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ABSTRACT : Benzene is a widespread human carcinogen, inducing leukemia and hematotoxicity. Exposure to
benzene metabolites has been shown to cause genetic damage, including aneusomy and chromosome aberra-
tions. Fluorescence in situ hybridization(FISH) procedure was used to determine if the benzene metabolite, 1, 2,
4-benzenetriol(BT), hydroquinone(HQ) and frans, trans-muconic acid(t,t-MA) induced specific chromosomal
change in HL-60 cells. Treatment with BT, HQ and t,t-MA resulted in the induction of monosomy 8 and 21 in
HL-60 cells in a dose-dependent manner. All of these metabolites also induced trisomy 8 and 21, but no correla-
tion between frequencies of trisomy and concentration was found. Translocations between chromosome 8 and
another unidentified chromosome [t(8:?)], and between chromosome 21 and another unidentified chromosome
[t(21:2)] were found. However, translocation between chromosome 8 and 21 [t(8:21)] was not found. Results indi-
cate that the benzene metabolites, BT, HQ and t,t-MA, induce chromosome specific numerical and structural
aberrations, and the fluorescence in situ hybridization (FISH) approach may be a useful and powerful tech-

nique for detection of aneuploidy.
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oItk (Wester et al., 1986). =3t #IAl % gk op e} chAlAL
£<l phenol, hydroquinone, catechol ¥ 1,2, 4-benzenetriole
52 BF AEFAEAEE friaidar deiA e ses
EA2A ofel] SNk 273H ZA] (monitoring)7} F-8A] F e
gtow, o] 52 unbHgl AFe] AR ZA E 1 opy
g}, oFFEoxE E3] o] £¥H ¢t} Hydroquinoned}
catechol-& A2} Fulol] v £ FEE &4
phenol® A1 ET 3pEe] TAXFSR e (Marcon
et al., 1999, Wallace., 1989) lo] WAl 2 1 tARALE<]
2 F9el g HA ke RS F5F ¢ Sl
Azbat FES o= g AvellM WAl 1 dabts
< AR, Al A 23, 25D 3 DNA S5

Skl 7o g W TS 9JuH(Tsutsui ef al., 1997).
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Zhang 5°l =9 20uM $=°| BTE At At
540 A EFQ HL-60 M EA wFEAkspindle) 3343 0]
A2 o] FoIA|A] YA AEF (tipolarys 333 =
X7} FFVRE WSADE 3AER] oberial Barslal
gle], BT7} o] (aneusomy)S b=y Hodahcia A
Q¥8LT QIeH(Zhang et al., 1994).

AAZ A HET 9 A FEZA WAIRAMEE, |1,
2, 4-benzenetriol(BT) -2 hydroquinone(HQ) 5 A&l3}
of Aoz sH 7 @ gH GAAY o]FAS st
o= RS &l vl ¢luk(Stillman er al, 1997, 1999,
2000, Zhang et al, 1998b, Chung and Kim, 2002). =3}
Wt WAl HF 2RSS A2 3 JstEAbEFllA
= NGRS AN Fo]H R WA o7 ¢
2 ARG, 7, sd 2 2088 7EA ot Y 4
= o|ite] ftEl Aog A=A UvkSmith et al, 1998,
Zhang et al., 1998a, 1999). £3] AN A C-group(6-12)
2 x FAAAA o]pAJo] FolF o WA B} gl
© ™(Erdogan and Aksoy, 1973, Le Beau, 1990), =3
Acute myeloleukemia (AML) SAloAIA 7= 2]= g
A9 201 FAANZE AR [18:2)PF WlAlell =2H
Al Al M WA E g BIET 9 ok (Smith, ef al,
1998).

olefdt AT A= WAl &2 3t EXGNAY F5
Ex SAE vehs o)A 9 g dAlAle 21 G
A7 AZAF 82D F WAl =F2 Q1 hiAe) BolH
22 AT 4 gohe 7S ST 5 A e 24
7} 2}

