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Mutual Activities of IEX-1 and MCL-1 on the Apoptosis of
Ovarian Cancer Cells

Seongmin Yoon', Soon-Young Na', Hong-Man Kim’, Kangseok Lee’ and Jeehyeon Bae""

"Dept. of Biomedical Science, College of Life Science, CHA University, Seongnam 463-836, Korea
2Dept. of Life Science, College of Natural Science, Chung-Ang University, Seoul 156-756, Korea

ABSTRACT : Apoptosis is a crucial mechanism for the proper regulation of homeostasis. BCL-2 family proteins are key
molecules which control cellular survival and apoptosis. MCL-1 (myeloid cell leukemia-1) is a pro-survival member of BCL-
2 family that promotes the survival of cells, and is highly expressed in diverse cancers including ovarian cancer, leukemia,
and cervical cancer. Previously we identified IEX-1 (immediate early response gene X-1) as a binding partner of MCL-
1. In the present study, we demonstrated that overexpression of IEX-1 induced apoptosis of ovarian cancer cells. Moreover,
IEX-1 significantly attenuated the pro-survival function of MCL-1 in these cells. Also, IEX-1-induced cell death activity
was able to be modulated by changes in the expression level of MCL-1. Thus, these results suggest that both IEX-1 and
MCL-1 modulate each other’s function controlling cellular survival and death and the inhibitory activity of IEX-1 toward
MCL-1 may be applied for the development of chemotherapeutics.
Key words : Apoptosis, MCL-1, IEX-1, BCL-2 family, Ovarian cancer cell.

R o : AE A (apoptosis) AES] FHE A AP FA37) 918 F2@ M AVZO| T BCL2 family T LES
AT JES AT NS 2UHE FLT Y

ot Zolth, MCL-1 ©¥d2 Alxe] AES & 3=
pro-survival BCL-2 family membero| ™, Fa¢h, ool A3 AFta 2 vt of 2FolA =/ Fdsty vk
o =

> o .
ol AFollA, & Aol oA IEX-1 T d> MCL-1¢] 2% @ d = Basvh & dFolAe, T4 H]EOHH
[EX-19] st 2@ol] o3 A2 Aol fFieHe g Wt H50l, [EX-1 ©@¥d2 MCL-1 T2 o] A3 =
A% 75 AAAZ oM, IEX-190 &8 Al AFE 3= MCL-19] 23 A9 #ste] oJefjA L 7]50] ¢ o}:% Ll
AR IHEE ole AFHES [EX-13 MCL-12 AX APEH A& Z-ste AR 75 98E v

MCL-19] 7155l tigh [EX-19] A2 AEE Al a3t TR e o 82 5 e 7S A Eoh

M E

A 3 o JAapoptosis - programmed cell death)= Al
7 A7l 9a) AojE o} Folvh= WA Y] o FE R Al

" TAAR: 7% A BT obgHE 222 CHA 938t gt o)
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E9] HAK(necrosis) = FREE = Aotk AE G GANE
T2 ZHESHDNA fragmentation), %44
some condensation), Al 3 A}FE A (apoptotic body) F4 &
Jegha 9l EAE 7ML Tk Apoptosise Al X ZF 0]
AT ;q_;r/]gl—_ aA}oi /q]ﬁg] Ag_%;ﬂr /\].tﬂ_o_ Zx—]@-o
M 44 At (Thompson, 1995). Al o G A9
215 7 (apoptosis signaling)= FAS(CD95), TNF-R(tumor

$Z(chromo-
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necrosis factor-receptor), TRAIL(TNF-related apoptosis-
inducing ligand) receptor 53} 7+ death receptor] ligand
o} 43S Sl A A S = extrinsic pathway 9} | EZE
ofo] gJEH 02 257t AGEHE
Eig=s

BCL-2 family @9 &2 n|EZ=glo} &9 A|lE A}
Ho| F23 Aqgds FYsiH, 1 FFHe vtttk BCL-2
family T S0 % A F ISR EFHEY A
¥ AES FE3H= pro-survival BCL-2 family T 22
MCL-1, BCL-2, BCL-xL, BCL-W, Al¢] 9lo¥, +x4
2+ multi-BH(BCL-2 homolog) domaing 7} th ©]&
o) F-& @l F-2 pro-apoptotic proteer Agste] A E9
AES gt T3 A2 APES X3k pro-apoptotic

