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Acetaldehyde induces matrix metalloproteinase-9 gene expression
and promotes hepatocarcinoma cells invasion through nuclear

factor-kB and activator protein 1 signaling pathways
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f]}%ﬁ&ﬁ ¥ it s ¢ fET &1 4 )3 activator protein 1 (AP-1)¥ nuclear factor-xB
(NF-xB) ¢ d ** Matrix metalloproteinase-9 (MMP-9)kz# + & 5 AP-1 £2 NF-xB

Be o T g R AT 0 A R H B AL R L LT §

W

#4FF]F AP-1 &2 NF-xB 3% % MMP-9 s i m B¢ B E#H » &30s % £ 7
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Acetaldehyde, the very reactive intermediate of oxidative metabolism of ethanol,
is potentially associated with alcohol-induced liver diseases. Matrix
metalloproteinase-9 (MMP-9) is directly involved in human hepatic tumorigenesis
and metastasis. However, the relationship between acetaldehyde and MMP-9
expression in liver diseases is currently poorly understood. Herein we demonstrated
that acetaldehyde increased MMP-9 gelatinolytic activity and promoted cell invasion
through the up-regulation of MMP-9 gene transcription in HepG2 cells. The
transcription of MMP-9 gene was regulated by acetaldehyde via inductions of nuclear
factor-xB (NF-kB) and activator protein 1 (AP-1) activities. Western blot analysis
indicated that acetaldehyde stimulated the translocation of NF-kB into nucleus
through inhibitory kB-a (IkB-a) and c-Jun N-terminal kinase (JNK)/B-transducin
repeat-containing protein (B-TrCP) signaling pathways. Acetaldehyde also induced
AP-1 activity via the phosphorylation of p38 kinase. In conclusion, our findings
demonstrated that acetaldehyde activated NF-kB and AP-1 activities via IkB,
JNK/B-TrCP, and p38 signaling pathways, resulting in the induction of MMP-9 gene
expression and the increase of cell invasion. On the basis of these data, we suggested

that acetaldehyde plays an important role in tumor invasion and metastasis.
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¢ fi¥(acetaldehyde) E_UFp# 2335 ¢ 5d JF¥ 2 & f5 (alcohol dehydrogenase,
ADH)# dt#r2 4 ch HAAHR L3 RpH o ¢ FRw%e K ~ #rd] DNA B4
"% B 5 Wtz i £ (Obe and Ristow, 1979; Garro, et al., 1986) » F*% &-}iﬁ’.%‘« =
§ L RBpP T oo G ¥ oA SIAPTRCR s 0 BIA0AF L2 M (Morgan et
al.,2004)c 37 # R F AL HELH DA T R L - B0 THE A B TTR S
it (Lieber, 1994; Pares et al., 1994; Carter and Wands, 1988) - "IT‘ gLz ek T opE A

M oz tk HepG2 P » ¥ /% it & & %] 3 activator protein 1 (AP-1)¥ nuclear

factor-kB (NF-kB) (Roman et al, 2000) = m AP-1 £2 NF-xB ¥ it &7 ' 5 =% 2 & 45

>1w

ip B¢ (Huber et al., 2004) - @ ¢ fEA_F ¢ 55d AP-1 22 NF-«xB ae 6 g g # >

Eil IR N | O S I

etz 245 2 MMP chjp B (4

HHEEROES LG SRR RLIOR AR A2 A & R T R e
g F e AT e BRI AT R 2 LREE
fehi 5] (Lukashev and Werb,1998) o 3% % 34 B -K i i 38 i g% bm#2 ¢F ZLHT b
= 4 > # ¢ 12 Matrix metalloproteinase (MMP) 3 2 - MMP #_ Zinc-binding

endonuclease - B » H# % FRAREZE Afrmed L2 504> 7 e AR



MMP £ 3 % [ 2 545 8 1> bl4e interstitial collagenase (MMP-1)it 43 4~ f& % — -
= ~ = Al collagens (Collier et al., 1988; Glodberg et al., 1986) > @ stromelysin
(MMP-3) & 5 ~ f#% = ~ = 7] collagens ~ proteoglycan ~ fibronectin 14 2 laminin
7514 (Chin et al., 1985; Okada et al., 1986; Wilhelm et al., 1987; Saus et al.,
1988) - ¥ ¢k 72kDa % 92kDa =7 Gelatinase/type IV collagenase(MMP-2 2 MMP-9)
¥ & f# % w T A collagens-fibronectin~laminin 14 2 gelatins(Collier et al., 1988;
Murphy et al., 1989; Wilhelm et al., 1989; Okada et al., 1990) - F]1 i A &K% 7 7 3+

5 MMP st B > #7101 MMP 2§ A 8 BF € plaf A R ehie =6 o

MMP %235 5 4 Wigfzd S8 B8ad oo bl4Lieag T 2R o

&

WA o Tt B FOKRAFRR K AT WAL B o bldeo SR RILM & X
N ? P }]% (Nagase and Woessner,1999; Hulboy et al., 1997; Stetler-Stevenson et
al, 1993) o ¥ *h %5 MMP ¢ B A R W > #7r0spseniz f o 43 & f e df 2
% I+ 2 (Westermarck and Kahari, 1999; Stamenkovic, 2000) - i # % MMP ¥ %
= M e 7 dp ik (Paradis et al., 2005) > = 2 & MMP-9 &3 R4 R E 55 >

MMP-9 ¢ B3k AL AW % w A R v > i@ SR & 45 (Arii et al, 1996) -
MMP-9 fx#>+ + 7 AP-1 ¥ NF-«xB % & = (Sato and Seiki, 1993; Sato et al.,

1993) > rF Sk F2wadpd ¢ ¢ GHF I fET A NF-kB & 3 4w

ek Ao BT RA PR R AT V0 3 NFB & AP-1 0%



P 4e MMP-9 4 3 > @ AR f chiefe? HFE R end d oo

NF-kB 2 AP-1 & Fl#A ¥ chd & 12

B gk FIE Pl DS I RA TS A4 B¢ NF-B
2 AP-1 A A€ & £ 4 (Brach et al,, 1993; Liou and Baltimore et al.,
1993) o NF-kB & AP-1 £ 3|3¥ % {1 vl4ed £ F1F ~ mo2 % ~UV % § 1t
R A4 15 it (Johnson and McNight, 1989; Abate et al., 1990; Sen and Packer,
1996) > @ F i  cANF-kB 2 AP-1 P A F S A Fehd e 22 LA F B2 9%
f# 4% cn4p B 2L F] (Johnson and McNight, 1989, Liou and Baltimore et al, 1993; Sen

and Packer, 1996) -

NF-kB # % §_d Baltimore ** 1986 & % 3L « NF-xB &_d p50 ~ p52 ~ p65 (Rel
A) ~Rel B 2 c-Rel %= enff & 8 #& 45 F]+  (Siebenlist et al., 1994) - NF-kB = #
FA LT AP L F R AR FE R e MY FE R 44 (Karin
and Ben-Neriah, 2000) » =it ¥ #/%7 ,NF-kB & H #r4| 30 H kB % & A 5 &>
m R P o L HArk e X3 E 0 IKK € #-IkB ALt 0 T % B-TrCP &2
Brfs it enIkB B & 0 #-H iX 7] 26S proteosome 4 f# > IkB £ NF-«xB j#3g2_ (s »
i# NF-xB =t # = p50 2 p65 F-v F < nuclear localization signals % & 41 & » @ i

{# p50/p65 heterodimer % | sm# % ) o 5 v i 1 heterodimer € i&— # £ 3 Flix



R R AR LE o ERT A Feh4 3 (Baldwin et al., 1996; Barnes et

al., 1997; Manna and Aggarwal, 2000) -

@ AP-1 #_d Fos (c-Fos, FosB, Fra-1, and Fra-2) §- Jun (c-Jun, JunB, and
JunD) R2Ef = H ddmre {4 o V02 = (5% ¢ Bf £ & & ¢ (Brachetal,
1993; Liou and Baltimore, 1993) = AP-1 /% {4 % ¥ mitogen-activated protein (MAP)
kinases §%_ c-Jun N-terminal kinases (JNKs)~ p38 = extracellular signal-regulated

kinases (ERKs)* ¥ (Karin et al., 1997) -



Py #s
d 3% e FEV 1245 4 NF-xB > AP-1(Roman et al, 2000) > @ MMP-9 fx#+ + 3
AP-1 £ NF-kB % & 1= (Sato and Seiki, 1993; Sato et al., 1993) - fizF= 7T ¢ >
AP REF NI e FLE TG FF NF-kB & AP-1 5 {34 40 MMP-9 eh4
oo hEREAS AT BFE R nd d (B 1) AP ik BT ¢ IEY R
g G B oA S e iEY g d IkBINK 2 p38 i L RS R pEE

