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Ruth A. Gjerset, Ph.D.

Growth Suppression and Therapy Sensitization of Breast Cancer
DAMD17-96-1-6038
Progress Report #3

INTRODUCTION

The goal of this project is to provide a rationale and pre-clinical evaluation of p53-based
approaches to growth suppression and therapy sensitization of breast cancer, including
combination approaches in which p53 gene therapy is combined with traditional chemotherapy
or inhibitors of DNA repair. p53 abnormalities occur in about 40% of breast cancers (1-4), and
are a feature of more aggressive tumors with increased aneuploidy and genetic instability (5,6).
Gene therapy approaches aimed at restoring wild-type p53 function would therefore be
applicable to a large fraction of breast cancers and be particularly relevant to advanced disease.
Because p53 gene transfer appears to have minimal consequences for normal cells, and because
p53 adenovirus has been used successfully in animal models and Phase I clinical trials for
various cancers without toxicity, p53 based approaches for breast cancer therapy hold promise as
effective biological therapies with minimal to
no adverse side effects. Loss of p53 plays a key (generated endogenously in tumor cells with
role in tumor progression as well as therapy unstable genomes)
resistance, and this is most likely due to the
function of p53 as a modulator of apoptosis W0h p53
following DNA damage (7-11). Karyotypic
instability, which occurs in breast cancer and survival and death of
increases with disease progression, generates proliferation of karyotypically
strand breaks and other forms of DNA damage karyotypically unstable cells
that can stabilize p53 and activate it for unstable cells through apoptosis

transcriptional transactivation and induction of
apoptosis. Loss of p53 function would then favor the growth of karyotypically unstable cancer
cells by removing the trigger for apoptosis that would eliminate them, as proposed in (12) and as
diagrammed above. This scheme is consistent with studies of mammary tumorigenesis in wnt-1
transgenic mice that showed a correlation between loss of p53 function and increased genomic
instability and aneuploidy, suggesting that p53 deficiency relaxes constraints on chromosome
number and organization during tumorigenesis. We have added further support for this scheme
(Progress Report #2, tasks 2,3) by showing directly that cell lines with decreased DNA repair and
increased genomic instability are more sensitive to p53-mediated apoptosis (13, copy attached).
We have extended these studies this year to provide further evidence for inhibition of DNA
repair in these cell lines and increased p53-mediated apoptosis through expression of bax (see
below). Thus the trigger for p53-mediated apoptosis may lie in an abnormal DNA structure
generated by the mechanisms that destabilize the genome of these cells. As a result of losing the
p53-mediated DNA damage-induced apoptotic pathway, tumor cells become more resistant to
radiation and DNA damaging chemotherapeutic drugs, most of which kill cells through the
induction of apoptosis. We and others have shown that restoration of p53 function in tumor cells
that have lost p53, restores apoptosis in response to DNA damaging therapies such as cisplatin
and 5-fluorouracil (14,15). We have also shown that restoration of p53 function in T47D breast
cancer cells and MDA-MB-435 breast cancer cells, both of which express endogenous mutant
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Ruth A. Gjerset, Ph.D.

p53, enhances sensitivity to the DNA damaging drug doxorubicin (adriamycin), The standard
therapy for breast cancer. Because resistance to doxorubicin and other chemotherapies occurs in
metastatic breast cancer, and constitutes one of the biggest obstacles to successful therapy of this
disease, we have set up an orthotopic (mammary fat pad) model for metastatic breast cancer in
nude mice (described below) and have initiated studies (tasks 6,7) to test the efficacy of a
combined p53 adenovirus + doxorubicin approach in inhibiting metastases. Because the
orthotopic model resulting in metastasis more closely resembles the clinical disease than does the
model originally proposed for task 6 (subcutaneous implantation of ex vivo-modified cells), we
have shifted our efforts to this one. The central hypothesis of this project, supported by our
results discussed above (13), is that the level of DNA damage constitutes a key determinant of a
tumor cell's susceptibility to p53-mediated apoptosis. Overall our results provide a strong
rationale for the combined use of p53 along with DNA damaging chemotherapies or inhibitors of
DNA repair for the treatment of breast cancer. We plan to continue in vivo studies to test this
approach in year 4.

BODY OF REPORT

Our objectives for the third year, as outlined in the Statement of Work included (task 3, Specific
Aim 2 continued) correlating expression of DNA repair genes with mutant Jun expression, and
sensitivity to p53-mediated apoptosis, and (Task 6,7) establishing a tumor model for in vivo
studies. We have also extended the PCR-stop assay for DNA repair to analyze how retinoids
may enhance the benefits of cisplatin therapy (28, copy attached).

Results

Correlation of DNA damage levels and DNA repair inhibition with sensitivity to p53. We have
provided direct evidence to support our central hypothesis, namely that the level of DNA damage
constitutes a key determinant of a tumor cell's susceptibility to p53-mediated apoptosis (13). In
these studies we used tumor cell clones modified to express a mutant form of the transcription
factor c-Jun (a component of AP-1), altered by amino acid substitutions in its N-terminal domain
so as to prevent its phosphorylation by Jun kinase. It is known that Jun kinase activation leading
to increased c-Jun N-terminal phosphorylation (JNP) represents an early response to stress and
DNA damage and that this activation is often constitutive in tumor cells. We found that cells
modified to express mutant Jun and therefore inhibited in the JNP have a DNA repair defect that
accounts for their increased sensitivity to DNA damaging chemotherapeutic agents (16).
Consistent with such a mechanism, we did not observe increased sensitivity to agents that do not
damage DNA such as taxotere (13). Furthermore, these cells showed elevated methotrexate-
induced colony formation due to amplification of the dihydrofolate reductase gene, and increased
sensitivity to p53-mediated apoptosis. Because gene amplification events and other forms of
genome instability involve strand breaks as an initiating event, these results suggest that
expression of mutant Jun leading to inhibition of DNA repair promotes the accumulation of
strand breaks, which on the one hand favors gene amplification and on the other hand promotes
DNA damaged induced stabilization of p53 and apoptosis. We have, in addition shown that the
elevated p53-mediated apoptosis in mutant Jun cells correlates with elevated expression of the
pro-apoptotic p53 target, bax, relative to the anti-apoptotic bcl2, as determined by Western
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analysis (Figure 1). These results are summarized in the model diagrammed in Figure 2. In this
model, activation of JNK and loss of p53 are shown as independent mechanisms by which tumor
cells undergoing progression accommodate the accompanying increased levels of genome
instability and insure survival while sustaining potentially lethal genome destabilizing events.
By promoting DNA repair, the JNK pathway may limit endogenous DNA damage to levels
compatible with survival. Loss of p53 would further enhance survival by eliminating DNA
damage-induced apoptosis.

Responses to DNA damage
in tumor cells

T98G 1-10-10 1-10-6 T98GcJun
parental (mutant) (mutant) (control) Gene JNK

Igal p53 lgal p53 Rgal p53 Igal p53 amplificatioln Strand breaks '-activation
4 mutant

bax p53
activation (®r-cJun

B .. . . . . .... 4.Downstream
+ bax/bcIF targets

bax/bcl2 0.4 1.7 1.3 10 0.1 2.5 0.3 0.8 (pot/ , topo 1,1I,
PCNA, etc.)

Figure 1. Western blot analysis of bax and bcl2 Apoptosis repair

protein in lysates of parental cells (T98G parental),
and two mutant Jun-expressing clones (I-10-10 and I-
10-6), as well as a normal c-Jun modified clone
(control), 48 hours after treatment with Adp53 or Figure 2. Model showing how, through inhibition of potential c-Jun
Adlgal (control vector), 100 pfu per cell for 3 hours. downstream targets (DNA polymerase I1, topoisomerase 1,11,
Results show that the bax to bcl2 ratio is elevated in PCNA) mutant Jun promotes the accumulation of endogenous DNA
mutant Jun expressing clones, consistent with strand breaks in genomically unstable tumor cells, which in turn
enhanced apoptosis as shown in the model proposed leads to p53 activation, induction of bax and apoptosis.
in Figure 2.

This system may enable us to identify downstream targets of the c-Jun transcription factor,
whose inhibition enhances p53-mediated apoptosis in a way similar to expression of mutant Jun.
Such genes may themselves constitute new therapeutic targets for p53 combination therapies. We
have therefore examined by quantitative RT-PCR the expression of several potential downstream
targets of c-Jun (genes whose promoter regions contain one or more AP-M or ATF2/CREB
regulatory sequences) known also to be involved in DNA synthesis and repair, including PCNA,
topoisomerase I, polymerase B, GADD45 as shown in Table 1. Of the genes examined, only
GADD45 expression appears to be altered in c-Jun modified cells (Figure 3).

Table 1
Genes whose expression patterns are similar in T98G parental cells

and in mutant Jun expressing cells
DNA damage (cisplatin) induced change

Gene in expression
Parental T98G CJun modified 1-10-10

PCNA No change No change
Polymerase II decrease decrease
Topoisomerase I decrease decrease

Gene expression was analyzed by RT-PCR 24 hours following treatment
with 100 pM cisplatin
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RTPCR of GADD45

1000

S800 Figure 3. Bar graph showing changes in expression
T__ of GADD45 24 hours after a 1 hour exposure to 100
0 600 - no cisplatin pM cisplatin in T98G parental cells, in mutant Jun-
o lparental expressing T98G cells clone 1-10-6, and in control

L mJun 1-10-6 vector modified cells (LHCX). RNA was prepared
400 - LHCX control and analyzed by quantitative RT-PCR.

_ 200

0-

We are presently extending this analysis to other DNA damage response genes, including
GADD153.

These results could have clinical implication for late stage tumors where DNA repair
mechanisms may be upregulated in response to exposure to DNA damaging therapies (17-21).
Such tumors may require concurrent down regulation of DNA repair in order to respond
optimally to p53 therapy. Down regulation of specific AP-1 regulated DNA synthesis and repair
genes may provide a means to inhibit DNA repair and enhance sensitivity to p53. We have
observed, for example, that T47D breast cancer cells have a highly efficient nucleotide excision
repair (NER) pathway (Progress Report #2), suggesting that DNA repair may be a component of
drug resistance in T47D cells. The selection of T47D clones expressing mutant Jun is in
progress, and will enable us to extend these observation to a second tumor line.

Demonstration of a novel mechanism by which retinoids may synergize with cisplatin. As
previously described in Progress report 2, we have obtained evidence for a novel mechanism by
which retinoids such as 9-cis retinoic acid might synergize with cisplatin, an agent that forms
primarily intrastrand bifunctional adducts on adjacent guanine-guanine or guanine-adenine
dinucleotides, inducing a 450 bend in the helix toward the major groove (22). The formation of
this structural motif may be critical to the anti-tumor activity of cisplatin and explain the
differential biological activity of cisplatin compared to its clinically inert trans isomer
(transplatin). In particular, cisplatin-DNA adducts are known to suppress transcription to a
significantly greater degree than do transplatin-DNA adducts (23), and this could be the basis of
their differential cytotoxicity. In fact, the structural features of the transcription complex, where
transcription factor-binding induces distortions in the DNA structure, might create preferential
targets for cisplatin but not transplatin adduct formation.

Consistent with this model, we have found that treatment of T47D breast cancer cells with 9-cis
retinoic acid prior to treatment with cisplatin, alters the distribution of cisplatin adducts along the
retinoic acid receptor beta gene, one of the target genes for 9-cis retinoic acid. The fact that this
treatment did not alter the distribution of cisplatin adducts on the dihydrofoloate reductase
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(DHFR) gene, which is transcriptionally unresponsive to 9-cis retinoic acid, suggests that the
altered distribution of adducts is directly related to 9-cis retinoic acid-induced activation of the
RARB gene. In particular, 9-cis retinoic acid pretreatment resulted in more than a two fold
enhancement of cisplatin adduct formation on the RARI promoter region, while having little
effect on the downstream regions of the same gene. Thus 9-cis retinoic acid and other retinoids
may, through their pleiotropic effects on gene expression, generate new targets for cisplatin
adduct formation and enhance its cytotoxicity through inhibition of the transcription initiation
complex.

In the past year we extended this analysis to subregions of the RARB gene promoter, as shown in
Figure 4. In the absence of promoter activation with 9-cis retinoic acid, adduct formation was
virtually undetectable in the central region, B, encompassing the TATA box and RARE (retinoic
acid response element), and approximately equivalent in the regions A and C to what we had
previously observed on the larger 1043 base region of the promoter. Some portion of the central
region of the promoter included in fragment B may therefore be protected from platination in the
uninduced state, and become accessible upon promoter activation.

0 5 without 9-cis retinoic acid RAR] gene promoter
0 1 pM 9-cis retinoic acid J

RARE TATA

S0.3 - _1043 bases

"0 A0 624 bases

B 483 bases
SC - 592 bases

M 0.1

o.o PCR primer sets A, B, C were chosen so as to localize
A B C DHFR cisplatin damage upstream, downstream, or over the

(472) TA TA box

Figure 4. Analysis by PCR stop assay of cisplatin damage on three overlapping regions A, B,
and C, or the RARIB promoter region of T47D genomic DNA following exposure of cells to
cisplatin, either in the presence or absence of 1 pM 9-cis retinoic acid. Assays were performed
in triplicate.

Upon promoter activation, cisplatin adduct densities increase on all fragments so as to account
for the overall increase in adduct density observed on the larger 1043 base fragment. These
results suggest that chromatin-remodeling following promoter activation may create sites that are
preferentially vulnerable to cisplatin adduct formation. This preference may contribute to the
highly effective anti-tumor activity of cisplatin and suggest that drugs that target promoters may
have considerable anti-tumor efficacy. Retinoids may synergize with drugs such as cisplatin by
creating new targets for cisplatin binding in genomic regions where the cell is particularly
vulnerable. These results are described in a manuscript presently under revision (28, copy
attached).

In vivo animal model with MDA-MB-435 cells - pilot experiment 1. We have tested the
metastatic breast tumor line MDA-MB-435. This model provides the most realistic and rigorous
test of the therapeutic approaches we are proposing, as drug resistance becomes a greater
obstacle to treatment of metastatic disease. The MDA-MB-435 cell line is relatively resistant to
adenovirus mediated gene transfer, but high efficiencies of infection (in vitro) can be achieved by

9 PROPRIETARY
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increasing the dosage of virus. In other animal tumor models we have used, high levels of
adenovirus given in repeated doses are well tolerated and have been effective in combination
approaches even with tumor models relatively resistant to Adenovirus, as in the case of the
MDA-MB-435 line. P53-Adenovirus is being supplied by Introgen Therapeutics.

The pilot experiment was set up to gain experience in the mammary fat pad implantation
technique. We used 4 animals (nude, female, 4-5 weeks, Harlan Sprague Dawley). Animals 1
and 2 were implanted with MDA-MB-435 cells received from ATCC. Animals 3 and 4 were
implanted with MDA-MB-435 cells provided by Janet Price (M.D. Anderson, Houston, TX)).
While both clones have metastatic potential (primarily to the lung), the cells from Janet Price
have been selected through multiple passages through animals for greater metastatic potential,
primarily to lungs. Animals were anesthetized with isoflourane. A small incision was made in
the middle of the chest and 2 x 106 cells in 50 p.1 PBS were implanted under the skin in the
mammary fat pad. The incision was closed with a surgical staple, and removed about 1 week
later. Animals were monitored for tumor growth by measuring the length and width of tumors
calculating volumes based on the formula Volume = ( ½) length x (width)'. At 6 weeks and 4
months post implantation, animals 1 and 2, respectively, were sacrificed. At the time of sacrifice
the tumor of animal 1 measured 570 mm 3 and the tumor of animal 2 measured 45 mm3. At 2.5
months post implantation, animals 3, 4 were sacrificed. At the time of sacrifice, the tumor of
animal 3 measured 310 mm3 and the tumor of animal 4 measured 120 mm3. Lungs were excised
from sacrificed animals and fixed in 10% formaldehyde for histological analysis of metastasis.
We did not observe metastases in any of these animals.

In vivo model with MDA-MB-435 cells - pilot experiment 2. This experiment was set up to
further test the metastatic potential of the cell line received from Janet Price and to conduct an
initial efficacy test of intratumoral or intravenous Adenovirus administration. 15 animals were
implanted in the mammary fat pad with 2 x 106 MDA-MB-435 cells. 16 days post-implantation,
an attempt was made to approximately randomize animals with respect to tumor volume into 5
groups. Tumor volumes, however, showed considerable variation from animal to animal.
Animals were then injected twice per week for 6 weeks with vector (2.5 x 1010 vp/animal in 50 p.l
PBS; equal to 2.5 x 108 pfu Adp53 and 109 pfu AdLuc). Vector was either injected intravenously
through the tail vein or intratumorally. Tumors were measured and volumes calculated two
times per week. At 15 weeks, animals were sacrificed and lungs were removed and fixed in 10%
formaldehyde. Histological slides were prepared for examination of lung metastases (see Table
2; Figure 6, with metastatic masses indicated by an "M").

Figure 5 shows that tumors increased in size and lung metastases developed in all treatment
groups, possibly due to the large initial tumor cell inoculum. The small group size and wide
range of tumor sizes per group did not enable us to draw any conclusions as to treatment
efficacy.

1.0 PROPRIETARY
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MDA-MB-435 pilot experiment 2
5000 average tumor volume

4000 ^ • control

Tuo 00 3~ Figure 5. Tumor growth at the site

Tumo 3oo ----- p3 it of mammary fat pad inoculation of
(olme3 . p53 iv MDA-MB-435 cells (from Janet

2000 A~ucit Price). 2 x 106 cells were implanted
2000 ) d-uci and animals in vector treated

----- dLuciv groups received vector twice per
1000 week for six weeks beginning day 1

(which was 16 days post
implantation.

