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Involvement of c-myc in the resistance of non-obese diabetic mice to glucocorticoid-
induced apoptosis
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SUMMARY

Non-obese diabetic (NOD) mice spontaneously develop insulin-dependent diabetes mellitus
(IDDM) as a consequence of autoimmune aggression of 13 cells of the endocrine pancreas by
T cells. T lymphocytes of NOD mice are resistant to apoptosis induced by glucocorticoids, or by
starving or DNA-damaging treatments, a feature that was interpreted as being linked to escape
of autoreactive T cells from thymic negative selection. c-myc is one of the gene targets of
glucocorticoids (GC), its expression being down-regulated by the activated GC-GC receptor
complex. We investigated here whether expression of Myc protein, in response to dexamethasone
stimulation, was the same in NOD mice and in non-autoimmune strains, namely NON, BALB/c
and C57B1.6. We found a consistent increase in the levels of Myc protein after GC-treatment of
lymphocytes of NOD mice, a finding that was in contrast to the down-regulation of c-myc that
we observed in lymphocytes from mice not prone to diabetes. We also report that, rather than a

absolute resistance to GC-induced cell death, NOD mice display a delayed apoptotic response to
GC. We propose that the resistance of NOD mice lymphocytes to GC-induced apoptosis is
because of inhibition of the repressive action of GC-GR complexes at the level of c-myc
transcription. This deficient action of GC-GR results in increased production of nuclear Myc
protein, peculiar to NOD mice cells, following their treatment with GC.

INTRODUCTION

Apoptosis is an important process in the maintenance of the
homeostasis of the immune system, having a determinant role
in the negative selection of lymphocytes, as well as in deletion
of activated lymphoid cells after an immune response. 1-3
Several studies showed that glucocorticoids (GC) modulate
thymic selection of T lymphocytes, high levels of thymic
endogenous GC being responsible for deletion of T cells by
neglect.2-4 In fact, one of the earliest observed effects of GC
treatment in rodents is thymic involution.

Non-obese diabetic (NOD) mice spontaneously develop
insulin-dependent diabetes mellitus (IDDM) as a consequence
of autoimmune aggression of 1 cells of the endocrine pancreas
by T cells.5-9 T lymphocytes of NOD mice are resistant to
apoptosis induced by glucocorticoids, or by starving or DNA-
damaging treatments, a feature that was interpreted as being
linked to escape of autoreactive T cells from thymic negative
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selection.'113 The mechanism of this resistance has not been
defined as yet. It has been proposed that it is because of an
increased expression of the bcl-2 gene;'2 however, there is
evidence that the molecule responsible for this resistance acts
up-stream of the bcl-2 gene and is common to three distinct
apoptotic pathways: glucocorticoid-, starving-, and DNA
damage-induced cell death.9 Interaction between GC and GC
receptors (GR) is required for apoptosis to occur. After
entering the cells, GC binds to GR, and the receptor is thus
'activated', and translocates to the nucleus where it exerts a
repressive action over essential gene products. 14-6 One of the
targets of the GC-GR complex is c-myc, its expression being
down-regulated. This down-regulation of the myc gene and
the subsequent lowering of the levels of Myc protein are
essential for the induction of apoptosis by GC.16"17
Interestingly, Myc is also involved in DNA damage-induced
apoptosis, interacting with p53, and it is also involved in
serum-deprivation-induced death of lymphocytes,'8 which led
us to suspect its involvement in apoptosis resistance of NOD
mouse lymphocytes.

We investigated here whether expression of Myc protein,
in response to dexamethasone stimulation, was the same in
NOD mice and in non-autoimmune strains, namely NON,
BALB/c and C57B1.6. We found a consistent increase in the
levels of Myc protein after GC-treatment of lymphocytes of
NOD mice, a finding that was in contrast with the down-
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regulation of c-myc that we observed in lymphocytes from
mice not prone to diabetes. This investigation thus reveals a
mechanism underlying the resistance of NOD mouse lympho-
cytes to GC-induced apoptosis: the phenomenon is because of
inhibition of the repressive action of GC-GR complexes at
the level of c-myc transcription. This deficient action of
GC-GR results in increased production of nuclear Myc pro-
tein, peculiar to NOD mouse cells, following their treatment
with GC.

