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Abstract—The effect of the antitumor drug cisplatin on marker gene expression in CV-1 monkey cells
was measured. When non-replicating test genes were introduced by transient transfection, there was
strong differential inhibition caused by the drug. Expression of certain genes was relatively insensitive,
but expression of others was inhibited as strongly as was DNA replication. Stronger promoters led to
stronger inhibition. This selective inhibition was not observed with the pharmacologically inactive
isomer transplatin. The results raise the possibility that inhibition of strongly expressed genes by
cisplatin may contribute to the antitumor activity of the drug.

Introduced by Rosenberg and colleagues, cis-
diamminedichloroplatinum(II) (cis-DDP1; cisplatin)
is one of the most effective antitumor drugs now in
clinical use (see Ref. 1). It is widely used both alone
and in combination chemotherapy for the treatment
of several types of human cancers. The principal
target of attack of cis-DDP within the cell is generally
believed to be DNA [2, 3]. When it attaches to DNA
in vivo, it forms both monofunctional and
bifunctional adducts (for a review, see Ref. 4).
The latter lesions include cross-links where two
guanosines on the same strand are connected via
N(7) positions by a platinum bridge. These
intrastrand cross-links at G-strings distort the
structure of the DNA [5] and interfere with its
function [6-8]. Trans-DDP (transplatin), an isomer
of cis-DDP, is pharmacologically inactive and less
cytotoxic and mutagenic than cis-DDP [9], probably
because it is stereochemically incapable of forming
intrastrand cross-links at adjacent guanosines [10].

The cellular function that is the primary target of
cis-DDP attack has been thought to be DNA
replication. In cultured human amnion AV3 cells
and in fresh human lymphocytes, cis-DDP inhibits
bulk DNA synthesis before inhibition of bulk RNA
or protein synthesis can be detected [11,12]. In
cultured AV3 cells and in murine Ehrlich ascites
tumor cells in vivo, DNA synthesis was also
selectively inhibited at low doses of the drug [11, 13].
In addition, in the same two studies, DNA synthesis
was never restored to high levels, unlike bulk RNA
and protein synthesis. Largely for these reasons, it
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has been assumed that the drug functions by
inhibiting DNA replication. The observed inhibition
of gene expression at high drug doses was thought
to be a secondary consequence of the inhibition of
template replication. This was consistent with the
results of other studies which showed only minimal
effects of cis-DDP on the activity of individual
enzymes (e.g. alkaline phosphatase, succinic dehy-
drogenase, and Na* ,K*-ATPase) in vivo [14, 15].
Little is known about the effects of cis-DDP on the
function of RNA in vivo, except that it is a strong
physical target for modification by the drug (or cis-
DDP) [2].

Although these observations are not in doubt,
recent studies have questioned the central role of
DNA synthesis arrest and raised the possibility that
direct inhibition of gene expression could contribute
importantly to the efficacy of the drug [7, 16-18). If
the inhibition of gene expression contributes
significantly to the pharmacological activity of cis-
DDP, it would have to be highly selective. That is,
a subset of critical genes would have to be especially
sensitive to drug attack since it is clear that the
bulk of the inhibition of gene expression is rather
insensitive to cis-DDP [11,15]. We suggested
previously that two properties associated with this
selective sensitivity might be high promoter strength
and strings of guanosines [7, 16]. Another variable
might be gene length with longer genes providing
more potential targets for drug modification.

We have used CV-1 African green monkey kidney
cells as a model system to test the possibility that
the expression of individual genes which differ in
their regulatory regions or gene bodies can be
differentially sensitive to inhibition by cis-DDP.
These effects on individual genes were compared to
effects on bulk cellular DNA synthesis, the proposed
primary functional target of the drug, as well as
cellular RNA and protein synthesis and long-term
cellsurvival. Although CV-1cells are not transformed
or tumorigenic, they have been shown to respond
to cis-DDP by incurring a typical pattern of lesions
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[19]). They have been used previously in several
studies addressing the effects of cis-DDP on the
genome of the DNA tumor virus SV40 for which
they are a permissive host [16, 20].

We have tested the capacity of gene regulatory
regions and gene bodies to confer cis-DDP sensitivity
to expression of marker genes using a transient
expression assay. Transient expression assays have
been used previously to expose altered capacities
for plasmid DNA repair in cis-DDP-sensitive Walker
rat tumor cells [21], in cis-DDP-resistant murine
L1210 leukemia cells [8], and in cells derived
from xeroderma pigmentosum patients [22]. The
regulatory regions of ras and certain other oncogenic
viral genes, as well as the very long Escherichia coli
B-galactosidase gene body, are shown to be associated
with unusually great sensitivity of marker gene
expression to cis-DDP in this system. Moreover, the
ICsq values for expression of certain individual genes
are comparable to that for bulk cellular DNA
synthesis and long-term cell survival. These results
support the possibility that inhibition of the
expression of certain genes involved either in the
control of cell proliferation or cell death (apoptosis)
may contribute to cis-DDP-mediated cell death.

MATERIALS AND METHODS

Platinum drugs and treatment. Cis-DDP was
obtained from Johnson-Matthey, West Chester, PA,
and from the Drug Synthesis and Chemistry Branch,
Division of Cancer Treatment, National Cancer
Institute, Bethesda, MD, and purchased from the
Sigma Chemical Co., St. Louis, MO. Similar effects
on transient gene expression were obtained with cis-
DDP from the three different sources. Trans-DDP
was purchased from Sigma. Drugs were stored
desiccated at room temperature in the dark and
dissolved 2 hr before use in sterile 150 mM NaCl
[20].

