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pS7 regulates T-cell development and prevents lymphomagenesis by
balancing pS3 activity and pre-TCR signaling

Akinobu Matsumoto, Shoichiro Takeishi, and Keiichi I. Nakayama

Department of Molecular and Cellular Biology, Medical Institute of Bioregulation, Kyushu University, Higashi-ku, Fukuoka, Fukuoka, Japan; and Core
Research for Evolutional Science and Technology, Japan Science and Technology Agency, Kawaguchi, Saitama, Japan

T cells are key components of the immune system, playing a central role in cell-mediated
immunity. The sequential differentiation of T cells is associated with strict regulation of the

e Ablation of p57 in T cells
blocks differentiation at an
early developmental stage
as a result of excessive
activation of E2F.

¢ Additional ablation of
E2F1 or p53 normalizes
p57-deficiency phenotypes,
but loss of both p57 and p53
eventually results in thymic
lymphoma.

cell cycle at each developmental stage. A balance between p53 activity and pre-T cell
receptor (TCR) signaling regulates proliferation and differentiation decisions made by
these cells. The relation between maintenance of this balance and the function of cell
cycle regulators has remained largely unknown, however. We now show that mice with
T cell-specific deficiency of the cyclin-dependent kinase inhibitor p57 manifest a differen-
tiation block at the early stage of T cell maturation. Further genetic analysis showed that this
defectis attributable to an imbalance between p53 activity and pre-TCR signaling caused by
hyperactivation of the E2F-p53 pathway. Moreover, ablation of both p57 and p53 in T cells
led to the development of aggressive thymic lymphomas with a reduced latency compared
with that apparent for p53-deficient mice, whereas ablation of p57 alone did not confer
susceptibility to this hematologic malignancy. Our results thus show that the p57-E2F-p53
axis plays a pivotal role in the proper development of T cells as well as in the prevention of

Introduction

lymphomagenesis. (Blood. 2014;123(22):3429-3439)

Development and maturation of T lymphocytes in the thymus are
essential for establishment of the peripheral immune system. Most
immature T cells in the thymus initially neither express CD4 nor
CD8, and they are therefore referred to as double-negative (DN)
cells. This DN population can be further divided into 4 subsets
(DN1 to DN4) defined by the sequential pattern of expression of
CD44 and CD25: CD44*CD25~ (DN1), CD44" CD25" (DN2),
CD44°CD25"% (DN3), and CD44"CD25~ (DN4).' This matura-
tion of T cells requires a sequence of events that is closely asso-
ciated with rearrangement of the T-cell receptor (TCR) genes and
signaling through this receptor. Activation of DN3 cells by pre-
TCR-dependent signaling, referred to as the B-selection check-
point, results in the generation of DN4 cells, which, in turn,
differentiate into CD4 " CD8™ (double-positive, or DP) cells via
a transient CD8 " (immature single-positive, or ISP) stage.” Sub-
sequent downregulation of either CD4 or CDS8 in DP cells gives
rise to mature single-positive (SP) cells.? Differentiation of DN3/DN4
cells into DP cells is blocked by a defect in pre-TCR signaling
resulting from genetic ablation of RAG1 or RAG2, DNA-dependent
protein kinase (DNA-PK), or the CD3+y chain, and this block is
prevented by concurrent loss of p53, suggesting that the 3-selection
checkpoint at the DN3 stage depends on a balance between pre-TCR
signaling and p53 activation.*® The precise mechanism of such p53
activation remains largely unclear, however.

Progression of the cell cycle is controlled by pairs of cyclins and
cyclin-dependent kinases (CDKS).7 CDKSs normally inactivate the
retinoblastoma protein (Rb) by hyperphosphorylation and thereby
activate E2F transcription factors® that play a key role in cell cycle
progression by regulating the transcription of genes that contribute
to this process.” However, excessive E2F activity induces p53-
dependent or p53-independent apoptosis in a manner dependent
on cellular context.'*"?

The activity of cyclin-CDK pairs is under the control of negative
cell cycle regulators that belong to the Cip/Kip family of CDK in-
hibitors. Members of the Cip/Kip family, including p21<?7 (p21),
p27%5"P! (p27), and p5757? (p57), mainly target CDK2 and CDK4
(and CDK1 in some situations) for inhibition.'* Among these
members, p21 is dispensable for T-cell development.'® Loss of
p27 in mice results in an increase in overall animal growth as well
as the development of pituitary tumors and hyperplasia of multiple
organs including the thymus.'®'® Unlike p21- or p27-deficient
mice, mice lacking p57 die immediately after birth, manifesting
severe developmental defects,'>'>?° which has hindered the
functional characterization of p57-deficient T cells.

