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Abstract
The extracellular signal-regulated kinases 1/2 (ERK1/2) are serine/threonine-selective protein
kinases involved in proliferation and differentiation of cells, including thymocytes. The requirement
of ERK1/2 for thymocyte differentiation and maturation has been well established; however, their
role in regulating thymocyte survival and apoptosis has not been resolved.

Here, we asked whether ERK1/2 affected thymocyte survival in vitro in response to apoptotic stimuli.
The results show that phorbol 12-myristate 13-acetate (PMA) treatment (with or without ionomycin)
and serum starvation (s/s) induced sustained ERK1/2 activation in murine thymocytes. Importantly,
pharmacological treatment of thymocytes with the MEK inhibitor UO126 revealed that PMA-
induced ERK1/2 activation was pro-apoptotic, whereas serum starvation-induced ERK1/2 activation
inhibited apoptosis and promoted cell survival. While basal MEK activity was required for both s/s
and PMA-induced ERK1/2 activation, MEK activity increased only in response to PMA. The results
show that the suppression of ERK1/2 phosphatases was responsible for s/s-induced sustained ERK1/2
activation. Unexpectedly, neither s/s-induced pro-apoptotic nor PMA-induced anti-apoptotic
functions of ERK1/2 depended on the Bcl-2 family phosphoprotein BimEL, which was previously
implicated in thymocyte apoptosis. Lastly, etoposide treatment of immature thymocytes induced both
p53 and ERK1/2 activation, but ERK1/2 activity did not affect the phosphorylation and stabilization
of p53. Thus, ERK1/2 has a dual role in promoting cell survival and cell death in thymocytes in the
context of different stimuli.
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Introduction
ERK1 and 2 are well known to be involved in cell survival (1,2). However, recent evidence
suggests that activation of ERK1/2 can promote apoptosis as well (3). The cell type, the nature
of the stimulus, and the duration of ERK1/2 activation may therefore determine its proapoptotic
or prosurvival function.
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ERKs are expressed in all nucleated mammalian cells and their role in thymocytes has been
extensively studied. ERK1/2 signaling has been shown to be critical for thymocyte maturation
and development. ERK1/2 regulate positive and negative selection of thymocytes, as well as
their lineage commitment (4,5,6,7), with negative selection and lineage commitment realized
through ERK-dependent apoptosis. Apoptotic cell death of thymocytes is induced in response
to a variety of stimuli and it is fundamental to the maintenance of self-tolerance (8,9,10).

In mature T cells, ERK1/2 are primarily thought to promote cell survival, differentiation, and
proliferation, but a pro-apoptotic role for ERKs has also been described. Studies with Jurkat
cells showed that ERK1/2 activation can abrogate signals from death receptors and promote
cell survival by suppressing the caspase effector machinery (11,12,13). It was shown also that
ERK1/2 has a dominant protective effect over apoptotic signaling from the glucocorticoid
receptor in immortalized T cell and thymocytes lines, and in primary T cells (14). However,
there is evidence that ERK-mediated signals are required for activation–induced cell death
(AICD) of T cells (15).

Bcl-2 family members are major components of the apoptotic mechanism. The Bcl-2 family
consists of two classes of molecules: anti-apoptotic family members, that protect cells from
apoptosis, and pro-apoptotic family members that trigger or sensitize for apoptosis. Bim, the
pro-apoptotic member of the Bcl-2 family, appears to have an important role for many
hematopoietic cell types (16,17). In this respect, deletion of Bim indicates that it plays a major
role in the apoptotic response of thymocytes and T cells (16). Indeed, Bim knockout mice
exhibit defects in the deletion of autoreactive thymocytes and in the response to stress (17).
Three Bim proteins, namely Bims, BimL and BimEL are synthesized from the same transcript
(18). BimEL is a phosphoprotein and it was shown that activation of the ERK1/2 pathway
promotes BimEL phosphorylation on serine 69 in humans (65 in mouse), thereby targeting it
for ubiquitination and degradation by the proteasome (19). Surprisingly, phosphorylation of
serine 69 has been found to both increase and decrease the proapoptotic activity of BimEL
(19,20). This suggests that the phosphorylation of BimEL can have different effects depending
on the context. Previously, it was shown that apoptosis of thymocytes could be p53-dependent
and p53 independent (21,22). In general, p53-dependent apoptosis is connected to DNA
damage. It is also known that DNA damage can lead to ERK1/2 activation (23). ERK1/2
activation was observed in response to different modes of DNA damage in different cell lines
(24). Furthermore, ERK1/2 was shown to phosphorylate p53 (23). Meanwhile, Tang and
colleagues showed that ERK1/2 activation is independent from p53 in inducing DNA-damage
apoptosis and cell cycle arrest (24).

