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positive cell lineage might be cohesive throughout the embryonic
cerebral cortical development. By recruiting GFP, we defined the
CMWT as the telencephalic region where reelin-positive cell
markers are most prominently expressed at the time when most
reelin-positive cells are generated, suggesting that this location is
a site where prospective reelin-positive cells are generated, Fur-
thermore, at the dorsal and ventral regions of CMWT, the onset
of GFP expression is followed by those of reelin and p73 differen-
tially, suggesting the existence of heterogeneity of prospective
reelin-positive cells that might be distinguished by the differential
temporal patterns of reelin-positive cell marker expressions.

Origins of reelin-positive cells in the telencephalon

Our studies on the early expression patterns of reelin-positive cell
markers, as with the previous studies, however, do not resolve
whether the cells located at putative sources give rise to reelin-
positive cells during the cerebral cortical development. By using
electroporation-mediated gene transfer (Miyasaka et al., 1999;
Saito and Nakatsuji, 2001; Tabata and Nakajima, 2001; Hatanaka
and Murakami, 2002), we show here, as expected, prospective
reelin-positive cells are generated at the CMWT, including the
cortical hem at E11.5. Moreover, it appears the CMWT-derived
descendants at the cerebral cortex are solely dedicated to reelin-
positive cells. In contrast, the other regions of telencephalon,
including the neocortical primordium, where the electropora-
tion was conducted appear to give rise to a few, if any, reelin-
positive cells at E11.5. Taking into account of the fact that the
prominent expressions of reelin-positive cell markers, including
the GFP transgene, are detected focally at the CMWT but not at
the other regions of telencephalon, these results indicate that the
CMWT is a source for the generation of prospective neocortical
reelin-positive cells, among telencephalic regions including neo-
cortical primordium,

A study performed in the Emx1/2 knock-out mouse {Mal-
lamaci et al,, 2000; Shinozaki et al., 2002; Bishop et al., 2003),
together with EmxI-expressing cell lineage study using Cre-loxP
system (Gorski et al., 2002), shows that most reelin-positive cells
are derived from EmxI-expressing progenitors, and Emx1/2 are
required for both reelin-positive cell and subplate generation. On
the contrary, a more recent study in the Sey mutant mouse was
able to show that Pax6 appear to inhibit reelin-positive cell gen-
eration but not, interestingly, subplate generation (Stoykova et
al., 2003). Given that EmxI/2 and Paxé expression is in 2 graded
manner in an opposite direction along the rostrolateral-caudo-
medial axis of the cerebral cortex (O’Leary and Nakagawa, 2002},
these studies may imply that the generation of reelin-positive
cells are regulated by opposing interactions between Emx1/2 and
Pax6. Consistent with this idea, our results indicate that the cau-
domedially situated Emx1/2-high and Pax6-low region in the ce-
rebral cortex, namely the CMWT, is spatially allocated for reelin-
positive cell generation. Moreover, these mouse genetics studies
suggest that the generation of reelin-positive cells and subplate is
controlled commonly by Emzx1/2, but differentially by Paxé. This is
again consistent with our results showing that the CMWT-derived
progenies tangentially migrating into the neocortex are solely dedi-
cated to reelin-positive cells in the MZ, indicating the generation of
reclin-positive cell and subplate is differentially controlled.

Tangential migratory behavior and distribution of reelin-
positive cells at the neocortex

Our detailed analyses of the electroporated location within the
CMWT suggest the cortical hem serves as a source for reelin-
positive cells. The cortical hem can be subdivided into two dis-
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tinct regions in terms of the initial migratory routes of their prog-
enies. In addition, spatial and temporal analyses of expression
patterns of GFP combined with those of reelin and p73 at the
CMWT revealed two distinct subregions within the locus. Taken
together, it appears that prospective reelin-positive cells initially
expressing p73 migrate dorsally from the dorsal region of the
cortical hem, whereas prospective reelin-positive cells initially
expressing GFP migrate ventrally from the ventral region of the
cortical hem. These studies suggest differential migratory path-
ways are taken initially depending on the differential subgroups
of prospective reelin-positive cells derived from differential ori-
gins at the cortical hem.

After exiting the CMWT, the prospective reelin-positive cells
invade the neocortical area circumferentially from dorsal, ven-
tral, and posterior directions and set up an overall posterior—
anterior cellular influx in the MZ. Our in vitro studies support the
in vive migratory results and further indicate that the CMWT-
derived reelin-positive cells tangentially migrate along the neo-
cortical surface in an overall posterior-anterior direction. Given
that apparent uniform localization of reelin-positive cells in the
entire cortical MZ, other reelin-positive cell subtypes (e.g. subpial
granule cells; see Meyer et al., 1998) may tangentially migrate in
an opposite anterior—posterior direction. Thus, distinct reelin-
positive cell subtypes generated at the distinct locations, includ-
ing the ones generated at the dorsal and ventral regions of the
cortical hem, might tangentially migrate to the cortical MZ in
particular directions and comprise the entire population of
reelin-positive cells in the cerebral cortex.

We do not know if distinct roles are played by reelin-positive
cells derived from the distinct focal locations of the telencephalon
in the control of organization of the neocortex. The prospective
reelin-positive cells that have been generated at the CMWT at
E11.5 cover the posterior half of the neocortex by E13.5, correspond-
ing to the time when the generation of deep layer CP neurons is
taking place (Polleux et al,, 1997). These tangentially migrating
reelin-positive marginal zone cells appear to be continuously sup-
plied and cover the entire neocortical surface in a caudomedial~
rostrolateral gradient when a dimension tangential to the surface
expands rapidly during the peak period of CP cell generation. Thus,
reelin-positive cells extrinsic to the neocortex and CP cells intrinsic
to the neocortex appear to intercross with each other at the neocor-
tex and elicit coordinated interactions during the dynamic develop-
mental period of corticogenesis. The spatially and temporally con-
trolled tangential migration of reelin-positive marginal zone cells
from the CMWT may therefore underlie the fundamental organiza-
tion of the neccortex.

One of the most striking scenarios that might be uncovered as
a consequence of the present study may concern the way regional
or areal specification of the cerebral cortex is established (Grove
and Fukuchi-Shimogori, 2003 ). The issue of areal specification of
the neocortex has always raised the question of how cortical areas
with enormous dimensions compared with the other regions in
the central nervous system would be patterned by the simple
diffusion of molecules from the localized signaling centers. Nu-
merous lines of evidence indicate that interactions between the
cells with distinct positional identities elicit further specification
of the neural characters. The generation and tangential migration
of reelin-positive marginal zone cells from one of the putative
local signaling centers of the cerebral cortex, the cortical hem,
provides an opportunity for the local signaling center to impose
positional information onto cells intrinsic to the neocortex.
Pertinent to this, the analysis of Gdf-7 knock-in mice has re-
vealed the existence of tangentially migrating MZ cells in the
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Gdf-7-expressing lineage at the CMWT, which may corre-
spond to the tangentially migrating reelin-positive marginal
zone cells (Monuki et al., 2001). Whether reelin-positive mar-
ginal zone cells that are derived from the CMWT might be in-
volved in the areal as well as laminar organization of developing
neocortex awaits further studies.
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Cardiac abnormalities cause early lethality of jumonji mutant mice
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Abstract

jumonji (jmj) mutant mice, obtained by a gene trap strategy, showed several morphological abnormalities including neural tube
and cardiac defects, and died in utero around embryonic day 11.5 {E11.5). It is unknown what causes the embryonic lethality. Here,
we demonstrate that exogenous expression of jmj gene in the heart of jmj mutant mice rescued the morphological phenotypes in the
heart, and these embryos survived until E13.5. These results suggest that there are at least two lethal periods in jmj mutant mice, and
that cardiac abnormalities may cause the earlier lethality. In addition, the rescue of the cardiac abnormalities by the jmj transgene

provided solid evidence that the cardiac abnormalities resulted from mutation of the jmj gene.

© 2004 Elsevier Inc. All rights reserved.
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mouse

Embryonic lethality is one of major phenotypes in
mutant animals and the embryos die of various defects,
for example, hematopoietic or cardiac defects.

Jumonji (jmj) homozygous mice, originally obtained
by a mouse gene trap strategy, show embryonic lethality
[1]. These mice also exhibit various abnormalities such
as neural tube, cardiac and hematopoietic defects [1-
6] These phenotypes are dependent largely on the
mouse genetic backgrounds. Mutant mice with a C3H/
He background exhibit neural tube defects, abnormal
morphology of the right ventricle, and hyperprolifera-
tion of trabecular cardiac myocytes, and die around
E11.5 [3]. Our recent studies on hyperproliferation of
trabecular cardiac myocytes showed that this abnormal-
ity resulted from enhanced expression of cyclin D1 [7),
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which is one of the key components of the cell cycle
machinery. On the other hand, mutant mice with a
BALB/c background exhibit hematopoictic defects but
not neural tube defects or hyperproliferation of trabecu-
lar cardiac myocytes, and die around E15.5 [2,4,6].

Molecular analysis has indicated that trap vectors
were introduced into one intron of the gene designated
as jmj and disrupted the function of this gene [1.8].
The jmj gene encodes a protein that is a member of
the jumonji family [9] and the AT-rich interaction do-
main (ARID) family [10]. The ARID is a DNA-binding
domain and several members of this family are known
to be transcriptional factors and are involved in a vari-
ety of biological processes [10]. Recently, we and Kim
et al. showed that Jmj protein is a transcriptional repres-
sor [7,11] We also showed that Jmj downregulates car-
diac myocyte proliferation by repressing cyclin DI
transcription [7].

Despite these results, the reasons for the embryonic
lethality are still unknown. In the case of mutant mice
with a C3H/He background, embryos are likely to die
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of cardiac abnormalities, but we could not exclude the
possibility that mutant mice die of other known or un-
known phenotypes. Therefore, we tried to rescue cardiac
abnormalities by exogenous expression of jmj in the
heart and analyzed the lethality.

