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Figure 4. Parameters associated with steady-state hematopoiesis. Row A: from left, body weight (BW), splenic weight (SPL), and bone marrow
cellularity (BM cells; n= 6 in each genotype). Row B: from left, numbers of peripheral blood cells—red blood cells (RBCs), white blood cells
(WBCs), and platelets (PLTs; n=6 for each genotype). Row C: from left; numbers of hematopoietic progenitor cells in steady-state CFU-GMs,
hematopoietic progenitor cells for CFU-S-9s, and those for CFU-S-13s. Three donor mice were used for each genotype, and six mice were used
for each recipient group. Open box, wild type; solid box, Cx32-KO; vertical bar, standard deviation of the mean. *Difference between wild-type
and Cx32-KO mice is significant (P values are indicated in each figure).

shaded column from the left), Cx32-KO mice produced
significantly smaller colonies due to as yet undetermined
reasons.

Regeneration Potency of Bone Marrow Cells
from Cx32-KO Mice and Wild-Type Mice. Treatment
with S-fluorouracil (5-FU) induces a temporary arrest of
hematopoietic progenitor cell proliferation, except in the
very immature hematopoietic progenitor cell compartment
(30-32), in which mature hematopoietic progenitor cells are

killed, whereas immature dormant HSCs selectively survive.
The number of CFU-GMs per unit number of bone marrow
cells was counted for 2 weeks after the 5-FU treatment. As
shown in Figure 6, the number of CFU-GMs in both wild-
type mice and Cx32-KO mice increased rapidly after 5-FU
treatment; however, the increase in the number of CFU-
GMs seemed to be delayed in Cx32-KO mice compared
with that of wild-type mice.

Experimental Leukemogenesis: Whole-Body
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Figure 5. Number and size of CFU-Ss assayed in four different
combinations between donors, either wild-type or Cx32-KO bone
marrow cells, and lethally irradiated recipients, either wild-type or
Cx32-KO mice. (A) Number of CFU-S-9s. (B) Size of CFU-S-9s.
*Differences between each bar connected with a line are significant
(P < 0.05); three donor mice were used for each genotype, and six
mice were used for each recipient group.

Bioassay and the Transplantation Bioassay With or
Without Cx32. Cx32-KO Hematopoietic Progenitor
Cells and Leukemogenesis. A high incidence of hema-
topoietic neoplasms was observed during the MNU-induced
leukemogenesis in Cx32-KO mice. The survival curves of
the mice of each group showed that the MNU-treated mice,
regardless of genotype, died much earlier because of MNU-
induced hematopoietic malignancies and other diseases
(Fig. 7A). Untreated control mice, regardless of genotype,
gradually started to die 400 days after the treated groups
received an MNU.

The percentage of incidences of hematopoietic malig-
nancies in mice treated with MNU, both wild-type and
Cx32-K0O, and mice in both nontreated control groups are
shown in Figure 7B. When Cx32 was knocked out, the
incidence of hematopoietic malignancies started to increase
rapidly 100 days after MNU treatment (closed squares),

1000

AL LLAill

100

aoand

-
o

Number of CFU-GM (/10° cells)

—O— Wt
—o— KO

i [l A

0 5 10 15
Days after 5-FU injection

Figure 6. Changes in number of CFU-GMs in femoral bone marrow
cells in wild-type or Cx32-KO mice (days after a single dose of 5-FU,
iv, 150 mg/kg body wt). Open circle, wild type; closed circle, Cx32-
KO. *Seven days after 5-FU injection, at which time the difference
between the wild-type and Cx32-KO mice was significant (P < 0.05);
three mice each were used for each data point).

which exceeded the incidence of hematopoietic malignan-
cies in wild-type mice (50.0%), and reached 91.7% (P <
0.05 by Fischer exact test). The incidence of hematopoietic
neoplasms in nontreated groups of both wild-type and
Cx32-KO mice as reference groups increased gradually,
reaching 40.0% for the wild-type mice and 33.3% for Cx32-
KO mice. Concomitantly, hepatomas developed in both
groups of mice after 664 days of age, and the incidence in
Cx32-KO mice was higher than that in wild-type mice,
although it was statistically less significant (33.3% and
10.0%, respectively; data not shown).

Assay of Leukemogenicity: The Transplantation
Assay in Cx32-KO Bone Marrow Cells and Wild-Type
Bone Marrow Cells. Because the incidence of hemato-
poietic malignancies was significantly high in Cx32-KO
mice (Fig. 7B), but the development of hematopoietic
malignancies was interfered with by malignancies from
other tissues and organs due to competitive risk of the
tumorigenicity (data not shown and Ref. 22), lethally
irradiated same wild-type mice were repopulated with either
bone marrow cells from wild-type mice or Cx32-KO mice,
and the development of hematopoietic neoplasms after a
single dose of MNU was observed under the same recipient
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Figure 7. Whole-body assay of hematopoietic malignancies by a
single dose of MNU at 50 mg/kg body wt. (A) Survival fraction. (B)
Cumulative incidences of hematopoietic malignancies in Cx32-KO
mice or wild-type mice with or without a single ip injection of MNU.
Open circle, wild type without MNU injection, 10 mice; open square,
wild type with MNU injection, 10 mice; closed circle, Cx32-KO without
MNU injection, 9 mice; closed square, Cx32-KO with MNU injection,
12 mice.

conditions (the transplantation assay). However, few differ-
ences in survival time and incidence of neoplasms were
observed between mice repopulated with wild-type bone
marrow cells and those repopulated with Cx32-KO bone
marrow cells (data not shown).

Competitive Assay of Leukemogenicity Between
Cx32-KO Bone Marrow Cells and Wild-Type Bone
Marrow Cells. A mixed population of bone marrow cells
from Cx32-KO and wild-type mice was injected into
lethally irradiated wild-type mice, and the incidence of
hematopoietic malignancies competitively caused by bone
marrow cells from Cx32-KO mice and those from wild-type
mice was determined under the same in vivo conditions of
the recipient (the competitive assay). Figure 8 shows the
incidences of hematopoietic malignancies in mice that
received a single dose of MNU at either 75 mg/kg body wt
(dark squares) or 50 mg/kg body wt (medium squares),
compared with the nontreated control (light squares), which
are plotted against the days after MNU treatment. The
incidence of hematopoietic malignancies of the 75 mg/kg
body wt MNU-treated group reached 88.9%, whereas that of
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Figure 8. Competitive bone marrow transplantation bicassays
repopulated with mixture of bone marrow cells from wild-type and
Cx32-KO mice, followed by a single dose of MNU. Cumulative
incidences of hematopoietic malignancies in the group repopulated
with the mixture cells followed by a single ip injection of MNU at 50 or
75 mg/kg body wt. Light square, vehicle treatment; medium squares,
50 mg treatment; dark squares, 75 mg treatment.
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the 50 mg/kg body wt MNU-treated group reached 33.3%.
The incidences of hematopoietic neoplasms that were
observed in the competitive assays are shown in Table 1.
In the mice treated with MNU at 50 mg/kg body wt and in
those treated with 75 mg/kg body wt, two and eight
hematopoietic neoplasms developed, respectively.

Samples from these neoplasms were analyzed for their
genotype to determine whether the neoplasms originated
from bone marrow cells of wild-type mice or Cx32-KO
mice (Fig. 9). In Figure 9, lanes 1, 2, 4, 5, 6, 8, and 9 show
the presence of the gene inserted for the knockout strategy;
thus, the neoplastic samples in these lanes were identified as
having originated from bone marrow cells of Cx32-KO
mice. The origins of the hematopoietic neoplasms are shown
in Table 1. The results show that the malignancies
originated from the bone marrow cells of Cx32-KO mice
in two of two leukemias in the 50 mg/kg body wt MNU-
treated group, and in seven of eight leukemias in the 75 mg/
kg body wt MNU-treated group.

