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Studies have indicated that deregulated oncogene expression can result in either programmed cell death or
proliferation, depending on the cellular microenvironment. However, little is known about whether oncogenic
signals in themselves are able to activate a cellular apoptotic program. We have tested the hypothesis that
oncogenic signals in the absence of gene expression are sufficient to induce cell death, which would indicate that
constitutive expression of antiapoptotic genes is necessary for maintenance of the transformed state. Using two
highly specific RNA polymerase (RNAP) II inhibitors, 5,6-dichloro-1-3-p-ribofuranosylbenzimidazole (DRB)
and a-amanitin, which inhibit RNAP II function by two distinct mechanisms, we found that inhibition of gene
expression substantially increased apoptosis in a time- and dose-dependent manner in p53*/*- and p53~/~-
transformed mouse embryonic fibroblasts and in HeLa cells, demonstrating that this type of apoptosis does not
require wild-type p53. Engineered expression of an a-amanitin resistance RNAP II gene rendered cells
resistant to induction of apoptosis by a-amanitin without affecting their sensitivity to DRB, indicating that
«-amanitin induces apoptosis solely by inhibiting RNAP II function and not by a nonspecific mechanism.
DRB-induced apoptosis was independent of the cell cycle or ongoing DNA replication, since DRB induced
similar levels of apoptosis in asynchronous cells and cells synchronized by collection at mitosis. Inhibition of
RNAP II in untransformed cells like Rat-1 or human AG1522 fibroblasts resulted not in apoptosis but in
growth arrest. In contrast, deregulated expression of c-Myc in Rat-1 cells dramatically increased their sensi-
tivity to DRB, directly demonstrating that apoptosis following inhibition of RNAP II function is greatly
enhanced by oncogenic expression. The requirement for RNAP II function to prevent oncogene-induced
apoptosis implies the need for the constitutive expression of an antiapoptotic gene(s) to maintain the trans-
formed state. The differential sensitivities of untransformed and transformed cells to induction of apoptosis by
transcriptional inhibition, coupled with the finding that this type of apoptosis is independent of p53 status,
suggest that inhibition of RNAP II may be exploited therapeutically for the design of successful antitumor

agents.

Apoptosis, or programmed cell death, is a process by which
a cell initiates an endogenous program of self-destruction
which results in the disintegration of its genetic and physical
architecture in response to genotoxic damage or changes in its
microenvironment (19, 49, 52). An important modulator of the
cellular response to stress is the product of the tumor suppres-
sor gene pS3. The loss of functional p53 can have profound
implications for tumorigenesis, tumor promotion, and the re-
sponse to chemotherapy (17, 26, 31, 36). In the past, the ability
of inhibitors of macromolecular synthesis to block some forms
of stress-induced apoptosis (38) led to the hypothesis that
apoptosis is an active, energy-dependent process of self-de-
struction. Though data to support this hypothesis exist, it has
also been shown that in certain cases, inhibitors of macromo-
lecular synthesis have no effect on the induction of apoptosis
by stress (5, 39, 47). In fact, some studies have suggested that
inhibition of macromolecular synthesis may itself actually trig-
ger the apoptotic induction (9, 18, 39). However, little atten-
tion has been paid to the genotypic changes in the cell that
predispose it to this form of death.

The consequences of deregulated oncogene expression are
highly dependent on the cellular microenvironment. For ex-
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ample, under physiological conditions, cells expressing the c-
myc, adenovirus early region 1A (E1A4), or human papilloma-
virus (HPV) E6/E7 oncogenes exhibit increased proliferation
rates, but when they are exposed to serum deprivation or
low-oxygen conditions they readily undergo apoptosis (10, 15,
19). The theory that has arisen from these findings is that
exogenous stress is necessary to initiate the apoptotic program
in oncogenically transformed cells and that proapoptotic gene
products like p53 modulate the apoptotic sensitivity of trans-
formed cells to stress. We wished to investigate whether, and
under which conditions, oncogenic activity could signal for
apoptosis in the absence of exogenous stress (19, 31, 37). The
basic premise underlying these studies is that some forms of
oncogenic expression require the constitutive expression of
antiapoptotic genes to direct the cell towards the proliferative
state instead of the apoptotic state. If this hypothesis is correct,
then inhibition of gene expression by inhibition of RNA poly-
merase (RNAP) II function should be sufficient to signal for
apoptosis in oncogenically transformed cells while having little
effect on untransformed cells.

A crucial drawback of studies using inhibitors of macromo-
lecular synthesis is the lack of specificity and the resulting
pleiotropic effects of these agents on cellular function, which
may mask or compound their effects on macromolecular syn-
thesis (39). For example, actinomycin D, which has been used
as an inhibitor of RNA synthesis in some studies, is not a bona
fide transcription inhibitor but rather a DNA-damaging agent
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which inhibits RNA synthesis by intercalating itself into the
bases of DNA and creating a physical block to the movement
of RNAPs I, 11, and III. In fact, because of these properties,
actinomycin D has been widely used as a DNA-damaging agent
to study the cellular response to genotoxic stress (2, 27, 29).
Therefore, it is possible that actinomycin D may elicit apopto-
sis primarily through its DNA-damaging properties and not by
inhibiting transcription.