4 F]F NF-kB £ AP-1 & » fm?2 +2 ¢ 22 MMP-9 £ ¥ F pFerfads F 4
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e 3y % 2 M 4 (Stable transfection)
HepG2 cells fr Chang livr cells 12 z 3 10%*s# x5 (HyClone, Logan, Utah)
£1 Dulbecco modified Eagle medium (DMEM) (Life Technologies, Gaithersburg, MD)
37C# % - HepG2 cells 14 SuperFect® transfection reagent (Qiagen, Valencia, CA)
co-transfected 2.5 pg AlwNI-linearized pNF-kB-Luc # pAP-1-Luc DNA (Stratagene,
LaJolla, CA) = 2.5 png EcoRI-linearized pSV3-neo DNA - 48 /| pF (s » % fm¥e
2 4% 400 pg/ml G-418 (Promega, Madison, WI) & i (#,2001)° & ‘2 kw2 $k &
# % HepG2/NF-xB & HepG2/AP-1- 12 7 5 10%7":+ s i (HyClone, Logan,

Utah) % 400 pg/ml G-418 7 Dulbecco modified Eagle medium (DMEM)#2 % -

L A
¢ fig (Sigma, St. Louis, MO){| * phosphate-buffered saline (137 mM NaCl,

1.4 mM KH,POy, 4.3 mM Na,HPOy, 2.7 mM KCI, pH 7.2)#7 fie % - HepG2 cells 32
%> 25-cm’ flasks ¥ 24 P {55 4 » 12 DMEM #-f8 % I ik & 2 fE & 25-om”

flasks ¥y v F 4} parafilm #F £ 2 g cfigg o

Gelatin zymography

& AF 5% ¢ 1 gelatin zymography B w2 35 % 7% ¥ MMP &5 14 - HepG2

4%

cells M 72 kR ehe fErde 24 | s s el B2 R4 » 2 & 05

non-reducing sample buffer (0.5 M Tris-HCI, 20% glycerol, 10% sodium dodecyl



sulfate (SDS), 0.2% bromophenol blue, pH 6.8) > & 4CTf/* z 3 1 mg/ml
gelatin 71 7.5% polyacrylamide gels ™ 90 &R4FT A 120 4 454 L 3-9 F - Gels
2 {6 £ 1% 2.5% Triton X-100 & 10 4 4512 2 "% SDS 2. f$ ** incubation buffer
( 50 mM Tris-HCI, 10 mM CaCl,-2H,0, 50 mM NacCl, 0.05% Brij35, pH 7.6)*
37°C s % 48 -] pF » # MMP #-gels ¥ = gelatin -k % o # {4 12 Coomassie brilliant

blue R-250 2 30 4 43 > £ 14 40% methanol = 10% acetic acid i¥% - & & K f

™

gelatin iP/E {2 € R MEP 2 F F e S $ht (Bl 2) © Gels * hband 7§ & &

i #* Gel-Pro® Analyzer (Media Cybernetics, Inc., Silver Spring, MD) & 45 °

Reverse transcription-polymerase chain reaction (RT-PCR)

-

F1* acid guanidium-phenol-chloroform ;= 3 P~ HepG2 cells 7 RNA
(Chomczynski and Sacchi, 1987) > 1 pg 7 RNA 12 oligo(dT)s 73l + &2
SuperScript' III (Invitrogen , Carlsbad, CA)it 7 & #&4% o 2. {4 2 pul < cDNA 2
f1* Taq polymerase (Promega, Madison, WI)i& = PCR 142z <« MMP-9 Fr
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) cDNA & - PCR ? ¢ #* e
MMP-9 1313 B 7 i % 5 1 57-CGATGACGAGTTGTGGTCCCTGGGC-3’ » § %
% 1 5-AATGATCTAAGCCCAGCGCGTGGC-3’; @ GAPDH 513 B 7| % 5 ¢
5’-CACCCATGGCAAATTCCATGGCACC-3 > § % & : 5’-CCTCCGACGCCTGC

TTCACCACC-3’ -



2E fﬁ. MMP-9 fxf + 4 k48 £ 58 (Construction of MMP-9 promoter/reporter

plasmids)

MMP-9 wild-type # mutants £z + #_d Douglas D. Boyd (MD Anderson Cancer
Center, University of Texas, Houston)3t & o m B % 2 ﬁé MMP-9 kx#s 3 g
Hiroshi Sato (Cancer Research Medicine, Kanazawa University, Kanazawa, Japan)
(Sato and Seiki, 1993) © MMP-9 4 k3% % 5 48 2% MMP-9 fx# =+ + 1 -670 3|
+54 7 B4 PCR 3~ 1 > #-H 23 T pGL3-basic vector ° Wild-type f= mutant
7 NF-kB fv AP-1 % & &= & 7|~ %] 5 : NF-«kB (wild-type) GGAATTCCCC,
NF-«B (mutant) TTAATTCCCC; AP-1 (wild-type) TGAGTCA, AP-1 (mutant)
TATGTCA (B 3)° B {1 DNA ZAf:n 1% Qiagen plasmid midi kit

(Qiagen, Valencia, CA)® & #48 -

NF-kB 2 AP-1 /#1£p|3# (Luciferase assay)

HepG2/NF-kB~AP-1 57 F )k & ehe fE e 8 | FF2 14> 12 350 pl Triton
lysis buffer (50 mM Tris-HCl, 1% Triton X-100, 1 mM dithiothreitol, pH 7.8)i¢ ‘n
BfE o B 4 °CT 12,000 xg Hree 2 A4 o 2 (84 > 20 pl endmre A R & 20 ul
%4k EA|(470 uM luciferin, 33.3 mM dithiothreitol, 270 uM coenzyme A, 530 uM
ATP, 20 mM Tricine, 1.07 mM (MgCO3)sMg(OH),, 2.67 mM MgSQy4, 0.1 mM EDTA,
pH 7.8) 2 luminometer (FB15, Zylux Corp., Maryville, TN)/p| 24 % & » H {12

relative luciferase unit (RLU) % 77 % i & F a3t & 3 38§ o {feJd? w2 ch RLU



LA © EERIE e hRLU -

Biotinylated electrophoretic mobility shift assay (EMSA)

HepG2 cells a2 7 PR che fEfs o T B w2 % en% P~j% (Hsiang et al, 2002) -
% ® 10 pg 7 DNA 54 » € & NF-kB 3 & 0 biotin # 2nfE ik F e ie (7 7
J& o 1 6% polyacryamide gel 7 7 fs o 1 * £ ik % % &7 £ 12 blocking solution
fe grzb i B M e & = {2 4r ~ alkaline phosphatase-conjugated streptavidin
(Chemicon, Australia) > 12 chemiluminescence (ECL system, Amersham,

Buckinghamshire, UK) & ¢ > £ f]* X L2 7 B R -

¥—v Fi&# 2 (Western blot analysis)

HepG2 cells 57 F pF R e fF g (s 4] * 250 pl sample buffer (62.5 mM
Tris-HCI, 2% SDS, 10% glycerol, 50 mM dithiothreitol, 0.1% bromophenol blue, pH
6.8)H#-tm¥e 3 2 > 114z F A R ¥ % (Sonics and materials,Inc) 160 W 2 & 10 #; ¥ w2
w2 18t 4C T 12 12,000 xg Hres 54480 B 1S 100CE A S dse TR
10 pg H3-% 14 10% SDS-polyacrylamide 3-¢ B 7 i« » T rdpd il 5k 0 B 12
12 blocking buffer (20 mM Tris-HCIl, 140 mM NaCl, 0.1% Tween-20, 5% skim milk

powder, pH 7.6) reér2tiF B 4 cni & > o 214 4 » anti-IKK, anti-IkB-a, anti-p65,

anti-JNK, or anti-B-TrCP 4248 (Cell Signaling Technology, Beverly, MA):£ i7 52

10



& i¥* {2 > 4v » peroxidase-conjugated anti-rabbit antibody 14 chemiluminescence

(ECL system, Amersham, Buckinghamshire, UK) & ¢ » £ f]* X k@ * B -

R e & 45 A 4 ciR]3E (Invasion assay)

e P PR EAL VTR £ F L B e LT a4 0
Matrigel-coated film insert (8-um pore size) t % % Z — & Matrigel matrix » £ #-
Matrigel-coated film insert ¥ ** 24-well invasion chambers (Becton-Dickinson
Bioscience, Franklin Lakes, NJ)iB| Z_ (B 4) > & 6B me L@ i 4 07 g
matrix &4 1 T & -HepG2 cells (5x10%) £ 2 &% % ¢ e 200 ul DMEM R &
{¢ 4v ¥] Matrigel invasion chambers 57} & - Invasion chamber ™ & 4 » 500 pl
DMEM - # %3t § 5% CO, ¢ 37°C & % 6 24 -] p¥1s, 1% 4§ #4123 Insert
chamber + & chim®e > T K andmrE 44 (2 1% 200x B icsitficie e icp o b

P52 H P BT O EREL o

A

AR g erdicdy € * Excel XP (Microsoft)3* & % =x £ 48 7 % ¥ #p T35

SRR £ 5 ¥ )% Student’sttest 47 mAEEF L B

)
-

11



Sample

| > AR

Gelatin

37°C incubation

[ > MMP-9 :#-
Gelatin -k j%

Coomassie blue% &

ZR@EFRa
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® 2. Gelatin zymography i 2 ]
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MMP9p-wt

