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1. Introduction—The hematopoietic stem cells Hematopoietic stem cells were discovered half a century

and aging as a xenobiotic tissue model

The aryl hydrocarbon receptor (AhR) is a xenobiotic receptor,
which plays a role as a transcriptional master molecule for
drug-metabolizing enzyme genes and protooncogenes after
binding to their xenobiotic responsive element (XRE) [1-3]. An
orthologue of the gene was identified not only in vertebrates
but also in invertebrates; however, xenobiotic ligands such as
2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) are not bound in
invertebrates [4]. Although the functions of AhR in inverte-
brates are considered to be different from those in vertebrates,
the function of AhR in vertebrates is considered to have
biological commonalities other than xenobiotic responses,
which is focused on in this review article.

To elucidate the biological functions of AhR, it may be
strategically worthwhile to analyze tissue stem cells as a
model because the expression level of AhR tends to show a
graded decrease along the course of stem cell differentiation
[5]. Tissue-specific responses to oxidative stress via AhR [6] are
consequently attenuated along the course of stem cell
differentiation. Specifically, hematopoietic stem cells are the
focus of many studies such as the induction of genomic
instability along a graded increase in oxidative stress due to
xenobiotic metabolism, and the consequent deletion of
telomere length, increase or decrease in telomerase activity,
along with the cascading changes of shortening of cellular
senescence, development of cancers, broadening of the
noncarcinogenic disease spectrum, and consequent short-
ening of life [7].

In this introduction, an overview on hematopoietic stem
cell physiology and alteration of senescence is discussed
because physiological and xenobiotic functions of AhR are
discussed in this chapter focusing on the hematopoietic
system.

ago when development of hematopoietic spleen colonies
derived from shielded bone marrow was discovered after
whole-body radiation exposure of mice to a lethal dose [8].

In 1961, Till and McCulloch observed spleen colonies in
recipient mice a week after lethal-dose radiation exposure
followed by injection of intact bone marrow cells [9]. The
progenitors of these spleen colonies were named spleen
colony forming units (CFU-S), whose progeny and clonal
growth were subsequently discovered [10]. Five years after the
discovery of CFU-S, in vitro formation of colonies that are also
derived from relatively matured hematopoietic progenitor
cells was discovered by Pluznik and Sachs [11], and Bradley
and Metcalf [12], simultaneously in 1965, which are called
CFUs in culture. Continuous bone marrow transplantation
with biological markers led to the idea that the progenitors of
these CFUs are nearly infinite at that time [13]. The
hierarchical generation-age structure from these hemato-
poietic progenitor cells to differentiated red blood cells (RBCs),
polymorphic white blood cells (WBCs) via intermittent
committed progenitor cells was developed by later series of
studies along with development of biological differentiation
cellular markers [14,15]; currently, the lineage-negative, c-kit-
positive, stem cell antigen (Sca)-1-positive (LKS) cellular
compartment is used in experiments as practically most
primitive hematopoietic progenitor cells [16,17].

The senescence of hematopoietic progenitor cells was
studied in the early 70 using W(c-kit) mutant mice as
recipients focusing on the long-term sustainability of reci-
pients as well as on the long-term repopulation after
continuous marrow transplantation. Continuous bone mar-
row transplantation showed continuous clonal survivors of
the first generation of bone marrow cells for up to one hundred
months [13]. However, the correct number of generation times
during that time was not countable, implying that progenitor
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cells are capable of infinite growth but show decreased growth
rate with age, probably because there is only a slight decrease
in the telomere length of the hematopoietic stem cell
compartment. The telomerase-deficient mice established by
DePinho et al., which lack the essential RNA component for
telomerase haloenzyme, interestingly showed a decreased life
span as continuously observed for six generations [18], which
provides another piece of evidence that hematopoietic
progenitor cells possess a nearly infinite growth potential.

Concerning therole of hematopoietic stem cells during aging
in an individual, an early onset of spontaneous as well as
induced leukemias are observed in p53-deficient mice owing to
impaired cyclin-dependent kinase inhibitors after chemical-
and radiation-induced injuries. Hematopoietic ‘“niches” are
thought to contain genes, such as N-cadherin [19-21], Jagged1/
Notch [22], Ang1/Tie-2 [23], osteopontin [24], and SDF1(CXCL12)/
CXCR4 genes [25,26]. Cellular senescence of hematopoietic
progenitor cells in vivois also related to stem cell settlements of
the hematopoietic microenvironment called niches where
primitive hematopoietic progenitor cells locate beneath the
epiphyseal bone matrix of the bone marrow. In addition,
although it is still speculative, connexin (Cx) 32 molecules were
firstly found to be localized solely in primitive hematopoietic
stem cells. Thus, they are supposed to be an important
component of niches; however, interestingly, methyl nitro-
sourea (MNU)-induced leukemias develop more preferentially
when the Cx32 molecules are deficient [17,27]. Itis of interest to
clarify the mechanism underlying genomic instability possibly
available in Cx32-impaired hematopoietic niche.

Hematopoietic stem cells can be a target of xenobiotic
effects; this possibility is not hypothetical but remains limited
[28]. Ionizing radiation of p53-deficient mice induces leuke-
mias, which are characterized by stem cell leukemia [29]. The
mechanism underlying the development of stem cell leuke-
mia following ionizing radiation is considered to be based on
the function of p53, which is required for stem cell
differentiation [30].

Concerning the development of lymphoid stem cell lineages,
lymphopoiesis also depends on hematopoietic progenitor cell
function [31]. Similarly to steady-state hematopoiesis, sup-
ported by hematopoietic niches and stromal cells as the source
for hematopoietic regulatory cytokine expression, hematopoi-
esis cannot occur without hematopoietic stromal elements [32].
Hematopoietic stromal cells support hematopoiesis by at least
two pathways: one for cell-to-cell interaction [33] and the other
for positive and negative cytokine regulations. In the case of B
lymphocyte progenitor cells, it was found in stromal-cell-
impaired mutant mice, SAM/P1, that B lymphopoiesis is
impaired during senescence owing to the simultaneous
decrease in the expression levels of positive regulator IL-7
and the negative regulator TGF-beta, which Tsuboi [34] called
vicious suppressive homeostasis during senescence.

