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Abstract — Cell response to genotoxic agents is complex and involves the participation of different
classes of genes including cell cycle control, DNA repair and apoptosis. In this report, we
presented a approach to characterize the cellular functions associated with the altered transcript
profiles of MCF-7 exposed to low—dose in vitro gamma-irradiation. We used the method of
human 2.4 k ¢DNA microarrays containing apoptosis, cell cycle, chromatin, repair, stress and
chromosome genes to analyze the differential gene expression characterization that were
displayed by radiation—exposed cell, human breast carcinoma MCF-7 cell line, such as 4 Gy 4
hr, 8 Gy 4 hr, and 8 Gy 12 hr. Among these genes, 66 were up-regulated and 49 were down-
regulated. Specific genes were concomitantly induced in the results. Cyclin dependent kinase 4
(Cdk4) is induced for starting the cell cycle. This regulation is required for a DNA damage-
induced G1 arrest. In addition to, an apoptotic pathways gene Bcl-w was concomitantly induced.
Mismatch repair protein homologue-1 (hMLH1), a necessary component of DNA mismatch
protein repair (MMR), in G2—M cell cycle checkpoint arrest. The present study provides new
information on the molecular mechanism underlying the cell response to genotoxic stress, with
relevance to basic and clinical research.
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A EA}E (Sheard et al. 1997), DNA 4241 (Bashkirov et al.
2000) 57 #E o8 FAAY] LES WIAA o
okgl A 22 uh-2-& §-= 3} (Papathanasiou and Fornace
1991; Fornace et al. 1999a).

WAL M7k A2 oke]zl MCF-7 Al £ (O’ Connor
er al. 1997; Fornace et al. 1999b; Soto et al. 2000)= 2]
o FASA 2B HF wgAd o] FHolu v
A7l F2 ALHE HExFon.

MEz7F FASA 2EHZ A =2HY, Az F7)
Az ZJEE HE F7)& dAHRE FI3ld A=Z
7V BA mi ZApEd dAle olzr] AHe)| £4d
DNAE £AM&8 4 9)== 31 (Fornace ef al. 1999a).
Cyclin—dependent kinase 4 (Cdk4) §-HAE= Gl F7]| A
cyclin D&} B3R5 3 Asle] GI-S A EF7]2] 244
z2.5} 51, a}2to}E (retinoblastoma : Rb)2] 7% =4d&
28] gkc} (Gabrielli er al. 1999). Bel-ws A A} (apop-
tosis)®] =HALZ #H-g-sto] DNA &4l &3 AlZAME
Ao} Azl e Eoz 2Us, 2 fpal
£} bl A (mismatch repair protein homolog, hMLH1)
2 G2M A= ZdEA DNA 272 Ao d4A
ql Aoz B a=EE (Berry er al. 1999).

melA], 2 dF= MCF-7 A2 3 2AW ope
DNA damage response S AHH B7] ¢8] vWAMA A2 &
woF A7kl e §-dAbe] Wl oF4k& cDNA microar-
ray® AHgstel FshaAl sk

e o WY

1. Az wj

MCF-7 A% (Pratt and Pollak 1993)% 3tefdjsln o
s GRS )BT we AN $F 2
3, Al 22] wjek2 10% fetal bovine serum (Gibco-BRL,
USA) 100 units mL~'2] penicillin, 100 pL mL-'9] strepto-
mycin (Gibco-BRL, USA)e] 2&3 Dulbecco’s modified
Eagle’s medium (DMEM; Gibco-BRL, USA)E& o] £3}¢]
5% CO¢} 37°C7}F A5 wiek7lel A 124]2F vl oF3}
ot

2. WA 24

WA AR Agdista ofFdiete] uhatd zAb)
71 (Cs-137 irradiator, USA)E o] &3} 11, Al&5 HRA}
A 71E82 282.2 cGy min~! o] gt} (Park et al. 2003). A
YT MCF-7 AZo] Aie apd ALkt whapa

