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Abstract: The focus of this Special Issue of Pharmaceuticals is on the design, synthesis, and molecular
mechanism of action of novel antitumor, drugs with a special emphasis on the relationship between
the chemical structure and the biological activity of the molecules. This Special Issue also provides an
understanding of the biologic and genotypic context in which targets are selected for oncology drug
discovery, thus providing a rationalization for the biological activity of these drugs and guiding the
design of more effective agents. In this Special Issue of Pharmaceuticals dedicated to anticancer drugs,
we present a selection of preclinical research papers including both traditional chemotherapeutic
agents and newer more targeted therapies and biological agents. We have included articles that
report the design of small molecules with promising anticancer activity as tubulin inhibitors, vascular
targeting agents, and topoisomerase targeting agents, alongside a comprehensive review of clinically
successful antibody-drug conjugates used in cancer treatment.

Keywords: snticancer drugs; cancer drug design; cancer immunotherapy; conjugate and hybrid
drugs, cisplatin resistance, topoisomerase inhibitors; microtubule targeted drugs

We have great pleasure in accepting the invitation to be guest editors for this Special Issue of
“Pharmaceuticals”. This volume presents reviews and original research papers by experts on a wide
range of topics relevant to the topic of “Anticancer Drugs” and includes contributions relevant to both
traditional chemotherapeutic agents and newer targeted therapies and biological therapeutics.

The global cancer burden is estimated by the World Health Organization at 18.1 million new cases
and 9.6 million deaths in 2018 [1]. One in five men and one in six women worldwide are predicted to
develop cancer during their lifetime, while one in 8 men and one in 11 women will die from the disease.
The leading types of cancer worldwide in terms of the number of new cases are cancers of the lung and
female breast; the largest number of deaths annually is from lung cancer (1.8 million deaths, 18.4% of
the total), attributed to the poor prognosis for this cancer, followed by colorectal cancer (881,000 deaths,
9.2%), stomach cancer (783,000 deaths, 8.2%), and liver cancer (782,000 deaths, 8.2%).

This is an exciting era for cancer drug discovery and development and presents enormous
opportunities for medicinal chemists, chemical biologists, and molecular biologists. In this Special
Issue, we highlight both the opportunities and challenges available in the discovery and design
of innovative cancer therapies, novel small-molecule cancer drugs, and antibody–drug conjugates.
We hope to demonstrate the potential for future research in these areas. The transition from traditional
cytotoxic chemotherapy to more targeted cancer drug discovery has resulted in an increasing selection
of tools available to oncologists for cancer treatment. Continued research on the design of effective
oncology drugs for application in chemotherapy has improved our understanding of the mechanism
of the action of these drugs, expanded their activity/function spectrum, and unlocked new applications
for improved patient outcomes. Chemotherapy is one of the most powerful tools available for treating
cancer, and research continues to find new chemotherapy drugs, as well as new uses for existing ones.
Newer types of drugs are being developed that attack cancer cells in different ways. These drugs

Pharmaceuticals 2019, 12, 134; doi:10.3390/ph12030134 www.mdpi.com/journal/pharmaceuticals1
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include targeted therapies that are designed to attack cancer cells while demonstrating less damage to
normal cells. Immunotherapies use the body’s own immune system to find and destroy cancer cells.

The development and availability of new effective oncology drugs is encouraging. The FDA
(U.S. Food and Drug Administration) approved 8 drugs for orphan cancer indications in 2017 and
12 cancer drugs (26% of the total approvals), including 2 landmark approvals, to the first Chimeric
Antigen Receptor (CAR)-T cell therapies. The approval of the IDH2 inhibitor enasidenib is also
noteworthy, demonstrating that drugs can target cancer cells by blocking cancer-specific metabolic
pathways. In 2018, the FDA approved 19 applications for new cancer drug and biologics, as well as
38 supplemental indications and 4 biosimilars [2]. In 2018, the FDA granted its second-ever approval
for a ‘tissue-agnostic’ drug to treat tumors with a specific genetic change regardless of cancer type,
and a second-ever biosimilar drug to treat cancer was approved. In 2018, 8 of 10 of the top selling
pharmaceuticals were large molecules, and 6 out of 10 have cancer-related indications. Among the
cancer drugs approved to date by the FDA in 2019 are selinexor, a first-in-class selective inhibitor
of nuclear export for treating adult patients with relapsed or refractory multiple myeloma (RRMM).
However, despite intense efforts and the discovery of many effective targeted therapies, oncology drug
development remains challenging; combination therapy may be the future for oncology patients.

It is recognized that cancer is a multifactorial disease and the genesis and progression of the
disease are extremely complex. One of the major problems in the development of anticancer drugs is
the emergence of multidrug resistance and relapse. Classical chemotherapeutic drugs directly target
the DNA of the cell, but mutations enable the cell to develop resistance. More recent developments in
the availability of anticancer drugs include molecular-targeted therapy such as targeting the proteins
with abnormal expression inside the cancer cells, and the design and subsequent development of new
anticancer small molecule agents. In recent years, many promising drug targets have been identified
for effective exploitation in the treatment of cancer. Targeted chemotherapies are successful in certain
malignancies; however the effectiveness has often been limited by drug resistance and side effects on
normal tissues and cells. Their often high cost also precludes access to these agents by many patients
who could potentially benefit.

Many types of cancers are responsive to the “traditional” chemotherapy drug treatments,
for example, alkylating agents, intercalating dugs, topoisomerase inhibitors, antimetabolites,
and antimitotic drugs, as well as the more recently identified targeted therapies such as various
kinase inhibitors. The targeted monoclonal antibodies have been proven to be spectacularly successful
in specific cancers. A limited number of cancers can be completely cured using these treatment
approaches. However, the success of cancer treatments varies enormously depending on the specific
type of cancer diagnosed and stage of diagnosis.

Resistance exists against every effective anticancer drug and can develop by numerous mechanisms.
Many patients exhibit intrinsic and acquired resistance to treatment with chemotherapeutic anticancer
drugs and become refractory to treatment. Drug resistance can be caused by different mechanisms
depending on the structure and action of the drug, including multi-drug resistance (MDR), cell death
inhibition (apoptosis suppression), alterations in drug metabolism, epigenetic and drug targets,
enhancement of DNA repair, and gene amplification. The development of MDR to chemotherapy
remains a major challenge in treating cancer.

With the development of genomic profiling technologies and selective molecular targeted therapies,
the use of biomarkers plays an increasingly important role in the clinical management of cancer patients.
To achieve a more comprehensive understanding of current research activities in the area of anticancer
drugs, contributions of reviews and original research articles covering the different facets of anticancer
drug research are now collected in this Pharmaceuticals Special Issue on “Anticancer Drugs”. The focus
of this Special Issue is on the design, synthesis, and molecular mechanism of action of novel antitumor
drugs and on the relationship between the chemical structure and biochemical reactivity of the
molecules. This Special Issue provides an understanding of the biologic and genotypic context in
which targets are selected for oncology drug discovery, thus allowing rationalization of the activity
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of these drugs and guiding the design of more effective agents. This Special Issue of Pharmaceuticals
on “Anticancer Drugs” addresses a varied selection of preclinical research areas, including both
traditional chemotherapeutic agents and newer more targeted therapies and biological agents. We have
included articles describing the design of small molecules with promising anticancer activity as tubulin
inhibitors, vascular targeting agents, and topoisomerase targeting agents, alongside a comprehensive
review of antibody–drug conjugates. In addition, promising drug candidates under various phases of
preclinical clinical trials are also described. Multi-acting drugs that simultaneously target different
cancer cell signaling pathways may facilitate the design of effective anti-cancer drug therapies. The
specific topics include synthesis and evaluation of novel small molecules targeting biomolecules such
as tubulin and topoisomerase; development of novel nanocarrier drug delivery systems for cytotoxic
cisplatin, cisplatin resistance in oesophageal cancer, approaches to treatment of 5-fluorouracil-induced
intestinal mucositis; mechanism of action of the anti-prostate cancer drug abiraterone; a study of
[18F]FDG-PET/CT in clinical oncology; cyclooxygenase-1 (COX-1) and COX-1 inhibitors in cancer;
and chemistry and clinical implications of antibody–drug conjugates for cancer therapy.

Chemotherapy is widely used to treat cancer, which is the second leading cause of death worldwide.
Nonspecific distribution and uncontrollable release of drugs in conventional drug delivery systems
have led to the development of smart nanocarrier-based drug delivery systems, which are also known
as smart drug delivery systems (SSDS) as an alternative to chemotherapy. SDDSs can deliver drugs
to the target sites with reduced dosage frequency and in a controlled manner to reduce the side
effects experienced in conventional drug delivery systems. Makharza et al. describe selective delivery
of the widely used chemotherapeutic drug cisplatin to glioblastoma U87 cells by the design of a
hybrid nanocarrier composed of magnetic γ-Fe2O3 nanoparticles and nanographene oxide [3]. They
demonstrated negligible toxicity for the nanoparticle system; the anticancer activity of cisplatin was
retained with loading onto the carrier, together with control of drug delivery at the target site. Although
cisplatin is one of the most widely used chemotherapeutic drugs for the treatment of solid tumors,
the development of resistance hinders the success of this drug in the clinic.

The study by Buckley et al. provides novel insights into the molecular and phenotypic changes
in an isogenic oesophageal adenocarcinoma model of acquired cisplatin resistance in oesophageal
adenocarcinoma [4]. Key differences that could be targeted to overcome cisplatin resistance are
identified in this study, including differences in treatment sensitivity, gene expression, inflammatory
protein secretions, and metabolic rate in their model. It is of interest that cisplatin resistant cells have
an altered metabolic profile under normal and low oxygen conditions. The molecular differences
identified in this study, for example, increased sensitivity to radiation and 5-fluorouracil of cisplatin
resistant cells, provide novel insight into cisplatin resistance in oesophageal adenocarcinoma. The
authors have identified potential molecular processes that could be targeted to overcome cisplatin
resistance and improve therapeutic outcomes for oesophageal adenocarcinoma patients.

Even with the emergence of targeted therapies for cancer treatment, natural products and their
derivatives that target microtubules are some of the most effective drugs used in the clinical treatment
of solid tumors and hematological malignancies. Many natural products have been discovered that
bind to tubulin/microtubules and disrupt microtubule function. Although these drugs inhibit mitosis,
emerging evidence indicates that their actions are complex and inhibit signaling events important
for carcinogenesis. Microtubule-targeted drugs are essential chemotherapeutic agents for various
types of cancer, for example, taxol and the vinca alkaloids such as vincristine and vinblastine. The
design and evaluation of novel small molecules that target mitosis continues to attract the interest of
medicinal chemists. Microtubules are an important target for structurally diverse natural products,
and a fuller understanding of the mechanisms of action of these drugs will promote their optimal use.
A series of 3-vinyl-β-lactams (2-azetidinones) was designed, synthesized, and evaluated as potential
tubulin polymerization inhibitors in breast cancer cells by Wang et al [5]. The compounds inhibited
the polymerization of tubulin, and were shown to interact at the colchicine-binding site on tubulin,
resulting in significant G2/M phase cell cycle arrest and mitotic catastrophe. These compounds are
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promising candidates for development as antiproliferative microtubule-disrupting agents. Continued
efforts to identify the effects of microtubule targeting agents on oncogenic signaling pathways will
provide opportunities to discover therapeutic uses for these drugs.

Ellipticines have well documented anticancer activity, based on the structure of the alkaloid
ellipticine, which inhibits the enzyme topoisomerase II via intercalative binding to DNA in particular.
The anti-tumor alkaloid ellipticine and its derivatives act as potent anticancer agents via a combined
mechanism involving cell cycle arrest and induction of apoptosis. The prevalent DNA-mediated
mechanisms of anti-tumor, mutagenic, and cytotoxic activities of ellipticine are DNA intercalation,
inhibition of DNA topoisomerase II activity, and covalent binding to DNA. However, owing to
limitations in synthesis and coherent screening methodology, it has not been possible to achieve the
full structure-activity relationship (SAR) profile of this important anticancer class to date. Miller et al.
have addressed this issue, and have explored the anticancer activity of this potent natural product by a
series of substitutions on the heterocyclic structure [6]. The synthesis of a panel of novel 11-substituted
ellipticines is described, with two specific derivatives showing potency and diverging cellular growth
effects on cancer cell lines on a panel of 60 National Cancer Institute (NCI) cell lines.

Side effects of chemotherapy can limit its usefulness. Intestinal mucositis is a common complication
associated with 5-fluorouracil (5-FU) treatment, a chemotherapeutic agent used for colon, oesophageal,
stomach, breast, pancreatic, and cervical cancers. Miranda et al. have evaluated the effects of Cashew
gum (bark exudate from Anacardium occidentale L.) as a potent anti-inflammatory agent on experimental
intestinal mucositis induced by 5-FU [7]. Use of Cashew gum, as a versatile polymer scaffold material
in formulating pharmaceuticals, is of considerable interest owing to the polymer’s biocompatibility,
low toxicity, and biodegradability. The authors report that Cashew gum prevented 5-FU-induced
histopathological changes and decreased oxidative stress through decrease of malondialdehyde
levels and increase of glutathione concentration. The authors suggest that Cashew gum reverses
the effects of 5-FU-induced intestinal mucositis. Cashew gum decreases inflammation, oxidative
stress, and intestinal injury induced by 5-fluorouracil in the duodenum. The effects of Cashew gum
were found to be related to the cyclooxygenase-2 (COX-2) pathway. Cashew gum attenuated an
inflammatory process by decreasing myeloperoxidase activity, intestinal mastocytosis, and interleukin
(IL)-1β and cyclooxygenase-2 (COX-2) expression. The co-administration of Cashew gum and celecoxib
completely reversed COX-2 and IL-1β expression and the intestinal injury induced by 5-FU. It is
suggested that Cashew gum has potential application in the development of novel treatments for
intestinal mucositis owing to 5-FU and other antineoplastic agents.

Knowledge about the specificity of the cytochrome P450 CYP17A1 enzyme activities is of
importance for the development of treatments for the polycystic ovary syndrome and inhibitors
for prostate cancer therapy. Androgens have an important role in the development of both normal
prostate epithelium and prostate cancer and variants of genes involved in androgen metabolism
may be linked to an increased risk of prostate cancer. Cytochrome P450 17α-hydroxylase/17,20-lyase
(CYP17A1) is a key regulatory enzyme in the steroid metabolism; it catalyses both 17,20-lyase and
17α-hydroxylase transformations and is essential for the biosynthesis of androgens and glucocorticoids.
Fernández-Cancio et al. discuss the mechanism of the dual activities of human CYP17A1 and
the interaction of this enzyme with the anti-prostate cancer drug abiraterone [8]. These results are
presented in their studies of a novel V366M mutation causing 17,20 lyase deficiency. Molecular dynamics
simulations are effectively used to demonstrate how the V366M mutation facilitates a mechanism for
dual activities of human CYP17A1 requiring the conversion of pregnenolone to 17OH-pregnenolone,
which re-enters the active site for conversion to dehydroepiandrosterone. The effectiveness of the
anti-prostate cancer drug abiraterone as a potent inhibitor of CYP17A1 is rationalized.

Positron emission tomography (PET) is a functional imaging modality widely used in clinical
oncology. Over the years, the sensitivity and specificity of PET has improved with the advent of
specific radiotracers, increased technical accuracy of PET scanners, and incremental experience of
radiologists. The potential influence of individual molecular markers of glucose transport, glycolysis,
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hypoxia, and angiogenesis, in addition to the relationships between these key cellular processes and
their influence on fluorodeoxyglucose (FDG) uptake, is reviewed by O’Neill et al [9]. The potential
role for biomolecular profiling of individual tumors to predict positivity on 18F-fluorodeoxyglucose
(18F-FDG) positron emission tomography/computed tomography (PET/CT) imaging is discussed with
a view of enhancing accuracy and clinical utility.

Cancer may originate in the chronic inflammation setting associated with persistent infections,
immune-mediated damage, or prolonged exposure to irritants. Prostaglandins and thromboxane
are lipid signalling molecules produced from arachidonic acid by the action of the cyclooxygenase
isoenzymes COX-1 and COX-2. Pannunzio and Coluccia review the role of cyclooxygenase-1 (COX-1)
and cyclooxygenase-2 (COX-2) inhibitors in cancer [10]. The role of cyclooxygenases (particularly
COX-2) and prostaglandins (particularly PGE2) in cancer-related inflammation has been extensively
investigated. Although COX-1 expression increases in several human cancers, the contribution of
COX-1 remains much less explored. COX-1 and COX-2 isoforms seem to operate in a coordinated
manner in cancer pathophysiology. In some cases, such as serous ovarian carcinoma, COX-1 plays a
significant role. The precise genetic and molecular defects underlying epithelial ovarian cancer remain
largely unknown, and treatment options for patients with advanced disease are limited. Human
epithelial ovarian tumors have increased levels of COX-1, but not COX-2. The authors discuss the
choice of the most appropriate tumor cell models for investigation of the role of COX-1 in the context
of arachidonic acid metabolic network and review the in vitro and in vivo antitumor properties of
COX-1-selective inhibitors.

Antibody–drug conjugates (ADCs) are highly targeted biopharmaceutical drugs that combine
monoclonal antibodies specific to surface antigens present on particular tumour cells with highly
potent anti-cancer agents linked via a chemical linker. ADCs have become a powerful class
of therapeutic agents in oncology and hematology, with five approved drugs on the market,
namely, Ado-trastuzumab emtansine, Brentuximab Vedotin, Gemtuzumab Ozogamicin, Inotuzumab
Ozogamicin, and Polatuzumab Vedotin-piiq. This targeted approach can improve the tumour-to-normal
tissue selectivity and specificity in chemotherapy. The continuing developments in the therapeutic use
of antibody-drug conjugates for cancer therapy is discussed by Dan et al., where they consider the
chemistry aspects of the conjugate design and stability together with the drug-linker targeting [11]. This
review focuses on site-specific conjugation methods for producing homogenous ADCs with a constant
drug–antibody ratio (DAR) and discusses the major challenges in conventional conjugation methods.

The past forty years have seen major developments in the understanding of the cellular and
molecular biology of cancer. Significant increases have been achieved in long-term survival for many
cancers, such as the use of tamoxifen touted as one of the game-changers for breast cancer, treatment of
chronic myeloid leukemia with imatinib, and the success of biological drugs. The overall success rate
for oncology drugs in clinical development estimated at ~10%, while the cost in introducing a new
drug to market is estimated at greater than 1 billion US$. A number of factors are to be considered in
the development of effective anticancer drugs. These include the role of the target identified in the
pathogenesis of specific human cancers, target overexpression in a specific malignancy, interactions
among the cellular components of malignant tissues, choice of preclinical cancer models of drug effects,
balance between drug safety and efficacy in cancer patients, and the benefits of biomarkers in achieving
a personalized approach to cancer drug development [12]. Unfortunately, resistance to treatment
continues to be challenging, and contributes to mortality and morbidity. However, as is evident from
the research and review papers presented in this Pharmaceuticals Special Issue on “Anticancer Drugs”,
significant efforts are being made to develop and improve cancer treatments and to translate basic
research findings into clinical use, resulting in improvements in survival rates and quality of life for
cancer patients.
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Abstract: Selective vectorization of Cisplatin (CisPt) to Glioblastoma U87 cells was exploited by the
fabrication of a hybrid nanocarrier composed of magnetic γ-Fe2O3 nanoparticles and nanographene
oxide (NGO). The magnetic component, obtained by annealing magnetite Fe3O4 and characterized
by XRD measurements, was combined with NGO sheets prepared via a modified Hummer’s
method. The morphological and thermogravimetric analysis proved the effective binding of γ-Fe2O3

nanoparticles onto NGO layers. The magnetization measured under magnetic fields up to 7 Tesla at
room temperature revealed superparamagnetic-like behavior with a maximum value of MS = 15 emu/g
and coercivity HC ≈ 0 Oe within experimental error. The nanohybrid was found to possess high
affinity towards CisPt, and a rather slow fractional release profile of 80% after 250 h. Negligible
toxicity was observed for empty nanoparticles, while the retainment of CisPt anticancer activity
upon loading into the carrier was observed, together with the possibility to spatially control the drug
delivery at a target site.

Keywords: magnetic targeting; graphene oxide; maghemite; glioblastoma; cisplatin

1. Introduction

Malignant glioma is one of the most aggressive brain tumors, and the major cause of death from
central nervous system cancers (median survival times less than 15 months from diagnosis) [1–5]. Glioma
treatment is still one of the most difficult challenges for oncologists [6], and current therapies involve
surgical intervention to achieve tumor debulking followed by adjuvant radio- and chemo-therapy [7].
Chemotherapy approaches are of paramount importance in the case of the most devastating and lethal
grade IV glioma (Glioblastoma Multiforme, GBM), because the extensive tumor infiltration into the

Pharmaceuticals 2019, 12, 76; doi:10.3390/ph12020076 www.mdpi.com/journal/pharmaceuticals7
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surrounding brain parenchyma makes surgery un-effective [8]. However, the therapeutic efficiency
of chemotherapy is remains unsatisfactory for two main reasons: (i) the rare brain penetration of the
anticancer agents systemically administered through the blood brain barrier (BBB) [9], and (ii) the poor
glioma targeting of employed chemotherapeutics [10]. The latter issue is the main obstacle in the clinical
treatment of Glioma with cis-diamminedichloroplatinum(II) (CisPt) [11], one of the most effective
anticancer agents. CisPt suffers from a nonselective distribution between normal and tumor tissues,
with the insurgence of severe adverse side effects, including acute nephrotoxicity, myelosuppression,
and chronic neurotoxicity in adults [12–14], and lifelong health issues when the therapy was given in
children [15,16]. Therefore, it is patently clear that, for an effective Glioma treatment, there is an urgent
need for powerful and targeted CisPt delivery systems in order to promote preferential accumulation
in cancer cells and thereby reduce the side effects [17]. Taking advantage of the peculiar features of
tumor tissues such as the leaky neovasculature and the lack of functional lymphatic drainage, a wide
range of nanoparticle drug carriers have been explored for this purpose [18].

Among others, graphene nanomaterials, mainly in the form of nanographene oxide (NGO),
possess superior physicochemical, thermal, optical, mechanical, and biological properties [19–21].
NGO is widely explored for drug delivery applications by virtue of the large surface area (four times
higher than that of any other nanomaterials) and the high stability of its water dispersion due to the
richness of oxygen containing functional groups (e.g., carboxyl, epoxide, and hydroxyl groups) [22–24].
The suitability of NGO for the preparation of CisPt delivery vehicles with high loading efficiency is
related to the presence of either the sp2-aromatic structure or the abundant oxidized sp3-portion on the
edge, top, and bottom surfaces of each sheet [25–27], allowing the drug interaction through diverse
mechanisms, including π-π stacking and hydrogen bonding [28–35].

More interestingly, functionalized NGO was found to highly accumulate in U87 human
glioblastoma subcutaneous tumor xenografts [36,37], confirming that such nanocarriers can be
considered a valuable tool for delivering CisPt to brain cancers. The efficiency of NGO delivery
vehicles can be maximized by the incorporation of magnetic materials allowing the nanocarrier to be
selectively driven into tumor tissues by the application of an external magnetic field [38]. In particular,
magnetic nanoparticles based on iron oxide (maghemite γ-Fe2O3 or magnetite Fe3O4) were widely
used for this purpose due to their biocompatibility and superparamagnetic properties [39,40]. The
resulting NGO hybrid nanodevices were proposed as effective tools for glioblastoma treatment using
Doxorubicin [41] and Irinotecan [42] as cytotoxic agents. Although possessing favorable properties for
magnetic drug vectorization, the different chemical stabilities of Fe3O4 and γ-Fe2O3 may affect the
toxicity of the delivery vehicle [43]. The lower chemical stability of Fe3O4 resulted in the release of Fe2+

ions from the nanoparticle cores, which can catalyze the formation of reactive oxygen species (ROS)
damaging cell membrane and organelles, with the insurgence of adverse long-term side effects [44].
On the other hand, γ-Fe2O3 was found to be a better material owing to either the magnetic features or
the high chemical stability [45].

In the present study we explored the possibility to employ NGO–Iron oxide nanohybrids
(γ-Fe2O3@NGO) as a CisPt carrier for glioblastoma treatment by intercalating γ-Fe2O3 nanoparticles
into NGO sheets. After characterizing the physical, chemical, and morphological properties, CisPt
was loaded onto the nanocarrier for several drug-to-carrier ratios and their cytotoxicity was tested on
human U87 cell lines.

2. Results and Discussion

2.1. Properties of γ-Fe2O3@NGO Nanohybrid

As previously reported, the size of NGO is a parameter that strongly affects the drug delivery
effectiveness of NGO-based systems in vitro and in vivo [46,47]. Specifically, low-sized NGOs (lateral
dimension ≈100 nm) have been reported to have the best performance [46].
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The average size of our graphite oxide (GO) particles, as assessed by scanning electron microscopy
(SEM), revealed an average size (lateral width) of 350–400 nm. These particles were therefore
subsequently sonicated until NGO with lateral width of 80–100 nm and a thickness of 6.3 nm was
attained (10 NGO sheets, assuming an interlayer distance of 0.7 nm) [48] (Figure 1a–c).

Figure 1. SEM images of (a) GO; and (b) NGO showing an average lateral width of 350–400 and
80–100 nm, respectively. (c) AFM image of NGO. TEM images of (d) γ-Fe2O3; and (e) γ-Fe2O3@NGO
nanoparticles. (f) Size distribution of γ-Fe2O3 nanoparticles (approximately 10 nm).

The obtained NGO 100 nm were employed for the preparation of the magnetic hybrid device
(γ-Fe2O3@NGO) as sketched in Figure 2.

 
Figure 2. Schematic representation of the preparation of γ-Fe2O3@NGO.

Maghemite (γ-Fe2O3) nanoparticles were chosen to provide magnetic properties to the nanohybrids
because of their high chemical stability, biocompatibility, and large magnetic moment at room
temperature in its bulk form [40]. Superparamagnetism is crucial for application in biomedicine,
because, despite the strong response to an external magnetic field, the absence of residual magnetic
properties upon removal of the external field prevents nanoparticles from aggregation in biological
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environment [49–52]. γ-Fe2O3 nanoparticles (average size of 10 nm, see Figure 1d,f) were synthesized
by annealing of magnetite Fe3O4 prepared by a chemical co-precipitation technique of FeCl3 and
FeCl2 solutions [53,54], and then coated with oleic acid/sodium oleate to enhance their dispersion in
water media and thus the biocompatibility features [55]. Since previously reported data proved the
presence of transport systems importing fatty acids into the brain with high affinity and efficiency, it is
reasonable to hypothesize that this coating strategy could be appropriate for targeting the blood brain
barrier [56].

Despite the evidence of Fe3O4 to γ-Fe2O3 oxidation from the change of color of the sample (from
black to reddish-brown color, see Figure 3), we investigated this phase change by XRD measurements.
Figure 3 showed the XRD patterns of both compounds, and the d-spacing values emulated well the
data deduced from the Joint Committee on Powder Diffraction Standards (JCPDS) cards 19-629 (Fe3O4)
and 39-1346 (γ-Fe2O3).

 

Figure 3. XRD patterns for Fe3O4 and γ-Fe2O3.

The result indicated no major differences between the two patterns, in each set of XRD patterns,
the crystalline structure of magnetite and/or maghemite with indexes (hkl) ascribed to (220), (311),
(400), (422), (511), and (440) were observable at the diffraction angels 2θ = 35.1◦, 41.4.6◦, 50.4◦, 63.1◦,
67.4◦ and 74.3◦ crystal planes, respectively. This result indicated that the thermal treatment of as
prepared Fe3O4 produced γ-Fe2O3 (maghemite) crystal form [57].

The magnetization vs. field M(H) curves for the annealed γ-Fe2O3 nanoparticles showed nearly
closed hysteresis loops, with zero coercivity (Figure 4).
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Figure 4. Hysteresis loops M(H) for Fe3O4 (black) and γ-Fe2O3 (red) and γ-Fe2O3@NGO (blue)
nanoparticles. The insets show the Zero-field cooled (black) and field-cooled (orange) magnetization
curves for Fe3O4, γ-Fe2O3, and γ-Fe2O3@NGO, taken with HFC = 100 Oe.

The magnetization did not fully saturate within our experimentally available fields (H = 70 kOe),
attaining a value of MS = 59.36 emu/g and MS = 49.25 emu/g at H = 70 kOe for Fe3O4 and γ-Fe2O3,
respectively. After assembling γ -Fe2O3 into NGO the Ms value was 15.02 emu/g, consistent with a
≈30.5% wt. of magnetic material into NGO matrix, confirming the dispersion on magnetic nanoparticle
into the hybrid platform. The coercivity values at room temperature were HC ≈ 0 for all samples.
The zero field cooling (ZFC) and field cooling (FC) curves at HFC = 100 Oe of Fe3O4, γ-Fe2O3

and γ-Fe2O3@NGO samples reflected similar features, i.e., a broad maximum in the ZFC curves
originated from the distribution of blocking temperatures due to the distribution of particle sizes
(see inset of Figure 4). The maxima were centered around T ≈ 194, 245, and 242 for Fe3O4, γ-Fe2O3,
and γ-Fe2O3@NGO, respectively. These broad maxima are consistent with the blocking of the
smallest nanoparticles at these temperatures, while the presence of irreversible behavior up to the
highest temperature (400 K) suggests that a fraction of the largest particles are still blocked above
room temperature.

The thermogravimetric analysis (TGA) curves of NGO and γ-Fe2O3@NGO were depicted in
Figure 5.

 

(a) 

 

(b) 

Figure 5. TGA curves for NGO (a) and γ-Fe2O3@NGO (b).
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For the NGO sample (Figure 5a), the mass loss in the range 150–250 ◦C with the maximum in
the derivative %M/◦C graph at 215 ◦C (arrow (1)) was ascribed to the decomposition of decorated
oxygen functionalities on the basal graphene structure, while between 400 and 525 ◦C (maximum
at 490, see arrow (2)), a high weight loss occurs due to the discard of more thermally stable oxygen
groups. On the other hand, for γ-Fe2O3@NGO (Figure 5b), these mass losses were found to shift to
lower temperatures (maximum in the derivative %M/◦C graph at 170 ◦C and 305 ◦C, respectively) as a
consequence of the effective binding of γ-Fe2O3 nanoparticles onto NGO layers.

2.2. Evaluation of Carrier Performances

Before testing the efficiency of γ-Fe2O3@NGO nanohybrid as CisPt carrier, we evaluated the
toxicity of the empty nanoparticles (γ-Fe2O3, NGO, and γ-Fe2O3@NGO) on human glioblastoma U87
cell lines at a concentration range of 0–25 μg mL−1. This range of concentration was selected because
of the absence of any sign of aggregation as per Dynamic light-scattering (DLS) measurements. The
viability values (>96% for all samples and concentrations, see Figure 6) proved the high biocompatibility
of all nanoparticle systems, confirming their suitability as drug carrier [58].

The ultimate aim of the study is to check the suitability of γ-Fe2O3@NGO to selectively vectorize
the cytotoxic drug to the tumor site under magnetic actuation. Indeed a key requirement for this
nanocarrier is the ability to retain the drug until it reaches the target site. γ-Fe2O3@NGO was found to
possess high affinity for CisPt (Drug Loading Efficiency of 0.37 mg mg−1) and the release profiles were
recorded after loading the drug by a soaking procedure (drug to carrier ratio of 10% by weight).

Figure 6. U87 viability after treatment with empty γ-Fe2O3 (red) and NGO (grey) and γ-Fe2O3@NGO
(black).

The cumulative amount of drug released (Mt/M0) was compared with those recorded when
uncombined γ-Fe2O3 or NGO were employed as carrier (Figure 7).
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Figure 7. CisPt release profiles from γ-Fe2O3@NGO, γ-Fe2O3, and NGO.

For a more exhaustive analysis of the CisPt release profiles, a mathematical model considering the
partition between the carrier and the surrounding environments and the underlying mechanism of
the drug release was applied according to the literature [59]. In this model, a key parameter (α) was
adopted to describe the physicochemical affinity of the drug between the carrier and solvent phases
according to Equation (1):

α =
Fmax

1− Fmax
(1)

where Fmax represents the maximum value of relative release (Mt/M0).
The overall drug release can be modeled according to reversible first- or second-order kinetics of

Equations (2) and (3).
Mt

M0
= Fmax

(
1− e−(

kR
Fmax )t

)
(2)

Mt

M0
=

Fmax

(
e2(

kR
α )t − 1

)

1− 2Fmax + e2(
kR
α )t

(3)

with kR being the release rate constant.
The time required for reaching 50% of Fmax (t1/2) can be obtained by applying the following

Equations (4) and (5), respectively:

t1
1/2 =

Fmax

kR
ln2 (4)

t2
1/2 =

α
2kR

ln(3− 2Fmax) (5)

Both models are suitable for describing the CisPt release (see R2 in Table 1), with the presence of
NGO making the release better described by reversible second-order kinetics. In the absence of NGO, a
fast CisPt release was recorded (Mt/M0 of 0.90 after 20 h), with high α value indicating a low affinity of
the drug towards the carrier phase (γ-Fe2O3). On other hand, the strong interaction between CisPt and
NGO [60–62] resulted in a more extended release over time (Fmax < 0.8 even after 250 h), with the same
affinity (3.54) recorded for either NGO or γ-Fe2O3@NGO. The presence of γ-Fe2O3 in γ-Fe2O3@NGO
was found to slow the release, with reduced kinetic constant (kR) and t1/2 values moving from 19.01
(NGO) to 29.38 (γ-Fe2O3@NGO) h. This could be ascribed to the hindrance to the drug diffusion from
the NGO to the solvent phase by the oleate coating of γ-Fe2O3 nanoparticles [55].
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Table 1. R2 values and kinetic parameters for CisPt release according to the applied mathematical model.

Mathematical Model Parameter γ-Fe2O3 NGO γ-Fe2O3@NGO

Mt
M0

= Fmax
(
1− e−(kR/Mmax)t

)
R2 0.9818 0.9822 0.9909
Fmax 0.98 0.76 0.74
α 49 3.17 2.85
kR (10−2) 12.71 2.76 1.85
t1
1/2 (h) 5.35 18.81 27.00

Mt
M0

=
Fmax

(
e2(

kR
α )t−1

)

1 − 2Fmax+ e2(
kR
α )t

R2 0.9340 0.9908 0.9960
Fmax 0.97 0.78 0.78
α 32.33 3.54 3.54
kR (10−2) 18.28 3.42 2.25
t2
1/2 (h) 5.15 19.01 29.38

CisPt loaded γ-Fe2O3@NGO were employed in different drug-to-carrier ratios (concentration
ranges of 0–25 μg mL−1 and 0–10 μM for carrier and drug, respectively, see Figure 8). From the data in
Figure 8, it is clear that the lowest toxic concentrations of CisPt (10 μM) is unchanged after loading on
the different carriers, with γ-Fe2O3@NGO being the most effective vehicle for killing cells.

To investigate the possibility of obtaining a selective vectorization of the drug, a proof of concept
experiment was designed by incubating U87 cells with 10 μM CisPt loaded γ-Fe2O3@NGO for 24 h
kept under the effect of a magnetic field generated by a permanent Nd-Fe-B magnet. As a result of the
magnetic carrier driven spatial concentrations of the drug, a selective cell death at the region close to
the magnet was reached, even at low drug concentration (10 μM), with no relevant toxicity detected on
the region where the magnetic forces were negligible (Figure 9).

Figure 8. U87 viability after 72 h incubation with CisPt concentrations 2.5 (blue); 5.0 (orange); and 10.0
(green) μM in the free form and after loading on γ-Fe2O3; NGO; γ-Fe2O3@NGO. Carrier concentrations
were 2.0; 5.0; 10.0; and 25.0 μg mL−1. An overall p-value less than 0.05 was accepted as significant. For
individual comparisons ofγ-Fe2O3@NGO (10μM CisPt) vs. γ-Fe2O3 or NGO at the same concentrations,
adjusted p-values are indicate as * p < 0.05 vs. NGO; *** p < 0.001 vs. NGO; ◦◦◦ p < 0.001 vs. γ-Fe2O3;
◦◦◦◦ p < 0.0001 vs. γ-Fe2O3. Error bars represent standard error of the mean (n = 3 independent
experiments).

Overall, the obtained results are of great interest for application in cancer therapy for two main
outcomes: (i) an effective magnetic vectorization of CisPt to cancer cells can be reached, since a very
low amount of CisPt was released in the first 20 h (Mt/M0 < 0.30) and thus negligible side toxicity can
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be hypothesized, and (ii) the CisPt loaded into γ-Fe2O3@NGO is biologically active in reducing the
viability of cancerous with an efficiency comparable with that of the free drug.

Future experiments will be performed for evaluating the therapeutic performance of the designed
magnetic nanohybrid, by determining the pharmacokinetics profiles with or without a magnetic
field, the anticancer activity in appropriate in vivo models, and the possibility to use the system for
theranostics applications.

Figure 9. Optical microscope image U87 cells incubated with 10 μM CisPt loaded γ-Fe2O3@NGO
under the effect of a permanent magnet.

3. Materials and Methods

3.1. Synthesis of Graphite Oxide

Graphite oxide particles were prepared from graphite powder (natural, -200 mesh, 99.9995%
purity, Alfa Aesar) by using a modified Hummers method [63]. Graphite powder (1.0 g) was sonicated
in water for 5 min, filtrated, washed with water and dried in an oven at 40 ◦C for 12 h. The dried
graphite was transferred to a beaker and mixed with concentrated H2SO4 (98%, 23 mL). The mixture
was left overnight under stirring at room temperature. Thereafter, 3.0 g KMnO4, as an oxidizing agent,
was added gradually while keeping the reaction mixture below 10 ◦C, in order to decorate the surfaces
of graphite by various oxygen groups (hydroxy, epoxy, carboxylic, etc.). After complete addition of
KMnO4, the reaction mixture was stirred for 30 min at 35 ◦C and 45 min at 50 ◦C for enhancing the
degree of oxidation. 46.0 mL of distilled water was added while maintaining the temperature between
98–105 ◦C for 30 min 10 mL of 30% H2O2 was added in order to terminate the reaction. The mixture
of GO was washed several times with 5% HCl and water during the suction filtration. The filtrated
graphite oxide was dried in an oven at 40 ◦C for 5 h.

3.2. Synthesis of Nanographene Oxide

NGO particles were prepared as reported previously [46]. The resultant material of graphite oxide
was cracked in distilled water with different power percent and sonication time using a horn-tipped
ultrasonic probe. The material was separated to different sizes by repeated centrifuge and filtration.
SEM images were obtained using a FEI, NOVA NanoSEM200 (FEI, Hillsboro, OR, USA) with an
acceleration voltage of 15 kV. AFM images of well-defined NGO sizes were acquired using Digital
Instruments Veeco, NanoScope IIIa, operating in the tapping mode. The images were analyzed using
WSxM software designed by Nanotech Electronica (Madrid, Spain). The distribution used during this
study was approximately 100 nm in lateral size and 6 nm in thickness.
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3.3. Synthesis of Maghemite Nanoparticles

Maghemite γ-Fe2O3 nanoparticles were synthesized in a three-step procedure as follows: first,
the magnetite Fe3O4 nanoparticles were prepared by co-precipitation method in basic medium [53].
The synthesis of Fe3O4 nanoparticles is shown in Equation (6):

2FeCl3 + FeCl2 + 8NaOH→ Fe3O4 (s) + 4H2O + 8NaCl (6)

Briefly, 2.25 g of FeCl3·6H2O and 0.825 g of FeCl2·4H2O were mixed in an alkaline solution (NaOH,
1.7 g). The mixture stirred at 65–80 ◦C for 12 h. The resultant material was filtrated and washed many
times by distilled water and ethanol.

Subsequently, magnetite Fe3O4 nanoparticles were employed as starting material for the synthesis
of maghemite γ-Fe2O3. An initial amount of 1.0 g of Fe3O4 was placed in furnace and heated up to 450
◦C in the presence of Argon and H2(g) for 12 h [54,57]. Thereafter, the reaction was quenched down to
room temperature. The resulting material was collected, washed several times in deionized water and
ethanol, dried in an oven at 65 ◦C for 3 h. A second annealing was applied at the same conditions in
order to identify the structure of Fe2O3 whether it was maghemite or hematite form.

In the final step, 0.5 g of γ-Fe2O3 were heated to 60 ◦C for 15 min separately. Consequently,
an excess of sodium oleate (20% wt/vol) was added under vigorous stirring for 15 min. Oleate
functionalized nanoparticles were collected by magnetic decantation to remove the non-magnetic
materials. The product was washed with water and acetone several times, filtrated and dried in an
oven at 40 ◦C for 2 h.

The relevant X-ray diffraction patterns were performed by using Pert Pro MPD PW3040/60 X-ray
diffractometer with Co Kα radiation (λ = 0.179278 nm) at ambient temperature.

3.4. Synthesis of γ-Fe2O3@NGO Nanohybrid

An amount of 0.5 g of NGO -100 nm particles was sonicated for 15 min in order to homogenize it
in distilled water. The solution was heated up to 60 ◦C for 15 min directly; an excess of γ-Fe2O3 system
was added and stirred for 15 min. The final material was separated by magnetic decantation, washed
with water and acetone, filtrated and dried in an oven at 40 ◦C for 2 h. TEM images were recorded on
HRTEM/Tecnai F30 [300 kV] (FEI, Hillsboro, OR, USA). TGA was performed on a STA 409 PC/PG-Luxx
analyzer (Netzsch, Selb, Germany). Measurements were conducted in a nitrogen atmosphere (flow of
10 mL min−1), with an initial sample weight of ∼10 mg in the temperature range 50–900 ◦C at a heating
rate of 10 ◦C min−1.

Drug loading efficiency (DLE) of γ-Fe2O3@NGO for CisPt was estimated by mixing drug and
carrier in a 1:1 ratio (by weight) and determining the amount of unloaded CisPt by UV-Vis on a
Jasco V-530 UV/Vis spectrometer (Jasco Europe s.r.l., Milan, Italy) at 301 nm [64]. DLE was calculated
according to the following Equation (7):

DLE
(
mg mg−1

)
=

WD

WC
(7)

where WD and WC are the amount of loaded drug and carrier, respectively. In our condition, to ensure
the same amount of drug being loaded on the three carriers (γ-Fe2O3@NGO, γ-Fe2O3, or NGO) the
CisPt loading procedure was performed by mixing, in separate experiments, variable amounts of CisPt
solution with the carriers and drying the products under vacuum at RT.

3.5. Magnetic Characterization

Magnetization curves were measured as function of temperature M(T) in the 4 K ≤ T ≤
400 K temperature rage, in a SQUID magnetometer (MPMS 5000 from Quantum Design). The
Zero-field-cooling (ZFC) and Field-cooling (FC) curves were measured under a field-cooling field
HFC = 100 Oe Hysteresis loops M(H) were taken at 4 K and 300 K within the −70 kOe ≤ H ≤ +70 kOe
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field range. For all these measurements, the colloids were conditioned in cylindrical sample holders
and diamagnetic signal were extracted from the total magnetization.

3.6. In Vitro Cisplatin Release

Release experiments were performed by dialysis methods using 5.0 mL phosphate buffer saline
(10−3 M, pH 7.4) was releasing media and dialysis tubing cellulose membranes of 25 mm average
flat width and 12,000 MW cutoff (Fisher Scientific, Waltham, MA, USA). 5.0 mg nanoparticles
(γ-Fe2O3@NGO, γ-Fe2O3, and NGO) loaded with CisPt were inserted into the dialysis tubes and
subject to dialysis. At predetermined time intervals, the amount of CisPt in the releasing media
was determined by UV-Vis on a Jasco V-530 UV/Vis spectrometer (Jasco Europe s.r.l., Milan, Italy)
at 301 nm [64]. The cumulative amount of drug released (F) was calculated using the following
Equation (8):

F =
Mt

M0
(8)

where Mt and M0 are the amounts of drug in solution at time t and loaded into the carrier, respectively.
Sink conditions were maintained through the experiment: the maximal theoretical concentration of
dissolved CisPt was 0.33 mM, with its solubility being 3.3 mM in these conditions [65].

3.7. Cell Growth Inhibition Assays

Human Glioblastoma cells (U87) were grown as a monolayer in a humidified atmosphere at 37 ◦C
and in 5% CO2 in the presence of Dulbecco’s Modified Eagle Medium (DMEM) supplemented with
10% Fetal bovine serum (FBS), 1% L-glutamine, and 1% penicillin–streptomycin. Treatment effects
on U87 cell growth were measured on the basis of the metabolic activity of cells using Alamar Blue
assays [66]. Briefly, cells were plated in clear transparent 96-well plates at an optimized cell density
of 2.5 × 103 cells per well 48 h prior to treatment. Cells were then treated with either CisPt loaded
or unloaded carriers (γ-Fe2O3@NGO, γ-Fe2O3, NGO) and effects on cell growth assessed 72 h later.
Treatments involved the combination of CisPt and carrier concentrations of 2.5; 5.0; 10.0 μM and 2.0;
5.0; 10.0; 25.0 μg mL−1, respectively. Resazurin reduction was measured (excitation 530 nm, emission
590 nm) on a Versamax microplate reader (Molecular Devices, Sunnyvale, CA, USA).

To evaluate the magnetic vectorization ability, viability experiments were performed by treating
250 X 103 cells seeded in a 35 mm petri dish with 10 μM CisPt loaded on γ-Fe2O3@NGO for 24 h under
the effect of a magnetic field generated by a permanent magnet (100 G).

All chemicals were purchased by from Merck/Sigma Aldrich, Taufkirchen, Germany.

3.8. Statistical Analysis

Three experiments were carried out in triplicate. Values were expressed as means ± standard
error of the mean. For viability assay, statistical significance was assessed by one-way analysis of
variance followed by post-hoc comparison test (Tukey’s test). Significance was set at p < 0.01.

4. Conclusions

The possibility of CisPt delivery to specific target sites by remote actuation was reached by
combining γ-Fe2O3 magnetic nanoparticles ensembled into a NGO nanoplatform. The correct assembly
of the components was responsible for the efficiency of γ-Fe2O3@NGO as a drug delivery system. While
NGO conferred high loading capabilities to the nanosystems, the magnetic nanoparticles provided the
magnetic actuation capabilities for targeting and delivery of therapeutics.

The mathematical model of the CisPt release profiles suggested a sustained reversible second-order
kinetics, which implies low amounts of CisPt released during the first seconds of the experiments. This
type of release profile is of major importance if low toxicity levels are required for in vivo applications.
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These findings, considered together with the retainment of CisPt toxicity upon loading and the
possibility to increase the dose delivered at the target site by a magnetic actuation, make the nanocarrier
developed here a valuable tool for applications in cancer therapy.
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Abstract: Cisplatin (cis-diamminedichloroplatinum) is widely used for the treatment of solid
malignancies; however, the development of chemoresistance hinders the success of this
chemotherapeutic in the clinic. This study provides novel insights into the molecular and
phenotypic changes in an isogenic oesophageal adenocarcinoma (OAC) model of acquired cisplatin
resistance. Key differences that could be targeted to overcome cisplatin resistance are highlighted.
We characterise the differences in treatment sensitivity, gene expression, inflammatory protein
secretions, and metabolic rate in an isogenic cell culture model of acquired cisplatin resistance in
OAC. Cisplatin-resistant cells (OE33 Cis R) were significantly more sensitive to other cytotoxic
modalities, such as 2 Gy radiation (p = 0.0055) and 5-fluorouracil (5-FU) (p = 0.0032) treatment than
parental cisplatin-sensitive cells (OE33 Cis P). Gene expression profiling identified differences at the
gene level between cisplatin-sensitive and cisplatin-resistant cells, uncovering 692 genes that were
significantly altered between OE33 Cis R cells and OE33 Cis P cells. OAC is an inflammatory-driven
cancer, and inflammatory secretome profiling identified 18 proteins secreted at significantly altered
levels in OE33 Cis R cells compared to OE33 Cis P cells. IL-7 was the only cytokine to be secreted
at a significantly higher levels from OE33 Cis R cells compared to OE33 Cis P cells. Additionally,
we profiled the metabolic phenotype of OE33 Cis P and OE33 Cis R cells under normoxic and hypoxic
conditions. The oxygen consumption rate, as a measure of oxidative phosphorylation, is significantly
higher in OE33 Cis R cells under normoxic conditions. In contrast, under hypoxic conditions of
0.5% O2, the oxygen consumption rate is significantly lower in OE33 Cis R cells than OE33 Cis P
cells. This study provides novel insights into the molecular and phenotypic changes in an isogenic
OAC model of acquired cisplatin resistance, and highlights therapeutic targets to overcome cisplatin
resistance in OAC.

Keywords: oesophageal cancer; treatment resistance; cisplatin; metabolism; inflammation; radiation

1. Introduction

Oesophageal cancer is the sixth most common cause of cancer-related mortality globally, and
unfortunately, the five-year survival rates remain low at <20% [1,2]. Oesophageal cancer consists of
two different histological subtypes: oesophageal squamous cell carcinoma (OSCC) and oesophageal

Pharmaceuticals 2019, 12, 33; doi:10.3390/ph12010033 www.mdpi.com/journal/pharmaceuticals22



Pharmaceuticals 2019, 12, 33

adenocarcinoma (OAC) [1]. In recent years, the epidemiology of oesophageal cancer dramatically
shifted, wherein OAC is now the most prevalent subtype in the Western world [3]. The increasing
OAC incidence in Western countries has paralleled the increasing rates of obesity, which is a known
risk factor for OAC [4].

The current standard treatment of care for oesophageal cancer focusses on neoadjuvant treatment
with chemotherapy alone (neoCT) or in combination with radiation, and neoadjuvant chemoradiation
(neoCRT) for locally advanced tumours prior to surgery [5]. Despite the improvements demonstrated
with neoadjuvant treatment versus surgery alone, only ~30% of patients achieve a complete
pathological response to neoadjuvant treatment, which is a proxy for improved overall survival [6].
Surgery offers the best chance of locoregional control, and neoadjuvant treatment aims to reduce
tumour burden prior to surgery to improve post-operative outcome. Thus, it is critical to improve
response rates to neoadjuvant therapy to increase patient survival [5,7,8]. Treatment resistance is a
major cause of treatment failure, and it is crucial to understand the molecular mechanisms and markers
governing the treatment resistance phenotype.

Cisplatin is a platinum-based chemotherapy that is used to treat a wide number of solid cancers [9].
Cisplatin is administered as part of a neoadjuvant chemotherapy regimen, and is referred to as MAGIC
for the treatment of OAC [10]. The MAGIC chemotherapy protocol consists of the administration of
epirubicin, cisplatin, and 5-fluorouracil pre-operatively and post-operatively [11,12]. One mechanism
by which cisplatin exerts its anti-cancer effect is through the generation of DNA lesions, resulting in
the activation of the DNA damage response and the subsequent induction of mitochondrial-mediated
apoptosis [9]. Initial responses to cisplatin are often quite promising; however, chemoresistance
to cisplatin frequently develops, leading to treatment failure, and a poor response to neoadjuvant
treatment is associated with poor outcome. Thus, it is critical to understand the molecular mechanisms
governing resistance to cisplatin in OAC. Our first findings investigate cross-resistance and sensitivity
to other cytotoxic treatments, including radiation and 5-fluorouracil (5-FU).

OAC is an inflammatory-driven upper gastrointestinal malignancy, and previous studies have
reported on the role of inflammation as a negative regulator of response to radiation treatment in
OAC [4,13]. Inflammation is linked with cisplatin resistance, and Cui et al. demonstrated that
interleukin-7 (IL-7) upregulation was associated with cisplatin resistance in glioma cells [14]. Targeting
IL-7 improved cisplatin sensitivity [14]. In the present study, we identify changes in the inflammatory
secretome in an isogenic OAC model of cisplatin resistance to increase our understanding of
inflammation in cisplatin resistance. Inflammation is also tightly linked to metabolism, as inflammatory
cells rely on metabolites generated from the metabolic cycle to maintain their function [15]. Tumours
rely on metabolism to fuel their growth, and altered energy metabolism is an emerging hallmark of
cancer [16]. Metabolic alterations correlate with treatment resistance in OAC, wherein increased
oxygen consumption is linked with a radioresistant phenotype in an isogenic model of OAC
radioresistance [17,18]. Furthermore, in a lung cancer model, cisplatin-resistant cells have significantly
elevated oxygen consumption rates compared to parental cisplatin-sensitive cells [19]. This paradigm
has not yet been explored in a cisplatin-resistant model of OAC.

In this study, we examined the key differences in chemosensitivity, radiosensitivity, gene
expression, inflammatory secretions, and metabolism between matched OAC cisplatin-sensitive (OE33
Cis P) cells and OAC cisplatin-resistant (OE33 Cis R) cells. Cisplatin-resistant cells are more sensitive
to radiation and 5-FU treatment than cisplatin-sensitive cells. Cisplatin resistance was associated with
a number of significant changes in gene expression, where KEGG pathway analysis identified four
pathways upregulated in chemoresistant OE33 Cis R cells, including pathways in cancer, tumour
growth factor (TGF)-beta signalling, Wnt signalling, and steroid biosynthesis. Eighteen proteins
were secreted at significantly altered levels in OE33 Cis R cells compared to OE33 Cis P, with IL-7
secretion at a significantly higher level from chemoresistant OE33 Cis R cells compared with OE33
Cis P cells. Metabolic profiling revealed that the oxygen consumption rate, as a measure of oxidative
phosphorylation, was significantly higher in OE33 Cis R cells under normoxic conditions (p = 0.0040).
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In contrast, under hypoxic conditions, the oxygen consumption rate was significantly lower in OE33
Cis R cells than in OE33 Cis P cells (p = 0.0078). This study highlights molecular and phenotypical
changes in an isogenic OAC model of acquired cisplatin resistance, and highlights key differences that
could be therapeutically targeted to overcome cisplatin resistance in OAC.

2. Results

2.1. OE33 Cis R Cells Are More Sensitive to Radiation and 5-Fluorouracil (5-FU) Treatment

The relative cisplatin sensitivity of the parental cell line, OE33 Cis P, and the age and
passage-matched cisplatin resistant subclone, OE33 Cis R, was evaluated by clonogenic assay.
The treatment of cisplatin-sensitive OAC cells with the IC50 of cisplatin was previously determined in
CCK8 assay (Figure 1); 1.3 μM of cisplatin significantly reduced the surviving fraction of OE33 Cis
P cells to 0.303 compared to untreated OE33 Cis P cells, p = 0.0108 (Figure 2A). However, 1.3 μM of
cisplatin did not significantly alter the surviving fraction of OE33 Cis R cells (0.944 ± 0.042 compared
to untreated OE33 Cis R cells), which in itself was significantly higher than the surviving fraction
of the OE33 Cis P cells treated with 1.3 μM of cisplatin, p = 0.0011 (Figure 2A). A ~two-fold higher
concentration, 2.8 μM of cisplatin, significantly reduced the surviving fraction of OE33 Cis R cells to
0.604 ± 0.045, which was a reduction of ~39%, p = 0.0043 (Figure 2A). Notably, OE33 Cis P cells were not
clonogenically viable with 2.8 μM of cisplatin. To investigate whether OE33 cells with acquired cisplatin
resistance had altered sensitivity to other treatments, we investigated the response to both clinically
relevant doses of radiation and 5-FU. The basal cell survival and radiosensitivity of cisplatin-sensitive
OE33 Cis P cells and cisplatin-resistant OE33 Cis R OAC cells were assessed by clonogenic assay.
Basal cell survival was assessed in OE33 Cis P and OE33 Cis R to determine if in the absence of
any irradiation, there was a difference in surviving fraction. No significant difference was observed
between the two cell lines under basal conditions, indicating that there is no longer-term proliferation
differences between these cell lines, which might correlate with the altered radiosensitivity phenotypes
(Figure 2B). To assess whether acquired cisplatin resistance conferred altered radiosensitivity, OE33
Cis P and OE33 Cis R cells were either mock-irradiated or treated with a single dose of 2 Gy X-ray
radiation. Interestingly, OE33 Cis R cells were significantly more radiosensitive than OE33 Cis P cells,
p = 0.0055 (Figure 2C). Similarly, OE33 Cis R cells were significantly more sensitive to 5-FU compared
to the OE33 Cis P cells following 72 h of 5-FU treatment, p = 0.0032 (Figure 2D). In summary, OE33 Cis
R cells were more radiosensitive and 5-FU chemosensitive when compared to the parental OE33 Cis
P cells.
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Figure 1. Oesophageal adenocarcinoma (OAC) cisplatin-sensitive (OE33 Cis P) cells were significantly
more sensitive to cisplatin-induced cell death than OAC cisplatin-resistant (OE33 Cis R) cells.
The toxicity to a range of increasing concentrations of cisplatin in (A) OE33 Cis P and (B) OE33
Cis R cells following 48 h of treatment was determined using a CCK-8 assay. The 48-h IC50 for (C)
OE33 Cis P cells and (D) OE33 Cis R cells was 1.3 μM and 2.8 μM, respectively (n = 3). ** p < 0.01,
*** p < 0.001 by an unpaired two-tailed t-test.
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Figure 2. Cisplatin-resistant (OE33 Cis R) oesophageal adenocarcinoma cells are more radiosensitive
than cisplatin-sensitive (OE33 Cis P) oesophageal adenocarcinoma (OAC) cells. (A) The sensitivity
of cisplatin-sensitive (OE33 Cis P) and cisplatin-resistant (OE33 Cis R) OAC cells to cisplatin was
assessed by clonogenic assay (n = 3). (B) There is no difference in the basal cell surviving fraction of
cisplatin-sensitive and cisplatin-resistant OAC cells cultured in RPMI media, (n = 3). (C) Surviving
fraction of Cis P and Cis R OAC cells following treatment of one 2 Gy fraction of irradiation, (n = 3).
(D) The viability of the OE33 Cis R cells was significantly decreased compared to the OE33 Cis P when
treated with 12 μM of 5-fluorouracil (5-FU) (n = 4). An unpaired t-test was used to compare between
different cell lines, and a paired t-test was used to compare between the same cell line. Data presented
as ±SEM * p < 0.05, ** p < 0.01, *** p < 0.0001.

2.2. Gene Expression Is Significantly Altered in OE33 Cis R Cells

OE33 Cis R cells have increased ALDH1 activity, which is a marker of stemness, compared to
OE33 Cis P cells [20]. Thus, we investigated whether acquired cisplatin resistance was associated
with significant changes in gene expression by whole genome digital gene expression analysis. Of
the ~25,000 genes detected, 692 genes were significantly altered, 278 were upregulated, and 414 were
downregulated between OE33 Cis P and OE33 Cis R cell lines. Applying a threshold of ±twofold
change expression, 42 genes were upregulated (Figure 3A), and 104 genes were downregulated
(Figure 3B) in the OE33 Cis R cell line compared to the OE33 Cis P cell line. Kyoto Encyclopedia
of Genes and Genomes (KEGG) pathway analysis identified four pathways that were significantly
upregulated in OE33 Cis R cells based on the gene expression findings, including: pathways in
cancer, TGF-beta signalling, Wnt signalling, and steroid biosynthesis (Table 1A). Furthermore, eight
KEGG pathways were downregulated in OE33 Cis R cells, including the MAPK signalling pathway,
complement and coagulation cascades, RIG-I-like receptor signalling, sulfur metabolism, NOD-like
receptor signalling, cell adhesion molecules, B cell receptor signalling, and Notch signalling (Table 1B).
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In summary, OE33 Cis R cells with acquired cisplatin resistance have a significantly altered gene
expression profile compared to matched cisplatin sensitive OE33 Cis P cells.

 

(A) (B) 

Figure 3. OE33 Cis R cells have a significantly altered gene expression profile compared to OE33 Cis P
cells. Heatmaps were generated from gene expression data after applying a fold change filter ±two.
(A) Heatmap showing 42 genes that were significantly upregulated in OE33 Cis R cells with a fold
change of greater than two. (B) Heatmap showing 104 genes which were significantly downregulated
in OE33 Cis R cells with a fold change of less than minus two. Gene expression values shown as
Fragments Per Kilobase of transcript per Million mapped reads (FKPM).
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Table 1. Kyoto Encyclopaedia of Genes and Genomes (KEGG) pathway analysis identifies significant
pathway differences in OE33 Cis P versus OE33 Cis R cells. (A) KEGG pathway analysis of gene
expression data identified four pathways that were significantly upregulated in OE33 Cis R cells
compared to OE33 Cis P cells. (B) KEGG pathway analysis of gene expression data identified eight
pathways that were significantly downregulated in OE33 Cis R cells compared to OE33 Cis P cells.

(A)

KEGG Pathway Term
Number of Identified

Genes Involved
p Value Gene Names

hsa05200:Pathways in cancer 13 5.29 × 10−3
BMP4, PPARD, BMP2, BCR, PTGS2,

EPAS1, PIK3CB, FOXO1, KITLG,
MLH1, MMP1, RAC2, WNT9A

hsa04350:TGF-beta signalling
pathway 6 1.21 × 10−2 BMP4, INHBA, BMP2, ID2, ID1, FST

hsa00100:Steroid biosynthesis 3 2.92 × 10−2 CYP27B1, LIPA, DHCR24

hsa04310:Wnt signalling
pathway 6 9.19 × 10−2 SENP2, PPARD, RAC2, PRICKLE2,

FRAT2, WNT9A

(B)

KEGG Pathway Term
Number of Identified

Genes Involved
p Value Gene Names

hsa04010:MAPK signaling
pathway 17 2.61 × 10−4

FGFR3, PDGFA, RELB, CACNG6,
CACNG4, NR4A1, STK3,

JMJD7-PLA2G4B, RASGRP3, DUSP14,
JMJD7, DUSP16, RRAS, HSPB1, TRAF6,

GADD45B, PLA2G4B, IL1A, DUSP6

hsa04610:Complement and
coagulation cascades 7 4.23 × 10−3 PLAT, C3, CFB, SERPINA1, CFD, F2R,

PLAUR

hsa04622:RIG-I-like receptor
signaling pathway 6 2.09 × 10−2 IFIH1, ISG15, IL8, IRF7, TRAF6, DHX58

hsa00920:Sulfur metabolism 3 2.84 × 10−2 CHST11, CHST13, SULT2B1

hsa04621:NOD-like receptor
signaling pathway 5 4.95 × 10−2 CXCL1, IL8, IL18, TRAF6, BIRC3

hsa04514:Cell adhesion molecules
(CAMs) 7 7.50 × 10−2 ICAM1, CLDN9, CLDN3, ITGB8, PVRL2,

CD22, L1CAM

hsa04662:B cell receptor signaling
pathway 5 8.68 × 10−2 RASGRP3, CD22, PIK3AP1, MALT1,

VAV1

hsa04330:Notch signaling
pathway 4 8.75 × 10−2 HES5, DTX2, DLL4, RBPJ

2.3. Acquisition of Cisplatin Resistance Results in an Alerted Inflammatory Secretome

OAC is an inflammatory-driven upper gastrointestinal cancer, and previous studies have reported
inflammation as a negative regulator of response to radiation treatment in OAC [13,21]. However, a link
between inflammation and cisplatin resistance in OAC has not yet been investigated. To determine if
cisplatin-resistant OE33 Cis R cells have an altered inflammatory secretome to cisplatin-sensitive OE33
Cis P OAC cells, a 47-analyte multiplex enzyme linked immunosorbent assay (ELISA) was conducted.
Twenty-three proteins of 47 analytes were detected in either one or both cell lines. IL-7 was secreted
at significantly higher levels from OE33 Cis R cells, p = 0.0191 (Figure 4A). Seventeen proteins were
secreted at significantly lower levels from OE33 Cis R cells compared OE33 Cis P cells, including
C-reactive protein (CRP), IL-12p70, IL-10, TNFα, macrophage-derived chemokine (MDC), intracellular
adhesion molecule 1 (ICAM-1), IL-6, IL-1β, IL-13, serum amyloid A (SAA), TARC, IL-4, IL-8, IL-1RA,
IL-1α, IL-2, and IP-10, as shown in Figure 4 (p < 0.05). There was no significant difference in the secreted
levels of five of the 23 proteins detected; MCP-1, VEGF-A, VCAM, GM-CSF, and IL-15 between the cell
lines (Supplemental Figure S1). OE33 Cis R cells have an altered inflammatory secretome compared
to cisplatin-sensitive OE33 Cis P cells, where OE33 Cis R cells have reduced levels of a number of
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inflammatory chemokines and cytokines and vascular injury proteins except for IL-7, which is secreted
at significantly higher levels from OE33 Cis R OAC cells.