0

Days

Table 2
MDA-MB-435 pilot experiment 2

Histological analysis of lung metastases at 15 weeks post-implantation
Animal # treatment Lung

metastases
(relative amt)

1 None +

2 None++
4 Adp53 (i~t.) +

5 Adp53 (i~v.) +

6 Adp53 (i~t.) -

7 AdLuc (i~v.)
8 Adp53 (i~t.)

10 AdLuc (i~t.)
12 AdLuc (i~v.)
13 None +
14 None + Figure 6. Hematoxylin/eosin-stained paraffin-imbedded
15 AdLuc (i~v.) + sections of lung tissue. Left: normal lung. Right: lung from

tumor-bearing animal #8 (Table 3) sacrificed 15 weeks post-
implantation of tumor cells. "M" indicates metastasis.

Administration of doxorubicin. In order to establish toxicity limits for doxorubicin to be used in
subsequent combination studies, animals were injected at various doses with doxorubicin (2
mg/ml solution Doxorubicin HC1 for injection, clinical grade, Bedford Laboratories, obtained
through local pharmacies). Doses were chosen based on published doses in the range of 5 mg/kg
to 50 mg/ kg. Tail vein and intraperitoneal routes of injection were tried. By intraperitoneal
injection, the maximum tolerated dose (3 weekly injections) without visible signs of illness was
5 mg/kg.

Two weekly intravenous-doses of 5mg/kg, l0 mg/kg, or 15/mg/kg, were equally well tolerated,
although tissue necrosis at the site of injection was observed.

Intravenous administration of adenovirus vect'or. Intravenous administration of viral vector via
the tail vein would enable us to extend the application of adenovirus to the treatment of

11 PROPRIETARY
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metastatic disease. In order to verify that intravenous delivery of viral vector could in fact
achieve significant delivery efficiencies to the lung, we conducted a test in which animals
received 10' plaque forming units of B-galactosidase adenovirus. 48 hours later, animals were
sacrificed and lungs were excised and frozen for the preparation of thin sections. Sections were
fixed in ethanol/acetone (1:1) followed by overnight staining in 0.1% X-gal solution (containing
5 mM potassium ferricyanate, 5 mM potassium ferrocyanate, 2 mM MgCl 2 in PBS) to reveal the
presence of blue, B-galactosidase-expressing cells. Slides were counterstained with nuclear fast
red. Figure 7 shows that significant staining of lung tissue was achieved.

Figure 7. X-gal stain of frozen lung section taken
from a mouse 48 hours following tail vein injection
of 10 pfu of Adenovirus-Iggalactosidase. Intense
staining indicating gene transfer and expression of
Bgalactosidase is shown by arrow.

In vivo efficacy study of Ad p53 (intravenous) plus doxorubicin for treatment of breast cancer
metastases (MDA-MB-435 model). Based on the results of our pilot studies we have set up an
efficacy study which is in progress, to test the efficacy of intravenous vector delivery along with
doxorubincin (also intravenous) for the treatment of lung metastases of MDA-MB-435 tumors,
initiated by mammary fat pad (m.p.f.) implantation. The protocol follows a protocol described
by Janet Price and colleagues (27), in which tumors are initiated by implanting 5 x 10' cells
(m.f.p.), a lower inoculum than we used in our pilot experiments. At 8 weeks post implantation,
when most tumors have metastasized to the lungs, the primary tumor is excised and animals are
given treatment. The animals are sacrificed at 15-16 weeks post-implantation and analyzed for
lung metastases. The following treatment groups have therefore been set up (week 1 refers to the
first week of treatment, which is about 8 weeks post-implantation):

Treatment schedule for MD MB 435 metastases
(3 cycles of treatment in weeks 1, 3, 5)
9 animals per group

1) no treatment
2) doxorubicin only Doxorubicin 10 mg/kg day 1,15, 29 (100 pI)
3) Ad-p53 Vector 3x per week during weeks 1-6.
4) Ad-Luc (control vector) Vector dose: 5 x 1010 vp per injection
5) Ad-p53 + doxorubicin = 5 x 108 pfu for Adp53 and 2 x 109 pfu for AdLuc
6) Ad-Luc + doxorubicin

12 PROPRIETARY
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Key Research Accomplishments

We have observed the following:

"* Restoration of wild-type p53 expression enhances sensitivity of breast cancer cells to
doxorubicin, a DNA damaging drug, and the standard therapy for breast cancer.

"* Inhibition of DNA repair in tumor cells enhances sensitivity to DNA damaging drugs, as well
as p53-mediated induction of bax and apoptosis.

" Inhibition of c-Jun downstream targets (through inhibition of c-Jun N terminal
phosphorylation) leads to DNA repair defects, increased gene amplification, and increased
p53-mediated apoptosis.

"* Inhibition of c-Jun N terminal phosphorylation inhibits cisplatin-induced expression of
GADD45, suggesting that this may be one downstream target of phosphorylated c-Jun.

" Pretreatment of T47D breast cancer cells with 9-cis retinoic acid leads to increased cisplatin
adduct formation in the promoter region of the 9-cis retinoic acid-responsive gene, retinoic
acid receptor B (RARB), suggesting that retinoids such as 9-cis retinoic acid, through their
pleiotropic effects on gene expression, generate new targets for cisplatin, and enhance its
cytotoxicity through inhibition of the transcription initiation complex.

"* MDA-MB-435 cells, expressing endogenous mutant p53, are growth inhibited and sensitized
to doxorubicin following restoration of wild-type p53 function. They also provide a useful in
vivo model for breast cancer metastasis.
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Reportable Outcomes

Manuscripts:
(1) Gjerset, R.A., Lebedeva, S., Haghighi, A., Turla, S.T., and Mercola, D. (1999) Inhibition of

the Jun kinase pathway blocks DNA repair, enhances p53-mediated apoptosis and promotes
gene amplification. Cell Growth and Differentiation, in press.

(2) Haghighi, A., Lebedeva, S., and Gjerset, R.A. Preferential platination of an activated cellular
promoter by cis-diamminedichloroplatinum. (1999, manuscript submitted, under revision)

(3) Gjerset, R.A., and Mercola, D. (1999) Sensitization of tumors to chemotherapy through gene
therapy. In "Cancer Gene Therapy: Past Achievements and Future Challenges", N.
Habib,ed., Plenum Publishing Corporation, New York, London, Moscow. In press.

Abstracts, posters, oral presentations
(1) Preferential DNA binding of Cis-diamminedichloroplatinum to an Activated Promoter,

Haghighi, A., Lebedeva, S., and Gjerset, R.A. Poster presented at the Conference on
Chromatin Structure and Function, June 16, 1998, Paris, France.

(2) The Cellular Stress Response Modulates Sensitivity to p53 (poster and oral presentation)
Gordon Research Conference on Cancer August 2-7, 1998, Newport, RI.
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Conclusions

We have shown that restoration of wild-type p53 activity sensitizes breast cancer cells to
doxorubicin, a common DNA damaging chemotherapeutic drug used in the treatment of breast
cancer. These observations extend our earlier observation on p53-mediated sensitization to
cisplatin (15), and suggest a broad applicability of p53 as a general sensitizer to DNA damaging
therapies.

Using clonal derivatives of the T98G cell line, modified so as to be suppressed in N-terminal c-
Jun phosphorylation, and defective in DNA repair, we have demonstrated a correlation between
decreased DNA repair, increased genome instability, and increased sensitivity to p53-mediated
apoptosis through the bax pathway. This result supports our central hypothesis that DNA
damage constitutes a key determinant of a tumor cell's susceptibility to p53-mediated apoptosis,
and provides additional rationale for the combined use of p53 with DNA repair inhibitors, as well
as DNA damaging drugs. We are presently selecting clones of T47D cells inhibited in the jun
kinase pathway in order to extend and confirm the generality of our results with T98G cells.
T47D cells display a particularly efficient nucleotide excision repair pathway, and thus represent
an ideal model system in which to test the efficacy of a combined therapeutic approach in which
drug resistance is reversed by inhibiting DNA repair and restoring p53.

We have addressed the mechanism of synergy between retinoids and cisplatin, as therapeutic
synergy between these two agents has been observed in tumor models for breast cancer, and
because we have observed the restoration of p53 further improves the therapeutic efficacy of
retinoids with cisplatin. Earlier published studies show that retinoid pretreatment enhances the
total platinum binding to DNA of target cells. Using the RARB gene as a model, we have
observed that the enhanced cisplatin binding occurs preferentially at the promoter region,
suggesting that retinoids synergize with cisplatin by generating hypersensitive sites in promoter
regions to which cisplatin preferentially binds, and possibly leading in this way, to the inhibition
of transcription observed with cisplatin, followed by apoptosis.

We are presently testing our hypotheses in vivo (tasks 6,7), using a nude mouse model for breast
cancer metastasis. Animals will receive systemic treatment with p53 adenovirus in combination
with doxorubicin. Based on the outcome of this study we plan to conduct an additional study in
which the vector is delivered locally (intratumorally) or in which doxorubicin is replaced with a
second chemotherapeutic agent (cisplatin).

Materials and Methods.

Cell culture. MDA-MB-435 breast cancer cells used in this work were purchased either
from ATCC or received from Dr. Janet Price (MD Anderson Cancer Center) and grown under
10% C0 2 in DMEM medium supplemented with 10% fetal calf serum, non-essential amino acids,
glutamine, pyruvate and gentamycin.

DNA damage assays based on PCR (PCR-stop assay). We have used a DNA damage
assay known as the "PCR stop assay" (30-32) to examine cisplatin adduct formation on different
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genomic regions. The assay is based on the principle that every DNA lesion, including
platinum adducts produced by cisplatin, can potentially block the progression of the Taq
polymerase and decrease the yield of a given PCR product. It has been well demonstrated
that the degree of inhibition of PCR correlates with the level of platination, indicating that the
polymerase is inhibited by every lesion (32). In addition, when whole cells are incubated
with varying levels of cisplatin, the degree of inhibition of amplification of a specific PCR
fragment from DNA purified from these cells, correlates with platination levels determined by
atomic absorption (32), with P (relative PCR efficiency) being related to the average number
of adducts, n, per fragment by the Poisson formula: P= e .

Genomic DNA was prepared from about 106 cells treated with 0.5 mM or 1 mM cisplatin
either with or without 9-cis retinoic acid, using the Qiagen Qiamp Blood Kit' following the
manufacturer's instructions, and resuspended in sterile H 20 at a concentration of 0.5 mg/ml.
PCR reactions are performed in 25 t1 containing 50 mM KCL, 10 mM Tris pH 8.3, 1.5 mM
MgCl2 , 250 /tM each of dNTP, 1 /tM of the forward and reverse primers and 0.1 /AM of the
nested primer, 0.25 /1 Taq enzyme (Qiagen), and 0.5 /1 of Q' solution (Qiagen). Quantitative
amplification is as follows: one cycle (1'30" 940C), 25 cycles (94°C for 1 minute, 570C for 1
minute, 70'C for 2'30"), 1 cycle (940C for 1 minute, 57°C for 1 minute, 70'C for 7 minutes,
4°C to hold). To confirm that the extent of reaction remains directly proportional to amount of
template, we have performed control reactions with known amounts of DNA in 2 fold
dilutions.

Western blots. Cell lysates were adjusted to a protein concentration of 5 mg/ml and about
50 jig were electrophoresed on a 15% acrylamide gel, transferred to an 0.45 pim PVDF-plus
transfer membrane (Micron Separations, Inc.) and probed with rabbit polyclonal anti-bax or
mouse monoclonal anti-c-myc (Santa Cruz Biotechnology, Inc.) at 1 jig/ml followed by HRP-
secondary antibody (1: 1000) using the protocol supplied by the manufacturer. The blot was then
treated with ECL Detection Reagents (Amersham) and exposed to Kodak Biomax MR film for 2
minutes.

RT-PCR. were treated as indicated and Total cellular RNA was prepared from about 5 x
10' cells (at about 70% confluency) using the RneasyTM kit from Qiagen and following the
manufacturer's procedure. 5 gg of RNA was reverse transcribed into cDNA in a 20 jil reaction
containing 0.5 mM dNTPs (Pharmacia), 100 jig/ml oligo dT (Promega), 2 units RNAsin
(Promega), 10 units Moloney Murine leukemia virus reverse transcriptase (Promega), reverse
transcriptase buffer (Promega). This cDNA was then used as a template for quantitative PCR.
Primers were chosen usinf MacVectorTM software so as to amplify a 200-300 base region of the
gene of interest. Amplification of a 246 base region of the coding sequence of the dihydrofolate
reductase from exons 1 to 4 served as an internal control. Amplification conditions were as
described above for the PCR-stop assay. Quantitative conditions were verified by amplifying
serial two fold dilutions of the cDNA from 2 pl to 0.25 gl template and product formation was
found to be proportional to input template under our conditions. Following amplification,
products were analyzed by agarose gel electrophoresis followed by band quantitation using a
Kodak digital camera.
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SENSITIZATION OF TUMORS To CHEMOTHERAPY THROUGH GENE THERAPY

Ruth A. Gjerset and Dan Mercola

Sidney Kimmel Cancer Center
10835 Altman Row

San Diego, California 92121

1. Introduction
The cellular response to DNA damage plays a critical role not only in tumor

progression but also in the process of acquired drug resistance, a problem that affects
about half of all cancer cases overall and remains one of the major obstacles to successful
therapy of cancer. Modulation of these DNA damage response pathways may therefore
provide us with a means to reverse acquired drug resistance and improve the outcome of
therapy for a large fraction of cancer patients. In this article we will focus on two major
pathways involved in the cellular response to DNA damage: The Jun kinase stress
activated pathway, and the p53-mediated DNA damage response pathway leading to
apoptosis. Through independent mechanisms, each of these pathways modulates the
cellular response to DNA damaging chemotherapies and radiation. Therapeutic
approaches based on inhibiting the Jun kinase pathway and/or restoring the p53 pathway
may, therefore, provide us with new biological strategies for reversing acquired drug
resistance, thus improving the outcome of therapy for most cancers.

2. The p53 tumor suppressor and the DNA damage response.
Over half of all cancers suffer loss of function of the p53 tumor suppressor

(Levine, 1993), a key player in the induction of apoptosis in response to DNA damage
(Clarke et al., 1993; Gjerset et al., 1995; Lotem et al., 1993; Lowe et al., 1993), in
addition to its roles in cell cycle regulation and DNA repair (Levine, 1997). Its
involvement in DNA damage-induced apoptosis may derive from its ability to bind, alone
or possibly in combination with other DNA damage recognition proteins, to sites of
damaged DNA, including single stranded ends and insertion-deletion loops (Bakalkin et
al., 1995; Lee et al., 1995, Levine 1997 (review)). p53 might also bind to DNA adducts
and strand breaks induced by various therapies. The frequent loss of p53 function in
cancer, often associated with disease progression and increased genomic instability, may
reflect at least in part the role of p53 in DNA damage recognition and apoptosis. Most
genome destabilizing events, including gene amplification, gene deletion and gene
translocation, involve DNA strand breaks (Stark, 1993). These breaks could serve as
triggers for p53-mediated apoptosis and provide the driving force for loss of p53.

The same process that underlies the progression of cancer, that is, genomic
instability accompanied by loss of p53-mediated apoptosis, can also lead to therapy
resistance. Support for the idea that loss of p53 could desensitize a cell to the damaging
effects of drugs and radiation comes from studies of p53-null transgenic mice. In these
studies it was observed that normal transgenic hematopoietic cells (Lotem and Sachs,
1993), EIA-expressing trangenic fibroblasts (Lowe et al., 1993), and transformed
transgenic fibroblasts (Lowe et al., 1994) were all more resistant to apoptosis following
treatment with any of a wide variety of anti-cancer agents including radiation, than were
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the comparable cells from the parental strain of mice that express wild-type p53. Cell
killing was therefore enhanced in cells that expressed wild-type p53 and were able to
trigger their own cell death program.

The possibility that p53 status is a factor in therapy responsiveness finds further
support from a recent anti-cancer drug screening of human tumor cell lines expressing
mutant or wild-type p53 (OConnor et al., 1997). In that study the growth inhibitory
properties of some 123 anti-cancer agents were tested in 60 human tumor lines of known
p53 status. It was found that cells expressing mutant p53 showed less growth inhibition
than did wild-type p53-expressing cells lines following treatment with the majority of
clinically used anti-cancer agents, including DNA cross-linking agents such as cisplatin,
antimetabolites such as 5-fluorouracil, and topoisomerase I and II inhibitors. Since these
agents are known to cause DNA damage, either directly or indirectly, these results are
consistent with a role of p53 in mediating the cellular apoptotic response to DNA
damage. One class of agents, the antimitotic agents, appeared to suppress growth in a
p53-independent manner, consistent with the primary target for these agents being the
mitotic apparatus rather than DNA.

Taken together, these studies suggest that p53 gene transfer could have clinical
application in suppressing cancer and enhancing the responsiveness of tumors to a wide
variety of DNA damaging therapies, a possibility that greatly expands the clinical
application of p53-based approaches. Numerous in vitro studies in a variety of tumor cell
systems support the use of p53 gene transfer to sensitize tumors to such therapy,
including, 5-fluorouracil, cisplatin, topoisomerase I inhibitors and gamma radiation (see
below).

2.1 In vitro sensitization of tumor cells to chemotherapeutic drugs by p53.
In Figures 1 and 2 we have summarized the results of screening tumor cells for

sensitivity to various chemotherapeutic agents following exposure of cells to a
replication-defective adenovirus encoding wild-type p53 (Ad-p53, Ad-Bgal, and Ad-Luc
(luciferase) vectors provided by Dr. Deborah R. Wilson, Introgen Therapeutics, Inc.).
The cells were treated with virus under conditions which achieve about 70-80% infection
efficiency_ as judged by infection of parallel cultures with a B-galactosidase adenovirus.
Following infection, cells were replated at low density in 96-well plates and treated with
varying levels of chemotherapeutic agent, followed by an additional 5-7 days of
incubation and measurement of cell viability.