2 family @922 BAX, BAK, BOK# 7°] multi

BH domains 7H ©é]a 3 BH3 domaintt 7} BIM,
BAD, BID, NOXA, PUMA, BIK, BMF %°] 3l

HEZEg ol AL o AA | 2o ™ intrinsic
pathway®ll 2|8+ apoptosis 213 Aol FF49 Jdg 3}
= Al E 4713 o]t} Pro-apoptotic BCL-2 T Ao <] 3}e]
EFEgoto] EAlst= BAX, BAK @2 e A7}
71dete] g37h dojdtt

intrinsic pathway”} <)

Ao N=A

lrl [or

=93 7%

&2 (oligomerization)®] 3L
3 nERZ=go} 714 1] A 9] (mitochondria membrane
potential) x}o]7} gAJo] Ht} R|EFZE 2o} 7] AT 23]
2 98 AIEAZ cytochrome ¢ ¥H]7} X5 7, caspase
7} 843 He ASE BIHT dth(Reers et al.,, 1995).

MCL-1(myeloid cell leukemia-1)-<= human myeloblastic
leukemia cell®] £3t% 710l Ho] W= A2 A anti-
apoptotic BCL-2 sub-family®l 43tcH(Kozopas, 1993). MCL-1
G2 Axo ArEH AFE ARAE 9FE FYste
RO 2 4#A 9)th(Nijhawan et al., 2003; Opferman et al.,
2005). MCL-1- cell cycle, proliferation, immortalization
o #Hoste oy 7kA @A Agety glom, thE
BCL-2 family protein#t= Z3s= A= 835 thBae
et al., 2003; Chen et al., 2005; Jamil et al., 2005; Yoon et
al., 2009; Zhang et al., 2002). BIM, BID, PUMAS$} 7+
BH3 only protein= BAX, BAKS €43} A|AA AX AE

S =T F deH, |52 pro-survival BCL-2 family®l|
e AAH L JE AT HIH T JtHKim et al., 2006;

Kuwana et al., 2005).

T o4 - WAE

Sl WAt A4

[EX-1(immediate early response gene X-1)(Kondratyev
et al., 1996) Tl A& [ER3, Dif-2, gly96 EE= p22/PRG-1
o2 4HA AL, stress F2 A4 2K growth factor), AF
o] E7}9(cytokines), WA FAKirradiation)ol] 2|3t o
7HA el A 2710 Wde] SUtete Ao E dEA 9l
(Kumar et al., 1998). IEX-1> A X9 APE S FLstAY,
A Ze] S FR8E A5 AAld Aot 5 A= At
H 71%5E st 9EE HaHof 9l IEX—I% NF-kB<|
24 S A2 A apoptosisE A3 8HL(Wu et al., 1998),
hematopoietic cell line®]| 4] TPO(thrombopoietin)®l| <] 3]
ERK(extracellular signal-regulated kinase)S 41 3}ato] Al %
o] A8 ZZ1A17)%(Garcia et al., 2002), T-cell lymphoma
€ AU 4o R 4L FANE 7Ies Tt AR 9
& A tHZhang et al., 2003). o] 2]t 2 3}¢} =7, apoptotic
stimulants®] A}=rol €]} apoptosis 21 & H ol [EX-10] o]
SIS H(Arlt et al., 2003), keratinocyte®l 4] champtothecin
o oJa o} el slh= [EX-10 ¢J3)4 apoptosis7t =¥ T
= A& 8 X th(Schilling et al., 2001). Non-cancer cell
1ine°l 293T A ZolA IEX-19] ot 2del] ok AE A
39S st 222 HIESH(Yoon et al., 2009) o]y
st IEX-H 7155 cell typeol wat Aute 7158 B
o, e AsAE AA g8 A= UFS AAL
8 Fot.

