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p53 contributes to T cell homeostasis through
the induction of pro-apoptotic SAP
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Lack of functional SAP protein, due to gene deletion or mutation, is the cause of X-linked lymphoproliferative disease
(XLP), characterized by functionally impaired T and NK cells and a high risk of lymphoma development. We have
demonstrated earlier that SAP has a pro-apoptotic function in T and B cells. Deficiency of this function might contribute
to the pathogenesis of XLP. We have also shown that SAP is a target of p53 in B cell lines. In the present study, we show that
activated primary T cells express p53, which induces SAP expression. p53 is functional as a transcription factor in activated
T cells and induces the expression of p21, PUMA and MDM2. PARP cleavage in the late phase of activation indicates that T
cells expressing high levels of SAP undergo apoptosis. Modifying p53 levels using Nutlin-3, which specifically dissociates
the MDM2-p53 interaction, was sufficient to upregulate SAP expression, indicating that SAP is a target of p53 in T cells. We
also demonstrated p53’s role as a transcription factor for SAP in activated T cells by ChIP assays. Our result suggests that
p53 contributes to T cell homeostasis through the induction of the pro-apoptotic SAP. A high level of SAP is necessary for
the activation-induced cell death that is pivotal in termination of the T cell response.

Introduction

The tumor suppressor p53 has a key role in regulating the deli-
cate balance between survival and death in mammalian cells.! A
tight regulation of cell cycle progression is critical for the main-
tenance of cellular homeostasis. Cellular stress, like DNA dam-
age, hypoxia, oncogene activation (“oncogenic stress”) and heat
shock, triggers p53 stabilization and activation, resulting in tran-
scriptional activation or suppression of specific p53 target genes
that decide the fate of the cell. Functional impairment of p53
may occur by mutations that alter its DNA-binding ability and
results in failure to regulate p53 target genes. p53 inactivation by
mutation or other mechanisms, e.g., viral proteins such as HPV
E6 that block p53 function, allows evasion from apoptosis or
senescence, leading to tumor development/progression.

The X-linked lymphoproliferative disease (XLP) is a rare
immunodeficiency caused by mutations or deletion of the
SH2DI1A gene.? Affected individuals are extremely vulnerable
to EBV, but not to other herpes virus infections. EBV infects B
cells preferentially and induces them to proliferation. In normal
individuals, this proliferation is controlled by NK cells and spe-
cific T cells. However in XLP individuals, EBV infection leads to
uncontrolled T and B cell proliferation.

The product of the gene, SLAM-associated protein (SAP), is
an SH2 domain containing small proteins expressed in T, NK
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and B cells. SAP functions as an adaptor, bridging the SLAM
family of proteins with the tyrosine kinase FynT, leading to
SLAM receptor-associated signaling.* Among other deficiencies,
in the absence of functional SAP, the cytotoxic functions of T
and NK cells are impaired, allowing escape and accumulation of
the proliferating EBV-infected B cells.

During immune response, the antigen-specific clonal prolif-
eration of T cells leads to antigen clearance. Subsequently, the T
cell response is resolved by reducing the number of circulating T
cells by apoptosis, a phenomenon called activation-induced cell
death (AICD). In an earlier study, we have shown that SAP is
upregulated in activated T cells, and it has a pro-apoptotic role,’
thus contributing to T cell homeostasis confirming a previous
hypothesis.® In addition, we have also shown that SAP is a target
of wt p53 in DNA-damaged Burkitt lymphoma cell lines.” In
our present work, we demonstrate that SAP is a target of p53 in
activated primary T cells, which demonstrates p53’s involvement
in T cell homeostasis through induction of SAP.

Results

SAP and p53 expression is upregulated in PHA-stimulated T
cells. We have previously reported that SAP is upregulated in
activated T cells’ and is a target of p53 in DNA-damaged B cells.”
Putting the two separate results together, we hypothesize that p53
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subsets of T cells upon activation by anti CD3 and CD28 antibodies.