AR ol AL Bl - b e Ede AT
AL Frlshe AESH AE2A 253l o8] St
Zept gk Ao Ml B AEEAe digt fA
A4S N 4 gl e B HsEAe] gt ek
AL Jepd 4 3l9lS Folot. wE EAR el
&2 Qs B4 JAA wisE S 4 gloh fElE
Aol Fol 4 AE2A B4 Fsiel B F R0 #
e x]e AR A A 37} HR2 gl 7180 A
Aol BAL &Hd Ve 9 w2 AE 8738k §2
S 7RI glend, vl 3ol LR fluoresecence
in situ hybridization(FISHY|¥-& o)eigh < neks) F
31 9lek 53] FISH/|H2 7129 Aol EMeMe
Fao] Brlsdld BA 944 5919 724 o F A4
A} A T2 BE BA A oA odE By
AHgsla w27 HEE 5 9ok F AR 9AA A
Z}7) o8 Ao FFEAR FXAA B gAAS a7t
Z7}¥=1E ploidy ¥ A4 el GNA7)ele] AAEAHFE

FAIE] T 4= 9le] FISH/IH 28 73t oo &l
& 28 F A FqA7A] o8 T 1 BEAe F
=3 Qloh(Eastmond et al., 1995, Natarajan et al., 1996).

et} B Aol WAl AREER] 1, 2, 4-benzenetriol
(BT), hydroquinone(HQ) % trans,trans-muconic acid(t,t-
MAYS Helgt HL-60 oM WAl xZol] o8] Sol=o
2 eht g 2 20 GAAe) S - A GAAe]
4 FISHPES olgled ZART, ol F WAl w2 4
B AH2A Bk ZAkskA skt

e o

M| Zulok
£ Ao M= AR FAolEA WEy Ml E5<] HL-
604 E (Korean Cell Line Bank: KCLBfFE AME3I9AT)

HIM CHARME 1, 2, 4-benzenetriol(BT), hydroquinone
(HQ) % trans, trans-muconic acid (t,1-MA) X2

Alste] gAolEAl s Ml EF<) HL-604 25 (Korean
Cell Line Bank: KCLB)E 10% -$-#f<}¥ 3 (GIBCO)}
100 unit/m1®] penicillin 100 ug/mi®] streptomycing F3}H3}
= RPMI 1640(GIBCO) ®iA|e|A 5% CO,7} 3F=+
37°C 32700l 24A17F ok F WlAlAL AFRS s R
AeJsled 37°C 274 48217k wioksldet. 5wl A}
AFE¢l HQ, BT ¥ tt-MAS 10, 20, 30 & 40 uM®] ¥
=2 7}t Aesidet

AMF| B I

WA Ao A2]E HL-604 Fol] X2 3A]7F Aol
colcemid® A2)5} AAN(0.075 M KClel| 15587 A=)
% A A A (methanol:acetic acid=3:1) GAA] FE Llo
=% 2Msigd

HIH CHARMRON 2f8F HL-60 M=Zo| M= WEE

W=7} 3 T25 Eelkasiel] HL-60MES 22 2
BE3F) o2 WAl ARRE BT, HQ ¥ tt+-MAS $EHE
Azt F 4847k B3t CO7t 3= 37°C 744
wjoFsla VA s E AES NESFE SRS AE
REEE 2Tl AEA Epo] gt Aol M2 A
Z Ax42] v|2 #Z3s}EHBomenfreund and Puerner,
1983).

FISH(fluorescence in situ hybridization)
2 AP M= Spectrum Greeno] FEA|FE §H FA A
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WCP probe(Vysis)?t Spectrum Orange”} EA|E 219 g
G4 A WCP probe(Vysis)yE o] &3lo] 2ol 23|
FISHE <33l vHSmith et al, 1998, Zhang et al,
1998a).

