticky obsahuje stopy vSech probihajicich fyziologickych
i patologickych dé&jii v podobé metabolitii, proteini a peptidii uvolnénych tkdnémi, a proto
je vhodnym zdrojem pro hleddni biomarkert. Biomarkerem karcinomu ovaria mize byt
molekula pochédzejici pfimo z nddorové bunky, nebo z okolnich tkéni reagujicich na
pfitomnost nadoru, anebo to muze byt molekula souvisejici simunitni odpovédi
organizmu. Stejn¢ tak to miZe byt molekula souvisejici s jakoukoli jinou odpovédi
organizmu na zmeény probihajici v nddorové ¢i okolni tkdni. D4 se predpokladat,
Ze potencidlni biomarker bude v séru pfitomny ve velmi nizké koncentraci v porovnéani
s dalSimi jeho slozkami. Dnes$ni analytické metody nejsou schopné bez predchozi tupravy
minoritni nezndmou sloZku séra odhalit, protoze jejich dynamicky rozsah je tfadové
10* - 10° [33, 136]. Proto je nutné dynamicky rozsah koncentraci jednotlivych proteint séra
snizit. V nasem projektu jsem k tomu pouzili dva odlisSné pfistupy, a to imunoafinitni
depleci nejhojnéjsich proteinti a ekvalizaci koncentraci proteini pomoci hexapeptidové
knihovny. Komplikaci takové dpravy je skutecnost, Ze odstranénim abundantnich proteint
ze séra dochazi také ke ztratdm dalSich proteinti a peptidi. UZ odstranéni albuminu ze séra
muze znamenat ztrity proteinti, které s albuminem interaguji. Mezi takovymi proteiny
muze teoreticky byt i potencidlni biomarker.

Porovnanim vzorkli sér pacientek a kontrol se ndm podafilo odhalit zmény
v koncentraci proteinu RBP4. Koncentrace RBP4 byla vyznamné nizZ$i v sérech pacientek
s KO a pfi ovéteni metodou ELISA odliSovala pacientky od kontrol hranice 38-40 pg/ml.
Vztah RBP4 ke KO je vSak zcela nejasny. Vyloudili jsme vliv n€kolika moZnych faktort,
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o kterych je zndmo, Ze mohou hladinu RBP4 ovliviiovat, a tim je koncentrace vitaminu A
v krvi, diabetes 2. typu (inzulinové rezistence), polycysticky syndromu ovarii a obezita.
Snizend hladina RBP4 v séru pacientek s KO je pravdépodobné spojena bud’
se zménami v metabolizmu retinoidi u pacientek, snizenou produkci RBP4 v epitelu
ovarii, nebo odrdZi obecné¢j$i procesy souvisejici s energetickym metabolizmem a dal$imi
systémovymi zménami v organizmu. V kazdém piipad¢ je nezbytné, aby tyto hypotézy
byly v budoucnosti testovany na vetsi skupiné pacientek a zdravych Zen, kterd bude dobie

stratifikovana z hlediska stddia onemocnéni, véku a celkového zdravotniho stavu.

Technické limity a omezeni proteomickych metod

Radu let byla proteomika zaloZend pfednostné na separaci proteinti dvourozmérnou
elektroforézou (2-DE). 2-DE separuje intaktni proteiny na zédklad€ odliSnych migrac¢nich
vlastnosti. Diky tomu je mozné na 2-DE gelu odliSit i rtizné varianty jednotlivych proteint
(proteoformy), coz je hlavni vyhodou této metody. OdliSnosti ve struktufe proteoforem
(zptisobené alternativnim splicingem, posttranskripénimi a posttranslacnimi modifikacemi)
jsou béhem separace zachovidny a pokud méni pl a/nebo Mr proteinu do té miry,
Ze proteoformy migruji odlisné, budou mit na 2-DE gelu jinou pozici a lze je rozlisit.

2-DE ma vsak svd omezeni. Je napiiklad nevhodnd k separaci proteint s vysokou
1 nizkou molekulovou hmotnosti, protoZe proteiny o velikosti nad 150 kDa neproniknou
do IPG stripu prvniho rozméru a u proteini pod cca 15 kDa k separaci nedochdzi
(ve druhém rozméru migruji spolecné v cele) [137]. 2-DE je také nevhodna pro proteiny
s extrémnimi hodnotami pl [137, 138]. PifedevSim je ale 2-DE nevhodna pro analyzu
transmembranovych proteini [139], protoze tyto amfipatické molekuly mohou byt
ztraceny jiz b&hem pfipravy vzorku (jsou madlo solubilni), anebo precipituji b&hem
fokusace.

Urcitd ¢ast proteinu je tak ze vzorku béhem procedury 2-DE ztracena, at’ uz kvuli
velikosti, hodnotdm pl, hydrofobicité, ¢i mnozstvi proteinu ve vzorku. 2-DE je metoda
s malym dynamickym rozsahem a nizkou citlivosti detekce [140] vhodna pouze pro
solubilni hojné stfedné velké hydrofilni proteiny. Piesto je 2-DE metodou stale pouzivanou
hlavné diky moznosti rozlisit jednotlivé proteoformy.

Spolehlivost kvantifikace je ale dalsim problémem 2-DE. Proteoformy jednoho

genu mohou migrovat rizn¢ a byt zastoupeny v n¢kolika (ve dvaceti i vice) spotech [141].
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Stejné tak mohou rtzné proteiny migrovat shodné (komigrovat) a pfekryvat se v jednom
spotu na gelu (az 23 proteinll v jednom spotu). To komplikuje jejich kvantifikaci, ktera je
zaloZend na porovnani optické denzity proteinovych spoti. B. Thiede uvadi, ze jen 17 %
zkoumanych spotli je tvofeno pouze jedinym proteinem. Kvantifikace pomoci 2-DE tak
muZe byt u zbyvajicich 83 % vizualizovanych spotl nepiesnd [141].

Dalsi komplikaci pii 2-DE analyzich naznacila meta-analyza fady publikovanych
proteomickych dat celkové ve 169 ¢lancich (cca 4700 proteinti identifikovanych
v celobunécnych lyzatech lidské, mysi a potkani tkan¢). Ta ukézala, Ze nckteré proteiny
jsou pomoci 2-DE identifikovidny jako diferencidlné exprimované ndpadné Casto (napf.
enoldza 1 v jedné studii ze Ctyr), bez ohledu na experiment a piivod biologického vzorku
[142]. Dosud neni zcela jasné, jedna-li se o biologicky jev reprezentujici odpovéd’ bunék

na stres, nebo zda-li jde o artefakt 2-DE analyzy odrazejici technickd omezeni této metody.

Z vySe uvedenych divodu je 2-DE casto nahrazovédna ,,shotgun® strategii (tedy
separaci a identifikaci na udrovni peptidl) v kombinaci se znaCenim proteini/peptida
stabilnimi izotopy. Vyhodou ,shotgun® strategie oproti 2-DE je hlavné v mnoZstvi
identifikovanych proteini v jediném experimentu: u 2-DE jsou to maximdln¢ stovky
proteini [141], kdeZto ,shotgun® strategii lze v bunécném homogendtu identifikovat
az 10 000 bilkovin [6, 32]. Pomoci ,,shotgun® piistupu mohou byt detekovany i proteiny
o velikosti nad 150 kDa, i ty s extrémnimi hodnotami pl, protoZe separace probihd na
urovni peptidl, které jsou proti proteinim mnohem mens$i, maji rdzné hodnoty pl
arozpustnosti a jsou vhodnéj$i pro separacni techniky. Dal$i vyhodou oproti 2-DE
je moznost automatizace, kterd u 2-DE mozna neni.

Zasadnim problémem ,,shotgun pfistupu je vSak ztrita informace o struktuie
intaktnitho proteinu. Dochdzi k ni nastépenim vSech proteini na peptidy a jejich
smichdnim. Dochazi tedy ke ztraté¢ kontextu. Software neskladd ze sekvence nckolika
peptidu cely protein, pouze identifikované peptidy pfifazuje k aminokyselinové sekvenci
odvozené z genu, ktery protein kdéduje. Nedokdze tak rozliSit a kvantifikovat rtizné
proteoformy vzniklé z jednoho genu napf. alternativnim sestfihem, ¢i posttranslacnimi
modifikacemi. Vyhledavaci algoritmus také neni schopen rozliSit, které kombinace
posttransla¢nich modifikaci se nachdzeji v jednotlivych proteoformdch jednoho proteinu.
Metodou ,,shotgun‘ tak nejsme schopni identifikovat a kvantifikovat rizné proteoformy
pochézejici z jednoho genu, ale zpravidla pouze kédujici gen, coZ je hlavni nevyhoda této

metody.
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Kvantifikace v ,,shotgun‘ experimentech pomoci stabilnich izotopi je zaloZena na
vneseni hmotnostniho rozdilu do molekuly proteinu/peptidu pozorovatelného v MS nebo
MS/MS spektru. Vyhodou téchto piistupti, oproti 2-DE analyze, je zpracovani znacenych
vzorkl dohromady, coZ sniZzuje pravdépodobnost vneseni chyby do experimentu a zvySuje
reproducibilitu analyzy. Nevyhodou izotopického znaceni je hlavné cena a vysoky pocet

experimentalnich krokti od znaceni az po analyzu vzorku.

Znacny metodicky pokrok umoZznil proteomické analyzy, které identifikuji né€kolik
tisic bilkovin v jediném vzorku, jedna skupina proteinii vSak zistdvd z velké Casti
opomijena. Spole¢nou nevyhodou obou proteomickych strategii je velmi omezend
schopnost identifikovat transmembranové proteiny. Analyza transmembranovych proteint
(TMP) tak piedstavuje zvlastni a dosud neuspokojivé metodicky vyfeSenou kapitolu
proteomiky.

Problém analyzy TMP je jejich nizké exprese a hlavné jejich amfipaticka povaha —
skladaji se jak z hydrofilnich useki, které jsou mimo lipidovou membranu, tak
z hydrofébnich dseki (a-helixii), které jsou zanofené v membrané. Jednou z mozZnosti
proteomické analyzy TMP je nabohaceni membranovych frakci [143] nasledované
pouzitim detergentli a organickych latek pro solubilizaci a/nebo extrakci intaktnich TMP
z lipidovych membran, proteolytickym St€penim a identifikaci pomoci MS. Nevyhod
tohoto postupu je ale nékolik. Nabohacenim membran sice zvySime podil TMP ve vzorku,
ale stejn¢ tak i perifernich membranovych a cytoskeletdlnich proteini. Prakticky
nevyhnutelné pouZiti detergentu miZe navic komplikovat digesci proteind, separaci pii LC
a predevsim identifikaci pomoci hmotnostni spektrometrie.

Dalsi moznosti jak provadét proteomickou analyzu TMP je izolace hydrofilnich
povrchovych domén TMP na zdklad¢ znaCeni proteinti plazmatické membrany intaktnich
bunck s ndslednou afinitni chromatografii. Timto postupem (tzv. cell surface capturing,
CSC) se podafilo identifikovat az 500 riznych TMP pochézejicich z plazmatické
membrany leukemickych bunék [144]. Metoda CSC neni univerzdln¢ pouzitelna
na vSechny TMP, ale pouze na TMP plazmatické membrany, které 1ze povrchové znacit
metodou CSC), a které maji extramembranové useky pristupné trypsinu. Proto byl vyvinut
jiny zptisob proteomické analyzy TMP, cileny na membrdanou chranéné o-helixy [145].
Membrany z nabohacené frakce jsou vystaveny proteindize K a hydrofilni

extramembranové tuseky spolu s kontaminujicimi proteiny jsou odStépeny. Hydrofébni
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transmembrdnové a-helixy zanofené v membrdnich jsou solubilizovdny organickou
kyselinou a chemicky doStépeny bromkyanem na kratS$i fragmenty vhodné pro MS/MS
analyzu. Timto postupem lze dosdhnout nejefektivnéjsiho nabohaceni TMP (mezi vSemi
identifikovanymi proteiny tvotily TMP az 82 %) [146].

TMP tvoii spojeni mezi intraceluldrni ¢asti buiiky a okolnim prostiedim. Kédovany
jsou podle predikce ze sekvence lidského genomu az 30 % gent [146] a hraji zcela zdsadni
roli v mnoha bunécnych procesech a tvoii dualezité cile farmaceutik — az dvé tretiny 1éCiv
miii pravé na TMP. Nejcastéji se jednd o TMP exprimované na plazmatické membrang,
ale také na TMP lokalizované v membranach endoplazmatického retikula, mitochondrii
a dalSich organel. Kolem jedné tfetiny vSech gent kédujicich protein nebylo na proteinové
urovni dosud potvrzeno. Geny kdédujici TMP mezi né patii hlavné ztoho davodu,
Ze v bézné proteomické studii k identifikaci TMP nedochazi. Proto je nutné zdokonalovat

¢1 vyvijet proteomické metody cilené praveé na TMP.

Proteomické strategie zitika

Strategie ,,shotgun®“ sice umoZiuje identifikovat tisice proteind v jediném
experimentu, ale je pocet identifikaci to nejpodstatnéjsi hledisko proteomickych studii?
Proteomické studie pfispivaji k popisu fyziologickych i patologickych molekuldrnich
mechanizmil, a protoZe i mald zména ve struktufe proteinu miZe ménit jeho funkci,
sméfuje studium proteomu pravé k analyze umozZnujici identifikovat jednotlivé
proteoformy. Identifikace intaktnich proteinti pomoci MS je moZna cestou tzv. ,,top-down*
pristupt.

Piikladem takového pfistupu je prace N.L. Kellehera a spol. [147], ktefi separovali
komplexni smés intaktnich proteind modifikovanou 2-DE ve spojeni s LC. Intaktni
proteiny nejdiive separovali podle pI (IEF v roztoku), poté podle jejich Mr (SDS-PAGE)
a dile pomoci RP-LC/MS. Problém s extrakci intaktnich proteinti z SDS-PAGE vyfesili
tak, Ze proteiny nechali z gelu vymigrovat do roztoku. Postupné pak sbirali frakce proteint
srozdilnou Mr — tzv. GELFREE (gel elution liquid-based fractionation entrapment
electrophoresis). Po nédsledném chromatografickém déleni intaktnich proteinli spojeném
online s hmotnostnim spektrometrem identifikovali 3 000 proteoforem, které prezentovaly

1 043 gend. Detekované proteoformy vznikly posttranslaéni modifikaci, odliSnym RNA

splicingem, nebo napftiklad proteolyzou.
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Dalsi krok do budoucna piedstavuje spojeni nejnov¢jSich proteomickych strategii

s metodami, které umoziuji absolutni kvantifikaci exprese proteinl.
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4 ZAVER

Potencidl expresni proteomiky v oblasti biomediciny jsme demonstrovali vyuZzitim
proteomickych néstroji na tfech rGznych projektech, které se liSily jak koncepci, tak
kombinaci separacnich a kvantifikacnich metod. Podafilo se ndm odhalit nékteré zmény
souvisejici s rezistenci lymfomové bunécné linie na protinddorovou molekulu TRAIL
a navrhnout mozné terapeutické cile pro selektivni likvidaci téchto rezistentnich bunék.
Déle jsme pfispéli k popisu dosud nejasnych mechanizmli patologickych zmén
v selhdvajicim myokardu studiem potkanitho modelu chronického srde¢niho selhdni
a navrhli dva moZné terapeutické zdsahy vhodné k 1é¢bé tohoto onemocnéni. V neposledni
fadé¢ jsme porovndnim sér pacientek s karcinomem ovaria se séry kontrolnimi
identifikovali potencidlni diagnosticky biomarker karcinomu.

Proteomika je dynamicky metodicky a koncepcni pfistup ke studiu organizmd,
ktery se stal soucasti zakladniho i aplikovaného vyzkumu, protoZe pti vhodném usporadéani
experimentu a kritickém vyhodnoceni ziskanych informaci poskytuje cenny vhled

do fyziologickych i patologickych molekuldrnich procesi.
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Abstract. Mantle cell lymphoma (MCL) is a rare aggressive
type of B-cell non-Hodgkin's lymphoma. Response to chemo-
therapy tends to be short and virtually all patients sooner or later
relapse. The prognosis of relapsed patients is extremely poor.
The tumor necrosis factor-related apoptosis-inducing ligand
(TRAIL) is considered one of the novel experimental molecules
with strong antitumor effects. TRAIL triggers extrinsic apop-
totis in tumor cells by binding to TRAIL ‘death receptors’ on
the cell surface. Recombinant TRAIL has shown promising
pro-apoptotic effects in a variety of malignancies including
lymphoma. However, as with other drugs, lymphoma cells can
develop resistance to TRAIL. Therefore, the aim of this study
was to identify the molecular mechanisms responsible for, and
associated with TRAIL resistance in MCL cells. If identified,
these features may be used as molecular targets for the effec-
tive elimination of TRAIL-resistant lymphoma cells. From an
established TRAIL-sensitive mantle cell lymphoma cell line
(HBL-2) we derived a TRAIL-resistant HBL-2/R subclone. By
TRAIL receptor analysis and differential proteomic analysis of
HBL-2 and HBL-2/R cells we revealed a marked downregula-
tion of all TRAIL receptors and, among others, the decreased
expression of 3 key enzymes of purine nucleotide metabolism,
namely purine nucleoside phosphorylase, adenine phosphoribo-
syltransferase and inosine-5'-monophosphate dehydrogenase 2,
in the resistant HBL-2/R cells. The downregulation of the 3 key
enzymes of purine metabolism can have profound effects on
nucleotide homeostasis in TRAIL-resistant lymphoma cells
and can render such cells vulnerable to any further disruption
of purine nucleotide metabolism. This pathway represents a
‘weakness’ of the TR AIL-resistant MCL cells and has potential
as a therapeutic target for the selective elimination of such cells.
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Introduction

Mantle cell lymphoma (MCL) is a rare agressive type of B-cell
non-Hodgkin's lymphoma with an estimated annual incidence
in Europe of 0.45/100,000 individuals (1). MCL is a biologically
and clinically heterogeneous disease; the immunophenotype
of neoplastic cells reflects the phenotype of cells similar to
lymphocytes in the mantle zone of normal germinal follicles (2).
The genetic hallmark of MCL cells is a translocation between
chromosomes 11 and 14, t(11;14)(q13;q32), juxtaposing the
gene for immunoglobulin heavy chain and the gene encoding
cyclin D1. This results in cyclin D1 overexpression (3,4).

