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Thirty-five years ago, Siminovitch et al. (Siminovitch L, Till JE,
McCulloch EA. J Cell Com Physiol 64:23-32, 1964), using seri-
ally transplanted mouse spleens at 14-day intervals, observed a
markedly progressive decline In the proliferative capacity of
bone marrow (BM) cells, with the loss of clonogenicity by the
fourth transplant generation. Using the same protocol, we as-
sessed the proliferative capacity of p53-deficient mouse BM
cells transplanted serlally at the same 14-day intervals Into le-
thally irradiated mice, which was a useful tool for understand-
ing the characteristics of hemopoletic stem cells lacking solely
the p53 gene function. BM cells from p53-deficient homozygous
(p53~-), p53-heterozygous (p53*-), and wild-type (p53*/)
C57BL/6 mice were transplanted into lethally irradiated C57BL/6
recipients. Fourteen days later, the repopulated spleens were
harvested, and 107 cells were retransplanted into secondary
recipients. Serlal transplantation was continued at 14-day inter-
vals until hemopoietic repopulation failure. The number of het-
erozygous and homozygous p53-deficient spleen cells in-
creased logarithmically up to the fourth and fifth passages, re-
spectively, whereas wild-type spleen cells ceased to proliferate
by the third passage. The number of macroscoplic spleen colo-
nies Increased logarithmically until the third passage in reclpi-
ents of heterozygous and homozygous p53-deficient cells, but
ceased to grow by the second passage in recipients of wild-type
cells. The numbers of heterozygous and homozygous p53-
deficient colony forming units in spleen (CFUs-S) remained
stable during the first four transplant generations, whereas that
of wild-type CFUs-S decreased progressively from the first
transplant generation onward. The clonogenicity of p53-
deficient cells was lost when the number of CFUs-S per spleen
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decreased to below 10. This suggests that one out of 10 CFUs-S
might be long-term repopulating cells (LTRCs), and that p53-
deficient LTRCs may proliferate more rapidly than wild-type
LTRCs. Longer passages that were possible in the p53-deficient
groups were considered to be due to the faster cell cycle of the
p53-deficient hemopoletic progenitor cells, as determined by
bromodeoxyuridine incorporation with purging by UV light ex-
posure, followed by hemopoletic colony assay (BUUV assay).

[Exp Biol Med Vol. 227(7):474-479, 2002}
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that mice could survive lethal irradiation when given a

histocompatible bone marrow transplant (BMT) (1-5).
Moreover, they found that serial transplantation of donor
BM cells was possible, provided that the initial donor in-
ocula contained more than 10° cells, However, as shown by
Harrison et al. (6-8), the proliferative potential of donor
BM cells was reduced after 100 months of serial passages at
3-month intervals; thus, with repeated transplantations, the
number of BM cells was found to be reduced.

On the other hand, when Siminovitch et al. (9) at-
tempted to reduce the interval to 14 days, they found that the
number of donor-derived cells declined markedly with each
passage, and the cells failed to engraft by the fourth trans-
plant generation. This finding on the serial transplantation
into the lethally irradiated recipients’ hemopoietic system
suggests that the transplantability of BM cells is a function
of time with respect to stem cell recovery after BMT.

We raised the questions: If stem cell proliferation were
accelerated, would serial transplantation at 14-day intervals
be successful, and would these stem cells proliferate suffi-
ciently to allow continuous serial transplantation? To an-
swer these questions, we proliferated hemopoietic progeni-
tor cells in vitro as well as in vivo, modifying Siminovitch
and coworkers’ (9) protocol to determine the factors limit-

In the early 1960s, several investigators demonstrated
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ing sustained long-term repopulation. The answers could be
crucial for determining not only the prognosis of BMT re-
cipients in the clinic, but also the characteristics of the con-
tinuously transplantable BM stem cell population.

In an earlier study (Hirabayashi Y, Matsuda M, Aizawa
S-I, Kodama Y, Kanno J, Inoue T, unpublished data), we
found that p53-deficient BM-derived CFUs-S proliferate
more rapidly and have a more accelerated cell cycle than
wild-type CFUs-S. Therefore, pS3-deficient BM cells were
used in the present study to assess the proliferative capacity
and transplantability of serially passaged BM-derived stem
cells.

