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The expression of 3-catenin, a potent oncogene, is causally linked to tumorigenesis. Therefore, it was surprising
that the transgenic expression of oncogenic (3-catenin in thymocytes resulted in thymic involution instead of
lymphomagenesis. In this report, we demonstrate that this is because the expression of oncogenic 3-catenin induces
DNA damage, growth arrest, oncogene-induced senescence (OIS), and apoptosis of immature thymocytes. In
p53-deficient mice, the expression of oncogenic 3-catenin still results in DNA damage and OIS, but the thymocytes
survive and eventually progress to thymic lymphoma. 3-Catenin-induced thymic lymphomas are distinct from
Iymphomas that arise in p53~'~ mice. They are CD4~ CD8~, while p53-dependent lymphomas are largely CD4*
CD8*, and they develop at an earlier age and in the absence of c-Myc expression or Notchl signaling. Thus, we
report that oncogenic {3-catenin-induced, p53-independent growth arrest and OIS and p53-dependent apoptosis
protect developing thymocytes from transformation by oncogenic 3-catenin.

Cells sense and respond to their environment via signaling
cascades initiated at the cell surface. These signals are propa-
gated by various mechanisms through the cytoplasm, ulti-
mately resulting in the alteration of gene expression patterns in
the nucleus. One such pathway is the canonical Wnt—B-cate-
nin-T-cell factor (TCF) pathway, which plays a causative role
in cancers of the colon (17, 23, 25, 28, 61), breast (37, 48), and
epidermal (18, 26, 43) tissues. Accordingly, tissue-specific ex-
pression of transgenic B-catenin can result in the development
of aggressive tumors early in life (13, 23, 34). Briefly, the
secreted extracellular Wnt glycoproteins bind to the Frizzled
receptors on the surface of cells. This results in the release of
B-catenin from a destruction complex, allowing it to accumu-
late in the cytoplasm. B-Catenin then travels to the nucleus,
where it binds to the transcription factors TCF/lymphocyte
enhancer binding factor to activate the transcription of target
genes linked to cellular proliferation and cancer, including
c-Myc and cyclin D1 (25, 61). Cancers involving stabilized
B-catenin often deregulate the tumor suppressor p53, whose
function normally impedes tumor formation by inducing
growth arrest or apoptosis (24, 28). Thus, p53 appears to be an
important impediment to B-catenin-induced tumorigenesis;
however, the molecular mechanisms remain poorly under-
stood.

In the thymus, T-cell development is characterized by the
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expression of the cell surface markers CD4 and CD8 in the
following order: double-negative cells (DN), double-positive
cells (DP), and either CD4- or CD8-expressing single-positive
(SP) cells that migrate out of the thymus into the periphery.
The DN population is further divided into four subpopulations
based on the cell surface expression of CD44 and/or CD25 into
DNI1, DN2, DN3, and DN4. At the DN2 and DN3 stages of
development, thymocytes undergo RAG-dependent V(D)J re-
arrangements to generate the recombined T-cell receptor
(TCR) B-chain. The generation of double-stranded breaks
(DSBs) during V(D)J recombination is tightly coupled to the
recruitment of the efficient nonhomologous end-joining
(NHEJ) repair machinery in order to minimize DNA damage
and aberrant repair (4, 30) and to pS3-dependent growth arrest
and the apoptotic removal of irreparably damaged cells (19,
22). Therefore, only a small fraction of NHEJ mutant mice
develop tumors after a long latency of at least 6 months (9, 31,
50). Cell surface expression of the TCRP chain in conjunction
with a nonrearranging pre-Ta chain allows for B-selection (63).
This consists of cell survival signals, a burst of proliferative
activity, and progression through the DN4 stage to the DP
stage of development, where recombination at the TCR« locus
occurs (12, 14). Despite vulnerability to DSBs from specific
RAG-dependent events and from proliferative bursts, thymo-
cytes efficiently escape transformation. However, the mecha-
nisms that protect developing thymocytes from transformation
during development remain unknown.

The Wnt/B-catenin/TCF pathway has been implicated in
multiple stages of hematopoietic development, including the
self-renewal of hematopoietic stem cells (47) and their devel-
opment to multiple lineages (29, 52). In the thymus, a double
deletion of Wntl and Wnt4 results in significantly reduced
thymic cellularity (39). The loss of the transcription factor TCF
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impairs the development of DN thymocytes (53), and a double
deletion of TCF and lymphocyte enhancer binding factor im-
pedes thymocyte development (42). The expression of soluble
Frizzled, Dickkopf, or ICAT, all inhibitors of the Wnt signaling
pathway, blocks the development of T-cell precursors in in
vitro assays (45, 59). The T-cell-specific deletion of B-catenin
results in a developmental block at the DN3-to-DN4 stage and
in the reduced proliferation of DN4 thymocytes (65). Con-
versely, the dramatic overexpression of 3-catenin permits the
maturation of DN thymocytes to the DP stage, in a RAG-
deficient background, without expression of the TCRB chain
or proliferation (15, 16). Indeed, the enforced expression of
B-catenin in DP thymocytes induces c-Myc-dependent DP lym-
phomas (20). In contrast, the modest transgenic expression of
B-catenin in developing thymocytes enhances the generation of
CDS8 SP thymocytes and accelerates thymic involution (40, 66).
Since endogenous B-catenin expression is regulated by intra-
thymic signals and plays essential roles in cell survival and
proliferation during normal T-cell development, the deregu-
lated expression of B-catenin might be expected to result in the
development of thymic lymphomas.