In numerous examples from a variety of cancer types, we have observed suppression
of mutant-p53-expressing tumor cells in vitro following treatment with Ad-p53. As
shown in Figure 1, restoration of wild-type p53 in mutant p53-expressing cells (DLD-1,
T47D, PC-3, T98G) results in marked enhancement of sensitivity to a variety of DNA
damaging treatments (5-fluorouracil, doxorubicin, cisplatin), consistent with possibility
that we have restored the p53-mediated pathway of DNA damage recognition and
apoptosis. Apoptosis was confirmed by (a) propidium iodide staining of fixed cells
followed by FACS analysis to reveal a sub G I peak of apoptotic cells, and (b) an ELISA
assay (Boehringer Mannheim Corp, Indianapolis, IN)) to detect oligonucleosomal
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fragments released from the nuclei of cells in the early phases of apoptosis (see Gjerset et
al., 1995).

In contrast, this enhancement of sensitivity is not observed in two wild-type p53-
expressing cell lines, MCF7 and LS174T (Figure 2). This suggests that wild-type p5 3

gene transfer may be effective in therapy sensitization only in the case of tumors that
have lost wild-type p53 function.

2.2 In vivo sensitization of tumors to chemotherapeutic drugs by p53.
We have extended our in vitro observations on tumor suppression and therapy

sensitization to in vivo models for human head and neck cancer and colon cancer (Gjerset
et al., 1997) and prostate cancer (Figure 3) in nude mice, where established tumors were
treated in vivo with replication-defective p53-adenovirus, and chemotherapy. We have
also studied chemosensitization by p53 using ex vivo modified cells in an orthotopic
model of glioblastoma in Fisher rats (Dorigo et al., 1998). The results are consistent with
other in vivo studies in animal models showing a combined benefit of p53 and
chemotherapy (Badie et al., 1998; Fujiwara et al., 1994; Miyake et al., 1998; Nielsen et
al., 1998; Nguyen et al., 1996). Together with the in vitro data, these results support the
clinical application of adenovirus p53 combination approaches to tumors expressing
mutant p53. In the experiment shown in Figure 3, PC-3 prostate cancer cells which
express mutant p53, were implanted in 20 nude mice (5 x 106 cells/ animal) where they
form rapidly growing subcutaneous tumors. At 5 days post-implantation, when tumor
sizes had obtained a volume of about 50 mm 3, animals were randomized by tumor size
and treatment was initiated. The first day of treatment was then designated day 1 and
consisted of intraperitoneal injection of cisplatin (PlatinolTM, Bristol Laboratories,
obtained through local pharmacies), at 4mg/kg (LD10) on days 1 and 8. Vector (Ad-p53
or Ad-luc control) was administered intratumorally (10' pfu per tumor) of days 1,3,5, 8,
and 10. In both cases, some suppression was observed with Ad-p53 alone, with a
significant enhancement of suppression when Ad-p53 was combined with chemotherapy.
The vector doses used here were relatively low (10-30 pfu per tumor cell) and completely
without side effects (as judged by periodic weight measurements on the animals and
histological examination. We observe little or no toxicity in nude mice of vector doses as
high as 109 pfu per animal (Gjerset et al., 1997). Phase I clinical trials employing p53
adenovirus also demonstrate that this vector is well tolerated in patients (Roth et al.,
1998). Thus restoration of wild-type p53 function through gene therapy may provide a
significant benefit for patients with advanced cancers, when used in combination with
conventional therapies.

3. The Jun Kinase/Stress-Activated Protein Kinase Pathway and the DNA damage
response.
Another important cellular pathway is also triggered in response to DNA damage: the

Jun Kinase/Stress-activated protein kinase pathway (JNK/SAPK), one of several distinct
Mitogen-Activated Protein Kinase (MAPK) Pathways involved in signal transduction.
Besides its role in the DNA damage response (discussed below), the JNK/SAPK pathway
is also induced by growth factors such as EGF-I(Bost et al., 1999), by oncogene
expression (Bin6truy et al., 1991), and is essential for transformation of rat embryo
fibroblasts (Smeal et al., 1991). As we show below, inhibition of this pathway enhances
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sensitivity to DNA damaging therapies in both p53 mutant and p53 wild-type tumors, as
T98G glioblastoma cells, PC-3 prostate cancer cells, and U87 glioblastoma cells which
express mutant p53, and MCF7 breast cancer cells which express wild-type p53, are all
sensitized to various DNA damaging treatments by expression of a dominant-negative
inhibitor of the pathway. Thus it may be possible to modulate this pathway by itself or in
combination with p53 gene replacement to enhance tumor cell responsiveness to DNA
damaging chemotherapies.

The Mitogen Activated Protein Kinase (MAPK) pathways play roles in several
cellular processes, including cellular transformation, proliferation, differentiation, and the
DNA damage response. Through these pathways extracellular growth and stress stimuli
transmit signals through a cascade of kinases and phosphorylation events that result in the
phosphorylation and activation of transcription factors such as c-Jun (a heterodimeric
component of the AP-1 complex and related transcription complexes), ATF-2 and Elk-1
(Bost et al. 1997; Cavigelli et al. 1995; D6rijard et al. 1994; Gupta et al. 1995; Hibi et al.
1993; Livingstone et al. 1995; Potapova et al. 1997; Smeal et al. 1991,1992). This
phosphorylation activates the transcriptional transactivation properties of AP-1 and
related factors and leads to the subsequent induction of specific response genes. The
cascade of events begins with the activation of the Mitogen Activated Protein Kinase
Kinase Kinases (MAPKKK), followed by activation of the Mitogen Activated Protein
Kinase Kinases (MAPKK), and finally activation of the Mitogen Activated Protein
Kinases (MAPK), of which the Jun Kinase family of enzymes (including JNK 1,2,3) is
one example.

3.1 In vitro sensitization to chemotherapeutic drugs through inhibiion of the JNK/SAPK
pathway.
T98G glioblastoma cells activate the JNK/SAPK pathway in response to treatment

with the chemotherapeutic agent, cisplatin (Potapova et al., 1997), which forms
bifunctional DNA cross links between adjacent guanines or adenine-guanine
dinucleotides. This is consistent with numerous other reports in which activation of the
JNK/SAPK pathway has been observed in response to genotoxic DNA treatments,
including UV irradiation (D6rijard et al., 1994, Adler et al., 1995a, 1995b, 1996),
ionizing radiation (Kharbanda et al., 1995), the mutagens methylmethane sulfate (MMS),
N-nitro-N"-nitroso-guanidine (MNNG) and numerous genotoxic chemotherapeutic agents
such as Ara-C (1-13-D-Arabinofuranosylcytosine) (van Dam et al., 1995; Kharbanda et
al., 1995). For several of these agents such a UV-irradiation, the activation of the
JNK/SAPK pathway is directly proportional to the number of DNA damaging events
(Adler et al., 1995a). Activation is often rapid, detectable within a few minutes. These
characteristics have given rise to the hypothesis that the role of the JNK/SAPK pathway
may be to mediate DNA repair (Potapova et al., 1997).

To evaluate the role of JNK/SAPK activation in the cellular DNA damage response
we selected clones of T98G cells modified to express a non-phosphorylatable mutant of
c-Jun (T98G mJun), in which serines 63 and 73, the targets of Jun Kinase-mediated
phosphorylation, have been replaced by alanines (Smeal et al., 1991, 1992). These cells
are therefore suppressed in JNK-mediated functions. We found that unlike control
vector-modified cells (T98GLHCX) or wild-type c-Jun-modified cells (T98GcJun), both
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of which are highly resistant to cisplatin, the modified clones expressing mJun
(T98GdnJun) showed a significant loss of viability following treatment with cisplatin
(Figure 4). Furthermore, the increase in cisplatin sensitivity correlated with the level of
expression of mJun in several different clones (Figure 5). We observed a similar increase
in sensitivity to cisplatin in MCF7 breast cancer cells, in PC-3 prostate cancer cells, and
in U87 glioblastoma cells that were modified with the non-phosphorylatable mJun (not
shown). We also observed enhanced sensitivity to cisplatin in cells modified with the
TAM67 mutant of c-Jun (not shown). Tam67 has a truncated N-terminal domain and is
known to be a dominant negative inhibitor of c-Jun phosphorylation (Grant et al., 1996).
However, we did not observe in mJun modified T98G cells nor in mJun modified PC-3
cells an increase in sensitivity to the anti-mitotic agent, taxotereTM (kindly provided by
Dr. Pierre Potier, Centre Nationale de la Recherche Scientifique, Paris), whose primary
target is the mitotic spindle rather than DNA (Figure 6). Taken together these results
argue that the JNK/SAPK pathway plays a role in resistance to DNA damaging agents
but not to agents that do not damage DNA, and that inhibition of this pathway could be a
means to reverse resistance to DNA damaging therapies used in cancer treatment.

3.1.1 Inhibition of DNA repair by inhibition of the JNK/SAPK pathway.
T98G clones modified to express mutant Jun are compromised in repair of

cisplatin-DNA adducts (Potapova et al., 1997), an observation that further supports the
rationale for enhancing sensitivity to DNA damage through inhibition of the JNK/SAPK
pathway. DNA repair is known to play a role in acquired resistance to DNA damaging
chemotherapies (Barret and Hill, 1998; Crul et al., 1997; Reed, 1998; Fink, Aebi and
Howell, 1998; Saves and Masson, 1998; Scanlon, 1989). Furthermore, as summarized in
Table I, a number of the genes involved in DNA synthesis and repair are potentially
regulated by the AP-1 transcription factor and related transcription factors targeted by the
JNK/SAPK pathway (i.e., c-Jun and ATF2, components of AP-1 and c-Jun-ATF2
heterodimeric transcription activating complexes, respectively). Furthermore, down
regulation of AP-1 by treatment of cells with a c-fos antisense ribozyme, has previously
been shown to correlate with down regulation of expression of certain of these enzymes
(thymidylate synthetase, DNA polymerase 13) and enhanced sensitivity to cisplatin
(Scanlon et al., 1991).

We analyzed DNA repair using a PCR-based assay developed by Jennerwein and
Eastman (1991) based on their observations that DNA-cisplatin adducts block the
progression of the Taq polymerase and lead to a decrease the yield of PCR product
obtained from any given PCR amplicon in proportion to the extent of platination. The
authors demonstrated that the relationship between the relative PCR signal strength (P)
for a given amplicon from damaged versus undamaged templates, and overall platination
level fits a Poisson distribution predicted from a random platination, so that P=e", where
n=adducts per amplicon-sized fragment.

We have used primers described by Oshita and Saijo (1994) to amplify a 2.7 Kb
fragment of the human hypoxanthine phosphoribosyl transferase (HPRT) gene, a
fragment large enough to sustain readily detectable levels of damage following cisplatin
treatment of cells. As an internal control for the efficiency of the PCR reaction, we used
a nested 5' primer which amplified a 150 base fragment of the same gene. At levels of
cisplatin used to treat cells, damage to the smaller fragment was undetectable. PCR
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reactions were performed under quantitative conditions such that the extent of reaction
remained directly proportional to amount of template. Figure 7 shows an example of PCR
amplification of the 2.7 Kb fragment and the 150 base fragment from DNA prepared
from T98G glioblastoma cells treated with 0, 100, and 200 pM cisplatin for 1 hour.
Quantitation of band intensities was accomplished using Kodak digital camera and
analysis software, and relative band intensity measurements were then used to calculate
adducts per Kb based on the Poisson relationship described above.

Table 2 summarizes the cisplatin adducts per Kb observed on DNA from T98G
glioblastoma cells treated for 1 hour with 200 pM cisplatin and then harvested either
immediately or after a 6 hour recovery period. As shown in the table, cisplatin adducts
occur at greater frequency in DNA from T98G mutant Jun expressing cells than in DNA
from parental T98G cells. Furthermore, parental T98G cells repair more than half of the
adducts during the 6 hour recovery period, whereas little repair occurs in T98G mJun
cells during that period of time. Thus the increase in cisplatin sensitivity observed in
T98G mJun cells can be accounted for at least in part by a defect in their ability to repair
damaged DNA.

3.2 Mechanism of Action of JNK/SAPK in DNA Repair.

How might the activation of JNK by genotoxic stress affect DNA repair? The
answer to this question is not known in any detail, but a number of observations point to
several testable hypotheses. It was noted that the promoters of certain genes known to be
involved in carrying out cisplatin-DNA adduct repair contain AP-1-like or ATF2/CREB
regulatory elements (section 3.1.1). The repair of DNA-cisplatin adducts is believed to
require the nucleotide-excision repair process (Reed, 1998). In addition, a number of
enzymes utilized for DNA synthesis are reported to be involved (reviewed in Zamble and
Lippard, 1995). These included DNA polymerase B, topoisomerase I, topoisomerase II,
uracyl glycosylase, PCNA, metallothionine and others (Table 1, and references therein).
In each case the promoter regions contains one or more AP-1 or ATF2/CREB regulatory
sequences. In several cases such as DNA polymerase beta, genotoxic stress in the form
of UV-irradiation is know to induce the gene and that the ATF2/CREB sites are required
for this event (Table 1 and references therein). Moreover, the N-terminal
phosphorylation of c-Jun and ATF2 by the action of Jun Kinase leads to increased DNA
binding and transactivation potential of heterodimeric complex formed by
phosphorylated c-Jun and ATF2. Indeed, the c-Jun promoter itself is one of the better
studied example of a gene that is up-regulated upon binding of the c-Jun-ATF2
heterodimer (van Dam et al.,1995; Wilhelm et al., 1995). N-terminal phosphorylation of
both c-Jun and ATF2 is required for the activation of the c-jun gene (van Dam et
al., 1995; Wilhelm et al., 1995). Other examples of gene that are up-regulated upon
formation of c-Jun-ATF2 heterodimers include the ELAN promoter (De Luca, et al.,
1994) and the TNF-alpha promoter (Newell et al., 1994). Thus, there is circumstantial
evidence supporting the hypothesis that activation of the Jun Kinase pathway by
genotoxic stress leading to the phosphorylation of both ATF2 and c-Jun and thereby
causing preferential formation of ATF2-c-Jun heterodimers. These complexes
preferentially bind promoters containing octomeric ATF2/CREB regulatory elements.
This hypothesis predicts that several of the genes known to be involved in cisplatin-DNA
adduct repair may be coordinately upregulated upon activation of the JNK pathway
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following damage to DNA by cisplatin. If verified, such an explanation suggests that the
JNK pathway is a potentially useful target for intervention and that agents that inhibit
JNK activity or formation may be useful in achieving enhanced sensitivity of tumor cells
to cisplatin.

3.3 JNK/SAPK pathway with antisense approaches.

The above observations argue that targeting the JNK/SAPK pathway could have
potential as a sensitizer to a variety of DNA damaging chemotherapies, a possibility that
we have investigated directly using antisense oligonucleotides to either JNK 1 or 2 family
of JNK isoforms.

Antisense mechanisms result most likely from oligonucleotide-target mRNA hybrid
formation in the nucleus which stimulates the cleavage of the mRNA at one or more sites
near the terminus of the hybrid complex by ribonuclease H (Crooke, 1992, 1998; Dean et
al., 1996), as well as from cytoplasmic complexes which may lead to translation arrest
(Crooke, 1992, 1998; Dean et al., 1996). Because steady state mRNA levels do not
always predict steady state gene product levels, we monitor the effects antisense by the
fractional reduction of the gene product. An enzymatic assay that discriminates among
the various isoforms of Jun Kinase can be used (Hibi et al., 1993), as well as Western
analysis or PAGE analysis following immunoprecipitation.

The appropriate oligonucleotide controls for antisense efficacy have been described
in detail (Stein and Kreig, 1994). and include a sense sequence, scrambled sequence or
random control oligonucleotides, and antisense sequences bearing one or a small number
of mismatched bases, i.e. mismatched with respect to the complementary target sequence.

For our studies we have used antisense oligonucleotides complementary to the JNK1
or JNK 2 families of JNK isoforms by selecting target sequences common to the major
isoforms of human JNK1 and JNK2. Phosphorothioate backbone chemistry has been
used as this formulation is nuclease resistant, readily available and a common element of
second generation compounds (Crooke, 1992, 1998; Dean et al., 1996; McKay et al.,
1999).

In collaboration with ISIS Pharmaceuticals, Inc. (Carlsbad, CA) we have identified
effective antisense oligonucleotides capable of entering and inhibiting specifically JNK1
or JNK2 mRNA expression in A549 lung cancer cells (Bost et al., 1997, 1999). As an
example of a screening for JNK1 and JNK2, Figure 8 is included. As shown, most
candidate oligonucleotides had only a small effect on the steady state level of JNK1 or
JNK2 mRNA (Figure 8). However, their degree of activity greatly varied depending on
the targeted region (Figure 8). Among the most potent oligonucleotides of the array
complementary to JNK1 is ISIS 12539 (JNKIASISIS 12539) (5'-
CTCTCTGTAGGCCCGCTTGG-3') located in the 3' end of the coding region.
Treatment with this oligonucleotide leads to a reduction of steady state mRNA level by
95% (Figure 8A) as observed 24 hours after a 4 hour exposure of the cells to 0.4 pM
antisense oligonucleotides. ISIS 12560 (JNK2ASISIS 12560) (5'-
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GTCCGGGCCAGGCCAAAGTC-3'), located in the 5' end of the coding region of JNK2
genes, was the most efficient oligonucleotide in reducing JNK2 steady state mRNA
levels. Lipofection with this oligonucleotide lead to a decrease in the steady-state JNK2
message level by 92% compared to the control JNK2 steady state mRNA level. The
oligonucleotides targeted to the regions flanking either side of the sequences for
JNKIASISIS 12539 and JNK2ASISIS 12560 also inhibited JNK1 and JNK2 steady state
mRNA but in a manner that decreased with increasing distance from the optimum
sequence (Figure 8A and B) suggesting that discrete regions of the target mRNA are
accessible and sensitive to the antisense-mediated elimination of steady-state mRNA as
previously described (Crooke, 1992, 1998).

