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A B S T R A C T

Herbal remedies were the first medicines used by humans due to the many pharmacologically active secondary
metabolites produced by plants. Some of these metabolites inhibit cell division and can therefore be used for the
treatment of cancer, e.g. the mitostatic drug paclitaxel (Taxol). The ability of plants to produce medicines tar-
geting cancer has expanded due to the advent of genetic engineering, particularly in recent years because of the
development of gene editing systems such as the CRISPR/Cas9 platform. These technologies allow the in-
troduction of genetic modifications that facilitate the accumulation of native pharmaceutically-active sub-
stances, and even the production heterologous recombinant proteins, including human antibodies, lectins and
vaccine candidates. Here we discuss the anti-cancer agents that are produced by plants naturally or following
genetic modification, and the potential of these products to supply modern healthcare systems. Special emphasis
will be put on proteinaceous anti-cancer agents, which can exhibit an improved selectivity and reduced side
effects compared to small molecule-based drugs.

1. Introduction

1.1. Socio-economic relevance and causes of cancer

Despite decades of medical research, cancer remains a major chal-
lenge to healthcare systems (Yabroff et al., 2011). There was an in-
crease from 6.2 to 8.8 million cancer-related deaths between 2003 and
2015, equivalent to approximately 13% of all deaths worldwide (Bray
et al., 2012; McGuire, 2016; Stewart and Wild, 2014; WHO, 2017). The
cancer-related mortality rate is higher in developing countries than
industrialized countries due to socio-economic conditions that restrict
access to anti-cancer therapies (Sankaranarayanan, 2014). More than
14 million new cancer cases are reported each year, and this is expected
to increase by 26% over the next 35 years due to demographic changes
and improved diagnostics (Pritzkuleit et al., 2010; Rottenberg et al.,
2010). Cancer has a devastating physiological and psychological impact
on patients and their families (Faller et al., 2013; Linden and Girgis,
2012), but on a broader level it also imposes a massive economic
burden on society, with an estimated $895.2 billion in healthcare-re-
lated payments and reduced productivity in 2008 (American Cancer

Society, 2010).
Cancer is not a narrowly-defined condition with a single cause, but a

group of more than 100 different diseases with shared characteristics
(American Cancer Society, 2015). Different cancers have different in-
cidences in particular demographic groups, reflecting genetic, devel-
opmental and environmental factors. For example, breast cancer is
much more common in women than men due to developmental dif-
ferences between the sexes, whereas lung cancer is more common in
men because more men are exposed to environmental triggers through
employment or smoking. Even so, lung cancer is the most frequent
cancer-related cause of death overall, with 1.59 million cases in 2014
(American Cancer Society, 2015; McGuire, 2016).

The common characteristic shared by all types of cancer is that a
subset of cells acquires the ability to undergo rapid and uncontrolled
proliferation. In most cases, this is initially associated with the forma-
tion of spatially-confined primary tumors in the affected tissue (the
exception being hematological malignancies, which arise from blood
cells or their progenitors). Some tumors arrest at this stage and remain
benign and non-invasive, and are not classified as cancers (Silverstein
et al., 2006). However, advanced tumors become progressively more
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dysregulated and malignant: the tumor cells can not only invade ad-
jacent tissues but also detach from the primary tumor, spread through
the blood and/or lymphatic system, and form secondary tumors else-
where, a process known as metastasis (Alberts et al., 2002). Initially, six
properties were proposed to define cancer: (i) self-sufficiency in growth
signals, (ii) insensitivity to anti-growth signals, (iii) evasion of apop-
tosis, (iv) limitless replicative potential, (v) sustained angiogenesis, and
(vi) potential for tissue invasion and metastasis (Hanahan and
Weinberg, 2000). Four additional characteristics have been proposed
more recently: (vii) dysregulated metabolism, (viii) evasion of the im-
mune system, (ix) genome instability, and (x) induction of inflamma-
tion (Hanahan and Weinberg, 2011). However, these properties may
overemphasize the cellular aspects of the disease compared to the im-
pact on tissues (Sonnenschein and Soto, 2013).

The onset of cancer is often spontaneous and linked to abiotic risk
factors such as smoking, high-energy radiation, or carcinogenic che-
mical substances, but genetic predispositions can increase the like-
lihood of disease or reduce the age of onset. Biotic risk factors include
infections with certain viruses (Cummins and Tangney, 2013;
Weinberg, 2006), such as Human papillomavirus (HPV) as the major
cause of cervical cancer (Chen et al., 2015), and presumably Ep-
stein–Barr virus (EBV), which is linked to Burkitt's lymphoma (Brady
et al., 2007), as well as some bacterial infections, e.g. Helicobacter pylori
(Hong et al., 2012). Ultimately, all factors trigger mutations and/or
epigenetic changes in the DNA structure that inactivate tumor sup-
pressor genes such as TP53 (Bieging et al., 2014) or activate proto-
oncogenes such as HER-2 (Chial, 2008). Some of the factors can im-
mediately cause mutations including: (i) the induction of point muta-
tions by alkylating agents, nucleoside analogs or intercalating chemi-
cals, (ii) the erroneous repair of DNA double strand breaks induced
predominantly by radiation, or (iii) the integration of foreign DNA,
disrupting the original genetic context and causing aberrant gene ex-
pression as observed for some viruses (Akagi et al., 2014). Other factors
act indirectly, e.g. by inducing chronic inflammation or infections that
promote the proliferation of a subset of cells, e.g. B-lymphocytes, in-
creasing the likelihood of uncontrolled growth as assumed for EBV in
Burkitt's lymphoma.

