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Although relstively (e, Isukernies place 3 considersbis financiel burdan o society and cause
peychologic traume 1o meny famibes. Leukemia ia the most common cancar it chiideen, The
causas of leukemia in atults and chitdren are laegely unknown, but occupstionsl and enviconemensal
tactors are strongly suspected. Genktic pradisposition may also play & major role, Qur aim i6 10 use:
molkcular opidanivingy snd towicology 10 find the causas of leukemia snd develop biomarkers of

feukesria risk. We have saxfied benzene s a model chernical leukernegen, and we have idoatiied

visk factara for sumoaptitility 10 barzens toxitity. Nuvesous studias have sasocieted expogure (0
banzene with increased fevels of chromosome aberstions in dculating lymphocytes of exposed
workars. Inoreasad tevels of chromosome sbervstions have, in rn, beon comelated with &
heightsned rak of cancer, sapadially for hemenciogic melignandy, i two recant ochort studias in
Europe. Conventional shromosome aralys’s is lahadous, however, and recuirgs highly traned
personnel, Furthr, it lacks statistical power, 2s only a smell number of cells can be examined. The
recenty devaloped fluncassence i situ hybridizaton (FISH) and polynemes chein seaction IPCAY-
based technologies have allowsd the detection of specific chromasome abermations. These
techniques are far less \ime consuming and are more sensitive than classical chromosamal
andlysis. Bacause lsukemias commonly show a variety of apedific chromosoms aberrations,
detaction of thesa shenations by FISH and PCR in periphersl blood may provide improved
blomarkers of hukemxa ﬂtk. — Env)ron mm: Parspact 106t5uppl 4):937-948 (1998).
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ClassHfication of Leukemia

Leuwkeimis Is a cances of the blood-foeming
!!od?rgl:}}”hmd!um e cells
tral aration stopoiedc
that have 14 the o diffescartice
‘narmally to macure bload cells {1).
Lenkemiss are generally chastifisd into lym-
phosytic and myeloid caregories, according
o the cell lineage affected, and can be

facther designaved as acute ar chroalc
b 1 Lif . ells that
aggreasively prolifecaring ¢
n{xdg colonize df: bone man?wz and pre-
vens noeraal blood cell mangwdon; chronic
leukemis progresses much more slowdy.
Thus, these arc four general cascgodes of
leukemias: acute lymphacytic (ALL),
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raction; AT, Teverse TAMSCILING; TAML, thetigy-

¢heonic lymphocyric (CLL), acoee mycloid
{AML), and chronic myeloxd {CML).
These clasgsificarions are not exhpustive
hecause 2 small number of acuwc leukemias
have fearures chucaceriscic of bozh the
raycloid and lyrendphoid lineages, and are
thus designated acure biphcaorypic
leukemias (). {n addidon, anether miney
form of chronic leukemia, hairy cell,
accounts for less than 29 of all cascs (3).
The frequencies of thess four major
types of leukemin in children differ from
those in adulez (Table 1). Baced 0n 2
research report from the Naciosal Cancer
Tnsetauce (NCY), AML ks che mast common
form amang adules, followed by CLL (3).
On the other band, ALL, which ocoars rela-
dvely rarely aimong adules (approxiarcly
cases (4). The acure leukemiag axe farther
classificd iavo subtypes under the French—
Am;:;-m (Fg) systesn. The sub-
frequencies of acnes =e
?ug:mmud in Table 2. In che United
Seaces, myeloblastic and/or moncblastc
(M1, M2, M4, MS5) leukemigs are chzs most
comman AMLs In bodh children and sduls
(4.3), with the M4 being dhe most
common form in newborns (6). L1 i the
most coramon subtype of ALL in children,
whereas L2 is more frequendy scen among
adules (Table 2) (7). However, che BAB
clasifications have noc proved usefidl in the
clinical management of ALL; therefore,
ALL is more ofren subclassificd according
¢ in the clinical
(4). Undar this system, eady pee-B ccll
pre-B cell are the mose common forms of
childhood ALL {Table 2).

Incidence of Leukemia
The global incidence of leukemias is shout
8 o 9 per 100,000 people each year.
Approximaraly 250,000 new cases ocouwr |
worldwide, shout 28,000 of those
in the Unired Srates (8.9). Leukemia
accounts for 2.5% of overall ‘cancer
Table 1. Classification of latkemia and fraquandies in
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incidenc: and 3.5% of cancer mormality in
the Unlred Stares. However, its incidence
among children demonscrates ire signifi-
cance. Aldiough childhood cases (through
14 years of age) account for abour 12% of
all loukemias, childbood cancer is the séc-
ond biggese killer of children (after acci-
denes) and lenkemiz Is the mosc common
form of childhood cancer (10}, The fuci-
deace of chlldhood ALL in che United

Yable 2 Sulrtypes and frequencias of acute leuksmias
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Stares has increased approximately 20%
over the past two decades, mosty in the 0-
w0 4-ycar-old age group {(10). Over the
course of this cencury, Jeukiemin caves have
also genenlly Increased. The incidence of
lenkernia grew seeply becween 1900 and
1940 (11}, and in Deamark increased 3-
fold beoweea 1943 and 1977, primarily
because of incaeases in AML (12). Baween
1962 and 1977. AML akso increascd 20% in