African green monkey CV-1 cells (a gift from Dr.
J. Jordan, UCLA) were maintained on tissue culture
dishes (Corning, Corning, NY) in growth medium
consisting of Dulbecco’s modified Eagle’s medium
(DMEM; GIBCO, Grand Island, NY) with high
glucose, without glutamine, and supplemented with
penicillin (300 U/mL), streptomycin (300 U/mL),
fungizone (1 ug/mL), and 5% calf serum (GIBCO).
To achieve maximum transfection efficiencies for
the transient expression experiments and maximum
reproducible sensitivity to platinum drugs, cells were
never allowed to become confluent.

Cell viability and clonogenicity. Cell viability was
determined by the trypan blue dye exclusion
method, according to the supplier's (GIBCO)
recommendations. Clonogenicity (long-term sur-
vival) was measured in a standard colony for-
mation assay as described [23]. Briefly, cells were
replated in triplicate at several different densities
(usually 100-10,000) in 6-cm dishes in growth
medium. Approximately 17 days after plating, dishes
were fixed and stained with 1% methylene blue in
70% methanol, and colonies with 50 or more cells
were scored.

Measurement of cellular DNA, RNA, and protein
synthesis. Approximately 2 % 10° cells were seeded

on 6-cm dishes and incubated in 5mL of growth
medium plus 5 or 10% calf serum (as indicated in
the figure legends) for 24 hr prior to drug addition.
Duplicate or triplicate plates received at least eight
different concentrations of drug, ranging from 0 to
25 uM for cis-DDP and 0 to 200 uM for trans-DDP.
Cultures were incubated in the presence of external
drug for 24 hr. For 24-hr time points, macromolecular
synthesis was measured during the last 2 hr of this
incubation. For 48-hr time points, drug-containing
medium was removed after 24 hr and replaced with
drug-free medium; synthesis was measured during
the last 2 hr of the incubation. In some experiments,
DNA synthesis was measured throughout the entire
48-hr incubation period. Cellular DNA, RNA, and
protein synthesis were measured by incorporation
of [methyl-*H]thymidine (New England Nuclear,
80 Ci/mmol), [5-H]uridine (Amersham, 30Ci/
mmol), and [L-4,5-*H]leucine (Amersham, 140 Ci/
mmol), respectively, into trichloroacetic acid (TCA)-
precipitable material, using the procedure of
Harder and Rosenberg [11]. For protein synthesis
experiments, aminoacyl tRNAswere then hydrolyzed
in 2% hydrogen peroxide, 1 N NaOH for 10 min at
37,

Nuclear RNA synthesis. Approximately 5 X
10° cells were seeded on 10-cm dishes and incubated
in 10 mL of growth medium plus 5% calf serum for
24 hr. Fresh cis-DDP stock solution prepared as
above as added to duplicate or triplicate plates to
give at least seven final concentrations ranging from
0 to 25 uM. Nuclei were isolated 24 hr later using
Method I of Landes and Martinson [24]. Nuclei
isolated from one dish were resuspended in 400 uL
of cold TGMED buffer {50 mM Tris-HCl, pH 7.9,
20% (v/v) glycerol, 5mM MgCl,, 0.1 mM EDTA,
1 mM dithiothreitol] [24] and used immediately for
nuclear transcription in vitro. Nuclear transcription
was assayed using a procedure combined from
Landes and Martinson [24] and Ben-Zeev and
Becker {25]. Nuclei in 200 uL. TGMED buffer were
preincubated in the presence or absence of 0.2 ug/mL
a-amanitin (Boehringer-Mannheim, Indianapolis,
IN) for 5 min on ice [25]. Nuclei were then added
to 250 ul. IVTM buffer [100 mM Hepes, pH 7.6,
10 mM MgCl,, 2mM MnCl,, 8 mM phosphoenol
pyruvate, 15 ng/mL pyruvate kinase (Sigma), 2 mM
2-mercaptoethanol, 300 mM KCl, 1mM each of
ATP, GTP, and CTP] [24] and 30 uL of water.
Reaction mixtures were further preincubated at 31°
for 5 min and then initiated by the addition of 20 uCi
(20 L) of [5-*H]uridine 5'-triphosphate (UTP; New
England Nuclear, 25 Ci/mmol). RNA synthesis was
allowed to proceed for 40 min at 31° [25]. Reactions
were terminated by removal of samples to tubes on
ice containing 5mL of 10% TCA and 20 mM
tetrasodium. pyrophosphate [25]. After a 10-min
incubation on ice, incorporation was measured by
collection of TCA precipitates and scintillation
counting as for bulk cellular biosynthesis experi-
ments. Background was measured by adding
radioactive precursor to nuclear transcription
mixtures on ice and immediately processing samples
for TCA precipitation as before.

Plasmid DNAs. Each CAT plasmid contained a
chimeric gene consisting of a 5’ transcriptional fusion
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of eukaryotic promoter region DNA to a core gene
body formed of the bacterial cat coding sequences
(700 bp) followed by SV40 small t intron (66 bp) and
SV40 early polyadenylation sequences [26]. Each
CAT plasmid encodes a 1.6 kb CAT mRNA. While
this core transcription unit is identical in each
plasmid, the background of adjacent plasmid
maintenance DNA is not. For eight of the ten CAT
transcription units, the background DNA is identical
and the only DNA sequence differences lie in
promoter region DNA. The other two transcription
units, found in pE3cat and pHPAPr-1-cat, are
different from the majority and from each other in
this respect. In these two, as compared to the rest,
there are DNA sequence differences in promoter
DNA as well as in background DNA. For all of the
promoters and plasmids used [26-34], mRNA
initiation sites have been mapped in plasmid-based
transient expression experiments in either CV-1 or
HeLa cells.