The expression of oncogenes, contrary to expectation, can
trigger a permanent block in replication. This inability of cells
to divide was termed oncogene-induced senescence (OIS)
(55). OIS has been shown to restrict the growth of human and
murine precancerous tissues (2, 5, 6, 38, 56). Other studies
have shown that oncogene expression induced cellular senes-
cence that was dependent on the expression of specific genes
(2, 5). For instance, senescence triggered by the expression of
oncogenic Ras in human fibroblasts resulted from the activa-
tion of DNA damage checkpoint response genes, and blocking
this response resulted in cellular transformation. Furthermore,
in vivo DNA labeling and molecular DNA combing studies
showed that oncogene activation led to an increased number of
active replicons and altered DNA replication fork progression
(10). DNA replication stress was also shown to result in pre-
maturely terminated DNA replication forks and DNA double-
strand breaks and OIS in human diploid fibroblasts (1). It
remains unknown, however, whether OIS plays a role in tumor
suppression during normal tissue development in vivo. Such a
mechanism could be essential where the expression of onco-
genes is an integral part of signaling events during tissue de-
velopment, and inappropriate activation could lead to uncon-
trolled growth, especially in self-renewing tissues such as the
thymus, where replicative bursts are required to obtain ade-
quate cellularity throughout a lifetime.

We have previously shown that the transgenic expression of
oncogenic 3-catenin in the thymus results in thymic involution
rather than thymic lymphomas in CAT-Tg mice (66), suggest-
ing that thymocytes respond to oncogenic B-catenin differently
than colon, mammary, and epidermal tissues in which cancer
developed. Since the overexpression of B-catenin results in
tumor development in other tissues, we wondered why thymo-
cytes do not respond in a similar manner. The lack of T-cell
lymphomas in CAT-Tg mice was consistent with the absence of
a documented role for B-catenin in human T-cell lymphomas
(44, 54). In this report, we demonstrate that the expression of
oncogenic B-catenin in thymocytes at developmental stages
that coincide with DNA recombination and a burst of prolif-
eration induces DNA damage, growth arrest, and OIS in vivo.

MoL. CELL. BIOL.

This is followed by p53-dependent apoptosis. Thus, B-catenin-
dependent OIS forms an initial p53-independent barrier to
thymic lymphoma formation. Together, these data indicate
that both p53-independent and p53-dependent mechanisms
prevent B-catenin-induced thymic lymphomas in mice. Finally,
these studies also show for the first time that enhanced DNA
damage signaling may be linked to OIS in normally maturing
tissues in vivo.

MATERIALS AND METHODS

Mouse strains. CAT-Tg mice (40, 66) and p53~/~ mice (Jackson laboratory)
are on a C57BL/6 genetic background. Where not specified, age-matched
C57BL/6 and p53*/~, p537/~, and CAT-Tg littermate mice were used. Time
to death was defined as the time between birth and natural death or a
terminal disease stage. To obtain data for the Kaplan-Meier plot, a cohort of
mice was set aside along with matched controls, and the time between birth
and natural death was documented. Median time to death is when half the
mice in the cohort had died. All animal procedures were in compliance with
the guidelines of the National Institute on Aging animal resources facility,
which operates under the regulatory requirements of the U.S. Department of
Agriculture and the Association for Assessment and Accreditation of Labo-
ratory Animal Care.

Flow cytometry and antibodies. Four-color flow cytometry was done using a
FACSCalibur apparatus (BD Pharmingen). The following antibodies were pur-
chased from BD Pharmingen: anti-CD3 conjugated to fluorescein isothiocyanate
(FITC); anti-CD4 conjugated to allophycocyanin (APC), phycoerythrin (PE),
or biotin; anti-CD8 conjugated to FITC, PE, peridinin chlorophyll protein-Cy5.5,
or biotin; anti-c-kit conjugated to APC or PE; anti-CD25 conjugated to APC or
peridinin chlorophyll protein-Cy5.5; and FITC- or PE-conjugated antibodies to
TCRB, TCRy3, B220, Grl, Macl, Ter119, or NK1.1. Anti-B-catenin was pur-
chased from BD Transduction Laboratories. Assays using the FITC-annexin V
labeling kit (Roche) and a bromodeoxyuridine (BrdU) flow kit (BD Pharmingen)
were performed according to the manufacturer’s instructions. Briefly, 100 .l of
10 mg/ml of the BrdU solution was injected intraperitoneally. BrdU incorpora-
tion was assayed 2 h postinjection. Thymocytes were first stained with surface
markers, which was followed by intracellular staining with anti-BrdU antibody.
For the apoptosis assay, freshly isolated thymocytes were first stained with sur-
face markers, which was followed by staining with FITC-conjugated annexin V.
For analysis of DN thymocytes, lineage-positive cells were gated out using a
cocktail of lineage-specific antibodies to CD4, CD8, TCRB, TCRy3, B220,
NK1.1, Grl, and Mac-1. For cell sorting, total thymocytes were stained with
biotinylated anti-CD4 and anti-CD8 antibodies, followed by incubation with
anti-biotin microbeads (Miltenyi) and the magnetic depletion of DP and SP cells.
Enriched cell suspensions were surface stained with anti-CD25, anti-c-kit, and
lineage-specific antibody cocktail, followed by sorting using MoFlo.

Quantitative and semiquantitative PCR. mRNA from sorted cells was ex-
tracted with an RNeasy Micro kit (Qiagen). cDNA was prepared with a Super-
script II reverse transcriptase (RT) kit (Invitrogen). SYBR green quantitative
RT-PCR was performed using PCR Master Mix from Applied Biosystems. Cal-
culations were done according to standard methods. The expression of the target
gene was determined relative to glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) and calculated as 2~ (¢Ttarget gene = CTGAPDH) | A]| primer sequences are
available upon request.

