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Homozygous co-deletion of passenger genes with a tumor suppressor gene

generates therapeutic vulnerabilities in cancer

Targeting tumor suppressor genes for cancer therapy - Bioessays 37: 0000–0000, 2015 WILEY Periodicals, Inc. – Fig 02



Hemizygous co-deletion of essential genes with a tumor suppressor gene

generates therapeutic vulnerabilities in cancer

Targeting tumor suppressor genes for cancer therapy - Bioessays 37: 0000–0000, 2015 WILEY Periodicals, Inc. – Fig 03



Targeting Cancer With Kinase Inhibitors – The Journal of Clinical Investigation – 2015;125(5):1780-1789 – Fig 01  

Regulation of tumorigenic programming by activation of kinases
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Activating genomic alterations of 

protein and lipid kinases



Targeting Cancer With Kinase Inhibitors – The Journal of Clinical Investigation – 2015;125(5):1780-1789 – Fig 03  

Potential therapeutic combinations to overcome resistance to BRAF inhibitors



Targeting Cancer With Kinase Inhibitors – The Journal of Clinical Investigation – 2015;125(5):1780-1789 – Table 01  

Example of known mechanisms of kinase activation in cancer



The emerging role of microRNAs in resistance to lung cancer treatments - Cancer Treatment Reviews 41 (2015) 160–169 – Fig 01

MicroRNA biosynthesis. Biosynthesis of miRNAs begins with transcription of the encoded 

genes by RNA polymerase II



The emerging role of microRNAs in resistance to lung cancer treatments - Cancer Treatment Reviews 41 (2015) 160–169 – Fig 03

Aberrant expression of miRNAs plays a critical role in anti-cancer drug 

resistance in lung cancer.



The emerging role of microRNAs in resistance to lung cancer treatments - Cancer Treatment Reviews 41 (2015) 160–169 – Fig 02

The role of miRNAs as tumour

suppressor genes and oncogenes. While

regulatory RNAs have not been

considered an important class of tumour

suppressor genes or oncogenes, the

ability of miRNAs to act in either

capacity is strengthened by evidence,

demonstrating that miRNAs are

dysregulated in diverse tumour types,

gain or loss of miRNA function as a

result of deletions, amplifications or

mutations, in addition to the tumour-

suppressing and tumour-promoting

activities of miRNAs in vivo. In cancer,

loss of the tumour-suppressive function

of miRNAs leads to expression of target

oncogenes, while increased expression

of oncogenic miRNAs (oncomirs) can

repress tumour suppressor genes.



Cancer immunology – development of novel anti-cancer therapies - Review article: Medical intelligence | Published 4 February 2015 – Fig 01

Blockade of CTLA-4 or PD-1 signalling in anti-cancer immunotherapy:

The T cell priming phase is schematically depicted

on the left site. T cells engage APCs, such as

dendritic cells (DCs) via their t-cell receptor (TCR).

Recognition of the cognate MHC/peptide complex

by the TCR results in the intracellular transmission

of an activating signal in the T cell, which is

complemented by a co-activating signal provided by

the CD28/B7 interaction. In order to down-modulate

T cell priming and expansion CTLA-4 is up

regulated on activated T cells after 2–3 days and

competes with CD28 for B7. CTLA-4 blocking

antibodies can therapeutically inhibit the co-

inhibitory signal provided by CTLA-4. On the right

site the effector phase is outlined. During this phase

immune effector function can be dampened by PD-

1/PD-L1 interaction. PD-1 or PD-L1 blocking

antibodies can therapeutically inhibit the co-

inhibitory signal provided by the PD-1/PD-L1

interaction and restore effector function in tumour

resident effector T cells.



Targeted therapies for treatment of non-small cell lung cancer – recent advances and future perspectives - Int J Cancer - Article version: 30.10.2015 – Fig 03

Schematic depiction of the mechanisms of action of PD-1 and CTLA-4 

checkpoint inhibitors



Targeted therapies for treatment of renal cell carcinoma: recent advances and future perspectives - Cancer Chemother Pharmacol (2015) 76:219–233 – Fig 02

Schematic depiction of PD-1 induced immunosuppression



Cancer immunology – development of novel anti-cancer therapies - Review article: Medical intelligence | Published 4 February 2015 – Table 01

Overview of phase I trials including anti-PD-1 or -PD-L1 monoclonal 

antibodies in metastatic melanoma.



Illustration of the regulation of apoptosis by p53 via MOMP

Cell death decision by p53 via control of the mitochondrial membrane - Cancer Letters 367 (2015) 108–112 – Fig 01



Illustration of the regulation of necroptosis by p53 via mitochondrial PTP opening

Cell death decision by p53 via control of the mitochondrial membrane - Cancer Letters 367 (2015) 108–112 – Fig. 02



Illustration of the regulation of Drp1 by p53

Cell death decision by p53 via control of the mitochondrial membrane - Cancer Letters 367 (2015) 108–112 – Fig. 03



Illustration of the regulation of the cell death decision by p53 via MOMP and

PTP opening. In response to DNA damage, p53 mediates apoptosis through MOMP

Cell death decision by p53 via control of the mitochondrial membrane - Cancer Letters 367 (2015) 108–112 – Fig. 04



Histone methylation and its modifiers

Histone methylation modifiers in cellular signaling pathways - Cell. Mol. Life Sci. (2015) 72:4577–4592 – Fig. 01



Overview of the molecular mechanisms underlying regulation of signaling pathways by 

methylation modifiers

Histone methylation modifiers in cellular signaling pathways - Cell. Mol. Life Sci. (2015) 72:4577–4592 – Fig. 02



Regulation of NF-kB signaling pathways by methylation modifiers

Histone methylation modifiers in cellular signaling pathways - Cell. Mol. Life Sci. (2015) 72:4577–4592 – Fig. 03



Methylation modifiers and MAPK signaling pathways

Histone methylation modifiers in cellular signaling pathways - Cell. Mol. Life Sci. (2015) 72:4577–4592 – Fig. 04



Regulation of AKT signaling pathways by PRMT1

Histone methylation modifiers in cellular signaling pathways - Cell. Mol. Life Sci. (2015) 72:4577–4592 – Fig. 05



Regulation of Wnt/b-catenin signaling pathways by methylation modifiers.

Histone methylation modifiers in cellular signaling pathways - Cell. Mol. Life Sci. (2015) 72:4577–4592 – Fig. 06



Representation of E2F-1 (A), pRB (B), NFjB (C) and p53 (D) highlighting their various protein 

domains and sites of arginine and lysine methylation. The ‘writers’, ‘readers’ and ‘erasers’ of these 

methyl marks are also indicated beneath each diagram, and are colour coded for clarity.

Post-translational control of transcription factors: methylation ranks highly - FEBS Journal (2015) – Fig.02



Cell signalling pathways influenced by E2F-1, pRB, NFjB and p53

Post-translational control of transcription factors: methylation ranks highly - FEBS Journal (2015) – Fig.03 - A

(A) Under conditions of mitogenic signalling pRB is inactivated by CDK-mediated phosphorylation events, resulting in the release

of E2F-1 and the transcription of target genes associated with cell cycle progression. Under these conditions p53 is sequestered and

poly-ubiquitinated by MDM2, resulting in its degradation. NFjB can also stimulate cell cycle progression via inhibition of pRB,

although this is usually driven by inflammation



Cell signalling pathways influenced by E2F-1, pRB, NFjB and p53

Post-translational control of transcription factors: methylation ranks highly - FEBS Journal (2015) – Fig.03 - B

(B) DNA damage stimulates the activity of the sensor kinases ATM and ATR, resulting in the phosphorylation of downstream targets. This leads to the

activation and stabilization of p53 and E2F-1, which can drive cell cycle arrest or apoptosis depending on the nature and severity of the damage sustained.

For example, p53 can drive expression of the CDK inhibitor p21, which will cause pRB activation and cell cycle arrest. Alternatively, p53 and E2F-1 can

both upregulate the expression of pro-apoptotic target genes or genes involved in DNA repair. During inflammation, NFjB translocates to the nucleus and

can upregulate target genes involved in the inflammatory response, as well as inducing p53-dependent apoptosis under some circumstances.



Cell signalling pathways influenced by E2F-1, pRB, NFjB and p53

Post-translational control of transcription factors: methylation ranks highly - FEBS Journal (2015) – Fig.03 - C

(C) Overview of methylation marks seen on E2F-1, pRB, NFjB and p53 in stressed and unstressed cells, and the

outcome these modifications have on transcription.



Schematic representation of molecular alterations in castration resistant prostate cancer

Androgen deprivation of prostate cancer: Leading to a therapeutic dead end - Cancer Letters 367 (2015) 12–17 – Fig 01



Overview of the systematic approach to identify and validate new cancer 

drug targets.

Targeting tumor suppressor genes for cancer therapy - Bioessays 37: 0000–0000, 2015 WILEY Periodicals, Inc. – Fig 01



T cell activation is a multiple-

signal process
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Combination cancer immunotherapy and new immunomodulatory targets - NATURE REVIEWS | DRUG DISCOVERY –VOLUME 14 | AUGUST 2015 - Fig 01

Tumours can express co-inhibitory and co-stimulatory ligands



Combination cancer immunotherapy and new immunomodulatory targets - NATURE REVIEWS | DRUG DISCOVERY –VOLUME 14 | AUGUST 2015 - Table 01

Immunological targets currently in clinical or preclinical development



Combination cancer immunotherapy and new immunomodulatory targets - NATURE REVIEWS | DRUG DISCOVERY –VOLUME 14 | AUGUST 2015 - Table 01 Cont.