Materials and methods

Mice. CAJI7 transgenic mice with a C3H/He background carrying
the pCAJIE vector were produced as described previously [7].
jmj heterozygous mice carrying a CAJI7 transgene (e
CAJI7(+)) were obtained by crossing CA4J/7 hemizygous mice with
F18-25 "'+ mice with a C3H/He background. juy™ "/ CAJI7(+)
mice were mated with jm ™" mice to produce jnif homozygous mice
carrying a CAJI7 transgene (joy """/ CAJI7(+)), and we compared
the phenotypes with those of TP fittermates not carrying a
CAJI7 transgene (jm/"P"“"{CAJI7(-)). Mice were genotyped by
PCR as described previcusly [1] for the jmyj allele. CAJI7(+) mice were
identified by PCR using primers 5-GTGAACTGCCACATGA-
CAGT-¥ and 5-CAGCAGGTTGAACCCAAAGT-3'. PCR was
carried out by denaturing the DNA at 94 °C for 1 min, followed by 35
cycles at 94 °C for 1 min, 60 °C for 1 min, 72 °C for 2 min, and a final
extension step at 72 °C for 8 min.

The presence of a vaginal plug was regarded as E0.5. Embryos with
a beating heart or existence of blood flow in the umbsilical cord were
considered to be live embryos.

Histology. Embryos were dissected in Dulbecco’s phosphate-buf-
fered saline (PBS) and fixed overnight at 4°C in Bouin’s fixative
(Sigma Diagnostics. St. Louis, MO) for hematoxylin and ecsin (HE)
staining.

Cells which showed chromosomes but neither nuclear membrane
nor nucleolus were counted as mitotic cells in sections stained with HE
and the (number of mitotic cells/number of total cells)x 100 was
presented as the mitotic index. More than 1400 cells per embryo were
examined as total cells in the trabecular layer at E10.5.

Statistical analysis. The experimental data were analyzed using
Fisher' exact test. In addition, we used Fisher's least significant dif-
ference (LSD) test after obtaining a significant difference with one-way
analysis of variance (ANOVA) for multiple comparison tests. Values
of P <0.05 were considered as statistically significant.

Results

The jmj transgene rescued the morphological abrormal-
ities in the heart of jmj mutant embryos

We have established a transgenic mouse line, CAJI7
[7]. The expression pattern of the exogenous jmyj gene
can be monitored by green fluorescent protein (GFP)
because GFP is co-expressed with Jmj proteins via an
internal ribosome entry site [7]. CAJI7 mice at E10.5
exhibited strong expression of GFP in the heart (Fig.
1, arrow) where abnormal morphelogies are observed
in jmj mutant embryos [3], and weaker expression in
small regions around the neural tube where no abnor-
malities are revealed in the mutant embryos (data not
shown). The jimj mRNA level in the cardiac ventricles
of transgenic embryos (CAJI7(+)) increased approxi-
mately four times compared to non-transgenic embryos

Fig. 1. Expression pattern of the transgene in CAJI7(+) embryos at
E10.5. Left panel, bright fields; right panel, dark fields for GFP
observation. GFP is strongly expressed in the heart (arrow). Scale bar,
500 pm.

(CAJI7(=)) [7). The expression pattern in the heart con-
tinued to adulthood. Hemizygous mice of the line
showed no apparent abnormalities. We examined
whether the cardiac abnormalities of jmj mutant em-
bryos could be rescued using this mouse line.

Jjmj homozygous (jm/”'"“’) embryos with a C3H/
HeJ background exhibit abnormal morphology in the
right ventricle and hyperplasia of trabecular cardiac
myocytes at E10.5-11.5 [3] (Fig. 2). We introduced the
exogenous jmj gene into jmj™ """ embryos by crossing,
and compared the phenotypes of mjT P embryos car-
rying the CAJI7 transgene (jmj" 7" ?{CAJI7(+)) with
those of jmj™ """ littermates not carrying the CAJI7

w4+ CAJT(:} trap/trap CAJ17(-) trap/trap CAJ17(+)
FW w y s g e

Fig. 2. Exogenous expression of jm/ gene rescues abnormal merpho-
logies of the heart of jmj mutant mice. Cardiac morphology of a
representative embryc of wild type (+/+CAJI7(-}), Jmjirertrary
CAJI7(=) (traplirap CAJIT(=Y), and jmf™ """ {CAJI7(+) {trapitrap
CAJ17(+)) embryos at E11.5. Upper and bottom panels show front
views of the heart after fixation with Bouin's solution, and sections of
the left ventricles stained with HE, respectively. White and black scale
bars, 300 and 50 pm, respectively. Black lines, white dot lines, L and R
in upper panels show the position of the caudal base of the ventricles,
outlines of the hearts, and the left and right ventricles, respectively.
Note that the abnormal position of the right ventricle (upper panel)
and abnormal morphology (hyperplasia) of trabeculae (bottom panel)
of the jmj mutant embryo were rescued by CAJI7 transgenes.
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transgene (jmy " PJCAJI7(-)) at E11.5 in order to
examine the effects of exogenous expression of jmyj gene
in the heart on these phenotypes.

The ratio of embryos with abnormal morphology of
the right ventricle largely decreased in jmj '/
CAJI7(+) embryos (28.6%, N =7), compared to that
in jmj""ePitrer [C AT17(=) embryos (100%, N = 6) (Fig. 2,
upper panels). Trabeculae in the ventricles of alt
" {CAJ17(—) embryos (N = 4) revealed a disor-
dered structure and often showed degenerative morphoi-
ogy, while those in all jmj™""*"|CAJI7(+) embryos
examined {N = 4) showed a normal projecting structure
similar to that of wild type embryos (Fig. 2, bottom pan-
els). Fisher’s exact test demonstrated that the difference
between jmj PP CATI7(+) and jmy" | CATIT(-)
embryos was significant (abnormal morphology of the
right ventricle, P = 0.016; abnormal morphology of tra-
beculae, P =0.014).

Abnormal morphology of trabeculae resulted from
hyperproliferation of trabecular cardiac myocytes in
jmjmeP'%® embryos [3,7]. The mitotic index (MI) of tra-

3 4 w4 CAJ7(-)
trap/+ CAJ17(-)
1 F53 traprap cAsI7()

P _
g . trapfrap CAJ17(+)
£
2
g1

0

Fig. 3. Exogenous expression of jmf gene rescues enhanced prolifer-
ation of cardiac myocytes of jmj mutant mice. MI of trabecular
myocytes of left ventricles in wild type and jmy heterozygows (+/+
CAJI7(=) and trap/+ CAIIT(=)), jmi™F"P[CAJIZ(=) {(trapltrap
CATI7(=)), and jmj™P' ™ P|CAJI7(+) (trapltrap CAJI7(+)) embryos
at El11.5. MI are presented as means + standard error of three
embryos. * and ** are P <0.05 and 0.005, respectively {Fisher's LSD
test after one-way ANOVA).

becular myocytes in the cardiac ventricles of jmy™ /"

embryos increased [3] (Fig. 3). Therefore, we examined
whether exogenous jmj expression can rescue this pheno-
type. The mean of MI of jmj """ [CAJI7(+) embryos
was between those of jmj™P""%P[CA4J17(-) and normal
embryos (jmiTt/CAJI7(~=) and jmj P T[CATIT(-))
(Fig. 3). Fisher's LSD test indicated that MI of jmj%’
raPfCATI7(+) embryos were significantly lower than
those of jmj"™"™{CAJI17(—) (P = 0.031), after obtain-
ing a significant difference with one-way ANOVA
(Fiz,6) = 14.39, P = 0.0051).

These results show that the exogenous jmj gene can
rescue cardiac phenotypes of jmj™#""” embryos.

Early lethality of jmf mutant mice was rescued by the jmj
transgene

Embryonic lethality was one of the main phenotypes
of jmj" """ embryos. jmj"™*""% embryos with a C3H/
He background die around EI1.5 [3] We examined
whether the lethality could be rescued by the jmj trans-
gene. jmy heterozygous and CAJI7 hemizygous mice
(mj" Pt {CAJI7(+)) were mated with jmyj heterozygous
mice (jmj"™®/"/CAJ17(~)), and embryos were genotyped
in various embryonic stages. The numbers of live (with
beating hearts) and dead jn/" " embryos (without
beating hearts) were then examined (Table 1).

While all jmj™"""%" embryos were alive irrespective of
the existence of a CA4JI7 transgene at E8.5, half and all
jmjF | CAJ17(—) embryos were dead at E11.5 and
E13.5, respectively. On the other hand, all jmj "/
CAJI7(+)} embryos were alive as far as these stages.
Fisher’s exact test showed that the differences between
miTeP P [CATI7(+) and jmi TP P[CATI7(~) embryos
were significant (E11.5, P =0.034; E13.5, P=0.003).
The appearance of jmj™""™**/CAJI7(+) embryos at
E13.5 was similar to jmj™ " embryos with a BALB/
¢ background at the same stage [2,4] (Fig. 4). These em-
bryos were pale and their livers were also pale and small
(Fig. 4, arrow). No jmj"""" embryos, irrespective of
the existence of a CAJI7 transgene, were obtained after
E15.5.

Table 1
Number of live and dead jmj"™™** embryos carrying or not carrying CAJI7 transgene
Embryonic day Jmf PR C AT 7(-) e C 4 1T+
Live Dead Total (live %) Live Dead Total (live %)
8.5 5 0 5(100) 7 0 7 (100)
11.5 6 6 12 (50) 7 0 7 (100)"
13.5 0 4 40 7 0 7 (100)™"
15.5 0 1 1(0) 0 3 3(0)
Total 8 11 19 (42.1) 21 3 24 (87.5)"

Numbers of embryos which could be genotyped are shown. Numbers in parentheses show percentages of live embryos among total embryos. &M
The ratios of the live jm/"@"% CAJI7(+) embryos were significantly higher than those of jm/"/"* CAJI7(—) embryos. P < 0.05; ""P < 0.005,

Fisher’s exact tests.
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++ CAJTT(-) trapfirap CAJ17(+)

Fig. 4. Morphology of jmj mutant embryos which survived until
E13.5. Whole mount views of wild type (+/+ CAJI7(-)) and
e CAN 4 (raplirap CAJI7(+)) embryos at E13.5, The
black arrowhead and arrow indicate a normal liver in a wild type
embryo, and small and pale livers in /™" ’{CAJI7(+) embryos,
respectively, jumf """ "{CAJ17(+) embryo shows neural tube defects
(white arrowhead). Scale bar, 2 mm.

