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Souhrn

Proteomika je bouflive se rozvijejici obor, ktery nachazi uplatnéni v mnoha oblastech mediciny,
vCetné stomatologie. Piesto proteomicka charakterizace kostnich tkéni ve stomatochirurgii neni
stale bézn¢ vyuzivana. Hlavni pfiinou je znacnd komplikovanost pouzivanych analytickych
pfistupt, kterd vyplyvéd z nerozpustného charakteru kostnich tkani. Cilem této prace bylo
vyvinout a aplikovat ptimocarou metodiku, ktera by mohla vést k rutinnimu vyuziti proteomiky

1 v této oblasti.

Nejprve byla s vyuzitim prasecich Celistnich kosti jako modelovych vzorkl vyvinuta technika
umoznujici identifikovat az stovky proteinii diky jejich Sté€peni trypsinem piimo v kostnich
tkanich (,,in-bone digestion”) nasledovaného analyzou pomoci tandemové hmotnostni
spektrometrie s prediazenou kapalinovou chromatografii (LC-MS/MS). Tato technika byla
nasledné aplikovana na analyzu odoperovanych tkani lidskych maxilarnich a mandibularnich
kostnich tkani. Jak ve vzorcich maxilarnich, tak mandibularnich kosti, bylo mozné technikou
ptimého Stépeni identifikovat znaéné mnoZzstvi proteint. Navic matematické analyza ziskanych
dat umoznila téz rozliSit mezi tkdnémi postizenymi zanétem a zdravymi tkanémi. Pfistup
zalozeny na pfimém S§tépeni byl nasledn€ GspeéSné€ rozsifen téz na analyzu in vitro modelt
lidskych kostnich tkani. Pfimé Stépeni nasledované analyzou uvolnénych peptidovych
fragmenti pomoci LC-MS/MS a nasledna matematicka analyza ziskanych dat umozZnila nejen
rozlisit vzorky modelt s indukovanymi patologickymi stavy od kontrolnich, ale bylo mozné i
vzajemné rozliSeni dvou riznych patologickych stavil. V ramci feseni disertacni prace byla také
otestovdna moznost vyuzit po technice zaloZzené na pfimém Stépeni v kostnich tkanich (,,in-
bone digestion®) i jinou koncovku nez LC-MS/MS, konkrétné€ kapilarni elektroforézu s detekcei
v ultrafialové oblasti (CE-UV). Po vyhodnoceni ziskanych CE-UV profilii matematickou

analyzou bylo moZné odlisit vzorky kostni tkan€ postiZzené zanétem od tkané zdrave.

Vyuziti vySe zminénych netradi¢nich a velmi pfimocarych metodickych pfistupii umoziuje
vnést do oblasti stomatochirurgie rutinni vhled na molekularni trovni. Tak by naptiklad mélo
byt mozné sledovat, jaké jsou proteomické reflexe urcitych patologickych stavii, coz by mélo
napomoci porozumét mechanismu jejich vzniku i volbé vhodné 1é¢by. Proteomické analyzy
odoperovanych celistnich kosti by rovnéZ mohly slouzit jako vhodny doplnék, piipadné i

alternativa k jejich tradi¢nimu histologickému hodnoceni.



Kli¢ova slova: stomatochirurgie, maxilarni kosti, mandibuldrni kosti, proteomicka analyza,
pifimé specifické S$tépeni proteinti, tandemova hmotnostni spektrometrie s piediazenou

kapalinovou chromatografii



Summary

Proteomics is a booming field with application in many areas of medicine, including dentistry.
Nevertheless, proteomic characterization of bone tissues in oral surgery is not still commonly
used. The main reason is involvement of demanding analytical approaches due to insoluble
chatacter of bone tissues. The goal of this work was to develop and apply straightforward

methodology that could lead to the routine use of proteomics in this area as well.

Using porcine jawbones as a model samples, a technique was developed allowing identifying
about hundreds of proteins thanks to their trypsin digestion directly in bone tissues ("in-bone
digestion") followed by analysis using liquid chromatography coupled with tandem mass
spectrometry (LC-MS/MS). This technique was subsequently applied to the analysis of human
maxillary and mandibular bone tissues obtained during surgical procedures. In both maxillary
and mandibular bone samples, it was possible to identify a considerable amount of proteins
using the “in-bone digestion” technique. Additionaly, the mathematical analysis of the obtained
data was able to distinguish between the inflammatory and healthy tissues. The approach based
on direct cleavage was subsequently successfully extended to the analysis of in vitro models of
human bone tissues. Direct cleavage followed by analysis of the released peptide fragments
using LC-MS/MS and subsequent mathematical analysis of the obtained data was able not only
to distinguish the samples of models with induced pathological conditions from the control
ones, but also allowed distinguishing between two different pathological conditions. The
possibility of using a technique of "in-bone digestion" followed by different analysis than LC-
MS/MS was verified. Namely capillary electrophoresis with ultraviolet detection (CE-UV) was
tested. After evaluating of the obtained CE-UV profiles by mathematical analysis, it was

possible to distinguish between inflammatory and healthy bone tissue samples.

The use of the above-mentioned non-traditional and very straightforward methodological
approaches makes it possible to introduce routine insight at the molecular level into the field of
oral surgery. For example, it should be possible to monitor the proteomic reflections of certain
pathological conditions, which should help to understand the mechanism of their occurrence
and the choice of appropriate treatment. Proteomic analyzes of jaw bones after surgical
procedures could also serve as a suitable supplement, or even an alternative, to their traditional

histological evaluation.

Key words: oral surgery, maxillary bones, mandibular bones, proteomic analysis, direct

specific cleavage of proteins, tandem mass spectrometry coupled with liquid chromatography
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Zaméieni a forma disertacni prdace

Diserta¢ni prace ma interdisciplindrni charakter a je metodicky zaméfena. Zabyva se totiz
procesem, ktery zacina chirurgickym zakrokem a pokracuje proteomickou charakterizaci

odoperovanych kostnich tkani.

Préce je predkladana ve stru¢né kombinované forme zalozené na ctyfech ptivodnich védeckych

publikacich v impaktovanych ¢asopisech, které jsou jeji soucasti.



1.Literarni uvod a prehled problematiky

1.1 Pokroky ve stomatochirurgii: Soucasné¢ 1é¢ebné modality

Stomatochirurgie je soucasti specializovaného oboru ustni, Celistni a oblicejové chirurgie
zahrnujici Sirokou skalu diagnostickych a terapeutickych intervenci u stavii postihujicich dutinu
ustni, Celisti, hlavu a krk. Pojimé nejen rekonstrukéni chirurgii obli¢eje po urazech nebo po
onkologickych resekénich vykonech, ale také estetickou chirurgii. Stomatochirurgie je stejné
jako vSechny medicinské obory dynamicky obor, ktery se neustale vyviji, aby splnil pozadavky
moderni zdravotni péce. Nedavné pokroky v diagnostickych nastrojich, minimaln¢ invazivnich
postupech, implantologii, parodontologii, 1€¢bé poruch temporomandibularniho kloubu a
onkologickych intervencich, rozsifily moznosti dostupné 1écby. Integrace technologii a

mezioborové spolupréce je predpokladem pro dalsi zkvalitiovani péce o pacienty.

Stomatochirurgické zékroky mohou byt vykonavany jak v lokalni, tak celkové anestezii. Mezi
nejbeéznéjsi ambulantni vykony patii extrakce zubt, predevsim pak zubli moudrosti, resekce
kotfenovych hrotli, implantace, augmentace celistnich kosti, excize 1ézi mékkych tkani obliceje
a dutiny ustni a exstirpace 1€zi Celisti. Ve vetsin€ piipadl se jednd o cysty (odontogenniho i
neodontogenniho ptivodu) nebo tumory, které mohou byt benigni ¢i maligni. Stejné jako v
dalSich chirurgickych oborech odesila stomatochirurg odebrany material k histologickému
vySetieni.

Kost je pfedevsim kalciem mineralizovana pojivova tkan, proto je jeji zpracovani a histologické
kosti (Mawhinney et al., 1984). Vzorek kostni tkané je pacientovi odebran béhem chirurgického
zakroku nebo biopsie. Déle se vzorek musi dobie fixovat, obvykle formalinem. Fixace
zachovava tkan a zabranuje rozkladu vzorku pifi ndsledné dekalcifikaci kyselinami nebo
chemickymi ¢inidly. Kost je tvrda tkan, proto existuje limitované mnozstvi metod, jak z ni
vyrobit kvalitni fezy. Jedna z variant je vybrus kostni tkdn¢ do tenkych desti¢ek. Ty se brousi
pomoci abrazivnich povrchtl, aby se vytvofily tenké brousené profily. Dale miizeme pfipravit
vzorky kosti prosycenim akrylovymi nebo epoxidovymi pryskyficemi a vytvofit fezy pomoci

mikrotomu (Bancroft & Stevens, 1996). Dalsi moZnosti zpracovani mineralizované spongidzni
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kosti jsou zmrazené fezy (Bancroft & Stevens, 1996; Carson & Hladik, 2009; Woods & Ellis,
1994).

Tyto metody jsou velmi uzite¢né pro studium anorganickych slozek kosti nebo zubt, ale
odvapnéni, tedy odstranéni anorganického vapniku z organické kolagenové struktury, je

predpokladem pro studium organickych slozek (Junqueira et al., 1997).

24

zpracovanim standardni metodou pro vyrobu parafinovych fezli. Dekalcifikace je standardné
uzivana technika ve vétSiné histopatologickych laboratotfich pro mikroskopické hodnoceni
mineralizovanych tkani. Urychleni odvapnéni lze provadét riznymi metodami, jako je pouziti
tepla, vakua, elektrického proudu, michani 1 koncentraci chemickych prosttedkt (Khangura et
al., 2021). Chemicka ¢inidla jsou nejcastéji pouzivand pro rutinni analyzu. Lze pouzit tii typy
chemickych ¢inidel, jsou to nejrychleji ptsobici silné anorganické kyseliny, naptiklad kyselina
dusi¢na a kyselina chlorovodikova (v koncentraci do 10%); nej¢astéji uZivané zejména pro svoji
Setrnost ke studovanym tkanim jsou pak slabé organické kyseliny, napiiklad kyselina mravenci,
kyselina octova, kyselina pikrova a chelatacni c¢inidla, napfiklad EDTA (kyselina
ethylendiamintetraoctova), ta ale ptisobi velmi pomalu (az nékolik tydnli) (Gupta et al., 2014).
Pouziti téchto chemikalii ale mize vést k urcitym zméndm v architektute tkan¢€, véetné¢ zmeén

charakteristik barveni (Verdenius & Alma, 1958).

Védci provedli mnoho studii za Gicelem stanoveni idedlniho chemického ¢inidla tak, aby co
nejucinnéji a nejrychleji doslo k uplnému odstranéni véapniku bez poskozeni tkanoveé
architektury a poskytnuti adekvatni barevné charakteristiky (Choube et al., 2018; Khangura et
al., 2021; Prasad & Donoghue, 2013; Sanjai et al., 2012; Srinivasyaiah et al., 2016). Dle studie
vyZaduje dekalcifikace zubl nejrychlej§i metodou za uziti 10% kyseliny dusiéné 3-5 dni.
Nejdelsi dekalcifikace byla za uziti EDTA, kde ¢inidlo potfebuje dokonce az 28-30 dni (Gupta
et al., 2014).

Dale jsou vzorky dehydratovany pomoci fady alkoholovych roztokl a jsou zality do bloku
parafinového vosku, ktery je idedlni pro nasledné fezani (Sadeghipour & Babaheidarian, 2019).
Tyto bloky se poté nafezou na tenké parafinové fezy (obvykle 4-5 mikrometrl silné) pomoci
mikrotomu. Déle se pfemist'uji na sklicka a dochéazi k barveni hematoxylinem a eosinem, aby
se zvyraznily specifické bunééné a strukturdlni slozky (Chan, 2014). Massonliv trichrom lze
pouzit ke zvyraznéni kolagenovych struktur (Foot, 1933). Rezy jsou dale analyzovany

mikroskopickym vySetfenim.
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Spolecné s dal§imi medicinskymi obory dosdhla i stomatochirurgie v poslednich letech
pozoruhodnych pokrokti diky modernim technologiim, chirurgickym technikdm a mezioborové
spolupraci. Mezi zakladni pilife moderni stomatochirurgie dnes jiz neodmyslitelné patii
minimaln¢ invazivni techniky redukujici pacientovu morbiditu, operacni cas, zlepSujici

estetické vysledky a urychlujici pacientovu rekonvalescenci.

Mezi tyto techniky zatazujeme uziti piezzosurgery (vysokofrekven¢ni ultrazvukové kostni
vrtacky), ktera odstranuje kost pii zachovani okolnich mekkych a tvrdych tkani, nebo laseru,
ktery se ve stomatologické oblasti nevyuziva pouze k chirurgii, ale také v konzervacnim a
estetickém zubnim lékaistvi, parodontologii a endodoncii (Nogueira et al., 2023). Napomaha
také pfi hojeni aftli, opart a pii hojeni ran s minimalnimi otoky a jizvenim. Ve vétSin€ piipada
jeho uziti vede k relativné bezkrevnému chirurgickému a poopera¢nimu pribéhu, mensim nebo
zadnym pooperacnim bolestem a redukci otoku. Vyrazné snizuje riziko poskozeni okolnich
tkani nebo zubt (Bilder et al., 2023; Pick & Colvard, 1993). Ob¢ techniky snizuji pooperacni
komplikace, otok a bolest (Kirpalani & Dym, 2020).

Revoluci v diagnostice a minimaln¢ invazivniho pldnovani zptsobilo uzivani precizni
radiologické metody trojrozmérného zobrazovani pomoci CBCT (cone beam computed
tomography) (Kaasalainen et al., 2021). Diky planovani zalozeném na vysoce kvalitnich
snimcich ziskanych z CBCT za wziti specifickych planovacich programli a opera¢nich
chirurgickych Sablon roste popularita metody pocitacové navigované chirurgie a implantologie.
To ndm umoziuje piesnéj$i a detailnéj$i analyzu stavajici situace, presnou lokalizaci
anatomickych struktur a moZnost chirurgického oSetfeni s ohledem na optimalni proteticky 1

esteticky vysledek za celkového snizeni doby opera¢niho vykonu (Jacobs et al., 2018).

Nejen ve stomatochirurgii, ale také v ortopedii, plastické chirurgii, dermatologii, stejné tak jako
pfi hojeni diabetickych ran, prokazala sva pozitiva vznikajici oblast regenerativni mediciny
zahrnujici technologii kmenovych bunék, tkanového inzenyrstvi a uziti plazmy nebo fibrinu
bohatého na krevni destiCky (platelet rich plasma — PRP, platelet rich fibrin — PRF). PRP nebo
PRF pitisobi jako biomaterial, ktery dodava rastové faktory a cytokiny z granuli krevnich
desticek do cilové oblasti, ¢imz podporuje regeneraci v riznych tvrdych i mekkych tkanich
(Slachy, chrupavky, kosti, jatra, zubni pulpa) a urychluje také proces hojeni (J. Xu et al., 2020).
PRP byla dostupné pouze v nemocni¢nim prostiedi, ale technologie (centrifuga) nyni umoziuje
1 ordlnim chirurgim provadét tento postup piimo v ordinaci béhem ambulantnich zakroku.
Zatimco diive bylo nutné velké mnozstvi krve, nyni mohou Iékati extrahovat PRP ¢i PRF jiz z

10-100 ccm pacientovy odebrané krve. Diky jejich osteoindukénim vlastnostem hraji PRP/PRF
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dualezitou roli v modernich implantologickych, augmentacnich postupech a pii metodach fizené
tkanové regenerace (Fan et al., 2020). Ristové faktory v PRF také napomahaji snizit pooperacni
komplikace, jako je bolest, trismus, edém, pfitomnost hematomu po extrakci zubli moudrosti v

dolni Celisti (Starzynska et al., 2021).

A v neposledni fad¢ také kmenové bunky. Jejichz rychly pokrok v souvislosti s regeneraci
dreniové pulpy a periodoncia prostfednictvim tkanového inzenyrstvi, které kombinuje kmenové
bunky, biomateridly a rastové faktory, zpusobily pfevratnou revoluci a novy pohled v
regenerativni endodoncii a také regenerativni parodontologii (Tomokiyo et al., 2019; Xie et al.,

2021).

Uziti kostniho morfogenetického proteinu (BMP) ve stomatochirurgii se jevi jako potencialni
lécebna moznost kostnich defektd. Hlavnim predmétem studii zlstava jejich potencial
dosahnout naprosté regenerace kosti bez nutnosti uziti autolognich nebo alogennich kostnich
Stépli (Sasikumar et al., 2012). Diky svym osteoindukénim vlastnostem jsou BMP schopny
stimulovat diferenciaci pluripotentnich mezenchymalnich bunék na osteoprogenitorové bunky
(osteoblasty, chondroblasty) a navozuji regeneraci a remodelaci kostnich 1ézi (King & Cochran,
2002). Jsou hojné vyuzivany v implantologii, kde zvySuji kostni reakci okolo cizorodych

materiali (Diaz-Sénchez et al., 2015).

1.2 Nahlédnuti do proteomiky

1.2.1 Co je proteomika a k ¢emu slouzi

Za jednoho z vyznamnych zakladatelli proteomiky muize byt pokladan Marc R. Wilkins, ktery
pouzil termin proteom jest¢ jako doktorand na Maquarie University v australském Sydney
(Wasinger et al., 1995). Jedna se o souslovi skladajici se ze slov protein a genom. V roce 1995
pak byla zaloZena prvni specializovand proteomicka laboratof (Swinbanks, 1995). Pojem
proteomika pak pravdépodobné jako prvni pouzil v roce 1997 Peter James jako analogii k tehdy
Jiz pouzivanému terminu genomika (James, 1997). Na tomto misté je uZzitecné zminit, Ze
ackoliv je proteom podminén genomem, je na rozdil od statického genomu velmi variabilni.

Genom je totiZ stejny v buiikach riznych tkani daného jedince, zatimco proteom je v riznych
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tkanich odlisny (Wilkins, 2009). Nadto 1ze ocekavat, ze se bude vyznamné lisit v zavislosti na

tom, zda je tkan ve fyziologickém nebo patologickém stavu anebo reaguje na stres.

Pokud se pokusime proteomiku vymezit, tak mizeme fici, Ze se jedna o obor, ktery se zabyva
studiem proteinti ve velkém méfitku (Anderson & Anderson, 1998; Blackstock & Weir, 1999).
Naopak proteomikou nelze nazvat naptiklad detailni studium jediného proteinu. Proteomika je
vyuzivana zejména k identifikaci a relativni kvantifikaci proteinti, ale naléza uplatnéni téz pii
studiu posttranslacnich modifikaci (napiiklad glykosylace, fosforylace etc.), vyzkumu
vzajemnych interakci proteini nebo jejich interakci s biologickymi membranami ¢i

charakterizaci proteinovych komplexi.

1.2.2  Hlavni techniky vyuzivané v souc¢asné proteomice

Soucasna proteomika vyuziva celou fadu nejriiznéjSich analytickych technik, nicméné za jeji
hlavni pilife Ize povazovat specifické enzymové §té€peni studovanych proteinii a hmotnostni

spektrometrii, at’ uZ na principu MALDI-TOF nebo LC-MS/MS.

Specifické enzymové Stépeni je zaloZzeno na skutecnosti, ze nékteré proteolytické enzymy $tépi
polypeptidové ftetézce studovanych proteinli s vysokou specifitou za urcitymi
aminokyselinovymi zbytky. Dany protein je tak roz§t€pen na specifické peptidové fragmenty.
Pocet, relativni molekulovd hmotnost i aminokyselinova sekvence vzniklych peptidil je pro
dany protein charakteristicka. Ackoliv je ke Stépeni proteinii mozné vyuzit rizné proteolytické
enzymy je za enzym prvni volby v proteomice povazovan trypsin, ktery polypeptidovy fetézec
proteinu $tépi za zbytky argininu a lysinu (pokud nendsleduje prolin). Trypsin je obliben pro
vysokou specificitu, odolnost a téz proto, ze fragmenty s argininem a lysinem na C-konci
pfedstavuji vyhodu pii analyzach pomoci hmotnostni spektrometrie (Dongré et al., 1996;
Huang et al., 2005). Vzniklé smési charakteristickych peptidovych fragmenti jsou obvykle pred
dalsi analyzou, zejména jednd-li se o hmotnostni spektrometrii, purifikovany pomoci
takzvanych ,pipetovacich Spi¢ek* oznacovanych jako ZipTip. Jednd se v podstaté¢ o
chromatografii na reverzni fazi ve velmi zjednoduseném provedeni, kde ve Spicce pipety je
obsazena stacionarni faze obvykle se silikagelem modifikovanym oktadecylovym uhlikovym
fetézcem (C18) (Molnar & Horvath, 1976; Zuvela et al., 2019). Peptidové fragmenty jsou
navazany v polarnim (vodném) prostfedi, promyty a pak eluovany roztokem acetonitrilu (vice

o chromatografii na reverzni fazi viz nize). Analyza smési specifickych peptidovych fragmentt
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muze byt provadéna s vyuzitim rtiznych analytickych technik. V soufasné proteomice jsou

k jejich analyzam patrné nejcastéji vyuzivany hmotnostné spektrometrické techniky.

Nejvice vyuzivana pro analyzu at’ uz intaktnich proteini nebo peptidovych fragmenta
vzniklych specifickym enzymovym $tépenim je hmotnostni spektrometrie na principu MALDI-
TOF a LC-MS/MS. Hmotnostni spektrometrie na principu MALDI-TOF (matrici podporovana
laserova desorpce/ionizace; Cas letu), (matrix assisted laser desorption/ionization; time-of-
flight) vyuziva skutecnosti, ze biopolymery, mezi néz patii téz proteiny a peptidy, po smisSeni
s matrici, vysuseni a ozafeni vhodnou intenzitou laseru ve vakuu, jsou schopny vytvofit ionty,
aniz by dochazelo k jejich fragmentaci (Hillenkamp et al., 1991). Jako zminéné matrice jsou
vyuzivany obvykle jednoduché organické molekuly, naptiklad DHB (kyselina
dihydroxybenzoova). lonty vzniklé po ozéafeni smési matrice a analyzovaného vzorku laserem
jsou pak urychleny ve stejnosmérném elektrickém poli, takze v§em, které maji stejny naboj, je
bez ohledu na hmotnost udélena stejna kineticka energie. Pii stejné kinetické energii pak
rychlost jejich letu proti detektoru zavisi na jejich hmotnosti. Cim mensi maji hmotnost, tim
rychleji leti k detektoru a dopadnou na néj diive. Naopak ionty s vétSi hmotnosti doleti
k detektoru za delsi dobu. Cas letu k detektoru (time-of-flight) lze zméfit s vysokou piesnosti.
Ze zmétenych Cast letu jsou pak vypocteny molekulové hmotnosti naptiklad analyzovanych
peptidovych fragmentt, a tak vznikd hmotnostni spektrum charakteristické pro dany protein,
ktery byl specificky rozStépen. Diky skutecnosti, ze naptiklad trypsin $tépi polypeptidovy
fetézec vZdy za argininem a lysinem (pokud nenasleduje v sekvenci prolin), je tak dany protein
rozstépen na specifickou smés peptidovych fragmentt, ktera po analyze pomoci hmotnostni
spektrometrie na principu MALDI-TOF poskytne pro dany protein charakteristické spektrum.
Protoze dané hmotnostni spektrum je pro dany protein typické podobné jako pro daného jedince
otisk prstu, hovoii se nékdy o PMF (peptide mass fingerprinting). Nékdy je pouZzivano téz
oznaceni PMM (peptide mass mapping). Do CeStiny se oba vyrazy obvykle prekladaji zkracené
jako peptidové mapovani. Porovnanim ziskanych hmotnosti specifickych peptidovych
fragmentl s databazi odvozenou ze sekvence DNA daného organismu pak miZe byt protein
identifikovan. Hmotnostni spektrometrie na principu MALDI-TOF nemusi samoziejmé slouzit
jen k identifikaci proteinti, ale mtze byt vyuzita ke studiu v podstaté jakychkoliv zmén, které

se projevi zménou molekulové hmotnosti.

Dalsi hmotnostné spektrometrickou technikou velmi oblibenou v proteomice je LC-MS/MS.
Zékladem této techniky je tandemovy hmotnostni spektrometr (IUPAC-Compendium of
Chemical Terminology, 1997) s pfediazenou kapalinovou chromatografii (IUPAC, 1997).
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Kapalinova chromatografie je schopna separovat i velmi komplexni smési peptidl, takze
peptidové fragmenty se dostavaji do hmotnostniho spektrometru postupné. Obvykle se vyuziva
vysokoucinna kapalinovd chromatografie na reverzni fazi (RP-HPLC). Principem této
chromatografie jsou hydrofobni interakce separovanych molekul s fazi stacionarni, ktera je
obvykle tvofena silikagelem modifikovanym oktadecylovymi zbytky (C18) (Molnar &
Horvath, 1976; Zuvela et al., 2019). Hydrofobni interakce oktadecylovych fetézci s
hydrofobnimi postrannimi fetézci aminokyselinovych zbytkli peptidovych fragmentl jsou
nejsilngjsi v polarnim (vodném) prostredi, ale se snizujici se polaritou mobilni faze slabnou.
K eluci obvykle pouziva gradient acetonitrilu (ACN), jehoZ rostouci koncentrace v ¢ase sniZuje
polaritu mobilni faze a zplisobuje postupné uvolnovani peptidi z chromatografické kolony, na
kterou navazuje hmotnostni spektrometr. Tandemovy hmotnostni spektrometr poté kromée
hmotnosti jednotlivych peptidovych fragmentii dovoluje ziskat téz informace o sekvenci jejich
aminokyselinovych zbytkd. Porovnani ziskanych dat s databazemi odvozenymi od sekvence
DNA daného organismu pak umoziuje identifikovat znacné mnozstvi proteinti obsazenych i ve

velmi komplexnich smésich.

