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Introduction: 
Photodynamic therapy (PDT) is a therapeutic modality which has recently obtained FDA 
approval for the treatment of solid tumors.  This therapy continues to show progress in 
clinical trials for a variety of malignancies including locally recurring breast cancer. 
However, recurrences can occur following PDT treatment.   Our research efforts have 
been directed at combining laser inducible gene therapy techniques with photodynamic 
therapy in an effort to improve the effectiveness of PDT for treating breast cancers. 
Photodynamic therapy involves the localization of photosensitizer within tumor tissue 
and the photochemical generation of reactive oxygen species such as singlet oxygen 
following the delivery of laser light specifically to the tumor tissue. The activating non- 
thermal light is normally generated by lasers and delivered via fiber optic cables.  The 
procedure is highly localized and produces minimal systemic toxicity when compared to 
conventional chemotherapy or radiation therapy. Tumor responses following PDT have 
been positive but there remains considerable need for improvement in this therapy 
modality.   At a molecular level photodynamic therapy mediated oxidative stress is a 
strong transcriptional inducer of variety of genes including those encoding stress proteins 
such as heat shock proteins (hsp) and glucose regulated proteins (grp). Elements within 
the promoter regions of genes encoding stress proteins can be used to efficiently drive 
inducible expression of therapeutic genes following photodynamic therapy.  This is the 
type of combined treatment (PDT plus inducible gene therapy) observations that we wish 
to exploit in enhancing the therapeutic response of PDT for breast cancer. These studies 
address a critical problem associated with improving treatments for locally recurring 
breast cancer using new approaches which will minimize toxicity and maximize quality 
of life. 

Body: 
The two specific tasks outlined in the Statement of Work of our originally approved 
project were: 1) to transfect breast cancer cells with PDT inducible expression vectors 
and evaluate the gene expression, and 2) to determine the tumoricidal efficacy of 
photodynamic therapy in mice implanted with breast cancer cells containing PDT 
inducible expression vectors. Task #1 was further broken down to involve obtaining 
stably transfected cell lines, evaluation of the expression of therapeutic genes, and the 
production of tumors in mice containing cells stably transfected with the inducible gene 
expression vectors. In our initial work the efficacy of PDT to function as a molecular 
switch by initiating expression of heterologous genes ligated to the human heat shock 
promoter (hsp) promoter was examined (1). Selective and temporal reporter gene 
expression was documented after PDT in mouse cancer cells stably transfected with 
recombinant vectors containing an hsp promoter ligated to either the lac-z or CAT 
reporter genes as well as in transfected tumors grown in mice. Hyperthermia treatments 
were included as a positive control for the activation of the hsp promoter for all 
experiments. Expression vectors containing either human p53 or tumor necrosis factor 
(TNF)-<x cDNA under the control of the hsp promoter were also constructed and 
evaluated.  A p53 null and TNF-oc resistant ovarian carcinoma (SKOV-3) cell line was 



stably transfected with either the p53 or TNF-oc constructs. Inducible expression and 
function of p53 as well as inducible expression, secretion, and biological activity of TNF- 
oc were documented after PDT or hyperthermia in transfected SKOV cells (1). These 
results demonstrated for the first time that PDT-mediated oxidative stress could function 
as a molecular switch for the selective and temporal expression of heterologous genes in 
tumor cells containing expression vectors under the control of an hsp promoter. 

We have also used a PDT inducible glucose regulated protein (grp) promoter for studies 
associated with Task #1 since we see enhanced inducible expression with this promoter. 
We have used the therapeutic thymidine kinase (TK) suicide gene for these experiments. 
Our studies show that inducible expression of the herpes simplex virus (HSV) thymidine 
kinase gene is observed in mammary carcinoma cells lines stably transfected with a 
GINaGrpTK retroviral inducible gene expression vector. This inducible expression 
vector is selectable by G418 and the vector has been stably transduced into mammary 
carcinoma cells. Activation of the grp promoter in this vector can lead to expression of 
the herpes simplex virus thymidine kinase gene. Cell lysates of the stably transfected 
cells were assayed for thymidine kinase levels using Western immunoblot analysis 
following PDT treatments (2). Non-transduced parental cells do not exhibit TK 
thymidine kinase expression. Transduced cells which served as non-treated controls 
exhibited basal levels and transduced cells exposed to PDT showed significant expression 
of thymidine kinase. 

At the cellular level, we found that the expression level of thymidine kinase was a 
function of photodynamic therapy treatment conditions (photosensitizer dose, light dose, 
incubation conditions) as well as the actual time intervals between light exposure and 
analysis. These studies have been evaluated utilizing Western Immunoblot analysis with 
a polyclonal HSV antibody. Our results have demonstrated that thymidine kinase 
expression occurs between 8 and 36 hours after photodynamic therapy treatment with 
maximal expression occurring between 12 to 24 hours after treatment Minimal 
expression is observed immediately after photodynamic therapy. Likewise, the temporal 
nature of our PDT inducible gene expression system is evident by the fact that HSV 
thymidine kinase expression returns to background levels at 72 hours following 
treatment. In all cases, expression of the thymidine kinase protein was evaluated in direct 
comparison to actin expression. A second issue of considerable importance at the cellular 
level was to determine the actual PDT doses which were associated with maximal 
expression of thymidine kinase. In this regard, we observed that photodynamic therapy 
doses in the range of 315 to 420 J/cm2 (with a 25 ug/ml Photofrin photosensitizer 
incubation) were associated with maximal thymidine kinase expression. Positive 
expression controls used the grp inducible calcium ionophor A23187. These data provide 
new and essential information regarding the parameters associated with effective 
inducible gene therapy initiated by photodynamic therapy. 

The final set of Task #1 studies involved the in-vivo analysis of inducible gene 
expression parameters. Specifically, the questions of PDT dose and time intervals 
following treatment were analyzed using stably transfected mammary carcinoma cells 
transplanted as tumors in mice.    The ability of in-vivo PDT treatments to induce 



expression of thymidine kinase was fairly uniform. PDT light doses ranging from 50 
J/cm2 up to 300 J/cm2 all appear to be effective in the expression of thymidine kinase 
within solid tumor masses when a 5 mg/kg Photofrin drug dose was used. Thymidine 
kinase expression diminished above a dose of 300 J/cm2. We assume that this decrease in 
thymidine kinase expression correlates with a near complete killing of all tumor cells 
and/or disruption of protein synthesis apparatus within the treated tumor tissue. Our 
studies of PDT controlled induction of thymidine kinase expression within tumors also 
illustrated that the kinetics for thymidine kinase expression plateau approximately 12 
hours following treatment and remained steady up to 36 hours. Time periods after 36 
hours were not obtainable due to the minimal amount of viable cells that one could 
collect. 

After we had positively demonstrated proof of principal that PDT can selectively induce 
HSV-TK expression in tumors, we next set out to examine whether this expression can 
actually modulate breast cancer treatment response as outlined in Task 2. Our results 
show that inducible gene therapy using the grp promoter to drive expression of the HS V- 
Tk suicide gene does enhance tumoricidal action of PDT (2). Treatment of mouse TSA 
GINaGrpTK mammary tumors with a combination of PDT and systemic gancyclovir 
(GCV) resulted in increased tumor cures compared to PDT treatments alone. Balb-C 
mice with 6 mm diameter tumors received either PDT treatment plus gancyclovir (10 
daily injections of GCV, 100 mg/kg per dose) beginning one hour prior to a single PDT 
treatment (200 J/cm sq), or PDT alone, or gancyclovir alone. Mice were monitored for 
tumor recurrences three times per week for 40 days. PDT treatments alone produced 
50% tumor cures, while the PDT plus gancyclovir regimen produced 100% tumor cures. 
Gancyclovir by itself did not resulted in any tumor cures. Therefore, we believe we have 
successfully completed the research goals of this proposal. 

We believe our work provides strong proof of principal regarding PDT activated 
molecular switches for the treatment of breast cancer. Future studies will now be 
required to evaluate methods to effectively deliver expression vectors to tumor tissue. 

Key Research Accomplishments: 
1. Stable transfection and function of stress inducible therapeutic genes in mammary 
cancer cells 
2. Inducible expression of therapeutic genes following photodynamic therapy in cell 
grown in culture and in tumors growing in mice. 
3. Quantitative information regarding in-vitro expression profiles of thymidine kinase 
following photodynamic therapy has been obtained. 
4. The kinetics and treatment parameters associated with maximal inducible expression 
of thymidine kinase with in-vivo tumors have also been obtained. 
5. Enhanced efficacy of photodynamic therapy when combined with inducible gene 
therapy 
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Conclusions: 
We have been successful in obtaining proof of principal that photodynamic therapy 
(PDT) inducible expression of therapeutic genes is both possible in breast cancer cells 
grown in culture as well as in breast cancer cells transplanted into mice. We have been 



successful in obtaining quantitative information related to photodynamic therapy 
inducible expression of the herpes simplex thymidine suicide gene controlled by the grp 
promoter. Expression in breast cancer cells and tumors has been observed and the 
kinetics of expression and parameters of PDT treatment required for maximal expression 
have been identified. The information that we have obtained refines the combination 
PDT plus inducible gene therapy protocol. We have further shown that the inducible 
expression of thymidine kinase gene when combined with PDT and gancyclovir offers an 
enhanced effectiveness in treatment mammary carcinomas. The information that we have 
obtained indicates that laser mediated PDT can be an efficient and selective molecular 
switch for activation of therapeutic genes. Inducible gene therapy protocols have a 
number of advances over constitutive gene expression. The ability to control both the 
temporal and spatial activation of genes is of significant benefit especially when toxic 
gene products are being produced. Therefore, reproducible treatment parameters to 
control both the temporal and spatial activation of genes should be of significant benefit 
when the genes are expressed for therapeutic purposes. 
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Photodynamic Therapy-mediated Oxidative Stress as a Molecular Switch for the 
Temporal Expression of Genes Ligated to the Human Heat Shock Promoter1 

Marian C. Luna, Angela Ferrario, Sam Wong, Anita M. R. Fisher, and Charles J. Gomer2 

Clayton Center for Ocular Oncology [M. C. L, A. F., S. W., A. M. R. F., C. J. G], Children's Hospital Los Angeles; and Departments of Pediatrics [C. J. G], Radiation Oncology 
[C. J. G.], and Molecular Pharmacology and Toxicology [C. J. G.], University of Southern California, Los Angeles, California 90027 

ABSTRACT 

Oxidative stress associated with photodynamic therapy (PDT) is a 
transcriptional inducer of genes encoding stress proteins, including those 
belonging to the heat shock protein (hsp) family. The efficiency of PDT to 
function as a molecular switch by initiating expression of heterologous 
genes ligated to the human hsp promoter was examined in the present 
study. Selective and temporal reporter gene expression was documented 
after PDT in mouse radiation-induced fibrosarcoma cells stably trans- 
fected with recombinant vectors containing an hsp promoter ligated to 
either the lac-z or CAT reporter genes and in transfected radiation- 
induced fibrosarcoma tumors grown in C3H mice. Hyperthermia treat- 
ments were included as a positive control for all experiments. Expression 
vectors containing either human p53 or tumor necrosis factor (TNF)-a 
cDNA under the control of an hsp promoter were also constructed and 
evaluated. A p53 null and TiVF-a-resistant human ovarian carcinoma 
(SKOV-3) cell line was stably transfected with either the p53 or TNF-a 
constructs. Inducible expression and function of p53 as well as inducible 
expression, secretion, and biological activity of TNF-a were documented 
after PDT or hyperthermia in transfected SKOV cells. These results 
demonstrate that PDT-mediated oxidative stress can function as a molec- 
ular switch for the selective and temporal expression of heterologous genes 
in tumor cells containing expression vectors under the control of an hsp 
promoter. 

INTRODUCTION 

PDT3 is in clinical trials for the treatment of a variety of solid 
tumors (1). The porphyrin photosensitizer, PH, recently received FDA 
approval for PDT treatment of esophageal and endobronchial carci- 
noma (2). This procedure is also being evaluated in the management 
of nonmalignant disorders, such as age-related macular degeneration 
and psoriasis (3). PDT-mediated cytotoxicity relies on the localized 
photochemical generation of reactive oxygen species, including sin- 
glet oxygen (1). This leads to a rapid tumoricidal response mediated 
by both direct tumor cell toxicity and photodamage to the involved 
microvasculature (4). A growing number of second generation pho- 
tosensitizers are also undergoing clinical evaluation (2). These new 
compounds exhibit properties comparable or superior to PH, including 
chemical purity, increased photon absorption at longer wavelength, 
improved tumor tissue retention, rapid clearance from surrounding 
normal tissues, high quantum yields of reactive oxygen species, and 
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minimal dark toxicity (5). One such photosensitizer, NPe6, is a 
water-soluble chlorin involved in Phase I and II clinical trials (6, 7). 
Direct tumor cytotoxicity and vascular stasis are induced by NPe6- 
mediated PDT (8). The most effective in vivo responses occur when 
a short time interval (<6 h) is used between NPe6 administration and 
light treatment (9). 

In addition to the development of new photosensitizers, continued 
improvements in clinical PDT will come from the translation of 
information generated from studies examining basic mechanisms of 
this procedure. Biochemical analysis indicates a variety of subcellular 
PDT targets, including the mitochondria, plasma membrane, and 
lysosomes (1, 2, 10, 11). Apoptotic and necrotic pathways are both 
involved in PDT-mediated cell death (2, 12). An assortment of early 
response genes, genes associated with signal transduction pathways 
and cytokine expression, as well as stress response genes are activated 
by PDT (13-19). Stress proteins classified as HSPs are expressed 
following PDT, and this response is at the level of transcription (18, 
19). HSPs are highly conserved throughout evolution and function as 
molecular chaperones of nascent proteins (20). HSPs are also involved 
in protecting cells from stress by binding to denatured proteins and 
assisting in proper refolding (21). Transcriptional regulation of heat 
shock gene expression involves HSF binding to specific HSEs. The 
hsp promoter has multiple copies of a conserved HSE containing 
contiguous inverted repeats of the 5-bp sequence nGAAn positioned 
upstream of the TATA box element (22). The transcription factor HSF 
is maintained in a monomeric form in the cytoplasm of nonstressed 
cells through direct binding to HSP-70. During cellular stress, HSP-70 
binds to denatured protein and allows monomeric HSF to trimerize 
and migrate to the nucleus where it then binds to HSE. HSP tran- 
scription is initiated upon phosphorylation of the HSF trimer (22). 

The hsp promoter has been used for over 10 years to selectively 
drive inducible expression of heterologous genes after hyperthermia 
(23-28). In the present study, we examined the effectiveness of 
PDT-mediated oxidative stress to initiate translation of heterologous 
genes ligated to the human hsp promoter. Clinically relevant photo- 
sensitizers were used in experiments designed to evaluate the effi- 
ciency of PDT to function as a molecular switch for the expression of 
reporter genes and cancer therapeutic genes in a selective and tem- 
poral manner. 

MATERIALS AND METHODS 

Photosensitizers. PH was a gift from Quadra Logics, Inc. (Vancouver, 
British Columbia, Canada) and was dissolved in 5% dextrose in water to make 
a 2.5-mg/ml working solution. NPe6 was a gift from Porphyrin Products 
(Logan, UT) and was dissolved in saline at 2.5 mg/ml. 

Cell Lines. Mouse RIF cells were originally obtained from G. Hahn (Stan- 
ford University, Palo Alto, CA) and were grown in RPMI 1640 medium 
supplemented with 15% FCS and antibiotics (29). Human ovarian adenocar- 
cinoma (SKOV-3) cells were obtained from W. McBride (University of 
California, Los Angeles, Los Angeles, CA) and were grown in Dulbecco's 
minimal essential medium supplemented with 10% FCS and antibiotics (30). 
The SKOV-3 cells have a homozygously deleted p53 gene (31) and exhibit 
resistance to recombinant TNF-a (32). Mouse fibrosarcoma (WEHI-13VAR) 
cells were obtained from American Type Culture Collection (Rockville, MD) 
and were grown in RPMI 1640 medium supplemented with 10% FCS. These 
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cells exhibit TNF-a sensitivity when treated in the presence of actinomycin 
D (33). 

Expression Vectors. Plasmids p2500-CAT and pl730R (providing induc- 
ible expression of CAT or ß-gal, respectively under the control of a 2.5-kb 
human hsp70 promoter fragment) were obtained from StressGen Biotech Corp. 
(Vancouver, British Columbia, Canada). Plasmid pMClNeo (providing con- 
stitutive expression of the neomycin resistance gene under the control of the 
thymidine kinase promoter) was obtained from Stratagene (La Jolla, CA). 
Plasmid pCMV-neo-Bam-hp53 (providing constitutive expression of wt p53 
under the control of the CMV promoter and G418 selectivity) was obtained 
from Y. Fung (Children's Hospital Los Angeles, Los Angeles, CA, Ref. 34). 
Plasmid pHSP.3hp53 (providing inducible expression of human p53 under the 
control of a human hsp promoter fragment together with G418 selectivity) was 
constructed by first removing the CMV promoter from pCMV-neo-Bam-hp53 
and replacing it with a 0.3-kb fragment of the human hsp70 promoter from 
plasmid pD3SX, which was obtained from StressGen Biotech Corp. Plasmid 
pHSP.3hTNF (providing inducible expression of human TNF-a under the 
control of the 0.3-kb hsp promoter fragment together with G418 selectivity) 
was constructed by replacing p53 from pHSP.3hp53 with the 1.1-kb fragment 
of human TNF-a cDNA excised from pE4 (American Type Culture Collec- 
tion). Plasmid p53-HBS was obtained from Y. Fung (Children's Hospital Los 
Angeles) and contains two copies of a 20-bp p53 HBS ligated upstream from 
a minimal thymidine kinase promoter linked to CAT. Reporter gene activation 
occurs when p53 binds to the HBS motif of this promoter (35). Plasmids were 
grown in supercompetent Escherichia coli, DH5-a (Life Technologies, Inc., 
Grand Island, NY), isolated, and purified using a Qiagen plasmid kit (Qiagen, 
Inc., Chatsworth, CA). 