The five BGAL plasmids used all contain 5'-
transcriptional fusions of cellular or viral regulatory
DNA to the bacterial B-gal gene in identical plasmid
backgrounds. They were derived from pCH110 (a
gift of C. P. Ordahl), which has been described
previously [34]. This plasmid contains SVER fused
to (-galactosidase coding sequences, followed by
SV40 polyadenylation sequences, and does not
contain any introns. It contains essentially the same
plasmid background sequences as pSV2cat.

pHIVbgal was constructed as follows. A derivative
of plasmid pUC19 which contained the HIV LTR
(=177 to +83) region in its polylinker was cut with
Eco RI, blunt-ended with DNA polymerase, ligated
with Hind III linkers, and cut with Hind III to
produce a 300 bp HIV fragment with Hind III ends.
This fragment was inserted into pCH126 by standard
cloning procedures. pE3bgal was constructed in the
same way starting with the pUC19 precursor of
pE3cat [32]. pBactbgal was constructed in a similar
way starting with plasmid pHBAPr-1-cat, which
contains the human S-actin promoter region bounded
by Hind III and Eco Rl sites. These BGAL plasmids
encode mRNAs approximately 4.0 kb in length, of
which 3.3 kb are B-gal coding sequences.

Transfections and treatment with platinum drugs.
Transient transfections of CV-1 cells were performed
using a calcium phosphate technique modified from
Shen et al. [35]. Immediately after the addition of
transfection mix, various concentrations of platinum
drugs were added in duplicate to dishes of transfected
cells. For each DNA used, transfected cells received
a total of four to eight concentrations of drug,
ranging from 0 to 20 uM for cis-DDP and 0 to 200 uM
for trans-DDP. After incubation at 37° for 4 hr, drug
containing medium was aspirated and transfected
cells were subjected to a polyethylene glycol (PEG)-
sucrose shock (2 mL of a solution of 40% PEG, 7%
sucrose per dish) at room temperature for 2 min, as
described [35]. After replacement of drug-containing
medium (10mL), dishes of transfected cells were
incubated for approximately 18 hr at 37°. Drug-
containing medium was again replaced with drug-
free medium 24 hr after transfection and transfected
cells were incubated for a further 24 hr at 37° until
they were harvested. Early transfections were done
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with one test plasmid DNA while later ones included
two or three.

Transfected cells were harvested 48 hr after
transfection. CAT extracts were prepared and
assayed for CAT activity as described [26], with each
assay containing one-half of a 10-cm dish-equivalent
of cell extract. BGAL extracts were prepared 48 hr
after transfection as described [34], and activity was
measured colorimetrically via O.D.g using o-
nitrophenyl-f-D-galactopyranoside (ONPG) as sub-
strate [34] and one-half of a dish-equivalent of cell
extract.

RESULTS

As a prelude to measurement of the effects of cis-
DDP on the transient expression of individual genes
in CV-1 cells, we began with measurement of the
cytotoxic effects of the drug under conditions
compatible with the measurement of expression from
transfected plasmids. The cytotoxicity was measured
in cells transfected with plasmids to account for any
effect of the transfection protocol on toxicity.
Additionally, since expression from plasmid transfec-
tants typically takes a variable number of hours to
develop, we used a treatment protocol that would
be long enough to allow reproducible modification
in the transfected system. Cultured, exponentially
growing CV-1 cells were transfected with plasmids
bearing chimeric marker genes, and then were
treated with various concentrations of cis-DDP for
24 hr. Cells were then incubated for a further 24 hr
in the absence of drug, at which time the number of
cells that excluded the dye trypan blue was counted.
The results (Fig. 1A) show that under these
conditions 50% of the cells remained viable at
approximately 3uM cis-DDP. In an identical
experiment done in the presence of trans-DDP, the
ICsy value of trans-DDP for cell viability was
approximately 90 uM (data not shown). These
relative viability values for the two drugs are in good
agreement with those seen earlier in human HeLa
cells using a different drug treatment protocol and
a colony formation assay [2]. We conclude that the
IC5g value of 3 uM for cis-DDP is a reliable indication
of the sensitivity of cells to general toxicity induced
by the drug.

To test the long-term survival under these
conditions, cells were transfected and treated with
cis-DDP as above, but were then assayed for colony
formation, or clonogenic survival, using standard
procedures. The results are shown in Fig. 1B. The
IC5o value of cis-DDP for clonogenicity using this
protocol was approximately 0.3 uM. Thus, while
most cells remain viable at cis-DDP concentrations
below 3 uM, these cells are destined to die. For
measurement of gene expression the cells will be
harvested at this same time and the expression will
reflect the amount accumulated over the entire 48-
hr period. Thus, at 48 hr expression, especially below
approximately 3 uM drug, will have occurred in cells
which retain membrane integrity but are destined to
die.

To be able to compare expression of individual
genes with average cell properties, we determined
by quantitative analysis the effects of cis-DDP on
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Fig. 1. Effect of cis-DDP on viability and long-term survival
of transfected CV-1 cells. Cell viability (trypan blue dye
exclusion) and clonogenicity (colony formation) were
measured as a function of cis-DDP concentration as
described in Materials and Methods. Transfected cells were
incubated in medium containing cis-DDP for 24 hr, and
then in drug-free medium for 24 hr before assay, as for
transient expression experiments. (A) Viability. The
control value was 110 + 15 dye-excluding cells per large
hemacytometer square. (B) Clonogenicity. The control
value was 87 = 20 colonies per 6-cm dish. Cell viability,
clonogenicity, and transient expression assays were either
done in the same experiment or in parallel experiments.
The control value for one-half of a 6-cm dish equivalent
of cell extract were 10,200 +1,300cpm for DNA
synthesis, 21,100 = 3,000 cpm for RNA synthesis, and
8,200 + 1,200 cpm for protein synthesis. The data shown
represent the average of duplicate experiments for each
assay.

the production of proteins and nucleic acids. A series
of plates of exponentially growing CV-1 cells were
treated with increasing amounts of cis-DDP for
22 hr. Radioactive precursors for macromolecular
synthesis were then added for 2 hr to allow synthesis
of radioactive macromolecules. The cells were then
broken and the radioactive macromolecules were
collected by acid precipitation, using standard
procedures. In separate experiments, [*H]leucine
was used to assay for protein synthesis, [*H]uridine
for RNA synthesis, and [°H]thymidine for DNA
synthesis.

