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also observed at 5000 mg/kg/day. Based on these find-
ings, Sitarck et al. (1994} concluded that 1-butanol had
adverse effects on the morphological development of fe-
tuses in rats. However, we did not confirm their findings.
We have demonstrated here that prenatal 1-butanol has
no adverse effect on the morphological development of
rat offspring. There are some diflerences between Sit-
arek’s study and the present study in experimental condi-
tions, such as duration of administration and rat strain
used in the experiments. Sitarek et al. (1994) adminis-
tered 1-butanol to female rats for 8 weeks before mating
and throughout the mating and pregnancy period and
found fetal anomalies, such as hydrocephaly and dilation
of the cerebral ventricles and the renal pelvis. On the
other hand, we gave 1-butanol to female rats during
the whole period of pregnancy and did not detect fetuses
with these anomalies. Administration during the pre-
mating and mating period is thought to be excluded from
the susceptible period for induction of morphological
anomalies such as hydrocephaly/dilation of the cerebral
ventricles and dilation of the renal pelvis, because rat fe-
tuses are susceptible to induction of these anomalies dur-
ing mid and late pregnancy (Woeod and Hoar, 1972;
Kameyama. 1985). The strain difference of rats used in
the experiments may explain the discrepancy in the find-
ings regarding fetal anomalies between the studies. In
Sitarek’s study (1994), ImP: DAK rats obtained from
their own breeding colony were used. No detailed infor-
mation on this strain of rats was available (Sitarek el al.,
1994). In their study, dilation of the lateral ventricle and/
or third ventricle of the brain was observed in 2% of fe-
. tuses {one of the 12 litters) in the control group. In their

another study using Imp: DAK rats, extension of the lat- -

eral ventricle and/or third ventricle of the brain was ob-
served in 11.7% of fetuses (8 of the 17 litters) in the
control group (Sitarck et al. 1996). However, these
anomalies were not found in the control group of their
studies using Wistar rats (Baranski et al., 1982), Imp:
Lodz rats (Sitarek, 1999, 2001) and Imp: WIST rats (Sit-
arek and Supota, 2003). The incidences of dilation of the
cerebral ventricles in Imp: DAK rats are thought to be
higher than those in the background control data of
other strains of rats. The fetal incidence of hydroceph-
aly/dilation of cerebral ventricles in the control rats of
reproductive studies conducted between 1986 and 1993
in 63 research institutes is reported to be 0-0.09% and
0-0.26%, respectively (Nukutsuka et al.. 1997). In Crj:
CD (SD) IGS rats which were used in the present study,
the incidence of dilation of the lateral ventricles of the
brain in 19 studies conducted during 1998-2000 is re-
ported to be 0-0.06% in fetuses and (-0.44% in litters
(Barnetl ¢t al, 2000). Thus, hydrocephaly/dilation of
the cerebral ventricle is not commonly observed in
fetuses of common strains of rats.

The difference in terminclogy used for classification
of structural anomalies in fetuses may also explain the
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discrepancy in the findings regarding fetal anomalies be-
tween the studies. Silarck et al. (1996) stated that minor
abnormalities, such as enlarged lateral ventricle and/for
third ventricle, are quite frequent in rat fetuses and with-
out having the dose-dependent relationship should not
be taken alone as evidence of tested chemical fetotoxic-
ity. However, the Fourth Berlin Workshop on Termi-
nology in Developmental Toxicity noted that changes
affecting brain ventricles are more likely to be classified
as mzalformations and classification should be based on
the historical control incidences, the nature of the organ
affected and the severity (Solccki et al., 2003). In Sit-
arck’s study (1994), dilation of the subarachnoid space
was observed in fetuses of rats given l-butanol at
300 mg/kg/day and higher. This anomaly was also found
in fetuses in Imp: DAK rats given N-cyclohexyl-2-ben-
zothiazolesulfenamide (Sitarck et al., 1996) and Imp:
Lodz rats given N-methylmorpholine (Sitarck, 199%).
No information on the definition of this anomaly was
available in their reports. We are unaware of this anom-
aly in other literature (Kameyama et al., 1980; Morila
et al., 1987; Nakatsuka et al.. 1997: Horimoto et al.,
1998; Barnett et al., 2000: Solecki et al.. 2003).

In conclusion, the administration of 1-butanoi to
pregnant rats throughout pregnancy had adverse effects
on maternal rats and embryonic/fetal growth but had no
adverse eflects on fetal morphological development even
at a maternally toxic dose. The data indicate that 1-
butanol induces developmental toxicity only at mater-
nally toxic doses in rats. Based on the significant
decreases in maternal body weight gain and fetal weight
at 5.0%, it is concluded that the NOAELs of 1-butanol
for both dams and fetuses are 1454 mg/kg/day (1.0%
in drinking water) in rats.
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Abstract

We thought to validate the current tolerable daily intake (TDI) value for dioxin (4 pg/kg) in Japan. Pregnant rhesus monkeys received an
injtial dose of 2.3,7 8-tetrachloredibenzo-p-dioxin (TCDD; 0, 30, or 300 ng/kg subcutaneously) on day 20 of gestation; the dams received
additional injection of 5% of the initial dose every 30 days until day 90 after defivery. The weeth of stillbom, postnatally dead, and surviving
oftspring (now approximately 4 years old) were evaluated. None of the offspring in the 0 and 30 ng/kg groups (n= 17 and (5, respectively) had
tooth abnormalities, whereas 10 of 17 in the 300 ng/kg had them. These findings suggest the lowest-observed adverse-effect level (LOAEL)
for TCDD in the rhesus monkey is between 30 and 300 ng/kg, and probably is close to that for rodents (86 ng/kg) on which the current TDI
was based. It is reasonable to conclude that the current TDI needs no immediate modification.

© 2005 Elsevier Inc. All rights reserved.

Keywords: Dioxin, TCDD: Tooth; Rhesus monkcy;' Primate; TD{; Developmental toxicity; LOAEL

1. Introduction

Dioxins are ubiquitous environmental pollutants. Al-
though contamination levels are decreasing [1], the adverse
effects of dioxins, especially their reproductive and devel-
opmental toxicities, still attract much public concern, and
regulatory agencies worldwide are seeking to define areason-
able permissible intake level. In Japan, the current tolerable
daily intake (TDI) of dioxin and dioxin-related compounds
has been set at 4'pg toxic equivalent (TEQ) kg/day [2]. This
value was calculated from the lowest-observed adverse-effect

* Corresponding author. Tel.: +81 829 36 0224; fax: +81 829 36 0224.
E-riiil address: mineoyas @ ck9.so-net.ne. jp (M. Yasuda).

(890-6238/5 - see front matter © 2005 Elsevier Inc. All rights reserved.
doi: 10. 1016/ reprotox. 2004.12.016
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level (LOAEL) in experimental animals, mostly rodents. A
single oral dose of 200 ng/kg of 2,3,7,8-tetrachlorodibenzo-
p-dioxin (TCDD) to pregnant rats on day 15 of gestation re-
sulted in abnormalities of reproductive organs in the offspring
(3]. The maternal body burden at this dose was measured to
be 86 ng/kg. To attain this body burden level, human daily
intake was calculated to be 43.6 pg/kg/day. An uncertainty”
factor of 10 was applied to this value, and the human TDI of
4 pg/kg was established. However, great differences between
the biological half-lifs of TCDD in humans and rodents
have called into question the validity of this calculation,
To obtain a more reliable LOAEL for dioxins, in 1999 we
initiated a long-term developmental toxicity study in rhesus
monkeys.
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In rodents, the teeth are known targets of the developmen-
tal toxicity of diexin; in utero and lactational TCDD exposure
affects incisor and molar development in rats [4]. Tooth
abnormalities also occurred among human populations acci-
dentally exposed to dioxins [5] or polychiorinated biphenyls
(PCBs) and polychlormated dibenzofurans (PCDF) [6,7].
During our monkey experiment, some offspring were
stillborn or died neonatally. These animals provided us with
a unique opportunity to study tooth development in primate
offspring exposed to TCDD in utero and while nursing.
Macroscopic observation revealed tooth abnormalities in the
offspring from mothers exposed to a relatively high dose of
TCDD (300 ng/kg on day 20 of gestation and 15 ng/kg every
30 days during pregnancy) [8]. This finding prompted us to
examine surviving offspring radiographically, and we found
that tooth abnormalities occurred at 2 high frequency in the
high-dose group. These offspring are still alive and growing,
and various studies are in progress. This report describes the
dental findings obtained as of April 2004,