2. Aryl hydrocarbon receptor and its
evolutional driving forces

AhR was found to be a ligand-activated transcriptional factor
with halogenated ligands such as TCDD; however, the ligand-
specific activation was found only in vertebrates. Never-

theless, conservation of diverse homologues across vertebrate
species suggests common physiological functions across
species [4,35]. What was its original function? In this section,
mechanisms underlying phylogenic development of AhR, i.e.,
possibly based on physiological advantages of AhR, are
reviewed.

2.1. Aryl hydrocarbon receptor and phylogenic
development

AhR is a member of the basic helix-loop-helix/PER-aryl
hydrocarbon receptor nuclear translocator (ARNT)-SIM
(bHLH-PAS) family, which consists of transcriptional regula-
tory proteins [1,2] whose cDNA was cloned by Ema et al. [36]
and Burbach et al. [37], and the gene was characterized by
Schmidtetal. in 1993 [38]. Since then, a number of homologues
of AhR in mammalian species; such the human species (Homo
Sapiens) [39], various mice (Mus musculus) [36,37,40,41], rats
(Rattus norvegicus; Sprague-Dawley [42], Han-Wistar [43]),
hamster (Mesocrisetus auratus) [44], Atlantic white-sided
dolphin (Lagenorhynchus acutus) [4], and Baikal seal (Phoca
sibirica) [45], were cloned. Moreover, nonmammalian verte-
brates, such as birds [4,46,47], amphibians [47], bony fishes
[4,48-52], cartilaginous fishes [35,53], lampreys (Petromyzon
marinus) [4,53], and invertebrates such as soft-shell clam (Mya
arenaria) [54], zebra mussel (Dreissena polymorpha) [4], nema-
tode (Caenorhabditis elegans) [53], and fruitflies (Drosophila
melanogaster) [55], were cloned.

According to Hahn in 2002 [4], the ability of AhR to bind
halogenated ligands and mediate an adaptive response
involving induction of xenobiotic metabolizing enzymes
may have been a vertebrate’s innovation because invertebrate
AhRs were reported to not bind to those ligands. Therefore, the
physiological functions of AhR may be initiated from
invertebrate species. Those functions mediated by an AhR
orthologue in invertebrates are, reported to not bind to TCDD
and other synthetic AhR ligands; thus, they are distinguished
from those in vertebrates. Furthermore, their functions are
found to be necessary for development of distal segments of
the antennae and legs [55,56], and further for the specification
of photoreceptor identity in the retina [57] in a Drosophila AhR
homologue, spineless, and for the expression of C. elegans ahr-
1in sensory neurons in regulation of neuronal differentiation
[58,59]. However, our knowledge on invertebrates may be
insufficient to draw general conclusions between AhRs
expressed in vertebrates and in invertebrates, but those
functions are seemingly not comparable to each other because
while those expressed in vertebrates are largely in cycling
cells, the others expressed in invertebrates are not in cycling
cells butin postmitotic cells. In the case of the PAS domain, itis
far more widely distributed from animals to plants, fungi,
bacteria, and Archea, its functional evolution does not seem to
parallel its molecular evolution. Is there any common
functional evolution across vertebrate species?

2.2.  Physiological function of aryl hydrocarbon receptor:
Advantages in fertility?

It may not be the right answer to the question; however, we
found that our knockout mice, both homozygous and
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Table 1 - Reproductive toxicology in AhR-deficiencies.

Genotype of parents  No. of pups (sets?) Sex Genotype

Mother Father Male Female +/+ +/— —/—
(Genotype: AhR**, */=, =) (Sex: male, female)

AhR+/+ AhR+/— 154 (18) 71 (46, 25, -) 83 (50, 33, -) 9 (46, 50) 58 (25, 33) =(=)

AhR+/— AhR+/— 206 (27) 100 (36, 48, 16) 106 (32, 53, 21) 68 (36, 32) 101 (48, 53) 37 (16, 22)

@ Sets for mating: each set consists of 2 females and 1 male.

hemizygous males, show a greater dysfunction in fertilization
than wild-type male mice. For example, during reproduction
in the current generation, crossbreeding between hemizygous
AhR-knockout (KO) male mice and wild-type female mice
produced 71 males and 83 females (Table 1). Among these, 96
mice were of the wild type and 58 mice were hemizygous AhR-
KO. Although the number of puppies of wild-type mice and
that of hemizygous AhR-KO mice were supposed to be equalin
accordance with the Mendelian law, the number of puppies of
hemizygous AhR-KO mice (58) was 60.4% lower than that of
wild-type mice (96). Interestingly, this low incidence seemed
to be largely based on the hemizygous AhR-KO males,
because, among the 71 male puppies mentioned above, 25
were hemizygous AhR-KO mice, and 46 were of the wild type,
which showed a statistically significant difference (p < 0.028).
Among the 83 puppies mentioned above, 33 puppies were
female hemizygous AhR-KO mice and 50 female puppies were
of the wild type, which showed a statistically insignificant
difference (p >0.064). Furthermore, the mating study dis-
closed a more detailed underlying mechanistic background of
reproductive dysfunction in male AhR-KO mice. When
hemizygous AhR-KO males and their corresponding females
were crossbred, the numbers of puppies observed were 100
males and 106 females (Table 1). Among them, the numbers of
puppies were 37 homozygous AhR-KO mice, 101 hemizygous
AhR-KO mice, and 68 wild-type mice. Because the average
number of puppies of C57BL/6 mice at the animal colony was
6-7 mice per litter, the number of puppies observed in the
present study was slightly larger than this average (132%), that
is, 51.5 puppies, calculated from the total number of puppies
(206) divided by 4 (25%) on the basis of the Mendelian law.
These results imply that the incidence of homozygous AhR-KO
mice was 45.6% lower than the incidence expected from the
Mendelian law. Furthermore, this lower incidence is not
supposed to be due to the death of AhR-KO puppies; but rather,
AhR-KO puppies were supposed to have shifted to the wild
type, because the cross-breeding was between hemizygous
AhR-KO mice, in which sperms derived from the testicular
glands of AhR-KO and wild-type may have competed during
fertilization for fertilizing function. Indeed, when homozy-
gous AhR-KO mice were crossbred, neither their litter size nor
the ratio of the number of males to that of females was
statistically significantly different from that of the wild type,
because the competitive disadvantages observed in the
hemizygous AhR-KO mice may have been negated by the
same testicular dysfunctions in the homozygous AhR-KO
mice. The underlying mechanism of the testicular dysfunction
is remained to be undetermined. Weight of the testes in AhR-
KO mice is generally smaller than those in wild-type mice
(75.2 £ 4.2, 84.9+8.1, 105.5 + 1.4 mg; homozygous AhR-KO,