PrestoZze vyuziti hmotnostni spektrometrie je v moderni proteomice velmi rozSifené, neni
hmotnostn¢ spektrometrickd koncovka jedinou vyuZzivanou moznosti. Zejména tandemovou
hmotnostni spektrometrii s pfedfazenou kapalinovou chromatografii stdle neni mozné
povazovat za bézné dostupnou techniku. Alternativou k hmotnostné spektrometrické koncovce
muize predstavovat napiiklad kapilarni elektroforéza vybavend UV detektorem (CE-UV).
K separaci, napiiklad peptidovych fragmentl, pfi ni dochazi na zakladé jejich rozdilnych
nabojovych vlastnosti. Separované peptidové fragmenty jsou pak pti prutoku pres UV detektor
detekovany diky absorbanci peptidové vazby v ultrafialové oblasti. Vyhodou CE-UV jsou nizsi
potizovaci naklady i konstrukéni jednoduchost. Kromé toho ma CE vys8i potencial rozliSovat
mezi vzorky obsahujicimi slozky, které se mohou vyskytovat ve formach, které se 1i$i stavem
naboje (napt. fosforylované a nefosforylované formy), ve srovnani s technikami MS, kde je
analyza fosforylovanych forem komplikovana kviili problémiim s jejich ionizaci, které je tfeba
fesit, napt. obohacenim in situ (Hynek et al., 1997; Krasny et al., 2015). Kapilarni elektroforéza
piedstavuje separacni techniku se Sirokou pouzitelnosti pro analyzu proteinti 1 peptidi, vcetné
jejich komplexnich smési (Dawod et al., 2017; KaSicka, 2018, 2020; Latosinska et al., 2019;
Shen et al., 2019; Stdpanova & Kasicka, 2016, 2019; Z. Zhang et al., 2017). Uréitou nevyhodou
je na druhé strané ovSem skutecnost, ze pokud je spojena CE pouze s UV detektorem a neni
vybavena hmotnostné spektrometrickou detekci, 1ze pak porovnavat pouze profily ziskanych

elektroferogrami bez moznosti identifikace jednotlivych proteint.
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1.2.3 Ptiklady vyuziti proteomiky ve stomatologii

Tak jako v jinych oblastech mediciny, nachédzeji proteomické analyzy uplatnéni téz ve
stomatologii. SouCasné moznosti jejich rutinniho vyuziti vSak zavisi na charakteru
analyzovanych vzorkt. Relativné nejméné technicky komplikované jsou analyzy kapalnych
vzorkll. Neni proto piekvapivé, ze jiz nalezneme fadu piikladi analyz ustnich tekutin.

vewr

analyzy tvrdych tkani.

1.2.3.1 Proteomické analyzy tekutych vzorkl

Diky neinvazivni technice odbéru i relativné snadné analyze byla publikovana jiz fada studii

charakterizujicich proteom ustnich tekutin.

Byla publikovéana proteomické analyza slin, jejichZ sloZzeni mize odrazet rizné patologické
stavy a je mozn¢ je studovat bézn¢ dostupnymi laboratornimi technikami (Bassim et al., 2012;

Campisi et al., 2006; Levine, 2011; Rezaei Chianeh & Prabhu, 2014; L. Zhang et al., 2010).

Analyzovéna byla téZ gingivalni crevikularni tekutina (GFC), jejiz slozeni je odrazem stavu
parodontu, a proto by jeji proteomické analyzy mohly mimo jiné napomoci pii identifikaci
markert periodontologickych onemocnéni (Baliban et al., 2012; Ngo et al., 2013; Tsuchida et
al., 2012, 2014). Publikovéana byla i kvantitativni proteomicka analyza zamétené na sloZeni
gingivalni crevikularni tekutiny (GFC) pfi riznych stavech paradontu (Silva-Boghossian et al.,
2013). I dalsi publikovana studie nasvédCuje tomu, ze vyskyt proteinovych markert v GFC
z&visi na progresi onemocnéni parodontu (Kinney et al., 2014). Byla publikovana i studie
naznacujici souvislost mezi vyskytem proteini bohatych na prolin ve slindch a nachylnosti k
zubnimu kazu (Levine, 2011). I fada dalSich studii vyuZzivajicich bézn¢ pouzivané techniky
veetné hmotnostni spektrometrie ukazuji, Ze proteomické analyzy GFC lze jiz témét povazovat

za rutinni (Carneiro et al., 2012, 2014; Rody et al., 2014).
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1.2.3.2 Proteomické analyzy mékkych tkani

Publikovany byly téz studie charakterizujici mékké tkang€, konkrétn€ zubni dfen nebo

periodontalni ligamenta.

S vyuzitim dvoudimenzionalni gelové elektroforézy byly analyzovany zdravé tkané zubni
dren¢ 1 tkdn¢ postizené kazem (Padkkonen et al., 2005). Mezi zminénymi tkdnémi vSak byly
zjiStény jen relativné malé rozdily. Podstatnéjsi rozdily v proteomickych profilech zdravych a
zubnim kazem postizenych tkani zubni dfené¢ byly publikovany v jiné studii (McLachlan et al.,
2005). V dalsi studii zubni dfené vyuZivajici dvoudimenziondlni gelovou elektroforézu
nasledovanou hmotnostni spektrometrii byly identifikovany proteiny jako anexin, kolagen typu
VI nebo matrilin-2 (Wei et al., 2008). Pozd¢ji byla provedena detailngjsi proteomicka studie
pokousejici se identifikovat téz ,,chybéjici® proteiny zubni diené do t€¢ doby zjisténé pouze

pomoci transkriptomickych analyz (Eckhard et al., 2015).

Predmétem nékolika proteomickych studii se jiz stala i periodontalni ligamenta. Ta piedstavuji
vlaknitou tkan, v niz se mimo jiné hojné vyskytuje i kolagen typu I. Buiiky periodontdlniho
ligamenta hraji roli pfi reakci na onemocnéni, mechanickd traumata i béhem regenerace, coz je
zajimavé mimo jiné z hlediska provadénych stomatochirurgickych zakrokt. Jedna z prvnich
publikovanych proteomickych studii periodontilnich ligament byla zaméfena na proteom
fibroblastii ve snaze po hlubsim porozumeéni regulacnim procesim (Reichenberg et al., 2005).
Dalsi studie byla zaméfena na proteiny souvisejici s osteogenni diferenciaci bunék lidskych
periodontalnich ligament (Wu et al., 2009a). Podafilo se identifikovat celkem 29 rozdilné

exprimovanych proteinti v diferencujicich se buitkach (Wu et al., 2009b).

1.2.3.3 Proteomické analyzy tvrdych tkani

o 24

jsou proteomické analyzy tvrdych tkani, jako jsou alveoldrni kosti nebo tvrdé tkané zubd.
Hlavnim pfic¢inou je skutecnost, Ze proteiny, které je tfeba analyzovat, jsou obsaZeny v
nerozpustné matrici. Cast z nich miize byt extrahovana do roztoku a nasledné jiz pomérné
snadno analyzovana béznymi postupy pouzivanymi v souc¢asné proteomice, jako je specifické
Stépeni trypsinem nésledované analyzou peptidovych fragmenti pomoci LC-MS/MS (Salmon
etal., 2013). V uvedené studii byly proteiny extrahovany jak z alveolarnich kosti, tak ze vzorka

zubniho cementu. Timto zplisobem bylo identifikovano ve vzorcich alveolarnich kosti a
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vzorcich zubniho cementu celkem 318 proteini, z toho 105 proteini bylo pfitomno vylu¢né
v alveolarnich kostech a 83 vylu¢né ve vzorcich zubniho cementu (Salmon et al., 2013). Jedna
se sice o relativné jednoduchy postup, nicméné jeho nevyhodou je skutecnost, ze vyznamna
¢ast proteint zlstane pevné ,,uvéznéna® ve struktuie nerozpustné matrice. Proto tyto proteiny
nemohou byt extrahovany do roztoku, a tudiz ztistanou bez moznosti poskytnout proteomicka

data.

Resenim mize byt jiz deldi dobu znamé demineralizace tvrdych zubnich tkani vyuZitelna také
pro dentoalveolarni tkan¢ (Hubbard & Kon, 2002; Salmon et al., 2017; Termine et al., 1980a,
1980b). Nevyhodou tohoto pfistupu je ¢asova narocnost a skute¢nost, ze obsahuje pfili§ mnoho
kroki. Dal§im problémem je Spatnd rozpustnost mnoha matricovych proteinii obsazenych v
tvrdych tkanich; coz pfi vyuziti vySe uvedenych piistupii predstavuje dalsi prekazku (Termine
etal., 1980a, 1980b). Jiz zminéna relativné neddvno publikovana studie dentoalveolarnich tkdni
u mysi vedla k Gspés$né identifikaci fady proteinti, véetné téch, které jsou charakteristické pro
extracelularni matrix, jak v zubnim cementu, tak i dentinu a alveolarnich kostech. S vyuzitim
specifického Stépeni trypsinem a analyze uvolnénych specifickych peptidovych fragmenth
pomoci LC-MS/MS bylo identifikovano 193 proteind v zubnim cementu, 135 v dentinu a 147
v alveolarnich kostech. Pouzity postup ovSem zahrnoval demineralizaci vzorkti uvedenych
tkani v roztoku obsahujicim EDTA, kter4 trvala 20 dni (Salmon et al., 2017). Cely proces je tak
extrémné zdlouhavy, a tudiZ nevhodny pro rychlou a efektivni proteomickou charakterizaci
odoperovanych tkani. Nedavno byla publikovana proteomicka studie, ktera vedla mimo jiné tézZ
k identifikaci proteini v lidskych alveoldrnich kostech s vyuZzitim specifického Stépeni
trypsinem nasledovaného LC-MS/MS (Fretwurst et al., 2022). T v této studii vSak Stépeni
trypsinem piedchédzelo komplikované a ¢asové narocné zpracovani tvrdych tkani. Publikace
uvadi, Ze 40 mg tkan¢, coZ je pomérné zna¢né mnozstvi, bylo nejprve rozemleto na prasek, ten
byl nasledné podroben zdlouhavému extrakénimu procesu, kde teprve Ctvrty den bylo mozné
s proteiny dale pracovat. VyuZiti EDTA miiZe naznacovat, ze proces kromé extrakce vyuziva
téz dekalcifikaci tkang, kterd by mohla napomoci uvolnéni proteinti (Fretwurst et al., 2022).
Ani tento postup se pro svou narocnost, jak casovou, tak na mnozstvi analyzované tkané, ptilis

nehodi pro rutinni proteomickou charakterizaci kostnich vzorkd.

Lze konstatovat, ze kvlili znaéné komplikovanosti i ¢asové naro¢nosti se vyse zminéné postupy
nejevi vhodné pro implementaci do bézné stomatochirurgické praxe. Proto hlavnim cilem
predkladané disertacni prace bylo navrzeni a ovéieni podstatné ptimocatejsi techniky, ktera by

s vyuzitim minimalniho mnozstvi krokli vedla k rychlé proteomické charakterizaci tkani
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lidskych maxilarnich 1 mandibularnich kostnich tkani odoperovanych pfi stomatochirurgickych

zakrocich (viz cile prace).

1.2.4 Cesta k rutinni analyze proteini obsazenych v nerozpustnych materiadlech

V ptedchozi kapitole (1.2.3.3) byla zminéna tskali provazejici analyzy proteini obsazenych
v kostnich a zubnich tkanich stejn¢ jako komplikovanost a ¢asova naroc¢nost tradi¢né volenych
ptistupti. Lze konstatovat, Ze podobnd tuskali doprovazi analyzy proteinii obsaZenych
v nerozpustnych vzorcich obecné. Muize to byt zptisobeno jistou ,,myslenkovou pasti®, ktera
snadno vede k uvaze, Ze nejprve je tfeba z nerozpustného materialu izolovat intaktni proteiny a
pak je teprve mozné podrobit je specifickému $tépeni naptiklad trypsinem. Alesponi v ptipadé

n¢kterych nerozpustnych materiali se vSak ukdzalo, ze tomu tak neni.

Pravdépodobné prvni zminka o analyze proteinli obsazenych v nerozpustné matrici bez nutnosti
jejich ptedchozi izolace pochéazi z roku 1989, kdy Eckerskorn a Lottspeich popsali specifické
Stépeni proteind piimo v polyakrylamidovém gelu po elektroforéze (SDS-PAGE), s naslednou
separaci a izolaci uvolnénych peptidovych fragmenti pomoci RP-HPLC a stanovenim jejich
aminokyselinovych sekvenci. Eckerskorn a Lottspeich tedy pouzili postup, ktery je zaloZeny
na jednoduché myslence, Ze intaktni proteiny nemusi byt zdlouhavé izolovany z gelu pted
specifickym Stépenim trypsinem. Misto toho se kousek gelu obsahujici protein vyfizne a po
odmyti barviva slouziciho k vizualizaci proteinu je ponotfen do roztoku trypsinu. Relativné malé
molekuly trypsinu pronikaji ptfes porézni gelovou strukturu a specificky $tépi proteiny
zachycené v gelu. Uvolnéné peptidové fragmenty jsou ve srovnani s intaknim proteinem velmi
malé, a proto mohou snadno difundovat do roztoku. Poté I1ze provést jejich analyzu vybranou
technikou. Nejednalo se jesté¢ o pfimé Stépeni proteinti v pivodnim vzorku (,,in-sample
digestion), protoze vzorky byly nejprve separovany pomoci SDS-PAGE (Eckerskorn &
Lottspeich, 1989). Zminéna strategie byla nasledné rozvijena, takze se s ni 1ze setkat v riznych
variantdch vcetné téch, které jsou kompatibilni s rychle se rozvijejicimi proteomickymi
koncovkami, jako je naptiklad hmotnostni spektrometrie, a tak ji Ize zaradit mezi piistupy o
kterych lze bez nadsazky prohlasit, Ze vyznamné ptispely k bouflivému rozvoji proteomiky
(Borchers et al., 2000; Granvogl et al., 2007; Hellman et al., 1995; Jend et al., 1995; Rosenfeld
et al., 1992; Shevchenko et al., 1996, 2006). Pro techniku ptimého Stépeni proteinilt v gelu se

vzilo vystizné oznaceni ,,in-gel digestion®. Neni bez zajimavosti, ze ¢lanek z roku 1989 je
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pon¢kud opomijen a mnohem méné citovan, nez nekteré pozd¢jsi ¢lanky vyuzivajici jiné
varianty zalozené na ,in-gel digestion”, napiiklad (Eckerskorn & Lottspeich, 1989;
Shevchenko et al., 2006). Patrné je to dano tim, Ze uvedena strategie byla pln¢ docenéna, az
kdyz v proteomice zaCaly byt hojn¢ vyuzivany hmotnostné¢ spektrometrické techniky, které

prave na techniku ,,in-gel digestion v soucasnosti ¢asto navazuji.

Analogicky postup, jako je vySe popsana technika ,,in-gel digestion®, byl pouzit pro analyzu
proteinil pfimo ve vzorku historické malby (Hynek et al., 2004). V tomto piipadé se jiz ovSem
jednalo o techniku, kterou lze nazvat specifickym Stépenim piimo v ptivodnim vzorku (,,in-
sample digestion®), protoze ze vzorku nebyly nejprve zddnou technikou izolovany intaktni
proteiny. Specifické §tépeni trypsinem probihalo pfimo v nerozpustné matrici vzorku a teprve
do roztoku uvolnéné peptidové fragmenty byly, po jednoduchém ptecisténi s vyuzitim ZipTip,
analyzovany pomoci hmotnostni spektrometrie na principu MALDI-TOF (Hynek et al., 2004).
Technika pfimého specifického S$tépeni proteinli byla nasledné vyuzita k proteomickym
analyzam dalSich nerozpustnych materialt, jako jsou historické malty nebo osifikované tkané
srdeCnich chlopni (Ktizkova et al., 2014; Zeman et al., 2013). Zminény postup byl jeste
efektivngj$i, kdyz na piimé specifické enzymové Stépeni ve vzorku s hmotnostné
spektrometrickou koncovkou navazala jesté vhodnd matematické analyza ziskanych dat jako je
PCA (Hrdlickova Kuckova et al., 2015). Nedavno byla technika ptfimého specifického Stépeni
charakterizaci tkan€ o¢ni rohovky 1 jejich in vitro modeld (Kuckova et al., 2023; Tran et al.,

2023).

ProtoZze téZ kostni tkdn& jsou nerozpustné vzorky s porézni sktrukturou, skrz nizZ by mohl
napfiiklad trypsin difundovat, vychdzela piedloZena disertacni prace mimo jiné z hypotézy, Ze
by vhodny jednoduchy postup zalozeny na ptimém specifickém st€peni mohl vést k identifikaci
zna¢ného mnoZstvi proteinil (aZ stovek) také v tkéanich lidskych maxilarnich (horni celist) 1
mandibulérnich (dolni elist) kosti odoperovanych pfi chirurgickych zakrocich a umoznit tak
jejich proteomickou charakterizaci. Ac¢koliv jsme predpokladali, ze navrzeny postup by mohl
fungovat, nebylo naptiklad zdaleka jasné, zda bude bez modifikaci pouZitelny pro analyzu jak
maxilarnich, tak 1 mandibularnich kostnich tkani, protoze jejich charakter je dost odlisny, coz

se tyka 1 jejich mineralni denzity (Devlin et al., 1998).

Dalsimi materidly s porézni strukturou, pro které by pfichazelo v uvahu vyuziti pfimého Stépeni
ve vzorku (,,in-sample digestion‘), jsou in-vitro modely lidskych kostnich bunék. Z hlediska

stomatochirurgie jsou zajimavé, protoze nékteré patologické stavy, jako naptiklad kostni
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nadory, nemaji tak Castou prevalenci vyskytu, a tudiz je pro jejich studium obtizné ziskat
dostatecné mnozstvi vzorkli. Rutinni proteomicka analyza kostnich modelt in-vitro s riznymi
indukovanymi patologickymi stavy by tak mohla pfispét k hlubsSimu pochopeni mechanismu
jejich vzniku a ptipadné i k volbé vhodné terapie. Modely in-vitro lidskych kostnich bunék by
patrné bylo uzitecné vyuzivat ve vétsi mite v preklinickém vyzkumu, protoze mohou simulovat
interakce a mechanismy, které obvykle predstavuji zjednodusené situace in vivo (Sieberath et
al., 2020). Bylo jiz vytvofeno nékolik modeltl zalozenych na bunkéach tvoficich kost
(osteoblasty) a bunkach resorbujicich kost (osteoklasty) simulujicich proces remodelace kosti i
souvisejicich onemocnéni (Borciani et al., 2020; Jeon et al., 2016; Lambertini et al., 2021;
Mandatori et al., 2021). Pomoci téchto in-vitro modeld zalozenych na systémech kokultivace
osteoblastll a osteoklastli byl zjistén uc¢inek kvercetinu, glukosaminu, klodronatu, alendronatu,
miR-2, melatoninu, stroncia, vitaminu D3 a vitaminu K2 u poruch kosti (Dolci et al., 2019;
Forte et al., 2016; Hayden et al., 2014; Lambertini et al., 2021; Mandatori et al., 2021; Smieszek
et al., 2020). Vyse zminéné studie prokazaly uzitecnost in vitro modeli lidskych kostnich bun¢k
pro studium kostnich patologickych stavii a pfipadné i screening 1é¢iv. Kromée toho byl vytvoien
kokultivaéni systém buné€k rakoviny prsu a osteoklastil ke studiu indukce osteoklastogeneze a
metastatického mikroprostiedi (Mercatali et al., 2017). Modelové kostni kultury byly jiZ rovnéz
vyuzity pro studium stimulace osteoblastogeneze prostfednictvim extracelularnich vezikul ve
vztahu ke karcinomu prostaty (Lanning et al., 2021). Pro vhled na molekuldrni urovni by bylo
zadouci mit moZnost kostni kultury lidskych buné€k in-vitro rychle a efektivné charakterizovat
proteomickymi technikami. Nedavno publikované vysledky naznacuji, Ze technika pifimého
Stépeni (,,in-sample digestion”) by mohla byt pro charakterizaci in vitro kostnich modelt
vyuzitelnd (Michalus et al., 2022). Podrobnéji je tato tématika pojednana v kapitolach 5.3 a 6.3

této disertacni prace.

1.2.5 Biologicky a klinicky vyznam vybranych kostnich proteinti zejména z pohledu

stomatochirurgie

V této kapitole jsou stru¢né popsany role vyznamnych proteini kostnich tkani, které se navic
podafilo identifikovat v lidskych maxilarnich a mandibulérnich kostnich tkani v rdmci feSeni
predlozené disertacni prace (viz Tabulka 2 v pfiloze 2). Jsou prezentovany formou seznamu, ve
kterém jsou sefazeny sestupné, podle poctu unikatnich peptidovych fragmenti

identifikovanych pomoci LC-MS/MS (Hynek et al., 2021).
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1. Kolagen je nejhojnéjSim proteinem extracelularni matrix nachéazejicim se v riznych
izoformach v pojivovych tkanich obratlovct, kosti nevyjimaje, jehoz zmény aminokyselinové
sekvence mohou indikovat riznd onemocnéni (Di Lullo et al., 2002), ktery se bézn¢ pouziva

v dentalni implantologii (Patino et al., 2002).

2. Tenascin je glykoprotein extracelularni matrix hojné zastoupeny v kostech, kde ovliviiuje
adhezi a diferenciaci osteoblastli a je Casto pritomen v okoli hojicich se ran (Morgan et al.,

2011).

3. Fibronektin je relativné velky (440 kDa) glykoprotein, ktery se vaze na dalsi proteiny
extracelularni matrix, jako je kolagen, a také na membranové receptorové proteiny zvané
integriny a Ucastni se fady procest, jako je adheze bun¢k nebo hojeni ran (Pankov & Yamada,

2002). Bylo téz prokazano, ze fibronektin ovliviiuje funkci osteoblasti (Bentmann et al., 2010).

4. Periostin je znamy jako protein extracelularni matrix, ktery se jevi mit klicovou roli pfi
regeneraci periodontdlniho vaziva a maxilarnich i mandibulérnich kosti po chirurgickych
zakrocich (Du & Li, 2017). Bylo rovnéz zjisténo, ze zvySena hladina exprese periostinu souvisi

s kostnimi metastazami karcinomu prsu (Contié et al., 2011).

5. Annexin patii mezi proteiny hojné se vyskytujici v amorfni sloZce mezibunééné hmoty kosti,

kde by pravdépodobné mohl hrat roli pfi tvorbé hydroxyapatitu (Genge et al., 1990).

6. Serpin (inhibitor serinovych proteaz) reprezentuje skupinou proteintl, u kterych bylo poprvé
zji$téno, Ze plsobi na serinové proteazy (Silverman et al., 2010; Whisstock et al., 2010). Bylo
popsano, ze mutace Serpinu H1 souvisi s dédiénym onemocnénim pojivové tkané osteogenesis

imperfecta (Lindert et al., 2015).

7. Trombospondin je glykoprotein, ktery je soucasti mineralizované extracelularni matrix, ktera
je odvozena od osteoblastii (Robey et al., 1989). Hladina trombospondinu muze byt patrné
ovlivnéna reakci na ptfitomnost ciziho télesa (FBR-foreign body response), coz by mohlo byt

zajimavé z hlediska implantologie (Morris & Kyriakides, 2014).

8. Plastin 3 ovliviiuje kostni remodelaci prostiednictvim regulace aktivity osteoklasti

(Neugebauer et al., 2018).

9. Chondroadherin je protein mezibunééné hmoty, o kterém se predpoklada, Ze hraje roli pii

udrzovani kostnich bun¢k na kolagenovych matricich kosti (Mizuno et al., 1996).
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10. Biglycan je proteoglykan, ktery hraje roli pii mineralizaci kosti a ovliviiuje rychlost rstu
kostni hmoty (T. Xu et al., 1998). Je vyznamny i z hlediska kostni patologie, protoze hraje roli

pti regulaci rastu bun¢k osteosarkomu (Aggelidakis et al., 2018).

11. Lumican je vyznamnou proteoglykanovou slozkou kostni matrix, kterou vylucuji

diferencujici se i zralé osteoblasty (Raouf et al., 2002).

12. Dekorin je jednim z hlavnich proteoglykanii v kostech, kde moduluje sestaveni kolagenové

matrice a mineralizaci (Mochida et al., 2009).

13. Osteopontin hraje roli ve vyvoji alveolarnich kosti 1 zubniho cementu, véetné jejich
mineralizace (Foster et al., 2018). Krom¢ toho, ze ovliviiuje kostni metabolismus a homeostazu
se zda, ze izce souvisi s vyskytem a rozvojem mnoha onemocnéni souvisejicich s kostmi, jako

je osteoporodza, revmatoidni artritida a osteosarkom (Si et al., 2020).

14. Clusterin je glykoprotein zapojeny do regulace bunééné proliferace. Pfedpoklada se, ze by
mohl inhibovat diferenciaci osteoblasti mezenchymalnich kmenovych bunék kostni diené

(Abdallah et al., 2018).

15. Osteoglycin (t€¢Z zndmy jako mimekan) byl nedavno prokdzéan jako koordinator kostni a

gluk6zové homeostazy (Lee et al., 2018).

16. Asporin je protein, jehoZ zména hladiny by mohla souviset s onemocnénimi kosti a kloubt,

jako je onemocnéni bederni ploténky nebo osteoartrdza (Ikegawa, 2008).

17. Osteomodulin, nazyvany také osteoadherin, patfi do rodiny malych proteint bohatych na
leucin (SLRP) vyskytujicich se v extracelularni matrix (Sommarin et al., 1998). Exprese
osteomodulinu v osteoblastech je indukovéana osteoklastickou aktivitou, coZ indikuje jeho

zapojeni do kostni homeostazy (Ninomiya et al., 2007).

18. Tetranektin je protein slozeny ze Ctyf identickych, nekovalentné vazanych polypeptida,

které ziejmée hraji roli v mineralizaci kosti béhem osteogeneze (Wewer et al., 1994).

19. Alfa-2-HS-glykoprotein, také znamy jako fetuin-A, se mize podilet spole¢né s dalSimi

proteiny na tvorb¢ kostni tkdné€ (Szweras et al., 2002).

20. Fibromodulin je proteoglykan z rodiny SLRP, o kterém se pfedpoklada, Ze hraje roli pfi
tvorb¢ zubni tkédn€ a alveolarni kosti (Goldberg et al., 2009).

21. Kalretikulin zndmy jako chaperon vazici vapnik, inhibuje zénétem indukovanou

osteoklastogenezi a kostni resorpci (Fischer et al., 2017).
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22. Osteokalcin je vylu¢ovan vyhradné osteoblasty a mohl by slouzit jako marker tvorby kosti
k posouzeni kvality kosti Celisti pfed zavedenim implantatu (Moser & van der Eerden, 2018;

Yasuda et al., 2020).

