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Insensitivity to the Cytolytic Effects of Glucocorticoids in Vivo Is Associated with a
Novel "Slow Death" Phenotype
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ABSTRACT

Tumors formed from wild type PI798 mouse lymphoma cells undergo
regression when treated with pharmacological doses of natural and syn
thetic glucocorticoids in vivo. Variants have been selected that are
insensitive to the cytolytic effects of glucocorticoids in vivo. Although
the response of wild type and insensitive tumors is markedly different in
vivo, the manner in which cells from such tumors respond to glucocorti
coids is indistinguishable in culture under routine conditions. Glucocor
ticoids inhibit proliferation of wild type cells as well as those that are
insensitive to glucocorticoids in vivo. Although neither cell line dies when
exposed to dexamethasone in culture in the presence of fetal bovine
serum, both sensitive and insensitive cell lines undergo cytolysis when
exposed to dexamethasone in serum-free medium. Sensitive cells die
more quickly, with 50% cell death observed within 6 h. Insensitive cells
exhibit <10% cell death within 6 h. Sensitive cells continue to die after
transitory exposure to dexamethasone, whereas insensitive cells do not.
Thus, growth in serum-free medium mimics the response that prevails in
vivo. Cell death is associated with rapid, internucleosomal chromatin
degradation. The rate of DNA fragmentation is comparable to that of
cell death. About 30% of the DNA in sensitive cells is degraded to
fragments of < HI kilobases within 2 h after addition of dexamethasone,
and "0 8(1'I of the DNA is degraded within 6 h. There is no significant

degradation observed when insensitive cells are treated for 6 h. PI798
cell lines express an endonuclease that is capable of degrading chromatin
in vitro. Basal expression of this activity does not correlate with gluco-
corticoid sensitivity, and insensitivity does not appear to be attributable
to a decrease in expression of the enzyme(s) thought to be responsible
for glucocorticoid-mediated chromatin degradation. The data suggest that
glucocorticoid insensitivity is associated with delayed activation and/or
induction of some lytic principle. Alternatively, resistance may be due to
enhanced ability to repair the damage induced by transitory exposure to
glucocorticoids in vivo.

INTRODUCTION

Glucocorticoids kill lymphoid cells of thymic origin in vivo
and in culture. Under physiological circumstances, this phe
nomenon is thought to play a role in the development of the
immune system. The prevailing hypothesis states that hor
mones of this class are responsible for initiation of programmed
cell death among the thymic precursors of mature T-lympho-
cytes (1-5). The mechanism that accounts for glucocorticoid-
mediated death of thymic lymphocytes is not well understood.
Recent observations suggest that Ca:+ homeostasis is involved.

It has been proposed that exposure to glucocorticoids results in
an increase in intracellular Ca2+ concentration (6), which pre
cipitates internucleosomal degradation of the chromatin (7-
11). The effects of glucocorticoids are blocked by inhibitors of
protein synthesis (7, 12, 13), suggesting that induction of pro
teins is a prerequisite for cell death. It has been suggested that
one of these may be an endonuclease that undergoes an apparent
increase in amount or activity in glucocorticoid-treated thy-
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mocytes (14,15). Although the identity of the active principle(s)
remains to be established, the data are consistent with the
hypothesis that glucocorticoids induce one or more proteins
that cause thymocyte death.

Although the mechanism of glucocorticoid-mediated death
of lymphocytes is not understood, the phenomenon has been
widely exploited in the chemotherapy of lymphoid malignan
cies, including leukemias and lymphomas. A limited number of
studies have been carried out to address the hypothesis that the
response of malignant cells is similar to that of glucocorticoid-
treated thy mocytes (10, 16-19). Normal thymocytes die rapidly
in culture in the absence of glucocorticoids, which accelerate a
cytolytic process that is entrained prior to addition of the
hormone. Activation of endonucleolytic chromatin degradation
is the hallmark of glucocorticoid-mediated thymocyte death (1,
7, 12, 13). However, this phenomenon may not be uniformly
characteristic of glucocorticoid-mediated cytolysis of malignant
T-cell lines (10, 15). There may be multiple paths leading to
cell death, and the mechanism(s) that accounts for initiation of
cytolysis in malignant cells may differ from that whereby glu
cocorticoids accelerate death in morbid populations of untrans-
formed thymocytes. Thus, it is not clear to what extent obser
vations concerning normal thymocytes may be related to chem-
otherapeutic responsiveness of malignant lymphocytes.