OV-3 Al XA 9 [EX-19] It} HHS A E APEE FE3)
Fom, MCL-19]] 93 A% AEES A 18R E
MCL-1 o] o} ddo] wE AE2E ASades

IEX-19] €l3141 A7} H5ate), o9l 2348 5
1S o83k} MCL-19] 715-¢ 243 % JE 7F542 A

Aletitt
ERETE

1. HZEF M

2 A7 AR A7 A day Al 254 SK-0V-3
+ the American Tissue Culture Collection(ATCC, U.S.A)
ZRH FYsATh A oS 918 RPMI-1640(Welgene,
Korea) WA & o] €311 M, 10% fetal bovine serum(Wel-
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gene)¥ 1% penicillin streptomycin(Welgene)= % 713}
A3 TE 37T, 5% CO, B3 9] AlE vl Y71 & o] 43}
Hjj <F3t ATt

2. Z2jo|H HZ Y ERY
pcDNA3 IEX-13} pcDNA3 MCL-1 Z2t21 & DNA 2
29 W 7)Ed URE =% A4 5 tkBae et al.,

2003; Yoon et al., 2009).

3. Stable Cell Line |

MCL-1 ©idg& otgdog o x3A 7] =(knock-
down) M| ZFE TE7] 93} short hairpin RNA(shRNA)
< pSUPER puro vector system(OligoEngine, U.S.A)ol &
Zy3te] o] &3l9ith shRNA 7] AMES RNAi Codex
(http://codex.cshlLedu)E F3ate] F5aom, 2 WY
& 7150 EEF =] A% EATH(Yoon et al., 2009).
2.5x10°711¢] SK-OV-3 A ZE 100 mn ¥} %F &7]9] F] 3}
2447k FF vkt % 6 pg®] pSUPER puro shMCL-1
vectorS SH|E A Eo|  transfectiond} %} Th.  Puromycin
(Sigma, U.S.A)S vl <k gl 5 pg/ml H7}ated, 2~357F
selectiond}3TF. MCL-1S ¢t F o 2 Fo} Wdst= Alx
FE WE7] $18le] pcDNA6/myc-His vector(Invitrogen,
US.A)E ol&stslon, 2 W2 2xd =il 44
= 1tH(Yoon et al., 2009). 24417+ St uij kg 2.5%10°7] ¢
SK-OV-3 Al Zol 6 g9 pcDNA6/myc-His MCL-1 Z2}*
H =& transfectiond}$3 T}, Blasticidin(Invitrogen)= Bl 45l
ol 15 pg/mlE A7kskel 2~357F v FslA, MCL-15 =
ojFo g It} Wit AEE FHIA

4. Western Blot

g AEZE FAB 47T, 2,000xgol A DA 5t
PBS(phosphate buffered saline)E ©]-&3 AEE A2}
t}. NP-40(Nonidet P-40) -§-9(50 mM Tris-HCI, pH 8.0,
0.15 M NaCl, 1% NP-40: Sigma)< ©]&3to] A% W A4
gl ds FEaATh F5E DAY FFE 98t Bi-
cinchoninic acid(BCA)TM protein assay(Pierce, U.S.A.)
£ At 30 pgd @ EE 5xSDS(sodium dodecyl
sulfate)-PAGE(polyacrylamide gel electrophoresis) sample
buffer(Tris-HCl pH 6.8, 2% SDS, 50% glycerol, 0.1%
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bromophenol blue, 10% 2-mercaptoethanol: Sigma)E &%
ato] £ 9| denaturingA| A 4719 5S A8t PV-
DF(polyvinylidene fluoride) membrane(Amersham, U.K)l|
transferdl®] 5% skim milk in PBS-Tween 20 Sl A] 1A]
ZF &<t blockingdt i th. MCL-1 @ A& g<13s}7] 9]t
anti-MCL-1 33| (Santa Cruz Biotechnology, U.S.A)E 3%
skim milk7} 8% PBS-Tween 209 1:1,0002.2 3|43}
of wj &ttt GAPDHE €<1st7] 91814 anti-GAPDH 3}
A (Ab Frontier, Korea)E AM&-3}Sith 22k &4l goat anti-
rabbit IgG horseradish peroxidase(Santa Cruz Biotechnology)
£ 1717} W% & Luminescence image analyzer(Fujifilm Life

Science, Japan)= ©]4-3fe] g2138}9]

5 MZMZES &M

SK-OV-3 M EZE 3x1071 & 48 well W &7]0l|A] 244]
7F 5ok vl ket ¥, human MCL-1 =& [EX-1 @2 & o
8 & 9lE Z22A0E DNAS A4 100 ngS Welfect-
EX(Welgene)E ©]-8-3}9] transfectiond} % th. Transfection
H A XE countingdl”] ¥3te] =4 33 Tl d(Enhanced
Green Fluorescent Protein, EGFP)S &g 4= 9l
NI vectorg 10% co-transfections} % th. 2441 7F &, Al
FAsIY &34 du|A AoA EGFPY @dst=

