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Predmluva:

Predkladana dizertaCni prace se vénuje predevSim objasnéni vlivu signalizacnich
adaptorovych molekul na Ié€ebnou odpovéd u détské akutni lymfoblastické leukémie.
Pomoci metod kvantitativni polymeréazové fetézové reakce, prutokové cytometrie a
Western blotu byla stanovena exprese adaptorovych molekul u hlavnich podtypa
akutni lymfoblastické leukémie a u nemalignich buné&nych prekurzord. Ukazali jsme,
Ze molekula NTAL u T-akutni lymfoblastické leukémie potencuje glukokortikoidy
indukovanou apoptézu. Na buné¢ném modelu v in-vitro experimentu jsme ovéfili
pozorovovani a objasnili biologickou podstatu tohoto jevu. V zavere¢né Casti naSi
prace jsme ve fyziologickych lidskych prekurzorech T-lymfocytl definovali expresi

signalizacni molekuly CD148.
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Abstrakt:

Leukémie jsou nejcastéjSim nadorovym onemocnénim u déti. Na leukemogenezi se podili
faktory vrozené i ziskané a mimo jiné i aberantni buné¢na signalizace. Transmembranové

signaliza¢ni adaptorové molekuly by mohly byt kauzalni pfic¢inou vzniku a propagace leukémie.

V prvni ¢asti nasSi prace jsme pomoci kvantitativni polymerazové fetézové reakce analyzovali
expresi adaptorovych molekul PAG, LAT a NTAL ve fyziologickych lymfocytarnich prekurzorech
a v diagnostickych vzorcich kostni dfené détskych pacientd s akutni lymfoblastickou leukémii
(ALL). V prabéhu lymfocytarniho vyvoje se exprese veétsSiny adaptorovych molekul vyznamné
méni (vzestup LAT a pokles NTAL v pribéhu vyvoje T-lymfocytl; pokles PAG pfi vyvoji B-
lymfocyt)). Obdobné se exprese adaptorovych molekul velmi lisi i v hlavnich podtypech ALL.
PfedevSim TEL/AML1 pozitivni akutni lymfoblastické leukémie maji unikatni profil exprese
adaptorovych molekul (vysoka exprese PAG a LAT, nizké exprese molekuly NTAL). V T-akutni
lymfoblastické leukémii mizeme pomoci molekuly NTAL identifikovat 2 skupiny pacientd — ti,
ktefi pfiznivé odpovi na inicialni pfedléébu prednisonem, maji vétSinou vysokou expresi
molekuly NTAL. Na druhou stranu pacienti, ktefi na inicidlni pfedlécbu prednisonem odpovi

Spatné, maji vétSinou hladinu molekuly NTAL nizkou.

V druhé C¢asti naSi prace jsme modelovali v in-vitro experimentech vliv molekuly NTAL na
glukokortikoidy mediovanou apoptézu u T-akutni lymfoblastické leukémie. PouZili jsme
bunéénou linii Jurkat (T-akutni lymfoblastickd leukémie, kter4 neexprimuje protein NTAL)
(Jurkat/wt) a vytvofili jsme buné&&nou linii Jurkat/NTAL+, kam byl vnesen konstrukt stabilné
produkujici protein NTAL. BunéCnou smrt a bunécnou signalizaci jsme studovali pomoci
prutokové cytometrie, Western blotu a kvantitativni polymerazové fetézové reakce. PFi inkubaci
bunéénych linii Jurkat/wt a Jurkat/NTAL+ s methylprednisolonem je bunécna linie
Jurkat/NTAL+ citlivéjSi na podavany kortikosteroid. Obdobné, po stimulaci T-buné&ného
receptoru, jsme pozorovali nizsi procento pfezivajicich bunék u linie Jurkat/NTAL+ nez u linie
Jurkat/wt. Po stimulaci T-buné&&ného receptoru méa Jurkat/NTAL+ linie vySSi hladinu
fosforylované formy molekuly ERK a exprimuje na svém povrchu vice aktivacniho markeru
CD69. Chemicky inhibitor ERK molekuly U0126 téméf kompletné zastavi apopt6zu po stimulaci
T-bunécného receptoru. PredevSim ale potlaci senzitizujici efekt molekuly NTAL na
kortikosteroidy indukovanou apoptézu. Molekula NTAL je tedy zfejmé tumor supresorem
zvySujicim citlivost leukemickych bunék na podavané kortikosteroidy a molekula ERK je

zodpovédna za tento proces.

V posledni ¢asti naSi prace jsme se vénovali expresi signalizacni molekuly CD148 v prabéhu
fyziologického thymocytarniho vyvoje. Na lidskych thymech, za pomoci pritokové cytometrie,
jsme detailné popsali zménu exprese CD148 v pribéhu zrani T-lymfocytu. NejvySSi expresi
jsme nalezli v poslednim stadiu vyvoje T-lymfocytu, kratce pred tim, nez nezraly T-lymfocyt

opousti thymus.



Abstract:

Acute lymphoblastic leukaemia is the most common malignancy in childhood. Various
acquired and congenital factors are involved in leukemogenesis including aberrant cell
signaling. Transmembrane adaptor molecules could play an important role in development

and propagation of leukemia.

In a first part of our study, we analyzed an expression of adaptor molecules PAG, LAT and
NTAL in physiological lymphocyte precursors and in diagnostic samples of different subtypes
of childhood acute lymphoblastic leukemia (ALL). In physiological lymphocyte development
the expression of adaptor molecules has significant dynamics (increase of LAT and
decrease of NTAL in T-lymphocyte development; decrease of PAG in B-lymphocyte
development). Similarly, in subtypes of childhood ALL the expression of adaptor molecules is
very different. Especially, TAL/AML1 positive acute lymphoblastic leukemia has a unique
expression profile of adaptor molecules (high expression of PAG and LAT, low expression of
molecule NTAL). In T-cell acute lymphoblastic leukemia the expression of NTAL molecule
identifies two groups of patients — those, who respond favourably to initial prednisone
treatment, have higher level of NTAL comparing to patients, who respond to prednisone

unfavourably. Those patients have low level of NTAL molecule expression.

In a second part of our study, we examined the role of NTAL molecule to glucocorticoid
induced cell death in in-vitro experiments. We used T-cell acute lymphoblastic leukemia cell
line Jurkat (Jurkat/wt) and we derived Jurkat cell line with stable NTAL expression
(Jurkat/NTAL+). Cell signalling and cell death after methylprednisolone treatment and after
T-cell receptor stimulation were analysed using flow cytometry, Western blot and quantitative
polymerase chain reaction. Jurkat/NTAL+ cell line was more sensitive to glucocorticoid
treatment than Jurkat/wt cell line. Similarly, after stimulation of T-cell receptor, we observed
lower percentage of surviving Jurkat/NTAL+ cells than Jurkat/wt. Moreover, after T-cell
receptor stimulation Jurkat/NTAL+ cells showed significantly higher level of ERK
phosphorylation and of CD69 activation marker compared to Jurkat/wt. The ERK inhibitor
U0126 almost completely abrogated T-cell receptor induced cell death and, importantly,
reversed the sensitizing effect of the NTAL protein to methylprednisolone induced cell
death.We conclude that NTAL is a tumor suppressor enhancing proximal signaling of
leukemic blasts. ERK that is the key molecule responsible for increasing cell sensitivity to

methylprednisolone induced cell death.

In a last part of our study, we focused on the expression of CD148 molecule during
physiological thymocyte development. Using flow cytometry, we described in detail the
change of CD148 expression during T-lymphocyte maturation. We found the highest
expression of CD148 in the last stage of T-lymphocyte development, shortly before immature
T-lymphocytes exit the thymus.



Akutni leukémie d étského v éku

Nadorova onemocnéni jsou po Urazech druhou nejCastéjsi pficinou umrti
v détském véku [1]. NejCastéjSim nadorovym onemocnénim u déti jsou
v rozvinutych zemich leukémie [2]. Leukémie je zhoubnou klondlni proliferaci
nezralych malignich lymfoidnich ¢i myeloidnich bunék, kdy je jejich pfirozeny
vyvoj zablokovany v ur€ité fazi vyvoje a klonalni buriky se pred timto blokem
hromadi [3]. Jinak feceno, spiSe nez o rychlejsi proliferaci malignich blastd,
dochazi pfi vzniku leukémie k bloku vyzravani a k potlateni bunécné smrti
(apoptdzy). Maligni blastické bunky infiltruji kostni dfen a parenchymové
organy, coz vede k dysfunkci téchto tkani. PFfi masivnim vyplaveni blastl do
periferni krve muZzeme ve zkumavce pozorovat bily prstenec tvofeny
nadorovymi bunkami — obraz leukémie. Podle bunéfné Ffady, ze které
pochazeji, délime leukémie na lymfoblastické a myeloidni a dale na akutni a
chronické. Nej¢astéjSim podtypem leukémie, vyskytujicim se v détském véku,
je akutni lymfoblasticka leukémie, ktera tvofi 75-80% pfipadl. Zbytek tvori
akutni myeloidni leukémie a chronickh myeloidni leukémie. Chronick&
lymfoblasticka leukémie je v détském véku extrémné vzacna [4]. V naSi préaci

se dale budeme zabyvat pouze akutni lymfoblastickou leukémii (ALL).



1. Akutni lymfoblasticka leukémie

V Ceské republice je diagnostikovano kazdym rokem pfiblizné 65 novych
pripadd ALL [5] a prestoze se muaze vyskytnout v kterémkoliv véku, jeji
incidence je nejvySSi mezi batolaty a mladSimi predskolaky [6]. Pfed rokem
1960 byl osud pacientt s ALL uniformné fatalni [7]. Prvni klinick& studie 1é¢by
ALL byla vedena na pocatku Sedesatych let v USA [8] a od té doby se preziti
déti s ALL dramaticky zlepSilo. V souCasné dobé pfi pouziti modernich
terapeutickych postupd je ALL relativné dobfe IéCitelnym malignim
onemocnénim, kdy v dlouhodobém horizontu Zije pfes 80% pacientl [2,5,8,9].
Tyto mimoradné vysledky byly dosazeny diky poznani etiopatogeneze ALL,
pouZziti a zapojeni novych terapeutickych postupl, znalosti optimalniho
davkovani a kombinace cytostatik a v neposledni fadé pomoci zlepSeni
podplirné péce. | dnesni lé€ba ALL je vSak spojena s mnohymi casnymi i
pozd&jsimi nezadoucimi udinky. Uspéch lécby je tedy zavisly i na znalosti
prognostickych faktord ALL a co nejpfesnéjSi stratifikaci pacientd do rdznych
rizikovych skupin, protoZe ne kazdy pacient potfebuje stejné intenzivni a tedy i

stejné toxickou lécbu.



1.1 Etiopatogeneze

1.1.1 Geneticke faktory a faktory vn  @jSiho prost redi

Etiopatogeneze ALL je komplexni, roli hraji faktory jak genetické tak
faktory vnéjSiho prostfedi. Vrozené genetické syndromy jsou pravdépodobné
zodpovédné za méné nez 5% pripadd ALL. Mezi syndromy se zvySenym
rizikem ALL patfi Downlv syndrom [10], syndromy se zvySenou
chromozomalni fragilitou (Fanconiho anémie, Bloomuv syndrom, Nijmegen
breakage syndrom), Li-Fraumeni syndrom a ataxia-teleangiektasia a
neurofibromat6za [11]. OvSem u vétSiny pacientd se na vzniku leukémie podili
mutace vznikla de-novo. Z faktor( vnéjSiho prostfedni je znam vysSi vyskyt
leukémie po expozici ionizujiciho zafeni [12]. Jiné dalSi potencialni noxy

zodpovédné za vznik leukémie nebyly prokazany [13].

1.1.2 Prenatalni p tvod ALL

Ke vniku leukémie jsou nejspiSe zapotiebi alespon dva zasahy. Prvni
vede ke vzniku takzvaného preleukemického klonu. Tento klon byva casto
charakterizovan pfitomnosti specifického fuzniho genu [13]. Preleukemicky
klon muze vzniknout jiz v prabéhu intrauterinniho zivota [14,15], bunky tohoto
klonu maji jistou proliferacni vyhodu, ale nevytvafi obraz leukémie. Vznik
preleukemického klonu je pravdépodobné relativné Casty fenomén. Pfiblizné v
1-3% pupeénikovych krvi zdravych novorozencl byl nalezen fazni gen
TEL/AML1 [16,17], coZ je ovSem asi 100x vice nez skute¢na incidence
TEL/AML1 pozitivni ALL. Faktorem, ktery zpusobi zménu preleukemického
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klonu na kmen leukemicky, je pravdépodobné dosud blize nepopsana
abnormalni imunologick& odpovéd na bakterialni &i virové onemocnéni [13,18].
Tato teorie vysvétluje vyznamny vzestup incidence ALL mezi 2. az 5. rokem
véku u déti; pozdni expozice imunitniho systému bézné infekci zplsobi
neadekvatni imunologickou reakci organismu, coZz pravdépodobné vede ke

vzniku genetickych zmén zodpovédnych za druhy zasah [13].

1.2. Klasifikace akutni lymfoblastické leukémie

1.2.1 Morfologie

Morfologicky se akutni lymfoblastické leukémie déli podle FAB
(francouzsko — americko — britské) klasifikace na leukémie s malymi,
homogennimi L1 lymfoblasty, s L2 lymfoblasty rizné velikosti, které maji ¢asto
viditelna jadérka a s L3 lymfoblasty se silné bazofilni cytoplasmou a ¢etnou
vakuolizaci. Kromé L3 lymfoblastu, které jsou patognomické pro zralou B-ALL,
toto morfologické rozdéleni nekoreluje s imunofenotypickou ¢&i cytogenetickou

klasifikaci a nelze ho pouzit k rizikové stratifikaci ALL [4,19].

1.2.2. Imunofenotyp

Diky monoklondlnim protilatkam s navdzanymi imunoflorescencnimi
barvami a rozSifeni pratokové cytometrie zazZila v poslednich letech velky
rozmach imunofenotypicka klasifikace ALL (klasifikace zaloZzena na stanoveni

povrchovych a intracelularnich znakd). Pomoci pratokové cytometrie muzeme
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v horizontu nékolika hodin od odbéru kostni dfené zpravidla fici, jestli se u
pacienta skute¢né jedna o maligni onemocnéni a pokud ano, jedna-li se o ALL
¢i o jiny typ hemoblastézy. Tato velmi rychla informace je dulezitd a obvykle
dostacujici k potvrzeni maligniho onemocnéni, zafazeni pacienta do lé¢ebného
protokolu a zahajeni protinadorové Ié€by. Prutokova cytometrie je dale schopna
ur€it, zda bunky ALL pochazeji z prekurzord B ¢&i T-lymfocytd a rozlisit
leukemické burky podle zralosti. Maligni blasty totiz exprimuji na svém povrchu
antigeny, které odpovidaji puvodnimu vyvojovému stadiu, ze kterého vzesly.
Dale se na nich vyskytuji tak zvané aberantni antigeny — antigeny z jiného
stupé zralosti lymfocytu &i antigeny charakteristické pro jinou vyvojovou linii.
Pfikladem aberantnich antigend je pfitomnost myeloidnich antigentd v B-
prekurzorové ALL (BCP-ALL) [20,21]. Tyto aberantni antigeny mohou mit
prognosticky vyznam a zaroven pomahaji k lepSi identifikaci leukemického
klonu pfi sledovani hladiny minimalni (submikroskopické) zbytkové nemoci
v kostni dfeni ¢&i periferni krvi [22-24]. V souCasné dobé se pouziva
imunologicka charakteristika ALL podle skupiny EGIL (European Group for
Immunological characterisation of Leukemia) [25,26] a tato klasifikace je
v ramci légebnych protokold pouzivana i v Ceské republice. BCP-ALL se dé&li
na nejméné zralé pro-B-ALL, common-ALL a nejvice zralé pre-B-ALL. ALL
pochazejici z prekurzord T-lymfocytd (T-ALL) se déli podle zralosti na pro,
intermediate a zralé T-ALL a nové zarazenou skupinu early T-cell precursor
(ETP) ALL [27]. Toto rozdéleni ma prognosticky vyznam, obecné meéné zralé
leukémie (pro B-ALL, pro T-ALL a ETP-ALL) maji horSi prognézu nez leukémie

pochazejici ze zralejSich prekurzoru [28].
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1.2.3. Cytogenetika

V ramci stratifikace ALL do rizikovych podskupin je zcela zasadni
cytogenetické a molekularné genetické vySetfeni malignich blastl. Numerické
¢i strukturdIni chromozomalni zmeény jsou popisovany u 80 az 90% leukémii
[19]. Mezi nejcasté&jSi numerické chromozomalni zmény patfi hyperdiploidie,
kterou diagnostikujeme u 25% pacientt s ALL. Hyperploidni leukemicka burika
obsahuje mezi 53 az 58 chromozémy. Tento typ leukémie patfi mezi podtypy
s nejlepSi progndézou. Naopak pacienti s hypodiploidii (poétem chromozomd
pod 45) maji nizkou Sanci na dlouhodobé preziti [29]. Zatimco klasické
cytogenetické vySetieni trva obvykle nékolik tydnu, informaci o ploidii ALL
blasti méame nyni velmi rychle k dispozici pomoci prutokové cytometrie, ktera
zmeéfi obsah DNA v burice a vysledek se porovna s mnozstvim DNA v normalni
diploidni burice. Vysledek je udavan jako DNA index. ALL s DNA indexem mezi
1,16 az 1,6 jsou ALL hyperdiploidni, naopak ALL s DNA indexem nizSim nez

1,0 jsou ALL hypodiploidni [4].

Strukturalni genetické abnormality jsou u ALL velice ¢asté a fada z nich
se podili na vzniku leukémie. Mezi nej¢astéjSi kauzalni genetické zmény patfi
translokace, delece, amplifikace a inverze, které v dlisledku vedou k zastavé
bunécné diferenciace a vzniku leukémie. Translokace t(12;21) (TEL-AML1,
podle nové nomenklatury ETV6-RUNX1) se vyskytuje u jedné &tvrtiny pacientu
s ALL a je tak nej¢astéjSi strukturalni chromozomalni zménou u ALL v détském
véku. Tato chromozomalni translokace je takzvané krypticka, neni
detekovatelna klasickym cytogenetickym vySetfenim. NejCastéji ji dokazujeme
molekularné genetickym vysSetfenim nebo metodou FISH (fluorescence in situ
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hybridization). ALL s TEL/AML1 translokaci maji velmi dobrou prognozu
[30,31]. Druhou nejCastéjSi strukturalni chromozomalni translokaci vyskytujici
se pfiblizné u 5% ALL je translokace t(1;19) (E2A-PBX1), tato translokace ale
v soucasnych léebnych protokolech sviij prognosticky vyznam ztratila. Mezi
dalSi ¢asté chromozomalni translokace s prognostickym vyznamem patfi BCR-
ABL1 a translokace genu MLL, fadici BCP-ALL do vysokeho rizika. Translokaci
t(9;22) (BCR-ABL1) nese pfiblizné 5% pacientd a tato translokace vede
k upregulaci tyrozinové kinazy ABL [32] a dysregulaci bunécné signalizace.
Soucasti moderni lécby BCR-ABL1 pozitivni leukémie jsou tyrozin kinazové
inhibitory [33,34]. Strukturalni abnormality lokusu 11923 (obsahujiciho MLL
gen) maji predevsSim kojenecké leukémie a leukémie sekundarni, celkové se na
skladbé ALL podili pfiblizné 5%. MLL gen ma vice jak 100 faznich partner(
mezi nejCastéji se vyskytujici translokace patfi t(4;11)(g21;023) a dale

t(11;19)(q23;p13.3) a t(9;11)(p22;923) [35].

Na etiopatogenezi T-ALL se také podileji rekurentni chromozomalni
aberace, translokace a delece [36,37]. Na podkladé chromozomalnich
translokaci a expresniho profilovani mizeme T-ALL rozdélit do nékolika skupin.
Toto rozdéleni ovSem prozatim neni v IéCebnych protokolech zohlednéno, byt
se jednotlivé skupiny prognoézou lisi [38,39]. Prvni skupina je charakterizovana
vysokou expresi genu TAL a LMO, kdy jsou tyto onkogeny translokovany do
blizkosti silného promotoru T-buné&ného receptoru (TCR). Do druhé skupiny
patfi aberace genu TLX1 (HOX11l) a to predevSim translokace t(10;14) a

t(7;10). Treti skupinu charakterizuje translokace TLX3 (HOX11L2). Ve d&tvrté
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skupiné jsou rlizné aberace vedouci k ektopické expresi HOXA skupiny genl

[36,37,40,41].

CRFLZ2 overexpression Hyperdiploidy
6% ¢ > 50 chromosomes
25%
ERG deletion
7%
ETV6-RUNX1
. 1(12;217),
iAMP21 — 25%
2% ‘
Others MYC
7% t(8;14), 1(2;8), 1(8;22)
2%
BCR-ABL1 E2A-PBX1
t(9;22) 1(1;19)
3% 5%
LYL1 TAL1
MLL rea_rrangem.ents 19p13 1p32 MLL-ENL
e.g., 1(4;22), 1(11;19), HOX11L2 1.5% 79 0.3%
1(9;11) 5035 e °
8% 2.5% HOX11
: 10g24
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Obr. 1 Zastoupeni specifickych genovych abnormalit détskych ALL [28]

1.2.4. Molekularni genetika

V nedavné dobé doSlo diky rozvoji rozvoji modernich molekularné
genetickych technik k nalezeni novych genetickych alteraci u ALL. Byly
nalezeny zmény vtumor supresorovych genech a v genech regulujicich
bunéény cyklus (CDKN2A/B, PTEN, RB1), transkripénich faktorech a
kofaktorech (IKZF1, PAX5, ETV6, ERG, TBL1XR1), v genech, které jsou
zapojeny Vv lymfoidni maturaci a signalizaci (JAK1/2, CRLF2, BTLA, TOX) a
také v genech zodpovédnych za odpovéd na |éCbu (napfiklad glukokortikoidni

receptor NR3C1). Nékteré z téchto dfive nepopsanych zmén, jejichz funkéni
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ani prognosticky vyznam neni ¢asto jeSté zcela znamy, byl nalezen u dvou

tetin BCP-ALL [42].

Alterace genu PAX5 se vyskytuje u 30% B-prekurzorovych ALL (BCP-
ALL) a zda se, Ze nema prognosticky vyznam. Mutace genu IKZF1 (IKAROS),
kterd se nachézi u 15% BCP-ALL, je negativnim prognostickym faktorem, ale
ziejmé jen u nékterych ALL [43-46]. Tyto transkripéni faktory jsou zodpovédné
za nasmérovani vyvoje hematopoetické kmenové bunky do lymfoidni linie
[47,48], proto mutace téchto transkrip&nich faktord mohou byt zodpovédné za
blok v maturaci lymfocytu [49,50]. Monoalelické, dominantné negativni mutace
genu IKZF1 se vyskytuji az u 50% BCR-ABL pozitivnich ALL a jsou spojeny se
Spatnou odpovédi na IéCbu tyrozin kindzovymi inhibitory [43]. Funké&ni
signalizace pre-B-bunééného receptoru spole¢né s intaktnim genem IKZF1
funguji jako silné tumor supresory pfi vzniku BCR-ABL pozitivni ALL [51].
Mutace IKZF1 se také vyskytuji u skupiny BCP-ALL bez rekurentnich
chromozomalnich zmén, ovSem jejich genovy profil je podobny BCR-ABL1
pozitivnim ALL. Tato skupina se nazyva ,BCR-ABL1 like* ALL a ma velmi

Spatnou prognozu [52].

Prfiblizné u 10% BCP-ALL nachazime vysoce exprimovany gen CRLF2,
coz je zplUsobeno nejcastéji IgH-CRLF2 translokaci nebo chimérickou fuzi
P2RYR-CRLF2 a Casto se vyskytuje u BCP-ALL asociovanych s Downovym
syndromem [53,54]. V leukémiich neni funkce tohoto genu jesté do detailu
popsana, ale pravdépodobné je spojena s aktivaCnimi mutacemi JAK kinaz,
coz vede k aberantni aktivaci JAK-STAT signaliza¢ni drahy [55]. Na mySim
modelu tyto dvé aberantni zmény kooperuji pfi rozvoji leukémie [56].
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DalSim zcela recentnim objevem odhalenym diky pouziti metod
sekvenovani nové generace bylo nalezeni velkého mnozZstvi kryptickych
chromozomalnich translokaci a strukturalnich mutaci aktivujici riizné tyrozin

kinazové drahy, postihujici napfiklad geny ABL, JAK2, PDGFRB, EPOR [42].

