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Abstract

Current treatment of solid tumors is limited by severe adverse effects, resulting in a narrow therapeutic index. Therefore,
cancer gene therapy has emerged as a targeted approach that would significantly reduce undesired side effects in normal
tissues. This approach requires a clear understanding of the molecular biology of both the malignant clone and the biological
vectors that serve as vehicles to target cancer cells. In this review we discuss novel approaches for conditional gene
expression in cancer cells. Targeting transgene expression to malignant tissues requires the use of specific regulatory
elements including promoters based on tumor biology, tissue-specific promoters and inducible regulatory elements. We aso
discuss the regulation of both replication and transgene expression by conditionally-replicative viruses. These approaches
have the potential to restrict the expression of transgenes exclusively to tissues of interest and thereby to increase the
therapeutic index of future vectors for cancer gene therapy. [ 2001 Elsevier Science BV. All rights reserved.
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1. Introduction

The therapeutic index of currently available mo-
dalities for most metastatic and locally advanced
malignancies is low. Consequently, cancer patients
often witness severe adverse effects, most notably
myeloid stem cell suppression. Available cytotoxic
agents have a cancer cell-to-normal cell therapeutic
ratio as low as 2:1 to 6:1. Therefore, innovative
strategies for the treatment of cancer are highly
desired. Recently, novel strategies using gene
therapy strategies have been reported to achieve
tumor-selectivity from 100:1 [1] to 10,000:1 [2]. The
key steps of these agents to achieve tumor targeting
are based on recent advances in the molecular
characterization of cancer biology. Various gene
therapy approaches have been employed to address
cancer, whereby direct toxicity and immune modula-
tion by transgene expression play a major role. In
this regard, adenovirus is a leading vehicle for gene
delivery into tumor cells. While experimental models
of gene therapy using non-replicating adenoviruses
have shown some tumor-selective anti-cancer effect
in animal models [3], clinical tridls have failed to
result in substantial tumor eradication. Therefore,
efficient in vivo treatment of cancer requires the
introduction of more powerful agents to induce a
strong bystander effect. As patients safety requires
tumor selectivity, tight control over these agents is of
paramount importance. In this regard, targeting
transgene expression to cancer gene therapy is an
area of intense research.

Therapeutic targeting to malignant tissues may be
extrinsic or intrinsic [4]. Extrinsic targeting implies
surgery, irradiation or drug delivery to tumors.
Intrinsic targeting involves transductional targeting
(selective uptake of vectors) or transcriptional target-
ing (selective expression of transgenes).

In transductional targeting the interaction between
the vector and the cell surface determines the
targeting efficacy. Transductional targeting may em-
ploy binding to membrane antigens [5] or protease-
rich tumor cell surfaces [6], modification of viral
envelope protein sequences, pseudotyped viruses or
antibodies as mediators of viral infection [7-11].
Tumor vasculature may also be a transductional
target [12]. Beyond transductional targeting, con-
struction of viral vectors should apply conditional

and cell-specific regulatory elements in order to
control transgene expression (transcriptional target-
ing). In this scenario, transcription of the gene of
interest occurs only under specific intracellular con-
ditions where a specific promoter is activated. These
regulatory signals may be either constitutive or
inducible, native or foreign, but are required to
maintain tumor-tissue specific activity rather than
become leaky and induce transgene expression in
normal tissues [13]. As other techniques of blocking
gene transcription such as gene disruption are in-
efficient [14], transcriptional regulation of transgenes
in cancer gene therapy is thus essential.

Transcriptional regulation is the primary event in
the process of DNA transcription into messenger
RNA and the following translation into a protein.
The interaction between enhancer and promoter
elements embedded within the DNA and protein
transcription factors results in regulation of transcrip-
tion. Some promoters are more tissue-specific (pros-
tatic-specific antigen (PSA) for the prostate and
tyrosinase for melanocytes) and some are less (car-
cinoembryonic antigen (CEA)). A promoter is usual-
ly considered an appropriate candidate for cancer
gene therapy if its activity is upregulated in the
tumor tissue or if the target tissue is dispensable or
replaceable (prostate, breast, melanocytes, endo-
cring). The essential criteria for promoter selection
include the strength of the promoter, tissue spe-
cificity and its size.

Viral-based sequences have a strong promoter
activity but are often attenuated in vivo, in addition
to their lack of specificity. Therefore, appropriate
promoter candidates include regulatory elements that
are dready expressed by the malignant cell, tissue-
specific promoters or externally-inducible sequences
[15,16]. Unfortunately however, these candidate
promoters often lack either sufficient activity or
specificity, or both. To address promoter potency,
promoters and enhancers that retain cell-specific
function may be linked to transactivators. For exam-
ple, a weak tissue-specific promoter may be used to
drive expression of the GAL4/VP16 fusion protein,
which in turn transactivates a minimal synthetic
promoter, GAL4/TATA upstream of the transgene.
This construct can amplify transgene expression in a
relatively tissue-specific manner [17]. Additional
strategies to enhance promoter activity in malignant
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tissues include the use of cell-cycle elements, normal
or abnormal tissue differentiation factors, hormones,
cytokines, chemicals or physical stimuli.

A convenient classification of candidate promoters
for cancer gene therapy involves tumor-associated
promoters, tissue-specific promoters, and inducible
promoters. These classes will be further discussed, as
well as the role of transcriptional regulation of
replication-competent viruses that have recently be-
come a significant arm of cancer gene therapy.

2. Promoters based on tumor biology (Table 1)

The highly-complex biological nature of tumors,
may hinder tumor-selectivity of candidate promoters.
However, it is nevertheless tempting and challenging
to address key events in tumorigenesis to target gene
therapy vectors to various types of tumors. In this
regard, one of the essential components of cellular
immortality and cancer is telomerase.

High expression of this enzyme is found in
malignant tumors but not in normal tissues, except
for stem cells and germ cells. RNA-dependent DNA
polymerase, synthesizing new telomeric repeats at
the end of chromosomes, is a very common feature
in human cancers. Telomerase is thought to be
essential for the maintenance of the proliferative
capacity of tumor cells, thereby representing an
attractive target for new anti-cancer therapies. The
human telomerase reverse transcriptase is regulated
primarily at the transcriptional level [18]. The human
telomerase reverse transcriptase (hTERT) promoter
is apparently a strong and tumor-selective promoter

with a promising potential for targeted cancer gene
therapy. It efficiently induces reporter and apoptotic
genes expression in tumor cells but not in normal
tissues tested, excluding stem and germ cells [19].
Additionally, expression of diphtheria toxin A-chain
(DT-A) gene was induced by the telomerase promot-
er in telomerase-positive urinary bladder and hepato-
cellular carcinoma cancer cell lines. However, in a
fibroblast telomerase-negative cell line transgene
expression was also induced, albeit without apparent
toxic effects. The telomerase promoter therefore
merits more studies in regard to its specificity to
malignant tissues [20].

