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Immature T cells and some T cell hybridomas undergo apoptotic cell death when activated
through the T cell receptor complex, a phenomenon that is probably related to antigen
induced negative selection of developing T cells. This activation-induced apoptosis de-
pends on active protein and RNA synthesis in the dying cells, although none of the genes
required for this process have previously been identified. Antisense oligonucleotides cor-
responding to c-mycblock the constitutive expression of c-Myc proteinin T cell hybridomas
and interfere with all aspects of activation-induced apoptosis without affecting lymphokine
production in these cells. These data indicate that c-myc expression is a necessary com-

ponent of activation-induced apoptosis.

Apoptosis, a form of cell death in which
the cell actively participates in its demise, is
characterized by chromatin condensation,
DNA fragmentation, and cytoplasmic bleb-
bing, whereas mitochondria and other cyto-
plasmic organelles remain intact during the
early stages (I). The dying cells fragment
into small, membrane-bound apoptotic bod-
ies, which are rapidly taken up by resident
phagocytic cells with no ensuing inflamma-
tion (2). Frequently, the process of apoptosis
is dependent on RNA and protein synthesis
in the dying cell (1, 3), leading to the con-
cept of “death genes” that are responsible for
the phenomena.

Activation in mature and immature T
cells involves a cascade of gene expression,
including the early induction of several
proto-oncogenes, including c-myc (4). T cell
hybridomas undergo apoptosis on activation
through the CD3-T cell receptor (TCR)
complex (5), and this phenomenon is likely
to be related to activation-induced apoptosis
and negative selection in immature thy-
mocytes (6). We therefore sought to deter-
mine whether c-myc was involved in the
process of activation-induced apoptosis. Our
approach was the use of antisense
oligodeoxynucleotides to specifically control
function of this gene.

Antisense oligodeoxynucleotides corre-
sponding to the c-myc protooncogene in-
hibit c-Myc protein expression and affect a
number of cell functions (7), including inhi-
bition of mitogenesis in human T cells, in-
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hibition of growth of transformed B cells,
and induction of differentiation of the HL-
60 cell line. To determine the role of c-myc
in activation-induced apoptosis, antisense
oligonucleotides were added to A1.1 cells at

Fig. 1. Effects of c-myc antisense oligo-
deoxynucleotides on activation-induced celldeath
in a T cell hybridoma. Dose response (A) and
kinetics (B) of inhibition of activation-induced cell
death and effect on c-Myc protein expression (G)
were determined for different oligodeoxy-
nucleotides added toculturesof A1.1Thybridorna
cells. (A) Cells were cultured in 96-well plates that
had previously been coated with CD3 MAD (145-
2C11) as described (5). Phosphorothioate
oligodeoxynucleotides (Regional DNA Synthe-
sis, Calgary, Alberta) were added at the indicated
concentrations at the start of culture. Sequences
used were as follows: antisense c-myec,
CACGTTGAGGGGCAT; antisense c-fos,
ACCCGAGAACATCAT; and nonsense c-myc,
AGTGGCGGAGACTCT. In many experiments,
another nonsense sequence with the base com-
position of c-myc was also used
(TGAATCAGCGGGCTG), and this also failed to
have any significant effects (8). “Control” cells
were cultured in the absence of CD3 MAb or
oligonucleotides. No effects on survival of any of
the oligonucleotides were seenin cultures without
CD3 MAD (8). Relative survival of A1.1 cells after
activation by plastic-bound CD3 MAb in the pres-
ence of the indicated antisense or nonsense
oligodeoxynucleotides was determined after
approximately 18 hours of culture by tetrazolium
staining (MTT) and determining optical density at
595 nm (5). (B) Antisense c-myc oligonucleotide
(5 uM) was added at various times relative to
activation (exposure to CD3MAb-coated plastic).
Relative cell survival was determined by MTT
approximately 18 hours after activation. (C) Effect
of oligonucleotides on c-myc protein expression.
A1.1 cells were cultured with antisense or non-
sense c-myc oligonucleotides (10 pM) for ap-
proximately 18 hours, following which proteinwas
extracted and prepared for Western blotting with
a rabbit antiserum to a peptide of c-Myc (26). C-
Myc resolved as a 62-kD band (17).
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the same time that the cells were exposed to
amonoclonal antibody to CD3 (CD3 MAD),
which activates the cells through the TCR.
Phosphorothioate-derivatized antisense oli-
gonucleotides corresponding to c-myc dra-
matically blocked activation-induced cell
death, whereas antisense oligonucleotides
corresponding to c-fos did not (Fig. 1A). Non-
sense oligonucleotides with the same base
composition as that of the c-myc antisense
also had no effect. The ability of c-myc
antisense to prevent activation-induced
apoptosis was observed in other T cell hybri-
domas as well (8). This effect was not de-
pendent on the use of phosphorothioates;
conventional oligonucleotides with the
antisense c-myc sequence also inhibited cell
death after activation (8). Other antisense
oligodeoxynucleotides corresponding to the
translation start regions of murine c-myb, c-
abl, and bcl-2 failed to inhibit the induction
of cell death in this system (8), despite the
observations that antisense to c-myb and bcl-
2 have effects in other systems (9).
Activation-induced apoptosis is a rapid
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Flg. 2. Inhibition of activation-induced apoptosis
by c-myc antisense oligodeoxynucleotides. (A)
DNA fragmentation in CD3 MAb-activated A1.1
cells protected by antisense c-myc. A1.1 cells
were cultured in 24-well plates that had been
coated with CD3 MADb antibody as described (5)
and phosphorothioate oligodeoxynucleotides
(legend to Fig. 1) were added at the indicated
concentrations at the start of culture. Cells were
recovered after 10 hours of CD3 MADb activation,
lysed, and centrifuged at 12,000g to remove
debris and high molecular weight chromatin, and
the DNA was extracted from supernatants with
phenol-chloroform as described ( 12). DNA frag-
ments were visualized after agarose gel electro-
phoresis by ethidium bromide staining. (B) Light
scattering properties of CD3 MAb-activated A1. 1
cells protected by c-myc antisense oligodeoxy-
nucleotides. A1.1 cells were cultured on CD3
MAb-coated 24-well plates in the presence or
absence of either 2.5 uM or 1.25 uM antisense as
indicated (Fig. 1). Controls included uncoated
wells. After 16 hours in culture, the cells were
harvested and analyzed witha FACScan (Becton-
Dickenson, Mountain View, CA). Results shown
are ungated data from forward angle light scatter
(x axis) versus side scatter (y axis).