Subtypes Description Dnikien | Aduls”
A
Mo Mirimal rayeloid diffareatiation 2 1
M1 Poardy ifierentiated T 10
M2 Mysloblastic with difarentiation » an
M3 Promyelocytic 6 10
M4 Myeiohiastic and raonnblatic 19 15
M8 Manohlastic n 0
M5 Erytheoloukamic 1 5
I Megekaryoblastis 10 ‘»8
Al
Aceotchiog tn morphoiogy (FAD
Ly Sraall and hiwgenscs £ 3
g law:gmwws 1: Sg
Asteeding to snunpphenotype .
Earty pre-B cell . — 57 -
fre-Beall | —_ 75 -
Transiions] pre-8 cell - 1 -
Beall — 2 -
Touh -_— 15 -

#AML in adslt dnta inciuies children and adults: however, €5 chikdhood AMR accounts for s smadl fraction of 2
AME TRSs, these Sgures may represeat adult percontagas. Data modified fromm Pui [4), Lichtman 5], and

Maser (7).
TMLWMMMNWSMMMWM
Lasdpmiss
Risk fattors Aduit Drildhood
Gonetic factors Family history Concordance f infast lsukemsia i1 twing
Genctic gyndromas Dowss syndromee, Bloom syndome.
Familial monpsomy 7, eic.
fonizing radiation Ayomiz bombing’ I uievo expome ¥ diagriostic Xrrays
Dccopationsl exposere
Radiotecapy
Residential adon
Chamical exposure Benzeas Paseenal exposure (o solventy/pesticides
Fewrochemitals Matemal exposure & topotxanerase i
Oeganic sobvents
Pesticides
Chertotherapeutic dnxs
Others Viral infartion HILY-1) Common infertions [7)
Diet Diet (mnatemat and ehiid)
Smeking snelig
Previgus matemat fatal loss
- Mlmwmmusumm
High bisth weight

Assembied from Pus {4). Sondier and Ross {10), and Ereaves (14).
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the Unlied Sares. Other studies indicate a
sise in myeloid loukemiss in other indusesi-
alized counuries during the same period
(23). Alchough overall Jazkemia gates have
remained relasively stable over the bt 20
yeass, the incidence of AML, which
accounts for abour B0 o 90% of acuxc

" Jenkemnies in adults (3,5), has incoeased sub-

srantially amang men over 40 years m
(14). The inereascd incidence of
among older mules and the fact that the
tﬁhmrmofuuulmkemhmrin ,
of accupatianal and envionmental rsk fac-
rors. In addition, the incldence of cernain.
forms of preleukemia, known as myeodys- -
plaszic syndromes (MDS), may be increas-
ing, bur this could scrually reflece incraased
awareness on the part of physicians and
extended use of disgnostic procedures in
cldecly patients end may not be due o
in etiologic facrars (15). However,
the incidence of MDS in Daalsh children
bas heen teported higher than genenlly
: and sppromates the incidence of
childhood AML (16). MDS e life cheear-

. ening,umnnnwdbythcwdud\of

Established Causes

of Leukemia o
Heredity, radiarion, chemical expostires, and
treatpnent with chemotherapantc agents

bave been impﬁnwdinﬂmdmdo’pmmtof
leukemia. Vieal infecdon by ar least one

kaown virus, hwﬂ:nT—ceﬂm
mmodam?fmmzrwumh
(27). The current etiology of leukami was
reviewed Jasr year by Sandler and
Ross (10) and Greaves (18). The risk fac-
rors thought to be involved in leukemias sse
summarized in Table 3. ey
Genetic predisposition may play a major’
sole in boek adulc and childhood Jeukemia
(Table 3). Although the Leukemia Sodiety . -
ica emphasives the facr diat anyone

exises among Easeern European Jews, sad
decneased risk exisws araong Asians (10) (dif-
farences in dict and may play 2 role,
howeves). Individuals with a famlly hiscory
of leukemis of lymphoma have 2 5.6-fuld
tncreased risk for AML (20). Paceats of chil-
dren with Down syndrome alte have an
increased risk of leukemia, aad individuals
with Down syndrome have a 10- w 20-fold
increased sisk and a gready increased inci-
dence of a parsicular subtype of leukemia,
AML-M7 (10). This sssociation may
Iavolve 2 patencal lenkemia gene called
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AMLT 2t 21q22 (19). Anocher common
genetic abnommalicy is the rearrangement of
the MLZ gene 3¢ 11q23, which 15 found
amang 30% of infars with lenkemia {10}
A familial form of monasamy 7 has als¢
been recognized, in which rwo or more sib-
lings develop myeloid lenkeroia before the
age of 20 (20}, This may involve a mmmor
suppressof gene an chromasome 7. As yer,
however, no lenkemiaspecific suppressor
genes have been 1dentfied, and diese inher-
ited genede defecrs can explain ehe rauses
for aaly 2 small bur significant propostion
of acute lonkemias fup w 5%) (1.
Another group of risk factors includes
occusparions! and envitonmental expoaure
ta radiation oe chemicals (Table 5). The
besr astablished cause of leukemia among
children is in uters exposire vo diagnostic
Xerays {10). Leukemis in adules is scongly
assoctaeed wich occuparianal exposure to
ionizing radiddioh (18). Mari¢ Curie and
hez dzughrer Irene both probably dicd of
leukemia, end onc of the greatest risks vo
astronanss in waveling ro Mass of beyond
may be lenkemia from cosmic radiagon
exposure. There s hitde evidence, however,
that nonionizing rdiaden such as decre-
magaetic felds (EMF} induces leukemia,
Indced, two recent smdies have showa die
EME ure is (ot 9 major risk facror for
leukemsz in daildren (21) oc in adulss (22).
Oceupational exposure ro cheoicals,
especially solvents containing benzene, has
been associated wirh leckemia (23).