Tumor vasculature is an important target for anti-
cancer gene therapy. Its advantages include good
accessibility to systemically delivered therapy and
comparative homogeneity across solid tumor types
[21]. High levels of the vascular endothelial growth
factor (VEGF) are correlated with worse prognosis,
at least for breast cancer patients. VEGF activity is
mediated by two high-affinity receptors. These lig-
and-stimulated tyrosine kinases, VEGFR-1/flt-1 and
VEGFR-2/flk-1, are induced in a tumor stage-depen-
dent manner during cancer progression and are
exclusively expressed in tumor vascular endothelial
cells. These observations suggest that VEGF-recep-
tors are promising targets for tumor endothelial cell
specific therapy [22].

Consequently, transcriptional targeting in endo-
thelial cells as part of an anti-vasculature approach to
cancer treatment may exploit the strong promoter
activity of the 939-bp Flk-1 promoter fragment and
of an enhancer element located in a 2.3-kb fragment
upstream. This promoter was used to induce a tumor

Table 1
Transcriptional regulation of cancer gene therapy based on aberrant tumor biology
Transcriptional mechanism Promoter Target tumor Transgene Reference
Aberrant tumor biology Telomerase Urinary bladder and Diphtheriatoxin [20]
hepatocellular carcinoma
FLK-1 Melanoma, fibrosarcoma Reporter gene [22,23]
and breast tumor vessels
E-Selectin Tumor vasculature TNF-a [21]
VEGF Lung carcinoma HSV-TK [45]
Hexokinase |1 Lung carcinoma HSV-TK [51]
c-erbB2 Breast and pancreas cancers CD [52]
c-Myc Small cell lung cancer CD [53]
L-Plastin Ovarian carcinoma Reporter gene [55]
SLPI Lung and ovary cancers HSV-TK [59]
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endothelium-specific reporter gene expression in
transgenic mice, independently of the tumor type
[23]. Other studies also indicate that targeting the
VEGF receptor/ligand system is a rational approach
to inhibit tumor growth and prolong survival [24].
The human prepro-endothelin-1 promoter could also
show specificity for breast microvascular endothelial
cells when used to drive beta-galactosidase expres-
sion by a recombinant retrovira vector [25].

Cell adhesion, playing an important role in tumor
vasculature and cancer metastasis, is partialy me-
diated by E-selectin and its carbohydrate ligands,
Le(@ and Le(x). E-selectin expression is very low in
normal adult blood vessels, but is significantly
elevated in newly formed tumor capillaries. E-selec-
tin promoter was shown to confer transcriptional
specificity of a reporter gene expression in tumor
vasculature [26] and to drive endothelial-specific
murine TNF-alpha expression by a retrovirus [21].
Interestingly, as E-selectin is upregulated by TNF-q,
it may launch a self-propagating process.

The switch from a local tumor to a metastatic
cancer signals the worst prognosis for cancer pa
tients. Relatively few genes have been implicated in
this switch. Recent data indicates that heparanase
[27], as well as RhoC, fibronectin and thymosin 34
[28], may be associated with the metastatic potential
of tumors. Heparan sulfate cleavage by endo-
glycosidic heparanase affects a variety of biological
processes, leading to a metastatic phenotype.

RhoC, fibronectin and thymosin g4 are involved
in extracellular matrix assembly and regulation of the
actin-based cytoskeleton. In this regard, promoters/
enhancers of these invasion-related genes may offer
transcriptional targeting of metastatic cancers. Endo-
glin (CD105), a glycoprotein member of the trans-
forming growth factor beta (TGF-beta) receptor
family expressed predominantly on proliferating
human endothelial cells, is also correlated with
metastatic potential, at least in breast cancer [29,30],
and with local invasion [31]. Endoglin, aso ex-
pressed on normal and neoplastic cells of the
melanocytic lineage, is found in a wide array of
childhood brain tumors [32] and is upregulated in
tumor angiogenesis [33]. Further characterization of
endoglin activation may thus enable transcriptional
vascular targeting. The mechanism of endoglin as-
sociation with vascular proliferation may relate to an

arginine—glycine—aspartate (RGD) sequence, a fea
ture generally associated with extracellular matrix
proteins that interact with cell-membrane integrins.
Endoglin might be implicated in tumor angiogenesis
either directly, by binding to integrins in cell—cell
stromal adhesion events, or indirectly by regulating
the level of adhesion between certain integrins and
their receptors. As various integrins have a major
role in cellular invasion and metastasis [34], specific
integrins could be good candidates for tumor target-
ing. Tumor invasion and metastasis depend to a large
extent on the interaction of integrins and members of
the protease-activated receptor family with various
RGD-containing ligands [35], including fibronectin
[36] and thrombin [37]. Among the integrin family,
alphaV beta-3 integrin is probably involved in tumor
metastasis [38] and may be triggered by RGD to
activate a cascade of essential signaling cues to the
cells, resulting in their physical linking to the actin
filaments [39] and phosphorylation of proteins like
focal adhesion kinase (FAK) and paxillin [40].

A growing number of studies indicate that signals
driven by integrins act in concert with signals
initiated by the G-protein-coupled receptors and with
receptors for tyrosine kinase to promote the
pathological tumor cell invasion process, on the one
hand, and physiological activities like angiogenesis
and wound healing on the other [41]. Considering
the potent anti-cancer effect of inhibiting tyrosine
kinase [42], tumor transcriptional targeting may also
benefit from focusing on the molecular events re-
sulting in local invasion and metastases [43]. In this
regard, distinction between physiological and malig-
nant phenotypes is a critical step whereby transcrip-
tional or post-transcriptional targeting may specifi-
cally limit the invasive potential of tumors.

