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A small molecule inhibitor of p53 stimulates
amplification of hematopoietic stem cells but
does not promote tumor development in mice
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It has been shown that genetic inhibition of p53 leads to enhanced proliferation of hematopoietic stem cells (HSCs).
This could, in theory, contribute to the increased frequency of tumor development observed in p53-deficient mice and
humans. In our previous work, we identified chemical p53 inhibitors (PFTs) that suppress the transactivation function of
p53 and protect cultured cells and mice from death induced by gamma irradiation (IR). Here we found that when applied
to bone marrow cells in vitro or injected into mice, PFT} impeded IR-induced reduction of hematopoietic stem cell (HSC)
and hematopoietic progenitor cell (HPC) population sizes. In addition, we showed that PFT( stimulated HSC and HPC
proliferation in the absence of IR in vitro and in vivo and mobilized HSCs to the peripheral blood. Importantly, however,
PFTP treatment did not affect the timing or frequency of tumor development in irradiated p53 heterozygous mice used
as a model for determination of carcinogenicity. Thus, although PFT administration led to increased numbers of HSCs
and HPCs, it was not carcinogenic in mice. These findings suggest that chemical p53 inhibitors may be clinically useful as

safe and effective stimulators of hematopoiesis.

Introduction

p53 is a multifunctional tumor suppressor protein. 100% of p53-
knockout mice develop tumors (mostly lymphomas and sarco-
mas) early in life."? Mice with decreased p53 gene dose or patients
with Li-Fraumeni syndrome (mutation in one p53 allele) are also
highly prone to early tumor development.? One possible function
for basal (as compared to stress-responsive) p53 activity is in the
control of stem cell renewal.*> Upon activation by stresses such
as DNA damage, p53 can, depending on the particular type of
stress and type of cell, trigger programmed cell death (apopto-
sis), activate cell cycle checkpoints that prevent damaged cells
from proliferating, or promote senescence (permanent cell cycle
arrest). Consistent with these functions, inactivation of p53 facil-
itates expansion of aberrant cells and leads to genomic instabil-
ity. Loss of p53 also promotes cellular immortalization—a state
of long-term self-renewal that is one of the first steps towards
cancer.® Moreover, recent work has demonstrated that disruption
of the p53 network enhances production of induced pluripotent
stem (iPS) cells, converting, for example, differentiated normal
fibroblasts into iPS cells that are (like “natural” stem cells) capa-
ble of self-renewal and of giving rise to multiple different types of

differentiated cells.”"" Thus, the role of p53 provides a remark-
able link between the processes of stem cell reprogramming and
oncogenic transformation. Even in the absence of any obvious
stress, p53 can limit the self-renewal capacity of adult neural
stem cells'? and regulate quiescence in hematopoietic stem cells
(HSCs).* These functions of p53 appear to be independent of its
role as a regulator of stress responses.

Although p53-deficient mice have an increased HSC pool size,
the proportion of the cells that exhibits quiescence is decreased.*
Also, it was found that p53 can regulate self-renewal of early
hematopoietic progenitor cells (HPCs) by promoting their acqui-
sition of stem-cell-like properties.’ The expansion of long-lived
cells presents a possible mechanism by which p53 might contrib-
ute to oncogenesis, particularly, to development of lymphomas.
Remarkably, transplantation of HSCs from p53 null mice into
lethally irradiated recipients resulted in reduced engraftment as
compared to HSCs from p53 wild type donors." Also, recipi-
ents that received p53 null HSCs did not display any increase in
development of lymphomas or other tumors. In contrast, trans-
plantation of whole BM from p53 null mice into lethally irra-
diated recipients led to enhanced engraftment as compared to
transplantion of p53 wild type BM, but the recipients of p53 null
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BM developed lymphomas.'*'® Thus, transduction of only p53-
deficient HSC:s is not sufficient for development of lymphomas in
mice. Additional cells and/or factors originating from whole BM
appear to be necessary for lymphoma development.

Inhibition of p53 has been suggested as a therapeutic strategy
to protect normal tissues from p53-mediated injury since p53-
dependent apoptosis contributes to the hematopoietic (HP) com-
ponent of acute radiation syndrome, the side effects of anticancer
radio- and chemotherapy, and other pathologies associated with
stress-mediated activation of p53.""* We have identified chemical
p53 inhibitors (named pifithrins, PFTs) that are able to revers-
ibly block p53-dependent transcriptional activation. We found
that PFTs (namely, PFTa and its cyclic form PFTP) not only
suppressed radiation-induced activation of p53-responsive genes,
but also protected cultured cells from subsequent p53-dependent
apoptosis and mice from radiation-induced HP syndrome."” The
ability of PFTs to protect normal cells in the face of various p53-
inducing stresses has been demonstrated in a number of systems,
including neuro-, renal and cardio-protection (reviewed in ref.
18).

