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Decreased concentrations of retinol-binding
protein 4 in sera of epithelial ovarian cancer patients:
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Abstract. 2YDULDQFDQFHULVWKHÀIWKOHDGLQJFDXVHRIFDQFHU
GHDWKLQZRPHQ$EVHQFHRIDUHOLDEOHELRPDUNHUSUHFOXGHVHDUO\
GLDJQRVLVRIWKHGLVHDVH7RLGHQWLI\QHZSURWHLQVZLWKSRWHQWLDO
GLDJQRVWLFRUSURJQRVWLFYDOXHIRUWKHWKHUDS\RIRYDULDQFDQFHU
ZHSHUIRUPHGFRPSDUDWLYHSURWHRPLFDQDO\VLVRIVHUDIURP
RYDULDQFDQFHUSDWLHQWVDQGKHDOWK\ZRPHQ:HDQDO\]HGVHUXP
VDPSOHVIURPSDWLHQWVGLDJQRVHGZLWKHSLWKHOLDORYDULDQ
FDQFHUDQGDJHPDWFKHGKHDOWK\ZRPHQ7RGHFUHDVHWKH
H[WUHPHO\ZLGHG\QDPLFUDQJHRISURWHLQFRQFHQWUDWLRQVLQ
VHUXPZHXVHGFRPELQDWRULDOKH[DSHSWLGHOLEUDULHV6HUXP
VDPSOHVZHUHWKHQVXEMHFWHGWRSURWHRPLF'(DQDO\VLV7KUHH
SURWHLQVZLWKGLIIHUHQWLDODEXQGDQFHZHUHIRXQGDQGLGHQWLÀHG
E\PDVVVSHFWURPHWU\ ƠDQWLWU\SVLQDSROLSRSURWHLQ$,9
DQGUHWLQROELQGLQJSURWHLQ,GHQWLÀFDWLRQRI ƠDQWLWU\SVLQ
DQGDSROLSRSURWHLQ$,9FRQILUPVSUHYLRXVVWXGLHVEXWWKH
LGHQWLILFDWLRQ RI VLJQLILFDQWO\ GHFUHDVHG OHYHOV RI 5%3 LQ
RYDULDQFDQFHUSDWLHQWVUHSUHVHQWVDQRYHOREVHUYDWLRQ:HYHULÀHGWKHGHFUHDVHRI5%3OHYHOVLQRYDULDQFDQFHUSDWLHQWVHUD
E\WZRLQGHSHQGHQWPHWKRGVDQGGHWHUPLQHGDEVROXWH5%3
FRQFHQWUDWLRQVLQSDWLHQWVDQGKHDOWK\ZRPHQ:HH[FOXGHG
SRVVLEOHQRQFDQFHUIDFWRUVWKDWFRXOGEHUHVSRQVLEOHIRUWKH
REVHUYHG5%3GHFUHDVH:HSURSRVHDFRQQHFWLRQRI5%3
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Introduction
(SLWKHOLDORYDULDQFDQFHU (2& LVWKHÀIWKOHDGLQJFDXVHRI
FDQFHUGHDWKLQZRPHQ:KLOHRYHUDOO\HDUVXUYLYDOLVRQO\
LQSDWLHQWVZLWKHDUO\VWDJH ),*2, RYDULDQFDQFHU
VXUYLYDOUDWHLV  8QIRUWXQDWHO\YDVWPDMRULW\RIWKH
SDWLHQWVLVGLDJQRVHGLQDGYDQFHGVWDJHGLVHDVH ),*2,,,,9 
PRVWO\EHFDXVHRIDEVHQFHRIVSHFLÀFV\PSWRPVDQGE\ODFN
RIUHOLDEOHVHUXPPDUNHUVIRUHDUO\GLVHDVH(IIHFWLYHVFUHHQLQJ
WHVWVDUH\HWWREHGHYHORSHG
7KHPRVWZLGHO\XVHGVHUXPPDUNHUIRURYDULDQFDQFHUPXFLQ
SURWHLQ&$KDVORZVHQVLWLYLW\LWVVHUXPFRQFHQWUDWLRQLV
LQFUHDVHGLQOHVVWKDQKDOIRIHDUO\VWDJHSDWLHQWV)XUWKHUPRUHLWV
VSHFLÀFLW\LVDOVRLQVXIÀFLHQWLQFUHDVHGOHYHOVKDYHEHHQUHSRUWHG
DOVRLQSDWLHQWVZLWKEHQLJQJ\QHFRORJLFDOGLVHDVHVHQGRPHWULRVLVFLUUKRVLVDQGKHDUWGLVHDVH  (QRUPRXVHIIRUWKDVWKHUHIRUH
EHHQGHYHORSHGWRLGHQWLI\DQGLPSOHPHQWQHZVHUXPELRPDUNHUV
ZLWKVXIÀFLHQWVHQVLWLYLW\DQGVSHFLÀFLW\IRUGHWHFWLRQDQGPRQLWRULQJRIHSLWKHOLDORYDULDQFDQFHU6HYHUDOFDQGLGDWHPROHFXOHV
KDYHEHHQGLVFRYHUHG  8QIRUWXQDWHO\QRQHRIWKHLGHQWLÀHG
SURWHLQVRUSHSWLGHVSURYHGWREHRIVXIÀFLHQWVHQVLWLYLW\DQG
VSHFLÀFLW\DVDFOLQLFDOO\DSSOLFDEOHGLDJQRVWLFPDUNHU
&RPSDUDWLYHSURWHRPLFDQDO\VHVRIVHUXPRUSODVPDDUH
DPRQJRWKHUREVWDFOHVKLQGHUHGE\H[WUHPHO\KLJKG\QDPLF
UDQJHRILQGLYLGXDOSURWHLQFRQFHQWUDWLRQLQVHUXPH[FHHGLQJ
RUGHUVRIPDJQLWXGH  (IIHFWLYHPHWKRGVWRGHFUHDVH
WKHFRQFHQWUDWLRQUDQJHRIVHUXPSURWHLQVDUHEDVHGRQHLWKHU
LPPXQRGHSOHWLRQRIWKHPRVWDEXQGDQWVHUXPSODVPDSURWHLQV
RUPRUHUHFHQWO\RQHTXDOL]DWLRQRISURWHLQFRQFHQWUDWLRQVE\
LQWHUDFWLRQZLWKFRPELQDWRULDOKH[DSHSWLGHOLEUDU\FRXSOHG
WREHDGV  7KHODWWHUPHWKRGKDVJDLQHGDWWHQWLRQXQGHU
FRPPHUFLDOQDPH3URWHR0LQHUDQGZDVXVHGLQRXUFXUUHQW
VWXG\(TXDOL]HGVDPSOHVZHUHWKHQVXEMHFWHGWR'(GLIIHUHQWLDOSURWHRPLFDQDO\VLV:HLGHQWLÀHGWKUHHSURWHLQVWKDWZHUH
SUHVHQWLQVHUXPRI(2&SDWLHQWVLQFRQFHQWUDWLRQVVLJQLÀFDQWO\
GLIIHUHQWWKDQLQVHUDRIDJHPDWFKHGKHDOWK\ZRPHQ7ZRRI
WKHSURWHLQVKDYHEHHQLGHQWLÀHGLQ(2&SDWLHQWVSUHYLRXVO\
,GHQWLÀFDWLRQRIUHWLQROELQGLQJSURWHLQ GHFUHDVHGLQVHUD
RI(2&SDWLHQWV LVDQRYHOREVHUYDWLRQWKHUHIRUHLWVDOWHUHG
FRQFHQWUDWLRQVZHUHIXUWKHUWHVWHGYHULÀHGDQGTXDQWLÀHGLQ
LQGLYLGXDOVHUXPVDPSOHV
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Materials and methods
$OOFKHPLFDOVZHUHIURP6LJPD$OGULFKXQOHVVVWDWHGRWKHUZLVH7KHVWXG\ZDVDSSURYHGE\WKH(WKLFV&RPPLWWHHRIWKH
&KDUOHV8QLYHUVLW\LQ3UDJXH)LUVW)DFXOW\RI0HGLFLQH ,5%
DSSURYDO,*$0=&5/)8. 
EOC patient selection. 6HUXPVDPSOHVZHUHFROOHFWHGDWWKH
'HSDUWPHQWRI*\QHFRORJ\DQG2EVWHWULFVRIWKH)LUVW)DFXOW\
RI0HGLFLQHDQG*HQHUDO7HDFKLQJ+RVSLWDODIWHULQIRUPHG
FRQVHQWIURPERWKSDWLHQWVDQGKHDOWK\DJHPDWFKHGZRPHQ
DIWHURYHUQLJKWIDVWLQJ3DWLHQWVDPSOHVZHUHFROOHFWHGDWWKH
WLPHRISUHOLPLQDU\GLDJQRVLVEHIRUHVXUJHU\DQGFKHPRWKHUDS\
7KHGLDJQRVLVZDVFRQÀUPHGKLVWRORJLFDOO\DIWHUWKHVXUJHU\
DQGRQO\WKHVDPSOHVIURPSDWLHQWVZLWKFRQÀUPHG(2&ZHUH
LQFOXGHGLQWKHVWXG\7XPRUW\SLQJDQGVWDJLQJZHUHSHUIRUPHG
E\WKH'HSDUWPHQWRI3DWKRORJ\DFFRUGLQJWRWKHFULWHULDRIWKH
,QWHUQDWLRQDO)HGHUDWLRQRI*\QHFRORJLVWVDQG2EVWHWULFLDQV
),*2 DQGWKH,QWHUQDWLRQDO8QLRQDJDLQVW&DQFHU ,8&& 
Serum and plasma collection. %ORRGZDVFROOHFWHGLQWR%'
9DFXWDLQHUWXEHV %'86$ ZLWKVRGLXPKHSDULQ SODVPD DQG
ZLWKRXWDGGLWLYHV VHUXP 7KHWXEHVZHUHNHSWDWURRPWHPSHUDWXUHIRUPLQDQGFHQWULIXJHGDW[JIRUPLQ&ROOHFWHG
SODVPDZDVWKHQUHFHQWULIXJHGDW[JIRUPLQWRUHPRYH
UHPDLQLQJSODWHOHWV7KHVHUXPDQGSODVPDZHUHDOLTXRWHGLQWR
POVFUHZFDSWXEHV $[\JHQ86$ DQGVWRUHGDWÝ&
Serum equalization - hexapeptide ligand library treatment.
&RQFHQWUDWLRQRIWKHPRVWDEXQGDQWVHUXPSURWHLQVZDVUHGXFHG
XVLQJWKH3URWHR0LQHU(QULFKPHQW.LW %LR5DG/DERUDWRULHV
&$86$ 3RROHGVHUDIURPFRQWUROKHDOWK\ZRPHQ FRQWUROV
Q  DQG(2&SDWLHQWV SDWLHQWVQ  ZHUHXVHGDVDVWDUWLQJ
PDWHULDO POHDFKSRRO 7RREWDLQVXIÀFLHQWDPRXQWRI
HTXDOL]HGVHUDGHSOHWLRQVZHUHSHUIRUPHGIURPHDFKSRROHG
VDPSOHHDFKGHSOHWLRQZLWKDIUHVK3URWHR0LQHUFROXPQDQG
PORISRROHGVHUD7KHSURFHGXUHZDVFDUULHGRXWDFFRUGLQJ
WRWKHPDQXIDFWXUHU VLQVWUXFWLRQV6HUXPVDPSOHVUHODWLYHO\
HQULFKHGLQPHGLXPDQGORZDEXQGDQWSURWHLQVZHUHHOXWHG
DQGSRROHG7KHFRPELQHGHTXDOL]HGVDPSOHV PO ZHUH
SUHFLSLWDWHGE\PORIFROGDFHWRQHDWÝ&RYHUQLJKW
Two-dimensional electrophoresis. 3UHFLSLWDWHGHTXDOL]HGVHUXP
SURWHLQSHOOHWVZHUHGLVVROYHGHDFKLQPORIUHK\GUDWLRQ
EXIIHU 0XUHD0WKLRXUHD&+$36P0'77
DPSKRO\WHV *(86$ DQGEURPRSKHQROEOXH 3URWHLQ
FRQFHQWUDWLRQZDVGHWHUPLQHGDQGDGMXVWHGWRPJPO,3*
VWULSV FPS+*(86$ ZHUHUHK\GUDWHGRYHUQLJKWLQ
ORIWKHVDPSOHUHSUHVHQWLQJPJSURWHLQSHUVWULS6L[
WHFKQLFDOUHSOLFDWHVZHUHUXQIRUHDFKVDPSOH
,VRHOHFWULFIRFXVLQJZDVSHUIRUPHGZLWKD%LR5DG3URWHDQ
,()FHOOIRUN9KZLWKPD[LPXPYROWDJHQRWH[FHHGLQJ
N9FXUUHQWOLPLWHGWR$SHUVWULSDQGWHPSHUDWXUHVHW
WRÝ&6WULSVZHUHHTXLOLEUDWHGDQGUHGXFHGLQHTXLOLEUDWLRQ
EXIIHU$ 0XUHDP07ULVS+JO\FHURO
6'6DQGPJ'77SHUPORIWKHEXIIHU IRUPLQDQG
WKHQDON\ODWHGLQHTXLOLEUDWLRQEXIIHU% 0XUHDP07ULV
S+JO\FHURO6'6DQGPJLRGDFHWDPLGH
SHUPO (TXLOLEUDWHGVWULSVZHUHWKHQSODFHGRQWKHWRS
RI6'63$*(DQGVHFXUHGLQSODFHE\PROWHQDJDURVH
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(OHFWURSKRUHVLVZDVSHUIRUPHGLQD7ULVJO\FLQH6'6V\VWHP
XVLQJDJHO3URWHDQ3OXV'RGHFD&HOODSSDUDWXV %LR5DG 
ZLWKEXIIHUFLUFXODWLRQDQGH[WHUQDOFRROLQJ Ý& *HOVZHUH
UXQDWFRQVWDQWYROWDJHRI9IRUK)ROORZLQJHOHFWURSKRUHVLVJHOVZHUHZDVKHGWLPHVIRUPLQLQGHLRQL]HGZDWHU
WRUHPRYH6'6:DVKHGJHOVZHUHVWDLQHGLQ&%% 6LPSO\
%OXH6DIH6WDLQ,QYLWURJHQ&DUOVEDG86$ RYHUQLJKWDQGWKHQ
GHVWDLQHGLQGHLRQL]HGZDWHU
Gel image analysis. 6WDLQHG JHOV ZHUH VFDQQHG ZLWK D *6
 FDOLEUDWHG GHQVLWRPHWHU %LR5DG  ,PDJH DQDO\VLV
ZDV SHUIRUPHG ZLWK 3URJHQHVLV 3*3* 1RQOLQHDU
'\QDPLFV8. LQVHPLPDQXDOPRGHZLWKVL[JHOUHSOLFDWHVIRU
HDFKJURXS1RUPDOL]DWLRQRIJHOLPDJHVZDVEDVHGRQWRWDO
VSRWGHQVLW\DQGLQWHJUDWHGVSRWGHQVLW\YDOXHV VSRWYROXPHV 
ZHUHFDOFXODWHGDIWHUEDFNJURXQGVXEWUDFWLRQ$YHUDJHVSRW
YROXPHYDOXHV DYHUDJHVIURPWKHDOOJHOVLQWKHJURXS IRU
HDFKVSRWZHUHFRPSDUHGEHWZHHQWKHJURXSV3URWHLQVSRWV
ZHUHFRQVLGHUHGGLIIHUHQWLDOO\H[SUHVVHGLIWKH\PHWERWKRI
WKHIROORZLQJFULWHULDDYHUDJHQRUPDOL]HGVSRWYROXPHGLIIHUHQFH!IROGDQGVWDWLVWLFDOVLJQLÀFDQFH S RIWKHFKDQJH
GHWHUPLQHGE\WKHWWHVW
0$/',PDVVVSHFWURPHWU\SURWHLQLGHQWLÀFDWLRQ'LIIHUHQWLDOO\
H[SUHVVHGSURWHLQVZHUHH[FLVHGIURPJHOVFXWLQWRVPDOOSLHFHV
DQGZDVKHGIRXUWLPHVZLWKP0DPPRQLXPELFDUERQDWHLQ
DFHWRQLWULOH7KHVXSHUQDWDQWZDVUHPRYHGDQGWKHJHOZDV
SDUWLDOO\GULHGLQD6SHHG9DFFRQFHQWUDWRU*HOSLHFHVZHUHWKHQ
UHFRQVWLWXWHGLQDFOHDYDJHEXIIHUFRQWDLQLQJP0DPPRQLXP
ELFDUERQDWHDQGVHTXHQFLQJJUDGHWU\SVLQ QJPO3URPHJD
:,86$ $IWHURYHUQLJKWGLJHVWLRQWKHUHVXOWLQJSHSWLGHVZHUH
H[WUDFWHGZLWK$&17)$([WUDFWHGSHSWLGHPL[WXUH
O ZDVGHSRVLWHGRQDVWHHO0$/',WDUJHWDQDOORZHGWR
DLUGU\DWURRPWHPSHUDWXUH$IWHUFRPSOHWHHYDSRUDWLRQO
RIWKHPDWUL[VROXWLRQ>ƠF\DQRK\GUR[\FLQQDPLFDFLGLQ
DTXHRXV$&17)$ PJPO @ZDVDGGHG0$/',
PDVVVSHFWUDZHUHPHDVXUHGRQ$XWRÁH[,,LQVWUXPHQW %UXNHU
'DOWRQLFV%UHPHQ*HUPDQ\ 
6SHFWUDZHUHDFTXLUHGLQWKHPDVVUDQJHEHWZHHQa
DQG'DDQGFDOLEUDWHGLQWHUQDOO\XVLQJWKHPRQRLVRWRSLF>0+@LRQVRI3HSWLGHFDOLEUDWLRQVWDQGDUG,, %UXNHU
'DOWRQLFV%UHPHQ*HUPDQ\ 3HDNOLVWVLQ;0/GDWDIRUPDW
ZHUH FUHDWHG XVLQJ WKH IOH[$QDO\VLV  SURJUDP ZLWK WKH
61$3SHDNGHWHFWLRQDOJRULWKP1RVPRRWKLQJZDVDSSOLHG
DQGWKHPD[LPDOQXPEHURIDVVLJQHGSHDNVZDVVHWWR$IWHU
SHDNODEHOLQJDOONQRZQFRQWDPLQDQWVLJQDOVZHUHPDQXDOO\
UHPRYHG7KHSHDNOLVWVZHUHVHDUFKHGXVLQJWKH0$6&27
VHDUFKHQJLQHDJDLQVWWKH6ZLVV3URWBGDWDEDVHVXEVHW
RIKXPDQSURWHLQVZLWKWKHIROORZLQJVHDUFKVHWWLQJVSHSWLGH
WROHUDQFHSSPPLVVHGFOHDYDJHÀ[HGFDUEDPLGRPHWK\ODWLRQRIF\VWHLQYDULDEOHDFHW\ODWLRQRISURWHLQ1WHUPDQG
R[LGDWLRQRIPHWKLRQLQH1RUHVWULFWLRQVRQSURWHLQPROHFXODU
ZHLJKWRUS,YDOXHZHUHDSSOLHG3URWHLQVZLWKD0DVFRWVFRUH
RYHUWKHWKUHVKROGIRUSFDOFXODWHGIRUWKHXVHGVHWWLQJV
ZHUHFRQVLGHUHGDVLGHQWLÀHG
Western blotting. ,QGLYLGXDOVHUXPVDPSOHV JRISURWHLQV 
ZHUH FRPELQHG ZLWK 6'6 ORDGLQJ EXIIHU FRQWDLQLQJ '77
ERLOHGPLQDQGVHSDUDWHGRQ6'63$*(PLQLJHOVLQ
7ULVJO\FLQH6'6EXIIHU(OHFWURSKRUHVLVZDVSHUIRUPHGXVLQJ
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a

