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ABSTRACT
Activation and proliferation of T cells are tightly regulated during the immune response. We show
here that kinetics of proliferation of PHA activated T cells follows the expression of cMyc. Expression
of p53 is also elevated and remains high several days after activation. To investigate the role of p53 in
activated T cells, its expression was further elevated with nultin-3 treatment, a small molecule that
dissociates the E3 ubiquitin protein ligase MDM2 from p53. Concomitantly, cMyc expression and
proliferation decreased. At the other end of the cMyc-p53 axis, inhibition of cMyc with 10058-F4 led
to down regulation of p53, likely through the lower level of cMyc induced p14ARF, which is also
known to dissociate the p53-MDM2 complex. Both compounds induced cell cycle arrest and
apoptosis. We conclude that the feedback regulation between cMyc and p53 is important for the T
cell homeostasis. We also show that the two compounds modulating p53 and cMyc levels inhibited
proliferation without abolishing the cytotoxic function, thus demonstrating the dichotomy between
proliferation and cytotoxicity in activated T cells.
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Introduction

T cells are central in immune response. In the absence of an
antigen, T cells are in the ‘resting state’. They are activated by
ligation of specific T cell receptor (TCR) with peptide antigen
loaded major histocompatibility complex (MHC) molecules on
antigen-presenting cells (APCs). Subsequently, proliferation of
antigen specific T cells is initiated accompanying their differen-
tiation determined functions.1,2

The dynamics of cellular homeostasis in the acute immune
response is tightly regulated. Cessation of proliferation and the
return of the T cells to a resting state is essential. A part of the
T cells that have gone through this initial proliferation are elim-
inated by apoptosis – activation induced cell death (AICD). We
have previously shown that the tumor suppressor p53 contrib-
utes to this process through the induction of the pro-apoptotic
protein SAP.3,4

p53 regulates cell cycle progression and contributes to the
maintenance of genome integrity.5 Recent studies have also
indicated that p53 suppresses cellular senescence through the
inhibition of mTOR pathway.6,7 Cellular metabolism can also
be altered by p53 via PTEN-mTOR pathway.8 Loss of p53 func-
tion, either by mutation in p53 itself, overexpression of the p53
antagonist MDM2, or expression of viral proteins such as the
Human Papilloma Virus (HPV) E6 protein, may allow evasion
from apoptosis or senescence in response to oncogenic stress.9

Mutations in p53 occur in more than 50% of common human
malignancies.10 p53 knockout mice are prone to develop T cell

lymphomas in spite of apparently normal T cell development
and immune response,11,12 underlining the role of p53 in regu-
lating T cell proliferation.

cMyc activity is essential for the expansion of T cell
clones. cMyc is a transcription factor regulating diverse sets
of genes involved in proliferation, metabolism, apoptosis,
senescence and differentiation.13 The induction of different
target genes, thus execution of the different roles of cMyc
depends upon the cellular context.14 Deregulation of cMyc
expression by chromosomal translocation or gene amplifica-
tion contributes to the genesis of several malignancies, such
as Burkitt lymphoma.15 The role of cMyc in the generation
of T cell lymphomas was studied in transgenic mice. Tar-
geted expression of cMyc in T cells (CD2-myc) induced a
low incidence of spontaneous T cell lymphomas.16 However,
expression of CD2-myc showed synergy with the p53 defi-
cient genotype, as mice developed thymic lymphomas with
dramatically increased frequency and reduced latency com-
pared to both parental groups.17

cMyc induces p53 through the involvement of p14ARF.18

Competitive binding of cMyc induced p14ARF to MDM2
inhibits p53 degradation which is otherwise mediated through
the formation of a MDM2-p53 complex and MDM2-mediated
p53 ubiquitination.19 In turn, it has also been shown that p53
can suppress cMyc transcription.20 Thus, cMyc and p53 can
regulate each other at several levels to control cell growth and
survival. This motivated us to study the cMyc-p53 network in a
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model where the cMyc and p53 pathways were unaltered. To
this end we activated primary T cells with PHA as model for
proliferating lymphocytes. To our knowledge, the roles of cMyc
and p53 in T cell homeostasis have not been studied yet. Here
we show that both cMyc and p53 are induced upon T cell acti-
vation. Further induction of p53 by nutlin-3 leads to reduced
expression of cMyc, while inhibition of cMyc results in lower
levels of p53. We conclude that the cMyc-p53 feedback mecha-
nism contributes to the cessation of T cell proliferation in the
immune response.