Discussion

The role of Cx32 in steady-state hematopoiesis and its
potential protective role of prevention during leukemo-
genesis were analyzed in this study. In this study we
demonstrated for the first time that a Cx gene, namely, the
Cx32 gene, is expressed in hematopoietic stem/progenitor
cells, and in the case of Cx32-KO mice, the regeneration of
bone marrow after chemical abrasion was clearly delayed,
which suggests a beneficial role of Cx32 in the regeneration.
Furthermore, the incidence of MNU-induced leukemia was
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Table 1. Transplantation Bioassays for Repopulation
with Mixture of Bone Marrow Cells Followed by
Induction of Tumor by MNU, and Genotyping of

Tumor Origin

Tumor origin, no. (%)

Dose of MNU No. of tumors ~ Wild type KO
50 mg/kg body wt 2 0(0) 2 (100)
75 mg/kg body wt 8 1 (12.5) 7 (87.5)

clearly high in Cx32-KO mice after a single administration
of MNU, as shown not only in the whole-body assay (Fig.
7) but also in the competitive repopulation assay using bone
marrow cells from Cx32-KO and wild-type mice (Figs. 8
and 9). These results are compatible with the observation of
epithelial tumorigenesis in the liver and lungs observed in
the same Cx32-KO strain (9), and this is the first
observation in leukemogenesis.

Various Cxs are expressed in stromal cells of the fetal
liver (Cxs 43, 45, 30.3, 31, and 31.1) and bone marrow (Cxs
43, 45, and 31; Ref. 13). However, the contribution of Cxs
to hematopoiesis was found only on the basis of the effect of
Cxs via stromal cell dependence; consequently, no Cxs were
previously found in hematopoietic stem cells and/or
progenitor cells (16). For us this is interesting, because
hematopoietic progenitor cells possess morphologic evi-
dence as well as functional evidence for cellular commu-
nication with each other (33, 34). Interestingly, in our recent
study, Cx32-KO mice exposed to benzene showed a
hematopoietic impairment; however, the site of this impair-
ment was not identified in either hematopoietic progenitor
or stromal cells (15).

Thus, we first determined whether hematopoietic
progenitor cells express Cx32 molecules; however, as
reported elsewhere, Cx32 is not detected in the bone
marrow (Fig. 1A and Refs. 15 and 19). Interestingly,
hematopoietic spleen colonies derived from hematopoietic
progenitor cells were found to express Cx32 (Fig. 1B). This
observation was further supported by the immunohisto-
chemical reaction of cells in the colonies to the anti-Cx32
antibody, in which Cx32-positive cells were only scattered
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along the border of each colony (Figs. 2Aa and b).
Furthermore, flow cytometry using the anti-Cx32 antibody
after performance of the combination of immunobead-
density gradient separation and the immunomagnetic bead
separation showed that the Cx32-positive fraction was
found to belong to the HSC compartment and was
calculated as only 0.27% with respect to the unseparated
bone marrow cells (Fig. 3). These findings may be in good
agreement with a previous report of the absence of Cx32
expression in the bone marrow tissue (13). A hematopoietic
disadvantage in progenitor cells associated with Cx32
deficiency was further evident, because all progenitor cells
from the bone marrow of Cx32-KO mice showed a ~20%
decrease in numbers of CFU-S-13s, CFU-S-9s, and CFU-
GMs. Thus, it can be concluded that Cx32 is required for
maintaining normal hematopoiesis, specifically during the
maturation of hematopoietic stem cells to the progenitor
cells.

However, whether Cx32 also is functional in differ-
entiated mature blood cells is questionable, despite the
observation that the numbers of white blood cells and
platelets were significantly lower in the peripheral blood of
the Cx32-KO mice than in the wild-type mice (Fig. 4B). It is
of interest to calculate a probability of Cx32-positive cells
based on this ratio of those Cx32-positive bone marrow cells
out of the linTc-kit™ fraction; that is, only 0.0093% with
respect to that of unfractionated original bone marrow cells
(data not shown). Because our repeated analyses failed to
detect Cx32 expression in mature blood cells, the decreased
numbers of white blood cells and platelets in the Cx32-KO
mice are regarded as a reflection of the shortage of immature
progenitor cell compartments due to the lack of Cx32 at the
level of stem cells and progenitor cells.

The bone marrow transplantation in different combina-
tions of the donor and recipient, which was repopulated with
bone marrow cells from either wild-type mice or Cx32-KO
mice, showed a small number of spleen colonies in the
groups repopulated with Cx32-KO bone marrow cells.
Interestingly, as shown in Figure 5B, colonies derived from
the same Cx32-KO bone marrow cells showed significantly
smaller colonies regardless of the genotype of recipients—
that is, wild-type or Cx32-KO mice—presumably owing to

Template N

KO allele (0.5kb)

Wt allele (0.5kb)

Figure 9. Genotyping of hematopoietic neoplasms whose origin was identified by genomic PCR. N, negative control for PCR without DNA; P,

positive control for PCR using genomic DNA from the Cx3

~ hepatic tissue. Lanes 1-9, DNA extracted from hematopoietic neoplasms that

developed during assay of bone marrow transplantation. Lane 3, control neoplasm that developed in mouse repopulated with wild-type bone
marrow cells. Lane 4, control neoplasm that developed in mouse repopulated with Cx32-KO bone marrow cells. Lanes 1, 2, and 5-9, neoplasms
that developed in mice repopulated with a mixture of bone marrow cells from wild-type and Cx32-KO mice. Note that lane 7 has a faint band for
the KO allele, which shows an additional simultaneous expression band from the repopulated normal hematopoietic cells. Forlanes 1, 2, 5, 6, 8,
and 9, the tumors arising from Cx32-KO bone marrow cells show double bands, namely a Wt allele and another allele for KO strategy. Intensities

of these bands are identical compared with that of [ane 4.
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the lack of Cx32 expression in the hematopoietic progenitor
cells (shaded column second from the right vs. closed
column far right). The reason why a small size of colonies
observed in the Cx32-KO recipient mice received wild-type
bone marrow cells cannot be answered in the present study.
It is possible that Cx32 deficiency in combination with a
lethal dose of whole-body irradiation for the bone marrow
transplantation induces an unknown synergistic damage.
Our previous observation that Cx32-KO mice treated
repeatedly with a dose of benzene by inhalation showed a
severe chemical-induced persistent pulmonary injury (15)
may be relevant to the present observation. Stem cell
regeneration after chemical abrasion with 5-FU was delayed
in Cx32-KO mice (Fig. 6), which indicates that early
recovery of mice also requires the growth of hematopoietic
progenitor cells expressing Cx32. This is compatible with
the observation of transgenic mice expressing a dominant-
negative mutant of Cx32, which showed a notably delayed
recovery after partial hepatectomy (5).

The role of Cx32 is associated with the prevention of
carcinogenicity, as an initiation of leukemogenicity was
preferentially induced in Cx32-KO mice by a single dose of
MNU; thus, Cxs likely have a protective function against
leukemogenicity, specifically for the initiation of the
carcinogenic process. Phenotypically, the results are com-
patible with the observation that spontaneous hepatic tumors
and diethyl-nitrosamine-induced hepatic tumors tended to
develop in Cx32-KO mice compared with wild-type mice
(9). Furthermore, radiation-induced hepatocarcinogenesis
and diethyl-nitrosamine—induced pulmonary tumorigenesis
showed a high frequency of tumorigenesis in Cx32-KO
mice (35, 36), which also is compatible with the results of
the present study.

Why does the lack of Cxs result in more frequent
carcinogenesis? Why was the incidence of leukemogenesis
higher in Cx32-KO mice (Fig. 7B, closed squares)?
Furthermore, why did leukemogenicity in the wild-type
mice appear earlier than that in Cx32-KO mice, although the
total incidence remains lower by about 50% (Fig. 7B, open
squares) than in the Cx32-KO mice (Fig. 7B, open squares
vs. closed squares, respectively). The present study implies
that Cx32-KO mice showed a high frequency of leukemo-
genesis due in part, to a possible suppression of apoptosis of
hematopoietic progenitor cells after exposure to chemical
carcinogens, and thereby the initiation of leukemogenicity
was induced frequently in Cx32-KO mice. Cx32 is,
therefore, surmised to protect hematopoietic progenitor cells
from leukemogenic triggers in the wild-type mice.

The present competitive assay clearly showed that
Cx32-KO bone marrow cells have a higher risk of becoming
leukemogenic. The above-mentioned findings in this study
imply that Cxs play an essential role in tumor suppression,
although a temporary disconnection of Cxs induced by so-
called carcinogenic promoter chemicals might induce an
independent growth of possible neoplastic candidates,
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which may, however, eventually undergo apoptosis or be
enclosed by cells with recovered Cx function.