Cross inhibition tests demonstrated isoform class specificity. As shown in Figure 9,
JNK1ASISIS12539 eliminates JNK1 mRNA and protein but does not affect JNK2
mRNA and protein and, conversely, JNK2ASISIS 12560 has no effect on JNK1 mRNA
and protein but abolishes JNK2 mRNA and protein. In the northern analysis we describe
an example where two other antisense oligonucleotides from the initial gene screening
are less efficient in reducing mRNA steady-state levels of their respective target gene
(Figure 9). Similarly, western analysis shows that lipofections with the antisense
oligonucleotides leads to complete elimination of their respective target steady state
protein levels, whereas the scrambled sequence versions of the candidate
oligonucleotides, JNK1Scr or JNK2Scr have no effect (Figure 10). Thus effective and
specific reagents can be obtained.

These reagents have been used to examine the growth promoting roles of the Jun
Kinase pathway in human T98G glioblastoma cells (Potapova et al.., 1998), human A549
NSCLC cells (Bost et al., 1997, 1999), and human PC3 prostate carcinoma cells (Yang et
al., 1998) and shown to specifically inhibit growth and, in the case of A549 cells,
anchorage independent growth. Moreover, these reagents have been used in systemic
treatment of established PC3 xenografts and shown to block growth and promote
regression of the established tumors in high frequency (Bost et al., 1998). In this case,
growth inhibition by antisense treatment of 78% was superior to that of cisplatin
treatment alone (47%), however the effects of combined antisense JNK-cisplatin of 89%
inhibition. was greater than either alone suggesting that, indeed, it may be possible to
sensitize solid tumors to cisplatin by elimination of Jun Kinase. It will be of interest,
therefore, to determine whether JNK in involved in a general mechanism utilized in other
tumor cell lines and/or mediates DNA damage repair of other DNA-damaging agents.

4. Conclusions
These results have clinical implications with regard to the application of therapies

designed to alleviate drug resistance. As tumors progress, particularly if they have been
exposed to DNA damaging therapies, they may upregulate their DNA repair response
(see Reed, 1998 for review), which may in part involve AP-1 regulated DNA synthesis
and repair genes. Elevated c-fos expression, one component of the AP-1 transcription
factor, correlates with cisplatin resistance (Scanlon et al., 1991; Funato et al., 1992) and
may directly affect the synthesis of AP-1 regulated DNA synthesis and repair genes, such
as polymerase B, topoisomerase I and thymidylate synthetase (Scanlon and Kashini-
Sabet, 1998). Loss of DNA damage-induced apoptosis through loss of wild-type p53
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expression also correlates with drug resistance (O'Connor et al., 1997) and represents an
independent mechanism through which tumors acquire resistance to therapy. Because the
success or failure of DNA repair could be critical in determining how a cancer cell
responds to expression of p53, it may be necessary, in optimizing the benefits of p53-
based approaches, to concurrently down-regulate the cellular stress and DNA damage
response pathways such as the Jun Kinase pathway. Combination approaches targeting
independently these two cellular responses to DNA damage can be foreseen today, and
may provide an optimal strategy for reversing or alleviating drug resistance in advanced
cancers.
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Figure Legends

Figure 1. Viability assay showing that Ad-p53 suppresses growth and enhances
sensitivity to DNA damaging chemotherapeutic drugs in p53-mutant-expressing cells
(DLD-1 colon cancer, T47D breast cancer, PC-3 prostate cancer, and T98G
glioblastoma). Infection efficiencies were 60-70% and drug treatments 1 day post-
infection were as follows: 5-fluorouracil (5FU) 10 pM 1 hour; doxorubicin (dox) 3.7 pM
1 hour; cisplatin (CDDP) 30 pM 1 hour for PC-3 and 20 pM 1 hour for T98G. Viability
was assayed 6 days post drug treatment in all cases except PC-3 which was 4 days post
drug treatment, and expressed as a percent of control cells treated with Ad-Bgal.

Figure 2. Viability assay showing that Ad-p53 neither suppresses growth nor enhances
sensitivity to DNA damaging chemotherapeutic drugs in wild-type p53-expressing cells
(LS 174T colon cancer cells and MCF7 breast cancer cells). Infection efficiencies were
60-70%, and drug treatments 1 day post-infection were 30 PM cisplatin (CDDP) 1 hour
for LS 174T and 20 pM 1 hour for MCF7. Viability was assayed 6 days post drug
treatment.

Figure 3. Suppression of PC-3 prostate tumor growth in nude mice by Ad-p53 plus
cisplatin. Vector (108 pfu per tumor) was administered on days 1,3,5,8,10, and cisplatin
was administered on days 1,8.

Figure 4. Viability assay showing that mutant Jun sensitizes T98G cells to cisplatin.
Viability was assayed 5 days following a 1 hour treatment with cisplatin. Empty vector
control cells (@); wild-type c-Jun-expressing cells (N); and mutant Jun-expressing cells
(.).

Figure 5. Dose response curve of the IC50 (cisplatin) versus total immunoreactive Jun (c-
Jun + mutant Jun). Total immunoreactive Jun was determined by sequential
immunoprecipitation of 35S-labeled cells using specific Jun B, JunD, followed by pan-Jun
antiserum.

Figure 6. Viability assay showing that mutant Jun does not sensitize T98G cells to
TaxotereTM. Viability was assayed 7 days following a 1 hour treatment with TaxotereTM.

Figure 7. PCR amplification of DNA from T98G cells that had been incubated 1 hour
with 0, 100 pM, and 200 pM cisplatin. Products were analyzed on an agarose gel and
stained with ethidium bromide, followed by quantitation of band intensities using the
Electrophoresis Documentation and analysis System 120 (Kodak Digital Science TM).

Figure 8. "Messenger walk" survey for the elimination of JNK1 and JNK2 mRNA levels
following treatment with phosphorothioate antisense oligonucleotides targeted to JNK1
or JNK2 mRNA. A, JNK1 mRNA steady state levels in A549 cells following treatment
with 26 different phosphorothioate antisense oligonucleotides targeted to JNKI mRNA.
JNK1AS's5 s1 2539 gave the most consistent results for the elimination of JNKI mRNA.
steady state levels. B, Similar experiment to the previous one (Fig. IA) was performed
with 13 phosphorothioate antisense oligonucleotides complementary to the indicated
regions of the JNK2 mRNA. JNK2AS's 1 2 560 yielded the most consistent results for the
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elimination of JNK2 mRNA steady state levels. All oligonucleotides are arrayed relative
to their complementary sequence along the JNK transcript. The asterisks indicate the
oligonucleotides having a very similar nucleotide composition (2-4 bases) to the leading
compound. These screenings have been repeated two times with similar results.

Figure 9. A549 cells were treated with 3 different antisense oligonucleotides
complementary to JNK1 mRNA (including the active antisense oligonucleotide
JNK1AS s's25 and 3 different antisense oligonucleotides complementary to JNK2
mRNA (including the active antisense oligonucleotide JNK2ASIsls60). 24 hours after a
4 hours transfection with 0.4 p.M antisense oligonucleotide, mRNA was prepared and
examined by northern analysis, the same membrane was hybridized successively with
JNKI probe, JNK2 probe and the G3PDH probe.

Figure 10. A549 cells were treated with the indicated concentration of
phosphorothioate 2'-O-methoxyethyl-modified antisense oligonucleotides
JNK1ASSIS15134 or JNK2AS'sls 15353 and 0.4 p.M of their respective control
oligonucleotides JNKlScrxs'sn1176 and JNK2Scr sls18*. Cell extracts were prepared 36
hours after the transfection and examined by western analysis using anti-JNK1 antibodies
(SC-571). Protein level (below) was determined by comparison to respective protein
level in untreated cells using the Electrophoresis Documentation and analysis System 120
(Kodak Digital Science Tm).
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TABLE I: DNA REPAIR ASSOCIATED GENES WHICH CONTAIN POTENTIAL JNK-REGULATED SEQUENCES.'

REPAIR- ELEMENT SEQUENCE POSITION' LLG REFERENCE
ASSOCIATED (consensus SCORE FOR

GENE sequence)" FUNCTION

DNA Polymerase B AP- I/TRE CTGACTCA 337 2.0 Known to be functional and TPA-activated classic
(-tgactca) TRE (1).

ATF/CREB ITACGTAA 282 2.0
(t t a c g t c a) Known to be genotoxic-activated (1, 9).

DNA Polymerase a ATF/CREB CACGTCA -82 Function of ATF/CREB (26) unknown.
(26) (t/g a c g t c a)

GGGGTCA -149 AP-I sites thought to be significant in DNA
(t g a g t c a) repair: DPa is over-expressed in cisplatin resistent

cells and anti-Fos ribozyme sensitizes (27).

Topoisomerase I AP-l GGGGGCGG 753 2.0 (2-3)
(t g a g t c a)

AP-I TGACCCA 217 2.0 (2-3)
(t g a c t c a)

ATF/CREB TGACGTCA 792 2.0 known to be functional & stress-activated (2-3).
(t g a c g t c a)

Topoisomerase lla ATF/CREB TGACGCCG 286 2.0 (10-11); Topo II is UV-inducible and functions
(t g a c g t c a) early in UV-induced DNA damage repair.

AP-1 TGATrGG 337 2.0 (10)
Topoisomerase 11B (t g a g t c a) 2.0 (12)

AP-1 TGACTCA 3
(t g a c t c a) 1.6 (12)

AP-1 AGAGTCA 65
(t g a g t c a)

ATF-3 AP-1 TGAGTAA -1600 (13) ATF-3 is stress-induced, anisomycin (JNK
(t g a c g t c a) activator) induced, and induced by ATF-2/c-Jun

AP-1 ATAGTCA -1353 coexpression suggesting a functional role for the
(t g a c g t c a) ATF/CREB site. ATF-3/c-Jun heterodimers bind

AP- 1 AGACTAA -605 ATF/CREB sites and activate transcription (14-
(t g a c g t c a) 15) and ATF-3/c-Jun and ATF-3/JunD

AP-1 GAGTCA -380 heterodimers have been shown to bind
(t g a c g t c a) TTAGTIAC, a ATF/CREB sequence, which

ATF/CRE TTACGTCA -92 mediates EGF/raslraf-stimulated transcription
(t t a c g t c a) (28), however, a role in induction of DNA repair

genes is not known.

c-Jun ATF/CREB TTACCTCA 2.0 (4-5); the "functional" association with DNA
(t t a c g t c a) repair is strong induction of c-Jun by genotoxins

known to activate JNK/SAPK

Uracil Glycosylase AP-I TGGGTCA 141 2.0 not known
(t g a g t c a)

PCNA AP-I TGACTCA 489 2.0 DNA polymerase-A accessory protein function;
(t g a c t c a)

Proliferating Cell ATF/CREB TGAGGTCAGGG 209 1.64 (7-8); 11-2, a potent JNK/SAPK activator, induces
Nuclear Antigen (t g a c g t c a -- -) PNCA expression via ATF/CREB promoter sites

ATF/CREB GTGACGTCAC 1253 1.60 which is blocked by rapamycin.
(-ttacgtca--)
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Table I
Continued

GADD 153 (19) ATF/CREB ACTCCTGACCTr 207 1.63 Induction requires phosphorylation-dependent
(t g/t a c g t c a - -- - event that is not PKA, PKC (16), or p38 (25)

Growth Arrest and AP- I TGACTCA 710 2.0 mediated consistent with a role for JNK/SAPK
DNA-damage" (t g a ct c a) ,(16). Moreover GADDI53 is induced by MMS
Inducible Gene (16) & cisplatin (17-18). The role of the

ATF/CREB site is unknown. GADD 153 is
phoshorylated and activated by p38 in response to
stress (25).

XRCC 1 (20) ATF/CRE13 ACGTCA 1815 2.0 The site at 466 is consistent with c-Jun/ATF-3 vs.
(a c g t c a) ATF-2 (TESS).

X-ray Damage ATF/CREB GGACGTCAA 1814 2.0
Repair Cross (t ga c g tca) Functional roles of these ATFICREB and AP- 1
Completementing ATF/CREB CCI'GACCTCA 2029 1.64 sites are not known zxzx.
Gene Product. (- - tga cg t ca)

ATFICREB GCTGACGTCAG 466 1.60
(- - tga c gt ca -)

CCAATCA 93 2.0
(t gh a elg t c a)

MGMT (22) ATFICREB TGCGTCA 1661 2.0 MGMT is induced by genotoxic agents (21). The
(t g a c g t c a) site at 1674 is consistent with c-Jun/ATF-3

06-Methylguanine- ATF/CREB GTGACATCAT 1195 (TESS). The functional significance of these sites
DNA-Methyl- (- tg a c tc a is unknown.
transferase AP-1 TGAGTCA 734 2.0

(t g a g t c a)
AP-1I T1'ACTCA 285 1.73

(t t a c t c a)

MSH2 (23) ATF/CREB TGGCGTCA 108 1.62 TESS does not recognize c-Jun participation at
(t g a c t c a) 108 site. Role in cisplatin induced repair

AP-1 TGAATCA 569 2.0 unknown. MSH2 has been reported to selectively
(t g a c/g t c a) bind to cisplatin-DNA adducts(

AP-1 TGATGAAA 884 1.62
(t g a c/g t c a)

Metallothionein IIA AP-1 GAGCCGCAAGT 188 2.0 (6); TPA and UV-Iight activated
(gagtca ---- t
GAC`ITGTAGCG
gactca agtc
CGGGGCGTG
a -- -- ---- tg) __________

Repair associated protein for which only partial promoter sequences are known (i.e. in Genbank) without recognizable AP-l regulated sites include ADP ribose polymerase.
tif.)lref I, SSRP. Ercci and thymidylate synthetase.

'AP-l consensus: TGrrAc/GTCA; CREB/ATF-2 consensus: TOJTACGTCA.
' Positions are based on TESS numbering of promoter sequences unless preceeded by ()
Reeec 1. Srivastava etal. J. Bil.iChem.. 1995;270:16408. 2. Baumgiirtner etal., Biochem. Biophys.Acta, 1994;1218:123. 3. Heiland et al. Euri . Biochemn. 1993:217:813.

4. Kharbanda et est. Canc. Res.. 1991;51:6636. 5. Kharbanda et al.. J. Clin. Inves.. 1990;86:15 17. 6. Lee et at. Nature. 1987;325:368. 7. Feuerstein N.. et al. J. Biol. Chem._ 1995;270:9454.
8. Huang D. ea al. Molec. Cell. Biol., 1994;14:4233;:9. Kedar et aL PNAS USA. 88:3729. 10. Hochhauser D; et at. J. Biol. Chem., 1992;26:187961-5. 11. Popanda 0: Thielmann HW.
Carcinogenesis. 1992:13:2321. 12. Unpublished: Genebank Ace. NT29334. Inst. Genomics Res.. 1995. 13. Liang et al. J. Biol. Chem.. 1996;271:1695. 14. Hsu. 1.-C. et at.. Mol. Cell. Bilo..
1992;12:4654. 15. Chu. H.-M. et at. Mol. Endocrnnol. 1994;8:59. 16. Luethy. J. and Holbrook. N. Cancer Res. 1994:54:1902S. 17. Gately. D. et at. Br. J. Cancer. 199L4;70:1102. 18.
Delmastro. D. etal. Cane. Chemoth. Pharmacol.. 1997:39:245. 19. Park. J. et at.. Gene, 1992; 116:259 (Ace. #S40707). 20. Lamrerdin. J., ei al., Genomics. 1995:25:547 (Ace. #L34079). 21 .
Lefebvre, P. et al.. Dna Cell Biol., 1993; 12:233. 22. lwakuma. T. et al.. DNA Cell Biol., 1996;15:863. 23. Seib. T. et at. Gene Bank direct submission Ace. #U232824. 24. Leach. F. eala.
Cell. 1993;75:121 5. 24. Kolodner. R. etat. Genomics. 1994;24:5 15. 24. Mello, J. et al. Chem. Biol. 1996;3:579. 25. XiaoZhong. W. and Ron. D. Science, 1997:272-.1347-49. 26. Pearson. B.
ar al. Molec. Cell. Biol., 199 1;11:2081. 27. Scanlon, K. et al. PNAS USA. 1994;91:11123. 28. Nilsson et at. Cell Growth & Duff. 1997:8:913.

Abrvatos LLG. Log likeli-hood score which is 2 for a perfect match of the candidate response element with with the consensus sequence (TESS criteria) and all ambiguous
matches yield a score of 0: AP-l., activator protein- I complex, a Jun and a Fos family member, CREB/ATF. cAMP response element binding proteins. N-terminal phosphorylated c-Jun and
N-terminal phosphorylated ATF-2 for a cAMP-independent complex which bind the CRE-like sequence TTACGTCA. XRCC.. MMS. methyl methanesulfonate.
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TABLE 2. CISPLATIN-DNA ADDUCTS PER 2.7 KBASE

TREATMENT T98G PARENTAL CELLS T98G MUTANT JUN CELLS

200 pM cisplatin 1 hour 0.48 ± 0.08 0.63 ± 0.2

200 pM cisplatin 1 hour, 0.20 ± 0.05 0.55 ±0.2
6 hour recovery
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Sensitivities of mutant p53-expressing cell lines
to Ad-p53 and chemotherapeutic drugs
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Sensitivities of Wild-type p53-expressing cell lines
to Ad-p53 and chemotherapeutic drugs
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400 - Suppression of PC-3 prostate tumors
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PCR stop assay for DNA damage
and repair
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FOOTNOTES

'Abreviations used: RARB: Retinoic Acid Receptor B; RARE: retinoic acid response

element; PCR: polymerase chain reaction; DHFR: dihydrofolate reductase; ATCC:

American Type Culture Collection; PBS: phosphate buffered saline; Kb: Kilobase;

bp:base pair; CDS: coding sequence.
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ABSTRACT

This study examines how accessibility to cisplatin on various genomic regions in T47D breast

cancer cells, including the retinoic acid receptor B gene promoter and coding region and the

dihydrofolate reductase gene promoter and coding region, is affected by treatment of the cells

with 9-cis retinoic acid, a treatment that activates the retinoic acid receptor 13 gene promoter in

these cells. A PCR-based assay was used to measure cisplatin adduct density based on the

inhibition of PCR amplification of templates from cisplatin treated versus untreated cells.

