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ABSTRACT

An explosion of knowledge on the molecular and cellular mechanisms that mediate carcinogenesis has occurred in recent
years. Although cancer has existed for over a million years in the human species, effective cures for most cancers that
target molecular and cellular pathways have not been achieved. Multiple cellular targets have been examined for
preventing or treating cancers including, but not limited to, transcription factors, kinase-mediated cell signaling pathways,
and more recently epigenetic targeting of oncogenes and tumor suppressors, and immunomodulation such as chimeric
antigen receptor-T cells. Even as the state of knowledge of cancer mechanisms increases, there is considerable room for
improvement in preventing and treating cancers. Understanding how a normal cell is transformed into a cancer cell is
known but there is considerable tissue and cell type specificity. This has given rise to the field of precision medicine as
applied to cancer therapy. Thus, while the development of preventive and treatment regimens has increased, there are
certain obstacles that need to be overcome in order to decrease cancer incidence and increase survival of cancer patients.
The purpose of this review is to summarize the advances made in cancer biology and how these advances have been used
to develop, and hinder, preventive, and therapeutic strategies for cancer.
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The field of carcinogenesis has rapidly evolved, in particular
since the revolution of molecular biology in the 1970s. The field
of carcinogenesis began with the finding that exposure to
chemicals is correlated with cancer in chimney sweepers and
that painting coal tar on rabbit ears resulted in papillomas
(reviewed in Loeb and Harris, 2008). Subsequent studies
revealed a link between chemical exposure, metabolism, and
damage to deoxyribonucleic acid (DNA) providing somewhat of
a more complete understanding of the etiology of carcinogene-
sis (reviewed in Loeb and Harris, 2008). It is now well accepted
that carcinogenesis involves multiple factors that range from
exposures to chemicals, mutations in proto-oncogenes and tu-
mor suppressors due to exogenous and endogenous etiologies,

and discordant regulation or activities of many critical signaling
pathways required for normal cellular homeostasis (Figure 1).
The focus of this review is on this range of etiological factors,
and how scientists have used this information to develop
approaches to help prevent and/or treat cancer in humans.
Notably, despite recognition of the causative factors involved in
carcinogenesis, progress has been hindered in harnessing the
genetic, economic, and environmental factors in the search for
preventive and therapeutic strategies. The complexity of this
field lends itself to the disparities in our knowledge of cancer
etiology, cancer chemoprevention and cancer therapeutics.
Thus, the purpose of this review is to address these issues to
highlight how increased understanding of cancer cell biology
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has been used to develop new strategies for preventing and
treating this disease, but also hindered progress for cancer che-
moprevention and chemotherapy due to the complexities of the
signaling involved.

CHEMICAL CARCINOGENESIS: METABOLISM
OF CHEMICALS BY XENOBIOTIC
METABOLIZING ENZYMES

The discovery of cytochrome P450s (CYPs) in the 1960s (Omura
and Sato, 1964a,b) was just the beginning of our understanding
that chemicals could be metabolized to reactive intermediates
by these enzymes. Electrophilic intermediates from numerous
chemicals can form covalent bonds with nucleophilic regions
on nucleotides within DNA, in particular proto-oncogenes or tu-
mor suppressors. In the absence of accurate DNA repair of
adducts, these chemical modifications can lead to changes in
the encoded genes, and this in turn can begin the transition of
transforming a normal cell into a cancerous cell. Indeed, a num-
ber of DNA “hotspots” have been identified in some genes such
as retinoblastoma (RB) or p53 (TP53) that are particularly sensi-
tive to DNA damage by electrophilic intermediates generated by
metabolism of chemicals humans are exposed to in the envi-
ronment (reviewed in Loeb and Harris, 2008). Interestingly, the
metabolic pathway that was discovered to bio-activate

chemicals and cause cancer, was also determined to be part of a
global metabolic network expressed in many species that
includes the phase I xenobiotic enzymes, CYPs, and phase II
xenobiotic-conjugating enzymes. This is important to note be-
cause paradoxically, these pathways also function to detoxify
numerous chemicals including drugs. Indeed, it appears that
humans and many species have evolved these metabolic path-
ways to provide mechanisms to detoxify and increase the excre-
tion/elimination of chemicals that could cause cancer/toxicity.
This suggests that there is likely a critical balance between bio-
activation and detoxification that is influenced by multiple
phases I and II enzymes. For example, the Km, Vmax, and turn-
over number of individual enzymes for their various chemical
substrates can all markedly influence the generation and half-
life of reactive intermediates, whereas the regulation of expres-
sion of xenobiotic enzymes represents another level of control
that could alter the relative metabolic activity of an enzyme or
enzymes that metabolize chemicals to carcinogens or detoxified
compounds.