Since we wished to study the effects of RNAP II inhibition
without significant additional effects elicited by DNA damage
or extensive inhibition of the other two RNAPs (RNAP I and
RNAP III), we decided to use two nongenotoxic inhibitors,
a-amanitin and 5,6-dichloro-1-B-p-ribofuranosylbenzimida-
zole (DRB), that exhibit the highest possible specificity for
RNAP II. The use of two agents which inhibit RNAP IT func-
tion by two distinct mechanisms (see below) further minimized
the possibility that the observed effects on cell viability would
be due to a nonspecific action rather than to RNAP II inhibi-
tion. Moreover, the existence of an «-amanitin resistance
RNAP II gene, RPII 215, provided us with a unique genetic
tool for investigating the specificity of the effects of RNAP II
inhibition on the cellular apoptotic program. Recent studies
have also linked the inhibition of RNAP II with the induction
of the p53 protein (35, 54), suggesting that inhibition of RNA
synthesis may lead to apoptosis via a p53-dependent pathway.
To investigate this possibility, we examined the effects of
RNAP II inhibition in cells expressing wild-type (wt) p53 and
in cells lacking functional p53. These experiments investigated
the requirement of ongoing gene expression to prevent cell
death and promote proliferation in these different types of
oncogenically transformed cells.

MATERIALS AND METHODS

Cell lines. Murine embryonic fibroblasts (MEFs) with two intact p53 alleles
(p53™/*) or two homozygous deleted p53 alleles (p537/7), transfected with the
activated Ha-ras and adenovirus E14 genes, have been previously described (19,
37). MEFs were cultured in Dulbecco’s minimum essential medium (DMEM)
containing 10% fetal calf serum, 100 g of G418 (Sigma Chemicals, St. Louis,
Mo.) ml~!, and 20 pg of hygromycin (Sigma) ml~!. Rat-1 fibroblasts transfected
with the plasmid pBABEpuro c-mycER, which encodes a Myc/ER chimera
protein that is activated by 200 nM 4-hydroxytamoxifen (4-HT) (19, 33), were
cultured in DMEM with 10% fetal calf serum containing 1.5 wg of puromycin
ml~". HeLa cells (American Type Culture Collection) and untransformed Rat-1
fibroblasts (a gift from Susan Knox, Stanford University) were maintained in
DMEM supplemented with 10% fetal calf serum. All cells were seeded in 60-mm
dishes at densities of 2 X 10° to 5 X 10° cells/plate the day before treatment.

DRB and a-amanitin treatments. DRB (Sigma) was first dissolved in dimethyl
sulfoxide (DMSO) and then in culture medium to the desired final concentration
in 0.1% (vol/vol) DMSO in medium. DMSO treatment alone (0.1% [vol/vol]) did
not have any significant effect on cell viability or on [*H]uridine incorporation.
a-Amanitin (Sigma) was dissolved in phosphate-buffered saline (PBS). All incu-
bations with drugs were performed in a 37°C cell incubator.

Measurement of apoptosis. Following treatment, cells with apoptotic mor-
phology were identified by staining with Hoechst dye 33342 (blue) (5 pg ml™!)
for changes in nuclear characteristics and with propidium iodide (pink) (5 ng
ml~") for loss of membrane integrity or by the terminal deoxytransferase-medi-
ated deoxyuridine nick end-labeling (TUNEL) assay (Oncor, Gaithersburg, Md.)
for in situ detection of fragmented chromatin. The TUNEL assay was performed
according to the manufacturer’s specifications. The percent apoptotic cells rel-
ative to the total number of cells in each field was calculated and represents the
average of at least four randomly selected fields per 60-mm dish.

Effect of DRB on RNA and DNA synthesis. To assess the effect of DRB on
[*H]uridine incorporation, cells were treated with DRB for 3 h as described
above, after which [*H]uridine (2 p.Ci ml~') was added to the medium. After 1 h
of labeling at 37°C, cells were washed three times with ice-cold PBS, collected in
PBS, and centrifuged at 5,000 X g. Cells were resuspended in PBS containing 2
mM EDTA and lysed by three rounds of freeze-thawing. Trichloroacetic acid
(TCA) precipitation of macromolecules and scintillation counting were per-
formed as described previously (41). The percent [*H]uridine incorporation in
treated cells relative to that in untreated cells was graphed. Due to the inhibitory
effect of DRB on [*H]uridine uptake by the cells (45), a correction factor was
used for measuring [*H]uridine incorporation. In this procedure, the ratio of
experimental to control TCA-precipitable radioactivity was divided by the ratio
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of experimental to control total radioactivity of the samples. For measurement of
incorporation of [*H]uridine into mRNA, cells were incubated with [*H]uridine
as described above, and poly(A)* RNA was isolated with an oligo(dT) column
with the Micro-FasTrack kit (Invitrogen, San Diego, Calif.) according to the
manufacturer’s protocol. The isolated poly(A)* RNA was resuspended in 60 pul
of Tris-HCl buffer, and 20 pl was used for scintillation counting of radioactivity.
To assess the effect of DRB on DNA synthesis, TCA precipitation of macro-
molecules and scintillation counting were performed after incubation with
[*H]thymidine (1 wCi ml~!) for 30 min. We did not observe any inhibitory effect
of DRB on thymidine uptake. The percent [*H]thymidine incorporation in
treated cells relative to that in untreated cells was graphed.