In the present study, we report that serum starvation and PMA treatment induced sustained
ERK1/2 activation in thymocytes in vitro. ERK1/2 activation was proapoptotic in PMA
stimulated cells, whereas it promoted survival in serum starved cells. Thus, ERK1/2 has a dual
role in promoting cell survival and cell death in thymocytes in the context of different stimuli.

Materials and Methods
Mice and preparation of thymocytes

C57BL/6 mice (6 – 10 weeks of age) were purchased from the Jackson Laboratory (Bar Harbor,
ME). Mice were maintained under specific pathogen-free conditions and all animal procedures
were conducted according to guidelines of the Institutional Care and Use Committee (IACUC)
at the University of Texas at San Antonio. Thymocytes were prepared by excising thymuses
from the mice and disrupt the tissue between plastic slides to obtain single cell suspensions.
Cells were suspended in RPMI 1640 medium supplemented with 10% FCS, 0.2mM L-
glutamine and 50μg/ml Gentamicin. The cell suspensions were then filtered through nylon cell
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strainers to remove debris and plated at a concentration of 5×106 cells per well on 24 wells
plates.

Reagents
The following reagents were used for inhibition and apoptosis assays: UO126 (Cell Signaling
Technology, Beverly, MA), etoposide (MP Biomedicals. Inc), Sodium orthovanadate, PMA
and ionomycin from Sigma-Aldrich, St.Louis, MO.

Fluorescence staining and flow cytometry assay
An apoptosis detection kit (BD Biosciences, San Jose, CA) was used to determine apoptotic
cells. Cells were exposed to treatment as indicated in the experiments and were stained with
Annexin V-FITC and propidium iodide following the manufacturer's instructions and analyzed
by flow cytometry on a BD Biosciences LSR II or FACSAria using BD FACS Diva software.

Statistical analysis
Student's t-test was used to compare mean values where appropriate using SigmaStat 3.5
software. P values <0.05 were considered significant. All data are expressed as means ±SD for
a series of experiments.

DNA fragmentation assay
Detection of DNA fragmentation into oligonucleosomal DNA fragments by agarose gel
electrophoresis was performed according to the manufacturer's instructions (BioVision,
Mountain View, CA).

Western blot analysis
For Western blot analysis, cells or tissues were rinsed in ice-cold PBS twice and lysed in cell
lysis buffer (10 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1% sodium deoxycholate, 1% Nonidet
P-40, 1 μg/ml aprotinin, 1 μg/ml leupeptin, 50 mM NaF, 2 mM Na3 VO4, 2 mM EGTA, 2 mM
EDTA, and 0.25 mM PMSF) for 30 min. Samples were sonicated for 30 s and centrifuged for
20 min at 12,000 × g at 4°C. Samples were electrophoresed on a 7–12% SDS-polyacrylamide
gel and electrophoretically blotted on nitrocellulose membrane. Membranes were blocked in
TBS/Tween-20 with 5% milk and incubated with primary Abs diluted in TBS/Tween-20/BSA
overnight at 4°C. The following primary antibodies were used (all from Cell Signaling
Technology, Beverly, MA): phospho-ERK1/2 (# 9101), ERK1/2 (#4695), phospho-MEK1/2
(#9121), MEK1/2 (#9122), phospho-p53 (# 9284), p53 (# 9211), Bim (#2819) and MKP-1
(M-18), MKP-2 (S-18) from Santa Cruz biotechnology, Ca. All blots were incubated with
secondary Abs conjugated to HRP (1/2000; Amersham Biosciences, Piscataway, NJ) and
developed using the ECL method (Pierce, Rockford, IL). Protein concentration was determined
using bicinchoninic acid assay (Pierce, Rockford, IL).