An equally interesting question relates to the mechanisms
whereby malignant cells become insensitive to the cytolytic
effects of glucocorticoids. The mechanisms that account for
resistance in culture are understood. Cell lines that are contin
uously exposed to glucocorticoids become resistant by virtue of
receptor mutations of one sort or another (20). Such unambig
uous conclusions are not readily drawn with respect to resist
ance to glucocorticoids in vivo (21-23). Although there appears
to be a general correlation between sensitivity and expression
of the glucocorticoid receptor, there are many reports that
indicate that insensitive cells may express normal levels of
receptor. At this time, it is unclear to what extent receptor
mutations account for chemotherapeutic resistance to gluco
corticoids. This leads to the possibility that resistance may be
acquired by variation in some end point of the response. For
example, it is formally possible that a mutation in a gene(s)
encoding some lytic principle could convey resistance. It is
equally possible that the ability to express such an hypothetical
principle could be obviated by cellular differentiation or some
other epigenetic process.

This laboratory group has, for several years, studied gluco
corticoid resistance of murine T-lymphoma lines in vivo. Most
of these studies have been carried out using the transplantable
P1798 line (24, 25). Clonal isolates of P1798 have been sub
jected, in parallel, to selection for glucocorticoid resistance in
vivo and in culture (26). For reasons that will become apparent,
those variants selected for resistance to the cytolytical effects
of glucocorticoids in vivo will be referred to as glucocorticoid-
insensitive rather than glucocorticoid-resistant cells. Sensitive,
resistant, and insensitive subpopulations have been obtained
and studies have been undertaken to compare glucocorticoid
responsiveness and various aspects of expression of the gene
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encoding the glucocorticoid receptor. Variants that are selected
in culture exhibit a true resistant phenotype and are null mu
tants of the r~ type (27). However, variants that have been

selected for insensitivity in vivo are indistinguishable in culture
from wild type cells in almost all respects (26, 27). This obser
vation strongly suggests that glucocorticoid insensitivity in vivo
can result from variation in some response parameter.

Comparison of glucocorticoid response properties of P1798
cell lines selected for insensitivity in vivo and those of wild type
P1798 cells presents an interesting paradox. Cells of both
phenotypes contain functional glucocorticoid receptors and are
equally responsive to glucocorticoids in culture, yet the wild
type cells form tumors that undergo cytolysis in the face of
pharmacological doses of glucocorticoids in vivo. Insensitive
cell lines form tumors that do not undergo regression under
these circumstances. The enigma is compounded by the obser
vation that neither wild type cells nor those selected for insen
sitivity in vivo undergo cytolysis in culture under routine con
ditions (26, 27).

The following working hypothesis has been proposed to
account for these observations concerning glucocorticoid sen
sitivity of P1798 cells in vivo and in culture. Initially, it is
proposed that the lytic response is manifested as an epigenetic
phenomenon. Wild type cells express some lytic principle when
exposed to glucocorticoids in vivo. Expression of this hypothet
ical principle is repressed in culture. Selection for glucocorticoid
insensitivity in vivo yields populations of cells in which the lytic
functions are suppressed in vivo as well as in culture. The
experiments described below were undertaken to test various
aspects of this hypothesis and to further characterize the process
that accounts for glucocorticoid-mediated death of P1798 cells.

MATERIALS AND METHODS

PI 798 Tumor Growth. P1798 cells were obtained from Litton Bio-
netics and were maintained by s.c. passage, as described elsewhere (28).
Tumor growth rates were measured as follows. Mice were inoculated
by s.c. injection of IO6 P1798 cells in 0.1 ml of phosphate-buffered

saline. For a given experimental protocol, 10 mice were inoculated.
Eight days after inoculation, the mice were divided randomly into 2
groups of 5 mice. Tumor size was estimated my measurement of two
diameters using Vernier calipers, as described previously (28). One
group of mice were given injections of 0.2 ml of phosphate-buffered
saline i.p. The second group were given injections of 0.2 ml of phos
phate-buffered saline containing a suspension of =2 mg of cortisol or
=0.2 mg of dexamethasone. Tumor size was measured daily thereafter,
and mice received addition injections of cortisol or vehicle on alternate
days. Tumor size is expressed as the mean estimated surface area Â±
SD. Statistical comparisons were made using Student's unpaired t test.