Cell transfections. p53~/~ MEFs were transfected with 10 ug of RPII 215
DNA, and HeLa cells were cotransfected with 10 g of RPII 215 DNA and 1 pg
of a neomycin resistance gene vector (pMClneo Poly A; Stratagene). All trans-
fections were performed with the cationic lipid Lipofectamine (Gibco-BRL)
according to the manufacturer’s protocol. Control cells received no DNA or were
transfected with the neomycin resistance gene alone. p53~/~ MEFs were grown
for 24 h before a-amanitin (2 pg ml~') was added to the medium for an
additional 14 days. HeLa cells were grown for 24 h before Geneticin (500 ng
ml™") (Sigma) was added to the medium for an additional 18 days. Selected
clones were individually tested for a-amanitin and DRB sensitivity.

Immunoblotting and immunocytochemistry. For immunoblotting following
treatment, cells were rinsed three times with PBS and lysed in lysis buffer (PBS
containing 2 g each of aprotinin, pepstatin, leupeptin, and antipain ml~" and 1
mM phenylmethylsulfonyl fluoride). For analysis of RNAP II phosphorylation
status, the lysis buffer also contained EDTA (2 mM) and NaF (1 mM). Whole-
cell extracts were prepared by three rounds of freeze-thawing, and protein
estimation was performed with the bicinchoninic acid method (Pierce, Rockford,
I11.). Extracts (25 ug of protein) were subjected to denaturing gel electrophoresis
and immunoblotting. After transfer, the nitrocellulose membrane was first incu-
bated either with a mouse monoclonal antibody (12CAS; Berkeley Antibody
Company) which recognizes the 9-amino-acid hemagglutinin epitope of the RPII
215 gene product or with a mouse monoclonal antibody (SWG16; a gift from
Nancy Thompson, University of Wisconsin) which recognizes the carboxy-termi-
nal domain (CTD) of the largest RNAP II subunit; then the membrane was
incubated with a goat anti-mouse antibody, followed by enhanced chemilumi-
nescence treatment (ECL kit; Amersham).

For immunocytological detection of RPII 215 expression, cells plated on
chamber slides were washed with PBS and fixed with methanol (100% [vol/vol],
—20°C). After blocking with goat serum (10% [vol/vol]), cells were incubated
with antihemagglutinin antibody for 1 h, rinsed three times with PBS, and
incubated with a fluorescein-labeled anti-mouse secondary antibody for 20 min.
To determine cells with apoptotic morphology, cells were also counterstained
with Hoechst dye 33342 (200 p.g ml™") and visualized by fluorescent microscopy.

RESULTS

DRB induces apoptosis in transformed MEFs and HeLa
cells. MEFs expressing wt p53 (p53™/* MEFs) and MEFs from
p53-deficient mice (p53~/~ MEFs) that express the adenovirus
E1A gene and activated Ha-ras oncogenes have been well char-
acterized in terms of their apoptotic response to a variety of
stress stimuli (19, 37). The E1A4 oncogene binds to and inacti-
vates the retinoblastoma (Rb) protein, a key modulator of cell
cycle regulation (10). This type of oncogenic expression, in
conjunction with enhanced ras activity, dramatically lowers the
threshold of these cells’ sensitivity to apoptotic stimuli and
provides a useful system for the study of the influence of p53
status on apoptotic response.

The ribonucleoside analog DRB is a potent and reversible
inhibitor of transcriptional elongation by RNAP II (45, 57)
through a mechanism that appears to involve inhibition of a
TFIIH-associated kinase activity and subsequent dephosphor-
ylation of the CTD of RNAP II (13, 55). DRB specifically
inhibits RNAP II-dependent heterogeneous nuclear RNA syn-
thesis without significantly affecting RNAP I- or RNAP III-
dependent RNA synthesis or altering the physical integrity of
the DNA (45, 57).

DRB was found to induce substantial apoptosis in both
p53*/*- and p53 /" -treated cells compared to untreated con-
trol cells when the former were assayed for changes in nuclear
morphology and membrane integrity (Fig. 1a to d and 2a). The
effect of DRB was not restricted to MEFs, as treatment of
human HeLa cells, in which p53 protein expression is abro-
gated by the HPV E6 gene product, also induced significant
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FIG. 1. DRB induces apoptosis in oncogenically transformed cells independent of their p53 status. Cells were treated with DMSO alone (a, ¢, e, and g) or with DRB
(100 M) in DMSO (b, d, £, and h) for 12 h. Following treatment, cells with apoptotic morphology were identified by staining with Hoechst dye 33342 (blue) for changes
in nuclear characteristics and with propidium iodide (pink) for loss of membrane integrity (a to f) or by the TUNEL assay (yellow-green fluorescence) for in situ
detection of fragmented chromatin (g and h) at a X200 magnification. The inset in panel b shows a larger magnification (X600) of the characteristic nuclear
condensation and fragmentation observed in many cells undergoing apoptosis.

7308



VoL. 17, 1997
O control DMSO 0.1% DRB 0.01mM
B orsot1mM B DRB1mM
75+
T
K4
]
(1]
(4]
2
o
S
o
[~
Qo
<
®

p53+/+

p53-/- HelLa

p53-INDEPENDENT APOPTOSIS BY RNAP II INHIBITION

b

7309

O control B ore0.1mM

% Apoptotic cells

4h

8h 12h

P53+/+ p53-/- HelLa

FIG. 2. (a) Quantification of the apoptotic responses of p53™/*, p53~/~, and HeLa cells to various concentrations of DRB after 12 h of treatment. Data are the
averages = standard deviations of three independent experiments. (b) Quantification of DRB-induced apoptosis after treatment of p53™/*, p537~/~, and HeLa cells

with DRB (100 M) for various times.

apoptosis, as determined by assessing morphological changes
(Fig. 1e and f and 2a) and by assessing DNA fragmentation
with the TUNEL assay (Fig. 1g and h).

