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Abstract
Sensitivity to glucocorticoid (GC)-evoked apoptosis in lymphoid cell lines correlates closely with
GC-mediated suppression of c-Myc expression. To establish a functional role for c-Myc in GC-
mediated apoptosis, we have stably expressed MycER™, the human c-Myc protein fused to the
modified ligand-binding domain of the murine estrogen receptor α, in GC-sensitive CEM-C7-14
cells. In CEM-C7-14 cells, MycER™ constitutively imparts c-Myc functions. Cells expressing
MycER™ (C7-MycER™) exhibited a marked reduction in cell death after 72 h in 100 nM
dexamethasone (Dex), with 10 – 20-fold more viable cells when compared to the parental CEM-
C7-14 clone. General GC responsiveness was not compromised, as evidenced by Dex-mediated
suppression of endogenous c-Myc and cyclin D3, and induction of c-Jun and the glucocorticoid
receptor. MycER™ also blunted Dex-mediated upregulation of p27kip1 and suppression of the Myc
target p53. In comparison to parental CEM-C7-14 cells, Dex-evoked DNA strand breaks were
negligible and caspase activation was delayed, but the extent of G1 cell cycle arrest was similar in
C7-MycER™ cells. Myc-ER™ did not result in permanent, complete resistance to GC however, and
the GC-treated cells eventually died, indicative of redundant or interactive mechanisms in the GC-
evoked lytic response of lymphoid cells. Our results emphasize the importance of c-Myc suppression
in GC-evoked apoptosis of CEM-C7-14 cells.
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Introduction
Glucocorticoids (GCs) kill immature thymocytes and sensitive malignant cells of lymphoid
origin via classical apoptosis; consequently GCs have important roles in normal thymocyte
selection and in the therapy of lymphoid malignancies (Gaynon and Carrel, 1999; Leung and
Munck, 1975). GC-evoked lympholytic responses are mediated via the GC receptor (GR), and
can be blocked by the GR antagoinst RU 38486 (Homo-Delarche, 1984; Thompson et al.,
1995). Ligand-activated GR is known to function as a transcription factor for numerous genes;
hence the current hypothesis for GC-evoked apoptosis favors receptor mediated alteration in
expression of key vitality and/or death genes (Medh and Thompson, 2000; Montague and
Cidlowski, 1995; Thompson, 1999). GR-mediated transcriptional activation (Dowd et al.,
1991; Zhou and Thompson, 1996) and/or repression (Eastman-Reks and Vedeckis, 1986;
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Helmberg et al., 1995; Yuh and Thompson, 1989), as well as post-transcriptional regulation
may play a role in GC-evoked apoptosis of thymocytes and leukemic cells.

The nuclear phosphoprotein c-Myc has been implicated as an important mediator of GC-
evoked lympholytic responses. Cell cycle progression through the G1 - S boundary requires
c-Myc, and deregulated expression or activation of c-Myc by chromosomal translocation or
gene amplification is known to be a major causative factor for several human cancers, including
lymphomas, lung carcinomas and neuroblastomas (Bishop, 1983; Spencer and Groudine,
1991). Both the c-Myc protein and c-myc mRNA are highly unstable, each with a half-life of
approximately 30 min (Rabbitts et al., 1985), facilitating their tight regulation and reflecting
c-Myc’s importance in controlling the proliferative state of the cell. In performance of many
of its actions, c-Myc heterodimerizes with a homologous protein, Max, and the heterodimer
activates transcription of genes containing the E-box consensus sequence CAC G/A TG
(Blackwood and Eisenman, 1991). Max-independent actions of c-Myc may involve complex
interactions with other coregulatory proteins (Peukert et al., 1997; Philipp et al., 1994;
Sakamuro and Prendergast, 1999). Some of the growth promoting genes that are positively
regulated by Myc-Max heterodimers include ornithine decarboxylase (odc; (Tobias et al.,
1995). cdc25A, the cdk 2 and 4 activating cell cycle phosphatase gene (Galaktionov et al.,
1996), the translation initiation factor eIF-4E (Jones et al., 1996) and the transcription factor
p53 (Facchini and Penn, 1998; Reisman et al., 1993).

Several reports over the past few years have demonstrated the dual role of c-Myc in apoptosis
(reviewed in (Thompson, 1998)). Depending on the cell type and conditions being studied,
either deregulated overexpression or suppression of c-Myc can lead to apoptosis (Shi et al.,
1992; Thompson, 1998). Based on reports where growth factor deprivation induced apoptosis
is potentiated by enforced ectopic c-Myc expression (Askew et al., 1991; Evan et al., 1992),
it has been proposed that c-Myc has a dual function of inducing cell proliferation as well as
triggering apoptosis. In contrast to cell death provoked by overexpression of c-Myc, in several
lymphoid cell systems, apoptosis is preceded by a severe down-regulation of c-myc message
and c-Myc protein expression (Thompson, 1998). In normal mouse thymocytes, mouse S49
and human CEM and Jurkat cells. GC-evoked, GR-dependent apoptosis is associated with c-
myc downregulation (Eastman-Reks and Vedeckis, 1986; Helmberg et al., 1995; Martins and
Aguas, 1998; Yuh and Thompson, 1989). Only those CEM clones that apoptosed in response
to GC exhibited such downregulation (Thulasi et al., 1993; Yuh and Thompson, 1989), further
showing the relevance of this repression. GC resistance of one CEM clone can be overcome
by simultaneous activation of the cAMP and GC pathways, with a concomitant restoration of
c-Myc downregulation (Medh et al., 1998). In contrast to normal mouse thymocytes, those
from non-obese diabetic (NOD) mice that are resistant to GC-induced apoptosis exhibit an
increase in c-myc mRNA and c-Myc protein levels in response to GC treatment (Casteels et
al., 1998), Transient expression of transfected c-myc in GC-sensitive CEM cells appeared to
protect them against steroid-evoked death (Thulasi et al., 1993).