V neposledni fadé v nizkém procentu pfipadd BCP-ALL nachazime
intrachromozomalni amplifikace chromozomu 21 [57], mutace genu EGR a
mutace genu CREBBP. Mutace genu CREBPP jsou ¢asto nachazeny
vrelapsu ALL a vedou kabnormalni acetylaci histond [58] a dalSim

cytogenetickym a molekularné genetickym zménam.

Genetické zmeény, které sjednocuji vétsSi ¢ast T-ALL, a vyskytuji se
napfi¢ jednotlivymi genetickymi skupinami, jsou aberace genu NOTCH1, jehoz
aktivace je nalézana u vice nez 50% T-ALL [59,60]. NOTCHL1 je fyziologicky
dalezitym regulatorem diferenciace, proliferace, apoptézy a adheze T-
lymfocytu. U T-ALL mize byt NOTCHL1 velmi vzacné aktivovan mechanismem
chromozomalni translokace t(7;9) k TCRbeta lokusu [61]. OvSem nejCastéji je
molekula NOTCH1 aktivovana mutacemi v heterodimerizacni (HD) nebo PEST
doméné genu, coz vede k vysoké aktivité intracelularni doméeny NOTCH1 [62].
V nedavné dobé bylo popsano, Ze mutace v genu FBXW?7 vedou ke snizené
degradaci aktivni formy NOTCH1 a tim tato mutace pfispiva k NOTCH1
mediované leukemogenezi [63]. Aktivace genu NOTCH1 u T-ALL vede ke
zvySené expresi mnoha raznych genti (HES1, DTX1, PTCRA, NOTCH3, MYC)

[64].

Mezi dalSi Casté genetické zmény vedouci k propagaci T-ALL patfi

mutace Ci hypermetylace promotord regulatord bunééného cyklu pl5 a pl6
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(CDKN2A/B), které se vyskytuji az v 70% pfipadl [37] a genetické defekty
v signaliza¢ni draze T-buné&ného receptoru a pre-T-bunécného receptoru [41].
V pribéhu fyziologického vyvoje T-lymfocytu je signalizace generovana z pre-
TCR komplexu dllezita pro jeho spravny vyvoj. Tato signalizace vede k aktivaci
RAS-MAPK drahy, PI3K drahy a nékolika dalSich signalizacnich drah [65,66].
U T-ALL jsou nékteré Casti téchto signaliza¢nich drah €asto mutovany [41].
10% T-ALL [67] a homozygozytni PTEN mutace, které byly nalezeny u 17% T-
ALL [68]. U T-ALL byvaji dale nalézany mutace dalSich tyrozin kinazovych
gend, napfiklad translokace NUP214-ABL1 (6% pfipada T-ALL) [69] a mutace

a translokace genu JAK [70].

VSechny tyto nélezy implikuji, Ze alterovand bunécna signalizace je
charakteristickym rysem ALL a Ze v budoucnu by mohly byt urlité podtypy
leukémii |éCeny specificky pomoci biologickych preparati (napfiklad tyrosin-

kindzovymi inhibitory).

1.3. Lé¢€ba a stratifikace do rizikovych skupin

Principem moderni |éCby akutni lymfoblastické leukémie je pfi
dostateéné Géinnosti minimalizovat jeji toxicitu. ALL je v Ceské republice lé&ena
podle mezinarodnich protokolt skupiny BFM (Berlin-Frankfurt-Minster) [5]. Pro
spravnou lé¢bu je dulezZité stratifikovat pacienty do rizikovych skupin, protoze
jednotlivé podtypy ALL se svym fenotypem, genotypem a Sanci na dlouhodobé

preziti velmi liSi [2]. Do jednotlivych rizikovych skupin (standardni, stfedni a
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vysoké riziko), se pacienti fadi podle cytogeneticko-imunofenotypicko-
molekularni charakteristiky leukemickych bunék a podle inicialni odpovédi na

lécbu.

V prabéhu prvnich sedmi dnu terapie ALL jsou pacienti uniformné lé&eni
pomoci glukokortikoidl a jedné davky intratékalniho metotrexatu. Pacienti, ktefi
zredukuji pocet blastd pod 1000 v 1 mikrolitru periferni krve, jsou oznaceni jako
pacienti s dobrou odpovédi na prednison (prednisone good responders - PGR).
Ti, jejichz blasty neklesly pod arbitrdZzni hranici, reagovali na Iécbu

prednisonem Spatné (prednisone poor responders - PPR) [71]. Odpovéd na

ML v s

KdyZz pocet blastd v kostni dfeni klesne pod Uroven rozeznatelnou
svételnym mikroskopem (pod 5% blastd), mluvime o takzvané minimalni
rezidualni nemoci (MRN). Informaci o MRN nam muazZe poskytnout vySetfeni
kostni dfené pratokovou cytometrii, ovSem zlaty standard je hodnoceni
kvantifikace klonalné-specifickych  imunoglobulinovych a  T-bunécnych

receptord pomoci kvantitativni polymeréazove fetézove reakce [72-75].

Hodnoceni MRN slouzi k hodnoceni uUc€innosti terapie. Dynamika
poklesu minimalni zbytkové nemoci je nové zafazena do Ié¢ebnych protokolu a

pacienti, u kterych MRN klesa zpomalené, jsou indikovani k intenzifikaci IéCby.
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2. Adaptorové molekuly a signalizace

Fosforylace protein tyrozinovych zbytka hraje dualezitou roli v pfenosu
mnoha bunéénych signalu. V imunitnich burikach signalizace z povrchu buriky
do nitra probiha jako kaskada jednotlivych fosforylacnich a defosforylacnich
krokd [76]. KoneCnym efektorem téchto krokl byva transkripéni faktor, ktery
umozni stimulaci ¢i naopak potlaceni transkripce rdznych genud. Alterovana

bunécna signalizace je charakteristickym znakem leukémii.

Dulezitou kauzalni roli v etiopatogenezi ALL by mohly hrat
transmembranové adaptorové molekuly (TRAPs). Jedna se o signalizaéni
molekuly, které nemaji enzymatickou funkci. Jejich ulohou je vytvoreni ,leSeni*
(scaffold) a umoznéni alostericky pfesné lokalizace a interakce signalizacnim
molekulam s kindzovou aktivitou, coz vede k propagaci signalu dale do bunky.
TRAPs maji kratkou extracelularni doménu, palmitoylovanou
transmembranovou doménu a relativné dlouhou intracelularni c¢ast, ktera
obsahuje rGzné mnozstvi tyrozinovych signalizaénich motivl [77,78].
V souCasné dobé je znamo minimalné 7 transmembranovych adaptorovych
molekul. Ctyfi z t&chto molekul (linker for activation of T-cells (LAT); non T-cell
activation linker (NTAL); phosphoprotein associated with glycosphingolipid
enriched microdomains (PAG); Lck interacting transmembrane adaptor (LIME))
jsou lokalizovany v "glycolipid-enriched membrane microdomains" (GEMSs),
nékdy taky oznaCované jako tzv.  lipidové rafty® (,lipid rafts*). GEMs jsou
submikroskopické okrsky buné&né membrany, které charakterizuje vysoky
obsah cholesterolu a sfingolipidl a unikatni proteinové slozeni. Pravé v GEMs

dochazi k dulezité interakci mezi imunoreceptory, adaptorovymi proteiny a
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dalSimi signalizacnimi molekulami, coz vede k propagaci signalu dale do nitra

buriky [79,80].

Raft-associated TRAPs

LAT PAG
[ N= cxxe motit B
| (pamitoylation) (': PXXP motit u
_—T == (SH3-binding motif) [ :|
B Tyrosine-based - - 57
|| signalling motif 1 :}( ZSHC(C SRy
] I | ]ﬂmSRV' (CSK, minar)
- @ - -~
|| v1361wv (PLC-y1) ] u “5QTL (LCK?)
|| | y3t7ssv (csK) w
171 —
| | ¥YTTIVNY (GRBZ/GADS/PIZK) [ ] v1%eny (GRE2) }{25“ESI (LCK/EYN)
| | v18tuny (GRB2/GADS/VA t: —
m ¢ i l: | |¥193aNS (GRB2)
|| Y228ENL (GRB2/GADS/VAY) Y
] — Y223yNG (GRB2)
36-38 kDa 68-85 kDa 30 kDa 31 kDa
Expressed by T cells, Ubiquitous Expressed by B celis, Expressed
pre-B cells, NK cells, expression NK cells, mast cells by T cells
mast cells and platelets and macrophages

Obr. 2 Struktura transmembranovych adaptorovych preteint [76].

V nasSi praci jsme se predevsim zabyvali molekulami PAG, LAT a NTAL.

PAG, téZ nazyvany Csk binding protein (CBP), vaze tyrosin kinazu CSK,
ktera je hlavnim inhibitorem SRC kinaz [81]. V signalizaci fyziologickych T a B-
lymfocytd je role molekuly PAG pravdépodobné odlisna. V klidovych T-
lymfocytech je molekula PAG jednim z nejvice fosforylovanych protein(, coz
vede k potlateni SRC kindz LCK a FYN. Lokalizace v lipidovém raftu je pro
inhibiéni funkci PAG kliCova [82]. Po aktivaci T-bunécného receptoru (TCR)
dochéazi k defosforylaci PAG, k poruseni PAG-CSK vazby a tim k odstranéni
CSK mediované inhibice LCK a FYN [77]. Naproti tomu v B-lymfocytech po
aktivaci B-bunécného receptoru (BCR) dochazi ke zvySené fosforylaci PAG

[78]. To pravdépodobné poukazuje na fakt, ze ve fyziologické B-lymfocytarni
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signalizaci jsou SRC kinazy zapojeny spiSe v negativni regulaci signalizace,
kdy SRC kindza LYN fosforyluje nejenom aktivacni tyrosinové motivy, ale i
inhibi¢ni tyrosinové motivy signalizacnich molekul [83]. PAG je dale vysoce
exprimovan v bunkach germinalnich center folikularniho lymfomu a to do té
miry, Zze by mohl byt pouzit jako diagnosticky imunohistochemicky marker
téchto lymfoma [84]. Na molekule PAG byla poprvé prokdzana mozna
spojitost s leukémii. U skotu parasit Theileria parva snizuje fosforylaci molekuly
PAG, coz vytvarfi u svého hostitele ,leukemicky” obraz krvetvorby (proliferace
bez exogenné pfidanych rdstovych faktord v in-vitro podminkéch). Po
odstranéni parazita pomoci chemoterapeutik dochazi k opétovné fosforylaci

PAG a navratu lymfocytl k normalnimu fenotypu [85].

LAT se fyziologicky vyskytuje pouze v T-lymfocytech a v nezralych pre
B-lymfocytech [78]. Pro vyvoj a spravnou funkci T-lymfocytd je LAT zcela
zasadni [86], protoZze tato molekula je nezbytnd pro pfenos signalu od
imunoreceptoru do nitra bunky. LAT -/- mySim chybéji zralé T-lymfocyty, nebot
T-lymfocytarni prekurzory se nevyvinou pfes stadium ,double-negative” (DN)
[78]. LAT je zapojen také v bunécném vyvoji pre B-lymfocyta. LAT -/- mySi maji
méneé zralych B-lymfocytl a v jejich hematopoetické tkani je nachazeno vice
pre-B-bunék [87]. LAT tedy muiZe v B-fadé fungovat jako tumor supresor

indukujici fyziologickou diferenciaci B-lymfocytu [88].

NTAL, také nazyvany LAB ¢i WBSRCS5, je podle nové nomenklatury
pojmenovan LAT2. V nasi praci pouzivame puavodni oznaceni této molekuly
NTAL. Protein NTAL je fyziologicky pfitomen v B, NK a myeloidnich burikach,

neni exprimovan Vv klidovych T-lymfocytech. NTAL ma velice podobnou

22



strukturu jako molekula LAT, postrada pouze vazebné misto pro fosfolipazu C-
gama [89]. Na NTAL deficientni mySi prokazali Wang et al. lepsi Ca2+ influx a
lepSi proliferaci B-bunék po antigenni stimulaci [90]. NTAL se ovSem nezda byt
ekvivalentem LAT v B-lymfocytech, protoze je zapojen spiSe do
prolongovaného nez ¢asného zvySeni mnoZzstvi intracelularniho vapniku po
aktivaci imunoreceptoru [91]. NTAL neni exprimovan v klidovych T-lymfocytech,
po antigenni stimulaci je jeho exprese vysoce upregulovana, coZ sniZzuje miru
fosforylace molekul ERK a Akt [92]. V aktivovanych T-lymfocytech by NTAL
mohl hypoteticky pusobit jako inhibitor signalizace kompetici s LAT o misto
v lipidovém raftu. NTAL ma tedy schopnost plsobit jako aktivator nebo inhibitor

lymfocytarni signalizace podle jednotlivych lymfocytarnich subtypa.

Centralni serine/threonin kinaza ERK1/2 je exprimovana ve vétsiné tkani
téla a je aktivovana Sirokou Skalou extracelularnich signéld. RAS dependentni
signaliza¢ni draha se podili na kontrole diferenciace, proliferace a osudu
buniky. V T-lymfocytech je ERK aktivovdna po aktivaci TCR sekvencni
fosforylaci RAS-RAF-MEK-ERK signalni kaskady. ERK je vlivem dalSiho
bunéného kontextu v T-lymfocytech zapojen v €asto opacnych biologickych
jevech — v zablokovani bunééného cyklu i v podpofe progrese v bunécném
cyklu [93]; vbunélné smrti i v podpofe prezivani buriky [94]. V prubéhu
fyziologického vyvoje T-lymfocytu, v T-lymfocytarnich prekursorech v thymu, se
ERK podili na pozitivni a negativni selekci lymfocytl. Casnda a vysokéa
fosforylace ERK vede k buné&tné smrti lymfocytarnich prekurzord (negativni

selekce) a naopak pfi pomalu nastupujici fosforylaci ERK buriky preziji

(pozitivni selekce) [95].

23



3. Cile prace

Hlavnim cilem naSeho projektu bylo objasnit Glohu adaptorovych molekul

u détskeé akutni lymfoblastické leukémie.

e Stanovit expresi adaptorovych molekul v prubéhu fyziologického

lymfocytarniho vyvoje a u hlavnich podtypu détské ALL.

* Vin-vitro podminkach a za pouZiti leukemickych bunécnych linii objasnit

funkci vybranych adaptorovych molekul u ALL.

+ Ve spolupréci s kolegy z Akademie v&d Ceské republiky stanovit expresi

signaliza¢ni molekuly CD148 u lidskych prekurzor( T-lymfocytu.

4.1. Exprese adaptorovych molekul vpr uabéhu fyziologického vyvoje
lymfocyt G a u détskych leukémii

Priloha 1 (védecka publikace)

Adaptor molecules expression in normal lymphopoiesi s and in childhood leukemia,
Karel Svojgr, Tatiana Burjanivova, Martina Vaskova, Tomas Kalina, Jan Stary, Jan Trka,
Jan Zuna Immunology Letters 2009;122:185-192, IF: 2,858

Uvod a metodika

Dulezitou roli by pfi vzniku leukémie mohly hrat signalizani adaptorové
molekuly. V naSi praci jsme se nejprve vénovali popsani dynamiky exprese
adaptorovych molekul NTAL, LAT a PAG v ramci fyziologického lymfocytarniho

vyvoje B a T-lymfocytll a nasledné u détské akutni lymfoblastické leukémie. Na
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arovni m-RNA jsme expresi zkoumali pomoci kvantitativni reverzné-
transkriptazové polymerazové fetézové reakce (QRT-PCR) a na Urovni protein(
za pouziti pratokové cytometrie. Vyvoj B-lymfocytarnich prekurzord byl
studovan na vzorcich kostni dfené déti bez znamek maligniho onemocnéni (u
pacientll vice nez 1 rok po transplantaci kmenovych bunék krvetvorby a u
pacientll, kterym byla vySetfovana kostni dfefi k vylou¢eni hematologické
malignity), celkem jsme vySetfili 16 vzorkd. T-lymfocytarni vyvoj byl zkouman
na vzorcich thymG déti podstupujicich kardiologickou operaci (celkem 16
thymu). Devét vzorkd periferni krve zdravych darct bylo pouzito k analyze

zralych fyziologickych B a T-lymfocytu.

Diagnostické vzorky kostni dfené 75 déti s akutni lymfoblastickou
leukémii jsme pouzili k analyze exprese adaptorovych molekul v malignich
blastech. Z této skupiny mélo 36 pacientd B-prekurzorovou leukémii (BCP-
ALL): 15 pacientd TEL-AML1 pozitivni, 5 MLL-AF4 pozitivni, 8 hyperdiploidni a
8 BCP-ALL bez TEL-AML1 translokace, bez hyperdiploidie ¢ MLL-AF4
translokace. Z 39 pacientl s T-ALL mélo 7 pacientt pre T-ALL, 13 intermedialni

a 19 zralou T-ALL.

Abychom mohli stanovit expresi m-RNA adaptorovych molekul
v analyzovanych vzorcich metodou qRT-PCR, roztfidili jsme (sorting) nejprve
za pomoci pratokové cytometrie (FACS Aria) nemaligni B a T-prekurzory
lymfocytd do frakci odpovidajicich jednotlivym vyvojovym stadiim podle
imunofenotypu. Pfi analyze leukemickych bunék jsme pouzili vzorky kostni
dfené s pfitomnosti vice nez 80% malignich bunék ve vzorku. Ze zkoumanych

bunék jsme izolovali RNA a ta byla pfepsana do cDNA reverzni transkriptazou.
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VSechny gRT-PCR experimenty jsme provedli na pfistrojich iCycler iQ System
nebo ABI 7700 a za pouziti primerQ, které byly navrzeny pomoci Primer
Express 2.0 Software a Vector NTI Software. Ke kontrole kvantity a kvality
cDNA jsme pouzili housekeeping gen ABL. Vysledna normalizovana exprese
jednotlivych gend ve vzorku byla definovana jako pomér exprese

analyzovaného genu (NTAL, LAT, PAG) a exprese genu ABL.

Hladinu proteinu v jednotlivych subpopulacich lymfocytarniho vyvoje
jsme stanovili pomoci mnohobarevné pratokové cytometrie. Nativni vzorky
kostni dfené&, periferni krve nebo kryoprezervované tymocytarni tkdné byly
oznaCeny monoklonalnimi  protilatkami.  Povrchové znafeni  slouzilo
k identifikaci  jednotlivych  subpopulaci; ke znaCeni intracelularnich
adaptorovych proteint jsme bunky permeabilizovali kitem FIX&PERM. Vzorky
byly analyzovany na pfistrojich FACS Aria, CyAN ADP nebo BD LSR II.
Analyza dat z pritokové cytometrie byla provedena pomoci softwaru FlowJo
8.1.1. Exprese molekul NTAL, LAT a PAG je prezentovana jako pomér stiedni

intenzity fluorescence k izotopové kontrole v odpovidajicim gatu.

Vysledky a diskuze

V naSi praci jsme definovali a porovnali zmény v expresi adaptorovych
molekul na drovni m-RNA a proteinu v prabéhu fyziologického lymfocytarniho
vyvoje s expresi v hlavnich podtypech détské akutni lymfoblastické leukémie.
Obecné, hladina i dynamika m-RNA i proteinu koreluji velmi dobfe. Analyza na
arovni proteinu a m-RNA ukazala, Zze zatimco nékteré adaptorové molekuly
jsou pfi vyvoji B a T-lymfocytu pfitomny v relativné konstantnich hladinéach, jiné

ukazuji vyznamnou dynamiku (v prubéhu vyvoje T-bunék sniZzovani exprese
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NTAL a zvySovani exprese LAT; pfi vyvoji B Fady sniZzovani exprese PAG). Tyto
vysledky potvrzuji, Ze v pribéhu fyziologického zrani lymfocyt jsou zapojeny
rozdilné adaptorové proteiny a aktivovany rudzné intracelularni signalizaéni

drahy.

Dalsim ze zajimavych vysledkld bylo nalezeni rozdilu v expresi
adaptorovych proteind mezi TEL-AML1 a hyperdiploidnimi leukémiemi. A¢koliv
tyto leukémie maji velmi podobnou charakteristiku — postihuji nejCastéji déti
v predskolnim véku, maji obdobny imunofenotyp a obvykle velmi dobrou
prognézu — presto se exprese adaptorovych molekul mezi témito podtypy ALL
velmi lisi (TEL-AML1 maji v porovnani s hyperdiploidimi ALL vySSi expresi
molekul PAG a nizS8i NTAL). Tento nalez pravdépodobné poukazuje na odliSné
biologické pozadi téchto leukémii. TEL-AML1 pozitivni ALL vznikd ve stadiu
C¢asného B-progenitoru s vysokou VDJ rekombindzovou aktivitou [96] a pravé
tento jev maze reflektovat vysoka hladina molekuly PAG. PAG dale velmi dobfe
koreluje s expresi molekuly CD27 na malignich blastech. CD27 je exprimovana
na burkach s vysokou aktivitou VDJ rekombinézy [96-98]. Vysoka hladina PAG
muze vést v malignich blastech k vySSi aktivité Csk a tim k potlaeni aktivity
Src kindz. To mazZe zpusobit snizeni fosforylace inhibi¢nich ITAM motivd, coz
muaze vést k vysSi propagaci aktivacniho signalu véetné VDJ rekombinantni

aktivity

Exprese molekuly LAT se signifikantné zvySuje se zranim nemalignich i
malignich T-bunék, ale mnozstvi této molekuly v malignich blastech
nedosahuje vySe dosazené v perifernich T-lymfocytech. Molekula LAT je

nezbytna pro aktivaci T-bunék [99] a proto nizSi hladina LAT v leukemickych
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bunkach muze znamenat, Ze maligni bunky nemusi byt schopny adekvatné
odpovédét na antigenni stimulaci, byt mohou byt imunofenotypicky ve stejném

maturacnim stadiu.

Asi nejzajimavéjSi v této Casti naSi prace je pozorovani, Ze rozdilna
exprese NTAL mRNA u T-ALL ovliviiuje odpovéd na léCbu a tim i prognézu
onemocnéni. Nizka hladina NTAL v blastech pacientl s T-ALL signifikantné
koreluje se Spatnou odpovédi na inicialni [é¢bu prednisonem, zatimco pacienti
s vysokou expresi NTAL v malignich blastech na prednison vétSinou odpovidaji
pfiznivé. Tento poznatek jsme se pokusili modelovat v dalSi ¢asti naSeho

projektu v in-vitro experimentech.

4.2. Adaptorovy protein NTAL zesiluje proximalni si gnalizaci a potencuje
kortikosteroidy indukovanou apoptézu u T-ALL

Priloha 2 (védecka publikace)

The adaptor protein NTAL enhances proximal signalin g and potentiates
corticosteroid-induced apoptosis in T-ALL, Karel Sv ojgr, Tomas Kalina, Veronika
Kanderova, Tereza Skopcova, Tomas Brdi ¢ka, Jan Zuna, Experimental Hematology
2012;40(5):379-85, IF: 3,198

Uvod a metodika

Ve druhé Casti naSeho projektu jsme modelovali v in-vitro podminkach
pozorovani z vySe uvedené prace: pacienti pfiznivé reagujici na sedmidenni
predlécbu prednisonem (prednison good responders) maji vysSi hladinu NTAL
MRNA neZ pacienti, ktefi odpovi Spatné. Dale jsme se v nasi praci zabyvali

intracelularnimi mechanismy, zodpovédnymi za pozorovany jev.
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K in-vitro experimentim jsme zvolili bunéénou linii Jurkat. Jedna se o
dlouhodobé zavedenou bunéc&nou linii, ktera byla ziskana z periferni krve 14
letého chlapce v prvnim relapsu T-ALL. V nativni Jurkat bunééné linii
(Jurkat/wt) neni NTAL protein detekovatelny a linie exprimuje pouze velmi malé
mnozstvi NTAL mRNA. Abychom mohli studovat roli molekuly NTAL
v malignich T-lymfocytech, transfekovali jsme tuto nativni Jurkat linii expresnim
vektorem pEFIRES-N produkujicim NTAL protein (Jurkat/NTAL+) [89]. Expresi
jsme ovérili pomoci gRT-PCR a Western-blotu. V bunééné kultufe se linie
Jurkat/wt i Jurkat/NTAL+ chovaji obdobné. Pomoci intracelularni fosfo-
specifické pritokové cytometrie a Western-blotu jsme hodnotili bunécnou
signalizaci Jurkat/wt a Jurkat/NTAL+ bunék. Bunécna smrt byla hodnocena po
obarveni suspense bunék Annexinem V a propidium iodidem, kdy zivé burnky

byly definovany jako Annexin V negativni, propidium iodide negativni.

