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Apoptosis-promoted
tumorigenesis: y-irradiation-
induced thymic
lymphomagenesis requires
Puma-driven leukocyte death
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Although tumor development requires impaired apopto-
sis, we describe a novel paradigm of apoptosis-dependent
tumorigenesis. Because DNA damage triggers apoptosis
through p53-mediated induction of BH3-only proteins
Puma and Noxa, we explored their roles in y-radiation-
induced thymic lymphomagenesis. Surprisingly, whereas
Noxa loss accelerated it, Puma loss ablated tumori-
genesis. Tumor suppression by Puma deficiency reflected
its protection of leukocytes from vy-irradiation-induced
death, because their glucocorticoid-mediated decima-
tion in Puma-deficient mice activated cycling of stem/
progenitor cells and restored thymic lymphomagenesis.
Our demonstration that cycles of cell attrition and repop-
ulation by stem/progenitor cells can drive tumorigenesis
has parallels in human cancers, such as therapy-induced
malignancies.
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It is now widely accepted that one hallmark of cancer is
abatement of apoptosis (Hanahan and Weinberg 2000),
commonly through inactivation of the p53 tumor sup-
pressor (Vousden and Lu 2002), but sometimes through
loss of a proapoptotic BH3-only protein of the Bcl-2 fam-
ily, such as Puma, or overexpression of one of their
prosurvival relatives (Adams and Cory 2007). Exposure
of mice to four weekly doses of 1.5-Gy ~y-irradiation elicits
thymic lymphoma due to oncogenic mutations resulting
from DNA double-strand breaks (for review, see Kaplan
1964). The transformation target (cell in which trans-
formation begins) for these tumors is a primitive hemato-
poietic stem/progenitor cell in the bone marrow, because
shielding both femora or transplanting undamaged hema-
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topoietic stem/progenitor cells ablates the tumorigenesis
(Kaplan 1964).

The thymic lymphomagenesis induced by y-irradiation
is markedly enhanced by deficiency in p53 (Kemp et al.
1994), which controls DNA damage-induced cell cycle
arrest, DNA repair, and apoptosis (Vousden and Lu 2002).
The proapoptotic activity of p53 relies on Puma and, to
a lesser extent, Noxa—the BH3-only Bcl-2 family mem-
bers that it can transcriptionally activate (Oda et al. 2000;
Nakano and Vousden 2001; Yu et al. 2001; Villunger et al.
2003). Links between deficiencies in BH3-only proteins
and human cancer are accumulating (Tagawa et al. 2005;
Adams and Cory 2007), and loss of Puma, Bim, or, in
certain contexts, Noxa accelerates c-Myc-induced lympho-
magenesis in mice (Egle et al. 2004b; Hemann et al. 2004;
Garrison et al. 2008; Michalak et al. 2009). To investi-
gate how p53-mediated apoptosis restrains ~y-irradiation-
induced thymic lymphoma development, we examined
the consequences of Noxa and/or Puma loss by gene
disruption.

Results and Discussion

Noxa loss enhances y-radiation-induced thymic
Iymphoma development

Notably, after fractionated y-irradiation, noxa /= mice
developed thymic lymphoma with markedly higher in-
cidence and accelerated rate compared with wild-type
mice (median survival: 126 d for noxa™/~ vs. 217 d for
wild type; P < 0.0005) (Fig. 1A). There was even a trend
toward accelerated lymphomagenesis in noxa*’~ mice
(median survival, 162 d), but this did not reach signifi-
cance (P = 0. 064) The lymphoma 1mmun0phenotypes
(Supplemental Fig. 1A-C) in noxa*/~, noxa™/~, and p53*/~
mice were comparable )P < 0.3) (Fig. 1A), although the
lymphomas from p53"~ mice were somewhat larger
(Supplemental Fig. 1D). The tumorigenesis in noxa*/~
mice did not require loss of heterozygosity, because
allele-specific PCR revealed that nine unselected noxa*'~
thymic lymphomas all retained the wild-type noxa al-
lele (Supplemental Fig. 1E). Furthermore, high levels of
p19Arf, indicative of loss of p53 pathway function, were
apparent in all (six out of six) p53*/~ tumors, as reported
(Kemp et al. 1994), but in only three out of 10 wild-type,
one out of eight noxa*’~, and one out of eight noxa /=
lymphomas tested (wild type vs. p53*/~, P<0.01; noxa ™/~
vs. p53*/~, P < 0.005; wild type vs. noxa /", P = 0.6) (Fig.
1B). Thus in this model, tumor suppression by p53 relies
in part on its direct transcriptional target, Noxa.

