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Abstract

The use of gene therapy continues to be a promising, yet elusive,
alternative for the treatment of cancer. The origins of cancer must be
well understood so that the therapeutic gene can be chosen with the
highest chance of successful tumor regression. The gene delivery
system must be tailored for optimum transfer of the therapeutic gene
to the target tissue. In order to accomplish this, we study models of G1
cell-cycle control in both normal and transformed cells in order to
understand the reasons for uncontrolled cellular proliferation. We
then use this information to choose the gene to be delivered to the
cells. We have chosen to study p16, p21, p53 and pRb gene transfer
using the pCL-retrovirus. Described here are some general concepts
and specific results of our work that indicate continued hope for the
development of genetically based cancer treatments.
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Introduction

The International Symposium on �Signal
Transduction and Gene Expression in Cell
Proliferation and Differentiation� held in São
Paulo, August 31-September 2, 1998 (fol-
lowing the 17th International Cancer Con-
gress held in Rio de Janeiro, August 24-28,
1998) united clinical and laboratory research-
ers from all regions of the world. Just as the
participants were varied, so were their ap-
proaches to understanding and treating can-
cer. The speakers presented their findings
with a common theme of hope for treating
and preventing cancer inspired by progress
in understanding its origins. Our work pre-
sented at these meetings (and described here)
also follows this theme: careful, critical un-
derstanding of the loss of cell-cycle control
in cancer cells and then applying this knowl-

edge towards the development of molecular
genetic treatment.

The goals of our research are to use gene
transfer technologies to deliver cDNA�s en-
coding anti-proliferation proteins to trans-
formed cells. This approach involves basic
laboratory research in the areas of cell-cycle
control and gene delivery vectors which are
then applied to cell culture and animal mod-
els of tumor progression. The multifaceted
nature of our work can be divided into three
interdependent phases: 1) studying and sub-
sequently testing our understanding of cell-
cycle control in both normal and transformed
cells; 2) constructing and continually im-
proving retrovirus-based gene transfer sys-
tems, and 3) analyzing both gene transfer and
gene function in a relevant animal model
system.

Described here are essential concepts of
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cell-cycle control, gene transfer and animal
models. Mixed with these fundamental ideas
are our own results derived from the study of
glioblastoma multiforme cell lines and our
hopes for applying our basic, laboratory find-
ings in a clinical setting.

Cell cycle

The growth and division of normal cells
is controlled by a sequence of events known
collectively as the cell cycle. The cell cycle
can be divided into four distinct stages called
G1, S, G2 and M. In the G1 (or first gap)
phase, cellular activity is relatively low until
a mitogenic signal stimulates a cascade of
checks and balances, after which a normal
cell will enter the S phase and initiate DNA
synthesis. The transition from the G1 to the S
phase is critical in minimizing the accumula-
tion of genetic damage. In other words, the
checks and balances of the G1 phase are
used to prevent a cell from entering the S
phase if some genetic damage has occurred.
Unregulated entry into the S phase can allow
the replication of genetic alterations, muta-
tions, that are then passed on to daughter
cells after the G2 (second gap) phase and M
(mitosis) phase. Although most genetic al-
terations are inconsequential, corrected by
DNA repair mechanisms, or eliminated by
the death of the cell due to the loss of a
critical gene, rare mutations confer a growth
advantage to cells which are further selected
for their ability to survive and proliferate
under unregulated conditions. Transformed
(tumorigenic) cells often, if not always, ac-
cumulate alterations in the key genes that
regulate the G1 phase. Therefore, a thorough
understanding of normal G1 regulation can
help to identify the defective cell-cycle con-
trol genes in a transformed cell. We then use
this information in the development of strat-
egies to arrest the unchecked proliferation.

The control of progression through the
G1 phase of the cell cycle depends primarily
on the role of the retinoblastoma susceptibil-

ity gene product, pRb. If pRb is maintained
in its hypophosphorylated state, progression
through G1 is halted. Phosphorylation of
pRb is carried out by a series of cyclin-
dependent kinase (CDK) complexes. The
complexes involving CDK4 initiate the phos-
phorylation of pRb and the complexes in-
volving CDK2 complete the task and drive
the cell cycle past the G1 restriction point
(for a complete review, see 1-4). When phos-
phorylation by CDK complexes is inhibited,
the cell no longer arrests in the G1 phase of
the cell cycle.

