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ABSTRACT
An important determinant of gene transfer efficacy with adenoviral
vectors is expression of the primary receptor, the coxsackie-adenovirus
receptor. Unfortunately, expression may often be low in advanced clinical
cancers, including ovarian, colorectal, lung, prostate, and breast cancer.
In this study we investigated the feasibility of increasing transgene expression by incubating ovarian cancer cells with various agents and then
performing transgene expression analysis. Fluorescence-activated cell
sorting and quantitative reverse transcription-PCR were subsequently
performed for correlation with receptor and mRNA up-regulation. Furthermore, the results were confirmed in purified clinical ovarian cancer
specimens. Possible clinical application was tested using i.p. administration in an orthotopic ovarian cancer animal model. This approach could
be useful for increasing adenoviral transgene expression in the context of
clinical trials.

INTRODUCTION

CAR expression may have a tumor-suppressing effect, perhaps related
to cell cycle phase and regulation (5, 6).
Considering that patients enrolled in adenoviral cancer gene therapy trials usually have advanced disease, these associations are ominous, if confirmed. Although targeting strategies are being vigorously
investigated as a means to circumvent dependence on CAR, all
clinical adenoviral gene therapy approaches reported heretofore have
been CAR dependent. Therefore, variable CAR expression may have
been a factor contributing to the disconnect between clinical and
preclinical gene transfer rates. We hypothesized that CAR expression
could be induced with biological or chemical agents predicted to
affect the cell cycle or adhesion, which would lead to increased
Ad-mediated transgene expression. Agents identified in vitro were
tested in purified patient samples and by i.p. injection into tumorbearing mice.
MATERIALS AND METHODS

Cell Lines and Agents. Ovarian cancer cell lines SKOV3.ip1 and Hey
were gifts from Drs. Janet Price and Judy Wolf (both from M. D. Anderson
Cancer Center, Houston, TX), respectively, and OV-4 cells were provided by
Dr. Timothy J. Eberlein (Harvard Medical School, Boston, MA). OvCAR3 and
OV-3 cells are from the American Type Culture Collection (Manassas, VA).
Cells were cultured in recommended conditions. All ILs, EGF, TGF-␤2, and
stem cell factor were from Peprotech (Rocky Hill, NJ); 5-azacytidine, trichostatin A, and dexamethasone were from Sigma (St. Louis, MO); and U0126
was from Promega (Madison, WI). Chemotherapeutics and IFN-␣ (Intron A)
were from the UAB Pharmacy (Birmingham, AL); PD98059 was from A.G.
Scientific (San Diego, CA); and FR901228 was provided by Fujisawa Inc.
(Osaka, Japan). Preliminary data have been reported for dexamethasone (12),
IL-2 (13), U0126 (14), and FR901228 (15, 16). The concentrations were
chosen to cover a wide range predicted to be biologically active but low
enough to allow in vivo use, as reported for 5-azacytidine (17, 18), trichostatin
A (18, 19), U0126 (20), PD98059 (21), cyclophosphamide (22, 23), gemcitabine (24, 25), paclitaxel (24, 26, 27), etoposide (24, 28), topotecan (24, 26),
doxorubicin (24, 29), cisplatin (24, 26, 27, 30), and 5-fluorouracil (24, 31).
Specifically, the tested concentrations were as follows: (a) 0.1–10 ng/ml,
IL-1a, IL-1b, IL-4, IL-6, IL-7, IL-9, IL-11, IL-12, IL-13, IL-15, and TGF-␤2;
(b) 0.1–1 ng/ml, IL-2 and IL-3; (c) 0.1– 0.5 ng/ml, IL-5; (d) 25–150 ng/ml,
IL-8 (77-amino acid form); (e) 0.2–20 ng/ml, IL-10, IL-16, and IL-17; (f) 2– 40
ng/ml, EGF; (g) 200 –10,000 IU/ml, IFN-␣; (h) 10 –100 ng/ml, stem cell factor;
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Ad3 is a useful agent for cancer gene therapy because of its high
potential for gene transfer, ease of high titer production, and demonstrated safety in trials (1, 2). Furthermore, many gene therapy approaches lack cross-resistance and may show synergy with chemotherapy or radiation therapy approaches for advanced cancers that
currently lack effective treatments. Although there are some promising early clinical results, single-agent efficacy has been mostly unimpressive. Concurrently, it has become apparent that a major determinant of gene transfer efficacy with Ad is expression of its primary
receptor, CAR, on target cells (1–9). CAR is ubiquitously expressed
in most benign epithelial tissues. However, after analysis of unpassaged primary cancer specimens, it has become evident that CAR
expression is often low on various types of advanced clinical tumors,
including ovarian, colorectal, lung, prostate, breast, bladder, and head
and neck cancers; glioma; melanoma; and others (1–3, 5, 8 –11). The
function of CAR is not well understood, but there is evidence suggesting a role in cellular adhesion and possibly an association with
tight junctions (6, 7). Furthermore, CAR expression may correlate
inversely with the aggressiveness of a tumor, and reintroduction of

Downloaded from cancerres.aacrjournals.org on April 18, 2021. © 2003 American Association for Cancer
Research.

