
Anti-cancer Drugs 
Nature, Synthesis and Cell

Edited by Jasna Bankovic

Edited by Jasna Bankovic

Photo by Gioia Fabbri / unsplash

We are in constant search for new therapeutic options to cure cancer. In this book, you 
can find out how scientists throughout the world deal with this problem. Readers will 

learn how to engage nature, chemical synthesis, and cell machinery to design new 
anticancer agents. Nature has already been very generous in providing us different 

compounds which are in widespread application. Starting from these resources, 
various synthetic processes are applied to create synthetic drugs which can be then 
obtained in large quantities. Also, the cell by itself provides different possibilities to 

meet the constantly increasing requirements for successful therapy. Explore the book 
and find out what are the new ways to fight cancer.

ISBN 978-953-51-2813-7

A
nti-cancer D

rugs - N
ature, Synthesis and C

ell





ANTI-CANCER DRUGS -
NATURE, SYNTHESIS AND

CELL

Edited by Jasna Bankovic



Anti-cancer Drugs - Nature, Synthesis and Cell
http://dx.doi.org/10.5772/62959
Edited by Jasna Bankovic

Contributors

Shengquan Liu, Guangyan Zhou, Sze Ngong Henry Lo Lo, Maggie Louie, Vanishree Rajagopalan, Yibin Feng, Salvatore 
Ulisse, Angelo Filippini, Enke Baldini, Chiara Tuccilli, Salvatore Sorrenti, Andreea Arsene, CRISTINA MANUELA DRĂGOI, 
Alina Crenguta Nicolae, Daniela Elena Popa, George Traian Alexandru Burcea Dragomiroiu, Ion-Bogdan Dumitrescu, 
Denisa Ioana Udeanu, Maria Vilanova, Jessica Castro, Marc Ribó, Antoni Benito, Baskaran Rajasekaran, Kalubai Vari 
Khajapeer, Soumitra Choudhuri

© The Editor(s) and the Author(s) 2016
The moral rights of the and the author(s) have been asserted.
All rights to the book as a whole are reserved by INTECH. The book as a whole (compilation) cannot be reproduced, 
distributed or used for commercial or non-commercial purposes without INTECH’s written permission.  
Enquiries concerning the use of the book should be directed to INTECH rights and permissions department 
(permissions@intechopen.com).
Violations are liable to prosecution under the governing Copyright Law.

Individual chapters of this publication are distributed under the terms of the Creative Commons Attribution 3.0 
Unported License which permits commercial use, distribution and reproduction of the individual chapters, provided 
the original author(s) and source publication are appropriately acknowledged. If so indicated, certain images may not 
be included under the Creative Commons license. In such cases users will need to obtain permission from the license 
holder to reproduce the material. More details and guidelines concerning content reuse and adaptation can be 
foundat http://www.intechopen.com/copyright-policy.html.

Notice

Statements and opinions expressed in the chapters are these of the individual contributors and not necessarily those 
of the editors or publisher. No responsibility is accepted for the accuracy of information contained in the published 
chapters. The publisher assumes no responsibility for any damage or injury to persons or property arising out of the 
use of any materials, instructions, methods or ideas contained in the book.

First published in Croatia, 2016 by INTECH d.o.o.
eBook (PDF) Published by  IN TECH d.o.o.
Place and year of publication of eBook (PDF): Rijeka, 2019.
IntechOpen is the global imprint of IN TECH d.o.o.
Printed in Croatia

Legal deposit, Croatia: National and University Library in Zagreb

Additional hard and PDF copies can be obtained from orders@intechopen.com

Anti-cancer Drugs - Nature, Synthesis and Cell
Edited by Jasna Bankovic

p. cm.

Print ISBN 978-953-51-2813-7

Online ISBN 978-953-51-2814-4

eBook (PDF) ISBN 978-953-51-7328-1



Selection of our books indexed in the Book Citation Index 
in Web of Science™ Core Collection (BKCI)

Interested in publishing with us? 
Contact book.department@intechopen.com

Numbers displayed above are based on latest data collected. 
For more information visit www.intechopen.com

3,650+ 
Open access books available

151
Countries delivered to

12.2%
Contributors from top 500 universities

Our authors are among the

Top 1%
most cited scientists

114,000+
International  authors and editors

119M+ 
Downloads

We are IntechOpen,
the world’s leading publisher of 

Open Access books
Built by scientists, for scientists

 





Meet the editor

Jasna Bankovic graduated from the Faculty of Medicine, 
University of Belgrade, Serbia. She concluded the M.A. 
degree course at the University of São Paulo and Lud-
wig Institute for Cancer Research, São Paulo, Brazil. She 
obtained her PhD at the Faculty of Biology, University of 
Belgrade (PhD thesis title: “Analysis of DNA instability in 
postoperative tissue of patients with lung cancer”). She 

is currently employed as an associate research professor at the Institute for 
Biological Research “Siniša Stanković,” Belgrade, Serbia. Her major research 
interests are cancer biology, genomic instability, and multidrug-resistant 
phenotype. In 2015, she was a visiting associate professor at the Faculty of 
Medicine, University of Castilla-La Mancha, Spain.





Contents

Preface XI

Section 1 Anti-cancer Drugs from Natural Sources    1

Chapter 1 Natural Products for Treatment of Chronic Myeloid
Leukemia   3
Kalubai Vari Khajapeer and Rajasekaran Baskaran

Chapter 2 Liver Cancer Treatment by Chinese Medicines and their Active
Compounds   49
Ming Hong, Ning Wang and Yibin Feng

Section 2 Synthetic Anti-cancer Drugs    65

Chapter 3 SHetA2, a New Cancer-Preventive Drug Candidate   67
Shengquan Liu, Guangyan Zhou, Sze Ngong Henry Lo, Maggie
Louie and Vanishree Rajagopalan

Chapter 4 Aurora Kinases: New Molecular Targets for the Therapy of
Aggressive Thyroid Cancers   95
Enke Baldini, Chiara Tuccilli, Salvatore Sorrenti, Domenico
Mascagni, Stefano Arcieri, Angelo Filippini and Salvatore Ulisse

Section 3 Engaging Cellular Mechanism to Create Anti-cancer Drugs    119

Chapter 5 The Challenging Triad: Microbiota, Immune System and
Anticancer Drugs   121
Andreea Letitia Arsene, Cristina Manuela Dragoi, Alina Crenguta
Nicolae, Daniela Elena Popa, George T.A. Burcea‐Dragomiroiu, Ion
Bogdan Dumitrescu, Olivia Carmen Timnea and Denisa Ioana
Udeanu



Chapter 6 Approaches to Endow Ribonucleases with Antitumor Activity:
Lessons Learned from the Native Cytotoxic Ribonucleases   135
Jessica Castro, Marc Ribó, Antoni Benito and Maria Vilanova

Chapter 7 Potential Anticancer Drugs Targeting Immune Pathways   169
Satyajit Das, Jaydip Biswas and Soumitra Kumar Choudhuri

X Contents



Chapter 6 Approaches to Endow Ribonucleases with Antitumor Activity:
Lessons Learned from the Native Cytotoxic Ribonucleases   135
Jessica Castro, Marc Ribó, Antoni Benito and Maria Vilanova

Chapter 7 Potential Anticancer Drugs Targeting Immune Pathways   169
Satyajit Das, Jaydip Biswas and Soumitra Kumar Choudhuri

ContentsVI

Preface

At a time when science is in constant progress and human life span is extended, we are still
facing diseases for centuries present in the human species. Cancer is one of them, wide‐
spread and increasing. Although in recent years much progress in the field of prevention,
diagnosis, and therapy of cancer has been made, the way to its complete eradication still
seems long and hard.

This book is arranged with the aim to summarize the recent findings in this field with the
primary intention to offer the readers the most recent information on various therapeutic
options and innovations. Hence, you can read here about natural products used to treat can‐
cer, new synthetic drugs, as well as how the very cell apparatus can be used to fight cancer.
The chapters are written by scientists who dedicated years of their life to this research.

Although this book is a drop in the sea, we hope that it contributes to the progress in the
treatment of cancer and in such a way to a successful recovery of patients.

Jasna Bankovic, MD, PhD
Associate Research Professor

University of Belgrade
Institute for Biological Research “Siniša Stanković”

Belgrade, Serbia
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Provisional chapter

Natural Products for Treatment of Chronic
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Kalubai Vari Khajapeer and
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Additional information is available at the end of the chapter

Abstract

Chronic myeloid leukemia (CML) is a hematological malignancy that arises due to
reciprocal translocation of 3′ sequences from c-Abelson (abl) protooncogene on chromo-
some 9 with 5′ sequence of truncated break point cluster region (bcr) to chromosome 22.
The fusion gene product BCR-ABL, a functional oncoprotein p210, is a constitutively
activated tyrosine kinase that activates several cell proliferative signaling pathways.
BCR-ABL-specific tyrosine kinase inhibitors (TKIs) such as imatinib, nilotinib and
ponatinib potently inhibit CML progression. However, drug resistance owing to BCR-
ABL mutations and overexpression is still an issue. Natural products are chemical
compounds or substances produced by living organisms. They are becoming an impor-
tant research area for cancer drug discovery due to their low toxicity and cost-effective-
ness. Several lines of evidence show that many NPs such as alkaloids, flavonoids,
terpenoids, polyketides, lignans and saponins inhibit CML cell proliferation and induce
apoptosis. NPs not only differentiate CML cells into monocyte/erythroid lineage but
also can reverse the multi-drug resistance (MDR) in CML cells. In this chapter, we
review the anti-CML activity of various NPs.

Keywords: chronic myeloid leukemia (CML), BCR-ABL, TKIs, natural products (NPs),
multi-drug resistance (MDR)

1. Chronic myeloid leukemia

Chronic myeloid leukemia (CML) is a hematoproliferative neoplasm that is marked by
uncontrolled myeloid cell divisions in the bone marrow [1]. CML arises due to a reciprocal
translocation between chromosome 9 and chromosome 22 [(9;22) (q34;q11)], eventually culmi-
nating in the genesis of the bcr-abl oncogene. Approximately 90% of CML patients have
shortened chromosome called “Philadelphia chromosome” (Ph) [2].

© The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
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The bcr-abl oncogene encodes a constitutively activated tyrosine kinase, BCR-ABL. The cata-
lytically activated kinase, in turn, activates multiple cell proliferatory signaling pathways such
as RAS, a small GTPase, mitogen activated protein kinase (MAPK), signal transducers and
activator of transcription (STAT), and phosphoinositide-3-kinase (PI3K) pathways [3].

Targeting Abl kinase is clearly a proven successful strategy to combat CML. First generation
tyrosine kinase inhibitor (TKI), imatinib, also known as Gleevac or STI571 inhibited BCR-ABL
and suppressed CML progression [4]. Second generation TKIs such as nilotinib, dasatinib &
bosutinib and third generation TKIs (Ponatinib) that are more potent to inhibit BCR-ABL
kinase are currently used to treat CML [5, 6]. All these TKIs were approved by the US Food
and Drug Administration (FDA). TKIs have changed the clinical course of CML. However,
mutations in bcr-abl and multi-drug resistance (MDR) due to efflux of the drug as a result of
overexpression of p-glycoprotein (p-gp) make TKIs less effective. Primary or secondary resis-
tance to TKIs therapy still exists; however, there is a constant need for alternative therapeutic
strategy (Figure 1) [7].

2. Natural products

Natural products (NPs) represent a large family of diverse secondary metabolites with pro-
found biological activities. NPs are produced in several organisms like bacteria, fungi, plants

Figure 1. Schematic representation of NPs and TKIs on BCR-ABL inhibition and downregulation of downstream signal-
ing pathways (NP—natural products, TKI—tyrosine kinase inhibitor, CML—chronic myeloid leukemia, MDR—multi-
drug resistance).
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and marine animals. NPs are inexpensive and have less (or) no side effects; hence, NPs are
currently being explored as an invaluable source for treatment of cancerous and infectious
diseases. As of 2013, 1453 new chemical entities (NCEs) have been approved by the US FDA, of
which 40% are NPs or NP-inspired (semi-synthetic NP derivatives, synthetic compounds
based on NP pharmacophores, or NP mimics) [8, 9]. A number of NPs Such as alkaloids,
flavonoids, terpenoids, polyketides, lignans, saponins, peptides and plant extracts exhibited
potent anti-CML activity.

2.1. Alkaloids

Alkaloids are naturally occurring organic compounds containing heterocyclic ring with nitro-
gen atom. Alkaloids, widely distributed in plant kingdom, are bitter secondary metabolites
synthesized by plants, microbes and animals. They possess several physiological activities like
anti-malarial, anti-asthmatic, anti-cancer, anti-bacterial, antiviral, anti-hyperglycemic and
vasodilatory activities [10–13]. Their anti-CML activity is described below.

Berbamine (BBM) is a natural bisbenzylisoquinoline product, isolated from traditional Chinese
herbal medicine Berberis amurensis, was tested on imatinib resistant K562 cell line (K562/IR)
both in vitro and in vivo. The IC50 value was found to be 17.1 and 11.1 μM at 24 and 48 h. BBM
downregulated Bcl-2, Bcl-xL, mdr-1 mRNA, p-gp levels and enhanced Bax & cytochrome C
(cyt.C) release. BALB/c or nu/nu mice were injected with K562-r subcutaneously and the
tumor-bearing mice, when treated with BBM [60 mg/kg body weight (BW)] intravenously
effectively suppressed the xenotransplated tumors in these mice [14]. BBM also induced
apoptosis in CML cells via downregulating survivin protein levels [15]. At 8 μg/ml dose of
BBM, NFκB nuclear, IKK-α, IKB-α [16], BCR-ABL, p-BCR-ABL level were decreased [17].
Furthermore, BBM-induced differentiation of CML cells into RBC, granulocyte and megakar-
yocytes [18]. Interestingly, BBM is a heat shock protein 90 (Hsp90) inhibitor [19]. BBM inhibited
MDR K562/adriamycin (ADR) [20] and K562/A02 cell lines consequently inducing apoptosis
by reducing mdr-1 gene expression and reversing MDR effect [21]. 4-chlorobenzoyl berbamine
(BBD9), an analogue of BBM was also tested against K562/IR. BBD9 with IC50 0.5 μg/ml was
found to be more effective than BBM (IC50 8 μg/ml), BBD9-lowered BCR-ABL, IKK a, nuclear
NF-κB. Furthermore, it increased the cleaved caspases 3,9, Poly(ADP-Ribose) polymerase
(PARP) and LC3-phosphatidylethanolamine conjugate (LC3 II) expression levels. In nude mice
model bearing K562 tumors, BBD9 was effective in reducing the tumor weight, promoting
tumor regression [22]. E6, a derivative of BBM, was tested against MDR K562/doxorubicin
(DOX) with 1, 3, 10 and 30 μM concentrations, and it significantly reduced the IC50 of DOX
from 79.19 μM to 35.18, 21.86, 6.31 and 1.97 μM. Co-treatment of E6 with DOX arrested K562
cells at G2/M phase [23].

Camptothecin, isolated from Camptotheca acuminate, is documented to display anti-CML activ-
ity. Homocampthothecin (hCPT), a synthetic analogue of camptothecin, showed potent activ-
ity at IC50 value of 11 nM suggesting its potential use compared to parent compound
camptothecin (IC50 57 nM) [24]. BN80927, an analogue of camptothecin, effectively inhibited
K562 cell proliferation with IC50 of 8.4 nM [25]. NSC606985, an analogue of camptothecin,
inhibited CML cell growth in a dose-dependent manner. The IC50 was found to be 6.25 nM

Natural Products for Treatment of Chronic Myeloid Leukemia
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[26]. Combination of imatinib and camptothecin increased Bax, cleavage of PARP-1, DNA-
dependent protein kinase (DNA–PK) in CML cells [27].

Capsaicin, an active component of capsicum genus, is a homovanillic acid derivative experi-
mentally is shown to exhibit anti-mutagenic activity [28]. Capsaicin treatment of K562 cells
decreased microRNA (miRNA) expression such as miR-520a-5p, a putative target of STAT3.
Hence, capsaicin induced apoptosis via reducing mRNA involved in JNK/STAT pathway [29].
Capsaicin also stimulated GATA-1 promoter in CML cells which is an essential transcriptional
factor for the development of erythroid cells [30].

Homoharringtonine (HHT), isolated from Cephalotaxus harringtona, has been documented to
inhibit CML cell proliferation in a dose-dependent manner. The IC50 was found to be 43.89 ng/
ml. HHT arrested K562 cells at G0/G1 phase and, in addition, downregulated Bcl-2, NF-κB, p-
JAK2, p-STAT5, p-Akt, p-BCR-ABL levels [31, 32].

Sanguinarine, a benzophenanthridine alkaloid, isolated from blood root plant Sanguinaria
canadensis, belonging to the Papaveraceae family inhibited CML cell growth in a dose-depen-
dent manner. At 1.5 μg/ml, sanguinarine induced apoptosis in CML cells. At higher concen-
tration (12.5 μg/ml), sanguinarine caused blister formation in CML cells [33].

Staurosporine, an alkaloid isolated from the bacterium Streptomyces staurosporeus, not only
inhibited CML cell growth but also induced differentiation of myeloid cell lineage to megakar-
yocytic lineage resulting in polypoidy formation. Staurosporine treatment resulted in
upregulation and activation of JAK/STAT3, p-STAT3 nuclear translocation and downregulation
of c-myc [34, 35]. Staurosporine also induced differentiation of CML cells into erythroid cells
via increased CD61 and CD42b levels [36]. 7-Hydroxy staurosporine (UCN-01), a potent
PKC inhibitor is effective in inhibiting CML cell proliferation at a concentration of 3 μM for
24 h [37, 38].

Tetrandrine is a bis-benzylisoquinoline alkaloid that is isolated from Chinese herb Stephania
tetrandra. Combination of tetrandine and imatinib showed syngerisitic effect significantly
inhibited CML cell growth. The combination treatment arrested CML cells at G1/S phase,
enhanced caspase 3 mRNA, protein levels and decreased Bcl-2 mRNA, protein levels [39].
Combination of nilotinib and tetrandrine also effectively decreased the IC50 of daunorubicin
(DNR) on K562/A02 to 3.12 ± 0.13 μg/ml. This combinational effect not only increased Bax
mRNA and protein levels but also decreased the survivin mRNA and protein levels [40].
Tetrandrine citrate, a novel tetrandrine salt which is highly soluble in water, Inhibited the
growth of K562/IR, primary leukemic cells and primitive CD34 (+) leukemic cells with IC50

ranging from 1.2 to 2.97 μg/ml. Tetrandrine citrate lowered BCR-ABL mRNA and β-catenin
protein levels. Nude mice bearing CML tumors when orally administered with tetrandrine
citrate (100 mg/kg BW), reduced the tumor growth [41]. Combination of 5-bromotetrandrine
(analogue of tetrandrine) and DNR decreased p-JNK 11,2 and MDR/p-gp levels in ADR
resistant K562 cells [42].

Alkaloids from plant and microbial source inhibited CML cell proliferation in micromole (μM)/
microgram (μg) concentration (Table 1) (Figure 2) [43–66]. Alkaloids are well documented to

Anti-cancer Drugs - Nature, Synthesis and Cell6



[26]. Combination of imatinib and camptothecin increased Bax, cleavage of PARP-1, DNA-
dependent protein kinase (DNA–PK) in CML cells [27].

Capsaicin, an active component of capsicum genus, is a homovanillic acid derivative experi-
mentally is shown to exhibit anti-mutagenic activity [28]. Capsaicin treatment of K562 cells
decreased microRNA (miRNA) expression such as miR-520a-5p, a putative target of STAT3.
Hence, capsaicin induced apoptosis via reducing mRNA involved in JNK/STAT pathway [29].
Capsaicin also stimulated GATA-1 promoter in CML cells which is an essential transcriptional
factor for the development of erythroid cells [30].

Homoharringtonine (HHT), isolated from Cephalotaxus harringtona, has been documented to
inhibit CML cell proliferation in a dose-dependent manner. The IC50 was found to be 43.89 ng/
ml. HHT arrested K562 cells at G0/G1 phase and, in addition, downregulated Bcl-2, NF-κB, p-
JAK2, p-STAT5, p-Akt, p-BCR-ABL levels [31, 32].

Sanguinarine, a benzophenanthridine alkaloid, isolated from blood root plant Sanguinaria
canadensis, belonging to the Papaveraceae family inhibited CML cell growth in a dose-depen-
dent manner. At 1.5 μg/ml, sanguinarine induced apoptosis in CML cells. At higher concen-
tration (12.5 μg/ml), sanguinarine caused blister formation in CML cells [33].

Staurosporine, an alkaloid isolated from the bacterium Streptomyces staurosporeus, not only
inhibited CML cell growth but also induced differentiation of myeloid cell lineage to megakar-
yocytic lineage resulting in polypoidy formation. Staurosporine treatment resulted in
upregulation and activation of JAK/STAT3, p-STAT3 nuclear translocation and downregulation
of c-myc [34, 35]. Staurosporine also induced differentiation of CML cells into erythroid cells
via increased CD61 and CD42b levels [36]. 7-Hydroxy staurosporine (UCN-01), a potent
PKC inhibitor is effective in inhibiting CML cell proliferation at a concentration of 3 μM for
24 h [37, 38].

Tetrandrine is a bis-benzylisoquinoline alkaloid that is isolated from Chinese herb Stephania
tetrandra. Combination of tetrandine and imatinib showed syngerisitic effect significantly
inhibited CML cell growth. The combination treatment arrested CML cells at G1/S phase,
enhanced caspase 3 mRNA, protein levels and decreased Bcl-2 mRNA, protein levels [39].
Combination of nilotinib and tetrandrine also effectively decreased the IC50 of daunorubicin
(DNR) on K562/A02 to 3.12 ± 0.13 μg/ml. This combinational effect not only increased Bax
mRNA and protein levels but also decreased the survivin mRNA and protein levels [40].
Tetrandrine citrate, a novel tetrandrine salt which is highly soluble in water, Inhibited the
growth of K562/IR, primary leukemic cells and primitive CD34 (+) leukemic cells with IC50

ranging from 1.2 to 2.97 μg/ml. Tetrandrine citrate lowered BCR-ABL mRNA and β-catenin
protein levels. Nude mice bearing CML tumors when orally administered with tetrandrine
citrate (100 mg/kg BW), reduced the tumor growth [41]. Combination of 5-bromotetrandrine
(analogue of tetrandrine) and DNR decreased p-JNK 11,2 and MDR/p-gp levels in ADR
resistant K562 cells [42].

Alkaloids from plant and microbial source inhibited CML cell proliferation in micromole (μM)/
microgram (μg) concentration (Table 1) (Figure 2) [43–66]. Alkaloids are well documented to

Anti-cancer Drugs - Nature, Synthesis and Cell6

Alkaloid Source of isolation IC50 value
on K562 cells

Mechanism of action References

Berbamine
(bisbenzylisoquinoline
alkaloid)

Berberis amurensis 8 μg/ml ↓Bcl-2, Bcl-xL, NFκB
(nuclear), IKK-α, IKB-α,
BCR-ABL, p-BCR-ABL,
Hsp90

[14–17]

Camptothecin (quinoline
alkaloid)

Camptotheca acuminate 57 nM ↑Bax, cleavage of PARP-1,
DNA—PK adducts

[24]

Homoharringtonine Cephalotaxus harringtona 43.89 ng/ml ↓Bcl-2, NF-κB, p-JAK2, p-
STAT5, p-Akt, p-BCR-ABL
and ⊥G0/G1 phase

[31, 32]

Sanguinarine
(benzophenanthridine
alkaloid)

Sanguinaria canadensis – At 1.5 μg/ml induced
apoptosis

[33]

Tetrandrine (bis-
benzylisoquinoline alkaloid)

Stephania tetrandra – ↑Caspase 3 mRNA, protein
and ↓Bcl-2 mRNA, protein

[39, 40]

Ancistrotectorine E
(napthylisoqunoline alkaloid)

70% EtOH extract of
Ancistrocladus tectorius

4.18 μM – [43]

1,2,3-Trimethoxy-5-
oxonoraporphine and
ouregidion (aporphine
alkaloids)

Crude HEX, EtOAc and
AQE extracts of Pseuduvaria
rugosa (Blume) Merr

*63 and 64% – [44]

Cathachunine Catharanthus roseus (L.) G.
Don

9.3 ± 1.8 μM – [45]

Cepharanthine Stephania sp. – ↓p-gp [46]

Crebanine Stephania venosa 13 μg/ml ↓Cyclin A, D & ↑Caspases
3,9,8 & PARP and ⊥G0/G1

phase

[48]

Curine Chondrodendron platyphyllum 17.8 ± 5.2 μM – [49]

Cyanogramide Actinoalloteichus cyanogriseus
WHI-2216-6

– At 5 μM, reversed MDR in
K562/ADR

[50]

9-Deacetoxyfumigaclavine C Aspergillus fumigatus 3.1 μM – [51]

Evodiamine
(quinazolinocarboline
alkaloid)

Evodia rutaecarpa 34.43 μM – [53]

Naamidine J (imidazole
containing alkaloid)

Pericharax heteroraphis 11.3 μM – [54]

Salvicine (diterpenoid
alkaloid)

Salvia prioniti 7.82 ± 2.81
μM

⊥G1 phase [56]

Solamargine (glycoalkaloid) Solanum species 5.2 μM ↑Caspases and ↓Bcl-2 [57, 58]

α-Tomatine (glycoalkaloid) Solanum lycopersicum 1.51 μM Loss of MMP. ↑Bak, Mcl-1s,
AIF and ↓survivin

[59]

Tylophora alkaloids
(tylophorine, tylophorinine,
tylophorindine)

Tylophora indica – Nuclear condensation,
↑Caspases activation, release
of cyt.C

[60]

44 and 53 μM – [61]
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potently reduce tumor growth in in vivo models (Table 2). Besides, some alkaloids such as
capasaicin, staurosporine induces differentiation of CML cells (Table 3).

2.2. Flavonoids

Flavonoids belong to polyphenolic compounds which are prevalent in plants. They contain
two phenyl rings A, B and a heterocyclic ring C (commonly referred as C6-C3-C6 skeleton) and
are classified into many major classes like flavones, flavonols, flavanones, flavanonols and
isoflavonoids (Figure 3). They exhibit antioxidant, anti-inflammatory, anti-bacterial, antiviral
and anti-cancer activities and play a significant role in human health [67–74].

Oroxylin A, an O-methylated flavone, found in the medicinal plant Scutellaria baicalensis, was
tested against MDR K562/ADR cells. Oroxylin A specifically enhanced the sensitivity of K562/
ADR to ADR by selectively inducing apoptosis. The treatment downregulated CXCR4 expres-
sion and inhibited PI3K/Akt/NF-κB pathways [75]. NOD/SCID mice-bearing K562 xenograft,
treated with oroxylin A (30 mg/kg BW) alone or in combination with imatinib enhanced the
sensitivity of imatinib to K562 cells through suppression of STAT3 pathway, decreasing p-gp
levels thus reversing MDR in CML cells [76].

Quercetin (Q), a major flavonol, found in the kingdom Plantae, exhibits many biological effects
including Antioxidant, anti-inflammatory, anti-cancer and anti-diabetic activities [77]. While
evaluating the anti-proliferative effect of pytoestrogens, it was found that Q specifically
inhibits K562 and MDR K562/A cell growth [78]. When K562 cells were treated with Q at a

Alkaloid Source of isolation IC50 value
on K562 cells

Mechanism of action References

5-Chlorosclerotiamide and
10-episclerotiamide
(prenylated indole alkaloids)

Aspergillus westerdijkiae
DFFSCS013

Eupolauramine and
sampangine
(azaphenanthrene alkaloids)

Anaxagorea dolichocarpa
Sprague and sandwith

18.97 and
10.95 μg/ml

– [62]

Arthpyrones A, B and C (4-
hydroxy-2-pyridone
alkaloids)

Arthrinium arundinis ZSDS1-
F3

0.24—45 μM – [63]

Auranomides A, B and C Penicillium aurantiogriseum *20.48, 76.36
and 5.78%

– [64]

Malonganenones 1–3
(tetraprenylated alkaloids)

Euplexauria robusta 0.35—10.82
μM

– [65]

Virosecurinine Securinega suffruticosa 32.984 μM ↑PTEN & ↓mTOR, SHIP-2
BCR-ABL, and ⊥G1/S phase

[66]

↑ – upregulation, ↓ – downregulation, ⊥ – cell cycle arrest & * – Inhibition rate (IR) at 100 μg/ml.

Table 1. Anti-CML activity of alkaloids.
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Figure 2. List of anti-CML alkaloids as 1—Ancistrotectorine E, 2—Berbamine, 3—BBD9, 4—Camptothecin, 5—BN80927,
6—NSC606985, 7—Homocamptothecin, 8—Capsaicin, 9—Cathachunine, 10—Cephranathine, 11—Crambescidin 800, 12
—Crebanine, 13—Curine, 14—Cyanogramide, 15—9-deacetoxyfumigaclavine C, 16—d-Dicentrine, 17—Evodiamine, 18
—Homoharringtonine, 19—Naamidine J, 20—Piperine, 21—Salvicine, 22—Staurosporine, 23—UCN-01, 24—Tetrandrine,
25—5-bromotetrandrine, 26—α-tomatine, 27—tylophorine, 28—tylophorinine, 29—5-chlorosclerotiamide, 30—10-
episclerotiamide, 31—Eupolauramine, 32—Sampangine, 33, 34, 35—Arthpyrones A, B and C, 36–38—Auranomides A, B
and C and 39—Virosecurinine.
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concentration of 9.2 mg/ml for 72 h, it induced apoptosis and reduced the BCR-ABL levels in
CML cells [79]. Combination of Q and ADR was tested on MDR K562/ADR cells. Combined
treatment enhanced activation of caspases 3,8 and loss of mitochondrial membrane potential
(MMP). Furthermore, it lowered Bcl-2, Bcl-xl and enhanced the p-c-Jun-N terminal kinase and
p-p38 mitogen-activated protein kinase (p-p38-MAPK). Q also significantly decreased the p-gp
levels [80] and sensitized MDR K562/ADM to DNR and reversed MDR in CML cells [81].
Q inhibited K562 and MDR K562/A in the range of 5–160 μM. Q treatment of K562/ADR cells
(5 μM) enhanced accumulation of ADR and, in addition, decreased the expression of MDR-
causing proteins like ABC, solute carrier (SLC). Moreover, it reduced Bcl-2, TNF expression
reversing MDR in CML cells [82]. Moreover, Q arrested CML cells at G2/M phase [83]. IC50 of
Q on K562 and K562/ADR was found to be 11 ± 2 μM and 5 ± 0.4 μM [84]. It also inhibited the

Name of
NP Type of NP

Mice
strain

Type of CML
cells used to
induce tumors Dosage

Mode of
administration

Mechanism of
action References

BBM Alkaloid Balb/c K562-r 60 mg/
kg BW

Intravenously ↓mdr-1 mRNA,
p-gp protein

[14]

BBD9 Analogue of BBM nu−/− K562/IR 15 and
30 mg/
kg BW

– ↓p-BCR-ABL,
IKKa, NF-κBp65

[22]

Tetrandrine
citrate

Alkaloid nu−/− K562/IR 100 mg/
kg BW

Orally ↓BCR-ABL, β-
catenin

[41]

d-
Dicentrine

Alkaloid SCID K562 100 mg/
kg BW

Intraperitoneal ↓tumor size [52]

Oroxylin A Flavonoid SCID K562 80 mg/
kg BW

Intravenously ↓STAT3
pathway

[76]

Nobiletin Flavonoid Nude
mice

K562 12.5, 25,
50 mg/
kg BW

– ↓VEGF [99]

dEpoF Polyketide Nude
mice

K562 6 mg/kg Intravenously Complete tumor
regression

[147]

HSS Protein extract
from Tegillarca
granosa

– K562/ADM – – ↓mdr1, BCR-
ABL and sorcin

[177]

Gambogic
acid

Garcinia hanburyi Balb/c KBM5-T315I 3 mg/kg/
2 days

Intraperitoneal ↓Bcr-Abl, Akt,
Erk1/2, and
STAT5

[229]

TAF273 Fraction of
Eurycoma
longifolia MeOH
extract

Balb/c K562 50 mg/
kg

Intraperitoneal ↑apoptosis and
↓blood vessel
formation

[258]

NPB001–05 Piper betle extract – T315I 500 mg/
kg

Orally ↓PI3K/AKT,
MAPK
pathways

[275]

Table 2. In vivo results of anti-CML NPs.
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Table 2. In vivo results of anti-CML NPs.
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Hsp70 levels in CML cells [85]. Q induced apoptosis via inhibiting the telomerase enzyme by
enhancing human telomerase reverse transcriptase (hTERT) enzymes in CML cells [86].

In sum, flavonoids not only inhibit the growth of CML cells (Table 4) but also induce their
differentiation into erythroid or monocyte lineage (Table 3). Flavonoid fractions of plant
extracts also inhibit CML cell proliferation and induced apoptosis [87–109].

2.3. Terpenoids

Terpenoids are naturally occurring products representing the largest secondary metabolites.
Approximately 60% of NPs are terpenoids. They are basically made up of five carbon isoprene
units (IU). Depending upon the number of isoprene units present, terpenoids has been classi-
fied into hemiterpenoids (1 IU), monoterpenoids (2 IU), sesquiterpenoids (3 IU), diterpenoids
(4 IU), sesterterpenoids (5 IU), triterpenoids (6 IU), tetraterpenoids (8 IU) and polyterpenoid
(n IU). They have been documented to possess antioxidant, anti-inflammatory, anti-helminitic
and anti-cancer activities [110–115].

