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DNA double-strand breaks (DSBs) are the most deleterious lesion
inflicted by ionizing radiation. Although DSBs are potentially car-
cinogenic, it is not clear whether complex DSBs that are refrac-
tory to repair are more potently tumorigenic compared with
simple breaks that can be rapidly repaired, correctly or incor-
rectly, by mammalian cells. We previously demonstrated that
complex DSBs induced by high-linear energy transfer (LET) Fe
ions are repaired slowly and incompletely, whereas those induced
by low-LET gamma rays are repaired efficiently by mammalian
cells. To determine whether Fe-induced DSBs are more potently
tumorigenic than gamma ray-induced breaks, we irradiated ‘sen-
sitized’ murine astrocytes that were deficient in Ink4a and Arf
tumor suppressors and injected the surviving cells subcutaneously
into nude mice. Using this model system, we find that Fe ions are
potently tumorigenic, generating tumors with significantly higher
frequency and shorter latency compared with tumors generated
by gamma rays. Tumor formation by Fe-irradiated cells is accom-
panied by rampant genomic instability and multiple genomic
changes, the most interesting of which is loss of the p15/Ink4b
tumor suppressor due to deletion of a chromosomal region har-
boring the CDKN2A and CDKN2B loci. The additional loss of p15/
Ink4b in tumors derived from cells that are already deficient in
p16/Ink4a bolsters the hypothesis that p15 plays an important role
in tumor suppression, especially in the absence of p16. Indeed, we
find that reexpression of p15 in tumor-derived cells significantly
attenuates the tumorigenic potential of these cells, indicating that
p15 loss may be a critical event in tumorigenesis triggered by
complex DSBs.

Introduction

Ionizing radiation (IR) has long been recognized as a carcinogen,
although the exact mechanisms underlying radiation-induced carci-
nogenesis remain largely unknown (1,2). The carcinogenic effects of
radiation are attributed to its clastogenic and mutagenic effects, al-
though unique radiation-induced genetic alterations have yet to be

identified in humans except in the case of thyroid cancers (3,4). The
most deleterious lesion inflicted by IR is the DNA double-strand break
(DSB). A causal relationship between DSBs and cancer is clear from
the cancer predisposition of humans (and knockout mice) with defi-
ciencies in proteins responding to DSBs (5). Although DNA breaks
can be potentially carcinogenic, it is not clear whether complex DSBs
that are refractory to repair are more potently tumorigenic than simple
breaks that can be rapidly repaired, correctly or incorrectly, by mam-
malian cells.

Although DSBs induced by gamma rays (i.e. low-linear energy
transfer [LET] radiation) are amenable to repair, the same does not
necessarily hold true for damage induced by high atomic number and
energy (HZE) particles (i.e. high-LET radiation) that inflict complex
DNA lesions (6). HZE particles are an important component of ga-
lactic cosmic rays and are of serious concern to astronauts on long-
duration space missions due to their proposed higher carcinogenic
potential; however, considerable uncertainties exist regarding the es-
timation of cancer risks from these particles (7). Importantly, heavy
ion beams are being increasingly and effectively used for targeted
cancer therapy; therefore, it is critical to understand the potential
for induction of secondary cancers from these ions (8,9). We previ-
ously demonstrated that DSBs induced by 1 GeV/nucleon Fe ions are
slowly and incompletely repaired, triggering persistent DNA damage
signaling events and senescence in primary human skin fibroblasts,
whereas DSBs induced by gamma rays are rapidly and completely
repaired by these cells (10).