It has been shown that exposure to IR causes both acute bone
marrow suppression through induction of p53-dependent apopto-
sis in rapidly proliferating HPCs, as well as long-term residual HP
injury involving senescence of HSCs which limits their capacity
for self-renewal.”® Thus, the mechanism(s) by which PFTJ pro-
tects mice against HP acute radiation syndrome may include, in
addition to protection of differentiated HP cells from acute apop-
tosis, protection of HSCs and HPCs through stimulation of their
proliferation. In the current study, we tested whether (as shown
for genetic p53 inhibition) chemical inhibition of p53 by PFT
affects proliferation of HSCs and HPCs. We found that PFT
stimulated proliferation of HSCs and HPCs both in vitro and
in vivo and that the induced HSCs were fully functional in BM
transplantation experiments and mobilized to the blood stream.
While this, in addition to the demonstrated radioprotective effi-
cacy of PFTs, suggests promising clinical uses for p53 inhibitors,
it also presents the theoretical risk that enhanced proliferation of
stem cells due to p53 inhibition could lead to appearance of trans-
formed cells and thereby promote development of tumors (par-
ticularly lymphomas). However, we demonstrated that temporary
inhibition of p53 by PFTP did not change the frequency, timing
or spectrum of radiation-induced tumors in cancer-prone p53*"
mice.?"* Our finding that PFTs are non-carcinogenic strengthens
the possibility of using pharmacological suppression of p53 as a
safe and effective means to prevent and treat acute p53-dependent
pathologies and to stimulate stem cell production.

Results

PFTP protects against IR-induced loss of hematopoietic stem
and progenitor cells. The hematopoietic (HP) component of
acute radiation syndrome results from induction of massive p53-
dependent apoptosis of HP cells, including hematopoietic stem
and early progenitor cells in the bone marrow. We have shown
that the p53 inhibitory small molecule PFTa protects against
this type of tissue injury, thereby improving survival of irradiated
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mice.”? Here we tested the circularized form of PFTa, PFT,
as a radioprotectant in two strains of wild type mice (C57Bl/6
and Balb/c). Mice were given a single intraperitoneal (i.p.) injec-
tion of PFTP (25 mg/kg) or vehicle immediately before exposure
to lethal doses of total body gamma irradiation (TBI, 9 Gy for
C57Bl/6 and 8 Gy for Balb/c). 60% of C57Bl/6 mice and 80%
of Balb/c mice that were injected with PFT survived beyond the
time at which 100% of vehicle-injected animals were dead (day
24 and day 34 for C57Bl/6 and Balb/c, respectively) (Fig. 1A
and B). The doses of TBI used in this experiment are known to
cause death primarily through damage to the HP system, as com-
pared to higher doses that invoke gastrointestinal and cerebro-
vascular damage as well as HP damage. Therefore, the effect of
PFTP on survival of irradiated mice in this experiment indicates
that the compound acts as a radioprotectant of the HP system.

Notably, the mice that survived irradiation due to PFTP injec-
tion remained viable and healthy for a long period of time post-
irradiation (>1 year). This suggested that PFTP (and PFTo'”)
protected hematopoietic stem cells (HSCs) and early progenitor
cells (HPCs) capable of fully repopulating the HP system for
long-term function. To test this possibility, we assessed the effect
of PFT on different populations of bone marrow cells (BMCs) in
vivo (in mice) and in vitro. It was previously shown that gamma
irradiation of bone marrow mononuclear cells (BM-MNC:s) inhib-
its the clonogenic activity of HPCs in colony-forming cell (CFC)
assays capable of distinguishing between two distinct types of col-
onies: those originating from megakaryocyte-erythrocyte progen-
itors (MEP) and those originating from granulocyte-macrophage
progenitors-(GMP).?° Therefore, we used this assay to determine
the effect of PFTP on the viability of HPCs in irradiated mice.
We injected (i.p.) mice with PFTP (25 mg/kg) or vehicle 30 min
before TBI (4 Gy). 24 h later, we isolated BM-MNCs from the
mice and plated them in culture dishes (4 x 10* cells/ml in 35 mm
plates). MEP and GMP colonies were counted 7 days after plat-
ing. We found that PFTP treatment significantly increased the
number of both MEP and GMP colonies produced by BM HPCs
of irradiated mice in this assay (Fig. 1C). This PFTB-dependent
improvement in the clonogenic activity of BM-MNCs isolated
from irradiated mice suggests that the compound has a direct pro-
tective effect on HPCs within the BM. This was confirmed by in
vitro experiments in which PFTP (15 M) was applied directly
to BM-MNC:s that consisted mostly of differentiated HP cells
(in shortterm culture held in non-proliferative conditions by
exclusion of growth factors) prior to irradiation of the culture
(4 Gy). PFTP treatment resulted in a significant increase in the
number of viable cells (based on trypan blue exclusion) remaining
in the culture 24 h and 48 h after IR (Fig. 1D). Thus, PFT had
a direct radioprotective effect on BM-MNC:s.