Workers exposed to benzene with expo-

sures grearee chan 200 ppm-year have an
addivional fisk of developing AML, which
is more thas 20 times preamce than that of
the general populanion (243, The chemo-
therapeuric treateant of cancer induces
secondary myeloid diseases, including
AML and MDS. This induction is a amjor
clinical problem and accounts fox up to 10
to 2096 of all AML and MDS cascs diag-
nosed (25). Dirugs presening the mosy risk
are alkylaring agents, such as melphalan
and busulfan, and epipodophyllotoxin
ropoisomerase 1T inhibitors. Abour 8% of
patients treated with allylating agents
developed AML within 5 years after begin-
ning wezrmear {3}, Children with ALL
teazed with cpipodophylletoxing had a 5
w 12% enmuladye risk of AML (26).
Because mast people in the general
population are not exposed ta chemodicra-
penric drugs or eooupaconally expossd o
rzdianion or chemical solvents, exposure o
thesc agents cainoc explain dhe cawses of
the majoricy of leukemia and MDS cases
diagnased each year. We conseevatively
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estimate thar the causes of ar least 20,000
{approximarely 709) af the 28,000 new
leukemia cases that develop annually in
the United States are uncxplained. Thus,
the canses of leukemia remazin largely
liaknenvnr. Although some success has been
achicved in wezating lenkemizs, cspecially in

children, mortality rares have rernained rel-

atively high (approximarely 75% in che
United Staxes) (). Further, weamuent may
cause Jong-rerm damage and increased mar-
bidiry. Leukemizs, therefore, place an enar-
rasus fnancial burden on society and cause
serious psychelogic tranoma fior many famj-

lies (27). 1dentifying the cascs of leukemia -

is therefore an impaorrant public healch
concers, ag it could lead ro the eventual
prevendon of this disease, Truditional epi-
demiologic studiss bave largely filed o
ideadfy the canses of leukemias in the gen-
eral populadon. We bave malen 3 molecular
epidesniclogic approach, in which tadi-
Eoas! epidemiclogic methods age combined
with the larest tools of molecular biology
and cyvagenefics, in investizgating die causes
of leukeraia. Tn recent ysars, our laboratory
has been searching for potential bicmarkees
of benzene exposure thar may be nsed w
find the cabises of leukensia in the general

don., Benzene has seoved a5 2 model
euvirompental lenkemogen in these studies.

Benzene as a Model
Chemicat Leukemogen

Benzene's coxic cHects on the mamow were
firsc described in 1397 (28.29) and the firsc
case yepare of lenkemia from benzene
sppeared in 1928 {30). The 2bility of bea-
2anes 00 cause AML was Arsc fally established
in the 1970z following epidemislogic
studies in [ty and Tuckey (23,37-33).
There have been numerouws repocs of smol-
dering leukamias and preleskemias pro-
duced by benzene (29). These would likely
be clagsified as MDS woday. Revenr studies
in Chites, Jed by Hayes and Yin (34,35) and
joimly sponsored by the NCI and the
Chinese Academy of Prevendve Medicine
{CAPM)Y, have established chat benzene
causes AML and MDS in humans and have
also suggesved chat benzene exposars may be
assoctared wich noa-Hodghin's lymphoma,
lysaphocyiic leukemia, lung cancer, and
masgpharyngest cancer.

Benzene is an important commercial
produck, with approximately 2 bilkion gal
produced anonzlly in the Unied Seares. It &
used moindy o3 a swerdng material in the syn-
thesis of numernus chemicals. The main
public heslth issue concerning benzene in
the United Staces aod ather developed
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countries is its use as 2 compancar of gaso-
line and the fact thar the shift o unleaded
gasoline has rended to increase ics benrene
content {(36-42). In the United Stares, the
current benzene content of gasoline is genes-
ally below 196, but in ocher cauniries supes
valeaded gasoline ean contain greater than
5% benzeae (43). Another major source of
public exposurc 1o benzenc is Ggarcre smok-
ing. A pack-a-day smoker inhales approni-
rmately 2 mgfday, and noasmolars who lve,
travel, or wock with smokers are expased wo
benzeac theough sidesttera or scoand-hand
smoke (4). Because bename Is also present
inn many foodseofts, the background kevel of
berzene inmke for nonsenokers has been esti-
enaved a1 0.5 mg/day (45). I is therefore dit
fieulr, if nor impossible, t avold exposure &
benzene. Furthermore, henzene and sebvents
containing moce than 19 benzene continue
to be nsed in many counurics, including
China, former members of the Sovier Bloc,
South America (4649, and even Spain,
where a case of benzene-induced aplastic
aneynia was recerily described (50,