In the present study, we established mice in which the p57 gene
is conditionally disrupted in T lymphocytes. We found that acute
inactivation of p57 results in a differentiation block at the transition
from DN3 to DN4 cells. Further genetic analysis showed that this
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block is attributable to hyperactivation of E2F1 and p53, suggesting
that p57 deficiency disrupts the balance between p53 activity and
pre-TCR signaling. Finally, we observed that additional ablation of
pS3 on the pS7-null background resulted in the development of
thymic lymphoma, indicating that the p57-p53 axis also functions as
a suppressor of this fatal hematologic malignancy.

Methods

Generation of conditional knockout mice

Female mice heterozygous for a floxed p57 allele (p577VF or p57FV*) were
crossed with male Lck-Cre or CD4-Cre (kindly provided by C. B. Wilson,
University of Washington, Seattle, WA) transgenic mice.>' > Deletion of p57
in the resulting offspring was detected by polymerase chain reaction (PCR)
analysis of genomic DNA with the primers AM83 (5'-ATGAGCGTCTG
TTAGGGACAGAC-3"), AM84 (5'-GACCAGACAGTCGAAATGGTTC
C-3"), and AM85 (5'-GCCGCGGTGTTGTTGAAACTG-3"). Lck-Cre/p57 Y+
or CD4-Cre/p57"""" mice were studied as controls for Lck-Cre/p57tVF or
CD4-Cre/p57"VF mice, respectively. Lck-Cre/p57 7 VF mice were also
crossed with E2f1 '~ (kindly provided by L. Yamasaki, Columbia University,
New York, NY) or p53_/ ~ (Taconic, Hudson, NY) mice. The animal ethics
committee of Kyushu University approved all mouse experiments.

Flow cytometry and cell sorting

Antibodies to mouse CD4 (RM4-5), CD8«a (53-6.7), CD25 (3C7), CD44
(IM7), TCRB (H57-597), B220 (RA3-6B2), TER119, Gr-1 (RB6-8C59),
Mac-1 (M1/70), and NK1.1 (PK136) were obtained from BD Biosciences
(San Jose, CA). CD4, CD8, B220, TER119, Gr-1, Mac-1, and NK1.1 were
used as lineage markers. For determination of bromodeoxyuridine (BrdU)
incorporation in vivo, mice were injected intraperitoneally with BrdU (1 mg)
twice, with a 2-hour interval between injections. The thymus was harvested
1 hour after the second injection, and BrdU incorporation was evaluated with
a BrdU Flow kit (BD Biosciences). For assay of apoptosis, thymocytes or
splenic T cells were stained for cell surface markers, further incubated for
15 minutes with annexin V (BD Biosciences), and then analyzed by flow
cytometry. For determination of intracellular TCRB expression, cells were
fixed in 2% paraformaldehyde after surface staining to determine thymocyte
subsets, and they were then stained with antibodies to TCR{ in phosphate-
buffered saline (PBS) containing 0.5% saponin and 4% fetal bovine serum.
Stained cells were analyzed and sorted with the use of FACSCalibur or
FACSAria instruments (BD Biosciences).

Statistical analysis

Quantitative data are presented as means =+ standard deviation (SD) and were
analyzed with the 2-tailed Student ¢ test. A P value of < .05 was considered
statistically significant.

Additional procedures can be found in the supplemental Methods
(available on the Blood Web site).

Results

p57 deficiency in T cells results in developmental arrest at the
DN3-DN4 transition

To investigate the role of p57 in T-cell differentiation, we set out to
delete the pS7 gene specifically in T cells. Given that the p57 locus
undergoes genomic imprinting with only the maternal allele being
expressed,”* we crossed female mice heterozygous for a floxed allele
(p57%V* or p57"*VF with the symbols within square brackets
representing the imprinted, inactive allele) with male mice harboring
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a Cre transgene under the control of the Lck gene promoter to yield
Lck-Cre/p57"VF mice, in which the maternal p57 allele would be
expected to be deleted exclusively in the T-cell lineage. We
confirmed that the floxed allele was indeed efficiently inactivated
by Cre in T cells of these mice (Figure 1A).

The size and cell number for the thymus of Lck-Cre/p57tVE
mice were markedly reduced compared with those for control
(Lck-Cre/p577 V™) mice (Figure 1B-C). Although the size of the
spleen in Lck-Cre/p571YF mice did not differ substantially from
that in control animals (Figure 1D), the number of TCRB-positive
cells in the spleen of the mutant mice was also reduced significantly
compared with that in controls (Figure 1E). Flow cytometric analysis
of the thymus of Lck-Cre/p570YF mice showed an increased pro-
portion of DN cells and a reduced percentage of DP cells (Figure 1F).
Further analysis of CD44 and CD25 expression in the DN subset
showed an increase in the proportion of DN3 cells accompanied by
a marked decrease in that of DN4 cells (Figure 1G), indicating that
the transition from DN3 to DN4 was blocked by p57 ablation. This
differentiation block in DN3 cells also reduced the absolute numbers
of cells at later stages of differentiation (DN4, ISP, DP, CD4, or CD8
SP) in the mutant mice (Figure 1H).