In addition to its effect on BM-MNCs and HPCs, IR also
affects HSC:s. It is well-established that HSCs lack expression of
cell surface molecules characteristic of lineage-specific mature
cells (Lin)'***? and usually express stem cell antigen 1 (Scal*)
and c-Kit (Kit", CDI117), a transmembrane tyrosine kinase that
serves as a receptor for stem cell factor.*>” Therefore, FACS anal-
ysis of Lin'Scal*c-Kit* (KSL) cells provides a means to specifically
detect HSCs. It was previously found that HSC injury occurring
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Figure 1. PFTP protects mice and hematopoietic cells from ionizing radiation (IR). (A and B) Survival curves for mice given a single i.p. injection of PFT[3
(25 mg kg™ body weight) or vehicle (“control”) just prior to lethal total body irradiation of 9 Gy in C57BI/6J mice (A) and 8 Gy in Balb/c mice (B). The
results shown are from a representative experiment. Three independent experiments were performed, each with 10 mice per group. (C) C57BI/6J mice
were injected (i.p.) with PFT (25 mg/kg) or vehicle 30 min before TBI (4 Gy). 24 h later, BM-MNCs were isolated from the mice and plated for CFC as-
says. Megakaryocyte-erythroid (MEP) and myeloid (GMP) colonies were counted 7 days after plating. Untreated and unirradiated mice were included
as a control (“Cont”). The Y-axis shows the mean number of MEP and GMP colonies per plate. (D) BM-MNCs from C57BI/6 mice (150 cells plated per
well) were treated in vitro with PFT[ (15 uM) or vehicle just prior to irradiation (4 Gy) or without irradiation. Cell viability was determined by counting
of trypan blue-excluding cells 24 h and 48 h after IR. The data in (C and D) are presented as mean +/- SE (n = 5).

in mice exposed to TBI was due to defective self-renewal of
HSCs.2° TBI of mice resulted in a reduction in the frequency
of HSCs (KSL) in the bone marrow.?® We have confirmed these
data. In our hands, unirradiated control mice were determined
to have, on average, 14,000 KSL cells within BM-MNC:s isolated
from 4 hind limb bones (tibia and femurs) (Fig. 2). Exposure
of mice to TBI (4 Gy) led to a reduction in the number of KSL
cells in each mouse that was time-dependent (increasing with
increasing time-post-IBI) (left in Fig. 2 and data not shown).
For example, 24 and 120 h post-irradiation, the average number
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of KSL cells per mouse was reduced from 14,000 to 5,600 and
610, respectively (left in Fig. 2).

In order to determine whether PFTP protects against this
radiation-induced loss of HSCs, we injected mice with PFTP (25
mg/kg) or vehicle just before exposure to TBI (4 Gy) and iso-
lated BM-MNC:s for FACS analysis at 24 h, 48 h, 120 h and 240
h post-irradiation. As shown in Figure 2 (representative results
from the 24 h and 120 h timepoints), pretreatment with PFT
resulted in a significant increase in the number of KSL cells in
irradiated mice. PFTP treatment of irradiated mice resulted in
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Figure 2. PFTf decreases IR-induced reduction of HSCs. Flow cytomet-
ric analysis of BM-MNCs stained for detection of HSCs (Lin, c-Kit", Scal*
“KSL" cells, upper right quadrant of scatter plots) from a representative
control untreated mouse (left) or representative mice treated with a
single injection of PFTR (25 mg/kg) or vehicle just before exposure to
TBI (4 Gy). Analysis was performed on BM-MNCs isolated from mice