Figure 4. Inflammatory protein secretions are significantly different in cisplatin-sensitive (OE33 Cis
P) versus cisplatin-resistant (OE33 Cis R) OAC cells. The secreted levels of 47 proteins in Cis P and
Cis R cells was evaluated by multiplex ELISA; 23 proteins were detected in supernatant of Cis P and
Cis R cells; 18 proteins were significantly different between the two cell lines, and interleukin-7 was
significantly higher in Cis R cells compared to Cis P cells. Secreted levels of (A) Interleukin-7 (IL-7) (B)
C-reactive protein (CRP) (C) Interleukin 12p70 (IL-12p70) (D) Interleukin 10 (IL-10) (E) Tumour necrosis
factor α (TNF-α) (F) Macrophage-derived chemokine (MDC) (G) Intracellular adhesion molecule
1 (ICAM-1) (H) Interleukin 6 (IL-6) (I) Interleukin 1β (IL-1β) (J) Interleukin 13 (IL-13) (K) Serum
amyloid A (SAA) (L) Thymus and activation regulated chemokine (TARC) (M) Interleukin 4 (IL-4)
(N) Interleukin 8 (IL-8) (O) Interleukin 1 receptor antagonist (IL-1RA) (P) Interleukin 1α (IL-1α) (Q)
Interleukin 2 (IL-2) (R) Interferon gamma-induced protein 10 (IP-10) in OE33 Cis P and OE33 Cis R cells,
all secretions normalised to protein content. (n = 4). Unpaired t-test. * p < 0.05, ** p < 0.01, *** p < 0.001.
Date expressed as ±SEM.

We also compared our findings from our gene expression study (Figure 3) to our inflammatory
secretome data described in this section to determine if there was any overlap between the two datasets.
In both our gene expression data (Figure 3B) and inflammatory secretome dataset (Figure 4G, 4N, 4P)
ICAM-1, IL-8, and IL-1α were both expressed and secreted at significantly lower levels from OE33 Cis
R cells compared to OE33 Cis P cells (Table 2).

Table 2. Differences in gene expression and protein secretion values of ICAM-1, IL-8, and IL-1α in
OE33 Cis P and OE33 Cis R cells. This table shows the mean values of data that were used to calculate
the significant differences in gene expression and protein secretions previously illustrated in Figures 3B
and 4G, 4N, 4P. Fragments Per Kilobase of transcript per Million mapped reads (FKPM).

Protein
OE33 Cis P Mean
Gene Expression

(FPKM)

OE33 Cis R Mean
Gene Expression

(FPKM)

OE33 Cis P Mean
Protein Secretion
(pg/mL per μg/mL

Protein)

OE33 Cis R Mean
Protein Secretion
(pg/mL per μg/mL

Protein)

ICAM-1 25.26 6.08 365.64 254.39
IL-8 7.68 0.73 71822.10 4611.60

IL-1α 1.49 0.27 23.10 4.56

2.4. OE33 Cis R Cells Have an Altered Metabolic Phenotype Compared to the Parental OE33 Cis P Cells

Altered mitochondrial function is linked with treatment resistance in OAC; thus, we wanted to
investigate the association between cisplatin resistance and metabolism in our model of OAC-acquired
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cisplatin resistance [17]. To investigate whether cisplatin-resistant OE33 Cis R cells have altered
energy metabolism, we measured the two major energy pathway—oxidative phosphorylation and
glycolysis—using the Seahorse XFe24 analyser under normoxic and hypoxic conditions. OE33 Cis
R cells have a significantly higher (p = 0.0040) oxygen consumption rate (OCR), which is a measure
of oxidative phosphorylation compared to OE33 Cis P cells, under normoxia. However, the oxygen
consumption rate of OE33 Cis R cells was significantly lower than OE33 Cis P cells under low oxygen
conditions (0.5% O2), p = 0.0078, (Figure 5A). There was no significant difference in the extracellular
acidification rate (ECAR), which is a measure of glycolysis, between the two cell lines under normoxic
or hypoxic conditions (Figure 5B). To further investigate changes in cellular energetics both OE33 Cis P
and OE33 Cis R cells were treated with oligomycin (a mitochondrial complex V inhibitor and antimycin
A (a mitochondrial complex III inhibitor), which inhibit specific processes in the electron transport
chain. Oligomycin and antimycin produced a similar level of OCR inhibition in both OE33 Cis P
and OE33 Cis R cells, and there was no significant difference in the rate of ATP production or proton
leak between cisplatin-sensitive and cisplatin-resistant cells under normoxic or hypoxic conditions
(Figure 5C,D). Furthermore, treatment of OE33 Cis P and OE33 Cis R cells with the uncoupling agent
carbonyl cyanide-p-trifluoromethoxyphenylhydrazone (FCCP) showed no significant difference in
maximal respiration rate between the cell lines (Figure 5E). In addition, the rate of non-mitochondrial
respiration was not significantly altered between the two cell lines (Figure 5F). In summary, OE33 Cis R
cells have an alerted metabolic phenotype whereby they have a significantly elevated OCR compared
to parental OE33 Cis P cells under normoxic conditions, and OE33 Cis R cells have significantly lower
OCR under hypoxic conditions.
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Figure 5. Cisplatin-resistant (OE33 Cis R) oesophageal adenocarcinoma cells have an altered metabolic
phenotype compared to cisplatin-sensitive (OE33 Cis P) cells under normoxic and hypoxic conditions
(0.5% O2). (A) The oxygen consumption rate (OCR), which is a measure of oxidative phosphorylation,
was evaluated in OE33 Cis P and OE33 Cis R OAC cells using the Seahorse Biosciences XFe24
extracellular flux analyser cultured under normoxic and hypoxic conditions (0.5% O2). OE33 Cis
R cells have a significantly higher OCR when compared to OE33 Cis P; cisplatin-sensitive cells, under
normoxic conditions (n = 5), unpaired t-test, ** p < 0.01. (B) The extracellular acidification rate (ECAR),
which is a measure glycolysis, was evaluated in OE33 Cis P and OE33 Cis R cells using the Seahorse
Biosciences XFe24 extracellular flux analyser cultured under normoxic and hypoxic conditions (0.5%
O2), (n = 5), unpaired t-test. (C) Difference in the rate of ATP production in OE33 Cis P and OE33 Cis R
cells cultured under normoxic and hypoxic conditions (0.5% O2), (n = 5), unpaired t-test. (D) Difference
in the rate of proton leak in OE33 Cis P and OE33 Cis R cells cultured under normoxic and hypoxic
conditions (0.5% O2), (n = 5), unpaired t-test. (E) Difference in maximal respiration rate in OE33 Cis P
and OE33 Cis R cells cultured under normoxic and hypoxic conditions (0.5% O2), (n = 5), unpaired
t-test. (F) Difference in non-mitochondrial respiration in OE33 Cis P and OE33 Cis R cells cultured
under normoxic and hypoxic conditions (0.5% O2), (n = 5), unpaired t-test. Data presented as ±SEM.

3. Discussion

Cisplatin is a widely use chemotherapeutic drug for the treatment of solid cancers, including
OAC; however, the development of chemoresistance to cisplatin hinders the success of this agent [9].
Previous studies in cisplatin-resistant cancer cell lines of various tissue origin report multiple
mechanisms responsible for enhanced resistance, and that the cisplatin-resistant phenotype is the
result of multiple microRNA, gene, and protein expression changes [22–24]. Molecular mechanisms
commonly associated with cisplatin resistance include alterations in DNA repair, drug influx/efflux,
drug detoxification, cell cycle dysregulation, and evasion of apoptosis [25]. In this study, we sought to
characterise the key differences linked to resistance in an isogenic model of OAC cisplatin resistance,
including relative chemosensitivity and radiosensitivity, whole gene expression, inflammatory protein
secretions, and metabolic phenotype.

Chemoresistant OE33 Cis R cells have a significant acquired resistance to cisplatin compared
to cisplatin-sensitive OE33 Cis P cells. Interestingly, cisplatin-resistant OE33 Cis R cells are more

31



Pharmaceuticals 2019, 12, 33

radiosensitive than matched OE33 Cis P cells. Cisplatin is often administered in combination with
radiation for the treatment of numerous solid cancers, including oesophageal, head, neck, and cervical
cancer [26–29]. Cisplatin has been widely shown to enhance radiosensitivity, which is potentially
through the non-homologous end joining (NHEJ) DNA repair pathway [30,31]. As cisplatin is often
given in combination with radiation to improve response, it was surprising that OE33 Cis R cells are
more radiosensitive than OE33 Cis P cells. OE33 Cis R cells can overcome cytotoxic insult from cisplatin
to a greater degree than OE33 Cis P cells, but cannot overcome radiation-induced DNA damage as
efficiently as they could before the acquisition of cisplatin resistance. Whilst it was unexpected that
OE33 Cis R cells are more radiosensitive, as DNA is the common target of both cisplatin and radiation,
the mechanisms of action in yielding lethal events, delivery methods, and repair systems as a result
of both treatments are very different. Cisplatin has to cross the plasma membrane and traffic to the
nucleus; this is a process during which it can be affected in several ways, such as influx via CTR1, efflux
via ABC transporters, detoxification by glutathione, trapping in lysosomes, altered trafficking between
the plasma membrane and the nucleus, as well as DNA repair proficiency [32,33]. Radiation, on the
other hand, largely influences DNA damage through water radiolysis (70%), and has direct effects
on DNA bases (30%), but is also subject to energy transfer, glutathione scavenging, oxygen fixation,
and DNA repair proficiency [34]. Radiation is responsible for the induction of double-strand breaks
in DNA, whereas cisplatin treatment results in the formation of DNA adducts as a result of covalent
bonds [31]. Additionally, cisplatin largely employs homologous recombination and nucleotide excision
repair as its major pathways of repair, while radiation employs non-homologous end joining, base
excision repair, single-strand break repair and, to a much lesser extent, homologous recombination.
Thus, the DNA repair mechanics that were employed by cancer cells following either radiation or
cisplatin treatment are quite different, and the significance of DNA repair in potentially driving this
phenotype requires further mechanistic investigation in the future. Furthermore, OE33 Cis R cells
were found to be more sensitive to 5-FU treatment compared to OE33 Cis P cells. A previous study
established cisplatin-resistant and 5-FU-resistant OAC OE19 cell lines [35]. Interestingly, miRNA
expression profiling in the OE19 cisplatin-resistant cell line and the OE19 5-FU-resistant cell line
identified a large number of miRNA that were significantly differentially expressed in comparison
to the relatively chemosensitive controls [23,31]. In the OE19 cisplatin-resistant cells 18 miRNAs
were significantly dysregulated compared to controls (13 downregulated, five upregulated), of
which 11 were validated including: miR-455-3p, miR-200b-3p, let-7e-5p, miR-181b-5p, miR-125a-5p,
miR-181a-5p, miR-200b-5p, miR-31-5p, miR-200a-3p, miR-638, and miR-191-5p. Interestingly, the
miRNA expression profile of the cisplatin-resistant cell line differed from the miRNA expression
profile of the 5-FU-resistant cell line [23,31]. The differential miRNA expression profiles may be
associated with the different mechanisms by which cisplatin and 5-FU induce cytotoxic damage.

The gene expression data that were presented in this study provide indications as to the potential
mechanisms associated with enhanced resistance to cisplatin in the OE33 Cis R cells compared to the
OE33 Cis P cells. Cell membrane transporter genes ATP1A3, ABCA12, TMEM199, and TMEM22 were
upregulated in the OE33 Cis R, and TMEM156 and TMEM42 were downregulated. The existing
literature is limited with regards to these genes; however, they are members of cell membrane
transporter families, some of which are associated with transport and the cellular accumulation
of cisplatin, such as ATP7A/B and TMEM205 [25]. Upregulated Wnt signalling and the EMT pathway
are also associated with cisplatin resistance [36,37]. The upregulation of the PRICKLE2 gene may
contribute to an increase in Wnt signalling in the OE33 Cis R cell line [38]. The CDKN1C gene produces
the cyclin-dependent kinase inhibitor p57, which functions as a tumour suppressor in multiple cancer
types [39]. Furthermore, the overexpression of p57 has been shown to enhance cisplatin sensitivity
in-vitro via intrinsic mitochondrial apoptosis [40]. The downregulation of the CDKN1C gene in the
OE33 Cis R cell line may contribute to the evasion of apoptosis and cellular resistance to cisplatin.
Interestingly, TGF-β signalling, which was identified by KEGG pathway analysis to be upregulated in
OE33 Cis R cells, has previously been linked to cisplatin resistance in nasopharyngeal and head and
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neck cancer; it would be of interest in the future to further understand the role Of TGF-β signalling in
cisplatin resistance in OAC [41,42].

KEGG pathway analysis also revealed that the complement pathway was downregulated in
cisplatin-resistant cells; this was an interesting finding, as levels of complement C3a and C4a
of the classically activated pathway have previously been shown to be predictive of response to
neoadjuvant chemoradiation therapy in OAC [13]. Considering this, we sought to investigate
the larger inflammatory secretome of OAC cisplatin-resistant OE33 Cis R cells compared to that
of cisplatin-sensitive OE33 Cis P cells. OAC is an inflammatory-driven cancer; thus, it is vital to
understand the potential contributions of inflammatory secretions to cisplatin resistance. OE33 Cis R
cells have a significantly altered inflammatory profile; only one protein, IL-7, was secreted at higher
levels from OE33 Cis R cells. Whereas, 17 proteins (CRP, IL-12p70, IL-10, TNFα, MDC, ICAM-1, IL-6,
IL-1β, IL-13, SAA, TARC, IL-4, IL-8, IL-1RA, IL-1α, IL-2, and IP-10) were secreted at significantly lower
levels from in OE33 Cis R cells compared OE33 Cis P cells. Three of the proteins detected—ICAM-1,
IL-1α and IL-8—were also found to be altered at the gene level, where they were both expressed and
secreted at significantly lower levels from OE33 Cis R cells compared with OE33 Cis P cells. In a
human glioma cancer model, the expression of IL-7 was positively correlated with the IC50 of cisplatin
in both cell lines and glioma patient samples, and the overexpression of IL-7 further increased cisplatin
resistance in glioma cancer cells [14]. This study supports our findings and further highlights IL-7 as a
potential mediator of cisplatin resistance in OAC. IL-7 may be a useful therapeutic target for enhancing
cisplatin sensitivity in OAC, and this warrants further investigation in the future.

Interleukin-1 alpha (IL-1α) is a potent inflammatory cytokine that plays a pivotal role in the
inflammatory response [43]. IL-1α was both expressed and secreted at significantly lower levels from
OE33 Cis R cells when compared to OE33 Cis P cells. Interestingly, IL-1α has previously been shown
to play a key role in cisplatin sensitivity in human ovarian cancer cells, whereby IL-1α was shown to
enhance sensitivity to cisplatin [44]. IL-1α given in combination with cisplatin was shown to enhance
the anti-proliferative effect of cisplatin, increase cisplatin uptake, and increase DNA-platination in
human ovarian OVCAR-3 cells [44]. Given that we have shown IL-1α to be expressed and secreted at a
lower level in cisplatin resistant cells, it would be of interest to evaluate the potential chemosensitising
effect of combining IL-1α with cisplatin in OE33 Cis R cells.

Similarly, intracellular adhesion molecule-1 (ICAM-1) was found to be both expressed and secreted
at significantly lower levels from OE33 Cis R cells compared to cisplatin-sensitive OE33 Cis P cells.
The role of ICAM-1 in carcinogenesis and drug resistance is often dependent on the cancer and cell
type. ICAM-1 has previously been shown to have anti-cancer activity in numerous studies through
its recruitment of immune cells to the tumour [45–47]. Furthermore, cisplatin treatment has been
shown to induce ICAM-1 expression in cancer cells; thus, it is not surprising that ICAM-1 is found at
lower levels in the cisplatin-resistant cells compared to the OAC cisplatin-sensitive cells [48]. On the
other hand, in an oesophageal SCC cancer study, ICAM-1 was reported to enhance cisplatin resistance
and tumourigenicity in-vivo. However, it is important to note that this study was carried out in
immunodeficient mice [49]. Thus, the potential of targeting ICAM-1 to alter cisplatin sensitivity in
OAC needs further exploration, as it has direct effects on numerous cell types, including both cancer
and endothelial cells, and is reliant on interactions with the tumour microenvironment.

Inflammation and metabolism are tightly interlinked biological processes whereby inflammatory
cells rely on metabolites generated from the metabolic cycle to maintain their function. Given the
significant differences in inflammatory protein secretions from OE33 Cis R cells compared to OE33 Cis
P cells, we sought to investigate the metabolic profile of our model of acquired cisplatin resistance.
Cisplatin-resistant OE33 Cis R cells have an altered metabolic phenotype compared to matched OE33
Cis P cisplatin-sensitive cells. OE33 Cis R cells have an ~40% higher rate of oxygen consumption
rate than OAC cisplatin-sensitive cells. Interestingly, a previous study by Lynam-Lennon et al.
demonstrated that increased oxygen consumption rate was linked with a radioresistant phenotype
in OAC [17]. However, to date, the role of oxidative phosphorylation in cisplatin resistance in OAC
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has been underexplored. In a human ovarian cancer model of cisplatin resistance, SKOV3/DPP
cisplatin-resistant cells had a significantly higher oxygen consumption rate when compared to SKOV3
cisplatin-sensitive cells [50]. The treatment of ovarian cisplatin-resistant cells with a Bcl-2 inhibitor
was found to reduce the oxygen consumption rate and enhance cisplatin sensitivity [50]. Additionally,
a study by Catanzaro et al. demonstrated that the inhibition of glucose-6-phosphate dehydrogenase
could sensitise cisplatin-resistant ovarian cancer cells to cytotoxic death, further highlighting the role of
the oxidative phosphorylation pathway in cisplatin resistance [51]. An elevated oxygen consumption
rate has also been linked to chemoresistance with other chemotherapies, such as 5-FU. A study by
Denise et al. demonstrated that 5-FU-resistant colorectal cancer cells have a significantly higher
oxygen consumption rate compared to parental 5-FU sensitive cells. Furthermore, an increased
oxygen consumption rate has also been linked to chemoresistance in docetaxel-resistant prostate
cancer cells, where treatment with metformin to inhibit oxygen consumption was found to increase
chemosensitivity [52]. Thus, it would be of interest to target oxidative phosphorylation in OAC
OE33 Cis R cells as a potential mechanism to enhance cisplatin sensitivity. Metabolism is also tightly
influenced by environmental conditions, whereby low oxygen conditions can result in the upregulation
of hypoxia-inducible glucose transporters [53]. Thus, we investigated the metabolic rate of OE33 Cis P
and Cis R cells under hypoxic conditions. The metabolic profile of OE33 Cis R cells is significantly
altered under moderate hypoxic conditions (0.5% O2), where OE33 Cis R cells have a significantly
lower oxygen consumption rate than parental OE33 Cis P cells. This result highlights the flexible
nature of OE33 Cis R cells, whereby they are able to adapt to environmental conditions and reduce
oxygen consumption rate in low oxygen conditions. Hypoxia plays a critical role in cisplatin resistance,
and hypoxic tumours often display a high level of resistance to cisplatin [54,55]. Studies in lung cancer
have reported that hypoxia can promote the activation of autophagy, resulting in chemoresistance [55].
In addition, cisplatin-resistant lung cancer cells display a hypoxia-induced upregulation of p53,
resulting in the activation of p21 transcription, which results in the arrest of the cell cycle at the G0–G1
phase, ultimately reducing the effect of cisplatin [54]. As dynamic regions of hypoxia are found in most
solid tumours, including OAC, it is critical to understand how OE33 Cis R cells adapt to their tumour
microenvironment to determine the best method to target this cell population. The reduced OCR that
is seen in OE33 Cis R under hypoxic conditions is something that needs to be further evaluated in
future studies.

This study has investigated a number of key differences in an isogenic model of OAC cisplatin
resistance. Importantly, OE33 Cis R cells have a significantly altered gene expression and inflammatory
secretome profile compared to cisplatin-sensitive cells. In addition, cisplatin-resistant cells have
an altered metabolic profile under normal and low oxygen conditions. The molecular differences
identified in this study, including the increased sensitivity to radiation and 5-FU of cisplatin-resistant
cells, provides novel insight into cisplatin resistance in OAC, and has identified molecular processes
that could be targeted in the future as a means to overcome cisplatin resistance and improve therapeutic
outcomes for OAC.

4. Materials and Methods

4.1. Generation of the OE33 Cis P and OE33 Cis R Cell Lines

The human OE33 oesophageal adenocarcinoma cell line was obtained from the European
collection of cell cultures. The isogenic model of cisplatin-resistant OAC; Cis P (cisplatin-sensitive)
and Cis R (cisplatin-resistant) cells was generated as previously described [20]. Briefly, the original
OE33 cells were split to generate two passage-matched flasks of OE33 cells. One flask was mock
treated, and the other was treated with a metronomic dosing of cisplatin. Both lines were developed
side-by-side and treated identically, differing only in being treated with vehicle or cisplatin until
cisplatin-resistant cells were developed.
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4.2. Preparation of Chemotherapeutic Drugs

Stock solutions of cis-diamminedichloroplatinum (cisplatin) and 5-flurouracil (5-FU) were
prepared in phosphate-buffered saline (PBS) and dimethyl sulfoxide (DMSO), respectively. Solutions
were sterile filtered and then aliquoted and stored at −20 ◦C. Prior to use, the solution was incubated
at 37 ◦C and mixed thoroughly.

4.3. Determining IC50 of Cisplatin for OE33 Cis P and OE33 Cis R Cells at Using Cell Counting kit-8 (CCK8)
Assay

OE33 Cis P and OE33 Cis R cells were seeded at 5 × 103 cells/200 μL in complete Roswell Park
Memorial Institute (RPMI) 1640 medium supplemented with 10% fetal calf serum (Lonza, Basal,
Switzerland) and 1% penicillin-streptomycin (Lonza, Basal, Switzerland) in a 96-well flat-bottomed
plate and incubated at 37 ◦C, 5% CO2 overnight. Media was replaced with 180 μL of fresh complete
RPMI and cells were treated with 20 μL of cisplatin at a range of increasing concentrations (0, 0.01, 1,
10, 50, 100, 200 μM). Cells were incubated for 48 h at 37 ◦C, 5% CO2/95% air. 10 μL of cell counting
kit-8 (CCK8) assay solution (Sigma-Aldrich, Missouri, USA) was added to each well after 48 h. Cells
were incubated at 37 ◦C, 5% CO2 for 1.5 to 2 h until appropriate colour development was observed.
The absorbance was measured at 450 nm using a VersaMax microplate reader (Molecular Devices,
Sunnyvale, CA, USA).

4.4. Clonogenic Assay

OE33 Cis P and OE33 Cis R cells were trypsinised, counted, and seeded at the optimised densities
of 1–2.5 × 103 in 1.5 mL of complete RPMI, in triplicate in six-well plates and allowed to adhere
overnight. For chemosensitivity assays, cells were allowed to adhere for 24 h following which time
they were treated with vehicle control or cisplatin. OE33 Cis P cells were treated with 1.3 μM of cisplatin,
and OE33 Cis R cells were treated with either 1.3 μM or 2.8 μM of cisplatin. For radiosensitivity assays,
cell were seeded and allowed to adhere for 48 h following which time OE33 Cis P and OE33 Cis R
cells were either irradiated with 2 Gy (dose rate 1.73 Gy/min 195 KV 15 mA) or mock irradiated.
Colonies were allowed to grow for 7 to 14 days, at which point they were fixed and stained with crystal
violet (0.5%/ 25% v/v methanol) and allowed to air dry. Colonies consisting of 50 cells or more were
counted using a colony counter (GelCount, Oxford Optronix, Oxford, UK). Plating efficiency (PE),
which is the fraction of colonies formed by untreated cells, was calculated using the formula: PE =
No. colonies/No. cells seeded. The surviving fraction (SF), which was the number of colonies formed
following treatment, and was expressed in terms of PE, was calculated using the formula: SF = No.
colonies/(No. cells seeded × PE).

4.5. Irradiation

Irradiation was performed using a XStrahl X-ray generator, (RS225), at a dose rate of 1.75 Gray
per min.

4.6. RNA Extraction from Cell Lines

For total RNA extraction and purification, including miRNA, the RNeasy Mini Kit was used
as per the manufacturer’s instructions (Qiagen, UK). Sterile RNase and DNase-free filter tips were
used throughout all of the RNA experiments (TipOne Starlab, UK). Cell pellets (<5 × 104 cells) were
resuspended in 350 μl of RLT lysis buffer and pellets >five × 104 cells were resuspended in 600 μL of
RLT lysis buffer. One volume of 70% ethanol was added to the lysate and mixed well by pipetting.
RNeasy mini columns were inserted into the top of two-mL collection tubes. Up to 700 μL of the
lysate was added to the columns, which were then centrifuged at 8000× g for 15 seconds at room
temperature (RT). A 700-μL volume of RW1 buffer was added to the column, and centrifuged 8000× g
for 15 seconds at RT. The flow through was discarded, and 500 μL of RPE buffer was added to the
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column and centrifuged at 8000× g for 15 s at RT. The flow through was discarded, and 500 μL of
buffer RPE was added to the column and centrifuged at 8000× g for 2 min at RT. The flow through
was subsequently discarded, and the column was transferred to a new 1.5-mL collection tube. A 30 to
50-μL volume of RNase-free water was pipetted directly onto the column membrane and centrifuged
for 1 min at 8000× g to elute the RNA from the silica membrane of the column. The concentration
and purity of the eluted RNA was measured on the NanoDrop ND-1000 (Thermo Scientific, Delaware,
USA). Then, RNA extracts were stored at −20 ◦C in the short term (<one month) or −80 ◦C in the long
term (>one month).

4.7. Digital Gene Expression Sequencing

The gene expression sequencing was outsourced to LC Sciences (Texas, USA). Briefly, six μg total
RNA from three biological replicates was prepared in 50-μL of DEPC (diethylpyrocarbonate) water, five
μL of 3M of NaOAc, pH 5.2 and 150 μL of absolute ethanol to give a final volume of 205 μL. Samples
were stored at −80 ◦C prior to shipping on dry ice. High-throughput sequencing was performed using
Illumina sequencing by synthesis technology. LC Sciences provided analysed gene expression data
and KEGG (Kyoto Encyclopaedia of Genes and Genomes) analysis. Gene expression abundance was
normalised and evaluated in FPKM (Fragments Per Kilobase of transcript per Million reads) using
the Cuffdiff module of Cufflinks_v2.2.1. The q-value was representative of a false discovery rate
(FDR) adjusted p-value < 0.05. The fold change in gene expression was calculated from the equation:
log2 (OE33 Cis R FPKM/OE33 Cis P PMK). Pathway analysis was performed with EASE (Expression
Analysis Systematic Explorer). The KEGG pathway p-value is based on the EASE score: a modified
Fisher exact p-value that measures if the probability of the (count/list total) is more than random
chance compared to the background list (pop hits/pop total), where ‘count’ is the number of significant
genes in a pathway, ‘list total’ is the number of genes in the submitted list associated with the category
(e.g., KEGG pathway), ‘pop hits’ is the number of genes in the background list associated with the
term, and ‘pop total’ is the number of genes in the background list associated with the category. Fold
enrichment was calculated as (count/list total)/(pop hits/pop total). The lower the p-value, the more
enrichment of the term. Gene expression changes were considered significant if the p value was <0.05.
Heatmaps were generated using the ‘pheatmap’ package for the R project for statistical computing
(version 3.5.1) [56,57].

4.8. Multiplex Enzyme Linked Immunosorbent Assay (ELISA)

Supernatant from OE33 Cis P and OE33 Cis R cells were defrosted on ice. The secretion of
cytokines and angiogenic growth factors was analysed by ELISA as per the manufacturer’s instructions.
To assess angiogenic, vascular injury, inflammatory cytokine and chemokine secretions, a 47 multiplex
kit spread across seven plates was used (Meso Scale Diagnostics, USA). The multiplex kit was used to
quantify the secretions of CRP, Eotaxin, Eotaxin-3, GM-CSF, ICAM-1, IFN-γ, IL-10, IL-12/IL-23p40,
IL-12p70, IL-13, IL-15, IL-16, IL-17A, IL-17A/F, IL-17B, IL-17C, IL-17D, IL-1RA, IL-1α, IL-1β, IL-2,
IL-21, IL-22, IL-23, IL-27, IL-3, IL-31, IL-4, IL-5, IL-6, IL-7, IL-8, IL-8 (HA), IL-9, IP-10, MCP-1, MCP-4,
MDC, MIP-1α, MIP-1β, MIP-3α, SAA, TARC, TNF-α, TNF-β, TSLP, VCAM-1, VEGF-A from OE33 Cis
P and OE33 Cis R cell supernatants from cells that had been seeded at 250,000 cells per well for 48 h.
Secretion data for all of the factors was normalised appropriately to cell lysate protein content using
the BCA assay (Pierce).

4.9. OCR and ECAR Measurements in Cis P and Cis R Cells

OE33 Cis P and OE33 Cis R cells were seeded in five wells per treatment group at a density
of 18,000 and 20,000 cells/well, respectively, in 24-well cell culture XFe24 microplates (Agilent
Technologies, Santa Clara, CA, USA) at a volume of 100 μL and allowed to adhere at 37 ◦C in
5% CO2/95% air. Five hours later, an additional 150 μL/well complete cell culture RPMI medium was
added. Following 48 h of incubation, media was removed and cells were washed with unbuffered
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Dulbecco’s Modified Eagle’s medium (DMEM) supplemented with 10 mM of glucose and 10 mM of
sodium pyruvate, (pH 7.4) and incubated for one hour at 37 ◦C in a CO2-free incubator. The oxygen
consumption rate (OCR) and extracellular acidification rate (ECAR) were measured using a Seahorse
Biosciences XFe24 Extracellular Flux Analyser (Agilent Technologies, Santa Clara, CA, USA). Three
basal measurements of OCR and ECAR were taken over 24 min consisting of three repeats of mix (three
min)/wait (2 min)/measurement (3 min) to establish basal respiration. Three additional measurements
were obtained following the injection of three mitochondrial inhibitors including oligomycin (Sigma
Aldrich, Missouri, USA), antimycin-A (Sigma Aldrich, Missouri, USA) and an uncoupling agent
Carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone (FCCP) (Sigma Aldrich, Missouri, USA). ATP
turnover was calculated by subtracting the OCR post oligomycin injection from baseline OCR prior to
oligomycin addition. Proton leak was calculated by subtracting OCR post antimycin-A addition from
OCR post oligomycin addition. Maximal respiration was calculated by subtracting OCR post antimycin
addition from OCR post FCCP addition. Non-mitochondrial respiration was determined as the OCR
value post antimycin-A addition. All of the measurements were normalised to cell number using
the crystal violet assay, transferring the eluted stain to a 96-well plate before reading. For seahorse
experiments carried out under (0.5% O2) hypoxia, cells were seeded under normoxic conditions and
allowed to adhere for 6 h at 37 ◦C 5% CO2/95% air, following which time they were placed at 37 ◦C
0.5% O2 5% CO2 in the H35 Don whitley hypoxstation for 48 h, and seahorse measurements were
carried out under hypoxia (0.5% O2) in the i2 Whitley station using the same protocol for measuring
rate as described for normoxic conditions.

4.10. Crystal Violet

Cells were fixed with 1% glutaraldehyde (Sigma-Aldrich, Missouri, USA) for 15 min at RT.
The fixative was removed, and cells were washed with PBS and stained with 0.1% crystal violet for 30
min at RT. Plates were left to air dry and incubated with 50 μL of 1% Triton X-100 in PBS on a plate
shaker for 30 min at RT. Absorbance was read at 595 nm on a VersaMax microplate reader (Molecular
Devices, Sunnyvale, CA, USA).

4.11. Statistical Analysis

Statistical analysis was performed using GraphPad Prism version 5 software (GraphPad Software,
CA, USA). Scientific data were expressed as mean ± standard error of the mean (SEM). SEM was
calculated as the standard deviation of the original samples divided by the square root of the sample
size. Specific statistical tests used are indicated in figure legends. For all of the statistical analysis,
differences were considered statistically significant at p < 0.05.

Supplementary Materials: The following are available online at http://www.mdpi.com/1424-8247/12/1/33/s1,
Figure S1: Inflammatory protein in cisplatin sensitive (OE33 Cis P) versus cisplatin resistant (OE33 Cis R) OAC
cells. The secreted levels of 47 proteins in Cis P and Cis R cells was evaluated by multiplex ELISA, 23 proteins
were detected in supernatant of Cis P and Cis R cells, there was no significant difference in secreted levels of
(A) Monocyte chemoattractant protein-1 (MCP-1) (B) Vascular endothelial growth factor (VEGF-A) (C) Vascular
adhesion molecule 1 (VCAM-1) (D) Granulocyte-macrophage colony-stimulating factor (GM-CSF) (E) Interleukin
15 (IL-15) in OE33 Cis P and OE33 Cis R cells, all secretions normalised to protein content. (n = 4). Unpaired t-test.
Date expressed as ± SEM.
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Abbreviations

5-FU Fluorouracil
Cis Cisplatin
ECAR Extracellular Acidification Rate
ELISA Enzyme Linked Immunosorbent assay
DMEM Dulbecco’s Modified Eagle’s medium
IL-1α Interleukin 1 alpha
IL-7 Interleukin 7
IL-8 Interleukin 8
ICAM-1 Intracellular Adhesion Molecule 1
KEGG Kyoto Encyclopedia of Genes and Genomes
MiRNA Micro ribonucleic acid
NeoCRT Neoadjuvant Chemoradiation Therapy
NHEJ Non Homologous end joining
OAC Oesophageal Adenocarcinoma
OCR Oxidative Phosphorylation
PE Plating Efficiency
RMPI Roswell Park Memorial Institute medium
SCC Squamous Cell Carcinoma
SF Surviving Fraction
TGF-β Transforming Growth Factor Beta
VEGF Vascular Endothelial Growth Factor
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Abstract: Microtubule-targeted drugs are essential chemotherapeutic agents for various types of
cancer. A series of 3-vinyl-β-lactams (2-azetidinones) were designed, synthesized and evaluated as
potential tubulin polymerization inhibitors, and for their antiproliferative effects in breast cancer cells.
These compounds showed potent activity in MCF-7 breast cancer cells with an IC50 value of 8 nM for
compound 7s 4-[3-Hydroxy-4-methoxyphenyl]-1-(3,4,5-trimethoxyphenyl)-3-vinylazetidin-2-one)
which was comparable to the activity of Combretastatin A-4. Compound 7s had minimal cytotoxicity
against both non-tumorigenic HEK-293T cells and murine mammary epithelial cells. The compounds
inhibited the polymerisation of tubulin in vitro with an 8.7-fold reduction in tubulin polymerization
at 10 μM for compound 7s and were shown to interact at the colchicine-binding site on tubulin,
resulting in significant G2/M phase cell cycle arrest. Immunofluorescence staining of MCF-7 cells
confirmed that β-lactam 7s is targeting tubulin and resulted in mitotic catastrophe. A docking
simulation indicated potential binding conformations for the 3-vinyl-β-lactam 7s in the colchicine
domain of tubulin. These compounds are promising candidates for development as antiproiferative
microtubule-disrupting agents.

Keywords: Combretastatin A-4; β-lactam; 3-vinylazetidin-2-ones; antiproliferative activity; tubulin;
antimitotic

1. Introduction

Antimitotic agents such as taxol and the vinca alkaloids vinblastine and vincristine are a major
class of drugs used clinically in the treatment of many cancers [1–3]. Microtubule-destabilizing agents
(e.g., vinblastine) typically bind with tubulin at the vinca alkaloid site [4], while colchicine 1 exerts its
biological effects at the intrasubunit interface within a tubulin dimer [5]. Stilbene-based compounds have
attracted the attention of chemists and pharmacologists due to their many biological properties such as
anticancer, antioxidant and anti-inflammatory activities, and are often used in traditional medicine for
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a variety of therapeutic effects [6]. The combretastatins are a group of stilbenes isolated from the South
African bush willow tree Combretum caffrum [7], and are shown to have outstanding potency in binding
to the colchicine-binding site of tubulin and thus inhibiting the formation of the mitotic spindle [8].
Combretastatin A-4 2a and Combretastatin A-1 2c demonstrate exceptionally potent antiproliferative
activity against a range of human cancer cell lines (Figure 1) [7]. Additionally, antivascular effects
are produced by these compounds in vivo [9,10]. Although some combretastatin compounds have
progressed to clinical trials[11,12], there are major problems associated with combretastatins including
poor water solubility and cis/trans isomerization during administration or storage, which results in
an extensive loss of potency. Water soluble prodrugs such as the combretastatin phosphate CA-4P,
(fosbretabulin) 2b [13,14] are currently in clinical trials for advanced anaplastic thyroid carcinoma [15],
ovarian cancer [16], and in combination with Bevacizumab for patients with advanced cancer [17].
Recently, the potential combination therapy of CA-4P and vincristine in the treatment of hepatocellular
carcinoma was reported to show a beneficial effect in reducing doses of drugs with narrow therapeutic
windows [18]. Ombrabulin is a serine prodrug whose derivatives display the same activity as CA-4 and
has completed a phase III clinical trial for the treatment of advanced stage soft tissue sarcoma [19,20].
There is ongoing interest in the clinical development of combretastatin A1 diphosphate (OXi 4503)
2d [21]. The structurally related benzophenones phenstatin 3a, phenstatin phosphate 3b [22] and the
lignin podophyllotoxin 4 also destabilize microtubules [23].

 
Figure 1. Colchicine (1), Combretastatins (2a–2d), phenstatins (3a, 3b) and podophyllotoxin (4).

Many heterocyclic scaffold structures have been introduced to replace the alkene of the stilbene
structure of CA-4 and to provide conformational restriction by locking the stilbene in the cis configuration
(Rings A and B) required for biological activity [24]. Small molecule tubulin polymerization inhibitors
have been reported in which the cis double bond of CA-4 has been replaced by various heterocycles such
as furan [25], indole[26,27], imidazole [28], isoxazole [29], triazole [30], tetrazole [31], benzoxepine [32],
pyrazole [33], pyridine [34], benzimidazole [35] and related heterocycles [36]. While β-lactam antibiotics
have occupied a central role in the treatment of pathogenic bacteria, the antiproliferative activity
of compounds containing the β-lactam (azetidin-2-one) ring has also been investigated [37–42].
The synthesis and antitumour activity of a number of chiral β-lactam bridged CA-4 analogues have
been reported [37,38]. Additional impetus for research efforts on β-lactam chemistry has been provided
by the use of β-lactams as synthetic intermediates in organic synthesis [43].

We have previously investigated the antiproliferative and SERM (selective estrogen receptor
modulator) activity of the azetidin-2-one(β-lactam) scaffold [44] and also demonstrated the effectiveness of
1,4-diarylazetidin-2-ones in breast cancer cell lines as tubulin targeting agents. [45,46]. These compounds
also demonstrated both anti-angiogenic effects in MDA-MB-231 breast adenocarcinoma cells. In addition,
we established that these compounds inhibited the migration of MDA-MB-231 cells indicating a potential
anti-metastatic function for these compounds [47]. To further our understanding of the antiproliferative
activity of these compounds, we wished to investigate the design, synthesis and evaluation of a series
of azetidin-2-ones containing a vinyl substituent at C3 of the azetidin-2-one ring, and to explore the
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effect of this hydrophobic substituent on the biological activity of these compounds in which the
cis configuration (Rings A and B) is locked into the azetidin-2-one ring structure. The introduction
of this vinyl substituent at C-3 also allowed us to examine further chemical transformations of the
alkene, and to determine structure-activity relationships for the series. On this basis, we now aimed
to investigate a new series of novel 3-vinylazetidinones compounds with an improved biochemical
profile particularly in triple negative breast cancer for potential development in preclinical study of
breast cancer as tubulin destabilising agents. Therefore, we focused our efforts on the preparation of a
library of 1,4-diarylazetidin-2-ones which contain a vinyl substituent at C-3. The synthesis of phosphate
esters and amino acid amide type prodrugs of the most potent 1,4-diarylazetidin-2-ones were examined,
together with the antiproliferative and tubulin targeting effects.

2. Results and Discussion

2.1. Chemistry: Synthesis of β-lactams

There are many synthetic routes available for the construction of the β-lactam ring [43,48].
The choice of route depends on the structural features required in the final product. In the present
work, the Staudinger reaction between an imine and a ketene was chosen for the formation of the
β-lactam ring because of its ease of use, adaptability for use with structurally diverse imines and acid
chlorides, and readily available starting materials. A series of analogues with a variety of substituents
at C4 of the β-lactam ring B was synthesized from the appropriate imines. The preparation of the
Schiff bases 5a–5r was achieved by the condensation of the appropriately substituted benzaldehyde
with the 3,4,5-trimethoxyaniline in ethanol in the presence of a catalytic amount of sulphuric acid,
(Scheme 1). The 3,4,5-trimethoxy substituted A-Ring of CA-4 plays an important role in inhibiting
tubulin polymerisation, and is confirmed in the docking of CA-4 in tubulin [49]. The substituents
located at the para-position of C-4 aryl Ring B included halogens (compounds 5a–5c), nitro (5d),
dimethylamino (5e), methyl (5g), alkoxyl (5h–5j), phenoxy (5k), benzyloxy (5l), nitrile (5q) and
thiomethyl (5r) together with naphthyl (compounds 5m and 5n). 5s was similarly obtained by reaction
of 4-methoxybenzaldehyde with 3,5-dimethoxyaniline. For the synthesis of β-lactam derivatives
with a phenolic hydroxy group to mimic Ring B of CA-4, it was necessary to use the benzyl ether
5l and tert-butyldimethylsilyl ether 5o. A further series of Schiff bases (6a–6k) was obtained from
3,4,5-trimethoxybenzaldehyde with appropriate anilines using the same procedure as above, (Scheme 1).
An example of the crystal structure of the imine 6k is displayed in Figure 2, showing the E configuration
of the imine N1-C2 bond (bond length 1.278(2) Å) (Table 1).
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Scheme 1. Synthesis of imines 5a–5s, 6a–6k. Reagents and conditions: (a) EtOH, conc H2SO4, reflux,
4 h, (67–100%).
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Figure 2. ORTEP representation of the X-ray crystal structure of compound 6k with the thermal
ellipsoids set at 50% probability.

Table 1. Crystal data, details of data collections and refinement 6k, 7h, 8h, 8i, 8k.

Compound 6k 7h 8h 8i 8k

Empirical formula C17H19NO3S C21H23NO5 C22H25NO4 C21H23NO5 C21H23NO4S

M (g/mol) 317.39 369.40 367.43 369.40 385.46

Crystal System monoclinic monoclinic monoclinic triclinic triclinic

SG P21 (No. 4) P21 (No. 4) P21/n (No. 14) P1 (No. 2) P1 (No. 2)

a (Å) 7.8282(3) 20.1106(7) 7.2135(14) 10.9022(5) 8.2131(4)

b (Å) 7.7880(3) 9.1481(3) 26.440(5) 13.0315(6) 10.5047(5)

c (Å) 13.2937(6) 22.6378(8) 10.389(2) 14.9787(8) 12.5704(6)

α (◦) - - - 94.994(2) 107.9218(16)◦

β (◦) 106.4320(10) 110.6238(14) 101.41(3) 105.024(2)◦ 96.7759(18)◦

γ (◦) - - - 108.284(2)◦ 103.3909(18)◦

V (Å3) 777.36(6) 3897.9(2) 1942.3(7) 1918.37(16) 982.64(8)

T (K) 100(2) 100(2) 150(2) 100(2) 100(2)

Z 2 8 4 4 2

Dcalc (g/cm3) 1.356 1.259 1.256 1.279 1.303

μ (mm−1) 0.220 (Mo Kα) 0.738 (Cu Kα) 0.086 (Mo Kα) 0.091 (Mo Kα) 0.191 (Mo Kα)

Total reflns 27644 59468 14461 29738 14916

Indep. reflns 4394 14180 3492 9673 4903

R(int) 0.0258 0.0602 0.0565 0.0532 0.0304

S 1.058 1.047 1.188 1.006 1.038

R1 * [I > 2σ(I)] 0.0251 0.0364 0.0666 0.0509 0.0388

wR2 * [all data] 0.0676 0.0945 0.1509 0.1191 0.0918

Flack 0.027(12)

CCDC number 1820354 1820355 1820358 1820356 1820357
* R1 =

∑
||Fo| − |Fc||/

∑
|Fo|, wR2 = [

∑
w(Fo

2 − Fc
2)2/
∑

w(Fo
2)2]1/2.

A series of novel β-lactams (7a–7r) was obtained by reaction of imines 5a–5r with crotonyl chloride
using Staudinger reaction conditions requiring the slow addition of a solution of the appropriate acid
chloride to a refluxing solution of imine and TEA, (Scheme 2) [50,51]. One enantiomer is illustrated
in each case and products are obtained as a racemic mixture. β-Lactam (7s) containing the required
Ring B phenolic group of CA-4 was successfully synthesised from the silyl ether imine 5o and crotonyl
chloride to afford the silyl ether β-lactam 7o which was deprotected in situ by treatment with tBAF to
yield the phenol 7s (Scheme 2). This series of compounds 7a–7r differ only in the substituent pattern of
aryl ring at C-4 of the β-lactam ring B.
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Scheme 2. Synthesis of β-lactams 7a–7u, 8a–8k; Reagents and conditions: (a) triethylamine, CH2Cl2,
reflux, 5 h, (17–61%); (b) TBAF, dry THF, 0 ◦C, 30 min, (20%); (c) Zn dust, acetic acid, 20 ◦C, 7 days,
(43%).

Many potentially useful CA-4 derivatives contain the amino substituent replacing the phenol on
ring B and have shown interesting biochemical activity[52]. We were interested in the preparation
of β-lactam CA-4 type compounds containing an amino substituent in Ring B, and the subsequent
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conversion to a water-soluble prodrug by conjugation with an amino acid. The nitro containing
C-3-vinyl-β-lactam 7p was successfully reduced to the amino product 7t using zinc dust in the presence
of acetic acid (Scheme 2). To investigate the effect of replacement of the 3,4,5-trimethoxy ring A of CA-4
with 3,5-dimethoxy substituted ring A, the β-lactam 7u was prepared in a similar route from the imine
5s. Tripodi et al. reported that 3,5-dimethoxy substituted ring A compounds demonstrated comparable
activity to the β-lactam compounds containing the 3,4,5-trimethoxy ring A of CA-4 [53]. A further
series of β-lactam compounds (8a–8k), was also prepared containing the 3,4,5-trimethoxyphenyl
substituent (Ring A of the Combretastatin A-4) at C-4 position, (Scheme 2).

The products of the Staudinger reaction with imines and crotonyl chloride show IR absorptions
at approximately ν 1750 cm−1 characteristic of the carbonyl group of the β-lactam ring. All of the
β-lactams were obtained with exclusively trans stereochemistry, with coupling constants of 1–3 Hz for
the β-lactam ring protons (e.g., for compound 7s, H-4 is identified as a doublet δ 4.69, J3,4 = 2.52 Hz).
Coupling constants of 5–6 Hz are usually observed for β-lactams with cis stereochemistry [46].

Subsequent to our initial biochemical evaluation of the 3-vinyl-β-lactam CA-4 analogues, a further
series of 3-substituted β-lactams was prepared from 3-unsubstituted β-lactams by aldol type reaction
with a suitable electrophile [54,55]. We were particularly interested in the introduction of modified
alkene substituents at C-3, due to the exceptional biochemical activity displayed by the 3-vinyl β-lactam
7s. Lithium enolates of 3-unsubstituted β-lactams 9a and 9b were reacted with selected aldehydes and
ketones to provide alcohol products 10a–10i, (Scheme 3). The β-lactams 9a and 9b were obtained via
the Reformatsky reaction of ethyl bromoacetate with imines 5h and 5o using microwave conditions.
Treatment of 9b with tBAF afforded the phenol 9c. Similarly, for the preparation of compounds 10a,
10c, 10d, 10f, 10g, 10h the initially obtained tBDMS ether intermediate was subsequently deprotected
in situ using tBAF to yield the desired phenolic product. The enolate chemistry is stereoselective,
favouring trans stereochemistry for the products. The presence of a diastereomeric mixture for products
is confirmed from the 1H NMR spectra (e.g., for 10h where H-3 and H-4 appear as two sets of doublets,
δ 3.20 and δ 4.83 respectively, with J = 2.4 Hz, ratio H3/H4 1.14:1.00). To investigate the role of the
alcohol group at C-5 in the biochemical activity of the products 10a–10h, the alcohol 10i was oxidised
to the corresponding ketone 11 using pyridinium chlorochromate. An alternative route to 11 was
identified where treatment of the 3-unsubstituted β-lactam 9b with LDA followed by addition of acetyl
chloride to gave the desired product 11 but only in low yields (11%) with the alcohol 10a also isolated
(22%), (Scheme 3).

To further investigate the role of the 3-vinyl substitution pattern in the biochemical activity of.
β-lactams, a 3-ethylidene product 12 was investigated. The initial route attempted involved the
chlorination of the alcohol 10i using thionyl chloride followed by dehydrohalogentation with a suitable
base such as DBU. However, a more successful method to give the 3-ethylidene β-lactams was the
dehydration of the alcohol 10i under Mitsunobu conditions and subsequent deprotection by treatment
with tBAF to yield 12 in 63% yield overall, (Scheme 3). The Peterson olefination of 3-unsubstituted
β-lactams has also been reported by Kano et al. as an alternative route to 3-ethylidene β-lactams [56],
while the Mitsunobu reaction for the dehydration of alcohols has been described by Plantan et al. in
the synthesis of a trinem β-lactamase inhibitor [57]. The product 12 was obtained as a mixture of
Z/E isomers in a 1:1 ratio. The configuration of the separated isomers was determined by examining
the chemical shifts associated with the C-6 methyl protons. The further downfield doublet signal
(δ 2.05, J = 4.16 Hz) is more deshielded, and so is assigned to the Z isomer while the signal at δ 1.62,
(J = 4.40 Hz) is assigned to the E isomer [51].

The introduction of a diol functionality at C-3 was now explored. The diol 13 was synthesised in
39% yield by the oxidation of the alkene 7s with osmium tetroxide (Scheme 3). The 1H NMR spectrum
for 13 clearly illustrates the formation of a diastereomeric product. H-3 appears as a pair of double
doublets at δ 3.16 (0.7H) and δ 3.19 (0.3H) with coupling constants of 2.42 Hz and 5.55 Hz, while H-4
appears as two separate doublets at δ 4.90 (0.3H) and δ 5.00 (0.7H), J = 2.37 Hz.
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Scheme 3. Synthesis of azetidinones 10a–10i, 11–13. Scheme reagents and conditions: (a) Zn,
BrCH2CO2Et, microwave, 100 ◦C, 30 min, (37–39%) (b) LDA, THF, R1COR2, −78 ◦C, 30 min, (17–38%);
(c) TBAF, THF, 0 ◦C, 1.5 h (for compounds 10a, 10c, 10d, 10f, 10g, 10h, 11, 12, 13), (17–52%); (d) Ph3P,
DEAD, CH2Cl2, 0 ◦C, 3 min, (52%); (e) PCC, CH2Cl2, 20 ◦C, 18 h, (7%) (f) LDA, THF, CH3COCl, −78 ◦C,
30 min, (11%); (g) OsO4, pyridine, 0 ◦C 1 min, then 20 ◦C, 22 h, (39%).

The amino acid alanine was chosen for prodrug formation of the β-lactam 7t [58]. The protected
amino acid prodrug 14 was obtained from 7t using the coupling agent DCC with HOBt in dry DMF
(Scheme 4). The FMOC protecting group was easily removed from 14 by treatment with 2N sodium
hydroxide over 24 h to afford the amino acid prodrug conjugate 15 (57%). Controlled esterification
of the phenolic β-lactams 7s and 9c with dibenzyl phosphite using diisopropylethylamine and
dimethylaminopyridine afforded dibenzyl phosphate β-lactams 16a and 16b respectively, (Scheme 4).
The dimethyl and diethylethyl phosphate esters of compound 9c, 16c and 16d respectively, were also
prepared (Scheme 4). The phosphate 17a was obtained by treatment of dibenzylphosphate ester 16a

with bromotrimethylsilane. Hydrogenation of the dibenzylphosphate ester 16b with palladium/carbon
catalyst removed the dibenzyl protecting groups and also reduced the double bond at C-3 position of
the β-lactam ring to afford phosphate 17c. For the preparation of compound 17b, where removal of
the benzyl protecting groups and retention of the double bond was required, reaction of the dibenzyl
phosphate ester 16b with bromotrimethylsilane was effective.

Preliminary stability studies of the representative β-lactam 7s were carried out at acidic, neutral
and basic conditions (pH 4, 7.4 and 9) and in plasma using HPLC. The half-life (t 1

2
) was determined to

be greater than 24 h at pH 4, 7.4 and 9 and in plasma for compound 7s. The phosphate esters 17b and
17c were also found to be stable over the range of pH and in plasma, with half-life (t 1

2
) determined

to be greater than 24 h. The cleavage of phosphate prodrugs 17b and 17c was also investigated in
whole blood. They were cleaved much more rapidly in whole blood (62% and 34% remaining after 6 h
respectively) than in human plasma (94% and 92% remaining after 6 h respectively). Based on this
stability study the β-lactam 7s would be suitable for further development.
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Scheme 4. Synthesis of amino acid prodrugs 15, 17a–c. Reagents and conditions: (a) Fmoc-L-alanine,
anhydrous DMF, DCC, HOBt.H2O, 20 ◦C, 24 h (58%); (b) 2N NaOH aq, CH3OH, CH2Cl2, 20 ◦C, 24 h
(57%); (c) for compounds 16a–16b, dibenzyl phosphate, DIPEA, DMAP, CCl4, CH3CN, −10 ◦C–20 ◦C,
3h (60–61%); for compound 16c, dimethyl phosphate, DIPEA, DMAP, CCl4, CH3CN, −10 ◦C–20 ◦C, 3h
(52%); for compound 16d diethyl phosphate, DIPEA, DMAP, CCl4, CH3CN, −10 ◦C–20 ◦C, 3h (79%);
(d) for compounds 17a, 17b: bromotrimethylsilane, dry DCM, 45 min, 0 ◦C, (91–63%); for compound
17c: H2/Pd/C, ethanol-ethyl acetate, 1:1, 3 h, 20 ◦C, (98%).

2.2. X-Ray Structural Study

The X-ray crystal structures of compounds 7h, 8i, 8k and 8h are displayed in Figure 3 and confirm
the structural assignment. The crystal data for the compounds are shown in Tables 1 and 2. For each
compound the two aryl rings at N-1 and C-4 position are in a pseudo cis arrangement while the phenyl
ring at C4 and the alkene group are on opposite sides of the β-lactam (trans configuration). The
structure of the compounds 7h, 8h, 8i and 8k clearly demonstrated a non-coplanar configuration for
rings A and B of the β-lactams, with the β-lactam ring providing a rigid scaffold. For compound 7h

even though both enantiomers are present, the compound crystallizes out in a chiral space group. The
trans configuration of the aryl rings A and B at C-3 and C-4 is also evident. The dihedral angle H3/H4 is
observed for compounds 7h, 8h, 8i and 8k respectively, which is consistent with the small trans coupling
constant observed in the 1H NMR spectrum of 2.00 Hz, 2.52 Hz, 2.48 Hz and 2.44 Hz respectively
for these compounds. The β-lactam C=O bond lengths are 1.209(3) Å, 1.214(3) Å, 1.2077(17) Å and
1.2077(17) Å for compounds 7h, 8h, 8i and 8k respectively, which is consistent with data previously
reported for the carbonyl bond length of monocyclic β-lactams of 1.217(3) Å [59] and 1.207(2) Å [60].
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The ring A/B torsional angles for compounds 7h, 8h, 8i and 8k were observed as −59.5◦, 59.7◦, −73.5◦
and−77.0◦ respectively; these values are significantly greater than those observed for the corresponding
rings A/B in the DAMA-colchicine 1b [5], Combretastatin A-4 2a [61] and related 4-arylcoumarin [62]
as 53◦, 55◦ and 48.3◦ respectively (Table 2). The azetidinone N1-C4 bond length was observed at
1.372(3) Å, 1.376(3) Å, 1.367(2) Å and 1.3767(18) Å for compounds 7h, 8h, 8i and 8k respectively, which
compares with 1.334(4)Å reported for the alkene C=C of combretastatin A-4 [61]. The C26-C27 alkene
bond length for 7h, 8h, 8i and 8k were observed at 1.303(3) Å, 1.3174 Å, 1.308(3) Å and 1.316(2) Å
respectively, while the alkene C=C bond length for iso-combretastatin CA-4 has been reported as
1.329(3) Å [63]. The C-N bonds lengths in the β-lactam ring are unequal with N1-C4 bond lengths of
1.487(3) Å, 1.483(3) Å, 1.4774(19) Å and 1.4801(17) Å for compounds 7h, 8h, 8i and 8k respectively,
compared to 1.372(3) Å, 1.376(3) Å, 1.367(2) Å and 1.3767(18) Å for the N1/C2 bond in compounds 7h,
8h, 8i and 8k respectively, indicating some degree of amide resonance [59].

 
(A) 

 
(B) 

Figure 3. Cont.
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(C) 

(D) 

Figure 3. ORTEP representation of the X-ray crystal structure of (A) compound 7h, (B) compound 8i,
(C) compound 8j and (D) compound 8kwith the thermal ellipsoids set at 50% probability.

Table 2. X-Ray data and torsional angles for compounds 7h, 8h, 8i, 8k.

Compound
Ring Plane

Normal
AB Angle(◦)

Ring A to
Central

Torsion (◦) a

Ring B to
Central

Torsion (◦) b

RingAB
Torsion (◦) c

Ring B Vinyl
Torsion (◦) d

7h *

82.79(8) 177.0(2) 137.7(2) −59.5(3) 124.8(2)
75.19(8) 179.4(2) 137.1(2) −53.8(5) 123.8(2)
100.51(8) 177.6(2) −136.1(2) 58.1(3) −126.1(2)
85.35(8) −167.5(2) −138.9(2) 59.7(3) −120.9(2)

8h 93.14(7) −171.6(3) −130.1(2) 59.7(3) −124.4(2)

8i § 86.28(5) 170.67(17) 150.21(14) −73.5(2) 127.75(18)
85.68(6) 165.62(18) 155.26(16) −73.2(2) 127.49(16)

8k 85.60(5) 162.50(17) 156.94(13) −77.0(2) 122.95(15)

a b c d

C14-C13-N1-C2 C12-C5-C4-N1 C13-N1-C4-C5 C5-C4-C3-C26
C18-C17-N1-C2 C10-C5-C4-N1 C17-N1-C4-C5 C5-C4-C3-C26
C18-C17-N1-C2 C6-C5-C4-N1 C17-N1-C4-C5 C5-C4-C3-C26
C18-C17-N1-C2 C6-C5-C4-N1 C17-N1-C4-C5 C5-C4-C3-C26
C14-C13-N1-C2 C10-C5-C4-N1 C13-N1-C4-C5 C5-C4-C3-C26

* Four independent molecules in the asymmetric unit. § = 2 independent molecules in the asymmetric unit.
Each angle given but only the first atom numbering scheme is outlined above.
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2.3. Biological Results and Discussion

2.3.1. In vitro Antiproliferative Activities

The synthesized compounds were first evaluated for their antiproliferative activity against the
human breast cancer cell line MCF-7 and compared with CA-4 as a reference compound (IC50 = 3.9 nM)
[64,65]. The results are shown in Table 3 (7a–7n, 7p–7t, 8a–8k), and Table 4 (10a–h, 11–13, 15 and 17a–c).
All β-lactams were evaluated as the trans isomer. The most potent compounds were identified as 7s

and 7t, with IC50 values of 8 νM and 17 nM respectively. Compound 7s is a direct analogue of CA-4,
while 7t is the corresponding amino compound and this type of substitution has been demonstrated to
confer potency in many CA-4 analogues [52]. Compounds having the methoxy, ethoxy and thiomethyl
substituents at C-4 of Ring B displayed potent antiproliferative effects, with IC50 values of 20 nM, 37 nM
and 51 nM respectively for compounds 7h, 7i and 7r respectively. The halo substituted compounds,
7b and 7c and 4-methyl compound 7g were less effective with IC50 values of 690 nM, 445 nM and
355 nM respectively. Selectivity in antiproliferative effect was demonstrated by the 1 and 2-naphthyl
compounds 7m (IC50 = 1.738 μM) and 7n (IC50 = 68 nM). This result compares favourably with the
naphthyl CA-4 analogues reported by Medarde et al. in which the 2-naphthalene ring directly replaces
the Ring B of CA-4 [66].

The IC50 of compound 7u containing the 3,5-dimethoxyphenyl Ring A was determined as 170 nM
in MCF-7 cells, demonstrating retention of antiproliferative potency with slightly reduced activity
compared to the 3,4,5-trimethoxy ring A substituted compound 7h. This observation could infer that
the para-methoxy aryl group is less important for activity and the 3,5-dimethoxyaryl substituted Ring A
is favourable for interaction of the molecule with the colchicine binding site of tubulin [53]. Compounds
8a–8k containing the 3,4,5-trimethoxyphenyl substituent (Ring A of CA-4) at the C-4 position were
generally observed to have poorer antiproliferative activity than the corresponding compounds 7a–7t,
containing the 3,4,5-trimethoxyphenyl substituent (Ring A of the Combretastatin A-4) at the N-1
position, (Table 3). The exceptions were compounds 8a (4-fluoro) and 8j (4-NHCOCH3) with IC50

values of 1.066 μM and 4.024 μM respectively. The relative positions of the 3,4,5-trimethoxyphenyl
Ring A and Ring B on the β-lactam ring at positions N-1 and C-4 have a significant effect on the
antiproliferative activity of the compounds as we previously reported [45].

The effects of various structural modifications on the activity of the more potent 3-vinylazetidinones
were next explored, (Table 4). The most potent compound in this series is the 3-styryl containing
compound 10f, with IC50 = 46 nM. The alcohol 10a showed interesting activity (65 nM) while the
introduction of an additional methyl group at C-5 to afford the alcohol 10d resulted in reduced
efficacy with IC50 = 544 nM. The diol 13 also proved noteworthy with IC50 = 69 nM. The 3-acetyl
compound 11 and 3-ethylidene compound 12 resulted in similar antiproliferative effects (IC50 = 414 nM
and 502 nM respectively). Additional compounds containing the hydroxyalkene substituent at C-3
(e.g., compounds 10b, 10c, 10e, 10g, 10h) were found to be moderately active (IC50 values 288–570 nM).

The amino acid prodrug amide 15 was evaluated in MCF-7 breast cancer cells to determine if
it retained any antiproliferative activity when compared with the parent compound 7t which was
extremely potent with IC50 = 17 nM. The IC50 for 15 (3.251 μM) was lower than expected; however
metabolic activation in vivo may be required for the hydrolysis of the amide [67]. The phosphate
esters 17a–17c displayed impressive antiproliferative activity, with IC50 values of 22 nM, 27 nM and
21 nM respectively (Table 4). The IC50 values for the corresponding phenols 7s and 9c in MCF-7 cells
are 8 nM and 17 nM respectively. Comparison of the 3-vinyl 17b (IC50 = 27 nM) with the 3-ethyl
17c (IC50 = 21 nM) indicated that introduction of the 3-vinyl or 3-ethyl substituent, together with the
3-unsubstituted 17a (22 nM) retains potency and optimum activity. The potent activity displayed for
the phosphate esters 17a–17c, together with the predicted improvement in water solubility, indicate
that these compounds are useful prodrugs for future development. Rapid in vivo dephosphorylation
would be expected to occur for the β-lactam phosphates 17a–c as observed for CA-4P [11].
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Table 3. Antiproliferative activities of β-lactams 7a–7n, 7p–7u, 8a–8k in human MCF-7 breast cancer cells.

