Seminars in Cancer Biology 35 (2015) S55-S77

Contents lists available at ScienceDirect

Seminars in Cancer Biology

journal homepage: www.elsevier.com/locate/semcancer

Review

Evasion of anti-growth signaling: A key step in tumorigenesis and @CmsMaIk
potential target for treatment and prophylaxis by natural compounds

A.R.M. Ruhul Amin?, Phillip A. Karpowicz”, Thomas E. Carey¢, Jack Arbiser® 9, Rita Nahta?,
Zhuo G. Chen?, Jin-Tang Dong?, Omer Kucuk?, Gazala N. Khan¢, Gloria S. Huang',

Shijun Mif, Ho-Young Lee¢, Joerg Reichrath”, Kanya Honoki', Alexandros G. Georgakilas/,
Amedeo Amedei*, Amr Amin"™, Bill Helferich”, Chandra S. Boosani®, Maria Rosa Ciriolo®,
Sophie Chen¢, Sulma I. Mohammed", Asfar S. Azmi*®, W. Nicol Keith*, Dipita Bhakta",
Dorota HalickaV, Elena Niccolai*, Hiromasa Fujii’, Katia AquilanoP®, S. Salman Ashraf’,
Somaira Nowsheen", Xujuan Yang", Alan Bilsland®, Dong M. Shin®*

a Winship Cancer Institute of Emory University, Atlanta, GA, USA

b Department of Biological Sciences, University of Windsor, 401 Sunset Ave., Room 327, Windsor, Ontario, N9B 3P4, Canada
¢ University of Michigan, Ann Arbor, MI, USA

d Atlanta Veterans Administration Health Center, Atlanta, GA, USA

¢ Henry Ford Hospital, Detroit, MI, USA

f Albert Einstein College of Medicine, New York, NY, USA

& College of Pharmacy, Seoul National University, Seoul, South Korea

h University of the Saarland, Saarbrucken, Germany

i Nara Medical University, Nara, Japan

I National Technical University of Athens, Athens, Greece

K University of Florence, Florence, Italy

VUAE University, Al Ain, United Arab Emirates

™ Faculty of Science, Cairo University, Cairo, Egypt

" University of Illinois at Urbana Champaign, Urbana Champaign, IL, USA

° Creighton University, Omaha, USA

P University of Rome “Tor Vergata”, Rome, Italy

9 Qvarian and Prostate Cancer Research Laboratory, Guildford, Surrey, United Kingdom
" Purdue University, West Lafayette, IN, USA

S Wayne State University, Detroit, MI, USA

tUniversity of Glasgow, Glasgow, United Kingdom

Y School of Chemical and Bio Technology, SASTRA University, Thanjavur, India

v New York Medical College, Valhalla, NY, USA

W Medical Scientist Training Program, Mayo Medical School, Mayo Graduate School, Mayo Clinic, Rochester, MN, USA

ARTICLE INFO ABSTRACT

Article history: The evasion of anti-growth signaling is an important characteristic of cancer cells. In order to con-

Available online 6 March 2015 tinue to proliferate, cancer cells must somehow uncouple themselves from the many signals that
exist to slow down cell growth. Here, we define the anti-growth signaling process, and review sev-

Keywords: eral important pathways involved in growth signaling: p53, phosphatase and tensin homolog (PTEN),

Tumor suppressor retinoblastoma protein (Rb), Hippo, growth differentiation factor 15 (GDF15), AT-rich interactive domain

Anti-growth signaling 1A (ARID1A), Notch, insulin-like growth factor (IGF), and Kriippel-like factor 5 (KLF5) pathways. Aber-
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rations in these processes in cancer cells involve mutations and thus the suppression of genes that
prevent growth, as well as mutation and activation of genes involved in driving cell growth. Using
these pathways as examples, we prioritize molecular targets that might be leveraged to promote anti-
growth signaling in cancer cells. Interestingly, naturally occurring phytochemicals found in human diets
(either singly or as mixtures) may promote anti-growth signaling, and do so without the potentially
adverse effects associated with synthetic chemicals. We review examples of naturally occurring phyto-
chemicals that may be applied to prevent cancer by antagonizing growth signaling, and propose one
phytochemical for each pathway. These are: epigallocatechin-3-gallate (EGCG) for the Rb pathway,
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luteolin for p53, curcumin for PTEN, porphyrins for Hippo, genistein for GDF15, resveratrol for ARID1A,
withaferin A for Notch and diguelin for the IGF1-receptor pathway. The coordination of anti-growth
signaling and natural compound studies will provide insight into the future application of these com-

pounds in the clinical setting.

© 2015 Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Carcinogenesis is a complex, stochastic and yet highly coordi-
nated multi-step process in which normal cells progress through
hyperplasia to mild, moderate and severe dysplasia to carcinoma
in situ, invasive carcinoma, and finally to metastatic disease after
initiation by primary carcinogenic insult [1]. Hahn and Wein-
berg [2] proposed six hallmarks to better define and understand
this complex process. They modeled these hallmarks in normal
human bronchial epithelial cells and demonstrated immortaliza-
tion in vitro by targeting tumor suppressor pathways, notably,
retinoblastoma (Rb) regulation of cell cycle entry, tumor protein
53 (TP53) regulation of cell cycle progression, human telomerase
reverse transcriptase (hTERT) activation, combined with an onco-
genic signal using activated Harvey rat sarcoma viral oncogene
homolog (hRAS) [3]. As this model shows, and as studies of human
tumors progress into the era of high throughput sequencing, it is
clear that evasion of anti-growth signaling and loss of tumor sup-
pressors are central hallmarks necessary to the oncogenic process.