Treatment of cells with 9-cis retinoic acid enhanced accessibility to cisplatin on the retinoic acid

receptor B gene promoter region, but not on the coding regions of that gene nor on the

dihydrofolate reductase gene promoter or coding regions, where accessibilities to cisplatin

remained 2-4 times lower than on the activated retinoic acid receptor B gene promoter.

Examination of smaller regions within this promoter region, showed a repression of platination

in the 500 bp region surrounding the TATA box in cells prior to 9-cis retinoic acid treatment,

which was abolished following promoter activation. Differences in sequence composition

between the various regions could not fully account for differences in platination, suggesting that

structural features such as bends in retinoic acid receptor B gene promoter DNA following gene

activation, crgate energetically favorable sites for platination and contribute to the cytotoxicity of

the drug.
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Cis-diamminedichloroplatinum (cisplatin) is a highly effective chemotherapeutic agent used in

the treatment of a variety of human tumors (1). Its cytotoxicity derives from its ability to

damage DNA, forming primarily bifunctional 1,2 intrastrand cross-links between adjacent

guanines or adenine-guanine dinucleotides, as well as other minor adducts including interstrand

cross-links (2). Adduct formation impedes DNA polymerase progression, inhibits DNA

synthesis, and triggers apoptosis (3-5). While inhibition of DNA synthesis is believed to be a

critical step in cisplatin's cytotoxicity, it does not by itself account for the marked anti-tumor

efficacy of cisplatin. For example, adducts formed by the geometric isomer of cisplatin, trans-

diamminedichloroplatinum (transplatin), also impede DNA polymerase progression and inhibit

DNA synthesis (6). Yet transplatin does not induce apoptosis and has little anti-tumor activity.

Furthermore, while cisplatin causes slowing of DNA synthesis, cells treated with cisplatin do not

arrest in S phase, but progress and block in G2 (7). In addition, the extent to which DNA

synthesis is slowed by cisplatin in sensitive versus resistant cells does not correlate with its

relative toxicity to those cells (8). Several studies have pointed to transcription as a key target for

cisplatin and have suggested that cisplatin's ability to target certain genetic regulatory elements

and inhibit specific gene expression may contribute greatly to its toxicity (9-12).

A structural distortion in DNA occurs upon cisplatin binding that has been proposed to underlie

the biological toxicity of cisplatin. Crystallographic studies reveal that the 1,2-cisplatin cross-

link induces a bend of about 450 toward the major groove of the DNA helix accompanied by

thermal destabilization (13). Such a bend appears to generate a structural motif with biological

specificity, as certain chromosomal proteins bind with high affinity to these sites. These proteins

include histone H 1 (14), HMG 1 (15), HMG2 (16), the human structure-specific recognition
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protein SSRP I (17-18), and the human transcription factor hUBF (18), all of which are proteins

known to bend DNA, and whose binding to DNA might be facilitated by the bends generated by

cisplatin. In contrast, the structural effects of transplatin appear to be of greater variability (19),

and transplatin adducts do not constitute high affinity binding sites for the above mentioned

chromosomal proteins (see 20 for review). Cisplatin's toxicity may therefore be related to the

structural consequences of adduct formation, which could involve a disruption of normal binding

of chromosomal proteins, or an impediment to conformational changes that are necessary for

biological regulation.

In the studies reported here we have addressed the possibility that cisplatin may actually target

chromosomal regions such as transcriptional promoters, where DNA bends or partial unwinding

of DNA may occur following transcription factor recruitment to an activated promoter. If so,

such a structural motif may provide a preferential target for cisplatin and contribute to the

cytotoxicity of this drug. We have examined cisplatin adduct formation on promoter and

downstream regions of the retinoic acid receptor B (RARB)l gene in T47D breast cancer cells,

where this gene undergoes retinoic acid-dependent activation. Adduct formation as determined

by a quantitative PCR-based assay was observed to be significantly higher on the activated

RARB promoter than on a downstream region of the same gene, as well as on the coding and

promoter regions of the constitutively expressed housekeeping gene, dihydrofolate reductase

(DHFR). Adduct formation on the DHFR promoter, which does not undergo retinoic acid-

dependent activation, did not increase following retinoic acid treatment of cells. Cisplatin's

cytotoxicity may therefore derive in part from its ability to target and disrupt the function of

certain genetic regulatory loci such as the RARB promoter.
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EXPERIMENTAL PROCEDURES

Cell culture. T47D breast cancer cells were purchased from ATCC and maintained in RPMI

medium supplemented with 10% heat-inactivated fetal bovine serum, 1 mM sodium pyruvate, 2

mM L-glutamine, 0.1 mM non-essential amino acids, 50 jig/mi gentamycin. Cell culture

reagents were purchased from Irvine Scientific, Santa Ana, CA. All experiments were

performed using charcoal-treated serum (600 mg activated charcoal per 50 mls serum for 10

minutes at 4' C, followed by filtration).

Analysis of RARB and D-FR gene expression. About 5 x 105 T47D cells (at about 70%

confluency) were treated as indicated and total cellular RNA was prepared using the RneasyTm

kit from Qiagen and following the manufacturer's procedure. 1 jig of RNA was reverse

transcribed into cDNA in a 20 jll reaction containing 0.5 mM dNTPs (Pharmacia), 100 gtg/ml

oligo dT (Promega), 2 units RNAsin (Promega), 10 units Moloney Murine leukemia virus

reverse transcriptase (Promega), reverse transcriptase buffer (Promega). This cDNA was then

used as a template for quantitative PCR. Primers were chosen so as to amplify a 178 base

region of theRARB coding sequence encompassing parts of exons 4 and 5, as well as a 246 base

region of the coding sequence of the dihydrofolate reductase from exons 1 to 4. As shown

below:

RARB3 message (forward) 5'- GTGTACAAACCCTGCTTCGTCTGC - 3'

(reverse) 5' - CTGGAGTCGACAGTATTGGCATCG - 3'

DHFR message (forward) 5' - GGTTCGCTAAACTGCATCGTCGC - 3'
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(reverse) 5' - GTGGAGGTTCCTTGAGTTCTCTG - 3'

Amplification conditions were as described below for the PCR-stop assay. Quantitative

conditions were verified by preparing cDNA with 100 ng and 10 ng RNA (in addition to I Atg

RNA) and amplifying serial two fold dilutions of the cDNA from 2 gtl to 0.25 Atl template to

show that product formation was proportional to input template under our conditions. Following

amplification, products were analyzed by agarose gel electrophoresis followed by band

quantitation using a Kodak digital camera.

Cell viability. Following treatments, cell viability was monitored by adding 10% Trypan blue

and determining the fraction of cells that excluded the dye.

Cisplatin treatments. Cells were plated at 50% confluency in 6 well plates in medium

supplemented with 10% charcoal-treated FBS in addition to the other standard additives

described above. Following attachment, cultures were pre-treated 24 hours in the presence or

absence of 1 jiM 9-cis retinoic acid (Sigma, ST Louis, MO), followed by a 2 hour incubation in

the presence 6r absence of 1 mM cisplatin (PlatinolTM, aqueous solution at 1 mg/ml, purchased

from local pharmacies). The pre-incubation medium was then replaced, and genomic DNA was

prepared 24 hours later as described below. Although DNA repair has been observed to occur

over 24 hours in cells treated with lower doses of cisplatin (21-22), at the high levels used in our

studies we observed an overall increase in adduct formation over 24 hours, so that adduct

densities approached 1-4 adducts per 10Kb and were therefore readily detectable in our assay.
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The increase in adduct formation over time suggests that residual cisplatin continued to cause

DNA damage and that repair did not keep pace with adduct formation under our conditions.

Preparation of genomic DNA. DNA was prepared from treated cultures using the QIAmp

blood kit essentially following the manufacturer's protocol, except that cells were lysed directly

on the plate in the presence of PBS, Qiagen protease and lysis buffer supplied in the kit.

Following purification, DNA was adjusted to 0.25 mg per ml in sterile water and stored at -20'

C until use.

Analyses of DNA damage by PCR stop assay. Quantitative PCR was used to compare

cisplatin adduct formation on specific regions of DNA. The assay, known as the PCR stop assay

has been described (23). Because Taq polymerase is blocked at cisplatin adducts, the relative

efficiency of PCR amplification of genomic DNA from cisplatin-treated versus control cells

decreases in proportion to platination levels. The relative PCR efficiency is equivalent to the

frequency (P) of undamaged strands within a population. P is related to the average number (n)

of cisplatin adducts per fragment, by the Poisson formula: P = en , or - (lnP) = n. Adducts per

Kb would then be equal to -(lnP) - (size of fragment in Kb). We found that fragment sizes of

around 1 Kb provided a sufficiently large target size to enable measurement of adduct densities

in the range of 0.1-0.4 adducts per Kb observed here. A drop in the PCR signal of damaged

DNA to 0.67 of the control signal would therefore reflect an average cisplatin adduct density of

- (In 0.67) = 0.4 adducts per fragment. Standard deviations among triplicate PCRs were in the

range of+ 5%, meaning that adduct densities of less than about 0.05 adducts per fragment were

undetectable. For each primer pair, we verified that product formation was directly proportional
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to input template DNA by performing a pilot experiment with serial two fold dilutions of

template, followed by electrophoresis on a 1% agarose gel containing 0.5 pg/ml ethidium

bromide. Bands were quantitated using Kodak digital camera and analysis software. Depending

on the primer set, the amount of template used in the PCR reaction ranged from 0.03 to 0.25 Pg

per 25 [d reaction. Reactions were performed in 25 tl containing template DNA, 25 pmole each

of forward and reverse primer, 250 piM dNTPs (Pharmacia) 1.25 units Taq polymerase (Qiagen),

lx buffer (Qiagen) and solution Q (Qiagen). The amplification program was as follows: 1 cycle

(940 C, 1 minute 30"); 25 cycles (940 C, 1 minute, 570 C, 1 minute, 700 C, 2 minutes 30 seconds);

1 cycle (940 C, 1 minute, 570 C, 1 minute, 700 C, 7 minutes). Two independent templates were

prepared for each treatment condition, and each one was analyzed in triplicate. As an internal

PCR control for each template, a 270 bp fragment of the dihydrofolate reductase gene was

amplified. This fragment is too small to register significant levels of damage under the

conditions we used, and its amplification product was seen to vary by less that 5% amongst the

various templates. The primers (1) through (17) used for PCR amplification of various regions

of genomic DNA are summarized in Table 1. Figure 1 shows a schematic representation of

regions amplified from the RARB gene.
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RESULTS

Transcriptional response of the RARI3 gene to 9-cis retinoic acid and cisplatin. Figure 2

shows the results of an RT-PCR assay demonstrating retinoic acid-dependent activation of the

RARB gene (lane 2 compared to lane 1) and cisplatin-mediated inhibition of this activation (lane

3). Under the same conditions, we observed little change in DHFR expression (lanes 4-6),

indicating that expression of this gene is not retinoic acid dependent and that cisplatin has little

immediate effect on its expression. This is consistent with another study in which treatment with

cisplatin did alter levels of DHFR message (24), although long term in vitro selection for

cisplatin resistant ovarian carcinoma cell lines by repeated exposure to cisplatin has been

reported to generate variants that over-express DHFR (25). Genomic DNA from cells before and

after treatment with 9-cis retinoic acid was then used to analyze platination of the RARB gene in

its active and inactive state.

Preferential cisplatin adduct formation on the activated RAR-0 gene promoter. We

performed a PCR stop assay to examine cisplatin adduct density on genomic DNA templates

from 9-cis retinoic acid treated (RA+) or untreated (RA-) cells. Regions spanning about 1 Kb in

length of the RARB promoter (1043 bp), the RARB coding sequence (1036 bp), the DHFR

promoter (1000 bp), and the DHFR coding sequence (1062 bp) were examined as defined by

primers listed in Table 1. PCR products were analyzed on agarose gels (Figure 3A) and bands

were quantitated in order to determine the relative PCR efficiencies from platinated versus

unplatinated templates. Using templates from (RA-) cells (Figure 3A, lanes 1,2), the relative

PCR efficiencies from platinated versus unplatinated templates (lane 2 versus lane 1) were as
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follows: RARB promoter (0.88), RARB coding sequence (0.85), DHFR promoter (0.85), DHFR

coding sequence (0.87). Using templates from (RA+) cells (lanes 3,4), the relative PCR

efficiencies from platinated versus unplatinated templates (lane 4 versus lane 3) were as follows:

RARB promoter (0.65), RARB coding sequence (0.88), DHFR promoter (0.9), DHFR coding

sequence (0.88). Based on the PCR results, the cisplatin adducts densities were calculated by the

Poisson equation described above. The results plotted in Figure 3B represent the averages and

standard deviations of two separate experiments with independently prepared templates, with

each experiment being performed in triplicate and corrected for variations in the 270 bp PCR

product of the DHFR gene.

As shown in Figure 3B, in the case of the RARB CDS (1036 bp), the DHFR CDS (1062 bp), and

the DHFR promoter (1000 bp), treatment of cells with 9-cis retinoic acid has little effect on

cisplatin adduct density. Thus adduct densities (in adducts per Kb) on these regions in untreated

cells (RA-) are observed to be 0.16 + 0.03, 0.13 ± 0.08, and 0.17 ± 0.04, respectively. Adduct

densities on these same regions in 9-cis retinoic acid-treated cells (RA+) are observed to be 0.13

+ 0.06, 0.2 - 0.04, and 0.11 ± 0.07, respectively.

In contrast, cisplatin adduct density on the RARB promoter (1043 bp) is enhanced in cells

following treatment of cells with 9-cis retinoic acid (Figure 3B). For this region, adduct

densities increase from 0.12 ± 0.04 adducts per Kb in untreated cells (RA-) to 0.4 ± 0.16 adducts

per Kb in treated cells (RA+). Cisplatin adduct density measured on the active RARB promoter

region in RA+ cells is therefore about 2 times as high as on the DHFR CDS (1062 bp) or DHFR

promoter regions in RA+ cells, and nearly 3.5 times as high as on the inactive RARB promoter in
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RA- cells. Cisplatin adduct density on the constitutively expressed DHFR promoter does not

increase following 9-cis retinoic acid treatment (Figure 3B).

To determine the extent to which differences in sequence composition might account for

differences in adduct density, we examined the number of GG and AG dinucleotide pairs (the

major sites of adduct formation in DNA) in the various DNA regions studied, as summarized in

Table 2 (column 2). Clusters of 3 or 4 G's were scored as one site. The number of potential

sites for adduct formation was in turn used to estimate the relative frequencies of cisplatin targets

per Kb compared to the DHFR CDS (1062 bp) region (Table 2, column 5), given that AG is

targeted by cisplatin only about 40% as frequently as GG dinucleotides (2). We find that

cisplatin adducts form on the RARB promoter (1043 bp) about 2 times as frequently as we would

anticipate on the basis of sequence composition alone. That is, the estimated frequency of

targets is about the same for the RARB promoter (1043 bp) region and the DHFR CDS (1062 bp)

region, yet the observed adduct frequency on the promoter region is about 2 times what it is on

the DHFR CDS (1062 bp) region (0.4 ± 0.16 versus 0.2 ± 0.04 adducts per Kb). Similarly, the

estimated frequency of targets on the RARB promoter (1043 bp) is about 2 times the estimated

frequency oifRARB CDS (1036 bp), yet the observed adduct frequency is 3 times greater on the

promoter compared to the CDS (0.4 ± 0.16 versus 0.13 ± 0.06 adducts per Kb). This suggests

that other factors contribute to the preferential targeting of cisplatin to the induced RARB

promoter.

Location of cisplatin adducts within the promoter region. To further localize adduct

formation within the promoter, we subdivided the RARB promoter (1043 bp) region into three
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overlapping regions A (624 bp), B (483 bp), and C (592 bp) shown schematically in Figure 1,

and defined by primers listed in Table 1. As shown in Figure 4, in the absence of promoter

activation with 9-cis retinoic acid, adduct formation is virtually undetectable in the central region

(B) encompassing the TATA box and RARE (retinoic acid response element), and

approximately equivalent in regions A and C in adducts per Kb to what we observe on the larger

1043 base region of the promoter (0.17 adducts per Kb on each of regions A, C versus 0.12

adducts per Kb on the larger fragment overall). This suggests that some portion of the central

region of the promoter included in fragment B is protected from platination in the uninduced

state.