DRB-induced apoptosis was evident as early as 4 h after
incubation with drugs and reached 50 to 72% by 12 h after
(Fig. 2a and b). Prolonged (24-h) incubation of MEFs or HeLa
cells with DRB resulted in the appearance of apoptotic mor-
phology in >90% of the treated cell populations (data not
shown). The induction of apoptosis by DRB correlated with its
inhibitory effect on transcription, as determined by measuring
the inhibition of [*H]uridine incorporation into total RNA
(TCA-precipitable material) (Fig. 3a). DRB induced signifi-
cant apoptosis and inhibition of RNA synthesis at concentra-
tions between 0.01 and 0.1 mM, which have previously been
demonstrated to inhibit transcription in vivo (13) and have also
been shown to inhibit phosphorylation of the RNAP II CTD by
TFIIH kinase in vitro (55). We investigated whether DRB
induced dephosphorylation of the CTD of RNAP II in vivo in
cells that were apoptotically sensitive to this drug. MEFs and
HelLa cells were treated with DRB (0.1 mM) for 2 h, and
whole-cell extracts were subjected to gel electrophoresis and
immunoblotting with an anti-CTD antibody. The immunore-
activity of a series of bands extending from ~220 to 240 kDa
which represent RNAP II with phosphorylated CTD was sub-
stantially decreased in extracts from cells treated with DRB
(Fig. 3b), suggesting that DRB induces dephosphorylation of
the RNAP II CTD.

a-Amanitin also induces apoptosis in transformed MEFs
and HeLa cells. Although DRB is a highly specific inhibitor of
RNAP II, there still exists the possibility that induction of
apoptosis following DRB treatment is due to a nonspecific
effect of DRB on a cellular target other than RNAP II. To
further investigate the role of RNAP II inhibition in signaling
for apoptosis, we treated p53*'* and p53~/~ MEFs as well as
HelLa cells with a second RNAP II inhibitor, a-amanitin, which
directly and specifically binds to the largest (210-kDa) subunit
of RNAP II and prevents the elongation of nascent heteroge-
neous nuclear RNA chains (8, 11). a-Amanitin is the most
specific inhibitor of RNAP II known, with a K; ranging between

3 X 107% and 3 X 1077 M in vitro (50). RNAP III, which is
responsible for the synthesis of tRNAs and low-molecular-
weight RNAs, is 10° to 10* times less sensitive, while RNAP 1,
which synthesizes TRNAs, is not sensitive to a-amanitin, even
at high drug concentrations (50). a-Amanitin also induced
substantial apoptosis in p53*/* and p53~/~ MEFs and HelLa
cells in a dose-dependent manner (Fig. 4). Apoptosis induced
by a-amanitin had kinetics similar to those of DRB-induced
apoptosis (data not shown) and reached 47 to 52% after a 16-h
treatment.

An a-amanitin resistance RNAP II gene construct (RPII
215) confers resistance to a-amanitin-induced apoptosis and
transcriptional inhibition when transfected into p53~'~ MEFs
and HeLa cells. To further investigate whether a-amanitin-
induced apoptosis results from direct inhibition of RNAP II,
we transfected p53~/~ MEFs and HeLa cells with an a-aman-
itin resistance RNAP II gene construct (RPII 215) (Fig. 5a).
The RPII 215 gene product carries a single amino acid substi-
tution at the o-amanitin binding pocket, which results in a
500-fold increase in its resistance to a-amanitin (1) (see Ma-
terials and Methods). The construct also contains a hemagglu-
tinin epitope for monitoring its expression (16). p53~/~ MEF
clones were transfected with the RPII 215 construct and se-
lected by long-term exposure to low doses of a-amanitin. HeLa
cells were cotransfected with the RPII 215 gene and a neomy-
cin resistance gene, and clones were selected by resistance to
the antibiotic G418 (Geneticin). Untransfected cells and cells
transfected only with the neomycin resistance gene did not
form any colonies after selection with a-amanitin. Immunoblot
analysis of «-amanitin-resistant p53~/~ MEFs and Hela
clones with an antihemagglutinin monoclonal antibody re-
vealed that only transfected cells expressed the hemagglutinin
epitope, while RNAP II immunoreactivity was evident in both
nontransfected and transfected clones (Fig. 5b). Seven a-
amanitin-resistant p53~/~ clones (MRPr) and five a-amanitin-
resistant HeLa clones (HRPr) were subsequently tested for
apoptotic induction after exposure to a-amanitin and DRB.
All clones were highly resistant to apoptosis when challenged
with high doses of a-amanitin (20 pwg ml™") for 16 h (Fig. 5¢
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FIG. 3. (a) Dose-dependent inhibition of [*H]uridine incorporation by DRB
in p53™/*, p537/~, and HeLa cells after a 3-h treatment. Cells were preincubated
with [*H]uridine for 15 min, after which DRB at various concentrations was
added to the medium and labeling was continued for 3 h. TCA-precipitable
counts were measured and normalized against total cell counts. (b) DRB inhibits
the phosphorylation of the CTD of RNAP II. Cells were treated with DRB (100
mM) for 2 h, after which they were lysed and whole-cell extracts were subjected
to sodium dodecyl sulfate electrophoresis and immunoblotting with an anti-CTD
monoclonal antibody (8GW15). The hyperphosphorylated (ITo) and unphos-
phorylated (ITa) forms of RNAP II are indicated. C, control.

and d), unlike their wild-type counterparts. All the a-amanitin-
resistant p53~/~ and HeLa clones were found to have retained
their sensitivity to DRB-induced apoptosis. These results indi-
cate that a-amanitin induces apoptosis in these cells by inhi-
bition of RNAP II function and not through a secondary,
nonspecific mechanism.