Compound Number Antiproliferative Activity IC50 (μM) a

7a 8.314 ± 1.40
7b 0.690 ± 0.11
7c 0.445 ± 0.07
7d 3.827 ± 0.53
7e 4.047 ± 0.45
7f 4.034 ± 0.42
7g 0.355 ± 0.03
7h 0.020 ± 0.0025
7i 0.037 ± 0.0033
7j 13.990 ± 1.81
7k 57.041 ± 3.72
7l 8.015 ± 0.63

7m 1.738 ± 0.17
7n 0.068 ± 0.01
7p 0.618 ± 0.10
7q 6.251 ± 5.05
7r 0.051 ± 0.001
7s 0.008 ± 0.00071
7t 0.017 ± 0.0018
7u 0.170 ± 0.07.
8a 1.066 ± 0.14
8b 29.150 ± 1.14
8c 10.400 ± 0.87
8d 59.150 ± 4.16
8e 68.840 ± 3.63
8f 50.460 ± 4.25
8g 43.130 ± 2.16
8h 36.400 ± 2.13
8i 65.120 ± 5.55
8j 4.024 ± 0.64
8k >50

CA-4 b 0.0039 ± 0.00032
a IC50 values are half maximal inhibitory concentrations required to block the growth stimulation of MCF-7 cells.
Values represent the mean ± SEM (error values × 10−6) for at least three experiments performed in triplicate. b The
IC50 value obtained for CA-4 (0.0039 μM for MCF-7) is in good agreement with the reported values [64,65].

Table 4. Antiproliferative activities of β-lactams 10a–h, 11–13, 15a and 17a–c in human MCF-7 breast
cancer cells a.

Compound Number Antiproliferative Activity IC50 (nM) a

10a 65 ± 15
10b 292 ± 50
10c 5701 ± 246
10d 544 ± 310
10e 537 ± 80
10f 46 ± 41
10g 288 ± 76
10h 467 ± 0.253
11 414 ± 132
12 502 ± 212
13 69 ± 29
15 3251 ± 270

17a 22 ± 1.5
17b 27 ± 2
17c 21 ± 1.5

CA-4 b 39 ± 3.2
a IC50 values are half maximal inhibitory concentrations required to block the growth stimulation of MCF-7 cells.
Values represent the mean ± SEM (error values × 10−6) for at least three experiments performed in triplicate. b The
IC50 value obtained for CA-4 (39 nM for MCF-7) is in good agreement with the reported values [64,65].

Triple-negative breast cancers (TNBC) are characterised by the absence of estrogen receptors (ER-),
progesterone receptors (PR-) and human epidermal growth factor receptor 2 (HER2-). TNBC does not
respond to hormonal therapy (such as tamoxifen or aromatase inhibitors) or therapies that target HER2
receptors, such as Herceptin. Treatment options are limited leading to poor prognosis, as indicated

54



Pharmaceuticals 2019, 12, 56

by low 5-year survival rates. A number of the more potent compounds were evaluated in the triple
negative MDA-MB-231 cell line (Table 5). Compound 7s was the most effective of the series with an
IC50 value of 10 nM. Compounds 7h, 7t, 17a, 17b and 17c were also seen to be effective with IC50 values
of 31 nM, 30 nM, 30 nM, 49 nM and 44 nM respectively, and compared favourably with the positive
CA-4 (control IC50 = 43 nM) [34,63,68].

Table 5. Antiproliferative activities of selected β-lactams in human MDA-MB-231 breast cancer cells a.

Compound Number Antiproliferative Activity IC50 (nM) a

7b 191 ± 16
7h b 31.7

7i 61 ± 7
7n 77 ± 9

7s b 10
7t 30 ± 2

17a 30 ± 4
17b b 48.6
17c 44 ± 7

CA-4 c 43
a IC50 values are half maximal inhibitory concentrations required to block the growth stimulation of MDA-MB-231
cells. Values represent the mean ± SEM (error values × 10−6) for at least three experiments performed in triplicate.
b Antiproliferative activity against MDA-MB-231 from NCI (see Supplementary Information). c The IC50 value
obtained for CA-4 in this assay is 43 nM for MDA-MB-231 in good agreement with reported values for CA-4 in MTT
assay on human MDA-MB-231 breast cancer cell line [34,63,68].

Compound 7h was also evaluated in the triple-negative Hs578T breast cancer cell line and its isogenic
subclone Hs578Ts(i)8 cells to examine the activity of β-lactams as CA-4 analogues and as anti-tubulin
agents for metastasis. Hs578Ts(i)8 cells are 3-fold more invasive and 2.5-fold more migratory than the
parental cell line (Hs578T). In addition, Hs578Ts(i)8 cells had 30% more CD44+/CD24-/low cells that
could enhance the invasive properties but with a significantly increased capacity to proliferate, migrate
and produce tumours in vivo in nude mice [69]. Compound 7h exhibited an excellent anti-proliferative
activity in Hs578T cells (IC50 31 nM) and interestingly retained potency in invasive Hs578Ts(i)8 cells
(IC50 76 nM). The values for CA4 in these cells were 8 nM and 20 nM respectively. These results could
indicate the ability of β-lactams as CA-4 analogues to inhibit tumour invasion and angiogenesis which
are characteristic of tumour growth and metastasis. These β-lactam compounds may provide potential
development leads for this subset of aggressive breast cancers. Compound 7s was also evaluated in the
leukemia cell lines HL-60 and K562 and was found to be extremely potent with IC50 values of 17 nM and
26 nM respectively, comparing favourable with CA-4 [IC50 values of 4 nM (HL-60) and 4 nM (K562)].

The novel compounds 7h, 7s, 7t, 17b and 17c were selected for further investigation based
on analysis of their drug-like properties (Lipinski) from a Tier-1 profiling screen, together with
predictions of blood brain barrier partition, permeability, plasma protein binding, metabolic stability
and human intestinal absorption properties which confirmed that these compounds are moderately
lipophilic-hydrophilic drugs and are suitable candidates for further investigation (Tables S1 and S2,
Supporting information).

2.3.2. Evaluation of β-Lactams in the NCI60 Cell Line Screen

A series of the more potent compounds 7h, 7s, 7t, 17b and 17c were evaluated in the National Cancer
Institute (NCI)/Division of Cancer Treatment and Diagnosis (DCTD)/Developmental Therapeutics
Program (DTP) [70], in which the activity of each compound was determined using approximately
60 different cancer cell lines of diverse tumor origins. The results are summarized in Tables S3–S5,
Supplementary Information. The compounds were tested for inhibition of growth (GI50) and cytotoxicity
(LC50) in the NCI panel of cancer cell lines and showed excellent broad-spectrum antiproliferative
activity against tumor cell lines derived from leukemia, non-small-cell lung cancer, colon cancer,
CNS cancer, melanoma, ovarian cancer, renal cancer, breast cancer and prostate cancer [71] using the
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sulforhodamine B (SRB) protein assay [72], (Tables S3–S5 Supplementary Information). The NCI results
confirmed our in-house evaluations in MCF-7 cells with GI50 values for compounds 7h, 7s, 7t, 17b and
17c of 30.6, <10, <10, 39.4 and 25.1 nM respectively.

Compound 7s, the most potent compound in our panel, demonstrated a mean GI50 value of 23 nM
across all NCI cell lines tested. The GI50 values for 7s were in the sub-micromolar range for each of the
cell lines investigated, except for two cell lines (melanoma cell line UACC-257 and the breast cancer
cell line T-47D). For compound 7s the GI50 values obtained were below 10 nM for 28 of the cell lines
investigated and below 40 nM in all but eight of the panel cell lines tested. Activity was demonstrated
for compound 7s against all of the non-small cell lung (GI50 value 85.5 - <10 nM), colon (GI50 value
429 - <10 nM), CNS (GI50 value 40.5 - <10 nM), ovarian (GI50 value 45.3 - <10 nM), prostate (GI50 value
<10 nM) and renal (GI50 value 40.2 - <10 nM) cancer cell lines tested. The mean GI50 values over the full
60 cell line panel for compounds 7h, 7t and 17c of 52, 48 and 73 nM respectively (see Supplementary
Information, Table S5) compares very favourably with the GI50 value for CA-4 of 99 nM.

LC50 values for compound 7s were greater than 100 μM in all but three cell lines tested indicating
minimal toxicity and the potential use of this compound for a wide range of therapeutic applications
(Tables S3–S5 Supplementary Information). A similar result was obtained for compound 7h with LC50

values > 100 μM in all cell lines tested.
The NCI COMPARE algorithm allows a comparison of the activities of β-lactams 7h and 7s with

compounds of a known mechanism of antiproliferative action in the NCI Standard Agents Database.
Compounds 7h and 7s showed high correlation to tubulin targeting agents such as maytansine,
rhizoxin and the clinically important anticancer drugs vincristine and vinblastine, (see Supplementary
Information, Tables S6 and S7).

2.3.3. Evaluation of Toxicity of 7s in Normal Murine Mammary Epithelial Cells

The cytotoxic effect of a selected number of 3-vinyl-β-lactams in MCF-7 cells at 10μM concentration
was initially determined in the lactate dehydrogenase (LDH) assay [73]. The 3-vinyl-β-lactams 7d,
7h, 7i, 7q, 7r and 7u resulted in low cytotoxicity with 7.2%, 2.4%, 8.5%, 4.5%, 4.5% and 3.5% cell
death respectively while compounds 7s and 7t displayed increased cytotoxicity of 16.1% and 25% cell
death in this assay. The 3-(1-hydroxyl-1-methylethyl) and 3-(1-hydroxy-1-phenylallyl) substituted
compounds 10d and 10f resulted in 9.8% and 7.6% cell death respectively while cell death of 8.4% was
obtained for the 3-ethylidene compound 12. CA-4 was used as the positive control in this assay and
resulted in 11.8% cell death at 10 μM concentration.

The cytotoxicity of the most potent compound 7s on non-tumourigenic cell line HEK-293 (normal
human embryonic kidney) was also investigated. We demonstrated an IC50 value greater than 5 μM in
HEK-293T cells for 7s. Cell viability of HEK-293T cells was significantly higher than MCF-7 cells at 10,
1 and 0.5 μM concentrations of compound 7s (Figure 4A), demonstrating the lack of cellular toxicity of
the compounds in these non-cancerous cells.

Further toxicity studies were carried out on the most potent compound β-lactam 7s in primary
cells (mouse mammary healthy epithelial cells) at two different cell concentrations (25,000 and
50,000 cells/mL), with CA4 as a positive control. The cells were harvested from mid- to late-pregnant
CD-1 mice and were cultured as previously reported [74,75]. Both CA-4 [76] and 7s were not cytotoxic at
concentrations up to 10 μM in the NCI cell line panel (See Tables S8 and S9 Supplementary Information).
The IC50 values for both compounds 7s and CA-4 evaluated in normal murine mammary epithelial
cells was greater than 10 μM which indicated a minimal toxicity for these compounds (Figure 4B).
At both 25,000 cells/mL and 50,000 cells/mL and a concentration of 10 μM, CA-4 was lethal to the
highest percentage of cells. The percentage of viable murine mammary epithelial cells at the IC50 value
of each compound in MCF-7 cells (see Table 3) was calculated in order to give an estimation of the
toxicity at this value. At 50,000 cells/mL, over 90% of cells were viable after 72 h for compound 7s,
(Figure 4B). At 25,000 cells/mL, the percentage of cells remaining viable after treatment with compound
7s for 72 h was 93%, compared to 74% for CA-4. (Supplementary Information Tables S8 and S9).
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These results indicate a favourable toxicity profile for 7s in comparison to CA4. This provides further
evidence, in addition to the NCI60 LC50 values for 7s, that the β-lactam compound developed in this
study is minimally toxic to cells that are not proliferating.

(A) 

(B) 

Figure 4. (A) Antiproliferative activity of β-lactam 7s in tumorigenic MCF-7 cells and non-tumourigenic
HEK-293T cells. Values represent the mean for two independent experiments. Statistical analysis was
performed using a non-paired two-tailed t-test (ns, not significant; **, p < 0.01). (B) Cell viability for
compound 7s and CA-4 in murine mammary epithelial cells. Mouse mammary epithelial cells were
harvested from mid- to late- pregnant CD-1 mice and cultured. The isolated mammary epithelial cells
were seeded at 50,000 cells/mL. After 24 h, they were treated with 2 μL volumes of test compound
which had been pre-prepared as stock solutions in ethanol to furnish the concentration range of study,
1 nM–100 μM, and re-incubated for a further 72 h. Control wells contained the equivalent volume of
the vehicle ethanol (1%, v/v). The cytotoxicity was assessed using alamar blue dye.

2.3.4. Effect of β-Lactam 7s on Cell Cycle and Apoptosis

It is well recognised that tubulin destabilizing agents arrest the cell cycle in the G2/M phase due
to cytoskeleton disruption and microtubule depolymeriztion. The effects of β-lactam 7s on cell cycle
events and induction of apoptosis in MCF-7 cells were next explored. Initial analysis by flow cytometry
of propidium iodide stained MCF-7 cells showed G2M arrest at 24 h by compound 7s [64% (10 nM) and
82% (100 nM)] (Figure 5C). A time dependent increase in the percentage of apoptotic cells (sub-G0G1)
after 72 h (14% and 26% respectively for 10 nM and 100 nM concentration) was also evident compared
to the vehicle control (6% at 72 h), (Figure 5A), with a corresponding decrease of cells in the G0–G1

phase of the cell cycle, (Figure 5C). The positive control CA-4 (100 nM) showed 52% of cells in G2M
arrest at 48 h, and 9.4% in the sub-G0G1 population.

To characterize the mode of cell death induced by 7s in MCF-7 cells, analysis of apoptosis
was performed using propidium iodide (PI), which stains DNA and enters only dead cells, and
annexin-V, which binds selectively to phosphatidyl serine (Figure 6). Dual staining for annexin-V and
PI facilitates discrimination between live cells (annexin-V-/PI-), early apoptotic cells (annexin-V+/PI-),
late apoptotic cells (annexin-V+/PI+) and necrotic cells (annexin-V-/PI+). Each concentration induced
an accumulation of annexin-V positive cells when compared to the vehicle control (5%), Figure 6.
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About 13.6% of cells were found to be apoptotic (annexin-V positive) when treated with compound 7s

at 10 nM for 72 h. With an increase in concentration of 7s, 31.9% of cells were found to be apoptotic at
100 nM. The positive control CA-4 (50 nM) resulted in 34.6% apoptotic cells. The observed effect of
compound 7s on cell cycle resulting in G2M arrest followed by apoptosis is typical of tubulin targeting
compounds. However, we have previously reported that prolonged exposure of colon cancer cells
CT-26, CaCo-2 and HT-29 to our structurally related 3-aryl-β-lactams induced autophagy [77]; it is
possible that autophagy may be the cell death mechanism in the present case, because of the level of
apoptosis observed.

(A) 

(B) 

(C) 

Figure 5. Effect of compound 7s on the cell cycle and apoptosis in MCF-7 cells. Cells were treated with
either vehicle [0.1% ethanol (v/v)], 7s (10 nM and 100 nM) for 24 h, 48 h and 72 h. Cells were then fixed,
stained with PI, and analyzed by flow cytometry. Cell cycle analysis was performed on histograms of
gated counts per DNA area (FL2-A). The number of cells with (A) <2N (sub-G1), (B) 2N(G0G1), and
(C) 4N (G2/M) DNA content was determined with CellQuest software. Values represent the mean ±
SEM for three independent experiments. Statistical analysis was performed using two-way ANOVA
(**, p < 0.01; ***, p < 0.001).
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(A) 

 
(B) 

Figure 6. Compound 7s potently induces apoptosis in MCF-7 cells (Annexin V/PI FACS). (A) Effect of
compound 7s and CA-4 on apoptosis in MCF-7 cells analysed by flow cytometry after double staining
of the cells with Annexin-V-FITC and PI. MCF-7 cells treated with 10 and 100 nM of compound 7s
or 50 nM of CA-4 for 72 h and collected and processed for analysis. (B) Quantitative analysis of
apoptosis. Values represent the mean ± SEM for three independent experiments. Statistical analysis
was performed using two-way ANOVA (**, p < 0.01; ***, p < 0.001).

2.3.5. Tubulin Polymerization Studies

The effect of selected β-lactam CA-4 compounds (7h, 7i, 7s, 7t) which demonstrated the most
potent antiproliferative effects in vitro was assessed on the assembly of purified bovine tubulin. CA-4
which effectively inhibits the assembly of tubulin was used as a positive control, while paclitaxel was
used to demonstrate effective tubulin polymerization. Tubulin polymerization was determined for
compounds 7h, 7i and 7t at 10 μM for 30 min and compound 7s at 1, 5 and 10 μM for 60 min by
measuring the increase in absorbance at 340 nm, (Figure 7A,B) [78]. The degree of light scattering by
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microtubules is proportional to their degree of polymerization. For the paclitaxel control the vmax

was found to be 89.4 mOD/min. The vmax value provides a sensitive indication of the tubulin/ligand
interactions for the tubulin polymerization. The most potent antiproliferative compound 7s (10 μM)
demonstrated a significant 8.7-fold reduction in vmax value while exposure to CA-4 (10 μM) brings
about a 5.28-fold reduction in the vmax value. Compound 7s compares very favourably to CA-4 in this
respect. These effects are in good agreement with the antiproliferative data recorded for both CA-4
(IC50 = 4.2 nM) and 7s (IC50 = 8 nM) in the MCF-7 cell line. The vmax value for compounds 7h, 7i and
7t was determined as 3.43, 3.84 and 0.92 mOD/min respectively, together with the fold-reduction in the
vmax values of 2.45, 2.19 and 9.15 respectively for the tubulin polymerization with reference to ethanol
control. These results confirm that the molecular target of these antiproliferative 3-vinyl-β-lactams is
tubulin and that they are microtubule-destabilising agents.

 
(A) 

 

(B) 

Figure 7. (A) Effect of compounds 7h, 7i, 7t on tubulin polymerization in vitro. (B) Tubulin
polymerization assay for compound 7s at 10 μM, 5μM and 1μM. Paclitaxel (10 μM) and CA4 (10 μM)
were used as references while ethanol (1% v/v) was used as a vehicle control. Purified bovine tubulin
and GTP were mixed in a 96-well plate. The polymerization reaction was initated by warming the
solution from 4 ◦C to 37 ◦C. The effect on tubulin assembly was monitored in a Spectramax 340PC
spectrophotometer at 340 nm at 30 s intervals for 60 min at 37 ◦C. DMSO. Fold inhibition of tubulin
polymerization was calculated using the Vmax value for each reaction. The results represent the mean
for three separate experiments.
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The dose-dependent effect of 7s on tubulin polymerization is illustrated in Figure 7. Exposure of
the tubulin to 10 μM, 5 μM and 1 μM of 7s resulted in a dose-dependent fold reduction of vmax of 8.70,
7.31 and 2.61 respectively while the IC50 value for 7s for the inhibition of polymerization was calculated
to be 1.37 μM, Figure 7. Taken together, these results demonstrate that for these novel β-lactam
containing CA4 analogues, antiproliferative activity against the MCF-7 cell line and the inhibition of
tubulin polymerization are closely related. It has also been shown that the most potent antiproliferative
compound synthesised (7s) inhibits tubulin polymerization to a greater extent than CA-4.

2.3.6. Immunofluorescence Microscopy

Alterations in the microtubule network induced by β-lactam 7s in MCF-7 cells were investigated
using immunofluorescence and confocal microscopy (Figure 8). A well organised microtubular network
was observed in MCF-7 control cells when stained with α-tubulin mAb (Figure 8) and in untreated
cells (data not shown). Formation of microtubule bundles and pseudo asters was demonstrated for
cells when exposed to paclitaxel (a microtubule-stabilising agent), Figure 8 [79]. A complete loss of
microtubule formation was induced in cells exposed to CA-4 or β-lactam 7s for 16 h. This effect is
consistent with depolymerised microtubules. Following treatment with CA-4 or β-lactam 7s, MCF-7
cells were observed to contain multiple micronuclei. Mitotic catastrophe resulting from premature
or inappropriate entry of cells into mitosis is a type of programmed cell death in response to DNA
damage, and is characterised by multinucleated cells [80]. CA-4 induced mitotic catastrophe has also
been reported in non-small cell lung cancer cells [81,82], human endothelial cells (HUVEC) [83], human
lung carcinoma cells (H460) [83] and human breast cancer cells (MCF-7) [84]. Taken together with the
effects demonstrated above in Section 2.3.5 on the inhibition of polymerisation of isolated tubulin, the
confocal imaging results confirm that β-lactam 7s is targeting tubulin.

Figure 8. CA-4 and β-lactam (7s) depolymerise the microtubule network of MCF-7 cells. MCF-7 cells
were treated with vehicle control [1% ethanol (v/v)], paclitaxel (1 μM), CA-4 (100 nM) or 7s (trans
isomer, 100 nM) for 16 h. Cells were fixed in 4% paraformaldehyde and stained with mouse monoclonal
anti-α-tubulin-FITC antibody (clone DM1A) (green), Alexa Fluor 488 dye and counterstained with
DAPI (blue). Images were captured by Leica SP8 confocal microscopy with Leica application suite X
software. Representative confocal micrographs of three separate experiments are shown. Scale bar:
30 μM (top images); 10 μM (bottom images).

2.3.7. Interaction of β-Lactam 7s with Colchicine Binding Site of Tubulin

The binding of the lead compound 7s to the colchicine binding site of tubulin was confirmed in a
whole cell-based assay. N,N′-ethylene-bis(iodoacetamide) (EBI) is an alkylating agent that cross-links
cysteine residues 239 and 354 in the colchicine-binding site of tubulin to form the β-tubulin-EBI adduct
that migrates faster than β-tubulin [85,86], and is detected by Western blotting. However, when the
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MCF-7 cells are pre-treated with colchicine or a colchicine-site ligand such as CA-4, the formation of
the β-tubulin-EBI adduct is prevented. The MCF-7 cells were initially treated with selected β-lactam 7s

(10 μM) or CA- 4 for 2 h, then followed by addition of EBI for a further 1.5 h (Figure 9). The presence of
the β-tubulin-EBI adduct was demonstrated for the control samples (no drug) at a lower position on
the gel, indicating that EBI has cross-linked Cys239 and Cys354 on β-tubulin. When the cells are treated
with β-lactam 7s and CA-4, the EBI adduct formation is inhibited, indicating that 7s is interacting with
tubulin at the colchicine site of tubulin.

Figure 9. Colchicine binding assay: Effect of compound 7s on the inhibition of the bisthioalkylation of
Cys239 and Cys354 of β-tubulin by N,N′-ethylene-bis(iodoacetamide) (EBI) in MCF-7 cells. MCF-7 cells
were treated with vehicle control [ethanol 0.1% (v/v)], CA-4 and 7s (10 μM) for 2 h; selected samples
were then treated with EBI (100 μM) for an additional 1.5 h. Cells were harvested, lysed and analysed
using sedimentation and Western blotting for β-tubulin and β-tubulin-EBI adduct.

2.4. Molecular Modelling Studies

The 3-vinyl-β-lactam compound 7s represents the most potent compound synthesised in the study
with IC50 value of 8 nM in MCF-7 breast cancer cells. The tubulin binding and immunofluorescence
studies of 3-vinyl-β-lactam 7s have demonstrated that the colchicine binding site of tubulin is the
target for the compound. Flexible alignment of compound 7s with CA-4 resulted in a good degree
of overlap between the trimethoxyphenyl rings (Ring A) and the phenolic hydroxyl group of ring B
(Figure 10A). The energy minimised structure of compound 7s demonstrates the inter-atomic distances
of the oxygens of the methoxy groups of ring A and ring B as 9.17 Å, which is similar to that calculated
for CA-4 (9.27 Å).

The X-ray structure of CA-4 co-crystallised with tubulin has been determined suggesting that
cis-CA-4 inhibits tubulin polymerization by preventing the transition from curved to straight tubulin [49].
The X-ray structure of cis and trans stereoisomers of a 3-methyl-1,4-diarylazetidinone [87] co-crystallised
with tubulin was reported by Zhou et al. [37,38]. In the present study the potential interaction of our
novel synthesised 3-vinyl-β-lactams with the colchicine binding site of tubulin, a series of docking
calculations using MOE 2018.0101 [88] was undertaken on both the 3S/4R and 3R/4S enantiomers of the
β–lactams 7s and 7t using the tubulin co-crystallised with DAMA-colchicine X-ray crystal structure
(PDB entry 1SA0) [5]. Only results for the 3S/4R studies will be discussed as these stereoisomers were
more highly ranked than the 3R/4S enantiomer and this is also supported by the crystallographic
evidence [37,38]. The 3S/4R enantiomers of the hydroxyl 7s and amino 7t substituted analogues
overlay their B-rings on the C-ring of DAMA-colchicine, collocate the trimethoxyphenyl substituents,
overlap the 3-hydroxyl/amino groups on the DAMA-colchicine carbonyl oxygen atom and form HBA
interactions with Lys β352 as shown in Figure 10B and 10C. The 3,4,5-trimethoxyphenyl groups
of all analogues are able to make favourable van der Waals contacts within the lower subpocket
delineated by Val β318 and Cys β241. The β-lactam carbonyl oxygen atom can make an HBA
interaction with the backbone amine of Asp β251 for both analogues. For both compounds, the trans
geometry at C3/C4 facilitates a more favourable interaction of rings A and B with the residues of the
β-tubulin colchicine binding site. Protein-ligand interactions for 7s are illustrated in Figure 11. The
enantioselective synthesis of 7s and 7t are in progress which will provide the optimum configuration
of these compounds to be determined for biological activity.
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Figure 10. (A): Flexible alignment of 7s (yellow) and CA-4 (2a)(red). (B,C): Overlay of the X-ray
structure of tubulin cocrystallised with DAMA-colchicine (PDB entry 1SA0) on the best ranked docked
poses of the 3S/4R enantiomers of (B) 7s and (C) 7r. The B-ring substituted analogues both overlap well
on the C-ring of DAMA-colchicine. Ligands are rendered as tube and amino acids as line. Tubulin
amino acids and DAMA-colchicine are coloured by atom type, 7s orange and 7t green. The atoms are
coloured by element type, carbon = grey, hydrogen = white, oxygen = red, nitrogen = blue, sulphur =
yellow. Key amino acid residues are labelled and multiple residues are hidden to enable a clearer view.
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Figure 11. Protein-ligand interactions for the 3-vinyl-β-lactam compound (7s). 2D representation of the
ligand−protein interactions of 7s with the colchicine-binding site rendered using LigX module of MOE.

3. Conclusions

We have developed an interesting series of 3-vinylazetidinones which selectively modulate
the activity of the tubulin protein, resulting in significant cytotoxicity to cancer cells and minimum
cytotoxic effects to normal cells. Molecular modelling studies indicated that these compounds could
interact with the colchicine binding site of tubulin, and consequently disrupt tubulin polymerization.
X-Ray crystallographic studies confirmed that the torsional angle between Ring A and Ring B of
the β-lactam was similar to CA-4 and was important in maintaining antiproliferative and tubulin
disrupting activity. Biochemical evaluation of these compounds coupled with a molecular modeling
study contributes to our understanding of the attributes of the 3-vinylazetidinones such as 7s and 7t that
result in exceptional antiproliferative activity and dose-dependent microtubule assembly inhibition.
Analysis of DNA content by flow cytometry demonstrated that the cells were arrested in the G2/M
phase; induction of apoptosis was confirmed by an increase in the sub-G0G1 population, which was
confirmed by Annexin-V staining. Immunofluorescence staining with α-tubulin antibodies in MCF-7
cells demonstrated disorder and fragmentation of the microtubule network and disruption of mitotic
spindle formation. The phosphate prodrugs 17a–c were found to retain antitumour potency. The
potent antiproliferative activity of the 3-vinylazetidinones 7s and 7t in breast cancer cells MCF-7 and
notably in the triple negative MDA-MB-231 cell line reported in the present study compare very
favourably with examples from the related series of 3-arylazetidinone compounds previously reported
by our research group [45]. Vinyl substitution at C-3 of these azetidinones also results potent tubulin
destabilizing effects in these derivatives of combretastatin A-4.
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In summary, these novel 3-vinyl-β-lactam analogues of CA-4 which we now report show potent
antiproliferative effects in preliminary in vitro investigations on MCF-7 and MDA-MB231 breast cancer
cells. Further studies to establish the long-term effect of these compounds on cancer cell growth,
migration and the potential vascular disrupting effects of these molecules are ongoing.

4. Experimental Section

4.1. Chemistry

All reagents were commercially available and were used without further purification unless otherwise
indicated. Tetrahydrofuran (THF) was distilled immediately prior to use from Na/Benzophenone under a
slight positive pressure of nitrogen, toluene was dried by distillation from sodium and stored on activated
molecular sieves (4Å) and dichloromethane was dried by distillation from calcium hydride prior to use.
Uncorrected melting points were measured on a Gallenkamp SMP 11 melting point apparatus. Infra-red
(IR) spectra were recorded as thin film on NaCl plates, or as potassium bromide discs on a Perkin Elmer
FT-IR Spectum 100 spectrometer, (PerkinElmer Inc., 940 Winter Street, Waltham, MA, USA). 1H and
13C nuclear magnetic resonance (NMR) spectra were recorded at 27 ◦C on a Brucker Avance DPX 400
spectrometer (Bruker, 40 Manning Road, Billerica, MA, USA), (400.13 MHz, 1H; 100.61 MHz, 13C) at
20 ◦C in either CDCl3 (internal standard tetramethylsilane TMS) or CD3OD by Dr. John O’Brien and
Dr. Manuel Ruether in the School of Chemistry, Trinity College Dublin. For CDCl3, 1H-NMR spectra
were assigned relative to the TMS peak at δ 0.00 ppm and 13C-NMR spectra were assigned relative to the
middle CDCl3 triplet at δ 77.00 ppm. For CD3OD, 1H and 13C-NMR spectra were assigned relative to
the centre peaks of the CD3OD multiplets at δ 3.30 and 49.00 ppm respectively. Electrospray ionisation
mass spectrometry (ESI-MS) was performed in the positive ion mode on a liquid chromatography
time-of-flight (TOF) mass spectrometer (Micromass LCT, Waters Ltd., Manchester, UK) equipped with
electrospray ionization (ES) interface operated in the positive ion mode at the High Resolution Mass
Spectrometry Laboratory by Mr. Brian Talbot in the School of Pharmacy and Pharmaceutical Sciences,
Trinity College Dublin and Dr. Martin Feeney in the School of Chemistry, Trinity College Dublin. Mass
measurement accuracies of < ±5 ppm were obtained. Low resolution mass spectra (LRMS) were acquired
on a Hewlett-Packard 5973 MSD GC-MS system in electron impact (EI) mode, (Hewlett-Packard, 6280
America Center, San Jose, CA, USA). Rf values are quoted for thin layer chromatography on silica gel
Merck F-254 plates, unless otherwise stated, (Merck, 2000 Galloping Hill Road, Kenilworth, NJ, USA).
Flash column chromatography was carried out on Merck Kieselgel 60 (particle size 0.040–0.063 mm).
Chromatographic separations were also carried out on Biotage SP4 instrument, (Biotage AB, Box 8,
Uppsala, Sweden). All products isolated were homogenous on TLC. Analytical high-performance liquid
chromatography (HPLC) to determine the purity of the final compounds was performed using a Waters
2487 Dual Wavelength Absorbance detector, a Waters 1525 binary HPLC pump, a Waters In-Line Degasser
AF and a Waters 717plus Autosampler, (Waters, 34 Maple St, Milford, MA, USA). The column used was
a Varian Pursuit XRs C18 reverse phase 150 × 4.6 mm chromatography column (Agilent Technologies,
5301 Stevens Creek Blvd, Santa Clara, CA, USA). Samples were detected using a wavelength of 254 nm.
Imines 5a [87], 5b [89], 5c [46], 5d [46], 5e [84], 5f [90], 5g [91], 5h [45], 5i [84], 5m [46], 5n [84], 5o [45],
5p [45], 5q [46], 5r [46], 5s [53], 6a [92], 6b [93], 6c [94], 6f [45], 6g [95], 6h [96], 6i [45], 6j [97], 6k [96] were
prepared as previously reported (See Supplementary Information).

4.1.1. 3-(tert-Butyldimethylsilyloxy)-4-methoxybenzaldehyde

To a solution of 3-hydroxy-4-methoxybenzaldehyde (20 mmol) and tert-butyl-dimethylsilylchloride
(24 mmol) in dry CH2Cl2 (60 mL) under a nitrogen atmosphere, 1,8-diazabicyclo[5.4.0]undec-7-ene
(DBU) (32 mmol) was added dropwise via syringe. The resulting mixture was stirred at room
temperature under a nitrogen atmosphere until reaction was complete on thin layer chromatography.
The solution was then diluted with CH2Cl2 (80 mL) and washed successively with water (60 mL),
0.1M HCl (60 mL) and saturated aqueous NaHCO3 (60 mL), retaining the organic layer each time,
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before drying over anhydrous Na2SO4. The solvent was removed under reduced pressure to yield the
protected benzaldehyde, yield 82% [45]. IR (NaCl, film) νmax: 1692 (C=O) cm−1. 1H NMR (400 MHz,
CDCl3): δ 0.19 (s, 6H), 1.02 (s, 9H), 3.91 (s, 3H), 6.97 (d, J = 8.56 Hz, 1H), 7.38 (d, J = 2.00 Hz, 1H),
7.48–7.51 (m, 1H), 9.84 (s, 1H). 13C NMR (100 MHz, CDCl3): δ -5.07, 17.97, 25.19 (OTBDMS), 55.13,
110.71, 119.63, 125.82, 129.75, 145.12, 156.16, 190.48. HRMS: found 266.1349 (M+); C14H22O3Si requires
266.1338.

4.1.2. General Method I: Preparation of Imines 5a–5s, 6a–6k

The appropriately substituted benzaldehyde (10 mmol) and corresponding substituted aniline
(10 mmol) were heated reflux in ethanol (40 mL) for 4 h with a catalytic amount of concentrated
sulphuric acid. The volume of reaction was then reduced to approximately 10 mL in vacuo. The Schiff
base precipitated from solution upon standing at room temperature overnight. The solid product
obtained was filtered and purified by recrystallisation from ethanol.

(E)-1-(4-Butoxyphenyl)-N-(3,4,5-trimethoxyphenyl)methanimine (5j)

Preparation as described above from 4-butoxybenzaldehyde and 3,4,5-trimethoxyaniline. The
product was obtained as pale yellow solid, yield 67%, Mp: 107–108 ◦C. IR (KBr) νmax: 1607 (C=N) cm−1.
1H NMR (400 MHz, CDCl3): δ 1.01 (t, J = 7.26Hz, 3H), 1.51–1.56 (m, 2H), 1.79–1.84 (m, 2H), 3.88 (s, 3H),
3.92 (s, 6H), 4.06 (t, J = 6.48 Hz, 2H), 6.42 (br s, 2H), 7.00 (d, J = 8.52 Hz, 2H), 7.87 (br s, 2H), 8.41 (s, 1H).
13C NMR (100 MHz, CDCl3): δ 13.87, 19.24, 31.22, 56.13, 61.04, 67.93, 98.11, 114.76, 128.57, 130.65, 136.12,
148.17, 153.56, 159.24, 162.09. HRMS: found 344.1859 (M++H); C20H26NO4 requires 344.1862.

(E)-1-(4-Phenoxyphenyl)-N-(3,4,5-trimethoxyphenyl)methanimine (5k)

Preparation as described above from 4-phenoxybenzaldehyde and 3,4,5-trimethoxyaniline. The
product was obtained as pale yellow solid, yield 74%, Mp 86–88 ◦C. IR (KBr) νmax: 1631 (C=N) cm−1.
1H NMR (400 MHz, CDCl3): δ 3.88 (s, 3H), 3.92 (s, 6H), 6.51 (s, 2H), 7.08–7.10 (m, 5H), 7.39–7.41 (m, 2H),
7.89 (d, J = 7.52 Hz, 2H), 8.45 (s, 1H). 13C NMR (100 MHz, CDCl3): δ 55.68, 60.58, 97.68, 117.80, 119.34,
123.78, 124.51, 129.53, 130.10, 135.83, 147.48, 153.12, 155.57, 158.32, 160.06. HRMS: found 364.1534
(M++H); C22H22NO4 requires 364.1549.

(E)-1-(4-(Benzyloxy)phenyl)-N-(3,4,5-trimethoxyphenyl)methanimine (5l)

Preparation as described above from 4-(benzyloxy)benzaldehyde and 3,4,5-trimethoxyaniline. The
product was obtained as colourless solid, yield 79%, Mp 113–115 ◦C. IR (KBr) νmax: 1623 (C=N) cm−1.
1H NMR (400 MHz, CDCl3): δ 3.88 (s, 3H), 3.92 (s, 6H), 5.17 (s, 2H), 6.51 (s, 2H), 7.09 (d, J = 7.84 Hz,
2H), 7.41–7.46 (m, 5H), 7.89 (d, J = 7.84 Hz, 2H), 8.42 (s, 1H). 13C NMR (100 MHz, CDCl3): δ 55.67, 60.58,
69.66, 97.65, 114.69, 127.90, 127.06, 127.75, 128.23, 128.30, 128.66, 130.16, 135.97, 147.19, 153.10, 158.63,
161.07. HRMS: found 378.1713 (M++H); C23H24NO4 requires 378.1705.

(E)-N-(4-Nitrophenyl)-1-(3,4,5-trimethoxyphenyl)methanimine (6d)

Preparation as described above from 3,4,5-trimethoxybenzaldehyde and 4-nitroaniline. The product
was obtained as yellow solid, yield 72%, Mp 161–162 ◦C. IR (KBr) νmax: 1627 (C=N) cm−1. 1H NMR
(400 MHz, CDCl3): δ 3.96 (s, 3H), 3.97 (s, 6H), 7.20 (s, 2H), 7.27 (d, J = 8.52 Hz, 2H), 8.28 (d, J = 9.04 Hz,
2H), 8.34 (s, 1H). 13C NMR (100 MHz, CDCl3): δ 55.82, 55.85, 60.62, 105.93, 120.86, 124.62, 130.12, 141.48,
144.97, 153.12, 155.56, 161.70. HRMS: found 317.1135 (M++H); C16H17N2O5 requires 317.1137.

(E)-N-(4-(tert-Butyl)phenyl)-1-(3,4,5-trimethoxyphenyl)methanimine (6e)

Preparation as described above from 3,4,5-trimethoxybenzaldehyde and 4-(tert-butyl)aniline.
The product was obtained as red solid, yield 100%, Mp 81–82 ◦C. IR (KBr) νmax: 1623 (C=N) cm−1. 1H
NMR (400 MHz, CDCl3): δ 1.37 (s, 9H), 3.94 (s, 3H), 3.97 (s, 6H), 7.15–7.21 (m, 4H), 7.44 (d, J = 8.52 Hz,
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2H), 8.40 (s, 1H). 13C NMR (100 MHz, CDCl3): δ 30.98, 34.07, 55.82, 60.55, 105.29, 120.10, 125.61, 131.31,
140.41, 148.59, 148.70, 153.05, 158.78. HRMS: found 328.1899 (M++H); C20H26NO3 requires 328.1913.

4.1.3. General method II: Preparation of 2-azetidinones 7a–7u, 8a–8k

To a stirring, refluxing solution of the imine (5 mmol) and triethylamine (6 mmol) in anhydrous
dichloromethane (40 mL), a solution of crotonyl chloride (6 mmol) in anhydrous dichloromethane
(10 mL) was injected dropwise through a rubber septum over 45 min under nitrogen. The reaction was
heated at reflux for 5 h and stirred at room temperature overnight, continuously under nitrogen. The
reaction mixture coled and washed with water (2 × 100 mL), with the organic layer being retained each
time. The reaction was dried over anhydrous sodium sulfate and the solvent was then removed under
reduced pressure. The crude product was purified by flash chromatography over silica gel (eluent:
n-hexane: ethyl acetate, 4:1).

4-(4-Fluorophenyl)-1-(3,4,5-trimethoxyphenyl)-3-vinylazetidin-2-one (7a)

Preparation as described above from crotonyl chloride and (4-fluorobenzylidene)-3,4,5-
trimethoxyphenylamine (5a). The product was obtained as yellow solid, yield 36%, Mp 147–149 ◦C.
IR (KBr) νmax: 1749 (C=O) cm−1. 1H NMR (400 MHz, CDCl3): δ 3.73 (s, 6H), 3.74–3.75 (m, 1H), 3.78
(s, 3H), 4.78 (d, J = 2.52 Hz, 1H), 5.35–5.43 (m, 2H), 5.99–6.08 (m, 1H), 6.53 (s, 2H), 7.09–7.13 (m, 2H),
7.36–7.38 (m, 2H). 13C NMR (100 MHz, CDCl3): δ 55.57, 60.51, 60.51, 63.51, 94.20, 115.76, 115.97, 119.74,
127.18, 127.25, 129.81, 132.63, 133.16, 134.09, 153.10, 161.10, 164.56. HRMS: found 356.1303 (M+-H);
C20H19FNO4 requires 356.1298.

4-(4-Chlorophenyl)-1-(3,4,5-trimethoxyphenyl)-3-vinylazetidin-2-one (7b)

Preparation as described above from crotonyl chloride and (4-chlorobenzylidene)-(3,4,5-
trimethoxyphenyl)amine (5b) to afford the product as a yellow solid, yield 30%, Mp 104 ◦C. IR
(KBr) νmax: 1754 (C=O) cm−1. 1H NMR (400 MHz, CDCl3): δ 3.70–3.71 (m, 1H), 3.72 (s, 6H), 3.77 (s, 3H),
4.77 (d, J = 2.48 Hz, 1H), 5.33–5.41 (m, 2H), 5.97–6.06 (m, 1H), 6.51 (s, 2H), 7.32 (d, J = 6.52 Hz, 2H), 7.38
(d, J = 8.56 Hz, 2H). 13C NMR (100 MHz, CDCl3): δ 56.06, 60.88, 60.95, 63.93, 94.64, 120.30, 127.28, 129.50,
130.19, 133.55, 134.54, 134.59, 135.89, 153.58, 164.89. HRMS: found 372.1017 (M+-H); C20H19

35ClNO4

requires 372.1003.

4-(4-Bromophenyl)-1-(3,4,5-trimethoxyphenyl)-3-vinylazetidin-2-one (7c)

Preparation as described above from crotonyl chloride and (4-bromobenzylidene)-3,4,5-
trimethoxyphenylamine (5c) to afford the product as a brown oil, yield 48%. IR (NaCl) νmax:
1751 (C=O) cm−1. 1H NMR (400 MHz, CDCl3): δ 3.71–3.72 (m, 1H), 3.74 (s, 6H), 3.79 (s, 3H), 4.76 (d,
J = 2.52 Hz, 1H), 5.35–5.43 (m, 2H), 5.99–6.08 (m, 1H), 6.53 (s, 2H), 7.27 (d, J = 8.52 Hz, 2H), 7.55 (d,
J = 8.52 Hz, 2H). 13C NMR (100 MHz, CDCl3): δ 55.63, 60.50, 60.52, 63.43, 94.19, 119.88, 122.19, 127.08,
129.69, 132.01, 133.06, 135.95, 139.98, 153.13, 164.42. HRMS: found 418.0643 (M++H); C20H21

79BrNO4

requires 418.0654.

4-(4-Nitrophenyl)-1-(3,4,5-trimethoxyphenyl)-3-vinylazetidin-2-one (7d)

Preparation as described above from crotonyl chloride and (4-nitrobenzylidene)-3,4,5-
trimethoxyphenylamine (5d) to afford the product as a brown solid, yield 28%, Mp 132–133 ◦C.
IR (KBr) νmax: 1754 (C=O) cm−1. 1H NMR (400 MHz, CDCl3): δ 3.73 (s, 6H), 3.75–3.76 (m, 1H), 3.78 (s,
3H), 4.92 (d, J = 2.48 Hz, 1H), 5.39–5.45 (m, 2H), 6.01–6.06 (m, 1H), 6.50 (s, 2H), 7.56 (d, J = 9.04 Hz,
2H), 8.28 (d, J = 9.04 Hz, 2H). 13C NMR (100 MHz, CDCl3): δ 55.68, 60.03, 60.52, 63.53, 94.16, 120.46,
124.14, 126.26, 129.24, 132.75, 134.44, 144.28, 147.61, 153.27, 163.83. HRMS: found 385.1389 (M++H);
C20H21N2O6 requires 385.1400.
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4-(4-Dimethylaminophenyl)-1-(3,4,5-trimethoxyphenyl)-3-vinylazetidin-2-one (7e)

Preparation as described above from crotonyl chloride and (4-(dimethylamino)benzylidene)-3,4,5-
trimethoxyphenylamine (5e) to afford the product as a brown oil, yield 61%. IR (NaCl) νmax: 1746
(C=O) cm−1. 1H NMR (400 MHz, CDCl3): δ 2.98 (s, 6H), 3.73 (s, 6H), 3.77 (s, 3H), 3.78–3.92 (m, 1H),
4.70 (d, J = 2.00 Hz, 1H), 5.30–5.40 (m, 2H), 5.99–6.08 (m, 1H), 6.60 (s, 2H), 6.74 (d, J = 8.04 Hz, 2H),
7.27 (d, J = 9.04 Hz, 2H). 13C NMR (100 MHz, CDCl3): δ 40.01, 55.55, 60.49, 61.27, 63.30, 94.27, 112.20,
119.15, 126.67, 130.38, 133.58, 134.62, 137.93, 147.60, 152.95, 165.25. HRMS: found 381.1819 (M+-H);
C22H25N2O4 requires 381.1814.

4-Phenyl-1-(3,4,5-trimethoxyphenyl)-3-vinylazetidin-2-one (7f)

Preparation as described above from crotonyl chloride and benzylidene-(3,4,5-trimethoxyphenyl)
amine (5f) to afford the product as a yellow solid, yield 29%, Mp 109–111 ◦C. IR (KBr) νmax: 1750 (C=O)
cm−1. 1H NMR (400 MHz, CDCl3): δ 3.72 (s, 6H), 3.78 (s, 3H), 3.80–3.81 (m, 1H), 4.79 (d, J = 2.52 Hz,
1H), 5.35–5.43 (m, 2H), 6.01–6.06 (m, 1H), 6.56 (s, 2H), 7.39–7.41 (m, 5H). 13C NMR (100 MHz, CDCl3):
δ 55.54, 60.51, 61.22, 63.35, 94.22, 119.57, 125.44, 125.53, 128.31, 128.80, 130.02, 133.34, 133.97, 136.85,
153.04, 164.75. HRMS: found 338.1383 (M+-H); C20H20NO4 requires 338.1392.

4-p-Tolyl-1-(3,4,5-trimethoxyphenyl)-3-vinylazetidin-2-one (7g)

Preparation as described above from crotonyl chloride and (4-methylbenzylidene)-(3,4,5-
trimethoxyphenyl)amine (5g) to afford the product as a yellow solid, yield 35%, Mp 106–107 ◦C.
IR (KBr) νmax: 1746 (C=O) cm−1. 1H NMR (400 MHz, CDCl3): δ 2.37 (s, 3H), 3.72 (s, 6H), 3.75 (m,
1H), 3.77 (s, 3H), 4.76 (d, J = 2.04 Hz, 1H), 5.32–5.41 (m, 2H), 5.99–6.08 (m, 1H), 6.56 (s, 2H), 7.21 (d,
J = 8.00 Hz, 2H), 7.28 (d, J = 8.00 Hz, 2H). 13C NMR (100 MHz, CDCl3): δ 20.76, 55.54, 60.49, 61.07,
63.39, 94.22, 119.44, 125.48, 129.45, 130.11, 133.40, 133.78, 133.92, 138.18, 153.01, 164.87. HRMS: found
354.1706 (M++H); C21H24NO4 requires 354.1705.

4-(4-Methoxyphenyl)-1-(3,4,5-trimethoxyphenyl)-3-vinylazetidin-2-one (7h)

Preparation as described above from crotonyl chloride and (4-methoxybenzylidene)-3,4,5-
trimethoxyphenylamine (5h) to afford the product as a brown oil, yield 34% [98]. IR (NaCl) νmax: 1747
(C=O) cm−1. 1H NMR (400 MHz, CDCl3): δ 3.64 (s, 6H), 3.67–3.68 (m, 1H), 3.69 (s, 3H), 3.72 (s, 3H),
4.70 (d, J = 2.00 Hz, 1H), 5.22–5.32 (m, 2H), 5.91–6.00 (m, 1H), 6.51 (s, 2H), 6.85 (d, J = 8.52 Hz, 2H),
7.26 (d, J = 8.52 Hz, 2H). 13C NMR (100 MHz, CDCl3): δ 55.37, 56.03, 60.97, 61.37, 63.92, 94.70, 114.61,
119.90, 127.31, 129.14, 130.58, 133.86, 133.93, 153.48, 159.90, 165.39. HRMS: found 370.1658 (M++H);
C21H24NO5 requires 370.1654.

4-(4-Ethoxyphenyl)-1-(3,4,5-trimethoxyphenyl)-3-vinylazetidin-2-one (7i)

Preparation as described above from crotonyl chloride and (4-ethoxybenzylidene)-(3,4,5-
trimethoxyphenyl)amine (5i) to afford a colourless solid, yield 33%, Mp 92–93 ◦C. [98] IR (KBr)
νmax: 1749 (C=O) cm−1. 1H NMR (400 MHz, CDCl3): δ 1.43 (t, J = 6.84 Hz, 3H), 3.73 (s, 6H), 3.75–3.76
(m, 1H), 3.78 (s, 3H), 4.05 (q, J = 6.86 Hz, 2H), 4.73 (d, J = 2.48 Hz, 1H), 5.33–5.42 (m, 2H), 6.00–6.08 (m,
1H), 6.57 (s, 2H), 6.93 (d, J = 8.80 Hz, 2H), 7.31 (d, J = 8.80 Hz, 2H). 13C NMR (100 MHz, CDCl3): δ 14.33,
55.55, 60.50, 60.94, 63.11, 63.43, 94.22, 114.65, 119.40, 126.83, 128.49, 130.14, 133.42, 133.90, 153.01, 158.81,
164.94 (C=O). HRMS: found 384.1819 (M++H); C22H26NO5 requires 384.1811.

4-(4-Butoxyphenyl)-1-(3,4,5-trimethoxyphenyl)-3-vinylazetidin-2-one (7j)

Preparation as described above from crotonyl chloride and (4-butoxybenzylidene)-3,4,5-
trimethoxyphenylamine (5j) to afford a yellow solid, yield 40%, Mp 100–102 ◦C. IR (KBr) νmax:
1749 (C=O) cm−1. 1H NMR (400 MHz, CDCl3): δ 0.98 (t, J = 7.32 Hz, 3H), 1.45–1.54 (m, 2H), 1.74–1.81
(m, 2H), 3.72 (s, 6H), 3.73-3.74 (m, 1H), 3.77 (s, 3H), 3.97 (t, J = 6.84 Hz, 2H), 4.73 (d, J = 1.96 Hz,
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1H), 5.31–5.40 (m, 2H), 6.00–6.05 (m, 1H), 6.56 (s, 2H), 6.92 (d, J = 7.84 Hz, 2H), 7.30 (d, J = 8.80 Hz,
2H). 13C NMR (100 MHz, CDCl3): δ 13.39, 18.77, 30.78, 55.53, 60.48, 60.93, 63.43, 67.33, 94.22, 114.66,
119.36, 126.80, 128.40, 130.15, 133.42, 133.89, 153.00, 159.03, 164.93. HRMS: found 412.2129 (M++H);
C24H30NO5 requires 412.2124.

4-(4-Phenoxyphenyl)-1-(3,4,5-trimethoxyphenyl)-3-vinylazetidin-2-one (7k)

Preparation as described above from crotonyl chloride and (4-phenoxylbenzylidene)-(3,4,5-
trimethoxyphenyl)amine (5k) to afford a pale yellow solid, yield 37%, Mp 128–130 ◦C. IR (KBr) νmax:
1749 (C=O) cm−1. 1H NMR (400 MHz, CDCl3): δ 3.75 (s, 6H), 3.77–3.78 (m, 1H), 3.79 (s, 3H), 4.78 (d,
J = 2.52 Hz, 1H), 5.35–5.44 (m, 2H), 6.01–6.10 (m, 1H), 6.57 (s, 2H), 7.02–7.05 (m, 4H), 7.14–7.17 (m,
1H), 7.35–7.39 (m, 4H). 13C NMR (100 MHz, CDCl3): δ 55.58, 60.52, 60.77, 63.42, 94.26, 118.73, 118.77,
119.58, 123.37, 127.03, 129.44, 130.00, 131.27, 133.29, 134.18, 153.07, 156.09, 157.40, 164.74. HRMS: found
454.1610 (M++Na); C26H25NO5Na requires 454.1630.

4-(4-Benzyloxyphenyl)-1-(3,4,5-trimethoxyphenyl)-3-vinylazetidin-2-one (7l)

Preparation as described above from crotonyl chloride and (4-benzyloxybenzylidene)-3,4,5-
trimethoxyphenylamine (5l) to afford a cream solid, yield 37%, Mp 148–149 ◦C. IR (KBr) νmax: 1746
(C=O) cm−1. 1H NMR (400 MHz, CDCl3): δ 3.72 (s, 6H), 3.75–3.76 (m, 1H), 3.78 (s, 3H), 4.74 (d,
J = 2.52 Hz, 1H), 5.09 (s, 2H), 5.33–5.42 (m, 2H), 5.99–6.08 (m, 1H), 6.56 (s, 2H), 7.02 (d, J = 8.56 Hz, 2H),
7.31–7.46 (m, 7H). 13C NMR (100 MHz, CDCl3): δ 56.03, 60.97, 61.36, 63.89, 70.08, 94.69, 115.57, 119.92,
127.36, 127.48, 128.14, 128.67, 129.44, 130.58, 133.86, 136.61, 139.50, 153.49, 159.05, 165.37. HRMS: found
468.1774 (M++Na); C27H27NO5Na requires 468.1787.

4-Naphthalen-1-yl-1-(3,4,5-trimethoxyphenyl)-3-vinylazetidin-2-one (7m)

Preparation as described above from crotonyl chloride and naphthalen-1-ylmethylene-(3,4,5-
trimethoxyphenyl)amine (5m) to afford the product as a yellow solid, yield 34%, Mp 121–122 ◦C. IR
(KBr) νmax: 1754 (C=O) cm−1. 1H NMR (400 MHz, CDCl3): δ 3.71 (s, 6H), 3.76–3.78 (m, 1H), 3.82 (s,
3H), 5.44–5.49 (m, 2H), 5.60 (d, J = 2.00 Hz, 1H), 6.22–6.31 (m, 1H), 6.67 (s, 2H), 7.44–8.04 (m, 7H). 13C
NMR (100 MHz, CDCl3): δ 55.69, 58.42, 60.54, 63.11, 94.49, 120.72, 122.29, 125.10, 125.74, 126.28, 127.86,
128.22, 128.75, 129.96, 130.67, 132.21, 133.45, 133.62, 134.13, 153.19, 164.82. HRMS: found 390.1715
(M++H); C24H24NO4 requires 390.1705.

4-Naphthalen-2-yl-1-(3,4,5-trimethoxyphenyl)-3-vinylazetidin-2-one (7n)

Preparation as described above from crotonyl chloride and naphthalen-2-ylmethylene-(3,4,5-
trimethoxyphenyl)amine (5n) to afford the product as a yellow solid, yield 30%, Mp 145–146 ◦C. IR
(KBr) νmax: 1749 (C=O) cm−1. 1H NMR (400 MHz, CDCl3): δ 3.69 (s, 6H), 3.77 (s, 3H), 3.84–3.87 (m,
1H), 4.97 (d, J = 2.52 Hz, 1H), 5.37–5.45 (m, 2H), 6.06–6.12 (m, 1H), 6.62 (s, 2H), 7.47–7.92 (m, 7H). 13C
NMR (100 MHz, CDCl3): δ 55.58, 60.50, 61.38, 63.44, 94.25, 119.71, 122.47, 124.97, 126.13, 126.34, 127.39,
127.42, 129.01, 130.00, 132.86, 132.94, 133.45, 134.05, 134.33, 153.08, 164.80. HRMS: found 390.1714
(M++H); C24H24NO4 requires 390.1705.

4-(4-Methoxy-3-nitrophenyl)-1-(3,4,5-trimethoxyphenyl)-3-vinylazetidin-2-one (7p)

Preparation as described above from crotonyl chloride and (4-methoxy-3-nitrobenzylidene)-
(3,4,5-trimethoxyphenyl)amine (5p) to afford a brown oil, yield 14%. IR (NaCl) νmax: 1754 (C=O)
cm−1. 1H NMR (400 MHz, CDCl3): δ 3.75 (s, 6H), 3.78 (s, 3H), 3.85–3.86 (m, 1H), 3.99 (s, 3H), 4.80 (d,
J = 2.00 Hz, 1H), 5.37–5.43 (m, 2H), 5.98–6.07 (m, 1H), 6.52 (s, 2H), 7.14–7.16 (m, 1H), 7.54–7.57 (m, 1H),
7.90 (br s, 1H). 13C NMR (100 MHz, CDCl3): δ 55.61, 56.27, 59.66, 60.52, 63.43, 94.23, 114.14, 120.19,
123.18, 129.23, 129.38, 130.74, 132.80, 134.36, 138.76, 152.65, 153.23, 164.19. HRMS: found 437.1326
(M++Na); C21H22N2O7Na requires 437.1325.
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4-[4-Oxo-1-(3,4,5-trimethoxyphenyl)-3-vinyl-azetidin-2-yl]benzonitrile (7q)

Preparation as described above from 4-[(3,4,5-trimethoxyphenylimino)methyl]benzonitrile (5q)
and trans-crotonyl chloride to afford the product as a colourless oil (31%). IR νmax 1756.1(CO), 2312.0
(CN) cm−1. 1H NMR (400 MHz, CDCl3): δ 3.76 (s, br, 10H), 4.86 (d, J = 2.52 Hz, 1H), 5.40 (m,
2H), 5.90–6.08 (m, 1H), 6.48 (s, 2H), 7.49 (d, 2H), 7.71 (d, 2H). HRMS: Found: 387.1335 (M++Na);
C21H20N2O4Na requires 387.1321.

4-(4-Methylsulfanylphenyl)-1-(3,4,5-trimethoxyphenyl)-3-vinylazetidin-2-one (7r)

Preparation as described above from crotonyl chloride and N-(3,4,5-trimethoxybenzylidene)
-4-methylsulfanylphenylamine (5r), yield 17%, brown oil [98]. IR (NaCl ν max): 1744 (C=O) cm−1. 1H
NMR (400 MHz, CDCl3): δ 2.48 (s, 3H), 3.72–3.76 (m, 10H, OMe), 4.75 (d, J = 2.33Hz, 1H), 5.31–5.40
(m, 2H), 5.98–6.05 (m, 1H), 6.54 (s, 2H), 7.25–7.31 (m, 4H). 13C NMR (100 MHz, CDCl3): δ15.55, 55.88,
55.61, 60.77, 60.47, 63.39, 94.23, 119.59, 125.98, 126.09, 129.96, 133.25, 133.49, 139.00, 141.19, 153.05, 164.70.
HRMS: found 408.1230 (M++Na); C21H23NO4SNa, requires 408.1245.

1-(3,5-Dimethoxyphenyl)-4-(4-methoxyphenyl)-3-vinylazetidin-2-one (7u)

Preparation as described above from imine 5s and crotonyl chloride to afford the product as
brown oil; Yield: 17%, IR νmax: 1748.72 cm−1 (C=O, β- lactam). δ 1H NMR (400 MHz, CDCl3): 3.69 (s,
7 H), 3.79 (s, 3 H), 4.68 (s, 1 H), 5.27–5.39 (m, 2 H), 5.94–6.06 (m, 1 H), 6.15 (s, 1 H), 6.48 (s, 2 H), 6.89 (d,
J = 7.93 Hz, 2 H), 7.27 (d, J = 8.54 Hz, 2 H). 13C NMR (100 MHz, CDCl3): δ 55.31, 55.49, 61.24, 63.97,
95.66, 96.27, 114.58, 119.77, 127.14, 129.16, 130.54, 139.23, 159.79, 161.06, 165.63. HRMS: found 340.1540
(M+ + H); C20H22NO4 requires 340.1549.

4-(3,4,5-Trimethoxyphenyl)-1-(4-fluorophenyl)-3-vinylazetidin-2-one (8a)

Preparation as described above from crotonyl chloride and N-(3,4,5-trimethoxybenzylidene)
-4-fluorophenylamine (6a) as a yellow oil, yield 18%. IR (NaCl) νmax: 1751 (C=O) cm−1. 1H NMR (400
MHz, CDCl3): δ 3.77–3.79 (m, 1H), 3.83 (s, 6H), 3.86 (s, 3H), 4.71 (d, J = 2.48 Hz, 1H), 5.35–5.43 (m, 2H),
6.00–6.09 (m, 1H), 6.54 (s, 2H), 6.96–7.00 (m, 2H), 7.29–7.32 (m, 2H). 13C NMR (100 MHz, CDCl3): δ
55.76, 60.43, 61.39, 63.73, 101.99, 115.34, 115.57, 117.98, 118.06, 119.84, 129.87, 132.18, 133.36, 137.63,
153.54, 159.88, 164.74. HRMS: found 358.1454 (M++H); C20H21FNO4 requires 358.1455.

4-(3,4,5-Trimethoxyphenyl)-1-(4-chlorophenyl)-3-vinylazetidin-2-one (8b)

Preparation as described above from crotonyl chloride and N-(3,4,5-trimethoxybenzylidene)
-4-chlorophenylamine (6b) as a yellow solid, yield 32%, Mp 131–133 ◦C. IR (KBr) νmax: 1753 (C=O)
cm−1. 1H NMR (400 MHz, CDCl3): δ 3.78–3.79 (m, 1H), 3.83 (s, 6H), 3.87 (s, 3H), 4.71 (d, J = 1.00 Hz, 1H),
5.36–5.43 (m, 2H), 6.02–6.08 (m, 1H), 6.54 (s, 2H), 7.24 (d, J = 5.88 Hz, 2H), 7.28 (d, J = 5.88 Hz, 2H). 13C
NMR (100 MHz, CDCl3): δ 56.11, 60.70, 61.67, 64.09, 102.43, 118.11, 120.10, 129.04, 130.08, 130.24, 132.33,
135.94, 138.15, 153.91, 165.18. HRMS: found 396.0966 (M++Na); C20H20

35ClNO4Na requires 396.0979.

4-(3,4,5-Trimethoxyphenyl)-1-(4-bromophenyl)-3-vinylazetidin-2-one (8c)

Preparation as described above from crotonyl chloride and N-(3,4,5-trimethoxy benzylidene)
-4-bromophenylamine (6c) as a colourless solid, yield 32%, Mp 120–122 ◦C. IR (KBr) νmax: 1754 (C=O)
cm−1. 1H NMR (400 MHz, CDCl3): δ 3.77–3.79 (m, 1H), 3.83 (s, 6H), 3.86 (s, 3H), 4.71 (d, J = 2.48 Hz,
1H), 5.36–5.44 (m, 2H), 6.00–6.07 (m, 1H), 6.53 (s, 2H), 7.22 (d, J = 8.56 Hz, 2H), 7.40 (d, J = 8.52 Hz, 2H).
13C NMR (100 MHz, CDCl3): δ 55.79, 60.43, 61.33, 63.82, 101.97, 116.38, 118.16, 119.93, 129.72, 131.67,
132.00, 136.05, 137.70, 153.58, 164.96. HRMS: found 440.0466 (M++Na); C20H20

79BrNO4Na requires
440.0473.
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4-(3,4,5-Trimethoxyphenyl)-1-(4-nitrophenyl)-3-vinylazetidin-2-one (8d)

Preparation as described above from crotonyl chloride and N-(3,4,5-trimethoxybenzylidene)
-4-nitrophenylamine (6d) as a yellow oil, yield 42%. IR (NaCl) νmax: 1762 (C=O) cm−1. 1H NMR
(400 MHz, CDCl3): δ 3.85 (s, 6H), 3.87 (s, 3H), 3.89–3.91 (m, 1H), 4.81 (d, J = 2.52 Hz, 1H), 5.40–5.47
(m, 2H), 6.01–6.10 (m, 1H), 6.54 (s, 2H), 7.45 (d, J = 9.04 Hz, 2H), 8.19 (d, J = 9.04 Hz, 2H). 13C NMR
(100 MHz, CDCl3): δ 55.83, 60.45, 61.77, 64.16, 101.95, 116.45, 120.38, 124.85, 129.10, 131.32, 137.97,
142.11, 143.00, 153.73, 165.55. HRMS: found 383.1234 (M+-H); C20H19N2O6 requires 383.1243.