Many genes controlling tumor biology are oxygen
regulated, and new ones are constantly added to the
growing list of hypoxia-induced genes. Of specific
importance are hypoxia-responsive transcription fac-
tors, as they can modulate the expression of numer-
ous different genes. Similarly, growth factors which
govern the formation of new blood vessels or control
blood flow are vitally important for both the mainte-
nance of the primary tumor and its metastases. Since
hypoxic cells have a reduced transcription rate,
promoter upregulation by hypoxia may result in
enhanced efficacy. Hypoxia-inducible factor-1 (HIF-
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1) has been shown to mediate the transcriptional
activation of its target genes in response to oxygen
concentration, most likely via a pathway involving a
specific oxygen sensor. While HIF-1 activity is
regulated by proteolysis, rather than at the level of
transcription or trandation, HIF-1 plays a critical
role in the response of diverse target genes involved
in cellular growth and metabolism. Thus, HIF-1 is a
prime candidate regulator molecule for the role of
coordinating vascular oxygen supply with cellular
growth and energy metabolism [44]. HIF is a key
transcriptional regulator of the cellular response to
hypoxia that is upregulated in many common can-
cers.

There is an extensive array of HIF target genes,
whose regulatory elements may provide a new
opportunity for transcriptional targeting to hypoxic
tumors. In this regard, the promoter region encom-
passing the hypoxia response element (HRE) of the
mouse VEGF gene has been used to drive the HSV-
TK gene expression under hypoxic conditions and to
efficiently kill highly-metastatic lung carcinoma cells
[45].

Candidate tumors for transcriptional targeting of
HIF-1-responsive elements include breast and colon
cancers [46], and possibly aso clear-cell renal
carcinoma, which commonly lacks the von Hippel—
Lindau tumor suppressor activity that targets HIF for
oxygen dependent proteolysis.

A prominent hallmark of cancer biology is unregu-
lated cellular proliferation. The retinoblastoma (Rb)
family of proteins and their upstream regulators,
namely cyclin D, cyclin D kinase 4, and p16'™"**,
regulate the cellular G1 checkpoint. P21, functioning
upstream of RB, is upregulated by the tumor sup-
pressor protein p53, and is important for maintaining
cell cycle arrest. It exerts its effect by inhibiting
cyclin D kinases that promote cell progression into S
phase by phosphorylating and inactivating Rb [47].
Hypophosphorylated Rb binds to and inactivates the
cellular growth factor E2F that plays a pivotal role in
the coordinated transactivation of cell cycle-regula-
tory genes, leading to cell proliferation [48]. There-
fore, E2F-responsive transgene expression is ex-
pected to be relatively tumor-selective. In addition to
c-myc and cdc2, E2F-1 promoter is also E2F-respon-
sive and results in apoptosis. Tumor suppression by
pRB has been linked to its ability to repress E2F-

responsive promoters such as the E2F-1 promoter.
Thus, E2F-responsive promoters should be more
active in tumor cells relative to normal cells because
of an excess of free E2F and loss of pRB/E2F
repressor complexes.

As derepression of E2F-1 promoter occurs in
cancer tissues, it was exploited to design vira
vectors mediating relatively tumor-selective gene
expression in gliomas. An adenoviral vector where a
toxic gene was driven by the E2F-1 promoter could
eradicate established gliomas with a good therapeutic
ratio [49].

Impaired glucose metabolism is another feature of
cancer. The glucose transporter, GLUTS3, is induced
in vascular, rapidly-growing tumors unlike slow-
growing tumors [50]. Hexokinase type Il (HK I11),
the enzyme catalyzing the first committed step of
glycolysis is overexpressed in tumors, where it is no
longer responsive to normal physiological inhibitors,
e.g., glucagon. This feature was used to selectively
express a reporter gene under the control of HK 1 in
lung cancer cell lines and to induce selective toxicity
following infection with a non-replicating adenoviral
vector expressing the herpes simplex thymidine
kinase (tk) under the control of HKII [51].

Activation of oncogenes results in malignant
transformation. Therefore, molecular targeting may
exploit their activation to induce an anti-cancer
effect. The c-erbB2 oncogene is involved in some
types of breast, gastric and pancreatic carcinomas. Its
promoter is activated in these tumors by the transac-
tivator OB2-1. This feature was exploited to con-
struct the c-erbB2 promoter with a cytosine deamin-
ase (cd) gene to selectively kill breast and pancreatic
cell lines overexpressing c-erbB2 [52]. A similar
approach using c-myc was applied for small cell lung
carcinoma in vitro [53].

The promoter of L-plastin, a human actin-binding
protein, has recently been identified as a promising
candidate for targeting gene expression to several
carcinomas. L-plastin is congtitutively and abun-
dantly expressed in malignant epithelial cells but is
not expressed in normal tissues, except for low-level
expression in mature hematopoietic cells.

Because adenovira vectors infect early hemato-
poietic multilineage precursor cells only poorly if at
all, transcription of therapeutic genes in cells infec-
ted by an adenoviral vector is expected to be tumor
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specific. L-plastin-positive ovarian carcinoma would
thus be a good target for such a vector, designed to
untarget the normal mesothelial cells of the peritone-
a cavity [54,55].

Importantly, the relative activity of L-plastin in
malignant breast and ovarian cancers and in fibrosar-
comas is high in regard to normal fibroblasts.
Additionaly, it has steroid hormonal binding sites,
rendering it subject to pharmacologica modulation.

A common feature of head and neck, breast,
colon, ovarian, endometrial, bladder and lung can-
cers, in particular adenocarcinoma, is the expression
of the secretory leukoproteinase inhibitor (SLPI)
[56]. However, SLPI mRNA is normally also found
in the idets of Langerhans [57] and in normal
bronchial epithelium [58]. A 1358 bp fragment of the
SLPlI promoter was used to drive tk gene in a
plasmid context. Transfection of this construct into
SLPI-positive and negative lung and ovarian cancer
cell lines selectively killed the SLPI-positive cell
lines following ganciclovir administration [59]. In
this regard, further selectivity may be achieved by
the interferon regulatory factor (IRF)-1. IRF-1 is
involved in cell growth regulation and represses
SLPI expression following binding to responsive
sites within its promoter [60], therefore harboring the
potential to inhibit SLPI-driven transgene in normal
and inflammatory tissues.

The anti-apoptotic gene bcl-2 has recently been
found to be transcriptionally activated in non-small
cell lung carcinoma [61], breast cancer cells [62] and
some Wilms' tumors [63]. These findings comple-
ment the pathophysiological role of bcl-2 in chronic
myeloid leukemia, whereby it serves as a down-
stream target gene for the Ras signaling pathway in
transformed cells [64].