The standard of care for newly diagnosed MCL patients is
combined immunochemotherapy alternating rituximab-CHOP
(R-CHOP; cyclophosphamide, vincristine, doxorubicin and
prednisone) and R-HDAC (high-dose cytarabine). The addition
of rituximab and HDAC to CHOP has improved the survival of
MCL patients in the last 2 decades from 3 to 5 years. However,
the response to therapy tends to be short and virtually all
patients sooner or later relapse. There is no standard of care for
relapsed or refractory MCL patients. Salvage therapy usually
comprises diverse regimens based on fludarabine, gemcitabine,
cisplatin, bendamustine, bortezomib (inhibitor of 26S protea-
some) or temsirolimus (inhibitor of mTOR). Recently, several
new experimental molecules have shown promise in the therapy
of relapsed or resistant MCL, including lenalidomide (immuno-
modulatory agent), ibrutinib (PCI-32765, inhibitor of Bruton's
tyrosine-kinase), new monoclonal antibodies (e.g., anti-CD20
ofatumumab), as well as other agents (5). Combination thera-
pies are currently being evaluated in clinical trials; however,
novel drugs are required.

The tumor necrosis factor-related apoptosis-inducing ligand
(TRAIL) is considered one of the novel experimental molecules
with strong antitumor effects. TRAIL is a type II transmem-
brane protein from the tumor necrosis factor superfamily (6,7)
expressed mostly by cells of the immune system (natural killer
cells, cytotoxic T-cells, macrophages and dendritic cells).
The main function of this molecule is thought to be in tumor
immunosurveillance, but its actual molecular role remains to
be elucidated.

TRAIL can trigger extrinsic apoptotis in target cells by
binding to TRAIL death receptors located on the cell surface (8).
This interaction is performed by a long extracellular C-terminal
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region of the TRAIL molecule. There are 4 distinct cell surface
TRAIL receptors in humans (DcR1, DcR2, DR4 and DRS5)
encoded by separate genes (9,10). However, only DR4 and DR5
contain a functional death domain (structurally conserved
protein interaction domain) and are capable of signaling apop-
tosis. Two decoy receptors (DcR1 and DcR?2) lack a functional
death domain and inhibit TRAIL signaling by competing with
death receptors for TRAIL (9,10). The binding of TRAIL to
DR4 or DRS leads to receptor homotrimerization and formation
of the death-inducing signaling complex (DISC) (11). Through
the DISC a caspase machinery is activated, which results in
apoptosis (12). TRAIL death receptors DR4 and DRS are ubiq-
uitously expressed, indicating that most tissues and cell types
are potential targets of TRAIL signaling (13). Nevertheless,
TRAIL seems to induce apoptosis only in tumor cells but not in
healthy tissues. Due to its selective pro-apoptotic effect, TRAIL
has attracted much attention for its possible use in cancer
therapy. In vitro, a recombinant soluble TRAIL molecule has
shown cytostatic or cytotoxic effects in a wide variety of tumor
cell lines, including leukemia and lymphoma cells, but not in
normal cells (6,7,10,11,14-19). The administration of a recom-
binant soluble TRAIL molecule has been shown to induce the
regression or complete remission of tumors in tumor xenograft
models (11,20-26). The efficacy of recombinant TRAIL and
agonistic antibodies recognizing either receptor DR4 or DR5
has been investigated in numerous clinical trials, as recently
reviewed (27).

TRAIL has also shown promising pro-apoptotic effects in
a variety of lymphoma cell lines including MCL (15). However,
as with other drugs, cancer cells can develop resistance to
TRAIL following prolonged exposure to sublethal doses of
TRAIL (14,28). Resistance to TRAIL-mediated apoptosis can
arise due to changes at the cell membrane level (typically by
loss of expression or mutation of functional DR4 and/or DRS at
the cell surface) or on the intracellular level (such as incorrect
formation of DISC and abberant expression of caspases) (29).
The successful therapy of malignancies in general, and particu-
larly those with very poor prognosis, such as MCL, depends
on the effective management of drug resistance. An in-depth
understanding of the processes involved in the development
of drug resistance and a detailed description of secondary
molecular changes associated with resistance are essential for
successful cancer therapy. Specific molecular changes which
occur in drug-resistant cells can confer a potential selective
disadvatage to such cells and may be used as targets for the
effective elimination of drug-resistant lymphoma cells.

The aim of this study was to elucidate the molecular
mechanisms responsible for TRAIL resistance in MCL cells,
as well as the secondary molecular alterations associated
with this process. We also aimed to identify the phenotypic
features specific for TRAIL-resistant MCL cells. If identified,
these molecular features can be, at least theoretically, used
as molecular targets for the effective elimination of TRAIL-
resistant lymphoma cells in experimental therapies.

Materials and methods
Cell growth and cellular toxicity assay. HBL-2 cells were grown

in Iscove's modified Dulbecco's medium in the presence of
10% foetal bovine serum, 1% penicillin-streptomycin solution
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in a 37°C humidified atmosphere with 5% CO,. TRAIL-
resistant HBL-2/R cells were derived by selective pressure
of increasing concentrations of human recombinant TRAIL
(Apronex Biotechnologies, Czech Republic) up to 1,000 ng/ml
in medium from the wild-type HBL-2 cells in 5 weeks. The
toxicity of TRAIL to HBL-2 and HBL-2/R was measured
using the colorimetric WST-8-based Quick Cell proliferation
Assay kit II (BioVision, San Francisco, CA, USA) according
to the manufacturer's instructions. Briefly, 40,000 cells were
seeded in a 96-well plate in 300 xl of medium supplemented
with increased concentrations of TRAIL up to 1,000 ng/ml
in medium for 1-4 days. After the addition of WST reagent,
absorbance was measured on a Sunrise microplate absor-
bance reader (Tecan Group Ltd., Médnnedorf, Switzerland)
with a 450 nm reading filter and 630 nm reference filter. The
absorbance of free medium was used as the background level,
triplicate samples were grown and measured for each cell type
and TRAIL concentration. Mean values were calculated. All
chemicals were purchased from Sigma-Aldrich (St. Louis, MO,
USA) unless specified otherwise.

Flow cytometric analysis. HBL-2 and HBL-2/R cells (2x103
cells for each assay) were washed in PBS buffer (0.5% foetal
bovine serum in PBS), stained with phycoerythrin-conjugated
antibodies against TRAIL receptors DR4, DRS5, DcR1 and
DcR2 (anti-hTRAIL R1, anti-hTRAIL R2, anti-hTRAIL R3
and anti-hTRAIL R4; R&D Systems, Minneapolis, MN, USA)
and analyzed by flow cytometry in triplicate (FASCCanto II,
BD Biosciences, San Jose, CA, USA). Unstained cells and cells
incubated with isotype controls served as the background fluo-
rescence controls.

Sample preparation for two-dimensional electrophoresis.
HBL-2 and HBL-2/R cells (6x107) were harvested, washed
twice with PBS and cell pellets were frozen and stored at -80°C.
Samples were thawed and homogenized in lysis buffer [7 M
urea, 2 M thiourea, 4% CHAPS, 60 mM dithiothreitol (DTT)
and 1% ampholytes (Bio-Lyte 3-10 Buffer, Bio-Rad, Hercules,
CA, USA)] and protease inhibitor cocktail (Roche Diagnostics
GmbH, Mannheim, Germany) for 20 min at room tempera-
ture with occasional vortexing. Samples were sedimented at
18,000 x g for 20 min at room temperature, supernatants were
collected and protein concentration was determined by the
Bradford assay (Bio-Rad). Protein concentrations in all samples
were equalized to 3.3 mg/ml by dilution with lysis buffer.

Two-dimensional electrophoresis. PG strips (pH 4.0-7.0,24 cm;
ReadyStrip, Bio-Rad) were rehydrated overnight in 450 ul of
sample, representing 1.5 mg of protein. Isoelectric focusing was
performed for 70 kVh, with maximum voltage not exceeding
5 kV, current limited to 50 uA per strip and temperature set to
20°C (Protean IEF Cell, Bio-Rad). Six replicates were run for
each cell type. Focused strips were briefly rinsed in deionized
water, equilibrated and reduced in equilibration buffer supple-
mented with DTT (6 M urea, 50 mM Tris pH 8.8, 30% glycerol,
2% SDS and 450 mg DTT per 50 ml) for 15 min and then
alkylated in equilibration buffer with iodacetamide (1.125 mg
iodacetamide per 50 ml of the buffer). Equilibrated strips
were then secured on 10% SDS-PAGE and secured in place by
molten agarose. SDS-PAGE electrophoresis was performed in
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a Tris-glycine-SDS system using a 12-gel Protean Dodeca Cell
apparatus (Bio-Rad) with buffer circulation and external cooling
(20°C). Gels were run at a constant voltage of 45 V per gel for
30 min and then at a constant voltage of 200 V for 6 h. Gels
were washed 3 times for 15 min in deionized water to remove
redundant SDS. Gels were then stained with colloidal Coomassie
Brilliant Blue (SimplyBlue™ Safestain, Invitrogen, Carlsbad,
CA, USA) overnight and briefly de-stained in deionized water.

Gel image analysis and extraction of peptides. Stained gels
were scanned with GS 800 calibrated densitometer (Bio-Rad)
and image analysis was performed with Progenesis™ soft-
ware (Nonlinear Dynamics, Ltd., Newcastle upon Tyne, UK)
in semi-manual mode with 6 gel replicates for each cell type.
Normalization of gel images was based on total spot density,
and integrated spot density values (spot volumes) were then
calculated after background subtraction. Average spot volume
values (averages from the all 6 gels in the group) for each spot
were compared between the groups. Protein spots were consid-
ered differentially expressed if their average normalized spot
volume difference was >1.5-fold. As determined by the Student's
t-test, a p-value <0.05 was considered to indicate a statistically
significant difference.

Protein digestion and peptide extraction. Spots containing
differentially expressed proteins were excised from the gels, cut
into small pieces and washed 3 times with 25 mM ammonium
bicarbonate in 50% acetonitrile (ACN). The gels were then dried
in a SpeedVac Concentrator (Eppendorf, Hamburg, Germany).
Sequencing grade modified trypsin (Promega, Madison, W1,
USA) (6 ng/pl of trypsin in 25 mM ammonium bicarbonate in
5% ACN) was added. Following overnight incubation at 37°C,
the resulting peptides were extracted with 50% ACN.

Matrix-assisted laser desorption/ionization-time of flight mass
spectrometry (MALDI-TOF MS) and identification of selected
proteins. Peptide samples were spotted on a polished steel
target plate (Bruker Daltonics, Bremen, Germany) and allowed
to dry at room temperature. Matrix solution (3 mg o-cyano-4-
hydroxycinnamic acid in 1 ml of 50% ACN containing 0.1%
trifluoroacetic acid) was then added. MS was performed
on an Autoflex II MALDI-TOF/TOF mass spectrometer
(Bruker Daltonics) using a solid nitrogen laser (337 nm) and
FlexControl software (Bruker Daltonics) in reflectron mode
with positive ion mass spectra detection. The mass spectrometer
was externally calibrated with Peptide Calibration Standard II
(Bruker Daltonics). Spectra were acquired in the mass range
800-4,000 Da. The peak lists were generated using FlexAnalysis
and searched against Swiss-Prot (2011 version, 524420
sequences) using Mascot software. The peptide mass tolerance
was set to 50 ppm, taxonomy Homo sapiens, missed cleavage
was set to 2, fixed modification for cysteine carbamidomethyl-
ation, and variable modifications for methionine oxidation and
protein N-terminal acetylation.

Western blot analysis. Cells were lysed in NHT buffer
(140 mM NaCl, 10 mM HEPES, 1.5% Triton X-100, pH 7.4).
Protein concentration in the collected supernatants was
determined by the Bradford assay (Bio-Rad). Lysate samples
(25-70 pug) were combined with SDS loading buffer containing
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2-mercaptoethanol and boiled for 5 min. Triplicate samples
were separated on 12% SDS-PAGE minigels in Tris-glycine
buffer (Bio-Rad). Electrophoresis was performed at a constant
voltage for 30 min at 45 V per gel, and then at 90 V per gel until
the dye front reached the gel bottom. Proteins were transferred
onto 0.45 ym PVDF membranes (Milipore, Billerica, MA,
USA) in a semi-dry blotter (Hoefer, San Francisco, CA, USA)
at 0.8 mA/cm? of membrane. Membranes were incubated with
blocking buffer containing PBS (Invitrogen), 0.1% Tween-20
and 5% non-fat dried milk for 1 h. As primary antibodies
anti-adenine phosphoribosyltransferase (APRT; 1:1,000, rabbit
polyclonal antibody), anti-purine nucleoside phosphorylase
(PNP; 1:1,000, mouse monoclonal antibody) and anti-GAPDH
(1:10,000, rabbit polyclonal antibody) were used. After thor-
oughly washing in blocking buffer, a secondary horseradish
peroxidase-conjugated anti-mouse or anti-rabbit antibody was
added (1:10,000). GAPDH was used as the loading control. The
signal was detected using Western Blotting Luminol Reagent
(Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA) and
membranes were exposed to X-ray films (Kodak, Rochester, NY,
USA). All used antibodies were from Santa Cruz Biotechnology.

Results

Molecular changes associated with the generation of drug-
resistant cells can confer potential selective disadvantage. Such
a ‘weakness’ may be used as druggable target for effective
elimination of drug-resistant lymphoma cells. Our aim was to
elucidate the molecular changes associated with the development
of TRAIL resistance in (originally TR AIL-sensitive) MCL cells
in order to identify such a cellular ‘weakness’ of TR AIL-resistant
MCL cells. To identify the specific protein expression changes in
the TRAIL-resistant cells, we derived a TRAIL-resistant HBL-2
subclone (HBL-2/R) from the originally TR AIL-sensitive HBL-2
cell line, and performed differential analysis of the surface
expression of TRAIL receptors and comparative proteomic
analysis of the HBL-2/R and HBL-2 cells.

TRAIL-resistant cell line. The TR AIL-resistant HBL-2 subclone
(HBL-2/R) was derived from the originally TRAIL-sensitive
HBL-2 cell line by selective pressure of increasing TRAIL
concentration in medium over 5 weeks. While the ICs, for
TRAIL in the originally sensitive HBL-2 cells was 1 ng/ml at
48 h (data not shown), the resulting HBL-2/R subclone prolifer-
ated in up to 1,000 ng/ml TRAIL concentration in medium and
was therefore >1,000-fold more resistant to TRAIL than the
HBL-2 cells (Fig. 1).

TRAIL receptors - flow cytometric analysis of cell surface
expression. The attenuated expression of TRAIL death recep-
tors DR4 and DR5 has been previously described as a cause
of TRAIL resistance. We therefore determined the relative
expression of TRAIL receptors in HBL-2 and HBL-2/R cells by
flow cytometry (Fig. 2). The expression of DR4, DR5, DcR1 and
DcR2 in the HBL-2/R cells was markedly decreased compared
to the HBL-2 cells. The marked downregulation of death recep-
tors DR4 and DRS5 explains the resistance of the HBL-2/R cells
to TRAIL, while the downregulation of decoy receptors DcR1
and DcR2 may indicate further, more complex phenotypic
changes in the HBL-2/R cells.
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Figure 1. Relative cytotoxicity of TRAIL. Viability of TR AIL-sensitive HBL-2
cells and TRAIL-resistant HBL-2/R cells after 78 h in medium with recombi-
nant TRAIL was determined by WTS-based colorimetric assay. Absorbance
value of HBL-2 cells grown in medium without TRAIL was set to 1.
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Figure 2. Cell surface expression of TRAIL receptors. HBL-2 and HBL-2/R
cells were labeled with phycoerythrin-conjugated antibodies against the
TRAIL cell surface receptors, DR4, DR5, DcR1 and DcR2, and the expression
of the receptors was analyzed by flow cytometry. Cells without staining and
isotype controls served as the blank controls.

Proteomic analysis. In order to identify specific changes in
protein expression associated with TR AIL resistance in HBL-2/R
cells, we performed comparative proteomic analysis of cellular
homogenates of HBL-2/R and TRAIL-sensitive HBL-2 cells.
Using two-dimensional electrophoresis of total cell lysates, we
reproducibly detected 820 protein spots on Coomassie Brilliant
Blue-stained gels. We found 21 protein spots to be significantly
quantitatively changed (upregulated or downregulated, change
>1.5-fold; p<0.05) in HBL-2/R cells (Fig. 3). Using MALDI-TOF/
TOF mass spectrometry we identified all 21 proteins differen-
tially expressed in HBL-2/R cells (Table I).

Functional annotations of the identified differentially
expressed proteins were analyzed using the Kyoto Encyclopedia
of Genes and Genomes (KEGG) database. Among the 21 identi-
fied proteins we found molecules involved in diverse functions,
including cytoskeleton regulation, ribosome synthesis and
maturation, RNA metabolism, chromosome translocation,
DNA repair and replication, as well as protein folding. However,
one pathway was markedly enriched in our set (hsa00230 -
purine metabolism) represented by 3 differentially expressed
proteins. These 3 molecules are key enzymes of the purine
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Figure 3. Two-dimensional electrophoresis of HBL-2 and HBL-2/R cells was
performed on 24-cm gel strips, pH 4.0-7.0, 10% SDS-PAGE. Proteins were
stained with Coomassie Brilliant Blue. Differentially expressed proteins are
indicated by numbered arrows (spots 1-11 indicate downregulated proteins in
HBL-2/R cells, and spots 12-21 indicate upregulated proteins in HBL-2/R cells).

nucleotide metabolism (Fig. 5) and all 3 are downregulated
in TRAIL-resistant HBL-2/R cells [PNP (downregulated
1.6-fold in HBL-2/R cells), APRT (downregulated 2.2-fold in
HBL-2/R cells) and inosine-5'-monophosphate dehydrogenase 2
(IMPDH2, downregulated 1.6-fold in HBL-2/R cells)].