1.2. Cancer therapy strategies

Due to the heterogeneous nature of cancer there is no universal
treatment, but four different general approaches have evolved, which
can be applied either alone or in combination (Sudhakar, 2009).

1.2.1. Surgery
Surgery involves the physical removal of malignant tumor tissue,

which in theory can provide a complete cure with a single treatment.
However, a small number of residual cancer cells may remain at the
excision site, eventually leading to the formation of a new tumor, or
pre-malignant cells can be activated. This can be prevented by ex-
panding the excision to adjacent healthy tissue although this can have
severe side effects, especially in the case of brain tumors, and does not
necessarily increase the survival rate (Hernandez et al., 2009; Kubota,
2011). If metastasis has occurred, it can be difficult to locate and re-
move all small secondary tumors, which is why surgery is often com-
bined with chemotherapy or radiotherapy to increase the likelihood of
a cure (Salama and Chmura, 2014).

1.2.2. Radiotherapy
In radiotherapy, tumor tissue is deliberately exposed to X-rays or

gamma rays in order to induce DNA damage that cannot be repaired in
rapidly-dividing cancer cells, causing them to arrest during DNA re-
plication and undergo apoptosis. The accuracy of radiotherapy is lim-
ited because ensuring that tumor cells receive a lethal dose necessarily
exposes surrounding healthy cells to lower but still harmful doses of
radiation. DNA repair is more efficient in healthy cells but nevertheless

they are often damaged or even killed (Bernstein and Bernstein, 2015;
Gajecka et al., 2005). The side effects of radiotherapy can therefore
include the temporary depletion of hematopoietic precursor cells, and
in the longer term may even induce mutations that lead to other forms
of cancer (Berrington de Gonzalez et al., 2011; Mauch et al., 1995). The
effectiveness of radiotherapy requires a sufficient supply of oxygen
because the limited direct effect of radiation on DNA is boosted by the
generation of mutagenic free radicals when the radiation interacts with
oxygen molecules. However, hypoxia often occurs in large solid tumors,
which means that radiotherapy is less effective in this context (Harrison
et al., 2002).

1.2.3. Chemotherapy
Chemotherapy refers to the treatment of cancer with drugs con-

taining low molecular mass active pharmaceutical ingredients (APIs),
such as the abovementioned plant-derived mitotic inhibitor paclitaxel
(Chabner and Roberts Jr, 2005). This approach is advantageous because
the APIs can typically circulate relatively freely within body fluids,
allowing them to reach tumor sites following injection into the blood,
and the drugs can also kill remote and circulating cancer cells as well as
small, undetectable secondary tumors even if their precise location is
unknown (Polireddy and Chen, 2016). Chemotherapy can also be
combined with radiotherapy to increase therapeutic efficacy (Shahid,
2016). However, the efficacy of chemotherapy largely depends on the
ability of the drug to penetrate tumor tissue, which is often impaired in
large, solid tumors due to the limited vascularization (Minchinton and
Tannock, 2006).

The first generation of chemotherapeutics were developed to disrupt
the metabolic and/or mitotic activity of rapidly dividing cells, whereas
the second generation instead targeted signaling components, such as
protein kinases and growth factor receptors (Chabner and Roberts,
2005). For example, paclitaxel is a first-generation drug that disrupts
mitosis by preventing tubulin depolymerization, whereas gefitinib is a
second-generation drug that inhibits signaling via the epidermal growth
factor receptor (Chabner and Roberts, 2005; Wani and Horwitz, 2014).

Some APIs used as anti-cancer agents have a simple molecular
structure facilitating their production by chemical synthesis (Neidle and
Thurston, 2005), but most of them are complex molecules that must be
produced using biotechnology (Baldi et al., 2008; Howat et al., 2014).
Paclitaxel falls into the latter category. This compound was originally
isolated from the bark of the Pacific yew tree (Taxus brevifolia) (Wani
and Horwitz, 2014), but is now produced in transgenic plant cell sus-
pension cultures at the 75,000-L scale (Zhong, 2002). Many che-
motherapeutic agents are selective rather than specific in terms of the
cells they affect, i.e. some act on all rapidly dividing cells including
those found in tumors but also those in healthy tissues, such as hair
follicle cells and B-lymphocytes. As a consequence, typical side effects
of chemotherapy include hair loss and a compromised immune system
(Sfikakis et al., 2005; Trueb, 2010).

1.2.4. Immunotherapy
Immunotherapy harnesses the immune system in the fight against

cancer, and is the most selective treatment approach and therefore the
treatment associated with the least severe side effects (Caspi, 2008;
Schuster et al., 2006). Chemotherapy can be combined with im-
munotherapy (Bang et al., 2010). The APIs used in immunotherapy are
often proteins or peptides, including prophylactic or therapeutic vac-
cines to prevent the onset of cancer before or after exposure to biotic
risk factors, as seen with the vaccines against HPV to prevent cervical
cancer (De Vincenzo et al., 2013; Poljak, 2012). Other strategies focus
on the introduction of cytokines to manipulate the immune response, or
use antibody therapy to target cancer cells in the same way that anti-
bodies normally target pathogens (Schuster et al., 2006).

In the latter case, monoclonal antibodies (mAbs) are directed
against cancer-specific cell surface structures. Such structures can in-
clude receptors and other surface proteins that are overexpressed in
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