To investigate whether complex DNA breaks that are slowly and
incompletely repaired are more potently tumorigenic compared with
breaks that are efficiently repaired, we used a very simple and sensi-
tive paradigm of cellular transformation. We previously demonstrated
that primary Ink4a/Arf�/� astrocytes are immortal but not tumori-
genic (11). However, these ‘sensitized’ cells can be potently trans-
formed by a single oncogenic event, such as expression of kRas,
myrAkt or EGFRvIII. By assessing the tumor-forming abilities of
irradiated Ink4a/Arf�/� astrocytes, we directly investigated the
transforming potential of Fe ions compared with gamma rays with
the goal of identifying Fe-induced genomic changes responsible for
triggering tumorigenesis in this model system. We show here that Fe
ions are potently tumorigenic when directed to these sensitized astro-
cytes, generating tumors with significantly higher frequency and
shorter latency compared with tumors generated by gamma rays.
Tumor formation by Fe-irradiated cells is accompanied by rampant
genomic instability and multiple genomic changes, the most interest-
ing of which is loss of the p15/Ink4b tumor suppressor due to deletion
of the chromosomal region harboring the CDKN2A and CDKN2B
loci. The additional loss of p15/Ink4b in tumors derived from p16/
Ink4a-null astrocytes is interesting and bolsters the hypothesis that
p15 has a critical ‘backup’ function in p16-mediated tumor suppres-
sion (12). Indeed, we find that reexpression of p15/Ink4b in tumor-
derived cells delays tumor progression thereby confirming the
importance of p15 loss in particle-induced cellular transformation.
In sum, this work reports detailed analyses of genomic changes oc-
curring after HZE-particle irradiation that possibly underlie cellular
transformation and tumorigenesis. Our data provide a greater under-
standing of the link between complex DNA damage induced by
charged particles and the resultant genomic changes triggering
radiation-induced carcinogenesis.

Materials and methods

Cell culture

Primary murine astrocytes were isolated from Ink4a/Arf�/� 5-day-old pups as
described (11). Primary mouse astrocytes and ex vivo tumor cultures were all

Abbreviations: DSB, double-strand break; HZE, high atomic number and
energy; IR, ionizing radiation; LET, linear energy transfer; M-FISH, Multi-
color fluorescence in situ hybridization; PCR, polymerase chain reaction.
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maintained in a-modified Eagle’s medium containing 10% fetal bovine serum
in a humidified 37�C incubator in the presence of 5% CO2.

Irradiations

Fe ions with a kinetic energy of 1 GeV/nucleon were provided by the National
Aeronautics and Space Administration Space Radiation Laboratory at Broo-
khaven National Laboratory as described (10). For gamma irradiation, a 137Cs
source (JL Shepherd and Associates, San Fernando, CA) was used. For mock
irradiations, cells were placed in the gamma- or Fe-irradiation chamber for
a comparable period of time.

Colony formation assays

For colony formation assays, 300 cells were plated in triplicate 60 mm dishes,
irradiated with graded doses of radiation (high- or low-LET, as indicated) and
surviving colonies stained with crystal violet 6–8 days postirradiation as
described (10).

Immunofluorescence staining, immunoprecipitations and western blotting

Immunofluorescence staining of cells and tissue sections and western blotting
of whole-cell extracts were performed as described (13). Antibodies
used were anti-actin (Sigma, St Louis, MO), anti-Ki67 (Novocastra, Wetzlar,
Germany), anti-53BP1, anti-phospho-Akt(Ser473), anti-phospho-Erk1/
2(Thr202/Tyr204), anti-CDK4, anti-CDK6 (Cell Signaling, Beverly, MA),
anti-p15 (Santa Cruz, Santa Cruz, CA), anti-V5, anti-V5-fluorescein isothio-
cyanate, (Invitrogen, Carlsbad, CA) and rhodamine red-conjugated goat anti-
mouse and fluorescein isothiocyanate-conjugated goat anti-rabbit (Molecular
Probes, Eugene, OR). Anti-V5 antibody (Invitrogen) and Dynabeads� sheep
anti-mouse IgG (Invitrogen) were used for immunoprecipitations.

DSB repair assay

DSB repair rates were assessed by quantifying the time-dependent dissolution
of cH2AX and 53BP1 foci as described (10).

Metaphase spreads, Multicolor fluorescence in situ hybridization and telomere
fluorescence in situ hybridization

Metaphase chromosome spreads were prepared after treatment with 1 lg/ml
colcemid (Sigma) using standard procedures. Multicolor fluorescence in situ
hybridization (M-FISH) was performed using the 21XMouse M-FISH probe
kit according to manufacturer’s specifications (MetaSystems, Altlussheim,
Germany). For telomere fluorescence in situ hybridization, a Cy3-labeled peptide
nucleic acid probe was used and hybridization was performed as described (14).