Biomarkers in the Molecular
Epidemiology of
Benzene-Exposed Workers
Biomarkers are indicybars of malecular and
cellular evencs in biolagic systems and onay
allow cpidemiologiscs ro better examine
relationships berween cvironmental haz-
ards and human health effecws. Biomarkers
can be dassified inw thres caregoncs: bio-
mackers of exposure, biomarkers of suscep-
tibiliry, and biomarkers of early effece.
Along with eolleagues from de dhe CAPM
in Beijing, the Shanghai Hygiene Ancd-
Epidemic Center, the NCI, and other insti-
tutioas in the United Sraree, we have
applied various biomarker methods to sam-
ples obsained from warkers exposed w high
levels of berzene. The goal of these sudies
is to develop and validare 4 biomarkers of
exposure to benzene, which include usi-
nary favels of berrenc raceabolines, INA
adducrs, provein adducts (such a2 albumin
or hemeglobin adducts), etc; &) molerulas
mzrkers of suscepibiliry 1o benzene, such 2s
inherired genetic facrors or defects
and polymorphisms of enaymes involved in
the mcrabolism of benzene, indudiag
eyracheome P4502E1 (CYP2EL), myclo-
peroxidase (MPO), NAD(PjH:quinens
axidoreductase (NQO1), ghuathione 5
wansfernse {GST), excs aud ¢ biomarkers
of the early effeers of benzenc, including
bematotoxiciry (complerc blood cell
counts), gene mutations (glycophorin A
[GPAL and rar, erc.), and chromosome

939
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sherparions devecred by Guoeescencs in site
hybridizarion {FISH), G-bandiag, and 2
micronucleas assay. An overview of the
suddies has been presenced previously (51),
and only those findings percaining to
“suscapribility and ideqtificadon of early
effects will be discnssed here, along with
the geeralizabilicy of the findings o dac.
Biomarkers of Susceptibility
to Benzene Hematoxicity

As described previously, individuals with
highly sus-

propordon of leukemis cascs involve such
inhedred susceptibiliry. It is posaible ther in
 much larpes percentage of cases, inherited
isms in genas that ancodé car-

sinogen activarion and detoxificadon
-enzymes, such as the cyrachrome P450s
and GST, could conrribuge indircedy m che
leakeraia risk. Multiple dlinical sepores sug-
fesx chae gready In their suscep-
tiblliry to health risks from benzenc
exposuze. One possible reason might be
inrerindividusl variation in mersholic
activarion #nd devoxification of bonsese
and ity primacy memabolives,
Severu] enzymes chat are involved in

_ benzene menbolism and cleardnce have
- been identified. Benzeng is membalized by
the hepadc cnzyme CYP2E] 1o beazenc
oxide, which sponsaneansly forms pheool.
Phancl, in rumm, is further mevabolized by
CYP2E! to dI- and wihydroxybenzenes
such as hydroquainone (HQ). catechol

s

CYP2E1

Pharianereapturk: acid

Phenot

CYP2E1

+

. SMITH AND ZHANG

(CAT), and 1,2,4-benzencuiol (BT) (52)
(Figure 1). CYP2EL therefore plays an
essential role in benzene coxicity by acrivar-
ing it 1o posentially toxic membalites
{53,54). On rhe other hand, G5T can
denoxify benzene axide by converting irto a
less ooncic o nommoxie destvarive, rhm)dnmf-
captusic acid (55). The polyhydroxy
saesbolires HQ, CAT, and BT arc fusther
convered in the boas marrow by MPO o
benzoquinones, which are porent hemaio-
tonde and genowaxic compounds (Figure 1).

uinenss cap, In turn, be converted
back to less toxic hydroxybenaenes by
NQO1 (53,56) (Fgare 1).

Bewween 5 end 209 of people in 2 given
populerion may lack sigaificane NQO!
actvity {$7=59), poscatially making them

ible roxicity. This vasis-
ton is consed by 2 homozygous mucerion
(88C —T) at position 609 in the NQOZ
gene, which occurs among 5 1o 6% of
Caueasians snd Afican Americans and as
radny as 18 1 209 of Chinese and other
Astans (59-61). To st the hypochesis cha
individuals who wese homozygous for che
NQOI®? mumarion and poseessed high
CYP2E1 activiry would be susceprible o
bcnzen;_ hm:o:ﬁig; ceze—control
study of accupane enc poisoning
whs ennducn:lp‘ (ow white blood czll counc
<£4000/mmP) in Shanghai (51,58). CYP2E1
activity was estimared by the fractional
excrerion of chlomaxazonc in 50 cases of
benzene polsoning snd 50 controls. Subjecs
with both 2 rapid fracdions] excrerion of

Benzens

Ty
v !

