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Preface

Cell signaling is one of the most intricate and fascinating areas of molecular biol-
ogy, and it will not be wrong to say that we have witnessed groundbreaking discov-
eries in the era of molecular biology. It was in the late 1970s when scientists started 
to discover interwoven network of proteins. Genetic, genomic, and proteomic 
studies have improved our understanding of these highly synchronized, hierarchi-
cally assembled arrays of proteins, which transduce the signals linearly and also 
cross-talk with other signaling cascades.

This book comprehensively reviews most recent advancements in our under-
standing of the involvement of intracellular signaling cascades in cancer develop-
ment and progression. Detailed information presented in this book will help younger 
oncologists find their way in the labyrinth of signal transduction cascades and how 
these dysregulated pathways can be therapeutically exploited to improve clinical 
outcomes. Detailed mechanistic insights of the signaling cascades are described but 
without ignoring the multiplicity of interconnections and cross-talks. After descrip-
tion of modulators and effectors of different pathways, brief description is also pro-
vided related to the alterations found in cancers as well as of the targeted 
pharmacological approaches that can be used to inhibit different proteins in a sig-
naling pathway. Additionally we have also emphasized the role of miRNAs in dif-
ferent cancers.

The first chapter is focused on the essential role of signal transduction cascades 
in endometriosis and how these pathways promote transformations from benign to 
premalignant endometriosis. Dr. Talha Abdul Halim and his group comprehensively 
discussed mechanistic insights. The next chapter is written by the distinguished 
scientist Dr. George Calin whose team has contributed substantially in putting 
together the missing pieces of an incomplete jigsaw puzzle related to the role of 
noncoding RNAs in human cancers. Dr. Maria Ciccone and Dr. George Calin exten-
sively elaborated how microRNAs, tyrosine kinases, and epigenetic modifications 
played key roles in leukemogenesis. Dr. Carolina Ruivo and Dr. Sonia Melo sum-
marized the knowledge related to the rapidly emerging role of exosomes in tumor 
development, metastatic spread, and drug resistance. Dr. Yi Lim and his team pro-
vided an update related to ATM kinase, a multitalented regulator of DNA damage 
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signaling. G protein-coupled estrogen receptor (GPER) induced signaling has been 
reported in prostate cancer. Dr. Sílvia Socorro and coworkers shed light on GPER-
induced intracellular pathway and different agonists and antagonists to modulate 
GPER pathway. An overview of the aberrantly expressed miRNAs in bone cancer 
was provided by Dr. Janaina Dernowsek. Dr. Massimo Mallardo and his team 
emphasized on intricately controlled target genes by miR-25  in different cancers 
followed by a presentation by Dr. Kayla Lewis and Dr. Liu Yi who described how 
sonic hedgehog signaling pathway can be therapeutically exploited to treat lung 
cancer. Another highly investigated signaling cascade in molecular oncology is 
TGF/SMAD signaling cascade. Dr. Mohadeseh Hasanpourghadi and Dr. Mohammad 
Rais Mustafa conceptually portrayed most recent updates about regulation of TGF/
SMAD pathway by different natural products. Dr. Eun Sohn impressively presented 
the use of natural products to modulate oncogenic and tumor suppressor miRNAs in 
different cancers. Dr. Armando Luis Garcia and colleagues shared most current 
knowledge related to Wnt signaling and miRNAs in sebaceous carcinoma of the 
eyelids and how clinicians will benefit from a greater understanding of the disease. 
Dr. Maria Luisa Gasparri and her team exclusively focused on the potential use of 
miRNAs as biomarkers in breast cancer. Dr. Chiara Martinelli comprehensively 
reviewed the underlying mechanisms of AML. Dr. Krassimira Todorova and Dr. 
Soren Hayrabedyan shared expert opinion about miRNA regulation of different 
genes in prostate cancer. This chapter gives a smart analysis of different proteins, 
which are deregulated in prostate cancer. Dr. Bayraktar Oznur and Dr. Gozuacik 
Devrim provided an in-depth analysis of miRNA regulation of autophagy. The last 
chapter, contributed by Dr. Ilhan Yaylim and her team, provided a conceptual frame-
work of the contributory role of CEACAMs in different cancers.

We would like to offer our sincere gratitude to all the contributing authors. 
Without their help this book would not have been possible. Finally, we would like 
to dedicate this book to our three wonderful babies, Burhan, Ibrahim, and Jibran, for 
their understanding, unconditional love, and sacrifice to enhance our scientific 
career.

Lahore, Pakistan Sundas Fayyaz
Islamabad, Pakistan Ammad Ahmad Farooqi

Preface
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Chapter 1
From Endometriosis to Cancer: Spotlight 
on Intracellular Signaling Cascades 
and MicroRNAs

Talha Abdul Halim, Rukset Attar, Cristina Donfrancesco, 
Ammad Ahmad Farooqi, and Farrukh Zaman

Abstract Increasingly sophisticated information has started to shed light on essen-
tial role of signal transduction cascades in endometriosis and how these pathways 
promote transformations from benign to premalignant endometriosis. It is becom-
ing progressively more understandable that genetic/epigenetic mutations, inactiva-
tion of tumor suppressors, aberrant expression of different microRNAs play decisive 
role in malignant transformation of endometriosis.

Keywords Cancer · Endometriosis · MicroRNA · Therapy

 Introduction

Endometriosis represents a benign, chronic gynecological condition, affecting 
about 6–10% of young fertile women. The prevalence rises to 30–80% in patients 
with pelvic pain and to 20–50% in those with infertility [1, 2]. The most frequent 
disease localization is the pelvis, and the most affected organs are ovaries, fallo-
pian tubes, bladder, rectosigmoid colon and myometrium (i.e. adenomyosis). 
Possible extrapelvic foci of disease can be found in abdomen, appendix, abdomi-
nal anterior wall, lungs, urinary tract and nervous system. The classic triad of 
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symptoms is composed by dysmenorrhea, dyschezia and dyspareunia, but patients 
may have atypical manifestations or may be completely asymptomatic, making 
diagnosis difficult [3]. However, the severity of symptoms does not always cor-
relate with the severity of disease [4]. Different authors have emphasized the role 
of emotional and psychological responses to stressful factors, which may contrib-
ute in perception of pain [4].

The definitive diagnosis is done histopathologically which is possible only at the 
time of surgery. Typical lesions are made of ectopic endometrial glands and stroma, 
while inflammation and fibrosis are usually present in varying degrees. Nevertheless 
endometriosis can be considered an inflammatory disease, as the related pain is due 
to an increase in inflammatory mediators, neuromodulation of the peripheral sen-
sory neurons by estrogens and neurological dysfunction [2].

To date various serum markers have been investigated to help in the initial diag-
nosis and disease recurrences. Furthermore in the blood and peritoneal cavity of 
affected patients, an increase in concentration of cytokines and growth factors has 
been documented. CA125 represents the most widely studied factor to help in diag-
nosis of first presentation and recurrences of disease, considering that its levels can 
be high [5]. However, the biomarker has a low specificity in premenopausal women. 
Its values can be found elevated not only in ovarian cancers, but also in non-ovarian 
gynecological cancers, in non-gynecological malignancies, in women with pelvic 
inflammatory disease, in those with myomas, in pregnancy or during menstruation- 
and in systemic diseases too, as cirrhosis or tuberculosis [6]. Thus, for its low speci-
ficity, CA125 is not so helpful in distinguish endometriosis and ovarian cancer [7].

In patients with endometriosis, CA125 peritoneal fluid concentrations have been 
evaluated in order to express a risk of developing cancer, but we do not have conclu-
sive data. In the study by Mckinnon et al. patients with endometriosis who devel-
oped ovarian cancer presented high peritoneal concentrations of another marker, the 
Human epididymis protein 4 (HE4). This molecule was detected as the best for 
ovarian cancer identification [8]. When investigated in the serum, sensitivity of HE4 
and CA125 was of 65.5% and 58.6%, respectively, while when combining 
HE4+CA125 the sensitivity reached 68.9% with the same specificity for ovarian 
cancer detection [9].

It has to be stressed that endometriosis has competency typical of invasive can-
cer, as angiogenesis, apoptosis, abnormal cell proliferation and, as mentioned above, 
invasion of distant organs [10, 11] even if it is a benign disease. The most accepted 
theory for endometriosis origin remains Sampson’s theory: endometrial elements, 
after retrograde menstruation, graft and proliferate at ectopic sites [12, 13]. This 
ability to fix on a surface with subsequent infiltration, proliferation and vasculariza-
tion is typical of cancer. Various authors have described an association between 
endometriosis and ovarian cancer [14, 15].

Patients affected by endometriosis present a 2.5–4 fold increase in the risk of 
developing ovarian cancer in the next 10 years, especially of the endometrioid or 
clear cell subtypes. The risk is particularly elevated in women with diagnosis at 
young age or with over 10 years disease history [16]. It seems to be a real strong 
association between endometriosis and invasive endometrioid and clear-cell ovarian 
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cancers [17, 18] if we also consider that women affected by these histotypes of 
cancer present more occurrence of endometriosis respect to women with other his-
totypes [19].

The diagnosis of ovarian cancer associated to endometriosis is usually made at 
younger age; cancer tends to be of earlier stage, of lower grade, and prognosis is 
usually better [20]. In the study by Bonous et al. conducted on 203 patients affected 
by ovarian cancer, endometriosis-associated cancer incidence is 22.2%. In the same 
study ovarian cancer related to endometriosis appears to be diagnosed at an earlier 
stage and to confer a better overall survival, but, when stratified by stage, its advan-
tage in survival disappears [21].

Nowadays, with the advent of molecular biology, many investigations have been 
focused on the link between ovarian cancer and its precursors - as endometriosis - in 
order to better understand the signaling pathways which underlie its development 
and progression.

 Signaling Pathways Involved in Endometriosis

Immunohistochemistry assay provided evidence of presence of HMGB1 (High 
mobility group box-1) in endometrial cells. Furthermore, there was a significant 
increase in expression of HMGB1 during secretory phase in endometriosis group 
[22]. Passively released HMGB1 interacted with TLR4 and induced sterile inflam-
mation through a signaling pathway which involved NFκB in human endometrium. 
HMGB-1 mediated effects were blocked by co-inhibition of TLR4 and NFκB which 
highlighted possible involvement of NFκB pathway. HMGB1-mediated NFκB sig-
nal transduction may be central mechanism during earlier phase of endometrial 
inflammation in patients with endometriosis [22].

There was a notable loss of PTEN (Phosphatase and tensin homolog) in both 
endometriosis and invasive tumor tissues [23]. Whereas, ER (estrogen receptor) 
expression was lost in OCCC relative to endometriosis. Significant overexpression 
of XRCC5, eEF1A2, PPP1R14B and PTCH2 was noted in OCCC and associated- 
endometriosis. However, characteristically unique changes in expression levels of 
genes were not observed in benign endometriosis [23]. Immunohistochemistry con-
firmed the loss of expression of Wilms’ tumour protein 1 (WT1) in OCCC, while 
significant co-expression of ER and WT1 was reported in endometriotic tissues 
[23]. Expression of lineage-specific genes in endometriosis but their repression in 
OCCC pointed towards an epigenetically ‘reprogrammable’ state that transformed 
differentiated endometriotic cells into pluripotent state in OCCC [23].

Patients were classified according to different types of endometriosis: ovarian 
endometrioma (OMA), deep infiltrating endometriosis (DIE) and superficial perito-
neal endometriosis (SUP) [24]. Major histocompatibility complex class I homo-
logues MICA and MICB are NKG2D ligands noted to be substantially enhanced in 
endometriosis. Significantly higher MICA ratio levels were recorded in women suf-
fering from endometriosis in comparison to controls. Similarly, there was a rise in 

1 From Endometriosis to Cancer: Spotlight on Intracellular Signaling Cascades…
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MICB levels in peritoneal fluid of endometriosis-affected women in comparison to 
disease-free women. ULBP2, MICA and MICB ratio levels were also noted to be 
considerably increased in DIE in comparison to controls [24].

HIF-1α was frequently overexpressed in ectopic endometriotic tissues and 
repressed expression of DUSP2 (dual-specificity phosphatase-2) [25]. DUSP2, a 
phosphatase is centrally involved in inactivation of mitogen-activated protein kinase 
(MAPK). Markedly downregulated IL-6 expression was noticed in DUSP2 overex-
pressing endometrial stromal cells. Hypoxic conditions significantly suppressed 
DUSP2 levels and simultaneously induced the expression of IL-6 in eutopic endo-
metrial stromal cells. IL-6 enhanced cellular proliferation in eutopic endometrial 
stromal cells. Hypoxic conditions protected endometrial stromal cells from apop-
totic cell death via activation of IL-6/STAT3 signaling cascade [25].

Loss of KLF11 was noted in human endometriotic lesions as compared to eutopic 
endometrium. Loss of KLF resulted in epigenetically dysregulated target genes 
[26]. There is evidence of association of Dopamine receptor 2 (DRD2) with vascu-
larity and fibrosis in endometriosis.Klf11/Drd2 cascade played a role in the devel-
opment and progression of endometriosis. Drd2 expression in lesions from wild-type 
and Klf11−/− mice was investigated. Endometriotic model was generated by autol-
ogously transplanted everted uterine segments on to flank parietal peritoneum that 
enabled peritoneal exposure of eutopic endometrium. Wild-type models displayed 
near complete regression of lesions, Klf11−/− models developed progressive dis-
ease. Dopamine receptor 2 expression was increased in the region of regressed wild- 
type lesions compared to Klf11−/− lesions [26].

Correlation between the drop in Nuclear factor erythroid-derived 2-like 2 (NRF2) 
and Glutamate Cysteine Ligase (GCL) levels and endometriotic lesion growth has 
recently been reported. Uterine horns from Nrf2−/− mice were implanted into syn-
geneic animals [27]. Weight and volume of Nrf2−/− ectopic implants were higher 
significantly. Another murine model of endometriosis was studied for role of Nrf2 
induction on endometriosis in  vivo using dimethyl-fumarate (DMF). Significant 
reductions in weight and volume of lesions were noted in DMF-treated mice. 
Moreover, there was an increase in gene expression of both GCLC and Nrf2  in 
ectopic implants of DMF-treated mice. It was concluded that Nrf2 induction pre-
vented endometriosis development [27].

Significantly upregulated levels of OCT4 (octamer-binding transcription factor-
 4) and TGF-β receptor-I (TGFRI) were observed in the high-migratory ectopic 
endometriotic tissues as compared to hyperplastic or low-migratory normal endo-
metrium [28]. Positive correlations between OCT4 and TGFRI and either OCT4 or 
TGFRI with migration associated-genes (SLUG, TWIST and SNAIL) were noticed 
in endometriotic tissues. TGFβI dose-dependently increased OCT4, SNAIL and 
N-Cadherin. However, OCT4 inhibition drastically impaired TGFβI triggered 
increase in expression levels of SNAIL and N-Cadherin in endometrial carcinoma 
cells and endometriotic stromal cells. TGFβI remarkably enhanced migratory 
capacity of endometriotic cells but OCT4 silencing abolished TGFβI induced cel-
lular migration. Data clearly presented vital role of TGFβ in modulation of different 
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target genes in presence of OCT4 which contributed to ectopic endometrial growth 
by promoting migration of endometrial cells [28].

 Natural Products Mediated Regulation of Proteins Network 
in Endometriosis

Glycyrrhizin, a triterpene isolated from Glycyrrhiza glabra was noted to effectively 
suppress interleukin (IL-1β), tumor necrosis factor-α (TNF-α), NO and prostaglan-
din- E2 production in Lipopolysaccharide (LPS) stimulated mouse endometrial epi-
thelial cells (MEEC) [29]. Glycyrrhizin dose-dependently inhibited LPS-induced 
NF-kB activation and Toll-like receptor 4 (TLR4) expression in MEEC cells [29].

 Transformation of Endometriosis into Cancer

In 1988, La Grenade and Silverberg presented a landmark finding and reported a 
direct association between atypical endometriosis and ovarian cancer [30]. 
Combined effect of KRAS mutations and p53 loss were studied recently in a trans-
genic animal model [31]. Recently reported high-impact research highlighted that 
K-ras mutations and conditionally deleted p53 within the ovarian surface epithe-
lium triggered formation of ovarian lesions which had proliferation potential and 
endometrioid glandular morphology. Moreover, double mutant ovaries formed 
high-grade ovarian carcinosarcomas which were poorly differentiated. K-rasG12D 
effects were also tested in ovarian cancer cells (MCAS, PA-1) and results revealed 
that K-rasG12D overexpressing cells had significantly higher proliferation, migra-
tion and invasive potential [31].

AT-Rich Interactive Domain 1A (ARID1A), a chromatin remodeler was noted to 
be a key player in the regulation of phenotypic and molecular alterations that poten-
tially contributed to the malignant transformation of endometriotic cells to ovarian 
clear cell carcinoma (OCCC) [32]. Significant increased anchorage-independent 
colony formation was noted in ARID1A silenced endometriosis cells. Additionally, 
adhesive and invasive properties of ARID1A silenced endometriosis cells were also 
noted to be remarkably enhanced. ARID1A downregulation reconfigured architec-
ture of chromatin through extensively increased H3K27ac (acetylation at the 27th 
lysine of histone H3) and a modest, context-dependently altered H3K27me3 
(Histone 3 lysine 27 trimethylation) at gene promoters. There data clearly suggested 
that ARID1A inhibition can be a “trigger” for transformation of endometriotic cells 
into cancerous cells [32].

mRNA expression levels of myostatin and myostatin receptors ALK4 (activin 
receptor-like kinase 4), ALK5 and activin receptor type-IIB (ActRIIB) were studied 
in endometrium of healthy women during menstrual cycle, in benign  (endometriosis, 
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polyps) and malignant (endometrial adenocarcinoma) conditions [33]. There was a 
19-fold increase in ALK5 mRNA in deep infiltrating endometriosis (DIE), whereas 
14-fold increase in ActRIIB mRNA was noticed in DIE lesions as compared to 
control endometrium. Upregulated expression levels of ALK5 and ActRIIB were 
detected in ovarian endometrioma (OMA). ALK4 and ALK5 levels were markedly 
upregulated in DIE than in OMA. Expression levels of ALK4, ALK5 and ActRIIB 
were high in endometrial adenocarcinomas as compared to polyps and control 
endometrium [33].

 MicroRNA Mediated Regulation of Endometrioid 
Endometrial Carcinoma

Dysregulations of microRNAs have been frequently noted in endometrial endome-
trioid adenocarcinoma (EEC). qRT-PCR results revealed lower expression level of 
miR-206 in ERα+ EECs as compared to ERα-negative samples [34]. MiR-206 nega-
tively regulated ERα and affected its downstream target genes in ERα+ EECs cells. 
miR-206 overexpression time-dependently inhibited growth of ERα+ EEC cells. 
There was a significant reduction in invasive properties of Ishikawa and RL95-2 
cells transfected with miR-206 precursors. miR-206 overexpression significantly 
reduced levels of matrix metalloproteinases (MMP2, MMP9). miR-206 exerted 
inhibitory effects on secretion of MMP2 and MMP9, particularly MMP9 in EEC 
cells [34].

It is noteworthy that in comparison to adjacently located tissues and normal 
endometrium, miR-199a-3p is significantly downregulated in EEC tissues [35]. 
miR-199a-3p quantitatively controlled mTOR (mammalian target of rapamycin) by 
binding to the mTOR-3′ UTR. Data clearly suggested that miR-199a-3p inhibited 
cellular proliferation by negatively regulating mTOR in EEC cells [35].

MiR-23a directly targeted and downregulated SMAD3 in HEC-1-A cells [36]. 
Reduction in SMAD3 was noted after treatment with miR-23a agomir however, 
treatment with a miR-23a antagomir induced an increase in SMAD3 levels in HEC- 
1- A cells. Furthermore, miR-23a overexpression increased E-cadherin and 
decreased vimentin and α-smooth muscle actin in HEC-1-A cells [36].

Multiple lines of evidence increasingly linked MALAT1 (metastasis associated 
lung adenocarcinoma transcript 1) to diverse cancers [37]. miR-200c binding sites 
have been identified in MALAT1. MiR-200c mimics markedly repressed cellular 
growth and there was a reduction in the proportion of cells in S-phase and an incre-
ment in cellular proportion in G1-phase. Tumor weight and volume were markedly 
reduced in the mice xenografted with miR-200c expressing RL-952 cells [37].

miRNA-200a, miRNA-200b and miRNA-429 are oncogenic miRNAs which 
directly targeted PTEN gene in endometrioid endometrial adenocarcinoma [38–40]. 
MiRNA-370 suppressed cellular proliferation and sensitized endometrioid ovarian 
cancer cells to cisplatin (CDDP) by directly targeting endoglin (ENG) [41].
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 Conclusion

Endometriosis and endometriosis-associated malignancies have attracted consid-
erable attention. Recent advancements in technological tools for massively paral-
lel, high-throughput sequencing of DNA have enabled us to comprehensively 
characterize mutations in different diseases. In a recently published study in New 
England Journal of Medicine, cancer driver mutations were identified only in the 
epithelium but not the stroma of the same endometriosis lesions [42]. Therefore, 
presumably those mutations made endometriotic epithelial cells selectively advan-
tageous! This seemingly effective selective pressure in the epithelial compartment 
might be helpful in the emergence of distinct clonal populations within the same 
lesion [42].

A systematic analysis of the data obtained from high-throughput technologies is 
necessary to help us in developing a better understanding of miRNA-target net-
works in endometriosis and endometriosis associated malignancies. Using miRNA 
and mRNA data from the publically available repository of cancer genomic and 
proteomic data (TCGA), miRNA and mRNA networks can be re-interpreted in 
detail in endometriosis and endometriosis associated malignancies. Databases 
such as TCGA will prove to be helpful in developing a deeper knowledge related 
to novel miRNA pathways involved in cancer. CLIP-seq (cross-linked immunopre-
cipitation followed by next generation sequencing) methodologies such as HITS-
CLIP35, iCLIP37 and PAR-CLIP36 have helped us to put missing pieces of the 
jigsaw- puzzle together for identification of miRNA targets with higher 
confidence.

Identification of miRNA–mRNA associations is possible through biochemical 
pulldown assays of specific miRNA and associated mRNA targets, followed by 
sequencing. Near to complete landscape of the miRNA targetome, that clearly 
defines the number of tumor suppressors and/or oncogenes targeted by a particular 
miRNA has yet to be portrayed. The capability of miRNAs to target multiple genes 
is scientifically appealing, as this feature may be instrumental in the targeting of 
multiple compensatory pathways. However, we still have outstanding questions 
related to efficacy of a specific miRNA because a particular miRNA targetome 
might include both oncogenes and tumor suppressors, as well as a number of targets 
not involved in cancer.
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Chapter 2
Tyrosine Kinases, microRNAs, Epigenetics: 
New Insights in the Mechanisms 
of Leukemogenesis

Maria Ciccone and George A. Calin

Abstract Haematological malignancies include a broad spectrum of diseases 
 ranging from indolent disorders up to very aggressive leukemias. Recently, numer-
ous studies have contributed to deepen the knowledge of the mechanisms underly-
ing leukemogenesis. Interestingly, different types of leukemias may share the same 
molecular abnormality (for example, the loss of the TP53 gene). Conversely, only 
few haematological malignancies harbour a single and specific aberration (for 
example the BCR/ABL gene fusion in chronic myeloid leukemia). Rather, they rep-
resent the final step of a complex transformation process starting from a normal cell 
that acquires multiple genetic abnormalities because of an intrinsic genetic “frailty” 
along with stimuli from the cellular microenvironment triggering clonal evolution. 
Furthermore, either the damage of the genes that are critical in cell growth and death 
pathways or the disruption of the check-machinery that tunes and supervise the 
expression of the genome inside the cell (epigenetics), may occur during the clonal 
evolution. The knowledge of the mechanisms underlying leukemogenesis has 
addressed the scientific community to test molecules that are able to target specific 
proteins or genes to verify whether they could replace or integrate the conventional 
chemotherapy in order to either spare in terms of unneeded toxicity or improve in 
terms of disease remission and survival. In many cases, the survival improvement 
and a more acceptable therapy-related toxicity were achieved following the spread 
of the “target” therapy. This chapter aims to discuss the new insights in the mecha-
nisms of leukemogenesis and their consequences on therapeutic goals.
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 Introduction

Hematological malignancies include a broad spectrum of diseases ranging from 
indolent disorders up to very aggressive leukemias [1]. The knowledge of the mech-
anisms underlying leukemogenesis has contributed to the achievement of several 
goals. At first, it provided new tools for the diagnostic work up within the group of 
the hematological malignancies as the last World Health Organization classification 
has reaffirmed [1]. Second, it improved the prognostication systems that discrimi-
nate low risk from intermediate or high risk disease within a specified group of 
haematological malignancies [2–4]. Third, the possibility to better refine the prog-
nosis has the advantage to modulate the treatment plan according to risk category, 
with more intensified schedule for patients who present with more aggressive dis-
ease while low dose therapies are reserved to low risk disease [5–7]. Forth, it revo-
lutionized the core of anti-leukemic treatment moving from high toxic and low 
specific chemo-based treatments to less toxic and targeted therapies [8–11]. 
Nevertheless, the disclosure of the molecular basis of leukemogenesis has raised 
several questions that future clinical trials and basic science research may eventu-
ally solve. Why patients with apparently same genetic features will respond better 
than others to the same treatment? Which are the primary genetic abnormalities that 
trigger the multi-step process to leukemia onset? And at which time of life they will 
appear at first? In fact, the availability of new and more accurate techniques (for 
example, the next genome sequencing) has allowed the detection of very small 
clones with genetic abnormalities supposed to foster malignant transformation; and 
has allowed to detect them at their very early appearance along the life of a subject, 
and to monitor the clone expansion until the disease become evident ([12, 13]. 
Furthermore, numerous studies have documented the influence of extrinsic factors, 
i.e. microenvironment, on the cell which harbour one or more genetic abnormalities 
that in presence of negative stimuli could unmask its intrinsic potential to transform 
into malignant cell [14, 15].

Importantly, the pile of details we acquired regarding leukemogenesis is not 
deprived of few concerns. It has been debated whether the high production costs of 
the new targeted molecules balance their well proven efficacy. The financial sustain-
ability of these new treatments has significant relevance in those health care systems 
where the patient has to co-pay for the treatment affecting in particular low income 
people, or developing countries. Recently, some authors have raised some concerns 
regarding the adherence and timely initiation of tyrosine kinase inhibitors (TKIs) 
among patients with chronic myeloid leukemia due to the impossibility to contrib-
ute to therapy costs as requested by insurance companies [16, 17]. For doctors and 
researchers who spend their lives to come out with new weapons to defeat leukemia 
is deeply disappointing to know there are patients who might not be cured depend-
ing exclusively on their low income.

Finally, the possibility to test own “genetic susceptibility” to leukemia as early as 
possible has some ethical implications. A subject with a “known” susceptibility may 
commit suicide or give up breeding.
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In conclusion the aim of the knowledge of the molecular basis of leukemogene-
sis should be the improvement in the odds to be cured from leukemia without any 
significant financial, social or ethic impeachments.

 Tyrosine Kinases and Tyrosine Kinase Inhibitors

 Tyrosine Kinases: The Lessons from the Ableson 
and the Bruton’s Kinase

Among haematological malignancies, the first disease that was recognized to be 
strictly related with a specific genetic abnormality was chronic myeloid leukemia 
(CML) that became a model for the future generation of researchers who aimed to 
understand the molecular mechanisms underlying leukemia [18]. CML is a prolif-
erative myeloid leukemia characterized by leucocytosis, thrombocytosis, spleno-
megaly and anemia. The cell of origin is represented by a very immature stem cell 
that acquires the translocation between the long arms of the chromosome 9 and 22, 
originating a shorter 22 chromosome, called Philadelphia chromosome (or Ph). The 
t(9;22) translocation results in the juxtaposition of the oncogene Ableson (ABL) at 
the 9 chromosome with the BCR (break cluster region) gene located at 22 chromo-
some, the BCR-ABL gene [18, 19]. The BCR-ABL protein works as a tyrosine 
kinase that is persistently activated thus contributing to the upregulation of cell divi-
sion in myeloid progenitors [20]. Interestingly, the t(9;22) is not only the hallmark 
of CML but it can be detected in a form of acute lymphoblastic leukemia (ALL) 
with a very aggressive behaviour [21]. Although the Ph+ ALL and the CML share 
the same type of reciprocal translocation, they represent two completely distinct 
entities with CML being a chronic, indolent myeloproliferative disease while ALL 
is an acute, aggressive, B-cell derived leukemia [21, 22]. Indeed, the BCR-ABL 
protein in Ph+ ALL has in most cases a lower molecular weight (p190) than the 
BCR-ABL product of patients with CML because of a different break point translo-
cation [23]. However the different molecular weight doesn’t seem to explain the fact 
that the same genetic abnormality may be associated with two deeply distinguished 
diseases. Recently, it has been demonstrated that in patients with Ph+ ALL, in addi-
tion with BCR-ABL fusion gene, the deletion of the transcription factor Ikaros 
(IKZF1) at 7p12 contribute to leukemic transformation. Furthermore, the Src-kinase 
family may be involved in the pathogenesis of Ph+ ALL as it is part of the intracel-
lular signaling pathway under the control of the BCR-ABL protein [24]. So far, we 
can speculate that rarely an hematological malignancy derives from a single genetic 
abnormality and a single step process, as in CML. On the contrary, in most cases the 
disease is the result of a multi step process and multiple genetic abnormalities 
affecting a single or several cellular pathways suggesting that the inhibition of a 
single signaling may not be sufficient to leukemic burden control and to cure the 
disease. The presence of Ph chromosome was initially detected by conventional 
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cytogenetics analysis, showing the presence of a shorter 22 chromosome [19]. 
However, by time new and more accurate techniques were developed, particularly 
the polymerase chain reaction (PCR) that allows the detection of the bcr-abl tran-
script at very low level and that for this reason is particularly useful for the monitor-
ing of the disease in patients on treatment [25].

Another interesting model of how the tyrosine kinases are crucial in leukemic 
transformation is chronic lymphocytic leukemia (CLL) which represent the most 
common leukemia among adult population in western countries [26]. Patients with 
CLL may have an aggressive disease requiring treatment early after diagnosis or 
may display an indolent course with life expectation overlapping persons without 
the disease and no need of treatment [27]. Numerous studies have contributed to 
define which are the biological markers that at diagnosis may predict the need of 
treatment, the likelihood to respond to treatment and therefore the survival [28]. In 
the last years, Bruton’s tyrosine kinase (Btk) emerged as a key-role in the pathogen-
esis of CLL [8, 29–31]. In B-cells, the BCR (B-cell receptor) engagement by the 
antigen determines the activation of a cascade involving the BTK tyrosine kinase 
which ends up with the activation of NF-κB [14, 32, 33]. Similarly, the tyrosine 
kinase PI3Kδ may participate with the signaling transduction of the BCR. It has 
been speculated that in the majority of B-cell malignancies the BCR-derived path-
way is deregulated as suggested by the demonstration of recurrent genetic abnor-
malities of the genes (CARD11, CD79B, MYD88) that are involved in BCR signal 
transduction [34–37]. In diffuse large B-cell lymphoma (DLBCL) the CARD11 
mutations are associated with the constitutionally activation of CARD11 protein, 
the spontaneous and BCR-independent dimerization of CARD11, and the formation 
of complex resulting in the upregulation of the NF-κB pathway [36]. Similarly, in 
90% of patients affected by Waldenstrom’s Macroglobulinemia a mutation of 
MYD88 has been observed [37]. The mutant protein binds with and stabilizes the 
active form of the BTK, followed by the upregulation of the BCR and the NF-κB 
pathways [34, 35]. Nevertheless, the BCR activation may derive from the microen-
vironment as it has been shown in CLL where at the lymph-nodes within “active” 
areas defined proliferation centers (PCs) a not well-known antigen triggers the 
B-cell activation through the BCR, promotes B-cell division and genetic instability 
[38, 39].

In the last years, the data from gene expression profiles have revealed a great 
number of mutations involving tyrosine kinases, thus suggesting potential targets 
for disease treatment. Furthermore, the presence of tyrosine kinase recurrent abnor-
malities in hematological malignancies and the availability of more accurate tech-
nique for the detection of specific genetic aberration (like the real-time PCR, 
RT-PCR) has allowed the spread of the molecular tests to monitor disease response 
to treatment or disease progression [25, 40, 41]. For example, in patients with CML 
or Ph+ ALL the efficacy of treatment is measured by means of RT-PCR and the 
persistence of BCR-ABL transcript at pre-defined time points predicts for shorter 
survival and disease-free progression [41, 42].

In conclusion, the identification that tyrosine kinases play a key role in hemato-
logical malignancies has deepened the knowledge of the biology of the disease; it 
has contributed to better define the prognostic risk within a same disease category; 
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it has suggested targetable proteins by new inhibitor molecules; and finally has 
offered a new tool for disease monitoring.

 Tyrosine Kinase Inhibitors

The first target therapy that claimed the attention of scientific and social communi-
ties attention all over the world was Imatinib (Gleevec, Novartis) that won the cover 
of the Time newspaper as the “magic bullet” [43]. Indeed, at that time it represented 
a true novelty in the scenario of cancer therapies as it brought out that leukemia (and 
thus cancer) could be treated (and we know now, cured) avoiding chemotherapy and 
more intense and toxic strategies like bone marrow transplantation. It taught that 
patients with leukemia may achieve either deep response to treatment or good qual-
ity of life. It introduced the concept that a chronic and curative therapy may exist for 
leukemia as well as for diabetes or arterial hypertension. It fostered the born of a 
new field of medicine that provides proofs of the beneficial effects of a continuous 
anti-leukemic treatment over increased expenses derived from a potentially endless 
medicine intake.

Imatinib works by binding at the ATP active site of BCR-ABL inhibiting the 
enzyme activity of the protein. The ATP active site may exist in an “opened” (active) 
or “closed” (inactive) conformation. The imatinib binds at the closed conformation 
locking it at inactive state and thus blocking the BCR-ABL activity [44]. The occur-
rence of mutations at the binding site of the imatinib is associated with resistance 
and disease progression in CML and ALL [45]. The mutations may occur in the 
course of the disease (secondary mutations) or may be present at the diagnosis (pri-
mary) [40, 45]. However, new generations of BCR-ABL  TKIs have been developed 
which differ from imatinib because of an increased affinity for the binding site and 
the ability to overcome in most cases drug resistance due to mutations [46–48]. 
Unfortunately, few mutations have been associated with multiple TKIs resistance 
and very aggressive disease [49].

Importantly, BCR-ABL TKIs have off-target effects, meaning that they may 
inhibit also other, not leukemia-specific, kinases. The off-target effects of BCR- 
ABL TKIs account for a part of toxicity that has been observed in patients treated 
with TKIs [46–48]. Interestingly, the observation that imatinib binds at the catalytic 
site of other TKs (for example KIT) has suggested its use for the treatment of solid 
cancers characterized by the upregulation of different but otherwise imatinib sus-
ceptible TK [50]. So far, imatinib has been approved for the treatment of CML, 
GIST (gastrointestinal stromal tumor) and hypereosinophilic syndrome associated 
with FIP1L1-PDGFRA gene fusion that results from an interstitial chromosome 
4q12 deletion and leads to a constitutive activation of the platelet-derived growth 
factor receptor-alpha (PDGFRA) tyrosine kinase [50, 51].