Western blot analysis and immunofluorescence. Immunoblotting was per-
formed with whole-cell lysates resolved on 4 to 12% Bis-Tris sodium dodecyl
sulfate-polyacrylamide gels and detected using antibodies against mouse B-cate-
nin (BD Transduction Laboratory), mouse a-tubulin (Sigma), and mouse PKCp
(Santa Cruz). For immunofluorescence staining, cells were deposited onto poly-
lysine-precoated coverslips and fixed with methanol-acetone, followed by incu-
bation with primary antibody against y-H2AX (Upstate) and secondary anti-
mouse immunoglobulin G antibody (Alexa Fluor 594; Molecular Probes). The
coverslips were sealed with mounting medium containing DAPI (4',6'-dia-
midino-2-phenylindole) before microscopy was performed by using a Zeiss
Axiovert 200 microscope at a magnification of 100-fold.

Immunohistochemistry and senescence assay. Freshly harvested tissues were
embedded with OCT and frozen in dry ice. Briefly, 10-pm-thick cryosections of
liver were fixed in acetone and incubated with anti-CD3 antibody (BD Pharmin-
gen) and alkaline phosphatase-conjugated secondary antibody. The sections
were developed with alkaline phosphatase blue substrate using alkaline phos-
phatase substrate kit IIT (Vector). Staining with hematoxylin and eosin was also

8002 ‘92 Y2JeN uo gi7 HLTvIH 40 LSNI LVN Ye fiowse gow woiy papeojumod


http://mcb.asm.org

VoL. 28, 2008

performed on 10-wm-thick thymus cryosections. Senescence-associated (SA)
B-galactosidase staining was performed in thymus cryosections using a senes-
cence B-galactosidase staining kit (Cell Signaling Technology).

Retroviral infection of purified CD4 T cells. Mouse CD4* T cells were isolated
with a CD4" T-cell isolation kit (Miltenyi). CD4™ T cells were activated with
plate-bound anti-CD3 (1 wg/ml) and anti-CD28 (1 pg/ml) antibodies. Cells were
then infected with a murine stem cell virus-based retrovirus coexpressing human
CD8 and stabilized mouse B-catenin. Forty-eight hours after infection, human
CD8" cells were sorted, and mRNA was extracted.

Detection of TCRf rearrangement by PCR. PCR-based analysis of TCRB-
chain rearrangement was done as previously described (62). DJ rearrangement
was detected using a 5’ primer upstream of the D2.1 coding region and a 3’
primer downstream of the J2.6 coding region. Va-Ja rearrangements were de-
tected using the same PCR strategy by using a pool of 5’ primers specific for
three Vo elements and 3’ primers specific for individual Ja segments. The
pictures are inverted images of ethidium bromide gels. Primer sequences are
available upon request.

Cytogenetics and statistical analysis. Metaphase preparations were made
from either the total thymocytes or bead-fractionated DN thymocytes with Col-
cemid (100 ng/ml; Gibco BRL) for 0.5 to 2 h and 0.3% KClI at 37°C for 20 min,
fixed in methanol-acetic acid (3:1), and dropped onto slides in a Thermotron
CDS-5 apparatus (Thermotron Industries). Chromosome-painting probes were
prepared from degenarate oligonucleotide primer-PCR-amplified flow-sorted
mouse chromosomes, and spectral karyotyping (SKY) hybridization and detec-
tion was performed according to standard protocols (33). The chromosomes
were counterstained with DAPI. Microscopy was performed using a Leica DM-
RXA microscope (Leica) with appropriate filter cubes (Chroma Technology
Corp.). Fluorescence in situ hybridization images were acquired using a Photo-
metrics charge-coupled-device camera and CW4000 imaging software (Leica).
SKY images were acquired and analyzed as previously described (33). Both
structural and numerical chromosome aberrations were enumerated for those
samples analyzed by SKY (see Table S2 in the supplemental material for more
details).

RESULTS

Expression of oncogenic 3-catenin induces growth arrest
and OIS in DN thymocytes in vivo. To study the role of B-cate-
nin in T-cell development and oncogenesis, we expressed an
oncogenic form of the human B-catenin gene specifically in
thymocytes and T cells using the Lck promoter. The expression
of the transgenic human B-catenin mRNA was undetectable in
DN2 cells and was detected at low levels in DN3 and at higher
levels in DN4 cells (Fig. 1A, left). Western blot analysis showed
the expression of the transgenic B-catenin protein in DN4 but
not in the precursor DN3 population (Fig. 1A, right). Beyond
the DN4 stage, transgenic B-catenin is expressed in all subse-
quent thymocyte subsets at levels that mirror endogenous pro-
tein levels (40, 67). While each thymocyte subset, as assessed
by CD4 and CDS surface staining, was present in CAT-Tg
mice, there was an age-dependent decrease in thymic cellular-
ity compared to control C57BL/6 mice (see Fig. S1 in the
supplemental material) (66). Thus, the expression of oncogenic
B-catenin in DN4 cells and all subsequent stages of thymocytes
resulted in thymic involution.

To determine the reason for the decreased levels of thymo-
cytes, we assessed proliferation using in vivo BrdU incorpora-
tion analysis. CAT-Tg DN4 thymocytes incorporated signifi-
cantly less BrdU than those of control mice, indicating
impaired proliferation (Fig. 1B). Molecular analysis showed
that cyclin D3, the major cyclin known to regulate the prolif-
eration of DN thymocytes (58), was not affected (see Fig. S2a
in the supplemental material). The cyclin-dependent kinase
(cdk) inhibitors p19, p21, and p27 were also not appreciably
affected by oncogenic B-catenin (Fig. 1C; see Fig. S2a in the
supplemental material). However, the expression of pI5 and
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pl6, inhibitors of cdk4/6, essential for the G, stage of the cell
cycle, was significantly induced (Fig. 1C; see Fig. S2a in the
supplemental material). To demonstrate that this was a con-
sequence of B-catenin stabilization, we expressed stabilized
B-catenin in purified mature CD4" T cells using retrovirus
infection and noted increased levels of p/5 and p16 expression
(see Fig. S2b in the supplemental material). We conclude that
B-catenin expression induces the expression of p/5 and pI6 in
thymocytes and T cells.