0LQL3URWHDQ7HWUD&HOO %LR5DG/DERUDWRULHV DWFRQVWDQW
YROWDJH IRU  PLQ DW  9 DQG WKHQ DW  9 XQWLO WKH G\H
IURQWUHDFKHGWKHJHOERWWRP3URWHLQVZHUHWKHQWUDVIHUUHGWR
P39')PHPEUDQHV 0LOLSRUH0$ LQVHPLGU\EORWWHU
+RHIIHU&DQDGD DWP$FP20HPEUDQHVZHUHLQFXEDWHG
ZLWK3%67 SKRVSKDWHEXIIHUHGVDOLQHZLWK7ZHHQ 
IRUK$VDSULPDU\DQWLERG\PRXVHDQWL5%3 6F
6DQWD&UX]%LRWHFKQRORJ\&$86$ GLOXWHGLQ3%67
RUUDEELWDQWLWUDQVWK\UHWLQ 6LJPD GLOXWHGZDVDGGHG
IRU  K $IWHU WKRURXJK ZDVKLQJ ZLWK 3%67 VHFRQGDU\
KRUVHUDGLVK SHUR[LGDVHFRQMXJDWHG JRDW DQWLPRXVH ,J*
DQWLERG\RUJRDWDQWLUDEELW,J*DQWLERG\ ERWK6DQWD&UX]
%LRWHFKQRORJ\ GLOXWHGZDVDGGHGIRUK0HPEUDQHV
ZHUHWKRURXJKO\ZDVKHGLQ3%67DQGWKHQLQ3%66LJQDOZDV
GHYHORSHGXVLQJ:HVWHUQ%ORWWLQJ/XPLQRO5HDJHQW 6DQWD&UX]
%LRWHFKQRORJ\ DQGPHPEUDQHVZHUHH[SRVHGWR;UD\ÀOP

.RGDN&5 GHYHORSHGDQGVFDQQHG)RUGHWHFWLRQRIKXPDQ
,J*DVDQLQWHUQDOORDGLQJFRQWUROWKHPHPEUDQHZHUHVWULSSHG
DQGUHSUREHGZLWKDVZLQHDQWL,J*DQWLERG\ 6HYDSKDUPDDV
&]HFK5HSXEOLF FRQMXJDWHGZLWK+53GLOXWHG
RBP4 ELISA. 7KHTXDQWLWDWLYHGHWHUPLQDWLRQRIKXPDQUHWLQRO
ELQGLQJSURWHLQ 5%3  ƠDQWLWU\SVLQDQGDSROLSRSURWHLQ
$FRQFHQWUDWLRQVLQSDWLHQWDQGFRQWUROVHUDZDVSHUIRUPHG
LQWULSOLFDWHVXVLQJWKH4XDQWLNLQH+XPDQ5%3LPPXQRDVVD\
5 '6\VWHPV0186$ KXPDQDSROLSRSURWHLQ$,9(/,6$
.LW 0LOOLSRUH 0$ 86$  DQG ƠDQWLWU\SVLQ &OHDUDQFH
(/,6$ ,PPXQR'LDJQRVWLN$**HUPDQ\ DFFRUGLQJWRWKH
PDQXIDFWXUHU V LQVWUXFWLRQV XVLQJ (/,6$ 5HDGHU 6XQULVH
7HFDQ$XVWULD 
Measurement of plasma vitamin A. 9LWDPLQ$VHUXPOHYHOV
ZHUHGHWHUPLQHGE\+3/&PHWKRGXVLQJ&OLQ5HS&RPSOHWH.LW
IRUYLWDPLQV$DQG(LQ3ODVPD ,ULVWHFKQRORJLHVLQWHUQDWLRQDO
*HUPDQ\ RQ(&20+3/&DFFRUGLQJWRWKHPDQXIDFWXUHU V
LQVWUXFWLRQV
Statistical analysis. 6WDWLVWLFDOVLJQLÀFDQFHVRIQRUPDOL]HG
RSWLFDO VSRW GHQVLW\ YDOXHV IURP (/,6$ WHVWV DQG UHWLQRO
PHDVXUHPHQWVE\+3/&ZDVGHWHUPLQHGE\6WXGHQW VWWHVW
&RUUHODWLRQEHWZHHQYDULDEOHVZDVGHWHUPLQHGE\&RUUHODWLRQ
3HDUVRQ VFRHIÀFLHQWXVLQJVRIWZDUH6WDWLVWLFD 6WDW6RIW,QF
86$ 
Results
Patients and controls. 7KHZRPHQHQUROOHGLQWKHVWXG\ZHUH
SDWLHQWVGLDJQRVHGZLWK(2& KLVWRORJLFDOO\FRQÀUPHG DQG
DJHPDWFKHGKHDOWK\ZRPHQ$YHUDJHDJHZDVIRU
SDWLHQWVDQGIRUKHDOWK\FRQWUROV'HWDLOVDUHSURYLGHG
LQWKH7DEOHV,DQG,,
Serum equalization and proteomics. 7RHOLPLQDWHSRWHQWLDO
LQWHULQGLYLGXDOYDULDELOLW\RXUDQDO\VLVZDVSHUIRUPHGZLWK
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)LJXUH'(DQDO\VLVRIVHUDDIWHUKH[DSHSWLGHOLJDQGOLEUDU\WUHDWPHQW'(SURWHRPLFDQDO\VLVRISRROHGVHUDIURPKHDOWK\ZRPHQDQG(2&SDWLHQWVDIWHU
3URWHR0LQHUHTXDOL]DWLRQ7ZHOYH[FPJHOVZHUHDQDO\]HGUHSOLFDWHVZLWKSRROHGSDWLHQWVDPSOHVDQGJHOVZLWKSRROHGKHDOWK\FRQWUROVDPSOHV
*HOVZHUHVWDLQHGVFDQQHGDQGDQDO\]HGE\3URJHQHVLV3*3*LPDJHDQDO\VLVVRIWZDUH7KUHHVSRWVRIVLJQLÀFDQWO\GLIIHUHQWGHQVLW\EHWZHHQWKH
JURXSVZHUHIRXQGDQGWKHWKUHHSURWHLQVZHUHLGHQWLÀHGE\0$/',PDVVVSHFWURPHWU\XVLQJSHSWLGHPDVVÀQJHUSULQWLQJ 7DEOH,,, 

7DEOH,,,3HSWLGHPDVVÀQJHUSULQWLGHQWLÀFDWLRQRISURWHLQVZLWKGLIIHUHQWLDOFRQFHQWUDWLRQV GLIIHUHQFHDWOHDVWIROGDQGVWDWLVWLFDOVLJQLÀFDQFH S LQVHUDRI(2&SDWLHQWV
6HTXHQFHFRYHUDJHa   0DWFKHGSHSWLGHV 0DVFRWVFRUHE 6ZLVV3URWDFFHVVQRc
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a
6HTXHQFHFRYHUDJHLVWKHQXPEHURIDPLQRDFLGVVSDQQHGE\WKHDVVLJQHGSHSWLGHVGLYLGHGE\WKHVHTXHQFHOHQJWKE0$6&27VFRUHKHOSVWR
HVWLPDWHFRUUHFWQHVVRIWKHLQGLYLGXDOKLW,WLVH[SUHVVHGDV[ORJ 3 ZKHUH3LVWKHSUREDELOLW\WKDWWKHREVHUYHGPDWFKLVDUDQGRPHYHQW
c
6ZLVV3URWDFFHVVQRLVWKHFRGHXQGHUZKLFKWKHLGHQWLÀHGSURWHLQLVGHSRVLWHGLQWKH6ZLVV3URWGDWDEDVH

SRROHGVHUXPVDPSOHVIURPSDWLHQWVGLDJQRVHGZLWK(2&
SDWLHQWV DQGKHDOWK\DJHPDWFKHGZRPHQ FRQWUROV /DWHU
YHULÀFDWLRQVE\:HVWHUQEORWWLQJDQG(/,6$ZHUHGRQHZLWK
LQGLYLGXDOVHUXPVDPSOHV
7KHG\QDPLFUDQJHRILQGLYLGXDOSURWHLQFRQFHQWUDWLRQV
LQVHUXPZDVUHGXFHGRUHTXDOL]HGE\LQWHUDFWLRQRIVHUXP
SURWHLQVZLWKRIUDQGRPKH[DSHSWLGHOLEUDU\LPPRELOL]HGRQ
EHDGV 3URWHR0LQHU   8VLQJWKHHTXDOL]HGSRROHGVHUDZH
SHUIRUPHG FODVVLFDO '( GLIIHUHQWLDO SURWHRPLF DQDO\VLV
(TXDOL]DWLRQRIVHUXPVDPSOHVZLWKKH[DSHSWLGHOLJDQGOLEUDU\
EHDGVZDVHIIHFWLYHLQFUHDVLQJWKHQXPEHURIVSRWVGHWHFWHG
LQ'(JHOVaIROGFRPSDUHGWRXQWUHDWHGVHUDLQDSLORW
H[SHULPHQW GDWDQRWVKRZQ 
7ZHOYH'(JHOVZHUHDQDO\]HG VL[UHSOLFDWHVZLWKSRROHG
SDWLHQWVDPSOHVDQGJHOVZLWKSRROHGKHDOWK\FRQWUROVDPSOHV 
2QDYHUDJHZHGHWHFWHGSURWHLQVSRWVSHUJHOXSRQFROORLGDO
&RRPDVVLHVWDLQLQJ4XDQWLWDWLYHDQDO\VLVRIQRUPDOL]HGVSRW
GHQVLW\XVLQJ3URJHQHVLV3*3*VRIWZDUHUHYHDOHGVWDWLVWLFDOO\VLJQLÀFDQWGLIIHUHQFH>QRUPDOL]HGVSRWYROXPHGLIIHUHQFH
DWOHDVWIROGDQGVWDWLVWLFDOVLJQLÀFDQFH S @EHWZHHQWKH
FRQWURODQGSDWLHQWJURXSVLQVSRWV )LJ $OOWKUHHSURWHLQV
SUHVHQWLQWKHVSRWVRIGLIIHUHQWLDOGHQVLW\ZHUHLGHQWLÀHGE\

0$/',72) PDVV VSHFWURPHWU\ XVLQJ SHSWLGH ILQJHUSULQW
PHWKRG 7DEOH,,, 7KHRQO\XSUHJXODWHGSURWHLQIRXQGLQVHUD
RIRYDULDQFDQFHUSDWLHQWVKDVEHHQLGHQWLÀHGDVƠDQWLWU\SVLQ
7ZRSURWHLQVZLWKFRQFHQWUDWLRQVGHFUHDVHGLQSDWLHQWVHUDZHUH
DSROLSRSURWHLQ$,9DQGUHWLQROELQGLQJSURWHLQ 5%3 
Retinol binding protein 4 is decreased in EOC patients.
Ơ DQWLWU\SVLQ DQG DSROLSRSURWHLQ $,9 EHORQJ DPRQJ
WKH  PRVW DEXQGDQW SODVPD SURWHLQV ZLWK FRQFHQWUDWLRQV
PROODQGPROOUHVSHFWLYHO\  :HYHULÀHGWKH
DOWHUHGFRQFHQWUDWLRQVLQWKHVHWZRSURWHLQVE\(/,6$LQDOO
LQGLYLGXDOSDWLHQWDQGFRQWUROVHUXPVDPSOHV ƠDQWLWU\SVLQ
ZDV VLJQLILFDQWO\ S   XSUHJXODWHG LQ SDWLHQWV ZKLOH
DSROLSRSURWHLQ$,9ZDVPDUNHGO\GRZQUHJXODWHG S  
)LJ   %RWK SURWHLQV ZHUH LGHQWLILHG E\ SURWHRPLF VHUXP
DQDO\VHVDVSRWHQWLDORYDULDQFDQFHUPDUNHUVSUHYLRXVO\  
DQGZHWKHUHIRUHIRFXVHGRXUDWWHQWLRQWRUHWLQROELQGLQJSURWHLQ
 5%3 DVWKHQRYHOREVHUYDWLRQDQGWKHSRWHQWLDOO\PRUH
LQWHUHVWLQJFDQGLGDWHELRPDUNHU FRQFHQWUDWLRQLQSDWLHQWVHUXP
GHFUHDVHGIROGS 
6LQFHRXUSURWHRPLFDQDO\VLVZDVSHUIRUPHGZLWKSRROHG
DQG HTXDOL]HG VHUXP VDPSOHV LW ZDV QHFHVVDU\ WR FRQILUP
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)LJXUH9HULÀFDWLRQRIDOWHUHGFRQFHQWUDWLRQVRIƠDQWLWU\SVLQDQGDSROLSRSURWHLQ$,9LQSDWLHQWDQGKHDOWK\ZRPHQVHUD6HUXPFRQFHQWUDWLRQVRIWKH
SURWHLQVZHUHGHWHUPLQHGLQDOOSDWLHQWDQGFRQWUROVHUXPVDPSOHVXVLQJ
(/,6$NLWV ƠDQWLWU\SVLQZDVFRQÀUPHGWREHVLJQLÀFDQWO\XSUHJXODWHG
LQSDWLHQWVDQGDSROLSRSURWHLQ$ZDVVLJQLÀFDQWO\GRZQUHJXODWHG0HDQ
YDOXHVDQGVWDWLVWLFDOVLJQLÀFDQFHVDUHVKRZQ