Vysledky a diskuze

V naSem prvnim experimentu se nam podafilo v in-vitro podminkach
potvrdit jev pozorovany na pacientech s T-ALL. Pfi pfidani 1mM koncentrace
methylprednisolonu k bunééné kultufe Jurkat/wt a Jurkat/NTAL+ bunék jsme
pritokovou cytometrii hodnotili procento prezivajicich bunék. Po 48 hodinach
inkubace s methylprednisolonem byly Jurkat/wt bufky signifikantné
rezistentnéjSi na methylprednisolon nez Jurkat/NTAL+ buriky. Tento
experiment tedy potvrdil naSe in-vivo pozorovani, Ze blasty pacientd s T-ALL,

které maji vyssi hladinu NTAL mRNA, jsou citlivéjSi na Ié€bu glukokortikoidy.

NaSi prvotni hypotézou bylo, Ze NTAL by mohl byt inhibitorem T-

lymfocytarni signalizace kompetici s LAT o misto v lipidovém raftu. Abychom
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objasnili roli NTAL molekuly v naSem experimentu, stimulovali jsme T-bunécny
receptor (TCR) anti-CD3 protilatkou (IgM protilatka C305) a sledovali jsme
zmény ve fosforylaci klicovych intracelularnich signalizaénich molekul:
extracelular signal regulated kinase 1/2 (ERK), Jun N-terminal kinace (JNK) a
p38 mitogen activated protein kinace (MAPK) pomoci fosfo-specifické
pritokové cytometrie a pomoci Western-blotu. V nestimulovanych Jurkat/wt a
Jurkat/NTAL+ burikach je bazalni fosforylace ERK, JNK a p38 MAPK obdobna.
Kratce po stimulaci dosSlo k vyznamnému narlstu fosforylace ERK molekuly a
zaroven linie Jurkat/NTAL+ méla v ¢asovém bodé 5 minut 1,5krat vysSi hladinu
fosforylovaného ERK nez Jurkat/wt. Obdobné linie Jurkat/NTAL+ nesla na
svém povrchu za 24 hodin po stimulaci C305 vice aktivaéniho markeru CD69.
Na druhou stranu, vzestup fosforylace molekuly JNK byl porovnatelny mezi
liniemi Jurkat/wt a Jurkat/NTAL+; fosforylace p38 MAPK se po TCR stimulaci
nezménila. Tato data tedy oproti puvodni hypotéze ukazuji, ze NTAL posiluje
proximalni signalizaci maligniho T-lymfocytu, coz vede kvysSi hladiné

fosforyovaného ERK.

Fyziologicky je vthymu rozdilnd sila propagace TCR signalu
zodpovédné za pozitivni €i negativni selekci T-lymfocytarnich prekursort —
rychld a vysoka fosforylace ERK vede bunky k programované bunééné smrti,
zatimco anti-apoptoticky pusobi, pokud fosforylace ERK nastupuje pomaleji a
je prolongovana [94,95]. S témito poznatky nas tedy logicky dale zajimala
aroven bunééné smrti linii Jurkat/wt a Jurkat/NTAL+ po stimulaci TCR
protilatkou C305. Linie Jurkat/NTAL+ byla podle ocekavani na TCR

indukovanou buné&nou smrt skute¢né signifikantné citlivéjsi.
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Fosforylace ERK mulzZe byt velmi UspéSné zablokovana chemickym
inhibitorem U0126. Po pfidani U0126 120 minut pfed anti-CD3 stimulacni
protilatkou C305 nedoSlo ke skokovému narlstu fosforylace molekuly ERK
v zadném méfeném ¢asovém bodé v Jurkat/wt ani Jurkat/NTAL+ linii. Zaroven
pfi pouziti ERK inhibitoru U0126 120 min pfed anti-CD3 protilatkou doslo
k téméF uplnému zastaveni bunécné smrti, ackoliv urcity rozdil mezi liniemi
Jurkat/wt a Jurkat/NTAL+ byl zachovan. Tento rozdil mGze byt zplsoben
nedokonalou inhibici ERK fosforylace U0126 a nebo jinym, nami
neanalyzovanym mechanismem, ktery se podili na bunéné smrti
v Jurkat/NTAL+ bunkach. DalSim zajimavym poznatkem bylo, Ze pfi pridani
ERK inhibitoru U0126 az 30 minut po anti-CD3 protilatce C305 dochazi pouze
k mirnému sniZeni Urovné bunécné smrti v porovnani s pouzitim samotné C305
protilatky Tento jev si vysvétlujeme tim, Ze sekvence intracelularnich zmén
vedoucich k bunétné smrti je 30 minut po stimulaci bunék jiz nastartovana.
Inhibice molekuly ERK tedy potlacuje pozitivni efekt molekuly NTAL v TCR

indukované bunécné smrti.

NaSe data naznaduji, Ze NTAL zvySuje citlivost Jurkat/NTAL+ bunék
cestou vySSi fosforylace molekuly ERK. Proto jsme se v zavére¢ném
experimentu zaméfili na inhibici fosforylace ERK a jeji vliv na bunénou smrt
indukovanou glukokortikoidy. K bunéénym liniim Jurkat/wt a Jurkat/NTAL+ jsme
30 min pfed methylprednisolonem pfidali ERK inhibitor U0126. Po 48 hod
koinkubace jsme (narozdil od vySe popsaného puvodniho experimentu bez
inhibitoru) pozorovali identické procento preZivajicich bunék v Jurkat/wt i

Jurkat/NTAL+ linii.
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Vysledkem této Casti naSi studie je tedy experimentalné potvrzené
pozorovani, ze molekula NTAL v T-ALL funguje jako tumor supresor posilujici
proximalni signalizaci leukemickych blastd a ERK je kli€ovou intracelularni

molekulou zodpovédnou za tento proces.

4.3. Stanoveni exprese protein-tyrozinové fosfatazy CD148 ve

fyziologickych prekurzorech T-lymfocyt  a.

Priloha ¢islo 3 (védecka publikace)

Regulation of Src family kinases involved in T cell receptor signaling by protein-
tyrosine phosphatase CD148, Ond Fej Stépanek, Tomas Kalina, Pavel Draber, Tereza
Skopcova, Karel Svojgr, Pavla Angelisova, Vaclav Ho  Fejsi, Arthur Weiss, Tomas
Brdi ¢ka. Journal of Biological Chemistry 2011;24;288(25) :22101-22112, IF: 5,838

Uvod a metodika

Ve ftfeti Casti naSi prace jsme se vénovali protein-tyrosin fosfataze
CD148. Jedna se o transmembranovou signalizaéni molekulu, ktera je
exprimovana jak v ne-hematopoetické tkani, tak i v lymfocytech [100]. Ackoliv
role protein-tyrosin fosfatdz v T-bunééné signalizaci byva obyc€ejné inhibi¢ni,
CD148 ma pravdépodobné v fizeni lymfocytarni signalizace funkci dudlni,
obdobnou jako molekula CD45 [101]. Tyto molekuly se podileji na inhibici i
aktivaci lymfocytarni signalizace defosforylaci specifickych aktivacnich, ale i

inhibi¢nich fosfotyrosinovych zbytka.
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PFi porovnani lidskych a mysich lymfocytl existuje v expresi molekuly
CD148 velky rozdil. V lidské periferni krvi je vétSina leukocytt CD148
pozitivnich, naproti tomu mysi naivni T-lymfocyty jsou CD148 negativni [102].
Zatimco v lidském thymu byla CD148 pozitivita nalezena pouze na CD3+
bunikach [103], v mySich lymfocytarnich prekursorech byla CD148 pozitivita
nalezena na nejméné zralych bunkach ve stadiu double-negative (CD4-CD8-)
[102]. NaSim podilem v této praci bylo tedy detailni definovani exprese CD148
na prekursorech lidskych T-lymfocytd v porovnani s mySimi thymocyty. Lidské
tkané thymu byly opét ziskany od pacientd podstupujicich kardiologickou
operaci ve FN v Motole (vékové rozmezi pacientd 9 dni — 4 roky). Z tkani byla
vymyta suspenze jednotlivych bunék, ty byly oznaCeny monoklonalnimi
protilatkami a expresi CD148 jsme meéfili v jednotlivych subpopulacich T-

lymfocytarniho vyvoje pomoci prutokové cytometrie.

Vysledky a diskuze

Prokazali jsme, Ze exprese CD148 v lidskych a mysich thymocytech je
kompletné inverzni. Zatimco lidské thymocytarni prekurzory maji nejvyssi
povrchovy vyskyt molekuly CD148 ve stadiich single pozitivi, u mysi je to
naopak. NejvysSi exprese CD148 u mySi je vnejrangjSich stadiich T-
lymfocytarniho vyvoje, ve stadiu double negativu a nezralého single pozitivu.
Tranzice ze stadia double pozitivu do stadia single pozitivu neni zcela linearni
[104]. My jsme v naSi praci definovali pfechod z ¢asného stadia double pozitivu
do nejpozdnéjSiho single pozitivu pomoci molekul CD44 a CD1a. Tento vyvoj je
charakterizovan  pocate¢nim  stadiem  CD44-CDla+, pfes stadium

CD44+CD1la+ do nejpozdéjSiho stadia CD44+CD1la-. Nasledné jiz burika
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prechazi do periferni krve jako naivni T-lymfocyt. A pravé v nejpozdéjSim stadiu
T-lymfocytarni diferenciace CD44+CD1a- je exprese molekuly CD148 nejvyssi.
Ocekavané s vysokou expresi CD148 v pozdnich fazich lymfocytarniho vyvoje
dobfe koreluji molekuly CD27 a CD69, markery uspésné pozitivni selekce T-

lymfocytarniho prekurzoru.

V daldi &asti této prace na3i kolegové z Ustavu molekularni genetiky
Akademie v&d Ceské republiky prokazali, Ze molekula CD148 méa obdobné jako

molekula CD45 skute¢né aktivaéni i inhibicni vliv na T-lymfocytarni signalizaci.
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5. Zaveér

Predkladana prace se vénuje funkci adaptorovych molekul u détské
akutni lymfoblastické leukémie. Nejprve jsme se vénovali expresi adaptorovych
molekul v pribéhu fyziologického lymfocytarniho vyvoje a u hlavnich podtypu
détské ALL. Prokazali jsme, Ze v prabéhu lymfocytarniho vyvoje exprese
nékterych adaptorovych molekul vykazuje signifikatni dynamiku zatimco u
jinych adaptora zistava konstantni. U détskych ALL obsahuji rozdilné mnozstvi
adaptorovych molekul pfedevSim hyperdiploidni a TEL/AML1 pozitivni ALL.
Pravdépodobné naSim nejzajimavéjSim néalezem bylo, Ze vySSi exprese
molekuly NTAL zvySuje citlivost T-ALL na podavané kortikoidy. Tento jev jsme
modelovali a potvrdili v in-vitro experimentech. Za pouZziti nativni a derivované
leukemické bunécéné linie jsme objasnili intracelularni mechanismus tohoto déje
— molekula NTAL zvySuje fosforylaci molekuly ERK a to vede k potenciaci
kortikoidy indukované bunécné smrti. V zavérecné cCasti nasi prace jsme
potvrdili nasi hypotézu, Ze exprese molekuly CD148 je kompletné inverzni

v lidskych a mysSich prekurzorech T- lymfocytu.

Predkladana prace poodhalila funkci adaptorovych molekul a bunééneé
signalizace u détskeé akutni lymfoblastické leukémie. NaSe poznatky mohou byt
dale vyuzity k detailnimu popisu aberantni bunéné signalizace u détskych

akutnich leukémii.
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6. Seznam zkratek

ALL
ABL
BCP-ALL

BCR
BFM
BTLA
CD
CDKNZ2A/B
CREBBP
CRLF2
DN

DTX1
EGIL
EPOR
ERG
ERK

ETP-ALL

ETV6
FAB
FISH
GEMs
GPI
HOXA

akutni lymfoblastick& leukémie

c-abl oncogene 1

B-prekurzorovéa akutni lymfoblasticka leékemie (B-cell
precursor acute lymphoblastic leukemia)

B-bunéény receptor (B-cell receptor)

Berlin - Frankfurt - Minster

B and T-lymphocyte associated

Cluster of Differentiation

cylin-dependent kinase inhibitor 2 A, B

CREB binding protein

cytokine receptor-like factor 2

double negative

deltex homolog 1

European Group for Immunological characterization of Leukemia
erythropoietin receptor

v-ets erythroblastosis virus E26 oncogene homolog
extracellular signal-regulated kinases

akutni lymfoblastickaleukémie z Easnych T-prekurzord (early T-cell
procersor acute lymphoblastic leukemia)

ets variant 6

francouzsko-americko-britsky

fluorescenéni in-situ hybridizace
glykolipid-enriched membrane microdomains
glykofosfatidylinosit

homeobox A

hairy and enhancer of split 1

imunoglobulin

interleukin

IKAROS family zinc finger 1
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JAK
JNK
LAT
LIME
LMO

MAPK
MFI
MRD
MYC
NR3C1
NTAL
PAG

PAX5
PDGFRB
PGR
PI3K
PPR
PTCRA
PTEN
gRT-PCR

RB1
STAT
T-ALL
TAL
TBL1XR1
TCR

TLX

TOX
TRAPs

Janus kinase 1

c-Jun N-terminal kinases

linker for activation of T-cells

LCK interacting transmembrane adaptor

LIM domain only

mitogen-activated protein kinase

medién intenzity fluorescence

minimalni zbytkova nemoc
myelocytomatosis viral oncogene homolog
glucocorticoid receptor

non T-cell activation linker

phosphorpotein associated with glycosfingolipid enriched
microdomains

paired box 5

platelet-derived growth factor receptor, beta polypeptide
prednison good responder

phosphoinositide-3-kinase

prednison poor responders

pre T-cell antigen receptor alpha

phosphatase and tensin homolog

kvantitativni reverzné —transkriptazpva polymerazova fetézova
rekace

retinoblastoma 1

signal transducer and activator of transcription
T-bunéc&na akutni lymfoblasticka leukémie

T-cell acute lymphoblastic leukemia

transducin (beta)-like 1 X-linked receptor 1
T-lymfocytarni receptor (T-cell receptor)

T-cell leukemia homeobox

thymocyte selection-associated high mobility group box

transmembranové adaptorove proteiny
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7. Seznam autorskych publikaci a prezentaci

7.1. Seznam publikaci vztahujicich se k tématu dizertaéni prace

Adaptors Molecules Expression in Normal Lymphopoiesis and in Childhood
Leukemia

Karel Svojgr, Tatiana Burjanivova, Martina Vaskovéa, Tomas Kalina, Jan
Stary, Jan Trka, Jan Zuna

Immunology Letters 2009 122(2):185-192 IF: 2,858

Adaptorové molekuly PAG, NTAL a LAT ve fyziologickych lymfocytarnich
prekurzorech a u détskych leukémii.

Karel Svojgr, Tatiana Burjanivova, Martina Vaskova, Tomas Kalina, Tomas
Brdicka, Tereza KacCerova, Jan Stary, Jan Trka, Jan Zuna

Transfuze a hematologie dnes, 15, 2009, No. 2, p. 1 07-113

Regulation of Src family kinases involved in T cell receptor signaling by
protein-tyrosine phosphatase CD148

Ondfrej Stépanek, Tomas Kalina, Pavel Draber, Tereza Skopcova, Karel
Svojar, Pavla Angelisova, Vaclav Hofejsi, Arthur Weiss, Tomas Brdicka

The Journal of Biological Chemistry 2011;24,;288(25) :22101-22112

IF: 5,838

The adaptor protein NTAL enhances proximal signaling and potentiates
corticosteroid-induced apoptosis in T-ALL

Karel Svojgr, Toméas Kalina, Veronika Kanderova, Tereza Skopcova, Tomas
Brdic¢ka, Jan Zuna.
Experimental Hematology 2012;40(5):379-85 IF: 3,198
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7.2. Seznam prezentaci vztahujicich se k tématu dizertacni prace

Prezentace na zahrani¢nich konferencich:

Svojar K, Burjanivova T, Vaskova M, Kalina T, Stary J, Trka J, Zuna J:
Expression of Transmembrane Adaptors is Specific in Distinct Childhood
Acute Lymphoblastic Leukaemia Subgroups and Indicates Early Treatment
Response in T-ALL: 49. kongres Americké hematologické spole¢nosti, San
Francisco, USA, 2007

Svojar K, Kalina T, Brdicka T, Kacerova T, Stary J, Zuna J: Adaptor protein
NTAL enhances proximal signalling and potentiates corticosteroid induced
apoptosis in T-ALL: 7. Bi-Annual Childhood Leukemia Symposim, Antalya,
Turecko 2010

Prezentace na éeskych a slovenskych konferencich:

Svojar K, Burjanivova T, Vaskova M, Kalina T, Stary J, Trka J, Zuna J:
Exprese transmembranovych adaptorovych molekul je specificka v rliznych
subtypech ALL a indikuje ¢asnou odpovéd na lé¢bu u T-ALL. 17. konference
détskych hematologti a onkologt, Spindleriv mlyn, 2007

Svojgr K, Burjanivova T, Vaskova M, Kalina T, Brdiéka T, Stary J, Trka J,
Zuna J: Funkce adaptorovych protein( v procesu leukemogenezy, Védecka
konference 2.LF UK, 2009

Svojar K, Kalina T, Brdicka T, Kacerova T, Stary J, Zuna J: Adaptor protein
NTAL enhances proximal signalling and potentiates corticosteroid induced
apoptosis in T-ALL: Olomoucké hematologické dny, 2010

7.3. Seznam publikaci bez vztahu k tématu dizertaéni prace

Ikaros (IKZF1) alterations and minimal residual disease at day 15 assessed
by flow cytometry predict prognosis of childhood BCR/ABL-negative acute
lymphoblastic leukemia

Jana Volejnikova, Ester Mejstfikova, Petra Dorge, Barbara Meissner, Karel
Svojgr, Martin Stanulla, Gunnar Cario, MartinSchrappe, Jan Stary, Ondfe;
Hrusak, Jan Trka, Eva Fronkova

Odeslano k revizi do Pediatric Blood and Cancer IF: 2,13
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7.4. Seznam prezentaci bez vztahu k tématu dizertacni prace

Prezentace na zahrani¢nich konferencich:

Volejnikova J, Mejstrikova E, Svojgr K, Stary J, Trka J, Fronkova E:
Prognostic Impact of Ikaros (IKZF1) Gene Alterations In Childhood ALL
Treated with ALL IC-BFM 2002 Protocol: A Comparison of Gene Expression
and Genomic-Based Methods, 53. kongres Americké hematologickée
spolec¢nosti, Orlando, USA, 2010
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ABSTRACT

Transmembrane adaptor proteins are key mediators of antigen receptor signaling in lymphocytes. By
influencing proliferation and differentiation, these molecules might play a role in ethiopathogenesis of
acute lymphoblastic leukemia (ALL). The aim of this study was to characterize expression of PAG, LAT, NTAL
and LIME adaptors at the mRNA and protein levels in normal B- and T-precursors. Moreover, diagnostic
samples of childhood ALL cases were analyzed.

I;ey‘:’olrds" hoblastic leukemi During normal lymphocyte development, some adaptors show significant dynamics (gradual decrease
P:ggiozir?p oblastic feukemia of NTAL and increase of LAT and LIME during the T-cell maturation, decrease of PAG in B-precursors, high
Childhood levels of LIME in peripheral B-lymphocytes). Analysis of childhood ALL samples revealed that in B-cell
PAG precursor ALL, the TEL/AML1 subgroup have unique adaptor profile compared to other leukemias. More-
LAT over, NTAL expression separates T lineage leukemias into two subgroups with good and poor response to
NTAL initial prednisone therapy showing prognostic impact of this molecule in T-ALL.

LIME © 2009 Elsevier B.V. All rights reserved.

1. Introduction

Acute lymphoblastic leukemia (ALL) is the most common child-
hood malignancy. Majority of cases are associated with known
genetic aberrations of the lymphoid precursor. Most of the child-
hood ALLs arise from a B-cell precursor (BCP) (~85%), the remaining
~15% of cases are T-ALLs. The most frequent genetic abnormal-
ities in pediatric ALL with prognostic impact are hyperdiploidy
and translocations t(12;21), t(4;11) and t(9;22) with TEL/AML1,
MLL/AF4 and BCR/ABL fusion genes, respectively. ALL these aber-
ration are found almost exclusively in BCP leukemias and the
genetic aberrations usually closely correlate with a corresponding
immunophenotype. Thus leukemias with MLL/AF4 fusion (typical
for infant age) are mostly formed by very immature B-cell precur-
sors (CD19+, CD10-) while hyperdiploid and TEL/AML1 positive
cases (comprising together about 45% of all childhood ALLs) show
mature immunophenotype with CD10 positivity. Importantly, even
in the cases with known genetic background the mechanisms of
leukemogenesis are not fully understood.
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Children with acute lymphoblastic leukemia (ALL) are usually
treated according to risk groups defined by both clinical and labo-
ratory features. Prognosis and thus also the intensity of treatment
varies substantially among subsets of ALL. Treatment stratification
in BFM protocols is partially based on genotype of the leukemic
cells and also on early response to the 7-day prednisone treat-
ment. Patients with a reduction in peripheral blast count to less
than 1000/l after a 7-day induction phase with prednisone and
one dose of intrathecal methotrexate (a good prednisone response)
have a more favorable prognosis than do patients whose peripheral
blast counts remain above 1000/l (a poor prednisone response).

PAG, LAT, NTAL and LIME proteins belong to the category of
transmembrane adaptor proteins (TRAPs). TRAPs might play an
important role in the ethiopathogenesis of ALL. At least some of
these molecules are key mediators of antigen receptor signaling in
lymphocytes and their abnormal function influences proliferation
and differentiation of the cells. So far, seven TRAPs have been iden-
tified in detail where four of them (PAG, LAT, NTAL and LIME) are
associated with glycosphingolipid-enriched microdomains (GEMs)
called also membrane rafts [1]. Membrane rafts are submicroscopic
regions enriched in glycosphingolipids and cholesterol. They pos-
sess an important role in signaling via immunoreceptors [2].

PAG (“phosphoprotein associated with glycosphingolipid-
enriched microdomains”), also known as Csk-binding protein (Cbp),
binds a tyrosine kinase Csk and thus enables its role of the
major negative regulator of Src-family kinases [3]. Relatively high
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levels of PAG leading to the suppression of some Src-kinases
(Lck and Fyn) activity were described in resting peripheral blood
T-lymphocytes. T-cell receptor (TCR)-triggered activation causes
reduction of PAG-Csk association resulting in elimination of the
Csk-mediated inhibition of Lck and Fyn during the initial phase of T-
cell activation [4]. Current study shows that for a proper inhibitory
function of PAG in T-lymphocytes, PAG has to be localized in lipid
rafts whereas its displacement from raft leads to increased chemo-
taxis of lymphocytes [5]. Moreover, Smida et al. [6] propose that
in anergy T-cells, PAG recruits RasGAP to membrane enabling its
fast degradation independently of Csk and thereby augments inhi-
bition of signaling. In contrast, cross-linking of B-cell receptor (BCR)
in B-cells induces an increase in PAG phosphorylation. This proba-
bly reflects the fact that Src-kinases in B-cells are more involved in
negative regulation of the antigen receptor signaling. Suppression
of the Src-kinases by the PAG/Csk complex may temporarily block
the negative regulatory signals based on immunoreceptor tyrosine-
based inhibitory motifs (ITIM) phosphorylation [1]. This theory is
supported also by the data showing a high expression of PAG in
proliferating cells of germinal centers and in follicular lymphomas
[7]. Baumgartner et al. indicated a possible connection between
PAG gene and leukemia. Protozoan parasite Theileria parva induce
“leukemic” phenotype of cattle lymphocytes was associated with
decreasing expression of PAG. The transformed phenotype reverts
on drug-induced parasite death, and the PAG expression in cured
lymphocytes return to normal [8].