Growth of PI798 Cells in Culture. Cells were routinely maintained
in RPMI 1640 containing 5% fetal bovine serum (Flow; Celled Silver)
plus 25 mM Hepes,2 10 mM glucose. 4 IHMglutamine, and 0.02 ^M ÃŸ-

mercaptoethanol. The origin of the sensitive and insensitive subpopu
lations is described elsewhere (26). As dictated by experimental objec
tives, dexamethasone to a final concentration of 0.1 n\\ was added as a
solution of 0.1 m\i in 70% ethanol. Viability was estimated using
Cytodiachrome (Regis Biochemical Co.). Cells were diluted in phos
phate-buffered saline to a final concentration of 2-4 x 10* cells/ml.

Cytodiachrome was added to a final concentration of 1% (v/v). The
stained cells were loaded immediately into a hemocytometer and the
chambers were examined for total cell number (alive plus dead). Sub
sequently, the number of living cells was determined by recounting the
chamber. This protocol permits sufficient time for staining but is
sufficiently rapid that the viability of the cells is not affected by the dye.

1The abbreviations used are: Hepes, 4-(2-hydroxyethyl)-l-piperazineethane-

sulfonic acid; EGTA. [cthylenebis(oxyethylenenitrilo)]tetraacetic acid.

Each flask of cells was counted four times (four independent dilutions)
and the mean Â±SD was calculated.

P1798 cells were also adapted to growth in serum-free medium
containing RPMI 1640, glucose, glutamine, and fi-mercaptoethanol (as
described above). The medium was supplemented by addition of 5 Mg/
ml insulin, S .Â¡unil transferrin, and 5 ng/ml sodium selenite (Sigma
Chemical Co.; product 11884) plus 0.5% (w/v) bovine serum albumin
(Sigma fraction IV). The cells were adapted by gradually reducing the
concentration of fetal bovine serum. Approximately 10 passages were
required for adaptation and the cells used in these experiments had
been maintained in serum-free medium for 20-40 passages. Cell counts

and viability were measured as described above.
DNA Degradation. The extent of chromatin degradation was meas

ured by extracting DNA from cells that had been exposed to 0.1 pM
dexamethasone for various periods of time under various growth con
ditions. The cells were exposed to dexamethasone in medium, which
was removed by centrifugal washing in phosphate-buffered saline at
4"C. Approximately 4 x IO6cells were suspended in 0.4 ml of 10 mM

Hepes (pH 7.9), 10 mM KC1, 1.5 mM MgCl2, and 0.1 mM EDTA for
10 min on ice. Thereafter, 0.1 ml of 200 HIMHepes (pH7.9), 0.75 M
KC1, 17.5 mM MgClj, 0.5 mM EDTA, and 50% glycerol were added.
Cellular lysis was confirmed by staining with Cytodiachrome. Nuclei
were sedimented by centrifugation for 15 s at 10,000 x g. These were
suspended in 0.1 ml 20 mM Tris-HCl (pH 8), 150 mM NaCl, 1% sodium
dodecyl sulfate (w/v), plus l mg/ml proteinase K and were incubated
at 37Â°Covernight. Ammonium acetate was added to a final concentra

tion of 2.5 M and 1.0 ml of cold 95% ethanol was added. Nucleic acids
were precipitated at -70"C and sedimented by centrifugation at 10,000

x g for 15 min. The precipitate was washed with 75% ethanol, air
dried, and dissolved in 0.1 ml of 10 mM Tris-HCl (pH 8.0) containing
0.1 mM EDTA and 0.2% sodium dodecyl sulfate. Approximately 15-
20 ng of DNA from each sample were resolved by electrophoresis in
1.8% agarose gels in 50 mM Tris-acetate (pH 8.05) containing 20 mM
sodium acetate and 2 mM EDTA. The gels were stained with ethidium
bromide and DNA was quantified using a Biological Visions BVI4000
Biological Analysis System. The DNA Vision program of the BVI4000
automatically calculates the approximate sizes of degraded DNA frag
ments by reference to restriction fragments derived by digestion of
bactcriophage X DNA with Hindlll. Degraded DNA is arbitrarily
defined as fragments of <10 kilobases, which reflects the limits of
resolution of the agarose gels. DNA degradation was also analyzed in
vitro, in P1798 nuclei isolated as described above. Approximately IO7

nuclei were suspended in 0.5 ml of 50 mM Tris-HCl (pH 7.6) containing
0.1 mM EDTA and 0.1 mM EGTA. These were sedimented by centrif
ugation and suspended in 0.2 ml of the same buffer. Nuclei were
incubated at 25Â°Cor at 37Â°C.DNA was extracted, resolved by electro

phoresis on agarose gels, stained with ethidium bromide, and quantified
as described above.