Subcutaneous injections

Cells (as indicated) were suspended in Hank’s Buffered Salt Solution and
106 cells were subcutaneously injected into the flanks of 6-week-old Nu/Nu
nude mice (Charles River Laboratories International, Wilmington, MA). Mice
were monitored daily for tumor formation and growth over a span of 8 weeks.
All animal studies were performed under protocols approved by the Institu-
tional Animal Care and Use Committee of University of Texas Southwestern
Medical Center.

Polymerase chain reaction, quantitative PCR and quantitative reverse
transcription–PCR

DNAwas isolated using the DNeasy Blood and Tissue Kit (Qiagen, Germantown,
MD). RNA was extracted using RNeasy Mini Kit (Qiagen) and complementary
DNA synthesized using SuperScriptIII First Strand Synthesis System (Invitro-
gen). Quantitative polymerase chain reaction (PCR) and quantitative reverse
transcription–PCR were carried out using the LightCycler-FastStart DNA Master
SYBR-Green I kit (Applied Biosystems, Foster City, CA). Standard curves were
established following serial sample dilutions and data normalized to the house-
keeping gene glyceraldehyde 3-phosphate dehydrogenase.

Array comparative genomic hybridization

Genomic DNA from two mock-irradiated parental cell cultures and two ex vivo
tumor cultures were extracted using the DNeasy Blood and Tissue Kit (Qia-
gen), and after quality check, 2.5 lg of DNA for each sample was sent to the
NimbleGen Inc. (Madison, WI) mouse array comparative genomic hybridiza-
tion service. The NimbleGen MM8 WG CGH array, which spans the entire
non-repetitive regions of the mouse genome in a single array, was used. Nor-
malization and segmentation of raw signals were processed by NimbleGen and
subsequently loaded into Nexus Copy Number Analysis software (Biodiscov-
ery, El Segundo, CA) for rank segmentation analysis and generation of ratios of
DNA copy number changes.

Generation of tumor cells reexpressing p15/Ink4b

Human p15/Ink4b/CDKN2B complementary DNA was obtained from
Addgene, Cambridge, MA (pCRII-p15; 16454) and sequentially cloned into

pLenti6.3/V5-DEST by BP and LR clonase reactions (Invitrogen). The final
vector, pLenti6.3/p15-V5/DEST, was confirmed by sequencing. The vector
pLenti6.3/V5-GW/lacZ (Invitrogen) was used as a control in transfections.
pLenti6.3/p15-V5/DEST or pLenti6.3/V5-GW/lacZ vectors were transfected
into Fe-derived tumor cells using Lipofectamine 2000 (Invitrogen) as per
manufacturer’s protocol. To establish stable clones, transfected cells were
selected with 5 lg/ml blasticidin (Invitrogen) and screened by western blotting
with anti-V5 antibody (Invitrogen).

Statistical analyses

Frequencies of tumor formation by Fe- and gamma-irradiated cells were com-
pared using Fisher’s exact test. Tumor growth curves for these two irradiation
conditions were compared using the generalized estimating equations method
with AR(1) correlation structure used. All the statistical analyses were per-
formed with SAS 9.1.3 Service Pack 3.

Results

DSBs induced by Fe ions are refractory to repair

For these studies, we used a very simple and sensitive paradigm of
cellular transformation—‘sensitized’ Ink4a/Arf�/� astrocytes that can
be potently transformed by a single oncogenic event (11). We previ-
ously reported that DSBs induced in human fibroblasts by 1 GeV/
nucleon Fe ions are repaired slowly and incompletely compared with
those induced by gamma rays (10). We first confirmed that this differ-
ence in DSB repair is also manifested in the primary murine Ink4a/
Arf�/� astrocytes used in this study. Fe-irradiated cells exhibited slow-
er DSB repair kinetics, as well as persistent DNA lesions at 24 h.
In contrast, gamma-irradiated cells completely repaired their DNA
by 8 h (Figure 1A). The higher relative biological effectiveness of Fe
ions compared with gamma rays (7) was confirmed by colony forma-
tion assays (Figure 1B). On the basis of these results, cells were either
mock-irradiated or irradiated with 1 Gy of Fe ions or with 1 Gy (equal
dose) or 4 Gy (‘equal-survival’ dose) of gamma rays. After �14 days
of recovery, surviving cells were assayed in vitro as well as subcuta-
neously injected into nude mice. Metaphase chromosome spreads
revealed that cells irradiated with Fe ions (but not those irradiated with
gamma rays) exhibited a significant increase in Robertsonian fusions
(50% of metaphase spreads, with an average of eight fusions per meta-
phase) (Figure 1C and D). These fusions, resulting from centromeric
breakage by IR followed by fusion of two chromosomes at the break-
age points, are a reliable indicator for the assessment of radiation-
induced genomic instability (15). These data strongly suggest that
inefficiently repaired DNA damage induced by Fe ions caused signif-
icantly more genomic instability compared with damage induced by
gamma rays.