The results of these studies on bulk synthesis are
displayed in Fig. 2. The data show that the half-
inhibitory value (C) of cis-DDP for cellular DNA
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Fig. 2. Effect of cis-DDP on bulk cellular macromolecular
synthesis in CV-1 cells. DNA (@), RNA (O), and protein
(O) synthesis were measured by incorporation of [*H]-
thymidine, [*H]uridine, and [*H]leucine, respectively, in
separate experiments. Cells in 5% serum were treated with
drug for 24 hr and precursors were added for the last 2 hr
of the incubation. The data shown represent averages from
duplicate experiments. Background counts were typically
less than 1% of sample counts in the presence or absence
of drug.

synthesis was approximately 0.6 uM added drug,
very similar to the cis-DDP ICs; value for clonogenic
survival (0.3 uM; Fig. 1B), and well below that for
cell viability at 48 hr (3 uM; Fig. 1A). Similar results
were seen when the effect of cis-DDP on DNA
synthesis was measured with the radioactive
precursor present over a 48-hr period (data not
shown). By contrast, approximately 12 and 9 uM
drug were required to half-inhibit bulk RNA and
protein synthesis, respectively. Results from identical
experiments carried out with trans-DDP also showed
selective inhibition of cellular DNA synthesis at
approximately 10-fold higher doses of drug (data
not shown). The results demonstrate that in CV-1
cells bulk cellular RNA and protein synthesis are
relatively insensitive to cis-DDP, in good agreement
with the original more qualitative studies in human
amnion AV3 cells [11]. We also remeasured these
properties using a higher 10% serum concentration
and found that the increase in serum led to a slightly
increased sensitivity of bulk RNA and protein
synthesis, but not DNA synthesis, to cis-DDP (data
notshown); the transient expression studies described
below are carried out under these conditions.

The interpretation of the RNA inhibition studies
can be confusing since the measurement is dominated
by the production of stable RNA, but includes
mRNA as well. The effect of cis-DDP on the
synthesis of mRNA specifically was measured since
it had not been done previously and the possibility
existed that it would be selectively inhibited by cis-
DDP. This measurement was done by adapting the
standard nuclear run-on transcription procedure for
measuring mRNA to drug-treated CV-1 cells. Cells
were treated with various concentrations of cis-DDP
as described above, and after 24 hr nuclei were
prepared. RNA synthesis that had been initiated in
vivo was completed in vitro using radioactive
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Fig. 3. Effect of cis-DDP on a-amanitin-sensitive and a-
aminitin-resistant nuclear RNA synthesis. Cells in 5%
serum were treated with drug for 24 hr, nuclei were
prepared, preincubated with or without 0.2 ug/mL o-
amanitin, and nuclear RNA synthesis was measured in
vitro by incorporation of [*H]uridine triphosphate (UTP).
The control values were 13,300 + 2,700 cpm for o-amanitin-
sensitive RNA synthesis and 18,400 + 3,700 cpm for a-
amanitin-resistant RNA synthesis. The data shown for a-
amanitin-sensitive (@) and e-amanitin-resistant (O) nuclear
RNA synthesis represent averages of quadruplicate
experiments. Background counts were typically less than
15% of sample counts in the presence or absence of drug.

nucleotides. Half of each sample of isolated nuclei
had been preincubated with the RNA polymerase
II-specific inhibitor a~amanitin. Thus, the synthesis
of stable RNA and mRNA was distinguished by
comparing a-amanitin-resistant and a-amanitin-
sensitive runoff RNA synthesis [36]. Figure 3 shows
the result of this experiment and indicates that
neither mRNA synthesis (C 14 uM) nor stable RNA
synthesis (C 11 uM) was significantly more sensitive
to cis-DDP than bulk RNA synthesis. Similar results
were reported recently for a related experiment
carried out in murine L1210 leukemia cells [37],
which are known to be very sensitive to cis-DDP in
vitro and in vivo.

Differential inhibition of human ras and actin
constructs. The possibility remained that expression
from a minority of gene regulatory regions would
be inhibited selectively by cis-DDP. To eliminate
the possibility that such inhibition would be an
indirect consequence of arrest of DNA synthesis of
that gene, we introduced non-replicating plasmids
into CV-1 cells. Initially, two plasmids were chosen
for comparison of human ras and human actin
[33, 38-40]. The plasmids were essentially identical
(see Materials and Methods) except that each
contained a different human cellular promoter region
linkeddirectly to theidentical E. colichloramphenicol
acetyl transferase (cat) marker gene. Under these
conditions, expression of CAT enzyme activity in
these cells was dependent on gene expression
initiated from the test promoter regions, as has
been demonstrated previously in CV-1 and other
mammalian cell lines [26, 27].

Plasmid DNAs were introduced into exponentially
growing CV-1 cells by the calcium phosphate-

mediated transfer procedure. Immediately after-
ward, transfected cells were treated with various
amounts of cis-DDP for 24 hr. The external drug
was then removed by replacement of medium and
24 hr later the cells were broken and plasmid-directed
CAT activity was determined. The concentrations of
drug used ranged from less than that required to
inhibit bulk DNA synthesis to more than that
required to inhibit bulk RNA synthesis.