Results

cMyc and p14ARF expression are induced in activated T cells

We have previously reported that p53 is expressed in activated
T cells where it induces the pro-apoptotic protein SAP that
contributes to T cell homeostasis.3,4 Here we continued to
study parameters related to the expression of p53 in proliferat-
ing T cells. Following activation with PHA, proliferation and
cMyc expression were induced (Fig. 1A), reaching a peak on
day 3 after which both started to decline. In accordance with
cMyc induction, its target p14ARF was also upregulated in the
activated T cells (Fig. 1B). In line with our previous results,
p53 was induced and further upregulated at later timepoints
in activated T cells (Fig. 1B). While p53 levels remained high,
the levels of p21 mRNA and protein gradually decreased
(Fig. 1B & E). The results were confirmed at the mRNA level
also for the other 3 genes. cMyc mRNA expression was high
only on the first day (Fig. 1C), while p14ARF mRNA gradu-
ally increased (Fig. 1F). Similarly, p53 mRNA gradually
increased until day 3, thereafter declined (Fig. 1D). The high
level of cMyc accompanied by high p53 levels, suggested the

possibility that, like in other cell types, expression of cMyc in
activated T cells may lead to p53 induction through the
p14ARF-MDM2 pathway.

High p53 levels downregulate cMyc expression in
activated T cells

We have reported earlier that nutlin-3 treatment potentiates
p53 and p21 expression and inhibits cell proliferation in acti-
vated T cells.4 Elevation of p53 has been shown to suppress
cMyc transcription in different cell lines and by that cause cell
cycle arrest.20 Based on these findings, we asked whether p53
would suppress cMyc expression in activated T cells. To this
end, we treated activated T cells with nutlin-3 for 24 and
48 hours. This led to increased p53 level (Fig. 2B) and
decreased proliferation (Fig. 2A).

Levels of p21, a bona fide p53 target, did not change in cells
cultured with nutlin-3 for 24 h, but after 48 h it was elevated
(Fig. 2B). Importantly, in activated T cells upregulation of p53
by nutlin-3 was accompanied by downregulation of cMyc
expression. As a consequence of lower cMyc levels, p14ARF
was also downregulated at 24 h (Fig. 2B). Thus, p53 induction
had a negative effect on cMyc expression in activated T cells. In
addition, p53s pro-apoptotic transcriptional target BAX21 was
upregulated at 48 h in activated T cell cultures treated with nut-
lin-3.

We confirmed p53s inhibitory effect on cMyc at transcrip-
tional level as well. Short term treatment with nutlin-3 (last
8 hours) of T cells activated for 24 h led to decreased cMyc
mRNA expression, suggesting that p53 can suppress cMyc
transcription (Fig. 2C). As control, we confirmed upregulation
of p21 mRNA levels (Fig. 2C) and we found no changes in p53

Figure 1. cMyc, p53, p21 and p14ARF expression in activated T cells. T cells were isolated from buffy coat and cultured without and with PHA (1 mg/ml). (A) 3H-thymidine
incorporation of 105 cells cultured from day 0 and pulsed with 3H-thymidine at the indicated time points for 16 h. (B) cMyc, p53, p21, p14ARF were detected by immuno-
blot. Kinetics of (C) cMyc, (D) p53, (E) p21 and (F) p14ARF mRNA expression were measured by real time RT-PCR at the indicated time points (black bars - control T cells;
gray bars - PHA activated T cells).
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mRNA levels, consistent with the notion that nutlin-3 elevates
p53 protein levels by inhibiting MDM2-mediated p53 degrada-
tion in the proteasome.22

Pharmacological inhibition of Notch or cMyc inhibits
proliferation and expression of p14ARF and p53 in
activated T cells