Loss of growth control mechanisms allows neoplastic cells to
acquire unlimited replicative ability and evade elimination, growth
arrest, and senescence by tumor suppressors. In general, tumor sup-
pressor genes block the transformation of normal cells to cancerous
cells. Environmental stress factors including ultraviolet (UV), irra-
diation, and chemicals can induce DNA damage and genetic
alteration. These injuries can cause the progression of carcinogenic
processes if damage cannot be appropriately repaired and mutated
cells continuously proliferate. Dozens of tumor suppressor genes
are activated under these circumstances that inhibit the prolifera-
tion of damaged/mutated cells by arresting cell cycle progression
and inducing apoptosis and other types of programmed cell death,
thus their evasion is critical for carcinogenesis. p53 and Rb are
typical tumor suppressor genes [4]; they play a key role in deter-
mining the fate of cells, i.e. whether they proliferate or undergo
senescence or apoptotic programs. In solid tumors, the most com-
mon genetic changes are losses of tumor suppressor genes. It has
been estimated that over 70% of the genetic changes discovered in
solid tumors represent evasion of tumor suppressor mechanisms;
leading to the suggestion that this leaves us with an un-targetable
cancer problem. It would appear necessary to replenish the func-
tion associated with the mutated or lost tumor suppressor in every
tumor cell, a goal that has so far been unattainable. However, loss
of a tumor suppressor usually results in unopposed signaling by
a mechanism normally suppressed by the lost tumor suppressor
gene. Thus, a viable strategy to overcome the evasion of a tumor
suppressor mechanism is to identify and target the unrestrained
pathways activated by the loss of tumor suppressors.

This review will briefly discuss how anti-growth signaling
mechanisms are inactivated in tumors with emphasis on major
tumor suppressor pathways and will explore how these pathways
can be targeted for the prevention and treatment of cancer.

2. Dysfunction: mechanism of evasion of tumor
suppressors

Tumor cells may evade tumor suppressors by genetic and epi-
genetic mechanisms. Genetic mechanisms include chromosomal

deletion, mutation and inactivation or loss of upstream or down-
stream effectors. Epigenetic evasion includes DNA methylation, and
histone methylation and acetylation. Examples of tumor suppres-
sor losses are abundant in solid tumors. Among the most common
are loss, mutation and/or methylation of the cyclin-dependent
kinase inhibitor (CDKN) 2A locus on chromosome 9p21, which leads
to loss of the CDKN, p16ink4a and often the mouse double minute
2 homolog (hMDM?2) inhibitor p144RF as well. Loss of p16ink4a
results in unopposed activation of the cyclin dependent kinases
CDK4/6, which phosphorylate the Rb protein thereby activating
E2F-mediated transcription of genes involved in entry into the cell
cycle. Loss of p14ARF protein results in unopposed MDM?2 activ-
ity and increased p53 ubiquitination and degradation with effects
similar to loss of p53. Mutation, loss or inhibition of TP53 function
is also very common, as is loss and/or mutation of phosphatase
and tensin homolog (PTEN). Loss of p53 leads to loss of cell cycle
checkpoints, the ability of the cell to arrest and effectively repair
DNA errors or damage and the accumulation of genetic instabil-
ity and accumulation of mutations. Additionally, p53 protein has
an important role in triggering apoptosis, thus its loss leads to the
inappropriate survival of cells with new mutations. Loss of PTEN
protein, a phosphatase that dephosphorylates phosphatidylinositol
(3,4,5)-trisphosphate (PIP3), leads to unopposed activity of phos-
phoinositide 3-kinase (PI3K) and protein kinase B (AKT) signaling,
which drives tumor growth.

The dysfunctional pathways activated by loss of tumor sup-
pressors provide continuous unopposed tumor growth promoting
signals. These pathways have consequently become potential tar-
gets for novel anti-cancer compounds. For example, inhibitors of
MDM?2 are being tested to restore p53 function, mammalian target
of rapamycin (mTOR) inhibitors are being tested to overcome PTEN
loss, and CDK4/6 inhibitors to restore Rb function from p16ink4a
loss of function are entering clinical trials.

3. Prioritized anti-growth signaling pathways

There are hundreds of tumor suppressor genes that possess the
ability to stop or slow down the carcinogenesis process. The activa-
tion of tumor suppressors is mostly context-dependent and varies
by organ site and by molecular and pathological sub-type. The most
common and important tumor suppressors, their role in tumori-
genesis and approaches to target these genes for cancer treatment
and prophylaxis are discussed in the following sections and sum-
marized in Fig. 1.

3.1. The Rb pathway

The retinoblastoma (Rb) gene was the first tumor suppressor
gene to be described. The development of retinoblastoma was pre-
dicted by Alfred Knudsen to involve a “two hit” mechanism, based
on the kinetics of appearance of retinoblastoma in the inherited
form (single order kinetics) and the sporadic form (second order
kinetics). This analysis led to the hypothesis that disease initiation
requires two steps involving loss of function of both copies of the
affected gene. Thus, Rb was recognized to have a tumor suppressor
function long before the gene was identified and demonstrated to
be inactivated by mutation of one copy and loss or silencing of the
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