Immunological targets currently in clinical or preclinical development



Combination cancer immunotherapy and new immunomodulatory targets - NATURE REVIEWS | DRUG DISCOVERY –VOLUME 14 | AUGUST 2015 - Fig. 03

Immunoregulatory receptors expressed on the cell surface of regulatory T cells



Combination cancer immunotherapy and new immunomodulatory targets - NATURE REVIEWS | DRUG DISCOVERY –VOLUME 14 | AUGUST 2015 - Fig. 04

Activating and inhibitory receptors on natural killer cells.



Combination cancer immunotherapy and new immunomodulatory targets - NATURE REVIEWS | DRUG DISCOVERY –VOLUME 14 | AUGUST 2015 - Fig. 05

Immunosuppressive factors in the tumour microenvironment



Targeted Cancer Therapy: Class Related Toxicities - DRUG INFORMATION UPDATE: HARTFORD HOSPITAL  - VOLUME 79, NO. 2 – Table 01

Anticancer Medications and their Targets



Subverting Subversion: A Review on the Breast Cancer Microenvironment and Therapeutic Opportunities - Clinical Research 2015:9(S2) 7–15 – Fig. 01

Summary of the various immune suppression activities by cancer cells and the cancer 

microenvironment. Actions that directly trigger immune suppression are boxed



Molecular aspects and clinical methods for preserving ovarian reserves in women receiving cancer treatment - Clin. Exp. Obstet. Gynecol. - ISSN: 0390-6663 – Fig 01

The GnRH activating pathways



Targeted therapies for treatment of non-small cell lung cancer – recent advances and future perspectives - Int J Cancer - Article version: 30.10.2015 – Fig 01

Schematic depiction of the EGFR gene and the mutations associated with 

sensitivity and resistance to drugs



Targeted therapies for treatment of non-small cell lung cancer – recent advances and future perspectives - Int J Cancer - Article version: 30.10.2015 – Fig 02

Schematic depiction of the EML-4–ALK fusion protein



Targeted therapies for treatment of renal cell carcinoma: recent advances and future perspectives - Cancer Chemother Pharmacol (2015) 76:219–233 – Fig 01

Schematic depiction of tumour angiogenesis signalling pathways



Cancer immunology – development of novel anti-cancer therapies - Review article: Medical intelligence | Published 4 February 2015 – Table 02

Frequent immune-related adverse events reported with immune checkpoint 

inhibitors.



Resveratrol-Mediated Reversal of Tumor Multi-Drug Resistance - Current Drug Metabolism, 2014, 15, 703-710 – Table 01

Some clinically relevant drug efflux transporters of the ATP binding cassette 

(ABC) family



Cancer immunology – development of novel anti-cancer therapies - Review article: Medical intelligence | Published 4 February 2015 – Fig 01

Structures of ABC transporter family.

A) P-gp, with 1280 amino acids, is consisting of two transmembrane domains (TMDs) and two nucleotidebinding domains (NBDs); B) MRP1 (1531 amino acids),

MRP2 (1545 amino acids) and MRP3 (1527 amino acids) have two TMDs, two NBDs and an extra Nterminal extension (TMD0) with five transmembrane segments

connected with a cytoplasmic linker (L0); C) MRP4 (1325 amino acids) and MRP5 (1436 amino acids) both consist of two TMDs and two NBDs; D) BCRP, with 655

amino acids, contains only one TMD and one NBD. Out and In represent extracellular and cytoplasmic, respectively



Epigenetic therapy of cancer with histone deacetylase inhibitors - Journal of Cancer Research and Therapeutics - July-September 2014 - Volume 10 - Issue 3 – Fig 01

Regulation of gene expression by histone acetylation



Epigenetic therapy of cancer with histone deacetylase inhibitors - Journal of Cancer Research and Therapeutics - July-September 2014 - Volume 10 - Issue 3 – Fig 02

Mechanisms of action of histone deacetylase inhibitors



Epigenetic therapy of cancer with histone deacetylase inhibitors - Journal of Cancer Research and Therapeutics - July-September 2014 - Volume 10 - Issue 3 – Table 01

Classification of HDAC



Epigenetic therapy of cancer with histone deacetylase inhibitors - Journal of Cancer Research and Therapeutics - July-September 2014 - Volume 10 - Issue 3 – Table 02

Summary of HDACI



Epigenetic therapy of cancer with histone deacetylase inhibitors - Journal of Cancer Research and Therapeutics - July-September 2014 - Volume 10 - Issue 3 – Table 03

Clinical trials of vorinostat in combination therapy in patients with 

hematologic malignancies



Epigenetic therapy of cancer with histone deacetylase inhibitors - Journal of Cancer Research and Therapeutics - July-September 2014 - Volume 10 - Issue 3 – Table 04

Trials of vorinostat in combination therapy in patients with solid tumors



Epigenetic therapy of cancer with histone deacetylase inhibitors - Journal of Cancer Research and Therapeutics - July-September 2014 - Volume 10 - Issue 3 – Table 05

Trials of panabinostat and belinostat



Epigenetic therapy of cancer with histone deacetylase inhibitors - Journal of Cancer Research and Therapeutics - July-September 2014 - Volume 10 - Issue 3 – Table 06

Trials of mocetinostat and entinostat



Map of the major signaling pathways of the EGFR and downstream effectors relevant to cancers. Binding of specific 

ligands (e.g., EGF, heparin-binding EGF, TGF-a)may generate homodimeric complexes resulting in conformational 

changes in the intracellular EGFR kinase domain, which lead to autophosphorylation and activation

Co-targeting cancer drug escape pathways confers clinical advantage for multi-target anticancer drugs - Pharmacological Research 102 (2015) 123–131 - Fig 01



Map of EGFR pathway showing EGFR tyrosine kinase inhibitor (EGFRI) bypass mechanisms due to downstream EGFR-

independent signaling involving mutationsresistant to EGFRI (D1), activating mutations in Raf (D2), Ras (D3), PI3K (D5), 

and AkT (D6), PTEN loss of function (D4), and enhanced accumulation of internalized EGFR byMDGI (D7)

Co-targeting cancer drug escape pathways confers clinical advantage for multi-target anticancer drugs - Pharmacological Research 102 (2015) 123–131 - Fig 02



Map of EGFR pathway showing EGFR tyrosine kinase inhibitor (EGFRI) bypass mechanisms due to compensatory 

signaling of EGFR transactivation with HER2 (C1), MET(C2), IGF1R (C3), Integrin β1 (C4), and HER3 (C5). In particular, 

C3, C4 and C5 activates PI3K via IRS1/IRS2, FAK or a PP2-sensitive kinase, and direct interaction respectively

Co-targeting cancer drug escape pathways confers clinical advantage for multi-target anticancer drugs - Pharmacological Research 102 (2015) 123–131 - Fig 03



Map of EGFR pathway showing EGFR tyrosine kinase inhibitor (EGFR-I) bypass mechanisms due to alternative signaling of 

VEGFR2 activation (A1), HER2–METtransactivation (A2), PDGFR activation (A3), IGF1R activation (A4), HER2–HER3 

transactivation (A5), HER2–HER4 transactivation (A6), MET–HER3 transactivation (A7),PDGFR–HER3 transactivation (A8), 

Integrin β1 activation (A9), IL6 activation of IL6R–GP130 complex (A10), and Cox2 mediated activation of EP receptors (A11)

Co-targeting cancer drug escape pathways confers clinical advantage for multi-target anticancer drugs - Pharmacological Research 102 (2015) 123–131 - Fig 04



Map of EGFR pathway showing EGFR tyrosine kinase inhibitor bypass mechanisms due to alternative signaling of VEGFR2 

activation (A1), HER2–MET transactivation(A2), PDGFR activation (A3), IGF1R activation (A4), HER2–HER3 transactivation 

(A5), HER2–HER4 transactivation (A6), MET–HER3 transactivation (A7), PDGFR–HER3 trans-activation (A8), Integrin a/ß 

activation (A9), IL6 activation of IL6R–GP130 complex (A10), and Cox2 mediated activation of EP receptors (A11).

Co-targeting cancer drug escape pathways confers clinical advantage for multi-target anticancer drugs - Pharmacological Research 102 (2015) 123–131 - Fig 06



Statistics of the approved, clinical trials, and discontinued multi-target anticancer drugs 

targeting and not targeting a known cancer drug escape pathway

Co-targeting cancer drug escape pathways confers clinical advantage for multi-target anticancer drugs - Pharmacological Research 102 (2015) 123–131 - Table 01



Cancer escape pathways targeted by the approved, clinical trial, and discontinued multi-

target anticancer drugs

Co-targeting cancer drug escape pathways confers clinical advantage for multi-target anticancer drugs - Pharmacological Research 102 (2015) 123–131 - Table 02



Cancer escape pathways targeted by the approved, clinical trial, and discontinued multi-

target anticancer drugs (Cont.)

Co-targeting cancer drug escape pathways confers clinical advantage for multi-target anticancer drugs - Pharmacological Research 102 (2015) 123–131 - Table 02 – Cont.