REGULATION OF XENOBIOTIC METABOLIZING
ENZYMES BY TRANSCRIPTION FACTORS

The discovery of nonmembrane bound receptors for hormones
and xenobiotics that modulate gene expression advanced our
understanding of carcinogenesis and the mechanisms that

Figure 1. Ontogeny of events leading to cancer. Chemicals can be metabolized to reactive intermediates that may form an adduct with DNA. In some cases, this adduct

can be repaired and no DNA damage results (Upper box on left). In contrast, sometimes the adduct is not repaired causing a mutation in a gene (Upper box, second

from left) that may be critical for cancer (proto-oncogene, tumor suppressor). Endogenous metabolism can also cause the generation of reactive intermediates or reac-

tive oxygen species that can bind to DNA and form an adduct or DNA damage, respectively. In some cases, this adduct/damage can be repaired and no alterations in

DNA results (Upper box, first from right). In contrast, sometimes the adduct/damage is not repaired causing a mutation in a gene (Upper box, second from right), which

may be critical for cancer (proto-oncogene, tumor suppressor). In some case, genes can contain mutations due to inheritance, and this may be in a critical gene that

will lead to cancer. Combined, these 2 mechanisms can lead to increased expression of an oncogene and/or decreased expression of a tumor suppressor. Further, there

is normal cellular signaling that can be influenced by endogenous or exogenous variables that collectively alter major pathways that regulate proliferation, apoptosis,

differentiation, angiogenesis, migration and invasion. With time, these cells can convert to a malignant neoplasm and ultimately cancer.
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mediate this disease. For example, the seminal discoveries of
the glucocorticoid receptor and the estrogen receptor (ER)
(Green et al., 1986; Miesfeld et al., 1984), both transcription fac-
tors, provided the foundation for countless experiments testing
the hypotheses that endogenous ligands regulated cellular
function by regulating expression of genes. This idea was easily
expanded into examining how exogenous chemicals might in-
teract with endogenous receptors and disrupt normal physio-
logical function(s). Indeed, this is one of the most fundamental
concepts of modern toxicology; that structural similarities be-
tween xenobiotics and natural chemicals can cause toxicity/
cancer by interfering with normal homeostasis. Thus, as more
and more soluble and cell surface receptors were identified and
characterized, the possibility that chemicals could cause (or
inhibit) cancer through receptor-mediated mechanisms became
more plausible. Interestingly, one of the most insightful discov-
eries in the field of receptor-mediated carcinogenesis was the
identification and characterization of the aryl hydrocarbon re-
ceptor (AHR) (Burbach et al., 1992). The timing of this discovery
was closely related to advances in developmental biology where
“knockout” mice were first developed with the use of homolo-
gous recombination in embryonic stem cells (Capecchi, 1989).
The development of knockout mice was instrumental in deci-
phering how specific genes/proteins were involved in toxico-
logic and carcinogenic effects. For example, the first Ahr-null
mouse was created in 1995 and provided the first definitive evi-
dence that this soluble receptor mediated the toxicological
effects induced by AHR agonists such as tetrachloro-dibenzo-p-
dioxin (Fernandez-Salguero et al., 1995, 1996). This set the stage
for numerous studies by multiple laboratories examining the
role of soluble receptors in toxicity and cancer. For example,
while it had been speculated for years that the peroxisome
proliferator-activated receptor-a (PPARa) mediated the toxicity
and hepatocarcinogenic effects induced by PPARa agonists, the
finding that Ppara-null mice were resistant to liver cancer in-
duced by a PPARa agonist (Hays et al., 2005; Peters et al., 1997)
provided strong evidence that a receptor-mediated mechanism
was required for this effect. Since PPARa agonists do not cause
direct DNA damage, they are known as non-genotoxic carcino-
gens. The critical mutations are likely the result of increased ox-
idative stress that can cause mutations in proto-oncogenes and
tumor suppressor genes (Figure 1). Subsequent studies by other
laboratories would demonstrate similar requirements for other
xenobiotic receptors such as constitutive androstane receptor
and pregnane X receptor in mediating the toxicologic/carcino-
genic effects of respective agonists (Xie et al., 2000; Yamamoto
et al., 2004). Moreover, more complex models involving condi-
tional knockout models, knock-in mouse models, and humaniz-
ing mice to express human homologs of specific genes would
subsequently provide further insight into the important regula-
tory roles of soluble receptors in carcinogenesis and species dif-
ferences induced by chemicals. One of the best examples of this
is the demonstration that mice expressing the human PPARa,
but not the mouse PPARa, were resistant to hepatocarcinogenic
effects induced by PPARa agonists (Morimura et al., 2006; Yang
et al., 2008). The mechanism underlying this effect was deter-
mined to be due to species differences in the PPARa-dependent
regulation of Let-7C micro RNA that in turn regulate an onco-
gene MYC that in turn increases cell proliferation of hepatic
cells with mutant DNA (Shah et al. 2007). This was but one semi-
nal observation that has had major impact on risk assessment
as it demonstrated that carcinogenic effects observed in mice
may not always be relevant to humans. Additionally, many
chemicals that activate xenobiotic receptors that have been