MMPY9p-NF - £ B-CAT
MMP9p-AP-1-CAT
PCR

MMP-9 promoter mutant

(730 bp)

J

§
|
1
o 1
o B
4818bp) 'F[\ &
0105 f’l Neal 86
2004 |Bam e Narl 121
poly(A) signal T_/ §
{for lug reporter) - H
Hpal 1902 Xbal17 ]

pGL3-Basic /
Veclor

pGL3-basic

MMPI9p-NF - £ B mutant
MMPI9p-AP-1 mutant

660

670

650

690

MMPI9p-Wild type

710

MMP9p-NF-kB mutant

Hili)

W 3. % HEMMP-9gcs: 3 cus %48 {7 48 v 42 ]

610

620

630

640
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650 [

MMP9p-AP-1 mutant



Matrigel
matrix

8-pm pore

® 4. Matrigel -+ %, B
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Insert

Cells

24-well plate



2R RERREE
¢ fg &+ HepG2 2 Chang liver cells ® # 3% - MMP-9 i17% 3R

¥ R h

oy

BEEHF MMP h R 2 o 30 e fET F 0 H 4
MMP-9 e I 1§ = "R cngg 45 > A i % Zymographic analysis L% ¢ fg %
MMP # 302 5 o Zymographic analysis 2 1 * MMP £ -k i gelatin eF7ic 4 > *%
#_ % PAGE 4v » gelatin > %3 MMP 3 &R ¥ & 37 B3 % 48 /] PF{S #- gelatin
KB > ALK R0 A B E % A4 coomassieblue % ¢ 0 f kR A T R F LI fE
MMP - B 5 &% % & 0 ¢ Az e HepG2 cells i: 3 52 92 kDa MMP-9 7% 3R > 10
UM she FEE 1 2 F B 0 5 omock 21129 B 5@ 100 pM e FEE 1 o
10 uM % - ¥ ¢k 2 pEe 7 & Chang liver cells ® 3 4c MMP-9 e > fe 5 it 2 &
it o i 5P 7 o iF A HepG2 %2 Chang liver cells ¥ ¥ 3§ % MMP-9 4

I o

o fE¥ 123 4c MMP-9 mRNA ¢4 €

v

L0707 fEC FEH 4 MMP-9 thd T8 7 5 d B 40 MMP-9 mRNA g » 5 o
4% RT-PCR L% ¢ FE4> MMP-9 mRNA %% o B] 6 £ RT-PCR ¢ % » }
® 2. MMP-9 mRNA % i* £ > ¢ Bl GADPH %% RT-PCR i£ * 4a I > = [ 14 18S

% 28s rRNA ¥ internal control Z#PF* RNA & & o j#* B F 35 3 5V 5 Ko fEen

MMP-9/GAPDH 't } 4v » ¢ fz e MMP-9/GAPDH vt @ o € 8] 6 % % 7 (¥ v

15



HepG2 cells f g2 e fig 16 -] pF2 1 > MMP-9 mRNA P B3 4r > 10 uM e fig

L 1
Viad it

"

ZhH o 5 mock 94 o Fu B EEY T o FEAY A4 MMP-O A

Tl g 3 4r MMP-9 eh% IR o

o gV @it NF-kB  AP-1 #7& 1%

d 3 MMP-9 fx# 3 + 7 AP-1% NF- g B % & = (Sato and Seiki, 1993; Sato et

al.,, 1993) > 3t F A * 2 IR E K Lo {72 FEET S BEA TS R .
HERT TS NE-ABER kB AR F L 1.6 %;m AP-1 3 1.2 2(H
7) e NF-kB ~ AP-1 & it {5 € &~ Flim®e P ¥ 21457k DNA B 7|52 & > @ 3 4 7 %
AFhi Mo Flazwmn@ e » 10 pM ¢ i it MMP-9 2 1 54575
NF-kB~ AP-1 é0ig 3B > #1102 SR ke pEkR €5 10pMe 5 1 FE2 e ff
Wt 3975 1 NF-kB ~ AP-1 e85 14 » 2 & A ] % EMSA Bl 2 2 FE 2.3 7 H 4
NF-kB ~ AP-1i& » 'm# $%¢ 22 DNA % & - Bl 89 th% % &+ 10 pM e fiF7
H4cimie ¢ NF-kB ~ AP-1 22 DNA % & o SE¥F P57 i 4o > w9 1 ¢ NF-«B
B DNARLEAXS »E Fl4e » e FEfS s 8/ o v st 2% (B 8-
@ AP-1 2 DNA ehi & 8 > 40 » 0 FE1S e 15~45 2 452 € Hi 4 (R 9) - izt

R T o BT H 4 NF-kB ~ AP-1i& » % 17 22 DNA 2 & o

16



¢ pE¥ 5 d MMP-9fc#H 3+ + eriNF-kBZ2  AP-1% & =3 iy MMP-9:4 3R

1Rt BV ?%ﬁd BiE MMP-9 A %)} #5cd 3 cs fbm (¢ 4kt
H 4o AP * MMP-9 fods F el k3R Eiks 4~ 4705 L1 * PCR < MMP-9
& Flfcds + cniz ¥ -670 FI+54 > 2 18 % 42 3| pGL3-Basic vector (] 10A)  #-% 3%
¥ PR 4 7] HepG2 cells > w2 ¢ fig 24 -] PF2 {6 114 KBl 2 MMP-9 fo# +
g B2 5 0 B 10B ek % A or ¢ FET 34 MMP-O fads 3 gt 4
% pGL3-Basic vector 115.2 2 o d %> MMP-9 fx# 3 + 5 AP-1 22 NF-xB %2 & >
A E A% MMP-9 fads 3 NF-kB 24 AP-1 & & ol g% % s L4 11
A g BEHT S B TS B e B 10B ek % &7 NF-xB & AP-1 % & =
IR BT BB L EEATIE L MMP-9 fads T eriE TR o d U R R R

FEF 5 d MMP-9 fc#s 5 + A NF-xB 2 AP-1 % & 3 $= MMP-9 14 I -

v FEEEEE v IkB {4 & ¥ NF-kB & » 3wz % ¢

BT ORGED 3o TR AL ER|e L 50 NFkB L B R
B oNFkB AR €2 IkBREEAFEILA T e » 5 kB IKK Bk
L 15 € ¥2 NF-xB 4 3t > ¢* P& NF-xB ¢ /& 1“ i& » Flim?e 11 ¢ 803 Flendd 4 o 2
i % NF-kB =t H (= p65 L% NF-kB flm?e 2 [ et 5o & B 11 ¢ ¥ 115 )
L FEJdR enim e > p65 i~ Plim e 4% ¢ B 4e o d 3 KB hpRfc t fo 4 f2 5 NF-«B

i R LW RS T RT KRR e T 4 Y B4 B
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L Y fos A 5 1Y NF-xB o €8 11 e % 7 5o kB gt i g o fEse
A5 M4BT 24 PR G P AL D o it SRR o R kB @

NF-kB i& » 3] fm % 7 ¢ o

o gET i v o Ed JNK 2 B-TrCP 3t 4 i Bk /5 4c i BRI ch IKB A f2

2z meagT g ¢ A Foo BT 0 ¢ IET S d kB amkpk
foa jzied & 1 NF-kBo R a 4e » ¢ f5fs IKK g fh o @ i Aee %> 37 5 4
@ %ﬁ%}f‘_‘ﬁfﬁ it 332 NF-xB a1 » ¢ 7 ras/raf-1 ~ MAP kinases & Akt (Beaupre
et al., 1999; Madrid et al., 2001; Kurland et al., 2003; Nawata t al., 2003) - iT & X 3
372 47 410 INK 7 005 d 3 4e B-TrCP & # IkB #ifit it 4rid A {27 3 NF-kB #
& it (Spiegelman et al., 2001) - j£ &) 12 ® F-v Fi#id 2 % & v B /g fFadl
eim?e INK 2 B-TrCP enE P Bgen® 3 > iz B & P 7 ¢ fgv at v L5 d INK

% B-TrCP @ #i 4r MMP-9 A F] 4 . -

o v g d JNK o p38 3 & @ Hp 8 5 v AP-1 ehiE it
F] 5 AP-1 eiE 4% 3] MAP kinases 3% 377 (Karin et al., 1997), #1487 %
A Foo B 2 BB ¢ FE¥T MAP kinases PR KR 12 % %7 ¢

fee g INK, p38, and ERK 3-v e B84 « o @ ¢ B 1l INK 2 p38



SpERL Tt e 3@ 2 A8 ERK gl (Y 4 > S B R EP 0 0 FET T UG

INK 2 p38 &1 AP-1

i

o RV RG4S

B %% 45 % H e MMP-9:h4 7 (Nelson et al., 2000) = 3% f2_ % e#= § @
S EEF T R HMMPOSL o T ET KA P RE PR LTS
E MMP-97 7 # 4 "8 'm % 6 # o 4oB] 139777, 9] * Matrigel-coated filterip] 3 -
LV MaEmrr g M 4 K 5168 o T B REM O LT T LS d F