The above results have established a strong correlation between GC-evoked apoptosis and
suppression of c-Myc in CEM leukemic lymphoblasts; however more direct evidence has not
been forthcoming. Furthermore, a recent report suggests that GC-evoked apoptosis of a
subclone of GC-sensitive CEM-C7 cells is not affected by expression of a tetracycline
regulatable c-Myc construct (Loffler et al., 1999), contradicting several earlier observations.
In murine P1798 cells, overexpression of c-Myc alone is not sufficient to protect from
apoptosis, but coexpression of c-Myc and cyclin D3 complement each other and protect (Rhee
et al., 1995). To better demonstrate the role of c-Myc in GC-evoked apoptosis of CEM cells,
and to gain further insight into the mechanisms controlling apoptosis that are modulated by c-
Myc, we have stably expressed a chimeric protein, MycER™, in CEM-C7 cells. We
demonstrate here that MycER™ imparts c-Myc functionality and conveys significant
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protection from GC-evoked apoptosis, delaying cell death by 24–48 h. MycER™ expression
reverses GC-mediated downregulation of the tumor suppressor protein p53, which is known
to be regulated by c-Myc. Other independent GC-mediated events thought to play a role in
apoptosis, including upregulation of c-Jun, repression of cyclin D3, and G1 growth arrest are
not affected. Our data confirm the hypothesis that c-Myc suppression is important for GC-
evoked apoptosis of CEM cells, and further assess the limits of c-Myc’s role in the process.

Results
We have been studying the mechanism of GC-evoked leukemic cell apoptosis using clones
derived from the human acute lymphoblastic leukemic cell line CCRF-CEM. When GC-
sensitive clonal CEM-C7 cells are treated with 100 nM dexamethasone (Dex), approximately
90% cells are killed by 72 h and by 96 h essentially all cells are dead (Medh et al., 1998). In
the studies presented here, to ensure karyotypic and phenotypic purity, we have used a fresh
subclone, CEM-C7-14, that replicates the GC response of the original CEM-C7 clone.

Establishment of CEM-C7-14 cells stably expressing ectopic c-Myc
CEM-C7-14 cells were transfected with the construct pBpuroMycER™ which contains the
human c-Myc protein fused to the modified ligand binding domain (LBD) of the murine
estrogen receptor α (ERα) (Littlewood et al., 1995). This modified LBD contains a point
mutation (G525R) that is theoretically modified to render it incapable of binding to estrogen,
while retaining normal affinity for the synthetic ligand 4-hydroxy tamoxifen (4HT). After
selection in puromycin, the cells were termed C7-MycER™. These were tested for expression
of the fusion protein. Parallel immunoblots probed with the c-Myc monoclonal antibody
Mycl-9E-10.2 and sc-544, a monoclonal antibody raised against a C-terminal portion of
ERα, recognized this protein in mass cultures of C7-MycER™ cells (Figure 1a). Its larger size
makes it clearly distinguishable from endogenous c-Myc. Several clones of C7-MycER™ cells
expressing moderate levels of MycER™ were isolated (Figure 1b). After a 24 h treatment with
Dex, there is a considerable reduction of endogenous c-Myc in both CEM-C7-14 and C7-
MycER™ cells, but not of MycER™ (Figure 1c). The presence of MycER™ protein despite
Dex treatment suggested that there might be sustained c-Myc activity in Dex-treated cells. In
correlation with their lytic response, CEM-C7-14 cells treated for 24 h with Dex exhibit
approximately 80% downregulation of c-Myc immunoreactive protein (Figure 1c).

MycER™ expression protects CEM-C7-14 cells from Dex-evoked death
Hormone dependence of proteins fused to nuclear receptor LBDs is attributed to simple steric
hindrance (Picard et al., 1988), though outright structural proof of mechanism is not available
yet. As to MycER, in the absence of hormone, the LBD is believed to mask the c-Myc leucine
zipper domain, blocking interactions with Max. Various MycER chimeras have been shown
to impart Myc-Max heterodimerization-dependent c-Myc functions to Rat-1a cells in an ER
ligand dependent manner (Littlewood et al., 1995). However, there are instances where MycER
has been shown to be constitutively active (Blyth et al., 2000; Vaillant et al., 1999), or to impart
some Myc functions in an ER-ligand independent fashion (Philipp et al., 1994), suggesting
that ER-ligand dependence may be restricted to certain model systems or specific Myc
functions. We tested uncloned mass cultures and various C7-MycER™ clones for their
sensitivity to Dex-evoked cell death in the presence or absence of 4HT, over a period of 4 days.
Both the mass culture and all of the clones tested were 10- to 20-fold more resistant than the
parental CEM-C7-14 clone after 3 days in 100 nM Dex in the absence of 4HT (Figure 2a). Up
to 1 μM 4HT did not alter Dex-responsiveness in any of the clones tested (results from a
representative clone, C7-MycER™ #22, are shown in Figure 2b). These data suggest that Myc
mediated protection from GC-evoked death of C7-MycER™ cells may be imparted by
MycER™ conferring a Max-independent function not requiring activation by 4HT, or that
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MycER™ is capable of forming Max-MycER™ complexes constitutively in an ER ligand-
independent fashion in these C7-MycER™ cells. To rule out alterations in the MycER™ mRNA
or DNA sequences in C7-MycER™ cells, cDNA isolated by RT – PCR and genomic DNA
were subjected to PCR analysis and partial sequencing. The entire c-Myc coding sequence was
found to be correct. The ER LBD was checked for integrity by PCR and did not indicate any
large size reduction (data not shown). A third possibility is that transfection and selection of
MycER™ expressing cells have inadvertently selected for a Dex-resistant phenotype. Though
this seems unlikely to have occurred in the entire mass culture and every clone tested, we
nonetheless carried out several tests of Dex-dependent GR function (see below). Another
possibility for Dex resistance could be the inadvertent selection of an anti-apoptotic phenotype
in the mass culture as well as clones. To rule out this possibility, we tested the ability of C7-
MycER™ cells to respond to agents that have been previously demonstrated to cause apoptotic
death of CEM cells. Figure 2c shows that both parental CEM-C7-14 cells and C7-MycER™