Sesquiterpenoids, diterpenoids, sesterterpenoids and triterpenoidshas been shown to potently
inhibit CML cell proliferation and induce apoptosis (Figure 3) (Table 5) [116–144]. Other
diterpenoids such as scapaundulin C (from Scapania undulate (L.) Dum.,) [120], parvifoline Z,
parvifoline AA (from Isodon parvifolius) [121], labdane-type diterpenes (from Chloranthus henryi
Hemsl.) [124] and sesterterpenoid compounds 3, 11 and 12 (from Sarcotragus sp.) [133] and
triterpenoid compounds 1, 2, 5, 7 and 9 (from Ganoderma hainanense) [135], (24R/S)-24-hydroxy-

Name of NP NP class Differentiation of
CML cells into

Mechanism of action References

Capsaicin Alkaloid Erythroid cells ↟GATA-1 promoter [28–30]

Staurosporine Alkaloid Megakaryocytes ↟CD61, CD42b and ↓c-myc [34–36]

Crambescidin 800 Alkaloid Erythroblasts, induction of
hemoglobin production

⊥S-phase [47]

Piperine Alkaloid Macrophages/monocytes
(20/40 μM)

– [55]

Apigenin Flavonoid Erythroid lineage ↟ α and ϒ hemoglobin
mRNA expression

[87]

Galangin Flavonoid Monocytes ↟CD61 [90]

Genistein Flavonoid Erythroid lineage – [92]

EtOH extract of Olea
europaea

Plant extract Monocyte lineage ↟CD14 [243]

EtOH extract of Stellera
chamaejasme

Plant extract Granulocytes ↟CD11b [250]

Huangqi (Astragalus
membranaceus)

Traditional
Chinese medicine

Erythroid lineage ↟β-globin gene expression [272]

Table 3. List of some NPs and its differentiation capacity.
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Figure 3. Anti-CML activity of some NPs which include – flavonoids: 1—Apigenin, 2—Baicalein, 3—Fistein, 4—
Galangin, 5—Genistein, 6—Kaempferol, 7—Myricetin, 8—Naringenin, 9—Nobiletin, 10—Oroxylin A and 11—
Tamarixetin. Terpenoids: 1—Gukulenin A, 2–4—Hebeiabinin A, D & E, 5—Parvifolines C, 6—3-hydrogenwadaphnin, 7
—Tanshinone I, 8—EM23, 9, 10—Felixins F & G, 11—Kadlongilactone D. Polyketides: 1—Epiaspinonediol, 2—aza-EpoB,
3—dEpoF, 4—Heveadride, 5—Gilvocarin HE, 6—Rhizoxin, 7—Salarin C, 8—Tausalarin C, 9—Trineurone E. Lignans: 1—
Arctigenin, 2—Cleistanthin A, 3—Honokiol, 4—6-hydroxyjusticidin C, 5—(+) –lariciresinol 9’-p-coumarate, 6—4-
methoxy magndialdehyde. Peptides: 1, 2—chujamide A, B, 3—gombamide A.
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3α 10α-epoxy-9-eip-cucurbita-25-ene (1a, b) (from Fructus Viticis Negundo) [136] are also
shown to efficiently inhibit CML cell proliferation.

2.4. Polyketides

Polyketides represent a large group of natural products that are produced by microorganisms
and plants. These are secondary metabolites, derived by the repetitive condensation of acetate

Flavonoids/flavonoid fraction IC50 value on
K562 cells

Mechanism of action References

Oroxylin A (o-methylated flavone) – ↓CXCR4, PI3K/Akt/NF-κB pathways [75, 76]

Quercetin (flavonol) 11 ± 2 µM Loss of MMP. ↑caspases 3,8 & ↓Bcl-2, Bcl-xl,
Hsp70, telomerase and ⊥G2/M phase

[77–86]

Apigenin (flavone) – ↓Mcl-1, Bcl-2 & ↑caspases activation and
⊥G2/M phase

[87, 91]

Baicalein (flavone) – ↑ caspase 3, Fas gene and ⊥ S phase [88]

Fistein (flavonol) – Induced apoptosis and Altered JAK/STAT,
KIT pathways and ⊥S & G2/M phases

[89, 97]

Galangin (flavonol) – ↓pRb, cdk4, cdk1, cycline B & Bcl-2 levels and
⊥G0/G1 phase

[90]

Kaempferol (flavonol) – ↟ Bax, SIRT3, caspases 3, 9 and ↓ Bcl-2 [93]

Myricetin (flavonol) – Myricetin pre-treatment enhanced Natural
killer cells to kill K562

[96, 97]

Naringenin (flavanone) – ↟ p21/WAF1 and ⊥G0/G1 phase [98]

Tamarixetin (o-methylated flavonol) – ↟ cyclin B1, Bub1, p21, caspases and ↓tublin
polymerization

[100]

3,5-Dihydroxy-6,7,3′,4′-
tetramethoxyflavone (DHTMF)
(polymethoxyflavone)

7.85 μg/ml ↟caspases 3, 9 & PARP cleavage [101]

2″,3″-Diidroochnaflavone (Luxemburgia
nobilis)

89 μM – [102]

Isochamaejasmin (biflavonoid) (Stellera
chamaejasme L)

24.51 ± 1.62
μM

↟caspases 3, 9 and PARP cleavage [103]

Protoapigenone (total flavonoid fraction of
Macrothelypteris torresiana)

0.9 μg/ml – [104]

Total flavonoids from Lysimachia clethroides
Duby (ZE4)

– ↓Bcl-2 and ↑Fas, TRAIL & DR5 [105]

Total flavonoids of Astragali Radix 98.63 mg/L ↓ cyclin D1 mRNA levels and ⊥G0/G1 phase [106]

Total oligomer flavonoids of Rhamnus
alaternus

196 μg/ml – [107]

Flavonoid-enriched Rhamnus alaternus root
and leaf extracts

165 and
210.73 μg/ml

– [108]

Epigallocatechin-3-gallate (Camellia sinensis) 50 μM ↓CyclinD1, CDC25A and ↑TGF-β2 [109]

Table 4. Anti-CML activity of flavonoids.
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Terpenoid class Name of terpenoid Source of isolation IC50 value on
K562 cells

Mechanism of
action

References

Sesquiterpenoids EM23 Elephantopus mollis 10.8 μM ↟ caspases, PARP
cleavage and
↓ NFκB. Loss of
MMP

[116]

Diterpenoids Caesalminaxin D and H Caesalpinia minax 9.9 ± 1.7 and
9.2 ± 0.9 μM

– [117]

Gukulenin A and diterpenoid
pseudodimers (2–5)

Phorbas gukhulensis *0.26 ± 0.03,
0.12 ± 0.01,
0.44 ± 0.01,
0.32 ± 0.05 and
0.04 ± 0.09 μM

– [118]

Diterpene compounds 11, 12,
13, 14 and 15

petroleum ether
soluble fraction of
the aerial parts of
Tirpitzia ovoidea
ethanol extract

86.4, 66.3, 91,
45.1 and 58.6
μM

– [119]

7β,11β,14β-Trihydroxy-ent-
kaur-20-al-6,15-dioxo-16-ene

Isodon xerophilus 0.04 μM – [122]

Hebeiabinin A, D and E Isodon rubescens
var. rubescens

53.21, 5.05 and
0.91 μM

– [123]

Parvifolines C Isodon parvifolius 13.8 μM – [125]

3-Hydrogenwadaphnin Dendrostellera
lessertii

15 nM con.
caused 45%
apoptosis

– [126]

Enanderianins K—P,
Rabdocoetsin B and D

Isodon enanderianus 0.13–0.87 μg/
ml

– [127]

Ludongnin J Isodon rubescens
var. lushiensis

0.18 μg/ml – [128]

Tanshinone I Salvia miltiorrhiza
Bunge.

38 ± 5.2 μM ↟ Bax, caspase 3
and ↓Survivin

[129]

ent-Kaurane diterpenoids 11,
16, 17 and 20

Isodon nervosus 2.39, 4.11, 1.05
and 1.55 μM

[130]

5-Episinuleptolideacetate Sinularia species 4.09 μg/ml ↓c-ABL, Akt,
NFκB

[144]

Sesterterpenoids Felixins F and G Ircinia felix 1.27 and 19.9
μM

– [131]

Compounds 8, 9 Smenospongia sp. *0.11 and
0.97μ/ml

– [132]

Two linear
furanosesterterpenes

Smenospongia sp. 3 and 31.6 μg/
ml

– [134]

Triterpenoids 3β,21β,24-Trihydroxyserrat-
14-en-24-(4′-
hydroxybenzoate)

Palhinhaea cernua 56.1 μg/ml – [137]

L-Arabinopyranosyloleanolic
acid

Garcinia hanburyi
resin

4.15 μM – [138]
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units or other short carboxylic acids catalyzed by multi-functional enzymes called polyketide
synthases (PKSs) which is similar to fatty acid synthases [145]. Many polyketides suppress
CML cell proliferation and induce apoptosis (Figure 3) (Table 6) [146–155].

2.5. Lignans

Lignans, natural compounds that are exclusively found in plants, are derived from amino acid
phenyl alanine. They possess anti-oxidant and anti-cancer activities [156]. Various lignans
effectively inhibit CML cell proliferation and induced apoptosis (Figure 3) (Table 6) [157–163].

2.6. Saponins

Saponins are a diverse group of secondary metabolites widely distributed in the plant king-
dom. They produce soap-like foam when shaken in aqueous solutions. Their structure com-
prise of triterpene or steroid aglycone and one or more sugar chains. They exhibit anti-cancer
and anti-cholesterol activities [164, 165]. Various saponins inhibited CML cell proliferation
(Table 6) [166–174].

2.7. Peptides

Two peptides, chujamides A (1) and B (2), isolated from the marine sponge Suberites waedoensis
inhibited K562 cell growth with LC50 values of 37 and 55.6 μM [175]. Another peptide,
gombamide A (1), isolated from the marine sponge Clathria gombawuiensis inhibited CML
cell proliferation with LC50 of 6.9 μM [176]. Haishengsu (HSS), a protein extract from

Terpenoid class Name of terpenoid Source of isolation IC50 value on
K562 cells

Mechanism of
action

References

Nortriterpenoids Schisandra
propinqua var.
propinqua

>100 μM – [139]

Kadlongilactone D Kadsura
longipedunculata

1.92 μM – [140]

Six triterpenes fractions of
Aceriphyllum rossii
methanolic extract

12.2—28.7 μM – [141]

Argetatin B Parthenium
argentatum

Cytotoxic at 5
—25 μM con.

– [142]

Celastrol (quinone methide
triterpene)

Tripterygium
wilfordii Hook F

– ↓pSTAT5, p-
CRKL, pERK1/2,
p-Akt, p-BCR-
ABL, Bcl-xL, Mcl-
1, survivin, Hsp90

[143]

*LC50, lethal concentation.

Table 5. Anti-CML activity of terpenoids.
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Type of NP Name of compound Source of isolation IC50 value
on K562

Mechanism of action References

Polyketides Epiaspinonediol Aspergillus sp. 16–02–1 44.3 μg/
mL

– [146]

Geldanamycin Streptomyces
Hygroscopicus

– ↓c-Raf, Akt, BCR-ABL [148]

Heveadride Ascomycota
Dichotomyces cejpii

82.7 ± 11.3
μM

↟ TNFα [149]

Gilvocarin HE Streptomyces sp.
QD01–2

45 μM – [150]

Radicicol Diheterospora
chlamydosporia and
Monosporium bonorden

– ↓p-Raf1, p-BCR-ABL [151]

Rhizoxin Burkholderia rhizoxina 5×10−7 μg/
ml

– [152]

Salarin C Fascaplysinopis sp. 0.1 μM ↟ caspase 3 and 9
cleavage

[153]

Tausalarin C Fascaplysinopis sp. 1 μM – [154]

Trineurone E Peperomia trineura 26 μM – [155]

Lignans Arctigenin Asteraceae family – ↑Bax and ↓ Bcl-2 [157]

Cleistanthin A Cleistanthus collinus
(Rox B)

0.4 μM – [158]

5,5′-Dimethoxylariciresinol-4′-
O-β-D-glucoside (DMAG)

Mahonia – ↓IC50 of DOX from
34.93 to 12.51 μM

[159]

Honokiol Magnolia officinalis
Rend. Et wils.

28.4 μM – [160]

6-Hydroxyjusticidin C Justica procumbens 43.9 ± 2.9
μM

↟ROS levels, casapase
3

[161]

(+)-Lariciresinol 9′-p-coumarate Larix olgensis var.
koreana.

2.9 μg/ml – [162]

4-Methoxy magndialdehyde Magnolia officinalis 3.9 μg/ml – [163]

Saponins Astrgorgiosides A, B, C (19-
norand aromatized B ring
bearing steroid aglycone)

Astrogor dumbea 26.8—45.6
μM

– [168]

Wattoside G, H, and I (steroidal
saponins)

Tupistra wattii Hook.F. 35.67,
76.16 and
76.96 μM

– [169]

Tenacissoside C (steroidal
saponins)

Marsdenia tenacissima 31.4 μM ↓ cyclin D, Bcl-2, Bcl-
xL and ↑caspases 3, 9,
Bax and Bak

[170]

Compounds 14 and 15 (C21-
steroidal pregnane sapogenins)

Cynanchum wilfordii
roots

6.72 μM – [171]

Total saponin content Aralia Taibaiensis – Loss of MMP. ↑ Bax
and ↓ Bcl-2

[172]
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Tegillarca granosa,when administered in mice-bearing MDR K562/ADM cell tumors inhibited
tumor growth and downregulated mdr1 gene, BCR-ABL and sorcin [177]. HSS was also
tested against MDR K562/ADR cells, and it induced apoptosis at 20 mg/l [178]. HSS also
inhibited K562 cells at G0/G1 and S phase and lowered Bcl-2 and enhanced Bax levels
(Figure 2) (Table 6) [179].

2.8. Others natural products

Other natural products such as acetylenic metabolites, betanin, bufadienolide, mamea a/ba,
cryptotanshinone, bavachalcone, polyanthumin, cubebin, denbinobin, digallic acid, perforanoid
A, β- and α-mangostin, parthenolide, perezone, polyphyllin D, squamocin, toxicarioside H,
tripolide, woodfordin I and rhodexin A inhibited CML cell proliferation (Table 7) [180–230].
Moreover, many plant crude extracts enriched with NPs inhibited the CML cell proliferation and
induced apoptosis (Table 8) [231–280].

2.9. Natural products in clinical trials

Of the several natural products, Homoharringtonine (alkaloid) (NCT00114959) is currently
under phase II study sponsored by Chem Genex pharmaceuticals to reverse the Gleevac resis-
tance in CML patients [281]. 17-AAG (analogue of glendamycin–polyketide) (NCT00100997) is
currently under phase I clinical trial sponsored by Jonsson Comprehensive Cancer Center collab-
orated with National Cancer Institute (NCI). Efforts are underway to determine the side effects
and optimal dose of 17-AAG for treating patients with CML in chronic phase who did not
respond to imatinib-mesylate [282]. Paclitaxel (diterpenoid) (NCT00003230) is currently under
Phase I/II trials to study the effectiveness in treating patients with refractory or recurrent acute
leukemia or CML. This work is sponsored by Swiss Group for Clinical Cancer Research [283].

Type of NP Name of compound Source of isolation IC50 value
on K562

Mechanism of action References

Saponin rich fraction (GSE) Gleditsia sinensis Lam.
fruit extract

18 ± 1.6
μg/ml

↑ Bax and ↓ Bcl-2,
PCNA

[173]

23-Hydroxybetulinic acid Total saponin content
of Pulsatilla chinensis
(Bunge) Regel

– ↟ Bax, caspase 3
cleavage and ↓ Bcl-2,
survivin

[174]

Peptides Chujamides A and B Suberites waedoensis *37 and
55.6 μM

– [175]

Gombamide A Clathria gombawuiensis *6.9 μM – [176]

*LC50—lethal concentation.

Table 6. Anti-CML activities of polyketides, lignans, saponins and peptides.
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Name of NP Source of isolation IC50 value on
K562 cells

Mechanism of action References

Acetylenic metabolites Stelletta sp. 43.5, 51.3 and
62.5 μg/ml

– [180]

Betanin (betacyanin pigment) Opuntia ficus-indica 40 μM ↟ PARP cleavage, release of
Cyt C and ↓ BCl-2. Loss of
MMP

[182]

Bufalin 3β-acrylic ester
(Bufadienolide)

“Ch’an Su” 6.83 nM – [183]

3-Formylcarbazole,
methylcarbazole-3-carboxylate and
2-methoxy-1-(3-methyl-buten-1-yl)-
9H-carbazole-3-carbaldehyde

Clausena lansium
(Lour.) Skeels

20.48 ± 1.78,
26.5 ± 2.12 and
23.49 ± 1.85 μg/
ml

– [184]

Toxicarioside F and G Latex of Antaris
toxicaria (Pers.)
Lasch

– – [185]

Pangelin and oxypeucedanin
hydrate acetonide

Angelica dahurica 8.6–14.6 μg/ml – [186]

Mamea A/BA Calophyllum
brasiliense

0.04–0.59 μM – [187, 188]

Cryptotanshinone (lipid soluble
active compound)

Salvia miltiorrhiza – induced apoptosis ↑ PARP
cleavage and ↓BCR-ABL,
STAT3, mTOR & eIF4E

[189, 190]

Bavachalcone (Chalcones) – 2.7 μM – [191]

Polyanthumin (novel chalcone
trimmer) and sulfuretin

Memecylon
polyanthum H.L. Li.

45.4 and 30.5
μg/ml

– [192]

(−)-Cubebin Piper cubeba 8.66 ± 0.43 μM – [193]

Denbinobin 5-Hydroxy-3,7-
dimethoxy-1,4-
phenanthraquinone

1.84 μM ↓ BCR-ABL, CrkL and⊥G2/M
phase

[194]

Digallic acid Pistascia lentiscus – Induced DNA fragmentation
and pro-apoptotic effect in
CML cells

[195]

1,4,5-Trihydroxy-7-methoxy-9H-
fluoren-9-one, dendroflorin and
denchrysan (fluorenones)

Dendrobium
chrysotoxum

32.18, 26.65 and
52.28 μg/ml

– [196]

C27-Steroidal glycoside Liriope graminifolia
(Linn.) Baker

18.6 μg/ml – [198]

9α-Acetoxyartecanin, apressin,
inducumenone and centaureidin

Achillea clavennae 9.84 ± 2.52, 4.44
± 0.76, 52.53 ±
8.43 and
5.37 ± 0.8 μM

– [199]

Perforanoid A (limonoid) – 4.24 μM – [200]

Linoleic acid Methanol extracts
of proso and
Japanese millet

68 μM – [201]

β- and α-Mangostin Garcinia malaccensis – [202, 203]
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Name of NP Source of isolation IC50 value on
K562 cells

Mechanism of action References

0.40 μM and
0.48 μM

Nudifloside and linearoside
(iridoid)

EtOH extract of the
aerial parts of
Callicarpa nudiflora
Hook

20.7 and 36 μg/
ml

– [204]

Parthenolide – 17.1, 8.67 and
9.42 for 24, 48
and 72 h

Induced apoptosis [205]

Perezone Perezia spp. – Cytotoxic to CML cells at 25,
50 and 100 μM and induced
apoptosis

[206]

Compound 6a (phenalenone
metabolite)

Coniothyrium cereal 8.5 μM – [207]

Polyphyllin D Paris polyphyllin – ↟ p21, Bax, caspase 3 & Cyt. C
release and ↓ cyclin B1, cdk1,
Bcl-2. Loss of MMP and ⊥ G2/
M phase

[208]

Polysaccharide (PSP001) Punica granatum 52.8 ± 0.9 μg/ml – [209]

Riccardin F and Pakyonol
(macrocyclic bisbenzyls)

Plagiochasm
intermedium

0–6 μg/ml – [210]

Highly methoxylated bibenzyls Frullania inouei 11.3–49.6 μM – [211]

Sarcovagine and β-sitosterol 5- 8 Sarcococca saligna 2.5–5 μM – [212]

Squamocin (annonaceous
acetogenins)

– – ↟ cdk inhibitors, p21, p27 & ↓
cdk1, cdk25c and ⊥G2/M
phase

[213]

Klyflaccisteroid J Klyxum flaccidum 12.7 μM – [214]

Suvanine (N,N-dimethyl-1,3-
dimethylherbipoline salt) and
suvanine-lactam derivatives (4–8)

Coscinoderma sp.
sponge

* 2.2, 1.9, 3.9,
4.6, 3.9 and 3.6
μM

– [215]

ar-Turmerone Curcuma longa L 20–50 μg/ml Induced DNA fragmentation
and apoptosis

[216]

Terpene metabolites (1–3) Clathria
gombawuiensis

*4.7, 3.9 and 2.1
μM

– [217]

Toxicarioside H (nor-cardenolide) Antiaris toxicaria
(Pers.) Lesch

0.037 μg/ml – [218]

Tripolide Chinese herbal
extract

– ↓ Nrf2 and HIF-1α mRNA
and protein expression

[219]

10-(Chrysophanol-7′-yl)-10-
hydroxychrysophanol-9-anthrone
and ramosin

Fractions of EtOH
extract of
Asphodelus
microcarpus Salzm.
et Vivi

0.15 ± 0.02 and
0.65 ± 0.01 μM

– [220]
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Name of NP Source of isolation IC50 value on
K562 cells

Mechanism of action References

Withametelins I, J, K, L and N MeOH extract of
Datura metel
flowers

0.05, 2.5, 0.12,
0.55 and 0.46
μM

– [221]

Woodfordin I (macrocyclic
ellagitannin dimer)

– – ↓ Bcl-2, Bcl-xL, Bax, c-Abl &
BCR-ABL and Loss of MMP

[222]

Gaudichaudic acid, isogambogenic
acid and deoxygaudichaudione A
(xanthones)

Garcinia hanburyi
resin

0.41 ± 0.03, 2.1 ±
0.14 and 1.74 ±
0.22 μg/ml

– [223]

Xindongnins C–D, A, B,
melissoidesin G, dawoensin A and
glabcensin V

Isodon rubescens var.
rubescens

0.3–7.3 μg/ml – [224]

Hyperbeanols B and D MeOH extract of
Hypericum beanie

16.9 and 20.7
μM

– [225]

Rhodexin A Rhodea japonica 19 nM ⊥G2/M phase induced
apoptosis

[226]

Curcumin Curcumina longa 20 μg/ml ↓BCR-ABL, Hsp90, WT1 [227, 228]

Gambogic acid Garcinia hanburyi 0.62 μM ↓p-BCR-ABL, pSTAT5, p-
CRKL, pERK1/2, p-Akt

[229, 230]

*LC50–lethal concentation.

Table 7. Anti-CML activity of other natural products.

Plant extract IC50 value on K562 cells Mechanism of action References

Acetone extract of Peucedanum
nebrodense (Guss.) Strohl.,

14–10.27 μg/ml – [231]

AQE extract of Cornus officinalis
Sieb. et Zuce

100 μg/ml – [232]

AQE extracts of the husk fiber of
the typical A and common varieties
of Cocos nucifera (Palmae)

At 500 μg/ml the cell viability
of CML cells was found to be
60.1 ± 8.5 and 47.5 ± 11.9%

– [233]

AQE extract of Rhodiola imbricate – ↓CML cell proliferation at 100 and
200 μg/ml for 72 hrs. induced ROS &
apoptosis and ⊥G2/M phase

[234]

Abnobaviscum F® (standardized
AQE extract of European mistletoe
from the host tree Fraxinus)

– ↟ caspase 9, JNK-1,2, p38 MAPK and
↓ Bcl-1, Erk-1/2 & PKB
phosphorylation

[235]

Chloroform extract of Polyalthia
rumphii stem

40–60μ/ml – [236]

Chloroform extract of Tecomella
undulata bark

30 μg/ml ↟ FAS, FADD, & caspase 8, 3/7.
Induced DNA fragmentation &
apoptosis

[237]

DCM) extract of Psidium guajava L. 32 μg/ml – [238]
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Plant extract IC50 value on K562 cells Mechanism of action References

DCM extract Artemisia turanica
Krasch

69 μg/ml ↟ caspases, PARP cleavage. Induced
DNA damage and apoptosis

[239]

HEX and DCM extract of Mesua
beccariana

*20 ± 1.5 and 43.75 ± 0.78 μg/ml – [240]

HEX and DCM extract of Mesua
ferrea

*17.5 ± 1.02 and 22.91 ± 1.25 μg/
ml

– [240]

HEX extract of Mesua congestiflora 40.63 ± 1.45 μg/ml – [240]

DCM fraction of Melissa officinalis At 50 μg/ml concentration, it
induced 65.04 ± 0.93%
apoptotic rate

↟ Fas, Bax mRNA levels and Bax/Bcl-
2 ratio

[241]

DCM fraction of the crude EtOH
extract of Echinops grijissi Hance
roots

30 μg/ml – [242]

EtOH extract of Pereskia sacharosa 130 ± 0.03 μg/ml ↟ caspases, cyt. C release, p21 & p53
and ↓Akt and Bcl-2

[244]

EtOH extract of propolis (NP
produced by stingless bee Melipona
orbignyi)

At 250 and 500 μg/ml
promoted cell death of CML
cells by 15 ± 1 and 63 ± 2%

– [245]

EtOH extract of Isodon japonicas 2.7 μg/ml – [246]

EtOH root extract of Allamanda
schottii

At 800 μg/ml showed
cytotoxicity

– [247]

EtOH stem and leaf extract of
Physalis peruviana

0.02 and 0.03 g/ml – [248]

Alcoholic extract of Dendrostellera
lessertii

28 μl and 5 × 10−9M – [249]

EtOH extract of Rosmarinus
officinalis L

1/400 dilution – [251]

EtOH extract of Goldfussia
psilostachys

0.5 μg/ml ↟ CML cells in G2/M phase [252]

Fraction from EtoAc of Caesalpinia
spinosa

44.5 ± 4.05 μg/ml induced chromatin condensation.
Loss of MMP & ↑ caspase 3

[253]

EtoAc extract of Helichrysum
plicatum flowers

25.9 μg/ml – [254]

MeOH extract of Linum persicum 0.1 μg/ml – [255]

MeOH extracts of Echinophora
cinerea and Cirsium bracteosum

Less than 20 μg/ml – [256]

MeOH extract of Galium mite 39.8 μg/ml – [256]

MeOH extract of Cyperus rotundus 175 ± 1.2 μg/ml Induced DNA damage [257]

TAF273, F3 and F4 fractions of
MeOH extract of Eurycoma
longifolia Jack

19, 55 and 62 μg/ml – [258]

MeOH extract of Rhaphidophora
korthalsii

– Enhanced Natural killer cells to kill
K562, ↟IFN-ϒ, TNF-α

[259]
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3. Conclusion

CML is a hematological malignancy that arises due to chromosomal translocation resulting in the
presence of Ph chromosome. Initially, TKIs were designed to compete with the ATP binding site

Plant extract IC50 value on K562 cells Mechanism of action References

MeOH extract of Rhinella jimi
Stevaux (Anura: Bufonidae) skin

*235 μg/ml – [260]

MeOH extract of Hypericum
perforatum L.flower extract

– Induced apoptosis [261]

HEX, DCM, EtoAc, butanol and
MeOH extracts of Helichrysum
zivojinii Černjavski and Soška

11.78 ± 0.94, 23.82 ± 6.54, 27.52 ±
4.96, 50.37 ± 3.28 and 74.88 ±
7.57 μg/ml (for 72 h)

– [262]

Acetate: MeOH (95:5), acetate,
chloroform and HEX fractions of
Erythroxylum caatingae plowman

13.1 ± 0.63, 9.86 ± 0.56, 11.21 ±
0.46, 33.58 ± 1.33 μg/ml

– [263]

DCM extract of Arctium lappa root ^17 μg/ml – [264]

Alisma orientalis (Sam) Juzep extract – Reverse of MDR [265]

Polyphenolic extract of Ichnocarpus
fructescens leaves

– At 5, 10, 20 μg/ml con. ↓K562 cell
proliferation

[266]

EtOH extract of Orbignya speciosa 33.9 ± 4.3 μg/ml – [267]

Coptis chinensis and Epimedium
sagittatum extracts

29 and74 μg/ml – [268]

Sangre de Drago is red viscous
latex extract of Croton lechleri

2.5 ± 0.3 μg/ml – [269]

Dionysia termeana extract 20 μg/ml – [270]

Ganoderma lucidum extract *50 μg/ml – [271]

Crude MeOH extracts of Luehea
candicans Mart. et Zucc. branches
and leaves

#8.1–5.4 μg/ml – [273]

Nerium oleander extract – ↓p-gp [274]

Ponicidin (Rabdosia rubescens
extract)

– ↓ Bcl-2 and ↑ Bax, caspase 3 & PARP
cleavage

[276]

Scutellaria litwinowii Bornm. and
Sint. ex Bornm.

– ↟ caspase 3,8, PARP cleavage, Bax/
Bcl-2 ratio

[278]

Swietenia mahagoni leaf extract – ↟ caspases 3,9, Cyt. C release and
⊥G2-M phase

[279]

Viscin, (lipophilic extract from
Viscum album L)

252 ± 37 μg/ml – [280]

AQE, aqueous, DCM, dichloromethane, HEX, hexane, EtOH, ethanol, EtoAc, ethyl acetate, MeOH, methanol, ^TGI,
tumor growth inhibition,*ED50, –effective concentration; # GI50, growth inhibition.

Table 8. Anti-CML activity of plant extracts.
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3. Conclusion

CML is a hematological malignancy that arises due to chromosomal translocation resulting in the
presence of Ph chromosome. Initially, TKIs were designed to compete with the ATP binding site

Plant extract IC50 value on K562 cells Mechanism of action References

MeOH extract of Rhinella jimi
Stevaux (Anura: Bufonidae) skin

*235 μg/ml – [260]

MeOH extract of Hypericum
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– Induced apoptosis [261]

HEX, DCM, EtoAc, butanol and
MeOH extracts of Helichrysum
zivojinii Černjavski and Soška

11.78 ± 0.94, 23.82 ± 6.54, 27.52 ±
4.96, 50.37 ± 3.28 and 74.88 ±
7.57 μg/ml (for 72 h)

– [262]

Acetate: MeOH (95:5), acetate,
chloroform and HEX fractions of
Erythroxylum caatingae plowman

13.1 ± 0.63, 9.86 ± 0.56, 11.21 ±
0.46, 33.58 ± 1.33 μg/ml

– [263]

DCM extract of Arctium lappa root ^17 μg/ml – [264]

Alisma orientalis (Sam) Juzep extract – Reverse of MDR [265]

Polyphenolic extract of Ichnocarpus
fructescens leaves

– At 5, 10, 20 μg/ml con. ↓K562 cell
proliferation

[266]

EtOH extract of Orbignya speciosa 33.9 ± 4.3 μg/ml – [267]

Coptis chinensis and Epimedium
sagittatum extracts

29 and74 μg/ml – [268]

Sangre de Drago is red viscous
latex extract of Croton lechleri

2.5 ± 0.3 μg/ml – [269]

Dionysia termeana extract 20 μg/ml – [270]

Ganoderma lucidum extract *50 μg/ml – [271]

Crude MeOH extracts of Luehea
candicans Mart. et Zucc. branches
and leaves

#8.1–5.4 μg/ml – [273]

Nerium oleander extract – ↓p-gp [274]

Ponicidin (Rabdosia rubescens
extract)

– ↓ Bcl-2 and ↑ Bax, caspase 3 & PARP
cleavage

[276]

Scutellaria litwinowii Bornm. and
Sint. ex Bornm.

– ↟ caspase 3,8, PARP cleavage, Bax/
Bcl-2 ratio

[278]

Swietenia mahagoni leaf extract – ↟ caspases 3,9, Cyt. C release and
⊥G2-M phase

[279]

Viscin, (lipophilic extract from
Viscum album L)

252 ± 37 μg/ml – [280]

AQE, aqueous, DCM, dichloromethane, HEX, hexane, EtOH, ethanol, EtoAc, ethyl acetate, MeOH, methanol, ^TGI,
tumor growth inhibition,*ED50, –effective concentration; # GI50, growth inhibition.

Table 8. Anti-CML activity of plant extracts.
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of BCR-ABL. TKIs effectively inhibited wild-type BCR-ABL; however, mutations in BCR-ABL
and overexpression of drug efflux proteins following treatment decreased their potency.

Since, there is a need for alternative strategy to develop new BCR-ABL inhibitors; NPs
(obtaining from living organisms) offers an alternate, effective and inexpensive design for
CML therapy. Moreover, they have less (or) no side effects. Studies conducted so far have
revealed that many NPs inhibit CML cell proliferation and, in addition, induce cell death
through apoptosis. NPs alone or in combination with other TKIs are able to reverse the MDR,
thereby increasing the sensitivity of TKIs towards CML. Moreover, many NPs are able to
differentiate CML cells into erythroid, monocyte or macrophage lineage. In vivo results have
clearly shown that NPs potently suppress tumor growth. In sum, NPs serve as an inexhaust-
ible source which renders an attractive alternate strategy to combat CML.
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Abbreviations

CML chronic myeloid leukemia

Ph Philadelphia chromosome

MAPK mitogen activated protein kinase

STAT signal transducers and activator of transcription

PI3K phosphoinositide 3-kinase

TKIs tyrosine kinase inhibitor

FDA Food and Drug Administration

MDR multi drug resistance

p-gp p-glycoprotein

NPs natural products

NCEs new chemical entities

BBM berbamine

K562/IR imatinib resistant K562 cell line

cyt. C cytochrome C

BW body weight

ADR adriamycin

Hsp90 heat shock protein 90

BBD9 4-chlorobenzoyl berbamine

PARP Poly(ADP-Ribose) polymerase

LC3 II LC3-phosphatidylethanolamine conjugate

DOX doxorubicin
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Abstract

Recent studies have indicated that traditional Chinese medicines (CMs) and their active
compounds play an important  role  in liver  cancer treatment by preventing tumor
formation, inhibiting tumor growth, metastasis and recurrence as well as improving the
quality of life and reducing side effects of radiotherapy and chemotherapy. Mechanism
studies have proved the advantage of multicomponent, multitarget and multipathway
combinational regulation by CMs in liver cancer treatment. This chapter emphatically
introduces the molecular mechanisms underlying liver cancer treatment by CMs. In
addition, we also put forward discussion on existing obstacles and prospect of the future
development on liver cancer treatment using CMs, in terms of providing a comprehen‐
sive understanding of action of CMs in liver cancer treatment.

Keywords: TCM, Chinese medicines, Chinese herbal medicines, Anticancer, Antime‐
tastasis, Antiangiogenesis, adjuvant therapy, complementary, alternative treatment

1. Introduction

Primary liver cancer is a serious disease threatening human health. It was the sixth most
frequent cancer, and the second leading cause of cancer death worldwide according to the
reports from the International Liver Cancer Association in 2014 [1]. The most common type
of liver cancer is hepatocellular carcinoma (HCC), which is originated from hepatocyte. Other
types  of  liver  cancer,  such  as  hepatoblastoma  and  intrahepatic  cholangiocarcinoma,  are
relatively uncommon. Recognized risk factors for liver cancer include viral hepatitis B or C
infection, obesity and alcohol abuse. In developing countries such as African countries and
China, Hepatitis B or C is the major cause of liver cancer, whereas in developed countries such
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as the European Union and United States, the predominant cause of liver cancer is cirrhosis
caused by alcohol abuse or obesity [2]. In addition, inherited factor may also increase the risk
of liver cancer. Recent studies have found that some patients developed liver cancer with
inherited susceptible genes from their parents [3]. Usually, liver cancer has no symptoms at
the early stages; with the tumor progression, symptoms such as yellow skin, abdominal pain,
abdominal mass, nausea or liver dysfunction appear and rapidly deteriorate. Generally, the
prognosis of liver cancer is poor, because only 10–20% patients with early detection can receive
curative resection surgery. In addition, surgical resection is unavailable for cirrhotic patients
as increased risk of fatal complications may occur during resection on cirrhotic livers [4]. Other
conventional cancer treatment options such as radiation and chemotherapy are not routinely
used for liver cancer as the liver is chemotherapy‐refractory and not tolerant to radiation [5,
6]. In recent decades, several novel targeted therapies have been developed for liver cancer
treatment. The National Comprehensive Cancer Network (NCCN) guidelines recommend
sorafenib as the standard frontline therapy for patients with unresectable HCC but with well‐
preserved liver function [7, 8]. Other locoregional or adjuvant therapies such as the percuta‐
neous ablation (ethanol injection and radiofrequency ablation),  intra‐arterial  radiolabeled
lipiodol,  intra‐arterial  chemotherapy,  transarterial  chemoembolization (TACE),  interferon,
adoptive immunotherapy and complementary and alternative medicine are recommended for
providing  opportunity  for  liver  transplantation  or  extending  disease‐free  survival  and
improving survival quality. For patients who are diagnosed with early stage liver cancer, the
5‐year survival rate is about 31%. If the tumor has invaded to the surrounding organs or lymph
nodes, the 5‐year survival rate will decrease to 11%. If the cancer has metastasized to distant
organs, the 5‐year survival rate is only 3% [9].