Verification of proteomic analysis. To confirm the results of
proteomic analysis by an independent method we verified
the decreased expression of the 2 proteins involved in purine
metabolism, namely PNP and APRT, by western blot analysis
in HBL-2 and HBL-2/R cell lysates (Fig. 4).

Discussion

The downregulation of the 3 key enzymes of purine metabo-
lism can have a profound effect on nucleotide homeostasis
in TRAIL-resistant lymphoma cells. Purine nucleotides,
the building blocks for synthesis of DNA, RNA and enzyme
co-factors, are recruited either from de novo purine synthesis
from low molecular weight precursors or by recycling of free
nucleobases in the so-called salvage pathway. Both pathways
lead to the production of nucleoside-5'-phosphates (Fig. 5). Both
pathways can supply cellular demand independently; however,
their importance in different tissues is variable. In leukemic
and lymphoma cells the salvage pathway is considered the
major source of purine nucleotides (30,31).
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Table I. List of proteins differentially expressed in HBL-2/R cells (difference at least 1.5-fold and statistical significance p<0.05).

Spot Swiss-Prot Protein name Fold  Mascot Sequence Mr
no. no.* change score®  cov. (%)
Proteins upregulated in HBL-2/R cells
1 P04792 Heat shock protein f3-1 39 84 51 22826
2 P42704 Leucine-rich PPR motif-containing protein, mitochondrial 2.6 100 23 159003
3 075351 Vacuolar protein sorting-associated protein 4B 2.6 171 32 49443
4 P23381 Tryptophanyl-tRNA synthetase, cytoplasmic 24 240 54 53474
5 P20591 Interferon-induced GTP-binding protein Mx1 22 176 42 75872
6 P09211 Glutathione S-transferase P 1.9 110 56 23569
7 P06396 Gelsolin 19 115 22 86043
8 P13010 X-ray repair cross-complementing protein 5 1.7 262 46 83222
9 Q9HAV7 GrpE protein homolog 1, mitochondrial 1.6 99 44 24492
10 043776 Asparaginyl-tRNA synthetase, cytoplasmic 1.5 250 41 63758
11 Q15084 Protein disulfide-isomerase A6 15 76 29 48490
Proteins downregulated in HBL-2/R cells
12 P08559 Pyruvate dehydrogenase E1 component subunit a 32 111 32 43952
13 P19338 Nucleolin 24 146 29 76625
14 P07741 Adenine phosphoribosyltransferase 22 227 79 19766
15 075792 Ribonuclease H2 subunit A 1.7 348 72 33716
16 Q07955 Serine/arginine-rich splicing factor 1 1.7 82 35 27842
17 P00491 Purine nucleoside phosphorylase 1.6 182 68 32325
18 P12268 Inosine-5'-monophosphate dehydrogenase 2 1.6 230 44 56226
19 P40121 Macrophage-capping protein 1.6 102 41 38760
20 P13674 Prolyl 4-hydroxylase subunit a-1 15 234 48 61296
21 Q15019 Septin-2 1.5 62 26 41689

sSwiss-Prot no. is the code under which the identified protein is deposited in the Swiss-Prot database. ®Mascot score helps to estimate the
correctness of the individual hit. It is expressed as -10 x log(P) where P is the probability that the observed match is a random event. “Sequence

coverage is the number of amino acids spanned by the assigned peptides divided by the sequence length.
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Figure 4. Relative expression of purine nucleoside phosphorylase (PNP) and adenine phosphoribosyltransferase (APRT) in HBL-2 and HBL-2/R cell lysates
determined by western blot analysis. (A) Triplicate cell lysates were separated on 12% SDS-PAGE minigels. Proteins were then transferred onto PVDF mem-
branes, blocked and probed with either anti-APRT, or anti-PNP antibody. Anti-GAPDH antibody was used as the loading control. The bands were visualized by
HRP-conjugated secondary antibodies. (B) The values of integrated optical densities of PNP and APRT in HBL-2 cells were set to 100.

The de novo synthesis of purine nucleotides requires
5-phosphoribosyl-1-pyrophosphate (PRPP), ATP, glutamine,
glycine, CO,, aspartate and formate to create the first fully
formed nucleotide, inosine-5'-monophosphate (IMP). IMP
represents a branch point for purine biosynthesis, since it can
be converted either to guanosine-5'-monophosphate (GMP) by
IMPDH?2 (downregulated in HBL-2/R cells) or to adenosine-
5'-monophosphate (Fig. 5).

The catabolism of purine nucleotides leads to the liberation
of free purine bases by PNP (downregulated in HBL-2/R cells).
In the salvage pathway the free bases are reconverted back to
nucleoside-5'-monophosphates in a reaction with activated
sugar (PRPP) catalyzed by APRT (downregulated in HBL-2/R
cells) or hypoxanthine-guanine phosphoribosyltransferase (32)
(Fig. 5). Ribonucleotides are converted by ribonucleotide reduc-
tase into the corresponding deoxyribonucleotides.
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Figure 5. Scheme of the purine metabolism pathways, showing the position of IMPDH2, APRT and PNP in purine nucleotide biosynthesis, adopted from a pre-
vious study (35). The de novo synthesis of purine nucleotides begins with the phosphorylation of ribose-5-phosphate to form PRPP. In a number of reactions, PRPP
creates the first fully formed nucleotide, IMP. IMP is converted by IMPDH2 to GMP. PNP catalyzes the reversible cleavage of purine nucleosides, releasing purine
nucleobases (adenine, hypoxanthine, xanthine and guanine). In the salvage pathway the free nucleobases can be reconverted back to nucleoside-5'-monophosphates
in a reaction with activated sugar (PRPP) catalyzed by APRT. IMPDH2, inosine-5'-monophosphate dehydrogenase 2; APRT, adenine phosphoribosyltransferase;
PNP, purine nucleoside phosphorylase; PRPP, 5-phosphoribosyl-1-pyrophosphate; IMP, inosine-5'-monophosphate; GMP, guanosine-5'-monophosphate; dADP,
deoxyadenosine diphosphate; ADP, adenosine diphosphate; GDP, guanosine diphosphate; dGDP, deoxyguanosine diphosphate; AMP, adenosine monophosphate;

XMP, xanthosine monophosphate.

The delicate balance of enzyme activities and concentra-
tions of products and intermediates are critical for purine
(nucleotide) homeostasis. The inhibition of PNP results in
the accumulation of its substrate, 2'-deoxyguanosine which
is further phosphorylated to deoxyguanosine triphosphate
(dGTP). A high intracellular concentration of dGTP inhibits
cell proliferation and induces apoptosis (33-35). If APRT
is inhibited, accumulated adenine is oxidized to insoluble
2.8-dihydroxyadenine. Accumulation of this precipitate results
in cell death (32). Similarly, the inhibition of IMPDH?2 leads
to depletion of guanosine nucleotides, which blocks DNA
synthesis and cell division (36,37).

Disruption of the purine nucleotide metabolism generally
results in an accumulation and/or a lack of ribonucleotides
or deoxyribonucleotides or metabolic intermediates with
potentially cytotoxic consequences. The observed decreased
expression of the 3 purine metabolism enzymes affects both
de novo synthesis and the salvage pathway of purine metabo-
lism and may also affect purine nucleotide homeostasis in
TRAIL-resistant HBL-2/R cells. Such an imbalance may
represent a selective disadvantage for the affected cells. Such
a ‘weakness’ may not be apparent under normal circumstances
but may become critical under stress or unfavorable condi-
tions. As the proliferation rates of HBL-2/R and HBL-2 cells
are comparable, the proposed imbalance in purine nucleotide
metabolism in TRAIL-resistant cells is possibly mild and/
or well compensated in vitro. However, this ‘weakness’ may
become apparent due to lack of building blocks for DNA and

RNA synthesis in the environment or upon further disruption of
purine metabolism. Since both pathways of purine metabolism
are compromised in TRAIL-resistant MCL cells, these cells
should be vulnerable to further inactivation of purine nucleo-
tide metabolism enzymes. Therefore, drugs that target (already
disbalanced) purine metabolism should be highly cytotoxic
to TRAIL-resistant cells (compared to non-malignant cells)
and may therefore be selectively effective in the elimination
of TRAIL-resistant MCL cells in experimental therapy. There
are several approved inhibitors of purine metabolism, such as
methotrexate (inhibits purine de novo synthesis via dihydrofo-
late reductase) (38), ribavirin and mycophenolic acid (inhibitors
of IMPDH2) (39,40) or forodesine (a novel inhibitor of PNP)
(41,42), available for clinical use.

The adaptation of cancer cells to cytostatic and cytotoxic
drugs is associated to a certain degree with extensive changes
in the cell phenotype. Some of the molecular changes, although
seemingly unrelated to the mechanism of resistance, can provide
a selective disadvantage to the cells and such a ‘weakness’
may be used as a potential therapeutic target. By the presented
proteomic analysis of the changes associated with resistance to
TRAIL in MCL HBL-2 cells, we demonstrated the downregula-
tion of all types of TRAIL receptors and identified the altered
expression of several proteins including 3 enzymes of the purine
metabolism pathway. This downregulated pathway potentially
represents a ‘weakness’ of the TRAIL-resistant MCL cells and
has potential as a therapeutic target for the selective elimination
of such cells in the future.
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Abstract

Background: Chronic hemodynamic overloading leads to heart failure (HF) due to incompletely understood
mechanisms. To gain deeper insight into the molecular pathophysiology of volume overload-induced HF and to
identify potential markers and targets for novel therapies, we performed proteomic and mRNA expression analysis
comparing myocardium from Wistar rats with HF induced by a chronic aorto-caval fistula (ACF) and sham-operated
rats harvested at the advanced, decompensated stage of HF.

Methods: We analyzed control and failing myocardium employing iTRAQ labeling, two-dimensional peptide
separation combining peptide IEF and nano-HPLC with MALDI-MS/MS. For the transcriptomic analysis we
employed lllumina RatRef-12v1 Expression BeadChip.

Results: In the proteomic analysis we identified 2030 myocardial proteins, of which 66 proteins were differentially
expressed. The mRNA expression analysis identified 851 differentially expressed mRNAs.

Conclusions: The differentially expressed proteins confirm a switch in the substrate preference from fatty acids to
other sources in the failing heart. Failing hearts showed downregulation of the major calcium transporters SERCA2

inhibitors in future HF therapy.

and ryanodine receptor 2 and altered expression of creatine kinases. Decreased expression of two NADPH
producing proteins suggests a decreased redox reserve. Overexpression of annexins supports their possible
potential as HF biomarkers. Most importantly, among the most up-regulated proteins in ACF hearts were
monoamine oxidase A and transglutaminase 2 that are both potential attractive targets of low molecular weight

Keywords: Heart failure, hypertrophy, annexins, monoamine oxidase, transglutaminase

Background

Heart failure (HF) is a major cause of human morbidity
and mortality with increasing prevalence worldwide,
affecting 2-4% of the adult European population [1]. HF
is a complex syndrome, resulting from an impaired abil-
ity of the diseased heart to maintain adequate effective
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cardiac output [2]. Typical signs and symptoms of
chronic HF are shortness of breath, cough, accumulation
of fluids in the lungs and other tissues, fatigue, limita-
tions on physical activity and arrhythmia [2]. The prog-
nosis for affected individuals is poor and 50% of chronic
HF patients die within 4 years of the initial diagnosis
[1]. Despite substantial progress in deciphering indivi-
dual processes involved in the initiation and gradual
progression of HF [3], our understanding of the underly-
ing molecular causes of cardiomyocyte dysfunction is

© 2011 Petrak et al; licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and reproduction in
any medium, provided the original work is properly cited.
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still very limited. The molecular phenotype of heart fail-
ure has been associated with the altered expression of
proteins involved in energy metabolism, membrane exci-
tation, calcium-mediated excitation-contraction cou-
pling, force transduction and with myofilament
contraction or relaxation [3]. Studies of the molecular
mechanisms of HF in humans are undermined by multi-
factor etiology of cardiac dysfunction, by confounding
co-morbid conditions and also by a lack of appropriate
healthy controls. These obstacles can be avoided in
experimental animal models. In rodents, experimental
HF is most often induced by myocardial infarction (liga-
tion of the proximal left coronary artery) or by pressure
overload (banding of the proximal aorta). As recently
demonstrated the molecular responses to volume and
pressure overload appear to differ [4].

HF induced by chronic volume overload has been stu-
died less, despite such overload due to valve insuffi-
ciency being relatively common among HF patients [5].
Volume overload due to a surgically created aorto-caval
fistula (ACF) in rats is a well defined model of chronic
HF [6-8], which mimics the gradual transition of asymp-
tomatic cardiac hypertrophy into symptomatic HF. The
creation of an ACF leads to increased cardiac output
and eccentric ventricular hypertrophy that remains
asymptomatic for 8-10 weeks. Because most of cardiac
output is shunted into the inferior vena cava, the effec-
tive cardiac output is reduced. leading to renal hypoper-
fusion [7], neurohumoral activation, and sodium/water
retention [8]. Elevated cardiac filling pressures further
contribute to cardiac overload [9-11]. By these mechan-
isms, HF gradually develops [8].

To better elucidate the molecular pathophysiology of
HF due to ACF, and to identify potential molecular tar-
gets for novel therapies, we performed a proteomic ana-
lysis of the left ventricle myocardium from ACF animals
with signs of HF (150 days after fistula creation) and
control (sham-operated) rats. We used a shot-gun
approach that combines iTRAQ labeling chemistry [12]
with two-dimensional separation of peptides by isoelec-
tric focusing on immobilized pH gradients (IEF-IPG)
[13] followed by nano-HPLC and MALDI mass spectro-
metry. The myocardial samples were also subjected to
mRNA microarray expression analysis.

Materials and methods

The chronic HF model

HF due to volume overload was induced in male Wis-
tar rats (300-350 g) by creating an aorto-caval fistula
(ACF) using a 1.2 mm needle from laparotomy under
general anesthesia, as described previously [6,7]. Con-
trol sham-operated animals underwent the same proce-
dure, but without creating an ACF. The animals were
kept on a 12/12-hour light/dark cycle, and fed a
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normal salt/protein diet (0.45% NaCl, 19-21% protein,
SEMED, CR). The investigation conformed to the NIH
Guide for the care and use of laboratory animals (NIH
Publication No. 85-23, 1996), Animal protection laws
of the Czech Republic (311/1997) and was approved by
the Ethics Committee of IKEM (305/09/1390 from 25.
March 2008).

Echocardiography and hemodynamics

Examinations were performed under general anesthesia
(ketamine+midazolam mixture) at the study end (150
days after ACF creation) prior to harvesting of heart tis-
sue. Echocardiography was performed with a 10 MHz
probe (Vivid System 5, GE, USA). End-systolic and end-
diastolic left ventricle (LV) volumes were derived by the
cubic equation and stroke volume as their difference.
Hemodynamics was measured with a 2F micro-man-
ometer catheter (Millar Instruments) inserted into the
aorta and LV via the carotid artery, connected to a
Powerlab 8 platform for off-line analysis with LabChart
software (ADInstruments, Germany). The presence of
ACF was verified by laparotomy and the animals were
killed by exsanguination. After removal, hearts were
immediately perfused with ice-cold St. Thomas cardio-
plegic solution administered into the aortic root. The
organs were weighted and normalized to body weight.

Morphological examination

Perfused hearts were fixed with 4% paraformaldehyde in
phosphate buffer saline (PBS). After 24 h of immersion
in the same fixative, the hearts were rinsed in PBS and
processed through ascending series of saccharose prior
to embedding into Tissue-Tek OCT medium. The
blocks were then cut on cryomicrotome at 12 micro-
meters thickness. Guide series were stained by hematox-
ylin-eosin with Alcian blue. Sister sections were then
stained with Picrosirius Red. The slides were finally
washed with distilled water and dehydrated in ascending
ethanol series, cleared in xylene, and mounted in Depex
medium. Observation and photography were performed
in transmitted and polarized light on an Olympus BX51
compound microscope.

Myocardial sample preparation

Samples of mid-ventricular anterior free LV wall tissue
were immediately harvested into liquid nitrogen and
stored at -80°C until analysis. Frozen samples (ACF, n =
6 and controls, n = 6) were pulverized under liquid
nitrogen and the samples were sub-pooled according to
the following scheme: ACF1 (ACF rats #1,3,5), ACF2
(ACF rats #2,4,6), Sham1 (sham-operated rats #1,3,5),
Sham2 (sham-operated rats #2,4,6). The pooled samples
(10 mg) were extracted with 1 mL of NHT buffer (140
mM NacCl, 10 mM Hepes, 1.5% Triton X-100, pH 7.4)
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for 15 min on ice. Insoluble material was sedimented at
15 000 x g for 15 min and the protein concentration of
the cleared supernatant was determined by the Bradford
assay (Bio-Rad, CA). A 100 pg aliquot from each sample
was precipitated overnight in cold acetone (-20°C). Pre-
cipitated proteins were sedimented at 15 000 x g at 4°C
for 15 min.

Protein digestion and iTRAQ labeling

Extracted and acetone-precipitated myocardial samples
were reduced, alkylated, digested with trypsin and
labeled with 114-117 iTRAQ chemistry according to the
manufacturer’s instructions (Applied Biosystems, UK).
Labeling was performed as follows: “114” - ACF1, “115”
- ACF2, “116” - Shaml, “117” - Sham2. Labeled samples
114-117 were then combined and the volume of the
final sample was reduced to 40 pL in a SpeedVac Con-
centrator (Eppendorf, CR). In total, three independent
analyses A, B and C of the ACF1, ACF2, Sham1 and
Sham?2 samples were performed including extraction,
digestion, labeling, separation and MS analysis.

IEF-IPG of peptides, extraction

Isoelectric focusing was performed on a Protean IEF cell
(Bio-Rad, CA, USA) using 24 cm IPG strips (pH 4-7, Bio-
Rad). Strips were rehydrated overnight in 450 pL of
iTRAQ-labeled peptide mixture diluted with rehydration
buffer (7 M urea, 2 M thiourea, 4% CHAPS, 60 mM
DTT, 1% ampholytes and 0.002% bromophenol blue).
IEF was carried out for 73 kVhr with maximum voltage
not exceeding 6 kV, current limited to 50 pA per strip
and temperature set to 20°C. After focusing, strips were
briefly washed in water, cut into 32 pieces and peptides
were extracted from individual strip pieces into 150 pL of
80% acetonitrile with 0.5% trifluoroacetic acid, for one
hour at room temperature. The volume of all fractions
was reduced to 5-10 pL by evaporation in the SpeedVac
Concentrator and fractions were stored at -80°C.