Noxa loss enhances survival of primitive
hematopoietic stem/progenitor cells,
but not their more differentiated progeny

As expected, vy-irradiated Noxa-deficient and wild-type
thymocytes exhibited comparable DNA damage, as dem-
onstrated by yH2AX induction (Supplemental Fig. 2).
Noxa deficiency did not protect most leukocyte popula-
tions: After +y-irradiation on days O and 7, total bone
marrow leukocytes and thymocytes (Fig. 1C), including
the four major thymic lymphocyte subpopulations (Sup-
plemental Fig. 3), all dropped and rebounded comparably
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Figure 1. Noxa deficiency enhances y-irradiation-induced thymic lymphoma development. (A) Kaplan-Meier curves showing percentage
survival of tumor-free mice of the indicated genotypes exposed to four weekly doses of y-irradiation (1.5 Gy). Thymic lymphomas arose with
higher incidence and significantly (P < 0.0005) earlier in noxa/~ mice (n = 16) than wild-type mice (n = 23). Differences in tumor onset between
wild-type and noxa*/~ mice (n = 21), and between noxa~/~ and p53*/~ mice (n = 11) were not significant (P = 0.064 and P = 0.76, respectively). (B)
Western blot analysis of pl19Arf and B-actin (loading control) in unselected thymic lymphomas of the indicated genotypes. p53*/~ thymic
lymphomas and p53~/~ mouse embryonic fibroblasts (MEF) provided positive controls for pl9Arf overexpression. Protein size standards in
kilodaltons are indicated. (C) Total leukocyte cellularity of the bone marrow and thymus from wild-type and noxa™/~ mice that had received
1.5 Gy y-irradiation on days 0 and 7. Mean *= SEM, n = 3-7 for each genotype and day of analysis.

in noxa~/~ and wild-type mice. Furthermore, in tissue Lin~Sca-1*c-kit"™IL-7R*) were normally sensitive to

culture, Noxa-deficient early thymic progenitors (ETPs;
CD4°CD3~CD8 cKit") (data not shown) and bone
marrow-derived common lymphoid progenitors (CLPs;