Traditional Chinese medicine (TCM) is one of the most popular complementary and alternative
medicine in cancer patients worldwide. In China, TCM is based on the foundation of about
2500 years of folk medical practice, which have been covered by the National Health Insurance
Program and supported by the government in both Mainland of China and Taiwan. Different
from the western medicines that are based on modern human anatomy and pathology, TCM
is mainly focused on the identification of functional entities. In the view of TCM, health is
based on the harmonious interaction of the internal functional entities and the external
environment. The primary functional entities used by TCM include gas (Qi), blood (Xie),
internal organs (Zang‐fu) and the meridians (Jing‐luo) that are main channels of communica‐
tion of Qi and Xie in the body and link Zang‐Fu with the superficial areas of the body [10, 11].
There are various forms of TCM, which have been used for cancer patients, such as the herbal
remedies, acupuncture, moxibustion, breathing exercise and dietary therapy. These therapies
may have potential in improving the overall survival in cancer patients and the survival quality.

2. The understanding of liver cancer in traditional Chinese medicine

In TCM, liver cancer is associated with the presence of an “abdominal mass” called “zheng

jia” . “Zheng”  means fixed mass in the abdomen with fixed pain, while “Jia” 
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refers to abdominal mass occurs intermittently with no fixed pain. According to TCM litera‐
ture, the symptoms of liver cancer include abdominal distention, jaundice, abdominal fullness

and oppression. Those symptoms can be concluded as “Jiju” ( ), which means syndromes
caused by abdominal lump with pain or swelling. In TCM, the causes of liver cancer can be
divided into internal factors and external factors. The internal factors include individual
congenital constitution and emotional conditions. The emotions are considered as the major
internal causes of liver cancer in TCM. Emotions are regarded as internal, normal, physiolog‐
ical response to stimulus from the external factors. The negative emotions with high intensity
and prolonged duration may cause serious damage to the internal organs and influence the
healthy condition of the whole body. External factors include unhealthy dietary habits and
lifestyle such as alcohol beverage and contaminated food or over exhaustion. These factors can
lead to spleen and body disharmony. Other external factors such as the environment also play
an important role in the process of tumorigenesis. For example, the wet climate is considered
as an induction factor for liver cancer in TCM. Both internal and external factors may cause
stagnation of qi, spleen deficiency and the accumulation of dampness, which can eventually
lead to liver cancer.

3. The role of Chinese medicines and their active compounds in liver
cancer treatment

3.1. Chinese medicines and their active compounds for preventing liver cancer

From a TCM point of view, a good doctor should prevent and cure potential disease in the
initiating stage. “Treating before getting illness” is one of the preponderant thoughts of TCM
in dealing with disease and health. It is important to prevent the occurrence of liver cancer by
keeping healthy diet and lifestyle according to the TCM theories. As we have discussed earlier,
spleen deficiency may cause the occurrence of liver cancer. Symptoms such as ascites and
abdominal distention are all related to spleen deficiency. According to the relationship among
the TCM five internal organs (heart, liver, spleen, lungs and kidneys), the spleen and the liver
can influence on each other. Therefore, spleen deficiency can also restrict the liver function. In
order to strengthen spleen health and protect liver function, people should avoid taking too
much spicy and “cold” food such as pepper, green beans and cold water. Alcohol beverage
can also induce spleen deficiency by aggravating the dampness in the body. But moderate
drinking are beneficial for preventing liver diseases such as liver cancer according to TCM
theories [12].

Many Chinese medicines (CMs) and its active compounds are effective in reducing inflam‐
mation as confirmed by modern science [13, 14]. Recent studies have demonstrated that
inflammation is a major stimulus for hepatic carcinogenesis and some CMs may prevent liver
cancer by inhibiting inflammation in liver. Xiao Chai Hu Tang (XCHT) is an herbal medicine
formula used in some Asian countries for treating chronic viral liver diseases. According to
the TCM theories, XCHT can modulate Qi activity and balance between Yin and Yang. Recent
studies found that XCHT can prevent chronic hepatitis C‐related liver cancer by suppressing
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inflammation and inhibiting fibrosis in the liver [15]. Shi Quan Da Bu Tang (SQDBT) is a classic
TCM herbal diet formula that was documented in the “Tai Ping Imperial Grace Formulary” in
Song dynasty. In TCM, SQDBT were used to regulate Qi and treat Yang deficiency. Modern
scientific research show that SQDBT can relieve chronic viral liver diseases by reducing
inflammatory processes and controlling serum alanine transaminase (ALT) levels, thus it may
prevent liver cancer development [16]. Other TCM herbal extracts or isolates such as the Salvia
Miltiorrhiza extracts, Schisandra chinensis extracts, silymarin, glycyrrhizin, baicalein and
baicalin may prevent liver cancer by relieving chronic liver diseases associated hepatic steatosis
and fibrosis [17–21].

3.2. Chinese medicines and their active compounds for inhibiting liver cancer development

Invigorating Qi and strengthening the spleen; relieving Qi stagnancy in liver, clearing heat and
detoxifying, activating blood circulation to dissipate blood stasis, supplementing Qi and
nourishing yin are the main principles in treating primary liver cancer with TCM. Inhibiting
tumor growth, suppressing metastasis and preventing recurrence with TCM is the key to
restrain liver cancer development. According to a large‐scale cohort study in Taiwan, Jia Wei
Xiao Yao San (JWXYS) and Chai Hu Shu Gan Tang (CHSGT) are the most common TCM
prescriptions for liver cancer treatment. These TCM formulae can significantly inhibit tumor
development and improve survival in patients with primary liver cancer [22]. JWXYS are used
for invigorating the spleen and nourishing blood, it is effective for relieving Qi stagnancy in
liver. Besides its antihepatoma effects, JWXYS can also inhibit colon cancer and breast cancer
[23, 24]. CHSGT are also used for dispersing the Qi stagnancy in liver. Different from the JWXYS
that focuses on invigorating the spleen, CHSGT is mainly applied for activating Qi movement
and relieving pain. Both of these formulae have been safely used in liver cancer treatment for
patients in China, Taiwan and Hong Kong, with few side effects being reported. Some
pharmacological studies also revealed that a lot of CMs extracts or isolates could inhibit liver
cancer growth or metastasis both in vitro and in vivo. This includes but not limited to Coptidis
Rhizome extracts, Radix Bupleuri extracts, Radix Salvia Miltiorrhiza extracts, silymarin,
berberine, Wogonin, bufalin and curcumin [25–28].

3.3. Chinese medicines and their active compounds for improving the quality of life and
reducing the side effects of conventional therapy in liver cancer patients

As most of the liver cancer patients are diagnosed with late‐stage cancer, only 20% patients
may have the chance to receive curative treatment. In this case, improving the quality of life
and reducing the side effects of conventional therapy are very important for liver cancer
patients. The common side‐effects of conventional therapies, such as nausea, vomiting, fever,
abdominal pain, loss of appetite, alopecia and myelosuppression may lead to noncompliance
of treatment and thus affect treatment outcomes and reduce the quality of life. According to a
series of randomized clinical trials, CMs are effective in extending survival time, improving
quality of life, and reducing side effects of conventional therapies for liver cancer patients [29].
For example, Ophiopogonis Radix and Galli Gigerii Endothelium Corneum (Ji Nei Jing) are
most commonly used CMs for appetite improvement; Astragali Radix is widely used for
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alleviating fatigue; Artemisiae Scopariae Herba is recommended for abating jaundice;
Toosendan Fructus and Corydalis Rhizoma are effective in relieving abdominal pain; Peri‐
carpium Arecae, Polyporus, Poria can be used to treat ascites [26].

4. The molecular mechanism on liver cancer treatment by Chinese
medicines and their active compounds

4.1. Traditional Chinese medicines and its active compounds for inhibiting the proliferation
and inducing cell death in liver cancer cells

Jie Du Xiao Zheng Yin (JDXZY) is a typical TCM formula for liver cancer treatment. Recent
studies have found that JDXZY can suppress the proliferation of liver cancer cells in a dose‐
and time‐dependent manner [30]. In vivo studies also confirmed that JDXZY could increase the
tumor apoptotic index and reduce tumor size in nude mice. Mechanism studies showed that
JDXZY may induce human hepatoma HepG2 cell apoptosis by mitochondrial‐related pathway.
Treatment with JDXZY can activate caspase‐9 and caspase‐3 as well as up‐regulate the ratio of
Bax/Bcl‐2, which may partially demonstrate its antihepatoma effects. In addition, another
study also found that JDXZY could inhibit the proliferation of HepG2 cells by arresting the
cell cycle at the G0/G1 phase [31].

Bufalin is a digoxin‐like agent isolated from Chansu which is a precious CMs extracted from
parotoid glands of toads. Previous studies found that bufalin exhibited significant anticancer
activities in many cancer cell lines in vitro and in vivo. A recent research showed that bufalin
can suppress AKT‐related signaling pathway in HepG2 and HCCLM3 cell lines. After bufalin
treatment, the proliferation‐related proteins in AKT/GSK3beta/beta‐catenin/E‐cadherin‐
signaling pathway were significantly inhibited [32]. Thus, bufalin may be a potential anti‐
hepatoma agent by inhibiting the proliferation of cancer cell.

Gekko swinhonis Guenther also called ShouGong in TCM; it was a widely used anticancer drug
in China for hundreds of years. Modern science has demonstrated that one of the major active
components in Gekko swinhonis Guenther is sulfated polysaccharide–protein complex (GSPP).
Previous studies showed that GSPP can suppress the proliferation of liver cancer cells and
arrest the cell cycle in SMMC‐7721 cells with little direct toxicity [33]. In addition, Gepsin, the
monomeric protein in GSPP also showed strong inhibition on the proliferation of hepatocar‐
cinoma Bel‐7402 cells [34].

Many researches have revealed the strong anticancer activity of berberine. The protective
effects of berberine on liver diseases including liver cancer have been widely studied by our
groups. The quaternary ammonium salt derived from Coptidis Rhizome (Huanglian in TCM)
can induce both autophagy and apoptosis in hepatocellular carcinoma cells (HCC). Further
mechanisms studies demonstrated that berberine could induce mitochondrial apoptotic
signaling pathway in MHCC97‐L and HepG2 cells via upregulating Bax expression. Further‐
more, berberine could also induce autophagic cell death in HCC cells through inhibiting the
activity of Akt and activating the p38 MAPK‐signaling pathway [35].
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4.2. Chinese medicines and their active compounds for inducing liver cancer cells
differentiation

Panaxydol is one of the bioactive components in Panax Notoginseng (Sanqi in TCM). Panax
Notoginseng is a famous hemostatic in TCM and it can also relieve other blood disorders, such
as blood stasis or blood deficiency. Recent studies have shown that the panaxydol could induce
cell differentiation in human HCC cell lines SMMC‐7721 [36]. Ultrastructure morphology
observation confirmed that there have obvious cell morphologic changes after panaxydol
treatment. The activity of several differentiation related proteins such as alkaline phosphatase
and albumin were increased, while AFP activity was significantly decreased after panaxydol
treatment. These results showed that panaxydol may be a potential antihepatoma agent by
inducing tumor cell differentiation.

Gepsin can also inhibit liver cancer development by inducing cancer cells differentiation.
Studies showed that after gepsin treatment, the HCC cell line Bel‐7402 presents ultrastructural
morphology of differentiation. Western blot results revealed that the differentiation related
proteins such as the AFP protein secretion significantly decreased, while ALB protein expres‐
sion was obviously up‐regulated on gepsin‐treated cancer cells [34].

Ginseng is one of the most widely used herbs in TCM for thousands of years. Ginsenosides
are the main bio‐active components in Ginseng. There are many reports verified the anticancer
effect of ginsenosides in vitro and in vivo. For example, ginsenosides‐Rh2 (G‐Rh2) can inhibit
the proliferation of SMMC‐7721 cells as well as induce the mature and normality of cell
ultrastructure morphology. The expression of AFP, gamma‐GT and heat‐resistant ALP were
also significantly decreased after 10 mg/ml G‐Rh2 treatment [37].

4.3. Chinese medicines and their active compounds for averting the invasion and metastasis
of liver cancer cells

Ardipusilloside I is a triterpene‐saponin separated from the TCM herbs Ardisia pusilla A. DC.
Recent studies have revealed its anticancer effects through inhibition invasion and metastasis
of HCC cells [38]. Both in vitro and in vivo studies demonstrated that Ardipusilloside I may
suppress migration of HCC cells partially by decreasing the expression of the metalloprotei‐
nase (MMP)‐2 and MMP‐9 proteins. In addition, Ardipusilloside I can activate Rac1 protein
and further induce E‐cadherin which may result in inhibition of cancer cells migration.

As we have discussed earlier, GSPP and its monomeric protein gepsin are effective in inhibiting
the proliferation of HCC cells. Recent studies found that GSPP was also effective in suppressing
the migration of HCC cells [33]. GSPP treatment remarkably decreased the concentration of
intracellular calcium. Many studies have demonstrated that low intracellular calcium concen‐
tration is associated with reduced cancer migration. GSPP treatment could remarkably
decrease the concentration of intracellular calcium. Thus, the antimigration effect by GSPP
may be partially a consequence of downregulation of intracellular calcium concentration
together with an upregulation of actin filaments polymerization in HCC cells.

The hepatic protective effects of Radix Salviae have been verified through its extensive use in
TCM. Recent studies also found that aqueous extracts of Radix Salviae can inhibit the devel‐
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Studies showed that after gepsin treatment, the HCC cell line Bel‐7402 presents ultrastructural
morphology of differentiation. Western blot results revealed that the differentiation related
proteins such as the AFP protein secretion significantly decreased, while ALB protein expres‐
sion was obviously up‐regulated on gepsin‐treated cancer cells [34].

Ginseng is one of the most widely used herbs in TCM for thousands of years. Ginsenosides
are the main bio‐active components in Ginseng. There are many reports verified the anticancer
effect of ginsenosides in vitro and in vivo. For example, ginsenosides‐Rh2 (G‐Rh2) can inhibit
the proliferation of SMMC‐7721 cells as well as induce the mature and normality of cell
ultrastructure morphology. The expression of AFP, gamma‐GT and heat‐resistant ALP were
also significantly decreased after 10 mg/ml G‐Rh2 treatment [37].

4.3. Chinese medicines and their active compounds for averting the invasion and metastasis
of liver cancer cells

Ardipusilloside I is a triterpene‐saponin separated from the TCM herbs Ardisia pusilla A. DC.
Recent studies have revealed its anticancer effects through inhibition invasion and metastasis
of HCC cells [38]. Both in vitro and in vivo studies demonstrated that Ardipusilloside I may
suppress migration of HCC cells partially by decreasing the expression of the metalloprotei‐
nase (MMP)‐2 and MMP‐9 proteins. In addition, Ardipusilloside I can activate Rac1 protein
and further induce E‐cadherin which may result in inhibition of cancer cells migration.

As we have discussed earlier, GSPP and its monomeric protein gepsin are effective in inhibiting
the proliferation of HCC cells. Recent studies found that GSPP was also effective in suppressing
the migration of HCC cells [33]. GSPP treatment remarkably decreased the concentration of
intracellular calcium. Many studies have demonstrated that low intracellular calcium concen‐
tration is associated with reduced cancer migration. GSPP treatment could remarkably
decrease the concentration of intracellular calcium. Thus, the antimigration effect by GSPP
may be partially a consequence of downregulation of intracellular calcium concentration
together with an upregulation of actin filaments polymerization in HCC cells.

The hepatic protective effects of Radix Salviae have been verified through its extensive use in
TCM. Recent studies also found that aqueous extracts of Radix Salviae can inhibit the devel‐
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opment of liver cancer by suppressing the metastasis and recurrence in animal models [21].
In vitro study showed that Radix Salviae treatment significantly decreased the expression of
Intercellular Adhesion Molecule 1(ICAM‐1) in SMMC‐7721 cells. In addition, it could suppress
the invasion of SMMC‐7721 cell and make the fibronectin‐attached cells exfoliated. The cell
adhesion ability of HCC‐HCC, HCC‐lymphocyte and HCC‐endothelial cell also decreased
after Radix Salviae treatment. The tumor xenograft mice model also confirmed the antimeta‐
stasis effects of Radix Salviae on posthepatectomy liver cancer in vivo.

Curcumin, a polyphenol isolated from the rhizome of Curcuma longa (Jiang in TCM) has
potential anti‐cancer effects in many types of cancers. However, due to its poor aqueous
solubility, the clinical application of curcumin has been limited. A recent study has used the
polymeric nanoparticle formulation of curcumin to improve its solubility as well as anticancer
activity [39]. The results showed that when used as a combination with sorafenib, the modified
curcumin can suppress the proliferation and invasion of HCC cells in vitro. Furthermore, in
vivo study also found curcumin could inhibit liver cancer growth and lung metastases.
Mechanisms study found curcumin and sorafenib synergistically inhibited the expression of
MMP9 by down‐regulating NF‐kappaB/p65‐signaling pathway. Taken together, the polymeric
nanoparticle formulation of curcumin may exhibit antitumor activity by inhibiting liver cancer
metastasis.

4.4. Chinese medicines and their active compounds for inhibiting angiogenesis in liver
cancer treatment

Angiogenesis is a physiological process during which new blood vessels are produced and
developed based on the original vessels. As angiogenesis plays a crucial role in tumor growth
and metastasis, the novel antitumor therapies targeting angiogenesis may provide new hopes
for cancer treatment. Livistona Chinensis seeds (EELC) have been used for centuries in TCM
for cancer treatment. HCC xenograft mice model confirmed that EELC can inhibit tumor
angiogenesis through the Notch‐signaling pathway [40]. After EELC treatment, in vivo results
showed remarkable decrease in intratumoral microvessel density (MVD) in the HCC xenograft
mice tumors. In addition, the angiogenesis‐related proteins such as the VEGF‐A and VEGFR‐
2 were significantly decreased after EELC treatment. The mechanism study demonstrated that
the antiangiogenesis effect was related with the inhibition of the Notch pathway as the
expression of Notch, Dll4 and Jagged1 were down regulated according to the real‐time
polymerase chain reaction (RT‐PCR) results.

Yang Zheng Xiao Ji (YZXJ) is a commercial TCM product for supplementary treatment of
advanced liver cancer. Some clinical trials indicated that YZXJ may improve the curative effect
of interventional chemotherapy for advanced liver cancer patients. In vitro studies showed that
YZXJ can inhibit the matrigel‐based sandwich tubule formation and cell migration. Western
blot results confirmed that inhibition of the activation of focal adhesion kinase may at least in
part confer the YZXJ‐induced inhibition of cell migration and tube formation [41]. These results
indicated that YZXJ could be a potential antihepatoma TCM product via suppressing tumor
angiogenesis.
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Asparagus polysaccharide, the bioactive derivate from Asparagus, is a common TCM herbal
diet that may exhibit anticancer activity according to previous researches. One study has
explored the adjunctive effects of asparagus polysaccharide in liver cancer chemotherapy [42].
Their results showed that asparagus polysaccharide significantly suppressed liver cancer
growth in combination with transcatheter arterial chemoembolization (TACE) therapy in
orthotopic HCC rat model. Tumor angiogenesis may be the major target for asparagine
gelatinous in liver cancer treatment. Several angiogenesis markers such as CD34 and VEGF
significantly decreased after asparagine gelatinous treatment. The expression of MVD markers
also remarkably reduced in asparagus polysaccharide treated liver tumors. These results
suggested that asparagus polysaccharide with TACE could apparently inhibit the tumor
angiogenesis in vivo; asparagus polysaccharide might be a potential adjunvant therapy for
TACE in treating liver cancer.

4.5. Chinese medicines and their active compounds for enhancing immunological function
in liver cancer patient

The TCM formula Songyou Yin (SYY) was developed by Professor Zhao‐You Tang for liver
cancer treatment. Recent studies have found that the antimetastasis and anti‐recurrence effects
by SYY may be correlated with its immunomodulation activity. SYY can significantly extend
survival and inhibit the tumor growth and metastasis in tumor‐burdened mice. SYY remark‐
ably increased the ratio of CD4/CD8 in peripheral blood and decreased the serum TGF‐beta1
activity as well as the percentage of Treg cells both in spleen and peripheral blood. Thus, the
TCM product SYY may strengthen the immunity of liver cancer patient and prevent tumor
recurrence [43].

Mylabris mixture is a popular anticancer TCM formula which mainly consists of the Mylabris
extracts, Tangerine Peel and Millet Sprout. Recent studies found that Mylabris mixture could
obviously suppress the growth of liver cancer H22 cells by improving the immunological
function in mice model [44]. After Mylabris mixture treatment, the stimulation index of T‐
lymphocyte transformation and proportion of NK cells were apparently increased. The
subpopulation percentage of T lymphocytes also significantly increased after Mylabris mixture
treatment. Up‐regulation on the secretion of interferon‐gamma and interleukin‐4 by T
lymphocytes also confirmed the immunoloregulation effects by Mylabris mixture.

A recent study has explored the immunoloregulation effects of ultrasound‐guided intratu‐
moral injection of TCM formula “Star‐99” in HCC in mice model. Star‐99 can improve the
cellular immunity and induce HCC cell apoptosis by increasing the level of plasma IL‐2 and
TNF‐alpha. The cytokines IL‐2 can be considered as an immunological response modifier. It
can improve the activity of lymphocyte and the anti‐tumor effects of NK, CTL and LAK cells
as well as cytokine secretion. In addition, another experiment also found that many lympho‐
cytes can be observed in the tumor tissues after the Star‐99 treatment [45]. The electron
microscope results observed that the microvilli on the surface of the lymphocytes attacked the
cancer cells. The membrane of tumor cell in contact with the sensitized T lymphocyte became
broken with the organelle and the nucleus dissolved and the vacuolation of the cytoplasm as
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well. This phenomenon further illustrate that the Star‐99 could stimulate and induce the
cellular immunity function of the organism.

Previous studies revealed the TCM herbal product Kanglaite (KLT) which mainly consists of
Jobstears Seed oil exhibits anticancer and immunoregulation activities. According to a clinical
study, KLT treatment can improve the immunological function via increasing the proportion
of T cells and NK cells in the blood of HCC patients [46]. In vivo study in tumor‐bearing mice
showed that KLT enhanced the immune system by increasing the secretion of several cytokines
such as the IFN‐gamma and IL‐2, and up‐regulate the proportion of CD4+ T cells in mice. These
events further improved the killing activity of NK cells and CD8+ T cells against the HepG2
cells. KLT treatment also up‐regulate the mRNA level of some NF‐kappaB responsive genes
in CD4+ cells. In conclusion, KLT may have immunomodulatory activity at least partially
through the activating of NF‐kappaB mediated gene transcription in CD4+ T cells.

4.6. Chinese medicines and their active compounds for reversing drug resistance in liver
cancer treatment

Astragaloside is a saponin isolated from Radix Astragali, one of the popular TCM herbs.
Astragaloside has been reported to be an effective agent in reversing multidrug resistance
(MDR) of cancer treatment. A recent study found that astragaloside can modulate the ex‐
pression of P‐glycoprotein in human hepatic cancer cells Bel‐7402 and reverse 5‐fluoroura‐
cil resistance in chemotherapy. As P‐glycoprotein majorly is responsible for the drug
efflux in cancer treatment, the down‐regulation of P‐glycoprotein will inhibit P‐glycopro‐
tein‐mediated drug efflux and improve the efficacy of chemotherapies [47]. Thus, astraga‐
loside may be a potential anticancer drug for reversing drug resistance in liver cancer
treatment.

Polyphyllin D is a saponin derived from a TCM herb Paris Polyphylla. The herb of Paris
Polyphylla has been used for liver cancer treatment in China for thousands years. Previous
study showed that polyphyllin D can induce apoptosis in multi‐drug resistant HepG2 cells
[48]. Further mechanism study demonstrated that polyphyllin D may elicit mitochondrial
fragmentation in HCC cells. When treating polyphyllin D directly to the isolated mito‐
chondria, the mitochondria exhibited strong swelling with deep transmembrane depolari‐
zation. In addition, significant apoptosis‐inducing factor release could be observed from
the multidrug‐resistant HepG2 cells. These results suggest that polyphyllin D may be a
potential anti‐cancer agent targeting drug resistance in HCC cells by inducing mitochon‐
drial damage.

Piper betel leaves (PBL) are enriched with medication properties in TCM for many centu‐
ries. Modern researches have proven that PBL has antioxidation activity and may inhibit
gene mutation. Recent study has found that PBL extract can inhibit total Glutathione S‐
transferase (GST) and alpha class of GST (GSTA) in HepG2 cells [49]. Further study showed
PBL could enhance the sensitivity of HCC cells to chemotherapy. The results revealed that
the cytotoxicity of cisplatin was apparently increased in cell with PBL treatment, with the
mechanism related to the inhibition of multidrug resistance protein 2. These results indicat‐
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ed that PBL extract may reduce drug resistance and improve the efficacy of chemotherapy
in liver cancer treatment.

5. Future prospect of liver cancer treatment by Chinese medicines and their
active compounds

CMs and its active compounds have a long history for anticancer treatment in China. In recent
decades, many TCM formulae, herbal extracts or isolates have been developed to treat liver
cancer, especially for patients with advanced‐stage liver cancer. According to both clinical
studies and basic researches, CMs have less toxicity and exhibit multitarget anticancer activity.
In China, the antihepatoma effects of several TCM products have been verified by clinical trials,
such as the Songyou Yin and Kanglaite injection. Many studies have proven that CMs had
beneficial effects in relieving fatigue and pain, preventing respiratory tract infections and
alleviating gastrointestinal symptoms in liver cancer patients.

However, there are also some problems with CMs in current cancer treatment that should be
considered seriously. First of all, most of the CMs are extracted from plants or animals, their
pharmacological active components are still unknown CMs. Second, the adverse effects,
contraindications and corresponding clinical data of CMs are rarely indicated by TCM doctors
or CMs manufacturers. Third, the frequent occurrence of fatal accidents such as allergy and
phlebitis has been observed during TCM treatment especially in TCM injection treatment.
Finally, although there are many clinical trials on CMs for liver cancer treatment, none of them
were large multicenter trials with strict and standard criteria CMs. In this case, it is difficult to
give an accurate conclusion about the effects of CMs for liver cancer treatment when conduct‐
ing a meta‐analysis. Therefore, large‐scale multicenter clinical trials with strict and standard
criteria are urgently needed for the development of TCM in liver cancer treatment. According
to the previous studies, combination of CMs and its active compounds with surgery, TACE or
chemotherapy may protect liver function, enhance the patients’ immune response, and reduce
the side effects and complications of conventional therapy as well as prolong lifespan. With
the rapid development of modern scientific research, the combination therapy with TCM will
be definitely promising for future liver cancer treatment.
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Abstract

SHetA2 (NSC 721689) is a novel synthetic flexible heteroarotinoid that has promising
cancer-preventive activity, and has exhibited growth inhibition on 60 cancer cell lines
in vitro, along with ovarian, lung, and kidney cancers in vivo. It binds and interferes
with the function of a molecular chaperone, mortalin, leading to mitochondrial swelling
and mitophagy that induce apoptosis in cancer cells without harming normal cells. It
showed minimal toxicity in preclinical studies and thus is now in Phase-0 clinical trial.
This  chapter  summarizes  its  evolution,  synthesis,  structure-activity  relationship,
mechanism of action, pharmacokinetics, and potential clinical applications in last 12
years. It also provides insights into designing more potent and safer SHetA2 analogs
for future cancer-preventive drug development.

Keywords: SHetA2, flexible heteroarotinoids, apoptosis, cancer prevention, ovarian
cancer

1. Introduction

Cancer-preventive agents are biologics, dietary supplements, nutrients or marketed drugs
used to reduce the risk of developing cancer or prevent the recurrence of cancer [1]. The
cancer-preventive actions of these agents are mediated by a variety of proposed mechanisms,
which include inhibition of oxidative and inflammatory stress, immunomodulatory action,
induction of cell differentiation and apoptosis, and inhibition of cell growth and angiogenesis.
Hundreds of natural and synthetic compounds have been shown to inhibit cancer cell growth
including vitamins (vitamins A, D, and E), organosulfur compounds (brassinin, sulforaphane,
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and  isothiocyanates),  minerals  (calcium  and  selenium),  phytoestrogens  (resveratrol),
flavonoids  (genistein  and  quercetin),  synthetic  compounds  (retinoids,  sulforamate,  and
prenylated flavonoid analogs) [2], and marketed drugs (tamoxifen, raloxifene, finasteride,
aspirin, sulindac, difluoromethylornithine, and metformin) [3]. Drug development for cancer
prevention imposes distinct challenges beyond those associated with drug development for
cancer therapy. One of the challenges is that cancer preventive agents must have higher
therapeutic index. Nevertheless, the potential to intervene prior to the cancer developing is
an attractive strategy to fight cancers [4].

A novel class of anticancer agents that has demonstrated such qualities is the flexible
heteroarotinoids (Flex-Hets). Flex-Hets, derived from the retinoids, have exhibited potential
anticancer activities in various cancer cell lines, while displaying minimal toxicity to normal
cells. Among these compounds, SHetA2 [(4-nitrophenyl)amino][2,2,4,4-tetramethylthiochro-
man-6-yl]amino]methane-thione) exhibited the greatest growth inhibitory efficacy and
potency against various cancer cell lines and was chosen as a lead compound for further
development [5–7]. SHetA2 has been shown to interfere with mortalin binding to p53 and
p66 Src homologous-collagen homologue (p66shc) leading to apoptosis in cancer cells [8].
Furthermore, it has been shown to induce both intrinsic [9] and extrinsic apoptotic pathway
[10], cause cell cycle arrest [11], induce differentiation [7], and inhibit angiogenesis [12] in
cancer cells, while displaying negligible toxicity in animal models [13]. Hence, SHetA2 was
regarded as a novel class of promising anticancer agent that selectively targeted the cancer
cells. Consequently, it was evaluated in preclinical development for cancer prevention
through the National Cancer Institute (NCI) Rapid Access to Intervention Development
(RAID) and Rapid Access to Preventive Intervention Development (RAPID) program [6].
Studies in rats and dogs showed that no toxicity was observed in any of the tested dosage
groups. The no-observed-adverse-effect-level (NOAEL) for SHetA2 was not established and
was considered to be above 1500 mg/kg/day in dogs [13]. The therapeutic window for
administrative safety with SHetA2 was determined to be 25- to 150-folds above in vivo
effective doses. As a result, it is currently undergoing Phase-0 clinical trials through RAID
[14]. This chapter will provide a comprehensive review of SHetA2, including its design and
development, and possible molecular targets and mechanisms of action and its potential
clinical applications, based on the literature published thus far.

2. History of retinoid development

2.1. Retinoids

Retinoids, including natural retinoic acid (RA) and its synthetic derivatives, are a group of
promising anticancer agents that have shown both chemotherapeutic and chemopreventive
potential in both animals and humans [15–17]. They exhibit therapeutic properties by activat-
ing the retinoic acid receptors (RARs) and the retinoid X receptors (RXRs) [18]. Each receptor
has three subtypes (-α, -β, -γ), and they belong to a family of proteins that regulate the
transcription of genes responsible for a variety of metabolic, developmental, and differentia-
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tion pathways in cells and tissues [19]. Retinoids have been shown to inhibit growth, and
induce differentiation and apoptosis of cancer cells both in vitro and in vivo [20, 21]. Naturally
occurring retinoids, all-trans-retinoic acid (ATRA, Figure 1, 1), 9-cis-retinoic acid (Figure 1, 2),
and 13-cis-retinoic acid (Figure 1, 3) have been shown to display significant anticancer
activities [22]. Synthetic retinoids, such as N-(4-hydroxyphenyl) retinamide (4HPR, fenreti-
nide, Figure 1, 4), are also effective inducers of apoptosis [23]. However, the use of retinoids
as chemotherapeutics has been hampered by their local and systemic toxicities and side effects.
Chronic retinoid treatment can lead to teratogenicity and toxicities to the skin, mucus mem-
branes, hair, eyes, gastrointestinal system, liver, endocrine system, kidneys, and bone [24].
These toxicities are found to be associated with the activation of the nuclear retinoid receptors
[25, 26].

Figure 1. Chemical structures of retinoids, heteroarotinoids, and flexible-heteroarotinoids.
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2.2. Arotinoids

Recognizing the potential chemopreventive and chemotherapeutic effects of retinoids,
chemists have tried to design and synthesize new retinoid derivatives that express high
cytotoxic potential with lower toxicity. The rationale is that by developing compounds that
selectively activate only one retinoid receptor subtype, the associated toxicities could be
reduced. For example, RXR-selective compounds were thought to have great potential for
pharmacological use against tumors and other diseases due to a large number of ligand
activated receptors whose activities involve dimerization with RXR receptors [19]. Bexarotene
(Targretin®, with a one-carbon linker), is a selective RXR agonist and the first synthetic
arotinoid approved for the treatment of all stages of cutaneous T-cell lymphoma [27]. RARγ,
selectively expressed at high levels in the skin, has been shown to be the mediator of retinoid
activity [28]. Early efforts to increase the therapeutic ratio of retinoids included increasing the
structure rigidity by incorporating a double-bond between the two aromatic rings, leading to
the development of arotinoids with two atom linker. For example, TTNPB (Figure 1, 5), an
arotinoid with significant anti-tumor activity [29] was found to be selective for RAR receptors
[30]. Unfortunately, intolerable toxicities observed in animal models limited its clinical utility
[29].