To investigate the mechanism by which p57 deficiency results in
the differentiation block at the DN3-DN4 transition, we examined
DNA rearrangement at the TCR locus and the expression of pre-
TCR components in the DN3 cell population, given that an increase
in the percentage of DN3 cells is often observed as a result of a defect
in B-selection. Analysis of genomic DNA for DJB and V(D)JB
rearrangement in DN3 cells showed no substantial differences be-
tween Lck-Cre/p577VF and Lek-Cre/pS77 Y™ mice (Figure 1I),
suggesting that the genomic rearrangement underlying TCR chain
production is intact in the p57-deficient cells. The frequency of DN3
cells positive for intracellular TCR expression also did not differ
significantly between the 2 genotypes (Figure 1J-K). However, the
proportion of DN4 cells positive for intracellular TCR expression
was greatly reduced by p57 ablation (Figure 1J-K), providing additional
evidence that the differentiation of p57-deficient T cells is blocked at
the DN3-DN#4 transition. We also found that the abundance of pTa
mRNA was increased in p57-deficient DN3 cells compared with
control cells (Figure 1L), suggesting that the loss of p57 in immature
T cells results in a reduction in the number of these cells without
impairment of pre-TCR signaling.

Loss of p57 in immature T cells impairs proliferation and
induces apoptosis in association with
Rb hyperphosphorylation

Mice in which the gene encoding pTa is inactivated manifest a
marked, butincomplete, block in T-cell development at the transition
from DN3 to DN4, as shown by a decrease in the proportion of
proliferating DN4 cells.?® Given that the timing of the differentiation
block in p57-deficient T cells is almost identical to that in pTa-
deficient mice, we examined the frequencies of proliferating cells
and apoptotic cells among the DN3 and DN4 subsets in our mutant
mice. Similar to the findings with pTa-deficient mice, the frequency
of proliferating cells among the DN4 population of Lck-Cre/p57tFVF
mice was markedly decreased compared with that for control mice,
whereas that for pS7-deficient DN3 cells was reduced to a lesser
extent (Figure 2A-B). Furthermore, we found that the frequency of
apoptosis in DN4 cells was increased by p57 ablation (Figure 2C-D).
These results suggested that a combination of cell cycle arrest and
induction of apoptosis is responsible for the developmental defect in
p57-deficient T cells. The sum of these effects of p57 deficiency thus
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Figure 1. Loss of p57 in T cells results in
a differentiation block at the DN3-DN4 transition
and reduced thymic cellularity. (A) Reverse tran- 12 en
scription (RT) and real-time PCR analysis of p57 —
mRNA in DN3 thymocytes from Lck-Cre/p57"V* and
Lck-Cre/p571*VF mice at 8 weeks of age. Normalized
data are expressed relative to the value for control
mice and are means + SD for 3 mice. ***P < .005. (B)
Gross appearance of the thymus of Lck-Cre/p571V+
and Lck-Cre/p57U7F mice at 8 weeks of age. Scale bar,
2 mm. (C) Total number of thymocytes for individual
Lck-Cre/p571*V (n = 7) and Lck-Cre/p571YF (n = 5)
mice at 8 weeks of age. Bars indicate mean values.
***P < .005. (D) Gross appearance of the spleen of F
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likely accounts for the ~85% decrease in the number of DN4 cells in
the mutant mice (Figure 1H).

We nextinvestigated whether the Rb-E2F pathway is activated
in pS7-deficient T cells. Immunoblot (IB) analysis showed that
the extent of Rb phosphorylation on Ser’®° was increased in p57-
deficient DN3 cells compared with control cells, whereas the
extent of Rb phosphorylation at Ser®*”®'! did not differ sub-
stantially between the 2 genotypes (Figure 2E). Examination of
the expression of E2F target genes revealed that the expression
levels of the genes for Mcm3, Cdc6, and Cdtl, all of which are
related to cell cycle progression, were significantly increased in

pS7-deficient DN3 cells (Figure 2F). In addition, expression of the
genes for ATM and ASPP1, which are E2F targets involved in
apoptosis, was also markedly increased in these cells (Figure 2G).
These results thus indicated that E2F activity was indeed increased by
ablation of p57 in T cells.

p57 is not required for T-cell development at the DP stage

We next examined whether p57 is also indispensable for the
development of mature T cells. To bypass the requirement for p57 at
the earlier stage of T-cell development, we crossed p57-floxed mice
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with CD4-Cre transgenic mice to generate CD4-Cre/p57' " F mice.