HAH| =2j0|= FH|

Zu)9 £elo] =5 2XSSC(Sodium chloride, Sodium
citrate) §-foll 37°CelA 1584 24 wkx|gt F AR2e]
70%, 85%, 100% Ethanol seriesol|A] 22} 284 epaAd
& ANES Qo 258 Fehol=x TG 5¥2
70% formamide/2X SSC &< of| A} 4 (Denaturation)*| 7!
F -20°C9] 70%, 85%, 100% ethanolol A z} 284 A
2 F Aol Az,

DNA probe Z=H|

Spectrum Green2.Z EX]¥ 81 dA1x WCP probe
(Vysis) 1pul, Spectrum Orange® FEA|¥ 21q FAA
WCP probe 1ul, WCP hybridization buffer 7 ut '@ 1pl
Z55E 4o} wHE hybridization mix: o] F-§ Alelol|A
73 1°Cell A 537 WAAIZL ¥, hybridizationA]7]7] A7}
7] 45-50°C®]} slide warmerell EoFF}.

Hybridization

FH|e Eeto|Zel| probeE 10wk HHE F 22 mmX
50mm cover glassy] 7FAl2]el] rubber cement (BORDEN)
B Agsk] SEPUS UES I e F¥o] A
A} ZHHumidity box)ell o] &3] hybridization® =5
37°Ce] w71l 16X 2HER} W8Tt
A

Zelo| =2 7u] Rubber cements TAIAHA A|AsI2
Zalo]| 22 72°C] 0.4XSSC(AMRESCOY 537 @A+
Z 7AWe], 2XSSC(AMRESCO)*l 50pul 0.5% NP-405
32 gof H7} 287 Ml A,

I v, £etel=E5 |3 DAPI(4,6-diamidino-2-
phenylindole, Vysis)Z & 348} (counterstain) 5, ¥H3t
& w742 20°CellA B3t

B Y AR Y

3J33 &u]7(NIKON, Biophot)& ©]-83}%] triple band filter
<l D/FTXRDMDAPIFICT/Texase Red, Chroma Technology
Corp. 61002)23= Spectrum Orange ¥ DAPIE FA|el
sl em, UV-2A filterNIKON, DM400)Z+= DAPIE
F3)55}.

SHEN

GAA o)A} vz oMb FAZ ZARSE] $l3l Spss
10.0 ZA7]A S <]-43}o] Kendall rank correlation test
£ A3gsisid.

2 =

B d o)M= HL-60 A2 NZAEES 7eisle] BT
2 HQS| 7% AE AEEo] 50 %olAkal 10, 20, 30, ¥
40uM o8t FEE Al GRS B3 o,
t,-MA2) 7% 10, 20,30, 2 50 uM °J3} F=3 A gsled
G o) S 3T

wlA JARRFE BT, HQ ¥ tt-MAe] ]38t HL-60 A%
Follxe] s 9 21d FAAe] Aol AfS Table 1 ¥
Fig. 1oj]4] Xi= w}e} b},

HL-60 M| ZFo 2] wialsj Azl o8 f-=" |44
o] #A o]} Heli= monosomyZ} hF-Eol%l2™ trisomy
= R 5 8 2 21 F4A12) monosomy HIE
= WAl AREE BT, HQ ¥ +-MA9] 557} 571kl o
g} ofukg TS RIS (p=0.000). 53] WAl AL
5] AlEA] & HEFME o)pie] 74 A v
ehgort %7} 2715k wel monosomye] W=7} 7}
slglom BAFCR folgt xolE Mot =3 &d |

Table 1. Frequency of 1, 2, 4-benzenetriol (BT), hydroquinone
(HQ), trans, trans-muconic acid (tt-MA)-induced aneuploidy in
HL-60 cells identified by FISH with the DNA probes for chromo-
some 8 and 21

No. of Monosomy of Trisomy of
D(I)\j[e cells chromosome chromosome
M scored #8 #21 #8 #21
BT
0 400 22(5.50) 35(8.75) 3(0.75) 5(1.25)
10 400 38(9.50) 62(15.50) 4(1.00) 4(1.00)
20 400  57(14.25) 88(22.00) 4(1.00) 4(1.00)
30 400  62(15.50) 93(23.25) 7(1.75) 3(0.75)
40 400  79(19.75) 108(27.00) 5(1.25) 4(1.00)
Kendall's T 0.130 0.142 0.021 -0.010
p 0.000 0.001 0.283 0.646
HQ
0 400 22(5.50) 35(8.75) 3(0.75) 5(1.25)
10 400  52(13.00) 84(21.00) 3(0.75) 3(0.75)
20 400  52(13.00) 96(24.00) 3(0.75) 2(0.50)
30 400  68(17.00) 104(26.00) 4(1.00) 3(0.75)
40 400  92(23.00) 128(32.00) 4(1.00) 6(1.50)
Kendall's t 0.141 0.156 0.010 0.007
p 0.000 0.000 0.061 0.776
tt-MA
0 400 20(5.00) 27(6.75) 10(2.50) 6(1.50)
10 400 22(5.50)  30(7.50) 13(3.25) 3(0.75)
30 400 34(8.50) 44(11.00) 8(2.00) 6(1.50)
50 400  59(14.75) 53(13.25) 6(1.50) 6(1.50)
Kendall's T 0.118 0.080 -0.023 0013
p 0.000 0.001 0.283 0.590

