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Apoptosis triggered by p53 upon DNA damage secures
removal of cells with compromised genomes, and is
thought to prevent tumorigenesis. In contrast, we provide
evidence that p53-induced apoptosis can actively drive
tumor formation. Mice defective in p53-induced apoptosis
due to loss of its proapoptotic target gene, puma, resist
v-irradiation (IR)-induced lymphomagenesis. In wild-
type animals, repeated irradiation injury-induced expan-
sion of hematopoietic stem/progenitor cells (HSCs) leads
to lymphoma formation. Puma /- HSCs, protected from
IR-induced cell death, show reduced compensatory pro-
liferation and replication stress-associated DNA damage,
and fail to form thymic lymphomas, demonstrating that
the maintenance of stem/progenitor cell homeostasis is
critical to prevent IR-induced tumorigenesis.

Supplemental material is available at http://www.genesdev.org.

Received April 22, 2010; revised version accepted June 15,
2010.

Tumorigenesis is a multistep process that can be initiated
or accelerated by genetic lesions caused by DNA damage.
These oncogenic events facilitate neoplastic transforma-
tion by the selection of disease-initiating “cancerous
stem cells” against anti-oncogenic mechanisms, such as
apoptosis, cellular senescence, and/or maintenance of
genomic stability (Rossi et al. 2008). All of these defense
mechanisms depend to a significant extent on the tumor
suppressor p53, the gene most frequently inactivated in
human cancer (Vousden and Lane 2007). p53’s ability to
promote apoptosis in response to DNA damage is consid-
ered critical for tumor suppression, but induction of
cellular senescence or the maintenance of genomic in-
tegrity is considered to contribute (Vousden and Lane 2007).
Apoptosis induced in response to DNA damage is medi-
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ated mainly by the p53 target gene puma, but other
members of the “BH3-only” subgroup of Bcl2 proteins,
including bim and noxa, can contribute (Erlacher et al.
2005; Michalak et al. 2008). Puma and Bim show non-
redundant functions in lymphocyte apoptosis; e.g., in
cell death induced by cytokine deprivation, glucocorti-
coids, and DNA damage (Erlacher et al. 2006). Notably,
thymocytes and mature T and B cells from bim~
puma~’~ double-deficient mice resist y-irradiation (IR)-
induced apoptosis more potently than lymphocytes from
puma ' noxa~’~ mice, although bim, in contrast to noxaq,
is not a direct p53 target gene (Erlacher et al. 2006;
Michalak et al. 2008). Loss of BH3-only proteins, most
frequently Bim, has been documented in human cancer,
and is associated with impaired drug responsiveness and/
or poor prognosis (Frenzel et al. 2009). In line with a
critical role for BH3-only protein-mediated apoptosis in
tumor suppression, loss of Puma or Bim accelerates
oncogene-driven tumorigenesis in mice (Egle et al. 2004;
Garrison et al. 2008; Michalak et al. 2009). Here, we
investigated the contribution of these two BH3-only pro-
teins to tumor suppression in response to DNA damage in
gene-ablated mice, and provide evidence that p53-induced
apoptosis, executed via activation of Puma, can promote
IR-induced lymphomagenesis.

Results and Discussion

Loss of puma prevents IR-induced thymic
Iymphoma formation

Exposure of mice to repeated low-dose IR drives lym-
phoma formation through a mechanism suppressed by
p53 (Kaplan and Brown 1952; Kemp et al. 1994). Whole-
body IR of mice induced the DNA damage response
regulators p53, p21, Puma (but not Bim), and y-phosphor-
ylated H2AX, as well as hallmarks of apoptosis such as
activated caspase-3 and cleaved PARP in thymocytes.
Interestingly, H2AX was still found phosphorylated in
puma™'~ or p53~/~ cells 24 h after irradiation, indicating
that damaged cells are still present in these but success-
fully cleared in wild-type mice (Supplemental Fig. 1A). As
expected (Macleod et al. 1995; Michalak et al. 2008), p53-
deficient thymocytes failed to induce p21 or Puma, or to
fully process caspase-3. Puma '~ cells also poorly induced
p21, despite normal stabilization of p53—a phenomenon
not observed when recapitulated ex vivo (Supplemental
Fig. 1A,B), suggesting that this effect was not cell-auton-
omous. Nonetheless, puma ™/~ thymocytes halted their
cell cycle as efficiently as wild-type cells, evidenced by the
fast drop of phospho-histone 3 (pH3)-positive mitotic cells.
In addition, the percentage of thymocytes that incorpo-
rated BrdU into DNA following IR was reduced in wild-
type, bim™/~, and puma™/~ mice to a similar extent,
suggesting that these mouse mutants show a largely
normal DNA damage response. Consistent with previous
observations, p53~/~ cells failed to arrest in G1 (Brugarolas
et al. 1995), but showed a largely normal G2 arrest
(Supplemental Fig. 2A,B).