Cre recombinase is not expressed in thymocytes of CD4-Cre mice
until the late stage of DN cell development,>* and consistent with this
we detected a significant decrease in the abundance of p57 mRNA
in DN4 cells but not in DN3 cells from CD4-Cre/p57""VF mice
(Figure 3A). The size of the thymus and number of thymocytes did
not differ between these mutant mice and control animals (Figure
3B-C). The numbers of DN3, DN4, DP, CD4 SP, and CD8 SP cells
in CD4-Cre/p57'"VF mice were also similar to those in control
littermates, whereas the number of ISP cells was increased in the
mutant animals (Figure 3D-E). These results thus indicated that
p57 is dispensable for T-cell development after the DP stage.

p57-deficient mature T cells proliferate inefficiently in response
to antigenic stimulation

Although the number of T cells in the thymus of CD4-Cre/p57-*VF
mice did not differ significantly from that for control mice, the
number of TCRB-positive cells in the spleen of CD4-Cre/p57- ¢
mice was significantly reduced (Figure 3F). To investigate the
mechanism underlying this phenotype, we first examined BrdU in-
corporation and apoptosis in splenic T cells after mitogenic stimu-
lation. The extent of BrdU incorporation was attenuated in splenic
T cells from CD4-Cre/p57'"F mice at 36 hours after the onset of
stimulation with antibodies to CD3¢ (Figure 3G). Furthermore, the
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Figure 2. Loss of p57 results in a proliferative
defect, induction of apoptosis, and excessive
phosphorylation of Rb in thymocytes. (A) Repre-
sentative flow cytometric histograms for BrdU staining
in DN3 and DN4 thymocytes from Lck-Cre/p57/+
and Lck-Cre/p57'*YF mice injected with BrdU at 8
weeks of age. (B) Determination of the proportion of cells
positive for BrdU as in panel A. Data are means + SD
for 4 mice. *P < .05, ***P < .005. (C) Representative
histograms for annexin V staining in DN3 and DN4
thymocytes from Lck-Cre/p571*Y* and Lck-Cre/p571+7F
mice at 8 weeks of age. (D) Determination of the
proportion of cells positive for annexin V staining as in
panel C. Data are means =+ SD for 4 mice. ***P < .005.
(E) IB analysis of phosphorylated Rb in DN3 thymocytes
x from Lck-Cre/p571*V* and Lck-Cre/p570*YF mice at 8
1 weeks of age. HSP70 was examined as a loading
Ll Lck-Cre/pS?Pj;; control. (F-G) RT and real-time PCR analysis of Mcm3,
W Lok Cre/ps7V™ 6 and Cdtt mRNAS (F) as well as of ATM and
ASPP1 mRNAs (G) in DN3 thymocytes from Lck-Cre/
p57*V* and Lck-Cre/p57*YF mice at 8 weeks of age.
Normalized data are expressed relative to the corre-
sponding value for control mice and are means + SD for

3 mice. ***P < .005.
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frequency of apoptotic cells was increased in splenic T cells from
CD4-Crelp5 7V mice after stimulation for 24 or 36 hours (Figure 3H).
These results thus suggested that p57 is indispensable for the
continuous proliferation of mature T cells in response to mitogenic
stimulation, which is necessary for maintenance of the T cell
population in peripheral lymphoid organs.