Representative CAT assays for ras- and f-actin-
directed CAT expression in the presence of drug are
shown in Fig. 4A. These results show, and their
quantitative comparison (Fig. 4B) confirms, that the
two promoters conferred quite different sensitivities
to cis-DDP. The p-actin driven gene was half-
inhibited at approximately 5 uM drug, approximately
2-fold more sensitive than bulk RNA expression (C
12 uM; Fig. 2 and above). This difference was smaller
when the bulk measurement was done in the same
10% serum used for the CAT measurement. By
contrast, ras-driven expression was half-inhibited at
amuch lower cis-DDP concentration. Half-inhibition
for ras was achieved at approximately 0.7 uM drug,
a concentration similar to that required to half-
inhibit clonogenic survival (0.3 uM; Fig. 1B), and
cellular DNA synthesis in these cells (0.6 uM; Fig.
2 and above). The similarity with cellular DNA
synthesis was also seen when DNA synthesis was
measured in transfected cells with the drug protocol
for transient expression and a 48-hr labeling period,
conditions which may more closely mimic the
transient expression experiments (data not shown).
ras-CAT expression was similarly inhibited when
drug was added 6-12 hr after transfection (data not
shown). The comparison betwen plasmid-based and
cellular inhibitions is somewhat uncertain since
different assays with somewhat different require-
ments are used. However, the order of magnitude
difference between ras and B-actin sensitivities must
be due to different properties of the two regulatory
regions.

Next, the possibility that this unusual sensitivity
of the ras promoter was associated with the
pharmacologically active form of the drug was tested.
Identical experiments were done using trans-DDP,
the pharmacologically inactive isomer of cis-DDP.
As shown in Fig. 5, much higher concentrations of
trans-DDP than cis-DDP were required to half-
inhibit ras-driven CAT expression. The observed
ICsg value of 20 uM trans-DDP was approximately
30-fold greater than that observed for the active
form of the drug (0.7 uM), supporting the significance
of the latter sensitivity. The data in Fig. 5 also show
that the differential sensitivity of the ras and S-actin
promoter regions virtually disappeared when the
pharmacologically inactive isomer of the drug was
used. Both promoters are associated with a sensitivity
to trans-DDP of approximately 20 uM. Thus, ras-
driven CAT expression was selectively sensitive only
to the active form of the drug.

The greater activity of cis-DDP over trans-DDP
(4-fold for B-actin, 30-fold for ras; Figs. 4 and 5)
was of the same relative order as that seen in the
bulk cellular protein synthesis experiments that did
not involve plasmids (13-fold; Fig. 2 and data not
shown) and was also about the same as that seen in
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Fig. 4. Effect of cis-DDP on transient CAT expression driven by the human Harvey ras and B-actin
promoters. Cells in 10% serum were transfected with ras-CAT (@) or f-actin-CAT (O) test genes,
treated with drug for 24 hr, and then assayed for CAT activity 24 hr later. (A) CAT assays. (B)
Quantitative analysis of assays represented in (A). The control values were 48.7 = 7.3% conversion
activity for ras-CAT and 15.3 = 2.1% for B-actin-CAT. CAT activity typically varied by less than 20%
between duplicate cell lysates within the same experiment. Data are shown as means * SD of triplicate

experiments for each construct.
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Fig. 5. Effect of trans-DDP on transient CAT expression
driven by the human Harvey ras and B-actin promoters.
ras- (@) and B-actin- (O) directed CAT activity were
measured as a function of rrans-DDP concentration.
Experiments were performed as described in the legend to
Fig. 4. Data for the effect of cis-DDP on ras-directed CAT
activity (——-) are reproduced from Fig. 4. The control
value for the trans-DDP data was 52.1 = 9.1% conversion
activity. The data shown represent the average of two to
four experiments.

the cell viability assay (30-fold; Fig. 1A and data not
shown), and in the cellular assays for DNA synthesis
(20-fold; Fig. 2 and data not shown).

Differential inhibition of a range of CAT constructs.
As a complement to this comparison of human gene
promoters, the sensitivity conferred by several other
readily available regulatory regions was screened.
These are active in CV-1 cells when used to drive
the marker cat gene. They included the SV40 early
region (SVER) containing the early promoter plus

enhancer and the human immunodeficiency virus
(HIV-1) LTR, both of which are functionally
dependent on GC boxes [41, 42]. They also included
the adenovirus 2 major late promoter (MLP), Rous
sarcoma virus (RSV) LTR, adenovirus 5 E3
promoter, and the adenovirus 2 IVa2 promoter with
the SV40 enhancer (IVa2PE) [32, 4345]. Each of
the regulatory regions was contained on essentially
identical CAT plasmids (see Materials and Methods).
The effect of cis-DDP on gene expression directed
from each of these six additional plasmids was
measured in the transient expression assay as before.