Banzens ot se———mey  trang ans-Mucongidehyde

;

trans.trans-Nsonc nad

v

Di- and pihwtroaybensenes (HO, CAT, B1)

8201

-

[ [

Bencoguinonss

Toxizry
Figura 3. Pathways of benzenz mretakniism lending to tosiciy and detoxiboation,
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chioraaoxazone and homezygons NQO!
sateant allcles were at a 7.6-fold incréased
e g e e 0T
Inrvestigatt ¢
g’?—?‘l‘ mmsin acute leukemis In
getenl, induding herapy-relared Scakemias.
Prcliminacy evidence suggeses thac the -
NQO? polymorphism is a risk factar for
some types leukemia
MPO activares all the phonolic matabo-
lizes of benzene w highly toxic free sdicals
and quinones (62-6¢). MPO Is an eaxyme
found primarily in neutrophils and cheir
precussars. An Inherited polymorphism in
the MPO genc has recendy bean describad
(65). The polymorphism is a single base
subedeution (G ¢ A) in an Afs tepcar in
the promater region of the MPO gene. The
presence of an A racher than o G ac this sire
decreases expression by about twa-thisds in
hogmozygons mucant individuals (65).
Theorerically, then, people who have
runnt homozygous alledes in MPO shonld
be at lowes risk of benzene hemapovmedcicy.
This hypothesis s beiag weseed i ouz labo-
ratory using a new seseriction fragmenr
length polymorphisa/polymerase chain
reacxion (PCR) method for detecting the
rnutsar allele {686), Intcrestingly, this new
merhod has recently been used vo show
that individasls with homogypous mueane
alleles in the MPO gene are ur 5
dacreased risk of lung cancer. Furcher, sar-
Yier smdies using ing chowed thar
cases of AML-M3 and AML-M4 have 2
decreased incidence ;i the mugant allels,
also suggescing that homozygous savmant
individuals woﬁld be resisaant to thesc sub-
zypes of AML (65). However, this analysss
was based on only cight cases of AML-M3
and -M4 and requires confirmedon.

The porcarial rola of GST polymoz-
phisms in benzene hemarotoxicity Is cur-
sendy unclear. The GST-p (GSTM1) and
GST-0 {(GSTT1) subclasses sre cspecially
offective ar detoxifying epoxides, induding
benzmeoxidgthuismgv;mdm o
phenylmercapuuric acid (Figuse .
Recent dacz, however, suggese thee GSTs
will nov provide provection against benzo-
quinoas mewsbolives of beazenie because the
ghuachione conjugates of these metabolites -
aze also hemarotoxic (67). Althongh one
mxdyut;pomd that the G.S’TTJ) gena-

mzygous gene deledion) was asso-
wduedwidt 40 Increased sk of MDIS (&5),
a larger, more recent study did nor find
st;%s an associadon (69). Cleady, zh:;:::
of GSTs in suscepribiliey 1o benzenc -
rawoxicity and to acute loukemia and MDS
deserves further study.
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A summary of the potcarial role of
differeat genesic polymorphisos and mezsb-
olizing cnzyme acriviries in auscepeibiliy 10
benzene toxicicy is provided io Tablc 4. In
theoey, individuals with high activities of
CYP2EL and MPO and Lo ; muz-
tions ia the NQQOI and GSTTHGSTM1
genes would have the highest risk for
bemmene haracorexdiciny. ,
Biomarkers of Early Effect
from Benzene Exposure
Anather potential methad of predictin
who is most ax risk for benzene-in
o b ok s
genetic it ces in nd-
viduals, using blomarkers of early effect.

asscsiing generic darnage is to
thersure mutations in specific genes such as
GPA (70,71). An increased GPA munadon
frequancy has been found in childeen with -
lenkemiz and in people axposed o sadiarion
and lenkemogenic anricancer drugs (72).
An increased Jevel of gene-dnglicering muzs-
tons in GPA kas also been foond in bens

warkers (73). Inverestingly,
this Increased muradon fequency was corre-
laced with camuledive axposure o beazens.
Because cumularive exposure o beazenc
nmy correlate bese with lenkeruia risk, the
GPA assay appeass vo have potearial as 2
bicwmarkar of auly bi effecx for ben-
zene and other lsakemogens. The GPA

bas drawhercks, however. Floy, it §s rel-
arively insensidve: High benzene
(snean time-weighted average Al ac

J2 ppm) oply elevared the combiaed

murane frequency fom 16.3 w 23.0 pec
million, & 419 increase (73). Second, it
can only be performed on GPA heterory-
gous {type MN) individuals, who sracisti-
cally constitute only 50% of aay given
populstion undes scudy. Thus, alhough
the GPA nssay can provide impareant
mechanisric information, ie may net be an
Ides! biomarker of eady effece.

The most common manns of derecting
geveric damsgy hus araditonally been con-
yeotional cyrogenetics, Numerous publica-
dons, including the dassic cady studies of

Teugh and coworkess (74,75) and Forni
and colleagues (76,77), have demonstraoed
the clear association herween benzene
exposure and inceessed levels of chromo-
some sberracions in pesipheral blood cells.
Mare recent studies have suggested thac
benzene may induce aberrations at TWA
concentrations helow 10 ppon (78-83) and
have selerive cffects on cestaln chromo-
somes (84-87). We are cucrendy investi-
gating the utility of these data in
i ing the risk astersment for benzene.
Because chromasomé aberrations in
peddphenil blood lymphacytes ace asoci-
ated with incrensed risl: for overall cancer
incidence (88), especially for increased
mornaliry from hemarologic malignancies
(89), it is possible chac specific chromo-
some shecratians pay provide even bewer
markers of fisoure leakemia risk. -
Specific Chromosome
Aherrations as Biomarkers

of Léukemia Risk

Spetific chromosome aberrations are the
hallmack of human leukemis ($0-22).
Aacuploidy, the loss or gain of specific
chromosemes in AML and MDS (such as
trisamy 8 and mancsomy 5 and moacsony
7}, is commonly obsarved, s are specific
chramosome translocarions, inversions, and
deletions [e.g., t(8i21), €(9;22), Inv(16),
and losg-arm deletion of cheomosome 5]
(91). Up t 65% of acuce leukemias con-
win nenrandom red chro-

rearrangements affect gene sxpression in
weys that subvere normal cell prolifesation,
fiftvensiation, tnd

susvival.