The Notch pathway is involved in cMyc induction following
TCR stimulation, thus promoting proliferation.23 In order to
further study the regulatory interplay between cMyc and p53,
we tested the effect of Notch inhibition by DAPT24 (g secretase
inhibitor) in activated T cells. This treatment lead to decreased
T cell proliferation in a dose-dependent manner (Fig. 3A),
decreased cMyc expression (Fig. 3B), and correspondingly
lower levels of p14ARF, but also lower levels of p53 after 24 h
(Fig. 3B). These results suggested that p53 induction in acti-
vated T cells is downstream of Notch activation, possibly medi-
ated by cMyc-p14ARF. For a more direct proof, we tested
whether specific inhibition of cMyc would affect p53 expres-
sion. T cells were activated with PHA and cultured with the
cMyc inhibitor (10058-F4, at a concentration of 50 mM).25 As
expected, treatment with the cMyc inhibitor suppressed prolif-
eration of PHA-activated T cells (Fig. 3C) and resulted in lower
cMyc protein expression (Fig. 3D) and in lower p14ARF levels
after 48 h. In parallel, expression of p53 was decreased
(Fig. 3D), confirming the involvement of cMyc/p14ARF in its
induction. When nutin-3 was in culture, p14ARF levels were
also low in the activated T cells, consistent with the lower levels
of cMyc (Fig. 3D).

Pharmacological induction of p53 or inhibition of cMyc
leads to cell cycle arrest and apoptosis in PHA-activated
T cells

As a consequence of p53 induction, activation of downstream
target genes can promote cell cycle arrest and/or apoptosis. On
the other hand, cMyc is pivotal for cell proliferation. In line

with these functions, treatments with nutlin-3 or cMyc inhibi-
tor repressed proliferation of activated T cells. Next, we studied
to what extent cell cycle arrest and apoptosis are responsible
for this effect. We examined cell cycle distribution by BrdU
incorporation and PI staining, and apoptosis by Annexin V
and propidium iodide (PI) staining. Both nutlin-3 and 10058-
F4 induced cell cycle arrest and apoptosis. A considerably lower
fraction of activated T cells treated with nutlin-3 or cMyc
inhibitor were found in S phase, which decreased to 0.35 and
0.27, respectively, as compared to control cells. At the same
time, a higher proportion of cells were in the sub-G1 phase,
which increased by 2.8 and 1.6-fold, respectively (Fig. 4A). The
Annexin V positive apoptotic cell population increased by 1.8-
fold in nutlin-3 treated cells and 1.5-fold in 10058-F4 treated
cells, consistent with the increased sub-G1 population (Fig. 4B).

Induction of p53 by nutlin-3 or inhibition of cMyc by
10058-F4 inhibits T cell proliferation but not T cell
cytotoxic function

Interference with p53 or cMyc in activated T cells leads to a
decrease in proliferation as cells enter cell cycle arrest or apo-
ptosis. Next, we studied how nutlin-3 treatment influences T
cell proliferation and cytotoxic function if the T cells are
exposed to it prior to activation. We induced p53 in T cells by
treating them with nutlin-3 for 48 h, after which nutlin-3 was
washed off and the cells were activated with PHA. Cell prolifer-
ation assessed by 3H-thymidine incorporation showed that nut-
lin-3 pre-treated T cells, expressing higher levels of p53 at the
time of activation, had similar proliferation rates as untreated
cells (Fig. 5A).

We also tested the cytotoxic activity of these T cells in a
Cr51 release assay following 24 h of activation. Allogeneic
LCLs were used as target cells. Activated T cells pre-treated
with nutlin-3, and therefore expressing higher levels of p53
(Fig. 5C), exhibited a marginally decreased ability to kill
when compared to activated T cells without nutlin-3 pre-
treatment (Fig. 5B). For example, at an E:T ratio of 32:1,

Figure 2. Nutlin-3 induced p53 downregulated cMyc expression in activated T cells. (A) 105 T cells were activated with PHA (1 mg/ml) and cultured without and with nut-
lin-3 (5 mM). Activated T cells were pulsed with 3H-thymidine at the indicated time point for 16 h (black bars - activated T cells cultured with the solvent control DMSO;
gray bars – activated T cells cultured with nutlin-3). (B) cMyc, p53, p21 and p14ARF were detected at the indicated time points in T cells cultured with and without PHA
(1 mg/ml) and with and without nutlin-3 (5 mM). (C) mRNA expression of cMyc, p21 and p53 measured by real time RT-PCR in T cells activated with PHA for 24 h and
treated with or without nutlin-3 (5 mM) for the last 8 h (black bars - activated T cells cultured with the solvent control DMSO; gray bars - activated T cells cultured with
nutlin-3). Values represent average of 3 experiments with SD.
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nutlin-3 pre-treated T cells killed 41.5% whereas the control
T cells killed 47.5% of the target cells.