AL F woF ATl whEl A¥E A(4GY4H), B
(8GY4H), C (8GY12H)2 1}xglom, 7+ Agze] =7
2 g3 2o AYT A 4Gy (18 252)2 FolF
F 4 7ZF W<kl L (AGY4H), AT BE 8Gy Q% 5
Z)2 ZAPte] 4217 vl okstel o (8GY4H), A¥ - C
T+ 8 Gy Q¥ 50x)¢] wpAbAd-& A= sled 124]7)F wljoF3}
S} (8GY12H).

3. Total RNA 3 2 $al

Total RNAS] 22]+& Trizol B} (Gibco-BRL, USA)e]|
we} 2+ AlgE A (4GY4H), B (8GY4H), C(8GYI12H) 2
R AA sl e} (Chomezynski and Sacchi 1987). 9163l
RNAZ2| 3l 1% 2E9dslo]= o7tz Ao 4=
8 5193w} (Lehrach et al. 1977).

4. Probe W]

Z+ A& F A@AGY4H), B (8GY4H), C(8GY12H) =R
$H13 probe A AL -3} 2o} Zh7he] CyS probe
2} Cy3 probe: total RNA 50 ug, mRNA (1.0 kb), oligo-
dT (1.5 ug), DEPC-Xe]§l "2 #H7ste] 7+ probe
9 B3lZ 205Ul w3t

AP+ A, B, CollA Fulsl Z2+2] Cy3 probe, Cy5
probe 70°CollA 5% ZoF WA A& 7A 5x
Avian myeloblastosis viral (AMV) reverse transcriptase
(Promega. USA)ell 2|3 RT-PCR #3}4-& <$s§3tgrh
RT-PCR %72 AMV buffer (Promega, USA) 8 uL, low
dT NTP (5 mM dATP, dGTP, dCTP, 2 mM dTTP) 4 uL,
Cy3-dUTP (Amersham Bioscience, USA) 4 uL, Cy5-
dUTP (Amersham Bioscience, USA) 4 uL., RNase inhibitor
1 uL, AMV reverse transcriptase (20 unit uL™1) 2.5 uL&
Ar)shel wbgale] REE 40pLz B 7H7te)
Cy3 probe, CyS probeZ 42°CellA] 1417} E<b Hl-g-3le]
AMYV reverse transcriptase® A 7}ske] RT-PCR HF-&
S8 8193}, HH-2-2 0.5 M ethylenediamine tetraacetic acid
(EDTA) 5uL, IN NaOH 10 uLE #7}sled 37°CellA] 10
¥ Eob wbS AT uhg-galo] | M Tris-HCI (pH 7.5)
buffer 25 ul.E A 7}3}3. CentriSep spin columng Al
&te] 1,000x gol| A 383 14 Flstu=. 9448t
Bt ubge] FH| & probed Arisled 2.5v) Hz)e
100% ol er-& 250 ul, 0.1v] 23]¢] 3 M sodium acetate
10uLE H7kstel 2 A& F —70°CellM 152 F<t %
A 8kedch. AAE cDNAE 15000% g, 4°Coll A 152 %
o WA EEFa 0% owe ImLE AA s, W4
25 E3)| pelletZ £2]3l93v}k Cy3 probes}t Cys

e
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probe 7 #3&}ed 7}7} hybridization buffer 7.5 uL¥® A
7}8le] 15uL®} probed F8]3lsIH