The expression of p15 and pl6 is associated with cellular
senescence (2, 6, 36). We therefore assayed the expression of
other SA genes, Dec! (6), cadherin 16 (cdhl6), and cathepsin
F (ctsf) (3, 57), in sorted CAT-Tg DN4 thymocytes. Ctsf and
cdhl6 were dramatically induced, while Decl was modestly
upregulated in DN4 thymocytes from CAT-Tg mice (Fig. 1D).
Another marker of cellular senescence is SA -galactosidase
activity (11). SA B-galactosidase activity was also recently
shown to be associated with human premalignant cells, sug-
gesting that senescence may precede tumor formation (2, 5, 6,
38). Consistent with the upregulation of SA genes, cryosections
of the CAT-Tg thymus stained for SA B-galactosidase activity
showed islands of blue staining (Fig. 1E, right). Similar staining
was not observed in age-matched C57BL/6 mouse thymuses
(Fig. 1E, left). These data demonstrate that the expression of
oncogenic B-catenin results in OIS in developing CAT-Tg thy-
mocytes in vivo.

Expression of oncogenic [3-catenin results in DNA damage
and apoptosis in DN thymocytes. Recently, OIS was linked to
DNA damage (1, 10, 35). Indeed, yYH2AX foci, as reporters of
DNA damage and DSBs (49), were observed in CAT-Tg DN
but not C57BL/6 DN thymocytes (Fig. 2A). A higher-resolu-
tion analysis showed discrete foci, indicating that yH2AX
staining resulted from DNA damage (Fig. 2B). CAT-Tg DN
but not CAT-Tg DP thymocytes showed a dramatic increase in
vYH2AX foci (Fig. 2A, left). DN and DP thymocytes from
C57BL/6 mice were used as negative controls (Fig. 2A, right).
Irradiated total C57BL/6 thymocytes were used as positive
controls (data not shown). Quantification showed that nearly
half of the DN cells in CAT-Tg mice were yYH2AX positive
(Fig. 2A; see Fig. S3 in the supplemental material). yYH2AX
foci recruit DSB repair proteins and dissolve when DNA repair
is completed; thus, YH2AX foci in CAT-Tg DN thymocytes
indicated sustained DNA damage. As CAT-Tg DP thymocytes
do not show yH2AX foci (Fig. 2A), we conclude that only
those CAT-Tg DN thymocytes that adequately repair their
DNA or never encountered DNA damage progress to the DP
stage. We suggest the this may be one reason for the lowered
thymic cellularity in CAT-Tg mice.

We next measured apoptosis levels to determine if genotoxic
stress (DNA damage) was inducing cell death. CAT-Tg DN4
thymocytes consistently demonstrated higher levels of apopto-
sis than C57BL/6 DN4 thymocytes (Fig. 2C). We believe that
CAT-Tg DP thymocytes do not experience enhanced apoptosis
because the expression of endogenous and transgenic -cate-
nin is diminished in DP thymocytes (40, 67; data not shown).
Oncogenic B-catenin has been shown to activate p53 function
in several tissues and cell lines (7), and p53 is known to regu-
late senescence, genotoxic stress, and apoptosis. We therefore
assayed for the expression of several p53 signaling-associated
genes in CAT-Tg DN4 thymocytes. Four of six genes, Ddit4,
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FIG. 1. Expression of stabilized B-catenin in thymocytes causes growth arrest and cellular senescence. (A) Abundance of human (transgenic)
B-catenin mRNA relative to GAPDH in sorted CAT-Tg DN2, DN3, and DN4 cells analyzed by real-time PCR (n = 3). Shown is Western blot
analysis of endogenous murine (upper bands) and transgenic human (lower bands) B-catenin protein (representative of data from five mice).
(B) BrdU incorporation in electronically gated DN4 thymocytes from C57BL/6 and CAT-Tg mice. The graph shows average data from more than
three mice for each genotype in one experiment and is representative of three experiments. (C) Real-time RT-PCR analysis of the expression of
cell cycle regulators in sorted DN4 thymocytes from C57BL/6 (n = 3) and CAT-Tg (n = 3) mice. (D) Real-time PCR analysis of SA genes in sorted
DN4 thymocytes from C57BL/6 and CAT-Tg mice (n = 3). (D) SA B-galactosidase activity in thymic cryosections from C57BL/6 and CAT-Tg mice

(representative of n = 4).

PUMA, Gadd45B, and Gadd45v, showed significant induction,
whereas the expression of Gadd45a and Sesnl remained un-
changed (Fig. 2D). These data demonstrate that oncogenic
B-catenin expression in DN4 thymocytes triggers a stress re-
sponse leading to the activation of p53-mediated signaling
pathways.

B-Catenin induces pS3-independent DNA damage and OIS
in thymocytes. To test the functional significance of B-catenin-
induced p53 function in thymocytes, we bred CAT-Tg mice to
p53-deficient mice to generate p53~/~ CAT-Tg mice. First, we
analyzed the number of thymocytes in p53~/~ CAT-Tg mice.
Mice up to 35 days of age showed greater than 100 X 10° cells,
which is normal. Thymocyte numbers declined at between 36
and 65 days of age and increased after 66 days (Fig. 3A). The
decline in thymocyte numbers in p53~/~ CAT-Tg mice aged 36
to 65 days could be attributed to DNA damage, OIS, and
growth arrest (Fig. 3B, C, and E). p53~/~ CAT-Tg DN thymo-