cells respond similarly to staurosporine and okadaic acid, agents that are known to evoke
apoptotic responses in CEM cells via mechanisms that are distinct from each other and from
GC-evoked apoptosis (Bruno et al., 1992; Kiguchi et al., 1994; Yatouji et al., 3000; Yerly-
Motta et al., 1999), and are not known to involve c-Myc. These results confirm our hypothesis
that protection from Dex-evoked apoptosis is caused specifically by constitutive c-Myc
expression rather than via selection for a survival phenotype due to expression of anti-apoptotic
gene(s).

MycER™ interacts with Max in the absence of 4HT
To determine the ability of MycER™ to interact with Max in the presence and absence of 4HT,
we performed coimmunoprecipitation experiments using a Max specific polyclonal antibody
in immumoprecipitation reactions, and the monoclonal anti-c-Myc antibody Mycl-9E-10.2 in
Western blotting of the immunoprecipitated fractions. Figure 3 demonstrates that MycER™

coimmunoprecipitated with Max from C7-MycER™#22 cell lysates irrespective of whether
the cells were treated with or without 4HT. There was possibly a small increase in extent of
immunoprecipitated MycER™ after 4HT treatment, which may indicate a slightly greater
efficiency of interaction between the leucine zipper domains of Max and MycER™ in the
presence of 4HT. The data further confirms our hypothesis that MycER™ has been rendered
constitutively active in our C7-MycER™ cells because of the inability of the unliganded ER
LBD to significantly block MycER™-Max interactions. Treatment of cells with 100 nM Dex
significantly reduces the amount of endogenous c-Myc coimmunoprecipitated with Max in
both CEM-C7 and C7-MycER™#22 cells (Figure 3). Dex treated C7-MycER™#22 cells
contain MycER™-Max heterodimers comparable in amounts to those in untreated cells. This
is consistent with the protection against Dex-evoked apoptosis in this clone.

Dex resistance ofC7-MycER™ cells is not caused by a general disruption of GC-
responsiveness

We have confirmed that the GC response pathway is functional in C7-MycER™ cells and that
they have not been inadvertently selected for a Dex resistant phenotype independently of
MycER™ expression. First, as already noted, Dex evoked a downregulation of endogenous c-
Myc (Figures 1c and 3), one demonstration that the GC pathway is functional in these cells.
In tests of the induction of genes by Dex, we have confirmed by Western blotting that GR
expression and induction is not compromised in C7-MycER™ cells (Figure 4a). GC-mediated
downregulation of cyclin D3 has been demonstrated to be a Myc-independent event (Reisman
and Thompson, 1995; Rhee et al., 1995). We demonstrate that the Dex-evoked downregulation
of cyclin D3 in C7-MycER™#22 cells was comparable to that observed for CEM-C7-14 cells
(Figure 4b). Expression and upregulation of c-Jun has been closely linked to GC-evoked
apoptosis in CEM cells (Zhou and Thompson, 1996). Hence, we evaluated the ability of Dex
to upregulate expression of the c-Jun immunoreactive protein in C7-MycER™#22 cells, when
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compared to parental CEM-C7-14 cells. Figure 4c demonstrates that C7-MycER™#22 cells
exhibit c-Jun upregulation indistinguishable from that exhibited by CEM-C7-14 cells, further
confirming that Dex responsiveness is not compromised in C7-MycER™ cells. These data
provide further evidence that we have not selected for clones with alterations in the GR-
response pathway following transfection of MycER™, and suggest that the observed resistance
to Dex is attributable to the constitutive expression of ectopic MycER™.

MycER™ modulates expression of endogenous genes
To test whether the transactivation function of MycER™ in C7-MycER™ cells was dependent
on 4HT, we evaluated the ability of MycER™ to overcome Dex-mediated repression of p53 in
the presence and absence of 4HT. In CEM-C7-14 cells, Dex-evoked suppression of c-Myc
results in the concomitant suppression of p53 protein presumably due to lack of c-Myc-
mediated induction of p53 from E-box sequences within its promoter (Reisman et al., 1993).
Although p53 has been shown to be nonfunctional in CEM cells (Cheng and Haas, 1990), its
expression serves as a good marker for Myc functionality. As expected, in CEM-C7-14 cells,
Dex evoked a reduction in p53 immunoreactive protein, and this result was not affected by
4HT treatment (Figure 5a). In C7-MycER™ mass culture and in C7-MycER™#22 cells, Dex
did not evoke a significant suppression of p53, even in the absence of 4HT treatment, suggesting
that the ectopic MycER™ is capable of constitutively maintaining p53 at near basal levels due
to the Myc transactivation function of its Myc moiety. To normalize for loading discrepancies,
blots were stripped and reprobed with anti-CREB (cyclic-AMP response element binding
protein) antibody, since we have previously demonstrated that CREB expression is not altered
after GC treatment. The cdk inhibitor p27kip1 is subject to c-Myc-mediated repression (Vlach
et al., 1996), and Dex treatment of CEM-C7-14 cells causes an induction of p27kip1

immunoreactive protein following c-Myc suppression. We demonstrate that in C7-MycER™

mass culture and in C7-MycER™#22 cells Dex treatment does not induce p27kip1 expression
to the same extent as it does in parental CEM-C7-14 cells (Figure 5b). Again, CREB was used
as a normalizing control. These data suggest that MycER™ can mimic endogenous c-Myc in
the repression of p27kip1.