5. Prehybridization of arrays

R o] A}L3 Human 2.4k ¢cDNA microarray
(Macrogen, Korea):= apoptosis, cancer, cell cycle, chro-
matin, chromosome, stress, repair, proteosome, brain, cyto-
kine, cytoskeleton, hormone, metabolism, mitochondria,
transport 5 HF 1,800/ 2] §HAke} 300437 2
EST, 1002471 2] unknown gene-2- Z &3} 2,400097) 2] &
A2 YRE A chipozA], ¥ WA @79 SHe
B A4S 23T Qo] B AFFd) At
Aet. Array $]of Eulg dspe|nl= 49 (prehy-
bridization buffer) 15 uLE Qo] 1, g7 (& o
o] AbZellA 2412 Ft WA A 2xSSC
(saline sodium citrate buffer), 0.2 X SSC &4 o 7 z}z}t 2
270 AH ] 94 B2 140X gol A 383} Az
=},

6. Hybridization and Scanning

3415l DNA probe 15 uLE 9 7lto g 9hEo], |
A 4ElE 9 & 62°C stolnal= 3A7| (hybridiza-
tion incubator (Finemould Precision Ind. Co., Korea))el| A
12X} g<t dfelBel= gk3-& ot AL Al
EFolE A2 g4 & (2 X SSC/0.2% sodium dodecyl
sulfate (SDS))& o] 4-3ed 58°CollA] 304 Eqb 23] A)
A3, 0.05%XSSC & oz 5E7L AhLoir] A|F sl
ANBL L 140xgol A 387 Azstoic Ashe] #A
2 GMS418 270y (Affimetrix, USA)2} Imagene 3.0-8
o]-g-3fted olmA] wlm, ML 33} (Park et al.
2003).

A AFe] B2 AR e] AV HES A
Zrol whZ MCF-7 A £2] DNA damage ¥H2-& o 73}
71 $)8le] A& A (4GY4H), B (8GY4H), C (8GY 12H)
E 53t AR HE oFAs ARSI vl fAA
(Control gene): lambda DNA ©#H-2 AL4-3}9] 37, A3
T A, B, Caxe] Ztz} 046, 047, 0.452] Pearson corre-
lation k& AH. o] 53 3712 AFH =AM A
BHe olrge sk

FAAL) BY W opae VEoR W) 27}

-

2 7k4g shotslsdc) (Eisen ef al. 1998). o]2] &k 7] &
ulg} vla §&K 22 A eldl lambda DNA @ B o} log,
Zhol 1w o] (&, R} 2u] o)ih 3" K12t
o Astsie) wale] wsle BASA wHo) W
TERd A 1154 FlA 667hel AR walo]
ZF7 E 9l eH, 49708 fAAE L] ZAFHAH
(Table 1).

Aol of M Z el WAMAE ZAbsle] AR W
e AT dw A A7 p53 wild typed 2
X ML-1, Mol#4, SR, A549, MCF7, RKO2} 67 A =F
¢} p33 mutant typeS z+E= CCFR-CEM, HL60, K562,
H1299, RKO-E6, T47D2] 67§ A Z=Fo| 20 Gy2] YA
Aejsted 4412 ek % el §04 TR ks
alkylating agent, UVE FAlste] 4417} & #aAHE= &
AR B FE obgy ¥AF A} (Fornace et
al. 1999b). 20 Gy2] YA€ MCF-7 M ZFe] j2)3led 4
Azt wWep F Soldel W e bl fAAE
FRA1 9.54)), REL-B 4.4uj], MDM2 2.5, CIP1/WAFI
22.40], BAX 298] 2 Z7}%) ¢} (Fornace et al. 1999b).

W, 2 A7 5953 3709 A¥EE A (4G4H), B
(8G4H), C (8G12H)2RE] f-4A} Ao Z7} 9
Zad WaE Jehl 49459 $AE odlel zo|
e} gl o} (Table 2, Table 3 and Table 4). Fornace Z2.5-2]
AR Teh 2 Aol vkt 417 2P A
ol 4Gy, 8Gysl We =) WASH Nz e
wj kA 7ol whel WA EE mRNAS] Ffel 7]8 7
o2 Alg 3t}