23. Retikulokalbin je protein vazajici vapnik umistény v lumen endoplazmatického retikula,

ktery byl mimo jiné nalezen v sekretomu osteoblastt.

24. Kalumenin je dal$i protein vazajici vapnik, ktery je pfitomen v sekretomu osteoblastl

(Sanchez et al., 2018).

25. Sialoprotein je soucasti mineralizovanych tkani, jako je kost, dentin, cement a
mineralizovana chrupavka. Bylo popsano, Ze hraje funkéni roli pfi tvorbé kosti a

osteoklastogenezi (Malaval et al., 2008).

26. Transmembranovy protein 119, zndmy také jako osteoblastovy indukéni faktor, hraje
klicovou roli pii tvorbé a biomineralizaci kosti a byla téZ popsana jeho zvySena hladina u

osteosarkomu (Jiang et al., 2017).
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2. Cile disertacni prace

1. S vyuzitim modelovych vzorki (praseci kostni tkdn€) vyvinout rychlou a pfimoc¢arou metodu
zaloZzenou na proteomické analyze, kterda by umoZznovala co nejjednodussim zpisobem
charakterizovat vyznamné mnozstvi proteini v tkanich celistnich kosti. V idealnim ptipadé
s vyuzitim specifického enzymového Stépeni proteind v pfimo v kostnich tkanich.
Nejpouzivangjs$i analytickou koncovkou by méla byt LC-MS/MS (tandemova hmotnostni

spektrometrie s predfazenou kapalinovou chromatografii).

2. Ovétit  potencidl metody pro rutinni proteomické analyzy lidskych maxilarnich

a mandibularnich kostnich tkdni odoperovanych pfi stomatochirurgickych zékrocich.

vvvvv

ptedstavuje naptiklad CE-UV (kapilarni elektroforéza s detekci v UV oblasti).

4. Otestovat vyuZitelnost metody téZ pro rozliSeni in-vitro modelovych kostnich kultur s

indukovanymi rliznymi patologickymi stavy.

26



3. Formulace hypotéz

1. Relativné malé molekuly trypsinu by z roztoku, ve kterém je ponoien vzorek kosti, mély
pronikat porézni kostni tkdni az k jednotlivym proteiniim, které budou specificky Stépit.
Odstépené specifické peptidové fragmenty by pak mély difundovat do roztoku. Po jejich
precisténi by mélo byt mozné charakterizovat proteiny obsazené v kostni tkani vhodnou
analytickou technikou, jakou je naptiklad LC-MS/MS, aniz by bylo piedem nutné proteiny

7 kostnich tkani izolovat.

2. Matematicka analyza hmotnostn¢ spektrometrickych dat by mohla napomoci napiiklad

k rozliSeni patologickych a nepatologickych stavli kostnich tkéni.

3. Vyse uvedené piimé Stépeni proteini v kostnich tkénich (in-bone digestion) by mohlo byt
zakonCeno 1 jinou, dostupnéjsi analytickou koncovkou, jakou je naptiklad CE-UV, ktera
separuje jednotlivé peptidové fragmenty na zékladé€ jejich nabojovych vlastnosti v roztoku.
Porovnanim profili ziskanych elektroferogramti pomoci matematické analyzy by pak mohlo

umoznit rozlisit patologickou kostni tkan od tkané zdravé.

4. Pokud je mozné pouzit postup vyuzivajici ptimého Stépeni ve vzorcich s koncovkou LC-
MS/MS ke studiu proteinti obsazenych v kostnich tkdnich, mél by byt vyuzitelny 1 pro in vitro
vzorky modelli kostnich kultur s riznymi indukovanymi patologickymi stavy, protoze jsou

podobné jako kostni tkané€ porézniho charakteru.
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4. Pouzité metody a role autorky

Pouzité metody jsou podrobné popséany v jednotlivych publikacich (viz ptilohy 1-4). Tim, ze
se jedna o interdisciplindrni praci, je spektrum pouzitych metod velmi Siroké. V podstaté 1ze
fici, ze sahd od chirurgickych zakrokl, pies specifické enzymové Stépeni, ndsledované
tandemovou hmotnostni spektrometrii s pifedfazenou kapalinovou chromatografii, nebo téz
kapilarni elektroforézou s UV detekci, az po vyhodnocovani dat matematickou analyzou. Jako
koncovka nasledujici specifické enzymové Sté€peni byla téz vyuzita kapilarni elektroforéza

s UV detekci. Z dtivodu pestré skaly pouzitych metod je nize specifikovan podil autorky.

Autorka predlozené disertacni prace provadéla chirurgické zékroky, které vedly k ziskdni vSech
analyzovanych vzorki lidskych maxildrnich a mandibularnich kostnich tkdni. Déale provadéla
zpracovani vSech vzorkl (podrobnégji viz pfilozené publikace), nédsledované specifickym
enzymovym $tépenim, piecisténim ziskanych smési peptidovych fragmentt pomoci ZipTip s
naslednym odpatfenim roztoku. Dale byly vzorky pfedany Skoliteli, ktery je pfedal k analyze
pomoci tandemové hmotnostni spektrometrie s prediazenou kapalinovou chromatografii Ing.
Jitimu Santri¢kovi, Ph.D. Vzorky analyzované s vyuzitim koncovky kapilarni elektroforézy
byly predany Skoliteli, ktery je predal RNDr.Vaclavu KaSi¢kovi, CSc. Hmotnostné
spektrometrickd profilova spektra, 1 data ziskana vyuZitim kapilarni elektroforézy, byla
hodnocena pomoci matematickych analyz, které provadél RNDr. Mgr. Pavel Cejnar, Ph.D.
Autorka disertace nasledné ziskané vysledky vyhodnocovala, interpretovala a navrhovala dalsi
postupy. Méla zéasadni podil na ptipravé publika¢nich vystupti, véetné¢ napsani draftl
manuskriptl. Autorsky podil na jednotlivych publikacich, které jsou podkladem disertace, je
bliZe specifikovan na poc¢atku kapitol 5.1-5.4.
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5.Vysledky

Reseni mé diserta¢ni prace vedlo ke vzniku &tyt publikaci v impaktovanych ¢asopisech, které
prosly recenznim fizenim. Na dvou publikacich jsem prvni autorkou (ptiloha 1 a 3) a na dalSich
dvou je mé prvoautorstvi sdilené. Mé role jsou uvedeny v piedchozi kapitole. V této ¢asti, jsou
uvedeny pouze vybrané nejpodstatnéjsi vysledky ze Ctyt publikaci, které jsou k dispozici

v ptilohach 1-4.

5.1 Ovéteni specifického $tépeni proteinid piimo kostni tkéni

Michalusova 1., Trubacova D., Cejnar P., Kuckova S., Santrucek J., Hynek R.: Direct tryptic

cleavage in bone tissue followed by LC-MS/MS as a first step towards routine characterization
of proteins embedded in alveolar bones. International Journal of Mass Spectrometry 455, 2020.
DOI: https://doi.org/10.1016/j.1jms.2020.116375. IF2020 1,98

Miij autorsky podil

Po konzultaci se svym Skolitelem jsem navrhla experimentalni postupy a provedla preparaci
modelovych vzorki z prasecich celistnich kosti. Na ziskané modelové vzorky jsem aplikovala
popsané metodické postupy (viz Ptiloha 1) zahrnujici mimo jiné preinkubacni krok, specifické
enzymove Stépeni trypsinem, precisténi ziskanych peptidovych fragmenti pomoci ZipTip a
odpateni rozpoustédla. Nasledné jsem vzorky predala svému skoliteli, ktery je predal k analyze
pomoci LC-MS/MS (provadél Ing. Jiti Santrtiéek, Ph.D.). Hmotnostn& spektrometricka data
byla analyzovana pomoci programu MaxQuant a matematické analyzy (provadél RNDr. Mgr.
Pavel Cejnar, Ph.D.). Takto ziskané vystupy jsem zpracovala, interpretovala a na jejich zakladé

sepsala ptivodni verzi manuskriptu.

Nejprve bylo nutné ovéfit, zda by rychla a jednoducha technika zaloZzena na specifickém Stépeni
proteinil trypsinem piimo ve vzorku (,,in-sample digestion*) mohla byt vyuzitelnd téz pro
vzorky kostnich tkani v tom smyslu, Ze by pii minimalnim poctu krokid vedla k identifikaci
vyznamného poctu proteintl, z nichZ nezanedbatelné mnozstvi souvisi s funkei kostnich tkani.

V ptipadé uspéSného ovéfeni pak nalézt vhodné podminky, které by pifi zachovani
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jednoduchosti techniky vedly k vysSimu poctu identifikovanych proteini. Jako model byly
zvoleny praseci Celistni kosti, protoze maji podobné vlastnosti jako lidské, a navic se mohou
pouzivat jako nahradni kostni materidl pfi fizené kostni regeneraci ve stomatochirurgii a
v maxilofacialni chirurgii (Calvo Guirado et al., 2013; Iezzi et al., 2017; Pagliani et al., 2012).
Protoze studie byla zaméfena na proteiny pevné vazané v kostni tkani, byla snaha
v preinkuba¢nim kroku alespoii redukovat mnozstvi jinych (naptiklad krevnich proteint).
K preinkubaci byla pouzita deionizovand voda, 8 M mocovina a propan-2-ol. Dokonce i
vizualn¢ bylo mozné pozorovat rozdily pii vyuziti vySe zminénych rozpoustédel

v preinkubac¢nim kroku (viz Obrazek 1).

Obrazek 1 Vizualni zmény vzorkii prasecich Celistnich kosti po aplikaci riiznych preinkubacnich krokii. Bez preinkubace A);
po 30 minutdch preinkubace deionizovanou vodou B), 8 M mocovinou C) a propan-2-olem D). Prevzato z (Michalusova et al.,

2020b).

Po aplikaci ptimého specifického Stépeni trypsinem na vzorky Celistnich kosti, podrobené vyse
zminénym preinkubac¢nim krokim, bylo nasledné pomoci tandemové hmotnostni spektrometrie
s predifazenou kapalinovou chromatografii identifikovano nejvice proteini ve vzorcich po
preinkubaci propan-2-olem. Pfi vyuZiti tohoto rozpoustédla bylo identifikovano 487 proteinti
ve vzorcich hornich Celistnich kosti a 443 proteinli ve vzorcich dolnich Celistnich kosti.
Vennovy diagramy znézoriiujici pocty proteinii pii vyuziti uvedenych rozpoustédel jsou

znazornény na obrazku (viz Obrazek 2).
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2-propanol water 2-propanol water

8M urea 8M urea

Obrazek 2 Vennovy diagramy identifikovanych proteinii po 30 minutdach preinkubace deionizovanou vodou, 8§ M mocovinou a

propan-2-olem v A) horni celist a B) dolni Celist. Prevzato z (Michalusova et al., 2020b).

V obréazku 3 jsou znazornény Vennovy diagramy identifikovanych proteini, které jsou typické

pro kostni tkan¢ (viz Obrazek 3).

2-propanol water 2-propanol water
8M urea 8M urea

Obrazek 3 Vennovy diagramy identifikovanych proteini, které maji souvislost s funkci kostnich tkani po 30 minutdich
preinkubace deionizovanou vodou, 8 M mocovinou a propan-2-olem v A) horni Celist a B) dolni celist. Prevzato z (Michalusova

et al., 2020b).
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5.2 Charakterizace odoperovanych lidskych maxilarnich a mandibularnich kostnich
tkani ve stomatochirurgii pomoci techniky ptimého $t€peni (“in-bone” digestion)
nasledovaného tandemovou hmotnostni spektrometrii s predfazenou

kapalinovou chromatografii

Hynek R.*, Michalus [.*, Cejnar P., Santrucek J., Seidlova S., Kuckova S., Sazelova P., Kasicka
V.: In-bone protein digestion followed by LC-MS/MS peptide analysis as a new way towards
the routine proteomic characterization of human maxillary and mandibular bone tissue in oral
surgery. Electrophoresis 42, 2552-2562, 2021. DOI: https://doi.org/10.1002/elps.202100211.

[F2021 3,59 *Sdilené prvoautorstvi.

Miij autorsky podil

Provadéla jsem vSechny chirurgické zakroky, které vedly k ziskani vzorkd kostnich tkani
pouzitych v této praci. Vzorky jsem nésledné zpracovala a aplikovala na né¢ popsané metodické
postupy (viz Pfiloha 2) zahrnujici mimo jiné specifické enzymové $té€peni trypsinem, precisténi
ziskanych peptidovych fragmenti pomoci ZipTip a odpafeni rozpoustédla. Nasledné jsem
vzorky piedala svému Skoliteli, ktery je pfedal k analyze pomoci LC-MS/MS (provadél Ing.
Jii Santrtidek, Ph.D.). Hmotnostné spektrometricka data byla analyzovana pomoci programu
MaxQuant a matematické analyzy (provadél RNDr. Mgr. Pavel Cejnar, Ph.D.). Ziskané
vystupy jsem zpracovala, interpretovala a na jejich zaklad€ jsem ve spolupraci se svym

Skolitelem sepsala plivodni verzi manuskriptu.

Metoda zaloZend na pfimém specifickém S$tépeni proteini trypsinem v kostnich tkanich (,,in-
bone digestion) byla vyuzita pro analyzu vzorki odoperovanych lidskych maxilarnich a
mandibuldrnich kosti. ZjednoduSené¢ schéma celého procesu zacinajiciho chirurgickym

zakrokem je zndzornéno na obrazku (viz Obrazek 4).
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Obrazek 4 Schéma pracovniho postupu. Prevzato z (Hynek et al., 2021).

Protoze byla snaha mit k dispozici metodu s nejmensim poctem kroki, byla testovana také

varianta bez preinkubac¢niho kroku. Vysledky byly porovnavany s experimenty, pfi kterych byl,

na zéklad¢ predchozich zkuSenosti s hleddnim vhodnych podminek na vzorcich prasecich

Celistnich kosti, pouzit pro preinkubacni krok propan-2-ol. Ziskané vysledky jsou shrnuty

v Tabulce (viz Tabulka 1).

Tabulka 1 Pocty identifikovanych proteinti pii vyuziti riznych variant techniky.

Typ identifikovanych proteinii

Pocet identifikovanych proteini*

Bez preinkubace

30 min preinkubace

v propan-2-olu

Vsechny proteiny v maxildrnich tkénich | 999 / 535/ 518 1120/ 630/ 655
VSechny proteiny v mandibulérnich

tkanich 1008 /447 / 501 1151/491/ 489
Typické kostni proteiny v maxilarnich

tkanich 51/49/46 62/58/52
Typicke kostni proteiny

v mandibularnich tkanich 53/52/49 56/53/50

*Celkovy pocet identifikovanych proteint alesponi v 1 vzorku / celkovy pocet identifikovanych

proteinti alesponl ve 4 vzorcich / primérny pocet identifikovanych proteint na vzorek
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Celkové se podafilo identifikovat 1120 proteini v odoperovanych vzorcich lidskych
maxilarnich a 1151 proteini lidskych mandibularnich kosti. Pouziti propan-2-olu
v preinkubac¢nim kroku vedlo ke zvySeni poctu identifikovanych proteint jak v ptipadé vzork
maxilarnich, tak mandibularnich kosti. Rada identifikovanych proteint je v kostnich tkanich

vyznamna z biologického a klinického hlediska, coz je diskutovano v nésledujici kapitole (kap.
6).

Vennovy diagramy ukazujici pfekryvy mezi vySe uvedenymi skupinami proteint
identifikované v alesponi Ctyfech vzorcich jsou zndzornény na obrazku (viz Obrazek 5).

Podobné pocty proteini byly identifikovany jak v maxilarnich, tak i mandibularnich kostnich

ror
tkanich.
A Maxilla Mandibula Maxilla Mandibula
No pre-incubation Propan-2-ol B No pre-incubation Propan-2-ol
29 \ 1 \
1o - P
) | / |
/ f' 21\‘\ / f' 2\‘\
I«" 17 / \ 5 2 /

Maxilla
Propan-2-ol

Mandibula Maxilla
No pre-incubation Propan-2-ol

Mandibula
No pre-incubation

Obrazek 5 Vennovy diagramy vsech proteinii (A) a proteinit charakteristickych pro kostni tkané (B) identifikovanych ve
vzorcich maxilarnich a mandibularnich kosti bez predinkubacniho kroku a s predinkubaci v propan-2-olu (¢isla odpovidaji
poctu identifikovanych proteinii alespori ve ¢tyrech vzorcich maxilarnich nebo mandibularnich kosti) (prevzato z (Hynek et al.,

2021)).

Grafické znazornéni vysledkli matematické analyzy PLS-DA (partial least square-discriminant
analysis) pouZité k rozliSeni vzorkl nepatologickych a patologickych (zanét) kostnich tkani je

uvedeno na obrazku (viz Obrazek 6).
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Obrazek 6 Rozliseni mezi zdravymi a patologickymi stavy kostnich tkani bez preinkubace (4) a s 30minutovou preinkubact

vzorku v propan-2-olu pred tryptickym Stépenim (B) ((prevzato z (Hynek et al., 2021)).

RozliSeni mezi vzorky zdravych a zanétlivych kosti dosahl 73 %, kdyz nebyl pouzit
preinkubacni krok. Pti zatazeni preinkubacniho kroku s propan-2-olem se piesnost vzajemného

rozliSeni obou skupin (zdravé tkdné x zanétlivé tkan¢€) zvysila na 100 %.

5.3 Rychlé rozliSeni a charakterizace indukovanych patologickych stavii v modelech
lidskych kostnich tkani metodou zaloZenou na pfimém specifickém enzymovém

Stépeni (in-sample digestion) s aplikaci ve stomatochirurgii

Michalus 1., Van Nguyen T., Viktorova J., Cejnar P., Santrigek J., Kuckova, S., Sazelova P.,
KasSicka V., Hynek R.: Liquid chromatography-tandem mass spectrometry analysis of peptides
separated from the insoluble matrix by in-sample tryptic protein digestion for rapid
discrimination of various induced pathological states of human bone models in oral surgery.

Journal of Separation Science, 2022; 45:4388-4396. DOI:
https://doi.org/10.1002/jssc.202200694. IF2022 3,1
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Miij autorsky podil

Provadéla jsem zpracovani vzorkt lidskych in vitro kostnich kultur s riznymi indukovanymi
patologickymi stavy (tyto kostni kultury byly pfipraveny doc. Ing. Jitkou Viktorovou, Ph.D. a
Ing. Tran Van Nguyenem, Ph.D.). Vzorky jsem nasledné zpracovala a aplikovala na n¢ popsané
metodické postupy (viz Ptiloha 3) zahrnujici mimo jiné specifické enzymové $tépeni trypsinem,
precisténi ziskanych peptidovych fragmentti pomoci ZipTip a odpafeni rozpoustédla. Nasledné
jsem vzorky ptfedala svému skoliteli, ktery je ptedal k analyze pomoci LC-MS/MS (provad¢l
Ing. Jifi SantrG¢ek, Ph.D.). Hmotnostné spektrometrickd data byla analyzovana pomoci
programu MaxQuant a matematické analyzy (provadél RNDr. Mgr. Pavel Cejnar, Ph.D.).
Ziskané vystupy jsem zpracovala, interpretovala a na jejich zékladé sepsala ptivodni verzi

manuskriptu.

Byl ovéfen potencidl techniky vyuzivajici pfimé enzymové Stépeni (in-sample digestion)
nasledované tandemovou hmotnostni spektrometrii s ptediazenou kapalinovou chromatografii
pro charakterizaci proteini obsazenych ve vzorcich in vitro lidskych kostnich tkani
s indukovanymi patologickymi stavy. Schéma pracovniho postupu je zndzornéné na obrazku

(viz Obrazek 7).

Peptides LC-MS/MS analysis Results
Trypsin s‘}s’ Identif_ied
"\z \ proteins ‘*‘
- ;"‘t
ga’ka ®
Trypsin ‘Q‘ Identified Mathematical \.{
Q\Z proteins analysis g®
°® l.:'
||
-y a
Trypsln ‘(‘\\& Identified
\M z. proteins

Obrazek 7 Schéma postupu zalozeného na primém Stepent nasledovaného LC-MS/MS (prevzato z (Michalus et al., 2022)).
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Tabulka 2 Pocty proteint identifikovanych v in vitro kostnich kulturach a maxilarnich kostech

Pocet identifikovanych proteinu*
Puvod vzorku

1 2 3
Kultura s indukovanou rakovinou 532 466 446
Kultura s identifikovanym zanétem 546 460 440
Kontrolni kultura 533 478 451
Vzorky maxilarnich kosti 623 530 491

*Celkovy pocet proteint identifikovanych alespon v jednom vzorku (sloupec €. 1), alespon v
50 % vzorkt (sloupec €. 2) a primérny pocet identifikovanych proteind na vzorek (sloupec ¢.

3).

Pocty identifikovanych proteinli jsou shrnuty v Tabulce (viz Tabulka 2). Primérné pocty
identifikovanych proteinl na vzorek v bunéénych kulturach riiznych kostnich modelt in vitro
a také ve vzorcich z lidskych maxilarnich kosti z vestibularni lamely byly zhruba podobné,
konkrétné 446 proteini v kultufe kostnich bunék s indukovanou rakovinou, 440 v kultufe s
indukovanym zénétem, 451 proteinl v kultufe kontrolnich bunék a 491 proteinti v lidskych

maxilarnich kostech (z vestibularni lamely).

Aby se zjistilo, zda pouzité technika ptfimého $té€peni proteini ve vzorku mé potencidl rozliSovat
mezi riznymi skupinami vzorka kultur kostnich buné€k in vitro, byla pouzita matematicka
analyza PLS-DA (partial least square — discriminant analysis). RozliSeni mezi kulturami
kostnich bun€k s indukovanou rakovinou a kontrolni kulturou je graficky znadzornéno na
obrazku 8A a rozliSeni mezi kulturou kostnich bunék s indukovanym zanétem a kontrolni
kulturou je zn4dzornéno na obrazku 8B (viz Obrazek 8). Ptesnost rozliSeni mezi rakovinou a

kontrolou byla 94 % a piesnost mezi zanétem a kontrolou byla 83 %.
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Obrazek 8 Rozliseni mezi kulturami bunék modelii kostnich tkani in vitro s indukovanou rakovinou a kontrolnimi kulturami

kostnich bunék (4) a mezi kulturami kostnich bunék s indukovanym zanétem a kontrolnimi kulturami kostnich bunék (B).

Prevzato z (Michalus et al., 2022).

Obrazek 9A ukazuje, Ze je také mozné rozliSit mezi dvéma riznymi patologickymi stavy,
Jjmenovité mezi rakovinou a zanétem, s dosaZenou piesnosti 94 %. RozliSeni mezi vSemi tfemi
kostnimi kulturami in vitro je znazornéno na obrazku 9B s dosaZenou piesnosti 77 % (viz
Obrazek 9). Pro srovnani bylo provedeno 1 rozliSeni mezi vzorky vestibuldrni lamely lidskych

maxilarnich kosti a kontrolni lidskou in vitro bunéénou kulturou (Obrazek 9C). V tomto ptipadé

bylo dosaZeno rozliSeni s presnosti 100 %.
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Obrazek 9 Rozliseni mezi kulturami bunek modelii kostnich tkani in vitro s indukovanou rakovinou a bunécnou kulturou s
indukovanym zanétem (A), mezi vSemi tremi kulturami kostnich bunék s indukovanou rakovinou, zanétem a kontrolnimi

kulturami kostnich bunék (B) a mezi kontrolnimi kulturami kostnich bunék a vzorky lidskych maxilarnich kosti (C). Prevzato

z (Michalus et al., 2022).
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V in vitro modelech lidskych kostnich tkéni byly téZ charakterizovany proteiny. Pomoci
matematické analyzy (PLS-DA) byl jako nejvyznamnéjsi protein pro rozliSeni mezi modelem
rakovinnych kostnich bun¢k a kontrolni kulturou urcen Galectin-1. Hladina Galectinu-1 byla
piiblizné 16krat vyssi v in vitro modelovych vzorcich kostnich tkani s indukovanou rakovinou

nez v kontrolnich vzorcich.

5.4 Pfimé Stépeni vzorkl kostnich tkani (in-bone digestion) s koncovkou kapilarni

elektroforézy s UV detektorem

Michalusova L.*, Sazelova P.*, Cejnar P., Kuckova S., Hynek R., Kasicka V.: Capillary

electrophoretic profiling of in-bone tryptic digests of proteins as a potential tool for the
detection of inflammatory states in oral surgery. Journal of Separation Science 43(20), 2020.

DOI: https://doi.org/10.1002/jss¢.202000718. IF2020 3,64 *Sdilené prvoautorstvi.

Miij autorsky podil

Po konzultaci se svym Skolitelem jsem navrhla alternativni koncovku (kapilarni elektroforézu)
pro separaci specifickych peptidovych fragmenti. Provedla jsem preparaci modelovych vzorkt
z prasecich kosti. V této publikaci, byly vyuZity téZ vzorky tkani lidskych €elistnich kosti, které
byly ziskdny pfi mnou provedenych operacnich zdkrocich. Na vSechny analyzované vzorky
jsem aplikovala popsané metodické postupy (viz Ptiloha 4) zahrnujici mimo jiné, specifické
enzymové Stépeni. Nasledné jsem vzorky predala svému Skoliteli, ktery je predal k analyze
pomoci kapilarni elektroforézy na UOCHB AV CR (provadéli RNDr. Vaclav Kasi¢ka, CSc. a
RNDr. Petra Sazelova). Data ziskana z elektroforézy byla zpracovana pomoci matematické
analyzy (provadél RNDr. Mgr. Pavel Cejnar, Ph.D.). Takto ziskané vystupy jsem zpracovala,
interpretovala a na jejich zaklad¢ sepsala vétsi cast piivodni verze manuskritu (Cast tykajici se
specidlngjSich zélezitosti kapilarni elektroforézy byla dodana vysSe zminénymi spoluautory

z UOCHB AV CR).