2. Materials and methods
2.1. Animals

Colony bred adult female rhesus monkeys (age, 3-10
years; weight, 4-7 kg) were purchased from China National
Scientific Instruments & Materials Import/Export Corpora-
tion {Beijing, China). Details of breeding conditions are given
elsewhere [9]. Briefly, the animals were housed in stainless-
steel cages (68 cm x 70cm x 77 cm), and received approxi-
mately 144 g of solid diet (Harlan Tekland, Harlan Sprague
Dawley Inc., Indianapolis, IN, USA) daily. The rooms were
maintained at 26 £ 2 °C and 50 £ 10% relative humidity and
on a 12-h light cycle (lights on, 06:00~18:00 h). Female mon-
keys were allowed to cohabit with males on days 12, 13, and
14 of the menstrual cycle. When copulation was confirmed
visually, the median day of the mating period (day 13 of the
menstrual cycle) was designated as day 0 of gestation (GD
0). On GD 18 or 19, pregnancy was confirmed by ultrasonog-
raphy (§8D-2000, Aloka Co. Ltd., Tokyo, Japan) of animals
anesthetized by an intramuscular injection of 5% ketamine
hydrochloride (5-10mg/kg, Sigma-Aldrich Corporation, St.
Louis, MO, USA). Pregnant monkeys were divided into three
groups, each consisting of approximately 20 animals. Dur-
ing gestation, all dams were observed for general condition
at least once daily and they were weighed once every 20
days. .

The dams were allowed to deliver naturally. The day on
which delivery was detected was designated as postnatal day

0 (PND 0). Delivered offspring were examined macroscopi-

cally, and allowed to cohabit with their mothers for approx-
imately 1 year. The offspring were weighed once every 10
days until PND 90, once every 20 days until PND [50, and
once every 30 days thereafier. The animals were reared in
- the monkey facility of Shin Nippon Biomedical Laboratories

146

Ltd. (SNBL, Kagoshima, Japan) and were treated humanely
according 1o the guidelines of animal experiments for SNBL.
Animal excreta and carcasses were handled with extreme
care, and all waste was burned in an incinerator equipped
with an afterburner held at >800°C.

2.2. Cheniicals and administration

TCDD (lot number 110899, purity >93% as deter-
mined by gas chromatography, Wellington Laboratories Inc.,
Guelph, Ontario, Canada) was dissolved in a mixture of
toluene/dimethylsulfoxide (DMSO; 1:2, v/v) at a concentra-
tion of 300 ng/ml. The solution was prepared by Kanto Ka-
gaku Co. Lid. (Tokyo, Japan) and final concentrations were
confirmed by gas chromatography. Confirmed pregnant fe-
male monkeys received TCDD subcutaneously into the back
region on GD 20 at an initial dose of 30 or 300 ng/kg. This
route was selected to avoid uncertainty of absorption by oral
administration. The dosing volume was 0.1 mlkg for the
lower-dose group and 1 ml/kg for the higher-dose group. Con-
trols received the vehicle in a volume of 1 ml/kg. To main-

tain the desired body burden, dams received 5% of the initial

dose (i.e., 1.5 or 15 ng/kg) every 30 days during pregnancy
and lactation until PND 90, For the maintenance dosing, a
TCDD solution at a concentration of 30 ng/iml was prepared,
and animals in the lower-dose group received .05 ml/kg in
each injection whereas those in the higher-dose group re-
ceived 0.5 ml/kg. The total dose administered to the higher-
dose group was 405 ngfkg (300 + 15 x 7 for dams with ges-
tation length less than 170 days) or 420ng/kg (300+15 % 8
for dams with gestation length 170 days or more) and that

1o the lower-dose group was 40.5 or 42 ng/kg. The lower- -

dose level was set at about one-third of the LOAEL body
burden in rodents (86 ng/kg) and the higher one at about
three times the LOAEL. The maintenance-dosing schedule
was set according to the assumption that the biological half-
life of TCDD in rhesus monkeys is approximately 1 year
[10].

2.3. Macroscopic ebservation:

Stillborn fetuses and offspring that died by PND 100 were
necropsied, and the upper and lower jaws were dissected
for detailed observation. Macroscopic observation was made
under a dissecting microscope (SZX12, Olympus Corpora-
tion, Tokyo, Japan). Photographs were taken using a digital
camera (C-4040, Olympus). Surviving offspring were anes-
thetized by intramuscular injection of ketamine at 10mg/kg
into the thigh before intraoral examination, and photographs
were taken using an intraoral digital camera (Crystal Cam I1,
GC Co. Ltd., Tokyo, Japan).

2.4. Radiographic observation

Conventional intraoral radiographs were taken using a
portable X-ray apparatus (KX-60, Asahi Roentgen Ind. Co.

L3N
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Tabile |
Pregnancy outconwe and postnatal mortatity
Dose of TCDD No. of No. of No. of No. of live No. of early Gestation fength Birth weight
dams abortions stillbirths births postnatal deaths* {days) g)
Control bkl 2 3 18 | 161.8 £ 7.8 426.1 £ 586
0 ng/ke W 0 5 15 0 163.8 + 5.9 426.8 + 56.9
300 ngke 20 ! 3 16 2 1649 + 9.7 4027 £ 62.1
300 ngrkg® ’ 9 5 ! 3 ] ‘ 165.0 £ 3.0 466.0 + 87.1
* Death by PND {100,
kb Additionat group.
Ltd., Kyoto, Japan) with acharge-coupled device (CCD; Gen- - 3.2. Dental Sfindings -

dex Visualix, Dentsply International Inc., York, PA).
2.5. Statistical analysis

All the data were analyzed using IMP5.1.1J (SAS Insti-
tute Japan, Tokyo. Japan). Analysis of variance was used to
compare measurement data, such as length of gestation and
body weight. The incidence of tooth abnoermalities was com-
pared by using Fischer's exact probability test. A statistically
significant difterence was confirmed at P < 0.05.

3. Results

3.1. Pregnancy outcones

TCDD administration apparently had no effect on mater-
nal health. Pregnancy outcomes are summarized in Table 1.
Abortions, stillbirths, and early postnatal deaths occurred at
fairly high frequencies in the TCDD-treated groups as well
as the control group. The prenatal and early postnatal mor-
tality rate of the offspring was higher in the 300 ng/kg group
(41%) than in the control group (26%), but the difterence was
not statistically significant (P> 0.1). In an attempt to increase
the number of surviving offspring in the 300 ng/kg group, we
added nine dams to the group approximately 2 years after
the initiation of the experiment. However, only two surviv-
ing offspring were added due to a high incidence of abor-
tions, There were no significant differences in the average
length of gestation and average birth weight among the three

groups.
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3.2.1. Dentition in normal rhesus monkeys

The number and types of teeth of the rhesus monkey are
similar to those of humans. The number of deciduous and
permanent teeth is 20 and 32, respectively. Fig, | illustrates
outlines of these teeth and the code for designation of each
tooth used in Tables 2 and 3. Neonatal monkeys usually have
no erupted teeth, The central incisors erupt during the first
postnatal month. The approximate ages of eruption of decid-
uous teeth are 0.5 month for the central incisors, | month
for the lateral incisors, 2 months for the canines, 2.5 months
for the first molars, 5 months for the second molars in the
lower jaw, and 7 months for the second molars in the upper
jaw. Those of permanent teeth are 2.5 years for the central
incisors, 2.7 years for the lateral incisors, 3.5 years for the
canines and the first premolars, 2.7 years for the second pre-
molars, 1.5 years for the first molars, 3.5 years for the second
molars, and 5.5 years for the third molars [11]. During this
study, we found that there were tairly large inter-individual
variations for the age of eruption of teeth.

3.2.2. Dental findings in stillborn offspring and those
that died posmatally

The incidences of tooth abnormalities are given in Table 4.
During the early stage of this study, some carcasses from
stillbirths and postnatal deaths were discarded inadvertently;
therefore, the numbers of specimens in Table 4 are smaller
than the total numbers of stitlbirths and live births in Table 1.
Stitlborn fetuses from the control group had no erupted teeth
in either the upper or lower jaw (Fig. 2A and E). However,
conventional radiographs clearly revealed the presence of 20

= B g
Ee
B omoER

Adult upper jaw Adult lower jaw

Fig. |. Diagram illustrating outlines of rhesus teeth seen from the occlusal plane and the code for designation used in Tables 2 and 3. {A-E) Deciduous teeth:
(A) central incisor, (B) lateral incisor, (C) canine. {D) first molar, (E) second molar. { 1-8) Permanent teeth: (b central incisor, (2) lateral incisor, (3) canine, (4)
first premolar. (3) second premofar, {6) first molar, (7) second molar, (8) third molar, () Upper right, .y upper left, ( 1) lower right, & } lower left.
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Tooth abnormalities detected in stiltbinths und early postnatal deaths in the 300 ng/kg group

Offspring no. Sex Death categories Age* Abnormal findings
34b é Abortion GD 128 -
3 d Stillbirth GD 164 alan HE precocious eruption, dysplasia B missing
40r Y Early postnatal death PND 26 I precovious eruption, incomplete calcification AA missing
43 d Stillbirth GD 176 - .
574 g Early postnatal death PND | BAIABD A& precacious eruption. incomplete calcification
1034 ] Stillbirth GD 173 - :

{-) No abnormalities were detected.,
* GD: pestation days; PND; postnatal days.
b Total dose of TCDD administered to the dams: 345 ng/kg.
¢ Total dose of TCDD adminisiered to the dams: 360 ng/kg.
4 Total dose of TCDD administered to the dams: 375 ng/kg.