2 AFelAE BRde) W ek Fo 47
A5 = MEF7], A ZEAME, DNA repairel] 2438 F
A B ok B A H A2 HE, Cdk4s} cyclin D19 £
AApe) wgo] g Z7bgre &Helsldnt. Cdk4 %47}
o] W2 AL A UG4H)OIAM 1.24, B (8G4H)<IA
1,84, C (8G12H)ol| A 2.08 Z7}st9dr, TA)ol] Cdkas)
2gA& §A43he cyclin DI Halo] APE A, B,C

Table 1. The transcriptional response of MCF-7 cell line to Y-

radiation
Number of known genes
Treatment
Induced Repressed

4 Gy4hr 27 11
8 Gy 4hr 25 17
8 Gy 12hr 14 21
Total 66 49

*We found that exposure to y-ray alters by at least a logs factor of 1.0 the
expression 115 known genes and of an equivalent number of expressed
sequence tags in the following conditions of 4 Gy 4 hr, 8 Gy 4 hr, and 8 Gy
12hr.
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Table 2. 4G4H gamma radiation-induced fold changes in expres-

Table 3. 8G4H gamma radiation-induced fold changes in expres-

sion sion

Induced genes (27) log; factor  Function Induced genes (25) log; factor Function
CdcS5 -related protein (PCDCS5RP) 6.8 cell cycle T-cell specific RANTES 638 cell evcle
Histone H2A.Z 6.2 chromatin protein precursor ’ y
TRRAP protein/ATM -related protein 54 apoptosis Apoptosis related protein APR-3 6.2 chromatin
Eukaryotic translation 51 RNA GADD153 7.9 immune

initiation factor 1A ) ’ CD44 73 apoptosis
Monocite differentiation antigen 5 ch Neuronatin 71 apoptosis

CD14 precursor Cyclin G 6.8 D
p2l/WA.‘.F1 . ) 438 cell c'ycl.e Vesicle docking protein (p115) 5.4 brain
Small zu}c finger-like protein (DDP2) 4.6 transcrlptlon Mitogen-activated protein
Endozepine 4.4 cytokine kinase 7 (MAPK?7) 4.7 cell cycle
Tissue inhibitor of metalloproteinase 3 3.9 coagulation Thioredoxin isolog 45 endocytosis
Heterochromatin protein . 14-3-3 4.4 ienali

o 37 chromatin v - signaling

! homolc?c gamma . Cyclin T2a 4.0 repair
Amyloid-like protein 2 precursor 3.6 apoptosis 60S ribosomal protein LS 338 signaling
Hsp70 ) 36 stress Cyclin DI 36 celleycle
Estrad101‘17 beta—dehydrogenase 2 34 horma?ne M-phase phosphoprotein (mmps5) 32 ribosome
Interleukin-11 receptor . 34 . cytokl.ne. Hsc71 32 cell cycle
Erythrgblast macr9phage protein EMP 3.0 dlfferent'latlon HRADO/cell eycle checkpoint ’g Level
Glutathione peroxidase precursor 29 repair control protein - cellcycle
Transposon-like element . Proliferating cell nuclear antigen

THE-7 sequence 2.8 transport (PCNA) g g 28 stress
Ribosomal protein S3a 2.7 ribosome Calmodulin (CALM1) gene 2.6 cell cycle
Histone HI (0) 2.7 chromatin Histone H3.1 26 cancer
Ribosomal protein L14 (RPL14) 2.5 ribosome HMG box containing protein 1| 25 calcium
Calmodulin 2.4 calcium Centromere autoantigen C (CENPC) 2.4 chromatin
Retinoblastoma-binding protein HMG-17 f ~hi

23 cancer gene for non-histone

(RbAP_46). ) chromosomal protein (HUMAN) 2.4 chromosome
¢—myc binding protein/MM - 1/CA 23 transcription Histone H2B 23 chromatin

repeat+ . Zinc finger protein 207 23 chromosome
bcl—w/KIAA9271 . 22 apoptc)?ls Transcription initiation factor TFIID 2.2 chromatin
Nucleoside diphosphate kinase A 2.1 metabolism
Hsp82 2.0 stress Repressed genes (17) log, factor Function
Glyceraldehyde -3 -phosphate . Transporter protein -4.6 transport