Reporter plasmids (p2500-CAT or pi 730R) were transfected into RIF cells 
along with pMClNeo (5:1 ratio) using calcium phosphate precipitation. Cells 
were grown in media containing 600 (xg/ml G418, and resulting colonies were 
picked using cloning rings. G418-resistant clones were expanded and tested for 
ß-gal or CAT activity using heat (45°C for 20 min) as a positive inducing 
treatment. Individual clones exhibiting positive ß-gal expression (HB-3) or 
CAT expression (HC-2) were isolated and used in subsequent studies. Expres- 
sion plasmids containing inducible human genes (pHSP.3-hp53 or 
pHSP.3hTNF) were transfected into SKOV-3 cells using calcium phosphate 
precipitation. Cells were grown in media containing 800 /ig/ml G418, and 
resulting colonies were picked using cloning rings. G418-resistant clones were 
expanded and examined for p53 or TNF-a expression using heat (45°C for 20 
min) as a positive inducer. Individual SKOV-3 cell clones exhibiting positive 
p53 expression (p53-S4) or TNF-a expression (TNF-S2) were isolated and 
used in subsequent studies. 

In Vitro PDT and Hyperthermia Treatments. Photosensitization proto- 
cols involved seeding cells into plastic Petri dishes (60-mm dishes for survival 
analysis or 100-mm dishes for gene expression assays) and incubating over- 
night in complete growth media to allow for cell attachment. The plating 
efficiency for the parental RIF and transfected HC-2 and HB-3 cells ranged 
from 40 to 60%. Plating efficiencies for the parental SKOV-3 and transfected 
p53-S4 and TNF-S2 cells ranged from 50 to 70%. PDT treatments were 
performed as reported previously (13). Briefly, cells were incubated in the dark 
at 37°C for either 1 or 16 h with either PH or NPe6 (25 jxg/ml) in media 
containing either 1% or 5% FCS, respectively. Following the 1-h incubation 
protocol, cells were rinsed in media with serum and immediately exposed to 
graded doses of light. After the extended 16-h photosensitizer incubation, cells 
were rinsed for 30 min in growth media containing 15% FCS and then exposed 
to graded doses of light. Six hundred sixty-four-nm laser light delivered at a 
dose rate of 2 mW/cm2 was used for cells incubated with NPe6. Broad 
spectrum red light (570-650 nm) generated by a parallel series of red milar- 
filtered 30-W fluorescent bulbs and delivered at a dose rate of 0.35 mW/cm2 

was used for cells incubated with Photofrin. Survival was measured using a 
standard clonogenic assay (29). In vitro hyperthermia involved seeding cells in 
T-25 or T-75 plastic flasks 24 h before exposure to warmed media and 
placement in a temperature-controlled water bath for specified time intervals 
(36). Inducible gene expression experiments were performed using PDT or 
hyperthermia treatments, which resulted in between 20 and 50% survival. 

In Vivo PDT and Hyperthermia Treatments. Female C3H/HeJ mice 
(8-12 weeks old) were injected s.c. in the right hind flank with 104 parental 
RIF, HC-2, or HB-3 cells. Hyperthermia and PDT treatments were performed 
as reported previously on tumors measuring 6-7 mm in diameter and 3 mm in 

height (37). Briefly, tumor hyperthermia involved a 20-min exposure to 810 
nm of light emitted from an AlAr04 diode laser at a dose rate of 220 mW/cm2. 
This procedure resulted in an intratumor temperature at a 1-mm depth of 
44.5°C-45°C as measured with a 27-gauge needle thermister. PDT procedures 
included an i.v. injection of either PH or NPe6 at 5 mg/kg. Nonthermal PDT 
laser irradiation of tumors was initiated either 4 h (for NPe6) or 24 h (for PH) 
after photosensitizer administration. An argon-pumped dye laser emitted red 
light at 630 nm for PH-mediated PDT and 664 nm of light for NPe6-mediated 
PDT. A light dose rate of 75 mW/cm2 was used for all in vivo PDT treatments. 
Total PDT light doses were 100 J/cm2 for PH and 200 J/cm2 for NPe6. 

Reporter Gene Assays. Inducible expression of the lacZ gene product, 
ß-gal. was evaluated in cells and tissue by photometric monitoring of the 
enzymatic cleavage of o-nitrophenyl-B-D-pyranogalactose (38). Briefly, 
treated cells were lysed in commercial Reporter Lysis Buffer (Promega, 
Madison. WI), scraped off the plastic dishes, and transferred to microcentri- 
fuge tubes. The suspension was centrifuged, and 150 ß\ of supernatant were 
incubated for 3 h at 37°C with an equal volume of assay buffer containing 
o-nitrophenyl-B-D-pyranogalactose. Absorbance at 420 nm was determined for 
each sample, and ß-gal activity (milliunits of ß-gal per mg of protein) was 
calculated from a standard curve. For analysis of tumor tissue, samples were 
first homogenized with a Polytron in Reporter Lysis Buffer (40). ß-gal activity 
was then determined as described above. CAT activity was determined by 
monitoring the transfer of the acetyl group from acetyl-CoA to l4C-chloram- 
phenicol using TLC (39). Briefly, treated cells were incubated with 1 ml of 
TEN solution [40 mM Tris (pH 7.5), 1 niM EDTA (pH 8.0), 150 IHM NaCl], 
scraped off dishes, and concentrated by centrifugation. Cell pellets were lysed 
by freeze/thawing, and protein concentration was determined using a Bio-Rad 
protein assay. Cellular protein extracts were combined with acetyl-CoA solu- 
tion and l4C-chloramphenicol (40-60 mCi/mmol, ICN, Costa Mesa, CA) and 
incubated for 30 min at 37°C. Acetylated chloramphenicol was extracted in 
ethyl acetate and run on a silica gel TLC plate. CAT activity was deter- 
mined by calculating the percent conversion to the acetylated forms of 
chloramphenicol. 

Western Blot Analysis. Cells were collected in SDS lysing buffer at 
various times after treatment and evaluated for protein expression as described 
previously (16). Briefly, protein samples were size-separated on 10% poly- 
acrylamide gels and transferred overnight to nitrocellulose membranes. Filters 
were blocked with 5% nonfat milk and then incubated with a mouse antihuman 
p53 monoclonal antibody (clone DO-1, Lab Vision Corp., Fremont, CA) or a 
mouse antiactin monoclonal antibody (clone C-4, ICN, Aurora, OH). Filters 
were then incubated with an antimouse peroxidase conjugate (Sigma, St. 
Louis, MO), and the resulting complex was visualized by enhanced chemilu- 
minescence autoradiography. 

Mobility Shift Assays. Tumor bearing mice with 6-8-mm diameter RIF 
tumors or RIF cells grown in culture were treated with either hyperthermia or 
PDT as described above. Binding of RIF-derived cellular protein to a mouse 
HSE was then analyzed with minor modifications of a previous procedure (i 8). 
Tumor samples were minced on ice and resuspended in extraction solution (20 
mM HEPES (pH 7.9), 0.35 M NaCl, 20% glycerol, 1 mM MgCl2, 1% Nonidet, 
1 mM DTT, 0.5 mM EDTA, 1 mM phenylmethylsulfonyl fluoride, 10 /j,g/ml 
leupeptin, and 1 /^g/ml aprotinin). Samples were centrifuged, and supernatants 
were collected. A double-stranded 30-base oligonucleotide corresponding to 
the mouse HSE was 5' end-labeled with 32P using a T4 polynucleotide kinase. 
Tumor-derived protein (10 ß°) was then added to a mixture containing 2 fig 
ofpoly(dI-dC)and 10,000 cpm of "P-labeled HSE in 5 X binding buffer (18). 
For competitive analysis. 100-fold excess of nonradioactive HSE was added to 
duplicate reactions. Resulting DNA-protein complexes were resolved by elec- 
trophoresis on a 4% polyacrylamide gel. In supershift experiments involving 
the addition of antibodies to protein extracts before gel shift analysis, 0.2 ßg 
of a monoclonal antibody against HSF-1 or HSF-2 (Chemicon International, 
Inc.. Temecula, CA) were added to the reaction mixture for 20 min at room 
temperature immediately before the addition of the radiolabeled HSE probe or 
cold competitor. After adding the probe, the reaction incubation was continued 
for 20 min at 37°C (41). 

ELISA Analysis of TNF-a Secretion. A commercial TNF-a ELISA kit 
(Predicta, Genzyme Diagnostics, Cambridge, MA) was used for quantitative 
evaluation of TNF-a expression and secretion. Cells (105) were seeded into 
24-well plates, incubated overnight, and treated with either PDT or hyperther- 
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Fig. 1. Selective and inducible HSF DNA-bind- 
ing activity occurs in RIF cells and tumors treated 
with hypothermia or PDT. A, cells treated with 
hyperthermia or PDT exhibit specific HSF-1 bind- 
ing to HSE. Whole cell extracts were collected 2 h 
after exposure to heat (45°C for 20 min) or 1 h after 
NPe6-mediated PDT (3400 J/m2). Protein extracts 
were incubated with either HSF-1 or HSF-2 anti- 
serum for 20 min. Reaction mixtures were then 
incubated with a 32P-labeled 30-bp mouse HSE 
fragment for 20 min and subjected to EMSA. Lanes 
marked Competitor were incubated with a 100-fold 
excess of nonradioactive HSE oligonucleotide; C 
indicates constitutive HSE binding activity; and 
Free indicates nonreactive mixtures. B, EMSA 
showing specific HSE binding activity of protein 
extracts from RIF tumors treated with either hyper- 
thermia (45°C for 20 min), NPe6-mediated PDT 
(100 J/cm2), or PH-mediated PDT (100 J/cm2). 
Nontreated tumors and tumors exposed to only 
light served as controls. Mice were sacrificed 2 h 
after treatment, and tumor tissue was immediately 
collected and processed. 
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mia as described above. Culture media was collected 24 h after treatment and 

analyzed for TNF-a according to the manufacturer's instructions. 
TNF-a Bioassay Analysis. The biological activity of secreted TNF-a was 

evaluated by measuring cytotoxicity in TNF-a sensitive WEHI-13VAR cells 

(33). Cells were seeded in 96-well plates at a density of 2 X 104 cells/well and 

incubated overnight. PDT and hyperthermia treatments were performed on 
SKOV-3 parental and TNF-S2 clones as described above, and media from 

these cells was collected 22 h after treatment when secreted TNF-a levels were 
found to be highest. The TNF-a-containing media was added to the WEHI- 
13VAR cells along with 0.5 ftg/ml actinomycin. Twenty four h later, the 
WEHI-13 VAR cells were evaluated for cytotoxicity using a 3-(4,5-dimethyl- 

thiazol-2-yl)-2,5-diphenyltetrazolium bromide assay from Chemicon Inc. (Te- 

mecula, CA). 

RESULTS 

Specific HSF Binding to HSE Is Observed Following in Vitro 
and in Vivo PDT. Activation of HSF involves the trimerization of 
monomeric HSF moieties followed by nuclear translocation and bind- 
ing to an evolutionary conserved HSE (22). We reported previously 
that in vitro PDT can activate HSF in mammalian cells, but at that 
time, we did not identify the actual species of HSF (18). In the present 
study, we used murine RIF tumor cells and an electrophorectic gel 
mobility shift assay combined with HSF-1- and HSF-2-specific anti- 
serum to determine which transcription factor(s) were activated by 
PDT. Fig. 1A shows that after PDT (using a 16-h cellular incubation 
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Fig. 2. Heat and PDT induce selective expres- 
sion of CAT in RIF HC-2 cells stably transfected 
with the hsp promoter-controlled p2500-CAT plas- 
mid. CAT activity in transfected HC-2 cells treated 
with increasing doses of (A) heat (45°C for times 
ranging from 1.5 to 40 min) or (B) NPe6-mediated 
PDT (25 fig/ml NPe6 for 16 h; 600-5400 J/m2). 
Light alone and photosensitizer alone conditions 
did not induce CAT expression. Protein samples 
were collected 24 h after treatment. Conversion of 
chloramphenicol to acetylated chloramphenicol 
was calculated by counting radioactivity from re- 
sulting TLC plates. 
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Fig. 3. Temporal- and photosensitizer-specific expression of the ß-gal reporter gene 
occurs in RIF HB-3 cells stably transfected with the hsp promoter-controlled pl730R 
plasmid. A, kinetics of ß-gal expression in RIF HB-3 cells treated with NPe6-PDT (16-h 
drug incubation; 3000 J/m2). Minimal enzyme activity was detected 3 h after treatment. 
Peak ß-gal activity was observed 6 and 12 h after NPe6-mediated PDT. ß-gal expression 
was not detected after light alone or photosensitizer alone conditions. Each data point 
represents the mean of at least three separate experiments ± SE. B, differential expression 
of ß-gal is observed in HB-3 cells exposed to isoeffective doses (inducing 15-25% 
survival) of heat, NPe6 PDT, or PH PDT. Treated cells were assayed for ß-gal 6 h after 
treatment. Levels are the mean ± SE from four to five separate experiments. 

with NPe6), a supershift in the EMS A occurs in the presence of HSF-1 
antibody but not in the presence of HSF-2. Treatment of RIF cells 
with PH and NPe6-mediated PDT (1 h photosensitizer incubation) 
also induced a positive but weaker supershift with HSF-1 (data not 
shown). Heat was used as a positive control and induced selective 
activation of HSF-1, which agrees with previous studies (21). Positive 
EMSA and supershift assays were not obtained after isoeffective in 
vitro PDT when a 16-h PH incubation was examined (data not 
shown). The ability of PDT to induce selective HSF binding to HSE 
was next examined under in vivo treatment conditions. Fig. Iß shows 
a representative EMSA for cellular protein extracted from RIF tumors 
growing in C3H mice. Protein from control tumors did not elicit 
selective HSE binding. However, protein extracted from tumors 
treated with either PH- or NPe6-mediated PDT produced extensive 
HSE binding, which could be competed away with cold HSE. Diode 
laser-generated tumor hyperthermia served as a positive control. 
These results indicate that PDT can induce both in vitro and in vivo 
HSF binding, which would be essential for PDT to transcriptionally 
activate heterologous genes under the control of an hsp promoter. 

PDT and Hyperthermia Induce Selective and Dose-dependent 
Expression of CAT Under the Control of a 2.5-kb hsp Promoter 
Fragment. Stable integration of reporter gene expression vectors 
containing an inducible hsp70 promoter was achieved in RIF cells. 
Sensitivity of parental RIF and transfected HC-2 and HB-3 cells to 
either PDT or hyperthermia was similar (data not shown). This indi- 

cates that transfection procedures and integration of heterologous 
DNA into mammalian cells does not modulate photosensitivity or 
thermal sensitivity. Fig. 1A shows that HC-2 cells exposed to 45°C 
expressed a dose-dependent increase in CAT activity. A similar pat- 
tern of induced CAT expression was documented in HC-2 cells 
exposed to increasing doses of NPe6-mediated PDT as shown in Fig. 
IB. Inducible expression occurred when a 16-h NPe6 incubation was 
used. CAT expression was not initiated by either light alone or 
photosensitizer alone, indicating that the induction was the sole result 
of PDT-mediated oxidative stress. CAT expression initially increased 
with increasing PDT doses and then decreased as a greater percentage 
of cells were killed by the treatment. A reduction in CAT expression 
at increasingly lethal hyperthermia doses was also observed (data not 
shown). These results provide the first demonstration that PDT- 
mediated oxidative stress can activate a transgene under the control of 
an hsp promoter. 

PDT-mediated Expression of hsp Promoter-inducible Reporter 
Genes Is Transient As Well as Photosensitizer- and Incubation- 
specific. High level expression of ß-gal was observed in RIF HB-3 
cells treated with either hyperthermia or NPe6-mediated PDT. Fig. 3A 
shows the kinetics of ß-gal expression in HB-3 cells incubated for 
16 h with NPe6 and then exposed to a 3000-J/m2 light dose, ß-gal 
activity was detected within 6 h of PDT treatment and continued to 
increase for at least 12 h before declining to background levels by 48 h 
after PDT. Similar kinetics of ß-gal expression were observed fol- 
lowing an isoeffective hyperthermia treatment (data not shown). In- 
terestingly, the ability of PDT to induce ß-gal or CAT expression in 
transfected RIF cells cultured in vitro was strongly dependent on the 
specific photosensitizer and incubation conditions being evaluated. 
Fig. IB shows ß-gal expression in HB-3 cells at 6 h after exposure to 
either heat or PDT. Maximal reporter gene expression was observed 
after hyperthermia. Significant ß-gal expression was also observed in 
cells treated with NPe6 PDT (using a 16-h photosensitizer incubation 
protocol). A 16-h PH incubation before in vitro PDT resulted in 
minimally detectable ß-gal expression. Likewise, ß-gal expression 
was not detected in transfected RIF cells incubated for 1 h with either 
NPe6 or PH before light exposure (data not shown). Interestingly, 
different results were obtained when the transfected RIF cells were 
grown as solid tumors in C3H mice and treated with PDT (as de- 
scribed below). 