Table 3
Tooth abnormalities detected in surviving offspring in the 300 ng/kg group

Cffspring no. Sex Age* at cbservation Abnormal findings
31 2 941, 1041, 1122, 1430 542124 missing, |5 cone-shaped, 3| maldirected
Kk d 960, 1060, 1449 -
35¢ e 936, 1036, 1425 -
3g9b d 921, 1021, 1102, 1410 542{245 myissing
42¢ ) 926, 1026, 1415 a5 missing. ¥ cone-shaped
a4¢ d 926, 1026, 1415 54145 maldirected
&0° d 899,999, 1080, 1388 542045 % missing
660 d £49, 949, 1030, 1338 5212 T missing, M5 cone-shaped, maldirected, 54145 maldirected
102¢ g 177.278 -
106° ) 198, 299, 380, 688 AlA 4|24 missing
109¢ 2 189,290, 679 -

(=) No abnormalities were detected.
* Postnatal days.
P Total dose of TCDD administered 1o the dams: 420 ng/kg.
¢ Total dose of TCDD administered to the dams: 405 ng/kg,

well-formed deciduous teeth (Fig. 3A and E). Each tooth

could be identified by its characteristic shape and size.
Dental examination of the dead offspring revealed tooth
abnormalities only in the 300ng/kg group. Three of the
five animals had tooth abnormalities such as precocious
eruption, dysplasia, incomplete calcification, and missing
teeth. Although the incidence of tooth abnormalities in the
300ng/kg group was high (60%}), it did not differ signifi-
cantly from the control incidence (0%; P >0.1), perhaps be-
cause of the small sample size. Descriptions of offspring
with tooth abnormalities follow, and representative macro-

Table 4
incidence of ooth abnormalities

scopic photographs and conventional radiographs are shown
in Figs. 2 and 3, respectively. Abnormal findings are summa- -
rized in Table 2.

Offspring No. 37 was stillborn on GD 164. The decidu-
ous upper central incisors and left first molar had erupted
precociously (Fig. 2B). The erupted teeth were irregular in
shapes and apparently were destroyed. X-ray examination re-
vealed incomplete calcification in the erupted teeth, and the
deciduous vpper lefi lateral incisor was missing (Fig. 3B).
The deciduous lower central incisors also had erupted pre-
cociously; these teeth were dark brown (Fig. 2F} and their

Group Stillbirths and early postnatal deaths Surviving offspring
No. of offspring No. of offspring with, No. of offspring No. of offspring with
tooth abnormalities (%) tooth abnormalities (%)
Control 4 0 0y 13 . 0 0y
0 nghkg 5 0 (D] 13 0 (0)
300 ng/kg 5 3 (60) 8 . 6 (75"
300 ng/ke® 1 0 0 k! 1 3

* Additional group.
b Significanty different from the control group (P < 0.01).
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Fig. 2. Mucroscopic photographs of jaws from a control offspring (A and &) and from oftspring in the 300 ng/kg group with tooth abnormalities (B-D, F-H).
which were stillborn or died early postnatally. Upper jaws (A~D) and lower juws {E-H). Arrowheads indicate precocious eruption, Agrows point the location
of missing teeth detected by X-ray. Offspring aumbers and ages: (A and E} No. 10, GD 146; (B and Fj No. 37, GD §64; (C and G) No. 40, PND 26; (D and H)

No. 57, PND 1.

calcification seemed slightly retarded (Fig. 3F) as compared
with that of a control animal stillborn at an earlier gestationat
age (Fig. 3E, No. 10: stillborn on GD 146).

Offspring No. 40 died postnatally on PND 26. The de-
ciduous upper left first molar had erupted precociously
(Fig. 2C). The four cusps were discernible macroscopically
but were unclear in the radiograph (Fig. 3C), indicating
retarded calcification of the tooth. X-ray examination re-
vealed that both the deciduous upper central incisors were
missing. A slight deviation of the anterior nasal septum to
the left was noted (Fig. 3C). The lower teeth were still in
the gum, and no abnormality was detected radiographically
{Fig. 3G).

Offspring No. 57 died when a neonate, on PND 1. The
bilateral deciducus upper central and lateral incisors, up-
per left first molar (Fig. 2D), and bilateral lower central
incisors (Fig. 2H) had erupted precociously. The lower in-
cisors were dark brown. X-ray examination revealed retarded
calcification in these precociously erupted teeth (Fig. 3D
and H).

3.2.3. Dental findings in surviving offspring

The incidences of tooth abnormalities i the surviving off-
spring are given in Table 4. The incidence in the 300 ng/kg
group (total, 70%) was significantly higher than that in the
control group (0%; P <0.01). Representative macroscopic

Fig. 3. Conventional radiographs of jaws shown in Fig. 2. Radiographs are arranged corresponding to Fig. 2. Upper jaws (A~D) and lower jaws (E-H).
Arrowheads and arcows indicate precotious eruption and missing teeth, respectively, Offspring numbers: (A and E) No. 10: (B and F) No. 37: (C and Gy No.

44 (D and Hj No, 57.
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Fig. 4. Macroscopic photographs of surviving offspring in the control group (A} and 300 ng/kg group with tooth abnormalities (B-F). Arvows: missing;
arrowhead: cone-shaped; star: maldirected; asterisks: remaining deciduous teeth, Offspring numbers and ages: (A) No. 1, PND 1438: (B and C) No. 31, PND
1430; (D) No. 44, PND 1415; (E) No. 66; PND 1338, (F) No. 106, PND 688. (A) Upper and lower incisors; (B) upper incisors; (C) upper left molars; (D) lower

right molars; (E) lower incisors; (F) upper incisors.

and radiographic photographs are shown in Figs. 4 and 5,
respectively. Abnormal findings are summarized in Table 3.

3.2.3.1. Offspring observed between approximately PND
800 and PND 1400. In the vehicle-treated group, offspring
were at the stage of losing the deciduous teeth during the pe-
riod of PND 800-PND 1400. In the majority of animals, the
permanent central and lateral incisors and the first molars had
erupted. By conventional radiography, all the permanent teeth
except for the third molars were detectable. Descriptions of
a control animal and the monkeys from the 300ng/kg group
with tooth abnormalities follow.

Offspring No. I is a control animal. Fig. 4A shows the
central upper and lower jaws on PND 1438, The permanent

central incisors had erupted, Fig. 5A is a radiograph of the

anterior upper jaw taken on PND 1049. The midline is ap--

proximated by the left border of the picture. The deciduous
central incisor had been lost and the permanent central incisor
had erupted. The deciduous lateral incisor still remained but
was being pushed up by the growing permanent incisor. The
permanent canine was discernible deep to the long root of the
deciduous canine on the distal side of the root of the perma-
nent lateral incisor. The canine could be easily identified by
the pointed shape of the crown. Fig. 5B shows the upper left
molars radiographed on PND 1438, The deciduous first molar
had been lost and the first premolar had erupted. The crown of
the deciduous second molar remained posterior to the perma-
nent first premolar, and it was being pushed up by the perma-

Fig. 5. Conventional radiographs of surviving offspring in the control group (A-C) and 300 ng/kg group with tooth abnonmalities (D-H). Arrows: missing;
arrowhead: cone-shaped; stars: maldirected. Offspring numbers and ages: (A} No. 1, PND 1049; (B and C) No. . PND 1438; {D and E) No. 31, PND 1430;
(F) No. 44, PND 1415; (G) No, 66. PND 1338; (H) No. 106, PND 688, (A) Upper left incisors and canine; (B) upper lefi melars; (C) lower right molars; (D)
upper right incisor and cqnine; (E) upper left molars: (F) lower left molars: (G) lower incisors: (H) upper incisors.
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nent second premelar, The permanent fiest and second molars
had erupted, but the third molar could not be seen clearty.
Fig. 5C shows the lower right lateral incisor, canine, and
molars on PND 1438, The tateral incisor and canine were per-
manent teeth, but the deciduous first and second molars still
remained, being pushed up by the growing permanent first
and second premolars. The permanent first molar had erupted.