)LJXUH9HULÀFDWLRQRIDOWHUHG5%3FRQFHQWUDWLRQ $ $EVROXWH5%3FRQFHQWUDWLRQVLQVHUXPVDPSOHVZHUHGHWHUPLQHGE\(/,6$(DFKPHDVXUHPHQW
UHSUHVHQWVDYHUDJHYDOXHIURPUHSOLFDWHV,QGLYLGXDOVHUXP5%3FRQFHQWUDWLRQVFDQEHIRXQGLQ7DEOHV,DQG,, % :HVWHUQEORWDQDO\VLVRI5%3
FRQFHQWUDWLRQLQLQGLYLGXDOVHUXPVDPSOHVZDVSHUIRUPHG7RHQDEOHUHODWLYH
FRPSDULVRQEHWZHHQKHDOWK\FRQWUROVDQGSDWLHQWVÀYHFRQWURODQGÀYHSDWLHQW
VDPSOHV JSURWHLQHDFK ZHUHUXQRQHDFKJHODQGSURFHVVHGVLPXOWDQHRXVO\0HPEUDQHVZHUHUHSUREHGZLWKDQWLKXPDQ,J* +& DVDQLQWHUQDO
VWDQGDUG

WKHDOWHUHG5%3DEXQGDQFHLQWKHLQGLYLGXDOFUXGHVHUXP
VDPSOHVEHIRUHWKH3URWHR0LQHUHTXDOL]DWLRQ7RGHWHUPLQH
DOVR DEVROXWH FRQFHQWUDWLRQV RI 5%3 ZH XVHG DQ (/,6$

)LJXUH  6HUXP UHWLQRO OHYHOV LQ (2& SDWLHQWV DQG DJHPDWFKHG KHDOWK\
ZRPHQ/HYHOVRIVHUXPYLWDPLQ$ UHWLQRO UHJXODWH5%3VHFUHFWLRQE\OLYHU
'HFUHDVHGUHWLQROOHYHOVFRXOGDIIHFW5%3OHYHOVLQRXUVWXG\:HWKHUHIRUH
GHWHUPLQHGVHUXPUHWLQROOHYHOVLQDOOSDWLHQWVDQGFRQWUROVE\+3/&0HDQ
YDOXHVRIVHUXPUHWLQROFRQFHQWUDWLRQVDUHVKRZQ

WHVWWRPHDVXUH5%3LQWKHRULJLQDOVHWRIWKHDOOLQGLYLGXDO
QRQHTXDOL]HG VHUXP VDPSOHV IURP  (2& SDWLHQWV DQG
FRQWUROV$V VHHQ LQ )LJ$ (/,6$ UHVXOWV FRQÀUPHG
GHFUHDVHGVHUXPFRQFHQWUDWLRQRI5%3LQWKH(2&SDWLHQWV
7KHDYHUDJH5%3FRQFHQWUDWLRQLQSDWLHQWVHUXPVDPSOHV
JPO ZDVIROGGHFUHDVHGFRPSDUHGWRWKHFRQWURO
VDPSOHV  JPO S  'LVWULEXWLRQ RI WKH 5%3
FRQFHQWUDWLRQVVXJJHVWVWKDWDWKUHVKROGH[LVWVDWJPO
GLVWLQJXLVKLQJKHDOWK\DJHPDWFKHGZRPHQIURPPRVWRYDULDQ
FDQFHUSDWLHQWVLQRXUFRKRUW)RUWKHLQGLYLGXDO5%3OHYHOV
VHH7DEOHV,DQG,,6HUXP5%3FRQFHQWUDWLRQVQHJDWLYHO\
FRUUHODWH ZLWK RYDULDQ FDQFHU PDUNHU &$ OHYHOV LQ WKH
SDWLHQWJURXS U S  
7RSURYLGHDGGLWLRQDOYHULÀFDWLRQ XVLQJGLIIHUHQWDQWLERGLHVWKDQWKHRQHXVHGIRU(/,6$ ZHSHUIRUPHGDOVR5%3
LPPXQRGHWHFWLRQXVLQJ:HVWHUQEORWWLQJZLWKQRQHTXDOL]HG
VHUDIURPDOOLQGLYLGXDOSDWLHQWVLQWKHJURXSDQGWKH
KHDOWK\FRQWUROV )LJ% 7KHUHVXOWVDOVRFRQÀUPHGWKDW
5%3ZDVVLJQLÀFDQWO\GHFUHDVHGLQSDWLHQWVDPSOHVFRPSDUHG
WRVHUDIURPKHDOWK\ZRPHQ(TXDOVDPSOHORDGLQJ J
SHUODQH ZDVHQVXUHGE\FDUHIXODQGUHSHDWHGGHWHUPLQDWLRQ
RISURWHLQFRQFHQWUDWLRQLQVDPSOHV,QWHUQDOVWDQGDUG>WRWDO
KXPDQ,J* +& @LVVKRZQRQO\IRUURXJKORDGLQJFRQWURO'XH
WRKLJKLQGLYLGXDOYDULDELOLW\RIVHUXPSURWHLQOHYHOVWKHUHLV
FXUUHQWO\QRUHOLDEOHDQGJHQHUDOO\DFFHSWHGLQWHUQDOVWDQGDUG
IRUVHUXPVDPSOHV VLPLODUWRơDFWLQ*$3'+RUWXEXOLQXVHG
IRUWLVVXHV 
6HUXP UHWLQROELQGLQJ SURWHLQ  LV D N'D OLSRFDOLQ
SURGXFHG E\ OLYHU DGLSRF\WHV PDFURSKDJHV DQG VRPH
HSLWKHOLDOFHOOV,WLVWKHSULQFLSDOWUDQVSRUWSURWHLQIRUUHWLQRO
YLWDPLQ$ 5%3OHYHOVLQEORRGDUHQRUPDOO\PDLQWDLQHG
ZLWKLQQDUURZOLPLWVZLWKRQHH[FHSWLRQ5%3VHFUHWLRQE\
LWVPDLQSURGXFHUOLYHULVWLJKWO\UHJXODWHGE\DYDLODELOLW\
RIUHWLQROOHYHOV,QYLWDPLQ$GHÀFLHQF\LV5%3UHWDLQHGLQ
OLYHUXSRQUHWLQROUHSOHWLRQ5%3DVVRFLDWHVZLWKWKHYLWDPLQ
DQGLVVHFUHWHGLQWREORRG  :HWKHUHIRUHWHVWHGZKHWKHU
WKHGHFUHDVHGFRQFHQWUDWLRQ5%3LGHQWLÀHGLQ(2&SDWLHQWV
FRXOGEHDWWULEXWHGWRGHFUHDVHGUHWLQROOHYHOV:HPHDVXUHG
UHWLQROOHYHOVLQLQGLYLGXDOVHUXPVDPSOHVRIDOOLQGLYLGXDO
SDWLHQWVDQGWKHKHDOWK\FRQWUROVLQRXUVWXG\$VVHHQLQ
)LJ  DYHUDJH VHUXP UHWLQRO FRQFHQWUDWLRQ LV FRPSDUDEOH

/25.29$et al5%3&21&(175$7,21,16(580,6'(&5($6(',129$5,$1&$1&(53$7,(176
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)LJXUH5HODWLYHVHUXPWUDQVWK\UHWLQ 775 OHYHOVLQSDWLHQWVDQGFRQWUROV $ :HVWHUQEORWDQDO\VLVRI775FRQFHQWUDWLRQLQLQGLYLGXDOVHUXPVDPSOHVZDV
SHUIRUPHG7RHQDEOHUHODWLYHFRPSDULVRQEHWZHHQKHDOWK\FRQWUROVDQGSDWLHQWVÀYHFRQWURODQGÀYHSDWLHQWVDPSOHV JSURWHLQHDFK ZHUHUXQRQHDFK
JHO % 'HQVLWRPHWULFDQDO\VLVRIWKH775EDQGVIURPWKH:HVWHUQEORWDQDO\VLV

EHWZHHQWKHSDWLHQWVDQGKHDOWK\ZRPHQ+HQFHZHFRQFOXGHG
WKDWWKHGHFUHDVHLQ5%3FRQFHQWUDWLRQLQ(2&SDWLHQWVLV
LQGHSHQGHQWRQVHUXPYLWDPLQ$OHYHOV
5%3LVDUHODWLYHO\VPDOOSURWHLQDQGWRDYRLGJORPHUXODU ILOWUDWLRQ LW DVVRFLDWHV ZLWK WUDQVWK\UHWLQ 775   
,QWHUHVWLQJO\WUDQVWK\UHWLQKDVDOVREHHQLGHQWLÀHGDVGRZQUHJXODWHGLQEORRGRIRYDULDQFDQFHUSDWLHQWVDQGFRQVLGHUHGDV
DSRWHQWLDOELRPDUNHU  :HGHWHUPLQHGUHODWLYHVHUXP
WUDQVWK\UHWLQOHYHOVLQRXUJURXSRISDWLHQWVDQGFRQWUROZRPHQ
DQG FRQILUPHG LWV GRZQUHJXODWLRQ LQ RXU (2& SDWLHQWV
IROG FKDQJH S   )LJ   7KHUH ZDV QR PDUNHG
FRUUHODWLRQRI775OHYHOVZLWK5%3
Discussion
5%3LVVHFUHWHGE\OLYHUDGLSRVHWLVVXHDQGVRPHHSLWKHOLD
LQFOXGLQJ RYDULDQ DQG VHUYHV DV DQ LPSRUWDQW WUDQVSRUWHU
RIUHWLQRO5HWLQRLGVSOD\DQLPSRUWDQWUROHLQIXQGDPHQWDO
DVSHFWVRIKXPDQSK\VLRORJ\VXFKDVKHPDWRSRLHVLVUHSURGXFWLRQDQGFHOOSUROLIHUDWLRQ$QWLFDQFHUHIIHFWRIUHWLQRLGVZDV
UHSRUWHGORQJDJR  $OWHUDWLRQVRIYLWDPLQ$DQGUHWLQRLG
KRPHRVWDVLVDUHIRXQGLQPDQ\WXPRUV'HIHFWVLQH[SUHVVLRQ
RIUHWLQROPHWDEROLVPJHQHVQDPHO\LWVFUXFLDOFRPSRQHQWV
FHOOXODUUHWLQROELQGLQJSURWHLQ &5%3 DQG5%3KDYH
EHHQSUHYLRXVO\UHSRUWHGLQRYDULDQFDQFHUDQGFRQQHFWHGZLWK
WKHRQFRJHQLFSURFHVVLQDUDWPRGHORIRYDULDQFDQFHU  
0RUHRYHUGHIHFWLYHFRQYHUVLRQRIUHWLQROWRUHWLQRLFDFLGKDV
EHHQGHPRQVWUDWHGLQRYDULDQFDUFLQRPDFHOOOLQHV  
7KHREVHUYHGGHFUHDVHLQFRQFHQWUDWLRQRI5%3LQVHUDRI
(2&SDWLHQWVLGHQWLÀHGKHUHPD\EHWKHRUHWLFDOO\DWWULEXWHGWR
GHFUHDVHG5%3SURGXFWLRQE\RYDU\5HJUHWWDEO\ZHGRQRW
NQRZKRZPXFK5%3RYDU\FRQWULEXWHVWRWKHWRWDOFLUFXODWLQJ5%3SRRO&RQVLGHULQJWKHIDFWWKDWOLYHUDQGDGLSRVH
WLVVXHDUHEHOLHYHGWREHWKHPDLQSURGXFHUVRIWKHFLUFXODWLQJ
5%3LWUHPDLQVWREHGHWHUPLQHGZKHWKHUGHFUHDVHGSURGXFWLRQRI5%3LQRYDU\PD\EHUHÁHFWHGLQWRWDOFLUFXODWLQJ
5%3OHYHOVLQ(2&SDWLHQWV
$OWHUQDWLYHK\SRWKHVLVZKLFKFRQVLGHUVDV\VWHPLFSURFHVV
DQGWKHOLYHUDQGRUDGLSRVHWLVVXHDVDVRXUFHRIWKHDOWHUHG
5%3 OHYHOV FDQ DOVR EH SURSRVHG :H GHPRQVWUDWHG WKDW
OHYHOVRIUHWLQRODUHFRPSDUDEOHEHWZHHQSDWLHQWVDQGFRQWUROV
'HFUHDVHG OHYHOV RI 5%3 LQ SDWLHQWV WKHUHIRUH FDQ QRW EH
H[SODLQHGE\GLIIHUHQWUHWLQRODYDLODELOLW\EHWZHHQWKHJURXSV
,QDGGLWLRQWRLWVUROHDVDYLWDPLQ$WUDQVSRUWHU5%3DWWUDFWHG