Lastly, our results indicate that the risk of developing
leukemia in patients with X chromosome-linked Cx32
deficiency, called Charcot-Marie-Tooth syndrome, might
not be incidental.

This study is dedicated to the late Dr. Eugene P. Cronkite for his fifth-
year memorial. We thank Dr. Y. Kawasaki, Dr. K. Sai, Ms. E. Tachihara,
Ms. N. Moriyama, Ms. Y. Shinzawa, Ms. Y. Usami, Mr. K. Terasaka, and
Mr. Morita for excellent technical assistance, and Ms. N. Kikuchi, Ms. M.
Yoshizawa, and Ms. M. Hojo for secretarial assistance.
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Objective. The aim of this study is to investigate a possible implication in cell kinetics of the
hematopoietic progenitors to the experimental leukemogenesis to elucidate the relevance of
various leukemic mode of action to Gompertzean survival curves, a new parameter based
on the lifespan.

Materials and Methods. Mice, C3H/He, and C57BL/6 strain, male and female, with or without
genetic modifications, e.g., p53-deficiency or thioredoxin overexpression were used in the pres-
ent hemopoietic stem/progenitor research, radiation- or benzene-induced leukemogenesis
followed by histopathological examination. A lethal dose of radiation for bone marrow
transplantation, and a graded increased dose up to 5 Gy of x-rays for induction of hematopoi-
etic malignancies were given. For caloric restriction studies, 77 kcal/week was maintained in
accordance to different restriction-timing. For assays of hematopoietic colonization, colony-
forming unit spleen and colony-forming unit granulocyte macrophage were evaluated.
Hematopoietic progenitor cell-specific kinetics were studied by continuous labeling of
bromodeoxyuridine for cycling cells, followed by ultraviolet (UV) exposure and hemopoietic
colonization (bromodeoxyuridine UV [BUUV] method). Various experimental survival curves
were applied to a mathematical analysis by Gompertz-Makeham law of mortality.

Results. Referring current authors’ studies on leukemogenesis induced by ionizing radiation
and benzene exposure, implications of hematopoietic progenitor cell kinetics to the experi-
mental leukemogenesis were evaluated by means of a novel experimental tool, the BUUV
method. Comparative studies to elucidate relevancies of these data, including two prevention
studies, one on caloric restriction and the other on antioxidative thioredoxin overexpression,
to those Gompertzean survival curves of experimental animals were analyzed.

Conclusion. The Gompertzean expression may elucidate an appropriate toxicological end-
point for evaluating the effect of radiation and/or benzene-exposure on the lifespan and its
modification by various experimental preventive measures. © 2007 International Society
for Experimental Hematology. Published by Elsevier Inc.

The principle of the mortality rate of human beings was
recognized by Gompertz [1] more than 180 years ago,
who described that mortality rate during a unit time interval
increases exponentially with lifetime. It was found that the
Gompertzean expression can be applied to major mamma-
lian species, and that the slope of the Gompertzean curve
becomes shallower along the evolutionary hierarchy of
the animal kingdom from rodents to humans. Moreover,
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when one applies the Gompertzean expression to a particu-
lar species, e.g., mice, one could note that regardless of type
of compound, whether carcinogenic compounds or other
life-threatening chemical compounds, the slope is steeper,
indicating a shortening of lifespan not only attributable to
carcinogenic impact but also cardiovascular, nephrotoxic,
and other nontumorigenic diseases.

Radiation and benzene are the ultimate human leukem-
ogens, known for over eight decades, on which the late Eu-
gene P. Cronkite focused his attention and which he used to
compare mechanisms of toxicities induced by radiation and
benzene exposure [2,3]. His most notable strategy in study-
ing mechanisms underlying leukemogenesis induced by
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both compounds was to focus on the relevancy of the num-
ber and quality of hemopoietic stem/progenitor cells and
their significance in stem/progenitor cell kinetics in relation
to leukemogenicity. Because an increase in radiation dose
exponentially decreases the number of hemopoietic progen-
itor cells (Fig. 1A, line “a”), exposure to an ionizing radi-
ation of >5 Gy will not yield a high frequency of
leukemias, but will induce a significant decrease in the in-
cidence of leukemias, possibly because of the decrease in
the number of hemopoietic progenitor cells (although it re-
mains unclear whether stem/progenitor cells are leukemic
target cells). The minimum number of potentially mutated
stem/progenitor cells for the development of one case of
leukemia decreases with increase in radiation dose
(Fig. 1A, line “b”). Thus, the integral of the shaded area
shown in Figure 1 between those two functions may corre-
late to the risk of radiation-induced leukemias, although the
scale of the ordinate for the stem/progenitor cell survival
curve described here may be arbitrary. Namely, the shaded
shared area between the area beneath the stem/progenitor
cell survival curve and the upper area of the lower curve,
i.e., the minimum number of mutated stem/progenitor cells
for the development of one case of leukemia as a function
of radiation dose, may be the risk factor for radiation-
induced leukemogenesis. Furthermore, when one incorpo-
rates corresponding data from p53-knockout mice (Fig. 1B)
and other data from genetically modified animals, any mod-
ifications of shared areas suggest a decrease and/or an
increase in risk of the incidence of experimental leukemo-
genesis. Such statistical relevance between the number of
hemopoietic stem/progenitor cells and the induction of
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experimental leukemias can be applied also to the study of
the incidence of benzene-induced leukemias. In the case of
benzene-induced leukemias, the relevance of stem cell kinet-
ics to the incidence of experimental leukemias is a function of
changes in hemopoietic progenitor cells. In this article, such
relevancies between the number and quality of stem/progen-
itor cells and the incidence of leukemias after radiation and/
or benzene exposure with respect to biological modification
after caloric restriction and/or modification of the state of
oxidative stress are introduced after a brief description of
the characteristics of hemopoietic progenitor cell function.

Materials and methods

Mice

C3H/He and C57BL/6 strain, male and female, with or without
genetic modification for p53 deficiency (4] or thioredoxin over-
expression [5] were used in the hemopoietic stem/progenitor cell
research, radiation- or benzene-induced leukemogenesis followed
by histopathological examination. Experimental animal protocols
used were reviewed by the externally established peer-review
panel, and maintained in the board-approved laboratory animal
facility of the National Institute of Health Sciences of Japan.

Radiation and bone marrow transplantation

For a lethal dose of radiation (9.45 Gy) for bone marrow trans-
plantation and a graded increased dose up to 5.0 Gy of x-ray irra-
diation for induction of hematopoietic malignancies, mice were
subjected to a 200-kV/20 A pulse through a therapeutic x-ray irra-
diator (Shimadzu, Tokyo) with 1.0-mm aluminum and 0.6-mm
copper filters, at a dose rate of 0.614 Gy/minute and a 56-cm focus
surface distance. Whole-body irradiation (8.5 Gy) by gamma-ray

Figure 1. Possible risk of radiation-induced leukemia in wild-type mice (A) and p53-homozygous knockout mice (B). (a) Survival of stem cells after irra-
diation. (b) Minimum number of stem cells for development of a case of leukemia.
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(**’Cs, at a dose rate of 0.101 Gy/minute, Gammacell 40 Exactor;
MDS Nordion, Ottawa, Canada) with a 0.5-mm aluminum-copper
filter was also given in the assay of colony-forming unit in spleen.

Benzene and benzene exposure

Benzene (CAS no. 71-43-2, MW 78.11) was purchased from
Wako Fine Chemical Company (Osaka, Japan). Mice were ran-
domly assigned to groups and individually housed. They were
exposed to benzene in 1.3 m® inhalation chambers as described
previously [6,7]. The benzene-exposed mice were exposed to
300 ppm of benzene 6 hours per day, 5 days per week for 2 weeks
for short-term examination, and 26 weeks for leukemogenicity
bioassay. The mice were supplied water ad libitum, but food pel-
lets were withdrawn during the exposure.

Caloric restriction
For caloric restriction studies, a 77 kcal/week was maintained.
Groups subjected to different caloric restriction timings were com-
pared with groups not subjected to caloric restriction during life-
time for incidences of neoplasms followed by histopathological
examination [8,9].