These results demonstrate that the jmj transgenes
could rescue the earlier lethality of jmj mutant mice.

Discussion

In this paper, we examined whether the lethality of
Jmj mutant embryos around E11.5 resulted from the car-
diac abnormalities. Our data showed that exogenous
expression of jmj in the heart rescued the cardiac abnor-
malities significantly. These embryos survived up to
E13.5. These results suggest that the lethality of jmj mu-
tant embryos around El11.5 resulted from the cardiac
abnormalities.

What is the cause of the lethality? Two cardiac abnor-
malities, abnormal morphology in the right ventricle
and hyperplasia of trabecular cardiac myocytes, have
been observed. Abnormal morphology in the right ven-
tricle can be excluded as a cause of the lethality because
Jmyj and cyelin DI double mutant mice exhibited this
abnormality [7] but can survive up to E13.5 (Takahashi
et al., unpublished data). Since hyperplasia of trabecular
cardiac myocytes was rescued in the double mutant mice
[7] and jmj mutant embryos appear not to maintain suf-
ficient cardiac output by this abnormality, hyperplasia
of trabecular cardiac myocytes would appear to be the
cause of the lethality.

The exogenous jmif expression demonstrates an ability
to rescue the lethality until E13.5 but not after E15.5.
This fact suggests that there are at least two lethal stages
(early and late) in jmj™™7 embryos with a C3H/He
background and the exogenous jmyf expression can res-
cue only early lethality.

Interestingly, jm/""""" embryos with a BALB/c
background died around E15.5, probably of anemia
[4]. and the appearance of embryos at E13.5-14.5 is very

similar to that of jm/™"""?/CAJ17(+) embryos shown
here [2,4]. The livers of both jmj™“"""? embryos with a
BALB/c background and jmj" "™’ [CAJ17(+) embryos
were pale and small. These facts suggest that the cause
of late lethality in jm/™"'"* embryos with a C3H/He
background is the same as those with a BALB/c back-
ground, and that exogenous jmj expression in the heart
could not rescue the phenotype,

It was necessary to examine whether the jmj gene is
responsible for the phenotypes of jmy mutant mice.
Although previous studies suggest that mutation of the
Jmj gene causes the phenotypes, we could not exclude
the possibility that the phenotypes result from muta-
tion(s) in the other gene(s) neighboring or within the
jmj gene or in both these genes and the jmyf gene. It is
possible that insertion of the trap vector could affect
the function of genes within the jim/ gene because some
genes, whose EST clones were reported and their func-
tions are unknown, are found in the Ist intron of the
mouse jmj gene in which the trap vector is inserted.
The results described in this paper have shown clearly
that the jmj gene is responsible for at lcast the cardiac
phenotypes of jinj mutant mice.

Because cardiac defects are one of the most frequent
causes of embryonic lethality, cur results are very
important for understanding the mechanisms of embry-
onic lethality as well as the mechanisms regulating car-
«diac development.
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The ‘ataxia telangiectasia mutated’ (Atm) gene maintains geno-
mic stability by activating a key cell-cycle checkpoint in response
to DNA damage, telomeric instability or oxidative stress™
Mutational inactivation of the gene causes an autosomal recessive
disorder, ataxia-telangiectasia, characterized by immunodefi-
ciency, progressive cerebellar ataxia, oculocutaneous telangiec-
tasia, defective spermatogenesis, premature ageing and a high
incidence of lymphoma®*, Here we show that ATM has an
essential function in the reconstitutive capacity of haematopoie-
tic stem cells (HSCs) but is not as important for the proliferation
or differentiation of progeniters, in a telomere-independent
manner. Atm ™'~ mice older than 24 weeks showed progressive
bone marrow failure resulting from a defect in HSC function that
was associated with elevated reactive oxygen species. Treatment
with anti-oxidative agents restored the reconstitutive capacity of
Aim ™" HSCs, resulting in the Kprevention of bone marrow
failure. Activation of the pl6™*%_retinoblastoma (Rb) gene
product pathway in response to elevated reactive oxygen species
led to the failure of Atm ™'~ HSCs. These results show that the
self-renewal capacity of HSCs depends on ATM-mediated inhi-
bition of oxidative stress.

It has been shown that many factors are crucial in determining
the fate of stem cells, yet molecular mechanisms governing the
maintenance of the self-renewal capacity have not been well studied.
Wong et al.® recently reported an interesting linkage between ATM
and stem cell function. This group demonstrated that Atm
deficiency, in combination with telomerase RNA component
(Terc) deficiency, led to neural stem cell failure characterized by
increased telomere erosion. In contrast, Atm deficiency alone did
not affect neural stem cells. To investigate roles of ATM on self-
renewal of stem cells in detail, we evaluated the effects of Armn
deficiency on the haematopoietic system in this study.

Other than the previously reported defect in T cell development®?,
Atm™" mice showed normal numbers and subsets of haemato-
poietic cells in peripheral blood at 8 weeks of age. The loss of ATM
did not show any defect in the differentiation or proliferation
potential of progenitors at this age (Supplementary Fig, 1). The
percentages of $/G2/M phases of the cell cycle in ¢-Kit*Sca-1*
Lineage™ (KSL) cells were equal in wild-type (W'T; 12.15 * 1.60%)
and Atm™'" mice (13.36 % 2.81%). Next we investigated
whether more primitive haematopoictic cells, HSCs, are affected
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in Arm™'" bone marrow (BM). The frequencies of the stem cell
subsets CD34_"°‘”KSL, Thyl®"KSL and Tie2 KSL (as defined by
cell surface markers'®"2) were significantly reduced in Ami ™'~ BM
{Fig. 1a). The number of colony-forming cells derived from Atm ™'~
KSL cells after 6 weeks of culture on stromal cells was significantly
decreased compared with that of the WT, although a short-term
culture (less than 2 weeks) did not show a significant difference
{Fig. 1b}. To assess the repopulating ability of Atm ~'~ HSCs directly
int vivo, we performed a competitive reconstitution assay in which
BM mononudear cells (MNCs) from Atm ~’~ mice competed with
BM MNCs from congenic (Ly5.1/Ly5.2) WT mice to reconstitute
the haematopoietic compartment of an irradiated recipient mouse
{Ly5.1). Flow cytometric analysis of peripheral blood of the trans-
planted recipients taken at 4 weeks after transplantation revealed
that Arm ™" BM MNCs were just as able as the competitor cells to
contribute to haematopoietic reconstitution (Fig. lc, left panel).
Thus, short-term repopulation was not affected. However, there
were markedly fewer haematopoietic cells derived from Asm ™~
BM MNCs than from competitor MNCs at 16 weeks after trans-
plantation (Fig. l¢, right panel), indicating that Atm /= HSCs lack
long-term repopulating capacity. To examine this phenomenon
more closely, we transplanted purified Atm ™"~ KSL cells into
congenic recipients. We observed a marked impairment of long-
term repopulation capacity (Fig. 1d), which affected the B, T and
myeloid cell lineages (data not shown). These transplantation data
did not result from altered homing or apoptosis of HSCs in the
absence of ATM {(Supplementary Fig. 2 and 3}. Thus, ATM has
an essential role in the self-renewal of adult HSCs but is less
important for their proliferation or differentiation into haemato-
poietic progenitor cells,

The capacity for self-tenewal under conditions of stress such as
transplantation may or may not reflect the expansion of HSCs
under normal homeostatic conditions. We therefore evaluated the
effects of Arm deficiency on haematopoiesis in older mice. Although
Atm ™'~ mice often die of lymphoma after 9 weeks of age®, some
Iymphomma-free animals do survive, When we monitored haemato-
poiesis in these mice at 24 weeks of age, they all exhibited a
progressive anaemia not seen in the WT mice (mean haemoglobm
and
50.3 = 0.47%, respectively, in the WT {n =5), in comparison
with 9.93 £ 0.37gdl™" and 28.0 * 1.41%, respectively, in Atm~/
~ mice (n = 5}; Fig. 1e). The numbers of lcukocytes and platelets in
Atm ™'~ mice were also significantly lower than in the WT (mean
white blood cell and platelet counts were 10,800 * 21017 and
126 + 19 % 104, respectively, in the WT (n =5), in comparison
with 7,300 £ 940 uI™" and 76 * 6 X 10%, respectively, in Atm ™=/~
mice {# =5)). Analysis of BM from Atm ™" mice revealed a
decrease in cellularity accompanied by a relative increase in adipose
tissue (Fig. 1£ the mean ratio of number of BM MNCs from Atm ~f=

 mice to that from WT mice was 0.37 % 0.02). Neither cells with

abnormal morphology nor lymphoma-like cells were observed in
Atm ™'~ BM. Flow tytometric analysis of BM revealed that the
absolute cell numbers of multiple lineages, including myeloid cells
(Mac-1*Gr-1%), B cells (B220™) and erythroid cells (Tert19% cells),
were decreased in Atm ™'~ BM (Fig. 1g). Colony-forming assays
confirmed that the numbers of myeloid and erythroid precursors
among Atm ™'~ BM MNCs were markedly decreased (Supplemen-
tary Fi Fig. 4a). Co-culture of BM MNCs on stromal cells showed that
Atm ™' cells were no longer able to form any colonies after 2 weeks
of culture (Supplementary Fig. 4b).