The numbers of CD4*8" (DP) thymocytes in wild-type
mice dropped to ~10% of untreated controls within 24 h
after a single dose of IR, and mobilization of progenitors
replenished the organ before the next irradiation cycle.
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Depletion of DP thymocytes after IR was mildly delayed
in bim~/~ mice, consistent with our previous finding
(Erlacher et al. 2005), but cell numbers also dropped to
~10% on day 3 post-IR. Strikingly, thymic cellularity
never fell below 50% in y-irradiated mice lacking Puma
or p53 (Fig. 1A). Thymocyte numbers rebounded in mice of
all genotypes prior to subsequent irradiation. Together,
these observations indicate that puma™/~ thymocytes re-
sist IR-induced apoptosis nearly as potently as p53~'~ ones.

IR-triggered cell death was followed by a proliferative
burst in the thymi of wild-type mice, peaking at day 3
after treatment, indicating massive mobilization of pro-
genitors from the bone marrow and compensatory pro-
liferation within the thymus (Fig. 1B; Supplemental Fig.

m

w
s
@
s

Ountr. 01 B3 @5
[O7 days post 15 IR
B 1 day post 2™ IR

N
&

o

o

.
d

o

CD4*8* thymocytes [x107 2>
]
™
<

% BrdU* DP thymocytes
w
8

[
=

1
[
1 3 5 7'1

o
o

untr.l dayspost1'IR 129 R wt  puma*  biar" p53+*
@100 — T 7T A A oo uma-- 100]
g AIA-IAND P
o god e
g w puma g ]
2 £
a 60 v 601
£ £
= 4o S
e : = 40]
E H &
E‘ 20 i 201
2 R e—
& o p53- P53 o
0 100 200 300 400 500 600 700 800 0 100 200 300 400 500 €00 700 800
Time (days) Time (days)

Figure 1. Loss of Puma delays IR-induced lymphomagenesis. Wild-
type, puma~'~, and p53~/~ mice 4-6 wk of age were exposed to 1.75 Gy
of whole-body IR, and were sacrificed at the indicated time points. (A)
The number of CD4*8* thymocytes was quantified by cell counting
and cell surface staining, followed by flow cytometric analysis. Each
data point represents the mean = SEM of three to six animals per
genotype and time point. Statistically significant differences in cell
number were observed between wild-type versus puma~/~ mice on
days 1 and 3 after the first IR and day 1 after the second IR (P < 0.025);
between wild-type versus bim™/~ mice on day 1 (P = 0.005); and
between wild-type and p53~/~ mice on days 1, 3, and 7 after the first IR
and day 1 after the second IR (P <0.014). Untreated puma ™/~ mice also
showed increased cellularity compared with the other genotypes (P <
0.001). (B) Mice of the indicated genotypes were exposed to 1.75 Gy of
IR at the indicated time points and were injected i.p. with BrdU 4 h
before sacrifice. The percentage of cycling CD4*8* thymocytes was
defined by combined staining of cell surface markers, followed by
intracellular staining of BrdU, followed by flow cytometric analysis.
Data points represent the mean = SEM of three to six animals per
genotype and time point. Statistically significant differences in BrdU
uptake were observed between wild-type versus puma '~ mice on day
3 (P =0.003), wild-type versus bim~/~ on day 3 (P < 0.015), and wild-
type versus p53~/~ at day 3 after the first IR and day 1 after the second
IR (P < 0.02). Untreated controls were not different across genotypes.
Cohorts of wild-type (n = 16), puma*’~ (n = 12), puma™~ (n = 20),
bim™'~ (n=9), and p53~/~ (n =9) mice were subjected to fractionated
IR (four times atl.75 Gy) at weekly intervals, starting at 4 wk of age,
and were monitored for the development of tumors up to 730 d. (C)
Kaplan-Meier analysis of thymic lymphoma-free survival of mice of
the indicated genotypes. (D) Tumor-free survival of cohorts of mice
shown in C. Mean survival in days = SE: 201 * 9 for wild type ver-
sus 570 = 52 for puma*’~ versus 558 = 38 for puma /" (Fig. 2A,B);
P <0.0001. Circles represent mice still alive, triangles represent mice
that developed tumors distinct from thymic lymphomas, and dia-
monds represent mice that were tumor-free at the end of the ob-
servation period; i.e., 730 d.