Results
Serum starvation and PMA treatment promote apoptosis in thymocytes

To determine whether s/s and PMA treatment influenced the survival of thymocytes in vitro
we analyzed the characteristic signs of apoptosis, i.e. phosphatidylserine expression on the cell
membrane by Annexin V staining in combination with propidium iodide (PI), as well as DNA
fragmentation using DNA laddering. The results show that both PMA and s/s substantially
increased apoptosis, but that cell death was more pronounced with PMA. The percentage of
Annexin V and PI stained cells reached 48.6 % after 4 hours of PMA treatment and 22.5 %
after 24 hours of s/s treatment in comparison with 9.3% in the control (Fig. 1). DNA
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fragmentation was already much more pronounced after 4 hours of PMA treatment as compared
with s/s (Fig. 2).

Serum starvation and PMA treatment induce sustained ERK1/2 activation
To begin to address the role of ERK1/2 in PMA and s/s induced thymocyte apoptosis we
determined the kinetics of ERK activation. An elevation of phosphorylated ERK1/2 was
observed as early as 10 minutes after PMA treatment (Fig. 3a) and 30 minutes after serum
withdrawal (Fig. 3b). ERK1/2 remained increased up to 6 hours of PMA treatment (Fig. 3a)
and for 24 hours upon serum starvation (Fig. 3b). The earlier decrease in phosphorylated
ERK1/2 in PMA treated thymocytes as compared with s/s could be due to the cells undergoing
apoptosis, consistent with the substantial DNA fragmentation observed already after 4 hours
in PMA treated cells (Fig. 2). Interestingly, PMA induced more pERK1, whereas serum
starvation favored induction of pERK2. In contrast to the activation of ERK1/2, we did not
observe activation of the MAPK p38 and JNK (data not shown). The addition of ionomycin
to PMA had no significant effect on the kinetics of ERK1/2 activation (data not shown).

The enzymatic activity of ERK isoforms is positively regulated by the protein kinases MEK1/
MEK2 (25) and negatively regulated by phosphatases (26). Therefore, we attempted to evaluate
the respective contribution of these mechanisms to the regulation of ERK1/2. First, we
investigated the role of MEK in PMA and s/s induced ERK activation. As shown in Fig. 3 a
& b, PMA stimulation induced phosphorylation of MEK, whereas s/s did not show a substantial
increase in pMEK. While we could not detect significant pMEK in these studies, this could be
due to the lower levels of MEK protein after s/s as compared with PMA stimulation.
Importantly, pretreatment of thymocytes with 10μM UO126, a specific MEK inhibitor,
effectively blocked both PMA and s/s stimulated ERK activity (Fig. 4a), supporting a role for
MEK in ERK activation in both models. Interestingly, the addition of serum to serum starved
cells also neutralized the ERK1/2 activity (Fig. 4b). Thus, an alternative, but not mutually
exclusive explanation for our results was that growth factors contained in serum induced the
activation of phosphatases. MAP kinase phosphatases are encoded by immediate early genes,
so the effect of addition of serum would be expected immediately, consistent with our results
(Fig. 4b). This view is further supported by the results received with sodium orthovanadate, a
broad-acting protein tyrosine phosphatase inhibitor. Pretreatment of cells with sodium
orthovanadate resulted in enhanced basal activity of ERK in the presence of 10% serum (Fig.
4c, lane 4 versus lane 1), and in the inhibition of ERK downregulation induced by addition of
20% serum (Fig. 4c, lane 6 versus lane 3). We conclude that suppression of MAP phosphatases
at low serum concentrations (i.e. serum starvation) could account for the observed activation
of ERK1/2. Along these lines, we found that the phosphatase MKP-1 disappeared as early as
30 minutes after withdrawal of serum and became detectable after adding serum (Fig. 4d). This
observation suggested that down-regulation of MKP-1 contributed to s/s-induced ERK
activation. In contrast, it is known that PMA induces the activation of MKP-2, which is a
phosphatase that dephosphorylates and thereby neutralizes ERK activity (27), as supported by
the enhanced activation of MKP-2 by PMA in our studies (Fig. 4e). Consistent with this view
is the observed increase in PMA-induced ERK activation upon treatment with sodium
orthovanadate (Fig. 4f). However, despite the MKP-2 activation, the PMA-induced balance
between phosphorylation and dephosphorylation of kinases ultimately resulted in sustained (6
hours) duration of ERK1/2 activation in thymocytes (Fig.3a).