To analyse the HSC population in older At ™'~ mice in more
detail, we examined the marker expressmn and colony-forming
ability of the KSL fraction of Atm ™'~ BM cells, In contrast to the
normal frequency of KSL cells observcd in 8-week-old Atm ™'~ mice
{(Supplementary Fig. la), the c-Kit"#" fractmn of Sca-1Lineage™
cells had disappeared in 24-week-cld Arm~'" mice, and most
c-Kit*Sca-1"Lineage™ cells expressed only low levels of c-Kit

-
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{Fig. 1h}. It has been shown that the ¢-Kit"®" fraction in Sca-1*"
Lineage™ cells includes the long-term repopulating HSCs, and that
¢-Kit'™™™ cells do not have this capacity"’. Consistent with that report,
our long-term culture of WT BM cells revealed that the ¢-Kit"s!
fraction, but not the ¢-Kit"™™ fraction, of the Sca-1*Lineage™
contained HSCs (Supplementary Fig. 4c). As expected, the
c-Kit'**Sca-1*Lineage™ cells found in At~ mice did not form
any colonies in long-term cultures. Furthermore, repopulating cells
derived from Atm ™'~ BM MNCs were no longer observed in
recipient mice at either 4 or 16 weeks after transplantation (Sup-
plementary Fig. 4d). Thus, our data indicate that chronic Asm
deficiency in vivo results in progressive multi-lineage BM failure due
to defective maintenance of the adult HSC pool.

To explain the mechanism underlying the regulation of the HSC
pool by ATM, we investigated whether the defect in Atm ™'~ HSCs
was caused by telomere dysfunction. The telomere length of BM cells
was not affected by the loss of Atm alone (Supplementary Fig. 5).
This result is consistent with a previous report showing that
telomere dysfunction (as evaluated by anaphase bridging) was not
observed in Atmi ™'~ mice®. We also examined whether enhance-

ment of telomerase activity could restore the repopulating capacity
of Asm ™'~ HSCs. To this end, we used retroviral infection to
introduce telomere reverse transcriptase (TERT) into Atm ™'~
KSL cells. However, overexpression of TERT was not able to rescue
the defect (Table 1). These data indicate that ATM is required for
the maintenance of HSC repopulation capacity in a telomere-
independent manner.

In addition to telomere maintenance, it has been suggested that
ATM might be involved in oxidative defence through the induction
of the major anti-oxidative systems mediated by catalase, gluta-
thione peroxidase, superoxide dismutase and glutathione
reductase’. To determine whether the altered HSC function in
Atm™'" mice was related to oxidative stress, we examined the
concentration of reactive oxygen species (ROS) in HSCs. The
intracellular concentration of H,O,, which was evaluated by
2'.7"-dichlorofluorescene diacetate (DCF-DA) staining, was higher
in KSL cells from 8-week-old Atm =/~ mice than from WT controls
(Fig. 2a, left panel). The elevation of H,0, in Atm ~'~ KSL cells was
even more pronounced after 2 days of culture with stemn cell factor
(SCF) and thrombopoietin, which support HSC cell division'®

Figure 1 Defective hasmatopoiesis in the absence of ATM. a, Decreased frequencies of
stem cell subsets. Results are mean relative frequencies = s.d. for CO347KSL (eft),
Thy1"™KSL (midd'e) angt Tie2*KSL (iight) calls in Atm ~'~ BM compared with Atm +*
BM (= 4). b, Decreased colony formatien after long-term culture of Atm *'* and
Atm ™'~ KSL cells (2 x 10%). Resulls are means = 8.d. (7= 5, ¢, d, Defective
haematepoietic reconstitution, Recipient mice were transplanted with 4 x 10° BM MNGs
{e) or 2  10° KSL cells (d) from Atm ** or Atm ~'~ mice in competition assays. Results
are mean percentages + s.d, of donor-derived calls (7 = 5). @, Concentratigns of
kaemaglobin (ieft panel) and haematocrit {right paned) in peripheral blood of individuat
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Atm ™+ and Alm ~'~ mice of the indicated ages (n = 5). f, Decreased BM cellufarity.
Sections of BM fram 24-week-old Afm ¥+ and Atm '~ mice were stained with
haematexylin and eosin. Arrows indicate adipose tissug. @, Decreased numbers of
myeloid cells eft), B sells {middle) and erythroid cells {right) in At '~ BM. Results are
mean relative frequencies + s.d. of cells in Atm =/~ BM compared with Alm *'+ BM
(= 4). h, Decreased KSL cells in 24-week-old Atm ™'~ mice. For each panel, inset A
shows ¢-Kit**'Sca-1*Lineage ™ cells and inse! B shows c-Kit™Sca-1 *Lineaga™ cals.
The frequencies of KSE cells as a percentage of total Lineage ™ tells, and of total BM cells
(in brackets) are indicated. Results are representative of four mice per genctype.
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(Fig. 2a, right panel). In an effort to manipulate intracellular ROS
concentrations, we treated WT and Amm ™™ KSL cells with the
permeant thiol N-acetyl-1-cysteine (NAC), which acts as an anti-
oxidative agent’. Treatment of Atm ™'~ KSL cells with NAC
significantly decreased the concentration of intracellular ROS
(Fig. 2a, right panel).

To determine whether the defective repopulating capacity of
Atm ™' mice could be restored by decreasing their elevated intra-
cellular ROS, we established 6-week cultures of WT and A ™/~
KSL cells on stromal cells and treated them with one of the anti-
oxidants NAC or catalase, The numbers of colonies formed from
Atm ™'~ HSCs were restored to near-WT levels after treatment with

Tabie 1 Effects of TERT overexpression on hasmatopoietic reconstitution
Ne. of mice showing reconstituted haematepolesis (%

of donor cells)
Cail typa EGFP TERT
wT 4/4 (32-96%) 4/4 (35-48%)
Atm 0/4 (0%} o4 (0%)

KSL calls {8 x 107 were incubated with SCF ang thrombopoietin and intected with retrovirus
camying TEAT/EGFP or EGFP. The enhanced lelomerase activity with exogenous TERT was
confirmed by lelomernc repeat amplfcation prolocol assay. Thasea cells iLyS.2) werg ransplanted
into Ly5.t mice along with 4 x 10° Ly5.1 BM MNGs, which served as compelitor celis. Haema-
1opoiic reconstitulion was confired by the detection of more than 1% donor-derfved penpheral
blood cells 16 weeks after transplaniation. The nfection efficiency of both retroviral vectors was 40—
50% of WT and Alm "~ KSL cells as evaluated by detection of EGFP expression.
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either anti-oxidative agent (Fig. 2b). To replicate this phenomenon
in vivo, we decreased the ROS in cells of 8-week-old Atm ™'~ mice by
the daily subcutaneous administration of NAC (100 mgkg ™' d™")
for 3 weeks., We found that the treatment of Atm =/~ mice with NAC
before transplantation improved haematopoictic reconstitution at
16 weeks after transplantation to a degree, but that total repopula-
tion was still significantly lower than when WT KSL were used
{Fig. 2c). Neither did NAC treatment of the recipient mice after
transplantation with Atm ™'~ KSL cells completely rescue recon-
stitution. However, when NAC was administered both before and
after BMT, the level of repopulation achieved was comparable to
that of the WT. Treatment with NAC either before or after
transplantation, or at both times, did not affect the repopulating
capacity of WT HSCs in our system (Fig. 2¢ and data not shown).
The rescued reconstitutive capacity of Atm ~'~ HSCs was confirmed
by the detection of donor-derived B cells, T cells and myeloid cellsin
recipient mice (data not shown). These results show that the
elevated ROS present in Atm ™~ mice are the primary cause of
the defective repopulating capacity of Atm ™'~ HS5Cs.

We next investigated whether long-term treatment with NAC
could prevent BM failure in older At ™'~ mice. NAC was admin-
istered daily to 4-week-old WTand Atm ~'~ mice until they reached
the age of 24 weeks. Although H,O, concentrations in Atm ™"~ KSL
cells were initially elevated over those in WT KSL cells, treatment
with NAC decreased H,O; concentrations to those in WT KSL cells
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Figure 2 The defect in Afm ~'~ HSC function is caused by elevated ROS. a, Increased
intracetlular ROS. Le#t, H,0; concentrations were determined by DGF-DA staining in
freshly isolated KSL celis from 8-week-old Afm *+'+ and Atmr =/ mice. Right, KSL cells
wiere a'so incubated with cytokines alone or with cytokines plus the anti-oxidant NAC.
Besults are expressed as mean fold increases *+ s.d. in intraceliufar ROS in cels in
comparison with Atm '+ cells incubated with cytokines aione (7 = 5). b, Restoration of
cofony formation after long-term cuiture with anti-oxidative agents. KSL cells were
culiured for 6 weeks on OP9 stromal cefls with or without 100 pM NAC or 100U mI ™'
catalase. Results are means * s.d. {# = 5). ¢, Restored haematopoietic reconstitution
i vive with NAC treatment. KSL celfs {5 X 10%) were isolated from 8-week-old Atm *'+
or Atm ™'~ mice that had been treated subcutaneously with NAC (100mg kg™ " d™ "} for
3 weeks (indicated as before BMT"). Some fecipient mice were alsa treated with NAC
after transplantation ["after BMT"). Results are mean percentages + s.d. of donor-derived
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cells at 16 weeks after fransplantation (n = 3). d, Reduction in infracefular ROS in wive
with NAC treatment. H,0, concentrations were determined in KSL cells from 24-week-otd
Atm ** and Atm ~'™ mice that had been either left untreated or treated with NAC for 20
weeks. Results are mean foldincreases % s.d. in H,0, ir comparison with At +* cellg
without NAG {7 = 3). e, Prevention of anaemia by treatment with NAC. Mean
concentrations = s.4. of haematocrit in peripheral bload of urtreated {iefl) or NAC-
Treated (ight) Atm*"* and Atm =~ mice of the incicated ages are shown (1 = 4).