MycER™ expression protects from Dex-evoked DNA strand breaks
We determined whether MycER™ mediated protection from Dex-evoked cell death was
accompanied by a concomitant lack of certain biochemical changes associated with apoptosis.
Flow cytometric TUNEL analysis of C7-MycER™#22 indicated that the percentage of cells
with nicked DNA after 72 h of 100 nM Dex treatment was no more than 4%, comparable to
that of untreated cells (Figure 6c,d). In contrast, parental CEM-C7-14 cells had approximately
40% cells with DNA nicks after 72 h of Dex treatment (Figure 6b). Figure 6e demonstrates a
time dependent increase in TUNEL positive CEM-C7-14 cells upon Dex treatment, but no
significant change in this classical component of Dex-evoked apoptosis in C7-MycER™ mass
culture or C7-MycER™#22, further confirming our observation that expression of My-
cER™ in CEM-C7-14 cells renders them GC-resistant.

MycER™ expression prevents Dex-evoked caspase activation
There is increasing evidence that apoptosis triggered by diverse stimuli in a number of systems
culminates in activation of a caspase cascade. In CEM-C7 cells, treatment with 100 nM Dex
for 48 h results in a 6 – 7-fold increase in caspase 3 activity (Figure 7a). This is accompanied
by cleavage of a carboxy terminal 85 kDa fragment from the intact 116 kDa caspase 3 substrate,
poly ADP ribose polymerase (PARP; Figure 7b). C7-MyeER™#22 cells, when subjected to
the same treatment, increased caspase 3 activity only slightly and showed minimal PARP
cleavage up to 48 h (Figure 7a,b), suggesting that early caspase activation depends on c-Myc
downregulation, and that this action can be prevented by ectopically expressed MycER™. By
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72 h of Dex treatment, however, C7-MycER™ cells did exhibit detectable procaspase 3
cleavage (not shown) and PARP cleavage (Figure 7b).

MycER™ expression does not prevent Dex-induced accumulation of cells in G1
Our data show that constitutive expression of MycER™ significantly protects cells from Dex-
evoked death, delaying the outcome and preventing some well-documented concomitants, such
as DNA nicking. Previous studies have demonstrated that Dex-evoked lysis of CEM cells is
accompanied by growth arrest in the G0/G1 phase of the cell cycle (Harmon et al., 1979). To
determine whether MycER™ was capable of overcoming Dex-evoked block in cell cycle
progression, we evaluated the distribution of C7-MycER™#22 and parental CEM-C7-14 cells
in individual phases of the cell cycle after various durations in Dex (Figure 8a,b). Flow
cytometric analysis of the DNA content of propidium iodide stained cells again demonstrated
less apoptosis in C7-MycER™#22 cells which had a significantly lower fraction of cells with
a sub-G1 (apoptotic) DNA content after 72 h in 100 nM Dex when compared to CEM-C7-14
cells (Figure 8c). However, in both cell types, there was a similar increase in the percentage
of viable cells in the G1 phase of the cells cycle up to 72 h after Dex treatment, with a parallel
decrease in the percentage of cells in S phase (Figure 8d). Our data demonstrate that Dex-
evoked growth arrest and apoptosis are separable functions, and while MycER™ is unable to
prevent the former, it can delay the latter.

Discussion
The protooncogene product c-Myc is an important regulator of cell proliferation, oncogenic
transformation and apoptosis. Various independent studies reveal two aspects of the
relationship between the expression of c-Myc and apoptosis. Apoptosis associated with growth
factor deprivation seems to be augmented by overexpression of c-Myc. In contrast, in T-
lymphocytes and several growth factor independent leukemic cell lines, we and others have
consistently demonstrated a close correlation between suppression of endogenous c-Myc levels
and apoptosis (Helmberg et al., 1995; Medh et al., 1998; Rhee et al., 1995; Yuh and Thompson,
1989). Among the various clones of the human lymphoblastic leukemic cell line CEM, there
is a strong correlation between susceptibility to drug-induced apoptosis and c-Myc suppression
(Medh et al., 1998; Thulasi et al., 1993).

To further explore the importance of c-Myc reduction for Dex-evoked apoptosis in these
lymphoid cells, we have now expressed a chimeric c-Myc protein, MycER™, in CEM-
C7-14cells, In the transfected mass cultures and in all subclones tested, our data demonstrate
significant protection from GC-induced apoptosis. Sustained constitutive expression of the c-
Myc chimera prevented or delayed Dex-evoked events implicated in apoptosis, including
altered expression of key genes, DNA strand breaks, caspase 3 activation and PARP cleavage.
Though the cells, expressing a constitutively active c-Myc fusion protein, showed a dramatic
delay in apoptosis, most eventually died. This delayed death occurred despite a lack of DNA
nicking, and much lower caspase 3 activation and PARP cleavage. Hence we conclude that c-
Myc suppression is important for classical Dex-evoked apoptosis, but that GCs also evoke
other events which eventually kill the cells, albeit more slowly. Loffler et al., (1999) have
recently reported that expression of a tetracycline regulatable c-Myc construct does not prevent
GC-induced apoptosis of a subclone of CEM-C7 cells. Our data are in partial agreement with
this study in that we do see eventual cell death in our C7-MycER™ cells. Unlike the results
they reported however, we have observed a clear Myc-induced protection from Dex-evoked
apoptosis for at least 72 h after steroid treatment. These seemingly contrasting findings may
stem from different parental clones used, from variations in the level of expression and
regulation of the transgene, or from distinct experimental conditions.
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In considering the functions of c-Myc, one must take into account its multiple modes of action.
Heterodimerization between Myc and Max is a prerequisite for c-Myc mediated transactivation
from E-box sequences (Blackwood and Eisenman, 1991). The dependence on an ER ligand
for gene activation by MycER hybrids has been proposed to be due to relief of steric hindrance
for Max binding to the leucine zipper domain of the c-Myc molecule (Picard et al., 1988). The
lack of 4HT-dependence for the c-Myc transactivation function in our C7-MycER™ cells may
be due to an inadvertent mutation that has arisen in the ER-LBD, or more likely, to cellular
conditions that cause relief from steric hindrance, e.g. inadequate expression of ER-LBD
interacting factor(s). Whatever the specific cause, by employing coimmunoprecipitation
methods, we have demonstrated that in CEM-C7-14 cells MycER™ interacts comparably with
Max in the presence or absence of 4HT, explaining its constitutive transcriptional activating
ability. Repressive functions of c-Myc may not require heterodimerization with Max and thus
may not be affected by the ER LBD of MycER™.