ZLGHDWWHQWLRQDVDPROHFXOHLQYROYHGLQLQVXOLQUHVLVWDQFHLQ
PLFH  DQGDVDSURWHLQHOHYDWHGLQVHUXPRISDWLHQWVZLWK
LPSDLUHGJOXFRVHWROHUDQFHDQGW\SHGLDEHWHV LQVXOLQUHVLVWDQFH   7KHVHREVHUYDWLRQVZHUHIROORZHGE\PDQ\RWKHU
UHSRUWV LQ WKH ZLGHU PHWDEROLF DUHD UHODWHG WR LQVXOLQ DQG
JOXFRVHDQGIDWPHWDEROLVP5%3KDVWKXVEHHQVKRZQWR
EHHOHYDWHGLQREHVHSDWLHQWVZLWKSRO\F\VWLFRYDU\V\QGURPH
GLVHDVHDVVRFLDWHGZLWKLQVXOLQUHVLVWDQFH   DQGLQSDWLHQWV
ZLWKUHQDOG\VIXQFWLRQDQGFDUGLDFGLVHDVHLQW\SHGLDEHWHV
SDWLHQWV  7RH[FOXGHDSRWHQWLDOLQÁXHQFHRIVXFKDFDQFHU
XQUHODWHGIDFWRUZHYHULÀHGDQDPQHVLVRIRXUKHDOWK\FRQWUROV
DQGSDWLHQWV1RQHRIWKHZRPHQLQYROYHGLQRXUVWXG\KDG
KLVWRU\RUHYLGHQFHRIW\SHGLDEHWHV
:KDWFRXOGWKHQEHWKHFRQQHFWLRQEHWZHHQ5%3HQHUJ\
PHWDEROLVPDQGRYDULDQFDQFHU",VLWDWXPRUVSHFLÀFUHVSRQVH
RUUDWKHUDUHÁHFWLRQRIJHQHUDOPHWDEROLFFKDQJHVWDNLQJSODFH
LQFDQFHUSDWLHQWV"&RQWURYHUV\H[LVWVZKHWKHUWKHUHLVDJHQHUDO
FRUUHODWLRQ EHWZHHQ 5%3 OHYHOV DQG ERG\PDVV LQGH[ LQ
RWKHUZLVHKHDOWK\ZRPHQ:KHUHDVVRPHLQYHVWLJDWRUVVKRZHG
ORZHUVHUXP5%3OHYHOVLQKHDOWK\OHDQZRPHQFRPSDUHGWR
REHVH  RWKHUVGHPRQVWUDWHGWKDWWKHUHLVQRVXFKDFRUUHODWLRQ  +RZHYHUVLQFHOHYHOVRI5%3KDYHEHHQUHSRUWHG
WRGHFUHDVHLQPRUELGO\REHVHSDWLHQWVDIWHUZHLJKWORVVGXHWR
JDVWULFEDQGLQJVXUJHU\  ZHWHVWHGDK\SRWKHVLVWKDWWKH
GHFUHDVHGOHYHOVRI5%3REVHUYHGLQRXUSDWLHQWJURXSFRXOG
EHDWWULEXWHGWRFDQFHULQGXFHGFDFKH[LD+RZHYHUFRPSDULVRQ
RIERG\PDVVLQGH[HV %0, EHWZHHQRXUSDWLHQWVDQGKHDOWK\
FRQWUROVVKRZHGWKDWWKHUHLVRQO\DPDUJLQDODQGVWDWLVWLFDOO\
LQVLJQLÀFDQW S  %0,GHFUHDVHLQRXUJURXSRI(2&
SDWLHQWVDQGWKHUHLVQRFRUUHODWLRQRIVHUXP5%3FRQFHQWUDWLRQZLWK%0, U S  7KLVREVHUYDWLRQWKHUHIRUH
GRHVQRWVXSSRUWWKHK\SRWKHVLVWKDWWKHUHGXFHG5%3OHYHOLQ
EORRGRI(2&SDWLHQWVLVFDXVHGE\FDQFHUUHODWHGGHFUHDVHLQ
%0,+RZHYHUZHDUHDZDUHWKDWWKHGHFUHDVHLQVHUXP5%3
LQ (2& SDWLHQWV PD\ EH DQ HDUO\ VLJQ RI FDQFHUWULJJHUHG
QXWULWLRQDOFKDQJHVEHIRUHWKH\EHFRPHDSSDUHQWE\ZHLJKW
ORVV6XFKDPDUNHUZRXOGEHRIZLGHUFOLQLFDOLQWHUHVWEHFDXVH
FDQFHULQGXFHGFDFKH[LDLQGHHGFRPSOLFDWHVWKHUDS\DQGKDV
EHHQLPSOLFDWHGLQXSWRRIFDQFHUUHODWHGGHDWKV  
:HLGHQWLILHGVLJQLILFDQWO\GHFUHDVHG5%3FRQFHQWUDWLRQV LQ VHUD RI (2& SDWLHQWV :H H[FOXGHG LQIOXHQFH RI
GLDEHWHVVHUXPUHWLQRLGOHYHOVDQG%0,DVSRWHQWLDOFDXVHVRI
WKHGHFUHDVHG5%3OHYHOVDQGZHWKHUHIRUHEHOLHYHWKDWWKH
SKHQRPHQRQLVFDQFHUUHODWHG:HDUHIXOO\DZDUHWKDWWKHORZ
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QXPEHURISDWLHQWVHQUROOHGLQRXUSURWHRPLFGLVFRYHU\SKDVH
RIWKHVWXG\PXVWEHFRPSHQVDWHGIRULQIXWXUHYHULÀFDWLRQ
SURFHVVXVLQJODUJHFRKRUWVRISDWLHQWVDQGFRQWUROVVWUDWLÀHG
E\VWDJHJUDGHDQGRWKHUIDFWRUV
7KHGHFUHDVHG5%3FRQFHQWUDWLRQLQVHUDRI(2&SDWLHQWV
LVHLWKHUGLUHFWO\FRQQHFWHGZLWKDOWHUHGUHWLQRLGPHWDEROLVP
DQG5%3SURGXFWLRQLQRYDU\RULWLVDUHÁHFWLRQRIDPRUH
JHQHUDOSURFHVVLQYROYLQJHQHUJ\PHWDEROLVPRURWKHUV\VWHPLF
FKDQJHV,QERWKFDVHVWKHFDQFHUUHODWHGLQIRUPDWLRQUHSUHVHQWHGE\5%3VHUXPOHYHOVLVRIFOLQLFDOLQWHUHVWDQGVKRXOG
EHHYDOXDWHGDVDSRWHQWLDOELRPDUNHU
6R IDU QRQH RI WKH FDQGLGDWH PROHFXOHV LGHQWLILHG E\
SURWHRPLFDQDO\VHVRIRYDULDQFDQFHU DQGPDQ\
RWKHUV  KDYH EHHQ LPSOHPHQWHG LQWR FOLQLFDO SUDFWLFH DV D
VLQJOHGLDJQRVWLFELRPDUNHU+RZHYHUDVGHPRQVWUDWHGE\
UHFHQWGHYHORSPHQWFRPELQHGLQIRUPDWLYHSRZHURIVHYHUDO
ZHDNELRPDUNHUVFDQEHYDOXDEOHLQFOLQLFDOGHFLVLRQPDNLQJ
LQDVVHVVPHQWRIRYDULDQWXPRUV  :HEHOLHYHWKDW5%3
FDQLQFUHDVHGLDJQRVWLFSHUIRUPDQFHRIVXFKDPXOWLYDULDWH
ELRPDUNHUSDQHOLQIXWXUH
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Abstract
Background: Mantle cell lymphoma (MCL) is an aggressive type of B-cell non-Hodgkin lymphoma associated with
poor prognosis. Implementation of high-dose cytarabine (araC) into induction therapy became standard-of-care for
all newly diagnosed younger MCL patients. However, many patients relapse even after araC-based regimen. Molecular
mechanisms responsible for araC resistance in MCL are unknown and optimal treatment strategy for relapsed/refractory
MCL patients remains elusive.
Methods: Five araC-resistant (R) clones were derived by long-term culture of five MCL cell lines (CTRL) with increasing
doses of araC up to 50 microM. Illumina BeadChip and 2-DE proteomic analysis were used to identify gene and protein
expression changes associated with araC resistance in MCL. In vitro cytotoxicity assays and experimental therapy of MCL
xenografts in immunodeficient mice were used to analyze their relative responsiveness to a set of clinically used anti-MCL
drugs. Primary MCL samples were obtained from patients at diagnosis and after failure of araC-based therapies.
Results: Marked downregulation of deoxycytidine-kinase (DCK) mRNA and protein expression was identified as the single
most important molecular event associated with araC-resistance in all tested MCL cell lines and in 50% primary MCL
samples. All R clones were highly (20-1000x) cross-resistant to all tested nucleoside analogs including gemcitabine,
fludarabine and cladribine. In vitro sensitivity of R clones to other classes of clinically used anti-MCL agents including
genotoxic drugs (cisplatin, doxorubicin, bendamustine) and targeted agents (bortezomib, temsirolimus, rituximab)
remained unaffected, or was even increased (ibrutinib). Experimental therapy of immunodeficient mice confirmed the
anticipated loss of anti-tumor activity (as determined by overall survival) of the nucleoside analogs gemcitabine and
fludarabine in mice transplanted with R clone compared to mice transplanted with CTRL cells, while the anti-tumor
activity of cisplatin, temsirolimus, bortezomib, bendamustine, cyclophosphamide and rituximab remained comparable
between the two cohorts.
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Conclusions: Acquired resistance of MCL cells to araC is associated with downregulation of DCK, enzyme of the
nucleotide salvage pathway responsible for the first phosphorylation (=activation) of most nucleoside analogs used in
anti-cancer therapy. The data suggest that nucleoside analogs should not be used in the therapy of MCL patients, who
relapse after failure of araC-based therapies.
Keywords: Mantle cell lymphoma (MCL), Cytarabine, Drug resistance, Nucleotide salvage pathway, Proteomics, Mass
spectrometry

Background
Mantle cell lymphoma (MCL) is an aggressive type of Bcell non-Hodgkin lymphoma (NHL) associated with poor
prognosis [1,2]. In recent years several studies brought evidence that implementation of high-dose cytarabine (araC)
into induction therapy, e.g. by sequential chemotherapy
by R(ituximab)-CHOP and R-DHAP regimens, induced
higher response rate and prolonged progression-free survival compared to R-CHOP-only [3-5]. Based on these results, implementation of araC into induction therapy
became standard of care for all newly diagnosed younger
MCL patients. Despite considerable improvement, however, most high-risk MCL patients relapse even after araCbased first-line regimen. Prognosis of relapsed/refractory
(RR) MCL is dismal. Currently, there is no second-line
standard-of-care for RR-MCL [6]. Available treatment approaches for RR-MCL include cisplatin, fludarabine, cladribine, gemcitabine, temsirolimus, bortezomib, bendamustine,
lenalidomide and ibrutinib-based regimen [7-16].
AraC belongs among the backbone anti-leukemia
agents [17]. Both, “standard dose” araC (100-200 mg/m2
continuous i.v. infusion for 7 days), and “high dose” araC
(HDAC, 2-3 g/m2, 2–4 i.v. three hour administrations
every 12–24 hours) have been widely used in the therapy
of acute myelogenous leukemia (AML), as well as in salvage regimen for relapsed B-NHL [18,19]. As mentioned
above araC appears particularly effective component of
multi-agent aggressive immunochemoterapy regimen
used in younger MCL patients.
AraC is a prodrug, which must be 1. transported into the
cell, and 2. within the cell converted into an active drug by
phosphorylation by specific phosphokinases of the nucleotide salvage pathway [20]. During “standard dose” cytarabine administration araC is transported into the cell
by means of specific transporters, primarily via hENT1/
SLC29A1 [21]. During high-dose cytarabine administration
araC also diffuses across plasma membrane independent
of the specific transporters [22]. The rate-limiting enzyme
of the nucleotide salvage pathway is deoxycytidine-kinase
(DCK), which catalyzes the first phosphorylation of araC
into araCMP. AraCMP is retained in the cell and undergoes two additional consecutive phosporylations before it
can be incorporated into DNA.

The molecular mechanisms of araC resistance in MCL
are unknown. Resistance to araC in myeloid leukemia
cells was repeatedly associated with altered expression of
genes involved in nucleotide salvage pathway, including
downregulation of DCK, or upregulation of key araCinactivating enzymes, namely cytidine-deaminase (CDA)
or cytoplasmic 5′nucleotidase (NT5C2) [20-25].
In this study we derived araC-resistant MCL cells,
studied their sensitivity to a battery of anti-cancer drugs
and elucidated the molecular mechanism responsible for
araC resistance in MCL.

Results
Establishment and characterization of araC-resistant MCL
clones (R clones)

Five araC-resistant MCL clones (=R clones) were established by long-term culture of five cytarabine-sensitive
MCL cell lines (JEKO-1, MINO, REC-1, HBL-2 and
GRANTA-519, =CTRL cell lines) in the presence of increasing doses of araC (up to 50 μM, comparable with
plasma concentration reached in patients treated with
high-dose araC) [26]. Resistance of R clones to araC was
confirmed in vitro by proliferation assays (Figure 1). The
R clones tolerated at least 125-1000-fold higher concentrations of araC compared to CTRL cells (Figure 1).
Gene expression profiling of R clones revealed
downregulation of deoxycytidine-kinase (DCK)

To identify gene and protein expression changes associated with araC resistance in MCL we performed parallel
transcriptome profiling and proteomic analysis of R clones
compared to CTRL cell lines. Transcriptomic analysis was
performed for each of the 5 MCL cell lines and their respective R clones in biological duplicates using Illumina
BeadChips. The filtered groups of genes with fold change
at least ± 1.5-fold and adjusted p value < 0.05 were annotated and arranged into biologically relevant categories
using The Database for Annotation, Visualization and Integrated Discovery (DAVID, Additional file 1: Figure S1).
Based on Gene Ontology (GO) terms, the downregulated
genes were involved in ribosome structure and function,
cell cycle, RNA degradation, antigen processing and presentation, purine metabolism and pyrimidine metabolism
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Figure 1 R clones are resistant to 50 μM cytarabine. WST-8 cell proliferation assay of 5 MCL cell lines (CTRL) and 5 R clones was carried out as
described in Methods. While the lethal dose of cytarabine for CTRL cells ranged from 0.05 to 0.4 μM, proliferation rate of R clones in 50 μM araC
was virtually unaffected. Representative example of two independent experiments is shown. Standard deviations were < 5% for all measurements.
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(Additional file 1: Figure S1A). Among the most upregulated gene groups belonged those involved in graft-vs-host
disease, alograft rejection, B-cell receptor signaling, cell
adhesion molecules, chemokine signaling pathway and
Toll-like receptor signaling (Additional file 1: Figure S1B).
The only gene consistently differentially expressed across
all 5 MCL cell lines was DCK, which was markedly downregulated in all R clones. Other genes differentially
expressed in more than one MCL cell line are shown in
Additional file 2: Table S1. Proteomic analysis using 2-DE
was applied to Mino R subclone compared to Mino CTRL
cell line, and revealed differential expression of several
proteins, among them almost 5-fold downregulation of
DCK in the Mino R subclone was the most apparent
(Figure 2, Tables 1 and 2). Downregulation of DCK protein (the rate-limiting enzyme of the nucleotide salvage
pathway, which catalyzes the first phosphorylation of araC
and other nuclosides into their respective monophosphates) was confirmed by western blotting in all five R
clones (Figure 3). DCK expression seemed to be fully abrogated in four R clones (as there was no detectable DCK)
and several-fold downregulated in one R clone compared
to the CTRL cells.
AraC-resistant clones are cross-resistant to nucleoside
analogs, but remain sensitive to other classes of
anti-lymphoma agents

To identify optimal treatment strategy for araC-resistant
MCL we determined sensitivity (or eventual cross-resistance)
of all 5 R clones in a battery of cellular toxicity tests. We
exposed R clones and CTRL cells to a panel of clinically
used anti-MCL agents in various concentrations and measured their effect on cell proliferation rate. The tested
agents included both, classical genotoxic cytostatics and
novel targeted drugs. The panel included alkylating agents
cisplatin, doxorubicin and bendamustine, nucleoside analogs gemcitabine, cladribine and fludarbine, and targeted
drugs bortezomib (proteasome inhibitor), temsirolimus
(mTOR inhibitor) and ibrutinib (Bruton tyrosine-kinase
(BTK) inhibitor). All five R clones (resistant to a pyrimidine analog cytarabine) showed cross-resistance not only
to another pyrimidine analog gemcitabine (up to 3125fold), but also to purine nucleoside analogs fludarabine
and cladribine (approx. 12.5-500-fold, see Figure 4A,B).
Sensitivity of the resistant R clones to other classes of
anti-lymphoma agents (i.e. other than nucleoside analogs) remained comparable to the respective CTRL cells
(Figure 4C,D), with the exception of ibrutinib. The
BTK inhibitor ibrutinib proved to be significantly more
cytotoxic to R clones compared to CTRL cells in vitro (see
Figure 4C,D, Additional file 3: Figure S2). R clones also
retained in vitro sensitivity to anti-CD20 monoclonal antibody rituximab comparable to CTRL cells as determined
by 51Cr release assay, which is standardly used to evaluate

Figure 2 Proteomic analysis of MINO R vs MINO CTRL cells.
Two-dimensional electrophoresis of cells MINO R cell versus MINO
CTRL cells was performed on 24 cm gel strips, pH 4.0-7.0, 10% SDSPAGE. Proteins were stained with Coomassie Brilliant Blue. Differentially expressed proteins are indicated by numbered arrows, spots 1–
3 indicate proteins significantly downregulated in MINO R cells, and
spots 4–7 indicate proteins upregulated in MINO R cells.

antibody-dependent cytotoxicity (ADCC) and complementmediated cytotoxicity (CMC) of therapeutic monoclonal
antibodies (Figure 5).
Experimental therapy with fludarabine and gemcitabine
is ineffective in mice xenografted with araC-resistant
clones

The in vitro tests of cellular toxicity provided important
information on direct cellular effects of the tested drugs
to the resistant cells. However, in vitro assays do not
take into account important systemic pharmacokinetic
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Table 1 List of proteins differentially expressed in MINO R cells identified by 2-DE
Spot no.