cytes showed DNA damage, while p53~/~ DN thymocytes did
not (Fig. 3B). Also, tissue sections of p53~/~ CAT-Tg thymus
showed SA B-galactosidase activity (Fig. 3C). However, the
increased cell death observed in CAT-Tg DN4 thymocytes
compared to C57BL/6 DN4 thymocytes was abrogated in
p53~/~ CAT-Tg DN4 thymocytes (Fig. 3D). These data dem-
onstrate that B-catenin-induced DNA damage, OIS, and
growth arrest are p53 independent, while apoptosis is p53
dependent. The subpopulation of the growth-arrested p53~/~
CAT-Tg thymocytes that could not undergo p53-dependent
apoptosis began proliferating, ultimately resulting in thymic
lymphoma. To determine the molecular basis for the prolifer-
ation, we studied the difference between p53~/~ CAT-Tg DN
cells that efficiently incorporate BrdU (post-66 days) and those
that did not (36 to 65 days) (Fig. 3E). The increased prolifer-
ation after 66 days could be attributed to the decreased ex-
pression of the cell cycle inhibitor p27 in a subset of DN cells
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FIG. 2. Enhanced DNA damage and p53-dependent apoptosis in CAT-Tg mice. (A) Immunofluorescence staining of phosphorylated histone
vYH2AX in fixed DN (eight CAT-Tg and C57BL/6 mice) and DP (two CAT-Tg and two C57BL/6 mice) thymocytes. The bar graph shows the
percentage of YH2AX-positive cells in C57BL/6 DN and CAT-Tg DN thymocytes (see Fig. S3 in the supplemental material). (B) Three examples
of YH2AX foci in CAT-Tg DN thymocytes shown at a higher magnification. (C) Annexin V staining of DN4 thymocytes (electronically gated) from
C57BL/6 and CAT-Tg mice. The numbers in the graph are an average of data from more than three mice for each genotype in one experiment
that is representative of six experiments. (D) Real-time RT-PCR analysis of the expression of p53 pathway-associated genes in sorted DN4

thymocytes from CAT-Tg (n = 3) and C57BL/6 (n = 3) mice.

(Fig. 3F; see Fig. S5 in the supplemental material). In the
p53~/~ CAT-Tg DN population, senescent cells, cells express-
ing p15 and p16, and growth-arrested cells expressing several
other cell cycle inhibitors were also noted (Fig. 3F). We con-
clude that p53 expression can prevent oncogenic 3-catenin-
induced thymic lymphoma.

Aggressive thymic lymphomas develop at an earlier age in
p53~/~ CAT-Tg mice. Previous studies suggested that the ab-
rogation of p53-induced apoptosis may be sufficient for lym-
phoma development (27). Kaplan-Meier analysis of a cohort of
14 p53~/~ CAT-Tg mice showed that the median time to death
of p53~/~ CAT-Tg mice (73 days; 7 of 14 mice died by day 73,
and the rest died by day 91) was dramatically decreased com-
pared to that of CAT-Tg (>300 days) or p53-deficient (165
days) mice (Fig. 4A, right) (32, 41). In the colony of p53~/~
CAT-Tg mice over a 2-year period, only three mice lived be-
yond 91 days for reasons not understood. These mice were
sacrificed on days 92, 99, and 109 postbirth when they were
terminally ill and showed characteristic thymic lymphomas.

The data in Fig. 4B show that 12 of 13 mice dissected between
66 and 91 days of age exhibited thymic lymphoma, while none
of their p53™/~ CAT-Tg or p53~/~ littermates did. These data
demonstrate that the decreased life span in p53~/~ CAT-Tg
mice was the result of an accelerated initial onset of thymic
lymphoma and suggest a synergistic interaction between onco-
genic B-catenin and a loss of pS3 function.

p537/~ CAT-Tg mice that died early invariably displayed
enlarged thymus, spleen, and lymph nodes (Fig. 4C) accompa-
nied by lymphoblastic T-cell infiltration into nonlymphoid or-
gans such as liver (Fig. 4D). Histological examination of lym-
phoma-bearing thymuses from p53~'~ CAT-Tg mice revealed
enlarged thymocytes and a loss of thymic architecture (data not
shown). Infiltration of DN lymphoma cells into nonlymphoid
tissues such as the liver (Fig. 4D) and into the spleen and
lymph nodes (Fig. 4E to G) demonstrated the metastatic po-
tential of the DN lymphoma in p53~/~ CAT-Tg mice.

Progression of lymphoma development in p53~/~ CAT-Tg
mice. Thymocyte numbers increased after 66 days of age in
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FIG. 3. Expression of stabilized B-catenin induces p53-indepen-
dent DNA damage and OIS and p53-dependent apoptosis in thymo-
cytes. (A) Total number of thymocytes in p53~/~ CAT-Tg mice at
different ages. The first two bars (light blue) represent the initial
decrease in thymic cellularity in young mice, and the right bar (dark
blue) indicates regained thymic cellularity after 66 days of age. (B) Im-
munofluorescence staining of yYH2AX in fixed DN cells from C57BL/6,
p537/7, and p53~/~ CAT-Tg mice. (C) SA B-galactosidase expression
in cryosections from a 50-day-old lymphoma-free p53~/~ CAT-Tg
mouse with a small thymus. (D) Annexin V staining of electronically
gated DN4 thymocytes from C57BL/6, CAT-Tg, and lymphoma-free
p537/7 CAT-Tg mice (=65 days old). The data are averages of data
from more than three mice for each genotype in one experiment, which
is representative of four experiments. (E) BrdU incorporation in elec-
tronically gated DN thymocytes from young and lymphoma-free
p537/~ CAT-Tg mice (growth arrested) and relatively old lymphoma-
bearing p53~/~ CAT-Tg mice (proliferating). The graph shows the
average of data from more than two mice for each genotype in one
experiment and is representative of two experiments. (F) RT-PCR
analysis of the expression of cell cycle regulators in sorted DN thymo-
cytes from young lymphoma-free p53~/~ CAT-Tg mice (growth ar-
rested) (n = 3) and old lymphoma-bearing p53~/~ CAT-Tg mice
(proliferating) (n = 3).