Materials and Methods

Mice. All animal experiments were conducted with
the approval of the Animal Care and Use Committee of the
National Institute of Health Sciences, Japan. p53 knockout
(KO) mice (p53™") were established by gene targeting of
embryonic stem cells from (DBA x C57BL/6)F, as de-
scribed by Tsukada et al. (10). Heterozygous p53-deficient
(p53*"~) mice, provided by Drs. Tsukada and Aizawa, were
backcrossed with wild-type (p53*"*) C57BL/6 mice for
seven generations at the animal facility of the National In-
stitute of Health Sciences of Japan. Eight-week-old p53-
deficient (pS3~'~ and pS3*/~) male mice as well as wild-type
(p53***) male littermates of p53*'~ mice were used as BM
donors. Eight-week-old C57BL/6 male mice from Japan
Shizuoka Laboratory Animal Center (SLC; Hamamatsu, Ja-
pan) were used as recipients. All the mice were housed
under specific pathogen-free (SPF) conditions using a
12:12-hr light:dark cycle. Autoclaved tap water and food
pellets were provided ad libitum. The initial passage was
started using the pooled BM cells from three mice each of
the three genotypes.

Irradiation. Recipient mice were exposed to lethal
radiation of 915 c¢Gy delivered at a dose-rate of 124 c¢Gy
using a '*’Cs-gamma irradiator (Gamma Cell 40; CSR, To-
ronto, Canada) with a 0.5-mm aluminum-copper filter.

Hemopoietic Repopulation: First Passage. BM
cells derived from three mice each of the three genotypes
Wwere harvested, pooled, suspended in RPMI 1640 (Dainip-
pon Pharmaceutical Co., Osaka, Japan), and processed to
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obtain a single-cell suspension by repeated aspiration
through a 27-gauge hypodermic needle. The cell concentra-
tion was adjusted to 5 x 10° cells/ml by dilution with the
same medium, and 10° BM cells in 0.2-ml aliquots were
transplanted into lethally irradiated recipients by tail vein
injection (Fig. 1).

Hemopoietic Repopulation: Second through
Sixth Passages. Cells of a repopulated recipient spleen
were harvested 14 days after transplantation. Three spleens
from each genotype group were processed to obtain a
single-cell suspension and were then pooled. The concen-
tration of spleen cells was adjusted to 5 x 107 cells/ml, and
107 cells in 0.2-ml aliquots were transplanted by tail vein
injection into lethally irradiated recipients. Because a large
number of cells had to be injected at later passages, and in
order to inject a consistent number of cells with little varia-
tion, special care was required in aspirating cell suspension
after a quick pipetting with careful and gentle agitation.
Cells were injected immediately after aspirating the cell
suspension in order to avoid cell sedimentation.

CFUs-S Assay. The Till and McCulloch method
(11) was used to determine the number of CFU-S. Aliquots
of BM cell suspensions were also used for evaluating the
number of CFU-S in the reference animals. The concentra-
tion of cells was adjusted to that appropriate for producing
non-confluent spleen colonies, and the cells were then trans-
planted into lethally irradiated mice by tail vein injection.
Spleens were harvested 14 days later and fixed in Bouin’s
solution. Macroscopic spleen colonies were counted under
an inversion microscope at a magnification of x5.6. For the
C57BL/6 strain, irradiated with 915 cGy, all the colonies
visible at 14 days are known to have ongmated from trans-
planted BM cells (12, 13).

CFU-GM Assay. Granulomacrophage CFU (CFU-
GM) were assayed in semisolid methylcellulose culture.
Briefly, 8 x 10* BM cells suspended in 100 pl of Dulbecco
modified Eagle media (DMEM) were added to 3.9 ml of a
culture medium containing 0.8% methylcellulose (Nakarai
Tesque Co., Kyoto, Japan), 30% fetal calf serum (HyClone
Laboratories Inc., Logan, UT), 1% bovine serum albumin
(BSA; Sigma, St. Louis, MO), 1074 M mercaptoethanol
(Sigma), and 10 ng/ml murine granulocyte macrophage