MMP-9 @ # 4¢ "6 fm o cfE A5 o
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il
RGP E A R AP R EAZ LT aFH AR R e
FF e AR FALIEI B RS S0 0 F B F & NAD §
s N NAD 13 £3 0 B0 BB E BF ik 70 7 A | pE S EE 7410
DL o AR N SRR 5 3 BAEE R fEne ¢ & paS0 B RS A
(cytochrome p450 reductase) & % = % A 48 ) ik B 4% o ok Cytochrome
p-450 B Rt E ¢ 3 — B %EF(4F % A cytochrome p450 2E1 % 4)v 10 -2 ffie
- HF AL LA A AREIFHY F AR R EIEE < ik

B.%a A4 <8 pd AT e 3 RAEHE T (Morgan et al., 2004) -

g > chhp B Aoy P AT E o HRAFEAFZF2
AFERE 2 BT B8 Fid & pifre f52 & pr(aldehyde dehydrogenase
ALDH)E_* # 3 & ejpp (S Bips & 5o i BB Y 2 fnve P {oippi 2 A FF

Ad e EEER DM o ADH2 f- ALDH2 %y f ¥l iy 5 2518 e frfre fEin

‘%ﬁ

o4 B Z :j-@;f;;\,g;s;gi%‘ SRS PTGl enE RS F o ik B A fEen
IR CFYVRTCER R E G L 0 2 o P A AP A fE 0 90-95% 1t gd

FILRE oL 4 s~ wied 5 ~ B3 1 fa(catalase) fre fE2 4 pr > 2

PrLEE S g pafre fEd & fRig 2 5 A ((Yinetal, 1999) - ADH - ALDH 35 & 4§

S
S
]

fE 7o (family) > HH B P LR LR o AL Ed §BFE %

(superfamily) % >3 12 BATF) » HF i@ A AR & 15% - 80% 2
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oo ek Fd- LB X o pEir s AFHALDHL - ALDH2 /4 % Km
# > ALDH3 P& % Km #(Yinetal., 1995) - & = % %53 4 50% £ ALDH2 % £

A AT v 1284 4 QR4 om0 AR .

:m
W
o

~=be

|

%ﬂ
»
A
fie

487 1% fLORPLH F YRpt 0 $KEF4 4 551 (Yin and Agarwal ,2001) - ALDH2
FRYRL B EESAFR S TULL S A HG R AT o $3 3 ALDH2 &

GOFYS 2oL P L e A R @SS B e i R
deo FRRRIFF TR 2 ED F IR FHE M G F0% S FRF RN FFH %L
M FEFEEEN S PEFEFAAFE TN SR L o F T B R
ALDH2 4 % 8 ifp) 0§ i i ? o BERAFHRA - 3 ¥ He § 5 Ko A
4 EER A 43§ B OE (Peng et al., 1999) o #7134V P22 4 ¢ FESEAT L 3 4 i 2 TR

T H e AT o

St
o

o FEE TR B Mo F P T dp TR S & MMP-9 S Flehd R 3
¥ A(Ariietal, 1996) - 2z BF T F ¢ NP EE I e fEE MMP-9 A F14
Roeip WL o AP el BT d L BET LS E e F]F AP-1 & NFkB iy
MMP-9 i » & 3§ & MMP-9 % JLH{ 4c o d > MMP-9 & A {222 "5 8 45 4p

M RWCA & 4 -% e A%k k-9 (Nelson et al., 2000)> #7123 5 ¢ fEW

&~
o
\\\Xr

B85 Pl A 22 5 B e B o
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d 3t MMP ¢ BB AR R #5120 MMP e S 4e 7 40 22 7608 e 2 3 22 8 75
7 B o MMP-9 23 R LE 5§ > #70 MMP-9 ¥ it &2 3% chfd 45 4 B o 37 %
g E e 7 B A LES 4 & B3~ TPA (12-O-tetradecanoylphorbol
-13- acetate):r»’ﬁ R AR DEL CITERTFTET O GETEF 5] TR
Sl L B R T A e MMP-9 hi R iR S B o B APFURS X B
v ¢ 5d PI-3K/AKT 2 ERK E/&7ET AP-1 & NF-«kB 34 MMP-9 4 3R
(Chung et al., 2004) - ¥ *} TGF-p » ¥ %’%’E’ p38 @ T % i+ MMP-2 2 MMP-9
¢4 IR (Kimetal.,, 2004) - @ TPA i & & % d PKC /& T % Ras/ERK B /23
% MMP-9 # 14 JR# 4 (Liuetal,2002) iz BAz g % ¥ P F EF ¢ BV
mid IkB ~JNK 2 p38 3t & % Hpejo s it #4-F]1F AP-1 &2 NF-«xB & 3 4«

MMP-9 e 3R o

MMP-9 gz#+ + 5 AP-1~NF-kB-~SP-1 2 AP-2 #4+%]F % & 1= % (Sato

and Seiki, 1993) » iT# %k #7 3 g I 28 @A F]F i 593 4r MMP-9 ehZ 3R > 5]
4o v-src ¥ 5 d AP-1 2 GT box {5 MMP-9 % Z.(Sato et al., 1993) - @ % “F & &
wie Bl EG MEK 3 4 @ Fae s A ir 2 A 714 R (Gumetal, 1996)° ¥ ¢ty 5 77 73
1% A FUE A% B3P AP-1+NF-«B~SP-1 €333 MMP-9 £ L2 £ § 2 chin 3
¥ %77 (Mohan et al., 1998) o #rie fEs ¥ i B H 5 L G EELIT R B 4

His AFLRD BB BES AARFFIARNLEEATNL T LTI T &



{4eif 0 R e SRR AS R S i -

< % #ROS (reactive oxygen species)~ # (d 3 4r MMP 4 i = "6
g km¥e tniz R 22 8 4 (Shi et al., 2004) » &]4- H,O, 2 XXO(superoxide-generating
system of xanthine plus xanthineoxidase)® 14 55 838 MMP # 45 % 15 45 1% Hi 4o
MMP 2 pro-MMP e 3R > @ &2 h B e 45 5 B (Siwik et al., 2001) o iz BF=
TEY O APERF I M ABA e BEiSd AP-1 2 NF-kB # 4« MMP-9 i1

HH TRBREP O L pEs BRBOEBARM

Ko flgeehim?e s NF-kB 2 B 4ol s 7 IkB 26022 50 > & 5 &
e g ¢ o fe Eded IKK % IkB g i > 47 % INK ¢ 75 1t B-TrCP ¢ # 22
Brfc it enIkB 2 & » #-H % 3] 26S proteasome iE {74 fZ 0 @ IkB £ NF-xB fZ3t
2 6 » NF-kB 7 45 & » 3limre % ¢ 22 AL 7)1 %5 NFxB chfr {5 71|
& T MAFhd E H 4 (Karin and Ben-Neriah, 2000)c iz B~ 7 % ©
A G A ZET T ¢ g d INK/B-TICP # IkB s 1 2 4 fi2 > @ 3
o MMP-9 e 3 o GigBA7 4 ¢ AP @ o BF 0 71 NF-kB 1 ohs 7 it
AP-1 ejE 4o i3 8 7] 5 INK 2 p38 3 & g e 7% € 7 1 AP-1 7% 1% (Karin et
al, 1997)» #ri 2 pin s ¢ RS INK & p38 24 @ ¥k /o it NFxB %

AP-1- %m 22 > AipenS S FP 7 ¢ iEgd kB~ INK/B-TrCP %2 p38 /s /%
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it NF-kB £ AP-1 @ & MMP-9 % I3 4v o

AN BR S APRY e EBoES T M o o S o T L
IxkB ~ JNK % p38 /& it #4x %]+ NF-xB 22 AP-1 i& » 'mP2 % ¢ F i MMP-9 2 7]
LOR(F 14) o f A PRET o EEE A A P M 2 F 2 L B g

B 2T AT U R EA B Rtk e
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(A) HepG2 cells

Acetaldehyde (nM)

0 1 10 100

-

Activation fold 1 10.3 12.9 12.2

(B) Chang liver cells
Acetaldehyde (nM)
0 1 10 100
R - -
Activation fold 1 1.5 14 1.3

W 5. §1* gelatin zymography # R ¢ fz & HepG2 * Chang liver cells ¥ ¥ 3# %
MMP-9 575 |

HepG2 ¥ Chang liver cells 32 % > 7 10% FBS 59 DMEM ¥ > 2_ {8 # 3 35 % % 4¢
» 12 DMEM ##8 % F k& che BE o 24 ] P8 jc 33 & i 12 gelatin zymography
A 47 MMP e 12 o 4 5 #4508 92 kDa s MMP-9 > & 1t &8 F et B = 58

A fdB EE 4 23 B IR B 36 {5 MMP-9 band % B o
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0 1 10 100 (RM)