4-(3,4,5-Trimethoxyphenyl)-1-(4-tert-butylphenyl)-3-vinylazetidin-2-one (8e)

Preparation as described above from crotonyl chloride and N-(3,4,5-trimethoxybenzylidene)
-4-tert-butylphenylamine (6e) as a yellow solid, yield 22%, Mp 172–174 ◦C. IR (KBr) νmax: 1746 (C=O)
cm−1. 1H NMR (400 MHz, CDCl3): δ 1.29 (s, 9H), 3.76–3.78 (m, 1H), 3.84 (s, 6H), 3.87 (s, 3H), 4.69 (d,
J = 2.48 Hz, 1H), 5.33–5.42 (m, 2H), 6.98–6.07 (m, 1H), 6.58 (s, 2H), 7.27 (d, J = 9.04 Hz, 2H), 7.31 (d,
J = 9.04 Hz, 2H). 13C NMR (100 MHz, CDCl3): δ 30.86, 33.96, 55.78, 60.43, 61.25, 63.56, 102.13, 116.27,
119.58, 125.45, 130.15, 132.77, 134.69, 137.51, 146.63, 153.45, 164.84. HRMS: found 396.2182 (M++H);
C24H30NO4 requires 396.2175.

4-(3,4,5-Trimethoxyphenyl)-1-phenyl-3-vinylazetidin-2-one (8f)

Preparation as described above from crotonyl chloride and N-(3,4,5-trimethoxybenzylidene)
phenylamine (6f) as a colourless solid, yield 34%, Mp 150–151 ◦C. IR (KBr) νmax: 1752 (C=O) cm−1.
1H NMR (400 MHz, CDCl3): δ 3.77–3.79 (m, 1H), 3.83 (s, 6H), 3.86 (s, 3H), 4.74 (d, J = 2.48 Hz, 1H),
5.35–5.44 (m, 2H), 6.01–6.10 (m, 1H), 6.56 (s, 2H), 7.07–7.11 (m, 1H), 7.27–7.33 (m, 4H). 13C NMR
(100 MHz, CDCl3): δ 55.76, 60.43, 61.19, 63.57, 102.01, 116.60, 119.72, 123.67, 128.65, 130.02, 132.54,
137.12, 137.53, 153.49, 165.02. HRMS: found 362.1371 (M++Na); C20H21NO4Na requires 362.1368.

4-(3,4,5-Trimethoxyphenyl)-1-p-tolyl-3-vinylazetidin-2-one (8g)

Preparation as described above from crotonyl chloride and N-(3,4,5-trimethoxybenzylidene)
-4-methylphenylamine (6g) as a yellow oil, yield 16%. IR (NaCl) νmax: 1749 (C=O) cm−1. 1H NMR
(400 MHz, CDCl3): δ 2.30 (s, 3H), 3.75–3.77 (m, 1H), 3.83 (s, 6H), 3.86 (s, 3H), 4.71 (d, J = 2.48 Hz, 1H),
5.34–5.43 (m, 2H), 6.00–6.09 (m, 1H), 6.55 (s, 2H), 7.09 (d, J = 8.04 Hz, 2H), 7.23 (d, J = 8.56 Hz, 2H).
13C NMR (100 MHz, CDCl3): δ 20.48, 55.75, 60.42, 61.16, 63.54, 102.03, 116.54, 119.62, 129.12, 130.15,
132.66, 133.29, 134.69, 137.48, 153.45, 164.76. HRMS: found 376.1534 (M++Na); C21H23NO4Na requires
376.1525.

4-(3,4,5-Trimethoxyphenyl)-1-(4-ethylphenyl)-3-vinylazetidin-2-one (8h)

Preparation as described above from crotonyl chloride and N-(3,4,5-trimethoxybenzylidene)
-4-ethylphenylamine (6h) as yellow crystals, yield 15%, Mp 110–112 ◦C. IR (KBr) νmax: 1749 (C=O)
cm−1. 1H NMR (400 MHz, CDCl3): δ 1.21 (t, J = 7.48 Hz, 3H), 2.57–2.63 (q, J = 7.52 Hz, 2H), 3.75–3.78
(m, 1H), 3.84 (s, 6H), 3.87 (s, 3H), 4.71 (d, J = 2.52 Hz, 1H), 5.34–5.43 (m, 2H), 6.00–6.09 (m, 1H), 6.57 (s,
2H), 7.12 (d, J = 8.76 Hz, 2H), 7.25–7.29 (m, 2H). 13C NMR (100 MHz, CDCl3): δ 15.62, 28.34, 56.23,
60.89, 61.67, 64.00, 102.54, 117.07, 120.07, 128.42, 130.63, 133.18, 135.37, 137.98, 140.20, 153.93, 165.25.
HRMS: found 390.1666 (M++Na). C22H25NO4Na requires 390.1681.

4-(3,4,5-Trimethoxyphenyl)-1-(4-methoxyphenyl)-3-vinylazetidin-2-one (8i)

Preparation as described above from crotonyl chloride and N-(3,4,5-trimethoxybenzylidene)
-4-methoxyphenylamine (6i) as a yellow oil, yield 18%. IR (NaCl) νmax: 1744 (C=O) cm−1. 1H NMR
(400 MHz, CDCl3): δ 3.78 (s, 3H), 3.80–3.82 (m, 1H), 3.83 (s, 6H), 3.86 (s, 3H), 4.69 (d, J = 2.48 Hz, 1H),
5.34–5.43 (m, 2H), 6.03–6.05 (m, 1H), 6.55 (s, 2H), 6.83 (d, J = 9.00 Hz, 2H), 7.28 (d, J = 9.00 Hz, 2H).
13C NMR (100 MHz, CDCl3): δ 54.99, 55.75, 60.42, 61.30, 63.59, 102.06, 113.85, 117.92, 119.62, 130.20,
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130.68, 132.62, 137.49, 153.46, 155.67, 164.44. HRMS: found 392.1479 (M++Na); C21H23NO5Na requires
392.1474.

N-(4-(2-(3,4,5-Trimethoxyphenyl)-4-oxo-3-vinylazetidin-1-yl)phenyl)acetamide (8j)

Preparation as described above from crotonyl chloride and N-((E)-4-(3,4,5-trimethoxybenzylideneamino)
phenyl)acetamide (6j) as a colourless solid, yield 14%, Mp 223–224 ◦C. IR (KBr) νmax: 1742 (C=O) 1689
(C=O) cm−1. 1H NMR (400 MHz, CDCl3): δ 2.16 (s, 3H), 3.76–3.78 (m, 1H), 3.82 (s, 6H), 3.86 (s, 3H),
4.71 (d, J = 2.52 Hz, 1H), 5.34–5.42 (m, 2H), 6.00–6.09 (m, 1H), 6.54 (s, 2H), 7.27 (d, J = 8.56 Hz, 2H),
7.43 (d, J = 8.56 Hz, 2H), 7.49 (s, 1H). 13C NMR (100 MHz, CDCl3): δ 23.99, 55.75, 60.43, 61.26, 63.63,
102.04, 117.16, 119.80, 120.27, 129.99, 132.36, 133.41, 133.70, 137.52, 153.49, 164.76, 167.92. HRMS: found
419.1579 (M++Na); C22H24N2O5Na requires 419.1583.

1-(4-(Methylthio)phenyl)-4-(3,4,5-trimethoxyphenyl)-3-vinylazetidin-2-one (8k)

Preparation as described above from crotonyl chloride and N-(3,4,5-trimethoxybenzylidene)
-4-thiomethylphenylamine (6k) as a colourless solid, yield 41%, Mp 104–106 ◦C. IR (NaCl, film) νmax:
1748.72 cm−1 (C=O, β-lactam). 1H NMR (400 MHz, CDCl3): δ ppm 2.41 (s, 3 H), 3.73 (d, J = 7.93,
1.22 Hz, 1 H), 3.77–3.85 (m, 9 H), 4.67 (d, J = 2.44 Hz, 1 H), 5.30–5.40 (m, 2 H), 5.98 (d, J = 10.07, 7.63 Hz,
1 H), 6.50 (s, 2 H), 7.13–7.18 (m, 2 H), 7.23 (d, J = 7.32 Hz, 2 H). 13C NMR (100 MHz, CDCl3): δ ppm
16.50, 56.21, 60.83, 61.70, 64.07, 102.52, 117.59, 120.12, 127.90, 130.40, 132.77, 133.52, 135.16, 153.95,
165.19. HRMS: found 408.1255 (M++Na); C21H23NNaO4S requires 408.1246.

4.1.4. 4-[3-Hydroxy-4-methoxyphenyl]-1-(3,4,5-trimethoxyphenyl)-3-vinylazetidin-2-one (7s)

To a stirring, refluxing solution of the TBDMS protected imine 5o (5 mmol) and triethylamine
(6 mmol) in anhydrous dichloromethane (40 mL), a solution of crotonyl chloride (6 mmol) in anhydrous
dichloromethane (10 mL) was added over 45 min under nitrogen. The reaction was kept at reflux
for 5 h and then at room temperature overnight (16 h), until the starting material had disappeared
as monitored by TLC in (1:1 n-hexane: ethyl acetate). The reaction mixture was washed with water
(2 × 100 mL). The combined organic extract was dried over anhydrous Na2SO4 before the solvent
was removed under reduced pressure. The crude product was purified by flash chromatography
over silica gel (eluant: n-hexane: ethyl acetate, 4:1) to afford the β-lactam 7o as an oil. To a stirring
solution of the protected β-lactam 7o (5 mmol) under N2 and 0 ◦C in dry THF was added dropwise 1.5
equivalents of 1.0 M tert-butylammonium fluoride (t-BAF) solution in hexanes (5 mmol). The resulting
solution was left to stir at 0 ◦C until reaction was complete as monitored by TLC. The reaction mixture
was diluted with ethyl acetate (75 mL) and washed with 0.1M HCl (100 mL). The aqueous layer was
further extracted with ethyl acetate (2 × 25 mL). All organic layers were combined and washed with
water (100 mL) and saturated brine (100 mL) before being dried over anhydrous sodium sulphate. The
solvent was removed under reduced pressure to yield the phenol which was further purified by flash
chromatography over silica gel (eluent: n-hexane: ethyl acetate, 4:1) to afford the product as a yellow
oil, yield 20%. IR (NaCl, film) νmax: 3367 (OH), 1749 (C=O, β-lactam), 1587, 1501, 1235, 1127 cm−1. 1H
NMR (400 MHz, CDCl3): δ 3.74 (s, 6H), 3.74–3.75 (m, 1H), 3.78 (s, 3H), 3.91 (s, 3H), 4.69 (d, J = 2.52 Hz,
1H), 5.32–5.40 (m, 2H), 5.77 (br s, 1H), 5.98–6.05 (m, 1H), 6.57 (s, 2H), 6.87–6.96 (m, 3H). 13C NMR
(100 MHz, CDCl3): δ 55.56, 55.58, 60.50, 60.86, 63.38, 94.24, 110.50, 111.54, 117.30, 119.44, 129.90, 130.08,
133.38, 133.91, 145.82, 146.36, 153.01, 164.86. HRMS: found 408.1434 (M++Na); C21H23NO6Na requires
408.1423.

4.1.5. 4-(3-Amino-4-methoxyphenyl)-1-(3,4,5-trimethoxyphenyl)-3-vinylazetidin-2-one (7t)

To a flask containing the 4-(4-methoxy-3-nitrophenyl)-1-(3,4,5-trimethoxyphenyl)-3-vinylazetidin-2
-one (7p) (0.25 mmol) and zinc powder 10 μm (2.5 mmol) was added 15 mL of acetic acid at room
temperature under N2 and reaction left to stir for 7 days. The reaction was filtered through a celite
pad and the filtrate collected. Solvent was removed under reduced pressure and purified by flash
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chromatography over silica gel (elutent: ethyl acetate: n-hexane, 1:1) to yield the title compound as
a brown solid, yield 43%, Mp 100–101 ◦C. IR (KBr) νmax: 3370 (NH2), 1747 (C=O) cm−1. 1H NMR
(400 MHz, CDCl3): δ 3.75 (s, 6H), 3.79 (s, 3H), 3.87–3.88 (m, 1H), 3.88 (s, 3H), 4.65 (d, J = 2.52 Hz, 1H),
5.31–5.41 (m, 2H), 5.98–6.07 (m, 1H), 6.60 (s, 2H), 6.72–6.78 (m, 3H). 13C NMR (100 MHz, CDCl3): δ
55.11, 55.58, 60.50, 61.15, 63.35, 94.23, 109.93, 111.06, 115.86, 119.29, 129.26, 130.25, 133.53, 134.01, 136.50,
147.09, 152.99, 165.07. HRMS: found 407.1597(M++Na); C21H24N2O5Na requires 407.1583.

4.1.6. 4-(4-Methoxyphenyl)-1-(3,4,5-trimethoxyphenyl)azetidin-2-one (9a)

Zinc powder (9 mmol) was activated using trimethylchlorosilane (0.5 mmol) in anhydrous benzene
(1 mL) by heating for 15 min at 40 ◦C and followed by 5 min at 100 ◦C in a microwave. After cooling,
the imine 5h (2 mmol) and ethyl bromoacetate (2.4 mmol) were added to the reaction vessel and the
mixture was placed in the microwave for 30 min at 100 ◦C. The reaction mixture was filtered through
Celite to remove the zinc catalyst and then diluted with dichloromethane. This solution was washed
with saturated ammonium chloride solution (20 mL) and 25% ammonium hydroxide (20 mL) and then
with dilute HCl (40 mL), followed by water (40 mL). The organic phase was dried over anhydrous
sodium sulphate and the solvent was removed under reduced pressure. The crude product was
purified by flash column chromatography over silica gel (eluent: n-hexane: ethyl acetate, 2:1) to afford
the product as a yellow solid, 39%, 267 mg, Mp 60–62 ◦C [87]. Purity (HPLC): 99.6%. IR (KBr) νmax:
2938, 1747 (C=O), 1603, 1507, 1246, 1126 cm−1. 1H NMR (400 MHz, CDCl3): δ 2.96 (dd, J = 15.20,
2.50 Hz, 1H), 3.55 (dd, J = 15.18, 5.86 Hz, 1H), 3.73 (s, 6H), 3.77 (s, 3H), 3.83 (s, 3H), 4.94 (dd, J = 5.84,
2.36 Hz, 1H), 6.56 (s, 2H), 6.93 (d, J = 8.76 Hz, 2H), 7.34 (d, J = 8.76 Hz). 13C NMR (100 MHz, CDCl3):
δ 46.49, 53.66, 54.88, 55.54, 60.49, 93.98, 114.09, 126.84, 129.53, 133.62, 133.93, 152.99, 159.34, 164.16.
HRMS: found 344.1506 (M++H); C19H22NO5 requires 344.1498.

4.1.7. 4-(3-Hydroxy-4-methoxyphenyl)-1-(3,4,5-trimethoxyphenyl)-azetidin-2-one (9c)

(i) Zinc powder (458 mg, 7 mmol (method A) or 21 mmol (method B)) and chlorotrimethylsilane
(0.32 mL, 2.5 mmol) were refluxed for 3 min in anhydrous benzene (10 mL) under N2 and then
allowed to cool. To the cooled stirring solution, the appropriately substituted imine (5o) (5 mmol) and
ethylbromoacetate (0.66 mL, 6 mmol) were added and refluxed for 7 h. The reaction was cooled to 0 ◦C
and poured onto NH4Cl (sat), (10 mL) and 30% NH4OH (10 mL). The resulting solution was extracted
with DCM (2 × 20 mL) and the organic layer further washed with 0.1N HCl (20 mL) and water (20 mL)
before being dried over Na2SO4, filtered and the solvent removed under reduced pressure to afford
the protected product (9b), yield 37%, 876 mg (method A), 77%, 1.823 g (method B) as a pale brown
resin which was used immediately in the following reaction. IR (NaCl �max): 1749 (C=O) cm−1. 1H
NMR (400 MHz, CDCl3): δ 0.07 (s, 3H, OTBDMS), δ0.09 (s, 3H), 2.91–2.95 (dd, J = 2.47 Hz, 15.04,
1H), 3.48–3.53 (dd, J = 5.52 Hz, 15.55 Hz, 1H), 3.71 (s, 6H), 3.76 (s, 3H), 3.80 (s, 3H), 4.86–4.88 (dd,
J = 2.52 Hz, 5.52, 1H), 6.54 (s, 2H), 6.83–6.94 (m, 3H). 13C NMR (100 MHz, CDCl3): –5.19, –5.17, 17.98,
25.02, 46.41, 53.59, 55.03, 60.46, 55.49, 94.04, 111.82, 117.99, 119.05, 129.98, 133.57, 133.74, 145.15, 150.74,
152.95, 164.14. (ii) To a stirring solution of the silyl ether β-lactam (9b) (4 mmol) in dry THF (30 mL)
was added a solution of 1.0M tBAF in hexanes (4 mL, 4 mmol) under N2 at 0 ◦C. The reaction mixture
was stirred for a further 90 min. Reaction was diluted with ethyl acetate (150 mL) and washed with
0.1M HCl (200 mL). The aqueous layer was further extracted with ethyl acetate (2 × 50 mL). All the
organic layers were collected and washed with water (200 mL) and saturated brine (200 mL) before
being dried over Na2SO4. Solvent was removed under reduced pressure and the phenol was isolated
by flash chromatography over silica gel (eluent: n-hexane: ethyl actetate, 1:1) to afford the desired
product, yield 73%, 1.05 g, as a yellow solid, Mp 78–80 ◦C [87]. IR (NaCl �max): 1741 cm−1, 3443 cm−1,

2937 cm−1. 1H NMR (400 MHz, CDCl3): δ2.88–2.93 (dd, J = 2.48 Hz, 15.06 Hz, 1H), 3.45–3.50 (dd,
J = 5.52 Hz, 15.56Hz, 1H), 3.67 (s, 6H), 3.72 (s, 3H), 3.84 (s, 3H), 4.84–4.86 (dd, J = 2.52 Hz, 5.52 Hz,
1H), 6.14 (s, 1H), 6.53 (s, 2H), 6.81–6.93 (m, 3H). 13C NMR (100 MHz, CDCl3): δ 46.27, 53.68, 60.44,
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55.52, 94.04, 110.57, 111.63, 117.36, 130.61, 133.56, 133.75, 145.90, 146.48, 152.94, 164.27. HRMS: Found
382.1251 (M++Na); C19H21NO6Na requires 382.1267.

4.1.8. 3-(1-Hydroxyethyl)-4-(3-hydroxy-4-methoxyphenyl)-1-(3,4,5-trimethoxyphenyl) azetidin-2-one
(10a)

To a solution of the TBDMS protected 3-unsubstituted β-lactam (9b) (125 mg, 0.264 mmol) in
dry THF (3 mL) under N2 at −78 ◦C (dry ice and acetone) was added 2.0 M LDA solution (0.264 mL,
0.528 mmol). The resulting solution was left to stir for 5 min before a solution of acetaldehyde (49 mg,
0.396 mmol) in dry THF (1.5 mL) was added. The reaction was left to stir for 30 min at −78 ◦C,
then poured onto saturated NaCl solution (25 mL). The resulting solution was extracted with ethyl
acetate (50 mL) and the solvent was dried over Na2SO4 before being removed under reduced pressure.
Preliminary purification was achieved by passage through a short pad (5 cm) of silica (eluent: DCM) to
yield the OTBDMS protected ether 10i as an oil. To a stirring solution of the OTBDMS protected ether
10i (2 mmol) in dry THF (10 mL) was added a solution of 1.0 M TBAF in hexanes (2 mL, 2 mmol) under
N2 at 0 ◦C. The reaction mixture was stirred for a further 90 min then diluted with ethyl acetate (75 mL)
and washed with 0.1 M HCl (100 mL). The aqueous layer was further extracted with ethyl acetate
(2 × 25 mL). All the organic extracts were collected and washed with H2O (100 mL), and saturated
brine (100 mL) before being dried over Na2SO4 and solvent was removed under reduced pressure.
Purification was carried out by chromatography using a Biotage SP1 chromatography system using a
+12M column and detection set at 280 nM and a fraction volume of 12 mL. A gradient elution of 2%
ethyl acetate in n-hexane to 100% ethyl acetate over 15 column volumes was used. The desired product
was obtained as a brown oil, 36 mg, yield 17% [99] IR (NaCl �max): 1738 (C=O), 3427 (OH) cm−1. 1H
NMR (400 MHz, CDCl3): δ1.33 (d, J = 6.28 Hz, 1H), 1.40 (d, J = 6.52 Hz, 2H), 2.58 (br s, 1H), 3.14 (m,
1H), 3.72 (s, 6H), 3.76 (s, 3H), 3.89 (s, 3H), 4.24 (q, J = 6.04 Hz, 0.66H), 4.36 (q, J = 5.76 Hz, 0.33H), 4.77
(d, J = 2.28 Hz, 0.6H), 4.99 (d, J = 2.28, 0.4H), 5.95 (s, 0.6H), 5.96 (s, 0.4H), 6.54 (s, 2H), 6.83–7.01 (m, 3H).
13C NMR (100 MHz, CDCl3): δ 21.34, 21.52, 55.99, 56.06, 57.64 57.68, 56.68, 60.93, 64.94, 66.05, 66.10,
94.70, 94.75, 111.05, 112.16, 112.22, 117.88, 130.50, 130.97, 133.67, 134.32, 146.25, 146.32, 146.88, 153.43,
δ165.89, 166.06. HRMS: Found 426.1540 (M++Na); C21H25NO7Na requires 426.1529.

4.1.9. 3-((E)-1-Hydroxybut-2-enyl)-1-(3,4,5-trimethoxyphenyl)-4-(4-methoxyphenyl) azetidin-2-one
(10b)

Following the procedure described above for compound 10a, using the β-lactam 9a and
crotonaldehyde, the product was obtained as a colourless solid, 82 mg, yield 25%, Mp 143–144
◦C. IR (KBr) νmax: 3455 (OH), 1745 (C=O), 1591, 1502, 1248, 1127 cm−1. 1H NMR (400 MHz, CDCl3):
δ 1.73–1.77 (m, 2H), 3.25–3.28 (m, 1H), 3.73 (s, 6H), 3.77 (s, 3H), 3.83 (s, 3H), 4.69–4.72 (m, 1H), 4.83
(d, J = 2.52 Hz, 1H), 5.57–5.62 (m, 1H), 5.80–5.88 (m, 1H), 6.56 (s, 2H), 6.91–6.94 (m, 2H), 7.28–7.32 (m,
2H). 13C NMR (100 MHz, CDCl3): δ 17.28, 54.86, 55.52, 55.90, 60.49, 64.70, 68.68, 94.25, 114.06, 114.11,
126.96, 127.81, 129.27, 129.37, 129.75, 133.31, 152.97, 159.16, 165.00. HRMS: found 436.1740 (M++Na);
C23H27NO6Na requires 436.1736.

4.1.10. 3-(1-Hydroxybut-2-enyl)-4-(3-hydroxy-4-methoxyphenyl)-1-(3,4,5-trimethoxyphenyl)
azetidin-2-one (10c)

Following the procedure described above for compound 10a, using the β-lactam (9b) and
crotonaldehyde, the title compound was obtained as a brown oil, 73 mg, yield 32%. IR (NaCl �max):

1732 (C=O), 3427 (OH) cm−1. 1H NMR (400 MHz, CDCl3): δ1.72 (d, J = 7.0 Hz, 1.8H), 1.74 (d, J = 1.0Hz,
1.2H), 2.50 (br, s, 1 H), 3.24 (m, 1H), 3.73–3.79 (overlapping singlets, 9H), 3.89 (s, 3H), 4.51 (t, J = 6.53Hz,
0.4H), 4.67 (t, J = 6.80 Hz, 0.6H), 4.76 (d, J = 2.48 Hz, 0.4H), 4.96 (d, J = 2.0 Hz, 0.6H), 5.78–5.85 (m, 2H).
13C NMR (100 MHz, CDCl3): δ17.25, 55.53, 55.84, 64.38, 60.47, 64.65, 68.42, 70.60, 94.26, 110.50, 111.75,
111.82, 117.42, 117.48, 127.62, 129.22, 129.78, 130.47, 133.25, 133.27, 146.17, 146.32, 152.93, 165.21. HRMS:
Found 452.1707 (M++Na); C23H27NO7Na requires 452.1685.
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4.1.11. 4-(3-Hydroxy-4-methoxyphenyl)-3-(1-hydroxy-1-methylethyl)-1-(3,4,5-trimethoxy-phenyl)
azetidin-2-one (10d)

Following the procedure described above for compound 10a, using the β-lactam (9b) and acetone,
the title compound was obtained as a brown oil, 51 mg, yield 23%. IR (NaCl ν max): 1732 (C=O), 3429
(OH) cm−1. 1H NMR (400 MHz, CDCl3): δ1.35 (s, 3H), 1.48 (s, 3H), 1.91 (br, s, 1H), 3.13 (d, J = 2.52 Hz,
1H), 3.72 (s, 6H), 3.76 (s, 3H), 3.89 (s, 3H), 4.89 (d, J = 2.52 Hz, 1H), 5.90 (br, s, 1H), 6.56 (s, 2H), 6.83–6.96
(m, 3H). 13C NMR (100 MHz, CDCl3): δ 27.36, 27.62, 55.50, 55.53, 56.73, 60.47, 69.50, 94.27, 110.57,
111.78, 117.48, 130.51, 133.18, 133.79, 145.80, 146.25, 152.93, 165.29. HRMS: found 440.1671 (M++Na);
C22H27NO7Na requires 440.1685.

4.1.12. 3-((E)-1-Hydroxy-3-phenylallyl)-1-(3,4,5-trimethoxyphenyl)-4-(4-methoxyphenyl)
azetidin-2-one (10e)

Following the procedure described above for compound 10a, using the β-lactam 9a and
cinnamaldehyde, the product was obtained as a brown oil, 88 mg, yield 23%. IR (NaCl, film) νmax: 3456
(OH), 1746 (C=O), 1579, 1503, 1266, 1123 cm−1. 1H NMR (400 MHz, CDCl3): δ 3.38–3.39 (m, 1H), 3.73 (s,
6H), 3.78 (s, 3H), 3.82 (s, 3H), 4.53–4.56 (m, 1H), 4.78 (br s, 1H), 6.26–6.33 (m, 1H), 6.57 (s, 2H), 6.71–6.80 (m,
1H), 6.89–7.35 (m, 9H). HRMS: found 498.1885 (M++Na); C28H29NO6Na requires 498.1893.

4.1.13. 4-(3-Hydroxy-4-methoxy-phenyl)-3-(1-hydroxy-3-phenyl-allyl)-1-(3,4,5-trimethoxy-phenyl)
-azetidin-2-one (10f)

Following the procedure described above for compound 10a, using 3-unsubstituted β-lactam (9b)
and cinnamaldehyde, the title compound was obtained as a brown oil, 99 mg, yield 38%. IR (NaCl ν
max): 1732 (C=O) 3418 (OH) cm−1. 1H NMR (400 MHz, CDCl3): δ3.21 (br, s, 1H), 3.34 (dd, J = 2.55 Hz,
5.63 Hz, 0.53H), 3.37 (dd, J = 2.55 Hz, 5.62 Hz, 0.57H), 3.69 (s, 6H), 3.76 (s, 3H), 3.85 (s, 3H), 4.75 (dd,
J = 6.13 Hz, 12.40 Hz, 0.43H), 4.86 (d, J = 2.45 Hz, 0.43H), 4.91 (dd, J = 3.82 Hz, 7.63 Hz, 0.57H), 5.03 (d,
J = 2.45 Hz, 0.53H), 5.81–5.98 (m, 1H), 6.24 (dd, J = 5.54 Hz, 16.28 Hz, 0.57H), 6.41 (dd, J = 5.54 Hz,
16.28 Hz, 0.43H), 6.58 (s, 2H), 6.72–6.96 (m, 3H), 7.35–7.39 (m, 5H). 13C NMR (100 MHz, CDCl3): 53.32,
55.84, 56.17, 60.75, 57.35, 57.41, 64.81, 68.41, 70.77, 94.81, 94.86, 95.12, 110.61, 110.95, 110.98, 117.84,
117.91, 126.37, 126.61, 128.03, 128.46, 129.49, 130.33, 131.45, 133.12, 134.48, 136.20, 146.16, 146.61, 148.29,
153.29, 153.31, 165.48, 165.48. HRMS: found 514.1826 (M++Na); C28H29NO7Na requires 514.1842.

4.1.14. 4-(3-Hydroxy-4-methoxyphenyl)-3-(1-hydroxyallyl)-1-(3,4,5-trimethoxy phenyl) azetidin-2-one
(10g)

Following the procedure described above for compound 10a, using 3-unsubstituted β-lactam (9b)
and acrolein, the title compound was obtained as a brown oil, 48 mg, yield 22%. IR (NaCl ν max):
1732 (C=O), 3428 (OH) cm−1. 1H NMR (400 MHz, CDCl3): δ 1.78 (br, s, 1H), 2.42 (br, s, 1H), 3.24–3.30
(m, 1H), 3.73 (s, 6H), 3.77 (s, 3H), 3.91 (s, 3H), 6.60 (t, J = 6.4 Hz, 6.6 Hz, 0.58H), 4.74 (dd, J = 6.4 Hz,
6.5 Hz, 0.32H), 4.80 (d, J = 2.3 Hz, 0.58H), 4.96 (d, J = 2.7 Hz, 0.32H), 5.28–5.44 (m, 2H), 5.78 (br, s,
1H), 5.90–5.98 (m, 0.32H), 6.02–6.10 (m, 0.68H), 6.56 (s, 2H), 6.84–7.28 (m, 3H). 13C NMR (100 MHz,
CDCl3): δ 55.53, 55.55, 55.62, 60.48, 56.85, 63.99, 68.28, 70.76, 94.34, 110.47, 110.52, 111.74 111.81, 115.56,
117.47, 117.51, 129.93, 130.20, 133.20, 136.59, 136.80, 145.79, 146.14, 146.33, 152.96, 164.89. HRMS: found
438.1547 (M++Na); C22H25NO7Na requires 438.1529.

4.1.15. 4-(3-Hydroxy-4-methoxy-phenyl)-3-(1-hydroxy-1-methylallyl)-1-(3,4,5-trimethoxy-phenyl)
-azetidin-2-one (10h)

Following the procedure described above for compound 10a, using 3-unsubstituted β-lactam (9b)
and 3-buten-2-one, the title compound was obtained as a brown oil, 41mg, yield 18%. IR (NaCl ν max):
1734 (C=O), 3433 (OH) cm−1. 1H NMR (400 MHz, CDCl3): δ1.46 (s, 1.53H), 1.56 (s, 1.34H), 1.8 (br, s,
1H), 3.17 (d, J = 2.40 Hz, 0.45H), 3.25 (d, J = 2.42 Hz, 0.42H), 3.71 (s, 6H), 3.76 (s, 3H), 3.88 (s, 3H), 4.81
(d, J = 2.40 Hz, 0.47H), 4.86 (d, J = 2.41 Hz, 0.44H), 5.17–5.23 (m, 1H), 5.31–5.42 (m, 1H), 5.81–6.81 (m,
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1H), 5.81–5.83 (overlapping singlets, 1H), 6.54 (s, 2H), 6.83–6.96 (m, 3H). 13C NMR (100 MHz, CDCl3):
δ 26.06, 26.19, 53.00, 56.01, 60.46, 55.51, 55.54, 67.47, 68.46, 71.70, 71.76, 94.28, 110.46, 110.54, 111.84,
111.92, 117.51, 117.60, 130.35, 133.17, 133.81, 140.73, 141.39, 141.46, 145.66, 146.13, 152.94, 164.45, δ164.91.
HRMS: found 452.1691 (M+Na); C23H27NO7Na requires 452.1685.

4.1.16. 3-Acetyl-4-(3-hydroxy-4-methoxyphenyl)-1-(3,4,5-trimethoxyphenyl)azetidin-2-one (11)

Method A: To a stirring solution of pyridinium chlorochromate (132 mg, 0.57 mmol) in dry DCM
(2 mL) under N2 at room temperature was added quickly a solution of the silyl protected β-lactam
(10i) (195 mg, 0.38 mmol). The reaction was stirred at room temperature for 18 h and then diluted
with diethyl ether (25 mL) and the resulting suspension allowed to settle and the diethyl ether layer
decanted off. The remaining solid was washed and decanted twice with two further 25 mL portions of
diethylether. The organic extracts were combined and dried over MgSO4, filtered, and the solvent
removed under reduced pressure. The tBDMS ether was removed by treatment with tBAF as previously
described, to afford the title compound as an oil, 7%, 11mg. Method B: The 3-unsubstituted β-lactam
(9b) (378 mg, 0.80 mmol) was dissolved in THF (7 mL) in a dry flask flushed with N2 and cooled
to −78 ◦C. To this stirring solution LDA (1.0 M solution, 0.8 mL, 0.8 mmol) was added all at once
and the reaction left to stir for 5 min prior to the dropwise addition of acetyl chloride (0.085 mL,
1.2 mmol), in THF (2 mL). The reaction mixture was allowed to stir at −78 ◦C for 30 min then stirred
at room temperature for 5 min before being poured into saturated brine (50 mL). The brine solution
was extracted with ethyl acetate (2 × 50 mL), the organic layers combined, dried over MgSO4, filtered,
and the solvent removed under reduced pressure. Purification by flash column chromatography over
silica gel (eluent: n-hexane: ethyl acetate, 1:1) followed by removal of the TBDMS ether by treatment
with tBAF as previously described afforded the title compound as an oil, 35 mg, yield 11%. IR (NaCl ν
max): 1731 (C=O), 1739, (C=O) 3434 (OH) cm−1. 1H NMR (400 MHz, CDCl3): δ1.99 (s, 3H), 3.73 (s,
6H), 3.75 (s, 3H), 3.81 (s, 3H), 4.23 (d, J = 1.98 Hz, 1H), 5.12 (d, J = 1.99 Hz, 1H), 6.08 (s, 2H), 6.37–6.57
(m, 3H). 13C NMR (100 MHz, CDCl3): δ 23.14, 53.93, 55.71, 60.87, 65.03, 61.71, 93.81, 111.21, 113.02,
118.21, 130.98, 131.02, 134.27, 147.12, 147.34, 153.27, 164.45, 181.23. HRMS: found 402.1463 (M++H);
C21H24NO7 requires 402.1553.

4.1.17. 3-Ethylidene-4-(3-hydroxy-4-methoxy-phenyl)-1-(3,4,5-trimethoxy-phenyl)-azetidin-2-one (12)

To a solution of the silyl ether protected β-lactam 10i (1 mmol) in DCM (10 mL), stirring at 0 ◦C
under N2, was added PPh3 (1 mmol) and DEAD (1.2 mmol). Stirring at 0 ◦C was continued for a
further 3 min before the reaction was allowed to warm to room temperature. Diethyl ether (30 mL)
was added to the reaction mixture to precipitate the triphenylphosphine oxide side product which was
removed by filtration. The filtrate was collected and evaporated to dryness under reduced pressure to
afford the product. Separation of the E/Z isomers was carried out on a Biotage SP1 system using a
gradient elution from 2% ethyl acetate in hexanes to 100% ethyl acetate over 20 column volumes, and
detection at 280 nm. The product was obtained as a colourless resin, [99], [100], 87 mg, yield 52%. IR
(NaCl ν max): 1738 (C=O), 2935 (CH), 3327 (OH) cm−1. 1H NMR (400 MHz, CDCl3): E isomer, δ 1.62
(d, J = 4.40 Hz, 3H), 3.76 (s, 6H), 3.78 (s, 3H), 3.92 (s, 3H), 5.32 (s, 1H), 5.68, s, 1H), 6.32 (m, 1H), 6.61 (s,
2H), 6.86 (d, J = 8.2 Hz, 1H), 7.03 (d, J = 1.96 Hz, 1H), 6.99 (m, 1H). Z isomer, δ 2.05 (d, J = 4.16 Hz, 3H),
3.76 (s, 6H), 3.79 (s, 3H), 3.92 (s, 3H), 5.19 (s, 1H), 5.65–5.66 (m, 2H), 6.63 (s, 2H), 6.85–6.90 (m, 3H). 13C
NMR (100 MHz, CDCl3): E isomer δ 13.26, 55.80, 55.88, 60.76, 62.72, 94.47, 110.68, 113.04, 118.87, 123.32,
129.72, 133.94, 134.20, 142.32, 146.04, 146.74, 153.33, 161.19. Z isomer δ 14.30, 55.81, 55.82, 60.81, 62.80,
94.57, 110.61, 112.73, 118.48, 126.89, 130.37, 133.93, 134.15, 141.71, 146.11, 146.72, 153.38, 161.79. HRMS:
found 408.1411(M++Na); C21H23NO6Na requires 408.1423.
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4.1.18. 3-(1,2-Dihydroxyethyl)-4-(3-hydroxy-4-methoxyphenyl)-1-(3,4,5-trimethoxyphenyl)
azetidin-2-one (13)

To a solution of the silyl ether protected azetidin-2-one (7o) (156 mg, 0.312 mmol) in pyridine
(0.5 mL) stirring under N2 at room temperature was added osmium tetroxide, OsO4 (80 mg, 0.312 mmol).
The reaction darkened in colour and became hot to the touch upon completion of the addition. The flask
was immersed in ice-water for 60 s, then left to stir at room temperature under N2 for 22 h. A solution
of Na2(SO3)2 (1.343 g, 6.8 mmol) in a 1:4 mixture of pyridine/water (20 mL) was added and the reaction
was stirred at room temperature for a further 7 h. The reaction mixture was extracted with warm
ethyl acetate (100 mL). The organic layer was collected and washed with 0.1M HCl (100 mL), saturated
NaHCO3 (100 mL), and water (100 mL). The organic layer was collected and dried over MgSO4, filtered
and the solvent removed under reduced pressure. The product was purified by passage through a
short silica column (5 cm) and eluted with DCM. The tBDMS group was cleaved by treatment with
tBAF as described above, to afford the product as a colourless resin, yield 39%, 51 mg. IR (NaCl ν
max): 1727 (C=O), 3454 (OH) cm−1. 1H NMR (400 MHz, CDCl3): δ 2.72 (br s, 1H, OH), 3.16 (dd, 0.72H,
J = 2.42 Hz, 5.55 Hz), 3.19 (dd, 0.29H, J = 2.46 Hz, 4.56 Hz), 3.60-3.67 (m, 8H), 3.74 (s, 3H), 3.83 (s, 3H),
4.10 (dd, J = 4.05 Hz, 0.26H), 4.19 (dd, J = 5.50 Hz, 0.75H), 4.25 (br s, 0.5H), 4.90 (d, J = 2.37 Hz, 0.31H),
5.00 (d, J = 2.36 Hz, 0.69H), 6.25 (br, s, 0.30H), 6.46 (br, s, 0.70H), 6.53 (s, 2H), 6.77–6.94 (m, 3H). 13C
NMR (100 MHz, CDCl3): δ 55.79, 55.85, 56.80, 56.97, 60.73, 62.18, 64.46, 64.76, 68.54, 69.30, 94.92, 111.06,
111.11, 112.23, 112.43, 117.76, 117.90, 129.92, 130.29, 133.17, 133.33, 146.07, 146.22, 146.85, 146.98, 153.27,
165.76, 165.96. HRMS: found 442.1490 (M++Na); C21H25NO8Na requires 442.1478.

4.1.19. (1-((2-Methoxy-5-(4-oxo-1-(3,4,5-trimethoxyphenyl)-3-vinylazetidin-2-yl)phenyl)-amino)-1
-oxopropan-2-yl) carbamaic acid 9H-fluoren-9-ylmethyl ester (14)

To a stirred solution of β-lactam 7t (4.76 mmol) in anhydrous DMF (30 mL) were added DCC
(5.7 mmol), Fmoc-protected alanine (5.6 mmol) and HOBt.H2O (7.3 mmol) at room temperature. The
mixture was stirred for 24 h, then ethyl acetate (50 mL) was added and the reaction mixture was
filtered. The DMF was removed by washing with water (5 × 50 mL). The organic solvent was removed
under reduced pressure, and the product was isolated by flash column chromatography over silica gel
(eluent: dichloromethane: methanol gradient) as a brown oil, yield, 58%, 173 mg. IR (NaCl, film) νmax:
3323 (NH), 1723 (C=O), 1640 (C=O), 1598 cm−1. H NMR (400 MHz, CDCl3): δ 1.52 (br s, 3H), 3.74 (s,
6H), 3.77 (s, 4H), 3.83 (s, 3H), 4.25 (t, J = 6.78 Hz, 1H), 4.45–4.47 (m, 3H), 4.76 (br s, 1H), 5.31–5.34 (m,
1H), 5.37–5.41 (m, 1H), 5.98–6.07 (m, 1H), 6.59 (s, 2H), 6.86–7.79 (m, 11H), 8.39–8.44 (br s, 1H), 8.50 (s,
1H). 13C NMR (100 MHz, CDCl3): δ 20.62, 46.63, 55.47, 55.64, 60.49, 59.96, 60.93, 63.32, 66.83, 94.30,
110.15, 117.70, 119.50, 120.58, 124.52, 126.64, 127.35, 128.39, 128.80, 128.84, 129.31, 130.03, 133.38, 133.91,
137.63, 140.85, 143.22, 153.03, 164.91, 169.98, 170.76. HRMS: Found 700.2632 (M++Na); C39H39N3O8Na
requires 700.2635.

4.1.20. 2-Amino-N-(2-methoxy-5-(1-(3,4,5-trimethoxyphenyl)-4-oxo-3-vinylazetidin-2-yl)phenyl)
propanamide (15)

To amino acid amide 14 (1.56 mmol) in methanol (10 mL)/CH2Cl2 (10 mL) was added 2N NaOH
(3.4 mmol) at room temperature and the mixture was stirred for 24 h. Saturated aq. NaHCO3 was
added and the mixture was extracted with CH2Cl2 three times. The organic solution was dried and
evaporated. The product was dissolved diethyl ether and extracted with 2N HCl (5× 50 mL). 2N NaOH
was added to the HCl mixture solution and the mixture was washed with diethyl ether (5 × 50 mL).
The organic solution was dried and the solvent was removed under reduced pressure to afford the
product as an off-yellow oil, yield 57%. IR (NaCl) νmax: 3307 cm−1 (NH2), 1741 (C=O), 1679 (C=O)
cm−1. 1H NMR (400 MHz, CDCl3): δ 1.61–1.64 (m, 3H), 3.76 (s, 9H), 3.68–3.69 (m, 1H), 3.78 (br s, 1H),
3.79 (s, 3H), 5.40 (br s, 1H), 6.33–6.35 (m, 1H), 6.65 (s, 2H), 6.83–6.90 (m, 2H), 7.08–7.20 (m, 3H). 13C
NMR (100 MHz, CDCl3): δ 21.65, 51.69, 55.87, 55.90, 60.92, 62.95, 65.87, 94.47, 109.81, 119.33, 121.61,
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123.70, 127.72, 133.57, 133.69, 134.14, 148.34, 153.45, 161.44, 167.06. HRMS: found 456.2137 (M++H);
C24H30N3O6 requires 456.2135.

4.1.21. General procedure III: Preparation of dibenzyl phosphates 16a, 16b

To a solution of phenol 7s, 9a (17 mmol) in acetonitrile (100 mL cooled to 0 ◦C) was added
carbon tetrachloride (85 mmol). The resulting solution was stirred for 10 min prior to adding
diisopropylethylamine (35 mmol) and dimethylaminopyridine (1.7 mmol). The dibenzyl phosphite
(24.5 mmol) was then added dropwise to the mixture. When the reaction was complete, 0.5M KH2PO4

(aq) was added and the reaction mixture was allowed to warm to room temperature. An ethyl acetate
extract (3 × 50 mL) was washed with saturated sodium chloride (aqueous, 100 mL) followed by water
(100 mL) and dried using anhydrous sodium sulfate. The organic solvent was removed under reduced
pressure and the product was isolated by flash column chromatography over silica gel (n-hexane: ethyl
acetate gradient).

2-Methoxy-5-(1-(3,4,5-trimethoxyphenyl)-4-oxoazetidin-2-yl)phenyl dibenzyl phosphate (16a)

Preparation as described in the general method above from β-lactam 9a. Yield: 60%, 507 mg,
brown oil. IR (NaCl, film) νmax: 2940, 1730 (C=O, β-lactam), 1507, 1300 (P=O), 1235, 1127 cm−1. 1H
NMR (400 MHz, CDCl3): δ 2.90 (dd, J = 15.08 Hz, 2.52 Hz, 1H), 3.50 (dd, J = 15.56 Hz, 5.52 Hz, 1H),
3.76 (s, 6H), 3.76 (s, 3H), 3.81 (s, 3H), 4.84 (dd, J = 5.04 Hz, 2.52 Hz, 1H), 5.15–5.18 (m, 4H), 6.53 (s,
2H), 6.93–7.23 (m, 3H), 7.31–7.36 (m, 10H). 13C NMR (100 MHz, CDCl3): δ 46.44, 53.23, 55.54, 55.61,
60.47, 69.44, 69.48, 69.54, 93.97, 112.77, 119.36, 122.59, 127.43, 127.47, 128.14, 128.16, 130.14, 133.47,
133.89, 135.10, 139.47, 139.54, 150.35, 153.06, 163.87. HRMS: found 642.1838 (M++Na); C33H34NO9PNa
requires 642.1869.

2-Methoxy-5-(1-(3,4,5-trimethoxyphenyl)-4-oxo-3-vinylazetidin-2-yl)phenyl dibenzyl phosphate (16b)

Preparation as described in the general method above from β-lactam 7s. Yield: 61%, 502 mg,
brown oil. IR (NaCl, film) νmax: 2946, 1749 (C=O, β-lactam), 1502, 1300 (P=O), 1240, 1127 cm−1. 1H
NMR (400 MHz, CDCl3): δ 3.70 (br s, 1H), 3.71 (s, 6H), 3.76 (s, 3H), 3.82 (s, 3H), 4.65 (d, J = 2.00 Hz,
1H), 5.14–5.18 (m, 4H), 5.33–5.40 (m, 2H), 5.97–6.02 (m, 1H), 6.53 (s, 2H), 6.94–7.20 (m, 3H), 7.28–7.35
(m, 10H). 13C NMR (100 MHz, CDCl3): δ 55.56, 55.61, 60.43, 60.48, 63.29, 69.48, 69.50, 94.19, 112.79,
119.27, 119.62, 122.75, 127.41, 127.49, 128.15, 128.22, 129.29, 129.85, 133.22, 134.00, 135.07, 135.12, 139.57,
150.52, 153.07, 164.69. HRMS: found 668.2017 (M++Na); C35H36NO9PNa requires 668.2025.

4.1.22. Phosphoric acid 2-methoxy-5-[4-oxo-1-(3,4,5-trimethoxyphenyl)azetidin-2-yl]phenyl ester
dimethyl ester (16c)

A solution of β-lactam phenol 7s (280 mg, 0.64 mmol), acetonitrile (5 mL) and carbon tetrachloride
(0.62 mL, 0.64 mmol) was cooled to −10 ◦C and stirred under a nitrogen atmosphere for ten minutes.
Diisopropyl ethylamine (1.28 mmol) and dimethylaminopyridine (0.06 mmol) were added. After one
minute, dimethyl phosphite (0.96 mmol) was added over three minutes. The mixture was stirred for a
further 3 h allowing the reaction to come to ambient temperature slowly. The reaction was terminated
via the addition of 0.5 M potassium dihydrogen phosphate. The mixture was extracted with ethyl
acetate. The organic phases were combined and evaporated to dryness under reduced pressure. The
residue was purified by flash chromatography on silica gel to afford the product (155 mg, 52%). IR
(KBr) νmax: 3437.4, 2960.9, 1752.1, 1603.4, 1509.2, 1466.2, 1281.4, 1239.3, 1185.6, 1130.0, 1052.1, 999.4,
855.8. 1H-NMR (400 MHz, CDCl3): δ 2.94 (dd, 1H, J = 2.8 Hz, 15.3 Hz), 3.52 (dd, 1H, J = 5.5 Hz, 15.3
Hz), 3.72 (s, 6H), 3.74 (s, 3H), 3.82–3.87 (m, 9H, OCH3), 4.92 (m, 1H), 6.52 (s, 2H), 6.95–6.96 (m, 1H),
7.16–7.18 (m, 1H), 7.29–7.30 (m, 1H). 13C NMR (100 MHz, CDCl3): δ 46.80, 53.61, 54.91, 54.97, 55.98,
56.05, 60.83, 94.40, 113.29, 119.61, 119.64, 123.21, 130.61, 133.84, 134.23, 139.81, 139.89, 150.72, 150.76,
153.43, 164.37. HRMS: Found 468.1425 (M++H), C21H27NO9P requires 468.1423.
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4.1.23. Phosphoric acid diethyl ester
2-methoxy-5-[4-oxo-1-(3,4,5-trimethoxyphenyl)azetidin-2-yl]phenyl ester (16d)

Preparation as described above for β-lactam 16c using diethyl phosphite (0.96 mmol). Yield
250 mg, 79%. IR (KBr) νmax: 3487.5, 2988.0, 1756.3, 1603.4, 1586.6, 1507.1, 1451.5, 1292.0, 1238.7, 1127.0,
1035.6, 1000.2, 988.1, 823.1. 1H-NMR (400 MHz, CDCl3): δ 1.29 (t, 6H), 2.90 (dd, 1H, J = 2.5 Hz, 15.3 Hz),
3.49 (dd, 1H, J = 5.8 Hz, 15.3 Hz), 3.69 (s, 6H), 3.71 (s, 3H), 3.83 (s, 3H), 4.03 –4.07 (m, 4H), 6.50 (s, 2H),
6.92 (m, 1H), 7.12–7.15 (m, 1H), 7.29–7.30 (m, 1H). 13C NMR (100 MHz, CDCl3): δ: 15.96, 16.03, 46.84,
53.65, 56.00, 60.84, 63.45, 63.50, 94.38, 113.17, 119.49, 119.51, 123.07, 130.53, 133.88, 134.24, 140.06, 140.13,
150.80, 150.85, 153.45, 164.36. HRMS: Found 496.1734 (M++H); C23H31NO9P requires 496.1736.

4.1.24. 2-Methoxy-5-(1-(3,4,5-trimethoxyphenyl)-4-oxoazetidin-2-yl)phenyl dihydrogen phosphate
(17a)

Dibenzyl phosphate ester (16a) (0.27 mmol) was dissolved in dry dichloromethane (5 mL) under
nitrogen at 0 ◦C. Bromotrimethylsilane (0.59 mmol) was added to the reaction mixture and allowed to
stir for 45 min. Sodium thiosulfate solution (10%, 5 mL) was added to the reaction and stirring was
continued for 5 min. The aqueous phase was extracted with ethyl acetate (3 × 25 mL). The combined
organic phases were concentrated under reduced pressure and the crude product was purified by flash
chromatography on silica gel (eluent: n-hexane: ethyl acetate, 1:1) to afford the product as a brown
solid. Yield: 91%, 289 mg, Mp 207–209 ◦C. Purity (HPLC): 100.0%. IR (KBr) νmax: 3497 (OH), 1730
(C=O, β-lactam), 1303 (P=O), 1237, 1128 cm−1. 1H NMR (400 MHz, DMSO-d6): δ 2.91 (dd, J = 15.04 Hz,
2.52 Hz, 1H), 3.51 (dd, J = 15.64 Hz, 5.52 Hz, 1H), 3.58 (s, 3H), 3.64 (s, 6H), 3.74 (s, 3H), 5.08 (br s, 1H),
6.52 (s, 2H), 7.03–7.48 (m, 3H). 13C NMR (100 MHz, DMSO-d6): δ 45.88, 52.92, 55.64, 55.72, 60.06, 94.30,
113.02, 118.96, 121.91, 130.08, 130.71, 133.53, 133.68, 150.19, 153.09, 164.47. HRMS: found 438.0947
(M-H)-; C19H21NO9P requires 438.0954

4.1.25. 2-Methoxy-5-(1-(3,4,5-trimethoxyphenyl)-4-oxo-3-vinylazetidin-2-yl)phenyl dihydrogen
phosphate (17b)

Following the preparation described above for compound 16a, using dibenzyl phosphate ester
(16b) (0.27 mmol) and bromotrimethylsilane (0.59 mmol). Purification by flash chromatography on
silica gel (eluent: n-hexane: ethyl acetate, 1:1) afforded the product as a yellow oil, yield 63%. IR (NaCl)
νmax: 3483 (OH), 1749 (C=O), 1307 (P=O) cm−1. 1H NMR (400 MHz, CDCl3): δ 3.70 (s, 6H), 3.76 (s,
3H), 3.79 (s, 3H), 4.68–4.70 (m, 1H), 5.14 (br s, 1H), 5.28–5.38 (m, 2H), 5.94–6.00 (m, 1H), 6.51 (s, 2H),
6.91–7.35 (m, 3H). 13C NMR (100 MHz, CDCl3): δ 55.49, 55.58, 60.43, 60.50, 63.07, 94.31, 112.69, 119.18,
119.55, 122.70, 129.81, 133.08, 133.99, 134.67, 135.23, 150.52, 153.02, 165.14. HRMS: found 488.1106
(M++Na); C21H24NO9PNa requires 488.1086.

4.1.26. 5-(3-Ethyl-1-(3,4,5-trimethoxyphenyl)-4-oxoazetidin-2-yl)-2-methoxyphenyl dihydrogen
phosphate (17c)

The dibenzylphosphate ester protected compound 16b (2 mmol) was dissolved in ethanol: ethyl
acetate (50 mL; 1:1 mixture) and hydrogenated over 1.2 g of 10% palladium on carbon until complete on
TLC, typically less than 3 h. The catalyst was filtered, the solvent was removed under reduced pressure
and the product was isolated by flash column chromatography over silica gel (eluent: n-hexane: ethyl
acetate gradient) to afford the product as a brown oil, 140 mg, 98%. Purity (HPLC): 100%. IR (NaCl,
film) νmax: 3483 (OH), 1742 (C=O), 1272 (P=O), 1236, 1126 cm−1. 1H NMR (400 MHz, CDCl3): δ 0.97
(br s, 3H), 1.76–1.83 (m, 2H), 3.09 (s, 1H), 3.66 (s, 6H), 3.71 (s, 6H), 4.56 (br s, 1H), 6.51 (s, 2H), 6.82–7.38
(m, 3H). 13C NMR (100 MHz, CDCl3): δ 13.74, 20.62, 55.47, 55.55, 59.67, 59.99, 60.39, 94.33, 112.48,
118.69, 122.27, 130.12, 133.16, 133.86, 135.64, 150.06, 152.97, 168.22. HRMS: found 490.1239 (M++Na);
C21H26NO9PNa requires 490.1243.
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4.2. Biochemical Evaluation

All biochemical assays were performed in triplicate on at least three independent occasions for
the determination of mean values reported.

4.2.1. Cell Culture

The human breast carcinoma cell line MCF-7, was purchased from the European Collection of
Animal Cell Cultures (ECACC) and was cultured in Eagle’s minimum essential medium with 10%
fetal bovine serum, 2 mM L-glutamine and 100 μg/mL penicillin/streptomycin. The medium was
supplemented with 1% non-essential amino acids. The human breast carcinoma cell line MDA-MB-231
was purchased from the European Collection of Animal Cell Cultures (ECACC). MDA-MB-231 cells
were maintained in Dulbecco’s modified Eagle’s medium (DMEM) supplemeted with 10% (v/v) fetal
bovine serum, 2 mM L-glutamine and 100 μg/mL penicillin/streptomycin (complete medium). All
media contained 100 U/mL penicillin and 100 μg/mL streptomycin. Triple negative breast cancer
Hs578T cells and its invasive variant Hs578Ts(i)8 were obtained as a kind gift from Dr. Susan McDonnell,
School of Chemical and Bioprocess Engineering, University College Dublin and were cultured in
Dulbecco’s Modified Eagle’s Media (DMEM) with GlutaMAXTM-I, with the same supplement as for
MDA-MB-231 cells in the absence of non-essential amino acids. HEK-293T normal epithelial embryonic
kidney cells were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM) with GlutaMAXTM-I in
the absence of non-essential amino acids. K562 and HL-60 cells were originally obtained from the
European Collection of Cell Cultures (Salisbury, UK).The K562 cells were derived from a patient in the
blast crisis stage of CML HL-60 cells were derive from a patient with acute myeloid leukaemia. Cells
were cultured in RPMI-1640 Glutamax medium supplemented with 10% FCS media, and 100 μg/mL
penicillin/streptomycin. Cells were maintained at 37 ◦C in 5% CO2 in a humidified incubator. All cells
were sub-cultured three times/week (adherent cells by trypsinisation).

4.2.2. Cell Viability Assay

Cells were seeded at a density of 5 × 103 cells/well (MCF-7), in triplicate in 96-well plates. After
24 h, cells were then treated with either medium alone, vehicle [1% ethanol (v/v)] or with serial dilutions
of CA-4 or β-lactam analogue. Cell viability for MCF-7 and MDA-MB-231 was analysed using the
Alamar Blue assay (Invitrogen Corp, Thermo Fisher Scientific, 168 Third Avenue, Waltham, MA,
USA) according to the manufacturer’s instructions. After 72 h, Alamar Blue [10% (v/v)] was added
to each well and plates were incubated for 3–5 h at 37 ◦C in the dark. Fluorescence was read using
a 96-well fluorimeter with excitation at 530 nm and emission at 590 nm. Results were expressed as
percentage viability relative to vehicle control (100%). Dose response curves were plotted and IC50

values (concentration of drug resulting in 50% reduction in cell survival) were obtained using the
commercial software package Prism (GraphPad Software, Inc., 2365 Northside, Suite 560, San Diego,
CA, USA). Experiments were performed in triplicate on at least three separate occasions.

4.2.3. Lactate Dehydrogenase Assay for Cytotoxicity

Cytotoxicity was determined using the CytoTox 96 non-radioactive cytotoxicity assay (Promega
Corporation; 2800 Woods Hollow Road, Madison, WI, USA) [101] following the manufacturer’s
protocol. Briefly, MCF-7 cells were seeded in 96-well plates, incubated for 24 hr and then treated with
test compounds (7d, 7h, 7i, 7q, 7r, 7u, 7t, 10d, 10f, 12) as described in the cell viability assay above.
After 72 h, 20 μL of ‘lysis solution (10X)’ was added to control wells and the plate was incubated for a
further 1 hr to ensure 100% death. 50 μL of supernatant was carefully removed from each well and
transferred to a new 96-well plate. 50 μL of reconstituted ‘substrate mix’ was added and the plate was
placed in the dark at room temperature for 30 min. After this period, 50 μL of ‘stop solution’ was
added to each well and the absorbance was read at a wavelength of 490 nm using a Dynatech MR5000
plate reader. The percentage cell death at 10 μM was calculated.
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4.2.4. Cytotoxicity Assay

As previously reported [45,74,75] mammary glands from 14–18 day pregnant CD-1 mice were
used as source and primary mammary epithelial cell cultures were prepared from these. The isolated
mammary epithelial cells were seeded at two concentrations (25,000 cells/mL and 50,000 cells/mL).
Initially a third concentration of 100,000 cells/mL was also used, but this proved to be too high to
give meaningful results. After 24 h, the cells were treated with 2 μL volumes of test compound 7s

which had been pre-prepared as stock solutions in ethanol to furnish the concentration range of study,
1 nM–100 μM, and re-incubated for a further 72 h. Control wells contained the equivalent volume of
the vehicle ethanol (1% v/v). The cytotoxicity was assessed using alamar blue dye.

4.2.5. Cell Cycle Analysis

MCF-7 cells (adherent and detached) were treated with the appropriate concentration of compound
7s and incubated for the designated time. Cells were collected, trypsinised and centrifuged at 800× g for
15 min. Cells were washed twice with ice-cold PBS and fixed in ice-cold 70% ethanol overnight at−20 ◦C.
Fixed cells were centrifuged at 800× g for 15 min and stained with 50 μg/mL of PI, containing 50 μg/mL
of DNase-free RNase A, at 37 ◦C for 30 min. The DNA content of cells (10,000 cells/experimental group)
was analysed by flow cytometer at 488 nm using a FACSCalibur flow cytometer (BD Biosciences, 2350
Qume Dr, San Jose, CA, USA) all data were recorded and analysed using the CellQuestTM software,
(BD Biosciences, 2350 Qume Dr, San Jose, CA, USA)

4.2.6. Annexin V/PI Apoptotic Assay

Apoptotic cell death was detected by flow cytometry using Annexin V and propidium iodide (PI).
MCF-7 Cells were seeded in 6 well plated at density of 1 × 105 cells/mL and treated with either vehicle
(0.1% (v/v) EtOH), CA-4 or β-lactam compound 7s at different concentrations for selected time. Cells
were then harvested and prepared for flow cytometric analysis. Cells were washed in 1X binding buffer
(20X binding buffer: 0.1M HEPES, pH 7.4; 1.4 M NaCl; 25 mM CaCl2 diluted in dH2O) and incubated
in the dark for 30 min on ice in Annexin V-containing binding buffer [1:100]. Cells were then washed
once in binding buffer and then re-suspended in PI-containing binding buffer [1:1000]. Samples were
analysed immediately using the BD accuri flow cytometer (BD Biosciences, 2350 Qume Dr, San Jose,
CA, USA) and prism software for analysis the data (GraphPad Software, Inc., 2365 Northside Dr.,
Suite 560, San Diego, CA, USA). Four populations are produced during the assay Annexin V and PI
negative (Q4, healthy cells), Annexin V positive and PI negative (Q3, early apoptosis), Annexin V and
PI positive (Q2, late apoptosis) and Annexin V negative and PI positive (Q1, necrosis). Paclitaxel was
used as a positive control for cell death

4.2.7. Tubulin Polymerization Assay

The assembly of purified bovine tubulin was monitored using a kit, BK006, purchased from
Cytoskeleton Inc., 1830 S Acoma St, Denver, CO, 80223, USA. [78]. The assay was carried out in
accordance with the manufacturer’s instructions in the tubulin polymerisation assay kit manual using
the standard assay conditions. The values reported represent the average values from two independent
assays. Purified (>99%) bovine brain tubulin (3 mg/mL) in a buffer consisting of 80 mM PIPES (pH 6.9),
0.5 mM EGTA, 2 mM MgCl2, 1 mM GTP and 10% glycerol was incubated at 37 ◦C in the presence
of either vehicle (2% (v/v) ddH2O) or compounds 7h, 7i, 7s, 7t (initially 10 μM in EtOH); CA-4 and
Paclitaxel were used as controls. Light is scattered proportionally to the concentration of polymerised
microtubules in the assay. Therefore, tubulin assembly was monitored turbidimetrically at 340 nm
at 37 ◦C in a Spectramax 340 PC spectrophotometer (Molecular Devices, 3860 N 1st St, San Jose, CA,
USA). The absorbance was measured at 30 s intervals for 60 min.
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4.2.8. Colchicine-Binding Site Assay

MCF-7 cells were seeded at a density of 5 × 104 cells/well in 6-well plates and incubated overnight.
Cells were treated with vehicle control [ethanol (0.1% v/v)] or compound 7s (10 μM) for 2 h. After this
time, selected wells were treated with N,N′-ethylene-bis(iodoacetamide)(EBI) (100 μM) (Santa Cruz
Biotechnology Inc. 10410 Finnell Street, Dallas, Texas, USA) for 1.5 h. Following treatment, cells were
twice washed with ice-cold PBS and lysed by addition of Laemmli buffer. Samples were separated by
SDS-PAGE, trasnsferred to polyvinylidene difluoride membranes and probed with β-tubulin antibodies
(Sigma-Aldrich, 2033 Westport Center Dr, St. Louis, MO, USA) [85].

4.2.9. Immunofluorescence Microscopy

Confocal microscopy was used to study the effects of drug treatment on MCF-7 cytoskeleton.
For immunofluorescence, MCF-7 cells were seeded at 1 × 105 cells/mL on eight chamber glass slides
(BD Biosciences, 2350 Qume Dr, San Jose, CA, USA). Cells were either untreated or treated with vehicle
[1% ethanol (v/v)], paclitaxel (1 μM), combretastatin A-4 (100 nM) or compound 7s (100 nM) for 16 h.
Following treatment cells were gently washed in PBS, fixed for 20 min with 4% paraformaldehyde in
PBS and permeabilised in 0.5% Triton X-100. Following washes in PBS containing 0.1% Tween (PBST),
cells were blocked in 5% bovine serum albumin diluted in PBST. Cells were then incubated with mouse
monoclonal anti-α-tubulin−FITC antibody (clone DM1A) (Sigma-Aldrich, 2033 Westport Center Dr, St.
Louis, MO, USA) (1:100) for 2 h at room temperature. Following washes in PBST, cells were incubated
with Alexa Fluor 488 dye (1:450) for 1 h at room temperature. Following washes in PBST, the cells were
mounted in Ultra Cruz Mounting Media (Santa Cruz Biotechnology Inc., 10410 Finnell Street, Dallas, TX,
USA) containing 4,6-diamino-2-phenolindol dihydrochloride (DAPI). Images were captured by Leica
SP8 confocal microscopy with Leica application suite X software (Leica Microsystems CMS GmbH Am
Friedensplatz 3 D-68165 Mannheim, Germany). All images in each experiment were collected on the same
day using identical parameters. Experiments were performed on three independent occasions.