LC-MALDI

LC-MALDI analyses were performed on an Ultimate
3000 HPLC system (Dionex, Sunnyvale, USA) coupled
to a Probot micro-fraction collector (Dionex). Extracted
post-IEF fractions were loaded onto a PepMap 100 C18
RP column (3 pm particle size, 15 cm long, 75 pum inter-
nal diameter; Dionex) and separated by a gradient of 3%
(v/v) acetonitrile, 0.1% (v/v) trifluoroacetic acid to 44%
(v/v) acetonitrile, 0.1% (v/v) trifluoroacetic acid over a
period of 113 min and from 44% to 80% ACN over the
next 7 min. The flow rate was set to 300 nL/min. The
eluate was mixed 1:3 with matrix solution (2 mg/mL o-
cyano-4-hydroxycinnamic acid in 80% ACN) by the Pro-
bot micro-fraction collector prior to spotting onto a
MALDI target (5 spots per minute). Spectra were
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acquired on a 4800 Plus MALDI TOF/TOF analyzer
(AB Sciex) equipped with a Nd:YAG laser (355 nm, fir-
ing rate 200 Hz). All spots were first measured in MS
mode from m/z 800 to 4,000 and then up to 15 stron-
gest precursors were selected for MS/MS analysis which
was performed with 1 kV collision energy and a colli-
sion cell operating pressure of 10 Torr. Tandem mass
spectra were processed with a 4000 Series Explorer with
subtract baseline enabled (peak width 50), Gaussian
smoothing enabled (filter width 5), minimum signal to
noise 8, local noise window width 250 m/z, minimum
peak width at full width half max 2.9 bins, cluster area
signal to noise optimization enabled (threshold 15), and
flag monoisotopic peaks enabled.

Proteomic data analysis

Mass spectrometry data from all three parallel analyses
A, B and C were merged and processed as a single data-
set. Protein identification and quantitation were per-
formed using Protein Pilot 3.0 (AB Sciex). MS/MS
spectra were searched against the Rattus norvegicus
sequences assembly downloaded from GenBank (http://
www.ncbi.nlm.nih.gov/protein, 110 358 sequences, as of
06-Jan-2010) with the following settings: Trypsin diges-
tion (semitryptic peptides allowed), methyl methanethio-
sulfonate modification of cysteines, iTRAQ 4-plex
labeled peptides, instrument 4800, no special factors,
default iTRAQ isotope correction settings, quantifica-
tion, bias correction, background correction, biological
modifications and thorough ID parameters selected.
Probabilities of modifications were not altered. The
detected protein threshold (unused protein score and
confidence of results) was set to 2.0 and 99.0% and false
discovery rate analysis was enabled. Proteins sharing a
set of peptides were grouped automatically with the
default Pro Group™ Algorithm. Ratios of iTRAQ were
calculated with default Protein Pilot setting, Protein fold
change (iTRAQ ratio for an individual protein) was cal-
culated automatically by the Protein Pilot software as a
weighted average of Log iTRAQ ratios determined for
individual peptides belonging to the particular protein
after background subtraction.

To estimate the false discovery rate (FDR) a decoy
database search was performed. For each protein ratio
the Protein Pilot reported the p-value and EF (error fac-
tor). To be considered as differentially expressed, indivi-
dual proteins had to fulfill the following statistical
criteria: p value<0.05, EF<2 and average iTRAQ
ratio>1.5. In our experimental iTRAQ labeling scheme
("114” - ACF1, “115” - ACF2, “116” - Shaml, “117” -
Sham2) a protein was considered differentially expressed
only when the all three parameters were reached for all
four ACF/Sham protein iTRAQ ratios (i.e for all ratios
116/115, 116/114, 117/115 and 117/114). The fold-
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change of differentially expressed proteins was calcu-
lated as the average value from the protein iTRAQ
ratios reported by Protein Pilot.

Western blotting

Myocardial protein samples (20 pg) were separated on
10 or 12% SDS-PAGE minigels in Tris-Glycine buffer.
Electrophoresis was performed at a constant voltage 90
V. Proteins were then transferred to PVDF membranes
(Milipore, MA, USA) in semi-dry blotter (Hoeffer,
Canada) at 0.8 mA/cm? of membrane. Membranes were
incubated in blocking buffer (phosphate buffer saline
(Invitrogen, CA) and 0.1% TWEEN 20 (Sigma-Aldrich))
for 2 hours. Primary antibodies raised against MAO-A
(1:300), TGM?2 (1:400), HADHA (1:500), from Santa
Cruz Biotechnology, CA, USA and GAPDH (1: 330000)
from Sigma) were used. After thorough washing in the
blocking buffer, secondary horseradish peroxidase-con-
jugated antibody (1:10 000, Santa Cruz Biotechnology)
was added to membrane for one hour. Signal was
detected using Western Blotting Luminol Reagent
(Santa Cruz Biotechnology).

mRNA expression analysis

Samples of LV tissue (n = 6 in each group) were imme-
diately harvested into RNA preserving solution (RNA-
Later, Ambiogen, USA). Total RNA was isolated
(RNeasy-MicroKit, Qiagen, USA), checked for integrity,
amplified, and hybridized on an Illumina RatRef-12v1
Expression BeadChip (Illumina, USA). The raw data
were analyzed and processed using the beadarray pack-
age of the Bioconductor, as previously described [14].
Analysis of differential expression was performed with
the Limmapackage [15] and annotated against the
RatRef 12_V1_0_ R3_11222119_A.bgx maniphest (Illu-
mina, USA). The cut-off level for differential regulation
was set to the fold change [1.5 or \0.67 with Storey q
\0.05]. The data are MIAME-compliant and are depos-
ited in the ArrayExpress database (accession #: E-
MTAB-190).

Results and Discussion

We prepared cohorts of rats with an aorto-caval fistula
(ACF) and sham-operated control animals. We deter-
mined functional and morphological changes in the fail-
ing ACF myocardium and performed differential
proteomic and mRNA expression analysis of control
and failing ACF myocardium.

Cardiac morphometry and function

Rats with ACF had reached a similar body size as sham-
operated controls and most of ACF animals showed
clinical signs of HF such as piloerection, lethargy and
difficult breathing 150 days after ACF creation.
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Compared to controls, ACF animals had markedly
increased heart size (Figure 1A) and weights (5.29 +
0.18 vs. 2.80 + 0.12 g/100 g of body weight, p < 0.05)
and increased lung weights indicating pulmonary con-
gestion (Table 1). Echocardiography confirmed the
enlargement of both ventricles and reduced fractional
shortening of the left ventricle. These observations are
compatible with incipient contractile dysfunction in
ACEF. Invasive hemodynamics showed increased end-dia-
stolic LV (left ventricle) pressure also indicative of
decompensated HF (Table 1). There was no marked
fibrosis observed in ACF hearts (Figure 1B, C), in agree-
ment with a previous report [16].

Proteomic and transcriptomic analysis

Six male rats with ACF and six sham-operated animals
were included into our proteomic analysis and processed
in two sub-pooled samples per group. Three

sham ACF

Figure 1 Morphology of sham and ACF rat hearts 150 day
after ACF creation. A) Transversal section of the heart illustrates
marked biventricular enlargement in the ACF animal compared to
control sham-operated rats. B,C) Picrosirius Red staining in
transverse sections, observed in polarized light, detected sparse
mature collagen fibers (in red) well aligned with the myocyte
bundles in the circular layer of the left ventricle (B). The amount of
collagen was consistently higher in the right ventricle (C), but no
difference between sham and ACF hearts was apparent. Green
staining is due to erythrocytes, contractile proteins, or immature
collagen fibrils. Very little green was observed at the edges of the
collagen fibers, representing physiological protein turnover rather
than tissue remodeling, with no difference between sham and ACF.
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Table 1 Morphometric, hemodynamic and
echocardiographic characteristics of cardiac function 150
days after ACF

Sham ACF

Morphometry

Body weight, g 592 + 209 586 + 234

Heart weight/BW, g/100 g 280012 529+018*

Lung Weight/BW, g/100 g 330+ 016 423 +0.19*
Hemodynamics

Heart rate, s/ 3449+ 3601 + 108

133

Peak LV pressure, mmHg 129 £ 7.11 120 £ 3.96

End-diastolic LV pressure, mmHg 6.7 +084 121 +066*
Echocardiography

LV diastolic diameter, mm 6.08 =040 10.20 + 048

*

LV systolic diameter, mm 195 + 042 547 +042 *

LV Fractional shortening, % 69.2 £ 500 467 +246*

LV anterior wall diastolic thickness, 230 +£008 233 +009

mm

LV posterior wall diastolic thickness, 233 +£007 231 +0.09

mm

RV diastolic diameter, mm 285 +0.18 507 029 *

n = 10/group. Data are mean + SE.
BW: Body weight, ACF: aorto-caval fistula group, LV: left ventricle, RV: right
ventricle.

* significantly different (p < 0.05) than sham-operated animals.

independent labeling and separation experiments A, B
and C were performed, resulting in a total 168 LC-runs,
collecting over 110,000 MS/MS spectra. Mass spectro-
metry data from all three parallel analyses were merged
and processed as a single dataset by Protein Pilot soft-
ware. At high confidence (unused protein score 2.0 and
confidence 99%) we identified 2030 individual proteins.
For the expression analysis we considered only those
proteins that were identified with at least two peptides,
each peptide with at least 95% confidence. That reduced
the number of identified proteins to 1446 with a false
discovery rate (FDR) of only 0.48%. Based on the pro-
teomic analysis (table 2), sixty six proteins were differen-
tially expressed (p value<0.05, average iTRAQ ratio>1.5)

Transcriptomic analysis was performed using Illumina
chips containing 23,401 rat genes. 16,206 transcripts
were tested for differential expression, with 851 being
differentially expressed (q-value<0.05). Complete mRNA
expression data are deposited in the ArrayExpress data-
base (accession #: E-MTAB-190).

Table 2 lists the 66 differentially expressed proteins,
along with their respective mRNA expression data.
Twenty nine of these proteins were differentially
expressed with at least a 1.5-fold change at the mRNA
level. Eighteen mRNAs showed less pronounced differ-
ential expression but with a trend corresponding with
the respective proteins (i.e. up- or down-regulation).
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Three proteins were not represented on the array, and
the expression of 16 mRNAs out of 66 was not altered.

The list of these 66 differentially expressed proteins
including complete iTRAQ and mRNA statistics is avail-
able as Additional file 1, examples of 3 peptides used for
their identification are as Additional file 2. All other
proteins identified in our proteomic analysis are listed
in Additional file 3.

We further verified our results by western-blotting
analysis of three proteins with potential therapeutic rele-
vance - monoamine-oxidase A (MAO-A), transglutami-
nase 2 (TGM2) and a key protein of fatty acid beta
oxidation - the alpha-subunit of mitochondrial trifunc-
tional enzyme (HADHA) (Figure 2). The results confirm
the upregulation of MAO-A and TGM2 and down-regu-
lation of HADHA identified by proteomics and
transcriptomics.

Molecular changes in the failing myocardium

Although contractile function of the heart appears to
remain relatively preserved at this stage of HF, our pro-
teomic analysis confirmed characteristic molecular fea-
tures of HF such as profound changes in heart
energetics and metabolism - namely the switch of sub-
strate preference from fatty acids to other substrates are
the hallmark of HF [17,18]. The largest group of differ-
entially regulated proteins in ACF, representing approxi-
mately half of the differentially expressed proteins, is
associated with energetic substrate metabolism (Table
2). We note the few cases where mRNA expression did
not mimic protein changes, or was not present on
micro array chips.

Enzymes of fatty acid oxidation and electron transport
chain
The most obvious, but not unexpected, alteration in the
failing myocardium was the down-regulation of most
key proteins involved in the B-oxidation of fatty acids
(FA). The depressed expression or activity of individual
enzymes involved in FA oxidation has been previously
demonstrated in advanced HF patients and in most HF
models [reviewed in [17] and [18]]. Attenuated myocar-
dial oxidation of palmitate has recently been demon-
strated in the same HF model by our group [19].
However, we note that net lipid oxidation can be
increased in diabetic cardiac hypertrophy models [20]
We found carnitine O-palmitoyltransferase 2, respon-
sible for the transport of FA across the inner mitochon-
drial membrane, to be downregulated. The key protein
of beta oxidation the mitochondrial trifunctional protein
was downregulated (both HADHA and HADHB subu-
nits) as was Acyl-CoA dehydrogenase (3 forms with dif-
ferent FA chain length specificity). Additionally, 3-
2trans-enoyl-CoA isomerase that is responsible for the
catabolism of unsaturated FA and Acyl-CoA thioesterase
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Table 2 Proteins differentially expressed in hearts of ACF rats.
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Proteins downregulated in ACF

Peptides (95% Seq. Accession Protein name Protein Fold-change mRNA fold-
confidence) Cov. (iTRAQ ratio) change
53 54 gi259435950 Long-chain-fatty-acid-CoA ligase 1 0.23 NA
17 25 gi|59797483 Carnitine O-acetyltransferase 0.24 0.52
124 66.1  gi[189083744 Sarcomeric mitochondrial creatine kinase 0.24 1.05
42 63 i|54035288 Enolase 3, beta 0.26 023
26 52 gi|57333 3-2 trans-enoyl-CoA isomerase 0.27 0.54
40 49 gil60688124  Trifunctional enzyme subunit alpha, mitochondrial 03 0.54
(HADHA)
24 35 gi|31077132 Histidine rich calcium binding protein 0.31 0.61
9 37 gi|1906812 Inducible carbonyl reductase 032 045
49 65 gi56541110  Acyl-Coenzyme A dehydrogenase, very long chain 033 0.59
28 45 gi|510110 Trifunctional enzyme subunit beta, mitochondrial 033 0.56
(HADHB)
4 17 gil66910891 Glutamic-pyruvate transaminase (alanine 0.34 0.38
aminotransferase)
113 53 gi|57303 Sarcoplasmic reticulum 2+-Ca-ATPase (SERCA2) 0.35 1.0
40 56.8  gi|149042663 Sarcalumenin 0.36 0.91
20 41.1 gi|77993368 Acyl-CoA synthetase family member 2 precursor 0.39 NA
120 743 qi|6978661 Muscle creatine kinase 04 0.69
195 758  gil83300587 ATP synthase subunit alpha, mitochondrial; 04 0.71
120 71 gi|62079055 Isocitrate dehydrogenase 2 (NADP+) 041 0.62
30 50 gi|7387725  Medium and short chain L-3-hydroxyacyl-coenzyme A 043 037
dehydrogenase
18 475 gi|51260066  Propionyl coenzyme A carboxylase, beta polypeptide 043 0.84
19 39 gil6166586 Acyl-coenzyme A thioesterase 2 044 0.54
24 426 gi[149050263 Propionyl-CoA carboxylase alpha chain 044 091
35 40.7 gi|6978543 Na+/K+ -ATPase alpha 1 subunit precursor 045 1.1
34 64 gi|56929 Pyruvate kinase M1/M2 046 06
16 37 qi|62825891 Phosphofructokinase, muscle 046 05
42 688  gi[57527204 Electron-transfer-flavoprotein, alpha polypeptide 046 0.69
10 30 gi[149062241 LRP16 protein 047 0.38
35 479 gi|92090591 Glutamate dehydrogenase 1 047 0.84
13 43 gil6981396 Protein kinase, CAMP dependent regulatory, type |, 047 1.0
alpha
63 37 qgil61557127 Nicotinamide nucleotide transhydrogenase 048 067
111 69.1 gi|6978431 Long-chain acyl-CoA dehydrogenase precursor 049 0.84
31 49 gi|48734846  Acyl-Coenzyme A dehydrogenase, C-2 to C-3 short 0.53 0.58
chain
64 445 gi|81883712 2-oxoglutarate dehydrogenase E1 component 053 0.69
48 67  gi[149027156 Acetyl-Coenzyme A acyltransferase 2 0.54 061
45 259  gi[189181710 Ryanodine receptor 2, cardiac 0.58 0.79
30 37 gi|81871846 Leucine-rich PPR motif-containing protein, 061 0.66
mitochondrial
33 45 gil6978705 Carnitine O-palmitoyltransferase precursor 061 0.58
Proteins upregulated in ACF
Peptides (95% Seq. Accession Protein name Protein Fold-change mRNA fold-
confidence) Cov. (iTRAQ ratio) change

44 55 gi|48425083 Monoamine Oxidase A 4.06 1.93
10 18 gi|55249666 Cadherin 13 340 215
19 34 gi|5326787 Transglutaminase 2 3.07 1.93
24 61 gi|94400790 Heat shock protein 1 (HSP27) 3.05 141
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Table 2 Proteins differentially expressed in hearts of ACF rats. (Continued)
23 72.2 gi|438878 tropomyosin 3.04 1.32
10 42 gi|6978501 Annexin Al 3.00 223
35 69.6 gi|535069 Muscle LIM protein [Rattus norvegicus] 297 1.31
22 50 gil6981324 Prolyl 4-hydroxylase, beta polypeptide 291 1.27
59 733 gi|56388799 Brain creatine kinase (Ckb protein) 2.88 1.31
16 30 gi|149048530 Ceruloplasmin, isoform CRA_a 2.80 202
34 62.3 gi|744592 Alpha-B crystallin 261 1.05
35 68 gi|157830232 Annexin V 2.58 1.71
20 273 gil462569 Microtubule-associated protein 1A 258 1.30
10 269  gi[158706096  Pre-B-cell leukemia transcription factor-interacting 245 1.23

protein 1
8 344 qil68837285 D-beta-hydroxybutyrate dehydrogenase, 244 1.02
mitochondrial;
10 28 gi|974168  Aldehyde dehydrogenase 1A1 (retinal dehydrogenase 243 1.84
11 28 gi|7533042 Guanine deaminase 241 202
8 289 gi|57241 Sulfated glycoprotein 2 (clusterin) 239 134
24 386 gi|6981022 Hexokinase 1 2.23 NA
59 644 gi[109468300 Alpha-enolase (Enolase 1) 223 1.00
94 507 gi[149063941 Beta myosin heavy chain myo7 222 1.02
14 353 gi|53237076 EH-domain containing 4 222 1.08
22 50 gi|9845234 Annexin A2 2.21 217
11 25 gi|149018456 Microtubule-associated protein 4 218 1.24
6 26 gi|158186676 Calumenin isoform a 217 0.86
39 426 gi|54673763 Heat shock protein 90, alpha (cytosolic), class A 2.14 1.27
member 1

13 60.8 gi|1051270 14-3-3 zeta isoform 1.99 1.18
Al 332 gi[55855 Calreticulin 1.90 118
41 269  gi|62646949 Filamin-C (Gamma-filamin) (Filamin-2) 1.87 1.21
18 391 qil157819677 Sarcolemma associated protein 1.81 1.02

Identification of all proteins was based on at least four peptides. (for peptide sequences see Additional data 2). NA- mRNA not represented on the chip.