Oftspring No. 3[-66 are members of the 300 ng/kg group.

Offspring No. 31 was observed macroscopically on PND
1430. ft was found that both the upper permanent lateral
incisors were missing (Fig. 4B, arrows). The upper left
second premolar had erupted but its crown was small and
cone-shaped (Fig. 4C, arrowhead). These defects were con-
tirmed by radiography (Fig. 5D, arrow; Fig. SE arrowhead).
Radiographs taken on PND [430 showed that the upper
left deciduous first molar remained, and no permanent first
premolar was found between the roots of the deciduous
first molar (Fig. SE, arrow); therefore, a missing permanent
first premolar was diagnosed. Similar findings from the
upper right side led to diagnosis of missing first and second
premolars on this side. In the lower jaw, the right second
premclar had erupted, but its crown was on the lingual side
of the alveolar gum. Radiographicatly, the axis of the second
premolar was inclined in a lingual and distal direction.

Offspring No. 39 was examined radiographically on PND
1410. The upper permanent lateral incisors and the first and
second premolars were missing bilaterally.

Offspring No. 42 had an upper left first premolar that was
cone-shaped, and the upper second premolars were missing
bilaterally according to observation on PND 1415,

Offspring No. 44 had a lower right first premolar that was
inclined in a lingual and mesial direction, and it had erupted
on the lingual side of the alveolar gum (PND 1415; Fig. 4D,
star). Because of this maldirection, the deciduous first molar
still remained. Similarly, the lower right second premolar was
maldirected, and the deciduous first and second molar also
remained (Fig. 4D, asterisks). The lower left first premolar
had not erupted, but a radiograph sowed that the first and
second premolar were maldirected (Fig. 5F, stars) and the
deciduous first and second molars remained.

Offspring No. 60 was evaluated macroscopially and radio-
graphically on PND 1388. These studies indicated that both
lateral incisors and both first and second premolars were miss-
ing from the upper jaw. In addition, both second premolars
were missing from the lower jaw.

Offspring No. 66 had an upper jaw from which the bilateral
permanent lateral incisors and the right second premolars
were missing, and the left first and second premolars were
cone-shaped. [n the lower jaw, the permanent central incisors
were found to be absent on PND 1338 (Fig. 4E, arrows). The
remaining permanent incisors were close 1o the canines, and
there was a wide space between the two incisors (Fig. 5G,
arrow), indicating that the incisors were lateral ones, The
upper left first and second premolars had been erupted by
PND 1338, but were cone-shaped and maldirected. The lower
first and second premolars were also maldirected bilaterally.
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3.2.3.2. Offspring observed between approximately PND
200 and PND 700. The two surviving offspring that were
added to the 300 ng/kg group were approximately PND 200
at the time of their first radiographic examination. They were
followed until approximately PND 700. Only one of these an-
imals, Offspring No. 106, had obvious tooth abrormalities.
This animal had a wide space between the small incisors in
the upper jaw; this defect first was observed on PND 198, and

-was confirmed on PND 688 (Fig. 4F, arrows). Radiographs

taken on PND 688 showed the growing permanent central
tncisors and a wide median gap between the remaining de-
ciduous teeth (Fig. SH, arcows), indicating that the deciduous
central incisors were missing. In addition, the upper bilateral
fiest premolars and the left permanent lateral incisor were
missing.

4. Discussion

The results of the present study clearly showed that prena-
tal and lactational exposure to TCDD with an initial dose of
300 ng/kg and a maintenance dose of 15 ng/kg aftected tooth
development in rhesus monkeys. The exposure began on GD
20, when the rhesus embryo is at the stage of primitive streak
tormation, corresponding to Carnegie stage 8 in the human
embryo [12], and no tooth germs are present. In humans, the
dental lamina, the earliest indication of teeth, appears by the
6th week ot development [13). The human embryo at 6 weeks
after fertilization (Carnegie stage 17) corresponds to the rhe-
sus embryo at 5 weeks after fertilization [14]). The human
permanent tooth bud first appears around 10 weeks after fer-
tilization, which corresponds to approximately 8 weeks after
fertilization in the rhesus. :

According to our observations, the 20 deciduous teeth had
been well shaped by the time of delivery in the control off-
spring. Although the last maintenance injection of TCDD was
done on PND 90, the offspring was considered to be exposed
10 TCDD via milk until weaning, approximately | year after
birth. Even after weaning, TCDD that had accumulated in
the various tissues gradually was released into the blood and
could have affected developing permanent teeth. Hence, it
is reasonable to assume that deciduous as well as permanent
teeth were exposed to TCDD throughout the critical period of
development and that the observed tooth abnormalities were
associated with TCDD exposure.

Unfortunately, some of the carcasses from the stillbirths
and postnatal deaths were discarded, and therefore, unavail-
able for dental examination. However, alt the dental abnor-
malities we identitied were noted after the disposal, and we
feel that no bias was introduced into the sampling of the
specimens. The incidences of tooth abnormalities among
stillbirths and early postnatal deaths did not differ sig-
nificantly between the control (0%) and 300 ng/kg (60%)
groups, probably because of the small sample size, How-
ever, the difference among the surviving offspring is statisti-
cally significant and we, therefore, reasonably consider that
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all the observed tooth abnormalities are due 10 TCDD expo-
sure.

Developmental studies with TCDD in the rhesus mon-
key have been performed for more than 25 years and by
scveral groups [15-19). The main finding in these studies
was abortions, and tooth abnormalities were not reported.
However, one dioxin-related compounds, 3,4,5.3.4',5-
hexachlorinated biphenyl {Aloclor 1242) has been reported to
affect tooth development in rhesus monkeys [20]. These ani-
mals had cystic periodontal tesions around the unerupted mo-
lars 13 months after consumption of food containing 400 ppm
Aloclor 1242 for 40 days, suggesting that dioxins might affect
developing teeth in primates.

TCDD aftfects tooth development in rodents. A single oral
dose of | pgfkg o pregnant rats on GD 15 disturbed post-
natal molar development in the oftspring [21]. Lactational
exposure through maternal intraperitoneal administration of
TCDD to rats at a dose level of 1000 pg/kg on PND | also
affected molar development in the offspring [22,23]. In ad-
dition, growing incisors in rats were sensitive (o continuous
exposure to TCDD for 20 weeks beginning from 10 weeks
of age [24].

Human epidemiological studies have been conducted to
examine possible association between dioxin exposure and
tooth abnormalities. In Finland, 102 6-7-year-old children
who were breast-fed for an average of 10.5 months were
studied. Milk samples were collected when the children were
4 weeks old, and the concentrations of dioxins and furans
were determined. The total exposure 10 dioxins was calcu-
Tated from the concentrations in milk and the duration of
breast-feeding. The frequency and severity of hypomineral-
ization of teeth correlated with the total exposure [25].

Follow-up studies after accidental exposure todioxins also
have indicated that the teeth are targets of developmental tox-
icity of these toxicants. High frequencies of delayed eruption
and missing permanent teeth occurred among children with
fetal Yusho or Yuchen (oi! disease), which occurred in 1968
in Japan and in 1979 in Taiwan after ingestion of rice oil, con-
taminated with PCBs and PCDFs [6,7]. In addition, examina-
tion of 48 people exposed to dioxins because of the notorious
accident in Seveso, Italy, in 1976 revealed a high incidence
of developmental defects of enamel and missing permanent
teeth [5]. These subjects had been younger than 9.5 years
at the time of the accident and were examined for tooth ab-
normalities 25 years afterward. Plasma collected in 1976 had
TCDD concentrations that ranged from 23 to 26,000 ng/kg in
serum lipid. Subjects with higher serum-TCDD levels had de-
velopmental dental defects more often than those with lower
TCDD levels.

In the present study, we found positional differences
among teeth as manifestations of the sensitivity to the de-
velopmental 1oxicity of TCDD. Even before eruption, each
tooth can be easily identified in light of the position of the
canine, which is large and has a characteristically pointed
crown. The canines were not affected in any of our monkeys;
the vulnerable teeth were the central and lateral incisors, de-

ciduous Girst molars, and the first and second premolars. Inthe
patients with Yusho, the most frequent missing looth was the
lower premolar, followed by the lower lateral incisor {6]. In
humans, the lateral incisor and the second premolar are con-
sidered to have a regressing tendency in the process of evo-
lution [26], and these teeth are missing relatively frequently
in the general population. This intrinsic regressive tendency
might be exacerbated by exogenous toxicants, resulting in
positional differences in sensitivity.