hemizygous AhR-KO, and wild-type mice, respectively).
Possible fictional differences of their testicular glands may
be more evident in AhR-KO mice treated with MNU (50 mg/kg
body weight) than in nontreated mice. The testicular body
ratio after MNU treatment in wild-type mice show a 91.0%
decrease in wild-type mice compared with the control without
MNU treatment, whereas the ratio after MNU treatment in
AhR-KO mice show a 71.4% decrease compared with the same
control wild-type mice without MNU treatment. These results
indicate that the testicular tissue of AhR-KO mice shows a
dysfunction in cellular proliferation and regeneration during
the course of the development and the recovery after tissue
injury.

Nebert et al. also found a low fertility in the D2-linked DBA
strain, which seems to be linked to AhR affinity [60]. Thus, AhR
seems to contribute to the stabilization of fertilization, which
might be one of the reasons its gene has diversified across
species during the course of its evolution. Because the focus of
this section is the hematopoietic system, further description
on the functional contribution of AhR to fertilization may be
discussed elsewhere.

2.3.  AhR™" mice show earlier onset of spontaneous
neoplasms—Gompertzean accelerated aging

Fig. 1 shows the incidence of spontaneous malignant lympho-
mas in each genotype group for AhR plotted along the ordinate
axis vs. age in days plotted along the horizontal axis. The
development of lymphomas in the AhR~~group (darkly shaded
columns) starts earlier than that in the AhR*'~ (lightly shaded
columns) and wild-type (open columns) groups. The incidence

10 T r T T T

[ AhR**
8t [l AhR*- 1
H AhR*

Number of mice

500 600 700 800 900 1000 1100 1200
Age (days)

Fig. 1 - Incidences of spontaneous malignant lymphomas
at unit time intervals for wild-type (AhR**) mice and AhR-
deficient (AhR™/~, AhR*'") mice. (Open columns, AhR*'*;
lightly shaded columns, AhR*'~; darkly shaded columns,
AhR™/~ groups.)
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Fig. 2 - Incidences of spontaneous hepatomas at unit time
intervals in wild-type (AhR**) mice and AhR-deficient
(AhR™~, AhR*") mice. (Open columns, AhR**; lightly
shaded columns, AhR*'"; darkly shaded columns, AhR™~
groups.)

of lymphomas in the AhR~~group peaked at 700 days old,
whereas those in the AhR*~ and wild-type groups peaked at
850 and 1000 days old, respectively. Similarly, the incidences of
spontaneous hepatomas in each genotype group are plotted in
Fig. 2. In this figure, spontaneous hepatomas in the AhR™/~
group appear at 700 days old and those in the wild-type group
appear much later (900 days) at significantly lower incidences.
In Fig. 3, the mortality rate/unit time interval for each genotype
group is plotted. Mortality rate/unit time interval is shown in
the ordinate on a logarithmic scale and age in days is plotted
along the horizontal scale (Gompertzean expression [61]). In
this figure, the line for closed squares for the AhR™~ mice
shows a much early onset curve with a lower and flatter slope
than the line for open square for the wild-type group. Thus, the
mortality rate of the AhR™~ group can be concluded to indicate
“accelerated aging”. The shortened lifespan observed in the
AhR-KO mice may be due to the impairment of a possible
suppression gene in the KO mice. However, some mice for each
survival curve are non-tumor-bearing mice. The mechanism of
this accelerated aging may not be as simple as that involving a
tumor suppressor and remains to be elucidated.

DCFH-DA

Intracellular
esterases

o
" O
cl

————
—o-AhR*/*
0.01 F —aAhR*-
F = AhR

Mortality rate

0.001

0 200 400 600 800 1000 1200
Age (days)

Fig. 3 - Gompertzean expressions [61] of mortality rates of
mice of different genotypes: wild-type (AhR**) mice and
AhR-deficient (AhR™/~, AhR*/"). (Open squares, AhR**;
half-closed squares, AhR*'~; closed squares, AhR™/~
groups.)