The number in parenthesis indicate percent of numerical chromosome
aberrations.
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Fig. 1. Frequency of 1, 2, 4-benzenetriol (BT), hydroquinone (HQ),
trans, trans-muconic acid (t,t-MA)-induced monosomy in HL-60
cells identified by FISH with the DNA probes for chromosome 8
and 21.

218 @A) trisomy® o]F HAMEC] 8 =AU
v} o ubeAl = #AEA] @8k (p>0.05).

Table 264 R whe} zre] BT 9 HQ7F H=d
HL-60 AEA g1 GMAZHE] h2 GAANZ o]F3
ArzAF el A 9 21 GAE EHE Y8 GAAIR o
T Az 2 A A A, s ¥
218 JAA Y AFZAF (82D #2E 5 e &
ZEozl GAA oA F AU WAl AR TR0t
Z7Wtel wet Frlshe AE vERdH 53] BTE
27 S71l wEl 4R wiEs felsl Frkskeid
(p<0.05).

E 9

£ Aolr HL-60 A X5l wiAldf k<] BT, HQ
2 1 +-MAE A23le] 899t (hematological malignancies)
o o] FRENAA Yo g wEHARE e o
Hal gaAelt 5 ed 21 Al - 72A
olA}e] = =AE FISH/IHE B3l 2481

71 dubq oz A gAA el g 21 94
A2] monosomye]%]2H, o] & E2F HIAIAMES] FEr}
F713l et A ol =r} el 718k 4
A gd @ 2180l Ee]HQ] trisomy™ FHAF| ] O} wiAl
ARFES] FE7) STl WE oFuks HAE R 4
Aot

Stillman §-(1997) AR lymphoblast(® =/} Al £5)f|A]
HQS =7} 715l oet dA4A 548, 74 2 8
monosomy?] W=7} Z7FFAARE trisomy?] HlEE FAX
27 fosiA ek Bask ¢)em, Chung®t Kim
(2002Y= in vitro AFeiol]l #lAIRARHEQ] BT, HQ ¥ tt-
MAZ} A28 AR 2704 58, 7H, 88 2 21
A A2 monosomy ¥ trisomy’} F=F ok B Ek §)
of 2 A7EFHE s S lH

=8k Zhang 5-(1998b)ell 2138 in vitro Aol HQ ¥
BT7} A=ld Al HZFolX G4A 51 ¢ 7R
monosomy”} FEEH T ¥t 9lew, Zhang &
(19949 = o2 AFATGoME FHAd Fe]Hal
probe(centromere specific probe)s ©]-83le] BT7} Held
FAFPA A EFQ HL-60ZTA 944 71 2 9
W] trisomy’} =T B arslal glv)

WAl x320] WA :ZA|H(internal marker)® ETEE T
= tt-MAZ in vitro AE]oA HL-604 ol 2|3t
A3 g o 210 G| ] A ol Afe] FAE ]t HA)
7R Apl| QA A) & (sister chromatid exchangeyd Y-271%]
g ARSI HolA: dvhe A7 ¥ Chung
7} Kim(2002)1 2J8t AFAAE |23 B A7E
A9} Zro] 44 o)A} B (ancusen)ZA] (-MAS] A7
S v|3e gk AFEAE ol Aol

olgfgt d+As} =5, £3] C group B (6-12)0lM
FEAQl GAA o] Ae] obdd EA GAIAS] AR A
ol i, & A o & sl gt =3t B A7A el
= ol=8} C group FMAIE oFRAIRE FAA] 2142 3
ol w4 sl