Figure 1. p53 and SAP expression is upregulated in PHA activated T cells. (A) T cells were isolated from peripheral blood of healthy donors and cul-
tured in medium with or without PHA (1 g/ml) for the indicated time periods. p53 and SAP expression was detected by immunoblots. Results from
three different donors are shown. (B) *H thymidine incorporation assay to determine T cell proliferation. At the mentioned time points, 0.1 x 10° viable
cells from bulk culture were plated in 200 .l medium per well in a 96-well plate and 1 p.Ci of *H thymidine was added to each well and cultured for 16
h at 37°C with 5% CO, under humidified conditions. Results of three different donors are presented. (C) p53 and SAP expression in CD4+ and CD8+

contributes to the expression of SAP in T cells. In order to study
this possibility, we first analyzed the levels of SAP and p53 pro-
teins in primary T cells that were cultured with or without PHA
for different time periods (Fig. 1A). Both proteins were upreg-
ulated in the activated T cells with similar kinetics, and their
levels peaked on day 4 of culture. Kinetics of proliferation in acti-
vated T cells measured by tritiated (°*H) thymidine incorporation
showed a maximum on day 2 of culture and dropped at later time
points (Fig. 1B). Both SAP and p53 proteins were upregulated at
a similar level and kinetics in the two major T cell subsets (CD4+
and CD8+) stimulated with anti CD3/CD28 beads (Fig. 1C).
These findings, together with our previous results,” suggested
that p53 contributes to the expression of SAP in activated T cells.

p53 is functional as a transcription factor in activated T
cells. To obtain further support for our hypothesis, we also tested
the functionality of p53 in these cells by checking the expression
of three well-characterized p53 targets: p21, PUMA and MDM2
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by immunoblotting. The three proteins were upregulated in acti-
vated T cells after 2 days of culture (Fig. 2). By day 6, p21 expres-
sion was undetectable, possibly as a result of ongoing apoptosis.
In contrast, MDM2 and PUMA were expressed even at later time
points, suggesting that p53 expressed during the later stages of T
cell activation might still be functional as a transcription factor.

p53 is known to undergo a variety of post-translational modi-
fications in response to different stimuli.® One of them, phos-
phorylation of Serine-15 occurs as a response to DNA damage.’
We detected a slight increase of phosphorylated p53 levels in
activated T cells (Fig. 2). However, this induction was clearly
lower than the induction of total p53 levels, suggesting that p53
induction during T cell activation does not occur as a response
to DNA damage.

Activated primary T cells expressing high levels of SAP and
p53 undergo apoptosis. T cell homeostasis is maintained by acti-
vation-induced cell death (AICD) following restimulation. We
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have previously reported that SAP has a pro-apoptotic
role in T cell lines.’ Based on this finding, we examined
PARP cleavage in activated primary T cells as a signature
for apoptosis (Fig. 3). In line with the higher levels of
SAP, on day 4 and 6 of culture, activated T cells showed

Mdm2

increased PARP cleavage. The kinetics of SAP upregula-
tion, the decrease in T cell proliferation (Fig. 1A and B)

p53
P-Serl5

and PARP cleavage are consistent with the involvement of
SAP in apoptosis of activated T cells.

- e e

Nutlin-3-mediated upregulation of p53 in T cells

induces SAP expression. In order to study whether
p53 contributes to the upregulation of SAP in T cells,
we induced p53 by using the small-molecule Nutlin-3,
which selectively interacts with MDM?2 and protects p53

p21

from degradation.”® Exposing primary T cells from differ-
ent donors to 2.5 pM Nutlin-3 for 24 h regularly led to

B-actin

upregulation of both p53 and SAP expression (Fig. 4A).