AhR is an orphan receptor whose original physiological
function remains unclarified. Since AhR-KO mice were
found to show an earlier onset of spontaneous neoplasms
than wild-type mice, AhR was assumed to play a suppressor
gene function [62]. However, because not all AhR-KO (AhR™
~) mice or wild-type mice die of spontaneous neoplasms, the
function of wild-type AhR may also be associated with a
possible genomic stabilization, consequently extending the
lifespan of mice simultaneously. What are the underlying
mechanisms that contribute to the extended longevity?
Evaluation of reactive oxygen species (ROS) using the 2/,7'-
dichlorodihydrofluorescein diacetate (DCFH-DA) dye (Fig. 4)
showed a prominent increase in oxidative stress in unfrac-
tionated bone marrow cells as well as in hematopoietic
progenitor cells in AhR-KO mice [63] (Fig. 5). Hematopoietic
progenitor cells are quiescent in anoxic environment, and
are regulated by a weak oxidative stimulation as redox
homeostatic regulation [64]. Thus, the reactivity of the
fraction to the DCFH-DA dye was higher in AhR-KO mice
than in wild-type mice, which is in good agreement with
the mechanism underlying genomic stabilization under a

O ¢ . O :
COOH Ho O H COOH

Fig. 4 - 2/,7'-Dichlorodihydrofluorescein diacetate (DCFH-DA) as ROS indicator [92] (DCFH: 2/,7'-dichlorodihydrofluorescein,

DCF, 2/,7'-dichlorofluorescein).
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Fig. 5 - Fluorescence intensities of DCF dye in primitive bone-marrow cell fraction between the steady state (none) and the
H,0, treatment. Left panel, top row: primitive progenitor cell compartment (R2) were sorted out from bone marrow (BM)
cells of wild-type (AhR**) mice (left) and AhR-KO (AhR~~) mice (right) using a cell sorter as displayed between the forward
scatter (horizontal axis) and the side scatter (ordinate axis). Left panel, middle and bottom rows: Relative cellular counts of
the hematopoietic progenitor cells, ordinate axis vs. DCF dye-fluorescence intensity, horizontal axis, are compared
between AhR"* mice (middle left) and AhR™’~ mice (middle right). Both profiles are compared in the bottom.

Right panel: Fluorescence intensity of DCF dye of primitive hematopoietic progenitor fractions (R2 area) before (pre) and
after (H,0,) treatment. Fluorescence intensity of DCF dye in R2: Groups for H,0, treatment at 0 min on the left bars (AhR**,
none and H,0,; AhR* ~, none and H,0,; AhR™/ ~, none and H,0,, respectively), and Groups for H,0, treatment at 120 min on
the right bars (AhR"/ *, none and H,0,; AhR*~, none and H,0,; AhR™/~, none and H,0,, respectively).

low oxidative tension in combination with the suppressor
gene function and the consequent longevity observed in
wild-type mice.

2.4.
AhR

Longevity as essential driving force for evolution of

Different mouse strains in terms of aryl hydrocarbon receptor
function, receptor concentrations, and lifespans are com-

pared. Because mice of different strains show different
spontaneous neoplastic propensities, sometimes possess
different AhR structures, and have different lifespans, avail-
able databases for such AhR-related functional parameters
were compared. The results obtained are shown in Table 2.
In this table, two strains, namely, C3H/He and DBA/2,
showed a low affinity or alow enzyme activity for constitutively
activated cytochrome P450 (CYP) 1A2, whereas C57BL/6],
showed a high affinity or a high enzymatic activity for CYP1A2

Table 2 - AhR binding affinities and receptor activities, cell cycles, and life spans among murine species.

Strain AhR CyrlA2 Receptor Cell Lifespan® Notes

affinity? enzyme activity® concentration® cycled (days)
C3H/He High" Low to mid 86 + 23 High 500 "Low signal induction
DBA/2J Low Low - High 710" '708.7 days in other litr.®
C57BL/6] High High 151 + 26 Low 789 '860.8 days in other litr.®

2 Murine Ah receptor specified by the Ah? and Ah®? alleles is compared.

 Activities for methoxyresorufin o-demethylation (MOD) and pentoxyresorufin o-dealkylation, and metabolic activation of IQ for
phenobarbital were tested. For activity in DBA/2J, high in male, but low in female for CYP1A2. Activity for MOD was significantly low for
both genders [65].

¢ Murine Ah locus (mg/protein) [66].

4 Scored using hematopoietic cobblestone area-forming cell assay [67].

¢ Data cited from Van Zant and de Haan [67] and Forster MJ et al. [68].
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[65]. Although C3H/He mice showed a high affinity, the receptor
concentration (mg/protein) measured was low [66]; thus, the
total activity reported in the literature is low. It is interesting to
determine correlations between AhR activity and the stage of
cell cycle or lifespan, because mice with a high AhR activity, i.e.,
C57BL/6], seem to show a suppressed cell cycle and longer
lifespan, whereas mice with a low AhR activity, i.e., C3H/He,
seem to show an accelerated cell cycle with a shortened lifespan
[67,68]. No comparable data on genomic stability (or instability)
fully supports the above-mentioned AhR activity are available.
However, the correlations between AhR activity and the stage of
cell cycle or lifespan seem to be plausible and compatible with
the results of our present study of experimental induction of
AhR-deficiencies.

We also found that AhR-KO mice show an earlier onset of
spontaneous neoplasms than wild-type mice [62]. Thus, it is
plausible that AhR functions as a tumor suppressor gene in the
steady state. Furthermore, because not all of these mice die of
malignant neoplasms, AhR may also extend the lifespan of
these mice, i.e., it has “longevity” function (Fig. 6). Such
biological plausible functions are possible reasons for the
molecular evolution of AhR from homologues in invertebrates,
such as nematodes, equivalent to those in vertebrates.
However, one question remains: Why do AhR-KO mice show
early onset of spontaneous neoplasms? Supposedly these mice
should exhibit unfavorable xenobiotic responses when AhR is
knocked out [69]. Furthermore, the mechanisms of the possible
suppressive function of wild-type AhR remain to be elucidated.