Ink4a/Arf�/� astrocytes irradiated with Fe ions are potently
tumorigenic

We wanted to determine if some of the genomic changes wrought by
Fe irradiation might have significant tumorigenic consequences and
whether the degree of cellular transformation might be greater in
magnitude after Fe exposure compared with gamma irradiation. Upon
subcutaneous injection of surviving irradiated cells into nude mice,
we found that mock-irradiated Ink4a/Arf�/� astrocytes consistently
failed to generate tumors confirming their lack of tumorigenic poten-
tial (0/8 injections for mock–gamma irradiation and 0/8 injections for
mock–Fe irradiation). Significantly, cells irradiated with Fe ions rap-
idly and consistently generated tumors 100% of the time (12/12)
(Figure 2A). Cells irradiated with 1 Gy of gamma rays failed to form
tumors (0/8), whereas those irradiated with a higher dose of 4 Gy
formed tumors but only with a low frequency (2/8). The difference
in frequency of tumor formation between Fe- and gamma-irradiated
cells was determined to be statistically significant using Fisher’s exact
test (P value 5 0.0007). A striking difference was also observed in the
latency of tumor formation between Fe- and gamma-irradiated cells.
On average, Fe-derived tumors first became palpable after 10.67 ± 2.7
days (mean ± SD), whereas the two gamma-derived tumors first
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became palpable only after 46.5 ± 0.7 days. The difference in tumor
growth curves for these two irradiation conditions was determined to
be statistically significant using the generalized estimating equations
method (P value 5 0.001). Tumors derived from Fe-irradiated or
gamma-irradiated cells stained positive for Ki67, pAkt and pErk,
clearly indicating the activation of proproliferative pathways com-
monly upregulated in most cancers (16,17) (Figure 2B).

Ex vivo cultures of Fe-derived tumors exhibit rampant genomic
instability

Ex vivo cultures of Fe-derived tumors displayed evidence of rampant
genomic instability with high levels of Robertsonian fusions (100% of

metaphase spreads and with an average of eight fusions per meta-
phase) and other gross chromosomal aberrations (such as double
minutes and dicentric chromosomes) (Figure 2C). In order to identify
the chromosomes participating in the Robertsonian fusions, we em-
ployed M-FISH staining, which allows simultaneous labeling of each
mouse chromosome with a different color (18) (Figure 2D). M-FISH
revealed that the Robertsonian fusions observed in Fe-derived tumor
cells were random, involving almost all chromosomes (Figure 2E).
These fusions were not seen at such high frequencies in the gamma-
derived tumor cells, though very low frequencies of simple and
reciprocal translocations were observed in these cells. In order to
investigate telomere integrity, both at the chromosome ends as well
as at the fusion points, we employed telomere fluorescence in situ

