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Modulation of Cell Cycle Regulators by Sulforaphane in Human Hepatocarcinoma HepG2 Cells. Song-Ja
Bae', Gi-Young Kim’, Young Hyun Yoo’, Byung Tae Choi* and Yung Hyun Choi*". 'Department of Food and
Nutrition, Silla University and Marine Biotechnology Center for Bio-Functional Material Industries, Busan 617-736,
Korea, *Faculty of Applied Marine Science, Cheju National University, Jeju 690-756, Korea, *Department of Anatomy
and Cell Biology, Dong-A University College of Medicine, Busan 602-714, Korea, Departments of 4Anai‘omy and
*Biochemistry, Dongeui University Oriental Medicine and Department of Biomaterial Control (BK21 program), Dongeui
University Graduate School, Busan 614-052, Korea — Sulforaphane, an isothiocyanate derived from hydrolysis
of glucoraphanin in broccoli and other cruciferous vegetables, was shown to induce phase II detoxification
enzymes.and.inhibit chemically induced mammary tumors in rodents. Recently, sulforaphane is known to
induce cell cycle arrest and apoptosis in human cancer cells, however its molecular mechanisms are poorly
understood. In the present study, we demonstrated that sulforaphane acted to inhibit proliferation and induce
morphological changes of human hepatocarcinoma HepG2 cells. Treatment of HepG2 cells with 10 uM or
15 pM sulforaphane resulted in significant G2/M cell cycle arrest as determined by DNA flow cytometry.
Moreover, 20 uM sulforaphane significantly induced the population of sub-G1 cells suggesting that sulfor-
aphane induced apoptosis. This anti-proliferative effect of sulforaphane was accompanied by a marked in-
hibition of cyclin A, cyclin Bl and Cdc2 protein. However, the levels of tumor suppressor p53 and Cdk
inhibitor p21 mRNA and protein expression were significantly increased by sulforaphane treatment in a con-
centration-dependent manner. Although further studies are needed, the present work suggests that sulfor-
aphane may be a potential chemoprevetive/chemotherapeutic agent for the treatment of human cancer cells.
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cosinolate2 %E Aojx]= isothiocyanate o4 sulfor-

aphane [l-isothiocyanato(4R)-(methylsulfinyl)butane: CHsS
(O)(CH)eN=C=5]& Z& ¢ FLass 7HA, q54 2
AHE E3E g d8) Aol A androgen ] 9 EH O R
AAste AL FAEY F4E JAsted ad7t AN
E}"‘: AF7H LR F Y F A V15 2AMEM §

& BHE row 21,23 o}&# sulforaphaned Wt
9,*?*1101] 93 98& dl= A2A G4 (phase 2 enzyme)E
gAgtste] A EEE AEWAA AAS e AFHE 7HA=
AegE gaA Yo25]

Sulforaphane®] &¢+z&-of gt Ho] A7 AHE
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P340 G2/M71S AdHoE nBFozA G =
AL AT F e Aoz A 9ItH2,14,18,20,22,25).
o}-23 ]2 G2/M arrest apoptosis F2E FZAH WA
AAE AES JAsle Aoz BIFHH 23 Yu
[1420,2225]. 2eu} A 237 235% d8d 479 BFE
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o 1ol v AolatA BuHoH o1 Jleug ¢
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M W Mzuyet
B A¥e) ALEH . sulforaphane& Sigma Chemical Co.

(St. Luis, MO, USA)oll A #4342 10 mMe] FEZ di-
methyl sulfoxide (DMSO, Sigma)ell €83} -20Co] B3
3ka] AbESHAL, W3 A A WA B4 F ARSI
Ayl AHEE Y A ZFAQHepG2E T EF 23 oA
Thetd  Abgetgen, AEd uwides Ha 0%
Dulbecco’s Modified Eagle Medium (DMEM, Gibco BRL,
Grand I[sland, NY, USA)3} 10% %€ o} & ] (fetal bovine se-
rum, FBS, Gibco BRL), 1%¢] penicillin ¥ streptomycin
(Gibco BRL) $0] X8 WA S Agated o AE
37T, 5% CO, Zsto) A v Falsa, Mo 4 ot
2 Y% ARL Hady) A8 APAZ W 0.05%
trypsin-ethylenediamine tetraacetic acid (EDTA, Gibco
BRL)E A sl AEE 2HAIZ th2 A HiFE petrid-
ish2 &7 wjFstA.