MODULATION OF ADENOVIRAL TRANSGENE EXPRESSION

CAR Expression by FACS. Cells were incubated with agents for 24 h
(150 g/ml cisplatin, 5 g/ml etoposide, 1 g/ml gemcitabine, 100 ng/ml
topotecan, 1 ng/ml FR901228, 121 ng/ml trichostatin A, 15 ng/ml dexamethasone, 10 ng/ml IL-1b, and 0.1 ng/ml IL-16). Cells were washed with PBS,
harvested with 0.53 mM EDTA in PBS, and resuspended in PBS containing 1%
BSA (Sigma). Cells (2 ⫻ 105) were incubated in a 1:80 dilution of anti-CAR
monoclonal antibody RmcB (hybridoma from American Type Culture Collection) or with buffer only for 1 h at 4°C. After being washed with PBS-BSA,
cells were incubated in a 1:100 dilution of FITC-labeled goat antimouse IgG
(Sigma) for 1 h at 4°C. Propidium iodide (2.6 g/ml; Sigma) was added to
exclude dead cells, and 104 cells were analyzed immediately by FACS.

Quantitative RT-PCR for CAR. Cells were incubated in the presence of
agents (concentrations were as described for FACS). Twenty-four h later, total
RNA was isolated using the Qiagen RNeasy Mini Kit (Qiagen, Santa Clarita,
CA). For creation of the standard curve, a PCR product of CAR gene was
subcloned into pCR 2.1-TOPO (TOPO TA Cloning Kit; Invitrogen, Carlsbad,
CA). After confirmation of the insert and presence of the T7 promoter by
restriction enzyme digestion, in vitro transcription was performed (AMBION
MAXIscript; Ambion, Austin, TX). The resulting CAR cRNA was confirmed
and purified from a 5% acrylamide/8 M urea gel, and the concentration was
estimated with absorbance at 260 nm, which was then converted to copy
number using coefficients validated previously for E1A (33). Primers for

Fig. 1. Modulation of adenovirus-mediated transgene expression in ovarian cancer cells. Cells were incubated with or without agents at indicated concentrations for 24 h and infected
with a luciferase-expressing virus. Results indicate luciferase expression as a percentage of expression with virus only. A–D, chemotherapeutics; E and F, histone deacetylators; G, RAS
inhibitor; H and I, other agents. Error bars indicate 1 SD. Data were normalized to the number of cells. ⴱ, P ⬍ 0.05 versus no agent; ⴱⴱ, P ⬍ 0.01; ⴱⴱⴱ, P ⬍ 0.001.
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determination of the CAR copy number were as follows: forward, AAATTTACGCTTAGTCCCGAAGAC; reverse, CCTTCTGATTATCAGCTGGTGATATC; and probe, CCACTCGATGTCCAGCGGTCCCT-TAMRA. Normalization to glyceraldehyde-3-phosphate dehydrogenase was done as
reported previously (33). Quantitative real-time RT-PCR was performed with
the LightCycler (Roche Molecular Biochemicals).
Quantitation of Virus Internalization. Cells were incubated in the presence of agents (1 ng/ml FR901228, 121 ng/ml trichostatin A, 100 ng/ml
topotecan, and 5 g/ml etoposide) in 24-well plates for 24 h. The cells were
then incubated with 100 pfu/cell Ad5Luc1 for 60 min at 37°C to allow
attachment of virus. Afterward, monolayers were washed three times, and this
was followed by a 4-h incubation at 37°C to allow internalization of virus.
Cells were harvested, DNA was purified using a DNeasy Tissue Kit (Qiagen,
Valencia, CA), and virus copies (E4 gene) were detected with quantitative
PCR and normalized to cellular ␤-actin as described previously (32, 33). All
experiments were performed in quadruplicates. The background values (uninfected cells) were subtracted from each sample.
Analysis of Clinical Tumor Specimens. Fresh malignant ascites fluid
samples were obtained with informed consent from patients with pathologically confirmed ovarian adenocarcinoma. Cancer cells were purified by an
immunomagnetic-based method described previously (34). Briefly, cancer
cells were initially bound with a murine anti-TAG-72-antibody (CC49) and
then collected with magnetic beads coated with antimouse IgG. For formation
of spheroids, cells were incubated on Costar 24-well ultra-low attachment
plates (Corning Inc., Corning, NY) overnight at 37°C. The following day,
etoposide (5 g/ml), topotecan (20 ng/ml), FR901228 (1 ng/ml), or no agent
was added. After a 24-h incubation, cell suspensions were washed and infected
with 100 pfu/cell Ad5luc1 for 90 min at 37°C with rocking. Luciferase and
protein assays were performed 24 h later, as described above. All experiments
were performed in quadruplicates.

Animal Model of Ovarian Cancer. Hey cells (5 ⫻ 106) were injected i.p.
into CD1-nu athymic mice (Charles River Laboratories, Wilmington, MA) to
induce peritoneal carcinomatosis. Fourteen days later, agents (200 g of
etoposide, 10 g of topotecan, 1 g of FR901228, or combinations of these)
were injected i.p. twice, 8 h apart. Sixteen h after the latter injection, 108 pfu
of Ad5luc1 were injected i.p. in a volume of 0.5 ml of OptiMEM. Twenty-four
h later, the tumors were collected, and half of each tumor was subjected to
luciferase analysis (32), whereas the other half was analyzed histologically to
assess tumor content (N ⫽ 4 mice/group; N ⫽ 2 tumor nodules collected/
mouse). Another model of disseminated ovarian cancer, based on SKOV3.ip1
cells in SCID mice (32), was also investigated.
Statistics. Statistical assessment of in vitro experiments was performed
with a t test. In each case, pairwise comparisons were between the mean
luciferase reading from samples treated with an agent and the mean from
samples treated with virus only. In the animal experiment, statistical comparisons were performed with the nonparametric Wilcoxon two-sample test (SAS
version 8.2; SAS Institute, Cary, NC).