To more directly examine the effect of RPII 215 expression
on a-amanitin sensitivity, untransfected HeLa cells were mixed
with HeLa-RPII 215 cells (clone HRPr.4) at a 1:1 ratio, plated
on chamber slides, and exposed to a-amanitin. Following treat-
ment, the cells were fixed, immunostained with the antihem-
agglutinin antibody, and stained with Hoechst dye 33342. Mor-
phological features characteristic of apoptosis were evident in
the majority of the cells that were not immunoreactive (i.e.,
untransfected HeLa), while none of the immunoreactive cells
(i.e., those expressing the epitope-tagged RPII 215 gene)
showed any morphological signs of apoptosis (Fig. 6a to c).
When the treatment period was 48 h, all surviving cells were
positively stained for the epitope-tagged RPII 215 gene (not
shown). These results more directly demonstrate that RNAP II
inhibition by a-amanitin is the signal for apoptosis in a-aman-
itin-treated cells.

To examine whether the protection against a-amanitin-in-
duced apoptosis conferred by the a-amanitin resistance gene
correlated with a resistance against inhibition of mRNA syn-
thesis, p53~/~ MEFs and p53 '~ MEFs transfected with the
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RPII 215 gene (clone MRPr.4) were incubated with [*H]uri-
dine and then treated with a-amanitin. Poly(A)* RNA was
isolated, and TCA-precipitable counts were measured. In
p53~/~ MEFs, a-amanitin reduced mRNA synthesis to 41% =
9% (standard error of the mean; n = 3) of control values 4 h
after treatment and to 23% = 14% of control values 8 h after
treatment. Beyond this incubation period, extensive apoptosis
in the p53~/~ MEFs did not allow for an accurate estimation of
[*H]uridine incorporation into poly(A)" RNA. In contrast,
a-amanitin had no significant effect on mRNA synthesis 4 h
after treatment (106% = 23% of control values) and only a
modest effect (73% = 15% of control values) at 8 h after
treatment with the MRPr.4 clone. This level of inhibition re-
mained constant even after 16 h of incubation with a-amanitin
(71% = 12% of control values). These results confirm that the
RPII 215 gene confers resistance to a-amanitin-induced apo-
ptosis by continuing to synthesize mRNA in these cells in the
presence of this agent.

DRB-induced apoptosis occurs independently of the cell cy-
cle or ongoing DNA replication. It has been proposed that
progression of cells in S phase under conditions which inhibit
the propagation of the replication fork (e.g., limiting ribonu-
cleotide pools) may lead to DNA damage and increased chro-
mosomal breakage (32, 51). Since DRB also affects the rate of
DNA replication (see below), the possibility existed that DRB
could be inducing apoptosis by inhibiting DNA replication in
cells traversing the S phase of the cell cycle and by inducing
DNA damage by such an inhibitory mechanism. To investigate
this possibility, we collected HeLa cells in M phase by mitotic
shake-off and studied the effects of DRB on the synchronized
cell population at several times after shake-off. The progres-
sion of synchronized cells through G, phase and into S phase
was monitored by the degree of [*H]thymidine incorporation
into TCA-precipitable material. We found that DRB induced
very similar levels of apoptosis at all times in an asynchronous
cell population and in synchronous cell populations derived by
mitotic shake-off (Fig. 7). More significantly, DRB induced
apoptosis in the synchronized cell population well before the
cells entered S phase, an event that occurred between 8 and
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FIG. 4. a-Amanitin induces apoptosis in oncogenically transformed cells.
The apoptotic responses of p53™/*, p537/~, and HeLa cells to various concen-
trations of a-amanitin (a-aman.) after 16 h of treatment were quantified. Data

are the averages * standard deviations of two independent experiments.
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FIG. 5. Transfection of cells with an a-amanitin resistance gene (RPII 215) rescues cells from a-amanitin-induced apoptosis. (a) Diagram of the expression vector
containing RPII 215 that was used in generating stable transfections of p53~/~ and HeLa cells. The construct contains RPII 215 genomic DNA cloned into expression
vector pSTC driven by the cytomegalovirus (CMV) promoter (15). This RNAP II gene carries a point mutation at position 6819, which translates into an
asparagine-to-aspartate change at the a-amanitin binding region, resulting in a 500-fold increase in its resistance to a-amanitin (a-aman. res.) (1). The construct also
contains nine amino acids forming the hemagglutinin (HA) epitope at the N terminus of the protein. SV ori, simian virus origin. (b) Expression of the RPII 215 protein
in MEFs and HeLa clones. Immunoblot with an anti-HA antibody (lanes 1 to 7) shows that only the transfected HeLa clones express the RPII 215 protein, while
immunoblotting with an anti-RNAP II antibody (lanes 7 to 10) shows that both untransfected (unt/cted) and transfected cells express native RNAP II protein. Because
the expression of the RPII 215 subunit and not its phosphorylation status needed to be determined here, phosphatase inhibitors were not included in the lysis buffer,
and thus only the ITa form of the largest RNAP II subunit is seen in these immunoblots. MW, molecular weight. (c) Apoptotic response of untransfected and RPIT
215-transfected p53~/~ MEFs to DRB and a-amanitin. Cells were transfected with RPII 215 DNA, and stably transfected clones were selected by incubation in a low
concentration of a-amanitin. Cells were then treated with a-amanitin (a-aman.) or DRB as described in Materials and Methods. (d) Apoptotic response of
untransfected and RPII 215-transfected HeLa cells to DRB and a-amanitin. Cells were transfected with RPII 215 DNA and a plasmid containing the neomycin
resistance gene at a ratio of 10:1, and stably transfected clones were selected with G418 (Geneticin; Gibco-BRL). Cells were then treated with a-amanitin («-aman.)