Zhang 5ol @23 20 uM 5= BTE X3t F4¢}
F5A NETQ HL-60 AlEoA #EeAk(spindle) A3
A SR o] FoiA|A] AT AFFS(tripolaryE HAEA =
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Table 2. Frequencies of translocation and insertion induced by benzene metabolites, 1, 2, 4-benzenetriol (BT) and hydroquinone (HQ) in HL-60
cells using fluorescence in situ hybridization with the DNA probes for chromosome 8 or chromosome 21

Dose No. of cells No. of No. of No. of No. of No. of No. of
(M) s.core a translocation translocation translocation insertion insertion insertion
H [t(8:M)] [t21:D)] [t(8:21)] [ins(8:7)] [ins(21:7)] [ins(8:21)]
Control 400 1(0.25) 5(1.25) 0(0.00) 51¢0.13) 23(0.06) 0(0.00)
BT
10 400 2(0.50) 4(1.00) 0(0.00) 64(0.16) 31(0.08) 0(0.00)
20 400 4(1.00) 12(3.00) 0(0.00) 64(0.16) 64(0.16) 0(0.00)
30 400 4(1.00) 4(1.00) 0(0.00) 153(0.38) 73(0.18) 0(0.00)
40 400 4(1.00) 13(3.25) 0(0.00) 169(0.42) 79(0.20) 0(0.00)
HQ
10 400 1(0.25) 5(1.25) 0(0.00) 124(0.31) 25(0.06) 0(0.00)
20 400 2(0.50) 4(1.00) 0(0.00) 89(0.22) 32(0.08) 0(0.00)
30 400 1(0.25) 5(1.25) 0(0.00) 197(0.49) 47(0.12) 0(0.00)
40 400 8(2.00) 5(1.25) 0(0.00) 128(0.32) 44(0.11) 0(0.00)

The number in parenthesis indicates percentage of frequencies of chromosome aberrations.
t(8:21) indicates translocation between chromosome 8 and chromosome 21.

t(8:?) indicates translocation between chromosome 8 and unknown chromosome.

t(21:?) indicates translocation between chromosome 21 and unknown chromosome.
ins(8:21) indicates insertion between chromosome 8 and chromosome 21.
ins(8:?) indicates insertion between chromosome 8 and unknown chromosome.
ins(21:7) indicates insertion between chromosome 21 and unknown chromosome.

o 357t SRS USAP AR vk Busia
gle], BT7} ©]4°4 (aneusomy)S Fsl=d] T3l A
Q}8}3 QluH(Zhang er al., 1994).

WIA-2 7rol|A HjAFE]o] benzene oxideE 713 phenolic
metabolitesZ. A F FA] BTt HQ'F A" o) &
YAFALE L bone marrowol]l HEHe] Aldig o =z
semiquinone®} reactive oxygen species(ROS)E *H 3}=] o]
gy gl ote] H171Ae)] A3 e = (Zhang
et al, 1993, 1994). =3} benzene oxide™= benzene glycole
2 A3E F (+-MAZ Al3lse] QA glez wiEsEE: A
o2 42 glchRusch er al, 1977). A o] & Al o
AMHEL spindle 34 W3l aneusomy® FEEhs
ARE zHshl He A= AdEch(rons ef al, 1980,
Pfeifer et al., 1983, Zhang et al., 1994).

g Al AR AE|ER] ¢k HL-60 Al EF B
M= g 2 21 FG4AS] monosomyd] HIEZ} F-3
A vebdont w50t S713 ot okRkE AAE Kol
31 glen, o] FAHE fogt xle|E Bl