RESULTS
Effect of Agents on Adenovirus-mediated Transgene Expression. We used ovarian cancer cell lines as a primary screen for
various agents that could have an effect on the CAR expression and
subsequent transgene expression. The concentrations were chosen to
cover a wide range predicted to be biologically active but low enough
to probably lack toxicity in vivo. Adenoviral transgene expression was
increased by cisplatin and etoposide in two of five lines, by gemcitabine in four of five lines, and by topotecan in three of five lines (Fig.
1, A–D). Cyclophosphamide, 5-fluorouracil, doxorubicin, and pacli-

Fig. 2. Effect of agents on CAR expression and
transcription. A, FACS detection of CAR expression. Results are presented as the mean fluorescence intensity obtained with the agent versus no
agent (%). The dashed line indicates 100%. ⫹,
positive concordance with transgene expression
data; ⫺, negative concordance. B, effect of agents
on CAR mRNA transcription. Quantitative RTPCR was used to determine the copy number of
CAR mRNA. Results were normalized for the
number of cells by determination of glyceraldehyde-3-phosphate dehydrogenase mRNA copy
number. Differences are not statistically significant. C, effect of combinations of agents on transgene expression. Results are displayed as percentage increase in comparison to no agent. Error bars
indicate 1 SD. All data were normalized to the
number of cells. ⴱ, P ⬍ 0.05 versus no agent; ⴱⴱ,
P ⬍ 0.01; ⴱⴱⴱ, P ⬍ 0.001.
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Fig. 3. FACS analysis of CAR expression in ovarian
cancer cell lines treated with FR901228, trichostatin A,
topotecan, or etoposide. The thick black line indicates
cells treated with the agent; the dotted line indicates no
agent; and the thin gray line indicates the antibody control. For each panel, the bottom number (⫹) indicates the
mean fluorescence intensity for the treated cell population, whereas the top number (⫺) is the untreated population.

taxel did not have significant effects. Histone deacetylase inhibitors
are a new group of anticancer drugs with various gene expressionrepressing and -activating functions. FR901228 dramatically induced
transgene expression in two of five lines, whereas trichostatin A was
active in four of five lines (Fig. 1, E and F). 5-Azacytidine had less
effect. High activity of the RAS/MAPK pathway has been suggested
as a reason for down-regulation of CAR (14). In our experiments,
RAS/MAPK pathway inhibitor U0126 had little effect, whereas
PD98059 was effective in two of five lines (Fig. 1G). Dexamethasone
increased transgene expression in four of five lines (Fig. 1H). IL-16
was effective in one of five lines (Fig. 1I), IL-1b was effective in one
of five lines, IL-5 was effective in two of five lines, and EGF was
effective in two of five lines (data not shown). IL-1a, IL-2, IL-3, IL-4,
IL-6, IL-7, IL-8, IL-9, IL-10, IL-11, IL-12, IL-13, IL-15, IL-17,
IFN-␣, stem cell factor, and TGF-␤2 did not have significant activity
(data not shown).
Although the agents were used at concentrations that do not typically kill ovarian cancer cells in vitro, the sensitivity of ovarian cancer
lines varies. Therefore, in some cases, we did see a reduction of cell
number, in particular with cisplatin. It is unlikely that this would have