shown to mediate their carcinogenic effects also modulate the
expression of genes involved in xenobiotic transport and phases
I and II xenobiotic metabolism. However, there are many other
molecular pathways that can be modulated by activation of sol-
uble receptors. This is important to note because during the
same time frame that progress was being made on the molecu-
lar pathways mediated by chemical carcinogens that modulated
bioactivation and detoxification, many other cellular pathways
were also being identified that modulated important signaling
including those that regulated cell proliferation, cellular differ-
entiation, apoptosis, and inflammation. Collectively, these
observations led to the understanding that chemicals could
cause cancer by not only directly causing mutations in critical
genes, but also by modulating activity of soluble receptors that
in turn regulate expression of xenobiotic metabolizing enzymes,
and likely interfering with normal cellular signaling pathways
that are central to the fate of cell division and/or cell death.

MOLECULAR AND CELLULAR SIGNALING THAT
CAUSE CARCINOGENESIS

Cancer is clearly a complex disease that is mediated by numer-
ous molecular and cellular pathways. The general scheme of
events causing cancer is that cells first acquire driver mutations
in critical genes that lead to altered expression of proteins with
different activities that collectively drive transformation from a
normal cell into a cancerous cell. Due to chronic signaling to in-
crease proliferation and/or decrease apoptosis, these cells ex-
pand clonally into tumors. As the tumor continues to grow,
changes in cellular metabolism occur, which can include in-
creased utilization of different substrates for energy to “feed”
the tumor and deprive surrounding normal cells from critical
nutrients. New blood vessels can form (angiogenesis) because of
the anoxic condition in a tumor that provides for more oxygen
to be delivered to the tumor. This is mediated by growth factor/
growth factor receptors (eg, vascular endothelial growth factor
[VEGF]). As the tumor continues to grow and obtain different
mutations, the tumors can become aggressive and begin to mi-
grate and invade cell membranes, ultimately leading to metas-
tasis to other tissues. Once tumors have metastasized, the
process can continue and ultimately lead to death.

All of these events are regulated by numerous molecular and
cellular mechanisms. Thus, many of the pathways that modu-
late the processes associated with different cancers are con-
served in the sense that there is considerable overlap between
different cancers. For example, differential expression/activity
of oncogenic proteins or tumor suppressors such MYC or PTEN,
respectively, is often observed in many different cell types.
Moreover, similar mutations in oncogenic or tumor suppressor
genes are often observed in multiple cancers (Kandoth et al.,
2013). This is likely related to the changes observed in cellular
signaling pathways mediated by RAS, ERK, PDPK1, TP53, and
many others as they typically converge on the regulation of cell
proliferation, apoptosis, differentiation, angiogenesis, cell mi-
gration and invasion, immunological activities, and inflamma-
tion. Despite the significant overlap in these signaling
pathways, there are clearly unique molecular and cellular sig-
naling signatures for many different cancers.