MATERIALS AND METHODS

Mice
Breeding nuclei ofNOD/Lt and NON/Lt mice were established
in this research centre from animals purchased from the
Jackson Laboratory (Bar Harbour, PA). NOD mice spon-
taneously develop type 1 diabetes, whereas NON mice are a
related diabetes-resistant strain. Non-autoimmune BALB/c
and C57B1.6 breeding pairs were supplied by a local breeder,
the Gulbenkian Institute of Science (Oeiras, Portugal). Mice
were kept in the animal facilities of our research institute
under standard housing conditions, and were fed commercial
chow and acidified water.

Cell suspensions
A standard procedure was used to prepare exhaustive cell
suspensions from spleen and thymus. 9 Viable cells were
counted by means of a trypan blue exclusion test.

In vitro dexamethasone (Dex) treatment of cells
2 x 106 thymic or splenic cells from each of the murine strains
were in vitro stimulated with 10-7 M dexamethasone (Dex)
(Sigma Chemical Co., St Louis, MO) in RPMI-1640 medium
(Gibco BRL Life Technologies Ltd, Paisley, UK) containing
10% fetal calf serum (FCS), 200 mM L-glutamine, 10 mM
HEPES (all from Gibco BRL Life Technologies Ltd) and
50 gM 2-mercaptoethanol (2-ME; Sigma Chemical Co.) (370,
5% C02). Controls consisted of untreated cells cultured in the
same medium.

Assessment ofglucocorticoid-induced thymic involution
NOD and C57B1.6 mice were intraperitoneally injected with
02 mg Dex. 48 hr after injection thymic involution was
assessed by viable cell counting (trypan blue exclusion).

Flow cytometric analysis of cell cycle by PI staining
2 x 106 thymic or splenic cells, either stimulated with Dex or
untreated, were fixed and permeabilized in ethanol 70% (5 min,
40) and washed in phosphate-buffered saline (PBS) before
incubation in a propidium iodide (PI) (Sigma Chemical Co.)
solution (50,g/ml) in PBS, for 30 min (37°, 5%/0 C02). The
cell cycle was then analysed using a Becton Dickinson FACSort
flow cytometer (Becton Dickinson, Mountain View, CA)
interfaced to a Hewlett-Packard computer (Hewlett-Packard,
CA). This method to identify apoptotic cells is modified from
the one described by Telford and co-workers.20

Flow cytometric analysis ofapoptosis by tunel
2 x 106 thymic or splenic cells, either stimulated with Dex or
untreated, were first stained with the following monoclonal
antibodies for cell surface markers: cychrome-labelled anti-

CD4 and, PE-labelled anti-CD8, or PE-labelled anti-CD3 (all
purchased from Pharmingen, San Diego, CA). Next, tunel
assay was performed as described elsewhere.21 Briefly, after
fixation with paraformaldehyde, the cells were permeabilized
with saponin and incubated with fluorescein isothyocyanate
(FITC)-labelled TdT-dUTP (Boheringer Mannheim, cat. no.
1684795, Mannheim, Germany) for 30 min (5% C02, 37°).
The staining pattern of the cells was analysed using a Becton
Dickinson FACSort flow cytometer interfaced to a Hewlett-
Packard computer.

Immunoblotting
2 x 106 thymic or splenic cells, either stimulated with Dex or
untreated, were washed in PBS, collected by centrifugation
and lysed and denatured for 10 min in Laemelli's sample
buffer. Samples were separated by sodium dodecyl sulphate-
polyacrylamide gel electrophoresis (SDS-PAGE) on 10%
polyacrylamide gels. Protein were then transferred to a nitro-
cellulose membrane (Schleicher & Schuell, Germany) using a
semi-dry transfer apparatus (Bio-Rad, Hercules, CA).
Membranes were incubated for 3 hr in 5% non-fat dried milk
in PBS, followed by overnight incubation at 40 in primary
antibody, diluted in 1% non-fat dried milk. Membranes were
washed three times in PBS-0 2% Tween 20 and were incubated
in donkey-anti-mouse horseradish peroxidase-conjugated
secondary antibody (Amersham International, Amersham,
UK) diluted in 1% non-fat dried milk. Membranes were
washed three times in PBS-0-2% Tween 20 and developed by
enhanced chemiluminescence system (Amersham) and exposed
to CP-BU film (Agfa, Germany). Two different anti-myc
antibodies were used: one purchased from Calbiochem (OP30;
La Jolla, CA) and the other from Santa Cruz Biotechnologies
(SC-42; Santa Cruz, CA). Both antibodies yielded similar
results. Protein expression was also analysed by staining of
gels with Coomassie Blue.