In the last years, a new TKI has come out to significantly improve disease- 
progression survival and overall response rates among patients with CLL including 
elderly and p53 mutated patients who are classically associated with bad prognosis 
[31]. Ibrutinib is a BTK inhibitor that has been approved by the FDA for the 
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 treatment of CLL as first or following lines of treatment, in monotherapy or in com-
bination with monoclonal antibody [31, 52] (Fig. 2.1). However, ibrutinib received 
the approval also for the treatment of patients with mantle cell lymphoma (MCL) 
and Waldenstrom’s Macroglobulinemia (WM) [53, 54].

Ibrutinib acts through an irreversible binding to the catalytic domain of the protein 
[55]. Ibrutinib has significantly improved the outcome of patients with CLL, MCL and 
WM. For example, in patients with 17p deleted CLL, ibrutinib as single agent has shown 
97% and 80% of overall response rates in previously untreated and refractory/relapsed 
patients, respectively [8, 56]. In refractory/relapsed MCL, 68% and 21% of ORR and 
complete response (CR) has been observed after treatment with ibrutinib with a progres-
sion free survival of 18 months [54]. Finally, in previously treated patients with WM, 
ibrutinib favorably correlates with longer survival and clinical response [53].

The well known association between mutations at the binding site of BCR-
ABL and imatinib resistance in CML, has prompted to search for mutations at the 
active site of ibrutinib in patients with B-cell malignancies who did not respond 
adequately to treatment or/and progressed after an initial response. In fact, in CLL 
as well as in CML the occurrence of mutations ad the drug active site may be 
responsible for failure or resistance of treatment [45, 57]. Interestingly, treatment 
failure may derive from mutations that activate pathways downstream the BTK so 
that the BTK inhibition is annealed or counterbalanced by the up regulation of 
independent pathways. In patients with CLL, BIRC3 mutations have been associ-
ated with activation of the non canonical NF-kB pathway [58]. Similarly, it has 
been speculated that in patients with WM who carry CXCR4 mutations the poor 
response to ibrutinib treatment could be related with the BTK-independent activa-
tion of the AKT signaling [59]. In other words, single target therapy may not be 
sufficient to control tumor growth if leukemic cells acquire the ability to up regu-
late collateral and not targetable pathways.

Fig. 2.1 BCR-mediated pathway in B-cell: the engagment of the B-cell receptor on the surface of 
B lymphocytes triggers intracellular signalling involving the Bruton’s kinase and the PI3Kδ kinase 
that are able to modulate genome trascription and thus cell survival and proliferation. MicroRNAs 
may be part of this interplay through the repression and/or upregulation of crucial target genes
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A further overlapping feature between BCR-ABL inhibitors and BTK inhibitors 
is the off target effect. After the results of the first clinical trials of ibrutinib were 
published, it has been observed an increased risk of atrial fibrillation and bleeding 
in patients treated with ibrutinib [60]. The off-target effect on the TEC kinase may 
explain the onset of atrial fibrillation [60]. The knowledge of the off-target effects 
and thus of the possible side effects has suggested how select patients to receive a 
specific treatment: the safety profile of a target therapy should guide patients who 
are good candidate to be treated, excluding the ones whose comorbidities may fur-
ther increase the risk of drug toxicity. For example, a patient with a pre existing 
severe peripheral arteriopathy or ischemic heart disease should not receive treat-
ment with nilotinib and ponatinib, two new generation BCR-ABL inhibitors.

More recently, encouraging results have been observed in patients with CLL 
and follicular lymphoma (FL) treated with idelalisib, an inhibitor of the tyrosine 
kinase PI3Kδ which is associated with the BCR [61] (Fig. 2.1). The promises and 
the pitfalls of idelalisib are the same encountered for other inhibitors: high clini-
cal responses and survival improvement including heavily pre treated patients and 
unexpected toxicity, respectively [30, 61]. One may argue that for a potentially 
chronic treatment as it is for patients with CML or CLL treated with TK inhibi-
tors, the safety profile should be carefully evaluated and minimized in order to 
avoid the cumulative toxicity over time that may discourage patients and affect his 
compliance. For this reason, in some cases a reduction of the dose has been suc-
cessfully evaluated or the co-administration of medications to prevent or attenuate 
TKIs’ toxicity [62, 63].

In conclusion, tyrosine kinases and tyrosine kinases inhibitors are an extraordi-
nary model of how hematological malignancies develop and has opened a new way 
to treat cancer that underscores the possibility to select a specific treatment for each 
group of diseases.

 Epigenetics in Hematological Malignancies

In addition to genomic aberrations determining gain of function of oncogenes or loss 
of function of tumor suppressor genes, numerous studies have shown that epigenetic 
phenomena may play a key role in the pathogenesis of hematological malignancies. 
Epigenetics include the complex cellular machinery that modulates the gene expres-
sion [64]. It is known that only the 3% of DNA corresponds with proteins, while the 
97% of DNA has regulatory functions and that there is a significant amount of no 
codifying RNA. Therefore, either the direct damage of the oncogenes or tumor sup-
pressor genes or the aberrations affecting genes which codify for epigenetic modula-
tors partecipate with the process of tumor progression and clonal evolution.

Histone acetylation and DNA methylation represent two major epigenetic events 
involved in the pathogenesis of hematological malignancies [65–67]. The histones 
are proteins that act as spools around which DNA winds and depending on the com-
pactness between DNA and histones, gene transcription may be promoted (if the 
chromatin is released from the histones) or inhibited (if the chromatin is tight with 
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the histones). The acetylation of the histones lysine neutralizes the positive charge 
of the histones thus reducing the attraction between histones and chromatin. 
Therefore, highly acetylated histones are associated with transcription activation; 
on the contrary histone deacetylation represses gene transcription. Several studies 
have revealed the aberrant expression of histone deacytilation enzymes (HDAC) 
which remove the acetyl groups from lysine thus limiting the access of transcription 
factors upon the DNA [68]. Specifically, the hyperexpression of HDAC combines 
with the repression of genes involved in DNA repair, cell cycle, immune regulation, 
angiogenesis, and cell death. In DLBCL and in FL, CREBBP mutations have been 
observed that cause loss of function of the acetylation activity of the CREBBP pro-
tein. As a consequence, TP53 and BCL6 are less acetylated which determine their 
repression and activation, respectively [69–71].

A further epigenetic mechanism is methylation, i.e. the addition of methyl groups 
on histones lysine amino acids. The hypermethylation has been demonstrated to 
cause gene repression [72]. For example, EZH2 acts as methyl transferase and it has 
been found aberrantly expressed in DLBCL where it participates with the repression 
of genes involved in controlling B-cell proliferation within the germinal center [73].

As for the TKs, the observation that hematological malignancies are frequently 
characterized by hypermethylation or deacetylation phenomena has suggested the 
use of hypomethylating agents or inhibitors of HDAC to treat those malignancies 
where epigenetic aberration were more evident [10, 72]. Although HDAC inhibitors 
have provided in vitro activity against lymphoma cells, the in vivo efficacy is limited 
and new clinical trials are warranted to prove whether they should be included in 
treatment schedules for patients with hematological malignancies [72]. On the con-
trary, hypomethylating agents are routinely applied for the treatment of myelodsy-
plastic syndromes (MDS) and low blast count acute myeloid leukemia (AML) [10, 
74]. Azacytidine and decitabine represent two hypomethylating agents which sig-
nificantly improve survival in patients with MDS compared with best supportive 
care or low dose chemotherapy that were the only treatment options other than bone 
marrow transplantation till the introduction of hypomethylating agents [10]. 
Interestingly, it has not yet been clarified whether the efficacy of these agents cor-
relates with the de-repression of specific genes or rather if the restoration of the 
global cell methyalation status is responsible of their clinical efficacy [75].

 MicroRNAs and Hematological Malignancies

In several hematological malignancies, epigenetic modifications may have a critical 
role in clonal transformation and disease progression. MicroRNA deregulation repre-
sented the first epigenetic mechanism that has been identified in B-cells from patients 
with CLL [76]. MicroRNAs (miRNA) are 19–24 nucleotides noncoding RNAs 
(ncRNA) which regulate the expression of target messenger RNAs (mRNAs) [77]. 
Mature miRNA are processed from long, capped and polyadenylated precursors 
which are cleaved in the nucleus, exported to the cytoplasm where duplex miRNA are 
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transformed into single strand miRNA and associated with RISC (RNA- induced 
silencing complex). By binding with the seed sequence, mainly at the 3′-untraslated 
region (3′-UTR) of the target messenger, miRNAs inhibit the translation or favor the 
destabilization of mRNAs depending on the degree of nucleotide pairing [77].

Recently, several studies have elucidated the physiological roles of miRNAs as 
key regulators of hematopoiesis [76, 78, 79]. The discovery that miRNAs are able to 
finely tune cell machinery at crucial points suggested the possibility that genetic 
aberrations at miRNAs gene sequences may contribute to cancer development [80]. 
Interestingly, miRNAs function, as oncogenes or tumor-suppressors respectively, is 
strictly dependent on the target genes but also may associate with the specific context 
of normal and tumor cells. The identification of specific miRNA expression profile 
among normal and tumor tissues has several diagnostic, prognostic and therapeutic 
implications. Although preliminary, recent findings support the possibility of using 
miRNAs expression to predict response to specific treatment or outcome among 
patients with hematological malignancies [81, 82] Finally, the inhibition of miRNAs 
by means of antagonist inhibitory molecules in pre-clinical models provided new 
insights in the understanding of the intricate miRNAs network in the pathogenesis of 
hematological malignancies and opened a new avenue in their treatment [83].

In  patients with AML the aberrant expression of miRNAs, the association of 
miRNA expression profiles with cytogenetic characteristics and their impact on treat-
ment response and outcome has been proven by different groups [82, 84, 85]. 
Nevertheless, the pathogenetic mechanisms, i.e. the pathways that miRNAs interfere 
with in leukemic cells, are in some cases lacking. Importantly, the inclusion of miRNA 
profile in the prognostication system for patients with AML, might contribute to better 
distinguish between low and high risk subtypes addressing clinicians in the choice of 
therapy strategy among several treatment options including standard chemotherapy, 
bone marrow transplantation and new biological agents. Furthermore, preclinical 
models and in vitro experiments suggest that targeting miRNAs can increase leukemia 
cells susceptibility to chemotherapy. For example, the CALGB group analyzed the 
gene expression signature of 72 patients aged ≥60 years with primary CN-AML har-
boring FLT3-ITD  (FLT3-internal tandem duplications) and treated frontline with 
intensive chemotherapy [86]. Although the treatment included in some cases investi-
gational drugs, patients with FLT3-ITD had significantly shorter DFS and OS com-
pared with FLT3-WT (FLT3 wild type) (p 0.007 and <0.001, respectively). However, 
the difference disappeared among patients aged ≥70 years. As expected, FLT3-ITD 
samples correlated with increased expression of miR-155 and miR-125b-2. 
Additionally, miR-144, miR-451, miR-488, miR-486-5p were encountered among the 
most downregulated miRNAs in the same group of patients [86].

Notably, in patients with CLL the deletion of the long arm of chromosome 13 
(del13q) occur in 48–50% of previously untreated patients with CLL [2, 87]. The 
analysis of the minimal deleted region in del(13q) in B-cells from patients with CLL 
led to the discovery that the microRNAs miR-15a and miR-16-1, encoded by an 
intron of DLEU2, have a role in the pathogenesis of CLL [76]. Subsequently other 
microRNAs have been demonstrated to be variably de-regulated in CLL and may 
interfere with multiple cellular pathways.
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Although the prognostication work-up at diagnosis includes FISH (Fluorescense 
in situ hybridization) assessment, thus allowing for example the detection of del13q, 
microRNAs level measurements have not been validated prospectively in clinical 
trials. However, retrospective analysis of blood samples from patients with CLL 
have shown that microRNA down- or up-regulation affect response to treatment and 
outcome [81, 88].

In the last decade, several findings have substantially revolutionized the old con-
cept that CLL is a disease originating from mature, not-dividing cells with indolent 
clinical course [89]. On the contrary, CLL is a disease arising from an early lym-
phoid progenitor, antigen naïve-B cell, harboring clonal passenger mutations, that 
would enter the lymph-node where secondary genetic events triggered by the BCR  
activation favor definitive clonal transformation and expansion of a CD5+ B-cell 
[14]. Secondly, mutated genes in CLL B-cells cluster in a few pathways (NOTCH1 
signaling, mRNA splicing-processing and transport, DNA damage response and 
innate inflammatory response) that not only affect apoptosis, as it was always 
believed, but promote B-cell activation, division and clonal expansion [12]. Finally, 
it has been clearly showed that CLL is a deeply heterogeneous disease within tumor 
mass and among affected populations, meaning that as previously reported, multi-
ple subpopulations are present at diagnosis and will differently grow along the dis-
ease, influencing clinical behaviour with the worst outcome in cases where more 
unstable and resistant clones will take advantage over the other cells. [12, 90].

In conclusion, several studies have been clearly proved that the levels of specific 
microRNAs are significantly different in B-cells from patients with CLL compared 
with B-cells from healthy individuals. Through epigenetic mechanism they can 
modulate gene expression and interfere with cellular pathways that are involved in 
cell cycle, apoptosis and BCR activation. Mouse models have confirmed the crucial 
role of microRNA abnormalities in the pathogenesis and progression of hemato-
logical malignancies and allowed the experimentation of small interfering mole-
cules that inhibit miRNA, thus restoring the normal balance within miRNA cellular 
networks. Prospective clinical studies are desirable for the validation of microRNAs 
as prognostic and molecular monitoring tool and in order to verify the possible use 
of small interfering molecules in clinical practice.

 Conclusion

Since the introduction of the first TKI to treat patients with CML, many others tar-
geted molecules have been tested and spread in clinical practice (Table  2.1). 
Although chemotherapy remains the backbone of treatment in several hematologi-
cal malignancies, the safety and efficacy of the new compounds has radically 
changed the way to diagnose, to treat and to monitor hematological malignancies. 
Furthermore in several cases the addition of target therapy has significantly improved 
the responses to treatment and the survivals. In future, the knowledge of the molecu-
lar mechanisms that cause leukemias would offer new hints for the construction and 
the experimentation of new compounds.
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Chapter 3
The Emerging Role of Exosomes in Cancer 
Progression and Their Potential as Therapy 
Targets
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Abstract Exosomes are a specific population of extracellular vesicles (EVs) that 
originate from an endocytic process. Virtually every cell type secretes exosomes and 
their size ranges from 40 to 150 nm. Exosomes are surrounded by a lipid bilayer and 
contain functional cargo that comprises proteins, lipids and genetic material such as 
protein, RNA and DNA. In the recent years, several studies have reported the role of 
exosomes as mediators of intercellular communication. Exosomes serve as vehicles 
used by cancer cells and stromal cells to influence both local and distant metastatic 
sites, by reprogramming recipient cells. This chapter will focus on the mechanisms 
underlying the role of exosomes in tumor development, metastasis, immune escape, 
therapy resistance, microenvironment reprogramming and angiogenesis. 
Furthermore, we will also discuss the potential to target exosomes as a new thera-
peutic strategy in cancer.
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 Exosomes: Structure, Cargo and Origin

Normal and cancer cells release vesicles into the extracellular space. Typically, 
these vesicles have sizes in the range of hundreds to thousand nanometers and con-
sist of a lipid bilayer that encloses proteins from the cytosol and from organelles, as 
well as nucleic acids such as RNA and DNA [1, 2]. Besides these common features, 
evidence shows that extracellular vesicles [3] are not homogeneous in their mor-
phology and molecular content [4, 5]. This diversity is partially due to the fact that 
released vesicles derive from different subcellular locations. Larger vesicles are 
classically associated with a plasma-membrane origin [6], while smaller vesicles 
with a diameter inferior to 150 nm are associated with an endosomal origin [7]. 
Exosomes fall into this last category of EVs. With sizes ranging from 40 to 150 nm, 
they are produced within multivesicular bodies (MVB) that upon fusion with the 
plasma membrane release the exosomes to the extracellular space (Fig. 3.1). EVs 
heterogeneity is currently a highly discussed topic in the field and effort is being 
made to develop a systematic classification according to the already well- established 
features for each vesicle type [10]. In this chapter we discuss studies that respect the 
most accepted criteria to classify EVs, as it is size range, endosomal-origin associ-
ated markers and isolation methods.

Johnstone first observed exosomes in 1987; he was interested in understanding 
how the transferrin receptor (TfR) was secreted by reticulocytes [11]. By tracing 
this receptor with electron microscopy (EM), they found that TfR co-localized with 
nanosized round-shaped structures inside MVBs of endosomal origin [11]. The 
endocytic pathway comprises the processes of internalization of extracellular com-
ponents, lipids and membrane proteins [12]. Upon endocytosis, endosomes are 
formed by the inward folding of the PM resulting in sac-like structures commonly 
found in the cell cytoplasm [13]. These initial endosomes, also known as early 
endosomes, collect the endocytosed cargo and are responsible for its sorting. Early 
endosomes mature into late endosomes and during this maturation process, they 
form vesicles that bud into their lumen, intraluminal vesicles (ILVs) that correspond 
to future exosomes (Fig. 3.1). Due to their vesicular anatomy, these endosomes are 
called MVBs. MVBs can then fuse with lysosomes leading to their content degrada-
tion or fuse with the PM in an exocytosis process [13]. While ILVs are produced, 
they capture proteins and nucleic acids present in the cytoplasm [4], particularly the 
protein loading is carried by the endosomal sorting complex (ESCRT), whose -0, -I 
and -II complexes recognize and sequestrate ubiquinated proteins in the endosomal 
membrane [16], while ESCRT-III is responsible for the inward budding of the 
plasma membrane [17]. Biogenesis of ILVs can also occur via an ESCRT- 
independent mechanism, for example through the action of sphingolipid ceramide 
[18]. Although these sorting mechanisms are not yet fully understood, it is believed 
that exosomes cargo is somewhat tailored by the cell. Therefore, the cargo of exo-
somes does not necessarily fully mimics the composition of the donor cell and can 
be enriched in certain components [19].
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Rab proteins are GTPases involved in intracellular vesicular transport and play 
an important role in guiding and processing the MVBs. Distinct Rabs act during 
exosomes biogenesis. Rab11 and Rab35 carry their role in the early endosomes 
promoting the docking and fusion of MVBs [20]. On the other hand, RAB27A and 
RAB27B are involved in the release of exosomes to the extracellular space by locat-
ing the MVBs close to the PM and managing its docking in order for the fusion to 
occur [21, 22]. As a result of their endosomal origin, exosomes are characterized by 
the presence of proteins involved in membrane transport and fusion processes, such 
as the mentioned Rabs, annexins and flotilins, components of the ESCRT complex, 
tumor susceptibility gene 101 (TGS101), heat shock proteins (HSP60, HSP70 and 
HSP90) [23], integrins and tetraspanins including CD81, CD63 and CD9 [7, 24]. 
Likewise, the double inward membrane invagination that originates the MVBs, 

Fig. 3.1 Exosomes-mediated communication in cancer. The biogenesis of exosomes initiates 
through the invagination of the cellular membrane into an early endosome. After the inward bud-
ding of the membrane of the endosome the ILVs are formed. The mature endosome with the ILVs 
are called MVB then fuses with the plasma membrane and releases its content to the extracellular 
space, as exosomes. In the extracellular space exosomes interact with nearby and distant cells, 
playing several roles that ultimately contribute to cancer formation and fuels disease progression. 
Exosomes are capable of modulating the expression and differentiation of fibroblasts [8, 9], 
degrading the ECM, and prepare the tissue for the arrival of cancer cells, thus promoting the forma-
tion of the pre-metastatic niche. The angiogenic and immunomodulatory features of exosomes 
have also been recently addressed which furthers implicates exosomes and its effectors in the 
carcinogenic process
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allows the membrane-domains and receptors to retain the PM original orientation, 
meaning these proteins are capable of maintaining their molecular function.

Regarding RNA cargo, exosomes are specially enriched in non-coding RNAs 
such as microRNAs. MicroRNAs consists of small RNA fragments of 20–22 
nucleotides that imprecisely pair with mRNA silencing their expression and 
inhibiting their protein synthesis [25]. Because many microRNAs are located in 
cancer- associated genomic regions, there are several alterations in their expres-
sion that correlate with tumor initiation and progression [26]. Interestingly when 
analyzing human serum for microRNA content, the majority of the microRNAs 
are concentrated in the exosomes when compared with cell-free RNA [27]. 
Recent reports show that tumor-derived exosomes contain distinct microRNA 
profiles in many cancers, including gastric [28], hepatocellular carcinoma [29], 
breast [30], and ovarian cancer [31]. In glioblastoma-derived exosomes, the 
miR-21 is functionally active in host cells and positively impacts the prolifera-
tion of cancer cells [3].

Additionally to RNA and proteins, exosomes contain mitochondrial DNA [32], 
single stranded DNA, transposable elements [2] and more recently double stranded 
DNA [33]. Pancreatic cancer (PC) derived exosomes contain dsDNA fragments 
with a size >10-kb spanning all chromosomes and it is possible to detect mutations 
on TP53 and KRAS genes that are frequently found altered in these tumors [33]. 
Also using circulating exosomal DNA KRASG12D and TP53R273H mutations (Fig. 3.2) 
are detectable in both PC and precursor lesions. Up until now, the majority of the 
available studies show that exosomal DNA has great potential to be used as a bio-
marker, however unlike proteins and RNA, no biological function has been attrib-
uted to this cargo. Could exosomal DNA be delivered to a recipient cell and be 
transcribed? Is exosomal DNA degraded once is delivered? These are a few exam-
ples of the many questions that remain to be elucidated.

 Exosomes-Mediated Communication Promotes Tumor 
Development

Cell-to-cell communication is a critical process that mediates homeostasis in a 
multicellular organism [34, 35]. Many physiological processes rely on a coordi-
nate cellular response achieved by intercellular communication. Synapsis and 
gap junctions are classical examples of short-distant cellular communication 
that allow signals to travel fast and efficiently enough to allow a nervous 
response [36]. When it comes to cancer, it has been established that cancer cells 
communicate between themselves and with other cells from the tumor microen-
vironment. Several studies show that cancer cells secrete soluble factors such as 
chemokines, cytokines and growth factors that modulate immune cells activity 
and activate fibroblasts [37]. For example, transforming growth factor beta 
TGF-β secreted by cancer cells mediates a paracrine signaling between breast 
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cancer cells and fibroblasts that activates and differentiates fibroblasts into 
 cancer associated-fibroblasts (CAFs), hence promoting tumor progression [38]. 
There are three main mechanisms proposed for exosomes- mediated intercellular 
communication: direct interaction of membrane proteins with receptors in the 
target cell activating intracellular signaling processes, through the cleavage of 
exosomal membrane proteins by proteases in the extracellular space, resulting 
in differently sized fragments that may act as ligands that can be internalized by 
the recipient cell or they can fuse with the target cell membrane and release their 
contents directly into the cytoplasm [39, 40]. Exosomes are found in every body 
fluid (blood, saliva, urine, cerebral fluid etc.) [41–43], meaning that these vesi-
cles can travel long distances within the organism and they seem to be suffi-
ciently stable to hold in circulation. This opens the possibility for exosomes to 
work as vehicles of inter-tissue/organ communication that can support cancer 
progression.

Fig. 3.2 Cargo of cancer exosomes. Reported exosomal content includes both proteins and nucleic 
acids such as mRNA, microRNA and dsDNA. The surface markers CD63, CD9 and CD81 are 
known to be broadly expressed in exosomes and therefore are commonly used as exosomal bio-
markers. Protein cargo specific for cancer exosomes is being currently explored; HIF1a [14] and 
GPC-1 [15] are examples of intra and surface proteins respectively, that are being explored as 
biomarkers
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 Exosomes and Tumor Growth

Cancer derived-exosomes have oncogenic proteins as part of their cargo, as well as 
mRNA and pro-oncogenic microRNAs. Because exosomes can interact with and be 
internalized by surrounding cells, this means that their cargo can be directly deliv-
ered, constituting a new way of horizontal transfer of information between cells [1]. 
When oncogenic cargo is transferred from cancer cells via exosomes to less active 
cancer cells, it can ultimately reprogram the recipient cell into a more aggressive 
state. The oncogenic form of the epidermal growth factor receptor, EGFRvIII is 
particularly enriched in exosomes derived from glioma cells. Upon their cargo 
release, EGFRvIII is transferred to cancer cells with decreased tumorigenic activity, 
resulting in the activation of MAPK and AKT signaling pathways [44]. These can-
cer derived-exosomes constitute a mechanism for the propagation of oncogenic 
activity within tumor cells [44]. Exosomes derived from mutated cancer cells are 
also responsible for transmitting tumor-promoting proteins that include KRAS, 
EGFR, SRC family kinases, Amphiregulin (AREG) and integrins to non-mutated 
cancer cells [45, 46]. By delivering mutated proteins that are responsible for driving 
tumor progression, these exosomes are capable of enhancing three-dimensional 
cancer growth and promote invasion [45, 46]. But the simple transport of oncogenic 
material is not the only process that justifies the pro-tumor growth effect of cancer 
derived-exosomes on recipient cells. Breast cancer derived-exosomes are able to 
maturate miRNA in a cell independent fashion [47]. By selectively loading RISC- 
Loading Complex associated proteins such as DICER along with pre-miRNA into 
cancer exosomes, this allows the maturation of miRNA outside the cell of origin 
hence transforming pre-miRNA into functional miRNA that upon exosomes deliv-
ery silences genes expression on non-transformed cells [47]. DICER is also found 
associated to CD63, a well described exosomal marker, in colorectal cancer and its 
presence on exosomes is independent of the cells KRAS status [48]. Such a process 
occurring in cancer-exosomes points to a poorly explored exosomal feature of cell- 
independent activity. Are exosomes able to conduct even more complex cellular 
processes outside the cytoplasm? Exploring this topic can certainly add new knowl-
edge to the biological significance of exosomes in cancer and even in normal physi-
ological processes.

 Exosomes and Tumor Microenvironment

A tumor is comprised of many cells and biological components besides the cancer 
cells themselves. Classically, the malignant mass that we call a tumor has also many 
non-malignant cells such as fibroblasts, endothelial cells, immune cells and other 
non-cellular components [49]. Depending on the cancer type and stage, the fre-
quency and type of normal cells will vary [50, 51]. There is an evident interaction 
between cancer and tumor-microenvironment (TMC) that is based on the exchange 
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of secreted factors such as cytokines, chemokines, growth factors and enzymes [49]. 
This intercellular communication strongly correlates with the promotion of malig-
nant features like tumor growth, invasion and metastasis [52, 53]. Exosomes have 
also been pointed as mediators of the communication between cancer cells and 
TMC. Fibroblasts are commonly the most frequent cellular component of the tumor 
microenvironment. When associated to cancer, fibroblasts are also known as cancer- 
associated fibroblasts CAFs and present an activated phenotype similar to what hap-
pens in a wound healing process [54]. CAFs are well described for promoting tumor 
proliferation, production of ECM and for modulating metabolism [54]. Many stud-
ies support that CAFs-derived exosomes also have a positive impact on cancer pro-
liferation and migration [1, 8, 47]. Breast cancer-associated fibroblasts secrete 
CD81-positive exosomes that activate Wnt-PCP pathway in recipient cancer cells 
through production of Wnt11, resulting in the overexpression of Fzd, Vangl and 
Dvl, which stimulate protrusive activity and mobility [9]. Exosomes derived from 
CAFs also play a role in metabolic reprogramming of cancer cells. Prostate and 
pancreatic cancer patient CAFs-derived exosomes are able to reduce oxygen- 
dependent metabolism by downregulating mitochondrial oxidative phosphorylation 
and promoting glycolysis [55]. Additionally, CAFs-derived exosomes contain pro- 
glycolysis metabolites such lactate, acetate, aminoacids, lipids and intermediates of 
the Krebs cycle. The recipient cancer cells in nutrient/oxygen-deprived environment 
continue to proliferate by using these metabolites.

On the other hand, cancer cells are also known to promote the recruitment and 
activation of fibroblasts. TGF-β is a well-established factor responsible for the dif-
ferentiation of fibroblasts into CAFs (also known as myofibroblasts) (Fig.  3.2). 
Cancer-derived exosomes containing TGF-β can bind to type II receptor and ALK5 
receptor, forming a complex that results in the phosphorylation of SMAD2 and 3 
that can then bind to SMAD4 resulting in its activation. Following SMAD cascade, 
this protein translocates to the nucleus and activates the expression of several genes 
including αSMA that is associated with the myofibroblast phenotype [8]. This 
resulting activated phenotype that is driven by cancer-exosomes cargo is different 
from the one generated in response to soluble TGF-β [8]. Unlike the soluble form of 
TGF-β, cancer exosomes that carry this factor also activate the secretion of angio-
genic factors by CAFs. Interestingly, downregulation of RAB27A gene, involved in 
the late stages of exosomes biogenesis, in cancer cells leads to a failure in triggering 
fibroblasts activation in vivo. Altogether, this demonstrates that exosomes play a 
crucial role on both sides of tumor-microenvironment communication. On one side 
cancer-derived exosomes promote the activated state of fibroblasts, on the other 
CAFs-exosomes enhance migration and support proliferation of cancer cells.

 Exosomes and Immune Modulation

The immune escape in cancer includes processes that involve antigen masking. 
Transformation of cells into cancer cells originates a plethora of new antigens, the 
so-called neoantigens. Since tumors principally arise due to mutations in key 
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oncogenic genes, they will express non-mutated and mutated antigens that will be 
recognized by the immune system. In order to become “invisible” to the immune 
selection, cancer cells often present loss of the major histocompatibility MHC com-
plex and silence antigen presenting mechanisms. On the other hand, if the tumor 
retains antigenicity, it can reduce its immunogenicity instead by expressing immune 
inhibitor molecules such as PD-L1 and FASL [56].

Exosomes from both tumor and immune cells show expression of MHC class I 
and class II [57]. Cancer-derived exosomes express functional MHC-Peptides com-
plexes that work similarly to an antigen-presenting cell by directly present or cross 
present the complexes to CD8+ T-Cells [57]. This process of exosomes-dependent 
antigen presentation is considered to be anti-cancer because it primes an immune 
response against the tumor. However, cancer-derived exosomes can also perform an 
immune inhibitory action (Fig. 3.2). In fact, this dual role can be observed in the 
response of subsets of T-Cells that react differently to carcinoma-derived exosomes 
[58]. Resting TRegs treated with tumor derived exosomes increase the expression of 
CD39 and CD73, while in activated TRegs there is an overexpression of immune- 
suppressive genes. T-cell CD39+CD73+ phenotype is associated with ATP catalysa-
tion into AMP that has pro-inflammatory effects and promotes secretion of IL-17 
[59]. Additionally, uptake of tumor-derived exosomes in activated CD4+ T-cells 
leads to a decreased expression of immune suppressive genes like COX2, CTLA-4, 
Fas, Fas Ligant (FASL) and TGF-β. Exosomes from the same tumor-origin potenti-
ate contrary responses when it comes to immune cells. Depending on the recipient 
cell type, tumor-derived exosomes can potentiate an immune response or suppress 
an anti-tumor reaction. The suppression of an immune reaction is also achieved by 
cancer-derived exosomes that express FASL. By binding to FAS, this ligand induces 
apoptosis in CD8+ T-Cells when they are treated with these exosomes [60]. 
However, this effect can be reversed when exosomes are treated with antibodies 
against FASL that block the interaction with T-Cells FAS. Besides lymphocytes, 
tumors are also classically associated with inflammatory pro-oncogenic environ-
ments modulated by myeloid cells like macrophages [61]. Several studies show that 
macrophages uptake exosomes ex-vivo and in-vivo [62, 63]. Particularly, cancer- 
derived exosomes stimulate NF-KB that results in the production of pro- 
inflammatory cytokines such as IL-6, TNFα, GCSF, and CCL2 [62]. When 
genetically abrogated in breast cancer cells Toll-like receptor 2 (TLR2), part of 
NF-KB signaling, cancer-derived exosomes do no longer show this effect. On the 
other hand, engineered PC-derived exosomes that express miRNA-155 and miR- 
125b2, are able to invert M2 polarized macrophages into M1 polarization [64]. M1 
polarization state corresponds to the activated state that reacts to immune stimuli 
such as interferon γ, while M2 macrophages promote inflammation by secretion of 
angiogenesis and fibrosis. This means that cancer-exosomes can themselves be used 
to alter the immune composition of the tumor microenvironment when it comes to 
macrophages. Due to the complex role of immune cells in cancer, it is crucial to 
further address the immunomodulatory properties of cancer derived-exosomes in 
the context of tumor progression and explore how these apparent contradictory 
exosomes- mediated effects occur in vivo.
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 Exosomes and Extracellular Matrix (ECM)

ECM is composed by a network of macromolecules such as proteins, collagen and 
proteoglycans frequently modified with sugar chains that are secreted by stromal 
and cancer cells. It is well established that ECM not only provides support 
and mechanic cues but its composition is also an authentic reservoir of growth 
factors and signaling molecules that have great impact on the tumor growth [65]. 
Fibronectin (FN) is one of the most frequent ECM constituents and it is released 
via fibrosarcoma-derived exosomes that promote the adhesion assembly of cancer 
cells to the ECM.  This FN exosomes-mediated release also directs cancer cell 
mobility, since cells attach their protrusions to FN that is deposited according to 
integrins orientation that directly interact with the exosomes [66]. This exosomal-
mediated process comprehends an autocrine mechanism of directional mobility 
and it also influences the migration speed of cancer cells. Cancer cells with higher 
mobility are known to transmit its migratory phenotype to non-motile cells. 
Uptake of exosomes derived from hepatocellular carcinoma leads to the activation 
of PI3K/AKT and MAPK pathways that result in the expression of metallopro-
teinases, particularly MMP-2 and MMP-9 [67]. This group of enzymes is respon-
sible for degrading proteins and collagen part of the ECM. Traditionally, 
degradation of the ECM promotes migration leading to invasion and ultimately to 
metastization. Evidence shows that due to their cargo, cancer-derived exosomes 
are able to directly interplay with ECM via protein-interaction or indirectly by 
activating the expression of ECM degrading proteins.

 Exosomes and Angiogenesis

Tumor growth  implies an increased supply of oxygen, nutrients and a constant 
replacement of extracellular fluid that allows waste excretion. To support cells pro-
liferation and metastization, tumors promote a pro-angiogenic environment leading 
to the formation of new vessels. Based on chemical factors secreted by cancer cells, 
angiogenic factors, endothelial cells are recruited to regions were the basement 
membrane was disrupted, where they proliferate and stabilize [68]. Tumors often 
present regions of hypoxia and the exosomes released from these hypoxic cancer 
cells are able to reach endothelial cells [69, 70]. Exosomes derived from hypoxic 
cancer cells promote endothelial proliferation via cytokines and growth factors that 
also stimulate pericytes and lead to the activation of PI3K/AKT pathway [71]. 
Hypoxia seems to have a great influence on exosomes biogenesis and their compo-
sition [72]. Cells under hypoxia produce a significant higher number of exosomes 
[71, 72]. Moreover, under hypoxic conditions, lung cancer exosomes specifically 
express miR-23a, that is known to target PHD2 [73]. PHD protein family members 
control HIF1α action. When HIF1α is downregulated in endothelial cells, these 
present tight junction loss and are more easily recruited [73]. By turning back on 
HIF1α, it increases endothelial cells proliferation and tube formation. Additionally, 
in hypoxic conditions, miR-23a besides targeting PHD2 also downregulates ZO-1, 

3 The Emerging Role of Exosomes in Cancer Progression and Their Potential…



36

a tight junction protein, allowing endothelial barrier to be disrupted hence promot-
ing cancer cells extravasation [73]. Cancer-derived exosomes are considerably 
enriched in angiogenic friendly-cargo and this particular cargo results from the 
hypoxic state of their cell of origin.