We next examined the possible contribution of the Rb-E2F
pathway to the impaired proliferation of mature T cells from CD4-
Cre/p57"" " mice. Whereas the extent of Rb phosphorylation on
Ser’®® was not greatly increased by p57 ablation in the absence
or presence of anti-CD3¢ stimulation, the extent of that at Ser®’”/8!!
was increased in splenic T cells from CD4-Cre/p57'" " mice under
both conditions (Figure 3I). This pattern of Rb phosphorylation on
Ser®7811 and Ser’®? is opposite to that apparent for p57-deficient
immature T cells (Figure 2E). In addition, the expression levels
of the genes for Cdc6 and Cdt1 were significantly increased in the
pS57-deficient mature T cells, although those for the Mcm3, ATM,
and ASPP1 genes did not differ between the 2 genotypes (Figure
3J-K). This pattern of E2F target gene expression differs from that
apparent in thymocytes (Figure 2F-G), possibly as a result of the
difference in the sites of Rb phosphorylation. Collectively, our
data suggested that the reduction in the number of TCR-positive
cells in the spleen of CD4-Cre/p57'" VF mice is attributable, at
least in part, to excessive activation of the Rb-E2F pathway in
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Figure 3. Ablation of p57 does not affect development of DP cells but impairs the proliferation and survival of antigen-stimulated mature T cells. (A) RT and real-
time PCR analysis of p57 mRNA in DN3 and DN4 thymocytes from CD4-Cre/p571*Y* and CD4-Cre/p57'*"F mice at 8 weeks of age. Normalized data are expressed relative
to the corresponding value for control mice and are means + SD for 3 mice. ***P < .005. (B) Gross appearance of the thymus of CD4-Cre/p57!*/* and CD4-Cre/p57"/F
mice at 8 weeks of age. Scale bar, 2 mm. (C) Total number of thymocytes for individual CD4-Cre/p57"V* and CD4-Cre/p57'*VF mice at 8 weeks of age (n = 5). (D)
Representative flow cytometric analysis of CD4 vs CD8 on thymocytes from CD4-Cre/p57"/* and CD4-Cre/p57!""F mice at 8 weeks of age. Percentages of each fraction
are indicated. (E) Absolute cell number for thymocyte subsets in individual CD4-Cre/p571"V* and CD4-Cre/p571*/F mice at 8 weeks of age (n = 5). ***P < .005. (F) Absolute
number of TCRB-positive cells among splenocytes from individual CD4-Cre/p57!*Y* and CD4-Cre/p57'"F mice at 8 weeks of age (n = 5). ***P < .005. (G) Splenic CD3™
T cells from CD4-Cre/p57"V* and CD4-Cre/p57!*F mice at 8 weeks of age were stimulated with anti-CD3¢ (5 wg/mL) for the indicated times and exposed to BrdU during the
final 1 hour of incubation. They were then stained with anti-BrdU, and the percentage of BrdU-positive cells was determined by flow cytometry. Data are means =+ SD for 3 mice.
***P < .005. (H) Splenic T cells stimulated as in panel G were stained with propidium iodide, and the percentage of sub-G; (apoptotic) cells was determined by flow cytometry. Data
are means =+ SD for 3 mice. *P < .05, ***P < .005. (I) IB analysis of phosphorylated Rb in splenic T cells stimulated (or not) as in panel G for 10 hours. (J-K) RT and real-time PCR
analysis of Mcm3, Cdc6, and Cdt1 mRNAs (J) as well as of ATM and ASPP1 mRNAs (K) in splenic T cells stimulated as in panel G for 10 hours. Normalized data are expressed
relative to the corresponding value for control mice and are means =+ SD for 3 mice. ***P < .005.
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response to antigenic stimulation and the resultant induction of
apoptosis and cell cycle arrest.

Additional ablation of E2F1 attenuates the defects of
p57-deficient T cells

Our results indicated that E2F activity is increased in both immature
and mature T cells by ablation of p57. To examine whether the
defects of pS7-deficient T cells are indeed attributable to this ac-
tivation of E2F, we crossed Lck-Cre/p57H]/ ¥ mice with E2ﬂ*/7
mice to generate animals that lack both p57 and E2F1 in T cells.
The decreases in the size of the thymus and the number of thymocytes
in Lck-Cre/p57'F mice were partially reversed by additional
ablation of E2F1 (Figure 4A-B). Flow cytometric analysis showed
that E2F1 ablation also resulted in a partial rescue of the increase in
the frequency of DN3 cells in Lek-Cre/p57' V¥ mice (Figure 4C-D).
This attenuation of the differentiation block at the DN3-DN4
transition led to a partial recovery of the absolute cell numbers of
each thymocyte compartment in the p5S7/E2F1 double-mutant mice
(Figure 4E).

In comparison with the partial rescue of defects apparent in p57-
deficient thymocytes, additional E2F1 ablation almost completely
reversed those in p57-deficient splenic T cells. The number of
TCRpB-positive cells in the spleen of Lck-Cre/p57tVF mice was
thus restored to almost the same level as that of control animals by
E2F1 ablation (Figure 4F). In addition, E2F1 deficiency completely
reversed the changes in the extent of mitogen-induced BrdU
incorporation and apoptosis in splenic T cells from Lck-Cre/pS7-F
mice compared with those from control mice (Figure 4G-H). These
results thus indicated that activation of the E2F pathway indeed
contributes to the phenotypes of both p57-deficient immature and
mature T cells and that the dependency of these phenotypes on
such activation is greater in mature T cells than in immature
T cells.