Successful fertilization, tumor suppression, and longevity
seem to be essential driving forces of phylogenic evolution of
AhR in vertebrate species or, if not all, at least in mammalian
species. Not many similar reports are available in the
literature but some of them are strongly linked to the present
issue. According to Abbott [70], the concentrations of AhR after
birth increased rapidly and plateaued from 2 to 21 days and
then rapidly decreased in the liver and lungs. Nebert et al. also
discussed about the possible AhR-mediated longevity but the
lifespan of experimental mice is too short to speculate on
longevity [60]. This was supported by a study by Spindler et al.
in 1989, which showed distinct differences in the maximum
lifespan among different mouse strains with different induc-
tion levels of cytochrome p450s [71]. These previous studies
suggest the functional advantages of AhR expression, but the
mechanism underlying these functional advantages are
poorly described. These are much strongly related to the
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Fig. 6 - Survival curves for wild-type (AhR**) mice and AhR-
deficient (AhR™/~, AhR*'") mice. (Solid line, AhR*'*; long
dotted line, AhR*'~; short dotted line, AhR™/~ groups.)

localization of AhR expression in the tissue and AhR-mediated
cell-cycle regulation. Findings possibly related to these issues
will be described later.

3. Hematopoietic progenitor cells and their
cell-cycle regulation

As discussed in the previous section, although we know that
AhR functions in maintaining lifespan, we do not know its
underlying mechanism. In this particular section, we focus on
the biological function of AhR in hematopoietic progenitor
cells and in their cell-cycle regulation to elucidate the relevant
mechanism that may explain such advantages of the function
of AhR.

The hematopoietic microenvironment is hypoxic [72,73],
which is located beneath the periosteal region and forms
niches. The niches are thought to consist of genes, such as N-
cadherin [19-21], Jagged1/Notch [22], Angl/Tie-2 [23], osteo-
pontin [24], and SDF1(CXCL12)/CXCR4 [25,26] genes, and
possibly also the connexin 32 [17,27] gene, which maintains
dormancy of hematopoietic stem/progenitor cells, because of
the hypoxic state located distant from the vascular network.
Stromal cells and endosteal cells in the hypoxic state may
express hypoxia inducible factor (Hif)-1alpha [74], and also in
some cases, HIF-2alpha [75] is expressed by hematopoietic
stem/progenitor cells themselves, which may interact with
ARNT molecules leading to steady-state hematopoiesis.

Regarding xenobiotic responses induced by AhR, hemato-
poiesis is often suppressed probably because of a possible
recruitment of ARNT molecules to activate AhR. The monu-
mental study by Luster in 1985 [76] showed a decrease in CFUs
following the exposure of mice to TCDD, which may be based
on this mechanism. AhR signaling also induces cell-cycle
suppression, the mechanism of which has not been eluci-
dated. Nevertheless, such deceleration of cell cycle in
hematopoietic stem/progenitor cells contributes to longer
stem cell survival, which may be the reason for the extension
of animal lifespan.

3.1. Aryl hydrocarbon receptor regulates hematopoietic
progenitors

When AhR is activated by xenobiotic ligands, ligand-specific
transcription induces the production of drug-metabolizing
enzymes, CyplA1l and 1B1, as the major products [1,2], which
in turn induce oxidative stresses [6,77] and the consequent
hematopoietic impairment by the up-regulation of cyclin-
dependent kinase inhibitors [78,79]. Such hematopoietic
impairment in stem-cell-specific cell cycling can be evaluated
by the BUUV method [27,80], which is described in Section 3.3.
Under xenobiotic stimulation with AhR ligands, a slight
inhibition of transportation of ARNT required by Hif-1alpha
and Hif-2alpha in the hypoxic hematopoietic microenviron-
mentinduces a possible inhibition of primitive hematopoiesis.
On the other hand, steady-state expression of AhR makes
ARNT available for Hif-1alpha and Hif-2alpha, the up-regula-
tion of which is maintained by the relatively hypoxic
hematopoietic microenvironment. Thus, AhR is important
because ARNT released from AhR functions in transcription of
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various hematopoietic factors, such as erythropoietin, CXCR4
[81], SDF-1 [73], vascular endothelial growth factor (VEGF) [82],
and VE-cadherin [83]. According to the study by Adelman et al.
on ARNT-KO mice, production of various CFUs derived from
hematopoietic progenitors from embryonic stem (ES) cells
markedly decreases in a ARNT-gene-dosage-dependent man-
ner [84]. ARNT is, thus, important to maintain such primitive
hematopoiesis.

3.2 Aryl hydrocarbon receptors and cell cycle

Whether AhR physiologically suppresses cell growth through
relevant signals via a possible endogenous ligand [85] or
facilitates cell-cycle progression from G; with Fos and Jun
signaling, remains controversial [86]. In the authors’ previous
study, authors attempted to elucidate a possible hidden
function of AhR in hematopoiesis using AhR-knockout mice
[87].

3.2.1.  Aryl hydrocarbon receptor and B cell progenitors

As the authors focused on B cell suppression during B
lymphopoiesis [5], the effects of TCDD exposure on hemopoi-
esis were extensively investigated, since the inhibitory effects
of TCDD on bone marrow and immunological parameters,
including granulocyte-macrophage (GM) colony forming unit

(CFU) and other progenitors, were first recognized by Luster
and coworkers in the early 1980s [76,88]. The down-regulation
of AhR expression attenuates myelosuppression in thiore-
doxin (Trx)-overexpressing mice, as determined by hemo-
poietic colonization assay, which elucidated the linkage of
AhR signals to the antioxidant cascade induced by reactive
oxygen species, ROS, after TCDD exposure [89,90].

In studies of Trx-overexpressing mice, attention was
focused on the function of AhR in the hemopoietic system,
specifically in hemopoietic stem cells/progenitor cells, and the
controversial dual function of AhR was found to be consistent
because AhR seems to stimulate the cell cycle as an early
response to cytokines, whereas simultaneously, suppresses
hematopoiesis during the steady state. The Janus-like dual
function of AhR found in our present study may contribute to a
better understanding of individual health effect that can be
induced by an interaction between AhR and its environmental
ligands.