Next, we studied the effect of cMyc inhibition and p53 upre-
gulation on cytotoxicity of T cells that had already gone
through the initial step of activation. T cells were activated with
PHA for 48 h, and cultured with nutlin-3 or cMyc inhibitor for
the last 24 h. In another experimental setup, T cells were acti-
vated and simultaneously cultured with or without nutlin-3/
cMyc inhibitor for 48 h. 3H-thymidine incorporation in the
above cultures showed that nutlin-3 and cMyc inhibitor sup-
pressed proliferation even more extensively if they were added
after activation occurred (24 h after PHA) (Fig. 5D). However,
the cytotoxic function of the cells to which nutlin-3 or cMyc
inhibitor was added simultaneously or after the initial phase of
activation, was only marginally affected (Fig. 5E&F). No signifi-
cant difference in surface expression of MHC class II was
detected in activated T cells cultured with or without nutlin-3/
cMyc inhibitor (data not shown).

Discussion

Engagement of TCR induces proliferation of T cells. As one of
the first steps in this process, Notch signaling induces
cMyc.23,26 Induction of cMyc is essential for entering the cell
cycle. Activated T cells undergo rapid cell division, with each
cell dividing in vivo once every 2 h27 and each activated T cell
undergoing about 15 divisions.28 At such a high rate of prolifer-
ation, largely driven by cMyc, it is critical to keep its expression

under tight control during and after the immune response in
order to prevent the establishment of a sustained and deregu-
lated T cell proliferation.

We have shown earlier that p53 is induced in PHA activated
T cells and contributes to T cell homeostasis, at least in part,
through the induction of the proapoptotic protein SAP.3,4 Here
we have studied a mechanism for the p53 induction in these
cells, and the consequences of high p53 levels. Our results dem-
onstrate that the kinetics of cMyc expression and its down-
stream target p14ARF parallel T cell proliferation. It is well
known that expression of cMyc is upregulated after ligation of
TCR-CD3 complexes and that this is essential for the expansion
of lymphocytes during an immune response.23 Notch receptors
are involved in T cell activation and have been shown to induce
cMyc.23 Similarly, Notch1 has been shown to promote prolifer-
ation of T cell lymphoblastic leukemia cells by directly inducing
cMyc expression.26 Deregulated cMyc expression is associated
with uncontrolled cell division thereby contributing to genomic
instability and development of cancer.13

The cMyc-p14ARF axis is well established as one of the
pathways that can induce p53.18,29,30 Disruption of this path-
way can contribute to the genesis of lymphomas.31 In HTLV-1
associated T cell lymphomas the transactivation function of
p53 is inhibited by the binding of viral Tax protein to the N ter-
minal of p53.32,33 In vivo study in a mouse model of T-ALL
reported that tumor cells express low levels of p53. In this
model, the aberrant Notch signaling results in low p19ARF
protein levels, thus allowing unperturbed formation of the

Figure 3. Inhibition of Notch (with DAPT) or of cMyc (with 10058-F4) reduced T cell proliferation and mediated downregulation of cMyc, p53 and p14ARF in activated T
cells. (A) 105 T cells were activated and cultured with or without Notch inhibitor DAPT (20 and 40 mM) for 24 h and 48 h and pulsed with 3H-thymidine for the last 16 h.
(B) cMyc, p53, and p14ARF were detected at the indicated time points in T cells cultured with or without PHA (1 mg/ml) and with or without DAPT (40 mM). (C) 105 T cells
were activated and cultured with or without 10058-F4 (50 mM) from day 0 and pulsed with 3H-thymidine at the indicated time point for 16 h. (D) cMyc, p53, p21 and
p14ARF were detected at the indicated time points in T cells cultured with or without PHA (1 mg/ml), nutlin-3 (5 mM) and 10058-F4 (50 mM).
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MDM2-p53 complex and degradation of p53.34 Thus, similar to
the development of other cancer types, deregulation/inactiva-
tion of p53 pathway seems to be crucial in T cell lymphoma-
genesis. Expansion of CTLs was more efficient from p53¡/¡