1, Restored haematopoletic reconstitution in vivo with long-term freatment with NAC. KSL
cells (5 % 10% were isolated from 24-wesk-old At ™+ or Atm '~ mice that had been
treated with NAG for 20 weeks (indicated as ‘before BMT'). Sorme recipient mice were aiso
treated with NAC after transplantation (‘after BMT"). Results are mean

percentages *+ s.d. of donoe-derived cells at 16 weeks after transplantation (7= 3).
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from 24-week-old Arm ™' mice, as expected (Fig. 2d). Arm™'~

mice that received long-term treatment with NAC did not show
anaemia (Fig. 2¢), a decrease in progenitor colony-forming capacity
(Supplementary Fig. 6a), or reduced frequencies of stem cell subsets
(Supplementary Fig. 6b, ). We therefore concluded that the
observed decrease in ROS prevented BM failure in older Atm ™/~
mice, Although the HSCs of older Atmr ™'~ mice lose their repopu-
lating capacity even when NAC is given to recipient mice after
transplantation, a combination of long-term treatment with NAC
both before and after transplantation completely rescued stem cell
function (Fig, 2f), These results show that it is the elevation in ROS,
and not some other factor, that causes the defect in Atm ™'~ stem
cell function in vive.

To understand better how the elevation in ROS affects Atm ~
HSCs, we used polymerase chain reaction with reverse transcription
(RT-PCR) to compare the gene expression profiles of KSL cells
freshly isolated from the BM of 8-week-old WTand At ™'~ mice.
Several genes involved in the maintenance of the HSC compartment
were analysed, including HOXB4 {ref. 17), Bmi-1 {refs 18, 19) and
those encoding CDK inhibitors®?®', However, no obvious differ-
ences in gene expression were observed between WT and Arm /'~
mice (Fig. 3a). We next attempted to mimic transplantation
conditions by incubating KSL cells with cytokines in vitro for 2
days, followed by gene exgression profiling. The tumour suppres-

sors pl6™%* and p19**, which are generated by alternative

=
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Figure 3 Elevated ROS induces upreguiation of p16™“® and p19*% in Atm ~/~ KSL
celis. a, Normal gene expression profile in haematopoietic fractions of 8-week-gld

Atm ~'~ mice. One result representative of at least three tria's is shown. Lin, Lineage;
d.d.w., douhle-distilled water. b, Upregulation of p16™* and p19** expression in
cultured Atm ™'~ KSL cells in vitro. KSL cells were obtained fror B-week-old Afm *'*
and Atm ~'~ mice, and gene expression profites were determined in KSL cefls that had
been either frashly isolated {Cont.), incubated with cytokines alone (NAC — arincubated
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splicing from the INK4z locus®, were highly elevated in Atm ™/~
KSL cells under these conditions (Fig. 3b). In contrast, p21"AF<™#
and p27¥™", which are members of a different CDK inhibitor
family, were not affected (Fig. 3b and data not shown). Treatment
with NAC abrogated the upregulation of pl6™** and p19**"
expression in Atm ~'" KSL cells in vitro (Fig. 3b), indicating that
the elevation of ROS that occurs in the absence of Atm controls
p16™ and p19**F expression as well as repopulating capacity. To
investigate whether p16™** and p19*** were similarly affected
in vivo, we analysed gene expression profiles of immature haema-
topoietic cell populations (the KSL and Lineage™ fractions) in
24-week-old Arm '™ mice with BM failure. The expression levels
of both p16™** and p19™"*" in A ™'~ cells were significantly
higher than those in the WT {Fig. 3¢ and Supplementary Fig. 7}.
Furthermore, long-term treatment with NAC decreased the
expression of pl6™ " and p19** in 24-week-old Atm ~'"KSL
cells in vivo (Fig. 3d and Supplementary Fig. 7). Upregulation of
p16™%% and p19**F by the loss of Bmi-1, a transcriptional
repressor of the p16™%* and p19**F genes®, led to defective sclf-
renewal of adult HSCs and neural stem cells, but was less critical for
the generation of the differentiated progeny of these cell types'st*24,
We therefore speculated that the increased ROS present in Arm ™/~
mice miﬁ(ht cause the loss of the HSC pool through the upregulation
of p16"™%4% and p19**,

To test this hypothesis, we reduced pl16™5 and pl19**”

b At Atm-

Con
1
+
Cont.
]
+
d.d.w.

3

-
o [ ————
i
—————— ]

G3IPDH

d Atrrys+ At

5
.d.w,

1
+
1
+
d

T
%
:

p1gARF

G3IPDH

wilh cytokines plus NAC (NAC + ). ¢, Upregutation of p16™“ and p19*% expression in
KSL cells from aged Aim '~ mice. Gene expression profiles of KSL celts from 24 -week-
ofd Atm '+ and Atm ="~ mice are shown. d, Restoration of normal p16™* and p19°*
expression in viva by NAC treatment. Gene expression profiles were determined in

KSL ceils from 24-week-old Atar ~'~ mice that had been either left untreated or treated
with NAG for 20 weels. G3PDH, glyceraldehyde-3phosphate dehydrogenase.
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expression in KSL cells bL the retroviral introduction of Bmi-1.
Normalization of p16™*™ and p19*** expression by the over-
expression of Bmi-1 was confirmed by RT-PCR (Fig. 4a). Trans-
plantation of WT KSL cells expressing either Bmi-1 or the control
vector enhanced green fluorescent protein (EGFP} reconstituted
donor-derived haematopoiesis in recipient mice. However, trans-
planted Asm ™'~ KSL cells could restore HSC repopulating capacity
in the recipient only when the cells were infected with the Bmi-1-
expressing retrovirus and not with the control EGFP-expressing
retrovirus (Fig. 4b). These results indicated that upregufation of
either p16™5™ or p19**" causes the defective stem cell function
observed in Atm ~'™ mice. It has been shown that upregulation of
p167%% inhibits the phosphorylation of Rb family members (that
is, it inhibits the inactivation of Rb function), whereas upregulation
of p19*** inhibits the degradation of p53 protein®. To identify
which pathway, pl6™**-Rb or p19***p53, governs stem cell
function, we inhibited the function of Rb family members or p53
by infecting Atm ™'~ KSL cells with a retroviral vector expressing
human papilloma virus type 16 E7 and E6, respectively”. The
overexpression of E7, but not E6, restored the repopulating capacity
of Atm ™'~ HSCs, indicating that it is the p16/"**_Rb pathway that
contributes to defective stem cell function in response to the
elevated ROS in Atm ™'~ HSCs (Fig. 4c).

Haematopoietic progenitors have a high replicative potential and
express telomerase to protect the ends of their chromosomes. As an
animal ages, the telomeres undergo erosion. H5Cs can also undergo
telomere shortening, as reported in an examination of the serjal
transplantation of HSCs™. Accelerated telomere erosion due to the
loss of Terc resulted in a decrease in the long-term repopulating
capacity of these HSCs”**. However, overexpression of TERT in
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Figure 4 Activation of the p16™*2-Rb pathway causes the defect in stem ce! function in
Atm ~' mice. a, b, Rastored hasmatopeietic reconstitution in vive by overexpression of
Bmi-1. KSL cells (5 > 10% isolated from 8-week-old Alm ™'+ or Atm ™'~ mice were

infected with retrovirus carrying Bmi-1/EGFP or EGFP alone, The expression of p16™%%
and p19*Fin infected EGFP™* KSL calls collected by flow cytometry were evaluated by
RT-PCR (a). b, Recipient mice were transplanted with the Atm *'+ or Atm ~'~ KSL cefls
from a in competifion assays. Results are mean percentages =+ s.d. of donor-derived

cells at 16 weeks after transplantation (7 = 3}, ¢, Restored hasmatopoietic reconstitution
irt vivo by overexpression of E7. Recipient mice were transplanted in competition assays
with Atm ~'~ KSL cefis infected with retrovirus carmying efther £6, E7 or EGFP as showniin
b {n = 3}, d, Proposed modef for a role of ATM in the mairtenance of HSC seif-renewal.
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mouse HSCs to prevent telomere ercsion has no effect on the
longevity of these cells®, indicating that telomere-independent
mechanisms might regulate the self-renewal of HSCs. Indeed, our
study supports a model in which HSC self-renewal is regulated by
ROS, which are in turn controlled by ATM (Fig. 4d). Although there
are discrepancies between the phenotypes of patients with ataxia—
telangiectasia and Atm ™'~ mice, we believe that our results shed
light on a possible ATM function on the self-renewal of human stem
cells and that the defect in HSC capacity might kink to ataxia~
telangiectasia pathophysiclogy. The recovery of HSC function by
treatment with NAC indicates that patients with ataxia—telangiec-
tasia might benefit from the administration of anti-oxidative agents
as a pharmaceutical treatment. Qur work could have repercussions
outside the field of haematology, because the signalling pathways
regulating stem cell self-renewal might also be used by cancer cells to
drive malignant proliferation®™. The idea leads to the intriguing
notion that tumour suppressors might participate in the regulation
of stem cell function. It supports a model in which master regulator
molecules govern the disparate processes of stem cell self-renewal,
normal ageing and tumour development, a

Methods

Mice

Atm™' mice were a gift from P. I. McKinnon (St Jude Children’s Rescarch Hospital,
Memphis, Tennessee). Offspring of these mice were genotyped by PCR-based assays with
mouse tail DNA, Littermates were used as controls in all experiments. C57BL/6 mice
congenic for the Ly5 locus (B6-Ly5.1} were purchased from Sankyo-Lab Service.