The results of these experiments (Table 1) indicate
that a 20-fold range of sensitivity exists within this
set of eight promoters. Cis-DDP ICsq values for CAT
activity directed by these six, as well as the two
plasmids discussed above, ranged from a low of
0.3 uM to a high of 6.5 uM. Five of the promoters
conferred high sensitivity to cis-DDP, requiring
between approximately 0.3 and 0.7 uM drug for half-
inhibition. Three promoters were rather insensitive
with half-inhibition values ranging from approxi-
mately 4.8 to 6.5 uM. By contrast, three of the cis-
DDP-sensitive promoters and one of the insensitive
promoters were equally insensitive to trans-DDP in
this assay (Fig. 5 and data not shown). Also shown
in Table 1 are the relative promoter strengths,
estimated from CAT activity measured in control
plates of CV-1 cells, and the relative density of
potential (GG) drug targets in the transcriptional
control elements of each of the eight promoters
tested (discussed below). Collectively, this set of
eight promoters is not likely representative of cellular
promoters since many of them are viral, having been
cloned and studied because of their involvement in
transformation by these viruses. Nevertheless, the
data demonstrate that the sensitivity to cis-DDP

Table 1. Inhibition of transient CAT expression in CV-1 cells by cis-DDP

Construct (GG) density in
motifs ICs (M) Promoter strength promoter
MLP-CAT 03+0.1 460 6.6
SVER-CAT 03+0.1 100 4.1
HIV-CAT 0.4+0.1 30 5.7
RSV-CAT 0.6+0.1 160 1.8
ras-CAT 0.7+0.1 50 143
E3-CAT 48+0.3 13 3.8
B-act-CAT 53%15 11 3.8
IVa2PE-CAT 6.5x05 10 4.5
E-CAT-O ND* 25 ND
O-CAT ND 1.0 ND

The ics, values were determined from concentrations-response curves of the type
shown for ras-CAT and actin-CAT in Fig. 4. Values are means + SD, N = 3-7. The
promoter strength is the estimated relative percent conversion of ['“C]chloramphenicol
to its acetylated derivatives in 2hr in equal plate fractions of lysates from cells
transfected without platinum drugs. The absolute value for one-tenth of a plate-
equivalent of MLP-CAT lysate was 48.1 * 9.3%. The density of GG motifs was based
on 25 bp of transcriptional control elements (60-210 bp) previously identified via DNA
binding, in vitro transcription, and in vivo transcription studies.

* ND = not determined.
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associated with the cellular human Harvey ras
promoter region is mimicked by at least a subset of
promoters active in mammalian cells.

Transient expression of the most sensitive
promoters was half-inhibited at near 0.5 yM drug
which is much lower than the concentrations required
to half-inhibit bulk RNA and protein synthesis. This
inhibition also occurred in cells that were 80-100%
viable (see Fig. 1A) and was very similar to the
inhibition of clonogenic survival (see Fig. 1B). The
most insensitive promoters required an order of
magnitude more drug, more like the amounts
required to inhibit bulk RNA and protein synthesis.
This latter dose was similar to that which half-
inhibited cell viability, as measured by the dye
exclusion assay. This rough coincidence suggests that
the inhibition of this less sensitive class of promoters
may be an indirect consequence of general drug
toxicity, as proposed previously for ail of gene
expression [2, 11].

Table 1 shows that most of the sensitive promoters
are quite strong. Thus, it was possible that the
inhibition of sensitive CAT genes was an indirect
consequence of accumulation of a large mass of test
gene mRNA. If this were true, then the sensitivity
should decrease if less DNA is introduced into the
cell. To test these possibilities, transient expression
assays were repeated under conditions of reduced
input DNA for two of the sensitive CAT genes. For
MLP-CAT expression (Fig. 6A) there was no change
in sensitivity over a 100-fold range in the level of
input DNA, corresponding to an approximately 40-
fold range in CAT activity (data not shown). Thus,
for MLP-CAT, the amount of CAT RNA and
enzyme made does not determine cis-DDP sensitivity.
At the HIV promoter the situation was slightly more
complicated. The sensitivity (Fig. 6B) was altered
slightly with reduced input DNA. This effect only
occurred at concentrations that were higher than the
C. Thus, for both constructs the accumulation of a
high mass of CAT RNA and protein is not responsible
for the low ICs, values.

Gene body effects on inhibition. These results have
shown that the promoter can influence how sensitive
gene expression is to inhibition. Next, we tested
whether changing from the short CAT gene to the
long f-galactosidase gene could also affect sensitivity.
The coding region of the E. coli f-galactosidase gene
is 3.3kb in length compared to 0.7kb for CAT
[26, 34]. For the initial test, limited in part by plasmid
availability, the effect of cis-DDP on BGAL
expression directed by SVER and human g-actin
was measured. The plasmids used, which do not
replicate in these cells, contained these cis-
DDP-sensitive and -insensitive promoter regions,
respectively, as defined above, linked directly to the
BGAL gene in identical plasmid backgrounds.

The results (Fig. 7) indicate that different gene
bodies can confer different sensitivities to cis-DDP.
BGAL genes driven by B-actin and SVER were half-
inhibited at approximately 1.6 and 0.2 uM drug,
respectively. In contrast, CAT genes driven by g-
actin and SVER were half-inhibited at 5.3 and
0.3 uM drug, respectively (Table 1). Thus, there was
an increased sensitivity to cis-DDP associated with
BGAL test genes relative to CAT genes driven by
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Table 2. Inhibition of transient BGAL expression in CV-
1 cells by cis-DDP

Construct ICs (uM) Promoter strength*
SVER-BGAL 0.2 +0.05 120
HIV-BGAL 0.3+0.05 35
E3-BGAL 1.2+0.2 15
B-act-BGAL 1.6 =03 10
O-BGAL*t NDi# 1

Values are averages + range for two to three independent
experiments for each test gene.

* Estimated relative control enzyme activity directed by
each test gene. Absolute specific activity for SVER-BGAL
was 153 + 25 nmol ONPG cleaved/min/mg protein.

t BGAL activity directed by promoterless plasmid
pCHI126.

1 ND = not determined.

these two promoters. In addition, as seen with the
corresponding CAT genes, BGAL expression driven
by SVER was about an order of magnitude more
sensitive to drug than that driven by g-actin.