mice than from p53C/C mice,35 suggesting a role for p53 in reg-
ulating T cell proliferation and survival. A study in a p53
silenced humanized mouse model showed normal T cell devel-
opment and normal immune response to antigen stimulation.
However, upon prolonged antigen stimulation, p53 silenced T
cells showed a significant growth advantage over T cells
expressing p53.36 Based on these studies we hypothesized that
in normal T cells activated by PHA, upregulated cMyc induces
p14ARF, which in turn binds to MDM2 and inhibits its nega-
tive regulatory effect on p53, thus leading to elevated p53 levels.
To test if this is a plausible mechanism for p53 induction in
activated T cells, we first modulated cMyc expression through
the indirect inhibition of Notch by DAPT, a g-secretase inhibi-
tor.37,24 Treatment with DAPT lowered cMyc levels and prolif-
eration of activated T cells.23 The cMyc target p14ARF was also
downregulated in these cells. As a consequence of the lower lev-
els of cMyc and p14ARF, p53 expression was also decreased.
These results imply that initiation of T cell proliferation can
itself be one of the contributing factors for p53 induction in

activated T cells. Along with p53, its transcriptional target p21
is also induced following T cell activation, but p21 declines
when more vigorous proliferation starts. It is possible that p21
is downregulated by cMyc, as described in tumor lines.38 It has
also been shown that p21 expression is suppressed in T cells by
the zinc finger protein Znf131, thus controlling proliferation of
T cells.39

To further ascertain that p53 is induced by the cMyc–
p14ARF pathway, we inhibited cMyc using 10058-F4,25 a
small-molecule inhibitor that interferes with cMyc/Max hetero-
dimerization, blocking cMyc-mediated transactivation.40

10058-F4 suppressed cMyc protein expression in activated T
cells and also inhibited T cell proliferation. cMyc downregula-
tion was again accompanied by lower p14ARF and p53. The
lower level of p53 is presumably a direct consequence of down-
regulation of p14ARF, although more indirect mechanisms
cannot be excluded. In addition to the cMyc-p14ARF pathway,
elevated ROS levels in activated T cells41,42 may also contribute
to upregulation of p53.

We also studied the consequence of further upregulation of
p53 by nutlin-3 in activated T cells. Small molecules that dis-
rupt MDM2-p53 binding and thus elevate p53 levels, are
already in clinical trials for cancer treatment.43 Therefore, it is
of interest to examine the effects of systemic upregulation of
p53 on T cell function, as T cell mediated immune surveillance
contributes to the control of tumors. In line with a previous
study showing that nutlin-3 induces apoptosis in T cell leuke-
mia cell lines,44 we found that nutlin-3 induced apoptosis in
activated T cells, and a corresponding increase in the expres-
sion of the pro-apoptotic protein Bax. In addition, and as
shown here, nutlin-3 induced a massive increase in p21 and
decrease in cMyc, changes that would contribute to cell cycle
arrest. It is conceivable that the decrease in cMyc mRNA levels
was a result of transcriptional suppression by p53 in activated
T cells treated with nutlin-3. This is in line with the previous
finding that p53-mediated cMyc suppression is essential for cell
cycle arrest.20 Also, in a recent study it was observed that nut-
lin-3 induced p53 suppressed cMyc at the transcriptional level
in M2 macrophages.45

The decrease in 3H-Thymidine incorporation of activated T
cells simultaneously treated with nutlin-3 can be attributed to
cell cycle arrest and cell death. However, these T cells retained
the cytotoxic function, although with a marginally decreased
efficiency. The effects were similar when T cells were treated
with nutlin-3 after the activation was already initiated.

The fate of activated T cells that exited the cell cycle may be
influenced by the p53-mTOR crosstalk. Recent studies in cell
lines showed that through its target TSC2, p53 can inhibit the
mTOR pathway, thus favoring reversible quiescence over senes-
cence.7,46,47 By integrating immunological and metabolic sig-
nals, the mTOR pathway plays an important role in T cell
activation and differentiation.48-50 Considering the p53-mTOR
relationship, additional studies are needed to clarify whether
p53 can modulate mTOR activity in T cells and thus influence
their function and senescence.