RESULTS

Effect of Glucocorticoids upon PI 798 Viability and Prolifera
tion in Vivo and in Culture. Two prototypic PI798 cell lines
were used in the experiments described below. The wild type
line is designated C7 and the line designated 8xF is a derivative
that was selected by eight s.c. passages in glucocorticoid-treated
mice (26). The response of these tumors to glucocorticoids in
vivo is identical to that published previously for similar isolates
(26, 27) and may be briefly recapitulated. Tumors formed from
C7 cells undergo regression when exposed to cortisol or dexa
methasone. Approximately 50% reduction in tumor size is
observed within 24 h after a single injection of steroid. Com
plete regression can be observed if tumor-bearing mice are
treated with cortisol (25 mg/kg) on alternate days for 6 days.
Tumors formed from 8xF cells do not regress following a single
injection of dexamethasone or cortisol and continue to grow in
glucocorticoid-treated mice.

Tumors formed from C7 and 8xF cells exhibit a significant
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Fig. 1. Effect of glucocorticoids upon P1798 in medium containing fetal bovine
serum and in serum-free medium. Cultures were inoculated with C7 or 8xF at
densities of 1-4 x 10s cells/ml. Dexamethasone (0.1 UM) was added and cell
number and viability were estimated at 24-h intervals, thereafter. The concentra
tion of viable cells was normalized to that determined prior to addition of
dexamethasone. â€¢¿�,A, effects of dexamethasone in serum-free medium (see
"Materials and Methods"); O, A, effects of dexamethasone in serum-free medium

supplemented with 1% fetal bovine serum (v/v).
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Fig. 2. Rate of cell death in the presence of dexamethasone in serum-free

medium. Cultures were inoculated with approximately 5 x IO9C7 (U) or 8xF (HI)

cells. Dexamethasone (0.1 Â»IM)was added and cell number and viability were
determined at 2-h intervals thereafter. Data points, mean of three parallel exper
iments. Bars, SD. Control viability for all cultures was 85-94%.

and reproducible difference in glucocorticoid sensitivity in vivo.
However, they are almost indistinguishable with respect to
glucocorticoid sensitivity when exposed to dexamethasone in
culture in medium containing fetal bovine serum, as shown in
Fig. 1. Cells of both lines undergo more or less one doubling
following addition of 0.1 tiM dexamethasone (C7, open trian
gles; 8xF, open circles). The number of viable cells and the
percentage of viability (not shown) remain relatively constant
for at least 72 h in the presence of dexamethasone. This is
consistent with the observation that P1798 cells undergo re
versible GÃ¬arrest when exposed to glucocorticoids in medium
containing fetal bovine serum (29). However, P1798 cells ex
hibit a dramatically different response to dexamethasone in
serum-free medium. Both C"7 and 8x1 cells die in 0.1 Â¿tM

dexamethasone in serum-free medium, although C7 cells
(closed triangles) appear to die more rapidly than 8xF cells
(closed circles). The rate of cell death was measured at intervals
following addition of dexamethasone. As shown in Fig. 2, C7
cells (cross-hatched bars) die very quickly following the addition
of dexamethasone. A 50% decrease in viability is observed
within 4-6 h, and statistically significant loss of viability can
be demonstrated within 4 h (P < 0.01). No significant loss of
viability is observed in dexamethasone-treated 8xF cultures (P
> 0.1 at 8 h, open bars).

Cultures of C7 and 8xF in serum-free medium were exposed

to 0.1 MMdexamethasone for various periods of time. There
after, the dexamethasone-containing medium was removed and
cells were suspended in fresh medium. Viability and cell number
were estimated after 24 h, as shown in Fig. 3. Although no
significant cell death is observed when C7 cells are exposed to
dexamethasone for 2 h (Fig. 2), treatment of C7 cells for 2 h
causes a significant decrease in the number of viable cells
present 24 h after removal of the glucocorticoid (Fig. 3/4).
Treatment of 8xF for as long as 6 h has no effect upon the
number of viable cells. The effects of dexamethasone upon total
cell number (alive plus dead) are shown in Fig. 35. In Fig. 35
the number of cells present prior to addition of dexamethasone
is indicated by the bars labeled In (inoculum). One notes that
C7 cultures exhibit no net changes in total cell number following
a 2-h exposure to dexamethasone (P> 0.1 relative to inoculum).
Cultures of 8xF cells continue to grow following a 6-h exposure
to the steroid and are indistinguishable from untreated cultures
(P > 0.2 relative to 0 h control).