LAT (“linker for activation of T-cells”) is essential for the devel-
opment of T-cells [9].

Following TCR ligation, LAT is a crucial molecule transferring
the signal downstream into the cell. LAT—/— mice lack mature
peripheral T-cells as their thymocytes fail to develop beyond the
double-negative (DN) stage [9]. LAT is expressed also in pre-B-cells
being connected to a pre-B-cell signaling and maturation of the
pre-B-cell towards the immature B-lymphocyte. B-lymphocytes in
LAT —/— mice are partially blocked at pre-B-cell stage, and the
hematopoiesis shows increased numbers of pre-B-lymphocytes
[10]. LAT can act in B-cells as a putative tumor suppressor inducing
physiological B-cell differentiation [11].

NTAL (“linker for activation of T-cells 2”), also called LAT2, LAB
or WBSCR5, was originally identified as a potential homologue of
LAT in non-T-cell lymphocytes [12]. NTAL is physiologically present
in B-cells, NK cells and myeloid cells. After cross-link of BCR recep-
tor NTAL becomes phosphorylated by Syk and associates with Grb2,
Sos1, Gap1 and c-Cbl, but not with PLCgamma [12]—thus the NTAL
adaptor is not involved in early Ca intake signaling pathway. Using
NTAL deficient mouse, Wang et al. [13] demonstrated increase of Ca
influx and better proliferation in B-cells after antigen stimulation.
Being engaged in a prolonged rather than early Ca intake [14], NTAL
is not an equivalent of LAT in B-cells. Zhu et al. [15] suggested that
in activated T-lymphocytes NTAL acts as an inhibitor of TCR signal-
ing by competition with LAT in palmitoylation and localization to
lipid raft. Herzog and Jumaa [16] demonstrated that in pre-B-cells
this inhibitory effect of NTAL depends on N-terminal part of NTAL
protein that localizes NTAL to different part of plasma membrane
than LAT. Mutch et al. [17] showed that NTAL is involved in internal-
ization of BCR after antigen stimulation. Thus, NTAL probably acts
as a negative regulator of lymphocyte signaling.

LIME (“Ick interacting molecule”) is present in T-lymphocytes
and is associated with CD4 and CD8 coreceptors. After phosphory-
lation, LIME associates with Src-kinases Lck and Fyn and their major
inhibitor Csk [18]. This association paradoxically leads to increased
TCR signaling, Ca flux, phosphorylation of Erk and increased activity
of IL-2 promoter [18,19]. Taken together, LIME is probably involved
in inhibitory signals mediated by CD4 and CD8 coreceptors after
their cross-link without TCR engagement. Recent study indicates
that LIME is important for B-cell signaling in mice. After cross-link

of BCR, LIME is phosphorylated by Lyn and associates with Lyn,
Grb2 and PLCgamma. It leads to MAPK activation, Ca influx, PI3K
and subsequently NFkappaB and NF-AT activation [20]. However,
lymphocytes in LIME knock-out mice have normal morphology.

The dynamics of PAG, LAT, NTAL and LIME expression at the
mRNA and protein levels during the human B and T-cell maturation
was not thoroughly described yet. The recently published stud-
ies suggest that transmembrane adaptor molecules can be useful
immunophenotypic markers relevant for the diagnosis and prog-
nosis of lymphomas [7,21].

The objective of this study was to characterize the expres-
sion of transmembrane adaptors PAG, LAT, NTAL and LIME at the
mRNA level by real-time quantitative reverse-transcriptase poly-
merase chain reaction (QRT-PCR) and (with the exception of LIME)
also at the protein level by flow cytometry in normal B- and T-
precursors and to investigate their role in childhood leukemia. Our
results demonstrate significant changes in the expression between
leukemic cells and their physiological counterparts (in particular
in TEL/AML1 subgroup of childhood ALL). Moreover, we show that
variable expression of NTAL adaptor has a prognostic impact in
T-ALL.

2. Materials and methods
2.1. Normal hematopoietic tissue and leukemic samples

For the analysis of mature primary lymphocytes peripheral
blood from healthy volunteer donors were used. For the inves-
tigation of B-cell development, bone marrow populations from
children without any evidence of malignant disease (patients one
or more years after the end of the ALL therapy and patients inves-
tigated to exclude hematological malignancy) were analyzed as
non-malignant counterparts of leukemic cells.

For the primary T-cell precursors thymic T-cells from children
undergoing heart surgery were used.

For the analysis of malignant lymphoid precursors we used diag-
nostic samples of 75 childhood ALL-patients treated according to
the BFM (Berlin-Frankfurt-Munster) protocols. Of those, 36 cases
were B-cell precursor (BCP) leukemias (15 TEL/AML1 positive, 5
infants MLL/AF4 positive, 8 hyperdiploid BCP-ALLs and 8 TEL/AML1
negative, MLL/AF4 negative and non-hyperdiploid BCP-ALLs) and
39 T-ALLs (7 pre T-ALLs, 13 intermediate T-ALLs, 19 mature T-
ALLs).

All experiments were conducted according to the principles
expressed in the Declaration of Helsinki. Ethical committee and
Institutional review board approved the project and all samples
were analyzed with written informed consent of all subjects or their
guardians.

2.2. Cell sorting

Non-malignant samples were FACS sorted (FACS Aria, BD, San
Jose) into fractions corresponding to ALLs with different maturation
status according to immunophenotype.

The expression of PAG, LAT, NTAL and LIME proteins during B-
cell development was analyzed in successive bone marrow stages
defined as (1) CD34+CD19- cells which represent uncommitted
progenitors of lymphoid as well as myeloid lineage (n=8), (2)
CD19+CD10+CD34+ subpopulation corresponding to B-precursors
completing rearrangement of immunoglobulin heavy chain gene
(n=8), (3) CD19+CD10+CD34— immunoglobulin light chain gene
rearranging cells (n=8), and (4) CD19+CD20+CD10— which repre-
sent the most mature B-cells in the bone marrow (n = 8). By qRT-PCR
only the mRNA expression in CD10+CD20+/— and CD10—CD20+
populations, corresponding to above mentioned stage (2+3) and
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(4), respectively, were analyzed. Furthermore, the expression of
PAG, LAT, NTAL and LIME in peripheral blood CD19+ B-cells was
analyzed as stage (5) by both techniques.

For the investigation of mRNA expression during the T-cell
development we fitted maturation stages to the classification of T-
ALL proposed by EGIL [22], where the “intermediate T-cell group”
was split into CD3— “early intermediate T-cell” and CD3+ “late
intermediate T-cell”, TCR alpha/beta and TCR gamma/delta were
merged into “mature T-cells”. Stages 1-4 were FACS sorted from
thymus: (1st stage “pro/pre T-cell” CD7+CD3—-CD1a—-CD8-; 2nd
stage “early intermediate T-cell” CD7+CD3—-CD1a+CD8+/—; 3rd
stage “late intermediate T-cell” CD7+CD3+CD1a+; 4th stage “mature
T-cell” CD7+CD3+CD1a-). Stage 5 was FACS sorted as CD3+ T-cells
from peripheral blood. Sorting purity was 87-97.9%.

These stages overlap with classical thymic developmental stages
[23] as follows: 1st stage “pro/pre T-cell” (pro T+ pre/pro T), 2nd
stage “early intermediate T-cell” (pre T), 3rd stage “late interme-
diate T-cell” (immature single positive), 4th stage “mature T-cell”
(double-positive + single-positive).

Thymic development stage definition for flow cytometry was the
same as for qRT-PCR sorting but further supported by CD34 posi-
tivity in stages 1 and 2 and stage 4 was divided into double-positive
(CD4+CD8+) and single-positive (CD4+CD8— or CD4—CD8+).

2.3. RNA preparation and qRT-PCR

RNA from patients’ cells was extracted using a modified method
described by Chomczynski and Sacchi [24]. RNA from sorted cells
was isolated using RNeasy Micro Kit and RNeasy Mini Kit (Qiagen
GmbH, Hilden, Germany) depending on the size of the sorted pop-
ulation. The RNA was reverse-transcribed into cDNA using MoMLV
Reverse Transcriptase (Gibco BRL, Carlsbad, TX, USA) according to
the manufacturer’s protocol.

All gRT-PCR analyses were performed using an iCycler iQ system
(Bio-Rad, Hercules, CA, USA) or ABI 7700 (Applied Biosystems, Fos-
ter City, CA, USA). For the housekeeping gene ABL the qRT-PCR was
utilized to evaluate the amount and quality of cDNA as described
previously [25]. ABL is a commonly used housekeeping gene in
hematopoietic system as its expression was shown to be very stable
in different stages of lymphoid differentiation [26]. The only caveat
regards BCR/ABL-positive leukemias (no ALL of this subtype was
analyzed in our cohort). To avoid a genomic DNA contamination,
we used also an alternative forward primer overlapping an inter-
face between Exon 2 and Exon 3. The new forward primer sequence
was 5'-CTC TAA GCA TAA CTA AAG GTG AAA AGC-3'. Primers and
probes for LAT, NTAL, LIME and PAG genes were designed using
the Primer Express 2.0 Software (Applied Biosystems, Foster City,
CA) and Vector NTI Software (Invitrogen Corporation, Carlsbad, CA,
USA). For LAT, primer and probe sequences were as follows: forward
primer, 5'-GAG AGC GCA GAA GCG TCT CT-3/; reverse primer, 5'-CAG
TCT TAG CCG CTC CAG GAT-3’; probe, 5'-(FAM) ATG GCA GCC GGG
AGT ATG TGA ATG TG. For the amplification of PAG: forward primer,
5’-AAG CCG CGA CAG CAT AGT G; reverse primer, 5'-TGA ACG GCT
GAA CAT CTC CTT-3’; probe, 5'-(FAM) ACC ATG AGA ACC TGA TGA
ACG TGC CTT C-3'. NTAL cDNA was amplified using forward primer,
5-GGA CAT GGC ACC CAC AAG GA-3’; reverse primer, 5-GGA ATT
GGC ATC ATC ATC TTC TGG-3’; probe, 5'-(FAM) CTA TGT AGG CTT
CCT CCG ACC CGT GTC TGC T-3'. LIME forward primer, 5'-GCG GAA
GCG TCC CTA CTG AG-3’; LIME reverse primer, 5'-GAC ACC TCC AGC
CAG TGT GG-3’; LIME probe, 5'-(FAM) CCT CTG CTC CCT CAG CAA
GTC GGA-3'. Detection of PAG, LAT, NTAL, LIME and ABL was carried
out in duplicate reactions.

PCRreactions for PAG, LAT, NTAL, LIME and ABL targets were per-
formed in the final volume of 25 .l containing MgCl; (from 1.5 mM
to 4 mM depending on the target gene), 1U of polymerase, 200 nM
of each dNTP, primers (from 300 nM to 1000 nM), 200 nM of probe

and 1 pl of template cDNA. ROX-6 was used as a reference color
at TagMan systems (1000 nM). Cycling conditions were 5min at
94 °C for initial denaturation followed by 50 cycles of 94°C/15 s and
60 °C/1 min for PAG, LAT and ABL. For NTAL and LIME the annealing
temperature was 63 °C/30s. Standard curves for the quantification
of the ABL, LAT, and PAG genes were prepared by serial dilution of
healthy volunteer donor’s total cDNA into water, for NTAL and LIME
cDNA from cell lines REH (NTAL) and MV4;11 (LIME) were used.
Normalized PAG (LAT, NTAL, LIME) expression used for all analy-
ses was determined in each individual sample as a ratio between
the expression of PAG (LAT, NTAL, LIME) and ABL assessed by the
qRT-PCR.

2.4. Flow cytometry

Whole bone marrow (BM) samples, peripheral blood (PB) sam-
ples or cryopreseved thymocytes were stained with following
monoclonal antibodies (mAbs): anti-CD1a PE or anti-CD1a PC5,
anti-CD3 FITC, anti-CD4 ECD, anti-CD7 FITC, anti-CD7 PE, anti-
CD5 PC7, anti-CD10 ECD, anti-CD19 PC7, anti-CD34 FITC, anti-CD34
PC7 (Immunotech, Marseille, France), anti-CD8 Pacific Blue (Dako),
anti-CD20 Alexa405 (Serotec, Kidlington, Oxford, UK) or anti-
CD20 Pacific Blue (eBioscience, San Diego, CA, USA), anti-CD3
Alexa Fluor 700 anti-CD7 Pacific Blue (Exbio Praha, a.s., Czech
Republic), antibodies to adaptor molecules were previously char-
acterized [3,12,21,27] and available as direct conjugates from Exbio
Praha: anti-Cbp/PAG (MEM-255) Dyomics647, anti-LAT (LAT-01)
Dyomics647, anti-NTAL (NAP-07) PE. To control for non-specific
staining we used control reagents at equal concentration Mouse
IgG2a Isotype Control Dyomics647 and Mouse IgG1 Isotype Control
Dyomics647 (Exbio). Cells were stained with antibodies, red blood
cells were lysed with ammonium chloride lysing solution (contain-
ing NH4Cl 0.16 M, NaHCO3 12 mM, EDTA 0.13 mM, NaN3 0.02%, pH
adjusted to 7.2-7.4), washed and resuspended in PBS. FIX&PERM
cell permeabilization kit (An der Grub, Kaumbach, Austria) was
used for intracellular staining of adaptor proteins according to
the manufacturer’s instructions. Samples were analyzed in FACS
Aria flow cytometer (BD, San Jose, CA), CyAn ADP (Dako, Glostrup,
Denmark) or BD LSRII (BD). All instruments are equipped with
the same configuration 405 nm, 488 nm, 633-635 nm laser and 9-
color detection. For polychromatic flow cytometry experiments,
PMT voltage was set above electronic noise threshold and auto-
mated compensation matrix calculation was performed using
single color stained tubes (DiVa 4.1.2 or Summit 4.3). Gating
strategy of compensated data was determined using Fluorescence
Minus One controls [28]. Analysis was performed using Flow]Jo
8.1.1 software (Treestar, Ashland, OR, USA). BCP-ALL samples were
stained with following combinations of mAbs: anti-CD3 FITC, anti-
CD10 ECD, anti-CD19 PC7, anti-CD20 Alexa405 and anti-Cbp/PAG
Dyomics 647 or anti-LAT Dyomics 647. T-ALL specimens were
stained with anti-CD3 FITC, anti-CD7 PE, anti-CD5 PC7, anti-CD20
Alexa405 and anti-Cbp/PAG Dyomics 647 or anti-LAT Dyomics
647. Non-malignant bone marrow cells were stained with anti-
CD34 FITC, anti-CD10 ECD, anti-CD19 PC7, anti-CD20 Alexa405
and anti-Cbp/PAG Dyomics 647 or anti-LAT Dyomics 647. Thy-
mocytes were stained with anti-CD8 Pacific Blue, anti-CD7 FITC,
anti-CD1a PE, anti-CD4 ECD, anti-CD34 PC7, anti-CD3 Alexa Fluor
680 and anti-Cbp/PAG Dyomics 647 or anti-LAT Dyomics 647.
For NTAL determination in thymocytes we used anti-CD7 Pacific
Blue, anti-CD8 Pacific Blue, anti-CD8 FITC, anti-NTAL PE, anti-
CD4 ECD, anti-CD1a PC5, anti-CD34 PC7 and anti-CD3 Alexa Fluor
700.

LAT, PAG and NTAL expression in gated subsets is shown as aratio
of their mean fluorescence intensity (MFI) to isotype control MFI in
respective gate. This type of representation is used to normalize the
MFI values, which differ between flow cytometers.
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Table 1

The overall expression data of adaptor molecules PAG, LAT, NTAL and LIME.
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PAG (mRNA) PAG (protein) LAT (mRNA) LAT (protein)
Mean S.D. Mean S.D. Mean S.D. Mean S.D.
Normal B lineage BCP O n.a. n.a. 3.300 0.890 n.a. n.a. n.a. n.a.
BCP 1 n.a. n.a. 6.775 1.263 n.a. n.a. n.a. n.a.
BCP 2 0.765 0.124 4.363 1.054 0.203 0.072 n.a. n.a.
BCP 3 1.030 0.110 3.400 1167 0.116 0.045 n.a. n.a.
PB 0.464 0.177 2.353 0.448 0.200 0.086 n.a. n.a.
BCP-ALL MLL/AF4 0.345 0.137 n.a. n.a. 0.251 0.224 n.a. n.a.
HD 1111 0.384 5.978 1.792 0.126 0.160 n.a. n.a.
TEL/AML1 3.790 1.977 13.502 4.969 0.219 0.209 n.a. n.a.
Other 1.475 0.557 6.050 3.583 0.050 0.039 n.a. n.a.
Normal T lineage TCP 1 0.120 0.050 3.282 1.384 0.201 0.066 2.302 0.691
TCP 2 0.003 0.000 2.712 1.354 0.183 0.075 1.786 0.831
TCP 3 0.104 0.105 3.000 1.088 0.299 0.055 3.857 0.896
TCP 4 0.091 0.032 n.a. n.a. 0.323 0.146 n.a. n.a.
TCP 4a n.a. n.a. 3.184 1.191 n.a. n.a. 5.002 2.079
TCP 4b n.a. n.a. 3.349 1.276 n.a. n.a. 8.311 2.641
PB 1.215 0.079 3.850 1.582 3.601 0.286 19.672 5.981
T-ALL Pre 0.446 0.059 2.100 n.a. 1.541 1.469 1.180 n.a.
IM 0.261 0.240 2.300 n.a. 2.190 2.021 8.500 n.a.
Mature 0.182 0.087 2.668 0.881 2.643 2.809 13.100 1.980
NTAL (mRNA) NTAL (protein) LIME (mRNA) LIME (protein)
Mean S.D. Mean S.D. Mean S.D. Mean S.D.
Normal B lineage BCP O n.a. n.a. 182.230 304.240 n.a. n.a. n.a. n.a.
BCP 1 n.a. n.a. 5.104 1.896 n.a. n.a. n.a. n.a.
BCP 2 22.617 8.707 4.477 1.301 45.320 24.089 n.a. n.a.
BCP 3 23.170 9.546 4.275 1.080 15.495 4.878 n.a. n.a.
PB 29.638 n.a. 4.879 1.341 428.959 n.a. n.a. n.a.
BCP-ALL MLL/AF4 82.079 32.661 n.a. n.a. 8.210 2911 n.a. n.a.
HD 86.076 75.267 n.a. n.a. 4,714 2.674 n.a. n.a.
TEL/AML1 25.889 14.332 n.a. n.a. 21.499 26.626 n.a. n.a.
Other 49.592 21.394 n.a. n.a. 13.921 8.545 n.a. n.a.
Normal T lineage TCP 1 11.531 2.493 38.451 60.278 137.949 44,974 n.a. n.a.
TCP 2 3.812 1.271 4.672 1.143 164.098 61.968 n.a. n.a.
TCP 3 3.589 1.351 3.101 0.635 373.590 113.701 n.a. n.a.
TCP 4 1379 0.784 n.a. n.a. 384.059 321.945 n.a. n.a.
TCP 4a n.a. n.a. 3.880 0.688 n.a. n.a. n.a. n.a.
TCP 4b n.a. n.a. 3.030 0.351 n.a. n.a. n.a. n.a.
PB 0.337 n.a. 3.276 0.614 n.a. n.a. n.a. n.a.
T-ALL Pre 9.024 7.821 n.a. n.a. 77.596 40.242 n.a. n.a.
IM 4.922 5.042 n.a. n.a. 66.407 43.594 n.a. n.a.
Mature 5.697 4176 n.a. n.a. 103.679 57.850 n.a. n.a.

The mean of the PAG and LAT mRNA expression is set to the amount of PAG and LAT in normal peripheral blood lymphocytes (buffy coat). NTAL is normalized to the REH cell
line and LIME to the MV4;11 cell line expression. For protein analysis, the mean of the levels of LAT, PAG and NTAL expression is shown as a ratio of their mean fluorescence
intensity to isotype control. For the assignment of B and T lineage maturation stages, see Section 2. S.D., standard deviation; n.a., not available.

2.5. Statistical analysis

Mann-Whitney test was applied for statistical analyses per-
formed using StatView software (SAS Institute, Cary, NC, USA).

3. Results
The overall data are summarized in Table 1.
3.1. PAG expression in normal and leukemic B lineage

The graph showing PAG expressionin B lineage is shown in Fig. 1.

In the non-malignant tissue, the most immature CD19—-CD34+
lineage uncommitted cells have a very low expression of PAG pro-
tein. With acquisition of CD19 positivity the PAG expression raises
promptly and subsequently the levels of both PAG protein and
mMRNA gradually decrease with B-cell development towards mature
peripheral B-lymphocytes as demonstrated by flow cytometry and
RT-PCR data, respectively.

PAG expression was analyzed in the following subgroups of
childhood BCP-ALL: TEL/AML1 positive, MLL/AF4 positive (infants),
hyperdiploid and others.

The dynamics of PAG protein and mRNA expression levels corre-
spond very well. The levels of PAG in the group of “other” BCP-ALLs
(non-hyperdiploid with TEL/AML1 negativity and MLL/AF4 negativ-
ity) as well as the hyperdiploid cases match the expression in the
non-malignant counterparts (stages (2) and (3) formed by CD10+
progenitors). Also the low levels of PAG mRNA in MLL/AF4 positive
cases of infant ALL seem to fit into the picture as these leukemias
are formed by very early CD10- progenitors and the stage (1)
CD34+CD19- cells are the closest non-malignant controls for these
cases.

Interestingly, TEL/AML1 positive patients expressed higher
PAG levels in comparison with the other CD10+ ALL sub-
groups (i.e. hyperdiploid and “other” ALLs; p=0.0035 for protein
and p<0.0001 for mRNA) and with the non-malignant coun-
terparts (CD19+CD10+CD34+ for protein expression, p=0.0045;
CD20+/—CD10+ for mRNA expression, p=0.0526) (Fig. 2).
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3.2. LAT expression in normal and leukemic B lineage

The total amounts of LAT mRNA in B-cell precursors are generally
low. Levels of LAT do not differ significantly at the different stages
of B-cell development.

LAT expression in analyzed subgroups of childhood BCP-ALL cor-
responds to their non-malignant counterparts with the exception
of the non-hyperdiploid, fusion gene negative BCP-ALL showing
lower LAT levels. The difference between this subgroup and nor-
mal B-cell precursors reaches a statistical significance p=0.0247).
Variable expression of LAT mRNA in different BCP-ALL subgroups
was detected with TEL/AML1 and MLL/AF4 positive samples hav-
ing higher mRNA levels. We were not able to detect any significant
expression of the LAT protein by flow cytometry neither in normal
B-precursors nor in BCP-ALL samples.
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Fig. 1. Expression of PAG mRNA (A) and protein (B) during B-cell development and
in childhood BCP-ALL samples. BCP-ALL, B-cell precursor leukemias; HD, hyper-
diploid; other, non-hyperdiploid, fusion gene negative B-cell precursor leukemias;
normal BCP 0, CD34+CD19- cells; normal BCP 1, CD19+CD10+CD34+; normal BCP
2, CD19+CD10+CD34— in protein analysis and CD10+CD20+/— in mRNA analysis;
normal BCP 3, CD19+CD20+CD10- in protein analysis and CD20+CD10— in mRNA
analysis; PB, normal peripheral blood B-lymphocytes, CD19+.
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Fig.2. Example of FACS analysis. (A) PAG protein expression in BCP-ALL case without
any fusion gene (upper histograms) or with TEL/AML1 fusion gene (lower his-
tograms). Gated on blast cells (CD19+and CD10+). (B) LAT protein expression in T-ALL
case. Gated on blast cells (CD3+). Isotype controls are depicted by open histograms,
filled histograms depict PAG (in figure A) and LAT (in figure B).

3.3. NTAL expression in normal and leukemic B lineage

The amount of NTAL mRNA in B-lymphocyte precursors is com-
parable in the CD10+CD20+/— and CD10—CD20+ subpopulations
and insignificantly higher in the mature peripheral B-cells. The
same results are shown by the protein analysis, however, the most
immature B-cells (analyzed only for protein expression) show the
highest NTAL positivity among all other subsets (data not shown).
We do not see any significant difference in NTAL expression among
hyperdiploid, MLL/AF4 and non-hyperdiploid, fusion gene negative
BCP-ALLs (p=0.42). All these subtypes show higher NTAL expres-
sion compared to normal B-cell precursors. NTAL expression in the
TEL/AML1 positive patients is significantly lower compared to the
other BCP-leukemia subtypes and is comparable to the expression
in normal B-precursors. The difference between NTAL mRNA level
in TEL/AML1 and hyperdiploid BCP-ALL is statistically highly signif-
icant (p=0.004).