or DRB as described in Materials and Methods.

12 h after mitotic shake-off, as was evident by [*H]thymidine
incorporation (Fig. 7). These results indicate that DRB in-
duces similar levels of apoptosis in both asynchronous and
synchronous cells in G, phase and that apoptosis can occur in
the absence of any significant DNA replication. Therefore, it
seems highly unlikely that DRB induces apoptosis by inducing
DNA damage during replication. This is further supported by
the fact that treatment of HeLa cells with very high levels of
ionizing irradiation (50 Gy), which results in extensive DNA
damage, fails to induce apoptosis within the first 24 h after
treatment (30a).

Untransformed cells do not undergo apoptosis after RNAP
II inhibition but undergo growth arrest instead. Oncogenic
transformation has been shown to lower the threshold of cell
sensitivity to apoptotic stimuli (7, 10, 20). The results shown

above raise the question of whether the apoptotic effect of
RNAP II inhibition is specific for transformed cells or whether
it is more general, extending to untransformed cell types as
well. To investigate the effects of RNAP II inhibition on un-
transformed cells, we treated untransformed AG1522 human
fibroblasts with DRB. AG1522 cells failed to undergo apopto-
sis after a 12-h exposure to DRB (Fig. 8a). Only after 24 h of
continuous exposure to DRB was there a small detectable level
of apoptosis in these cells. To investigate what happens to
AG1522 cells when mRNA synthesis is blocked, we measured
the rate of DNA synthesis after treatment with DRB. As
shown in Fig. 8b, DRB dramatically reduced the incorporation
of [*H]thymidine into TCA-precipitable material after 4 h of
treatment. DMSO, the carrier for DRB, had only a small effect
on [*H]thymidine incorporation. The same treatment with
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a

FIG. 6. Expression of RPII 215 protein protects HeLa cells from apoptosis.
Untransfected and RPII 215-transfected Hela cells were mixed at a 1:1 ratio,
plated on chamber slides, and exposed to a-amanitin. After 16 h of treatment,
cells were fixed and immunostained with the antihemagglutinin primary antibody
and a fluorescein-labeled secondary antibody. Cell nuclei were counterstained
with Hoechst dye 33342. (a) Photograph of cells whose nuclei were stained with
Hoechst dye 33342. Apoptotic cells exhibit distinct nuclear-fragmentation and
condensation patterns. (b) Photograph of the same group of cells stained for
hemagglutinin epitope (RPII 215 construct) expression (green fluorescence)
obtained by using a different single-band-pass filter (560 nm). (¢) Composite
double-exposure photograph of the same group of cells, showing both Hoechst
dye 33342 staining and fluorescence labeling. Magnification (a through c), X200.

DRB also inhibited [*H]uridine incorporation by 72% (data
not shown), an inhibition similar to that observed for trans-
formed cells. Thus, inhibition of RNAP II function and sub-
sequently of mRNA synthesis causes untransformed cells to
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FIG. 7. HeLa cells in G, undergo apoptosis when exposed to DRB. Cells
synchronized in M phase by mitotic shake-off and an equal number of cells from
an asynchronous culture were plated in 100-mm dishes. One set of synchronous
and asynchronous cells was exposed to DRB (0.1 mM) for the indicated dura-
tions and then examined for apoptotic morphology by staining with propidium
iodide and Hoechst 33342 dye. Another set was not treated with DRB but was
pulsed with [*H]thymidine for the last 60 min of the treatment periods to monitor
progression into G; and S phases. As shown by the rate of [*H]thymidine
incorporation into TCA-precipitable material, S phase in the synchronous pop-
ulation occurs well after 8 h following shake-off, while apoptosis in the DRB-
treated population is evident as early as 4 h following treatment.

arrest DNA synthesis, presumably because of a lack of one or
more critical components for DNA replication. However, ar-
rest of DNA synthesis per se cannot be the underlying cause of
resistance against apoptosis in untransformed cells, because we
found that DRB had a similar inhibitory effect on DNA syn-
thesis in transformed cells (results not shown).