Schematic overview of 

drugs that bolster NK cell 

antitumour immunity and 

their interaction points
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Development status of drugs designed to augment NK cell antitumour immunity



Clinical studies evaluating the 

ability of drugs to bolster NK cell 

antitumour immunity
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Clinical studies evaluating the 

efficacy of adoptively infused 

NK cells
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The pharmacology of second-generation chimeric antigen receptors - Nature Reviews Drug Discovery 14, 499-509 (2015) – Fig 01

Evolution of chimeric antigen receptors



The pharmacology of second-generation chimeric antigen receptors - Nature Reviews Drug Discovery 14, 499-509 (2015) – Box 01

Structural features of chimeric antigen receptors



The pharmacology of second-generation chimeric antigen receptors - Nature Reviews Drug Discovery 14, 499-509 (2015) – Fig 02

Second-generation anti-CD19 chimeric antigen receptors used in clinical trials to treat acute 

lymphoblastic leukaemia





The pharmacology of second-generation chimeric antigen receptors - Nature Reviews Drug Discovery 14, 499-509 (2015) – Box 02

Co-stimulation targeted by monoclonal antibodies



Big opportunities for small molecules in immuno-oncology - Nature Reviews Drug Discovery 14, 603-622(2015) – Table 01

Therapeutic modalities targeting immune regulation of cancer



Big opportunities for small molecules in immuno-oncology - Nature Reviews Drug Discovery 14, 603-622(2015) – Fig 01

Immune function and the immune response to cancer
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Small-molecule drug targets to restore cancer immunity in the tumour
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Purinergic and PGE2 signaling in immune cells
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Properties of select DNA viruses
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Properties of select DNA viruses
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Oncolytic viruses can exploit cancer immune evasion pathways
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The induction of local and systemic anti-tumour immunity by oncolytic viruses
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Mechanisms of viral entry into cancer cells
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Oncolytic viruses can target oncogenic pathways





PA56CH 20-Gottesman ARI 19 October 2015 13:21

or target tumor-promoted angiogenesis, epigenetic changes in the tumor and changes in the

microenvironment are likely to play important roles in the development of resistance (19).

T he facilitating processes involved in drug resistance are all basic hallmarks of cancer (see

Mathematical Modeling of Facilitating Processes, below). T hese include an increased rate of

genetic and epigenetic alteration (e.g., mutations, chromosomal rearrangements, changes in gene

regulation owing to histonemodifications). Recently appreciated isthe high rate of heterogeneity

within tumors(e.g., see20), so although cancersareclonal derivativesof asinglecell in many cases,

the individual cancersthat result and their metastaseseach contain amultiplicity of genotypesand

phenotypesthat facilitatedrug resistance. Another critical featureof all cells, and especially cancer

cells, is that they are survivors; owing to robust and redundant pathways that sustain life, cancer

cellsareable to adapt to awide range of environmental diversity asmanifested by cytotoxic drugs.

Finally, the processesdiscussed are dynamic. T hey change in time and space; the edge of acancer

is very different from the center, cells in mitosis are very different from those in interphase, and

over time, based on stochastic processes and responses to environmental signals, cancer cells are

changing. T hese factors are enumerated in Figure 1.

RESIST AN CE T O T ARGET ED AN T ICAN CER DRUGS

T he development of agentstargeted to specific driver mutations in cancer cellshasrevolutionized

cancer treatment, but they ultimately have limited effectiveness owing to the development of

resistance. T he treatment of chronic myelogenous leukemia (CML) by targeting the BCR-ABL
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Figure 1

Drug resistance isa complex process that results from one or more specific mechanisms that render cells

resistant to anticancer drugs. Development of these resistance mechanisms is facilitated by processes that are

also central hallmarks of the malignantly transformed cell.
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Drug resistance is a complex process that results from one or more specific mechanisms that 

render cells resistant to anticancer drugs. 
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Figure 1

Self-immolative polymers degrade upon triggering. (a) A polycarbamate depolymerizes via a quinone-methide intermediate. (b) A

different polycarbamate depolymerizes via alternating cyclization and elimination. (c) Polyglyoxylate self-depolymerizes to glyoxylic

acid.

(27). Such nanomaterials have been investigated to enhance cell uptake or tissue penetration in

vitro (26). T heir practicality in directing motion in vivo remains to be demonstrated.

T he Use of N ear-Infrared Light to Access Deep T issue

L ight is a useful stimulus for triggered drug delivery and imaging. H owever, light propagation

in tissue is affected by scattering owing to tissue heterogeneity and by absorbance by water and

endogenousdyessuch ashemoglobin (28). T he maximum skin permeability to light occurs in the

range circa650–900 nm [the so-called N IR light window I (N IR-I)] (29, 30) and 1,100–1,400 nm

[N IR window II (N IR-II)] (Figure 2a) (31). N IR light can propagate through tissues with less

attenuation than can shorter-wavelength light (28, 32). T he use of N IR light therefore hassignif-

icant advantages for phototherapy and optical imaging within deep tissues. Consequently, many

N IR-I wavelength fluorescent dyesand inorganic N Ps(e.g., gold N Ps) have been applied ascon-

trast agents for tumors in preclinical animal modelsor human patients (33, 34). N onetheless, the

tissue penetration depth for noninvasive imaging using these agents is limited (3–5 mm) (35).

N IR-II may be more advantageous for in vivo imaging than N IR-I because of its reduced photon

absorption and scattering by tissues, its negligible tissue autofluorescence, and its deeper tissue

penetration (9–18 mm) (36, 37). Currently, only a few nanomaterials (e.g., single-walled carbon

nanotube, quantum dots) (31, 36–38) have been studied in preclinical animal models using light

in the N IR-II window. T he frequency-domain photon migration technique, which is a sophisti-

cated technique that eliminatesbackground light, may extend thedepth to which light in theN IR

window can be used for imaging up to 10 cm, which ismore practical for clinical use (39, 40).
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Self-immolative polymers degrade upon triggering. (a) A polycarbamate depolymerizes via a quinone-

methide intermediate. (b) A different polycarbamate depolymerizes via alternating cyclization and 

elimination. (c) Polyglyoxylate self-depolymerizes to glyoxylic acid. 
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Figure 2

L ight for in vivo imaging and therapy, and light-triggered nanoparticles (N Ps). (a) T he electromagnetic

spectrum of ultraviolet (UV), visible, and infrared (IR) light and of the near-infrared (N IR)-I and N IR-II

window for in vivo imaging and phototherapy. (b) Schematic illustration of a metallic N P that can absorb

visible or N IR light and dissipate such absorbed light energy asheat (photothermal effect). (c) Schematic

illustration of upconversion N Ps that can be excited by N IR light to emit UV or visible light.

N anomaterials for Light-T riggered Drug Delivery

Local heating of tumors to about 41–43◦C, known as hyperthermia therapy, has been shown to

increase the blood flow to and permeability of tumor vessels (41). L iposomes have been designed

to release drugswhen tumors are preheated (42), and such liposomes containing doxorubicin are

currently in clinical trials (43). H owever, such conventional hyperthermia often takes approxi-

mately 30–60 min to heat tumors. More rapid heating (within minutes) (44) can be achieved by

irradiating metallic N Ps that have surface plasmon resonance (e.g., gold N Ps and CuS N Ps),

which efficiently absorb light and convert it to heat (Figure 2b) (45, 46). T hephotothermal prop-

erties of gold N Ps have been utilized to enhance the accumulation of subsequently administered

conventional N Ps in tumors (47). In one application, the photothermal properties of gold N Ps

disrupted tumor vessels; theresulting local overexpression of fibrin (44) wasused asatarget for the

accumulation of asecond group of N Psthat were surfacemodified with apeptide targeting fibrin

administered 72 h later (47, 48). Organic N Ps can be used in a similar manner. N anoliposomes

composed of lipid conjugates of the photosensitizer pyropheophorbide (a chlorin analogue) can

efficiently absorb and transfer light energy into heat for photothermal therapy. T he same nanoli-

posome can also carry doxorubicin for chemotherapy. Irradiation of the nanoliposomes in tumor

induces photothermal effects, and the generated heat enhances tumor permeation, which allows

for doxorubicin accumulation over 24 h (49, 50).

T he type of N Ps used in photothermal therapy can be also used as the heat source for ther-

moresponsive drug delivery systems. For instance, thermoresponsive polymers coated on hollow

porousgold nanostructures (51) shrink upon irradiation, uncovering the poresand allowing drug

efflux. T he use of light to trigger drug release from N Pshasbeen reviewed (12).

L ight-triggered nanomaterials have also been used for enhanced tumor penetration and drug

delivery. W e recently developed a photoswitchable spiropyran-based drug delivery N P with a

light-induced reversible volume change from 100 to 40 nm (52). T he volume change of the

www.annualreviews.org • New Strategiesin Cancer Nanomedicine 18.5
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New Strategies in Cancer Nanomedicine - Review in Advance first posted online on October 28, 2015. Fig 02

Light for in vivo imaging and therapy, and light-triggered nanoparticles (NPs). (a) The electromagnetic spectrum 

of ultraviolet (UV), visible, and infrared (IR) light and of the near-infrared (NIR)-I and NIR-II window for in vivo 

imaging and phototherapy. (b) Schematic illustration of a metallic NP that can absorb visible or NIR light and 

dissipate such absorbed light energy as heat (photothermal effect). (c) Schematic illustration of upconversion NPs 

that can be excited by NIR light to emit UV or visible light. 
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Figure 3

Barriers to deep tumor penetration. Scheme of the delivery barriers that prevent deep penetration of

nanoparticles (N Ps) in tumors. T he abnormal tumor vasculature, dense collagen matrix, and collapsed

vessels in the tumor interior present barriers to N P penetration deep into tumors.

normalization has been suggested as a means of modulating and perhaps improving N P delivery

into tumors. Recently it was found that blocking vascular endothelial growth factor receptor-2

(VEGFR2) in mouse mammary tumors greatly improved the delivery of small N Ps (12 nm) but

not large N Ps (125 nm) (94). T he explanation for this observation may be that the maturation

of the tumor vasculature by the anti-VEGFR2 agent decreased the tumor vessel pore size, which

then allowed only the smaller N Ps (< 60 nm) to be rapidly transported in tumor tissue.