p53~/~ CAT-Tg mice (Fig. 3A), resulting in thymic lymphoma.
We characterized the development and progression of p53~/~
CAT-Tg lymphoma. Flow cytometry profiles for thymocytes
from CAT-Tg and C57BL/6 control mice were similar with
respect to both their size distributions and percentages of DN,
DP, CDA4SP, and CDS8SP populations (Fig. SA and B). Inter-
estingly, in a time-dependent manner, DN thymocytes accu-
mulated in p53~/~ CAT-Tg mice at the cost of DP and to some
extent SP thymocytes (Fig. 5C). As demonstrated in Fig. 3A,
thymocyte numbers declined, suggesting that the accumulation
of DN thymocytes was at the cost of DP and SP thymocytes.
Finally, after about 66 days of age, the number of thymocytes
in p53~/~ CAT-Tg mice increased, and the major population
of cells was c-kit™ CD25" (see Fig. S4 in the supplemental
material) as well as CD4~ CD8" and expressed intermediate
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levels of the TCRB chain on the cell surface (Fig. 5C). This
phenotype corresponds to the aberrant thymocyte population
that results in B-catenin-dependent thymic lymphoma.

Interestingly, in a cohort of 30 p53*/~ CAT-Tg mice, 15 died
or were terminally ill with thymic lymphomas by the age of 160
days, and all died by day 241 (Fig. 4A). In contrast, p53™*/~
mice lived beyond 270 days (32, 41). The lymphomas in the
p53*"/~ CAT-Tg mice were phenotypically identical to those
found in p53~/~ CAT-Tg mice (Fig. 5D). The accelerated
death of p53*/~ CAT-Tg mice and the phenotype of the lym-
phoma suggested a loss of heterozygosity at the p53 locus.
Using a PCR-based assay (2), we documented the loss of the
wild-type allele of p53 in three independent p53™/~ CAT-Tg
thymic lymphomas, a representative of which is shown in
Fig. SE. Therefore, we conclude that a complete loss of p53
expression in thymocytes is essential for B-catenin to exert
its oncogenic effect.

p53~/~ CAT-Tg DN lymphomas are immature and molecu-
larly distinct from DP lymphomas that develop in p53~/~
mice. Sixty to eighty percent of the spontaneous malignancies
in p53-deficient mice are thymic lymphomas (32, 41). To un-
ambiguously demonstrate that the B-catenin-dependent thymic
lymphomas in p53~/~ CAT-Tg mice were distinct from p53~/~
lymphomas, we evaluated their phenotypes and molecular
characteristics. Thymocytes from both p53~/~ and p53~/~
CAT-Tg tumor burden thymuses showed a preponderance of
large cells (Fig. 5C and D and 6A). The phenotypes of all the
cells in the thymus indicated that the p53~/~ thymic lymphoma
consisted of ~46% DP and ~34% CDS8SP cells (Fig. 6A) (21,
32). Indeed, the DN population in p53~/~ mice was normal
and comparable to the DN population from C57BL/6 mice
with respect to the distribution of DN1 to DN4 as judged by
c-kit and CD25 staining (see Fig. S4 in the supplemental ma-
terial) and cell surface TCRR staining (Fig. 6A). In gross con-
trast, in the p53~/~ CAT-Tg or p53™/~ CAT-Tg thymuses, a
DN lymphoma population expressing intermediate levels of
TCRB/CD3 accounted for 86% of thymocytes, respectively
(Fig. 5C and D). Thus, the B-catenin-induced lymphomas in
p53~/~ CAT-Tg mice are phenotypically distinct from those
that develop in p53~/~ mice at an older age. Furthermore,
Notchl or c-Myc genes have been implicated in T-cell lympho-
mas (46, 60, 64). Interestingly, neither Notch signaling nor
c-Myc upregulation was noted in p53~/~ CAT-Tg thymic DN
lymphomas (Fig. 6B).

The DN lymphoma cells in p53~/~ CAT-Tg mice express
intermediate levels of TCRP on their cell surfaces (Fig. 5C and
D). To eliminate the possibility that these DN cells were ma-
ture thymocytes that had lost the expression of CD4 and CDS,
we assayed for the expression of several TCRa proteins. Cell
surface TCRa expression was not detected in DN thymocytes
(Fig. 6C, top) but was detectable on DP and SP populations
from C57BL/6 or p53~/~ CAT-Tg mice (Fig. 6C, bottom).
Furthermore, PCR-based analysis of DNA rearrangements at
the TCRa chain locus revealed a lack of TCRa rearrangement
(Fig. 6D). A similar analysis of the TCRp chain locus showed
that the thymic lymphomas in p53~/~ CAT-Tg thymuses were
oligoclonal (Fig. 6E), thereby demonstrating that the oligo-
clonal DN lymphoma cells in p53~/~ CAT-Tg mice are actually
transformed pre-DP cells of immature thymocyte origin.

SKY of DN p53~/~ CAT-Tg thymic lymphoma cells re-
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vealed chromosome alterations (Fig. 6F and G; see Tables S1
and S2 in the supplemental material). The structural aberra-
tions included clonal and nonclonal chromosome rearrange-
ments of various configurations, including chromosomes with
multiple centromeres, chromosome and chromatid breaks,
chromosome deletions, and centromere and acentric frag-
ments (Fig. 6F; see Table S1 in the supplemental material). In
addition, the numbers of chromosomes were increased in cells
from all the samples analyzed (see Fig. 6G for examples), and
this substantial polyploidy in the p53~/~ CAT-Tg lymphomas
was reflected in an increase in chromosome instability or mis-
segregation errors (P = 0.028) (see Table S1 in the supple-
mental material). Importantly, these distinctive chromosomal
alterations were not observed in the control C57BL/6 thymo-
cytes and are distinct from those reported in p53~/~ lympho-
mas (21, 32).