significantly impacted virus concentrations and subsequent transgene
expression because CAR levels are the main factor determining Ad
entry in stringent conditions such as those used in this study. Nevertheless, we sought to use further assays not sensitive to virus concentration.
Effect of Agents on CAR Detection by FACS. In general, FACS
data corresponded well with transgene expression (Fig. 2A). Specifically, cisplatin, etoposide, topotecan, FR901228, and trichostatin A
treatment increased both marker gene expression and CAR expression
(correlation between experiments is indicated by a ⫹ in Fig. 2A), as
detected by FACS, for all analyzed cell lines. Dexamethasone had no
detectable effect on CAR on the cell surface, but it increased luciferase expression. The same was true for gemcitabine in the case of
SKOV3.ip1 cells. The most interesting agents identified in this initial
screen were subjected to closer scrutiny, in which FR901228, trichostatin A, topotecan, and etoposide all caused dramatic induction of
cell surface CAR expression in OV-4, SKOV3.ip1, and Hey cells
(Fig. 3).
Effect of Agents on CAR mRNA Expression. The function or
regulation of CAR is not well understood, and thus it is unclear how
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important transcriptional regulation is in controlling CAR expression.
Therefore, we developed a quantitative RT-PCR assay for CAR.
Interestingly, the effect of the agents on CAR mRNA was variable
(Fig. 2B), and significant increases were not seen (P ⬎ 0.05). Furthermore, no clear correlation between CAR mRNA levels and transgene expression or CAR FACS could be detected.
Effect of Combinations of Agents on Transgene Expression.
Various combination treatments resulted in dramatic improvement in
transgene expression in ovarian cancer cells (Fig. 2C). For Hey cells,
luciferase expression was increased 4.9-fold (P ⫽ 0.00028) with
etoposide and topotecan, 19.4-fold (P ⬍ 0.0001) with etoposide and
trichostatin A, and 15-fold (P ⬍ 0.0001) with topotecan and trichostatin A. The combination of topotecan and FR901228 was effective
in all tested cell lines, increasing transgene expression 52-fold
(P ⫽ 0.0043), 4.3-fold (P ⫽ 0.014), and 41-fold (P ⫽ 0.0077) on
OV-4, SKOV3.ip1, and Hey cells, respectively. Furthermore, etoposide and FR901228 increased marker expression on OV-4 cells 7.8fold (P ⫽ 0.028), whereas etoposide and topotecan and trichostatin A
were effective on OV-4 (1.9-fold increase; P ⫽ 0.032) and Hey cells
(17-fold increase; P ⬍ 0.0001).
Effect of Agents on Adenoviral Entry into Cells. The previous
experiments demonstrated the increase of cell surface CAR, as detected by FACS, which led to increases in transgene expression and
subsequent protein production. Nevertheless, we sought to confirm
that the increased CAR allowed increased virus entry into cells. Cells
were incubated in the presence of the agents, and virus internalization
was allowed to occur, followed by careful washing of the unbound
virus. In all cases, the agents were found to mediate increased entry of
the virus into the cells (Fig. 4).
Transgene Expression in Unpassaged Primary Human Ovarian
Cancer Samples. Established cell lines may differ from unpassaged
primary tumors with regard to receptor expression (35). Thus, clinical
samples were analyzed (Fig. 5). FR901228 significantly increased
transgene expression in all patient samples [4.7-fold (P ⫽ 0.0021),
5.0-fold (P ⫽ 0.0085), 2.3-fold (P ⫽ 0.003), and 2.5-fold
(P ⫽ 0.0046)]. Topotecan increased transgene expression in two of
four patient samples [2.5-fold (P ⫽ 0.025) and 1.5-fold (P ⫽ 0.013)].
The combination of etoposide and FR901228 increased transgene
expression in two of four patient samples [3.4-fold (P ⫽ 0.032) and

Fig. 5. Modulation of adenoviral transgene expression in ovarian cancer samples
purified from patient ascites. Cells were suspended as spheroids and incubated for 24 h in
the presence of the indicated agents followed by infection with an adenovirus coding for
luciferase. Twenty-four h later, luciferase activity of the cell suspensions was determined,
and the results were normalized for the amount of cells via measurement of total protein.
Error bars indicate 1 SD. ⴱ, P ⬍ 0.05 versus no agent; ⴱⴱ, P ⬍ 0.01; ⴱⴱⴱ, P ⬍ 0.001.

Fig. 6. Modulation of adenoviral transgene expression in an orthotopic murine model
of peritoneally disseminated ovarian cancer. i.p. carcinomatosis was established, and 14
days later, agents were injected i.p. twice, followed by injection of adenovirus coding for
luciferase. Twenty-four h later, tumors were collected (N ⫽ 4 mice/group; N ⫽ 2 tumor
nodules collected/mouse). Half of each tumor was analyzed histologically to confirm a
high viable tumor content, and the other half was subjected to transgene expression
analysis. Data were normalized to the number of cells. ⴱ, P ⫽ 0.037 versus no agent.

Fig. 4. Detection of virus internalization after treatment with FR901228, trichostatin A,
topotecan, or etoposide. Cells were incubated in the presence of the agents for 24 h. Virus
was then added and allowed to internalize, and this was followed by rigorous washing and
extraction of DNA from the cell fraction only. Virus copy number was detected with
quantitative PCR. ⴱ, P ⬍ 0.05 versus no agent; ⴱⴱ, P ⬍ 0.01; ⴱⴱⴱ P ⬍ 0.001.