It follows that the inhibition of the G1
CDK complexes can lead to cell-cycle arrest
only if pRb is functional. For example, mem-
bers of the INK4 class of CDK-inhibitors
(CDKIs) (which include p16INK4A, p15INK4B

and p18INK4C proteins) are characterized by
their specific binding to CDK4 and CDK6
complexes and subsequent inhibition of pRb
phosphorylation during the G1 phase of the
cell cycle (5). Thus, the function of p16
depends on the integrity of both the CDK
and pRb proteins (a combination we call the
p16/pRb pathway). Tumor cells have often
lost either p16 or pRb, but less often both,
since the loss of just one of these genes is
sufficient to permit unchecked transition
through early G1. Therefore, the re-intro-
duction of p16 into a tumor cell will arrest
growth in G1 only if both the CDK4 (or
CDK6) and pRb proteins are present in their
functional forms.

In a related scenario, the p21 (Waf1,
Cip1, Sdi1 or CAP20), p27Kip1 and p57Kip2

CDKIs have been found to be associated
with and to be inhibitory of the activity of all
CDK complexes examined, including those
involved in the phosphorylation of pRb (5,6).
In normal fibroblasts, p21 serves as an as-
sembly factor in quaternary complexes com-
posed of cyclin-CDK-p21-PCNA. Overex-
pression of p21 can arrest cell growth in the
G1 phase of the cell cycle by binding to and
inhibiting the function of either CDK4 com-
plexes or CDK2 complexes (3). The suc-
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cessful inhibition of tumor cell growth in the
G1 phase of the cell cycle by p21 is depend-
ent on the formation of the complexes with
either CDK4 or CDK2 and on the lack of
phosphorylation of pRb by these complexes.

The p21 gene carries a p53-binding se-
quence in its proximal promoter and can be
regulated by p53 (7). Treatment of cells with
a variety of DNA-damaging agents leads to
increased p53 levels and transactivation of
p21 (among other genes), resulting in p53-
dependent G1 arrest (8). Moreover, in cer-
tain situations p21 is expressed independ-
ently of p53, e.g., during normal embryo and
adult tissue development, following serum
stimulation, and during differentiation. Thus,
a transcriptional relationship exists between
p53 and p21 in which damage to the cell can
lead to expression of p21 in a p53-dependent
manner (a combination we call the p21/p53
pathway). The p53-mediated arrest of cell
growth does not depend exclusively on the
expression of p21 (9), such as the induction
of genes involved in apoptosis (10-12). The
reintroduction of p53 into tumor cells may
arrest growth by mechanisms not involving
p21.

One function of pRb is to bind to and
sequester proteins which are required for
cell-cycle progression, among them E2F.
These proteins are released from the bound
state upon the phosphorylation of pRb. It
follows that pRb functions downstream of
the CDK complexes. Moreover, pRb has
some CDK-independent functions, such as
the repression of some promoters and RNA
pol III activity (13-18). Therefore, the re-
introduction and expression of pRb into tu-
mor cells may arrest growth by mechanisms
that are independent of CDK complex for-
mation.

Our studies have focused on the outcome
of replacing a defective p16, p21, p53 or pRb
gene with the wild-type counterpart in glio-
blastoma cell lines. By the above descrip-
tions, p16 should act as an inhibitor of prolif-
eration specific for cells which express pRb.

On the other hand, p21, p53 and pRb each
perform a variety of functions that are not
necessarily dependent on disruption of CDK
activity and should act as general inhibitors
of proliferation. Therefore, understanding
the status of endogenous cell-cycle control
genes should be a useful tool in predicting
the efficacy of replacing one of the defective
genes.

While working in the laboratory of Dr.
Martin Haas at the University of California,
San Diego, we assayed for the integrity of
the p16/pRb and p21/p53 pathways in a
series of human glioblastoma multiforme
cell lines (19). We used standard techniques
to analyze genomic DNA, mRNA and pro-
tein status of the p16, p21, p53, and pRb
genes. Among the eight human glioblastoma
lines analyzed, all were defective in the pRb/
p16 cell-cycle control pathway due to alter-
ations in pRb, p16 or both, while 7 of 8
(87.5%) of the lines had a defective p53/p21
cell-cycle control pathway due to alteration
at the p53 locus. Our results show that a-
mong the eight glioblastoma cell lines stud-
ied, seven were defective in both the pRb/
p16 and the p53/p21 pathways. The next
step in our studies was to use a retrovirus-
based gene delivery system to replace these
defective genes and assess the outcome. In
order to accomplish this, we have carefully
examined the available technologies of gene
replacement and expression.