It is well known that interactions between the ectoderm
covering the first branchial arch and the mesenchyme derived
from the neural crest are important in tooth morphogenesis.
Several signal molecules and their receptors have been
identified [27]. TCDD is a potent modulator of epithelial cell
growth and differentiation [28], and most of its toxic effects
are mediated by the ary) hydrocarbon receptor (AhR) [29].
For example clelt palate induction by TCDD was completely
abolished in AhR knockout mice [30], In mouse tooth buds,
AhR is expressed in secretory odontoblasts and ameloblasts
[23], suggesting the pathway via AbR as a mediator of
dental toxicity of TCDD. One candidate for the pathway of
TCDD action on tooth morphogenesis involves epidermal
growth factor (EGF) and the EGF receptor (EGFR), TCDD
added to cultured embryonic mouse mandibular molar tooth
germs induced depolarization of ameloblasts and disturbed
morphogenesis [31]. EGF added to the TCDD-containing
medium suppressed the adverse effects of TCDD. The

effect of TCDD was less dramatic on tooth germs from

EGFR knockout mice [31]. Although no study has assayed
expression of EGF or EGFR during tooth morphogenesis in
rhesus embryos, these findings suggest that the EGF-EGFR
signaling system may work in tooth development in the
rhesus monkey as well as the mouse and that disturbance of
this system by TCDD results in dysmorphogenesis of rhesus
teeth,

In addition to alteréd epithelial-mesenchymal interaction,
excessive apoptosis may be involved in the pathogenesis of
tooth defects. TCDD added to organ culture of mouse mo-
lar ooth germs did not affect cell proliferation but increased
apoptosis in the epithelium, resulting in defective molar [32].
In the process of cleft palate induction in mice by TCDD,
excessive apoplosis was observed in the epithelium covering
the palatal processes and in the palatal mesenchyme {33). Itis
plausible that apopiosis induced by TCDD played arole inin-
duction of tooth defects in the present experiment. Clefi palate
was not delected in the present study. Probably the dose levels
were 100 low to induce cleft palate in the rhesus monkey. In
the sensitive C57 BL strain of mice, the LOAEL level for in-
duction of clefl palate was reporled to be 3000 ng/kg/day by
oral administration during the period of organogenesis [34].
Detailed examinations of possible targel organs of develop-
mental 10xicity of TCDD including the urinary, reproductive,
and immune syslems are in progress.

Qur examination of the surviving offspring until the age
ol approximately 4 years revealed tooth defects only in the
300 ng/kg group. By macroscopic observation with the digital
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camera, we could not detect mineralization defects reported
in humans [5,25). Because the permanent molars are still
developing in 4-year-old rhesus monkeys, detailed further
observation may reveal some subtle abnormalities, such as
ename! defects in the offspring currently diagnosed as nor-
mal in the 30 and 300 ng/kg groups. Blood samples taken
from pregnant and lactational mothers and milk samples
await analyses for TCDD concentrations. Although the dos-
ing schedule in the present study was set to keep the body
burden at 30 or 300 ng/kg, the actual maternal body burden
should be assessed after the autopsy of the mothers and anal-
yses for TCDD, because the TCDD half-life in rhesus mon-
keys has shown fairly large inter-individual variations [10].
Plasma samples taken at intervals from the otfspring are also
waiting for TCDD analyses. Assuming that the actual body
burden was not much different from the programmed one,
the LOAEL body burden for the developmental toxicity of
TCDD in rhesus monkeys is considered to be somewhere
between 30 and 300 ng/kg and is probably on the order of
86 ng/kg, the value used to set the current TDI in Japan. In
2002, a panel of experts surveyed various data in the litera-
ture and concluded that no urgent change was necessary in
the current TDI of 4 pgTEQ/kg/day [35]. The results of our
present study support this conclusion. However, we should
wait to draw a definite conclusion until the measurement of
the actual body burden of the dams and detailed examinations
of various organs of the offspring.
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Abstract

We have established a panel of 45 human cancer cell lines
(JFCR-45) to explore genes that determine the chemo-
sensitivity of these cell lines to anticancer drugs. JFCR-45
comprises cancer cell lines derived from tumors of three
different organs: breast, liver, and stomach. The inclusion
of cell lines derived from gastric and hepatic cancers is a
major point of novelty of this study. We determined the
concentration of 53 anticancer drugs that could induce
50% growth inhibition {Glgs) in each cell line. Cluster
analysis using the Glsps indicated that JFCR-45 could
allow classification of the drugs based on their modes of
action, which coincides with previous findings in NCI-60
and JFCR-39. We next investigated gene expression in
JFCR-45 and developed an integrated database of chemo-
sensitivity and gene expression in this panel of cell lines.
We applied a correlation analysis between gene expression
profiles and chemosensitivity profiles, which revealed
many candidate genes related to the sensitivity of cancer
cells to anticancer drugs. To identify genes that directly
determine chemosensitivity, we further tested the ability
of these candidate genes to alter sensitivity to anticancer
drugs after individually overexpressing each gene in human
fibrosarcoma HT1080. We observed that transfection of
HT1080 cells with the HSPA1A and JUN genes actually
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enhanced the sensitivity to mitomycin C, suggesting the
direct participation of these genes in mitomycin C
sensitivity. These results suggest that an integrated
bicinformatical approach using chemasensitivity and gene
expression profiling is useful for the identification of genes
determining chemosensitivity of cancer cells. [Mol Cancer
Ther 2005;4(3):399-412]

Introduction

Predicting the chemosensitivity of individual patients is
important to improve the efficacy of cancer chemotherapy.
An approach to this end is to understand the genes that
determine the chemosensitivity of cancer cells. Many genes
have been described that determine the sensitivity to
multiple drugs, including drug transporters (1-3) and
metabolizing enzymes (4-6). Genes determining the sensi-
tivity to specific drugs have also been reported. For
example, increased activities of vy-glutamyl hydrolase (7)
and dihydrofolate reductase (8) are resistant factors for
methotrexate; increased activities of thymidylate synthase
(9), metallothionein (10), and cytidine deaminase (11) are
resistant factors for 5-fluorouracil (5-FL0), cisplatin, 1-p-D-
arabinofuranosylcytosine, respectively; and increased
activity of NQOI1 (12) is a sensitive factor for mitomycin
C (MMC). However, the chemosensitivity of cancer cells is
not determined by a handful of genes. These genes are not
sufficient to explain the variation of the chemosensitivity of
cancer cells.

Recently, attempts were made to predict the chemo-
sensitivity of cancers using genome-wide expression profile
analyses, such as cDNA microarray and single nucleotide
polymorphisms (13-18). For example, Scherf et al. (18) and
Zembutsu et al. (15) reported the analysis of genes
associated with sensitivity to anticancer drugs in a panel
of human cancer cell lines and in human cancer xenografts,
respectively. Tanaka et al. (17) presented prediction models
of anticancer efficacy of eight drugs using real-time PCR
expression analysis of 12 genes in cancer cell lines and
clinical samples. We also analyzed chemosensitivity-related
genes in 39 human cancer cell lines (JFCR-39; ref. 19) and
validated the association of some of these genes to
chemosensitivity using additional cancer cell lines (20).
These genes can be used as markers to predict chemo-
sensitivity. Moreover, some of these genes may directly
determine the chemosensitivity of cancer cells. .

[n the present study, we established a new panel of
45 human cancer cell lines {JFCR-45) derived from tumors
from three different organs: breast, liver, and stomach.
Using JFCR-45, we attempted to analyze the heterogeneity
of chemosensitivity in breast, liver, and stomach cancers.
We assessed their sensitivity to 53 anticancer drugs and
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developed a database of chemosensitivity. Then, we
analyzed gene expression in 42 human cancer cell lines
using ¢cDNA arrays and stored them in the gene expression
database. Using these two databases, we extracted genes
whose expression was correlated to chemosensitivity. We
further screened them to identify genes that could change
the sensitivity to anticancer drugs using an in vitro gene
transfection assay.