Accession

Protein name

Fold change

Mascot score

Sequence cov. (%)

Mr

Proteins downregulated in MINO R cells
1

P27707

Deoxycytidine kinase

−4.6

44*

16

30841

2

Q99829

Copine-1

−4.3

102

17

59649

3

P13796

Plastin-2

−2

453

65

70814

Proteins upregulated in MINO R cells
4

P07741

Adenine phosphoribosyltransferase

5

70

40

19766

5

P68363

Tubulin alpha-1B chain

5

169

32

50804

6

P04792

Heat shock protein beta-1

2/3

73

32

22826

7

P31937

3-Hydroxyisobutyrate Dehydrogenase, Mitochondrial

2/1

43*

8

35712

*Identity of proteins with low Mascot Score was verified by MS/MS (see Table 2).
Included are the proteins with difference in expression at least 2-fold and statistical significance of the change p < 0.05. Swiss-Prot no. is the code under which
the identified protein is deposited in the Swiss-Prot database. Mascot score helps to estimate the correctness of the individual hit. It is expressed as −10 × log(P)
where P is the probability that the observed match is a random event. Sequence coverage is the number of amino acids spanned by the assigned peptides
divided by the sequence length.

and pharmacodynamic variables, which can have large
impact on the drug efficacy in vivo. In addition, some
anti-MCL agents cannot be properly tested in vitro, because their mechanism of antitumor activity directly or
indirectly depends on the in vivo context, e.g. activation
of a prodrug cyclophosphamide in the liver microsome,
cooperation of a monoclonal antibody rituximab with
complement and cells of the immune system, or antiangiogenic component of temsirolimus activity. Therefore,
we used a mouse xenograft model (NOD.Cg-Prkdcscid
Il2rgtm1Wjl/SzJ mice) of MCL to simulate in vivo treatment of araC-sensitive and araC-resistant disease. Intravenous injection of 1 million JEKO-1 MCL cells leads
to demise of the xenografted animals due to disseminated lymphoma with median overall survival of approx.
38 days. Experimental therapy of JEKO-1-xenografted
immunodeficient mice with single-agent fludarabine and
gemcitabine confirmed total loss of anti-tumor activity
of purine analog fludarabine and pyrimidine analog
gemcitabine (measured as overall survival of experimental
animals) in mice transplanted with cytarabine-resistant
JEKO-1 R clone compared to mice transplanted with
cytarabine-sensitive JEKO-1 CTRL cells (Figure 6). Antitumor activity of cisplatin, temsirolimus, bendamustine,
bortezomib, cyclophosphamide and rituximab remained
comparable between JEKO-1 R clone and JEKO-1 CTRLxenografted mice in agreement with the in vitro tests
(Figure 6).

Analysis of primary MCL samples confirmed that
downregulation of DCK is frequently associated with
failure of high-dose araC-based treatments

Eight and two primary MCL samples obtained from patients at diagnosis (D1-D8) and at lymphoma relapse
after failure of high-dose araC-based treatments (R1-R8)
were analyzed by real-time RT-PCR and western blotting,
respectively (Table 3, Figure 7A). In four cases downregulation of DCK gene expression was observed in R compared to D samples (difference in ΔCT (DCK-GAPDH)
between R and D samples was > 1 cycle), while in four
cases no change was observed (difference in ΔCT < 1
cycle) (Table 3). Western blotting analysis of the sample
R2 compared to D2 revealed marked downregulation of
protein DCK thereby confirming the gene expression
results (i.e. 4-fold decrease in total DCK mRNA after
araC-based therapy). Interestingly, protein DCK in the
sample R6 compared to D6 was also moderately downregulated despite its gene expression remained virtually
unchanged (Figure 7A, Table 3). In addition to the analysis
of MCL samples obtained from the relapsed patients,
paired primary cells isolated from two MCL patients
(samples D9/R9, and D10/R10) refractory to araC were
subject to analysis of gene and protein expression, and determination of their ex vivo sensitivity to nucleoside analogs (Figure 7B,C). The samples were obtained before
araC administration (D9, D10), and 14 days after araC
administration (R9, R10). Downregulation of both gene

Table 2 Identity of differentially expressed proteins with low mascot score confirmed by MS/MS
Spot no.

Accession

Protein name

Peptide sequence

1

P27707

Deoxycytidine kinase

LKDAEKPVLFFER, QLCEDWEVVPEPVAR

Score
41, 46

7

P31937

3-Hydroxyisobutyrate Dehydrogenase, Mitochondrial

DFSSVFQFLREEETF (C-term), SPILLGSLAHQIYR

49, 28
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Figure 3 Western blot analysis confirms marked downregulation
of protein DCK in all R clones. Relative expression of deoxycytine
kinase (DCK) in all five R and CTRL clones. Quadruplicate cell lysates
were separated on 12% SDS-PAGE minigels. Proteins were then
transferred onto PVDF membranes, blocked and probed with anti-DCK
antibody. Anti-GAPDH antibody was used as the loading control.

and protein DCK expression was confirmed in R9 compared to D9 cells (Figure 7B). Sensitivity of R9 cells to araC,
fludarabine and gemcitabine was significantly suppressed
compared to D9 cells (Figure 7C). Both gene expression
and protein expression of R10 compared to D10 sample
remained unchanged (Figure 7B). Interestingly, susceptibility of R10 cells compared to D10 cells to undergo apoptosis
after their ex vivo exposure to araC was increased despite
the fact that R10 cells were isolated after administration of
four cycles of high-dose araC (Figure 7C).

Discussion
In this study we analyzed molecular mechanisms of araC
resistance in five MCL cell lines and ten paired primary
MCL samples obtained before and after araC-based therapies. In addition, we tested optimal treatment strategies
for cytarabine-resistant MCL. On molecular level we
identified marked and principal downregulation of DCK,
the rate-limiting enzyme of nucleotide salvage pathway, in
all 5 cytarabine-resistant MCL clones, and in 50% primary
MCL samples obtained from patients, who progressed on
or relapsed after araC-based treatments. In 50% primary
MCL samples, no change of DCK expression was observed at time of lymphoma relapse or progression.
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Importantly, no upregulation of DCK was observed in
any of the analyzed post-treatment samples. Although the
analysis of the primary MCL samples indicate that the
mechanisms responsible for araC resistance in vivo are
more complex than those observed in vitro, it must be
emphasized that downregulation of gene and protein
DCK was indeed confirmed in a substantial part of the patients’ post-treatment samples (Table 3, Figure 7A,B).
Interestingly, in one of the two MCL patients primary resistant to araC, no change of DCK expression was
observed with slightly increased ex vivo sensitivity of
post-treatment MCL cells to araC (Figure 7B,C). This
observation could be explained by existence of araCresistant stem cell-like MCL cells that would reside in
the niches in lymph nodes (and/or bone marrow) and
produce partially araC-sensitive MCL cells mobilized in the
peripheral blood. In such a case, elimination of the mobilized MCL cells, but persistence of the stem cell-like MCL
compartment, would lead to stable disease, and eventual
lymphoma progression (which was the actual course of
the disease observed in this patient).
DCK catalyzes the first phosphorylation (=activation
necessary for their cytotoxic activity) not only of araC
into araCMP, but also of most nucleoside analogs (both
pyrimidine and purine-derived) commonly used in anticancer therapy. Using DAVID bioinformatic analyzer
purine/pyrimidine metabolism, and B-cell receptor signaling were among the functional cathegories associated
with the most downregulated and upregulated genes, respectively. In accordance with these results we subsequently showed that all R clones were cross-resistant to
both pyrimidine analog gemcitabine, and to purine analogs fludarabine and cladribine (all of which are activated by DCK). Sensitivity of R clones to other types of
anti-cancer molecules including genotoxic cytostatics
(cisplatin, doxorubicin, bendamustine), targeted drugs
(temsirolimus, bortezomib) or biological agents (monoclonal anti-CD20 antibody rituximab) remained unaffected,
or was even augmented in the case of BTK inhibitor ibrutinib. The reason, why ibrutinib more effectively eliminated araC-resistant MCL cells remained elusive, but
might be at least partially explained by the observed upregulation of B-cell receptor signaling in R clones compared to CTRL cells (Additional file 1: Figure S1).
The results of our in vitro and in vivo tests combined
with the observed decreased expression of DCK in all
araC-resistant MCL clones and in 50% post-treatment primary MCL samples suggest that the resistance of MCL
cells to high-dose araC is caused by suppressed araC activation by DCK due to markedly decreased DCK expression.
DCK has low substrate preference and phosphorylates
both, purines and pyrimidines, including synthetic analogs
cytarabine, fludarabine, gemcitabine and cladribine [27-29].
The fact that above-mentioned nucleoside analogs are
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Figure 4 (See legend on next page.)
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(See figure on previous page.)
Figure 4 R clones are cross-resistant to nucleoside analogs, but remain sensitive to other classes of anti-lymphoma agents. (A-D) WST-8 cell
proliferation assays of CTRL cells and R clones were carried out as described in Methods. Maximal absorbance obtained from the untreated cells during
the particular experiment (MAXu) was arbitrary set as 100%. Absorbance of medium without cells was used as background (B). For each cell population
(both, unexposed and drug-exposed) and for each measurement (M1, M2, M3…MX) the proliferation curve was calculated as follows:
(MX - B)/(MAXu - B). As a consequence, proliferation curves of untreated cells always peak at 100%, while proliferation curves of drug-exposed cells
can terminate below or above 100%. One representative example of two independent experiments carried out both on JEKO-1 (A, C) and MINO
(B, D) is shown. Data from the remaining three MCL cell lines (HBL-2, GRANTA-519 and REC-1) are not shown, because they did not significantly differ
from those presented for the JEKO-1 and MINO cells. In summary, all 5 R clones were cross-resistant to the tested nucleoside analogs, but remained
sensitive to other classes of anti-lymphoma agents with negligible differences between particular MCL cell lines. The only exception to the rule was
markedly (>100-fold) increased sensitivity of REC-1 R clone to ibrutinib compared to REC-1 CTRL cells (see Additional file 3: Figure S2). The remaining
4 MCL cell lines (JEKO-1, MINO, GRANTA-519 and HBL-2) showed only approx. 2-fold increased sensitivity to ibrutinib compared to the corresponding
CTRL cells. Standard deviations were < 5% for all measurements presented in Figure 4.

substrates of DCK explains the observed cross-resistance
of R clones to all tested nucleoside analogs, both purineand pyrimidine-derived. Retained sensitivity to other classes of anti-MCL agents (i.e. other than nucleoside analogs)
with diverse molecular mechanisms of their respective
antitumor activities suggests that no major additional molecular alteration was involved in the development of araC
resistance.

Prognosis of patients with relapsed/refractory MCL
(RR-MCL) is dismal. Currently there is no standard-ofcare for RR-MCL patients. Second-line treatment approaches include fludarabine, gemcitabine, cladribine,
cisplatin, bortezomib, temsirolimus, bendamustine, lenalidomide and ibrutinib-based regimen. We have proved
in vitro and in vivo on a mouse xenograft model of MCL
that treatment of patients, who progress on or relapse

Figure 5 R clones remain sensitive to anti-CD20 monoclonal antibody rituximab. 51Cr release assay was used to assess the impact of the
anti-CD20 monoclonal antibody rituximab on complement mediated cytotoxicity (CMC) and antibody dependent cellular cytotoxicity (ADCC).
CMC was measurable only in HBL-2 cells (both CTRL and R), but was negligible in the remaining four MCL cell populations (both CTRL and R).
In HBL-2 R clone the CMC was significantly increased compared to CTRL. ADCC was measurable in all five MCL cell lines. In JEKO-1 R clone the
ADCC was slightly decreased compared to CTRL. In GRANTA-519 R clone the ADCC was significantly increased compared to CTRL. In MINO, REC-1
and HBL-2 the ADCC remained comparable between R clone and CTRL cells.
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Figure 6 Experimental therapy of mice xenografted with JEKO-1 CTRL and JEKO-1 R cells. Overall survival of experimental animals is shown as
Kaplan-Meier survival estimates. Loss of anti-tumor activity was observed for the nucleoside analogs fludarabine and gemcitabine in the therapy of
R clone-xenografted mice (dashed lines) when compared to CTRL-xenografted mice (solid lines). Other classes of anti-lymphoma agents retained the
antitumor activity in both CTRL- and R clone-xenografted mice. Individual cohorts contained 6 animals. For more details see Methods.

after high-dose araC-based regimen should not rely on
nucleoside analogs, namely on the currently used agents
fludarabine, gemcitabine and cladribine, since all of them
must be phosphorylated by DCK to exert their antilymphoma activity. Instead, other classes of anti-lymphoma
drugs should be applied in case of araC failure, i.e. in the
setting of anticipated araC-resistance. Some of these agents
have only recently been approved for the therapy of relapsed/refractory (RR-) MCL, temsirolimus in Europe,
bortezomib and ibrutinib in USA. It might be speculated
that high-dose therapy (given before autologous stem cell
transplant) based on other agents than nucleoside analogs
might prove more beneficial especially for those patients
with suboptimal responses after induction araC-based
immunochemotherapy (e.g. patients, who achieve partial

remission, or patients with detectable minimal residual
disease). In addition to the currently approved agents,
bendamustine represents another extremely promising
drug in MCL. Recently it was demonstrated that bendamustine potentiates the effect of araC by augmenting
the level of intracellular ara-CTP, and the R-BAC (rituximab, bendamustine, araC) regimen was shown to be
effective even in patients resistant to araC thus providing
a treatment option even for the elderly and/or frail patients [16,30,31]. It might be speculated that the increased
level of ara-CTP might partially offset the anticipated
downregulation of DCK thereby explaining, why the
combination of bendamustine and araC was shown to
be effective even in patients, who relapsed after araCbased therapies [30].
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Table 3 Gene expression analysis of DCK in a set of primary MCL samples obtained from patients before and after
araC-based therapies
Sample at
diagnosis

Source

∆CT (DCKGAPDH)

Therapy

Sample at
relapse

D1

PBMC

3.4

A*

R1

12

PBMC

D2

PE***

3.3

A

R2

10

PE***

5.3

+2.0

D3

FFPE

0.1

A

R3

5

FFPE

1.3

+1.2

D4

FFPE

1.7

B

R4

4

FFPE

3.5

+1.8

D5

PBMC

1.4

A

R5

7

PBMC

2.2

+0.8

D6

PBMC

4.1

B**

R6

3

PBMC

3.9

−0.2

D7

FFPE

1.3

B

R7

13

FFPE

3.5

+2.2

D8

FFPE

2.0

A

R8

25

FFPE

1.8

−0.2

D9

PBMC

1.9

B

R9

N/A

PBMC

3.3

+1.4

D10

PBMC

2.3

A

R10

N/A

PBMC

1.5

−0.8

Disease-free survival Source
(months)

∆CT (DCKGAPDH)

Difference in ∆CT between R
and D samples

3.7

+0.3

*A = alternation of R-CHOP and R-araC (2 g/m2, 2 doses a 24 h).
**B = Nordic protocol (alternation of R-MaxiCHOP and R-araC (2-3 g/m2, 4 doses a 12 h).
***PE pleural effusion (CD19-sorted).
Samples from relapsed patients were obtained at diagnosis (D1-D8) and at lymphoma relapse after failure of araC-based therapies (R1-R8). Samples from refractory
patients were obtained from primary araC-resistant MCL patients before (D9-D10) and 14 days after (R9-R10) administration of high-dose araC. Real-time RT-PCR
was used to determine changes in DCK expression.