Whereas many chromosomes were affected, the majority of
cells from all five p53~/~ CAT-Tg lymphomas showed a loss of
chromosome 13, and three of the five p53~/~ CAT-Tg lympho-
mas showed a gain of chromosome 17 (see Table S2 in the
supplemental material). In contrast, in p53~/~ lymphoma cells,
a frequent gain of chromosome 1, 4, 5, or 15 has been reported
(32). Moreover, the pattern of chromosome translocations har-
bored by p53~/~ CAT-Tg lymphoma cells was random and
showed little similarity to that of p53~/~ lymphoma cells (32).
These p53~/~ CAT-Tg lymphomas were also distinct from the
lymphomas observed in NHEJ p53~/~ mice and ATM /™ thy-
mic lymphomas, which are characterized by chromosome
translocations involving the immunoglobulin or TCR locus,
respectively (8, 9, 51, 68). These abnormalities therefore define
unique features of cells transformed by oncogenic B-catenin in
the absence of p53. Of note, significant genomic instability was
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FIG. 5. Lymphoma progression in p53~/~ CAT-Tg mice and loss of p53 function are essential for the formation of B-catenin-triggered DN
thymic lymphoma. (A to D) Representative fluorescence-activated cell sorter profiles showing forward scatter (FSC) and side scatter (SSC) (top)
and cell surface staining of CD4 and CD8 (middle) and TCRB (bottom) in electronically gated CD4~ CD8~ DN cells of total thymocytes from
C57BL/6 mice (n > 10) (A), CAT-Tg mice (n > 10) (B), p53~/~ CAT-Tg mice (n > 4) at different ages as indicated (C), and p53™/~ CAT-Tg mice
bearing thymic lymphoma (n > 5). (E) Allele-specific p53 genomic PCR detects normal wild-type and mutant p53 allele (tail) tissues but largely
the mutant allele in the thymic lymphoma (representative of three independent thymic lymphomas).

detected in DN thymocytes purified from both CAT-Tg and
p53~/~ CAT-Tg mice, indicating that the initial chromosomal
instability was triggered by the oncogenic expression of B-cate-
nin (see Table S1 in the supplemental material). Thus, it ap-
pears that the expression of oncogenic B-catenin initiates chro-
mosomal instability in developing thymocytes that is manifest
in the absence of p53 expression. Taken in total, these data
demonstrate the unique nature of B-catenin-induced thymic
lymphomas and their distinction with regard to both their
phenotype and molecular etiology compared to those of tu-
mors that develop in p53-deficient mice.

DISCUSSION

In this report, we demonstrate that oncogenic B-catenin
induces p53-independent DNA damage and OIS in vivo in
developing thymocytes, followed by p53-dependent apoptosis
of damaged cells. This sequence of events prevents the devel-
opment of B-catenin-dependent thymic lymphoma in imma-
ture thymocytes. While it has been shown in cell lines that
DNA damage triggers OIS, our studies show for the first time

that enhanced DNA damage signaling may be linked to OIS in
developing animal tissues. Notably, these studies show that
DNA damage and OIS are p53 independent, while apoptosis is
p53 dependent. Because B-catenin has been demonstrated to
be essential for B selection (15, 45, 65), these studies propose
for the first time that in instances when an oncogene is utilized
for signal transduction during normal development, a number
of mechanisms that prevent oncogenesis are instituted.

It is well established that the oncogenic expression of B-cate-
nin leads to tumorigenesis in several tissues, including colon,
breast, and skin (13, 23, 34, 44, 48). It was therefore surprising
that CAT-Tg mice showed decreased thymic cellularity and
accelerated thymic involution instead of thymic lymphoma
(66). It is further intriguing that human B-catenin-dependent
T-cell lymphomas have also not been documented to date.
Studies reported here provide a molecular reason for these
observations. The initial response of DN thymocytes to onco-
genic B-catenin was sustained DNA damage and p53-indepen-
dent OIS. While it was unclear if DNA-damaged cells went on
to senescence, it was clear that both DNA damage and OIS
were p53 independent. Damaged DN thymocytes were elimi-
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FIG. 6. p53~/~ CAT-Tg DN lymphomas are immature pre-DP cells and are distinct from p53~/~ DP/SP lymphomas. (A) Representative
fluorescence-activated cell sorter profiles showing forward scatter (FSC) and side scatter (SSC) (top) and cell surface staining of CD4, CD8
(middle), and TCRp (bottom) on electronically gated CD4~ CD8™ DN cells of total thymocytes from a thymic lymphoma-bearing 91-day-old
p53~/~ mouse. (B) Abundance of Deltex-1 and c-Myc mRNA relative to GAPDH in DN thymocytes from C56BL/6 and lymphoma-bearing p53~/~
CAT-Tg mice analyzed by real-time PCR. (C) Total thymocytes from C57BL/6 and lymphoma-bearing p53~/~ CAT-Tg mice were stained with a
group of TCRa antibodies. (Top) Surface expression of TCRa on thymocytes electronically gated to exclude DP, SP, and NK cells. (Bottom)
Surface expression of TCRa on electronically gated DP and SP thymocytes. (D) PCR analysis of rearranged TCRa Vs, 34 2c-Jor11 gene segments
using the same amount of genomic DNA purified from thymocytes. (E) PCR analysis of rearranged TCRBD2-JB2 gene segments using same
amount of genomic DNA purified from total thymocytes. (F) Chromosome structural aberrations in p53~/~ CAT-Tg lymphomas. From left to
right, a normal chromosome 6 (left), a deleted chromosome 6 (right), a chromatid break on chromosome 11, and chromosome translocations
illustrated by T(10;17) (left) and T(4;6) (right) are shown; centromere fusions were sometimes simple, containing material from the same
chromosome, as in Rb(3.3) on the left, and sometimes more complex, as in Rb[5.T(5;4)] on the right. Polycentric chromosomes resulted from the
fusion of chromosomes in a tail-to-tail orientation, as in the dicentric chromosome on the left, or in a head-to-tail orientation, as occurred multiple
times in the pentacentric chromosome on the right. (G) Spectral karyotype of p53~/~ CAT-Tg lymphomas. The top metaphase is a pseudotet-
raploid cell (» = 80) with deletions of chromosome 5, a general loss of chromosome 13, and a gain of chromosome 17. Also illustrated at the bottom
left side are two chromosome fragments containing centromeres (black arrows). The bottom cell is a pseudotriploid (n = 60) karyotype with a
complex rearrangement between chromosomes 10 and 16 containing four centromeres (red arrows).