T argeting T umor Extracellular M atrix to Improve Drug Delivery

In solid tumors, penetration of macromolecular agents and N Ps is affected by tumor stromal

barriers such as the extracellular matrix (ECM) (e.g., collagen network) (85). N umerous studies

have shown that ECM-degrading enzymes, such as collagenase or hyaluronidase, can improve

N P penetration into solid tumors (84, 95, 96). H owever ECM-degrading agents may increase

the incidence of metastasis (97). T he antihypertensive drug losartan wasrecently found to reduce

tumor collagen content by blocking angiotensin-II-receptor 1 and has been successfully used to

enhance diffusive transport and efficacy of intravenously administered N Pssuch asDoxil (98, 99).

H owever, in a recent multicenter Phase II clinical study, combined chemotherapy with gemc-

itabine and candesartan, a losartan analogue, failed to demonstrate prolonged progression-free

survival in advanced pancreatic cancer patients (100). A safety concern was also raised because

hypotension induced by candesartan wasobserved in some patients.

T umor-Penetrating Peptides for Enhanced T umor Penetration

T umor-penetrating peptides, such as iRGD (a cyclic RGD peptide, CRGDKGPDC) and Lyp-1

(CGN KRT RGC), were identified by phage library screening and were able to enhance drug or

N P penetration into tumors (101, 102). T he iRGD peptide was proteolytically degraded into its

18.8 Tong·Kohane
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New Strategies in Cancer Nanomedicine - Review in Advance first posted online on October 28, 2015. Fig 03

Barriers to deep tumor penetration. Scheme of the delivery barriers that prevent deep 

penetration of nanoparticles (NPs) in tumors. The abnormal tumor vasculature, dense 

collagen matrix, and collapsed vessels in the tumor interior present barriers to NP 

penetration deep into tumors. 
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active form and bound to neurophilin-1, which isexpressed in tumor vasculature and tumor cells,

and it induced endocytic bulk transport through tumor tissue; the detailed pathway for tissue

penetration and endocytosis is still being elucidated (103). Co-administration of such peptides

with Abraxane N Pssignificantly increased their intratumoral accumulation (101).

BIOORT H OGON AL CH EM IST RY FOR T UM OR T ARGET IN G

Selective targeted delivery of drugsto tumors isamajor challenge in cancer therapy. Conjugation

of tumor-targeting ligands to therapeutic or diagnostic N Ps has been widely used for tumor-

selective drug delivery. Recently, the use of bioorthogonal chemistry for tumor targeting has

emerged asanew strategy that can be independent of the use of targeting ligands. Bioorthogonal

chemistry refers to a variety of chemical reactions using functional groups that generally do not

occur in the host creature and that do not interfere with native biochemical reactions (104). Such

reactions include azide-alkyne cycloaddition, azide-phosphine Staudinger ligation, and tetrazine-

cyclooctene Diels-Alder reactions (105, 106) (Figure 4a). Bioorthogonal chemistry can be used

N
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Cyclooctene Tetrazine

or

or

+
N

–
N +R1 R2 R2

R1 R1

R1

N
N

NN
N

N

N
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N
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R2

R2
R2

N

N

N

N
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R3
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Tumor cell Tumor cell surface
expressing functional

group

Bioorthogonal
chemistry 

Unnatural sugar 

Nanoparticle
covalently linking to

tumor cell

Nanoparticle 

Azide-alkyne cycloaddition 

b

a

Cyclooctene-tetrazine Diels-Alder reaction 

Figure 4

Bioorthogonal reactions for tumor targeting. (a) Examples of bioorthogonal reactions: azide-alkyne

cycloaddition and cyclooctene-tetrazine Diels-Alder reaction. (b) Schematic illustration of tumor targeting

using bioorthogonal reactions. T umor cells are first fed with unnatural aminosugars that contain one

functional group for the bioorthogonal reaction. T hat functional group is later expressed on the tumor cell

surface and can react via a bioorthogonal reaction with nanoparticles that are surfacemodified with another

functional group.
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New Strategies in Cancer Nanomedicine - Review in Advance first posted online on October 28, 2015. Fig 04

Bioorthogonal reactions for tumor targeting. (a) Examples of bioorthogonal reactions: 

azide-alkyne cycloaddition and cyclooctene-tetrazine Diels-Alder reaction. (b) Schematic 

illustration of tumor targeting using bioorthogonal reactions. 
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Figure 5

Scheme of nanoparticle (N P)-tethering T cells for adoptive cancer immunotherapy. T cells are linked with N Ps that contain cytokines,

which can stimulate the T cells to kill tumor cells. T he activated T cells are adoptively transferred in vivo; N Psrelease cytokines locally

to sustainably stimulate T cells to target tumors.

memory recall of cytotoxic T cells upon reinjection of tumor cells, compared with the response

when N P-conjugated antigen wasused with free adjuvant.

N Pscan be delivered via pulmonary administration to the numerousAPCs in the lung, which

can take them up avidly (117). A subset of such lung APCs can further transport N Pscontaining

antigensto DCsin draining LN s. In micevaccinated by pulmonary administration of nanovesicles

loaded with antigen and T oll-like receptor agonist, which both promotecytotoxic T cell response

(118), the antigen wasdetected in LN sfor at least 7 days, whereaspulmonary immunization with

soluble vaccinesled to rapid antigen clearance. Strong T cell responseselicited by thispulmonary

vaccine nanovesicle enhanced protective immune responses in tumors.

Cell therapy for cancer immunotherapy (e.g., adoptive transfer of T lymphocytes) represents

another promising approach (119). In this approach, immune cells (e.g., T cells) are harvested

and stimulated ex vivo with cytokinesbefore they are reintroduced into the body. Cytokines used

in such therapy may generate systemic toxicity, but it is necessary to maintain a high level near

the administered therapeutic cells to maintain cell stimulation over an extended period. A new

approach to overcome this problem is to directly tether cytokine-loaded N Ps to the surfaces of

the therapeutic cells prior to infusion (120). L iposomal N Pscontaining IL-15Sa and IL-21 were

conjugated to thiol groups on the surfaces of T lymphocytes. T he N P-tethering strategy greatly

enhanced T cell survival and expansion after infusion and slowed tumor growth (Figure 5).

PERSPECT IVE

Cancer nanomedicine is a very rapidly growing field of translational medicine (121). Effective

therapeutics and diagnostics for cancer require delivery to tumors with appropriate temporal

resolution to achieve the most favorable pharmacokinetics. Various forms of tumor targeting,

including stimulus-responsive drug delivery systems, can address this need. T he development of

new nanomaterials will be a crucial driver of progress in this field. H owever, a better under-

standing of the fundamental processes involved isnecessary to overcome major hurdles in cancer

nanomedicine, including N Pcirculation, biodistribution, tumor targeting, and tumor penetration.

Further knowledge of cancer biology and oncology will enhance the rational design of N Ps for

specific cancers. Research is needed to develop new strategies to treat metastatic tumors, which

account for the majority of cancer deaths (122). T he early detection of tumor by N Pswill be also

useful for catching cancer at an early stage. Biocompatibility, toxicity, and the numerous formu-

lation issues that pertain to all nanomaterials will remain important for the success of new cancer

nanomaterials (123).
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Scheme of nanoparticle (NP)-tethering T cells for adoptive cancer immunotherapy. 
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Figure 1

A schematic representation of contemporary molecular cancer drug target classes. A large number of extracellular and intracellular

molecular cancer targets have drugs that disrupt their function and are generally considered druggable (some examples of which are

shown in yellow). H owever, several target classes lag behind in this otherwise progressive drug-discovery climate. Phosphatases,

transcription factors, and RAS family members (red) are three major classes that have been labeled undruggable. H owever, new

therapeutic strategies are making these targets more accessible. Antibodies are denoted asgray Ys. Extracellular circles indicate

receptor ligands. Abbreviations: CD antigens, cell surface antigens; H DAC, histone deacetylase; PARP, poly (ADP) ribose polymerase.

driver mutations (10). Because only ∼2% of human proteins interact with the currently approved

drugs for all diseases, this places a considerable burden on individuals responsible for selecting

therapeutic targets among the potentially large number of oncogenic associated proteins. Some

validated cancer drug targets fall into a class that is readily druggable: serine/threonine/tyrosine

kinases, growth factor receptors, GPCRs, and receptor ligands. Other classes of cancer-relevant

molecular targets, however, have been viewed asexceedingly difficult to address, at least by small

molecules, and have been classified asundruggable because they are not an enzyme or are a loss-

of-function target, i.e., the tumor suppressor p53 (Figure 1). H owever, small molecules directed

against these traditionally undruggable targets are emerging (T able 1).
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Drugging Undruggable Molecular Cancer Targets - Review in Advance first posted online on November 2, 2015. Fig 01

A schematic representation of contemporary molecular cancer drug target classes. 
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T able 1 Small molecules in clinical trials for traditionally undruggable targetsa

Experimental

therapeutic M olecular target class Cancer indication Development phase

Phosphatases

LB100 Protein phosphatase 2A inhibitor Solid tumors Phase I

RAS superfamily

KD032 (Salirasib) RAS antagonist; inhibits RAS

methylation

Colorectal cancer Phase I

GI-4000 Mutated RAS cancer vaccine Resected pancreatic cancer, lung Phase II

T ranscription factors

CPI-0610 BET inhibition Myelodysplastic syndromes Phase I

T EN -010 BET inhibitor Advanced solid tumors Phase I

GSK525762 Bromodomain inhibitor N UT gene midline carcinoma Phase I

PRI-724 CBP/β -catenin Acute myeloid leukemia,

chronic myelogenous leukemia

Phase I/I I

ARQ-761 E2F1 transcription factor stimulant Solid tumors Phase I

SAR405838 H DM2/p53 antagonist Solid tumors Phase I

APT O-253 KLA4 activator Late-stage tumors Phase I

DS-3032 MDM2 Lymphoma, Solid tumors Phase I

AMG232 MDM2-p53 Acute myeloid leukemia,

chronic, solid tumors

Phase I

MK-8242 MDM-2 Solid tumors Phase I

CGM097 p53/MDM2-interaction inhibitor Late-stage tumors Phase I

RG7112b MDM2-p53 Leukemia, sarcoma Phase I

H DM201 p53 H ematological malignancies Phase I

ABT -RT A-408 N rf2 Metastatic non-small-cell lung

cancer, skin

Phase I

aData from Reference 20
bFrom ClinicalT rials.gov (completed Phase I studies) (March 4, 2015).