2.3. Heteroarotinoids

Subsequent structural modifications involved the addition of one heteroatom (O, N, and S) in
the cyclic ring of the arotinoids to block its oxidation into toxic metabolites. This resulted in
the development of a new class of compounds called the heteroarotinoids (Hets, Figure 1, 6–
12). These Hets exhibited similar biological activities to retinoids, but with significantly
reduced toxicities [29, 31].

2.4. Flexible heteroarotinoids

Different linkers were placed between the two aryl groups of the Hets to increase their rigidity,
providing a more specific fit into each receptor’s binding pocket. Two-atom linkers, such as
amide (Figure 1, 8) and esters (Figure 1, 9–11) were synthesized, and they showed varying
degree of receptor selectivity. Interestingly, Hets with either the three-atom urea (Figure 1, 14,
17, 18) or thiourea (Figure 1, 15, 16, 19, 20) linker demonstrated significant anticancer activity
without activating any of the retinoid receptors [6]. These compounds showed significant
growth inhibitory activities against the ovarian cancer cell lines: Caov-3, OVCAR-3, and SK-
OV-3, while exhibiting low activities against normal and benign cells. Moreover, due to the
lack of RAR/RXR activation, these compounds did not exhibit the associated toxicities observed
with other retinoids. Among these compounds, SHetA2 (Figure 1, 16) demonstrated the
greatest potency against the aforementioned ovarian cancer cell lines at concentrations ranging
from 0.2–3.7 μM. Since both urea and thiourea linkers are somewhat flexible in nature, these
compounds were termed flexible heteroarotinoids (Flex-Hets). The evolution of SHetA2 is
shown in Figure 2.
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Figure 2. The evolution of SHetA2 from all trans retinoic acid (ATRA).

3. SHetA2, a Flex-Het

Flex-Hets have shown cancer-preventive activity by regulating apoptosis, cell growth, and
differentiation in multiple types of cancer cell lines. They display significantly greater growth
inhibition activities against ovarian cancer cells than both normal and benign ovarian cells [6].
Among the Flex-Hets, SHetA2 has shown to induce the highest levels of apoptosis in multiple
cancer cell types, while retaining the differential resistance in normal cells [5]. SHetA2
functions independently of retinoid receptors [32] and therefore, lacks the toxicities associated
with conventional retinoids. More importantly, SHetA2 differentially induces apoptosis in
cancer cells while sparing normal cells [6]. All 60 cancer cell lines in NCI human tumor panel
were sensitive to the growth inhibition activities of SHetA2 at micromolar concentrations [5]
(Table 1). Despite this wide range of activity against cancer cells, normal and benign human
ovarian, endometrial, and oral cultures were resistant to SHetA2-induced apoptosis and
growth inhibition [6, 9]. In a recent study, SHetA2 was tested to be negative across three genetic
toxicology assays, namely the in vitro Salmonella-Escherichia coli mutagenicity assay, Chinese
hamster ovary cell chromosome aberration assay (CHO-CA), and in vivo mouse bone marrow
micronucleus assay [34]. These assays are recommended by the International Conference on
Harmonization (ICH), US Food and Drug Administration (FDA), and other regulatory
agencies for the detection of mutagenicity by chemicals [35]. These negative results showed
that SHetA2 was neither mutagenic nor genotoxic. In addition, SHetA2 exhibited no evidence
of toxicity in animal models including dogs [13], and it did not induce skin irritation or
teratogenicity [5, 36]. Encouraged by these promising results, SHetA2 was evaluated by NCI’s
RAID program for preclinical development as a cancer therapeutic agent (Application 196,
Compound NSC 726189), and by RAPID program as a chemopreventive agent. Since SHetA2
showed no toxicity in preclinical studies, it is now in Phase-0 clinical trial.
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GI50 Mean Graph for SHetA2 (NSC 726189) [33]

Cancer panel Cell line Log GI50 (SHetA2) Log GI50 (ATRA)

Leukemia CCRF-CEM −4.9 −4.2

HL-60(TB) −4.5 −4.7

K-562 −5.0 −4.3

MOLT-4 −4.7 −4.3

RPMI-8226 −4.5 −5.7

SR −4.9 −4.2

Nonsmall-cell lung carcinoma A549/ATCC −4.9 −4.3

EKVX −4.9 −4.0

HOP-62 −4.7 −4.2

HOP-92 −4.7 −4.0

NCI-H226 −4.9 −4.3

NCI-H23 −4.9 −4.2

NCI-H322M −5.0 −4.0

NCI-H460 −4.6 −4.2

NCI-H522 −5.0 −4.2

Colon cancer COLO 205 −4.9 −4.2

HCC-2998 −5.4 −4.2

HCT-116 −4.8 −4.2

HCT-15 −4.9 −4.2

HT29 −4.6 −4.2

KM12 −5.0 −4.3

SW-620 −4.8 −4.2

CNS (gliomas) SF-268 −4.6 −4.0

SF-295 −5.0 −4.2

SF-539 −5.0 −4.2

SNB-19 −4.7 −4.2

SNB-75 −4.8 −4.0

U251 −5.0 −4.2

Melanoma LOX IMVI −4.9 −4.4

MALME-3M −5.6 −4.3

M14 −4.7 −4.2

MDA-MB-435 −4.9 −4.2

SK-MEL-2 −5.0 −4.4

SK-MEL-28 −4.8 −4.2

SK-MEL-5 −5.0 −4.2

UACC-257 −4.9 −4.2

UACC-62 −5.0 −4.0

Ovarian cancer IGROV1 −5.0 −4.0
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GI50 Mean Graph for SHetA2 (NSC 726189) [33]
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OVCAR-3 −5.0 −4.2

OVCAR-4 −4.8 −4.0

OVCAR-5 −4.8 −4.0

OVCAR-8 −4.8 −4.2

NCI/ACR-RES −4.9 −4.4

SK-OV-3 −4.8 −4.0

Renal cancer 786-0 −4.8 −4.2

A498 −5.0 −4.0

ACHN −5.0 −4.2

CAKI-1 −4.9 −4.2

RXF 393 −4.7 −4.0

SN12C −5.0 −4.2

TK-10 −5.0 −4.1

UO-31 −4.9 −4.0

Prostate cancer PC-3 −4.0 −4.3

DU-145 −4.9 −4.2

Breast cancer MCF7 −4.5 −4.4

MDA-MB-231 −5.0 −4.3

HS 578T −4.6 −4.0

BT-549 −4.9 −4.2

T-47D −4.8 −6.3

Lower values indicate greater inhibition of cell growth.

Table 1. Growth inhibition values (GI50) of NCI’s human tumor cell line panel expressed in log scale.

4. Synthesis of SHetA2

The synthesis of SHetA2 mainly involved the preparation of the intermediate, aminothiochro-
man (Figures 3 and 4). Early synthetic procedure (Figure 3) involved using Fe/HOAc to reduce
the nitro group with a yield of 40% [6]. The nitration reaction was the problematic step with
only a 26% yield, since many additional by-products were formed in this reaction. In order to
address this issue, Tallent et al. employed a nitrogen-containing starting material (4-acetami-
dobenzenethiol) [37] (Figure 4). They used methyllithium instead of methylmagnesium
bromide to form the intermediate carbinol. In the cyclization procedure to form the thiochro-
man, chlorobenzene was used as solvent with a 58% yield avoiding the use of flammable and
noxious CS2. This method circumvented the low-yielding nitration step and the subsequent
reduction step to generate the amine group of aminothiochroman. The improved synthesis
was shorter and afforded a 5-fold higher overall yield. The final product, SHetA2, was formed
by reacting the aminothiochroman with 4-nitrophenyl isothiocyanate in tetrahydrofuran
(Figure 4).
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Figure 3. Synthesis of aminothiochroman.

Figure 4. Improved synthesis of aminothiochroman and SHetA2.

5. Structure-activity relationship

Structure-activity relationship (SAR) of SHetA2 and its derivatives has been valuable to
identify important structural modifications that have contributed to its anticancer potency and
selectivity, and to guide the design of more potent and less toxic SHetA2 analogs. Figure 2
illustrates the structural evolution of SHetA2 from ATRA. The goal was to increase the
selectivity of retinoids towards RAR/RXR subtypes, so as to reduce the associated toxicities
while retaining its anticancer activities. It has been shown that RAR-specific ligands can rescue
Raldh2−/− embryos as effectively as ATRA, whereas RXR ligand showed no effect [36]. One
strategy was to conformationally restrict the double-bonds of RA to allow a better fit into a
specific receptor subtype by incorporating aromatic rings. For example, SR3986 (Figure 2) was
developed with an aromatic ring from ATRA. Subsequently, TTNPB (5), the lead arotinoid,
was modified with a diaryl group to increase its rigidity, and it was found to be selective for
RAR receptors and 10 times more potent as compared to ATRA [38]. Unfortunately, this
compound also exhibited a 10,000-fold increase in toxicity, which limited its clinical usage [29].

In order to reduce toxicity, a benzylic carbon in the tetrahydronaphthalene was replaced with
a heteroatom (O, N, and S). The purpose was to prevent benzylic (metabolic) oxidation which
could result in toxic metabolites. This single modification resulted in Hets (Figure 1, 6–12) with
similar biological activities to RA but significantly reduced toxicities [29, 31]. An example was
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the diaryl heteroarotinoid (Figure 1, 6), a RAR-selective retinoid derivative. It differed from
TTNPB by an oxygen heteroatom, but exhibited a significant decrease in toxicity, increasing
the maximum tolerated dose (MTD) by 3000-fold as compared to TTNPB (Figure 1, 5) [39].
Other monoaryl heteroarotinods (Figure 1, 7a, 7b) were also evaluated, and revealed a 3-fold
decrease in toxicity along with a decreased ability to activate the RAR receptors when
compared to ATRA (Figure 5) [40, 30].

Figure 5. Maximum tolerated dose (MTD) for retinoids and their derivatives.

5.1. Thiochroman rings

SAR studies have identified structures containing six-membered ring (Figure 1, 7a, 7b) tend
to confer increased RARβ selectivity over five-membered ring systems (Figure 1, 12a, 12b),
while sulfur heteroatom confers a greater RARγ selectivity over oxygen atom [19]. The
thiochroman ring system is flexible and has been shown to induce apoptosis to a greater extent
than a rigid planar quinoline unit [41]. These findings highlight the important role played by
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the thiochroman ring in enhancing the activity of Flex-Hets. Therefore, the thiochroman ring
forms one of the fundamental moieties of SHetA2 and its analogs (14–20).

5.2. Two-atom linkers

To further increase the selectivity for each RAR and RXR receptors, various linkers were placed
between the two aryl groups of the Hets by modifying their structure rigidity. Two-atom linker
compounds such as amide (Figure 1, 8) and ester (Figure 1, 9) were reported [42, 43]. Com-
pound (8) was found to be a receptor panagonist, while compound (9) was RXR selective. Both
showed significant growth inhibitory activities against head and neck cancer using a tumor
xenograft mouse model [42]; however, only compound (8) induced apoptosis in ovarian cancer
cells. This indicated that RXR activation is sufficient to inhibit tumor growth, while activation
of both RAR and RXR are required for the maximum activity, at the expense of toxicity. Other
two ester-linked compounds (Figure 1, 10, 11) were found to activate both RARs and RXRs [44].
On the other hand, these ester-linked Hets appeared to only induce growth inhibition but not
apoptosis.

5.3. Three-atom linkers

Three-atom linkers have also been reported in the literature (Figure 4, 21, 22). It was suggested
that the presence of a three-atom linker may increase RAR selectivity [45], and the ability for
linkers to form hydrogen bonds may enhance RARγ selectivity [46]. As such, a series of urea/
thiourea derivatives were synthesized and evaluated (Figure 1, 14–20) [6, 7]. Unlike conven-
tional retinoids, these Flex-Hets were able to induce selective and potent apoptotic activity in
cancer cells independent of RAR/RXR activation [44]. The only retinoid activity retained by
Flex-Hets is the ability to induce differentiation and reverse the cancerous phenotype.

The X-ray crystal structure of the Flex-Hets showed that a unique lattice network formed
through extensive intermolecular H-bonding between the NH and the oxygen of the highly
polarized C=O urea linker in another molecule, whereas this was not observed in the C=S
thiourea derivatives. It suggested that the urea derivatives may be more active than its thiourea
counterpart. This observation is also supported by their in vitro growth inhibition activities
where the urea derivative, SHetC2 (17), demonstrated to be slightly more potent (EC50= 1.02
μM) than its thiourea counterpart, SHetA2 (16) (EC50= 1.72 μM) [41].

Regardless, the fact remains that millions of dollars have been invested by the NCI RAID and
RAPID programs in the preclinical development of SHetA2, and many studies involving
animal models have shown that SHetA2 is a potent and selective inducer of apoptosis with no
significant toxicities. While SHetC2 lacks these extensive studies, it does show potential as the
next chemopreventive drug candidate following SHetA2. These results indicate that the
inclusion of three-atom urea/thiourea linker is critical to induce potent anticancer activities
independent of RAR/RXR activation as observed in these Flex-Hets. Tables 2 and 3 summarize
the effects of the structural modifications on the growth inhibition by these derivatives against
various cancer cell lines reported to-date.
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Compound Cell growth inhibition

Renal (%) Ovarian

cancer (%)

NE

EC50

(µM)

Vulvar

cancer

(%) 

Cervical cancer

(%) 

HN cancer

(%)Cancer Normal 

1 1 1 2 3 NE 1 2 1 2 3 4 1 2

 

– – – – – – – – – – – – 19 18

– – – – – – – – – – – – 15 12

– – – – – – – – – – – – 64 37

– – 0 – 1 – 34 14 40 25 – – 12 13

– – 5 – 0 – 81 84 26 16 – – 9 7

– – 6 – 2 – 47 25 25 13 – – 5 15

6.5 16 – – – – – – – – – – – 52

– – 25 – 31 >10 38 31 24 28 45 47 – 51

– – 62 43 65 >10 – – – – – – – 74
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Compound Cell growth inhibition

Renal (%) Ovarian

cancer (%)

NE

EC50

(µM)

Vulvar

cancer

(%) 

Cervical cancer

(%) 

HN cancer

(%)Cancer Normal 

– – 11 – 19 – 34 19 – – – – 74 –

Growth inhibition (%) for renal cancer cell lines (1) Caki-1 and (2) 786-0; Normal renal cells (1) HK-2 and (2) RTC91696
[23]. Growth Inhibition (%) for ovarian cancer cell lines (1) CAOV-3, (2) OVCAR-3, and (3) SKOV-3 [6]. EC50 values for
50% growth inhibition for ovarian cancer cell line (4) A2780, and Normal endometrial cells (NE) [6, 41]. Growth
inhibition (%) for cervical cancer cell lines (1) SiHa, (2) CC-1, (3) C33a, and (4) HT-3 [5]. Growth inhibition (%) for head
and neck squamous cell cancer cell lines (HN) (1) SCC-2 [43], and (2) SCC-38 [32, 42]. Growth inhibition (%) for vulvar
cancer cell lines (1) SW954 and (2) SW962 from Ref. [43].
“–” indicates no data available.

Table 2. Structural modifications of Hets, and their effects on cancer cell growth.

 

Cell growth inhibition

Renal

cancer

(%)

Renal

normal

(%)

Ovarian

cancer (%)

NE Cervical

cancer (%)

HN

cancer (%)

EC50(µM)

X R1 R2 R3 1 2 1 2 1 2 3 4 NE 1 2 3 4 1

14 O CO2Et H H 69 45 26 40 40 69 47 2.8 4.5 67 59 85 76 42

15 S CO2Et H H 56 54 35 28 24 58 42 2.9 2.7 58 42 84 65 39

16 S NO2 H H 84 72 51 37 55 67 45 1.7 3.0 68 58 87 92 81

17 O NO2 H H 86 79 53 52 – – – 1.0 2.3 – – – – –

18 O CO2Me H H 57 62 26 46 – – – – – – – – – –

19 S CO2Me H H 39 45 44 38 – – – – – – – – – –

20 S H CO2Me H 34 42 48 – – – – – – – – – – –

SHetA19 S NO2 H Me – – – – 32 65 51 – – – – – – 68

Growth inhibition (%) for renal cancer cell lines (1) Caki-1 and (2) 786-0; Normal renal cells (1) HK-2 and (2) RTC91696
[23]. Growth Inhibition (%) for ovarian cancer cell lines (1) CAOV-3, (2) OVCAR-3, and (3) SKOV-3 [6]. EC50 values for
50% growth inhibition for ovarian cancer cell line (4) A2780, and Normal endometrial cells (NE) [6, 41]. Growth
inhibition (%) for cervical cancer cell lines (1) SiHa, (2) CC-1, (3) C33a, and (4) HT-3 [5]. Growth inhibition (%) for head
and neck squamous cell cancer cell lines (HN) (1) SCC-2 [43], and (2) SCC-38 [32, 42]. Growth inhibition (%) for vulvar
cancer cell lines (1) SW954 and (2) SW962 from Ref. [43].
“–” indicates no data available.

Table 3. Structural modifications of Flex-Hets, and their effects on cancer cell growth.

Substitutions on the phenyl group have also been evaluated [7]. The nitro (NO2) substitution
(Table 3, 16, 17) consistently exhibited greater growth inhibitory and apoptotic activity than
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Substitutions on the phenyl group have also been evaluated [7]. The nitro (NO2) substitution
(Table 3, 16, 17) consistently exhibited greater growth inhibitory and apoptotic activity than
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their methyl (Table 3, 18–20) or ethyl ester counterparts (Table 3, 14, 15). This suggests that
the nitro substitution may have enhanced the overall activity of the compound. Collectively,
for the Flex-Hets, the thiochroman ring and nitro substitution are important for enhancing the
anticancer activity, while the thiourea linker is crucial for RAR/RXR independent and selective
anticancer activities against cancer cells.

5.4. Three-atom linker with thiochroman ring replaced

In order to expand the potential clinical applications, we designed, synthesized, and evaluat-
ed nine p-nitrodiarylthiourea analogs in breast (MCF-7, T-47D, MDA-MB-453) and prostate
(DU-145, PC-3, LNCaP) cancer cell lines for their anticancer activities. Majority of our com-
pounds were able to inhibit the growth of these six cancer cell lines at low micromolar
concentrations. Compound 23 (Figure 6) was found to be the most potent anticancer agent in
this series with GI50 values of 3.16 μM for MCF-7, 2.53 μM for T-47D, 4.77 μM for MDA-MB-453
breast cancer lines and 3.54 μM for LNCaP prostate cancer cell line. These GI50 values were
comparable to the parent compound, SHetA2 [47].

Figure 6. Three- and four-atom linkers in retinoid derivatives.

5.5. Four-atom linker

Another approach to the structure modification of SHetA2 was to keep the thiochroman ring
but replace the thiourea linker with a 4-atom acrylamide linker NC(O)C=C and various
substitutions on the terminal aryl ring. When evaluated in a cytotoxicity assay of the human
A2780 ovarian cancer cell line, results indicate that activity of 4-nitro phenyl analogs are
comparable to that of SHetA2 with efficacies slightly reduced compared to SHetA2 [48]. The
α,β-unsaturated acrylamide may contribute to its increase in potency and the compound 24
(Figure 6) is the example.
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6. Mechanism of action

The biological targets and SHetA2’s mechanism of action have been extensively studied.
Coimmunoprecipitation experiments demonstrated that SHetA2 interfered with the binding
of mortalin, a molecular chaperone to p53 and p66 Src homologous-collagen homolog (p66shc)
in A2780 ovarian cancer cell line, leading to mitochondrial swelling and mitophagy and finally
apoptosis [8]. SHetA2 is also involved in modulating other cellular processes including cell-
growth, differentiation, and angiogenesis.

6.1. Induction of apoptosis

6.1.1. Intrinsic pathway

SHetA2 is shown to selectively induce apoptosis in various cancer cell lines by targeting the
mitochondria [32]. Exposure of SHetA2 to squamous carcinoma cells resulted in a decrease in
mitochondrial permeability transition, followed by the release of cytochrome c into the
cytoplasm, activation of caspase-3, and the induction of intrinsic apoptotic pathway. Further
studies proposed that SHetA2-mediated mitochondrial swelling involved lowering the levels
of anti-apoptotic proteins such as Bcl-XL and Bcl-2 in A2780 ovarian cancer cell [9]. However,
the pro-apoptotic Bax expression was unaffected by SHetA2, suggesting SHetA2 may regulate
the levels of Bcl-2 to promote apoptosis [9]. On the other hand, exposure of SHetA2 to normal
ovarian or endometrial cells was found to increase both Bcl-XL and Bcl-2 protein levels. The
up-regulation of these anti-apoptotic proteins may provide the cytoprotective effects necessary
to block SHetA2-induced apoptosis in normal cells [9].

Figure 7. Pathways involving SHetA2-induced apoptosis.
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6.1.2. Extrinsic pathway (death receptor pathway)

Exposure of non-small cell lung cancer cells (NSCLC) to SHetA2 revealed the induction of the
extrinsic apoptotic pathway involving the death receptor 5 (DR5) [49]. It was shown that
SHetA2-enhanced DR5 expression through the enhanced binding of CAAT/enhancer-binding
protein homologous protein (CHOP) to its binding site located in the 5’-flanking region of the
DR5 gene. Since CHOP is highly inducible during endoplasmic reticulum (ER) stress, this
finding suggests that SHetA2 may act as an inducer of ER stress. The induction of DR5
expression leads to caspase 8-dependent apoptosis. Moreover, the induction of DR5 was shown
to enhance tumor necrosis factor-related apoptosis-inducing ligand (TRAIL)-induced apop-
tosis (Figure 7). Further studies found that down-regulation of cellular FLICE-inhibitory
protein (c-FLIP), and to a lesser extent of survivin, were involved in SHetA2-induced apoptosis,
as well as enhancement of TRAIL-initiated apoptosis [50]. c-FLIP is a major inhibitor of the
extrinsic apoptotic pathway [51], while survivin modulates both intrinsic and extrinsic
apoptotic pathways [52].

Figure 8. Working model for the apoptotic pathway involving NF-kB in ovarian cancer cells.

TRAIL and its receptors have also attracted much attention recently because TRAIL preferen-
tially induces apoptosis in malignant cells while sparing most normal cells [53]. SHetA2 was
found to sensitize ovarian carcinomas that are resistant to these DR ligands, without harming
the normal cells [54, 55]. This suggests a possible synergistic effect Further investigation
identified that downregulation of NF-kB transactivation activity by SHetA2 was involved in
this sensitizing effect, triggering extrinsic apoptosis in cancer cells resistant to certain chemo-
therapeutics [55]. SHetA2 was shown to repress the upstream IkB kinase (IKK) activity that
resulted in NF-kB downregulation. Apart from DR ligands, SHetA2 has also shown its
chemosensitizing effects against cisplatin-resistant ovarian cancer through p53-independent
pathways [6, 56]. However, such enhancement of sensitivities was not observed in resistant
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uterine cancer cell lines for a number of chemotherapeutics in combination with SHetA2
treatment (Figure 8) [57].

Apoptotic pathways affected by SHetA2

Possible biological targets Effect Reference

Intrinsic ↓ GSH Redox regulation [7]

↓ Bcl-2 Antiapoptotic [9]

↓ Bcl-XL Antiapoptotic [9]

↓ Survivin Antiapoptotic [50]

↑ Caspase-9 Proapoptotic [49]

↑ Caspase-3 Proapoptotic [32]

↑ Bid Proapoptotic [49]

Extrinsic ↑ Caspase-8 Proapoptotic [10]

↑ Bip/GRP78, IRE1α, ATF4, XBP1 ER stress [49]

↑ DR-5 Cell death [55]

↑ CHOP Cell death [49]

↓ IKK Cell survival [55]

↓ NF-kB Cell survival [50]

↓ c-FLIP Antiapoptotic [50]

Cell cycle pathways

↓ Cyclin D1 G1 arrest [11]

↓ AP-1 Cell-cycle progression [62]

Differentiation induction pathways

↑ E-Cadherin Differentiation [7]

↑ MUC1 Differentiation [44]

Antiangiogenic pathways

↑ Thrombospondin (TSP-4) Antiangiogenic [12]

↓ Thymidine Phosphorylase (TP) Angiogenic [12]

↓ VEGF Angiogenic [12]

Signal transduction pathways

↓ KIT kinase (c-KIT) Cell death [63]

Table 4. Possible biological pathways affected by SHetA2 and its anticancer activities.

6.1.3. ROS and GSH

Increased reactive oxygen species (ROS) level was initially thought to be responsible for
SHetA2-induced apoptosis. Multiple studies have documented the ROS generation along with
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mitochondrial swelling and the release of cytochrome c in various cancer cell lines [6, 32].
Studies have also shown that SHetA2 is able to form adducts with glutathione (GSH) [7, 58].
This was reflected by the generation of ROS as reported in several pharmacokinetic studies [58,
59]. GSH is essential for cell survival. Adduct formation with GSH causes GSH depletion,
leading to accumulation of ROS resulting in oxidative mitochondrial damage, ultimately
causing cell death [60]. Although the exact role of GSH depletion in apoptosis is still contro-
versial, it remains an early hallmark in the progression of cell death in numerous cell types [61].
Therefore, adduct formation between SHetA2 and GSH could be vital to the induction of
apoptosis, as indicated by the ROS generation. However, further studies suggested that ROS
generation appeared to be a consequence of, and not a cause for, mitochondrial swelling and
apoptosis induced by SHetA2 treatment [7, 9]. Addition of GSH did not attenuate SHetA2-
induced apoptosis [55]. It was also noted that the cellular GSH level was in the μM range, while
μM SHetA2 is sufficient to kill cells, indicating that GSH depletion and ROS accumulation are
not the only mechanisms of action. These findings suggest that SHetA2 probably acts through
several mechanisms of action to bring about its apoptotic effect, along with other anticancer
activities, such as cell cycle arrest and induction of differentiation (Table 4).

6.2. Induction of cell-cycle arrest and differentiation

Apart from apoptosis, SHetA2 repression of NF-kB expression also initiates a series of events
that can lead to cell-cycle arrest and cell differentiation. SHetA2-induced Cyclin D1 degrada-
tion in both Caki-1 renal cancer and normal HK-2 cell lines results in the accumulation of cells
in the G0-G1 phase [7]. Cyclin D1 degradation alone has shown to be sufficient in inducing G1

cell cycle arrest [11]. Cyclin D1 transcription can be induced by NF-kB through multiple NF-
kB-binding sites in the Cyclin D1 promoter, which is consistent with the observed down
regulation of Cyclin D1. Also, SHetA2 can induce cellular differentiation in kidney [7], as well
as in ovarian cancer organotypic cultures and xenografts [5]. Treatment of these cancer cells
shows that 1 μM SHetA2 is sufficient to reverse the cancerous phenotype depending on the
status of the cells. However, at higher concentrations of SHetA2, apoptosis would dominate
over differentiation. The mechanism for differentiation induction is likely to be associated with
the upregulation of E-Cadherin in renal cancer cells observed with the repression of NF-kB [7].
Decrease or loss of nuclear E-Cadherin expression is associated with poor prognosis in kidney
cancer, as it confers the ability to migrate and invade [64]. Therefore, up-regulation or resto-
ration of E-Cadherin’s function has been one of the therapeutic goals for anticancer treatments.

6.3. Antiangiogenic activity

Microarray analysis have suggested that SHetA2 treatment results in significant up-regulation
of thrombospondin-4 (TSP-4), and down-regulation of thymidine phosphorylase (TP) in A2780
ovarian cancer cells. TSP-4 and TP protein levels followed those of the mRNA. TSP-4 was
hypothesized to be antiangiogenic due to the presence of type-III repeats which is also found
in TSP-1. The type-III repeats in TSP-1 has been reported to inhibit the binding of fibroblast
growth factor-2 to endothelial cells, a process that leads to endothelial cell proliferation in vitro
[65]. As for TP, it has found to be angiogenic through its ability to convert thymidine to thymine
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and the angiogenic 2-deoxy-D-ribose-1-phosphate, as well as its metabolite, deoxy-D-ribose.
Protein levels of the angiogenic vascular endothelial growth factor A (VEGF) was also found
to be downregulated despite its up-regulated mRNA level upon SHetA2 treatment. Interest-
ingly, both mRNA and protein levels of the angiogenic basic fibroblast growth factor (bFGF)
were also up-regulated, but its effect was deemed limited due to brief up-regulation of the
gene only after hours of treatment with high concentration of SHetA2 [12]. Hence, the net effect
of SHetA2 on these various proteins is antiangiogenic, and is supported by the decrease of
endothelial tube formation observed in a number of cancer cell lines as well as human umbilical
vascular endothelial cells (HUVECs) [12].

Figure 9. Structural comparison of SHetA2 and its metabolite with sorafenib and linifanib.

6.4. Kinase inhibitory activity

SHetA2 is also being evaluated for its ability to inhibit kinase activity based on its structural
similarity to sorafenib and linifanib (Figure 9) [63]. Sorafenib is an FDA approved diarylurea
multikinase inhibitor that inhibits tumor growth, while linifanib is a KIT-3 kinase inhibitor [66,
67]. All three compounds consist of a three atom urea or thiourea linker between two aromatic
rings, of which this structural conformation is found to be vital for the formation of key H-
bonds within the binding pockets of several kinases, including B-Raf, BCR-ABL, and KIT [63].
Upon evaluation with 442 different human kinases, SHetA2(Figure 9) has exhibited good
binding affinity for KIT kinase (binding constant, Kd = 820 nM). This indicates that SHetA2 is
a potential candidate for kinase inhibitor development. More importantly, one of the metab-
olites of SHetA2 (Figure 9, 25) has also shown comparable binding affinity for KIT kinase (Kd
= 1200 nM) [63]. This suggests that other metabolites of SHetA2 may also be active, which could
have acted via different mechanisms of action and contributed to the various anticancer effects
observed, making it a versatile chemotherapeutic agent.

7. Metabolism of SHetA2

Using liquid chromatography and tandem mass spectroscopy, four GSH adducts were
identified along with four mono- and dihydroxylated SHetA2 metabolites [58]. At least one of
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these metabolites (Figure 9, 25) has been deemed active against KIT kinase as mentioned
earlier. Apart from the hydroxylated metabolites, other metabolites of SHetA2 were also
detected in vivo [58, 59]. These metabolites may be produced upon formation of GSH adducts.
The proposed mechanism for the formation of GSH adduct is shown in Figure 10. Subse-
quently, the GSH adduct could undergo further reactions that may result in the cleavage of the

Figure 10. Proposed mechanism for the GSH adduct formation of SHetA2.

Figure 11. Proposed mechanism for the formation of metabolites following the formation of GSH adducts.
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thiourea linker, yielding two metabolites that were also detected in vivo [58]. The proposed
mechanism for the formation of these metabolites is shown in Figure 11.

Given that ShetA2 has several mechanisms of action involving various cellular targets, these
findings suggest the possibility for SHetA2 to be metabolized into several active metabolites,
each targeting a different molecular pathway. This is further supported by a recent in vivo study
where the monohydroxy SHetA2 (25) was found to be the major metabolite of SHetA2 in rat
plasma, and it was detected at a much higher concentration than the parent compound after
oral and intravenous administration [13].

8. Pharmacokinetics

Pharmacokinetic studies using HPLC/UV of SHetA2 in mice(Table 5) have shown that
pharmacokinetic profile of this compound is favorable for future development [59].

  PK  SHetA2 

1 Oral bioavailability at 20 mg/kg  15% 

  Oral bioavailability at 60 mg/kg  19% 

2 Urinary excretion (%)  Not reported 

3 Bound to mouse and human plasma proteins at μM concentrations  99.3–99.5% 

4 Total body clearance (L/h/kg)  1.8 

5 Volume distribution (L/kg) at steady state (Vdss)  20.8 

6 Half-life in mouse plasma  12.7 h 

  Half-life in the mouse  Detectable after 60 h after IV

administration 

  Half-life in human plasma (once a day dosing proposed)  12 h 

7 Peak time (plasma concentrations of 10 μM following i.v. bolus dose) 5 min 

8 Peak concentration (IV 20 mg/kg dose of SHetA2 to mice)  10 μM after 5 min 

  Maxima mean plasma concentration in the mouse (PO)  0.79 μM at 2 h 

    2.35 μM at 3 h 

Table 5. Pharmacokinetic data of SHetA2 [59].

9. Possible clinical applications

SHetA2 is now in Phase-0 clinical trial for ovarian cancer chemoprevention. However, since it
inhibits growth of most cancers in vitro and in vivo, it may potentially be used for the prevention
and treatment of other cancers which are listed in Table 6.
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Cancer type Findings References

Ovarian cancer G1-phase cell cycle arrest through cyclin D1 degradation and apoptosis.
Reduced cell survival, and increased sensitivity to TRAIL- and TNFα-
induced apoptosis. Induced glandular differentiation reversed cancerous
phenotype.

[14]

Uterine cancer

• Endometrial
carcinoma (HEC-1-A)

• MMT (MES-SA)

• uterine sarcoma (SK-UT-1)

SHetA2 decreased survival of all three cell lines, but did not increase
sensitivities of cell lines to chemotherapeutic drugs.

[57]

Lung cancer (NSCLC) Increased sensitivity to TRAIL-induced apoptosis through modulation
of c-FLIP and upregulation of DR5. Inhibits growth, triggers ER stress.

[5, 49]

Head and neck cancer
(HNSCC) 

Apoptosis in 8 HNSCC cell lines. [32]

Cervical cancer Growth inhibition by micromolar concentrations. [5]

Kidney cancer Induced G1 cell cycle arrest in Caki-1 and normal HK-2 cell lines;
decreased cyclin D expression; induces apoptosis.

[7]

Table 6. Possible anti-cancer clinical applications of SHetA2 and documented results from different studies.