event in T cell hybridomas, with initial ef-
fects observable within about 4 to 6 hours
after stimulation (5). Because c-Myc has a
rapid turnover time of about 30 min (10), we
postulated that the effects of the antisense
would be facilitated by exposure of the cells
before stimulation (Fig. IB). ALl cells ex-
posed to a suboptimal dose of c-myc antisense
oligonucleotides for 2 to 6 hours before acti-
vation were completely resistant to activa-
tion-induced cell death, whereas exposure at
the time of activation had a smaller effect.
Addition of the oligonucleotides at 2 to 4
hours after activation failed to have any in-
hibitory effect on cell death.

The ability of c-myc antisense oligode-
oxynucleotides to block cell death in Al.l
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Flg. 3. C-myc antisense oligodeoxynucleotides
do notinhibit activation-induced lymphokine pro-
duction or corticosteroid-indueed apoptosis. (A)
Cell supernatants from the 10 uM oligonucleotide
cultures shown in Fig. 1A were collected ~18
hours after activation. Lymphokine in the super-
natants was determined by proliferation of the IL-
2-responsive cell line CTLL (70). (B) A1.1 cells
were cultured with dexamethasone (106M) oron
CD3 MA—coated plastic with the indicated con-
centration of c-myc antisense oligonucleotide
added at the start of culture. Cell viability was
assessed by MTT after ~18 hours of culture and
expressed as optical density at 595 nm.
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cells correlated with their effects on ¢-Myc
protein expression. Immunoblot analysis with
antiserum to a c-Myc peptide (anti-c-myc)
revealed a loss of c-Myc from cells cultured
with the c-myc antisense oligonucleotides
(Fig. 1C) as described (7, 11).

Whereas the c-fos antisense oligonucle-
otide failed to block activation-induced cell
death in Al.l, this oligonucleotide was as
active as the c-myc antisense oligonucleotide
in inhibiting growth of mouse 1929 cells,
whereas a c-myc nonsense sequence had no
significant effect on cell growth, as observed
by others (11). Thus, 2 x 10° cells grown for 3
days in the absence of oligonucleotides in-
creased in number by a factor of 2.79 + 0.02,
and those grown in the presence of the non-
sense oligonucleotide increased 2.44 + 0.13
times. Cells grown with the c-myc or c-fos
antisense oligonucleotides increased by fac-
tors of only 1.32 + 0.12 and 1.47 + 0.11,
respectively (8).

The fragmentation of DNA into an oligo-
nucleosomal “ladder” is a hallmark of
apoptosis and can be readily demonstrated in
T cell hybridomas undergoing activation-in-
duced death (5). DNA extracted from cells
undergoing activation-induced apoptosis
showed the characteristic fragmentation pat-
tern, whereas this fragmentation was dramati-
cally reduced when cells were cultured in the
presence of the c-myc antisense phos-
phorothioate (Fig. 2A). Similar results were
obtained with other T cell hybridomas as
well (8). In cells labeled with 1%5]-
deoxyuridine, DNA fragmentation after ac-
tivation was quantitated (3, 5) as 68.8% with
CD3 MAD alone versus 24.5% fragmenta-
tion with CD3 MAb plus c-myc antisense
(8).
Cells undergoing apoptosis display changes
in morphology that can be detected by com-
paring forward and side scatter profile from a
fluorescence-activated cell sorter (FACS)
(12). These morphologic changes were also
inhibited by c-myc antisense oligonucleotides
but not by nonsense controls (Fig. 2B). The
peak present in the control group but not in
the CD3 MAb-treated cells represents cells
with normal forward and side scatter. As cells
undergo apoptosis, the increased granularity
is reflected as an increase in side scatter, and
the cellular shrinkage and fragmentation into
apoptotic bodies results in a decrease in for-
ward angle light scatter (12). The normal
cell peak was also present in cells treated
with CD3 MAD in the presence of 2.5 uM
phosphorothioate antisense. [Essentially iden-
tical results were obtained when oligonucle-
otides were added at 5, 10, 20, and 40 uM
(8)]. These data demonstrate that the cells
protected by the c-myc antisense display the
morphologic characteristics of normal cells.
Visually, we confirmed that the cytoplasmic
and membrane blebbing associated with ac-
tivation-induced apoptosis in T cell hybrido-
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mas (5) did not occur in the presence of the
c-myc antisense but did occur in the presence
of nonsense or c-fos antisense oligonucleotides
(8).