v-irradiation and spontaneous death (Fig. 2A), as are the
major noxa '~ thymocyte subpopulations (CD4*8%,
CD4%87, and CD4~8") (Villunger et al. 2003).
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Figure 2. Sensitivity of leukocyte populations from Noxa- or Puma-deficient mice to y-irradiation-induced or spontaneous apoptosis. (A)
Sensitivity in vitro of the indicated bone marrow cell subsets to y-irradiation or spontaneous death (no cytokine support). LSK stem/progenitor
cells and CLPs isolated from the marrow of wild-type, noxa™/~, and puma '~ mice were left untreated or were y-irradiated (1.5 or 5 Gy), and were
then cultured in vitro, and viability was assessed by Annexin V/PI staining and FACS analysis. Mean + SEM, n = 3-4. (*) P <0.05; (**) P <0.01;
(***) P <0.001. (B) Bone marrow cells from wild-type, noxa™/~, and puma™'~ mice were ~y-irradiated (1.5 Gy) and transplanted into vy-irradiated
wild-type recipients, and macroscopic spleen colonies (CFU-S) were counted 12 d later. Mean + SEM, n = 6-12 donor mice. (*) P <0.05; (**) P <
0.01; (***) P < 0.001. CFU-S numbers from untreated marrow cells of these genotypes were comparable (Supplemental Fig. 5D).
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In line with evidence that the thymic lymphomas arise
from mutated primitive bone marrow cells (Kaplan 1964),
noxa mRNA was induced in hematopoietic stem/
progenitor cells (Lin~Sca-1Mc-Kit™IL-7R™ [LSK]) in
a p53-dependent manner in response to DNA damage
(Supplemental Fig. 4). Interestingly, Noxa loss afforded
the LSK cells, including those that produce colonies in
spleens of lethally irradiated mice (day 12 colony-forming
unit-spleen [CFU-S]), with significant (P < 0.05), albeit
modest, protection against y-irradiation and cytokine dep-
rivation (Fig. 2A,B). Thus, Noxa loss probably promotes
thymic lymphomagenesis by enhancing survival of the
rare bone marrow-resident stem/progenitor cells that
have sustained oncogenic mutations, which evoke stress
that activates p53 (see below; Hanahan and Weinberg
2000; Vousden and Lu 2002). However, since the lym-
phomas arise faster in p53~/~ than noxa/~ mice (Kemp
et al. 1994), Noxa loss only partially substitutes for
p53 deficiency, probably because p53 loss obliterates
not only DNA damage-induced apoptosis, but also mul-
tiple other pathways, including coordination of DNA
repair (Vousden and Lu 2002).

Puma loss prevents vy-radiation-induced thymic
Iymphoma development

In response to DNA damage, p53 also induced puma
mRNA in the LSK cells (Supplemental Fig. 4), and Puma
deficiency protected these stem/progenitor cells, includ-
ing those capable of forming CFU-S, against y-radiation-
induced apoptosis much more potently than did Noxa
loss (Fig. 2A,B; Supplemental Fig. 5). Remarkably, how-
ever, thymic lymphoma development was ablated by
the absence of Puma (zero out of 18 mice, P < 0.0002
compared with wild type), and was greatly impaired by
the loss of even a single puma allele (one out of 15, P <
0.0025, compared with wild type) (Fig. 3A). Moreover,
mice lacking both Noxa and Puma, or those bearing
a vav-bcl-2 transgene, in which all hematopoietic cells
(but not other cell types) are profoundly resistant to DNA
damage-induced apoptosis (Ogilvy et al. 1999; Erlacher
et al. 2005; Michalak et al. 2008), were also highly re-
fractory to the thymic lymphoma development (Fig. 3A).
Thus, counterintuitively, apoptosis of leukocytes pro-
vides an essential contribution to y-radiation-induced
thymic lymphomagenesis. Although p53 loss, like Puma
deficiency, prevents DNA damage-induced apoptosis in
hematopoietic cells (Clarke et al. 1993; Lowe et al. 1993),
v-irradiated p53~/~ mice (Kemp et al. 1994), and even
p53~/"puma’~ mice (Labi et al. 2010), still develop
thymic lymphoma. We attribute this to the fact that
Puma loss prevents only DNA damage-induced, p53-
mediated apoptosis (Jeffers et al. 2003; Villunger et al.
2003), whereas p53 deficiency obliterates multiple addi-
tional processes, including cellular senescence and co-
ordination of DNA repair, which constitute critical
tumor-suppressive mechanisms, particularly in lympho-
cytes (Vousden and Lu 2002).

Leukocyte depletion by dexamethasone restores
y-radiation-induced thymic lymphoma
development in Puma-deficient mice