The stable C7-MycER™ transfectants serve as a very useful system with which to evaluate c-
Myc’s role in GC-evoked lymphoid cell apoptosis. By examining c-Myc independent targets
of GC action (Rhee et al., 1995; Zhou and Thompson, 1996), we have demonstrated that C7-
MycER™ cells have not inadvertently lost all sensitivity to Dex, e.g. due to GR mutations.
Thus, C7-MycER™ cells have responses comparable to those of the parental CEM-C7-14 cells
for GR and c-Jun induction and for cyclin D3 and endogenous c-Myc downregulation (Figures
1 and 4). These data indicate that the basic GC-GR pathway is unaltered in C7-MycER™ cells.
This knowledge allows the use of C7-MycER™ cells to evaluate in this system the dependence
on c-Myc repression of various established correlates of the processes leading to cell death.
One of these correlates is cell cycle arrest. We have previously shown that GC treatment leads
to arrest in G0/G1 and that loss of clonogenicity correlates closely in time. Once the cells are
arrested, removal of GC did not reverse the cell cycle block (Harmon et al., 1979). The c-Myc
protein is an important regulator of the proliferative state of a cell by virtue of its ability to
transcriptionally activate genes that are required for biosynthesis of essential components of
cell proliferation and global transcriptional regulation (e.g. odc, cad, cdc25 and eIF-4E,
(Galaktionov et al., 1996; Jones et al., 1996; Miltenberger et al., 1995) or repress genes such
as the growth arrest and DNA damage inducible gene gadd45, and the growth arrest specific
gene gas (Facchini and Penn, 1998). Changes in expression of these and other c-Myc-regulated
genes could be responsible for the G1 arrest seen in CEM cells about 24 h after continual Dex
treatment. However, restoring c-Myc function via expression of MycER™ did not protect cells
from Dex-evoked G1 arrest (Figure 8). Therefore we conclude that the G1 arrest is not a
consequence of c-Myc downregulation. Further, there is enhanced cell survival despite
accumulating G1 arrest. Thus for the first time we have been able to separate Dex-evoked G0/
G1 growth arrest of CEM cells from their Dex-evoked apoptosis. In P1798 cells grown in
serum, these events are naturally separable (Wood and Thompson, 1984). suggesting that
apoptosis of lymphoid cells is not a necessary immediate consequence of G0/G1 arrest by Dex.
Our new data here with C7-MycER™ cells support this idea and give an opportunity to pursue
the molecular systems that control and link two biological consequences of GC treatment.

One system that is critical for the control of the proliferative or apoptotic state of a cell is cyclin-
cdk complexes (Afrakhte et al., 1998; Chiarugi et al., 1994). Binding of cdk inhibitors,
including p27kip1 to cyclin D-cdk4 and cyclin E-cdk2 complexes causes their inactivation
(Chiarugi et al., 1994; Perez-Roger et al., 1997). Expression of c-Myc and p27kip1 shows an
inverse correlation, and the two proteins have been shown to antagonize each other’s actions
(Muller et al., 1997; Vlach et al., 1996). For instance, c-Myc promotes p27kip1 phosphorylation
and its subsequent degradation (Muller et al., 1997). In CEM-C7-14 cells Dex-evoked c-Myc
suppression is associated with p27kip1 upregulation, and ectopic constitutive expression of c-
Myc prevents p27kip1 levels from rising significantly above basal amounts in the presence of
Dex (Figure 5b). We hypothesize that this may sustain cyclinE-cdk2 activity and hence
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contribute towards the protection of C7-MycER™ cells from Dex-evoked apoptosis, but it
obviously does not explain the cell cycle arrest, the mechanism of which will require further
study.

Several c-Myc independent actions of GCs are revealed in C7-MycER™ cells. These may
contribute to the eventual, though much delayed, cell death caused by GCs in C7-MycER™

cells. Dex-evoked upregulation of c-Jun and downregulation of cyclin D3 are not altered by
the ectopic MycER™ in C7-MycER™ cells. Sustained induction of c-Jun is important for the
GC-evoked death of CEM cells and c-Jun elevation due to other stimuli is associated with
apoptosis in several other systems (11). The downregulation of cyclin D3 may explain the cell
cycle arrest.