However, the p21 protein levels remained unchanged in

response to this dose of Nutlin-3 and at the time points
analyzed (Fig. 4C and unpublished data). The induction
of SAP protein levels was not merely a consequence of
T cell activation brought about by Nutlin-3 treatment,

Figure 2. p53 target genes: p21, PUMA and MDM2 are expressed in PHA-acti-
vated T cells. T cells were isolated from peripheral blood of healthy donors and
were cultured in medium with or without PHA (1 .g/ml) for the indicated time
periods. p21, PUMA, MDM-2, p53 and phosphorylated p53 (Ser-15) expression
was detected by immunoblots.

because activation markers (CD69 and CD95) were not
induced (not shown). We also measured SAP mRNA
by real-time PCR after a 6-h Nutlin-3 (2.5 pM) treatment in
T cells. SAP mRNA was induced during this short treatment
(Fig. 4B), suggesting that SAP is a direct transcriptional target
of p53. Other p53-responsive genes, like p21 and BAX, were also
upregulated. Since p21 mRNA but not p21 protein was upregu-
lated, the expression of p21 was determined in T cells treated
only with Nutlin-3 in parallel with activated T cells treated with
Nutlin-3. p21 expression was upregulated in activated T cells, and
the expression was further increased in cells that, in addition to
activation, were also treated with Nutlin-3. Again, no p21 protein
expression was observed in T cells treated with Nutlin-3 alone
(Fig. 4C), showing that this cell cycle inhibitor could only be
induced in cycling T cells. *H-thymidine incorporation showed
that activated T cells treated with Nutlin-3 could still proliferate
(Fig. 4D), although at a lower rate than the non-treated T cells,
which is in agreement with the amount of p21 protein.

p53 binds to response elements upstream of the SAP tran-
scriptional start site in activated primary T cells. p53 protein
activates its target genes by binding to specific DNA sequences.
The SAP promoter contains two such p53-response elements
(RE). One of them is located in the SAP promoter region
between positions 37112 and 37161 (p53 RE-1) and the other
in the 5-UTR (p53 RE-2) between positions 39092 and 39136.
We tested the physical interaction of p53 with the two p53 REs
in activated T cells by chromatin immunoprecipitation (ChIP)
assay. We found that p53 binds to both p53 response elements,
although the fold increase of binding is different between the two
sites and in different donors (Fig. 5). p53 also bound to the p53
response element on the MDM?2 promoter, which was used as a
positive control. The physical interaction between p53 and the
p53 REs in the SAP promoter confirms that p53 contributes to
the upregulation of SAP expression in activated T cells.

www.landesbioscience.com

Discussion

SAP expression was first identified in T cells, but later it was also
found in B cell lymphomas and T and NK cell-derived leuke-
mias."""? SAP is involved in cellular signaling in T and NK cells,
e.g., by bridging FynT and SLAM, which results in the phos-
phorylation of tyrosine residues on SLAM, triggering the cellu-
lar' activation cascade. Moreover, two independent reports have
shown that SAP has a function in activation-induced cell death of
T cells.>” Mutation or deletion of the SAP gene causes the XLP
immunodeficiency syndrome.*"® In immunocompetent indi-
viduals, primary infection with EBV can lead to a self-limiting
lymphoproliferatve disease, infectious mononucleosis. The virally
induced B cell proliferation is contained by T cells and NK cells.
In XLP patients, however, this surveillance malfunctions, and
EBV infection can lead to fulminant, fatal lymphoproliferation.
In addition to the functional impairment of the EBV-specific CD8
T and NK cells, the absence of functional SAP in XLP patients
disrupts normal T cell homeostasis. Activation-induced cell death
is impaired, resulting in a large number of circulating activated
T cells, leading to lymphocytic infiltration and tissue damage.

The involvement of p53 in regulating the progression of cell
cycle and apoptosis has been intensively investigated. These func-
tions are executed by a large number of p53 transcriptional tar-
gets like, p21, Bax, PUMA and PIG3.7%!