Altogether, these results indicate that while basal MEK activity is required for both s/s and
PMA-triggered ERK activity, MEK activity increased substantially only in response to PMA
in thymocytes. In contrast, the suppression of phosphatases seemed primarily responsible for
s/s-induced sustained ERK1/2 activation.
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Different roles of ERK1/2 activation in s/s and PMA-induced apoptosis
To study how activation of ERK affects s/s and PMA-mediated apoptosis we treated
thymocytes with the MEK-specific inhibitor UO126. Unexpectedly, incubation with UO126
reduced the amount of apoptotic thymocytes by 15 % for PMA, and increased the percent
apoptotic cells by 31 % for s/s (Fig. 5). Analysis of early (Annexin V+, PI−) versus late
apoptotic events (Annexin V+ PI+) showed that UO126 treatment was more effective in
decreasing late apoptotic events (not shown). Overall, these findings suggested that ERK1/2
had two opposing effects: a proapoptotic function for PMA and an antiapoptotic effect for s/
s. Sodium orthovanadate also differentially affected PMA and s/s induced apoptosis. In the
presence of the phosphatase inhibitor the amount of dead cells after PMA treatment decreased,
whereas the SOV treatment increased cell death for serum starved cells, albeit not as
prominently as UO126 (Figs. 2 & 5). PMA/IM treated cells appeared less sensitive to UO126
and SOV treatment in comparison with only PMA treated cells (Fig. 5).

The pro-apoptotic and anti-apoptotic functions of ERK1/2 do not involve BimEL
Members of the Bcl-2 protein family are essential regulators of apoptosis. Initial studies in
fibroblasts showed that ERK1/2 can phosphorylate BimEL, one of the pro-apoptotic members
of Bcl-2 family, thereby targeting it for ubiquitination and degradation (28). Proteasome-
dependent turnover of BimEL has been confirmed in other cell types, in particular in thymocytes
(19). Therefore we determined the phosphorylation status of BimEL in thymocytes after PMA
and serum withdrawal treatment. Contrary to our expectations of a prominent role for
BimEL, PMA-induced pro-apoptotic ERK activation resulted in a marked mobility shift and
reduced the protein level of BimEL, consistent with its phosphorylation and subsequent
degradation (Fig. 6a). The fact that the MEK inhibitor UO126 prevented the mobility shift
indicated phosphorylation and subsequent BimEL degradation and supported that ERK1/2
activity mediated this effect (Fig. 6b). At the same time serum starvation-induced pro-survival
ERK activation in thymocytes did not lead to BimEL phosphorylation and degradation and the
phosphorylation status of BimEL did not change after addition of serum (Fig. 6a).

Taken together, the results show that ERK1/2 activation induced by PMA and serum starvation
exerted different effects on the activity of BimEL.

DNA-damage induces proapoptotic ERK1/2 activation in thymocytes
To study whether DNA damage affects ERK activation and how this activation influences
apoptosis, we treated thymocytes with etoposide, an inhibitor of the enzyme topoisomerase II.
Treatment with etoposide results in DNA strand breaks and leads to cell death. Because p53
is a major effector in the DNA damage response it seemed logical to determine the relation
between p53 and ERK activation after DNA damage. Evidently, etoposide induced the
phosphorylation and stabilization of p53 (Fig. 7a). At the same time, etoposide resulted in the
activation of ERK1/2 (Fig. 7a). The kinetic of these two processes did not coincide. ERK
activation lagged behind phosphorylation and corresponding stabilization of p53 (Fig. 7a). Pre-
treatment of thymocytes with UO126 did not influence p53 stabilization (Fig. 7b), but
suppressed etoposide-induced apoptosis by 30% (Fig.7d). Sodium orthovanadate also
significantly increased the survival of etoposide treated cells (Fig. 2, 7d), but like UO126, did
not affect the accumulation and phosphorylation of Ser15 of p53 (Fig. 7c).