 Exosomes and Metastasis

Metastasis corresponds to the process by which cancer cells leave the primary 
tumor, reach a secondary location and proliferate originating a new tumor mass 
[74]. The mechanisms used by cancer cells to gain a migratory phenotype, such as 
epithelial-to-mesenchymal transition, to survive in circulation and create a meta-
static niche are far from being totally explored. In fact, the probability of a tumor 
cell that enters circulation, a circulating tumor cell (CTC), to actually give rise to a 
mass is below 0.02% [75]. Therefore, cancer cells should probably have other tricks 
under their sleeve to help them seed to different organs. The concept of pre- 
metastatic niche arises from the observation that bone marrow-derived hematopoi-
etic progenitor cells (BMDCs) are recruited previous to the cancer cells arrival to a 
distant organ [76, 77]. These BMDCs express vascular endothelial factor receptor-1 
and VLA-4 while maintaining their progenitor phenotype (CD133+, CD34+ and 
c-Kit expression). The role of these cells is to create a permissive “soil” for cancer 
cells to seed [76]. Interestingly, melanoma-derived exosomes re-educate BMDCs 
and enhance their recruitment through MET signaling. When treating mice with 
melanoma-derived exosomes it is possible to simulate BMDCs recruitment, which 
after cancer cells inoculation show to significant metastasis enhancement [6]. The 
protein cargo of exosomes derived from highly metastatic cells compared with poor 
metastatic melanoma cells is actually enriched in MET cascade proteins that are 
responsible for the BMDCs recruitment [6]. Melanoma patient’s exosomes are also 
known to contain a proteomic signature that includes TYRP2, VLA-4, HSP70, 
HSP90 and MET [6]. The presence of this cargo also correlates with the patients’ 
metastatic disease and tumor burden [6].

Cancer derived-exosomes are responsible for the formation of the liver pre- 
metastatic niche that is a typical metastasis site for PC [6]. PC-derived exosomes 
are uptaken by the liver Kupffer cells (KC) and induce TGF-β signaling [78]. This 
activation leads to ECM remodeling by hepatic stromal cells and deposition of FN 
that in turn promotes bone marrow derived-macrophages migration to the liver 
[78]. All of these reprogramming effects construct a favorable environment in the 
liver that helps cancer cells to proliferate and form a metastasis. PC-exosomes 
contain MIF, an anti-fibrotic factor that most likely is the molecular effector 
behind this niche formation. In fact, MIF-positive exosomes bind more frequently 
to Kupffer cells in the liver, increasing TGF-β expression that then will increase 
FN production and deposition [78]. FN also works as an anchor for bone marrow-
derived macrophages to settle and create an inflammatory reaction that is also 
advantageous for the cancer cells [78].
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Exosomes can also be behind a very peculiar characteristic of tumors, the  so 
called metastatic organotropism. This term refers to the predisposition of cancer 
cells to metastasize only to certain organs. PC-derived exosomes express integrins 
that target specific niche cells, ITGαvβ5 is associated with KC cells in the liver, 
while ITGα6β4 and ITGα6β1 are associated with the uptake of these exosomes by 
lung resident fibroblasts and epithelial cells [79]. When interacting with the target 
cells, these exosomes promote a pro-migratory and inflammatory reaction mediated 
by the S100 gene family overexpression [79]. By injecting specific integrin-positive 
exosomes it is possible to recapitulate and simulate PC-metastization organotro-
pism, also by using antibodies to block these integrins exosomes uptake is signifi-
cantly reduced [79]. Altogether, these observations support that exosomes derived 
from tumors have a predominant role in promoting metastasis, however these obser-
vations need a deeper evaluation using better animal cancer-models that recapitulate 
the human disease.

 Exosomes and Therapy Resistance Mechanisms

In cancer, a failed response to therapy can derive from intrinsic or acquired 
resistance. The first one corresponds to pre-existing factors that unable the drug 
action, while acquired resistance results from cellular response to the therapy 
[80]. The cellular mechanisms behind acquired resistance are extremely com-
plex and rely on varied signaling pathways that are not fully understood [81]. 
The dissemination of therapy resistance due to communication between resis-
tant and sensitive cancer cells is one of the processes that can help explain how 
a tumor becomes rapidly resistant to a certain drug. Exosomes derived from a 
breast cancer cell line resistant to docexatel express P-glycoprotein [82, 83]. 
P-glycoprotein works as a drug efflux pump that allows a cell to reduce the drug 
intracellular level. Upon exosomes transfer to sensitive cells with low levels of 
P-glycoprotein, these become resistant to docexatel [83]. Exosomes can effi-
ciently transfer molecular cargo from resistant to sensitive cells thereby trans-
ferring resistance to therapy.

Together with cancer cells, TMC particularly fibroblasts also play a role in 
the overall tumor response to therapy [84]. Paracrine signaling and fibroblasts-
derived exosomes communication towards cancer cells constitutes important 
mechanisms that promote therapy resistance. In response to radiotherapy, breast 
cancer stroma derived-exosomes transfer large non-coding RNA and transpos-
able elements that activate anti-viral response in cancer cells via RIG-1 receptor 
and STAT pathway [85]. This results in the expansion of tumor initiating cells 
(TICs) that are therapy resistant thereby leading to tumor growth. Likewise, 
CAFs exosomes isolated from colorectal cancer also promote an increased num-
ber of cancer stem cells (CSCs) as well as their clonogenicity [86]. Cancer stem 
cells are known to be intrinsically resistant to therapy and their presence pro-
motes tumor recurrence after treatment [87]. Alongside with the mentioned 
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indirect promotion of therapy resistance via TICs or CSCs proliferation, fibro-
blasts exosomes also seem to directly support  anti- drug response. When PC 
associated fibroblasts are exposed to therapy (gemcitabine) there is a significant 
increase in their exosomes production that leads to increase proliferation and 
survival of PC cells [88]. Upon gemcitabine treatment PC-associated fibroblasts 
show increased levels of SNAIL1 and microRNA-146a, hence modulating the 
cancer cells response to therapy [88]. Exosomes mediated- transfer of therapy 
resistance can constitute an important cellular response mechanism that tumors 
rely on to rapidly bypass the aggressions provoked by conventional chemo and 
radiotherapy.

 Oncogenic Transformation and Its Impact on Exosomes

Cancer derived-exosomes have oncogenic proteins and mutated genetic material 
as part of their cargo [3]. Additionally, many studies have shown that this cargo 
is effectively delivered to neighbor cells and reprogram them, most frequently in 
favor of the tumor progression. Could this mean that cancer cells have the ability 
to use exosomes in their advantage and that this was a result of their malignant 
transformation they suffered? Currently, there is not enough evidence to fully 
support this hypothesis, however some studies are showing that oncogenic driv-
ers have direct implications on the cargo and biogenesis of exosomes. Upon 
DNA damage, p53 is activated and promotes or represses the transcription of 
certain genes. This gene is frequently mutated in many cancers. Non-small cell 
lung cancer cell lines that are p53 wild type increase exosomes secretion when 
submitted to γ radiation [89]. On the other hand, p53 mutant cell lines do not 
show increased exosomes production after radiation treatment [89]. Interestingly, 
expression of TSAP6 gene allows the cells to produce exosomes after stress, 
independently of p53 status [89]. By comparing microRNA expression of 
colorectal cancer cells that express wild type or mutant KRAS, it is observed that 
KRAS mutant cells show an enrichment of miR-100 and miR-10b [90]. 
Additionally, KRAS activating mutations of MEK-ERK signaling regulate AGO2 
secretion into exosomes by promoting a phosphorylation process that prevents 
AGO2 interaction with MVB, also affecting the sorting of specific miRNAs such 
as let-7a, miR-100 and miR-320a into exosomes [48]. There is also increasing 
evidence that oncogenic transformation affects exosomes uptake. Stimulation of 
EGFR increases exosomes uptake via macropinocytosis [91]. Also, PC cell lines 
with activating KRAS mutations have increased macropinocytosis when com-
pared with KRAS wild type cancer cells [91, 92]. If oncogenic transformation 
deeply alters exosomes processing it is relevant to consider which and how dif-
ferent biological functions can be carried by exosomes in cancer compared to the 
normal physiological role of these vesicles.
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 Therapeutic Potential of Exosomes: Targets and Vehicles

Due to their pro-oncogenic properties, cancer derived-exosomes could constitute an 
important target when considering anti-tumor therapy. At the moment, there are no 
genes described exclusively dedicated to the biogenesis of exosomes. Nonetheless, 
several proteins associated with MVB and exosomes release show promising results 
as targets to block exosomes secretion by cancer cells. Most importantly, when 
blocking exosomes production many studies show that it is possible to inhibit the 
pro-oncogenic effects caused by these vesicles. GW4869, a neutral sphingomyelin-
ase inhibitor that acts on ceramide, can effectively block the production of exo-
somes. Treating PC associated CAFs with GW4869 exosomes production is reduced 
both in the presence and absence of gemcitabine [88]. Since exosomes derived from 
PC-CAFs enhance cancer cell proliferation, especially when the CAFs are treated 
with gemcitabine, cancer cells significantly reduce their survival once CAFs-derived 
exosomes are blocked [88]. Similarly, exosomes produced by metastatic breast can-
cer cells lines induce invasion by miR-10b regulation of non-metastatic cells. 
GW4869 treatment reduces exosomes production in metastatic cells, and minimizes 
the invasion potential of the non-metastatic recipient cells [93]. RAB proteins fam-
ily are implicated in MVB processing. RAB27A and B are involved in the late 
stages of MVB fusion and exosomes release. Melanoma-derived exosomes are able 
to potentiate the recruitment of BMDCs to metastatic niches [6]. Moreover, these 
cells show an increased expression of RAB27A that points to an increased exo-
somes secretion [6]. Using RNA interference to shut down this gene, exosomes 
release is significantly reduced [6]. This also prevents the recruitment of BMDCs 
via exosomes [6].

On the other hand, if considering exosomes as specialized vehicles of intercel-
lular communication, they can constitute a way of delivering therapy to cancer or 
other cells because they are well described for delivering genetic information capa-
ble of reprogramming recipient cells. Interference RNA can be electroporated into 
exosomes and efficiently shutdown gene expression on target cells [94, 95]. 
Moreover, is also possible to redirect exosomes to certain cell types [96]. Exosomes 
can be directed to neural cells by using dendritic cells that are engineered to express 
Lamp2b fused with an RVG peptide that is neuron specific [96]. In this study engi-
neered exosomes were filled with siRNA against GADPH and BACE-1 genes and 
were delivered in vivo via intravenous injection and inhibited the target genes 
expression by 60%. Studies like this one illustrate how exosomes are biocompatible 
and stable in vivo, and open up the possibility to engineer exosomes to target them 
to specific cell populations. Epidermal growth factor receptor, EGFR, is frequently 
overexpressed in many cancers such breast, lung and kidney, and its signaling, 
which is activated by EGF, promotes cell division and therefore proliferation. A 
small peptide called GE11 specifically binds to EGFR, but because it is significantly 
less mitogenic than EGF, GE11 can work as its competitor [97]. Exosomes engi-
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neered to express GE11 at their surface is done using a platelet-derived growth fac-
tor receptor transmembrane domain fused with the GE11 sequence, hence promoting 
its expression on the plasma membrane and consequently on exosomes [97]. Using 
this strategy, GE11 positives exosomes are able to target EGFR expressing cancer 
cells, both in vitro and in vivo. Additionally, it is possible to deliver microRNA let-
 7a in a breast cancer model via GE11 exosomes [97]. Let-7a inside modified exo-
somes reduces also tumor growth [97].

Recently, it was demonstrate that fibroblasts-derived exosomes can be engi-
neered to target one of the most common mutated genes in PC, KRAS [92]. The 
activated KRAS gene is a well-known driver of PC, and up until now no therapy 
system to target KRAS was successfully developed. In this study, exosomes were 
engineered to carry siRNA against KRASG12D, a mutation that is present in about 
80% of PC cases [98]. Curiously, fibroblasts-derived exosomes express CD47 that 
is a ligand for the signal regulatory protein alpha SIRPα present in macrophages, 
that upon binding inhibits their destruction, working like a ‘don’t eat me signal’ [99, 
100]. Moreover, this activated form of KRAS promotes micropinocytosis that con-
stitutes a process of exosomes uptake, hence enhancing the delivery of these exo-
somes to PC tumors. In vivo studies using genetically engineered mouse models 
(GEMMs) that spontaneously develop PC driven by KRASG12D mutation, show 
that the modified exosomes significantly decrease pancreatic tumors by suppressing 
cell proliferation, enhancing apoptosis and blocking RAS signaling [92]. Altogether, 
studies like the ones mentioned in this chapter illustrate the potential of exosomes 
to be used as tailored therapy deliver vehicles with very promising results in vivo. 
Due to their biocompatible and engineering properties, modified exosomes will 
soon be tested in a clinical setting.

 Conclusion

Accumulating evidence points to the pro-oncogenic role of tumor and stroma- 
derived exosomes. As discussed, these vesicles seem to actively participate in very 
crucial processes that sustain tumor development such cell proliferation, activation 
of the microenvironment, immunosuppressive action and formation of the pre- 
metastatic niche. However, many of these effects are described based on in vitro 
observations, or based on in vivo models that do not fully recapitulate the natural 
behavior of exosomes in an organism. We hope in the future that the field will pro-
vide new demonstrations of the role of exosomes in cancer using models that allow 
to track exosomes secreted from the tumor and/or stroma in new animal models. 
Moreover, very few studies explore how blocking exosomes could hamper tumor 
progression; this is also a very crucial aspect that will define how important exo-
somes are for cancer development. On the other hand, the potential of exosomes as 
therapy delivery systems is being highly explored with great success. With the 
advent of more comprehensive and promising studies being published we predict 
that engineered exosomes can reach clinical studies in a near future.
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Chapter 4
Tranquilizing and Awakening ATM 
to Promote Killing of Cancer Cells
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Abstract Maintenance of genomic integrity is a major challenge, as DNA is 
exposed to incessantly ongoing nucleolytic attacks from both exogenous and endog-
enous sources. To overcome these stumbling blocks, cells have evolved a global 
DNA damage response (DDR), which is an intricate and hierarchically organized 
network of interweaved pathways that are “switched on” whenever genotoxic insults 
occurs. ATM, ATR, and DNA-PK are multitalented modulators of DNA damage 
signaling which play a significant role in synchronizing and orchestrating an array 
of proteins at the site of DNA damage. Overwhelmingly, genomic and proteomic 
data have helped us to map the landscape of ATM mediated regulation of myriad of 
proteins in normal and cancer cells. Complex information has shown to “diametri-
cally opposed” roles of ATM kinase in different cancers. Scientists have investi-
gated effects of ATM activation and inhibition in different cancers and it is now 
clear that context-dependent activation or inhibition can consequently improve 
apoptotic rate of cancer cells. In this chapter we will summarize the most recent 
advancements of ATM kinase in different cancers and critically evaluated the effects 
of ATM activation or inhibition on apoptosis and drug resistance of cancer cells.
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 Introduction

The genome is a storage powerhouse where essential information required for the 
development, function and survival of all living organisms are kept. While genetic 
preservation is critical for cellular homeostasis and propagation, it is often under 
constant threats. Insults can originate exogenously from genotoxic agents, includ-
ing different sources of radiation. Endogenously, it can also emerge from aberrant 
cellular metabolisms. To mitigate cellular risk posed by DNA lesions, a complex 
network of molecular circuitries is required to swiftly recognise and remove all 
deleterious insults. Cell–cycle progression, replication, repair and chromosomal 
modification are part of this orchestrated global signalling platform that is collec-
tively known as the DNA damage response (DDR) cascade. In the event of a fatal 
damage where recovery is irreversible, execution of self–destruction via pro-
grammed death or cessation in growth termed cellular senescence must be initiated 
to avoid malignant development. To some extent, the fate of a cell following DNA 
damage is dependent on the ability to resolve harmful lesions where “self–sacrifice” 
is the last resort.

 The Effect of DNA Double Strand Break: A Summarised View 
to the Hierarchical Signalling Cascade

Conceptually, surveillance of structural abnormalities is the first concerted action 
by DNA sensor proteins to safeguard the genome [1]. Transducer and mediator 
proteins are subsequently recruited to the site of damage to rely, amplify and sus-
tain pathway signals while allowing effector proteins to initiate the desired biologi-
cal response [2, 3]. Across the different forms of genotoxic lesions, double strand 
breaks (DSBs) are considered lethal and can occur spontaneously ranging from 
chromosome missegregation, replication fork collapse and ionizing radiation (IR). 
Early study indicates a single DSB lesion is sufficient to render cell death. Its effi-
cacy is still regarded to date as a major cancer treatment modality. Mainly because 
one gray (1 Gy) of IR can deliver approximately 20–40 DSBs to a single cell with 
other accompanying forms of damage [4]. Apart from its efficiency in killing cells, 
DNA DSBs also have defined cellular functions. For instance, re–programming of 
the genome requires a well–controlled DSBs for V(D)J recombination and class–
switch recombination [5]. The generation of a non–exhaustive repertoire of immu-
noglobulins and receptors is vital for developing B– and T–lymphocytes. Similarly, 
programmed DSB is essential for meiosis to trigger a genome–wide recombination 
between two adjoining chromatids follow by systematic segregation for the first 
cell division [6].

The primary core of DDR is regulated by specific members of the phosphati-
dylinositol 3–kinase–related kinase (PIKKs) family. Each member has a distinct 
role but all share considerable sequence homology which includes a PIKK 
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domain near the carboxyl termini that is flanked by FRAP–ATM–TRRAP (FAT) 
and C–terminal FAT (FATC) domain [7]. At current, there are six members of the 
PIKKs family [8, 9]. Of which, only three have been extensively characterised 
with explicit roles in DNA damage [10]. Ataxia–telangiectasia mutated (ATM) is 
a master regulator of the DDR signalling cascade that involves in the overall 
resolution of DNA DSBs. The protein exists predominantly as dimers or oligo-
mers in undamaged cells. Inactive ATM is converted to phosphorylated mono-
mers by the presence of DNA damage. DNA–dependent protein kinase catalytic 
subunit (DNA–PKcs) also responds predominately to lethal strand breakages but 
is tasked with the activation of non–homologous end joining (NHEJ) repair path-
way. Ataxia–telangiectasia and rad3–related protein (ATR) is primarily recruited 
to the site of single strand (ss)DNA lesions via ATR–interacting protein (ATRIP) 
which occurs during the cell–cycle phase when DNA replicates. Unresolved 
damage poses a risk in fork stall, leading to the formation of DNA DSBs.

 Sensing DNA Double Strand Break: The Detection Process

With the exception of some, sensor proteins often participate in the specific detec-
tion of selective lesions. Poly(ADP–ribose) (PAR) polymerase–1 (PARP–1) repre-
sents the former and can physically interact with a range of DNA structures 
including pyrimidine dimers, abasic (AP) sites, single strand breaks (SSBs) and 
DSBs [11]. PARP–1 binding affinity to the DNA is dependent on the action of zinc 
fingers (F1 and F2) [12]. These motifs are located at the N–terminus region of the 
gene and are critical for detecting DNA lesions. PARP–1 also has a paralog termed 
PARP–2 which has a binding preference towards defective DNA with gaps and flap 
structures [13]. On the other end of the spectrum, Ku heterodimer (Ku70–Ku80) is 
an abundant nuclear protein complex that also couples to duplex DNA ends [14]. 
The two subunits form an asymmetric ring with an expansive base and a narrow 
bridge to translocate along the DNA. Ku together with DNA–PKcs recruit XRCC4 
and DNA ligase IV (X4–L4) to initiate end–joining process [15]. In the context of 
DSBs, Ku and PARP are direct competitors [16]. Each has the intention of activat-
ing their own respective pathway through initial binding of damage DNA. PARP 
catalyzes the addition of PAR units onto the flanking DNA ends and acts coopera-
tively to facilitate Mre11, RAD50 and NBS1 (MRN) complex recruitment [17]. 
Knock–out study indicates PARP is dispensable for MRN recruitment and does not 
affect overall DDR activation. Instead, PARP merely acts as a “catalyst” to acceler-
ate MRN to the site of damage. Collectively, the MRN complex is a heterotrimeri-
cally assembled nano-machinery that is vital for DDR signalling. Patient–derived 
cells with defect in Mre11, RAD50 or NBS1 genes show significant radiosensitiv-
ity with characteristic of chromosomal instability. Mre11 contains DNA–binding 
motifs which are needed to establish short resected 3′ single–strand tails. The glob-
ular–arranged ATPase (walker A and B motif) domain of RAD50 binds and par-
tially unwinds dsDNA termini. Mre11–RAD50 interaction is dependent on NBS1 
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acting as an adaptor protein. The forkhead–associated (FHA) and BRCA1 C 
 terminus (BRCT) domains of NBS1 are essential for proteins recruitment. Most 
importantly, NBS1 C–terminal motif is vital for the physical interaction with ATM, 
including its activation.

 Signalling in DNA Double Strand Break: The Initiation 
Process of Signal Transduction and Amplification

The site of DNA damage in the nuclear termed ionizing radiation–induced foci 
(IRIF) is dependent on a systematic hierarchical recruitment of different DDR 
factors, including chromatin modifiers to restore genome integrity. MRN com-
plex senses and tethers to the DNA ends which is followed by the autophosphory-
lation of ATM at serine 1981 [18]. The addition of DNA–damage induced 
chromatin response is also a key element to ensure a robust DDR. Tyrosine kinase 
C–Abl activates Tip60 acetyltransferase which in turn methylates adjacent his-
tone H3 lysine–9 (H3k9me3) of the DSB, leading to the configuration of an 
open–relaxed chromatin structure [19]. The action of Tip60–H3K9me3 then pro-
motes ATM acetylation and is facilitated by forkhead box O3 (FOXO3a) interac-
tion with ATM [20, 21]. There is evidence to suggest transmembrane receptor 
NOTCH1 can act antagonistically to FOXO3a by binding the FATC domain of 
ATM [20]. In the presence of NOTCH1, ATM is still recruited to DSBs but lacks 
Tip60–mediated acetylation to initiate consequent activation. The major substrate 
of active ATM at the IRIF is histone H2AX and phosphorylation of serine 139 
yields γH2AX. So far, the FHA and BRCT domains as mentioned are frequently 
found in proteins that are associated with DDR [22]. The FHA recognizes phos-
phorylated threonine residues in an amino acid sequence–specific context whereas 
the tandem BRCT domains create a sequence–specific binding of phosphorylated 
peptides. Several lines of evidence including crystallography data reveals BRCT 
repeats of MDC1 build the recognition module for γH2AX which is tailored to 
recognize its C–terminus region [23]. Interaction between these two molecules 
are generally accepted as the initiation process of DNA DSB where cascade sig-
nalling begins. Within the IRIF, casein kinase 2 (CK2) phosphorylation of MDC1 
at the ser–asp–thr (SDT) repeats mediates NBS1 interaction via its FHA and 
BRCT domains. Analysis of MDC1–depleted cells reveal its FHA domain also 
binds and concentrates active ATM at the site of damage [24]. Most importantly, 
the interaction of MDC1 is vital to create a positive feedback loop for phosphory-
lated ATM accumulations which in turn activate distant H2AX molecules and 
create available domains of γH2AX that extend for kilobases along the chromatin 
away from the DSB.

With the continuity of γH2AX and MDC1 interaction, the latter also pro-
motes the recruitment of E3 ubiquitin–protein ligase RNF8 [25, 26]. An impor-
tant observation based on sequence analysis elutes RNF8 localisation to the 
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IRIF is dependent on its FHA domain interaction with ATM-phosphorylated 
Thr-Gln-Xaa-Phe (TQXF) motifs of MDC1 whereas its RING domain is impor-
tant for the translocation of 53BP1 and RAP80 to initiate subsequent DNA DSB 
repair [25, 26]. Chromatin–bound RNF8 cooperates with E2 conjugating enzyme 
UBC13 by adding lysine (K)63–linked ubiquitin chains to histone H1. Unlike 
K48–linked ubiquitin chains that lead to protein degradation, formation of K63–
linked chains act as a non–proteolytic platform to recruit downstream DDR fac-
tors. Similar to RNF8, RNF168 also works in concert to extend the K63–linked 
chains by ubiquitinating histone H2A on K13–K15 (H2AK13Ub and 
H2AK15Ub) [27]. 53BP1 binds specifically to H2AK15Ub through its ubiquiti-
nation–dependent recruitment motif (UDR). To retain its presence at the IRIF, 
an interaction between Tudor domain of 53BP1 and histone H4 lysine 20 
dimethylation (H4K20me2) is required [28]. In addition to 53BP1 recruitment, 
RAP80 also preferentially translocates to the K63–linked ubiquitin chains. The 
binding interaction is dependent on RAP80 N–terminal ubiquitin–interacting 
motif (UIM) [29]. Currently, associated members (Abraxas, BRCC36, BRCC45 
and MERIT40) are required for the overall stability of RAP80 complex at the 
IRIF and essential for the recruitment of BRCA1 [30]. The antagonism between 
53BP1 and BRCA1 is important for the choice of DNA DSB during cell–cycle 
progression and consequent cell survival [31].

 Assisting in the Response of DNA Double Strand Break: 
Halting the Cell–Cycle Process

The cell–cycle is separated into four distinct (G1–, S–, G2– and M–) and two gap 
(transit through G1– into S– and G2– into M–) phases where cells are screened for 
aberration (damage) in the genome prior to DNA synthesis (S–phase) and cell divi-
sion (M–phase). To regulate cell–cycle arrest, two downstream effector kinase pro-
teins namely checkpoint proteins 1 and 2 (CHK1 and CHK2) are required. Activated 
checkpoint proteins target and degrade the cyclin/cyclin–dependent kinases (CDKs) 
complexes that are essential for cell–cycle progression. As the slowing or arrest 
occurs between the phases of the cell–cycle, additional DDR–related proteins initi-
ated by transducer proteins can establish the recovery of damaged DNA.

The majority of cell population resides in G1–phase (resting) of the cell–cycle. 
In preparation of cellular division, cells will begin to transit from G1– to S–phase 
for DNA replication. The process is dependent on CDK4/6–Cyclin D and CDK2–
Cyclin E complexes to promote S–phase entry. There are two distinct mecha-
nisms that can initiate arrest at G1/S phase if DNA damage is present. 
Phosphorylation of ATM–CHK2 axis triggers P53 activation by degrading its 
negative regulators (MDM2 and MDMX). P53 accumulation transcriptionally 
upregulates P21 to interact with CDK2–Cyclin E and CDK4/6–Cyclin D com-
plexes. Due to the need for the translation of nascent protein and subsequent 
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post–translational modifications (PTM), complete activation requires several 
hours. The second option also involves an ATM–dependent phosphorylation of 
CHK2 except the process is rapid. Activated ATM–CHK2 axis initiates the ubiq-
uitination of CDC25A, which prevents the interaction of CDK2 and Cyclin–E. This 
mechanistic of action halts replicon firing. It is believed extensive DNA damage 
during the early phases of G1 can promote cells to undergo permanent arrest or G0 
through P53 activation. If DNA damage occurs during late G1–phase, it is likely 
ATM–CHK2 activation would not prevent cell–cycle arrest, thus allowing cells to 
bypass the G1/S checkpoint entirely.

Protecting the genome integrity during S–phase is vital to ensure an unaltered 
DNA is inherited by daughter cells. It is not surprising that S–phase of the cell–
cycle contains multiple checkpoints. Phosphorylation of CDC25A requires ATR–
CHK1 activation. The continuity of CDC25A ubiquitination limits its accumulation 
and is necessary for cells to progress through S–phase. In return, DNA replication 
can continue at multiple origins which are distributed across several chromosomes. 
Presence of DNA damage causes replication fork stall, resulting in non–duplicated 
regions of the chromosomes. For this reason, the intra–S checkpoint activation of 
ATM–CHK2 axis or CHK1 phosphorylation through ATR acts in a similar fashion 
as G1/S arrest. Modulation by ubiquitination of CDC25A phosphatase leads to the 
inhibition of CDK2–Cyclin E/A.  The process also prevents the association of 
CDC45 factor in establishing origin of replication, leading to a halt in S–phase 
progression. With the delay in cell–cycle progress chromosomal maintenance by 
means of DNA repair can be initiated to ensure integrity of replication forks do not 
cause further damage to the chromosome. Regardless, PARP preferentially binds 
to the gaps of stalled–replication fork structure and assist in the recruitment of 
MRN complex and ATM to initiate DDR [32]. The process is a step–wise assembly 
and continues to recruit mediators (MDC1, BRCA1, FancD2 and etc.). There is 
still discussion at length in regards to the different DDR factors associated with 
S–phase progression. Currently, only one signalling pathway has been well 
described, ATM–MDC1–NBS1 phosphorylation of structural maintenance of 
chromosomes–1 (SMC1) pathway. SMC1 is a cohesin protein required for sister 
chromatid cohesion. During early S–phase, SMC1 activation prohibits DNA syn-
thesis to allow repair of damaged DNA.

As cells progress from S– to G2–phase, the CDK1–Cyclin B complex drives the 
final mitotic entry before cellular division. Held in a negative feedback loop at G2–
phase, the complex is kept in a dormant state throughout phosphorylation by WEE1. 
When dephosphorylated by CDC25A, WEE1 frees CDK1–Cyclin B complex, 
thereby allowing cells to enter mitosis. In the event of DNA damage, ATM–CHK2 
or ATM–ATR–CHK1 activation phosphorylates CDC25A, rendering CDK1–Cyclin 
B complex inactive. It is also caution to note that checkpoint activation does not 
necessary represent an absolute safety mechanism. Presence of DNA damage can 
still escape the G2/M checkpoint cell–cycle arrest. In lower mammalian systems, it 
has been shown that unresolved DNA damage can induce G2 arrest but abrogates 
checkpoint arrest while proceeding with cell division.
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 Resolving DNA Double Strand Break: Selecting the Right 
Choice of DNA Repair

It is known that components of the DDR initiates two main forms of repair, the 
non–homologous end–joining (NHEJ) and homologous recombination (HR). NHEJ 
is highly efficient in resolving DSBs and does not require excessive processing to 
adhere the broken DNA ends [33]. The repair pathway is functionally present in 
almost all phases of the cell–cycle but is highly prevalent during G1–phase. In con-
trast, HR is predominately at work during S– and G2–phase of the cell–cycle [34]. 
Its activity in DSB repair is dependent on the presence of an intact homologous 
duplex sequence that serves as a tool for template copying. Processing of the DNA 
ends during early DDR is a key determinant for the choice of DSB repair and is cor-
related to CDKs activities during cell–cycle progression. In G1–phase, low CDK 
level does not stimulate end resection. Instead, presence of DSBs mediates an ATM 
response that drives 53BP1 translocation to the IRIF via RNF8 and RNF168 ubiq-
uitination. Additional factors such as RIF1, PTIP and REV7 are also recruited by 
53BP1 to work in concert as a complex to stimulate the blocking of DNA end resec-
tion [31, 35]. Displacement of BRCA1 from chromatin favours Ku (70/80) het-
erodimer to form a synaptic complex with DNA DSB termini and acts as a scaffold 
to recruit DNA–PKcs. Depending on the nature of the DSBs, different factors are 
required. Artemis, WRN, and APLF are essential tools for DNA resection whereas 
filling of DNA gaps can be performed by members of the family X polymerases 
which include polymerases μ and λ [36]. The final step of NHEJ repair is the liga-
tion of the broken ends by the X4–L4 complex.

Rescue study of BRCA1–deficient cells showed 53BP1–deletion can revert HR, 
indicating both proteins are at constant play to restore genome integrity. The decision 
to switch from 53BP1–dependent NHEJ during G1–phase to the preferential BRCA1–
mediated HR from S– to G2–phase can be predominately explained by the function 
of CtIP [37]. Cells increases CDK activity to transit from G1– to S–phase. Increment 
of CDK activity also turns on resection by multisite phosphorylation of CtIP to pro-
mote BRCA1 binding [38–40]. Prior to DNA processing, BRCA1 requires chroma-
tin remodeller SMARCAD1 to redirect 53BP1 protein away from the IRIF [41]. 
MRN complex together with CtIP–BRCA1 can then initiate resection at the site of 
DSB. The “two–step” model suggests MRN–CtIP–BRCA1 fulfils the initial role of 
short range resection which is followed by the recruitment of EXO1 and BLM to 
generate longer stretches of ssDNA substrates for HR repair [42, 43]. To prevent 
excessive resection, HELB helicase translocates to the site of IRIF and is critical to 
attenuate EXO1 and BLM activity [44]. Once regions of ssDNA are formed, replica-
tion protein A (RPA) proteins effectively bind to the naked strand and potentially 
unwind secondary structure to facilitate further resection. The RPA–ssDNA complex 
configuration also acts as a precautionary measure to prevent premature filament 
assembly and homology invasion. Consequently, recombination mediators facilitate 
the displacement of RPA with RAD51 proteins at the 3′ end of the ssDNA overhang. 
RAD51 loading onto ssDNA is partly assisted through MMS22L–TONSL complex 
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[45]. The newly formed RAD51–ssDNA nucleoprotein filament then catalyses an 
ATP–dependent homology search for compatible DNA sequence. Strand invasion at 
the sister chromatid generates a displacement–loop (D–loop) intermediate where 
RAD51 disengages to allow 3′–ssDNA priming and initiation of DNA synthesis. In 
conjunction with ligation of the repaired–strands, two Holliday junctions are estab-
lished. For the final part of HR repair, the double Holliday junctions (dHj) are then 
cleaved to restore the original double strand DNA.

 Therapeutic Intervention of DNA Damage Response: The Use 
of Natural Products to Activate ATM and Initiate 
Tumourgenic Death

Substantial information in regards to the role play of ATM kinase to improve clini-
cal outcome with different drugs have been added to the existing pool of knowl-
edge that is related to the strategies of targeting cancer cells. We will start with a 
summary of research findings which highlights the role of “active ATM” in causing 
tumourgenic death.

Ellipticine is an alkaloid with known properties of binding to DNA strands. 
Treatment of this agent has shown to upregulate ATM [46]. Phosphorylation of 
Chk1 is achieved through ATM dependent activation and has been noted at different 
concentration of this agent. The overall effect causes downstream inactivation of 
CDC25C, Cdk1 and Cyclin B1. It is clear from this study that phytochemical with 
alkylating property can promote ATM-Chk1-CDC25C-Cdk1 signaling response. In 
bladder cancer (BCa) cells, ellipticine treatment causes G2/M arrest and subsequent 
activation of cell-death. Similar findings include the use of oridonin to target lung 
cancer [47] and anthocyanins (delphinidin and cyaniding) for leukemia [48]. 
Regardless of P53 status, these agents are capable of modulating ATM-Chk1- 
CDC25C or ATM-Chk2-CDC25C pathway to eliminate cancer cell population. 
Apart from using checkpoint response to elicit tumour death, several phytochemi-
cals are also capable of achieving ATM activity and initiate checkpoint arrest while 
preventing DNA repair. Strigolactones [49] and Kaempferol treatment in osteosar-
coma and leukemia cells [50] respectively have been reported to upregulate DDR 
while preventing the restoration of genomic insults. The accumulation of DNA 
damage promotes tumour death.