Materials and Methods

Cell Lines and Cell Cultures

We established a panel of JFCR-45 that included a portion
of JFCR-39 and the 12 stomach cancer cell lines described
previously (19, 20). They consist of the following cell lines:
breast cancer cells HBC-4, BSY1, HBC-5, MCF-7, MDA-MB-
231, KPL-3C (21), KPL-4, KPL-1, T-47D (22), HBC-9, ZR-75-
1 (23}, and HBC-8; liver cancer cells HepG2, Hep3B, Li-7,
PLC/PRF/5, HuH7, HLE, HLF (24), HuHs5 (25), RBE, SSP-
25 (26), Hul-1 (27), and JHH-1 {28); and stomach cancer
cells 5t-4, MKN1, MKIN7, MKN28, MKN45, MKN74, GCTY,
GT3TKB, HGC27, AZ521 (29), 4-1ST, NUGC-3, NUGC-3/5-
FU, H5C-42, AGS, KWS-1, TGS-11, OKIBA, ISt-1, ALF, and
AOTO. The AZS521 cell line was obtained from the Cell
Resource Center for Biomedical Research, Institute of
Development, Aging and Cancer, Tohoku University
(Sendai, Japan). The 4-15T, OKIBA, and AOTO cell lines
were provided by Dr. Tokuji Kawaguchi (Department of
Pathology, Cancer Institute, Japanese Foundation for
Cancer Research, Tokyo, Japan). All cell lines were cultured
in RPMI 1640 (Nissui Pharmaceutical, Tokyo, Japan) with
5% fetal bovine serum, penicillin (100 units/mL), and
streptomycin (100 pg/mL)} at 37°C under 5% CO,.

Determination of the Sensitivity to Anticancer Drugs

Growth inhibition experiments were done to assess the
chemosensitivity to anticancer drugs. Growth inhibition was
measured by determining the changes in the amounts of
total cellular protein after 48 hours of drug treatment using
a sulforhodamine B assay. The Gls values, which repre-
sent 50% growth inhibition concentration, were evaluated
as described before (30, 31). Several experiments were done
to determine the median Gls value for each drug. Abso-
lute values were then log transformed for further analysis.

Anticancer Drugs and Compounds

Actinomycin D, 5-FU, tamoxifen, cytarabine, radicicol,
melphalan, 6-mercaptopurine, 6-thioguanine, and colchi-
cine were purchased from Sigma (St. Louis, MQC). The
anticancer agents in clinical use were obtained from the
company specified in parentheses, and those under devel-
opment were kindly provided by the company specified as
described below: aclarubicin and neocarzinostatin (Yama-
nouchi Pharmaceutical, Tokyo, Japan); oxaliplatin (Asahi
Kasei, Tokyo, Japan), HCFU (Nihon Schering, Osaka,
Japan); doxifluridine (Chugai Pharmaceutical, Tokyo,
Japan); toremifene, bleomyein, and estramustine (Nippon
Kayaku, Tokyo, Japan); daunorubicin and pirarubicin
(Meiji, Tokyo, Japan); doxorubicin, epirubicin, MMC,
vinorelbine, and 1-asparaginase (Kyowa Hakko Kogyo,
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Tokyo, Japan); peplomycin, etoposide, NK109, and NK611
{Nippon Kayaku); vinblastine, vincrinstine, IFN-vy, and 4-
hydroperoxycyclophosphamide (Shionogi, Tokyo, Japan);
carboplatin and cisplatin (Bristol-Myers Squibb, New York,
NY); mitoxantrone and methotrexate (Wyeth Lederie Japan,
Tokyo, Japan);, cladribine (Janssen Pharmaceutical, Titus-
ville, NJ); amsacrine (Pfizer Pharmaceutical, formerly
Warner Lambert, Plymouth, MI}; camptothecin, irinotecan,
and 5N-38 (Yakult, Tokyo, Japan}; paclitaxel (Bristol-Myers
Squibb); docetaxel and topotecan {Aventis Pharma, Stras-
bourg, France); IFN-a (Sumitomo Pharmaceutical, Osaka,
japan); IFN-p (Daiichi Pharmaceutics, Tokyo, Japan);
gemcitabine (Eli Lilly Japan, Kobe, Japan); E7014 and
E7070 (Eisai, Tokyo, Japan); dolastatine 10 (Teikoku
Hormone MFG, Tokyo, Japan); and TAS103 (Taiho
Pharmaceutical Co., Tokyo, Japan).

Gene Expression Profiles by cDNA Array

Expression profiles of 3,537 genes in 42 human cancer cell
lines were examined using Atlas Human 3.6 Array (BD
Biosciences Clontech, Inc., Franklin Lakes, NJ) in duplicates.
Experiments were done according to the manufacturer’s
instructions. Briefly, cell lines were harvested in log phase.
Total RNA was extracted with TRIzol reagent (Invitrogen,
Inc., Carlsbad, CA) and purified with Atlas Pure Total RNA
Labeling System. Purified total RN As were converted to 32P-
labeled ¢DNA probe by SuperScript I (Invitrogen). cDNA
probe was hybridized to the Atlas Array overnight at 68°C
and washed. Hybridized array was detected with Phos-
phorlmager (Molecular Dynamics, Inc, Sunnyvale, CA).
Scanned data were transformed to the numerical value with
Atlas Image 2.0 software (BD Biosciences Clontech) and
normalized by dividing by the value of 90% percentile of ali
genes in each experiment. Then, the intensities of the genes
were defined by the average of intensities of duplicate
results. The genes whose expression levels differed more
than twice between the duplicates were eliminated from
subsequent analysis. When the intensities of gene expres-
sion in both arrays were below the threshold value, they
were given the value of threshold and were used for
analysis. We determined the values of threshold of the
normalized data as 30% of the value of 90% percentile. Then,
log: was calculated for each expression value.

Hierarchical Clustering

Hierarchical clustering using average linkage method
was done by “Gene Spring” software {Silicon Genetics,
liic., Redwood, CA). Pearson correlation coefficients were
used to determine the degree of similarity.

Correlation Analysis between Gene Expression and
Chemosensitivity Profiles

The genes whose expressions were observed in >50% of
all cell lines examined were selected for the correlation
analysis. The degree of similarity between chemosensitivity
and gene expression were calculated using the following
Pearson correlation coefficient formula:

2l =y = )
\/i(.‘l?,' - -‘l—'m).-, Z(UE = M }2

=

Mol Cancer Ther 2005:4(3). March 2005 -



where x; is the log expression data of the gene x incell {, y;
is the log sensitivity Ilog,(Glsg) of cell i to drug v, x, is the
mean of the log expression data of the gene x, and y, is the
mean sensitivity |logoGlset of drug y. A significant
correlation was defined as P < 0.05.

Screening of the Genes That Determine Chemosen-
sitivity

Candidate genes related to the chemosensitivity were
cloned into the vector pcDNA3.1/myc-His A (Invitro-
gen). Transfection of HT1080 cells with the plasmid
DNA was carried out using LipofectAMINE Plus
reagent (Invitrogen). The transfection efficiency was
monitored by green fluorescent protein fluorescence.
The fluorescence of green fluorescent protein was
observed in >%90% of the green fluorescent protein-
transfected HT1080 (data not shown). Twenty-four hours
after the transfection, proper concentrations of MMC
were added and the cells were treated for 24 hours.
Efficacies of anticancer drugs were determined by
measuring the growth inhibition. Cell growth was
measured by following [*H]thymidine incorporation.
[PH]thymidine (0.067 MBq) was added to each well
and incubated at 37°C for 45 minutes. Cells were
washed with prewarmed PBS(-) and fixed with 10%
TCA on ice for 2 hours. After fixing, cells were washed
with 10% TCA and lysed with 0.1% SDS-0.2 N NaOH
solution. After incubation at 37°C, the lysed mixture
was - neutralized with 0.25 mol/L acetic acid solution.
PH]thymidine incorporated into the cells was deter-
mined using scintillation counter. All experiments,
except for interleukin (IL)-18, were done four times.
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Results

Sensitivity of JFCR-45 to 53 Anticancer Drugs

Sensitivity to 53 drugs was assessed as described in
Materials and Methods. The known modes of actions and
the value of 1log¢Glsp! of 53 anticancer drugs in each of
the 45 cell lines are summarized in Table 1. The | logoGlsg !
indicated here is the median value of multiple experiments.
The chemosensitivity of the cell lines differed even among
those derived from the same organ. These data were stored
in a chemosensitivity database. Figure 1 shows the
classification of the anticancer drugs by hierarchical
clustering analysis based on chemosensitivity, |loggGlsel,
of JFCR45. As shown, the 53 drugs were classified into
several clusters, each consisting of drugs with similar
modes of action [e.g., one cluster included topoisomerase
{topo) I inhibitors, such as camptothecin, topotecan, and
SN-38]. The second cluster comprised tubulin binders,
including taxanes and Vinca alkaloids. 5-FU and its
derivatives were also clustered into a single group. These
results indicated that our system using JECR-45 was able to
classify the drugs based on their modes of action, which is
in agreement with previous findings using NCI-60 and
JFCR-39 (18, 19, 32). -