Aste] 4L BAFAT:

6. Apoptotic M= &A1

Apoptosis 215 AL gR1817] $lste] FACS(fluorescent
activated cell sorter)E o] &3¢tk 1x10° XS 60 m
S &0 24A17F FF wi et & 3 pge] pcDNA3
IEX-1 &% pcDNA3 MCL-1 vectorE transfection3} S
th 24X 7+ 3 A EZ F7A39], ApoScan' " (BioBud, Korea)
£ ©o]§3t] Annexin V @4Z AT 1587 A2
4] FITC-conjugated Annexin V& 9413} PBSE ©]83}
of A seh. FHlE A Zo propidium iodide(P)E 3
7}8ke] FACS Caliber(BD Biosciences, U.S.A)E £34]
Annexin V-positives}!, Pl-negativedt Al X2 EXE £
a3l

7. SHEA FM(Statistical Analysis)

AZEE AL duplicate® 8 dto] =HHOF A ¥
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atlom, 5

213}91 32, apoptotic cell
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< Student’s t-testE 53}
2182 one-way ANOVA
ot o o4 Sle A

A&ttt p-value 0.05 ©]3} &
sttt

LN
=]
RN

M

)

[e)

testS A A

o= 4
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1. IEX-12| HiC} 2hsdof e M=Z AIE

SK-OV-3 A|Zo A IEX-1 @A HI YA 715
gol3t7] 95kl pcDNA3 vectord] 219 3te], SK-OV-3
Alxoll GAIAQ It I d WS Fate] Ik BEAF T
pcDNA3 IEX-1 Z821E DNAES 7 100 ngZ7HA 5%
gste], [EX-19] WA AEo] mabr] Az AE&o
ol® Wsh7h A=A Fels) Bokth DNAS 5k & °
2 Az AEgo] Hashe A 49T F UAATHFig
1A). [EX-1 Ztt 8o mE AEE] Aot Aol Alx
o] %d AHapoptosis)oll ] A AFEQIAE Eelstr] $lsto
Annexin V-staining 32 53t 1513tk pcDNA3 IEX-1
S 1.5 ug transfectiond A oA FL3 %] pcDNA3

)zl H]3l] Annexin Vol g4

= 3t th(Fig. 1B).

=

empty vectorg FAAI7]
HAEE 7 ovl A& Bol A=

2. IEX-10{ 23t MCL-1 7|st%}

Ovarian cancer cello]l 4 IEX-1¢] MCL-19] 7]5& W3}
& & Qe A sk f8, SK-OV-3H A pcDNA3
MCL-1% 50 ng2 & Y7433 pcDNA3 IEX-19] 58 &
7N Z Tk MCL-1 @ A o] o} Wdo] ofsjA] tha-Hot
20% A& AEEol Asetddth 18y IEX-1< Atk T
AZ S W MCL-19] og &89 Fsade Tk &4
O 7 A th(Fig. 2A).

3. MCL-1 EHHZIS Overexpression E+= Knock-down
El Stable MZWA HEE At

MCL-1 @) o] by x o2 3}r} W& (overexpression)
HAY 2e o] Askknock-down) ¥ < o, IEX-1¢] 3t}
BHOoE Qgk AE AFE & 3o] ofd Wsht SleA] gelst
7] $13te] stable cell& Al Zsto] Agol| o] &3}t MCL-
1 Sjdo] kg Ao g ot wdsty, WH AstEe AX
oS &1 317] 93l selection markerol] &3] Mg Ao 2

44

K A 44
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Fig. 1. IEX-1 induces apoptosis in SK-OV-3 cells. (A) Cell
viability assays were performed using SK-OV-3 cells.
The cells (3><104) were transfected with increasing amounts
of pcDNA3 IEX-1 and analyzed after 24 h. At zero
concentration, 100 ng of empty vector was used. Three
independent viability tests in duplicate were performed.
Data were presented as mean+S.E.M of viable cells. The
significant values compared to the control were indicated
with * (p<0.05). (B) The cells (IXIOG) were transfected
with 1.5 pg of pcDNA3 MCL-1 or IEX-1. Control cells
were transfected with an empty vector. At 24 h post-
transfection, cells were harvested and stained with FITC-
conjugated Annexin V for FACS analysis. Three inde-
pendent experiments were conducted, and Annexin V-
positive and Pl-negative cells were quantified and expressed
as fold changes relative to the control.