MTT assayE Ol
gjo| zha

HepG2 N E &5 ]’.J_. 24A1 7 B9 kA ZA T F, sul-
foraphanes 2% F¥=8E A3t 48A13bF <t w43t A
th 1 &, Wl A& A A3l tetrazolium bromide salt (MTT,
Amresco, Solon, Ohio, USA) 21242 0.5 mg/mL F&7} 5
A BARAZ BAste EF83 3A 7 ¢ g F MIT
Ak AAST DMSOE #H7hste] welle] AAE for-
mazing E5 %9 ¥ ELISA reader (Molecular Devices,
Sunnyvale, CA, USA)Z 540 nmo| N FH=E 243l A
o w Ao A wlgFE dAE S sulforaphaneo] A2 H B A4
Mol AEEY ARES vastyrh Axygy Wl &
25 Y e A Tu Y petridishol] A EE 24A)7H59
QA 3}AI7] Tk sulforaphane S EEHE X7kl 48413
T NET &, =Y AvBsteM 4 xR ©E FE
¥stE dEsg

et HIE 8380 58 Y MESE

DNA flow cytometryOil 2Jgt MEF7(2| E4
AEF719] X v]X] = sulforaphaned] H&¢S ZA}
371 Y3l Cycle TEST PLUS kit (Becton Dickinson, San
Jose, CA, USA)E AM&-3t o, F4 2 sulforaphaneo| &
Fg g A 4817 g LA EES buffer solutiong:
ol &3te] T4 W Moy, Cycle TEST PLUS solution A
2 BE 294 7tz 1084 Hg 3 Cycle TEST PLUS
solution C& H3hel 4Tol 4 308 £ BAstA o] &
nylon meshg MXE shtdoz RzAz7l & DNA flow
cytometry (Becton Dickinson, San Jose, CA, USA)el] & £&-A]
A P wWE histogram® ModiFit LT (Becton
Dickinson) Z21#0 2 EXN3 9.

RT-PCROIl 2/t mRNA 48io] 2o
A7) FUF zHoZ FHE FAEE o=
TRIzol reagent (Invitrogen Co., Carlsbad, CA, USA)E 4T
4 1412F 9 Aelshed total RNAZ 22 sch. 2@
RNAE A %3 F, oligo dT primers} AMV reverse tran-
scriptase (RT)E ©] 23} 2 ug9] RNA|A single stranded
cDNAE FA3HTE o] (DNAE templateZ Al-&3} T2
A f A AHTable 1)
Hog ZE39th olu housekeeping ARSI glycer-
aldehyde-3-phosphate dehydrogenase (GAPDH)E internal
controlZ A48l th 2k PCR M EES 1% agarose gelS
o] &3t A 7|5t T ethidium bromide (EtBr, Sigma)S
o]-g3le] M3t & ultra violet (UV)3lell A &<}l

polymerase chain reaction (PCR)

Western blot analysisOl 9|8t CHEZ di5io] 24
/¢ 9 sulforaphanec] X2 " A oA 2 AXLEL