Collectively, the results suggest that in vitro DNA damage-induced apoptosis in thymocytes
is mediated via both the p53 and MEK-ERK1/2 pathways, but that p53 is independently
regulated of the MEK-ERK1/2 pathway.
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Discussion
The focus of this study was to explore how the activation of ERK1/2 affects apoptosis induced
by different pro-apoptotic stimuli in immature thymocytes. Apoptosis of murine thymocytes
was assayed after serum withdrawal, treatment with PMA, PMA with ionomycin, and treatment
with etoposide.

It is known that ERK1/2 can have pro-survival and pro-apoptotic functions in cells depending
on the context and stimulus (1,2,3). Our results show that this also applied to ERK in the context
of apoptosis of murine thymocytes in vitro. We show that PMA alone or in combination with
ionomycin, as well as serum starvation, induced sustained activation of ERK1/2. However,
ERK activation of thymocytes resulted in different outcomes and was pro-apoptotic for PMA,
but inhibited apoptosis in the context of serum starvation.

Because of the requirement for self-tolerance, immature thymocytes are programmed to die in
response to a variety of stimuli (9,10,29). However, the same stimuli do not necessarily induce
cell death of mature T cells, as is for example the case for PMA, a well known T cell mitogen
(30). Various studies have suggested that PMA activates the Raf/MEK/ERK pathway in many
cell lines (19,31). In some cells, such as Jurkat T lymphocytes, PMA-induced ERK activation
protects cells from apoptosis (31). However, PMA stimulation of immature thymocytes
promotes apoptosis, as was shown (32) and confirmed by our data. Recently it was shown
using different cell types that PMA-mediated activation of ERK1/2 can promote the
phosphorylation and subsequent degradation of the pro-apoptotic molecule BimEL (19). Thus,
it was thought that the pro-survival function of ERK was due to BimEL degradation (19). We
also observed substantial degradation of BimEL in immature thymocytes after PMA treatment.
However, UO126-mediated suppression of ERK1/2, as well as the corresponding suppression
of BimEL degradation did not enhance cell death in our model in thymocytes. To the contrary,
ERK1/2 suppression promoted the survival of PMA-treated thymocytes. The phosphorylation
of serine 69 in human BimEL (serine 65 in mouse) by ERK1/2 can have dual function and either
increase or decrease the pro-apoptotic activity of BimEL (18,19). It was shown that Bim-
deficient thymocytes were essentially as sensitive as Wt cells to some apoptotic stimuli, in
particular to PMA treatment (33). Our results with murine thymocytes support this view of a
context dependent effect of BimEL phosphorylation on apoptosis. In addition, PMA-induced
apoptosis may be mediated via other, still unknown, but ERK-dependent mechanisms.
Furthermore, additional signals, including pro-survival costimulatory signals may allow
mature T cells to avoid apoptosis. A combination of ionomycin and PMA has been reported
to mimic some signals required for positive selection (36) as well as have anti-apoptotic effects
in thymocytes (35). While we did not observe enhanced survival mediated by ionomycin in
our studies, this could be due to differences in experimental conditions in our hands. We
propose that the higher dose of PMA and ionomycin used in our experiments could explain
why pretreatment with UO126 as well as with SOV did not have a substantial effect on the
survival of PMA/IM treated thymocytes, whereas the same treatment enhanced the survival of
PMA treated cells in the absence of ionomycin.

It is known that PMA activates ERK1/2 along with the phosphatase MKP-2, which
subsequently serves to inactivate ERK (27). MKP-2 activation limits the duration of ERK
activation; however the balance between ERK1/2 kinases and MKP-2 resulted in a prolonged
activation of ERK1/2 in our studies.