3.4. LIME expression in normal and leukemic B lineage

We detected LIME mRNA in B-cell precursors, CD19+, CD10+ cells
showing higher levels of LIME mRNA than CD19+, CD20+ precur-
sors. However, the difference did not reach statistical significance,
probably due to the low number of available samples (p=0.14).
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Peripheral B-lymphocytes express higher levels of LIME compared
to B-cell precursors.

All BCP-ALL subgroups demonstrate significantly lower levels
of LIME mRNA compared to the corresponding normal B-cell pre-
cursors. TEL/AML1, MLL/AF4+ and non-hyperdiploid, fusion gene
negative BCP-ALLs have comparable amount of LIME mRNA, hyper-
diploid leukemias display lower LIME levels (p = 0.0074).

3.5. PAG expression in normal and leukemic T lineage

We found only a weak expression of PAG in the T lineage.

The levels of PAG mRNA are constant in normal thymo-
cytes with the exception of the “early intermediate T-cell”
stage (CD7+CD3-CD1a+CD8+/-) showing tendency to lower PAG
expression (p=0.0495). The mature peripheral blood T-cells have
significantly higher expression of PAG mRNA compared to the levels
in thymocytes (p=0.0339).

In the T-ALL samples there is a tendency to decrease the PAG
expression with more mature phenotype of malignant population
(pre T-ALL vs. mature T-ALL, p=0.0367), however, there is no sig-
nificant difference between malignant T-cells and thymocytes.

At the protein level the PAG expression is constantly low with
no differences between various maturation stages of normal T-cells
including both thymocytes and peripheral T-lymphocytes. Also the
levels in malignant blasts of T-ALL are constant and do not differ
from the normal T-cells.

3.6. LAT expression in normal and leukemic T lineage

The expression of LAT increases during the normal T-cell mat-
uration as shown in Fig. 3. While at the mRNA level the increase
is significant only between thymocytes and peripheral T-cells
(p=0.0036), the differences at the protein level are detectable
already during the thymic period (CD7+CD3-CD1a+CD8+/— “early
intermediate T-cells” vs. CD7+CD3+CD1a+ “late intermediate T-
cells”, p=0.0163; mature double-positive vs. mature single-positive
T-cells, p=0.0373; thymocytes vs. CD3+ peripheral T-lymphocytes,
p=0.0143).

The LAT levels show also a tendency to rise with more mature
immunophenotype of T-ALL but due to a low number of sam-
ples with the particular T-ALL subgroups (pre T-, intermediate T-,
mature T-ALL) the differences do not reach a statistical significance.
The pre T-ALLs and intermediate T-ALLs show higher LAT levels
than the normal pre T and intermediate T-cells, respectively. The
mature T-ALLs have a higher expression of LAT compared to normal
mature thymocytes, although the statistically significant difference
can be seen only at the protein level (p=0.0079 to “single positive”
thymocytes and p =0.0062 to “double-positive” thymocytes). How-
ever, the LAT expression in mature T-ALLs does not reach the level
detected in the normal peripheral T-cells (p =0.0887 for mRNA and
p=0.0428 for protein expression) (Fig. 3).

3.7. NTAL expression in normal and leukemic T lineage

We were able to detect NTAL mRNA, albeit at low levels, in
all sorted thymocyte populations. The NTAL mRNA expression
decreases during normal T-lymphocyte differentiation and the
same trend is visible in the protein analysis with pro/pre T-cells
showing the highest NTAL levels.

T-ALL cases show various levels of NTAL and the patients can
be divided into two distinct subgroups-those with low and with
high NTAL expression. The threshold between the “high” and “low”
expression was stated as twofold level of NTAL expression in the
REH cell line (REH cell line was used for dilution series in NTAL
experiments). The NTAL “high” and “low” assignment does not cor-
relate with immunophenotype, age of the patients at diagnosis nor
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Fig. 3. Expression of LAT mRNA (A) and protein (B) during T-cell devel-
opment and in childhood T-ALL samples. IM, intermediate T-ALL; TCP 1,
CD34+CD7+CD3—-CD1a—CD8- in protein analysis and CD7+CD3-CD1a-CD8-
in mRNA analysis; TCP 2, CD34+CD7+CD3-CD1a+CD8+/— in protein analy-
sis and CD7+CD3-CD1a+CD8+/— in mRNA analysis; TCP 3, CD7+CD3+CD1a+;
TCP 4, CD7+CD3+CDla—; TCP 4a, CD7+CD3+CD1a-CD4+CD8+; TCP 4b,
CD7+CD3+CD1a—-CD4+CD8- or CD7+CD3+CD1a—CD8+CD4—; PB, normal peripheral
blood T-lymphocytes, CD3+.
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Fig. 4. Expression of NTAL mRNA in T-cell leukemia. PGR: prednisone good respon-
ders; PPR: prednisone poor responders.
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with the initial white blood cell count. However, the two NTAL
groups differ significantly in response to the initial therapy. While
more than a half of the patients (6/11) with low NTAL expression
responded poorly to the initial prednisone treatment (= prednisone
poor responders), the vast majority (20/24) of the NTAL-high group
showed good prednisone response (p =0.04). The difference in the
NTAL expression between the prednisone poor vs. good responders
is statistically significant (p=0.0285) (Fig. 4).

3.8. LIME expression in normal and leukemic T lineage

The level of LIME mRNA increases during maturation of T-
lymphocyte precursors.

Inleukemic samples, intermediate T-ALLs and pre T-ALLs display
lower LIME mRNA levels compared to mature T-ALL (p =0.04). The
overall expression of LIME is significantly higher in T-ALL compared
to BCP-ALL (p <0.0001); however, it does not reach the level found
in physiologic T-lymphocyte precursors.

4. Discussion

Using qRT-PCR and flow cytometry we analyzed expression sta-
tus of four transmembrane adaptors — PAG, LAT, NTAL and LIME - at
the mRNA and - with the exception of LIME - also at protein levels.
In general, the mRNA and protein levels and dynamics correspond
very well. We defined changes of adaptor expression during normal
lymphocyte development in human and, moreover, we correlated
the physiological expression with mRNA and protein levels found
in principal subtypes of childhood ALL. We found significant differ-
ences in the expression in ALLs with different genetic background
and we show prognostic impact of the different expression levels.
Our primary data can be used for subsequent functional analysis of
these molecules that is needed to fully elucidate its role in B- and
T-cell development and in leukemia.

Protein and mRNA expression analysis show that while some of
the adaptor molecules are present at relatively constant levels (e.g.
PAG in T lineage) during normal B- or T-lymphocyte development,
others show significant dynamics (decrease of NTAL and increase
of LIME and LAT levels during T-cell maturation, decrease of PAG
during B-cell development, high LIME levels in mature periph-
eral B-lymphocytes). Our findings suggest that different signaling
pathways are activated and different adaptors are involved during
physiologic lymphocyte maturation.

Studying malignant counterparts of normal lymphocyte precur-
sors might be very useful for further understanding of function and
pathology of these molecules. We analyzed leukemic cells of various
childhood ALL subgroups, compared the expression of the adap-
tor proteins with normal precursors and subsequently elucidated
prognostic impact of different expression levels.

The TEL/AML1-positive and hyperdiploid leukaemias compose
together about one half of all childhood ALL cases. These two well-
defined subgroups have a very similar characteristics in terms of
incidence (each subgroup comprises 20-25% of all childhood ALLs),
age at diagnosis (vast majority diagnosed in pre-school age 1-5

years),immunophenotype (CD34+19+10+), treatment response and
overall prognosis (very good outcome). Interestingly, the expres-
sion of adaptor proteins differs markedly in these two subgroups
(TEL/AML1 showing higher expression of PAG and LIME and lower
levels of NTAL, p=0.001, p=0.023 and p = 0.004, respectively) (Fig. 5)
and both the TEL/AML1 and hyperdiploid cases show significantly
different expression not only compared to other, phenotypically
comparable leukemias, but the expression also significantly differs
from the levels found in corresponding normal B-precursors. This
observation probably reflects a different biological background of
these subgroups and implies that the adaptor molecules may play
arole - direct or indirect - in the etiopathogenesis of the TEL/AML1
positive and/or hyperdiploid ALL.

The most prominent change in B-cell precursor leukemias is the
high expression of PAG in TEL/AML1-positive cases. The high levels
of PAG in this subgroup might mirror the origin of these leukemias
in an early B-progenitor. This would correspond with our previous
observation based on detailed immunophenotypic analysis of this
group [29]. The higher PAG activity in TEL/AML1 positive samples
could also explain another known phenomenon seen in these cells,
the higher activity of VD] recombination machinery resulting in
significantly higher number of immunoglobulin and T-cell receptor
rearrangements in TEL/AML1 positive compared to TEL/AML1 nega-
tive leukemias [30]. As suggested previously, the higher PAG activity
in B-precursors leads to a higher recruitment of Csk and subsequent
inhibition of Src-kinases activity. Resulting decrease of phosphory-
lation of inhibitory ITIM motifs then allows higher propagation of
activation signals including the VD] recombinase activity. Interest-
ingly, the PAG levels correlate significantly with the expression of
CD27 antigen. This molecule has been shown to be expressed on
the B-cells with high activity of VD] recombinase machinery—IgH
rearranging early B-progenitors, germinal centre B-cells and also
ALL cases with positivity of the TEL/AML1 fusion gene [7,21,31,32].
High expression of PAG protein was recently described also in the
samples of follicular lymphoma [7].

In T-ALL cases, LAT increases significantly with the maturation of
both malignant and non-malignant precursors. However, in mature
T-ALL the expression of LAT exceeds the level found in mature thy-
mocytes but it does not reach the level of peripheral blood T-cells.
Since LAT is required for T-cell receptor activation [33], the marked
increase of LAT expression in peripheral blood T-cells can reflect
antigenic experience of these cells. The lower levels in leukemic
samples probably reflect the fact that despite these malignant and
non-malignant cells are phenotypically in the comparable mat-
uration stage and both are present in peripheral circulation, the
malignant T-cells are not capable of adequate response to antigen
stimulation.

While the levels of other adaptors are relatively stable within
particular genetic subgroups of ALL, expression of LAT (in both
BCP and T-ALL) and NTAL (in T-ALL) varies markedly. Our results
show that the variable expression of these adaptor molecules in
the leukemic cells might have an impact on treatment response and
prognosis. In particular, low expression of NTAL at the time of diag-
nosis of childhood T-ALL significantly correlates with poor response
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to the initial one-week prednisone pre-phase (p =0.028). As NTAL is
a putative tumor suppressor gene acting probably through competi-
tive inhibition of LAT and thus decreasing the phosphorylation level
of Src-kinases, the differences in NTAL expression could explain the
early treatment response variability. On the other hand, the high
NTAL expression has rather unfavorable prognostic impact in the
TEL/AML1 subgroup as the patients who suffer subsequent relapse
have tendency to a higher NTAL expression. Despite the fact that
this difference does not reach a statistical significance (p=0.071),
this phenomenon suggests different role of NTAL in malignant B-
and T-precursors.

In conclusion, our data show that expression of membrane
adaptor molecules on leukemic blasts is specific in some ALL
subgroups—particularly in TEL/AML1-positive ALL. Moreover, we
demonstrate that the variable expression may play an important
role in early treatment response. In addition to the ALL data, we
show for the first time a detailed analysis of adaptor molecules
expression dynamics during normal human lymphocyte differen-
tiation.
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The biology of T-cell acute lymphoblastic leukemia (ALL) is characterized by functional
pre — T-cell receptor (TCR) signaling. Non — T-cell activation linker (NTAL) is a nonenzymatic
transmembrane adaptor molecule that is involved in the proximal signaling of lymphocytes.
In our previous work, we found an association between high NTAL expression in T-cell
ALL blasts and a favorable response to initial glucocorticoid treatment. In the present study,
we confirm our previous observation in an experimental model. In addition, the molecular
mechanism of the contribution of NTAL to malignant T-cell ALL blast signaling and to
methylprednisolone-induced cell death is analyzed. In the in vitro experiments, we used the
T-cell ALL Jurkat cell line (Jurkat/wt) and derived Jurkat cell line with stable NTAL expres-
sion (Jurkat/NTAL™). Cell signaling and cell death after methylprednisolone treatment and
after TCR stimulation were analyzed using flow cytometry, Western blot, and quantitative
polymerase chain reaction. Jurkat/NTAL" cells are significantly more sensitive to both methyl
prednisolone treatment and TCR-induced stimulation. In addition, after TCR stimulation, Ju-
rkat/NTAL" cells show a higher level of intracellular extracellular signal-regulated kinase 1/2
(ERK) phosphorylation and increased expression of the CD69 activation marker on the cell
surface than the Jurkat/wt cells. The ERK inhibitor U0126 almost completely abrogates
TCR-induced cell death and, importantly, reverses the sensitizing effect of the NTAL protein
on methylprednisolone-induced cell death. In conclusion, NTAL acts as a tumor suppressor
that enhances the proximal signaling of leukemic blasts. The key downstream molecule
responsible for the biological effect of TCR signaling is ERK. Higher ERK phosphorylation
leads to enhanced cell death after TCR stimulation and increases cell sensitivity to
methylprednisolone-induced cell death. © 2012 ISEH - Society for Hematology and Stem
Cells. Published by Elsevier Inc.

Acute lymphoblastic leukemia (ALL) is the most common
malignancy in childhood. Approximately 15% of cases are
T-cell ALLs that originate in immature thymocytes. Child-
hood leukemia is a highly curable disease in general [1];
however, 20% of patients relapse, and the prognosis for these
patients is usually poor. According to the Berlin-Frankfurt-
Miinster group treatment protocols, only glucocorticoids
and intrathecal methotrexate are administered during the
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2" Faculty of Medicine, Charles University Prague and University
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first week of therapy. The reduction of malignant blasts to
<1000 in 1 pL peripheral blood defines a favorable
response to initial glucocorticoid treatment and is one of
the most important prognostic factors in ALL [2]. In our
previous work, we demonstrated that the level of non—
T-cell activation linker (NTAL) messenger RNA (mRNA)
affects the response to prednisone treatment in T-cell ALL;
good responders have significantly higher levels of NTAL
mRNA in leukemic blasts than poor responders [3]. In the
present study, we aimed to investigate the role of the
NTAL molecule in T-cell ALL in more detail.

For T-cell leukemogenesis, pre—T-cell receptor
signaling [4] and subsequent extracellular signal-regulated
kinase 1/2 (ERK) activation [5] is essential. NTAL and

0301-472X/$ - see front matter. Copyright © 2012 ISEH - Society for Hematology and Stem Cells. Published by Elsevier Inc.
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linker for activation of T-cell (LAT) are nonenzymatic
signaling molecules that belong to a category of transmem-
brane adaptor proteins. NTAL and LAT are localized in
glycol-sphingolipid—enriched microdomains (also called
“lipid rafts”) and provide docking sites for effector
signaling molecules to enable signal transmission from im-
munoreceptors to the nucleus [6]. The crucial adaptor
protein for signal transmission from the T-cell receptor
(TCR) is LAT. After TCR engagement, LAT is phosphory-
lated by Syk kinase {-chain—associated protein kinase 70
and associates directly with growth factor receptor—bound
protein 2 (GRB2), GRB2-related adaptor protein 2, and
phospholipase C—v [6]. This association leads to assembly
of a signalosome in glycol-sphingolipid—enriched micro-
domains and efficient signal transmission to the nucleus.
The NTAL molecule (also called LAB, LAT2, or
WBSCRS) has a very similar structure to LAT (binds to
GRB2 and c-cbl), but does not directly associate with phos-
pholipase C—vy [7]. In B lymphocytes, the function of the
NTAL molecule is relatively well described and a presum-
able activating role of NTAL has been shown; NTAL is
involved in sustained calcium influx from the extracellular
space after B-cell receptor stimulation [8]. However, in
physiological T lymphocytes, NTAL has rather an inhibi-
tory role in TCR-induced signaling. NTAL is not expressed
in resting T lymphocytes [7], but its expression is heavily
upregulated after TCR stimulation, leading to decreased
T-cell activation [9]. Overexpression of NTAL in physio-
logical T lymphocytes decreases the phosphorylation of
ERK and Akt [9]. In T-cell development, NTAL can
partially substitute for the absence of LAT [10], partly
restoring calcium influx [11]. In addition, NTAL ~’~ mice
develop an autoimmune syndrome characterized by acti-
vated T cells. In summary, NTAL probably acts both as
an activator and inhibitor of lymphocyte signaling, depend-
ing on the cell type.

ERK is a serine/threonine kinase that is activated after
TCR engagement by sequential phosphorylation in the
RAS/RAF/MEK/ERK signaling cascade. ERK is involved
in diverse and often opposite cellular functions, includ-
ing cell cycle progression and cell cycle arrest [12],
and in cell survival and cell death [13]. In physiological
T-lymphocyte development, the magnitude, localization,
and duration of ERK phosphorylation after TCR enga-
gement determines whether the lymphocyte undergoes
positive or negative selection. Strong TCR engagement
(negative selectors) induces rapid and high ERK phos-
phorylation, and ERK is translocated to the plasma
membrane. In contrast, positive selectors induce slower
ERK phosphorylation, and ERK is localized to the Golgi
complex [14].

In the current study, we examined the role of the NTAL
molecule in glucocorticoid-induced cell death in a native
and derivative Jurkat cell line. We also determined the
influence of the NTAL protein on the response to TCR
signaling.

Materials and methods

Jurkat wild-type and Jurkat/NTAL" cell lines

The Jurkat cell line (Jurkat/wt), which was derived from a 14-year-
old patient at the first relapse of T-cell ALL, was used in the in vitro
experiments. Expression of the NTAL protein is not detectable in
this cell line, and a very low amount of NTAL mRNA is expressed
(Fig. 1). A Jurkat cell line with stable expression of the NTAL
protein (Jurkat/NTAL™) was used as a model for NTAL-positive
T-cell ALL malignant blasts. To establish the Jurkat/NTAL™ cell
line, we transfected Jurkat cells with a NTAL-pEFIRES-N
construct by electroporation on a BioRad Gene Pulser, followed
by selection using a limiting dilution in the presence of G418 (2
mg/mL) to select single cell clones. The presence of the NTAL
construct was confirmed using quantitative reverse transcription
polymerase chain reaction (PCR) and Western blot (Fig. 1).
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Generation of NTAL-pEFIRES-N construct (entire coding
sequence of human NTAL cloned into EcoRI site of pEFIRES-N
vector [15]) has been described earlier [7]. Cells were maintained
in RPMI-1640 supplemented with 10% heat-inactivated fetal
bovine serum, 2 mmol/L L-glutamine, 100 U/mL penicillin, and
100 pg/mL streptomycin at 37°C in a 5% CO, atmosphere. Ju-
rkat/wt and Jurkat/NTAL™ cells show similar growth patterns in
cell culture (data not shown).

Reagents and antibodies

The following reagents and antibodies were used: methylprednis-
olone (Solu-Medrol, Pharmacia Upjohn, Puurs, Belgium), U0126
monoethanolate, paraformaldehyde, tris(hydroxymethyl)aminome-
thane (Tris), sodium orthovanadate, sodium fluoride, glycerol,
n-dodecyl B-p-maltoside (laurylmaltoside), phenylmethanesul-
fonyl fluoride (Sigma-Aldrich, St Louis, MO, USA), mouse mono-
clonal anti-CD3 Jurkat T-cell receptor antibody (clone
C305; kindly provided by Arthur Weiss, University of California,
San Francisco, CA, USA), phospho-Erk1/2 (phospho-p44/42
mitogen-activated protein kinase [MAPK]) (Thr202/Tyr204)-
Alexa Fluor 647, phospho—stress-activated protein kinase/Jun
N-terminal kinase (JNK) (Thr183/Tyr185)-Alexa Fluor 647,
phospho-p38 MAPK (Thr180/Tyr182)-Alexa Fluor 647 (Cell
Signaling Technology, Danvers, MA, USA), anti—CD69-
phycoerythrin, Annexin V—Dy647, propidium iodide, Annexin
V binding buffer (Exbio Praha, Vestec, Czech Republic),
4’ 6-diamidino-2-phenylindole, dihydrochloride, Vybrant Dye
Cycle Violet stain, LIVE/DEAD Fixable Dead Cell Stain kit
(VIVID), mouse anti-NTAL IgG;, anti—-actin IgG,, goat
anti-mouse IgG+A-+M—horseradish peroxidase antibody (Invi-
trogen, Carlsbad, CA, USA), rabbit phospho-p44/42 MAPK
(ERK1/2)  (Thr202/Tyr204), p44/42 MAPK (ERK1/2),
phospho—SAPK/INK (Thr183/Tyr185), SAPK/JINK, phospho-
p38 MAPK (Thr180/Tyr182), p38 a-MAPK antibody (Cell
Signaling Technology), goat anti-rabbit IgG (H+L)—horseradish
peroxidase conjugate antibody (Bio-Rad, Philadelphia, PA,
USA), RNeasy Mini Kit (Qiagen GmbH, Hilden, Germany),
MoMLV Reverse Transcriptase (Gibco BRL, Carlsbad, CA,
USA), and Protease Inhibitor Cocktail (Calbiochem/Merck, Darm-
stadt, Germany).

Methylprednisolone- and TCR-induced cell death assays

Jurkat/wt and Jurkat/NTAL™ cells were seeded at a concentration
of 0.5 or 1.0 x 10° cells/mL in six-well plates and cultured at
37°Cin a 5% CO, atmosphere with a 1 mM concentration of meth-
ylprednisolone or methylprednisolone solvent as a negative control.
The ERK inhibitor U0126 was added at the indicated time points at
a concentration of 10 uM. After 24 and 48 hours, the cells were
washed in phosphate-buffered saline (PBS) and resuspended in
50 pL. Annexin V binding buffer with 2.5 pL Annexin V and
2.5 pL propidium iodide. The mixture was maintained for 30
minutes on ice, washed in Annexin V buffer and measured by
flow cytometry. Live cells were defined as Annexin V—negative
and propidium iodide—negative. Results are shown as the ratio of
the live methylprednisolone-treated cells to control cells.

A similar method was used in the TCR-induced cell death exper-
iment. Jurkat/wt and Jurkat/ NTAL™ cells were seeded at a concentra-
tion of 1.0 x 10° cells/mL in six-well plates and incubated with 5.25
pg/mL C305 antibody or RPMI alone as a negative control. The
ERK inhibitor U0126 was added at the indicated time points at

a concentration of 10 uM. After 3, 6, 12, and 24 hours, the cells
were washed in PBS and resuspended in Annexin V binding buffer
with 2.5 pL Annexin V. 4’,6-Diamidino-2-phenylindole, dihydro-
chloride was added before measurement instead of propidium
iodide. Results are again shown as the ratio of the surviving
methylprednisolone-treated cells to control cells.

Intracellular phosphospecific and surface CD69

flow cytometry

Jurkat/wt and Jurkat/NTAL" cells were seeded at a concentration
of 2.0 x 10° cells/mL in 96-well V-bottom plates. Jurkat TCRs
were activated by cross linking with 5.25 pg/mL C305 antibody.
The VIVID stain diluted in dimethyl sulfoxide (1:10) was added
to the cell suspension 15 minutes before fixation at a concentration
of 0.5 pL/100 pL media. Cells were fixed with paraformaldehyde at
a final concentration of 4%, incubated for 10 minutes at room
temperature, and permeabilized with ice-cold methanol for 15
minutes on ice (final concentration: 50%). Cells were subsequently
pelleted and resuspended in 200 pLL PBS with 0.1% bovine serum
albumin. Fifty microliters of the cell suspension was incubated for
30 minutes on ice with 5 pL. phosphospecific antibody and then was
washed and analyzed by flow cytometry. Analysis was performed
on living cells, defined as VIVID-stain negative; staining of the
phosphospecific antibodies is shown as the median fluorescent
intensity.

The CD69 activation marker was analyzed after 24 hours of
incubation of the Jurkat/wt and Jurkat/NTAL™ cells with 5.25
pg/mL C305 antibody. Cells were washed in PBS, incubated for
30 minutes with the anti—CD69-phycoerythrin antibody and
measured by flow cytometry. Results are shown as the percentage
of CD69-positive cells.