Conclusions
Our data from the cell lines and primary MCL samples
clearly demonstrate that acquired resistance of MCL
cells to araC is associated with downregulation of
mRNA and protein expression of DCK, enzyme of the
nucleotide salvage pathway responsible for phosphorylation of most nucleoside analogs used in anti-cancer
therapy. In translation, the results suggest that 1. nucleoside analogs should not be used for the second-line therapy
of MCL patients, who fail after araC-based regimen; 2.
non-nucleoside analogs should be employed in this setting,

including cisplatin, ibrutinib, temsirolimus, bortezomib or
bendamustine; 3. ibrutinib appears particularly effective in
eliminating araC-resistant MCL cells.

Methods
Cell culture

JEKO-1, GRANTA-519 and REC-1 were purchased from
German Collection of Microorganisms and Cell Cultures
(DSMZ), MINO was from American Tissue Culture
Collection (ATCC), HBL-2 was a kind gift of prof. Dreyling
(University of Munich, Germany). Cell lines were cultured

Figure 7 Protein expression of DCK in primary MCL samples, and their ex vivo sensitivity to nucleoside analogs. (A-B) Relative expression
of deoxycytine kinase (DCK) in post-treatment primary MCL samples (R2, R6, R9, R10) compared to pre-treatment samples (D2, D6, D9, D10).
(C) CD19-sorted PBMC cells were isolated from two leukemized araC-refractory MCL patients before (D9, D10) and 14 days after (R9, R10)
administration of high-dose araC. The cells were ex vivo/in vitro exposed to araC (25 μM), fludarabine (Flu, 100 μM) and gemcitabine
(Gem, 25 μM). Apoptosis was measured after 24 hours using standard Annexin-V-PE and flow cytometry. Apoptotic cells are shown as
Annexin-V-PE-positive cells (Y axis). Basal apoptosis of drug-unexposed cells was subtracted from the apoptosis of the drug-exposed cells.
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in Iscove’s modified Dulbecco’s medium (IMDM) supplemented with 15% fetal bovine serum (FBS) and 1% penicillin/
streptomycin.
Reagents

Cytarabine, fludarabine, gemcitabine, cladribine, cyclophosphamide, doxorubicin and cisplatin were from Clinical
Dept. of Hematology, University Hospital in Prague, Czech
Republic. Temsirolimus, bortezomib, bendamustine and
ibrutinib were purchased from Selleck Chemicals. Rituximab was kindly provided by Roche, Czech Republic.
Establishment of araC-resistant clones

MCL cell lines were incubated in Iscove’s modified Dulbecco’s
medium (IMDM) supplemented with 15% fetal bovine
serum with increasing concentrations of cytarabine up to
50 μM.
Proliferation assays

Proliferation was estimated using WST-8 Quick Cell
Proliferation Assay Kit (BioVision) according to the
manufacturer instructions. Briefly, 5.000 cells were seeded
into 96-well plate on day 1. Drugs were added on day 1.
Proliferation was measured on day 1 and then since day 4
daily. Antiproliferative activity of each drug was analyzed
at several concentrations.
Absorbance of the triplicate samples was measured on
ELISA reader after 3 hour incubation with WST-8 reagent at 37 grades Celsius in the thermostat. Maximal
absorbance (MAXu) obtained from the untreated cells
during the particular experiment was arbitrary set as
100%. Absorbance of medium without cells was used as
background (B). For each cell population (both, unexposed and drug-exposed) and for each measurement
(M1, M2, M3…MX) the proliferation curve was calculated
as follows: (MX - B)/(MAXu - B). As a consequence, the
proliferation curve of untreated cells always peaks 100%,
while proliferation curves of drug-exposed cells can terminate below or above 100%.
51

Cr release assay for the assessment of the impact that
CD20 mAbs have on rituximab-mediated complement
mediated cytotoxicity (CMC) and antibody dependent
cellular cytotoxicity (ADCC)

CTRL MCL cells and R clones were labeled with 51Cr at
37°C, 5% CO2 for 2 hrs. 51Cr-labeled cells were then placed
in 96-well plates at a cell concentration of 1 × 105 cells/well
(complement-mediated cytotoxicity (CMC) assay) or 1 ×
104 cells/well (antibody-dependent cell cytotoxicity (ADCC)
assay). Cells were then exposed to rituximab (10 mg/ml) or
isotype antibody (10 mg/ml) and human serum (for CMC
assay, 1:4 dilution) or peripheral blood mononuclear cells
(PBMCs) (for ADCC assay, 40:1 effector: target ratio) for
six hrs at 37°C and 5% CO2. 51Cr release was measured
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from the supernatant by standard gamma counting and the
percentage of lysis was calculated. PBMCs were obtained
from healthy donors (Roswell Park Cancer Institute IRBapproved protocol CIC-016) and isolated by Histopaque1077 ultracentrifugation of peripheral whole blood and
used at an effector: target ratio of 40:1 for ADCC assays.
Pooled human serum was used as the source of complement for CMC assays.
Gene expression profiling and data analysis

A biological duplicate of each araC-resistant MCL clone
(R) was compared to a biological duplicate of the original
araC-sensitive (CTRL) cell line. In total, five R clones were
compared to five corresponding CTRL cell lines using two
microarray chips. Total RNA was extracted by RNeasy
Mini Kit (Qiagen), and its quality verified using the Agilent 2100 Bioanalyzer (Agilent Technology). Extracted
RNA was amplified using the Illumina RNA Amplification
Kit (Ambion). Amplified RNA was hybridized to the
Illumina HumanRef-8 and HumanRef-12 BeadChips
(Illumina). Subsequent data analysis was performed in
R-software, mainly in limma package from Bioconductor
(http://www.bioconductor.org). Multiple testing correction was performed using Benjamini & Hochberg method.
The filtered group of genes with fold change at least ±1.5fold and adjusted p value < 0.05 were annotated and arranged into biologically relevant categories using The
Database for Annotation, Visualization and Integrated
Discovery (DAVID, http://david.abcc.ncifcrf.gov).
Primary MCL sample acquisition, real-time RT-PCR analysis,
and apoptosis measurement

All primary MCL samples were obtained from patients
with MCL at diagnosis (D1-D10), and at the relapse or
during progression after failure of high-dose araC-based
front-line therapies (R1-R10). Samples were obtained from
patients, who signed informed consent according to the
Declaration of Helsinki. Mononuclear cells were isolated
from all PBMC and PE samples by the standard FicollHypaque gradient centrifugation. Mononuclear cells were
then CD19 sorted on magnetic columns using CD19
microbeads (Miltenyi Biotec). The purity of MCL population after sorting was > 95% in all cases as verified by flowcytometry. Total RNA was isolated from CD19-sorted
PBMC or PE cells stored in RNAlater solution using
RNeasy Mini Kit (Qiagen, Hilden, Germany) and from
fresh-frozen paraffin-embedded (FFPE) lymph node samples using High Pure RNA Paraffin Kit (Roche Diagnostics
GmbH, Germany) according to the manufacturer’s instructions. cDNA synthesis was carried out from 1 μg of total
RNA with the High-Capacity cDNA Reverse Transcription
Kit (random primers) (Applied Biosystems). Real-time
RT-PCR was performed using TaqMan Gene Expression
Assays on the ABI 7900HT detection system (Applied
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Biosystems). The reference gene was GAPDH. Ex vivo
apoptosis of primary MCL cells was determined using
Annexin-V-PE (Apronex, Czech Republic) and flow cytometry (BD FACS Canto II) according to the manufacturer’s instructions after 24 hours exposure to 25 μM
araC, 100 μM fludarabine and 25 μM gemcitabine.
Experimental therapy of MCL xenografts

In vivo studies were approved by the institutional Animal Care and Use Committee. Immunodeficient NOD.
Cg-Prkdcscid Il2rgtm1Wjl/SzJ mice (Jackson Laboratory)
were maintained in individually ventilated cages. JEKO-1
cell line-based mouse model of MCL was used for experiments [32]. JEKO-1 cells were harvested, suspended
in PBS, and injected (1 × 106/mouse) i.v. into tail vein of
8- to 12-week-old female mice on DAY 1. Therapy was
initiated on DAY 8. Each cohort of mice contained 6–8
animals. The mice received treatment as follows: temsirolimus 1 mg s.c. 1 x weekly (3 cycles), cyclophosphamide
3 mg i.p. 1 × weekly (3 cycles), bendamustine 0.5 mg i.p.
two subsequent days (day 1 + day 2) every two weeks
(2 cycles), bortezomib 25 μg i.p. 2 × weekly (3 cycles),
cisplatin 180 μg i.p. every two weeks (2 cycles), gemcitabine 10 mg i.p. 1 × weekly (3 cycles), fludarabine 1 mg
three subsequent days (day 1–3) weekly (3 cycles), rituximab 250 μg s.c. 1 × weekly (3 cycles). The data were analysed in GraphPad Software.
Two-dimensional electrophoresis

IPG strips (pH 4.0-7.0, 24 cm; ReadyStrip, Bio-Rad) were
rehydrated overnight in 450 μL of sample, representing
1.5 mg of protein. Isoelectric focusing was performed for
70 kVh using Protean IEF cell (Bio-Rad). Six replicates
were run for each cell type. Focused strips were equilibrated and reduced in equilibration (6 M urea, 50 mM
Tris pH 8.8, 30% glycerol, 2% SDS) supplemented with
DTT (450 mg per 50 mL) for 15 min and then alkyled in
equilibration buffer with added iodacetamide (1.125 mg
iodacetamide per 50 mL). SDS-PAGE electrophoresis
was performed in a Tris-glycine-SDS system using a 12gel Protean Dodeca Cell apparatus (Bio-Rad) with buffer
circulation and external cooling (20°C). Gels were run at a
constant voltage of 80 V per gel for 30 min and then at a
constant voltage of 200 V for 6 h. Gels were washed in deionized water to remove redundant SDS and with colloidal
Coomassie Brilliant Blue (SimplyBlue™ Safestain, Invitrogen, Carlsbad, CA, USA) overnight.
Gel image analysis and extraction of peptides

Stained gels were scanned with GS 800 calibrated densitometer (Bio-Rad) and image analysis was performed with
Progenesis™ software (Nonlinear Dynamics, Ltd., Newcastle
upon Tyne, UK) in semi-manual mode with 6 gel replicates
for each cell type. Normalization of gel images was based
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on total spot density, and integrated spot density values
(spot volumes) were then calculated after background subtraction. Average spot volume values (averages from the
all 6 gels in the group) for each spot were compared between the groups. Protein spots were considered differentially expressed if their average normalized spot volume
difference was > 2-fold. As determined by the Student’s ttest, a p-value < 0.05 was considered to indicate a statistically significant difference.
Protein digestion and peptide extraction

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

Peptide samples were spotted on a steel target plate
(Bruker Daltonics, Bremen, Germany) and allowed to dry
at room temperature. Matrix solution (3 mg α-cyano-4hydroxycinnamic acid in 1 ml of 50% ACN containing
0.1% trifluoroacetic acid) was then added. MS was performed on an Autoflex II MALDI-TOF/TOF mass spectrometer (Bruker Daltonics, Bremen, Germany) using a
solid nitrogen laser (337 nm) and FlexControl software in
reflectron mode with positive ion mass spectra detection.
The mass spectrometer was externally calibrated with
Peptide Calibration Standard II (Bruker Daltonics). Spectra were acquired in the mass range 800–3,000 Da. The
peak lists were generated using FlexAnalysis and searched
against Swiss-Prot (2012_07 version, 536 789 sequences)
using Mascot software. The peptide mass tolerance was
set to 100 ppm, taxonomy Homo sapiens, missed cleavage
was set to 1, fixed modification for cysteine carbamidomethylation, and variable modifications for methionine
oxidation and protein N-terminal acetylation. Proteins
with Mascot score over the threshold 56 for p < 0.05 calculated for the used settings were considered as identified.
If the score was lower, the identity of protein candidate
was confirmed by MS/MS.
Western blot analysis

Cells were lysed in NHT buffer (140 mM NaCl, 10 mM
HEPES, 1.5% Triton X-100, pH 7.4). Protein concentration
in the collected supernatants was determined by the Bradford assay (Bio-Rad). Lysate samples (50 μg) were combined
with SDS loading buffer containing 2-mercaptoethanol and
boiled for 5 min. Quadruplicate samples were separated on
12% SDS-PAGE minigels in Tris-glycine buffer (Bio-Rad).
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Electrophoresis was performed at a constant voltage for 30
min at 45 V per gel, and then at 90 V per gel until the dye
front reached the gel bottom. Proteins were transferred
onto 0.45 μm PVDF membranes (Milipore, Billerica, MA,
USA) in a semi-dry blotter (Hoefer, San Francisco, CA,
USA) at 0.8 mA/cm2. Membranes were incubated in PBS
(Invitrogen) containing 0.1% Tween-20 and 5% non-fat
dried milk for 1 h. GAPDH or Actin were used as the loading controls. As primary antibodies anti-deoxycytidine
kinase mouse monoclonal antibody (sc 81245 Santa Cruz
Biotechnology, Sanat Cruz, CA, USA) diluted 1:200 or
polyclonal anti-GAPDH produced in rabbit (SigmaAldrich, G9545) diluted 1:10,000 were used. After thorough washing in blocking buffer, a secondary horseradish
peroxidase-conjugated anti-mouse (sc2005) or anti-rabbit
antibody (sc2313) (both from Santa Cruz Biotechnology)
was added (1:10,000). The signal was detected using
LumiGLO Reserve, (KPL, Gaithersburg, MD, USA) or
Western Blotting Luminol Reagent (Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA) and membranes were
exposed to X-ray films (Kodak, Rochester, NY, USA).