24 h (top) or 120 h (bottom) post-IR. The total number of KSL cells per
mouse (4 bones) is indicated. The bar graphs show the mean number of
KSL cells per mouse +/- SE (n = 5) as determined by flow cytometry 24 h
(top) and 120 h (bottom) after IR.

an approximately two-fold increase in KSL cells as compared to
vehicle treated irradiated mice, such that the average number of
HSCs per mouse approached that of control unirradiated mice
(right in Fig. 2). These results demonstrate that, as for HPCs (see
above), PFTP impedes IR-induced reduction of HSCs in mice.
In the absence of IR, PFTP increases the number of
hematopoietic stem and progenitor cells. Radiation damage to
the HP system involves at least two mechanisms that lead to acute
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and prolong myelosuppression: induction of apoptosis in rapidly
proliferating HPCs and induction of senescence in HSCs.? It was
recently found that various hematopoietic growth factors includ-
ing GM-CSF can significantly improve acute myelosuppression
and promote recovery of BM hematopoietic function after IR and
that this primarily involves stimulation of the proliferation and
differentiation of HPCs and HSCs.?® Thus, the mechanism by
which PFT protects mice against HP acute radiation syndrome
may include, in addition to protection of differentiated HP cells
from apoptosis, protection of HSCs and HPCs by stimulation of
their proliferation and differentiation.

To directly test the effect of PFTP on amplification of HPCs,
we treated mice with PFT without accompanying TBI using a
treatment schedule similar to the schedule of GM-CSF adminis-
tration that resulted in maximum stimulation of HSC and HPC
proliferation.?® We injected C57Bl/6 mice with PFT (i.p., 25
mg/kg) or vehicle once a day for 5 consecutive days. On day 6,
BM-MNCs were isolated from the PFTP-treated and vehicle-
treated mice and plated (4 x 10% cells/ml in 35 mm plates) for
assessment of MEP and GMP colony formation 7 days later. We
found that BM-MNCs from PFT-treated mice produced more
than twice as many colonies (MEP + GMP) than BM-MNCs
from vehicle-treated mice (Fig. 3A). This effect was p53-depen-
dent since identical treatment of p53-null mice with PFT did not
significantly increase formation of MEP and GMP colonies rela-
tive to treatment of the same mice with vehicle (Fig. 3A). These
data-indicate that PFTB-mediated inhibition of p53 results in
enhanced proliferation of HPCs in vivo.

To confirm that PFTP has a direct effect on proliferation of
HPCs, we added PFTB (5-30 uM) in vitro to BM-MNCs and
assessed its effect on colony formation. Application of PFT
(5-30 uM) to BM-MNCs isolated from wild type C57Bl/6
mice resulted in an increase in MEP and GMP colony formation
(Fig. 3B). In contrast, addition of PFTP (5-30 uM) to BM-MNCs
isolated from p53-null mice did not affect the growth of colonies
(Fig. 3B), suggesting that this effect is p53-dependent. Thus, in
the presence of PFTP, the clonogenic potential of HPCs in vitro
and in vivo is increased. This could be due to either inhibition
of HPC death or stimulation of HPC proliferation (reduced dor-
mancy/quiescence of HPCs under the conditions of cultivation).

Since genetic inhibition of p53 (knockout, siRNA) was shown to
increase self-renewal of HSCs,* we proposed that chemical inhibi-
tion of p53 by PFTP might also activate proliferation of HSCs. To
test this hypothesis, we injected (i.p.) C57Bl/6 mice with PFT[ (25
mg/kg) or vehicle and used flow cytometry to quantify HSCs (KSL
cells) within BM-MNC:s collected 2, 3, 5 or 10 days post-injection.
We found that even a single injection of PFTP produced a statisti-
cally significant increase in the number of HSCs. Similar to the
results that were obtained on days 2, 3 and 10 (data not shown), in
BM-MNC:s collected on day 5 post-injection, we detected a nearly
2-fold increase in the number of KSL cells for PETB-treated mice
as compared to vehicle-treated controls (Fig. 4A).