Sham ACF
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Figure 2 Western blotting confirmation of the expression
changes. HADHA (trifunctional protein subunit A (Hydroxyacyl-
Coenzyme A dehydrogenase/3-ketoacyl-Coenzyme A thiolase/enoyl-
Coenzyme A hydratase alpha subunit), MAO-A (monoamine oxidase
A), TGM2 (transglutaminase 2). Ten micrograms of protein was
loaded per lane. GAPDH (Glyceraldehyde 3-phosphate
dehydrogenase) was used as a loading control.

(mitochondrial thioesterase, MTE-1), an enzyme respon-
sible for the intra-mitochondrial generation of free FA
anions from acyl-CoAs were both down-regulated in
ACF. ACF animals in this study also showed significant
downregulation of long-chain acyl-CoA synthetase 1 and
acyl-CoA synthetase family member 2 precursor respon-
sible for the initial binding of fatty acids to the coen-
zyme A moiety, however, their mRNAs were not
represented on the Illumina chip.

Glycolysis

Despite the existence of functional studies suggesting
that a failing heart preferentially utilizes glucose [17], we
found no convincing evidence of up-regulation of the
glycolytic pathway in ACF. The key regulatory enzyme
and the last enzyme of glycolysis - phosphofructokinase
and pyruvate kinase, were both down-regulated in ACF.
Failing hearts also showed decreased expression of mus-
cle-specific enolase-3 ( form) but an increased abun-
dance of the ubiquitous enolase-1 (no change at the
mRNA level).
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Creatine kinase system

We observed decreased abundance of sarcomeric mito-
chondrial (sMt-CK, no change observed at the mRNA
level) and muscle (M-CK) creatine kinase along with up-
regulation of the B-CK isoform (1.3-fold up-regulation of
mRNA) changes typical for animal and human HF [21].
Expression of the three corresponding mRNAs is in
agreement with these trends. The CK system serves as a
temporal buffer of high-energy phosphates (sMt-CK),
and participates in an spatial enzymatic network (M-
CK) responsible for the fast transport of high-energy
phosphates from mitochondria to the contractile
machinery [22,23]. Decreased CK levels may contribute
to the diminished ATP flux via CK observed in HF [23]
and contribute to the limited cardiac functional reserve.

Sarcomeric and Calcium handling and proteins

Of the sarcomeric proteins, we observed up-regulation
of the B-myosin heavy chain (myosin 7, (no change
observed at mRNA level). The switch of the predomi-
nant myosin heavy chain from the a- to B-isoform
affects the contractile phenotype, and is considered a
hallmark of myocardial HF-induced remodeling [3]. The
failing myocardium is also characterized by the dimin-
ished expression of proteins responsible for sarcoplasmic
reticulum (SR) Ca®* uptake, handling and release [24].
Correspondingly, we observed marked down-regulation
of SR calcium ATPase (SERCA2) protein (no change
observed at the mRNA level) and of the main SR Ca®*
release channel - Ryanodine Receptor 2 protein (RYR2)
(0.79 fold down-regulation of mRNA) thus confirming
the molecular HF phenotype in ACF rats. Down-regula-
tion of both proteins in HF has been described pre-
viously and was implicated in diminished contractility,
reduced SR Ca** stores and less efficient energy utiliza-
tion of Ca®" handling [25,26)].

Redox state and stress-response related proteins
Abnormalities in the intracellular redox state have been
implicated in most processes affecting cardiac function
and the development of HF [27]. The antioxidant poten-
tial of the cell is determined by the content of reduced
and oxidized glutathione (GSH and GSSG). A suffi-
ciently high GSH/GSSG ratio is maintained by NADPH-
dependent glutathione reductase. In cardiomyocytes,
NADPH is produced by nicotinamide nucleotide trans-
hydrogenase, isocitrate dehydrogenase, and the pentose-
phosphate pathway. Interestingly, mitochondrial
nicotinamide nucleotide transhydrogenase (NNT), which
accounts for up to 45% of the total NADPH supply [28],
was markedly down-regulated in ACF animals. In addi-
tion, NADP-dependent isocitrate dehydrogenase (IDH2)
which may further contribute to NADPH levels, was
also down-regulated. Our observations led us to
hypothesize that decreased expression of the two
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important NADPH producers could compromise the
function of glutathione reductase, explaining the attenu-
ated redox reserve. We recently demonstrated decreased
GSH/GSSG ratio in the failing ACF myocardium [19],
providing support to this idea.

Other proteins

Three members of the large annexin family: Annexin
A5, A2 and Al were up-regulated. Annexins are ubiqui-
tous proteins associated with the inner cytoplasmatic
membrane that are known to bind phospholipids in a
Ca”*-dependent manner and to participate in a variety
of membrane-related events [29] as well as in apoptosis,
inflammation and coagulation. The role of annexins in
cardiac physiology remains largely unknown. Interest-
ingly, all three annexins (A1, A2 and A5) that were up-
regulated in ACF hearts in our study have been pre-
viously implicated in calcium-dependent “cell membrane
resealing”. Such resealing may be relevant in hemodyna-
mically-overloaded hearts with increased mechanical
stress [[30] and references within]. Annexin A5
(expressed mostly in cardiomyocytes) and annexin A2
(detected only in endothelial cells and the extracellular
matrix) but not annexin AI have been previously
reported to be up-regulated in hypertrophic and failing
hearts [29]. Increased serum levels of annexin AS has
been demonstrated in a large study on heart disease
patients and was considered to be a potential marker for
hypertension-related HF [31]. However, authors of the
study however failed to detect increased annexin A5
mRNA in the hearts, raising a question about the source
of the protein. Here we demonstrate up-regulation of
A1, A2 and A5 transcripts, which further supports these
annexin proteins as potential HF markers.

The ACF myocardium displayed up-regulation of Cad-
herin 13 (T- cadherin). Until recently, its heart-related
function has been unknown. This GPI-anchored, lipid-
raft associated member of the cadherin superfamily
recruits adiponectin to heart, and is critical for adipo-
nectin-mediated cardioprotection [32]. Increased expres-
sion here can be explained as an adaptive compensation
for altered levels of circulating adiponectin [33].
Potential therapeutic targets
Among the most markedly up-regulated proteins in our
study are transglutaminase 2 and monoamine oxidase A.
Since both proteins carry promising therapeutic poten-
tial we discuss them in detail.

Transglutaminase 2 (TGM2) was up-regulated 3-fold
in ACF hearts. TGM2 is a multifunctional protein with
G-protein function, disulfide-isomerase and transgluta-
minase activities, found predominantly in the cytosol
and at the cell curface. The transglutaminase activity of
this protein is responsible for stable cross-linking of
peptide chains between lysine and glutamine residues
involved in extracellular matrix stabilization and wound
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healing as well as during apoptosis [34,35]. Due to its G-
protein properties, TGM2 participates in intracellular
signaling via a1-adrenergic and thromboxane receptors
[34], and has been recently shown to promote apoptosis
of rat cardiomyocytes under oxidative stress [36]. Two
independent groups have demonstrated that heart-speci-
fic TGM2 over-expression results in detrimental hemo-
dynamic changes, structural alterations, cardiomyocyte
apoptosis, cardiac hypertrophy and fibrosis [37,38]. Our
observation of up-regulated TGM2 in ACF hearts thus
adds further evidence for the adverse effect of TGM2
up-regulation in cardiac hypertrophy and HF. Effective
low molecular weight inhibitors such as cystamine and
monodansylcadaverine are already known and their use
inhibits TGM2-induced apoptosis in aortic smooth mus-
cle cells [39] and partially repressed hypoxia-induced
cardiac hypertrophy in rats [40]. This highlights the
potential of TGM2 as a novel therapeutic target.

Monoamine oxidase A

The most up-regulated (4-fold) protein in ACF heart is
mitochondrial monoamine oxidase-A (MAO-A), an
enzyme responsible for oxidative deamination of bioac-
tive monoamines (epinephrine, norepinephrine, seroto-
nin), giving rise to hydrogen peroxide and toxic
aldehyde metabolites that are further catabolized by
aldehyde dehydrogenases [41]. In concordance with this,
aldehyde dehydrogenase 1A1 was also found to be up-
regulated in ACF hearts in our study. The hydrogen
peroxide produced by cardiac MAO-A has been shown
to contribute to cardiomyocyte apoptosis [42]. Kalu-
dercic et al. recently demonstrated that increased MAO-
A-dependent catabolism of norepinephrine contributes
to adverse remodeling in pressure-overloaded hearts.
Pharmacological inhibition of MAO-A by clorgyline pre-
vents left ventricle dilatation and dysfunction, attenuated
oxidative stress and increased norepinephrine myocar-
dial content in pressure overloaded hearts [43]. In an
identical model to ours, Kristen et al. showed that ACF
rats have increased circulating norepinephrine levels,
but depleted cardiac norepinephrine stores [44]. In com-
bination with the studies discussed above, our findings
suggest that besides the loss of sympathetic nerve end-
ings [44] or attenuated norepinephrine reuptake [45],
myocardial norepinephrine depletion in HF may result
from its increased catabolism by MAO-A. This process
is common to both pressure and volume overload, and
along with tissue norepinephrine depletion causes oxida-
tive damage to cardiomyocytes. Interestingly, MAO-A
has also been recently identified as a causal agent of oxi-
dative myofibril damage in muscular dystrophy [46]. All
experimental evidence summarized in a recent review
[47] along with our observations strongly indicates that
MAO-A expression/activity is a major contributor to
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cardiac hypertrophy and HF. Low-molecular weight
inhibitors of MAO-A such as moclobemide exist and
are already in clinical use as antidepressants [48]. There-
fore, targeted inhibition of MAO-A activity should be
intensively investigated as a potential therapy for HF.
Proteins with no previous association with HF

Of the 66 differentially expressed proteins at least 6
molecules have not been previously associated with
heart HF and might therefore be new players in the dis-
ease development or progression. No previous connec-
tion with HF has been made for inducible carbonyl
reductase, LRP16 (a compound of the NF-xB transcrip-
tional complex) [49] or Leucine-rich PPR motif-contain-
ing protein (a regulator of mitochondrial transcription)
[50] all down-regulated in ACF. These molecules seem
to be involved in metabolic and regulatory processes,
but information available on these three molecules is
very limited. The up-regulated regulatory protein Pre-B-
cell leukemia transcription factor-interacting protein
alias HPIP (1.3 -fold up-regulation of mRNA) has been
previously studied in the context of MAPK and AKT
activation and estrogen receptor (ERa) and tubulin
binding [51], but no connection with heart has been
made to date. The up-regulated proteins guanine deami-
nase and ceruloplasmin although well known, also have
yet to be connected with HF. Ceruloplasmin is a copper
binding protein with ferroxidase activity, its altered
expression thus may point out toward altered copper or
iron homeostasis in HF. Notably copper metabolism or
balance appears to be disrupted in diabetic hypertro-
phied hearts, and copper chelation has been shown to
improve heart diabetic cardiac function [52]. The indivi-
dual roles of these potential new players in the molecu-
lar puzzle of HF remain to be determined in future
targeted studies.

Conclusions

To our knowledge, our shot-gun study employing pep-
tide IEF combined with nanoLC-MALDI is the largest
(over 2000 proteins) semi-quantitative analysis of pro-
teome changes related to HF to date. We are aware that
our experimental design using two sub-pooled controls
and two ACF sub-pools is not typical. This design was
driven by our aim to penetrate deeper into medium-
and low-abundance proteome and maximize the number
of reliably identified and quantified proteins. Merging of
MS data from three biologically identical runs provided
us with a higher number of identified proteins with
higher sequence coverage, and simultaneously increased
the number of observed iTRAQ reporter quartets for
each protein, thus increasing the reliability of the quan-
titative information. Our second reason for using this
approach is economic. A higher statistical power for the
experiment could have been achieved with iTRAQ
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quadruplex by analysis of one control pool against three
individual ACF animals (or three ACF subpools). How-
ever, such a single control (sham-operated animals) pool
would have to consist of many animals to eliminate the
risk of a single atypical rat affecting the composition of
such a representative control pool. Unfortunately, to
operate and maintain large cohorts of such animals for
almost half a year is economically prohibitive.

Various proteomics strategies have provided several
important “snapshots” of different stages and types of
heart hypertrophy and HF resulting from diverse initial
insults, different underlying molecular mechanisms, and
in different animal models. In this respect the results of
different proteomic analyses are difficult to compare.
However, the similarity of our results with the work of
Grant et al. [53], who used an analogical proteomic
approach to examine effect the of aging on the cardiac
proteome in old versus young rats, is very intriguing.
Similar to our results, aged hearts showed the down-reg-
ulation of enzymes of fatty acids oxidation, SMt- and
M- creatine kinase, electron-transferring flavoprotein
and ATP synthase components. Also in agreement with
our study, aged hearts displayed up-regulated B-myosin
heavy chain, muscle LIM protein, microtubule asso-
ciated proteins 1 and 4, calumenin, calreticulin, annexin
5, prolyl-4-hydroxylase beta subunit, HSP 27 and alpha-
B crystallin. Based on the high concordance of proteo-
mic alterations induced by spontaneous aging and by
overload-induced HF, it is tempting, however specula-
tive, to view the HF developed in our model as a sort of
accelerated, premature aging of the organ.

We are fully aware that our study has one significant
limitation. Being based on a pair-wise comparison our
study lacks important temporal information and can not
discriminate between processes of compensatory hyper-
trophy and later events of HF itself. To access such a
temporal information on the development process and
gradual progression of HF, more time points will have
to be analyzed in the future.

In summary, we identified multiple enzymes involved
in substrate metabolism in the HF myocardium. This
confirms many previous observations and is in accor-
dance with altered substrate preference in the HF [17,18].
These alterations probably reflect the activation of a pro-
survival program of stressed cells, and at least some
changes may be adaptive, maximizing cardiac efficiency.
Our study brings a novel observation suggesting an atte-
nuated redox reserve (down-regulation of NADPH pro-
ducers) in ACF rats which possibly contributes to the
myocardial remodeling in HF due to oxidative stress.
Further, we propose new potential biomarkers of hyper-
trophy and/or HF (annexin A2 and A1) and, most impor-
tantly, suggest two highly potential therapeutic targets for
the treatment of HF - monoamine oxidase A and
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transglutaminase 2. Our work has also identified several
proteins, new in the context of HF, as leads for specific,
hypothesis-driven experiments.

Additional material

Additional file 1: Additional data 1_ statistics of differentially
expressed proteins and mRNAs.pdf. Table presents statistical
significance data on the differential expression of individual proteins
(iTRAQ ratios) and their respective mMRNA expression.

Additional file 2: Additional data 3_peptides used for protein
identifications .pdf. Table shows sequences of three of the n peptides
used for the identification of the 66 differentially expressed proteins.

Additional file 3: Additional data 3_ all identified proteins.pdf.
Extensive table summarizes all other proteins (not differentially
expressed) identified by MS including their accession numbers, sequence
coverage and number of peptides observed.
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ABSTRACT

Chronic volume overload leads to cardiac hypertrophy and later to
heart failure (HF), which are both associated with increased risk of car-
diac arrhythmias. The goal of this study was to describe changes in myo-
cardial morphology and to characterize arrhythmogenic substrate in rat
model of developing HF due to volume overload. An arteriovenous fistula
(AVF) was created in male Wistar rats between the inferior vena cava
and abdominal aorta using needle technique. Myocardial morphology, tis-
sue fibrosis, and connexin43 distribution, localization and phosphoryla-
tion were examined using confocal microscopy and Western blotting in
the stage of compensated hypertrophy (11 weeks), and decompensated HF
(21 weeks). Heart to body weight (BW) ratio was 89% and 133% higher in
AVF rats at 11 and 21 weeks, respectively. At 21 weeks but not 11 weeks,
AVF rats had pulmonary congestion (increased lung to BW ratio) indicat-
ing presence of decompensated HF. The myocytes in left ventricular mid-
myocardium were significantly thicker (+8% and +45%) and longer
(+88% and +97%). Despite extensive hypertrophy, there was no excessive
fibrosis in the AVF ventricles. Distribution and localization of connexin43
were similar between groups, but its phosphorylation was significantly
lower in AVF hearts at 21st week, but not 11th week, suggesting that HF,
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rather than hypertrophy contributes to the connexin43 hypophosphoryla-
tion. In conclusion, volume overload leads to extensive eccentric hypertro-
phy, but not to myocardial fibrosis. Increased vulnerability to arrhythmia
in this HF model is possibly related to gap junction remodeling with hy-
pophosphorylation of connexin43. Anat Rec, 294:102-111, 2011. © 2010

Wiley-Liss, Inc.

Key words: cardiac hypertrophy; heart failure; connexin43;

rat

The increase in volume loading of the heart due to
valve insufficiency or arteriovenous fistula (AVF) causes
dilation of cardiac chambers and cardiac hypertrophy
(Ford, 1976). It is believed that this process is due to
cardiomyocyte elongation and hypertrophy that compen-
sate volume overload and normalize wall stress (Gross-
man et al., 1975). Despite cardiac output being often
increased (such as in the case of chronic arteriovenous
fistula—AVF'), substantial part of stroke volume is
shunted or recirculated and is not contributing to sys-
temic perfusion. Diminished systemic perfusion leads to
redistribution of cardiac output and neurohumoral acti-
vation. When compensatory mechanisms become inad-
equate, overt heart failure (HF) develops (Hood et al.,
1968) in a way similar to other models of LV hypertro-
phy-HF transition (Hatt et al., 1979; Legault et al.,
1990; Ruzicka et al., 1993; Ryan et al., 2007).