One of the earliest recognition of a nuclear receptor as a
prognostic factor for breast cancer was that expression of the ER
was increased in woman with breast cancer as compared with
controls (Knight et al., 1977). This suggested that altered ER-
dependent signaling may be critical for breast cancer etiology
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due to transcriptional regulation of genes that promote tumori-
genesis. Oncogenic proteins are another classic example of pro-
teins that promote cell proliferation, inhibit apoptosis or
prevent differentiation of cancer cells. Oncogenes are derived
from proto-oncogenes that encode “normal” proteins that in
turn regulate cell proliferation, apoptosis or differentiation.
However, when these genes attain specific mutations, they can
become oncogenic and change their normal role from maintain-
ing homeostasis to promoting tumorigenic signaling. There are
many classes of oncogenes including: (1) receptor tyrosine kin-
ases (eg, epidermal growth factor receptor [EGFR], VEGFR, or
HER2/neu) that regulate growth and differentiation; (2) cytoplas-
mic tyrosine kinases (eg, SRC or the ABL gene) that regulate cell
proliferation, differentiation, migration, and survival; (3) cyto-
plasmic serine/threonine kinases (eg, RAF or cyclin-dependent
kinases [CDKs]) that regulate cell cycle control, proliferation, dif-
ferentiation, apoptosis, and survival; (4) membrane linked
GTPases (eg, RAS) that regulate cell proliferation; and (5) tran-
scription factors (eg, MYC) that indirectly regulate cell prolifera-
tion. Although there are clear examples that chronic
inflammation can promote carcinogenic signaling including
proliferation, cell survival and migration (Coussens and Werb,
2002), more recent evidence has also demonstrated that en-
hancing immune function in cancer patients can actually mod-
ulate the immune cells to target the tumor and actually stop
tumor growth by increasing an immune response against the
cancerous tumor (Gong et al., 2018; Grigor et al., 2017). The latter
approach is gaining significant traction in the field and repre-
sents complex signaling pathways that have been used to de-
velop highly effective therapeutic treatment strategies for
cancer patients.

Given the amount of knowledge on the molecular and cellu-
lar signaling that drives cancer, the question arises whether tai-
lored approaches should be developed for inhibiting or
enhancing a specific activity to prevent and treat cancer? Both
the similarities and disparities in cancer etiologies hamper the
development of strategies for cancer prevention and treatment.
Nevertheless, there are clear examples of successful strategies
that have been developed that markedly improved the lifespan
of cancer patients in some instances.

TARGETING MOLECULAR AND CELLULAR
SIGNALING TO INHIBIT CARCINOGENESIS

Given the knowledge gained in the past 20–30 years, it is not
surprising that significant progress has been made in targeting
some molecular and cellular pathways to help prevent or treat
different cancers (Figure 2). For example, as noted above, the ex-
pression of ER was positively correlated with breast cancer in
women. This led to the development of antiestrogenic com-
pounds in an attempt to develop drugs that help prevent the
progression and inhibit this disease. Tamoxifen is an ER antago-
nist that has proven to be fairly effective at increasing the life-
span of breast cancer patients that express ER in their tumors
(Early Breast Cancer Trialists’ Collaborative et al., 2011; Jaiyesimi
et al., 1995). The mechanism by which tamoxifen is thought to
function is by preventing ER-dependent regulation of genes that
promote cancer cells from proliferating. This is an excellent ex-
ample of an adjuvant chemotherapeutic drug that has remained
effective for many years based on the original finding that ex-
pression of a soluble receptor was correlated with breast cancer
progression. Thus, by preventing the soluble receptor from tran-
scriptionally regulating target genes, breast cancer can be

markedly inhibited and the lifespan of a breast cancer patient
can be markedly increased.