We have previously shown that SAP is a transcriptional tar-
get of wt p53 in B cell lines.” The current study demonstrates
that p53 also contributes to SAP expression in activated T cells.
p53 accumulates in activated T cells and is functional as a tran-
scription factor as monitored by increases in the expression of
p53 targets such as MDM2, PUMA and p21. Activated T cells
that express high p53 levels also express SAP. The proliferative
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Upregulation of p53 in activated T cells has been
observed in a limited number of studies?”?® but its
significance in relation to T cell survival was not
emphasized. We propose that p53 contributes to
the regulation of T cell homeostasis by inducing the

expression of the proapoptotic SAP. In addition, it

PHA (1 pg/ml) activated primary T cells.

Figure 3. PHA-stimulated T cells in late stage of activation undergo apoptosis. PARP
cleavage was determined by immunoblot at the indicated time points in control and

is possible that other proteins known to regulate T
cell survival are also induced by p53 during T cell

activation. For example, CD95 is a pivotal mol-

ability of cells expressing SAP is impaired, as determined by
SH-thymidine uptake. These cells also show an increased apop-
totic propensity, as demonstrated by PARP cleavage. This result
is in line with our previous findings in a T-ALL cell line, where
activation-induced cell death could be related to the high level
of SAPS The expression level of SAP may be a crucial factor in
tilting the balance between T cell proliferation and apoptosis.
Higher levels of SAP can interact with Valosin-containing pro-
tein (VCP/p97) and may interfere with NFkB signaling.>*

To test the involvement of p53 in regulating SAP levels in
activated T cells, we used Nutlin-3 to specifically induce p53
accumulation and p53 transcription activity. Nutlin-3 treatment
of non-activated T cells for 6 h resulted in upregulation of SAP
mRNA along with other known p53-responsive genes, i.c., p21
and Bax,? which is consistent with SAP being a transcription tar-
get of p53. Treatment of primary T cells with Nutlin-3 for 24 h
also resulted in SAP protein upregulation. However, at this time
point, p21 protein was not expressed. Elevation of p21 protein
levels by Nutlin-3 treatment could be seen only upon concomi-
tant T cell activation by PHA. This suggests that p21 protein
expression is only sustained in proliferating cells, where this cell
cycle inhibitor has a clear function.

Earlier we have reported that the human SAP promoter has
two p53 response elements (p53 RE-1 and 2), and we showed
by ChIP assay that p53 binds to p53 RE-1 in Burkitt lymphoma
cells upon DNA damage.” In the present study, we showed that
p53 binds to both p53 REs in the SAP promoter in activated T
cells, indicating that binding of p53 to the response elements in
the SAP promoter is cell type-specific. The extent of p53 binding
to the REs seems to be donor-dependent as well.

Ets-1 and Ets-2 have earlier been identified as transcriptional
factors regulating SAP expression in T cells.?® Another study on
human T cells showed that Ets-1 expression is downregulated
while Ets-2 expression is upregulated in activated T cells.”* It is
possible that SAP expression is under the control of Ets-1 in rest-
ing T cells. Based on the report that expression of Ets-1 decreases
upon T cell activation and based on our present findings, we
suggest that p53 expressed during the course of T cell activa-
tion contributes to the upregulation of SAP, possibly together
with Ets-2. After the initial phase of T cell activation, when SAP
contributes to the activation of T cells through the SLAM fam-
ily receptors, events like the high levels of ROS may lead to p53
activation, which, in turn, contributes to the increased levels of
SAP. After reaching this critical high level, SAP can manifest its
pro-apoptotic function.
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ecule responsible for T cell death,” and it is also a
target of p53.2° Moreover, the lifespan of T cells has
been shown to be regulated by the expression of hTERT.?*% p53
represses telomerase activity by downregulating hTERT expres-
sion in tumor lines.?>% Putting together our findings and results
from other studies, the regulation of SAP, CD95, PUMA and
hTERT by p53 and their role in the T cell survival/death, we
hypothesize that p53 contributes to T cell homeostasis in several
different ways, within a common network.