p53-induced apoptosis promotes tumorigenesis

2B). Bim deficiency caused a delayed proliferative burst,
reaching its maximum at day 5 post-IR, in correlation
with the delayed thymocyte depletion (Fig. 1A). In con-
trast, mice lacking Puma or p53 showed a strongly re-
duced proliferative response (Fig. 1B).

Following cohorts of mice treated with four weekly
doses of IR, we observed that loss of p53 accelerated
thymic lymphoma formation, confirming a previous study
(Kemp et al. 1994). Loss of Bim had no effect on tumor
latency (P =0.17). Remarkably, loss of one or both alleles of
puma abrogated thymic lymphoma formation induced by
IR (Fig. 1C). Long-term surveillance and histopathological
assessment revealed that, very late in follow-up, a portion
of puma*’~ and puma—'~ mice developed different malig-
nancies, including high-grade and low-grade lymphomas,
carcinomas, and sarcomas, but others were still without
signs of pathology when analyzed after 730 d (Fig. 1D;
Supplemental Fig. 3). Notably, in untreated animals, loss
of Puma did not reduce spontaneous tumorigenesis or
extend lifespan, suggesting that irradiation injury is nec-
essary to unmask this unexpected tumor-suppressive pro-
cess in puma '~ mice (Supplemental Tablel; Supplemen-
tal Fig. 3).

Lack of T-cell apoptosis upon DNA damage fails
to prevent lymphomagenesis

According to the “initiator-promoter” model of tumor
formation, these observations suggest that enhanced
proliferation of stem/progenitor cells triggered by apopto-
sis of differentiated cells and subsequent creation of space
acts as a strong promoter of tumor formation by expand-
ing progenitors that carry oncogenic lesions induced by
DNA damage. If leukocyte depletion in the thymus was
critical for lymphomagenesis, overexpression of Bel-xy, in
the T-cell lineage should prevent tumorigenesis after IR.
Similarly, Puma deficiency should fail to delay tumor
formation triggered by DNA damage in radio-resistant
tissues lacking a compensatory proliferative response.
The latter was addressed using intramuscular (i.m.) in-
jection of the hydrocarbon 3-Methylcholanthrene (3-MC),
a carcinogen that causes DNA damage by forming bulky
adducts, promoting formation of fibrosarcomas, sup-
pressed by p53 (Garcia-Cao et al. 2002). Fibrosarcomas
formed within 7 mo in wild-type and puma '~ mice alike
(Fig. 2A), suggesting that the protection from tumorigen-
esis observed with loss of Puma needs tissue depletion
and the generation of space. In contrast, overexpression of
Bcl-xp in thymocytes and T cells (Chao et al. 1995) did not
significantly delay the formation of thymic lymphomas
in Ick-bcl-x transgenic mice exposed to IR (Fig. 2B). This
was surprising, given that overexpression of Bel-x; pre-
vented cell death as well as compensatory proliferation in
the thymus after IR as efficiently as loss of Puma (Fig.
2C,D; Supplemental Fig. 4A). Together, this suggested
that generation of space by T-cell apoptosis cannot be the
sole critical factor driving tumorigenesis, and that the
“tumor-initiating cell”—kept in check by the absence of
cell death in puma™'~ mice—must be either a very early
thymic progenitor in which the Ick promoter is still
silent, or an even less differentiated hematopoietic pro-
genitor. This idea is consistent with the observation that
vav-bcl-2 transgenic mice overexpressing Bcl-2 in all
hematopoietic cells, including hematopoietic stem/pro-
genitor cells (HSCs), fail to develop thymic lymphomas
upon IR (Michalak et al. 2010), and the observation that
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Figure 2. Lack of protection from tumorigenesis by loss of Puma
in the absence of tissue depletion or by overexpression of Bel-x in the
T-lymphoid linage. (A) Cohorts of adult wild-type (n= 10) and puma ™'~
(n=11)micereceived a single injection of 3-MC or vehicle (seven mice
per genotype) i.m. in the gluteus. Local tumor growth was monitored
over 255 d, and animals were sacrificed when tumors reached =1 cm
in size. (B) Cohorts of Ick-bcl-x tg (n = 9) mice were monitored for
tumorigenesis triggered by fractionated IR, and were monitored for
the development of thymic lymphomas over time. Triangles represent
mice that developed tumors distinct from thymic lymphomas, and
diamonds represent mice that were tumor-free at 730 d. (C) Wild-type,
puma~'~, and Ick-bcl-x tg mice were exposed to a single dose of IR
(1.75 Gy). Animals were sacrificed after 24 h, and thymic single-cell
suspensions were counted and stained for cell surface markers,
followed by flow cytometric analysis. Representative dot blots from
three independent experiments and animals per genotype defining the
changes in the percentages of CD4"8" thymocytes upon IR are shown.
(D) Quantification of BrdU incorporation and S-phase activity in
Ick-bcl-x tg transgenic mice, performed as described in Figure 1B.
Statistically significant differences in BrdU uptake were observed
between wild-type versus bcl-x tg mice on day 3 (P =0.007).