Long-term cuftures and cofony-forming assays

For long-term cultures, BM MNCs or KSL cells were co-cultured with OP9 cells in MEM
(Sigma) containing 12.5% fetal calf serum (JRH Biosciencel, 12.5% horse serum {Gibco
BRL) and ] nM dexamethasone, Afier 2, 4 or 6 weeks of culture, cefls were harvested and
used for haematopoietic colony-forming assays. Methykellulose colony-forming assays
were performed with 20 ngml ™' SCF (PeproTech EC Ltd), 20 ngml™" interleukin-3
{PeproTech EC Ltd), 2Uml ' erythropoietin (Chugai Pharmaceutical Co., Ltd) as
described previously', For some experiments, 100 M NAC (Sigma) or 106 Uml ™!
catalase (Sigma) was added to long-term cultures,

Flow cytometry

The following monoclonal antibodies {mAbs) were used for flow cytometric analysex:
mAbs against c-Kit (2B8), Sca-1 (E13-161.7), CD4 (L3T4), CD3 (53-6.72), B220
(RA3-6B2), TER-119, Gr-1 (RB6-8C5), CD34 (RAM34}, Thyl (53.2.1}, anti-Mac-|
(M1/70) and Tie2 (TEK4}. Al! mAbs were purchased from BD. A mixture of mAbs against
CD4, CD8, B220, TER-119, Mac-1 and Gr-¥ was used as a lineage marker (Lincage).

Competitive reconstitution

Lethally irradiated C57B1/6-Ly5.1 congenic mice were competitively reconstituted with
42 10° BM MNCs or KSL cells from Atm ™ or At ! mice (1y5.2), in competition
with 4 X 10° BM MNCs from C57BI/6-1y5.1/5.2 mice. Reconstitution of danor (Ly5.2)
myeloid and lymphoid cells was monitored by staining blood cells with antibodies against
Ly5.2, Ly5.1, CD3, B220, Mac-} and Gr-1.

Retroviral transduction

Retroviral genc transductions of cDNAs enceding mause TERT, Bmi-1, E6 or E7 were
performed with the retraviral vector pMY/IRES/EGEP. KSL cells (5 X 10%) from At ™'+
of Atm ™" mice were incubated for 24 b with 100 ngml ™' 5CF and 100 ngml ™!
thrombopaoictin followed by incubation for 48 h with retrovirus. The infected KSL cells
were transplanted into lethally irradiated Ly5.] mice along with 4 X 10° competitor BM
MNCs. The efficiency of gene transduction was evaluated by expression of EGFP.

Analysis of intraceliutar ROS

NACwas dissolved in saline solution at pH 7.0. For experiments in vivo, mice were injected
subcutaneously once daily with either NAC (100 mgkg ™'} or saline solution. For
experiments i vitro, cell cultures were treated with 100 uM NAC. To assess the generation
of ROS in KSL cells, freshly isolated K5L cells (5 x 10%) were incubated for 2 days cither
with cytokines (100 agm]™' SCF and 100ngm! * thrombopoietin) alone, or with
cytokines plus 100 uM NAC. Samples of the cultures were loaded with 5puM DCF-DA
(Sigma) and incubated on a shaker at 37°C for 30 mir. The peak excitation wavelength for
oxidized DCF was 488 nm and that for emission was 525 nm,

RT-PCR

cDNAs were reverse-transcribed from total RNA prepared from 5 x 10" KSL, Lineage or
Lincage™ cells. For some experiments, c<DNA was prepared from KSL cells that had been
freshly isolated and incubated for 2 days with cytokines {100 ngmil ™' SCFand 100 ngmt ™'
thrombopoictin) alone, or with cytokines ptus 100 gM NAC. Primer sequences are shawn
in Supplementary Table 1.
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Statistical analysis

P values were calculated by unpaired Student’s 1-test.
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Gfi-1 restricts proliferation and
preserves functional integrity
of haematopoietic stem cells

Hanno Hock'2>, Melanie J. Hambfen'*, Heather M. Rooke'*,
Jetfrey W. Schindler', Shireen Saleque’, Yuko Fujiwara™*
& Stuart H. Orkin'*

Division of Hematology/Oncolagy, Children’s Hospital, 2Department of Medical
Oncology and * Departinent of Pediatric Oncology, Dana Farber Cancer Institute,
Harvard Medical School and the *Howard Hughes Medical Institute, Boston,
Massachuserts 02115, USA

Haematopoietic stem cells (HSCs) sustain blood production
throughout life. HSCs are capable of extensive proliferative
expansion, as a single HSC may reconstitute lethally irradiated
hosts’. In steady-state, HSCs remain largely quiescent and self-
renew at a constant low rate, forestalling their exhaustion during
adult life*’. Whereas nuclear regulatory factors promoting pro-
liferative programmes of HSCs in vivo and ex vive have been
identified**, transcription factors restricting their cycling have

-

1.28*

+H+ =
{Lin-, Scat*, c-kit*, Fit3}

Figure 1 Immunophenctypic analysis of HSCs in Gfi-1 =/~ mice. a, Frequency of Lin ™,

Scal™, c-kit* cells is elevated in Gfi-1 ="~ (—/—) mice compared with wild-type
litermates {+/+}. Left plots show lineage gates; standard deviation {5.d.):

+/+ =0.185, —/— = 0.16. Asterisks indicate percentage of bone marrow. Middle
plots identify Lin ™, Scal ™, c-kit* cells; s.d: + /+ = 0.0045, —/— = (.0016. Right
plots demonstrate that Fit3 expression fred; isotype-matched contro! is black) within Lin™,
Scal™, c-kit™ cells s reduced in 67 ~'~ mice; s.d.; + /4 = 3.8, —/— = 2.9.Plots
fram one representative animal of four are shown; numbers are averages (7 = 4). b, Total
number of long-term repopulating HSCs, as average per animal {wo tibia and fibula) and
s.d. (n= 4), age ~4 weeks.
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Spontaneous and Radiation-induced Leukemogenesis of
the Mouse Small Eye Mutant, Pax6°2°H

Yumiko NITTA'*, Kazuko YOSHIDAZ Kenichi SATOH?, Kei SENBA*,
Naomi NAKAGATA?, Jo PETERS® and Bruce M. CATTANACH?

Chromosome deletion/Acute myeloid leukemia™Co gamma rays/Mouse small eye mutant/Pax6°H,
Allelic loss on the chromosome 2 is associated with radiation-induced murine acute myeloid leukemia.
However, the gene, which contributes mainly to the leukemogenesis has not yet been identified. Expecting any
predisposition to acute myeloid leukemia, we performed a radiation leukemogenensis experiment with
Paxt*?%, one of the small eye mutants carrying a congenital hemizygosity of the chromosome 2 middle
region. A deletion mapping of Pax6* with 50 STS markers indicated that the deleted segment extended
between the 106.00 and 111.47 Mb site from the centromere with a length of 5.47 Mb. In the deleted segment,
6 known and 17 novel genes were focated. Pax6™*H mutants that crossed back into C3H/He did not develop
myeloid leukemia spontaneously, but they did when exposed to gamma-rays. The final incidence of myeloid
leukemia in mutants (25.8%) was as high as that in normal sibs (21.4%}). Survival curves of leukemia-bearing
mutants shifted toward the left (p = 0.043 by the Log rank test). F1 hybrids of Pax6™* with JF1 were less sus-
ceptible to radiation than Pax6***" onto C3H/He in regard to survival (p = 0.003 and p < 0.00001 for mutants
and normal sibs, respectively, by a test of the difference between two proportions). Congenital deletion of the
5.47 Mb segment at the middle region on chromosome 2 atone did not trigger myeloid stem cells to expand

Regular Paper

clonally in vivo; however, the deletion shorteut the latency of radiation-induced myeloid leukemia.

INTRODUCTION

It is well known that leukemia occurs more frequently
ameng atomic bomb survivors than in the general popula-
tion." Clinical, cytogenetic, and molecular-genetic examina-
tions indicated that complex chromosome abnormalities
without a specific type of translocation and a high incidence
of genetic instability of leukemic cells were characteristic to
radiation-related acute myeloid leukemia in humans.®

To clarify the mechanism of leukemogenesis, the experi-
mental model is useful. Hayata et al. reported the high sus-

*Corresponding author: Phone/Fax: +81-82-257-5877,
E-mail: yumiko@hiroshima-v.ac.jp

International Radiation Information Center, Research Institute for Radiation
Biology and Medicine, Hiroshima University, Kasumi, Minami-ky,
Hiroshima 734-8553, Japan; *Radiation Hazards Research Group, National
Institute for Radiological Science, Anagawa, Inage-ku, Chiba 263-8555,
Japan; *Division of Bio-Medical Informatics, Research Instimte for Radiation
Biology and Medicine, Hiroshima University, Kasumi, Minami-ku,
Hiroshima 734-8553, Japan; *Division of Developmental Genetics, Institute
of Molecular Embryclogy and Genetics, Kumarmoto Uf:ivcrsity, 2-2-1 Honjo,
Kumamote 860-0811, Japan; *Divigion of Reproductive Engincering, Insti-
tute of Resource Development and Analysis, Komamoto University, 2-2-1
Honjo, Kumamoto 860-0811, Japan; and *Mammalian Genetics Unit, Medi-
cal Research Council, Harwell, Didcot, OXON OX11 ORD, UK.

ceptibility of C3H/He mice to myeloid leukemia and the
consistent occurrence of the deleted chromosome 2 in mouse
myeloid leukemias.>® Since this publication, there have been
three independent articles that demonstrated the occurrence of
the deleted chromosome 2 in mouse radiation-induced acute
myeloid leukemia).™ Alexander et al. reported the com-
monly deleted region of 6.5 cM from markers D2Mit214 to
D2Mit395, where Wil and Pax6 genes located.? Silver et al.
reported the minimal deleted region for radiation-induced
acute myeloid leukemia on chromosome 2.¥ The interval was
I ¢M between markers D2Mit126 and D2Mitl85, in which
Wel and Pax$ genes were involved. The genes flanking the
SFFV proviral integration 1 (Sfpil) were suggested to work
tumor suppressive in leukemogenesis in accordance with the
chservation of homozygous deletion, Rithidech et al. reported
another commonly deleted region on chromosome 2. The
interval was 4.6 cM between D2Mir272 and D2Mit394, in
which Wil and Pax6 genes existed.