2.5-fold (P ⫽ 0.0011)]. Topotecan and FR901228 increased transgene
expression in three of four patient samples [3.2-fold (P ⫽ 0.0004),
2.3-fold (P ⫽ 0.017), and 2.7-fold (P ⫽ 0.031)].
Transgene Expression in Animal Models of Ovarian Cancer.
To validate the capability of the agents to increase transgene expression in vivo, carcinomatosis was induced in nude mice by i.p. injection
of human ovarian cancer cells, followed by i.p. injection of the agents
and Ad. All agents increased the mean transgene expression in the
tumors (Fig. 6), but variability was larger than in vitro. FR901228
treatment increased transgene expression 11.2-fold (P ⫽ 0.037),
whereas the combination of FR901228 and etoposide resulted in a
5.1-fold increase (P ⫽ 0.086). Mean transgene expression was in-
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creased 1.2-fold, 3.0-fold, and 3.3-fold with etoposide, topotecan, and
the combination of topotecan with FR901228, respectively (all
Ps ⬎ 0.1). In the histological analysis, the viable tumor content was
⬎50% in 100% of the samples and ⬎76% in 79% of the samples.
When a similar experiment was performed in a model based on
SKOV3.ip1 cells in SCID mice, using smaller doses of agents, an
increase in transgene expression was not seen.
DISCUSSION
Adenoviral cancer gene therapy approaches have been hampered by
variable expression of CAR in clinical cancer specimens (1–3, 10, 11).
Especially disconcerting are reports suggesting the association of
CAR down-regulation with advanced disease because most cancer
gene therapy trials are performed in this patient population. Thus,
effective transduction of tumor cells continues to be a formidable
obstacle with currently available technologies. Therefore, if expression of CAR on target cells could be increased, this could potentially
yield improved clinical efficacy. Although the function of CAR is not
well understood, there is increasing evidence suggesting a role in
adhesion and cell cycle control. Thus, agents potentially affecting
these attributes were selected for testing. The objective of the study
was to develop a strategy that could be used in humans for increasing
the efficacy of adenoviral transgene expression. The chemotherapeutics that were included have been investigated for treatment of ovarian
cancer. Furthermore, all agents were tested at concentrations that are
unlikely to cause significant side effects when administered i.p. For
instance, etoposide, topotecan, and FR901228 have been administered
i.p. to mice at 100, 10, and 0.5 mg/kg, respectively. We used 5–10%
of these doses.
The agents most effective in increasing transgene expression were
etoposide, gemcitabine, topotecan, FR901228, trichostatin A,
PD980159, dexamethasone, IL-5, and EGF (Fig. 1). Marker gene
analysis is a useful end point when investigating factors that may
affect efficacy of transgene expression because it allows for transductional efficacy but also for transcriptional, translational, and posttranslational aspects. However, to investigate the actual effect the agents
have on cell surface expression of CAR, FACS was performed (Figs.
2A and 3). In general, good correlation with transgene expression
analysis was seen. Thus, increased expression of CAR on the cell
surface was probably a major factor contributing to the increased
transgene expression. This is well in accord with a number of previous
reports suggesting that CAR is a major factor contributing to Ad
transduction efficacy and transgene expression (1–9). This was confirmed by detection of increased virus numbers inside cells treated
with the agents that increased cell surface CAR (Fig. 4).
One possible mechanism for up-regulation of CAR could be increased CAR mRNA transcription. However, quantitative RT-PCR
did not support this as a common mechanism (Fig. 2B). Instead,
posttranscriptional events may be more important in this regard.
Conceivably, the effect of some of the agents could be additive or
synergistic. Interestingly, many combinations resulted in dramatically
increased transgene expression (Fig. 2C). Particularly useful was
FR901228 with topotecan, which increased transgene expression in all
cell lines tested.
Primary cancer cells from patient samples may display various
genotypic and phenotypic differences as compared with established
cell lines. Therefore, the former may be a more stringent substrate for
estimating potential clinical efficacy. We used a purification method
for patient ascites-derived ovarian cancer cells, which yields highly
pure tumor cell populations. These cells were then suspended as
spheroids, which may resemble clinical tumor masses more closely
than monolayers because of their three-dimensional structure (35).

Treatment with FR901228 resulted in increased transgene expression
in all primary tumor specimens tested, whereas the combination of
topotecan and FR901228 was effective in three of four specimens
tested (Fig. 5).
The purpose of this study was to develop a clinically usable strategy
for increasing adenoviral transgene expression in the context of clinical trials. All published ovarian cancer gene therapy trials have been
performed with patients with peritoneally disseminated disease and
have used i.p. administration of treatment via a catheter (1). Furthermore, such catheters have been used for i.p. administration of chemotherapy and could also be used for i.p. administration of the agents
identified here. To mimic the clinical scenario, we used an orthotopic
murine model of disseminated ovarian cancer and delivered the agents
i.p., followed by Ad through the same route. An additional benefit of
this model is that it allows for features present only in vivo, such as
stromal cells, extracellular matrix, and vasculature. However, in vivo
experiments feature less standardized conditions, such as variable
tumor load and heterogeneous tumor nodule size and location. Nevertheless, increased transgene expression was seen (Fig. 6). In additional studies, it may be of interest to investigate how the agents affect
the localization of CAR on tissue and cellular levels. This could
perhaps be achieved using sophisticated immunohistochemistry techniques (7).
The data presented here identify FR901228, trichostatin A, topotecan, and etoposide as promising agents, alone or in combination, for
increasing adenoviral transgene expression in ovarian cancer cells.
FR901228 has been investigated in previous studies on murine cells
and in a panel on human cell lines (15, 16). Heretofore, there have
been no data reported on clinical samples or in animal models of
human cancer. However, our results are well in accord with these
previous reports, which also suggested increases in Ad-mediated
transgene expression and CAR. FR901228 and trichostatin A are
members of a new group of anticancer agents, the histone deacetylases, which alter the expression of a variety of genes in a poorly
understood manner. The mechanism by which topotecan increases
transgene and CAR expression may be related to its inhibition of
topoisomerase I, an enzyme that regulates interconversion of DNA
topoisomers, a process crucial for DNA replication, recombination,
and transcription. Etoposide inhibits topoisomerase II and may thus
have a similar mode of action. Clearly, additional studies are needed
to clarify the exact mechanisms whereby these agents increase transgene expression and CAR. However, a fascinating common feature is
that all four compounds seem to affect the cell cycle (36 –38). Interestingly, one previous report studied the effect of cell cycle phase on
transgene expression. When M phase was induced in lung cancer cells
with paclitaxel, a modest in vitro increase in transgene expression and
cell surface CAR was seen (5). In our experiments, paclitaxel did not
increase transgene expression in ovarian cancer cells. Nonetheless,
these preliminary findings become intriguing when taken together
with reports suggesting the association of CAR with cell cycle control
(6). Inhibition of the RAS/MAPK pathway had little effect on the
tested ovarian cancer substrates, in contrast to a preliminary report on
breast cancer (14).
In conclusion, we have identified a number of agents that could be
useful for increasing adenoviral gene expression in the context of gene
therapy for ovarian cancer. The feasibility of the approach in humans
can only be confirmed in human trials. This could be accomplished by
randomizing patients into groups receiving or not receiving the agent
before Ad gene therapy. In contrast to the relatively modest results
obtained in cancer trials, a number of clinical successes have been
reported in gene therapy approaches for other diseases, including
hemophilia (39), two forms of severe combined immune deficiency
(40, 41), and various cardiovascular diseases (42). In fact, these
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studies demonstrated that viral vectors can achieve clinically significant gene transfer to severely ill patients, with subsequent correction
of the disease phenotype. The common feature of these approaches is
the rational manner in which the means for gene delivery and subsequent transgene expression were improved. Ultimately, phenotype
correction was seen in a predictable, albeit dramatic, fashion when
gene transfer was successful. The approach reported here, if confirmed in clinical trials, could help adenoviral cancer gene therapy
move toward similar goals.
ACKNOWLEDGMENTS
We thank Fujisawa Inc. for providing FR901228.