Technologies of gene replacement

The transfer of a therapeutic gene to a
target cell has, for many years now, been
proposed as a treatment for a variety of
genetic disorders. Such treatments could per-
mit the production of a faulty or missing
protein in chronic, inherited diseases such as
cystic fibrosis or hemophilia. In an acquired
disease like cancer, a gene may be intro-
duced into the tumor cell which would direct
its demise by an immunologic attack, inter-
ruption of DNA synthesis, blockage of an-



908

Braz J Med Biol Res 32(7) 1999

B.E. Strauss and E. Costanzi-Strauss

giogenesis, sensitization to radio- or chemo-
therapy, or induction of cell-cycle arrest
genes. Alternatively, a gene like that for
multidrug resistance may be introduced into
the bone marrow in order to protect it against
very high doses of traditional chemothera-
peutic agents (20). Although these concepts
continue to appear promising, the critical
component for the success of these tech-
niques will be the development of vectors to
deliver the therapeutic gene and drive its
expression in the target cells (for excellent
reviews, see 20-22).

What are the factors that make a gene
delivery system ideal for replacing a defec-
tive gene? The answer is dependent upon the
function of the gene and the cell type in
which it is expected to perform. For ex-
ample, in the treatment of cancer, a gene
which drives the cell towards apoptosis needs
to be expressed for only a short time. In this
situation, integration of exogenous DNA into
the host genome is not necessary since cells
will not have a chance to divide, and there-
fore there is no need for expression in daugh-
ter cells. In addition, the vector must be
specific for the tumor cells in order to avoid
destruction of healthy cells. However, in the
treatment of a chronic disease, such as he-
mophilia, the delivered coagulation factor
must be expressed for a long period of time
in order to give the patient continued protec-
tion from uncontrolled bleeding. Here inte-
gration of the exogenous genetic material is
advantageous since it would help provide
the therapeutic gene to descendant cells. Gene
transfer for production of a secreted factor
may be achieved in a variety of tissue types,
reducing problems associated with targeting
a specific tissue.

Although an immunologic response to
the therapeutic gene may be desired (as is the
case for IL-2 delivery to cancer cells (20)),
an immune response to the delivery vehicle
itself is undesirable. An immunologic attack
by complement may prevent the vector from
reaching its target cells. In addition, humoral

immunity gained by exposure to the vector
may preclude multiple rounds of treatment.
Therefore, immunologic transparency is a
desirable feature in a gene transfer system.
Other considerations include the titer of the
vector, the rate of division and the location
of the target cells, specific transfer to only
the target cells, as well as ex vivo versus in
situ gene transfer (20-22). In short, no single
existing system can be used to satisfy all
possible requirements and, therefore, vec-
tors must be designed with their application
in mind.

Gene delivery systems fall into two broad
categories: virus- and non-virus-based. The
virus-based systems include viruses with a
DNA genome, such as adenovirus, adeno-
associated virus and herpes virus (among
others) as well as viruses with an RNA ge-
nome, such as retroviruses in the murine
leukemia virus family or lentivirus in the
HIV family. Non-virus-based systems in-
clude plasmids and cosmids which are deliv-
ered by a variety of transfection techniques.
Discussed here are some of the features,
advantages and disadvantages of each of
these systems.

Non-viral gene delivery vectors (naked
DNA vectors) are delivered by means of
calcium phosphate precipitation, lipofection
or electroporation. In general, these methods
are not specific for the target cell, do not
elicit an immune response, and are not de-
pendent upon target cell proliferation or lo-
cation (when re-introduced into the patient).
The vectors themselves are generally based
on bacterial plasmids or cosmids. Thus, the
vector can carry any size gene, any pro-
moter, and sequences to direct episomal rep-
lication not only in the target cell, but also in
bacteria. This flexibility allows for relatively
simple manipulation by standard recombi-
nant DNA techniques as well as relatively
easy large-scale production of the therapeu-
tic agent. This technology is generally lim-
ited to ex vivo gene transfer, which may be
advantageous. If stable transfectants are re-
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quired, the cells may be selected in tissue
culture for vector-encoded resistance to an
antibiotic, commonly genetycin (G418).
However, these vectors do not generally in-
tegrate into the host genome, making long-
term expression difficult in the progeny of
the original target cells in the absence of
selection. If integration is desired, the DNA
vector may encode sequences for homolo-
gous recombination (20-22).