<+— MMP-9 mRNA

<— GAPDH mRNA

<+— 28S rRNA
<«— 18S rRNA

Activation fold 1 14 9.4 2.9

® 6. 417 RT-PCR#EF & B+ 113 4 MMP-9 mRNA 4

HepG2 *+ 25-cm’ flasks ¥ 32 % » 4v » 7 Ik & che {16 ) PFis > 5B~ H RNA >
B~ | g 9 RNA &7 F Hi4k o 5F 44 2 9 cDNAs &4 1 £ #F MMP-9 #
GAPDH #£ 7% — 49351 % i2 7 PCR » PCR 1% % 12 1% agarose gels 18 jp] {5 14
cthidium bromide % ¢ o & 1t 2 & g3t B & 58 FL fo A U0 B 4 27 £U8 F 5 (4

MMP-9 band % B



I *%
= s
£ Bl
g 12
.;
<
2
N
9
<
& 0.6
0
=
4
0 1 1 1 J
0 1 10 100
Acetaldehyde concentration (uM)
18
=
= *%
E 12 | —~ —E—
5 £ s —=
2
N
S
— 0.6
A
<
0 1 1 1 J
0 1 10 100

Acetaldehyde concentration (pM)

W 7. v @Ev uE Y NF-xB ~ AP-1
& 45 F]+ eniE 1 o HepG2 cells 48 <12 #& 4 pNF- £ B-Luc & pAP-1-Luc > *r » %

kR e fE o> 8 ) PRISBIE H 4 kBN o H =2 relative luciferase unit (RLU)
Fo7m oo IR A 2 A e BRI e I RLU 7 1A K C IR tm e £h

RLU 1} 855 = xF5%hTHoEHE® 1 o #5457 p<0.0] -



Mock 15min 45min 1h 8h 24 h

“— NF-kB- DNA

« complex

4~ Free probe

B 8. ¢ @§¥ 832 NF-xB /5
HepG2 cells (5.2 fF/ad®? e Pl 150 Jo f e P enZi B o 2 {540 » € 22 NF-«B

& & embiotin & TR %ﬁ.‘rﬁﬁ FITE R o
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Mock 15min 45min 1h 8h 24h

<_ AP-1-DNA

complex

“—  Free probe

W 9. oV e AP-1 g
HepG2 cells ¢ FEadZ? b PERF 15 > fa b mie 2 enZi B o 2 {840 » € 87 AP-1
& & ebiotin A ANERPHBKAFRGEF o
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(A)

-670 -600 -591 -533 -527 -28 -25 +54
NF-xB AP-1 TATA Iuc wt
SN _Z
NERB AP-1 TATA Iuc NF-xB mt
NF-xB A}S\ TATA Iuc AP-1 mt
(B)
g 7
Z
S 6 f I
<
S 5 r *
: s 13
S 4t
5 | i
= 3 r
: |
£ o7
2 1+ T
= 1
0 1 1 1 ]
pGL3-basic wt NF-kBmt AP-1 mt

B 10. & gEv 0255+ MMP-9 fods 3 chigdh

(A) Wild-type (wt) # NF-kB &£ = (NF-kBmt) # AP-1%& = (AP-1 mt)% %
1 MMP-9 fx#s 3 et 3, B > 4TS chi & de B 97 o (B) MMP-9 £ 3 &
2 o HepG2 cells #7p# {24 4 pGL3-basic & MMP-9 £ H F 4% » 4 » 10 pM
ehe fE o H 202 relative luciferase unit (RLU)Z 57 o 751 & F ezt 8 2 38§
MMP-9 % % 5748 7 RLU ",f 2 pGL3-basic eP RLU » 1+ F 5 2 = =X F BT 35

B L o £ p<0.05 ¥ 7F p<0.0] o
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Mock 15min 45min 1h 8h 24 h

- - - - - p65 (cyto)
1 1 0.9 0.9

1 0.9

- h h d- - p65 (nu)

1 0.9 1.3 1.2 0.9 0.9
LR B B I
1 1.1 0.9 1. 1.1 0.6

'F' - -l - phospho-IkB-a
1 1.1 2.6 2 2.8 v

ESs s .
1 0.9 0.8 0.9 0.9 0.9

B -

1 1 1.1 0.8 0.9 1.3
-- - m ‘ - phospho -IKK-a/p
1 0.9 1 1.2 0.9 1.2

B 11, ¢ g IxB AL 1 4 & @ NF-kB i& » ¥| 0% % ¢

HepG2 cells 5 10 uM 2 FERIEH o PR 18 > 1 3o B F 2 1 p)dnre 3B
¢ p65 -~ IkB -~ IkB B it ~ IKK 2 IKK Bt i chi E o M 5= X F % LR

ik o
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Mock 15min45min 1h 8h 24h

L R
1 09 09

1.2 1.2 1
1

:: phospho -JNKs

1.7 1.5 1.4

1.6 1.2

E T
1 2.4 3.5 3 33 3.1

1 1 1 1.1 1 1
. phospho- p38
1 1.1 1.4 1.7 2 4
4_
t 2 2 £ 3 1 BT
1 0.9 0.8 0.8 0.9 1
4_

1 1 1 1 0.8 1.2

B 12. & @Ew s d INK/B-TrCP 4o p38 3t 4 @ $52 /5% i* NF-kB 4 AP-1 ¢h
iy ca

HepG2 cells 5 10 uM 2 FERJIE 3 I PR 15 > 1 3o B F 2 1 p)dnie 3B
¢ JNKs ~ JNKs it i ~ B-TrCP ~ p38 ~ p38 Bifit it ~ ERKs 2 ERKs Bifit it i

B/

=k

oM P A X FEKTIAP LGS o
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Mock Acetaldehyde (10 M)

25

15 |

——

Invasion fold
[y
(=]

Mock Acetaldehyde

B 13. o pEv i3 & 58 dn e & 45
HepG2 cells (5x10%) £ 5 &2 § ¢ ggen 200 ul DMEM G2 & 4 4c 3| Matrigel
invasion chambers e} & ° 32 % 24 ] pF{s, | * fﬁ ¥ #12 Insert chamber } & ‘m
o T R enimre 404 (541 200X BACA G Ecimre Bcp o (A) HB ahim e kA
T ] i (B) Invasion assay efi kB o wmre A B S et E 2 N e T pE
chate e BEAS e L K e o e WS HED o 1) RIS 2 AR ST ot

L o *¥* 4 1 p<0.01 °
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Acetaldehyde

¥

I I
JNK p38

I'S-TrCPI . V.
1 AP-1 activation
—_— @ Q I £ B ubiquitination

and degradation

IKK

e

NF- xk B activation
Cytosol

4 )
Transcriptional activation

Nucleus >

@:?i(pg @ MMP-9 gene R

N

Bl 14. o FEH 4 MMP-9 A Fl4 B2 4 F 85
o fET rigd kB INK % p38 3t & @ F R B I 5 F) NF-kB & AP-1
i r v pr e g MMP-9 &k B+ 5 efas + % £ @ 3 4 MMP-9 A 4 3R -
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Acetaldehyde induces matrix metalloproteinase-9 gene expression and promotes
hepatocarcinoma cells invasion through nuclear factor-kB and activator protein

1 signaling pathways
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Abstract

Acetaldehyde, the very reactive intermediate of oxidative metabolism of ethanol, is
potentially associated with alcohol-induced liver diseases. Matrix metalloproteinase-9
(MMP-9) is directly involved in human hepatic tumorigenesis and metastasis.
However, the relationship between acetaldehyde and MMP-9 expression in liver
diseases is currently poorly understood. Herein we demonstrated that acetaldehyde
increased MMP-9 gelatinolytic activity and promoted cell invasion through the
up-regulation of MMP-9 gene transcription in HepG2 cells. The transcription of
MMP-9 gene was regulated by acetaldehyde via inductions of nuclear factor-xB
(NF-«xB) and activator protein 1 (AP-1) activities. Western blot analysis indicated that
acetaldehyde stimulated the translocation of NF-«kB into nucleus through inhibitory
kB-a (IkB-a) and c-Jun N-terminal kinase (JNK)/B-transducin repeat-containing
protein (B-TrCP) signaling pathways. Acetaldehyde also induced AP-1 activity via the
phosphorylation of p38 kinase. In conclusion, our findings demonstrated that
acetaldehyde activated NF-kB and AP-1 activities via IxkB, JNK/B-TrCP, and p38
signaling pathways, resulting in the induction of MMP-9 gene expression and the
increase of cell invasion. On the basis of these data, we suggested that acetaldehyde

plays an important role in tumor invasion and metastasis.
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Introduction

Acetaldehyde, the product of oxidative metabolism of ethanol, is potentially
associated with the alcohol-induced liver diseases, such as hepatitis, cirrhosis, and
hepatocellular carcinoma (HCC) (Morgan et al., 2004). Previous in vivo and in vitro
studies have revealed that acetaldehyde is able to form covalent adducts with various
proteins, leading to alter the liver function and structure (Lieber, 1994; Pares et al.,
1994; Carter and Wands, 1988). In addition to these effects, it has been shown that
acetaldehyde induces the activations of transcription factors, such as nuclear
factor-xB (NF-kB) and activator protein 1 (AP-1), in HepG2 cells (Roman et al, 2000).
Since NF-kB and AP-1 have recently been implicated in the control of tumor invasion
and metastasis (Huber et al., 2004), whether the acetaldehyde induced NF-«xB and
AP-1 activities and resulted in the tumor metastasis was the question we’d like to
address in this study..