3.2.2.  AhR™~ mouse shows significant enhancement of
hematopoiesis

The number of WBCs increases in AhR™/~ mice (Fig. 7(a)). This is
the first observation in AhR ™~ mice [91] that is consistent with
the hypothetical description by Adachi et al. [85] in which a
possible physiological ligand is speculated to suppress hema-
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Fig. 7 - Comparison of various blood parameters between wild-type mice (open columns) and AhR-KO (AhR™/") mice (shaded
columns); (a) peripheral blood, bone marrow (BM) and spleen weight. #: Vertical axis “Parameters” indicate the counts of

peripheral red blood cells (RBCs, X10%/ml) and white blood cells (WBCs, X10%/ml), BM cellularity (x10°/femur), and weight of
the spleen (SPL, mg). (b) Number of colony forming units in spleen (CFU-S, X10°/femur) observed on days 9 (CFU-S-9) and 13

(CFU-S-13). (c) Numbers of in vitro granulocyte-macrophage CFUs (CFU-GM, X500/femur) and erythroid CFU (CFU-E, xX10%/

femur) in femoral BM. (d) Numbers of CFU-GM (X10%/spleen) and CFU-E (x10*spleen) in spleen.

*: Significant difference between wild-type and AhR-KO mice determined by t-test at p < 0.05.
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(p < 0.05). The plateau level (between day 3 and day 7 of BrdUrd treatment) of CFU-S-9 is also significantly different, as
determined by the t-test between AhR** and AhR™~ mice (p < 0.05)).

topoiesis in AhR** mice. This is also consistent with the higher
numbers of myeloid progenitor cells, i.e., CFU-S-9 and CFU-S-13,
observed in AhR™~ mice (Fig. 7(b)). Thus, steady-state hema-
topoiesis is presumed to be suppressed via AhR signaling by a
possible physiological ligand, which is as yet not identified in
AhR** mice. In response to such an AhR-null effect, AhR™~
mice reversely show extensive hematopoiesis in the spleen
(Fig. 8(b)) as compared with wild-type mice (Fig. 8(a)), although
this hemopoietic enhancement is also reflected in another
negative hemopoietic regulation in the bone marrow.

3.2.3. AhR promotes cell cycling in hemopoietic progenitors

Interestingly, when bone marrow cells are removed from
AhR™~ mice and AhR** mice, and are grown in in vitro colony
assay, the numbers of CFU-GM and CFU-E are both signifi-
cantly lower in AhR™~ mice (Fig. 7(c)), implying that AhR
signaling promotes the acute phase response to cytokines
during colony growth. The decrease in the number of CFU-E, as
shown in Fig. 7(c), possibly affects the number of RBCs in the
peripheral blood of AhR™~ mice (Fig. 7(a)). These observations

are consistent with those for other hemopoietic progenitors
(data not shown). Interestingly, in response to such an AhR-
null effect, AhR-KO mice in contrast show extensive hemo-
poiesis in the spleen (Fig. 7(d)), which results in a significant
increase in spleen weight (Fig. 7(a); rightmost) [28,91].

3.3.  Cell kinetics of CFU-GM receives negative feedback in
steady state

The BUUV method® shows a clear enhancement of the cell
cycle in primitive progenitor cells, CFU-S-13 (Fig. 9(a)), and in

1 BUUV method is to evaluate hematopoietic stem/progenitor
cell-specific kinetics by continuous perfusion of 5-bromo-2’-deox-
yuridine (BrdUrd) through an osmotic pump (Alza Corp., Palo Alto,
CA) followed by ultraviolet (UV) — A exposure and hematopoietic
colonization assay, which permits to obtain a variety of para-
meters in the cell kinetics of the hemopoietic progenitor cell
compartment, such as a doubling time, a size of cycling- or quies-
cent fraction, and also the size of cycling fraction during the unit
time interval.
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relatively mature progenitor cells, CFU-S-9 (Fig. 9(b)) in AhR~/~
mice. Although the precise mechanism underlying this
phenomenon is not clarified yet, the cell kinetics of CFU-GM
becomes suppressed in terms of percent cycling fraction per
unit time, i.e., less than 5% (Fig. 9(c)), which may be due to a
possible negative feedback to an up-regulated cell kinetics of
primitive progenitors (Fig. 9(a) and (b)).

The lack of AhR and the complex compensation of bone
marrow hematopoiesis might still be insufficient in AhR**
mice, because a compensatory increase in splenic weight in
AhR™~ mice is evident (Figs. 7(a) and 8). As reported by Puga
etal. [86], AhR functions as a cell-cycle regulator rather than as
a drug-metabolizing enzyme inducer; thus, possible pheno-
types transmitted via AhR may be diversified.

4, Hematopoietic progenitor cells and
xenobiotic responses

By analyzing antioxidative responses to thioredoxin concerns,
we have recently found that benzene-induced xenobiotic
responses are associated with antioxidative signaling [92].
Thus, the increased incidence of spontaneous neoplasms and
accelerated aging observed in AhR-KO mice can be hypothe-
sized as consequences of genomic instability possibly due to
the absence of xenobiotic or antioxidative responses. ROSs in
hematopoietic tissues in both AhR-KO and wild-type mice
were evaluated using the DCFH-DA dye by flow cytometry,
followed by the fractionation of hematopoietic progenitor
cells. Hematopoietic tissues from AhR™~ mice showed a high
reactivity to DCFH-DA, as shown in Fig. 5. Because the AhR
expression level is high on primitive hematopoietic progenitor
cells [91] fractionated primitive hematopoietic progenitor cells
were also evaluated for their reactivity to DCFH-DA, which
was found to be higher than the reactivity of other
unfractionated bone marrow cells. Hematopoietic progenitor
cells, i.e, the LKS fraction, are quiescent in an anoxic
environment; furthermore, its activity is regulated by weak
oxidative tension. Thus, the higher reactivity of the hemato-
poietic progenitor cell fraction in AhR ™~ mice to the DCFH-DA
dye is considered to be in good agreement with the underlying
mechanism of genomic stability of wild-type AhR** mice,
which may be linked to the suppressive function of AhR and
the consequent longevity.