Notably, unlike Noxa deficiency (Fig. 1C), Puma loss
(even loss of one puma allele) (data not shown) greatly
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Figure 3. Loss of Puma prevents wy-irradiation-induced thymic
lymphoma development. (A) Kaplan-Meier curves showing percent-
age tumor-free survival of mice exposed to four weekly doses of
v-irradiation (1.5 Gy). Only one out of 15 puma*/~ mice developed
a thymic lymphoma (CD4*8%) after 137 d; regenotyping confirmed
puma heterozygosity in this animal. Only one out of 19 vav-bcl-2
transgenic mice developed a thymic lymphoma (after 349 d); all
other deaths reflected systemic lupus erythematosus (SLE)-like
autoimmune disease or follicular B-cell lymphoma—diseases com-
mon in these animals (Egle et al. 2004a). No thymic lymphomas
arose in puma~/~ (n = 18) or noxa~/~puma~'~ (n = 16) mice. Thymic
lymphomas arose faster in p53*/~ mice (n = 11) than wild-type mice
(n = 28; P < 0.02) and faster in wild-type mice than all other
genotypes shown (P < 0.004). (B) Total leukocyte cellularity of the
bone marrow and thymus from wild-type and puma™/~ mice
following v-irradiation (1.5 Gy) on days 0 and 7. Mean *= SEM, n =
2-5.(**) P<0.01; (***) P < 0.001. Data on bone marrow and thymus
cellularity for wild-type mice are the same as those shown in Figure
1C—as wild-type, noxa™'~, and puma'~ mice were studied in
parallel—but the data from noxa~/~ and puma~'~ mice are presented
in two separate figures (B and Fig. 1C) and are described in separate
parts of the text for the sake of clarity.

reduced the attrition of bone marrow leukocytes and
thymocytes in the vy-irradiated mice (Fig. 3B), as might
be expected given the ability of Puma but not Noxa to
target all Bcl-2 prosurvival proteins (Adams and Cory
2007). Conceivably, the attrition of thymocytes and/or
marrow leukocytes might promote lymphomagenesis,
because their normal phagocytic clearance is over-
whelmed and secondary necrosis elicits inflammation,
which can promote tumorigenesis in certain settings
(Mantovani et al. 2008). However, loss of the essential
Toll-like receptor signal transducer Myd88, which is
required for necrosis-induced inflammatory cytokine pro-
duction and consequent tumorigenesis in carcinogen-
treated mice (Naugler et al. 2007; Rakoff-Nahoum and
Medzhitov 2007), did not impair the thymic lymphoma
development (Supplemental Fig. 6).