To test whether proliferation is influenced by high levels of
p53 present in T cells prior to activation, we assessed the prolif-
erative capacity of nutlin-3 pretreated T cells. This experiment
corresponds to a possible clinical situation in which activation

Figure 4. Nutlin-3 and 10058-F4 induced cell cycle arrest and apoptosis. (A) Cell
cycle analysis by BrdU incorporation and PI staining in activated T cells cultured
with or without nutlin-3 (5 mM) or 10058-F4 (50 mM) for 48 h. The values represent
average of 2 experiments with SD. (B) Apoptosis in activated T cells cultured with
or without nutlin-3 (5 mM) or 10058-F4 (50 mM) for 48 h was measured by flow
cytometry upon staining cells with Annexin V and PtdIns. The values represent
average of 2 experiments with SD.
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of T cells occurs after/during anticancer therapy with a p53-
MDM2 inhibitor. As a result, T cells will express high levels of
p53 before undergoing the process of activation. Although p53
rapidly decreases upon nutlin-3 removal in tumor cells lines,51

this seems not to be the case in normal T cells. A substantial

amount of p53 is still observed after nutlin-3 was washed off,
which is even further increased following activation. 3H-thymi-
dinde incorporation showed that in spite of the elevated p53
levels, proliferation of the cells did not decrease. This is remark-
able as T cells cultured with nutlin-3 at the time of activation

Figure 5. Nutlin-3 or 10058-F4 do not significantly affect the cytotoxic function of activated T cells. (A) 105 T cells pre-treated with nutlin-3, 5 mM (gray bars) or DMSO-sol-
vent control (black bars) for 48 h were washed and then activated with PHA (1 mg/ml) and pulsed with 3H-thymidine for 16 h at the indicated time points. (B) Cytotoxic
assay – Killing of chromium-51 labeled allogeneic LCL by T cells activated for 24 h following a 48 h pre-treatment with nutlin-3, 5 mM (broken line) or DMSO-solvent con-
trol (solid line). (C) p53 expression in activated T cells pre-treated with nutlin-3 (5 mM) or DMSO for 48 h, washed and activated by by PHA (1 mg/ml) for 24 h. (D) 105 T
cells were activated for 48 h and cultured with nutlin-3 (5 mM) or 10058-F4 (50 mM) simultaneously (black bars) or alternatively cells were cultured with each compound
only for the last 24 h (gray bars). Cells treated with DMSO served as control. (E) Cytotoxic assay - Killing of chromium-51 labeled allogeneic LCL by activated T cells treated
with nutlin-3 5 mM (broken line) or 10058-F4, 50 mM (dotted line) in parallel with PHA and (F) for the last 24 h of the 48 h activation. Cells treated with DMSO served as
control.
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show impaired proliferation. This finding indicates that high
levels of p53 in T cells do not necessarily inhibit proliferation
and that the effect possibly depends on the cellular context, on
the exact timing of different signaling events. Further studies
are required to elucidate the exact role of p53 in T cell activa-
tion and proliferation.

Nutlin-3 pretreatment did not influence MHC class II
expression, a marker of T cell activation. Although studies
from p53 knockout mice have shown that p53 loss has no sig-
nificant influence on the T cell function, consequence of p53
expression and its role in regulating genes involved in the
immune response is yet to be explored in details. p53 has been
already described to facilitate immune cell function in macro-
phages where it regulates IL-6 production.52 This suggests the
plausible role of p53 in regulating T cell immune response not
only by regulating proliferation but also other genes involved
in T cell response.

We also tested the effect of the c-Myc inhibitor 10058-F4 on
the cytotoxic function of activated T cells. Despite potent inhi-
bition of proliferation, the cytotoxic function was retained with
only a marginally decreased efficiency. Like nutlin-3, the cMyc
inhibitor did not alter expression of the activation marker
MHC-class II. However, it is possible that other functions are
altered, e.g. an earlier study reported that cMyc inhibition by
10058-F4 affected specific cytokine production of T cells: it
repressed IL-4 and IL-17 production by Th2 and Th17 cells,
but not IL-2 and INF-g by Th17 and Th1 cells.53

By using these 2 compounds that target cMyc and p53, we
have thus been able to demonstrate a dichotomy between pro-
liferation and cytotoxic function in activated T cells. Our results
suggest that cancer therapy with small molecules that disrupt
p53-MDM2 binding and/or inhibit cMyc expression may have
deleterious effects on proliferation of activated T cells but not
on their cytotoxic function.

Based on our results, we propose a model for a feedback
loop mechanism of cMyc-p53 regulation in activated T cells
(Fig. 6). This model suggests that cMyc induced following acti-
vation of T cells contributes, at least in part, to upregulation of
p53, which in turn at later time points will downregulate cMyc
levels. This will contribute to cessation of T cell proliferation
and to T cell homeostasis.