Many viruses, with either a DNA or RNA
genome, are being developed as gene deliv-
ery vectors. The prototypical example of a
DNA virus as a vector of gene transfer is the
adenovirus. Some advantages are that the
adenovirus genome is relatively large and
therefore tolerates a larger insert, high titer
virus production is routinely achieved, and
the viral DNA does not integrate in the host
genome. The lack of integration avoids any
problems associated with insertional mu-
tagenesis, the interruption of a vital host
gene or the accidental activation of an unde-
sirable gene (e.g. an oncogene). However,
the lack of integration also means that the
viral expression is limited to the cells origi-
nally infected since progeny will lose the
viral sequences. A serious problem with ad-
enovirus vectors is that the viral proteins
induce a strong host immune response, mak-
ing subsequent infections difficult (20-22).

Adenoviral vectors are well suited to the
treatment of cancer if the vector is used to
introduce a suicide gene. In this scenario, a
pro-apoptotic gene is transferred with the
intent of sensitizing (or outright killing) the
target cells. With the transfer of p53, the
cells would then be more sensitive to ioniz-
ing radiation and chemotherapeutic agents
which damage DNA (11). However, the host
immune response may limit repeated treat-
ment with the same virus. In our opinion,
repeated treatment would be necessary with
any viral system in order to reach a maxi-
mum number of target cells. We have elected
not to use adenovirus as a gene transfer
vector in an attempt to avoid potential com-

plications associated with host immune re-
sponse.

We have chosen to work with retrovi-
ruses since this system, although not perfect,
does have many features which can be de-
veloped for effective gene transfer (23). The
RNA genome of the retrovirus undergoes
reverse transcription to produce a double-
stranded proviral genome that is then inte-
grated randomly into the host genome. How-
ever, the vectors used by us and other labora-
tories produce progeny virus only under very
specific conditions.

For safety reasons, it is desirable that the
viral vector be incapable of replicating itself
in the target cells. This prevents a wide-
spread infection and helps to limit the infec-
tion and viral expression to the target cells.
In the laboratory, the viral genome is split
into two separate vectors. The packaging
vector encodes the structural and functional
viral genes but lacks a packaging signal, thus
these transcripts are not encapsidated. The
second vector encodes the therapeutic gene,
but no genes that can support viral prolifera-
tion. The virus that is produced when the two
vectors are co-expressed in a packaging cell
is made up of the normal complement of
viral proteins and an RNA genome capable
of therapeutic gene transfer, integration and
expression, but not of viral proliferation.
Such viral progeny are called replication
defective (23).

The use of a retrovirus for therapeutic
pursuits has three potential pitfalls. The first
is the possibility of insertional mutagenesis,
the second is the danger of producing repli-
cation-competent virus due to recombina-
tion with a naturally occurring endogenous
retrovirus, and the third the potential of acti-
vating an endogenous retrovirus. Although
these are each serious considerations when
using a retrovirus for gene transfer, we feel
that our proposed application of the virus
will successfully avoid these complications.

It is our opinion that retrovirus systems,
on the whole, are the best choice for gene
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delivery. They are better known, with well-
defined systems for production and safety
and they elicit a minimal immune response.
Our primary goal for developing retroviral
vectors is the continued study of cell-cycle
control genes in a basic laboratory setting. In
this environment, these vectors are quite
safe when handled properly since they are
easily destroyed by 10% bleach, soap, and
the complement system (23). Thus, labora-
tory spills and accidental exposure are easily
contained.

Our long-term goal of using these vectors
in a clinical application is specifically de-
signed to minimize the dangers of retrovirus
integration or recombination. We propose
that the vectors will be used to transfer the
wild-type counterpart of a defective cell-
cycle control gene in order to eliminate the
proliferating cell by apoptosis or senescence.
Thus the infected cells would be eliminated,
along with the therapeutic virus.