Classification of 42 Human Cancer Cell Lines Accor-
ding to Gene Expression Profiles

Using a <DNA array, we examined the expression of
3,537 genes in 42 cell lines of JFCR-4S. Based on these
expression profiles, hierarchical clustering was done. In a
few experiments, cell lines derived from the same organ
were clustered into a group (Fig. 2). Breast cancer cell lines,
except KPL-4, formed one cluster. Liver and stomach
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Figura 1. Hierarchical clustering of 53 anticancer drugs based on their activity on 45 human cancer cell lines. Hierarchical clustering method was

""average linkage method’* using Pearsan correlation as distanca. Fifty-three drugs were classified into several clusters, each consisting of drugs with
similar modes of action or targets: (A} 5-FU derivatives, (B) estrogen receptor, (C) DNA synthesis/topo Il inhibiters, (D) topo | inhibitors, (E) topo Nl

inhibitars, {F) tubulin binders, and [G] IFN.
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Table 1. The mode of actions and the median value of |log10Glse| of 53 anticancer drugs in each of the 45 cell lines
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Drug name Target/ Breast
mode of action
HBC-4 BSY1 HBC-5 MCF-7 MDA- KPL-3C KPL-4 KPL-1 T-47D HBC-9 ZR-75-1 HBC-8
MB-231
Aclarubicin DNA/RNA synthesis 704 869 792 786 783 711 763 795 739 708 803 793
Oxaliplatin DNA cross-linker 579 573 540 569 475 504 520 478 517 410 508 6.17
Actinomycin D RNA synthesis 920 9.10 885 945 871 890 905 904 B389 824 898 9.60
HCFU Pyrimidine 436 517 444 513 457 465 555 441 497 422 468 484
5-FU Pyrimidine 443 487 440 512 418 400 523 400 413 400 470 511
Doxifluridine Pyrimidine 400 442 400 400 400 400 409 400 400 400 414 419
E7070 Cell cycle inhibitor 450 620 422 450 435 494 501 474 469 400 438 498
Tamoxifen Estrogen receptor 495 542 501 504 450 514 549 493 531 490 495 553
Toremifene Estrogen receptor 481 512 487 496 485 493 513 488 517 489 488 4.3
MS-247 DNA synthesis 608 679 532 678 598 609 616 586 663 642 688 671
Daunorubicin DNA synthesis/topo Il 6.96 734 682 7.68 683 677 725 684 741 692 739 797
Doxorubicin DNA synthesis/topo Il 7.13 726 685 758 666 674 733 676 736 694 712 785
Epirubicin DNA synthesis/topo I1 6.08 690 659 7.08 642 650 7.03 683 726 673 790 7.19
Mitoxantrone DNA synthesis 628 712 600 806 650 640 683 638 711 696 802 744
Pirarubicin DNA synthesis/topo Tl 897 9.00 834 9.00 847 862 900 839 900 822 900 9.00
Topotecan Topo 1 584 657 510 800 555 637 671 590 751 618 720 7.61
SN-38 Topo 1 798 752 556 856 612 675 740 660 825 613 792 7.75
Camptothecin “Topo 1 592 657 604 763 586 667 660 670 712 580 721 692
Bleomycin DNA synthesis 481 489 4.00 448 400 4.00 559 400 546 446 422 437
Peplomycin DNA synthesis 490 584 4.00 522 427 461 629 408 537 452 472 5325
Neocarzinostatin DNA synthesis 735 800 6.03 B817 655 642 761 618 726 706 726 810
Irinotecan Topo I 486 509 4.00 3546 428 430 491 411 521 4315 447 524
TAS103 Topo 681 722 637 766 657 645 720 617 725 616 713 7.60
Gemcitabine Pyrimidine 674 562 400 800 520 400 725 400 718 515 471 575
Cladribine Pyrimidine 400 400 400 541 4.05 460 473 400 483 423 400 468
Cytarabine Pyrimidine 400 400 400 640 4.00 400 502 400 400 400 400 454
Etoposide Topo 11 488 548 439 615 466 400 542 468 593 448 511 472
Amsacrine Topo II 520 578 529 656 525 489 569 493 / 597 514 656 570
2-Dimethylaminoetoposide Topo 11 467 482 402 602 448 400 503 400 505 489 574 471
NK109 Topo 11 5.69 588 527 637 604 549 631 556 630 557 608 581
MMC DNA alkylator 590 668 568 699 514 546 640 550 542 549 574 669
Methotrexate DHFR 711 519 400 753 400 400 753 525 400 400 400 400
Radicicol HSP90/Tyr kinase 5.55 580 517 728 655 519 613 528 743 539 618 6.62
Vinblastine Tubulin 922 976 922 968 B67 917 977 913 915 600 758 799
Vingristine Tubulin 877 972 929 942 867 932 957 931 922 600 841 620
Vinorelbine Tubulin 845 923 851 885 823 833 935 893 841 600 816 600
Paclitaxel . Tubulin 730 843 794 772 737 738 820 753 790 6.00 705 659
Docetaxel Tubulin 841 898 823 852 788 818 882 819 856 600 715 828
Dolastatine 10 Tubulin 9.15 10.83 1119 1026 9.07 1002 1074 944 995 B3.00 946 867
Colchicine Tubulin 606 868 633 648 729 758 843 789 664 500 784 659
E7010 Tubulin 437 656 4.00 614 507 533 669 571 629 550 604 472
Melphalan DNA cross-linker 420 492 442 509 433 467 404 466 433 408 445 457
Leptomycin B Cell cycle inhibitor 935 964 933 944 891 959 947 963 926 89 978 974
Carboplatin DNA cross-linker 400 434 412 400 400 400 400 400 400 400 400 4.00
Cisplatin DINA cross-linker 490 569 565 509 4.56 472 552 463 456 535 471 539
4-Hydroperoxycyclo- DNA alkylator 478 4.85 541 558 468 478 454 474 486 518 476 478
phosphamide

6-Mercaptopurine Purine 541 473 415 588 517 511 450 502 600 427 405 450
6-Thioguanine Purine 459 585 540 58 580 592 555 591 581 453 521 566
L-Asparaginase Protein synthesis 655 663 400 643 601 603 720 618 610 549 607 636
Estramustine Estradiol 409 451 400 400 466 485 456 431 417 474 400 473
IFN-a Biological response 400 771 400 4.00 423 400 400 400 400 400 400 502
IFN-f3 Biological response 400 800 4.00 4.00 640 423 708 400 400 400 4.00 456
IFN-y Bivlogical response 769 793 400 400 400 400 4.00 400 400 400 400 400

(Continned on the fallotping page)

158

Mol Cancer Ther 20054 (3). March 2005



Table 1. The mode of actions and the median value of {log410Glsg| of 53 anticancer drugs in each of the 45 cell fines {Cont'd)
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Drug name