The foss of ciromesomes 5 and 7 and
theie bong-amm deledons ar¢ the two most
common & in therapy-relaned AML
(t-AML) and MDS; especially among
patients previously aeated with alleflacing
agens (96). Treacenent with topot
1T inhibitors is assaciated with balanced
chromesome abesrations, such as c{4:11),
(6;11), and £(11:19), in t-AML (94,95).
These spacific chromosome abermarions arc

Tw&mmxmﬁmmmwmmm«msmmm
s cetoxiRation. . :

acthaation of beozoas 3w ks
Susoaptibility 1 benzens Activetion Dewonification
hamatokndeity ] N 1 1
High High High Homatygous Homezygars
Madim High 1 Wiid-type/hatenazygous ?
Low 1 Hadozygous [
Low Low Low Wild-typa/heterozygous Wild-type/hetsrorygous

1, eacarinin. Deta from Ross [53), Aothman et al. (58), and our curment ypotheses.
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slso more common among lenkemia
pasicncs with previous exposare to chemical
solvents {includiog chronic cxposure o
benzene, insecricides, peuroleum, crc.}
(96,97). Fos exzinplc, one recens study
found an association berwesn monosomy
7/long-arm delerion of chromasome 7
{del[7g)) and previous exposure o paincs
{odds rado 7.5) (97). In addicion, rrisomy
and monasomy of the C-grovp chromo-
somes {6-12, X) wese prescnt in che bone
mareow and blood of several beazene-
inducced AML parienis (98-101). Among
thesa caoms, clonal expansion of trisamy C,
identified as ahiomy 9 (98), and of wisomy
D {200) were observed In all lewkemic cclls
examined. Monosomy 7 was also found in
100% of the bone warow cells of ons of
the benzene-induced MDS cases (202).

case of peeleukamia (Icukopenia) resulting
from chronic exposure co benzene For
4 years withour the signs of Jeukemis; aftec
4 years without exposure, the abanation

d‘mmad (101).
specific chromesome abermdions

have been obscrved in bodh leukemiz snd
preleukiemis parienty previoudly cxposed ©
beozane. However, onr studies have
addressed a2 addirional quesdon: whether
benzene exposue induces these apecific
chromasame sberradons, which mighe lead
w the development of leukamia in exposcd
bur nondiseaéed Individuals, In aswering
this question, we believe thar messuring
disease-specific chromosome sberradions in
cxposed 3

dhao mexsuring general nonspecific aberza-
tions, nor only because disease-specific
chromosome aberratioas probably have
bereer predictive valus, but because recenx
studies in our laborarory suggest that
chemicals cause aneuploidy of specific
chromosomes or produce greaees ﬁm&c
ta some chromosomes than to others
{108). Most previous sradics measured
oaly general chremosome aberrations in
benzenc-exposad workers by conveational
eytogenexic analysis (78-80). The dassic
assay, howeves, allows few cells 1o be cxam-

-ined, requires high? eralned personnel,

aund does not readily derect specific
chromesome absmrations.

Detection of Specific
Chromosome

by FISH

Specific chremosome sherrasioas can paw
be detecred by FISH (104-106). FISH
offers seversl smajor advantages (107) oves
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coavenriom! chromnsome aberration soely-
sis: FISH requires less-highly trained per-
sonnel; FISH s casier w perform, aliowing
analyses vo be pedormed in less time; FISH
analysis of meraphase oells is smpler, rask-
ing it possible 1o aaalyze 10 rimes more
5 and FISH can deweer very spe-
cific avencs Mentical to thoss found ia
lewkermin calls, These cypes of evenes may be
mor assuciurad wich asbeequenty
developing ia than overall evcisnares
of darnage. FISH can therefore be used to
derecr Jenkemia-specific aberrations in a
timely, sensirive, sad cosc-cfiedve munner.
Howaver, liks coavenriongl ic
methods, memphace anglysis by &%H can
only be performed on dividing cells. In
peripheral blood, the cells chat can mast’
readily be srimulaved to divide are the
T lymphocytes; the mese com-
mon rechaique used ¥ cpiogenedc analysis
of mcuphases from these cells. Peripheral
T lymphocyres, though 2
hermazowdic eige:s of be:f:ene 108,109,
are cleardy not the targer of genoroxie dam-
age responsible for the developmeat of
. AML and MDS, Thus, the validicy of mes-
suring AML-specific chromosome aberra-.

tions in peripheral T cells might be
qudmd?e However, T cells nugh.:%e con-
, ;z::ed a weeful surrogate rarger becapse ar
a potion are seharively loag tived (> 1
year) and accunmlare sbertations, Fusrher,
chiomesome aheradlons thas confer sclec-
tive on calls of the mydojd fir-
[e.g del(7q). 1(8,21)] should have no
on T lymphocyres. Hence, dewection
of spetific aberririons in Tecell metaphases
is 2 measore of the number of euronlaive
critical hirs thar have cecurred in the blood,
and presumably the bone marrow, of con-
uol and exposed individuals on & per-cell
basis. Specific chromosome aberrations in
circulating T lymphocyres, which acx as
loag-lived sursagates fior srem cells in the
Mmarrow, may ee serve 95 usefid bio-
mackers of leukemia risk for benzenc.