A critical factor for the successful comple-
tion of the proposed application is the use of
the pCL retrovirus system (24). The pCL
system permits the production of high titer
viruses which encode cytostatic genes, like
p53. The use of the late-passage 293 cell line
permits efficient packaging of the retrovirus
since this line is easily transfected by the
calcium-phosphate precipitation method. As
measured by staining for exogenous ß-galac-
tosidase activity, we can routinely achieve
transfection efficiencies in the range of 40-
60% of cells. In addition, the fusion of the
CMV immediate early promoter with the 5'
LTR of the virus strongly promotes expres-
sion of the viral mRNA, thus enhancing titer.
The packaging system is also fast since only
a transient transfection of the packaging in-
formation along with the pCL vector is re-
quired. This minimizes the effects of the
virus-encoded gene on the 293 cells, again
increasing the titer of viruses carrying a cy-
tostatic gene (24). We routinely achieve vi-
rus titers of 106 colony-forming units per ml
(cfu/ml) of supernatant in a production sys-

tem that requires just overnight incubation.
Thus the pCL retrovirus system is a rapid,
reliable, and efficient method to transfer tu-
mor suppressor genes in tissue culture.

Our results using the pCL retrovirus
to transfer cell-cycle control genes to
glioblastoma cell lines

We have reported the use of the pCL
retrovirus system to replace the p16, p21,
p53, and pRb cDNAs in a series of human
glioblastoma cell lines (19). After confirm-
ing the expression of the transduced gene,
we assessed the alteration in cellular prolif-
eration by colony formation assays, trypan-
blue exclusion, and changes in cellular mor-
phology. The details of these results are a bit
cumbersome and may fall outside the scope
of this discussion. Instead I will address the
general findings that illustrate the successes
and shortcomings of pCL-mediated gene
transfer.

To assess the effect of anti-proliferation
genes, typically the colony formation assay
is used. In this assay, the glioblastoma cells
were infected with one of the pCL viruses
encoding p16, p21, p53 or pRb and then
selected for G418 resistance conferred by
the virally encoded neomycin phosphotrans-
ferase gene. If the cell-cycle control gene
was effective in arresting proliferation, few
or no colonies formed. However, cells in-
fected by the parental pCL virus (not encod-
ing an anti-proliferation gene) would pro-
duce many G418-resistant colonies. Recall
that we predict exogenous p16 to be effec-
tive in reducing the number of colonies
formed only when the cell line expresses
endogenous pRb. In contrast, we expect p21,
p53 and pRb to act as general inhibitors of
colony formation due to their multiple mo-
lecular targets.

The expression of pCLp16 virus reduced
the colony formation of the U87p16-/Rb+,
LW5p16-/Rb+ and U251p16-/Rb+ cell lines by
essentially 100% (19). In contrast, the lines
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D384p16+/pRb- and SF126p16-/pRb- were unaf-
fected by the expression of exogenous p16.
Hence, the pRb+ cells were sensitive to p16-
mediated suppression as predicted by the
model of G1 cell cycle control.

Replacement of the p21 gene by infection
with pCLp21 virus resulted in significant
growth suppression of the SF126p21-/p53-,
U87p21+/p53wt and U251p21-/p53mt glioblastoma
cells. Moderate suppression was observed in
LW5p21-/p53- cells, while D384p21-/p53mt cells
were not affected by the expression of the
transferred p21 gene (19). p21, which is
considered to be a universal inhibitor of
CDKs (7,25), was not uniformly able to
suppress growth of the glioblastoma lines.

Transfer of wild-type p53 or pRb to the
glioblastoma lines could suppress colony
formation in all lines tested. However, the
efficacy of growth suppression was varied
and did not appear to correlate with the
endogenous status of the four genes ana-
lyzed.

Similar results were obtained in a differ-
ent assay for cell proliferation, trypan-blue
exclusion. This assay involves counting the
number of living cells (which remain un-
stained) each day for a week following infec-
tion, but without G418 selection. We ob-
served inhibition of proliferation by p16 only
in cells with endogenous pRb. We also ob-
served a pattern of inhibition by p21, p53
and pRb consistent with the colony forma-
tion assays.