Protoze kapilarni elektroforéza (CZE) vybavend UV detektorem patii mezi dostupnéjsi

techniky nez tandemova hmotnostni spektrometrie s ptfediazenou kapalinovou chromatografii,

39



bylo ovéteno, zda by ji bylo mozné vyuzit jako koncovku po piimém specifickém Sté€peni
proteinti ve vzorcich kostnich tkdni. Zjednodusené schéma pracovniho postupu je zndzornéno

na obrazku (viz Obrazek 10).

digestion Petide mixture Capillary zone Healthy state

R | \/2?“ electrophoresis

@

Pathological state

000 Y 13:00

—
Within 4 hours

Obrazek 10 Schéma pracovniho postupu s koncovkou CZE (prevzato z (Michalusova et al., 2020a))

Nejprve byla otestovdna moznost rozliSit pomoci této techniky peptidové fragmenty vzniklé
pifimym specifickym St€penim trypsinem a chymotrypsinem. Byly ziskany elektroferogramy

s odliSnymi profily (viz Obrazek 11).
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Obrazek 11 CE-UV profily vzorkii praseci Celistni kosti Stépené trypsinem a chymotrypsinem (Prevzato z (Michalusova et al.,

2020a)).

Nasledujici matematickad analyza dat PCA (Principal component analysis) byla schopné obé¢

skupiny spolehlivé rozlisit (viz Obrazek 12)
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Obrazek 12 Rozliseni vzorkit kostnich tkani stépenych trypsinem a chymotrypsinem s vyuzitim matematické analyzy PCA pro

hodnoceni ziskanych CE-UV profilit (Prevzato z (Michalusova et al., 2020a)).

Dale bylo testovano specifické $tépeni pouze trypsinem. Urcité rozdily elektroferogramt po
specifickém $tépeni 1ze nalézt mezi vzorky prasecich Celistnich a Iytkovych kosti (viz Obrazek
13).

24 Jawbone 30+ Calf bone
UW/\JW/J CB
=) A JB5 5 u ” L “’“v“”u’wwmv\._ffi
E 2] \..~" WiV LAY 4-‘\;« J‘u\/\\.\/u MA"'-'\/LM % 204
E ST P T E wa i CB4
E “T A W " JB4 g - MM\ a7 ]
8 § -ﬁ JUJ fonJ UU"W MW{\/\M
N . WJMM JB3 @ 104
? M h 8 |‘ .&' bl o B2
o S Ny v B .
1
04
T T T T T T T T T T
4 6 8 10 12 14 16 4 6 8 10 12 14 16
Migration time [min] Migration time [min]

Obrazek 13 CE-UV profily vzorkit praseci celistni a lytkové kosti Stépené trypsinem. (Prevzato z (Michalusova et al., 2020a)).

Obé¢ skupiny vzorkl bylo téz mozné rozliSit pomoci matematické analyzy PCA ziskanych dat

z CE-UV (viz Obrazek 14).
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Obrazek 14 Rozliseni vzorkii prasecich celistnich a lytkovych s vyuzZitim matematické analyzy PCA pro hodnoceni ziskanych
CE-UV profili (Prevzato z (Michalusova et al., 2020a)).

Takto ovétend technika byla nasledné aplikovana na vzorky lidskych celistnich kosti. Jisté
rozdily v CE-UV profilech byly zjiStény mezi skupinami kostnich tkani postizenych zanétem a

mezi vzorky zdravych kostnich tkani (viz Obrazek 15).
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Obrazek 15 CE-UYV profily vzorkii zdravych lidskych celistnich kosti (vlevo) a kostnich tkani postizenych zanétem. (Prevzato
z (Michalusova et al., 2020a)).
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Diky matematické analyze PCA ziskanych dat bylo mozné vzorky zdravych lidskych celistnich

tkani spolehlivé rozlisit od tkani postizenych zanétem (viz Obrazek 16).
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Obrazek 16 Rozliseni vzorkii zdravych lidskych kostnich tkani a zanéetlivych lidskych kostnich tkani s vyuZitim matematické

analyzy PCA pro hodnoceni ziskanych CE-UV profilii (Prevzato z (Michalusova et al., 2020a)).
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6. Diskuse metodickych postupu a
vysledkii

6.1 Vyvoj techniky s vyuzitim modelovych vzorkti praseCich Celistnich kostnich

tkani

Nejprve jsem se soustfedila na navrzeni a vyvoj velmi jednoduché a rychlé techniky, kterd by
umoznila identifikovat vyznamny pocet proteinti obsazenych v tkanich celistnich kosti.
Tradi¢ni techniky vyuzivajici demineralizace jsou totiz ¢asové velmi ndro¢né, a tudiz nevhodné
k rutinnimu vyuziti. Proto byl zvolen piistup ptimého specifického enzymového Sté€peni ve
zkoumaném vzorku, ktery sice neni obvykly, ale byl jiz usp€sné pouzit pro analyzu proteinti
zachycenych v barevnych vrstvach historickych obrazi a pozdéji i proteinii obsazenych
v dalSich nerozpustnych materidlech, jakymi jsou naptiklad historické malty nebo osifikované

tkané srdecnich chlopni (Hynek et al., 2004; Ktizkova et al., 2014; Zeman et al., 2013).

Vychazeli jsme z ptedpokladu, ze analogicky postup by mohl byt pouZitelny i pro analyzu
vzorkl tkani Celistnich kosti. Kostni tkdn€ jsou totiz dosti porézni a vychazeli jsme z hypotézy,
ze relativné malé molekuly trypsinu jimi mohou pronikat az k proteinim, které jsou v nich
zachyceny a specificky je §té€pit. Uvolnéné specifické peptidové fragmenty by pak mély snadno
difundovat do roztoku a po purifikaci by mohly byt analyzovany napiiklad pomoci hmotnostni
spektrometrie. Uvedenou hypotézu jsme se rozhodli nejprve ovéfit s vyuzitim modelovych
vzorkl, které predstavovaly praseci Celistni kosti. Byly pouzity vzorky jak z dolni, tak horni
celisti, protoze jejich vlastnosti, jako je naptiklad minerdlni denzita, jsou rozdilné (Devlin et
al., 1998). Bylo tedy tfeba mimo jiné otestovat, zda navrzeny postup bude v obou piipadech
poskytovat srovnatelné vysledky. Rozhodli jsme se zcela rezignovat na zdlouhavé snahy o
izolaci intaktnich proteinii z kostnich tkani a postupovat zcela jinou cestou — tedy cestou
pifimého $tépeni vzorkil v kostnich tkanich. ProtoZe jsme se zaméfili na proteiny ,,uvéznéné*
v kostnich tkanich, rozpustné proteiny jsme povazovali za kontaminaci. Proto byl do postupu
zafazen preinkubacni (promyvaci) krok, ktery mél jejich mnozstvi vyrazné redukovat. Byla
otestovana preinkubace s vyuzitim celkem tii riznych roztokt, u nichz byl pozorovan i rzny
vizualni efekt (viz obr. 1), ktery spocival ve sniZeni intenzity cervené barvy. Nejslabsi byl po

promyti deionizovanou vodou, stiedné silny pifi promyti roztokem 8 M mocoviny a
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nejvyraznéjsi, kdyz byl k preinkubaci pouzit propan-2-ol. Pokles intenzity ¢erveného zbarveni
by mohl souviset s redukci obsahu hemoglobinu a mohl by tedy naznacovat téz redukci
kontaminace krevnimi proteiny. Celkovy pocet proteini identifikovanych ve vzorcich
promyti roztokem 8M mocoviny a vyrazné nejvyssi po promyti propan-2-olem (viz obrazek 2).
ProtoZe nés zajimalo, zda technika pfimého enzymového Sté€peni je schopna identifikovat téz
proteiny charakteristické pro funkci kostnich tkani, byly sledovany i pocty téchto proteint. I
v tomto ptipad¢ bylo nejlepsich vysledkti dosazeno, pokud byl k preinkubaci pouzit propan-2-
ol. Pocet identifikovanych proteind charakteristickych pro kostni tkdné byl pfiblizné ¢tytikrat
vy$si nez pocet identifikovany po piedbézném promyti vodou. Piekryvy zobrazené po rtiznych
krocich pfedmyti jsou zndzornény na Vennovych diagramech nize (viz obrazek 3), které

jednoznaéné ukazuji vyrazny efekt propan-2-olu.

Jednim z moznych vysvétleni ucinku propan-2-olu by mohl byt pozitivni vliv na proteolytické
Stépeni, které jiz u nékterych organickych rozpoustédel bylo popsano. Naptiklad byl popsan
vliv acetonitrilu a acetonu na S§tépeni vybranych modelovych proteini (cytochrom c,
myoglobin) trypsinem ve volném roztoku (Russell et al., 2001). Na druhou stranu je tfeba vzit
v uvahu skutecnost, ze tato studie uvadi S§tépeni trypsinem piimo v piitomnosti riznych
organickych rozpoustédel; v nasi studii byl v kroku preinkubace pouzit pouze propan-2-ol s
naslednym specifickym $tépenim piimo v kostni tkdni umisténé v roztoku 50 mM NH4HCO3
(hydrogenuhli¢itanu amonného). Dalo by se navrhnout alternativni vysvétleni, Ze pouziti
propan-2-olu vede ke zmé&nam, které nasledné usnadni pfistup trypsinu k proteinim obsaZzenym

v kostni matrici.

Na zéklad¢ experimentil s praseCimi celistnimi kostmi jsme dospéli k zdvéru, Ze netradicni
ptistup ptimého Sté€peni proteini v kostni tkani predstavuje techniku vyuZitelnou pro rychlou a

efektivni charakterizaci proteinii ve stomatochirurgii.

6.2 Vyuziti techniky piimého Stépeni v kostnich tkanich (in-bone digestion) pro
charakterizaci vzorki lidskych maxilarnich a mandibulérnich kosti

Technika vyuzivajici specifické Sté€peni trypsinem piimo v kostni tkéni (in-bone digestion) k

identifikaci proteinli byla aplikovana na vzorky lidskych maxilarnich i mandibularnich kosti

(Michalusova et al., 2020b). Schéma pracovniho postupu je znazornéno na obrazku 4 (podrobny

popis v publikaci v ptiloze 2). Cely postup zacina chirurgickym zakrokem, pii némz jsou
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odoperovany kostni tkan¢, které jsou nasledné podrobeny proteomické analyze. Testovali jsme
dvé varianty piipravy vzorku pro Stépeni tryptického proteinu v kostech. Protoze naSim
zamérem bylo zachovat postup identifikace pfiméfeného mnozstvi proteint v kostni tkdni co
nejjednodussi a ptfimocary, vyzkouseli jsme nejprve postup s piimou in-kostni digesci proteinu
trypsinem po jednoduchém promyti kosti hydrogenuhli¢itanem amonnym. V této varianté bylo
15 vzorkl lidskych alveolarnich kosti (8 maxilarnich, 7 mandibularnich) pouze kratce
proplachnuto roztokem hydrogenuhli¢itanu amonného (viz piiloha 2) pted jejich specifickym
Stépenim trypsinem. V druhé varianté jsme zafadili relativné kratkou (30 min.) preinkubaci
kostnich vzorkli v propan-2-olu pii 50 °C, jehoz pouziti se osvédcCilo pii analyzach vzorki
prasecich celistnich kosti (Michalusova et al., 2020b). Tento preinkubacni krok byl aplikovan
na 14 vzorki lidskych alveolarnich kosti (7 maxildrnich, 7 mandibuldrnich). Celkem bylo
charakterizovano 29 vzorku alveolarni kosti (podrobnosti viz pfiloha 2). Zarazeni preinkubace
s propan-2-olem vedlo k identifikaci vy$§tho mnozstvi proteini (viz Tabulka 1). Velmi
pozitivnim zjisténim bylo, ze se podafilo dosdhnout jesté¢ vyssiho mnozstvi identifikovanych
proteinil nez v ptipadé modelovych prasecich kosti (Michalusova et al., 2020b). Dal$im
pozitivem byla identifikace pfiblizn¢ stejného mnozstvi proteinli ve vzorcich maxilarnich i
mandibuldrnich kostnich tkani, coz by vzhledem k riznému charakteru téchto kostnich tkani,
vcetné jejich mineralni denzity, nemuselo byt zdaleka samoziejmé (Devlin et al., 1998). Vyse
uvedend zjiSténi navic 1ilustruji Vennovy diagramy znazorfiujici prekryvy proteint

identifikovanych v jednotlivych skupinach (viz Obrazek 5).

Dale byla aplikovdna matematickd analyza PLS-D na data ziskand pomoci tandemové
hmotnostni spektrometrie s prediazenou kapalinovou chromatografii pro rozliSeni vzorkd
zdravych celistnich tkani (ziskanych po chirurgickych extrakcich) a rozliSeni vzorkl
patologickych tkani (viz Obrdzek 6). Bez zatazeni preikubacniho kroku dosahovalo rozliSeni
mezi vzorky zdravych a patologickcych tkani 73 %. Pii zatazeni preinkuba¢niho kroku s
propan-2-olem se ptesnost se vzajemného rozliSeni obou skupin (zdravé tkan€ x zanétlivé
tkang) zvysila na 100 %. Z vySe uvedeného se tedy zdd odiivodnéné zatazovat preinkubacéni

vvvvvv

vyznamnéj$i komplikaci metody.

Doposud publikované srovnatelné analyzy tvrdych tkani vyuzivaly komplikované a zdlouhavé
postupy (Fretwurst et al., 2022; Salmon et al., 2017). Jak vyplyvéa ze schématu pracovniho
postupu (viz Obrazek 4) a vyhodnoceni ziskanych dat, je mozné velmi rychlou a pfimocarou

technikou charakterizovat na molekuldrni urovni vzorky Celistnich kostnich tkani
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odoperovanych pfi stomatochirurgickych zékrocich. Je to dano zejména skuteCnosti, ze
pracovni postup vyvinuty pro analyzy maxilarnich a mandibularnich kostnich tkani v ramci

feSeni této disertacni prace nevyzaduje izolaci intaktnich proteind.

V analyzovanych vzorcich se navic podafilo identifikovat celou fadu proteinti hrajicich
vyznamné biologické a klinické role v kostnich tkanich. VEtSi pocty téchto proteint byly
identifikovany ve vzorcich, které byly pred specifickym $té€penim pre-inkubovany 30 minut

v propan-2-olu (viz tabulka 2 v ptiloze 2). Jejich role jsou popsany v kapitole 1.2.5.

Skupiny proteinii charakteristickych pro kostni tkan€ ve vzorcich maxilarnich a mandibularnich
kosti jsou velmi podobné. To neni samoziejmé zjisténi vzhledem k rozdilnému charakteru
maxilarnich a mandibularnich kosti, které se vyznacuji naptiklad rozdilnou mineralni denzitou
(Devlin et al., 1998). Pro vyuzitelnost metody piimého S$tépeni (in-bone digestion) ve
stomatochirurgii je to ovSem velmi vyznamné a pozitivni zjisténi. Pouze n€kolik proteini
souvisejicich s kostnimi tkdnémi, zejména jejich izoforem, bylo nalezeno vyhradné bud’ v
maxilarni nebo v mandibularni kosti (viz tabulka 2 v pfiloze 2). N&kolik typt kolagent bylo
identifikovano s vysokym pocétem unikatnich peptidovych fragmentti. To neni ptekvapivé,

protoze kolageny jsou hojné€ zastoupeny v pojivovych tkanich.

Z vySe uvedeného vyplyva, Ze technika pfimého Stépeni proteinli v kostni tkani (,,in-bone
digestion“) nasledovana tandemovou hmotnostni spektrometrii s pfedfazenou kapalinovou
chromatografii ma potencidl nejen rozlisit mezi patologickou a zdravou tkéni, ale mize téz

pfinést do stomatochirurgie vhled na molekularni arovni.

6.3 Charakterizace indukovanych patologickych stavii v in-vitro modelech lidskych

kostnich tkani

Ne&které patologické stavy, jako napiiklad kostni nadory, nepatii ve stomatochirurgii mezi
nejcastéji se vyskytujici diagndzy, a tudiz pro jejich studium neni k dispozici dostatek vzorki.
Kostni modely in-vitro umoziuji pouZiti lidskych bunék k ziskani relevantnéjSich vysledki
preklinického vyzkumu, protoZe tyto modely mohou simulovat interakce a mechanismy, které
obvykle ptedstavuji zjednodusenou situaci in vivo (Sieberath et al., 2020). Jiz byly vytvoieny
rizné modely zaloZené na bunikach tvoticich kost (osteoblasty) a buitkach resorbujicich kost
(osteoklasty), aby bylo mozné simulovat proces remodelace kosti i souvisejici onemocnéni

(Borciani et al., 2020; Jeon et al., 2016; Lambertini et al., 2021; Mandatori et al., 2021). Protoze
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in-vitro modely kostnich tkani maji podobny charakter jako samotné kostni tkané, v tom
smyslu, ze vnich obsazené proteiny jsou “uvéznény” v porézni nerozpustné matrici,
predpokladali jsme, Zze by k jejich charakterizaci mohla byt vyuzita technika piimého
specifického Stépeni trypsinem, kterd byla vyvinuta na vzorcich prasecich kosti a poté tispésné
vyuzita k charakterizaci vzorkl lidskych maxilérnich i mandibularnich kostnich tkani (Hynek
et al., 2021; Michalusova et al., 2020b). Schéma pouzitého pracovniho postupu je zndzornéno
na obrazku 7 (viz Obrazek 7). V in-vitro modelovych kostnich kulturach s indukovanou
rakovinou, zanétem i kontrolni kulturou se podafilo identifikovat fadové stovky proteint,
jejichz pocty jsou shrnuty v tabulce 2 (viz Tabulka 2), kterd pro srovnani uvadi i proteiny

identifikované ve vzorcich lidskych ¢elistnich kosti.

Jak vzorky s indukovanou rakovinou, tak vzorky s indukovanym zanétem, bylo mozné pomoci
matematické analyzy PLS-DA rozliSit od kontroly (viz Obrazek 8). Navic bylo mozné rozlisit
oba indukované patologické stavy (rakovina a zanét) a dokonce vSechny tfi skupiny
studovanych modelovych kostnich kultur (rakovina, zanét, kontrola), coz je znazornéno

v obrazku (viz Obrazek 9).

vvvvvv

mezi modelem rakovinnych kostnich bun¢k a kontrolnim modelem kostnich bunék Galektin-1.
Hladina galektinu-1 byla v in vitro modelovych vzorcich rakovinné kosti v primeéru piiblizné
16krat zvySena ve srovnani s kontrolnimi vzorky in vitro modelové kultury. ZvySeni exprese
galektinu-1 pfispiva riistu nadoru, protoze mize modulovat bunéénou adhezi, migraci, preziti a
signalizaci (Elola et al., 2007). Bylo publikovéano, Ze hladina galektinu-1 se vyrazné zvysila u
pacientll s duktdlnim adenokarcinomem pankreatu, karcinomem ovaria a karcinomem plic
(Carlini et al., 2014; L. Chen et al., 2015; Martinez-Bosch et al., 2018). Galektin-1 hraje
dalezitou roli v progresi rakoviny rtiznymi mechanismy, jako je schopnost podporovat riist
nadoru prostfednictvim regulace hypoxii indukovatelného faktoru-la a vlivem na migraci

nadoru zprostfedkovanim signalni drahy Akt/mTOR (White et al., 2014; Zhao et al., 2010).

Kromé¢ toho byly v kultufe kostnich bunék s indukovanou rakovinou identifikovany nize
diskutované proteiny, které naopak nebyly nalezeny v kultufe kontrolni. Jedna se o proliferujici
bunécny nuklearni antigen (PCNA), nekonvenéni izoformu myosinu-Id X2 a proteolipidovy
protein 2 (vice viz pfiloha 3). Jaderny antigen proliferujicich bunék (PCNA) je zndmy jako
marker u riznych nadort (Lv et al., 2016). Je vyuzivan v diagnostice a progndze karcinomu
prsu a vyssi aroven exprese tohoto proteinu také koreluje s krat§Sim obdobim bez onemocnéni

(Chi et al., 2019; Jurikova et al., 2016; Malkas et al., 2006). Exprese PCNA naopak nebyla
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detekovana ve zdravych ani zanétlivych tkanich, ale vyznamné zvySeni exprese bylo
pozorovano u cervikalni intraepitelidlni neoplazie a invazivniho cervikalniho spinocelularniho
karcinomu (Wang et al., 2004). Déle bylo prokdzano, ze vysoce exprimovana IncRNA 1 ptisobi
jako onkogen u karcinomu délozniho ¢ipku, ktery ptimo vaze PCNA mRNA, aby zesilil jeji
expresi (Yang et al., 2015). Myosin-X (Myo10), nekonven¢ni myosin, méa zésadni funkce v
mnoha bunéénych procesech, véetné hojeni ran, tvorby filopodii, angiogeneze, regulace tvorby
a otaceni rastovych vrcholti a tvorby invadopodii (Courson & Cheney, 2015). Nedavné studie
uvadéji, ze Myo10 je up regulovan prostifednictvim EGR1-dependentni drahy u mutantnich p53
nadoril prsu v agresivité a metastazach u pacientek s karcinomem prsu (Arjonen et al., 2014;
Cao et al., 2014). Krom¢ toho protedzou aktivovany receptor 2 zvysil expresi MYOI10 u
kolorektalniho karcinomu, aby indukoval migraci bunék, coz pfispiva k invazi rakovinnych
bun¢k na okraji nddoru (X. Zhang et al., 2019). Proteolipidovy protein 2 (PLP2) je integralni
membranovy protein iontového kandlu endoplazmatického retikula (Feng et al., 2020). Dalsi
identifikovany protein PLP2 (proteolipid protein 2) byl pozorovan jako onkogen u nékterych
rakovin, jako je naptfiklad mnohocetny myelom, gliomy, maligni melanom, renalni bunécny
karcinom a karcinom prsu (Bai et al., 2020; Y.-H. Chen et al., 2018; Ding et al., 2015; Xiao et
al., 2020; Zou et al., 2018). Vysoké hladiny PLP2 jsou pfitomny u pacientii s progresi

onemocnéni a Spatnou progndzou (Bai et al., 2020; Xiao et al., 2020).

6.4 Pfimé Stépeni vzorkil kostnich tkani (in-bone digestion) s koncovkou kapilarni

elektroforézy s UV detektorem

Vyhodou pfimého $tépeni vzorkl v kostnich tkanich (in-bone digestion) s koncovkou LC-
MS/MS je moznost rychlé identifikace znacného mnoZstvi proteinli. Na druhé strané jesSté
tandemova hmotnostni spektrometrie nepatii k zcela béZnému vybaveni. Proto byla studovéana
1 moznost vyuziti jiné koncovky, konkrétn€ CE-UV (kapilarni elektroforézy s UV detektorem).
CE-UV je efektivni separacni technika vyuzivana pro analyzu celé fady riznych molekul,
véetné proteintl a peptidt (Dawod et al., 2017; Kasicka, 2018, 2020; Stépanova & Kasicka,
2016). Je vyuzitelna téZ k separaci jejich komplexnich smési (Latosinska et al., 2019; Shen et
al., 2019; Stépénové & Kasicka, 2019; Z. Zhang et al., 2017).

Pracovni postup (viz Obrazek 10) mohl byt provadén dokonce v jesté jednodussim usporadani,

protoze misto purifikace vzorkil pomoci ZipTip, ktery byl vyuzivan v pfipadé¢ koncovky LC-
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MS/MS, byl zafazen pouze kratky centrifugacni krok k odstranéni mechanickych necistot
(detaily viz ptiloha 4) (Hynek et al., 2021; Michalusova et al., 2020b). Nejprve bylo otestovano,
zda metoda po pifimém specifickém Stépeni vzorkd prasecich kostnich tkéni trypsinem a
chymotrypsinem poskytne rizné profily. Podle ptfedpokladu bylo dosazeno vyrazné riznych
profili CE-UV elektroferogramii (viz Obrazek 11) a nésledujici matematicka analyza PCA (viz
Obrazek 12) byla schopna ob¢ skupiny spolehlivé rozlisit. Rtizné CE-UV profily (viz Obrazek
13) byly ziskany i v ptipad¢ porovnani vzorki praseci ¢elistni a Iytkové kosti $tépené trypsinem.
Nelisily se samoziejmé tak vyrazné€, protoze v obou piipadech se jiz jednalo pouze o tryptické
Stépy kostnich tkani, nicméné matematickd analyza PCA byla schopna obé¢ skupiny vzorki
vzajemn¢ odlisit (viz Obrazek 14). Jen nepatrné rozdily v elektroferogramech jsou viditelné
mezi vzorky zdravych lidskych celistnich kosti a kostnich tkani postizenych zanétem (viz
Obrazek 15). Diky matematické analyze PCA ziskanych dat vSak bylo mozné i tyto skupiny
vzajemné odliSit (viz Obrazek 16). Ziskané vysledky naznacuji, Ze CE-UV by mohla byt
alesponn v ne¢kterych ptipadech vyuzivana jako alternativni koncovka nésledujici ptimé
enzymové Stépeni v kostni tkani (,,in-bone digestion®). Vyhodou této techniky je vétsi
dostupnost a niz8i ndklady na analyzy, nez je tomu v piipadé hmotnostni spektrometrie. Na
druhou stranu, pokud je dostupna jako koncovka LC-MS/MS, je lepsi ji upiednostnit, protoZe
tim, Ze identifikuje jednotlivé proteiny, nabizi vice dat k objasnéni pfi€in rozdilného charakteru

studovanych vzork.

7.Zavéry a zhodnoceni cili a hypotéz prace

Reseni predlozené disertadni prace vedlo k vyvinuti inovativni techniky umoZiiujici rychlou a
efektivni proteomickou charakterizaci kostnich tkani odoperovanych pfi stomatochirurgickych
zakrocich. Vychazeli jsme z hypotézy, Ze relativné malé molekuly trypsinu mohou difundovat
porézni kostni tkani k proteiniim ,,uvéznénym* v nerozpustné kostni matrici a specificky je
Stépit; uvolnéné specifické peptidové fragmenty pak difunduji do roztoku. Aplikace vhodné
koncovky, jakou muize byt naptiklad LC-MS/MS by pak méla vést k identifikaci zna¢ného
mnozstvi proteind. Technika by tak nevyzadovala komplikovanou a ¢asové naro¢nou izolaci

intaktnich proteinl z kostnich tkani.