Figure 1. Flow chart of serial trans-
plantation protocol. Originai trans-
plants derived from femoral bone
marrow cells from three mice per
group were transplanted into lethally
irradiated recipients through the tail
vein. The numbers of cells trans-
planted for serial passages are
shown; however, to avoid the conflu-
ency of colonies in the spleen, a
much smaller number of cells were
injected into reference animals. Both -
the reference animals and the mice
for serial transplantation was sacri-
ficed on Day 14, and colonies were
counted. All the procedures followed
that of Siminovitch et al. (9).
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Figure 2. The number of transplanted cells increased during the
repopulation assay (relative ratios). The number of cells harvested
from spleens at each passage was calculated as a relative ratio to
the number of bone marrow cells transfused in the first passage. Fifty
percent was the value used as the splenic seeding efficiency (21).
Recipient mice were sacrificed and their spleens were removed.
Spleen cells were harvested by repeated inflation with a medium and
squeezing with forceps, followed by gentle agitation and pipetting in
tubes. The entire procedure was performed in an ice-cold medium.
For later passages, 107 spleen cells were transplanted into lethally
irradiated mice, as shown in Figure 1. The number of cells was
cumulatively recalculated after each passage, and was plotted on a
logarithmic scale. The number of spleen colonies for the reference
animals was counted separately, but also 14 days after transplanta-
tion, as shown in Figure 3. (-[J-, wild type; ~d-, heterozygous de-
ficiency; —l-, homozygous deficiency; vertical bars, standard devia-
tion of mean. The data symbols without error bars indicate that the
deviation is within each symbol.).

colony-stimulating factor (GM-CSF; R&D Systems, Min-
neapolis, MN). One-milliliter aliquots containing 2 x 10*
BM or spleen cells were plated in triplicate in a 35-mm
tissue-culture plate (Nalgen Nunc International, Rochester,
NY), and incubated for 6 days in a completely humidified
incubator at 37°C with 5% CO, in air. Colonies were
counted under an inverted microscope (Olympus Optical
Co., Tokyo, Japan). '

BUUV assay. The bromodeoxyuridine(BrdUrd)-
labeled cells purged by UV light (BUUV) assay for evalu-
ating kinetics of hemopoietic progenitor cells were em-
ployed as described elsewhere (14, 15). Briefly, cells in
the S phase (DNA synthesis) were labeled in vivo with
BrdUrd followed by exposure to near-UV light in order
to kill cells that incorporated BrdUrd, and then the gurvi-
val ratio was evaluated based on the number of hemo-

poietic colonies formed determined by assays such as GM-
CFU and CFU-S.

Results

Proliferation of Repopulating Cells. In the re-
population assay shown in Figure 2, the number of trans-
planted cells initially increased exponentially in all groups
when calculated based on the relative increasing ratios.
However, proliferation of serially passaged cells derived
from the wild-type BM in the recipient spleens was arrested
at passage 3, that from the heterozygous p53-deficient BM
was arrested at passage 4, and that from the homozygous
pS3-deficient BM was arrested at passage 5. In contrast, the
number of repopulated cells in the recipient BM did not
show significant inter-group differences (data not shown).
Moreover, the cumulative increase in BM cells transplanted
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Figure 3. The number of CFU-Ss increased as determined by the
repopulation assay (relative ratios). The number of CFU-Ss har-
vested from spleens at each passage was converted based on the
results of CFU-S assays, and was then calculated as a relative ratio
to the number of CFU-Ss originally existing in the first BM cells
transfused in the first passage. Fifty percent was the value used as
the splenic seeding efficiency (21). The number of spleen colonies
was determined by a CFU-S assay using aliquots of cell suspen-
sions, and spleen cells were injected into reference animals of the
same lot after lethal irradiation. The mice were sacrificed 14 days
after BMT. Their spleens were removed, and the colonies were
counted after staining with Bouin’s fixative. The number of colonies
was converted into the actual number of celis used in the serial
transplantation, cumulatively recalculated, and then plotted on a
logarithmic scale. (-0-, wild type; —d—, heterozygous deficiency;
~B-, homozygous deficiency; vertical bars, standard deviation of
mean..The data symbols without error bars indicate that the devia-
tion is within each symbol.)
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and the increase in the spleen weight in each passage, cal-
culated based on the growth rate at each passage, were
comparable among the three genotypes (data not shown).
Proliferation of CFUs-S. Transplanted CFUs-S
manifested an exponential growth (Fig. 3). The calculated
CFUs-S derived from wild-type BM repopulated in the re-
cipient spleen, “CFU-S/spleen cell ratio,” decreased rapidly,
whereas that from the p53-deficient BM remained stable up
to the passage 2, after which it decreased (Fig. 4). Further-
more, the rate of decrease in CFUs-S repopulation of he-
mopoietic progenitor cells in p53-deficient BM was more
attenuated in the homozygous than that in the heterozygous
p53-deficient BM. Thus, in the homozygous p53-deficient
group, the proliferation'of transplanted CFU-S was arrested
by the fourth passage. Genotype-related differences in the
proliferative rates of serially transplanted CFU-S, as re-
flected by the size and number of spleen colonies, are shown
in Figure 5. Thus, the number and size of spleen colonies
derived from wild-type BM cells (Fig. 5, top panel) were
smaller than those derived from homozygous pS3-deficient
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_Flgure 4. The number of CFU-S in donor-derived spleen celis dur-
Ing passage. The number of spleen cells obtained in Figure 2 and the
Number of CFUs-S obtained in Figure 3 were used. The number of
CFU-S from the wild-type donor in the recipient spleens starts to
decrease from the second passage, whereas that from the p53-
deficient donor remains unchanged for 2 weeks. *No colonies were
Observed at the fourth passage for the two mice injected with 107
cells. (~J-, wild type; —d~, heterozygous deficiency; —M—, homozy-
gous deficiency; vertical bars, standard deviation of mean. The data
Symbols without error bars indicate that the deviation is within each
Symbol.)
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Figure 5. Spleen colony size was larger for recipients repopulated
with p53-deficient cells than that for recipients with wild-type cells.
Sample spleens in the second and fifth passages are shown. (Pas-
sage 2 spleens fixed in Bouin's solution; passage 5 spleens unfixed.
Horizontal scale indicates 3 mm).