Onestrategy for addressing traditionally undruggable targetshasbeen to avoid theuseof small

moleculesand to seek alternative approaches. T hus, therapeutic tacticsinvolving small interfering

RN A (siRN A) or short hairpin RN A (shRN A), which are reviewed elsewhere in this volume (13,

14), have been explored. Silencing of protein expression by antisense or microRN A mimetics is

being approached in some cancer clinical trials (T able 2). Selective protein degradation through

small molecules holds the promise of exposing some cancer targets that heretofore have been

viewed as not tractable (15). T rinucleotide DN A repeats, which clearly are responsible for some

neurodegenerative diseases, are five times more prevalent in cancer-related human genes; this

suggests that these are a new class of viable cancer targets (16). Strategies being developed for

trinucleotide repeats in the neurodegenerative field have focused either on targeting abnormal

mRN A with siRN A or shRN A or on accelerating protein clearance, and these may betransferable

to cancer (17). T he challenges for the genetic strategies are both the delivery methodology and

the faithful expression in every tumor cell in the absence of some bystander effect; therefore, trin-

ucleotide repeatsremain in the generally accepted category of directly undruggable. N onetheless,

we believe the overall concept of druggable versus undruggable for cancer targets is rapidly be-

coming démodé. W e would hope that recent advancements will help to promote the concept of
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T able 2 Biological agents in clinical trials for traditionally undruggable cancer targets

Experimental

therapeutic T argeted mechanism of action Cancer indication Development phase

AZD9150 ST AT 3 H ematological malignancies Phase I

Custirsen (OGX-111) Antisense oligonucleotide

(T RPM-2)

N on-small-cell lung cancer, prostate Phase III

DCR-MYC c-MYC H epatocellular carcinoma Phase I

Imetelstat T elomerase—oligonucleotide H ematological malignancies Phase I

ISIS-EIF4ERX Antisense oligonucleotide

[eukaryotic translation initiation

factor 4E (eIF4E)]

N on-small-cell lung cancer, prostate Phase II

MRX34 miR-34 mimic H ematological malignancies Phase I

N T O-1151 Ribonuclease inhibitor Cervical cancer, vaginal cancer Phase II

QBI-139 Variant of the human pancreatic

ribonuclease 1

Solid tumor Phase I

T KM-PLK1 RN A Polo-like kinase 1 H epatocellular carcinoma Phase II

undrugged rather than “undruggable” cancer targets (see sidebar, General Advances T hat H ave

Eroded the Concept of Undruggability).

CON T EM PORARY EXAM PLES OF CH ALLEN GIN G M OLECULAR

CAN CER T ARGET S AN D ST RAT EGIES T O T ARGET T H EM

Phosphatases

Protein phosphatasescounterbalance the enzymatic activity of protein kinases, and consequently,

these two superfamilies have a central role in determining protein phosphorylation status, which

can alter stability, macromolecular interactions, enzymeactivity, subcellular localization, and ulti-

mately protein function that controlsnormal homeostasisand diseaseprocesses, including cancer.

Mathematical modeling suggests that the activity of the ∼500 kinases encoded in the human

genomeprimarily controlstheamplitude of agiven signal, whereasthe∼100 phosphatases, which

dephosphorylate Ser, T hr, or T ry on protein substrates, appear to regulate the signal rate and

duration, thus providing an orthogonal mode by which cellular processes can be managed (18).

Genetic studiesprovide incontrovertible evidence that both kinasesand phosphataseshave acen-

tral role in determining cancer cell survival and response to drug treatment (19), but no two classes

better illustrate drug surfeit and dearth. Oneof themost remarkable drug discovery achievements

hasbeen the identification and successful FDA approval of more than 35 protein kinase inhibitors,

from theBCR/ABL inhibitor imatinib in 2001 for chronic myelogenous leukemia to the2015 ap-

proval of lenvatinib, amultikinase inhibitor for thyroid cancer, and palbociclib, acyclin-dependent

kinase 4 and 6 inhibitor for breast cancer. Multiple clinical trials are underway to evaluate other

protein kinase inhibitors for cancer. T his is in contrast to only one compound, LB100, a PP2A

inhibitor in active early phase clinical trials (20) and no FDA-approved cancer drugs that func-

tion as regulators of protein phosphatases. T he foundation for thisdiscrepancy has roots, at least

in part, in the natural temporal lag that catabolic processes experience compared with anabolic

processes. Also, it was once thought that phosphatases were merely constitutively expressed en-

zymeswith little regulatory role in normal homeostasisor disease—anotion that has largely been

debunked. Finally, many individuals classify kinases as intrinsically oncogenic and phosphatases

24.6 Lazo·Sharlow
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T able 3 Examples of preclinical inhibitors and activators of cancer-associated phosphatases

Phosphatase Compound Action Reference(s)

PPM

PP2Cδ (PPM1D or W IP1) Peptide Catalytic site inhibitor 27, 92

PP2Cδ (PPM1D or W IP1) CCT 007093 Catalytic site inhibitor 30

PP2Cδ (PPM1D or W IP1) SPI-001 Catalytic site inhibitor 29

PP2Cδ (PPM1D or W IP1) GSK2830371 Allosteric inhibitor 28

PPP

PP2A/CIP2A Rabdocoetsin B T ranscription inhibitor 93

PP2A/SET FT Y720 Activator by disruption of

protein-protein interaction

94

PP2A/SET OP449 Activator by disruption of

protein-protein interaction

36

PP4 Fostriecin Catalytic site inhibitor 95

PT P

PT PN 1 (PT P1B) MSI-1436 Allosteric inhibitor 44

PT P-1D (SH P2) H ydroxyindole carboxylic acid Catalytic site inhibitor 96, 97

T C-PT P Mitoxantrone Allosteric activator 98

CDC25A Quinones Catalytic site inhibitor 25, 45

CDC25B Aminoisoquinolinones Catalytic site inhibitor 46

PT P4A3 (PRL) T hienopyridone Catalytic site inhibitor 99

PT P4A (PRL) BR-1 and CG-707 Catalytic site inhibitor 100

PT P4A (PRL) Antibody Antibody 49, 50

R-PT Pη Peptide Activator by disruption of

protein-protein interaction

101

Eya2 MSL000544460 Allosteric inhibitor 80, 81

(150 mg/kg, thrice daily for 14 days) (28). N otably, GSK2830371 also rapidly decreases PP2Cδ

protein levelsin treated tumor cellsby amechanism that isnot fully described. T hus, GSK2830371

isan encouraging example of an unusual allosteric Ser/T hr phosphatase inhibitor.

Fostriecin (CI-920) is a natural product and is a potent catalytic inhibitor of four Ser/T hr

protein phosphatases, including PP4C, theinhibition of which causesprematureentry into mitosis

and tumor cell death (31, 32). Fostriecin isone of the few phosphatase inhibitors to enter clinical

trials, but the trialswereclosed before reaching amaximum tolerated dosebecauseof limited drug

supplies (25). Although no significant tumor responses were observed, interest in targeting this

phosphatase remains (31). T he development of fostriecin, however, may be challenging because

it targets so many Ser/T hr phosphatases.

PP2A is a ubiquitous, multifunctional Ser/T hr phosphatase, which can function as a tumor

suppressor but also as a facilitator of tumor cell survival after DN A damage (21). I t is this lat-

ter function that inspires the use of the small-molecule PP2A inhibitor LB100, which sensitizes

cancer cells to doxorubicin, temozolomide, and radiation, at least in part by causing the aberrant

activation of cyclin-dependent kinase 1 (33) (T able 1). LB100 causes marked radiation sensiti-

zation in a human pancreatic cancer xenograft in the absence of overt toxicity to normal tissue

(33). LB100 isunique in that it isoneof the only phosphatase inhibitorscurrently in clinical trials

for cancer (T able 1). Acting asa tumor suppressor, PP2A also negatively regulates the oncopro-

tein c-MYC by dephosphorylating it at Ser62. In some cancers, the PP2A holoenzyme activity is

24.8 Lazo·Sharlow

Changes may still occur before final publication online and in print

A
n

n
u

. 
R

ev
. 

P
h

ar
m

ac
o

l.
 T

o
x

ic
o
l.