Fig. 1. DSBs induced by Fe ions are refractory to repair. (A) Primary Ink4a/Arf�/� astrocytes were irradiated with 1 Gy of gamma-rays or with 1 Gy of 1 GeV/
nucleon Fe ions and coimmunostained with anti-cH2AX and anti-53BP1 antibodies. Initial damage (0.5 h) and residual damage (24 h) are depicted as cH2AX foci
(red); nuclei are stained with 4#,6-diamidino-2-phenylindole (blue). cH2AX or 53BP1 foci were scored at different times postirradiation to obtain DSB repair
kinetics. Percentage of foci remaining (y-axis) was plotted against repair time (x-axis). (B) Radiation survival was measured by colony formation assays. Fraction
of surviving colonies (y-axis) was plotted against the corresponding radiation dose (x-axis). Dotted lines mark equal survival doses. (C) Metaphase chromosome
spreads were prepared from mock- or gamma- or Fe-irradiated cells. Note increased frequency of Robertsonian fusions upon Fe irradiation (D) Frequency of
chromosome aberrations (Frag, fragments; RF, Robertsonian fusions; DM, double minutes) was scored from metaphase spreads of mock- or gamma- or
Fe-irradiated cells (average of 50 metaphases). Note significant increase in frequency of Robertsonian fusions in Fe-irradiated cells with an average of eight
fusions per metaphase. Error bars represent standard error of the mean for all plots.
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Fig. 2. Fe-irradiated Ink4a/Arf�/� astrocytes are potently tumorigenic. (A) Tumor development was monitored after subcutaneous injection of mock-gamma- or
gamma- or mock-Fe- or Fe-irradiated astrocytes into nude mice. Representative pictures of tumor-bearing mice are shown (please note that only the left flank of
‘Gamma 4 Gy’ mouse shows tumor development; ‘dashed circle’). Tumor volume (y-axis) was plotted against days postinoculation (x-axis). Tumor development
frequencies are indicated as ‘total tumors/total injections’ (‘box’). Differences in tumor frequency and growth were determined to be statistically significant using
Fisher’s exact test (P value 5 0.0007) and generalized estimating equations method (P value 5 0.001), respectively. Note rapid tumor development with
Fe-irradiated astrocytes and slow and infrequent tumor formation with gamma-irradiated astrocytes. Error bars represent standard error of the mean. (B) Excised
gamma-derived and Fe-derived tumors were sectioned and stained with hematoxylin and eosin or with the indicated antibodies. Nuclei are stained with 4#,6-
diamidino-2-phenylindole (blue). (C) Frequency of chromosome aberrations (Frag, fragments; RF, Robertsonian fusions; DM, double minutes) observed in
metaphase spreads from mock-irradiated or tumor-derived cells (average of 50 metaphases). Representative aberrations are shown. (D) For M-FISH, metaphase
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hybridization staining, which specifically labels telomeric sequences
(19). Telomere fluorescence in situ hybridization revealed the loss of
telomeric signals, as expected (15), at the Robertsonian fusion points
confirming that these fusions arose from centromeric breakage result-
ing in loss of telomeres at the short arms of acrocentric chromosomes
(Figure 2D). Loss of telomeric signals was also observed at the ends
of some chromosomes, only in the Fe-derived tumors, which would
presumably perpetuate genomic instability through chromosome end-
to-end fusions and repeated breakage–fusion–bridge cycles (20).

Fe-derived tumors exhibit common patterns of chromosomal copy
number variation

Clearly, the Fe-derived tumor cells were significantly altered com-
pared with mock-irradiated cells due to stochastic genomic changes
induced by Fe ions, some of which, logically, were conducive to rapid
tumor growth. Cells with such transforming genomic changes should
have been selected for upon subcutaneous injection. We analyzed
ex vivo cultures from Fe-derived tumors by array comparative geno-
mic hybridization with the goal of identifying the common regions of
deletion or amplification that would presumably harbor changes crit-
ical for tumorigenesis. Chromosomal copy number variation within
the tumor isolates is shown, with green bars representing amplifica-
tions and red bars representing deletions (Figure 3A). Although both

tumors had unique regions of deletion/amplification, there were also
regions of copy number variation that were shared between the tumor
samples and that might harbor genes important for particle-induced
transformation: (i) a 13.9 Mb amplification of chromosome 2 (2qH1–
qH3) harboring 160 genes, of which at least 17 are potential onco-
genes; (ii) a 17.3 Mb amplification of chromosome 4 (4qD3–qE2)
harboring 268 genes, of which 8 are potential oncogenes; (iii) a
190 kb deletion on chromosome 5 (5qA3) harboring a single gene
with no reported role in tumor suppression; (iv) a 250 kb amplification
of chromosome 8 (8qA2) harboring 4 genes, with no known onco-
genes; (v) a 1.8 Mb amplification of chromosome 9 (9qA5.1) harbor-
ing 10 genes, with one potential oncogene; (vi) a 489 kb amplification
of chromosome 17 (17qA1) harboring 6 genes, with no known onco-
genes and (vii) a 276 kb deletion on chromosome 4 (4qC4–qC5)
harboring 2 genes, both with critical tumor suppressor functions
(see supplementary Table 1, available at Carcinogenesis Online, for
table of potential oncogenes in the amplified regions, some of which
could have presumably contributed to the transformation process).