These and other as yet unexplored GC-responsive genes may be important mediators of
alternative pathways for apoptosis in CEM-C7-14 cells. Constitutive c-Myc expression
facilitates a separation of c-Myc dependent from independent, slower modulators of GC-
evoked apoptosis. Although detailed analyses of the c-Myc independent pathways for GC-
evoked apoptosis are still ongoing, the data presented here already show that the delayed death
of C7-MycER™#22 cells in Dex is significantly different from that of parental CEM-C7-14
cells. The fact that MycER™ delays but does not altogether prevent cell death argues against
the inadvertent selection an anti-apoptotic factor expressing cell population. We have also
demonstrated that susceptibility of C7-MycER™#22 cells to GC-independent apoptotic agents
is not altered (Figure 2c). Our data suggest that either the functional level of c-Myc in
MycER™#22 cells is insufficient for absolute protection or that c-Myc independent, slower
lethal events, e.g. c-Jun induction, are simultaneously triggered by GC. This is analogous to
the effect of ectopic expression of Bcl2 in several systems (Rosse et al., 1998; Wagner et al.,
1993), or of inhibiting caspase action (Brunet et al., 1998).

In these studies, we have established that c-Myc suppression is crucial for an apoptosis pathway
triggered by GCs, demonstrated the existence of parallel pathways, and most importantly, have
shown for the first time that GC-evoked arrest of cells in G1/G0 is separable from GC-evoked
apoptosis. C7-MycER™ cells thus give the opportunity to define the role of c-Myc reduction
in Dex-evoked lymphoid cell apoptosis and understand the relationship between cell cycle
arrest and apoptosis.

Materials and methods
Reagents

Dex, 4HT and other reagent grade chemicals were purchased from Sigma Chemical Co. (St.
Louis. MO, USA). Staurosporine and okadaic acid were from Calbiochem (La Jolla. CA, USA).
Reagents for SDS–PAGE as well as the Bradford protein assay reagent and the PVDP trans-
blot transfer membrane were obtained from Bio-Rad (Richmond, CA, USA). The polyclonal
antiserum AhuGR150–175, raised against a synthetic peptide corresponding to the amino acids
150 to 175 within the N-terminal domain of hGR (Srinivasan et al., 1994) was used for
immunodetection of GR. The monoclonal c-Myc antibody Mycl-9E-10.2, raised against a
synthetic peptide in the C-terminal region of c-Myc (Evan et al., 1985), was generated as a
culture supernatant of the hybridoma cell line CRL1729 purchased from ATCC. The anti-p53
(sc-126) monoclonal antibody, and rabbit polyclonal antibodies against ERα (sc-544), Max
(sc-765), PARP (sc-7150), p27kip1 (sc-528), CREB (sc-186) and c-Jun (sc-1694) were from
Santa Cruz Biotechnology (Santa Cruz, CA, USA). The polyclonal anti-cyclin D3 antibody
was from Babco (Richmond, CA, USA). Horseradish peroxidase conjugated secondary
antibodies were from Bio-Rad. Protein A-Agarose for immunuprecipitation reactions was from
Gibco-BRL Life Technologies (Rockville, MD, USA).
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Cell culture
Tissue culture media and components were purchased from Mediatech (Washington DC,
USA). Fetal bovine serum (FBS) was from Atlanta Biologicals (Norcross, GA, USA). CEM-
C7-14 cells used in this study are subcloned from the original GC-sensitive CEM-C7 clone
derived from the parental line CCRF-CEM, obtained from a patient with acute lymphoblastic
leukemia (Foley et al., l965). To obtain C7-MyeER™ cells, logarithmically growing CEM-
C7-14 cells were washed in Ca++ and Mg++ free phosphate buffered, saline (PBS) and
resuspended at a density of 1 × 106 cells/ml. Cells were electroporated at 960 μF and 300 V,
with 20 μg of the construct pBpuroMycER™ (a gift from Dr T Littlewood, (Littlewood et
al., 1995)), using a Bio-Rad Gene Pulser electroporator. Electroporated cells were allowed to
recover for 24 h, then plated in medium containing puromycin (1.5 μg/ml) to select for cells
expressing the transfected gene. The puromycin resistant population of cells expressing
MycER™ was cloned in 0.5% soft agar to obtain multiple colonies that were individually tested
for expression of MycER™. A representative clone, #22, was selected for detailed analyses,
the results of which are presented here. All cells were cultured in RPMI 1640 medium
supplemented with 5% FBS at 37°C in a humidified 5% CO2 incubator.

Determination of sensitivity to Dex
Dex stock was prepared at a concentration of 2 mM in ethanol. Cells were treated with ethanol
vehicle or Dex for various time intervals at a density of 1 × 105 cells/ml. Viable cells were
counted by Trypan blue exclusion method using a hemacytometer.

SDS–PAGE and Western blotting
Cells plated at a density of 1–4 × 105 cells/ml were treated for the required time interval with
ethanol alone or Dex (100 nM). For analysis of various proteins, approximately 8 × 106 cells
were harvested, washed and lysed in buffer containing 50 mM Tris-HCl, pH 7.4, containing
150 mM NaCl, 1 mM EGTA, 1% NP-40, 20 μM leupeptin, 400 μM AEBSF (4-[2-aminoethyl]
benzensulfonyl fluoride), 20 mM sodium molybdate, 5 mM sodium fluoride and 5% 2-
mercaptoethanol. An equal volume of 2 × SDS–PAGE sample buffer (final composition: 120
mM Tris, 4% SDS, 20% glycerol, 5% 2-mercaptoethanol, 0.05% bromophenol blue, pH 6.8)
was added, and samples were boiled for 3 min and centrifuged at 16 000 g for 20 min to obtain
a whole cell extract as the supernatant fraction. Fifty microgram protein from each sample was
electrophoresed on a 10% SDS polyacrylamide gel (Laemmli, 1970) using a mini-slab-gel
electrophoresis apparatus from Bio-Rad and electroblotted on PVDF membrane. The
transferred filters were blocked overnight at room temperature with 10% non-fat dry milk in
PBS, followed by an overnight incubation in the appropriate primary antibody at 4°C. The
filters were rinsed thoroughly before incubation for 2 h with horseradish peroxidase coupled
secondary antibody. Bands were detected using the Enhanced Chemiluminescence kit (ECL
Plus) from Amersham Pharmacia Biotech (Piscataway, NJ, USA).