In Vivo PDT Induces hsp Promoter-directed Reporter Gene 
Expression. The stable integration of reporter gene constructs in RIF 
cells provided an opportunity to evaluate the ability of the hsp pro- 
moter to function under in vivo oxidative stress treatment parameters. 
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Fig. 4. NPe6- and PH-mediated PDT and laser-generated hyperthermia induce hsp 
promoter-directed ß-gal expression in RIF HB-3 tumors growing in C3H/HcJ mice. 
Tumor samples were collected 16 h after PDT and heat treatments (as described in 
"Materials and Methods"), ß-gal measurements represent the mean ± SE from five 
individual tumors, ß-gal activity was not detected in nontrcated tumors or in tumors 
treated with light or photosensitizer alone (data not shown). 
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Fig. 5. PDT and heat induce selective expres- 
sion of a functional human p53 protein in p53 null 
SKOV-3 cells stably transfected with the hsp pro- 
moter-controlled pHSP.3hp53 plasmid. A, Western 
immunoblots are shown for the parental SKOV-3 
cells (control) and p53-S4 cells exposed to heat 
(45°C for 20 min) or various PDT treatments in- 
volving short (1 h) or extended (16 h) NPe6 and PH 
incubations prior to light. p53 expression was an- 
alyzed 6 h after treatment. The p53 blots were 
reprobed for actin protein levels as an indicator of 
sample loading. B, p53 induced by heat or PDT 
functions as a transcription factor. p53-dependent 
CAT expression is observed in p53-S4 cells tran- 
siently transfected with the p53-HBS reporter plas- 
mid and exposed to either heat or NPe6-mediated 
PDT. CAT expression occurs when functional p53 
binds to the p53-specific HBS motif of a minimal 
fhymidine kinase promoter. Protein samples were 
collected 24 h after heat or PDT. Nontreated con- 
trols as well as light alone and photosensitizer 
alone conditions exhibited background CAT ex- 
pression. Conversion of chloramphenicol to acety- 
lated chloramphenicol was calculated by counting 
radioactivity from resulting TLC plates. 
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s.c. injection of parental RTF cells as well as HC-2 and HB-3 cells into 
the hind flank of C3H mice resulted in the reproducible formation of 
solid tumors amenable to laser hyperthermia or PDT treatment. Fig. 4 
shows ß-gal expression levels in tumors treated with either heat or 
PDT. Laser-induced hyperthermia produced a significant expression 
of ß-gal, which was in agreement with in vitro data. In vivo PDT also 
functioned as an efficient molecular switch for inducible expression of 
ß-gal in exposed tumor tissue. Both NPe6 and PH were equally 
capable of eliciting PDT-induced ß-gal expression, although only 
NPe6 was capable of eliciting a significant in vitro response in RIF 
cells. 

PDT Induces Functional p53 Expression in Transfected 
SKOV-3 Cells. Heat and PDT-inducible expression of p53 was eval- 
uated in p53 null SKOV-3 cells stably transfected with pHSP.3p53 
(p53-S4 cells). p53 protein expression was observed within 6 h of heat 
or PDT treatment and was maximal at 24 h (data not shown). The p53 
expression decreased with extended times and dissipated by 72 h. Fig. 
5A shows p53 protein expression assayed 6 h after cells were treated 
with either heat, PH-mediated PDT, or NPe6-mediated PDT. We 
conclude that PDT-mediated oxidative stress was responsible for 
inducing p53 expression because neither photosensitizer alone nor 
light alone induced any p53. Promoter leakiness was not observed in 
p53-S4 cells because p53 expression was not detected under control 

conditions. The functionality of induced expression of p53 was de- 
termine using a transactivation reporter gene assay (38, 41). Fig. 5B 
shows /553-mediated CAT expression in p53-S4 cells treated with 
either heat or PDT. CAT expression was observed 24 h after both heat 
and NPe6-mediated PDT in transfected cells, indicating that expressed 
p53, documented by Western analysis in Fig. 5A, also functioned 
efficiently as a transcription factor. Comparable results were also 
observed for cells exposed to PDT using both 1-h and 16-h PH 
incubations (data not shown). 

Biologically Active TNF-a Is Secreted from SKOV-3 TNF-S4 
Cells Following PDT and Hyperthermia. The use of TNF-a in gene 
expression studies requires that the expressed cytokine can also be 
secreted from transfected cells. Fig. 6, A and B show that inducible 
secretion of biologically active TNF-a was achieved in TNF-S2 cells 
exposed to hyperthermia or PDT. The figures show levels of either 
heat or NPe6 PDT-induced TNF-a detected in the media of cultured 
TNF-S2 cells 24 h after treatment. The figures also show concomitant 
biological activity of the secreted cytokine. TNF-a was not detected 
in the culture media of parental SKOV-3 cells under any treatment 
conditions. However, a measurable and reproducible level of secreted 
TNF-a (23 pg/ml) was routinely obtained in transfected TNF-S2 cells 
under basal conditions. This indicates that hsp promoter leakiness 
occurred in our transfected human TNF-S2 cells. Fig. 6A shows that 
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Fig. 6. PDT and hypcrthermia induce expression and secrelion of biologically active 
TNF-a in SKOV-3 cells stably transfected with the hsp promoter-controlled pHSP.3hTNF 
plasmid. Levels of TNF-a secreted into the culture media and concomitant sensitivity of 
WEHI-13 VAR cells exposed to this media are shown for TNF-S2 cells treated with either 
heat (A) or NPe6-mcdiatcd PDT (B). Treatment conditions included: heat (45°C for 5. 10. 
or 20 min) or PDT (I h of NPc6 incubation followed by exposure to 600 or 1200 J/m2 of 
664-nm light). Supcmatants were collected 22 h after treatment and either assayed for 
TNF-a using an ELISA kit or added to the culture media of WEHI-I3VAR cells in the 
presence of 0.5 /xg/ml actinomycin. Cell survival was determined using a 3-(4,5-dimeth- 
ylthiazol-2-yl)-2,5-diphcnyltetrazolium bromide assay 24 h after adding the TNF-a con- 
taining media. Each point represents the mean ± SE from three separate experiments. 
Nontrcatcd TNF-S2 cells as well as cells exposed to photosensitizcr alone or light alone 
exhibit a detectable level of biologically active TNF-a indicative of promoter leakincss 
and constitutive background expression. 

increasing heat exposure times resulted in an elevation in secreted 
TNF-a levels. Biological activity of the secreted TNF-a was deter- 
mined using WEHI-13VAR cells. These cells provide a sensitive, 
reliable, and stable bioassay system for measuring TNF-a activity 
(33). Increased cell sensitivity was observed after incubation with 
media containing elevated TNF-a concentrations. Fig. 6fi shows 
TNF-a secretion and concomitant biological activity for TNF-S2 cells 
exposed to NPe6-mediated PDT using a 1 h photosensitizer incuba- 
tion protocol. Comparable induction of TNF-a was obtained using a 
16-h NPe6 incubation PDT protocol as well as following both 1 - and 
16-h Photofrin incubation PDT protocols (data not shown). TNF-S2 
cells exhibited basal expression of TNF-a, but exposure to photosen- 
sitizer alone or light alone did not activate the hsp promoter because 
TNF-a expression levels were comparable to levels for nontreated 
TNF-S2 cells. 

DISCUSSION 

A primary goal of our study was to determine whether PDT could 
function as a molecular switch for controlling the expression of 

1 

heterologous genes. Clinically directed gene therapy uses expression 
constructs to replace/modify defective genes or to introduce genes 
encoding cytotoxic proteins or immunomodulators (42). However, the 
translation of gene therapy objectives into actual clinical practice 
requires overcoming a number of obstacles. These challenges include 
developing reproducible procedures for the efficient and safe delivery 
of DNA expression vectors to cells and tissues (43). For our study, we 
chose to focus on evaluating an inducible promoter approach for 
PDT-controlled activation of gene expression. A variety of inducible 
expression strategies are presently being examined in the context of 
localized gene therapy. Constructs responsive to ionizing radiation 
(using the egr-1 promoter), hyperthermia (using the hsp-70 promoter), 
and hypoxia (using the grp-78 promoter or a hypoxia responsive 
element) are being tested for selective expression of therapeutic genes 
(28, 44-46). We hypothesized that the hsp promoter could be ex- 
ploited for coupling the oxidative effects of PDT to an inducible 
procedure for expressing heterologous genes. Our results confirmed 
that PDT initiates HSF-1 binding to HSE in RIF cells incubated with 
NPe6. This is a necessary first step in using the hsp promoter with 
PDT for inducible transgene expression. We are unclear as to why 
differential binding was observed after PDT using NPe6 versus PH, 
but it may involve different subcellular targets (18). Interestingly, 
HSF binding to HSE and reporter gene expression occurred with both 
PH- and NPe6-mediated PDT when RIF cells were grown as solid 
tumors in mouse. In vivo PDT treatment elicits a pronounced inflam- 
matory response involving the release of vasoactive and inflammatory 
mediators as well as the accumulation of host cells (4, 10). In this 
regard, prostaglandins activate HSF in mammalian cells and result in 
a thermotolerant state (47). Therefore, secondary physiological re- 
sponses in PDT-treated tumor tissue may play a role in hsp promoter- 
controlled expression. 

A variable PDT-induced gene expression profile was observed for 
porphyrin and chlorin photosensitizers in RIF cells. Similar differ- 
ences were not observed in SKOV cells. The variable results detected 
in mouse versus human cells suggest that care must be taken in 
extrapolating preclinical studies to clinical PDT. These observations 
also agree with reports indicating that generalizations of PDT-induced 
biochemical and molecular pathways should not be made because 
responses vary depending on the specific photosensitizers and/or 
treatment parameters (2, 11). The effectiveness of the PDT-mediated 
molecular switch did not always follow HSF-HSE binding patterns. In 
RIF cells, PDT using a 16-h NPe6 incubation resulted in selective 
binding of HSF-1 to HSE. This treatment protocol also produced 
selective CAT and B-gal expression. Conversely, PH-mediated PDT 
did not elicit reporter gene expression in RIF cells but could induce 
HSF-HSE binding. Because both PDT procedures are associated with 
singlet oxygen-mediated oxidative stress, we conclude that distinct 
subcellular targets or molecular pathways may contribute to the dif- 
ferential results (48, 49). Additionally, a conserved 76-amino acid 
protein HSF binding protein has been identified in mammalian cells 
(50). This protein negatively effects HSF-1 DNA binding activity, and 
overexpression of this protein represses the transactivation activity of 
HSF-1. Likewise, overexpression of bcl-2 suppresses transcriptional 
activation of hsp70 (51). Various photosensitizers may have different 
effects on the expression of these molecules, but this still needs to be 
verified. 

We selected two therapeutically relevant human genes, p53 and 
TNF-a, for initial analysis of our PDT-responsive molecular switch. 
These genes exhibit different biological functions and expression 
properties. p53 encodes a tumor suppressor protein and functions as a 
transcription factor (52). This protein is mutated or deleted in numer- 
ous solid cancers, and overexpression of wild-type p53 can enhance 
the therapeutic response of some malignancies to chemotherapy and 

642 



PDT-INDUCIBLE EXPRESSION OF TRANSGENES 

ionizing radiation (53). The significance of p53 expression on PDT 
sensitivity has recently been examined, and responses appear to vary 
with cell type (38, 54). p53 exerts its activity as a transcription factor 
within the same cells in which the protein is expressed. Our results 
confirmed that all examined PDT exposure parameters were able to 
selectively induce the transient expression of biologically active p53 
in p53-S4 cells. Parental SKOV cells are p53 null, and therefore, we 
can conclude that p53 expression in the transfected S4 cells was a 
direct consequence of PDT. Background expression or promoter leak- 
iness was not observed in p53-S4 cells. Likewise, we were unable to 
detect p53 expression when cells were exposed to photosensitizer or 
light alone. 

In contrast to p53, TNF-a must first be secreted from producer cells 
before eliciting biological activity on cells with TNF-specific recep- 
tors (55). This cytokine is measurable in culture media with an ELISA 
assay, and the biological activity of TNF-a in this media can be 
monitored using a WEHI cell sensitivity assay (33). Systemically 
administered TNF-a enhances the cytotoxic effectiveness of thera- 
peutic agents, including ionizing radiation and PDT (56, 57). How- 
ever, toxicity associated with systemic TNF-a administration pre- 
cludes its use as a therapeutic adjuvant. Inducible expression of 
TNF-a within target tissue or cells provides for local concentrations of 
the cytokine with minimal systemic effects. We documented that PDT 
exposure parameters can induce transient expression of biologically 
active TNF-a in TNF-S2 cells. Photofrin-mediated PDT produces a 
dose-dependent increase in TNF-a expression in peritoneal macro- 
phages in treated mice (58). TNF-a is also detected in urine of patients 
undergoing local PDT for bladder cancer (59). However, we did not 
detect TNF-a in nontransfected SKOV tumor cells treated with PDT 
or hyperthermia. Our results indicate that the hsp promoter vigorously 
drives transgene expression. Secreted cytokine levels induced by PDT 
or heat in TNF-S2 cells were comparable or higher than TNF-a levels 
previously reported for constitutive expression systems driven by a 
CMV enhancer and B-actin promoter (60). 

Background or basal expression of genes ligated to the hsp pro- 
moter was variable. Expression constructs transfected in RIF cells 
included a 2.5-kb fragment of the hsp promoter, whereas a 0.3-kb 
fragment of the hsp promoter was used with human SKOV-3 cells. 
Neither CAT nor ß-gal expression was detected in RIF HC-2 and 
HB-3 cells under control conditions. Likewise, we did not observe any 
background leakiness of p53 expression in p53-S4 cells. However, 
promoter leakiness was observed in TNF-S2 cells with a constant 
basal expression and secretion of TNF-a. Therefore, hsp promoter 
size does not appear to be a primary determinant modulating trans- 
gene leakiness. However, vector insertion site could be involved in the 
differences we observed in basal expression. There are also three 
binding sites within the hsp promoter for the SP1 transcription factor, 
which may contribute to basal expression under various conditions 
(61). In addition, the hsp promoter contains a variety of regulatory 
elements, including AP-2, SRE, and c-myc binding sites (61). These 
elements can effect basal hsp promoter activity and can vary as a 
function of cell type and culture conditions. 

In summary, PDT continues to show promise in the clinical treat- 
ment of solid malignancies. Nevertheless, methods to enhance the 
local tumoricidal responsiveness of PDT are still important because 
tumor recurrences are observed. We demonstrate for the first time that 
PDT-mediated oxidative stress can effectively induce selective ex- 
pression of heterologous genes placed under the control of an hsp 
promoter. These results extend previous findings showing that PDT 
functions at the level of transcription to activate stress proteins (18). 
Our investigation provides initial proof of principle results indicating 
that PDT-responsive expression vectors should be examined in sub- 
sequent preclinical studies combining PDT and gene therapy. 
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Abstract 

Photodynamk therapy (PDT) is a promoing cancer treatment that 
induces localized tumor destruction via the photochemical generation of 
cytotoxk singlet oxygen. PDT-mediated oxidative stress ettdU direct tu- 
mor cell damage as wefl as microvascular iajory within exposed tumors. 
Reduction in vascular perfusion associated with PDT-mediated microvas- 
cular injury produces tumor tissue hypoxia. Using a transplanUMe BA 
mouse mammary carcinoma, we snow that Pbotofrin-mediated PDT in- 
duced expression of the hyporJa-indudbJe factor-la (HIF-la) subunit of 
the beterodimeric HIF-1 transcriprjon factor and also increased protein 
levels of the HIF-1 target gene, vascular endothellal growth factor 
(VEGF), within treated tumors. HIF-la and VEGF expression were also 
observed following tumor damping, which was used as a positive control 
for inducing tissue hypoxia. PDT treatment of BA tumor cells grown in 
culture resulted in a small increase in VEGF expression above basal levels, 
indicating that PDT-mediated hypoxia and oxidative stress could both be 
involved in the overexpression of VEGF. Tumor-bearing mice treated 
with combined antiangiogenic therapy (IMK2 or EMAP-II) and PDT had 
improved tumoricidal responses compared with individual treatments. 
We also demonstrated that PDT-induced VEGF expression in tumors 
decreased when either IM862 or EMAP-II was included in the PDT 
treatment protocol. Our results indicate that combination procedures 
using antiangiogenic treatments can improve toe therapeutic effectiveness 
of PDT. 

Introduction 

PDT* involves treating solid malignancies with tissue-penetrating 
laser light following the systemic administration of a tumor localizing 
photosensitizer (1). Properties of photosensitizer localization in tumor 
tissue and photochemical generation of reactive oxygen species are 
combined with precise delivery of laser-generated light to produce a 
treatment offering local tumoricidal activity (2, 3). The porphyrin 
photosensitizer PH recently received Food and Drug Administration 
approval for PDT treatment of esophageal and endobronchial carci- 
nomas (1). PDT is also undergoing clinical evaluation for the treat- 
ment of bladder, head and neck, brain, intrathoracic, and skin malig- 
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nancies (1). PDT targets include tumor cells, tumor rmcrovascuISuTe7 
inflammatory cells, and immune host cells (1-3). Vascular effects 
induced by PH-mediated PDT include perfusion changes, vessel con- 
striction, macromolecular vessel leakage, leukocyte adhesion, and_ 
thrombus formation (1,4). These effects appear to be linked to platelet 
activation and release of thromboxane (5). Microvasculature damage 
is readily observed histologicaUy following PDT and leads to a 
significant decrease in blood flow as well as severe and persistent 
tumor tissue hypoxia (6, 7). Rapid and substantial reductions in tissue 
oxygenation can also occur during illumination by direct utilization of 
oxygen during the photochemical generation of reactive oxygen spe- 
cies (7. 8). 

Tissue hypoxia induces a plethora of molecular and physiological 
responses, including an adaptive response associated with gene acti- 
vation (9). A primary step in hypoxia-mediated gene activation is the 
formation of the HIF-1 transcription factor complex (9, 10). HIF-1 is 
a heterodimeric complex of two helix-loop-helix proteins, HIF-lß 
(ARNT) and HIF-la (11). ARNT is constitutively expressed, whereas 
HIF-1 Q is rapidh degraded under norraoxic conditions. Hypoxia 
induces the stabilization of the HIF-la subunit which in turn allows 
for the formation of the transcriptionally active protein complex (11, 
12). A number of HIF-1-responsive genes have been identified, in- 
cluding VEGF. erythropoietin, and glucose transporter-1 (11). VEGF. 
also called vascular permeability factor, is an endothelial cell-specific 
mitogen involved in the induction and maintenance of the neovascu- 
lature in solid armors (11, 13). VEGF expression increases in tumor 
tissue under hypoxia as a result of both transcriptional activation and 
increased stabilization (11, 14). 

In the current study, we examined whether PDT-induced microvas- 
cular damage and the resulting hypoxia could serve as activators of 
molecular events leading to the increased expression of VEGF within 
treated tumor tissue. We also determined whether antiangiogenic 
compounds, which counter the actions of VEGF, could improve PDT 
tumor responsiveness. Our results document that PH-mediated PDT 
induces expression of HIF-la and the transcription factor's target 
gene. VEGF, in a transplanted mouse mammary carcinoma. We also 
document enhanced tumoricidal activity when PDT is combined with 
antiangiogenic therapy. 