It is very interesting to note that p53-knockout mice show nor-
mal T cell development and a normal immune response, but are
prone to develop T cell lymphomas.’** In addition, CTLs gen-
erated from p53”" mice were more readily expanded than those
generated from p53** mice,*® suggesting that the role of p53 in
regulating T cell survival is more evident after long-term exposure
to the antigen. Similarly, a humanized mouse model in which
p53 was silenced showed a normal development of T cells and a
normal T cell response to antigen stimulation. However, upon
prolonged in vitro antigen stimulation, T cells with silenced p53
showed a significant growth advantage over T cells carrying p53.

In vivo, the role of p53 in T cell homeostasis is probably mani-
fested following all T cell responses, but it might be more pro-
nounced in circumstances where the antigen challenge persists
for a prolonged time, for example, in infectious mononucleosis
where the activation and proliferation of T cells is extremely
strong,.

Materials and Methods

Separation, activation and treatment of primary T cell.
Peripheral blood mononuclear cells (PBMCs) were separated
from buffy coats of healthy donors by Ficoll-Paque (GE Health
Care, 17-1440-02). T cells from PBMCs were obtained by nega-
tive selection. T cells were cultured in complete RPMI with or
without 1 pg/ml PHA (Sigma, 1.8902). On the indicated time
points, 0.1 x 10° viable cells were plated in 200 !l of medium
in a 96-well plate. One nCi *H-thymidine (Perkin Elmer,
NET02250UC) was added to each well and incubated at 37°C
in 5% CO, for 16 h. The cells were harvested on a glass fiber
filter, and the radioactivity was measured in a liquid scintillation
counter (Perkin Elmer, Microbeta 1450). Cells were treated with
2.5 pM Nutlin-3 (Sigma, N6287) and in the control cultures
DMSO was added to the medium.

Immunoblotting. The cells were lysed in SDS and 2-mer-
captoethanol containing lysis buffer and aliquots correspond-
ing to 2 x 10° cells were loaded in each lane in a SDS-PAGE
gel. Immunoblotting was performed as described earlier."! The
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Figure 4. SAP expression is upregulated in Nutlin-3-treated T cells. (A) p53 and SAP expression was determined in Nutlin-3 (2.5 wM)-treated primary T
cells for 24 h. Results from three different donors are shown. (B) mRNA expression of p21, Bax and SAP was determined in primary T cells treated for 6
h with Nutlin-3 (2.5 wM). Results from three different donors are shown. (C) Kinetics of p53 and p21 expression in control, Nutlin-3 (2.5 M), PHA (1 g/
ml) and Nutlin-3 (2.5 uM) +PHA (1 pg/ml)-treated T cells. (D) *H thymidine incorporation assay to determine proliferation of PHA (1 pg/ml)-stimulated
cells and Nutlin-3 (2.5 M) + PHA (1 g/ml)-treated T cells.

following antibodies were used to detect the respective pro- Puma (Cell Signaling, 4976), PARP (BD PharMingen, 556362),
teins; anti-SAP rabbit serum (kind gift from Dr. Janos Sumegi, MDM?2 (Santa Cruz, SC-813). As a control for equal amounts of
Cincinnati Children’s Hospital Medical Center), DO-7, p21,°®  protein loaded B-actin (Sigma, A1978) was detected.
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Figure 5. p53 binds to both of the p53 response elements on the SAP promoter. T cells negatively isolated from buffy coat were cultured with PHA (1
wg/ml) for 3 days. Cells were fixed with 1% formaldehyde, sonicated to fragment DNA and immunoprecipitated with antibody-specific against p53
(DO-1) and a non-specific antibody of the same isotype directed against SV40 T antigen. The abundance of precipitated DNA fragments was measured
by quantitative PCR using primers specific to p53 RE-1 and p53 RE-2 of the SAP gene. MDM2 served as positive control. Results from three different