Chemopreventive agents have also been developed based on
preclinical and clinical data showing that specific compounds
modulate key molecular and cellular mechanisms that promote
tumorigenesis. A good example of a natural product that has
shown promise in both preclinical and clinical trials is sulfo-
raphane. Sulforaphane is an isothiocyanate found in crucifer-
ous vegetables such as broccoli. It is a classic example of a
natural product that can target multiple molecular cellular
pathways that modulate cancer. For example, sulforaphane can
help detoxify chemical carcinogens by inducing glutathione-S-
transferases and inhibiting expression of CYPs (Amjad et al.,
2015). These effects could help prevent initial mutagenic effects
of chemicals required for cancer initiation. However, sulforaph-
ane also has been shown to epigenetically modify expression of
genes allowing for enhanced expression of proteins such as p21
or Bcl-2-associated X protein, which inhibits cell cycle progres-
sion and induction of apoptosis, respectively (Amjad et al.,
2015). Thus, sulforaphane exhibits pleiotropic effects in cancer
models and in clinical trials that indicate this natural product
can effectively inhibit molecular and cellular signaling path-
ways that promote diseases such as bladder or prostate cancers
and supports the establishment of clinical trials to examine the
efficacy of sulforaphane in cancer patients (Amjad et al., 2015;

Figure 2. Examples of targeted approaches for preventing/treating cancers. A,

Tamoxifen and ER antagonist prevent ER from transcribing genes that cause can-

cer. B, Sulforaphane alters expression of xenobiotic metabolizing enzymes and epi-

genetically modified genes such as p21 and Bcl-2-associated X protein. C, Herceptin

binds to the HER2 receptor leading to degradation and prevention of the HER2 from

mediating cellular events that cause cancer. D, Ligand activation of PPARc causes

pleiotropic effects including inducing differentiation and apoptosis, and inhibiting

proliferation and inflammation. E, Keytruda binds to cancer cells expressing pro-

gramed cell death protein 1 (PD-1), which triggers immune cells to attack the can-

cer cells. F, Combining a PPARc agonist with a TKI can collectively target chronic

myeloid leukemia stem cells. Combined, all of these pathways when modulated

with the described drug(s) can cause cell death of the cancer cell(s).
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Leone et al., 2017; Tortorella et al., 2015). This also illustrates the
suitability of using compounds that target more than a single
molecular or cellular pathway to prevent or treat cancer be-
cause they likely explain the enhanced efficacy observed as
compared with other candidate molecules.

HER2 is a membrane bound receptor with intracellular tyro-
sine kinase activity that is often overexpressed in a number of
cancers in particular breast cancer (Coussens et al., 1985; Mitri
et al., 2012). Herceptin (also known as trastuzumab) is a mono-
clonal antibody-based drug that specifically targets HER2/neu
and causes down-regulation of this receptor. This prevents the
intracellular activities of HER2/neu including mitogen-activated
protein kinase, phosphoinositide 3-kinase/protein kinase B, pro-
tein kinase C and signal transducer, and activator of transcrip-
tion 5. In doing so, this drug effectively blocks multiple
pathways by binding to the HER2/neu receptor and blocks
downstream signaling that causes inhibition of cell cycle pro-
gression, induction of apoptosis, and inhibition of cell survival
that collectively stop the tumor from growing. Interestingly,
this drug was initially not effective for all breast cancer patients,
but subsequent studies revealed that it was the breast cancer
patients that exhibited overexpression of HER2/neu who
responded. This and observations from other studies led to the
development of “personalized” medicine based on genomics. In
other words, one required a specific genotype (in this case over-
expression of the HER2/neu gene in their cancer), and if this was
present, then the drug Herceptin was effective. This paradigm
has become increasingly more common and illustrates how
drugs can be used more effectively based on the genetic makeup
of the tumor.

Transcription factors such as nuclear receptors can regulate
drug metabolizing enzymes and many other cell signaling path-
ways. The PPARc is a good example of a receptor that has been
targeted for the prevention and treatment of cancers. Although
this receptor was initially identified and characterized as being
required for adipocyte differentiation (Tontonoz et al., 1994),
subsequent studies demonstrated that activation with specific
ligands could prevent tumorigenesis in preclinical models
(reviewed in Peters et al., 2012). For example, ligand activation of
PPARc can promote terminal differentiation, inhibit cell prolifer-
ation, angiogenesis, migration and invasion, metastasis, and in-
flammation (Frohlich and Wahl, 2015; Glass and Saijo, 2010;
Mueller et al., 1998; Ninomiya et al., 2014; Wan et al., 2011). The
mechanisms that mediate these effects include PPARc-depen-
dent modulation of proteins including CDKs, CYCLINs, MYC,
PTEN, and others that regulate apoptosis and inflammation
(reviewed in Frohlich and Wahl, 2015). This is a good example of
how activating a nodal nuclear receptor can be used to prevent
and treat cancers through mechanisms that target multiple cel-
lular signaling molecules.