 Eliminating DNA Damage Response: ATM Pathway 
Inhibition as a Strategy to Kill Cancer Cells

ATM activation to elicit DNA damage dependent apoptosis is a potential clinical 
strategy. Alternatively, its removal as a transducer protein to prevent functional DDR 
is also efficacy in sensitizing tumour cells to genomic insults. Human disabled 
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homolog 2 interaction protein (DAB2IP), a tumor suppressor was noted to be fre-
quently downregulated and is associated with ATM upregulation in BCa cells [51]. 
Loss of ATM can reverse tumourigenicity by compromising survival components 
such as NF-κB and mitogen-activated protein kinase (MAPK) pathways. Additionally, 
the lack of transducer protein also sensitizes DAB2IP-deficient BCa cells to IR due to 
a lack of DNA DSB repair [51]. In colorectal cancer, P53 status plays a critical role in 
survival. Tumour cells are highly resistant to single strand lesions that are potentially 
fatal when DSBs arise from replication fork collapse. Loss of ATM in colorectal can-
cer cells are sensitive to clinically approved low dose Olaparib, a PARP inhibitor. It is 
likely through the reduction of homologous recombination repair, ATM deficient can-
cer cells are unable to compensate for DNA DSB during replication [52]. Recent 
evidence suggests ATM is also involved in the progression of cancer metastasis. Using 
genetic knockdown model from colorectal cancer cells, loss of ATM showed inverse 
correlation with epithelial E-cadherin upregulation. Mesenchymal N-cadherin/vimen-
tin and CD44 protein levels were noted to have low expression. ATM deficient tumour 
cells are non-migratory but such phenomenon can be reversed by restoring CD44 
expression level. It is likely ATM regulates cancer cell migration through CD44 [53].

In a recent study, it is found that histone H2AX regulates hypoxia-inducible factor 
1 alpha (HIF1) signaling which is primarily needed as a transcription factor. Under 
oxygen deprived condition, TNF receptor associated factor 6 (TRAF6) triggers 
mono-ubiquitylation of H2AX (mUb-H2AX) and is associated with active ATM 
which then phosphorylates H2AX. It is important to note that during hypoxia condi-
tion, recruitment of ATM is critical for H2AX formation and subsequent transcrip-
tional activation. The downstream effect allows the binding and recruitment of HIF1 
protein to initiate transcription activation of target genes. H2AX also physically inter-
acts with HIF1 in the nucleus to stabilize and prevent proteasome degradation. Most 
importantly, therapeutically targeting of TRAF6–ATM–H2AX signalling axis such 
as ATM itself is an effective strategy to reverse hypoxia effect and reduce tumourige-
nicity [54]. In acute myeloid leukemia (AML), the use of FMS-like tyrosine kinase 3 
(FLT3) inhibitors have demonstrated great efficacy in clinical trials but failed to 
achieve cancer remission. Synthetic lethal screen using genome-wide short hairpin 
(Sh)RNA approach identifies ATM as a critical factor for FLT3 inhibition in AML 
[55]. While ATM is well characterized as a transducer protein for DDR, in the context 
of AML this particular protein plays a role in promoting antioxidant response through 
activation of glucose-6-phosphate dehydrogenase (G6PD). Loss of ATM suppresses 
G6PD activity, leading to an increase in reactive oxygen species. Combination target-
ing of FLT3 and ATM/G6PD can improve treatment response for AML.

 Conclusion

Cancer cells are highly susceptible to fatal DNA damage owing to the changes in 
both intrinsic and external factors. These lesions are detrimental to overall sur-
vival and can promote a range of complications. However, all cancer cells are 
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equipped with a global ‘self-defense’ mechanism which can confer protection and 
preserving genome integrity. Over the years, the study of DNA DSB response has 
been an extensive journey with new interacting partners and functions being iden-
tified. It is interesting to see if further development in the elucidation of molecular 
mechanisms and inhibitors will translate potential clinical benefits, particularly in 
the area of ATM and how pathway targeting of specific cancer cells can prevent 
tumour recurrence.
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Chapter 5
The Role of GPER Signaling 
in Carcinogenesis: A Focus on Prostate Cancer

Marília I. Figueira, Henrique J. Cardoso, and Sílvia Socorro

Abstract The G protein-coupled estrogen receptor, GPER, also known as GPR30, 
belongs to the seven transmembrane receptor superfamily and is involved in the 
rapid non-genomic estrogenic responses. Nevertheless, GPER regulation of tran-
scriptional activity also has been reported. GPER downstream signaling includes 
the activation of the phosphatidylinositol 3-kinase (PI3K)/Akt and mitogen- 
activated protein kinase (MAPK) pathways, the stimulation of adenylyl cyclase, and 
the mobilization of intracellular calcium. Over the last decade, the discovery of 
GPER specific agonists and antagonists has been crucial to understand its physio-
logical functions, mechanisms of action and its putative usefulness as a therapeutic 
target. The GPER seems to have an important role in endocrine, reproductive, 
immune, nervous, and cardiovascular systems, and alterations in its expression or 
activity have been associated with several pathological conditions such as cardio-
vascular diseases, obesity, diabetes, Parkinson, stroke, and cancer. GPER has been 
linked with the carcinogenic process, though some ambiguity exists concerning its 
protective or causative role in different tissues, or even in the same tissue. This 
chapter summarizes the existent knowledge concerning the structural and molecular 
aspects of GPER, its known ligands and activated pathways, as well as its role over 
the known hallmarks of cancer: exacerbated proliferation, resistance to apoptosis, 
stimulated migration and invasion, induction of angiogenesis, and the metabolic 
reprogramming. A special focus will be given to prostate cancer.
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 Introduction

Estrogens are very important hormones playing a determinant role in mammalian 
biology by its wide action regulating several processes in a great variety of tissues. 
As all hormones, estrogens act through specific receptors that after recognizing and 
binding their ligands transmit the information to downstream effectors. The estro-
gen receptor α (ERα) was the first ER to be known in 1973 [1]; and was more than 
two decades after in 1996, that a second ER, the ERβ, was described [2]. Since then, 
several isoforms of ERα and ERβ have been identified known to have tissue specific 
functions or acting as negative regulators of full-length ERs, namely, the ERα-A-E, 
the ERα36 and the ERβ1–5 [3–9]. The ERα and ERβ are known as the classical ERs 
exerting their actions as transcription factors and regulating the gene expression 
network in target tissues [10]. Generally, after ligand binding in the cytoplasm, hor-
mone–receptor complexes are translocated to the nucleus, where they dimerize and 
bind DNA modulating gene expression. Other alternative mechanisms of estrogens 
actions have been described, such as, the interaction of ERs with other transcription 
factors, and the hormone independent receptor phosphorylation and activation [11, 
12]. In addition to the genomic actions, classical ERs also can trigger non-genomic 
actions. It has been described that ERs can associate with the cell membrane and 
lead to the activation of protein kinase signaling pathways, or cross-talk with the 
intracellular secondary messengers produced in response to the activation of G 
protein- coupled receptors (GPCRs) [11, 12].

The landscape of estrogens signaling has gained increasing interest and com-
plexity with the report of the G protein-coupled estrogen receptor (GPER), origi-
nally known as GPR30 [13]. GPER is a member of the GPCRs superfamily, and 
thus, displays the typical seven transmembrane helices and predominant location at 
the cell membrane (Fig. 5.1) [14].

GPER expression has been found in multiple tissues and systems, including ner-
vous, cardiovascular, gastrointestinal, immune, urinary and reproductive systems, 
and bone among others [15–19]. GPER is responsible for mediating the non- 
genomic actions of estrogens and is involved in the control of many biological pro-
cesses. Its important role in several diseases including stroke, Parkinson, diabetes, 
cardiac diseases, bone diseases, epilepsy, autoimmune diseases, infection, and can-
cer has been suggested [20–32]. Concerning cancer, GPER has been detected in 
many types of tumors, including breast, ovarian, endometrial, prostate, testis, lung, 
thyroid, and others [33–38]. Also, its role in cancer development as a causative 
agent and associated with tumors aggressiveness, or as a tumor suppressor has been 
debated in the available literature [39, 40].

In this chapter, the molecular and structural aspects of GPER, as well as, its 
ligands, signaling activated pathways, and downstream effectors will be pre-
sented. Moreover, the GPER expression in cancer cases, and its role modulating 
the typical features of cancer cells will be discussed, with a special focus on pros-
tate cancer (PCa).
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 Structural, Molecular and Cellular Aspects of GPER

The “life history” of GPER has begun some time ago, when it aroused from the 
shadows, like a ghost. Before the biochemical and structural characterization of 
GPER, researchers just have known about the possibility of alternative estrogens’ 

Fig. 5.1 Schematic 
representation of the 
human GPER: structural 
and molecular aspects. (a) 
Localization of GPER gene 
in the chromosome 7 and 
its structure consisting of 
three exons, with the 
coding region encoded by 
a single exon, the exon 3. 
(b) Structure of the GPER 
protein with the typical 
seven transmembrane 
α-helical regions, and the 
four extracellular and four 
cytosolic segments. The 
N-terminus is extracellular 
whereas the C-terminus is 
cytosolic
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actions via non-genomic signaling mechanisms producing rapid cell effects. Over 
the years, as an attempt to explain the estrogenic effects in a time-frame not compat-
ible with gene transcription and de novo protein synthesis, many theories were pro-
posed concerning the existence of a membrane-bound ER [41, 42]. Amongst other 
hypotheses, it was shown that the classical nuclear ERs, the ERα and ERβ, were 
able to be translocated to the cell membrane through several mechanisms that 
involve post-translational modifications, such as palmitoylation or phosphorylation, 
interaction with caveolin-1, binding to adaptor and co-regulator molecules, and also 
the association with G proteins [43–45]. It was only later on that the idea of estro-
gens binding a GPCR at cell membrane has emerged [46]. At the end of 1990s 
several independent groups aimed at identifying a new GPCR characterized by its 
reduced homology to other GPCRs [14, 47–51], and for which no ligand was 
known. This orphan receptor was named GPR30, even before 17β-estradiol (E2) has 
been identified as its ligand. Indeed, it was only a few years later that the “fate” of 
this orphan receptor has changed after the demonstration that it binds E2 with the 
activation of downstream signaling pathways [13, 52–54]. This lead the scientific 
community to rename the GPR30 that started to be known as GPER, a designation 
formally established by the International Union of Basic and Clinical Pharmacology 
in 2007 [55]. Even so, GPER’s “life” has been anything but consensual, and still 
today some groups question its role as an ER [56, 57].

The GPER is a member of the rhodopsin-like receptor superfamily highly 
homologous to the interleukin 8 receptor, and the angiotensin II receptor type 1 
[47–50].

The human GPER gene is located on chromosome 7p22.3, and contains three 
exons (Fig. 5.1a), with the open reading frame of 1126 base pairs encoded by a 
single exon, the exon 3 [58]. As a GPCR, the GPER has a structure encompassing 
seven transmembrane α-helical regions, and four extracellular and four cytosolic 
segments (Fig. 5.1), which spans 375 amino acids and has a theoretical molecular 
mass of approximately 41 kDa [14, 15, 59]. The extracellular N-terminus has aspar-
tic acid residues in its terminal region, which are targets for glycosylation; the 
C-terminal end is cytosolic [14, 15, 59]. Thus, ligand binding and receptor activa-
tion occur by interaction with the N-terminal domain, and the heterotrimeric G pro-
tein complex has been shown to bind the third loop of the intracellular domain 
(Fig. 5.1) [60, 61]. A PDZ domain located at the C-terminal region of GPER seems 
to be important for receptor location at cell membrane by its interaction with other 
plasma membrane proteins, namely, membrane-associated guanylate kinases and 
protein kinase A-anchoring protein 5 [14, 15, 62]. The C-terminal region also par-
ticipates in receptor desensitization and internalization depending on phosphoryla-
tion by G protein-coupled receptor kinases [14, 15, 59]. Recently, a biosensor-based 
approach identified four distinct calmodulin-binding domains in the GPER protein 
[63, 64], though the effect of calmodulin regulating GPER-dependent signaling is at 
the moment unknown.

Although GPER was firstly identified as a membrane receptor, the question of its 
subcellular localization has deserved intense discussion. Several references exist 
indicating the presence of GPER in the endoplasmic reticulum, the Golgi apparatus, 
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and also in the nucleus (Fig. 5.2) [54, 65–71]. The GPER expression in the endo-
plasmic reticulum and Golgi complex could be attributed at a first glance to the 
process of protein receptor synthesis and intracellular traffic before its translocation 
to the cell membrane. In fact, the GPER detected at the plasma membrane seems to 
be translocated from the cytoplasm 1 h after E2 stimulation, which also suggests that 
GPER activation is triggered at the cell membrane [54, 65]. However, some research 
groups defend that the GPER at the endoplasmic reticulum is signaling-active medi-
ating cell responses by the mobilization of intracellular calcium (Ca2+) [52], though 

Fig. 5.2 GPER subcellular localization. The receptor has been shown to be localized at the cell 
membrane and/or also in the endoplasmic reticulum and nucleus. Although not a consensual mat-
ter, there are reports indicating that E2 can interact with a signaling-active GPER at endoplasmic 
reticulum promoting cell responses [54, 65–71]. The Src, metalloproteinases (MMPs), calcium 
(Ca2+), and cAMP/protyein kinase A (PKA) mediated signaling pathways are detailed throughout 
the text and in Fig. 5.3. The GPER, as other GPCRs, enters the constitutive endocytic pathway but 
it is not recycled to the plasma membrane being instead accumulated in the endoplasmic reticulum 
and perinuclear region [72, 73]
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this is not a consensual matter. Concerning the nuclear location, besides its con-
firmed presence at the nuclear membrane [35, 67], it was recently shown that the 
GPER protein has a nuclear localization signal required for its nuclear translocation 
by an importin-dependent mechanism [69]. Moreover, the nuclear localization of 
GPER also seems to be induced by E2, and is associated with the regulation of gene 
transcription and promotion of physiological effects [69, 70]. Another study reported 
that GPER activation at the plasma membrane with the stimulation of cAMP pro-
duction is followed by receptor internalization and intracellular localization in asso-
ciation with the cytokeratin intermediate filaments [68].

It is also of worth note the constitutive retrograde transport of GPER from the 
plasma membrane towards the endosomal compartment (Fig. 5.2). Endocytosis is a 
common feature of GPCRs after ligand binding and activation to avoid excessive 
signaling. However, GPER endocytosis has some particularities. In contrast with 
other GPCRs that usually are degraded in lysosomes, the endocytosed GPER returns 
to the trans-Golgi network and undergoes ubiquitin-mediated proteasomal degrada-
tion [72–74]. Recently, it was shown that the Na+/H+ exchanger regulatory factor 
(NHERF1) can improve GPER stability by inhibiting its degradation through the 
ubiquitin-proteasome pathway [75].

Also in opposition with other GPCRs that after endocytosis are recycled to the 
plasma membrane, GPER enters early and recycling endosomes, but do not follows 
the plasma membrane route, and instead accumulates in the endoplasmic reticulum 
and perinuclear region [72, 73]. Interestingly, it has been proposed that GPER may 
mediate endocytic intracellular signaling linked to its constitutive endocytosis activ-
ity, which may be dependent on the PDZ domain that forms receptor complexes 
able to influence receptor dimerization, signaling and/or endocytosis [73]. 
Nevertheless, there is much to know about the factors that determine the preferred 
location of GPER at cell specific compartments, and its implications in intracellular 
signaling. The details and comprehensive analysis of the GPER signaling pathways 
will be explored in the following section of this chapter.

 Overview of GPER Signaling Pathways

GPER is widely associated with the non-genomic effects of estrogens and estrogen- 
like substances, which are generally characterized as being: (1) very rapid, in min-
utes or even seconds; (2) insensitive to DNA transcription and protein synthesis 
inhibitors; and (3) activated by steroids coupled to high-molecular-weight mole-
cules, such as bovine serum albumin (BSA), and thus incapable of cross the plasma 
membrane. GPER-mediated responses have been described in various cell types 
and involve several molecular targets and signaling pathways (Fig. 5.3), including, 
the mobilization of second messengers, such as Ca2+ and nitric oxide (NO), the 
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Fig. 5.3 GPER signaling pathways. GPER activates several downstream signaling cascades 
including the PI3K/AKT pathway, the Src pathway, the MAPKs/ERK1/2 pathway and the Notch 
signaling. The activation of MAPKs pathway influences the activation of Smad proteins and leads 
to the inhibition of the TGF-β signaling. GPER activation also leads to stimulation of adenylyl 
cyclase (AC) with an increase of cAMP concentrations and mobilization of intracellular Ca2+. 
GPER activation of intracellular signaling pathways also has been coupled with EGFR transactiva-
tion. GPER activation of Src-kinase stimulates MMPs that cleave the pro-HB-EGF leading to the 
release of free HB-EGF and EGFR activation. Alternatively, EGFR activation can be mediated by 
sphingosine 1 phosphate (S1P) a product of sphingosine kinase 1 (SphK1) activity
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interaction with other membrane receptors, such as insulin-like growth factor-1- 
receptor (IGF-1R) and epidermal growth factor receptor (EGFR), as well as, the 
activation of effector molecules, namely, the Src kinase and phosphatidylinositol 
3-kinase (PI3K), the serine/threonine protein kinase Akt, mitogen-activated protein 
kinase (MAPK) family members, and the protein kinases A and C (PKA and PKC, 
respectively) [76].

After ligand binding, GPER initiates intracellular signaling by activating hetero-
trimeric G proteins, composed of α, β and γ subunits, with the latter known as the 
βγ-complex [77]. In general, the Gα-subunit (Gαs) dissociates from the heterotri-
meric Gαβγ complex and the free subunits (Gαs and Gβγ) activate distinct intracel-
lular signaling pathways [78]. It has been demonstrated that both Gβγ [13] and Gαs 
[53] participate in the GPER-mediated signaling. Gαs activity stimulates the adeny-
lyl cyclase producing an increase in cAMP concentration and mobilization of intra-
cellular Ca2+ [52, 53, 79], whereas the Gβγ subunit and the downstream Src-related 
tyrosine kinases activate the MAPK transduction pathway [13], leading to phos-
phorylation of MAPKs/ERK1/2 [13]. In rat pachytene spermatocytes, the activation 
of GPER led to the initiation of ERK1/2 signaling cascade, correlated with an 
increased phosphorylation of c-Jun [80]. On the other hand, in breast cancer cell 
lines, the activation of MAPKs pathway influenced the activation of Smad proteins 
and led to the down-regulated signaling of the transforming growth factor beta 
(TGF-β) [81], since Smad2/3 proteins are essential signaling molecules mediating 
TGF-β effects [82]. The activation of ERKs signaling through GPER also was 
shown to activate the hypoxia-inducible factor 1α/vascular endothelial growth fac-
tor (HIF1α/VEGF) signaling, due to the upregulation of HIF1α and, consequently, 
to the upregulation of VEGF, a well-known marker of angiogenesis [83, 84].

GPER activation of the PI3K/Akt pathway has been reported in ER-negative 
endometrial cancer cells and seems to stimulate cell growth [85, 86]. GPER activity, 
in a Src kinase and PI3K/Akt dependent mechanism with the activation of NF-kB, 
was also shown to up-regulate cyclooxygenase 2 (COX2) expression in oviduct 
epithelial cells [87]. GPER may also contribute to the pro-tumorigenic effects of 
endothelin-1 in hepatocarcinoma cells and breast cancer via the activation of PI3K/
ERK/c-Fos/AP1 transduction pathway [88].

GPER actions were also implicated in Notch signaling, inducing both the 
γ-secretase-dependent activation of Notch-1 and the expression of the Notch target 
gene Hes-1 [85, 89]. It was reported that GPER activation leads to the association 
of the intracellular domain of Notch-1 with the Hes-1 promoter inducing transcrip-
tion of a Hes-1-reporter gene, as well as, to the down-regulation of VE-Cadherin 
and increased expression of Snail, a Notch target gene acting as a repressor of cad-
herin expression [89].

Interestingly, GPER activation of intracellular signaling pathways has been cou-
pled with EGFR transactivation, through the Src-dependent stimulation of metal-
loproteinases (MMPs) (Fig. 5.3). MMPs have been shown to cleave the pro-HB-EGF 
leading to the release of free HB-EGF with resultant EGFR activation [13, 64, 90, 
91]. Moreover, sphingosine 1-phosphate (S1P), a product of sphingosine kinase 1 
(Sphk1), seems to be another intermediate in the GPER-mediated transactivation of 
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the EGFR [92]. SphK1 activation stimulated by E2 leads to the release of S1P, acti-
vating the S1P receptor Edg-3 and resulting in pro-HB-EGF cleavage [92]. A cross- 
talk of GPER with the IGF signaling pathway and GPER interaction with the IGFR 
and the ErbB receptors also has been described and associated with the progression 
of diverse types of cancer [93, 94].

Despite the transcriptional responses induced by estrogens are mainly associ-
ated to ERα- and ERβ-mediated actions, also the rapid signaling pathways acti-
vated by GPER have been shown to regulate gene expression in broad range of 
mammalian tissues and cells. These includes the upregulation of expression of 
several genes involved in relevant biological responses, for example, the transcrip-
tion factor c-fos, the connective-tissue growth factor (CTGF), the early growth 
response 1 (Egr-1), pS2, sirtuins, cyclins A, D1, D2 and E, and the apoptotic regu-
lators Bcl-2 and Bax; cyclins A1 and B1 were identified as down-regulated genes 
by GPER [80, 95–101].

Other important aspect to consider in GPER signaling is its interaction with the 
nuclear steroid receptors, namely, with the classical ERs, the glucocorticoid recep-
tors, the mineralocorticoid receptors, and the vitamin D receptor. This cross-talk 
was elegantly reviewed by Prossnitz et al. [102] and will not be further explored in 
this chapter.

In the end, it is important to mention the receptor activity-modifying proteins 
(RAMPs) that interact with the GPCRs modifying their function, and acting as 
pharmacological switches and chaperones regulating signaling transduction [103]. 
Although GPER interaction with RAMP3 has been reported and linked to the recep-
tor presentation at the cell membrane [104], the role of this regulatory proteins in 
the modulation of GPER function/activity still is in its infancy and more research is 
needed to clarify the liaison between RAMPs and GPER.

 GPER Agonists and Antagonists: A Therapeutic Approach

From the time that was considered an orphan receptor to nowadays, many com-
pounds have been identified with the ability to bind GPER, which substantially 
enriched its “molecular relationships”. Among the panoply of compounds that 
bind GPER, some of them are activators (agonists) whereas others inhibit recep-
tor function/activity (antagonists). The identification of molecules able to modu-
late GPER activity (Table  5.1) and the disclosure of the underlying signaling 
pathways is an exciting field of research considering the exploitation of GPER as 
a therapeutic target.

Also, many studies have been performed to understand better the GPER structure 
and its binding characteristics. The specificity of GPER cavities and its several 
structural changes endows this receptor of a great ability to accept diverse ligands, 
some of them with large volume, and also that the same ligand can recognize differ-
ent binding sites dependently on the structural conformation of GPER [105].
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Table 5.1 List of compounds able to modulate GPER activity, agonists and antagonistsa

Class Compound Effect

Hormone ligands 17α-Estradiol No
17β-Estradiol-17-d-glucuronide +
2-Hydroxyestradiol −
2-Methoxy-estradiol +
7β-OH-EpiA −
ACTH ?
Aldosterone +
Cortisol ?
E2 +
Estriol −
Estrone ?
Progesterone No
Testosterone No

Synthetic ligands 4-Hydroxytamoxifen +
DES No
DPN No
ICI 182,780 +
K-1 −
MIBE −
PPT +
STX ?
Raloxifene +

Phytoestrogens (−)-Epicatechin +
Baicalein −
Coumestrol No
Daidzein ?
Equol ?
Genistein +
Icariin +
Icaritin +
Oleuropein +
Prunetin +
Puerarine +
Quercetin +
Resveratrol +
SDG/ENL ?
Tectoridin +

(continued)
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 Natural Hormone Ligands

The first identified ligands for GPER, which gave the receptor’s name, were estro-
gens, particularly the E2. Competitive binding assays in GPER-transfected COS7 
cells using E2 conjugated to the fluorophore Alexa 633 found a high-affinity for E2 
(Kd 6 nM) contrarily to the non-physiological estrogen stereoisomer 17α-estradiol 
that fails to displace the fluorophore [52]. Similarly, studies with tritiated-hormone 
on membrane fractions also showed high-affinity of GPER for E2 (Kd 3 nM) but 
low-affinity for 17α-estradiol [53].

Table 5.1 (continued)

Class Compound Effect

Xenoestrogens 2,29,59-PCB-4-OH ?
Atrazine +
BDE-47 +
Bis(4-hydroxyphenyl)[2-(phenoxysulfonyl)phenyl] 
methane

?

BPA +
DDT ?
DDE ?
Kepone +
Methoxychlor +
Nonylphenol +
TDP +

Other compounds Arsenite +
Butylparaben +
C4PY −
Cadmium +
CuSO4 ?
Methylparaben +
Nicotinamide +
Nicotinic acid/niacin/vitamin B3 +
Propylparaben +
ZnCl2 +

Specific ligands G1 +
G15 −
G36 −
GPER-L1 +
GPER-L2 +
PBX1 −
PBX2 −

+, agonist; − antagonist; ?, direct action on GPER needs confirmation; No, no effect reported on 
GPER activity
aCorresponding references are cited and discussed throughout the text
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Nonetheless, the involvement of some E2 metabolites in GPER activation has 
been reported. For example, the oxidised metabolite 2-methoxy-estradiol has been 
reported to act as an agonist of GPER [106] whereas the 2-hydroxyestradiol has 
been shown to antagonize GPER action [106, 107]. Glucuronidation and sulfona-
tion of E2 generate other metabolites like 17β-estradiol-17-d-glucuronide, which 
also seems to be an agonist of GPER at high concentrations; 50 mM 17β-estradiol- 
17-d-glucuronide increased the levels of cAMP and PKA activity [108].

Other estrogens like estrone and estriol exhibited very low affinity for GPER, 
whereas progesterone and testosterone were unable to bind GPER [53]. In the case 
of estriol, it seems to act as an antagonist of GPER [109, 110].

Considering the weak androgens dehydroepiandrosterone (DHEA) and epian-
drosterone, no studies exist reporting GPER binding or activity. However, the 
endogenous metabolite 7β-hydroxy-epiandrosterone (7β-OH-EpiA) was shown to 
be capable of antagonizing estrogenic actions mediated by GPER [111].

Curiously, aldosterone, a mineralocorticoid steroid hormone, also seems to have 
affinity for GPER, with agonistic activity increasing the ERK phosphorylation in rat 
aortic endothelial cells and the migration of renal cancer cells [112–114]. Moreover, 
it was shown that the non-genomic effect of aldosterone causing rapid sodium 
intake involves GPER [115]. However, other studies were unable to detect aldoste-
rone binding to cell membrane fractions [116, 117], suggesting that aldosterone 
could act through GPER, but without direct receptor binding [102].

Stress related hormones such as cortisol or adrenocorticotropic hormone (ACTH) 
seem to modulate GPER expression, although their ability to bind the receptor 
remains to be evaluated [53, 118].

 Synthetic Ligands

Tamoxifen, a synthetic non-steroidal anti-estrogen is a recognized selective estro-
gen receptor modulator (SERM) with demonstrated efficacy as an adjuvant therapy 
for ER-positive and metastatic breast cancer [119]. It is a substituted triphenylethyl-
ene with low binding affinity for ERs compared with E2, but with a similar binding 
affinity for both ER subtypes displaying tissue-dependent ER antagonist or partial 
agonist activity. The 4-hydroxy metabolite (4-hydroxytamoxifen) is a more potent 
ER ligand and its active metabolite [120, 121].

Another synthetic compound, the estrogen derivative ICI 182,780 binds ERs 
with high affinity and has anti-estrogenic activity, blocking the ER transactivation, 
impairing its dimerization and inducing its degradation [120]. Interestingly, both 
ERs antagonists, 4-hydroxytamoxifen and ICI 182,780, can bind GPER, acting as 
agonists [122, 123]. Moreover, the tamoxifen analog STX (a diphenylacrylamide) 
was shown to have rapid neurological responses through a mechanism unrelated to 
the classical ERs and dependent on a Gq protein, which suggests the involvement of 
GPER [124]. More recently, another SERM, raloxifene, also was shown to activate 
GPER in cells devoid of ERα, mediating Akt activation [35, 125].
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The knowledge that the classical ER antagonists induce agonistic effects via 
GPER has stirred their application in cancer treatment. On the light of this informa-
tion, extreme caution has to be placed on the application of anti-estrogens therapies 
when GPER is present in tumors, which can be overcome by the introduction of 
GPER analysis in clinical diagnosis. This would be particularly relevant in estrogen- 
related cancers, such as breast, endometrium and ovary.

The stilbene estrogen diethylstilbestrol (DES) a potent estrogenic compound 
binding both ER subtypes with an affinity similar to that of E2, do not display affin-
ity for GPER [13, 52, 53, 122, 123, 126], though weak binding capability able to 
induce activation of CREB, and of the downstream targets PKA, Src, and ERK1/2 
has been reported [53, 127]. Also, DES seems to inhibit GPER expression [128].

Interestingly, the widely used ERα-selective agonist propylpyrazole triol (PPT) 
has shown agonistic activity for GPER in a range of 10–100 nM concentrations, 
whereas diarylpropionitrile (DPN) the ERβ-selective agonist had no activity 
through GPER [35]. Therefore, the use of PPT to ascertain ERα specific actions in 
different tissues and physiological conditions may have confounding effects trig-
gered by GPER.

Also, there are reports of compounds disrupting the GPER action 
 transactivating  EGFR (Fig. 5.3). The anti-estrogenic benzopyran derivative 
2-[piperidinoethoxyphenyl]-3-[4-hydroxyphenyl]-2H-benzo(b)pyran (K-1)  showed 
to interfere with GPER mediated-EGFR activation, decreasing phosphorylation of 
MEK, ERK and of its downstream effectors such as c-jun and c-fos. Moreover, K-1 
decreased the expression of β-catenin, proliferating cell nuclear antigen (PCNA), 
Cdk4, cyclin D1, c-myc, p-CREB and Bcl-xl and increased the expression of apop-
totic markers like NOXA, PUMAα, p21, p27 and Bax [129]. The newly synthesized 
compound MIBE (ethyl 3-[5-(2-ethoxycarbonyl-1-methylvinyloxy)-1-methyl- 
1Hindol-3-yl] but-2-enoate) prevented the GPER-mediated EGFR and ERK activa-
tion, with consequent effects on gene transcription and cell proliferation, and was, 
thus, indicated as a GPER antagonist [130].

 Membrane-Impermeable Ligands

The development of ligands with membrane impermeable properties, through ste-
roid association with large proteins (e.g. BSA), oligomeric/polymeric dendrimers 
(PAMAM) or cyclodextrins, as well as the ionic estrogen derivatives (e.g. NMe3+), 
have allowed studying membrane-associated ERs [131, 132], and to ascertain the 
existence of GPER effects triggered at cell membrane.

Revankar et al. [133] evaluated the properties of a set of 17α-substituted estrogen 
derivatives with differential cell permeability. For example, the cationic E2-NMe3+ 
with a high-affinity for GPER, but membrane impermeable, at least for short peri-
ods of incubation and at low concentrations, was incapable of generating Ca2+ rise 
responses, whereas the related neutral carboxamide E2-NB with membrane perme-
ability similar to those of E2 rapidly activated both the ERα and GPER [133]. These 
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observations were quite relevant to support the intracellular location of GPER and 
its functionality driven by the endoplasmic reticulum. Nevertheless, this matter is 
far away from being solved and widely accepted among the scientific community. 
Moreover, these novel ligands are important to evaluate the subcellular location of 
GPER in healthy and pathological tissues and cells, and to decipher whether it var-
ies with different environmental conditions, tissue properties, and/or developmental 
or disease stage. Further research is needed to clarify all these issues.

 Phytoestrogens and Xenoestrogens

In the last years, with the increasing relevance of compounds mimicking estrogens 
and the concerns about endocrine disruption, many studies have identified some 
phytoestrogens and xenoestrogens as possible GPER ligands.

Phytoestrogens mainly encompass phenolic compounds, which are structurally 
divided into flavones, isoflavones, lignans, coumestans, and stilbenes [134]. The 
potential of phenolic compounds as preventive or therapeutic agents in several 
human diseases has been under intense investigation, and a large variety of these 
compounds also has shown to be able to modulate GEPR activity.

(−)-Epicatechin, a flavonoid present in cacao and many other food products, 
increases the activity of ERK1/2 through GPER activation [135]. Icariin is a prenyl-
ated flavonol glycoside isolated from plants of the genus Epimedium, which is used 
as a food supplement; icaritin is its hydroxylated derivative. Both icariin and icaritin 
seem to induce cellular effects through GPER, also inducing c-fos expression and 
EGFR-MAPK signaling activation [136, 137]. Baicalein, the main flavonoid derived 
from the root of Scutellaria baicalensis Georgi, a plant widely used in traditional 
Chinese medicine, also was indicated to interfere with GPER signaling [138]. In 
breast cancer cells, baicalein does not directly affect GPER expression, but it can 
inhibit GPER signal transduction pathways, namely, by suppressing the phosphory-
lation of ERK1/2, Akt, and Src, as well as the transcription of GPER-regulated 
genes, like c-fos, CTGF, CYR61, and Egr-1 [139].

Genistein, an isoflavone found in soy products, has shown high-affinity for 
GPER, with agonistic activity leading to MAPKs activation via a Gβγ-associated 
pathway and requiring Src-related and EGFR kinase activity. Moreover, genistein 
seems to upregulate c-fos expression [95, 140–142]. Quercetin is a genistein related 
flavonoid that naturally occurs as the aglycone form of other flavonoid glycosides. 
At 1 mM concentration, quercetin showed the same behavior of genistein, acting as 
a GPER agonist with stimulation of c-fos expression [95]. The isoflavone daidzein 
present in many plants and fruits exhibited both estrogenic and anti-estrogenic 
actions, despite no GPER binding affinity has been reported. However, it has been 
shown that daidzein mediates glutamate-induced effects via GPER [143]. Intestinal 
flora can metabolize daidzein to equol, which also do not have GPER binding abil-
ity described, but it has been suggested that it is involved in the generation of mito-
chondrial reactive oxygen species via GPER-mediated EGFR transactivation [144]. 
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Nevertheless, puerarine an 8-C-glucoside of daidzein, was able to activate and mod-
ulate GPER activity and expression [145]. Similar findings were observed with pru-
netin, an isoflavone found in several agricultural foods, which seems to bind GPER 
with activation of ERK/MAPK through adenylyl cyclase and cAMP [146]. 
Tectoridin, the 7-glucoside of the isoflavone tectorigenin, also exerted estrogenic 
effects mediated through GPER, whereas it binds ERα poorly [147].

Coumestrol is a phenolic phytoestrogen of the class of coumestans known to 
activate ER-mediated signaling pathways, but its ability to bind and activate GPER 
was not described yet [140].

Resveratrol, a stilbene derivative with important biological actions and indicated 
as an anti-cancer compound [148] had its activity inhibited in the presence of GPER 
antagonists, which suggests that its role depends on GPER, likely by promoting 
PKC activation [149].

Oleuropein, the glycosylated conjugate of elenolic acid present in olives, also 
has been included in the group of GPER agonists [150].

The flaxseed derivative secoisolariciresinol diglucoside (SDG), upon metabo-
lization by mammalian cells, originates the metabolite enterolactone (ENL), that 
shares the similar binding site of GPER specific agonist G1 as indicated by docking 
simulations, suggesting that it can bind GPER [151].

