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Abstract

Anticancer drugs research and development have been the largest market area in the
pharmaceutical industry in terms of the number of project, clinical trials and spend-
ing. In the last 10 - 30 years, targeting therapy for cancers has been developed and
achieved enormous clinical effectiveness by transforming some previously deadly
malignancies into chronically manageable conditions, but cure problem still remains.
This mini review outlined the current status of anticancer drugs development and
hinted the opinions of how to further increase the accuracy and efficacy of discovery
for cancer treatment.
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1. Introduction

Cancer is one of the leading causes of human death which is estimated at 8.2 million
and will likely rise to 13 million worldwide per year till 2030 [1], and oncology has be-
come the largest therapeutic area in the pharmaceutical industry in terms of the num-
ber of project, clinical trials and research and development spending [2]. Although in
the past decade, there is an explosion in our understanding of cancer biology with
many new potential disease targets, the ability to translate these advances into therapies
is poor, with a failure rate approaching 90%. As declining of expenditure on research
and development by pharmaceutical companies while rising of the cost of bringing a

new molecular entity to market, the so-called “Valley of Death” in anticancer drug de-
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velopment becomes a highly complex problem [3]. In this mini review, the curiosi-
ty-driven research coupled with rigorous preclinical and clinical drug discovery prac-
tices used in industry is outlined and opinion of how to increase the accuracy and effi-

cacy of anticancer drug discovery is suggested.

2. Anticancer Drugs Developed from Chemotherapy to Targeted
Therapies

For over 50 years, the search for anticancer drugs has been governed by the fact that
tumor cells replicate more rapidly than normal cells and that DNA is the most impor-
tant molecule in cell division. As a result, DNA is often the therapeutic target of anti-
cancer drugs, and the vast majority of the currently used drugs cause DNA damage, in-
terrupting cell division and subsequently causing cell death [4]. But in the last 10 - 30
years, a new era of cancer therapy has emerged, with the treatment of cancers moving
away from the use of cytotoxic drugs and nonspecific chemotherapy to chronic oral
treatment with targeted molecular therapies [5]. Tamoxifen, selectively modulates oes-
trogen receptors, is considered as the first example of an oral “targeted” anticancer
therapy since it was introduced into the clinic some 30 years ago and the introduction
of rituximab for B cell lymphoma in the late 1990s inaugurated a new era of cancer
therapy showcasing mAbs [5] [6].

The knowledge of several functional molecular and biological traits that distinguish
tumor cells from normal cells, known as the hallmarks of cancer, has led to new and
modern therapeutic approaches against this disease. Most cancer drugs are deliberately
developed for specific molecular targets that involve these hallmarks. There are ten dis-
tinct characteristics of cancer cells that result in tumor growth and metastasis includ-
ing: sustaining proliferative signaling, evading growth suppressors, resisting cell death,
enabling replicative immortality, activating invasion and metastasis, and inducing an-
giogenesis, genome instability and mutation, deregulating cellular energetics, tumor-
promoting inflammation, and avoiding immune destruction [4]. Based on these hall-
marks of target discovery, a significant amount of biopharmaceuticals, such as small
molecules, monoclonal antibodies and non-antibody proteins have been developed and
applied to treat various cancers [2] [7]. At present, over 200 anticancer biopharmaeuti-
cals have been approved, with many more at various stages of preclinical development,
or clinical Phase I and II trials [2] [8] [9]. All these drugs constitute vivid examples of
the emerging field of personalised medicine, with the potential to be used in cancer pa-
tients either as single agents or in combination therapy which are now revolutionising
cancer treatment by transforming some previously deadly malignancies into chronically
manageable conditions. Nevertheless, primary or secondary drug resistance, persistence
of cancer stem cells and drug adverse effects still limit their ability to stabilise or cure
malignant diseases in the long term [5]. Though oral administration of these drugs is
associated with a better quality of life but poor tolerability and therapeutic failure are
not uncommon, and relapse is a nearly inevitable consequence of treatment interrup-

tion [5]. Moreover, this shift to targeted agents is creating new paradigms in cancer
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care, with drug adherence becoming a more critical issue with increased numbers of
oral chemotherapeutics [5] [10].