In general, predicting the outcome of
gene replacement was possible, but difficult.
While p16 transfer yielded the clearest and
most consistent results, p21, p53 and pRb
did act in a general manner, even if a bit
inconsistent.

The morphology was altered in glioblas-
toma cells following infection with retrovi-
ruses encoding tumor suppressor genes.
Nearly all the cells that survived pCLp16
and pCLp21 virus infection showed an aber-
rant morphology and were clearly distin-
guishable from their parental cells by their

flat appearance, large size (size increases of
~5-10-fold), multiple nucleoli and easily iden-
tifiable cytoplasmic vacuoles. Induction of
flat cells or of a bipolar morphology was
never observed following the infection of
glioblastoma cells with control virus.

Glioblastoma cell infection with pRb-
encoding virus did not result in the appear-
ance of flat cells, but the size of the surviving
colonies and the number of cells in each
colony were reduced. Expression of exog-
enous p53 produced a small increase in the
number of cells with a flat phenotype. When
p53-induced flat cells were observed, they
were localized preferentially around the edges
of the colonies, in contrast to a homoge-
neous distribution of flat cells in colonies
grown out from p16- or p21-virus-infected
cells, consistent with previous observations
(26-28).

To summarize, the alterations in mor-
phology occurred in a manner consistent
with the results of the colony formation and
trypan-blue exclusion assays. Overall, the
combined results of these experiments show
that predicting the outcome of gene transfer
using the status of endogenous gene expres-
sion as an indicator is possible, but difficult.
The efficacy of halting cell proliferation was
better with p16 and p21 (in the cases where
these genes were effective) as compared to
the general, yet milder response of cell lines
to the transfer of p53 and pRb.

Animal models

Animal models for tumor formation can
be extremely informative in terms of not
only gene function, but also gene transfer.
Observing gene function in vivo is the ulti-
mate test of its action since in vitro and tissue
culture systems may produce system-specif-
ic artifacts. The most common animal model
of tumor formation involves the injection of
transformed cells under the skin of nude
mice, the xenograft tumor model. The nude
mice lack a functional immune system, thus
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injected cells from most any source are not
eliminated by a host vs graft response. The
cells may be from most any type of tumor,
thus a human lung tumor cell line may grow
in the xenograft model. This means that the
tumor is not in its host species, not in its
normal location of growth, and in an envi-
ronment lacking an immune response. Al-
though this system can yield many interest-
ing results, we feel it is much too distant
from our proposed use of retroviral gene
transfer to tumor cells.

The model that we have successfully used
involves the transfer of a cell cycle control
gene to rat-derived glioblastoma cell lines,
injecting the infected cells into the brain of a
normal rat, and comparing the growth of the
treated cells to that of untreated control cells.
Tumorigenic cells are infected in tissue cul-
ture before transfer to the animal, an ex vivo
infection protocol. The cells are placed in
the rat brain using stereotactic injection, a
system which precisely locates the needle at
a desired coordinate within the brain. Fol-
lowing surgery, the rats are kept for 45 to 60
days to allow tumor formation. The tumors
are recovered and analyzed in histologic sec-
tions.

In collaboration with Dr. Gerald
Silverberg�s laboratory at Stanford Univer-
sity, the p21 cDNA was transferred to RT-2
rat glioma cells using the pCL retroviral
delivery system, and tumor growth was dra-
matically reduced as compared to the control
tumor infected with the parental virus (29).
This shows that the function of p21 was
effective for the arrest of tumor proliferation
in vivo. However, the ex vivo infection pro-
tocol may have allowed the gene to function
before injection into the rats. Therefore, we
are striving to develop an in situ infection
protocol.

We are confident that we have estab-
lished a foundation on which to build our in
situ infection protocol here at the University
of São Paulo. Working in collaboration with
Dr. José Cipolla Neto, we have infected C6

rat glioma cells with either the p16 or the
parental pCL virus. Our unpublished data
show that the p16 virus was extremely effi-
cient in arresting tumor formation as com-
pared to the control virus. Although an ex
vivo infection protocol was used, we are now
in a position to begin experimenting with in
situ delivery of virus to a pre-established
tumor in the rat brain.