Modulation of the immune system has been targeted for
years to prevent and treat different cancers. For many years, the
thought was that chronic inflammation promotes tumorigene-
sis, and thus, antiinflammatory agents such as nonsteroidal
antiinflammatory drugs were used with mixed success for can-
cer prevention (Coussens and Werb, 2002). However, recent dis-
coveries have led to a paradigm shift and now there is solid
evidence that promoting immune cell activities can have pro-
found effects on specific cancers. For example, pembrolizumab
(Keytruda) is a drug that is used to effectively treat subsets of
cancer patients with inoperable melanoma or nonsmall cell
lung cancer (Pardoll, 2012). In order for this drug to function, the
cancer cells must express programed cell death protein 1 ligand
(PD-1L) and not have mutations in the EGFR or anaplastic

lymphoma kinase genes. Keytruda blocks PD1 on lymphocytes,
which allows immune cells to target and destroy cancer cells.
This is accomplished because PD1 typically prevents the im-
mune system from attacking the body’s own cells. There is clear
evidence that targeting the immune system and inflammation
is a complex prospect for cancers and that there may be oppos-
ing mechanisms that can effectively be targeted for preventing
and treating cancers.

As cancer prevention and therapies continue to evolve, tar-
geting more than one cellular or molecular target may provide
even more powerful approaches to increase the efficacy of
treatment for cancer patients. For example, tyrosine kinase
inhibitors (TKIs) have been used to treat chronic myeloid leuke-
mia (CML), but a complete molecular response is not typically
observed. However, treatment with TKI and the PPARc ligand
pioglitazone specifically targeted CML stem cells and was
shown to potentially prevent recurrence of this disease
(Glodkowska-Mrowka et al., 2016; Prost et al., 2015). This is but
one example of how combining agents can more effectively tar-
get molecular and cellular pathways for preventing and treating
cancers and is currently the focus of many studies. The general
thought is that if some inhibition can be obtained with one tar-
get, then trying to target another pathway will markedly im-
prove the clinical outcome for cancer patients. Much hope
remains that combinatorial approaches like this will markedly
improve strategies to prevent and treat cancer.

FUTURE DIRECTIONS

The future of cancer research holds much promise, but there is
likely considerable time that will be required before cures for all
cancers will be obtained. From the early days of discovering
how chemicals can cause cancer in animal models, to more re-
cent times when there are new prevention and treatment strat-
egies that have markedly extended the lifespan of cancer
patients, these advances would not be possible without the con-
tinuum of research that underscores these achievements. There
remains a need to identify molecular and cellular pathways
that are changed before, during and after cells convert from nor-
mal to cancer cells. It would be naı̈ve to suggest that all molecu-
lar and cellular pathways that cause cancer are clearly
understood. And still, given the difference in longevity in cancer
patients observed in 2018 as compared with that observed in
1950, considerable advances have clearly been made. Although
part of this improvement can be attributed to better and more
effective screening strategies (eg, mammography, colonoscopy,
screening for biomarkers, etc.), the advances made in elucidat-
ing the molecular and cellular pathways that drive carcinogene-
sis have also been major contributors to the development of
new drugs and strategies that contribute to the improved prog-
nosis for cancer patients. However, significant gaps in knowl-
edge remain. Learning how to customize the targeting of
pathways based on genomic, proteomic, epigenetic, metabolo-
mic, and microbiome analyses will likely yield major advances,
especially when coupled with higher throughput approaches to
analyze these data with new bioinformatic techniques. It is
likely that combinatorial approaches targeting multiple molecu-
lar and cellular pathways is going to be the most effective way
to prevent or treat cancers; much like the treatment for human
immunodeficiency virus. One major question that has evaded
cancer researchers to date is why and how does genotype influ-
ence efficacy of cancer prevention/treatment? Whether there
will ever be a day when cancer patients will be able to choose
treatments based on genotype/phenotype, and effectively stop
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this disease that affects so many people in the world remains to
be seen but is clearly within our grasp. Thus, while it is possible
to suggest that our current state of knowledge of cancer biology
has been a friend to many cancer patients, .there are many can-
cer patients that likely view the gaps in our knowledge as a foe
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