HSCs demonstrate increased efflux of a number of ABC
transporter-dependent substrates.”” HSCs can be identified
based on this property; in particular, their ability to efflux the
dye Hoechst 33342 at a greater rate than other cells within the
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and 90 days after injection of donor BM-MNCs

and circulating total white blood cell (WBC),

monocyte, neutrophil and lymphocyte counts were determined
using a Hematology Cell Counter (see Materials and Methods).
16 days post-transplant, WBCs remained at very low levels in
both groups of mice. However, by 90 days post-transplant the
analyzed populations of WBCs were significantly reconsti-
tuted. At this time point, we detected increases in all analyzed
circulating WBC populations in mice that received BM-MNCs
from PFT-treated mice as compared to those that received
BM-MNC:s from vehicle-treated mice (for monocytes and neu-
trophils these increases were statistically significant, p < 0.05)

(Fig. 5). Thus, PFTP treatment improved BM-dependent WBC
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reconstitution in lethally irradiated mice. These results indicate
that PFTB-stimulated proliferation of HSCs (SP cells) in the BM
produces stem cells that are fully functional.

PFTP does not affect radiation-induced tumor development
in p53 hemizygous mice. Temporary suppression of p53 has been
suggested as a therapeutic strategy to prevent damage of normal
tissues in anticancer therapy. This strategy is supported by our
results described above demonstrating the radioprotective effect
of PFTP on the HP system. However, theoretical concerns about
the safety of such therapies have been raised based on a number
of facts. First, genetic p53-deficiency in mice and humans pro-
motes tumor development' and the vast majority of tumors are
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Figure 4. PFTf treatment of mice results in increased numbers of HSCs in the BM. (A) 5 mice were given a single injection of PFT( (25 mg kg™ body
weight) or vehicle (“control”) without accompanying IR. BM-MNCs were isolated on day 5 after injection and stained for flow cytometric detection of
HSCs (Lin-, c-Kit*, Scal* “KSL” cells). Left: The total number of KSL cells per mouse (4 bones) is shown in the upper right quadrants of the scatter plots
(representative results from individual control and PFT(-treated mice). Right: Bar graph showing the mean number of KSL cells per mouse (4 bones)
+/- SE (n = 5). (B) 7 mice were injected with PFT3 (25 mg kg™ body weight) or vehicle (“control”) without accompanying IR once a day for 5 days. BM-
MNCs (top) and PBMCs (bottom) were isolated on day 6 and stained with Hoechst 33342. Side population (SP) cells equivalent to HSCs were detected
by FACS using blue and red filters. Left: Representative scatter plots in which SP cells are shown gated and the number of cells per animal is indicated.
Right: Bar graphs indicating the mean number of SP cells per animal +/- SE (n = 7).

characterized by inactivation of the p53 pathway.®! Second, it was
recently found that p53 can regulate self-renewal of HSCs and
early HPCs and that p53-deficient mice have an increased HSC
pool size.”® This is corroborated by our finding that inhibition
of p53 by PFTP stimulates HSC proliferation and results in an
increased HSC population size (see above). Increased numbers
of HSCs with enhanced proliferation capacity could, in theory,
increase the risk of development of hematological tumors such
as lymphomas. To address this concern, we tested the effect of
PFTP on development of radiation-induced tumors in cancer-
prone p53*" mice.?"* TBI (1-4 Gy) significantly accelerates the
carcinogenic process in p53 heterozygous mice and decreases
their average lifespan.??? If left untreated, the majority of these
mice develop tumors (mostly lymphomas and sarcomas) within
1 year after TBI (4 Gy).*? Here, two age (612 weeks old)- and
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sex (males and females)-matched groups of p53*" mice were
injected i.p. with PFTP (25 mg/kg) or vehicle 30 min prior to 4
Gy TBI.* Control and PFT-treated groups contained 55 and 60
mice, respectively. Mice were monitored 2 times a week for up
to 12 months and the dynamics of tumor formation and mouse
survival were determined. We observed that there was no differ-
ence in survival of control and PFTB-treated mice in this model
(Fig. 6). Since death in this model is generally attributed to can-
cer, the equivalent survival of the two groups of mice here sug-
gests that PFTB did not promote tumor formation. Indeed, we
found that the timing and frequency of tumor appearance in this
model were not affected by PFTP injection. Taking into con-
sideration all types of tumors, by 45 weeks post-TBI, 78% and
80% of vehicle-injected and PFTB-injected mice had developed
tumors, respectively (Fig. 6, Table 1). In addition, PFT did not
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affect the spectrum of tumor types that arose in irradiated p53*"
mice. Histological analysis of tumors showed that the majority
of the tumors that developed were lymphomas (mostly thymus
lymphomas) and that these occurred with equal frequency in the
two groups of mice (58% in the control group and 60% in the
PFTp-treated group, Fig. 6). The prevalence of sarcoma tumors
was also similar between the control group of mice (18%) and the
PFT-treated group (15%) (Fig. 6). A number of other tumor
types were less common (pleomorphic rhabdomyosarcoma, spin-
dle cell sarcoma, osteosarcoma, angiosarcoma, adenocarcinomas,
Table 1), but in all cases, they were detected with similar frequen-
cies in control and PFTB-treated mice. These data demonstrate
that PFTP had no effect on development of tumors in irradiated
p53*" mice, a widely used system for evaluation of carcinogenic
effects. Thus, while temporary inhibition of p53 by PFT stimu-
lates proliferation of HSCs and HPC:s in vivo, it does not acceler-
ate tumorigenesis.