The mechanism of drug resistance in targeted therapy of cancer is broadly and deeply
associated with tumor heterogeneity and may be involved in selective pressure provided
by therapy [11], for example, targeted therapy with B-Raf serine/threonine-protein ki-
nase, anaplastic lymphoma kinase or epidermal growth factor receptor kinase inhibitors
induces a complex network of secreted signals in drug-stressed human and mouse me-
lanoma and human lung adenocarcinoma cells. This therapy-induced secretome stimu-
lates the outgrowth, dissemination and metastasis of drug-resistant cancer cell clones
and supports the survival of drug-sensitive cancer cells, contributing to incomplete tu-
mour regression [10]. Another example is that: a patient with metastatic breast cancer
bearing an activating phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic subunit
alpha mutation was treated with its inhibitor BYL719, which achieved a lasting clinical
response, but the patient was eventually became resistant to this drug and died shortly
thereafter; a rapid autopsy was performed and found that all metastatic lesions, when
compared to the pre-treatment tumor, had a copy loss of phosphatase and tensin homo-
log and those lesions that became refractory to BYL719 had additional and different
phosphatase and tensin homolog genetic alterations, resulting in the loss of phosphatase
and tensin homolog expression [11].

It is very important for translational studies of targeted agents to have the poten-
tial to produce more clinically relevant data not only to guide “go/no-go” decisions
but also to investigate resistance pathways and rational drug combinations [12] [13].
Current efforts to understand resistance often center on two different strategies. One
approach is to model the development of resistance in vitro using sensitive cell line
models that are exposed to a specific targeted therapy until resistance emerges [14].
A second approach focuses on the genetic analyses of resistant biopsies to identify
new genetic anomalies that could be driving resistance [15]. Successful use of anti-
cancer designer drugs is likely to depend on simultaneous combinations of these
drugs to minimize the development of resistant cancer cells. Considering the know-
ledge base of cancer signaling pathways, mechanisms of designer drug resistance
should be anticipated, and early clinical trials could be designed to include arms that
combine new drugs specifically with currently US Food and Drug Administra-
tion-approved drugs expected to blunt alternative signaling pathways which can be
assessed at http://www.alternativesignalingpathways.com, and a software was de-
veloped to systematically identify signaling pathways that could facilitate resistance
to drugs targeting a particular protein. This prototype software will inspire routine
considerations of combining drugs in clinical trials in a way that anticipates designer

drug resistance [16].

3. Anticancer Drugs Developed from Targeting Redox Balance of
Cancer Cells

The role of redox signaling in cancer progression is well accepted. In general, a higher

764

4

Xd
X4

*%
0’:

¥,

Scientific Research Publishing

L <y


http://www.alternativesignalingpathways.com/

J.J. Xu, W. W. Mao

level of reactive oxygen species (ROS) is essential for cancer cell survival, proliferation,
and metastasis via the regulation of redox signaling [17]. ROS are usually defined as
oxygen-containing chemical species with high reactive properties and include superox-
ide anion, hydrogen radical, and nonradical molecules such as hydrogen peroxide. ROS
were initially considered harmful to cells due to their interaction with, and irreversible
damage to, biomolecules, e.g., proteins, lipids, and nucleic acids. Nonetheless, ROS can
function as second messengers of signaling transduction in cellular physiology and cell
stress responses, and can regulate multiple cancer related signaling pathways via re-
versible oxidative posttranslational modifications of cysteine in key redox-sensitive
proteins, which leads to the structural and functional change of these proteins [18].
This indicates that ROS are in a certain central node of complex signaling networks in-
side a cell and altered redox regulation is a general phenotype of many cancers and has
a crucial role in cancer etiology, progression and metastasis, targeting the cancer phe-
notype using a inducing/reducing cellular ROS level approach or targeting redox sen-
sors involved in cancer may tackle the problem of intra-tumor heterogeneity and be
more widely applicable to a range of tumors [19]. Therefore these therapeutic strategies
comparing with targeting the genetic defects hold great potential to develop new ap-
proaches for anticancer treatment because targeting genetic defects in a personalized
strategy is limited by the high degree of intra-tumor heterogeneity, adaptation of ge-
netic networks and high somatic mutation rates in cancer. However, due to the com-
plex delicate redox balance, ie, ROS can serve useful and protective functions at low
levels and harmful and destructive functions at high levels, the therapeutic targeting
cellular redox pathways for cancer therapy need to be highly selective. Thus, the devel-
opment of redox-active nanomaterials is an interesting approach to improve selectivity
and outcome of cancer treatments [20]-[23].