S vyuzitim tkani prasecich Celistnich kosti se podatilo vySe zminénou hypotézu ovéfit a nalézt

vhodné podminky, které vedly k identifikaci vyznamného mnozZstvi proteinti pomoci LC-
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MS/MS. Velmi se osvédcilo pouziti propan-2-olu v preinkubacnim kroku (detaily viz ptiloha
1). Zminény pfistup vyuZzivajici pfimé Stépeni (,,in-bone digestion®) byl ndsledné vyuzit
k proteomické charakterizaci odoperovanych lidskych maxilarnich i mandibularnich kostnich
tkani. Umoznil identifikaci znacného mnozZstvi proteinti, véetné téch, které maji znacny
biologicky i klinicky vyznam v kostnich tkénich (viz 6.2). Matematicka analyza dat ziskanych
pomoci LC-MS/MS pak umoznila rozli§it mezi vzorky zdravych a patologickych tkani.

Pristup vyuzivajici piimé Stépeni byl téz GspéSné€ vyuzit pro charakterizaci in vitro modela
lidskych kostnich tkani s riiznymi indukovanymi patologickymi stavy. I v tomto piipadé bylo
s vyuzitim koncovky LC-MS/MS identifikovdno zna¢né mnozstvi proteini. Matematicka
analyza ziskanych dat nasledn¢ umoznila rozli§it mezi in vitro modely kostnich tkéani
s indukovanou rakovinou a kontrolou, sindukovanym zanétem a kontrolou. Rozlisit bylo

mozné téZ vzajemné¢ oba zminéné patologické stavy.

Byla téz ovéfena moznost vyuziti alternativni koncovky — CE-UV pro separaci specifickych
peptidovych fragmentl uvolnénych pifimym Stépenim vzorkll kostnich tkani (,,in-bone
digestion®). Pomoci matematické analyzy ziskanych elektroferogrami bylo mozné rozlisit

mimo jin€ téZ vzorky zanétlivych a zdravych tkani lidskych kosti.

Zavérem lze konstatovat, Zze nové piistupy k proteomické charakterizaci kostnich tkani ve
stomatochirurgii zalozené na pfimém S$tépeni maji potencial pfinést do této oblasti vhled na
molekuladrni Grovni v méfitku podstatné vétSim, nez bylo doposud bézné. Mohly by tak
predstavovat pfispévek k hlubSimu porozuméni fyziologickym i patologickym procesim
v Celistnich kostech. Navic lze uvazovat o tom, ze takto jednoducha a rychla analyza kostnich
tkdni by mohla pfedstavovat doplnék nebo dokonce alternativu k jejich tradicnimu
histologickému hodnoceni. Snadny a rutinné zvladnutelny postup zakonceny
poloautomatickymi postupy jako napiiklad LC-MS/MS s naslednou matematickou analyzou
ziskanych dat nevyzaduji zkuSené¢ho histologa a zna¢né omezuji moZnost subjektivni

interpretace.
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While methods like radiology or histology are routinely used in oral surgery, a simple and effective
method for characterization of alveolar bones at the molecular level is missing. This is primarily due to
the fact that proteomic analysis of hard tissue represents a serious analytical challenge. In this study, we
developed a simple technique for the proteomic characterization of bone tissue in the field of oral
surgery. After a prewashing step with different solvents, specific digestion with trypsin was performed
directly in porcine alveolar bone tissues without the prior reduction and alkylation of disulfide bonds.
The released peptides were then analyzed using liquid chromatography-tandem mass spectrometry.
When 2-propanol was used in the pre-incubation step, this approach identified 487 proteins in the
maxillary (upper jaw) bone and 443 proteins in the mandibular (lower jaw) bone, 40 of each being
specifically ascribed to bone tissue. This suggests that routine use of our technique can provide deeper
insights into the field of oral surgery at the molecular level. Furthermore, it could also have diagnostic
potential in differentiating between the proteomic patterns of healthy and pathological alveolar bone
tissue. The mass spectrometry proteomics data are available via ProteomeXchange with identifier

PXD018836.

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

Despite the fact that advanced proteomic techniques can pro-
vide useful insight into various physiological and pathological
processes at the molecular level, they are not commonly used for
bone tissue evaluation in oral and maxillofacial surgical practice.
Routine use generally requires methods that are simple, straight-
forward and user-friendly. Proteomic techniques can meet these
requirements, as demonstrated by their use in the analysis of oral
fluids [1-13] and soft dental tissue [14—25]. Thus, their imple-
mentation in oral surgery appears at least feasible. However, use of
the proteomic analysis of hard dental tissue, such as alveolar bones,
dental cementum or tooth tissue, in routine oral surgery necessi-
tates the development of novel approaches that are significantly
simpler than those currently used.

* Corresponding author.
E-mail address: hynekr@vscht.cz (R. Hynek).

https://doi.org/10.1016/j.ijims.2020.116375
1387-3806/© 2020 Elsevier B.V. All rights reserved.
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The major challenge in the proteomic analysis of hard dental
tissue is that the proteins which need to be analyzed are buried in
an insoluble matrix. Some of them can be extracted for analysis
[26], but a significant number remain embedded. Another approach
is the demineralization of hard dental tissue [27—29] or dentoal-
veolar tissue [30,31]. This technique can be more effective with
respect to the number of proteins identified, but it involves many
steps and is overly time-consuming. An additional problem, which
neither of these approaches resolves, is the poor solubility of the
numerous matrix proteins in hard tissue [27,28].

To have a chance of being implemented in routine oral surgery,
any new technique must respect the “keep-it-simple” principle.
Our goal was to investigate the development of just such a tech-
nique, the aim at this point not being to identify the maximum
number of proteins, but to shed light at the molecular level on oral
hard tissue. We applied our experience with a straightforward
technique for the digestion of insoluble materials [32,33] to such
tissues. Because porcine and human bones have similar properties,
with porcine bone often used as a grafting material in human
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makxillofacial surgery [34—41], porcine alveolar bone was chosen as
a model for method development. And because the tooth-bearing
maxillary (upper jaw) and mandibular (lower jaw) bones differ in
their mineral densities [42], they were used as models for testing
the broader potential of our approach.

2. Materials and methods
2.1. Specific cleavage of alveolar bone samples with trypsin

Approximately 3 mg of each alveolar bone sample (porcine
maxillary bone or porcine mandibular bone) was placed into a 1.5-
mL Eppendorf tube. The samples were then incubated for 30 min at
ambient temperature (22 °C) in either 1 mL of deionized water,
1 mL of 8 M urea solution or 1 mL of 2-propanol. Prewashing with
each solvent was applied to 10 samples of porcine jawbone, five of
which were taken from maxillary bone (upper jaw) and five from
mandibular bone (lower jaw). Thus, 30 bone samples were
analyzed in total.

The supernatant was then removed by the pipette. Subse-
quently, all samples were incubated for 5 min in 50 mM ammonium
hydrogencarbonate (NH4HCO3) solution. After the supernatant was
again removed, specific digestion was carried out in 15 pL (samples
were submerged) of 20 ug/mL sequencing grade trypsin (Promega)
in 50 mM NH4HCO3 at 37 °C for 3 h. Specific digestion was per-
formed without reduction and alkylation of the disulfide bonds.
The solution containing the released peptides was purified on
ZipTip packed with reversed phase (Cyg) resin and dried at room
temperature.

2.2. Mass spectrometry and protein identification

Liquid chromatography—tandem mass spectrometry (LC-MS/
MS) analysis was performed using a Dionex Ultimate 3000
RSLCnano ultra-high-performance liquid chromatograph (Dionex,
Dreieich, Germany) coupled with an ESI-Q-TOF Maxis Impact mass
spectrometer (Bruker Daltonics, Bremen, Germany). The dry sam-
ples were dissolved in 10 pL of loading buffer (water:-
acetonitrile:formic acid at a ratio of 97:3:0.1). The samples (3 pL)
were applied to an Acclaim PepMap 100 C;g trap column
(100 pm x 2 cm, reverse phase particle size 5 um; Dionex, Dreieich,
Germany) at a flow rate of 5 pL/min for 5 min. Then, they were
separated by reverse phase chromatography carried out at a flow
rate of 0.3 pL/min through an Acclaim PepMap RSLC C18 column
(75 pm x 150 mm, reverse phase particle size 2 um; Dionex,
Dreieich, Germany). The following gradient was used for the sep-
aration: 0 min 3% B; 5 min 3% B; 95 min 35% B; 97 min 90% B;
108 min 90% B; 110 min 3% B; 120 min 3% B. The composition of
mobile phase A was 0.1% formic acid in water and of mobile phase B
was 0.1% formic acid in acetonitrile. The peptides were eluted
directly into the ESI source (Captive spray; Bruker Daltonics, Bre-
men, Germany). Measurements took place in DDA (data dependent
analysis) mode with precursor selection in the range of 400—1400
my/z. From each MS spectrum, up to 10 precursors could be frag-
mented. The mass spectrometry proteomics data have been
deposited to the ProteomeXchange Consortium via the PRIDE [43]
partner repository with the dataset identifier PXD018836.

2.3. Mathematical analysis of obtained data

Peptides in the raw spectra were identified and quantified by
MaxQuant label-free quantification software (version 1.6.1 for
Windows) [44] using Sus scrofa NCBI protein database (assembly
Sscrofall.l). Reverse sequences were selected for target-decoy
database strategy [45] and a 1% false discovery rate (FDR) was

applied to both peptide spectrum match and protein group levels.
Trypsin was set as the proteolytic enzyme and two missed cleav-
ages were allowed; no fixed modification was selected. Methionine
oxidation and broken cysteine disulfide bonds (Cys-Cys) were
searched as variable protein modifications. The Bruker Q-TOF in-
strument setting was used with default tolerances: 0.07 Da for the
first search and 0.006 Da for the main peptide search at the MS
level. Protein identification was performed using the default
40 ppm as mass tolerance at the MS/MS level for TOF analyzer. The
minimum required peptide length was set to seven amino acids.
Only unique peptides were used for quantification. Protein groups
identified through target-decoy database strategy (‘Reverse’ col-
umn in the MaxQuant proteinGroups file) and proteins not iden-
tified by MS/MS spectrum (‘Only identified by site’ column in the
MaxQuant proteinGroups file) were removed and are not included
in any subsequent analyses. For each sample, it was assumed that
proteins would be identified if at least two peptide fragments for a
given protein were detected by MS/MS and if at least one of those
was unique. However, not all of the peptides obtained by in silico
trypsin digest were detected for each protein identified in a sample
and, thus, the protein intensity quantification values used for
principal component analysis (PCA) were computed as follows: for
each unique peptide detected for a given protein, MaxQuant label-
free quantification value (LFQ) was divided by peptide length and
the maximum of these values used as the protein intensity quan-
tification value.

R software (version 3.5.0 for Windows) was used for all statis-
tical analyses, with multiMS-toolbox [46,47] used for PCA. For PCA,
each sample was represented as a data vector consisting of protein
intensity quantification values for each protein detected by at least
two peptide fragments, one of which was unique.

To estimate the variation in the protein intensity quantification
values among the samples, the proteins detected in at least four of
five samples were enumerated for each prewashing method and
each bone substrate (for overall numbers, see Table 1). For each
such protein, the coefficient of variation, based on protein intensity
quantification values and five samples, was estimated using the
following unbiased estimation formula:

a=(1+1)%
v 4an) x

where n is the number of samples (i.e., 5), s is the sample standard
deviation and X is the mean value. For each prewashing method and
each bone substrate, these coefficients of variation were sorted in
descending order and are depicted in Fig. 6.

3. Results and discussion
3.1. Initial hypothesis
Our goal of developing a simple procedure for the character-

ization of proteins contained in alveolar bones involved completely
redesigning the complicated isolation of intact proteins from bone

Table 1

Counts of proteins identified using different prewashing steps.
Identified proteins® Water 8 M urea 2-propanol
Total in maxillary bone 97 240 487
Total in mandibular bone 92 217 443
Bone-related in maxillary bone 11 31 40
Bone-related in mandibular bone 13 31 40

2 Counts of proteins identified in at least four of the five samples according to the
criteria described in 2.3.
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tissue. Our redesign was based on the assumption that small mol-
ecules of trypsin (molecular weight 23.8 kDa) can penetrate the
porous structure of bone tissue and, in so doing, digest proteins, as
we previously demonstrated for other insoluble materials [32,33].
We assumed that the released peptide fragments would then
diffuse into the solution and that, after a simple cleaning step, it
would be possible to analyze them by LC-MS/MS. Based on this
hypothesis, we proposed an extremely simple workflow (Fig. 1) by
which samples are ready for LC-MS/MS analysis after a few routine
steps: pre-incubation/washing; specific cleavage by trypsin; puri-
fication by ZipTip followed by drying.

3.2. Identification of proteins after specific digestion with trypsin

The sliced alveolar bone samples were partially covered by
blood. From the viewpoint of our aim, soluble (mainly blood)
proteins represented undesirable contamination that could hinder
the successful identification of proteins specific to the bone struc-
ture. Thus, prior to digestion, we reduced their concentration in
each sample by implementing a prewashing step. We tested this
step by prewashing samples with one of three different solvents
(deionized water, 8 M urea solution or 2-propanol). In each case,
prewashing was applied to 10 samples of porcine jawbone (five
macxillary, five mandibular) so that 30 samples were analyzed in
total (see 2.1 for details). The differences in the effects of the pre-
washing procedures were observable visually (see Fig. 2 for
maxillary bone samples). The weakest visual change was observed
after prewashing with deionized water (the most intense reddish
color) while the strongest visual change was seen after the appli-
cation of 2-propanol (almost white). Similar visual effects were
observed for the mandibular bone samples (not shown).

In terms of the LC-MS/MS identification of proteins, for a protein
to be considered identified by specific trypsin digestion after pre-
washing with a given solvent, it must be identified in at least four of
the five samples in accordance with the criteria specified in section
2.3. The counts of proteins identified when the respective solvents
were employed are summarized in Table 1. The overlap between
the various counts is obvious from the Venn diagrams depicted in
Fig. 3. While the vast majority of proteins identified after pre-
washing with deionized water represent a subset of those found
after prewashing with 2-propanol, a certain amount of proteins (19
in the case of maxillary bone and 22 in the case of mandibular
bone) were exclusively identified by prewashing with 8 M urea
solution.

There were clearly big differences in the protein counts

|.Phase - routine manual procedure

identified by specific trypsin digestion and these differences were
dependent on the prewashing solvent used. The lowest total
amount of proteins identified in both bone types was found after
using deionized water. A higher amount was identified using 8 M
urea, but the highest amount was obtained after prewashing with
2-propanol (487 for maxillary bone, 443 for mandibular bone). The
higher amount of identifications obtained after washing with urea
rather than water might be due to the denaturing effect of 8 M urea
on proteins leading to easier cleavage by trypsin. The number of
proteins identified after prewashing with 2-propanol was so much
higher than those identified after washing with water that some
other effect of 2-propanol should be considered (discussed below).
On the other hand, despite the different mineral densities of
maxillary and mandibular bones [42], the differences in the num-
ber of proteins identified in them were not that large. The consis-
tency of the results obtained for the maxillary and mandibular
bones is important in terms of the potential further application of
our method in oral surgery practice; such application is dependent
on evidence of successful results for both types of bone.

The proteins identified by LC-MS/MS can by divided into three
groups. The first group mainly consists of blood proteins, such as
hemoglobins, albumins and immunoglobulins, which we cannot
expect to be completely removed by prewashing. The second
groups are proteins that occur in different types of tissues,
including bone tissue. The third group is composed of proteins that
are highly likely to play significant roles in bone tissue. The iden-
tification of proteins from the third group confirms the effective-
ness of our approach and the soundness of the hypothesis on which
it is based. Thus, we primarily focus our attention on them in what
follows.

Prewashing with 2-propanol before specific cleavage by trypsin
led not only to the identification of the highest total number of
proteins but also to a significant increase in the number of proteins
that can be ascribed to tissue in both the maxillary and mandibular
bones (Table 1). The count of bone-related proteins identified after
using 2-propanol was approximately four times higher than that
identified after prewashing with water. The overlaps depicted after
the different prewashing steps are shown in the Venn diagrams
below (Fig. 4), which unambiguously show the strong effect of 2-
propanol in bone-related protein identification. The bone-related
proteins found after prewashing with water and urea were all a
subset of those identified when 2-propanol was involved.

One possible explanation for the effect of 2-propanol could be
that some organic solvents seem to have a positive influence on the
proteolytic cleavage of certain proteins. For example, the influence

1. Pre-incubation/washing |——>| 2. Specificcleavage ——— 3. ZipTip purification/drying

Il.Phase - automated procedure

LC-MS/MS analysis —>

Data processing/
mathematical analysis

Fig. 1. Scheme of the workflow.
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'903-?

A

Fig. 2. Visual changes in maxillary bone pieces. Without any prewashing A); after 30 min of prewashing with deionized water B) or 8 M urea C) or 2-propanol D).

2-propanol water 2-propanol water
8M urea 8M urea

Fig. 3. Venn diagrams of total proteins identified after 30 min prewashing with deionized water, 8 M urea or 2-propano in A) maxillary and B) mandibular bone.

2-propanol water 2-propanol water
8M urea 8M urea

Fig. 4. Venn diagrams of bone-related proteins identified after 30 min prewashing with deionized water, 8 M urea or 2-propanol in A) maxillary and B) mandibular bone.

of organic solvents (acetonitrile, acetone) on the digestion of specific cleavage performed directly in bone tissue placed in a so-
selected model proteins (cytochrome ¢, myoglobin) with trypsin in lution of 50 mM NH4HCOs. Thus, an alternative explanation is that
free solution was described [48]. On the other hand, the fact that the use of 2-propanol for prewashing leads to changes that sub-
this study reported cleavage by trypsin directly in the presence of sequently facilitate trypsin access to the cleavage site of proteins
different organic solvents should be considered; in our study, only embedded in the bone structure.

2-propanol was used in the prewashing step, with the subsequent
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Table 2
Reproducibility of protein identifications among the samples.
Identified proteins in at least number of 5 samples Water 8 M urea 2-propanol
1 2 3 4 5 1 2 3 4 5 1 2 3 4 5
Total in maxillary bone 240 173 130 97 68 474 390 305 240 181 674 606 554 487 402
Total in mandibular bone 270 185 136 92 62 436 348 277 217 134 681 604 522 443 361
Bone related in maxillary bone 23 17 15 11 10 37 35 33 31 30 40 40 40 40 40
Bone related in mandibular bone 27 23 18 13 9 35 34 33 31 19 40 40 40 40 39
3.3. Reproducibility of protein identifications in the samples and of P
protein intensities ™
For the identified proteins, the reproducibility among the sam- -
ples is summarized in Table 2. B
Table 2 shows that after prewashing with deionized water less 5 |
than one third of the total proteins identified in at least one sample © -
were identified in all five samples. Better reproducibility was ob- [
tained for the samples prewashed with urea, but the results for 2- kel |
propanol were clearly the best. In terms of the identification of <
bone-related proteins, the benefit for reproducibility of using 2- 52 b=
propanol is again obvious. 2
PCA found no sample with overall outlying protein intensity ©
quantification values for the different solvents used and for the a2 \
bone types among the sample (Fig. 5). In particular, the overall
variance for the samples prewashed with 2-propanol was not
excessive for the maxillary bone samples and was minimal for the 2
mandibular bone samples. 0 100 200 300 400

To assess the reproducibility of protein quantification, co-
efficients of variation for protein intensity quantification values
were calculated and are presented in Fig. 6. Lower coefficients of
variation (i.e., under 0.5) were obtained for only a few proteins after
prewashing with deionized water, for more proteins when using
8 M urea and for the highest amount of proteins after using 2-
propanol. Using relative numbers, washing with 2-propanol also
led to the highest ratio of proteins with lower coefficients of vari-
ation to proteins with higher coefficients of variation. The curves
for the maxillary and mandibular bone samples are very similar in
the cases of deionized water and 2-propanol. The 8 M curves are
also similar, but with the mandibular bone showing greater
variation.
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Fig. 6. Coefficients of variation for proteins identified after prewashing step with
deionized water, 8 M urea and 2-propanol in maxillary and mandibular bone samples.

3.4. Comments on bone-related proteins identified in maxillary and
mandibular bones

The proteins anticipated to be specifically associated with bone
tissue are summarized in Table 3 for the 2-propanol prewashing
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Fig. 5. PCA scores plot (first two components) for vectors of protein intensity quantification values of all detected proteins for each sample after 30 min of pre-incubation in
deionized water, 8 M urea solution or 2-propanol and for A) maxillary bone, B) mandibular bone.
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Table 3
Bone-related proteins identified by LC-MS/MS after prewashing with 2-propanol.

Protein ID* Protein name Peptides” maxillary Peptides” mandibular MW (kDa)
XP_020931400.1 collagen alpha 3(VI) chain 77 78 335
XP_013848274.2 collagen alpha-1(XII) chain isoform X2 77 52 333
XP_020922812.1 collagen alpha-1(1) chain isoform X1 72 76 139
NP_001230584.1 collagen alpha-2(1) chain precursor 62 58 129
NP_001230226.1 collagen alpha-1(III) chain precursor 38 32 139
XP_005668408.1 periostin isoform X2 36 40 90
NP_001193280.1 periostin isoform 2 precursor 36 39 87
NP_001193276.1 periostin isoform 1 precursor 35 38 93
XP_020938805.1 tenascin isoform X8 33 31 245
NP_999395.1 tenascin precursor 29 28 191
XP_020919318.1 tenascin-N isoform X1 23 20 162
XP_013848366.1 annexin A2 isoform X1 20 19 39
XP_003133690.2 fibronectin 20 13 289
XP_005672670.3 annexin A6 16 16 76
XP_003129266.2 annexin A5 15 14 36
XP_001925971.4 plastin-3 12 8 71
XP_020938158.1 collagen alpha-2(VI) chain 12 8 109
XP_020926755.1 collagen alpha-1(VI) chain 11 11 109
XP_005662305.1 asporin isoform X1 11 11 42
NP_999085.1 decorin precursor 11 13 40
NP_001230268.1 lumican precursor ; 11 10 39
XP_020930354.1 collagen alpha-2(V) chain isoform X1 10 7 140
XP_003135523.1 biglycan isoform X2 9 10 41
XP_020941477.1 mimecan isoform X1 9 6 34
XP_003354522.1 procollagen C-endopeptidase enhancer 1 9 6 50
XP_020927747.1 clusterin isoform X2 8 7 52
XP_013854105.1 reticulocalbin-3 ;reticulocalbin-3 8 7 37
XP_005668942.1 chondroadherin 7 6 41
XP_005667062.1 osteopontin isoform X2 7 6 34
XP_005668474.1 plastin-2 7 5 70
XP_005661592.2 versican core protein isoform X2 7 6 262
XP_005652426.1 alpha-2-HS-glycoprotein 6 6 39
NP_001014971.1 collagen alpha-1(V) chain precursor 5 5 184
NP_001167604.1 calreticulin precursor 5 5 48
NP_001157470.1 annexin Al 5 5 39
XP_020925236.1 plastin-1 4 4 71
NP_001231880.1 leucine-rich repeat-containing protein 59 4 4 35
XP_003130153.1 fibromodulin 4 4 43
XP_003484071.1 calumenin isoform X1 3 3 37
XP_003124829.1 osteomodulin 3 2 49

2 Proteins identified in at least four of the five samples according to the criteria described in section 2.3.
> Number of unique peptide fragments identified by LC-MS/MS is the average value of all five samples of the respective bone type. Proteins are listed in descending order of

number of unique peptide fragments identified in maxillary bone.

step, and in Table S1 and Table S2 (in Supplementary material) for
urea and deionized water, respectively.

As with the counts of total proteins (Table 1), the numbers of
bone-related proteins identified in the maxillary and mandibular
bone samples were very similar. While there were some differences
between the maxillary and mandibular bone samples in terms of
the numbers of unique peptide fragments identified by LC-MS/MS,
the numbers of specific bone proteins identified in the two bone
types were identical for prewashing with 2-propanol (Table 3). The
identification of bone matrix proteins is highly significant because
it shows the ability of our technique to identify proteins firmly
embedded in bone structures, thereby highlighting its potential
further application in oral surgery practice.

Thus far, studies focused on the proteomic analysis of hard tis-
sue (bone or dental tissues) have generally used either deminer-
alization [27-31] or extraction procedures [26,49,50]. Compared
with demineralization, extraction techniques are less time-
consuming, but a significant number of proteins remain
embedded in bone. Even the promising extraction procedure based
on hydroxyapatite chromatography [49] remains too complicated
to be easily used in routine analysis. To our best knowledge, we
used the most straightforward approach based on specific cleavage
directly in alveolar bone tissue without prior demineralization and
without the prior reduction and alkylation of disulfide bonds. Other

approaches using specific cleavage directly in an insoluble matrix
without the need for complicated pretreatment have been reported
for insoluble materials [32,33], but not for fresh bone tissue.

The identified bone proteins (Table 3) are known to play various
biological roles in bone tissue, including in healing processes after
oral surgery. For example, the abundant collagen is frequently used
in dental implantology to prevent epithelial migration and enable
regenerative cells to repopulate damaged tissue [51]. Periostin
appears to play a significant role in the regeneration of the peri-
odontal ligament and alveolar bone after surgical procedures [52].
Biglycan is a small leucine-rich proteoglycan that influences bone
mineralization; suppression of its gene has been shown to lead to
an osteoporosis-like phenotype and reduce bone mass growth rate
in knock-out mice [53].

4. Conclusions

We have developed a simple technique of prewashing before
trypsin digestion for the direct extraction of proteins in alveolar
macxillary and mandibular bone tissue. Followed by LC-MS/MS, it
results in the identification of significant numbers of proteins.
When 2-propanol is used for the prewashing step, the amount of
identified proteins, particularly those that can be specifically
ascribed to bone tissue, is significantly enhanced. Because it does
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not require time-consuming demineralization and because it
overcomes the issue of the poor solubility of numerous matrix
proteins in hard tissue, this technique could be a first step towards
the routine use of bone proteomics in the field of oral and maxil-
lofacial surgery.