4.3. Stability Study of Compounds 7s, 17b and 17c

Analytical high-performance liquid chromatography (HPLC) stability studies were performed
using a Symmetry® column (C18, 5 μm, 4.6 × 150 mm), a Waters 2487 Dual Wavelength Absorbance
detector, a Waters 1525 binary HPLC pump and a Waters 717 plus Autosampler (Waters Corporation,
34 Maple St, Milford, MA, USA). Samples were detected at wavelength of 254 nm. All samples were
analysed using acetonitrile (80%) and water (20%) as the mobile phase over 10 min and a flow rate of
1 mL/min. Stock solutions were prepared by dissolving 5 mg of compound 7s, 17b and 17c in 10 mL of
mobile phase. Phosphate buffers at the desired pH values (4, 7.4 and 9) were prepared in accordance
with the British Pharmacopoeia monograph 2015. 30 μL of stock solution was diluted with 1 mL
of appropriate buffer, shaken and injected immediately. Samples were withdrawn and analysed at
time intervals of t = 0 min, 5 min, 30 min, 60 min, 90 min, 120 min, 24 h and 48 h. Plasma stability

studies: 360 μL stock solution of compounds 7s, 17b and 17c were transferred to buffered plasma
(plasma: buffer = 1:9, 4 mL in total) at 37 ◦C in screw cap container. Immediately a 250 μL aliquot was
withdrawn and added to the Eppendorf tube containing 500 μL ZnSO4.7H2O solution (2% w/v ZnSO4

solution in acetonitrile: water, 1:1). The samples were then centrifuged at 10,000 rpm for 3 min and
filtered through a 0.2-micron filter and injected according to the HPLC conditions listed above. Further
samples were taken in the same manner every 1 h thereafter up to 6 h. A final sample was taken after
24 h. Whole blood stability studies. A 360 μL aliquot of stock solution of compounds 17b and 17c in
acetonitrile was added in whole blood (4 mL, treated with 2% sodium citrate) at 37 ◦C and 300 μL
aliquots were withdrawn at approptiate intervals. Samples were transferred to 1.5 mL Eppenddorf
tubes containing 1 mL of ZnSO4. 7H2O solution (2% w/v ZnSO4 solution in acetonitrile: water, 1:1),
vortexed and then centrifuged for 5 min at 14,000 rpm. The sample filtered through a 0.2-micron filter
and injected according to the HPLC conditions listed above.
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4.4. X-Ray Crystallography

Data for samples 6k, 7h and 8i, 8k were collected on a Bruker APEX DUO and Bruker D8 Quest
ECO respectively using Cu Kα (λ = 1.54178 Å; 7h) and Mo Kα radiation (λ = 0.71073 Å; 6k, 8i, 8k),
(Bruker, 40 Manning Road, Billerica, MA, USA) Each sample was mounted on a Mitegen cryoloop
and data collected at 100(2) K (Oxford Cobra and Cryostream cryosystems, Oxford Cryosystems,
3 Blenheim Office Park, Long Hanborough, Oxford OX29 8LN, UK). Bruker APEX [102] software was
used to collect and reduce data and determine the space group. The structures were solved using
direct methods (XS) [103] or intrinsic phasing (XT) [104] and refined with least squares minimization
(XL) [105] in Olex2 [106]. Absorption corrections were applied using SADABS 2014 [107]. Data for
sample 8h were collected on a Rigaku Saturn 724 at 150(2) K (X-Stream), (Rigaku, Tokyo, Tōkyō
Prefecture, JP 151-0051) and CrystalClear [108,109] was used for cell refinement and data reduction
and absorption corrections. Bruker APEX software as well as XT, XL were used to determine the
space group, solve and refine the structure in Olex2 [106]. Crystal data, details of data collections and
refinement are given in Table 1. CCDC 1820354-1820359 contains the supplementary crystallographic
data for this paper. These data can be obtained free of charge from The Cambridge Crystallographic
Data Centre (www.ccdc.cam.ac.uk/data_request/cif).

All non-hydrogen atoms were refined anisotropically. Hydrogen atoms were assigned to calculated
positions using a riding model with appropriately fixed isotropic thermal parameters. Some structures
have multiple independent molecules in the asymmetric unit: 7h has 4 independent molecules with
chirality C3: R, C4: S, C30: R, C31: S, C57: S, C58: R, C84: S and C85: R; 8i has 2 independent molecules
with chirality: C3: R, C4: S, C30: R and C3: S.

4.5. Computational Procedure: Molecular Docking Study

For ligand preparation, all compounds were built using ChemBioDraw 13.0, (PerkinElmer Inc.,
940 Winter Street, Waltham, MA 02451, USA) saved as mol files and opened in MOE (Molecular
Operating Environment (MOE) Version 2015.10, Chemical Computing Group Inc., 1010 Sherbrooke St
W, Montreal, QC, Canada). For the receptor preparation, the PDB entry1SA0 was downloaded from
the Protein Data Bank PDB [5]. A UniProt Align analysis confirmed a 100% sequence identity between
human and bovine beta tubulin. All waters were retained in both isoforms. Addition and optimisation
of hydrogen positions for these waters was carried out using MOE 2015.10 ensuring all other atom
positions remained fixed [110]. For both enantiomers of each compound, MMFF94x partial charges
were calculated and each was minimised to a gradient of 0.001 kcal/mol/Å. Default parameters were
used for docking except that 500 poses were sampled for each enantiomer and the top 50 docked poses
were retained for subsequent analysis. The crystal structure was prepared using QuickPrep (minimised
to a gradient of 0.001 kcal/mol/Å), Protonate 3D, Residue pKa and Partial Charges protocols in MOE
2016 with the MMFF94x force field.

Supplementary Materials: The following are available online at http://www.mdpi.com/1424-8247/12/2/56/s1,
Experimental procedures and spectroscopic data for intermediate compounds 5a–i, 5m–s, 6a–c, 6f–k, additional
cytotoxicity data in normal murine epithelial cells for compound 7s, Tier-1 Profiling Screen of Selected β-Lactams,
results of comparative antitumor evaluations of compounds 7h, 7s, 7t, 17b, 17c in the NCI60 cell line in vitro
primary screen, NCI 60 cell line mean screening results for selected compounds and results of standard COMPARE
analysis of 7h and 7s.
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Abbreviations

The following abbreviations are used in this manuscript:

CA-4 Combretastatin A-4
DBU 1,8-Diazabicyclo[5.4.0]undec-7-ene
DCC N,N′-Dicyclohexyl carbodiimide
DCM Dichloromethane
DCTD Division of Cancer Treatment and Diagnosis
DEAD Diethyl azodicarboxylate
DIPEA N,N-diisopropylethylamine
DMAP 4-Dimethylaminopyridine
DMF N,N-Dimethylformamide
DTP Development Therapeutics Program
Et3N Triethylamine
EBI N,N′-Ethylene-bis(iodoacetamide)
ESI Electrospray ionisation
FMOC Fluorenylmethyloxycarbonyl
HPLC High-performance liquid chromatography
HRMS High Resolution Mass Spectrometry
IC Inhibitory concentration
IR Infrared
MIC Minimum inhibitory concentration
MTD Maximum tolerated dose
MS Mass spectrometry
NCI National Cancer Institute
NIH National Institute of Health
NMR Nuclear Magnetic Resonance
PBS Phosphate-buffered saline
SAR Structure-activity relationship
SERM Selective Estrogen Receptor Modulator
TBAF Tetrabutylammonium fluoride
TBDMS tert-Butyldimethylchlorosilane
TEA Triethylamine
TLC Thin layer chromatography
TMS Tetramethylsilane
TMCS Tetramethylchlorosilane
UV Ultraviolet
VDA Vascular disrupting agent
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Abstract: Ellipticines have well documented anticancer activity, in particular with substitution at
the 1-, 2-, 6- and 9-positions. However, due to limitations in synthesis and coherent screening
methodology the full SAR profile of this anticancer class has not yet been achieved. In order to
address this shortfall, we have set out to explore the anticancer activity of this potent natural product
by substitution. We currently describe the synthesis of novel 11-substituted ellipticines with two
specific derivatives showing potency and diverging cellular growth effects.

Keywords: ellipticine; anticancer; heterocyclic chemistry; indole; NCI screen; topoisomerase II

1. Introduction

Cancer is a collection of diseases defined by the proliferation of cells in an unregulated and
inappropriate manner leading to tumours and eventual mortality. Within this broad definition it is
evident that the control of cell growth is a key mechanism as cell growth can be restricted, proliferation
can be stopped and cells can be killed by multiple anticancer agents, one of which (ellipticine) is
explored further here [1].

Ellipticine 1 (5,11-dimethyl-6H-pyrido [4,3-b]carbazole, Figure 1) is a natural product which
was isolated in 1959 from a small tropical evergreen tree (Ochrosia elliptica) by Goodwin et al. [2].
The extract also contained a number of other alkaloids, including the related 9-methoxyellipticine
2. Since its isolation, the planar tetracyclic structure of ellipticine has been the focus of extensive
chemical and pharmacological research [3]. Over the last 60 years, ellipticine and its derivatives
have been identified with potent anticancer activity and been subject to clinical trials. Celiptium
(9-hydroxy-N-methylellipticinium acetate) 3 and 9-hydroxyellipticine 4 both progressed to phase II
clinical trials though these were subsequently discontinued due to side effects and efficacy [4–7].

 

Figure 1. Structures of Ellipticine 1 and related anticancer agents.

The mechanisms by which ellipticine exerts its anticancer activity are particularly diverse.
These include topoisomerase II inhibition with associated DNA intercalation, well established in the
literature and clinically relevant [8–10]. Cytotoxic ellipticine metabolites via biooxidation at a number
of positions on the tetracycle and subsequent adduct formation have also been identified as responsible
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for some of the effects [11]. Recently, ellipticines have been described to interact with kinases such as
c-Kit, AKT and CK2, and to influence the p53 tumour suppressor, all of which have key roles in cell
growth and progression [12–14]. Ellipticines have also been discovered to disrupt RNA polymerase I
transcription and stabilize pharmaceutically relevant G-quadruplexes and so there is significant and
continued interest in the biological effects of this compound class [15,16].

It is therefore evident that ellipticine and its derivatives exhibit multimodal activity with simple
substitutions on this template eliciting diverse effects. Despite their potency, there has been little
exploration of the functional space in this natural product outside of the 1-, 2-, 6- and 9-positions in
order to answer fundamental questions in pharmacology and effect on cells. A programme of research
has been initiated in this group in order to evaluate the effect of novel substitution patterns on the
ellipticine framework. This has led to the recent discoveries of substituted ellipticine and isoellipticines
as new investigational probes with diverse pharmacology and exceptional in vivo activity (5 and 6,
Figure 2) [17–20].

 
Figure 2. Substituted isoellipticines (5 and 6) with in vivo activity, Olivacine 7 and 11-formylellipticine 8.

The 11-position of ellipticine has received little attention from medicinal chemists despite
evidence that it may be a key position in order to affect the bioactivity and crucially selectivity of
pharmacology [21]. The activity of the closely related olivicine series of compounds signifies that
removal of the methyl group does little to affect the potency of the template especially in regard to
topoisomerase activity and DNA intercalation (7, R = CH3, Figure 2) [22,23]. An olivacine derivative,
S16020 (7, R = carboxamide) has also progressed to phase I clinical trials before being discontinued [24].
Despite synthesis of 11-formyl ellipticine 8 (Figure 2) almost 30 years ago, no concerted effort to
functionalise this position is recorded in literature other than a carboxamide and a methyl ketone (only
four reported compounds in total with carbonyl at 11-position).

Molecular modelling of ellipticine in the active site of biological targets has postulated that
11-substitution with bulky or mobile functional groups would inhibit the intercalation process and
may reduce a number of undesirable effects associated with treatment [25]. This position has also been
implicated in the process of DNA adduct formation via oxidation [11].

To this end, we set out to functionalise the parent heterocycle and to exploit its known anticancer
activity: it has obvious potency across numerous spheres of biology and affects cells from development
to apoptosis [4]. Substitution of 11-position is an important step towards full SAR profiling of the
cellular effects of ellipticine derivatives. We document here the initial scoping of this chemical space
and probe of the anticancer activity through known ellipticine mechanisms.

2. Results and Discussion

2.1. Synthesis of 11-Substituted Ellipticine Derivatives

Since its isolation in 1959, the total synthesis of ellipticine has been accomplished many times and
most recent work in the area has focused on preparation of analogues and derivatives of ellipticine [3].
At the outset of this work there existed relatively few examples of 11-substituted ellipticines. Gribble et al.
had published a very versatile and efficient route in 1989, giving access to 5- and 11-substituted
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ellipticines [26–29]. This was further elaborated by Modi et al. to give 11-formylellipticine 8 and this
compound was chosen as the starting point for the current synthetic work [30,31].

2.1.1. Modification of 11-formylellipticine

11-Formylellipticine 8 was synthesised as previously described and initially the focus was to
provide a carboxylic acid handle for modification (Scheme 1) [30,31]. Hence, 8 was subjected to
oxidation under a number of conditions with the most successful conversion to carboxylic acid
9 achieved using sodium chlorite and dimethylsulfoxide (73% yield). Subsequent conversion to acid
chloride 10 allowed for introduction of amide functionality which was a key target in this series and
the benzylamine derivative 11 was prepared in two steps in 30% yield. The methyl ester 12 was also
prepared via similar methodology using carbonyldiimidazole.

Scheme 1. Formation of 11-substituted ellipticine amide 11 and ester 12.

Interestingly, while attempting to form the acid initially with other oxidants the expected product
was not isolated. On treatment of 8 with potassium permanganate under standard conditions the
reaction resulted in base condensation of acetone and isolation of the novel α,β-unsaturated ketone 13
in 87% yield (Scheme 2).

Scheme 2. α,β-Unsaturated ketone condensation product 13 from acetone solvent.

Attempts at cyclisation of compound 13 using aluminium chloride in dichloromethane or
chloroform to form a new ring system were unsuccessful and unreacted starting material was
recovered. However, a Leuckart reaction gave the formamide 14 in 19% yield, the low yield owing to
difficulties in purification. However, the unsaturated ketone 13 provides an interesting template for
potential covalent adduct formation and will be revisited in the future.
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2.1.2. Modification of the 9-position of 11-substituted Ellipticines

Given the extensive literature background in 9-substituted ellipticines and the recent developments
in this area we next turned our focus to functionalization of this position. Initially, carboxylic acid 9
was derivatised via a Duff reaction to give the aldehyde 15 in 82% yield (Scheme 3) [32].

Scheme 3. Synthesis of 9- and 11-substituted ellipticines.

Subsequent reaction of 15 with nucleophiles opens up opportunities for potential synthesis at
either the 9- or the 11-position (Scheme 3). To probe the 11-position further, acid chloride formation
prior to the addition of benzylamine (as seen in Scheme 1) was undertaken with the aim of generating
amide 18. In this reaction, the product isolated was the imine 16 (83% yield) which was identified after
full characterization. Confirmation of structure was given by subsequent treatment with aqueous acid
which hydrolysed the product to starting material 15.

Additional conformation of the imine 16 was provided by reduction of the imine with sodium
cyanoborohydride in ethanol to give the novel amine 17.

2.1.3. 1H NMR Analysis of 11-Substituted Ellipticines
A summary of the 1H NMR analysis is provided in Supplementary Materials (Figures S1–S3).

Of note is the influence of conversion from aldehyde to carboxylic acid at the 11-position with
corresponding upfield shift of C1 and C10 protons (reversed on formylation of the 9-position). The shift
of the C10 proton is again evident on conversion of carboxylic acid to amide and ester.

2.2. Biological Evaluation of 11-Substituted Ellipticines

Given the interest in new ellipticines, several of the novel 9- and 11-substitued ellipticines were
evaluated for their biological activity in cellular screens and by gel electrophoresis. In the first instance,
inhibition of topoisomerase II (a well-known target of ellipticines) was assessed.

2.2.1. Inhibition of Topoisomerase II

Topoisomerase II inhibition is a clinically used cancer treatment and is considered to be a key
mechanism of action for ellipticines [9]. Topoisomerase II has key functions in the change of topological
structure of DNA and hence cell replication which can be evaluated using a decatenation assay.
As expected, the planar ellipticine 1 and the simple 9-substituted ellipticines (2,4,19) all displayed
excellent inhibition of topoisomerase II at 100 μM (Figure 3). On assessment of the 11-substituted
ellipticines, the majority were inactive against topoisomerase II but compounds 13 and 16 showed the
most promise. α,β-Unsaturated ketone 13 and 9-substituted imine 16 both represent new templates for
discovery. Both compounds were evaluated in a subsequent three-fold dilution assay (at 100, 10 and
1μM) where it became apparent that activity reduced significantly below the initial test concentration.
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Notwithstanding this, the emergence of two diverse templates for topoisomerase inhibition will be of
keen interest to the field and future efforts will aim to increase the potency of this interaction.

 

Figure 3. Screen of topoisomerase II inhibitory activity of the ellipticine derivatives at 100 μM.
A = Positive Control (kDNA +ATP + Topo II); B =Negative Control (kDNA +ATP + Topo II + 100 μM
Ellipticine); Consequent lanes all screened at 100 μM: 1 = Ellipticine 1; 2 = 9-Methoxyellipticine 2;
3 = 9-Formylellipticine 19; 4 = 9-Hydroxyellipticine 4; 5 = 8; 6 = 9; 7 = 13; 8 = 15; 9 = 16; 10 = 17; 11 = 11.

2.2.2. Inhibition of Cancer Cell Growth

Having identified some limited topoisomerase activity, screening of the 11-substituted ellipticine
test set was next conducted by assessment of inhibition of cancer cell growth. Initial evaluation of
anticancer activity at the National Cancer Institute focuses on the effect of each individual compound on
the growth of up to 60 cancer cell lines at a specific concentration (10 μM). The results are summarised
in Table 1 (see Supplementary Material for full data, Figures S5–S10).

Table 1. 11-Substituted ellipticine topoisomerase activity and National Cancer Institute (NCI) mean
growth percent (single dose).

R1
N
H

N
R1

R2

 R2

Topo II
Inhibition a NSC No

NCI Mean
Growth %

8 CHO H − Not tested
9 COOH H − 762124 99.92
11 CONHCH2Ph H − 762144 21.22
13 CH=CH-C(O)Me H + 762123 17.83
15 COOH CHO − 762141 95.56
16 COO− +NH3CH2Ph CH=NCH2Ph + 762142 106.19
17 COOH CH2NHCH2Ph − 762143 101.72

a R1 = C-9 substituent; R2 = C11 substituent (+) Inhibition observed at 100 μM; (−) no activity observed at 100 μM.

Inhibition of Cancer Cell Growth—One Dose Assay

National Cancer Institute (NCI) evaluation of 11-substituted ellipticines identifies significant
effects on the growth of the 60-cell line panel with mean growth values ranging from 18% to 106%.
The Mean Growth percent is a reference tool whereby screening at 10 μM concentration is used to
filter active anticancer compounds. Of the six compounds tested, two (11-substituted amide 11 and
conjugated ketone 13) achieved Mean Growth percentages of <25% and fulfilled the requirements for
progression to the five dose assay (Table 1). Of the other four compounds growth percentages were
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between 96% and 106% and hence have no effect on the growth as an average across the 60 cell lines.
Compounds 9, 15, 16 and 17 elicited very similar effects being most active against renal cancer cell line
UO-31 (range 63%–76% growth) and breast cancer cell lines MCF7 and MDA-MB-231/ATCC (range
68%–87% growth) but have little effect on the other cell lines of the screen (Figures S5, S8–S10).

In contrast, benzylamide 11 and ketone 13 had significant anticancer effects with differing cellular
profiles. Ketone 13 is associated with a non-specific pattern with the range of cell growths (lowest
to highest) of 77% whereas benzylamide 11 has a range of 165% and there is an evident difference in
cell line effects. At 10 μM, compound 11 is cytotoxic (negative growth percentage) to 15 of the 60 cell
lines whereas compound 13 to only four cell lines. It is noticeable that a large number of cell lines are
refractory to benzylamide 11 which suggests there may be a targeted effect. It is also obvious from
this preliminary screen that there is chemical space at the 11-position of ellipticine to accommodate
anticancer activity.

Inhibition of Cancer Cell Growth—Five Dose Assay

The progression to evaluation at five dose assay confirmed the potency of both 11-substituted
ellipticines 11 and 13 and their specific effects on cells seen in the one dose screen. Benzylamide 11
exerts a broad range of activity from cytostatic to cytotoxic at dose ranges from 1 to 100 μM (Table 2;
Figure S11). In specific, the activity of this compound against HOP62, SNB75, OVCAR-3, OVCAR-4
and 786-0 is exceptional with more than 50% cytotoxicity measured after 48 h incubation (at 10 μM).
Growth is restricted across the other cell lines but there is clear selective cytotoxicity. In addition
it can be seen (Figure S12) that a number of cell lines are refractory with no evident effect on cell
growth of cancer subtypes, in particular melanoma: Leukaemia (HL-60), Lung (EKVX), CNS (SF-295,
SNB-19), Melanoma (MALME-3M, M14, SK-MEL-2, SK MEL-28, UACC-257), Ovarian (OVCAR-5,
NCI/ADR-RES) and Breast (T-47D).

Table 2. Selected GI50 and LC50 of the NCI 60 cell line panel for compounds 11 and 13 1.

Cell Line
Cancer

Subtype
11 13

GI50 LC50 GI50 LC50

HOP-62 Lung 2.15 >100 1.77 26.0
SW-620 Colon 2.86 >100 1.65 44.0
SNB-75 CNS 2.05 >100 2.65 34.8

OVCAR-3 Ovarian 2.33 <10 2.53 28.0
OVCAR-4 Ovarian 1.71 6.19 2.88 41.5

786-0 Renal 2.79 72.0 2.79 29.8
A498 Renal 50.5 >100 0.386 7.48

UO-31 Renal 2.73 >100 1.25 33.8
MCF7 Breast 2.71 >100 1.74 52.3

MDA-MB-231/ATCC Breast 2.43 >100 1.74 41.3
HS578T Breast 2.61 >100 1.96 48.4

1 data reported in μM values from NCI 60 cell line five dose assay; GI50: Growth Inhibition 50%; LC50: Lethal
concentration 50%.

Ketone 13 exerts a far more cytotoxic effect across all cell lines with consistent cell death evident
at 10 μM as in the one dose screen (Table 2, LC50 column; Figures S13 and S14). Aside the exception of
the leukaemia cell panel, all cells are killed by 100 μM of 13 which suggests a potent and common
mechanism of action. The compound is exceptionally potent against the growth of A498 renal cancer
cells with a GI50 of 386 nM and merits future investigation. In the design of compound 13, the
Michael acceptor moiety is presumably involved in alkylation of the essential machinery of the cell
and development of this is the subject of current work.

In comparing the global effect of both 11 and 13 (Figures S13 and S16) it is evident that they affect
cell growth by different mechanisms as would be expected from their structures. In specific, compound
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11 has the potential for use in ovarian cancers given its exceptional toxicity against the OVCAR-3 and
OVCAR-4 phenotypes (LC50 6.2 and <10 μM respectively; OVCAR-4 value assigned due to inflection
of graph). OVCAR-3 and OVCAR-4 are both mutant p53 status but have individual profiles with
OVCAR-3 having known upregulation of BRCA2-interacting transcriptional repressor and cyclin E1.
OVCAR-4 in turn has been identified as a good model cell line for High Grade Serious Ovarian Cancer
(HGSOC) which make these findings significant from a clinical perspective [33].

2.3. COMPARE Analysis of Compounds 11 and 13

COMPARE analysis was performed on the NCI COMPARE algorithm in order to identify
correlations with known anticancer agents within the NCI database. Both compound 11 and 13 were
analysed and with a specific focus on two subsets of the database: synthetic compounds and mechanistic
set. Compound 13 gave a number of correlations as high as 0.74 with the most relevant mechanistic hit
being to Chrysanthemic acid (NSC 11779) but this must be seen in the overall non-specific profile of
activity of 13 and its limited potency.

However, on analysis of 11 in the synthetic compounds set, the top ranked correlation (0.6) is
to SCH1473759 (NSC 761691) which has recently been reported as a picomolar inhibitor of Aurora
kinases [34]. Again, while an important finding and a good match of cellular activity profile, this result
must be seen in the context of potency with SCH1473759 having >100 the potency of 11 in the NCI assay
(Figure S17). Compound 11 also gave rise to a correlation of 0.58 to Aclarubicin (Aclacinomycin A,
NSC 208734) being the top hit of the mechanistic compound set. Aclarubicin has known topoisomerase
inhibitory and recently reported histone eviction from open chromatin activity so despite the lack of
evident topoisomerase activity of 11, this result merits further evaluation in respect of its interaction
with DNA and DNA interacting enzymes [35].

3. Materials and Methods

Solvents were distilled prior to use as follows: dichloromethane was distilled from phosphorous
pentoxide; ethyl acetate was distilled from potassium carbonate; ethanol and methanol were distilled
from magnesium in the presence of iodine; toluene was distilled from sodium and benzophenone;
hexane was distilled prior to use; tetrahydrofuran was freshly distilled from sodium and benzophenone.
Diethyl ether was obtained pure from Riedel-de Haën. Organic phases were dried using anhydrous
magnesium sulphate. All commercial reagents were used without further purification unless otherwise
stated. All samples were confirmed as >95% pure by use of high resolution LCMS analysis.

Infrared spectra were recorded as a thin film on sodium chloride plates for liquids or potassium
bromide (KBr) disc for solids on a Perkin Elmer Spectrum 100 FT-IR spectrometer.

1H (300 MHz) and 13C (75 MHz) NMR spectra were recorded on a Bruker Avance 300 NMR
spectrometer. 1H (600 MHz) and 13C (150.9 MHz) NMR spectra were recorded on a Bruker Avance III
600 MHz NMR spectrometer equipped with a dual CH cryoprobe. All spectra were recorded at room
temperature (~20 ◦C) in deuterated dimethylsulfoxide (DMSO-d6) were assigned using the DMSO-d6

peak as the reference peak. Chemical shifts (δH and δC) are expressed in parts per million (ppm)
relative to the reference peak. Coupling constants (J) are expressed in Hertz (Hz). Splitting patterns in
1H NMR spectra are designated as s (singlet), br s (broad singlet), d (doublet), br d (broad doublet),
t (triplet), q (quartet), dd (doublet of doublets), dt (doublet of triplets), ddd (doublet of doublet of
doublets), ddt (doublet of doublet of triplets) and m (multiplet).

Low resolution mass spectra were recorded on a Waters Quattro Micro triple quadrupole
spectrometer (QAA1202) in electrospray ionisation (ESI) mode using 50% acetonitrile:water containing
0.1% formic acid as eluent. High resolution mass spectra (HRMS) were recorded on a Waters LCT Premier
Time of Flight spectrometer (KD-160) in electrospray ionisation (ESI) mode using 50% acetonitrile:ater
containing 0.1% formic acid as eluent.

Melting points were measured in a uni-melt Thomas Hoover capillary melting point apparatus
and are uncorrected. Thin layer chromatography (TLC) was carried out on precoated silica gel plates
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(Merck 60 PF254) or aluminium oxide TLC paltes (Sigma). Visualisation was achieved by UV light
detection (254 nm).

5-Methyl-6H-pyrido[4,3-b]carbazole-11-carboxylic acid 9. 5-Methyl-6H-pyrido[4,3-b]carbazole
-11-carbaldehyde 8 (92 mg, 0.353 mmol) in acetonitrile (9 mL) was treated with dimethylsulfoxide
(0.03 mL, 0.423 mmol) and conc. sulfuric acid (0.3 mL, 0.622 mmol). A solution of sodium chlorite
(48 mg, 0.530 mmol) in water (3 mL) was added dropwise and the reaction mixture was stirred at room
temperature overnight. The reaction was quenched with sodium sulfite (22 mg, 0.177 mmol) in water
(1 mL). The acetonitrile was evaporated to leave an aqueous solution, which was carefully adjusted to
pH 5 with saturated aqueous sodium bicarbonate to precipitate the product. The mixture was cooled to
0 ◦C, filtered and washed with water (3 mL), to give 5-methyl-6H-pyrido[4,3-b]carbazole-11-carboxylic
acid 9. The orange solid was dried at 0.02 mbar for 24 h (71 mg, 73.2%). m.p. >300 ◦C; vmax/cm−1

(KBr): 3161 (NH), 3010 (OH broad), 1689 (C=O), 1648 (C=C arom.), 1597 (C=C arom.), 1488, 1463,
1417, 1241 (C-O stretch), 1109; δH (300 MHz, DMSO-d6): 2.88 [3H, s, C(5)CH3], 7.26 [1H, t, J = 7.9,
C(9)H], 7.55–7.62 [2H, m, C(7)H, C(8)H], 8.03 [1H, d, J = 5.9, C(3)H], 8.21 [1H, d, J = 7.8, C(10)H], 8.47
[1H, d, J = 5.9, C(4)H], 9.43 [1H, s, C(1)H], 11.64 [1H, s, N(6)H]; δC (75.5 MHz, DMSO-d6): 12.3 [3H, s,
C(5)CH3], 111.5 [CH, C(7)H], 113.3 (C, aromatic C), 117.7 [CH, C(3)H], 118.5 (C, aromatic C), 120.0 [CH,
C(9)H], 120.3 (C, aromatic C), 122.3 (C, aromatic C), 123.1 [CH, C(10)H], 124.9 (C, aromatic C), 129.1
[CH, C(8)H], 132.2 (C, aromatic C), 136.1 [CH, C(4)H], 141.9 (C, aromatic C), 143.1 (C, aromatic C),
147.9 [CH, C(1)H], 168.8 [C, C(11)COOH]; m/z (ESI+): 277 [(M+H)+ 40%], 115 (100%); HRMS (ESI+):
Exact mass calculated for [C17H13N2O2]+ 277.0977. Found 277.0977.

5-Methyl-6H-pyrido[4,3-b]carbazole-11-carbonylchloride 10. 5-Methyl-6H-pyrido[4,3-b]carbazole
-11-carboxylic acid 9 (99 mg, 0.358 mmol) in dichloromethane (50 mL), under N2, was treated with
oxalyl chloride (0.04 mL, 0.459 mmol). Slight fizzing was observed on addition and mixture was stirred
at room temperature for 20 h. The bright orange suspension was evaporated under reduced pressure.
IR analysis showed the carbonyl peak at 1785 cm−1 indicating acid chloride formation.

N-Benzyl-5-methyl-6H-pyrido[4,3-b]carbazole-11-carboxamide 11. 5-Methyl-6H-pyrido[4,3-b]
carbazole-11-carboxylic acid 9 (99 mg, 0.358 mmol) in dichloromethane (50 mL), under N2, was treated
with oxalyl chloride (0.04 mL, 0.459 mmol) and stirred at room temperature for 20 h. The mixture was
evaporated under reduced pressure, cooled to 0 ◦C under N2, and treated drop-wise with benzylamine
(2 mL, 18.3 mmol). After stirring for 1 h, diethyl ether (40 mL) was added, the mixture was cooled
and filtered to give a cream solid (220 mg) containing the desired product and residual benzylamine.
This was stirred with diethyl ether and decanted (3 × 40 mL). Purification by column chromatography,
eluting with dichloromethane:methanol (100:0–95:5), gave product 11 as a yellow solid (39 mg, 30%).
m.p. 294–296 ◦C; vmax/cm−1 (KBr): 3159 (NH), 3051 (CH) 1731 (C=O), 1621 (C=C arom.), 1600 (C=C
arom.), 1542, 1466, 1410, 1245; δH (600 MHz, DMSO-d6): 2.79 [3H, s, C(5)CH3], 4.65–4.70 [2H, m,
CONHCH2], 6.98 [1H, t, J = 7.4, C(9)H], 7.28 [1H, t, J = 7.2, N-benzyl-C(4)H], 7.36 [2H, t, J = 7.3,
N-benzyl-C(2)H, C(6)H], 7.43–7.50 [4H, m, C(7)H, C(8)H, N-benzyl-C(3)H, C(5)H], 7.72 [1H, d, J = 7.8,
C(10)H], 7.93 [1H, d, J = 5.9, C(3)H], 8.37 [1H, d, J = 5.1, C(4)H], 9.19 [1H, s, C(1)H], 9.41 [1H, t,
J = 5.9, C(11)CONH], 11.46 [1H, s, N(6)H]; δC (150.9 MHz, DMSO-d6): 12.2 [CH3, C(5)CH3], 43.1
[CH2, C(11)CONHCH2], 110.9 (CH, aromatic CH), 111.3 (C, aromatic C), 116.0 [CH, C(3)H], 119.1 [CH,
C(9)H], 119.8 (C, aromatic C), 120.9 (C, aromatic C), 121.1 (C, aromatic C), 122.8 [CH, C(10)H], 127.1
[CH, N-benzyl-C(4)H], 127.2 (C, aromatic C), 127.9 (CH, aromatic CH), 128.0 (CH, aromatic CH), 128.2
(CH, aromatic CH), 128.4 (CH, aromatic CH), 128.5 (CH, aromatic CH), 131.7 (C, aromatic C), 138.9
(C, aromatic C), 140.4 (C, aromatic C), 140.7 [CH, C(4)H], 142.7 (C, aromatic C), 150.1 [CH, C(1)H],
167.1 [C, C(11)CONH]; m/z (ESI+): 366 [(M+H+), 100%]; HRMS (ESI+): Exact mass calculated for
[C24H20N3O]+ 366.1606. Found 366.1615.

Methyl 5-methyl-6H-pyrido[4,3-b]carbazole-11-carboxylate 12. 5-Methyl-6H-pyrido[4,3-b]carbazole
-11-carboxylic acid 9 (99 mg, 0.358 mmol) in dimethylformamide (8 mL) under N2, was heated gently
until the acid dissolved. Carbonyldiimidazole (70 mg, 0.430 mmol) was added and the solution was
heated at 120 ◦C for 4 h. The mixture was cooled to 0 ◦C and diethyl ether (20 mL) was added. The
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resulting precipitate was filtered and washed (diethyl ether 10 mL). The solid was cooled to 0 ◦C
and treated dropwise with methanol (10 mL). The mixture was stirred at r.t. for 1 h and heated to
reflux for 5 h. On cooling, a precipitate formed which was filtered to give the methyl ester, methyl
5-methyl-6H-pyrido[4,3-b]carbazole-11-carboxylate 12 (14 mg, 14%). m.p. 247–250 ◦C; vmax/cm−1

(KBr): 3147 (NH), 3008 (CH), 1742 (C=O), 1634 (C=C arom.), 1589 (C=C arom.), 1457, 1422, 1246 (C-O
stretch), 1095; δH (300 MHz, DMSO-d6): 2.89 [3H, s, C(5)CH3], 4.22 [3H, s, C(11)COOCH3], 7.27 [1H,
overlapping ddd, J = 8.0, 5.8, 2.3, C(9)H], 7.57–7.63 [2H, m, C(7)H, C(8)H], 7.99 [1H, d, J = 8.0, C(10)H],
8.04 [1H, d, J = 6.1, C(3)H], 8.50 [1H, br s, C(4)H], 9.38 [1H, br s, C(1)H], 11.73 [1H, s, N(6)H]; δC
(150.9 MHz, DMSO-d6): 12.4 [CH3, C(5)CH3], 53.1 [CH3, C(11)COOCH3], 111.3 [CH, C(7)H or C(8)H],
113.7 (C, aromatic C), 116.2 [CH, C(3)H], 119.6 [CH, C(9)H], 120.2 (C, aromatic C), 121.3 (C, aromatic C),
121.8 (C, aromatic C), 122.5 [CH, C(10)H], 128.7 [CH, C(7)H or C(8)H], 131.6 (C, aromatic C), 140.2 (C,
aromatic C), 140.9 [CH, C(4)H], 143.1 (C, aromatic C), 149.8 [CH, C(1)H], 168.4 [C, C(11)C=O]; m/z
(ESI+): 291 [(M+H)+, 100%]. HRMS (ESI+): Exact mass calculated for [C18H15N2O2]+ 291.1134. Found
291.1121.

(E)-4-(5-methyl-6H-pyrido[4,3-b]carbazol-11-yl)but-3-en-2-one 13. A stirred solution of 5-methyl
-6H-pyrido[4,3-b]carbazole-11-carbaldehyde 8 (300 mg, 1.15 mmol) in acetone (70 mL) was treated
drop-wise with potassium permanganate (364 mg, 2.30 mmol) in water (70 mL). The mixture was
stirred at r.t. for 1 h and heated to reflux for 22 h. Sodium bicarbonate (244 mg, 2.30 mmol) was added
and stirred for 20 min. The mixture was filtered through celite and washed with water (100 mL) and
acetone (200 mL). The filtrate was concentrated under reduced pressure to remove the acetone and then
acidified to pH 5 with 20% aqueous HCl. The aqueous layer was extracted with chloroform:methanol
(90:10, 3 × 100 mL). Organic extracts were combined and washed with water (1 × 100 mL) and
brine (1 × 100 mL), dried over magnesium sulphate and evaporated under reduced pressure to give
an orange solid (300 mg). Analysis showed that the desired carboxylic acid 9 had not formed but
instead the condensation product (E)-4-(5-methyl-6H-pyrido[4,3-b]carbazol-11-yl)but-3-en-2-one 13

(87.0%). m.p. 263–265 ◦C; vmax/cm−1 (KBr): 3149(NH), 3087 (CH), 2982 (asymm. CH3 stretch), 2883
(symm. CH3 stretch), 1664 (C=O), 1620 (C=C), 1592 (C=C arom.), 1464, 1404, 1383, 1243; δH (300 MHz,
DMSO-d6): 2.61 [3H, s, COCH3], 2.84 [3H, s, C(5)CH3], 6.75 [1H, d, J = 16.6, C(11)CH=CH], 7.25 [1H,
overlapping ddd, J = 8.0, 6.6, 1.5, C(9)H], 7.53–7.61 [2H, m, C(7)H, C(8)H], 7.98 [1H, dd, J = 6.1, 0.7,
C(3)H], 8.14 [1H, d, J = 8.0, C(10)H], 8.47 [1H, d, J = 6.1, C(4)H], 8.59 [1H, d, J = 16.6, C(11)CH=CH],
9.58 [1H, s, C(1)H], 11.57 [1H, s, N(6)H]; δC (75.5 MHz, DMSO-d6): 12.2 [CH3, C(5)CH3], 27.8 (CH3,
COCH3), 111.1 [CH, C(7)H], 111.7 (C, aromatic C), 115.9 [CH, C(3)H], 119.4 [CH, C(9)H], 120.5 (C,
aromatic C), 121.9 (C, aromatic C), 122.4 (C, aromatic C), 123.6 [CH, C(10)H], 126.0 (C, aromatic C),
127.9 [CH, C(8)H], 132.3 (C, aromatic C), 135.9 [CH, C(11)CH=CH], 138.4 [CH, C(11)CH=CH], 140.2 (C,
aromatic C), 140.9 [CH, C(4)H], 143.0 (C, aromatic C), 150.1 [CH, C(1)H], 197.8 (C, C=O); m/z (ESI+):
301[(M+H)+ 100%]; HRMS (ESI+): Exact mass calculated for [C20H17N2O]+ 301.1341. Found 301.1348.

(E)-N-(4-(5-methyl-6H-pyrido[4,3-b]carbazol-11-yl)but-3-en-2-yl)formamide 14. (E)-4-(5-Methyl
-6H-pyrido[4,3-b]carbazol-11-yl)but-3-en-2-one 13 (91 mg, 0.303 mmol), formamide (0.2 mL, 5.03 mmol)
and formic acid (0.1 mL, 2.65 mmol) were heated to 150 ◦C for 1.5 h, at which point TLC analysis
indicated consumption of the starting material. On cooling, saturated aqueous sodium bicarbonate
(8 mL) was added and extraction was attempted with dichloromethane:methanol (90:10), however the
organic extracts contained no material. The aqueous layer was treated with 20% aqueous HCl to pH
1, stirred for 20 min and then adjusted to pH 10 with 20% aqueous NaOH. The aqueous layer was
extracted with dichloromethane–methanol (90:10 3 × 30 mL and 80:20 4 × 30 mL), dried and evaporated
under reduced pressure to give an orange solid (64 mg). Purification by column chromatography on
alumina, eluting with dichloromethane:methanol (97:3–90:10) gave three fractions. The largest of these
(34 mg) was repurified by chromatography on silica to give an orange solid (19 mg). This was found to
be the formamide, (E)-N-(4-(5-methyl-6H-pyrido[4,3-b]carbazol-11-yl)but-3-en-2-yl)formamide 14. δH
(300 MHz, DMSO-d6): 1.47 [3H, d, J = 6.9, C(11)CH=CH–CH(CH3)], 2.83 [3H, s, C(5)CH3], 4.88–4.95
[1H, m, C(11)CH=CH–CH(CH3)], 6.14 [1H, dd, J = 16.2, 5.6, C(11)CH=CH], 7.21 [1H, overlapping ddd,
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J = 8.0, 6.7, 1.4, C(9)H], 7.36 [1H, d, J = 16.5, C(11)CH=CH], 7.52 [1H, td, J = 7.4, 1.1, C(8)H], 7.56–7.59
[1H, m, C(7)H], 7.99 [1H, br s, NHCHO], 8.23 [1H, br s, C(3)H], 8.33 [1H, d, J = 7.7, C(10)H], 8.43 [1H,
br s, NHCHO], 8.54 [1H, d, J = 7.5, C(4)H], 9.58 [1H, br s, C(1)H], 11.51 [1H, s, N(6)H]; m/z (ESI+): 330
[(M+H)+ 60%], 169 (100%); HRMS (ESI): Exact mass calculated for [C21H20N3O]+ 330.1606. Found
330.1619.

9-Formyl-5-methyl-6H-pyrido[4,3-b]carbazole-11-carboxylic acid 15. 5-Methyl-6H-pyrido[4,3-b]
carbazole-11-carboxylic acid 9 (497 mg, 1.80 mmol) in trifluoroacetic acid (60 mL), was treated with
hexamethylenetetramine (2.522 g, 18.0 mmol) portionwise over 5 min and heated to reflux for 25 min.
On cooling, the reaction mixture was concentrated to approx. one quarter volume, water (30 mL) was
added and the solution was transferred to a large conical flask (500 mL). The solution was cooled to
0 ◦C and neutralized with solid sodium bicarbonate while stirring vigorously. The mixture was stirred
at 0 ◦C for 1 h, readjusted to pH 7 and filtered to give a brown solid which was dried at 0.02 mbar for
2 days (449 mg, 81.9%). m.p. 315–317 ◦C; vmax/cm−1 (KBr): 3069 (OH broad), 1677 (C=O × 2, broad),
1583 (C=C arom.), 1472, 1404, 1349, 1242 (C-O stretch), 1128, 808; δH (600 MHz, DMSO-d6): 2.88 [3H,
s, C(5)CH3], 7.72 [1H, d, J = 8.3, C(7)H], 8.04 [1H, d, J = 6.0, C(3)H], 8.10 [1H, d, J = 8.4, C(8)H], 8.50
[1H, d, J = 6.0, C(4)H], 8.80 [1H, s, C(10)H], 9.51 [1H, s, C(1)H], 10.04 [1H, s, C(9)CHO], 12.14 [1H,
s, N(6)H]; δC (150.9 MHz, DMSO-d6): 12.3 [3H, s, C(5)CH3], 111.4 [CH, C(7)H], 113.0 (C, aromatic
C), 116.2 [CH, C(3)H], 119.7 (C, aromatic C), 120.4 (C, aromatic C), 121.3 (C, aromatic C), 125.7 [CH,
C(10)H], 128.5 (C, aromatic C), 129.8 [CH, C(8)H], 129.9 (C, aromatic C), 132.4 (C, aromatic C), 140.8
[CH, C(4)H], 141.1 (C, aromatic C), 146.9 (C, aromatic C), 150.7 [CH, C(1)H], 169.2 [C, C(11)COOH],
191.6 [CH, C(9)CHO]; m/z (ESI+): 305 [(M+H)+ 70%], 155 (40%), 64 (100%); HRMS (ESI+): Exact mass
calculated for [C18H13N2O3]+ 305.0926. Found 305.0940.

Benzylammonium9-((benzylimino)methyl)-5-methyl-6H-pyrido[4,3-b]carbazole-11-carboxylate16.

A suspension of 9-formyl-5-methyl-6H-pyrido[4,3-b]carbazole-11-carboxylic acid 15 (194 mg,
0.638 mmol) in dichloromethane (65 mL), under N2, was treated with oxalyl chloride (0.08 mL,
0.917 mmol) and stirred at room temperature overnight. Additional oxalyl chloride (0.08 mL,
0.917 mmol), was added and the reaction was stirred for 4 h. The mixture was evaporated under
reduced pressure, cooled to 0 ◦C under N2, and treated drop-wise with benzylamine (2 mL,
18.3 mmol). After stirring for 1 h, diethyl ether (40 mL) was added, the mixture was cooled
and filtered to give a yellow solid. Crude analysis showed this to contain residual benzylamine.
Recrystallisation from dichloromethane followed by a second recrystallisation from methanol
gave product still containing benzylamine in 1:1 ratio with product. To investigate whether an
amide or imine had formed, the product (27 mg) was dissolved in dichloromethane:methanol
(90:10, 10 mL) and washed with 1M HCl (10 mL). The organic layer was dried and evaporated
under reduced pressure. NMR and MS analysis showed that the compound had hydrolysed to
the starting material 15, indicating imine rather than amide formation. Full analysis (along with
subsequent reduction of the imine) confirmed the product as the imine salt, benzylammonium
9-((benzylimino)methyl)-5-methyl-6H-pyrido[4,3-b]carbazole-11-carboxylate 16 (208 mg, 82.9%). m.p.
241–243 ◦C; vmax/cm−1 (KBr): 3029 (NH), 2864 (OH, broad), 1598 (C=O), 1572 (C=C arom.), 1494,
1450, 1402, 1347, 1278, 1244 (C-O stretch); δH (300 MHz, DMSO-d6): 2.81 [3H, s, C(5)CH3], 4.06 [2H,
s, benzylammmonium-CH2], 4.74 [2H, s, C(9)CH=NCH2], 7.23–7.29 [1H, m, iminobenzyl-C(4)H],
7.33–7.42 [7H, m, iminobenzyl-C(2)H, C(3)H, C(5)H, C(6)H, benzylammmonium-C(3)H, C(4)H, C(5)H],
7.48 [2H, dd, J = 7.7, 1.7, benzylammmonium-C(2)H, C(6)H], 7.56 [1H, d, J = 8.3, C(7)H], 7.91 [1H, dd,
J = 6.1, 0.7, C(3)H], 7.97 [1H, dd, J = 8.4, 1.6, C(8)H], 8.38 [1H, d, J = 6.1, C(4)H], 8.52 [1H, s, C(9)CH=N],
8.73 [1H, d, J = 1.1, C(10)H], 9.50 [1H, s, C(1)H], 11.64 [1H, s, N(6)H]; δC (75.5 MHz, DMSO-d6): 12.0
[CH3, C(5)CH3], 42.3 [CH2, benzylammonium CH2], 64.1 [CH2, C(9)CH=N–CH2], 110.6 (CH, aromatic
CH), 115.7 (CH, aromatic CH), 119.2 (C, aromatic C), 119.4 (C, aromatic C), 122.2 (C, aromatic C), 124.3
(CH, aromatic CH), 125.1 (C, aromatic C), 126.7 (CH, aromatic CH), 127.3 (C, aromatic C), 127.9 (CH,
2 × aromatic CH), 128.2 (CH, aromatic CH), 128.3 (CH, 2 × aromatic CH), 128.5 (CH, 2 × aromatic
CH), 128.6 (CH, aromatic CH), 128.7 (CH, 2 × aromatic CH), 131.3 (C, aromatic C), 132.1 (C, aromatic
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C), 134.6 (C, aromatic C), 139.9 (CH, aromatic CH), 140.5 (CH, aromatic CH), 141.1 (C, aromatic C),
144.3 (C, aromatic C), 144.5 (C, aromatic C), 152.0 (CH, aromatic CH), 162.2 (C, C=O); m/z (ESI+):
394 [(M+H)+ 20%], 305 (20%), 108 (100%); HRMS (ESI+): Exact mass calculated for [C25H20N3O2]+

394.1556. Found 394.1560.
9-((Benzylamino)methyl)-5-methyl-6H-pyrido[4,3-b]carbazole-11-carboxylic acid 17. A solution

of benzylammonium 9-((benzylimino) methyl)-5-methyl-6H-pyrido[4,3-b]carbazole-11-carboxylate 16

(88 mg, 0.224 mmol) in absolute ethanol (12 mL) was treated with sodium cyanoborohydride (21 mg,
0.338 mmol) and heated to reflux for 4.5 h. The solution was evaporated under reduced pressure and
water (10 mL) was added. The mixture was stirred for 15 min, cooled and filtered. The orange solid
was washed with water (5 mL) and diethyl ether (10 mL) and dried at 0.1 mbar for 24 h (56 mg, 62.9%).
m.p. >300 ◦C (without melting); vmax/cm−1 (KBr): 3370 (NH), 3188 (OH, broad), 3056 (CH), 1596
(C=O), 1565 (C=C arom.), 1482, 1403, 1348, 1247 (C-O stretch); δH (600 MHz, DMSO-d6): 2.73 [3H, s,
C(5)CH3], 3.89 [2H, s, one of CH2], 4.04 [2H, s, one of CH2], 7.21–7.26 [3H, m, N-benzyl-C(3)H, C(4)H,
C(5)H], 7.39–7.40 [2H, m, N-benzyl-C(2)H, C(6)H], 7.46 [1H, d, J = 7.3, C(7)H], 7.53 [1H, d, J = 7.5,
C(8)H], 7.82 [1H, d, J = 5.6, C(3)H], 8.29 [1H, d, J = 5.6, C(4)H], 8.42 [1H, s, C(10)H], 9.44 [1H, s, C(1)H],
11.39 [1H, s, N(6)H]; δC (150.9 MHz, DMSO-d6): 12.0 [CH3, C(5)CH3], 50.3 (CH2), 51.4 (CH2), 108.3
(C, aromatic C), 110.4 [CH, C(7)H], 115.6 [CH, C(3)H], 119.1 (C, aromatic C), 119.3 (C, aromatic C),
122.4 (C, aromatic C), 124.5 [CH, C(10)H], 127.7 [CH, N-benzyl-C(4)H], 128.1 (CH, C(8)H], 128.3 [CH,
N-benzyl-C(3)H, N-benzyl-C(5)H], 129.0 [CH, N-benzyl-C(2)H, N-benzyl-C(6)H], 129.1 (C, aromatic C),
132.0 (C, aromatic C), 133.7 (C, aromatic C), 136.0 (C, aromatic C), 140.2 [CH, C(4)H], 141.3 (C, aromatic
C), 142.2 (C, aromatic C), 152.2 [CH, C(1)H], 170.8 (C, C=O); m/z (ESI+): 396 [(M+H)+ 80%], 306 (100%);
HRMS (ESI+): Exact mass calculated for [C25H22N3O2]+ 396.1712. Found 396.1729.

Topoisomerase II decatenation assay. The decatenation assay kit was obtained from Inspiralis,
Norwich Bioincubator, Norwich Research Park, Colney, Norwich, UK. The kit comprised of the
following: assay buffer (supplied as 10× stock) containing 50 mM Tris.HCl (pH 7.5), 125 mM NaCl,
10 mM MgCl2, 5 mM DTT and 100 μg/mL albumin; dilution buffer containing 50 mM Tris. HCl (pH 7.5),
100 mM NaCl, 1 mM DTT, 0.5 mM EDTA, 50% (v/v) glycerol, 50 μg/mL albumin; ATP 30 mM; kDNA
(100 ng/μl); 10 U/μL human topoisomerase II in dilution buffer; 5× stop buffer containing 2.5% SDS,
15% Ficoll-400, 0.05% bromophenol blue, 0.05% xylene cyanol and 25 mM EDTA. Tris-acetate-EDTA
buffer (supplied as 10X buffer) and agarose were obtained from Sigma Life Sciences (Dublin, Ireland)
and Safe View Stain was supplied by NBS Biologicals, Cambridgeshire, England.

The topo II decatenation assay protocol involved initial incubation of each inhibitor candidate
(100 μM) along with a stock solution containing water, ATP, assay buffer, kDNA obtained from the
mitochondrial DNA of Crithidia fasciculate, and topo II, at 37 ◦C for 1 h. Following addition of stop
buffer, agarose DNA gel electrophoresis was run at 50 V for 2 h using a Consort EV243 power pack, to
determine the relative amounts of decatenated DNA bands obtained in each compound lane. Positive
(water), as well as negative controls (ellipticine) were incorporated in order to validate the results
of each run. The resulting gels were viewed under UV light using a DNR Bio-Imaging System and
photographed using GelCapture software.

NCI-60 Anti-cancer screening. Tested compounds were initially solubilised in DMSO, diluted
into RPMI 1640 and 5% fetal bovine serum/L-glutamine, and added to 96-well plates containing cell
lines previously cultured for 24 h. After 48-h incubation, the media were removed, and the cells were
fixed and stained with sulforhodamine B to determine overall percent growth/total protein content.
Unbound dye was removed with five washes of 1% acetic acid, and the plates were allowed to air dry.
The dye was then resolubilised in Tris buffer, and the colorimetric absorbance was measured (515 nm).
Growth inhibition was measured relative to the response generated from proliferating cells cultured
under identical conditions for 48 h. In the five dose study, serial 5 × 10-fold dilution from an initial
DMSO stock solution was performed, prior to incubation at each individual concentration (10 nM,
100 nM, 1 μM, 10 μM and 100 μM).
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Using seven absorbance measurements (time zero (Tz), control growth (C), and test growth in the
presence of drug at the five concentration levels (Ti)), the percentage growth was calculated at each of
the drug concentrations levels. Percentage growth inhibition was calculated as:

[(Ti−Tz)/(C−Tz)] × 100 for concentrations for which Ti ≥ Tz
[(Ti−Tz)/Tz] × 100 for concentrations for which Ti < Tz.
Three dose response parameters were calculated for each experimental agent. Growth inhibition

of 50% (GI50) was calculated from [(Ti−Tz)/(C−Tz)] × 100 = 50, which is the drug concentration
resulting in a 50% reduction in the net protein increase (as measured by Sulforhodamine B staining) in
control cells during the drug incubation. The drug concentration resulting in total growth inhibition
(TGI) was calculated from Ti = Tz. The LC50 (concentration of drug resulting in a 50% reduction in the
measured protein at the end of the drug treatment as compared to that at the beginning) indicating
a net loss of cells following treatment was calculated from [(Ti−Tz)/Tz] × 100 = −50. Values were
calculated for each of these three parameters if the level of activity was reached; however, if the effect
was not reached or was exceeded, the value for that parameter was expressed as greater or less than
the maximum or minimum concentration tested [36,37]. Data from one dose experiments pertains to
the percentage growth at 10 μM.

COMPARE analysis. COMPARE analysis was conducted using the private access system provided
by the National Cancer Institute (https://dtp.cancer.gov/databases_tools/compare.htm). Seed compounds
were analysed using a number of target sets: synthetic compounds, mechanistic set, standard agents,
marketed drugs and diversity set. While the minimum correlation was set to 0.4, correlations of less
than 0.5 were discounted. All other criteria were unchanged. Experiments that were carried out at
different concentrations to the seed compound were ignored unless the concentration deviated by ±0.1,
as was usual for older testing methods. COMPARE analysis was conducted solely on five dose data for
compounds 11 and 13 [38].

4. Conclusions

Novel ellipticines substituted at the 11-position are described and their activity evaluated against
topoisomerase II and cell growth in the National Cancer Institute’s 60 cell line screening platform.
Two of the novel compounds (13 and 16) show limited promise as topoisomerase II inhibitors at high
concentrations (>10 μM). On evaluation of anticancer effect at the NCI, compounds 11 and 13 show real
promise as future leads. Benzylamide 11 and unsaturated ketone 13 appear to have different modes of
action in their cellular effects with broad cytotoxicity seen for compound 13 but some selectivity of
cellular response seen for compound 11. COMPARE analysis identified a potential target for compound
11 in Aurora kinase due to correlation of 0.6 with the known inhibitor SCH1473759. This will be
investigated further in the future by synthesis of a series of ellipticine 11-amides to probe if this activity
can be tuned further.

Supplementary Materials: The following are available online at http://www.mdpi.com/1424-8247/12/2/90/s1:
Figures S1–S3, 1H NMRs of relevant compounds; Figure S4, Three-fold dilution topoisomerase II inhibition assay
of compounds 13 and 16; Figures S5–S10, One dose NCI 60 cancer cell growth data (10 μM); Figures S11–S13, Five
dose NCI 60 cancer cell growth data with GI50, TGI and LC50 data for compound 11; Figures S14–S16, Five dose
NCI 60 cancer cell growth data with GI50, TGI and LC50 data for compound 13; Figure S17 COMPARE Analysis
data for compound 13 in direct comparison with SCH1473759 (NSC761691), an Aurora kinase inhibitor.
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Abbreviations

The following abbreviations are used in this manuscript:

AKT Protein Kinase B
CK2 Casein Kinase 2
GI50 Growth Inhibition 50%
LC50 Lethal concentration 50%
NCI National Cancer Institute
NSC numeric identifier for substances submitted to the National Cancer Institute (NCI)
Topo Topoisomerase
SAR Structure Activity Relationship
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Abstract: Intestinal mucositis is a common complication associated with 5-fluorouracil (5-FU), a
chemotherapeutic agent used for cancer treatment. Cashew gum (CG) has been reported as a potent
anti-inflammatory agent. In the present study, we aimed to evaluate the effect of CG extracted from
the exudate of Anacardium occidentale L. on experimental intestinal mucositis induced by 5-FU. Swiss
mice were randomly divided into seven groups: Saline, 5-FU, CG 30, CG 60, CG 90, Celecoxib (CLX),
and CLX + CG 90 groups. The weight of mice was measured daily. After treatment, the animals were
euthanized and segments of the small intestine were collected to evaluate histopathological alterations
(morphometric analysis), levels of malondialdehyde (MDA), myeloperoxidase (MPO), and glutathione
(GSH), and immunohistochemical analysis of interleukin 1 beta (IL-1β) and cyclooxygenase-2 (COX-2).
5-FU induced intense weight loss and reduction in villus height compared to the saline group. CG 90
prevented 5-FU-induced histopathological changes and decreased oxidative stress through decrease
of MDA levels and increase of GSH concentration. CG attenuated inflammatory process by decreasing
MPO activity, intestinal mastocytosis, and COX-2 expression. Our findings suggest that CG at a
concentration of 90 mg/kg reverses the effects of 5-FU-induced intestinal mucositis.

Keywords: intestinal mucositis; heteropolysaccharide; 5-fluorouracil; inflammation

1. Introduction

Cancer, a complex disease characterized by uncontrolled cell growth, is one of the main causes of
morbidity and mortality in both developed and developing countries [1–3]. Chemotherapeutic agents
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can controlled the dissemination of several tumors and improve the quality of life in most patients
with cancer. Currently, 5-fluorouracil (5-FU) is one of the major chemotherapeutic agents used for the
treatment of cancer. 5-FU is a fluorinated pyrimidine with antimetabolite activity. However, it can
cause side effects such as nausea, vomiting, diarrhea, myelosuppression, and intestinal mucositis [4–9].

Mucositis is initiated by basal cell lesions in the gastrointestinal tract, resulting in mucosal damage,
intense inflammatory reaction, and consequent ulceration. It affects around 40% of patients treated with
chemotherapeutic agents [10,11]. Intestinal mucositis can increase the risk of bacterial translocation
and sepsis, thus impairing the continuity of anticancer treatment.

Owing to the lack of efficacious therapeutic tools for the treatment of intestinal mucositis, new
alternative therapeutics that can reduce the side effects of 5-FU, without impairing cancer treatment,
have been investigated.

Cashew gum (CG), a high-molecular weight complex heteropolysaccharide, is obtained from
the exudate of cashew tree (Anacardium occidentale L.) through condensation of a large number of
aldose and ketose molecules [12,13]. Its anti-inflammatory, antiulcerogenic, and antidiarrheal activity
have been reported in previous studies [14–17]. In this study, we investigated the effect of CG on
5-FU-induced experimental intestinal mucositis. In addition, we evaluated its effect on inflammatory
process and oxidative stress, as well as the involvement of cyclooxygenase 2 (COX-2).

2. Results

2.1. Weight Analysis

As expected, from the second day, all mice subjected to 5-FU-induced intestinal mucositis presented
progressive weight loss, which was significant compared to the saline group (p < 0.05). Notably, only
CG 60 pretreatment prevented weight loss induced by 5-FU (p < 0.05). CG 30 and CG 90 were unable
to reverse 5-FU-induced weight loss (Figure 1).

Figure 1. Body weight variation in mice subjected to intestinal mucositis (5-FU, 450 mg/kg, ip, single
dose) and treated with CG (30, 60 and 90 mg/kg for 4 days). The results are expressed as the mean ±
SEM of the weight evaluation percentage of the initial weight, of a minimum of 6 animals per group.
Two-way ANOVA followed by the Tukey’s test were used for the statistical analysis, where # p < 0.05
vs. saline and * p < 0.05 vs. 5-FU.

2.2. Histopathological and Morphometric Analysis

The 5-FU group showed intense inflammatory cell infiltration, disruption of intestinal mucosal
architecture, and a significant reduction in villus height, crypt depth, and villus/crypt ratio compared
to saline group (p < 0.05) (Figure 2B). Notably, all doses of CG attenuated the effects induced by
5-FU (p < 0.05) (Figure 2C–H). Moreover, a significant increase in histopathological scores was found
in 5-FU group (p < 0.05) compared to the saline group (Table 1). CG 90 pretreatment decreased

107



Pharmaceuticals 2019, 12, 51

the histopathological scores compared to the 5-FU group (p < 0.05). However, CG 30 and CG 60
pretreatment did not reduce histopathological scores.

Figure 2. Histopathological analysis. (A) Saline; (B) 5-FU; (C) CG 30; (D) CG 60; (E) CG 90. 5 FU induced
inflammatory cell infiltrate (red arrow), decreased intestinal villi (black arrow), loss of intestinal crypt
architecture (blue arrow). Pretreatment with CG (30, 60 and 90 mg/kg) decreased the inflammatory
infiltrate and prevented the shortening of the villi (F), increased crypt depth (G) and decreased
villus/crypt ratio (H), with greater reversion of the 5-FU effect in the CG 90 + 5-FU group. All panels
were obtained on the 100 μm scale (×200). Values were expressed as mean ± SEM. One-way ANOVA
followed by the Tukey’s test were used for the statistical analysis was used, where # p < 0.05 vs. saline
group and * p < 0.05 vs. group 5-FU.

Table 1. Histopathological scores of mice subjected to 5-FU-induced intestinal mucositis and pretreated with CG.

Groups Scores

Saline 0 (0-0)
5-FU 2 (1-3) #

CG 30 3 (3-3)
CG 60 1 (1-2)
CG 90 1 (0-1) *

Values were expressed as median, where # p < 0.05 vs. saline and * p < 0.05 vs. 5-FU (n = 6/group). The data was
analyzed by the Kruskal-Wallis test followed by the Dunns multiple comparisons test.

2.3. Leukocyte Count

Analysis of leukocyte count in blood showed a significant decrease (p < 0.05) in the number of
total leukocytes in 5-FU group compared to that in the saline group. In contrast, CG pretreatment
reduced 5-FU-induced leukopenia (p < 0.05) (Figure 3A).
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Figure 3. (A) Total leukocyte count; (B) Activity of myeloperoxidase (MPO); (C) Level of
malondialdehyde (MDA); (D) concentration of glutathione (GSH). Values were presented as mean ±
SEM. For the statistical analysis, one-way ANOVA followed by Tukey’s test was used, where # p < 0.05
vs. saline group and * p < 0.05 vs. group 5-FU.

2.4. Myeloperoxidase Assay (MPO)

To investigate the effects of CG pretreatment on neutrophil recruitment in 5-FU-induced intestinal
mucositis, we determined the activity of myeloperoxidase (MPO), a neutrophil marker. The 5-FU
group presented a significant increase in MPO levels in the duodenum compared to the saline group
(p < 0.05). CG (90 mg/kg) pretreatment decreased MPO levels in the duodenum of mice subjected to
5-FU-induced intestinal mucositis (p < 0.05), which in turn decreased polymorphonuclear leukocyte
infiltration (Figure 3B).