Flow cytometry

All samples were measured with a BD LSRII flow cytometer (BD
Immunocytometry Systems, San Jose, CA, USA). Data analysis
was performed using FlowJo version 8.8.6 (TreeStar, Ashland,
OR, USA).

Quantitative reverse transcription PCR

RNA from Jurkat/wt and Jurkat/NTAL™ cells was isolated using
the RNeasy Mini Kit and reverse transcribed into complementary
DNA using MoMLYV Reverse Transcriptase according to manufac-
turer’s protocol. The quantitative reverse transcription PCR anal-
ysis was performed using the ABI 7700 system (Applied
Biosystems, Foster City, CA, USA). NTAL primer and probe
sequences were as follows, 5'-GGA CAT GGC ACC CAC AAG
GA-3'; reverse primer, 5-GGA ATT GGC ATC ATC ATC TTC
TGG-3'; probe, 5'-(FAM) CTA TGT AGG CTT CCT CCG ACC
CGT GTC TGC T-3'. For the amplification of LAT: forward
primer, 5-GAG AGC GCA GAA GCG TCT CT-3'; reverse
primer, 5'-CAG TCT TAG CCG CTC CAG GAT-3'; probe, 5'-
(FAM) ATG GCA GCC GGG AGT ATG TGA ATG TG. The
housekeeping gene ABL was used for data normalization. PCR
reaction and cycling conditions are described elsewhere [2].

Western blot

A total of 5.0 x 10° Jurkat/wt and Jurkat/NTAL™ cells were lysed
in 100 pL lysis buffer (20 mM Tris [pH 7.5] containing 50 mM
sodium fluoride, protease inhibitor cocktail, 1 mM orthovanadate,
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1 mM phenylmethanesulfonyl fluoride, 10 mM EDTA, 10% glyc-
erol, and 1% laurylmaltoside) for 30 minutes on ice. The mixture
was then centrifuged for 30 minutes, and the supernatant was
mixed with sodium dodecyl sulfate—based loading buffer, boiled,
sonicated, and used for the Western blot.

Statistical analysis

Mann—Whitney and Kruskal—Wallis tests were applied for statis-
tical analyses performed using StatView software (SAS Institute,
Cary, NC, USA). Experiments were done in triplicate or as indi-
cated in repeated experiments.

Results

NTAL sensitizes leukemic cells to methylprednisolone
treatment

In the Jurkat cell line (established from the peripheral blood
of a 14-year-old boy with T-lineage ALL at first relapse)
(Jurkat/wt), the NTAL protein is undetectable. To assess
the role of the NTAL protein in malignant T-cell ALL
blasts, we established a derivative Jurkat cell line that has
stable NTAL expression (Jurkat/NTAL™") (Fig. 1). To delin-
eate the effect of the NTAL protein in methylprednisolone-
induced cell death in T-cell ALL, Jurkat/wt and Jurkat/
NTAL™" cells were cultured with a 1-mM concentration of
methylprednisolone or solvent alone (negative control).
At the indicated time points, the rate of cell death was
measured by flow cytometry. After 24 hours of treatment,
we did not observe any changes in the number of living
cells (mean: 88.5% in Jurkat/wt vs 88.5% in Jurkat/
NTAL™). After 48 hours, Jurkat/wt cells showed signifi-
cantly higher resistance to methylprednisolone than Jurkat/
NTAL™" cells (mean: 31.3% * 4.85% vs 10.5% = 2.38%
surviving cells; p < 0.05) (Fig. 2A). The expression of
NTAL and LAT mRNA was stable during the experiment
(Fig. 2B). This in vitro experiment accords with our

observation that leukemic blasts of T-ALL patients with
higher levels of NTAL mRNA are more sensitive to gluco-
corticoid treatment.

NTAL potentiates TCR-induced signaling, leading to
increased phosphorylation of ERK

The impact of NTAL expression on leukocyte signaling is
not completely defined. Moreover, the mechanism by which
the NTAL molecule affects signal transmission in T-cell
ALL is also unknown. NTAL has been hypothesized to
inhibit leukocyte signaling via competition with LAT. To
elucidate the role of NTAL in our experiment, we stimu-
lated TCRs by cross linking with an anti-CD3 antibody,
and we measured the phosphorylation of ERK, JNK, and
p38 mitogen-activated protein kinase (MAPK) by flow
cytometry and Western blot. In unstimulated Jurkat/wt
and Jurkat/NTAL™ cells, the basal ERK, JNK, and p38
MAPK phosphorylation is comparable. After TCR stimula-
tion, ERK becomes rapidly phosphorylated and reaches
a maximum at 5 minutes after TCR cross linking; the phos-
phorylation then declines rapidly (Fig. 3A, B, C). The phos-
phorylation of ERK is 1.5-fold higher in Jurkat/NTAL™
cells than in Jurkat/wt cells at 5 minutes (p < 0.05)
(Fig. 3B, C). In addition, Jurkat/NTAL™ cells express
increased levels of the CD69 activation marker on the
cell surface than Jurkat/wt cells at 24 hours after stimula-
tion (mean: 77.4% = 0.74% vs 90.5% = 0.16%; p <
0.05) (Fig. 3D). A comparable increase of JNK phosphory-
lation of Jurkat/wt and Jurkat/NTAL™ cells was observed
after TCR stimulation. In addition, we see a slower
decrease of JNK phosphorylation in NTAL" cell that is
compatible with higher engagement of ERK. Phosphoryla-
tion of p38 MAPK remained at the baseline level after TCR
cross linking (Fig. 3C). These data suggest that NTAL
potentiates the proximal signaling of malignant leukemic
blasts, leading to increased ERK phosphorylation.
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NTAL augments TCR-induced cell death, which can be
blocked by inhibition of ERK phosphorylation

Next, we focused on the TCR-driven cell death. In the
thymus, the differing intensity of TCR signals leads to
either positive or negative selection of nonmalignant
T-cell precursors. After TCR engagement, rapid and high
ERK phosphorylation contributes to cell death, whereas de-
layed and prolonged ERK phosphorylation is anti-apoptotic
[13,14]. Malignant Jurkat T cells die after strong signals
induced by TCR cross linking and Jurkat/wt cells are less
sensitive to TCR-induced cell death than Jurkat/NTAL™
(mean: 86.8% = 5.8% vs 70.9% = 2.4% live cells at 6
hours; mean: 61.0% * 2.3% vs 40.7% * 2.8% live cells
at 24 hours after TCR stimulation in Jurkat/wt vs Jurkat/
NTAL™" cells, respectively (p < 0.05) (Fig. 4A, B). ERK
phosphorylation can be blocked effectively with the
specific ERK inhibitor U0126. When U0126 is added 120
minutes before the anti-CD3 antibody, cell death is almost
completely blocked, although we still observe a difference
between the Jurkat/wt and Jurkat/NTAL' cells (mean:
89.3% = 5.7% vs 85.9% = 0.9% live cells at 6 hours;
mean: 95.2% * 1.1% vs 82.0% % 0.2% live cells at 24
hours after TCR stimulation in Jurkat/wt vs Jurkat/NTAL™

cells, respectively (p < 0.05) (Fig. 4A). This difference
could be caused by incomplete inhibition of ERK phos-
phorylation or by other ERK-independent mechanisms
that contribute to cell death in NTAL™ cells. In contrast,
when U0126 is added 30 minutes after the anti-CD3 anti-
body, the rate of cell death is only slightly decreased
compared to anti-CD3 treatment alone (mean: 74.8% =
55% vs 80.4% *+ 7.8% at 6 hours; 72.1% = 4.0% vs
534% = 3.4% at 24 hours after TCR stimulation in
Jurkat/wt vs Jurkat/NTAL™ cells, respectively, p < 0.05)
(Fig. 4B). To conclude, as early as 30 minutes after TCR
stimulation, the sequence of events leading to cell death
has already started. Thus, ERK phosphorylation is probably
mandatory for TCR-induced cell death. Inhibition of ERK
phosphorylation significantly suppresses the positive effect
of NTAL on TCR-induced cell death.

Sensitizing effect of NTAL to methylprednisolone
treatment is reversed by inhibition of ERK
phosphorylation

Finally, we investigated the effect of the ERK inhibitor
U0126 on glucocorticoid-induced cell death. U0126 was
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Figure 4. NTAL augments TCR-induced cell death, which can be blocked by inhibition of ERK phosphorylation. TCR was cross linked by the anti-CD3
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(p < 0.05). (A) Addition of the ERK inhibitor U0126 120 minutes before the C305 antibody almost completely blocks TCR-induced cell death
(p < 0.05) (triplicate). (B) Addition of U0126 30 minutes after the anti-CD3 antibody suppresses cell death only partially (p < 0.05) (triplicate).

added to the cell cultures of Jurkat/wt and Jurkat/NTAL™
cells 30 minutes before methylprednisolone, and the
cell death was measured at 48 hours by flow cytometry.
Unlike in the original experiment with no intervention on
the ERK phosphorylation (Fig. 2A), after ERK inhibition
by U0126 the percentage of surviving cells was identical in
Jurkat/wt and Jurkat/NTAL™ cells (median: 29.9% =+ 3.1%
vs 29.3% =+ 4.7% in Jurkat/wt and Jurkat/NTAL™ cells;
p = 0.49) (Fig. 5). Our experiments suggest that the mecha-
nism leading to the higher sensitivity of NTAL™ cells to
methylprednisolone treatment is higher activation of the
ERK kinase.

Discussion

The precise mechanism of regulation of glucocorticoid
sensitivity or resistance is not yet fully understood. In our
previous study, we have described, for the first time, the
association between high expression of the adaptor protein
NTAL and a better response to prednisone treatment in
T-cell ALL [3]. In the present study, we confirmed these
data in vitro and showed that the presence of the NTAL
protein sensitizes T-ALL cells to the lethal effect of gluco-
corticoids. In addition, we attempted to reveal the mecha-
nism by which NTAL contributes to prednisone-induced
cell death.

Functional T-cell receptor signaling is the hallmark of T-
cell ALL [4,5]. NTAL is nonenzymatic signaling molecule
that is associated with the TCR. Therefore, we first focused
on TCR-induced signaling. After TCR stimulation, cells ex-
pressing the NTAL protein display a more activated pheno-
type and have higher expression of the CD69 molecule on
the cell surface than NTAL-negative cells. Moreover,
NTAL augments TCR-induced cell death. We then focused
on the intracellular signaling pathways. The proteins ERK,
JNK, and p38 MAPK are key signaling molecules in
lymphocytes. The basal phosphorylation of ERK, JINK,
and p38 MAPK does not differ between Jurkat/wt and
Jurkat/NTAL™ cells. After TCR stimulation, we observed

only minor changes in the phosphorylation of JNK and
no change in p38 MAPK, whereas ERK is phosphorylated
considerably and very early. In addition, Jurkat/NTAL™"
cells display markedly higher ERK phosphorylation after
TCR stimulation than Jurkat/wt cells. We conclude that
NTAL augments the signaling via an enhancement of
ERK activation. We can hypothesize that in T-cell ALL,
NTAL is localized in lipid rafts, binds to the molecule
GRB2, and (in cooperation with LAT) augments the activa-
tion of the RAS/RAF/MEK/ERK signaling cascade.

As the next step, we focused on the ERK molecule and
its role in cell death. After TCR cross linking, early inhibi-
tion of ERK phosphorylation by the inhibitor U0126 blocks
cell death. When U0126 is applied later (30 minutes after
TCR stimulation by the anti-CD3 antibody), the cell death
kinetics resemble those in the cells treated with anti-CD3
alone. We conclude that the events leading to cell death
have already started within the first 30 minutes after TCR
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Figure 5. The sensitizing effect of NTAL to methylprednisolone-induced
cell death is reversed by inhibition of ERK phosphorylation. U0126 was
added 30 minutes before the addition of methylprednisolone, and the
percentage of Annexin V-—negative, propidium iodide—negative cells
was assessed after 48 hours of co-incubation. ERK inhibition reverts the
sensitizing effect of the NTAL molecule to methylprednisolone treatment
in Jurkat/NTAL™ cells (10-plicate) (p = 0.49).
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stimulation. Thus, the early ERK phosphorylation initiates
the events leading to the death of the Jurkat/NTAL™ cells.

Finally, we cultured Jurkat/wt and Jurkat/NTAL™" cells
with methylprednisolone and ERK inhibitor U0126
together. We show that blocking of ERK phosphorylation
results in an elimination of the difference between the
Jurkat/wt and Jurkat/NTAL™ cells, and the percentage of
surviving cells is equal in the two cell lines.

Our results are in accord with the data from adult ALL,
in which the phosphorylation of ERK has been described
as a predictor of complete remission achievement [16].
We can speculate that in pediatric T-cell ALL, NTAL
contributes to higher ERK phosphorylation and increases
glucocorticoid sensitivity, and this mechanism leads to
a better response to the leukemia treatment. We conclude
that NTAL is a tumor suppressor that enhances the prox-
imal signaling of leukemic blasts, and ERK is the key
downstream molecule responsible for the biological
effects.
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CD148 is areceptor-like protein-tyrosine phosphatase known
to inhibit transduction of mitogenic signals in non-hematopoi-
etic cells. Similarly, in the hematopoietic lineage, CD148 inhib-
ited signal transduction downstream of T cell receptor. How-
ever, it also augmented immunoreceptor signaling in B cells and
macrophages via dephosphorylating C-terminal tyrosine of Src
family kinases (SFK). Accordingly, endogenous CD148 compen-
sated for the loss of the main SFK activator CD45 in murine B
cells and macrophages but not in T cells. Hypothetical explana-
tions for the difference between T cells and other leukocyte lin-
eages include the inability of CD148 to dephosphorylate a spe-
cificset of SFKs involved in T cell activation or the lack of CD148
expression during critical stages of T cell development. Here we
describe striking differences in CD148 expression between
human and murine thymocyte subsets, the only unifying feature
being the absence of CD148 during the positive selection when
the major developmental block occurs under CD45 deficiency.
Moreover, we demonstrate that similar to CD45, CD148 has
both activating and inhibitory effects on the SFKs involved in
TCR signaling. However, in the absence of CD45, activating
effects prevail, resulting in functional complementation of
CD45 deficiency in human T cell lines. Importantly, this is inde-
pendent of the tyrosines in the CD148 C-terminal tail, contra-
dicting the recently proposed phosphotyrosine displacement
model as a mechanism of SFK activation by CD148. Collectively,
our data suggest that differential effects of CD148 in T cells and
other leukocyte subsets cannot be explained by the CD148
inability to activate T cell SFKs but rather by its dual inhibitory/
activatory function and specific expression pattern.

Protein tyrosine phosphorylation plays an important role in
transducing many cellular signals. The tyrosine phosphoryla-
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tion status of individual proteins is regulated by opposing
actions of protein-tyrosine kinases and PTPs.> The effects of
PTP activity on signal transduction can be both stimulatory and
inhibitory, depending on the individual PTP specificity. In TCR
signaling, some PTPs (e.g SHP-1) have a largely negative
impact on signal propagation, whereas the CD45 PTP appears
to have a dual function. It enables the activation of SFKs by
dephosphorylating their inhibitory C-terminal phosphoty-
rosine (Tyr-505 in Lck and Tyr-528 in Fyn) and is, thus, indis-
pensable for the initiation of TCR signal transduction. How-
ever, CD45 also plays a direct or indirect role in the
dephosphorylation of SFKs at their catalytic sites (Tyr-394 for
Lck), which negatively influences their activity (1). Another
PTP expressed in the immune system, CD1438, also appears to
produce both activating and inhibitory effects.

CD148 (DEP-1, PTPR]) is an R3 family receptor-like PTP
with a large highly N-glycosylated extracellular segment con-
taining multiple fibronectin III-like repeats, a transmembrane
domain, and a single intracellular protein-tyrosine phosphatase
domain followed by a short C-terminal tail containing three
conserved tyrosine residues (1-5).

CD148 is a broadly expressed PTP found in non-hematopoi-
etic tissues such as epithelia and fibroblasts as well as in leuko-
cytes (2, 4, 6). In peripheral blood, CD148 is expressed on all
white blood cell populations, including T cells, and platelets in
humans (5-8). CD148 is further up-regulated on T cells after
activation with mitogens (5, 6, 8). Less is known about CD148
expression on thymocytes. Immunohistochemical staining of
human thymi revealed that CD148-positive T cells are localized
in medulla, suggesting its expression in mature thymocytes (5,
9). This was supported by flow cytometry that detected CD148
only on CD3-positive thymocytes (5). However, examination of
CD148 expression at defined stages of thymocyte development
has not been reported.

Similar to human cells, the majority of murine peripheral
leukocyte subsets are also CD148-positive. However, naive T
cells are a notable exception, exhibiting very weak CD148
expression (10). This also seems to be reflected in contrasting
data obtained with murine and human thymi as only mouse

3 The abbreviations used are: PTP, protein-tyrosine phosphatase; SFK, Src-
family kinase; SP, single positive; APC, allophycocyanin; DN, double nega-
tive; DP, double positive; iSP, immature single positive; PB, Pacific Blue;
TCR, T cell receptor; aa, amino acids; PLC, phospholipase C; LAT, linker for
activation of T cells.
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CD4 CD8™ double negative thymocytes, representing the ear-
liest stage of T cell thymic development, exhibited low level
CD148 positivity (10).

A wide range of evidence suggests that CD148 acts as a tumor
suppressor in non-hematopoietic tissues (11-17), likely by
dephosphorylating and negatively regulating receptor tyrosine
kinases (16, 18 —21) and/or downstream signal transducers (13,
22). On the other hand, CD148 also plays an activating role via
dephosphorylation of the inhibitory tyrosine in Src (19, 23).

CD148 function has been studied in hematopoietic lineage
cells by using CD148 /™ mice, where partially blocked B cell
receptor and macrophage FcR signaling was observed (24).
Double- deficient CD148 '~ CD45 '~ mice revealed overlap-
ping functions of these PTPs in B cells and macrophages. Dou-
ble-deficient cells were unable to signal via B cell receptor and
FcR dueto theinactivation of SFKs, which were hyperphosphor-
ylated at their inhibitory tyrosines (24). In platelets, which do
not express CD45, CD148 inactivation alone was sufficient to
block signaling through glycoprotein VI and «IIbB3 integrin,
again most likely due to the inability of CD148-deficient plate-
lets to activate SFKs (25).

It has been speculated that conserved tyrosine residues in the
C-terminal tail of CD148 may be critical for SFK activation by
CD148 (26). In members of R4 PTP family, similar tyrosines
have been shown to play a major role in this process via displac-
ing SFK inhibitory tyrosine from the SH2 domain, thus making
it available for dephosphorylation (27). However, this model
has never been tested on any R3 family member including
CD148.

In T cells, no specific effect of CD148 deficiency was
observed on wild type or CD45 /"~ genetic backgrounds in mice
(1, 24). However, this may be explained by the lack of CD148 on
murine thymocytes (beyond DN stage) as well as naive T cells.
The function of CD148 in human T cells has been studied using
two approaches; that is, CD148 cross-linking with a specific
antibody and CD148 ectopic expression in CD148 negative Jur-
kat T cell line. Cross-linking of CD148 induced calcium influx
and tyrosine phosphorylation in human peripheral blood leu-
kocytes (7, 28) and enhanced peripheral T cell proliferation
induced by anti-CD3 antibody in vitro (7, 8). Although it is not
clear how the cross-linking affects CD148 function, these data
clearly show that modulation of endogenous CD148 activity
and/or localization impacts peripheral T cell signaling. Forced
expression of CD148 in Jurkat cells inhibited both proximal and
distal effects of TCR engagement probably via inhibition of
LAT and PLCy1 phosphorylation (29-31). This was observed
even at physiologically relevant levels of CD148 expression (29).
Taken together, studies to date suggest that CD148 is a negative
regulator of TCR signaling, which is in apparent contradiction
with data obtained from other leukocyte populations.

To better understand the role of CD148 in human T cell
development and function, we analyzed the expression of
CD148 during T cell development in mice and humans as well
as the ability of CD148 to activate SFKs in human T cells. We
describe striking differences in CD148 expression on different
human and mouse thymocyte subsets. Moreover, we show that
CD148 is capable of SFK activation and complements CD45
deficiency in human T cells.
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EXPERIMENTAL PROCEDURES

Antibodies—For Western blotting and cell activation, the fol-
lowing antibodies were used anti-phosphotyrosine (clone
4G10, mouse origin (Upstate Biotechnologies, Lake Placid,
NY), human Lck and human Fyn (rabbit, kindly provided by A.
Veillette, Clinical Research Institute of Montreal, Canada),
human Lck (mouse, Exbio, Vestec, Czech Republic), human
Erk2 (rabbit, Santa Cruz Biotechnology, Santa Cruz, CA), Jur-
kat TCRp (clone C305 (32)), human CD3 (MEM92, mouse,
Exbio), human LAT (rabbit, kindly provided by L. Samelson,
Center for Cancer Research, Bethesda, MA), human PLCv1,
Myc tag (mouse), phospho-p42/44 MAPK (Erk1/2) (Thr-202/
Tyr-204), phospho-Src family (Tyr-416), phospho-Src (Tyr-
527), non-phospho-Src (Tyr-527, all three chicken Src number-
ing), phospho-Lck (Tyr-505), phospho-PLCyl (Tyr-783)
(rabbit, Cell Signaling, Danvers, MA), phospho-LAT (Tyr-191,
rabbit, Upstate Biotechnology). For flow cytometry, mouse
antigens were CD148 (clone 8A-1, hamster (10)), TCRB-FITC,
CD8a-PB, CD11b-APC, CD11c-APC, Thyl.1-FITC (eBiosci-
ence, San Diego, CA), TCRyé-Alexa Fluor 680, CD45-FITC,
NK1.1-APC, CD19-DyLight 647, CD45-PB (Exbio), CD19-PB,
CD4-PerCP/Cy5.5 (BioLegend, San Diego, CA). For flow
cytometry, human antigens were CD148-PE (clone 143-41,
R&D Systems, Minneapolis, MN), TCRaB-PB (BioLegend),
CD19-APC, CD44-PB, CD69-FITC, CDla-APC, CD8-Alexa
Fluor 700 (Exbio), CD27-FITC, CD45RA-PE-Cy7, CD3-APC-
H7, CD34-PerCP-Cy5.5 (BD Biosciences), CD4-ECD (Immu-
notech, Marseille, France), and CD45-PO (PO, Pacific Orange)
(Invitrogen). Secondary antibodies were goat anti-mouse-HRP
IgG-specific (Sigma), goat anti-rabbit-HRP (Bio-Rad), goat
anti-mouse-HRP light chain specific (Jackson ImmunoRe-
search, West Grove, PA), goat anti-mouse-IRDye 680 and goat
anti-rabbit-IRDye 800CW (LI-COR Biosciences, Lincoln, NE),
goat anti-hamster-DyLight 549 (Rockland, Gilbertsville, PA),
donkey anti-goat-DyLight 549 (Jackson ImmunoResearch),
and goat anti-mouse-Alexa Fluor 488 (Invitrogen). Monoclonal
antibodies against human CD148 were generated by standard
techniques. Briefly, F; (BALB/c X B10.A) hybrid mice were
immunized intrasplenically with the bacterially expressed and
Talon purified (Clontech Laboratories, Mountain View, CA)
His-tagged N-terminal fragment (aa 36-452) of human
CD148. Hybridomas were prepared and selected by standard
techniques using Sp2/0 myeloma cells as fusion partners.

¢DNA Constructs, Cloning, and Mutagenesis—The construct
encoding the Myc-tagged version of human CD148 was gener-
ated using fusion PCR to insert the Myc-tag coding sequence
(EQKLISEEDL) downstream of the leader peptide between
amino acids Gly-38 and Thr-39 of the CD148 precursor pro-
tein, and the resulting product was cloned into MSCV-IThyl.1
vector (Notl/Sall), kindly provided by P. Marrack (National
Jewish Health, Denver, CO). The C1239S mutant of CD148 has
been described previously (29). The MSCV-IThyl.1 version of
this construct was generated by restriction cloning. 2YF and
3YF mutants, where tyrosines 1311/1320 or 1311/1320/1335,
respectively, were replaced with phenylalanines, were gener-
ated with the QuikChange site-directed mutagenesis kit (Strat-
agene, La Jolla, CA) according to the manufacturer’s instruc-
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tions. A similar procedure was also used to generate substrate
trapping mutant of CD148 where aspartate 1205 was replaced
with alanine. The CD148-SHP-1 chimera consisting of aa
1-1018 of CD148 (containing the Myc tag described above)
followed by aa 214 —-595 from SHP-1 was generated using fusion
PCR. Myc-CD45 in MSCV-IThyl.1 encoding a protein com-
posed of CD148 signal peptide (aa 1-38), Myc tag, and
CD45RABC-coding sequence was generated from the Myc-
CD148 construct by replacing all of the CD148 coding sequence
downstream of the Myc tag with aa 26 —1304 of CD45RABC. All
the constructs were verified by sequencing.