Loss of p15/Ink4b is seen in tumors derived from Fe-irradiated Ink4a/
Arf�/� astrocytes

Of these genomic alterations, we were particularly intrigued by the
deleted region of chromosome 4 (4qC4–qC5) as there are only two

spreads from mock-irradiated or tumor-derived cultures were hybridized with M-FISH probes comprising a cocktail of DNA labeling all mouse chromosomes. For
telomere fluorescence in situ hybridization, metaphase spreads from mock-irradiated or tumor-derived cells were hybridized to a Cy3-peptide nucleic acid probe and
counterstained with 4#,6-diamidino-2-phenylindole. Representative metaphase from Fe-derived tumor cells shows chromosomes with loss of telomeric signal
at chromosome ends highlighted by ‘arrows’. ‘Inset’ shows magnified image of a Robertsonian chromosome with loss of telomeric signal at the fusion point.
(E) Representative M-FISH staining shows Robertsonian fusions occurring randomly between multiple chromosomes in Fe-derived tumors.

Fig. 3. Loss of p15/Ink4b in tumors derived from Fe-irradiated cells. (A) Chromosomal map of regions of copy number variation in Fe-derived tumor samples
versus mock-irradiated cells derived by array comparative genomic hybridization and analyzed for DNA copy number changes using Nexus Copy Number
Analysis software. The colored bands represent regions of amplification (green) or deletion (red) along each chromosome. The width of the band represents
changes in either one or both samples. ‘Red arrow’ marks the CDKN2A/CDKN2B locus. (B) Schematic representation of the CDKN2A/CDKN2B genomic region,
which encodes three tumor suppressors: p16/Ink4a, p19/Arf and p15/Ink4b. Map represents the deleted region of chromosome 4 for two tumor samples (derived by
array comparative genomic hybridization and analyzed using Nexus software) showing the locations of CDKN2A and CDKN2B loci. (C) Loss of p15/CDKN2B
locus was analyzed by PCR in 12 different ex vivo Fe-derived tumor cultures and the two gamma-derived tumor cultures; PCR analysis of the PTEN tumor
suppressor locus was carried out for comparison. Loss of p15/CDKN2B locus was confirmed by quantitative PCR using genomic DNA from four different ex vivo
tumor cultures. Loss of p15/Ink4b transcript was quantified by quantitative reverse transcription–PCR. Data were normalized to glyceraldehyde 3-phosphate
dehydrogenase levels. Error bars represent standard error of the mean. (D) Loss of p15/Ink4b protein was analyzed by western blotting of whole-cells extracts from
ex vivo tumor cultures and by staining tumor sections with anti-p15/Ink4b antibody. Note intense nuclear staining of p15/Ink4b in gamma-derived tumors and lack
thereof in Fe-derived tumors.
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genes mapping to this region, CDKN2A and CDKN2B (Figure 3B)
and our experiments involved irradiation of astrocytes derived from
CDKN2A knockout mice (21). Clearly, deletion of the entire region
must have provided the cells with an additional tumorigenic advan-
tage over and above that conferred by the loss of CDKN2A alone. The
only other gene in the deleted region, CDKN2B, codes for the p15/
Ink4b tumor suppressor protein that has been reported to assume
a greater role in tumor suppression in the absence of p16/Ink4a
(12). We obtained evidence for loss of the p15/Ink4b locus in all
12 ex vivo tumor cultures by PCR and this was confirmed by qPCR
analyses of four tumor-derived cultures (Figure 3C). Loss of p15/
Ink4b transcript and protein was confirmed by quantitative reverse
transcription–PCR (Figure 3C) and western analyses (Figure 3D),
respectively, of four tumor-derived cultures. Immunofluorescent
staining of four Fe-derived tumors showed major areas that were
negative for p15/Ink4b staining (Figure 3D). Interestingly, the two
gamma-derived tumors were positive for p15/Ink4b and exhibited
intense nuclear staining for this protein (Figure 3D). Retention of
p15/Ink4b in the gamma-derived tumors was confirmed by PCR and
western analyses (Figure 3C and D). These results independently
confirm the importance of p15/Ink4b in tumor suppression, especially
in the absence of p16/Ink4a, and help explain why the entire
CDKN2A/CDKN2B region is lost in many cancers (22–24). Given
the striking differences in latency and frequency between high-LET
Fe-derived tumors and low-LET gamma-derived tumors, it is tempt-
ing to speculate that loss of p15/Ink4b might contribute to the reduced
latency and increased frequency of Fe-derived tumors.