10. Conclusion

SHetA2 has exhibited anticancer activity in 60 NCI cancer cells and has shown favorable re-
sults in inhibiting various types of cancer growth in vivo, particularly ovarian cancer. It ex-
erts various chemopreventive and chemotherapeutic activities through its ability to induce
apoptosis and Differentiation, and inhibit angiogenesis and cell growth. It promotes mito-
chondrial swelling and mitophagy leading to apoptosis of cancer cells, while sparing normal
cells. Once the targets are validated, tweaking of existing Flex-Hets or synthesis of newer re-
lated analogs may offer greater specificity and improved anticancer activity. Preclinical stud-
ies in animals have shown that SHetA2 has high efficacy with minimal toxicity and has a
good pharmacokinetic profile. This provides the foundation for developing a novel class of
more effective, chemo-preventive and anticancer drugs with a better therapeutic window.
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Abstract

Epithelial  thyroid  carcinomas  (TC)  account  for  more  than  90%  of  all  endocrine
malignancies and represent one of the most frequent cancers in women. They include
the well-differentiated TC (DTC), comprising the papillary (PTC) and follicular (FTC)
histotypes, the poorly differentiated (PDTC), and the undifferentiated or anaplastic TC
(ATC). Both PDTC and ATC are aggressive human neoplasms with a dire prognosis due
to the absence of effective therapies, which makes mandatory the identification of novel
therapeutic strategies. Intrinsic chromosomal instability (CIN, an increased rate of gain
or losses of chromosomes during cell division) is a common feature of solid tumors and
represents a major driving force in thyroid cancer progression, thought to be responsible
for the acquisition by malignant cells of novel functional capabilities. Different mitotic
kinases, whose expression or function has been found altered in human cancer tissues,
are major drivers of thyroid tumor aneuploidy. Among these are the three members of
the Aurora family (Aurora-A, Aurora-B and Aurora-C), serine/threonine kinases that
regulate multiple aspects of chromosome segregation and cytokinesis. Over the last few
years, several small molecule inhibitors targeting Aurora kinases were developed with
promising antitumor effects in preclinical and clinical studies against different human
cancers, including TC. Here, we will focus on the Aurora mitotic functions in normal
cells; we shall then describe the main implications of their overexpression in the onset
of genetic instability and aneuploidy.  We will  finally describe the consequences of
Aurora kinase inhibition on TC cell growth and tumorigenicity.

Keywords: thyroid cancers, Aurora kinases, mitosis, therapy, Aurora kinase inhibitors
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1. Introduction

The incidence of thyroid cancer (TC) has increased from about five new cases per 100,000
persons observed in the early 90s to 15 new cases per 100,000 persons recorded in 2012 [1].
This increase is mainly due to the improved ability to detect malignancy in small thyroid
nodules [2, 3]. TC represents about 96% of all endocrine malignancies and one of the most
frequent cancers in women [1]. Based on histological and clinical criteria, TC are classified as
well-differentiated  TC  (DTC),  which  includes  the  papillary  (PTC)  and  follicular  (FTC)
histotypes, poorly differentiated TC (PDTC), and anaplastic TC (ATC). The PTC accounts for
about 86% of all epithelial TC. It appears as a mass of branching papillae covered by cells with
eosinophilic cytoplasm and enlarged nuclei and typically metastasizes via lymphatic vessels
to local lymph nodes [4]. The FTC accounts for approximately 9% of all TC. It resembles the
normal microscopic pattern of the thyroid and is characterized by hematogenous spread
producing lung and bone metastases [4]. The less differentiated and more aggressive PDTC
and ATC,  each of  which accounts  for  1–2% of  all  TC,  are  thought  to  develop from the
dedifferentiation of DTC, according to the multistep model of thyroid carcinogenesis [4–8].
The PDTC was included as a separate entity in the WHO classification of TC in 2004. PDTC
retains sufficient differentiation to produce scattered small follicular structures and some
thyroglobulin but generally lacks the usual morphologic characteristics of DTC, showing an
intermediate clinical behavior between DTC and ATC. In addition, it is characterized by high-
grade features such as widely infiltrative growth, necrosis, vascular invasion, and numerous
mitotic figures [6, 9].  The ATC is composed of disseminated fleshy masses with areas of
necrosis  and  hemorrhage.  The  cells  have  an  undifferentiated  phenotype  with  marked
cytological atypia and high mitotic activity, and they are negative for thyroglobulin [4].

Established risk factors for TC include radiation exposure, family history of TC, lymphocytic
thyroiditis, reduced iodine intake, and female gender [10]. All of them are thought to induce
chromosome instability (CIN) in thyrocytes through still poorly defined direct and indirect
mechanisms [10–13]. Actually, number and frequency of chromosomal abnormalities increase
from DTC to PDTC and ATC [13]. CIN is also sustained by alterations in cell cycle regulators,
frequently encountered in TC [10]. In particular, a deregulated control of the G1/S transition,
following either an increased expression of promoting factors (cyclin D1 and E2F) or the
downregulation or presence of loss-of-function mutations of factors inhibiting the G1/S
transition (retinoblastoma, p16INK4A, p21CIP1, p27KIP1, and p53), has been documented in
TC [10]. In addition, the aberrant expression of mitotic kinases, such as the polo-like kinase
and the three members of the Aurora kinase family, is held co-responsible for abnormal cell
divisions and the establishment of aneuploid TC cells [14, 15].

About 80% of PTC are characterized by mutually exclusive activating somatic mutations of
genes encoding for proteins involved in the mitogen-activated protein kinase (MAPK)
signaling pathway [4, 16]. These include rearrangements of the RET (rearranged during
transformation) (RET/PTC) and neurotrophic tyrosine kinase receptor 1 (NTRK1) genes, and
activating point mutations of the three RAS oncogenes (HRAS, KRAS, and NRAS) and BRAF
[16]. In addition, mutations of genes encoding key players of the phosphoinositide 3-kinase
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(PI3K) pathway, such as PTEN, PIK3CA, and AKT1, have been reported in PTC at lower
frequencies [16]. Genetic alterations encountered in FTC include activating point mutations of
RAS, present in about 45% of FTC; rearrangement of the paired-box gene 8 (PAX-8) with the
peroxisome proliferator-activator receptor-γ (PAX8-PPARγ), observed in 35% of FTC; loss-of-
function mutations of the tumor suppressor PTEN gene, encountered in about 10% of FTC;
activating mutations or amplification of the PI3KCA gene, present in about 10% of FTC [17, 18].

Progression of DTC to PDTC and ATC implies tumor acquisition of novel genetic alterations,
which are absent or present with low frequency in DTC tissues. Among these are mutations
of the tumor suppressor gene p53, thought to be a gatekeeper of TC progression from the
indolent DTC to the aggressive PDTC and lethal ATC [19]. In fact, p53 mutations are rarely
encountered in DTC (5–9% of cases), while increase in the PDTC (17–38% of cases) and ATC
(67–88% of cases) [10, 20, 21]. A similar trend regards the CTNNB1 gene, encoding the β-
catenin, involved in cell adhesion and in the wingless (Wnt) signaling pathway [10]. In
particular, CTNNB1 gene mutations are not found in DTC, while they are present in PDTC
(25% of cases) and ATC (66% of cases) [22, 23]. The conversion of early-stage TC to more
aggressive and invasive malignancies occurs through an epithelial-to-mesenchymal transition
(EMT), which implies the loss of cell-cell contacts, remodeling of cytoskeleton, and the
acquisition of a migratory phenotype [24, 25]. Reduced expression of E-cadherin and abnormal
expression of integrins, Notch, MET, TGFβ, NF-kB, PI3K, TWIST1, matrix metalloproteinases,
components of the urokinase plasminogen-activating system and p21-activated kinase, all of
them involved in the EMT, have been identified in TC progression [24–29].

Total thyroidectomy followed by adjuvant therapy with radioactive iodide (131I) is the treat-
ment of choice for the majority of patients affected by DTC [30]. Although the prognosis of
these patients is favorable, with 10-year survival rate around 90%, about one-third of them face
the morbidity of disease recurrence and TC-related deaths [30]. The worst outcomes are
observed in patients with PDTC and ATC, in which the reduced expression of the thyroid-
specific gene natrium/iodide symporter (NIS) renders 131I treatment useless [31–33]. In
particular, patients affected by ATC have a dismal prognosis with a mean survival time of few
months from the diagnosis [32]. Outcome of ATC patients is not influenced by current
anticancer treatments (i.e., palliative surgery when possible, chemotherapy, and radiotherapy),
and in the majority of cases, death occurs following tumor airway obstruction [34]. Thus, the
identification of novel therapeutic approaches capable of improving PDTC and ATC patients’
outcome is very much needed.

2. The Aurora kinases

The Aurora kinases belong to a family of serine/threonine kinases having in the Ipl1p (Increase
in ploidy 1) gene, subsequently named Aurora gene, the founding member discovered in the
budding yeast Saccharomyces cerevisiae during a genetic screening for mutations causing
defective chromosomal segregation [35–38]. In mammals, the Aurora kinase family includes
three proteins: Aurora-A, Aurora-B, and Aurora-C [39]. Structurally, they are characterized by
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three domains: a N-terminal domain with little similarity among the three Aurora kinases,
instrumental in determining their different intracellular localizations, substrate specificity and
functions; a catalytic domain, containing the activation loop and highly related in sequence
among the three proteins; and a short C-terminal domain of 15–20 residues (Figure 1). Aurora
kinase expression is tightly regulated during cell cycle, being low in the G1/S phase and
maximal in the G2/M phase.

Figure 1. Schematic representation of Aurora kinase proteins. D-Box, destruction box; DAD, D box activating domain;
KEN motif, amino acidic K-E-N, which serves as targeting signal for the Cdh1–anaphase promoting complex (adapted
with permission from Ref. [14]).

2.1. Aurora-A

The Aurora-A is encoded by the AURKA gene located on the chromosome 20q13.2 and
containing 11 exons (Gene ID: 6790). The AURKA promoter contains a putative TATA box at
−37 to −14 and two CCAAT boxes at −101 to −88 and at −69 to −56 [Eukaryotic Promoter
Database, Swiss Institute of Bioinformatics]. Two distinct cis-regulatory elements have been
identified [40]. Of these, one positively regulates AURKA gene transcription, while the other
is a cell cycle-dependent transcriptional repressor [40]. The former, essential for the gene
expression, is a 7-bp sequence located at −85 to −79 that binds the transcription factor E4TF1.
The second is formed by two repressor elements: a cell cycle-dependent element (CDE) located
at −44 to −40, and a cell cycle gene homology region (CHR) located at −39 to −35 [40]. Over the
last few years, a number of transcription factors capable of repressing or inducing AURKA
gene expression have been identified. These include the p53, the HIF-1, and the INI1/hSSNF5,
all reported to regulate negatively the activity of the AURKA promoter [41–43]. Conversely,
other transcription factors have been shown to induce AURKA expression, among which the
ΔEGFR/STAT5, the oncogene MYCN, and the MAPK via Ets2 transcription factors [44–47]. The
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Aurora-A protein consists of 403 amino acids with a predicted molecular mass of 45.8 kDa
(Figure 1). In the activation loop, an Aurora kinase signature (xRxTxCGTx) is present in which
the autophosphorylation of the Thr288 is required for kinase activation [48]. In addition, the
Thr288 is positioned within a protein kinase A (PKA) consensus sequence, and in vitro
experiments indicated a potential role of PKA in Aurora-A phosphorylation [49, 50]. The
phosphatase PP1 has been shown to dephosphorylate and inactivate Aurora-A [16]. The C-
terminal located destruction box (D box), containing the motif RxxLxxG, and the N-terminal
A-box/D-box-activating domain (DAD), containing the motif RxLxPS, play an essential role in
Aurora-A degradation by the anaphase promoting complex/cyclosome (APC/C)-ubiquitin-
proteasome pathway. Aurora-A degradation occurs in late mitosis/early G1 phase, when the
D box is targeted by Fizzy-related proteins that transiently interact with the APC, and it is
dependent from the APC/C activator protein Cdh1 [49–52]. In the N-terminal region the amino
acidic sequence K-E-N, known as KEN motif, is also present, which serves as targeting signal
for Cdh1-APC-mediated degradation of several mitotic proteins such as Nek2 and B99 [53].
However, this does not seem to be crucial for Aurora-A degradation [53]. Phosphorylation of
the serine residue (Ser51) in the DAD domain has been shown to prevent Aurora-A degrada-
tion [54, 55].

2.2. Aurora-B

The Aurora-B is encoded by the AURKB gene mapped to chromosome 17p13.1, and consisting
of nine exons (Gene ID: 9212). Its promoter contains three putative CAAT boxes at −99 to −86,
at −66 to −53, and at −30 to −17 [Eukaryotic Promoter Database, Swiss Institute of Bioinformat-
ics]. As above described for the AURKA promoter, also the AURKB promoter possesses the
CDE and CHR elements, thought to be responsible for the regulation of gene expression
throughout the cell cycle [54]. AURKB promoter activity is positively increased by transcription
factors such the ETS2 via ETS-binding sites present in its sequence [46, 47]. The 1.4 kb transcript
encodes a protein of 345 amino acids with a predicted molecular mass of 39 kDa (Figure 1) [39].
As Aurora-A, Aurora-B protein is characterized by a catalytic domain, a C-terminal D box, and
an N-terminal A box/DAD [49–53]. However, different from Aurora-A, Aurora-B is not
degraded by the same ubiquitin ligase, but following its binding to the human proteasome
α-subunit C8 in a proteasome-dependent manner [55].

2.3. Aurora-C

The Aurora-C is encoded by the AURKC gene localized at chromosome 19q13.43 and consisting
of seven exons (Gene ID: 6795). The AURKC promoter is much less characterized with respect
to those of Aurora-A and Aurora-B. A CCAAT box is present at −36 to −23 (Eukaryotic Promoter
Database, Swiss Institute of Bioinformatics). AURKC promoter activity has been shown to be
downregulated by the transcription factor PLZF [56]. The 1.3 kb transcript encodes a protein
of 309 amino acids with a predicted molecular mass of 35.6 kDa (Figure 1) [39]. Different from
Aurora-A and Aurora-B, Aurora-C does not contain the KEN and the A box/DAD motifs in
its N-terminal region, while the C-terminal D box is present. The mechanism(s) underlying its
degradation, however, still remains to be elucidated.
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3. Expression, subcellular localization, and functions of the Aurora kinases

The Aurora kinases play a major role during mitosis [49, 50]. As mentioned above, these
proteins display distinct intracellular localizations, substrate specificity and functions, and
their expression and activity are tightly regulated at the transcriptional or posttranscriptional
level, through phosphorylation/dephosphorylation and protein degradation [57].

3.1. Aurora-A

The expression of Aurora-A is cell cycle regulated, being very low during the G1-phase and
starting to accumulate at the centrosome in the late S phase to be maximal at the G2-M
transition. In this period, it localizes at the spindle poles, and it is degraded before cytokinesis
[50, 53]. Aurora-A regulates centrosome separation and maturation, mitotic entry, and bipolar
spindle formation. Recruitment of Aurora-A to the centrosome is controlled by the centrosome

Figure 2. (A) Schematic representation of the pathway induced by Aurora-A to activate the CDK1/cyclin B complex
allowing the transition of the cell from the G2 to the M phase. Aurora-A in association with Bora phosphorylates the
PLK1. Both Aurora-A and PLK1 phosphorylate CDC25B (cell division cycle 25 B) allowing cyclin-dependent kinase 1
(CDK1)/cyclin B complex activation and thus promoting mitotic entry. PLK1 facilitates this process also by inhibiting
the CDK1 inhibitor WEE1. Inactivation of Aurora-A or Plk1 individually shows no significant effect on Cdk1 activation
and entry to mitosis, while their simultaneous inactivation produces a marked delay in both Cdk1 activation and mi-
totic entry, suggesting that the two kinases have redundant functions. (B) Immunofluorescence showing Aurora-A lo-
calization at the spindle pole of an anaplastic thyroid cancer cell in metaphase. Adapted with permission from Ref.
[14].
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protein of 192 kDa/spindle defective 2 (Cep192/Spd-2) [58]. On the centrosome, Aurora-A
promotes the concentration in the pericentriolar mass of a number of proteins required for
centrosome maturation and function. These include centrosomin, γ-tubulin, large tumor
suppressor, homolog 2 (LATS2), transforming acidic coiled coil 3 (TACC3), and nuclear
distribution element-like 1 (NDEL1) [50, 53, 59]. A central role of Aurora-A during mitosis is
that to support the microtubule-organizer center (MTOC) responsible for the formation of the
bipolar spindle. In this context, Aurora-A has been shown to form complexes with TACC1 and
TACC3, which in turn, by binding to ch-TOG/XMAP215 proteins, stabilize microtubules at the
centrosome [60–62]. In addition, Aurora-A interacts with and phosphorylates TPX2, which is
capable of promoting spindle microtubule polymerization [53].

Aurora-A, along with the polo like kinase 1 (PLK1), controls the G2 to M phase transition
(Figure 2) [63–65]. First, Aurora-A in association with the Bora protein phosphorylates the
PLK1, after which both Aurora-A and PLK1 phosphorylate the cell division cycle 25 B
(CDC25B), a member of the CDC25 family of phosphatases, which activates cyclin-dependent
kinases by removing two phosphate groups, leading to CDK1/cyclin B complex activation and
finally promoting mitotic entry [50, 63–66]. PLK1 facilitates this process also by inactivating
the CDK1 inhibitor WEE1 (Figure 2).

3.2. Aurora-B

Aurora-B protein level peaks at G2/M phase, with the highest kinase activity recorded from
metaphase to the end of mitosis [49, 50]. Aurora-B acts in concert with three other proteins,
inner centromere protein (INCENP), Survivin, and Borealin/Dasra B, to which it associates
forming the chromosomal passenger complex (CPC). In early prophase, the CPC is located on
chromosomal condensing arms where it displaces the heterochromatin protein-1 from DNA

Figure 3. Schematic representation (A) and immunofluorescence images (B) of Aurora-B localization during mitosis in
an anaplastic thyroid cancer cell. In (B) Aurora-B is in green, microtubules in red and DNA, stained by DAPI, in blue.
Adapted with permission from Ref. [14].
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to recruit condensin proteins (Figure 3) [67, 68]. From early G2 phase to prophase, Aurora-B
phosphorylates histone H3, but its physiological meaning remains unclear. From late prophase
to metaphase CPC localizes to the inner centromere, playing a role in formation and stability
of the bipolar mitotic spindle, kinetochore assembly, correction of non-bipolar chromosome-
spindle attachments, and control of the spindle checkpoint (Figure 3). In anaphase, the CPC
relocates to the midzone of the mitotic spindle and to the cell cortex, remaining evident in the
midbody of telophasic cells where it modulates the activity of several proteins involved in
spindle dynamics, cleavage furrow formation and completion of cytokinesis (Figure 3) [49, 50,
67–69].

Aurora-B activation requires the auto-phosphorylation and binding to INCENP, while all CPC
components are necessary for its proper localization during mitosis. Several kinases, such as
BubR1 and Bub1 (checkpoint kinases), monopolar spindle 1 (Mps1), checkpoint kinase 1
(Chkl), Tousled-like kinase-1, Plk1, and TD-60/RCC2 (regulator of chromosome condensation
2), have been shown to be involved in Aurora-B activation. The phosphorylation status and
activity of Aurora-B are controlled by PP1 and PP2A phosphatases [69].

3.3. Aurora-C

The expression of Aurora-C is maximal during the G2/M phase. This kinase seems to have a
prominent role in the meiotic division, as it is expressed at relative high levels in germ cells
during spermatogenesis and oogenesis, and at very low levels in somatic cells. Aurora-C is
highly similar to Aurora-B in sequence (61% identity), which may explain why the two kinases
display similar localization patterns and share interacting proteins and substrates such as
INCENP, Survivin, Borealin, and others [49, 70]. Interestingly, when ectopically expressed in
cells depleted of Aurora-B, Aurora-C is capable of rescuing the Aurora-B-dependent mitotic
functions [40]. It is also worth to note that Aurora-C has been shown to interact with and
phosphorylate TACC1 in thyroid cells in the cytokinetic bridge [71, 72].

4. Aurora kinases and cancer

Chromosomal instability is thought to represent the mean by which premalignant cells acquire
novel functional capabilities responsible for cancer cell growth and tumor progression [73]. In
fact, aberrations in chromosome number and structure, likely resulting from a combination of
ineffective checkpoints and anomalous cellular divisions, occur in the majority of human
cancers [74]. Given the crucial tasks of Aurora kinases in all mitotic stages, their dysfunction
and/or dysregulation is believed to greatly contribute to aneuploidy. Whether Aurora kinases
may have a role in cancer initiation is still a matter of debate. It has been reported that the
overexpression of either Aurora-A, Aurora-B, or Aurora-C induces cell malignant transfor-
mation [75–77]. In different studies, however, the transforming ability of either Aurora-A or
Aurora-B overexpression could not be confirmed [78, 79].

Aurora-A kinase has been often implicated in cancer progression, and its hyperactivation has
been demonstrated to induce resistance to microtubule-targeted chemotherapy [80–82]. The
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AURKA gene is amplified in many malignancies, and its overexpression has been reported to
be significantly associated with a higher tumor grade and a poor prognosis in a number of
cancers, including chondrosarcoma, nasopharyngeal carcinoma, breast cancer, glioblastoma,
colorectal cancer, gastric cancer, and ovarian carcinoma [83–89]. In addition, somatic mutations
located within the catalytic domain of Aurora-A, altering kinase activity and subcellular
localization, have been described in human cancer cells [90]. The oncogenic potential of
Aurora-A derives from a sum of several spatially and temporally distinct actions. Unlike
normal cells, in many cancer cells the expression of Aurora-A becomes constitutive throughout
the cytoplasm, regardless of the cell cycle phase; this can trigger a plethora of improper
interactions, phosphorylations, and mislocalizations. Aurora-A may also represent the
downstream target of mitogenic pathways, such as MAPK/ERK (mitogen-activated protein
kinases), and be overexpressed because of their constitutive activation in tumors [81]. The
Aurora-A excess interferes with different cell cycle checkpoints, that is, the late G2 checkpoint,
which restrains genetically aberrant cells to enter mitosis, the spindle assembly checkpoint,
which blocks the metaphase–anaphase transition in cells with defective spindles, and the post-
mitotic G1 checkpoint, which arrests cell cycle in aneuploid cells [81, 83]. Centrosome
amplification and unrestrained multinucleation, leading to abnormal mitotic spindle, are also
observed in Aurora-A overexpressing cells [91]. Moreover, Aurora-A may significantly
contribute to tumor progression by interacting with and inhibiting several tumor suppressor
proteins such as p53, BRCA1 (breast cancer 1), and Chfr (checkpoint with forkhead and ring
finger domains). Interestingly, activation of the MAPK signaling pathways has been found to
induce accumulation of Aurora-A kinase in ERα+ breast cancer cells, and epithelial-to-
mesenchymal transition (EMT) [92, 93]. In these cells, Aurora-A has been shown to promote
SMAD5 phosphorylation and nuclear translocation, upregulation of stemness gene SOX-2, and
acquisition of a stem cell-like phenotype [92, 93].

Aurora-B plays a less clear role in tumorigenesis. An increased level of Aurora-B in normal
cells induces premature chromosome separation and segregation errors, promotes generation
of tetraploid/aneuploid cells, and potentiates Ras oncogenic activity [77, 80, 94–96]. Neither
amplification nor specific mutations of AURKB gene have been shown to occur in human
malignancies; nevertheless, Aurora-B overexpression has been demonstrated in several cancer
types, including hepatocellular and oral squamous cell carcinomas, where it correlates with
poor prognosis [80, 94–96].

At present, very little is known about the role of Aurora-C in cancer progression. Although
Aurora-C is almost not detectable in normal somatic cells, it is highly expressed in various
tumor cell lines [97–100]. One study has described the transforming potential of overexpressed
Aurora-C in NIH-3T3 cells, and a correlation between the level of active kinase and tumor
aggressiveness of the cells injected in nude mice [77].

4.1. Aurora kinase inhibitors

The overexpression of Aurora kinases in human cancers and their relevance in controlling
the mitotic process have led to the development of small-molecule inhibitors as anticancer
drugs. Aurora inhibition results in cytokinesis failure and generation of tetraploid cells,
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which, depending on the post-mitotic checkpoint activation, may be unable to proceed in a
new cell cycle or rather may proliferate and become polyploid. The exit from cell cycle is
likely to generate viable quiescent cells, whereas endoreplicating cells have greater tendency
to undergo apoptosis. Actually, the functional inhibition of Aurora kinases is considered a
promising therapeutic option against those malignancies that do not respond to the availa-
ble therapies [101–108]. Up to date, about 30 small-molecule inhibitors of Aurora kinases
have been developed and some of them, reported in Table 1, are being evaluated in Phase I-
II clinical trials [101–108]. Of some interest are the preclinical observations showing the abil-
ity of different Aurora kinase inhibitors to have additive or synergist effects when combined
with other anticancer therapies [109, 110]. At example, among the pan-Aurora kinase inhibi-
tors, the AMG-900 in combination with the HDAC (histone deacetylase) inhibitor vorinostat
has been shown to synergistically reduce proliferation and survival of medulloblastoma and
prostate cancer-derived cell lines [111, 112]. Similarly, the SNS-314 has been shown to pos-
sess additive inhibitory effects on the HCT 116 cell line when combined with either carbo-
platin, gemcitabine, 5-FU, daunomycin, docetaxel, or vincristine [113]. Also the MK-0457
has revealed additive effects when combined with docetaxel on ovarian cancer cell lines or
with cisplatin on the HepG2 cell line [114, 115]. Finally, the pan-Aurora kinase inhibitor
CCT 137690 has been shown to sensitize SW620 colorectal cancer cells to radiotherapy [116].
In clinical trials, disease stabilization and, less frequently, partial responses in patients with
solid cancers have been witnessed with the majority of Aurora kinase inhibitors, while more
encouraging observations have been made in patients with hematological malignancies
[101–110]. On-target toxicity observed with these drugs included grade 3/4 neutropenia, leu-
kopenia, and myelosuppression, while off-target effects included hypertension, somnolence,
mucositis, stomatitis, proctalgia, and ventricular dysfunction [101–110]. For example, the
MK-0457 has been employed in different clinical trials in which patients with advanced sol-
id tumors have been enrolled. In a Phase I dose escalation study, the most common dose-
limiting toxicity observed was neutropenia and herpes zoster, and major adverse events
include nausea, vomiting, diarrhea, and fatigue [117]. Although no objective tumor respons-
es were observed in this trial, 12 of 27 patients experienced stable disease with a median
duration of 75.5 days (range 38–328 days). Of the latter, one patient with ovarian cancer ach-
ieved prolonged stable disease for 11 months, and one patient with rectal cancer had stable
disease over 7 months [117].

The MK-0457 was found to have off-target inhibitory effects on both wild-type and mutant
Abl kinases and showed to be a potent inhibitor of the BCR-ABL T315I mutant, which mediates
clinical resistance to imatinib, nilotinib, and dasatinib [118]. On these bases, a phase I/II dose
escalation study of MK-0457 was performed in patients with leukemias [119, 120]. Patients
with refractory hematologic malignancies received 1–21 cycles of MK-0457, and maximum-
tolerated doses were calculated for a 5-day short infusion as 40 mg. Mucositis and alopecia
were the most common drug-related adverse events observed in these patients. Forty-four
percent (8/18) of patients, positive for the BCR-ABL T315I mutation, affected by chronic
myelogenous leukemia (CML) had hematologic responses, and 33% (1/3) of patients with
Philadelphia chromosome-positive (Ph+) acute lymphoblastic leukemia (ALL) obtained
complete remission [119, 120].
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Inhibitor (company) commercial name Clinical trial

Pan-Aurora inhibitors

VX-680/MK-0457 (Vertex/Merck) Tozasertib Phase II (terminated due to severe toxicity)

PHA-739358 (Pfizer/Nerviano) Danusertib Phase II

PHA-680632(Pfizer/Nerviano) Phase II

CYC-116 (Cyclacel) Phase I

SNS-314 (Sunesis) Phase I

R763 (Rigel) Phase I

AMG-900 (Amgen) Phase I

AT-9283 (Astex) Phase II

PF-03814375 (Pfizer) Phase I

GSK1070916 (GlaxoSmithKline) Phase I

Aurora-A inhibitors

MLN8237 (Millennium) Phase II

EMD-2076 (EntreMed) Phase II

MK-5108 (Vertex) Phase I

Aurora-B inhibitors

AZD1152 (AstraZeneca) Phase II

Table 1. Aurora kinase inhibitors in clinical trials (adapted with permission from Ref. [14]).

Another multicenter phase II study evaluated the safety and efficacy of MK-0457 on 52 patients
affected by CML or Ph+ ALL with BCR-ABL T315I mutation [121] (Seymour et al. 2014).
Patients were treated with a 5-day continuous infusion of MK-0457 administered every 14 days
at 40, 32, or 24 mg. The most common adverse events were neutropenia and febrile neutropenia.
Eight percent (4/52) of patients achieved major cytogenetic response and 6% (3/52) had a
complete or a partial response. Thirteen percent (2/15) of patients with chronic phase CML
achieved complete hematologic response. None of the patients with advanced CML or Ph+
ALL achieved major hematologic response [121].

A comprehensive description of clinical trials performed with the different Aurora kinase
inhibitors has been recently reported [109, 110].

5. Aurora kinases and thyroid cancers

Normal human thyrocytes express all three Aurora kinases in a cell cycle-dependent manner
[98]. The expression of Aurora-A and Aurora-B in these cells is mainly regulated at the
transcriptional level, while that of Aurora-C appears to be modulated at the posttranscriptional
level [98]. An increased expression of all the Aurora kinases has been shown in various cell

Aurora Kinases: New Molecular Targets for the Therapy of Aggressive Thyroid Cancers
http://dx.doi.org/10.5772/64597

105



lines originating from different epithelial thyroid tumor histotypes, compared with normal
thyrocytes, as well as in DTC and ATC tissues, compared with normal matched tissues [60, 98,
122]. In addition, a study aimed to evaluate the gene expression profile in ATC identified
AURKA as one of the most frequently and most strongly overexpressed genes in these tumors
[123]. In fact, gain of chromosome 20q, where AURKA is located (20q13.2), is frequently
encountered in ATC [124]. Based on these findings, the potential therapeutic value of Aurora
kinase inhibition on the proliferation and growth of PTC and ATC cells has been evaluated in
preclinical studies [125–130]. In particular, different pan-Aurora kinase inhibitors, including
the MK-0457 (VX-680), the SNS-314 mesylate, and the ZM447439 have been evaluated in vitro
[126–129]. These molecules were found to inhibit proliferation of ATC cells in a time- and dose-
dependent manner and to impair cancer cell colony formation in soft agar. Cell cultures
exposed to pan-Aurora inhibitors revealed an accumulation of tetra- and polyploid cells
because of endoreplication events followed by the activation of caspase-3 and accumulation
of a sub-G0/G1 cell population, both indicative of apoptosis [126–129]. Treated cells showed
mitotic alterations consistent with the inhibition of Aurora kinases, including major impair-
ment of centrosome functions, with abnormal spindle formation characterized by the presence
of short microtubules, inhibition of histone H3 phosphorylation, and inability to complete the
cytokinesis. The effects of a selective inhibition of either Aurora-A or Aurora-B have been also
explored [125, 129, 131]. The selective inhibition of Aurora-B expression, by means of RNA
interference, or function, by means of small-molecule compounds (e.g., AZD1152), has been
reported to significantly reduce growth and tumorigenicity of ATC-derived cells, both in vivo
and in vitro [125]. In the same way, functional inhibition of Aurora-A by MLN8054 in a panel
of ATC-derived cell lines has been shown to block cell proliferation and to induce cell cycle
arrest and apoptosis [129]. In xenograft experiments, the drug was capable of reducing tumor
volume by 86% [129]. Interestingly, the combined treatment with MLN8054 and bortezomib,
targeting the ubiquitin-proteasome system, showed additive effects on ATC-derived cell
proliferation and apoptosis, compared with monotherapy [131]. More recently, pazopanib, a
multi-target inhibitor of tyrosine kinases including the VEGFR (vascular endothelial growth
factor receptor), shown to have impressive therapeutic activity in patients affected by radio-
active iodine-refractory DTC, was tested in a phase II clinical trial on ATC patients [132, 133].
Despite several of them treated with pazopanib had a transient disease regression, no response
evaluation criteria in solid tumors (RECIST) response was obtained [131]. Moreover, in a
preclinical study on a panel of ATC-derived cell lines, pazopanib was found to potentiate the
cytotoxic effects of paclitaxel in vitro and in xenograft experiments [134]. These pazopanib
effects were attributed to an unexpected off-target inhibition of Aurora-A in ATC-derived cell
lines. In fact, the same results were obtained when combining paclitaxel and MLN8237, a
selective Aurora-A inhibitor. In the same study, the authors also showed that the combined
administration of pazopanib and paclitaxel attained a marked and durable regression of lung
metastasis in a single ATC patient [134].

In conclusion, the preclinical and clinical data so far available indicate that Aurora kinase
inhibitors may have a therapeutic potential for the treatment of the more aggressive thyroid
cancers either in monotherapy or, more likely, in combination therapy with antimicrotubule
drugs.
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Abstract

Gut microbiota is essential for the development of the intestinal immune system,
protecting the host against pathogens and harmful inflammatory processes. Germ-free
animals have smaller Peyer's patches, fewer immune cells and impaired immunoglobu-
lin A (IgA) secretion, fewer intraepithelial lymphocytes, as well as compromised pro-
duction of antimicrobial peptides. Mucositis (mucosal barrier injury) is a major
oncological problem caused by chemotherapeutic agents. Intestinal mucositis translates
into a broad spectra of clinical symptoms (diarrhea, vomiting) and can be worsened by
neutropenia and antibiotics. Since IECs do not regulate intestinal homeostasis by them-
selves, but require symbiotic coordination with commensal bacteria and local gut leuko-
cytic cells, the role of intestinal microbiota in the development and severity of mucositis
induced by chemotherapeutic products became an issue. The present chapter reviews
the interplay between microbiota, immune system, and anticancer therapy. The
published researches in this field showed that microbiota has immunomodulatory effect
on the anticancer immune response, both in the presence and in the absence of chemo-
therapy. Animal and human studies evoked that the anticancer response depends on
microbiota variability.
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1. Introduction

The relationship between cancer and microbiota was recognized and challenged since the
nineteenth century when William Coley, a surgical oncologist, developed a mixture consisting
of killed bacteria of species Streptococcus pyogenes and Serratia marcescens, also known as
“Coley's toxin,” as a treatment for cancer.

Ever since, experimental and clinical researchers tried to isolate microbial agents or products to
treat malignant disease, such as treatment of superficial bladder cancer based on an attenuated
form of Mycobacterium bovis, an oncolytic herpes virus for the treatment of melanoma, or the
treatment of pancreatic cancer with Listeria monocytogenes [1].

The present chapter reviews the interplay between microbiota, immune system, and anticancer
therapy. The published researches in this field showed that microbiota has immunomodula-
tory effect on the anticancer immune response, both in the presence and in the absence of the
chemotherapy. Animal and human studies evoked that the anticancer response depends on
microbiota variability. In initiating an efficient chemotherapy, the following aspects should be
considered:

• The interactions between microbiota and cancer progression.

• The influence of the microbiota on the chemotherapy response.

• The microbiota imbalance influences drugs bioavailability, efficacy and toxicity.

2. Microbiota, health and diseases

Microbiota affects many physiological processes, while its alteration is thought to render a
number of pathologies.

The growing evidence regarding the importance of the microbiome for health and disease and
the host-microbe symbiosis at the immunological and metabolic levels become highly chal-
lenging for a better understanding of immunopathologies such as autoimmune and inflamma-
tory disorders. Microbiome changes were correlated with a variety of diseases such as
inflammatory bowel disease, obesity, type 2 diabetes, autism, and allergies.