Serum starvation has been shown to affect ERK activity. In a number of cell lines, serum
withdrawal resulted in decreased ERK activity (36), whereas in some circumstances ERK
activity was enhanced (37). Our studies with thymocytes showed that serum starvation resulted
in substantially enhanced ERK1/2 kinase activity. Furthermore, our results show that the s/s
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induced increase in ERK1/2 kinase activity contributed to thymocyte survival as evidenced by
enhanced cell death in the presence of MEK inhibitors.

Because of the role of BimEL for thymocyte apoptosis we expected that the prosurvival function
of ERK1/2 in our experiments could be mediated via the phosphorylation and degradation of
this protein. However, we did not detect changes in mobility shift and protein levels of
BimEL in serum starved cells or upon addition of 20% serum. This observation suggested that
the pro-survival activity of ERK1/2 in serum starved thymocytes did not depend on BimEL
inactivation.

It is known that the kinetics and duration of ERK activation may play an important role in its
effects on cell fate (38). It has been suggested that prolonged ERK activation results in pro-
apoptotic activity (39), whereas transient ERK activation protects cells from death (40).
Nevertheless a pro-survival function of sustained ERK activation has also been reported (41).
Our experiments show that PMA treatment and serum starvation induced apoptosis and
sustained ERK activation in immature thymocytes. PMA treatment resulted in fast and
extensive cell death, whereas cell death induced by serum starvation was more protracted.
PMA-induced ERK activation was mediated by MEK1/2 and was detected for up to 6 hours
after treatment. In contrast, the prolonged ERK activation observed after serum starvation was
due to down-regulation of MAP kinase phosphatases, such as MKP-1. It is not inconceivable
that pERK1/2 decreased as cells died. The different character of cell death could explain the
difference in duration of PMA and s/s-induced apoptosis. Nevertheless, the net outcome of
both PMA and s/s treatment resulted in sustained ERK activation. Thus, it is noteworthy that
PMA-induced ERK activation promoted cell death, whereas serum starvation-induced ERK
activation inhibited cell death. The mechanism underlying the differential effect of PMA- or
s/s-induced ERK activation on cell survival is currently unresolved. Conceivably, the
proliferative (PMA) versus anti-proliferative (s/s) character of the stimuli determined the
outcome in the face of sustained ERK activation. Irrespective, the data show that sustained
ERK activation can have different functional outcomes in thymocytes.

An unexpected observation in our studies was that sodium orthovanadate treatment in
combination with PMA decreased apoptosis, whereas it enhanced cell death in combination
with serum starvation. This is in contrast to what would be expected since sodium
orthovanadate is a phosphatase inhibitor and increases ERK activity and signal duration, and
treatment of thymocytes with this inhibitor should therefore have enhanced the effects of ERK
in this model, i.e. promote PMA-induced apoptosis and s/s-mediated ERK-dependent cell
survival. The interpretation of sodium orthovanadate treatment is difficult, however, since it
not only inhibits phosphatase activity, but it can also affect other cellular processes. Consistent
with our results, Morita and colleagues found that sodium orthovanadate inhibits apoptosis in
T lymphoblast (42). In their studies, inhibition of apoptosis was mediated via the suppression
of caspase activation, as well as alteration of mitochondrial membrane potential and
conformational changes of Bax and p53 transactivation. Nevertheless, investigating the role
of sodium orthovanadate on ERK-mediated apoptosis and survival of thymocytes may provide
a valuable tool for the understanding of the underlying molecular pathways.

The role of ERK signaling in response to DNA damage is not well understood. For example,
ERK signaling does not appear to play a role in radiation-induced DNA damage in a number
of cell lines (43). However ERK activation has been shown following cisplatin treatment of
ovarian cancer cells (23). ERK activation was also shown in response to DNA damage induced
by treatment with etoposide (24). Along these lines, it is known that ERK1/2 can phosphorylate
p53 (23). Furthermore, ERK1/2 activation can contribute to cell cycle arrest and apoptosis
independently of p53 (24). In addition, data from several groups suggested a dual-function
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positive and negative nature of ERK signaling in the control of cell survival in response to
different DNA-damaging agents (43).