 2
0

1
6

.5
6

. 
D

o
w

n
lo

ad
ed

 f
ro

m
 w

w
w

.a
n
n

u
al

re
v
ie

w
s.

o
rg

 A
cc

es
s 

p
ro

v
id

ed
 b

y
 U

n
iv

er
si

d
ad

e 
d

e 
S

ao
 P

au
lo

 (
U

S
P

) 
o

n
 1

1
/1

1
/1

5
. 

F
o

r 
p

er
so

n
al

 u
se

 o
n

ly
.





Molecules 2014, 19 15585 

 

 

Keywords: metal complexes; Pt drugs; membrane transporters; uptake; efflux; 

accumulation; mechanism of action; cancer; copper 

 

1. Introduction 

Cisplatin [cis-diamminedichloroPt(II)] (Figure 1) is an important chemotherapeutic drug used in the 

therapy of a broad spectrum of human malignancies such as ovarian, testicular, head and neck, and 

lung cancers, and in combination with a wide range of other drugs for the treatment of other 

malignancies. For this reason, it is one of the most widely utilized antitumor drugs in the world, with 

annual sales of approximately $500 million (US). Unfortunately, its use is greatly limited by severe 

dose-limiting side effects (nephrotoxicity, ototoxicity, and peripheral neurotoxicity) and intrinsic or 

acquired drug resistance. Thus, numerous Pt derivatives have been further developed with more or less 

success to minimize toxic effects. Over the last 30 years, 23 other Pt-based drugs have entered clinical 

trials with only two of these (carboplatin and oxaliplatin, Figure 1) gaining international marketing 

approval, and another three (nedaplatin, lobaplatin and heptaplatin) approved in individual nations [1]. 

Currently, there are only four Pt drugs in the various phases of clinical trial (satraplatin, picoplatin, 

LipoplatinTM and ProLindacTM). 

Figure 1. Chemical structures of clinical and experimental metal-based anticancer agents. 

 

Over the years, research on innovative anticancer metallodrugs has produced several  

ruthenium-based compounds as alternatives to Pt compounds. The Ru(III) complex  

trans-[tetrachloro(DMSO)(imidazole)ruthenate(III)] (NAMI-A) (Figure 1) was demonstrated to have 

high selectivity for solid tumor metastases and low toxicity at pharmacologically active doses [2]. This 

is the first ruthenium complex to enter clinical trials. A related Ru(III) compound, indazolium  

trans-[tetrachlorobis(1H-indazole)ruthenate(III)] (KP1019) and its sodium salt analogue NKP-1339 

(Figure 1), also entered clinical trials after they were found to exhibit cytotoxic activity in vitro in 
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Chemical structures of clinical and experimental metal-based anticancer agents 
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mechanisms have been attained so far. Our review presents a selection of in vitro, in vivo and clinical 

studies that elucidate mechanisms of accumulation for cisplatin and related Pt(II) anticancer drugs, 

together with information on the structural features and tissue distribution of the mentioned uptake and 

efflux transporters. When available, information of the reactivity of metal compounds with the protein 

transporters at a molecular level obtained by biochemical and biophysical methods will be provided. 

2.1.1. Cu Transporters 

According to the Human Genome Organisation (HUGO), human transporters are classified based 

on their amino acid sequence in 43 solute carrier (SLC) families [23]; Cu transporters have been 

assigned to the SLC31A family. Cu is an essential nutrient for almost all eukaryotic organisms to 

effect biological processes (e.g., free radical detoxification, mitochondrial respiration, iron 

metabolism, biosynthesis of neuroendocrine peptides etc.) and is a cofactor in many enzymes. Due to 

the fact that the intracellular form of Cu, Cu+, is highly toxic because it reacts with molecular oxygen 

or hydrogen peroxide to produce free radicals, Cu homeostasis is guaranteed by a complex network of 

proteins that bind and deliver Cu+ to the Cu-dependent proteins and protect cells from the harmful 

effects of excess “free” Cu. Figure 2 is a schematic diagram of the Cu homeostasis system in 

mammals. Cu+ enters cells via the 23 KDa channel-like Cu transporter 1 (Ctr1) and is handed to 

pathway-specific chaperones such as antioxidant protein 1 (Atox1), Cu chaperone for superoxide 

dismutase (CCS), and cytochrome c oxidase assembly homolog (COX-17) that delivers it to various 

organelles for transfer to Cu-requiring enzymes. Afterwards, the P1B type ATPases ATP7A and 

ATP7B positioned in the trans-Golgi network secrete Cu. It is worth mentioning that the discovery of 

an existing protein homologue of Ctr1, namely Ctr2, presents another potential player in Cu 

homeostasis [24]. Up to now the physiology and mechanism of Cu transport via Ctr2 has been poorly 

understood. In mammalian cells Ctr2 localizes to intracellular vesicular compartments including 

endosomes and lysosomes; however, when overexpressed via transfection with an epitope tag attached 

to the protein, Ctr2 has been localized at the plasma membrane, similarly to Ctr1. 

Figure 2. Schematic drawing of the major intracellular human Cu trafficking pathways. 
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Figure 3. Organometallic Ru(II) arene complexes. 

 

Concerning possible transport mechanisms, Sadler et al., investigated two iminopyridine 

ruthenium(II) arene complexes, which differ in their halide ligands, Ru(η6-p-cymene)(N,N-dimethyl-

N'-[(E)-pyridine-2-ylmethylidene]benzene-1,4-diamine)X]PF6 (X = Cl, I, Figure 3) [81]. Possible 

pathways for the accumulation of these two organometallics were studied in human ovarian cancer 

A2780 cells in comparison to cisplatin. Cells were co-incubated with the compounds and different 

concentrations of one of the following substances: (a) verapamil (competitor for efflux via P-gp);  

(b) oubain (inhibition of Na+/K+ pump); (c) CuCl2 (competitor for transport via hCtr1); (d) antimycin 

A (ATP depletion); (e) amphotericin B (membrane disruption and model for protein-mediated 

transport) and f) methyl ß-cyclodextrin (caveolae endocytosis pathway); the amount of metal (Ru/Pt) 

uptake was determined by ICP-MS. Interestingly, by changing from a chloro to an iodo ligand, the 

mechanism of uptake varied from being active to mainly passive, respectively. Nevertheless, competition 

experiments with Cu2+ (200 μM) indicate that, while Pt accumulation from cisplatin treatment is 

reduced by ca. 40%, accumulation of Ru is only reduced by 26% for the chloro complex [81]. Instead, 

Ru uptake for the iodo derivative is reduced to a third of its original value. The experiments using the 

cardiac glycoside oubain suggest that the membrane potential of the cell and the corresponding 

electrochemical gradient are key determinants of Ru compound uptake. The role of protein-mediated 

transport in the cellular accumulation of Pt and Ru drugs was also investigated, co-incubating cells 

with variable concentrations of amphotericin B, which forms pores in the cellular membrane. These 

pores, permeable to water and non-electrolytes, may give rise to increased drug influx and therefore 

higher cellular accumulation. In this case, the obtained results showed no effect on the uptake of the 

chloro derivative, but had a marked influence on the iodo analogue, in accordance with the results of 

the temperature-dependent uptake studies, according to which passive diffusion of this complex 

through the cell membrane is involved. Finally, endocytosis pathways appear not to be involved in the 

uptake of Ru complexes as shown by co-incubation experiments with methyl β-cyclodextrin [81]. 

Concerning efflux mechanisms, using verapamil, it was possible to impair the efflux of both 

ruthenium complexes most likely acting on a P-gp dependent efflux pathway [81]. In fact, verapamil, 

an L-type calcium channel blocker, effectively abrogates P-gp mediated active efflux of anticancer 

drugs in ovarian cancer cells by competitive inhibition of drug transport, and is capable of reversing 

multi-drug resistance [81]. Co-treatment with antimycin A, which can deplete ATP levels and 

therefore affects the ATP-dependent efflux pump, increased the accumulation of the chloro complex 

(consistent with verapamil results), but not that of the iodo derivative [81]. 

Overall, these results evidence a highly complex network of accumulation pathways for Ru 

compounds which are dependent on various determinants including the cell type investigated, the type 
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of ligand set stabilizing the metal center, the oxidation state of the metal, the possible effects of the 

compounds on the transporters distribution and expression, as well as the metal complex speciation 

pathways. For example, reactions with glutathione may lead to thiolate as well as sulfenate and 

sulfinate derivatives, which may be recognized by different efflux transporters, as in the case of 

products from reaction of cisplatin with GSH. 

2.2.2. Gold Complexes 

As mentioned above, gold compounds have attracted increased attention as a source of novel 

cytotoxic molecules with potential uses in cancer treatment [5,82,83]. Indeed, both gold(I) and 

gold(III) complexes have been widely investigated and were found to induce important anticancer 

effects in vitro and in vivo. Among the various families of gold-based coordination compounds the 

following were extensively studied for their biological effects: as well as gold(III) complexes with  

N-donor ligands. Representative structures for each family are presented in Figure 4. 

Figure 4. Examples of cytotoxic coordination and organometallic gold(I) and  

gold(III) compounds. 