Currently there are two promising strategies of research and development involved
in targeting ROS inducing/reducing or related pathways. The one is to target the func-
tion of endoplasmic reticulum (ER) where eukaryotic cells fold and assemble mem-
brane and secreted proteins before delivery to other cellular compartments or the
extracellular environment [24]-[26]. Correctly folded proteins are released from the ER,
and poorly folded proteins are retained until they achieve stable conformations; irre-
parably misfolded proteins are targeted for degradation. Increased ROS in cancer cells
can overwhelm ER protein quality control, leading to misfolded protein buildup, caus-
ing ER stress. To cope with ER stress, eukaryotic cells activate the unfolded protein re-
sponse to facilitate cancer proliferation by increasing levels of ER protein-folding en-
zymes and chaperones, enhancing the degradation of misfolded proteins, and reducing
protein translation, thus targeting these ER hosted dynamic signaling network can lead
increase or decrease of ROS levels in cancer cells and thereby influence overall cell fate
[27]. These ER targets include inositol-requiring enzyme-1, protein kinase R-like en-
doplasmic reticulum kinase, and activating transcription factor-6 [26], glucose-regul-
ated proteins [28] [29], heat shock proteins [29]-[31], endoplasmic reticulum disulfide
oxidase [32] [33], peroxiredxins and glutathione peroxidases [34]. Efforts to develop

KD
+%%, Scientific Research Publishing

765



J.J. Xu, W. W. Mao

small-molecule inhibitors, or monoclonal antibody/non-antibody proteins/vaccines
targeting to these targets are underway, several of which have shown high potency and
as well as selectivity in preclinical or clinical trials [27] [35].

The second strategy is to target perturbation of glycolysis and oxidative phosphoryla-
tion in cancer cells. Nearly a hundred years of scientific research has revealed that can-
cer cells rewire their metabolism and prefer to utilize aerobic glycolysis rather than mi-
tochondrial oxidative phosphorylation for glucose-dependent ATP production, which
is thought to generate high intracellular levels of lactate and reactive oxygen species
(ROS) [36] [37]. The detoxification of these accumulating metabolites and the equili-
brium between reduced and oxidized nicotine adenine dinucleotide are two prominent
mechanisms regulating redox status and hence energy homeostasis in tumors. Target-
ing both processes may thus be selectively cytotoxic for cancer cells [37]. Multiple gly-
colytic targets related to this complex biochemical process has been studied and under
developing including lactate dehydrogenase which catalyzes the reduction of pyruvate
by reduced nicotinamide adenine dinucleotide to form lactate [38] [39], poly (ADP-
ribose) polymerases which utilize oxidized nicontinamide adenine dinucleotide as a
substrate to catalyze the attachment of ADP-ribose polymers to target proteins [37]
[40], energy metabolism links to ATP supply pathways [41] [42], a nucleotide pool sa-
nitizing enzyme protein which sanitizes oxidized dNTP pools to prevent incorporation
of damaged bases produced by increased ROS in cancer cells [19] [43] [44]. Based on
the preclinical success of both approaches, some metabolic inhibitors of these targets

are now entering clinical trials (http://www.clinicaltrials.gov/) [37].