Concentration-response curves were also con-
structed for BGAL genes driven by one other
sensitive (HIV) and one other insensitive (E3)
promoter. In general (Table 2), the relative
differences among promoter sensitivities were
maintained. However, in all cases the longer BGAL
constructs were more sensitive than the shorter CAT
constructs. Since enzyme activities, i.e. active
proteins, measured individually or in bulk are
generally insensitive to inhibition by cis-DDP (see
Introduction), it seems unlikely that the observed
increased sensitivity of BGAL genes relative to CAT
genes is mediated via selective drug attack on the
BGAL protein, but this possibility cannot be ruled
out completely.

DISCUSSION

These experiments have shown that the low
concentrations of cis-DDP that are without significant
effect on bulk gene expression can nevertheless
inhibit expression in single-gene assays in mammalian
cells. This effect occurred at pharmacologically
relevant concentrations and was specific for the
active form of the drug, the trans isomer being shown
as non-inhibitory. The inhibition of gene expression
in the transient expression assay occurred with an
ICsp value as low as 0.2 uM added concentration,
which compares to tissue concentrations as high as
33 uM in patients and 230 uM in animals (see Refs.
46 and 47) receiving therapeutic doses of cis-DDP.
The low concentrations that inhibited gene expression
selectively were of the same order as those which
inhibited long-term cell survival of the same cells
using the same protocol (Fig. 1B). The concentrations
were also similar to those that led to inhibition of
DNA replication (Fig. 2). These comparisons support
the possibility [7, 17] that inhibition of the expression
of a sub-set of especially sensitive genes could
contribute to the cytotoxic effects of cisplatin on
tumor cells.

These results were obtained using test plasmids
containing two types of marker enzyme genes driven
by eight different promoters. The plasmids were
non-replicating and unintegrated and were assayed
after transient transfection into cultured CV-1
monkey cells. Although several of these constructs
were inhibited strongly at low concentrations of cis-
DDP, several others were not. The inhibition of
these least sensitive genes was similar to that of most
cellular gene expression, as measured by parallel
assay of bulk cellular RNA, mRNA, and protein
synthesis under similar conditions in the same cells.
Thus, the use of a single-gene assay revealed an
unanticipated broad range of effects of cis-DDP,
previously masked in studies where only bulk gene
expression was measured.

As expected, the selective inhibition of expression
was not an indirect consequence of drug-induced
general cytotoxicity. That is, it occurred prior to the
major effects of the drug on cell viability, as
measured by parallel assay. By contrast, the
inhibition of some plasmid genes, as typified by the
human B-actin-CAT construct, as well as most
cellular genes (bulk properties), occurred only when
high concentrations of drug impaired cell viability.
For these less sensitive genes, there was little
difference in inhibition by cis- and trans-DDP, in
contrast to the sensitive ras CAT gene where the
active isomer was 30- to 40-fold more effective.
Thus, inhibition of sensitive genes occurred only
with the active form of the drug, at concentrations
that did not inhibit bulk gene expression, and at
times prior to the onset of changes leading to cell
death. This contrasts with the inhibition of the bulk
of cellular genes which may be an indirect
consequences of general cell killing, as proposed
previously [2, 11].

Similarly, the selective inhibition of certain genes
cannot be an indirect consequences of inhibited
replication of those genes since they are expressed
from plasmids that do not replicate. Nevertheless,
this inhibition occurred at concentrations that
comparably inhibited cellular DNA replication in
the same cells. Thus, the inhibition of expression of
certain genes and of cellular DNA replication appears
to occur independently at similar concentrations of
cis-DDP. One possibility is that low doses of cis-
DDP inhibit the production of proteins required for
activation of both processes. These concentrations
are much lower than those that inhibit bulk
transcription. If cancer cellshave astrong dependence
for growth on the product of oncogenes with such
sensitivities, then cis-DDP could interfere selectively
with the growth of the tumor cell. High concentrations
of trans-DDP, although equally toxic, did not exhibit
this selectivity. Thus, trans-DDP toxicity is not
caused by this phenomenon, consistent with its lack
of selectivity towards tumor cells.

Contributions to genesensitivity. Both the promoter
region and the gene body contribute to the sensitivity
of these genes to cisplatin. We consider first the
effect of the promoter. We proposed previously that
sensitive promoters might be those that are strongly
expressed and contain strings of guanosines in their
regulatory elements [7, 16]. Table 1 and 2 collect
the measurements of promoter strength made in the



116 G. L. Evans and J. D. GRALLA

course of this study and the density of GG dinucleo-
tides in the various promoters. In each table the
promoters are arranged in order of decreasing
sensitivity to cis-DDP. Qualitatively, the display
indicates that the weaker promoters tend to be rather
insensitive to inhibition and the stronger promoters
tend to be more sensitive (see the quantitative
analysis below). There appears to be no obvious
correlation between the extent of sensitivity and the
number of GG dinucleotides present in the promoter.
Thus, superficially the prediction for the importance
of promoter strength is supported but that for GG
dinucleotides is not.

The importance of promoter strength can be seen
independently in both the BGAL and CAT results.
For the four BGAL constructs the hierarchy of
decreasing promoter strength and decreasing drug
sensitivity was the same (Table 2). For the CAT
constructs (Table 1) the data for both sensitivity and
promoter strength can be divided into two identical
groups. The top group contains sensitive promoters
and has promoter strengths ranging from relative 30
to 460. The bottom group contains insensitive
promoters and has virtually identical relative
promoter strengths ranging from 10 to 13. Since the
hierarchy for promoter strength and drug sensitivity
within the top group was not identical for the two
variables, other influences on sensitivity are
suggested. These may include the number of GG
dinucleotides or other influences not proposed
previously.