2.5. Malondialdehyde (MDA) and Glutathione (GSH) Levels

To investigate the effect of CG pretreatment on 5-FU-induced oxidative stress in the duodenum,
MDA and GSH levels (end products of oxidative stress) were evaluated. We found that 5-FU elevated
MDA levels in the duodenum compared to the saline group (Figure 3C). CG (90 mg/kg) pretreatment
reduced MDA levels compared to the 5-FU group (p < 0.05), thereby reducing 5-FU-induced oxidative
stress (Figure 3C). Animals treated with 5-FU showed a significant (p < 0.05) decrease in GSH levels
compared to the saline group. In contrast, CG (90 mg/kg) increased GSH levels compared to the 5- FU
group (p < 0.05) (Figure 3D).

2.6. Mast Cell Concentration Analysis

To evaluate the effect of CG pretreatment on 5-FU-induced mastocytosis, the number of mast
cells in the duodenum was measured. 5-FU (Figure 4B) increased the number of mast cells per field
in the duodenum compared to the saline group (Figure 4A) (p < 0.05). CG (90 mg/kg) pretreatment
(Figure 4C) decreased the number of mast cells compared to the 5-FU group (p < 0.05) (Figure 4D).

109



Pharmaceuticals 2019, 12, 51

Figure 4. Mast cell counts in the duodenum samples. In (B) demonstrates that 5-FU promoted increased
mast cell counts (red arrows) when compared to saline group (A). CG 90 (C) reversed the 5-FU-induced
mastocytosis. All the panels were obtained at ×400 magnification. (D) Values were presented as mean
± SEM of the number of mast cells per field. For the statistical analysis, tone-way ANOVA followed by
Tukey’s test was used, where # p <0.05 vs. saline group and * p < 0.05 vs. group 5-FU.

2.7. Effect of CG on Cyclooxygenase-2 Pathway in Histopathological and Morphometric Analyses

To investigate whether the effects of CG on reduction of 5-FU-induced intestinal injury, oxidative
stress, and inflammation are mediated by cyclooxygenase-2 (COX-2) pathway, we blocked COX-2
by injecting celecoxib (CLX) in the presence or absence of CG in mice subjected to 5-FU-induced
intestinal mucositis. Pretreatment with COX-2 blocker (CLX) (Figure 5D), as well as pretreatment
with the combination of CLX and CG (90 mg/kg) (Figure 5E) prevented 5-FU-induced shortening of
villus, cellular vacuolization, infiltration of inflammatory cells, edema, and loss of cellular architecture
(Figure 5B).

Figure 5. Cont.
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Figure 5. Effect of GC on the cyclooxygenase-2 pathway (COX-2) in histopathological and morphometric.
The histopathological analysis represented by the groups (A) Saline; (B) 5-FU; (C) CG 90; (D) Celecoxib
(CLX); (E) CLX and CG 90, as well as morphometric analysis of villus height (F) showed that 5-FU
caused a decrease in villi and loss of cellular architecture when compared to the saline group. C, D, and
E reversed the effect of 5-FU. All panels were obtained at ×200 magnification. Values were expressed as
mean ± SEM for villi height in μm. For statistical analysis, one-way ANOVA followed by Tukey’s test
was used, where # p < 0.05 vs. saline group, * p < 0.05 vs. group 5-FU, ** p < 0.05 vs. group CLX.

CLX pretreatment decreased 5-FU-induced villus shortening (p < 0.05). In addition, pretreatment
with the combination of CLX and CG (90 mg/kg) reverted villus shortening induced by 5-FU (p < 0.05).
Moreover, the combination of CLX and CG (90 mg/kg) (Figure 5F) showed a greater effect on the
recovery of duodenal villus in mice subjected to 5-FU-induced intestinal mucositis than pretreatment
with CG 90 (Figure 5C) or CLX alone (Figure 5C) (p < 0.05).

2.8. Immunohistochemistry for the Detection of COX-2 and IL-1β

We investigated the effects of CG (90 mg/kg) in the presence or absence of CLX on COX-2 and
IL-1β expression during 5-FU-induced intestinal mucositis through immunohistochemical analysis.
5-FU promoted intense immunostaining of COX-2 (Figure 6C) and IL-1β (Figure 6D) in the duodenal
mucosa compared to the saline group (Figure 6A,B,K,L, p < 0.05). As shown in Figure 6E,F CG
(90 mg/kg) pretreatment decreased immunostaining for COX-2 and IL-1β, respectively, compared to
5-FU group (Figure 6K,L, p < 0.05). Similarly, CLX alone (Figure 6G,H) or the combination of CLX and
CG (90 mg/kg) (Figure 6I,J) decreased cell immunostaining forproinflammatory molecules in mice
subjected to 5-FU-induced intestinal mucositis compared to the 5-FU group (Figure 6K,L, p < 0.05).
Intense immunostaining was evidenced for the 5-FU lesion group, on the lamina followed by mild
mucosal immunostaining, also was observed an absence of labeling in the epithelial cells.
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Figure 6. Immunohistochemistry analysis for COX-2 and IL-1β. (A,B) Saline; (C,D) 5-FU; (E,F) CLX;
(G,H) CG 90; (I,J) CLX + CG 90. (K) a number of cells immunolabelled for cox-2. (L) % immunolabelled
for IL-1β. Values were expressed as mean ± SEM. For statistical analysis, one-way ANOVA followed
by Tukey´s test was used, where # p < 0.05 vs. saline group, * p < 0.05 vs. group 5-FU, $ p < 0.05 vs.
group CLX.
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3. Discussion

In the present study, we evaluated the effects of CG on intestinal mucositis induced by 5-FU
and found that CG reversed the effects of 5-FU-induced intestinal mucositis at a concentration of
90 mg/kg. With the continuous expanded use of medicinal plants for the prevention and treatment
of different pathologies worldwide, there has been increasing interest in the discovery of natural
products with pharmacological effects. In Brazil, many herbal extracts are used in folk medicine to
treat various digestive disorders, and several studies have documented the benefits of Brazilian plants
in the prevention of gastrointestinal lesions [18,19].

A previous study reported that the extract of Spondias pinnata, belonging to the family
Anacardiaceae, decreased histological severity scores and intestinal inflammation, and altered the
mucosal architecture after chemotherapy. This indicated that S. pinnata extract could be an important
pharmacological agent in promoting healing of damaged intestine after chemotherapy [20]. A. occidentale
L. has been reported to possess diverse pharmacological properties. Its bark, leaves, and bark oil are
used in anti-inflammatory and astringent preparations for the treatment of diarrhea [21]. Previous
studies using the extracts of cashew tree bark have reported hypoglycemic [22,23], antioxidant and
anti-inflammatory [24], antimicrobial [25], antihypertensive [26], and anticancer effects. It also showed
beneficial effects in the treatment of gastritis, diarrhea, and wounds [22,27]. The anti-inflammatory
activities and wound healing potential of cashew nuts have also been reported [28].

Weight loss is considered one of the common side effects of 5-FU chemotherapy. Therefore, body
mass measure is one of the daily evaluated parameters to confirm the model of intestinal mucositis
induced by 5-FU. Similar to our results, previous studies showed a decrease in body weight of animals
after 5-FU-induced intestinal mucositis [29–31]. In this study, we showed that CG 60mg/kg decreased
5-FU-induced weight loss in mice, instead of the other CG doses which the loss weight was irreversible.
Studies with probiotics and olmesartan showed that doses of these drugs were considered effective
in reversing the harmful effects promoted by chemotherapy in mucositis model, after evaluation of
histopathological parameters and inflammatory markers, however they were not effective in reverse
weight loss as presented in ours studies [32,33].

Previous studies reported that 5-FU promoted decrease and vacuolization of intestinal villi, cryptic
necrosis, infiltration of inflammatory cells, loss of cell architecture, and a decrease in villus/crypt
ratio [34–37]. These findings are consistent with those of the present study. In addition, we found that
CG at a concentration of 90 mg/kg was able to reduce the harmful effects of 5-FU on the duodenal
mucosa. The anti-inflammatory effect of CG has been reported in skin lesions [15]. Araújo et al. [17]
reported that 90 and 60 mg/kg of CG were effective in the treatment of acute inflammatory diarrhea.
Similarly, 90 mg/kg was the best treatment concentration to prevent histopathological changes in
5-FU-induced intestinal mucositis.

Mucositis and myelosuppression are the main adverse effects related to 5-FU treatment [7,9,38].
In the present study, we showed that CG (90 mg/kg) attenuated leukopenia, the decrease in a number
of total leukocytes, induced by 5-FU. Soares et al. [39] and Quaresma [40] demonstrated leukopenia in
mice following a single administration of 5-FU (450 mg/kg).

The ulcerative phase of mucositis is characterized by loss of epithelial integrity of the mucosa,
which facilitates a propitious environment for the invasion of bacteria. In addition, leucopenia may
potentialize this process, resulting in bacteremia or sepsis [11,41,42]. We suggested that CG can be
fundamental in preventing potential generalized bacterial infections during 5-FU treatment because it
attenuated 5-FU-induced leukopenia. However, further investigations are needed to confirm this.

CG 90 prevented a 5-FU-induced increase in MPO levels in the duodenum. Similar to the present
study, Bastos et al. [43], Justino et al. [44], Ávila et al. [45], Al-Asmari et al. [46], and Carvalho et al. [30]
showed an increase in MPO activity after induction of intestinal mucositis by 5-FU. MPO has been used
as a quantitative marker of neutrophil infiltration into various organs, including the gastrointestinal tract.

We showed that CG exerted antioxidant effects against intestinal mucositis by increasing GSH
levels and decreasing MDA levels in the duodenum of mice subjected to 5-FU-induced intestinal
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mucositis. This finding is in agreement with the result of a previous study demonstrating that CG
formulations exerted an antioxidant effect by decreasing MDA levels [47].

Our findings showed that CG reversed 5-FU-induced mastocytosis (increase in a number of mast
cells) in the duodenum, indicating potent anti-inflammatory effects of CG in mice with 5-FU-induced
intestinal mucositis. Previous studies have shown intense mastocytosis during intestinal mucositis
induced by chemotherapeutics in mice [46,48]. The role of mast cells in the gastrointestinal tract
is paradoxical, as their function depends on the mediators released and receptors activated. Mast
cells contribute to intestinal homeostasis through immune protection, regulation of architecture and
permeability of the epithelial barrier, and mucosal tissue remodeling through stimulation of fibroblast
growth [49]. However, they are considered critical in the pathogenesis of inflammatory processes
such as mucositis, because their overexpression consequently leads to amplification of inflammatory
response caused by the selective release of mediators [50,51]. Besides exacerbation of inflammation,
mastocytosis in the gastrointestinal tract has been reported to culminate in alteration of architecture
and impairment of the gastrointestinal barrier, such as villus enlargement and changes in crypt size in
the small intestine [52,53].

In the present study, we evaluated the effect of CG on COX-2 pathway by pretreating mice
subjected to intestinal mucositis with a combination of CLX (a COX-2 blocker) and CG (90 mg/kg).
In addition, we investigated whether the protective effect of CG on morphometric and histopathological
changes induced by 5-FU was related to COX-2 inhibition. We found that the combination of CLX
and CG (90 mg/kg) completely reverted 5-FU-induced decrease in villi, cryptic necrosis, inflammatory
cell infiltration, and loss of cellular architecture in the duodenum. Our findings demonstrated that
pretreatment with the combination of CG and CLX during 5-FU-induced intestinal mucositis was more
effective in reversing histopathological effects than treatment with CLX alone, a commercially available
nonsteroidal anti-inflammatory drug that acts as a selective inhibitor of COX-2. Short et al. [54]
suggested that low doses of CLX can be used therapeutically for the protection of the intestinal barrier
in patients with inflammatory bowel disorders, because of its ability to reduce COX-2 expression.
Javle et al. [55] found that the combination of irinotecan (CPT-11) and CLX resulted in antitumor effects,
with improvement in irinotecan-induced diarrhea and lethality. Furthermore, CG (90 mg/kg) alone
or in combination with CLX was able to decrease 5-FU-induced COX-2 and IL-1β immunostaining
in the duodenum. It is known that IL-1β is produced by macrophages, monocytes, and glial cells.
This proinflammatory cytokine induces the expression of inflammatory mediators, such as COX-2 with
subsequent release of prostaglandins, and the onset of primary tissue damage and progression [56–58].
The gene expression and tissue levels of IL-1β are correlated with intestinal mucosal injury induced by
chemotherapy [59].

The study and use of natural polysaccharides in inflammatory bowel diseases, especially mucositis,
is a current reality and future promise for the development of effective drugs in the treatment of
5-FU-induced intestinal mucositis. The present study has however a limitation. As intestinal
inflammation is a complex process involving multiple mechanisms of activation and maintenance of
the inflammatory process, the hypothetical model of action of CG on 5-FU-induced intestinal mucositis
in mice proposed using the results of the present study (Figure 7) may be inadequate. Further studies
are needed to elucidate the other possible mechanisms of CG action in intestinal mucositis.
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Figure 7. Hypothetical model of action of CG in intestinal mucositis induced by 5-FU. CG prevented
the 5-FU-induced injury intestinal through inhibition of MDA formation, neutrophil recruitment
(decreasing MPO levels), mast cells activation and IL-1β and COX-2 immunostaining marker and
inhibited leucopenia. CG also stimulate villus enlargement and increase levels of GSH, an antioxidant.
ROS: Reactive Oxygen Species; TNF-α: Tumor Necrosis Factor-alpha; NF-κB: transcription factor
nuclear kappa b; IL-1β: Interleukin 1 beta; COX-2: Cyclooxygenase 2; MDA: Malondialdehyde; MPO:
Myeloperoxidase; GSH: Reduced glutathione. Arrows green (stimulate / increase), red arrows (inhibit).

4. Materials and Methods

4.1. Animals

The animals were obtained from the Department of Surgery of the Federal University of Ceara
(UFC) were used. The male Swiss mice (25–30 g) were housed in polypropylene cages, lined with wood,
in a controlled environment with a temperature of 23 ± 2 ◦C, in a cycle of 12 h light/12 h dark, with free
access to water and standard feed. The procedures and experimental protocols were approved by the
Ethics Committee on Animal Use (n◦ 208/16) from the Federal University of Piaui (CEUA/UFPI).

4.2. Drugs and Plant Materials

Two drug drugs were used for mucositis induction and treatment, respectively: 5-FU (FauldFluor®,
Libbs, Sao Paulo, Brazil) celecoxib (CLX- Celebra®, Pfizer, Sao Paulo, Brazil). Raw samples of CG were
collected in 2013 by the Biotechnology and Biodiversity Center Research–BIOTEC, Parnaíba, Brazil,
from the trunk of native cashew trees (A. occidentale L.) in Ilha Grande de Santa Isabel, Piauí, Brazil
(Latitude, decimal degrees S-2.8242; Longitude, decimal degrees W-41.7331). The tree was identified
and a voucher specimen, voucher number 52, was deposited at the HDELTA herbarium (Federal
University of Piauí, Parnaíba, Piauí, Brazil).

4.3. Extraction and Purification of Cashew Gum

The CG was purified with sodium salt, as previously described [60]. Bark free nodules were
selected and dissolved at a final concentration of 5% (w/v) in distilled water. The pH of the solution
was adjusted to approximately 7.0. The clear solution was successively filtered through sintered glass
and the heteropolysaccharide was precipitated with ethanol [61,62].

4.4. Induction of Experimental Intestinal Mucositis

The experimental intestinal mucositis model in Swiss Mice was induced as described by
Soares et al. [39]. The 5-FU (450 mg/kg) was given intraperitoneally (i.p) in a single dose on the
first day of the experimental protocol. Three days of treatment with CG were performed. The mice
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were pretreated daily with oral CG (30, 60, 90 mg/kg), 1h before the injection of 5- FU, after then the
same oral doses were performed once a day. After four days of treatment, the animals were euthanized
by ketamine (270 mg/kg) and xylazine (15 mg/kg) and the intestinal samples were collected. The body
weight of mice was measured daily before the treatment administered to confirm the experimental
model of intestinal mucositis induced by 5-FU. In this study, the mice was randomly allocated in
seven groups (n = 6): Saline (NaCl 0.9%), 5-FU (5-FU + NaCl 0.9%), CG 30 (5-FU + CG 30 mg/kg),
CG 60 (5-FU + CG 60 mg/kg), CG 90 (5-FU + CG 90 mg/kg), CLX (5-FU + celecoxib 7.5 mg/kg, i.p),
CLX + CG 90 (5-FU + celecoxib 7.5 mg/kg, i.p + CG 90 mg/kg). To investigate the participation of
COX-2 on the effects of treatment with CG during intestinal mucositis induced by 5-FU, COX-2 was
blocked by celecoxib in an independent experiment. The mice were treated with celecoxib and CG 90
in combination or alone for three days.

4.5. Histopathological and Morphometric Analysis

After euthanasia, duodenum samples were obtained and fixed in 10% formaldehyde for performing
the histopathological and morphometric analysis [63,64]. These samples were embedded in paraffin,
sectioned at 4 μm and stained with hematoxylin and eosin (H&E). A blinded and randomized
histopathological analysis was performed by an experienced histopathologist to assess the severity
of mucositis using a scores system [65], the tissues were ranging from 0 (absence of lesion/normal
histological findings) to 3 (maximum lesion degree), indicating shortened villi with vacuolized
cells, necrosis of crypts, intense infiltration of inflammatory cells, vacuolization and edema in the
mucosal layer and muscular layer with edema, vacuolization and neutrophil infiltrate. The effective
concentration of CG in the treatment of mucositis was determined following the histological analysis.

4.6. Leukocyte Count

Mice were anesthetized with a combination of anesthetics (xylazine 10m/kg and ketamine 80 mg/kg)
and, a peripheral blood sample was collected from the ocular artery, and was diluted in the liquid
of Turk at a ratio of 20 μL of blood to 380 μL of solution. The total leukocytes were counted using
a Neubauer chamber [66], and the results were expressed as a total number of leukocytes per mm3
of blood.

4.7. Dosage of Malondialdehyde (MDA)

The MDA is a product of lipid peroxidation frequently used as a marker of oxidative stress. Briefly,
the intestinal samples were homogenized (10%) with potassium phosphate buffer (1.15%). Then,
were added phosphoric acid (1%) and thiobarbituric acid (0.6%) to the homogenates and incubated at
(100 ◦C, for 45 min) followed by the addition of 1.5 mL n-butanol. The supernatant was obtained and
measured after centrifugation (5000 rpm, for 10 min). The results were expressed as nMol of MDA/mg
of tissue by 535 nm absorbance measure [67,68].

4.8. Concentration of Glutathione (GSH)

The concentration of GSH in the duodenal samples was performed according to the method
described by Sedlak and Lindsay [69]. The levels of nonprotein sulfhydryl groups (NPSH) were
determined from 50 to 100 mg of the intestinal mucosa of each animal. The tissues were homogenized
in 1 mL of 0.02M EDTA for each sample. Aliquots of 100 μL of the homogenate were mixed with
80 μL of distilled water and 20 μL of 50% trichloroacetic acid (TCA) for precipitation of proteins.
The tubes were centrifuged for 15 min at 3000 rpm at 4 ◦C. A total of 100 μL of the supernatant was
added to 200 μL of 0.4 M Tris buffer (pH 8.9) and 5 μL of 0.01 M 5,5-dithiobis-(2-nitrobenzoic acid)
(DTNB, Sigma Aldrich, St. Louis, Missouri, USA). The mixture was then homogenate for 3 min and the
absorbance was read at 412 nm. Results were expressed as micrograms of NPSH groups per milliliter
of homogenate (μg/mL).
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4.9. Myeloperoxidase Assay (MPO)

MPO activity was determined by the technique described by Bradley et al [70]. Briefly, the
duodenum segments (50–100 mg) were homogenized in 1 mL of potassium buffer containing 0.5%
hexadecyltrimethylammonium bromide (HTAB), then centrifuged (4000 rpm, 7 min, 4 ◦C). The MPO
activity was analyzed by measuring the absorbance at 450 nm using diisocyanate dihydrochloride
and 1% hydrogen peroxide in the resuspended pellet. The results were recorded as MPO units per
mg tissue.

4.10. Mast Cell Analysis

The paraffin blocks with duodenum samples were processed for toluidine blue staining to
identified mast cells, according to Michalany [71]. The slides were deparaffinized with xylene,
incubated for 3 min with toluidine blue solution (1 g of toluidine blue dissolved in 70% ethanol),
washed three times in distilled water, dehydrated, and mounted. The total number of mast cells were
counted manually, considering four specimens per group and ten fields per slide. The results were
expressed as the mean of 10 fields in each group.

4.11. Immunohistochemistry for the Detection of COX-2 and IL-1β

Duodenal sections were deparaffinized with oven insertion (60 ◦C) and three cycles of xylol
immersion for 5 min each. Then, the sections were rehydrated in decreasing alcohol concentrations (100,
90, 80 and 70%). The histological sections were then washed with distilled water for 10 min and the
antigenic recovery in citrate buffer (pH 7.0, DAKO®, Sao Paulo, Brazil) was carried out for 20 min in the
water bath (95 ◦C). The slides were then washed with phosphate-buffered saline solution (PBS) for 5 min
at room temperature. Following, endogenous peroxidase blockade with 3% hydrogen peroxide solution
(H2O2) was performed for 30 min. The sections were then incubated overnight with goat anti-COX-2
primary antibody (SantaCruz®, Dallas, TX, USA), and rabbit anti-IL-1β (SantaCruz®, Dallas, TX, USA)
diluted in antibody diluent (1:100) for 60 min, respectively. After the slides were washed with PBS
and incubated with rabbit IgG (GBI Labs®, Bothell, WA, USA) secondary antibody diluted (1:400)
for 30 min. For revelation, the sections were incubated with the streptavidin conjugated peroxidase
complex (ABC complex) for 30 min and chromogen 3,3′diaminobenzidine peroxide, DAB (DAKO®, Sao
Paulo, Brazil), followed by counterstaining with hematoxylin (DAKO®, Sao Paulo, Brazil), for 10 min.
Negative controls were processed simultaneously as described above, with the primary antibody
being replaced for antibody diluent. The procedures were performed in an automated manner using
Autostainer Plus (DAKO®, Sao Paulo, Brazil). To assess COX-2 immunostaining, quantification was
performed by immunolabelled cells with the aid of Image J software. For IL-1β immunostaining
images, quantification was performed by measuring the % immunolabelled area with the aid of Adobe
Photoshop 10. All images were captured with the aid of an optical microscope to the image acquisition
system (LEICA, Wetzlar, HE, Germany ).

4.12. Statistical Analysis

Quantitative results were expressed as mean ± standard error of the mean (SEM) and the
qualitative data (histological scores) were pointed scores and expressed by the median ±minimum and
maximum. The results with a parametric distribution were analyzed by Analysis of Variance (ANOVA)
followed by post hoc test Tuckey through the program GraphPad Prism version 6.0 (GraphPad
Software Inc., La Jolla, CA, USA). The data obtained from non-parametric distribution were analyzed
using Kruskal-Wallis test followed by Dunn’s (multiple comparisons). Values of p-value < 0.05 were
considered statistically significant.
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5. Conclusions

In summary, CG decreased inflammation, oxidative stress, and intestinal injury induced by 5-FU
in the duodenum. The effects of CG were found to be related to COX-2 pathway. The concomitant
administration of CG and CLX completely reverted COX-2 and IL-1β immunostaining markers
and intestinal injury induced by 5-FU. Thus, we suggest that CG has potential application in the
development of novel drugs against intestinal mucositis due to antineoplastic agents. Additionally, we
recommend further studies to elucidate the molecular mechanisms related to the effects of GC under
pro-inflammatory cytokines expression as well as other possible mechanisms of action involved in the
protective effect of CG on chemotherapy-induced intestinal mucositis.
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Abstract: The CYP17A1 gene regulates sex steroid biosynthesis in humans through 17α-hydroxylase/
17,20 lyase activities and is a target of anti-prostate cancer drug abiraterone. In a 46, XY patient
with female external genitalia, together with a loss of function mutation S441P, we identified a novel
missense mutation V366M at the catalytic center of CYP17A1 which preferentially impaired 17,20 lyase
activity. Kinetic experiments with bacterially expressed proteins revealed that V366M mutant enzyme
can bind and metabolize pregnenolone to 17OH-pregnenolone, but 17OH-pregnenolone binding
and conversion to dehydroepiandrosterone (DHEA) was impaired, explaining the patient’s steroid
profile. Abiraterone could not bind and inhibit the 17α-hydroxylase activity of the CYP17A1-V366M
mutant. Molecular dynamics (MD) simulations showed that V366M creates a “one-way valve”
and suggests a mechanism for dual activities of human CYP17A1 where, after the conversion of
pregnenolone to 17OH-pregnenolone, the product exits the active site and re-enters for conversion to
dehydroepiandrosterone. The V366M mutant also explained the effectiveness of the anti-prostate
cancer drug abiraterone as a potent inhibitor of CYP17A1 by binding tightly at the active site in the
WT enzyme. The V366M is the first human mutation to be described at the active site of CYP17A1
that causes isolated 17,20 lyase deficiency. Knowledge about the specificity of CYP17A1 activities is
of importance for the development of treatments for polycystic ovary syndrome and inhibitors for
prostate cancer therapy.

Keywords: P450c17; prostate cancer; abiraterone; steroidogenesis; androgens; dehydroepiandrosterone;
CYP17A1; cytochrome P450; anti-cancer drugs; DSD
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1. Introduction

The Cytochrome P450 proteins that are located in the endoplasmic reticulum are responsible for
the metabolism of xenobiotics, drugs and steroid hormones (Figure 1) and are part of the microsomal
mixed oxidase system [1–3]. Cytochrome P450c17 (CYP17A1) is required for the biosynthesis of steroid
hormones in all vertebrates. The CYP17A1 is the qualitative regulator of the biosynthesis of sex
steroid in humans (Figure 2) [4]. CYP17A1 catalyses multiple reactions in the steroid pathway [5–7];
chiefly among them, its 17α-hydroxylase activity is essential for the production of 17OH-pregnenolone
(17OH-PREG) and 17OH-progesterone (17OH-PROG) which are precursors of cortisol, and its 17,20
lyase activity is required for the generation of the precursor of sex steroids, dehydroepiandrosterone
(DHEA) (Figure 2). These two activities of the CYP17A1 determine the type of steroid hormone
synthesized in different cells and tissues; if the CYP17A1 is absent, mineralocorticoids are produced,
if only the 17α-hydroxylase activity of the CYP17A1 is present, glucocorticoids are made; and if both the
17α-hydroxylase and the 17,20 lyase activities of the CYP17A1 are present, sex steroid precursors are
generated [4]. Overproduction of androgens by the specific activation of CYP17A1-17,20 lyase activity
has been implicated in the pathogenesis of the polycystic ovary syndrome [4]. CYP17A1 is a target
for prostate cancer therapy by inhibitor abiraterone (Zytiga by Johnson & Johnson, New Brunswick,
USA) [8–12].

Figure 1. Schematic diagram of CYP17A1 and P450 oxidoreductase (POR) interaction in the membranes.
The nicotinamide adenine dinucleotide phosphate (NADPH) molecules bind to POR, which is
embedded into the membranes of endoplasmic reticulum and donate a pair of electrons, one at a
time, which are received by the FAD. Transfer of electrons to FAD creates a change in conformation of
POR, allowing the FAD and FMN groups to move towards each other, which facilitates the transfer
of electrons from FAD to FMN. The FMN domain of POR interacts with the CYP17A1 and transfers
electrons for catalytic activities.
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Figure 2. Steroid biosynthetic pathway. In humans, 17,20 lyase activity of CYP17A1 converts
17α-hydroxypregnenolone (17OH-PREG) to dehydroepiandrosterone (DHEA) but does not effectively
convert 17α-hydroxyprogesterone (17OH-PROG) to androstenedione. The DHEA is the precursor for
androgen production and (dihydrotestosterone) DHT is the potent form of androgen with higher affinity
towards androgen receptor (AR) than testosterone (T). The 17α-hydroxy position of 17OH-PREG is
highlighted in red to show the difference from PREG.

Similar to other microsomal P450 proteins, CYP17A1 also requires electrons supplied from reduced
nicotinamide adenine dinucleotide phosphate (NADPH) through cytochrome P450 oxidoreductase
(POR) (Figure 1) [2,13–16]. The 17,20 lyase activity of CYP17A1 is influenced by the presence of
cytochrome b5 (CYB5A) in specific locations in different cells and tissues and guides the steroid
hormone pathway in different directions [4] (Figure 2).

Along with CYB5A, higher molecular ratios of POR and phosphorylation of CYP17A1 also
influence 17,20 lyase activity [17–21]. Recently several X-ray crystal structures of solubilized human
CYP17A1 have been reported, but the structural basis of 17α-hydroxylase and 17,20, lyase activities
remains unknown [22–26]. Generally, the mutations that affect the steroid-binding domain of CYP17A1
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or disturb the interaction with P450 oxidoreductase (POR) for electron transfer, cause combined
17α-hydroxylase and 17,20 lyase deficiency, and are those more frequently found in humans [4,25].
Very few point mutations in CYP17A1 (R347C/H, R358Q) have been reported to cause isolated 17,20
lyase deficiency [27–30] (Table 1). These mutations are thought to interfere with CYB5A binding
and/or electron transfer from POR to CYP17A1 during the 17,20 lyase reaction.

Table 1. Reported cases of CYP17A1 mutations causing isolated 17,20 lyase deficiency [27–30].
The mutation E305G which was initially reported by Sherbet et al. [28] to cause isolated 17,20 lyase
deficiency, was later reported by Tiosano et al. [30] to also result in combined 17α-hydroxylase/17,20
lyase deficiency, similar to other common mutations in CYP17A1 [30].

17OH
Steroids

Basal

17OH
Steroids

Stimulated

Cortisol
Basal

Cortisol
Stimulated

Activities (% of WT) Ref

17OHase 17,20 lyase
Normal Hyperresponsive Normal Areactive 65 5 Geller 1997 [27]
Elevated Hyperresponsive Normal Areactive 65 5 Geller 1997 [27]
Slightly
elevated Not reactive Low normal Areactive van den Akker

2002 [29]

Normal Normal Low normal Areactive van den Akker
2002 [29]

Normal/Elevated Reactive Low normal Hyporeactive 60 0 van den Akker
2002 [29]

Normal/Elevated Reactive Low normal Hyporeactive 60 0 van den Akker
2002 [29]

Normal/Elevated Reactive Low Hyporeactive 100 0 Sherbet 2003 [28]
Normal/Elevated Normal Low normal Hyporeactive Tiosano 2008 [30]
Normal/Elevated Normal Low normal Hyporeactive Tiosano 2008 [30]
Normal/Elevated Normal Low normal Hyporeactive Tiosano 2008 [30]
Normal/Elevated Normal Low normal Hyporeactive Tiosano 2008 [30]
Normal/Elevated Normal Low normal Hyporeactive Tiosano 2008 [30]
Normal/Elevated Normal Low normal Hyporeactive Tiosano 2008 [30]
Normal/low Hyporeactive Low normal Areactive 43 0/0 This report

Lack of 17α-hydroxylase activity of CYP17A1 results in a compensatory overproduction of
corticosterone and deoxycorticosterone with a weak glucocorticoid and significant mineralocorticoid
action, which results in severe hypertension and hypokalemia. On the other hand, the 17,20 lyase
deficiency results in a lack of sex steroids, leading to the 46, XY disorder of sexual development
(DSD) with severe undervirilization in the “male” newborn, and deficient pubertal development and
fertility in both sexes [4]. Previously, we have reported that disturbing the interaction of CYP17A1
with P450 oxidoreductase (POR) for electron transfer causes combined 17α-hydroxylase and 17,20
lyase deficiency [2,14,16,31–34]. Mutations identified on the surface of CYP17A1 (R347C/H, R358Q)
have been proposed to diminish the interaction with POR but could not explain the mechanism of
their specific effect on 17,20 lyase activity [27,35].

Recently we have shown that in the earliest reported cases of apparent isolated 17,20 lyase
deficiency, that were based solely on hormonal and morphological findings and without genetic
analysis, the CYP17A1 and POR genes were actually normal and mutations in AKR1C2 and AKR1C4
were found to cause a similar phenotype [36–38]. In the current report, we are describing a novel active
site mutation in CYP17A1 that specifically abolishes the 17,20 lyase activity.
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2. Results

2.1. Case Report and Genetic Analysis of the Patient

The patient was born at term, with normal female external genitalia, after a normal spontaneous
pregnancy, whereas an older sister was the product of an insemination with donor semen to avoid
retinitis pigmentosa carried by the father’s family. At 2 months of age, the patient was operated
for a right inguinal hernia. No female internal sex organs were found and karyotype was 46,
XY. During the procedure, a gonad was detected and biopsied showing to be a testis (Figure 3).
Electrolytes were normal and baseline hormone values at 3 months of age revealed moderately elevated
ACTH, highly elevated PROG, normal/low 17OH-PREG, 17OH-PROG, 11-deoxycortisol and cortisol,
undetectable androstenedione (Δ4A) and normal DHEA-S and Testosterone for female sex (Table 2).
At the age of 5 months a human chorionic gonadotropin (hCG) test (500 IU/d × 3) was performed
which showed no increase of Δ4A and T upon stimulation (Table 2). At 20 months of age an ACTH
test (Synacthen®) revealed a moderately elevated baseline ACTH and a normal baseline plasma renin
activity (PRA), Prog was highly elevated and further increased upon stimulation, whereas baseline
17OH-PREG, 17OH-PROG, cortisol, 11-deoxycortisol, and aldosterone were normal/low, and did
not increase after stimulation (Table 2). Baseline DHEA-S and baseline and stimulated Δ4A were
undetectable. Because of female phenotype and obvious biochemical lack of androgens, female sex of
rearing was confirmed and a gonadectomy was performed at the age of 20 months. Testes morphology
showed abnormal findings similar to those found in androgen-insensitive patients (Figure 4a). Blood
pressure (BP) control was recommended as a precautionary measure while hydrocortisone replacement
therapy was postponed depending on follow-up. BP controls revealed normal values. Baseline BP
controls revealed normal values up to 11 years of age as well a 24-h ambulatory BP monitoring
performed at 8 years of age (baseline and at the end of 3 months of therapy with hydrocortisone:
6 mg/m2 in 3 daily doses).

Initial genetic analysis of the genes for AR and SRD5A2 were normal [39,40] and hormonal findings
suggested partial 17α-hydroxylase and complete 17,20 lyase deficiencies (Table 2). The CYP17A1 gene
was analyzed and compound heterozygous point mutations c.1096G > A (V366M) and c.1321T > C
(S441P) in exons 6 and 8 were identified (Figure 4b). The healthy fertile mother was found to carry the
V366M mutation, a residue which is highly conserved across species (Figure 4c), while the father was
normal. Therefore, CYP17A1 S441P might be a de novo mutation in the patient although paternity
testing was not performed. The mutations in the patient are likely to be on different alleles as even
total disruption of one copy of CYP17A1 does not result in disease. As both CYP17A1 mutations
have not been described previously, and as our patient presented with a very rare phenotype of
apparent isolated 17,20 lyase deficiency, we performed further investigations to characterize these
novel mutations.
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Figure 3. Genetic characterization and testis histology of the 46, XY disorder of sexual development
(DSD) patient with a female phenotype. (a) Histopathologic studies revealed that both gonads consisted
of atrophic and immature seminiferous tubules which were filled almost exclusively with pre-Sertoli
cells. The fertility index was 5% with abortive and fetal type spermatogonia (i–iv); iii. in some areas,
the tubules formed lobule-like structures similar to pseudo-hamartomas surrounded by collagen
fibrous tissue; iv. nests of fibroblastic pre-Leydig cells were found in the interstitium. Albuginea and
epidydimus were unremarkable. H/E-hematoxylin-eosin stain. (b) Family tree and electropherograms
showing the index patient, the parents and the half-sister. Both, the patient and mother harbored
the heterozygote c.1096G > A (p.Val366Met) mutation in exon 6, while the heterozygote c.1321T > C
(p.Ser441Pro) mutation in exon 8 was only present in the patient. The father and the half-sister were
both non-carriers of either mutation. (c) Alignment of human CYP17A1 amino acid sequence with a
range of CYP17A1 proteins from other species found in the Universal Protein Knowledgebase (UniProt)
database. The Valine 366 residue is highly conserved in all species studied.

128



Pharmaceuticals 2018, 11, 37

T
a

b
le

2
.

La
bo

ra
to

ry
fin

di
ng

s
in

ou
r

pa
ti

en
th

ar
bo

ri
ng

co
m

po
un

d
he

te
ro

zy
go

te
C

Y
P1

7A
1

m
ut

at
io

ns
.

A
g

e
3

M
o

n
th

s
5

M
o

n
th

s
2

0
M

o
n

th
s

5
Y

e
a

rs
6

.5
Y

e
a

rs

P
a

ra
m

e
te

r
U

n
it

B
a

sa
l

N
or

m
al

R
an

ge
h

C
G

T
e

st
(5

0
0

IU
/d

×
3

)
N

or
m

al
R

an
ge

B
a

sa
l

N
or

m
al

R
an

ge
A

C
T

H
-S

ti
m

u
la

te
d

B
a

sa
l

B
a

sa
l

N
or

m
al

R
an

ge
So

di
um

m
Eq

/L
14

0
13

6–
14

5
-

14
1

13
6–

14
5

-
14

4
13

6–
14

5
Po

ta
ss

iu
m

m
Eq

/L
4.

0
3.

5–
5.

1
-

4.
6

3.
5–

5.
1

-
4.

7
3.

5–
5.

1
A

C
TH

pg
/m

L
81

9–
50

82
9–

50
66

9–
50

-
62

46
9–

50
Pr

og
es

te
ro

ne
ng

/d
L

22
2

5–
80

-
25

1
10

–5
0

42
5

52
2

33
9

10
–5

0
17

O
H

Pr
eg

ng
/d

L
13

2
60

–8
30

27
60

–8
30

13
10

–5
0

-
-

-
17

O
H

Pr
og

ng
/d

L
30

0
40

–4
60

40
40

–4
60

29
19

–1
59

35
11

0
80

10
–4

70
D

H
EA

-S
μ

g/
dL

<5
5–

62
<5

5–
62

<5
5–

19
0

-
<5

<5
5–

95
11

-D
eo

xy
co

rt
is

ol
ng

/d
L

11
00

14
50

±
79

0
20

0
14

50
±

79
0

14
0

18
6
±

11
6

-
87

-
20

5
±

10
8

C
or

ti
so

l
μ

g/
dL

3.
7

4.
3–

22
.2

8.
6

4.
3–

22
.2

8.
9

4.
3–

22
.2

7.
8

7.
1

4.
1

4.
3–

22
.4

Δ
4A

ng
/d

L
<3

0
63

±
39

<3
63

±
39

<3
0

30
–3

30
<3

0
-

<3
0

30
–3

30
Te

st
os

te
ro

ne
ng

/d
L

7
14

0
±

13
2

<4
14

0
±

13
2

28
15

–3
0

16
-

-
LH

IU
/L

-
-

0.
3

0.
2–

1.
0

-
<0

.0
7

-
0.

2–
1.

0
FS

H
IU

/L
-

-
9

0.
4–

2.
0

-
4.

3
-

0.
4–

2.
0

PR
A

ng
/m

L/
h

-
-

1.
8

0.
6–

21
.3

-
-

0.
1

0.
3–

6.
4

A
ld

os
te

ro
ne

ng
/d

L
-

-
12

.1
14

–1
14

11
.5

6.
2

9–
66

129



Pharmaceuticals 2018, 11, 37

Figure 4. Urine steroid profile of the patient, heterozygote mother, father, and sister.
The steroid analysis was performed on 24 h urine samples by GC/MS. Note the lack
of androgens (ETIO, ANDRO) and the relative increase in corticosterone metabolites
(THA, THB, 5α-THB) in the steroid profile of the patient compared to mother and father.
THA—tetrahydro-11-dehydrocorticosterone; THB—tetrahydro corticosterone; 5a-THB-5α-tetrahydro
corticosterone; THE—tetrahydrocortisone; THF—tetrahydrocortisol; 5a-THF-5α-tetrahydrocortisol;
ETIO—etiocholanolone; ANDRO—androsterone; SS (ISTD)—internal standard.

2.2. Steroid Analysis

Urine steroid profiling of the patient revealed almost complete loss of androgen metabolites,
low-normal cortisol and elevated corticosterone metabolites (Figure 5), suggesting partial
17α-hydroxylase and complete 17,20 lyase deficiency. All other family members had normal steroid
profiles (Figure 4).

2.3. Loss of 17,20 Lyase Activity of CYP17A1 by the V366M Mutation

To investigate the molecular basis of these mutations we produced both mutant and the wild-type
CYP17A1 proteins and performed enzyme kinetic assays (Table 3).

Comparison of mutant and wild-type proteins revealed that both mutations V366M and S441P
affected CYP17A1 enzyme activities and therefore qualified as disease-causing mutations. The S441P
mutation was found to cause a complete loss of both 17α-hydroxylase and 17,20 lyase activities of
CYP17A1. Structural analysis of the S441P mutation indicated that heme binding may be affected
(Figure 5), and quantification of heme in the S441P mutant revealed that it contained less than 5% of
heme compared to the wild-type enzyme (Table 4).

The CYP17A1-V366M protein retained >40% of WT activity in the 17α-hydroxylase assay but
had no activity in the 17,20 lyase assay using 17OH-PREG as substrate (Table 3). Therefore, S441P is
a loss-of-function CYP17A1 mutation whereas V366M qualifies as a rare mutation predominantly
affecting CYP17A1-17,20 lyase activity in vitro. Therefore, the S441P mutation effectively created
a non-functional allele and allowed us to explore the specific effects of the V366M mutation in
greater detail.
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Figure 5. Location of S441P mutation in CYP17A1 structure showing the affected amino acids.
The cysteine 442 is shown in yellow, serine 441 is in magenta and arginine 440 is in cyan. Both the
cysteine 442 and arginine 440 are required for heme binding and the serine 441 to proline mutation
creates a bend in the loop containing the cysteine 442 and arginine 440 residues, resulting in loss of
heme binding that leads to an inactive enzyme.

Table 3. Kinetic parameters for the metabolism of PROG to 17OH-PROG (17hydroxylation) and
17OH-PREG to DHEA (17,20 lyase reaction) by WT and V366M mutant of CYP17A1.

CYP17A1 Variant
17α-Hydroxylase

PROG to 17OH-PROG
17,20 Lyase17

OH-PREG to DHEA

Km (μM) Vmax (min−1) Cat Eff (%) Km (μM) Vmax (min−1)

WT 6.1 ± 0.7 0.71 100 0.92 ± 0.07 0.025 ± 0.004
V366M 8.4 ± 0.9 0.42 43 - -
S441P - - - - -

Table 4. Heme content of proteins used in assays.

Protein Preparation Heme Content (nnol/nmol of Protein)

CYP17A1 WT 0.93
CYP17A1_V366M 0.95
CYP17A1-S441P <0.05

CYB5A 1.0

2.4. The 17OH-PREG is Not an Effective Inhibitor of 17α-Hydroxylase Reaction by the V366M Mutant

For the human CYP17A1, PREG, 17OH-PREG, and PROG are all very good substrates and,
therefore, are expected to compete for the binding to CYP17A1 when more than one substrate is present
at the same time. To test if there is a difference between the WT versus the V366M mutant of CYP17A1,
we used 17OH-PREG as an inhibitor for the 17α-hydroxylase reaction of CYP17A1 using radiolabeled
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[3H]PROG as substrate. For the WT CYP17A1, 17OH-PREG inhibited the 17α-hydroxylation of PROG
with an observed IC50 value of 1.7 μM (Table 5).

Table 5. Binding and inhibition studies of WT and the V366M mutant of CYP17A1.

CYP17A1_WT CYP17A1_V366M

Binding studies Kd (nM) Kd (nM)

Binding of PROG 163 ± 29 287 ± 35
Binding of PREG 62 ± 17 92 ± 15

Binding of 17OH-PREG 142 ± 38 -
Binding of Abiraterone 85 ± 23 -

Inhibition studies IC50 (μM) IC50 (μM)

Inhibition of PROG
17α-hydroxylation by Abiraterone 0.04 ± 0.01 -

Inhibition of PROG
17α-hydroxylation by 17OH-PREG 1.7 ± 0.2 -

Inhibition of PROG
17α-hydroxylation by PREG 0.9 ± 0.15 1.4 ± 0.2

For the V366M mutant of CYP17A1, no inhibition of the 17α-hydroxylation of PROG was observed
by 17OH-PREG within the range of concentration used in the assay (0–100 μM). These results indicated
difficulty in the binding of 17OH-PREG to the V366M mutant of CYP17A1. By contrast, when PREG
was used as an inhibitor in the 17α-hydroxylation reaction catalyzed by CYP17A1 using PROG as a
substrate, both the WT as well as V366M mutant enzymes were inhibited with apparent IC50 values
of 0.9 μM for the WT enzyme versus 1.4 μM for the V366M mutant (Table 5). This suggests that both
PREG and PROG can bind and be metabolized by the V366M variant of CYP17A1 but 17OH-PREG
could not be used as a substrate by the mutant enzyme.

2.5. Computational Structural Analysis by Molecular Dynamics

We used the recently solved crystal structures of the human CYP17A1 [22,23] to make in-silico
mutations and analyzed the changes through molecular dynamics (MD) simulations. In the CYP17A1
crystal structure, the active site for the binding of steroids is characterized by the positioning of residues
V366, N202 and E305 (Figure 6). This led us to hypothesize that the specific space requirements exist
for correct positioning of 17α-hydroxysteroids. The larger side chain of methionine in the V366M
mutant protruded into the active site of CYP17A1 (Figure 7). Interestingly the shape of the protruding
side chain of methionine 366 indicated that it might restrict the movement of steroids only in one
direction, allowing the 17-hydroxy-steroids to leave the active site by the flexibility of movement in
one direction, but creating a strong steric hindrance in the path of incoming steroids.

One of the most intriguing questions about CYP17A1 activities has been whether the
17α-hydroxysteroid can stay in the catalytic site and be metabolized again to androgen precursors,
or whether the product of 17α-hydroxylase reaction leaves the active site and re-enters for the second
reaction (Figure 7a). The one-way valve created by V366M mutation provides some answers to this
question for the human CYP17A1. The presence of 17α-hydroxylase activity in the V366M variant
suggested that PREG can get into the active site and be converted to 17OH-PREG (Figure 7b). If the
17OH-PREG was not able to leave the active site, it would have created an irreversible inhibition and the
enzyme would have been unable to carry out further reactions. However, the 17α-hydroxylase reaction
progressed (Figure 4 and Table 3), indicating that 17OH-PREG can exit the active site. Furthermore,
if the 17OH-PREG could be converted without exiting the active site, then DHEA formation should
have been observed as in case of the wild-type enzyme.
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Figure 6. Comparison of novel V366M mutation with the previously reported isolated CYP17A1-17,20
lyase mutations. Only three other residues in CYP17A1 have been reported to be mutated in patients
with isolated 17,20 lyase deficiency. The R347 and R358 are at the redox partner binding sites and their
mutations may interfere with binding of POR and /or cytochrome b5. The E305 residue at the active
site is important for orientation of the substrate and its mutation has been shown to alter substrate
specificity and lead to a preference for progesterone as the more efficient substrate. The V366 is located
exactly at the active site of the CYP17A1.

However, DHEA was absent in both the in vitro enzyme reactions of the V366M mutant of
CYP17A1 (Table 3) as well as in the urine of the patient (Figure 4), clearly indicating that 17OH-PREG
must exit the active site after the 17α-hydroxylase reaction. If the problem was with the exit of DHEA,
then that would also have created an irreversible inhibition by blocking the active site with one
molecule of DHEA per unit of enzyme and further enzymatic activity would have come to a halt,
but that was clearly not the case from the in vitro enzyme analysis as well as the patient’s urine steroid
profile (Figure 4 and Table 3). In the case of bovine CYP17A1, about 20% of pregnenolone consumed
in the reaction could be converted to DHEA without exiting the active site [41]. When PROG was
used as a substrate, compared to 17OH-PREG the dissociation of 17OH-PROG was 10 times faster.
The release of the intermediate reaction was much faster than 17,20 lyase reaction and that prevented
the direct formation of androstenedione from PROG. There are significant differences in activities of
CYP17A1 between different species and the human enzyme has a very poor affinity for 17OH-PROG
as substrate [25,42,43].

To further study this mechanism, we employed molecular dynamics simulations for the analysis
of steroid binding in the active site of wild-type and the V366M mutant of CYP17A1. This was
confirmed by the ensemble docking experiments which (for wild-type protein) yielded ligand poses
in close proximity to the heme and highly resembling the co-crystallized abiraterone in the CYP17A1
(PDB: 3RUK) structure [22]. The validity of our docking protocol was supported by a set of additional
CYP17A1 crystal structures containing all the ligands of interest (PDB codes: 4NKW, 4NKX, 4NKY,
and 4NKZ) in very similar poses enabling hydrogen-bonding to a distal N202 residue for PROG/PREG
but not for 17OH-PREG [23]. Based on these observations, we hypothesized that the methionine
side-chain could prevent a closer proximity to the heme iron necessary for the substrates undergoing
lyase reaction [23,24]. To check this, we performed an additional pair of simulations with 17OH-PREG
docked into the wild-type and mutant binding sites. Thus, we could indeed measure that the average
distance between the ligand C17 atom and the heme iron differed in these systems (4.4 Å for wild-type
and 6.3 Å for V366M mutant) (Figure 8c,d). While these results cannot be compared directly to the
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crystal structure of CYP17A1 with 17OH-PREG (PDB code 4NKZ; the O17-Fe distance between 3.4
and 3.9 Å depending on the chain), this hypothesis is well in line with all our experimental data and
recently reported structures of human CYP17A1 in complexes with steroid substrates. In addition,
the simulations, as well as the docking to the mutant protein, provided a possible explanation for the
decreased reaction rates of the pregnenolone hydroxylation. Specifically, these structures (Figure 7b,d,f)
hinted at an electrostatic interaction between the methionine methyl group (positively polarized by
the preceding sulfur atom) and the negatively-charged carboxylate found in all ligands we studied.
We propose that this added interaction slows down ligand dissociation/exit and thus slows down
the reaction. Our MD simulation and docking results agree with greatly reduced Vmax but only
marginally increased Km of both the wild-type and V366M mutant of CYP17A1 for the PROG (Table 3),
indicating that binding of PREG and PROG is not affected but the exit of the 17α-hydroxy steroid from
the active site may be slower in the V366M variant.

2.6. Substrate- and Inhibitor-Binding Analysis

Abiraterone bound to the WT CYP17A1 with a Kd value of 95 nM and showed the typical soret
peak at 427 nm, indicative of nitrogen co-ordination with heme iron (Table 5). However, in case of the
V366M mutant of CYP17A1, this binding pattern was not observed. To test the integrity of the protein,
we used imidazole to check the binding and found that imidazole itself could bind to the V366M
mutant. This confirmed our hypothesis that the introduction of the bulky methionine to replace the
valine at position 366 creates steric hindrance and perturbs the binding pattern of drugs and steroids.
These results also point to structural considerations for future inhibitor development which may utilize
the spatial arrangement of binding-site residues to design tight-fitting inhibitors. Progesterone bound
with slightly decreased affinity to the V366M mutant (Kd 287 nM compared to 162 nM for the WT
enzyme). Binding of 17OH-PREG was not observed for the V366M mutation and explained the lack of
17,20 lyase activity, while for the WT CYP17A1 a Kd value 142 nM was observed. It is possible that
some apparent binding of 17OH-PREG may occur at exceedingly high, non-physiological levels due
to the nature of the structural hindrance from the V366M mutation which is at the very end of the
binding site and close to the heme iron and water molecules that occupy the binding pocket.

Since the spectral binding of steroid substrates to CYP17A1 is observed by the replacement of
water molecules at the active site, it is possible for some apparent binding to emerge from titration
studies using very high enzyme and substrate concentrations, but due to unfavorable binding poses
and distances, as revealed by further computational structure analysis, such apparent binding is not
likely to result in an enzyme-substrate complex that can lead to product (DHEA) formation. This is
further evidenced by lack of inhibition by 17OH-PREG in the 17hydroxylation reaction using PROG as
substrate. In the case of inhibitor abiraterone, which needs to form an iron-nitrogen co-ordination and
gets much closer to heme iron than steroid substrates (2.9 Å compared to 4.4–4.8 Å) (Figures 8 and S1),
no binding was observed. Taken together these data indicate a steric hindrance for the binding of
17OH-PREG which may result in poor interaction with the enzyme and loss of 17,20 lyase activity.
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Figure 7. Structure analysis of the V366M mutation. (a) Binding of pregnenolone in CYP17A1 active
site. Pregnenolone binds perpendicular to heme and is converted to 17OH-PREG. (b) Binding of
pregnenolone to V366M variant of CYP17A1. Pregnenolone can still bind to V366M variant and is
metabolized to 17OH-PREG. The side chain of methionine 366 in the mutant structure protrudes into
the active site but still allows 17OH-PREG to exit. This is likely to slow down the reaction velocity
of the 17α-hydroxylase reaction, which was confirmed by enzyme kinetic experiments (Table 1).
(c) Binding of 17OH-PREG to WT CYP17A1. (d) Docking of 17OH-PREG to V366M variant of CYP17A1.
The 17OH-PREG could not bind in the proximity to heme and distances between the heme iron and C17
atom increased for the mutant enzyme (6.3 Å in the mutant vs. 4.4 Å for the WT enzyme). Increased
iron-C17 distances are observed together with N202-O3 interactions which are considered undesirable
for optimal binding of 17hydroxy steroids for 17,20 lyase reaction. The methionine 366 side chain in
the mutant protein blocks the entry of 17α-hydroxy steroid into the active site, resulting in loss of 17,20
lyase activity. (e,f) Comparison of WT and V366M variant of CYP17A1 binding to PROG.
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Figure 8. Comparison of abiraterone interaction with the WT and V366M variant of CYP17A1. (a) In the
WT CYP17A1 abiraterone binds by forming a nitrogen-iron co-ordination (2.9 Å) with the central heme.
(b–d) Different poses of abiraterone seen during docking into the V366M mutant of CYP17A1. In the
V366M mutant, the methionine side chain prevents the binding of abiraterone and increased distances
between the C17 atom and heme iron are observed together with binding poses that are different from
the WT.

2.7. Mechanism of Steroid/Abiraterone Binding and Action in Relation to the V366M Mutation

Docking was performed with all ligands to WT as well as the V366M mutant of CYP17A1. Thr306
is reported to be a vital residue for the hydroxylation reaction (part of an alcohol pair donating protons).
It is also very close to the heme and, like residue 366, is near the bound ligands. Asn202 is reported to
interact with the distal side of the molecules. It is at the end of the cavity formed around the bound
steroids/abiraterone (Figure 6) and most likely one of the residues inside the access channel. Ensemble
docking of all relevant ligands implies that docking poses mimic the co-crystallized abiraterone
(CH3 groups to the left when looking from the direction of residue 366) and allow interaction with the
residue 202 highlighted in recent structures of human CYP17A1 (Figures 8 and 9) [23].
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Figure 9. Comparison of PROG and 17OH-PREG bound in crystal structures of human CYP17A1 with
the docked steroids into the V366M mutant. (a,b) PROG is found to bind similarly to WT as well as the
mutant enzyme. (c,d) Mutation of V366 to M leads to non-optimal interactions with the N202 group in
the V366M mutant compared to WT where this interaction is absent in poses which have 17OH-PREG
close to the heme.

The pose from which 17α-hydroxy steroid leaves the site (after being formed) may differ from
the one it assumes upon coming back. There are also possible differences between 17OH-PREG and
PROG/PREG binding (Figures 7 and 9). Angular analysis of apo and relaxation V366M simulations
imply that the methionine moves around a single conformation (chi2 and 3 angles roughly in 20-degree
windows—a good match to the rotamers reported by http://www.dynameomics.org). It seems
most likely that the CH3 group is involved in steric effects. The sulfur group in methionine may
further polarize it, enhancing interaction with the carboxylate of 17α-hydroxy steroids. In some MD
poses the methionine could be seen moving away from the heme, indicating it has conformational
flexibility and in the presence of the metabolized PREG/PROG the 17α-hydroxylated ligand may exit
without excessive hindrance. The reduced velocity of the PROG to 17OH-PROG reaction indicates
that there could be an interaction between the carboxylate and the (likely-polarized) CH3 group of
the methionine, which may slow down the exit of the product. Some other differences in the binding
pattern were observed, like the involvement of Arg239 in the interaction of PROG with the V366M
variant which may create bottlenecks during the exit of the product. Computationally calculated
binding constants and binding energy calculations also supported the experimental results of reduced
binding affinities for 17OH-PREG and abiraterone for the V366M mutant (Table 6). All this implies a
general steric hindrance by the bigger residue (methionine vs. valine).
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Table 6. Computational binding energy, computationally calculated dissociation constants, and
interacting residues for steroid substrates and abiraterone with WT and the V366M mutant of CYP17A1.
Key residues identified in different studies are shown in bold.

CYP17A1 Protein
Binding Energy

(kcal/mol)
Dissociation

Constant (nM)
Contacting Residues

WT with Prog 10.6 14.66
ALA113 PHE114 ASN202 ILE205 ILE206 LEU209

ARG239 GLY297 ASP298 GLY301 ALA302
THR306 ALA367 ILE371 VAL482 VAL483 HEME

M366 with Prog 9.75 43.71

ALA113 PHE114 ASN202 ILE205 ILE206 LEU209
ARG239 GLY297 ASP298 GLY301 ALA302
THR306 MET366 ALA367 ILE371 VAL482

VAL483 HEME

WT with Preg 10.7 13.29

ALA105 ALA113 PHE114 ILE205 ILE206 LEU209
VAL236 ARG239 GLY297 ASP298 GLY301
ALA302 GLU305 THR306 VAL366 ILE371

VAL482 VAL483 HEME

M366 with Preg 10.3 27.11

ALA105 SER106 ALA113 PHE114 ILE205 ILE206
LEU209 VAL236 ARG239 GLY297 ASP298
GLY301 ALA302 THR306 MET366 ILE371

VAL482 VAL483 HEME

WT with
17OH-Preg 11.3 5.22

ALA113 PHE114 TYR201 ASN202 ILE205 ILE206
LEU209 LEU214 ARG239 GLY297 ASP298
GLY301 ALA302 THR306 VAL366 ALA367

ILE371 VAL482 VAL483 HEME

M366 with
17OH-Preg 7.0 60.4

ALA113 PHE114 TYR201 ASN202 ILE205 ILE206
LEU209 ARG239 GLY297 ASP298 GLY301

ALA302 GLU305 THR306 MET366 ALA367
ILE371 VAL482 VAL483

WT with
Abiraterone 12.5 0.69

ALA113 PHE114 TYR201 ASN202 ILE205 ILE206
LEU209 ARG239 GLY297 ASP298 GLY301

ALA302 GLU305 THR306 VAL366 ALA367
LEU370 ILE371 VAL482 VAL483 HEME

V366 with
Abiraterone 8.1 1112.9

ALA105 SER106 ASN107 ALA113 PHE114
TYR201 ILE205 ILE206 LEU209 ARG239 THR294

GLY297 ASP298 GLY301 ALA302 THR306
MET366 ILE371 VAL482 VAL483

Given the information from crystal structure of human CYP17A1 with abiraterone (nitrogen
at 2.9 Å from the heme iron) (Figure 8), this implies that PREG either does not have to get this
close to the heme or can accesses it from a different angle and is hence relatively unimpaired by the
methionine. Recent structures of the human CYP17A1 bound with different steroid substrates confirm
this hypothesis and show that 17OH-PREG binds much closer to the heme iron than PROG or PREG
(Figures 7 and 9) [23,24]. For the 17OH-PREG we observed the existence of poses with the hydroxyl
positioned very close to the CH3 of the methionine, indicating the bulky methionine residue could be
preventing the ligand from getting close enough to the heme (Figures 7d and S2).

In addition, we also observed shorter distances suitable for hydrogen bonds with N202 and R239
groups and 17OH-PREG in the docking poses of V366M mutant (2.6 Å compared to 4.4 Å for the WT)
(Figures 7d and S2, Table 6); it has been proposed that these interactions are required for PROG/PREG
but are considered suboptimal for 17,20 lyase reaction and are found together with increased distances
of C17 in 17α-hydroxy steroid substrate and the heme iron. Increased distances between the C17 of
17OH-PREG/Abiraterone and the heme iron, together with the extra/undesired interactions with
N202/R239, were consistently observed in our simulations (Figures 7c, 8 S1 and S2).
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It is more likely that the ligands cannot get into the binding site rather than have too much
difficulty in leaving it since that would block the active site and prevent the 17α-hydroxylation
reaction from occurring (which is not severely affected as observed by enzymatic analysis as well
as the urine steroid profile of the patient). Also, DHEA is the smallest of all steroids involved,
making it the most likely to leave, so it is the entry of 17OH-PREG into the active site that is likely
to be impaired. Many different poses of abiraterone and 17OH-PREG were observed for the V366M
mutant which illustrates the non-optimal binding pattern for the mutant enzyme (Figures 8 and S2).
The inhibitor abiraterone (similar scaffold but bigger than the steroid substrates) also has trouble
binding (Figures 8 and S1, Table 5) and does not act as an inhibitor for the 17α-hydroxylation reaction
catalyzed by the V366M mutant of CYP17A1 (Table 5).

3. Discussion

Among the previously reported mutations causing isolated 17,20 lyase deficiency, the R347C,
R347H and R358Q are located on the redox partner binding site (Figure 6) and seem to act by
altering the interaction with POR. Generally, a defect in redox partner or loss of interaction with
redox partner affects all cytochrome P450 activities in the endoplasmic reticulum as well as in
mitochondria [31,36,44–48]. In the case of R347H and R358Q mutations in CYP17A1, why this loss of
interaction with POR affects the 17,20 lyase activity in a more severe fashion than the 17α-hydroxylase
activity is not clear, since both activities of CYP17A1 require electrons supplied by NADPH through
POR for their catalytic function [49]. The only other mutation in CYP17A1 that had been reported
to selectively impair the 17,20 lyase activity is E305G which is part of the substrate access channel of
CYP17A1 (Figures 6 and 8) [28,30]. The E305G mutation had been reported to affect the binding of
17α-hydroxy steroids while showing even higher than normal 17α-hydroxylase activities [28]; however
a later analysis of the patient’s steroid metabolic profile [30] showed that 17α-hydroxylase activity was
also impaired, contradicting the earlier claims of isolated 17,20 lyase deficiency [30]. A more efficient
coupling with POR and efficient use of NADPH have recently been proposed to favor the 17,20 lyase
reaction [49]. Multiple potential mechanisms for the selectivity of the 17,20 lyase reaction have been
proposed in recent works from different laboratories [23,26,49–53].

The V366M is an active site mutation in CYP17A1 that not only preferentially targets 17,20 lyase
activity but also provides insights into the structural basis of the 17,20 lyase reaction, the key regulator
of sex steroid biosynthesis in humans (Figures 2 and 7). The specificity of the human CYP17A1 active
site allows the binding of PREG and its 17hydroxy metabolite (17OH-PREG) to bind in different
conformations and exit the active site after the reactions (Figure 7a,c), and the mutation of valine
366 to methionine alters the active site and hinders the binding of 17α-hydroxy-steroids (Figure 8d).
The V366M mutant also explains the effectiveness of the anti-prostate-cancer drug abiraterone as a
potent inhibitor of CYP17A1. Abiraterone fills the active site of CYP17A1 (Figures 8 and S1) and
becomes irreversibly bound to the enzyme (Supplementary Figure S1c), stopping any further substrate
binding and activity [22]. This location of V366 at the catalytic center provides a structural basis for
improving and designing novel and specific CYP17A1 inhibitors by targeting spatial selectivity of the
active site with imidazole or other suitable chemical moieties added to core steroid structures.