HL-60 M ¥ FA4 oFFA ey xllA fralig Al
IFIA FPNEY AR B3E d7shed s
o] 45T 9J.om(Collins er al, 1980) o] A Ee] #3-2
Z} ARkl wet AlolshA] RE T Qle] widkEA A o}
el Al 3o wlet ALH o dFe] wIE Yel=
EAE Bola glo WAl HfAREE ] A HA] ¢ dE2F

oA gd 9 2104 FAA Y] P olite] FARGT & 4
et

B A4 HL-60 A FAA A 2 aneusomy?] HIT
7} 5ErF K vl EE ulER Frlehe S

& 4 9lel=d o] HL-60 AEF W2l myeloperoxidase

(MPOY} 5& 522 EAP] dEeltt. F MPO: &
3 34 F FFAE A A LHEE 25 AE F
8 peroxidase2A] £3}x7] A5 44 M2 HL-60
MFEel L F22 EA8}A =+=d|(Subrahmanyam et
al, 1991a, 1991b, Shen et al, 1996) o] EAX Al
ARHE<]l BT HQO| 84S Sy eEs 1 A% A

= semiquinoneZ} ROS7} MEW tubulind} 22 F8
chili Aol og3kg- WX} DNAY 7] 283l 8-
hydroxiguanineS 3433te] DNA £4+318 AAE F3)
DNA breakageS ¥27|:d Aol FAHY & ot
(Kolachana et al., 1993, Zhang et al., 1994).

wiAdlel] =23 2RSS HEToM AML 3Rt H
ol dubgez WA= @A 8 % 21 wisomy
2 G e 20z AsAR [82DE EII o
kgt B A o|Afe] B w3 Qlek(Smith e al., 1998,
Smith and Rothman, 2000).

E dFoire el o 21H FAARA & e dlov
g W 2pHS AlLfd B GAARS] A AT
Aot 2ol vl HiEAlol: Holx] igkem, ||



WAl oAbzl s = HL-60 AlE2] 88 2 21 GAAe] ol ol bzt 95

8H W 214 7 AsAse =R Wkl o] 2 AlY
2] in vitro “Jejol Al A2Igt BT, HQ ¥ tt-MAjel] #lA)
o] olAld] =ZHUE wf AAS Tl WAEAS do
Z 4 e AR B Agdd AME R dAEA
oJ9oll = in vivo AT o] EA)sIH o) Ee) Azt
Bl 2o oS 7= wiAlSA o] Tl wet 1(8:21)
7F e X g AR sRYE B oin viro A
ANE FEAoE AT 4 & A oE s

TE2A GAA S FEdhe 7| A-ell= wAle] AR
o] DNA EA] 2@ 944 £2](chromosome segregation)ol]
43l topoisomerase T12] 2f-geoll J3FS w[A 024 -
5% Aolgkx 4lx ¢lvH(Chen and Eastmond, 1995).
% BT % HQ® &= A=A 2= 500 uM, 1000 uMelit
9] 3s=oA topoisomerase [1¢] 21g-o] A=
A HAMFE 53] 4,4-biphenol} horseradish peroxidase
2 AL, W AHelEH s | 10pM sEAME
topoisomerase 15 GA|glehw A3lar glo], wlAl ARk
=3 A e 35T 4 o =3 9] Aig
myelotoxicity 2 genotoxicity:= #IAITAMHES] phenol, Y
hydroquinone, mucoaldehyde 2~ catechol®] Ab&-E 7ol
o] A8 wlxr)l Frldde dF2I% 9lvK(Chen and
Eastmond, 1995, Eastmond et al., 1987).

webA] WAl xF 22150 in vivo AfEld|A]e] HE
ol #EE A ] wiAl YARREES in vitro
AeellM k&% HL-60MEAAM] o4 Aol vg 4
UL Aoz gk

=Ml 2

T d7E BT G7 FEVE A dTulel o
T E 2 olof] ZAL=FH T}

Ll
ror

i

i

Borenfreund E. and Puerner J.A. (1983): A simple quantitative
procedure using monolayer cultures for cytotoxicity assays, J.
Tissue Culture Methods, 9, 7-9.

Chen HW.,, and Eastmond D.A. (1995): Topoisomerase inhibi-
tion by phenolic metabolites: a potential mechanism for ben-
zene's Clastogenic effects, Carcinogenesis, 16, 2301-2307.