RNA isolation, cDNA synthesis and real-time PCR. RNA
was extracted from cells using the Quick RNA mini prep (Zymo,
R1054) according to the manufacturer’s instructions. This was
subjected to DNase (Ambion Applied Biosystems, AM2238)
treatment, then the RNA was re-purified (Zymo, R1015). One
g of RNA was used for cDNA synthesis (Invitrogen, 11754—
050). SAP, p21 and Bax mRNA expression was quantified by
real-time PCR. The relative level of each transcript was deter-
mined with the LC FastStartDNA Master SYBR green (Roche,
12239264001) I kit in a LightCycler 1.2 instrument (Roche)
using the standard curve method. Each PCR mixture was initially
denatured at 95°C for 10 min and then cycled 40 times at 95°C
for 8 sec, 60°C for 5 sec and 72°C for 8 sec. Target genes were
measured simultaneously with the endogenous control MLN51,
which was used for normalization. The following are the primer
sequences: BAX forward primer: 5-ACT CCC CCC GAG AGG
TCT T-3', reverse primer: 5'-GCA AAG TAG AAA AGG GCG
ACA A-3'; SAP forward primer: 5“TGT ACT GCC TAT GTG
TGC TGT ATC-3, reverse primer: 5TCT CAG CAC TCC
AAG AAC CTG T-3'; p21 forward primer: 5-GCA GAC CAG
CAT GAC AGA TTT-3, reverse primer: 5-GGA TTA GGG
CTT CCT CTT GGA-3' and MLNS51 forward primer: 5-CAA
GGA AGG TCG TGC TGG TT-3', reverse primer: 5-ACC
AGA CCG GCC ACC AT-3".

Chromatin immunoprecipitation assay. T cells were activated
with PHA for 3 d. Twenty x 10° activated cells were cross-linked
with 1% formaldehyde (added drop wise) on ice for 20 min; the
fixation was stopped by adding glycine to a final concentration
of 2.5 wM and incubated for 20 min on ice. Cells were pelleted
and washed in ice-cold PBS and resuspended in 1 ml of RIPA
buffer. Aliquots of 200 pl were sonicated (Diagenode, BioRupter
UCD-200) to yield 200-1,000 bp DNA fragments. Following
centrifugation immunoprecipitation was performed. For 1 ml
of pooled sonicated lysate, 2 g of p53-specific antibody, DO-1
(Santa Cruz, SC-136) or 2 pg of a non-specific antibody directed
against SV40 T antigen (Oncogen, Pab 419) was added and
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incubated overnight at 4°C. The immune-complexes were col-
lected by incubating with Protein G Sepharose 50% slurry (GE
Health Care, 17-06-18-01) for 2 h. Beads were washed several
times, and the bound DNA-p53 complex was eluted. The elu-
ate was treated with RNase, and reversal of the formaldehyde
crosslink was performed by protease treatment for 6 h followed
by heating at 65°C for overnight. DNA was recovered by phenol/
choloroform extraction and ethanol precipitation in the presence
of glycogen. p53 binding to the two response elements on the SAP
promoter and to MDM2 promoter was determined by quantita-
tive PCR with the LC FastStartDNA Master SYBR green [ kit in
a LightCycler 1.2 instrument (Roche) using the standard curve
method. Target sequences were measured simultaneously with
the 3" untranslated region of dihydrofolate reductase (Dhfr) as
endogenous control, which was used for normalization. The fol-
lowing are the primer sequences: SAP p53 RE-1 forward primer:
5-TTT TGA ATT TGC TAA AGT CAG GTT T-3', reverse
primer: 5-AAT AGC ACA CCT GTC AAA GCA GC-3'; SAP
p53 RE-2 forward primer: 5-CTC TCT GTA TGA ACC CTG
TGT TG-3', reverse primer: 5-GCC TTA AAC CTC CTT
CTC ACA C-3'; MDM2 p53 RE forward primer: 5-CCT TGT
AGG CAA ATG TGC AA-3), reverse primer, 5-GGT CTC
TTG TTC CGA AGC TG-3": Dhfr forward primer 5-CTT
CTC CAA GAC CCC AAC TGA G-3, reverse primer: 5-CAA
TGT CAA GGA CTG GCAAGA G -3'.
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