We believe that reported procedure could be applied to the
generation of proteomic profiles for human alveolar bones in
different pathological states. This would provide molecular-level
insights and lead to a deeper understanding of alveolar bone pa-
thology. Mentioned technique could become a useful complement,
or even alternative, to the standard histological evaluation of
alveolar bone tissue.
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1 Introduction

Although proteomics has been rapidly developing in the past
decades, the common use of proteomic analysis still lags
behind in some areas of biomedicine. One of such areas
is the proteomic charactenization of tissue in oral surgery.
While significnt progress has been achieved in the analy-
sis of soft dental tissue [1-4], the routine use of proteomics
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for the characterization of hard dental tissue continues to
be an analytical challenge. Some proteins can be relatively
easily extracted [5] and subsequently analyzed, but a major
part of proteins remains trapped in the insoluble matrix.
The techniques used for their analysis involve demineral-
ization [6-10], which is complicated, time-consuming and
thus not suitable for their routine use in oral surgery. An-
other problem remaining even after demineralization is the
low solubility of various matrix proteins contained in hard
tissue [6, 7].
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is based on the simple idea that intact proteins do not have
to be laboriously isolated from the gel before specific cleav-
age with trypsin. Instead, a piece of gel is submerged into
a buffered trypsin solution. Relatively small molecules of
trypsin penetrate through the porous gel structure and specif-
ically cleave the proteins buried in the gel. Since the re-
leased peptide fragments are small, they can easily diffuse
into the solution. They can then be analyzed by a selected
technique. This strategy has led to a revolution in proteomics;
it has been modified to be compatible with other rapidly
developing proteomic techniques, particularly MS [12-18].
Later, direct tryptic cleavage was successfully used for the
analysis of the proteins contained in color layers of histor-
ical paintings [19] and followed by proteomic analyses of
other insoluble materials, such as mortars or ossified aortic
valves [20-23].

Recently, we have developed a new method for bone-
protein identification based on the direct in-bone tryptic
cleavage of proteins followed by the LC-MS/MS separation
and identification of the released protein-peptide fragments
using porcine alveolar bones as model samples [24]. A sim-
ilar approach, in-bone tryptic protein digestion followed by
the CE profiling of the released peptides, has been suc-
cessfully applied for the differentiation of human healthy
and inflammatory alveolar bone tissue obtained from oral
surgery [25].

The aim of the current study is to implement our above-
mentioned straightforward approach of in-bone tryptic pro-
tein digestion followed by the LC-MS/MS analysis of the re-
leased peptides [24] for the proteomic characterization of the
surgical leftovers of 29 human samples of both healthy and
pathological maxillary and mandibular bone tissue.

2 Materials and methods
2.1 Chemicals

All the chemicals used were at least of analytical reagent
grade. Propan-2-ol (hypergrade for LC-MS) and TFA (for Zip-
Tip purification) were purchased from Merck KGaA (Darm-
stadt, Germany). Acetonitrile (LC-MS grade) and ammonium
hydrogen carbonate (NH,HCO;) were supplied by Sigma
(St. Louis, MO, USA) and Porcine Pierce Trypsin Protease,
MS Grade (TPCK-treated) was supplied by Thermo Scientific
(Waltham, MA, USA). RP Cyg ZipTip pipette tips were ob-
tained from Millipore Corporation (Bedford, MA, USA).

2.2 Human maxillary and mandibular bone samples

Human maxillary and mandibular bone samples have been
collected as surgery leftovers. The informed consent of all
participating subjects has been obtained. The permission
of the local authority (ethical committee) is attached. All
samples of both healthy and inflammatory tissue were col-
lected from the bone tissue located in the corresponding

© 2021 Wiley-VCH GmbH

Proteins, Proteomics and 2D 2553
part of the alveolar septum during surgery performed on
third molars. The collected samples were promptly mechan-
ically cleaned of blood using tweezers, scalpel, and/or den-
tal drill, and stored at —80°C before processing. In total, 29
samples originating from healthy and pathological maxillary
and mandibular bone tissue were collected and subsequently
processed.

2.3 The specific cleavage of proteins in bone
samples

Approximately 3 mg of each bone sample (almost the whole
leftover) was placed into a 1.5 mL Eppendorf tube. The sam-
ples were divided into two groups. The first group, containing
eight samples from maxillary bone and seven samples from
mandibular bone, was directly subjected to tryptic hydrolysis,
without any pre-incubation step. The second group of sam-
ples (seven samples from maxillary bone and seven samples
from mandibular bone) was first pre-incubated for 30 min
in 100 pL of propan-2-ol at the temperature of 50°C under
shaking at 700 rpm in an Eppendorf Thermomixer compact
(Hamburg, Germany). The supernatant was then removed by
a pipette.

Subsequently, all samples were vortexed for 1 min
with 100 pL of 50 mM ammonium hydrogen carbonate
(NH,HCOs3) solution at laboratory temperature (22°C). Af-
ter the supernatant was again removed, specific digestion
was carried out with the samples submerged in 15 pL of
20 pg/mL sequencing-grade trypsin in 50 mM NH,HCO;
at 37°C for 3 h. This specific digestion was performed
without the reduction and alkylation of disulfide bonds.
The solution containing the released peptides was purified
on ZipTip packed with RP (Cis) resin. The samples were
eluted to 0.2 mL Eppendorf PCR tubes and dried in the
Thermomixer without shaking at 50°C for approximately
2h.

2.4 Mass spectrometry and protein identification

Mass spectra were acquired using a Maxis Impact ESI-QToF
mass spectrometer (Bruker Daltonics, Bremen, Germany)
connected with a Dionex Ultimate3000 RSLCnano UHPLC
chromatograph (Thermo Scientific). Dry samples were re-
suspended with 3% v/v acetonitrile and 0.1% v/v formic
acid. Subsequently, the samples were loaded on an Acclaim
PepMap 100 trap column (100 pm x 2 cm, RP, particle size:
5 pm; Dionex) using the flow rate of 5 pL/min. After 5 min
of washing, the flow was directed to an Acclaim PepMap
RSLC C18 analytical column (75 pm x 150 mm, RP, parti-
cle size: 2 wm; Dionex). The mobile phase A was 0.1% v/v
formic acid in water and the mobile phase B was 0.1% v/v
formic acid in acetonitrile. Peptides were eluted with a lin-
ear gradient of 3-35% B for 90 min followed by column
wash (90% B) and re-equilibration of the columns (3% B)
before loading the next sample. The eluted peptides were
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introduced directly into a Captive spray ESI source (Bruker
Daltonics, Bremen, Germany). Spray voltage was set to
1400 V, the temperature to 150°C, and the flow of dry nitro-
gen to 3 L/min. Measurements were performed in the data-
dependent analysis mode. Mass spectra were recorded every
3 s in the range of 50-2200 m/z. Precursors for collision-
induced dissociation were selected in the range of 400-1400
m/z and MS/MS spectra were collected at the speed of 4—
16 Hz depending on the intensity of the precursors. The pre-
ferred charge range was 2-5, with singly-charged precursors
being excluded; 1 min dynamic exclusion time was applied.
Both profile and line spectra were saved. The MS proteomics
data were deposited to the ProteomeXchange Consortium via
the PRIDE [26] partner repository with the dataset identifier
PXD026775. The initial data summary set was exported from
MaxQuant to Excel and is available in Supporting Informa-
tion Table S1. From this list, the proteins with known biologi-
cal roles in bone tissue were selected; they are summarized in
Table 2.

2.5 Mathematical analysis of the data obtained

Peptides in the raw spectra were identified and quantified
by MaxQuant label-free quantification (LFQ) software (ver-
sion 1.6.7 for Windows) [27] using the Homo sapiens NCBI
protein database (assembly GRCh38.p13) and the UniProt
Homo sapiens proteome database (UP000005640). Reverse
sequences were selected for target-decoy database strategy
[28]. A 1% false discovery rate was applied to both peptide-
spectrum match and protein-group levels. Trypsin was set
as the proteolytic enzyme and two missed cleavages were al-
lowed; no fixed modification was selected. Methionine oxi-
dation and broken cysteine disulfide bonds (Cys-Cys) were
searched as variable protein modifications. The Bruker Q-
TOF instrument setting was used with the following de-
fault tolerances: 0.07 Da for the first search and 0.006 Da
for the main peptide search at the MS level. Proteins were
identified using the default 40 ppm as mass tolerance at
the MS/MS level for the TOF analyzer. The minimum re-
quired peptide length was set to seven amino acids. Only
unique peptides were used for quantification. Protein groups
identified through target-decoy database strategy (the “Re-
verse” column in the MaxQuant proteinGroups file) and
proteins not identified by the MS/MS spectrum (the “Only
identified by site” column in the MaxQuant proteinGroups
file) were removed and are not included in any subsequent
analyses. The overall protein intensity was estimated as a
sum of MaxQuant LFQ values for unique detected peptides.
Partial least squares—discrimination analysis (PLS-DA) [29]
for the estimation of the accuracy of classification was run
in the R software (version 4.0.3 for Windows) [30] using
“caret” (6.0.86) and “pls” (2.7.3) packages. The optimal num-
ber of latent variables for PLS-DA was determined using
the one-SE (standard error) rule and leave-one-out cross-
validation.
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3 Results and discussion

3.1 The identification of proteins after their in-bone
tryptic digestion

Our recently developed simple technique for protein iden-
tification using porcine alveolar bones as model samples
[24] was verified for samples from human maxillary and
mandibular bones. The method is based on direct in-bone
tryptic protein digestion, releasing specific peptide fragments
from the proteins buried in the insoluble matrix, and on their
subsequent separation by LC and identification by tandem
MS. The scheme of the workflow is depicted in Fig. 1; and
it is described in more detail in Sections 2.3-2.5.

We have tested two variants of sample preparation for
the in-bone tryptic protein digestion. Since our intention was
to keep the procedure for the identification of a reasonable
amount of proteins in bone tissue as simple and straight-
forward as possible, we first tested the procedure with di-
rect in-bone trypsin protein digestion after simple bone wash-
ing with ammonium hydrogen carbonate. In this variant, 15
samples of human alveolar bones (eight maxillary and seven
mandibular) were only briefly rinsed with ammonium hy-
drogen carbonate solution (see Section 2.3) before their spe-
cific digestion by trypsin. On the other hand, our interest was
focused on the analysis of proteins embedded in the insol-
uble bone matrix. For this reason, together with the previ-
ously reported positive effects of organic solvents on the spe-
cific cleavage of proteins [31], we have included a relatively
short (30 min) pre-incubation of bone samples in propan-
2-ol at 50°C for the reduction of the contamination of bone
proteins with soluble (mainly blood) proteins before rinsing
the bones with ammonium hydrogen carbonate and subse-
quent in-bone protein digestion (see Section 2.3 for details).
The pre-incubation step was applied to 14 samples of human
alveolar bones (seven maxillary, seven mandibular). In total,
29 alveolar bone samples were characterized (see Section 2.3
for details).

The numbers of the proteins identified in maxillary and
mandibular bone samples of different patients for both of the
above-mentioned variants of in-bone tryptic protein digestion
are summarized in Table 1.

For bone-related proteins, their biological roles are dis-
cussed more deeply in Section 3.2. A higher number of pro-
teins in both maxillary and mandible bone samples were
identified when propan-2-ol was used in the pre-incubation
step. Although the increase of the number of identified pro-
teins (mostly in the range 10-26%) is much lower than thatin
the previous study, when involvement of propan-2-ol in pre-
incubation step led to the identification of approximately four
times higher number of proteins [24], the positive effect of
sample pre-incubation in propan-2-ol is obvious. An expla-
nation could be that propan-2-ol positively influences subse-
quent digestion by trypsin. Partially, it could be ascribed to
the delipidation of the sample, which could facilitate the pen-
etration of trypsin into proteins trapped in the bone tissue.
Another reason could be the denaturation of proteins, which
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Figure 1. Scheme of the workflow.

Table 1. Numbers of identified proteins using different variants
of the technique

Number of identified proteins”

Type of identified No 30 min pre-incubation

proteins pre-incubation in propan-2-ol

All proteins in 999/535/518 1120/630/655
maxillary bone

All proteins in 1008/447/501 1151/491/489
mandibular bone

Bone-related proteins 51/49/46 62/58/52
in maxillary bone

Bone-related proteins 53/52/49 56/53/50

in mandibular bone

*Total number of identified proteins at least in one sample/total
number of identified proteins at least in four samples/average
number of identified proteins per sample.

could improve the access of trypsin to cleavage sites. The pos-
itive effects of organic solvents on the specific cleavage of pro-
teins were reported earlier [31]; in our study, however, propan-
2-ol was used only before the in-bone protein digestion by
trypsin. Therefore, the tryptic digestion itself was performed
only in the water solution of ammonium hydrogen carbonate.
A similar effect has recently been observed also for porcine
alveolar bone samples [24].

Both variants of in-bone protein digestion made it possi-
ble to identify a satisfactorily high number of proteins in both
maxillary and mandibular bone samples (see Table 1). This
is an interesting finding because maxillary and mandibular
bone tissues differ significantly in their mineral densities. It
was reported that mineral density of the maxillary bone is in
average approximately two times lower than the mineral den-
sity of mandibular bone. This finding seems to be connected
with higher failure rate of dental implants in maxillary bones
[32]. Thus, the fact that reported technique provides similar
results for both maxillary and mandibular bone samples (see
more in section 3.3) is extremely important for its applica-
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bility in oral surgery because it is not necessary to seek for
different methodological approaches for the analysis of the
samples from maxillary and mandibular bones.

Venn diagrams showing overlaps between the above-
mentioned sets of all proteins (bone-related as well as oth-
ers) identified in at least four samples are depicted in Fig. 2A.
The differences in numbers of all the proteins identified us-
ing different variants of the technique applied are more no-
ticeable in the case of maxillary bone samples, in which the
differences in numbers of proteins identified using and non-
using propan-2-ol pre-incubation are higher than in the case
of mandibular bones. The similar finding has been observed
for bone-related proteins identified in at least four bone sam-
ples (see Fig. 2B).

The above data show that it is reasonable to involve sim-
ple bone pre-incubation in propan-2-ol before in-bone tryptic
protein digestion. Propan-2-ol is a commonly used organic
solvent, and its application does not represent a significant
complication of the sample preparation procedure.

3.2 The biological and clinical importance of
bone-related proteins identified in maxillary and
mandibular bone samples

As mentioned above, more bone-related proteins (i.e., pro-
teins specifically associated with bone tissue) were identified
when the in-bone protein digestion was preceded by 30 min
bone pre-incubation in propan-2-ol. These proteins are sum-
marized in Table 2. (For the bone-related proteins identified
without the propan-2-ol pre-incubation step, see Supporting
Information Table 2).

The sets of the identified bone-related proteins found
in maxillary and mandibular bone samples are very simi-
lar. Only a few bone-related proteins, particularly their iso-
forms, have been found exclusively in either the maxillary
or the mandibular bone (see Table 2). Several types of colla-
gen have been matched with a high number of unique pep-
tide fragments. This is not surprising, because collagen is a
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Table 2. Bone-related proteins identified by LC-MS/MS after pre-incubation with propan-2-ol

Electrophoresis 2021, 42, 2552-2562

Maxillary bones

Mandibular bones

Numberof ~ Numberof ~ Numberof  Number of
Protein ID Protein name samplesa peptides® samplesa peptides® M, (kDa)
NP_000079.2 Collagen alpha-1(I) chain preproprotein 7 57 6 56 138.91
NP_000080.2 Collagen alpha-2(I) chain 7 48 7 45 129.15
NP_476 508.2 Isoform 2 of Collagen alpha-3(VI) chain 7 44 7 44 321.35
NP_004361.3 Collagen alpha-1(XIl) chain 7 43 7 38 333.14
NP_000081.2 Collagen alpha-1(ll) chain 7 30 7 30 138.56
XP_005252029.1 Isoform 4 of Tenascin 6 24 7 15 230.86
NP_997 647.1 Fibronectin isoform 1 7 22 7 15 272.33
NP_001273594.1 Isoform 5 of Periostin 7 17 7 23 90.423
NP_001317446.1 Periostin isoform 8 precursor 7 17 7 24 90.142
NP_006466.2 Periostin isoform 1 precursor 7 17 7 24 93.313
XP_016869298.1 Collagen alpha-1(XIV) chain isoform X1 7 15 7 14 193.51
NP_001002857.1 Annexin A2 isoform 2 7 n 7 9 38.60
NP_001146.2 Annexin A6 7 10 7 7 75.87
XP_011516911.1 Annexin A1 isoform X2 7 9 7 9 38.71
NP_001145.1 Annexin A5 7 9 6 4 35.94
XP_024304524.1 Serpin H1 isoform X1 7 9 7 8 46.44
XP_011520273.1 Thrombospondin-1 isoform X1 7 9 7 5 123.16
NP_000058.1 Carbonic anhydrase 2 7 8 7 5 29.25
NP_001743.1 Catalase 7 8 6 3 59.76
NP_001275582.1 Clathrin heavy chain 1 isoform 2 7 8 7 6 192.06
NP_001129497.1 Plastin 3 isoform 1 7 7 7 5 70.81
NP_000349.1 Transforming growth factor-beta-induced protein ig-h3 7 7 7 3 74.68
NP_001258.2 Chondroadherin precursor 7 6 7 4 40.48
XP_011527753.1 Collagen alpha-2(VI) chain isoform X1 7 6 7 6 108.58
NP_001839.2 Collagen alpha-1(VI) chain 7 6 6 5 108.34
XP_016885213.1 Biglycan isoform X1 7 5 6 6 41.65
NP_002336.1 Lumican precursor 6 5 7 7 38.43
NP_071376.1 Tenascin-N 7 5 7 9 144.03
NP_598010.1 Decorin 7 5 N/A N/A 39.75
NP_001035147.1 Isoform D of Osteopontin 7 5 6 4 33.016
XP_0067 16347.1 Isoform 2 of Clusterin 7 5 7 3 57.832
NP_148935.1 Osteoglycin (Mimecan) 6 4 5 3 33.92
NP_06 4588.1 Matrix extracellular phosphoglycoprotein 7 4 4 7 55.66
XP_005266431.1 Plastin-2 isoform X1 7 4 N/A N/A 70.29
NP_001119808.1 Isoform V3 of Versican core protein 7 4 7 2 74.29
NP_002584.2 Procollagen C-endopeptidase enhancer 1 precursor 6 4 6 2 47.97
NP_000573.1 Isoform 5 of Osteopontin 7 4 6 4 33.843
NP_001238759.1 Osteopontin isoform 5 7 4 6 3 37.245
NP_06 0150.4 Asporin isoform 1 preproprotein 7 3 6 3 43.30
NP_005005.1 Osteomodulin 6 3 4 1 49.49
NP_001295323.1 Tetranectin 7 3 6 1 17.19
NP_001341502.1 Alpha-2-HS-glycoprotein isoform 4 preproprotein 7 2 7 2 36.35
NP_002014.2 Fibromodulin 7 2 6 2 32.71
NP_004334.1 Calreticulin 7 2 5 2 48.14
XP_016868640.1 Collagen alpha-1(XXIl) chain isoform X6 5 2 4 1 154.48
NP_569712.2 Collagen alpha-1(XVIIl) chain isoform 2 preproprotein 6 2 5 1 135.51
XP_011508875.1 Collagen alpha-2(V) chain isoform X1 7 2 6 1 139.8
NP_000891.2 Matrix Gla protein 7 1 6 1 12.35
NP_001120973.2 Isoform 3 of Alkaline phosphatase, tissue-nonspecific 6 1 N/A N/A 51.05
isozyme
XP_011519350.1 Collagen alpha-1(IV) chain isoform X1 5 1 N/A N/A 154.16
NP_542411.2 Collagen alpha-2(XI) chain isoform 1 preproprotein 6 1 N/A N/A 11.77
NP_001837.2 Collagen alpha-2(IV) chain 4 1 5 1 167.55
NP_954 642.1 Osteocalcin 6 1 6 1 10.96
(Continued)
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Table 2. Continued

Proteins, Proteomics and 2D 2557

Maxillary bones Mandibular bones

Numberof ~ Numberof ~ Numberof  Number of

Protein ID Protein name samplesa peptides® samplesa peptides® M; (kDa)
NP_001307629.1 Annexin 7 1 N/A N/A 33.55
NP_001126.3 Aggrecan 5 1 N/A N/A 79.61
NP_000156.1 Gap junction alpha-1 protein 4 1 N/A N/A 43.00
NP_001307808.1 Annexin A7 isoform 4 4 1 5 1 46.07
XP_011510002.1 Secreted phosphoprotein 24 (Fragment) 4 1 4 1 15.14
NP_065701.2 Reticulocalbin-3 3 1 2 1 37.493
NP_001186600.1 Calumenin isoform ¢ precursor 1 1 N/A N/A 38.05
XP_016865288.1 Thrombospondin-4 isoform X2 2 1 N/A N/A 7.4
NP_004958.2 Bone sialoprotein 2 1 1 N/A N/A 35.147
NP_001273358.1 Isoform 4 of Thrombospondin type-1 domain-containing N/A N/A 1 1 73.408

protein 4
NP_001092284.1 Isoform 2 of Sarcalumenin N/A N/A 1 1 54.43
XP_01686 9755.1 Collagen alpha-1(V) chain N/A N/A 4 1 183.56
NP_001847.3 Collagen alpha-1(XVI) chain precursor N/A N/A 5 1 157.75
XP_011536573.1 Transmembrane protein 119 isoform X1 N/A N/A 4 1 29.20

2The number of samples in which protein was identified. ® Number of unique peptide fragments identified by LC-MS/MS in maxillary
and mandibular bone samples, respectively. Proteins are listed according number of unique peptide fragments identified in maxillary

bone in descending order.

highly abundant protein in connective tissue. It is commonly
used in dental implantology for its ability to prevent epithe-
lial migration, which allows cells with regenerative character
to heal the injured area [33]. Another protein identified with
a high number of peptide fragments is tenascin, which is an
extracellular matrix glycoprotein highly abundant in bones,
where it influences osteoblast adhesion and differentiation,
and often present around healing wounds [34]. Fibronectin is

Maxilla
A No pre-incubation

Mandibula
Propan-2-ol

Maxilla
Propan-2-ol

Mandibula

No pre-incubation

a large (440 kDa) glycoprotein that binds to other extracellu-
lar matrix proteins, such as collagen, as well as to membrane-
spanning receptor proteins called integrins and is involved in
numerous processes, such as cell adhesion or wound healing
[35]. Fibronectin has been shown to affect osteoblast function
[36]. Periostin is known as an extracellular matrix protein that
seems to play a pivotal role in the regeneration of periodontal
ligament and maxillary and mandibular bones after surgery

Maxilla
B No pre-incubation

Mandibula
Propan-2-ol

Maxilla
Propan-2-ol

Mandibula
No pre-incubation

Figure 2. Venn diagrams of all the proteins (A) and bone-related proteins (B) identified in maxillary and mandibular bone samples without
any pre-incubation step and with pre-incubation in propan-2-ol (the numbers correspond to the numbers of proteins identified at least
in four samples of the maxillary or mandibular bones and using the digestion variant with no pre-incubation or with pre-incubation in
propan-2-ol, respectively).
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[37]. Increased expression levels of periostin have been found
to be connected with breast-cancer bone metastases [38]. An-
nexin is a common name for a group of proteins abundant
in bone matrix vesicles, where they might play a role in Ca?*
entry into the vesicles during hydroxyapatite formation [39].
Serpins (serine protease inhibitors) are a superfamily of pro-
teins first identified to act on chymotrypsin-like serine pro-
teases [40, 41]. SerpinH1 mutation has been reported to be
connected with osteogenesis imperfecta [42]. Glycoprotein
thrombospondin is an osteoblast-derived component of min-
eralized extracellular matrix [43]. Plastin 3 influences bone re-
modeling through the regulation of osteoclast activity, which
unveils a novel possibility to counteract osteoporosis [44].
Chondroadherin is a matrix protein considered to play a role
in maintaining bone cells on bone collagen matrices [45].
Biglycan is a proteoglycan playing a role in bone mineral-
ization and the rate of bone-mass growth [46]. Moreover, it
is an important participant in bone pathology, including its
role in the regulation of osteosarcoma cell growth [47]. Lumi-
can is a significant proteoglycan component of bone matrix
that is secreted by differentiating and mature osteoblasts [48].
Decorin is a major proteoglycan in bones, where it modulates
collagen matrix assembly and mineralization [49]. Osteopon-
tin plays a role in bone metabolism, homeostasis, and the
adhesion of several bone-related cells; it seems to be closely
related to the occurrence and development of many bone-
related diseases, such as osteoporosis, rheumatoid arthritis,
and osteosarcoma [50]. Clusterin is an anti-apoptotic glyco-
protein involved in the regulation of cell proliferation. It has
been suggested that secreted clusterin protein inhibits os-
teoblast differentiation of bone-marrow mesenchymal stem
cells by suppressing the ERK1/2 signaling pathway [51]. Os-
teoglycin (also known as mimecan) has recently been shown
to be a coordinator of bone and glucose homeostasis [52]. As-
porin seems to be associated with bone and joint diseases,
such as lumbar disc disease osteoarthritis [53]. Osteomod-
ulin, also called osteoadherin, belongs to the family of small
leucine-rich repeat proteins of the extracellular matrix [54].
The expression of osteomodulin in osteoblasts is induced
by osteoclastic activity, which indicates its involvement in
bone homeostasis [55]. Tetranectin is a protein composed
of four identical, noncovalently bound polypeptides, which
seem to play a role in bone mineralization during osteoge-
nesis [56]. Alpha-2-HS-glycoprotein, also known as fetuin-A,
may be involved, among other proteins, in the formation of
bone tissue [57]. Fibromodulin is a proteoglycan from the
small leucine-rich repeat protein family suggested to have a
role in dental-tissue and alveolar-bone formation [58]. Cal-
reticulin, known as a calcium-binding chaperone, has been
reported to inhibit inflammation-induced osteoclastogenesis
and bone resorption [59]. Osteocalcin is secreted exclusively
by osteoblasts [60] and could serve as the bone-formation
marker to assess jaw-bone quality before dental-implant treat-
ment [61]. Reticulocalbin is a calcium-binding protein lo-
cated in the lumen of endoplasmic reticulum, which has
been found, among others, in the secretome of osteoblasts
[62]. Calumenin is another calcium-binding protein present
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in the osteoblast secretome [63]. Bone sialoprotein is a com-
ponent of mineralized tissue, such as bone, dentin, cemen-
tum, and calcified cartilage. It has been reported to play a
functional role in bone formation and osteoclastogenesis [64].
Transmembrane protein 119, known also as osteoblast in-
duction factor, plays a pivotal role in bone formation and
biomineralization; it has been reported to be unregulated in
osteosarcoma [65].