Xenoestrogens include a wide variety of nonsteroidal chemicals including 
nonylphenols, polybrominated diphenyl ethers, organophosphates, chlorinated 
hydrocarbons, biphenyls and phthalates that can be found in daily-life products 
such as detergents, surfactants, resins, lubricants, plastics, fire retardants, and 
pesticides [152].

The nonylphenols used in plastic industry, despite having the low affinity for 
classical ERs, showed a higher binding affinity for GPER [140]. Both bisphenol A 
(BPA) and nonylphenol, are strong competitors of E2 displacing the tritiated- 
hormone from GPER-containing membrane fractions [140]. BPA induced a rapid 
activation of ERK1/2 and the transcription c-fos likely through an AP1-mediated 
pathway [153–157]. BPA also stimulates the upregulation of X-linked inhibitor of 
apoptosis protein (XIAP), with accompanying cell migration and angiogenesis 
[154, 158–160]. Moreover, BPA at 100 μmol/L seems to be able to increase GPER 
protein levels in the nucleus, but had no influence in the cytoplasmic fractions [161]. 
On the other hand, low doses of BPA did not seem to have stimulatory effects via 
GPER [162]. The 4,40-thiodiphenol (TDP), a BPA derivative that exhibits more 
potent estrogenic activity than BPA does, can increase the GPER expression and 
activate the GPER-PI3K/Akt and ERK1/2 pathways [163].

Commercial dichlorodiphenyltrichloroethane (DDT) products consist of a mix-
ture of compounds with the p,p9- and o,p9-isomers, both of which showed binding 
affinity for GPER, although it was higher in the case of p,p9-isomer [164, 165]. 
The degradation of DDT produces isomers of dichlorodiphenyldichloroethylene 
(DDE), p,p9-DDE and o,p9-DDE, which also exhibit binding affinity for GPER 
[140]. The 2,20,4,40-tetrabromodiphenyl ether (BDE-47), a flame retardant fre-
quently used in furniture, infant products, and electronics, also seems to have 
effects as a GPER agonist [166].
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Several pesticides also have been indicated as activators of GPER. Methoxychor 
showed ability to bind GPER and activate the GPER/EGFR signaling transduction 
pathway [140], whereas atrazine, induced ERK1/2 activation and the expression of 
c-fos and other E2-target genes. Atrazine and others chlorotriazines, including 
cyanazine and simazine were also shown to regulate GPER expression in breast 
cancer cells [167].

Polychlorinated biphenyls (PCBs) are another group of environmental xenoes-
trogens, including the phenolic derivative 2,29,59-PCB-4-OH, which exhibited low 
binding affinity for GPER [140]. Contrastingly, the high-affinity binding of GPER 
to another chlorinated endocrine disrupting chemicals, such as the insecticide 
kepone was indicated [140].

Also, the lipophilic bis(4-hydroxyphenyl)[2-(phenoxysulfonyl)phenyl] methane, 
present in cell culture medium as an impurity of phenol red (phenolsulfonphthalein) 
used as a pH indicator, exhibits estrogenic properties, however, its interaction with 
GPER remains unclear [164, 168].

In an exhaustive study of Peter Thomas’ group [140] comparing the estrogenic 
activity of a panoply of phytoestrogens and environmental contaminants, it was pos-
sible to hierarchize several of the compounds mentioned above concerning its abil-
ity to bind GPER. The phytoestrogen genistein was the most effective competitor 
for GPER, and BPA, and nonylphenol also displayed relatively high binding affin-
ity. Kepone, DDT, 2,2′,5′,-PCB-4-OH and o,p′-DDE had lower affinity for GPER 
whereas o,p′-DDT, p,p′-DDE, methoxychlor and atrazine caused less than 50% dis-
placement of tritiated-estrogen from GPER-containing membrane fractions [140]. 
Moreover, it was shown that genistein, BPA, nonylphenol and kepone act as GPER 
agonists sharing the mechanistic of adenylyl cyclase activation [140].

 Other Compounds

Calixpyrroles belong to the category of macrocyclic compounds and are made up of 
pyrrole units assembled by quaternary carbon atoms at their 2,5-positions [169, 
170]. A derivative of these compounds, the calix[4]pyrrole derivative [meso- 
octamethylcalix[4]pyrrole (C4PY)], acts as an antagonist of GPER preventing the 
ERK activation by E2 although without trigger ERK phosphorylation. Moreover, 
C4PY inhibited the E2 and GPER agonist-induced expression of c-fos and Egr-1 and 
Akt phosphorylation [171].

The parabens, methyl-, propyl- and butylparaben, also seem to activate GPER, 
inducing the activation of the ERK1/2 pathway, an effect mediated by the G protein 
βγ dimer. No activation was perceived concerning the cAMP/PKA pathway, and 
propylparaben was the only paraben able to activate Akt [172].

Reports also exist indicating that metallic compounds actions are mediated by 
GPER. Copper, an essential trace element naturally occurring in soil, water and air, 
has been implicated in tumor initiation and progression [173]. A recent study 
showed that GPER (together with HIF-1α) is required for the copper sulfate 
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(CuSO4)-induced VEGF expression and proliferation of breast cancer cells [174]. 
Nevertheless, the ability of copper to directly activate GPER signaling requires con-
firmation. Arsenite and cadmium, environmental contaminants acting as endocrine 
disruptors, were shown to activate GPER leading to MAPK activation [175], with 
cadmium directly activating the receptor [176]. Cadmium-induced effects mediated 
by GPER included the rapid activation of ERK1/2 and Akt and stimulation of breast 
cancer cells proliferation [177–179]. Zinc is essential in the regulation of several 
cellular functions, and a recent study also demonstrated that the stimulatory effects 
of zinc chloride (ZnCl2) in breast cancer cells and cancer associated fibroblasts 
(CAFs) with the activation of ERK and Akt pathways are dependent on GPER 
[180].

Nicotinic acid, also designated niacin or vitamin B3, and nicotinamide were 
reported as agonists of GPER, inducing GPER-mediated ERK activation and gene 
expression, stimulating cell proliferation and migration [181].

It is important to refer that, despite the high homology of GPER amino acid 
sequence with the chemokine receptor subfamily of GPCRs, chemokines did not 
seem to activate GPER [47].

 GPER Specific Ligands

The majority of endogenous and synthetic compounds with affinity for GPER also 
has the ability to bind the classical nuclear ERs. For this reason, it was necessary to 
find out specific ligands for GPER that would allow separating the contribution of 
each receptor subtype to the physiological effects of estrogens.

Virtual and biomolecular screening for chemicals with similarity to estrogens in 
a library with thousands of compounds, retrieved 100 strong candidates to be tested 
for GPER binding activity. One of these compounds presented agonist activity for 
GPER and was inactive for the classical ERs. It was called G1 (GPR30-specific 
compound 1, a substituted dihydroquinoline, with a tetrahydro-3H-cyclopenta[c]
quinoline core structure) [182] that still today is the true selective GPER agonist 
being widely used in in vitro and in vivo studies.

Binding affinity studies demonstrated a high-binding affinity of G1 for GPER 
yielding a Ki of 11 nM whereas for E2 the Ki was 5.7 nM. No significant binding of 
G1 was perceived for ERα and ERβ at concentrations up to 1 μM [182]. Moreover, 
functional studies showed that the G1 effects inducing Ca2+ mobilization and PI3K 
activation were exclusive of cells harboring GPER, being absent in cells expressing 
either ERα or ERβ [182].

More recently, an antagonist of GEPR closely resembling G1 but lacking the 
ethanone moiety was identified, the so-called G15 [183]. Competitive binding 
assays demonstrated that G15 binds GPER with an affinity of, approximately, 
20 nM. Similarly to G1, G15 poorly binds ERα or ERβ at concentrations up to 
10 μM [183]. G15 seems to be able to reduce Akt phosphorylation, and NF-kβ 
signaling [184].
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However, some low-affinity cross-reactivity of G15 with the classical ERα was 
described. For this reason, efforts were made to identify an antagonist with improved 
selectivity for GPER. In this way, an isosteric G1 derivative, the G36 was synthe-
sized. This new GPER antagonist showed diminished capability of activating ERα, 
while maintaining its GPER antagonist activity. Moreover, G36 was shown to selec-
tively inhibit GPER activation of PI3K but not of ERα. Also, it inhibited estrogen 
and G1 effects on Ca2+ mobilization andERK1/2 activation, with no effect on EGF- 
mediated ERK1/2 activation [185]. Thus, the identification of G36 as a GPER 
antagonist with improved ER counter selectivity represented a significant step 
towards the development of new highly GPER selective therapeutics for cancer and 
other diseases. Indeed, both G1 and G36 have been envisaged as therapeutic tools 
[35, 186–188].

Other two original compounds, GPER-L1 and GPER-L2, were developed as 
GPER selective agonists [189], representing also valuable tools to disclose the phar-
macologic actions of GPER and to discriminate more accurately the actions driven 
by each particular ER subtype. These compounds showed high affinity for GPER 
and were also capable of upregulating the expression of GPER target genes with 
higher efficacy than G1 or E2 [189]. More recently, as a strategy to find out a new 
GPER antagonist, two novel compounds with a structure based on pyrroloquinoxa-
line were synthesized; PBX1 and PBX2, which were described as selective antago-
nists having the ability to suppress GPER-dependent signaling [190].

The development of new and selective agonists and antagonists of GPER signifi-
cantly advanced the current knowledge about the physiological roles of this recep-
tor, controlling biological processes in healthy and pathological conditions. Also, 
this allowed and reinforced the consistency of targeting GPER as a potential thera-
peutic strategy, which could be achieved by activating or inhibiting its activity, 
depending on the deregulation of GPER identified in each particular disease.

 Expression Pattern of GPER in Cancer Tissues

GPER is expressed practically in all organs and tissues of the human body and has 
several important physiological functions in healthy conditions. However, GPER 
deregulated expression has been associated with several diseases, such as cancer, 
which may include either upregulated or downregulated expression levels.

Cancer-related expression of GPER has been described both in male and female 
cancers, with a great representation in hormone-dependent cancers, but reports in 
other oncological conditions also exist (Table 5.2). However, GPER has been mainly 
associated with female cancers, particularly breast cancer, but also with the endo-
metrium and ovary cancers. In man, testicular and prostate cancers are important 
targets of this estrogen receptor.

GPER was firstly identified in human breast cancer cases, and cell lines and, 
thus, not surprisingly, its function in carcinogenesis is intimately related to breast 
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cancer. Several studies revealed that GPER is strongly expressed in normal breast 
tissue, with a variable expression among tumor specimens. However, studies show 
that GPER is detected in the majority of invasive breast tumors whereas only 42% 
of intraductal tumors were GPER-positive [191, 192]. Indeed, GPER association 
with breast cancer aggressiveness has been reported [39].

Concerning subcellular location (Table  5.2), GPER seems to be found in the 
cytoplasm [193], around the nucleus and specifically at the plasma membrane in 

Table 5.2 Summary of GPER expression and subcellular localization in different human cancersa

Tissue Tumor subtype Expression Localization

Breast Invasive tumors ++ Membrane
Cytoplasm
Nucleus

Intraductal tumors +
Inflammatory breast cancer +
ER-positive +
ER-negative +
Triple-negative +

Ovary – + ?
Endometrium ER-negative endometrial carcinoma + Cytoplasm

ER-positive endometrial carcinoma +
Carcinosarcoma ++

Myometrium Leiomyomas ++ Cytoplasm
Nucleus

Testis Sertoli cell tumor + Membrane
CytoplasmLeydig cell tumor +

Seminomas ++
Embryonal carcinoma +
Teratomas +

Lung Adenocarcinomas ++ Cytoplasm
NucleusSquamous cell carcinomas ++

Non-small cell carcinoma ++
Thyroid Papillary carcinoma ++ Membrane

CytoplasmFollicular carcinoma ++
Blood T-cell leukemia + ?
Bladder Urothelial carcinoma + ?
Pancreas Adenocarcinoma + ?

Mucinous neoplasm +
Cervix Carcinoma + ?
Kidney Adenocarcinoma + ?

Carcinoma + ?
Pituitary – + Cytoplasm
Prostate Androgen sensitive +/++ Membrane

Cytoplasm
Nucleus

Castration resistant ++/+

+, GPER expression; ++, high GPER expression; ?, unknown
aCorresponding references are cited and discussed throughout the text
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breast cancer cases [194]. Moreover, the cytoplasmic location of GPER in breast 
cancer seems to be correlated with the less advanced tumor stages, better histologic 
differentiation, non-ductal histologic subtypes, and enhanced overall patient sur-
vival whereas GPER nuclear expression is associated with poorly differentiated car-
cinomas [195]. Also, GPER overexpression and plasma membrane localization 
were indicated as key events in breast cancer progression [194]. Oppositely, the 
absence of GPER at the plasma membrane is indicative of a better long-term prog-
nosis of primary breast cancer [194], suggesting that membrane-triggered GPER 
signaling may favor tumor progression.

A significant association between GPER and ER expression, as well as a positive 
correlation of GPER with HER-2/neu, EGFR, C-erbB2 and CD133 expression, 
tumor size, metastasis, peri-nodal invasion, and lymph node status, were also 
described [39, 178, 192, 196–198]. Not consistently, other study found no correla-
tion between GPER expression and ERα [193]. In the case of triple-negative breast 
cancers (TNBCs), which are defined by the absence of classical ERα, progesterone 
receptor (PR) and HER-2/neu, GPER expression is maintained [199–201] showing 
a nuclear location [195]. However, GPER expression seems to be restricted to a 
group of younger women and possibly associated with recurrence of disease since 
it happened in 22.2% of patients in the GPER-positive group against only 9.5% in 
the GPER-negative group [199]. This is further supported by findings showing that 
the in vitro inactivation of GPER reduces growth of TNBC cells, preventing the 
activation of the kinase Src [202]. Moreover, the phosphorylation of the EGFR was 
almost abolished, and c-fos induction was inhibited with GPER inactivation [202].

Other evidence exists implicating GPER in recurrence of breast cancer [198]. A 
study evaluating GPER expression in local and distant metastatic lesions found that 
almost 70% of specimens express GPER, and also identified a relationship between 
GPER positivity and resistance to tamoxifen because recurrent tumors displayed 
increased GPER expression [196, 203]. Accordingly, a more recent study evaluated 
77 breast cancer tissues with 53 recurrent breast cancer specimens after tamoxifen 
treatment and found that GPER expression was increased in 73.58% of cases [204].

On the other hand, studies are proving that GPER expression decreases with the 
progression of breast cancer, in consequence of a reversible promoter inactivation 
by methylation [205, 206]. In addition, GPER down-regulated levels were sug-
gested contributing to breast carcinogenesis and development of lymph node metas-
tasis [34, 207]. Thus, GPER also has been proposed as a tumor suppressor gene [34, 
207]. In line with these reports, the protective role of GPER in TNBC cells was 
described since its activation lead to inhibition of cancer cells growth [208]. Also, it 
was found that GPER expression in TNBC cases is negatively associated with high- 
grade tumors and lymph node metastasis, whereas displaying a significant and posi-
tive correlation with overall survival [209].

Concerning uterine tissues, GPER was described to be overexpressed in patients 
with endometriosis comparatively to the normal endometrium, suggesting the 
involvement of this receptor in disease onset [210, 211]. Endometriosis has been 
considered a risk factor for endometrial cancer, and in this way, it would be expect-
able a role for GPER in the endometrium cancer. Expectation confirmed by a study 
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demonstrating that GPER modulates endometrial tumor growth by activation of its 
characteristic signaling pathways [35]. Besides that, GPER expression is augmented 
in endometrial carcinoma comparatively with non-neoplastic tissues, with 70% of 
endometrial carcinomas expressing GPER, against only 26.67% of normal endome-
trium [212]. However, contradictory reports also exist indicating a decreased expres-
sion of GPER in endometrial carcinoma comparatively to the normal endometrium 
[213, 214]. Moreover, GPER was found to be expressed in ER-negative endometrial 
carcinoma and in ER-positive and ER-negative endometrial cancer cell lines [212].

Endometrial cancers display GPER expression in the stroma and glandular tissue 
with protein expression being mainly cytoplasmic [215]. GPER expression was cor-
related with the grade of endometrial carcinoma but failed any association with 
FIGO stage, myometrial invasion, or peritoneal cytology [212]. On the other hand, 
others described that loss of GPER expression was significantly associated with 
more aggressive features of endometrial tumors and poor prognosis. This included 
high FIGO stage, non-endometrioid histology, presence of lymph node metastasis, 
aneuploidy, and ERα loss, which suggests a link between the absence of GPER and 
the development of an aggressive tumor phenotype [215].

In uterine carcinosarcoma, namely, in the glandular component, GPER expres-
sion is higher than that in the normal endometrium [216]. Moreover, GPER expres-
sion was higher in advanced stages of carcinosarcoma and seemed to be correlated 
with the expression of ERβ [216]. On the other hand, GPER is also highly expressed 
in uterine leiomyomas compared with their matched myometrium and, in this case, 
ERα also was overexpressed. Furthermore, GPER expression in uterine leiomyoma 
is detected in the nucleus, but in the myometrium, GPER localization is cytosolic 
[71].

GPER is expressed in ovarian cancer cell lines [217] and ovarian granulosa cell 
tumors [218, 219], and seems to be preferentially expressed in “high risk” epithelial 
ovarian cancer than in less aggressive ovarian tumors [40, 220]. Others also defended 
that GPER expression increases with the development and progression of ovarian 
cancer [40]. Accordingly, the high frequency of GPER expression in malignant 
ovarian endometriotic cysts comparatively with the benign forms was reported 
[221]. Moreover, GPER expression seems to be positively correlated with clinic 
pathological parameters, such as tumor stage, size, and lymph node metastasis, and 
also correlates with matrix MMP-9 expression, mainly in higher stage tumors [221]. 
In general, increased GPER expression is associated with aggressiveness of ovarian 
tumors and lower survival rates [40, 220, 221].

Testicular germ cell tumors (TGCTs) are the most common testicular solid can-
cer accounting for 90% of primary tumors and mainly affecting young men [222]. 
TGCTs are in majority seminomas, which were shown to overexpress GPER [37, 
223–225]. The overexpression of GPER in seminomas comparatively to non- 
seminomas could be due to two polymorphisms frequently found in the promoter 
region of GPER in seminomas, rs3808350 and rs3808351 that cause a switch of the 
homozygous ancestral genotype GG to the homozygous AA genotype [223]. Thus, 
GPER has been considered a possible biomarker predictive of TGCTs [226]. It was 
also shown that GPER location in seminoma-derived cells was found at the cell 
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membrane and cytoplasm, with a ratio of approximately 20%:80% [223]. The aug-
mented expression of GPER was described for TGCTs, but GPER was also detected 
in Sertoli and Leydig cells tumors, embryonal carcinomas, and teratomas [224, 
225].

The expression pattern of GPER and its biological roles in PCa will be discussed 
in a separate topic of the chapter.

Although GPER has been highly related to cancers of reproductive tissues, likely 
by their hormonal dependency, there are other cancer types displaying altered 
expression patterns of GPER.

In lung cancer, namely, adenocarcinomas, squamous cell carcinomas, and non- 
small cell lung carcinomas, GPER expression was significantly increased relatively 
to the surrounding non-tumor tissue, both at mRNA and protein level [36]. Also, 
non-small cell lung cancer cell lines display consistently higher expression of GPER 
relatively to immortalized normal lung bronchial epithelial cells [36]. Moreover, 
GPER expression in non-small cell lung cancer cells was shown to be nuclear and 
cytoplasmic, with cytoplasmic location following tumor stages IIIA–IV, lymph 
node metastasis, and poorly differentiated non-small cell lung cancer cells [227].

Although the expression pattern of GPER in human oral cancers needs to be 
fully characterized, this receptor was detected in non-neoplastic oral tissues, such as 
the submandibular and parotid glands, and tongue, and its functional role in oral 
squamous carcinoma cells also was suggested [184, 228].

In the case of thyroid cancer, a high expression of GPER comparatively to the 
nodular hyperplasia tissues was found, and associated with lymph node metastasis 
in papillary thyroid carcinoma [229]. Moreover, GPER, in cooperation with EGFR 
and CXCR1, seems to have an important role in the diagnosis screening to differen-
tiate between malignant follicular thyroid carcinoma and benign follicular thyroid 
adenoma because it is highly expressed in malignancy [230].

GPER expression was also reported in other human cancers (Table 5.2), namely, 
leukemia [231], urothelial carcinoma [16, 232], pancreatic adenocarcinoma and 
mucinous neoplasm [233], cervical carcinoma [234], kidney carcinoma and adeno-
carcinoma [235], and pituitary tumors [236], which indicates a broad action of 
GPER in the control of cell fate and tissue homeostasis contributing to malignant 
transformation. Also, it is highly indicative that GPER expression is probably 
altered in other cancers that have not been evaluated yet.

 The Role of GPER Controlling Cell Fate and Metabolism

 GPER Actions in Cell Proliferation and Apoptosis

Abnormalities in the control of cell-fate decision commonly lead to the unbalance 
between proliferation and apoptosis being major drivers of carcinogenesis. GPER, 
the new actor in the estrogens’ “drama” that is expressed in a broad range of 
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neoplastic and non-neoplastic tissues, seems to be one of the molecular protagonists 
in the regulation of cell fate, influencing cell proliferation, apoptosis and malignant 
features, such as, cell migration and invasion (Table 5.3).

Some studies have reported that GPER is able to stimulate cell growth, increas-
ing the proliferative activity. Estrogens and the GPER selective agonist G1 were 
shown to increase the mitotic index in the epithelial non-neoplastic MCF10A 
breast cells, and also the proportion of dividing cells in normal and malignant 
human breast and breast cancer explants [237]. The dependency of GPER to pro-
mote breast cells growth was further confirmed by the estrogenic effects observed 
on ER-negative breast cancer cells [178]. Moreover, GPER activation in MCF10A 
cells led to the activation of ERK in a process requiring EGFR transactivation 
[237]. Interestingly, in breast CAFs, E2 seems to cause an interaction between 
GPER and phosphorylated EGFR, recruiting them to the cyclin D1 gene promoter 
[70]. In this CAFs, G1 activation of GPER resulted in transient increases in cell 
mitotic index, intracellular Ca2+, and ERK1/2 phosphorylation, linked with the pro-
motion of proliferation and cell-cycle progression [238]. This supports the idea 
that GPER is involved in the functional connection between breast tumor cells and 
CAFs [239]. GPER activation in breast and endometrial cancer cells also was asso-
ciated with the upregulation of Egr-1, a transcription factor involved in the promo-

Table 5.3 Summary of GPER actions controlling cell fate in different human cancers

Tissue Tumor subtype Proliferation Apoptosis Invasion and migration

Adrenal cortex Carcinoma ↓ ↑ ?
Bladder – ↓ ? ?
Breast ER-negative ↑↓ ↑ ↑

ER-positive ↓ ↑↓ ↑
Triple-negative ? ↑ ↑↓

Cervix – ↓ ? ?
Endometrium – ↑ ? ↑
Miometrium Leiomyoma ↑ ? ?
Blood T-cell leukemia ? ↑ ?
Kidney Renal cell carcinoma ? ? ↑
Lung – ↑ ↑ ↑
Lymphatic ganglions Mantle cell lymphoma ↑ ? ?
Nervous tissue Neuroblastoma ? ? ↑
Oral mucosa Squamous carcinoma ? ↓ ?
Ovary – ↑↓ ↑↓ ↑

Granulosa cell tumors ? ? ↓
Prostate Androgen sensitive ↑↓ ↑↓ ?

Castration resistant ↑↓ ↑↓ ?
Testis Leydig cell tumor ↓ ↑ ?

Seminoma ↑ ? ?
Thyroid Papillary carcinoma ↑ ? ?

↑, increase; ↓, decrease; ?, unknown action
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tion of cell proliferation. It was reported that G1 induces transcription of Egr-1 
through GPER/EGFR/ERK signaling and induces the recruitment of Egr-1 to the 
CTGF and cyclin D1 promoter sequences [98].

In endometrial cancer cells and leiomyoma cells GPER increased cell prolifera-
tion also through the MEK/ERK MAPK pathway [126, 212, 240–242]. Pretreatment 
of endometriotic cells with G1 stimulated cell proliferation accompanied by rapid 
Akt phosphorylation, which was reversed by the GPER antagonist G15 [243]. 
Accordingly, a recent study showed that targeting GPER by the overexpression of 
the regulatory miR-424, decreased E2-induced cell proliferation by inactivation of 
the PI3K/Akt signaling [244].

In the case of ovarian cancer cells, an augmented proliferation was observed 
upon G1-stimulation and GPER activation, which was underpinned by an increased 
number of cells in S-phase, and upregulated levels of c-fos, cyclin D1, cyclin E, and 
cyclin A proteins [96, 245].

In primordial germ cells, precursors of both sperm and eggs, GPER activation by 
estrogens induced cell proliferation through Gβγ-subunit protein- and matrix 
metalloproteinase- dependent transactivation of the EGFR [17]. EGFR signaling 
activated the PI3K/Akt/β-catenin pathway, increasing c-fos, c-myc, and cyclin D1/E 
expression [17]. The proliferative effects of GPER over germ cells were confirmed 
at post-natal stages. G1 induced proliferation of the spermatogonial GC-1 cell line, 
with the upregulated expression of cyclin D1 and through a cross-talk between 
GPER and ERα, and activation of the EGFR/ERK/fos pathway [246].

Also in thyroid cancer cells, GPER activation caused transcriptional activity of 
c-fos promoter with increased expression of c-fos, cyclin A, and cyclin D1 [247].

The GPER also contributed to the proliferation and survival of mantle cell lym-
phoma cells, and its expression levels were correlated with Akt and MAPK phos-
phorylation, as well as, with cyclin D1 expression [248]. The activation of MAPK 
pathway by GPER also seems to be involved in the induction of proliferation in 
lung cancer cells [227].

There are also reports of GPER stimulation of cell proliferation through its acti-
vation by other compounds than estrogens or G1. It is the case of the estrogen- 
mimicking compound used in plastic production BPA that activates GPER with 
enhanced proliferation of breast cancer cells and augmented levels of c-fos, Egr-1, 
and CTGF proteins [98, 249]. BPA also was shown to increase proliferation of sper-
matogonial cells and the proliferative activity in testicular seminomas, effects medi-
ated by the GPER [155, 156, 250, 251].

Also, the ER antagonist 4-hydroxytamoxifen, known to act as an agonist of 
GPER [126], stimulated breast [97, 98] and thyroid [247] cancer cells growth. 
Regarding thyroid cancer cells, similar effects were seen with the phytoestrogen 
genistein [247].

Overall, the facts described above argue for the “villain role” of GPER in tissue 
homeostasis by its ability to promote cell growth and proliferation. However, the 
other face of GPER as the “good guy” is sustained by many other studies that dem-
onstrate it suppressive effects on cell proliferation, including in tissues where the 
pro-proliferative activity was described.
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The activation of GPER inhibited the growth of ER-negative breast cancer cells 
with the cell cycle arrested at G2/M [252]. These effects were underpinned by the 
downregulated expression of G2-checkpoint regulator cyclin B and increased 
expression of p53, as well as, by enhanced p53 phosphorylation at serine 15, which 
promotes its nuclear translocation and inhibits ubiquitylation. The augmented levels 
of p53 were also accompanied by increased expression of cell cycle inhibitor p21 
[252]. GPER also inhibited proliferation of ER-positive breast cancer cells, block-
ing cell cycle at G1, and decreasing the population of cells in S-phase, since both 
p53 and p21 proteins were upregulated by G1 administration [178]. G1 suppression 
of cell growth and arrest of cell cycle lead to caspase activation and apoptosis. 
Moreover, it was shown that G1 could bind the colchicine binding site of tubulin, 
inhibiting tubulin polymerization and the subsequent assembly of mitotic spindle 
apparatus in breast cancer cell mitosis [253].

In human cervical cancer cells, GPER activation induced G2/M cell cycle arrest 
and down regulated cyclin B expression, inhibiting cell proliferation through 
ERK1/2 and EGFR signaling [234]. Also, in human bladder-derived T24 carcinoma 
cells, E2 inhibited cell growth via GPER mediated phosphorylation of ERK [232].

In ovarian cancer cells, it was shown that G1 blocks tubulin polymerization ham-
pering the assembly of microtubules, which led to the cell cycle arrest and suppres-
sion of proliferation [254]. Similar G1 effects were observed in endothelial cells, 
with inhibition of DNA synthesis and accumulation of cells in S and G2 phases of 
cell cycle [255], and adult female rats hippocampus that displayed significantly 
diminished cell proliferation [256].

The activation of GPER was also associated with the decreased proliferation of 
adrenocortical carcinoma cells [186], and GPER-positive endometrial adenocarci-
noma cell lines HEC-1A and RL95-2, but not in GPER-negative endometrial adeno-
carcinoma HEC-1B cells [213].

In the other plate of the balance of tissue homeostasis, there is apoptosis, the 
fundamental biological process of programmed cell death that also seems to be 
regulated by the GPER. Curiously, and as discussed for cell proliferation, GPER 
actions in the control of apoptosis are the two faces of the same coin. Studies 
exist reporting that GPER activation diminishes apoptosis, while others defend 
the opposite.

The apoptotic process may be triggered by two distinct and interrelated path-
ways, the intrinsic (or mitochondrial) and the extrinsic (or death receptor) pathway 
that converge at the activation of apoptosis effector caspase-3 [257]. Nevertheless, 
the GPER effects have been mainly related to the mitochondrial pathway and altered 
expression or activity of the Bcl-2 protein family of apoptosis regulators [258]. The 
antiapoptotic effect of GPER was stated, for example, in the ERα-negative ovarian 
cancer cells OVCAR5, by diminishing the expression of cleaved-caspase-3 [245]. 
In rat Sertoli cells, GPER seems to decrease apoptosis, by increasing the expression 
of Bcl-2 and decreasing Bax levels [259], respectively, anti- and pro-apoptotic 
members of the Bcl-2 family [258]. The same effect of GPER activation elevating 
Bcl-2 levels and reducing Bax with the consequent inhibition of apoptosis was seen 
in myocardial cells following ischemia/reperfusion injury [260]. The GPER 
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 activation through the ERK pathway also was seen to be cardioprotective by inhibit-
ing the opening of mitochondria permeability transition pore mPTP [261]. 
Furthermore, GPER stimulation enhanced mitochondrial function and decreased 
oxidative stress in cardiac muscle [262]. Moreover, decreased TNF-α levels were 
reported following ischemia-reperfusion and GEPR activation [260]. Accordingly, 
E2 enhanced Bcl-2 expression and CREB phosphorylation, preventing oxidative 
stress-induced apoptosis in keratinocytes by phosphorylating cAMP response ele-
ment-binding protein via cAMP/PKA pathway, an effect mediated via membrane 
GPER [99]. The GPER also showed antiapoptotic and protective effects in spinal 
motor neurons after injury through the activation of PI3K/Akt pathway [263].

Other mechanism associated with the GPER inhibition of apoptosis was reported 
in the ER-positive MCF7 breast cancer cell line, and involves FOXO3a inactivation 
[264]. FOXO3 is a transcription factor that specifically induces the transcription of 
proapoptotic genes, such as Bim, p21, and p27 [265]. The activation of GPER leads 
to rapid FOXO3a translocation to the cytoplasm, and this process seems to be 
achieved by the p110α catalytic subunit of PI3K as a result of EGFR transactivation. 
Additionally, G1 stimulation of MCF7 cells resulted in decreased caspase activation 
under proapoptotic conditions [264]. In this report, the SERMs tamoxifen and ral-
oxifene, as well as ICI 182,780, also were able to mediate FOXO3a inactivation in 
a GPER-dependent mechanism [264].

The antiapoptotic action of GPER was also evidenced by the use of GPER antag-
onist G15. Administration of this compound induced apoptosis of human oral squa-
mous carcinoma cells, indicating that GPER activation is needed to sustain cell 
survival and diminish apoptosis [184].

Nevertheless, a substantial number of studies report the proapoptotic nature of 
GPER. In ER-positive MCF7 breast cancer cells, and contrastingly with the stated 
above, the proapoptotic role of GPER also was described. Knockdown of receptor 
was linked to decreased basal expression of tumor suppressor protein p53, and 
increased apoptosis and decreased cell-cycle progression [266]. This proapoptotic 
action of GPER was also found in the ER-negative SK-BR-3 breast cancer cells, 
concomitantly with enhanced expression of Bax, Bim, and cleaved-caspase-3, and 
diminished expression of Bcl-2 [205, 252]. Similar effects were seen in the triple- 
negative MDA-MB-231 and MDA-MB-468 breast cancer cells [208] that, despite 
devoid of classical ERs, are known to express GPER [208], which demonstrates the 
importance of GPER inducing apoptosis.

Also in other tumor types, the GPER effects inducing apoptosis were indicated. 
It is the case of tumor Leydig cells, in which GPER activation led to apoptosis, with 
decreased Bcl-2 and increased Bax expression, diminished cytochrome c release, 
and decreased activation of caspase-3 and poly (ADP-ribose) polymerase 1 (PARP- 
1) [267]. In ovarian cancer cells, the GPER agonist G1 caused DNA fragmentation, 
increased the expression of cell-cycle inhibitor p21, and decreased the expression of 
Bcl-2 and cleavage of PARP and fodrin, two important markers of apoptosis [254]. 
Enhanced caspase-3 activation and apoptosis in response to G1 stimulation and on 
the dependency of GPER actions were also reported in human ovarian  endometriotic 
stromal cells [268], lung cancer cells [269] and adult T-cell leukemia cells [231].
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Moreover, also in the adrenocortical H295R carcinoma cells, G1 treatment was 
shown to cause morphological changes in cell nuclei, DNA damage and apoptosis 
by the activation of the intrinsic pathway [186]. GPER agonist treatment increased 
Bax expression whereas decreasing Bcl-2, and increased cytosolic cytochrome c 
levels decreasing its content in the mitochondrial compartment. Accordingly, acti-
vation of the initiator caspase-9, as well as, the executioners caspase-3/7 was 
detected [186].

There is also the example of rat pachytene spermatocytes, in which GPER activa-
tion by E2 or G1 up-regulates the expression of proapoptotic factor Bax whereas 
downregulating the cell cycle regulators cyclin A1 and B1 [80]. Moreover, it was 
demonstrated that the rapid EGFR/ERK/c-Jun pathway modulates gene expression 
towards the balance between cellular proliferation and apoptosis [80]. Similarly, in 
the mouse spermatocyte-derived cell line GC-2, GPER activation caused rapid 
ERK, c-Jun and p38 phosphorylation, Bax upregulation, Bcl-2 downregulation, 
cytochrome c release, caspase-3 and PARP activation, DNA damage and increased 
expression of cell cycle inhibitor p21 [270].

GPER regulation of cell proliferation and apoptosis has also been linked with the 
regulation of other associated processes, namely, oxidative stress and Ca2+ homeo-
stasis. In lung cancer cells, it was shown that GPER regulates the NO levels, and 
superoxide dismutase (SOD), catalase and glutathione peroxidase (GPx) activity, 
contributing to decreased cell proliferation and increased apoptosis [269, 271]. 
GPER was able to increase T-type Ca2+ channels currents in trigeminal ganglion 
[272], and the activity of L-type Ca2+ channel α 1D subunit in endometrial carci-
noma cells and breast cancer cells, which was required for the E2-stimulated Ca2+ 
influx associated with the promotion of cell proliferation, and development of endo-
metrial cancer [273, 274].