Assays for CFU-S and CFU-GM

For assay of hematopoietic colonization, colony-forming unit in
spleen (CFU-S) [10] and colony-forming unit granulocyte macro-
phages (CFU-GM) ([7,11] were evaluated. For CFU-GM assay,
a semisolid methylcellulose culture, supplemented. with 10 ng/
mL murine granulocyte macrophage colony-stimulating factor
(R&D Systems, Inc., Minneapolis, MN, USA) was conducted.

BUUYV method

Hematopoietic progenitor cell-specific kinetic studies were evalu-
ated by continuous labeling of bromodeoxyuridine for cycling
cells, followed by UV exposure and hemopoietic colonization
(BUUV method, details in [11,12]).

Gompertzean expression

Experimental survival curves were applied to Gompertz’s law of
mortality to examine lifespans and mortality rates in mice with
ionizing radiation- and benzene-induced leukemias. (Detailed pro-
cedure of mathematical analysis by Gompertz-Makeham law of
mortality is found in ref. [1].).

Results and discussion

Hemopoietic stem/progenitor cells

as a target of experimental leukemogenesis

Because the major histopathological type of radiation-
induced leukemia in p53-deficient mice was stem cell leu-
kemia with trace evidence of myeloid differentiation, the
possible target cells in leukemogenesis were supposed to
be hemopoietic stem/progenitor cells [13]. Interestingly,
p53-heterozygous deficiency also produced stem cell leuke-
mia with loss of heterozygousity after graded increased
doses of radiation exposure (unpublished observation).
Therefore, to understand the mechanism underlying leuke-
mogenesis induced by radiation and/or benzene exposure,
current series of evidence regarding stem/progenitor cell
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characteristics are particularly important. Furthermore, in
addition to the generation-age structure of hierarchic
stem/progenitor cells, current knowledge on genes regulat-
ing kinetics in stem/progenitor cells (i.e., genes maintaining
the long-term repopulating cells), genes in splenic colony-
forming units, and genes in in vitro colony-forming units,
is found to be particularly important for understanding
development of leukemias. Because of the possible partic-
ipation of negative regulators of stem/progenitor cell differ-
entiation and self-renewal, such as Notch [14], War [15],
and Sonic hedgehog [16] signals, and Bmi-1 {17] expres-
sion, a dormant fraction, about 80% in the hemopoietic
stem/progenitor cell compartment, which does not incorpo-
rate bromodeoxyuridine (BrdUrd), is continuously main-
tained for lifetime after the development of this dormant
fraction during the neonatal stage. The cycling fraction,
on the other hand, incorporates BrdUrd continuously and
about 20% of the total progenitor cell compartment is main-
tained throughout the lifespan. Furthermore, the doubling
time of each progenitor cell compartment in the stem/pro-
genitor hierarchy is facilitated in the order from immature
progenitor cells with faster generation time to mature pro-
genitor cells with slower generation time (data not shown).
The size of dormant fractions slightly decreases with the
age structure of progenitor cells. We previously observed
that hemopoietic progenitor cells also maintain their imma-
turity with transforming growth factor-§ (TGF-f) [18], as
well as gap junctional intercellular communication, specif-
ically with connexin-32, which was supposed to maintain
the size of the immature stem/progenitor cell compartment,
steady-state growth, regenerating potential after experi-
mental chemical abrasion, and possibly function as a tumor
suppressor for leukemogenesis.

Novel tool to evaluate

hemopoietic progenitor-specific cell kinetics

(BUUV method’) as a key parameter for leukemogenesis
The concept of a stem/progenitor cell pool and the daily
outflow (i.e., production) of committed cells to erythropoi-
etic, granulopoietic, and megakaryocytic lineages were also
intensively studied by Cronkite and his associates from the
1960s to the 1970s. They determined the number of stem/
progenitor cells undergoing DNA synthesis using tritiated
thymidine (*H-TdR) with a low specific radioactivity as
well as the incorporation of *H-TdR with a cytocidal dose
of high-specific activity for evaluating the cycling fraction
[19]. In the early 1980s, Cronkite applied his knowledge
on steady-state hematopoiesis to toxicological studies, not
only to the radiation-induced, but also benzene-induced,
hemopoietic toxicities and their consequence, namely,

'Continuous infusion of bromodeoxyuridine by osmotic minipump to la-
bel cycling cells in general is carried out, followed by UV exposure to kill
labeled cells, and then allowing surviving stem cells to form hemopoietic
colonies.
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leukemogenesis [20]. Cell kinetic studies using *H-TdR
with low- and high-specific activities provided a new
paradigm of benzene- and other chemical-related
hematotoxicities.

There are two technical limitations of the experimental
and hematological use of *H-TdR. First, H-TdR with
a low-specific activity enables labeling of cycling cells,
but not killing them, second, *H-TdR with a high-specific
activity, enables the labeling and killing of cycling cells,
but not the studying of long-term cell kinetics. The
BUUV method established by Hirabayashi and coworkers
{11,12] entails the purging of cells labeled by BrdUrd using
UV-A light for evaluating the kinetics of hemopoietic
progenitor cells, followed by colonization and other hema-
tological evaluations (Fig. 2). The method enables long-
term labeling of cycling cells for up to nearly a lifetime
and the assay of the size of the cytocide fraction at anytime
by exposure to UV-A light followed by relevant coloniza-
tion assay methods and/or cell sorting. Although many sim-
ilar methods were reported previously, none of them are
appropriate for hemopoietic stem cell research. The reasons
are as follows: In previous methods, UV-B and UV-C lights
were used, not UV-A light, which resulted in serious errors.
In the case of Pietrzyk et al. [21], they used highly toxic
UV-C light, which that made progenitor cells mortal regard-
less of the labeling, and thus, made a real dormant fraction

missing. In the case of Hagan and colleagues [22,23], they
used UV-B light, and found plateau phases of a surviving
colony fraction with increasing dose of UV-B fluence (J/
m?) after increasing the period of BrdUrd infusion. The
fraction containing cycling one measured on the basis of
colony formation still exponentially increases >90%. Use
of UV-A and incorporation of BrdUrd in drinking water
for long-term administration collaboratively provided a rev-
olutionary paradigm for increasing the knowledge of kinet-
ics in the hemopoietic stem/progenitor cell compartment.
A new discovery is the existence of a long-term and sta-
ble, dormant fraction. This is similar to crypt stem cells at
the bottom of intestinal villi, described by Potten et al. [24],
but never clearly observed in the hemopoietic system. The
dormant fraction develops presumably after the early devel-
opmental stage of the neonatal period, which forms an
orderly generation-age structure from a primitive CFU-S-
13, mature CFU-S8-9, and to an in vitro CFU-GM
(21.7% * 4.7%, 33.4% * 3.3%, and 35.0% *+ 3.7%, re-
spectively [11]). Second, by BUUV assay, some disadvan-
tages of in vitro labeling with 3H-TdR and also with
BrdUrd were consequently discovered; e.g., in vitro label-
ing artificially results in a marked overestimation of the per-
centage of the labeled fraction from 9.9% * 4.8% to 37.4%
*+ 4.5%. The cycling fraction of CFU-GM is often labeled
and assayed in vitro. The in vivo labeling assay value is
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Figure 2. Bromodeoxyuridine UV method as a tool for evaluating size and other parameters of cycling stem cell fraction in vivo [12].
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only slightly higher than the actual CFU-S cycling fraction
when assayed by in vivo labeling, regardless of the labeling
method; that is, intravenous injection or via drinking water
(9.9% = 4.8% vs 6.8% * 4.8%;, CFU-GM vs CFU-S-9, re-
spectively). Many previous studies showed that CFU-GM
and other in vitro colonies labeled with *H-TdR cytocide
were nearly 60% in cycling, which was used as an indicator
of the maturity of progenitor cells in vitro in terms of gen-
eration age, but are now considered artifacts.

The doubling time and the generation time of each pro-
genitor cell compartment are also dependent on the age-
structure, and the doubling times are from 35.2 hours in
CFU-S-13, 48.5 hours in CFU-S-9 to 56.0 hours in CFU-
GM, respectively [11]. For example, in the cases of caloric
restriction and 3'-azido-3'-deoxythymidine treatment, both
markedly decreased the cycling fraction of the hemopoietic
stem/progenitor cell compartment [8,9,25].