Materials and Methods 

Drugs and Reagents. The photosensitizer Photofrin porfimer sodium was 

a gift from QLT PhotoTherapeutics. Inc. (Vancouver. British Columbia. Can- 

ada) and was dissolved in 5* dextrose in water to make a 2.S mg/mi stock 

solution. Recorobinant EMAP-D was prepared as described previously t !5>. A 

working solution at 10 p.g/ml was prepared in PBS containing 0.1% BSA. 
IM862 was obtained from Cytran Inc. (Kirkland. WA) and was dissolved in 

saline to make a 5 mg/ml working solution (16). CoCK was obtained from 

Sigma Chemical Co. (St. Louis. MO), and a 10 HIM stock solution was 

prepared in water. 
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Fig. I. PDT treatment of BA mammary carci- 
noma tumors growing in C?H mice induced ex- 
pression of the transcription factor subumt HIF-1 o 
and VEGF. A. tumors »ere collected immediately 
after treatment and evaluated for HIF-1 a expres- 
sion by Western immunoblot analysis. HIF-1 a was 
not detectable in control tumors measuring 6-7 
mm in diameter Both PDT 15 mg/kg PH: 200 
J/cm") and tumor clamping |4S mini induced 
HIF-1 a expression 8. separate tumors were col- 
lected 24 b after PDT or clamping (45 mini and 
assayed for VEGF expression by Western immu- 
noblot analysis. Expression of actin was used to 
monitor protein loading. 
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Ceib and in Vivo Tumor ModeL BA mouse mammary carcinoma cells 
(originally obtained from the NIH tumor bank) were used in all in vitro and in 

vivo experiments (17). Cells were grown as a mooolayer in RPM1 1640 
supplemented with 10% FCS and antibiotics. The plating efficiency for the BA 
cells was 40-60%. s.c. BA mammary carcinomas were generated by trocar 
injection of 1-mm5 pieces of tumor to the hind right flank of 8- to 12-week-old 
female C3H/HeJ mice (17). 

Im Vitro and in Vivo Treatment Protocols. In vitro photosensitizarjon 

protocols involved seeding cells into plastic Petri dishes and incubating over- 
night in complete growth medium to allow for cell attachment. PDT treatments 
included incubating cells in the dark at 37°C for 16 h with PH (25 jig/ml) in 
medium containing 5% FCS. Cells were then incubated for an additional 30 
min in growth medium containing 10% FCS. rinsed in medium without serum, 
and exposed to red light (570-650 nm) generated by a parallel series of red 
Mylar-filtered 30 W fluorescent bulbs and delivered at a dose rate of 0.35 
mW/cm2. In specified experiments, cells were incubated with CoCU (100 UJH) 

in growth medium containing 5% FCS for 16 h. Treated cells were then re-fed 
with complete growth medium and incubated in the dark at 37°C until 
collected for analysis of VEGF secretion into the culture media. In vivo PDT 
tumor treatments were performed as reported previously on tumors measuring 
6-7 mm in diameter (17). Briefly. PDT procedures included an i.v. injection 
of PH (5 mg/kgi followed 24 h later with non-thermal laser tumor irradiation 
using an argon-pumped dye laser emitting red light at 630 nm. A light dose rate 
of 75 mW/cirr and a total light dose of 200 J/cm: were used for all in vivo PDT 
treatments. After treatment, tumors were measured three times per week. Cures 
were defined as being disease free for at least 40 days after PDT il7). 
Antiangiogenic treatment was performed using either EMAP-II or IM862. 
Each compound was administered as daily i.p. injections for 10 consecutive 
days starting 1 h prior to PDT light treatment Individual IM862 doses were 25 
mg/kg. and individual EMAP-II doses were 50 jig/kg. Tumor tissue hypoxia 
was induced in selected experiments by clamping lesions for 45 min. 

Western Blot Analysis. Tumors were collected at various times after 
treatment, homogenized with a Polytron in I x reporter lysis buffer (Promega. 
Madison, WI). and evaluated for protein expression as described previously 
(18). Briefly, protein samples (30 fig) were size-separated on 10% (for HIF- 
la) or 12.5% (for VEGF) discontinuous polyacrylamide gels and transferred 
overnight to nitrocellulose membranes. Filters were blocked for 1 h with 5% 
nonfat milk and then incubated for 2 h with either a mouse monoclonal 
anti-HIF-la antibody (clone 54: Transduction Laboratories. Lexington, KY). a 
rabbit polyclonal anti-VEGF antibody (no. sc-507: Santa Cruz Biotechnology. 
Santa Cruz. CA). or a mouse monoclonal antiactjn antibody (clone C-4; ICN. 
Aurora. OH). Filters were then incubated with either an antimouse or antirabbit 
peroxidase conjugate (Sigma), and the resulting complexes were visualized by 
enhanced chemiluminescence autoradiography (Amersham Life Science. Chi- 
cago. U.). 

ELISA Assays. A Quantikine M mouse VEGF ELISA kit (R&D Systems. 
Minneapolis. MX) was used to quantify VEGF levels in cell culture media as 
well as in tumor extracts from control and treated mice. Results were normal- 
ized to protein concentrations from tumor tissue or cell lysates. 

Statistics. Statistical analysis was performed using a two-tailed Student's r 
test to analyze VEGF levels and the )f test for evaluation of tumor cure rates. 

Results and Discussion 

PDT continues to show promise in the treatment of a variety of 
malignant and oonmalignant disorders (1, 19). The use of PDT for 
advanced esophageal tumors offers prolonged tumor responses com- 
pared with standard Nd-YAG laser ablation treatments. Extended 
tumor responses are also observed in advanced non-small cell lung 
cancer patients treated with PDT compared with Nd-YAG laser ab- 
lation. Likewise, PDT applications continue to be encouraging for 
early stage lung cancer, brain cancers, head and neck cancers, and for 
nononcological disorders such as age-related macular degeneration (1, 
19). Nevertheless, recurrences are observed after PDT, and methods to 
improve the therapeutic efficacy of this procedure are needed. Mul- 
tiple physiological, biophysical, and/or pharmacological variables 
may account for recurrences after PDT (2, 3). Nonuniform distribu- 
tion of photosensitizers within tumor tissue, inadequate light distri- 
bution, photosensitizer photobleaching, and treatment-induced oxy- 

Fig. 2. VEGF levels in culture media from control BA mammary carcinoma cells and 
from cells exposed to light alone. CoCU. PH alone, or PDT. Culture medium was 
collected 2. 6. or 24 h after treatment and VEGF concentrations were determined by 
ELISA. Each group represents the mean (ban. SE) of five individual experiments. A 
statistically significant difference in VEGF levels was observed only between CoCl2 and 
control samples (/* < 0.05). 
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gen deprivation may all contribute to suboptimaJ PDT responses. In 
the current study, we examined molecular events associated with 
PDT-induced hypoxia with an emphasis on determining whether PDT 
effectiveness could be enhanced with antiangiogenic therapy. 

Several laboratories have shown that PDT produces microvascular 
damage within treated tumors and that PDT leads to tumor tissue 
hypoxia (4-8). Hypoxia mediates adaptive gene expression through 
the HIF transcription factor (9). An initial step in hypoxia-mediated 
gene activation is the formation of the HTF-1 heterodimeric transcrip- 
tion factor complex (10). One subunit. HIF-Iß (ARNT). is constitu- 
te vely expressed, whereas the second subunit, HIF-la, is rapidly 
degraded under normoxic conditions by the ubiquitin-proteasome 
system (9.10,12). Because hypoxia induces increased expression and 
stabilization of the HEF-lo subunit as well as activates the HIF-1 
transcription complex, it seemed likely that PDT-induced microvas- 
cular damage and resulting tumor tissue hypoxia could also stabilize 
HEF-la and initiate HIF-1-mediated transcription. Fig. 1A uses West- 
ern analysis to show that PDT treatment of BA mammary carcinoma 
tumors growing in C3H mice induced expression of HIF-la. This 
response was rapid, being observed within the first 5 min after PDT. 
Tumor clamping was used as a positive control and resulted in 
comparable HIF-la expression. The HIF-1 complex functions via 
binding to a hypoxia response element found in the promoter region 
of the VEGF gene as well as in the 3' flanking region of the 
erythropoietin gene (11). Expression of VEGF in areas around histo- 
logically documented tumor necrosis originally led to suggestions that 
hypoxia is a major regulator of tumor angiogenesis (13. 14). VEGF is 
a dimeric glycoprotein with strong mitogenic activity restricted pri- 
marily to endothelial cells (14). Fig. IS documents VEGF expression 
after in vivo PDT. Western analysis was performed under reducing 
conditions on tumor lysates collected 24 h after PDT. PDT and tumor 
clamping both induced significant increases in VEGF expression 
within treated lesions. VEGF-induced angiogenesis plays an impor- 
tant role in tumor growth. Inhibition of VEGF activity with neutral- 
izing antibodies inhibits the growth of primary and roetastatic tumors, 
and attenuation of VEGF expression decreases tumor growth and 
vascularity (20). Our results suggest that PDT may be functioning as 
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in PDT-trealed tumors Tumor-bearing mice received no treatment (Conimtl PUT alone. 
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PDT). Tumor samples were collected 24 h after PDT and assayed for VEGF expression 
using a commercial EUSA assay kit. Each group represents the mean (ban. SE) of HI 

individual tumor samples. There was a statistically significant difference in VEGF levels 
between PDT alone and PDT plus EMAP-D (P < 0.01). 

a mediator of tumor angiogenesis and tumor recurrence by enhancing 
expression of VEGF within the treated tumor mass (14). 

We next examined whether in vitro PDT of BA mammary carci- 
noma cells could also induce expression of VEGF. Fig. 2 shows 
VEGF levels collected from culture media at various time intervals for 
control and treatment conditions. Exposure to CoCU served as a 
statistically significant positive control because exposure to this di- 
valent metal induces cellular VEGF expression (11). A 210 J/m2 PDT 
dose resulted in a modestly increase in VEGF levels when measured 
24 h after treatment. The PDT doses (210 and 420 J/m2) and CoCl2 

treatment produced clonogenic survival levels ranging from 33* to 
96*. The in vitro PDT conditions would be expected to involve 
singlet oxygen-mediated oxidative stress but not induced hypoxia. 
These results suggest that the increase in VEGF expression observed 
in tumors after in vivo PDT may be associated with treatment-induced 
hypoxia and to a lesser extent with treatment-induced oxidative stress. 
Exposure of various mouse and human tumor cells to ionizing radi- 
ation and exposure of rat endothelial cells to hydrogen peroxide can 
up-regulate VEGF expression (20. 21). Additional studies will be 
required to determine similarities and differences in VEGF induction 
for various types of oxidative stress. 

A growing number of reports have indicated that antiangiogenic 
agents can enhance the rumoricidal effectiveness of chemotherapy and 
radiation treatments (20. 22, 23). We next examined whether antian- 
giogenic treatments, using either EMAP-11 or IM862. could enhance 
the tumoricidal action of PDT. EMAP-D is a single chain polypeptide 
that inhibits tumor growth and has antiangiogenic activity (15). 
EMAP-11 induces apoptosis in growing capillary endothelial cells in 
both a time- and dose-dependent manner. EMAP-11 also prevents 
vessel ingrowth in experimental angiogenesis models and in primary 
tumors. Interestingly. EMAP-D does not induce toxicity in normal 
organs. IM862 is a dipeptide of L-glutamyl-L-tryptophan that was 
initially isolated from the thymus (16). Preclinical studies have shown 
that the dipeptide inhibits angiogenesis in chorioallantoic membrane 
assays and inhibits VEGF production in monocytic lineage cells.4 

DvI862 also inhibits tumor growth in xenograft models but has no 
direct cytotoxic effect on tumor cells. IM862 mediates these effects by 

* R. Masood and P Gill, unpublished data. 
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inhibiting production of VEGF and by activating natural killer cells. 
Intranasal administration of IM862 exhibits antitumor activity in 
patients with AIDS-associated Kaposis sarcoma (16). IM862 also 
appears to be safe and well tolerated when delivered over prolonged 
time periods. A PDT procedure that produced a moderate cure rate 
alone was used to measure positive or negative changes in tumor 
response when a single PDT treatment was combined with daily 
injections of EMAP-H or IM862 for 10 days (17). Fig. 3 shows that 
antiangiogenic treatment statistically enhanced (P < 0.05) the tumori- 
cidal action of PDT as measured by tumor cures. Specifically, the 200 
J/cnr PDT dose alone produced a 39* cure rate, whereas PDT plus 
EMAP-II or IM862 produced tumor cures of 89 and 78%, respec- 
tively. The antiangiogenic treatments alone did not produce any tumor 
cures or tumor regression and only slightly modified tumor growth 
parameters. 

Finally, we examined whether the antiangiogenic derivatives used 
in this study modulated PDT-induced VEGF levels in treated tumors. 
The in vivo PDT dose delivered to tumors (200 J/cm2) induced rapid 
and severe tissue necrosis. Therefore, tumor samples were only col- 
lected 24 h after PDT. This timeframe allowed for two antiangiogenic 
dnig doses (1 h prior to light treatment and 1 h prior to sacrifice). Fig. 
4 shows a decrease in VEGF levels, measured by ELISA. in rumors 
treated with PDT combined with EMAP-D or IM862 compared with 
tumors treated with PDT alone. These results were obtained after only 
two doses of either EMAP-II or IM862. Nevertheless, a statistically 
significant decrease (P < 0.01) in PDT-induced VEGF levels was 
observed when EMAP-II was included in the treatment protocol. It is 
likely the 10 daily doses of EMAP-II or IM862 used in the PDT tumor 
treatment experiments would further attenuate VEGF levels. 

In summary, we demonstrate that antiangiogenic treatments can 
potentiate PDT responsiveness. This result may involve attenuating 
the angiogenic actions of VEGF, which was observed to increase in 
PDT-treated tumors. Optimization of antiangiogenic parameters as 
well as an examination of various methods to block angiogenesis are 
being performed at present. The minimal systemic toxiciry associated 
with antiangiogenic therapy suggests that these procedures should be 
compatible with clinical PDT and may provide an efficient strategy 
for selectively enhancing PDT tumor responsiveness. It will also be of 
clinical interest to determine whether antiangiogenic treatments can 
enhance PDT procedures for age-related macular degeneration be- 
cause this pathology is marked by neovascularization (19). 
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ABSTRACT: Cellular expression of the 70 kDa heat shock protein (HSP-70) is observed following hyperthermia and 
is correlated with transient resistance to subsequent heating. Photodynamic therapy (PDT) mediated oxidative stress 
can also induce transcriptional and translational expression of a variety of genes including HSP-70. However, PDT- 
mediated HSP-70 expression can vary as a function of photosensitizer type and incubation conditions. In the current 
study we used three clinically relevant photosensitizers, a porphyrin (Photofrin), a purpurin (SnET2), and a chlorin 
(NPe6), to examine PDT-mediated HSP-70 expression profiles and photosensitivity characteristics in parental 
radiation-induced fibrosarcoma cells (RIF-1) and in thermal resistant RIF-1 clones. We observed that in vitro PDT 
treatments using either SnET2 or NPe6 induced HSP-70 expression but that comparable PDT treatments using 
Photofrin did not result in increased HSP-70 levels. We also observed that PDT sensitivity in parental and heat- 
resistant cell clones were similar for each photosensitizer while thermal sensitivity was significantly reduced in the 
RTF clones which constitutively overexpressed HSP-70. These results indicate that definable differences can exist in 
the molecular pathways induced by PDT for different photosensitizers. Our results also demonstrate that constitutive 
overexpression of HSP-70 does not modulate PDT photosensitivity regardless of whether PDT treatments induce 
HSP-70 expression. We conclude that HSP-70 expression does not play a significant role in cellular PDT 
photosensitivity. Copyright © 2001 John Wiley & Sons, Ltd. 

KEYWORDS: photodynamic therapy; heat shock protein; oxidative stress; photosensitivity; photosensitizer 

INTRODUCTION 

Photodynamic therapy (PDT) is a promising treatment 
modality for a variety of solid tumors [1,2]. PDT involves 
treating solid malignancies with tissue penetrating visible 
light following the administration of a tumor-localizing 
photosensitizer [3]. Properties of photosensitizer localiza- 
tion in tumor tissue and photochemical generation of 
reactive oxygen species are combined with precise delivery 
of laser-generated light to produce a procedure offering 
effective local tumoricidal activity [4]. The porphyrin 
photosensitizer, Photofrin (PH), recently received FDA 
approval for PDT treatment of esophageal and endobron- 
chial carcinomas [2]. PH-mediated PDT is also undergoing 
clinical evaluation for the treatment of bladder, head and 
neck, brain, intrathoracic, and skin malignancies [1,2]. At 
the same time, a growing number of second-generation 
photosensitizers are also undergoing clinical evaluation 
[2,4,5]. These new compounds exhibit properties compar- 
able or superior to PH, including: chemical purity, increased 
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Copyright © 2001 John Wiley & Sons, Ltd. 

photon absorption at longer wavelengths, improved tumor 
tissue retention, rapid clearance from surrounding normal 
tissues, high quantum yields for the generation of reactive 
oxygen species, and minimal dark toxicity [3-5]. 

Biochemical analysis indicates a variety of subcellular 
PDT targets, including the mitochondria, plasma mem- 
brane, and lysosomes [4]. PDT can induce damage to tumor 
cells, tumor microvasculature, inflammatory cells, and 
immune host cells [6,7]. Apoptotic and necrotic pathways 
are both involved in PDT-mediated cell death [4]. An 
assortment of early response genes, genes associated with 
signal transduction pathways and cytokine expression, 
as well as stress response genes are activated by PDT 
[2, 8-11]. Stress proteins identified as HSPs are expressed 
following PDT and this response is at the level of 
transcription [12]. HSPs are highly conserved throughout 
evolution and function as molecular chaperones of nascent 
proteins [13]. HSPs are also involved in protecting cells 
from stress by binding to denatured proteins and assisting in 
proper refolding [13]. There is a large body of evidence 
indicating that HSPs modulate cellular responses to heat and 
are involved in the development of thermotolerance [14- 
16]. 