IR-induced tumorigenesis can be suppressed by the trans-
fer of healthy bone marrow into irradiated recipients or
bone marrow shielding (Kominami and Niwa 2006).
Therefore, we reasoned that IR damage in stem/progenitor
cells selects for a pool of cells carrying oncogenic lesions
that provide a proliferative advantage, acquiring additional
alterations during differentiation and expansion. This may
facilitate transformation most frequently in the thymus,
presumably due to the high risk for chromosomal trans-
locations arising during the recombination of T-cell re-
ceptors (Liao and Van Dyke 1999). Alternatively, most
stem/progenitor cells actually die after IR, and the few
survivors are forced to replenish the periphery to avoid
fatal hypoplasia, thereby accumulating further DNA dam-
age due to replication stress. Such primed precancerous
cells are usually cleared by a functional DNA damage
response. This model is consistent with the high frequency
of p53 inactivation observed in IR-induced thymic lym-
phomas from wild-type and p53*/~ mice (Brathwaite et al.
1992; Kemp et al. 1994), and a recent study describing that
irradiation strongly selects for p53-deficient hematopoietic
progenitors (Marusyk et al. 2010).

Lack of stem cell apoptosis and compensatory
proliferation in irradiated puma~'~ mice

We monitored bone marrow dynamics upon IR and ana-
lyzed the HSC-containing lin~ Sca-1"c-kit* (LSK) population,
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as well as the (lin~Scal*ckit*CD48~CD150~) multipotent
progentiors (MPPs) and (lin~Scal*ckit"CD48~CD150") frac-
tion, highly enriched for long-term HSCs (LT-HSCs). The
percentages and numbers of LSK cells in wild-type, bim,
and Ick-bcl-x tg mice—the latter being functionally wild
type in the bone marrow—dropped significantly upon IR of
animals with a single dose of 1.75 Gy, but, in contrast to
thymic cellularity, failed to recover prior to subsequent
irradiation (Fig. 3A). The percentages and numbers of LSK
cells in puma™/~ mice did not change, or, in the case of
p537/~ mice, even transiently increased, possibly due to
impaired p21 activation, demonstrating resistance of these
cells to IR-induced apoptosis (Fig. 3B; Supplemental Fig.
4B,C). Consistent with their relative radio resistance, LT-
HSC numbers declined more slowly than MPP numbers in
wild-type or bim /", but were less affected in puma*’~
mice (data not shown), or were unaffected in puma™'" or
p53~/~ mice (Fig. 3C,D; Supplemental Fig. 4D,E). Apopto-
sis resistance of Puma- or p53-deficient HSCs was cell-
autonomous, as demonstrated on FACS-sorted stem cells
subjected to IR ex vivo (Supplemental Fig. 5A). Moreover,
loss of Puma preserved the clonal fitness of irradiated LT-
HSCs, as shown by their better performance in a compet-
itive reconstitution assay using bone marrow from Ly5.1*
wild-type and Ly5.2* wild-type or puma '~ mice harvested
24 h after irradiation (Supplemental Fig. 5B). These find-
ings are well in line with the reported role for puma in IR-
triggered stem/progenitor cell apoptosis (Wu et al. 2005;
Shao et al. 2010; Yu et al. 2010). One study also speculated
that IR-driven tumor formation may be reduced in puma=/"~
mice, but experimental proof was not provided, and all
relevant controls died from bone marrow failure or gastro-
intestinal syndrome shortly after high-dose IR (Yu et al.
2010.