4.1.  Aryl-hydrocarbon-receptor-mediated hematopoietic
alteration by xenobiotic substances

When xenobiotic ligands such as TCDD and/or benzo|[a]pyr-
ene are applied to AhRs, transcription of drug-metabolizing
enzymes such as CyplAl and 1B1 are induced [1,2]. The
consequent induction of oxidative stress by these induced
CyplAl and 1B1 is known precisely [6,77]. The function of
AhR in relation to the hematopoietic system involves two
possible factors for hematopoiesis. First, induction of
CyplAl and 1B1 by xenobiotic responses consequently
induces up-regulation of a cyclin-dependent kinase inhibi-
tor, p27XiPt or p21%2f1, which readily suppresses the cell cycle
[78,79]. Benzene is a unique newly found chemical whose
toxicity is mediated by AhR [69], which suppresses the

hematopoietic stem-cell-specific cell cycle [93], which will be
introduced as a model of hematopoietic stem cell modula-
tion in the next section.

Second, what happens in the primitive hematopoietic stem
cell system when AhR is stimulated by ligand-dependent up-
regulation? In this situation, ARNT required by Hif-1alpha and
Hif-2alpha in the hypoxic hematopoietic microenvironment is
considered to inhibit primitive hematopoiesis [78]. Because of
this suppression of primitive hematopoiesis, various hema-
topoietic progenitor cell compartments are decreased in
number, as observed by Luster et al. in a variety of CFUs after
exposure of mice to TCDD [76,88].

The above-mentioned hematopoietic impairment is based
on the impaired function of the long-term reconstitution
activity of the LKS fraction, i.e., primitive hematopoietic
progenitor compartment. The long-term reconstitution activ-
ity of the LKS fraction repopulated in lethal-dose-irradiated
recipients was heavily impaired after TCDD exposure. When
repopulation of the LKS fraction is applied following TCDD
exposure, while the nontreated LKS fraction successfully
reaches a chimeric ratio of 80% with respect to the competitive
donor fraction by 140 days after transplantation, the chimeric
ratio is limited only to 15% with peak at 80 days after
transplantation and the LKS fraction exposed to TCDD
disappears by 140 days after transplantation [94].

Similar lymphopoietic alterations are observed after
exposure to TCDD such as inhibition of thymic cell develop-
ment [95], dysregulation of regulatory T and pro-inflammatory
T cell differentiation [96], alteration of B cell maturation and
CD34-positive human hematopoietic progenitor cells [97].
These alterations are also observed for ligands other than
TCDD [96,98].

4.2.  Aryl-hydrocarbon-receptor-mediated benzene
hematotoxicities

Recent studies have shown that AhR in primitive cells
transmits negative signals for the proliferation of such cells
[91]. As we previously reported, primitive hemopoietic
progenitor cells increases in number in AhR-KO mice; on
the other hand, relatively mature progenitor cells, decreases in
number in a homeostatic manner [91].

We have reported that benzene-induced hemopoietic
toxicity is transmitted by AhR [69]. We also found that CYP2E1
related to benzene metabolism is also up-regulated in the
bone marrow following benzene exposure [99]. Therefore, it is
of interest to hypothesize a greater role of bone marrow cells
in hemopoietic toxicity than in hepatic metabolism. Accord-
ingly, in our present study, benzene-induced hemopoietic
toxicity was evaluated in wild-type mice after a lethal dose of
whole-body irradiation followed by repopulation with bone
marrow cells that lack AhR or, vice versa, in AhR-KO mice after
repopulation with wild-type bone marrow cells. As a result,
benzene-induced hemopoietic toxicity seems to have been
transmitted through AhR, and benzene was transformed by de
novo metabolism with CYP2E1 in the bone marrow.

Six weeks after the repopulation, the steady-state hema-
topoietic parameters for repopulated mice were obtained and
are shown in Fig. 10. The results were essentially the same
between the mice repopulated with wild-type bone marrow
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cells (open columns) and those repopulated with AhR-KO bone
marrow cells (shaded columns).

Fig. 11(a) and (b) show the percentages of RBCs (a) and
WBCs (b) with respect to that of the control in the peripheral
blood after the repopulation with bone marrow cells. In the
wild-type mice repopulated with wild-type bone marrow cells
and those with AhR-KO bone marrow cells (open and closed
symbols, respectively), benzene exposure induced a slight but
statistically significant decrease in RBC count compared with
the sham exposure except on day 5 in the wild-type group
(100% with standard deviation of the mean indicated by
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horizontal lines: Fig. 11(a)). The dose used in our present study
was sufficiently high, and the decrease in RBC count was
readily observed within two weeks of exposure.

The decreases in WBC count shown in Fig. 11(b) are more
significant than those in RBC count throughout the exposure
period except on day 5 in the AhR-KO group (the data were
significantly different between wild-type mice (50.8 + 11.2%)
and AhR-KO mice (70.6 + 17.6%,; p = 0.024)).

As shown in Fig. 11(c), the decrease in the number of bone
marrow cells after benzene exposure is significant in the mice
repopulated with wild-type bone marrow cells specifically on
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Fig. 11 - Changes in percentage of RBCs (a), WBCs (b), BM cells (c) and CFU-GM (d) of mice repopulated with wild-type BM
(open symbols) and AhR-KO (AhR /") BM (closed symbols) cells during and after benzene exposure, with respect to those in
each sham-exposure group. Vertical bars indicate the standard deviation of the mean. Horizontal dashed line indicates the
mean (100%) and the solid lines indicate the standard deviation of the mean (100%) from the sham-exposure control wild-
type group. The dashed line at the bottom indicates benzene exposure duration.