Induced expression of the c-Myc oncogene product sensi-
tizes Rat-1 fibroblasts to DRB-induced apoptosis. To more
directly investigate the effect of oncogenic transformation on
the apoptotic response of cells to transcription inhibitors, we
used Rat-1 fibroblasts constitutively expressing a c-Myc—estro-
gen receptor chimera protein (Myc/ER) that is activated by the
addition of 4-HT to the medium (19, 33). Increased expression
of the proto-oncogene c-myc increases the apoptotic potential
of cells under certain conditions of stress (15, 19, 22), while the
proto-oncogene product bcl-2 has been shown to protect c-
Myc-upregulated cells from apoptosis (22). When untrans-
formed Rat-1 fibroblasts were treated with DRB, there was no
significant induction of apoptosis, in accordance with our pre-
vious finding that untransformed AG1522 fibroblasts are resis-
tant to DRB-induced apoptosis. Treatment of Rat-1 cells with
4-HT or with 4-HT followed by DRB also had no effect on cell
viability (Fig. 8c). Similarly, Myc/ER-expressing fibroblasts
were insensitive to treatments with 4-HT alone or DRB alone.
However, when Myc activity was increased by pretreatment of
cells with 4-HT for 12 h, subsequent treatment with DRB
dramatically increased the percentage of apoptotic cells. Ex-
pression of the bcl-2 gene product significantly reduced DRB-
induced apoptosis in Rat-1 Myc/ER cells in which Myc activity
had been increased by 4-HT. Taken together, these data indi-
cate that oncogenic transformation by upregulation of c-Myc
expression directly sensitizes cells to apoptotic induction sig-
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naled by inhibition of RNAP II and that bcl-2 acts downstream
of this apoptotic signal.

DISCUSSION

In this study we have provided both biochemical and genetic
evidence indicating that the specific inhibition of RNAP II
leads to rapid and extensive induction of apoptosis in onco-
genically transformed cells, while it results in minimal levels of
cell death and growth arrest in untransformed cells. Further-
more, we have shown that this type of apoptotic induction can
occur in the absence of ongoing DNA replication and that it
does not require the participation of p53, since cells that com-
pletely lack functional p53 undergo apoptosis with kinetics
similar to those of wt-p53-expressing cells.

Previous studies have also suggested that inhibitors of mac-
romolecular synthesis can induce apoptosis in certain cell lines
(9, 18). Our results allow a more detailed and definitive anal-
ysis of this generalized observation because of the following
limitations of previous studies. (i) The lack of specificity of the
inhibitors used in previous studies complicated the identifica-
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FIG. 8. Effect of oncogenic transformation on DRB-induced apoptosis. (a)
Quantification of the apoptotic response of AG1522 fibroblasts to DRB (0.1
mM) after 12, 24, and 48 h of treatment. (b) Treatment of AG1522 fibroblasts
with DRB results in inhibition of DNA synthesis. Cells were treated with DRB
for 4 h. During the last 30 min of the treatment, [*H]thymidine was added to the
media. Following treatment, TCA-precipitable counts were measured and nor-
malized to total cell counts. Control cells (c) received neither DRB or DMSO.
DMSO was found to have only a minimal effect on DNA synthesis. (c) Dereg-
ulated c-Myc expression sensitizes Rat-1 cells to DRB-induced apoptosis. Un-
transformed Rat-1 cells, Rat-1 cells transfected with a Myc/ER chimeric con-
struct, and Rat-1 cells transfected with the Myc/ER construct and bcl-2 were
treated with DMSO alone, 4-HT (100 nM), or DRB alone (100 mM), or with
DRB after a 12-h pretreatment with 4-HT. After a 12-h treatment with DRB,
cells were stained with Hoechst 33342 and propidium iodide, and the number of
cells with apoptotic morphology and the total number of cells were determined.

tion of the cellular target for apoptosis. We sought to over-
come this problem by using two inhibitors which are highly
specific for RNAP II and which do not exhibit any documented
DNA-damaging activity. By demonstrating that DRB-induced
apoptosis can occur at the G, phase of the cell cycle, we have
also shown that this type of apoptosis can be uncoupled from
ongoing DNA replication and that possible indirect DNA dam-
age can be induced by inhibition of DNA replication. (ii) The
range of the cell types evaluated was limited. Previous studies
have focused on only one cell line or on cells from the same
tissue of origin (18, 38). In this study, we have shown that
RNAP II inhibition results in apoptosis in MEFs, human cer-
vical epithelial cells, and Rat-1 fibroblasts which are trans-
formed by El1A/ras, HPV, or myc oncogenes, while two un-
transformed cell lines (Rat-1 and AG1522 human fibroblasts)
are insensitive to apoptotic induction by transcriptional inhi-
bition. (iii) Analysis of the role of p53 in the induction of
apoptosis by macromolecular-synthesis inhibitors was not per-
formed. Although cell lines with mutant p53 have been used
occasionally in such studies, it is not clear whether the partic-
ular p53 mutation which abrogated the function of p53 as a cell
cycle regulator also abrogated its apoptotic effect. Evidence
that the two functions of p53 are distinct and that p53 muta-
tions that inactivate one of the functions may have no effect on
the other exists (42). To obviate such problems, we have used
cell lines that completely lack p53. In the p53~/~ MEFs, p53
has been genetically ablated from the cells, while HeLa cells
constitutively express the product of the HPV E6 oncogene,
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which binds to p53 protein and targets it for ubiquitination and
rapid degradation. (iv) The comparison of the effects of mac-
romolecular-synthesis inhibitors on oncogenically transformed
and untransformed cells in the same study was incomplete. In
this study, we show that inhibition of RNAP II cells results in
vastly different responses in transformed and untransformed
cells. This is more directly demonstrated by the ability of a
single oncogene product, c-Myc, to lower the threshold of
apoptotic sensitivity to DRB when overexpressed. The differ-
ence in the response to transcription inhibitors between trans-
formed and untransformed cells indicates that oncogenic ac-
tivity, whether by deregulated expression of c-Myc, E1A/Ras,
or HPV E6/E7, sensitizes cells to apoptotic induction signaled
by the inhibition of RNAP II.