REFERENCES
1. Hemminki, A., and Alvarez, R. D. Adenoviruses in oncology: a viable option?
BioDrugs, 16: 77– 87, 2002.
2. Bauerschmitz, G. J., Barker, S. D., and Hemminki, A. Adenoviral gene therapy for
cancer: from vectors to targeted and replication competent agent. Int. J. Oncol., 21:
1161–1174, 2002.
3. Miller, C. R., Buchsbaum, D. J., Reynolds, P. N., Douglas, J. T., Gillespie, G. Y.,
Mayo, M. S., Raben, D., and Curiel, D. T. Differential susceptibility of primary and
established human glioma cells to adenovirus infection: targeting via the epidermal
growth factor receptor achieves fiber receptor-independent gene transfer. Cancer
Res., 58: 5738 –5748, 1998.
4. Zabner, J., Freimuth, P., Puga, A., Fabrega, A., and Welsh, M. J. Lack of high affinity
fiber receptor activity explains the resistance of ciliated airway epithelia to adenovirus
infection. J. Clin. Investig., 100: 1144 –1149, 1997.
5. Seidman, M. A., Hogan, S. M., Wendland, R. L., Worgall, S., Crystal, R. G., and
Leopold, P. L. Variation in adenovirus receptor expression and adenovirus vectormediated transgene expression at defined stages of the cell cycle. Mol. Ther., 4:
13–21, 2001.
6. Okegawa, T., Pong, R. C., Li, Y., Bergelson, J. M., Sagalowsky, A. I., and Hsieh, J. T.
The mechanism of the growth-inhibitory effect of coxsackie and adenovirus receptor
(CAR) on human bladder cancer: a functional analysis of CAR protein structure.
Cancer Res., 61: 6592– 6600, 2001.
7. Cohen, C. J., Shieh, J. T., Pickles, R. J., Okegawa, T., Hsieh, J. T., and Bergelson,
J. M. The coxsackievirus and adenovirus receptor is a transmembrane component of
the tight junction. Proc. Natl. Acad. Sci. USA, 98: 15191–15196, 2001.
8. Shayakhmetov, D. M., Li, Z. Y., Ni, S., and Lieber, A. Targeting of adenovirus
vectors to tumor cells does not enable efficient transduction of breast cancer metastases. Cancer Res., 62: 1063–1068, 2002.
9. Li, Y., Pong, R. C., Bergelson, J. M., Hall, M. C., Sagalowsky, A. I., Tseng, C. P.,
Wang, Z., and Hsieh, J. T. Loss of adenoviral receptor expression in human bladder
cancer cells: a potential impact on the efficacy of gene therapy. Cancer Res., 59:
325–330, 1999.
10. Dmitriev, I., Krasnykh, V., Miller, C. R., Wang, M., Kashentseva, E., Mikheeva, G.,
Belousova, N., and Curiel, D. T. An adenovirus vector with genetically modified
fibers demonstrates expanded tropism via utilization of a coxsackievirus and adenovirus receptor-independent cell entry mechanism. J. Virol., 72: 9706 –9713, 1998.
11. Kasono, K., Blackwell, J. L., Douglas, J. T., Dmitriev, I., Strong, T. V., Reynolds, P.,
Kropf, D. A., Carroll, W. R., Peters, G. E., Bucy, R. P., Curiel, D. T., and Krasnykh,
V. Selective gene delivery to head and neck cancer cells via an integrin targeted
adenoviral vector. Clin. Cancer Res., 5: 2571–2579, 1999.
12. Boulis, N. M., Bhatia, V., Brindle, T. I., Holman, H. T., Krauss, D. J., Blaivas, M.,
and Hoff, J. T. Adenoviral nerve growth factor and ␤-galactosidase transfer to spinal
cord: a behavioral and histological analysis. J. Neurosurg., 90: 99 –108, 1999.
13. Rebel, V. I., Hartnett, S., Denham, J., Chan, M., Finberg, R., and Sieff, C. A.
Maturation and lineage-specific expression of the coxsackie and adenovirus receptor
in hematopoietic cells. Stem Cells, 18: 176 –182, 2000.
14. Anders, M., Christian, C., Warren, R., Balmain, A., Bissell, M. J., McCormick, F.,
and Korn, W. M. Expression and regulation of the coxsackie and adenovirus receptor
(CAR) in premalignant lesions and advanced neoplasms. Mol. Ther., 5: S214, 2002.
15. Yamano, T., Ura, K., Morishita, R., Nakajima, H., Monden, M., and Kaneda, Y.
Amplification of transgene expression in vitro and in vivo using a novel inhibitor of
histone deacetylase. Mol. Ther., 1: 574 –580, 2000.
16. Kitazono, M., Goldsmith, M. E., Aikou, T., Bates, S., and Fojo, T. Enhanced
adenovirus transgene expression in malignant cells treated with the histone deacetylase inhibitor FR901228. Cancer Res., 61: 6328 – 6330, 2001.
17. Di Ianni, M., Terenzi, A., Perruccio, K., Ciurnelli, R., Lucheroni, F., Benedetti, R.,
Martelli, M. F., and Tabilio, A. 5-Azacytidine prevents transgene methylation in vivo.
Gene Ther., 6: 703–707, 1999.
18. McInerney, J. M., Nawrocki, J. R., and Lowrey, C. H. Long-term silencing of
retroviral vectors is resistant to reversal by trichostatin A and 5-azacytidine. Gene
Ther., 7: 653– 663, 2000.
19. Vigushin, D. M., Ali, S., Pace, P. E., Mirsaidi, N., Ito, K., Adcock, I., and Coombes,
R. C. Trichostatin A is a histone deacetylase inhibitor with potent antitumor activity
against breast cancer in vivo. Clin. Cancer Res., 7: 971–976, 2001.