WAGR (Wilms® tumor, aniridia, genitourinary anomalies,
mental retardation) syndrome is one of the well-known con-
genital disorders, patients of which have carried the simulta-
neous deletion of PAX6 and WT! (OMIM#194072). Mouse
small eye mutants, Pax6™*, Pax6™™¥ and Pax6*> are ani-
mal models of the WAGR syndrome, characterized by the
genomic deletion at the two genes’ locus and by the small eye

J. Radiat. Res., Vol. 45, No. 2 (2004); hetp:/fjrr. jstage jst.go jp

- 151 —



246 Y. Nitta ef al.

phenotype.' It is of great interest whether the congenital
deletion of Wil and Pax6 predisposes mice to acute myeloid
leukemia. If deletion mutants developed acute myeloid leuke-
mia, and if any mutation was found in the monoallelic genes
of myeloid leukemia cells, it could be possible to identify the
gene responsible for leukemogenesis. Therefore we have
tested the susceptibility of Pax¢>**¥ to radiation by using the
established system for the induction of acute myeloid leuke-
mia.'"

MATERALS AND METHODS

Mice

Frozen embryos of the Pax6%## hemizygous mutant were
purchased from MRC (Harwell, OXON, UK), and mutants
have been maintained by crossing with C3H/He (Charles
River Japan Inc.).'? Offspring from the third generation were
used for experiments. F1 hybrids backcrossed with C57BL/
6N, BALB/C (Charles River Japan Inc.), or JF1 (National
Institute of Genetics, Mishima, Japan) were used for deletion
mapping. Paxt®** mice of the 3rd and 4th generations (C3H
X Pax6*¥y and F1 hybrid mice between Pax6*¥ and JF1
(JF1 x Pax6*1y were used for the tumorigenesis experiment.

Animal studies were carried out under guidance issued by
the Research Institute for Radiation Biology and Medicine in
Responsibility in the Use of Animals for Research.

PaxG®" was selected for testing because the deleted
region was shortest among the three small eye mutants
according to the previous report based on the cytogenetic
examination,'” The mutant with the shortest deletion was
endowed with high fertility and viability. These two factors
were very important for the completion of the carcinogenesis
experiments using mutant mice. '

Genotyping the mutant

DNA was prepared from the tail tips by use of a DNA rapid
extraction kit (Qiagen, Hilden, Germany). The SSLP markers
used were Mit markers. The marker set used was D2Mir354,
D2Mii219, D2Mi435, D2Mirl83, D2Mi436, D2Mir220,
D2Mir126, D2Mitl4, D2Mirl5, D2Mi302, D2Mi253,
D2Mir186, D2Mir351, D2Mit350, D2Mit386, D2Mir303,
D2Mitl41, D2Mir221, D2Mit385, D2Miti84, D2Mit437,
D2Mir249, D2Mir251, D2Mir250, D2Mit477, D2Mit333,
D2Mir42, D2Mi99, D2Mi442, D2Mir387, D2Mitl85,
D2Mii28, D2Mirl00, D2Mi206, D2Mi211, D2Mit58,
D2Mit480, D2Mird82, D2Mir207, D2Mit]02, D2Mit103,
D2Mi398, D2Mi278, D2Mitd87, D2Mir304, D2Mir224,
D2Mit258, D2Mit78, D2Mit353 and D2Mitl13. The sequence
was obtained from the Whitehead Institute for Biomedical
Research/MIT Center for Genome Research (http://
www.genome. wi.mit.edw/), and their primers were obtained
from Greiner Bio-One Ltd., Japan. The cycling conditions for
the PCR were 40 x (1 min at 95°C, 1 min at 42°C, and 2 min
at 72°C).'? Aliquots of the 10 micro 1 of products were sepa-

rated by electrophoresis on the 3% agarose gel.

Tumorigenicity test

The gamma-irradiation emitted from the ®Co source (Shi-
madzu, Japan) was performed on the whole body at the age of
13 weeks. The exposure was single with a dose of 3.0 Gy ata
rate of 68.7 cGy/min.'"? The tumorigenicity has been ob-
served for 24 months. '

Histopathological analysis.

The mice were autopsied when moribund, exhibiting ane-
mia with palpable spleens, or at the age of termination, 24
months. The main organs and tumor tissues were fixed in
10% phosphate-buffered formatin, dehydrated with alcohol,
embedded in paraffin wax, sectioned 4 micro m thick, stained
with hematoxylin and eosin, and observed pathologically.
The intestines from stomach to colon were sliced into serial
sections 4 micro m thick for the examination of umor multi-
plicity.

A standard avidin-biotin complex technique was performed
for the peroxidase in the hematopoietic tumor cells in liver.'®
Polyclonal antibodies to peroxidase (MBL Inc., Japan) were
used as the primary antibody at a titer of 1:1000,

Statistical analysis

Survival curves were prepared by the Kaplan-Meier
method.' The difference between survival curves was evalu-
ated by use of the Log rank and Wilcoxson test. Survival pro-
portions and incidences of tumors at the age of 24 months
were compared statistically by a test of the difference
between two proportions.
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Fig. 1. The cytogenetic map of chromosome 2 combined with the
genomic map of the deleted segment of Pax6*", Base number was
counted from centromere. Circles, indicated novel genes.
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Fig. 2. a: Nonparametric Kaplan-Meier survivals of (C3H X of Pax6***¥) mice. Numerical characters in the figure represent cumulative sur-
vival ratios at the age of 24 months: 088, 0.57,0.05, and 0.10 for non-treated normal sibs, non-treated mutants, gamma-irradiated normal sibs,
and gamma-irradiated mutants, respectively. The difference between the curve of gariima-irradiated mutants (— - —) and that of gamma-irra-
diated normal sibs (— --- —) was significant by the Wilcoxson test (7 = 0.006). b: Nonparametric Kaplan-Meier survival curves of (JF1 %
Pax¢®¥fy mice, Numerical characters in the figute represent survival proportions at the age of 24 months: 0.94, 095, 0.57, and 0.47 for non-
treated normal sibs, non-treated mutants, gamma-irradiated normal sibs, and gamma-irradiated mutants, respectively.

Table 1. Tumor spectrum of Pax6>*# mice.
Genetic background (%) C3H/He (93.55) JF1 (50.0)

Treatment Nene Co-60 None Co-60

Genotype* +del +H+ +/del ++ +/del +H+ +/del ++
Number of mice examined . 14 17 31¢ 42¢ 16 19 30 28
Number of mice bearing tumors 5 5 25 2 2 0 22 12
Number of tumors observed 5 5 28 33 2 0 25 12 .
Hematopoietic systems (%) . 0 1(5.9) 14 (45.2) 11(26.2) 0 0 3(10.y 2(7.1)
Intestinal tract (%) 4286 © 8(25.8)¢ 0 0 0 62000 1(3.6)
Pancreas (%) 0 0 0 0 0 0 3¢(100y O
Liver (%) 1(7.1) 3(17.6) 4(12.9) 10(23.8) 2(125) O 7(23.3) 7250
Others (%)* 0 1(5.9) 2(6.5) 12 (28.6) 0 0 602000 2(7.D

*+/del, hemizygous mutants; +/+, normal sibs. *Included tumors in the lung, ovary, and soft tissue. The percent of each tumor was given
by [number of tumor-bearing mice/total number of mice] x 100. *Five mice (3 females and 2 males) autopsied before 24 months of age
did not carry tumors. Atrophy of the spleen (2 cases), pancreatitis (2 case), and fatty degeneration of the pancreas (1 case) have been
observed, “Ten mice (6 females and 4 males) autopsied or necropsied before 24 months of age did not carry tumors. Two males were
found dead. Causes of their death were unknown. Atrophy of the spleen (2 cases), abdominal nodule of the degenerated adipose tissue (1
case), ovarian cysts (2 cases), endometrial cysts (2 cases), and hydronephrosis (1 case) have been observed. °p = 0.002 when the differ-
ences of tumor proportions between mutants and normal sibs were compared.

17 novel genes located
(hiep://www.ensembl.org/Mus_musculus/geneview). The
deleted segment of Pax6™? was found to be longer than that
previously reported (http://mrcseq.har.mrc.ac.uk/
chr2map.html) by 2.27 Mb. Five genes, Fshb, Kcnad, and

RESULTS

Deletion region of the mutant
Deletion mapping was performed to define the deleted

ends. The deleted segment was between markers D2Mit477
and D2Mie480 (Fig. 1). The interval was 5.47 Mb between
106.00 Mb and 111.47 Mb from the centromere, in which the
six known Wilms” tumor 1 (Wtl), reticulocarbin (Ren}, paired
bex gene 6 (Pax6), elongation protein homolog 4 (Elp4), fol-
licular stimulation hormone beta (Fshb), and potassium chan-
nel voltage-gated shaker-related super family 4 (Kenad) and

three novel genes, located within the segment (Fig. 1).

Myeloid leukemogenicity of (C3H x Pax6°9%) mutants
Survival proportions at the age of 24 months were 0.57 and
0.88 for mutants and normal sibs, respectively, in non-treated
groups (Fig. 2-a) (not statistically significant). The final sur-
vival proportion for mutants (0.10) was not different from that
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Table 2. Pathological diagnosis of hematopoietic fumors in Pax5*>* mice.

Genetic background (%) C3H/He (93.5%) JF1 (50.0)
Treatment None Co-60 None Co-60
Genotype (number of mice)* +/del ++ +idel +H+ +/del ++ +/del ++
(14 amn 3D (42) (16) (19) (30) (28)
Thymic lymphoma (%) 0 0 3097 1(2.4) 0 o 1333) 0
Nonthymic lymphoma (%) 0 1{(59) 397 0 0 0 0 1(3.6)
Myeloid leukemia (%)} 0 0 8 (25.8) 921.4) 0 0 2(6.7) 1{(3.6)
Erythroleukemia (%) 0 0 0 1(24) 0 0 0 0
*+/del; hemizygous mutants, +/+; normal sibs. % was given by (number of tumor bearing mice/total number of mice) x 100.
Table 3. Tumor latencies.
Genetic background (%) C3H/He (93.55) JF1 (50.0)
Groups Treatment None Co-60 None Co-60
Genotype +del ++ +/del +H+ - +/del ++ +/del ++
Hematopoietic tumors® - - 348341010 472.1£119.2 - - 3203+633 356
Tumor latency® Myeloid leukemia - - 3425+ 114.7° 464211262 - - 356 310
(days, mean Hematopoietic tumors - - 31421888 508.0+107.7 - - 249 402
8D} except myeloid
leukemia
Intestinal tumor 295 - 401.5+134.5 - - - - 45631490 568

*Latencies (mean  SD) of mice autopsied before 24 months of age. * Including myeloid leukemia. p = 0.043 when compared to normal

sibs by the Log rank test.