Additional ablation of p53 attenuates the phenotypes of p57
deficiency in immature but not mature T cells

Excessive activation of E2F was previously shown to induce
pS3-dependent or p53-independent apoptosis in a manner dependent
on cellular context.'%!3 Indeed, the abundance of mRNAs for p21,
Noxa, and Bax, all of which are downstream targets of p53, was
increased in DN3 cells of Lck-Cre/p570+"F mice (Figure 5A).
Furthermore, the abundance of all 3 mRNAs in DN3 cells of
Lck-Cre/p57U"VE/E2f1™'~ mice was reduced compared with that
for DN3 cells of Lck-Cre/p570VF mice (Figure 5A), although this
reversal of p53 activation by E2F1 ablation was only partial. We
therefore next crossed Lek-Cre/p57t ™ VF mice with p53~/~ mice to
generate animals that lack both p57 and p53 in T cells. The size of
the thymus in Lek-Cre/p577 YF/p537/~ mice was indistinguishable
from that in control mice, and we did not detect an increase in the
frequency of DN3 cells in the double-mutant animals (Figure 5B-D).
The cell numbers for each thymocyte subset in Lck-Cre/p57HV ¥
mice were also completely recovered by additional pS3 ablation; in
particular, the number of ISP cells in Lck-Cre/p5 70V 537" mice
exceeded that in controls (Figure 5E). Collectively, these results
suggested that the differentiation block at the DN3-DN4 transition
induced by p57 loss is attributable to hyperactivation of p53.

We next examined whether p53 hyperactivation is also re-
sponsible for the defects of p5S7-deficient mature T cells. Whereas the
decrease in the number of TCRB-positive cells in the spleen of Lck-
Cre/p57""F mice was completely reversed by the additional abla-
tion of E2F1 (Figure 4F), the ablation of p53 did not reproduce this
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effect (Figure 6A). Consistent with this result, the abundance of
mRNAs for p53 target genes, including those for p21, Noxa, and
Bax, was not increased in splenic T cells of Lck-Cre/p57- " mice
compared with those of control animals in the absence or presence
of anti-CD3¢ stimulation (Figure 6B). We also measured BrdU
incorporation and the frequency of apoptosis after mitogenic
stimulation, and found that additional depletion of p53 did not affect
the phenotypes of p57-deficient splenic T cells (Figure 6C-D).
Together, these results suggested that, in contrast to immature
T cells, the induction of apoptosis and cell cycle arrest by p57 loss in
mature T cells are p53 independent.

Given that activated E2F1 was previously shown to increase
transcription of the caspase-8 and Bid genes, as well as to enhance
Fas signaling in mature T cells,?® such effects might underlie the
increased level of apoptosis in p57-deficient mature T cells. We
therefore measured the abundance of mRNAs for caspase-8 and Bid
in splenic CD3* T cells from Lck-Cre/p57t Y™ and Lek-Cre/p 577 /F
mice with or without anti-CD3¢ stimulation. We found that the
amounts of these mRNAs were indeed increased in CD3™ T cells
of Lek-Cre/p577YF mice compared with the control cells after anti-
CD3e stimulation (Figure 6E), suggesting that the caspase-8-Bid
pathway contributes to the phenotypes of p57-deficient mature
T cells.

Loss of p57 predisposes immature T cells to thymic lymphoma

Given that our data suggested that p53 suppresses aberrant
expansion of p57-deficientimmature T cells, we examined whether
the simultaneous loss of p57 and p53 might eventually result in
tumorigenesis. At 8 weeks of age, some of Lck-Cre/p570 VFp537~/~
mice indeed developed aggressive lymphomas characterized by
massive thymic enlargement (Figure 7A). In Figure 7A, 1 of the
fastest developing lymphomas in Lck-Cre/p57 Y5/p537/~ mice
is shown. Flow cytometric analysis showed a marked increase in
the size of the ISP cell population in the Lck-Cre/pS7t VE/p53~/~
mice (Figure 7B-C). All of the double-mutant mice died between
14 and 24 weeks of age, indicating that the lymphomas were fatal.
Comparison of the timing of thymic lymphoma development
demonstrated that the p57/p53 double-mutant mice developed
this condition with a reduced latency compared with p53~'~ mice,
and that Lck-Cre/p57t VF/p53™/~ mice also exhibited a markedly
reduced viability compared with p53*'~ mice (Figure 7D). None
of 13 Lck-Cre/p577 VF mice developed lymphoma for up to 500
days of age, supporting the notion that p53 suppresses aberrant
expansion of p57-deficient T cells. We thus concluded that pS7
and p53 cooperatively prevent excessive proliferation of T cells in
the thymus and that disruption of this p57-p53 axis results in
lymphomagenesis.