Wea ap?lied FISH 1o decermine che
pm speuﬁcdnfommub:mdom
in hocytes of workers expozed
bemzene and mawhad controls. Inirally, we
stodied hyperdiploidy levels of chromesome
9 in incerphase cells becanse prisamy 9 had
been obscrved in benzene-poisoned padanrs-
(28, 110) and benzene membolites induce
hyperdiploidy of this chromosome in cul-
tured lymphocyres dn vitro (211,112). High
bemene exposure inoreased hyperdiploidy
of chromosome 9 in the lymphocywes of
otherwise bealthy warkers, with risomy 9
being the most prevaleat form (173), We
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have used interphase cyrogenerics wo study
the hyperdiploidy of chromosomes 7 and 4.
The findings were briefly reporred in
abseracr form {144) and will he published
elsewhere. Inverphase netics canuot
be used, however, ta confidencly datec
monostmy of thee rrantlocations becausst of
stifaces relsted ro probe overlap (104).
Meonosomy 5 and 7 and teznstocations
{8:21) are among the o8t common sberra-
tians obsexwed in AML (90,91}, We have
therefore begun ro use chromosome pains-
ing and 1egi ific fluorescent probes
1o examine AML-specific aberrarions,
including monssomy 5. monasamy 7.
del(5)(g31), del(7)(q22q34), and 8:21), in
spoeads prepared from the lym-
phocyues of workers sxpesad 1o benzene and
marched concrcks. Increased frequencies of
t(8;21) and misomy & and 21 bave been
demeted arnong workers cxposed vo benzene
(115). Monosomy 5 and 7 and thair leng-
arm delerions also increascd in the exposcd
workers (116). Table 5 briefly summaives
the specific chromosome aberrations
observed in AML and MDS dewcted in che
henzene-exposad workers by FISH.

Detection of Specific
Chromosome Aberrations

by PCR-Based Technology.
Specific chramosomal shermtions can also
be deeected by PCR and reverse transcrip-
asc (RT)-PCR (177-120), These methods
hold 2 number of advantagas over FISH,
including the sbilicy to detecrt very rare
evenss (1 copyf107 ealls vs 1/10% cells by
FISH) and the ability o srudy Jarge num-
bess of people easily and ax low cost, These
seemingly potcat advantages ace offser,
however, by rwo mujor disadvaarages.
Fierr, che: high sensitivicy of PCR mskes v
proae w false-positive resules caused by
sample contaminasion. Secdnd, quentin-
tion is diffiaulr, especially for RT-PCR.
The former deawback can be overcome
with extremely rigorous lab procedures,

buc the berver is mainly resericted v o quali- -

wmoive value such 85 nnmber of individuals
giving positive resuls, Bacaus¢ chromoso-
mal teandlocadions involve the formation of

novel messenger RNAs and fused DNA
scquences, these aberrations have been
those mainly dewected by PCR-based pro-
cedures capable of identfying she novel
but zare sequences in millions of nosmal
sequcm:?.w et al. (718) demonsrrated
char the BCL2 cranslocation [e(14;18)],
commonly found in pacdeacs wich non-
in's | , could be dewcted In
the bicod of healthy individuals. Biemaux
e al. (121 observed similar resules in 117
noqmal suol?'«cu reswed by RT-PCR for the
presence of BCR-ABL fusion in RNA from
the 1(9:22) (q34; q11) waaslocaion. In
both sendies the transtocarion could be
detecred in up o 40% of sormal healthy
subjects, and Irs prcsence increascd in fre-
usncy with age. PCR-based procedures
< hold greae promise for devecting
specific chramosome sberrations, espec
when used in combination with . We
are curzendy atempting o transle-
cations t{14; 18}, ¢(9;22), u(8:21), and
3(11q23) by both PCR and FISH in the

peripheral blood of workers bighly expased
wbemneandmmhdconuﬁ"

Benzene and Childhood
Leukemia o

Clusters of childhood leukemias have
occurred asoand Supecfund sires (122), and
in Brimin, Knox (723) reportad char cases
of childhood leukemia commonly occnr
doser o induerrial inswllavions. He con-
tluded; “The common patverns of closc
association of clustered and sonclusmered
cases imply a common esiological compo-
nent arising from a common ¢aviroamental
b the use of fossil fuels, espe-
cially peeraleum™ (123). This work imphi-
cates benzens and perroleum products in
the development of chi leukemis,
but the fipdings are highly controversial and
were challeaged in_rhe literavase (124).
Recently, Knox and co-workers (125)
expanded on their original findings and
aamined relationships berwees addreases ax
birck and deach of childzen dgi.ng from
Leukemis and orher cancers in Britsin and
the sices of potenul environmental hazands.
They smudied all 22,458 children D ro 15

Table 5. Spoctic chromasorae dbergtions cbsacved in AMLADS are detectsdis beszenesmposed warkers.