Regardless its etiology, cardiac hypertrophy is associ-
ated with increased incidence of potentially life-threat-
ening ventricular arrhythmias (Artham et al., 2009) and
is one of the strongest risk factors for sudden cardiac
death (Haider et al., 1998). The mechanisms of arrhyth-
mias in eccentric hypertrophy due to volume overload
are known less than in cardiac hypertrophy due to pres-
sure overload or chronic myocardial infarction. Arrhyth-
mogenesis is often linked to increased electrical
heterogeneity of myocardial tissue and slowed impulse
conduction (Shah et al., 2005). The involved mechanisms
consist of myocardial fibrosis, changes in cell and tissue
architecture, membrane excitability, and alterations of
gap-junctional coupling (Libby et al., 2008). Gap junc-
tions are required for electrical impulse propagation and
synchronous contraction in the healthy heart and their
alterations might contribute to abnormal conduction and
thus be a substrate for arrhythmia (von Olshausen
et al., 1983; Kligfield et al., 1987; Kostin et al., 2003;
Wiegerinck et al., 2008). The main protein forming gap
junctions in rat ventricular myocardium is connexin43
(Sohl and Willecke, 2004). Changes in amount and in
localization of connexin43 have been reported in the dis-
eased myocardium (Severs et al., 2004). Some of the pre-
vious studies demonstrated a reduction in connexin43
levels in left ventricles of transplant patients with end-
stage HF (Dupont et al., 2001). Lateralization of con-
nexin43 from intercalated discs to lateral membrane of
myocytes occurs in experimentally induced hypertrophy
of right and left ventricle of the rat (Uzzaman et al.,
2000; Emdad et al., 2001). Apart from alterations in con-
nexin43 levels, the dephosphorylation of connexin43 was
described during several pathological states, including
myocardial ischemia (Beardslee et al., 2000; Burstein
et al., 2009). Taking all this into an account, new antiar-

rhythmic drugs targeting function of gap junctions are
developed, with rotigaptide, a selective gap junction
modifier, as an example (Haugan et al., 2006).

In our study, HF in rats was induced by AVF. Similar
volume overload HF models were created also by other
groups in dogs (Legault et al., 1990) and rats (Hatt
et al., 1979; Ruzicka et al., 1993; Ryan et al., 2007).
However, no previous study characterized cardiac mor-
phology at two distinct phases of HF development. The
main purpose of this study was thus to provide morpho-
logical characteristics of the AVF experimental rat HF
model induced by volume overload with a focus on
abnormalities in myocardial tissue potentially contribut-
ing to arrhythmogenesis, such as fibrosis and con-
nexin43 distribution.

MATERIAL AND METHODS
Animals

The rats were kept in air-conditioned animal facility
on a 12-hr/12-hr light/dark cycle. Throughout the experi-
ments the rats were fed a normal salt, normal protein
diet (0.45% NaCl, 19—21% protein) produced by SEMED
(Prague, Czech Republic) and had free access to tap
water. The rats were weighted weekly. Studies were
made according to Animal Protection Law of the Czech
Republic (311/1997) and were approved by the Ethic
Committee of the Institute of Clinical and Experimental
Medicine (Prague, Czech Republic).

Male Wistar rats weighting 300—350 g were used for
this study and the changes were evaluated in two inter-
vals following the experimental procedure, after 11 and
21 weeks. Some of the animals died after the surgery,
this early mortality (<7 days) occurred mostly within
the first 48 hr and was about 13%. Another 5% of ani-
mals with AVF died prior to the end of experiment. All
animals that died during the course of experiment were
excluded from the study. Some of the animals showed
milder signs of incipient HF (lethargy, difficult breath-
ing, cyanosis, piloerection), 65% after 11 weeks and 80%
after 21 weeks of volume overload. During hemodynamic
measurements of LV intraventricular pressure with 2F
Millar catheter (data not shown), we observed in ACF
rats frequent nonsustained polytopic ventricular ectopy.
Approximately in 10% of ACF rats, these manipulations
led to sustained ventricular tachycardia degenerating
into ventricular fibrillation (VF). In contrast, no complex
ectopy or VF was observed in control rats. For quantita-
tive analysis we used seven AVF rats that were sacri-
ficed 11 weeks after the surgery (plus six sham-operated
controls at this time point) and seven AVF rats sacrificed
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TABLE 1. Changes in weight of internal organs of AVF and Sham-operated rats

Changes at the organ level

11 weeks 21 weeks

AVF Sham Statistics AVF Sham Statistic s
Weight (g) n="7 (n =6) Difference (t = test) n="7 (n=28) Difference (t-test)
Body 482 + 33 465 + 17 +35% P =0.289 500 + 43 487 £ 42+ 2.6% P=0 .597
Heart 252 +0.32 129+009 +957% P=1x10% 252+0.34 1.05+0.08 + 140% P=6x10"
Ventricles 2.05+0.29 1.04+008 +962% P=6x10°% 202+027 091+0.06 + 123% P=7x10"
Atria 0.47 +£0.10 0.24 + 0.05 + 94% P=3x10°% 049+0.14 0.14 +0.02 + 246% P=1x10*
Lungs 2.07+032 1.64+019 +262% P =0.014 27+056 1.68+027 +61.3% P = 0.002
Liver 5.30 +2.80 15.02 + 1.67 +18% P =0.838 15.88 + 2.65 14.25 +1.10 + 11.4% P =0.189
Kidneys 1.34 £ 0.12 1.44 +0.11 -71% P = 0.226 1.24 £ 0.10 1.27 £0.10 —-2.25% P =0.481
HBWR 523+ 054 277+0.17 +889% P=4x10"7 5.02+051 216+0.11 + 133% P=4x108%

HBWR, heart to body weight ratio.
Data are presented as mean + SD.

21 weeks after the surgery (plus eight sham-operated
controls).

Aortocaval Shunt

Aortocaval fistula was created by the method
described by Garcia and Diebold (1990). On the day of
surgery, anesthesia was induced by intraperitoneal
application of ketamine and midazolam. The abdomen
was opened through a midline section, intestines moved
upwards and the aorta and inferior vena cava were
exposed in the retroperitoneum. Using 1.2 mm needle
(Becton-Dickinson), the abdominal aorta was pierced
into inferior vena cava between renal artery and bifurca-
tion. The needle was removed after clamping the aorta
above and applying acrylamide tissue glue to the punc-
ture site. After 3 min, the clamp was removed and the
functionality of the shunt was verified by pulsation of
the inferior vena cava. Sham-operated rats underwent
the same procedure without needle puncture.

Since the fistula have spontaneously closed in some
operated animals, only rats with visually-verified fistula
patency at the termination and heart to body weight
(BW) ratio over 4 g/kg were used for quantitative mor-
phological evaluation.

Morphological Examination

At 11 and 21 weeks after AVF procedure, rats were
anesthetized with intraperitoneal phenobarbital applica-
tion, sacrificed by exsanguination and their organs were
weighted. Beating heart was excised and the coronary
tree was immediately orthogradely perfused with 10 mL
ice-cold St. Thomas cardioplegia solution. The hearts
were fixed in 4% paraformaldehyde in phosphate buffer
saline (PBS) and ran through ascending series of saccha-
rose prior to embedding into Tissue-Tek. The blocks
were cut on cryomicrotome at 12 pm thickness.

Guide series were stained by hematoxylin-eosin with
alcian blue using usual techniques. Sister sections were
stained by the following primary antibodies: cardiac o-
actinin (monoclonal mouse antibody, Sigma, Clone EA-
53, #A7811, 1:500), connexin43 (polyclonal rabbit anti-
body, Sigma, #C6219, 1:200), and phosphoconnexin43
(polyclonal rabbit antibody, Cell Signaling Technology,
#3511, 1:100).

The staining was performed in dark humid chamber.
On Day 1, the sections were blocked in normal goat se-
rum (1:20) and in 1% bovine serum albumin in (PBS) for
20 min. Primary antibody was then applied overnight.
On Day 2, the sections were washed in three changes of
PBS, and species-appropriate secondary antibody conju-
gated with Rhodamine Red (Jackson Immuno Research)
was applied for 4 hr in the dark. After washing in PBS
again was applied solution of wheat germ agglutinin
(WGA) conjugated with Alexa 488 (1:50, Invitrogen,
#W11261) followed by three washes in PBS. WGA is a
lectin, which binds to basal membranes and extracellu-
lar matrix and thus can be indirectly used also for detec-
tion of fibrosis. Finally, the nuclei were counterstained
with Hoechst 33258 (1:100,000 diluted in 0.1% Triton-X
in distilled water, Sigma-Aldrich, #86140-5). In the end,
the sections were washed with distilled water and dehy-
drated in ascending series of ethanol (70%—100%),
cleared in xylene, and mounted in Depex medium.

Western Blotting

Left ventricle samples from AVF and sham-operated
animals (pools of six hearts per group) were pulverized
under liquid nitrogen and extracted in NHT buffer (140
mM NaCl, 10 mM HEPES, 1.5% Triton X-100, pH 7.4)
containing Phosphatase Inhibitor Cocktail 1 (Sigma-
Aldrich, Czech Republic). Samples (40 pg) were com-
bined with SDS loading buffer containing DTT, boiled
for 5 min and resolved by SDS-PAGE on precast
4%—15% gradient minigels (Bio-Rad, CA) in Tris-Glycine
buffer. Electrophoresis was performed in quadruplicate
at constant voltage for 30 min at 45 V per gel, and then
at 90 V per gel until the dye front reached the gel bot-
tom. Proteins were then transferred to 0.45 pym PVDF
membranes (Millipore, MA) in semi-dry blotter (Hoeffer,
Canada) at 0.8 mA/cm? of membrane for 80 min. Mem-
branes were incubated with blocking buffer containing
PBS and 0.1% TWEEN 20 for 2 hr. As primary antibod-
ies, rabbit anti-connexin (1:6,000, Sigma-Aldrich) and
anti-phospho-connexin (1:1,000, Cell Signaling Technol-
ogy) antibodies were used. After thorough washing in
blocking buffer, secondary horseradish peroxidase-conju-
gated goat anti-rabbit antibody (1:16,000, Sigma-Aldrich)
was applied for 1 hr. After washing, signal was detected
using Western Blotting Luminol Reagent (Santa Cruz
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Biotechnology, CA) and membranes were exposed to X-
ray films (Kodak, Czech Republic). Membranes were
scanned on GS-800 calibrated densitometer (Bio-RAD)
and the signal was quantified by the Quantity One soft-
ware (Bio-Rad).

Quantitative Evaluation and
Statistical Analysis

The quantitative analysis is based upon numbers of
animals indicated in Tables 1 and 2. In total, 14 AVF
and 14 sham hearts were analyzed.

Image acquisition was performed on Leica SPE confo-
cal microscope (immunofluorescence) and Olympus BX51
microscope with DP70 CCD camera (transmitted light).
Six optical sections per each sample spaced by one
micron were projected using maximum intensity algo-
rithm. The images were analyzed using standard imag-
ing software (Adobe Photoshop, Imaged).

Myocyte width in midmyocardium and subendocar-
dium was evaluated on sections stained with anti o-acti-
nin antibody and WGA. Cell length and differences in
connexin43 levels and distribution was evaluated on
anti-connexin43 staining with WGA. For evaluation of
phosphorylated connexin43 changes, we used specific
phosphorylated connexin43 antibody. Fibrosis was eval-
uated using WGA staining and confirmed by Picrosirius
Red staining examined in polarized light.

The cell width and length in midmyocardium was
measured by averaging 10 cell transverse diameters
from each confocal image. Cell width in papillary muscle
was calculated from cross sectional areas of myocytes,
assuming circular geometry, using also 10 cells from
each image. To avoid underestimation, only cells in
which nucleus was present were measured.

The distribution and localization of connexin43 and
phosphorylated connexin43 was measured by comparing
red channel (representing connexin43 or phosphorylated
connexin43) and green channel (representing myocyte
cytoplasmic autofluorescence) of confocal images using
threshold and area measurements in Imaged. The same
procedure was used for evaluation of fibrosis on WGA
pictures.

All data are presented as a mean + SD. Differences
between groups were statistically analyzed by unpaired
Student’s two-tailed t-test. Differences were considered
statistically significant at a value of P < 0.05.

RESULTS
Organ Changes After AVF

We measured BW, weight of the whole heart, ven-
tricles, and atria separately as well as weight of some
other organs (lungs, liver, kidneys) on both sampling
intervals. Changes in the whole animal BW were not
significant (Table 1). The heart weight was considerably
increased (by 96% after 11 weeks and by 140% after 21
weeks of volume overload). The contribution of individ-
ual chambers to total heart weight increase was also
evaluated. In addition to heart weight increase, the
changes can be better expressed by heart to BW ratio.
This ratio was significantly increased at both stages,
clearly demonstrating cardiac hypertrophy.

Concerning the other organs, the lungs were signifi-
cantly heavier (by 26% after 11 weeks and by 61% after

TABLE 2. Quantification of cellular changes in the heart of AVF rats with heart failure

Changes in the heart

After 11 weeks

Sham

After 21 weeks

Sham

Statistics

AVF

n="17)

Statistics
files t-test)

AVF

n="7)

(t-test)

Difference

(n=28)

Difference

(n=6)

+ 83.7%
+ 146%

25.05 + 1.53
12.23 + 1.96

0.020
3x10*

P
P

Wall thickness (mm)

Left ventricle

Myocyte size (Mm)

Right ventricle

2 x10°*

0.003
0.249
0.013
0.001

P
P
P
P
P

14.20 £+ 2.62
28.87 + 4.41
115.83 + 14.97
13.94 £ 1.71

116.41 + 5.26

([T (A
RAARRAR

11.03 + 0.77
29.65 + 4.57
117.43 £ 8.07
14.39 + 0.86
114.73 £+ 6.92

Width in LV midmyocardium
Width in LV papillary muscle
Length in LV midmyocardium
Width in RV midmyocardium
Length in RV midmyocardium
Data are presented as mean + SD.
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Sham

Fig. 1.

Hematoxylin-eosin staining of frozen sections of AVF and sham-operated rat hearts. Note gross

increase in heart size. LV, left ventricle, pm, papillary muscle, RV, right ventricle.

21 weeks of volume overload) which corresponds to
development of HF and to congestion in the pulmonary
circulation. Weight of liver and kidneys was not signifi-
cantly changed.

Ventricular fibrosis was also evaluated from WGA con-
focal images and no significant changes were found. The
ratio of green channel area (WGA staining, thus showing
membranes and fibrotic tissues around myocytes) to
area of all tissues on the section in AVF was 25.98% +
6.27; and in controls 28.62% =+ 3.87 (P = 0.39). This data
was obtained from the hearts with decompensated HF
(21 weeks after surgery), and confirmed by Picrosirius
Red staining that showed likewise no differences
between AVF and sham ventricles (data not shown).

Cellular Changes in the Ventricles

For understanding of morphological changes in the
heart, we measured free wall thickness of the left and
right ventricle (Fig. 1) and myocyte dimensions in the
left ventricular myocardium (Table 2).

Both ventricles showed hypertrophy (Fig. 2) and its
extent increased with time of volume overload, which
can be clearly seen by the dynamics of wall thickness
increase in both ventricles (Table 2). Right ventricle was
more affected by volume overload from aortocaval shunt
than the left ventricle (after 21 weeks of volume over-
load the left ventricle wall thickness increased by 84%
vs. 146% for the right ventricle).

The thickness and the length of myocytes were meas-
ured on confocal images in midmyocardial layer of both
ventricles and in the papillary muscle of the left ventri-
cle. The hypertrophy in the midmyocardial layer was
more extensive than in the subendocardium. The cells in
the papillary muscles also underwent hypertrophy (Fig.
2) but the increase was smaller (by 19% after 11 weeks
and by 23% after 21 weeks of volume overload, P = NS).
The cell thickness in midmyocardial layer increased sig-
nificantly (by 8% and 45%, respectively) in both ven-

tricles with developing ventricular hypertrophy. Cell
length in midmyocardium increased in both stages by
90% in the left ventricle and by 30% in the right ventri-
cle, which indicates dilation of the ventricles (Table 2).

Connexin43 Expression

Using immunofluorescence staining and confocal mi-
croscopy imaging, we have qualitatively assessed total
amount of connexin43 in myocytes, evaluated the distri-
bution of connexin within the cells as well as the differ-
ences in phosphorylated isoform of connexin43. The
measurements were performed in left ventricular myo-
cardium 21 weeks after aortocaval fistula creation.

We found no notable difference in total amount of con-
nexin43 per cell (Fig. 3). A small decrease could be seen
in connexin43 levels during volume overload. The local-
ization of connexin43 in the cell is an important deter-
minant of possible arrhythmogenesis. We measured
percentage of connexin43 in intercalated discs from the
total amount of connexin43 in the cell (which can be
localized also on the sides of cells and in the cytoplasm).
We found no significant difference between AVF and
sham-operated rats. AVF rats had 33.7% of connexin43
florescence situated in intercalated discs, sham-operated
rats had 35.5% of connexin43 in the discs (P = 0.8).

Phosphorylation of connexin43 is important for func-
tionality of this protein in gap junctions. We thus eval-
uated the amount of phosphorylated connexin43 in left
ventricular myocardium on both stages and found that
there was no apparent decrease in phosphorylated iso-
form of connexin43 in AVF group in the stage of compen-
sated cardiac hypertrophy (11 weeks after creating the
fistula). At the stage of decompensated HF (21 weeks af-
ter creating the fistula), however, the decrease in expres-
sion of the phosphorylated isoform was notable (Fig. 3).

The amount of total and phosphorylated connexin43
were quantified by western blotting on pools of 6 AVF
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Fig. 2. Confocal micrographs of left ventricular midmyocardium (upper panels) and cross sections
through papillary muscles of left ventricle (lower panels). Note increase in transverse myocyte diameter in
the AVF hearts. For values of myocyte width please see Table 2. There is no increase in fibrosis (WGA,

green staining).

and 6 sham samples at 21 weeks. There was over 60%
decrease in both isoforms (Fig. 4).