Table 4. Sex bias on myeloid leukemogenesis.

Groups Tumor incidence (%) per:
Number of Tumor latency
Genotype . Sex (.number tumors Genotype Sex Genoq?e gr(.)up (days, mean = SD)
{number of mice) of mice) group? (sex ratio-adjusted)®
+/+ (42) Female (18) 3 214 16.7 20.8 4824+ 1314
Male (24) 6 250 4547+1353
+/del (31) Female (19) 6 258 31.6 24.1 333.0+1322
Male (12) 2 16.7 371

*Number of tumor-bearing mice/total number of mice. *Average of tumor incidences of the females and males.

of the normal sibs (0.05) in the gamma-irradiated groups.
However, the survival curve of the mutants shifted toward the
left with the higher decrease of survival proportion at young
ages (p = 0.006 by the Wilcoxson test). There was no bias of
sex on any survival curve in Fig 2-a.

Mutant mice did not develop hematopoietic tumors spornta-
neously, but they did when y-irradiated (Table 1). The devel-
opment of myeioid leukemia was radiation specific, and the
final incidence of myeloid leukemia for mutants (25.8%) was
as high as that for normal sibs (21.4%) (Table 2). The cumu-
lative survival curve of mutants bearing myeloid leukemias
shifted toward the left when compared to that of normal sibs
(p =0.043 by the Log rank test) (Table 3). The mean latencies
of myeloid leukemia were 342.5 and 464.2 days for mutants
and normal sibs, respectively,

There was no bias of sex on any survival curve; however,
myeloid leukemias developed in female mutants with a high

incidence (6 out of 8, or 75.0%) (Table 4). The incidences of
myeloid leukemia in a comparison between sex-adjusted and
non-adjusted, values were similar. The mean latency of mye-
loid leukemia for female mutants (330.0 days) was short,

Myeloid leukemoginicity of (JFI x Pax6%7H) murants

The survival proportion of mutants was as high as that of
normal sibs at the age of 24 months in the non-treated and
gamma-irradiated groups (Fig. 2-b). Spontaneous hematopoi-
etic tumors were not observed (Table 1). The incidences of
myeloid leukemia were 6.7% and 3.6% for mutants and nor-
mal sibs, respectively, in the gamma-irradiated groups (Table
2).

With regard to the genetic background in normal sibs, the
survival proportion of gamma-irradiated (JF1 x Pax®@3#) at
24 months of age (0.57} was higher than that of irradiated
(C3H x Pax66%H) (0.05} {p < 0.00001 by a test of the differ-
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Table 5. A comparison of commonly deleted regions on mouse chromosome 2.
Number of Chromosome 2 deletion
Reference . leukemia Marker position
(number) Genetic background examined Chromosome STS marker by 1;;;[15;?
(deleted/total) "Bang  ength (cM)  Proximalend Distalend  Proximalend Distal end
Hayatz (6) C3H/He 49/52 C,D - - - - - _
Alexander (7) SJL/I x CBA 2222 D-E4 6.5 D2Mi214  D2Mit395 85.5 121.1 356
Silver (8) CBA, C3H 5/5 C2-H4 1.0 D2Mil26  D2Mit185 85.5 1070 215
Rithidech (9} BALB/cJx CBA/Cal  8/8 D-E 4.6 D2Mit272  D2ZMi3o4 918 118.7 269
Ban (16) C3H/He* 21 El° - D2Mitl5 - 931 - 0.1
Nitta(12)  C3H/He 97105  EI° - D2Miti5 - 93.1 - 0.1
Paxt™¥ (3) 101 x C3H/He - E3 - D2Mird77  D2Mir480 106.0 111.5 55

*Present manuscript. *Carrying & null mutation in one allele of the TrpS3 gene. “from web (http://www.ensembl.org/Mus_musculus/gene-

view).

ence between two proportions) (Fig. 2-a and b). Also, the sur-
vival proportion of gamma-irradiated (JF1 X Paxg™)
mutants (0.47) was higher than that of (C3H x Pax6™%)
{0.10) (p = 0.003 by a test of the difference between two pro-
portions).

Intestinal tumorigenicity of the mutant

The mutants of (C3H x Pax6™) developed intestinal
turnors spontaneously (Table 1). Because these tumors were
found at the age of 24 months without any clinical sign (3 of 4
cases, or 75%), the development of these tumors had no influ-
ence on the survival proportion. Radiation did not raise the
incidence of intestinal tumors in mutants, nor did it induce the
turmnors in normal sibs (Table 1). Tumor latencies were not
comparable because the number of mice that developed the
tumor before the age of 24 months was only one (Table 3).
Cumulative survival curves drawn by the Kaplan-Meier
method with the parameter of intestinal tumors showed no
statistically significant difference between the non-treated and
the gamma-irradiated groups (data not shown).

In cases of the (JF1 x Pax6®*") mutants, intestinal tumors
were found when gamma-irradiated (Table f). Three of 6
cases (50%) were found at 24 months of age with no clinical
sign.

No case developed with both myeloid leukemia and intesti-
nal turnors simultaneously (Table 1).

DISCUSSION

After the complete sequence of mouse genome in 2002, it
became possible to get the positional information for each
gene or each STS marker on each chromosome (http://
www .ensembl.org/Mus_musculus/geneview). Table 5 sum-
marizes the genomic information about the deleted segments
of chromosome 2 associated with mouse acute myeloid leu-
kemia. The congenitally deleted segment of Pax6" was
found to cover 15.4-25.6% of deleted segments reported in
the radiation-induced myeloid leukemia.™® Qur result indi-

cated that a congenital hemizygosity of the short segment of
PaxG® alone was not enough for the development of mye-
loid leukemias. When the hypothesis that the tumor suppres-
sor gene controls the radiation-induced myeloid leukemo-
genesis is supported, no gene responsible for leukemogenesis
is within the deleted region.

Another hypothesis for mouse radiation leukemogenesis is
that the radiation-induced genetic instability is causal.'*'?
Under this viewpoint, the length of or genes in the hemizy-
gous segment must be considerable. As the segment of 5.47
Mb occupied the utmost 3.02% of the whole genome of chro-
mosome 2 (181,11 Mb}, the length could be too short to force
chromosomes unstable. There are several genes whose haplo-
insufficiency caused chromosomal instability.'®*® The partial
deletion of chromosome 2 observed in Ieukemia cells from
mutant mice with a null mutation in one allele of the Trp53
gene could be explained as an example of chromosomal insta-
bility caused by the Trp53 haploinsufficiency (Table 5).19

It was unclear whether the shortening of leukemia latency
observed in gamma-irradiated mutants was extraneous to or
coincidental with the shortening of lifespans. However, when
the values were compared by sex, a high incidence and a short
latency of myeloid leukemia were found in female mutants.
In consideration of the higher susceptibility in males than in
females having resulted in the same system of radiation-
induced myeloid leukemogenesis,™ the cause of this reverse
susceptibility in  Pax6™™ was speculated as follows.
Pax6%% mutants could be susceptible to radiation-induced
myeloid leukemogenesis. A much higher frequency in male
mutants than in females (31.6%) had been expected; however,
it was inhibited by another factor, such as the epigenetic sta-
tus of the chromosome. The deleted allele of Pax6®# was
paternal in the present experiment. Therefore the epigenetic
status of the monoallelic region as well as the whole chromo-
some 2 in mutants should be different from those in normal
sibs.

Unfortunately, a trial to produce Pax6*¥ carrying the
maternally transmitted mutated allele failed. Because the fer-
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tility of the Pax6™¥ female was very low, it took a long time
to get a proper number of mutants for testing. Furthermore,
the mortality of newborn mutants was high because of the
growth retardation during embryogenesis. A kind of haploin-
sufficiency of the Fshb gene locating within the monoallelic
segment (http://www.ensemblorg/Mus_musculus/geneview)
must have had an influence on the reproductive system of
female mutants. A preferential loss of maternally transmitted
allele was reported in the CBA/H mouse model of radiation-
induced acute myeloid leukemia.?® The loss of imprinting of
the insulin like growth factor II gene triggered acute myeloid
leukemia??

The spontaneous development of intestinal tumors in
Pax6®>** was unique. There has been no report in which any
of the six known genes in the deleted segment were associ-
ated with intestinal tumors, No gene whose mutations devel-
oped intestinal tumors spontaneously with a high frequency
were lecated on chromosome 2 (Category of Mouse Tumor

Biology, http://tumor.informatics.jax org).**" Intestinal.

turnorigenesis was not promoted by radiation, although the
age at exposure was unsuitable for the induction of solid
tumors. It is conclusive that intestinal tumorigenesis of
Paxt**" may be ignored in the discussion of myeloid leuke-
mogenesis, which has been tested under the established sys-
tem.'?

Higher proportions of the cumulative survival observed in
(JF1 % Pax6%) than those in (C3H x Paxt6°"¥) arz most
likely caused by two factors: the advantageous effects of
hybrid and the genetic factor from JF1, one of the wild mouse
strains, Because we have not yet examined radiation leuke-
mogenesis with the Pax6%% mice backcrossed into JF1, we
have been unable to evaluate whether these high survival
ratios of (JF1 x Pax6°*¥) are intermediate between the values
of Pax6*%¥ onto C3H/He and those onto JF1,
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