Radiation-induced leukemogenesis

and its prevention by caloric restriction

As shown in Figure 1A, the incidence of radiation-induced
leukemias depends on two functions: one is stem/progenitor
cell survival with graded increases in radiation dose and the
other is the minimum number of potentially mutated stem/
progenitor cells for the development of one case of leuke-
mia vs graded increases in doses of radiation. Because
the integral of the shaded channel area in Figure 1 de-
creases with the increase in radiation doses and the channel
is closed at 6 to 7 Gy, radiation-induced leukemias are not
supposed to develop at more than 6 to 7 Gy in the murine
system. In the case of p53-deficient mice, however, despite
radiation-induced damage, the survival of hemopoietic pro-
genitor cells with the increase in radiation dose shows
a much shallower survival curve (Fig. 1B, line “a”), owing
to their escape from p53-dependent apoptosis; these cells
may retain unrepairable DNA damage (data not shown;
[13,26]). This modification of the survival curve of hemo-
poietic stem/progenitor cells deficient in p53 further in-
creases the incidence of radiation-induced leukemias, and
the incidence of leukemias following 5-Gy exposure keeps
increasing up to 100% (unpublished data).

Next, we modified radiation-induced leukemogenesis by
caloric restriction, because caloric restriction is the only nu-
tritional factor that extends lifespan of experimental ani-
mals [27], and is supposed to attenuate radiation-induced
leukemias [9]. The C3H/He mouse strain shows a high
incidence of myeloid leukemias, with a low spontaneous
incidence (of myeloid leukemia). Nonirradiated mice
showed a. 1% incidence of spontaneous myeloid leukemias
with a median lifetime of 839 days. The incidence of mye-
loid leukemias increased up to 22.2% with a decrease in
median lifetime to 697 days after the 3-Gy whole-body
x-ray irradiation of mice. Various methods of caloric re-
striction induced a prominent decrease in the incidence of
myeloid leukemias at 3 Gy; i.e., 9.5% in the group with
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caloric restriction for the rest of their lifetime immediately
after the irradiation; 8.0% in the group with caloric restric-
tion throughout their lifetime. No leukemia developed in
groups not exposed to radiation (data not shown; [9]).

Along with the decrease in the incidence of myeloid leu-
kemia in the group with caloric restriction, interestingly, the
percentages of tumor-free mice consequently increased
from 7.4% to 17.5% and 20.0%, in the group with caloric
restriction for the rest of their lifetime after 3-Gy irradiation
and in the group with caloric restriction throughout their
lifetime, respectively. Nonirradiated group with caloric
restriction also showed a statistically significant increase
10.1% to 46.4% in the percentage of tumor-free mice as
compared with groups without caloric restriction.

Because caloric restriction decreased the number of he-
mopoietic stem/progenitor cells and the cycling fraction of
hemopoietic progenitor cells, as evaluated by the BUUV
method in these series of experiments, we conclude that
caloric restriction decreases the incidence of radiation-
tnduced leukemias via two mechanisms. First, the suppres-
sion of direct genotoxic leukemogenesis during the initiation
stage, i.e., caloric restriction started before irradiation and
continued until irradiation. Second, the suppression of indi-
rect epigenetic leukemogenesis during the promotor stage,
L.e., restriction started after irradiation and continued for
lifetime. In these studies of caloric restriction, particular at-
tention was focused on the number and cell cycle of hemopoi-

- etic stem/progenitor cells regardless of other suppressive

factors that may also contribute to general oncogenesis,
such as oncogene expression, DNA methylation, free radical
formation, apoptosis induction and immunity activation,
among others.

Benzene-induced hemopoietic

toxicities and induction of leukemias,

and their attenuation by thioredoxin overexpression
Cronkite was the first scientist who clearly recognized the rel-
evance of the number and position of hemopoietic stem/pro-
genitor cells in their kinetics with respect to the development
of leukemias [28]. Consequently, his benzene exposure
protocol successfully induced the first experimental
benzene-induced leukemias; namely, the induction of a mod-
est decrease in the number of hemopoietic progenitor cells
that does not lead to extinction of such cells [2], which was
after the first report of leukemogenicity induced in humans
nearly 80 years ago [29]. He was interested in, and focused
on, peculiar oscillatory changes in the numbers of bone
marrow cells and hemopoietic progenitor cells, although la-
borious *H-TdR labeling for the complicated cell-cycle per-
turbation induced by benzene exposure could not help his
group clarify the mechanism underlying cell-cycle oscilla-
tion. As reported by our group previously in Experimental
Hematology [7], benzene exposure was found to be not only
in mature blood cells, but also in hemopoietic stem/progeni-
tor cells, a strong cell-cycle suppressor, due to clastogenic
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damages suggested by an upregulation of topoisomerase III
in the bone marrow [30]; however, cessation of benzene
exposure during weekends induced rapid recovery of the
cycling of the hemopoietic stem/progenitor cell fraction,
which induced the repeated counter-oscillatory changes dur-
ing the exposure period and resulted in a high frequency of
epigenetic induction of hemopoietic malignancies (Fig. 3).
Benzene and its major metabolites are negative in Ames-
revertant mutagenesis assay, and induce a lesser amount of
DNA adducts, which cannot explain in detail the mechanism
underlying leukemogenicity. Benzene-induced cell-cycle
perturbation observed in the present study may collabora-
tively cause clastogenic chromosomal damage induced by
benzene mono-oxide and oxidative stress {30,31].

Conclusion from the base of bioinformatics:

Experimental leukemogenesis and its attenuation with
respect to related changes in Gompertzean survival curve

In the theoretical model of the mortality rate of human be-
ings, studied by Gompertz [1] more than 180 years ago, he
found that death rate during a unit time interval increases
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exponentially with lifetime. The Gompertzean expression
can be applied to major mammalian species (Fig. 4A)
[32]. The implication of Gompertzean linearity in experi-
mental groups and changes in the slope linearity are consid-
ered to be based on an observation that lifespan may
involve a function based on the multiplication of various
life-threatening factors. Namely, the linearity is based on
a system in which each lifespan-linked disease is indepen-
dent and links to other diseases multiply (Eq. 1).

N'(f)= — rN(1)log(N(1)/K) (1)

where N(¢) is number of individuals at time ¢, r is intrinsic
growth rate, and K is number of individuals in equilibrium.

Furthermore, any continuous life-threatening factors
except deaths from traffic accident, war, or epidemic in-
fections, make Gompertzean linearity steeper (Fig. 4B:
standard, “Std”, to “Tox”). For example, in the case of
mice exposed to graded increases in radiation dose, their
lifespan shows continuously steeper curves from high-
dose to zero-dose group, i.c., a steeper curve to a shallower
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squares) vs sham control (open squares). (C) After stopping benzene exposure, cell kinetics rapidly recovers in wild-type mice. (D) In wild-type mice,
p21%2! is upregulated during benzene inhalation. (E) In p53-homozygous knockout mice, p21¥*! js not changed during benzene inhalation. After stopping

benzene inhalation, in wild-type mice, p21%*

is downregulated immediately.