DISCUSSION

Aortocaval fistula results in volume overload, which
induces cardiac dilation and hypertrophy. Over time,
this leads to HF and increased mortality. In our study,
rats at 21 weeks demonstrated not only hypertrophy, but
also decompensated HF phenotype with increased nor-
malized weight of lungs and HF symptoms. In the fail-
ing rats, there was an increased heart weight, heart to
BW ratio, and thickness of ventricular walls. The hyper-
trophy was present already after 11 weeks and the heart
weight did not change with the time of volume overload,
which shows that hypertrophy as a compensatory mech-
anism evolving early after creation of AVF. However,
this compensated state became decompensated over

time, resulting in development of congestive HF, as was
demonstrated by increasing lung weight. The dynamic
nature of changes during development of HF was best
exemplified by increased heart to BW ratio, which was
increased by almost 90% at 11 weeks but by more than
130% at 21 weeks in comparison with aged-matched
sham controls (Table 1). Since the total weight of the
animals did not change significantly, other organs have
to shrink; this indicates increased catabolic state charac-
teristic of HF and documented in a separate functional
and metabolic study (Benes et al., submitted) by
decreased fat reserves. At present, we are evaluating
chronic changes in animals that have been in HF for 1
year to extend the longitudinal aspect of this study and
to see the combined effects of HF and ageing. Cardiac di-
lation and hypertrophy were confirmed by increased size
of cardiomyocytes, which were enlarged in both longitu-
dinal and transverse diameters. Cardiomyocytes in
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Fig. 3. Distribution and phosphorylation of connexin43 in left ventricular myocardium. Upper panels
show confocal images of connexin43 distribution. Lower panels show confocal images of phosphocon-

nexin43 localization in left ventricular myocardium.

midmyocardium were more affected than those in papil-
lary muscles. This is in contrast with asymmetric cellu-
lar hypertrophy in pressure overload model (Campbell
et al., 1989), where most pronounced hypertrophy was
found in the subendocardial layers. The interesting dis-
crepancy between continued increase in ventricular wall
thickness that could not be explained by increased myo-
cyte dimensions, especially in the right ventricle (Table
2) suggests, in the notable absence of fibrosis, that there
could be activation of myocyte (or resident stem cells)
proliferation, that was recognized previously in decom-
pensated HF in humans (Kajstura et al., 1998).

AVF model of volume overload induced HF had been
described before. However, no previous study described
these changes in decompensated HF stage. The principal
new findings of our study include distinction between
compensated (11 weeks) and decompensated (21 weeks)
stage of HF, complete morphological evaluation of possi-
ble arrhythmogenic substrates (cell size and shape,
connexin expression and distribution, fibrosis) and pro-

viding links between these findings and ventricular
arrhythmias (Fig. 5). Our data thus provide solid mor-
phological grounds for ongoing functional, metabolic and
pharmacological studies in this model. Ruzicka et al.
used this model for describing renin-angiotensin system
and effects of angiotensin converting enzyme inhibitors
in situation of volume overload (Ruzicka et al., 1993).
Ryan et al. described remodeling process induced by bra-
dykinin (Ryan et al., 2007). Study of Hatt et al. (1979) is
closest to our morphological approach. Hatt et al. meas-
ured cells in failing hearts and our study generally cor-
responds with their findings. Their sampling intervals
were 1 and 6 months, so it is not possible to compare
exactly our findings with theirs. In their study, the
hearts of rats with volume overload increased their
weight by 81% after 6 month (compare to our increase
by 140% after 21 weeks). They also measured cell width
in midwall and in subendocardium and described greater
increase in cell width in subendocardium than in mid-
wall, which is in contrast to our data. Generally, the
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Fig. 4. Western blot on a pool of 6 + 6 samples performed in quadruplicate shows over 60% decrease
in both total and phosphorylated connexin43 in the AVF hearts 21 weeks after shunt creation. Values are

mean + SD.
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Fig. 5. ECG tracing (2 leads, bottom) and the left ventricular pres-
sure tracing (2F Millar catheter) from a rat with AVF. Several ectopic
beats degenerate into fast polymorphic ventricular tachycardia and
later to ventricular fibrillation with immediate collapse of the circula-

tion, visible in the pressure channel.

changes they described in the group of rats 6 month af-
ter performing the fistula were much milder than our
findings. The possible reason for this is that they used
female rats and there is known strong gender difference
in cardiac response to volume overload—females are far
less prone to eccentric remodeling and to the develop-
ment of HF symptoms (Gardner et al., 2009). Since the
methodology of fistula creation was not described in
detail in that study, it is also possible that their method
of fistula creation may have differed (e.g., different di-
ameter of the needle, no exclusion of animals where AVF
closed spontaneously). The reason for different findings
in subendocardial myocyte width changes can be
explained by the fact that we measured width in papil-
lary muscle from transversal sections through the cells
while Hatt et al. measured cells in myocardial wall in
transversal sections.

Hypertrophic or failing rat or human hearts have big-
ger predisposition to develop severe ventricular arrhyth-

mias (von Olshausen et al., 1983; Kligfield et al., 1987).
Increased risk of sudden, presumably arrhythmic death
was found even in asymptomatic subjects with left ven-
tricular volume overload due to mitral regurgitation
(Grigioni et al., 1999). Similarly, we observed increased
excitability of hypertrophied AVF hearts, characterized
by high frequency of ventricular ectopic beats and bursts
of ventricular tachycardia, particularly during intraven-
tricular measurements of pressure using Millar catheter
(our unpublished observations). In several AVF animals,
this ectopy even degenerated into lethal ventricular fi-
brillation, which is exceedingly rare in normal rat hearts
(Fig. 5). In previous study that examined long-term sur-
vival of rats with AVF, 27% of all animals died without
preceding HF symptoms (Brower and Janicki 2001), sug-
gesting that arrhythmic sudden cardiac death occurs in
substantial proportion of animals with AVF-induced
chronic volume overload. Since no excessive collagen
accumulation was found in the ventricular myocardium,
we suggest that other arrhythmogenic mechanisms than
fibrosis might be involved. In our study, we focused on
connexin43 changes. Changes in connexin43 can lead to
slowing of conduction velocity in ventricular wall, which
may create a substrate for re-entry phenomenon (Libby
et al., 2008). The main changes described in previous
studies were changes in expression, localization, and
phosphorylation (Severs et al., 2004). This is not, how-
ever, the only possible mechanism. Other contributing
factors can be changes in ion channel expression, which
can also substantially contribute to arrhythmogenesis
(Shah et al., 2005).

In a partial contrast with previous studies of con-
nexin43 changes in HF (Dupont et al., 2001; Emdad
et al., 2001; Uzzaman et al., 2000), we found only mild
difference in total connexin43 levels by immunohisto-
chemistry (but there was over 60% reduction by Western
blot), and the changes in localization were also insignifi-
cant. Possible reason for this discrepancy can be differ-
ences in HF models or methods used. Dupont et al.
described the changes in humans and used Northern
blot for quantification, detecting thus mRNA levels
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(Dupont et al., 2001). Emdad et al. described HF in rats
induced by pressure overload from aortic banding and
they used enzymatic separation of myocytes to measure
connexin43 levels by immunohistochemistry (Emdad
et al., 2001). Recent study of Burstein et al. described
changes in dog HF atria and they found also no differ-
ence in the amount of connexin43, which corresponds to
our immunohistochemistry data (Burstein et al., 2009).
Study of Goldfine et al. describes connexin43 changes in
volume overload HF model. They found decrease in con-
nexin43 levels in acute state of volume overload HF but
when compensatory hypertrophy developed, the amount
of connexin43 seemed to normalize (Goldfine et al.,
1999). In any case, the absolute levels of connexin43
have to be decreased over 50% to induce significant
physiological phenotype per se, as indicated by apparent
normality of connexin43 heterozygous mice as well as
ventricular arrhythmias leading to sudden cardiac death
observed in myocardium-restricted null animals (Gut-
stein et al., 2001). In this respect, the 60% decreased in
total amount of connexin43 found in our Western blot
seems biologically sufficiently significant to form (to-
gether with changes in cell shape) a proarrhythmogenic
substrate, as ventricular arrhythmias were recorded in
~10% of our HF animals.

Phosphorylation of connexin43 can influence conduct-
ance, assembly and degradation of gap junctions (Lampe
and Lau, 2004; Laird, 2005; Solan and Lampe, 2005).
Recent work suggests an important role of connexin43
phosphorylation in HF (Akar et al., 2004; Ai and Pog-
wizd, 2005). We found greatly decreased phosphorylation
of connexin43 in the stage of decompensated HF (21
weeks after operation). The phosphorylation of con-
nexin43 at the earlier stage, when congestive HF was
not yet developed (11 weeks after operation), was also
slightly decreased but without statistical significance.
Thus, our data suggest that the HF and not the hyper-
trophy itself contribute to the hypophosphorylation. Tar-
geting the phosphorylation status of connexin43 using
specific drugs in patients with HF can be a method to
prevent development of fatal ventricular arrhythmias.
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Abstract. Ovarian cancer is the fifth leading cause of cancer
death in women. Absence of a reliable biomarker precludes early
diagnosis of the disease. To identify new proteins with potential
diagnostic or prognostic value for the therapy of ovarian cancer
we performed comparative proteomic analysis of sera from
ovarian cancer patients and healthy women. We analyzed serum
samples from 10 patients diagnosed with epithelial ovarian
cancer and 10 age-matched healthy women. To decrease the
extremely wide dynamic range of protein concentrations in
serum we used combinatorial hexapeptide libraries. Serum
samples were then subjected to proteomic 2-DE analysis. Three
proteins with differential abundance were found and identified
by mass spectrometry: a-l-antitrypsin, apolipoprotein A-IV
and retinol-binding protein 4. Identification of a-1-antitrypsin
and apolipoprotein A-IV confirms previous studies but the
identification of significantly decreased levels of RBP4 in
ovarian cancer patients represents a novel observation. We veri-
fied the decrease of RBP4 levels in ovarian cancer patient sera
by two independent methods and determined absolute RBP4
concentrations in patients and healthy women. We excluded
possible non-cancer factors that could be responsible for the
observed RBP4 decrease. We propose a connection of RBP4
with epithelial ovarian cancer and advocate the potential of
RBP4 as a candidate diagnostic or prognostic biomarker.

Correspondence to: Dr Jiri Petrak, Institute of Pathological
Physiology, First Faculty of Medicine, Charles University in Prague,
U Nemocnice 5, 120 00 Prague, Czech Republic

E-mail: jpetr@Ifl.cuni.cz

Abbreviations: EOC, epithelial ovarian cancer; FIGO, International
Federation of Gynecology and Obstetrics; IUCC, International
Union against Cancer; ELISA, enzyme-linked immunosorbent assay;
BMI, body-mass index; RBP4, retinol-binding protein 4; TTR, trans-
thyretin; PBS-T, phosphate-buffered saline with 0.1% Tween-20

Key words: ovarian carcinoma, proteomics, combinatorial hexa-
peptide libraries, biomarkers, retinol-binding protein, cachexia

Introduction

Epithelial ovarian cancer (EOC) is the fifth leading cause of
cancer death in women. While overall 5-year survival is only
16-40%, in patients with early stage (FIGO I) ovarian cancer
survival rate is 95% (1,2). Unfortunately, vast majority of the
patients is diagnosed in advanced stage disease (FIGO III/IV),
mostly because of absence of specific symptoms and by lack
of reliable serum markers for early disease. Effective screening
tests are yet to be developed.

The most widely used serum marker for ovarian cancer, mucin
protein CA125, has low sensitivity, its serum concentration is
increased in less than half of early stage patients. Furthermore, its
specificity is also insufficient, increased levels have been reported
also in patients with benign gynecological diseases, endometri-
osis, cirrhosis and heart disease (3). Enormous effort has therefore
been developed to identify and implement new serum biomarkers
with sufficient sensitivity and specificity for detection and moni-
toring of epithelial ovarian cancer. Several candidate molecules
have been discovered (4,5). Unfortunately, none of the identified
proteins or peptides proved to be of sufficient sensitivity and
specificity as a clinically applicable diagnostic marker.

Comparative proteomic analyses of serum or plasma are,
among other obstacles, hindered by extremely high dynamic
range of individual protein concentration in serum exceeding
10 orders of magnitude (6). Effective methods to decrease
the concentration range of serum proteins are based on either
immunodepletion of the most abundant serum/plasma proteins
or, more recently, on equalization of protein concentrations by
interaction with combinatorial hexapeptide library coupled
to beads (7,8). The latter method has gained attention under
commercial name ProteoMiner™ and was used in our current
study. Equalized samples were then subjected to 2-DE differen-
tial proteomic analysis. We identified three proteins that were
present in serum of EOC patients in concentrations significantly
different than in sera of age-matched healthy women. Two of
the proteins have been identified in EOC patients previously.
Identification of retinol binding protein 4 (decreased in sera
of EOC patients) is a novel observation; therefore its altered
concentrations were further tested, verified and quantified in
individual serum samples.
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Materials and methods

All chemicals were from Sigma-Aldrich, unless stated other-
wise. The study was approved by the Ethics Committee of the
Charles University in Prague, First Faculty of Medicine (IRB
approval IGA MZ CR 1.LF UK 19/05).

EOC patient selection. Serum samples were collected at the
Department of Gynecology and Obstetrics of the First Faculty
of Medicine and General Teaching Hospital after informed
consent from both patients and healthy age-matched women
after overnight fasting. Patient samples were collected at the
time of preliminary diagnosis before surgery and chemotherapy.
The diagnosis was confirmed histologically after the surgery
and only the samples from patients with confirmed EOC were
included in the study. Tumor typing and staging were performed
by the Department of Pathology according to the criteria of the
International Federation of Gynecologists and Obstetricians
(FIGO) and the International Union against Cancer (IUCC).

Serum and plasma collection. Blood was collected into BD
Vacutainer tubes (BD, USA) with sodium heparin (plasma) and
without additives (serum). The tubes were kept at room tempera-
ture for 5 min and centrifuged at 1500 x g for 5 min. Collected
plasma was then re-centrifuged at 15000 x g for 20 min to remove
remaining platelets. The serum and plasma were aliquoted into
2 ml screw cap tubes (Axygen, USA ) and stored at -80°C.

Serum equalization - hexapeptide ligand library treatment.
Concentration of the most abundant serum proteins was reduced
using the ProteoMiner Enrichment Kit (Bio-Rad Laboratories,
CA, USA). Pooled sera from control healthy women (controls,
n=10) and EOC patients (patients, n=10) were used as a starting
material (10 ml each pool). To obtain sufficient amount of
equalized sera, 10 depletions were performed from each pooled
sample, each depletion with a fresh ProteoMiner column and
1 ml of pooled sera. The procedure was carried out according
to the manufacturer's instructions. Serum samples relatively
enriched in medium- and low-abundant proteins were eluted
and pooled. The combined equalized samples (2.7 ml), were
precipitated by 40 ml of cold acetone at -20°C overnight.

Two-dimensional electrophoresis. Precipitated equalized serum
protein pellets were dissolved each in 2.8 ml of rehydration
buffer (7 M urea, 2 M thiourea, 4% CHAPS, 60 mM DTT, 1%
ampholytes (GE, USA) and 0.002% bromophenol blue). Protein
concentration was determined and adjusted to 4.4 mg/ml. IPG
strips (24 cm, pH 4-7, GE, USA) were rehydrated overnight in
450 ul of the sample, representing 2 mg protein per strip. Six
technical replicates were run for each sample.

Isoelectric focusing was performed with a Bio-Rad Protean
IEF cell for 80 kVh, with maximum voltage not exceeding
5 kV, current limited to 50 yA per strip and temperature set
to 20°C. Strips were equilibrated and reduced in equilibration
buffer A (6 M urea, 50 mM Tris pH 8.8, 30% glycerol, 2%
SDS and 450 mg DTT per 50 ml of the buffer) for 15 min and
then alkylated in equilibration buffer B (6 M urea, 50 mM Tris
pH 8.8, 30% glycerol, 2% SDS and 1.125 mg iodacetamide
per 50 ml). Equilibrated strips were then placed on the top
of 11% SDS-PAGE and secured in place by molten agarose.
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Electrophoresis was performed in a Tris-glycine-SDS system
using a 12 gel Protean Plus Dodeca Cell apparatus (Bio-Rad)
with buffer circulation and external cooling (20°C). Gels were
run at constant voltage of 200 V for 6 h. Following electropho-
resis gels were washed 3 times for 15 min in deionized water
to remove SDS. Washed gels were stained in CBB (Simply
Blue SafeStain, Invitrogen, Carlsbad, USA) overnight and then
destained in deionized water.

Gel image analysis. Stained gels were scanned with a GS
800 calibrated densitometer (Bio-Rad). Image analysis
was performed with Progenesis PG200/PG220 (Nonlinear
Dynamics, UK) in semi-manual mode with six gel replicates for
each group. Normalization of gel images was based on total
spot density, and integrated spot density values (spot volumes)
were calculated after background subtraction. Average spot
volume values (averages from the all 6 gels in the group) for
each spot were compared between the groups. Protein spots
were considered differentially expressed if they met both of
the following criteria: average normalized spot volume differ-
ence >2-fold and statistical significance (p<0.05) of the change
determined by the t-test.

MALDImass spectrometry, protein identification. Differentially
expressed proteins were excised from gels, cut into small pieces
and washed four times with 25 mM ammonium bicarbonate in
50% acetonitrile. The supernatant was removed and the gel was
partially dried in a SpeedVac concentrator. Gel pieces were then
reconstituted in a cleavage buffer containing 25 mM ammonium
bicarbonate and sequencing grade trypsin (5 ng/ml; Promega,
WI, USA). After overnight digestion, the resulting peptides were
extracted with 50% ACN/0.1% TFA. Extracted peptide mixture
(0.5 ul) was deposited on a steel MALDI target an allowed to
air-dry at room temperature. After complete evaporation, 0.5 pl
of the matrix solution [a-cyano-4-hydroxycinnamic acid in
aqueous 50% ACN/0.1% TFA (5 mg/ml)] was added. MALDI
mass spectra were measured on Autoflex II instrument (Bruker
Daltonics, Bremen, Germany).