*: Significant difference between sham-exposure group and benzene-exposed group determined by t-test at p < 0.05.

i: Significant difference between wild-type mice and AhR-KO mice.
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days 5 and 12 (82.2+12.0%, p=0.035 and 65.4+20.3%,
p =0.007, respectively; number of cells obtained on day 12,
significantly different between the wild-type mice and the
AhR-KO mice (75.4 + 19.7%; p = 0.014)), which returned to the
normal range by day 15, that is, 3 days after cessation of
benzene treatment. In contrast to the peripheral blood
parameters (Fig. 11(a) and (b)), the number of bone marrow
cells in the mice repopulated with AhR-KO bone marrow cells
did not show any decrease, but the mice showed a clear
nullification of benzene-induced decrease in the number of
bone marrow cells (86.7 & 14.9%; p = 0.057). Concerning the
weight of the spleen, there are no significant differences
among the groups regardless of the duration of benzene
treatment and AhR expression level (not shown).

In Fig. 11(d), the number of CFU-GM in the bone marrow of
mice repopulated with wild-type bone marrow cells much
more significantly decreased on day 12 (open symbols,
37.8 &+ 14.2%, p = 0.019; number of cells, significantly different
between wild-type mice and AhR-KO mice (82.0+7.0%;
p =0.001)), which rapidly returned to the normal range by
day 15, 3 days after cessation of benzene treatment. As shown
in this figure, interestingly, the benzene-induced decrease in
the number of CFU-GM in the bone marrow of mice
repopulated with the AhR-KO bone marrow cells (closed
symbols) is clearly nullified for the wild-type bone marrow
cells (open symbols), and the number remains within the
range found for the sham exposure. The reason for this very
prominent decrease in the number of CFU-GM observed in the
case of benzene exposure may be due, in part, to the
expression of AhR, whose level is significantly high in
primitive hematopoietic progenitor cells [5,100]. The KO of
AhR nullified the decrease in the number of CFU-GM much
more significantly than the decrease in peripheral blood
parameters.

5. Summary

Oxidative stress induced by AhR-mediated benzene metabo-
lites induces xenobiotic hematological malignancies in C57BL/
6 mice. The encounter of AhR with benzene may not be the
original biological relevance of historic and phylogenic
evolution of the AhR molecule in a wide range of animals
from invertebrates to vertebrates including humans. Would
not this be an ironical encounter?

In experimental mice, the existence of AhR apparently
extends their lifespan as compared with AhR-KO mice (mean
life spans, 756 days in AhR-homozygous KO and 890 days in
wild-type C57BL/6). The major reasons for this extension of
lifespan by AhRs seem to be the suppression of epigenetic
tumorigenicity and age-related gerontological diseases, pos-
sibly owing to the advantages derived in reducing oxidative
stresses through the AhR function. No precise mechanism has
been reported, but the onset of spontaneous neoplasms and
non-neoplastic senescent diseases is delayed in wild-type
mice as compared with that in AhR-deficient mice. Further-
more, when AhR is knocked out, in the case of the
hematopoietic system, the capacity to maintain the hemato-
poietic stem cell compartment is clearly diminished and the
major fraction tends to differentiate into descendant blood cell

classes. The hematopoietic stem cell compartment shows the
following. First, the compartment shows a diminished
capacity to maintain the LKS fraction, the stem cell compart-
ment, as observed by cell sorting analysis. Second, it shows a
decrease in the fraction of the dormant stem cell/progenitor
compartment, as measured by the BUUV method for evaluat-
ing kinetics of hematopoietic progenitor cells, by continuous
in vivo treatment with BrdUrd and BrdUrd-labeled cell-
purging with ultraviolet (UV) light. Thus, the possible regula-
tion of hematopoietic stem cells maintaining the fraction of
dormant hematopoietic stem cells may have mechanistic
relevance in terms of a possible genomic stabilization by AhR,
which should be elucidated.

The hematopoietic microenvironment is hypoxic during the
steady state. This hypoxic state induces AhR to release
(unbound) ARNT to Hif-1alpha as well as Hif-2alpha; thus,
the function of slight changes in regulating oxidative stress for a
hematopoietic trigger in the hematopoietic microenvironment
in wild-type mice may not be markedly different from that in
the AhR-KO mice. However, when a change induces a much
higher extent of oxidative stress induced by substances such as
hydrogen peroxide in AhR-KO mice, the increased amount of
ROSs is readily detected in AhR-KO mice, whereas wild-type
mice show active removal of oxidative stress by ROS-scaven-
ging molecules, resulting in notable differences in the amount
of ROSs between wild-type and AhR-KO mice (Fig. 5).

Evidence was found in the liver that the expression of
antioxidative stress genes such as superoxide dismutase 1
(Cu/Zn-SOD) and SOD2 (Mn-SOD) genes, as well as the Trx
gene, which is located downstream of AhR and carrying XRE,
are more highly expressed in wild-type mice than in AhR-KO
mice [63].

In contrast to the above-mentioned beneficial biological
function of AhR, in the case of benzene exposure, benzene
exposure induces hematopoietic disturbances and the con-
sequent leukemias. This seems to be induced by oxidative
stress in AhR wild-type mice because Trx-overexpressing mice
in contrast show nullification of hematopoietic disturbances
owing to oxidative stress removal. Here is an enigma of
benzene-induced hematotoxicity, that is, oxidative stress
induced by as low as one part per million of benzene, which
cannot be removed by antioxidative molecules associated
with AhR as compared with those induced by hydrogen
peroxide. On the other hand, the benzene exposure of AhR-KO
mice is supposed to show none of the benzene-mediated
oxidative-stress-induced hematopoietic disturbances or mye-
loid leukemias, simply owing to nullification of benzene
metabolism in these mice lacking AhR.
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