A glucocorticoid-resistant clone of PI798 (S20d.l) was
adapted to serum-free medium. The proliferation of this r~

clone in the presence and absence of dexamethasone was meas
ured, and the data are summarized in Table 1. The rate of
proliferation of all PI798 cell lines, including the resistant
clone, is somewhat reduced in serum-free medium. This is
evidenced by the population-doubling times in the presence and
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Fig. 3. Recovery of cultures after treatment with dexamelhasone (Dex). Rep
licate cultures were grown to densities of 5-9 x 10' cells/ml. These were exposed
to dexamethasone (0.1 /<\i) for the intervals indicated. Approximately 3x10"
cells were washed with serum-free medium and suspended in 5 ml of serum-free
medium. Viability and cell concentration were estimated 24 h after addition of
the steroid. .1 contains the number of viable cells and B the total cell number
(alive plus dead). In B, In (inoculum) is the number of cells that were present at
the time of addition of dexamethasone. Bars, SD of the mean determined by
counting the number of cells in each flask three times.
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Table 1 Effect ofdexamelhasone on PI 798-S2UJ. I in the presence and absence
of fetal bovine serum

Cultures were inoculated by addition of 10' cells/ml into serum-free medium
or serum-free medium plus 5rj fetal bovine serum (FBS). Dexamethasone (O.I

JIM) was added and cell number and viability were determined 0. 24. and 48 h
thereafter. Population-doubling time was calculated from the relationship

K=(T- 7-â€ž)ln2|<ln/V,-InA'o)-']

where 7"- T0is the elapsed time (h) and A',and A'0are the culture densities at the

intervals measured.

Dexamethasone

Serum-free 5% FBS

Interval population-doubling
time (h)

Day 0-1Day
1-2%

of viability (Â±SD)DayODay

1Day
2212493

Â±3Â°95

Â±590
Â±5252293

Â±390
Â±695

Â±519810098
Â±299

Â±120810099
Â±198
Â±2

" Mean Â±SD.

absence of fetal bovine serum. The viability of all P1798 cell
lines is reduced significantly in serum-free medium. However,
neither the proliferation nor the viability of the resistant clone
is affected by addition of dexamethasone.

The cytological sequelae of glucocorticoid treatment in
serum-free medium have been examined by microscopic obser
vation following vital staining with Cytodiachrome. After vital
staining, untreated cells exhibit a uniform pink staining pattern
with indistinct nuclei. A halo is visible around such cells and
viable P1798 cells appear to shine. Within 2 h after addition of
dexamethasone, one can observe cells in the early stages in the
cytolytic process. The cells become less shiny, as evidenced by
diminution of the halo effect. The nucleus begins to stain as a
distinct entity and appears dark red and more irregular in
surface texture than that observed in untreated cells. Cyto-
plasmic protrusions are often apparent. Evidence of nuclear
disintegration becomes apparent as cell death proceeds. The
pericellular halo is lost and nuclear morphology becomes irreg
ular. Whereas the nuclei of untreated cells are indistinct and
spherical, those of moribund cells stain blue or dark red and
are lobular or vacuolated. The cytological evidence is consistent
with the hypothesis that death under these circumstances is
associated with rapid nuclear disintegration (i.e., apoptosis).

Effect of Glucocorticoids upon Chromatin Structure. Gluco-
corticoid-mediated cell death (and apoptosis, in general) is
associated with progressive, internucleosomal DNA degrada
tion. Chromatin fragmentation was observed in C7 cells ex
posed to dexamethasone in serum-free medium, as shown in
Fig. 4A. These data are quantified in Fig. 4C, in which DNA
degradation, defined as appearance of DNA fragments of <10
kilobases, is shown as a function of time after addition of O.I
MMdexamethasone. One observes a rapid onset of internucleo
somal DNA fragmentation in C7 cells (triangles). Significant
degradation is apparent within 2 h and substantial fragmenta
tion occurs within 6 h. However, the extent of DNA fragmen
tation does not increase within 6 h after addition of dexameth
asone to cultures of 8xF cells (Fig. 4, B and C, circles). DNA
degradation can be observed when 8xF cells are incubated with
dexamethasone for 24 h or longer (data not shown).