In the scenario of cell-fate decision and maintenance of tissue homeostasis, it 
became evident the opposite effects of GPER in the control of cell proliferation and 
apoptosis. This duality of action most likely depends on a panoply of factors that 
may include the type of tissue and physiological context, the dose of activators and 
time of exposure, as well as other unforeseeable variables. The different effects of 
GPER also would be explained by a regulatory role of GPER shaped by the tissue 
specificity in particular environmental and biological conditions.

 GPER Influence Over Cell Migration and Invasiveness

Cell migration and invasiveness are coordinated biological processes that play a 
major role in cancer progression being closely related to metastization. The loss of 
cell-cell adhesion is a driven event for malignant cells evasion from their primary 
sites, which also depends on the degradation of the extracellular matrix, acquisition 
of an invasion phenotype, and finally, invading and metastasizing to other organs/
tissues [275]. Indeed, the great majority of cancer deaths (>90%) are caused by 
metastasis rather than by the primary tumors [276], which renders cell migration a 
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therapeutically relevant target point. Both migration and invasion seem to be pro-
moted by GPER in ER-negative breast cancer cells through the activation of ERK 
and Akt pathways, nuclear translocation of NF-κB and increased expression of 
interleukin-8 (IL-8) [277]. The role of this cytokine in the progression and metasta-
sis of a variety of human cancers has been discussed [278]. GPER activation also 
leads to migration and invasiveness of TNBC cells and inflammatory breast cancer 
cells, responses mediated by the activation of the ERK1/2 pathway [279, 280]. 
Furthermore, GPER seems to upregulate β1-integrin expression, through EGFR/
ERK signaling pathway, which promotes migration of CAFs and epithelial- 
mesenchymal transition of tamoxifen-resistant breast cancer cells [204], contribut-
ing to tamoxifen resistance via interaction with the tumor microenvironment [204, 
281]. Moreover, GPER activation can lead to the increased expression of IL1β in 
CAFs and IL1 receptor 1 (IL1R1) in breast cancer cells, promoting the interaction 
between these two cell types, the upregulation of inflammatory target genes, induc-
ing migration and invasion of breast cancer cells [282]. Accordingly, GPER inhibi-
tion with G15 seems to increase the sensitivity of epithelial breast cancer cells to 
doxorubicin by preventing epithelial-mesenchymal transition [283].

GPER actions prompting cell migration and invasion were also described in 
ER-positive breast cancer cells, through the activation of ErbB2-ERK signaling 
transduction pathway [284]. In this breast cancer cell type, GPER enhanced migra-
tion also by mediating the dramatic proteolysis of cyclin E, with the involvement of 
EGFR signaling [281]. Other results showed that E2 and ICI 182,780 enhanced 
adhesion of MCF7 breast cancer cells to matrigel, with increased autolysis of cal-
pain 1 and proteolysis of focal adhesion kinase (FAK), with calpain activation 
through the ERK1/2pathway [285]. Also, the xenoestrogen BPA stimulated migra-
tion of breast cancer cells and CAFs via GPER [249] by FAK, Src and ERK2- 
dependent pathways [286].

Interestingly, antagonizing GPER activity by natural compounds, like baicalein, 
diminished the expression of GPER target genes, including cysteine-rich 61 
(CYR61) and CTGF, and suppressed E2-stimulation of migration and invasion of 
breast cancer cells [138].

The pro-invasiveness effects of GPER were also identified in ovarian cancer cells 
OVCAR-5 and SKOV3 with modulation of expression and activity of MMP-2 and 
MMP-9, extracellular matrix proteins with a determinant role in cancer cell invasion 
and metastasis [287, 288]. Similar effects dependent on increased MMP-2 and 
MMP-9 production were seen in the endometrial Ishikawa and KLE cancer cells 
[241]. In the endometrial cancer cell line RL95-2, GPER mediated carcinogenesis 
and invasion via the activation of MEK/ERK MAPK pathway [240]. Moreover, the 
phosphorylation of FAK, a tyrosine kinase with a key role in tumor cells invasive-
ness [289], also was involved in the migration of Ishikawa and RL95-2 cells induced 
by GPER activation [290]. The association of MAPK pathway with cell migration 
and invasion in response to GPER activation also was described in lung cancer cells 
[199]. Also in lung cancer and mesothelioma, GPER contributes to the chemotaxis 
and migration, through IGF-I actions [291].
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In renal cell carcinoma, GPER activation mediated cell invasiveness via PI3K/
Akt/MMP-9 signals [235].

The environmental pollutant BDE-47 increased migration and invasion of neuro-
blastoma SH-SY5Y cells in a mechanism dependent on GPER [166]. The associ-
ated molecular events included the downregulated expression of E-cadherin and 
zona occludin-1, and the upregulated expression of MMP-9, via activation of PI3K/
Akt signaling pathway [166].

Nevertheless, contrary evidence exists depicting the role of GPER suppressing 
cell migration and invasion (Table 5.3). A recent study has shown that the activation 
of PI3K/Akt and ERK1/2 pathways by the GPER specific agonist G1 suppress 
migration and invasion of TNBC cells. Other responses included the inhibition of 
the epithelial mesenchymal transition by reducing the phosphorylation, nuclear 
localization, and transcriptional activity of NF-kB, [209]. There is also evidence 
that E2-effects mediated by the membrane GPER in human metastatic breast can-
cers lead to decreased cell adhesion, through a PKA-dependent mechanism requir-
ing the activity of voltage-gated sodium channels (VGSCs) [292].

In granulosa cell tumors, E2 decreased cell migration and matrix invasion, effects 
accompanied by GPER inhibition of ERK1/2 signaling through a non-genomic 
mechanism [219]. Other studies with ovarian cancer cells suggested that E2 inhibits 
tumor invasion, by inhibiting EGF-induced cell migration and the expression of 
urokinase plasminogen activator receptor (uPAR) expression, effects mediated by 
GPER [293]. Also in lung, and contrarily to the studies mentioned above, the activa-
tion of GPER showed to inhibit the migration of non-small cell lung cancer cells, 
suppressing the activity of IKK-β and NF-κB [294].

 Angiogenesis, Inflammation and the GPER

Angiogenesis and inflammation are other important hallmarks in tumor progres-
sion fueling cancer cell growth within the “hostile” tumor microenvironment. 
GPER activation increased VEGF levels in ER-negative breast cancer cells and 
CAFs via upregulation of the HIF1α in consequence of activation of the EGFR/
ERK/c-fos signaling pathway [83]. Moreover, the receptor seems to be involved 
in the formation of human endothelial tube, enhancing angiogenesis and tumor 
progression [83].

The GPER knockout mice display a pro-inflammatory phenotype with aug-
mented levels of the pro-inflammatory and immunomodulatory cytokines IL-1β, 
IL-6, IL-12, TNFα, monocyte chemotactic protein-1 (MCP-1), interferon γ-induced 
protein 10 (IP-10) and monokine induced by γ interferon (MIG), concomitantly 
with the decreased expression of the adipose tissue-specific cytokine adiponectin 
[295]. Contrastingly, the anti-inflammatory role of GPER was shown in endothelial 
cells, in which, receptor activation counteracted the TNF effects inducing upregula-
tion of pro-inflammatory proteins, namely, intercellular cell adhesion molecule-1 
(ICAM-1) and vascular cell adhesion molecule-1 (VCAM-1) [296]. Moreover, 
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 airway inflammation was suppressed by the GPER agonist G1 in a mouse model of 
asthma, apparently via IL-10 [297]. In human breast cancer cells, GPER inhibited 
the TNFα-induced IL-6 expression, probably through blockage of NF-κB promoter 
activity [298]. Consistent with that findings, a recent study in a GPER knockout 
mouse model, showed accelerated development of liver tumors, with immune cell 
infiltration, fibrosis, and production of inflammatory factors, including IL-6. More 
studies are warranted to establish the role of GPER in angiogenesis and 
inflammation.

 GPER as a Regulator of Cancer Cell Metabolism?

In the last years, the ability of tumor cells to reprogram metabolism, sustaining their 
high energy requirements, proliferation, and survival, has been indicated as a char-
acteristic of malignant transformation and recognized as a hallmark of cancer [299]. 
However, the most well-known adaptation of cancer cell metabolism was described 
in the 1930s by Otto Warburg and is known as the “Warburg effect” that consists in 
the increased glucose consumption followed by the augmented production of lactate 
instead of the oxidation of pyruvate in mitochondria, even under aerobic conditions 
[300]. In the light of available literature, GPER has “something to say” in the con-
trol of the metabolic process. GPER knockout female mice showed increased 
plasma glucose levels, leading to hyperglycemia and glucose intolerance, associ-
ated with the decreased expression of insulin in isolated pancreatic islets and dimin-
ished insulin release both in vitro and in vivo [301]. Likewise, glucose intolerance 
and insulin resistance were reported in the GPER knockout male mice [295]. In 
agreement, GPER seems to induce insulin secretion in pancreatic β-cells under low- 
and high-glucose conditions, through the activation of EGFR, ERK and PI3K/Akt 
pathways [302]. Curiously, insulin resistance is closely related to endometrial onco-
genesis, and it seems to up-regulate Ten-Eleven Translocation 1 (TET1) that can 
up-regulate the GPER expression, activating PI3K/AKT signaling pathway and pro-
moting cell proliferation [303]. Available data revealed an important role of GPER 
in glucose metabolism though in the particular case of cancer cells, information 
relating GPER with glycolytic metabolism is scarce, being an issue that deserves 
attention of direct studies. Nevertheless, Yu et al. [304] first reported the interplay 
between breast cancer cells and CAFs concerning glucose metabolism. This study 
showed that the activation of the PI3K/AKT signaling pathway in breast cancer 
cells induces the cytoplasmic translocation of GPER in CAFs, leading to the activa-
tion of GPER/cAMP/PKA/CREB signaling and to the aerobic glycolysis switch in 
CAFs. In turn, the glycolytic CAFs feed breast tumor cells with extra pyruvate and 
lactate augmenting mitochondrial activity. Moreover, cytoplasmic GPER expres-
sion in stromal fibroblasts predicted high tumor metabolic activity and potent energy 
transfer between the stroma and cancer cells [304].

Besides glycolysis, other energy routes are involved in the metabolic adaptation 
of cancer cells, namely, glutamine metabolism, and its resulting product glutamate 
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[305]. The glutamate transporter-1 (GLT-1) is an essential player removing the 
extracellular excess of glutamate. GLT-1 expression was shown to be increased by 
GPER activation triggered by G1 in rat primary astrocytes, which was accompanied 
by the increased uptake of glutamate [306]. The expression of glutamate aspartate 
transporter (GLAST), other transporter involved in glutamate uptake, was also 
increased in response to G1 [307]. Moreover, the mechanistic under this regulation 
was outlined with effects reported to occur via the MAPK/ERK, PI3K/Akt, TGF-α/
EGFR, Src, NF-κB and CREB pathways [307]. Further studies are warranted to 
confirm whether GPER actions regulate glutamine and glutamate metabolism in 
cancer cells, and if it has impact on disease progression and aggressiveness.

GPER also seems to have a major role in the regulation of lipid metabolism, 
another energetic pathway widely altered in cancer cells. Besides having a glucose 
intolerance phenotype, GPER knockout male mice display an altered lipid profile 
with increased cholesterol and triglyceride levels [295], which was corroborated by 
in vitro findings. GPER activation decreased triglyceride accumulation in cultured 
rodent β cells and reduced lipid synthesis in pancreatic islets by reducing the expres-
sion and activity of fatty acid synthase (FAS), the master effector of de novo lipo-
genesis [308]. This study also showed that the β cell transcription factor pancreatic 
and duodenal homeobox 1 (Pdx1) and the downstream target genes, such as proin-
sulin 1 (Ins1), glucose transporter 2 (GLUT2), and glucokinase (Gckr) were down-
regulated by E2 via GPER action [308]. Furthermore, the FAS is the target of 
lipogenic transcriptional regulators, namely, the sterol regulatory element-binding 
protein 1c (SREBP1c), the carbohydrate response element binding protein 
(ChREBP), and the liver X receptor (LXR) [309–311], which were suppressed in 
response to GPER activation [312].

However, in breast (SkBr3), colorectal (LoVo), and hepatocarcinoma (HepG2) 
cancer cells and CAFs, GPER seems to up-regulate FAS expression and activity, 
through the EGFR/ERK/c-fos/AP1 transduction pathway [313]. Other studies 
reported that the GPER action increased the expression of low-density lipoprotein 
(LDL) receptor, and that G1 stimulation induced the uptake of LDL in liver cells 
[314, 315]. Curiously, GPER promoted adipogenesis in vitro and seems to be 
involved in the development of obesity in female mice exposed to a high-fat diet 
since GPER knockout mice were resistant to diet induced-obesity, glucose intoler-
ance and insulin resistance [316].

Malate dehydrogenases (MDHs) are metabolic enzymes that function as tran-
scriptional factors to regulate the expression of oncogenes and tumor suppressor 
genes. The expression of MDH2, one of the isoforms of MDHs involved in citric 
acid cycle in mitochondria [317], was shown to be increased in endometrial cancer 
cells in response to GPER activation [318]. Moreover, the augmented expression of 
MDH2 lead to enhanced cell proliferation, migration and invasion but inhibited 
apoptosis of endometrial cancer cells by suppressing PTEN expression [318].

In sum, GPER has important roles in insulin sensitivity, glucose tolerance, adi-
posity and energy balance in many cell types, which ignites the curiosity about the 
activity of GPER in the metabolic reprogramming of cancer cells. Also, it is liable 
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to speculate that GPER selective ligands would have therapeutic value for cancer 
treatment targeting metabolism.

 GPER in Prostate Cancer

PCa is one of the most common oncological disorders in men, being highly frequent 
in men over the age of 50 [319]. Indeed, aging is the main risk factor for PCa, which 
raises the concern about its incidence in the next years considering the population 
aging in consequence of the increased expectancy of life. The vast majority of PCa 
patients (90%) develop castration-resistant PCa (CRPC), an advanced metastatic 
form of disease, characterized by its aggressiveness and resistance to the classical 
anti-androgen therapies, which remains incurable with an average survival time of 
only 16–18 months [320, 321]. The search for new and effective approaches for bet-
ter management and treatment of both localized and metastatic PCa remains crucial 
and urgent.

It is well established that the development and progression of PCa are strongly 
regulated by sex steroid hormones, with the male hormones androgens highly impli-
cated in the regulation of prostate functions from the embryonic development to 
adulthood, but also in the onset of prostate malignancy [322]. Estrogens, classically 
viewed as female hormones, also seem to have a relevant role in PCa with some 
studies reporting their actions as causative factors in prostate carcinogenesis [323, 
324]. On the other hand, estrogens have been used to treat PCa by its negative feed-
back actions at the hypothalamus and pituitary reducing circulating androgens lev-
els [325]. However, has also been shown that estrogens have beneficial direct effects 
on PCa cells [326]. Independent studies have indicated that these steroids can be 
protective against PCa by their proapoptotic and antiproliferative actions over pros-
tate cells [326, 327].

Estrogenic actions through the interaction with the classical nuclear estrogen 
receptors, ERα and ERβ, and involving genomic responses characterized by changes 
in gene transcription and protein de novo synthesis have been reported in both non- 
neoplastic and neoplastic prostate cells [328]. However, the activity of these recep-
tors in PCa relies on the paradigm that ERα is responsible for the proliferative 
effects of estrogens being oncogenic whereas ERβ is considered protective, anti- 
carcinogenic and related with the activation of apoptosis [329].

Also, the GPER has been identified in normal human prostate, and benign and 
neoplastic conditions. The prostate gland mainly encompasses two compartments: 
the fibromuscular stroma and the glandular tissue. In the glandular epithelium, it is 
possible to distinguish two histological layers, the secretory luminal layer consist-
ing of tall columnar cells responsible for the production of prostatic secretions, and 
an underpinning basal layer of cuboidal epithelial cells. The population of basal 
epithelial cells has shown to be heterogeneous and containing adult prostate stem 
cells, which have been proposed as cancer stem cells in the origin of PCa [330]. In 
the human benign prostate gland, a strong GPER expression was observed in the 
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cytoplasm of basal epithelial cells [331]. Therefore, it is liable to assume that GPER 
may the mediator of estrogenic actions in this proliferative prostatic compartment. 
Accordingly, GPER expression was found in prostaspheres derived from human 
normal adult prostate stem cells [332].

GPER also was found in human prostate epithelial cells, displaying both mem-
brane and cytoplasm localization [332–334]. Furthermore, a weak staining in the 
cytoplasm of stromal cells of benign prostate was also detected, suggesting the pos-
sible involvement of this receptor in estrogen signaling between stromal and epithe-
lial prostatic compartments [331]. Accordingly, GPER was found to be expressed in 
human primary prostate stroma cells, derived from fresh surgical prostate speci-
mens of benign prostate hyperplasia (BPH), and in the normal human prostate 
stroma cell line, WPMY-1 [335].

The reports characterizing the GPER expression in neoplastic conditions are 
relatively scarce, but a study found that GPER was expressed in 97.5% of all pros-
tate tumor cases evaluated [336]. It was described that pre-neoplastic lesions (high- 
grade prostatic intra-epithelial neoplasia) show higher GPER expression 
comparatively with non-neoplastic tissues, and that GPER expression decreases 
from moderately to poorly differentiated PCa [331]. Moreover, GPER expression 
was correlated with the Gleason score of prostate adenocarcinoma being intense in 
Gleason patterns 2 and 3, and weak to moderate in Gleason pattern 4 [331], which 
indicates an inverse relationship between GPER expression and neoplastic cell dif-
ferentiation. Despite the predominant, and sometimes nearly exclusive, cytoplasmic 
expression of GPER in PCa cases, areas with membrane and nuclear staining were 
also found [331, 336, 337].

Considering the androgen-sensitive stage of disease and CRPC, GPER seems to 
be more expressed in CRPC cases; 80% of metastatic CRPC highly express GPER, 
against only 54% of the primary PCa cases [338]. However, no correlation was 
found between GPER expression and, age, the Gleason score of primary cancer or 
PSA level. The type of androgen deprivation therapy, or duration of treatment also 
were not associated with GPER [338]. These results are not totally in agreement 
with the findings obtained in PCa cell lines. GPER expression levels were markedly 
higher in the normal progenitor prostate cells relatively to the androgen-sensitive 
PCa cell line LNCaP [332]. In CRPC cell line models PC3 and DU145, GPER 
expression was higher in PC3 cells, which mimic a more aggressive metastatic stage 
of disease [334]. Recent findings from our research group also demonstrated that 
GPER expression tends to be lost with the acquisition of the castration phenotype 
and aggressiveness of PCa cell line models; GPER expression in 
LNCaP > PC3 > DU145 cells (results to be published elsewhere).

As previously discussed for other cancer types, also in PCa, the GPER dual- 
mode of action has been described with opposite effects arising from separate inde-
pendent studies. Some authors argue that GPER is involved in PCa development 
and progression based on the assumption that GPER may mediate the estrogen- 
initiated transformation of prostate epithelium derived from normal human prostate 
stem-progenitor cells, and promote the progression to invasive adenocarcinoma 
[332]. These data were obtained in a novel chimeric mice prostate model containing 
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human-rat prostate tissues. Human prostate progenitor cells cytodifferentiated in 
chimeric prostate tissue originating epithelial hyperplasia, prostate intraepithelial 
neoplasia and PCa after exposure of nude mice to elevated concentrations of testos-
terone plus E2 [332]. The pro-tumor action of GPER was also supported by the fact 
that its activation by the specific agonist G1 induced growth of normal stromal 
prostate cells, but not of BPH-derived cells [339]. Furthermore, GPER activation 
induced ERK1/2 phosphorylation, which was suggested contributing to PCa pro-
gression and hormonal independence in the PC3 cell line [333].

On the contrary, a substantial body of evidence defends the protective role of 
GPER in PCa. Treatment of LAPC-4 (androgen-sensitive) and PC3 (castration- 
resistant) PCa cells with E2 or DES identified the growth inhibitory activity of 
GPER triggered by different mechanisms [340]. Also, G1 administration showed to 
inhibit growth of both androgen-sensitive (LNCaP) and CRPC (DU145 and PC3) 
cell line models [334]. The agonist G1 induced a persistent cell-cycle arrest at the 
G2/M phase in LNCaP and PC3 cells, which resulted in enhanced apoptotic activity, 
as indicated by the increase in the Annexin V–positive cell population [334]. 
Moreover, G1 effects mediated by GPER induced the activation of ERK1/2 and 
c-jun/c-fos dependent upregulation of p21, which was accompanied by the down-
regulated expression of G2-checkpoint regulators, such as cyclin B1, cyclin depen-
dent kinase 1 (cdc2) and its phosphorylated proteins, as well as by the diminished 
levels of cdc25C and cyclin A2 [334]. The mechanism involved in the GPER sus-
tained activation of ERK1/2 was disclosed recently being shown that it depends on 
the activation of Gαi1 proteins, which are highly expressed in PCa cells [341].

Interestingly, the low GPER expression described in poorly differentiated PCa 
was associated with an increased expression and activity of Akt, and the transcrip-
tion factor CREB [331], indicating that loss of GPER may promote PCa cell sur-
vival and proliferative activity.

Other relevant study in this field, using LNCaP (androgen-sensitive cell line) and 
PC3 (castration-resistant cell line) xenografts as PCa models, reported that GPER 
activation by G1 inhibited growth of castration-resistant, but not of androgen- 
sensitive tumors with no observable toxicity [338]. Growth inhibition of castration- 
resistant tumors by G1 was underpinned by the increased apoptosis, demonstrated 
by the increased number of cleaved caspase 3-positive cells [338]. Other study, 
similarly described the in vivo anti-cancer role of GPER in PC3 xenografts. G1 
administration significantly suppressed tumor growth having no effect on growth 
and histological features in the prostates of intact mice [334]. Moreover, this study 
showed that G1 treatment only inhibited the growth of PCa and actively proliferat-
ing BPH cells without affecting growth of quiescent cells.

In agreement with the in vitro and in vivo anti-tumorigenic actions of GPER 
mediated by estrogens and G1, a study with natural compounds also found decreased 
proliferation and increased apoptosis of PCa cells in response to GPER activation. 
The SDG, a lignan extracted from flaxseed was shown to suppress the development 
of BPH in a rat model [151]. ENL, the metabolite of SDG inhibited prostate cell 
growth, which significantly restricted the enlargement of rat prostate [151]. 
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Mechanistically ENL activated the ERK pathway causing cell cycle arrest with 
upregulation of p53 and p21 and downregulation of cyclin D1 [151].

The available literature unquestionably places GPER as a modulator of PCa cells 
growth regulating the expression of cell cycle-regulators and other cellular ele-
ments, but its influence over the control of metastatic features also was reported. G1 
treatment inhibited migration and the invasion properties of both PC3 and DU145 
cells by reducing the formation of filopodia and stress fibers [341]. G1 administra-
tion in vivo was also capable of reducing the intratumoral microvessel density in a 
castration-resistant xenograft tumor model [338], suggesting the anti-angiogenic 
role of GPER in PCa.

Other described effect of GPER in prostate is related with inflammation, with its 
activation leading to increased expression of COX-2 and augmented secretion of 
IL-8 by human prostate cells [342]. The pro-inflammatory actions of GPER were 
further supported by the observed marked intratumoral infiltration of neutrophils 
and upregulated expression of neutrophil-related chemokines and inflammation- 
mediated cytokines in a CRPC model after treatment with G1 [338].

In what concerns cancer cells metabolism, there are no reports implicating estro-
gens and GPER actions in the metabolic reprogramming. However, the emergent 
impact of metabolism as a therapeutic target together with others and ours recent 
findings highlighting the role of sex steroid hormones as metabolic regulators [343–
345] strongly encourage opening this “avenue” of research.

Overall, the high expression of GPER in PCa, particularly in CRPC, and the 
demonstrated beneficial effects of G1 agonist counteracting the malignant behavior 
of PCa and BPH cells, without affecting non-proliferating cells, confer GPER the 
“status” of a therapeutic target. However, and despite some important advances 
characterizing GPER activity in prostate cells and tissues, much more investigation 
is needed to fully resolve the multiple GPER’ actions in PCa and its therapeutic 
potential.

 Conclusions

GPER is a seven-transmembrane receptor with a wide mode of action activating 
several intracellular signaling pathways involved in the genomic and non-genomic 
effects of estrogens. In addition to E2 and G1, the most potent activators of GPER, 
several other compounds with the ability of binding GPER acting as agonists or 
antagonists have been pointed out. The astonishingly increasing list of these com-
pounds, encompass hormone ligands, synthetic compounds and environmental phy-
toestrogens and xenoestrogens, which places GPER in the physiological context of 
normal and oncological conditions, but also as a target of endocrine disruption. The 
diversity of biological processes under GPER control mainly includes cell prolifera-
tion, apoptosis, cell migration and invasion, angiogenesis, inflammation, and 
metabolism.
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The multifaceted GPER is expressed in a broad range of neoplastic and non- 
neoplastic tissues, which further extends its broad scope of action. The development 
of GPER specific agonists and antagonists, as well as cell and animal knockout 
models have contributed greatly to ascertain its role in cancer and other diseases. 
GPER was associated with the development and progression of breast, ovarian, 
endometrial and testicular cancers. However, other strong evidence of GPER actions 
counteracting known hallmarks of cancer as exacerbated proliferative activity and 
resistance to apoptosis support its role as a tumor suppressor.

In prostatic tissues, GPER is expressed both in normal gland and PCa. Also in 
this case, a duality in the GPER role has been reported. Studies arguing the caus-
ative role of GPER in prostate carcinogenesis are available in the literature, co- 
existing with others defending the protective action of GPER in PCa development. 
Reports indicating the high expression of GPER in PCa cases, together with its 
effects suppressing cell growth, also allow speculating about its usefulness as a 
therapeutic target. Nevertheless, future research is needed to deeply clarify the role 
of GPER in PCa and establish its potential as a therapeutic point of intervention.

Overall, we can discuss that the distinct functions of GPER in different tissues, 
or even within the same tissue, may depend on the specific physiological/environ-
mental conditions in each tissue at a given moment, and/or of the experimental 
design including the type of ligand and the concentrations tested. The question of 
concentration would be quite relevant. For example, in the context of testicular 
apoptosis and male infertility, it was shown that at low concentrations estrogens act 
as survival factors whereas at high concentrations have the opposite effect inducing 
cell death [346, 347].

Finally, GPER can be viewed as a “cell guardian”, with their functions modu-
lated by tissue specificity and environmental conditions, i.e., GPER would act pro-
tecting cells that need to be protected from harmful stimulus, or destroying those 
that are “dangerous” for tissue homeostasis.
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Chapter 6
Bone Cancer: Dysregulation of Signaling 
Cascades by microRNAs

Janaina de Andréa Dernowsek

Abstract Osteogenesis is a biological process involving the specification of mes-
enchymal stem cells and their maturation and differentiation into osteoblasts and 
osteocyte cells. Complex regulatory networks are required during these events in 
osteogenesis, and their imbalance can cause disastrous disordering and conse-
quently diseases, such as cancer. Bone-related diseases involve a deregulation of 
genes, microRNAs, transcription factors (TF) or proteins implicates in the biologi-
cal process. However, the mechanism of action of miRNAs in bone cancers is not 
understood clearly. Key elements of the intrinsic molecular processes that modulate 
essential cell phenomena are studied continuously and with increasingly advanced 
tools. Nevertheless, such processes, such as cell cycle control, cell proliferation, 
metabolism, and apoptosis, remain a challenge in the development of new targeted 
therapies to treat heterogeneous and complex diseases. These new meta-analysis 
methods—omics technologies—will be useful for more efficient analyses of a vast 
number of data generated by the multidisciplinary areas involved in the translational 
studies for medicine. The information about miRNAs associations with bone cancer 
were results of the networks visualizations of the independent studies found in the 
literature. Therefore, this chapter mainly summarizes how deregulation of differ-
ent miRNAs contributes to bone cancer, such as Osteosarcoma, Chondrosarcoma 
and Ewing sarcoma. Overall, finding new methods and biomarkers as miRNAs 
could be useful to improve the diagnosis and create advanced treatments.
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 Introduction

Bone cancer is therapeutically challenging and technological advancements have 
transformed our understanding of diseases profiling, and the data may help the identi-
fication of novel diagnostics and therapeutic approaches, as well as new biomarkers.

Recent progress in Multi-Omics data integration methods can help us in devel-
oping a better understanding of the biology of disease with results that are more 
accurate by considering multiple approaches. Researches involving data integra-
tions of the genome, transcriptome, miRnome, proteome, and metabolome can 
answer previously unanswered questions. In fact, these results are due to the 
advance in computational power and the availability of next-generation technolo-
gies. This scenery influencing the future of the molecular cancer biology and needs 
to be frequently updated. Therefore, the focus of this book chapter is a review of 
recent data of the dysregulation of signaling cascade by microRNAs in cancer, 
specifically in bone cancer.

Bone cancer biology is characterized by the complex phenomenon that impli-
cates many factors including the dysregulation of microRNAs (miRNAs) expres-
sion, which may contribute to loss of the normal regulatory controls of the signaling 
cascades [1–3]. Deregulation of genes and miRNAs is predominantly involved in 
cell proliferation, differentiation, and apoptosis [2, 4].

Unquestionably, field of the miRNAs research has attracted considerable appre-
ciation, with the identification in 1993 of the first of these small single-stranded 
non-coding ribonucleic acids (RNAs) in the nematode Caenorhabditis elegans [5]. 
Since then more than 28,000 entries representing precursor miRNAs, expressing 
35,828 mature miRNAs in 223 species have been identified with 2588 in humans at 
the time of writing, but this number may rise (miRBase Release 21: June 2017) [6].

MicroRNAs are involved in a myriad of normal and abnormal biological pro-
cesses. Based on the insights gleaned from decades of research, it seems more 
understandable that miRNAs tactfully modulate myriad of different genes in differ-
ent cancers [7–9]. Rapidly emerging scientific evidence is demystifying the mecha-
nisms of dysregulation of miRNAs which has been related to several cellular 
developments, proliferation, and differentiation, as well as osteogenesis and bone 
disease [10–13]. In recent years, studies on profiling of the miRnome (global 
miRNA expression levels) and post-transcriptional interactions between mRNA and 
miRNA, have significantly improved our concepts related to miRNA regulation of 
transducers of multiple cell signaling pathways in different cancers [14].

Cancer becomes the leading cause of deaths worldwide and reducing the 
patient quality of life, including bone cancer that is an abnormal growth that is 
found in the native tissues. Depending on the case, the growth may be malignant 
or may be benign. Besides, the bone tumor can be divided into the primary, which 
originates from the bone tissue, and a secondary tumor that originates from other 
areas of the body [15].
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A myriad of signaling pathways is associated with the developing bone cancer, 
such as Wnt/ß, MAPK, Notch, JNK, IGF, mTOR among other [16–22]. Despite 
several efforts, specific molecular interactions involved in bone cancer remain 
unclear [3, 23]. Therefore, this chapter focuses on recent findings of the dysregu-
lated microRNAs in signaling cascades of the bone cancer mainly the most com-
mon forms, including osteosarcoma (OS), chondrosarcoma (COS), and Ewing 
sarcoma (ES).

 Bone Cancer

Osteogenic differentiation, a crucial biological process in bone development, 
involves the activation of multiple signaling pathways, including TGFb, BMP, Wnt 
as well transcription factors, which are rigidly regulated by miRNAs [24, 25]. Until 
now, many studies have showed a huge number of miRNAs that play their role as 
posttranscriptional regulators during osteogenic differentiation, such as miR-20a, 
miR-22, miR-27, miR-28-5p, miR-29a, miR-29b, miR-29c, miR-133, miR-139-5p, 
miR-141, miR-196a, miR-200a, miR-204, miR-210, miR-211, miR-378, miR- 
450a- 5p among others [1, 14, 24, 26–29]. Additionally, the dysregulation of signal-
ing cascades by microRNAs is the cause of many cancers, including the different 
bone cancer types (OS, COS, and ES). The miRNA-related changes have been 
shown to affect the control of many cellular mechanisms, including proliferative, 
control cell growth, motility, survival, invasion, metastasis, angiogenesis signaling, 
among others [30–33]. The significant increase of miRNA data provides a compre-
hensive understanding of the cancer biology and its association with signaling cas-
cades. The use of databases that contain miRNA information is appropriate for a 
thorough review. Therefore, resort to the miRCancer database [34] to create a sum-
marized diagram of miRNAs associated in normal osteogenesis and bone cancers. 
As previously mentioned, miRNA expression implicated in normal osteogenesis 
can be altered in malignancies and play a fundamental role in tumor progression. 
Thus, Fig. 6.1 sums up all recent researches in OS, COS, and ES, which have been 
conducted in recent years regarding the miRNAs alterations and their targets.

In the systematic analysis present in Fig. 6.1, the miR-125b was associated with 
all bone cancers and with the normal osteogenesis. MiR-125b/miR-125b-5p is 
broadly conserved and presents 65 validated targets found in miRecords database 
[35]. Furthermore, the dysregulated miR-125b expression was associated with 
numerous types of tumor, including OS [36], gastric cancer [37], renal carcinoma 
[38], hepatocellular carcinoma [39], and breast cancer [40]. Further studies identi-
fied the role of miR-125b act as potential biomarker in the progression and metasta-
sis of OS [41].

Interestingly, the compare data set does not contain any shared miRNAs between 
COS, ES, and normal osteogenesis. Moreover, the topics below contain recent data 
with more details on bone cancers.

6 Bone Cancer: Dysregulation of Signaling Cascades by microRNAs
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 Osteosarcoma

The first, and by far the most common bone cancer is the osteosarcoma (OS), that 
affects many more children and adolescent than adults.

Despite advances in OS studies, the complex mechanism of miRNA actions is 
not well understood. Until now, several miRNAs are known to function as onco-
genes in OS, including the miR-27a, miR-21, miR-9, miR-92, miR-382, and 
miR135b, miR-335, miR-489-3p [42, 43]. On the other hand, the miR-183, 
miR133b, miR-138, miR-195 miR199a-3p, miR-124, miR-646, miR-100, miR- 
101, miR-1, miR-409-3p, miR-4262 and miR-33b are known to function as a tumor 
suppressor [43–48]. About these recent studies, the miRNAs-targets interactions 
and signaling pathways were summarized in Fig. 6.2.

Forty-eight validated miRNAs-target interactions were found in literature associ-
ated with OS, COS, and EW. In Fig. 6.2a, a visualization of the interactions net-
works was created using Cytoscape 3.5.1 software. Cytoscape is an open-source 
software that is used to view, analyze and integrate a significant amount of data, as 
well as to create functional network clusters with biological molecular information 

Fig. 6.1 Recent discoveries about the biology of miRNAs attributed to bone cancers—
Osteosarcoma, Chondrosarcoma and Ewing sarcoma
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[50]. Protein Analysis Through Evolutionary Relationships (PANTHER) was used 
to analyze the signaling pathways of the miRNA targets found by biology experi-
ments described in the literature (Fig. 6.2b) [51].