Following promoter activation, all three regions A, B, and C sustain elevated levels of damage,

(0.34 ± 0.07, 0.43 ± 0.07, 0.27 ± 0.11 adducts per Kb, respectively), which is on the average

what we observe on the larger 1043 base region of the activated promoter (0.4 ± 0.16 adducts per

Kb). This confirms the measurement of adduct density on the larger 1043 base region (Figure 3,

Table 3) and supports the conclusion drawn from the comparison of sequence composition in

Table 3 that the activated RARB promoter sustains levels of cisplatin damage greater than would

be expected o~n the basis of base composition alone. Because regions A, B, and C do not differ

significantly between themselves in GG and AG sequence compositions, the result here suggests

that cisplatin adducts are distributed evenly over the activated promoter and that protection from

platination in region B is abolished by promoter activation.
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DISCUSSION

In these studies we have used a PCR-based assay to detect platination on genomic regions

encompassing about I Kb of the RARB promoter, the RARB coding sequence (CDS), the DHFR

promoter, and the DHFR CDS in T47D breast cancer cells. We see that treatment of these cells

with 9-cis retinoic acid, a treatment that activates the RARB promoter but not the DHFR

promoter, results in a three fold increase in accessibility of the RARB promoter region to

cisplatin (0.4 ± 0.16 versus 0.12 ± 0.04 adducts per Kb). In contrast, the accessibilites to cisplatin

of the DHFR promoter, DHFR CDS, and RARB CDS are not significantly altered by treatment

of cells with 9-cis retinoic acid, and observed adduct densities remain about 2-4 fold lower than

on the activated RARB promoter (0.11 ± 0.07, 0.2 ± 0.04 and 0.13 ± 0.06 adducts per Kb,

respectively). The activated RARB promoter appears therefore to be hypersensitive to cisplatin

adduct formation. Preferential platination of the RARB promoter relative to the other regions

examined could only be attributed in part to differences in sequence composition, suggesting that

structural factors also play a role in directing adduct formation to certain sites.

The possibility that promoter-specific structural changes influence reactivity with cisplatin is

further supported by the analysis of subregions of the larger RARB promoter fragment, where we

see that accessibility to cisplatin increases over the entire promoter region following activation of

the promoter. Furthermore, the accessibility to cisplatin of the central region of the promoter,

including the TATA box and RARE appears to be suppressed in the inactive state, and this

suppression is relieved upon promoter activation. In this case, inhibition of accessibility to

cisplatin might be due to steric hindrance due to the possible positioning of a nucleosome at or
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near the start site of transcription. A recent analysis of a large set of unrelated RNA polymerase

II promoters, both TATA-containing and TATA-less, has revealed a common bendability profile

of DNA just downstream of the start site of transcription, suggesting that the DNA could wrap

around protein in a nucleosome (26). In addition, the complementary triplet pair, CAG/CTG,

shown to correlate with nucleosome positioning (27-28) is over-represented in the region just

downstream if the transcription start site (26). Complexation with nucleosomes near the

transcription start site of the inactive promoter might therefore impede adduct formation by

cisplatin, and displacement or destabilization of nucleosomes by the transcription initiation

complex might remove this impediment.

Following transcriptional activation, the RARB promoter not only becomes more accessible to

cisplatin than it was prior to transcriptional activation, but appears to bind more cisplatin than

would be expected based on sequence composition alone. This suggests that some structural

feature of the DNA of the activated promoter might make it an energetically favorable site for

cisplatin adduct formation. One such feature might be an induced bend in the promoter DNA

generated as a result of protein-protein interactions between transcription factors bound to distant

sites (see 29,-review). Such a bend might provide the stored energy required for strand separation

and initiation of transcription, and this process could be blocked by the formation of a cisplatin

adduct.

The retinoids all trans retinoic acid (ATRA) and 9-cis retinoic acid (9-cis RA), as well as several

synthetic analogues of these natural retinoids, have attracted considerable attention as potential

chemotherapeutic agents for the treatment of promyelocytic leukemia (30) and other cancers (31-
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33). As ligands for nuclear retinoic acid receptors (RARcc,B, or 7) and retinoid X receptors

(RXRa,B, or 7), retinoids regulate the expression of sets of overlapping genes involved in the

regulation of cell proliferation, differentiation, and apoptosis (34-36). All trans retinoic acid,

binding to RAR a,,B, or 7, and 9-cis retinoic acid, binding to either RAR a,B, or 7, or RXR ca,B,

or 7, promote the heterodimerization of these receptors and facilitate the binding of the

heterodimeric complex to specific response elements (RAREs) in the promoter regions of

retinoic acid-responsive genes. This binding is believed to facilitate the recruitment of the

components of the basal transcription complex to the promoter, and promote chromatin

remodeling required for the onset of transcription. While these events may by themselves lead to

partial suppression of some solid tumors, in most examples studied, retinoids showed more

potential when used in combination with DNA damaging chemotherapies such as cisplatin,

etoposide, and 5-fluorouracil (37-39). A synergistic activity between retinoids and cisplatin has

been observed only when retinoid treatment preceded cisplatin treatment, and this correlated

with a 1.5-fold increase in cisplatin adduct content of DNA without a change in cisplatin uptake

(39). These data suggest that retinoid treatment induces an event or events that directly enhance

cisplatin cytotoxicity and are consistent with the possibility suggested by our data, that retinoids

may generate cisplatin-hypersensitive structures that contribute to an enhanced response to

cisplatin.

These data implicate chromatin organization as a component influencing the toxicity of cisplatin,

and add further support to a growing body of evidence pointing to the transcription process as a

target for cisplatin mediated cytotoxicity. Cisplatin adduct formation may disrupt transcription

through several mechanisms, including the following: (a) Cisplatin adducts may generate
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inappropriate binding sites for transcription factors and chromosomal proteins with HMG

domains, titrating them away from their natural sites (18). A variety of HMG-box chromosomal

proteins involved in the transcription complex bind to cisplatin adducts (14-18). (b) Cisplatin

may inhibit transcription factor binding to certain promoters, as has been shown for a stably

integrated mouse mammary tumor virus promoter-driven reporter gene (40). In this case,

cisplatin treatment prior to hormonal induction prevented activation of the reporter gene and

blocked recruitment of the transcription complex to the promoter. (c) By targeting GG

dinucleotides, cisplatin may inhibit certain regulatory elements rich in strings of guanosines,

leading to selective inhibition of such promoters (9,10), and (d) As suggested by our results,

cisplatin may target a DNA structure generated in the active promoters of certain genes, such as

the RARB gene. Assembled on activated promoters may be some of the factors needed to trigger

apoptosis, including the transcription factor p53. Of interest is the recent identification of HMG-

1, which is known to bind to cisplatin adducts, as a specific activator of p53 (41).

The differential toxicities of various platinum drugs may therefore be related to their respective

abilities to mimic or disrupt chromatin structures critical to transcription. Further studies will be

required to determine to what extent the observations made in this study extend to other

promoters and to other DNA damaging agents.
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TABLE 1
Primers used for PCR-stop assay of genomic DNA

Gene Region amplified Primer sequences (5'--3') Product size
(base pairs)

RAR B RARB Promoter #1: CGAGTGCAGTCAATI'CAGCCAGG (for) 1043
(Includes A,B,C below) #2: GCTTATCCTCTAGGTGTGGAGGC (rev)

(A) Promoter, upstream and #1: see above (for) 624
including TATA and RARE #3: CTrCCTACTACTrCTGTCACACAG (rev)

(B) Promoter region of #4: GGGAGAGAAGTTGGTGCTCAACG (for) 483
TATA and RARE #5: CCTTCCGAATGCGTTCCGGATC (rev)

(C) Promoter, downstream #6: GCT1TrGCAGGGCTGCTGGGAG (for) 592
and including TATA and #2: see above (rev)
RARE

RARB CDS (1036 bp) #7: GGTGCAGAGCGTGTAATTACCTTG(for) 1036
(exon 10) #8: CTGCCTTGGAGGCTATCATTACTG(rev)

RARB CDS (483 bp) #7: see above (for) 483
(exon 10) #9: GGTCTTTGCCATGCATCTIGAGTG (rev)

DHFR DHFR Promoter #10: CAGAATGGGAGTCAGGAGACCTG (for) 1000
#11: GCAGAAATCAGCAACTGGGCCTC (rev)

DHFR CDS (1062 bp) #12: CCGTAGACTGGAAGAATCGGCTC (for) 1062
(exons 1,2,adjacent introns) #13: CAGTTGCCAATTCTGCCCCATGC (rev)

DHFR CDS (472 bp) #14: CAATTTCGCGCCAAACTTGACCG (for) 472
(exon 1 and adjacent introns) #15: GAGCTCTAAGGCACCTGACAAAC (rev)

DHFR CDS (272 bp) # 16: GGTTCGCTAAACTGCATCGTCGC (for) 272
(exon land adjacent introns) #17: CAGAAATCAGCAACTGGGCCTCC (rev)
(internal control)
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TABLE 2
Comparison of expected versus observed adduct density in various gene fragments from cells
treated with 9-cis retinoic and 1 mM cisplatin.

1 2 3 4 5 6 7
Targets/Kb Targets/Kb Expected adducts per

Number of GG Cisplatin targets per relative to DHFR Kb based on Observed
Gene fragment fragment' Column3(b) Column 4 observed DI-IFR2  adducts

Fragment length 83 Column 5 x (0.2) per Kb3

(a) (b) sum (Kb)

DHFR CDS GG 77 GG 77 88 83 1.0 0.2 0.2 ± 0.04
1062 bases AG 26 AG 11
RARB CDS GG 25 GO 25IU ~ G2 G2 47 45 .54 0.1 1 0.13 ±-0.06
(1036 bp) AG 56 AG 22

RARB promoter GG 72 GG 72 91.1 0.21 0.0*0.16
(1043 bp) AG 50 AG 20 92 88

DHFRpromoter GG 84 GG 84 106 106 1.3 0.26 0.11 *0.07
(1000 bp)) AG 55 AG 22

'AG adducts are about 40% as likely to form as GG adducts (16): therefore AG targets (column 3a) = AG sites
(column 2) x 0.4.
2 From column 7.
3 Calculated from PCR data in Table 2 using Poisson equation relating adducts per fragment to PCR signal, and

correcting for fragment size.
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FIGURE LEGENDS

Figure 1. Location and sizes of PCR amplification products from the RARBgene of T47D cells

(see also Table 1). For the analysis in Figure 3, PCR primers were chosen so as to amplify a

1043 bp regions of the RARB promoter, including the retinoic acid response element (RARE)

and TATA box, and a 1036 bp region of the RARB coding sequence (CDS). For the analysis in

Figure 4, PCR primers were chosen so as to amplify the subregions A, B, and C.

Figure 2. Quantitative RT-PCR analysis of RARB gene expression (lanes 1-3) and DHFR gene

expression (lanes 4-6) in T47D cells under various conditions. Lanes 1,4: untreated T47D cells.

Lanes 2,5: T47D cells treated 24 hours with 1 jtM 9-cis retinoic acid. Lanes 3,6: cells treated 24

hours with 9-cis retinoic acid, followed by 2 hours with 200 jiM cisplatin. Quantitative

conditions for cDNA synthesis and PCR amplification were verified as described in

Experimental Procedures. 10tl and 21gl, respectively, of the RARB and DHFR PCR reactions

were analyzed.

Figure 3. Cigplatin adduct formation on various regions of T47D cell genomic DNA as assayed

by PCR stop assay. Regions analyzed were the RARB CDS (1036 bp), the RARB promoter

(1043 bp), the DHFR CDS (1062 bp), and the DHFR promoter (1000 bp). Genomic DNA was

prepared from cells pre-treated in the presence (RA+) or absence (RA-) of 9-cis retinoic acid for

24 hours followed by 2 hours in the presence or absence of 1 mM cisplatin. (A) Agarose gel

analysis of PCR products from one experiment. Lanes 1,2 (RA- cells). Lanes 3,4 (RA+ cells).

Lanes 1,3 (no cisplatin). Lanes 2.4 (plus cisplatin). (B) Bar graph showing cisplatin adducts per
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Kb as calculated from the PCR results as described in Experimental Procedures. The results

represent the averages and standard deviations of two separate experiments with independently

prepared templates, with each experiment being performed in triplicate. For each experiment,

results were corrected for variations in the 270 bp PCR product of the DHFR gene.

Figure 4. Cisplatin adduct formation on three overlapping regions A (624 bp), B (483 bp), and C

(592 bp) of the RARI3 promoter 1043 bp region shown schematically in Figure 1. Primers used

are listed in Table 1. Cells were treated as in Figure 3. Results represent the average of triplicate

assays.
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Figure 3B
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c-Jun phosphor'lation and p53

ABSTRACT

We have previously shown, by expression of a nonphosphorylatable dominant inhibitor

mutant of c-Jun (cJun(S63A,S73A), that activation of the N-terminal Jun kinase/stress-

activated protein kinase (TNK/SAPK) by genotoxic damage is required for DNA repair.

Here we examine the consequences of inhibition of DNA repair on p53-induced

apoptosis in T98G cells, which are devoid of endogenous wild-type p53. Relative to

parental or wild-type c-Jun expressing control cells, mutant Jun-expressing T98G clones

show similar growth rates and plating efficiencies. However, these cells are unable to

repair DNA (PCR-stop assays) and exhibit up to 80 fold increased methotrexate-induced

colony formation due to amplification of the dihydrofolate reductase gene. Moreover, the

mutant c-Jun clones exhibit increased apoptosis and elevated bax to bcl 2 ratios upon

expression of wild-type p53. These results indicate that inhibition of DNA repair leads to

accumulation of DNA damage in tumor cells with unstable genomes and this in turn

enhances p53-mediated apoptosis.
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INTRODUCTION

Tumor progression involves the rapid accumulation of genetic alterations, some of which

promote cell proliferation and enable cell survival in changing environments. Genomic

instability, one of the unique features of cancer, may provide the driving force for

progression by facilitating these rapid genetic alterations (see 1). Nevertheless, this

instability generates strand breaks and other forms of DNA damage that could be

deleterious to cell survival. There is therefore selective pressure on the cancer cell to

modulate its DNA damage response so as to insure survival while accommodating this

increased genetic instability.

One way in which a cancer cell may modulate its DNA damage response is loss of the

tumor suppressor p53. p5 3 mediates apoptosis in response to DNA damage, possibly as

a result of its ability to recognize and bind to damaged DNA, including DNA containing

single stranded ends (2) and DNA in abnormal structures known as insertion-deletion

loops (3). Stabilization of p53 protein occurs following DNA damage, in a process that

involves DNA-PK/ATM as a key mechanism (4,5). Numerous studies correlate loss of

p53 with increased genome instability (6-9), aneuploidy (10,11), and tumor progression

(12), suggesting that loss of p53 renders cells permissive for further genome destabilizing

events that accompany and promote tumor progression such as gene amplification and

deletion. Restoration of p53 function in tumor cells that no longer express wild-type p53

restores the DNA damage recognition pathways and leads to G1 arrest or apoptosis (see

13, review).
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DNA damage also leads to activation of the Jun kinase/Stress-activated protein kinase

pathway (JNKISAPK) (14). Jun kinase (JNK) phosphorylates the c-Jun component of

the AP-I complex and related transcription complexes on serines 63 and 73 in the N-

terminal domain, thereby greatly activating transcriptional transactivation by AP-1 and

related c-Jun-containing complexes such as the c-Jun/ATF2 heterodimer. JNK activity is

strongly induced in response to a variety of DNA damaging treatments such as UV

irradiation (15), cisplatin (15,16), camptothecin (17), and etoposide (18). We have

previously shown that activation of the JNK pathway that follows DNA damage is

required for DNA repair, suggesting an essential role of JNK in regulating the DNA

repair process (16). Phosphorylation of c-Jun is also induced by certain oncogenes (19)

and is required for c-Jun plus Ha-ras co-transformation of rat embryo fibroblasts (19,20).

Complete loss of c-Jun in transgenic mouse embryo fibroblasts results in proliferation

defects leading to prolonged passage through crisis and delay of spontaneous

immortalization (21).

In order t6 more fully understand the role of the Jun kinase pathway and c-Jun

phosphorylation in cellular transformation, tumorigenesis, and DNA repair, we have

recently selected T98G glioblastoma cells modified to express a mutant Jun that acts as a

dominant-negative inhibitor of wild-type c-Jun downstream targets. T98G cells express

only mutant p5 3 (22), and unlike many other cell types, including normal lung epithelial

cells (23), they express elevated, easily detectable levels of Jun kinase activity, which can

be activated a further 5-10 fold by treatment with the DNA cross-linking agent cisplatin
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(16). The Jun mutant construct used to modify T98G cells was originally derived by

Karin and colleagues (19,20) and has alanine substitutions at serine positions 63 and 73.

Mutant Jun therefore cannot be phosphorylated by Jun kinase. Expression of mutant Jun

does not alter the basal or induced levels of Jun kinase activity in these cells, indicating

that mutant Jun has no direct effect on the INK enzyme3. However, it does strongly

inhibit transactivation of AP-1 reporter plasmids in rodent fibroblasts (19,20), and T98G

cells 3, indicating that mutant Jun acts as a competitive inhibitor in the formation of an

active AP-1 complex and therefore greatly impedes phosphorylation-dependent

transactivation functions of c-Jun (19,20). Furthermore, in A549 human lung carcinoma

cells, where the JNK pathway is known to be required for the EGF-stimulated cell growth

(23), inhibition of the JNK pathway by the application of high affinity JNK

oligonucleotides leads to inhibition of EGF-dependent growth in a manner

indistinguishable from that caused by stable expression of mutant Jun (23). Thus, stable

expression of mutant Jun appears to be a potent and specific inhibitor of phosphorylation-

dependent effects of endogenous c-Jun that are usually promoted by the action of INK.

T98G celis that express mutant Jun have a marked increase in sensitivity to the DNA

damaging drug cisplatin, and to UV radiation, and this increased sensitivity to DNA

damage correlates with an inability to repair DNA (16). This suggests that

phosphorylation of the wild-type c-Jun subunit of transcription factors such as AP-1 and

the c-Jun/ATF2 heterodimer may contribute to DNA repair and survival following DNA

damage through induction of DNA synthesis and repair genes such as topoisomerase I

and DNA polymerase 13, both of which have functional AP-1 and ATF2/CREB sites
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(which bind to c-Jun/ATF2) in their promoters (24-27). Phosphorylation of c-Jun may

also contribute to cell survival during the crisis phase of tumorigenic transformation by

promoting repair of DNA strand breaks generated by the mechanisms that destabilize the

genome during tumor progression.