Our studies in thymocytes showed that etoposide treatment induced ERK1/2 activation.
Inhibition of etoposide-induced ERK activation by UO126 decreased thymocyte apoptosis,
which was independent of the phosphorylation and stabilization of p53. The latter observation
strongly suggested that p53 stabilization does not depend on ERK activation, whereas apoptosis
does. This interpretation is consistent with previous studies that thymocytes can undergo
apoptosis by p53 dependent and p53 independent pathways (21,22). Thus, our data show that
etoposide-induced cell death is dependent on ERK and p53, but independent of the
phosphorylation of p53 by ERK. It is currently unresolved whether ERK activation in this
context is p53 dependent. Consistent with this view, inhibition of p53 transactivation by sodium
orthovanadate also inhibited apoptosis, but it remains unresolved whether this was dependent
on ERK1/2.

Finally, our studies were conducted on unfractionated thymocyte populations composed of
CD4+CD8+ double positive immature thymocytes and single positive thymocytes, and we
cannot rule out that this may have affected the interpretation of our results. We expect that
future studies with isolated double positive thymocytes may provide additional information to
help understand the role of ERKs in thymocytes.

In conclusion, our studies showed the dual function of ERK1/2 in promoting PMA and
etoposide mediated apoptosis, and, on the other hand, inhibiting serum starvation induced cell
death of immature thymocytes. The PMA-induced pro-apoptotic and s/s-induced anti-
apoptotic functions were paralleled by prolonged ERK activation and were independent of
BimEL.
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Figure 1. Serum starvation, PMA and PMA/IM promote thymocyte apoptosis
Apoptosis of thymocytes was determined after PMA, PMA+ ionomycin and serum starvation
treatment. Cells were kept in the presence of PMA (1μM) with or without ionomycin (0.5μM)
for 4 hours and serum starved for 24 hours. After the different treatments cells were stained
with Annexin V-FITC and propidium iodide following the manufactures instructions and
analyzed by flow cytometry on a BD LSR II or FACSAria using BD FACS Diva software (BD
Bioscience). Data represent one of five different experiments with similar results. Cells
exposed to vehicle (DMSO) did not differ from untreated cells.
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Figure 2. DNA fragmentation in thymocytes after PMA, serum starvation and etoposide treatment
Cells were kept under different conditions (1 μM PMA or 100 μM etoposide), including serum
starvation, for 4 hours. DNA fragmentation was promoted in PMA and etoposide treated
thymocytes in comparison with serum starved cells. Cells exposed to vehicle (DMSO) did not
differ from untreated cells.
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Figure 3. Kinetic of ERK1/2 and MEK1/2 activation after PMA treatment and after serum
starvation
(a) Addition of PMA (1 μM) induced rapid and sustained ERK1/2 activation for up to 6 hours
that correlated with MEK activation. Thymocytes exposed to vehicle (DMSO) were used as
control. (b). Serum withdrawal induced rapid and sustained ERK1/2 activation for up to 24
hours independent of MEK activation. As control, thymocytes incubated 6(C) or 24(C24 ) hours
in complete medium were used. Western blots of thymocytes from mice C57BL/6 were probed
with anti-phospho-ERK1/2 Ab and anti-phospho-MEK Ab. Blots were probed with anti-
ERK1/2 Ab and anti-MEK Ab to control equal loading of protein. The representative blots
from 3 experiments are shown in each (a), (b).
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Figure 4. Pharmacological inhibition of MEK1/2 and phosphatases result in opposite outcomes
(a) Thymocytes were cultured in medium in the presence or absence of UO126 (10 μM) for 1
hour and exposed to PMA (1 μM) for 30 minutes. Thymocytes were serum-starved for 6 hours
in the presence or absence of UO126 (10 μM). (b) Addition of 20% serum to serum-starved
(24 hours) cells suppressed ERK1/2 activation at 5 and 30 minutes. (c). Thymocytes were
cultured in the presence or absence of sodium orthovanadate in medium with 0.5%, 10% serum
and in medium with 0.5% stimulated with 20% serum. Addition of sodium orthovanadate to