Consistent with a strong demand for compensatory
proliferation and HSC mobilization due to apoptotic cell
loss of differentiated leukocytes, surviving MPPs showed
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Figure 3. Loss of Puma prevents stem cell apoptosis upon IR. (A)
Cellularity of both femora and tibiae was assessed in mice of the
indicated genotypes after exposure to a single dose of IR. (B-D) Cell
counting and staining with cell surface marker-specific antibodies
were used to identify and enumerate the different stem cell popula-
tions. Bars represent mean + SEM of three to six animals per genotype
and time point from three independent experiments. (*) LSK cell
numbers were significantly different between wild-type or bim™/~
versus puma~’~ (P < 0.0002) or p53~/~ mice (P < 0.0014) at all time
points analyzed after IR; MPP numbers were different between wild-
type or bim ™/~ versus puma ™/~ (P < 0.04) or p53~/~ mice (P < 0.035) at
days 1,3, and 7 after IR; LT-HSC numbers were different between wild-
type or bim~'~ versus puma~'~ (P<0.038) or p53~/~ mice (P <0.003) at
day 7 after IR. }§) In untreated mice, LT-HSC numbers were different
between bim ™/~ and all other genotypes (P < 0.05).



an approximately sevenfold increase in S-phase activity
in BrdU-labeling experiments at days 3 and 7 after IR,
compared with untreated controls (P < 0.03), while LT-
HSCs displayed an approximately twofold increase (Fig.
4A; Supplemental Fig. 6). In the absence of Puma or p53,
however, S-phase activity was significantly less increased
(P < 0.04). Noteworthy, this “snapshot analysis” failed to
reveal proliferation differences in the LSK population;
however, long-term BrdU loading of HSC and subsequent
pulse-chase analysis (Wilson et al. 2008) of animals
exposed to one or two cycles of IR confirmed the strongly
reduced proliferative response—indicated by reduced loss
of BrdU label—in puma '~ mice (P < 0.01) in all stem/
progenitor cell populations analyzed (Fig. 4B; Supplemen-
tal Fig. 7). Ki67 staining and flow cytometric analysis of
stem/progenitor cell subsets before and after IR con-
firmed a significant increase (P < 0.03) in stem cell
mobilization out of GO in wild-type mice compared with
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Figure 4. Loss of Puma prevents compensatory proliferation of
stem cells upon DNA damage. (A) To compare the rates of pro-
liferation in different stem cell populations, the mice of the indicated
genotpyes were exposed to IR, and, on days 3 and 7, were injected i.p.
with a single dose of BrdU. Four hours later, mice were sacrificed, and
the percentage of BrdU™" cells was assessed by flow cytometry in the
individual stem cell subsets or total bone marrow. The relative
increase in proliferation (BrdU* cells) in relation to untreated controls
was calculated by using the following equation: (IR-induced pro-
liferation percent — spontaneous proliferation percent)/(100 — spon-
taneous proliferation percent). Bars represent fold induction of BrdU*
cycling cells as mean * SEM of three to four animals per genotype and
three independent experiments. (*) Significant differences in BrdU
uptake were observed between wild-type and puma ™'~ or p53~/~ MPP
(P<0.03) and LT-HSC (P <0.01) subsets at days 3 or 7 post-IR. (B) Mice
were fed BrdU in drinking water for 12 d, yielding between 70% and
90% of labeling efficiency in both genotypes alike. Then mice were
exposed to 1.75 Gy IR at days 0 and 7. The percentage of BrdU* stem
cell subsets was assessed by flow cytometry. IR-induced loss of BrdU
as an indirect measure of proliferation was calculated by subtracting
the percentage of BrdU* cells of mice pre-exposed to IR from the
percentage of BrdU* cells in control animals. Symbols represent mean
+ SEM of three to four animals per genotype and time point.
Spontaneous BrdU loss was not different between genotypes (P >
0.78).(*) BrdU loss was significantly different at all time points after IR
in MPP (P <0.014) and LSK (P < 0.026) cells at days 3 and 7, and in LT-
HSCs(P<0.014)atdays 7 and 10. (C) Cell cycle analysis using Ki6 7 was
performed in control mice or mice exposed to IR 7 d before. The
percentage of cells in GO is plotted. Bars represent mean = SEM of
three animals per genotype. (*) The percentage of stem/progenitor
cells in GO was significantly higher in puma*/~, puma™/~, and p53~/~
when compared with wild-type mice (P < 0.04).

p53-induced apoptosis promotes tumorigenesis

puma*’~, puma~’~, or p53~/~ animals (Fig. 4C; Supple-
mental Fig. 8).