 

It is worth mentioning that, in spite of their promising anticancer effects, the risk in developing gold 

compounds for biological applications is that they may be characterized by a remarkable oxidizing 

character (particularly Au(III)), especially within the fairly reducing intracellular milieu. Therefore, in 

order to guarantee more controlled chemical speciation in an aqueous environment, different types of 

organometallic gold complexes have been synthesized in which the presence of a direct carbon-gold 

bond greatly stabilizes the gold(I)/(III) redox couple [84]. Thus, a variety of cyclometallated gold(III) 

complexes of nitrogen donor ligands have been synthesized, featuring both bidentate C,N- and 

terdentate C,N,N-, C,N,C- and N,C,N-donor ligands, with either five- or six-membered C,N rings 

(Figure 4) [84]. Similarly, organometallic gold(I)/gold(III) complexes with N-heterocyclic carbene 

(NHC) ligands have also been explored as cytotoxic agents (Figure 4) [84,85]. In general, both 

organometallic gold(I) and gold(III) centers have increased stability with respect to classical  

gold-based coordination complexes and are extremely suitable to design gold compounds still acting as 

N
Au

N
N

Au

N

O

2+

N

N
Au

N

N

O

O N

N

N

N

O

O

BF4
-

N-heterocyclic carbenes

+

N

Au

Cl

ClN

N

N

Au Cl

2 Cl-

N-donor ligands

2+

OH3C(O)CO
H3C(O)CO

OC(O)CH3

S

OC(O)CH3

Au PEt3

phosphanes
(auranofin) cyclometallated

N

NN

N

Au

+

porphyrins

H3CH2CO C
H2

O

N

CH3

C

S

S

Au

Br

Br

dithiocarbammates

Cellular Transport Mechanisms of Cytotoxic Metallodrugs: An Overview beyond Cisplatin - Molecules 2014, 19, 15584-15610 – Fig 04

Examples of cytotoxic coordination and organometallic gold(I) and gold(III) compounds. 



Molecules 2014, 19 15599 

 

 

pro-drugs, but in which the redox properties and ligand exchange reactions can be modulated to 

achieve selective activation in diseased cells. 

Concerning Au(I) phosphine compounds, which have shown early promise as anticancer drugs, they 

can be divided into two distinct classes based on coordination chemistry and propensity to undergo 

ligand exchange reactions with biological thiols and selenols. These are (i) neutral, linear, two-coordinate 

complexes such as auranofin; and (ii) lipophilic, cationic, bis-chelated tetrahedrally four-coordinate 

Au(I) diphosphine complexes such as [Au(dppe)2]+ (dppe = 1,2-bis(diphenylphosphino)ethane). 

Although evidence suggests that the mechanism of antitumor activity of the two classes is different, 

mitochondria have been implicated as targets in both cases [86]. Notably, among the members of the 

latter family, a bis-chelated Au(I) complex of the water-soluble bidentate pyridylphosphine ligand  

1,3-bis(di-2-pyridylphosphino)propane (d2pypp), namely, [Au(d2pypp)2]Cl (Figure 5) [87], was 

designed with a lipophilicity (log p = −0.46) in the optimal range derived from predictive models for 

the selective accumulation of the so-called DLCs (Delocalized Lipophilic Cations) in cancer cells 

based on lipophilicity [88]. 

Figure 5. Examples of delocalized lipophilic cations (DLCs) including a Au(I) complex. 

 

It is worth mentioning that DLCs have been explored as an approach to cancer chemotherapy that 

exploits their selective accumulation in mitochondria of cancer cells as a consequence of the elevated 

transmembrane mitochondrial potential ∆ψm [89]. In fact, DLCs can pass easily through the lipid 

bilayer and their positive charge then directs them to the mitochondria where they accumulate at 

significantly higher concentrations than in the cytoplasm, owing to the large ∆ψm generated by the 

respiratory chain [90]. While DLCs share a common mechanism for mitochondrial accumulation, their 

structures are diverse and consequently their mechanism of antitumor action and mitochondrial targets 

may vary. 

Notably, in addition to the increased Dψm, some cancer cells have been found to have higher plasma 

membrane potentials (Dψp), which further contributes to the increased uptake of DLCs by cancer  

cells [91]. Since all cells generate an electrical gradient, which is negative on the inside of the cell, Δψp 

could act as an attractive force for intracellular accumulation of agents of this nature. Notably, 

preferential accumulation and toxicity of DLCs has been demonstrated in a number of different 

carcinoma cell lines as compared to normal epithelial cell types. As an example, Chen and coworkers 

studied more than 200 epithelial-derived cell lines and found that carcinoma cells consistently had a 

higher level of uptake and retention of Rhodamine-123 (Rh-123) than normal human epithelial  

cells [92]. Taken together, to date there is direct evidence supporting a link between the retention of 

positively charged compounds in tumor cells and increased Δψp [93], while the role of Δψm in this 
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phenomenon remains to be further investigated [94]. Nevertheless, recently Ott and coworkers 

evaluated the cellular uptake as well as the biodistribution of a series of Au(I) NHC complexes by 

atomic absorption spectroscopy [95]. According to their results, a marked mitochondrial accumulation 

of compound triphenylphosphine-[1,3-diethylbenzimidazol-2-ylidene]gold(I) could be related to its 

high cellular uptake and higher lipophilic cationic character within the tested derivatives [95]. 

Apart from the specific case of DLC-type Au(I) complexes, the mechanisms of uptake and 

accumulation of gold compounds in cells are, in general, poorly established. Since the interaction with 

thiols is an important parameter in the biochemistry of gold-based drugs, a “thiol shuttle” model 

involving binding of gold compounds to the surface exposed Cys-34 of serum albumin has been 

proposed. According to this model, cellular association, intracellular distribution, and efflux of gold 

complexes via sequential thiol exchange reactions, also involving reversible binding to serum albumin, 

may take place [96]. 

Recently, neutral heterocyclic Au(I) NHC complexes of the type chloro-[1,3-dimethyl-4,5-

diarylimidazol-2-ylidene]gold(I) 1–2 and chloro-[1,3-dibenzylimidazol-2-ylidene]gold(I) 3 reported in 

Figure 6, modeled on the vascular disrupting anticancer drug combrestatin A-4, were studied for their 

biological properties in cancer cells [97]. The compounds were cytotoxic in the  μM range and with 

distinct selectivity for certain cell lines. The contribution of the various routes of uptake of the test 

compounds 1–3 was assessed in 518A2 melanoma cells by pre-treating them with non-toxic 

concentrations of specific inhibitors or competitors of the individual uptake processes. Thus, 

cimetidine (inhibitor) and TEA (competitor) were used to assess possible transport via hOCT1-2, while 

CuCl2 (competitor) was employed to investigate hCtr1 related transport. Adding oubaine as inhibitor 

of the Na+/K+ pump could slow down endocytotic processes dependent on a sodium gradient. 

Subsequently, the cytotoxic effects were measured via MTT assays after 3 h incubation with the 

compounds, following 2 h pre-incubation with inhibitor/competitor. The results suggest that cellular 

uptake for all tested gold complexes occurs mainly via the OCT transporters, and for complex 2 also 

via hCtr1. In addition, complexes 2 and 3 were also internalized via the Na+/K+-dependent 

endocytosis. Interestingly, complex 1 did not show particular specificity for any of the investigated 

transport pathways. Unfortunately, these results were not complemented by measurements of the gold 

uptake in cell extracts, which may have ruled out other effects induced by the compounds’ treatment 

on the transporters expression and distribution. 

Figure 6. Au(I) NHC complexes chloride-[1,3-dimethyl-4,5-diarylimidazol-2-ylidene]gold(I) 

1–2 and chloride-[1,3-dibenzylimidazol-2-ylidene]gold(I) 3. 
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Au(I) NHC complexes chloride-[1,3-dimethyl-4,5-diarylimidazol-2-ylidene]gold(I) 1–2 and 

chloride-[1,3-dibenzylimidazol-2-ylidene]gold(I) 3. 
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2.2.3. Iridium Complexes 

Iridium compounds are another promising class of experimental metal-based cytotoxic agents [98]. 

In a recently published paper from Novohradsky et al., the mechanisms of accumulation of new 

cytotoxic organometallic iridium(III) complexes were investigated in cancer cells [99]. Specifically, a 

half-sandwich cyclometallated Ir(III) complex [(η5-Cp*)(Ir)(7,8-benzoquinoline)Cl] bearing a C^N 

chelating ligand (Figure 7) was studied for its uptake in ovarian cancer A2780 cells in comparison to 

cisplatin. Beside temperature dependence experiments, co-incubation with different substrates such as 

(a) ouabain (facilitated diffusion endocytosis pathway); (b) 2-deoxy-D-glucose and oligomycin (ATP 

depletion); (c) efflux inhibitors such as verapamil (P-gp inhibitor), reversan (MRP1 inhibitor) and 

buthionine sulfoximine (inhibition of GSH synthesis); (d) CuCl2, as well as e) methyl-β-cyclodextrin 

(inhibitor of endycytosis pathway) allowed some conclusions. 

Overall, passive diffusion seems to be partly involved in the Ir compound uptake, as evinced by the 

results of the temperature dependence experiments and the blockage of Na+/K+ ATPases. In fact,  

co-incubation with ouabain, leads to a decrease in Ir intracellular accumulation. Moreover, the 

competition experiments with CuCl2 suggest the Ctr1 pathway may also be involved in the 

compound’s uptake, although to a lesser extent. Concerning the possible involvement of efflux systems 

in the accumulation of the compound, it appeared that the possible efflux transporters P-gp and MRP1 

may play a role, as may formation of GSH-Ir conjugates. Not surprisingly, verapamil and reversan do 

not restore cisplatin sensitivity since the drug is not recognized by either P-gp [100] or MRP1 [101]. 

Moreover, it could be observed that the endocytotic pathway does not play a role in Ir accumulation. 