(Fig. 5, bottom panel) and heterozygous p53-deficient (Fig.
5, middle panel) BM cells. The difference was more promi-
nent at passage 5 than at passage 2 (Table I). . R
Rapid Proliferation of p53-Deficient Hemopoi-
etic Progenitors. In order to elucidate the mechanism
underlying the long-term sustained growth of p53-deficient
hemopoietic stem cells, cell kinetics in each compartment of
three different hemopoietic progenitors was determined by
the BUUV assay. In Figure 6, the cell kinetics of primitive
hemopoietic progenitors (CFUS-13), i.e., spleen colonies
observed on Day 13 (indicated by S13, Fig. 6, bottom
panel), mature hemopoietic progenitors (CFU-S9), i.e.,
spleen colonies abserved on Day 9 (indicated by S9, Fig. 6,
middle panel), and the progenitors cultured with GM-CSF,
i.e., CFU-GM (indicated by GM, Fig. 6, top panel) is
shown. In this assay, the slopes reflect the population dou-
bling of each progenitor fraction, -
Wild-type progenitors, indicated by open symbols in
Figure 6, grow exponentially up to the stationary phase
within the first 2 to 5 days, depending on the progenitor
hierarchy, with different slopes from S13 to GM. In general,
primitive progenitors grow with a steeper slope, matured
progenitors grow with a moderately steep slope, and cul-
tured progenitors with a much flatter slope. The trend of this
sequential change is essentially the same as that indicated
by closed symbols in Figure 6. However, interestingly, the
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Table I. Size of Spleen Colonies (CFU-S)

Diameter .

Number
Passage of colony ¢ ;
umber  GONCHPE mean = 5D ¢SO0
(mm)
2 Wild type 235078  (10)

p53 heterozygous KO
p53 homozygous KO

2.85 x 0.66 (17)
3.00+£0.812  (22)

5 Wild type n.d.? 0)
p53 heterozygous KO 2.33 + 0.76 (3)
p53 homozygous KO 2.80 +0.76 (5)

2 The average diameter of colonies was significantly larger than the
wild type (P < 0.05).
® Not determined due to absence of visible colonies.

slopes for CFU-S9 and CFU-S13 from the pS3 KO are
steeper than those from the wild-type mice, whereas the
slope for CFU-GM from the p53 KO mice is somewhat
flatter than that from the wild-type mice.

Discussion

We have attempted to address the question of whether
hemopoietic stem cells are infinitely mitotable. This is of
clinical interest, not only with respect to cellular senes-
cence, but also with respect to the quality of hemopoietic
stem/progenitor cells before and after BMT.

In Siminovitch and coworkers’ seminal study (9), 108
murine BM cells were transplanted into lethally irradiated
recipients, and the resultant spleen cells or spleen colony-
derived cells were passaged serially into secondary and ter-
tiary recipients at 14-day intervals. The study was termi-
nated after three passages when no further colony growth
could be detected. This was probably because the stimuli to
differentiate were maximized and dominated the stimuli for
self-renewal.