Replication stress in stem/progenitor cells is critical
for IR-induced tumor formation

Our data show that, besides depleting thymocytes and
mature lymphocytes (data not shown), IR also effectively
kills MPP and LSK cells in the bone marrow, forcing
surviving LT-HSCs out of dormancy. Hence, loss of Puma
may delay tumorigenesis by limiting the compensatory
proliferation of stem/progenitor cells that might trigger
a replication stress-associated DNA damage response,
counterselection, and subsequent genomic instability.
Consistently, we observed increasing signs of replication
stress-associated DNA damage, as revealed by yH2AX
foci formation, in wild-type but not puma~'~ or p53~/~
stem cells isolated 6 wk after the fourth cycle of irradi-
ation (Fig. 5A,B; Supplemental Fig. 9). This suggests that
IR-induced thymic lymphomas arise in wild-type mice
presumably due to counterselection against an activated
DNA damage response (e.g., by loss of p53) and all of its
fatal consequences, as suggested recently (Marusyk et al.
2010). This selection pressure is reduced in puma™'~
mice, translating into delayed tumor formation (Fig.
1C,D). Animals lacking p53 show accelerated tumor
formation despite the absence of replication stress, and
this can be accounted for by uncontained genomic in-
stability exacerbated by IR damage. Consistently, thymic
lymphomas from p53~/~ and p53 mutant knock-in mice
show frequent aneuploidy (Liu et al. 2004; Morales et al.
2006).

We hypothesized that loss of genomic stability after IR
dominates over the protective effect exerted by absent
replication stress, caused by the lack of Puma-mediated
apoptosis. To test this, we investigated tumor formation
in puma~/~ mice also lacking one or both alleles of p53.
Spontaneous tumorigenesis caused by loss of one or both
alleles of p53 was not altered (P > 0.36) on a Puma-
deficient background (Fig. 5C). Notably, p53~/ " puma"'~
mice developed IR-induced thymic lymphomas as rapidly
as p53~/~ mice (Fig. 5D), consistent with our hypothesis.
However, in contrast to puma '~ mice, puma '~ mice
lacking one allele of p53 developed thymic lymphomas
again (three out of nine), but also a range of other
malignancies, while p53*/~ mice, able to induce puma,
developed exclusively thymic lymphomas (Fig. 5D; Sup-
plemental Tablel; Supplemental Fig. 3). Overall, the
immunophenotypes of thymic lymphomas arising were
similar, suggesting comparable pathology in the geno-
types tested (Supplemental Fig. 3C). As reported before
(Kemp et al. 1994), all p53*/~ thymic lymphomas had lost
their wild-type p53 allele, documented by increased
levels of ARF protein (Supplemental Fig. 10; Eischen
et al. 1999). In the absence of Puma, loss of the second
p53 allele was still observed in most lymphomas tested,
but disease onset occurred with clearly delayed kinetics
(Fig. 5C,D; Supplemental Fig. 10). This demonstrates that
stem cell quiescence due to impaired apoptosis of differ-
entiated leukocytes and reduced repopulation demand
lowers the impetus for loss of heterozygosity (LOH) of
p53, and thereby impairs IR-induced thymic lymphoma-
genesis. Hence, it would be highly interesting to test for
Puma expression levels in Li-Fraumeni syndrome pa-
tients in relation to the onset of malignant disease.
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Figure 5. Replication stress-associated DNA damage in wild-type
HSCs after IR and restoration of thymic lymphoma development in
puma~’~ mice by concomitant loss of p53. (A) Quantification of DNA
damage foci in LSK cells and LT-HSCs derived from mice of the
indicated genotypes. Six weeks after the fourth cycle of IR, stem cells
were sorted from the bone marrow onto poly-L-lysine-coated cover-
slips and stained for yH2AX. (B) Quantification of the percentage of
LT-HSCs containing a given number of yH2AX foci. (Insert) Immu-
nofluorescence detection of yH2AX foci in LT-HSCs and LSK cells
derived from wild-type, puma /", and p53~/~ mice 6 wk after the last
dose of irradiation. (Green) yH2AX; (blue) DAPL Images were acquired
with a Leica confocal scanning microscope, and the numbers of foci
per cell were quantified by using the CellProfiler software, measuring
an average of 100 cells per sam/ple from four to six mice per genotype.
(*) IR wild type versus puma~'~ or p53~/~ (P < 0.001). LT-HSCs from
untreated p53~/~ mice show reduced foci number (P < 0.05). (B)
Assessment of foci number per cell, in relation to the total number
of cells analyzed. Cohorts of p53*~ and p53~/~ mice proficient or
deficient for puma were monitored for spontaneous tumorigenesis
and tumor formation triggered by fractionated IR. (C,D) Kaplan-Meier
analysis of tumor-free survival of untreated p53*/~ (n=15), p53~/~ (n=
15), p53*/~puma™'" (n = 16), and p53~/"puma~'" (n = 15) mice (C),
or thymic lymphoma-free survival of irradiated p53*/~ (n = 10), p53~/~
(n=9), p53* " puma™" (n = 9), and p53~/"puma~'~ (n = 5) mice (D).
Mean survival in days = SE: 176 + 8 for p53*/~ versus 307 =+ 37 for
p53*~puma~'~; P < 0.0001.