Table 1. Sequences of primers used for RT-PCR
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Gene name Sequence
Cyclin A Sense 5 -TCC-AAG-AGG-ACC-AGG-AGA-ATA-TCA-3
¥ Antisense 5-TCC-TCA-TGG-TAG-TCT-GGT-ACT-TCA-3’
Cvlin Bl Sense 5-AAG-AGC-TTT-AAA-CTT-TGG-TCT-GGG-3
y : Antisense 5-CTT-TGT-AAG-TCC-TTG-ATT-TAC-CAT-G-3’
Cyclin D1 Sense 5 -TGG-ATG-CTG-GAG-GTC-TGC-GAG-GAA-¥
4 Antisense 5-GGC-TTC-GAT-CTG-CTC-CTG-GCA-GGC-3
Cvelin E Sense 5'-AGT-TCT-CGG-CTC-GCT-CCA-GGA-AGA-¥
4 Antisense 5 -TCT-TGT-GTC-GCC-ATA-TAC-CGG-TCA-3
Cde Sense 5-GGG-GAT-TCA-GAA-ATT-GAT-CA-3
Antisense 5-TGT-CAG-AAA-GCT-ACA-TCT-TC-3
cdio Sense 5-GCT-TTC-TGC-CAT-TCT-CAT-CG-¥
Antisense 5-GTC-CCC-AGA-GTC-CGA-AAG-AT-3
Cdkd Sense 5-ACG-GGT-GTA-AGT-GCC-ATC-TG-3
Antisense 5-TGG-TGT-CGG-TGC-CTA-TGG-GA-¥
Cdké Sense 5-CGA-ATG-CGT-GGC-GGA-GAT-C-¥
Antisense 5-CCA-CTG-AGG-TTA-GAG-CCA-TC-¥
53 Sense 5'-GCT-CTG-ACT-GTA-CCA-CCA-TCC-3
p Antisense 5-CTC-TCG-GAA-CAT-CTC-GAA-GCG-¥
’ Sense 5-CTC-AGA-GGA-GGC-GCC-ATG-¥
P Antisense 5-GGG-CGG-ATT-AGG-GCT-TCC-3'
o7 Sense 5-AAG-CAC-TGC-CGG-GAT-ATG-GA-¥
P Antisense 5-AAC-CCA-GCC-TGA-TTG-TCT-GAC-Y
GAPDH Sense 5'-CGG-AGT-CAA-CGG-ATT-TGG-TCG-TAT-3
Antisense 5-AGC-CTT-CTC-CAT-GGT-GGT-GAA-GAC-3’

Ol
-

ofl
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, 14,000 rpmo 2 1587 947 estd 1 4
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F(Bio-Rad, Hercules, CA, USA)E o] &-3to] 24319
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Science Corp., Arlington Heights, IL, USA)& A&7l o}
& Xray filmol] Z3A1A &4 dulde] g 48t
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HepG2 A28 F4d vlx = sulforaphanes] H&S =
ALal7) fsted Ful® HepG2 ) Eo) 48417 F<t sulfor-
aphaned A4 =& 345t A F, MIT assayE 4
Netgon, 1 A7E Fig 1Ad Yehl o). Fig. 1A o}
ER vhe} 2ol 48A17F F3F A wi Aol A A= HepG2 A
o] ¥sle] sulforaphaneo] &8 ¥iAd M= sulfor-
aphane®] H7} = 9EZHOoZ HX o F4o| wje A
S ¢ F ANt & 10 M A=Y B9 izl vl
gt 30% ol MEZ Aol AA Ao, 20 pM AT o
Mg ¢ 80% Ax] AEFA JAAGE 2T 5 A%
a3 30 pM HYZFAME AEE0] 10% o3tz Yeht
HepG2 A Z7t A4AQ] &S A RaHeS ¢ + U
Atk o] AREE A FLYHAE, APRAGAE, i3
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Fig. 1. Anti-proliferative activity and morphological changes
of human hepatoma HepG2 cells following incubation
with sulforaphane. (A) Cells were seeded as described
in materials and methods, and treated with various
concentrations of sulforaphane. After 48 h incubation
with sulforaphane, MTT assay was performed. Results
are expressed as average of two separate experiments.
(B) Exponentially growing HepG2 cells were incubated
with sulforaphane for 48 h. Cell morphology was vi-
sualized by inverted microscopy. Magnification, X200.

]

g

THE, AZLAE L 44 BEF SN BF
AYAdrEdr FEd 2+ FAS 3348
22 2[2,14,18,20,22,25], sulforaphane& ZHHA| E
2 PAEAMHE B3 FHAA G50] Y&
At} ol-€# sulforaphane?] 227} HepG2 A ¥ 9] &
o g FF& T+ Ao gl Yolry] 943t o FE 9
sulforaphane-$ 48A12t5Q M2 ¥ £ Hu) A& o] &3t
Axe Fef g #A3 Avt= Fig 1B Jehd nle}d 7o)
% sulforaphane 2] T EFHOo g HAF AELEY
ZaaRT A HgtE #F & & lon, sulfor-
aphane?] A# ¥% Z7}o] w2t MZ ¢ shrinkage %
blebbing BYE B + YUL, AY¥EI}t ¥ FS
cell elongation& X 83}= dendrite-like structure’} #25
Ath. o} 2] & sulforaphane 2] s 9| &2Q Fe)z ¥3}
o} Wr 9] 74 & Fig 1A Ugdl sulforaphane # 2ol o}