nated by p53-dependent cell death. Together, these events
prevented the development of B-catenin-induced thymic lym-
phoma. These data complement studies in which high levels of
retrovirally expressed oncogenic B-catenin in hematopoietic
tissues also failed to cause lymphomas for up to 6 months in
mice (52). We propose that studies in this report have uncov-
ered a B-catenin-dependent mechanism that identifies DNA-
damaged thymocytes during the transition of DN thymocytes
to the DP stage, induces p53-independent OIS, and activates
p53-dependent cell death.

Recently, Guo et al. induced oncogenic 3-catenin in mice by
deleting floxed exon 3 before B selection using Lck-Cre and
after B selection using CD4-Cre (20). In CD4-Cre-Ctnnb*<*?

mice, the thymic lymphomas formed were DP in phenotype
and resulted from the induction of the B-catenin target gene,
c-Myc. Indeed, Guo et al. demonstrated that the thymic lym-
phomas were c-Myc dependent and were abrogated if c-Myc
was deleted. In CAT-Tg mice, the transgenic protein is ex-
pressed in DN4 cells prior to B selection, increasing the
amount of B-catenin to two- to fourfold above that induced
during B selection (Fig. 1A). In this model, B-catenin expres-
sion results in DNA damage, OIS, and growth arrest in devel-
oping thymocytes, followed by the p53-dependent death of
damaged cells, preventing B-catenin-dependent thymic lym-
phomas. The level of stabilized oncogenic B-catenin resulting
from an exon 3 deletion is much higher than the two- to
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threefold induction during normal signaling events. Despite
high levels of oncogenic B-catenin expression in DN thymo-
cytes, the incidence of thymic lymphoma was significantly
lower in Lck-Cre-Ctnnb“* mice than in CD4-Cre-Ctnnb***
mice. In our model, the abrogation of p53-dependent apopto-
sis leads to thymic lymphoma. Guo et al. did not address the
role of p53 in the few incidences of thymic lymphomas in the
Lck-Cre-Ctnnb***® mice. Together, these data suggest that an
increased expression of B-catenin prior to 3 selection does not
lead to thymic lymphoma.

B-Catenin has been demonstrated to be essential for B se-
lection (15, 45, 65). However, during normal thymocyte mat-
uration, after B selection and prior to the transition to the DP
stage, B-catenin expression is significantly downregulated (67).
We suggest that DP thymocytes do not have molecular mech-
anisms to downregulate 3-catenin, resulting in the induction of
target gene c-Myc-dependent DP lymphomas (20). Thus, this
report provides a mechanism for the observation that the in-
duction of oncogenic B-catenin prior to (3 selection results in
significantly fewer incidences of thymic lymphoma. We suggest
that this is because when an oncogene is utilized as a normal
part of signal transduction, built-in molecular mechanisms pro-
vide protection from transformation.

Thymic lymphomas have been documented in p53~/,
p537/7 RAG /7, and p53~/~ CD3vy / mice. One striking fea-
ture of these thymic lymphomas is that tumor cells have a DP
or SP phenotype (21, 32, 41). Because a p53 deficiency permits
the maturation of normal DN thymocytes to the DP stage, it
remains unresolved whether transformation took place at the
DN stage, followed by further differentiation to the DP and SP
stages, or if it occurred subsequent to maturation in these
mice. Lymphomas in p53~/~ CAT-Tg mice, however, were
largely immature DN cells, because DNA-damaged cells were
prevented from progression to the DP stage. Thus, we specu-
late that a B-catenin-dependent mechanism regulates the tran-
sition of normal DN cells to the DP stage of differentiation.

Model for P-catenin—p53 interactions that occur during
normal thymocyte development. We suggest a model in which
B-catenin induced during B selection, as an essential aspect of
signal transduction during thymocyte development, must be
downregulated after B selection. In the event that downregu-
lation is prevented, thymic lymphoma would ensue; therefore,
p53-independent and p53-dependent pathways have been in-
stituted to provide protection from thymic lymphomas. The
sequence of events appears to be B-catenin signal-induced
growth arrest, OIS, and p53 function, which is followed by
pS3-dependent apoptosis of developing thymocytes that harbor
DNA damage from recombination and/or replication events.
In CAT-Tg mice, DN thymocytes expressing transgenic B-cate-
nin show enhanced DSBs in growth-arrested cells and/or cells
with OIS, perhaps because B-catenin expression provides sur-
vival signals. However, p53 function is also induced, and these
cells die in a p53-dependent manner, with only cells with un-
damaged DNA proceeding to the DP stage. One consequence
is reduced thymic cellularity. In p53~/~ CAT-Tg mice, DN
cells with DNA damage, growth arrest, and OIS are found, but
p53-dependent apoptosis is abrogated. A fraction of growth-
arrested DNA-damaged cells lose the p21-dependent cell cycle
checkpoint, proliferate, and cause the observed thymic hyper-
plasia and lymphoma. In conclusion, this report provides evi-
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dence that p53-independent B-catenin-induced OIS and p53-
dependent apoptosis serve as mechanisms by which B-catenin-
induced thymic lymphoma is kept in check when B-catenin is
induced as a part of signal transduction during 8 selection.
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