Since an intact p53 represses the bcl-2 promoter
[65], p53 mutation may play a role in the up-
regulation of bcl-2 expression in some malignancies
and may untarget its expression in normal tissues.

The quest for a comprehensive transcriptional
targeting approach for cancer gene therapy will
probably not yield a single tumor-associated gene
regulatory element. Nonetheless, as some genes,
such as COX-2, epidermal growth factor (EGFR)
and c-erbB2 (part of the EGFR family) are linked in
a positive feedback cycle in neoplastic proliferation
[66], predicating upon certain common features of

malignancy may result in a more broad-spectrum
conditional gene targeting. In this regard, any discus-
sion of tumor biology-based approaches for cancer
gene therapy would not be complete without a short
description of post-transcriptional targeting using
antisense oligodeoxynucleotides (ODN). ODN har-
bor a potential for a highly specific gene targeting,
but their delivery is nevertheless a rate-limiting
factor. ODN are short sequences of complementary
DNA synthesized exactly to complement specific
mMRNA. As RNA-DNA hybridize message transla-
tion is interrupted. The potential advantage of anti-
oncogene therapy rests in selectivity for mutant cells
while sparing normal cells. Targeting ber/abl tran-
scripts after the juxtaposition by transocation has
occurred, suppresses Philadelphia leukemic cell pro-
liferation in chronic myelogenous leukemia (CML)
cell lines [67] and prolong the survival of SCID mice
[68]. Two distinct ODN, targeting both ber/abl and
c-Myc, a second oncogene involved in signa trans-
mission in CML, are even more potent in reducing
the leukemic cell load [69]. c-Myb antisense ODN
targeting has also been shown to inhibit growth of
various leukemic cell lines, depending on this gene
for proliferation [70].

Clinical experience with c-Myb and ber/abl anti-
sense ODN for CML phase | trials showed that this
therapeutic modality is safe [71], while bcl-2
targeted ODN led to a dlight improvement in a
limited number of patients with non-Hodgkin's
lymphoma [72].

Recently, human non-Hodgkin's lymphoma was
eradicated in SCID mice by bcl-2 antisense ODN
combined with low-dose cyclophosphamide [73].
Antisense ODN have also been produced to target
synthesis of tumor-endogenous immunogenic-mask-
ing proteins, such as IGF-1 and TGF-3 [74,75].

3. Tissue-gpecific promoters (Table 2)

The utility of tissue-specific promoters is limited
by their natural activity in normal tissues. However,
as some tissues are dispensable, promoters that are
active in these tissues may be exploited to selectively
activate therapeutic transgenes. Optimal candidate
tissues include melanocytes, prostate, breast, endo-
crine and exocrine tissues. However, malignancies in
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Table 2
Transcriptional regulation of cancer gene therapy based on tissue-specificity
Transcriptional mechanism Promoter Target tumor Transgene Reference
Tissue-specificity PSA, Kalikrein Prostate Reporter gene or [79]
nitroreductase
Tyrosinase Melanoma Reporter gene [81]
Tyrosinase Melanoma IL-2 [83]
CEA HCC CD [88]
oFP HCC HSV-TK [3]
c-erbB2 Pancreas CD [91,92]
Amylase Pancreas Reporter gene [96]
SP-B Lung Adenoviral E4 [99]
CEA Pancreas Dominant negative ras [95]
mutant
Grp Small cell lung carcinoma HSV-TK [200]
AVP Small cell lung cancer Reporter gene [103,104]
Immunoglobulin heavy chain B lymphomas Diphtheria toxin [105]
AP-2 Breast cancer CD [112]
a-lactalbumin Breast cancer CD [123]
Osteocalcin Osteosarcoma HSV-TK [118]
Prolactin Prolactinoma HSV-TK [121]

other tissues often involve degeneration and activa
tion of embryonal or other abnormal genes, therefore
enabling a range of transcriptional targeting of
cancer involving essential tissues as well.

3.1. Prostate carcinoma

Prostate-specific antigen (PSA) is expressed at a
high level in the lumina epithelial cells of the
prostate and is absent or expressed at very low levels
in other tissues. The complete PSA promoter is 5837
bp long and athough usually regulated by androgens
[76], it may retain its activity in an androgen-free
environment [77] and also positively respond to
IGF-1 [78]. However, the minima 642 bp PSA
promoter is weak in both PSA-positive or PSA-
negative cells and does not respond to androgenic
stimuli.

The human kallikrein-2 (hKLK2) is also ex-
pressed predominately in the prostate, and is tran-
scriptionally up-regulated by androgens. Moreover, it
shares 78% homology with the PSA promoter [2].
Placing a 1455-bp PSA enhancer sequence upstream
of either the PSA or hKLK2 promoters increases
transgene expression 20-fold in PSA-positive cell
lines but not in the PSA-negative lines. Tandem
duplication of the PSA enhancer increases expression
approximately 50-fold while retaining tissue-specific

control [79]. A higher efficiency can be achieved by
coupling the PSA promoter to a yeast promoter [80].

3.2, Melanoma

Specificity for malignant melanoma may be con-
ferred by the human tyrosinase promoter. In vitro
and in vivo melanoma transduction by constructs
driven by the tyrosinase promoter results in tumor-
selective transgene induction and complete tumor
regression [81,82]. Similarly, a construct consisting
of 209 bp of the human tyrosinase promoter linked to
two enhancer elements was demonstrated to drive
high-level, melanoma-specific expression of a report-
er gene in transient transfection assays. The murine
tyrosinase promoter-enhancer expression cassette
expressed by an adenoviral vector maintains tran-
scriptional  specificity for pigment cell lineages,
especidly human melanoma cell lines [83].
Melanomas often express abundantly metalloprotein-
ases. Adenoviral-mediated gene delivery of tissue
inhibitors of metalloproteinase significantly reduces
local invasion in vitro [84], possibly by apoptosis
induction. The induction of apoptosis inhibits growth
of melanoma in vivo and in vitro following hetero-
logous expression of a dominant-negative survivin
gene, under the control of the tetracycline (tet)-
resistance operon.
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The tet-controlled transactivator sequence down-
stream of the tet operon prevents transactivator
binding to the tet operon and transcription of the
transgene, while in the absence of tet, the transac-
tivator upregulates its own transcription and the
transgene is expressed [85].