Cell Lines and Primary Cells—]S-7 (33), Jurkat with inducible
CD148 TetOn expression (29), CD45 HPB-ALL (34) (kindly
provided by P. Beverley, The Jenner Institute, Compton, UK),
and J45.01 (35) T cell lines and Phoenix Ampho cells (Origene,
Rockville, MD) were cultivated in RPMI 1640 or DMEM,
respectively, supplemented with 10% FBS, 2 mm glutamine, 20
wg/ml gentamycin, 50 ug/ml streptomycin, and 10* units/ml
penicillin at 37 °C in 5% CO,. Murine blood and thymi were
collected from healthy C57Bl/6j mice 2—16 weeks old (obtained
from IMG Animal Facility). A single-cell thymocyte suspension
was prepared followed by erythrocyte lysis in ACK buffer (150
mm NH,C], 0.1 mm EDTA (disodium salt), 1 mm KHCO,).
Human peripheral blood mononuclear cells were isolated from
buffy coats (obtained from Thomayer University Hospital,
Prague, Czech Republic) or from fresh blood of healthy donors
using Ficoll gradient centrifugation. Human thymic tissue was
obtained from material discarded during cardiac surgery of
9-day to 4-year-old children. Single cell suspensions of thymo-
cytes were prepared. Erythrocytes were lysed in BD Lysing
Solution (BD Biosciences). Where applicable, the procedures
were performed after obtaining an informed consent from the
donors or their guardians and in accordance with local ethical
guidelines and declaration of Helsinki. They were also
approved by the Institutional Review Board and Animal Care
and Use Committee of Institute of Molecular Genetics as well
as the Institutional Review Board of University Hospital in
Motol, Prague.

Cell Activation—]S-7 cells were activated with 4 pwg/ml solu-
ble C305 antibody. The activation was stopped by rapid cell
lysis in SDS-PAGE sample buffer. To analyze CD69 up-regula-
tion, cells were activated overnight by plate-bound C305 anti-
body. CD69 expression was analyzed by flow cytometry.

Biochemical Procedures—To obtain whole cell SDS lysates,
cells in serum-free RPMI or PBS (50 million/ml) were lysed by
adding equal volume of 2X concentrated SDS-PAGE sample
buffer followed by sonication. These lysates were used to quan-
tify the phosphorylation status of SFKs by immunoblotting
using IRDye 680- or IRDye 800CW -conjugated secondary anti-
bodies, Odyssey Infrared Imaging System (LI-COR), and AIDA
image analyzer software (Raytest, Straubenhardt, Germany).
For analysis of other phosphorylation events, standard peroxi-
dase-based ECL techniques and exposure to x-ray films was
used. For immunoprecipitation experiments, 7.5 X 107 cells
were lysed in 1.5 ml of ice-cold laurylmaltoside lysis buffer (1%
dodecylmaltoside, 1 mm Pefabloc, 5 mMm iodoacetamide, 1 mm
sodium orthovanadate, 100 mm NaCl, 50 mm NaF, 10% glycerol
v/v,20 mM Tris, pH 7.5) and incubated for 30 min on ice. Nuclei

JUNE 24, 2011 +VOLUME 286+NUMBER 25

Expression and Function of CD148in T Cells

and debris were removed by centrifugation, and the resulting
lysate was subjected to immunoprecipitation with anti-Myc
antibody (3.3 pg/ml) followed by incubation with Protein A/G
PLUS-Sepharose (Santa Cruz Biotechnology). Immunoprecipi-
tates were eluted with SDS-PAGE sample buffer and subjected
to immunoblotting as indicated. For substrate trapping exper-
iments with Myc-CD148 D1205A, ice-cold phosphate buffer
without phosphatase inhibitors (0.2% dodecylmaltoside, 1 mm
Pefabloc, 50 mm NaCl, 10% glycerol v/v, 100 mm phosphate, pH
7.5) was used for cell lysis.

Flow Cytometry—Cells lines were stained with the indicated
antibodies. Murine leukocytes were stained in PBS, 1% BSA,
20% mouse serum for 30 min on ice. The 8A-1 hamster anti-
body recognizing mouse CD148 gives only a very low signal
using standard staining procedure (10). Thus, we used a
sequential double secondary antibody staining (goat anti-ham-
ster DyLight 549 and donkey anti-goat DyLight 549) to increase
the specific signal intensity. Human peripheral blood mononu-
clear cells were stained in PBS, 1% BSA, 20% human AB serum
on ice for 30 min. Human thymocytes were stained for 30 min
in PBS with 2 mm EDTA at 4 °C. For calcium response meas-
urements, JS-7 cells and their derivatives were loaded with 2
pg/ml Fluo-4 dye (Invitrogen) and analyzed by flow cytometry
at 37 °C for 30 s at rest and then activated with 0.2 ug/ml C305
antibody, and the fluorescence was followed for another 3—4
min. The calcium response index was calculated as the percent-
age of cells with Fluo-4 fluorescence higher than the 95th per-
centile of resting cells during the time interval between 10 and
20 s. An LSR II (BD Biosciences) flow cytometer was used for
analysis of surface markers. A FACSCalibur (BD Biosciences)
flow cytometer was used for calcium flux measurements. Data
were analyzed using FlowJo software (TreeStar, San Carlos,
CA).

Cell Sorting and Quantitative RT-PCR—Thymocytes from 2
mice (4-6 weeks old) were pooled and stained with the indi-
cated antibodies in Hanks” balanced salt solution, 25% goat
serum on ice for 45 min, and sorted using an Influx cell sorter
(BD Biosciences). Of aBT cell developmental stages (gated as
CD45%/CD11b~/CD11c~/CD197/NK1.17/y8TCR™), 0.5—
2 X 10° cells of DN (CD37/CD4 /CD8"), iSP (CD37/
CD4~CD8™), DP (CD4"/CD8™), SP8 (CD3"/CD4~/CD8"),
and SP4 (CD3*/CD4*/CD8™) subpopulations were collected.
RNA was isolated using a Quick-RNA MiniPrep kit (Zymo
Research Corp., Irvine, CA). Reverse transcription was per-
formed with RevertAid reverse transcriptase (Fermentas,
Thermo Fisher Scientific, Waltham, MA) using a combination
of random pentadecamer and anchored oligo(dT),, primers.
Quantitative PCR was performed using a LightCycler 480 SYBR
Green I Master chemistry (Roche Applied Science) in duplicate
with following primers: CD148-for 5'-ctgatggtgcagacagagga-
3’, CD148-rev ctcactggctcgaggttttc, Actbb-for ctaaggccaaccgtg-
aaaag, Actb-rev accagaggcatacagggaca, Tbp-for ggcggtttggctagg-
ttt, Tbp-rev gggttatcttcacacaccatga, Tubb2A-for aaccagatcggegct-
aagt, Tubb2A-rev tgccagcagcttcattgta, Hprtl-for tcctcctcagac-
cgctttt, Hprtl-rev cctggttcatcatcgctaatc, Eeflal-for acacgt-
agattccggcaagt, an dEeflal-rev aggagccctttcccatcte. Primer
efficiencies were determined on diluted cDNA from DN cells.
Relative mRNA amounts were calculated from measured Ct
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FIGURE 1.CD148 expression on peripheral afT cells differs between mice
and humans. Murine or human peripheral blood leukocytes were stained
with anti-CD19, anti-a8TCR, and anti-CD148 antibodies. A, shown are CD148
levels on blood «fT cells (CD19”aTCR™, dashed line) and B cells
(CD19"aBTCR™, solid line). aBT cells stained with secondary antibody only
are provided as a negative control (gray-filled histogram). B, shown is CD148
signal intensity (mean fluorescence intensity) on afT cells shown as a per-
centage of CD148 signal intensity on B cells in murine or human blood. Data
are the mean = S.D. of five (mouse) or four (human) donors.

values, and primer efficiencies with DN mRNA levels were arbi-
trarily set as 1. CD148 mRNA level was normalized to a geo-
metric mean of all five or four (excluding Eeflal) reference
genes.

Retroviral Infection—Phoenix Ampho cells were transfected
with retroviral MSCV-IThyl.1 vector using Lipofectamine
2000 (Invitrogen) according to the manufacturer’s instructions.
Virus-containing supernatant was supplemented with 10
pg/ml Polybrene (Sigma) and added to JS-7 cells. The mixture
was centrifuged for 90 min (1250 X g). Positive cells were sorted
by auto-MACS Pro Separator (Miltenyi, Bergisch Gladbach,
Germany) after staining with anti-Thy1.1-FITC antibody onice
and subsequently with anti-FITC microbeads (Miltenyi) at
4°C.

RNA Interference—CD148 knockdown in JS-7 cells was per-
formed by electroporation (700 V/cm, 60 ms) of 5 X 10> cells
with 100 pmol of siRNA1 (ID s230207, Ambion, Austin, TX) or
siRNA2 (ID s230208) in 100 ul of Opti-MEM media (Ambion)
using a BTX electroporator (Harvard Apparatus, Holliston,
MA). Cells were used for analysis 2 days after electroporation.

Statistics—For calculation of statistical significance, a two-
tailed Student’s ¢ test (unequal variance) was used.

RESULTS

CD148 Is Differentially Expressed on Human and Murine T
Cells—Published data on CD148 expression appeared to be
partially inconsistent. Although CD148 was not detected on
murine peripheral T cells (10), human T cells were repeatedly
shown to be CD148-positive (5-7). Moreover, murine thymo-
cytes were almost CD148-negative with a weak signal only at
early stages (10). In contrast, the limited data available on
human thymi suggested that the regulation of CD148 expres-
sion on human thymocytes may be very different, with CD148
expression appearing at the later stages of T cell development
(5,9). However, no detailed subset analysis has been carried out.

When analyzed by flow cytometry, human blood T cells
exhibited substantial levels of CD148, albeit somewhat lower
than B cells. In contrast, CD148 was hardly detectable on
murine blood T cells (Fig. 14). To compare signals given by two
different antibodies (to human and murine CD148), we calcu-

22104 JOURNAL OF BIOLOGICAL CHEMISTRY

lated the T cell intensity as a percentage of the B cell mean
fluorescence intensity (Fig. 1B). Thus, the expression of CD148
on peripheral T cells relative to B cells was much higher in
humans than in mice. Next, we analyzed the expression of
CD148 during particular thymocyte developmental stages in
mice and humans by flow cytometry (supplemental Figs. S1 and
$2). Animproved staining procedure enabled us to measure the
expression of murine CD148 more reliably than before (see
“Experimental Procedures”). In mice, CD148 is expressed at
the DN stage but sharply drops through the DP stage to the SP
stage cells, which exhibited only very low CD148 amounts (Fig.
2, A and C). Staining of human thymocytes revealed a com-
pletely inverse pattern as DN cells were CD148-negative and
only a relatively low number of DPs displayed CD148 positivity
(Fig. 2, Band D). On the other hand, a substantial percentage of
SP cells exhibited high CD148 expression.

To rule out the possibility that the loss of anti-CD148 stain-
ing on murine thymocytes during the development could be
caused by the loss of the epitope on CD148 (e.g. due to alterna-
tive glycosylation or splicing), we performed quantitative RT-
PCR on sorted thymic populations. Using primers specific for
conserved intracellular part of CD148 molecule, we detected
the highest level of CD148 mRNA in DN cells with a gradual
decline during the maturation, thus confirming the flow cyto-
metry data (Fig. 2E).

Completely different CD148 expression in thymus between
mice and humans provides an explanation for differences in
CD148 expression in peripheral T cells. Loss of CD148 during
transition of murine thymocytes to DP and SP stages is consis-
tent with CD148 negativity of mature peripheral T cells. In con-
trast, human thymocytes gain CD148 expression at later thy-
mocyte developmental stages and retain it in the periphery.

CD148 Is Expressed on Mature CDla~, CD27*, CD44™ Thy-
mocytes in Humans—DP and SP cells in human thymus con-
tained both CD148-negative and -positive cells (Fig. 2, Band D);
thus, we performed analysis of thymic CD148 expression in
more detail. CD1a is a marker of cortical immature thymocytes.
Its expression is lost during maturation of single-positive cells
and is accompanied with transition to a terminal thymocyte
stage (36). Expression of CD148 negatively correlated with
expression of CD1a in the whole thymus (Fig. 34), suggesting
that CD148 could be expressed exclusively by the most mature
human thymocytes. Further analysis was focused on DP and SP
cells (excluding iSPs). The maturation status of these cells was
assessed based solely on the expression of CD1a and CD44 (36 —
38). This approach simplified the gating process as well as the
data representation in the manner complementary to the strat-
egy used in Fig. 2. Development from early DP cells into mature
SPs starts at CD44 CDla"-stage progresses through a
CD44"CDla™ stage and terminates at CD44"CDla™ stage
(Fig. 3B). Classification according to CD44 and CD1la expres-
sion correlated well to DP/SP transition. CD44~CD1a™ cells
consisted mainly of DP cells, and the CD44*CD1a™ population
contained comparable numbers of DP and SP, predominantly
CD4" SP, and finally, CD44"CD1la~ thymocytes represented
almost exclusively SP cells, highly positive for CD3 (Fig. 3C and
not shown). Cells expressing markers of successful positive
selection, CD27 and CD69, appeared at CD44"CD1a™ stage

VOLUME 286+NUMBER 25+JUNE 24, 2011

2102 ‘€ aunr uo ‘49 SV AbojoisAyd Jo amnsu| 1e Bio ogl-mmm woly papeojumoq


http://www.jbc.org/cgi/content/full/M110.196733/DC1
http://www.jbc.org/cgi/content/full/M110.196733/DC1
http://www.jbc.org/

A T cell developmental stages in murine thymus
. DN iSP DP SP8 SP4
3

£

k]

R

2

[=

Qo

>

i}

10°10' 10° 10°10°
Unstained cells
[ CD148 staining

CD148

B T cell developmental stages in human thymus
DN iSP DP SP8 SP4
=
©
£
k]
R
2
[=4
o
>
w

010°10° 10° 10°

Unstained cells CD148
[] CD148 staining
C CD148 on murine thymocytes D 0% CD148 on human thymocytes
3
)
160 =
S
o
120 2 40%
= g0 2
a 20%
40 o
[ )
ol i P e s
DN  iSP DP SP8  SP4 DN iSP DP SP8 SP4

T cell developmental stages T cell developmental stages

CD148 mRNA in murine thymocytes

Relative mRNA level T
o
o

Mrhmm

DN ' iSP ' DP ' SP§ ' SP4
T cell developmental stages

FIGURE 2. CD148 expression is down-regulated in mice but up-regulated
in humans during thymic apT cell development. A, murine thymocytes
from 2-16-week-old mice were stained with antibodies to CD4, CD8, CD11c,
CD19, CD148, aBTCR, y8TCR, and NK1.1. Cells of non-T cell lineage were
gated out, and the remaining cells were divided into five developmental stag-
es: DN, iSP, DP, SP8, and SP4 (see supplemental Fig. 1 for details). CD148
fluorescence intensity (solid black line) as well as background signal (gray) of
particular thymocyte subpopulations from a representative thymus (of five) is
shown. B, human thymocytes were stained with antibodies to CD3, CD4, CD8,
CD34, CD45, and CD148. Thymocytes were divided into five developmental
stages similarly as for mouse thymus: DN, iSP, DP, SP8, and SP4 (supplemental
Fig. 2). CD148 fluorescence intensity as well as the background signal of par-
ticular thymocyte subpopulations from a representative thymus (of six) is
shown. C, quantification of CD148 expression in murine T cell subsets is
shown as mean fluorescence intensity because CD148 was homogenously
expressed in all individual subpopulations. Data are the mean = S.D.,n = 3.
D, some human subsets (DP and SP) exhibited a bimodal distribution of
CD148ssignal; therefore, the percentage of CD148-positive cells at a particular
developmental stage is shown. Data are the mean = S.D., n = 3. E, murine
thymocytes from 4-6-week-old mice were stained with antibodies to CD4,
CD8,CD11a,CD11b,CD19, CD45, «BTCR, ySTCR, and NK1.1 and FACS-sorted.
RNA was isolated and subjected to RT-quantitative PCR with primers specific
for CD148, actin, tubulinB2A, TATA-box binding protein, HPRT1, or eEF-1a1.
The relative amount of CD148 mRNA was determined after normalization
using the geometric mean of mMRNA levels of all used reference genes. The
CD148 mRNA level in DN subpopulation was arbitrarily set as 1. Data are the
mean = S.D., n = 4.

and constituted a majority of CD44"CDla™ cells (Fig. 30).
Interestingly, CD148 up-regulation was delayed after CD27 and
CD69 markers as CD148 was rarely expressed before the cells
reached a CD44"CD1a™~ terminal stage (Fig. 3C). Expression of
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FIGURE 3. CD148 is expressed exclusively on mature thymocytes in
humans. Human thymocytes were investigated by polychromatic flow
cytometry after staining with antibodies to CD1a, CD3, CD4, CD8, CD44, CD45,
CD148, and CD27 or CD45RA or CD69. A representative thymus (of three) is
shown. A, staining of the entire thymocyte pool with CD148 and CD1a shows
inverse correlation between the expressions of these two surface proteins.
B, CD1a versus CD44 staining of SP+DP thymocyte pool (CD4* and/or CD8™)
shows three subsets representing three maturation stages from
CD1a*CD44 ™ (here termed /) through CD1a*CD44™" (Il) to CD1a~CD44 ™ (/).
C, shown is expression of CD4 versus CD8 and CD148 versus CD27, CD69, or
CD45RA of particular maturation stages gated as shown in B.

CD45RA splice isoform followed a similar kinetics as CD148.
Interestingly, CD45RA and CD148 exhibited rather an inverse
correlation on mature CD44"CD1a™ thymocytes (Fig. 3C).

Thus, CD148 is expressed mainly on CD44" CD1a™ SP thy-
mocytes, representing the terminal stage of thymic T cell devel-
opment. CD148 was also detected on an unusual subpopulation
of DP thymocytes characterized by CD44"CDla~ mature
phenotype.
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FIGURE 4. CD148 binds Lck and Fyn and dephosphorylates their C-termi-
nal tyrosines. JS-7 cells transduced with CD148-WT or CD148-CS inactive
mutant and non-transduced cells (NT) were used to study the ability of CD148
to bind and activate SFKs in T cells. A, Myc-tagged CD148-WT or CS mutant
were immunoprecipitated from transduced JS-7 cell lysates with anti-Myc
antibodies. Lysates and immunoprecipitates (IP) were analyzed by immuno-
blotting using anti-Lck, anti-Fyn, and anti-CD148 antibody. Non-transduced
JS-7 cells were used as a negative control. A representative experiment (of
five) is shown. B, cells were lysed, and levels of the phosphorylated form of Lck
(Tyr(P)-505 (pLck)), total Lck, the phosphorylated forms of Fyn+Src (Tyr(P)-
528 at Fyn, Tyr(P)-530 at Src (pFyn/Src)), the non-phosphorylated forms of
Fyn+Src (Tyr-528 at Fyn, Tyr-530 at Src (non-pFyn/Src)), and total Fyn were
detected via immunoblotting with specific antibodies. C and D, quantifica-
tion of phosphorylated Lck and phosphorylated and non-phosphorylated
levels of Fyn+Src normalized for total Lck and Fyn level, respectively, are
shown. The quantification of immunoblots was performed using Odyssey
infrared imaging system. Data represent the mean = S.D. of triplicates of one
representative experiment (of at least three). E, shown are relative levels of
phosphorylated Lck, phosphorylated Fyn+Src, and non-phosphorylated
Fyn+Src (normalized to total Lck and Fyn expression, respectively) in the
CD148-WT and CD148-CS expressing cells compared with non-transduced
cells. Data represent the mean from three independent experiments. p values
for the significance of the difference between CD148-WT- and CD148-CS-
expressing cells are also shown.

CD148 Dephosphorylates Src-family Kinases in T Cells—The
positive role in signal transduction and selective ability of
endogenous murine CD148 to complement CD45 deficiency in
B cells and macrophages but not in T cells (24) could be
explained by the lack of CD148 expression in DP stage where
the major developmental block in CD45-deficient mice was
observed. Alternatively, CD148 could play an opposite role in T
cells. This hypothesis is supported by the observation that
forced expression of physiologically relevant levels of CD148 in
the human T cell line Jurkat resulted in inhibition of T cell
signaling (29, 31). To determine whether CD148 is capable of
activation of SFKs involved in TCR signaling, we ectopically
expressed CD148 in JS-7 cells (33). JS-7 isa T cell line derived
from Jurkat and was chosen because it does not express CD45
(33) and (like majority of leukemic T cell lines but in contrast to
human peripheral T cells) contains only a low level of CD148
(supplemental Fig. 3), which results in defects in TCR signaling
in these cells.

We retrovirally transduced JS-7 to express N-terminal Myc-
tagged wild type CD148 (CD148-WT) and the C1239S phos-
phatase-dead mutant of CD148 (CD148-CS). The proteins
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were surface-localized with proper transmembrane orientation
(supplemental Fig. 3). Interestingly, Myc-CD148-WT or CS co-
precipitated with Lck and Fyn (Fig. 44), suggesting an interac-
tion of CD148 with these SFKs in T cells, independent of CD148
phosphatase activity.

To assess the effect of CD148 expression on the activation
state of SFKs in resting cells, we monitored phosphorylation
status of SFKs using specific antibodies recognizing Lck phos-
phorylated at Tyr-505, Src phosphorylated at Tyr-530, or Src
non-phosphorylated at Tyr-530 (numbers correspond to
human Src protein) via immunoblotting. The latter two anti-
bodies also stain an Src-related kinase Fyn when phosphory-
lated or non-phosphorylated at Tyr-528 (not shown); therefore,
we detected an aggregate pool of Fyn and Src proteins
(Fyn+Src) phosphorylated or not at their C-terminal inhibitory
tyrosines. Expression of CD148-WT, but not catalytically inac-
tive CS mutant, was associated with reduced phosphorylation
of Tyr-505 on Lck (Fig. 4, B, C, and E). Similarly, Fyn and/or Src
were also hypophosphorylated at the respective tyrosines in
CD148-WT-expressing cells as revealed by the anti-pSrc and
anti-non-pSrc antibody stainings (Fig. 4, B, D, and E). Staining
with two complementary antibodies to non-phosphorylated
and phosphorylated Src enabled us to estimate the ratio of
phosphorylated Fyn+ Src molecules in resting JS-7 cells and its
change after CD148 expression (supplemental Fig. 4). Approx-
imately one-third of Fyn+ Src molecules were non-phosphory-
lated at C-terminal tyrosine in JS-7 cells. The expression of
CD148 changed the amount of non-phosphorylated forms of
Fyn+Src nearly to one-half of the total Fyn+Src pool. Lck Tyr-
505 phosphorylation seemed to be even more affected by
CD148 expression (Fig. 4E); unfortunately, the lack of antibody
to non-phosphorylated Lck Tyr-505 prevented us from con-
ducting a similar quantification in this case.

CD148 Is Able to Complement CD45 Deficiency in T Cells—
Co-precipitation of Lck and Fyn with CD148 and the impact of
CD148 expression on the phosphorylation status of SFKs in
resting JS-7 cells suggested that Lck and Fyn and/or Src are
recognized by CD148 as substrates. Because of CD45 defi-
ciency, TCR triggering in JS-7 cells leads to only a weak
response, especially under limiting TCR stimulation condi-
tions. However, in contrast to other CD45-deficient T cell lines,
JS-7 is still capable of some signaling, probably due to the pres-
ence of the Syk kinase (33, 39). The weaker TCR-mediated
response of JS-7 enabled us to test the effects of ectopically
expressed CD148-WT, CD148-CS, and CD45 (supplemental
Fig. 3) on the TCR signaling capacity in these cells.