RESULTS

In vitro GC response of thymocytes and splenic cells

Thymocytes obtained from diabetes-prone NOD mice and
non-autoimmune NON, BALB/c and C57B1.6 mice were
stimulated in vitro with Dex. Four hours after stimulation
there was a consistent increase in the percentage of apoptotic
thymocytes from NON and C57B1.6 mice in comparison with
cells from NOD mice; thymocytes from BALB/c mice showed
a slight enhancement in apoptotic cells in response to GC.
The apoptotic levels observed in thymocytes of NOD mice
after Dex treatment were similar to the levels observed in
untreated controls of the non-autoimmune strains (Fig. la).
The differences in GC response between lymphocytes from
NOD mice and from non-autoimmune strains were also
observed when splenic cells were used. Six hours after Dex
stimulation there was a pronounced increase in the fraction of
splenic cells undergoing apoptosis in all three non-autoimmune
strains (that is NON, BALB/c and C57B1.6); the percentage
ofNOD lymphocytes undergoing apoptosis was similar to the
control levels observed in the non-autoimmune strains
(Fig. lb). Thymocytes of autoimmunity-prone and normal
mice were also stimulated with Dex in vitro for a longer period
of time (12 hr and 24 hr). In these experiments, the percentage
of apoptotic cells of NOD mice were similar to those observed
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Figure 1. Comparison of the short-term glucocorticoid response of
thymocytes and splenic cells of NOD mice and non-autoimmune mice.
(a) Four-hour treatment of thymocytes with Dex induced a significantly
higher increase in the percentage of apoptotic cells of non-autoimmune
NON and C57B1.6 mice than the levels observed in NOD mice. (b)
Six-hour treatment of murine splenic cells with Dex induced signifi-
cantly higher levels of apoptosis in cells of non-autoimmune mice
than in cells of NOD mice.

in non-autoimmune strains, namely to the ones observed in
the classic GC-susceptible strain, the C57B1.6 mice (Fig. 2).

Analysis and time course of c-myc expression in lymphocytes
after GC treatment

Western blot analysis of Myc production after GC treatment
of thymocytes and splenic lymphocytes of either diabetes-
prone NOD mice or non-autoimmune animals was performed.
Lymphocytes obtained from non-autoimmune mice consist-
ently showed a down-regulation of c-myc in response to Dex.
In contrast, we observed an increase on the levels of Myc
protein in lymphocytes, either thymic (Fig. 3a) or splenic cells
(Fig. 3b) from NOD mice after in vitro treatment of the cells
with Dex. This conclusion was confirmed in four independent
assays performed with two distinct anti-Myc antibodies. In
thymocytes of non-autoimmune mice, c-myc expression
reached minimum levels 3 hr after in vitro GC stimulation,
that is 1 hr before the appearance of detectable levels of
apoptotic cells. In contrast, thymocytes of NOD mice consist-
ently showed elevated levels of Myc protein, a peak being
observed 41 hr after GC stimulation (Fig. 4). Splenic lympho-
cytes of non-autoimmune mice showed delayed kinetics of
response to GC when compared with thymocytes.
Nevertheless, there was also a down-regulation of c-myc to its
minimum levels about 1 hr before apoptosis detection.
Lymphocytes from diabetes-prone NOD mice, similarly to the
observations made in thymocytes, consistently showed

enhanced levels of Myc, the maximum expression being
attained 5 hr after Dex treatment; that is, 1 hr before apoptosis
detection (Fig. 5).

Glucocorticoid-induced thymic involution

NOD and C57B1.6 mice were intraperitoneally injected with
02 mg Dex. 48 hr after injection there was a pronounced
thymic involution both in NOD mice and the GC-susceptible
C57B1.6 mice as it is documented by changes in the total
number of thymic cells (Table 1).