Restoration of p53 function in T98G glioblastoma cells by exposure to p53-adenovirus

promotes low levels of apoptosis at gene transfer efficiencies of 50-80% (28). We have

found that levels of apoptosis can be significantly increased in these cells when they are

treated with p53 adenovirus in combination with DNA damaging agents such as cisplatin

and radiation. This is consistent with a model in which the level of DNA damage

sustained by the cell is a strong determinant of p53-mediated apoptosis as suggested by

Chen et al (29). In this study we hypothesized that inhibition of DNA repair by

expression of mutant Jun, would also enhance p53-mediated apoptosis. It is known that

various forms of genetic instability characteristic of cancer cells, including gene

amplification, gene deletion, and broken chromosomes, are related in origin through the

involvement of strand breaks (see 30, review). By blocking DNA repair, mutant Jun is

predicted to promote elevated levels of strand breaks which then serve as signals for p53-

mediated apoptosis. The elevated level of strand breaks could also stimulate further gene

amplification. In the studies reported here, we extend and confirm our earlier

observations that mutant Jun expression leads to inhibition of DNA repair. Moreover, we

show that mutant Jun expression predisposes cells to gene amplification as judged by the

amplification of the dihydrofolate reductase (DHFR) gene. We further show that

expression of mutant Jun greatly enhances p53-mediated apoptosis. These observations
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provide support for the hypothesis that inhibition of DNA repair in cancer cells with

unstable genomes enhances sensitivity to DNA damaging chemotherapy and p53-

dependent apoptosis.

85



c-Jun phosphorylation and p53

RESULTS

T98G mutant Jun-expressing cells resemble parental T98G cells with respect to

growth rate and plating efficiency. We have previously shown that mutant Jun-

expressing T98G clone 1-10-10 has decreased viability following treatment with cisplatin

and other DNA damaging agents likely due to a defect in DNA repair (16). Here we

examine this and a second mutant Jun expressing clone, 1-10-6, as well as a control c-

Jun-expressing clone, T98GcJun, and parental T98G cells for the expression levels of

total immunoreactive Jun, for proliferation rates, and for plating efficiencies. Figure 1 j

shows a Western blot of lysates from each of these four cell lines using an antibody that

recognizes both mutant Jun and c-Jun. Equivalent loading was confirmed by stripping

the blots and reprobing them with an anti-13-actin antibody (not shown). As shown in the

figure, mutant Jun modified clones 1-10-10 and 1-10-6, as well as control c-Jun modified

clone T98GcJun, over express total Jun, consistent with expression of the exogenous

constructs. The mutant Jun-expressing clones, as well as the control c-Jun-modified

clone, show little difference from parental T98G cells with respect to proliferation rate or

plating efficiency (Table 1). Only slight growth alterations were observed but these did - -

not correlate with expression of mutant Jun, as clone 1-10-10 proliferates about 20%

faster than parental cells or c-Jun modified cells and clone 1-10-6 proliferates about 20%

slower. Therefore, expression of mutant Jun in T98G glioblastoma cells inhibits their

ability to repair DNA damage (see below), but. it is not growth suppressive in itself.
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T98G mutant Jun expressing cells are defective in repair of cisplatin adducts.

Cisplatin adduct formation and repair was analyzed by a PCR-based assay (PCR-stop

assay) as described in Materials and Methods. Because cisplatin adducts block PCR

amplification by Taq polymerase, the intensity of the PCR signal derived from a given

amplified region (in our case the hypoxanthine phosphoribosyl transferase (HPRT) gene)

is inversely proportional to the platination level and can be used as a quantitative measure

of the number of cisplatin-DNA adducts on that region (31). Platination levels

determined by PCR amplification of a given housekeeping gene have been shown to

correspond to determinations of platination levels on genomic DNA by atomic

absorption, demonstrating that the PCR method reflects global DNA platination levels

(31). We have also observed in a variety of tumor cell lines that cells shown to be DNA

repair deficient by the PCR assay were also defective in repairing a cisplatin damaged

reporter plasmid, as assayed by expression of the reporter gene two days following

transfection (Gjerset and Haghighi, unpublished). The PCR assay was chosen for these

studies as it measures repair of an endogenous genomic sequence. Figure 2 shows the

results of a PCR stop assay performed on genomic DNA isolated from parental T98G

cells, mutant Jun-expressing I-10-10 and 1-1t0-6 cells, and control c-Jun-expressing

T98GcJun cells following treatment with cisplatin, with and without a subsequent 16

hour recovery period. The bars represent the relative amounts of PCR product resulting

from PCR amplification of a 2.7 Kb region of the HPRT gene of genomic DNA from

cisplatin-treated versus untreated cells. In all cases, the results have been corrected for

sample to sample fluctuations in PCR efficiency by normalizing the results to a 170 base

PCR product of the same gene, i.e., a fragment too small to register significant levels of
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platination and where fluctuation from sample to sample varied by less than 5%. The

data show that treatment with 100 p.M cisplatin results in an immediate decrease in the

PCR signal intensity to about 85% of control signals obtained from DNA from untreated

cells. Based on a Poisson relationship, this corresponds to an adduct density of about

0.16 adducts per 2.7 KB. By 16 hours post-treatment, both T98G cells and c-Jun-

expressing control cells (T98GcJun) have efficiently repaired the adducts and the PCR

signal strengths are equal to controls (i.e., no detectable adducts at 16 hours). In contrast,

mutant Jun-expressing clones I-10-10 and 1-10-6 failed to repair the adducts and PCR

signal strengths remain unchanged following the 16 hour recovery period (Figure 2).

These observations confirm and extend our earlier results (16) and strongly indicate that

inhibition of the JNK pathway effectively blocks DNA repair.

T98G mutant Jun expressing cells give rise to methotrexate-resistant clones with

higher frequency than do parental T98G cells or c-Jun-expressing cells. Certain types

of DNA repair defects contribute to tumorigenesis (32,33) and increased genome

instability (34,35). We examined the T98G clones described above for DHFR gene

amplificafion, one measure of genome instability known to correlate with increased

tumorigenicity following in vivo implantation of cells (36-38). T98G cells were plated in

the presence of concentrations of methotrexate 5 times the LD50 and 9 times the LD50

determined for these cells, i.e., concentrations at which gene amplification of DHFR is

known to be the predominant mechanism of resistance to the cytocidal effects of

methotrexate (39,40). Thus the frequencies of appearance of methotrexate-resistant

clones is a measure of genome instability. As shown in Table 2, T98G 1-10-10 cells
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produce methotrexate resistant colonies at about 20 times the frequency of the parental

T98G cells, and T98G 1-10-6 cells produce methotrexate resistant colonies at about 80

times the frequency of parental T98G cells (p=0.00 6). In contrast, stable expression of

wild-type c-Jun had no effect on the frequency of resistance indicating strongly that

interference with a phosphorylation-dependent finction of JNK predisposed cells to form

resistant colonies.

In order to verify the occurrence of gene amplification in methotrexate resistant colonies,

several colonies were picked from each selection condition and expanded. Genomic

DNA was prepared and subjected to quantitative PCR analysis using 32p-labeled primers

that define a 270 base fragment of the DHFR gene which includes part of exon 1 and

intron A. PCR products were analyzed by agarose gel electrophoresis and quantitated by

radioanalytic imaging as described in Material and Methods. The relative increase in

PCR product from cellular DNA of methotrexate-resistant cells compared to unselected

parental T98G cells was taken as a measure of the increased copy number of the DHFR

gene and is indicated in Table 2. The methotrexate resistant clones derived from T98G

mutant Jun expressing clones have from 2 to 4 times the gene dosage of the DHFR gene

relative to parental T98G cells, indicating that the observed methotrexate resistance

reflected an increased DHFR gene copy number. We conclude therefore, that inhibition

of DNA repair by mutant Jun in T98G glioblastoma cells leads to accumulated DNA

damage which can promote gene amplification.
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T98G mutant Jun cells are more susceptible than are parental cells to p53-mediated

growth suppression. T98G cells lack wild-type p53 function as a result of a methionine

to isoleucine replacement in p53 at codon 237 (41). Restoration of wild-type p53 in

T98G cells through gene transfer results in partial GI arrest (41) or apoptosis (28).

Furthermore, agents that promote DNA strand breaks and other forms of DNA damage

enhance p53-mediated apoptosis (28). Based on the observations above indicating that

mutant Jun-expressing cells are inhibited in DNA damage repair and predisposed to gene

amplification, we predicted that strand breaks would accumulate in mutant Jun-

expressing cells thereby leading to increased p53-dependent growth inhibition and

apoptosis. Figure 3 compares the growth inhibition of Ad-p53-transduced cells relative to

Ad-I3gal-transduced cells 6 days post-infection. The results represent the average of two

experiments performed on separate occasions,.with each experiment.being performed in

triplicate. The infection efficiency, determined by X-gal staining of parallel cultures with

Ad-f3gal, was about 50% in all cases, low enough to cause incomplete growth suppression

of parental T98G cells and control cells modified to stably express wild-type c-Jun as

shown in Figure 3. Growth studies revealed that T98G 1-10-10 and 1-10-6 cells were

considerably more growth suppressed upon expression of p5 3 under these conditions.

Western blot analysis (Figure 4) of the p53.-responsive gene product, p2 1 wan/CiPl in cell

lysates 48 hours post-infection shows induction of p 21 waf/ci"P in all cases. The data thus

show that p 2 1wafl/cipl is not a crucial player in this setting. Equivalent loading was

confirmed by stripping the blots and reprobing them with an anti-i3-actin antibody (not

shown).
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T98G mutant Jun cells expressing cells are more susceptible to p53-mediated

apoptosis. In order to determine whether the p53-mediated growth inhibition of T98G

mutant Jun expressing cells observed in Figure 3 could be accounted for by the induction

of apoptosis, we assayed the cytoplasmic fractions of Ad-p53 or Ad-B3gal-infected cells,

48 hours post-infection, for the presence of oligonucleosomal fragments (Figure 5).

These fragments are released from the nuclei of cells undergoing apoptosis, and can be

detected by an ELISA assay using anti-histone antibodies and anti-DNA peroxidase

antibodies. We assayed for apoptosis 48 hours following exposure to p53-adenovirus or

Bf-gal adenovirus as this is the point at which we have observed maximal transgene

expression in Ad-B-gal-infected cells (unpublished observations). Figure 5A shows the

results of the ELISA assay on the various T98G cell clones. Low levels of

oligonucleosomal fragment release similar to levels observed in uninfected cells were

observed in Ad-B-gal-infected cells. Treatment of parental T98G cells and control wild-

type c-Jun -expressing T98GcJun cells with Ad-p53 (100 pfu/cell, 3 hours) resulted in

virtually no induction of apoptosis under our conditions, consistent with growth assays

showing no suppression of overall growth following treatment of these cell lines with

Ad-p53. HIowever, readily detectable and significantly increased levels of apoptosis were

observed in mutant Jun expressing clones 1-10-10 and 1-10-6. These results are

consistent with the appearance of Ad-p53-treated cultures as shown in Figure 5B. Ad-

p53-treated I- 10-10 and 1- 10-6 cells lose contact with neighbors, become large and

contain cytoplasmic vacuoles. Thus p53-mediated apoptosis is markedly enhanced in

mutant Jun-expressing cells, possibly as a consequence of being triggered by endogenous

strand breaks that fail to be repaired.
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To confirm a p53-dependent mechanism of apoptosis, we carried out a Western blot

analysis of the apoptosis regulatory proteins bax and bcl2 in cells treated with Ad-p53 or

Ad-8gal (Figure 6). The levels of the proapoptotic effector, bax, whose gene is induced

by p53 (42), increase following treatment with Ad-p53, as expected, while levels of the

antiapoptotic protein bcl2 remain largely unchanged. A comparison of the bax to bcl2

protein is indicated by the ratios under the lanes in Figure 6. The bax/bcl 2 ratio following

treatment with Adp53 is significantly higher in mutant Jun-expressing cells 1-10-10 and I-

10-6 (ratios of 10 and 2.5, respectively) than in parental cells (ratio of 1.7) and c-Jun

control cells (ratio of 0.8). Furthermore, a comparison of these ratios in uninduced versus

induced cells (AdJ3gal-treated versus Adp53-treated) reveals a 3 to 4-fold increase for the

Adp53-treated parental and cJun-expressing control cells compared to the same cells

treated with Adf3gal, whereas Adp53-treated mutant Jun-expressing cells I-10-10 and I-

10-6 show an increase of some 8 to 25 fold, respectively, compared to the same cells

treated with AdBgal. In accordance with other data suggesting that the bax to bcl 2 ratio is

a critical determinant of apoptosis (see 43, review), these data support a role for bax in

the increased apoptosis observed after Adp53, treatment of. .mutant Jun-expressing cells.
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DISCUSSION

In this study we have examined how a dominant-negative inhibitor of phosphorylated

wild-type c-Jun downstream targets affects cell proliferation, DNA repair, susceptibility

to p53-mediated apoptosis, and DHFR gene amplification in T98G glioblastoma cells.

The JNK/SAPK pathway is a cellular DNA damage and stress response pathway that is

activated by a variety of signals including mitogens such as EGF (23), oncogenes (19),

and numerous DNA damaging agents such as UV radiation and cisplatin (15-17).

Phosphorylation of c-Jun by JNK, activates the transcriptional potential of AP-1 and

related transcription factors such as c-Jun/ATF2, which employ c-Jun as a heterodimeric

partner in the transcription complex. The non-phosphorylatable mutant Jun construct

used in these and earlier studies resembles normal cellular c-Jun except for two alanine

replacements at positions 63 and 73. This change, has been shown to abrogate the co-

transformation properties of c-Jun with H-ras in rat embryo fibroblasts (19,20), and to

block EGF-induced proliferation of lung carcinoma cells (23). T98G glioblastoma cells

expressing this mutant Jun have reduced viability following treatment with the DNA

damaging drug cisplatin (16) and this result is due to an inability to repair cisplatin

adducts, as we show here and in an earlier study (16). Thus, the JNK pathway may

promote cell survival during transformation and in response to DNA damage.

In this study we extend the analysis of the T98G mutant Jun clones analyzed previously.

We observe that they grow with similar doubling times and have similar plating
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efficiencies as parental T98G cells or c-Jun-modified control cells, indicating that stable

expression of mutant Jun does not substantially alter DNA synthesis. However,

methotrexate-resistant clones arising in the presence of > 5 x LD50 are generated at a 20

to 80 fold higher frequency in mutant Jun-expressing clones compared to parental T98G

cells and the wild-type c-Jun expressing clone, T98GcJun. Under these conditions,

resistance to methotrexate is known to be primarily due to amplification of the DHFR

gene (39,40). We confirmed a low but detectable increase in DHFR gene copy number

of about 2-4 fold compared to parental T98G cells by quantitative PCR analysis of

genomic DNA isolated from several representative clones of methotrexate-selected T98G

1-10-10 and 1-10-6 cells. Though low, such an increase in copy number could explain the

increase in methotrexate resistance observed in these cells, and is supported by previous

studies which showed that a low level of DHFR gene amplification was sufficient to

confer resistance to methotrexate (44). Furthermore, mutant Jun-expressing T98G cells,

which do not express endogenous wild-type p53,. exhibited increased growth suppression

and apoptosis following exposure to p53 adenovirus and restoration of wild-type p53

function. Therefore, mutant Jun alone had little effect on the growth properties of T98G

cells but manifested a negative effect on growth in the presence of wild-type p53.

Our results demonstrate that expression of a non-phosphorylatable mutant Jun but not c-

Jun leads to a defect in DNA repair and contributes to increased gene amplification, one

manifestation of genomic instability in mammalian cells. These observations are

consistent with other examples where DNA repair defects are seen to underlie a genome

instability phenotype (34,35). The results suggest that the DNA repair defect associated

94



c-Jun phosphorylation and p53

with expression of mutant Jun may generate elevated levels of strand breaks in T98G

cells compared to T98G parental cells and c-Jun-modified cells, both of which have an

intact JNK pathway. The elevated level of breaks may in turn serve as initiation events

for increased gene amplification (45) as well as triggers for DNA damage-induced

stabilization of transduced wild-type p53 leading to apoptosis. Our results directly

demonstrate both gene amplification and significantly increased p53-dependent apoptosis

in mutant Jun-expressing cells in support of this hypothesis.

One possible explanation for our observations is that one or more downstream targets of

wild-type c-Jun promotes repair of endogenous strand breaks. Candidate targets include

DNA polymerase 13, PCNA (proliferating cell nuclear antigen), topoisomerase I,

topoisomerase II, and GADD153, all of which have potential AP-1 or c-Jun/ATF2

binding sequences in their promoter regions (see 24-27, 46, review). In the cases of DNA

polymerase 13 and topoisomerase I, these c-Jun/ATF2 binding sites are known to be

functional and stress activated (46). Moreover, all of these gene products have been

implicated in the repair of cisplatin-DNA adducts (47). Thus while an intact JNK

pathway if T98G parental cells and in c-Jun modified control cells would not directly

prevent DNA damage-induced p53 stabilization, the pathway would act indirectly to

attenuate p53-mediated apoptosis by efficiently promoting repair of endogenous strand

breaks that would trigger p53 stabilization.

An additional mechanism also may play a role in cells expressing endogenous wild-type

p53. Shreiber et al (21) have recently shown that c-Jun directly down-regulates p53
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expression through binding to a variant AP-l site in the endogenous cellular p53

promoter. In their study, negative regulation of p53 by c-Jun appeared to be crucial to

cellular transformation in that transgenic mouse embryo fibroblasts (MEFs) lacking c-Jun

displayed proliferation defects, elevated p53 expression, and prolonged transit through

crisis prior to spontaneous immortalization. Thus c-Jun may attenuate p53-mediated

apoptosis both by down-regulating expression of p53 and by promoting repair of

endogenous DNA damage that could trigger p53 stabilization and apoptosis.