Activation via anti-TCR antibody induced a global increase
of protein tyrosine phosphorylation in JS-7 cells that was sub-
stantially enhanced by expression of either CD148-WT or
CD45 but not CD148-CS (Fig. 54). CD148 and CD45 also
induced phosphorylation of the activation loop tyrosines in
SFKs both in resting and TCR-stimulated cells (Fig. 5B).
Accordingly, TCR-induced Erk phosphorylation was higher in
cells expressing CD148-WT or CD45 (Fig. 5C). Calcium
increase was also positively regulated by CD148 and CD45 in
JS-7 cells after the TCR engagement (Fig. 5D). CD69, an activa-
tion marker whose expression depends on Ras signaling path-
ways in T cells, was used for analysis of long term effects of TCR
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FIGURE 5.CD148 complements CD45 deficiency of JS-7 cells. JS-7 cells transduced with CD148-WT, CD148-CS inactive mutant, or CD45 and non-transduced
cells (NT) were analyzed for intracellular signaling responses after TCR triggering (A-E), and the effects of CD148 knockdown on TCR signaling in JS-7 cells were
examined (F and G). A, transgenic JS-7 cells and non-transduced cells were stimulated with 4 wg/ml anti-TCR-specific antibody for 30 s and immuno-
blotted after lysis. Anti-phosphotyrosine (pY) antibody was used to detect overall tyrosine phosphorylation in activated and non-activated cells.
Re-probing the membrane with anti-Lck rabbit antibody served as a loading control. The phosphorylated bands in the non-stimulated samples
probably represent Src family kinases that migrate in the corresponding molecular weight range. B, transgenic JS-7 cells and non-transduced cells were
stimulated with 4 png/ml anti-TCR-specific antibody for 30 s or left non-stimulated and immunoblotted after lysis. The blots were stained with the
antibody to the activation loop tyrosine of SFKs (Tyr(P)-416 (pY416), numbered according to chicken Src). Re-probing the membrane with antibody to
total-Lck served as a loading control. C, transgenic JS-7 cells and non-transduced cells were stimulated with 4 wg/ml anti-TCR specific antibody for 1 min
and immunoblotted after lysis. Anti-phospho-Erk1/2 (Thr(P)-202/Tyr(P)-204 (pErk)) antibody was used to detect Erk activation in stimulated and
non-stimulated cells. Re-probing the membrane with anti-Erk2 antibody was used as a loading control. D, JS-7 cells ectopically expressing CD148-WT
(solid black line), CD148-CS mutant (dashed black line), or CD45 (dashed gray line) and non-transduced JS-7 cells (solid gray line) were analyzed by flow
cytometry after Fluo4 loading. Anti-TCR antibody (200 ng/ml) was added 30 s after beginning the measurement. One representative experiment (of
four) is shown. E, transduced JS-7 cells and non-transduced cells were activated via immobilized anti-TCR antibody overnight and examined for CD69
expression. Black bars represent the CD69 signal of non-stimulated cells (including autofluorescence), and white bars represent CD69 up-regulation
after TCR stimulation. Data are the mean = S.D. Data originate from triplicates from one representative experiment (of five). F, shown are the effects of
CD148 silencing by electroporation of specific interfering RNA oligonucleotides on CD148 surface level in JS-7 cells. G, CD148 silenced and control JS-7
cells were examined for up-regulation of CD69 after plate-bound anti-TCR antibody stimulation via flow cytometry. *, p < 0.005. Data are the mean =
S.D. Data originate from triplicates from one representative experiment (of four).

stimulation. In agreement with the amplification of the proxi-
mal signaling pathways, CD69 expression was enhanced by
CD148 and CD45 in activated but not resting cells (Fig. 5E).

The low but detectable level of CD148 in JS-7 cells allowed us
to further reduce CD148 expression using small interfering
RNA (Fig. 5F). Silencing of CD148 reduced the outcome of TCR
triggering measured as the number of CD69 up-regulating cells
(Fig. 5G).

Examination of the response of JS-7 cells to TCR activation
provided us with solid evidence that CD148 is able not only to
globally decrease the C-terminal tyrosine phosphorylation of
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SFKs, but it can positively regulate those SFKs involved in TCR
signal transduction. A similar role of CD148 in promoting TCR
signaling was observed in two other CD45-deficient T cell lines
also; that is, Jurkat cell-derived J45.01 and CD45 HPB-ALL, a
cell line unrelated to Jurkat cells (Fig. 6).

CD45 Activity Determines the Net Effect of CD148 on LAT
and PLCvy1 Phosphorylation after TCR Triggering—An inhibi-
tory function of CD148 in the CD45-sufficient Jurkat T cell line
was demonstrated previously using doxycycline-inducible
expression. It has been shown that in these cells, CD148-W'T,
but not the CS mutant, inhibits TCR-induced phosphorylation
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FIGURE 6. CD148 complements CD45 deficiency in two additional T cell
lines. J45.01 cells (A) and CD45-HPB-ALL (B) were transduced with N-terminal
Myc-tagged CD148-WT. Expression of CD148 was verified by extracellular
anti-Myc staining followed by flow cytometry analysis. Calcium influx was
measured by flow cytometry after Fluo4 loading. Anti-TCR antibody (2 ng/ml,
for J45.01) or anti-CD3 antibody (40 wg/ml, for CD45 HPB-ALL) was added
30 s after beginning the measurement. One representative experiment (of
three) is shown.

of LAT and PLCvy1, leading to a hypothesis that these compo-
nents of TCR signal transduction pathways are direct sub-
strates of CD148 (29). We used the same Jurkat clones inducibly
expressing CD148 WT or the inactive C1239S mutant (Fig. 74),
and we observed a similar negative effect of CD148 on LAT and
PLCy1 phosphorylation (Fig. 7B). In contrast, expression of
CD148 in CD45-deficient JS-7 cells resulted in substantially
enhanced phosphorylation of both LAT and PLCy1 after TCR
triggering (Fig. 7C). These results suggest that the positive
effects of CD148 on SFKs over-balanced the potential negative
effect on LAT and PLCy1 phosphorylation in JS-7 cells.

CD148 Dephosphorylates Both C-terminal and Activation
Loop Tyrosine in T Cells—We induced expression of
CD148-WT or CD148-CS in the CD45-sufficient Jurkat cells
and monitored changes in the phosphorylation status of Lck
using the Odyssey infrared imaging system. Both tyrosines were
significantly hypophosphorylated after the induction of CD148
wild type but not CS mutant expression (Fig. 7, D and E). This
indicated that CD148 was able to dephosphorylate the C-ter-
minal inhibitory tyrosine of Lck in T cells even in the presence
of endogenous CD45. More importantly, our data indicate that
the SFK activation loop phosphotyrosines are also substrates
for CD148.

To further confirm that Lck is a direct substrate of CD148, we
generated a substrate trapping D1205A (CD148-DA) mutant
that covalently binds its substrates but is unable to catalyze the
dephosphorylation reaction (21). Immunoprecipitation from
cells transduced with CD148-WT and CD148-DA revealed that
similar amounts of Lck co-precipitated with both constructs
(Fig. 7F). However, the Lck co-precipitated with the trapping
mutant exhibited much higher level of phosphorylation at both
activating and inhibitory residues, indicating that both
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tyrosines were trapped by the mutant and protected from
dephosphorylation. Collectively, these data suggest that both
activatory and inhibitory tyrosines of SFKs are substrates of
CD148.

Selectivity of CD148 PTP Domain Does Not Depend on the
Presence of the C-terminal Tyrosines—CD148 contains three
tyrosines near its C terminus, one of which (Tyr-1320) is con-
served not only among different vertebrate species but also
among members of R3 subtype of receptor-like PTPs (26).
C-terminal Tyr-789 of unrelated phosphatase PTPRA plays a
crucial role in binding and recognition of Fyn in a phosphory-
lation-dependent manner (27). Although flanked by different
residues than PTPRA Tyr-789, the C-terminal tyrosines corre-
sponding to CD148 Tyr-1320 in three R3 subtype members
were reported to bind Fyn after pervanadate-induced phosphor-
ylation (40). To study the role of CD148 C-terminal tyrosines in
recognition and dephosphorylation of SFKs, we generated
Y1311F/Y1320F double tyrosine mutant (CD148-2YF) and
Y1311F/Y1320F/Y1335F triple tyrosine mutant (CD148 —-3YF)
(supplemental Fig. 5). Surprisingly, both CD148 tyrosine
mutants were able to rescue TCR signaling in JS-7 cells, simi-
larly to the wild type phosphatase (Fig. 8, A—C). To further
study the mechanism by which CD148 interacts with SFKs, we
generated a chimeric receptor-like PTP that contained extra-
cellular, transmembrane, and submembrane parts of CD148
and the phosphatase domain of another phosphatase, SHP-1.
CD148/SHP1 chimera-transduced JS-7 cells (supplemental Fig.
5) were unable to rescue signaling as measured in a number of
different assays (Fig. 8, A, B, and D). Moreover, TCR-induced
CD69 up-regulation was slightly weakened by the expression of
the chimera, suggesting it was catalytically functional with an
SHP-1-like inhibitory effect (Fig. 8B).

Considering these data, we hypothesize that C-terminal
tyrosines of CD148 are not necessary for interaction of CD148
with SFKs in T cells. However, the inability of CD148/SHP1
chimera to promote TCR signaling in JS-7 cells suggests some
level of selectivity of CD148 and SHP1 catalytic domains or
their proximal structures.

DISCUSSION

CD148 has been previously shown to play a positive role in
surface receptor signal transduction via dephosphorylation of
inhibitory tyrosines of SFKs in B cells, macrophages, platelets,
and some non-hematopoietic tissues (19, 23-25). On the other
hand, CD148 has been reported to act as a negative regulator of
signal transduction in many non-hematopoietic biological sys-
tems as well as in TCR signaling in human T cell line Jurkat
(29-31). Moreover, endogenous CD148 is obviously unable to
rescue T cell development in CD45-deficient mice and humans
(41-44). To bring more clarity to these somewhat contradic-
tory functions, we carried out a more thorough analysis of
CD148 expression during T cell development in mice and
humans and also tested the ability of CD148 to positively regu-
late SFKs involved in TCR signal transduction. We found strik-
ing differences in CD148 expression between human and
murine thymocytes as well as peripheral T cells. Moreover, we
were able to show that CD148 had the ability to positively reg-
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FIGURE 7. Effects of CD148 on phosphorylation of its potential substrates in TCR signal transduction pathway. A, expression of CD148- WT or C1239S
mutant was induced with doxycycline (Dox) and analyzed by flow cytometry. B, expression of CD148-WT or CD148-CS was induced in Jurkat TetOn cells with
doxycycline. Subsequently, the cells were stimulated with 4 ug/ml anti-TCR specific antibody for 30 s or left non-stimulated and immunoblotted after lysis. The
phosphorylation status of LAT Tyr-191 and PLCy1 Tyr-783 was detected with specific antibodies. Re-staining the membranes with antibodies to total LAT or
PLCy1, respectively, served as loading controls. C, non-transduced JS-7 cells (NT) and transgenic JS-7 cells expressing CD148 -WT, CD148-CS, or CD45 were
stimulated with 4 png/ml anti-TCR-specific antibody for 30 s or left non-stimulated and immunoblotted after lysis. The phosphorylation status of LAT Tyr-191
and PLCy1 Tyr-783 was detected with specific antibodies. Re-probing the membranes with antibodies to total LAT or PLCy1, respectively, served as loading
controls. D, Jurkat cells inducibly expressing CD148-WT or CD148-CS were lysed, and phosphorylation of Lck inhibitory tyrosine 505 and Lck activation loop
tyrosine 394 was detected by antibodies to Lck Tyr(P)-505 and Src Tyr(P)-416, respectively. Total Lck was used as a loading control. One representative
experiment (of three) is shown. E, relative change in phosphorylation of both key Lck tyrosines normalized to total Lck after the induction of CD148-WT or CS
expression was quantified using the Odyssey infrared imaging system. The level of phosphorylation in cells untreated with doxycycline was arbitrarily set as 1
(black line). Data are the mean = S.D. (n = 4 for WT and 3 for CS). *, p (WT versus CS) < 0.05; **, p (WT versus CS) < 0.01. F, JS-7 cells expressing Myc-CD148-WT
or Myc-CD148-DA and non-transduced cells were lysed in phosphate buffer without phosphatase inhibitors and subjected to immunoprecipitation (/P) via
anti-Myc-tag antibody. The precipitates were immunoblotted and stained with antibodies to total Lck, Tyr(P)-416 of Src (SFK pY416), and Tyr(P)-505 of Lck.

ulate Src family kinase functions mediating TCR signal trans- number of T cells that escape from thymus to the periphery in
duction in human T cell lines. CD45-deficient mice and humans exhibit a strong functional
CD45-deficient mice exhibit a severe developmental block defect (42, 44). However, the maturation status as well as the
during thymocyte development (1) that sharply contrasts with  level of CD148 on these cells was not studied in the rare human
developmental consequences in B cells and macrophages (24). cases.
Three published cases of CD45-deficient patients revealed an Our data pointed to the restricted expression of CD148 to
indispensable role of CD45 in the development of mature CDla” CD27"CD44" terminal maturation stage of human
peripheral T cells also in humans (41— 43). Here we clearlyshow thymocytes. CD1a is a commonly used diagnostic marker for T
that although murine thymocytes lose CD148 expression at cell neoplasia. CD1a-positive cortical precursor T cell acute
early stages, human thymocytes gain CD148 positivity at the lymphoblastic leukemia cases were repeatedly reported to
terminal phase. However, both humans and mice express very  exhibit a better treatment response and survival prognosis in
low levels of CD148 at the DP stage when positive selection comparison with CDla-negative T cell acute lymphoblastic
takes place and when the development is blocked in the absence  leukemia both in children and adults (45, 46). Additionally,
of CD45, potentially explaining the inability of CD148 to com-  expression of CD1a correlated with susceptibility to in vitro
pensate for the loss of CD45 in T cell development. The limited  induced apoptosis in childhood T cell acute lymphoblastic leu-
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FIGURE 8. Catalytic domain of CD148 but not the C-terminal tyrosines is required for SFK recognition as a substrate. JS-7 cells transduced with
CD148-WT, CD148-2YF mutant, CD148 -3YF mutant, or CD148/SHP1 chimera and non-transduced cells (NT) were analyzed for intracellular signaling response
after TCR triggering. A, transgenic JS-7 cells and non-transduced cells were stimulated with 4 wg/ml anti-TCR antibody for 30 s and immunoblotted. Anti-
phosphotyrosine antibody was used to detect overall tyrosine phosphorylation in activated and non-activated cells. Re-probing the membrane with anti-Erk2
antibody was used as a loading control. B, transgenic JS-7 cells and non-transduced cells were activated via plate-bound anti-TCR antibody overnight and
examined for CD69 expression via flow cytometry. Black bars represent CD69 signals in non-stimulated cells (including autofluorescence), whereas white bars
represent CD69 up-regulation after TCR stimulation. Data are the mean = S.D. Data originate from triplicates from one representative experiment (of four). a.u.,
arbitrary units; Chim, chimera. C, JS-7 cells ectopically expressing CD148-WT (solid black line), CD148 -2YF mutant (dashed gray line), or CD148 -3YF mutant (solid
gray line), and non-transduced JS-7 cells (dashed black line) were analyzed by flow cytometry after Fluo4 loading. Anti-TCR antibody (200 ng/ml) was added 30 s
after beginning of the measurement. One representative experiment (of five) is shown. D, shown is the same experiment as in C with JS-7 cells ectopically
expressing CD148-WT (solid black line) or CD148/SHP1 chimera (solid gray line) and non-transduced JS-7 cells (dashed black line). One representative experi-

ment (of five) is shown.

kemia cells (47). Given the potential of CD148 to serve as an
additional marker of mature T cell subset as well as the tumor
suppressor properties of CD148 described in malignancies of
solid tissues (11-14), it would be of high interest to analyze
CD148 expression in T cell leukemia.

The absence of CD148 on mature peripheral T cells is in
agreement with the lack of any described T cell phenotype of
CD148 knock-out mice (24). However, a role for CD148 in
mouse T cell biology cannot be completely excluded, as murine
T cells up-regulate CD148 after activation (10). CD148 expres-
sion in human mature thymocytes and peripheral T cells
implies that the function of CD148 in human T cells cannot be
easily uncovered using a mouse model. We showed that expres-
sion of either CD148 or CD45 promotes TCR signaling in
CD45-deficient human T cell lines, which reveals a level of
redundancy between CD148 and CD45 in T cells not appreci-
ated so far. Unavailability of CD45- or CD148-deficient humans
restricted our functional analysis to cell lines. However,
because we observed similar effects of CD148 on TCR signaling
in three different CD45-negative T cell lines as well as in a
knockdown experiment, we believe that our observations
revealed a general mechanism rather than a particular cell line
and/or overexpression-specific effect and were sufficient to
prove that CD148 is capable of activating a T cell-specific set of
SFKs, most notably Lck. Although Lek is also expressed in other
cell types, it is really critical only in T cells, and the effect of
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CD148 on the activity of this particular kinase has not been
tested before. Our data thus broadened the spectrum of SFKs
known to be activated by CD148 and suggest that selectivity of
CD148 for specific members of this family may be limited.
Moreover, we bring evidence that in addition to the C-terminal
inhibitory phosphotyrosine, the activation loop phosphoty-
rosine in SFKs is also a substrate of CD148 in living cells. This
finding is also supported by previous observations that recom-
binant CD148 phosphatase domain dephosphorylated activa-
tion loop tyrosines in SFKs in vitro (23, 48).

Our initial observations seemingly contradicted previous
work that described the inhibitory effects of ectopically
expressed CD148 in CD45-sufficient Jurkat T cells (29, 31). In
our hands, CD148 had inhibitory effects in CD45-expressing
Jurkat, whereas at the same time we observed activating effects
in the CD45-deficient Jurkat clone JS-7. The most plausible
explanation was that CD148 could impact TCR signaling both
in a positive and negative manner. In CD45-negative JS-7 cells,
CD148 expression led to reduced phosphorylation of the inhib-
itory tyrosine in Lck accompanied by enhanced activity of Lck
and autophosphorylation of the activating tyrosine. In contrast,
in CD45-positive cells both key tyrosines were hypophosphor-
ylated when CD148 was expressed, probably as a consequence
of substantially higher phosphatase activity resulting from con-
certed action of both CD45 and CD148. According to Nika et al.
(49), the activity of Lck is mainly determined by the phosphor-
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ylation status of the activation loop tyrosine, thus explaining
reduced kinase activity when both tyrosines are dephosphory-
lated. We concluded that CD148 influences the activity of Lck
negatively via dephosphorylation of the activation loop phos-
photyrosine and positively through dephosphorylation of the
C-terminal phosphotyrosine. This is consistent with the inhib-
itory impact of CD148 on TCR signaling in CD45-positive T
cells, and it is also very similar to the observed effects of altering
the CD45 expression level in murine thymocytes (50, 51).

Thus, our data indicate that CD148 regulates SFKs in T cells
in a similar manner as CD45 and suggest that the activity of
CD45 is the decisive factor determining whether the net effect
of CD148 expression is an enhancement or an inhibition of
TCR signal transduction. Importantly, this can be dependent
not only on the regulation of SFKs but also on direct dephos-
phorylation of other proteins, such as PLCy or LAT, as sug-
gested before (27).

Although the canonical TCR pathway has been intensively
studied, less is known about TCR signaling in particular biolog-
ical contexts, characterized by different T cell life stages of dif-
ferentiation (e.g. thymic stages, naive mature, activated, or
memory T cells), T cells lineages (e.g. CD8 " or CD4™, Th1, Th2,
Th17, or regulatory T cells), or conditions (tonic or ligand
dependent). Importantly, CD148 expression and CD45 splicing
differ among particular T cell subsets (our data and Refs. 6, 8,
10, and 44). Furthermore, it has been shown that CD45 differ-
entially regulates basal and inducible TCR signaling in murine
thymocytes (50). Thus, the effects of CD148 activity could vary
substantially depending on particular T cell developmental
stage, lineage, and other circumstances. Recently, several
mouse genetic models with varied CD45 expression level or
activity have been developed and intensively studied to improve
the understanding of the complex behavior of CD45 in T cells
(50, 51). Given the differential expression of CD148 on T cells
together with the ability of CD148 to regulate SFKs in a similar
manner as CD45, CD148 activity should be taken into account
when applying such findings to humans.

Phosphorylation of a SFK C-terminal tyrosine inhibits the
catalytic activity by stabilizing it in the closed conformation via
intramolecular interaction with SH2 and SH3 domains. To
explain how a PTP can access the nested phosphotyrosine, a
phosphotyrosine displacement model was suggested (27).
According to this model, a C-terminal tyrosine of the PTP gets
phosphorylated and subsequently competitively binds to the
SH2 domain of the SFK, resulting in the release of the closed
conformation and access of the PTP to the phosphorylated
C-terminal site of the kinase. Although the experimental evi-
dence supporting this model comes from studies done on PTPs
of R4 subtype, other unrelated receptor-like phosphatases
including CD148 also usually contain at least one tyrosine at
their C-terminal region. Moreover, phosphatases PTPRO,
SAP-1 (PTPRH), and VE-PTP (PTPRB) related to CD148 were
shown to bind Fyn after pervanadate-induced phosphorylation
via their C-terminal tyrosine, indicating the phosphotyrosine
displacement model can be valid also for PTPs of R3 subtype
(26, 40). However, this model was never directly tested using a
member of R3 family. Here we show that mutation of all three
CD148 C-terminal tyrosines to phenylalanines does not inhibit
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its ability to enhance TCR signaling. These results led us to
conclude that the phosphotyrosine displacement model for
CD148 does not apply. On the other hand, the finding that the
CD148/SHP-1 swap chimera, containing the SHP-1 catalytic
domain, failed to enhance TCR signaling suggests a specific
interaction mechanism between CD148 and SFKs.

Our investigation demonstrated that CD148 is able to acti-
vate SFKs involved in TCR signal transduction. This could be
most clearly observed in CD45 deficient environment. In
CD45-sufficient T cell line, the proactivatory effect on the Lck
inhibitory tyrosine is overbalanced by dephosphorylating the
activation loop tyrosine of Lck and/or other substrates essential
for TCR signal transduction leading to the net inhibitory effect
of CD148 (29, 31). Together with the analogous dual role of
CD45 (50, 51), our study suggests that dual inhibitory/stimula-
tory function may be a common principle governing the signal-
ing by different receptor-like PTPs. The net outcome of their
action may depend on cellular or biochemical context.
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FIGURE S3. Expression of CD148 and CD45 constructs in JS-7 transfectants 1. JS-7 cells
transduced with Myc-tagged CD148-WT, CD148-CS, or CD45 and non-transduced cells were
examined for expression of CD148, CD45, and extracellular Myc-tag by flow cytometry

(solid black line). Unstained controls are shown as filled grey histograms.
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FIGURE S4. Calculation of the percentage of C-terminal tyrosine phosphorylated Fyn+Src
molecules in JS-7 cells and its change after expression of CD148. (A) Definition of input
parameters a, b. Mean signals from pSrc Y530 and non-pSrc Y530 antibody stainings of non-
transduced JS-7 cell lysates were set as 1, while mean signals obtained from staining of
CD148-WT transduced cell lysates were set as "a" and "b" for pSrc Y530 and non-pSrc Y530,
respectively. (B) Definition of calculated variables x, d. "x" represents a fraction of
phosphorylated Fyn+Src molecules in non-transfected JS-7 cells and "d" represents decrease
in "x" after expression of CD148 phosphatase. (C) The system of two simultaneous equations
describes the relation between "a", " b" and "x", "d". (D) Solution of the equations for x and d.
(E) The table shows the fractions of phosphorylated and non-phosphorylated Fyn+Src
molecules in non-transduced and CD148 expressing cells after substituting the values

determined from the equations for the variables in the table in (B). (F) Calculated results for
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FIGURE S5. Expression of CD148 constructs in JS-7 transfectants II. JS-7 cells transduced
with Myc-tagged CD148-WT, CD148/SHP1 chimera, CD148-2YF, or CD148-3YF and non-
transduced cells were examined for expression of CD148 and extracellular Myc-tag by flow

cytometry (solid black line). Unstained controls are shown as filled grey histograms.
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