The data presented above suggest that glucocorticoid insen-
sitivity of 8xF cells might be due to a decrease in the steady
state activity of the endonuclease that catalyzes chromatin

degradation in glucocorticoid-treated cells. To test this hypoth
esis, nuclei were isolated from C7 and 8xF cells and were
analyzed for internucleosomal DNA fragmentation in vitro.
The kinetics of DNA degradation in C7 and 8xF nuclei is
shown in Fig. 5. The data suggest that the endogenous endo
nuclease activity of 8xF cells (closed circles) is at least equal to
that of C7 cells (closed triangles). Similar results were obtained
using nuclei from cells that had been exposed to glucocorticoids
for 2 h prior to isolation of nuclei (Fig. 5, open symbols).
Growing P1798 cells in fetal bovine serum does not appear to
have a significant effect upon basal activity of the endogenous
endonuclease, as illustrated by the data shown in Table 2. In
this experiment, endonuclease activity was measured in nuclei
isolated from C7 and 8xF cells that had been maintained in
serum-free medium or in medium containing 5% fetal bovine
serum (Table 2, Column A). Consistent with the data shown in
Fig. 5, the extent of internucleosomal DNA degradation is
similar in nuclei from C7 and 8xF cells grown in serum-free
medium. Similar results were obtained using nuclei from C7
and 8xF cells grown in 5% fetal bovine serum. Fragmentation
does not require the addition of divalent cations and is not
stimulated by the addition of 2.5 HIM Ca2+ (Table 2, Column
B), 2.5 HIMMg:+ (Table 2, Column C), or 2.5 HIMconcentra
tions each of Ca2+ and Mg2+ (Table 2, Column D). However,

DNA degradation is inhibited by 10 mivi EDTA (Table 2,
Column E) and by 10 mM each of EDTA and EGTA (Table 2,
Column F).

DISCUSSION

Selection for resistance to the cytolytic effects of glucocorti
coids in vivo yields cells that are completely sensitive to the
growth-inhibiting effects of glucocorticoids in culture. Further
more, cells that are selected for insensitivity in vivo harbor no
detectable glucocorticoid receptor mutation (27). Stevens et al.
(30, 31) have isolated a glucocorticoid-resistant P1798 tumor
line that expresses a receptor mutation of the nt type, as
evidenced by a truncated receptor. To our knowledge, this is
the only well-characterized receptor mutation that has been
obtained following selection in vivo. We have selected many
insensitive subpopulations of P1798 and several other murine
T-lymphoma lines and have not recovered a cell line with any
obvious defect in glucocorticoid binding (26, 32). On the basis
of these observations, we have concluded that receptor mutation
rarely accounts for glucocorticoid resistance in vivo among
murine T-lymphomas. This is in striking contrast to the situa
tion that prevails when one selects for resistance in culture.

If not receptor mutation, what then accounts for glucocorti
coid insensitivity in vivo! Furthermore, how does one account
for the observation that wild type P1798 cells die when exposed
to glucocorticoids under certain circumstances (in vivo and in
serum-free medium) but do not die under other circumstances
(in culture in the presence of fetal bovine serum)? The data
indicate that glucocorticoid responsiveness is an epigenetic
phenomenon that is influenced by the cellular environment.
This may be a relatively nonspecific effect that is attributable
to the fact that PI 798 cells grown in fetal bovine serum are less
sensitive simply because they are significantly "healthier" than

cells grown in serum-free medium or s.c. tumors. An alternative
hypothesis to account for environmental effects upon glucocor
ticoid sensitivity invokes the attenuation of the response by
specific factors. Such factors have been proposed to modulate
glucocorticoid responsiveness of hepatoma cells in culture (33),
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Fig. 4. Effects of dexamethasone (Dex) on chromatin degradation in vivo. P1798 cells of the C7 (A) or 8xF (B) lines were exposed to dexamethasone in serum-free
medium for the intervals indicated. Nuclei were isolated, and the DNA was extracted and resolved by electrophoresis on agarose gels as described in "Materials and
Methods." Approximately 20 ng of DNA are contained in each sample lane. Lane m contains 1.5 Â¿igof DNA fragments derived by digestion of bacteriophage XDNA

with ///mill I. The gels were analyzed using the BVI4000 system, and the rate of DNA degradation was estimated as a function of appearance of DNA fragments of
<10 kilobases. The quantitative data are shown in C.