Fig. 6.2 (a) Interaction networks of the miRNA-targets in bone cancers based on Cytoscape 3.5.1. 
OS osteosarcoma, COS chondrosarcoma, EW Ewing sarcoma. (b) Pie chart of PANTHER 
Pathways of 48 miRNA-targets found in the literature [26, 43–45, 47–49]
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In identifying the latest studies on miRNAs in OS, we found that with the last 
year, new miRNAs involved in OS have been identified, such as the miRNA-335 
and its rock1 target that influence tumor progression and consequently the progno-
sis in osteosarcoma [52]. Wang et al. investigated the effect of the connective tissue 
growth factor (CTGF) on miR-543 regulation, and it was significantly correlated 
with tumor stage [53]. The Loss of the miR-489-3p also played a contributory role 
in the OS metastasis by activating the PAX3-MET pathway [48].

Regarding the tumor suppressors, the MiR-486 and miR-218 suppressed the 
development of OS through regulation of its targets—PKC and BMI1 [49]. Studies 
showed that the miR-497 was found to be such an inhibitor of cell migration and 
invasion by targeting fasn [18]. An additional example is the miR-661, which plays 
a tumor suppressor role and exerted its effects by negative regulation of cytochrome 
c1, which was overexpressed in OS [54]. Overall, there is a great deal of data about 
miRNAs dysregulated in OS, but the focus is on recent studies.

 Chondrosarcoma

Chondrosarcoma (COS), is cancer of the cartilage, and it is characterized by the 
abnormal production of a specific cartilage matrix [7]. Although COS can manifest 
in any bone, this cancer preferentially develops in the pelvis, humerus, femur, scap-
ula, and ribs and can present at any age [55].

The most recent literature has reported 28 miRNAs (Let-7a, MiRs 100, 125b, 
126, 136, 145, 150, 181a, 183, 185, 192, 199a, 20a, 218, 222, 26a, 30a, 335, 376a, 
490-3p, 509-3p, 518b, 519d, 550, 589, and 96) associated with COS [7, 17, 43, 56, 
57]. However, in this review made, little information on validated miRNA-target 
interactions was found, and some can be seen in the Fig. 6.2a.

 Ewing Sarcoma

Ewing Sarcoma (ES) is an aggressive malignant neoplasm, and it is the second most 
common primary bone cancer [58]. This aggressive cancer bone affects children 
and young adults predominantly [7].

Unlike OS and CH, the ES has little information about miRNA biogenesis dereg-
ulations in signaling cascades. Recent findings indicate that alterations in miR 
expression are widespread and can be involved in EWS gene, aside from indepen-
dent mechanisms [22, 59].

Throughout the past few years, some studies about miRNAs expression pro-
file have demonstrated miRNA dysregulation in ES. It was found 51 miRNAs, 
but some data exhibited discordant expression [58]. Thus, these discrepancies 
need to be re-assessed.
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Other studies have revelated others miRNAs (Fig. 6.1), including the miRNAs 
(miR-124, miR-143, miR-221, miR-27a, miR-99a, miR-22, miR-34a, miR-125b), 
which are were associated with OS. The miRNAs (Let-7a, miR-222, miR-miR-100, 
miR-145, miR125b) were disclosed with COS. These last information—miRNAs 
associations with bone cancer—were results of the visualizations networks of the 
independent studies found in the literature.

 Conclusions

Every day, significant numbers of studies associating miRNAs and diseases are 
accumulated to the data bases, and molecular biologists have gained success in put-
ting together missing pieces of an incomplete jig-saw puzzle to comprehend the 
regulatory capacities of oncogenic and tumor suppressor miRNAs. It is hoped these 
studies, and scientific approaches will improve current technologies for the treat-
ments and detection of new biomarkers.

Despite the increase in knowledge regarding bone cancers, commonly in chil-
dren and adolescents, the survival time did not increase. However, results from the 
cellular and molecular biology of bone cancers, targeting the various key pathways 
that control the aggressive behavior of the diseases, led to new and efficient thera-
peutic opportunities.

Future studies of miRNA biology and the signaling cascades stand to expand 
the understanding of the bone cancers, which may identify new biomarkers and 
treatment options.
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Chapter 7
The Roles of miR-25 and Its Targeted  
Genes in Human Cancer

Carmen Caiazza, Palmiro Poltronieri, and Massimo Mallardo

Abstract Since of their discovery in mammalians, microRNAs (miRNAs) have 
been associated to almost every physiological function within cells, tissues and 
organs. miRNAs are small non-coding RNAs that regulate gene expression by tar-
geting messenger RNAs for translational repression or, at lesser extent, mRNAs 
degradation. Within the several functions controlled by miRNAs there are the con-
trol of cell proliferation, apoptosis, differentiation, cell migration, autophagy and 
metabolism. Thus, the uncontrolled expression of miRNAs has been associated with 
cancer onset, progression and cancer spreading into metastasis. miRNAs up- or 
down-regulation has been linked to oncogenic and tumor-suppressive roles in all 
type of cancers. Altered expression of many miRNAs has been reported many 
human malignant tumors, participating in various cellular processes accordingly 
with its broad range of potential mRNAs target. Here, we want to briefly discuss the 
mechanisms underlying miRNA-mediated tumorigenesis in different human can-
cers, presenting, as an example, the oncogenic and tumor-suppressive function of 
miR-25. Moreover, we summarize the possible future as a potential diagnostic and 
prognostic parameter as well as therapeutic target in clinical applications and the 
main techniques to study miRNAs.
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 Introduction

miRNAs constitute a class of small, endogenous, noncoding RNAs (ncRNAs) of ~22 
nucleotides in length mainly transcribed by RNA polymerases (RNA-pol) II and at 
minor extent by RNA-pol III [1]. miRNAs regulate gene expression at the posttran-
scriptional level, acting as negative regulators of targeted specific mRNA translation. 
They act by binding to complementary sequences in the 3′ untranslated region (3′ 
UTR) of their target mRNAs. miRNAs can recognize more than one mRNA as spe-
cific target and, on the other hand, mRNAs may contain multiple binding sites for 
different miRNAs. This results in a complex regulatory network [2] that can control 
almost every cellular function. MiRNAs play important roles in cell proliferation, dif-
ferentiation and cell death [2–4]. Thus, miRNAs play crucial roles in oncogenesis by 
regulating cell proliferation, apoptosis, cell migration, autophagy and metabolism and 
they can act as either oncogenes (oncomirs) or tumor suppressors [5, 6].

mir-25 constitutes, with mir-106b and mir-93, the mir-106b/25 cluster, located on 
chromosome 7 (7q22.1) in the 13th intron of the MCM7 gene [7]. Both MCM7 and mir-
25 are induced by the transcription factor E2F1 and, at the same time, mir- 25 directly 
regulates E2F1 expression through interaction with its 3′UTR. This negative loop may 
be used from cancer cells as a way to escape E2F1-induced apoptosis [8]. In last years, 
much interest has been aroused by mir-25, supported by several evidences of its central 
role in both physiological and pathological mechanism. It seems capable of regulating, 
through different targets, some of most important pathway for cell survival, which regu-
lation may lead to insurgence of diseases, most of all cancers. mir-25 seems to be capable 
of inducing reprogramming by directly repressing Wwp2 and Fbx7 [9], two components 
of E3 and SCF ubiquitin ligases respectively, which cause degradation of Oct4, Notch 
and Klf5 [10–12]. Moreover, mir-25 seems to silence BIM expression so inhibiting 
apoptosis and regulating indirectly TGFβ signaling [7]. At least, it has a central role in 
regulating p53 activity. In 293T cells, overexpression of mir-25 seems to downregulate 
p53 causing a reduced expression of genes downstream [13]. In glioblastoma multiforme 
cell lines, instead, there are evidences of a negative feedback: mir-25 stabilizes p53 pro-
tein, so inducing cell cycle arrest; at the same time, p53, inhibiting E2F1 causes a reduc-
tion of mir-25 levels [14]. This dual role of mir25 in regulating p53 could be explained 
with a different mechanism of action depending on cell lines and diseases: the downregu-
lation of p53 mir-25-dependent could have a fundamental role in malignancy in which 
there are not somatic mutation in p53 gene [13].

 Examples of miRNAs Involved in Different Human Cancers 
with Oncogenic and Tumor-Suppressive Function

miR-221 and 222 were described as tumor suppressing factors promoting senescence of 
lung HDFs [15] and EC cells [16]. Moreover they inhibit angiogenesis in response to SCF 
by targeting the SCF receptor c-kit. On the other hand, both were found overexpressed in 

C. Caiazza et al.



131

many human cancers and are considered as oncogenes acting via down-regulation of the 
tumor suppressors p27, p57 and PTEN [17–19]. One of the most studies miRNA related 
to cancer is miR-155. It act as tumor suppressor gene inhibiting the transformation of 
human breast epithelial cells induced by ErbB2. Treatment with drugs such as Trastuzumab 
may results in the up-regulation of miR-155 and in a marked reduction of ErbB2 expres-
sion in ErbB2-positive breast cancer cells [20]. However, miR-155 represent one of the 
first example of oncogenic miRNA involved in myeloid and lymphoid malignancies and 
other cancer types [21]. Another example of miRNA considered as double edge sword, is 
represented by miRNA-146. While it is up-regulated during replicative and DNA damage- 
induced senescence of skin in HCA2, BJ and HDF cell lines, miR-146 may act as an 
oncomir by suppressing SASP via a negative feedback loop. Again, miR-130b may tar-
gets Zeb-1 and inhibits Zeb1-dependent EMT cancer cell invasion [22] while it acts as 
oncomir in glioblastoma by inhibiting Hippo signaling [23] and in esophageal squamous 
cell carcinoma by inhibiting PTEN [24].

All together, these few example clearly show how they can act in different way 
accordingly to the tissue and the mRNAs that can be targeted.

 miR-25 in Human Cancer

miR-25 is dysregulated in many different types of human cancers. Up to date, it has 
been shown that miR-25 can have several mRNA targets that are involved in mul-
tiple biological pathways, including proliferation, invasion, differentiation, apopto-
sis, and autophagy. Characteristic of this miRNA is to possess a dual oncogenic 
role, functioning principally as oncogene and in some cases as tumor suppressor.

 Oncogenic Role of mir-25

Breast (BC) and ovarian cancer (OC) are diffuses malignancy in women [25, 26]. 
The role of mir-25 in breast cancer seems to be correlated with onset of chemoresis-
tance. In fact it appear capable of negative regulate ULK1, a protein of ULK com-
plex that triggers the autophagy [27]. Treatments with isoliquiritigenin (ISL), a 
natural flavonoid isolated from the root of licorice [28] which acts inhibiting mir- 
25  in drug-resistant BC cells [29], cause a decreased expression of mir-25 and a 
consequently upregulation of ULK1. It leads to induction of autophagic cell death 
and accelerated degradation, via the lysosome pathway, of ABCG2 [29], an ATP- 
binding cassette transporter highly correlated with drug resistance [30]. mir-25 
expression levels result higher in both OC tissues and cells (OVCAR3, SKOV3, 
ES-2) compared to normal ones [31]. Moreover, mir-25 direct targets and down-
regulate LATS2 [31], a member tumor suppressors family LATS that plays an essen-
tial role in mediating Hippo (Hpo) growth inhibitory signaling [32]. The reduced 
expression of LATS2 promotes proliferation, migration and invasion of OC cells. 
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Treatments with mir-25 inhibitor restore normal expression of LATS2 suggesting a 
potential therapeutic strategy for OC treatment [31]. Moreover, there are evidences 
of mir-25 role on regulating apoptosis in OC: particularly it seems to act directly on 
Bim with an inverse correlation. Depletion of mir-25 explicates with increase of the 
intrinsic pathway of apoptosis with upregulated expression of both Bax and cas-
pase3 and downregulation of Bcl2 [33]. Gastric cancer (GC) has the second highest 
mortality rate among cancers [34]. Principals risk factors are both genetic predispo-
sition and environmental (diet rich in salt and nitrate, tobacco and alcohol consump-
tion) and also helicobacter pylori infection [35, 36]. mir-25 expression results 
increased in both GC tissues and cell lines compared to controls [37–41]. Its 
increases directly correlate with tumor phenotype. Through different targets, in fact, 
mir-25 cause increased cell proliferation, motility and invasion. Among several 
mRNAs target we focused on: RECK [37], LATS2 [38], TOB1 [39], FBXW7 [40]. 
Tumor suppressor RECK, a membrane anchored glycoprotein, act suppressing 
matrix metalloproteinases (MMPs) such as MMP-2, MMP-9 and MMP-14, which 
are directly involved in tumor invasion and metastasis [41]. Mir-25 overexpression, 
in MKN28 GC cell line, significantly suppressed both the mRNA and protein levels 
of RECK: transfecting SGC7901 GC cell line with its inhibitor, both mRNA and 
protein levels of RECK result increased [37]. A member of LATS tumor suppressor 
family, LATS2, is known for its negative regulation on cell cycle; particularly, it acts 
inhibiting G1/S [42] and G2/M transition [43]. Mir-25 action on LATS2 has been 
found in gastric adenocarcinoma (GAC). It seems to be capable of negative modulat-
ing LATS2 expression causing, with increased proliferation and reduction of apop-
tosis, cancer progression. Particularly, the effect of mir-25 on LATS2 seems to be 
stronger when acting simultaneously to mir-107 [38]. TOB1 (transducer of ERBB2) 
is a member of Tob/BTG family which negative regulate cell growth [44]. Loss of 
TOB1, induced by mir-25, promotes cell proliferation, invasion and metastasis in 
GC cells [39]. Tumor suppressor FBXW7 regulates a network of protein directly 
involved in regulation of cell division, growth and differentiation [45]. Also in GC, 
according with what seen in lung cancer, FBXW7 result downregulated in mir-25 
dependent way, with consequently tumor progression [40].

Hepatocellular carcinoma (HCC) is the second leading cause of cancer-related 
mortality, following lung cancer [46]. In most of cases, it develops consequently to 
principal risk factors: HBV or HCV infection, alcoholism, cirrhosis, non-alcoholic 
fatty liver disease and genetic predisposition [47]. According to several studies, mir- 25 
results involved in progression, development and prognosis of HCC. Expression levels 
of mir-25 results increased not only in HCC tissues and in cell lines (HepG2 and HuH7 
infected with a lentiviral vector overexpressing mir-25) compared to controls; how-
ever, its expression levels range in tissues connected from patients according to pres-
ence/absence of metastasis: mir-25 results more expressed with metastasis expression 
compared to the absence [48]. Experiments on mice evince the same behavior also 
in vivo [48]. Its overexpression in HCC cells enhances proliferation, migration, inva-
sion and activation of EMT. These effects results from mir-25 ability of targeting, on 
its 3′UTR, the tumor suppressor RhoGDI1 blocking its function [48]. When activated, 
RhoGDI1 acts as a negative regulator of Rho GTPases such as Rac1 and Cdc42, thus 
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modulating cell cycle [49]. By targeting and inhibiting RhoGDI1, mir-25 acts as a 
positive regulator of cell cycle inducing tumor proliferation. Moreover, still through 
RhoGDI1, mir-25 regulate, among several transcription factors, Snail, responsible of 
E-cadherin repression, then inducing EMT and promoting metastasis [48]. Furthermore, 
experimental evidences show a direct correlation between mir-25 and β-catenin levels 
in HCC: from these evidences, mir-25 seems to be positively regulated by Wnt/β-
catenin pathway [48]. A recent work report a different grade of methylation of genic 
region containing microRNA in HCC cell lines. Among several microRNA analyzed, 
mir-25 result hypomethylated and thus up-regulated, coinciding with above [50].

Lung cancer is often represented by Non-small cell lung cancer (NSCLC) , which 
accounts for 85% of all pulmonary carcinomas. A distinct form of lung cancer (~15% 
of the cases), associated with intensive history of smoking, is represented by Small-cell 
lung cancer (SCLC) [26]. In last years, many microRNA have been associated with 
lung cancer with both roles, tumor suppressors or oncogenes [51]. Several studies have 
showed a direct link between lung cancer and mir-25 particularly displaying its onco-
genic role. In both SCLC cell lines (H146, H209, H446, H510A, H889) and tissues, 
mir-25 expression results upregulated compared to normal fetal lung fibroblast cell line 
(MRC5) and non-tumor tissues [52]. Moreover, its downregulation, through mir-25 
anti-sense oligonucleotides inhibitor, reduces H510A cell proliferation, invasion and 
chemioresistence to cisplatin [52]. These effects are linked to mir-25 ability of targeting 
cyclin E2 on its 3′ UTR causing an increase of its activity. Indeed, mir-25 downregula-
tion induces G0/G1 cell cycle arrest in H510A cells [52]. The role of mir-25 in NSCLC 
has been widely investigated. Even in this case mir-25 expression levels results higher 
in NSCLC cell lines (A549, SPC-A-1, H460, H661) and tissues compared with normal 
bronchial epithelial cell line (16 HBE) and normal tissues [53]. Also in NSCLC, mir-25 
is correlated with tumor growth: its downregulation (with mir-25 inhibitor) lead to sup-
pression of cell proliferation, migration and invasion [53], and increases chemiosensi-
tivity to cisplatin [54]. Several target of mir-25 are described to explain its oncogenic 
role, particularly it seems to act regulating: modulators of cell cycle (FBXW7 [53] and 
Cdc42 [54]), EMT transition (Snail1 [55]) and modulators of apoptosis (RGS3 [56], 
MOAP1 [57]). Tumor suppressor FBXW7 (F-box and WD repeat domain- containing 
7), a protein in SFC (SKP1-CUL1-F-box protein) E3 ligase complex, determines target 
specificity identifying and targeting proteins for ubiquitination and degradation [45]. 
Cdc42, a small GTPase of the Rho family, regulate, between many cell function, the 
cycle progression [58]. Both FBXW7 and Cdc42 are targeted by  mir- 25 on their 3′UTR 
with opposite effects: reduced protein level of FBXW7 [53] and increase of Cdc42 
protein [54]. In both events, mir-25 shows an oncogenic role promoting cell prolifera-
tion, migration and invasion although opposed mechanisms. Supporting these evi-
dences, treatment with mir-25 inhibitor in NSCLC cell lines, explicates with increase 
of FBXW7 protein levels [53] and reduction of Cdc42 [54], and thus, with a conse-
quently decrease in proliferation, migration, and invasion. Between others targets, 
Snail1, a zinc finger protein that promotes EMT, has been showed increased in mir-25 
dependent way [55]. RGS3, a negative regulator of G-protein signaling [59], result 
downregulated by mir-25 in NSCLCs cells [56]. Besides, inhibition of mir-25 evinces 
not only a reduction in proliferation but also an increase of apoptosis through regulation 
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of its modulators: stimulated expression of caspase-3, -8, -9, and Bax, and suppressed 
of Bcl-2 [56]. Another regulator of apoptosis, MOAP1, is a further target of mir-25. It 
binds to Bax to initiate the caspase cascade leading to apoptosis [60]. In NSCLSs cells, 
MOAP1 results downregulated by mir-25 with a consequent decrease of apoptosis [57].

 Tumor Suppressor Role of miR-25

Prostate cancer is the most common malignancy and the second leading cause of 
cancer related death in men worldwide. Despite many progress in detection and 
treatment, the prognosis remain poor because of the high risk of developing metas-
tasis [26]. A key role in tumor initiation, metastasis and chemoresistance seems to be 
performed by prostate cancer stem or progenitor-like cells [61]. In this case, mir- 25 
expression seems to be directly correlated with differentiation: it result downregu-
lated in stem cells compared to committed ones [62]. Among several targets of mir-
25 in prostate cancer, much interest has been aroused by ITGAV and ITGA6, two 
integrins required for both stemness maintenance and acquisition of migratory and 
invasive phenotype [63]. Acting on cytoskeleton dynamics through downregulation 
of ITGAV and ITGA6 both at protein and mRNA levels, mir-25 causes a reduction 
of cell migration, invasion and metastatic ability, so operating, differently with what 
seen until this point, as a tumor suppressor. Thus, mir-25 seems to have a key role in 
inducing a less tumorigenic subpopulation of human prostate cancer cells [62].

A similar role of mir-25 has been found in colon cancer. Targeting and down-
regulating Smad7, a protein directly involved in metastasis and proliferation promo-
tion [63], mir-25 acts as a tumor suppressor, so explaining its low expression in 
colon cancer tissues and cells [37].

At the same time, in prostatic small cell neuroendocrine carcinoma (SCNC) an 
aggressive form of prostatic cancer, mir-25 display an oncogenic role [39]. In this case, 
mir-25 seems downregulated by p53. This negative regulation leads to a high expres-
sion of Fbxw7 and a consequent ubiquitination of its substrates included Aurora kinase 
A, a serine/threonine kinase regulating cell cycle [40], which results overexpressed in 
SCNC and seems to play a key role in cell proliferation and invasion [41]. P53 mutated, 
often found in SCNC, enabled to targeting mir-25 causes indirectly a decreased degra-
dation of Aurora kinase A, so resulting in an aggressive phenotype [39].

 miR-25 as Possible Diagnostic and Prognostic Marker 
in Cancer

Emerging evidences suggest that microRNAs may improve diagnosis and prognosis 
accuracy for several human pathologies including cancer. Analyzing mir-25 expres-
sion levels in OC and normal patients there are evidences of its possible role as 
biomarker. However, its trend seems to be opposite in tissues and cells. Serum levels 
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of mir-25 result downregulated in OC patients compared to normal ones [64] while 
in tissues not only there is higher expression in OC patient, but also this is correlated 
to poor prognosis [65]. The large involvement of mir-25 in GC pathogenesis allowed 
a deep analysis of its potential detection in blood. Several studies found its levels 
quite high in plasma so inducing to suppose its future potential role as biomarker for 
early detection of GC [66, 67]. Moreover, through these studies, it has been found a 
Single Nucleotide Polymorphism in mir-25, rs41274221, which may protect GC 
patients from tumor growth and metastasis [68]. The central role of mir-25 in HCC 
has promoted a succession of investigation for its role as a biomarker. There are 
evidences that both in tissues [69] and in plasma [70, 71] mir-25 detection could 
allow an early diagnosis. Besides, studies on patients’ tissue reveal a negative prog-
nostic role of mir-25: its overexpression is of predictive value on poor prognosis 
[72]. Direct links between mir-25 and lung cancer cells and tissues, encourage the 
interest on its application as a biomarker for early detection [73] of the disease. 
Finally, it has been shown plasma levels of miR-25 might be a clinically useful bio-
marker for cancer detection and the monitoring of tumour dynamics in oesophageal 
squamous cell carcinoma patients [74].

 Main Techniques Used to Study miRNAs

In the last decade, several methods have been set up in order to profile and to quantify 
microRNA (miRNA) expression in cells, tissues and even in body fluids. Although 
bioinformatics plays a big part in identifying putative miRNAs, they also need to be 
experimentally verified in the lab. A broad range of techniques, have been developed 
to overcome the challenges of miRNA profiling. These techniques, range from mea-
suring single miRNAs by conventional or multiplexed quantitative PCR in purified T 
cell subsets, to the genome-wide analysis of miRNA expression by microarrays and 
RNA sequencing. One of the most popular techniques for validating and accurately 
quantifying miRNAs is the quantitative real time PCR (qPCR). As well as being 
sensitive and quantitative, qPCR is also relatively inexpensive and flexible making it 
the preferred choice for validating novel miRNAs and for use in relatively small 
experiments. Arrays are typically chosen for larger studies covering multiple miRNA 
targets. While they are the least quantitative of the miRNA assay methods, conven-
tional DNA oligonucleotide arrays are a relatively inexpensive way to measure hun-
dreds of targets at once. RNA-seq uses the high-throughput capability of 
next-generation sequencing (NGS) platforms. While it cannot quantify miRNA lev-
els with the molar resolution of qPCR, deep sequencing of miRNA have the advan-
tage of being able to sample all miRNAs present in a sample, whether the researcher 
knows the sequence or not, making it an ideal discovery tool. Finally, Multiplex 
miRNA profiling assays using Firefly particle technology are a more recent addition 
to the range of tools available to assay miRNAs. A key benefit of this technique, is its 
ability to allow the validation of multiple miRNAs across a range of samples, without 
the labor intensive workflow or large sample requirement of other techniques.
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Chapter 8
Notch Signaling in Lung Cancer Initiation 
and Development

Kayla C. Lewis and Yi Liu

Abstract Cancer stem cells (CSCs), or tumorigenic cancer cells, are termed as a 
small proportion of tumor cells that are responsible for cancer differentiation, initia-
tion, development and drug resistance. Accumulating evidence has shown a wide 
range of cancers, such as lung cancer, is initiated from CSCs. Understanding the 
tumorigenic mechanisms of CSCs is one of the most pressing problems in modern 
biology. The Notch signaling pathway is characterized as one of the three core stem 
cell signaling pathways and plays an instrumental role in activating mutations and 
amplifications in lung cancer. In this chapter, we will briefly review the experimen-
tal model and clinical progress in lung cancer stem cell research and discuss the 
therapeutically potential target of Notch signaling in lung cancer stem cell research.

Keywords Notch signaling · Lung cancer · Cancer stem cells

 Introduction

The concept of the cancer stem cell hypothesis was proposed back to nineteenth 
century by Rudolph Virchow and Julius Cohnheim [1]. Cancer stem cells (CSCs) 
are defined as a small population of self-renewed cancer cells that give rise to dif-
ferent types of cancers and are responsible for tumor maintenance and metastasis. 
Existing chemical synthesis of drugs, radiation and chemotherapy can destroy large 
portions of tumors but not CSCs, which can potentially result in tumor recurrence 
and drug resistance. Current conventional therapies are not efficient and effective at 
rooting out cancer cells completely; initially reduce tumor in smaller size but 
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possess the potential to grow back due to its self-renewal characteristic. Therefore, 
it is imperative to target the unique characteristics of CSCs and may provide a new 
therapeutic insight to future cancer treatment.

Lung cancer is most common cause of cancer-related deaths worldwide [2]. 
According to the data from Surveillance, Epidemiology, and End Results (SEER) 
Program in 2016, it was estimated that new cases and death of lung and bronchus 
cancer will be 224,390 and 158,080 people in USA, which ranking second among 
all the cancer types. In lung cancer development, Notch signaling pathway plays 
pleiotropic roles in regulation of cell-cell communication and cellular fate determi-
nation. Deregulation of Notch signaling has been reported from series types of can-
cers including breast cancer [3], esophageal cancer [4] and T-cell acute lymphoblastic 
leukemia (T-ALL) [5]. Development of Notch inhibitors as a pharmacological and 
chemotherapeutic strategy to treat lung cancer has been documented. In this chap-
ter, we will first summarize recent lung CSC research in context of experimental and 
clinical evidence. Next, we will discuss the therapeutic roles of targeting Notch 
signaling in lung cancer tumorigenic cell research.

 Experimental Model and Clinical Progress in Lung Cancer 
Stem Cell Research

To identify CSCs, fluorescence-activated cell sorting (FACS) technology is used to 
detect cells with specific proteins on their surface. These specific proteins are less 
found on the surface of regular cancer cells than found in CSCs. For example, 
CD133 and CD44 are known as epithelial specific antigens (ESA) whose expres-
sions are thought to indicate stem cell like properties in lung cancer stem cell 
research [6, 7]. Human lung cancer stem cells isolated either from solid tumors or 
parental cell lines have been first identified with CD133, which has been suggested 
as a potential stem cell surface marker in several human lung cancer cell lines as 
well [7–9]. Sarvi et al. characterized CD133 expression, as a CSC surface marker, 
in small cell lung cancer (SCLC) cell lines and mouse models and showed the 
CD133 expression was positively correlated with chemotherapy in mouse and 
human SCLC cell lines [10].

CD44 is responsible for tumor growth and anti-apoptosis [11]. In a research of 
analyzing 195 lung tumor samples, higher expression of CD44 was found in higher 
grade of tumors and CD44 expression was higher in non-small cell lung cancer 
(NSCLC) compared to SCLC [12]. Up-regulated expressions of CD133 and CD44 
increase tumor formation and self-renewal properties and CD133+/CD44high cells 
are indicated to form spheres in vitro [13]. Another CSC marker in lung cancer is 
aldehyde dehydrogenase (ALDH) [14]. ALDH activity is an indicator of tumor pro-
gression and higher degree of metabolism. ALDH1high/CD133+ cells showed resis-
tance to common chemotherapy agents [14]. Roudi et al. also suggested CD133 and 
ALDH1 can be considered as stem cell marker in lung cancer patients and found 
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that ALDH1 and CD133 had higher expression in NSCLC compared to SCLC [15]. 
Increased epithelial cell adhesion molecule (EpCAM) is an indicator of tumor pro-
gression and higher degree of metabolism. The roles of EpCAM and CD44 are more 
like Co-CSC markers than CD133 because tumor-initiating population with 
EpCAMhigh/CD44high fractions is usually CD133+ [16].

Purified/enriched cancer stem cells that isolated from cell surface markers 
through FACS technology are able to grow as non-adherent spheres/oncospheres in 
defined medium cultures, which would be efficiently selected differentiated prog-
eny and continually re-passaged at certain clonal density [2]. Besides cell surface 
markers, another prospective strategy that will be used to identify CSCs is Hoechst 
exclusion assay, which is based on a fluorescent dye that is used to stain nuclear 
DNA but not CSCs due to the expression of the drug resistance transporter.

The second test to prove CSCs is to inject cells with specific cell surface markers 
into host mice that lack a cancer-fighting immune system or immune-deficient. For 
tumorigenicity experiments, 6–8 weeks old non-obese diabetic, severe combined 
immuno-deficient (NOD/SCID) mice were used. NOD/SCID mouse, which was 
known as lacking functional B and T cells, is characterized by complete defects to 
natural killer (NK) cells, macrophage and granulocyte numbers and functions. 
NOD/SCID mouse model allows tumor growth after tumor implantation of human 
xenografts in different sites or cancer cell lines [17] and has been shown to be a 
preclinical model for childhood acute lymphoblastic leukemia [18], cervix [19], 
colon [16], and prostate cancer [17]. In order to examine tumorigenicity, CSCs are 
more tumorigenic than parental cells. In tumor weight/size comparison CSC group 
form larger and heavier tumors than parental cell group injected with the same 
amount of cells. The tumor volume is estimated using V = (1/2)LH2, while L equals 
to the longest diameter and H equals to the shortest diameter.

In clinical studies, cell surface molecular signatures were used as diagnostic 
implications and therapeutic approaches. As mentioned before, CD133 was one of 
the most representative cancer stem cell surface markers. High expression of CD133 
was found significantly lower disease-free survival and higher incidences in 177 
patients examined with stage I [20]. Jiang et al. showed that ALDH1 expression is 
positively correlated with the clinical stage and malignant grade of lung tumors in 
303 clinical specimens from lung cancer patients [14]. Additionally, ALDH-positive 
patients showed chemo-resistant characteristic and have worse overall survival. 
ALDH1 was demonstrated as a prognostic indicator for lung cancer cells in another 
study of analyzing more than 200 clinically annotated NSCLC samples [21]. 
Immuno-histochemical staining showed significantly opposite correlation between 
ALDH1A1 and prognosis in those patients with stage I and N0. A systematic con-
clusion and comparison of prognostic value of CSC biomarkers in lung cancer tis-
sues was reviewed in Koren et al. [22].

Despite experimental evidence in support of the expression of CD133 has an 
early prognostic value in NSCLC tumors, controversies surrounding the CSC model 
still remain. Salnikov et  al. has confirmed the chemo-resistant role of CD133- 
positive in 88 cases of previously untreated NSCLC, however, there was no differ-
ence found between CD133-positive and CD133-negative patients [23]. On other 
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hand, the prognostic role of CD133 was not clearly reported in lung tumors as well 
[20, 23]. Another controversy issue of tumorigenic characteristic about CSC is the 
sensitivity of the cell surface marker. For example, CD133-negative cells showed 
similar tumorigenic features, including colony formation, self-renewal, prolifera-
tion, differentiation, and invasion, as well as chemotherapy resistance, as CD133- 
positve in human lung cancer adenocarcinoma cell lines A549 and H446 [24]. In 
addition, Ucar et al. injected ALDH-positive and ALDH-negative cells into NOD/
SCID mice and found both cells were tumorigenic [25]. Those controversies and 
uncertainties suggested more robust markers are needed for CSC purification and 
isolation in the future direction.

Besides lung CSC, several CSC models have been isolated and identified from 
solid tumors based on cell-surface marker expression currently, such as acute 
myeloid leukemia [26], breast [27], brain [28, 29], head and neck [30], colon [31, 
32] and pancreatic cancer [33]. The worldwide acceptance of CSC model keeps it 
an important role of cancer biology and clinical implications for lung cancer. There 
are considerable experimental data support and confirm the concept of CSC that a 
subpopulation of cancer cells that potentially result in resistance to therapeutic strat-
egies and tumor regrowth. A lung CSC working model in lung cancer-derived cell 
lines (parental cell line) or lung tumors has been widely studied. The CSC experi-
mental model was used to not only identifying and isolate lung CSCs with specific 
stem cell surface markers but also targeting subpopulation of tumorigenic cells 
through major stem cell regulated pathways by blocking their CSC-like activity. 
Since the capacities of self-renewal, tumorigenicity, and differentiation of lung CSC 
are governed by their genetic makeup, the gene expression changes and stem cells 
regulated pathways during the biological processes are important in understanding 
the characteristics of lung CSC and developing in therapeutic strategies for patients 
with lung cancer.

 Notch Signaling in Lung Cancer Stem Cells

In human tumors, there are several developmental signaling pathways responsible 
for maintaining stemness, self-renewal and cell-fate determination including Wnt/β- -
catenin signaling, Hedgehog (Hh) signaling and Notch signaling pathways. In brief, 
Wnt/β-catenin signaling pathway regulates pluripotency and cell fate decisions, 
although this may occur through a non-canonical mechanism [34]. Hedgehog sig-
naling pathway is essential for pluripotency development and plays critical roles in 
tissue maintenance, growth and differentiation [35]. Notch signaling is a highly 
conserved embryonic pathway in in multicellular organisms that frequently regu-
lates cellular fate determination [36]. Signaling through these pathways results in 
the expression of three key transcription factors: octamer-binding transcription fac-
tor 4 (OCT-4), SRY (sex determining region Y)-box 2 (SOX2), and Nanog homeo-
box (NANOG) [37]. Several research and reviews have addressed the roles of those 
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pathways and genes in tumorigenesis and highlighted the potential therapeutic strat-
egies for eliminating CSCs by targeting the signaling pathways [38–40].

The oncogenic role of Notch signaling has been shown to be critical for cell 
proliferation, differentiation, cell-cell fate determination and homeostasis [41] in 
variety of human tumors including lymphoma, breast cancer, colorectal cancer, 
head and neck cancer, lung cancer, pancreatic cancer, and prostate cancer [42–45] 
as we mentioned above. Notch activity has been shown to be a distinguishing marker 
of NSCLC CSCs [46]. To determine the presence of Notch activity in the NSCLC 
adenocarcinoma, a Notch GFP reporter was used in combination with a γ-secretase 
inhibitor, a known inhibitor of the Notch pathway activity [47]. The results of this 
showed a subset of cells with high Notch activity. These high Notch activity cells 
also exhibited chemotherapeutic resistance, tumorigenity in xenograft models, and 
the ability to produce either cells with high Notch activity or cells with low Notch 
activity, suggesting a stem-like phenotype. Additionally for NSCLC, it was deter-
mined that high Notch activity causes an increase in sphere formation as well as 
self-renewal. Another determining factor of CSCs is chemotherapeutic agent resis-
tance [48]. When cells are treated with chemotherapy drugs, such as cisplatin, doxo-
rubicin or etoposide, a subset of these cells will survive (drug surviving cells, DSCs) 
[49]. These remaining chemotherapeutic resistant cells show high tumorgenetic 
potential, ability to self-renewal and express known CSC cell surface markers in the 
lung such as CD44, CD133, ALDH, and CD166 [50]. In vivo studies verify that 
lung CSCs have similar properties to lung CSCs generated from in vitro studies. 
These properties include undifferentiation of cells and self-renewal. In a study con-
ducted by Kajstura, et  al., the lungs of mice were exposed to damage and then 
injected with human CSCs [51]. After 2 weeks in vivo, lung CSCs were identified 
via the surface markers mentioned previously. It was verified that the cells present 
were in fact CSCs. Furthermore, verification of stemness was seen in these in vivo 
cells as they showed undifferentiation and self-renewal, known phenotypic charac-
teristics of lung CSCs.