Y. Hirabayashi and T. Inoue/ Experimental Hematology 35 (2007) 125-133 131

A B
1
N L .
H
£ §
[ ']
= 01kl k-
5 : z
s 8 £
(o]
oot} =
0.001 1 { i 1 i 1 /] 1 ]
0 50
Age (years)
C D
8 | -
> ©
3 ; oy
g Y 5
[*]
—O— HO o =
- - H1 ~Cr~ WO
- » H3 o - W3
e o H5 —— W5
0.1 i i I TN O 3 i '] PV BT P W | CENY S |
o 500 1000
Days after irradiation
E F
[ ~=CO= 3R-CalR(-)
=~ O« 3R-CalR(thru) J
7
2 i o9 1 &
8 L . g
£ &
£ f 1 £
(] O
= 2
0‘1 PO S W | i L 3 2 IO Ad (YK TR DU S S 1
o 500 1000 0 500 1000

Age (days) Age (days)

Figure 4. Gompertz’s low of mortality was applied to examine lifespans and mortality rates in mice with ionizing radiation (IR)- and benzene-induced
leukemias. (A) Lifespan in the steady-state animals, based on the life expectancy. (B) Gompertz model for lifespan in toxic changes and its attenuations.
Tox = toxic state; T+P = toxic state with prevention; Std = standard; Id = ideal state). (C,E) Radiation-induced shortening of lifespan. (C) HO to H5
= p53-heterozygous knockout mice with 0 to 5 Gy whole-body irradiation; W0 to W5 = wild-type mice with 0 to 5 Gy whole-body irradiation and its
recovery by caloric restriction. (E) 3R-CalR(—); 3-Gy irradiation without caloric restriction, 3R-CalR(thru); 3-Gy irradiation with caloric restriction). Av-
erage caloric intake calculated was 77 kcal per week per mouse (i.e., 81.1% of the nonrestrict control). Detailed technical information for caloric restriction
can be found elsewhere [9]. (D.F) Benzene-induced shortening of lifespan. (D) CWt = wild-type mice for sham control; BWt = wild-type mice with benzene
exposure) and recovery by Trx overexpression. (F) BWt = wild-type mice with benzene exposure; BTg = thioredoxin overexpression mice with benzene
exposure. Benzene was exposed at 300 ppm, 6 hours per day, 5 days a week, for 26 weeks. For Trx overexpression mice, detailed technical information can be

found elsewhere [5,31].
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curve (Fig. 4C). In Figure 4C, HO through HS5 indicate p53
heterozygous-deficient mice exposed to graded increases in
dose of radiation (0—5 Gy), which show more steeper and
shortened lifespans. Similarly, benzene-induced leukemias
make the lifespan curve in the Gompertzean expression
also steeper with benzene exposure (Fig. 4D). Although
these slopes seem to be based on the incidence of various
types of tumorigenesis, the slopes may be modified by other
chronic factors, such as nutrition related to cardio- and/or
renal-vascular diseases. Two prevention studies provide in-
teresting prevention curves in Gompertzean expression; one
on caloric restriction in radiation-induced leukemogenesis
[9] and the other on thioredoxin overexpression against
benzene toxicity [31], which shows potentially equivalent
antioxidative functions (Fig. 4E and F). Gompertzean ex-
pression curves for toxic compounds and for inhibitory
compounds shown in Figure 4C to F imply that the slopes
for Gompertzean expression may be based on the model
shown in Figure 4B (Fig. 4E corresponds to “T+P (Tox
& Prevention)” in Fig. 4B; Fig. 4F corresponds to ideal
prevention, “Id 2” in Fig. 4B.). The significance of differ-
ences in slopes in Gompertzean expression among the non-
treated animals, animals treated with toxic compounds, and
animals treated with inhibitory compounds, and possible
deterministic factors for genomic stabilization, cell-cycle
regulators and active caloric metabolic enzymes, among
others, are not clearly understood. However, this relevance
would be an important factor for elucidating the mechanism
underlying toxicities vs prevention of lifespan.
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We previously identified a cluster of prostanoid receptor
genes, prostaglandin D2 receptor (PTGDR) and prosta-
glandin E receptor 2 (PTGER?2), as possible targets for
DNA methylation in advanced types of neuroblastoma
(NB) using bacterial artificial chromosome array-based
methylated CpG island amplification method. Among them,
in this study, we found that PTGER2 was frequently
silenced in NB cell lines, especially in those with MYCN
amplification, through epigenetic mechanisms. In NB cell
lines, DNA methylation pattern within a part of CpG island
was inversely correlated with PTGER? expression, and
histone H3 and H4 deacetylation and histone -H3 lysine 9
methylation within the putative promoter region were more
directly correlated with silencing of this gene. Methylation
of PTGER2 was observed more frequently in advanced-
type of primary NBs compared with early-stage tumors.
Growth of NB cells lacking endogenous PTGER2 expres-
sion was inhibited by restoration of the gene product by
transient and stable transfection. A PTGER2-selective
agonist, butaprost, increased intracellular cyclic adenosine
monophosphate (cCAMP) level, inhibited cell growth and
induced apoptosis of NB cells stably expressing exogenous
PTGER2. 8-Bromo-cAMP also inhibited growth of NB
cells lacking PTGER?2 expression, but not cells expressing
this gene. Taken together, it is suggested that NB cells may
lose responsiveness to PTGER2-mediated growth inhibition/
apoptosis through epigenetic silencing of PTGER2 and/
or disruption of downstream cAMP-dependent pathway
during the neuroblastomagenesis. )
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Introduction

Neuroblastoma (NB) is one of the most common
pediatric solid tumors of neural-crest origin. The out-
come of this disease is highly heterogeneous: older
patients frequently develop metastatic disease with
extremely aggressive progression, whereas spontaneous
regression is common in infants and in early-stage NB
tumors (Westermann and Schwab, 2002; Brodeur, 2003).
Although numerous genetic abnormalities, including
the MYCN amplification, are involved in development
and/or progression of NB, the molecular mechanisms
responsible for the pathogenesis of aggressive NB
remain unclear. Epigenetic alterations such as hyper-
methylation of promoter sequences, with consequent
silencing of tumor-suppressor genes, such as CASPS,
RASSFIA, CD44 and TSP-1 can play important
roles in the pathogenesis of NB (Teitz et al., 2000;
Yan et al., 2003; Yang et al., 2003, 2004). Therefore,
exploration of hypermethylated CpG-rich sequences
in NB cell genomes could accelerate identification
of unknown tumor suppressors whose loss contributes
to progression of this disease.

Recently, we developed ‘bacterial artificial chromo-
some (BAC) array-based methylated CpG-island ampli-
fication (MCA)’ (BAMCA,; Inazawa et al., 2004), which
incorporates our custom-made BAC-based genomic
DNA array (Inazawa et al., 2004) in combination with
MCA (Toyota et al., 1999), as a method for detecting
aberrantly methylated sequences in thé human genome.
When we applied BAMCA to NB genomes using
aggressive NB cell lines and stage 1 ‘nonaggressive’
primary NB tumors as test and reference samples,
respectively, followed by expression and methylation
analyses of candidate targets, we successfully identified
NRII2 as a novel tumor-suppressor candidate that is
often silenced by DNA methylation in advanced type of
this disease (Misawa er al., 2005). In the process, we also
identified several possible targets other than NR1I2 for
methylation-mediated silencing in advanced NB. Since
identification of additional epigenetic abnormalities in
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NB should lead not only to better understanding of the
pathogenesis of this disease, but also to development of
new diagnostic markers and/or therapeutic strategies
(Abe et al., 2005), determining the significance of each
candidate tumor-suppressor gene inactivated by epige-
netic mechanisms in NB will be highly valuable. Among
possible targets, in the study reported here we analysed
two genes, prostaglandin E receptor 2 (PTGER2) and
prostaglandin D2 receptor (PTGDR), both are located
within the same BAC and encode receptors for subtypes of
prostaglandin E2 (PGE2) and D2 respectively, and iden-
tified PTGER? as a candidate tumor suppressor for NB.

Results

Analysis of PTGDR and PTGER2 expression in NB cell lines
In our previous report (Misawa et al, 2005), we
described a strategy for identifying epigenetically
silenced tumor-suppressor genes through exploration
of aberrantly methylated sequences in the NB genome.
During that program, PTGDR and PTGER2, within
one BAC clone (RP11-262M8) at 14q22.1, were
identified as possible targets for inactivation through
DNA methylation (Figure 1a). To determine whether
those genes might be silenced in NB, we examined
expression of PTGDR and PTGER2 mRNAs in a panel
of 20 NB cell lines by reverse transcription (RT)~PCR.
Expression of PTGDR was lost or decreased in most
of the cell lines compared with normal adrenal gland
and brain, whereas PTGER2 expression was lost or
decreased in eight lines and detected in 12 lines
(Figure 1b). All eight lines that lacked expression of
PTGER?2 showed amplification of M YCN, whereas only
five of the 12 PTGERZ2-expressing lines did (P=0.015,
Fisher’s exact test).