IEX-1

control

oS M EZE Wl %A, MCL-1 @) o) uhe w3ls
gHel3t7] $135+ western blot2 A A 8F$th MCL-1 @92
o] Ao E At} WHE = A EME T AERT
MCL-18] o] 7t 1A, wado] AatE & Al Zolx
7HaE AL #0130 22X stable cell A Zro] AF2Q
3915} th(Fig. 2B). MCL-1 @) o] ko] g oz

1

oo rf
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Fig. 2. IEX-1 modulates pro-survival activity of MCL-1. (A)
SK-OV-3 cells were transfected with pcDNA-3 MCL-1,
IEX-1, or both. The cells were transfected with 50 ng of
pcDNA3 MCL-1 and increasing amounts of pcDNA3
IEX-1. Asterisks represent statistically significant values
relative to the cells that were transfected with the MCL-
1-coding plasmid (p<0.05). (B) Altered expression levels
of MCL-1 in the stable cells produced were verified by
immunoblot analysis; wild-type (control), overexpressed
stable (MCL-1+), and stably knock-downed (MCL-1-)
cells. (C) The cells were transfected with increasing amounts
of pcDNA3 IEX-1 and analyzed after 24 h. At zero
concentration, 100 ng of empty vector was used. Significant
values between wild type and MCL-1+ or MCL-1— at
the respective concentrations of IEX-1-encoding plasmid
were indicated with * (p< 0.05).
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o a5 A, o] AstE AT E o2 Al ZoA
olE e IEX-1 o} o] 93 Al APEE fEE<
THFig. 2C). Z2vk MCL-1¢] &3 o] S7He Az e 43
o] AstEl Al EolA e IEX-1¢l] 93 H|E Ade] 4 vzt
SHAl dofue o] A& Y th(Fig. 2C).

[
i}

2 AFddME dad AEFE o &ate] APHoH,
IEX—I«] g gl meEb AE AFES fFEsheE
MCL-19] 7]5& AT EHR 71533tk MCL-12
Z-IOE J/].T;} uLa:];\] ]741,]. o]—;ﬂ;ﬂoi J/],r)r 551‘3
A 5HE stable cello| M= t 2t Al oA &2lst = JAUT
[EX-1°] o3& A& Abgo] dojtth(Fig. 24, C). ol =g
ZH= MCL-19] M X A% 715 [EX-1¢0] 9Jte] AT 5
Atte A& walErh I8y MCL-1°0] g2 3}
FHE A ZA = [EX-19] &g G347} o2 Ao H]
s Al ofstE 1 oM, MCL-10] P4 0= W Aste Al %
AME [EX-19] £37} DA 7l chFig. 20). ol 23}
© MCL-19] 98 Al 29 374 F33h= 7% 0] IEX-19
HE AP 71550l oJsiA Hshd B9 ohu ), IEX-19] Al X
A 7% A MCL-19] A2 A& feste 7159 9
A JFs wethe S duet 7|E9] A AA
T [EX-19] 3t} @de] o Az APE 9 717 NF-«B
o] &S At AEES TAAIF I (Arlt et al., 2003),
ERK$} AKT(RAC-alpha serine/threonine-protein kinase) 2]
AZAG AAE AATLEN AE] S ZFAT= 7

lo
= A
e > rle

ﬂlﬁ [t

Ao Ao = st o ol 2AE *QEH Bo TEX-13}
MCL-19] apoptosis AT A G M2 dgg 2H3l=
1> T 84E0] ERHSE A5 e RS AA