Tumor invasion and metastasis require increased expressions of matrix
metalloproteinases (MMPs) (Stamenkovie, 2000). MMP family is involved in the
degradation of extracellular membrane, and members of MMPs have been implicated
in malignancy and metastasis (Stamenkovic, 2000; Westermarck and Kahari, 1999).
Previous study indicated that MMPs might serve as new serum markers of HCC in
patients with chronic liver disease (Paradis et al., 2005). Especially, MMP-9 gene
(also termed gelatinase B or 92 kDa type IV collagenase) was found to express highly
in HCC with invasive potential (Arii et al., 1996). MMP-9 degrades basement
membrane type IV collagen and expresses during cellular invasion and metastasis
(Nelson et al., 2000). In addition, elevated serum levels of MMP-9 were reported in
patients with HCC (Hayasaka et al., 1996). The activity of MMP-9 is tightly

controlled, with regulation occurring mainly at the transcription level (Stamenkovic,
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2000). The promoter of MMP-9 is highly conserved and shown to contain multiple
functional elements, including NF-kB and AP-1 elements (Sato and Seiki, 1993; Sato
et al., 1993). In the previous study, we demonstrated that acetaldehyde is capable of
activating NF-kB activity and, in turn, inducing cytokine expression (Hsiang et al.,
2005a). We are now interested in whether acetaldehyde activated MMP-9 expression
via the induction of NF-kB or AP-1 activity and played a role in tumor metastasis.
NF-kB is an inducible transcription factor, which is involved in inflammation,
immune response, and malignant transformation (Karin and Ben-Neriah, 2000).
NF-kB is a dimeric transcription factor that consists of p50, p52, p65 (RelA), RelB,
and c-Rel (Siebenlist et al., 1994). Under normal condition, NF-kB is sequestered in
the cytoplasm by inhibitory protein, IkB. When cells are exposed to stress, IkB is
phosphorylated by IkB kinase (IKK), conjugated with pB-transducin repeat-containing
protein (B-TrCP) ubiquitin ligase, and degraded by 26S proteasome. Following IkB
release, NF-kB translocates into the nucleus and binds to a unique decameric
nucleotide sequence, leading to gene expression (Baldwin et al., 1996; Barnes et al.,
1997). AP-1 is a nuclear transcription factor, which is involved in cell proliferation,
differentiation, apoptosis, and neoplastic transformation (Angel and Karin, 1991;
Shaulian and Karin, 2001). AP-1 consists of homodimers and heterodimers of
members from Fos (c-Fos, FosB, Fra-1, and Fra-2) and Jun (c-Jun, JunB, and JunD)
families (Angel and Karin, 1991). AP-1 activity is regulated at transcriptional and
post-translational levels mainly by mitogen-activated protein (MAP) kinases, such as
c-Jun N-terminal kinases (JNKs), p38, and extracellular signal-regulated kinases
(ERKs) (Karin et al., 1997). Herein we demonstrated that acetaldehyde activated
NF-kB and AP-1 activities through IkB, JNK/B-TrCP, and p38 signaling pathways.

The activations of NF-kB and AP-1 by acetaldehyde resulted in the induction of
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MMP-9 expression and, in turn, the promotion of cell invasion. Our findings
suggested a role of acetaldehyde in the late steps of tumor development and

metastasis.

Material and methods

Cell culture, transfection, and acetaldehyde treatment

HepG2 cells were maintained in Dulbecco modified Eagle medium (DMEM) (Life
Technologies, Gaithersburg, MD) supplemented with 10% fetal bovine serum (FBS)
(HyClone, Logan, Utah). HepG2 cells were transiently transfected with 5 pug
plasmid DNAs by SuperFect® transfection reagent (Qiagen, Valencia, CA) and treated
with acetaldehyde. Acetaldehyde (Sigma, St. Louis, MO) was prepared freshly in
phosphate-buffered saline (137 mM NacCl, 1.4 mM KH,PO,, 4.3 mM Na,HPO,, 2.7
mM KCI, pH 7.2). HepG2 cells were cultured in 25-cm” flasks at 37°C. After a 24-h
incubation, cells were treated with various amounts of acetaldehyde in DMEM. To

control evaporation, flasks were capped immediately and sealed with parafilm.

Gelatin zymography

To measure the production and activity of MMPs in the conditioned media from
cultures receiving various treatments, gelatin zymography was performed using a
previously reported method (Preaux et al., 1999). Briefly, conditioned medium was
mixed with equal volume of 2x non-reducing sample buffer (0.5 M Tris-HCI, 20%
glycerol, 10% sodium dodecyl sulfate (SDS), 0.2% bromophenol blue, pH 6.8).
Samples were fractionated in 7.5% polyacrylamide gels containing 1 mg/ml gelatin by
electrophoresis at 90 V for 120 min at 4°C. The gels were then soaked in 2.5% Triton
X-100 for 10 min at room temperature to remove SDS and sequentially incubated in

incubation buffer (50 mM Tris-HCI,10 mM CaCl,-2H,0, 50 mM NacCl, 0.05% Brij35,
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pH 7.6) at 37°C for 48 h to allow gelatinases digestion. The gels were stained with
0.25% Coomassie brilliant blue R-250 in 40% methanol for 30 min and destained
with 40% methanol and 10% acetic acid. Gelatinolytic activities appeared as clear
bands of digested gelatin against a dark blue background of stained gelatin. The
intensity of band on the gel was calculated by Gel-Pro® Analyzer (Media Cybernetics,

Inc., Silver Spring, MD).

Reverse transcription-polymerase chain reaction (RT-PCR)

Total RNA was isolated from HepG2 cells according to the acid
guanidium-phenol-chloroform method (Chomczynski and Sacchi, 1987). One
microgram of RNA was reverse transcribed using oligo(dT);s primer and
SuperScript' MIII (Invitrogen , Carlsbad, CA) in a total volume of 20 ul. Two
microliters of reverse transcription mixture were subjected to PCR to measure the
mRNAs of MMP-9 and glyceraldehyde-3-phosphate dehydrogenase (GAPDH). PCR
amplification was performed with Taq polymerase (Promega, Madison, WI) for 36
cycles at 92°C for 45 sec, 55°C for 45 sec, and 72°C for 2 min. PCR primers for
MMP-9 were as follows: sense, 5’-CGATGACGAGTTGTGGTCCCTGGGC-3’;
antisense, 5’-AATGATCTAAGCCCAGCGCGTGGC-3’. PCR primers for GAPDH
were as follows: sense, 5’-CACCCATGGCAAATTCCATGGCACC-3’; antisense,

5’-CCTCCGACGCCTGCTTCACCACC-3".

Construction of MMP-9 promoter/reporter plasmids
The MMP-9 promoters, including wild-type and mutants, were provided by
Douglas D. Boyd (MD Anderson Cancer Center, University of Texas, Houston) and

originally constructed by Hiroshi Sato (Cancer Research Medicine, Kanazawa
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University, Kanazawa, Japan) (Sato and Seiki, 1993). The -670 to +54 fragment of the
MMP-9 promoter was inserted into the pGL3-basic vector to generate the MMP-9
reporter plasmid. Wild-type and mutant sequences of NF-xB and AP-1 sites are:
NF-«B (wild-type) GGAATTCCCC, NF-«kB (mutant) TTAATTCCCC; AP-1
(wild-type) TGAGTCA, AP-1 (mutant) TATGTCA. The resulting constructs were
confirmed by DNA sequencing and prepared by Qiagen plasmid midi kit (Qiagen,

Valencia, CA).

Luciferase assay

HepG2 cells were treated with various amounts of acetaldehyde for 8 h.
Luciferase activity was determined as described previously (Hsiang et al., 2005b).
Briefly, cells were then lyzed by 350 pl Triton lysis buffer (50 mM Tris-HCI, 1%
Triton X-100, 1 mM dithiothreitol, pH 7.8) and centrifuged at 12,000 xg for 2 min at
4°C. The luciferase activity was measured by mixing 20 pl of cell lysate with 20
ul of luciferase reagent (470 pM luciferin, 33.3 mM dithiothreitol, 270 pM
coenzyme A, 530 uM ATP, 20 mM Tricine, 1.07 mM (MgCO3)sMg(OH),, 2.67 mM
MgSO,, 0.1 mM EDTA, pH 7.8), and determined with a luminometer (FB15, Zylux
Corp., Maryville, TN). Relative luciferase activity was calculated by dividing the
relative luciferase unit (RLU) of MMP-9 reporter plasmid-transfected cells by the

RLU of pGL3-basic-transfected cells.