cells cultured in 10% serum as well as to serum starved cells after serum stimulation increased
ERK1/2 activation. Densitometric quantification from (c) is shown. The phospho ERK1/2
bands were densitized and normalized to ERK1/2 immunoblotted from the same membrane to
demonstrate the phosphorylation levels of ERKs. (d) Serum withdrawal suppressed, but serum
addition activated MKP-1 as early as 30 minutes after its addition. Actin was used as a control
for equal loading of protein. The histogram shows the MKP-1expression level relative to actin
by densitometry. (e) PMA (1 μM) treatment induced MKP-2 activation. Actin was used as a
control for equal loading of protein. (f) Thymocytes were cultured in medium in the presence
or absence of sodium orthovanadate (100 μM) for 1 hour and exposed to PMA (1 μM) for 30
minutes. Sodium orthovanadate pretreatment increased ERK1/2 activation. Total and
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phosphorylated ERK1/2 as well as MKP-1, MKP-2 and actin was determined by
immunoblotting. Representative blots from 3 experiments are shown in each (a)–(f).
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Figure 5. Role of s/s and PMA-induced ERK activation for apoptosis
Apoptosis of thymocytes was determined after PMA, PMA + ionomycin and serum starvation
treatment in the presence or absence of UO126 or sodium orthovanadate. UO126 (10μM) and
sodium orthovanadate (100μM) were added for 1 hour before adding PMA (1μM) and PMA
(1μM) +ionomycin (0.5μM) and simultaneously with serum withdrawal. Cells were kept in
the presence of PMA or PMA + ionomycin for 4 hours and serum starved for 24 hours. Cells
after different treatments were stained with Annexin V-FITC and propidium iodide following
the manufactures instructions and analyzed by flow cytometry on a LSR II or FACSAria using
BD FACS Diva software (BD Biosciences). Data are expressed as % of Annexin V-FITC +
and PI -negative cells (early state of apoptosis) + % of Annexin V-FITC + and PI-positive cells
(late state of apoptosis and necrosis). Cells exposed to vehicle (DMSO) did not differ from
untreated cells. Shown are the means and SD of four independent experiments. Symbol ‡
denotes a value that differs significantly from the corresponding value in control cells. ‡P <
0.05; ‡‡P < 0.001 by Student's t-test. Asterisks denote responses to UO126 that differ
significantly from those in cells treated only with PMA or s/s. *P < 0.05 and ***P <0.001 by
Student's t-test.
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Figure 6. Phosphorylation of BimEL by ERK activated by PMA treatment but not by s/s
(a) Thymocytes were treated with PMA (1μM) for 30 minutes or serum-starved for 24 hours.
Serum-starved cells were left untreated or stimulated with serum. (b) A one hour pretreatment
with UO126 (10 μM) prevented the PMA-induced mobility shift of BimEL indicative of its
phosphorylation. Cell lysates were resolved by SDS-PAGE and immunoblotted with the
indicated antibodies. Actin was used for control equal loading of protein. The representative
blots from 3 experiments are shown in each (a) and (b).
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Figure 7. DNA damage induced both p53 and ERK1/2 activation as well as apoptosis
(a) Thymocytes were treated with 100μM etoposide. Total and phosphorylated p53 and total
and phosphorylated ERK1/2 were determined by immunoblotting. Phosphorylation and
stabilization of p53 was also determined in etoposide treated thymocytes with or without 1
hour UO126 (10μM) pretreatment (b) and with or without 1 hour sodium orthovanadate
(100μM) pretreatment (c). Representative blots from three experiments are shown in each (a),
(b) and (c).
(d) Apoptosis of thymocytes was determined after etoposide treatment in the presence or
absence of UO126 or sodium orthovanadate. UO126 (10μM) and sodium orthovanadate
(100μM) were added for 1 hour before addition of etoposide (100 μM). Cells were maintained
in the presence of etoposide for 4 hours. Cells were stained after the different treatments with
Annexin V-FITC and propidium iodide following the manufactures instructions and analyzed
by flow cytometry on a LSR II or FACSAria using BD FACS Diva software (BD Bioscience).
Data represent one of five different experiments with similar results.
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