L ol

9 2

2
N

™

mlo 'S,
w2
4 Hi

2 0rr o

2l
=

jq,o_g_ o}

- AT

rl

g AE 34 dA e

MIZEZ7| 220 0]X= sulforaphane®| Y&k
AZ S47 P8 AXEF7Y 2H L 2 774 #43)
© ¥ 13RS 93 2@H e, VEFog AxF
7] checkpoint 2} A 7]o] Q.FHe ¥4 2H A9 cyclins
o] 93t} Cdkssto] complex H4S 53 A&7 &4
E84o] ZAEHNTH24,28] MEF7] - BFA &
HNEE MEF7]9 838 7|8 APoE Ao & 5
Aow, B A719 AxF7] dAle ATFE7 2F G4
Aol B A3 e 54 2 AAY A 9@ Ao
2 9% & 9lt}6,24]. wWebA sulforaphane?] 2]} o7
HepG2 AT 4R AA AEF7] 55 A7l o
I B E AYeAY ARE ZAE] Y3t MEFY)
#3xo) v]X& sulforaphane?] 4§ ZAIGD ol ¢
sto] 4 2 t%F 559 sulforaphanec] Az g 8=
A 48A17F w3t & flow cytometerE o] &3le) EA3 2
# Fig 2A 9 Boll Vet vpe} 2t} AN & 5 ,\l}\
o] sulforaphaneo] 3= oF& AA vzl A 23 ¢A
o] AL G1, 5 2 G2/M7]Y SZEE AT Hl
62.03%, 23.69% % 1341% A= ¥t 281 5 1M e Z9
+ G17], S7] & G2/M71Y Nz e HE7H FAEAL
Y, 10 tM HIZAME Gl 2 G2/M7I7F 4 27}
(71.62% 2 1590%)5 v A4 BoFon, A4 oz
S71e) &3t Alxe WE(1030%)e ZAHEAYT 28t 15
M AT ME G2/M7]9 &3te A2 N7t T
o vlated of 28 F= F7H26.71%)H R 2H, S7)o) &3k
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(UM} SubG1 G1 S G2iM
0 127  62.03 23.69 13.41
5 1.43 66.64 18.42 13.82

10 255 71.62 10.30 15.90
15 262 6293 7.87 26.71
20 54.62 25.80 7.67 12.16

Fig. 2. DNA-flourescence histogram of human hepatoma
HepG2 cell nuclei after treatment with sulforaphane.
(A) Exponentially growing cells at 50% confluency
were treated for 48 h with indicated concentrations of
sulforaphane. Cells were trypsinized and pellets were
collected. The cells were fixed and digested with
RNase, and then cellular DNA was stained with PI,
and analyzed by flow cytometry. (B) Fractions of each
cell cycle phase of HepG2 cells cultured in the absence
or presence of various concentrations of sulforaphane.
Each phase was analyzed by flow cytometry after 48 h
treatment with sulforaphane.

mid G119 A& D-type cycling] 2388 HQo 2 &0, late G1
A 87129 IYPE YHME cyclin E9] @Eo] FrlE o
obahr}24,28]. &)1 STl A G272 9] Y 2 G279 M
7] 18 Fetdl= 77} cyelin A 2 B-type cyclin?] g+& o]
Z7tEojolgtt). 18l o] F cyding& 573 Cdkse} 5ol
A9 Ao 93l cyclin/Cdk complexE A8l A EF
NAYPE 2HFTH6,24]. 53] Cdk2= cyclin Ash A g3}
S71¢ G27] B¢ A&-g[7,9] st ¥ Cde2E cyclin B13}
AgrslA e histone H13 lamino] 214ta}d] 2}3) kin-
ase @40 Frlete dute 53 9 A9 Aol ¢
olubd M7 R1go] dr}1519]. wetA HepG2 ZoHHIE
o A sulforaphaneg] zg]o] W& AEF7] Zzd#Ad 7|HAE
ZA4817] A3k} cyclins 2 Cdkse] #@o] v & sulfor-
aphane®] 43S RT-PCR ¥ Western blot Ho.2 W=
Abatsdth Fig. 3A € BY] A#oM & 5 9%0] ZAE cy-
clins &, cyclin D1 2 cyclin E&= @A} 2 MG £2 A sul-
foraphane o] w2 & WsE #2E 4 Utk 18n
cyclin A R cyclin Bl §A] MAF =AM = & W37} AU
o0l @A WL sulforaphane X7 % 9FFH o8 o
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Fig. 3. Effects of sulforaphane treatment on the levels of cy-
clins in human hepatoma HepG2 cells. (A) Cells were
incubated with sulforaphane for 48 h and total RNAs
were isolated and RT-PCR was performed using in-
dicated primers. GAPDH was used as a house-keeping
control gene. (B) Cells were incubated with sulfor-
aphane for 48 h, lysed and cellular proteins were sepa-
rated by 10% SDS-polyacrylamide gels and transferred
onto nitrocellulose membranes. The membranes were
probed with the indicated antibodies. Proteins were vi-
sualized using ECL detection system. Actin was used
as a loading control.