DISCUSSION

We document here that the previously reported apoptosis
resistance depicted by NOD mice lymphocytes to GC treat-
ment'0"' is associated with up-regulation of c-myc expressed
by increased expression of Myc protein. This change is peculiar
to cells of NOD mice as it was absent in the related non-
autoimmune NON murine strain, as well as in BALB/c and
C57B1.6 mice. As Myc constitutes a survival signal, high
intracellular levels of this protein will signal the cell to live,
impairing apoptosis. Thus, elevated levels of Myc protein are
likely to be responsible for apoptosis resistance seen in NOD
mice lymphocytes treated with GC. Apoptosis is a key cellular
event both in the development and in the effective functioning
of the immune system, having a crucial role in thymic deletion
of autoreactive T cells. Therefore, apoptosis is used to guaran-
tee central self-tolerance of the immune system. Also, in
peripheral lymph nodes and spleen similar apoptotic mechan-
isms are operative in T and B cells. Peripheral deletion by
apoptosis is therefore an additional safeguard of the immune
system to assure self-tolerance and down-regulation of excess-
ive immune responses. Glucocorticoids (GC) are cell death
mediators involved in both central and peripheral immune
regulatory mechanisms.`5

Holmberg and coworkers10 12,13 reported that diabetes-
prone NOD mice display defects in several of the pathways
leading to apoptosis. NOD mice seem to display enhanced
and prolonged immune responses, extended in vitro survival,'2
and to be relatively resistant to GC-,12 interleukin-2 (IL-2)
deprivation-,11 y-irradiation- and cyclophosphamide-induced
apoptosis.13 The observed GC-induced apoptosis resistance
(or delayed apoptotic response) of NOD mice may lead to
failure of the mechanism of death by neglect of cells in the
thymus, allowing the survival and export of lymphocytes that
contribute to the establishment of an autoaggressive T-cell
repertoire in the periphery of the immune system. Furthermore,
the apoptosis resistance observed in peripheral NOD lympho-

Table 1. Thymic involution induced by Dex* in NOD and C57BI.6
mice

Total thymocytes (x 106)t

Strains Control Dex

NOD 197 1-2
C57B1.6 265 3

*Mice were intraperitoneally injected with 0 2 mg Dex.
tData are representative of a set of four experiments.
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Figure 2. Comparison of the long-term GC response of thymocytes from NOD mice and C57B1.6 mice. Twelve hours (a) and
24 hr (b) after in vitro treatment of thymocytes with Dex, the percentage of apoptosis observed was similar in both strains:
diabetes-prone NOD mice and GC-susceptible C57B1.6 mice.
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Figure 3. Comparison of c-myc expression between normal and dia-
betes-prone NOD mice. Thymocytes (a) and splenic cells (b) from
NOD mice showed a consistent increase in the levels of Myc protein
in response to GC, which is in contrast to the decreased levels of this
protein observed in non-autoimmune murine strains. Data are rep-

resentative of four independent assays performed with two distinct
anti-Myc antibodies.

cytes could additionally contribute to the autoimmune patho-
genesis observed in these mice, namely through the failure of
apoptosis of autoagressive cells that could be induced by
regulatory cells or by immunosuppressive agents (glucocortico-
ids, for instance).

The results presented herein point to a short-term GC
resistance of NOD T cells (both in thymic and splenic lympho-
cytes). In fact, we found that resistance was overcome by
prolonged exposure of cells to GC and therefore the phenom-
enon may, in fact, represent a delay in the response of
lymphocytes to GC-induced apoptosis rather than resistance.
Indeed, 24-hr in vitro exposure of NOD lymphocytes to GC
leads to apoptosis of the cells in numbers that are similar to
those observed in cells of a classic GC-susceptible strain
(C57B1.6 mice). Also, 48 hr after intraperitoneal injection of
GC we observed a similar degree of thymic in vivo involution
in both NOD and C57B1.6 murine strains. These findings of
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Figure 4. Kinetics of c-myc expression after GC treatment of thymo-
cytes from NOD mice and non-autoimmune murine strains. In non-

autoimmune NON (b) and BALB/c (c) mice there is a down-regulation
of Myc 3 hr after GC stimulation (that is, 1 hr before apoptosis
detection). In contrast, NOD thymocytes (a) consistently show elev-
ated levels of Myc. Data are representative of four independent assays

performed with two distinct anti-Myc antibodies.