Biotinylated electrophoretic mobility shift assay (EMSA)

HepG2 cells were treated with acetaldehyde for various periods of time and

nuclear extracts were prepared as previously described (Hsiang et al, 2002). The
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biotin-labeled complementary oligonucleotides corresponding to the NF-«B and
AP-1-binding sites were annealed by heating to 90°C for 3 min and cooling slowly to
45°C. Biotinylated EMSAs were performed as previously described (Hsiang et al.,
2005). After electrophoresis, gels were transferred to nylon membranes. Membranes
were blocked in blocking solution and detected with alkaline phosphatase-conjugated
streptavidin  (Chemicon, Australia) followed by chemiluminescence (Roche,

Germany).

Western blot analysis

HepG2 cells were treated with acetaldehyde for various periods of time and then
lyzed with 250 pl sample buffer (62.5 mM Tris-HCI, 2% SDS, 10% glycerol, 50 mM
dithiothreitol, 0.1% bromophenol blue, pH 6.8). The proteins (10 pg) were separated
by 10% SDS-polyacrylamide gel electrophoresis and the protein bands were then
transferred electrophoretically to nitrocellulose membranes. Membranes were blocked
in blocking buffer (20 mM Tris-HCI, 140 mM NacCl, 0.1% Tween-20, 5% skim milk
powder, pH 7.6) and probed with polyclonal antibodies against IKK, IkB-a, p65, INK,
B-TrCP, p38, or ERKs (Cell Signaling Technology, Beverly, MA). The bound
antibody was detected with peroxidase-conjugated anti-rabbit antibody followed by
chemiluminescence (ECL system, Amersham, Buckinghamshire, UK) and exposed by

autoradiography.

Invasion assay

Cell invasion was measured using the Matrigel-coated film insert (8§ um pore size)
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fitting into 24-well invasion chambers (Becton-Dickinson Bioscience, Franklin Lakes,
NJ). HepG2 cells (5x10%), which were resuspended in 200 pl DMEM, were added to
the upper compartment of the invasion chamber in the presence or absence of 10 uM
acetaldehyde, and 500 ul DMEM was then added to the lower compartment of the
invasion chamber. The Matrigel invasion chambers were incubated at 37°C in 5%
CO,. After 24-h incubation, the filter inserts were removed from the wells, and the
cells on the upper side of the filter were removed using cotton swabs. The cells in the
lower surface of the filter were stained, and the cell number was counted with a
microscope. Values obtained were calculated by averaging the total number of cells

from three filters.

Statistical analysis
Data were presented as mean # standard error. Student's t test was used for
comparisons between two experiments. A value of p<0.05 was considered statistically

significant.

Results

1. Acetaldehyde induced MMP-9 activity in HepG2 cells

To study whether the gelatinolytic activity of MMP was activated by acetaldehyde in
HepG2 cells, we performed the zymographic analysis. Fig. 1A shows that
acetaldehyde significantly stimulated MMP-9 secretion in HepG2 cells, with a
maximal activation fold of 12.9 at 10 uM acetaldehyde. These results indicated that
acetaldehyde stimulated MMP-9 activation in HepG2 cells. To further determine
whether the activation of MMP-9 by acetaldehyde was resulted from the increased

MMP-9 mRNA level, we performed RT-PCR analysis with primers specific to human
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MMP-9 gene. As shown in Fig. 1B, MMP-9 mRNA level was increased after a 16-h
treatment with acetaldehyde in HepG2 cells. The MMP-9 mRNA level reached a
maximal induction (9.4-fold) at 10 puM acetaldehyde treatment. These findings

indicated that MMP-9 transcripts were increased by acetaldehyde in HepG2 cells.

2. Acetaldehyde activated the transcription of MMP-9 promoter via NF-xkB and
AP-1 binding sites

To investigate whether the transcriptional activity of MMP-9 was regulated by
acetaldehyde, we examined the promoter activity of MMP-9 gene by luciferase assay.
A genomic fragment containing the promoter region (-670 to +54) of MMP-9 gene
was amplified by PCR and subcloned into pGL3-basic vector (Fig. 2A). The resulting
construct was transfected into HepG2 cells, the cells were treated with acetaldehyde
for 24 h, and the luciferase activity was measured by luciferase assay. Fig. 2B shows
that MMP-9 promoter was activated by acetaldehyde in HepG2 cells, at levels of
approximately 5.2-fold over the pGL3-basic-transfected cells. Since NF-kB and AP-1
have been shown to be transactivators of MMP-9 expression (Sato and Seiki, 1993;
Sato et al., 1993), the reporter plasmids with single site mutations in the NF-xB or
AP-1 binding site of the MMP-9 promoter were constructed (Fig. 2A). The responses
of these mutant reporters by acetaldehyde were monitored by transfection into HepG2
cells. Fig. 2B shows that mutation of the NF-xB or AP-1 element significantly
reduced the acetaldehyde-induced MMP-9 activation. These results indicated that

acetaldehyde activated MMP-9 expression via modulating NF-kB and AP-1 activities.

3. Acetaldehyde enhanced DNA-binding abilities of NF-xkB and AP-1 in HepG2

cells
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To further determine the molecular mechanism of acetaldehyde on the inductions of
NF-«xB and AP-1 activities, we examined the effect of acetaldehyde on the
DNA-binding abilities of NF-kB and AP-1 by biotinylated EMSA. Fig. 3(A) shows
that acetaldehyde caused a significant increase of NF-kB DNA binding. The time
course study showed that NF-«kB activity reached a maximal level at 8 h when cells
were exposed to 10 uM acetaldehyde. Acetaldehyde also increased the DNA-binding
ability of AP-1 (Fig. 3B). The time course study showed that AP-1 activity reached a
maximal level at 45 min when cells were exposed to 10 uM acetaldehyde. These
results indicated that acetaldehyde enhanced DNA-binding abilities of NF-kB and

AP-1 in HepG?2 cells.

4. Acetaldehyde induced IxB-a phosphorylation and NF-xB translocation in
HepG?2 cells.

The activation of NF-kB is preceded by translocation of NF-kB to the nucleus
following phosphorylation and degradation of IkB-a (Baldwin et al., 1996; Barnes et
al., 1997). To further investigate how the NF-kB signaling pathway was involved in
the activation of MMP-9 expression, we determined the levels of p65, IxB-a, and
IKK-0/f in acetaldehyde-treated HepG2 cells. As shown in Fig. 4, p65 translocation
was elevated in acetaldehyde-treated cells as measured by Western blot analysis.
Since IxB phosphorylation and degradation is a predominant pathway for NF-xB
activation (Karin and Greten, 2005), we next determined the levels of IkB in cellular
extracts of HepG2 cells exposed to acetaldehyde. Phosphorylation and degradation of
IkB-a was stimulated by acetaldehyde (Fig. 4). The reduced IxB-a level was
correlated with a constant increase of phosphorylated IxB-a in HepG2 cells. These

findings demonstrated that NF-kB activation induced by acetaldehyde was mediated

54



through IxB-a phosphorylation and degradation.

5. Acetaldehyde induced IxkB-o degradation by JNK/B-TrCP signaling pathway.

Our findings indicated that acetaldehyde induced NF-kB activity via IkB-a
phosphorylation and degradation. However, the IKK activity was consistent in
acetaldehyde-treated cells (Fig. 4). Many signaling pathways upstream of the IKK
have been supposed to amplify NF-kB activity, including ras/rafl, MAP kinases, or
Akt (Madrid et al., 2001; Kurland et al., 2003; Nawata t al., 2003; Beaupre et al.,
1999). Previous study has shown that activation of JNK pathway results in the
accumulation of B-TrCP via stabilization of B-TrCP mRNA, and the elevated levels of
B-TrCP, in turn, contributes to a rapid IkB degradation and NF-xB nuclear
translocation (Spiegelman et al., 2001). Therefore, we determined the levels of
B-TrCP and phosphorylated JNK in cellular extracts of HepG2 cells following
exposure to acetaldehyde. As shown in Fig. 5, INK phosphorylation and B-TrCP were
markedly elevated in acetaldehyde-treated cells, as measured by Western blot analysis.
These results suggested that the degradation of IkB-o by acetaldehyde might be

regulated by JNK/B-TrCP signaling pathway.

6. Acetaldehyde modulated AP-1 activity by JNK and p38 signaling pathways

Since AP-1 activity is controlled by signaling through MAP kinases (Karin et al.,
1997), we determined the levels of MAP kinases in acetaldehyde-treated HepG2 cells
by Western blots. As shown in Fig. 5, the levels of JNK, p38, and ERK proteins were
similar in cells treated with acetaldehyde for various periods. Acetaldehyde stimulated
the phosphorylations of JNK and p38, and exhibited no effect on the phosphorylation

of ERK. These results suggested that the AP-1 activation by acetaldehyde might be
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regulated by JNK and p38 signaling pathways.

7. Acetaldehyde promoted HepG?2 cells invasion

Tumor invasion requires increased expression of MMP-9 (Nelson et al., 2000). We
previously showed that acetaldehyde induced MMP-9 activity in HepG2 cells.
Therefore, we examined whether the invasiveness of HepG2 cells was increased by
acetaldehyde. As shown in Fig. 6, acetaldehyde induced a 16-fold increase in HepG2
cells migrated through Matrigel-coated filters. These findings indicated that
acetaldehyde activated MMP-9 activity and, in turn, increased the potential for

invasion.