Coimmunoprecipitation of Myc-Max complexes
CEM-C7-14 or C7-MycER™ treated with ethanol or Dex were extracted in lysis buffer (150
mM NaCl, 20 mM HEPES, pH 7.4, 1 mM EDTA, 0.5% NP-40, 0.5% sodium deoxycholate,
5 mM NaF, 20 μg/ml leupeptin, 400 μM mM AEBSF and 11 μg/ml soyabean trypsin inhibitor),
centrifuged at 13 000 g for 10 min. An aliquot of the supernatant corresponding to 300 μg
protein was incubated in 500 μl of RIPA buffer (phosphate buffered saline containing 1%
NP-40, 0.5% sodium deoxycholate and 0.1% SDS) for 2h at 4°C with an anti-Max polyclonal
antibody (sc-765, Santa Cruz Biotech), or nonspecific IgG. Each sample was subsequently
added to a Protein A-Agarose pellet generated from 50 μl of a 50% suspension of beads, and
incubated overnight on a rotary shaker at 4°C. Beads were washed four times with RIPA buffer
and centrifuged at 500 g for 5 min to obtain a pellet which was resuspended in SDS–PAGE
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sample butter. Bound proteins were eluted by boiling for 3 min, and resolved by SDS – PAGE.
Western blotting was performed using the anti-c-Myc monoclonal antibody Mycl-9E10.2.

Flow cytometric evaluation of cell cycle distribution and apoptosis
Cells seeded at a density of 1 × 105 cells/ml were treated with 100 nM Dex for 96 h. At 24 h
intervals, three million cells were either directly lysed and stained sequentially in low and high
salt solutions containing propidium iodide to measure DNA content, or subjected to terminal
deoxynucleotidyl transferase (TdT)-mediated dUTP-X-nick end labeling (TUNEL) reaction
prior to staining. For TUNEL, cells were fixed in 4% paraformaldehyde and processed
according to the protocol provided by the manufacturer (Boehringer Mannheim). Samples were
analysed flow cytometrically using a FACScan, and the Cell quest 1.2 software (Becton
Dickinson, Bedford, MA, USA).

Measurement of caspase 3 activity
Caspase 3 activity was measured as described by Sarin et al. (1996), with slight modifications.
CEM-C7-14 cells treated with or without 100 nM Dex were harvested and 2.5 × 105 cells were
lysed in buffer containing 50 mM HEPES, pH 7.5, 10% sucrose, 0.1% Triton X-100 and 10
μM dithiotreitol. One hundred microliters of the cell lysate was mixed with 50 μM of the
caspase 3 specific fluorogenic substrate Z-DEVD-AFC (Z-Asp-Glu-Val-Asp-7-amido-4-
trifluoromethyl-coumarin) (Enzyme Systems Products, Livermore, CA, USA) and incubated
at room temperature for 1 h. The reaction was diluted to 1 ml with phosphate buffered saline
and the fluorescence of AFC released was measured using Fluoro-Count (Packard, Downer’s
Grove, IL, USA).
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Abbreviations
GCs  

glucocorticoids

GR  
GC receptor

cdks  
cyclin dependent kinases

Dex  
dexamethasone

ER  
estrogen receptor

ER™  
G525R mutant of ER α
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ligand binding domain

4HT  
4 hydroxy tamoxifen

TUNEL  
terminal deoxynucleotidyl transferase (TdT)-mediated dUTP-X-nick end
labeling

PARP  
poly ADP ribose polymerase

FBS  
fetal bovine serum

PBS  
phosphate buffered saline

AEBSF  
4-[2-aminoethyl]benzensulfonyl fluoride

ECL  
enhanced chemiluminescence

AFC  
7-amido-4-trifluoromethylcoumarin
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Figure 1.
Expression of MycER™ in CEM-C7-14 cells. CEM-C7-14 cells were stably transfected with
a plasmid pBpuroMycER™, selected for puromycin resistance and cloned in 0.5% soft agar.
Individual colonies were isolated and amplified. Fifty microgram total cellular protein
extracted from uncloned mass culture, individual clones or the parental untransfected CEM-
C7-14 cells (C7) was resolved by SDS–PAGE, electroblotted, and the membranes were
analysed by Western blotting. (a) Extracts of CEM-C7-14 cells and uncloned mass cultures of
C7-MycER™ cells probed with an anti ERα antibody recognizing an epitope corresponding to
the hinge region of ERα, or an anti-c-Myc monoclonal antibody Mycl-9E10.2) (b) MycER™