Target/
made of action

Liver

HepG2 Hep3B Li-7 PLC/ HuH7 HLE HLF HuHé6 RBE SSP-25 HuL-1 JHH-1

PRF/5
Aclarubicin DNA/RNA synthesis 8.13 777 739 768 829 749 78 770 787 739 797 823
Oxaliplatin DINA cross-linker 707 539 573 561 644 490 475 560 519 458 604 601
Actinomycin D RNA synthesis 903 861 824 804 899 813 845 875 B25 847 873 900
HCFU Pyrimidine 5.28 480 479 456 499 467 470 450 492 469 487 463
5-FU Pyrimidine 5.27 420 426 421 508 4.00 419 400 460 400 529 472
Doxifluridine Pyrimidine 4.49 4.00 400 400 400 400 400 400 400 400 4.04 400
E7070 Cell cycle inhibitor 547 499 477 444 536 461 443 474 509 429 429 487
Tamoxifen Estrogen receptor 545 530 523 479 509 502 497 538 490 511 487 497
Toremifene Estrogen receptor 3506 497 492 482 499 509 491 495 492 500 430 5.10
MS5-247 DNA synthesis 633 584 635 523 602 658 642 582 566 637 567 682
Daunorubicin DNA synthesis/topoll 748 710 683 639 729 755 749 698 718 673 708 751
Doxorubicin DNA synthesis/topo Il 729 677 688 583 704 739 725 687 689 668 689 731
Epirubicin DNA synthesis/topo II 733 686 687 629 731 721 725 691 688 673 674 703
Mitoxantrone DNA synthesis 795 651 788 651 676 760 7.67 671 737 759 611 715
Pirarubicin DNA synthesis/topo I 9.00 858 900 826 9.00 900 9.00. 859 898 900 8% 900
Topotecan Topo 1 793 581 770 564 607 773 773 572 683 674 530 699
SN-38 Topol 843 637 821 603 675 828 831 591 705 747 569 774
Camptothecin Topo [ 7.44 6.19 748 58 635 742 753 610 669 679 616 692
Bieomycin DNA synthesis 602 438 566 400 485 604 659 415 473 497 510 494
Peplomycin DNA synthesis 673 472 640 445 546 586 656 401 512 583 535 534
Neocarzinostatin DNA synthesis 822 672 781 634 692 760 780 657 727 753 667 7.09
Irinotecan Topo 1 518 436 561 400 433 525 513 411 437 464 405 478
TAS5103 Topo 756 657 768 664 695 781 787 655 732 689 695 694
Gemcitabine Pyrimidine 800 463 800 400 6.16 783 8O0 419 656 724 560 585
Cladribine Pyrimidine 630 400 486 400 400 585 545 400 486 530 400 400
Cytarabine Pyrimidine 6.22 400 400 400 400 522 541 4.00 400 400 400 4.00
Etoposide Topo I 562 486 556 4.60 492 580 570 505 4585 535 535 509
Amsacrine Topo II 641 556 666 547 577 658 661 543 590 598 571 546
2-Dimethylaminocetoposide Topo II 556 466 570 454 473 575 584 457 520 554 475 466
NK109 Topo II 6.56 59 672 585 605 683 677 584 624 639 592 609
MMC DNA alkylator 656 504 709 563 573 615 631 538 532 620 550 599
Methotrexate DHEFR 747 400 611 400 612 664 683 400 671 406 400 5.13
Radicicol HSPI0/Tyr kinase 787 708 643 616 646 663 683 603 552 561 594 568
Vinblastine Tubulin 818 650 930 773 935 973 920 722 600 951 911 966
Vincristine Tubulin 7.93 600 770 600 852 876 840 600 600 827 838 911
Vinorelbine Tubulin 798 600 815 600 843 875 828 705 600 BS51 865 921
Paclitaxel Tubulin 7.35 684 741 648 744 750 727 600 673 780 822 794
Docetaxel Tubulin 8.08 711 783 680 823 809 808 400 614 B50 854 850
Dolastatine 10 Tubulin 1042 894 1071 950 1012 1019 994 8460 8.00 1030 968 1061
Colchicine Tubulin 716 540 725 643 762 777 739 554 500 750 745 817
E7010 Tubulin 6.28 462 638 623 635 647 635 479 4.00 650 6.44 650
Melphalan DNA cross-linker 4.76 447 462 400 444 459 481 4.03 439 440 484 486
Leptomycin B Cell cycle inhibitor 967 932 944 919 910 931 937 9.00 929 951 954 966
Carboplatin DNA cross-linker 418 400 400 400 400 400 400 400 400 400 400 453
Cisplatin DNA cross-linker 553 532 551 475 563 536 545 526 473 494 541 586
4-Hydroperoxycyclo- DNA alkylator 492 474 488 465 484 487 504 482 4469 490 476 530
phosphamide ’ )
6-Mercaptopurine Purine 501 410 512 442 400 417 449 490 529 458 482 510
6-Thioguanine Purine 5.08 457 523 537 470 422 514 604 576 518 592 614
L-Asparaginase Protein synthesis 640 478 B.00 649 400 691 653 400 635 800 661 442
Estramustine Estradiol 400 400 427 424 405 437 403 410 414 413 409 4.14
[FN-c Biological response 400 400 420 400 400 400 400 400 400 400 400 400
IFN-p Biological response 400 400 715 617 400 4.00 400 4.00 400 400 400 4.00
[EN-y Biological response 400 400 400 400 400 400 400 400 400 400 400 793

{Continued on the following page)
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Table 1. The mode of actions and the median value of |log,0Glsg| of 53 anticancer drugs in each of the 45 cell lines [Cont'd)

404 Genes Determining Chemosensitivity

Drug name Target/ Stomach
mode of action
St-4 MKN1 MKN7 MKN28 MKN45 MKN74 GCIY GT3 HGC27? AZ521 4-1ST NUGC
TKB -3
Aclarubicin DNA/RNA synthesis 7.88 809 773 725 8.59 743 800 786 713 849 79 904
Oxaliplatin DNA cross-linker 475 504 442 438 684 493 571 531 510 616 517 618
Actinomycin D RNA synthesis 799 874 877 902 939 920 824 912 876 955 880 8385
HCFU Pyrimidine 417 470 482 477 556 486 477 509 474 521 484 474
5-FU Pyrimidine 435 440 426 427 5.46 422 460 509 434 512 404 4.67
Doxifluridine Pyrimidine 400 400 401 4.00 4.20 400 400 400 4060 400 400 4.02
E7070 Cell cycle inhibitor 443 603 490 548 455 520 504 482 569 602 488 575
Tamoxifen Estrogen receptor 495 48% 544 523 513 567 492 519 525 511 487 506
Toremifene Estrogen receptor 481 492 49 482 4.93 523 485 492 507 509 487 496
MS-247 DNA synthesis 566 572 627 559 732 662 571 688 676 758 709 6.62
Daunorubicin DNA synthesis/topo Il 6.60 730 698  7.03 7.66 688 679 755 717 798 718 774
Doxorubicin DNA synthesis/topo I1 639 745 679 671 7.32 670 639 714 686 787 668 766
Epirubicin DNA synthesis/topo 11 7.21 753 685 660 735 660 653 710 671 800 702 768
Mitoxantrone DNA synthesis 682 752 657 652 779 668 687 782 683 879 738 7.59
Pirarubicin DNA synthesis/topo I1 831 897 855 857  9.00 853 881 900 856 9.00 88 9.00
Topotecan Topo 1 721 627 G554 581 8.00 5.62 661 783 564 774 800 768
SN-38 Topo I 683 6.63 616 616 871 617 689 849 604 849 873 828
Carnptothecin Topo 1 713 639 582 5350 799 562 681 753 549 761 775 773
Bleomycin DNA synthesis 400 461 403 400 4.54 422 400 621 422 718 603 475
Peplomycin DNA synthesis 400 480 456 409 518 482 439 59 468 732 616 492
Neocarzinostatin DNA synthesis 617 692 658 647 838 719 695 774 692 858 759 8.00
Irinotecan Topo 1 400 441 429 402 5.41 426 444 524 400 558 539 541
TAS103 Topo 575 754 650 656 750 643 696 797 681 851 740 7.76-
Gemcitabine Pyrimidine 409 617 445 400 8.00 538 618 757 400 800 668 770
Cladribine Pyrimidine 411 451 4.00 4.00 6.88 400 400 556 400 652 443 542
Cytarabine Pyrimidine 400 400 400 400 6.41 4.00 400 633 400 656 568 576
Etoposide Topo II 4.67 579 459 451 5.43 422 496 555 522 623 580 590
Amsacrine Topo II 530 624 501 496 643 534 575 655 550 698 644 6.68
2-Dimethylaminoetoposide Topo I 470 5.63 457 437 567 429 497 575 505 599 572 6.14
NK109 Topo Il 602 666 588 576 @ 6.51 562 6358 692 629° 690 666 678
MMC DNA alkylator 493 500 533 510 709 556 575 617 574 645 599 7.28
Methotrexate DHFR 727 704 400 400 7.15 400 706 704 749 737 733 7.32
Radicicol HSP90/Tyr kinase 696 659 588 566 644 615 640 489 600 663 742 608
Vinblastine Tubulin 617 962 760 964 904 925 858 9.88 937 976 985 953
Vingristine Tubulin 637 936 860 858 842 913 812 930 891 936 951 894
Vinorelbine Tubulin 600 860 851 8.59 8.42 853 796 922 837 889 883 887
Paclitaxel Tubulin 687 768 750 748 7.89 716 677 815 770 809 786 8.15
Docetaxel Tubulin 705 806 810 832 847 77T 693 885 819 908 850 851
Dolastatine 10 Tubulin 941 956 1027 1018 975 1029 105110560 923 1042 1053 10.35
Colchicine Tubulin 776 799 728 790 7.75 751 734 778 765 770 8469 7.53
E7010 Tubulin 606 621 626 635 602 615 639 669 608 669 667 6.40
Melphalan DNA cross-linker 447 470 419 400 4.79 436 455 459 472 518 526 532
Leptomycin B Cell cycle inhibitor 945 944 9