Chung H.W. and Kim S.Y. (2002): Detection of chromosome-
specific aneusomy and translocation by benzen metabolites in
human lymphocyte using fluorescence in situ hybridization
with DNA probes for chromosome 5, 7, 8 and 21, J. Toxicol.
Environ. Health, Part A, 65,5, 365-372.

Collins S.J., Bodner A., Ting R., Gallo R.C. (1980): Induction of
morphological and functional differentiation of human promy-

elocytic leukemia cells (HL-60) by compounds which induce
differentiation of murine leukemia cells., Int. J. Cancer, 15,
25, 2, 213-218.

Eastmond D.A., French R.C., Ross D., Smith M.T. (1987): Met-
abolic activation of 1-naphthol and phenol by a simple super-
oxide-generating system and human leukocytes., Chem. Biol.
Interact., 63,1 47-62.

Eastmond D.A., Schuler M., Rupa D.S. (1995): Advantages and
limitations of using fluorescence in situ hybridzation for the
detection of aneuploidy in interphase human cells. Mutat.
Res., 348, 153-162.

Erdogan G., and Aksoy M. (1973): Cytogenetic studies in thir-
teen patients with pancytopenia and leukaemai associated with
long-term exposure to benzene, New Istanbul Contrib. Clin.
Sci., 10, 230-247.

Irons R.D., and Neptune D.A. (1980): Effects of the principal
hydroxy-metabolites of benzene on microtubule polymeriza-
tion, Ach. Toxicol. 45, 297-305.

Kolachana P., Subrahmanyam V.V., Meyer K.B., Zhang L., Smith
M.T. (1993): Benzene and its phenolic metabolites produce
oxidative DNA damage in HL60 cells in vitro and in the bone
marrow in vivo., Cancer Res., 53, 5, 1023-6.

Le Beau M.M. (1990); Chromosomal abnormalities in hemato-
logic malignant disease, In Mendelsohn, M.L. and Albertini,
R.J. (eds) Progress in Clinical and Biological Research: Muta-
tion and Environment Wiley-liss, New York, NY, Vol. 340, pp
325-335.

Marcon RF, Zijno A., Crebelli R.R., Carere A., Veidebaum T.,
Peltonen K., Parkes R., Schuler M., Eastmond D. (1999):
Chromosome damage and aneuploidy detected by interphase
multicolour FISH in benzene-exposed shale oil workers,
Mutat. Res., 445, 155-166.

Martyn T.S. (1996): The mechanism of benzene-induced leuke-
mia: A hypothesis and speculations on the causes of leuke-
mia, Environ. Healt. Perspect. 104, suppl. 6, 1219-1225.

Natarajan A.T., Balajee A.S., Boei JJ.W.A., Darroudi F,, Dom-
ingquez 1., Hande M.P,, Meijers M., Slijepcevic P, Vermeulen
S., Xiao Y. (1996): Mechanism of induction of chromosomal
aberrations and their detection by fluorescence in situ hybrid-
ization, Mutat. Res., 372, 247-258.

Pfeiffer R.-W, and Irons R.D. (1983): Alteration of lymphocyte
function by quinones through a sulfhydryl-dependent disrup-
tion of microtubule assembly, Int. J Immunopharmacol, 5,
463-470.

Ross D., Siegel D., Schattenberg D.G., Sun X.M., Moran J.L.
(1996): Cell-specific activation and detoxification of benzene
metabolites in Mouse and Human bone marrow: Identifica-
tion of Target cells and a potential role for modulation of apo-
ptosis in benzene toxicity, Environ. Health Perspect, 104,
(Suppl 6), 1177-1182.

Rusch G.M., Leong B.K.J., Laskin S. (1977): Benzene metabo-
lism, J. Toxicol. Environ. Health. Suppl 2: 23-36.

Shen Y., Shen HM.,, Shi C.Y,, Ong C.N. (1996): Benzene metab-
olites enhance reactive oxygen species generation in HL60
human leukemia cells., Hum. Exp. Toxicol., 15, 5, 422-4217.

Smith M.T., and Rothman N. (2000): Biomarkers in the molecu-
lar epidemiology of benzene-exposed workers, J. Toxicol.



96 zg=] -

Envion. Health. Part A. 61, 439-445.