Discussion
The concept of using p53 inhibitors to protect normal tissues from
p53-dependentapoptosis'” was validated by isolation of PFTs, small

molecules that inhibit the transactivation function of p53 and pro-
tect against radiation-induced tissue damage.” Since p53-deficient
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mice and humans (patients with Li-Fraumeni syndrome) suffer
from frequent and early development of tumors, the safety of p53
inhibition as a therapeutic approach has been questioned. Adding
to these concerns, recent work has shown that absence of basal
p53 activity (p53 deficiency) stimulates expansion of hematopoi-
etic stem cell (HSC) and early progenitor cell (HPC) populations
that could increase the probability of tumor development.”

Both PFTotand its circularized derivative PETP protected mice
from doses of IR that induce development of lethal hematopoietic
(HP) syndrome in mice. The pathology of HP syndrome involves
radiation-induced depletion of different populations of blood
cells, including hematopoietic stem cells (HSC). The long-term
survival of mice protected against lethal doses of IR by PFTol"
and PFTP (Komarova EA and Gudkov AV, personal observations)
suggests that the compound protects HSCs that are capable of
fully reconstituting the HP system. It was shown that IR not only
causes acute bone marrow suppression due to apoptotic cell loss,
but also long-term residual HP injury due to induction of senes-
cence in HSCs which limits their capacity for self-renewal.?® This,
together with data showing that genetic inhibition of p53 leads
to enhanced proliferation of HSCs* and can thereby potentially
affect tumor development, prompted us to determine whether
chemical inhibition of p53 by PFTs affects proliferation of HSCs

or increases cancer risk in mice.
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Figure 6. PFT( does not change the frequency or timing of tumor
development in p53* mice. p53*- were injected i.p. with PFT (25 mg/
kg, n = 60) or vehicle (n = 55) 30 min prior to 4 Gy TBI. Mouse survival,
and sarcoma and lymphoma development (% of mice with tumors at
different time points) were assessed.

We found that different populations of HP cells are targets of
PFTB action, including differentiated myeloid cells, HPCs and
HSCs. PFTP ameliorated the IR-induced reduction in HSC and
HPC (megakaryocyte and myeloid progenitor cells) cell num-
bers. Even in the absence of IR (i.e., testing basal p53 activity),
application of PFTB to BM-MNC:s in vitro or injection of PFT
into mice in vivo stimulated proliferation of HPCs as illustrated
by increased frequency of megakaryocyte and myeloid colony
formation. Comparison of p53-wild type and -null systems dem-
onstrated that this activity of PFT is indeed p53-dependent.
PFTB-mediated expansion of HSCs was confirmed by flow cyto-
metric detection of HSCs within BM-MNC:s in two ways: detec-
tion of KSL cells using antibodies against cell surface markers
and detection of “side population” cells based on their increased
efflux of the dye Hoechst 33342. Increased numbers of HSCs were
also detected in the peripheral blood of PFT-treated mice. Since
p53 contributes to HSC quiescence, its absence (due to siRNA-
mediated knockdown or gene mutation/deletion) allows HSCs
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Table 1. Frequency of different types of tumors observed in PFT(3-
treated and control (DMSO-treated) gamma-irradiated (4 Gy) p53*"
mice by 45 weeks post-irradiation

Vehicle PFT(

Number of mice 55 (100%) 60 (100%)

Total number of tumors 43 (78%) 48 (80%)
Carcinoma 1 (2%) 3 (5%)

Lymphoma (thymus and splenic) 32 (58%) 36 (60%)
Total sarcomas 10 (18%) 9 (15%)
Pleomorphic rhabdomyosarcoma 3 (5%) 4 (7%)
Spindle cell sarcoma 3 (5%) 4 (7%)
Osteosarcoma 3 (5%) 1 (1%)
Angiosarcoma 1 (2%) 0 (0%)
Mixoid sarcoma 0 (0%) 0 (0%)
Number of died mice (unknown reasons) 2 (4%) 1 (2%)