expression (antibody Mycl-9E10.2) in eight representative clones. (c) The parental CEM-
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C7-14 cells, uncloned C7-MycER™ (designated: m.cul.) and a representative clone (cl #22)
of C7-MycER™ cells were treated with 20 nM Dex (D20), 100 nM Dex (D or D100) or ethanol
vehicle (C) for 24 h. Whole cell extracts corresponding to 50 μg protein were subjected to
SDS–PAGE and Western blotting using the anti-c-Myc antibody Mycl-9El0.2
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Figure 2.
Protection of C7-MycER™ cells from Dex-evoked cell death, (a) CEM-C7-14 cells or the
indicated individual C7-MycER™ clones or the mass culture (M. Cult.) were seeded at a density
of 1×105 cells/ml and treated with ethanol (solid symbols) or 100 nM Dex (open symbols) for
96 h. Viable cells were counted at 24 h intervals by Trypan blue exclusion. Data plotted are
averages of duplicate treatments. (b) CEM-C7-14 or C7-MycER™ clone #22 cells were treated
in duplicate with ethanol or 100 nM Dex in the presence or absence of 100 nM or 1 μM 4HT.
Trypan blue excluding cells were counted after 72 h. Data are plotted as a percentage of
untreated time matched control for each cell line. (c) CEM-C7-14 or C7-MycER™#22 cells
were treated for 72 h with either ethanol, 100 nM staurosporine or 10 nM okadaic acid, and
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viable cell counts were determined at 24 h intervals. Data plotted are averages of duplicate
treatments from a representative experiment
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Figure 3.
Coimmunoprecipitation of Myc-ER™ and endogenous c-Myc with anti-Max antibody. Whole
cell extracts of CEM-C7-14 or C7-MycER™ cells treated with ethanol (C), 1 μM Dex (D), 250
nM 4HT (T) or Dex plus 4HT (DT) for 20 h were inmunoprecipitated with the polyclonal anti-
Max antibody C-124. or non-specific antibody (P). Antibody bound proteins were purified on
Protein A-Agarose beads and resolved by 10% SDS–PAGE and electroblotting. Whole cell
extract (E) from C7-MycER™ cells was run in one lane as a control. The membrane was probed
with the c-Myc monoclonal antibody Mycl-9E10.2, and developed by ECL reaction
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Figure 4.
Regulation of GRα, c-Jun and cyclin D3 in CEM cells. Fifty μg protein from whole cell extracts
of CEM-C7-14 and C7-MycER™#22 cells treated for 24 h with (D) or without (C) Dex (100
nM for a, 1 μM for b and c) were resolved by SDS–PAGE and transferred to PVDF membranes
by electroblotting. Blots were probed with the polyclonal anti GRα antibody AhuGR150–175
(a), the anti-c-Jun polyclonal antibody (b), or the anti-cyclin D3 antibody (c)
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Figure 5.
MycER™ modulates expression of endogenous c-Myc responsive genes, (a) CEM-C7-14, C7-
MycER™ mass culture or C7-MycER™#22 cells were treated with ethanol (C), 100 nM Dex
(D), 250 nM 4HT (T) or Dex plus 4HT (T) for 32 h. Whole cell extracts (50 μg protein) were
resolved by 10% SDS–PAGE, transblotted on to PVDF membrane and probed with the
monoclonal anti-p53 antibody. Membrane was stripped and reprobed with anti-CREB
polyclonal antibody for normalization of loading, (b) CEM-C7-14, C7-MycER™ mass culture
or C7-MycER™ #22 cells were treated with ethanol (C) or 1 μM Dex (D) for 24 h. Whole cell
extracts (50 μg protein) were resolved by 10% SDS–PAGE and transblotted on to PVDF
membrane and probed with a rabbit polyclonal antibody raised against p27kip1. Membrane was
subsequently stripped and probed with a polyclonal antibody specific for CREB, to normalize
for loading
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Figure 6.
Lack of DNA strand breaks in Dex-treated C7-MycER™ cells, (a–d) CEM-C7-14 (a, b) or C7-
MycER™ #22 (c, d) cells were treated with ethanol (a, c) or 100 nM Dex (b, d) for 72 h. Samples
were harvested, and analysed for nicked DNA by TUNEL assay. Flow cytometry was carried
out using a FACScan and Cell Quest 1.2 software from Becton Dickinson as described in
Materials and methods, (e) Time course of DNA nicking. CEM-C7-14. C7-MycER™ mass
culture and C7-MycER™ #22 cells were treated for 72 h with 100 nM Dex, and aliquots were
harvested every 12–24 h for TUNEL analysis as described above
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Figure 7.
Caspase activation in Dex-evoked apoptosis. (a) Caspase 3 activity was measured using the
substrate Z-DEVD-AFC in extracts of CEM-C7-14 and C7-MycER™ cells treated for 48 h
with ethanol (solid bars) or 100 nM Dex (gray bars). Data are from a representative experiment,
which consisted of two independent treatments; each is presented as a separate bar. Each bar
represents an average of duplicate measurements. (b) CEM-C7-14 and C7-MycER™ cells were
treated with 100 nM Dex for the indicated length of time, harvested, and whole cell extracts
were prepared. Aliquots corresponding to 50 μg protein were resolved by SDS–PAGE,
electroblotted, and the membrane was probed using an antibody (sc-7150, Santa Cruz Biotech.)
that reacts with the uncleaved as well as cleaved PARP proteins
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Figure 8.
Flow cytometric analysis of Dex-mediated effects on cell cycle distribution. CEM-C7-14 and
C7-MyeER™#22 cells were treated with ethanol vehicle or 100 nM Dex for the indicated times,
harvested, and their DNA was stained with propidium iodide by sequential incubations in low
salt and high salt solutions. The DNA content was measured flow cytometrically using the Cell
Quest 1.2 software and a Becton Dickinson FACScan. (a) (CEM-C7-14) and (b) (C7-
MycER™#22) show the distribution of 20000 singlet cells gated in individual windows based
on their DNA content after treatment with 100 nM Dex for the indicated times. M1, M2, and
M3 represent cells in G1, S and G2/M phases of the cell cycle. M4 corresponds to cells with
a sub-G1 DNA content and are considered apoptotic. (c) depicts the time course of
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accumulation of cells with sub G1 DNA content in the presence of 100 nM Dex; data are plotted
as a percentage of total cells analysed. In (d) Dex induced changes in distribution of non-
apoptotic cells is measured as a function of the duration of Dex treatment. Cells in each phase
of the cell cycle are represented as a percentage of viable cells (G1 + S + G2/M). Plots in a
and b are from one representative of two independent experiments: data in c and d are averages
of the two experiments
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