Crohn's disease (CD) and ulcerative colitis (UC) are the most prevalent forms of inflammatory
bowel disease (IBD), characterized by chronic relapsing inflammation affecting the intestinal
mucosa. The etiology of these diseases is unknown, but there are increasing scientific evi-
dences that microbiota influences the pathogenesis of IBD [2].

Patients exhibit a decrease in microbial population and functional diversity, with a decrease of
Firmicutes, an increase in Bacteroidetes, and facultative anaerobes such as Enterobacteriaceae [3–5].

The intestinal microbiota was also implicated in several other gastrointestinal-related diseases,
such as obesity, type 2 diabetes, celiac disease, and colorectal cancer. The last two of these were
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associated with changes in microbiota composition, but interestingly, no pattern of alteration
was demonstrated [6–10]. Recent studies showed that the expression of the leukocyte antigen
DQ2 is a strong risk factor for the development of celiac disease. It seemed that children
possessing this haplotype also had an altered microbiota composition (compared to non-HLA
DQ2 individuals) prior to clinically apparent disease [11].

On the other hand, there is a bidirectional functional relationship between the intestine and the
kidneys, the urinary pH influencing the intestinal microbiota metabolism, while microbial-
related metabolites are involved in the development of the kidney pathologies [12].

Several studies focused on the possibility that the intestinal microbiota may influence the
hypothalamus-pituitary-adrenal (HPA) axis, and, therefore, the cognitive function and behav-
ior. HPA is a pathway activated in response to infection and perturbed by psychological
stressors (the “gut-brain axis”). There are publications that evoke a direct relationship between
enteric infections on one hand and anxiety, depression, and cognitive dysfunctions, on the
other hand [13–16].

3. Microbiota and cancer

Microbial communities inhabiting human body represent so far unknown environmental
factors that seem to have a role in carcinogenesis.

Cancer susceptibility, development, and progression result from a complex interplay between
gene regulation and the environment.

For decades, the researches on the interaction of the microbes with human organism were
focused almost exclusively on the effects of the single pathogenic microbial infection.

Several mechanisms regarding the cancer development were described for some microbial
species.

The direct carcinogen class usually comprises viruses which may produce cancer by genetic
mechanisms [17, 18].

Researches on molecular mechanisms revealed that most of the oncoproteins encoded by
human viruses target generally the tumor suppressor proteins: retinoblastoma RB1 and p53,
which play major roles in cellular anticancer protection.

Other targets reported for carcinogenesis induce by viruses involved interaction with complex
pathways of interferon signaling, transcription factors like nuclear factor-κB (NF-κB), telome-
rase complex, or cell adhesion molecules.

The Epstein-Barr virus (EBV), hepatitis C virus, and human papilloma virus are only a few
examples of the most studied oncogenic viruses.

The Epstein-Barr virus (EBV) or human herpes virus 4 (HHV-4) is one of the most common
viruses in humans and also the first discovered to be involved in tumorigenesis. The EBV
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infects immune system cells (lymphocyte B) and epithelial cells, and the infections were
correlated with some lymphoma, gastric cancer, anogenital and oropharyngeal carcinomas
and with certain autoimmune diseases [19].

Hepatitis C virus is one of the major etiologic agents of hepatocellular carcinoma [20].
Researches on HCV-specific proteins revealed that they exert multiple functions during the life
cycle of the virus. Due to their ability to adopt different structural conformations, the viral
proteins are capable of various interactions with cellular proteins interfering in signaling
pathways essential to cell functions. HCV causes genome instability suggesting that coopera-
tion of both viral and host factors plays a role in developing the disease [21, 22].

Human papillomavirus (HPV) belongs to the DNA class viruses and is capable to infect
keratinocytes of the skin and the mucosa. There are over 170 types of HPV described, and
about dozen types are considered high-risk human carcinogen producing at least six types of
cancer: cervix, penis, vulva, vagina, anus, and oropharynx [23].

The E6 and E7 genes of HPV have been identified as oncogenes involved in promoting
tumor growth and transformation to malignancy. The E6 protein is involved in
ubiquitination of p53, marking this protein for proteasomal degradation, while the protein
E7 is involved in competing the retinoblastoma protein for binding and favors the cell cycle
to continue.

The E6 and E7 deregulate the host innate immune defense required for the recruitment of the
effector immune cells. Both proteins cooperate for the downregulation of the
proinflammatory interleukins: IL-18 and IL-8 and of some chemoattractants like MCP-1 and
MIP3α. Also, proteins E6 and E7 interfere in the intracellular signaling pathways NF-κB and
interferon regulatory factors inhibiting the activation of these major antiviral transcription
factors [24].

Although molecular mechanism of cancerogenesis has been explained for some pathogenic
viruses, it is too simplistic to consider these microbes the only cause of tumorigenesis.
Cancer is a complex multistep process which evolves over time and involves many signaling
pathways and molecular interactions to generate a particular cellular phenotype.

Indirect carcinogen mechanisms comprise the injury of the epithelial barrier or inflammation
associated to some infections produced by bacterial species like Helicobacter pylori or Chlamydia
trachomatis.

Helicobacter pylori is a gram-negative pathogen which infects about half of humans all over the
world and represents the main cause for gastric cancer. The H. pylori virulence factors,
vacuolating cytotoxin (VacA) and CagA protein encoded by cytotoxin-associated gene-patho-
genicity island, are identified as major antigens. These microbial proteins interact with several
host receptors like toll-like receptor 2 (TLR2), NOD-like receptor family member NLRP3, and
caspase-1 promoting the activation of the inflammasome.

The host cellular dysfunctions on secretory system, apoptosis, and immune inhibition were
other mechanisms described as consequences of the H. pylori infection [25].
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Chlamydia trachomatis infects both men and women, but it is commonly found in the reproduc-
tive system of women. The chronic infection causes pelvic inflammation with severe conse-
quences like infertility. The incidence of infections is significant among patients with cervical
cancer, but no proof exists to demonstrate that Chlamydia itself promotes cancer. Research
proved that a common association with HPV favors cancer growth. Further studies in this
direction are necessary for confirmation.

Other experiments indicate a correlation between some commensals, the production of oxy-
gen-reactive species, and colon cancer. Thus, superoxide-producing Enterococcus faecalis was
demonstrated to cause colonic epithelial cell DNA damage [26].

Recent years’ researches focused on obesity as a risk factor for different types of cancer.
Gut microbiota plays an important role in developing obesity. Some Clostridium spp. are
microorganisms overrepresented in obese intestine and were directly correlated with liver
and colorectal cancers. These commensals convert primary bile acids into deoxycholic
acid (DCA), a carcinogen that can cause DNA damage via the production of free radicals
[27].

For a long time, scientific research describes many other potential microorganisms
involved in cancer promoting, but several questions about the main cause of tumorigenesis
were raised because of a low incidence of cancer among infected patients with susceptible
agents.

Recent researches have changed the perspective on many human diseases. Many scientific
publications in the last years sustain the fact that global changes in our microbiome are the
main causes of disease and not only a single opportunistic pathogen development.

Increased communities of Capnocytophaga gingivalis, Capnocytophaga ochracea, Eubacterium
sabureum, Leptotrichia buccalis, and Streptococcus mitis present in saliva were observed in
patients with oral squamous cell carcinoma.

Human esophageal cancer was associated in some cases with an increased presence of Strepto-
coccus anginosus, Streptococcus mitis, Treponema denticola, or some Campylobacter spp.

Salmonella typhi and S. paratyphi were increased in some bile samples collected from patients
with gall bladder cancer.

Colorectal cancer is one of the most studied regarding the microbial imbalance and molecular
mechanisms of the disease.

Cohort studies demonstrated that samples collected from patients with colon cancer presented
feces bacterial diversity with increased communities of pro-inflammatory species of
Fusobacterium and Porphyromonas and a decreased presence of Lactobacillus, Microbacterium,
Anoxybacillus, and Akkermansia muciniphila.

In colon cancer cases induced by a preexisting inflammatory colitis, microbiota played an
important role in influencing inflammation or innate immunity, genomic stability of intestinal
epithelial cells (IECs), or the release of some metabolites functioning as histone deacetylase
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inhibitors. Studies performed in gnotobiotic or in antibiotic-treated mice revealed the implica-
tion of microbes in tumorigenesis driven or not by inflammation.

4. Microbiota and immune functions

In the last years, many scientific studies demonstrated that the commensal is an important
participant to the host metabolism, inflammatory process, and immune response.

Nowadays, gut microbiota is particularly the most studied, and it has been proven to be essential
for the development of the intestinal immune system, protecting the host against pathogens and
harmful inflammatory processes. Germ-free animals have smaller Peyer's patches, fewer
immune cells and impaired immunoglobulin A (IgA) secretion, fewer intraepithelial lympho-
cytes, as well as compromised production of antimicrobial peptides [28–30].

Gut microbiota is involved in the immune responses and inflammatory processes both local
and systemic. The link between inflammation and cancer is well known raising the questions
about the potential interference of microbiota. This area of research is new, and astonishing
recent results revealed that microbiota is a key player in the immunomodulatory mechanisms
of cancer and impact of the therapeutic responsiveness [31–35].

The present knowledge sustains that the presence and the quality of gut microbiota may
induce inflammation and promote cancer or may induce tumor-destructive immune responses
and favor anticancer treatment. Most studies involved experimental animal model of trans-
plantable tumors, and only few data are sustained by clinical evidence.

The inflammation induced by microbiota may contribute to cancer by stimulating the release
of cytokines involved in the cell proliferation and apoptosis inhibition pathways.

In a study regarding a hepatocellular carcinoma mouse model, the intestinal microbiota was
essential for the promotion and initiation of cancer by signaling pathways involving toll-like
receptor 4 (TLR4), a surface immune cell receptor, which senses the microbial molecular
patterns. The activation of this receptor induced an increased level of a hepatomitogen, which
mediates the proliferative and antiapoptotic effects in tumors [36].

The beneficial immunomodulatory effect in cancer regression is supported by the use of some
microbial in anticancer therapy. The intravesical bacillus Calmette-Guerin (BCG) therapy is one
of the standard methods of management of intermediate- and high-risk non-muscle invasive
bladder cancer. Also, intratumoral inoculation of heat-killed Propionibacterium acnes in subcu-
taneous melanoma promotes local and systemic Th1 and Tc1 responses associated with tumor
regression.

More other evidences are presented and discussed by the scientific literature about the key role
of microbiota and the possibility to modulate it. However, the specific mechanisms are far to
be elucidated due to the complex composition and the multifactorial interaction between gene
and environment.
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5. Microbiota and chemotherapy

The intestinal epithelium is a single-cell layer, which functions as the largest barrier of the
human body. It is characterized by a selective permeability for the nutrients, electrolytes, and
water and has an effective role in defense against toxins and enteric microbiota. Intestinal
epithelial cells maintain the local environmental balance by facilitating the interaction between
commensal and the host immune cells [37].

In order to obtain the best anticancer drug bioavailability, the formulation must consider besides
the physicochemical properties or drug adjuvants, the permeability of the intestinal barrier.

Mucositis (mucosal barrier injury) is a major oncological problem caused by chemotherapeutic
agents. Intestinal mucositis translates into a broad spectra of clinical symptoms (diarrhea,
vomiting) and can be worsened by neutropenia and antibiotics. Since IECs do not regulate
intestinal homeostasis by themselves, but require symbiotic coordination with commensal
bacteria and local gut leukocytic cells, the role of intestinal microbiota in the development
and severity of mucositis induced by chemotherapeutic products became an issue [38].

5.1. Cyclophosphamide (CTX)

Cyclophosphamide (CTX) is an alkylating agent commonly used in combination with other
therapies to target cancer cells.

The importance of gut microbiota in efficacy of the treatment is sustained by studies involving
germ-free (GF) mice and specific-pathogen-free (SPF) mice with transplantable MCA205 sar-
comas. A significant decrease effect of the CTX treatment was obtained in case of GF animals
in comparison with SPF mice [22].

Similar effects comparing to untreated control groups were obtained in case of the animal
treatment with vancomycin A, an antibiotic that destroys the gram-positive bacteria. The
results indicate that the presence of some bacteria creates an immunologic local environment
essential for the therapeutic effect of CTX [39].

5.2. CpG oligodeoxynucleotides

The cytosine phosphodiester-linked guanine (CpG) oligodeoxynucleotides (CpG-ODN)
are synthetic compounds with immunostimulatory effect used for enhancing the anticancer
treatments. Preclinical and clinical study demonstrated a synergy between these drugs and
monoclonal antibody and can be safely administrated together for a better therapeutic
response [40–42].

The microbial DNA contains unmethylated cytosine phosphodiester-linked guanine (CpG)
motifs which are recognized by specific immune receptors of the host-like human toll-like
receptor 9 (TLR9) present on the surface of different immune cell types. Activation of these
receptors enhances the expression of proinflammatory cytokines.
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Researches on mouse models with transplantable tumors revealed that the intratumoral
administration of the CpG-ODN and a monoclonal antibody (anti-interleukin-10 antibodies)
induce hemorrhagic necrosis. This stimulatory immune response was mediated by tumor
necrosis factor (TNF) and other inflammatory cytokines [40].

A study published in 2013 in Science using experimental model of tumor-infiltrating myeloid-
derived cells on antibiotic-treated and GF mice remarkably revealed that the animals were
refractory to therapy with CpG-ODN and anti-IL-10 antibody and presented low levels of TNF
and cytokines required for promoting the hemorrhagic necrosis. A therapeutic response was
obtained after the administration of lipopolysaccharides, a ligand for the TLR9 receptors-like.
No response was obtained on TLR9-deficient mice [39].

Furthermore, study on the composition of mouse microbiota demonstrated that Alistipes shahii
is positively correlated with TNF production in the tumor, whereas the abundance of Lactoba-
cillus fermentum negatively correlated with it.

Thus, the research sustains the importance of the intact commensal microbiota for an optimal
responses to cancer therapy required for the modulation myeloid-derived cell functions in the
tumor microenvironment [22, 41].

5.3. Platinum salts

Platinum salts are coordination complexes of platinum used as chemotherapeutic drugs. Cis-
platin and oxaliplatin interfere with DNA repair mechanism inducing intrastrand cross-link
adducts activating the proapoptotic pathways. The platinum compound effect depends also by
the presence of reactive oxygen species (ROS) for an apoptotic response and DNA damage.

Lida et al. presented evidence in the same study involving CpG-ODN that the therapeutic
effect of the platinum salts on transplanted subcutaneous tumor depends on the presence of
mice microbiota. The authors sustained that the ROS required for the genotoxic effect of these
chemotherapies are produced in vivo by inflammatory cells associated to the tumor [41].

GF mice and antibiotic treatment attenuated the pharmacological effect and reduced the
expression of ROS-responsive genes.

Moreover, using transgenic mice deficient for the myeloid NADPH oxidase NOX2 (Cybb_/_)
with a low ROS response, the effect of oxaliplatin was attenuated.

The study highlights the importance of commensal on an efficient therapy by its contribution
to tumor reduction.

5.4. Immune checkpoint blockade therapy

The problem of the therapeutic response variability was the starting point of recent researches
which deal with the importance of microbiota in case of the patients treated with monoclonal
antibodies involved in the immune checkpoint blockade.
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Ipilimumab is an immunoglobulin G1 targeting the cytotoxic T-lymphocyte-associated protein
4 (CTLA4), which is a receptor protein involved in the immune checkpoint system and
downregulation of the immune response.

The efficacy of the CTLA4 blockade was associated with T-lymphocyte responses induced by
Bacteroides thetaiotaomicron and Bacteroides fragilis in both experimental models and human. No
tumoral response was noticed after the treatment with ipilimumab in case of antibiotic treat-
ment and germ-free mice. Exposure to B. fragilis, its polysaccharides, or its specific T cells
reversed the response and favored the anticancer effect. The author of the study concluded
that some Bacteroides spp. may play an important role and that the colitis may even antagonize
the therapeutic efficacy [42].

Anti-PD-L1 is a monoclonal antibody successfully used for the treatment of several solid
tumors, which target the protein programmed death-ligand 1 (PD-L1).

PD-L1 is a transmembrane protein, which acts as suppressor of the immune system and plays
a role in escaping the cancer cells to immune system.

Sivan et al. demonstrated in their study that the commensal Bifidobacterium may have an
unexpected role in enhancing antitumor immunity in vivo [43].

The authors used for research an experimental model of subcutaneous B16.SIY melanoma
growth in genetically similar C57BL/6 mice. The animals were provided by two different
animal facilities. After the anti-PD-L1 treatment, the results differ according to the animal
provider. The Bifidobacterium spp. were identified by sequencing of the 16S ribosomal RNA
and were correlated with the antitumor response therapy. The oral administration of bacteria
improved tumor control to the same degree as anti-PD-L1, and the association of the microor-
ganisms with this drug nearly abolished tumor outgrowth [22–43].

6. Conclusions

Even though there are increasing evidences regarding the close relationship between tumor
development, chemotherapy, microbiota, and the immune system, it is still difficult and
speculative to consider the microbes when deciding the therapeutic strategy for patients.
However, modulating microbiota may enhance drug efficacy or diminish chemotherapy's
toxicity.
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Abstract

Typical antitumor drugs disrupt the flow of biochemical information from DNA to
proteins with the aim of precluding uncontrolled cell proliferation and inducing cancer
cell apoptosis. However, most of the currently used small antitumor drugs are genotoxic
because they act over DNA. Pharmaceutical industry is now searching for a new line of
cancer chemotherapeutics without genotoxic effects. Ribonucleases (RNases) are small
basic proteins, present in all life forms, which belong to this kind of chemotherapeutics.
Some of them present with remarkable selective antitumor activity linked to their ability
to destroy RNA, a powerful way to control gene expression, leaving DNA unharmed.
In the last two decades, the knowledge gained on the cytotoxic mechanism of these
RNases has been used to engineer more powerful and selective variants to kill cancer
cells. In this chapter, we describe the advances reached in endowing an RNase with
antitumor abilities.

Keywords: ribonucleases, antitumor activity, protein engineering, mechanism of anti‐
tumor action, delivery

1. Introduction

In their review, Hanahan and Weinberg [1] described ten hallmarks of cancer cells: genome
instability  and mutation,  sustaining proliferative  signaling,  evading growth suppressors,
resisting  cell  death,  enabling  replicative  immortality,  tumor‐promoting  inflammation,
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inducing  angiogenesis,  activating  invasion  and  metastasis,  reprogramming  of  energy
metabolism, and evading immune destruction. Involved in these metaprocesses, there is a
deregulation of gene expression. A significant part of the current chemotherapeutic com‐
pounds used to treat cancer patients target different over‐ or under‐expressed genes that take
part in the abovementioned processes that drive to malignant cell  transformation and/or
metastasis.

1.1. Why target RNA to treat cancer diseases?

Control of gene expression can be carried out at different levels in the flow of genetic infor‐
mation from DNA to proteins (Figure 1).

Figure 1. Targets of genotoxic and non‐mutagenic antitumoral drugs along the information pathway. Transmission of
biological information in tumor cells occurs from DNA to RNA and proteins that exert their biological function. (A)
Classical antitumor therapies like radiotherapy and chemotherapy affect DNA inhibiting cell replication but may also
kill normal dividing cells, and since they are genotoxic, they may induce secondary tumors. (B) Alternative damaging
RNA therapies inhibit gene expression and its regulation. These therapies exert pleiotropic effects because they affect
multiple RNA substrates and are not mutagenic. (C) Therapies affecting a single protein or pathway of the cell are
highly specific but sometimes cannot cope with the multifactorial nature of cancer although are also non‐mutagenic.

Drugs that act over DNA have the drawback of being mutagenic and are responsible for the
appearance of new cancers, time after the patients have been cured of or controlled their first
cancer disease [2]. Instead, drugs that destroy or inactivate RNA are similarly powerful
without the associated risk of genotoxicity. In addition, drugs that specifically target a single
protein or pathway have the advantage of being highly specific, but they are often insufficient
to cope with the multifactorial complexity of the cancer phenotype. Several approaches are
used to target RNAs, the use of antisense oligonucleotides, small interfering RNA (siRNAs),
and the use of ribozymes or proteins with ribonucleolytic activity [3]. In the present chapter,
we will focus on ribonucleases (RNases) as antitumor agents and how the knowledge gained
so far about their mechanism of action has inspired researchers in the design of more powerful
and selective RNases that can overcome tumor resistance as well as minimize the toxic effects
to normal cells, properties strongly desired for any antitumor drug.

RNases are enzymes present in all life kingdoms that degrade RNA and in cells are responsible
for RNA turnover [4]. Their interest as antitumor agents started early in the fifties of the last
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highly specific but sometimes cannot cope with the multifactorial nature of cancer although are also non‐mutagenic.
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and selective RNases that can overcome tumor resistance as well as minimize the toxic effects
to normal cells, properties strongly desired for any antitumor drug.

RNases are enzymes present in all life kingdoms that degrade RNA and in cells are responsible
for RNA turnover [4]. Their interest as antitumor agents started early in the fifties of the last
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century when the bovine pancreatic ribonuclease (RNase A) demonstrated to have antitumor
activity both in vitro and in vivo [5–10] although with contradictory results [11]. This interest
vanished until the discovery of non‐engineered RNases with natural anticancer activity when
used at much lower concentrations than RNase A. Among them we can find prokaryotic and
eukaryotic RNases [12], from microbe [13, 14], plants [15], or vertebrates. The latter belong to
the known vertebrate‐secreted ribonuclease family [16] from which RNase A is the paradigm
[17]. Recently, in animal models, even RNases that natively are not cytotoxic, like RNase A, are
shown to have antimetastatic properties when ultralow doses are administered everyday. It is
suggested that this effect is related to its ability to degrade circulating noncoding RNAs
assuming that in blood plasma the enzyme is not inhibited (see below) [18].

1.2. What makes a ribonuclease selectively cytotoxic for cancer cells?

Although some RNases have reached clinical trials for treatment of different types of cancer
[19–25], their mechanism of action is not well understood. Nevertheless, RNases share some
steps of cell intoxication with most cytotoxins.

Figure 2. Multifactorial causes of RNase cytotoxicity. Some RNases are able to reach the cytosol but are not cytotoxic
because they are unable to evade the action of the RI (A). Other RNases are not cytotoxic because they cannot reach the
cytosol, either because they are degraded during its internalization (B) or because they follow an intracellular pathway
that does not allow them to reach this compartment (C). Some RNases are cytotoxic because they reach the cytosol and
are not inhibited by the RI (D). Other RNases are cytotoxic although they do not evade the RI either because they reach
the cytosol with high efficiency allowing to saturate the RI present in the cytosol (E) or because they can reach the nu‐
cleus where the RI cannot inhibit them (F).

To be cytotoxic an RNase has to reach the tumor cells. This implies two basic steps: to attain
target cells from the administration point (RNases are mainly administered i.v.) and to be able
to enter these cells. The first step means that the RNase has to be stable enough in blood to
reach their target cells and not to be cleared rapidly from circulation through glomerular
filtration. The second step [26–28] implies an interaction with a specific or a nonspecific
component of the target cell surface in order to be endocytosed. Then, during its journey, at
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some point of the endocytic pathway (Figure 2B), the RNase has to translocate to the cytosol
to avoid lysosomal degradation and, obviously, follow a productive endocytic pathway. Once
in the cytosol, it has to be stable and resistant to proteases, and at the same time, it has to evade
the ribonuclease inhibitor (RI) to preserve its ribonucleolytic activity and therefore be able to
degrade RNAs and induce cell death by apoptosis. The RI is a protein present in the cytosol
of mammalian cells that binds to some RNases with high affinity [29]. It is hypothesized that
the RI acts as a safeguard for the potential entry of any external RNase [30]. Alternatively to
the evasion strategy, an RNase can also have the ability to enter the cell very efficiently to
saturate the RI and to leave free RNase molecules able to degrade RNAs. Finally, an RNase can
also be driven to any organelle devoid of RI where it can degrade RNAs, for instance, the cell
nucleus [31] (Figure 2F).

The paradigmatic native cytotoxic RNase that evades the RI is onconase (ONC), a member of
the vertebrate‐secreted RNase family of amphibian origin (isolated from oocytes and early
embryos of Rana pipiens). ONC reached phases II/IIIb for treatment of malignant pleural
mesothelioma [21] although it presents renal toxicity that is reversed when the treatment is
discontinued [32]. It exhibits selective cytostatic and cytotoxic activities against many tumor
models both in vitro and in vivo [22, 33] and presents synergy, proved also in vivo and in vitro,
with a significant number of compounds [34]. ONC induces apoptosis or in some cases
autophagy previously to apoptosis [35, 36]. These processes present characteristics different
from those of indiscriminate protein synthesis arrest and are due to the degradation of different
target RNAs, rRNAs [37], mRNAs [38], tRNAs [39], and miRNAs or their precursors [40–42].
It has been described that ONC up‐ or downregulates genes that code for proteins involved in
cell cycle control or transcription factors that are also responsible for its cytotoxicity [43].
Although from the literature the apoptotic effects seem to be cell‐type dependent [34], recently
it has been found that the activating transcription factor 3 (ATF3) controls ONC‐induced
apoptosis in a cell‐type independent manner (Vert et al., submitted). Other tumoricidal
amphibian RNases are Amphinase (Amph), also isolated from oocytes of R. pipiens [44] and
the sialic acid‐binding lectins (leczymes) found in Rana catesbeiana (RC‐RNase) and Rana
japonica (RJ‐RNase) oocytes [45, 46]. Unlike ONC and Amph, these latter ones agglutinate
cancer cells [47–49] binding to cell membrane glycoproteins with a high content of sialic acids
[47, 49]. It is also proposed, like for ONC and Amph, that these leczymes require an internal‐
ization process to trigger apoptosis [50]; however compared to them, clinical trials and studies
on animal models are needed to unveil their mechanism of antitumor activity and clinical
potential.

The critical process of ONC internalization is still an open question. This is not a minor issue
because it is strongly related to the RNase cytotoxic selectivity for cancer cells. For ONC it has
been described both the existence of a specific receptor [37] and an entry through a non‐
saturable process [51] as well as an entry through the clathrin/AP‐2‐mediated endocytic
pathway [52] and a non‐dynamin‐dependent pathway [51]. These discrepancies may be
explained by the model cell lines used in the different works. In addition, electrostatics are
described as necessary for the cellular uptake of ONC, while for other RNases, an specific
interaction with cell surface structures seems to contribute more decisively to their internali‐
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zation [53]. Essentially, RNases are cationic proteins, and since the surface of most cancer cells
is more electronegative [54] than that of normal cells, the electrostatic interactions that they
establish may dictate their selectivity. Very recently, both RNase A and its human counterpart,
the human pancreatic ribonuclease (HP‐RNase), have been described to interact with a neutral
hexasaccharide glycosphingolipid, Globo H [55], a component of a glycolipid or a glycoprotein
located on the outer membrane of epithelial cells and detected in high levels in the outer
membrane of several tumor cells [56]. The authors suggest that this interaction is not only
substantial for the internalization of these RNases but for their release from the lumen of
endosomes allowing for the access to the cytosol [55], although if they are not engineered to
avoid the RI, they are not cytotoxic (see below). In addition, for RNase A, it has been described
a multipathway of internalization that involves both clathrin‐coated vesicles and macropino‐
somes [57]. Finally, through an in silico study by sliding‐window hydrophobicity analysis, it
has been hypothesized that some cytotoxic RNases have a hydrophobic segment sterically
available for a hydrophobic interaction with both tumor cell and endosomal membranes that
would facilitate their internalization [58]. The more it is known about the membrane structures
that are recognized by RNases or the productive pathway, by which they enter the cell, the
better they can be engineered to increase their selectivity and potency.

Another RNase that naturally shows antitumor activity by RI evasion is bovine seminal
ribonuclease (BS‐RNase), present in the bull seminal plasma. In this case the quaternary
structure attained by this enzyme is responsible for its low RI affinity due to steric hindrance,
while the monomeric form is strongly inhibited by the RI [59]. BS‐RNase exists as a mixture
of two dimeric forms, M=M and MxM, each monomer being a structural homolog of RNase A
[60]. The MxM dimer exchanges the N‐terminal α‐helices forming a 3D‐swapped structure and
is the form that even in the reducing conditions of the cell cytosol is cytotoxic [61] (for a
comparative review on the RNase structures, see [62, 63]). BS‐RNase binds to the extracellular
matrix, and this interaction seems to be important for its cytotoxic effect [64, 65] even though
it does not bind to cell membranes, suggesting an adsorption cell entry mechanism [66]. BS‐
RNase has been localized in endosomes and its cytotoxicity is blocked by inhibition of this
energy‐dependent entry mechanism [65]. It has also been localized in the trans‐Golgi network
of treated malignant cells, which may be indicative that this organelle is an effective site for
translocation providing an explanation for its selectivity [65, 67]. Although, it has been
described that BS‐RNase can destabilize artificial membranes [68, 69], it is not exactly known
how BS‐RNase permeates the trans‐Golgi membranes. Like for ONC, rRNA is a target of BS‐
RNase and its cleavage induces apoptosis [64], but the enzyme has also been found in the
nucleolus of cancer cells [65], and although it is not known how it reaches the cell nucleus, a
correlation between cytotoxicity and a decrease of telomerase activity and its associated RNA
has been found [70]. Recently, it has been described that BS‐RNase triggers Beclin1‐mediated
autophagy in treated cancer cells being ineffective in normal cells, suggesting that autophagy
more than apoptosis can be the mechanism of cancer cell death induced by BS‐RNase [71].
Comparable to ONC, this selective autophagy for cancer cells seems to be related to the basic
charge distribution in the surface of these RNases [36, 71].
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Apart from RNases of animal origin, it is worth mentioning that there are a vast array of RNases
from fungal, bacterial, and plant origin that natively present remarkable cytotoxic properties.
Among them we can mention mushroom RNases [72, 73]; microbial RNases such as α‐sarcin
from Aspergillus; the two well‐known T1 ribonuclease members from Bacillus, binase (B.
intermedius), and barnase (B. amyloliquefaciens); and RNase Sa (S. aureofaciens) [28, 74] as well
as plant RNases from ginseng, wheat leaf, mung bean, black pine pollen, seeds of bitter gourd,
tomato, and hop [12, 15, 75–79]. Although adverse effects due to immunogenicity and
nonspecific binding [12] have been described for some of them, others are described to have a
lower immunogenicity than ONC [28]. In addition, they have a remarkable resistance to RI,
and in some cases, the cytotoxic effect is comparable to that of ONC. However, in terms of
knowledge of their cytotoxic mechanism and clinical applications, they are still lagging behind
when compared to the animal counterparts. In the last years, especially for binase, a significant
advance has been attained in the understanding of its mechanism of cell intoxication. The
cytotoxic effect of binase is effected via induction of both intrinsic and extrinsic apoptotic
pathways [80], and evidence is provided that targets KIT and AML1‐ETO oncogenes in human
leukemia Kasumi‐1 cells [81]. It has also shown a positive effect on the liver of tumor‐bearing
mice, articulated as a tumor reduction in the volume of destructive changes in the live
parenchyma as well as of being effective in tumor growth suppression [82].

2. How to endow a ribonuclease with selective antitumor activity

In the last two decades, the knowledge gained on the cytotoxic mechanism of natively
tumoricidal RNases, described in the previous section, as well as in the references therein, has
been used to engineer more powerful and selective RNase variants able to kill cancer cells.
From this knowledge, it is clear that RNases will be cytotoxic if they are able to reach the cytosol
avoiding lysosomal degradation or nonproductive intracellular pathways and if, once in the
cytosol, they can evade the action of RI (Figure 2A–C). Consequently, an RNase will be
cytotoxic either if it can avoid the RI inhibition or it can efficiently reach the cytosol saturating
all the RI present in this compartment (Figure 2D–F). Several approaches have been used to
fulfill these requirements that will be reviewed in this section and are summarized in Figure 3.

2.1. Engineered RNases that evade the RI

In the literature two main approaches used to engineer noncytotoxic RNases to render them
resistant to the RI and endow them with cytotoxicity are described: The most evident one
consists of precluding RNase‐RI complex formation through steric hindrance or coulombic
repulsion. The variant’s design is based on the known 3D structure of the RI‐RNase A complex
described by Kobe and Deisenhofer [83]. However, another approach is to hide RNases from
the inhibitor. This is accomplished by targeting monomeric RNases to an organelle free of RI
making needless neither the RI evasion nor the RI saturation.
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2.1.1. RNases in a monomeric form

The first reported approaches to endow an RNase with the ability to evade the RI were carried
out by Raines and coworkers, who introduced single or few amino acid changes in wild‐type
noncytotoxic RNase A that created steric hindrance to decrease RI binding [84]. Replacement
of Gly 88 of RNase A by bulky charged residues, like Arg or Asp, resulted in a variant with
104‐fold less affinity for the RI and which was only about 20‐fold less cytotoxic than ONC.
Similar approaches were used on HP‐RNase [85, 86] or monomeric BS‐RNase [87, 88]. This
first approach was concomitant or followed by the introduction of other changes that disturbed
the electrostatic interaction between the RNase and the RI [89–92] creating new variants each
time more cytotoxic. For instance, the RNase A variant Asp38Arg/Arg39Asp/Asn67Arg/
Gly88Arg had 5.9 × 109‐fold lower affinity for the RI keeping the activity and stability of the
parental enzyme with a cytotoxicity equivalent to that of ONC [91]. Although this approach
has attained success, in some cases the use of the same rationale has not worked to get variants
with the expected properties [89, 93]. This is due to the fact that the replacement of some
residues to disrupt the RNase‐RI interaction at the same time alters other factors important for
the enzyme cytotoxicity, such as the catalytic activity or the stability of the enzyme that
counterbalances the obtained gain on RI evasion. Nevertheless, one of the engineered RNases
to evade the RI has reached clinical trials. The QBI‐139 RNase variant (Evade™ ribonucleases
from Quintessence Biosciences Inc. (http://www.quintbio.com/) is now in Phase I of clinical

Figure 3. Strategies to create cytotoxic RNases or to improve its antitumor activity. Two groups of strategies are consid‐
ered: those allowing the RNase to avoid the inhibition by the RI (dark blue arrows) and those that improve the deliv‐
ery of the RNase into the cell (light blue arrows). Some of the indicated strategies can be included in both groups.

Approaches to Endow Ribonucleases with Antitumor Activity: Lessons Learned from the Native...
http://dx.doi.org/10.5772/65730

141



trials for the treatment of solid tumors [25]. On the other hand, different strategies have been
carried out to avoid some of the non‐desired side effects. The Gly88Arg RI‐evading RNase A,
described above, was engineered to introduce nonnative disulfide bonds to increase its
conformational stability [94], resulting in a more cytotoxic variant. Also, an increase in stability
has also been attained by the glycosylation of the protein. For instance, the production of ONC
in Pichia pastoris yields a glycosylated protein more stable and 50‐fold more cytotoxic [95].