100

Hours at 37Â°

Fig. 5. DNA degradation in isolated PI798 nuclei. Nuclei were isolated from
C7 and 8xF cells grown in serum-free medium without dexamethasone (A, â€¢¿�).
Nuclei were also isolated from cells that had been exposed to 0.1 fiM dexameth
asone for 2 h in serum-free medium (O, A). The isolated nuclei were incubated
for various periods of time at 37'C, as described in "Materials and Methods."

DNA was extracted and ~20 ng was resolved by electrophoresis on agarose gels
and quantified. The rate of degradation is defined as the rate of appearance of
DNA fragments of <10 kilobases.

and it is possible that fetal bovine serum contains some sub-

stance(s) that suppresses lysis. The ability to elaborate and/or
respond to an attenuator of the lytic response might be a
selectable phenotype and could account for the differences
between C7 and 8xF cells.

In thinking about environmental effects on glucocorticoid
sensitivity and how this might influence selection of insensitive
populations, one should also consider the fact that selection for
glucocorticoid resistance in vivo involves a very different phar-
macokinetic situation than that which prevails in culture. Ex
posure to glucocorticoids is episodic in vivo and sustained in
culture. We have determined that maximum occupancy of the
glucocorticoid receptor is achieved within 2 h after injection of
dexamethasone into a tumor-bearing mouse (26). Receptor
occupancy diminishes rapidly thereafter, and cytolysis must be
entrained within a 4-6-h "window" of receptor occupancy. One

assumes that the commitment to cell death will be determined
by the amount of damage that occurs during this brief period
of exposure, and it is formally possible that a cell might become
insensitive in vivo by virtue of a delayed response. A delayed
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Table 2 Effects of medium and divalent cations on DNA degradation in vitro
Nuclei, isolated from cells grown in serum-free medium (SFM) or in medium

containing 5% fetal bovine serum (FBS), were incubated for 3 h at 25Â°C.DNA
was extracted and analyzed by agarose gel electrophoresis, as described in "Ma
terials and Methods." DNA degradation in untreated nuclei (0 h at 25Â°C)was 7

Â±4%<10 kilobases.

%ofDNA<10kilobases

Additions(HIM)EDTAEGTACa2+Mg2*Cell/mediumC7/SFMC7/FBS8xF/SFM8xF/FBSMean0.10.14543527052

Â±10Â°0.10.22.54451547656Â±120.10.12.54551547757Â±120.10.12.52.54237546652Â±10*100.155696Â±2f10101211478Â±5Â¿

" Mean Â±SD.
* P > 0.95 relative to degradation in 0.1 mvi EDTA and EGTA.
c P < 0.001 relative to degradation in 0.1 mM EDTA and EGTA; P > 0.6

relative to untreated control.
d P < 0.001 relative to degradation in 0.1 mM EDTA and EGTA; P > 0.7

relative to untreated control.

response would not render the cell resistant to glucocorticoids
in culture. The agonist is present continuously in culture; and
although the cell might die more slowly, it would die
nevertheless.

A comparison of the rates of DNA fragmentation and cytol-
ysis of P1798 variants in culture suggests that variation in
glucocorticoid sensitivity is indeed associated with a difference
in the rate of response. Wild type P1798 cells (e.g., C7) die
rapidly in serum-free medium and cell death is associated with
internucleosomal degradation of chromatin. The kinetics of
DNA degradation roughly conforms to that of cytolysis and
appears to be sufficient to account for a 50% reduction in viable
cells following a 2-4-h exposure to dexamethasone. Cells that
were selected for insensitivity in vivo (e.g., 8xF) exhibit a
delayed onset of nuclear disintegration and cell death. Although
such cells die after prolonged exposure to dexamethasone, they
are capable of surviving exposure for greater than 6 hours.
Thus, the phenotype of C7 and 8xF cells in serum-free medium
appears to recapitulate that which prevails in vivo. The data are
consistent with the hypothesis that transitory exposure to glu
cocorticoids in vivo selects for cells that exhibit a delay in the
induction of the lytic response.