Discussion

Several stimulators induce an increased expression of MMP-9 via various signaling
pathways and result in the invasiveness of cell lines. For examples, hepatitis B virus X
protein stimulates the NF-kB and AP-1 activations via phosphatidylinositol 3-kinase
(PI3K)/Akt and ERKs pathways, resulting in an increase of MMP-9 expression
(Chung et al., 2004). Transforming growth factor-f activates p38 signaling pathway,
which, in turn, induces MMP-2 and MMP-9 expressions (Kim et al., 2004). Phorbol
ester induces MMP-9 secretion mainly through protein kinase C-dependent activation
of the Ras/ERK signaling pathway (Liu et al., 2002). Radiation enhances HCC cell
invasiveness by MMP-9 expression through the PI3K/Akt/NF-kB signal transduction
pathway (Cheng et al., 2006). In this study, we demonstrated that acetaldehyde
stimulates the NF-kB and AP-1 activities via IxB, JNK/B-TrCP, and p38 signaling

pathways, resulting in the increase of MMP-9 activity and HepG2 cells invasion. To
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our knowledge, this is the first described intracellular signaling pathway of MMP-9
by acetaldehyde.

Most of the reactive oxygen species participate in the carcinogenic process at both
the initiation and promotion steps of tumor development (Shi et al., 2004). In addition
to the tumor development, H,O, has also been shown to be involved in tumor
metastasis by increasing pro-MMPs and active MMPs expression at both the
transcriptional and posttranscriptional levels (Siwik et al., 2001). Acetaldehyde is the
very reactive intermediate of the oxidative metabolism of ethanol. It has been known
that acetaldehyde exhibits mutagenic and carcinogenic properties by forming adducts
with DNA, inhibiting the DNA repair, and exchanging the sister chromatid (Garro et
al., 1986; Obe and Ristow et al., 1979; Vaca et al., 1998; Clemens et al., 2002).
Additionally, there are sufficient evidences to identify that acetaldehyde is a
carcinogen in animals and potentially associated with the development of HCC
(Boffetta and Hashibe, 2006; Seitz and Stickel, 2006; International Agency for
Research on Cancer, 1999). Herein we demonstrated that acetaldehyde was capable of
enhancing MMP-9 activity, resulting in the invasiveness of HepG2 cells. From those
and these data, we concluded that, in addition to tumor development, acetaldehyde
was also associated with the spreading of tumor.

In nonstimulated cells, NF-«kB is retained in a latent form in the cytoplasm by a
family of IxBs, which binds to the B-TrCP ubiquitin ligase. Upon phosphorylation by
an inducible IKK, phosphorylated IkB undergoes ubiquitination and 26S
proteasome-dependent degradation. The NF-«kB then relieves inhibition and
translocates to the nucleus (Karin and Ben-Neriah, 2000). In this study, we
demonstrated that acetaldehyde induced IkB phosphorylation and degradation via

JNK/B-TrCP pathway and, in turn, contributed to the induction of MMP-9 expression.
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In addition to the NF-«xB activity, acetaldehyde also activated AP-1 activity. Because
MAP kinases, such as JNKs, p38 and ERKs, have has been shown to mediate AP-1
induction in response to extracellular signals (Karin et al., 1997), we speculated that
acetaldehyde induced both the NF-kB and AP-1 activities via JNK pathway (Fig. 7).
Overall, our findings demonstrated the roles of IkB, JNK/B-TrCP, and p38 pathways
in the transcriptional regulations of NF-kB and AP-1 activities and the induction of
MMP-9 activity by acetaldehyde.

In this study, we demonstrated that acetaldehyde increased MMP-9 gelatinolytic
activity and cells invasion through the up-regulation of MMP-9 gene transcription.
The MMP-9 gene transcription was regulated by acetaldehyde via activations of
NF-«kB and AP-1. Further analysis showed that there was a correlation between the
phosphorylation and degradation of IkB, phosphorylations of JNK and p38, and
accumulation of B-TrCP in HepG2 cellular extracts treated with acetaldehyde. In
conclusion, our results suggested that acetaldehyde is potentially associated with
tumor metastasis. The mechanism described herein clarified that acetaldehyde
induced IxB, JNK/B-TrCP, and p38 pathways to activate NF-kB and AP-1 activities.
The activations of NF-kB and AP-1 by acetaldehyde resulted in the increases of
MMP-9 expression and cell invasion. The involvement of acetaldehyde in tumor
spreading represents a new finding in the contribution of acetaldehyde to HCC and
provides new clues for understanding the signal pathway of acetaldehyde during

metastasis.
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Figure legends

Fig. 1. MMP-9 activity was stimulated by acetaldehyde in HepG2 cells

(A) Gelatin zymography analysis. HepG2 cells were cultured in DMEM containing
10% FBS and treated with various amounts of acetaldehyde for 24 h in serum-free
DMEM. The conditioned medium (serum-free DMEM) was collected and then
analyzed by gelatin zymography. The arrow indicates the 92-kDa MMP-9. Activation
fold is presented as comparison with the intensity of MMP-9 band relative to
untreated cells. (B) RT-PCR analysis. HepG2 cells were cultured in 25-cm® flasks and
treated with various amounts of acetaldehyde for 16 h. Total RNAs were extracted
and 1 pg of total RNA was reverse transcribed. The resulting cDNAs were then
amplified by PCR using primers for human MMP-9 or GAPDH. PCR products were
resolved in 1% agarose gels and visualized with ethidium bromide. Activation fold is

presented as comparison with the intensity of MMP-9 band relative to untreated cells.

Fig. 2. MMP-9 promoter activity was stimulated by acetaldehyde in HepG2 cells.
(A) Schematic maps of reporter plasmids carrying either wild-type MMP-9 promoter
(wt) or specific mutation at NF-xB site (NF-kB mt) or AP-1 site (AP-1 mt). (B)
MMP-9 promoter activity. HepG2 cells were transiently transfected with pGL3-basic
or MMP-9 reporter plasmids and treated with 10 uM acetaldehyde. After a 24-h
treatment, luciferase activities were determined. Results are expressed as relative
luciferase activity, which is presented as comparison with the RLU relative to
pGL3-basic-transfected cells. Values are mean + standard error of three independent

assays. p<0.05,  p<0.01 from pGL3-basic-transfected cells.

Fig. 3 The DNA-binding abilities of NF-«kB and AP-1 were activated by
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acetaldehyde in HepG2 cells.

HepG2 cells were treated with 10 uM acetaldehyde for various time points as
indicated. The nuclear extracts were then prepared and incubated with biotin-labeled
double-stranded oligonucleotides corresponding to NF-kB (A) or AP-1 (B) sequence
as described in Material and Methods. The arrowheads point to the location of

NF-kB/DNA or AP-1/DNA complex.

Fig. 4 Acetaldehyde induced IkB-a phosphorylation and NF-kB translocation in
HepG2 cells.

HepG2 cells were treated with 10 uM acetaldehyde for various periods of time. The
phosphorylated (phospho-IKK-a/B, phospho-IkB-a) and non-phosphorylated proteins
(IKK-a, IKK-B, IxB-a) in cellular extracts were detected by Western blot. The levels
of p65 in cytoplasm (cy) and nucleus (nu) were also determined by Western blot.

Similar results were obtained in three different experiments.

Fig. 5. Acetaldehyde modulated NF-xB and AP-1 activations by JNK/B-TrCP and
p38 signaling pathways.

HepG2 cells were treated with 10 uM acetaldehyde for various periods of time. The
phosphorylated (phospho-JNK, phospho-p38, phospho-ERKs), non-phosphorylated
proteins (JNK, p38, ERKSs), and B-TrCP in cellular extracts were detected by Western

blot. Similar results were obtained in three different experiments.

Fig. 6. Cell invasion was promoted by acetaldehyde.

HepG2 cells (5x10%) were resuspended in 200 pl DMEM and added to the upper

compartments of Matrigel invasion chambers supplemented with or without
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acetaldehyde. After 24-h incubation, the total number of cells on the lower surface of
the insert chamber was stained and counted under microscope with 200x
magnifications. (A) Microscopic photos of stained migration cells. (B) Histogram of
invasion assay. Results are expressed as invasion fold, which is presented as
comparison with the total number of invasive cells relative to untreated cells. Values

are the means + SD of three independent experiments. ~ p<0.01 from untreated cells.

Fig. 7. Schematic diagram illustrate the molecular mechanism of acetaldehyde
-induced MMP-9 expression.

Acetaldehyde modulates JNK/B-TrCP and p38 pathways. Stimulation of these
signaling pathways by acetaldehyde leads to the activations of NF-xB and AP-1. The
activations of NF-«kB and AP-1 result in the increases of MMP-9 expression and

HepG2 cells invasion.
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Figure 1
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Figure 2
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Figure 3
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Figure 4
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Figure 5
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Figure 6

(A)

(B)

Mock

Acetaldehyde (10 pM)

Invasion fold

25
20

1505

10

Brs

T
|
—— .
 Mock Acetaldehyde

71



Figure 7
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