Alternatively, we reasoned that the depletion of differ-
entiated leukocytes might promote lymphomagenesis by
recruiting into the cell cycle normally quiescent hema-
topoietic stem/progenitor cells (some of them carrying
radiation-induced oncogenic lesions) to replenish the
hematopoietic system. To test this hypothesis, following
each weekly dose of y-irradiation (1.5 Gy), we depleted
differentiated leukocytes in the bone marrow and thymus
of puma~/~ and puma*/~ mice by injecting the glucocor-
ticoid dexamethasone, which can induce lymphocyte
apoptosis in the absence of Puma (Fig. 4A), albeit slightly
less efficiently than in wild-type cells (Villunger et al.
2003). Remarkably, thymic lymphomas then developed
in ~30% of the puma~/~ mice within 150 d (tumor inci-
dence in puma™'~ mice treated with dexamethasone plus
y-irradiation vs. puma~'~ mice treated with ~y-irradiation
alone; P = 0.013) (Figs. 3A, 4B). This ability of dexameth-
asone to promote thymic lymphomagenesis in y-irradiated
puma*’~ and puma~/~ mice is unlikely to be a conse-
quence of impaired immune surveillance, because its
administration did not enhance this tumorigenesis in
wild-type mice (Fig. 4B). Furthermore, loss of Rag-1—
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which aborts B- and T-lymphocyte development at an
early progenitor stage (Mombaerts et al. 1992), and must
therefore free niches in the marrow and thymus—allowed
thymic lymphoma development in ~40% of puma*/~rag-
17/~ mice within 200 d (tumor incidence in puma ' rag-
17/~ mice vs. puma -= mlce P =0.018) (Fig. 3A), in one
out of 18 puma/"rag-1~/~ mice and, as reported (Zaniga-
Pfliicker et al. 1994), in control rag-1~/~ mice (Supple-
mental Fig. 7). Although this incidence is lower than that
seen in puma~'~ treated with both w-irradiation and
dexamethasone, the tumors had comparable immuno-
phenotypes (data not shown). Interestingly, in contrast to
the transgenic mice expressing Bcl-2 in all hematopoietic
cells (Fig. 3A), thymic lymphomas develop normally in
y-irradiated Ick-bcl-x; transgenic mice (Labi et al. 2010),
in which thymocytes but not bone marrow leukocytes
are refractory to apoptosis (Grillot et al. 1995). Collec-
tively, these results show that the lymphomagenesis
relies not on attrition of thymocytes, but primarily on
depletion of bone marrow leukocytes, which stimulates
proliferation and tissue repopulation by stem/progenitor
cells.
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Figure 4. Leukocyte depletion by dexamethasone restores y-irradiation-induced thymic lymphoma development in Puma-deficient mice. (A)
Total cellularity of the bone marrow and thymus of wild-type and puma~/~ mice after combined treatment with vy-irradiation (1.5 Gy) plus
dexamethasone (250 pg) on days 0 and 7. Mean + SEM, n = 2. (B) Kaplan-Meier curves showing percentage tumor-free survival of mice after four
weekly combined treatments with «y-irradiation (1.5 Gy) and dexamethasone. For wild-type mice, n = 21; for puma™ ™~ mice, n = 22; and for
puma '~ mice, n =10 (P > 0.35 for all comparisons). (C) Impact of combined treatment with y-irradiation and dexamethasone on numbers of LSK
cells in wild-type and puma ™/~ mice. LSK cells were analyzed 3 d following treatment with y-irradiation (1.5 Gy) or y-irradiation (1.5 Gy] plus
dexamethasone (250 pg). Mean = SEM, n=4, (**) P <0.01; (***) P < 0.001. (D) Cell cycle status of LSK cells from mice treated as in C. Mean *
SEM, n = 3. Supplemental Figures 8 and 9 provide FACS data of the cell cycle analysis. (E) Model of thymic lymphoma development in Noxa- and
Puma-deficient mice (see the text). We propose that, in wild-type mice, the y-irradiation both creates oncogenic lesions within rare cells of the
hematopoietic stem/progenitor cell compartment and, by killing most differentiated leukocytes, recruits those cells into the cell cycle to
repopulate the compartment. In Noxa-deficient mice, the differentiated leukocytes die normally, but more of the stem/progenitor cells bearing
potentially oncogenic mutations survive, thereby hastening tumorigenesis. In Puma-deficient mice, however, the survival of most differentiated
cells removes the impetus for recruitment of the mutant stem/progenitor cells that would otherwise found a tumor.
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Combined treatment with vy-radiation

and dexamethasone but not y-radiation
alone promotes cycling of hematopoietic
stem/progenitor in Puma-deficient mice

We therefore compared the responses of the hematopoi-
etic stem/progenitor (LSK) cell compartment in the
marrow of wild-type and puma ™/~ mice to y-irradiation.
As reported (Shao et al. 2010; Yu et al. 2010), y-irradiation
depleted the wild-type but not the puma /= LSK cells,
and, in the mice that also received dexamethasone, the
puma~/~ but not the wild-type LSK cells increased
significantly (Fig. 4C). Accordingly, cell cycle analysis
revealed that the majority of puma '~ LSK cells remained
quiescent 3 d after y-irradiation alone, but the concom-
itant glucocorticoid treatment drove most LSK cells out
of Gy (Fig. 4D; Supplemental Figs. 8, 9. Thus, in puma /=
mice, the death of more differentiated leukocytes in the
bone marrow induced compensatory proliferation and
replenishment by previously quiescent stem/progenitor
cells (including some bearing oncogenic lesions), which
themselves are resistant to y-radiation.