Reexpression of p15/Ink4b results in inhibition of tumor growth

In order to investigate the possible effects of p15/Ink4b on tumor
growth, we reexpressed V5-tagged human p15 in ex vivo cultures of
Fe-derived p15-null tumors (Figure 4A). Tumor cells were transfected

with pLenti6.3/p15-V5/DEST or with pLenti6.3/V5-GW/lacZ as
a control. The Ink4 cell cycle inhibitors exert their functions by bind-
ing to the cyclin-dependent kinases, CDK4 and CDK6 (25). We first
confirmed that the ectopically expressed p15 was functional and ca-
pable of binding both CDK4 and CDK6 by coimmunoprecipitation
(Figure 4B). Tumor cells (control or p15-expressing) were then
injected subcutaneously into nude mice and monitored for tumor for-
mation. Although we did not observe a difference in tumor frequency,
we observed a significant delay in the onset of tumor formation upon
p15 reexpression (Figure 4C). On average, tumors generated from the
control cells first became palpable after 6.58 ± 1.5 days (mean ± SD),
whereas tumors from p15-expressing cells became palpable only after
19.17 ± 1.12 days. The difference in tumor growth curves was de-
termined to be statistically significant using the generalized estimating
equations method (P value 5 0.008). Expression of p15 in tumors
derived from p15-expressing cells was confirmed by immunofluores-
cence staining (Figure 4D). In sum, these results indicate that p15 loss
may be a critical event in particle-induced tumorigenesis.

Discussion

In this study, we evaluated whether complex DSBs that are repaired
slowly and incompletely (those induced by high-LET Fe ions) are more
potently tumorigenic than simple breaks that can be repaired rapidly
and completely (those induced by low-LET gamma rays). We hypoth-
esized that Fe ions might generate a greater repertoire of genomic
alterations compared with gamma rays that, in turn, might increase
the likelihood of transforming genetic changes in the surviving cells.
As wild-type cells usually harbor a number of fail-safe mechanisms to
prevent tumorigenesis, we used ‘sensitized’ Ink4a/Arf�/� astrocytes
(21) that might be rapidly transformed by IR, thus providing a simple
yet sensitive paradigm for direct comparison of Fe ions with gamma