Additional files
Additional file 1: Figure S1. Functional cathegories of genes
differentially expressed in R compared to CTRL as determined by DAVID.
The filtered group of genes acquired from all five MCL cell lines with fold
change at least ±1.5-fold and adjusted p value < 0.05 were annotated
and arranged into biologically relevant categories using The Database for
Annotation, Visualization and Integrated Discovery (DAVID, http://david.
abcc.ncifcrf.gov).
Additional file 2: Table S1. List of genes differentially expressed in
more than one R clone compared to the corresponding CTRL cells.
Microarray data are shown in Additional file 2: Table S1. 31 genes were
differentially expressed in two araC-resistant clones (R) compared to the
corresponding araC-sensitive controls (CTRL). 1 gene (TPM1) was differentially
expressed in three R clones, and 1 gene (DCK) was differentially expressed in
all five R clones compared to the corresponding CTRL.
Additional file 3: Figure S2. Ibrutinib appears more cytotoxic to
cytarabine-resistant (R) compared to cytarabine-sensitive (CTRL) MCL cells.
WST-8 cell proliferation assays of CTRL cells and R clones were carried
out as described in Methods. Maximal absorbance obtained from the
untreated cells during the particular experiment (MAXu) was arbitrary set
as 100%. Absorbance of medium without cells was used as background
(B). For each cell population (both, unexposed and drug-exposed) and
for each measurement (M1, M2, M3…MX) the proliferation curve was
calculated as follows: (MX - B)/(MAXu - B). As a consequence, proliferation
curves of untreated cells always peak at 100%, while proliferation curves
of drug-exposed cells can terminate below or above 100%. One representative
example of two independent experiments carried out on REC-1, HBL-2 and
GRANTA-519 is shown. In summary, REC-1 R clone was > 100-fold sensitive to
Bruton tyrosine-kinase (BTK) inhibitor ibrutinib compared to REC-1 CTRL cells.
Both HBL-2 and GRANTA-519 R clones were approx. 2-fold more sensitive to
ibrutinib compared to HBL-2 and GRANTA-519 CTRL cells.
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Abstract. Mantle cell lymphoma (MCL) is a rare aggressive
type of B-cell non-Hodgkin's lymphoma. Response to chemotherapy tends to be short and virtually all patients sooner or later
relapse. The prognosis of relapsed patients is extremely poor.
The tumor necrosis factor-related apoptosis-inducing ligand
(TRAIL) is considered one of the novel experimental molecules
with strong antitumor effects. TRAIL triggers extrinsic apoptotis in tumor cells by binding to TRAIL ‘death receptors’ on
the cell surface. Recombinant TRAIL has shown promising
pro-apoptotic effects in a variety of malignancies including
lymphoma. However, as with other drugs, lymphoma cells can
develop resistance to TRAIL. Therefore, the aim of this study
was to identify the molecular mechanisms responsible for, and
DVVRFLDWHGZLWK75$,/UHVLVWDQFHLQ0&/FHOOV,ILGHQWLÀHG
these features may be used as molecular targets for the effective elimination of TRAIL-resistant lymphoma cells. From an
established TRAIL-sensitive mantle cell lymphoma cell line
(HBL-2) we derived a TRAIL-resistant HBL-2/R subclone. By
TRAIL receptor analysis and differential proteomic analysis of
HBL-2 and HBL-2/R cells we revealed a marked downregulation of all TRAIL receptors and, among others, the decreased
expression of 3 key enzymes of purine nucleotide metabolism,
namely purine nucleoside phosphorylase, adenine phosphoribosyltransferase and inosine-5'-monophosphate dehydrogenase 2,
in the resistant HBL-2/R cells. The downregulation of the 3 key
enzymes of purine metabolism can have profound effects on
nucleotide homeostasis in TRAIL-resistant lymphoma cells
and can render such cells vulnerable to any further disruption
of purine nucleotide metabolism. This pathway represents a
‘weakness’ of the TRAIL-resistant MCL cells and has potential
as a therapeutic target for the selective elimination of such cells.
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Introduction
Mantle cell lymphoma (MCL) is a rare agressive type of B-cell
non-Hodgkin's lymphoma with an estimated annual incidence
in Europe of 0.45/100,000 individuals (1). MCL is a biologically
and clinically heterogeneous disease; the immunophenotype
RIQHRSODVWLFFHOOVUHÁHFWVWKHSKHQRW\SHRIFHOOVVLPLODUWR
lymphocytes in the mantle zone of normal germinal follicles (2).
The genetic hallmark of MCL cells is a translocation between
chromosomes 11 and 14, t(11;14)(q13;q32), juxtaposing the
gene for immunoglobulin heavy chain and the gene encoding
cyclin D1. This results in cyclin D1 overexpression (3,4).
The standard of care for newly diagnosed MCL patients is
combined immunochemotherapy alternating rituximab-CHOP
(R-CHOP; cyclophosphamide, vincristine, doxorubicin and
prednisone) and R-HDAC (high-dose cytarabine). The addition
of rituximab and HDAC to CHOP has improved the survival of
MCL patients in the last 2 decades from 3 to 5 years. However,
the response to therapy tends to be short and virtually all
patients sooner or later relapse. There is no standard of care for
relapsed or refractory MCL patients. Salvage therapy usually
FRPSULVHVGLYHUVHUHJLPHQVEDVHGRQÁXGDUDELQHJHPFLWDELQH
cisplatin, bendamustine, bortezomib (inhibitor of 26S proteasome) or temsirolimus (inhibitor of mTOR). Recently, several
new experimental molecules have shown promise in the therapy
of relapsed or resistant MCL, including lenalidomide (immunomodulatory agent), ibrutinib (PCI-32765, inhibitor of Bruton's
tyrosine-kinase), new monoclonal antibodies (e.g., anti-CD20
ofatumumab), as well as other agents (5). Combination therapies are currently being evaluated in clinical trials; however,
novel drugs are required.
The tumor necrosis factor-related apoptosis-inducing ligand
(TRAIL) is considered one of the novel experimental molecules
with strong antitumor effects. TRAIL is a type II transmembrane protein from the tumor necrosis factor superfamily (6,7)
expressed mostly by cells of the immune system (natural killer
cells, cytotoxic T-cells, macrophages and dendritic cells).
The main function of this molecule is thought to be in tumor
immunosurveillance, but its actual molecular role remains to
be elucidated.
TRAIL can trigger extrinsic apoptotis in target cells by
binding to TRAIL death receptors located on the cell surface (8).
This interaction is performed by a long extracellular C-terminal
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region of the TRAIL molecule. There are 4 distinct cell surface
TRAIL receptors in humans (DcR1, DcR2, DR4 and DR5)
encoded by separate genes (9,10). However, only DR4 and DR5
contain a functional death domain (structurally conserved
protein interaction domain) and are capable of signaling apoptosis. Two decoy receptors (DcR1 and DcR2) lack a functional
death domain and inhibit TRAIL signaling by competing with
death receptors for TRAIL (9,10). The binding of TRAIL to
DR4 or DR5 leads to receptor homotrimerization and formation
of the death-inducing signaling complex (DISC) (11). Through
the DISC a caspase machinery is activated, which results in
apoptosis (12). TRAIL death receptors DR4 and DR5 are ubiquitously expressed, indicating that most tissues and cell types
are potential targets of TRAIL signaling (13). Nevertheless,
TRAIL seems to induce apoptosis only in tumor cells but not in
healthy tissues. Due to its selective pro-apoptotic effect, TRAIL
has attracted much attention for its possible use in cancer
therapy. In vitro, a recombinant soluble TRAIL molecule has
shown cytostatic or cytotoxic effects in a wide variety of tumor
cell lines, including leukemia and lymphoma cells, but not in
normal cells (6,7,10,11,14-19). The administration of a recombinant soluble TRAIL molecule has been shown to induce the
regression or complete remission of tumors in tumor xenograft
PRGHOV  7KHHIÀFDF\RIUHFRPELQDQW75$,/DQG
agonistic antibodies recognizing either receptor DR4 or DR5
has been investigated in numerous clinical trials, as recently
reviewed (27).
TRAIL has also shown promising pro-apoptotic effects in
a variety of lymphoma cell lines including MCL (15). However,
as with other drugs, cancer cells can develop resistance to
TRAIL following prolonged exposure to sublethal doses of
TRAIL (14,28). Resistance to TRAIL-mediated apoptosis can
arise due to changes at the cell membrane level (typically by
loss of expression or mutation of functional DR4 and/or DR5 at
the cell surface) or on the intracellular level (such as incorrect
formation of DISC and abberant expression of caspases) (29).
The successful therapy of malignancies in general, and particularly those with very poor prognosis, such as MCL, depends
on the effective management of drug resistance. An in-depth
understanding of the processes involved in the development
of drug resistance and a detailed description of secondary
molecular changes associated with resistance are essential for
VXFFHVVIXOFDQFHUWKHUDS\6SHFLÀFPROHFXODUFKDQJHVZKLFK
occur in drug-resistant cells can confer a potential selective
disadvatage to such cells and may be used as targets for the
effective elimination of drug-resistant lymphoma cells.
The aim of this study was to elucidate the molecular
mechanisms responsible for TRAIL resistance in MCL cells,
as well as the secondary molecular alterations associated
with this process. We also aimed to identify the phenotypic
IHDWXUHVVSHFLÀFIRU75$,/UHVLVWDQW0&/FHOOV,ILGHQWLÀHG
these molecular features can be, at least theoretically, used
as molecular targets for the effective elimination of TRAILresistant lymphoma cells in experimental therapies.
Materials and methods
Cell growth and cellular toxicity assay. HBL-2 cells were grown
LQ,VFRYH VPRGLÀHG'XOEHFFR VPHGLXPLQWKHSUHVHQFHRI
10% foetal bovine serum, 1% penicillin-streptomycin solution

LQ D Ý& KXPLGLILHG DWPRVSKHUH ZLWK  &22. TRAILresistant HBL-2/R cells were derived by selective pressure
of increasing concentrations of human recombinant TRAIL
(Apronex Biotechnologies, Czech Republic) up to 1,000 ng/ml
in medium from the wild-type HBL-2 cells in 5 weeks. The
toxicity of TRAIL to HBL-2 and HBL-2/R was measured
using the colorimetric WST-8-based Quick Cell proliferation
Assay kit II (BioVision, San Francisco, CA, USA) according
WRWKHPDQXIDFWXUHU VLQVWUXFWLRQV%ULHÁ\FHOOVZHUH
seeded in a 96-well plate in 300 µl of medium supplemented
with increased concentrations of TRAIL up to 1,000 ng/ml
in medium for 1-4 days. After the addition of WST reagent,
absorbance was measured on a Sunrise microplate absorbance reader (Tecan Group Ltd., Männedorf, Switzerland)
ZLWKDQPUHDGLQJÀOWHUDQGQPUHIHUHQFHÀOWHU7KH
absorbance of free medium was used as the background level,
triplicate samples were grown and measured for each cell type
and TRAIL concentration. Mean values were calculated. All
chemicals were purchased from Sigma-Aldrich (St. Louis, MO,
86$ XQOHVVVSHFLÀHGRWKHUZLVH
Flow cytometric analysis. HBL-2 and HBL-2/R cells (2x105
cells for each assay) were washed in PBS buffer (0.5% foetal
bovine serum in PBS), stained with phycoerythrin-conjugated
antibodies against TRAIL receptors DR4, DR5, DcR1 and
DcR2 (anti-hTRAIL R1, anti-hTRAIL R2, anti-hTRAIL R3
and anti-hTRAIL R4; R&D Systems, Minneapolis, MN, USA)
DQGDQDO\]HGE\ÁRZF\WRPHWU\LQWULSOLFDWH )$6&&DQWR,,
BD Biosciences, San Jose, CA, USA). Unstained cells and cells
LQFXEDWHGZLWKLVRW\SHFRQWUROVVHUYHGDVWKHEDFNJURXQGÁXRrescence controls.
Sample preparation for two-dimensional electrophoresis.
HBL-2 and HBL-2/R cells (6x107) were harvested, washed
WZLFHZLWK3%6DQGFHOOSHOOHWVZHUHIUR]HQDQGVWRUHGDWÝ&
Samples were thawed and homogenized in lysis buffer [7 M
urea, 2 M thiourea, 4% CHAPS, 60 mM dithiothreitol (DTT)
and 1% ampholytes (Bio-Lyte 3-10 Buffer, Bio-Rad, Hercules,
CA, USA)] and protease inhibitor cocktail (Roche Diagnostics
GmbH, Mannheim, Germany) for 20 min at room temperature with occasional vortexing. Samples were sedimented at
18,000 x g for 20 min at room temperature, supernatants were
collected and protein concentration was determined by the
Bradford assay (Bio-Rad). Protein concentrations in all samples
were equalized to 3.3 mg/ml by dilution with lysis buffer.
Two-dimensional electrophoresis. IPG strips (pH 4.0-7.0, 24 cm;
ReadyStrip, Bio-Rad) were rehydrated overnight in 450 µl of
sample, representing 1.5 mg of protein. Isoelectric focusing was
performed for 70 kVh, with maximum voltage not exceeding
5 kV, current limited to 50 µA per strip and temperature set to
Ý& 3URWHDQ,()&HOO%LR5DG 6L[UHSOLFDWHVZHUHUXQIRU
HDFKFHOOW\SH)RFXVHGVWULSVZHUHEULHÁ\ULQVHGLQGHLRQL]HG
water, equilibrated and reduced in equilibration buffer supplemented with DTT (6 M urea, 50 mM Tris pH 8.8, 30% glycerol,
2% SDS and 450 mg DTT per 50 ml) for 15 min and then
alkylated in equilibration buffer with iodacetamide (1.125 mg
iodacetamide per 50 ml of the buffer). Equilibrated strips
were then secured on 10% SDS-PAGE and secured in place by
molten agarose. SDS-PAGE electrophoresis was performed in
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a Tris-glycine-SDS system using a 12-gel Protean Dodeca Cell
apparatus (Bio-Rad) with buffer circulation and external cooling
Ý& *HOVZHUHUXQDWDFRQVWDQWYROWDJHRI9SHUJHOIRU
30 min and then at a constant voltage of 200 V for 6 h. Gels
were washed 3 times for 15 min in deionized water to remove
redundant SDS. Gels were then stained with colloidal Coomassie
Brilliant Blue (SimplyBlue™ Safestain, Invitrogen, Carlsbad,
&$86$ RYHUQLJKWDQGEULHÁ\GHVWDLQHGLQGHLRQL]HGZDWHU
Gel image analysis and extraction of peptides. Stained gels
were scanned with GS 800 calibrated densitometer (Bio-Rad)
and image analysis was performed with Progenesis™ software (Nonlinear Dynamics, Ltd., Newcastle upon Tyne, UK)
in semi-manual mode with 6 gel replicates for each cell type.
Normalization of gel images was based on total spot density,
and integrated spot density values (spot volumes) were then
calculated after background subtraction. Average spot volume
values (averages from the all 6 gels in the group) for each spot
were compared between the groups. Protein spots were considered differentially expressed if their average normalized spot
volume difference was >1.5-fold. As determined by the Student's
t-test, a p-value <0.05 was considered to indicate a statistically
VLJQLÀFDQWGLIIHUHQFH
Protein digestion and peptide extraction. Spots containing
differentially expressed proteins were excised from the gels, cut
into small pieces and washed 3 times with 25 mM ammonium
bicarbonate in 50% acetonitrile (ACN). The gels were then dried
in a SpeedVac Concentrator (Eppendorf, Hamburg, Germany).
6HTXHQFLQJJUDGHPRGLÀHGWU\SVLQ 3URPHJD0DGLVRQ:,
USA) (6 ng/µl of trypsin in 25 mM ammonium bicarbonate in
$&1 ZDVDGGHG)ROORZLQJRYHUQLJKWLQFXEDWLRQDWÝ&
the resulting peptides were extracted with 50% ACN.
0DWUL[DVVLVWHGODVHUGHVRUSWLRQLRQL]DWLRQWLPHRIÁLJKWPDVV
VSHFWURPHWU\ 0$/',72)06 DQGLGHQWLÀFDWLRQRIVHOHFWHG
proteins. Peptide samples were spotted on a polished steel
target plate (Bruker Daltonics, Bremen, Germany) and allowed
to dry at room temperature. Matrix solution (3 mg Ơ-cyano-4hydroxycinnamic acid in 1 ml of 50% ACN containing 0.1%
trifluoroacetic acid) was then added. MS was performed
on an Autoflex II MALDI-TOF/TOF mass spectrometer
(Bruker Daltonics) using a solid nitrogen laser (337 nm) and
)OH[&RQWUROVRIWZDUH %UXNHU'DOWRQLFV LQUHÁHFWURQPRGH
with positive ion mass spectra detection. The mass spectrometer
was externally calibrated with Peptide Calibration Standard II
(Bruker Daltonics). Spectra were acquired in the mass range
800-4,000 Da. The peak lists were generated using FlexAnalysis
and searched against Swiss-Prot (2011 version, 524420
sequences) using Mascot software. The peptide mass tolerance
was set to 50 ppm, taxonomy Homo sapiens, missed cleavage
ZDVVHWWRÀ[HGPRGLÀFDWLRQIRUF\VWHLQHFDUEDPLGRPHWK\ODWLRQDQGYDULDEOHPRGLÀFDWLRQVIRUPHWKLRQLQHR[LGDWLRQDQG
protein N-terminal acetylation.
Western blot analysis. Cells were lysed in NHT buffer
(140 mM NaCl, 10 mM HEPES, 1.5% Triton X-100, pH 7.4).
Protein concentration in the collected supernatants was
determined by the Bradford assay (Bio-Rad). Lysate samples
(25-70 µg) were combined with SDS loading buffer containing
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2-mercaptoethanol and boiled for 5 min. Triplicate samples
were separated on 12% SDS-PAGE minigels in Tris-glycine
buffer (Bio-Rad). Electrophoresis was performed at a constant
voltage for 30 min at 45 V per gel, and then at 90 V per gel until
the dye front reached the gel bottom. Proteins were transferred
onto 0.45 µm PVDF membranes (Milipore, Billerica, MA,
USA) in a semi-dry blotter (Hoefer, San Francisco, CA, USA)
at 0.8 mA/cm2 of membrane. Membranes were incubated with
blocking buffer containing PBS (Invitrogen), 0.1% Tween-20
and 5% non-fat dried milk for 1 h. As primary antibodies
anti-adenine phosphoribosyltransferase (APRT; 1:1,000, rabbit
polyclonal antibody), anti-purine nucleoside phosphorylase
(PNP; 1:1,000, mouse monoclonal antibody) and anti-GAPDH
(1:10,000, rabbit polyclonal antibody) were used. After thoroughly washing in blocking buffer, a secondary horseradish
peroxidase-conjugated anti-mouse or anti-rabbit antibody was
added (1:10,000). GAPDH was used as the loading control. The
signal was detected using Western Blotting Luminol Reagent
(Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA) and
PHPEUDQHVZHUHH[SRVHGWR;UD\ÀOPV .RGDN5RFKHVWHU1<
USA). All used antibodies were from Santa Cruz Biotechnology.
Results
Molecular changes associated with the generation of drugresistant cells can confer potential selective disadvantage. Such
a ‘weakness’ may be used as druggable target for effective
elimination of drug-resistant lymphoma cells. Our aim was to
elucidate the molecular changes associated with the development
of TRAIL resistance in (originally TRAIL-sensitive) MCL cells
in order to identify such a cellular ‘weakness’ of TRAIL-resistant
0&/FHOOV7RLGHQWLI\WKHVSHFLÀFSURWHLQH[SUHVVLRQFKDQJHVLQ
the TRAIL-resistant cells, we derived a TRAIL-resistant HBL-2
subclone (HBL-2/R) from the originally TRAIL-sensitive HBL-2
cell line, and performed differential analysis of the surface
expression of TRAIL receptors and comparative proteomic
analysis of the HBL-2/R and HBL-2 cells.
TRAIL-resistant cell line. The TRAIL-resistant HBL-2 subclone
(HBL-2/R) was derived from the originally TRAIL-sensitive
HBL-2 cell line by selective pressure of increasing TRAIL
concentration in medium over 5 weeks. While the IC50 for
TRAIL in the originally sensitive HBL-2 cells was 1 ng/ml at
48 h (data not shown), the resulting HBL-2/R subclone proliferated in up to 1,000 ng/ml TRAIL concentration in medium and
was therefore >1,000-fold more resistant to TRAIL than the
HBL-2 cells (Fig. 1).
TRAIL receptors - flow cytometric analysis of cell surface
expression. The attenuated expression of TRAIL death receptors DR4 and DR5 has been previously described as a cause
of TRAIL resistance. We therefore determined the relative
expression of TRAIL receptors in HBL-2 and HBL-2/R cells by
ÁRZF\WRPHWU\ )LJ 7KHH[SUHVVLRQRI'5'5'F5DQG
DcR2 in the HBL-2/R cells was markedly decreased compared
to the HBL-2 cells. The marked downregulation of death receptors DR4 and DR5 explains the resistance of the HBL-2/R cells
to TRAIL, while the downregulation of decoy receptors DcR1
and DcR2 may indicate further, more complex phenotypic
changes in the HBL-2/R cells.
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Figure 1. Relative cytotoxicity of TRAIL. Viability of TRAIL-sensitive HBL-2
cells and TRAIL-resistant HBL-2/R cells after 78 h in medium with recombinant TRAIL was determined by WTS-based colorimetric assay. Absorbance
value of HBL-2 cells grown in medium without TRAIL was set to 1.