20. Favata, M. F., Horiuchi, K. Y., Manos, E. J., Daulerio, A. J., Stradley, D. A., Feeser,
W. S., Van Dyk, D. E., Pitts, W. J., Earl, R. A., Hobbs, F., Copeland, R. A., Magolda,
R. L., Scherle, P. A., and Trzaskos, J. M. Identification of a novel inhibitor of
mitogen-activated protein kinase kinase. J. Biol. Chem., 273: 18623–18632, 1998.
21. Dudley, D. T., Pang, L., Decker, S. J., Bridges, A. J., and Saltiel, A. R. A synthetic
inhibitor of the mitogen-activated protein kinase cascade. Proc. Natl. Acad. Sci. USA,
92: 7686 –7689, 1995.
22. Moskwa, P. S., Vadi, H., and Drewinko, B. Mixed function oxidase activities of
established human colon carcinoma cell lines in the activation of cyclophosphamide.
Cancer Res., 45: 5447–5451, 1985.
23. Sulkowski, S. Type II alveolar epithelial cells and cyclophosphamide-induced lung
fibrosis. Rocz. Akad. Med. Bialymstoku, 43: 160 –168, 1998.
24. Nygren, P., Csoka, K., Larsson, R., Busch, C., Wester, K., and Malmstrom, P. U.
Activity of standard and investigational cytotoxic drugs in primary cultures of tumor
cells from patients with kidney and urinary bladder carcinomas. J. Urol., 162:
2200 –2204, 1999.
25. van Moorsel, C. J., Bergman, A. M., Veerman, G., Voorn, D. A., Ruiz van Haperen,
V. W., Kroep, J. R., Pinedo, H. M., and Peters, G. J. Differential effects of gemcitabine on ribonucleotide pools of twenty-one solid tumour and leukaemia cell lines.
Biochim. Biophys. Acta, 1474: 5–12, 2000.
26. Bible, K. C., Boerner, S. A., Kirkland, K., Anderl, K. L., Bartelt, D., Jr., Svingen,
P. A., Kottke, T. J., Lee, Y. K., Eckdahl, S., Stalboerger, P. G., Jenkins, R. B., and
Kaufmann, S. H. Characterization of an ovarian carcinoma cell line resistant to
cisplatin and flavopiridol. Clin. Cancer Res., 6: 661– 670, 2000.
27. Engblom, P., Rantanen, V., Kulmala, J., and Grenman, S. Paclitaxel and cisplatin
sensitivity of ovarian carcinoma cell lines tested with the 96-well plate clonogenic
assay. Anticancer Res., 16: 1743–1747, 1996.
28. Isonishi, S., Kirmani, S., Kim, S., Plaxe, S. C., Braly, P. S., McClay, E. F., and
Howell, S. B. Phase I and pharmacokinetic trial of intraperitoneal etoposide in
combination with the multidrug-resistance-modulating agent dipyridamole. J. Natl.
Cancer Inst. (Bethesda), 83: 621– 626, 1991.
29. Aigner, A., Hsieh, S. S., Malerczyk, C., and Czubayko, F. Reversal of HER-2
over-expression renders human ovarian cancer cells highly resistant to Taxol. Toxicology, 144: 221–228, 2000.
30. Fanning, J., Biddle, W. C., Goldrosen, M., Crickard, K., Crickard, U., Piver, M. S.,
and Foon, K. A. Comparison of cisplatin and carboplatin cytotoxicity in human
ovarian cancer cell lines using the MTT assay. Gynecol. Oncol., 39: 119 –122, 1990.
31. Kerr, D. J., Young, A. M., Neoptolemos, J. P., Sherman, M., Van-Geene, P., Stanley,
A., Ferry, D., Dobbie, J. W., Vincke, B., Gilbert, J., el Eini, D., Dombros, N., and
Fountzilas, G. Prolonged intraperitoneal infusion of 5-fluorouracil using a novel
carrier solution. Br. J. Cancer, 74: 2032–2035, 1996.
32. Kanerva, A., Wang, M., Bauerschmitz, G. J., Lam, J. T., Desmond, R. A., Bhoola,
S. M., Barnes, M. N., Alvarez, R. D., Siegal, G. P., Curiel, D. T., and Hemminki, A.
Gene transfer to ovarian cancer versus normal tissues with fiber-modified adenoviruses. Mol. Ther., 5: 695–704, 2002.
33. Hemminki, A., Belousova, N., Zinn, K. R., Liu, B., Wang, M., Chaudhuri, T. R.,
Rogers, B. E., Buchsbaum, D. J., Siegal, G. P., Barnes, M. N., Gomez-Navarro, J.,
Curiel, D. T., and Alvarez, R. D. An adenovirus with enhanced infectivity mediates
molecular chemotherapy of ovarian cancer cells and allows imaging of gene expression. Mol. Ther., 4: 223–231, 2001.
34. Barker, S. D., Casado, E., Gomez-Navarro, J., Xiang, J., Arafat, W., Mahasreshti, P.,
Pustilnik, T. B., Hemminki, A., Siegal, G. P., Alvarez, R. D., and Curiel, D. T. An
immunomagnetic-based method for the purification of ovarian cancer cells from
patient-derived ascites. Gynecol. Oncol., 82: 57– 63, 2001.
35. Lam, J. T., Kanerva, A., Bauerschmitz, G. J., Barker, S. D., Straughn, M. J., Wang,
M., Blackwell, J. L., Alvarez, R. D., Curiel, D. T., and Hemminki, A. Replication of
an integrin targeted conditionally replicating adenovirus on primary ovarian cancer
spheroids. Cancer Gene Ther., in press.
36. Traganos, F., Kapuscinski, J., Gong, J., Ardelt, B., Darzynkiewicz, R. J., and
Darzynkiewicz, Z. Caffeine prevents apoptosis and cell cycle effects induced by
camptothecin or topotecan in HL-60 cells. Cancer Res., 53: 4613– 4618, 1993.
37. Agarwal, K., Mukherjee, A., and Sen, S. Etoposide (VP-16): cytogenetic studies in
mice. Environ. Mol. Mutagen., 23: 190 –193, 1994.
38. Yu, X., Guo, Z. S., Marcu, M. G., Neckers, L., Nguyen, D. M., Chen, G. A., and
Schrump, D. S. Modulation of p53, ErbB1, ErbB2, and Raf-1 expression in lung
cancer cells by depsipeptide FR901228. J. Natl. Cancer Inst. (Bethesda), 94: 504 –
513, 2002.
39. Kay, M. A., Manno, C. S., Ragni, M. V., Larson, P. J., Couto, L. B., McClelland, A.,
Glader, B., Chew, A. J., Tai, S. J., Herzog, R. W., Arruda, V., Johnson, F., Scallan,
C., Skarsgard, E., Flake, A. W., and High, K. A. Evidence for gene transfer and
expression of factor IX in haemophilia B patients treated with an AAV vector. Nat.
Genet., 24: 257–261, 2000.
40. Hacein-Bey-Abina, S., Le Deist, F., Carlier, F., Bouneaud, C., Hue, C., De Villartay,
J. P., Thrasher, A. J., Wulffraat, N., Sorensen, R., Dupuis-Girod, S., Fischer, A.,
Davies, E. G., Kuis, W., Leiva, L., and Cavazzana-Calvo, M. Sustained correction of
X-linked severe combined immunodeficiency by ex vivo gene therapy. N. Engl.
J. Med., 346: 1185–1193, 2002.
41. Aiuti, A., Slavin, S., Aker, M., Ficara, F., Deola, S., Mortellaro, A., Morecki, S.,
Andolfi, G., Tabucchi, A., Carlucci, F., Marinello, E., Cattaneo, F., Vai, S., Servida,
P., Miniero, R., Roncarolo, M. G., and Bordignon, C. Correction of ADA-SCID by
stem cell gene therapy combined with nonmyeloablative conditioning. Science
(Wash. DC), 296: 2410 –2413, 2002.
42. Isner, J. M., and Asahara, T. Angiogenesis and vasculogenesis as therapeutic strategies for postnatal neovascularization. J. Clin. Investig., 103: 1231–1236, 1999.