3.3 Mathematical analysis of the data obtained

Since surgery leftovers of alveolar bone samples originated
either from completely healthy tissue without any inflamma-
tion or from tissue surrounding the inflammatory focus, PLS-
DA was applied in order to find out whether it would be pos-
sible to discriminate between the above-mentioned groups of
samples.

The important question is the normalization or standard-
ization of the recorded protein intensity in the spectra. The
normalization technique used, MaxQuant LFQ normaliza-
tion, is known to normalize the sample intensity in such a
way that the ratio of the majority of proteins between the sam-
ples is as close to the one as possible [66]. If most of the pro-
teins in the cells have the intensity levels constant or indepen-
dent of the studied difference, this normalization even over-
comes the potentially different number of cells in the samples
and, for example, allows the quantification of the original cell
cultures from their mixtures [66]. In our case, PLS-DA could
then be applied to the vectors of the LFQ-normalized intensity
values of the identified proteins [66]. The accuracy of PLS-DA
classification between healthy and inflammatory bone sam-
ples reached 73% (with one PLS latent variable used only
as the optimal number was determined by cross-validation)
when bone pre-incubation in propan-2-ol was avoided in the
sample preparation. On the other hand, with the bone pre-
incubation in propan-2-ol, the accuracy of discrimination in-
creased to 100% (with two PLS latent variables determined as
the optimal number). Only proteins identified in at least four
samples of any participating group (see Table 1) were used
for the analysis. The PLS scores using the PLS kernel algo-
rithm [67, 68] for the final classification model for both vari-
ants of in-bone protein digestion are graphically expressed in
Fig. 3.

The five most important proteins for discrimination be-
tween healthy and pathological (inflammatory) alveolar bone
tissue for both variants of in-bone protein digestion (with and
without sample pre-incubation in propan-2-ol) are shown in
Fig. 4 and their calculated ratios in pathological and healthy
tissue are provided in Supporting Information Table S3).
Since the present study focuses on the analysis of proteins
trapped in insoluble bone tissue (while inflammatory pro-
teins are often soluble), the correlation of the levels of the
mentioned discriminating proteins with pathological states
can be anticipated to be rather indirect. Y-box-binding pro-
tein 1 (lower level in pathological tissue) is known to have
various functions, including translational repression, RNA
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Figure 3. Orthonormal projection of the first and the second partial least squares (PLS) latent variable scores used for classification
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before tryptic protein digestion (B). In the absence of pre-incubation, only one (the first) latent variable was used for the classification as
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Figure 4. The five most important proteins for discrimination between healthy and pathological states of alveolar bone tissue without
(A) and with 30 min sample pre-incubation in propan-2-ol before tryptic protein digestion (B). The numerical values represent relative

weights of proteins.

stabilization, mRNA splicing, and DNA repair [69]. Peptidyl-
prolyl cis-trans isomerase B (higher level in pathological tis-
sue) catalyzes the cis-trans isomerization of proline imidic
peptide bonds and thus may assist in protein folding [70].
Barrier-to-autointegration factor B (higher level in patholog-
ical tissue) is a DNA-bridging protein, which plays an im-
portant role in nuclear assembly and chromatin organiza-
tion [71]. Tropomyosin alpha-4 (lower level in pathological
tissue) has been reported to stabilize cytoskeleton actin fila-

© 2021 Wiley-VCH GmbH

ments in non-muscle cells [72]. Ribosomal protein $21 (lower
level in pathological tissue) is one of the ribosomal proteins
contained in the small subunit 40 S [73]. The presence of
the hemoglobin is rather undesirable since the goal of this
study was to investigate mainly the differences in insolu-
ble proteins. The problem is that hemoglobin is a highly
abundant protein contained also inside of the bone tissues
and the mechanical cleaning of surface of the samples from
blood as described in Section 2.2 is not sufficient to remove it
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completely. The hemoglobin (higher level in pathological tis-
sue) is a well-described protein generally known to provide
oxygen transportation. Nevertheless, interesting findings re-
lated to this protein, such as the recently reported role of the
products of hemoglobin oxidation in the triggering of inflam-
matory response, may still be revealed [74]. Ankyrin-1 (lower
level in pathological tissue) has the ability to bind to other
membrane proteins and thus play a role in cell stability, cell
movement, and other cell functions. Ankyrin also cooper-
ates with cytoskeletal proteins and cell adhesion molecules
[75]. Cell-cycle regulators (higher level in pathological tis-
sue) play a role in DNA repair during S and G2 phases [76].
Actin (higher level in pathological tissue) is a highly con-
served protein that plays a role in organelle trafficking, cell
migration, and the regulation of gene transcription [77]. Mi-
tochondrial trifunctional enzyme (lower level in pathologi-
cal tissue) is a protein attached to the inner mitochondrial
membrane that catalyzes three out of the four steps in beta
oxidation [78].

Taking into account the enhanced number of all the
identified proteins as well as bone-related proteins (see Sec-
tion 3.1) and the potential for considerably better discrimina-
tion between healthy and pathological states of alveolar tis-
sue, the involvement of the bone pre-incubation in propan-
2-ol provides significant benefits for protein identification in
oral surgery.

In order to explore impartial the potential differences be-
tween protein intensity profiles of samples from the two dif-
ferent types of bones, PLS-DA was also run between groups
of samples obtained from maxillary and mandibular bones.
The accuracy of PLS-DA classification between maxillary and
mandibular bone samples reached only 53% when no pre-
incubation in propan-2-ol was used (including healthy and
pathological samples in both groups) and 64% when propan-
2-ol pre-incubation was used (also with regular distribution of
healthy and pathological samples in both groups). Thus the
protein intensity profiles of samples are rather independent
of the analyzed bone. This is favorable finding since it indi-
cates that the both types of bone samples can be successfully
analyzed by the same methodological approach.

4 Concluding remarks

We have implemented a straightforward technique based
on specific protein digestion by trypsin directly in biolog-
ical source materials and the subsequent LC-MS/MS anal-
ysis of the released peptide fragments in the field of oral
surgery. The technique has been verified on human maxil-
lary and mandibular bone samples. It has shown that bone
pre-incubation in propan-2-ol before in-bone protein diges-
tion improved the identification of proteins in maxillary and
mandibular bone samples and allowed to achieve 100% dis-
crimination between the samples of healthy bone tissue and
the samples of tissue surrounding the inflammatory focus.
The implemented procedure of direct in-bone protein di-
gestion by trypsin is so fast and simple that it could be rou-

© 2021 Wiley-VCH GmbH
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tinely performed by a dental assistant. Since this procedure
does not require complicated and time-consuming deminer-
alization, it is able to provide data already on the day of the
surgery (see the time axis in Fig. 1). Therefore, the technique
as a whole could serve as a complement, or even an alterna-
tive, to the standard histological evaluation of maxillary and
mandibular bone tissues. The implemented technique has
the potential to be routinely used in the field of oral surgery.
It could thus bring a deeper insight into this fascinating field
on the molecular level.
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For the understanding of pathological states of bone tissues in oral surgery, it
would be desirable to have the possibility to simulate these processes on bone cell
models in vitro. These cultures, similarly to bone tissues, contain numerous pro-
teins entrapped in the insoluble matrix. The major goal of this study was to verify
whether a method based on direct in-matrix protein digestion could be suit-
able for the discrimination between different induced pathological states of bone
cell models cultivated in vitro. Using in-sample specific protein digestion with
trypsin followed by liquid chromatography-tandem mass spectrometry analysis
of released peptides, 446 proteins (in average per sample) were identified in a
bone cell in vitro model with induced cancer, 440 proteins were found in a model
with induced inflammation, 451 proteins were detected in control in vitro culture,
and 491 proteins were distinguished in samples of vestibular laminas of maxil-
lary bone tissues originating from six different patients. Subsequent partial least
squares — discrimination analysis of obtained liquid chromatography-tandem
mass spectrometry data was able to discriminate among in vitro cultures with
induced cancer, with induced inflammation, and control cultivation. Thus, the
direct in-sample protein digestion by trypsin followed by liquid chromatography-
tandem mass spectrometry analysis of released specific peptide fragments from
the insoluble matrix and mathematical analysis of the mass spectrometry data

Article Related Abbreviations: DA, discriminant analysis; FBS, fetal bovine serum; hOBs, human osteoblasts; PBS, phosphate-buffered saline;
PCNA, proliferating cell nuclear antigen; PLS, partial least squares; RPMI, Roswell Park Memorial Institute.
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seems to be a promising tool for the routine proteomic characterization of in

vitro human bone models with induced different pathological states.

KEYWORDS

cancer, inflammation, in-sample protein digestion, liquid chromatography, mass spectrometry

1 | INTRODUCTION

Proteomic analysis of the insoluble materials represents
an analytical challenge in general since the proteins con-
tained therein are usually firmly entrapped in the insoluble
matrix. Conventional approaches how to solve this prob-
lem are based on a hard effort to isolate proteins prior
to their specific cleavage. On the other hand, techniques
using direct in-sample specific digestion, which are able to
release specific peptide fragments from entrapped proteins
without the need for their time-consuming isolation, were
already used for the analysis of proteins in various insolu-
ble materials [1-6]. Recently, methods using direct in-bone
protein digestion followed by CE or MS/MS analysis of
released peptides were reported [7-9].

Bone cell cultures represent a similar insoluble matrix
with entrapped proteins as above mentioned bones. They
can serve as a suitable model system for the implementa-
tion of routine proteomic characterization of pathological
states of bone tissues in oral surgery. In vitro bone mod-
els allow the use of human cells to gain more relevant
preclinical research results because these models dispose
of the interactions and mechanisms that usually rep-
resent a simplified in vivo situation [10]. Until today,
many models based on bone-forming cells (osteoblasts)
and bone-resorbing cells (osteoclasts) have been gener-
ated to simulate the bone remodeling process and its
associated diseases [11-15]. Using these in vitro models
based on osteoblast and osteoclasts co-culture systems, the
effect of quercetin [16], glucosamine [15], clodronate, alen-
dronate [17, 18], miR-21[19], melatonin, strontium, vitamin
D3, and vitamin K2 [14] in bone disorders were investi-
gated. The obtained results pointed out the importance of
the utility of bone-mimicking in vitro models to screen
drugs for bone-related diseases. Moreover, a co-culture sys-
tem of breast cancer cells and osteoclasts was performed
to study osteoclastogenesis induction and the metastatic
microenvironment [20]. Similarly, using an osteoblast
model, prostate cancer cells stimulated osteoblastogenesis
through extracellular vesicles [21].

The second type of co-culture models are indirect co-
culture models, which are based on the exchange of soluble
factors and elimination of direct cell-to-cell interactions.
However, even though this approach is less complicated,
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in some specific applications could be inappropriate, for
example, bone morphogenetic protein 2, which plays
dynamic and pivotal roles in osteogenesis, is produced
effectively only under direct co-culture of epithelial cells
and mesenchymal stem cells [22].

The last approach uses bone-like materials (bone slices)
allowing the achievement of functional human osteoclasts
with characteristic actin morphology and the expression
of cathepsin K and CD51/61. This approach very closely
replicates the in vivo situation [23].

The major aim of this work was to verify the potential
of the in-sample protein digestion approach for the dis-
crimination between different induced pathological states
of bone cell cultures in relation to oral surgery.

2 | MATERIALS AND METHODS

2.1 | Chemicals

The following chemical reagents and cell culture compo-
nents were purchased from Merck (Darmstadt, Germany):
Roswell Park Memorial Institute (RPMI) 1640 medium,
trypsin/EDTA solutions, an antibiotic mixture (peni-
cillin and streptomycin), phosphate-buffered saline (PBS),
fetal bovine serum (FBS), macrophage colony-stimulating
factor, receptor activator of nuclear factor K-B ligand,
ACN (LC-MS grade), NH,HCO3, propan-2-ol (hypergrade
for LC-MS), and TFA. Porcine Pierce Trypsin Protease,
MS Grade (treated with L-1-tosylamido-2-phenylethyl
chloromethyl ketone) was supplied by Thermo Scientific
(Waltham, MA, USA). Reversed-phase Cig ZipTip pipette
tips were obtained from Millipore Corporation (Bedford,
MA, USA).

2.2 | Human bone cell cultures

Human osteoblasts (hOBs) (Innoprot, Spain), THP-1 cells
(ATCC, TIB-202) and CEM/C1 cells (ATCC, CRL-2265)
were maintained in RPMI 1640 medium s with 10%
FBS and 1% (m/v) antibiotic/antimycotic solution. For
osteoclast differentiation, THP-1 cells (2.5x10° cells/ml)
were cultured in RPMI 1640 medium supplemented with
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10% FBS, 1% (m/v) antibiotic/antimycotic solution and
100 ng/ml phorbol 12-myristate 13-acetate for 48 h.

For co-culture, the bone slices (Boneslices, Denmark)
shipped in 70% (v/v) ethanol were transferred to 48-well
plates, washed in PBS, and dried overnight. 8x10°> hOBs
were seeded on bone slices. The medium was exchanged
every 2-3 days. After 13 days, 1x10° differentiated THP-1
cells were seeded on the top of the hOBs. The co-
culture was then performed in the differentiated medium
by adding osteoclastogenic differentiation factors includ-
ing macrophage colony-stimulating factor (50 ng/ml) and
receptor activator of nuclear factor K-B ligand (50 ng/ml).
The medium was exchanged every 2-3 days until day 28
[23]. For the bone model with induced cancer, cancer cells
were added on day 25 into the bone model by replac-
ing 50% of the medium with the new medium containing
CEM cells (1.5 x 10® cells/well) [24]. To stimulate the
inflammatory process, the bone models were treated with
bacterial lipopolysaccharide at a concentration of 1 pg/ml
as an inflammatory stimulus for 3 days [25]. After treat-
ment, bone tissues were washed with PBS and stored at
—80°C before further analysis. Sampling from each group
(control, cancer, and inflammation) was performed in
three biological repetitions. Each biological repetition was
divided into two technical repetitions for further analysis.

2.3 | Human maxillary bone tissues
Human maxillary healthy bone tissues have been collected
as surgery leftovers. The informed consent of all participat-
ing subjects has been obtained. The permission of the local
authority (ethical committee) is attached. All samples were
collected from the bone tissue of the vestibular lamina dur-
ing surgery performed on the third molars. The collected
samples were promptly mechanically cleaned from blood
using tweezers, scalpel, and/or dental drill, and stored at
—80°C before processing. In total, six samples originating
from six different patients were collected and subsequently
processed.

2.4 | In-samples specific protein
digestion

The procedure based on our previously reported direct
in-bone tryptic protein digestion [8, 9] was adapted for
bone cell cultures with induced cancer, inflammation, and
control groups. Briefly, three independent pellets were
processed from each group (together nine pellets). Approx-
imately 6 mg of each pellet (about one-quarter of the entire
pellet) were placed into a 1.5 ml Eppendorf tube (together
nine separate Eppendorf tubes) and pre-incubated for
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30 min in 100 pl of propan-2-ol at the temperature of 50°C
under shaking at 700 rpm in an Eppendorf Thermomixer
compact (Hamburg, Germany). The supernatant was then
removed by a pipette. Subsequently, all samples were vor-
texed for 1 min with 100 ul of 50 mM NH,HCOj; solution
at laboratory temperature (22°C). After the supernatant
was again removed, specific digestion was carried out with
the samples submerged in 15 pl of 20 pg/ml sequencing-
grade trypsin in 50 mM NH,HCOj; at 37°C for 3 h. This
specific digestion was performed without the reduction
and alkylation of disulfide bonds. The solution contain-
ing the released peptides was purified on ZipTip packed
with reversed-phase (Cg) resin. The samples were eluted
into 0.2 ml Eppendorf tubes. Each bone culture sample
was divided into two separate Eppendorf tubes. Subse-
quently, samples were dried in the thermomixer without
shaking at 50°C for approximately 2 h. Additionally, six
maxillary bone tissue samples were placed into six separate
Eppendorf tubes (approx. 3 mg of each sample) and pro-
cessed analogically as described above. After purification
on ZipTip, the samples were eluted into 0.2 ml Eppendorf
tubes (six separate Eppendorf tubes) and dried in the Ther-
momixer without shaking at 50°C for approximately 2 h.

2.5 | LC-MS/MS analysis

Mass spectra were acquired using a Maxis Impact ESI-
QToF mass spectrometer (Bruker Daltonics, Bremen, Ger-
many) connected with a Dionex Ultimate3000 RSLCnano
UHPLC chromatograph (Thermo Scientific). Dry samples
were resuspended in 10 ul of 3% v/v ACN and 0.1% v/v
formic acid. Subsequently, the samples were loaded on
an Acclaim PepMap 100 trap column (100 um X 2 cm,
CI8 RP, particle size: 5 um; Dionex) using the flow rate
of 7 ul/min. The injection volume was 3 ul. After 5 min
of washing, the flow was directed to an Acclaim PepMap
RSLC C18 analytical column (75 um X 150 mm, C18 RP,
particle size: 2 um; Dionex). The mobile phase A was 0.1%
v/v formic acid in water and the mobile phase B was 0.1%
v/v formic acid in ACN. Peptides were eluted with a lin-
ear gradient of 3%-35% B for 90 min followed by column
wash (90% B) and re-equilibration of the columns (3% B)
before loading the next sample. The mobile phase flow rate
during the separation of peptides was set to 0.3 ul/min.
The eluted peptides were introduced directly into a Cap-
tive spray ESI source (Bruker Daltonics). The spray voltage
was set to 1 050 V, the temperature to 150°C, and the
flow of dry nitrogen to 3 L/min. Measurements were per-
formed in the data-dependent analysis mode. Mass spectra
were recorded every 3 s in the range of m/z 50—2200. MS
spectrum was recorded every 3 s. Precursors for collision-
induced dissociation were selected in the range of m/z
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400—-1400 and MS/MS spectra were collected at the speed
of 4-16 Hz depending on the intensity of the precursors.
The preferred charge range was 2-5, with singly charged
precursors being excluded; 1-min dynamic exclusion time
was applied. Both profile and line spectra were saved.

2.6 | Mathematical analysis of MS data
Discrimination analysis of MS data was run similarly to in
[8] or [9]. Peptides in the raw spectra were identified and
quantified by MaxQuant label-free quantification software
(version 1.6.7 for Windows) [26] using the Homo sapiens
NCBI protein database (assembly GRCh38.p14) and the
UniProt Homo sapiens proteome database (UP000005640;
accessed May 25, 2022). Reverse sequences were selected
for the target-decoy database strategy [27]. A 1% false dis-
covery rate was applied to both peptide-spectrum match
and protein-group levels. Trypsin was set as the prote-
olytic enzyme and two missed cleavages were allowed;
no fixed modification was selected. Methionine oxidation,
proline oxidation, and broken cysteine disulfide bonds
(Cys-Cys) were searched as variable protein modifications.
The Bruker Q-TOF instrument setting was used with the
following default tolerances: 0.07 Da for the first search
and 0.006 Da for the main peptide search at the MS
level. Proteins were identified using the default 40 ppm as
mass tolerance at the MS/MS level for the TOF analyzer.
The minimum required peptide length was set to seven
amino acids. Only unique peptides were used for quantifi-
cation. Protein groups identified through the target-decoy
database strategy (the “Reverse” column in the MaxQuant
proteinGroups file) and proteins not identified by the
MS/MS spectrum (the “Only identified by site” column in
the MaxQuant proteinGroups file) were removed and are
not included in any subsequent analyses. The overall pro-
tein intensity was computed as follows: for each unique
peptide detected for a given protein, MaxQuant label-free
quantification value was divided by peptide length, and
the maximum of these values was used as the protein
intensity quantification value. The initial data summary
set was exported from MaxQuant to Excel and can be
seen in Table Sl1. Partial least squares — discrimination
analysis (PLS-DA) [28] for the estimation of the accuracy
of classification was run in the R software (version 4.0.3
for Windows) [29] using “caret” (6.0.86) and “pls” (2.7.3)
packages. For the estimation of the accuracy of classifi-
cation, the values of technical repetitions were averaged.
The optimal number of latent variables for PLS-DA was
determined using the one-standard error rule and repeated
k-fold cross-validation scheme (k = 3, times = 3).

Since proteins contained in the culture medium were
soluble and were washed away together with other soluble
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TABLE 1 Numbers of proteins identified in bone cell cultures
and vestibular laminas
Number of identified
proteins*
Samples’ origin 1 2 3
Cell culture with induced cancer 532 466 446
Cell culture with induced 546 460 440
inflammation
Cell culture control 533 478 451
Vestibular laminas of maxillary 623 530 491

bones

*Total number of proteins identified at least in one sample (column no. 1), at
least in 50% of samples (column no. 2), and an average number of proteins
identified per sample (column no. 3).

proteins present in the samples prior to in-sample diges-
tion of proteins entrapped in the insoluble matrices, the
obtained MS data were not analyzed against the Bos Taurus
databank.

3 | RESULTS AND DISCUSSION

3.1 | In-sample specific protein digestion
followed by LC-MS/MS analysis of released
peptides

The scheme of the applied procedure is shown in Figure 1.
For detailed descriptions, see Sections 2.4, 2.5, and 2.6.
The method was tested on in vitro bone models pre-
pared as described above (Section 2.2). The goal was to
verify whether the method could have the potential to
become a suitable tool for the characterization of cell
bone models. The bone models in vitro could be used
for high-throughput screening of potential drugs, which
is unfortunately a limitation of current bone disorders
research. This technique uses in-sample protein digestion
with trypsin, which leads to the liberation of specific pep-
tides directly from the insoluble matrix of bone cell models.
Subsequently, the released peptide fragments are purified
on ZipTip packed with reversed-phase (C;g) resin and ana-
lyzed by LC-MS/MS. In order to keep the procedure as fast
and as simple as possible, the reduction and alkylation of
the disulfide bonds (usually used in peptide mapping of
proteins) were avoided in this study.

The numbers of the proteins identified in bone cul-
tures with induced cancer, inflammation, and control as
well as in the vestibular laminas of maxillary bones are
summarized in Table 1. It is important to emphasize that
the presented study is focused on a fraction of proteins,
which remain entrapped in the insoluble matrix after pre-
incubation step with propan-2-ol and subsequent washing
with 50 mM NH4HCO; solution.
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with induced inflammation and control bone cell cultures (B). For simplicity, biological and technical replicates are drawn using the same

symbols. Some symbols are overlapping

Average counts per sample of identified proteins in the
different in vitro bone models cell cultures as well as in
the samples from human maxillary bones from vestibu-
lar lamina were roughly similar, namely 446 proteins in
bone cell culture with the induced cancer, 440 in culture
with induced inflammation, 451 proteins in control cell
culture, and 491 proteins in human maxillary bones from
the vestibular lamina.

3.2 |
data

Mathematical analysis of obtained

Partial least squares — discrimination analysis (PLS-DA)
was applied in order to ascertain if the applied technique
of in-sample protein digestion has the potential to discrim-
inate between different groups of in vitro bone cell culture
samples. The discrimination between bone cell cultures

with induced cancer and control culture is graphically
expressed in Figure 2A and discrimination between bone
cell cultures with induced inflammation and control cul-
ture is shown in Figure 2B. The accuracy of discrimination
between cancer and control was 94% (one latent variable)
and the accuracy between inflammation and control was
83% (one latent variable).

Figure 3A shows that it is also possible to discriminate
between two different pathological conditions, namely
between cancer and inflammation with reached accuracy
of 94% (three latent variables). This finding is promis-
ing since it indicates that described technique based
on in-sample protein digestion can have a potential to
discriminate between different pathological states. It is
strongly desirable that this method could be used as a
complement or even an alternative to the traditional
histological characterization of pathological states of bone
tissues in oral surgery. This traditional histological evalua-
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tion of bone tissues is very laborious and time-consuming.
Complete discrimination among all three in vitro bone
cell cultures is shown in Figure 3B. The reached accuracy
was 77% (two latent variables).

In addition, the discrimination between samples of
vestibular laminas of human maxillary bones and control
cell culture with an accuracy of 100% (one latent variable)
is depicted in Figure 3C. This discrimination is not very
surprising since it can be explained by the different natures
of in vitro bone models and real human bone tissues.

Mathematical analysis (PLS-DA - relative importance)
indicated the most important protein for discrimination
between the cancer bone cell model and the control
bone cell model Galectin-1 (ID in Uniprot database -
P09382). The level of galectin-1 was approximately 16 times
increased on average in cancer bone in vitro model samples
in comparison with control in vitro model culture sam-
ples. The increase of galectin-1 expression benefits tumor
growth since it can modulate cell adhesion, migration,
survival, and signaling [30]. Galectin-1 levels significantly
increased in patients with pancreatic ductal adenocar-
cinoma [31], ovarian cancer [32], and lung cancer [33].
Galectin-1 plays an important role in cancer progression
with different mechanisms such as the ability to pro-
mote tumor growth through regulating hypoxia-inducible
factor-1a [34] and the effect on tumor migration by medi-
ating the Akt/mTOR signaling pathway [35].

Additionally, proliferating cell nuclear antigen (PCNA)
(ID in Uniprot database - P12004), unconventional
myosin-Id isoform X2 (ID in Uniprot database - 094832),
and proteolipid protein 2 (ID in Uniprot database - Q04941)
were identified in bone cell culture samples with induced
cancer but not in the control cell culture group. PCNA is
known as a famous marker in various tumors [36]. It has
been extensively used in breast cancer diagnosis and prog-
nosis [37, 38] and a higher level of PCNA expression also
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correlated with a shorter disease-free period [39]. PCNA
expression was not detected in normal and inflammatory
tissues, but a significant increase in expression was seen
in cervical intraepithelial neoplasia and invasive cervical
squamous cell cancer [40]. Yang et al. (2015) demonstrated
that cervical carcinoma high-expressed IncRNA 1 func-
tions as an oncogene in cervical cancer that directly binds
PCNA mRNA to enhance its expression [41]. Myosin-
X, an unconventional myosin, has crucial functions in
many cell processes including wound healing, filopodial
formation, angiogenesis, the regulation of growth cone
formation and turning, and invadopodia formation [42].
Recent studies reported that Myosin-X is upregulated via
an EGRI-dependent pathway in mutant p53 breast tumors
in aggressiveness and metastasis in patients with breast
cancer [43, 44]. Moreover, protease-activated receptor 2
enhanced the expression of MYO10 in colorectal cancer to
induce cell migration contributing to the invasion of can-
cer cells at the edge of the tumor [45]. Proteolipid protein 2
(PLP2) is an integral ion channel membrane protein of the
endoplasmic reticulum [46]. PLP2 has been observed as an
oncogene in some cancers such as multiple myeloma [47],
human gliomas [48], malignant melanoma [49], renal cell
carcinoma [50], and breast cancer [51]. High PLP2 levels
are present in patients with disease progression and poor
prognosis [47, 50].