The mechanism(s) by which p53 induces apoptosis is still
unclear. In contrast to its role in cell cycle arrest after geno-
toxic damage, where the transactivation properties of p53 ap-
pear to be essential (14, 28, 44), the transcriptional activity of
p53 may not always be required for its participation in the
apoptotic program (3, 6, 23). Recent studies even suggest that
the transrepression activity of p53 may be important for the
induction of apoptosis in certain cell types (31, 40). A similar
mechanism has been proposed for glucocorticoid-induced ap-
optosis in leukemic cell lines (24), where the transrepression of
survival genes rather than the transactivation properties of the
glucocorticoid receptor are responsible for induction of apo-
ptosis in these cells. A potential transrepression component in
the p53-dependent apoptotic pathway would also imply the
inactivation of such survival genes by p53 and would be con-
sistent with findings which suggest that most cells appear to
constitutively express all the proteins necessary for pro-
grammed cell death (25, 53).

A model which encompasses the inactivation of survival
genes by proapoptotic signals can also provide a possible
mechanism for apoptotic induction after RNAP II inhibition
by a-amanitin or DRB. Such a model is depicted in Fig. 9.
According to this model, some forms of oncogenic transfor-
mation result in an increase in the sensitivity of the cell to
apoptotic stimuli. However, the proapoptotic sensitivity is an-
tagonized by the activity of a cellular antiapoptotic gene prod-
uct(s), or inhibitor(s), thereby allowing the cell to survive and
proliferate. The activity level of the inhibitor(s) is strongly
dependent on continuous gene expression, and inhibition of
RNAP II alters the stoichiometry of the activator/inhibitor
ratio, thereby shifting the balance back to a proapoptotic path-
way. It is hypothesized that exposure of the cell to conditions
of stress (e.g., low concentration of serum, UV or ionizing
radiation, and hypoxia) would also disrupt the activator/inhib-
itor ratio and would have similar consequences for cell sur-
vival. Though the actual survival genes were not identified in
this study, a few candidate genes that could fill this role exist.
One possibility is that a member of the expanding bcl-2 family
may protect against oncogene-induced apoptosis. Our data
imply that the survival gene must have a relatively short half-
life (i.e., 4 to 6 h). However, the very long half-life of the bcl-2
protein (about 14 h) (30) suggests that a different and perhaps
yet-unidentified member of this family or an entirely different
family of apoptotic suppressors may be primarily responsible
for maintaining the suppression of apoptosis in oncogenically
transformed cells. An alternative candidate for a cell survival
gene that has recently emerged is the transcription factor NF-
kB. Activity of the NF-kB protein has been shown to protect
cells against stress-induced apoptosis, including treatments
with tumor necrosis factor, UV, or ionizing radiation (4, 34, 46,
48). Since NF-«kB controls the expression of numerous down-
stream genes via transcriptional activation, treatment with po-
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FIG. 9. Model for the role of RNAP II activity in preventing oncogenically
transformed cells from undergoing apoptosis. An untransformed cell normally
has very low sensitivity to apoptotic stimuli, and exposure to RNAP II inhibitors
or exogenous stress results in either a cell cycle arrest or mitotic death. Onco-
genic transformation of the cell results in an increase in its sensitivity to apoptotic
stimuli (A). However, this apoptotic sensitivity is counteracted by the presence of
one or more survival genes, or apoptotic inhibitors (I), whose presence and/or
activity is tightly dependent on ongoing RNAP II activity. Exposure of this cell
to RNAP II inhibitors (and possibly to exogenous stress like hypoxia, low con-
centration of serum, or UV or ionizing irradiation) results in an inhibition of the
activity or cellular levels of the apoptotic inhibitors, which subsequently leads to
a shift towards the apoptotic state.

tent transcription inhibitors such as DRB and a-amanitin
would dramatically affect its antiapoptotic activity. If so, this
would imply that NF-kB activity protects cells not only against
stress-induced apoptosis but also against oncogene-induced
apoptosis. We are currently examining this possibility.

However, we cannot discount the possibility that other
mechanisms in addition to inhibition of a survival gene may
also contribute to the induction of apoptosis after inhibition of
RNAP II. A well-documented effect of inhibition of RNAP II
is the induction of changes in chromatin conformation which
include the dissociation and dispersion of the nucleolus into
the nucleoplasm (12, 21, 43), and some studies have suggested
that changes in chromatin structure make the chromatin more
susceptible to endonuclease degradation (56). Whether treat-
ment of oncogenically transformed cells with DRB or a-aman-
itin induces chromatin rearrangements and whether these
changes result in an increased susceptibility of chromatin to
exogenously added nuclease remain to be proven.

Our results demonstrate that oncogenically transformed and
untransformed cells differ dramatically in their apoptotic re-
sponses to inhibitors of RNAP II function in vivo. Therefore,
agents that target RNAP II function may constitute a new class
of anticancer agents that are able to overcome a major obstacle
in anticancer therapies, the loss of wt-p53 function, and pro-
vide a selective means of killing transformed tumor cells while
sparing normal tissue.
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