Figure 3. Two-dimensional electrophoresis of HBL-2 and HBL-2/R cells was
performed on 24-cm gel strips, pH 4.0-7.0, 10% SDS-PAGE. Proteins were
stained with Coomassie Brilliant Blue. Differentially expressed proteins are
indicated by numbered arrows (spots 1-11 indicate downregulated proteins in
HBL-2/R cells, and spots 12-21 indicate upregulated proteins in HBL-2/R cells).

Figure 2. Cell surface expression of TRAIL receptors. HBL-2 and HBL-2/R
cells were labeled with phycoerythrin-conjugated antibodies against the
TRAIL cell surface receptors, DR4, DR5, DcR1 and DcR2, and the expression
RIWKHUHFHSWRUVZDVDQDO\]HGE\ÁRZF\WRPHWU\&HOOVZLWKRXWVWDLQLQJDQG
isotype controls served as the blank controls.

Proteomic analysis. In order to identify specific changes in
protein expression associated with TRAIL resistance in HBL-2/R
cells, we performed comparative proteomic analysis of cellular
homogenates of HBL-2/R and TRAIL-sensitive HBL-2 cells.
Using two-dimensional electrophoresis of total cell lysates, we
reproducibly detected 820 protein spots on Coomassie Brilliant
%OXHVWDLQHGJHOV:HIRXQGSURWHLQVSRWVWREHVLJQLÀFDQWO\
quantitatively changed (upregulated or downregulated, change
>1.5-fold; p<0.05) in HBL-2/R cells (Fig. 3). Using MALDI-TOF/
72)PDVVVSHFWURPHWU\ZHLGHQWLÀHGDOOSURWHLQVGLIIHUHQtially expressed in HBL-2/R cells (Table I).
Functional annotations of the identified differentially
expressed proteins were analyzed using the Kyoto Encyclopedia
of Genes and Genomes (KEGG) database. Among the 21 identiÀHGSURWHLQVZHIRXQGPROHFXOHVLQYROYHGLQGLYHUVHIXQFWLRQV
including cytoskeleton regulation, ribosome synthesis and
maturation, RNA metabolism, chromosome translocation,
DNA repair and replication, as well as protein folding. However,
one pathway was markedly enriched in our set (hsa00230 purine metabolism) represented by 3 differentially expressed
proteins. These 3 molecules are key enzymes of the purine

nucleotide metabolism (Fig. 5) and all 3 are downregulated
in TRAIL-resistant HBL-2/R cells [PNP (downregulated
1.6-fold in HBL-2/R cells), APRT (downregulated 2.2-fold in
HBL-2/R cells) and inosine-5'-monophosphate dehydrogenase 2
(IMPDH2, downregulated 1.6-fold in HBL-2/R cells)].
9HULÀFDWLRQRISURWHRPLFDQDO\VLV7RFRQÀUPWKHUHVXOWVRI
proteomic analysis by an independent method we verified
the decreased expression of the 2 proteins involved in purine
metabolism, namely PNP and APRT, by western blot analysis
in HBL-2 and HBL-2/R cell lysates (Fig. 4).
Discussion
The downregulation of the 3 key enzymes of purine metabolism can have a profound effect on nucleotide homeostasis
in TRAIL-resistant lymphoma cells. Purine nucleotides,
the building blocks for synthesis of DNA, RNA and enzyme
co-factors, are recruited either from de novo purine synthesis
from low molecular weight precursors or by recycling of free
nucleobases in the so-called salvage pathway. Both pathways
lead to the production of nucleoside-5'-phosphates (Fig. 5). Both
pathways can supply cellular demand independently; however,
their importance in different tissues is variable. In leukemic
and lymphoma cells the salvage pathway is considered the
major source of purine nucleotides (30,31).
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7DEOH,/LVWRISURWHLQVGLIIHUHQWLDOO\H[SUHVVHGLQ+%/5FHOOV GLIIHUHQFHDWOHDVWIROGDQGVWDWLVWLFDOVLJQLÀFDQFHS 
Spot
no.

Swiss-Prot
no.a

Protein name

Proteins upregulated in HBL-2/R cells
1
P04792
Heat shock protein ơ-1
2
P42704
Leucine-rich PPR motif-containing protein, mitochondrial
3
O75351
Vacuolar protein sorting-associated protein 4B
4
P23381
Tryptophanyl-tRNA synthetase, cytoplasmic
5
P20591
Interferon-induced GTP-binding protein Mx1
6
P09211
Glutathione S-transferase P
7
P06396
Gelsolin
8
P13010
X-ray repair cross-complementing protein 5
9
Q9HAV7
GrpE protein homolog 1, mitochondrial
10
O43776
Asparaginyl-tRNA synthetase, cytoplasmic
 
4
3URWHLQGLVXOÀGHLVRPHUDVH$
Proteins downregulated in HBL-2/R cells
12
P08559
Pyruvate dehydrogenase E1 component subunit Ơ
13
P19338
Nucleolin
14
P07741
Adenine phosphoribosyltransferase
15
O75792
Ribonuclease H2 subunit A
16
Q07955
Serine/arginine-rich splicing factor 1
17
P00491
Purine nucleoside phosphorylase
18
P12268
Inosine-5'-monophosphate dehydrogenase 2
19
P40121
Macrophage-capping protein
20
P13674
Prolyl 4-hydroxylase subunit Ơ-1
21
Q15019
Septin-2

Fold
change

Mascot
scoreb

Sequence
cov. (%)c

Mr

3.9
2.6
2.6
2.4
2.2
1.9
1.9
1.7
1.6
1.5


84
100
171
240
176
110
115
262
99
250


51
23
32
54
42
56
22
46
44
41


22826
159003
49443
53474
75872
23569
86043
83222
24492
63758


3.2
2.4
2.2
1.7
1.7
1.6
1.6
1.6
1.5
1.5

111
146
227
348
82
182
230
102
234
62

32
29
79
72
35
68
44
41
48
26

43952
76625
19766
33716
27842
32325
56226
38760
61296
41689

6ZLVV3URWQRLVWKHFRGHXQGHUZKLFKWKHLGHQWLÀHGSURWHLQLVGHSRVLWHGLQWKH6ZLVV3URWGDWDEDVH bMascot score helps to estimate the
correctness of the individual hit. It is expressed as -10 x log(P) where P is the probability that the observed match is a random event. cSequence
coverage is the number of amino acids spanned by the assigned peptides divided by the sequence length.
a

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

The de novo synthesis of purine nucleotides requires
5-phosphoribosyl-1-pyrophosphate (PRPP), ATP, glutamine,
glycine, CO2DVSDUWDWHDQGIRUPDWHWRFUHDWHWKHÀUVWIXOO\
formed nucleotide, inosine-5'-monophosphate (IMP). IMP
represents a branch point for purine biosynthesis, since it can
be converted either to guanosine-5'-monophosphate (GMP) by
IMPDH2 (downregulated in HBL-2/R cells) or to adenosine5'-monophosphate (Fig. 5).

The catabolism of purine nucleotides leads to the liberation
of free purine bases by PNP (downregulated in HBL-2/R cells).
In the salvage pathway the free bases are reconverted back to
nucleoside-5'-monophosphates in a reaction with activated
sugar (PRPP) catalyzed by APRT (downregulated in HBL-2/R
cells) or hypoxanthine-guanine phosphoribosyltransferase (32)
(Fig. 5). Ribonucleotides are converted by ribonucleotide reductase into the corresponding deoxyribonucleotides.
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Figure 5. Scheme of the purine metabolism pathways, showing the position of IMPDH2, APRT and PNP in purine nucleotide biosynthesis, adopted from a previous study (35). The de novo synthesis of purine nucleotides begins with the phosphorylation of ribose-5-phosphate to form PRPP. In a number of reactions, PRPP
FUHDWHVWKHÀUVWIXOO\IRUPHGQXFOHRWLGH,03,03LVFRQYHUWHGE\,03'+WR*03313FDWDO\]HVWKHUHYHUVLEOHFOHDYDJHRISXULQHQXFOHRVLGHVUHOHDVLQJSXULQH
nucleobases (adenine, hypoxanthine, xanthine and guanine). In the salvage pathway the free nucleobases can be reconverted back to nucleoside-5'-monophosphates
in a reaction with activated sugar (PRPP) catalyzed by APRT. IMPDH2, inosine-5'-monophosphate dehydrogenase 2; APRT, adenine phosphoribosyltransferase;
PNP, purine nucleoside phosphorylase; PRPP, 5-phosphoribosyl-1-pyrophosphate; IMP, inosine-5'-monophosphate; GMP, guanosine-5'-monophosphate; dADP,
deoxyadenosine diphosphate; ADP, adenosine diphosphate; GDP, guanosine diphosphate; dGDP, deoxyguanosine diphosphate; AMP, adenosine monophosphate;
XMP, xanthosine monophosphate.

The delicate balance of enzyme activities and concentrations of products and intermediates are critical for purine
(nucleotide) homeostasis. The inhibition of PNP results in
the accumulation of its substrate, 2'-deoxyguanosine which
is further phosphorylated to deoxyguanosine triphosphate
(dGTP). A high intracellular concentration of dGTP inhibits
cell proliferation and induces apoptosis (33-35). If APRT
is inhibited, accumulated adenine is oxidized to insoluble
2,8-dihydroxyadenine. Accumulation of this precipitate results
in cell death (32). Similarly, the inhibition of IMPDH2 leads
to depletion of guanosine nucleotides, which blocks DNA
synthesis and cell division (36,37).
Disruption of the purine nucleotide metabolism generally
results in an accumulation and/or a lack of ribonucleotides
or deoxyribonucleotides or metabolic intermediates with
potentially cytotoxic consequences. The observed decreased
expression of the 3 purine metabolism enzymes affects both
de novo synthesis and the salvage pathway of purine metabolism and may also affect purine nucleotide homeostasis in
TRAIL-resistant HBL-2/R cells. Such an imbalance may
represent a selective disadvantage for the affected cells. Such
a ‘weakness’ may not be apparent under normal circumstances
but may become critical under stress or unfavorable conditions. As the proliferation rates of HBL-2/R and HBL-2 cells
are comparable, the proposed imbalance in purine nucleotide
metabolism in TRAIL-resistant cells is possibly mild and/
or well compensated in vitro. However, this ‘weakness’ may
become apparent due to lack of building blocks for DNA and

RNA synthesis in the environment or upon further disruption of
purine metabolism. Since both pathways of purine metabolism
are compromised in TRAIL-resistant MCL cells, these cells
should be vulnerable to further inactivation of purine nucleotide metabolism enzymes. Therefore, drugs that target (already
disbalanced) purine metabolism should be highly cytotoxic
to TRAIL-resistant cells (compared to non-malignant cells)
and may therefore be selectively effective in the elimination
of TRAIL-resistant MCL cells in experimental therapy. There
are several approved inhibitors of purine metabolism, such as
methotrexate (inhibits purine de novo synthesis via dihydrofolate reductase) (38), ribavirin and mycophenolic acid (inhibitors
of IMPDH2) (39,40) or forodesine (a novel inhibitor of PNP)
(41,42), available for clinical use.
The adaptation of cancer cells to cytostatic and cytotoxic
drugs is associated to a certain degree with extensive changes
in the cell phenotype. Some of the molecular changes, although
seemingly unrelated to the mechanism of resistance, can provide
a selective disadvantage to the cells and such a ‘weakness’
may be used as a potential therapeutic target. By the presented
proteomic analysis of the changes associated with resistance to
TRAIL in MCL HBL-2 cells, we demonstrated the downregulaWLRQRIDOOW\SHVRI75$,/UHFHSWRUVDQGLGHQWLÀHGWKHDOWHUHG
expression of several proteins including 3 enzymes of the purine
metabolism pathway. This downregulated pathway potentially
represents a ‘weakness’ of the TRAIL-resistant MCL cells and
has potential as a therapeutic target for the selective elimination
of such cells in the future.
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