4. Anticancer Drugs Developed from Anti-Tumor Immunity

The development of human cancer is a multistep process characterized by the accumu-
lation of genetic and epigenetic alterations that drive or reflect tumor progression.
These changes distinguish cancer cells from their normal counterparts, allowing tumors
to be recognized as foreign by the immune system. However, tumors are rarely rejected
spontaneously, reflecting their ability to maintain an immunosuppressive microenvi-
ronment [45]-[47] which is now known as immune tolerance. Multiple mechanisms
used by tumor cells, including alteration of the antigen presentation machinery or se-
cretion of immunosuppressive factors that can induce apoptosis of lymphocytes or ac-
tivate negative regulatory pathways, can induce immune tolerance and limit the effec-
tiveness of the immune response [48]. Documented studies have demonstrated many
cancer-induced cells, cytokines and molecules contribute to the development of im-
mune tolerance, including regulatory T cells, myeloid-derived suppressor cells, tumor-
associated macrophages and other suppressor lymphocyte subsets such as interleu-
kin-10 producing B cells, B regulatory cells, cytokines such as interleukin-10, trans-
forming growth factor-beta and colony stimulating factor 1 [45] [48]-[50]. In addition,
programmed death-1 and cytotoxic T lymphocyte antigen-4 are inhibitory receptors
expressed on T cells or NK cells, and interactions with their ligands lead to inhibitory

signal transduction of immune response. Immune tolerance hampers cytotoxic T lym-
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phocytes and natural killer cells from recognizing and eliminating tumor cells, stimu-
lates tumor growth [50]-[54].

An effective antitumor immune response depends on breaking of immune tolerance
which is the most exciting strategy for cancer immunotherapy. It requires processing of
tumor-associated antigens by dendritic cells, presentation of antigens to antigen spe-
cific T cells, activation and proliferation of those T cells, and maintenance of the T-cell
response long enough for the T cells to effectively eliminate the cancer. Effectiveness
can result from activation at any point in this process. Cancer immunotherapy strate-
gies designed to break tolerance can be broadly classified on the basis of the point in
this process where the intervention takes place. Such strategies include adoptive trans-
fer of immune effectors, vaccination, and immunomodulatory therapy. Adoptive trans-
fer of immune effectors such as antitumor mAb and chimeric antigen receptor T cells
bypasses many of the mechanisms involved in immune tolerance by allowing for ex-
pansion of tumor-specific effectors ex vivo. Vaccination with whole tumor cells, pro-
tein, peptide, or dendritic cells has proven challenging, yet may be more useful when
combined with other cancer immunotherapeutic strategies. Immunomodulatory ap-
proaches to cancer immunotherapy include treatment with agents that enhance and
maintain T-cell activation [38]. Many antibodies, cytokines, vaccines, and adoptive cell
therapies are under development and some have been in the market, for example, ipi-
limumab and nivolumab are the latest and most potent monoclonal antibodies of cyto-
toxic T-lymphocyte antigen 4 and programmed death 1 expressed on T cells, respec-
tively. Blocking those two inhibitory receptors keeps T cells active [48] [54]-[60]. Ano-
ther example is the recent approval of the use of dinutuximab combination therapy for
the treatment of high-risk neuroblastoma in paediatric patients. Dinutuximab is an
IgG1 human/mouse chimeric switch variant of murine monoclonal antibody 14G2a,
binds to a glycolipid found on the surface of tumour cells, which is overexpressed in
neuroblastoma, and induces antibody-dependent cell-mediated cytotoxicity and com-
plement-dependent cytotoxicity. The antibody by itself did not had a lot of activity
against cancer, but once combined with IL-2, GM-CSF and 13-cis retinoic acid, its di-
rected cellular cytotoxicity was greatly increased and a major increase in real cures was
achieved [61].

5. Perspectives

In the past two decades, remarkable advances in basic science have led to new strategies
for the treatment of cancer, which are justifiably generating optimism that it may soon
be possible to cure a subset of patients with some types of cancer. Based on genomic
sequencing of an individual’s cancer cells, the mutations can then be targeted with
compounds to block the downstream pathways that drive cancer development and
progression and a more personalized treatment is achieved [62], further if combined
with phenotype targeting drugs and/or immunotherapy, enormous effectiveness of
cancer treatment has been observed; however the balance of risks and benefits for every

combination has to be carefully evaluated in clinical trials because each therapy adds
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adverse effects [2] [63]. In addition, it is very worth mentioning that increasing evi-
dence has shown that low dose radiation therapy/chemotherapy helps to break immune
tolerance in patients with cancer and generate potent antitumor immune responses
[64]-[67]. Thus if combination therapy is properly done, it seems likely that cures for
many types of cancer will soon become reality.
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