Restoration of PTGDR and PTGER2 expression

by 5-aza-dCyd and TSA

To investigate whether DNA demethylation could
restore expression of PTGDR and PTGER2 mRNAs
in NB cells lacking them, we treated NB cells with 1 or
5 uM of 5-aza 2'-deoxycytidine (5-aza-dCyd), a methyl-
transferase inhibitor, for 5 days and/or 100ng/ml of
trichostatin A (TSA), a histone deacetylase inhibitor, for
the last 12h. Induction of PTGDR and PTGER2
mRNAs occurred after treatment with 5-aza-dCyd in
cells lacking expression of the genes (Figure Ilc).
Restoration of mRNA expression was also observed
for both genes, especially PTGER?2, after treatment with
TSA alone. However, a greater elevation in expression
was observed in cells treated with 5-aza-dCyd and TSA
compared with those treated with 5-aza-dCyd alone,
suggesting that DNA methylation and histone modi-
fication, including deacetylation of histones, may be
cooperatively involved in silencing these two genes.

Methylation of PTGDR and PTGER2 CpG islands in
NB cell lines

We examined the methylation status of CpG islands of
the PTGDR and PTGER2 genes predicted by the
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CpGPLOT program (http://www.ebi. ac.uk/emboss/
cpgplot/, Figure 2a). Bisulfite-sequencing revealed
aberrant DNA hypermethylation throughout the CpG
island of PTGDR in four NB cell lines, regardless
of expression levels (Figure 2b). On the other hand,
aberrant DNA hypermethylation was observed
within Region 3 and part of Region 2 of the PTGER2
CpG island in three cell lines (IMR32, GOTO and
SJ-N-CG) that lack expression of PTGER2, while this
island was hypomethylated in SH-SY5Y expressing
the gene. We performed combined bisulfite restriction
analysis (COBRA) in a larger set of NB cell lines
to confirm the relationship between expression and
methylation status within the whole CpG island of
PTGDR and within Region 3 or part of Region 3
(Region 3-A) of the PTGER2 CpG island (Figure 2b
and Supplementary Figure S1). Methylated alleles
were predominant in most of the NB lines lacking
PTGER2 expression, and unmethylated alleles were
always detected in cells that expressed this gene. For
PTGDR, however, no clear relationship was observed
between gene expression and methylation status
of the CpG island. These results prompted us to
characterize further the PTGERZ2 gene as a candidate
tumor suppressor inactivated through epigenetic
mechanism.

Promoter activity of the CpG island of PTGER2

We performed reporter assays to determine whether the
CpG island of PTGER2, whose methylation status was
inversely correlated with gene expression, possessed
promoter activity. Unexpectedly, fragment 3, where
methylation was observed in NB cell lines lacking
expression of PTGER?2, revealed little promoter activity,
whereas upstream fragment 1 showed remarkable
activity (Figure 2c), suggesting that methylation within
Region 3 of the PTGER2 CpG island may not directly
inhibit a promoter activity for gene expression, but
indirectly contribute to silencing of PTGER2 through
additional epigenetic mechanisms.

Chromatin immunoprecipitation assay

Since the results of our promoter assays suggested
that epigenetic mechanisms other than DNA methyla-
tion might directly regulate transcription of PTGER2,
we postulated that histone acetylation and/or
methylation might determine expression of PTGER2
(Wolffe and Matzke, 1999; Schubeler er al., 2000;
Jones and Baylin, 2002; Kondo et al., 2003; Nakaga-
wachi et al., 2003; Lorincz et al., 2004; Stirzaker et al.,
2004; Strunnikova et al., 2005; Azuara et al., 2006;
Frigola et al., 2006; Yamada et al., 2006), and examined
status of histone modification by means of chromatin
immunoprecipitation (ChIP) assays using primers
designed within the putative promoter region
(Figure 2a). Acetylated histone H3- and H4-binding
fragments were decreased in gene-nonexpressing
CHP134, SJ-N-CG and GOTO cell lines, as compared
with gene-expressing SK-N-AS and SH-SYSY cell lines
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Figure 1 PTGER2 and PTGDR are candidate targets for silencing in NB cells through DNA methylation. (a) Genomic structure of
the PTGDR and PTGER? genes within the RP11-262M8 BAC clone, which was detected as one of BAC clones containing abnormally
methylated sequences by BAMCA using two NB cell lines (GOTO and IMR32) as test samples and stage 1 NB tumors as control
samples (Misawa et al., 2005). Open and filled boxes represent untranslated and coding exonic sequences respectively; hatched boxes
indicate 1479 and 1482 bp CpG islands that exist around exon 1 of each gene, respectively. (b)) RT-PCR analysis of PTGDR and
PTGER2 mRNAs in normal adrenal gland, normal brain and NB cell lines with ( + ) or without (—) amplification of M YCN (Saito-
Ohara et al., 2003). Expression of GAPDH served as an internal control. (¢) Representative results of RT-PCR analysis to reveal
PTGDR and PTGER2 mRNA expression in NB cell lines with (4 ) and without (-) treatment with 5-aza-dCyd and/or TSA, with
GAPDH expression as an internal control. PCR products were electrophoresed in 3% agarose gel, and the band quantification was
done with LAS-3000 (Fujifilm). Expression levels of PTGDR and PTGER2 mRNA were normalized by that of GAPDH amplified at

the same time. Experiments were repeated two times.

(Figure 2d). On the other hand, the di- and tri-methy-
lated histone H3 lysine 9- (H3K9-) binding fragment
was increased in the CHP134, SJ-N-CG and GOTO
cell lines compared with SK-N-AS and SH-SYSY
cell lines (Figure 2d), suggesting that around the pro-
moter region of PTGER2, histones H3 and H4 are
hypoacetylated and histone H3K9 is di- and tri-
methylated in NB cells lacking expression of this gene
and those status of histone modification may be
associated with DNA methylation within Region 3 of
the PTGER?2 CpG island. This observation is consistent
with the restoration of PTGER?2 expression by TSA and
the observed synergistic effect of TSA together with
5-aza-dCyd (Figure 1¢).

Methylation and expression of PTGER2 in primary NB
tumors

To determine whether aberrant methylation of PTGER2
also takes place in primary NBs, we performed
methylation analyses in a panel of surgical samples
using bisulfite sequencing, COBRA and methylation-
specific PCR (MSP). Several stage 4 tumors showed
more or less aberrant methylation within Region 3 of
the PTGER?2 CpG island (Figure 3a and Supplementary
Figure S1), whereas the control normal adrenal gland or
stage 1 and 4S tumors did not. Using primers designed
within the Region 3 (Figure 3a) based on the localiza-
tion pattern of methylation, we investigated the
methylation status of the Region 3 within the PTGER2