2.1.2. RNase dimerization or oligomerization

The formation of oligomeric structures, such as the BS‐RNase dimers, has inspired the design
and production of new RNase variants with the aim of precluding their binding to the RI by
steric hindrance mimicking the way of action of BS‐RNase [96, 97]. The pursuit of dimeric or
oligomeric variants is very attractive because they are more cationic proteins and can poten‐
tially strongly interact with the negative surfaces of cancer cells gaining selectivity and, at the
same time, reducing kidney clearance due to the increase of molecular mass. As stated in
Section 1.2, the current model for BS‐RNase cytotoxicity is that in the reducing conditions of
the cell citosol, the unswapped isomer from (M=M) dissociates into monomers, which are
strongly inhibited by the RI, whereas the swapped isomer (M×M) remains as a non‐covalent
dimer able to evade the RI [64, 98]. In addition, analysis of the structure of the non‐covalent
dimer of BS‐RNase [61] and different mutated forms [99] suggested that it adopts a compact
quaternary structure that is critical for the RI interaction, explaining its trapping. One of the
first approaches to get cytotoxic dimeric RNase variants was to reproduce the structural
determinants of BS‐RNase swapping [62] in different members of the vertebrate‐secreted
RNase family. Thus, different combinations of those residues identified as responsible of dimer
formation (Cys31, Cys32, Leu28, Gly16, Ser80) of BS‐RNase were introduced in the sequence
of either HP‐RNase or RNase A. Alternatively, the full N‐terminal hinge sequence (the peptide
that links the N‐terminal α‐helix of V‐shaped RNase structure with the rest of the protein body)
of RNase A was replaced by that of BS‐RNase [63] in order to endow RNase A with dimeri‐
zation abilities. These changes resulted in the formation of different ratios of swapped and
unswapped forms, which was critical for their cytotoxicity [63]. Among these constructs it is
remarkable that of a dimeric form of HP‐RNase containing the mutations Glu111Gly,
Gln28Leu, Arg31Cys, Arg32Cys, and Asn34Lys that was more cytotoxic and selective than BS‐
RNase for cancer cells [100]. As another approach, covalent linkers to stabilize the dimeric
structures have also been used. In this sense, first cytotoxic RNase A dimers [101, 102] and
more recently higher oligomers cross‐linked with dimethyl suberimidate [103] were obtained.
Although these constructs were cytotoxic, they presented heterogeneity, a drawback for their
use as antitumor agents. The use of more specific cross‐linkers like the introduction of thioether
bonds between different Cys residues of BS‐RNase [104] and RNase A [105], in some cases,
allowed the production of variants with an increased cytotoxicity. Finally, an evaluation of
cross‐linkers and selection of positions to introduce different Cys was carried out in the work
of Rutkoski et al. [106]. In this case, some of the constructs were as cytotoxic as the RI‐evading
RNases. However, as far as we know, none of the described constructs has reached clinical
trials yet. An interesting and different way to get dimeric RNases consists in the fusion of two
RNase genes using a linker to get a tandem RNase [107]. This construct although inhibited by

Anti-cancer Drugs - Nature, Synthesis and Cell142



trials for the treatment of solid tumors [25]. On the other hand, different strategies have been
carried out to avoid some of the non‐desired side effects. The Gly88Arg RI‐evading RNase A,
described above, was engineered to introduce nonnative disulfide bonds to increase its
conformational stability [94], resulting in a more cytotoxic variant. Also, an increase in stability
has also been attained by the glycosylation of the protein. For instance, the production of ONC
in Pichia pastoris yields a glycosylated protein more stable and 50‐fold more cytotoxic [95].

2.1.2. RNase dimerization or oligomerization

The formation of oligomeric structures, such as the BS‐RNase dimers, has inspired the design
and production of new RNase variants with the aim of precluding their binding to the RI by
steric hindrance mimicking the way of action of BS‐RNase [96, 97]. The pursuit of dimeric or
oligomeric variants is very attractive because they are more cationic proteins and can poten‐
tially strongly interact with the negative surfaces of cancer cells gaining selectivity and, at the
same time, reducing kidney clearance due to the increase of molecular mass. As stated in
Section 1.2, the current model for BS‐RNase cytotoxicity is that in the reducing conditions of
the cell citosol, the unswapped isomer from (M=M) dissociates into monomers, which are
strongly inhibited by the RI, whereas the swapped isomer (M×M) remains as a non‐covalent
dimer able to evade the RI [64, 98]. In addition, analysis of the structure of the non‐covalent
dimer of BS‐RNase [61] and different mutated forms [99] suggested that it adopts a compact
quaternary structure that is critical for the RI interaction, explaining its trapping. One of the
first approaches to get cytotoxic dimeric RNase variants was to reproduce the structural
determinants of BS‐RNase swapping [62] in different members of the vertebrate‐secreted
RNase family. Thus, different combinations of those residues identified as responsible of dimer
formation (Cys31, Cys32, Leu28, Gly16, Ser80) of BS‐RNase were introduced in the sequence
of either HP‐RNase or RNase A. Alternatively, the full N‐terminal hinge sequence (the peptide
that links the N‐terminal α‐helix of V‐shaped RNase structure with the rest of the protein body)
of RNase A was replaced by that of BS‐RNase [63] in order to endow RNase A with dimeri‐
zation abilities. These changes resulted in the formation of different ratios of swapped and
unswapped forms, which was critical for their cytotoxicity [63]. Among these constructs it is
remarkable that of a dimeric form of HP‐RNase containing the mutations Glu111Gly,
Gln28Leu, Arg31Cys, Arg32Cys, and Asn34Lys that was more cytotoxic and selective than BS‐
RNase for cancer cells [100]. As another approach, covalent linkers to stabilize the dimeric
structures have also been used. In this sense, first cytotoxic RNase A dimers [101, 102] and
more recently higher oligomers cross‐linked with dimethyl suberimidate [103] were obtained.
Although these constructs were cytotoxic, they presented heterogeneity, a drawback for their
use as antitumor agents. The use of more specific cross‐linkers like the introduction of thioether
bonds between different Cys residues of BS‐RNase [104] and RNase A [105], in some cases,
allowed the production of variants with an increased cytotoxicity. Finally, an evaluation of
cross‐linkers and selection of positions to introduce different Cys was carried out in the work
of Rutkoski et al. [106]. In this case, some of the constructs were as cytotoxic as the RI‐evading
RNases. However, as far as we know, none of the described constructs has reached clinical
trials yet. An interesting and different way to get dimeric RNases consists in the fusion of two
RNase genes using a linker to get a tandem RNase [107]. This construct although inhibited by
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the RI showed a cytotoxicity of the same order of that shown by BS‐RNase. Modeling studies
of this tandem RNase bound to the RI revealed that the engineered enzyme binds the RI with
a 1:1 stoichiometry, and the authors suggested that the cytotoxic effect was due to an improved
endocytosis efficiency [108] likely due to a higher cationization (see below).

Finally, related with the formation of oligomeric structures, it is worth mentioning that RNase
A can form 3D domain‐swapped multimers, ranging from trimers to hexamers [109, 110] and
up to decatetramers [111]. These oligomers are enzymatically and biologically active [110,
112] and what is more interesting they exhibit cytotoxicity [99, 113]. The study of these
oligomeric structures could reveal new scaffolds for the design of potential antitumor RNase
variants [63].

2.1.3. Targeting organelle RI-free

The tumor cell nucleus is the final destination of multiple conventional antitumor drugs [114,
115] as well as a critical compartment for suicide gene therapy [116]. In addition, drugs that
do not have a native tendency to accumulate in the cell nucleus have been conjugated/
engineered/encapsulated by different means to reach this compartment. Literature is full of
examples, for instance, drugs that have been modified by the introduction of a nuclear
localization signal (NLS) as a modular component of a construct [117–119] and that have been
encapsulated in nanoparticles directed to the cell nucleus [120] or the viral‐based vectors,
which are an elegant choice as vehicles to deliver DNA that encodes therapeutic proteins or
RNAs to this organelle [121–123]. Based on this, an alternative strategy to bypass the RI action
was to guide the RNases to the cell nucleus, which is described as free of RI [124] or at least
the nucleolus [125]. Initially, an HP‐RNase variant was produced, namely PE5, that carries a
noncontiguous extended bipartite NLS [31, 126]. Although this variant is inhibited by the RI,
at the same time it is recognized by α‐importin [126] and cleaves nuclear but not cytoplasmic
RNA in vivo [127]. At present, the mechanism by which the engineered HP‐RNase reaches the
cell nucleus is different from the one described above for BS‐RNase (Section 1.2). It is postulated
that the concentrations of RI and α‐importin are similar in the cytosol. Thus, the affinity of PE5
for each protein will determine to which it will mainly bind. However, those RNase molecules
captured by the α‐importin will be released into the nucleus and, therefore, removed from the
two competing equilibriums, and PE5 will progressively accumulate into the nucleus [128].
PE5 kills the cells by apoptosis mediated by the induction of p21WAF/CIP1 and inactivation of JNK
and increases the number of cells in the S‐G2/M‐phases of cell cycle [129]. Moreover, the
cytotoxic mechanism of PE5 is not prevented by a mutated p53 or a multidrug‐resistant (MDR)
phenotype [129], and it is synergic with doxorubicin [130] on doxorubicin‐resistant NCI/ADR‐
RES cell line [130]. Very recently, using microarray‐derived transcriptional profiling, it has been
shown that PE5 remarkably downregulates multiple genes that code for enzymes involved in
the deregulated metabolic pathways in cancer cells [131], one of the hallmarks of cancer. In
addition, new cytotoxic RNase variants directed to the cell nucleus, collectively named ND‐
RNases, have been engineered either by reverting some of PE5 changes to render the variant
more similar to wild‐type enzyme or by the addition of an extra NLS to its N‐terminus. In the
latter case, a tenfold more cytotoxic enzyme than PE5 [132] has been obtained. Due to their
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cytotoxic mechanism, which differs from that of RNases that exert its action on the cell’s cytosol,
ND‐RNases are very interesting antitumor agents that can cope with the complexity of cancer
cell phenotype, and their multiple effects allow anticipating synergism with many currently
clinically used antitumor agents. In in vivo studies with animal models, the ND‐RNases have
shown very low toxicity (it has not been possible to calculate the maximum tolerated doses
(MTD) but the maximum feasible dose (MFD) which is of 80 mg/kg) (Castro et al., results not
published).

2.2. Engineered RNases that might saturate the intracellular RI and/or gain selectivity

The efficiency of cell internalization is another important determinant of the cytotoxicity of the
RNases because an RI‐sensitive RNase is still a potential danger provided that enough enzyme
molecules reach the cell cytosol. The most basic strategy to increase the internalization of
RNases is their cationization by chemical or genetic modification, that is, to make the RNases
even more basic to increase their interaction with the anionic membranes of tumor cells. As
stated above, this fact may also increase their selectivity for cancer cells [133]. Several examples
of this approach can be found in the literature. The chemical modification of the carbonyl
groups of RC‐RNase with a water‐soluble carbodiimide in the presence of nucleophiles or the
amidation with ethylenediamine, 2‐aminoethanol, taurine, or ethylenediamine of HP‐RNase
and RNase A increases their cytotoxicity [134–136]. The preparation of RNase A and noncy‐
totoxic cross‐linked dimers of RNase A, both covalently linked to polyspermine to increase
their basicity, slightly increased their cytotoxicity [137]. In general, the higher cationic variants
were more efficiently internalized into the cells. However, in some cases, the chemical
modifications seriously compromised the ribonucleolytic activity of the modified enzymes
[134, 135] and generated heterogeneous products difficult to use as antitumor drugs. RC‐RNase
and RNase Sa variants were engineered substituting acidic residues by Asn, Gln, or Arg [138]
or by positively charged residues [139, 140], respectively, showing antitumor activity and
enhanced internalization. Gly38Lys‐BS‐RNase that bears an enforced cluster of positive
charges at the N‐terminal surface also presented an increased cytotoxicity relative to its
parental RNase and a higher membrane interaction capability [141]. Fuchs et al. [142] replaced
two residues of a cytotoxic variant of RNase A to create a patch of Arg residues on its surface
that rendered a threefold increase in cytotoxicity and added a protein translocation domain
(nona‐arginine) to a previously cytotoxic RNase variant that increased their cytotoxicity [142,
143]. However, the same group has proposed that the internalization of pancreatic RNases by
cationization can be counterbalanced by an increased affinity for the anionic RI in the cytosol
[92]. Like for RI evasion, one has to be very cautious in the design of these variants in order to
not counterbalance the increased internalization by the loss of other important characteristics
responsible for the RNase cytotoxicity. In the same line but with a different approach, co‐
treating cells with a cationic 2 poly(amidoamine) dendrimer [144] increase the cytotoxicity of
the RNase probably by increasing its translocation from the endosomes without affecting its
ribonucleolytic activity or conformational stability observed upon cationization of some
RNases.
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In addition to merely increasing the positive charge of an RNase, other approaches that can
enhance its delivery to the cytosol or to a specific organelle are related to the construction of
targeted RNases either by chemical conjugation or fusion with a specific component that
directs them to cancer cells. These procedures have been used with other drugs combining a
targeting molecule, mainly antibodies, with an effector moiety getting what has been called
immunotoxins (see below) [145, 146]. Small molecule drugs are still the modality of choice for
addressing intracellular targets due to the barriers to cell entry that proteins have to face.
Nevertheless, despite the considerable research efforts and advances attained, there remain
many protein‐protein interactions that small molecules cannot modulate effectively [147], and
proteins have a lower propensity for off‐targets. Thus, the strategies described below include
both small molecules and proteins as drivers of payload RNases, including that nonsensitive
to the RI.

2.2.1. Intracellular pathway

The engineering of RNases to amend the intracellular pathway, apart from the ND‐RNases
described in Section 2.1.3 that have a different goal, is the less explored approach. This is likely
because the productive intracellular route followed by cytotoxic RNases is the part of the
intoxication process that looks like more as a black box. Nevertheless, there are some examples
to deliver RNases to cellular compartments other than the cytosol. The KDEL consensus
sequence, which drives proteins to the endoplasmic reticulum (ER), was added to the C‐
terminal end of BS‐RNase resulting in a loss of cytotoxicity compared to the parental enzyme
[65] indicating that this compartment is not an essential intracellular station for the arrival of
BS‐RNase to the cell cytosol. In addition, it has been tried to decrease the lysosomal degradation
of one of the cytotoxic Evade™ RNases, the Gly88Arg variant, by introducing the change
Lys7Arg in the Lys‐Phe‐Glu‐Arg‐Gln sequence that targets proteins to the lysosomes. In this
case, Lys7Arg/Gly88Arg RNase A is nearly tenfold more cytotoxic than Gly88Arg RNase A
variant but has more than tenfold less affinity for RI [90]. Once again, the changes introduced
to enhance one of the aspects of RNase cytotoxicity affect other important features of this
process precluding a clear conclusion.

2.2.2. Chemical conjugation

Targeting RNase molecules to tumor cells was early carried out by chemical conjugation of
both RNase A to transferrin (Tf) or mAb against Tf receptor (TfR) [148] as well as to the T‐cell
antigen CD5 [149] and ONC to anti‐Tf receptor mAb 5E9 [150]. These studies showed that the
antibody conjugates were more efficient than Tf conjugates and that ONC and RNase A
conjugated to antibodies by a reducible disulfide bond were equally potent (IC50 values in the
nM range). However, ONC conjugates showed increased efficiency likely due to the fact that
ONC is not inhibited by the RI, while RNase A might not be able to saturate it even when
conjugated to a particular cell driver [151]. In these primary studies also, ONC was conjugated
to CD22‐specific mAb LL2 and RFB4, which resulted in a several thousand‐fold increase in
cytotoxicity comparable to that of anti‐CD22 immunotoxin conjugated to plant or bacterial
toxin cargoes [152]. These results confirmed that RNases are as potent as these toxins when
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properly targeted. Nevertheless, although these chemical conjugates reduced the tumor size
in animal models while not showing appreciable toxicity, their lot‐to‐lot heterogeneity was a
serious drawback for further development [153]. ONC was also conjugated to P‐glycoprotein
(P‐gp) neutralizing mAb MRK16. This construct increased ONC cytotoxicity and at the same
time sensitized the multidrug‐resistant cancer cells that overexpress MDR1 gene to vincristine
[154]. These results may be explained by both the mAb binding to P‐gp that diminishes its
drug‐expelling ability and its ability to internalize ONC.

More recently, the amino groups of Lys side chains of RNase A and variant Lys41Arg (Lys41
is an amino acid critical for the ribonucleolytic activity of the enzyme [155]) were randomly
conjugated to folate since folate receptors are overexpressed on the surface of many types of
cancer [156, 157]. However, the results showed an abolition of the catalytic activity of RNase
A, while the variant Lys41Arg only retained 54 % of its catalytic activity. In the same work, a
folate analogue was designed, produced, and used to specifically S‐alkylate Cys residues
introduced by site‐directed mutagenesis at positions 19 or 88. Only those proteins modified at
positions that endow them with the ability to evade the RI were able to diminish cell prolifer‐
ation. Thus, even in this case, enhanced internalization had to be accompanied by an RI
evasion [158].

2.2.3. Fusion RNases and ImmunoRNases

The progress attained in the technology of construction and production of recombinant fusion
proteins particularly using antibodies [145, 146] has been applied to RNases. Several RNases
have been used either as scaffold onto which a targeting domain is engineered or fused,
including antibodies. In the latter case, several antibody constructs such as scFv, diabodies,
scFv‐Fc, and F(ab)2 antibody fragments were used as a fusion partner [159]. Generally
speaking, small antibody constructs are best suited to penetrate and distribute into solid
tumors. However, the smaller the construct, the faster it disappears from blood circulation.
Thus, a compromise in the molecular mass has been agreed, between 60 and 120 kDa for a
therapeutic protein in order to ensure a good pharmacokinetics [160]. On the other hand, when
choosing a particular RNase to be fused to an antibody or any targeting domain, it has to be
taken into account the connecting linker and the orientation of the RNase relative to the carrier
molecule in order not to alter some of the previously described RNase properties important
for their cytotoxicity.

Primarily, HP‐RNase as well as other members of the same family [161] such as angiogenin
(ANG) and other RNases such as eosinophil‐derived neurotoxin (EDN) and some engineered
variants of them were tested in experimental sets of RNase‐antibody fusion targeting Tf. They
showed about 103 times more potency than the respective chemically conjugated RNase‐
antibody (Section 2.2.2) [149, 162]. The main concern with these constructs was the host selected
for production indicating that the final yield was dependent on the expression system used
[154]. To overcome production concerns and to get more specific clinical targets, different
immunoRNases have been produced directed to antigens expressed on certain types of
leukemia but not in hematopoietic stem cells, such as CD22 and CD30 or the ErbB2 that showed
significant advantages over the equivalent chemical conjugates [153]. As alternatives, ANG,
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HP‐RNase, or RapLR1 (R. pipiens liver RNase 1), a close relative of ONC, were fused to two
CD22‐specific scFV antibody fragments generated either by reengineering the variable domain
core structure of mAb LL2 or grafting the complementary‐determining regions (CDR) of the
clinically established mAb RF4B into consistent human scFv scaffolds [163–165]. Some of them
were successfully produced and exhibited potent cytotoxicity (IC50 in the nM range) [164]
which drove to a second generation of anti‐CD22 immunoRNases in diabody format fusing
LL2 or humRFB4 to ANG or RapLRI. Bivalent anti‐CD22 immunoRNases showed a superior
cytotoxicity toward CD22+ tumor cells when compared to their monovalent counterparts due
to antigen binding by avidity and enhanced internalization [163, 164]. Different CD30‐
targeting constructs have also been produced fusing HP‐RNase or ANG to CD30‐specific
murine or human scFvs that inhibited tumor growth [166], but the entirely human bivalent
scFv‐Fc‐HP‐RNase showed better properties and inhibited the growth of CD30+ Hodgkin
lymphoma cells [167]. Even better results were obtained for immunoRNases resulting from
the fusion of CD30‐specific scFv Ki4 to ANG [168]. Recently, a humanized anti‐epidermal
growth factor receptor (EGFR) scFV was used to target ONC to EGFR‐expressing tumor cell
lines [169]. Fusion was accomplished by a flexible linker (G4S)3, but the construct resulted in
very poor cytotoxicity, likely due to endosomal accumulation and lysosomal degradation. To
avoid this drawback, the authors substituted the linker by a peptide from dengue virus that
has been reported to be involved in the endosomal escape of the virus. The modified immu‐
noRNase exhibited exceptionally high cytotoxicity toward EGFR‐expressing head and neck
cancer cell lines without affecting specificity. More recently, the same research group con‐
structed a derived diabody fragment with the specificity of the clinically established mAb
Cetuximab to deliver ONC to EGFR‐expressing tumor cells. The dimeric immunoRNase was
several orders of magnitude more cytotoxic toward EGFR‐expressing tumor cell lines than its
monomeric counterpart and exhibited significant antitumor activity in a murine A431
xenograft model, but in this case, the linker was (G4S)3 [170]. Thus, not only the linker between
the ONC and the antibody fragment is important but the structure of the antibody moiety.

An ONC variant with a modified putative N‐glycosylation site (Asn69Gln) has also fused to
humanized antibody hRS7 raised against Trop‐2, a cell surface glycoprotein expressed in a
variety of epithelial cancers [171]. The construct contained two ONC molecules fused to each
of the N‐terminus of light chains of the antibody and was produced in stably transfected
myeloma cells. The purified immunoRNase inhibited the proliferation of Trop‐2‐expressing
cell lines with an IC50 in the nM range and was able to suppress tumor growth in a prophylactic
model of nude mice bearing Calu‐3 human non‐small cell lung cancer xenografts with an
increase of the median survival time from 55 to 96 days [172]. More recently, a second gener‐
ation of these immunoRNases has been produced by the dock‐and‐lock (DNL) method. This
methodology consists in the use of a pair of distinct protein domains that are involved in the
natural association between protein kinase A (PKA; cyclic AMP‐dependent protein kinase)
and A‐kinase‐anchoring proteins. The dimerization and docking domain (DDD) found in the
regulatory subunit of PKA and the anchoring domain (AD) of an interactive‐A‐kinase
anchoring protein are each attached to a biological entity through specific linkers and the
resulting derivatives, when combined, readily form a stably tethered complex of defined
composition that fully retains the functions of individual constituents. That is, the docked
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complex can be made irreversible using a pair of linker modules that introduce Cys residues
into both the DDD and the AD domains at strategic positions that facilitate the formation of
disulfide bridges [173]. The integration of genetic engineering and conjugation chemistry of
the DNL method has been used to get two constructs containing four ONC molecules linked
to either the CH3 or CK C‐termini of hRS7 that have been evaluated as potential therapeutics
for triple‐negative breast cancer (TNBC). Both constructs showed specific cell‐binding and
rapid internalization in MDA‐MB‐486, a Trop‐2‐expressing TNBC, and displayed potent in
vitro cytotoxicity against diverse breast cancer cell lines. In addition, both seemed well tolerated
at clinically relevant concentrations. However, CK‐based construct exhibited superior Fc‐
effector functions in vitro, as well as improved pharmacokinetics, stability, and activity in
vivo. Further studies are needed regarding their immunogenicity although they are potentially
a new class of immunoRNases that warrant future research [174].

Not only animal RNases have been used to construct immunoRNases. For instance, the
construct formed by two barnase molecules fused serially to scFv of humanized 4D5 antibody
directed to the extracellular domain of epidermal growth factor receptor 2 (HER2 or ErbB2)
was produced [175]. This scFv 4D5‐dibarnase showed cytotoxicity in vitro and significant in
vivo inhibition of human breast cancer xenografts in nude mice without severe side effects [176].

The first entirely human immunoRNase was produced fusing HP‐RNase to an ErbB2‐specific
scFv named Erbicin [177, 178]. The construct recognizes an epitope distinct to that of trastu‐
zumab and pertuzumab [179], the two humanized antibodies currently used to treat HER2+

metastatic mammary carcinomas [180, 181] and do not induce cardiac dysfunction as the other
two do [182–184]. Although this immunoRNase was inhibited by the RI to an extent compa‐
rable to that of HP‐RNase, the quantity that entered the cell cytosol saturated the RI, and it
exhibited a clear RNA degradation ability [185]. Due to this limitation, a second generation of
immunoRNases was obtained by fusing an RI‐insensitive HP‐RNase variant (Arg39Asp/
Asn67Asp/Asn88Ala/Gly89Asp/Arg91Asp) [186] to ErbB2‐specific scFv showing resistance to
RI inhibition and the ability to kill mammary ErbB2+ tumor cells more efficiently [187]. This
variant does not show cardiotoxic effects in vitro and does not impair cardiac function in mouse
models [188]. In addition, since bivalent immunoRNases are more powerful than monovalent
ones, a dimeric variant of HP‐RNase was fused to two Erbicin molecules, one per subunit [189].
The new construct was able to bind to ErbB2‐positive cancer cell lines with an increased avidity
with respect to the monovalent variant and was a more cytotoxic, likely due to an increased
RI evasion.

2.2.4. Delivery strategies

Although RNases have reached clinical trials, one important aspect that researchers have still
to cope with is to improve their tissue delivery. This means, to enhance the RNases circulating
half‐live in the blood and to avoid a high glomerular filtration rate. These factors contribute to
an optimal pharmacokinetics and biodistribution. Related to these issues, some formulations
have been carried out. One of the ways to increase persistence in circulation of small proteins
such as RNases is PEGylation. Early, RNase A‐PEG conjugates were randomly made [190–
194]. However, although they presented increased persistence in circulation, they showed a
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significant reduced catalytic efficiency due to modification of the critical catalytic residue Lys
41 that abolished their cytotoxic properties. More recently, previously acylated RNase A [195]
or HP‐RNase [196] has been PEGylated at specific positions (Gly88Cys in RNase A and
Gly89Cys in HP‐RNase). Although the conjugates show a significantly reduced cytotoxicity
in vitro, they are effective in inhibiting tumors in xenograft mouse models, likely because the
diminished renal clearance in vivo compensates the potential loss of cytotoxicity due to the
PEG moiety. Due to the efficacy of this approach, mono‐PEGylation of RNase A has been
studied using two chemicals, N‐hydroxysuccinimide ester of S‐acetylthioacetic acid (SATA)
and 2‐iminothiolane (IT). Both react with primary amino groups to introduce thiol groups, a
process followed by PEGylation using maleimide chemistry. Interestingly, by thiolation, the
original positive charges of RNase A can be conserved, an important feature in order not to
lose the cationic residues. In addition, in both cases the enzymatic activity of the RNase A was
essentially maintained [197].

Another method to increase the half‐life of a protein in the blood is its conjugation with bovine
serum albumin (BSA) [198]. However, depending on the way used to get the conjugate,
albumin can decrease the enzymatic activity of RNase A. Thus, different strategies have been
described to prepare RNase A‐BSA conjugates to keep the bioactivity of the enzyme, although
the pharmacokinetic and pharmacodynamic properties still need to be determined [199].

In an attempt to get an ONC that can circumvent renal clearance, improve tumor cell targeting,
and gain endosomal escape, a modular construct has recently been described. ONC was fused
to human serum albumin (HSA) through its C‐terminus, and this former construct was also
C‐terminus appended to scFv 4D5MOCB, which targets epithelial cell adhesion molecule
(EpCAM), a validated target for anticancer therapy [200] (construct Onc‐HSA‐4D5MOCB). In
addition, in the same work, the link between ONC and the rest of the construct was also carried
out through a cleavable disulfide linker (construct Onc‐SS‐HSA‐4D5MOCB) that potentially
enables the release of ONC from its carrier after endocytosis and avoids HSA inactivation of
ONC catalytic activity. Although both constructs overcame most of the in vitro barriers, in vivo
toxicity studies with animal models showed that they increased liver toxicity while ONC is
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The genetic delivery of ONC using oncolytic adenovirus has just been tested. A combination
of viral oncolysis with intratumoral genetic delivery of an EGFR‐binding scFv antibody
fragment fused to ONC (ONCEGFR) has demonstrated feasible. ONCEGFR expression by oncolytic
viruses is possible with an optimized, replication‐dependent gene expression strategy. Very
interestingly, virus‐encoded ONCEGFR induced a potent and EGFR‐dependent bystander
killing of tumor cells. That is, some of the non‐transformed cells die by the entry of ONCEGFR

released from transfected cells. Thus, ONCEGFR‐encoding oncolytic adenovirus showed
dramatically increased cytotoxicity specifically to EGFR‐positive tumor cells in vitro and
significantly enhanced therapeutic activity in a mouse xenograft tumor model. The authors
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claim that this virus‐antibody therapy platform can be further developed for personalized
therapy by exploiting antibody diversity to target further established or emerging tumor
markers or combination of thereof [202].

Finally, to avoid cerebellar neuronal toxicity while affecting glioma cells, ONC has been
encapsulated in biodegradable poly(ricinoleic‐co‐sebacic acid) for local controlled delivery in
the parietal lobe of the brain [203]. In this way ONC was released in a controlled manner and
was cytotoxic against 9L glioma cells xenograft into the brain while evading neurotoxicity in
the cerebellum.

3. Conclusion

The efforts to construct, produce, and characterize RNase variants to get more potent and
selective non‐genotoxic antitumor drugs have been successful because both natural and
engineered RNases have reached clinical trials for the treatment of different types of cancer.
RNases do not cleave a specific RNA molecule. Instead, their effects on gene expression are
pleiotropic. This ensures a broad spectrum of synergistic interactions with other chemother‐
apeutics and, as stand‐alone compounds, makes difficult the appearance of resistance to the
drug by treated cancer cells. Thus, RNases are considered a new class of modern antitumor
drugs very interesting for the pharmaceutical industry with fewer side effects than conven‐
tional chemotherapeutic treatments.
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Abstract

Studies on the tumor microenvironment reveal that infiltration or induction of tumor-
associated immune regulatory populations at the local tumor site is strongly associated
with severe immunosuppression as well as worse prognosis of patients. Despite major
advances in cancer immunotherapy, most of the therapeutic agents often fail to break
negative immunosuppressive network to trigger anticancer immunity, leading to tumor
progression and metastasis. Therefore, emergence of potent immunostimulatory agents
is of great clinical importance. Emerging evidence suggests that metal chelates of Schiff
bases hold the promise to overcome tumor-associated immunosuppression by inhibiting
or subverting suppressive immune population toward pro-immunogenic type and thus
can be used clinically for immunotherapy of different types of cancers.

Keywords: immunosuppression, tumor microenvironment, antitumor response,
reactive oxygen species (ROS), tumor-associated macrophage (TAM), myeloid-derived
suppressor cells (MDSC), regulatory T cell (Treg)

1. Introduction

To attain malignant phenotype, the tumor cells overcome the deadly encounter of immune
system through a process known as immune editing and thus create an immunosuppressive
environment [1]. This phenomenon is evident in clinical scenarios where patients with
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malignant tumor quite often possess a blunt immune system [2]. Thus the immune system has
an impact in the progression and severity of the disease. For most of advanced malignancies
where chemotherapy is considered the treatment modality of choice often rely on the strategy
to target and destroy rapidly dividing cancer cells, neglecting the possibility that immune
system may contribute to the efficacy of treatment. In recent years, extensive research in the
context of cancer immune system has led to the development of cancer immunotherapy field
that may prove to be a powerful weapon in the treatment of cancer through modulating the
immune system. The suppressive roles played by immune cells of tumor microenvironment in
promoting tumor progression indicate that these cells can serve as novel therapeutic targets in
the treatment of cancer [3]. Emerging evidence in recent time indicates that metal chelates of
Schiff base can be used as a potent anticancer agent that imparts their cytotoxic effect through
generation of reactive oxygen species (ROS) in cancer cells [4]. Recent study also highlights the
role of those metal chelates as immune-stimulating agents [4] that possess the ability to inhibit
or subvert immunosuppressive phenotype toward proimmunogenic type and thus associated
with tumor regression. In search of novel immune-stimulatory or modulatory agents, we had
synthesized a number of metal chelates of a Schiff base namely N-(2-hydroxy acetophenone)
glycinate (NG). Among these, copper and manganese complexes of NG, e.g., copper N-(2-
hydroxy acetophenone) glycinate (CuNG) and manganese N-(2-hydroxy acetophenone)
glycinate (MnNG) exhibit immunomodulatory properties [4]. Other such metal chelates of iron,
nickel, and zinc formed with the same organic moiety (NG) lack the property of immunomo-
dulation [4]. This chapter deals with the major negative regulator of immune system during
cancer, as well as the key aspects of how the immune system can be controlled or manipulated
by the application of novel Schiff base metal chelates to enhance anticancer immunity.

2. Negative regulator of immune system and cancer

The failure of the immune system to completely eliminate the tumor cells results in the selection
of tumor cell variants that are able to resist, avoid, or suppress the antitumor immune response,
leading to the escape phase [5]. The escape phase of cancer immunoediting process is activated
by the simultaneous alteration of both tumor intrinsic mechanisms enabling them to hide from
immune attack to avoid recognition and extrinsic mechanisms that rely on disabling or elimi-
nating immune attack by creating suppressive environment [1, 2]. The mechanisms, at the level
of tumor, that evades immunity includes the loss of tumor antigen expression, downregulation
of antigen presentation through major histocompatibility complex (MHC), defects in IFN-γ
receptor signaling pathway, upregulation of antiapoptotic molecules (e.g., Bcl-XL, FLIP),
expression of inhibitory cell surface molecules (e.g., PD-L1, FasL), and secretion of various
tumor-derived soluble factors that encourage tumor outgrowth [1, 2]. The extrinsic factor of
tumor immune escape mechanism is generated by the interferences of the progressing tumor
with the host immune system through the induction and/or recruitment of potent immunosup-
pressive cells in tumor microenvironment that ultimately hinder the induction of protective
antitumor immune activity [2]. In recent years, such immune cells have gained special attention,
possibly due to their ubiquitous appearance and clear association with disease progression.
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Despite being considered as a major weapon of antitumor immunity, the activation, pheno-
type, and optimal function of T cells are regulated by a complex immunosuppressive network
of tumor microenvironment [6]. Due to the weak immunogenic nature of tumor antigen, most
of the tumor-specific T cells are deleted in thymic selection, resulting in low frequency of T cells
with a low TCR affinity [3]. Furthermore, the presence of immunosuppressive cells in the
tumor site often renders insufficient priming and boosting of T cells [3]. Over past decades,
evidence implicated the fact that tumor microenvironment is dominated by Th2-type immune
response than homeostatic tissue where Th1 type is prominent. Th1-type immunity promotes
the expression of type 1 cytokines (TNFα, IFN-γ, and IL-2) and activates cell-mediated
responses that are antitumor in nature [7]. On the other hand, Th2-type microenvironment
favors the expression of type 2 cytokines (IL-4, IL-10, and TGF-β) that initiate tissue
remodeling, angiogenesis, and occasional humoral immunity fostering a protumorigenic state
[8]. The Th2 programming in the tumor microenvironment can be attributed by the presence of
various immunosuppressive cells notably tumor-associated macrophages (TAMs), regulatory
T cells (Tregs), and immature myeloid cells including the myeloid-derived suppressor cells
(MDSCs) and immature dendritic cells (iDCs) that form an inhibitory network which sup-
presses local immunity [3]. Thus strategies involving the inhibition or subversion of suppres-
sive immune population in tumor microenvironment hold the premise to effectively blunt Th2
programming and thereby, tilt the balance back toward Th1-based immune programs that
would eventually impede tumorigenesis.