Smith M.T,, Zhang L., Wang Y., Hayes R.B., Li G., Wiemels J.,
Dosemeci M., Titenko-Holland N., Xi L., Kolachana P, Yin
S., Rothman N. (1998): Increased translocations and aneu-
somy in chromosomes 8 and 21 among workers exposed to
benzene, Cancer Res. 58, 2176-2181.

Stillman, W.S., Varella-Garcia M., Gruntmeir J.J., Irons R.D.
(1997): The benzene metabolite, hydroquinone, induces dose-
dependent hypoploidy in a human cell line, Leukemia, 11,
1540-1545.

Stillman W.S., Varella-Garcia M., Irons R.D. (1999): The ben-
zene metabolites hydroquinone and catechol act in synergy to
induce dose-dependent hypoploidy and -5g31 in a human cell
line, Leuk Lymphoma, 35(3-4), 269-281.

Stillman W.S., Varella-Garcia M., Irons R.D. (2000): The ben-
zene metabolite, hydroquinone, selectively induces 5q31- and
-7 in human CD34+CD19- bone marrow cells, Exp. Hematol.,
28, 169-176.

Subrahmanyam V.V,, Kolachana P., Smith M.T. (1991a): Hydrox-
ylation of phenol to hydroquinone catalyzed by a human
myeloperoxidase-superoxide complex: possible implications
in benzene-induced myelotoxicity., Free Radic. Res. Com-
mun., 15, 5, 285-296.

Subrahmanyam V.V, Ross D., Eastmond D.A., Smith M.T.
(1991b): Potential role of free radicals in benzene-induced
myelotoxicity and leukemia. Free Radic. Biol Med., 11, 5,
495-515.

Tsutsui T., Hayashi N., Maizumi H., Huff J., Carl Barrett J.
(1997): Benzene-, Catechol-, hydroquinone-and phenol-
induced cell transformation, gene mutations, chromosome
aberrations, aneuploidy, sister chromatid exchanges and
unscheduled DNA synthesis in Syrian hamster embryo cells,

sl

Mutat. Res., 373, 113-123.

Wallace L.A. (1989): Major sources of benzene exposure, Envi-
ron. Health Perspect., 82, 165-169.

Wester, R.C., Maibach H.I., Gruenke L.D., Craig J.C. (1986):
Benzene levels in ambient air and breath of smokers and non-
smokers in urban and pristine environments, J. Toxicol. Envi-
ron. Health., 18, 4, 567-73.

Zhang L., Robertson M.L., Kolachana P, Davison A.J., Smith
M.T. (1993): Benzene metabolite, 1,2,4-benzenetriol, induces
micronuclei and oxidative DNA damage in human lympho-
cytes and HL60 cell, Environ. Mol. Mutagen. 21, 339-348.

Zhang L., Rothman N., Wang Y., Hayes R.B., Li G., Dosemeci
M., Yin S., Kolachana P., Titenko-Holland N., Smith M.T.
(1998a): Increased aneusomy and long arm deletion of chro-
mosomes 5 and 7 in the lymphocytes of Chinese workers
exposed to benzene, Carcinogenesis, 19, 1955-1961.

Zhang L., Rothman N., Wang Y., Hayes R.B., Yin S., Titenko-
Holland N., Dosemeci M., Wang Y.Z., Kolachana P,, Lu W.,
Xi L., Li G.L., Smith M.T. (1999): Benzene increases aneup-
loidy in the lymphocytes of exposed workers: a comparison of
data obtained by fluorescence in situ hybridization in inter-
phase and metaphase cells, Environ. Mol. Mutagen., 34, 260-
268.

Zhang L., Venkatesh P, Creek M.L.., Smith M.T. (1994): Detec-
tion of 1,2,4-benzenetriol induced aneuploidy and microtu-
bule disruption by fluorescence in situ hybridization and
immunocytochemistry., Mutat. Res., 320, 315-327.

Zhang L., Wang Y., Shang N., Smith M.T. (1998b): Benzene
metabolites induce the loss and long arm deletion of chromo-
somes 5 and 7 in human lymphocytes, Leuk. Res., 22, 105-
113.