Number of survived mice (after 1 year) 10 (18%) 12 (20%)

to enter the cell cycle more easily.”> The results of our current
study show that temporary chemical inhibition of p53 by PFT
has a similar effect leading to increased numbers of HSCs (and
HPCs as well). Although we did not test the functional capacity
of FACS-sorted HSCs from PFT-treated mice, transplantation
of total BM cells from PFTP-treated mice accelerated repopula-
tion of white blood cell pools in lethally irradiated mice, which
testifes to their functional capacity. Thus, stimulation of HPC
and HSC proliferation is likely one mechanism by which PFT
protects-organisms (mice) from death caused by IR-induced HP
syndrome.

Inhibition of p53 not only leads to increased HSC self-
renewal, but also enhances the “stemness” of cells and conver-
sion of differentiated cells into induced pluripotent stem cells
(iPS cells).”" These recently discovered mechanisms of p53 activ-
ity might be involved in acceleration of tumor development in the
organism. However, we found that despite its HSC-stimulatory
effect, the p53 inhibitor PFTP was not carcinogenic in mice. For
this experiment, we tested the effect of PFTP on IR-induced
tumor formation in cancer-prone p53*" mice, a standard model
for determination of carcinogenicity. Temporary treatment with
PFT (sufficient for protection of normal tissues from IR-induced
damage) did not affect the frequency, timing or spectrum of
tumor development in this model. Consistent with these results,
a recent study from the lab of Gerard Evan demonstrated that
p53 does not need to be at a constantly high level to exert its
tumor suppressor function.”” This work provides evidence that
the immediate p53 response to DNA damage is not necessary
for tumor suppression and may actually be detrimental to the
organism. Thus, absence of p53 immediately after DNA damage
protects animals from radiation sickness, but does not prevent
repair of the DNA damage. However, even transient restoration
of p53 activity after resolution of the initial DNA damage can
suppress tumor development. Therefore, temporary inhibition of
p53 activity (achieved either by genetic means, as in the study
from Gerard Evan, or pharmacologically, as in our injection of
mice with PFTs) does not lead to increased cancer incidence if
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p53 function is later restored.* This eliminates a significant theo-
retical safety concern and validates our approach of developing
p53 inhibitors as safe and effective radioprotectants and stem cell
stimulators for human use.

Materials and Methods

Mice. The colony of p53-knockout mice on a C57Bl/6 back-
ground was maintained in the lab of A. Gudkov by crossing p53*"
females with p53”~ males (purchased from Jackson Laboratories,
Bar Harbor, ME) followed by genotyping of the progeny (PCR).
Heterozygous p53*" mice were generated by crossing p53”~ males
with wild type p53 females. C57Bl/6] and Balb/c mice were pur-
chased from Jackson Laboratories.

PFTP treatment and gamma irradiation. Mice were treated
in accordance with the animal care protocol approved by the
Institutional Animal Care and Use Committee. C57Bl/6], Balb/c
and p53*" mice (8—10 weeks of age) were given an intraperito-
neal (i.p.) injection of PFTP (ASH Stevens, Inc., Detroit, MI)
in DMSO/PBS (1:4) solution or vehicle (DMSO/PBS solution),
0.2 ml per mouse. 30 min later, mice were gamma irradiated on
a rotating platform using a Shepherd 4000-Ci cesium 137 source
ata dose rate of 4 Gy min™. Cultures of BM-MNC cells were irra-
diated using the same dose rate of 4 Gy min. Mice were eutha-
nized if they developed visible tumors (tumor size greater than 2
cm in diameter) or looked morbid.

Isolation and enumeration of bone' marrow cells. Bone mar-
row was isolated from 4 hind limb bones (femurs and tibias)
of each mouse. The bones were dissected, and-the’ marrow was
flushed into cold IMDM, 2% FBS (Invitrogen, catalog #12440-
053) using a 21-gauge needle. Nucleated cells were counted with
a hematocytometer using trypan blue exclusion following lysis of
red blood cells with 3% acetic acid in methylene blue (Stem Cell
Technologies, Vancouver, BC, Canada).