Structural modifications based on the above information may help in designing more specific
and potent inhibitors directed only towards the 17,20 lyase activity of CYP17A1 that could produce
tighter binding at the active site. The 17,20 lyase-specific inhibitors will have advantages over current
compounds that target both the 17α-hydroxylase and the 17,20 lyase activities of CYP17A1 and require
steroid supplementation [12,54–58]. The mechanistic and structural insights revealed by these studies
will help in the development of better drugs against polycystic ovary syndrome and prostate cancer.
These findings will also improve our understanding of the structural basis of the dual function of
CYP17A1 as both a 17α-hydroxylase and 17,20 lyase, and the role of these activities in the regulation
of steroid hormone production in different tissues.
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4. Materials and Methods

4.1. Human Subjects

All clinical investigations were carried out following the Declaration of Helsinki principles.
Written informed consent was received from the parents for genetic work-up of 46, XY DSD in their
child in the pediatric endocrinology research laboratory in Barcelona which holds ethical approval for
these studies.

4.2. Genetic Analysis

DNA was extracted from the peripheral blood leucocytes of the patient. Genetic analysis of
the androgen receptor gene (AR) and for the 5αreductase type 2 gene (SRD5A2) were performed as
described [39,40], yielding normal results. The CYP17A1 gene was analyzed as reported [59] and
identified sequence variations were compared to National Center for Biotechnology Information
(NCBI, Bethesda, USA) entry NG_007955.1 (GI:189339218). The CYP17A1 gene was subsequently also
analyzed in the parents and the older half-sister, and one mutation was found in the mother. Since the
second mutation is a completely inactivating mutation, its presence on a different allele was inferred
(as the presence of both mutations on one allele will give a good working copy of the CYP17A1 gene,
and that does not cause disease).

4.3. Steroid Profiling from 24-h Urine Samples

Steroid metabolites in urine were measured by the gas chromatography-mass spectrometry
(GC/MS) method as described previously [60,61].

4.4. Recombinant Protein Expression

Human wild-type and mutant CYP17A1 proteins were produced in an E. coli expression system
and purified for enzyme kinetic assays [15,17,18,62]. The pCWH17-mod(His)4 expression plasmid
(a gift from Prof. Michael Waterman, Nashville, TN) containing the cDNA for human WT or mutant
CYP17A1 [15], was transformed into the E. coli JM109 cells and colonies were selected under ampicillin
control. Bacteria were grown at 37 ◦C to OD600 0.6 and the CYP17A1 protein expression was induced
by the addition of 0.5 mM IPTG followed by further incubation at 28 ◦C for 48 h. Purification of
CYP17A1 was performed as described [15,17,18]. In brief, the spheroplasts prepared by the lysozyme
treatment of bacterial cells were ruptured by sonication and cleared by centrifugation at 4000× g
for 10 min, then the supernatant containing the CYP17A1 protein was extracted with 1.5% Triton
X-114 and centrifuged at 100,000× g for 30 min. A reddish-brown colored detergent-rich supernatant
fraction containing the CYP17A1 was isolated, diluted to reduce the detergent concentration to 0.1%,
and passed over a Ni-NTA-sepharose column. The column was washed with 5 mM histidine to remove
the non-specific binding and eluted with 200 mM histidine. Further purification was carried out by gel
filtration chromatography to remove histidine and other protein contaminants.

4.5. In Vitro Enzyme Kinetic Analysis of Identified CYP17A1 Mutations

To assess 17α-hydroxylase activity, 10 pmol of CYP17A1 along with 20 pmol purified human
POR [17,31,32,34,62] (at a 1:2 ratio) was incubated with 0.1–15 μM [14C]PROG (80,000 cpm/reaction)
and 1 mM NADPH in 50 mM potassium-phosphate buffer (pH 7.4) containing 6 mM potassium
acetate, 10 mM MgCl2, 1 mM reduced glutathione, 20% glycerol and 20 μg phosphatidylcholine for
60 min at 37 ◦C. Human CYP17A1 does not use 17OH-PROG as a major substrate and, therefore,
PROG is considered a better substrate to monitor only 17α-hydroxylase activity due to very little
further conversion of 17OH-PROG. To assess 17,20 lyase activity, CYP17A1 and POR proteins were
incubated with 0.05–5 μM [3H]17OH-PREG (100,000 cpm/reaction), 1 mM NADPH and 20 pmol
cytochrome b5/reaction in 50 mM K-phosphate buffer (pH 7.4) containing 6 mM potassium acetate,
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10 mM MgCl2, 1 mM reduced glutathione, 20% glycerol and 20 μg phosphatidylcholine for 90 min
at 37 ◦C. Steroids were extracted and resolved by thin layer chromatography before quantitative
analysis for conversion to 17OH-PREG and DHEA respectively as described [19]. For inhibition
assays, abiraterone, PREG as well as 17OH-PREG were used to compete with radioactive PROG for
17α-hydroxylase reaction. Enzyme kinetic calculations were performed using non-linear regression
curve fitting with Prism (GraphPad Software Inc., San Diego, CA, USA). Data represent the mean of
three independent experiments.

4.6. Heme and P450 Measurements

Heme content was measured as described previously by dissolving the protein in NaOH and
measuring the heme absorbance in a triton-methanol mixture [63]. Cytochrome P450 and Cytochrome
b5 were measured as described previously [1,17]. Cytochrome b5 content was estimated by monitoring
the absorbance difference at 423–490 nm using an extinction coefficient of 181 mmol cm−1.

4.7. Substrate-Binding Assay

Binding of steroid substrates to CYP17A1 was measured by recording the substrate-binding
spectra in the range of 340–500 nm on a Perkin Elmer Lambda 25 spectrophotometer. A change in heme
absorbance is observed when water molecules at the active site are replaced by steroid substrates [22].
In case of abiraterone, an increase in the soret peak at 427 nm is observed by co-ordination of the
heme iron with pyridine nitrogen. To accurately measure the tight binding substrates and inhibitors,
a cuvette with 100 mm path length was employed and protein concentration was kept at 50 nM.
Binding of steroids, as well as abiraterone to CYP17A1, occurs with very high affinity and, as observed
previously, Kd values measured are often close to protein concentration used in binding assays.
All substrates and abiraterone were dissolved in ethanol and an equal amount of ethanol was added to
the reference cuvette and the final concentration of ethanol added to the cuvettes was kept below 2%.
After each addition of the compounds, cuvettes were incubated for 5 min at 22 ◦C before recording
the spectra. The slit width was fixed at 1.0 nm and spectra were recorded at 50 nm/min with a
series of increasing concentrations of different compounds (abiraterone: 0–200 nM; PREG: 0–500 nM;
17OH-PREG: 0–1000 nM; PROG: 0–1000 nM). Data were fitted with GraphPad Prism based on the
tight binding pattern of substrates to a single binding site.

4.8. Protein Structure Analysis of WT and Mutant CYP17A1

The published 3D structures of human CYP17A1 [22,23] were downloaded from the protein
structure repository (www.rcsb.org). We performed several rounds of multiple-sequence alignments
with different CYP17A1 protein sequences from several organisms and created in-silico mutants
using the programs YASARA [64] and WHATIF [65]. For all further experiments described, a 2.6 Å
resolution crystal structure [22] (PDB code 3RUK) of CYP17A1 was used; with the abiraterone ligand,
the membrane anchor (all residues preceding R45), and water molecules (aside from one conserved
between residue 366 and the heme) removed. Missing hydrogen atoms were added to the structure
with YASARA [64] which was also used for all other computations. The V366M mutant model was then
constructed by replacing the original valine with the most favorable methionine conformation found
with the in-built SCWALL method (rotamer library search followed by energy minimization) [66].
Afterward, both systems were subjected to 10 ns explicit solvent MD simulations at 310 K, which was
preceded by 500 steps of steepest descent and simulated annealing minimization using the AMBER03
force field and the TIP3P water model [67,68]. All following MDs were performed with similar settings.
The resulting simulation snapshots (100 per run) were used for the docking of steroids with the
AutoDock Vina [69] ensemble-docking experiments using PREG, 17OH-PREG, PROG and 17OH-PROG
(orthorhombic docking was grid-established around the central heme and the residues 105, 202, and 366
of the CYP17A1). The final selection of poses was based on their docking scores and similarities to the
abiraterone ligand which was co-crystallized in the template structure (PDB: 3RUK) [22]. The docked
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steroid poses agreed with the binding site details highlighted by a recent set of CYP17A1 crystal
structures [23]. Clustering of simulation snapshots was done using USCF Chimera [70]. Figures of the
structure models were created with the program Pymol (www.pymol.org) and the chosen poses were
rendered as ray-traced images with POVRAY (www.povray.org). Ligand interactions were analyzed
and depicted with the program LIGPLOT+ (http://www.ebi.ac.uk/thornton-srv/software/LigPlus/).

Supplementary Materials: The following are available online at http://www.mdpi.com/1424-8247/11/2/37/s1,
Supplementary Figures S1 and S2.
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Abstract: Positron Emission Tomography (PET) is a functional imaging modality widely used in
clinical oncology. Over the years the sensitivity and specificity of PET has improved with the advent
of specific radiotracers, increased technical accuracy of PET scanners and incremental experience of
Radiologists. However, significant limitations exist—most notably false positives and false negatives.
Additionally, the accuracy of PET varies between cancer types and in some cancers, is no longer
considered a standard imaging modality. This review considers the relative influence of macroscopic
tumour features such as size and morphology on 2-Deoxy-2-[18F]fluoroglucose ([18F]FDG) uptake
by tumours which, though well described in the literature, lacks a comprehensive assessment of
biomolecular features which may influence [18F]FDG uptake. The review aims to discuss the potential
influence of individual molecular markers of glucose transport, glycolysis, hypoxia and angiogenesis
in addition to the relationships between these key cellular processes and their influence on [18F]FDG
uptake. Finally, the potential role for biomolecular profiling of individual tumours to predict positivity
on PET imaging is discussed to enhance accuracy and clinical utility.

Keywords: [18F]FDG PET/CT; biomarker profiling; cancer

1. Introduction

1.1. Positron Emission Tomography

Positron emission tomography (PET) is an imaging modality used in the diagnosis, staging,
restaging and monitoring of cancer. It involves the administration of selected labelled molecules that
localise in malignant tissues. These molecules integrate into metabolic pathways or act as receptor
ligands in cancer cells, concentrating in tumours. Examples include non-specific tracers of metabolism
and cell membrane synthesis such as [11C]Choline, [11C]Acetate and 2-Deoxy-2-[18F]fluoroglucose
([18F]FDG) and specific tracers such as tyrosine kinase inhibitors that localise exclusively to
overexpressed epithelial growth factor receptors on cancer cells [1]. Clinically the most widely used
tracer is glucose analogue [18F]FDG, a marker of cellular metabolism. Detection of [18F]FDG is the
basis of functional cancer imaging and is the focus of this review.

1.2. 2-Deoxy-2-[18F]fluoroglucose ([18F]FDG)

[18F]FDG undergoes cellular uptake via the same mechanisms as glucose and other hexoses:
passive diffusion, sodium dependent transport mechanisms and via specific glucose uptake transporters
(GLUTs). GLUTs are expressed on the membranes of most cells and facilitate transmembrane glucose
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transport [2]. Thirteen GLUT subtypes are described with GLUT-1 and GLUT-3 most commonly
expressed on cancer cells [2]. Upon entering the cell, [18F]FDG undergoes an initial phosphorylation
reaction via hexokinase. Structural modifications produced by the hexose-[18F]FDG bond prevent its
catabolism or extracellular transport at a high rate via glucose-6-phosphatase, hence metabolically
“trapping” [18F]FDG [3].

The detection of [18F]FDG uptake relies on the ability of the PET detector to detect the natural
radioactive decay of fluorine-18 attached to this glucose analogue. This occurs by beta+ decay which
involves the conversion of fluorine to oxygen, releasing a positron which travels approximately 1mm
before colliding with an electron, becoming neutralised and undergoing an annihilation reaction,
producing a pair of gamma rays emitted at 180◦ from each other. These are detected by the scanner
which draws a line of response between the rays. The crossing point of several lines of response
indicates the area of greatest [18F]FDG uptake. Abnormal regions of [18F]FDG uptake are detected by
comparison with the low overall background activity [3]. Standard uptake value (SUV) is a measure of
[18F]FDG uptake by tissues and this is calculated by the division of the activity detected in the region
of interest by the injected dose per unit body weight [3].

[18F]FDG competes with glucose for uptake by metabolically active tissue. It localises in tissues
with a greater metabolic rate such as tumours, brain, salivary glands, myocardium, gastrointestinal
tract, bladder, thyroid and gonads. [18F]FDG uptake has also been noted in brown adipose tissue
in 2.3–4% of patients [3]. Thus, PET is not specific to cancerous tissues but those tissues with a
greater than average metabolic rate offering functional information about the metabolic state of tissues.
The advent of PET-CT has made it feasible to visualize the anatomical and metabolic properties of the
tumour simultaneously.

1.3. Limitations: False Positives and Negatives

[18F]FDG-PET scanning is not without limitations, in particular false positives and false negatives
impacting on sensitivity and specificity. False positives occur in tissues more metabolically active than
background tissue such as inflammatory foci, limiting the specificity of [18F]FDG-PET. False positives
can result in additional investigation, inappropriate treatment and altered clinical management with
increased costs. Pancreatic cancer, commonly detected at a late stage, lacks an accurate method of
detection often hindered by the difficulty in differentiating pancreatitis from pancreatic cancer and
compounded by pancreatitis often accompanying cancer. Kubota et al. revealed that 24% of [18F]FDG
uptake in pancreatic cancer is consumed by local inflammatory cells, demonstrating the poor specificity
of [18F]FDG-PET in differentiating pancreatitis from cancer [4].

Thoracic diseases including tuberculomas, sarcoidosis, cryptococcosis and radiation fibrosis are a
common source of false positive results, necessitating further invasive testing [3]. Immunosuppressed
cancer patients or recipients of prior radiation are at increased risk of suffering from one of these
conditions, effecting the efficacy of [18F]FDG-PET in cancer follow up or diagnosis of lung metastases.

False negatives are another major limitation to [18F]FDG-PET scanning where appropriate
scanning fails to detect malignancy. Some of the underlying biology underpinning these false negative
results will be outlined later in this review.

1.4. Clinical Importance

[18F]FDG-PET has a significant role in the diagnosis, staging, restaging, prognosis and monitoring
of response to therapy in cancer. The functional information on tissue metabolism allows for
identification of tumours otherwise undetectable on standard imaging modalities. PET has also
had an impact on the treatment planning of cancer patients. Identification of occult metastases by
PET alters the clinical management of patients, by avoiding futile surgery in favour of palliative
interventions. Despite its usefulness, there is scope to improve the accuracy of PET by addressing the
limitations outlined above.
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2. Factors Affecting the Clinical Efficacy of PET

2.1. Gross Features

2.1.1. Tumour Size

Small tumour size has been associated with decreased [18F]FDG uptake, accounting for false
negative results in many studies [5–9]. This is most notable in the breast cancer setting where the
persistent correlation between small tumour size and false negativity has meant that the National
Comprehensive Cancer Network (NCCN) no longer endorses PET for evaluating stage I, II or operable
stage III invasive disease [10]. A recent systematic review confirmed that [18F]FDG-PET does not
have sufficient sensitivity to detect breast tumours <10 mm and is therefore not a recommended first
line imaging modality for the initial assessment of primary breast tumours [5]. In bronchoalveolar
lung cancer, a study with lung nodules <10 mm identified a negative PET scan in 20% of patients [8].
[18F]FDG uptake in cervical cancer is also influenced by size with a significant association between
SUV and tumour size (r = 0.456, p = 0.025) [9]. In oral squamous cell carcinoma (SCC) higher T
stage (3 and 4) have increased [18F]FDG uptake compared to lower T stages (1 and 2) [2]. Despite
the evidence, small tumour size cannot exclusively cause false negatives. Higashi et al. identified a
large 33 mm false negative tumour in their pancreatic study and highlighted that size alone does not
influence decreased tumour [18F]FDG uptake [11].

2.1.2. Tumour Grade

Aggressive lesions are associated with higher metabolism and increased [18F]FDG uptake
compared to slow growing, less invasive types [5]. Tumour grade has been strongly associated
with increased [18F]FDG uptake in breast, musculoskeletal and brain tumours however no correlation
exists with mucinous tumours of the GI tract and lung [12,13]. In cervical cancer, Yen et al. reported
higher [18F]FDG uptake in poorly differentiated, aggressive tumours compared to lower grade tumours
in their 2004 study [9].

2.1.3. Cellularity

The content of the tumour mass, in particular the cellular concentration has an association with
[18F]FDG uptake. Poor [18F]FDG uptake by cystic mucinous, or signet ring tumours is attributed to
fewer tumour cells forming the tumour mass [13]. Kim et al. and Higashi et al. have both reported a
large difference in peak SUVs in mucinous bronchoalveolar carcinoma compared to cell-dense SCC
or adenocarcinoma (AC) cancer types [14,15]. One large study by Higashi et al. revealed 57% of
bronchoalveolar carcinoma patients as negative on PET while Berger et al. noted false negatives in
40% of patients with mucinous tumours [13,15]. Cellularity is also postulated to be linked to more
rapid proliferation, increased likelihood of hypoxia and glycolysis, translating into increased [18F]FDG
uptake [16].

2.2. Molecular Features

2.2.1. Heterogeneity

The heterogeneity of the tumour microenvironment dictates the varied intratumoral uptake of
[18F]FDG resulting in both false negatives and underestimations of tumour size [17]. Establishing these
microenvironmental characteristics that influence [18F]FDG uptake is therefore important in order to
optimise the clinical reliability of PET.

Currently, intratumoral variations in [18F]FDG uptake are not clearly defined in clinical practice
when staging or planning radiation treatment in cancer, potentially misdiagnosing more extensive
disease. Knowledge of tumour micro-environmental factors could augment PET efficacy with accurate
prediction of tumour volume and disease extent with biomolecular profiles having a potential role [17].
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2.2.2. Metabolism

The preferential role for glycolysis over oxidative phosphorylation in cancer cells forms the basis
of effective PET imaging. Glycolysis associated protein expression has been extensively studied with
GLUT-1 and GLUT-3 overexpressed in a range of cancer types [18,19]. The evidence for correlating
GLUT expression and [18F]FDG uptake is strong. Kurokawa et al. showed a positive correlation
between [18F]FDG uptake and GLUT-1 expression [20]. Similarly Kunkel et al. associated high GLUT-1
to increased SUV in oral SCC [21] while Tian et al. confirmed this, no linear relationship between
expression and [18F]FDG uptake was noted rather only overexpression facilitates increased SUVs [2].

The increased expression of GLUT-1 and GLUT-3 compared with other GLUT subtypes in
cancer cells is in theory due to their significance in facilitating basal glucose transport in cells. They
are vital in maintaining glycolysis despite a relative deficiency of glucose in the poorly perfused
tumour microenvironment. GLUT-1 and GLUT-3 are therefore largely responsible for facilitating the
Warburg effect, that is the preferential use of aerobic glycolysis by tumours compared with oxidative
phosphorylation- and satisfying the abnormal glucose requirements of cancer cells. This provides
some explanation for increased [18F]FDG uptake associated with these biomarkers of metabolism [2].

The metabolic profile of distant tumour metastasis differs from the primary tumour in some
cases. Kurata et al. revealed elevated GLUT-3 and GLUT-5 in liver metastases compared to the
primary lung cancer [22]. This differential expression of metabolic markers may present a limitation in
biomolecular profiling for enhancing PET as some primary and secondary tumours appear to differ in
their protein expression.

Despite several studies correlating high GLUT-1 and [18F]FDG uptake, some studies have revealed
discrepant results postulating involvement of other metabolic factors. In oesophageal squamous
cell cancer (SCC) hexokinase (HK) II had a higher correlation with [18F]FDG uptake than GLUT-1
expression [23]. Although not as prominent in influencing [18F]FDG uptake as GLUT, HK have
been noted to strengthen the statistical significance of GLUT correlation with increased [18F]FDG
uptake. Studies in oesophageal SCC and breast cancer could not demonstrate a significant correlation
between tumour SUV and HK expression; on logistic regression however HK was identified as
adding significance to the correlation between SUV and GLUT-1 expression [19]. This demonstrates
the combined role of intracellular FDG transport via GLUTs with the commencement of glycolysis
facilitated by HK.

The discordance in metabolic markers of [18F]FDG uptake between studies may not be an artefact
but a source of biological significance. Correlations have been documented between GLUT expression
and tumour aggressiveness as well as inflammation of normal tissue. Experimental models have
shown GLUT-1 and 3 to be overexpressed in both tumour and inflammation though GLUT-1 was
higher in tumour tissue while GLUT-3 was higher in inflammatory lesions [24]. This differential
expression of biomarkers between cancer and inflammation, both of which exhibit increased [18F]FDG
uptake on PET could potentially form some basis for differentiating benign from malignant lesions.

GLUT-1 appears to be the most prominently investigated GLUT in relation to [18F]FDG uptake.
Though the studies described above have identified that GLUT-1 overexpression relates to increased
[18F]FDG uptake, the correlation seems to vary between cancer types, something that may in part
be attributable to the degree of tumour hypoxia (vide infra). Understanding and identifying cancers
which exhibit the greatest correlation between GLUT-1 and [18F]FDG uptake could help highlight
these cancers by means of a viable biomarker.

2.2.3. Hypoxia

Hypoxia inducible factor 1-alpha (HIF-1α) is known to regulate glucose metabolism and
consequently influence the regulation of [18F]FDG uptake. In the absence of oxygen, HIF-1α binds
hypoxia response elements (HREs) causing expression of hypoxia responding genes related to
angiogenesis, glycolysis and oxygen delivery. The underlying reasoning behind this mechanism
is the cell’s attempt to prevent death; a mechanism manipulated by cancer in its expression of HIF-1α.
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HIF-1α acts as an essential transcription factor involved in regulating metabolic functions by
targeting a number of metabolism related proteins (Table 1) [25]. In addition, HIF-1α influences the
relative contribution from metabolic function to overall energy production depending on the hypoxic
state of the cell. Thus, the tumour hypoxic state affects the relative uptake of [18F]FDG. Pugachev et al.
showed a positive correlation between [18F]FDG uptake and pimonidazole staining which identified
hypoxic areas of tumour [17]. This supports the Dearling et al. study which revealed [18F]FDG uptake
1.26 times higher in hypoxic tumour regions versus normoxic areas [26].

Tumour necrosis has also been positively associated with [18F]FDG uptake in breast cancer [19].
This is probable due to the pre-necrotic hypoxic environment activating glycolysis and increasing
[18F]FDG uptake. This theory is supported by pre-necrotic changes in cancer demonstrating increased
[18F]FDG uptake.

Table 1. Targets of HIF-1α. Adapted from Denko et al. [25].

Target Genes Metabolic Function

GLUT-1/GLUT-3 Cellular Glucose Entry
HKII Phosphorylation

PGI, PFK1, Aldolase, TPI, GAPDH, PGK, PGM, enolase, PK, PFKFB1-4 Glycolysis
LDHA Pyruvate>Lactate Conversion
MCT4 Cellular Lactate Removal

PDK1, MXI1 Decreased Mitochondrial Activity
COX4I2, Lon Protease O2 Consumption in Hypoxia

GLUT: Glucose uptake transporter; HK: Hexokinase; PGI: Glucose-6-phosphate isomerase; PFK:
Phosphofructokinase; TPI: Triose phosphate isomerase; GAPDH: Glyceraldehyde 3-phosphate dehydrogenase; PGK:
phosphoglycerate kinase; PGM: phosphoglucomutase; PK: pyruvate kinase; PFKFB: 6-phosphofructo-2-kinase/
fructose-2,6-biphosphatase; LDHA: Lactate Dehydrogenase A; MCT: Monocarboxylate transporter; PDK: Pyruvate
dehydrogenase kinase; MXI: MAX-interacting protein; COX: Cytochrome c oxidase.

2.2.4. Angiogenesis

Tumour blood vessel status including microvascular blood volume (measured on functional
MRI) and microvessel density has also been associated with variations in [18F]FDG uptake [19,27].
Though few studies exist regarding blood flow distribution in cancer, the evidence reveals that blood
flow varies with the site, size, type of tumour and micro-vessel density [17]. Histologically identical
tumours can also vary in their rates and distribution of blood flow [28]. The impact of angiogenesis on
[18F]FDG uptake has been established in few cancer types such as breast cancer and malignant glioma
where micro-vessel density and microvascular blood volume have been associated with increased
[18F]FDG uptake [19,27].

The influence of angiogenesis on [18F]FDG uptake has led to investigation of the potential
role of [18F]FDG PET in monitoring response to anti-angiogenic therapies such as bevacizumab.
De Bruyne et al. demonstrated that low [18F]FDG uptake following bevacizumab therapy was
associated with improved progression free survival in metastatic colorectal cancer [29]. Additionally,
Colavolpe et al. showed that low [18F]FDG uptake on PET following bevacizumab treatment for
glioma predicted longer progression-free survival, postulating reduced tumour angiogenesis, resulting
in lower SUVs [30]. Similarly Goshen et al. concluded that pre and post bevacizumab [18F]FDG PET
was superior in predicting pathological response to bevacizumab compared to standard restaging CT
for metastatic colorectal cancer [31].

2.3. Interplay of Biological Features

Identifying individual biological features that influence [18F]FDG uptake is complicated by many
of the biological processes being intricately linked. HIF-1α, expressed in hypoxia, regulates several key
genes involved in angiogenesis and metabolism. Additionally, angiogenesis and metabolism influence
each other and in turn have an impact of hypoxia.
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For cellular [18F]FDG uptake to occur, it must reach the tumour site, making perfusion of the
tumour facilitated by angiogenesis a key feature in controlling [18F]FDG metabolism [23]. Furthermore,
metabolic demands in cancer influence hypoxia which induces vascular endothelial growth factor
(VEGF) expression, facilitating blood vessel formation and tumour perfusion. Rapidly proliferating
cells also require increased levels of glucose and differentiation has been correlated to [18F]FDG
uptake [12,32,33]. When metabolic needs go unaddressed necrosis occurs causing inflammation
with additional glucose demands and hypoxia. This intricate interplay between biological features
highlights factors influencing [18F]FDG uptake are multifactorial and complex with interpretation
of their combined effect on [18F]FDG uptake more important than any individual feature. Figure 1
illustrates this complex interplay of cellular processes.

 

Figure 1. Biomolecular influences on [18F]FDG uptake. Metabolism, hypoxia and angiogenesis
all play a role in glucose and therefore [18F]FDG uptake via their associated biomolecular proteins
(GLUT, HIF-1α and VEGF respectively). Interrelationships exist between metabolism, hypoxia and
angiogenesis such that they play a role in regulating each other. Proliferation and necrosis-induced
inflammation increase overall tumoral energy requirements, also driving metabolism and contributing
to this complex network.

2.4. Other Factors

2.4.1. P-glycoprotein

Elevated expression of P-glycoprotein has been associated with decreased [18F]FDG uptake [34].
In hepatocellular carcinoma (HCC), both in vivo and in vitro models showed decreased [18F]FDG
uptake with increased P-glycoprotein expression [35]. This suggests that [18F]FDG was a substrate of
this drug efflux pump, with high levels of expression leading to reduced [18F]FDG uptake. Decreased
[18F]FDG uptake and associate high P-glycoprotein expression have been observed in lung cancer and
cholangiocarcinoma patients [34].

2.4.2. Tumour Suppressor Genes

Tumour suppressor gene expression has been shown to influence SUVs. Vousden et al.
demonstrated that p53 plays a significant role in cell metabolism and other essential cellular
functions [36]. As p53 is mutated in up to 50% of tumours, and wild type p53 is anti-Warburg,
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promoting mitochondrial oxidative phosphorylation, the impact of p53 in promoting glycolysis
is consequently potentially of great importance. Several studies have observed that variations in
[18F]FDG uptake have been associated with mutated p53 [37,38]. In breast cancer, tumours with
p53 mutations exhibit higher SUVs than those expressing the wild type protein [37]. In lung cancer,
a statistically significant difference in [18F]FDG uptake was noted between cancers with no mutated
tumour suppressors (Rb, P16, P27 and P53) and cancers with alterations which exhibited higher uptake
values [38].

2.4.3. Patient Factors

Multiple patient related factors are known to cause variable [18F]FDG uptake [39]. Patient
size and body composition affects distribution of [18F]FDG and this is important considering the
increasing prevalence of obesity and obesity-associated cancers [39]. Furthermore, high plasma
glucose levels reduce [18F]FDG uptake [23]—an issue to account for in the diabetic and pre-diabetic
setting. It is proposed that decreased [18F]FDG uptake is a result of the high glucose levels competing
with [18F]FDG for cellular uptake [40]. The significance of glucose levels on FDG uptake remains
controversial—while some studies report a significant effect of glucose levels on SUV, others dispute
this [40–43]. The introduction of a ‘glycaemia modified SUV’ has been proposed, though there is no
evidence of a linear relationship between glycaemia and SUV [11].

As blood glucose levels influence [18F]FDG uptake, drugs that can alter these levels need to
be considered. In diabetics, drugs such as insulin or metformin, their dosage and administration
time from commencement of PET scan could affect the reliability of PET. Consequently, cancer
patients with comorbidities and drugs used to treat them can play a role in influencing [18F]FDG
uptake. Corticosteroids may also affect [18F]FDG uptake. Zhao et al. compared the effect of
prednisolone therapy on [18F]FDG uptake in granuloma and cancer xenograft rat models identifying
that corticosteroids decreased [18F]FDG uptake in the granuloma models but not the cancerous
lesions [44]. The potential that corticosteroids could help differentiate between inflammatory and
cancerous lesions needs to be further validated as it could enhance the accuracy of PET scanning.

3. Optimising PET with Biomolecular Profiling

3.1. Stratification

It is evident from the literature that PET is a clinically useful diagnostic and prognostic imaging
modality in oncology. However, variations in [18F]FDG uptake between patients highlight the apparent
influence of tumour biology on PET accuracy and thus its efficacy. As stated herein, gross and molecular
tumour features in addition to inherent patient characteristics play a role in influencing [18F]FDG
uptake. If the relative influence of each of these factors could be ascertained both clinically and
molecularly, it could be employed to enhance the accuracy of PET. The addition of biomolecular
testing to PET imaging could also improve the sensitivity in identifying certain tumours. In an era
where multimodal therapy is becoming increasingly utilized, the improved information obtained on
the tumour could facilitate development of diagnostic algorithms for stratification of patients into
appropriate treatment regimens.

This theory has been trailed by Hoeben et al. who investigated the significance of biomolecular
profiling in mouse xenograft models, aiming to determine if combining immunohistochemistry (IHC)
and [18F]FDG-PET parameters could reliably stratify Head and Neck cancers (HNC) into clusters [45].
By using [18F]FDG-PET as a biomarker and adding an IHC criterion, this group aimed to enhance
prognostic prediction and facilitate appropriate treatment selection. Using 14 HNC lines grafted into
mice, they revealed a distinct selection of biomarkers related to metabolism, proliferation, hypoxia and
perfusion that could match tumours consistently to the correct cell line with high reliability [45].
The potential of combining [18F]FDG-PET with biomolecular profiling added value in terms of
providing diagnostic and prognostic information.
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3.2. Diagnosis and Predicting Prognosis

[18F]FDG avidity on PET is in itself a ‘biomarker,’ with studies citing it as a predictor of prognosis
at diagnosis and post treatment in head and neck cancer (HNC) and oesophageal cancer [46–48].
In HNC pre-treatment high [18F]FDG uptake is associated with poor survival [49]. Conversely, HNC
with an increased [18F]FDG pre-treatment had a better response to radiotherapy [46].

In oesophageal cancer, increased [18F]FDG uptake is also associated with poor prognosis compared
to low [18F]FDG uptake [47,48]. Studies have also revealed however that SUVmax is nota prognostic
parameter [50,51].

[18F]FDG uptake in oesophageal cancer is also identified as a predictor of lymph node disease,
disease free survival (DFS) and recurrence [50,51]. A significant correlation between [18F]FDG
uptake and tumour recurrence has also been noted in other cancer types [23,52–54]. The prognostic
potential of [18F]FDG uptake in combination with biomarkers of tumour metabolism has also been
evaluated. In oral SCC associations were found between increased [18F]FDG uptake in combination
with increased GLUT-1 expression and poorer survival while another study showed similar results
with GLUT-3 [21,55].

As described above, FDG uptake has been proposed as a prognostic biomarker in some small HNC
and oesophageal cancer studies. Whether increased SUVs in smaller tumours predict a worse prognosis
compared to decreased SUVs in larger tumours is not clearly defined from this research. It appears
that several factors are responsible for predicting outcomes in combination with [18F]FDG uptake.
By identifying molecular features that affect [18F]FDG uptake for individual cancers, biomolecular
profiling could advance the role of PET in stratifying tumours and increase its efficacy. Table 2 outlines
biomarkers and their associated influence on [18F]FDG uptake published to date.

4. Profiling Specific Cancer Types

The relationship between [18F]FDG uptake and tumour biology is not clearly defined with
conflicting results between cancer types and subtypes with no definite consensus on which biomarkers
are relevant for specific cancer types.

Discordance between studies regarding PET biomarkers can be attributed to variations in study
design. Higashi et al. demonstrated in their pancreatic study that the numerical value of SUVs varied
between different studies and between PET machines [11]. They suggest that SUV should not be used
as an absolute value in the evaluation of [18F]FDG uptake rather broader categories of positive or
negative uptake results are more important than absolute values [11].

Biological features and technical differences have both caused discordance in establishing the
most appropriate and reliable biomarkers in relation to PET. However, there is evidence for specific
biomarkers to predict levels of FDG uptake in some cancer types which are outlined below.

4.1. Oesophageal Cancer

PET’s ability to identify metastases not detected by conventional workup have been highlighted
in oesophageal cancer [52]. Prediction of prognosis based on tumour SUVs has been shown with
pathologic response and DFS correlated with SUV changes following induction therapy [53,54].
Importantly, 10–20% of oesophageal cancers are [18F]FDG negative on PET, demonstrating the need
for biomolecular profiling to help identify this sub-group of tumours [56].

Potential biomarkers include size and GLUT-1 expression which positively correlate with SUV [23].
Taylor et al. could not identify a correlation between several prominent tumour markers and SUVmax,
namely EGRF, P53, cyclin D1 and VEGF [57]. Although Schreurs et al. observed a significant
relationship between HKII and SUVmax there were no significant relationships between GLUT-1,
HK-1, HIF-Iα 1, VEGF-C, p53 and Ki-67 with SUV [58].
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4.2. Breast Cancer

PET is not recommended for staging or follow-up in operable breast cancer as per the NCCN
guidelines on account of the high rate of false negatives, largely attributed to small tumour size [10,59].
As a result, PET is not available to all breast cancer patients. Development of biomolecular
profiles could help increase its accuracy by identifying tumours with likely poor [18F]FDG uptake.
Recommended markers which indicate increased [18F]FDG uptake are GLUT-1 and HK-1 [19].

4.3. Non-Small Cell Lung Cancer (NSCLC)

The histological differences between NSCLC subtypes have revealed varied results in relation to
PET accuracy. Several studies have suggested a high frequency of false negatives in bronchoalveolar
carcinoma is due to decreased cellularity an assertion disproved by Yap et al. They showed sensitivity
of [18F]FDG PET in bronchoalveolar carcinoma to be high overall with the introduction of more
precise classification guidelines by the World Health Organisation [60]. GLUT-1, GLUT-3 and Ki-67
are potential biomarkers which have been positively correlated with increased [18F]FDG uptake in
NSCLC [61].

4.4. Glioma

A SR on glioma revealed that [18F]FDG-PET has a sensitivity of 0.77 (95% CI, 0.66–0.85) and
specificity of 0.78 (95% CI, 0.54–0.91) [62]. The only biomarker identified influencing [18F]FDG uptake
is VEGF [63]. The practicality of using biomolecular profiling to increase sensitivity is made difficult
by the inability to obtaining tumour samples as these tumours are often unresectable.

4.5. Head and Neck Cancer

Gronroos et al. revealed that an increased [18F]FDG uptake is associated with a more aggressive
phenotype and therefore high P53 and VEGF expression [64]. Detecting the presence or absence of
these markers in HNC could enhance accuracy of PET. A recent study by Rasmussen et al. reported
a positive correlation between SUVmax and β-tubulin-1 index and significant negative correlations
between SUV max and Bcl-2 and P16 [65].

Table 2. Metabolic, hypoxic and angiogenic biomarkers affecting [18F]FDG uptake in different cancer
types. A positive association (+) indicates [18F]FDG uptake increased with biomarker. A negative
association (−) indicates [18F]FDG uptake decreased with biomarker. A null association (0) indicates
biomarker expression was unrelated to [18F]FDG uptake.

Cancer Type [18F]FDG Uptake Association Biomarker Function Reference

Oesophageal SCC

+
+
−
+
0
0

HK-I
HK-II *
HK-II
VEGF
VEGF
KI67

Metabolism
Metabolism
Metabolism

Angiogenesis
Angiogenesis
Proliferation

[19]
[19]
[58]
[66]

[57,66]
[23]

Oesophageal AC

+
−
0
0
0
0

GLUT-1
HK-II

HIF-1α
VEGF

P53
Ki67

Metabolism
Metabolism

Hypoxia
Angiogenesis

TSG
Proliferation

[23,57]
[58]
[58]
[23]
[58]
[58]
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Table 2. Cont.

Cancer Type [18F]FDG Uptake Association Biomarker Function Reference

Breast

+
+
0
0
0
0

GLUT-1
HK-1

HK-II **
HK-III
HIF-1α
VEGF

Metabolism
Metabolism
Metabolism
Metabolism

Hypoxia
Angiogenesis

[19]
[19]
[19]
[19]
[19]
[19]

Head and Neck
−
+
+

GLUT-1
GLUT-3
VEGF

Metabolism
Metabolism

Angiogenesis

[2,21,64]
[2]
[64]

Oral SCC

+
+
+
+

GLUT-1 **
GLUT-3 **

HK-II
HIF-1α

Metabolism
Metabolism
Metabolism

Hypoxia

[2,21,67]
[2,21]
[67]
[67]

Cervical +
+

GLUT-1
HK-II

Metabolism
Metabolism

[9,68]
[68]

Pancreatic + GLUT-1 Metabolism [18]

Ovarian + GLUT-1 Metabolism [20]

NSCLC

+
+
0
+
0

GLUT-1
GLUT-3
GLUT-3
HIF-1α
Ki-67

Metabolism
Metabolism
Metabolism

Hypoxia
Proliferation

[61,69]
[61]
[69]
[69]
[69]

Glioma + VEGF Angiogenesis [63]

Gastric

0
0
+
0

GLUT-1
HKII

HIF-1α
PCNA

Metabolism
Metabolism

Hypoxia
Proliferation

[70]
[70]
[70]
[70]

Colorectal +
0

HIF-1α
PCNA

Hypoxia
Proliferation

[71]
[71]

Musculoskeletal +
+

GLUT-1
HK-II

Metabolism
Metabolism

[72]
[72]

Hodgkin’s
Lymphoma

+
0
0

GLUT-1
GLUT-3
HK-II

Metabolism
Metabolism
Metabolism

[73]
[73]
[73]

Thyroid

0
0
0
+

GLUT-1
GLUT-3
HK-II
VEGF

Metabolism
Metabolism
Metabolism

Angiogenesis

[74]
[74]
[74]
[74]

* No significant correlation between these biomarkers and SUV though in logistic regression they added value to
GLUT-1 correlation. ** These biomarkers were only found to correlate with increased SUV when overexpressed.

5. Conclusions and Future Directions

The influence of biomolecular markers on [18F]FDG uptake has been established and is clearly
linked with hypoxia, metabolism and angiogenesis. Despite this, a definite consensus is lacking
on associations between biomarkers, [18F]FDG uptake and cancer. Considerable variation and
heterogeneity in study design including small sample size, variation in PET algorithms employed
between centres; the diverse molecular markers examined and the lack of validation are clearly an
issue limiting firm conclusions, and further research is clearly warranted. Biomolecular profiling
can articulate the true significance of [18F]FDG uptake while also addressing the limitations of PET
in clinical oncology such as false negative results. There is a compelling case that the integration of
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biomolecular profiling and [18F]FDG PET could enhance diagnosis, improve prognosis prediction and
facilitate appropriate stratification of patients to treatment regimens based on a clear characterisation
of the tumour, but this needs to be validated in rigorous scientific study.
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Abstract: Prostaglandins and thromboxane are lipid signaling molecules deriving from arachidonic
acid by the action of the cyclooxygenase isoenzymes COX-1 and COX-2. The role of cyclooxygenases
(particularly COX-2) and prostaglandins (particularly PGE2) in cancer-related inflammation has been
extensively investigated. In contrast, COX-1 has received less attention, although its expression
increases in several human cancers and a pathogenetic role emerges from experimental models.
COX-1 and COX-2 isoforms seem to operate in a coordinate manner in cancer pathophysiology,
especially in the tumorigenesis process. However, in some cases, exemplified by the serous ovarian
carcinoma, COX-1 plays a pivotal role, suggesting that other histopathological and molecular subtypes
of cancer disease could share this feature. Importantly, the analysis of functional implications of
COX-1-signaling, as well as of pharmacological action of COX-1-selective inhibitors, should not be
restricted to the COX pathway and to the effects of prostaglandins already known for their ability
of affecting the tumor phenotype. A knowledge-based choice of the most appropriate tumor cell
models, and a major effort in investigating the COX-1 issue in the more general context of arachidonic
acid metabolic network by using the systems biology approaches, should be strongly encouraged.

Keywords: cyclooxygenase-1; cyclooxygenase-2; cancer; inflammation; tumorigenesis; COX-1 inhibitor

1. Introduction

Already in 1863, the German pathologist Rudolf C. Virchow had observed that some cancers were
inherently associated with white blood cell infiltration [1]. However, it was only at the end of 20th
century that an increasing body of research led to propose chronic inflammation as one of the enabling
characteristics of cancer development [2,3], and the complex inflammatory network in premalignant
and frankly malignant disease is now actively explored with the aim of translating epidemiological
and experimental evidence into clinical practice [4].

Cancer may originate in the chronic inflammation setting associated with persistent infections,
immune-mediated damage, or prolonged exposure to irritants. On the other hand, the genetic and
epigenetic alterations underlying the cancerogenesis process inevitably modify the tissue homeostasis
and may induce a chronic inflammatory response. Irrespective of the presumed primary or secondary
nature of the process, inflammatory cells and mediators can be detected in most tumor tissues,
where they act on both tumor and stromal cells and contribute to determine a tumor-promoting
microenvironment [5].

In the general complexity of the inflammatory response (hundreds of chemical mediators
have been identified, but how they function in a coordinated manner is still not fully understood),
the arachidonic acid (AA) metabolites play a relevant role which appears intertwined with their
functions in cell and tissue homeostasis [6]. Prostaglandins (PGs), including PGD2, PGE2, PGF2a,
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PGI2 and thromboxane (TX)A2 (collectively known also as prostanoids) are produced from arachidonic
acid by sequential actions of cyclooxygenases (COX-1 or COX-2) and specific synthases, and they
exert their effects in autocrine and/or paracrine manner mainly through G protein-coupled receptors
(GPCRs) at the cell surface [7].

The involvement of prostaglandins in cancer was first evidenced in human esophageal carcinoma
cells, when their invasive and metastatic potential in nude mice was found to be related to PGE2

and PGF2a production [8]. Elevated levels of PGE2 have been found in numerous cancers, and its
effects on multiple cell signaling pathways involved in tumor malignant phenotype induction and
maintenance have been thereafter demonstrated [9–13]. However, PGE2 is not the only PG involved
in carcinogenesis. PGD2 potentially contributes to the colon cancer risk in ulcerative colitis [14];
more recently, (TX)A2 was found to be involved in colorectal cancer pathophysiology [15,16], as well
as in multiple myeloma [17] and lung [18] cancer cell proliferation.

The committed step of PG biosynthesis is catalyzed by COX-1 and COX-2 isoforms.
These enzymes display many similarities in structure and catalytic properties and yield the
same product, PGH2. However, COX-1 and COX-2 are different in their regulation of expression,
tissue distribution, and associated synthases, thus subserving distinct biological tasks. COX-1 is
constitutively expressed in most tissues (e.g., platelets, lung, prostate, brain, gastrointestinal tract,
kidney, liver and spleen), where the COX-1-derived prostanoids are involved in homeostatic functions.
It is generally accepted that COX-1 activity maintains the prostanoid production at a basal rate,
and allows a rapid increase when cell membrane remodeling produces a rise of free AA. In contrast,
COX-2 is generally considered as the inducible isoform, responsible for enhanced prostanoid
production in response to inflammatory stimuli and growth factors during inflammation and various
pathological conditions, including cancer [19,20]. It should be noted, however, that the concept of
“constitutive” and “inducible” isoforms has been challenged by growing evidence indicating that both
isoforms are present in normal tissues and can be up-regulated in various pathological conditions [21].
Both the expression and regulation of COX isoforms have been intensively investigated, and reviews
about transcriptional regulatory mechanisms [22], and the regulation of gene expression at the co- or
post-transcriptional level [23] have been recently published.

The role of cyclooxygenases (in particular COX-2) and prostaglandin products (in particular PGE2)
in cancer-related inflammation has been extensively investigated in many neoplastic diseases, including
esophageal [24], gastrointestinal [25,26] and pancreatic [27] cancers, breast [28] and cervical [29]
cancers, renal [30], prostate [31], and bladder [32] cancers, skin [33,34] and head and neck [35] cancers,
hematological tumors [36], and mesothelioma [37]. Tumor cells are often characterized by COX-2
aberrant expression [38,39], resulting from transcriptional and/or post-transcriptional alterations and
contributing to tumor diseases, such as in colorectal cancer [40]. Importantly, the tumor-associated
aberrant expression of COX-2 is often related to epigenetic alterations affecting COX-2 gene (PTGS2) as
well as other genes involved into biosynthesis and signaling of its main prostaglandin products [41].

Epidemiological data are convincingly supported by various in vivo experimental systems,
including chemically induced or transgenic models of colorectal, breast, and other types of cancer [42].
Finally, the therapeutic potential of aspirin, traditional nonsteroidal anti-inflammatory drugs (NSAIDs)
and COX-2-selective inhibitors (coxibs) in human cancer has also been widely explored. A very
large body of research, including about 2000 relevant publications only for aspirin, proposes that the
anticancer activity of these drugs depends upon their ability to interfere with multiple pro-tumorigenic
signaling pathways, some of them COX-dependent [38] and others COX-independent [43].

Unlike COX-2, the role of COX-1 in cancer has generally received less attention. Being usually
considered as the constitutively expressed isoform that is involved in homeostatic cell and tissue
functions, COX-1 was thought not be involved in carcinogenesis. However, increased levels of COX-1
expression have been occasionally reported in several cancers [44], and it has been shown that the
genetic disruption of COX-1 is as effective as COX-2 disruption in reducing intestinal [45] and skin
tumorigenesis [46] in mouse models, thus suggesting that both COX isoforms could cooperate in the
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cancerogenesis process. In the following, an overview of the available evidence about COX-1 expression
and involvement in different neoplastic diseases will be presented. The objective of this review is to go
through the COX-1-relevant literature in oncology and medicinal chemistry, thus attempting to fill the
existing gap and highlighting the potential future studies.

2. COX-1 Involvement in Neoplastic Diseases

Renal cell carcinoma. The pathophysiological relevance of COX-2 in renal cell carcinoma (RCC) is
generally acknowledged, and recently, it has been shown that COX-2 inhibition enhances the efficacy
of immunotherapy and tyrosine kinase inhibitor-based treatment [30]. COX-1 expression, however,
has been practically unexplored, except for a report on COX-1 mRNA overexpression in an RCC rat
model [47]. Interestingly, two recent immunohistochemical investigations have shown a correlation
between COX-1 overexpression and poor prognosis in RCC [48], and the validity of the combined use
of COX-1 and VEGF in RCC histopathologic prognosis [49].

Skin cancer. The role of cyclooxygenase-dependent signaling in skin pathophysiology and
non-melanoma carcinogenesis has been recently reviewed [33]. There is accumulating evidence
that cyclooxygenase-2 may be involved in the pathogenesis of non-melanoma skin cancer,
whereas COX-1 expression appears unaltered with respect to healthy tissue. At preclinical level,
however, genetic studies show that the activity of both COX isoforms is mechanistically involved in
the basal cell carcinoma pathogenesis [50,51].

Head and neck cancer. There are few data regarding COX-1 in head and neck cancer.
A comparison of cyclooxygenase-1 expression levels between cancerous tissue from head and neck
cancer patients and normal mucosa was performed by immunohistochemistry, Western blotting, and
real-time RT-PCR (reverse transcription polymerase chain reaction), showing COX-1 overexpression
in cancer cells and no expression in normal mucosa [52]. A progression-associated up-regulation of
COX-1 expression was detected by immunohistochemistry in patients with hyperplasia, dysplasia,
and carcinoma of oral mucosa [53] and a major expression of either COX-1 or COX-2 was reported in
patients with oral squamous cell carcinoma with respect to normal mucosa [54]. More recently,
tumor samples from patients with sebaceous gland carcinoma, an aggressive tumor commonly
localized at Meibomian or Zeis glands, were examined by high-throughput tissue microarray for the
expression of proteins involved in angiogenesis, inflammation, apoptosis, cell proliferation, cell-to-cell
contact, and carcinogenesis. High expression of COX-1 and COX-2 was reported in 97% and 82%
of patients, respectively [55]. Interesting implications on the COX-1 role derive also from in vitro
investigations in head and neck squamous cell carcinoma (HNSCC) cell lines, in which the effects of
pharmacologic inhibitors of cyclooxygenases were compared to those of small-interfering RNA as
far as cell-growth, vascular endothelial growth factor (VEGF) production, and intracellular signaling
are concerned [56,57]. The results showed that COX-2 inhibition blocked VEGF productions in some
HNSCC cells; in contrast, other COX-2 (and PGE2) expressing HNSCC cells showed little response to
COX-2 inhibition, this effect depending upon a differential expression of COX-1.

Esophageal cancer. Barrett’s esophagus, a complication of the chronic gastro-esophageal
reflux disease, represents the best-known risk factor for esophageal adenocarcinoma development.
Esophageal cancer prevention strategies [58], the role of inflammatory mediators in the disease
pathophysiology [24], as well as encouraging experimental and epidemiological data on
chemoprophylaxis with NSAIDs in patients with Barrett’s esophagus have been recently reviewed [59],
along with a body of evidence supporting a role for COX-2 in the pathogenetic sequence leading to
esophageal adenocarcinoma [60,61]. Interestingly, a possible involvement of COX-1 in the disease
pathophysiology had already been suggested by the co-expression of both COX isoforms and
angiogenic (VEGF-A) and lymphangiogenic (VEGF-C) growth factors in primary human tumor
samples [62]. More recently, a possible cooperation of COX-1 and COX-2 isoforms has been suggested
in an investigation of the PGE2 pathway in a rat model of esophageal adenocarcinoma induced by
gastroduodenal reflux resulting from esophagojejunostomy [63], as well as by the finding that in the
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same experimental model indomethacin (a dual COX-1/COX-2 inhibitor) reduced the inflammatory
lesions and tumor development, whereas a selective COX-2 inhibitor (MF-tricyclic) was ineffective [64].
Interestingly, a recent meta-analysis of nine observational studies has shown that both low-dose
aspirin and non-aspirin COX inhibitor use is associated with a reduced risk of developing esophageal
adenocarcinoma in patients with Barrett’s esophagus [65].

Colorectal cancer. In the colorectal carcinogenesis, the long-term transition process from normal
mucosa to benign adenoma and final carcinoma provides the possibility to adopt preventive measures.
Many evidences exist underlying the pathophysiological link between chronic inflammation and
colorectal cancer [66], and the role of COX-2 in the carcinogenesis process has been extensively
investigated [67,68]. COX-1 and COX-2 mRNA expression profiles were examined in tumor tissue in
comparison to normal mucosa in stage III (Dukes’ C) colorectal cancer patients by Church et al. [69].
In contrast to the general opinion that constitutive COX-1 was not subject to variable expression,
an altered regulation of COX-1 expression between normal and malignant tissues was reported,
consistent with a COX-1 role in tumorigenesis. A significant correlation between levels of mRNA for
COX-1, COX-2, TGF-beta1 and PGES, and those for proangiogenic factors VEGF-A and VEGF-C
were also found in primary adenocarcinomas of the small intestine, thus suggesting a role for
these factors in the propagation this rare neoplasia [70]. Interestingly, experimental mouse studies
using genetic disruption of COX-1 or COX-2 plus Apc genes already 15 years ago suggested that
both isoforms were involved in intestinal polyp formation [45]. Moreover, up-regulation of COX-1
protects intestinal stem cells from the DNA-damaging effect of azoxymethane and may play a key
role in the early phase of intestinal tumorigenesis [71]. Furthermore, analysis of the expression
levels of COX-1, COX-2, and mPGES (the downstream prostaglandin E synthase) in COX-1−/− and
COX-2−/− ApcΔ716 double-knockout mice revealed that COX-1 was required from the early stage
of intestinal polyp development, and that additional expression of COX-2 together with mPGES
was necessary for subsequent accelerated growth of polyps [72]. On this basis, a mechanistic
cooperation between COX-1 in the early stage of tumorigenesis and COX-2 in the subsequent polyp
growth was proposed. In early stage of intestinal carcinogenesis, COX-1-PGE2 signaling associated
with a suppression of the PG-catabolizing enzyme, 15-prostaglandin-dehydrogenase (15-PGDH),
has been proposed to occur before COX-2 induction [73]. Recent studies have also shown that
COX-1 is required for the maintenance of anchorage-independent growth ability of colon cancer cells
(a key feature of malignant phenotype), as well as for tumor promoter-induced transformation of
preneoplastic cells [74]. Interestingly, Li et al. in the same work identified a novel selective COX-1
inhibitor, 6-C-(E-phenylethenyl)-naringenin, a derivative of the flavonoid naringenin, also showing its
chemopreventive efficacy in a colon cancer xenograft model.

Breast cancer. In the breast cancer microenvironment, there is a complex interplay between
tumor and stromal cells, and a relevant contribute of COX-2-derived prostanoids is generally
acknowledged [24,75,76]. However, both isoforms are expressed in breast cancer clinical samples,
COX-1 being primarily localized in stromal cells [77,78]. Up-regulation of COX-1 gene expression in
tumor tissues compared to normal tissue has been demonstrated also by whole genome expression
analysis of breast carcinomas [79]. Moreover, induction of cell growth arrest and apoptosis are induced
in MCF-7 human breast cell line in vitro by the COX-1 inhibitor FR122047 [80], and additive effects on
tumor cell growth by COX-1 and COX-2 inhibitors are induced in vitro [81] and in vivo [82].

Cervical cancer. Human papilloma virus (HPV) infection of the cervical epithelium is well
regarded as the main cause of cervical cancer [83], and a link between HPV E6 and E7 oncoproteins
and COX-2 transcription has been established [84,85]. However, current data supporting a benefit for
NSAIDs in the treatment of cervical intraepithelial neoplasia—the premalignant cervical lesion—are
uncertain [86]. COX-1 up-regulation in cervical carcinoma was reported more than 10 years ago,
and COX-1-dependent autocrine/paracrine regulation of COX-2, PGE2 receptors, and angiogenic
factors was demonstrated in vitro [87]. Interestingly, it has been recently demonstrated that seminal
plasma can promote cervical tumor cell growth in vitro and in vivo through the activation of
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inflammatory pathways involving both COX isoforms [88] and the expression of angiogenic
chemokines [89]. Moreover, in an in vitro investigation of the co-regulation of COX-1 and downstream
prostaglandin E synthases (mPGES-1, mPGES-2 and cPGES) in several tumor cell lines including
cervical cancer, it was found that COX-1 and mPGES-1 messenger RNA (mRNA) are co-regulated
and functionally coupled in basal PGE2 synthesis [90]. Although few clinical investigations of COX
isoforms expression in cervical cancer are available [91,92], these experimental results, along with
previous findings on the relationships between COX isoforms expression and radiosensitivity of
cervical cancer cell lines [93] suggest that also the COX-1 role in cervical cancer prevention and
treatment could be reevaluated [94].

Endometrial cancer. It is generally accepted that production of prostaglandins by endometrial
epithelial cells under resting conditions is regulated through the constitutive expression of COX-1,
whereas under stimulated conditions prostaglandin production is a result of the up-regulation of
COX-2. A critical role for COX-2 isoform in the maintenance of endometrial tissue during the menstrual
cycle as well as in the progression of endometrial cancer has been already observed [95,96], along with
the potential clinical benefit of a selective COX-2 inhibitor in COX-2 positive endometrial cancers [97].
However, a possible involvement of COX-1 in the early stage of endometrial cancer development has
been suggested, based on a higher COX-1 mRNA expression in patients with WHO (World Health
Organization)-grade G1 and G2 endometrial cancer [98]. Moreover, a possible role for COX-1 in
endometrial cancerogenesis has been suggested [99]. In a mechanistic investigation of the oxytocin
ability of modulating the invasive properties of human endometrial carcinoma cells, the results showed
that the hormone increased the invasive properties of tumor cells through the activation of PIK3/AKT
pathway; this in turn led to up-regulation of both COX isoforms and subsequent PGE2 production.
Interestingly, both COX isoforms were necessary and acted cooperatively for the oxytocin-induced
invasion, COX-1 triggering the pro-invasive matrix metalloproteinase (MMP)-14 (a major MMP-2
activator), and COX-2 up-regulating MMP-2 expression. Importantly, an over-expression of oxytocin
receptor was detected in endometrial cancer patients, thus indicating the clinical relevance of the
oxytocin pathway in endometrial cancer progression.

Ovarian cancer. Epithelial ovarian cancer (EOC), the most lethal gynecological malignancy mainly
occurring in older (postmenopausal) woman, is a highly heterogeneous disease [100], and includes
distinct histological subtypes. A number of inflammatory cells and mediators are involved in
EOC development and progression, and accumulating clinical and experimental evidence strongly
suggests that inflammation might represent a unifying pathophysiological mechanism of ovarian
carcinogenesis [101,102]. Interestingly, COX-1 was first identified as ovarian cancer marker two
decades ago [103]. Since then, COX-1 over-expression has been reported by several groups in multiple
human, mouse, as well as hen models of ovarian cancer [104–109]. COX-1 has been suggested
as the major enzyme regulating PGE2 production in ovarian cancer cells [110], and along with
COX-2 it plays an essential role in gonadotropin-induced tumor cell migration and invasion [111].
Thus, it is not surprising that both COX-1 and COX-2 have been included in a panel of inflammatory
markers that characterize the rapidly growing and highly aggressive (type II) ovarian carcinomas [112].
Accordingly, the expression of COX-1 is higher in ovarian cancer patients with low CD8+ (cytotoxic T
cells) and high CD1a+ (dendritic cells) cell density than in those with high CD8+ cell density [113],
and COX-1 overexpression is the characterizing element in a cluster of ovarian cancer patients in
which the poor prognosis is associated with an immunosuppressive status [114]. However, a role
for COX-2 isoform in ovarian cancer has been also reported in clinical [115], as well as experimental
investigations [116,117]. A major contribution for clarifying this apparent controversy comes from a
very recent large-scale quantitative analysis of the expression of COX isoforms through The Cancer
Genome Atlas (TCGA) dataset [118]. This study revealed markedly higher COX-1 expression than
COX-2 in high-grade serous ovarian cancer (HGSOC)—the most aggressive EOC histotype—along
with higher COX-1 expression in HGSOC tumors than 10 other tumor types in TCGA. Interestingly,
a similar or higher expression of COX-2 isoform was instead observed for endometrioid, mucinous and
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clear cell tumors in an independent tissue microarray, thus suggesting a more relevant role for COX-2 in
other EOC histotypes. Importantly, genetic knockdown of COX-1 in ovarian cancer cell lines resulted
in down-regulation of both PG signaling and multiple pro-tumorigenic pathways, thus strongly
encouraging further development of methods to selectively target COX-1 in the management of
HGSOC tumors. The COX-1 relevance in ovarian cancer is also indirectly witnessed by the major
efficacy of aspirin, a stronger COX-1 than COX-2 inhibitor, in COX-1-overexpressing in vitro and
in vivo models of ovarian cancer [119–122].

Hematological tumors. COX-2 expression in hematological malignancies, including chronic
lymphocytic leukemia, chronic myeloid leukemia, lymphoma, and multiple myeloma, favors tumor
cell growth and survival, and represents a poor prognostic indicator [36]. As for myeloid and lymphoid
acute leukemia, the transcription of both COX-1 and COX-2 isoforms in human leukemic blast cells
from acute myeloid (AML) and acute lymphoid (ALL) patients has been well documented, but only
COX-1 protein is expressed and active. COX-1-derived PGE2 stimulates the spontaneous growth
of AML leukemic blasts in vitro [123]. Among the various COX-derived metabolites, only PGE2

appears to be endowed with a stimulating effect on the growth of leukemic blast cells in vitro [124],
this suggesting a potential benefit stemming from COX-1 selective inhibition. COX-1, but not
COX-2, is expressed and enzymatically active also in primary blasts from patients affected by acute
promyelocytic leukemia (APL), a distinct AML subtype characterized by the t(15;17) translocation
involving the PML gene on chromosome 15 and the retinoic acid receptor-alpha (RAR-alpha) gene
on chromosome 17. A major component of APL therapy is all-trans retinoic acid (ATRA), based on
its ability of activating gene transcription and tumor cell differentiation [125]. The ATRA-induced
cell differentiation program is very complex, as shown by systems analysis of transcriptome and
proteome [126], and includes also COX-1, but not COX-2, upregulation [127]. In this respect, it should
be noted that the COX-1 selective inhibitor SC-560, as well as the non-selective indomethacin, impair
both PGE2 production and ATRA-dependent differentiation of NB4 leukemic cells, a model of acute
promyelocytic leukemia, thus suggesting that COX-1-inhibiting NSAIDs should be avoided in APL
patients under ATRA treatment [128].

COX-1 and cancer stem cells. According to the cancer stem cell (CSC) model, tumor tissues
are hierarchically organized as normal tissues, the cancer stem cells being able to fuel or reinitiate
tumor growth, giving rise to the progeny which constitutes the bulk of tumor mass. The CSC niche
homeostasis is regulated by a complex system of molecular signals, which include also the COX-derived
AA metabolites [129,130]. In more detail, COX-2 is up-regulated in CSCs isolated from distinct
tumor histotypes (e.g., in breast, colon and bone tumors), is co-expressed with stemness molecular
markers, and promotes CSC growth in vitro systems, as recently reviewed by Pang L.Y. et al. [131].
This is not surprising, considering the relevance of COX-2-PGE2 system in stem cell biology of
normal tissues [132], as well as the well-known relevance of COX-2 in cancer. However, some
experimental evidence of COX-1 involvement in CSC biology also exists. In the azoxymethane
(AOM) murine colon cancer model, the early molecular response of intestinal stem cells to genotoxic
insult is driven by COX-1-PGE2 signaling, and results in increased stem cell survival [71]. In breast
CSCs, isolated from primary cultures of spontaneous tumors from HER2/Neu transgenic mice,
and characterized by proteomic analysis, both COX-1 and COX-2 genes are overexpressed with
respect to non-CSCs. Moreover, both COX isoforms belong to an eight-gene signature that correlates
with breast cancer patient survival, thus suggesting a role of both isoforms in breast cancers with
HER2 overexpression [133]. More recently, the development of anticancer drug resistance has been
demonstrated to depend also upon the activation of mesenchymal stem cells (MSCs), which are able of
modulating in many ways the response to chemotherapy [134]. A peculiar occurrence after cisplatin
treatment is the secretion of specific polyunsaturated fatty acids (12-oxo-5,8,10-heptadecatrienoic acid
and hexadeca-4,7,10,13-tetraenoic acid) that are able to confer resistance to various anticancer drugs.
Interestingly, the central enzymes involved in the synthesis of MSC-derived chemoprotective factors
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are COX-1 and thromboxane synthase [135], thus suggesting that enzyme inhibition could restore
cancer cell sensitivity.

To summarize, there is a rich body of evidence suggesting that also COX-1 is involved in multiple
aspects of cancer pathophysiology. In most cases, it seems that COX-1 and COX-2 isoforms operate in
a coordinated manner, while in specific conditions a prominent role for COX-1 has been demonstrated.
Functional consequences of COX-1 activation have been poorly investigated as compared to COX-2
activation, even though the effects of COX-1-PGE2 signaling on tumor cell phenotype have been
described. However, a proper consideration should be given to the distinct functional modifications
associated to COX-1 (or COX-2) expression [136], as shown also by a very recent genomic, lipidomic
and metabolomic analysis of cyclooxygenase-null murine fibroblasts [137]. This study, which
describes the common and dissimilar functional interactions of the COX isoforms at the cellular
level by using a systems biology approach, demonstrates that COX-1 up-regulation results in a
distinct “eicosanoid storm” along with an “anti-inflammatory, proinflammatory, and redox-activated”
signatures. Even though fibroblasts are not cancer cells, these results suggest that COX-1 activity,
when placed in pivotal position, can affect cell behavior even beyond eicosanoid metabolism.