853

Downloaded from cancerres.aacrjournals.org on April 18, 2021. © 2003 American Association for Cancer
Research.

Modulation of Coxsackie-Adenovirus Receptor Expression
for Increased Adenoviral Transgene Expression
Akseli Hemminki, Anna Kanerva, Bin Liu, et al.
Cancer Res 2003;63:847-853.

Updated version

Cited articles
Citing articles

E-mail alerts
Reprints and
Subscriptions
Permissions

Access the most recent version of this article at:
http://cancerres.aacrjournals.org/content/63/4/847

This article cites 41 articles, 15 of which you can access for free at:
http://cancerres.aacrjournals.org/content/63/4/847.full#ref-list-1
This article has been cited by 9 HighWire-hosted articles. Access the articles at:
http://cancerres.aacrjournals.org/content/63/4/847.full#related-urls

Sign up to receive free email-alerts related to this article or journal.
To order reprints of this article or to subscribe to the journal, contact the AACR Publications
Department at pubs@aacr.org.
To request permission to re-use all or part of this article, use this link
http://cancerres.aacrjournals.org/content/63/4/847.
Click on "Request Permissions" which will take you to the Copyright Clearance Center's
(CCC)
Rightslink site.

Downloaded from cancerres.aacrjournals.org on April 18, 2021. © 2003 American Association for Cancer
Research.