1.7 metabolism

dehydrogenase (GAPD) Cytochrome c oxidase polypeptide 111 -3.3  mitochondria
Repressed genes (11) log; factor Function Osteopontin precursor -2.5 bone
Chorionic somatomammotronin Amiloride-sensitive amine oxidase ~-2.4 metabolism

hormone CS-2 P -5.9 hormone Adenylate kinase 3 -2.3 metabolism
Insulin-like growth factor IT -4.2 signaling Neurom(.)du.lir.l —2.2 brain.
Guanidine nucleotide—binding protein, 38 onali ATPase inhibitor -1.9  metabolism

G (i)2, alpha-subunit . signaing NADH - Ubiquinone oxidoreductase B9 ~ -1.8  mitochondria
Procholecystokinin precursor -3.6 hormone Arginine methyltransferase -1.7 metabolism
Oncoprotein 18 (Opl8) gene, i Immediate early response protein _ .

complete cds. -2.6 cancer B61 precursor 1.6 transcription
Perosin -2.5 unknown Cystatin ¢ precursor -1.5 metabolism
60S acidic ribosomal protein P1 -2.1 ribosome Alpha II spectrin -14  cytoskeleton
ERK activator kinase (MEK2) -1.7 signaling TRAM -1.3  translocation
estrogen receptor -1.5 EST Zinc finger protein (Myc-associated) -1.2  transcription
Eosinophil granule major basic _ . . Autocrine motility factor receptor _

protein precursor 1.3 differentiation precursor 1.0 cancer
Chorionic somatomammotropin “i2 hormone Brain acid-soluble protein 1 (BASP1) -1.0 brain

hormone CS-2 ) Protein kinase C substrate (80K -H) -1.0 signaling

SlA Ztzh 2.6, 3200, 249 Z7eiseh 4 ARE
oA MzF7]el Fefsle 270 A F24 A
Z718l= 4 H "S- el Cyclin DI radiation

o)) o) ipsilateral breast tumor recurrence (IBTR)ol| 4] <]

F% B ¥ 5 AU Az2A A4

S e Ao

2 A= (Turner et al. 2000). ¢} £} g7, Cdk4 §-4A =}
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Table 4. 8G12H gamma radiation—induced fold changes in expre- Bel-w -7 2}= Bel-2 family2] A} 28 membero|w,
ssion ' Az A )fsg—% 4x3}e] apoptosis (M| EAFE) 2] =

Induced genes (14) log; factor Function AL vl s 2 7oA Bel-w SRxbe] wrale Al
Checkpoint supporessor 1 (CHES1) 9.3 cell cycle L A (4G4H)d *1 2.24], B (8G4H)o| A 2.1%, C
Heterochromatin protein HP1Hs -y 6.8 chromatin S ’o4 o o
Chromodomain helicase DNA 64 ehromatin (BG12H)oAM 2.2vi= #AEFG o™, Al 7He] AFFol

binding protein 2 (CHD2) | S B R P I P AR Y
RNA polymerase II enlongation

factor SITT * 63 RNA DTN A A=k amd g @ 0y,
Fibronectin precursor 5.7 cytoskeleton 8Gy2] A AA Bel-w 5 A o] B|£3 +F
Cy(cphlnngAk/gll?K2—assoc1atedpl9 5.4 cell cycle 2 Z7ke Azpz R vhabAde] 98 DNA £44o r’HH]
Member of DEAD box protein family 5.0 apoptosis sted ME o] AEAPEY 24249 AL 5T
Re(tgt?ila:g;ma binding protein 48 cancer 4= 314l=} (Pritchard er al. 2000). DNA mismatch repair

p . -

Aurora-related kinase 2 (ARK2) 42 apoptosis protein (hAMLH1)-S A&7 A (4G4H)ol| A 3.0ul, B (8G4H)