T cell hybridomas release lymphokines
such as interleukin-2 (IL-2) after activation
through the CD3-TCR complex, as do Al.1
cells in response to specific antigen plus anti-
gen-presenting cells (13). The CD3 MAb-
induced apoptosis was inhibited by the addi-
tion of c-myc antisense oligonucleotides, but
neither these nor control oligonucleotides
affected the amount of Iymphokine released
after activation by CD3 MADb, as assessed
with lymphokine-responsive CTL.L cells
(12). Supernatants of CD3 MAb-activated
Al.1 cells induced equivalent proliferation
in the assay cells, regardless of whether acti-
vation of the A1.1 cells occurred in the pres-
ence or in the absence of 10 UM c-myc
antisense or nonsense phosphorothioate oli-
gonucleotides (Fig. 3A). Virtually identical
results were obtained with 20 M oligonucle-
otides (8). Thus, c-myc antisense inhibits ac-
tivation-induced apoptosis in the T cell hy-
bridoma, without inhibiting another outcome
of activation: the production of lymphok-
ines. This is reminiscent of observations that
c-myc antisense oligonucleotides inhibit en-
try into S phase of activated mature T cells
but do not inhibit blast transformation or the
expression of the IL-2 receptor in these cells,
although both follow c-myc expression dur-
ing T cell activation (7).

Although c-myc antisense inhibits activa-
tion-induced cell death in T cell hybrido-
mas, it has no effect on the induction of
apoptosis in the same cell line by dexa-
methasone (Fig. 3B). Glucocorticoid-induced
and activation-induced apoptosis is known
to proceed through different pathways, as each
mode of induction mutually inhibits the
apoptosis induced by the other (14). Dexa-
methasone inhibit c-myc expression (15), and
our results suggest that this inhibition may
account for the ability of dexamethasone to
inhibit activation-induced apoptosis.

The apparent role for c-myc in apoptotic
cell death was surprising because myc is usu-
ally implicated in cell cycle progression and
cell transformation (16). Nevertheless, the
idea that c-myc may play a role in cell death
has precedents. Chinese hamster ovary cells
transfected with c-myc under the control of a
heat shock promoter undergo cell death on
heatshock (17). A similar relation between
c-myc expression and apoptosis was described
by Wyllie and colleagues (18), who observed
an increased rate of apoptotic death in fibro-
blasts that were transformed with the myc
oncogene. More recently, it has been ob-
served that c-myc expression induces
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apoptosis in cells deprived of growth factors
(19).

Apoptosis is blocked in some cases by the
inhibition of RNA or protein synthesis. Ex-
amples include apoptosis induced in thy-
mocytes by glucocorticoids or calcium iono-
phore, apoptosis induced by growth factor
withdrawal, and activation-induced apoptosis
in T cell hybridomas (1, 3, 5). Such observa-
tions led to the idea that apoptosis involves
the activation of “death genes” required for
the process. Candidate “death genes” include
transglutaminase, SGP-2/TRMP-2, and oth-
ers (20). An alternative view was proposed
by McConkey and colleagues (21), who ob-
served that brief exposure to RNA or protein
synthesis inhibitors led to rapid loss of an
endogenous endonuclease activity believed
to be required for apoptosis. Thus, constitu-
tively expressed gene products with a high
turnover rate might play roles in the apoptotic
process, and inhibition of the synthesis of
such proteins would therefore prevent
apoptosis. We have observed that c-myc
mRNA (and protein) are constitutively ex-
pressed in T cell hybridomas, with no effects
observed up to 4 hours after activation with
CD3 MAb (8). Thus, c-myc expression is
necessary but not sufficient for activation-
induced apoptosis.

How c-myc contributes to activation-in-
duced and other forms of apoptosis is not
known. The c-Myc protein has two distinct
properties: (i) Myc specifically binds to nucle-
otide sequences in DNA (22) and as a
heterodimer with other proteins (23) regu-
lates gene transcription (24); and (ii) Myc
specifically binds to the retinoblastoma pro-
tein (25), which in turn regulates cell cycle
events. It will be interesting to determine
whether one or both of these properties are
responsible for the role of c-myc in cell death.
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