General implications of chronic cellular depletion
and repopulation by recruitment and cycling
of stem/progenitor cells for tumorigenesis

Our findings favor the model (Fig. 4E) that, in wild-type
mice, Puma-driven bone marrow leukocyte attrition pro-
voked by «v-irradiation stimulates compensatory prolifer-
ation of hematopoietic stem/progenitor cells bearing
radiation-induced oncogenic lesions to repopulate the
depleted compartment. Subsequent rounds of vy-irradia-
tion fuel malignant progression by repeated attrition of
differentiated leukocytes, mutagenesis, and regeneration
by stem/progenitor cells bearing oncogenic lesions that
provide a selective advantage (e.g., mutations in p53)
(Marusyk et al. 2010). Noxa loss accelerates the lympho-
magenesis by promoting survival of the primitive cells
bearing potentially oncogenic lesions, but Puma loss ab-
lates it by removing the proliferative impetus provided by
the death of the differentiated bone marrow leukocytes.

Some parallels with this novel paradigm may exist in
human malignancies. Tumors such as hepatocellular car-
cinoma in patients suffering from viral- or alcoholism-
induced cirrhosis develop from stem or progenitor cells
that have been repeatedly called into action through
cycles of cell death and regeneration, although some of
their proliferative impetus is thought to arise from
chronic inflammation (Farazi and DePinho 2006). Fur-
thermore, failure of anti-cancer therapy is often due to
repopulation by surviving (resistant) cancer cells (Kim
and Tannock 2005), and many cancer survivors later in
life develop distinct (second) primary tumors provoked by
their courses of radiotherapy or chemotherapy (Allan and
Travis 2005).

There is now considerable excitement about the pros-
pect of anti-cancer drugs that act like BH3-only proteins,
such as the promising “BH3 mimetic” ABT-737, which
targets only a subset of the prosurvival Becl-2 family
members (Bel-2, Bel-xg, and Bel-w, but not Mcl-1 or Al)
(Oltersdorf et al. 2005; Adams and Cory 2007). Our
observation that Puma-mediated death of leukocytes
can promote thymic lymphoma development has impli-
cations for the design of such agents. It suggests that
chronic exposure to a BH3 mimetic that, like Puma,
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targets most prosurvival Bcl-2 family members—and
would therefore be expected to kill large numbers of
differentiated cells (Adams and Cory 2007)—might, in
certain circumstances, promote secondary malignancy,
particularly in combination with genotoxic anti-cancer
therapeutics that can elicit oncogenic lesions in stem/
progenitor cells. Thus, the BH3 mimetics that target only
a subset of the prosurvival family members, or a single
member, should be safer than ones targeting most of the
family.

Materials and methods

Thymic lymphoma induction

Mice (starting at 31 = 2 d of age) were vy-irradiated weekly for 4 wk with
1.5 Gy from a ®°Co source (Theratron Phoenix, Theratronics). For certain
experiments, mice were injected intraperitoneally (i.p.) with dexametha-
sone sodium phosphate (250 pg; DBL) 1 h after y-irradiation. Mice were
monitored for 450 d for signs of illness, and tumor onset was calculated
from the last dose of y-irradiation. A thymic mass >50 mg comprised of
a T-cell population with an abnormal CD4*/CD8* FACS profile and/or
that was transplantable in recipient mice was considered a thymic
lymphoma.

Cell culture, viability, and colony assays

FACS-sorted ETPs, hematopoietic stem/progenitor cells (LSK) and CLPs
were cultured at a starting density of 2 X 10* to 5 X 10* per milliliter
at 37°C in a humidified 10% CO, incubator in complete RPMI me-
dium (RPMI-1640, supplemented with 10% fetal calf serum, 50 uM
B-mercaptoethanol, 100 U/mL penicillin, 100 mg/mL streptomycin) with
or without ~100 IU/mL IL-7 and 50 ng/mL SCE. Cell viability was
measured by FACS analysis as the proportion of cells not stained by
either Annexin V-FITC or PI (FITC PI"). The extent of apoptosis induced
specifically by y-irradiation was calculated as [percent apoptosis — percent
spontaneous apoptosis]/[100 — percent spontaneous apoptosis].

Full Materials and Methods and any associated references are available
in the Supplemental Material.
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