ours are in contrast with the observations reported by Leijon
et al."2 However, these authors document changes only in the
relative proportions of thymic subpopulations of lymphocytes;
they did not investigate the net effect of GC on thymic
involution. That is, in the total number of thymic lymphocytes;
the levels of apoptosis in the thymus after GC treatment were

also not reported.12
The lethal effect of GC on lymphocytes requires the

mediation of their intracellular receptors (GR), which exert a

repressive action over gene expression in the nucleus."14-6 One
of the targets of the activated GC-GR complexes is c-myc, its
expression being down-regulated in response to GC. This effect
of GC on c-myc expression has been observed in several
experimental systems. 16,22-25 Studies performed in a human
leukaemic cell line, for instance, showed that suppression of
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Figure 5. Kinetics of c-myc expression after GC treatment of splenic
cells from NOD mice and non-autoimmune murine strains. After GC
stimulation of cells, there is a down-regulation of Myc to its minimum
levels in lymphocytes of non-autoimmune mice (b, c) about 1 hr
before detection of apoptotic cells. Lymphocytes from NOD mice (a)
consistently show enhanced levels of Myc. Data are representative of
four independent assays performed with two distinct anti-Myc
antibodies.

c-myc mRNA by GC closely correlates with cell lysis and also
revealed that sustained expression of c-myc provides resistance
to GC-induced cell death.'6 Furthermore, the onset of cell
death occurred shortly after c-myc mRNA and protein reach
a minimum. In addition, transfection of antisense c-myc oligo-
mers was shown to allow cell death to occur. Similar results
were obtained with murine cell lines.22'2628 Curiously, T-cell
receptor (TCR) ligation, a signal that antagonizes GC-induced
cell death, causes elevated expression of c-myc in thymocytes.29

We found that c-myc expression in both thymic and splenic
lymphocytes of diabetes-prone NOD mice was enhanced in
response to GC, whereas a decrease in Myc protein was
observed in the lymphocytes of non-autoimmune mice. This
decrease occurred 1 hr before detectable levels of apoptosis
were observed. In contrast, 1 hr after apoptosis was seen in
lymphocytes of normal mice, cells of NOD mice still failed to
down-regulate c-myc expression.

We suggest a mechanism to account for the involvement
of c-myc in the delay of the response of NOD mice cells to
GC-induced apoptosis; our proposal is illustrated in Fig. 6
and stated as follows. While in non-autoimmune mice, after
GC stimulation, the down-regulation of c-myc expression
(shutting down a survival gene), owing to the action of GR
in the nucleus, allows cell death to occur promptly, in diabetes-
prone NOD mice the GC response involves a prolonged
increase in the levels of the survival signal represented by the
Myc protein, which may account for the delay in apoptosis.
Eventually, the levels of Myc protein will decrease and enable
cell death to occur. This late decrease would account for the
high levels of apoptotic cells of NOD mice that we observed
after 12 hr of GC exposure and also for the thymic involution
found in vivo in NOD mice 48 hr after GC injection. Thus, a
paradoxical response of c-myc expression to natural GC may
constitute a key abnormality in the immune physiology of
NOD mouse lymphocytes, leading to autoimmune disease in
these animals.

The delivery of a survival signal (c-myc up-regulation) in

Figure 6. Explanatory model for c-myc involvement in the delayed
response of NOD mice to GC. In non-autoimmune mice, GC stimula-
tion leads to activation of GC-GR complex, which has a repressive
action over gene expression in the nucleus, shutting down survival
genes, namely c-myc. The down-regulation of c-myc promptly allows
cell death to occur. As for diabetes-prone NOD mice, the GC response
involves a prolonged increase in the levels of Myc protein, which
hinders the occurrence of apoptosis of NOD lymphocytes in response
to GC.

response to apoptotic stimuli ensures the survival of T cells
that would otherwise die. This way, thymocytes condemned
to die by neglect in the thymus, that is, DP T cells with non-
functional or inappropriate TCR (a TCR that does not
recognize thymic antigens, for example), would be able to
escape to the periphery. These cells potentially include autore-
active T cells, their escape eventually leading to enhanced
peripheral autoreactivity, which has in fact been described in
NOD mice.30

Thus, resistance to GC-induced thymic apoptotic signals,
owing to enhanced c-myc expression, would then lead to the
presence of increased numbers of autoreactive T cells in the
periphery of the immune system of NOD mice, this way
further predisposing these animals to IDDM development.
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