Clinical trials

In the United States, 232 clinical trials
for gene therapy had been approved as of
February, 1998 and over 300 worldwide. In
the US, 69% of the trials are for the treatment
of cancer, 8% for cystic fibrosis, and 11%
for AIDS (21,30). So far there have been no
true successes for the use of gene therapy for
the treatment of these diseases. The prob-
lem, as we see it, has two principal compo-
nents. First is the design of the vector used
and second is the limitations placed on most
clinical trials. Vector design is continually
improving and we are confident that vectors
will soon be available which have reliable,
high level expression of the therapeutic gene.
In addition, the choice of the therapeutic
gene must be (and is being) addressed as part
of the vector design.

The design of the clinical trials them-
selves typically faces a fundamental prob-
lem in that experimentation is not permitted
in cases that are less than grave. This puts the
trial at a disadvantage since the therapy is
applied only at an extremely late stage of
disease progression. In the case of cancer,
late stages may be inoperable and are often
associated with metastatic lesions. In prac-
tice, genetic therapy of cancer would be
applied at earlier stages, therefore clinical
trials should reflect this proposed use if suc-
cessful results are to be obtained.

Perspectives

As stated above, our primary goal for the
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use of pCL-mediated gene transfer is for the
evaluation of the function of cell-cycle con-
trol genes. To this end we have established a
firm foundation on which to build studies of
p16, p21, p53 and pRb function.

We strongly feel that attempting to pre-
dict transgene function in a transduced cell
is of great importance. However, the variety
of alterations in endogenous gene status may
be better assessed by technologies that allow
for the screening of many genes in a very
rapid manner. Such assays may be, and are,
carried out using commercially available
membranes or even silicon chips to which
specific nucleotide segments for a variety of
genes have been permanently linked (31).
Labeled RNA fragments are hybridized with
these in order to assess the expression and/or
mutation of genes. These systems can ana-
lyze the expression and/or mutation of genes
much more efficiently than the standard tech-
niques which we have employed. Knowing
the status of hundreds of genes would cer-
tainly contribute to better prediction of a
cell�s capacity to permit the function of a
therapeutic transgene. Moreover, understand-
ing the interaction of these genes is critical
for identifying therapeutic cDNAs. We are
confident that up-and-coming technologies
will make assessing alterations in G1 control
genes fast and comprehensive.

We are actively trying to improve the
pCL retrovirus system so that better assays
of gene function and transfer would be pos-
sible. We suggest that better assays for the
action of anti-proliferation genes would yield
more telling information about gene func-
tion. This may involve increasing the levels
and duration of gene expression, the method
by which proliferation is monitored, and
the method by which infected cells are
identified. In this way we will continue our
studies of the function of p16, p21, p53
and pRb. We also hope that such improve-
ments of the viral system would also make a
more critical analysis of gene transfer fea-
sible.

In general, we envision the use of gene
transfer as a combination, not a replacement,
of existing cancer therapies. Immediately
following removal of a glioblastoma tumor,
for example, the surgical field would be
flooded with virus with the intent of infect-
ing residual tumor cells and inducing their
demise. The application of chemo- or radia-
tion therapy could act in concert with the
therapeutic gene, especially true for p53
which induces apoptosis in response to DNA
damage (32). Of course, this protocol may
be applicable to a wide range of tumor types
so long as the virus and its encoded gene are
well suited for the targeted cell type. No
gene delivery system can reach 100% of the
target cells and we do not expect gene therapy
to be effective in reducing the mass of an
existing solid tumor. However, the introduc-
tion of a therapeutic gene in combination
with surgery, chemotherapy, and radiation
therapy is a promising, yet unrealized, possi-
bility.

Is Brazil ready for clinical trials of gene
therapy?

Is the pCL system ready?
These are tough questions to which we

do not have a firm answer. However, the
answer will involve the joint efforts of basic
scientists and clinicians. The study of cancer
involves many disciplines (such as cell biol-
ogy, molecular biology and virology) for
which basic scientists are well suited. How-
ever, the development of treatment proto-
cols requires close cooperation between labo-
ratory scientists and clinicians. The clini-
cians are uniquely qualified for establishing
clinical trial designs, from evaluation of safety
and ethical issues to patient suitability in
clinical trials and, of course, administering
the treatment to the patient. We hope that
experience and expertise can be shared
not just at occasional symposia, but on a
daily, collaborative basis. Therefore, answer-
ing these questions will depend upon the
collaboration of basic scientists and clini-
cians.
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