Materials and methods

Separation, activation and treatment of 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 plated at a 0.5 £ 106 cells/ml density
in complete RPMI with or without 1 mg/ml PHA (Sigma,

L8902). When indicated 5 mM of nutlin-3 (Sigma, N6287),
50 mM 10058-F4 (Sigma, F3680) or DAPT (Sigma, D5942)
were added to the medium. DMSO was added to the control
cultures.

For proliferation, 105 T cells were plated in day 0 in a 96 well
plate and cultured in complete RPMI medium. To parallel cul-
tures, 1 mg/ml PHA (Sigma, L8902) was added. At specific time
points, one mCi 3H-thymidine (Perkin Elmer, NET02250UC)
was added to each well and incubated at 37�C in 5% CO2 for
the last 16 h. Cells were harvested on a glass fiber filter and the
radioactivity was measured in a liquid scintillation counter
(Perkin Elmer, Microbeta 1450). In specific experiments, cells
were treated with 5 mM of nutlin-3 (Sigma, N6287), 50 mM
10058-F4 (Sigma, F3680) or DAPT (Sigma, D5942). DMSO
was added to the control cultures.

Immunoblotting

The cells were lysed in SDS and 2-mercaptoethanol containing
loading buffer and aliquots corresponding to 1.5 £ 105 cells
were loaded in each lane in a SDS-PAGE gel. The following
antibodies were used to detect the respective proteins; p53
(Santa Cruz, sc-126), cMyc (Life Technologies, 13-2500), p21
(BD Transduction Laboratories, 610233), p14ARF (Santa Cruz,
sc-73434), Bax (Cell Signaling, 2772S). As a control for equal
amounts of protein loaded b-actin (Sigma, A1978) was
detected.

RNA isolation, cDNA synthesis and real time PCR

Total cellular RNA was extracted from cells using the Quick-
RNA MiniPrep kit (Zymo Research), and then reverse tran-
scribed using the SuperScript VILO cDNA synthesis kit (Invi-
trogen), according to the manufacturer’s instructions. The
relative level of cMyc, p21, p14 and p53 mRNA transcripts were
determined with the LightCycler FastStart DNA Master SYBR
Green I kit (Roche) kit in a LightCycler 1.2 instrument (Roche)
using the standard curve method. Each PCR mixture was ini-
tially denatured at 95�C for 10 min and then cycled 40 times at
95�C for 8 s, 60�C for 5 s, and 72�C for 8 s. Target genes were
measured and normalized simultaneously with the endogenous
control MLN51. The following primer sequences were used: p53
forward primer: 50-CCCAACAACACCAGCTCCT-30, reverse
primer: 50- CCTGGGCATCCTTGAGTTC-30; cMyc forward
primer: 50-CACCACCAGCAGCGACTCT-30, reverse primer:
50-GCTGTGAGGAGGTTTGCTGT-30; p21 forward primer: 50-
GCAGACCAGCATGACAGATTT-30, reverse primer: 50-
GGATTAGGGCTTCCTCTTGGA-30; p14/ARF forward
primer: 50-CCTCGTGCTGATGCTACTGA-30, reverse primer:
50-CTGCCCATCATCATGACCT-30 and MLN51 forward
primer: 50-CAAGGAAGGTCGTGCTGGTT-30, reverse primer:
50-ACCAGACCGGCCACCAT-30.

Apoptosis detection

FITC-conjugated Annexin V reagent (BD PharMingen) was
used to detect apoptosis according to the manufacturer’s
instructions.

Figure 6. Schematic representation of the cMyc-p53 feedback regulation in acti-
vated T cells.
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Cell cycle analysis

BrdU (BD PharMingen) was used to label cells to study cell
cycle according to the manufacturer’s instructions. Mouse-anti
BrdU antibody (BD PharMingen, 543580) and rabbit anti-
mouse FITC conjugated (Dako, F0232) secondary antibody
were used for detection.

Cytotoxicity assay

T cells isolated as described above were activated with 1 mg/ml
PHA (Sigma, L8902) in complete RPMI for 2 d along with the
mentioned treatments with the compounds. For analysis of
cytotoxicity, 10 thousand 51Cr-labeled allogeneic LCL cells
were cultured with serially diluted activated T cells in triplicates
for each dilution for 4 h at 37�C in 5% CO2. Radioactivity in the
supernatant of cultures was measured in a gamma counter.
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