In conclusion, our results demonstrate that maintain-
ing stem/progenitor cell numbers upon DNA damage is
required to secure their genomic integrity, and is critical
for tumor suppression. Furthermore, our observations
support the concept that repeated attrition and regener-
ation of tissues can contribute to tumor formation, and,
during anti-cancer therapy, facilitates the rise of treat-
ment-resistant cancer cells that frequently show in-
creased genomic instability (Allan and Travis 2005). In
contrast to related mechanisms discussed in the pa-
thology of liver or gastrointestinal cancer, inflammation
appears to be not essential here, as evidenced by normal
IR-induced lymphomagenesis in myd88 knockout mice
(Michalak et al. 2010).

Finally, while inhibition of Puma may be used to
minimize anti-cancer therapy-induced aplasia, mimick-
ing its function by application of “BH3 mimetics” (Labi
et al. 2008)—alone or in combination with curative or
palliative anti-cancer treatment regimens—may actually
increase the risk for developing secondary malignancies;
e.g., by killing expanding nonmalignant lymphocytes or
their progenitors.
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Materials and methods

Tumorigenesis

Mice were subjected to four weekly doses of IR with 1.75 Gy from the age
of 4 wk (2 d) in a linear accelerator. For the induction of fibrosarcomas,
mice were injected i.m. with 1 mg of 3-MC in sesame oil. As a control,
mice were injected with vehicle alone.

Flow cytometry, BrdU labeling, pH3, and Ki67 staining

HSC populations were defined using a biotin-labeled lineage marker flow
cytometry kit (e-Bioscience). BrdU was injected i.p. (1 mg per mouse in
200 pL of saline) 4 h prior to sacrifice, or was administered for 12 d in the
drinking water (0.8 mg/mL + 1% glucose). To quantify cells in S phase,
single-cell suspensions were surface-stained prior to flow cytometric
analysis using the BrdU-APC flow kit (BD Biosciences). Indirect immu-
nofluorescence staining on ethanol-fixed thymocytes (70% in PBS) was
performed to quantify mitotic cells using an anti-pH3 (Serl10)-specific
antibody (Cell Signaling) and goat anti-rabbit Alexa 488 (Invitrogen). Cells
in GO were quantified by cell surface marker staining, followed by fixation
in 4% PFA and permeabilization using 0.05% Triton-X-100, followed by
intracellular FITC-Ki67 (BD Biosciences) and 7AAD staining.

Immunofluorescence

Staining of y-H2AX foci was performed as described (Viale et al. 2009).
Images were acquired using a Leica SP5 confocal laser-scanning micro-
scope (Leica Microsystems) with a 63X glycerol immersion objective, and
image analysis was conducted using CellProfiler software.

Statistical analysis

Statistical analysis was performed by ANOVA or, for comparison of
survival of mice and tumor onset, the log-rank (Mantel-Cox) test. Un-
paired Student’s t-test was used to compare differences in proliferation and
BrdU incorporation, as well as the number of yH2AX foci between
genotypes. P-values of <0.05 were considered to be significant.
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