An interesting transcriptional targeting approach to
melanoma utilized replacing the Moloney Murine
Leukaemia Virus (Mo-MLV) retroviral vector en-
hancer in the 3'-long terminal repeat (LTR) with two
different lengths (2.5 kbp or 769 bp) of the murine
tyrosinase ~ promoter/enhancer.  The  hybrid
tyrosinase-L TR was used to selectively express IL-2
in melanoma cell lines [86].

3.3 Hepatocellular carcinoma

Hepatocytes may selectively express transgenes
linked to the promoters of the gluconeogenesis
enzyme PEPCK and the a1-antitrypsin protease [87].
A segment of the PEPCK promoter is active in
hepatocellular carcinoma and harbors insulin-,
glucocorticoid- and cAMP-responsive elements. In
vitro transcriptional targeting of hepatocellular car-
cinoma (HCC) was accomplished with o-fetoprotein
(«FP) and carcinoembryonic antigen (CEA) promot-
ers [3,88]. CEA is a common tumor marker, ex-
pressed in colon, hepatic, pancreatic and lung car-
cinomas. However, it may aso be expressed in
benign inflanmmatory conditions, abeit less abun-
dantly. CEA sequence upstream of the cd gene can
selectively sensitize HCC cells to 5 FU cytotoxicity
[88]. Efficient cell killing using CEA promoter gene
for CEA-producing adenocarcinoma of the lung was
also reported [89]. Multimerization of sequences
between — 89 and — 40 resulted in copy number-
related increases in both expression level and selec-
tivity for CEA-positive cells. Two enhancer regions
of CEA, —13.6to —10.7kbor —6.1to — 4.0 kb,
were identified and support high-level and selective
reporter expression in CEA-positive cell lines [90].

o-fetoprotein is another relatively specific gene
expressed by hepatocellular carcinoma. Its promoter
has also been successfully linked to tk and cloned
into a retroviral vector to infect and selectively kill
hepatoma cells [3].

3.4. Pancreatic cancer

Pancreatic cancer can involve overexpression of
myc or c-erbB2, mutational inactivation of functional
p53, or activation of K-Ras. K-ras proteins are small
(21-kd) proteins that normally serve as guanosine
triphosphate (GTP)-regulated switches to control a
diverse array of cellular signals that modulate highly
regulated programs of proliferation, differentiation,
and death.

Transcriptional up-regulation of the c-erbB2 on-
cogene occurs in approximately one-third of pan-
creatic tumors. A recombinant retrovirus incorporat-
ing a construct of a chimeric minigene consisting of
the proximal c-erbB2 promoter linked to the gene
encoding cd, selectively induces cell death in pan-
creatic cancer cell lines expressing c-erbB2 [91,92].
A similar approach utilized the CEA promoter,
coupled to tk to transduce CEA-expressing pan-
creatic carcinoma cell lines by a retroviral vector
[93] or by an adenoviral vector [94]. The CEA
promoter was also used to selectively express in
CEA-positive pancreatic cancer cell lines and hepatic
micrometastases a dominant negative ras mutant,
inhibiting tumor growth via induction of apoptosis
[95].

The murine pancreatic amylase promoter was
exploited to drive pancreatic-selective reporter gene
expression in mice. Importantly, the amylase promot-
er retains its inducibility by dexamethasone and
insulin [96].

3.5. Lung carcinoma

Lung-specific promoters have been described for
the human surfactant (SP) A and B proteins. Report-
er gene expression and tumor cell killing was
documented for non-small cell lung cancer cell lines
expressing SP-A, in contrast to non-SP-A expressing
lung cancer cell lines [97]. SP-B promoter is acti-
vated in the adult to type Il aveolar epithelial cells
and bronchial epithelial cells, and may be a major
candidate for lung cancer targeting [98].

When the SP-B promoter was used to drive E4
expression of a replicating adenovirus, it restricted
vira replication and cell killing to a lung cancer cell
line where the SPB promoter is active, and inhibited
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the vector's oncolytic effect on liver cancer cells
[99].

The gastrin-releasing peptide (GRP) is expressed
in most types of small cell lung carcinoma (SCLC).
An adenoviral construct containing the Herpes sim-
plex tk suicide gene driven by the GRP promoter was
able to sensitize GRP-expressing SCLC cells to
ganciclovir in vitro and to induce complete subcuta-
neous SCLC tumor regression after intraperitoneal
administration of ganciclovir [100].

The cyclooxygenase-2 (COX-2) promoter is acti-
vated in the lung cancer cell line A549 cells [101], as
well as in many gastrointestina cancers, and is
relatively inactive in the liver [102]. An important
feature of the COX-2 promoter in the lung cell lines
is inducibility by IL-1-B and inhibition by dexa-
methasone [101], potentially rendering downstream
toxic transgenes expression subject to external
manipulation.

Vasopressin (AVP) is a neuropeptide physiologi-
cally synthesized in the hypothalamus but pathologi-
cally expressed by two-thirds of SCLC. Reporter
gene analysis for SCLC-specific targeting revealed a
minimal 65 bp fragment AVP promoter with SCLC-
selective weak in vitro activity and a 199 bp AVP
promoter fragment with a five-fold stronger activity,
yet retaining SCLC selectivity [103,104].

3.6. Hematopoietic system

B lymphocytes, transfected with constructs of
promoter and enhancer of immunoglobulin heavy
chain and the diphtheria toxin gene show selective
toxic expression [105].

Cytotoxic effect on T-lymphoma cells and human
cervical carcinoma cell line may be achieved by
engineering an adenovirus vector harboring the HSV-
tk gene regulated by HIV LTR, used as a promoter.
The gene was expressed and caused efficient cell
killing after exposure to gancyclovir [106]. Interest-
ingly, this strategy was also used to target suicide
gene expression to HIV-infected lymphocytes [107].
Inverse targeting may prove ideally suited to address
bone marrow suppression by chemotherapy. Retro-
viral vectors may alow selective transduction of
receptor-negative cells in a mixed cell population.
Inverse targeting strategy is useful for mixed popula-

tions of carcinoma and hematopoietic cells to
achieve selective transduction of transduction of
hematopoietic cells with MDR-1 gene (encoding the
efflux protein p170), while exposing carcinoma cells
to chemotherapy [108]. In this regard, targeting
expression of retroviral transgenes to specific
progenies of transduced hematopoietic stem cells
may use enhancer replacement whereby the constitu-
tive viral enhancer in the U3 region of the 3' LTR is
replaced by an autoregulatory enhancer of the ery-
throid-specific GATA-1 transcription factor gene
[109].