We previously examined Photofrin (PH)-mediated photo- 
sensitivity using parental RIF and RIF-TR clones constitu- 
tively overexpressing HSP-70 and did not observed cross 
resistance following hyperthermia and PH-mediated PDT 
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[8]. However, unlike hyperthermia, PH-mediated PDT does 
not induce HSP-70 expression in RIF cells grown in culture 
[11]. In the current study, we have examined photosensi- 
tivity in parental and RIF-TR cells using photosensitizers 
which can induce HSP-70 expression. These experiments 
were designed to further examine the biological relevance 
of HSP-70 as a potential modulator of PDT sensitivity. 

EXPERIMENTAL 

Photosensitizers 

All photosensitizers are in clinical trials [2]. Photofrin(R) 
(porfimer sodium) (PH) was a gift from QLT Photo- 
therapeutics (Vancouver, British Columbia, Canada); NPe6 
was a gift from Porphyrin Products (Logan, UT); and, 
SnET2 was a gift from PDT Systems, (Miravant Medical 
Technologies, Santa Barbara, CA). 

Cells and Cell Culture Conditions 

Parental mouse radiation-induced fibrosarcoma cells (RIF- 
1) and three thermal resistant RIF-1 clones (TR-4, TR-5, 
and TR-10) were used in all experiments [16]. Cells were 
grown in RPMI1640 culture media supplemented with 15% 
FCS and antibiotics. 

In vitro PDT and Hyperthermia Treatments 

Prior to treatments, appropriate numbers of cells were plated 
into 60 mm or 100 mm plastic Petri dishes (for PDT 
exposures) or into T-25 or T-75 plastic flasks (for 
hyperthermia exposures). For PDT, cells were incubated 
in the dark at 37 °C for 16 h with one of the three 
photosensitizers (25ugml-1 for Photofrin and NPe6 or 
0.75 u.g ml"1 for SnET2) in RPMI 1640 containing 5% FCS. 
The cells were then rinsed for 30 min in growth media 
containing 15% FCS and exposed to graded doses of light. 
Cells incubated with PH were exposed to broad spectrum 
(570 nm to 650 nm) red light (0.35 mW cm"2) generated by 
a parallel series of 30 W fluorescent bulbs. NPe6-treated 
cells were exposed to 664 nm light (2 mW cm-2) generated 
by an argon ion laser-pumped dye laser and SnET2-treated 
cells were exposed to 660 nm light (2 mW/ cm-2) generated 
by the same laser. After light treatments, cells were re-fed 
with complete growth media and incubated at 37 °C. 
Cytotoxicity was determined 8 days after treatment by 
clonogenic assay. Hyperthermia involved exposing cells to 
45 °C in a temperature-controlled water bath. In vitro 
hyperthermia involved exposing cells to warmed media and 
placement in a temperature-controlled water bath for 
designated time intervals. 

Photosensitizer Uptake Analysis 

Cellular photosensitizer levels were determined by absorp- 
tion spectroscopy as previously described. Briefly, photo- 
sensitizers were extracted from cells by sonication in 0.1 N 
NaOH, Drug concentrations were then determined from 
calibration curves using absorption measurements ratios of: 
390 nm and 470 nm for PH, 437 nm and 480 nm for SnET2, 
and 400 nm and 440 nm for NPe6. Photosensitizer concen- 
trations were expressed as ug per mg cellular protein. 

Western Analysis 

Treated cells were incubated at 37 °C for 6h and then 
collected by trypsinization for analysis of protein expression 
as described previously [11]. Briefly, cell pellets were lysed 
in 2 x sample buffer (Tris base 0.125 M, pH 6.8, 4% SDS, 
10% glycerol, 0.02% bromophenol blue, 4% /?-mercap- 
toethanol) at a concentration of 2 x 107 cells per ml. Protein 
concentrations were determined using a Biorad protein 
assay. Samples containing 60 ug of protein were size 
separated by electrophoresis on a 10% polyacrylamide gel 
at room temperature. Proteins were then transferred over- 
night to nitrocellulose paper. Filters were blocked for 2 h 
with 10% nonfat milk and then incubated for 2h with a 
mouse monoclonal antibody specific for inducible HSP-72 
(SPA-810, StressGen Biotechnologies Corp., Victoria, 
British Columbia, Canada). Filters were then incubated 
with an anti-mouse peroxidase conjugate (Sigma, St. Louis, 
MO) and the resulting complexes visualized with an 
alkaline phosphatase linked avidin/biotin detection system 
(Vectastain, Vector Laboratories, Burlingame, CA). 

RESULTS AND DISCUSSION 

Thermal Resistant RIF Clones Constitutively 
Overexpress HSP-70 and Exhibit Reduced Sensitivity to 
Hyperthermia 

Figure 1 shows Western immunoblots of HSP-70 expression 
in parental RIF cells and TR clones under control and heat- 
treated conditions. Constitutive overexpression of HSP-70 
is observed in the TR clones and this agrees with previous 
reports. Heat shock proteins represent a highly conserved 
family of constitutively expressed and stress inducible 
proteins ranging in size from approximately 20 kDa to 110 
kDa [13]. These proteins can function as molecular 
chaperones and assist in the folding and/or translocation 
of nascent proteins [13]. They can also bind to denatured 
proteins and are associated with the development of thermal 
tolerance or transient resistance to hyperthermia [13]. 
Interestingly, hyperthermia increased HSP-70 levels in both 
the parental RIF cells and TR clones. Overexpression of 
HSP-70 has been correlated with enhanced resistance to 
hyperthermia [14]. Figure 2 shows survival curves for RIF-1 
and TR clones exposed to hyperthermia. Cells were exposed 
to 45 °C for varying time intervals and then analyzed for 
survival using a clonogenic assay. The decreased heat 
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Fig. 1. Western immunoblot analysis of HSP-70 expression in 
parental RIF and RIF-TR clones. Non-treated cells served as 
controls and heat-treated cells were exposed to 45 °C for 20 min 
and then collected 6 h after treatment. 
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Fig. 4. Survival curves for parental RIF cells (□), TR-4 (♦), 
TR-5 (#), and TR-10 (A) clones exposed to increasing doses 
of PH-mediated PDT. Points represent the mean ± SE of five 
separate experiments. 

sensitivity for the TR clones also agrees with previous 
reports [16]. 

Chlorin-and Purpurin-Mediated PDT Induces 
Expression of HSP-70 

Figure 3 shows Western immunoblot analysis of HSP-70 
expression in parental RIF and TR clones following PDT 
using either NPe6, SnET2, or PH as photosensitizers. PDT 
treatments were effective at inducing HSP-70 expression 
when NPe6 and SnET2 were used as photosensitizers. 
However, PH-mediated PDT did not induce expression of 
HSP-70. Interestingly, SnET2 incubation in the absence of 
light, also induced increased HSP-70 expression in parental 
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Fig. 3. Western immunoblot analysis of HSP-70 expression in 
parental RIF cells and RIF-TR clones. Cells were either 
exposed to photosensitizer alone without light (drug alone) or 
to photosensitizer plus light (PDT) at light doses of 315 J m~2 

for PH, 3600 J m"2 for NPe6, and 1600 J m"2 for SnET2. 
Protein samples were collected 6 h after light treatment. 

RIF cells. All photosensitizers are involved in the Type II 
photochemical generation of singlet oxygen [2,3] and 
therefore these results indicate that random singlet oxygen 
exposure to cells is not sufficient by itself to activate the 
heat-shock response. As we previously suggested, differ- 
ences in subcellular targets (mitochondria for PH and 
lysosomal for Npe6 and SnET2) may play a role in the 
variations in HSP-70 expression observed following cellular 
PDT [11]. All three photosensitizers can elicit HSP-70 
expression following in vivo PDT and therefore additional 
studies are required to differentiate whether in vitro PDT 
experiments actually mimic in vivo procedures [11]. 

PDT Photosensitivity is not Altered in HSP-70 
Expressing TR Cells 

We reported previously that RIF TR clones exhibit 
comparable photosensitivity as parental RIF cells when 
exposed to PH-mediated PDT [8]. However, PH-mediated 
PDT does not induce increased HSP-70 expression in RIF 
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Fig. 5. Survival curves for parental RIF cells (□), TR-4 (♦), 
TR-5 (#), and TR-10 (A) clones exposed to increasing doses 
of NPe6-mediated PDT. Points represent the mean ± SE of five 
separate experiments. 
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Fig. 6. Survival curves for parental RIF cells (□), TR-4 (♦), 
TR-5 (#), and TR-10 (A) clones exposed to increasing doses 
of SnET2-mediated PDT. Points represent the mean ± SE of 
five separate experiments. 

cells and therefore one might expect that PH-mediated PDT 
would not exhibit cross-resistance [11]. Interesting, NPe6- 
and SnET2-mediated PDT can induce HSP-70 expression 
(as described above) and therefore we examined whether 
PDT using these photosensitizers resulted in differential 
photosensitivity in TR cells that consitutively overexpress 
HSP-70. Figures 4-6 show that comparable levels of cell 
photosensitivity were obtained for all cell lines exposed to 
NPe6-, SnET2-, or PH-mediated PDT. Likewise, individual 
photosensitizer uptake levels in the parental and TR clones 
were also comparable (data not shown). Therefore, regard- 
less of whether PDT induced HSP-70 expression, we did not 
observe modulated photosensitivity in RIF-TR cells com- 
pared to parental RIF cells. This implies that in vitro targets 
and/or cell death pathways are different for hyperthermia 
and PDT treatments. 
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ABSTRACT 

Neuroblastomas can acquire a sustained high-level drug resistance 
during chemotherapy and especially myeloablative chemoradiotherapy. 
p53 mutations are rare in primary neuroblastomas, but a loss of p53 
function could play a role in multidrug resistance. We determined p53 
function by measuring induction of p21 and/or MDM2 proteins in re- 
sponse to melphalan (L-PAM) in seven L-PAM-sensitive and 11 L-PAM- 

resistant neuroblastoma cell lines. p53 was functional in seven/seven drug- 
sensitive but in only 4/11 drug-resistant cell lines (P = 0.01). In fourflf the 
seven cell lines lacking p53 function, mutations of p53 were detected by the 
microarray GeneChip p53 Assay and automated sequencing, whereas six 
cell lines with functional p53 had no evidence of p53 mutations. All of the 
cell lines with wild-type (wt) p53 showed a strong transactivation of the 
p53-HBS/CAT reporter gene, whereas the four cell lines with mutant p53 
failed to transactivate p53 HBS/CAT. Overexpression of MDM2 protein 
(relative to p53 functional lines) was seen in two p53-nonfunctional cell 
lines with wt p53; one showed genomic amplification of MDM2. Nonfunc- 
tional and mutated p53 was detected in a resistant cell line, whereas a 
sensitive cell line derived from the same patient before treatment had 
functional and wt p53. Loss of p53 function was selectively achieved by 
transduction of human papillomavjrus 16 E6 (which degrades p53) into 
two drug-sensitive neuroblastoma cell lines with intact p53, causing high-; 
level drug resistance to L-PAM, carboplatin, and etoposide. These data 
obtained with neuroblastoma cell lines suggest that the high-level drug 
resistance observed in some recurrent neuroblastomas is attributable to 
p53 mutations and/or a loss of p53 function acquired during chemother- 
apy. If confirmed in patient tumor samples, these data support develop- 
ment of p53-independent therapies for consolidation and/or salvage of 
recurrent neuroblastomas. 

INTRODUCTION ; 

Neuroblastoma is a malignant childhood neoplasm of the sympa- 
thetic nervous system. Intensive chemoradiotherapy supported with 
autologous bone marrow transplantation has improved survival for 
high-risk neuroblastoma, especially if followed by 13-cw-retinoic acid 
(1). However, most high-risk neuroblastoma patients develop recuff 
rent disease that is refractory to additional therapy (2). We havp 
shown that during therapy neuroblastomas acquire a sustained high* 
level drug resistance, which correlates with the clinical therapy of the : 

patient and the intensity of the therapy received (3). 
p53 is a transcriptional regulatory protein (reviewed in Refs. 4 and 

5), of which the target genes include: p2lWAFl'c'P1/s,D\ MDM2, to; 
and Gadd45. Products of these genes are critical for cell cycle regu- 
lation, apoptosis, and DNA repair. In response to genotoxic stress, wt 
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p53 exerts antiproliferative effects such as induction of cell cycle 
arrest and apoptosis. Inactivation of p53 results in genomic instability 
(6), and tumors either fail to arrest in G! or exhibit diminished 
apoptosis (7) and can be resistant to chemotherapeutic agents (8—10). 
p53 mutations and/or deletions have been linked to drug resistance in 
acute lymphoblastic leukemia (11); melanoma (12); osteosarcoma 
(13); and breast (14), ovarian (15), and testicular (16) cancers. 

Mutations of p53 are commonly found in many human cancers (17)" 
but are seen in only 2% of neuroblastoma tumors examined (18-23), 
with most p53 mutations observed in tumors coming from patients 
with progressive disease (18-20). As an alternative to mutations, 
cytoplasmic sequestration and defective translocation of p53 have 
been suggested as mechanisms of nonmutational inactivation (24), but 
several studies have shown that p53 function is intact in neuroblas- 
toma cell lines (25-27). 

Like neuroblastomas, mutations of p53 are infrequent in testicular 
cancers (28). However, a study of testicular cancers showed that for 
those tumors that either were resistant to initial chemotherapy or 
recurred with drug-resistant disease after therapy, p53 mutations were 
identified within exons 6-9 in 50% of tumor samples with teratoma- 
toüs histology (16). On the basis of these observations we sought to 
determine whether drug resistance in neuroblastoma cell lines was 
associated with a lack of p53 function and/or p53 mutations. 

We have examined p53 function by measuring p53 transcriptional 
activity in response to alkylating agent-mediated induction of p21 and 
MDM2 in a panel of neuroblastoma cell lines with a spectrum of 
resistance (acquired during therapy in patients) to L-PAM,3 CBDCA, 
and ETOP, all commonly used drugs in neuroblastoma therapy. We 
examined the cell lines for p53 mutations by the GeneChip p53 Assay 
(29) and confirmed mutations by automated dideoxy DNA sequencing 
(29). In addition, we studied p53 function using a p53 transactivation 
assay (30). Finally, we abrogated p53 function by transducing drug- 
sensitive neuroblastoma cell lines with HPV16 E6, which targets 
cellular p53 for rapid degradatiotj and renders cells expressing HPV16 
E6 devoid of p53 function (31). We then determined sensitivities of 
HPV16 E6-transduced clones to L-PAM, CBDCA, and ETOP. 

Here we show in a panel of neuroblastoma cell lines that a loss of 
p53 function is correlated with high-level drug resistance, that selec- 
tive abrogation of p53 function can confer high-level drug resistance, 
and that loss of p53 function in neuroblastoma can be attributable to 
both mutational and nonmutational mechanisms. 

MATERIALS AND METHODS 

Cell Lines. We used a panel of 18 neuroblastoma cell lines (3, 32-34) 
obtained from patients at various points of disease: 3 at DX before any therapy 
(SK-N-BE(l), SMS-SAN, and CHLA-122), 2 at progressive disease: during 
dual-agent induction therapy (SMS-LHN and SMS-KCNR). 6 at progressive 

3 The abbreviations used are: L-PAM, melphalan; wt, wild-type; tnspr-^WBöpIatin; 
ETOP, etoposide; HPV, human papillomavirus; DX, diagnosis; FBS, fetal bovine serum; 
HBS, high-affinity binding site; CAT, chloramphemcol acetyl tfansferase; LC90, drug 
concentration that was cytotoxic for 90% of the cell population; GSH; giütätKiöne; HRP, 
horseradish peroxidase; ECL, enhanced chemiluminescehce.: 
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disease during intensive multiagent chemotherapy (SK-N-BE(2), SK-N-RA, 
LA-N-6, CHLA-119, CHLA-171, and CHLA-225), and 7 derived at relapse 
after bone marrow transplantation (CHLA-8, CHLA-51, CHLA-79, CHLA-90, 
CHLA-134, CHLA-136, and CHLA-172). 

A neuroblastoma origin for CHLA-122, CHLA-119, and CHLA-172 cell 
lines was confirmed by reverse transcription-PCR detection of tyrosine hy- 
droxylase (TH) RNA expression, which is a specific marker for neuroblastoma 
(3, 35). CHLA-225 showed no TH expression but did show a pattern for 
binding of the neuroblastoma-associated monoclonal antibody HSAN1.2 and 
the anti-HLA class I antibody W6-32 characteristic of neuroblastoma (3, 34). 
Other cell lines in the panel were described previously (3, 32-34). 

SMS-SAN,. SMS-LHN, and SK-N-RA were cultured in complete medium 
made from RPMI 1640 (Irvine Scientific, Santa Ana, CA) supplemented with 
10% heat inactivated FBS (Gemini Bio-Products, Inc., Calabasas, CA). SMS- 
KCNR, SK-N-BE(l) SK-N-BE(2), LA-N-6, CHLA-122, CHLA-171, CHLA- 
225, CHLA-119, CHLA-51, CHLA-8, CHLA-79, CHLA-90, CHLA-134, 
CHLA-136, and CHLA-172 were cultured in complete medium made from 
Iscove's modified Dulbecco's medium (Bio Whittaker, Walkersville, MD) 
supplemented with ~3 mM L-glutamine (Gemini Bioproducts, Inc., Calabasas, 
CA), 5 jig/ml each of insulin and transferrin, 5 ng/ml of selenous acid (ITS 
Culture Supplement; Collaborative Biomedical 'Products, Bedford, MA), and 
20% heat inactivated FBS. All of the cell lines used in the study were under 
passage 30, Mycoplasma free, and were cultured at 37°C in a humidified 
incubator containing 95% air + 5% C02 atmosphere without antibiotics. 
Because cell lines were not selected for resistance to drugs in vitro, drug- 
resistance represents selection that occurred in patients during therapy and 
correlates with those drugs used during therapy (3, 32). 

Retrqviral Infection. PA317 packaging cells transfected with the control 
retro virus vector, pLXSN, or with the vector pLXSN16E6 (31) containing the 
HPV type 16 E6 gene, were obtained from American Type Culture Collection. 
Supernatant was harvested from the packaging cells and filtered through a 
6.45-tiM filter. SMS-SAN and SMS-LHN cells were then plated in retrovirus 
stock (three parts) with Polybrene (final concentration 0.5 /u.g/ml) and in 
complete medium composed of RPMI 1640 supplemented with 10% FBS (five 
parts). After a 5-h incubation, 5 ml of complete medium was added, and after 
overnight incubation cells were resuspended in fresh complete medium. Forty- 
eight h later cells were seeded into six-well plates in complete medium 
containing 250 /xg/ml of G418. Individual clones were then picked and 
expanded in G418 containing medium. The integration of HPV16 E6 into 
G418-resistant clones was confirmed by Western blotting. 