The data were analyzed further to search for semi-
quantitative correlations. The ICs, values in these
experiments were influenced by the loss of cells at
moderate to high drug concentrations. To correct
for this the activity was normalized to viable cell
number, as determined in Fig. 1. For the sensitive
CAT promoters the resulting curves were biphasic
(not shown) with only about one-third of the cells
being sensitive to very low concentrations and the
remaining two-thirds much less sensitive. This second
phase was similar to the relative cis-DDP insensitivity
of bulk gene expression in viable cells. The phases
may reflect different subpopulations of cells, perhaps
in different phases of the cell cycle. In any case, we
estimated the sensitivity of the most sensitive cells
by determining an IC,5 value from these curves. This
collection of 1Cy5 values was then used in regression
analysis to search for correlations with promoter
strength and GG dinucleotides.

The analysis showed no correlation with GG
dinucleotides but did show a potential correlation
between promoter strength and normalized cis-DDP
sensitivity (Fig. 8). The correlation was excellent for
the 4 BGAL constructs with a correlation coefficient
(R?) of 0.95. For the CAT constructs, six promoters
lie perfectly on the line (but three separate promoters
are collected as a point near the origin) and two
promoters fall well off the line. These are HIV-
CAT, which is about 30-fold hypersensitive to drug
for its level of gene activity, and MLP-CAT, which
is about 4-fold hyposensitive to cis-DDP for its level
of gene activity. The MLP promoter directs the
highest level of enzyme activity of all the CAT genes
tested (Table 1). Thus, it may be that MLP displays
the upper limit of sensitivity dictated by promoter
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Fig. 8. Correlation between promoter strength and drug
sensitivity. The promoter strength for CAT test genes (@)

and BGAL test genes (O) was plotted against the inverse
of their respective normalized cis-DDP 1c,; values.

strength in this system and thus falls below the line.
The cause of the unpredictably high sensitivity of
HIV is not known but could reflect the slightly higher
number of GG dinucleotides coupled with their
appearance within regulatory motifs of established
functional importance [42,48]. These correlations
are consistent with the suggestion that promoter
strength can influence drug sensitivity through the
well known phenomenon of the increased chromatin
accessibility of actively transcribed genes (reviewed
in Ref. 49). In this case, sensitivity would be
mediated by direct drug attack on promoter DNA.
However, our results do not exclude the possibility
that cis-DDP is acting via a selective trans-regulatory
effect, for example via alteration of the activity of
certain transcription factors. Furthermore, they do
not exclude a secondary influence related to the
number of potential drug targets in the promoter.

Recall, however, that changing from the short
CAT gene body to the longer BGAL gene body led
to an increased drug sensitivity for all promoters
tested. The analysis shows that this amounts to a 4-
fold increase in sensitivity, as measured by the slopes
of the curves of Fig. 8. This compares with a nearly
5-fold difference in the length of the BGAL (3.3 kb)
and CAT (0.7 kb) coding regions inserted into these
plasmids. Thus, the sensitivity parallels the size of
the gene being transcribed. This may reflect the
larger number of drug targets in the DNA of the
gene or in its RNA transcript. Thus, the two
properties of a gene that may induce sensitivity to
cisplatin are being strongly transcribed and lying
within a long transcription unit. For cellular genes
a third property may be a short half-life for the
protein product of the gene.* A further complication
is that cisplatin can actually lead to promoter-
selective induction of expression in human HelLa
cells [50].

In addition, in order for a gene to contribute to
cis-DDP-induced cytotoxicity, it should be important

* Evans GL and Gralla JD, manuscript submitted for
publication.
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for maintaining the proliferative state of the tumor
cell. As an example, overexpression of c-myc mRNA
is frequently seen in human hematologic and breast
cancers [51,52]; and overexpression of c-erbB2/
HER-2/neu mRNA has been detected recently in
human breast and ovarian cancers [53], the latter of
which is one of the tumor types most responsive to
cis-DDP therapy. Growth-related genes that are
often deregulated in transformed cells include the
glucose transporter, c-jun (encoding an AP-1-like
transcription factor), and ornithine decarboxylase
(ODC) genes [54-56]. We have observed recently
selective inhibition of ODC enzyme activity in NIH
3T3 cells at low concentrations of cis-DDP coincident
with those which effect selective inhibition of cellular
DNA synthesis.* Therefore, some growth-related
genes may be inherently sensitive to cis-DDP-like
drugs, and inappropriate levels of expression in a
tumor cell may be counteracted by inhibition by cis-
DDP.

There have been few previous studies of the effects
of cis-DDP on oncogenes and these do not fall into
a consistent pattern. A correlation has been
observed between inhibition of gene expression and
antineoplastic activity for treatment of human acute
lymphocytic and myeloid leukemia [57]. In this
study, hematologic remission in acute leukemia
patients was associated with significant reduction of
myc oncogene and histone H3 mRNA levels
measured 24 hr after treatment with antitumor drugs
in various combinations. In contrast, there was no
effect of cis-DDP on the level of c-H-ras proto-
oncogene mRNA in murine L1210 leukemia cells
[58] and c-fos mRNA is induced by cis-DDP and a
large variety of agents that damage DNA [59, 60].
However, these studies involve mRNA measure-
ments and leave open the possible selective
inactivation of these mRNAs.*

Thus, it is too soon to identify the precise genes
that could be functional targets of cis-DDP attack.
These may include classical oncogenes, as just
discussed, or genes involved in controlling (i.e.
suppressing) cis-DDP-mediated apoptosis as sug-
gested by the work of Barry et al. [61]. We would
expect such genes to code for rapidly turned-over
proteins, to be highly accessible when their promoters
are activated, and to be associated with transcripts
of significant size. If such genes can be identified it
will be possible to consider redesign of existing drugs
to attack them with greater effectiveness and
selectivity.
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