3.7. Breast carcinoma

The mammary tissue is unique in expressing -
casein and acidic whey protein genes, harboring
repressor elements within their promoters, thereby
downregulated in non-mammary tissues [7]. The
expression of milk proteins is regulated by complex
promoters, comprising both positive and negative
effect on gene expression, under hormonal regulation
[110]. Since breast carcinoma is often a long-lasting
disease with metastatic spread, identification of
tissue-specific promoters is of paramount importance
in order to deliver oncolytic genes systemically.
Gene therapy for breast carcinoma may aso be
approached by tailoring a virus with affinity to this
tissue, such as the mouse mammary tumor virus
(MMTV).

The glucocorticoid-responsive long termina re-
peats (LTR) of this retrovirus were used as promot-
ers for dexamethasone-inducible oncolytic cytokine
expression [111]. However, clinical trials were con-
ducted for patients with recurrent breast carcinoma
expressing HERZ gene [112]. These patients were
transfected with a plasmid containing cd gene driven
by the AP-2 promoter.

Efficiency of cancer cell killing following pro-
drug activation is proportional to cellular HERZ2
expression. The promoter of L-plastin (an actin
binding protein) is constitutively highly expressed in
malignant breast cancer and is not expressed in
normal tissues, other than hematopoietic cells. Re-
porter gene activity under this promoter is relatively
restricted to these malignant tissues. Moreover, L-
plastin promoter may have a steroid hormone-bind-
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ing site, thereby potentially conferring pharmaco-
logical modulation [55]. Transcriptional control of
either the human «-lactalbumin (ALA) or ovine beta-
lactoglobulin (BLG) promoter can also be used to
drive cd expression in a breast cancer cell-specific
manner resulting to efficiently eliminate subcuta-
neous tumor masses [113].

3.8 Brain tumors

Gene therapy of the brain is hindered by the
presence of the blood—brain barrier (BBB), mandat-
ing invasive routes of administration. One way to
address BBB s the transductional targeting of plas-
mid DNA via conjugation to monoclonal antibodies
to BBB transferrin-receptor [114]. While transgene
expression is feasible throughout the central nervous
system, specific transcriptional regulation remains to
be improved. In this regard, the neuroectodermal-
specific promoters include calcineurin A-a and
synapsin-1 [7]. Potential use of these promoters may
restrict gene expression to brain tumors that have so
far been primarily addressed by immunotherapy-
based gene therapy.

Candidate transgenes that are potentially subject to
transcriptional  regulation in the brain include -
interferon [115] and macrophage colony-stimulating
factor [116]. The astrocyte-specific, glia fibrillary
acidic protein (GFAP) was shown to restrict trans-
gene expression to glia cells in cell lines, primary
cultures, and CNS in vivo [117].

3.9. Bone tumors

Osteocalcin (OC), a non-collagenous bone matrix
protein, is expressed in high levels by osteoblasts.
The OC promoter mediates osteoblast-specific gene
expression and can drive osteoblast-specific tk ex-

pression to eradicate murine osteosarcoma in vivo
following co-administration of gancyclovir [118].
Further, this construct was tested in a model of
osteosarcoma lung metastases. While a reporter gene
controlled by the non-specific RSV promoter was
expressed diffusely in normal lung parenchyma, the
OC-adenovirus construct resulted in specific expres-
sion in OC-positive lung metastases [119].
Targeting to the skeleton for control of metastatic
disease has also been proposed to exploit the OC
promoter in the context of stem cell therapy [120].

3.10. Endocrine tumors

To target the lactotrophic cells degenerating to
form prolactinomas, the human prolactin (PRL)
promoter was encoded within a recombinant adeno-
virus vector to drive transgene expression of a
reporter gene or tk in vitro and in vivo. While
selective apoptosis was induced in lactotrophic cells
in the presence of ganciclovir, in vivo transgene
expression in the anterior pituitary gland was re-
stricted to the reporter gene and tumor progression
was not affected by the toxic gene [121].

4. Inducible promoters (Table 3)

A general problem with most of the tissue- and
tumor-specific promoters is their relative weakness,
thereby underscoring the need for efficient transgene
activation. Therefore, inducible promoters have
gained attention as mediators of transient transgene
activation. During evolution various stress-genes
evolved and their promoters are now considered for
gene therapy transcriptional regulation. Heat, hypo-
xia, glucose deprivation, irradiation and chemothera-
peutic agents up-regulate various genes involved in

Table 3

Transcriptional regulation of cancer gene therapy based on inducible promoters

Transcriptional mechanism Promoter Target tumor Transgene Reference

Induction EGR-1 Glioma TNF-a or TK [122,123]
Hsp70 Prostate CD + HSV-TK [127]
Hsp70 Breast HSV-TK [128]
Hsp70 Melanoma IL-12 or TNF-a [129]
Grp78 Fibrosarcoma HSV-TK [131]
MDR-1 Breast TNF-a [132]
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stress responses. Promoters of these genes are attrac-
tive for cancer gene therapy because they depend to
a large extent on the biology of the tumor or are
aready induced by various therapeutic modalities.
The stress genes upregulated in these conditions
include multidrug resistance gene-l (MDR-1),
human heat-shock protein (HSP), vascular-endotheli-
a growth factor (VEGF), irradiation-inducible Egr-1
(early growth response gene), and the tissue plas-
minogen activator (tpa) promoters.

Irradiation-responsive promoter sequences were
identified for the tpa and Egr-1 genes. The first
irradiation inducible promoter system used in combi-
nation with gene therapy involved the Egr-1 promot-
er driving either the radiosensitizing cytokine TNF-a
or tk. Combined therapy was more efficient than
irradiation alone in vitro [122] and in vivo [123].
The heat-shock (stress) protein family is induced by
a variety of environmental pressures, namely heat,
irradiation, photobeam irradiation, hypoxia, acidosis,
hypoglycemia and osmotic changes [124]. These
conditions may exist in poorly vascularized tumors
and may trigger expression of anti-cancer genes
linked to the HSP70 promoter. Importantly, in p53-
deficient tumor cells, HSP70 expression is up-reg-
ulated, thereby providing another means for tran-
scriptional targeting [125,126].