Two independently derived mutant Jun-expressing clones show a similar properties,

whereas a third clone expressing wild-type c-Jun and maintained in culture for a similar

period did not share any of these properties. These observations strengthen the argument

that down regulation of DNA repair as a consequence of mutant Jun expression underlies

the elevation in DHFR gene amplification, and enhanced predisposition to p53-mediated

apoptosis. Our results suggest in addition that increased expression of the p53-regulated

proapoptotic effector, bax, leads to an increased bax/bcl 2 ratio that contributes to

enhanced apoptosis in mutant Jun-expressing cells following exposure to p53 adenovirus.

This is consistent with a variety of observations in other systems showing the importance

of the bax/bcl 2 ratio in determining apoptosis (see 43, review). Thus, an elevated level of

endogenous DNA strand breaks in mutant Jun-expressing cells may result in increased

stabilization and activation of p53 and increased induction of bax.

The recent identification of p53 as a physiological substrate for JNK (48) indicates that

the JNK response extends to other targets besides c-Jun, and these could mediate the
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various aspects of the stress response. Although inhibited in c-Jun phosphorylation,

T98G cells modified with mutant Jun express constitutively active JNK at levels similar

to the parental T98G cells. They would therefore be expected to carry out

phosphorylation of other JNK substrates similarly to parental cells. The ability of T98G

mutant Jun cells to carry out apoptosis following restoration of p53 activity suggests that

any JNK-related apoptotic functions are not disrupted by the mutant Jun modification.

Consistent with our observations that the mutant Jun modification has no significant

effect on cell growth or plating efficiency of T98G cells, is a study demonstrating that

embryonal stem (ES) cells lacking c-Jun had similar viability and growth rate as parental

ES cells, and were able to efficiently transactivate AP-1 reporter constructs (49). Thus

most of the functions of c-Jun in ES cells appeared to be complemented by other Jun

proteins. In our case, mutant Jun itself may be, able to carry out the c-Jun functions

required for basal growth. However, phosphorylation of c-Jun appears to be critical in

the cellular response to DNA damage.

Our results can be understood in light of a growing body of evidence supporting a role for

p53 in modulating apoptosis in response to DNA damage (see review, ref. 50), and in

proportion to the extent of damage (29). p53 is a DNA damage recognition protein

known to bind to a variety of types of DNA damage, including single stranded ends (2),

and insertion-deletion loops (3). These types of damage, which could serve as triggers

for p53-mediated apoptosis are likely to be generated in tumor cells by the mechanisms

that promote spontaneous gene rearrangements, deletions, and amplifications. As such, a
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failure of DNA repair in mutant Jun-expressing cells would promote the accumulation of

strand breaks, which would, on the one hand, favor gene amplification and other

manifestations of genome instability, and on the other hand, promote DNA damage-

induced stabilization of p53 and apoptosis.

As depicted in the scheme in Figure 7, we hypothesize that activation of JNK and loss of

p53 represent independent mechanisms by which tumor cells undergoing progression

accommodate increased levels of genomic instability and insure survival while sustaining

potentially lethal genome destabilizing events. By promoting DNA repair, the JNK

pathway may limit damage to levels compatible with survival. Loss of p53 would further

enhance survival owing to a down-regulated apoptotic response to unrepaired damage.

MATERIALS AND METHODS

Cell Lines. T98G glioblastoma cells were obtained from Dr. Hoi U (University of

California, San Diego) and cultured at 370 C in 10% CO 2 in Dulbecco's Modified Eagles

Medium (DMEM) supplemented with 10% newborn calf serum. The T98G clones that

had been modified to express mutant Jun, termed T98G-dnJun-I-10-10 and 1-10-6 (see

16), or simply T98G 1-10-10 and T98G 1-10-6, were cultured in the same way as were

T98G cells except that 100 gg/ml hygromycin was added to the culture medium. The

pLHCmjun vector encodes a dominant negative mutant of c-Jun and was prepared as

previously described (51) by insertion of DNA encoding mutant Jun (obtained by site-

directed mutagenesis by M. Karin and colleagues (20)) into the retroviral vector pLHCX.
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Mutant Jun has ser -+ ala substitutions at positions 63 and 73, two sites of DNA damage-

induced phosphorylation in wild-type c-Jun and cannot be phosphorylated at these sites.

As a control T98G cells modified to overexpress wild-type c-Jun (T98GcJun) were

obtained by cotransfection with a c-jun expression vector, pSV2cjun and with pSV2neo,

and were cultured similarly, with the addition of 100 [Ig/mI G418.

Western blot analysis. Levels of total cellular Jun protein (c-Jun + mutant Jun), as well

as levels of the gene products of the p53-regulated genes p2 1 w'fl, bax, and bcl 2 were

determined by western blot analysis. Cell lysates (20-40tgg) were electrophoresed on a

12% acrylamide gel and blotted onto nylon membranes. Membranes were then treated

with rabbit polyclonal anti c-Jun (1:200), or with mouse monoclonal anti p21 w.l (1:200),

or with rabbit polyclonal anti bax (1:200), or with mouse monoclonal anti bcl 2 (1:100)

followed by an appropriate anti-rabbit or anti-mouse secondary antibody conjugated with

horseradish peroxidase. All antibodies were purchased from Santa Cruz Biotechnology,

Inc.(Santa Cruz CA) and used according to .the protocol recommended by the

manufacturer. Antibody reactive bands were revealed using the ECL Western detection

system (Amersham Life Sciences, U.K.). For quantitation of bands, we used Kodak

digital camera and analysis software.

Analysis of repair of cisplatin-DNA adducts. Cisplatin (cis-diamrninedichloroplatinum)

adduct formation and repair was analyzed by a PCR-based DNA damage assay (PCR-

stop assay)(3 1). The assay is based on observations that Taq polymerase is blocked at

cisplatin adducts, was used to analyze cisplatin adduct formation and repair. Since DNA
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fragments are platinated randomly, the distribution of damage fits a Poisson distribution,

where a mean level of one adduct per fragment (i.e., the portion of the genome defined by

the forward and reverse PCR primers) will leave 37% of the fragments undamaged and

these will be amplified to produce a PCR signal 37% of that from control DNA. For

cisplatin treatments, cells were plated at 50% confluency in three wells of a 6 well plates

in standard medium described above. Following attachment, duplicate wells were treated

with 100 giM cisplatin (PlatinolTM, aqueous solution at 1 mg/ml, purchased from local

pharmacies) for one hour 15 minutes, and one well was left untreated. Following

treatment, the untreated cells, and one well of 100 g.M cisplatin-treated cells were

harvested and genomic DNA was prepared. The remaining treated well was incubated an

additional 16 hours in the absence of cisplatin before harvesting. DNA was prepared

using the QIAmp blood kit essentially following the manufacturer's protocol, except that

cells were lysed directly on the plate in the presence, of PBS, Qiagen protease and lysis

buffer supplied in the kit. Following purification,. DNA was adjusted to 0.5 mg per ml in

sterile water and stored at -20o C. Quantitative PCR was used to compare cisplatin

adduct formation on a 2.7 kilobase region of the HPRT gene. As an internal control for

PCR efficiency, we PCR-amplified from the same templates, a 170 base non-overlapping

region of the same gene. The smaller region represents a target too small to register

significant levels of damage under our conditions. We found that both the 2.7 Kb and

170 base products increased linearly with input template over the range 0.1 to 0.5 p.g

DNA per 25 pI reaction, and we therefore routinely used 0.125 to 0.25 ýtg template per

reaction. Reactions were performed in 25 gI using 0.125 - 0.25 g.g DNA, 25 pmole each

of forward and reverse primer, 250 jtM dNTPs (Pharmacia) 1.25 units Taq polymerase
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(Qiagen), Ix buffer (Qiagen) and solution Q (Qiagen). Bands were quantitated using a

Kodak digital camera and analysis software. The amplification program was as follows:

I cycle (940 C, 1 minute 30 seconds); 25 cycles (940 C, 1 minute, 570 C, 1 minute, 700 C,

2 minutes 30 seconds); I cycle (94' C, 1 minute, 570 C, 1 minute, 70' C, 7 minutes). All

assays were performed in triplicate on two separate occasions.

Virus. Replication-defective Adenoviruses (Ad-p53 and Ad-Bgal) in which the human

p53 coding sequence or the bacterial 13-galactosidase gene, respectively, replaced the viral

early region E1A and E 1B genes were provided by Introgen Therapeutics, Inc. (Houston,

TX).

Virus treatments. Cells at 80% confluencewere placed in DMEM supplemented with

2% heat-inactivated fetal bovine serum and infected for 3 hours at a multiplicity of 100

pfu per cell. The efficiency of infection was determined by X-gal (5-bromo-4-chloro-3-

indolyl-B3-D-galactopyranoside) staining a sample of the B-gal virus-infected cells (see

28), and was usually _> 50%.

Viability and growth assays. Following infection, triplicate aliquots of cells were

replated in 96-well plates at a density of 1000 cells per well. Plates were incubated for 5-

7 days and surviving cells were determined by adding a solution containing MTS (3-

(4,5 '-dimethylthiazo l-2-y 1 )-5-(3 -carboxymethoxylphenyl-2-(4-sulfophenyl)-2H-

tetrazolium inner salt) and PMS (phenazine methosulfate) (both purchased from

Promega, Madison, WI.) for 1 hour and determining A590 nm of the resulting formazan
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product, following procedures provided by the manufacturer. For growth assays, cells

were plated at 1000 cells per well in 96-well plates. On successive days from day 1

through day 8, triplicate samples were stained with MTS as described above.

Generation of methotrexate-resistant clones. LD50 values for methotrexate were

determined for the cell lines to be tested. Cells were seeded at a starting density of 103

cells per cm 2 and allowed to attach for 16 hours. Methotrexate (Sigma, St. Louis, MO)

was then added to a concentration of 5 x LD50 or 9 x LD50, concentrations known to

select for DHFR gene amplification (39,40). Medium with fresh methotrexate was

replaced weekly. When colonies developed and reached a size of about 100-200 cells

(about 5 weeks), plates were washed in PBS and stained with 1% methylene blue in 70%

methanol.

Analysis ofDHFR gene copy number. To verify DHIFR gene amplification following

selection in methotrexate as described above, several clones were picked and expanded.

Genomic DNA from these clones, as well as from parental unselected cells was prepared

from abo0it 106 cells in each case using the QIAamp Blood KitTM (Qiagen Inc.,

Chatsworth, CA) and resuspended at 0.5 mg/ml in sterile H20. Quantitative PCR was

performed in 50 dtl aliquots containing 0.2 [ig DNA, 50 pmol each of forward and reverse

primers defining a 270 base pair region of exon 1 and intron A of the dihydrofolate

reductase gene (see below), 50 mm KCL, 10 mm Tris pH 8.3, 1.5 mm MgCI2, 250 mM

dNTPs, 0.5 ýtl Tac polymerase (Qiagen Inc., Chatsworth, CA), 10 ýtl Q bufferTM (Qiagen,

Inc., Chatsworth, CA) and I pmol radioactively end-labeled reverse primer (labeled with
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-32 P-dATP). PCR conditions were as follows: I cycle: 940 C (1'30"); 25 cycles: 94'(1

min)-57°(l min)-70°(2'30"); I cycle: 94'(1 min)-57°(l min)-70°(7'). Following PCR, 10

g.l aliquots were electrophoresed on a 1% agarose gel. The gel was vacuum-dried for two

hours onto filter paper and the PCR-amplified 270 base pair band was quantitated using

an Ambis4000 Radioanalytic Imaging system (Ambis, Inc., San Diego, CA). Quantitative

conditions were established by demonstrating in control reactions with known amounts of

DNA in two-fold dilutions that product formation was directly proportional to input

template. Primer sequences for the dihydrofolate reductase gene were as follows:

(forward primer) 5'-GGTTCGCTAAACTGCATCGTCGC-3' and (reverse primer) 5'-

CAGAAATCAGCAACTGGGCCTCC-3'. An increase in DI-FR gene copy number was

then equal to the fold increase in the PCR product from cellular DNA of methotrexate-

resistant clones compared to that of unselected parental cells.

Apoptosis assay. Apoptosis was assayed using the Cell Death Detection ELISA

(Boehringer Mannheim, Indianopolis, IN), a quantitative photometric peroxidase

immunoassay that detects cytoplasmic histone-associated DNA fragments (mono- and

oligonucleosomes) that are released from thenuclei of cells undergoing apoptosis. 2 x

10 cells were plated in 24-well plates and infected the next day (when the cells were

about 80% confluent) with Ad-p53 or Ad-fgal as described above. 48 hours post-

infection, cells were collected and cytoplasmic fractions were prepared and assayed for

the presence of mono- and oligonucleosomes by following the manufacturer's protocol.
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Table 1. Culture characteristics of T98G clones

clone Relative [ plating
doubling efficiencyb

timea
T98G 1 47% ± 3%
T98GcJun 1.0 ± 0.14 52% ±17%
(control)
1-10-10 0.83 ± 0.10 42%±13%
1-10-6 1.2 ± 0.04 45% ± 2%

a) Average of 2 experiments on different occasions, each in triplicate.
b) Average of 3 experiments on different occasions, each in triplicate.
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Table 2. Frequency of methotrexate-resistant colonies arising from T98G,
T98GcJun andT98G mutantJun clones 1-10-10 and 1-10-6.

Cell were plated at a density of 105 cells per 10-cm culture dish and
incubated 4 weeks in the presence of methotrexate at the indicated
concentrations. Plates were then stained with 70% methylene blue in
methanol and colonies were counted. For analysis of DHFR gene
amplification, several colonies were picked prior to staining, expanded
and cellular DNA was prepared and subjected to quantitative PCR
analysis.

Clone methotrexate Frequency of DHFR gene
dose' colonies per 105 cells dosage relative

(average of 3 to parental in
experiments) representative

colonies

T98G parental 5 x LD50 2.3 + 2.5 1
9 x LD50 0.3 ± 0.6

T98GcJun 5 x LD50 2b n/t
(control) 9 x LD50 0

1-10-10 5 x LD50 38 ± 19 3-4
9 x LD50 6 ±5

1-10-6 5 x LD50 174 ±21 2
9 x LD50 16 ±12

a) LD50 = 0.1 ýtM (T98G, T98GcJun) or 0.04 iM (1-10-10, 1-10-6)
b) One experiment.
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Figure Legends

Figure 1. Western blot analysis of total c-Jun plus mutant Jun in lysates of control c-Jun-

modified clone, T98GcJun (lane 1), T98G mutant Jun expressing clones, 1-10-6 (lane 2)

and 1-10-6 (lane 3), and parental T98G cells (lane 4). Each lane represents the

electrophoresis of 40 gg of total protein.

Figure 2. PCR-stop assays of cisplatin adduct formation and repair. A 2.7 Kb region of

the H-PRT gene was PCR amplified from genomic DNA from untreated cells or from

cells treated 1 hour 15 minutes with 100 jM cisplatin and harvested either immediately

or 16 hours after treatment. The bars represent the relative amounts of PCR product

obtained from damaged versus undamaged templates. The results represent the averages

of triplicate PCR reactions performed on two independent occasions.

Figure 3. 6 day viability assay of T98G subclones following treatment with Ad-p53, 100

pfu/cell for 3 hours. Viability of Ad-p53-treated cultures is represented as a percentage

of the same culture treated under identical conditions with Ad-Bgal.

Figure 4. Western blot analysis of p 21 wafn protein in lysates from T98G parental cells,

mutant Jun-expressing clones 1-10-10 and 1-10-6, and control c-Jun expressing clone

T98GcJun, 48 hours after treatment with Ad-Bgal or Ad-p53, 100 pfu per cell for 3 hours.

Each lane represents 40 ýig of protein and are as follows: Lane I (T98G parental-AdBgal),

Lane 2 (T98G parental-Adp53), Lane 3 (mutant Jun clone I-10-10-Adi3gal), Lane 4
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(mutant Jun clone I-10-10-Adp53), Lane 5 (mutant Jun clone I-l0-6-AdI3gal), Lane 6

(mutant Jun clone I-10-6-Adp53), Lane 7 (control T98GcJun-Ad-I3gal), Lane 8 (control

T98GcJun-Adp53).

Figure 5. (A) ELISA apoptosis assay of cytoplasmic nucleosomes in untreated cells, or

in cells 48 hours after being treated with 100 pfu per cell of Ad-I3gal or Ad-p53 for 3

hours. (B) Light microscopy (40x) of untreated cells (top row), or cells 72 hours

following treatment with Ad-Bgal (middle row) or Ad-p53 (bottom row). Columns are as

follows: (Column A) T98G parental cells, (Column B) c-Jun-modified clone T98GcJun,

(Column C) mutant Jun modified clone 1-10-6, (Column D) mutant Jun modified clone I-

10-10.

Figure 6. Western blot analysis of bax and bcl2 protein in lysates from T98G parental

cells, mutant Jun-expressing clones I-10-10 and 1-10-6, and control c-Jun-expressing

clone T98GcJun, 48 hours after treatment with Ad-13gal or Adp53, 100 pfu per cell for 3

hours. Each lane represents 15 jtg protein for the bax analysis and 30 jtg protein for the

bcl 2 analysis. Following immunostaining and band detection with ECL Western reagent,

bands were quantitated using Kodak digital software. Ratios of bax to bcl2 are indicated

below the lanes. Experiment was carried out twice with similar results.

Figure 7. Model explaining how, through inhibition. of potential c-Jun downstream

targets leading to DNA repair (e.g., DNA polymerase 13, topoisomerase I, II, PCNA),

mutant Jun promotes the accumulation of endogenous DNA strand breaks in genomically
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unstable tumor cells and thus collaborates with p53 to promote p53-mediated induction of

bax and apoptosis.
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Figure 6
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