4 | CONCLUDING REMARKS

The technique based on direct in-sample protein diges-
tion in an insoluble matrix followed by LC-MS/MS analysis
of released specific peptide fragments and mathematical
analysis of the obtained MS data proved to be poten-
tially applicable as a relatively simple and effective tool
for the proteomic characterization of the bone cell mod-
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els cultivated in vitro with different induced pathological
conditions. This method could contribute to a better
understanding of these processes at a molecular level.
Additionally, it could help to develop a procedure for
the routine characterization of human bone tissues in
the field of oral surgery. Potentially, in the future, this
method could be used as mostly automated complemental
or alternative procedure towards traditional laborious and
time-consuming histological evaluation requiring a highly
experienced specialist - histologist.
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1 | INTRODUCTION

The traditional histological evaluation of bone tissues
requires very complicated sample processing involving

Petra Sazelova>* |

Pavel Cejnar® | Stépanka Kuckova'® |

Vaclav Kasicka?

The commonly used histological assessment of pathological states of alveolar
bone tissues in oral surgery needs laborious and time-consuming processing
by an experienced histologist. Therefore, a simpler and faster methodology is
required in this field. Following this demand, this paper reports a straightfor-
ward approach using the tryptic cleavage of proteins directly in bone without its
demineralization, followed by the capillary electrophoresis-ultraviolet detection
profiling of the yielded protein digest. Cleavage-derived peptides were separated
by capillary electrophoresis in acidic background electrolytes, pH 2.01-2.54.
The best resolution of peptide fragments with the highest peak capacity was
achieved in the background electrolyte composed of 55 mM H;PO,, 14 mM
tris(thydroxymethyl)aminomethan, pH 2.01. The differences in the obtained cap-
illary electrophoresis-ultraviolet detection profiles with characteristic patterns
for particular bone samples were subsequently discriminated by linear discrim-
inant analysis over principal components. This approach was first verified on
porcine bone tissues as model samples; jawbone and calf bone tissues could be
discriminated with an accuracy of 100%. Subsequently, the method was capable
of differentiating unequivocally between human healthy and inflammatory
alveolar bone tissues obtained from oral surgery. This procedure seems to be
promising as complement or even an alternative to the traditional histological
discrimination between healthy and inflammatory bone tissues in oral surgery.

KEYWORDS
alveolar bones, capillary electrophoresis, in-bone protein digestion, linear discriminant analy-
sis, principal component analysis

their time-consuming demineralization followed by a
laborious assessment by an experienced histologist. This
makes the waiting time for a qualified diagnosis too long,
which brings complications and could often even represent
a health risk. For this reason, a fast, inexpensive and auto-

Article Related Abbreviation: PCA-LDA, linear discriminant

analysis over principal components

matically interpretable technique would be welcome in the
field of oral surgery.
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WWW.jss-journal.com © 2020 Wiley-VCH GmbH ‘ 3949

95



MICHALUSOVA ET AL.

SEPARATION SCIENCE

A promising approach could be the use of a specific
proteolytic cleavage followed by analysis of the resulting
peptide fragments by chromatographic or electrophoretic
methods and/or by MS. However, the major challenge
in the proteomic analysis of hard dental tissues is that
the proteins to be analyzed are embedded in an insoluble
matrix. Some of them can be extracted for LC, CE, or MS
analysis [1], but a significant number remain entrapped
in the bone structure. Another approach is the deminer-
alization of hard dental tissue [2,3] or dentoalveolar tissue
[4,5]. Nevertheless, since this procedure involves many
steps and is excessively time consuming, its implemen-
tation would not bring significant advantages over the
above-mentioned histological techniques. An additional
problem, resolved by neither of these approaches, is the
poor solubility of the numerous matrix proteins in the hard
tissues [2].

For any new technique to have a chance of being
implemented as a diagnostic method in routine oral
surgery practice, it must respect the “keep-it-simple”
principle. Our goal was to investigate the development of a
simple technique that would enable quick discrimination
between healthy and inflammatory states of bone tissues
in the field of oral surgery. The possibility of a specific
cleavage of proteins contained in gel without the need for
their isolation was described by Shevchenko et al. as the so-
called in-gel digestion [6]. A similar straightforward tech-
nique using digestion with trypsin directly in the insoluble
matrix has also been described for the analysis of proteins
in some other materials [7,8]. A promising approach using
the direct tryptic cleavage of porcine bone tissues followed
by LC-MS/MS has recently been reported [9]. In the case
of direct in-bone digestion, relatively small molecules of
trypsin (molar mass 23.8 kg/mol) can penetrate the porous
structure of the bone tissue and digest the embedded pro-
teins. Subsequently, the released peptide fragments diffuse
into the solution, after which they can be analyzed. The
advantage of LC-MS/MS analysis is the possibility to iden-
tify the individual proteins, but its deficiency is that it is
less available than the cheaper, more affordable, and more
straightforward technique — CE with UV-absorption
detection. Additionally, CE has a higher potential to
distinguish between the samples containing components
differing in their charge numbers/states (e.g. singly or
multiply phosphorylated and non-phosphorylated forms
of proteins) [10] than the LC methods with MS detec-
tion, where the analysis of phosphorylated proteins is
complicated because of problems with their ionization.
These problems need to be solved, e.g. by in-situ peptide
enrichment [11].

CE is a powerful separation method with wide appli-
cability in the analysis of proteins [12,13] and peptides
[14,15], including their complex mixtures in proteomic,
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peptidomic, and metabolomic studies [16-20]. CE-UV and
CE-MS profiling of complex protein mixtures, such as pro-
teins in biological fluids, various human, animal, and plant
tissues, and food extracts, enables differentiation of the
origin and character of these samples, e.g. healthy or sick,
wild or transgenic, original or falsified, etc. In addition to
CE profiling of the extracts of the whole proteins, complex
protein mixtures can be evaluated using a shot-gun
proteomic approach [21]. Following this methodology, the
proteins are first enzymatically hydrolyzed into peptide
fragments and the produced complex peptide mixtures
are separated by HPLC and/or CE methods. The obtained
mixture of peptides is thus more complex than the original
mixture of proteins. Nevertheless, since peptides are
easier to separate by CE and detect by MS than proteins,
more peptides and proteins can be identified. Peptide and
protein identifications are achieved by comparing the
MS/MS spectra derived from peptide fragmentation with
the theoretical MS/MS spectra generated from the in silico
digestion of a protein database. This approach is frequently
used for the investigation of complex protein/peptide mix-
tures in proteomic/peptidomic studies [22-24] as well as
for the characterization of particular proteins by their
peptide maps [25, 26]. From proteolytic enzymes, trypsin
is the most frequently used for protein digestion because
of its high specificity of the cleavage peptide bond behind
Lys and Arg amino acid residues. For example, tryptic
digest peptide mapping has been used for the CE profiling
of normal and some pathological hemoglobins [27], for
the fast detection of the phosphorylation of human and
porcine pepsinogens [10], and for the discrimination
of wild and genetically modified maize varieties [28].
Native and glycated proteins have been distinguished
by the analysis of their tryptic digests by open-tubular
capillary electrochromatography with the salophene-
lanthanide-Zn?* complex as stationary phase [29] or
with bare gold nanoparticles-based stationary phase
[30]. The CE monitoring of in-line tryptic digestion has
recently been applied for the analysis of polylysine-drug
conjugate [31].

For the statistical analysis of the CE-UV profiles
recorded, either the peaks can be extracted from normal-
ized and registered profiles and the subsequent analysis is
run on the peak values only, as is common in MS-related
techniques [32], or the analysis can be run over the whole
profiles [33] for the techniques where the peak positions
are not easily distinguishable. The principal component
analysis (PCA) of sample data vectors then provides an
overview of the significant sources of variance in the exper-
iment. If these sources of variance match the pre-defined
division of samples into the groups studied, the subsequent
application of linear discriminant analysis (LDA) could
lead to an effective classifier. Otherwise, a more powerful
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TABLE 1 The composition, pH, and mobility of electroosmotic
flow, f.op, Of the used background electrolytes (BGEs) 1-5, and the
electric current, , of the CE experiments performed at the
separation voltage 12 kV, and the capillary coolant temperature 20°C

Heof X 10°
BGE  Composition pH [m?V1ls1] I[pA]
BGE1 500 mM acetic acid 2.54 146 6
BGE2 2 M acetic acid 221 87 10
BGE3 200 mM acetic acid, 2.20 12.7 13
200 mM formic acid

BGE 4 200 mM iminodiacetic 226 7.3 23

acid
BGES5 55mM H;PO,, 14 mM 2.01 4.7 25

Tris

techniques, such as the partial least squares-discriminant
analysis (PLS-DA) [34,35] can be employed.

The objective of the current work was to develop suit-
able experimental conditions for the enzymatic (tryptic)
direct in-bone digestion of proteins on a microscale fol-
lowed by CE separation with the UV-absorption detection
of the cleavage-generated complex mixtures of peptides.
The obtained CE-UV profiles of the tryptic protein digests
should be, after baseline adjustment and normalization,
statistically evaluated by the linear discriminant analysis
over principal components (PCA-LDA), with the aim to
find qualitative and/or quantitative differences in the
CE-UV profiles and to identify the samples originating
from different types of bone tissues. This approach could
be potentially used for the discrimination of healthy
and inflammatory or other pathological states of human
alveolar bone tissues in maxillofacial surgery.

2 | MATERIALS AND METHODS

2.1 | Chemicals

All the chemicals used were of analytical reagent
grade. Phosphoric, formic, and acetic acids, sodium
hydroxide, and dimethylsulfoxide (DMSO) were pur-
chased from Lachema (Brno, Czechia). Iminodiacetic
acid was obtained from Sigma (Prague, Czechia) and
tris(hydroxymethyl)aminomethane (Tris) was supplied by
Serva (Heidelberg, Germany). Propan-2-ol (hypergrade for
LC-MS) was provided by Merck (Darmstadt, Germany).
Tyramine hydrochloride (used as the internal standard in
CE analyses) and ammonium hydrogencarbonate were
purchased from Fluka (Buchs, Germany). The background
electrolytes (BGEs) were prepared from particular chem-
icals and Milli-Q water and filtered through a 0.45 pm
filter (Millipore, Bedford, MA, USA) prior to use. Porcine
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Pierce™ Trypsin Protease, MS Grade (TPCK treated), was
supplied by Thermo Scientific™ (Waltham, MA, USA).
Bovine Pierce™ Chymotrypsin Protease (TLCK treated),
MS Grade, was supplied by Thermo Scientific™.

2.2 | Bone samples

Porcine bone samples were obtained from a local slaugh-
terhouse. After a routine slaughter, the bones were placed
in abox with dryice and transported. Human alveolar bone
samples were collected as surgery leftovers. All samples
were stored at -80°C before processing.

2.3 | Specific cleavage of bone samples
Approximately 2 mg of each alveolar bone sample (porcine
jawbone, porcine calf bone and human jawbones from
healthy and inflammatory tissues) were placed in a
1.5 mL Eppendorf tube (each sample was treated in a
separate Eppendorf tube). Six samples of each bone were
then incubated for 30 min at the temperature of 50°C
in 1 mL of propan-2-ol under shaking at 700 rpm in a
thermomixer compact (Eppendorf). The supernatant was
then removed by a pipette. Subsequently, all samples were
incubated in 1 mL of 50 mM ammonium hydrogencarbon-
ate (NH,HCO3) solution in Milli-Q water at laboratory
temperature for 5 min. After the supernatant was removed
again, specific digestion was carried out in 25 pL (the
samples were submerged) of a solution of either 20 ug/mL
sequencing grade trypsin in 50 mM NH,HCO; at 37°C for
3 h or using 20 ug/mL solution of chymotrypsin under the
same conditions as those applied for digestion by trypsin.
Specific digestion was performed without the reduction
and alkylation of disulfide bonds in order to simplify
and speed up sample preparation. The bone substrate
was then removed from the samples with tweezers and
the remaining solution containing the released peptides
was centrifuged for 5 min in a table microspin centrifuge
(Eppendorf) at 9700 X g; the supernatant was transferred to
0.2 mL Eppendorf PCR tubes and dried in a thermomixer
at 50°C without shaking for approximately 2 h.

2.4 | Capillary electrophoresis

CE analyses were carried out in a P/ACE MDQ System
(Beckman-Coulter, Fullerton, CA, USA). Data acquisition
and evaluation were performed using the P/ACE System
MDQ software, Karat version, supplied by Beckman, and
a Clarity chromatographic and electrophoretic station
(DataApex, Prague, Czechia). The CE apparatus was
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equipped with a UV-vis spectrophotometric photodiode
array detector (190-600 nm) set at the detection wave-
length 200 nm. The CE analyses were performed in an
internally uncoated fused silica capillary (total/effective
length 40/30 cm, id/od 50/375 um) with an outer polyimide
coating (Polymicro Technologies, Phoenix, AZ, USA).

Migration time [min]

A new capillary was consecutively washed with 1 M
NaOH, water, and the BGE with 2 bar pressure for 5 min
each, and then conditioned in the BGE at a separation
voltage of 12 kV for 10 min. Between analytical runs, the
capillary was gradually rinsed with 1 M NaOH (1 bar X
5 min), water (2 bar X 2 min), and BGE (2 bar X 2 min).
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FIGURE 2 A scheme of the workflow

The capillary was thermostated by a circulating liquid
coolant to 20°C.

The dried samples of protein tryptic digests were dis-
solved in 10 pL of Milli-Q water containing an internal
standard (IS), tyramine hydrochloride, at the concentra-
tion of 0.02 mM. The samples were injected hydrodynam-
ically with 13.8-20.7 mbar pressure for 10-20 s. The CE
analyses were performed at the separation voltage of 12 kV
and the electric current of 6-25 pA. The composition of the
BGESs used as well as other experimental conditions of the
CE analyses are presented in Table 1. For each processed
sample, three technical replicates were run on CE.

2.5 | Mathematical analysis of CE-UV
profiles

All the statistical analyses were run in R for Windows soft-
ware [36] version 3.6.2.

2.5.1 | Baseline adjustment

To compare the intensity values from the recorded
CE-UV profile, the linear baseline was first estimated
and adjusted using a two-step algorithm: The recorded
profile was re-interpolated to obtain I(f) intensities
in 2 equidistant points covering the migration time
from 0 to 20 min. The temporal normalization factor
was estimated as |max I(t)| — |[medianI(¢)| and the I(t)
values were divided by the temporal normalization
factor to scale the intensities to a comparable range,
resulting in scaledI(t) values. Coefficients a, b for the
best-matching baseline a-t+0b for scaledI(t) were
obtained using the Levenberg-Marquardt algorithm
(R package ‘minpack.m’ version 1.2.1) minimizing
the sum of the squares of scaledI(t) and a -t + b values.
The subtraction of a-t + b was followed by the second
baseline estimation c-t+ d. Here, only the intensity
values below twice the median value (i.e. disregarding the
values of high peaks) were used for a better estimation of
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the baseline. The second estimated baseline was also sub-
sequently subtracted. The intensities were then multiplied
by the previously used temporal normalization factor to
obtain intensities similar to the original intensity range.

2.5.2 | CE-UV profile registration

After baseline adjustment, one profile was selected as the
template profile, to which all the other sample profiles
were registered. Each profile was divided by its max I(t)
value to obtain relative intensity values rell(f). Using
the Levenberg-Marquardt algorithm (R package “min-
pack.lm” version 1.2.1) the best-matching coefficients A,
B, C, and D were obtained, minimizing the sum of the
squares of relliemplate (femplate) @nd the intensity values
C - rellgample(A - templaie + B) + D, employing linear regis-
tration in both the time component (A - fiemplate + B) and
the intensity component (C - rellgample(fsampte) + D). All
the registered profiles were finally examined visually to
confirm the determined normalization coefficients. The
scripts for baseline adjustment and the CE-UV profile reg-
istration used can be downloaded at: http://uprt.vscht.cz/
capillary_electrophoresis.

2.5.3 | Principal component analysis,
linear discriminant analysis

Principal component analysis was run on the rell(t) inten-
sities of registered profiles including all three technical
replicates for each sample. The analysis was carried out in
R for Windows together with the multiMS-toolbox version
2.09 [33, 37] and visualized using ggplot2 R package
(version 3.2.1).

For linear discriminant analysis over principal compo-
nents (PCA-LDA), the rell(t) intensities of three CE-UV
technical replicates for each sample were first averaged
and the analysis was carried out using the R package
“caret” version 6.0.85. Data vectors were centered and
the points with zero variance among the samples were
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(A) The original CE-UV profiles (with no data pretreatment) of porcine jawbone protein samples in-bone digested by trypsin

(left records) and by chymotrypsin (right records) in the BGE 5. IS, the internal standard (0.02 mM tyramine hydrochloride). For the BGE 5
composition and other experimental conditions, see Table 1 and Section 2.4. (B) The baseline-adjusted and registered CE-UV profiles of trypsin
and chymotrypsin digested samples and the relative loadings of the first two principal components. (C) A PCA score plot for the baseline-
adjusted and registered CE-UV profiles of all technical replicates of samples digested by trypsin and chymotrypsin

removed. Eleven samples were then used for the training
of the PCA-LDA classifier and one sample was used for
validation, repeating the procedure twelve times (once for
each different sample, i.e. leave-one-out cross-validation),
and the overall accuracy of the model was computed.

3 | RESULTS AND DISCUSSION

3.1 | The optimization of the CE method

With respect to the character of the tryptic peptide frag-
ments of in-bone digested proteins (solubility, high charge,
and size variability, the wide range of isoelectric points)
and considering our experience with previous CE sepa-
rations of the tryptic digests of proteins in acidic con-

ventional and isoelectric buffers [28], we have decided
to analyze these peptides by CE in strongly acidic BGEs,
pH 2.0-2.5, free of any additives, because the previously
tested additives (hydroxypropylcellulose, hydroxyethylcel-
lulose, polyvinylalcohol, and methanol) did not improve
the separation of the analyzed proteins and peptides. In the
strongly acidic BGEs applied, most of the tryptic peptides
are positively charged and separated as cations based on
their different charge/size ratio. The advantage of low-pH
BGEs is that the dissociation of the silanol groups of the
bare fused silica capillary is suppressed, which reduces the
adsorption of positively charged peptides onto the inner
capillary wall and preserves the high separation efficiency
of CE. Three types of acidic BGEs have been tested: (i) the
BGEs composed of highly concentrated weak acids: acetic
acid and the acetic/formic acids mixture, (ii) isoelectric
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BGE (iminodiacetic acid), and (iii) classical acid/salt-based
BGE (Tris-phosphate). The full composition of the BGEs
tested as well as the other experimental conditions of CE
analyses are presented in Table 1.

First, a tryptic digest of proteins from the porcine calf
bone (available in high amount) was used for the devel-
opment and optimization of the suitable BGE composi-
tion and other CE separation conditions. Representative
records of the CE separations of the tryptic digests of pig
calf bone proteins in the above BGEs 1-5 (see Table 1) are
presented in Figure 1. The number of fully or at least par-
tially resolved peaks with the signal/noise ratio > 3 (fur-
ther referred to as “resolved peaks”) varied from 23-32 in
the highly concentrated weak acids-based BGEs 1-3 (0.5
or 2 M acetic acid, and 200/200 mM acetic/formic acids,
pH 2.54-2.20, respectively) to 39-42 in the isoelectric BGE
4 (0.2 M iminodiacetic acid, pH 2.26), and up to 43-46 in
the classical Tris/phosphate BGE 5 (55 mM H; POy, 14 mM
Tris, pH 2.01). Based on these results, the BGE 5, provid-
ing the highest number of resolved peaks (peak capacity),
was selected for further comparative analyses of tryptic and
chymotryptic peptide fragments of in-bone digested pro-
teins from porcine jawbone and for comparative analyses
of tryptic digests of proteins from porcine jawbone and calf
bone.

3.2 | Analysis workflow

Based on the assumption that the specific peptide frag-
ments generated by the direct in-bone enzymatic (tryp-
tic or chymotryptic) digestion of proteins and released
in this way into the surrounding cleavage solution could
be separated by CE with the subsequent PCA and
PCA-LDA evaluation of normalized CE-UV profiles, we
have suggested a simple workflow containing several
routine steps and automated mathematical (statistical)
analysis (see Figure 2). This workflow was first tested
using porcine bone samples, available in relatively high
amounts.

The sliced alveolar bone samples were partially covered
by blood. In terms of our aim, the soluble (mainly blood)
proteins represented undesirable contamination, which
could hinder the acquisition of the characteristic pattern of
proteins firmly captured in the bone matrix. Prior to tryptic
or chymotryptic digestion, we thus minimized the concen-
tration of blood proteins in each sample by washing them
with propan-2-ol (see Section 2.3 for details).

The differences between the CE-UV profiles of peptide
fragments from porcine jawbone proteins cleaved with
trypsin (left records) and chymotrypsin (right records)
are obvious both from the individual CE-UV profiles of
six independently prepared samples of tryptic and chy-
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motryptic protein digests shown in Figure 3A and from
the averaged normalized profiles shown in Figure 3B.
Subsequent PCA analysis of the averaged CE-UV profiles
of tryptic and chymotryptic protein digests showed no
outliers as an artifact of improper normalization (see
Figure 3C). Loadings for the first and second principal
component identified visual changes in peak intensities
as the most important factor of variance for normalized
profiles (see Figure 3B). Subsequent linear discriminant
analysis over principal components (PCA-LDA) carried
out on profiles averaged over technical replicates was able
to reach the accuracy of100% for the discrimination of both
groups of samples using leave-one-out cross-validation.
This finding was not surprising, because the cleavage
sites of trypsin and chymotrypsin are rather different
and strongly different patterns could thus be expected.
This successful discrimination of these two peptide mix-
tures was important for the verification of the suggested
approach.

A comparison of CE-UV profiles and the PCA of protein
digests from porcine jawbone and calf bone samples, both
in-bone digested by trypsin, is depicted in Figure 4. Since
the proteins of these samples come from the bones of
the same species (pig) and were cleaved with the same
enzyme, trypsin, the digests contained mixtures of more
similar peptide fragments than in the case of tryptic and
chymotryptic digests of the same bones. This was reflected
in fewer visually observed differences in the CE-UV
profiles of these samples (see Figure 4A and B), than in
the CE-UV profiles of the tryptic/chymotryptic samples
shown in Figure 3A and B. Despite this fact, PCA-LDA
was still able to distinguish between these two different
bone samples based on both qualitative (peak migration
times) and quantitative (peak areas) differences in the
obtained patterns with 100% accuracy. Loadings for the
first two principal components confirm that the most
important sources of variance are the identified peaks in
the profiles (see Figure 4B and C).

The findings above have indicated the capability of the
suggested procedure to distinguish between bone samples
with different protein levels. Since differences in protein
levels in healthy bone tissue and bone in pathological
states may be expected, we have applied this procedure for
the analysis of human jawbone samples from healthy and
inflammatory bone tissues. The CE-UV profiles of these
samples are shown in Figure 5.

The differences in electropherograms may be observed
in Figure 5A and the identified differences in normalized
profiles in Figure 5B. The subsequent discrimination
analysis (PCA-LDA) of six samples of healthy jawbone
and six samples of inflammatory jawbone obtained from
12 different people was able to discriminate between both
groups of samples with 100% accuracy (see also Figure 5C).
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FIGURE 4 (A)The original CE-UV profiles (with no data pretreatment) of tryptic digests of proteins from porcine jawbone (left records)

and calf bone samples (right records) in the BGE 5. IS, the internal standard (0.02 mM tyramine hydrochloride). For the BGE 5 composition
and other experimental conditions, see Table 1 and Section 2.4. (B) The baseline-adjusted and registered CE-UV profiles of tryptic digests of
proteins of the above jawbone and calf bone samples and the relative loadings of the first two principal components. (C) A PCA score plot for
the baseline-adjusted and registered CE-UV profiles of all technical replicates of jawbone and calf bone samples

As can be seen from Figure 5B, the identified sources of
inter-group variance depicted by relative loadings for
the first two principal components correspond to the
peaks in the profiles and vary in their intensities. The
100% degree accuracy is promising for future applications
because it indicates that this technique could have a
diagnostic potential based on the characteristic patterns of
jawbone in healthy and inflammatory or other potential
pathological states. The specific in-bone digestion is
so simple that it could be performed routinely in oral
surgery practice. The use of CE for the separation step
is also a significant advantage because this technique
is faster, easier and generally more available than the

more powerful but more expensive and less available
MS methods. An additional advantage of CE is the fact
that the phosphorylation degree of peptides/proteins,
resulting in relevant charge/size ratio (mobility) differ-
ences, is better manifested by the differences in CE-UV
profiles than by the differences in the MS spectra due
to problems with the suppressed ionization of phos-
phorylated peptides. The possibility of using CE to
discriminate between peptide/protein samples based
on different phosphorylation status is very important
because changes in protein phosphorylation may often be
characteristic of some inflammatory or other pathological
processes.
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FIGURE 5

(A) The original CE-UV profiles (with no data pretreatment) of tryptic digests of proteins from human jawbone samples

taken from healthy tissue (left records) and inflammatory tissue (right records) in the BGE 5. IS, the internal standard (0.02 mM tyramine
hydrochloride). For the BGE 5 composition and other experimental conditions, see Table 1 and Section 2.4. (B) The baseline-adjusted and
registered CE-UV profiles of tryptic digests of proteins of the healthy and inflammatory tissues of the human jawbone and the relative loadings
of the first two principal components. (C) A PCA score plot for the baseline-adjusted and registered CE-UV profiles of all technical replicates
of human jawbone samples taken from healthy and inflammatory tissues

4 | CONCLUDING REMARKS

We have developed a new straightforward, very fast and
inexpensive procedure, which in future could be used as
a useful complement or in some cases even an alternative
to the traditional histological assessment of bone tissues
in the field of oral surgery. Sample processing is rather
easy; it could be performed by a technical assistant in a
chemical laboratory. The method would be able to provide
results within several hours. Whereas traditional histology
of bone tissues (after time-consuming and complicated
sample processing) requires assessment by an experi-

enced histologist, the evaluation of CE-UV profiles can
be automated, thus excluding the possibility of human
errors.
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