A recombinant adenovirus containing the cd-tk
fusion gene under the control of a human inducible
HSP70 promoter sequence has a strong fusion gene
expression after heat-shock and efficiently kills
prostate cells in the presence of both 5-FC and
ganciclovir [127]. The HSP70 promoter has also
been employed to efficiently drive tk expression in
vivo and inhibit growth of breast cancer subcuta-
neous and intraperitoneal models following hyper-
thermia therapy [128], to selectively induce
interleukin-12 or TNF-a in melanoma tumor model
by hyperthermia [129] and to drive p53 expression
by photodynamic therapy [130]. The GRP78 gene is
another member of the HSP family and its promoter
was used to efficiently activate reporter genes [124],
and eradicate fibrosarcoma tumor masses following
its incorporation into a retroviral system to drive the
expression of tk under glucose starvation conditions
[131].

The multi-drug resistance gene (MDR-1) encodes
a membrane effluxing glycoprotein, whose expres-

sion is induced by vincristine, actinomycin D and
doxorubicin. Its promoter is indirectly transactivated
by these compounds and induces transcription and
expression of therapeutic genes, such as TNF-a in
tumors exposed to chemotherapy [132].

Chemotherapy also induces another mechanism
for drug-resistance, namely activation of the gluta-
thione detoxification system and apoptosis-control-
ling gene alterations (especially p53 and bcl-2). As
the MDR-1 promoter contains heat-responsive ele-
ments, it is also activated by heat-shock [133].

A number of drug-related gene expression systems
are available to control target gene transcription
through the use of small-molecule inducing com-
pounds. While the utility of such systems has been
demonstrated in vitro and in transgenic mice, recent
improvements are likely to make these systems more
amenable for use in a therapeutic context, such as
gene therapy. Rapamycin is a small molecule used in
dimerization-based strategies of gene regulation
[134].

Upon drug administration, dimerization occurs
between a DNA-binding domain and an activation
domain, resulting in transgene transcription. Another
inducer, dexamethasone, a synthetic glucocorticoid,
can selectively activate the p21 promoter in rat
hepatoma cells via a glucocorticoid-responsive re-
gion between nucleotides — 1481 and — 1184. This
region does not contain a canonical glucocorticoid
response element but rather can confer specific
dexamethasone responsiveness to heterologous pro-
moters [135].

The Tet-controlled transcription system is com-
prised of Tet-off and Tet-on transcriptional regula-
tion, derived from the E. coli Tet-resistance operon.
The transactivator (tTA) consists of a fusion of
wild-type (wt) Tet-repressor and the Herpes simplex
VP16 activator domain. In the Tet-off state, tTA
binds the Tet repressor element (TRE) and activates
transcription in the absence of tetracyclin or dox-
ycyclin. The Tet-on option was available following
substitution of four amino acids at the Tet-repressor,
thereby altering its binding characteristics and creat-
ing reverse repressor (rTetR).

This protein binds TRE in the presence of dox-
ycyclin and activates transcription. Simultaneous
expression of two distinct genes is possible under the
control of a single TRE.
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The Tet-R system was used to suppress and induce
cytotoxic genes [136] and reporter genes expression
[126]. The latter can select gene expression to p53-
deficient tumor cells. Similarly to the R-tet, the
orally biocavailable antiprogestin mifepristone can
switch on gene expression in alosteric systems
whereby a chimeric transactivator activates a target
gene. This system was suggested to circumvent
congtitutive expression of various transgenes in
normal tissues by drug-specific and temporal regula-
tion of the target gene, in vitro and in vivo. Addition-
ally, replacing the activation domain of the chimeric
transactivator with a transcriptional repression do-
main results in inducible repression of the transgene
expression [137].

Maximal level of transgene expression after induc-
tion is equal to or higher than that displayed by a
plasmid driven by the CMV enhancer/promoter
[138]. This system was used to express the human
growth hormone in a liver-specific manner following
coupling of the transactivator to the liver-specific
transthyretin (TTR) promoter [139].

5. Regulatory elements for conditionally-
replicative viruses (RCV)

Toxic gene or tumor Suppressor gene expression
from non-replicative vectors is inadequate to eradi-
cate solid tumors in humans [140]. Consequently,
replication-competent viruses (RCV) have emerged
as promising therapeutic agents for cancer. The most
commonly used agents in this context include adeno-
viruses, although retrovirus, Herpes virus [149],
Reovirus [141] and Vesicular-stomatitis virus [142]
have also been suggested for various malignancies.
In this regard, preferential replication of Reovirus in
tumor cells with activated Ras pathway is an ap-
pealing therapeutic potential deriving from a bio-
logical pathway.

The criteria governing the utility of RCV include
infection efficacy, replication selectivity, lateral viral
dispersion and evasion of the host immune reaction.
While augmented gene transfer efficiency has been
shown for advanced-generation adenoviral vectors
based upon the Coxsackie adenovirus receptor
(CAR)-independent cellular entry pathways [143],
propagation of the virus within the three-dimensional

tumor tissue still remains a major obstacle for RCVs.
Recent understanding in the cancer biology may be
exploited to design tumor-selective vira replication
to restrict its lytic effects to cancer cells. Dysregula-
tion of the norma control over cell cycle and the
circumvention of physiological apoptotic signals,
may alow tumor-selective replication of an en-
gineered virus, and subsequently, direct oncolysis by
vira cell-killing.

Conditionally-replicative adenoviruses (CRAdS)
are designed either by deletion of adenoviral natural
genes encoding cell-cycle regulatory proteins, or by
placing a tissue-specific promoter to control a viral
gene essential for replication. An example of the
former is the deletion of CRAd E1A of amino acids
121-127, resulting in loss of its conserved region 2,
thereby precluding its binding to Rb and eliminating
the inhibitory effect of Rb on E2F.

Consequently, the engineered adenovirus is ex-
pected to replicate selectively within cells where the
G1-S phase checkpoint is impaired, i.e. tumor cells
[144,145]. CR2 deletion complemented by an addi-
tional aminoterminal deletion may be even more
selective [146]. Similarly, deletion of the adenoviral
E1B 55 k protein was suggested to be selective to
p53-mutant cells [1], but has been questioned since.
Degpite the biological uncertainty, the E1B-deleted
ONY X-015 virus showed a beneficial clinical effect
in patients with recurrent head and neck carcinomas,
and was selectively infecting the tumor cells [147].
Since ONY X-015 does not have a therapeutic trans-
gene but relies on its lytic effect, this has been the
first clinical demonstration of CRAd utility for
cancer. The other strategy for designing CRAdS is
the use of tissue-specific promoters to drive expres-
sion of E1A, thereby restricting viral replication to
specific tissues or tumors. The application of hetero-
logous promoters in adenovirus vectors is difficult
because their activity and specificity is often affected
by viral enhancers and promoters present in the
vector genome.