Spectra were acquired in the mass range between ~700
and 3200 Da and calibrated internally using the monoiso-
topic [M+H]" ions of Peptide calibration standard II (Bruker
Daltonics, Bremen, Germany). Peak lists in XML data format
were created using the flexAnalysis 3.1 program with the
SNAP peak detection algorithm. No smoothing was applied,
and the maximal number of assigned peaks was set to 50. After
peak labeling, all known contaminant signals were manually
removed. The peak lists were searched using the MASCOT
search engine against the SwissProt 2009_11 database subset
of human proteins with the following search settings: peptide
tolerance 50 ppm, 1 missed cleavage, fixed carbamidometh-
ylation of cystein, variable acetylation of protein N-term and
oxidation of methionine. No restrictions on protein molecular
weight or pl value were applied. Proteins with a Mascot score
over the threshold 55 for p<0.05 calculated for the used settings
were considered as identified.

Western blotting. Individual serum samples (10 g of proteins)
were combined with SDS loading buffer containing DTT,
boiled 5 min and separated on 10% SDS-PAGE minigels in
Tris-glycine-SDS buffer. Electrophoresis was performed using
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Table I. Details on patients included in the proteomic analysis study.

Patients Age BMI*  Tumor size Node Metastases Grade Histology Stage CA125 RBP4
involvement status (U/ml)  (ug/ml)
P1 44 17.2 pT3b pNx MO G3 Serous I 917 323
P2 46 29.7 pT3c pNx MO G3 Serous I 4100 8.1
P3 49 244 pT3b NO MO G2 Serous 11 149 27.8
P4 54 21.5 pTlc pNx MO Gl Mucinous I 350 32.1
P5 59 25.7 pTlc pNO MO G3 Serous I 19 454
P6 55 21.3 pTlc pN1 MO G3 Clearcell 1III 318 315
P7 56 24.0 pT3c pN1 MO G3 Serous I 1685 35.7
P8 56 27.7 pT3c pNx MO G3 Mixed 11 2500 272
P9 58 199 pT3c pN1 MO Gl Serous I 592 359
P10 59 254 pT3c pN1 M1 G2-3  Serous 1AY 364 232

Mean + SD  53.6£53 23.7+3.8

*BMI, body mass index.

Table II. Details on healthy controls included in the proteomic
analysis study.

Healthy controls Age BMI* RBP4 (ug/ml)
Cl 44 24.8 51.3
C2 44 24.7 48.8
C3 45 21.7 50.1
C4 46 34.6 451
C5 50 227 47.7
C6 55 24.7 542
(o) 56 254 40.8
C8 57 31.6 495
C9 58 24.7 455
C10 58 22.7 431
Mean = SD 51458  25.8+4.1

“BMI, body mass index.

Mini-Protean Tetra Cell (Bio-Rad Laboratories) at constant
voltage for 30 min at 45 V, and then at 90 V until the dye
front reached the gel bottom. Proteins were then trasferred to
0.45 ym PVDF membranes (Milipore, MA) in semi-dry blotter
(Hoeffer, Canada) at 0.8 mA/cm?. Membranes were incubated
with PBS-T (phosphate-buffered saline with 0.1% Tween-20)
for 2 h. As a primary antibody, mouse anti-RBP4 (Sc-69795,
Santa Cruz Biotechnology, CA, USA) diluted 1:500 in PBS-T
or rabbit anti-transthyretin (Sigma) diluted 1:1000 was added
for 1 h. After thorough washing with PBS-T, secondary
horseradish peroxidase-conjugated goat anti-mouse IgG
antibody or goat anti-rabbit IgG antibody (both Santa Cruz
Biotechnology) diluted 1:10,000 was added for 1 h. Membranes
were thoroughly washed in PBS-T and then in PBS. Signal was
developed using Western Blotting Luminol Reagent (Santa Cruz
Biotechnology) and membranes were exposed to X-ray film

(Kodak, CR), developed and scanned. For detection of human
IgG as an internal loading control, the membrane were stripped
and re-probed with a swine anti-IgG antibody (Sevapharma a.s.,
Czech Republic) conjugated with HRP diluted 1:10,000.

RBP4 ELISA. The quantitative determination of human retinol-
binding protein 4 (RBP4), a-1-antitrypsin and apolipoprotein
A4 concentrations in patient and control sera was performed
in triplicates using the Quantikine Human RBP4 immunoassay
(R&D Systems, MN, USA), human apolipoprotein AIV ELISA
Kit (Millipore, MA, USA) and a-l-antitrypsin Clearance
ELISA (Immuno Diagnostik AG, Germany) according to the
manufacturer's instructions using ELISA Reader Sunrise
(Tecan, Austria).

Measurement of plasma vitamin A. Vitamin A serum levels
were determined by HPLC method using ClinRep Complete Kit
for vitamins A and E in Plasma (Iris technologies international,
Germany) on ECOM HPLC according to the manufacturer's
instructions.

Statistical analysis. Statistical significances of normalized
optical spot density, values from ELISA tests and retinol
measurements by HPLC was determined by Student's t-test.
Correlation between variables was determined by Correlation
Pearson's coefficient using software Statistica (StatSoft Inc.,
USA).

Results

Patients and controls. The women enrolled in the study were
patients diagnosed with EOC (histologically confirmed) and
age-matched healthy women. Average age was 53.6+5.3 for
patients and 51.4+5.8 for healthy controls. Details are provided
in the Tables I and II.

Serum equalization and proteomics. To eliminate potential
inter-individual variability, our analysis was performed with
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Figure 1. 2-DE analysis of sera after hexapeptide ligand library treatment. 2-DE proteomic analysis of pooled sera from healthy women and EOC patients after
ProteoMiner equalization. Twelve 20.5x25-cm gels were analyzed, 6 replicates with pooled patient samples and 6 gels with pooled healthy control samples.
Gels were stained, scanned and analyzed by Progenesis PG200/PG220 image analysis software. Three spots of significantly different density between the
groups were found and the three proteins were identified by MALDI mass spectrometry using peptide mass fingerprinting (Table III).

Table III. Peptide mass fingerprint identification of proteins with differential concentrations (difference at least 2-fold and statis-

tical significance (p<0.01) in sera of EOC patients.

Sequence coverage® (%) Matched peptides Mascot score®

Swiss-Prot access no.¢

Protein name Fold-change

Down-regulated in EOC patients

58 28 335
57 11 153
Up-regulated in EOC patients

42 17 115

P06727 Apolipoprotein A-IV 2.3
P02753 Retinol-binding protein 4 2.2
P01009 o-1-antitrypsin 20

*Sequence coverage is the number of amino acids spanned by the assigned peptides divided by the sequence length. "MASCOT score helps to
estimate correctness of the individual hit. It is expressed as -10 x log(P) where P is the probability that the observed match is a random event.
“SwissProt access no. is the code under which the identified protein is deposited in the SwissProt database.

pooled serum samples from 10 patients diagnosed with EOC
(patients) and 10 healthy age-matched women (controls). Later
verifications by Western blotting and ELISA were done with
individual serum samples.

The dynamic range of individual protein concentrations
in serum was reduced or equalized by interaction of serum
proteins with of random hexapeptide library immobilized on
beads (ProteoMiner) (8). Using the equalized pooled sera we
performed classical 2-DE differential proteomic analysis.
Equalization of serum samples with hexapeptide ligand library
beads was effective, increasing the number of spots detected
in 2-DE gels ~1.5 fold compared to untreated sera in a pilot
experiment (data not shown).

Twelve 2-DE gels were analyzed (six replicates with pooled
patient samples and 6 gels with pooled healthy control samples).
On average we detected 410 protein spots per gel upon colloidal
Coomassie staining. Quantitative analysis of normalized spot
density using Progenesis PG200/PG220 software revealed statis-
tically significant difference [normalized spot volume difference
at least 2-fold and statistical significance (p<0.01)] between the
control and patient groups in 3 spots (Fig. 1). All three proteins
present in the spots of differential density were identified by

MALDI-TOF mass spectrometry using peptide fingerprint
method (Table III). The only up-regulated protein found in sera
of ovarian cancer patients has been identified as a-1-antitrypsin.
Two proteins with concentrations decreased in patient sera were
apolipoprotein A-I'V and retinol-binding protein 4 (RBP4).

Retinol binding protein 4 is decreased in EOC patients.
a-l-antitrypsin and apolipoprotein A-IV belong among
the 40 most abundant plasma proteins, with concentrations
18-40 ymol/l and 3-6 pmol/l, respectively (9). We verified the
altered concentrations in these two proteins by ELISA in all
individual patient and control serum samples. a-1-antitrypsin
was significantly (p=0.015) upregulated in patients while
apolipoprotein A-IV was markedly downregulated (p=0.0001)
(Fig. 2). Both proteins were identified by proteomic serum
analyses as potential ovarian cancer markers previously (10,11)
and we therefore focused our attention to retinol binding protein
4 (RBP4) as the novel observation and the potentially more
interesting candidate biomarker (concentration in patient serum
decreased 2.2-fold, p<0.001).

Since our proteomic analysis was performed with pooled
and equalized serum samples, it was necessary to confirm
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Figure 2. Verification of altered concentrations of a-1-antitrypsin and apolipo-
protein A-IV in patient and healthy women sera. Serum concentrations of the
proteins were determined in all 10 patient and 10 control serum samples using
ELISA Kkits. a-1-antitrypsin was confirmed to be significantly up-regulated
in patients and apolipoprotein A4 was significantly downregulated. Mean
values, and statistical significances are shown.
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Figure 3. Verification of altered RBP4 concentration. (A) Absolute RBP4 con-
centrations in serum samples were determined by ELISA. Each measurement
represents average value from 3 replicates. Individual serum RBP4 concen-
trations can be found in Tables I and II. (B) Western blot analysis of RBP4
concentration in individual serum samples was performed. To enable relative
comparison between healthy controls and patients five control and five patient
samples (10 ug protein each) were run on each gel and processed simultane-
ously. Membranes were re-probed with anti-human IgG (HC) as an internal
standard.

the altered RBP4 abundance in the individual, crude serum
samples before the ProteoMiner equalization. To determine
also absolute concentrations of RBP4 we used an ELISA
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Figure 4. Serum retinol levels in EOC patients and age-matched healthy
women. Levels of serum vitamin A (retinol) regulate RBP4 secrection by liver.
Decreased retinol levels could affect RBP4 levels in our study. We therefore
determined serum retinol levels in all 10 patients and controls by HPLC. Mean
values of serum retinol concentrations are shown.

test to measure RBP4 in the original set of the all individual
non-equalized serum samples from 10 EOC patients and
10 controls. As seen in Fig. 3A, ELISA results confirmed
decreased serum concentration of RBP4 in the EOC patients.
The average RBP4 concentration in patient serum samples
(29.9 pg/ml) was 1.6-fold decreased compared to the control
samples (47.7 ug/ml, p<0.007). Distribution of the RBP4
concentrations suggests that a threshold exists at 38-40 ug/ml
distinguishing healthy age-matched women from most ovarian
cancer patients in our cohort. For the individual RBP4 levels
see Tables I and II. Serum RBP4 concentrations negatively
correlate with ovarian cancer marker CA125 levels in the
patient group (r=-0.715, p=0.015).

To provide additional verification (using different anti-
bodies, than the one used for ELISA) we performed also RBP4
immunodetection using Western blotting with non-equalized
sera from all 10 individual patients in the group and the 10
healthy controls (Fig. 3B). The results also confirmed that
RBP4 was significantly decreased in patient samples compared
to sera from healthy women. Equal sample loading (10 ug
per lane) was ensured by careful and repeated determination
of protein concentration in samples. Internal standard [total
human IgG (HC)] is shown only for rough loading control. Due
to high individual variability of serum protein levels, there is
currently no reliable and generally accepted internal standard
for serum samples (similar to 3-actin, GAPDH or tubulin used
for tissues).

Serum retinol-binding protein 4 is a 21-kDa lipocalin
produced by liver, adipocytes, macrophages and some
epithelial cells. It is the principal transport protein for retinol
(vitamin A). RBP4 levels in blood are normally maintained
within narrow limits with one exception. RBP4 secretion by
its main producer, liver, is tightly regulated by availability
of retinol levels. In vitamin A deficiency is RBP4 retained in
liver, upon retinol repletion RBP4 associates with the vitamin
and is secreted into blood (12,13). We therefore tested, whether
the decreased concentration RBP4 identified in EOC patients
could be attributed to decreased retinol levels. We measured
retinol levels in individual serum samples of all 10 individual
patients and the 10 healthy controls in our study. As seen in
Fig. 4, average serum retinol concentration is comparable
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Figure 5. Relative serum transthyretin (TTR) levels in patients and controls. (A) Western blot analysis of TTR concentration in individual serum samples was
performed. To enable relative comparison between healthy controls and patients, five control and five patient samples (10 pg protein each) were run on each
gel. (B) Densitometric analysis of the TTR bands from the Western blot analysis.

between the patients and healthy women. Hence, we concluded
that the decrease in RBP4 concentration in EOC patients is
independent on serum vitamin A levels.

RBP4 is a relatively small protein and to avoid glomer-
ular filtration it associates with transthyretin (TTR) (12).
Interestingly, transthyretin has also been identified as down-
regulated in blood of ovarian cancer patients and considered as
a potential biomarker (14-16). We determined relative serum
transthyretin levels in our group of patients and control women
and confirmed its down-regulation in our EOC patients
(1.6-fold change, p=0.002) (Fig. 5). There was no marked
correlation of TTR levels with RBP4.

Discussion

RBP4 is secreted by liver, adipose tissue and some epithelia
including ovarian and serves as an important transporter
of retinol. Retinoids play an important role in fundamental
aspects of human physiology such as hematopoiesis, reproduc-
tion and cell proliferation. Anti-cancer effect of retinoids was
reported long ago (17). Alterations of vitamin A and retinoid
homeostasis are found in many tumors. Defects in expression
of retinol metabolism genes, namely its crucial components
cellular retinol-binding protein 1 (CRBP1) and RBP4, have
been previously reported in ovarian cancer and connected with
the oncogenic process in a rat model of ovarian cancer (18,19).
Moreover, defective conversion of retinol to retinoic acid has
been demonstrated in ovarian carcinoma cell lines (20).

The observed decrease in concentration of RBP4 in sera of
EOC patients identified here may be theoretically attributed to
decreased RBP4 production by ovary. Regrettably, we do not
know how much RBP4 ovary contributes to the total circu-
lating RBP4 pool. Considering the fact, that liver and adipose
tissue are believed to be the main producers of the circulating
RBP4, it remains to be determined whether decreased produc-
tion of RBP4 in ovary may be reflected in total circulating
RBP4 levels in EOC patients.

Alternative hypothesis which considers a systemic process
and the liver and/or adipose tissue as a source of the altered
RBP4 levels can also be proposed. We demonstrated that
levels of retinol are comparable between patients and controls.
Decreased levels of RBP4 in patients therefore can not be
explained by different retinol availability between the groups.
In addition to its role as a vitamin A transporter RBP4 attracted

wide attention as a molecule involved in insulin resistance in
mice (21) and as a protein elevated in serum of patients with
impaired glucose tolerance and type 2 diabetes (insulin resis-
tance) (22). These observations were followed by many other
reports, in the wider metabolic area related to insulin and
glucose and fat metabolism. RBP4 has thus been shown to
be elevated in obese patients with polycystic ovary syndrome
(disease associated with insulin resistance) (23) and in patients
with renal dysfunction and cardiac disease in type 2 diabetes
patients (24). To exclude a potential influence of such a cancer-
unrelated factor we verified anamnesis of our healthy controls
and patients. None of the women involved in our study had
history, or evidence of type 2 diabetes.

What could then be the connection between RBP4 energy
metabolism and ovarian cancer? Is it a tumor-specific response
or rather a reflection of general metabolic changes taking place
in cancer patients? Controversy exists, whether there is a general
correlation between RBP4 levels and body-mass index in
otherwise healthy women. Whereas some investigators showed
lower serum RBP4 levels in healthy lean women compared to
obese (22), others demonstrated that there is no such a correla-
tion (25). However, since levels of RBP4 have been reported
to decrease in morbidly obese patients after weight loss due to
gastric banding surgery (26), we tested a hypothesis that the
decreased levels of RBP4 observed in our patient group could
be attributed to cancer-induced cachexia. However,comparison
of body-mass indexes (BMI) between our patients and healthy
controls showed, that there is only a marginal and statistically
insignificant (p=0.126) BMI decrease in our group of EOC
patients and there is no correlation of serum RBP4 concentra-
tion with BMI (r=-0.001, p=0.99). This observation therefore
does not support the hypothesis that the reduced RBP4 level in
blood of EOC patients is caused by cancer-related decrease in
BMI. However, we are aware, that the decrease in serum RBP4
in EOC patients may be an early sign of cancer-triggered
nutritional changes before they become apparent by weight
loss. Such a marker would be of wider clinical interest because
cancer-induced cachexia indeed complicates therapy and has
been implicated in up to 20% of cancer-related deaths (27,28).

We identified significantly decreased RBP4 concentra-
tions in sera of EOC patients. We excluded influence of
diabetes, serum retinoid levels and BMI as potential causes of
the decreased RBP4 levels and we therefore believe that the
phenomenon is cancer related. We are fully aware that the low
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number of patients enrolled in our proteomic discovery phase
of the study must be compensated for in future verification
process using large cohorts of patients and controls stratified
by stage/grade and other factors.

The decreased RBP4 concentration in sera of EOC patients
is either directly connected with altered retinoid metabolism
and RBP4 production in ovary or it is a reflection of a more
general process involving energy metabolism or other systemic
changes. In both cases, the cancer-related information repre-
sented by RBP4 serum levels, is of clinical interest and should
be evaluated as a potential biomarker.

So far, none of the candidate molecules identified by
proteomic analyses of ovarian cancer (10, 11, 14 and many
others) have been implemented into clinical practice as a
single diagnostic biomarker. However, as demonstrated by
recent development, combined informative power of several
weak biomarkers can be valuable in clinical decision-making
in assessment of ovarian tumors (29). We believe that RBP4
can increase diagnostic performance of such a multivariate
biomarker panel in future.
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