2.1. Tumor-associated macrophages (TAMs) and cancer

Macrophages are well distributed innate immune cells, known for their versatility and plasticity
by exerting different functional properties in response to diverse environment stimuli. Originat-
ing from blood monocytes, macrophages are recruited into peripheral tissue where they differ-
entiate into distinct mature macrophages by the expression of particular markers [9]. In mice,
macrophages are known to exhibit phagocytic activity and express CD11b, F4/80, and colony-
stimulating factor-1 receptor (CSF-1R; CD115) marker [9]. In humans, phagocytosis, CD68,
CD163, CD16, CD312, and CD115 are the major characteristic features of this lineage [9].
Diverse immunological signals in tumor microenvironment lead macrophages to undergo
polarized activation [10]. Such a polarization includes the “activated” macrophage (M1 macro-
phages) and “alternatively activated” macrophages (M2 macrophages). M1 macrophages that
are activated following stimulation with Th1 cytokine IFN-γ alone or in combination with LPS
or TNF-α or through engagement of Toll-like receptors (TLRs) are characterized by elevated
expression of class II major histocompatibility complex (MHC), expression of interleukin (IL-12)
and tumor necrosis factor α (TNF-α), generation of reactive oxygen species and nitric oxide
(NO), and the ability to kill pathogens and cells [11]. Early in tumorigenesis M1 macrophages,
generally characterized by an IL-12high IL-10low phenotype, support immune response to the
nascent tumor by the secretion of large amounts of IL-12, IL-1α, IL-1β, IL-6, and TNF-α, and
IFN-γ by Th1 lymphocytes. Furthermore, the induction of nitric oxide (NO) and ARG1 expres-
sion by M1 macrophages increases CTL cytotoxicity on tumor cells. In contrast, the “alterna-
tively activated” macrophages (M2 macrophages) that differentiate in response to IL-4, IL-13,
M-CSF/CSF-1, IL-10, and TGF-β1 are associated with inducing Th2-type responses, including
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humoral immunity and wound healing [11]. Interestingly in the context of tumor immune
response, reports highlights that macrophages in tumor microenvironment are biased away
from the M1 to M2 type macrophages and known as tumor-associated macrophages (TAMs)
[12]. During late-stage tumor progression, TAMs exhibit an IL-12low IL-10high phenotype with
low tumoricidal activity [12] in TME. Growing body of literature has well established the fact
that TAMs have been known to provide a favorable microenvironment for tumor growth,
tumor survival, and angiogenesis [11].

2.1.1. Tumor-associated macrophages (TAMs) and immunosuppression

TAMs are the major components of infiltrating immune cells in the tumor site of virtually all
types of malignancies. The abundant nature of TAMs within the tumor microenvironment
enables them to maintain severe immunosuppression and has been often associated with
worst prognosis. During the process of tumor progression, the secretion of tumor-derived
soluble factors that support the development of TAM in the local tumor sites includes M-
CSF, IL-10, IL-4, and IL-13. Several studies have reported that TAM-derived secreted medi-
ators such as TGF-β, IL-10, arginase 1, prostaglandins, and indoleamine dioxygenase (IDO)
make a significant contribution to immunosuppression [13]. Poor antigen presenting capac-
ity of TAMs reduces the tumor-specific T-cell proliferation and response by releasing the
immunosuppressive factors, IL-10 and TGF-β [10]. Several studies have reported that the
maturation of dendritic cells (DCs) in situ is halted by IL-10 derived from TAM but
increases the differentiation of macrophages toward TAMwith defective antigen presenting
machinery [9, 14]. In contrast, proinflammatory cytokine IL-12 is crucial for the develop-
ment of CD4+ Th1 response as CD4+ Th1 cells are a major source of IFN-γ. However,
autocrine production of IL-10 by TAM is, in part, responsible for the defective LPS/IFN-γ
response and reduced expression of IL-12; thereby impaired the cell-mediated immunity in
tumor site [15]. Furthermore, TAMs also severely downregulate the expression of other
proinflammatory cytokines such as TNF-α, IL-6, CCL3, and IL-1β, upon activation with lipo-
polysaccharides (LPS) [12]. Immunosuppressive cytokine TGF-β derived from TAMs promotes
the development of Th2 cells, and induction and infiltration of CD4+CD25+FoxP3+ T cells (Treg)
at the tumor site [13] are also regulated by TAMs through secretion of TGF-β and IL-10.
Alteration of nutrient starvation of tumor microenvironment is another strategy of tumor-asso-
ciated myeloid population. Depletion of L-arginine in the tumor microenvironment is also an
important mechanism of TAM-mediated T-cell suppression [12]. Metabolization of L-arginine
that depends on the activity of two crucial enzymes, nitric-oxide synthase (NOS) and arginase I
(ARGI), has been shown to be differentially regulated by macrophages. The expression of iNOS
is upregulated by Th1 cytokines, whereas induction of arginase depends on the Th2 cytokines.
Thus, in late stage of tumor, high expression of arginase is found to be associated with TAMs.
Metabolism of L-arginine by ARGI to urea and L-ornithine is necessary for tumor as L-ornithine is
the precursor molecules of many tumor growth factors. Furthermore, depletion of L-arginine
from extracellular space inhibits the re-expression of the CD3 ζ chain, which is required for a
proper T-cell activity. TAMs display a defective and delayed NFkB activation signaling, which
probably provides a molecular mechanism for altered TAM functions, including defective iNOS
expression [12].
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2.1.2. TAMs as promising therapeutic targets in cancer therapy

Accumulated evidence has demonstrated that immunosuppressive nature of TAM favors
tumor cells during tumor development and invasion, suggesting TAM as a target for clinical
therapy. TAM-targeting cancer therapy involves on the strategy either by inhibition of TAM
recruitment at local tumor site or by modulation of their behavior from protumorigenic M2 to
antitumor M1 phenotype. The inhibition of recruitment of TAMs at tumor site can be achieved
by targeting chemokine and their receptors as well as selective killing of TAM. Treatment of
Met-CCL5 (receptor antagonist of CCL5) significantly reduces the number of macrophage
infiltration at tumor site and promotes tumor regression [16]. The pharmacological inhibition
of CCL2 with bindarit significantly reduces infiltration of macrophage and suppresses tumor
growth [17]. Some studies have also shown that antitumor drug trabectedin exerts cytotoxicity
on TAMs without hampering lymphoid subsets [13]. Combination of zoledronic acid with
sorafenib dramatically decreases macrophage population, resulting in the enhancement of
antitumor effect [16]. A number of other drugs that have also known to inhibit macrophage
infiltration include thalidomide, pentoxifylline, and genistein [16]. Furthermore, inhibition of
CSF-1R signaling by antibody is also associated with TAM infiltration and tumor regression
[18]. Reprogramming of M2 like TAMs toward M1 type macrophage is another potential
therapeutic approach. Several studies have shown that activation of TLR signaling stimulates
M1 polarized macrophage response [19]. Restoration of IKKβ/NF-kβ pathway is another
promising strategy to restore M1 macrophage-mediated intratumoral cytotoxicity [20]. Studies
in this direction reveal that combination of CpG plus an anti-IL-10 receptor antibody switched
infiltrating macrophages to M1 through restoration of NF-kβ activation thereby promote
inflammatory functions [19]. These data suggest that switching the TAM phenotype from M2
to M1 during tumor progression may promote antitumor activities.

2.1.3. Novel approach for modulation of TAM behavior by CuNG

The first study that reveals CuNG as strong immunomodulator is associated with almost
complete regression of drug-resistant tumor [21, 22]. CuNG treatment induces gradual reversal
of immunosuppression as evident by restoration of lymphoproliferative response in drug-
resistant tumor-bearing animal model. CuNG treatment in vivo increased the number of IFN-
γ producing CD4+ and CD8+ cells but decreased the number of T regulatory marker-expressing
T cells in tumor sites. Although no direct cell-mediated cytotoxicity was observed, robust
expression of apoptogenic cytokines viz. IFN-γ and TNF-α at tumor site as well as peripheral
and spleen mononuclear cells were sufficient enough to resolve many drug- and radiation-
resistant tumors [21, 22]. This is particularly substantial as local cytokine milieu in tumor
microenvironment profoundly affects the functional plasticity of macrophages, which plays a
key role in skewing suppressive Th2 response toward Th1 type [11, 23]. The evocation of Th1
response largely depends on the critical level of the two regulatory cytokines, IL-10 and IL-12.
IL-10 inhibits important aspects of cell-mediated immunity, whereas IL-12 induces type 1
cytokine production and effective antitumor cell-mediated response [3, 6].

Numerous therapeutic strategies involving TAM relies on reeducation or polarization of
TAM suggesting that it could be possible to convert them toward nonsuppressive and
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antitumorigenic type by creating appropriate cytokine microenvironment [23]. Previously it
was shown that in the presence of IL-12, TAMs rapidly alter their functional phenotype
from tumor supportive and immunosuppressive to antitumorigenic type [24]. Our study in
this direction showed that CuNG owns the potential to alter the immunosuppressive phe-
notype of TAMs toward proinflammatory by evoking a robust IL-12 and decreased IL-10
and TGF-β production by TAMs and thereby polarize its functional phenotype toward
inflammatory both in vitro and in vivo [25]. CuNG-mediated cytokine alteration in TAMs
is associated with the establishment of beneficial cytokine in tumor microenvironment that
skewed the unresponsive CD4+ T-cell population toward Th1 type in contact in an indepen-
dent manner. The critical balance between elevated IL-12 and reduced IL-10 in CuNG
treated TAMs is significant; because in one hand presence of IL-12 results in hugely elevated
levels of IFN-γ [3], which limits T-cell survival and shortens Th1 response [26], on the other
hand small amount of IL-10 limits the self-killing mechanism of Th1 cells and thereby
prolonged its persistence [27]. Interestingly, CuNG-treated TAMs maintained a stable bal-
ance between IL-10 and IL-12 production, where IL-12 levels were higher than IL-10. This
critical balance between these two cytokines was sufficient enough to induce Th1 response.
Further study disclosed that in vitro treatment of CuNG significantly reduces the immuno-
suppressive cytokines and augments IL-12 generation in the blood monocytes of patients
with metastatic cancers. Therefore, abrogation of immune suppression in tumor microenvi-
ronment through CuNG is principally due to the reprogramming of TAM in terms of their
cytokine profile [25].

To decipher the underlying mechanisms of phenotypic conversion of TAM immunosuppres-
sive (IL-12low, TGF-βhigh) to proimmunogenic (IL-12high, TGF-βlow) type, our study in this
direction reveals that CuNG induces ROS generation by TAMs, which is associated with the
activation of two mitogen-activated protein kinases (MAPKs) (p38MAPK and ERK1/2), and
also causes upregulation of intracellular GSH in TAMs [28]. Earlier reports showed that LPS-
induced IL-12 production in normal macrophages is regulated by the activation of
p38MAPK signaling [29], and activation of ERK1/2 in macrophages is associated with the
production of IL-10 and TGF-β and negatively regulates IL-12 production [30–32]. CuNG-
mediated ROS generation leads to the activation of p38MAPK that upregulated the initial IL-
12 production and to the activation of ERK1/2 pathway along with GSH upregulation
separately, found responsible for IFN-γ production by TAMs. It is important to note that
GSH/oxidized GSH plays a crucial role in regulating IFN-γ-mediated augmentation of IL-12
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GSH upregulation are independently associated with IFN-γ augmentation in TAMs. This
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downregulated TGF-β production, thereby plays the decisive role in CuNG-mediated
reprogramming of regulatory cytokine production by TAMs. Although ROS-mediated cyto-
kine modulation in TAMs toward proimmunogenic (IL-12high, TGF-βlow) type has also been
found by application of other Schiff base metal, e.g., ZnNG and FeNG [28], unlike CuNG,
their effect were found to be temporary. Therefore, inclusion of copper within NG scaffold
provides the compound with a unique characteristic to skew and maintain a sustained
proimmunogenic phenotype in TAM.
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2.2. Role of myeloid-derived suppressor cells (MDSCs) in immune regulation in cancer

2.2.1. History, origin, and phenotype

The descriptions of myeloid suppressor cells were first reported more than 20 years back in
normal and tumor-bearing mice as well as in patients with cancer. Initially they were known as
natural suppressor (NS) cells due to induction of tolerance to foreign antigens by inhibiting
various activities of the immune system [33]. Recent evidence has disclosed that these sup-
pressive cell populations significantly differ from normal myeloid precursors. In healthy indi-
viduals, normal hematopoiesis give rise to common myeloid progenitor cells in bone marrow,
which, in turn, convert to immature myeloid cells (IMC) that ultimately differentiated into
mature granulocytes, macrophages, or dendritic cells (DCs) [34]. However, in pathological
conditions such as cancer, sepsis, trauma, and various infectious diseases, the differentiation
of IMCs are partially blocked and thus resulting in the expansion of MDSCs [34]. Based on the
origin and biological function, the term MDSCs has been suggested [35].

MDSCs are a heterogeneous group of myeloid population comprising granulocyte, monocyte,
and dendritic cells, which have been prevented from fully differentiating into mature cells and
are capable of suppressing the immune response [34]. They do not express the cell-surface
markers that are exclusive for monocytes, macrophages, or DCs and are comprised of a
mixture of myeloid cells with a morphology similar to both granulocytes and monocytes. In
healthy mice, around 20–30 of cells represent this phenotype and approximately 2–4% of cells
are present in the spleen, although the frequency of these cells in tumor-bearing mice is largely
enhanced. In mice, MDSCs are characterized by the co-expression of the myeloid lineage
differentiation antigens Gr1 and CD11b (also known as αM-integrin) [34]. Since Gr-1 antigen
consists of two separate epitopes, Ly6G and Ly6C, the establishment of Ly-6C- and Ly-6G-
specific mAbs has led to the identification of two MDSC subsets in the spleens of tumor-
bearing mice: CD11b+Ly-6ClowLy-6G+ MDSCs with granulocytic morphology (PMN-MDSCs)
and CD11b+Ly-6ChighLy-6G− MDSCs with a monocytic phenotype (MO-MDSCs) [36]. The
Ly6G molecule is expressed primarily by granulocytes, whereas Ly6C is highly expressed by
monocytes. Although the pattern of PMN-MDSC and MO-MDSC subsets differs between
tumors and organs, over 80% of MDSCs are PMN-MDSCs, whereas less than 10% of MDSCs
are MO-MDSCs in most of experimental models [36]. However, it is difficult to discriminate
PMN-MDSCs from neutrophils as neutrophils also express both CD11b and Ly6G.

In humans, identification of MDSCs is very difficult due to the absence of a good marker such
as Gr-1 and fewer opportunities to obtain samples. However, several studies have identified
PMN-MDSCs (CD11b+CD14-CD15+ cells with a PMN morphology) and MO-MDSCs (being
CD11b+CD14+HLA-DRlow/− and secreting TGF-β) [34] in the peripheral blood of patients with
cancer. Other studies have shown that PMN-MDSCs are usually defined as CD14−CD11b+ or,
more narrowly, as cells expressing the common myeloid marker CD33, but lack expression of
markers of mature myeloid and lymphoid cells and of the MHC class II molecule HLA-DR
[34, 37]. MO-MDSCs have also been identified within a CD15+ population in human peripheral
blood [34]. In healthy individuals, IMCs represents about 0.5% of peripheral blood mononu-
clear cells [37]. Nevertheless, information on each human MDSC subset is much less specific
than it is for mice and warrants further investigations.
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2.2.2. MDSC-mediated immunosuppression in cancer

MDSC suppresses immunity by perturbing both innate and adaptive immune responses.
MDSC exerts its suppressive activity against T cells through diverse mechanisms [34]. One of
such mechanisms is associated with L-arginine metabolism. Expression of inducible nitric
oxide synthase (iNOS) and arginase 1 (Arg1) in MDSCs is dependent on the substrate L-
arginine. Arg1 and reactive oxygen species (ROS) are upregulated in activated PMN-MDSCs
[36, 38], whereas Arg1 and iNOS are highly expressed in activated MO-MDSCs [39]. The
upregulation of either Arg1 or iNOS results in L-arginine shortage from the tumor microenvi-
ronment, leading to consequent inhibition of T-cell proliferation through multiple mechanisms
such as reduction of CD3 ζ-chain expression and IFN-γ/IL-2 secretion by T cells [40]. High
levels of ROS in PMN-MDSCs can induce nitrosylation of the T-cell receptor (TCR) during
direct cell-to-cell communication, which contributes to the inhibition of antigen-specific T-cell
activation [34]. ROS production by PMN-MDSCs is known to be induced by several tumor-
derived factors such as TGF-β, IL-6, IL-10, and GM-CSF [41]. The suppressive function of
PMN-MDSCs depends on Arg1 and ROS [36, 38], whereas that of MO-MDSCs requires a
signal transducer and activator of transcription 1 (STAT1) and iNOS [38]. In activated PMN-
MDSCs, STAT3 is highly activated, which results in increased expression levels of ROS
through the upregulation of NADPH oxidase (NOX2) but not NO production [38, 39]. On the
other hand, STAT1 and iNOS are highly upregulated in MO-MDSCs, resulting in increased
levels of NO but not ROS production [34]. In addition, STAT6 signaling pathway is involved in
the upregulation of Arg1 and TGF-β through activation of IL-4 and IL-13, leading to immuno-
suppressive activity [40]. However, the immunosuppressive mechanisms overlap between G-
MDSCs and M-MDSCs in human cancers. iNOS is also upregulated in PMN-MDSCs in a
variety of human cancers [42–44]. CD14+HLA-DR−/low MO-MDSCs express NADPH oxidase
component gp91 (phox) and produce high level of ROS in human non-small cell lung cancers
[45]. These MO-MDSCs inhibit T-cell proliferation and IFN-γ secretion in a cell-contact-depen-
dent manner.

Another mechanism of MDSC-mediated T-cell suppression is associated with cysteine dep-
rivation from local environment [46]. Cysteine is the essential component required for T-cell
activation, differentiation, and proliferation, which they cannot synthesize; rather dependent
on antigen-presenting cells. Dendritic cells and macrophages can deliver cysteine to T cells
by converting methionine and cystine to cysteine [47]. Like the APCs, MDSCs also import
extracellular cystine for converting it to cysteine, but unlike APCs, they do not export
cysteine, leading to lack of cystine from local environment for dendritic cells and macro-
phage [46].

The potential suppressive property of MDSCs can also be reflected on the innate immunity.
Studies have shown that MDSCs impair NK-cell development, IFN-γ production, and cytotox-
icity against tumor cells. This suppression is mediated by membrane-bound TGF-β1 and
through downregulation of NKG2D (the primary activating receptor for NK cells) [48]. Cyto-
toxic activity of NK cell and their apoptogenic cytokine secretion is also disrupted by
CD14+HLA-DR−/lo MO-MDSCs secretion in a cell-contact-dependent manner in human hepato-
cellular carcinoma [48]. The inhibition of NK cells is independent on arginase activity. The
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similar inhibitory mechanism of NK-cell development and functions by IL-1β-induced PMN-
MDSCs have been also demonstrated in a mouse model [49]. Furthermore, MDSCs can skew
macrophage-derived cytokine profiles from type 1 to type 2 putatively through Toll-like receptor
4 signaling pathway [49]. This effect is amplified by macrophages that increase the MDSC
production of IL-10. Indeed, increased MDSC levels in peripheral blood and tumor are closely
associated with the infiltration of CD163+ M2 macrophages in human esophageal cancer [50].

2.2.3. Therapeutic strategies against MDSCs

Several strategies that are currently being tested against MDSCs to break the immunosuppres-
sive network can broadly be categorized into four groups.

A first strategy would be promoting the differentiation of MDSCs into mature, non-suppres-
sive cells. A number of agents, e.g., all-trans retinoic acid (ATRA), have been identified as a
candidate agent that possesses this ability, which favors MDSC differentiation into mature DC,
macrophages, and granulocytes [51]. Treatment of ATRA on mouse or human MDSCs results
in the induction of myeloid cell differentiation both in vitro and in vivo and thereby improves
antitumor immune responses [51]. However, ATRA was also shown to induce the develop-
ment of CD4+ regulatory T cells (Tregs), by upregulating expression of the T cell cell-fate
regulatory transcription factor FoxP3 [52]. Thus, ATRA is not an ideal candidate for MDSC
depletion, as simultaneous Treg induction induced by ATRA treatment could further contribute
to tumor development. Another promoter of MDSCs differentiation is 25-dihydroxyvitamin
D3, which has been reported to drive myeloid progenitor cell differentiation both in vitro and
in vivo [52, 53]. Treatment in patients with head and neck squamous cell carcinoma resulted in
reduction of the circulating CD34+ MDSCs with increased levels of plasma IL-12 and IFN-γ and
T-cell proliferation. However, in another study, 25-hydroxyvitamin D3 alone has failed to
improve the clinical outcome [52, 53].

Second promising approach is to inhibit or block the expansion of MDSCs. Many tumor-
derived factors can induce the development and expansion of MDSCs from hematopoietic
precursors. Several neutralizing antibodies or inhibitors against tumor-derived factors or those
receptors such as GM-CSF, GMCSF receptor (GM-CSFR), M-CSF, M-CSF receptor (MCSFR), G-
CSF, VEGF-A, or stem cell factor (SCF or KI) [52–54], and MMPs have been reported to inhibit
MDSC expansion or mobilization. However, anti-VEGFA monoclonal antibody, bevacizumab,
could not reduce the accumulation of MDSCs in human renal cell cancer [53].

Thirdly, MDSCs can be selectively depleted in pathological settings by employing certain
chemotherapeutic agents such as sunitinib, cimetidine, gemcitabine, and 5-fluorouracil (5-FU)
[53]. Application of such drugs in tumor-bearing hosts resulted in a dramatic decrease in the
number of MDSCs and a marked improvement in the antitumor response. Treatment with 5-
fluorouracil (5-FU) selectively induced apoptosis in MDSCs, resulting in delayed tumor
growth with concurrent T-cell-dependent antitumor responses. As compared to gemcitabine,
5-FU induced a more potent apoptosis-mediated MDSC depletion in vitro and in vivo. How-
ever, one study shows that a combination of gemcitabine and capecitabine does not affect the
levels of MDSCs in patients with advanced pancreatic cancer [52]. Furthermore, 5-FU treat-
ment was not curative in this tumor model because of Nlrp3 inflammasome induction, which
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led to MDSC-derived IL-1β secretion and angiogenesis [53]. Attempts have also been made to
deplete Gr-1+ MDSCs by using anti-Gr-1 antibody that result in delayed tumor growth in mice
[53]. However, this antibody also targets neutrophils, thus lacking the necessary specificity for
clinical use.

Fourthly, another attractive way to control MDSC function would be interrupting the under-
lying signaling pathways that are responsible for the production of suppressive factors by
these cells. The molecules that can be effectively targeted for this purpose include cyclooxy-
genase 2, arginase 1, iNOS, and indoleamine 2,3-dioxygenase [52]. Since ARG1 and iNOS are
the primary enzymes responsible for MDSC immunosuppression, these enzymes are the most
likely targets for novel therapeutic interventions. Various different drugs including nitro-
aspirin, COX-2 inhibitors, and phosphodiesterase-5 (PDE5) inhibitors have been shown to
profoundly inhibit both ARG1 and iNOS activity in MDSC. By removing MDSC suppressive
mediators, these drugs exhibited a potent ability to restore antitumor immune responses and
delayed tumor progression in several mouse models [52–54]. Interestingly, in addition to
inhibiting MDSC function, COX2 inhibitors also blocked the systemic development of MDSC
as well as CCL2-mediated accumulation of these cells in the tumor microenvironment in a
mouse model of glioma [52, 54].

2.2.4. Novel therapeutic strategies against MDSCs

Although various agents such as chemotherapeutic drugs, vitamin derivative, and mAb are
widely applied against MDSCs, only few of them are known to exhibit their inhibitory effect
directly on MDSCs. Moreover, restricted use of these drugs on certain conditions or cancer
patients often opens the possibility to apply emerging agents that bear direct inhibitory effect
on MDSCs.

Earlier investigations reveal CuNG as a strong immunomodulator that successfully induce the
conversion of immunosuppressive TAMs toward proimmunogenic type, enhancing Th1
response sufficient to resolve drug-resistant cancer in animal model. Interestingly, the effect of
CuNG is not exclusive to TAMs; rather it also targets MDSCs which happens to be another
strong negative regulator of tumor immunity [55]. Treatment with CuNG in drug-resistant
mice severely abrogates the accumulation of MDSCs in spleen as well as tumor site. Further
study discloses that this reduction was associated with enhanced Th1 responses (evident from
increase in IFN-γ production) and diminished Th2 responses (decrease in IL-4 production) as
well as decline in Foxp3+Treg numbers [55]. Detailed investigation reveals the underlying
mechanism that is associated with Fas-FasL interaction between MDSCs and CD4+T cells.
Treatment of CuNG increases the FasR expression in MDSCs and FasL in CD4+T cells.
Although FasL expression is enhanced, FasR expression in CD4+ T cells was not observed
following the treatment that determines the specificity of CuNG [55].

Another study that deals with metal chelate of Schiff’s base is associated with the immunomo-
dulation of tumor microenvironment. Metal chelate of manganese (MnNG) can have a number
of valence states and possess the ability to modulate the immunosuppressive TME by reducing
the number of tumor-associated MDSCs in drug-resistant tumor-bearing mice. A closer look at
MnNG-mediated action reveals that it promotes MDSC differentiation into dendritic cells but
not toward macrophages [56]. Additionally, it helps in the proliferation of T cells that ultimately
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skew Th2 immunity toward protective Th1 response. Thus MnNG may help in the differentia-
tion of immunosuppressive MDSCs toward dendritic cells and with the upregulation of
costimulatory molecules, namely CD80 and CD86, enabling them to act as better antigen-
presenting cells (APCs) that ultimately generate protective antitumor immunity [56]. However,
the plausible molecular mechanism underlying MnNG-mediated differentiation of MDSCs in
TME is still elusive and warrants further investigations.

2.3. T-regulatory cells in cancer

The tumor escape of immune surveillance is also achieved by the recruitment of immunosup-
pressive CD4+CD25+FoxP3+ Tregs into the tumor microenvironment. The phenotype and func-
tional properties of Tregs are similar in mice and human. They include both natural Treg
(nTreg) and locally induced Treg (iTreg) cells [57, 58]. nTreg cells are derived from thymus
without specific antigenic stimulation and represents a small fraction (5–6%) of total CD4+ T
cells. They are characterized by the expression of CD25, FoxP3, and GITR [3]. CD4+ or IL-10
expressing iTreg cells are also known to express high levels of Foxp3 and GITR [58]. Induced
Tregs are emerged from naive T cells by specific modes of antigenic stimulation, especially in a
particular cytokine milieu [57, 58]. Both subsets possess a strong capacity to suppress the
immune system, although they differ in a distinct suppressive mechanism. A large number of
CD4+CD25+FoxP3+ Treg cells are found in both the circulation and tumor site of different
cancer-bearing patients and their number inversely proportional to the survival of the patients.
They are either naturally occurring or locally induced Treg population [58]. Experimental
observation reveals that chemokine CCL2 produced by tumor and its associated macrophages
facilitate the recruitment of thymus-derived Treg cells in tumor microenvironment [3]. Defec-
tive myeloid DCs also induced IL-10+ regulatory T cells in vitro and in vivo in patients with
cancer. Conversion of Treg from CD4+CD25− T cells depends on local cytokine milieu. Immu-
nosuppressive cytokines such as TGF-β and IL-10, which are present at high levels in the
tumor microenvironment, might mediate induction and differentiation of iTreg cells [58].
Recent studies also highlighted the role of MDSCs to facilitate the de novo development of
Tregs through TGF-β dependent and independent pathways [34].

2.3.1. Tregs and immunosuppression

Tumor-associated Tregs suppress both the innate and the adaptive immune responses. The
suppressive function of tumor-induced Tregs depends on the antigen-specific stimulation of
these cells. Once activated, they efficiently suppress CD4+ and CD8+ T cells in an antigen non-
specific manner [58]. This suppressive potential of Tregs depends on the cell-cell contact and
soluble mediators (e.g., TGF-β and IL-10) released by Tregs. Recent evidence suggests that Treg
exerts immunosuppressive function by lowering the endogenous TAA-specific T-cell immunity,
thereby contributing to tumor progression [3]. Furthermore, the progressive infiltration and
induction of Treg tilt the balance between Treg cells and effector T cells toward immunosuppres-
sion. This is, in part, mediated by competition for IL-2 between Tregs and conventional T cells.
IL-2 promotes the differentiation of T cells into effector T cells. Interestingly, it also promotes the
differentiation of immature T cells into regulatory T cells. Therefore, competitive consumption of
IL-2 is also indirectly related to suppressive mechanism for Tregs in established tumors [59].
Another effective way to suppress T-cell activation and promote tolerance is to reduce the
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availability of tryptophan, which is performed by the IDO+ APC in the tumor microenviron-
ment. CTLA4+ Tregs help inducing the expression of IDO in APCs through CTLA4 to mediate
their suppressive activity [60]. Furthermore, Tregs also downregulate the expression of CD80
and CD86 through CTLA-4 and induce immunosuppressive costimulatory molecule B7-H4 on
DCs by IL-10 and thus hamper activation of other T cells by DCs [61]. Additionally, Treg-
mediated suppression of natural killer (NK)-cell function is associated with TGF-β in tumor-
bearing mice [62].

2.3.2. Therapy against Tregs

Tregs within tumor site are crucial components for tumor immunosuppression. Therefore
depletion or functional inhibition could be a promising strategy for inducing antitumor immu-
nity. Selective depletion of Tregs can be achieved by anti-CD25 antibody, which significantly
improves T cell-mediated tumor regression [58, 62]. CTLA4 is another potential target. Admin-
istration of CTLA4-specific antibody with cancer vaccine effectively reduces Tregs and
improves immunity [58, 62]. However, blocking of CTLA4 is strongly associated with the
induction of autoimmune manifestation [58, 62]. Furthermore, this antibody fails to induce
depletion of peripheral Tregls. An alternative therapeutic approach for the depletion of Tregs is
the use of denileukin diftitox (Ontak®), which is a ligand toxin fusion consisting of full-length
IL-2 fused to the enzymatically active and translocating domains of diphtheria toxin. The
complex inhibits protein synthesis, leading to apoptosis of Tregs [3]. A recent study indicates
that treatment with this complex significantly reduces the absolute number of peripheral Tregs
and increases effector T-cell activation in different cancer patients. However, this requires
further detailed investigation.

2.3.3. CuNG-mediated Treg modulation

Another promising approach for blocking the infiltration or functional modulation of Treg
includes the application of novel metal containing drug, e.g., CuNG that might have therapeu-
tic advantages. Previously, it was found that a sizable proportion of CD4+ cells of drug-
resistant tumor-bearing mice exhibited T-regulatory markers (CD25 and Foxp3). After in vivo
treatment of CuNG, only a few CD25+Foxp3+ cells were observed in tumor-bearing mice [22,
25]. Moreover, CuNG-treated TAMs could modulate TGF-β producing CD4+CD25+ T cells
toward IFN-γ producing T cells with concomitant decrease in the level of FoxP3 expression,
indicating that Treg can be reprogrammed toward Th1 phenotype. However, this approach
requires further investigations.

3. Conclusion

Cancer is a major problem worldwide and is the most common cause of death in many
countries. Although treatment with conventional chemotherapy is widely successful, it fails
to induce potent antitumor immune response. Emerging evidence indicates that treatment
with metal-containing agents destroy cancer cells through ROS generation and also shows the
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depletion or functional inhibition could be a promising strategy for inducing antitumor immu-
nity. Selective depletion of Tregs can be achieved by anti-CD25 antibody, which significantly
improves T cell-mediated tumor regression [58, 62]. CTLA4 is another potential target. Admin-
istration of CTLA4-specific antibody with cancer vaccine effectively reduces Tregs and
improves immunity [58, 62]. However, blocking of CTLA4 is strongly associated with the
induction of autoimmune manifestation [58, 62]. Furthermore, this antibody fails to induce
depletion of peripheral Tregls. An alternative therapeutic approach for the depletion of Tregs is
the use of denileukin diftitox (Ontak®), which is a ligand toxin fusion consisting of full-length
IL-2 fused to the enzymatically active and translocating domains of diphtheria toxin. The
complex inhibits protein synthesis, leading to apoptosis of Tregs [3]. A recent study indicates
that treatment with this complex significantly reduces the absolute number of peripheral Tregs
and increases effector T-cell activation in different cancer patients. However, this requires
further detailed investigation.

2.3.3. CuNG-mediated Treg modulation

Another promising approach for blocking the infiltration or functional modulation of Treg
includes the application of novel metal containing drug, e.g., CuNG that might have therapeu-
tic advantages. Previously, it was found that a sizable proportion of CD4+ cells of drug-
resistant tumor-bearing mice exhibited T-regulatory markers (CD25 and Foxp3). After in vivo
treatment of CuNG, only a few CD25+Foxp3+ cells were observed in tumor-bearing mice [22,
25]. Moreover, CuNG-treated TAMs could modulate TGF-β producing CD4+CD25+ T cells
toward IFN-γ producing T cells with concomitant decrease in the level of FoxP3 expression,
indicating that Treg can be reprogrammed toward Th1 phenotype. However, this approach
requires further investigations.

3. Conclusion

Cancer is a major problem worldwide and is the most common cause of death in many
countries. Although treatment with conventional chemotherapy is widely successful, it fails
to induce potent antitumor immune response. Emerging evidence indicates that treatment
with metal-containing agents destroy cancer cells through ROS generation and also shows the
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way to cure cancer through inhibition or subvertion of immunosuppressive network toward
proimmunogenic type. Strategies to target these molecular pathways by novel, cost-effective,
redox-active molecules may usher a new era in immune therapy.
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