Figure 7. Schematic drawing of the organometallic compound [(ƞ5-Cp*)(Ir)(7,8-benzoquinoline)Cl]. 

 

2.2.4. Transporter-Targeted Anticancer Metal Compounds 

Several studies report on the possibility for metal compounds to be derivatized with biomolecules 

for different applications [102]. Thus, as a strategy to enhance compound uptake via specific peptide 

transporters, anchoring of metal centers to peptides has been attempted; Fregona et al., reported on 

gold(III) dithiocarbammate complexes with peptide-based ligands to achieve carrier-mediated delivery 

of the compounds in cancer cells via peptide transporters (PEPT) [103]. Two peptide transporters, 

PEPT1 and PEPT2, have been identified in mammals, which are present predominantly in epithelial 

cells of the small intestine, bile duct, mammary glands, lung, choroid plexus, and kidney but are also 

localized in other tissues (pancreas, liver, gastrointestinal tract) and, intriguingly, appear to be 
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Schematic drawing of the organometallic compound [(ƞ5-Cp*)(Ir)(7,8-benzoquinoline)Cl]. 
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overexpressed in certain types of tumors. A unique feature of such transporters is their capability for 

sequence independent transport of most possible di- and tripeptides inside the cells. Moreover, they are 

stereoselective toward peptides containing L-enantiomers of amino acids. 

Thus, compounds of the type [Au(III)Cl2(dpdtc)] (dpdtc = dipeptidedithiocarbamate, 5–6) reported 

in Figure 8 were designed which could both preserve the antitumor properties and reduce toxic and 

nephrotoxic side-effects of the previously reported gold(III) analogues lacking the peptide moiety, 

together with an enhanced bioavailability and tumor selectivity due to the dipeptide-mediated cellular 

internalization provided by PEPTs [104]. The compounds showed promising antiproliferative effects 

in a panel of human cancer cells (PC3, DU145, 2008, C13, and L540), reporting IC50 values much 

lower than those of cisplatin. Remarkably, the gold compounds also showed no cross-resistance with 

cisplatin itself and proved to inhibit tumor cell proliferation by inducing either apoptosis or late 

apoptosis/necrosis, depending on the cell lines. More recently, the same compounds were proven 

effective in inhibiting tumor growth in breast cancer xenograft models, and proved to be potent 

inhibitors of the proteasome [105]. Unfortunately, the mechanisms of uptake of the compounds via 

PEPT was not investigated and further studies are necessary to validate the proposed strategy for 

enhanced gold(III) peptidomimetics transport in tumors. 

Figure 8. Au(III) dipeptidedithiocarbamato and Au(I)-thiosugar complexes. 

 

Interestingly, in recent years, several examples of carbohydrate compounds have been developed 

for diverse medicinal applications, ranging from compounds with antibiotic, antiviral, or fungicidal 

activity and anticancer compounds [106]. Within this frame, Au(I) complexes with thiosugar ligands, 

analogues of auranofin (Figure 8, compound 7), were shown to have an increased uptake in cancer 

cells [107]. It is possible that the 1-thio-β-D-glucose-2,3,4,6-tetraacetate ligand in the compound is 

acting as a true substrate for the glucose active-transport system (via GLUT1 transporters), enhancing 

the uptake of the metal compound itself. 

3. Conclusions and Perspectives 

Pt-based anti-cancer drugs are effective pharmaceuticals and are still among the most widely used 

agents against malignancies. In parallel to the preparation and screening of new metal complexes as 

potential anticancer agents, extensive efforts must be directed toward elucidating their mechanism of 

accumulation in cancerous and non-tumorigenic tissues. Most importantly, a systematic investigational 
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Au(III) dipeptidedithiocarbamato and Au(I)-thiosugar complexes. 
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to be tested and was compared with other known antimitotic and anticancer agents using United States 

National Cancer Institute’s 60-cell line screen [6,7]. However, even after the confirmation of its potent 

anticancer activity [6,8] further development was stalled due to lack of its procurement in sufficient 

quantities from marine sponges. With the development of a completely synthetic method by Dr. Yoshito 

Kishi in 1998, and with the discovery that its cytotoxicity was a function of the macrocyclic lactone C1-C38 

moiety, the drug got a new lease on life [7,9]. Thereafter, Eisai Research Institute licensed the technology 

and accomplished the synthesis and future development of the resulting drug, eribulin mesylate 

(Halaven®, also known as eribulin mesilate, INN codename E7389, and before that, ER-086526 and 

B1939, US NCI designation NSC-707389) [10,11]. The structures of Halichondrin B and eribulin 

mesylate are given in Figure 1. 

 

Figure 1. Chemical structures of Halichondrin B and eribulin mesylate. 

Eribulin mesylate is a novel, completely synthetic, structurally-simplified, non-taxane, microtubule 

dynamics inhibitor, macrocyclic ketone analogue of Halichondrin B (NSC 609395) [11–13]. Due to the 

novel mechanism of action of eribulin, which was distinct from other known antitubulin agents, and its 

impressive preclinical activity, it was presented to NCI, Drug Development Group in 1998 and entered 

phase I clinical trials in 2002. After impressive results in phase III trials [14] the U.S. Food and Drug 

Administration approved eribulin on 15 November 2010, for treatment of patients with metastatic breast 

cancer (MBC) who havd previously received an anthracycline and a taxane in either the adjuvant or 

metastatic setting, and at least two chemotherapeutic regimens for the treatment of metastatic disease [15]. 

The recommended dose of eribulin mesylate 1.4 mg/m2 is equivalent to eribulin 1.23 mg/m2 (expressed 

as free base) intravenously over 2 to 5 min on days one and eight of a 21-day cycle [15,16]. However, 

in text for the fluency of reading we have substituted eribulin mesylate with eribulin. 

Eribulin has undergone phase III clinical trials in MBC, soft-tissue sarcoma, and non-small cell lung 

cancer (NSCLC). Phase II trials with eribulin have been conducted or are currently ongoing as single 

agent, or in combination with other agents, in breast, NSCLC, salivary gland, pancreatic, prostate, head 

and neck cancer, bladder/urothelium and kidney dysfunction, and ovarian and related gynecological 

malignancies [17]. The purpose of this article is to review the available information on eribulin with 

special focus on clinical studies. The article also briefly reviews the preclinical information, mechanism 

of action, and pharmacokinetics of eribulin. 
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Chemical structures of Halichondrin B and eribulin mesylate. 
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Figure 2. Mechanism of action of eribulin mesylate.  

Eribulin has an end poisoning mechanism. It may suppress mitosis by either directly binding as  

un-liganded eribulin to microtubule ends or by competing with un-liganded soluble tubulin for addition 

to growing microtubule ends by inducing tubulin aggregates, leading to the formation of abnormal 

mitotic spindles which cannot pass the metaphase/anaphase checkpoint. It causes microtubule growth 

inhibition and tubulin sequestration into non-functional aggregates [33]. Eribulin seems to inhibit tubulin 

polymer formation by binding to either the interdimer interface or the β-tubulin subunit alone. It does 

not bind to both α- and β-tubulin [37,38]. At 100 nM (eribulin concentration that inhibits microtubule 

plus end growth by 50% or the concentration approximately 10 times higher than that minimally induces 

complete G2/M blocks) it suppresses dynamic instability by binding, with high affinity, at microtubule 

plus ends but does not suppress dynamic instability at microtubule minus ends [11,37]. It inhibits cancer 

cell growth via induction of irreversible complete mitotic block at G2-M (prometaphase blockage), 

disruption of mitotic spindles formation, and initiation of apoptosis following prolonged mitotic 

blockage [7,39].  

Studies suggest that tumors expressing higher levels of βIII tubulin isotype may be more responsive 

to eribulin [40]. It is interesting, as the βIII tubulin gene is found to confer resistance to [41] and is 

inducible by [42] various antitubulin agents, like vinorelbine and paclitaxel. Additionally, its over-expression 

Eribulin in Cancer Treatment - Mar. Drugs 2015, 13, 5016-5058 - Fig 02

Mechanism of action of eribulin mesylate. 



Summary of poly (ADP-ribose) 

[pADPr] polymerase 1 (PARP1) 

structure, function, and proposed 

contribution to synthetic lethality. 

(A) Schematic of PARP1 structure. (B) On binding to damaged

DNA, PARP1 undergoes conformation change that increases its

catalytic activity, leading to cleavage of NAD􏰺 and addition of

ADP- ribose units to various proteins, including its own

automodification domain. Result- ing pADPr polymers (depicted as

chains of yellow circles) alter function of proteins that are modified

(eg, by decreasing affin- ity of PARP1 for damaged DNA)29 and

also recruit additional proteins that bind to polymer

noncovalently.30,31 (C-F) Mod- els proposed to explain observed

syn- thetic lethality between homologous recombination (HR)

deficiency and PARP inhibition. These models emphasize (C) role

of PARP1 in base excision repair, (D) recruitment of DNA repair

proteins, (E) recruitment of BARD1-BRCA1 complex, and (F)

suppression of nonhomologous end joining (NHEJ). AD,

automodification domain; BRCT, BRCA1 C-terminal do- main;

DBD, DNA binding domain; FA, Fan- coni anemia; NLS, nuclear

localization signal; PK, protein kinase; WGR, tyrptophan-glycine-

arginine-rich domain; Zn, zinc finger.
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Schematic representation of the effects of platinum compounds on subcellular 

compartments. 
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Mitochondria as subcellular targets of platinum complexes. 
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