Colony-forming cell (CFC) assay. C57Bl/6 wild type and p53
null mice were injected (i.p.) with vehicle (DMSO) or PFTP (25
mg/kg) 30 min before TBI (4 Gy). Immediately after TBI or later
(1-5 days), BM-MNCs were isolated and plated (4 x 107 cells/
ml in 35 mm diameter plates) in MethoCult M3231 medium
(StemCell Technologies, catalog #03231) supplemented with 10
ng/ml recombinant mouse GM-CSF (StemCell Technologies,
catalog #02735) and IMDM (Invitrogen, catalog #12440-053).
PFTPB (with or without IR) was either injected into mice or
applied directly to the BM-MNCs before their plating. Colony
formation (MEP and GMP) was scored after 7 d incubation at
37°C in the presence of 5% CO,. MEP and GMP colonies were
distinguished from each other based on their morphology (MEP
colony have a condensed center and GMP colonies have a dis-
persed appearance).

Flow cytometric determination of HSC (KSL) number.
Murine hematopoietic stem cells (KSL phenotype cells) were
identified and evaluated by flow cytometric analysis of a single
cell suspension of BM-MNC:s (isolated from mice as described
above). To discriminate populations of progenitor and mature
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hematopoietic cells (Lin’), we used antibodies against the fol-
lowing cell surface markers: CD3, CD5, CD45R/B220, CD11b,
Erythroid marker and Ly6G (eBioscience, San Diego, CA). The
antibody-labeled cells were stained with Peridinin-chlorophyll-a
(PerCP)-streptavidin (BD Biosciences, San Diego, CA). FITC-
conjugated anti-c-kit (clone 2B8), PE-conjugated anti-CD34
(RAM34) and APC-conjugated anti-Scal (D7, eBioscience, San
Diego, CA) were used after incubation with blocking antibod-
ies. 7-AAD- and PerCP-positive cells were gated out to allow
calculation of only viable Lin"¥, c-kit">"* and Scalf>i™** cells.
Acquisition was performed on a dual-laser FACSCalibur instru-
ment (Beckton Dickinson Immunocytometry Systems, San Jose,
CA) and data were analyzed using FCS Express 3 software (De
Novo Software, Los Angeles, CA). The number of KSL cells is
expressed as the mean number of KSL cells per animal (within
BM-MNC:s from 4 hind limb bones) +/- SE (n = 5 to 7).

Staining and analysis of side population (SP) cells. We
performed SP detection and analysis as previously described.”
Briefly, BM-MNC:s or peripheral blood mononuclear cells (white
blood cells) isolated by centrifugation through Ficoll from whole
blood were enumerated as described above, then resuspended at 1
x 10° cells/ml in DMEM?* (high-glucose Dulbecco modified eagle
medium), 2% FBS (Invitrogen) and incubated with Hoechst
33342 (5 pug/ml) (Bis-benzimide; Sigma, St. Louis, MO) for 90
min at 37°C. Cells were then centrifuged and resuspended in
cold HBSS* and kept on ice for subsequent analysis. Analysis was
performed ona-MoFlo flow’ cytometer (Cytomation) equipped
with a 351 nm laser for UV. Blue Hoechst fluorescence was col-
lected with-a 450/20 filter, and red Hoechst/PI fluorescence was
collected via a 675 ESLP filter.

Short-term repopulation. 8-week-old “donor” mice were
injected once a day for 5 consecutive days with PFTB (25 mg/
kg) or an equal volume of DMSO solution (control). On day 6,
BM-MNC:s were isolated from both groups of mice by flushing
the femurs and tibias and a single-cell suspension of BM-MNCs
was prepared (see above). “Recipient” C57Bl/6] mice were irra-
diated (10 Gy at a dose rate of 3 Gy min™) and reconstituted
3 h later with approximately 2 x 10° “donor” BM-MNCs by
intravenous injection into the tail vein (7 mice/group). Non-
reconstituted irradiated mice were included as controls in the
experiment and typically had to be euthanized between days 8
and 14 post-irradiation due to bone marrow aplasia. Recipient
mice were bled 16 and 90 days after transplantation and circulat-
ing total white blood cell counts and separate monocyte, neutro-
phil and lymphocyte counts were determined through analysis
of 40 pl of blood using a System 9118* Hematology Series Cell
Counter (Biochem Immunosystems, Allentown, PA). The results
are expressed as the mean number of cells/ul +/- SD (n = 7 mice/
group). A group of 7 untreated and unirradiated mice was used
as a control group to establish “normal” levels of each cell type in
the peripheral blood.

Tumor morphology. Tumor tissues were processed using a
standard protocol. Tumor sections were stained with H&E and
analyzed by a pathologist.
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