Nonetheless, E1A gene expressed from the alpha-
fetoprotein («FP) gene promoter can induce rela-
tively selective replication in hepatocellular car-
cinoma cells and SQ xenograft tumors [148].

Tight control of adenoviral E1A expression under
the minima PSA enhancer/promoter can confer
prostate-specific oncolytic effect [149]. The first
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generation prostate-specific CRAd replicates in PSA-
positive prostate carcinoma cell lines but not in
PSA-negative human cell lines, including other
prostate cancer cell lines. The second generation
vector is comprised of double prostate-specific con-
trol over expression of E1A and E1B (with PSA and
kallikrein promoters, respectively), and has a better
lysis profile following the reintroduction of the E3
region [2]. Furthermore, synergy of replication-de-
pendent cytotoxicity with the chemotherapeutic
agents paclitaxel (Taxol) or docetaxel (Taxotere)
was achieved both in vitro and in vivo [150].
CRAds for breast carcinomas were also created
whereby the DF3/MUCL1 promoter, aberrantly acti-
vated in human breast carcinomas, was used to drive
expression of E1A. This CRAd selectively replicates
in MUC1-positive breast cancer cells and can inhibit
human breast tumor xenografts in nude mice. Unlike
its replication-deficient counterpart, the DF3/MUC1
CRAd replicated throughout the tumor xenografts. A
transgene expressing version of this CRAd (armed
CRAd), whereby the CMV promoter drove expres-
sion of TNF-a was associated with selective replica
tion and production of TNF-a in cells expressing
MUCL. Moreover, treatment of MUC1-positive, but
not MUC1-negative, xenografts with a single in-
jection of the armed CRAd was effective in inducing
stable tumor regression [151]. Another approach to
direct CRAd replication to estrogen receptors (ER)-

positive breast cancers is based on replacing the Ela
and E4 promoters by a portion of the pS2 promoter
containing two estrogen-responsive elements (ERES).
This promoter induces transcriptional activation of
the Ela and E4 units in response to estrogens in cells
that express ER. This CRAd is able to kill ER-
positive human breast cancer cell lines as efficiently
as the wild-type virus, with decreased capacity to
affect ER-negative cells. Interestingly, by transcom-
plementation of Ela protein this CRAd alows the
restricted replication of a conventional Ela-deleted
adenoviral vector [152].

Lung cancer has also been addressed by a CRAd
vector. KD1-SPB was designed with two safety
features, namely E1A mutations and a lung-specific
surfactant protein B (SPB) promoter replacing the
E4 promoter. KD1-SPB replication was shown to be
specific to papillary lung carcinoma cell line where
the SPB promoter is active and could induce moder-
ate but specific tumor inhibition in vivo [99].

A totally different strategy recently reported em-
ploys the generation of a functional promoter/gene
constellation only upon adenoviral DNA replication,
thereby suggesting selective transcriptional activation
[153] (Table 4). This approach to discriminate
between tumors and normal tissues is based on
selective DNA replication of adenoviral vectors
deleted of the entire E1 gene in tumor cells. Tradi-
tionally, E1 deletion is considered to abolish

Table 4

Transcriptional regulation of adenoviral replication

Genetic modification Biological result Therapeutic end-point Reference

Deletion of E1A amino acids 121— Transformation deficiency Restriction of vira [144-146]

127 replication to tumor cells

Deletion of E1B 55 K protein Susceptibility to apoptosis Restriction of viral [1,147]

replication to tumor cells

E1A control by aFP promoter E1A transcription limited to aFP HCC cell killing [148]
positive cells

E1A control by PSA promoter E1A transcription limited to PSA Prostate cancer cell killing [149,150]
positive cells

E1A control by DF3/MUC1 E1A transcription limited to Breast cancer cell killing [151]

promoter DF3/MUCL positive cells

E1A control by pS2 promoter E1A transcription limited to Breast cancer cell killing [152]
estrogen receptor positive cells

E4 control by Sp-B promoter E1A transcription limited to Papillary lung cancer cell [99]
surfactant producing cells killing

E1 deletion Selective DNA replication of Liver metastases targeting [153]

adenoviral vectors in
transcomplementing tumor cells
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adenoviral replication. However, human tumor cell
lines derived from colon, breast, cervical and lung
cancers seem to support DNA replication of adeno-
virus deleted of E1 (AdEL1 ). Inverted repeats (IRS)
inserted into the E1 region of AdE1l  vectors can
mediate genomic rearrangements to bring a transgene
into conjunction with the promoter. Thus, formation
of a functional expression cassette depends on viral
DNA replication which is expected to occur spe-
cifically in tumor cells. The cellular factors that
trans-complemented AdE1 replication are uncer-
tain, but the finding that the human papilloma virus
(HPV) E6 and E7 proteins partially substitute for
E1A/E1B proteins, may suggest that cellular trans-
formation and progression to G1/S phase may
circumvent the absolute requirement for E1 genes to
support adenoviral replication.

6. Conclusions

Advances in molecular biology have enabled gene
delivery into human somatic cells. These techniques
have culminated in clinical gene therapy trials,
including genetic disorders and cancer. While the
former requires restoration of the function of defec-
tive genes, the latter employs cancer cell killing by
cytoreductive, immunomodulatory, and anti-an-
giogenic means. Since these therapeutic effects are
deleterious to normal tissues, cell-type specific
targeting is essential. The use of tumor and tissue-
specific transcription regulatory elements may both
restrict transgene expression to malignant tissues and
increase transgene expression and persistence in
vivo. Since this is an essentia requirement for safe
and efficient gene therapy for human cancer, con-
ditional gene expression is expected to be a pertinent
part of cancer gene therapy. Additionally, because
promoter- and tissue-specificity may determine host
immune response to the transgene [154], the signifi-
cance of transcriptional targeting is further under-
scored. As the processes of malignant transformation
and tumor propagation continue to be understood at
the molecular level, new therapeutic interventions
will undoubtedly follow. Of these, transcriptional
targeting of cancer cells holds a great promise to
provide specific and efficient ways to treat cancer.
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