The mechanism that accounts for the lytic response in un
known. Increased intracellular Ca2+ precipitates an apoptotic

response in S49 mouse lymphoma cells (10), and it has been
proposed that glucocorticoids induce expression of a protein
that regulates Ca2+ conductance in thymocytes (6). It has been
proposed that increased intracellular Ca2* directly or indirectly

stimulates an endonuclease that degrades nuclear chromatin.
The metal requirements of this endonuclease in P1798 cells are
difficult to discern from our experiments. Although very high
concentrations of chelators inhibit endonucleolytic degradation,
the enzyme is fully active in 0.1 mM EDTA and EGTA. Addi
tion of Ca2+ and/or Mg2* does not stimulate. The nuclei used

in these experiments were prepared in 2 mM MgCli and,
although the nuclei were washed with EDTA and EGTA, it is
possible that they contain sufficient residual free Mg2+ to sup

port endonuclease activity in the presence of 0.1 mM EGTA. It
is unlikely that these nuclei are contaminated with free Ca2+

sufficient in concentration to exceed the chelating capacity of
EDTA and EGTA at 0.1 mM each. If this nuclease requires

Ca2+ and/or Mg2+, the cations must be very tightly bound to

the enzyme. The metal requirements of this endonuclease re
quire a more detailed analysis. Nevertheless, the data are not
consistent with the hypothesis that this activity is directly
stimulated by Ca2+. In this respect, P1798 cells appear to more
closely mimic the properties of the human T-leukemia cell line
CCRF CEM-C7, in which it has been difficult to establish a
link between intracellular Ca2+and induction of endonucleolytic

chromatin degradation (14, 34).
Although it is clear that sensitive and insensitive P1798 cells

respond to glucocorticoids at different rates, the mechanism
that accounts for variation in the rate of induction of the lytic
response is not known. Both sensitive and insensitive PI 798
cells express an endonuclease that is capable of degrading the
chromatin into internucleosomal fragments in vitro. It has been
proposed that glucocorticoid-mediated cell death results from
activation and/or induction of this endonuclease (7, 9-11). The
basal activity of the endonuclease, as determined in nuclei from
untreated cells, does not correlate with glucocorticoid sensitiv
ity. Treatment with dexamethasone for 2 h does not result in a
significant increase in the rate at which DNA is degraded in
vitro. The data suggest that the endonuclease(s) that catalyzes
this reaction is fully activated during nuclear isolation. If this
is so, then the basal activity that is observed in isolated nuclei
from control cells probably reflects the maximum velocity that
can be achieved in response to an apoptotic stimulus. In any
event, the data indicate that variation in the rate of glucocorti-
coid-induced chromatin fragmentation in different cells under
different growth conditions cannot be attributed to failure to
express this particular endonuclease activity.

If activation (or induction) of an endonuclease is involved in
cytolysis of P1798 cells, the ability to activate this enzyme may
be governed by two different parameters. Genetic variation in
the rate of activation/induction may account for stable resist
ance to the cytolytic effects of glucocorticoids in vivo. Environ
mental factors (e.g., growth in vivo, presence of fetal bovine
serum) may also influence the kinetics of induction and/or
activation of the degradative principle. An alternative hypoth
esis would propose that glucocorticoid-mediated cell death var
ies as a function of DNA repair processes. Cells with more
effective repair systems would be relatively less sensitive. Ge
netic or stable, epigenetic variation in the rate of repair might
form a basis for selection for glucocorticoid resistance in vivo.
Physiological or environmental variation in DNA repair may
be superimposed upon basal repair rates so as to account for
differences in response under different growth conditions. Fi
nally, the data do not preclude the possibility that glucocorti
coids cause chromatin degradation by either direct or indirect
inhibition of DNA repair. According to this hypothesis, the
rate of DNA fragmentation would be constant under all circum
stances. The rate of cell death in different cell lines under
different growth conditions would be determined by the rate or
extent of glucocorticoid inhibition of repair.

In conclusion, the properties of P1798 cells define a novel
type of steroid insensitivity that may account for resistance to
the chemotherapeutic effects of glucocorticoids. The data are
consistent with the hypothesis that cytolysis is expressed as an
epigenetic process that is induced at different rates in different
cells and under different conditions. The data indicate that
resistance in vivo is associated with a decrease in the net rate of
activation or induction of internucleosomal DNA fragmenta
tion. The data suggest that glucocorticoid insensitivity is not
due to differences in basal expression of the enzyme that cata-
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lyzes DNA degradation but rather correlates with the kinetics
of induction of programmed cell death in culture and probably
in vivo. Our observations raise more questions than answers
concerning the mechanism that accounts induction of DNA
degradation or for variability in the rate at which this occurs.
None of the data presented here enables one to discriminate
among a number of alternative hypotheses. Nevertheless, as
pects of these hypotheses are experimentally testable and ex
periments to this end are currently in progress.
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