SRS
o

Pro-survival BCL-2 family= £%< @3 449 F2
Sk Y2lo] H glth MCL-12 235 %(solid tumors)ol A
Fo| wdaty ol W opzy, 4 ZHk(hepatocellular
carcinoma), #|”dH(pancreatic cancer), 2.3 testicular cancer),
g7 5-(cervical cancer), B4 223 $H(non-small cell lung
cancer), 543 (melanoma) ‘t4%H(ovarian cancer) ¥z}
A wo] H Y e WA ZE BTt Warr & Shore,
2008; Kazushi et al., 2002). €4} pro-survival BCL-2 family
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member?] 7]5S AAStE EHE o] &3 FUA Ao
AE=H T 9o (Warr & Shore, 2008), MCL-19] 9] 8
NS A= [EX-19) 7158 g9 8
MCL-19] 715 A& 918 A kel 5
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719l = platinum-based cancer
druge] 314 LE = oo Siake AlaEet
El(cisplatin) &= 7}E-Z2}8l(carboplatin)z} 722 W3 ¢
Ao thet WA 7HAIAl = (Sakai et al., 2008; Spriggs,
2003), A= Abgel] o]2A dth I EE dAg (RS 9
o FAAEE A @—’F*é = 94 A8
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family ] 7] 5<
o)

]

()
Y,
o
ook

=

I
He O{N
2,

i
rE o=
oo rlot
o

K

o

H«

3‘:

3 919, pro-survival BCL-2
T gAY s =017
Qg o AZHI Qi ATE F3A IEX-12
ovarian cancer cell?] SK-OV-3 A| X T ) ghao) o}

AE Apgol HERTE A2 Gelsgh e ohe)

E

> 49

MCL-19] 3t} 2o o8t =S A2t [EX-19] 7t} u
ol 9t AR H A th(Fig. 2A). old ZAHEL [EX-19]

o] ovarian cancer®l] 4] MCL-19¢

AZ DL FESHE 7%
F % G ABL A% AeE F Ak

7] [S) E *1;('"@' T AT
7Fed S Tl

. 91529 4] TNF 9} diphtheria toxin, cisplatinum, adriamycin,
cytokine drug 5o W< 7H1 A2 4R SK-OV-3 Al

EE olfsle] A LR IEX-1¢) el WY A8 AL A
WS W91, MCL-19] AZ 43S 3281 7158 A3
SE BAE IAAA, B AFE MCL 59 A
29 A 7B AL AL glow, 53], A1) S1gAel
£o Bag WYL oalsy, ARA ALS AT ATl
240 9 5 9 Aoz Aar,

2Ael 2

This work was supported by the Basic Science Research
Program (2009-0066379; 2010-009498) and the Priority
Research Centers Program (2009-414-E00006) through the

A" WAt A4
National Research Foundation of Korea (NRF) funded by
the Ministry of Education, Science and Technology.

ol

— —

g=3

Arlt A, Kruse ML, Breitenbroich M, Gehrz A, Koc B,
Minkenberg J, Folsch UR, Schifer H (2003) The early
response gene IEX-1 attenuates NF-kappaB activation
in 293 cells, a possible counter-regulatory process
leading to enhanced cell death. Oncogene. 22:3343-
3351.

Bae J, Donigian JR, Hsueh AJ (2003) Tankyrase 1 in-
teracts with Mcl-1 proteins and inhibits their regulation
of apoptosis. J Biol Chem 278:5195-5204.

Chen L, Willis SN, Wei A, Smith BJ, Fletcher JI, Hinds
MG, Colman PM, Day CL, Adams JM, Huang DC
(2005) Differential targeting of prosurvival Bel-2 pro-
teins by their BH3-only ligands allows complementary
apoptotic function. Mol Cell 17:393-403.

Garcia J, Ye Y, Arranz V, Letourneux C, Pezeron G, Por-
teu F (2002) IEX-1: a new ERK substrate involved in
both ERK survival activity and ERK activation. EMBO
J 21:5151-5163.

Hand R, Fremegen A, Chmiel SJ, Recant W, Berk R,
Sylvester J, Sener S (1993) Staging procedures, clinical
management and survival outcome for ovarian carcino-
ma. ] Am Med Assoc 269:1119-1122.

Jamil S, Sobouti R, Hojabrpour, Raj M, Kast J, Duronio V
(2005) A proteolytic fragment of Mcl-1 exhibits nu-
clear localization and regulates cell growth by inte-
raction with Cdkl. Biochem J 387:659-667.

Kazushi S, Osamu K, Yuko S, Shoji, Keiji M, Nobutaka
N, Koso O (2002) Increased MCL-1 expression is
associated with poor prognosis in ovarian carcinomas.
Jpn J Cancer Res 93:542-550.