Chromasema aberration AMAMDS Baraeng-4xposed

Ansupioldy Trivontry 8 o 21 17,48 48, +01
Monogomy 5 and 7 -5, ~¢

Long-ar defesion_ 5+ 7 g o

Tranglncetion B2 2 us2)

Inversitn 15 Not done

Data fom s fegu (90, Hagameijer and Grosveld (97}, Zhang st al {113, 134.118), and Swich et al, {175
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years of age who died from leukemia or
cancer 1:%n.gla.nd Whles, and Scocland
berween 1933 and 1980. They found thac
childhood cancers were geographically seso-
ciared with rwo main cypes of indusirial
agmaspheric effueny, nam wm-
derived volariles and kila and fiumace amoke
md.glm.aswdiu:ﬂmnmfmmmmnd
combasion engines. These s
theic sadier ?gdusmn thalﬂ.mﬁng‘ benzene expo- iy
sure Is responsible for ac lensupoxtionaf
childhood cancers. There secms o be a0
plaittve moduim. however, borween car
and childhood ALL {1.25).

The findings of Knox 2ad co-workers
arc consisieat with earlicr reports from
Holland (127}, China {128), the United
Staces (129), Brivain (130), and Japen
(231) of an associsrian berween parental

exporure w solvenrs conteining henzene and
mmscd digk of childhaod leubemia. The
study in Bricain (730) udlized face-ro-face
incecviews for exposure assessmcor and
found an odds ratio for parearal benzene
cxpasure s Bigh 23 5.81 (95% confidence
interval [CI) 1. 67—-2.6.44) Thesz studies
mply that benzene or jts merabolites cause
genetic damage in female or mals clls,
whid: Is then passed oo o the ing oz
andimwnﬂ : -y ﬂuahn
maternal cxposure. imply
that key changes reluced to Eﬁm@m
nfmdxlddﬂood leukemia ocour before binth,
is srongly supporeed by the work
of Foud, Gmde: snd coworkers, which ed
dcarly ahwm £ genenic changes related
leukamia developmene ocaur before birth in

a number of cases {732}, induding twins
who T-cell Jeuleemta ac 9 years of
2ge (£33). crosses the o, and

reproductive stdies in borh humans and
mdmabzwsbomzhabmmnecxpomn
of eicher the male or the female can have
hageaful cffecrs on the ferus (134.735). The
idea thar rcofﬂ:emalcmlndw
leukemia in the o 3s supported by
the mecent, quirc that parer-
naipzmnc:pummwhagw:dudwt
significardy slevared fik of childhood can-

eers, parriculadly acure leukermis and lym-
phoma (136') 'I'he risks rou with

ton smohng fm— ALL i: :rcnd:(ml}
and toral cancer (p for cread = 0.006).
Coropared with children whosa fachers had
never smoked cigarerees, children whose
fachers smoked more than 5 pack-years
prior to their ion had adjuseed odds
ratios of 3.8 (95% Cl»1.5-12.3) for ALL.
Clearly, more studies ar;l needed of the xele-

between beazene cxpasure
mﬁhjpchﬁhood lrxu\lkcmu, bus evidence is

in the subsequent prent of chdd-
hood kenkemia can occuc before birch,

Biomarkers of Childhood
Leukemia Risk

We are studying a luge number of cases of
childhood leukemnia in Nesthern Califarnia
using molccular approaches and sub-
classification. FISH and PCR ase being
used as tools 1o subdassify leukemiaz into

BIOMARKERS OF EEUKEMIA RISK FROM BENZENE

m:nic or moknd;xitm subcypes and help
ne etiology, a8 fimx suggesced many
yeace ago by Kessler and Lilienfeld (137)
and expanded upon by Sandler and
Collman (21}, F , we aim a:mme
whether orenin i changes ace ,
sent v birdh, as Is sugesred mracw:h-
findings described previously. If key gem:c
changes accus in utero of are inherired from
ona or both parents, we may be able o
detect these changes ax birth using asalysis
of neonacal blood spors (Gurhrie cacds)
cﬁ;:l lenkamia cases by PCR. (IJSJi;c If ape-
changes are derectable, iv may be possi-
blc in the fumuse o predice which children
are most 3 risk of subsequenely developing
[evkemta, Recandy, Gale er al. (138) have
reporod char o(4:11) MIL-AFS g fision
can be dewecord in necsacal blood
sposs of all paxicucs 0.5 to 2 years of age.
Conclusion
Biomackers of susceptibilicy w0 benzene-
induced hemarotoxicicy kave been
develaped and more will surely be forth-
e and orhiers ans teseing the well-
g& biomadeers In peedicing who is
at mk for hemarocoxicicy and leukersin
from and other environmen-
tal exposures. FISH a2d PCR-based proce-
dures, which measurc the eadly effects of
benzenc aod specific chromasome shema-
tions, akso hold promise In predlcring who
is most ar rlsk from exposure w
and other porearisl leukemogens. This
endeavor deserves loag-iermn study and is a
furoure goal of our labosazory-
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