Discussion

Previous studies have indicated that the differentiation of DN3 cells
into DN4 cells depends on the balance between p53 activity and pre-
TCR signaling (Figure 7E upper left).*® Mice deficient in RAG1/2,
DNA-PK, or CD3+ thus exhibit a differentiation block at the DN3 to
DN4 stages that is attributable to impaired formation of the pre-TCR
complex and consequent abrogation of pre-TCR signaling (Figure 7E
upper center). On the other hand, mice deficient in p53 often
develop lymphoma,*” supporting the notion that p53 activity is required
for appropriate T-cell development (Figure 7E upper right). We have
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Figure 4. Additional ablation of E2F1 attenuates the defects of immature and mature T cells in p57-deficient mice. (A) Gross appearance of the thymus of Lck-Cre/p57V*,
Lck-Cre/p571YF, and Lck-Cre/p571*YF/E2f17/~ mice at 8 weeks of age. Scale bar, 2 mm. (B) Total number of thymocytes for individual Lck-Cre/p571*V* (n = 7), Lck-Cre/p571+VF
(n = 7), and Lck-Cre/p57UVF/E2f17/~ (n = 5) mice at 8 weeks of age. ***P < .005. (C-D) Representative flow cytometric analysis of CD4 vs CD8 on thymocytes (C) as well as of CD44
vs CD25 on electronically gated lineage-negative DN thymocytes (D) from Lck-Cre/p57UV*, Lek-Cre/p57UF, and Lek-Cre/p57 VF/E2f17/~ mice at 8 weeks of age. Percentages of
each fraction are indicated. (E) Absolute cell number for thymocyte subsets from individual Lck-Cre/p57t* V* (n = 7), Lck-Cre/p571*VF (n = 7), and Lek-Cre/ps571VF/E2f17/~ (n = 5) mice
at 8 weeks of age determined by flow cytometry. **P < .01, ***P < .005. (F) Number of TCRR-positive cells among splenocytes from individual Lck-Cre/p57*V/*
(n = 7), Lck-Cre/p571"VF (n = 7), and Lck-Cre/p570VF/E2f17/~ (n = 5) mice at 8 weeks of age. (G-H) Splenic CD3" T cells from mice of the indicated genotypes at 8 weeks of age
were stimulated with anti-CD3¢ (5 pg/mL) for 36 hours and exposed to BrdU during the final 1 hour of incubation. They were then stained with anti-BrdU and propidium iodide, and the
percentages of BrdU-positive cells (G) and of sub-G4 (apoptotic) cells (H) were determined by flow cytometry. Data are means = SD for 3 mice.
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Figure 5. The pre-T cell differentiation block in p57-deficient mice is overcome by additional ablation of p53. (A) RT and real-time PCR analysis of p21, Noxa, and Bax
mRNAs in DN3 thymocytes from Lck-Cre/p571"V*, Lck-Cre/p57tYF, and Lck-Cre/p570"VF/E2f17/~ mice at 8 weeks of age. Normalized data are expressed relative to
the corresponding value for control mice and are means *+ SD for 3 mice. ***P < .005. (B) Gross appearance of the thymus of Lck-Cre/p571*V*, Lck-Cre/p571*7F,
Lck-Cre/p571"V*/p537/~, and Lck-Cre/p571VF/p53~/~ mice at 7 weeks of age. Scale bar, 2 mm. (C-D) Representative flow cytometric analysis of CD4 vs CD8 on
thymocytes (C) as well as of CD44 vs CD25 on electronically gated lineage-negative DN thymocytes (D) from Lck-Cre/p57'Y ", Lek-Cre/p571VF, Lek-Cre/ps57tV*/p537/~, and
Lck-Cre/p57-"YF/p537'~ mice at 7 weeks of age. Percentages of each fraction are indicated. (E) Absolute cell numbers determined by flow cytometry for thymocyte
subsets from individual Lck-Cre/p571*V™", Lek-Cre/p57VF, Lek-Cre/p57U"Y*/p53~/~, and Lek-Cre/p57t V¥ /p53~/~ mice at 7 weeks of age (n = 3). ***P < .005.
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Figure 6. The proliferation and survival defects of mature T cells from p57-deficient mice are not rescued by additional ablation of p53. (A) Number of TCRB-positive
cells among splenocytes from individual Lck-Cre/p571"V ", Lck-Cre/p571*VF, and Lck-Cre/p571YF/p53~'~ mice at 7 weeks of age (n = 3). (B) Splenic CD3™ T cells from Lck-
Cre/p571V* and Lck-Cre/p571"VF mice at 8 weeks of age were stimulated with anti-CD3e (5 wg/mL) for the indicated times, after which the abundance of p21, Noxa, and Bax
mRNAs was determined by RT and real-time PCR analysis. Normalized data are expressed relative to the corresponding value for cells from control mice at time 0 and are
means = SD for 3 mice. (C-D) Splenic CD3" T cells from Lck-Cre/p571*V™*, Lek-Cre/p571VF, Lek-Cre/p571V/p537/~, and Lck-Cre/p571YF/p53~'~ mice at 7 weeks of age
were stimulated with anti-CD3e for 36 hours and exposed to BrdU during the final 1 hour of incubation. They were then stained with anti-BrdU and propidium iodide, and the
percentages of BrdU-positive cells (C) and of sub-G4 (apoptotic) cells (D) were determined by flow cytometry. Data are means + SD for 3 mice. (E) Splenic CD3" T cells
from Lck-Cre/p571*7* and Lck-Cre/p571+YF mice at 8 weeks of age were stimulated as in panel B, after which the abundance of caspase-8 and Bid mRNAs was determined
by RT and real-time PCR analysis. Normalized data are expressed relative to the corresponding value for cells from control mice at time 0 and are means + SD for 3 mice.