Myosin phosphatase, target
subunit 1 MYPT!)

oAl 1.4Wl, C (8GI2H)o|A 3.3ul= FEFow, B3
Hx7t ZA gdsidst AlErbske '] Yepte

4.0 cytoskeleton

M phase phosphoprotein 10 3.8 cell cycle R > S
Mismatch repair protein homolog 33 repair 71 hMLHI1 o} whAAe] 2]3F DNA base mispairing#;
hMLHI ) replication errorsS WA she], DNA £4 e o3k Al Z
Caspase~4/ICErel-1I/TX/ICH-2 24 apoptosis oo - P 3
_4——- 3]
CDK4 2.0 cell cycle & gz, A doll A3 G2-M A=z F
= LAL S 2R
Repressed genes (21) log; factor Function 7] zﬂ___EC"JE_E ;@ x] 3}5'1 3]'04 DNA <= ‘} = T ‘ib‘}
L. A Al AH”Hlo <) VA& 2~ 9 i
Latent TGF- binding protein -3.0 cell T 22 AxEe] Aoz BMT 4 T (Davis er
(LTBP-2) ) proliferation al. 1998).
H-cadherin -2.7 cytokine
Potassium voltage-gated channel _
(subfamily H) 2.3 transport
Fas Ligand =22 apoptosis 7é 2
Fibrillin-1{ -2.0 cytoskeleton
Thymosin B-4 -1.7 immune
60S ribosomal protein L28 -1.5 ribosome 1. ¥ A3+ MCF-7 Ml 2o WA & 2413l DNA
Cyclin D2 -1.4 cell cycle 24} vl exxle] whg] oFAMS cDNA microarayE &
Actin filament-associated protein -1.4 cytoskeleton ~ B A lo
Tubulin B -1.3  cytoskeleton 3ol 243
HIR (histone cell cycle 13 chromatin HJ’*]’*‘] ZALe] o3 WasEle] HiE vehd
regulation defectxv.e) _ A2 FHL AxX F7) (cell cycle), DNA 441 (DNA re-
Monocyte chemotactic protein “13 1 evel
3 precursor : cell cycle pair), Al E*}% (apoptosis) & FAAER FAFHACH
INF‘—y S -1.2 cytokine 3. MCF-7 A| 3o vAMA S ZA}Sle] WHEE o
Bt bamripton fctor 2 pid (12 wameipion 8l 4= Cdké, Bel-w, IMILHIS. ebe
Plasminogen activator -1.1 coagulation
Hemoglobin alpha chain -1.1 transport
40S ribosomal protein S6 -1.1 ribosome
Platelet-activating factor 11 lati A At
acetylhydrolase isoform Ib : coaguiation
KAPPA Casein precursor -1.0 transport -
X :,L__‘— 713 == o A
Syntaxin—~binding protein 1 (STXBP1) -1.0  cytoskeleton dTE ATIER AAHATEEZAR (2003,
Collagen alpha 1(XV) chain precursor -1.0  cytoskeleton 6.01~2004.5.31)¢] dgo=z PGS

o dHlo] FbEE AR Wbl s ps3el &&= %72 s
Hoz GlIHE F7& 23}l wafle] L8-§& £714]

711 FEAeRes AE 378 EdHez FA 5k Bashkirov VI, JS King, EV Bashkirova, J Schmuckli-~Maurer
9jr.e A5 AEH o0 i3t A e vhe] A]x and WD Heyer. 2000. DNA repair protein Rad55 is a ter-

o
o
2
%

_1
[+]
< #9138 4= 2%} (Reed er al. 1998). minal substrate of the DNA damage checkpoints. Mol. Cell.
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