Drugs and Reagents. Antibodies p53 (DO-1) mouse monoclonal, p21 
(C-19) rabbit polyclonal, MDM2 (SMP14) mouse monoclonal, and HRP- 
labeled secondary antimouse and antirabbit antibodies were purchased from 
Santa Cruz Biotechnology, Inc., Santa Cruz, CA. ECL Western blotting 
detection reagents were purchased from Amersham Pharmacia Biotech (Pis- 
cataway, NJ). ETOP was obtained from Bristol-Myers Squibb Co., Princeton, 
NJ; the NIH, Bethesda, MD provided L-PAM and CBDCA. Fluorescein 
diacetate was purchased from Eastman Kodak Company, Rochester, NY. 
Epsin Y and Polybrene (hexadimethrine bromide) were ordered from Sigma 
Chemical Co., St. Louis, MO. 

Protein Expression. Proteins were extracted in radioimmunoprecipitation 
assay buffer (50 mM NaCl, 50 mM Tris, 1% Triton X-100, 1% sodium 
deoxycholate, and 0.1% SDS) and 40 /xg (p53 and MDM2 expression) or 60 
fig (p21 expression) of total protein was loaded per lane. Proteins were 
fractionated on 12-14% Tris-Glycine pre-cast gels (Novex, San Diego, CA), 
transferred to nitrocellulose membrane (Protran, Keene, NH), and probed with 
primary antibodies and then HRP-labeled secondary antibodies. Proteins were 
Visualized using ECL Western blotting detection reagents. 

GeneChip Probe Array. The GeneChip p53 Assay (Ref. 29; Affymetrix 
Inc., Santa Clara, CA) was used to detect mutated p53 sequences on exons 
2-11 of 11 cell lines as described in the manufacturer's instructions. Briefly, 
500 ng of genomic DNA, isolated using DNAzol Reagent (Life Technologies, 
Inc., Grand Island, NY), and the normal reference DNA were amplified with 
the PCR using the GeneChip p53 primer set and Taq DNA polymerase 
enzyme. The coding regions of the p53 gene were amplified as 10 separate 
ämplicons in a single reaction. Each PCR reaction contained genomic DNA, 5 
fit of the p53 primer set (Affymetrix), 10 units of AmpliTaq Gold (Perkin- 
Elmer), PCR buffer II (Perkin-Elmer), 2.5 mM MgCl2, and 0.2 mM each 
deoxynucleotide triphosphate in a final volume of 100 p.1. PCR was carried out 

under the following conditions: heated at 95°C for 10 min; then 35 cycles of 
95°C for 30 s, 60°C for 30 s, and 72°C for 45 s; followed by a final extension 
of 10 min at 72°C. Amplified cell line and reference DNA (45 pil) were 
fragmented with 0.25 units of fragmentation reagent (Affymetrix) at 25°C for 
18 min in 2.5 units of calf intestine alkaline phosphatase, 0.4 mM EDTA, and 
0.5 mM Tris-acetate (pH 8.2) followed by heat inactivation at 95°C for 10 min. 

The DNA amplicons were labeled at 3' ends with a fluoresceinated 
dideoxynucleotide using the terminal transferase enzyme. The fluorescently 
labeled DNA fragments were hybridized in a reaction containing 6 X saline- 
sodium phosphate-EDTA, 0.05% Triton X-100, 1 mg of acetylated BSA, and 
2 nM control oligonucleotide Fl (Affymetrix) to the probes on the probe array 
for 30 min at 45 °C, after which the probe array was washed [4 times with wash 
buffer (3 X SSPE, 0.005% Triton X-100)] and scanned with the GeneChip 
Scanner 50 with a laser that excites the fluorescent label. Thus, the amount of 
emitted light was proportional to DNA fragments on the probe array. 

Data were analyzed using the GeneChip software. The software calculated 
the mean intensity of each probe cell. The hybridization intensities of the 
sample sequence were compared with those of a reference sequence, intensity 
patterns diverging from the reference were identified, and sites containing 
mutant bases were displayed. A score was assigned for each site containing a 
mutation or deletion. The higher the score for a given position, the greater the 
likelihood that site contained a mutant base. Scores exceeding 13 identified 
mutations (29). 

Automated p53 Sequencing. Exons 5-8 of II neuroblastoma cell lines 
and exon 10 of one cell line were sequenced by the fluorescent dideoxy 
terminator method of cycle sequencing (29) on an ABI 377XL (96-well 
format) automated DNA sequencer at Laragen, Inc. (Los Angeles, CA). The 
primers were synthesized at Only DNA (Midland, TX) according to sequence 
information provided by Affymetrix GeneChip Assay in the manufacturer's 
booklet. 

p53 Transactivation Assay. p53 status was also studied by transactivation 
assay (30). Cells were transiently transfected by calcium phosphate-DNA 
precipitation with a p53-HBS reporter plasmid containing two copies of a 
20-bp motif encoding a p53-HBS ligated immediately upstream from a min- 
imal thymidine kinase promoter linked to CAT. CAT expression occurs only 
when transcriptionally functional p53 binds to the HBS motif within the 
promoter. Cells were collected 48 h after transfection and assayed for CAT 
activity, determined the percentage conversion to the acetylated forms of 
[14C]chloramphenicol measured by autoradiography of TLC. ß-Galactosidase 
enzymatic activity (ß-Galactosidase Enzyme Assay System with Reporter 
Lysis Buffer; Promega, Madison, WI) was used to standardize the efficiency of 
transfection. 

Southern Blot Analysis. Aliquots of genomic DNA (20 /xg) were digested 
with EcoRl, separated on 0.7% agarose gel and then transferred onto Hy- 
bond-N+ membranes (Amersham Pharmacia Biotech, Amersham, England). 
The blot was hybridized with a MDM2 cDNA probe labeled with [a-32P]dCTP 
and filmed. MDM2 cDNA was cloned in the laboratory of Dr. B. Vogelstein 
(36). To, confirm equal loading of DNA the blot was hybridized to ß-actin 
(Clqntech Laboratories, Inc., Palo Alto, CA). Human blood mononuclear cells 
were used as a reference for normal MDM2 copy number. Densitometric 
analysis of hybridization signals was performed using the Un-Scan-It Gel (Silk 
Scientific, Inc., Orem, Utah) software. 

Cytotoxicity Assay. The cytotoxicity of L-PAM, ETOP, and CBDCA for 
neuroblastoma cell lines was determined using the DIMSCAN assay system, 
which has a 4 log dynamic range (3, 32, 34). The drug concentration ranges 
used were: L-PAM, 0-10 /xg/ml; CBDCA, 0-5 yxg/ml; and ETOP, 0-5 u.g/ml. 
Each condition was tested in 12 replicates. Cells (1,000-15,000) were seeded 
in each well. After incubation of cell lines with L-PAM for 3 days, CBDCA for 
7 days, and ETOP for 4 days, 10 fig/ml fluorescein diacetate was added to each 
well, plates were incubated for 30 min at 37°C, and finally 0.5% eosin Y was 
added. The total fluorescence was then measured using digital image micros- 
copy, and results were expressed as surviving fractions of treated cells com- 
pared with control cells. LC90 values were calculated using the software 
"Dose-Effect Analysis with Microcomputers" (37). Cell lines with an L-PAM 
LCgo value >3.7 jug/ml [3.7 = 3 X the mean of LC90 values from the three cell 
lines (Table 1) established at DX before treatment] were considered drug 
resistant. 

Statistical Analysis. Logarithmically transformed data of fractional cyto- 
toxicity for SAN/E6, SAN/LXSN, LHN/E6, and LHN/LXSN clones were used 
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Table 1 LCg0 values of neuroblastoma and HPV16E6 transfected clones ofSMS-SAN 
and SMS-LHN cell lines 

LC90 values (Mg/ml)" 
Phase of 
therapy cell lines L-PAM* CBDCA' ETOP'' 

Sensitive DX' SK-N-BE(l) 0.8 0.2 0.2 
cell lines: DX SMS-SAN 1.3 0.7 0.1 

DX CHLA-122 1.6 0.1 0.1 
PD-Ind/ SMS-LHN 2.1 1.3 2.1 
PD-Indc SMS-KCNR 1.0 1.2 <0.1 
PD-BMT* CHLA-8 0.3 2.3 <0.1 
PD-BMT CHLA-51 2.2 2.6 <0.1 

Resistant PD-Indj* SK-N-BE(2) 24.0 2.1 1.1 
cell lines: PD-Indi SK-N-RA 37.5 >10.0   ' 181.5 

PD-Ind; LA-N-6 15.4 8.6 27.3 
PD-Indj CHLA-119 .7.4 6.6 20.5 
PD-In^ CHLA-I71 68.9 11.6 443.6 
PD-Indi CHLA-225 8.4 2.4 0.5 
PD-BMT CHLA-79 5.0 3.2 12.6 
PD-BMT CHLA-90 375.0 13.8 51.3 
PD-BMT CHLA-134 37.1 26.3 256.0 
PD-BMT CHLA-136 17.0 2.6 56.7 
PD-BMT CHLA-172 101.4 43.4 31.2 

Transduced SAN-LXSN1' 1.8 1.3 0.7 
clones: SAN/EG D4> 8.3 19.6 29.1 

SAN/E6 By 10.8 31.7 110.4 

LHN/LXSN' 4.7 6.4 3.7 
LHN/E6 2-6* 13.1 52.5 7.6 
LHN/E6 SW 32.1 693.5 166.2 

° Drag concentration that was cytotoxic for 90% of treated cells. 
* Melphalan (Reference drug level for resistance defined as 3 X mean of LC90 values 

of cell lines established at diagnosis = 3.7 jug/ml). 
c Carboplatin (Reference drug level for resistance = 1 /ig/ml). 
rfEtoposide (Reference drug level for resistance = 0.4 /xg/mi). 
* Cell lines established from the patients before treatment 

■'Cell lines established from patients at the time of disease progression after dual-agent 
induction chemotherapy. 

* Cell lines established from patients at the time of disease progression after marrow 
ablative chemoradiotherapy followed by bone marrow transplantation. £■- <<*",, :-. 

* Cell lines established from patients at the time of disease progression afte'r interisive 
multiagent chemotherapy. 

' Empty vector controls of SMS-SAN and SMS-LHN cell lines. 
-"HPV 16 E6 clones of SMS-SAN and SMS-LHN cell lines. 

indices of p53 function) 16 h after challenge by 6 ju,g/ml L-PAM, (Fig. 
la). Normally, wt p53 expression is either undetectable or very low 
but increases briefly on exposure to DNA-damaging agents. In con- 
trast, stabilization of p53 in the absence of genotoxic stress is a 
hallmark of mutation and can be detected by immunoblotting (38). We 
found that p53 steady-state expression was low and inducible (^2.5- 
fold), in seven/seven drug-sensitive cell lines: SK-N-BE(l), SMS- 
SAN, CHLA-122, SMS-LHN, SMS-KCNR, CHLA-8, and CHLA-51, 
and in 3/11 drug-resistant cell lines: LA-N-6, CHLA-79, and CHLA- 
136. A failure to induce p53 (<2.5-fold) was observed in 8/11 
drug-resistant cell lines: SK-N-BE(2), SK-N-RA, CHLA-119, CHLA- 
225, CHLA-171, CHLA-90, CHLA-134, and CHLA-172. 

Cell lines that failed to aduce p21 and/or MDM2 > 1.5-fold (me- 
dian p21 and MDM2 inductions) were defined as p53 nonfunctional. 
All seven drug-sensitive cell lines [SK-N-BE(l), SMS-SAN, CHLA- 
122, SMS-LHN, SMS-KCNR, CHLA-8, and CHLA-51] and 4/11 
drug-resistant cell lines (LA-N-6, CHLA-79, CHLA-136, and SK-N- 
RA) demonstrated p21 and/or MDM2 induction after L-PAM chal- 
lenge. Seven of the 11 drug-resistant-cell lines [SK-N-BE(2), CHLA- 
119, CHLA-171, CHLA-225, CHLA-90, CHLA-134, and CHLA- 
172] lacked functional p53 (Fig. 2, b and c). Thus, there was a 
significant correlation between drug resistance and p53 loss of func- 
tion (P = 0.01). 

Analysis of p53 Mutations. (Table 2). The Affymetrix GeneChip 
p53 Assay was used to analyze exons 2-11 for p53 mutations. Then, 
automated fluorescence dideoxynucleotide sequencing was used to 
confirm the Affymetrix GeneChip findings by analyzing exons 5-8 
(where the most mutations were found). Sequencing of exon 10 was 
also carried out by automated sequencing for CHLA-119 to confirm a 
mutation detected by the GeneChip p53 Assay. 

Wt p53 was found in six cell lines with functional p53 [SK-N- 
BE(1), SMS-LHN, LA-N-6, SK-N-RA, CHLA-79, and CHLA-136], 

for ANOVA analysis. SAN/E6 clones were compared with SAN/LXSN con- 
trols, and LHN/E6 clones were compared with LHN/LXSN controls. Linear 
contrasts were used to compare for difference in fractional cytotoxicity at each 
dose level between transfected clones. Statistical significance was designed as 
P < 0.05. To perform statistical analysis SAS software was used (SAS 
Institute, Inc., Cary, NC). " 

Fisher's exact test was performed to determine the correlation between drug 
resistance and p53 loss of function. Statistical significance was designed as 
P < 0.05. 

RESULTS ' 

Cell Line Panel. The cell lines used in this study and their drug 
sensitivity profile to L-PAM, CBDCA, and ETOP are shown in Table 
1. The concentration of drug lethal for 90% of treated cells (LC90) was 
calculated from dose-response curves for each drug tested using the 
DIMSCAN assay, which provides a 4 log dynamic range (3). Dose- 
response curves for three representative cell lines treated with L-PAM^ 

CBDCA, and ETOP are shown in Fig. 1. Cell lines with an L-PAM 

LC90 value >3.7 /xg/ml (3 X mean of cell lines established at DX 
before treatment) were considered resistant. We studied seven sensi- 
tive and 11 resistant cell lines. AH 11 L-PAM-resistant cell lines 
showed cross-resistance to CBDCA (reference drug concentra- 
tion = 1 ju-g/ml) and ETOP (reference drug concentration = 0.4 
/xg/ml). 

Expression of p53, p21, and MDM2 in Neuroblastoma Cell 
Lines. Expression was measured by immunoblotting the basal ex- 
pression and induction of p53, p21, and MDM2 (the latter two as 
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Fig. 1. Representative dose-response curves obtained by DIMSCAN assay. SK-N- 
BE(1) was established at DX before treatment. SK-N-BE(2) was established at the 
time of relapse after conventional induction chemotherapy and CHLA-90 at relapse 
after myeloablative chemoradiotherapy followed by bone marrow transplantation. 
Cell lines were treated with melphalan, carboplatin, and etoposide. Dose-response 
curves show the decreased drug sensitivity in cell lines established after induction 
chemotherapy and myeloablative chemoradiotherapy compared with cell lines estab- 
lished before treatment. 
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Fig. 2. a. Western blot analysis of p53, p21, and MDM2 expres- 
sions. -, protein steady state expressions; +, protein expression after 
6 /ig/ml L-PAM exposure for 16 h. b, quantitative analysis of p53 
Western blots. Steady state (□) and induced levels (■) by 6 /xg/ml 
L-PAM exposure (16 h) are shown, c, quantitative analysis for p21 
(D) and MDM2 (■) induction by 6 /ig/ml L-PAM (16 h) as assessed 
by Western blotting. *, off-scale values of SK-N-BE(l) and SMS- 
SAN for p21 induction were 23 and 40, respectively. Horizontal line, 
median induction value of 1.5 for p21 and MDM2, which was used as 
a cutoff for significant induction. 
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and in three of the seven cell lines with nonfunctional p53 (CHLA- 
225, CHLA-171, and CHLA-134). Mutations of p53 were found by 
both automated sequencing and the GeneChip Assay in four of the 
seven cell lines lacking functional p53 [SK-N-BE(2), CHLA-119, 
CHLA172, and CHLA-90]. 

p53 Transactivation Assay. (Fig. 3). We tested eight cell lines 
with functional p53 (SMS-LHN, CHLA-122, CHLA-51, CHLA-8, 
SK-N-RA, LA-N-6, CHLA-79, and CHLA-136) and all seven of the 
cell lines with nonfunctional p53 [CHLA-225, CHLA-134, CHLA- 

171, SK-N-BE(2), CHLA-90, CHLA-119, and CHLA-172] for their 
ability to transactivate a p53-HBS reporter gene construct. We could 

,;np;t carry out this assay for all of the cell lines because of an inability 
to transfect to some of the lines. CAT activity was detected (and, by 
inference, p53 transactivation) in all of the cell lines with wt p53, but 
in two cell lines (SMS-LHN and LA-N-6) CAT activity was löwer 
than the other cell lines. The four cell lines with mutated p53 [SK- 
N-BE(2), CHLA-90, CHLA-119, and CHLA172] showed no transac- 
tivation of the p53-HBS reporter gene construct. 

Table 2 Sequence analysis ofp53 in neuroblastoma cell lines 

Cell lines Exon Godon 
Nucleotide 

change 
Amino acid 

change 
Induction of p21 
and/or MDM2" 

Representative drug-sensitive cell lines 

SK-N-BE(l) 
SMS-LHN 

Drug-resistant cell lines 

LA-N-6 
SK-N-RA 
CHLA-79 
CHLA-136 
CHLA-171 
CHLA-225 
CHLA-134 
SK-N-BE(2) 5 
CHLA-1195 10 
CHLA-90 8 
CHLA-172 6 

135 
342 
286 
216 

wt* 
wt* 

wf 
wt' 
wt'' 
wt' 
wf 
wt' 
wt' 

TGC -»TTC 
CGA ->CTA' 
GAA -*AAA 
GTG ->TTG' 

+ 
+ 
+ 
+ 

Cys -»Phe 
Arg —»Leu 
Glu -»Lys 
Val -»Leu 

MDM2 

Protein* DNA' 

+ 
+ 
+ 
+ 
tt 
t 
T 
tt 
t 

t t 
t 

+ 
nt 
nt 
nt 
nt 

, induction of p21 and/or MDM2 by L-PAM challenge, -, failure to induce p21 or MDM2 by L-PAM " Induction of p21 and/or MDM2 were used as indices of p53 function: 
challenge. 