***P < .005.

now shown that ablation of p57 induces p53 hyperactivation as
a result of upregulation of E2F activity in thymocytes. Whereas
genomic rearrangement at the TCRP locus and intracellular
expression of TCR in p57-deficient DN3 cells were indistinguish-
able from those in control cells, the abundance of pTa mRNA was
increased in the p57-deficient DN3 cells, suggesting that the extent

of pre-TCR signaling was also increased in these cells (Figure 7E
lower left). However, p53 hyperactivation dominates this increased
level of pre-TCR signaling, leading to a differentiation block at the
DN3-DN4 transition.

Whereas additional ablation of E2F1 completely rescued the
phenotypes of p57-deficient splenic T cells, the reversal of those of
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Figure 7. Mice lacking both p57 and p53 develop
lymphoma. (A) Gross appearance of the thymus of
Lck-Cre/p571V+ | Lek-Cre/p57t 7V /p53~/~, Lek-Cre/
p57VF and Lck-Cre/p571YF/p53~'~ mice at 8 weeks
of age. Scale bar, 2 mm. (B-C) Representative flow
cytometric analysis of CD4 vs CD8 on thymocytes (B)
as well as of TCRB on electronically gated CD8 SP
cells (C) from Lck-Cre/p571"* and Lck-Cre/p57t*VF/
P53/~ mice shown in panel A. Percentages of each
fraction are indicated. (D) Kaplan-Meier plot for overall

survival of mice of the indicated genotypes. (E) Model
for the role of p57 in T cell differentiation and prevention
oflymphomagenesis. Differentiation of pre-T cells de-
pends on a balance between p53 activity and pre-TCR
signaling. Ablation of p57 results in hyperactivation of
p53 and thereby induces apoptosis in and blocks the
development of immature T cells. Additional ablation

of E2F1 results in a partial rescue of the phenotypes

associated with p57 deficiency. The simultaneous
ablation of p57 and p53 results in aberrant expansion
of immature T cells, eventually leading to the de-
velopment of fatal thymic lymphoma. See Discussion
for further details.
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p57-deficient immature T cells by E2F1 ablation was partial (Figure 7E
lower center). Given that previous studies indicate that other
members of the E2F family, such as E2F2 or E2F3, also contribute
to the maturation of immature T cells,?® activation of these other family
members might be involved in the phenotypes of pS7-deficient
immature T cells.

Activated E2F promotes cell cycle progression by increasing the
transcription of genes that contribute to the G,-S transition.® E2F also
promotes transcription of apoptosis-related genes, including those
for ATM and ASPP1 that induce apoptosis through activation of
p53.2%3° Consistent with these findings, we found that the amounts
of ATM and ASPP1 mRNAs as well as those of mRNAs derived
from p53 target genes were increased in p57-deficient immature
T cells in association with an increase in the frequency of apoptosis
(Figure 7E lower left). Furthermore, additional ablation of p53
rescued p57-deficiency phenotypes in immature T cells, suggesting

el

53 activity
Pre-TCR signaling

that the reduction in the number of these cells elicited by p57 ablation
is attributable to p53-dependent cell cycle arrest and induction of
apoptosis. Our data show that the predominant response to p53
activation in p57-deficient immature T cells is cell cycle arrest,
although the mechanism by which a cell selects cell cycle arrest or
apoptosis as the appropriate response to p53 activation remains
elusive.

We found that the number of ISP cells in CD4-Cre/p57VF mice
and Lck-Cre/p577 Y /p53~'~ mice is even greater than that in
corresponding control mice (Figures 3E and SE), suggesting that loss
of p57 may promote E2F-driven cell proliferation in ISP cells to
a greater extent than in other T-cell fractions. Consistent with this
notion, p57/p53 double-mutant mice eventually develop fatal thymic
lymphomas characterized by accumulation of ISP cells (Figure 7E
lower right). Ablation of p57 alone did not confer an increased
susceptibility to lymphoma development, suggesting that pS3 suppresses
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such development in the context of p57 deficiency. In conclusion,
our study has unveiled the physiological importance of the

p57 CONTROLS T CELL MATURATION AND LYMPHOMAGENESIS
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p57-E2F-p53 pathway in the proper development of T cells as

well as in the prevention of lymphomagenesis, with our results
providing the basis for a new paradigm in the relation be-
tween CDK inhibitors, development of the immune system, and

lymphomagenesis.
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