Fig. 4. Inhibition of tumor growth upon reexpression of p15/Ink4b. (A) Ex vivo cultures from Fe-derived p15-null tumors were transfected with a lentiviral vector
expressing V5-tagged human p15 or the pLenti6.3/V5-GW/lacZ control vector. Immunofluorescent images of control and p15 reexpressing cells show positive
staining with anti-V5-fluorescein isothiocyanate-conjugated antibody (green). Nuclei are stained with 4#,6-diamidino-2-phenylindole (blue). (B) Binding of
ectopically expressed p15 to CDK4/6 was demonstrated by immunoprecipitating p15 with an anti-V5 antibody and western blotting the immunoprecipitates with
anti-CDK4 and anti-CDK6 antibodies. Note coimmunoprecipitation of CDK4/6 from tumor cells reexpressing p15 but not from control tumor cells. (C) Tumor
development was monitored after subcutaneous injection of control or p15-expressing tumor cells into nude mice. Representative picture of tumor-bearing mouse
is shown. Note significant difference in tumor volume between control and p15-expressing tumors at 23 days postinjection. Tumor volume (y-axis) was plotted
against days postinoculation (x-axis). Differences in tumor growth were determined to be statistically significant using the generalized estimating equations
method (P value 5 0.008). Tumor development frequencies show no difference and are indicated as ‘total tumors/total injections’ (‘box’). (D) Excised tumors
were sectioned and stained with anti-p15 antibody. Note positive p15 staining in tumors derived from p15-expressing cells and lack thereof in tumors derived from
control cells.
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rays. HZE particles are known to be more clastogenic than gamma
rays (7), and a number of in vitro studies are testament to the trans-
forming potential of these ions (26–30). Yet, very few studies have
directly assessed the tumorigenic potential of these ions except for the
mouse Harderian gland studies carried out at the Lawrence Berkeley
and Oak Ridge National Laboratories (31,32); however, these studies
did not analyze the genomic changes underlying tumor formation. In
fact, genomic changes underlying IR-induced tumors are, in general,
not well understood, except for radiation-induced thyroid cancers,
where very specific gene rearrangements involving the RET (rear-
ranged during transfection) proto-oncogene have been identified in
humans (3) and for IR-induced medulloblastomas in Ptchþ/� mice
caused by loss of heterozygosity at the Ptch locus (33).

Our study is a careful analysis of genetic events that might play
a causal role in particle-induced tumorigenesis. Using our model
system, we show that Fe ions are potently tumorigenic compared with
gamma rays and that the Fe-derived tumor cells are significantly
genetically altered compared with the parental mock-irradiated cells.
Copy number variation analyses of the Fe-derived tumor samples by
array comparative genomic hybridization revealed common areas of
amplifications and deletions. The amplified regions harbored a number
of potential oncogenes (supplementary Table I is available at Carci-
nogenesis Online), some of which could have contributed to cellular
transformation in our model system, and these will be analyzed in
future studies. In this study, we focused on a small deletion in chro-
mosome 4 resulting in loss of p15/Ink4b. Corresponding deletions in
humans (in chromosome 9p21) are very common in many cancers
including glioblastomas, which are tumors originating from astro-
cytes (22–24). The deleted region harbors the CDKN2A gene that
codes for two very important tumor suppressors via alternate reading
frames, Ink4a and Arf, which regulate the Rb and p53 tumor suppres-
sor pathways, respectively (Figure 3b) (25). Deletion of this locus in
our model system was particularly intriguing as this occurred in cells
that were CDKN2A�/� to begin with, thereby indicating the impor-
tance of a second tumor suppressor gene in the deleted region,
CDKN2B. In fact, it was first proposed by Bert Vogelstein that dele-
tions in the 9p21 region are significantly more common than intra-
genic mutations in CDKN2A because of the presence of the
neighboring gene CDKN2B, whose product (p15/Ink4b) might also
play an important role in tumor suppression (34). Although the role of
p16 as a ‘bona fide’ tumor suppressor is well documented, the impor-
tance of p15 in tumor suppression remains less well understood. In-
deed, it was only recently demonstrated that p15 performs a critical
backup function for p16 and that cells compensate for loss of p16 by
increasing the levels of p15 protein under conditions of stress (12).
Our results provide independent verification of the important tumor
suppressor function of p15/Ink4b, especially in the context of p16/
Ink4a loss, by demonstrating that (i) additional loss of p15/Ink4b upon
Fe irradiation provides a tumorigenic advantage to cells already de-
ficient in p16/Ink4a and (ii) reexpression of p15/Ink4b in tumor cells
significantly delays tumor progression. The overall importance of the
CDKN2A/2B locus is underscored by the following: (i) this locus is
deleted in many cancers including gliomas (22–24), (ii) common
variations (single nucleotide polymorphisms) in the CDKN2A/2B
genes contribute to glioma susceptibility (35) and (iii) this locus is
completely silenced in induced pluripotent stem cells and embryonic
stem cells (36). Our results indicate that the CDKN2A/2B locus may
be susceptible to deletion during particle-induced tumorigenesis,
thereby bolstering the role of this locus as an important barrier to
carcinogenesis.

Supplementary material

Supplementary Table 1 and References can be found at http://carcin
.oxfordjournals.org/.
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