3. Antitumor Activity of COX-1 Selective Inhibitors

Specific inhibition of COX-2 has been extensively investigated, and many highly selective
COX-2 inhibitors are available [138]. In contrast, relatively few COX-1-selective inhibitors have
been described [139], and only some of them have been investigated for anticancer activity (Figure 1).

Figure 1. COX-1-selective inhibitors investigated for anticancer properties. SC-560,5-(4-chlorophenyl)-1-
(4-methoxyphenyl)-3-(trifluoromethyl)pyrazole; mofezolac, (3,4-bis(4-methoxyphenyl)-5-isoxazolyl)acetic
acid; FR122047, 1-((4,5-bis(4-methoxyphenyl)-2-thiazoyl)carbonyl)-4-methylpiperazine.

SC-560. SC-560 is a member of diaryl heterocycle class of COX inhibitors, discovered during
the COX-2 inhibitor programs, and originally used as a pharmacologic tool to analyze the role of
COX-1-derived prostaglandins in inflammation and pain [140]. The pharmacological action of SC-560
has been explored in various pathological conditions, and its antitumor activity has been investigated
in multiple in vitro and in vivo experimental models of ovarian cancer and colorectal cancer, as well
as other tumor histotypes, as described in the following.

Based upon a peculiar histopathological pattern showing elevated levels of COX-1 (not COX-2)
in the epithelial compartment of ovarian tumor tissue undergoing extensive angiogenesis,
the pharmacological action of SC-560 in ovarian cancer models was first investigated by
Gupta R.A. et al. [104]. On ovarian cancer cell lines characterized for COX isoforms expression and
activity, SC-560 showed in vitro antiproliferative effects similar to those of indomethacin and celecoxib
(non-COX isoform selective and COX-2-selective, respectively), and only at doses 50–100 times
greater than those achieved in in vivo systems [140]. In contrast, only SC-560 was found to
inhibit arachidonic acid-induced VEGF secretion at low doses, an effect that was dose-dependently
reverted by PGE2. The in vivo tumor growth inhibitory efficacy of SC-560 was then demonstrated
by Daikoku T. et al. in genetically engineered ovarian cancer murine models, in which COX-1
overexpression was common to various disease-associated genetic alterations [105,106]. As far
as COX-1 downstream targets are concerned, experimental evidence for PPARδ–ERK signaling
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involvement was provided in murine, as well as in human ovarian cancer [119]. The in vivo
activity of SC-560 alone or in various combination protocols has been extensively investigated by
Li W. et al. in the SKOV-3 xenograft model [141–147]. In this model, SKOV-3 cells predominantly
express the COX-1 isoform, as determined by immunohistochemical analysis of tumor samples [142],
and SC-560 treatment at COX-1-specific inhibitory dosages produced a slight to moderate reduction of
tumor growth. Interestingly, combination treatment of SC-560 with cisplatin [147] or taxol [144–147]
generally provided greater efficacy than individual agents on various pharmacological end-points,
including angiogenesis, proliferation and apoptosis. Not surprisingly, a combination of SC-560
with the non-selective inhibitor ibuprofen [141] or the COX-2-selective celecoxib [143] also showed
major efficacy in the SKOV-3 system, suggesting that the inhibition of both COX-1 and COX-2 could
overcome a potential compensation between the two isoforms in the SKOV-3 xenograft biology.
From a mechanistic point of view, the in vivo effects of SC-560 in the SKOV-3 system may be
related to the treatment-dependent reduction of PGE2 production and to the associated inhibition
of angiogenesis. However, a clear evidence for an exclusive or prevailing COX-1 dependence of
prostaglandin production in SKOV-3 cells is lacking. Moreover, it cannot be excluded that in in vivo
systems SC-560 could inhibit also COX-2 [148], and that COX-independent effects could contribute to
antitumor activity. Some concern is partly due to the SKOV-3 cell line itself, which in some cases is
reported as negative for COX-1 expression [104]. This is not actually unusual in the cyclooxygenase
literature; the contrasting results variably depend upon a different source of the cell line, antibody
cross-reactivity or other technical issues [149], and distinct experimental conditions (i.e., in vitro versus
in vivo). Interestingly, SC-560 increases also paclitaxel sensitivity of taxane-resistant ovarian cancer
cell lines characterized by MDR1/P-glycoprotein upregulation. A similar effect was produced by the
COX-2 selective inhibitor NS398, not modified by PGE2 addition, thus suggesting a prostaglandin- and
COX-independent mechanism [150]. The concrete possibility that SC-560 could represent a promising
lead for ovarian cancer treatment is also suggested by the SC-560 belonging to a group of small
molecule compounds that are potentially able to target ovarian cancer stem cell (OVCSC)-specific
genes [151]. This interesting feature has been recently discovered through the characterization of
OVCSC-specific gene expression profiling and a co-expression extrapolation with CMAP, a massive
repository of gene expression data that provides information on gene expression modification of
several cell lines treated with >1000 bioactive compounds [152].

In vitro and in vivo activity of SC-560 in comparison to celecoxib against colorectal cancer cells
was investigated by Grosch S. et al. [153], by evaluating their effects on survival, cell cycle progression,
and apoptosis of colon cancer cell characterized for COX-1 and COX-2 expression. Independently
from COX status, both SC-560 and celecoxib affected in vitro cell survival and induced a G0/G1 block,
whereas only celecoxib induced apoptosis. In vivo, both compounds were active towards a HCT-15
(COX-2 deficient) xenograft, but devoid of significant effect on HT-29 (COX-2 expressing) tumors,
overall indicating a COX-independent mechanism of action. The effects of SC-560 on HT-29 colon
cancer cells have been investigated also by Wu W. K. et al. [154], showing that the growth inhibitory
effect was accompanied by G1-S transition arrest and phosphoinositide 3-kinase (PI3K)-induced
autophagy. Proliferation inhibition and cell-cycle progression arrest induced in vitro by SC-560 has
been investigated also on HCT-116 colon cancer cells, which had been previously characterized by
a total absence of COX expression and activity [155]. Lee et al. showed that the growth inhibitory
effect towards HCT-116 cells was affected by the cell cycle regulator protein p21CIP1 [156]. Moreover,
Sakoguchi-Okada N. et al. showed that the growth inhibitory and apoptotic effect of SC-560 (and other
non-selective and COX-2-selective inhibitors) on HCT-116 cells was associated with inhibition of
survivin expression and Wnt/beta-catenin signaling pathway [157]. With the aim of identifying
possible COX-independent mechanisms of action of NSAIDs, treatment-induced gene expression
modifications of HCT-116 cells were investigated by using suppression subtractive hybridization [158].
Interestingly, two cancer-related genes, NAG-1 (officially known as GDF15), and thymosin β-4
(TMSB4X), were induced by SC-560, thus suggesting potentially contrasting effects on its antitumor
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activity. NAG-1 codes indeed for a pleiotropic cytokine of the TGF-β superfamily expressed in a broad
range of cell types and involved in the cellular stress response program. NAG-1 induction effect may
either be tumor-growth suppressive or enhancing, depending upon its induction pattern (acute or
sustained) and pathophysiological context [159]. The induction of thymosin β-4 too could potentially
compromise the anticancer activity of SC-560, being thymosin β-4 mechanistically involved in the
metastatic process [160,161] and associated with poor prognosis in CRC [162]. Cyclooxygenase- and
prostaglandin-independent growth inhibitory effects of SC-560 have been reported in vitro in cells
representing various other tumor histotypes. The growth and cell-cycle progression of human A549,
H460, and H358 lung cancer cells is affected by SC-560 at doses that are definitely higher than those
required for COX-inhibiting activity. Interestingly, the growth suppression induced by SC-560, but not
celecoxib treatment, was associated with reactive oxygen species production [163]. Multiple myeloma
cell proliferation is also inhibited by SC-560 at doses that are 10 times higher than those necessary
for enzymatic inhibition [164]. SC-560 treatment of HuH-6 and HA22T/VGH human hepatocellular
carcinoma cell lines, expressing both COX isoforms at mRNA and protein level, led to growth inhibition
and apoptosis, and inhibited anchorage-independent growth of HuH-6 cells in soft agar, an in vitro
marker for malignancy of cancer cells [165]. From a mechanistic point of view, treatment of tumor
cells with SC-560, as well as with the coxib CAY10404, was associated with activation of ERK1/2
signaling pathway.

Mofezolac. Among the few selective COX-1 inhibitors investigated as potential analgesics
and anti-platelet agents, mofezolac has been developed and marketed in Japan as a powerful pain
killer [166], and its anticancer activity has been investigated almost exclusively in colorectal cancer
experimental models. In vitro treatment of a COX-1-expressing RGMI cell line (non-transformed
cells derived from rat gastric mucosa) by mofezolac induces a weak apoptotic effect, substantially
prostaglandin-synthesis independent, with respect to indomethacin or sodium diclofenac [167],
and a similar behavior was also observed in AGS gastric adenocarcinoma cells, treated at concentrations
that were similar to those found at gastric mucosa after oral administration [168]. With regard to in vivo
models of colorectal cancer, mofezolac treatment suppresses the development of aberrant crypt foci
(putative preneoplastic lesions) induced by azoxymethane (AOM) and reduces the number of intestinal
polyps in Apc knockout mice. In both murine models, the efficacy of mofezolac was similar to that of
nimesulide, this indicating a tumorigenic role for both cyclooxygenase isoforms in this experimental
model [169]. Accordingly, a combination treatment with COX-1- and COX-2-selective inhibitors
more effectively suppressed polyp growth than either of the single treatments alone in Apc knockout
mice [170]. Besides inhibiting preneoplastic lesions, mofezolac significantly reduces the incidence,
multiplicity and volume of azoxymethane-induced rat colon carcinomas [171], thus confirming the
COX-1 pathophysiological role in the AOM-induced intestinal carcinogenesis. Interestingly, Mofezolac
is also effective in suppressing beef tallow-promoted colon carcinogenesis in rats, thus suggesting
a potential benefit for populations with high fat intake [172].

FR122047. The COX-1-selective inhibitor, 4,5-bis(4-methoxyphenyl)-2-[(1-methylpiperazin-4-yl)
carbonyl]thiazole (FR122047) was originally developed as antiplatelet agent devoid of ulcerogenic
effects [173], and investigated as analgesic agent [174], or used as tool for studying the involvement of
COX-1 as well as the role of prostanoids generated along the COX-1 and COX-2 pathways in various
models of inflammation [175,176]. The antitumor activity of FR122047 has been investigated in vitro
on MCF-7 breast cancer cells [80]. FR122047 treatment inhibits in vitro cell growth of MCF-7 cells,
and induces apoptotic cell death that is mechanistically independent from treatment-associated ROS
production, as well as from PGE2 production inhibition. Mechanisms of MCF-7 cell death induced
by FR12207 were further investigated by the same group [177], showing that FR122047 treatment
induces caspase-mediated apoptosis and at the same time stimulates a defensive autophagic response
of MCF-7 cells. Interestingly, the inhibition of caspase-9 blocks the cytoprotective autophagic process,
thus increasing the susceptibility of MCF-7 cells to FR-122047-induced cell death.
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In general, in vitro and in vivo antitumor properties of COX-1-selective inhibitors resemble
those of other NSAIDs and coxibs; in some cases, COX-dependent, and in others, COX-independent
mechanisms having been reported. Preliminary screening of the anticancer properties of COX
inhibitors is usually performed by investigating the in vitro effect upon cell proliferation and cell cycle
progression of tumor cells characterized for COX expression and activity. COX-1-selective inhibitors,
not different from other NSAIDs or coxibs, impair cell growth and proliferation, this biological
end-point being most often associated with cell cycle G1-phase arrest and cell death. These effects
are usually observed at compound concentrations that are much higher than those of common
cytotoxic drugs [178], and very often higher than clinically relevant COX-inhibitor concentrations.
The true effective concentration of COX inhibitors in in vitro systems could actually be lower than
that indicated, owing to a subtractive interaction with the serum proteins of culture medium [179].
However, whilst considering the protein interaction caveat, it is not surprising that COX-1 inhibitors
(as well as traditional NSAIDs and coxibs) have weak antiproliferative effects related to enzymatic
inhibition. This probably reflects the weak impact of COX-derived PGs in the maintenance of
in vitro growth and proliferation condition. In the various inflammatory pathological conditions
in which the PG activity has been investigated, these molecules do not operate as primary signals
of homeostasis modification, but rather as amplification signals at the tissue level [19]. There is no
reason to believe that in vitro tumor cell proliferation could be a different situation, as shown also
by the lack of efficacy of COX inhibitors against resting tumor cells [180]. Therefore, to obtain more
useful information from a basic antitumor assay such as cell growth and proliferation inhibition,
it would be preferable to use tumor cells that increase their proliferation rate as a result of PG addition,
and to demonstrate that this effect is impaired by the COX inhibitor under investigation. In this
context, it would be preferable to integrate the COX expression and activity data into a more general
knowledge of genes and gene products that are associated with AA metabolism in the tumor cells
under investigation. This information is available to the scientific community in public databases,
e.g., the Cancer Cell Line Encyclopedia [181], and it is essential for a reasoned choice of tumor cells to be
used, also in relation to their suitability as models of human clinical disease [182]. The elegant paper of
Wilson A.J. et al. [118] on the relevance of COX-1 in HGSOC witnesses the effectiveness of this strategy.
Moreover, treatment effects upon cell cycle progression and the cell survival–death homeostasis could
be more conveniently investigated in the same experimental setting by using modern multiparametric
imaging technologies [183], thereby obtaining a comprehensive picture of treatment-associated
phenotypic modifications. In in vitro systems again, specific investigations could be planned by
using 3D tumor cell models enriched with stromal cells, to more closely mimic the tissue-like condition
in which PGs usually operate. As far as other tumor phenotype hallmarks potentially affected by
COX-derived PGs, such as angiogenesis, invasion and metastasis, and immune effects, they all would
only be observed in in vivo systems, although some useful indication can be provided by in vitro assays
measuring cell adhesion properties, migration, invasion, and colony formation [178]. As far as the
COX-independent mechanism, which are often described for COX-1-selective inhibitors, they could
also be of interest. Unlike what occurred with the COX-independent pharmacological actions of
coxibs [184], which gave rise to substantial research and development activity [43], the results so far
reported for COX-1-selective inhibitors have not triggered systematic research on this topic. This is not
surprising, considering the small number COX-1-selective compounds available. On the other hand,
a COX-independent mechanism occurs in an unpredictable manner, and sometimes in a different
context, as in the case of the ability of mofezolac to interact with c-myc oncoprotein [185].

4. Conclusions

The involvement of COX-1 activity in cancer seems to have, in most cases, a pathophysiological
role that is consistent and coordinated with COX-2, as in other inflammation-associated
pathological conditions. However, in some cases, as exemplified by serous ovarian carcinoma,
COX-1 overexpression plays a pivotal role, stimulating more in-depth studies on its function in
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this specific condition, and suggesting that other histopathological and molecular subtypes of
cancer disease could share this feature. However, it seems clear that the analysis of functional
implications of COX-1-signaling, as well as of the pharmacological action of COX-1-selective inhibitors,
should not be restricted to the COX pathway, and to the effects of prostaglandins that are already
known for their ability to affect the tumor phenotype. A knowledge-based choice of the most
appropriate tumor cell models, and a major effort in investigating the COX-1 issue in the more
general context of the arachidonic acid metabolic network by using systems biology approaches,
should be strongly encouraged.
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Abstract: Chemotherapy is one of the major therapeutic options for cancer treatment. Chemotherapy is
often associated with a low therapeutic window due to its poor specificity towards tumor cells/tissues.
Antibody-drug conjugate (ADC) technology may provide a potentially new therapeutic solution for
cancer treatment. ADC technology uses an antibody-mediated delivery of cytotoxic drugs to the
tumors in a targeted manner, while sparing normal cells. Such a targeted approach can improve the
tumor-to-normal tissue selectivity and specificity in chemotherapy. Considering its importance in
cancer treatment, we aim to review recent efforts for the design and development of ADCs. ADCs are
mainly composed of an antibody, a cytotoxic payload, and a linker, which can offer selectivity against
tumors, anti-cancer activity, and stability in systemic circulation. Therefore, we have reviewed
recent updates and principal considerations behind ADC designs, which are not only based on the
identification of target antigen, cytotoxic drug, and linker, but also on the drug-linker chemistry
and conjugation site at the antibody. Our review focuses on site-specific conjugation methods for
producing homogenous ADCs with constant drug-antibody ratio (DAR) in order to tackle several
drawbacks that exists in conventional conjugation methods.

Keywords: antibody; drug conjugation; chemical linker; drug delivery; and cancer therapy

1. Introduction

Cancer, responsible for about 8.2 million deaths per year globally, is the second most common
deadly disease which severely affects the human health worldwide [1]. Current treatment options
for cancer include surgery, chemotherapy, radiation, and immunotherapy. Modern approaches to
combat cancer include stem cell therapy, hyperthermia, photodynamic therapy, laser treatment,
etc. Among these therapeutic interventions, chemotherapy, either alone or in combination with
surgery or radiation therapy, is the most widely used therapeutic option. Neoadjuvant chemotherapy
is used to shrink tumors before surgery or radiation. Adjuvant chemotherapy is employed
after surgery or radiation to kill remaining cancer cells. Conventional chemotherapy is often
associated with a low therapeutic window due to poor pharmacokinetic properties of the drugs
used. Additionally, chemotherapeutic agents are not specific to tumor cells and they can affect
normal cells with high mitotic rates. This can lead to life-threatening side effects in cancer patients.
The severity of such uninvited side effects can be reduced by conjugating different types of highly
potent un-targeted drugs such as tubulin polymerization inhibitors, DNA damaging agents conjugated
to a monoclonal antibody (mAb). Another proven approach to minimize chemotherapy side effects
is nanotechnology. This approach gives the ability to load drug molecules in polymer/metal
nanoparticles, liposomes, micelles, self-assemblies, and nanogels. Nanotechnolgy enhances passive
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delivery of chemotherapeutics to malignant cells (due to leaky vasculature) [2]. However, the existence
of abundant stromal/fibrosis (desmoplasia) in tumors, leads to inefficient drug delivery and emergence
of drug resistance [3]. All these unmet needs imply the importance to consider alternative approaches
for successful therapeutic intervention in cancer.

A site-specific targeted delivery of cytotoxic drugs is proving to be a better option for efficient
drug delivery. This can be achieved by conjugating cytotoxic drugs to a suitable and validated
mAb. ADC strategy not only enhances the therapeutic window of potent cytotoxic drugs, but also
minimizes chemo-associated side effects. ADCs attain the idea of a “magic bullet” conceptualized
by Paul Ehrlich [4]. The concept of ADC in drug development was well recognized following the
Food and Drug Administration (FDA) approval for Adcetris® (brentuximab vedotin) in 2011 and
Kadcyla® (trastuzumab emtansine) in 2013. These successes prompted enormous interest among
antibody guided therapeutic researchers from both academia and industry. This is evident from a
sharp increase in related publication in PubMed (Figure 1a) and registered clinical trials in different
phases of various types of ADCs (Figure 1b).

Figure 1. (a) Yearly peer-reviewed articles on ADCs based on PubMed search; (b) Registered clinical
trials of ADCs based on Clinicaltrials.gov database; (c) Key components of an ADC.

ADCs are typically comprised of a fully humanized mAb targeting an antigen
specifically/preferentially expressed on tumor cells, a cytotoxic payload, and a suitable linker
(Figure 1c). This composition mainstay preserves cytotoxicity of drugs, targeting characteristics,
and stability of ADCs in systemic circulation. The right combination of selection is key in developing
a succeessful ADC. To acheive specific delivery of a cytotoxic payload, the target antigen must
be highly expressed on the surface of the tumor cells rather than the normal cells. Conjugating a
mAb to highly potent cytotoxic payloads facilitates site-specific delivery of the payload to the
target cells, thus minimizing the chances of off target cytotoxicity. Upon binding to the specific
antigen, the antibody gets absorbed through rapid internalization followed by lysosomal degradation,
and subsequently releasing the cytotoxic drug inside the cell (Figure 2a). This way, ADCs can be used
to deliver cytotoxic drugs to cancer cells [5].
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Figure 2. (a) Schematic representation of ADC uptake in cells expressing target antigen followed by
release of the payload; (b) Key considerations while choosing target and antibody isotype for ADC
developments; and (c) subclasses of IgG.

Over the past 30 years of ADC research, several new linkers, and conjugation strategies have
been discovered. However, very few of them have reached to the clinic. This shows the degree of
difficulty in optimizing key parameters of ADC such as choosing a potent cytotoxic payload, a suitable
target, a stable linker, the conjugation site to the mAb, and the conjugation technology. Therefore, in
this review, we attempt to discuss various advancements and challenges in ADC technologies with a
special focus on linkers and conjugation methods.

2. Composition of ADCs

2.1. Target and Antibody

The conjugation of potent cytotoxic drug molecules to mAbs demonstrates a promising approach
for the development of targeted cancer therapy. The selection of mAbs for specific targeting and
harnessing the therapeutic drug molecule(s) with mAbs represents ADCs precision acting only on
cancer cells, increasing the therapeutic index while minimizing the off-target effects (Figure 2b).
Therefore, determining which antigen to target is the first major step in ADC development. The target
antigen should be overexpressed on tumor cells surface homogenously with relatively low to
no expression on healthy cells to ensure site-specific targeting delivery of cytotoxic payloads [6].
Immunohistochemistry, flow cytometry, tissue microarrays, reverse transcription polymerase chain
reaction (RT-PCR), messenger RNA (mRNA) profiling are commonly used to anlyze tumor expression
of the target antigen in patient tissue samples [7]. Upon confirming antigen overexpression,
mAbs against this particular antigen are generated through Hybridoma Technology (a method
for producing monoclonal antibodies). The hybridoma cells are immortalized by fusing antibody
producing B cells from mice and mouse myeloma cells, then they are further cultured to generate
monoclonal antibodies of interest [8]. Selection of mAbs for generation of ADCs is based on their
tumor penetrating ability and binding affinity (Kd < 10 nM) [5]. MAbs with strong binding on
antigens were found to be confined in perivascular spaces, whereas as low binding affinity mAbs
can internalize well inside the tumor [9]. Thus, a balance between internaliztion and disassociation
rates of the antigen-antibody (Ab-Ag) complexes governs effective delivery of the payload to the
tumor space. Sometimes shedding of a target antigen from tumor tissues or the presence of a
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circulating antigen in systemic circulation, in a considerable amount, can alter the potency and
pharmacokinetics of the ADCs. In these circumstances a significant amount of the payload on ADCs
will be lost in systemic circulation and cleared by the liver [10,11]. Studies on drug conjugates with
shedding antigens, like tumor-associated carbohydrate antigen CanAg (a glycoform of mucin 1) and
carcinoma antigen 125 (CA-125), showed no decrease in therapeutic efficacy [11,12]. The mAbs used
for drug cross-linking are of the IgG isotype (Figure 2c) specifically IgG1, because of their inherent
ability to trigger immune-mediated effector functions. This includes antibody-dependent cellular
cytoxicity (ADCC) and complement-dependent cytotoxicity (CDC) by binding to Fcγ receptors and
complement C1q protein complex, respectively [13]. Independent functions of mAbs can be an added
advantage over the cell killing potency of the ADC warhead but they can contribute to toxicity
sometimes [14]. For instance, anti-HER2 trastuzumab, in trastuzumab-emtansine (DM1) contributes
to the antitumor efficacy of the ADC by mediating antibody-dependent cell-mediated cytotoxicity
(ADCC) [15]. IgG2 and IgG4 isotypes can be used in ADCs but are less efficient in modulating effector
functions and delivery in comparison to IgG1 [7,13]. IgG3 isotypes have a lower half-life, exteneded
hinge region compraed to other isotypes and they are prone to polymorphisms and immunogenic
reactions. Immunogenicity caused by previouly used murine and chimeric mAbs is countered by
converting them to humanized mAbs. In humanized mAbs, the Fc region is from the human source
and complementarity determining region are from non-human (rat/mouse) sources [16].

2.2. Linker

One of main challenges in developing ADCs is to incorporate a linker that will maintain the
stability of the ADC in systemic circulation for a prolonged period and release the payload after
internalization at the target site. The site of conjugation and choice of linker play a critical role in
the stability, the pharmacokinetic properties of ADCs. Attachment sites in antibody mAb can also
be engineered via several ways for incorporation of a linker and subsequently the drug. Based on
release mechanism, linkers are generally divided as cleavable (Figure 3a) and non-cleavable linkers
(Figure 3b).

Figure 3. Chemical structures of linkers used in ADCs development. (a) Key cleavable linkers:
(i) Lysosomal protease sensitive Val-Cit dipeptide linker; (ii) Glutathione sensitive SPDB linker;
(iii) Acid Sensitive AcBut linker; and (iv) β-Glucuronidase sensitive linker; and (b) non-cleavable
linkers: (i) SMCC linker; and (ii) PEG4Mal linkers.
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2.2.1. Cleavable Linkers

• Acid-sensitive linkers: Acid-sensitive hydrazone groups in acid-labile linkers remains stable in
systemic circulation (pH 7.5) and gets hydrolyzed in lysosomal (pH 4.8) and endosomal (pH 5–6)
acidic tumor micro-environment upon internalization in the targeted cells [17]. Withdrawal of
gemtuzumab ozogamicin (Mylotarg®) in 2010, an anti-CD33 ADC for treatment of acute myeloid
lymphoma, raises concern over the stability of this linker [18]. The heterogeneous nature of the
drug conjugate contributed to premature release of payload, which in turn may have contributed
to its remarkable toxicity compared to conventional chemotherapy. Currently, inotuzumab
ozogamicin and milatuzumab doxorubicin, that are developed with a hydrazone linker.

• Glutathione-sensitive disulfide linkers: Another common example of cleavable linkers is glutathione-sensitive
disulfide linkers. Glutathione is a low molecular weight thiol which is present in the cytoplasm
(0.5–10 mmol/L) and extracellular environment (2–20 μmol/L in plasma) [19]. In tumor cells
elevated levels of thiols are found during stress conditions such as hypoxia [20]. The difference in
glutathione concentration in cytoplasm and extracellular environment can be implemented as
a selective delivery of the drug payload to target tumor via breakdown of disulfide linkers [21].
Besides glutathione, intercellular protein disulfide isomerase (PDI) is also capable to reduce
disulfide bonds. Two cysteine residues in the active site of this enzyme governs the thiol-disulfide
exchange reactions with or within substrates [22]. Maytansinoid drug conjugates have been
widely employed for disulfide bonds with an average DAR of 3–4 [23].

• Lysosomal protease-sensitive peptide linkers: Tumor cells have higher expression of lysosomal
proteases like cathepsin B than normal cells. Cathepsin B-sensitive peptide linker conjugated
ADCs selectively binds to and get internalized into tumor cells via receptor mediated
endocytosis [24]. Proteases are inactivated in serum in presence of a high pH and different serum
protease inhibitors [24]. This makes the peptide linker stable in systemic circulation and only to
be cleaved upon internalization in tumors. In case of the FDA approved Adecetris®, cathepsin B-
sensitive valine-citruline linker is found to be superior to hydrazone linker. The valine-citruline
linker connects the bridge between p-aminobenzylcarbamate-monomethyl auristatin E (MMAE)
and anti-CD30-mAb [5].

• β-glucuronide linker: β-Glucuronidase-sensitive linkers have been successfully used in a handful
of glucuronide prodrugs [25]. Lysosomes and tumor necrotic areas are rich in β-glucuronidase
which is active at lysosomal pH and inactive at physiological pH [26]. This selective site of
action allows for a selective release of cytotoxic payloads through cleavage of the glycosidic
bond of β-glucuronidase-sensitive β-glucuronide linkers. Further, the hydrophilic nature of
this linker provides aqueous solubility for hydrophobic payloads and decreases aggregation
of ADCs [27]. A highly hydrophobic CBI payload was conjugated to h1F6 and cAC10 mAbs
utilizing β-glucuronide linker with an average DAR ~4–5 [27]. Such ADC compositions were
found to be mostly monomeric in nature compared to extremely aggregated PABC-dipeptide
based CBI conjugates [27]. Psymberin/irciniastatin A, a phenolic cytotoxic payload-based ADC
was developed with N,N′-dimethylethylene diamine self-immolative spacers and a β-glucuronide
linker for targeting CD-30-positive and CD-70-positive malignancies [28]. This development led
to the possibility of developing phenolic warhead-based ADCs as many anti-cancer drugs have
phenol functional groups. Another β-glucuronidase-sensitive linker based ADC has recently been
developed utilizing tertiary amine functional group of payloads (tubulysins and auristatin E) as
the conjugation site to the linker [29]. Tertiary-ammonium based linkers provide an excellent
strategy for conjugating payloads without affecting their activity [29].

2.2.2. Non-Cleavable Linkers

ADCs with non-cleavable thioether linkers have better plasma stability. Higher plasma stability
decreases the non-specific drug release of ADCs as compared to cleavable linkers [30]. The linker
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is attached to the amino acid residues of the mAb through a nonreducible bond, accounting for
high plasma stability. Following internalization, the drug is released from these conjugates due
to lysosomal proteolytic degradation of the mAb. The drug-linker-amino acid residue itself must
retain the activity of the drug [31]. FDA approved trastuzumab emtansine (Kadcyla®/T-DM1) uses
a non-cleavable SMCC (N-succinimidyl-4-(maleimidomethyl) cyclohexane-1-carboxylate) linker to
crosslink the warhead DM1 to lysine residues of anti-HER2 mAb trastuzumab. The intercellular
metabolite lysine-MCC-DM1 complex was found to be as active as the parent drug, DM1, after
lysosomal degradation of trastuzumab [32]. The hydrophobic nature of lysine-MCC-DM1 metabolites
restricted the bystander effect and caused aggregation leading to immunogenicity. Polarity of the
DM1 conjugates was increased with a tetramer PEG4Mal linker. Lysine-PEGMal-DM1 metabolites
were found to be more potent, effectively retaining in MDR1 expressing cancer cells compared to
lysine-MCC-DM1 metabolites [33]. Monomethyl auristatin F (MMAF) conjugates with non-reducible
thioether linker were found to be highly stable with equal potency as compared to valine-citrulline
conjugates [34].

2.2.3. Rational Linker Design to Overcome Resistance

Increasing occurrence of resistance in cancer patients, is a major challenge in anti-cancer drug
discovery. Resistance to ADCs can be inherent or acquired and can be caused by several reasons
including overexpression of efflux transporter proteins, downregulation or altered expression of
target antigen, activation of different signaling pathways, blocked binding site at the target antigen
etc. [35]. Commonly used cytotoxic payloads in ADC, such as calicheamicin, auristatins, maytansines,
taxnes, and doxorubicin are well-known substrates of efflux transporter of P-gp, which pumps out the
drug from intracellular space. This commonly observed phenomenon is key to the development
of multi drug resistance (MDR), where patients fail to respond to several chemotherapies [36].
Clinically approved gemtuzumab ozogamicin was found to be less effective in acute myeloid
leukemia patients with high expression of MDR proteins [37]. However, effective linker design
can help to overcome multidrug resistance. Hydrophobic compounds are found to be more sensitive
towards MDR1 efflux transporter. In a study with the hydrophilic DM1 payload, incorporation of a
hydrophobic PEG4Mal linker enhanced potency of the ADC in MDR1 containing xenograft models [33].
When compared to SMCC linker, lysine-PEG4Mal-DM1 metabolites were more accumulated in
MDR expressing COLO 205 cells than lysine-SMCC-DM1 metabolites [33]. In cleavable linkers,
the payload gets more sensitive after it is released from the linker whereas, payloads with non-cleavable
linkers are found to be less susceptible towards efflux proteins, where the mAb is digested but the
linker-payload metabolite remains active [38]. Further, Zhao and co-workers showed that incorporation
of a non-charged PEG group or negative charged α-sulphonic acid group increased hydrophilicity of
commonly available hydrophobic SPDP, SMCC linkers as well as provided better therapeutic window
for maytansine conjugates against MDR1 expressing cell lines in vitro and in vivo [39].

2.3. Payloads

Clinically approved chemotherapeutics with known clinical profiles like doxorubicin,
methotrexate, and 5-flurouracil (Figure 4a) were commonly used as payloads in ADCs [40].
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Figure 4. Chemical structures of first and second generation payloads used in ADCs. (a) 1st generation
ADC payloads: (i) doxorubicin; (ii) 5-fluorouracil; and (iii) methotrexate; (b) DNA damaging agents:
(i) calicheamicin γ1; (ii) duocarmycin A; and (iii) SJG-136 PDB dimer; and (c) tubulin polymerization
inhibitors: (i) monomethyl auristatin E (MMAE); (ii) mertansine (DM1), monomethylauristatin F
(MMAF), and ravtansine (DM4).

The clinically approved topoisomerase II inhibitor doxorubicin conjugated is to the hinge region
cysteine residues of BR96 humanized mAb through an acid sensitive hydrazone linker is one of
the 1st generation ADCs targeting the Lewis Y antigen, found to be overexpressed in different
cancers [41]. The effective dose of BR96-doxorubicin in in vivo studies was found to be very high due
to low potency of the payload (IC50 0.1–0.2 μM) although with a high DAR value of 8. Despite such
promising preclinical data, the BR96-doxorubicin conjugates failed to show enough efficacy in clinical
trials, while patients experienced significant gastrointestinal toxicity due to the presence of Lewis
Y in the gut [42]. Lessons from the story of BR96-doxorubicin established the use of more potent
cytotoxic payloads, preferably with IC50 values in the sub-nanomolar range, as there is only a certain
amount of payload that can be delivered via ADCs. Antibody conjugated delivery of highly potent
chemotherapeutic drugs can increase tumor specificity, therapeutic index as well as decrease systemic
toxicity. The cytotoxic payloads used in ADCs development can be divided in two classes based on
their mechanism of action, DNA damaging agents (Figure 4b) and tubulin inhibitors (Figure 4c).

2.3.1. DNA Damaging Agents

Calicheamicins are naturally occurring highly potent DNA damaging agents isolated from
the fermentation broth of a soil microorganism Micromonospora echinospora ssp. Calichensis [43].
Upon binding at the minor grove of the DNA they are reduced by cellular thiols to form a
1,4-dehydrobenzene radical intermediate, which then removes hydrogen from the deoxyribose ring
and breaks the DNA strand [44] through a reaction commonly known as Bergman cyclization [45].
Calicheamicin was found to alter the expression of different key cell elements at the transcriptional
level such as ribosomal proteins, nuclear proteins, and proteins accountable for stress response,
different genes involved in DNA repair/synthesis, as well as metabolic and biosynthetic genes [46].
Calicheamicin is being investigated as payload in several ADCs; gemtuzumab ozogamicin and
inotuzumab ozogamicin are noteworthy among them. Gemtuzumab ozogamicin incorporates a
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hydrazide derivative of calicheamicin, N-acetyl-γ-calicheamicin dimethyl hydrazide. CD-22 selective
inotuzumab ozogamicin also incorporates N-acetyl-γ-calicheamicin dimethyl hydrazide as a
payload [47]. Duocarmycins and pyrrolobenzodiazepines (PBD) are other notable chemotherapeutics
in this class which are now in early stages of clinical development for payloads in ADCs [44].
Duocarmycins (DNA minor groove binders) exerts their cytotoxicity by alkylating adenine residues
at the N3 position of DNA strands. SYD983, a duocarmycin-trastuzumab ADC was recently
developed [48]. Of note, potent PBDs are naturally produced by actinomycetes. They covalently
bind to a particular sequence in DNA minor groove and form an amine bond in-between C11 of PBD
and N2 of guanine bases [49]. Although they do not disrupt the DNA structure considerably, formation
of DNA-PBD adduct impedes key DNA functions like transcription and translation [50]. Several ADCs
currently under clinical trial (SGN-CD70A, SGN-CD 33A and SGN-CD123A from Seattle Genetics)
employ a PBD dimer SGD-1882 as their payload [51]. ADCs with PDB dimers are also found to be
involved in bystander killing [50].

2.3.2. Tubulin Polymerization Inhibitors

Tubulin polymerization inhibitors (auristatins and maytansinoids) are widely employed as
cytotoxic payloads [44]. Auristatins are water-soluble synthetic analogs of a marine natural product
(dolastatin 10) isolated form the extract of a sea hare, Dolabella auricularia. The parent compound
was also found in cyanobacteria Symploca hydnoides and Lyngbya majuscula, which are nourishment
to the sea hare [52,53]. Dolastatin 10, a series of linear peptides comprised of dolavaline, valine,
dolaisoleuine, dolaproine amino acid residues and a complex primary amine (dolaphenine) is found
to be active against a wide range of cancer cell lines and solid tumors at very low concentrations
(average IC50 value is in sub nanomolar range) [52,54]. It shares the same tubulin-binding site as
vinca alkaloids and inhibits tubulin polymerization and tubulin-dependent GTP hydrolysis that
causes cell cycle arrest in the G2/M phase, eventually leading to cell death [55]. Seattle Genetics
has developed two auristatin derivatives (MMAE and MMAF), which are currently being used as
payloads in several ADCs by linking to the cysteine residues of the mAb [56–58]. Bentuximab vedotin,
a FDA approved ADC, incorporates MMAE which is linked to the cysteine residues of anti-CD30
antibody by a protease sensitive valine-citrulline dipeptide linker with an average 4 drug molecules
per antibody [56]. Bentuximab vedotin is taken up in-to cytosol via cell-mediated endocytosis, where
the linker is selectively cleaved in the presence of elevated lysosomal protease cathepsin B [59].
MMAE can penetrate the cell membrane, and as a result it can prompt bystander killing where it
diffuses through nearby cells independent of antigen expression; by contrast, MMAF is impermeable
to cell membrane [60]. This is because MMAF is more hydrophilic, less potent, and less toxic than
MMAE. The presence of a charged phenylalanine moiety at the C-terminus of MMAF structure
perturbs its cell membrane permeability [34]. Maytansiniod derivatives DM1 and DM4 are another
type of microtubule polymerization inhibitors that are developed by Immunogen. Maytansine, an ansa
antimitotic isolated from the bark of Ethiopian shrubs Maytenus ovatus and Maytenus serrata shares the
same tubulin binding site and mechanism of action as vinca alkaloids and destabilizes microtubule
assembly resulting cell cycle arrest in G2/M phase [61–63]. DM1 and DM4 are maytansinoids with
methyl disulfide substitutions at the C3 N-acyl-N-methyl-L-alanyl ester side chain of maytansine [64].
Clinically approved Kadcyla® uses DM1 as a payload with an average DAR of 3.5 for treatment of
HER2+ metastatic breast cancers [32]. SAR3419, a CD-19 targeted ADC with DM4 payload is in phase
II clinical trial for the treatment of B-cell malignancies. DM4 is linked to the lysine residues of the
mAbs with a thiol sensitive N-succinimidyl-4-(2-pyridyldithio) butyrate (SPDB) linker yielding an
average DAR of 3.5 [65].

α-Amanitin, a RNA polymerase II inhibitor, is a highly water-soluble mushroom derived
octapeptide, which is currently being investigated as a payload in pre-clinical ADCs [66]. In proof of
concept studies α-amanitin was efficiently delivered to the target cells through an anti-HER2 mAb
and the IC50 values were found to be in pico molar range [67]. An anti-EpCAM ADC conjugated
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with α-Amanitin payload via a protease/esterase sensitive glutamate linker was also found to be
highly effective in EpCAM expressing tumor models [68]. Recently, anti-PSMA-α-amanitin ADCs
were successfully employed to reduce tumor growth in preclinical prostate cancer model with stable
and cleavable linker [69].

3. Conjugation

Mylotarg™ was the first ADC to be approved by the FDA, first marketed in 2000 until it’s voluntary
withdrawal in 2010 due to lack of significantly improved clinical benefits. The heterogeneous nature
of drug conjugates and hydrazine linker instability were thought be accountable for the failure of
this ADC. Thus, there was an urgent need for developing new strategies for producing homogenous
drug antibody conjugation methods. Several strategies have been employed for cross-linking the
antibody to drug by a linker using solvent reachable reactive amino acids with nucleophilic groups in
antibody side chains. Side chain cysteine (SH group) and lysine (NH2 group) have been extensively
used for conjugation (Table 1). The main problem with these conventional conjugation methods is the
heterogeneous nature of the end products with different DAR values [70]. The conjugation strategy
must not alter any key blocks of an antibody that are responsible for its binding to the target antigens.

Table 1. Comparison between different side chain conjugation methods.

Conjugation Reactive Groups Advantages

Cysteine Residues Maleimides, haloacetyls, other
Michael acceptors

Simple and reproducible method
Used in FDA approved Adcetris, widely employed in
pipeline candidates, DAR ~0–8
Comparatively less heterogeneous by products than
lysine conjugation
Easier to characterize pharmacokinetically

Lysine Residues Activated ester functional groups
like N-hydroxysuccinimide esters

Though highly heterogeneous, this method is
employed in FDA approved Kadcyla®, Mylotarg™,
DAR ~3.5 (Kadcyla®), ~2.5 (Mylotarg™)
Mostly used to crosslink via non-reducible linkers.

3.1. Via Side Chain Cystine Residues

Conjugation via side chain cysteines is a widely utilized and accepted technology in conjugation
chemistry of ADCs. Seattle Genetics’ ADC brentuximab vedotin utilizes this method to conjugate
MMAE with the anti-CD30 mAb (cAC10) via an enzymatically cleavable dipeptide linker [71].
Cysteines are engaged in interchain and intrachain disulfide bridges in an antibody, which did
not contribute to the building blocks of an antibody. In an IgG1 antibody, there are four interchain
disulfide bonds [72,73]. It was also found that interchain disulfide bonds are more susceptible to
reduction than intrachain disulfide bonds, which allow for a controlled reduction of the four interchain
disulfide bonds with dithiothreitol (DTT) or tris(2-carboxyethyl)phosphine (TCEP) while keeping
intrachain disulfide bond intact. This can yield up to eight reactive sulfhydryl groups, facilitating drug
conjugation with DAR values of 0–8 [70,74]. These reactive sulfhydryl groups which are nucleophilic
in nature, can be reacted with electrophiles like maleimides, haloacetyls for crosslinking proteins [75].
Conjugation via cysteine produces more uniform products than lysine conjugation that are easier
to purify and characterize pharmacokinetically. Previously mentioned problems with non-specific
conjugation methods established a need for more specific methods for conjugation.

3.2. Via Side Chain Lysine Residues

Mylotarg™ had utilized side-chain reactive lysine residues of a humanized anti-CD33 mAb
for conjugating the drug calicheamicin by a bifunctional acid sensitive hydrazone linker [76].
However, Pfizer voluntarily withdrew this product in 2010 [77]. Ado-trastuzumab-emtansine
(Kadcyla®), one of four approved ADCs in the market utilizing side chain lysines for conjugating
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the potent tubulin inhibitor emtansine to mAb trastuzumab (Herceptin®) [32]. An ESI-TOF MS
method confirms that 40 out of 86 lysine residues of humanized monoclonal IgG1 huN901-antibody
are available for conjugation to DM1 molecules. Peptide mapping further showed conjugation sites
present in both the heavy and light chain [78].

3.3. Drug Antibody Ratio (DAR)

DAR is defined as the number of drug molecules per mAb. DAR plays a definitive role in
developing ADCs, as it determines the dose needed to produce the desired effect in patients. There is
a limited number of drug molecules that can be efficiently delivered to the target site and drug loading
significantly contributes to the pharmacokinetic profile of ADC. Hamblett and co-workers showed that
the effect of drug distribution on the different properties like therapeutic window, pharmacokinetic
properties, and maximum tolerated dose of cAC10-MMAE conjugates. Decreasing the DAR resulted
in a superior therapeutic window of cAC10-MMAE conjugates, proving that drug loading as a
decisive parameter for designing ADCs. Although cAC10-MMAE conjugates with DAR ~2–4 were
less active in in vitro studies, but their results in in vivo studies were found to be equivalently potent
(DAR~4) and better tolerated than the conjugate with higher DAR ~8. Similar observations were
found with regards to pharmacokinetic properties [70]. If fewer drug molecules are conjugated per
mAb, the ADC system will not be effective clinically. On the other hand, conjugating too many drug
molecules per mAb will make the ADC unstable, toxic and may lead to aggregation and immunogenic
reactions [79,80]. Hydrophobic MMAE conjugates using interchain cysteines with higher DAR are
found to be physically unstable [79]. Normally ADCs contain different species with differing DAR
values and every species has its own distinct pharmacokinetics. ADCs with heavily loaded drugs are
more rapidly cleared from the system. In general, an average DAR of 3–4 is used to achieve optimum
effect in ADCs, depending upon potency of the payload [70,81]. However, a recently developed
poly-1-hydroxymethylethylene hydroxymethylformal (PHF) polymer-based ADC with a higher DAR
of ~20 challenged this conventional concept. With vinca alkaloid as the payload and trastuzumab as the
targeting mAb, the newly developed platform not only showed promising activity in xenograft tumor
models, but also demonstrated good pharmacokinetic properties [82]. Conjugations through side-chain
lysine residues are highly heterogeneous leading to inconsistent DAR values and different conjugation
sites in the antibody. In case of Kadcyla® where the drug DM1 was conjugated with the trastuzumab
through the side chain lysine residues, an average DAR was found to be ~3.5 [83]. Side chain cysteine
conjugation employs a controlled reduction of four intrachain disulfide bonds that allows conjugation
of 0–8 drug molecules per antibody [84]. Common analytical methods for determining DAR are UV-Vis
spectroscopy, hydrophobic interaction chromatography (HIC), LC-ESI-MS and rpHPLC. UV visible
spectroscopy exploits the dissimilarities in maximum wave length absorbance of payload and mAb
for determining respective concentrations [85]. UV-Vis spectroscopic method is widely employed to
characterize huN901-DM1, 791T/36-methotrexate and cAC10-MMAE conjugates [70,86,87]. HIC uses
a column consisting of a hydrophobic stationary phase and a mobile phase with gradient salt
concentration to separate ADC species based on hydrophobic interactions. Mostly the ADC payloads
are hydrophobic in nature, and hydrophobic conjugated species are retained in the column, whereas
unconjugated species elute first in neutral pH and non-denaturizing conditions [88]. This method is
more compatible with ADCs with cysteine conjugation sites on mAb, while LC-ESI-MS method was
developed for characterizing lysine-conjugated ADCs [89,90]. LC-MS is advantageous over HIC or
UV-Vis spectroscopic characterization as it not only gives information on DAR or drug distribution
but also gives crucial structural insights of ADCs at the molecular level [91]. Wagner-Rousset and
co-workers designed a simple and fast method of DAR determination based on antibody-fluorophore
conjugates (AFCs) with the same linker and conjugation chemistry as ADCs. Instead of toxic payloads,
a non-toxic dansyl sulfonamide ethyl amine payload was used. AFCs were subjected to digestion by
Streptococcus pyogenes (IdeS) accompanied by DTT reduction, which generated seven easily ionizable
fragments (Fd0, Fd1, Fd2, Fd3. L0, L1, Fc/2) of ~25 kDa. These resultant fragments were analyzed by
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LC-ESI-TOF-MS method. This method is advantageous over single step reduction as it not only gives
routine information like DAR and drug distribution but also provides crucial structural details like
N-glycosylation profiling, C-terminal lysine truncation, pyroglutamylation, oxidation and degradation
products [92].

3.4. Site Specific Conjugation

The most common problems with conventional conjugation technologies are heterogeneous
byproducts with different drug distributions per mAb, un-conjugated and overly conjugated mAbs.
These phenomena are attributed to poor pharmacokinetic properties and instability of ADCs in
systemic circulation [70]. Un-conjugated antibodies occupy the site of attachment, competing with
drug-conjugated antibodies and block the site for internalization for the targeting mAb. On the other
hand, overly conjugated mAbs are more rapidly cleared as well as can cause immunogenic reactions
and toxicity. Engineering of the conjugation site may lead to a more homogenous product with defined
and uniform drug stoichiometry (Table 2).

Table 2. Comparison between different site-specific conjugation technologies.

Method of Conjugation Reactive Groups Advantages Developer

Engineered side chain cysteine
residues (ThioMAb) [93] Maleimides

Improved clinical safety, tolerability and
therapeutic index over conventional conjugates.
Controlled and reproducible DAR 2.
Compatible for producing in large scale.

Genentech

Incorporation of un-natural
amino acids (unAA) [94] Alkoxy-amine

Highly stable and extended half-life in systemic
circulation. Improved pharmacological profile
compared to conventional ADCs. Ketone group
present in unAA provided conjugation site for
different alternative payloads like kinase
inhibitors, proteasome inhibitors.

Ambrx

Enzymatic Site-Specific
Conjugation Process [95] Amine, Indole

DAR 2-4, More stable conjugates than yielded by
ThioMAb and oxime ligation. Controlled
conjugation site of the payload on the mAb.
Better pharmacokinetic profile over
conventional conjugates.

Innate
Pharma,
Glycos,

Pfizer. Inc.

3.4.1. Engineering of Side Chain Cysteine Residues

The first site-specific conjugation method for cysteine residues was developed at Genentech [93].
In this method, potential sites, which do not contribute to pivotal functions of the mAb like
antigen folding or binding were identified and mutated with cysteine residues to generate a novel
platform, called Thiomab™. A phage display-based biochemical assay (Phage ELISA for Selection
of Reactive Thiols, PHESELECTOR) was employed to identify tolerated reactive cysteine residues
from fab region of the mAb [96]. Resultant Thiomabs are subjected to controlled reduction in
presence of DTT or TCEP to produce free thiols from cysteines. Previously reduced interchain
disulfides are reinstated by an oxidation process with copper sulfate or dehydroascorbic acid,
while the engineered cysteines are kept in a reduced form. Thus, only the reduced cysteines
were available for site-specific conjugation. In the proof of concept study, nearly homogenous
(92%) anti-MUC16-Thiomab™-MC-vc-PAB-MMAE conjugates with a DAR ~2 retained activity,
improved therapeutic window and were better tolerated in preclinical studies on Sprague-Dawley
rats and cynomolgus monkeys when compared to conventional ADCs with higher average DAR [93].
In a different study, Thiomab™-trastuzumab-BMPEO-DM1 conjugates were also found to be
better tolerated at the same dose than the conventional trastuzumab-MCC-DM1 conjugates [97].
Engineered cysteine residues at the A114C position were used for conjugation and thus site-specific
conjugation at those sites lead to better linker stability, therapeutic window, and more homogenous
Thiomab™ ADCs. Another site-specific conjugation approach via modifying cysteine is disulfide
rebridging, where interchain disulfide bonds were reduced first and then reinstated by a bis-alkylation

192



Pharmaceuticals 2018, 11, 32

process to form a three carbon bridge. Resulting conjugates were found to be more stable than the
maleamide conjugates in serum and high albumin concentrations [98].

3.4.2. Incorporation of Unnatural Amino Acids (unAA)

Another powerful approach to the site-specific conjugation was developed via incorporation of
unnatural amino acids (unAA) as the 21st amino acid with a reactive handle on different side chains of
the mAb. It allowed selective conjugation of different classes of payloads that have not been able to be
conjugated because of the limitations of conventional conjugation methods. This method also allowed
conjugation ofcombination of payloads with different mechanism of action [99]. The most common
method for unAA insertion employs t-RNA/amino-acyl t-RNA synthetase pair which incorporates the
un-natural amino acid at the place of the amber stop codon (TAG) encoded in the gene of interest [100].
Nearly homogenous trastuzumab-MMAF conjugates with an average DAR ~2 were synthesized
utilizing a site specifically introduced p-acetylphenylalanie unAA. The ketone group present in the
p-acetylphenylalanie unAA formed a stable oxime linkage with the alkoxy-amine-MMAF payloads.
Resulting conjugates were found to be highly stable and with a similar pharmacokinetic profile of the
naked mAb [94]. In a similar study hydroxylamine-MMAD payloads conjugated to the site-specifically
incorporated p-acetylphenylalanine residue of the 5-T4/anti-HER2 mAb via a non-cleavable linker
were found to be superior to the corresponding ADCs with interchain cysteine or engineered cysteine
residues as conjugation site [101].

3.4.3. Enzymatic Site-Specific Conjugation Processes

Reactive functional groups for site-specific conjugation of the drug payloads were also
introduced to the antibodies by several enzymes like transglutaminase and glycotransferase.
Bacterial transglutamiase from Streptoverticillium mobaraense forms a stable isopeptide bond in-between
an amine group and g-carboxamide moiety from a glutamine tag engineered in the flexible region of the
deglycosylated mAbs but not from the naturally available glutamines [95,102]. Strop and co-workers
introduced a short glutamine tag LLQG into 90 different regions of an anti-EGFR antibody, among them
12 were fit for drug crosslinking. Then two (LLQGA in heavy chain and GGLLQGA in light chain) out
of the 12 glutamine tags were chosen for conjugating amine containing MMAD derivatives with both
the cleavable and non-cleavable linker in presence of transglutaminase. Resulting ADCs were found
to be highly stable, monomeric and with an average DAR ~1.9 and better pharmacokinetic profile
compared to the conventional ADCs [103]. Similar conjugates were synthesized by this method using
anti-M1S1-C16 (Clone 16) mAb and an anti-Her2 mAb. A recently developed anti-Trop2 ADC, with a
LLQGA glutamine tag for site-specific conjugation with an undisclosed microtubule inhibitor showed
promising efficacy in preclinical studies [104]. Another additional approach for enzyme-mediated
conjugation is SmartTags (Specific Modifiable Aldehyde Recombinant Tag) technology using CxPxR
recognizing formyl glycine generating enzyme, which converts cysteines to formylglycine with a
reactive aldehyde group [105]. Pictet−Spengler ligation chemistry allowed bio conjugation of indole
based payloads to the aldehyde group of the modified mAb [106]. A modified version of Pictet-Spengler
reaction is Hydrazino-Pictet-Spengler Ligation, which not only provides an effective, quick and one
step conjugation as well as found to be advantageous over oxime ligation conjugation [107].

4. Clinical Trials

The number of ADCs in clinical trial is rapidly increasing with two of the recently approved
ADCs (Besponsa®, re-approved Mylotarg™). Currently there are more than 50 ADCs, which are in
different phases of clinical trial as monotherapy as well as in combination with other chemotherapeutic
drugs for treatment of different types of cancer and showing promising results. Most of the ADCs
under clinical trial uses common type of payload-linker motifs although they differ in the mAb to
target different types of malignancies (Figure 5).
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Figure 5. (a) Status of clinical trials on ADCs; (b) Different ADC payloads in clinical trials; (c) Different
ADC linkers in clinical trials; (d) Clinical trials of ADCs for different type of oncologic indications
based on clinicaltrials.gov database search.

Among them three candidates are in phase III of clinical trials. Several ADCs are in preclinical
development. In this section, we discuss about development of sacituzumab govitecan (IMMU-132),
mirvetuximab soravtansine (IMGN-853), and inotuzumab ozogamicin (CMC-544), which are now
investigated in phase III clinical trial.

Sacituzumab Govitecan (IMMU-132): This is a moderately toxic topoisomerase I inhibitor SN38,
metabolite of prodrug irinotecan conjugated to a humanized anti-Trop2 mAb by a pH sensitive CL2A
linker [108]. The average DAR (7.6) of this ADC is comparatively high because of the moderately
toxic payload. A short PEG spacer incorporated in-between the linker and the payload enhances
the aqueous solubility of the payload. However, IMMU-132 delivers more SN-38 (active metabolite
of irinotecan) to the tumor tissue than the prodrug formulation irinotecan [109]. The target trop-2
(trophoblast cell surface antigen) is over expressed in different types of cancer like breast, lung,
pancreatic, colorectal, prostate and cervical [109]. Trop2 is an attractive target for triple negative breast
cancer (TNBC). In phase II clinical trial, 8–10 mg/kg dose of IMMU-132 showed promising activity with
manageable grade 3–4 side effects like diarrhea, neutropenia, fatigue, and anemia. No occurrence of
immunogenicity was reported [110], thus a phase III trial for this drug has been initiated (NCT02574455)
for refractory/relapsed TNBC patients. IMMU-132 earned Breakthrough Therapy designation from
the FDA for the treatment of TNBC, small cell lung cancer, and non-small cell lung cancer.

Mirvetuximab Soravtansine (IMGN-853): It uses a humanized anti-folate receptor-α (FR-α)
mAb conjugated to the maytansine payload DM-4 through a cleavable sulpho-SPDB linker.
FR-α comes under class of glycoproteins that govern endocytosis mediated uptake of folates [111].
FR-α has limited expression in healthy tissues, whereas it is elevated in several malignancies [112].
A hydrophilic sulpho-SPDB linker established the bridge between the lysine residues of the mAb
and the microtubule-disrupting payload DM4. After lysosomal degradation, one of the metabolites
S-methyl-DM4, which is lipophilic in nature induced bystander killing in neighboring cells irrespective
of the antigen expression [112,113]. Mirvetuximab soravtansine is reported to be upregulating effects
of conventional chemo drugs like carboplatin in ovarian cancer [114]. In phase I dose escalation
study, patients received doses from 0.15 to 7.0 mg/kg once in a three week. From the phase I study,
the encouraging potency of IGMN-853 was noted for epithelial ovarian cancer with a favorable
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toxicity profile. From the phase I, trial results a dose of 6 mg/kg once in a three weeks was chosen
for phase II clinical studies [115]. In the phase II study on patients with platinum-resistant ovarian
cancer, IMGN-853 was found to be active mostly in less heavily treated individuals with a reasonable
toxicity profile. Grade 2 side effects like diarrhea, nausea, blurred vision were reported [116]. Phase III
clinical trial (NCT02631876) of this drug is started in patients with FR-α expressing epithelial ovarian
cancer, primary peritoneal cancer or fallopian tube cancer along with a choice of chemotherapy of
the investigator.

Inotuzumab Ozogamicin (Besponsa™): Pfizer, Wyeth and University of California, Berkeley jointly
developed this ADC. It entered phase III clinical trial with frontline chemotherapy in young adult
patients with B Acute Lymphoblastic Leukemia (NCT03150693). It is consisted of an humanized
anti-CD22 mAb G5/44 (IgG4 isotype) with a DNA damaging N-acetyl-γ-calicheamicin dimethyl
hydrazide derivative as payload connected through an acid-sensitive 4-(4-acetylphenoxy) butanoic
acid (AcBut) linker [47]. The target CD22 is a B-acute lymphoblastic leukemia (B-ALL) specific antigen
with restricted expression in the surface of full-grown B cells [117]. An investigation on adult acute
lymphoid leukemia patients confirmed abundance of CD22 expression [118]. Inotuzumab ozogamicin
in preclinical models established it’s superiority over non-targeted conventional combination
chemotherapy comprised of cyclophosphamide, vincristine and prednisone (CVP) or doxorubicin
(CHOP) in in vitro studies as well as in vivo human B-cell lymphoma xenograft mice models. When it
is used together with CVP, it exerted more potency but with CHOP resulted in toxicity in mice models.
However, dose-dense study with 2 dosages of inotuzumab ozogamicin and CHOP found to be potent
with no toxicities [119]. From the phase I study, of inotuzumab ozogamicin, MTD was found to be
1.8 mg/m2 with side effects like thrombocytopenia (major), asthenia, nausea and neutropenia B-cell
non-hodgkin’s lymphoma [120]. Phase II clinical trial (NCT01134575) of this drug was conducted at
MD Anderson Cancer Center with an adult I.V. dose 1.8 mg/m2 and a pediatrics I.V. dose 1.3 mg/m2.
This drug was administered in 49 refractory and relapsed B-ALL patients with a median age of
36 years. The complete response rate from this study was 57% with an overall median survival rate
of 7.9 months in responders [121]. Clinical trials (NCT01564784) of inotuzumab ozogamicin with
investigator’s choice of chemotherapy further proved its superiority over standard chemotherapy
and was approved by FDA to treat adult patients with relapsed/refractory B-cell precursor acute
lymphoblastic leukemia in August 2017.

5. Future Directions

Conventional chemotherapy accounted for consequential toxicities and low therapeutic window
for the treatment of malignancies. In the era of personalized medicines, pharmacogenetic testing
of the patients followed by ADC treatment can be an excellent alternative over the conventional
chemotherapies (Figure 6). For patient selection, a threshold expression of the target antigen must be
defined during preclinical development. ADCs also serve as a target-guided tool for the delivery for
highly potent cytotoxic drug(s) that cannot be administered as a monotherapy.

A considerable rise in this field has been observed following the success and FDA approval for
Adcetris® in 2011, Kadcyla® in 2013, Besponsa™ in 2017 and reapproval of Mylotarg™. These recent
successes have bolstered ADC developments and presently ~50 ADCs are in pipeline for the
treatment of hematologic and solid tumor malignancies. The choice of target, mAb isotype, the linker,
the conjugation site and the cytotoxic payload plays crucial part in ADC design. Better understanding
of all ADC components may lead to successful generation of an effective ADC. Conventionally, ADC
employs a heavily cytotoxic drug as payload (such as calicheamicins, duocarmycins, auristatins, and
maytansinoids) however, site specific conjugated ADCs like milatuzumab-Dox, IMMU132, IMMU-130
with moderately cytotoxic payloads like doxorubicin, camptothecin analog SN-38 were also found
to be promising, thus redefining the conventional ADC concept. The main challenge remains to
optimize the bio-conjugation process to produce homogenous antibody drug conjugates. A better
understanding of the role of linker and method of conjugation to the clinical profile of the ADC have
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led to development of several state of art site-specific conjugation methods for homogenous antibody
conjugate production. Table 3 incorporates noteworthy overview(s) on ADCs development through
review articles.

Figure 6. Schematic diagram showing transition of ADCs from laboratory to clinic.

Table 3. List of some of the key review articles on ADCs.

Name of the Review Article Focus of the Review Year of Publication

Antibody-Drug Conjugates for Cancer
Therapy [7]

This article is focused on different key issues
like choosing an appropriate target, expression
of the target, selecting right mAb isotype.

2008

Antibody Conjugate Therapeutics: Challenges
and Potential [122]

The key consideration behind choosing an
appropriate target for ADC developments. 2011

Pharmacokinetic Considerations for Antibody
Drug Conjugates [10]

Different pharmacokinetic considerations to
characterize ADCs as well as PK-PD
modellings for development of ADCs

2012

Site-Specific Antibody−Drug Conjugates:
The Nexus of Biorthogonal Chemistry, Protein
Engineering, and Drug Development [75]

Focuses on methods to synthesize site-specific
homogenous ADCs with details of
bio-orthogonal chemistries.

2014

Antibody-Drug Conjugates: Design, Formulation
and Physicochemical Stability [123]

Physiochemical characterization, formulation
considerations, and factors involved in
process control.

2015

Methods to Design and Synthesize
Antibody-Drug Conjugates (ADCs) [98]

Accounts for different conjugation methods
and the chemistry behind in the field of ADCs. 2016

Mechanisms of Resistance to Antibody–Drug
Conjugates [35]

Resistance of various ADCs and possible
mechanism. 2016

Antibodies and associates: Partners in targeted
drug delivery [124]

Engineering antibodies and their subsequent
use in different targeted drug delivery systems. 2017

Site conjugation processes like Thiomab®, enzymatic conjugation, incorporation of unnatural
amino acid (unAA) has been used to install reactive handle on the mAb for facilitating a homogenous
conjugation process without disrupting the mAb functions. The most common mechanism reported
regarding resistances of ADC therapy is attributed to the MDR protein. However, this problem
is countered with replacing P-gp substrate drugs with several new naturally occurring toxins,
ADC prodrugs as well structural altercations in the drug-linker [38]. A significant effort is also
directed towards developing suitable preclinical model to evaluate ADCs therapeutic efficacy.
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Xenograft bearing mice models does not replicate human conditions genetically in proper way, but
genetically engineered mice models are more reliable for evaluating ADCs as they can bear relevant
target oncogenes. Another important challenge is to produce cost effective and affordable ADC
medications. At present ADCs are quite expansive, for example yearly brentuximab vedotin treatment
regimen costs ~$100,000 [125]. In our review, we have put together up-to-date advances in the
field of payload discovery, their mechanism of action as well as linker and conjugation technologies.
However, regardless of different challenges, recent success in this field can shift the paradigm of cancer
therapy to personalized ADCs treatments.
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