* Basal MDM2 protein expression by immunoblotting: +, protein is expressed; f, 1.1 to 1.4 times higher than median basal expression of MDM2; t t   1 7 to 2 times hieher than 
median basal expression of MDM2. »^ 

" Genomic amplification of MDM2: +, amplified MDM2; 
d Studied using the GeneChip p53 Assay. 

, nonamplified MDM2; nt, not tested. 

' Identical results were obtained by GeneChip p53 Assay and automated sequencing. 
^ Studied using the automated sequencing. 
s In addition to the above mutation in CHLA-119, a polymorphism at codon 213 (a silent alteration of CGA to CGG) was also detected. 
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Fig. 3. p53 transactivation assay, a, bars, conversion values (%) of 
acelylated forms of chloramphenicol from total chloramphenicol. Cell 
lines with functional p53 (inducible p21 and/or MDM2) B, cell lines 
with nonfunctional p53 D, and transfected clones ■. b, results of CAT 
assay for three representative cell lines with functional p53 and four cell 
lines with mutated p53. SKOV-3 human ovarian carcinoma cell line 
(p53 null) was used as a negative control (Lane 1), and SKOV-3 cell line 
transfected with wt p53-HSP promoter was used as a positive control 
(Lane 2). Lane 3, CHLA-225; Lane 4, CHLA-134; Lane 5. CHLA171- 
Lane 6, SK-N-BE(2); Lane 7, CHLA-90; Lane 8, CHLA-172; and Lane 
9, CHLA-119. CAT activation was visualized by TLC as acetylated 
form of MC-labeled chloramphenicol. 
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L-PAM-inducible 

p21 and/or MDM2 

Mutant p53 and no 
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MDM2 Gene Amplification. A high baseline expression of 
MDM2 protein was seen in four of the seven cell lines lacking p53 
function (Fig. 2) including two of the three p53 nonfunctional cell 
lines with wt p53 (CHLA-134 and CHLA-171). Genomic DNA from 
11 cell lines and from normal human lymphocytes was analyzed for 
MDM2 amplification using Southern blot analysis. Genomic ampli- 
fication of MDM2 was detected in only one cell line (CHLA-134), 
which showed a signal 6-14 X greater than the other samples ana- 
lyzed (Fig. 4). 

Paired Cell Lines. Within the panel studied, there were pairs of 
cell lines derived from two patients: one cell ling*'at DX before 
treatment and then another after disease progression. SK-N-BE(l) 
was established at DX and then SK-N-BE(2) was established from 
the same patient at disease progression during nonmyeloablative 
(induction) chemotherapy. Similarly, CHLA-122 was established 
at DX and then from the same patient, CHLA-136 was established 
at time of relapse after myelöablative therapy supported v^jjh bone 
marrow   transplantation.   LC90   values   of   SK-N-BE(2)   were 
30 X greater for L-PAM, 13 X for CBDCA, and f X for ETOP 
relative to SK-N-BE(l); Table 1. SK-N-BE(l) had functional;(Fig. 
2, b and c) and wt p53 (Table 2), whereas SK-N-BE(2) showed a 
lack of functional p53 by p21/MDM2 induction (Fig. 2, a- c) and 
by p53 transactivation assay (Fig. 3), and showed mutation of p53 
(Table 2). CHLA-136 showed drug resistance relative to CHLA- 
122, and LC90 values of CHLA-136 were  10.6  X greater for 
L-PAM, 26 X for CBDCA and 567 X for ETOP compared with 
CHLA-122   (Table   1).   However,   drug-resistance  acquired  by 
CHLA-136 was not associated with a loss of p53 function (Figs. 2 
and 3) or p53 mutation (Table 2). 

Selective Abrogation of p53 Function with HPV16 E6 Confers 
Multidrug Resistance. (Table 1; Fig. 5). To abrogate p53 activity in 
drug-sensitive, p53-functional neuroblastoma cell lines, we trans- 
duced the papillomavirus gene HPV16 E6 (which encodes a protein 

that promotes degradation of p53 and renders cells p53 nonfunctional; 
Ref. 31) into two drug-sensitive neuroblastoma cell lines. SMS-SAN 
{MYCN gene amplified) and SMS-LHN (MYCN nonamplified) were 
transduced with HPV16 E6 or with the pLXSN retrovirus empty 
vector as a control, and G418-resistant clones were selected from 
each. We then compared the sensitivity to L-PAM, CBDCA, and 
ETOP of HPV 16 E6-transduced clones to the parental cell lines and 
pLXSN (empty vector) transduced controls. Reduced p53 activity was 
confirmed by the lack of p53 induction in L-PAM-challenged samples 
using Western blotting (data not shown) and the p53 transactivation 
assay (Fig. 3). Transduction of HPV16 E6 conferred high-level mul- 
tidrug resistance to both SMS-SAN and SMS-LHN. LC90 values of 
SAN/E6 clones were 4>5-6 X higher for L-PAM, 15.4-25 X for 
CBDCA, and 41.6*1573 X for ETOP relative to SAN/LXSN con- 
trols. Similarly, LC90 values of LHN/E6 clones were 3-7 X higher for 
L-PAM, 8-109 X for CBDCA, and 2-45.3 X for ETOP relative to 
LHN/LXSN cells. 

Fig. 4. Southern blot analysis of MDM2 gene amplifieatiöri, ficoRJ digested DNA 
samples were hybridized with an,MDM2 cDNA pfpbe (top) and a£ a &fitr^wi& ß-actitt, 
probe (bottom). § 
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SMS/SAN MYCN Amplified SMS/LHN MYCN Non-Amplified 

Fig. 5. Dose-response curves of neuroblastoma cell lines and 
their transfected clones, a and b, dose-response curves to L-PAM. c 
and d, dose-response curves to CBDCA. e and / dose-response 
curves to ETOP. a, c, and e, cytotoxicity assays of SMS-SAN 
parental cell line (V), SAN/E6 clones (O and •), and SAN/LXSN 
empty vector clone (T) to L-PAM, CBDCA, and ETOP. b, d, and/ 
cytotoxicity assays of SMS-LHN parental cell line (V), LHN/E6 
clones (O and •), and LHN/LXSN empty vector clone (T) to 
L-PAM, CBDCA, and ETOP. Ps were calculated based on contrasts 
from ANOVA (see "Materials and Methods"). Generally, HPV16 
E6 transfected clones- were more resistant (i>.=S.0;002) to all drugs 
than LXSN controls, and fractional cytotoxicity-for the two trans- 
fected clones were not different (P > 0.05) for most drug concen- 
trations, v.'. 
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DISCUSSION 

Although most neuroblastomas show a good response to initial 
chemotherapy, tumors from many patients with high-risk disease 
(stage IV diagnosed after 1 year of age and/or tumor with MYCN 
amplification) acquire drug resistance during the therapy (1, 2). Neu- 
roblastomas established as cell lines and maintained without drug 
exposure in vitro manifest drug resistance that was acquired in pa- 
tients and correlates with the intensity of chemotherapy employed in 
vivo, suggesting that selection occurs for tumor cells resistant to those 
drugs used during therapy (3, 32). Identification of the molecular 
events conferring drug resistance in neuroblastoma may allow devel- 
oping therapies to overcome the particular form of drug resistance 
manifested by this tumor and could provide markers to identify 
patients likely to develop progressive disease when treated with 
currently available chemotherapeutic agents. 

As p53 mutations are infrequent in primary neuroblastomas (18- 
23), it has been suggested that functionally inactive p53 is attributable 
to cytoplasmic localization of p53 (24). Goldman et al. (25) reported 
that although p53 showed mainly cytoplasmic localization in neuro- 
blastoma cell lines, p53 levels increased mainly in the nucleus after y 
irradiation and showed that transcriptional activity of p53 was intact. 
Other studies have confirmed the presence of functional p53 in 
neuroblastoma cell lines in response to y irradiation (39), UV light 
(26), and cisplatin (27). 

It is well known that p53 mediates responses to cytotoxic agents (8, 
40) and that mutant p53 is correlated with resistance to DNA- 
damaging agents (11, 14, 16, 41). Here we have shown that for 18 
neuroblastoma cell lines, p53 loss of function correlated with drug 
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resistance (P = 0.01). Using Western blot analysis for p53 target 
genes, we found that p53 was functional, as determined by transcrip- 
tionally intact p53 (induction of p21 and/or MDM2 after 16 h of 6 
/ig/ml L-PAM) in seven/seven drug-sensitive cell lines. Moreover, the 
low steady-state expression and inducible p53 observed in these cell 
lines also suggested the presence of functional p53. 

We found that p53 was nonfunctional in 7 of 11 drug-resistant cell 
lines [SK-N-BE(2), CHLA-119, CHLA-225, CHLA-171, CHLA-90, 
CHLA-134, and CHLA-172] as demonstrated by a failure to induce 
downstream genes (p21 and MDM2) by L-PAM. High steady state 
p53 expression, a hallmark of p53 mutation (38), was found only in 
cell lines with nonfunctional p53 [SK-N-BE(2), CHLA-225, CHLA- 
171, CHLA-90, and CHLA-134]. 

Sequence analysis for p53 of all seven cell lines with loss of p53 
function was performed by both the Affymetrix GeneChip p53 Assay 
and automated sequencing using the fluorescent dideoxy terminator 
method. First, we analyzed exons 2-11 by the GeneChip p53 Assay 
and then exons 5-8 (DNA-binding region) using automated DNA 
sequencing. As the Affymetrix GeneChip Assay provides far greater 
sensitivity for detection of p53 mutations than does automated DNA 
sequencing (29), we sequenced only exons 5-8 (where most of 
mutations were located) by automated sequencing to confirm the 
findings of the Affymetrix GeneChip Assay; to confirm a mutation 
identified by the GeneChip Assay, exon 10 was also sequenced in 
CHLA-119. We found mutations in the DNA-binding domain in 
SK-N-BE(2), CHLA-90, and CHLA-172 (CHLA-119 harbors a poly- 
morphism in this region), all of which were drug-resistant cell lines 
with nonfunctional p53 that were derived from heavily treated pa- 
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tients. These mutations have been identified previously in various 
tumors.4 In addition to mutations in the DNA binding region, we 
identified a mutation in exon 10 in CHLA-119, which can also render 
p53 nonfunctional (42). Mutations of p53 were not found in CHLA- 
225, CHLA-171, and CHLA-134 using either the GeneChip p53 
Assay or automated p53 sequencing. As expected, two representative 
drug-sensitive/p53-functional cell lines [SK-N-BE(l) and SMS-LHN] 
showed no p53 mutations by the GeneChip p53 Assay. 

Only 4/11 drug-resistant cell lines (LA-N-6, SK-N-RA, CHLA-79, 
and CHLA-136) had functional p53 (as demonstrated by induction of 
p21 and/or MDM2 in response to L-PAM), and all 4 cell lines had wt 
r>53 by both automated p53 sequencing and GeneChip p53 Assay. It 
ir. possible that genetic alterations in apoptotic events downstream of 
p53, e.g., Bax (7) or caspase-8 (43), could account for drug resistance 
seen in these cell lines. Data from tumors other than neuroblastoma 
ii^ve shown that decreased L-PAM uptake (44) or increased GSH 
biosynthesis (45), together with increased export of GSH-alkylator 
complex (46), are also associated with drug resistance. One or more of 
these may account for the drug resistance observed in neuroblastoma 
cell lines with intact p53 function. However, our data suggest that the 
most frequent event conferring high-level, multidrug resistance in 
neuroblastomas is a loss of p53 function. 

MDM2 is a transcriptional target of p53, which regulates p53 
expression in a negative regulatory feedback fashion. The role of 
MDM2 has been implicated in the pathogenesis of cancer via inhibi- 
tion of p53 tumor suppressor function, and MDM2 overexpression 
attributable to MDM2 gene amplification or increased translation can 
inactivate p53 (47, 48). There were three cell lines (CHLA-225, 
CHLA-171, and CHLA-134) in our panel that displayed increased 
accumulation and stabilization of p53 and failed to induce rp21;; and 
MDM2 proteins after L-PAM challenge (Fig. 2). All three had Wtp53, 
and unlike the cells with mutant p53, these three cell lines showed 
intact p53 transactivation using the p53-HBS/CAT reporter gene (Fig. 
3). Two of these cell lines (CHLA-171 and CHLA-134) showed 
overexpression of MDM2 protein by Western blotting, and we found 
genomic amplification of MDM2 in one of these cell lines (CHLA- 
134) by Southern blotting. Thus, MDM2 protein overexpression is 
likely one mechanism by which p53 function is compromised in some 
neuroblastomas. 

The level of expression of unstimulated MDM2 protein was high in 
two neuroblastoma cell lines with mutated p53 [SK-N-BE(2) and 
CHLA-90; Fig. 2]. It has been shown that MDM2 can be stabilized by 
mutant p53 and proposed that it occurs because of inhibition of 
MDM2 ubiquitination after forming a complex with mutant p53s(49). 

To demonstrate that a loss of p53 function mediates multidrug r 
resistance in neuroblastoma we transduced two sensitive neuroblas- 
toma cell lines carrying functional p53 with the HPV type 16 gene 
(HPV16 E6). HPV16 E6 protein and cellular E6-associated protein 
form a complex and function as a ubiquitin ligase for p53 for in- 
creased degradation, thus disrupting the p53-mediated response (31). 
HPV16 E6-transformed cells have been used to examine the effect of 
p53 loss on genomic stability, apoptosis, and sensitivity to chemo- 
therapeutic agents or ionizing radiation (50-52). As MYCN amplifi- 
cation has been linked to tumor progression and poor outcome in 
neuroblastomas (53), we used MYCN amplified (SMS-SAN) and 
MYCN nonamplified (SMS-LHN) cell lines for these experiments. 
The LC90 values of two separate HPV 16 E6 clones of both cell lines 
were increased relative to the pLXSN empty vector controls: 3-7 
times for L-PAM; 8-109 times for CBDCA; and 2-158 times for 
ETOP. Decreased sensitivity of pLXSN empty vector clones com- 

pared With parental cells was observed in both cell lines, suggesting 
that selection for resistance to G418 can mediate modest cross resist- 
ance to chemotherapeutic drugs. 

We showed that p53 is functional in all of the tested neuroblastoma 
cell lines established before chemotherapy [SK-N-BE(l), SMS-SAN, 
and CHLA-122] and that loss of p53 function appears to be one of the 
major mechanisms responsible for high-level multidrug resistance in 
neuroblastoma. In one pair of cell lines derived from the same patient 
before treatment [SK-N-BE(l)] and then after disease progression on 
induction chemotherapy [SK-N-BE(2)J, we demonstrated acquisition 
of a drug-resistant phenotype (3, 32), which we and others (54-56) 
showed was associated with acquisition of a p53 mutation on codon 
135 and the loss of p53 function. This is consistent with previous 
observations that neuroblastomas lacking p53  mutations at DX 
showed mutations of p53 in tumors obtained at relapse after chemo- 
therapy (iy, 20). These observations, combined with the high fre- 
quency of p53 mutations and loss of p53 function in chemotherapy- 
resistant cell lines relative to those established at DX, suggests that 
selection for neuroblastoma cells with p53 mutations and/or loss of 
p53 function (in some cases attributable to overexpression of MDM2) 
occurs during therapy, leading to multidrug resistance. As all of the 
drug-sensitive neuroblastoma cell lines had functional p53 and lacked 
p53 mutations, it is unlikely that loss of p53 function was acquired as 
a result of growth in vitro. 

Our data suggest that the relationship of p53 mutations and/or 
functionality to drug resistance should be investigated in tumor sam- 
ples from patients with neuroblastoma. One possible approach to 
studying clinical samples is the Affymetrix GeneChip p53 Assay. The 
GeneChip p53 Assay (recently developed by Affymetrix Iiic.) is an 
oligonucleotide microarray approach that provides an accurate, sen- 
sitive, and specific method for detection of p53 mutations^, 57,58). 
Our results confirm that the GeneChip Assay reliably detects p53 
mutations. However, as loss of p53 function« in some cell lines 
occurred without p53 mutations, methods for detecting p53 function- 
ality in clinical specimens may also be required to complement 
detection of mutations. We are currently analyzing p53 mutations in 
tumor samples obtained from patients in which the tumor persisted or 
progressed after chemotherapy. Confirmation with patient tumors that 
inactivation of p53 correlates with a poor response to chemotherapy in 
neuroblastoma would additionally support a focus on p53-independ- 
ent therapies {e.g., ceramide modulators; Refs. 27, 59), L-PAM in 
combination with the GSEfdepletor buthionine sulfoximine (34, 60), 
immunotherapy (61), or p|microtubule agents (62, 63) for neuro- 
blastomas recurring after'chemotherapy. 
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ABSTRACT 

Photodynamic therapy (PDT) is a promising cancer treatment involv- 
ing the administration of a tumor-localizing photosensitizer followed by 
the photochemical generation of cytotoxic singlet oxygen. PDT elicits 
strong transcriptional activation of a variety of genes including stress 
response genes belonging to the glucose-regulated protein (grp) family. 
Oxidative stress and hypoxia can activate GRP-78, and both of these 
physiological insults occur in treated tissue during and/or after PDT. In 
the current study, we evaluated the grp promoter as a PDT-inducible 
molecular switch for controlled expression of the herpes simplex virus- 
thymidine kinase (HSV-tk) suicide gene in mouse mammary adenocarci- 
noma (TSA) cells and tumors stably transduced with the GINaGrpTk 
retroviral expression vector. We also examined whether PDT-inducible 
expression of HSV-tk, together with systemic administration of ganciclo- 
vir, could enhance the tumoricidal responsiveness of PDT. Inducible 
expression of HSV-tk was observed after PDT in stably transduced TSA 
cells grown in culture and in TSA tumors growing in BALB/c mice. We 
also observed enhanced tumoricidal activity in mice with TSA tumors 
containing the GINaGrpTk expression vector treated with PDT plus 
ganciclovir when compared with either treatment alone. Our results 
confirm that the grp promoter was able to effectively function as a 
molecular switch for the inducible expression of the HSV-tk gene after 
exposure to PDT. 