Kim H, Rafiuddin-Shah M, Tu HC, Jeffers JR, Zambetti
GP, Hsieh JJ, Cheng EH (2006) Hierarchical regulation
of mitochondrion-dependent apoptosis by BCL-2 sub-
families. Nat Cell Biol 8:1348-1358.



Dev. Reprod. Vol. 14, No. 2 (2010)

Kondratyev AD, Chung KN, Jung MO (1996) Identifi-
cation and characterization of a radiation-inducible gly-
cosylated human early-response gene. Cancer Res 56:
1498-1502.

Kozopas KM, Yang T, Buchan HL, Zhou P, Craig RW
(1993) MCLI1, a gene expressed in programmed
myeloid cell differentiation, has sequence similarity to
BCL2. Proc Natl Acad Sci USA 90:3516-3520.

Kumar R, Kobayashi T, Warner GM, Wu Y, Salisbury JL,
Lingle W, Pittelkow MR (1998) A novel immediate
early response gene, IEX-1, is induced by ultraviolet
radiation in human keratinocytes. Biochem Biophys
Res Commun 253:336-341.

Kuwana T, Bouchier-Hayes L, Chipuk JE, Bonzon C,
Sullivan BA, Green DR, Newmeyer DD (2005) BH3
domains of BH3-only proteins differentially regulate
Bax-mediated mitochondrial membrane permeabiliza-
tion both directly and indirectly. Mol Cell 17:525-535.

Nijhawan D, Fang M, Traer E, Zhong Q, Gao W, Du F,
Wang X (2003) Elimination of Mcl-1 is required for
the initiation of apoptosis following ultraviolet irra-
diation. Genes Dev 17:1475-1486.

Opferman JT, Iwasaki H, Ong CC, Suh H, Mizuno S,
Akashi K, Korsmeyer SJ (2005) Obligate role of anti-
apoptotic MCL-1 in the survival of hematopoietic stem
cells. Science 307:1101-1104.

Reers M, Smiley ST, Mottola-Hartshorn C, Chen A, Lin
M, Chen LB (1995) Mitochondrial membrane potential
monitored by JC-1 dye. Methods Enzymol 260:406-
417.

Sakai W, Swisher EM, Karlan BY, Agarwal MK, Higgins
J, Friedman C, Villegas E, Jacquemont C, Farrugia DJ,

Mutual Activities of IEX-1 and MCL-1 on Ovarian Cancer Cells 89

Couch FJ, Urban N, Taniguchi T (2008) Secondary
mutations as a mechanism of cisplatin resistance in
BRCA2-mutated cancers. Nature 451:1116-1120.

Schilling D, Pittelkow MR, Kumar R (2001) IEX-1, an
immediate early gene, increases the rate of apoptosis in
keratinocytes. Oncogene 20:7992-7997.

Spriggs D (2003) Optimal sequencing in the treatment of
recurrent ovarian cancer. Gynecol Oncol 90:S39-43.
Thompson CB (1995) Apoptosis in the pathogenesis and

treatment of disease. Science 267:1456-1462.

Warr MR, Shore GC (2008) Unique biology of Mcl-1:
therapeutic opportunities in cancer. Curr Mol Med 8:
138-147.

Wu MX, Ao Z, Prasad KV, Wu R, Schlossman SF (1998)
IEX-1L, an apoptosis inhibitor involved in NF-kappaB-
mediated cell survival. Science 281:998-1001.

Yoon S, Ha HJ, Kim YH, Won M, Park M, Ko JJ, Lee K,
Bae J (2009) IEX-1-induced cell death requires BIM
and is modulated by MCL-1. Biochem Biophys Res
Commun 382:400-404.

Zhang D, Li F, Weidner D, Mnjoyan ZH, Fujise K (2002)
Physical and functional interaction between myeloid
cell leukemia 1 protein (MCL1) and fortilin. The po-
tential role of MCLI1 as a fortilin chaperone. J Biol
Chem 277:37430-37438.

Zhang Y, Finegold MJ, Porteu F, Kanteti P, Wu MX
(2003) Development of T-cell lymphomas in Emu-
IEX-1 mice. Oncogene 22:6845-6851.

(received 8 March 2010, received in revised from 27
April 2010, accepted 28 April 2010)