T A dAHAS S & AAJTh 28]z Cdkse] 2
o v = sulforaphaned] P& ZFALS A3l Fig 4A
Bollq & 4= 9U%0], 2AME 471X Cdks ¥ Cdk2, Cdk4 ¥
Cdké6= AL 2 A SFo)| M sulforaphane] A 2jd] w2
& ¥sts 22 & en, Cde29] 9 10 uM o4 A
gl A A Bde] HA Esiet of2d G2/MY] 2EHY
Aol S FEE Weel E Cdc25Ce] 28 HA] il g £330
A o ZeA AAHJT dgAFe ofsta AA FEed
MCEF-7 M EFo} A sulforaphaned] & g G2/M
arrest 22 cyclin B12] @& Z7}o] w2 histone H19 ¢}
43 Z7heh el At Ru g wh oh14] 2y
PC-3 A4 APMMENAM sulforaphane H o) w&
G2/M arrestil &= 23] cyclin Bl, Cdc25B & Cdc25Ce]
dao] ZHAEHEA Cde29] its} 719} ?‘33’&‘3"]“9\)‘\7‘3 A
o2 Bud v Juh25]. 53 sulforaphane A zlo) m&
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Fig. 4. Effects of sulforaphane treatment on the levels of Cdks
in human hepatoma HepG2 cells. (A) Cells were in-
cubated with sulforaphane for 48 h and total RNAs
were isolated and RT-PCR was performed using in-
dicated primers. GAPDH was used as a house-keeping
control gene. (B) Cells were incubated with sulfor-
aphane for 48 h, lysed and cellular proteins were sepa-
rated by 10% SDS-polyacrylamide gels-and transferred
onto nitrocellulose membranes. The membranes were
probed with the indicated antibodies. Proteins were vi-
sualized using ECL detection system. Actin was used
as a loading control.
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post-translational &4 o 24 @& Ao g A7t 3
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Cdk inhibitors= cyclin/Cdk complex9} Aeiz oz A
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A AEF71Y {ﬁé‘s AA st F23 _%Z:;]?_

p21e] EA438td = p530] Boste Aof duk

o FRY A 2 FHEAY of wabr p53 BHZ
2 ARE Fsho] p2lo] F4gHEdRT: EHA
(34,2930]. L&} CIP/KIP Tl &3+ ploe] 2% 4ukE
o2 G17] arrestell ¥+ #ojsls Aogw 4dA glon, p27
GA] G17] arresto]] = Q3}A|qF REA 0 F G2/M7] arrest
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Fig. 5. Induction of tumor suppressor p53 and Cdk inhibitor
p2l by sulforaphane treatment in human hepatoma HepG2
cells. (A) Cells were incubated with sulforaphane for 48 h and
total RNAs were isolated and RT-PCR was performed using
indicated primers. GAPDH was used as a house-keeping con-
trol gene. (B) Cells were incubated with sulforaphane for 48
h, lysed and cellular proteins were separated by 10% or 12%
SDS-polyacrylamide gels and transferred onto nitrocellulose
membranes. The membranes were probed with the indicated
antibodies. Proteins were visualized using ECL detection
system. Actin was used as a loading control:
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