INTRODUCTION 

PDT3 is a localized cancer treatment involving the systemic admin- 
istration of a tumor-localizing photosensitizer followed by focal light 
activation (1, 2). This procedure results in the photochemical gener- 
ation of cytotoxic singlet oxygen within target tissue. The photosen- 
sitizer, Photofrin, is approved by the Food and Drug Administration 
for PDT treatment of endobronchial and esophageal carcinomas (1). 
PDT clinical trials using PH as well as a variety of second-generation 
photosensitizers are showing promise in treating malignancies of the 
brain, peritoneal cavity, skin, bladder, and head and neck, as well as 
for nononcological disorders such as age-related macular degenera- 
tion and psoriasis (1, 2). Initial treatment responses after PDT are 
routinely positive; however, recurrences can occur, and therefore 
methods to improve PDT responsiveness are needed. 

Positive clinical results have encouraged an expanded mechanistic 
analysis of cellular and tissue responses associated with PDT as well 
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as the identification of in vitro and in vivo targets of PDT-mediated 
cytotoxicity (3). Mitochondria, lysosomes, and the plasma membrane 
are all identified as subcellular PDT targets (2). PDT is an efficient 
and rapid inducer of apoptosis and necrosis (4). PDT is also a strong 
activator of genes encoding for transcription factors, cytokines, and 
stress-induced proteins (5-8). Members of both the heat shock protein 
and GRP families are overexpressed after PDT. These proteins func- 
tion as chaperones of nascent proteins and are also involved in 
protecting cells by binding to denatured proteins and assisting in 
proper refolding (7, 8). 

Numerous preclinical studies indicate that PDT induces both direct 
tumor cell kill and vascular damage (2, 3, 9). Vascular damage within 
tumor tissue is accompanied by tumor tissue hypoxia (10, 11). Like- 
wise, photochemical depletion of oxygen occurs during light illumi- 
nation at high dose rates (10, 12). Therefore, PDT results in both 
oxidative stress and hypoxia within target tissue. 

The current study builds upon our observation that PDT is an 
effective inducer of GRP expression and directly examines the effec- 
tiveness of the grp78 promoter to drive inducible gene expression 
after PDT (8). Several inducible gene expression strategies are being 
examined for potential therapeutic applications. These procedures 
allow for temporal and spatial regulation of therapeutic gene activa- 
tion, which minimizes potential systemic toxicity of cytotoxic gene 
products. Promising preclinical gene therapy studies have combined 
radiotherapy together with the radiation-inducible egr-1 promoter to 
induce therapeutic gene expression (13). We and others have shown 
that hyperthermia and/or PDT can induce selective and temporal 
expression of heterologous genes under the control of the heat shock 
protein promoter (14-16). Recent experiments have also shown 
strong inducible expression of transgenes under the control of the 
grp78 promoter or multiple copies of the hypoxic response element in 
hypoxic tumor tissue (17, 18). We have attempted to take advantage 
of the fact that both PDT-mediated oxidative stress and PDT-mediated 
tumor tissue hypoxia can transcriptionally activate GRP-78 (19). We 
hypothesized that combining PDT with inducible gene therapy using 
the grp78 promoter to drive selective expression of HSV-tk would 
improve tumor treatment responses. 

MATERIALS AND METHODS 

Drugs and Reagents. The photosensitizer Photofrin porfimer sodium was 
a gift from QLT PhotoTherapeutics, Inc. (Vancouver, British Columbia, Can- 
ada) and Axcan Scandipharm, Inc. (Birmingham, AL). The drug was dissolved 
in 5% dextrose in water to make a 2.5-mg/ml stock solution. Ganciclovir was 
obtained from Roche Laboratories, Inc. (Nutley, NJ). A 50-mg/ml stock 
solution of GCV was diluted with normal saline to obtain a 10-mg/ml working 
solution. The calcium ionophore A-23187 was obtained from Calbiochem (La 
Jolla, CA), and a stock solution was prepared in ethanol at a concentration of 
1 mg/ml. 

Cell Culture and in Vivo Tumor Models. The TSA mouse mammary 
adenocarcinoma cell line was used in all in vitro and in vivo experiments (20). 
Cells were grown as a monolayer in DMEM supplemented with 4.5 mg/ml 
glucose, 10% FCS, 2 mM glutamine, and 1% penicillin-streptomycin-neomy- 
cin. TSA cells transduced with the GINaGrpTk vector were maintained in the 
same culture conditions along with 600 mg/ml of G418. Mammary carcinomas 
were generated by injection of 106 TSA cells or TSA cells infected with the 
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GINaGrpTk-inducible expression vector in the hind right flank of 8-12-week- 
old female BALB/c mice. 

Treatment Protocols. In vitro photosensitization experiments involved 
seeding 2 X 106 cells into 100-mm plastic Petri dishes and incubating over- 
night in complete growth medium to allow for cell attachment. PDT treatments 
included incubating cells in the dark at 37°C for 16 h with PH (25 /ng/ml) in 
medium containing 5% FCS. Cells were then incubated for an additional 30 
min in growth media containing 10% FCS and rinsed in medium without 
serum. The cells were then exposed to graded doses of red light (570-650 nm) 
generated by a parallel series of red Milar-filtered 30 W fluorescent bulbs and 
delivered at a dose rate of 0.35 mW/cm2 (14). Cell protein was collected at 
various time intervals after treatment. 

In vivo PDT tumor treatments were performed as reported previously on 
tumors measuring 6 mm in diameter (21). Mice were randomly placed in 
groups receiving either no treatment, PDT alone, PDT plus GCV, or GCV 
alone. PDT included an i.v. injection of PH (5 mg/kg), followed 24 h later with 
tumor-localized laser irradiation using an argon-pumped dye laser emitting red 
light at 630 nm. A nonthermal light dose rate of 75 mW/cm2 and a total light 
dose of 200 J/cm2 were used for all in vivo PDT treatments. GCV was 
administered as a daily 100 mg/kg i.p. injection starting 1 h before PDT light 
exposure. After treatment, tumors were measured three times/week. Cures 
were defined as being disease free for at least 40 days after PDT. Previous 
studies in our laboratory have shown that mouse tumor responses observed 40 
days after PDT treatment remain constant when analyzed at 90 days. 

Western Blot Analysis. HSV-tk expression was monitored by Western 
immunoblot analysis as described previously (14). Control and treated cells 
were scraped off Petri dishes and transferred to 15-ml tubes. Cell pellets were 
lysed in SDS loading buffer (4% SDS, 10% glycerol, 4% 2-mercaptoethanol, 
0.125 M Tris base, and 0.02% bromphenol blue, pH 6.8). Tumors from treated 
mice were collected at various times after treatment and homogenized with a 
Polytron in 1X commercial lysis buffer (Promega Corp., Madison WI). Protein 
concentrations were determined using Bio-Rad protein analysis solution (Bio- 
Rad, Hercules, CA). Protein samples (30 /xg) were size separated on 10% 
discontinuous polyacrylamide gels and transferred overnight to nitrocellulose 
membranes. Filters were blocked for 1 h with 5% nonfat milk and then 
incubated for 2 h with either rabbit polyclonal anti-TK antibody (provided by 
W. Summers, Yale University, New Haven, CT) or mouse monoclonal anti- 
actin antibody (clone C-4; ICN, Aurora, OH). Filters were then incubated with 
antirabbit or antimouse IgG (Sigma Chemical Co., St. Louis, MO), and the 
resulting complexes were visualized by enhanced chemiluminescence auto- 
radiography (Amersham Life Science, Chicago, IL). 

Statistical Analysis. The PDT treatment response data were evaluated 
using the log-rank test. 

RESULTS AND DISCUSSION 

Goals of the present study were to document whether PDT could 
induce selective expression of an HSV-tk transgene that was under the 

control of the grp promoter and to determine whether such gene 
expression could enhance PDT effectiveness. A variety of gene ther- 
apy strategies offer potential clinical benefits in the treatment of solid 
tumors, including the combination of conventional tumor treatments 
with gene therapy (13-18). Improvements in PDT responsiveness may 
also be obtained by combining this physical treatment with spatially 
controlled therapeutic gene therapy. The suicide gene HSV-tk, in 
combination with the prodrug GCV, has been studied extensively in 
preclinical and clinical gene therapy studies (22). Replicating DNA is 
the primary target for GCV in tumors expressing HSV-tk. Nucleoside 
analogues such as GCV are phosphorylated by HSV-tk. This leads to 

DNA incorporation of the phosphorylated GCV during S-phase and 
subsequent cytotoxicity by inhibiting DNA chain elongation. Cell 
death is most often apoptotic and independent of p53 status (23). A 
bystander effect for HSV-tk plus GCV results in cytotoxicity to 
HSV-tk-negative cells as well as to HSV-tk-positive cells (23). This 
phenomenon helps to compensate for the low transfer rate of genes 
into target tumor tissue. Numerous other cytotoxic gene products or 

prodrugs are also being examined in preclinical and clinical gene 

therapy trials. However, the nonselective toxicity of the therapeutic 
gene products being examined often necessitates that one minimize 
the level of systemic gene expression (15). Constitutive expression of 

some therapeutic genes can induce uncontrolled toxicity to normal 

tissue as well as to targeted tissue. Likewise, gene therapy expression 
vectors can leak out of tissue after direct injection. Therefore, interest 

in methods to minimize systemic toxicity using spatially inducible 

expression systems has increased. 

We have performed proof of principle experiments using tumor 

cells stably transduced with the HSV-tk suicide gene controlled by the 
grp promoter. GRPs are stress-inducible proteins localized to the 

endoplasmic reticulum (24). These calcium-binding proteins serve as 
chaperones and assist in the folding and assembly of nascent proteins. 
The grp78 promoter has been shown to be highly inducible under 
glucose starvation conditions and within the environment of large 

solid tumors (17). The grp promoter has several unique characteris- 
tics, which suggested that it might also be an effective inducible 
promoter to study with PDT. GRPs are transcriptionally activated by 

both oxidative stress and hypoxia (8, 19). PDT produces both photo- 

chemically generated singlet oxygen and tumor tissue hypoxia sec- 

ondary to vascular damage (1). The 695-bp grp-78 promoter fragment 

inserted into the GINaGrpTk retroviral construct used in this study 
contains three copies of the endoplasmic reticulum stress response 

elements, a TATA element, as well as binding sites for CCAAT, Spl, 

and cyclic AMP-responsive element binding protein transcription 

factors (17, 24). Synthetic endoplasmic reticulum stress response 
element consisting of two units of a 19-bp sequence motif 

(CCAAT)N9(CCACG) are responsive to glucose starvation (25). The 

removal of the noninducible elements is currently being examined in 
the context of further enhancing the selective inducibility of the grp 
promoter. 

Our first set of experiments examined the in vitro effectiveness of 
PDT to induce expression of HSV-tk under the transcriptional control 
of the grp promoter (23). Fig. I shows Western analysis results 
demonstrating that PDT efficiently induced HSV-tk expression in 

TSA cells stably transduced with the G1NA grp-Tk retroviral vector. 
The PDT doses (0-630 J/nr) used in these experiments induced from 
0 to 80% cytotoxicity, as measured by a clonogenic assay (data not 
shown). Fig. \A shows HSV-tk expression results for transduced cells 
collected 12 h after exposure to increasing PDT doses. The calcium 
ionophore, A-23187, functions as a strong transcriptional activator of 

grp-78 and served as a positive control for in vitro inducibility of 
HSV-tk under the control of the grp promoter. //? vitro PDT doses 

corresponding to 20-50% survival (i.e., 315-420 J/m2) were associ- 
ated with considerable HSV-tk expression. Higher PDT doses resulted 
in reduced HSV-tk expression, probably because of the severity of the 
PDT cytotoxic response. Minimal constitutive HSV-tk expression was 
observed in untreated transduced cells. Likewise, HSV-tk expression 
was not initiated by PH incubation alone. Kinetic analysis of HSV-tk 
expression is shown in Fig. IS for transduced cells exposed to a PDT 
light dose of 315 J/m2. This PDT dose resulted in 20-30% lethality. 
HSV-tk expression was observed from 8 to 36 h after treatment. 

The second set of experiments examined the in vivo efficiency of 

PDT to function as a molecular switch for the inducible expression of 
HSV-tk. Stably transduced TSA cells were injected into the hind flank 
of BALB/c mice and produced reproducible solid tumors amenable to 
PDT. PDT treatments were started when tumors reached 6 mm in 
diameter. Fig. 2A shows HSV-tk expression 12 h after PDT doses 
ranging from 50 to 350 J/cm2. PDT produced significant HSV-tk 

expression over a large range of light doses. The exceptionally strong 
in vivo inducible expression of HSV-tk may be related to the fact that 
PDT induces both oxidative stress and tumor tissue hypoxia (3, 9-11). 

Both of these stress conditions can activate GRP-78 (8, 19). Fig. 2B 
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Fig. 1. Inducible expression of HSV-tk is observed in TSA GlNaGrpTk cells after 
exposure to PDT. Cell lysates were assayed for tk and actin levels by Western immunoblot 
analysis. A, transduced cells were exposed to increasing PDT doses (0-6.3 X 10-2 J/cm2) 
and collected 12 h after treatment. Transduced cells exposed to the calcium ionophore 
A23187 for either 16 or 20 h served as a positive control for grp promoter activation and 
TK expression. Nontransduced parental TSA cells did not exhibit TK expression. B, 
transduced cells were exposed to a 3.15 X 10~2 J/cm2 PDT dose and collected at 
increasing time intervals (0-72 h) after treatment. Expression of actin was used to monitor 
protein loading. 
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because of the lack of removable tissue (2, 3). Nevertheless, HSV-tk 

expression in any remaining viable tumor cells would likely occur at 
time periods longer than 36 h because of the prolonged hypoxia 

induced by PDT (1, 3). These experiments demonstrate a strong and 
prolonged expression of a therapeutic transgene under the control of 

the grp promoter. 
We next examined the therapeutic efficacy of the PDT-inducible 

gene therapy in BALB/c mice transplanted with s.c. tumors derived 
from stably transduced TSA cells. Tumors were again treated when 
they reached 6 mm in diameter. Fig. 3 shows tumor response data for 

mice treated with PDT alone, GCV alone, or a combination of PDT 
plus GCV. The PDT dose (5 mg/kg, 200 J/cm2) was chosen because: 
(a) it elicited a positive inducible HSV-tk expression in tumor tissue 

as shown in Fig. 2; and (b) it produces a 50% cure rate in this tumor 
model when used alone. We have shown previously that this tumor 

response level allows for effective evaluation of combination thera- 

pies involving PDT and antiangiogenic therapy (26). A standard 
multiday administration regimen of GCV was used (17, 20). GCV by 

itself did not result in any cures in the transduced TSA tumors, 
probably because of the minimal level of hypoxia in these 6-mm 
lesions. PDT alone resulted in a 50% tumor cure rate, whereas the 
combination of PDT and GCV resulted in 100% cures. The combi- 
nation of PDT plus PDT-inducible gene therapy showed a signifi- 
cantly enhanced tumor response compared with PDT alone 
(P = 0.0066). Treatment of nontransduced parental tumors with GCV 
did not affect PDT sensitivity (data not shown). These results indicate 
that HSV-tk gene expression under the control of the grp promoter 
was effective at enhancing the tumoricidal response of PDT when the 

prodrug GCV was added to the treatment regimen. 
PDT-responsive, promoter-mediated gene activation has been dem- 

onstrated previously using the heat shock protein promoter (14). The 
results of the current study extend these observations and demonstrate 
the effectiveness of PDT to activate an HSV-tk gene controlled by the 
grp promoter. This study also illustrates the feasibility of using PDT- 
controlled, HSV-tk suicide gene therapy in the treatment of solid 
tumors. Clinically relevant PDT doses and treatment parameters were 
used in this study, suggesting that PDT-inducible gene therapy could 
be expected to function within current clinical treatment protocols. 
Studies are in progress to evaluate the in vivo responsiveness of 
PDT-mediated gene therapy after direct injection of adenoviral ex- 
pression vectors. 
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Fig. 2. Inducible expression of HSV-tk is observed in TSA GlNaGrpTk tumors after 
in vivo PDT treatment. Tumor lysates were assayed for TK and actin levels by Western 
immunoblot analysis. Localized PDT was performed on tumors measuring 6 mm in 
diameter. A, tumors were exposed to increasing doses of PDT (5 mg/kg PH; 0-350 J/cm2) 
and collected 12 h after treatment. B, for TK kinetic analysis, tumors were exposed to a 
100 J/cm2. PDT dose and tumor lysates were collected at increasing time intervals (0-36 
h) after treatment. Expression of actin was used to monitor protein loading. 

shows the kinetics of PDT-inducible HSV-tk expression in treated 
tumor tissue. Expression is observed within 12 h of treatment and 
continues to be observed 36 h after treatment. PDT elicits rapid 

hemorrhagic necrosis in tumor tissue, and therefore, analysis of 
HSV-tk expression at time intervals longer than 36 h was not possible 
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Fig. 3. Inducible gene therapy using the grp promoter to drive expression of the 
HSV-tk suicide gene enhances the tumoricidal action of PDT. Treatment of TSA 
GlNaGrpTk tumors with a combination of PDT and GCV resulted in increased tumor 
cures compared with PDT treatment alone. BALB/c mice with 6-mm diameter TSA 
GlNaGrpTk tumors were exposed to either PDT + GCV (10 daily injections of GCV 
(100 mg/kg per dose) commencing 1 h before a single PDT treatment (5 mg/kg PH, 200 
J/cm2; n = 13); PDT alone (the identical PDT treatment without GCV; n = 10), or GCV 
alone (10 daily injections of GCV; n = 8). Mice were monitored for tumor recurrences 
three times per week for 40 days. *, statistically significant difference in percentage of 
cures between PDT alone versus PDT + GCV (P = 0.0066). 
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