In our present study, we attempted to determine wheth-
er more rapidly proliferating stem cells could be serially
transplanted for a period longer than that achieved using
Siminovitch and coworkers’ protocol (9). We queried
whether more rapidly proliferating hemopoietic stem cells
could generate a larger progeny population from hemopoi-
etic progenitor cells. For this purpose, we employed the
BUUYV method, which involved identifying the hemopoietic
progenitor cells in the cell cycle by BrdUrd incorporation
through an osmotic mini-pump, followed by purging those

"BrdUrd-incorporated cells specifically by exposure to UV
light of a specific wavelength and determining the ratio of
the number of hemopoietic colonies between the purged and
the control cells (Fig. 6). As demonstrated by the BUUV
assay (14, 15), hemopoietic stem cells from homozygous
p53-KO mouse BM manifest an accelerated rate of pro-
liferation under both'steady-state and DNA-damage
conditions,

Figures 2, 3, and 4 show that the number of successful
serial passages varies inversely with the p53 gene dosage in
the donor BM. Interestingly, colony growth did not cease
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Figure 6. Cell kinetics of hemopoietic progenitor cells from the wild-
type and homozygous p53-deficient mice was evaluated by the
BUUV assay (see “Materials and Methods”). Upper panel shows
kinetics of CFU-GM (diamond), middle panel shows kinetics of CFU-
S-9 (square), and the bottom panel shows kinetics of CFU-S-13
(circle). Open symbols indicate the data for wild-type mice, and
closed symbols indicate data for homozygous p53-deficient mice. All
the factors of the regression lines (the slope, the Y intercept, and the
r value) are tabulated in Table Il

immediately after cessation of logarithmic growth of the
transplanted cells (Figs. 2 and 3). Moreover, the size and
clonogenicity of the spleen colonies did not decrease after
their growth potential decreased (Fig. 5 and Table I). The
cessation of transplantability in Siminovitch and coworkers’
protocol (9) was thought to be due to the loss of CFU-S.
However, the present study indicates that failure of colony
formation may have been due not to the absolute loss of
CFUs-S, but rather to the decrease in the number of their
immediate progenitors (LTRCs) to less than one per 10
CFUs-S (Fig. 4). Harrison and Zhong (16) have previously
demonstrated significant differences between proliferative
rates of long-term sustaining stem cells and multilineage
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Table Il. Doubling Time for Hemopoietic Progenitors

. (a)*z (b)*2 .
Procgee"r;ltor Genotype*! Slope (percentage of y intercept ti‘gf;‘;"(’;ﬁ) r
mortality/days) (%)

CFU-GM Wild 0.129 7.773 56.0 0.988
p53 KO 0.042 21.95 172 0.970

CFU-8-9 Wild 0.149 11.29 48.5 0.936
p53 KO 0.355 4.682 20.4 1.000

CFU-S-13 Wild 0.205 4.837 35.2 0.926
p53 KO 0.708 0.784 10.2 1.000

*1) Genotype: Wild, wild type, p53 KO, p53 homozygous KO.
*2) Regression line: y = b x 10@

X, duration after BrdUrd treatment (days)

Yy, percentage of mortality

a, cell cycle velocity (coefficient)

b, cycling ratio/unit time (coefficient)
*3) Doubling time (hr) = (log2/a) x 24

precursor cells. They noted that the latter tend to become
extinct more rapidly than the former. Although we do not
have data of the number of long-term sustaining stem cells,
our data agree with those of our earlier study (17) indicating
the probability that one out of every 10 CFCs is a long-term
repopulating cell. In fact, long-term repopulating cells—
which do not generate spleen colonies per se (18)—may
have recovered during the 3-month or longer intervals
between serial transplantations using the Harrison pro-
tocol (7).

Thus, the key to successful BMT is the quality of stem
cells, the number of long-term repopulating stem cells, and
the hemopoietic microenvironment (19). The development
of technology for maintaining continuously proliferating
long-term repopulating stem cells is essential for improving
the efficiency of BMT. However, there is a information gap
between the decrease in the number of hemopoietic stem
cells and the induction of stem cell proliferation. Hence,
there are some unresolved issues regarding stem cell pro-
liferation following hemopoietic injury (20). BMT using
P53-deficient-derived BM cells appears to be a good model
for studies aimed at improving the methodology of BMT.
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