w
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Figure 2 Association of DNA methylation and histone modification with expression status of PTGER2. (a) Map of the CpG islands
(stippled bars) around the first exons of PTGDR and PTGER2. CpG sites are represented by vertical marks. Regions of each gene
(Regions 1-3) examined for methylation by COBRA and bisulfite sequencing, are indicated by closed arrows. Fragments of PTGRE?2
examined in promoter assays (Fragments 1-3) are indicated by horizontal bars. The region analysed by ChIP-PCR is indicated below
the map. (b) Left: Results of bisulfite sequencing of the CpG islands of PTGDR or PTGER2 in PTGDR and PTGER2 nonexpressing
NB cell lines (IMR32, GOTO and SJ-N-CG) and expressing cell lines (KP-N-SILA or SH-SY5Y). Open and filled squares represent
unmethylated and methylated CpG sites, respectively, and each row represents a single clone. Tagl restriction sites are indicated by
black arrowheads. Right: Results of COBRA experiments involving Region 1-3 of the CpG island of PTGDR and Region 3 of the
CpG island of PTGER? in NB cell lines with (+) or without (-) expression of each gene. PCR products were restricted by Tagl.
Arrows indicate unmethylated alleles; arrowheads, methylated alleles. (¢) Promoter activity of the PTGER2 CpG island. pGL3 basic
empty vectors (mock) and reporter constructs, each containing one of three different sequences within CpG island (Fragments 1-3 in
Figure 2a), were transfected into a PTGER2-expressing cell line (SH-SY5Y) and a nonexpressing cell line (S§J-N-CG). Luciferase
activities were normalized versus an internal control. The data presented are the means+s.d. of three separate experiments, each
performed in triplicate. (d) ChIP-rcal time PCR assay quantitatively showing the status of histone acetylation and methylation of the
PTGER2 promoter region in NB cells in vivo. ChIP was performed using antibodies against acetylated histone H3 (Ac-H3), acetylated
histone H4 (Ac-H4), dimethylated histone H3-lysine 9 (2Me-H3K09) and trimethylated histone H3-lysine 9 (3Me-H3K9). Experiments
were performed using crosslinked extracts from PTGER2-expressing cell lines SK-N-AS and SH-SYS5Y (open bars) and from
PTGER2-nonexpressing cell lines CHP134, SJ-N-CG and GOTO (closed bars); immunoprecipitated samples containing the PTGER?2
promoter region were amplified by a quantitative real-time PCR (Figure 2b). A portion of the sonicated chromatin before
immunoprecipitation (input) was served as a positive control for normalization, and the relative ratio to input was calculated.
Differences among multiple comparisons were analysed by one-way ANOVA with subsequent Scheffé’s tests: (a) versus SK-N-AS; (b)
versus SH-SY5Y. All, P<0.05.
CpG island in all 49 surgically resected primary NBs  showed methylation (P<0.0001, Fisher’s exact test;
and two ganglioneuromas. Methylation of Region 3  Figure 3b).
was detected in 12 of the 49 tumors (24.5%, Figure 3a), Expression levels of PTGER2 mRNA in 39 primary
but not in ganglioneuromas. Of those 12 cases, four =~ NB tumors were evaluated by real-time quantitative
were in stage 1, 2, 3 and 4S tumors, whereas eight cases RT-PCR. No significant difference was also observed
were in stage 4 (P=0.0004, Fisher’s exact test;  between methylated and unmethylated NB cases as well
Figure 3b). The results of the MSP experiments were  as between MYCN-amplified and MYCN-unamplified
consistent with those from Dbisulfite sequencing  NB cases (P =0.6932 and 0.7003, respectively, Student’s
(Figure 2b). Notably, eight of the nine tumors (88.9%) t-test; Figure 3c). Since we conjectured that nontumor-
with MYCN amplification showed methylation, whereas ous cells such as leukocytes and endothelial cells might
only four of 40 tumors (10%) without amplification  disturb accurate evaluation of expression levels of
Oncogene

-358-



PTGER?2 in primary NBs, we performed immunohisto-
chemical analysis using PTGER2-specific antibody to
evaluate expression patterns in more detail. Matured
ganglion cells in ganglioneuroma (Figure 3d) and NB
cells differentiating to ganglion-like cells, seen mainly in
stage 1 tumors with good prognosis (Figure 3e), were
strongly stained with PTGER2, while the undifferen-
tiated small round cells filling stage 4 tumors were
stained weakly or not at all (Figures 3f and g). Endo-
thelial cells and infiltrating cells, such as lymphocytes
and macrophages, were also strongly stained (Figures 3f
and g), suggesting that evaluation of PTGER2
mRNA expression in whole NB samples might be
affected by contamination with those normal tissue
components.

Suppression of NB cell growth after restoration of
PTGER2 expression

To gain further insight into the potential role of
PTGER?2 loss in NB carcinogenesis, we investigated
whether restoration of the gene product would suppress
growth of NB cells lacking endogenous PTGER2. We
used two kinds of PTGER2-expression constructs, a
Myec-tagged full coding sequence of PTGER2 (pcDNA-
PTGER2-Myc) and one without epitope tag (pcDNA-
PTGER?2), with a mock construct (pcDNA-mock) as a
control. Two (SJ-N-CG) or three (GOTO) weeks after
transfection and subsequent selection of drug-resistant
colonies, the number of large colonies produced by
PTGER2-transfected SJ-N-CG and GOTO cells de-
creased markedly compared to cells containing empty
vector, regardless of the existence of myc-epitope in the
C-terminus (Figure 4a and Supplementary Figure S2).
After transient transfection, typical apoptotic changes,
such as condensation or fragmentation of nuclear
chromatin, were observed more frequently in
'PTGER2-Myc-positive NB cells compared with either
PTGER2-Myc-negative cells or control GFP-Myc-
transfected cells (Figure 4b). Furthermore, stably
PTGER2-transfected NB cells established from the
SJ-N-CG and GOTO cell lines (Supplementary Figure
S3a), showed a lower growth rate possibly in a
PTGER2-expression level-dependent manner compared
to cells transfected with control empty vector alone
(mock, Figure 4c and Supplementary Figure S3b).

Effects of PGE2, butaprost and 8-Bromo-cAMP
(8-Br-cAMP) on growth of NB cells

Since PTGER2 mediates a part of PGE2 signaling
(Narumiya et al., 1999), we examined whether PGE2
would affect growth of NB cells expressing PTGER2,
using stable PTGER2 transfectants of SN-J-CG and
their control counterparts (empty-vector clones). Since
transfectants established from GOTO cells were not
resistant to culture with serum concentrations lowered
to <1% to reduce the effect of native PGE2 in serum,
only SN-J-CG transfectants were available for the
experiment. In mock transfectants, as in the DLD-1
colon-cancer cell line in which butaprost promoted cell
growth (Castellone et al., 2005), treatment with PGE2
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for 72 h induced an increase in cell growth compared to
treatment with vehicle alone (Figure 5a). In cells stably
expressing PTGER2, on the other hand, almost no
increase in cell growth was observed after treatment
with PGE2 compared with vehicle alone, suggesting
that growth of NB cells might be accelerated by
signaling mediated through receptors for PGE2 other
than PTGER2, but inhibited by signaling through
PTGER2.

To confirm this hypothesis we examined growth of
stable PTGER2 transfectants after treatment with a
PTGER2-specific agonist, butaprost. The number of SJ-
N-CG cells stably expressing PTGER2 was dramatically
decreased after 72-h incubation with butaprost com-
pared with vehicle alone, while the number of mock-
transfected cells showed almost no change (Figure Sb),
suggesting that signaling mediated by PTGER2, but not
by other subtypes of PGE2 receptors, might specifically
inhibit growth of NB cells. The same doses of butaprost
promoted growth of the DLD-1 cell line. We performed
fluorescence-activated cell sorting (FACS) analysis to
analyse further the mechanism behind the antiprolifera-
tive effect of butaprost on NB cells. Butaprost treatment
resulted .in accumulation in the sub-Gj phase of SJ-N-
CG cells stably expressing PTGER2 (Figure 5c), sug-
gesting that butaprost exerts its growth-inhibitory effect
at least partly through induction of apoptosis mediated
by PTGER2. Butaprost-induced apoptotic changes in
SJ-N-CG cells stably expressing PTGER2 were also
confirmed by terminal deoxynucleotidyl transferase
(TdT)-mediated dUTP nick end-labeling (TUNEL)
assay (Figure 5d). Under low-serum condition without
butaprost treatment, stable PTGER2 transfectants
resulted in an accumulation of cells in Gy—G; and a
decrease in S and G,/Mphase cells compared with
control counterparts (Figure 5c), suggesting that
PTGER2 protein may arrest NB cells at the G,-S
checkpoint (Go—G; arrest). However, no significant
increase in the sub-G;phase was observed in stable
PTGER?2 transfectants compared with control counter-
parts (Figures Sc and d).

Since PTGER2 couples to G proteins and increases
the intracellular concentration of cAMP (Narumiya
et al., 1999), we postulated that increased intracellular
cAMP might play a role in inhibiting growth of NB
cells. To test this hypothesis, we examined whether
stimulation of PTGER2 would induce elevation of
intracellular cAMP content in stable PTGER?2 transfec-
tants of the SJ-N-CG cell line. After treatment with
butaprost, a distinct increase in cAMP was observed in
these transfectants, whereas no increase in cAMP
occurred in mock transfectants (Figure 5b). We further
examined whether increasing intracellular cAMP using a
cAMP analog, 8-Br-cAMP, would mimic the effect of
butaprost on growth of NB cells. Growth of GOTO and
SJ-N-CG cells, which lack expression of PTGER2, was
inhibited by 8-Br-cAMP, whereas growth of SJ-N-KP
and KP-N-SIFA, which express PTGER2, showed
almost no change (Figure 6a). FACS analysis showed
accumulation of GOTO and SJ-N-CG cells in the sub-
G phase after treatment with 8-Br-cAMP (Figure 6a).
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