The study of Notch signaling in lung cancer stem cells is limited. The Notch 
pathway is involved in the lung tumorigenesis has been demonstrated in elevated 
levels of Notch transcripts in non-small cell lung cancer (NSCLC) cell lines [52, 
53]. Inhibition of Notch signaling by MRK-003, a well-studied γ-secretase inhibi-
tor, resulted in lowering of tumor cell proliferation, induction of apoptosis and inhi-
bition of serum independence of lung cancer cell lines in vitro and mouse models in 
vivo, suggestion a potential clinical therapy [54]. Further study showed decreased 
clonogenic capacity due to inhibition of Notch3 by γ-secretase inhibitor in NSCLC 
cell lines [53]. As we mentioned the importance of Notch3 in the maintenance of 
cancer stemness, observations of knocking down Notch3 showed decreased onco-
sphere growth, clonal expansion, cell viability and soft agar growth in lung adeno-
carcinoma (LADC) cell lines [55].

To conclude, Notch signaling pathway plays different roles, either tumorigenic 
or tumor suppressive, in corresponding tissues. For example, a few studies have 
been showed that activation of Notch1 induces differentiation in glioblastoma cell 
lines [56, 57]. In contrast to the preventive tumorigenesis role of Notch, it’s been 
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thoroughly investigated and highlightly by the presence of physiological and onco-
genic transformation in T-ALL [58]. Taken together, to promote/maintain or repress 
tumorigenesis that is relevant to Notch pathway is highly context-dependent in cell- 
type specific and tissue-type specific manner. Given the specificity of Notch ligands/
receptors and the high recurrent rate of lung cancer, identification of lung cancer 
stem cell markers/pathways and selective Notch inhibitors in therapeutic strategies 
will be beneficial for patients with lung cancer.
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Chapter 9
TGF-β/Smad Signalling Pathway  
in Cancer

Mohadeseh Hasanpourghadi and Mohd. Rais Mustafa

Abstract Transforming growth factor (TGF)-β signalling pathway recently 
received attention as putative therapeutic target in cancer therapy. TGF-β is dual 
functional in development of cancer. In early stages of tumour development, TGF-β 
plays tumour suppressive, and as tumour progressed, TGF-β is an oncogenic factor. 
Functioning as tumour suppressor, TGF-β is a potential growth inhibitor. Cancerous 
cells show high sensitivity to TGF-β inhibition either by depletion of TGF-β signal-
ling components in genetic level or by perturbation of downstream signalling pro-
teins in protein level. Intense investigations had revealed that Smad proteins 
constitute as core components of TGF-β intracellular cascades. Typical develop-
ment of cancer often contains production of excess TGF-β which accelerates the 
invasion and metastasis as well as inhibiting the anti-tumoural immune responses. 
In order to design optimal approaches in cancer therapeutic regimes, comprehend-
ing the oncogenic function of TGF-β and function of its downstream proteins 
(Smads) are required. The approaches must be in the direction of inhibition of those 
TGF-β functions which induce metastasis phenotypes, but at the same time preserve 
its growth inhibitory effects. To date several anti-cancer drugs such as Genistein and 
several microRNAs such as microRNA-452, demonstrated the new insights in 
induction of tumour suppressive potential of TGF-β signalling pathways among 
various cancer types.
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 Introduction

Transforming growth factor (TGF)-β is a cytokine with multiple functions, basically 
was an isolated components from rat kidney fibroblast that could cause transform-
ing phenotypes [1]. Eventually came to light that TGF-β has growth inhibitory 
effects against many cell-lines [2]. Since then researchers began to investigate the 
molecular mechanism of autocrine tumour suppressive properties of TGF-β. There 
are several downstream signalling pathways that accelerate the growth inhibition 
property of TGF-β. Numerous proteins involved in these pathways are, namely: 
Smad2, Smad3, Smad4, TβRI, TβRII, which receive, produce or carrying the sig-
nals from cell membrane into nucleus. Endogenous or exogenous factors that cause 
loss of TGF-β, results in abnormal proliferation of tumour cells. In parallel direc-
tion, scientists found that the In vitro application of TGF-β enhances cancer cells 
invasion, metastasis and migration [3]. Over the time, several additional studies 
demonstrated that not only TGF-β is involved with transformation, but also is 
involved in metastasis and migration of cancerous cells. Today pile of evidences 
clarified that TGF-β plays as both pro- and anti-oncogenic factor [4]. At the embark 
of tumourigenesis, TGF-β suppresses the maturing of benign tumour, but as tumour 
develops, by biochemical or genetic changes, TGF-β rather to enhance tumour 
growth. TGF-β as an enhancer in more developed level of tumourigenesis, effect in 
both cancer cells and non-cancerous stromal cells exist in the tumour tissue. The 
greatest challenge regarding TGF-β in researches is not TGF-β tumour suppressive 
properties, but its oncogenic properties that causes outgrowth and metastases of 
tumour. The reason is that the most human cancer types retain an oncogenic func-
tion of TGF-β and its downstream pathways. Therefore, most successful strategies 
are those that beside considering the bifunctional properties of TGF-β, yet manage 
to focus on inhibition of pro-oncogenic properties of TGF-β [4]. Hence, compre-
hending the TGF-β’s exact mechanisms of activity in molecular level, and function 
of its downstream proteins that enhance oncogenic properties is crucial. In this 
chapter we elaborate TGF-β’s dual function, TGF-β receptors and their functions, 
the role of core components of TGF-β signalling (Smad proteins) and their regula-
tion, Smads’ subcellular localization, the effect of this localization in pro- or anti- 
oncogenic potency of TGF-β/Smad signalling, and current therapeutic regimes in 
control of TGF-β/Smad signalling in cancer therapy.

 TGF-β and Smads as Members of Signalling Pathway

TGF-β signalling pathway most likely has emerged in the first animal species to 
positively or negatively regulate multiple cellular gene expressions in regards to cell 
survival [5]. For instance, TGF-β suppresses the Inhibitor of Differentiation 1 (ID1) 
in epithelial cells of mammary glands. In another circumstance, TGF-β induces the 
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same gene in invasive breast cancer cells [6, 7]. TGF-β controls embryonic 
 development and maintains tissue homeostasis, by regulating cell proliferation, 
migration, morphogenesis, cytokine secretion, extra cellular matrix productions and 
apoptosis. TGF-β modes of response depends on the signals that cell receives [8]. 
TGF-β in most cell types is produced in the formation of latent complex consists of 
an active TGF-β, and 24-KDA cytokine with 80-KDA dimer formations of pre-pro 
region, also known as Latency-Associated Peptide (LAP) segment. Active TGF-β 
and LAP together are termed as Small Latent Complex (SLC). Two monomers of 
these complexes bind together by disulfide bridges and form a dimer complex. Next, 
SLC dimers bind to Latent TGF-β Binding Protein (LTBP) covalently and shape a 
Large Latent Complex (LLC). LLC has high affinity for Extracellular Matrix (ECM) 
[9, 10]. Extracellular spaces are rich in latent complexes which are secreted by cells. 
To release TGF-β from LAP, latent complex must be matured and activated. The 
matured TGF-β is required to be released from LAP. The process of latent TGF-β 
conversion into an active TGF-β differs in different cell types. In some cases prote-
ases cleave LAP and release the mature TGF-β. In some other cases, a multifunc-
tional secreted thrombospondin-1 (THBS1) attaches to LAP and interrupts the 
non-covalent interaction of mature TGF-β and LAP, and causes the liberation and 
exposure of active TGF-β [11]. Activated signals of TGF-β via two classes of recep-
tors, the TGF-β type I (TβRI) and the TGF-β type II (TβR II). These two receptors 
are serine/threonine kinase receptors that upon binding to TGF-β form heterodi-
meric formation. Although TGF-β 1 and TGF-β 2 bind to TβRII receptor, TGF-β 2 
only binds to TβRII receptor in the presence of TβRIII receptor. Any TGF-β bound 
to TβRII, further transactivates TβRI receptor and this is the rise of downstream 
signalling. If instead an atypical signalling occurs, such as phosphorylation of tyro-
sine residues, TGF-β receptors still can be attributed and activated [12]. TβRII phos-
phorylates TβRI, and phosphorylated TβRI binds to and phosphorylates Smad 
proteins. Smad proteins function by carrying received signals from cell membrane 
to nucleus and also are transcriptional factors. Therefore, TGF-β signalling occurs 
through Smad proteins. In genetic level, Smads are involved in transcriptional activ-
ities and repression. To be more specific, the actual result of Smad activation is 
absence or presence of other transcriptional factors [13]. There is another receptor 
known as accessory receptor (TβRIII) which binds to TGF-β to accelerate its inter-
action with TβRI and TβRII [14]. Smad2 and Smad3 which are transcriptional fac-
tors, are phosphorylated through TβRI.  These Smads are generally known as 
receptor phosphorylated Smads or receptor regulated Smads (R-Smads). Smad4 is 
a Co-Smad and R-Smad’s partner, plus it is not competent to be phosphorylated by 
TβRI.  Two additional Smads known as Smad6 and Smad7, act as inhibitors of 
TGF-β signals. Inhibitory Smads act in Smad-Smad interactions and also facilitate 
proteasomes that target degradation of TGF-β receptors [15]. In normal condition, 
Smads are continuously moving in and out of nucleus. Upon phosphorylation by 
TβRI, R-Smads are accumulated in cell’s nucleus wherein they accompany a cofac-
tor, land on particular gene promoters and regulate transcription [16].
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 TGF-β Signalling Activation and Intracellular Factors

TGF-β family has above 30 members in human cells. Four receptors and four Smad 
proteins equip the TGF-β signalling pathway [5]. TGF-β activin-nodal and Bone 
Morphogenetic Protein (BMP) are two ligand subfamilies which are defined by 
sequences similarities [14]. These ligands are disulphide-linked dimers which their 
dimerization is crucial for activation of receptor. The family members of TGF-β 
mostly play a role like paracrine factors. Upon ligand assembly to receptor, a com-
plex consists of two type I receptor and two type II receptors forms. Type I receptor 
propagates the signals, whereas type II receptor are activator. This complex has a 
short cytoplasmic segment which continued by a kinase region. This segment in 
type II BMP receptor (BMPR2) has a C-terminal extension. Within this complex, 
the type I receptor is phosphorylated by type II receptor in advance to signal propa-
gation [17]. By phosphorylation, a region inside type I receptor is switched from a 
inhibitor-binding domain that attaches to a specific inhibitor, FK506-binding pro-
tein (FKBP12), into a domain that binds to Smad substrate in order to phosphorylate 
and activate it [18].

In human cells, seven distinct type I and five contrasting type II receptors exist. 
Either the ligand is contiguous or non-contiguous determines the specific ligand and 
receptor pairing [19]. The TGF-β-nodal receptors are controlled by Bα and Bδ, 
which are two isoforms of regulatory subunit B, parts of protein phosphatase 
(PP2A). The PP2A which consists of Bα subunit, regulates the receptor positively, 
while PP2A which has Bδ subunit negatively regulates the receptor signalling [20]. 
Moreover in mammalian cells, TβRI can be sumoylated by a SUMO ligase which 
facilitates recruitment of Smad3 to the receptor to be phosphorylated [21]. 
Sumoylation of TβRI provides a docking domain for an adaptor which facilitates 
binding of Smad3 and the receptor. Upon TβRI activation, this receptor is internal-
ized through clathrin-coated pits into early endosome wherein TβRI attaches to 
Smad anchors such as SARA (Smad Anchor for Receptor Activation) and ZFYVE9 
which are necessary for the activation of receptor and mediates Smad2 and Smad3 
recruitment for their phosphorylation by activated receptor [22]. There is a homolog 
of SARA, an endofin known as ZFYVE16 with the same responsibility, but in BMP 
signalling pathway [23]. The only role of ZFYVE16 in TGF-β signalling pathway 
is scaffolding Smad4 and facilitating a complex formation made of Smad2, Smad3 
and Smad4 bound to receptor [24]. In mammalian cells SARA and Smad in com-
plex formation are stabilized by promyelocytic leukemia (cPML) tumour suppres-
sor protein [25]. Recently many additional regulators have been introduced which 
one way or another mediate early stage of TGF-β signalling pathway. Among them 
worth to mention, GTPase RAP2 that suppresses the recycling of activin/nodal 
receptor, as this way it controls the number of receptors [26]. Upon signalling RAP2 
antagonizes the negative response of Smad7, hence positively contributes to the 
signal propagation. Another regulator called RIN1, promotes endocytosis activity of 
TGF-β receptor and thus contributes to initiation of signalling [27]. In mammalian 
cells, PDZ-containing protein erbin (ERBB2IP) avoids association of Smad4 to 
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Smad2 and Smad3 and sends opposite effects to SARA and endofin [28]. The 
 receptor’s endocytosis activity controls the signalling and also regulates availability 
of ligand on the surface of the cell [29]. The regulatory proteins that are acknowl-
edged above, highlight the connection between the TGF-β signalling and control of 
receptor internalization. However many of these types of regulatory proteins, yet to 
be discovered [22].

 TGF-β Signalling Activation and Extracellular Factors

Seven factors outside of the cell determine the stimulation to some extent by TGF-β 
cytokine. The first factor is level of ligand production from the source which could 
be from different contextual elements [30]. Second factor is the ligands subtypes as 
they differ in affinity of receptor, such as TGF-β1 or TGF-β2 [31]. Third is numer-
ous ligand-trapping proteins that regulate ligand gradients formation in embryo- 
genesis and stores in adult cells [32, 33]. An example of trap is BMP that traps 
Noggin, blocks the receptor’s contacting domains in ligand [34]. Fourth, ligand’s 
mediators that are released from these traps are proper and their activity could be 
terminated. The activation of TGF-β1 complex includes conformational motions 
generated by contacts with integrins in cell surface [35]. Patients with Marfan syn-
drome carrying mutations in fibrillin 1 gene. This mutation contributes to an inad-
equate LTBP1 (Latent TGF-β1-Binding Protein 1) anchoring, and attributes faulty 
release of TGF-β1 in the cell surface of these patients [36]. Fifth factor is type of 
antagonistic ligands, which are also known as left-right determination factors. These 
factors suppress nodal-receptor pairing [37], such as inhibin which suppress activin- 
receptor binding [38]. Sixth, ligands are actually presented to main receptor by 
accessory receptors. For instance, TGF-β1 is presented to main receptor by β-glycan 
[38], or nodal-activin receptor binding is by TDGF1 also known as crypto [39]. A 
disease called haemorrhagic telangiectasia is due to mutation in the gene of acces-
sory receptor endoglin. This mutation similar to its client receptor, ACVRL1 causes 
this disease [40]. The seventh and the last factor is the combination of all TGF-β1 
signalling receptors. These seven factors cooperate together to initiate the TGF-β1 
signalling [17].

 Characteristics of Smad Protein

MAD is the first intracellular mediator of TGF-β signalling pathway which was 
found in Drosophila [41], and this discovery was followed by finding of orthologs 
proteins in worm and vertebrates, which were named “Smad” [42]. Smad signalling 
is the central channel for TGF-β context and responses of the gene and as such, 
Smad signalling recapitulates the essence of TGF-β context [17]. Smads are divided 
into three classes, including R-Smad, I-Smad and Co-Smads (Fig.  9.1). Among 
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them, only Smad2 and Smad3 (R-Smads) are phosphorylated and therefore, acti-
vated by TβRI.  Smads 1, 5 and 8 (another group of R-Smads) respond to BMP 
subfamily signalling (Fig. 9.1). Smad4, the Co-Smad, along with R-Smads include 
almost 500 amino-acids with two conserved domain, the C-terminal MH2 and 
N-terminal MH1 domains. R-Smads has a characteristic SS motif at C-termini. 
Most of R-Smads and Co-Smad at their MH1 domain appear to contain specific 
domain for DNA binding activity which probably act in translocation into nucleus. 
I-Smads including Smad6 and Smad7, in their N-terminal domain has vulnerable 
sequence homology to the R-Smads’ MH1 domain but they do not attach to 
DNA. MH2 domain is excessively conserved among all types of Smads, possibly 
because this domain is responsible for interaction with receptor, construction of 
heteromeric and homomeric Smad complexes and interaction with nuclear pore for 
nucleo-cytoplasmic transition. Both MH1 and MH2 domains connect to broad 
range of nuclear proteins, conductive to promote the transcription. The sequences 
between MH1 and MH2 domains include various phosphorylation sites which allow 
crosstalk between these domains and other signalling pathways. Among these two 
domains there is another sequence known as PY motif, which promotes the interac-
tion with Smurfs (Smad ubiquitylation regulatory factor). Smurf1 and Smurf2 are 
two HECT-domains include E3 ubiquitin ligases that marks Smad-associated TGF-β 
receptors for degradation via a 26S proteasome (Fig. 9.1). Dephosphorylation of 
Smads act in TGF-β signalling termination [14].

Fig. 9.1 Shows TGF-β in LLC formation and TGF-β/Smad signalling pathway in cytoplasm and 
nucleus. TGF-β also mediates Smad-independent pathways [43], such as several MAPK pathways, 
P38, ERK1, ERK2, JNK and PI3K pathway which are reported to be activated as feedback to 
TGF-β signals [44]. Besides, in some type of cells, TGF-β activates RHO-like GTPase [45]
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 How Activated TGF-β Receptor Complex Recognizes Smad?

TGF-β receptors are solo serine/theronin kinases which are introduced in human 
cells. Although why TGF-β facilitates serine/theronin kinases? and why they do not 
choose Tyr kinases similar to other cytokines with kinase-activating function, 
remained unclear [17]. TβRI exhibits an augment binding affinity to R-Smad. The 
question is, how such affinity emerges? The hint originated from a structural com-
parison between Smad2 and Smad4’s MH2 domains. This domain showed the pres-
ence of a surface patch with high level of positively charged, located near L3 loop 
on Smad2 but not on surface of Smad4. This certain surface includes conserved resi-
dues in R-Smads, but not in Co-Smads, therefore the mentioned residue on R-Smads 
was confirmed to be binding site for the phosphorylated GS region of TβRI [46]. A 
mutation on His331 on basic patch of Smad2 causes reduction of affinity for TβRI 
and phosphorylation by this receptor [18]. Phosphorylated form of R-Smad in 
C-terminal sequence, contributes to the specific Smad-receptor interaction. The 
activated receptor that choose to interact with a particular R-Smad, has the key rea-
son for its selection in the L45 loop of its kinase domain. This location specifies the 
receptor interaction with R-Smads only. As it is mentioned above, R-Smad also has 
a corresponding specificity for the receptor which is involved in its L3 loop. Hence 
the final structural formation and specificity delineation is based on both R-Smad’s 
L3 loop and receptor’s L45 loop [14]. Although, several other sequences on R-Smads 
are also reported to participate in R-Smad-receptor interaction [18].

 TGF-β Receptor Stabilization

Tetrameric formation of TGF-β receptor is induced by ligand, which includes two 
TβRI and two TβRII units. Once these receptors are activated, they are internalized 
by clathrin-coated pits or by clathrin-independent caveolin-1-positive lipid rafts. 
Both routes are representative of two distinct results [47, 48]. Clathrin mediates 
endocytosis and transfers the receptors to the early endosomes, acquire receptors 
recycling and transfer them back to cell surface, and improve the sustained signal-
ling. Caveolae the member of second route, transfers the receptors into ubiquitina-
tion system and to lysosome. The stimulation of TGF-β does not participate in any 
of these two endocytic routes-internalization patterns. Negative feedback loop of 
TGF-β signalling is defined by lipid rafts which are part of cell membrane domain. 
These rafts are defined upon generation of signals by TGF-β-induced I-Smads and 
E3 Ub ligases which govern a particular degradation of receptor [49, 50]. TGF-β1 
induces either Smurf1 or Smurf2, Smad7. BMP signalling induces Smad6 and the 
HECT (homologous to E6-AP carboxylterminus)-domain E3 Ub ligase Smurf1 [51, 
52]. The goal of TGF-β by inducing these proteins is to sustain and increase these 
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proteins cellular levels so consequently their suppressive action improves and this 
improvement serves signalling better when the signals progress over the threshold. 
Additionally, induction of I-Smad by TGF-β, causes increase of TGF-β protein lev-
els after they are degraded, so this action serves for initiation of next signalling. The 
interaction of Smurfs and I-Smads inside the nucleus are via WW domains of 
Smurfs and proline-tyrosine (PY) motif in I-Smads [53, 54]. The ubiquitination 
activity is blocked when C2 domain of Smurf2 binds beside catalytic cysteine on 
HECT domain of its own which leads to interruption of its own Ub thioester, further 
it causes self-inhibition [55]. Smurf2 diminish its own self-inhibition by binding to 
Smad7. Smurfs by their C2 domain, tether I-Smad/Smurf complex to part of cell 
membrane with lipid rafts where receptors bind and are ubiquitinated [56]. Within 
this activity, Smurf2 facilitates N-terminal sequence of Smad7 by participating in 
recruitment of E2 conjugating UbcH7 enzyme [57]. Heat shock protein 90 (Hsp90) 
adjusts Smurf2-mediated receptor ubiquitination, as suppressing Hsp90 caused 
elevated receptor ubiquitination [58]. The adaptor serine-threonine kinase receptor- 
associated protein (STRAP) stabilizes and recruits Smad7 to activated TβRI and 
TβRII receptors [59]. STRAP has WD40 associates with TβRI, TβRII and Smad7, 
leads to cause an inhibitory effect on this I-Smad. Moreover, two C2-WWHECT 
domain E3 Ub ligases target Smad7 and modify degradation of receptor [60]. Both 
of these proteins have similar structure to Smurfs and their functions are similar in 
regards of promoting receptor down-regulation, which finally causing reduction of 
R-Smads phosphorylation and also negatively effect on regulation of categories of 
transcription which initially are mediated by TGF-β. Atrophin1-interacting protein 
4 (AIP4/Itch) is another HECT domain E3 ligase implicated in down-regulation of 
TGF-β receptor. AIP4/Itch attaches to Smad7, consequently leads to recruitment of 
Smad7 and TβRI [61]. In epithelial cells, if TGF-β is overexpressed, AIP4/Itch 
causes Smad7 ubiquitination and degradation. Therefore, during early stages of 
TGF-β receptor internalization, AIP4/Itch coordinates different activities. 
Degradation of I-Smad/Smurf can be controlled by supplementary regulators. Salt- 
inducible kinase (SIK) participates in negative feedback loop of TGF-β and regu-
lates degradation of receptor [62]. This activity is accompanied with Smad7, 
therefore SIK enhances the turnover of TβRI-Smad7 ubiquitination. UCH37 is a 
deubiquitinating enzyme which binds to Smad7, and this attachment reverses the 
TβRI ubiquitination, causing TGF-β signalling stabilization [62]. Dapper2 is 
another regulator of TGF-β signalling components degradation. It causes TβRI’s 
lysosomal degradation [63]. Certainly we can conclude that regulation of degrada-
tion is a vital factor to assure an appropriate signalling and better outcome. TGF-β 
receptors are ubiquitinated and degraded by different co-regulating proteins that 
contain E3 ligases. The master regulator is I-Smads which controls both ubiquitina-
tion and de-ubiquitination. The degradation of TGF-β receptor regulates the TGF-β 
signalling pathway. Both proteasomal and lysosomal activities modify degradation 
of TGF-β receptor [52, 62].
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 R-Smad Stabilization

Intracellular R-Smads are phosphorylated by activated TβRI and their protein level 
and stabilization is controlled by Ub-proteasome system, either during TGF-β sig-
nalling or in steady condition. Smurfs at transcriptional level, are induced by TGF-β 
signalling. Their constant existence may effect steady condition of stability of 
Smad, because Smurfs attach to non-activated Smads. To be exact, Smurf1 attaches 
to Smad1 and Smad5 at PY motif and causes their ubiquitination [64]. Moreover, 
Smurf2 is able to ubiquitinate Smad1 and Smad2 at steady condition [65]. Smad3 
on the other hand, is not a target of Smurf and can be stabilized by a proteasome 
inhibitor at steady condition [66]. Therefore, ubiquitination of Smad3 occurs in 
non-signalling condition which indicates Smad3’s enough protein level at the begin-
ning of TGF-β signalling. U-box containing carboxyl terminus of Hsc70-interacting 
protein (CHIP) ubiquitinates Smad3 at steady condition and consequently, regulates 
cellular sensitivity of TGF-β. CHIP also is reported to ubiquitinate Smad1 [67]. Two 
other proteins, axin and glycogen synthase kinase 3-b (GSK3b) which are scaffold-
ing proteins, also cooperate in Smad3 basal stabilization [68]. These two scaffold-
ing proteins, enhance Smad3 phosphorylation at Thr66 sequence which causes 
Smad3 for ubiquitination. When the ligand binds to receptor and signalling is initi-
ated, TβRI receptor phosphorylates R-Smads at SXS-motifs of C-terminal. Next 
step, R-Smad binds to Co-Smad and in complex formation they translocate into 
nucleus and attach to chromatin [69]. Upon signalling initiation, the level of Smurf 
elevates, and those Smurfs induced by BMP, such as Smurf1 at its steady condition, 
is able to ubiquitinate Smad1 and Smad5 [64]. After Smad1 being phosphorylated 
by BMP type I receptor at its C-terminal motif, sequential phosphorylation of 
Smad1 continues by MAPK and GSK3β in the linker region [70]. The linker phos-
phorylation causes poly-ubiquitination of activated Smad1 through Smurf1. 
Treatment with proteasome inhibitors maintains higher Smad2 protein level that 
indicates proteasomes degrades phosphorylated Smad2 [71]. By the time signalling 
is initiated, Smurf2 interacts with Smad2 and ubiquitinates it [72]. Moreover, the 
HECT domain of E3 ligase AIP4/Itch that facilitates TβRI-Smad7 recruitment in 
order to negatively regulate TGF-β signalling, is also able positively enhance this 
pathway by promoting TβRI and Smad2 attachment, TβRI-mediated phosphoryla-
tion of Smad2 and ubiquitination [73]. To explain it more simple, AIP4/Itch by 
promoting the phosphorylation of Smad2’s C-terminal by TβRI, ubiquitinates it. 
That is why mice without AIP4/Itch, shows lack of TGF-β/Smad signalling. 
Ubiquitination of Smad2 also requires the RING domain E3 ligase CBL-B. In this 
case C-terminal phosphorylation of Smad2 by TβRI must be done extremely proper. 
That is why those mice with silenced CBL-B in their T lymphocytes show resis-
tance to differentiation and growth inhibition induced by TGF-β [74]. On the other 
hand, Smurf does not effect on Smad3 directly, even though Smad3 has PY motifs 
which spontaneously binds to Smurfs. Instead, Smad3  in phosphorylated and 
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activated form is degraded by SCF/Roc1 E3 Ub ligase [75]. In fact SCF/Roc1 
 terminates Smad3-induced signals in nucleus and causes Smad3 exportation from 
nucleus to cytoplasm to be degraded by proteasome. Phosphorylated Smad2 and 
Smad3 also can be degraded by a nuclear RING domain E3 ligase known as Arkadia 
[76]. Arkadia-dependant degradation occurs exactly after Smad’s transcriptional 
activities. As a consequence, Smad3 degradation means termination of Smad3-
induced signalling. Besides, another responsibility of Arkadia is to promote 
R-Smads’s promoter transcription activity, as silencing Arkadia in emberionic cells 
caused recruitment of hypoactive phosphorylated Smad2 and Smad3 [76]. 
Ubiquitination of Smad3 is also requires sumoylation by sumoylation specific E3 
ligase protein inhibitor of activated STAT (PIASy) [77].

 Co-Smad Stabilization

Upon phosphorylation of R-Smads, it binds to Co-Smad (Smad4) which together 
they bind a category of trimeric complex formation includes one Smad4 and two 
R-Smads (Fig. 9.1). This complex intercalates with DNA and recruits co-factors on 
DNA specific promoters [69]. Smad4 degradation or survival, depends on different 
E3 ligases. For instance, SCFbTrCP1 causes ubiquitination of Smad4 [78], and Jab1 
causes Smad4 proteasomal degradation [79]. Further, CHIP in corporation with 
Smad1 degrades Smad4 which leads to BMP signalling inhibition [67]. Mutated 
Smad4 was associated with various human cancer types due to its instability caused 
by mutation. Among E3 ligases, SCFkp2 has been shown to be a mediator for 
mutated Smad4 degradation [80]. Mono-ubiquitination of Smad4 at Lys-507 of its 
own MH2 domain causes increased transcriptional TGF-β signalling [81]. This type 
of ubiquitination on Smad4 also causes its transportation from nucleus into cyto-
plasm [82]. The mono-ubiquitination of Smad4 with one of E3 ligases, and poly- 
ubiquitination of Smad3 by SCF/Roc1 is stimulated by acetyl-transferase p300 and 
a nuclear co-activator [75, 83]. Sumoylation of Smad4 targets two goals during 
TGF-β signalling. First, the sumoylation causes accumulation of Smad4 in nucleus 
and its stabilization, which in turn, it is beneficial to TGF-β signalling [82], and 
secondly, Smad4 sumoylation causes inhibition of transcriptional activity of Smad4 
[84]. The final level of sumoylation effects on TGF-β signalling are mixture of dif-
ferent sumoylations at receptor, Co-Smad and R-Smad steps. Now we know that 
Co-Smad and R-Smad both are ubiquitinated by various E3 ligases, which each 
could perform solo or in sequential steps respectively. Either way, E3 ligases activ-
ity gives the right amount of Smads to the cell. The correct amount and types of E3 
ligases yet to be discovered.

M. Hasanpourghadi and M. R. Mustafa



161

 I-Smad Stabilization

Complex of I-Smad, Smad6 and Smad7 are part of negative feedback of TGF-β 
signalling pathways [49] (Fig. 9.1). I-Smad alone has multiple responsibilities in 
different stages of pathway including at receptor, Co-Smad, R-Smad and nuclear 
Smad complex stages. Smad7 is most studied I-Smad could be an example of mul-
tiple responsibilities throughout of pathway. Smad7 is a mediator for ubiquitination 
and degradation of TβRI, TβRII ad Co-Smad [52], transfers phosphatases, and dis-
rupts interaction between TβRI and R-Smad or between R-Smad and Co-Smad 
[49]. Smad7 is a target for both acetyl-transferases such as p300/CBP and Ub ligase 
[52]. To be more specific, Smurf1 and Smurf2 bind to Smad7 linker region of PY 
motif and ubiquitinate Smad7 [85]. Moreover this activity of Smurfs possibly is 
connected to Arkadia’s activity as in poly-ubiquitination and proteasomal degrada-
tion of Smad7, as Smurfs attachment to Smad7 may ubiquitinates a specific protein 
and that causes Smad7-degradation activity of Arkadia [86]. Stabilization of Smad7 
occurs by p300/CBP acetylation of a lysine that can be ubiquitinated as well, there-
fore this acetylation suppresses the degradation and in another word, stabilizes the 
Smad7 [87]. In contrast, Smad7 in acetylated form could be deacetylated by histon 
deacetylases (HDACs) and therefore releases Smad7 for ubiquitination [88]. Smad6 
relatively is less known compared to Smad7. Smad6 mediates forming bridge 
between transcription factor Runx2 and Smurf1, and causing ubiquitination and 
proteasomal degradation of Runx2 [89]. Smad6 mediates repression of transcription 
and for this activity requires recruitment of HDACs [90]. PRMT1 is a nuclear pro-
tein N-methyltransferase that dimethylates Smad6 and alters its transcriptional 
activity and protein ubiquitination [91]. During TGF-β signalling, protein stability 
is also regulated by R-Smad-dependent ubiquitination and proeasomal degradation 
of numerous proteins. R-Smad and I-Smad both can transfer Ub ligases such as 
Arkadia and Smurfs to the protein that is targeted for ubiquitination [92].

There are additional factors participating in limiting the activity of Smad. Smad’s 
C-terminal phosphorylation is removed by phosphatase. In order to binding to 
DNA, P300 and CBP (cyclin AMP response element-binding protein) are two co- 
activators that acetylate Smads on Lys residue which is in MH1 domain [93]. 
Another post-translational modification on Smad is sumoylation. Smad is also 
involved with a negative feedback by inducing Smad7 expression which causes 
recruitment of Smurf to BMP and TGF-β receptors for endocytosis-related poly- 
ubiquitination and degradation [85]. The ubiquitination of receptor is carried out by 
a deubiquitinase, USP4 (ubiquitin-specific processing protease 4), along with 
USP11 and USP15. Smad7 causes recruitment of Smurf2 and USF15 to TGF-β 
receptor, wherein these two enzymes compete with each other [94]. USP15 also is 
able to deubiquitinate R-Smad [95]. BAMPB1 (BMP and activin membrane-bound 
inhibitor) is a decoy receptor, and SKIL interferes with Smad at transcriptional 
complex which produces negative feedback [96].
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 Termination of TGF-β Receptor/Smad Signalling

At first glance, the members of TGF-β family, looks simple: a ligand binds to serine/
threonine kinase transmembrane receptor that causes the activation of intracellular 
Smad. Subsequent signal continues in nucleus to regulate gene transcription. 
Increase of knowledge revealed additional information in each step of TGF-β/Smad 
signalling pathway. All of TGF-β family members are connected and regulated by 
other signalling pathways. Moreover, Smad signalling is under broad interactions 
by other proteins and their post-translational modifications. Besides, developing 
knowledge brought our attention on how TGF-β signalling is terminated in means 
of controlling this versatile pathway [49].

There are association between trafficking of TGF-β receptors, function and ter-
mination of downstream signalling pathways. TGF-β receptors can connect with 
intracellular events through at least two routes that anticipate whether signalling 
receptor must be taken seriously to initiate a response or else, it must be degraded 
[47]. Internalization of TGF-β receptors through clathrin, boosts the signals by 
mentoring the receptor to a primal endosome. This route is also stimulated with the 
cytoplasmic form of promyelocytic leukemia protein (cPML). This stimulation ulti-
mately mediates the receptors to transfer back to surface of the cell [25]. Another 
TGF-β receptors internalization is through lipid-raft-caveolae-1 that includes recep-
tors attached to I-Smad-Smurf which marks the receptor for degradation [47]. Any 
kind of interfering with one of the routes would switch the internalization to another 
route, and in contrast, enhancing one of the routes would inhibit internalization of 
the other route. The impact of the receptor trafficking on final signalling is different 
among different cell types. For instance, in cells with caveolin deficiency, TGF-β 
signalling occurs in absence of clathrin-dependent endocytosis [97]. TGF-β is not 
involved in trafficking of TGF-β receptor. TβRI is marked for poly-ubiquitylation- 
mediated proteasomal degradation by the Smad7-Smurf E3 ligase complex [98]. 
Smurf1 and Smurf2 have higher affinity for I-Smads compared to R-Smads via their 
paired interaction motifs [57]. Formation of I-Smad-Smurf complex occurs in cell’s 
nucleus in the next step they are targeted to lipid raft vesicles by Smurfs. When 
Smad7-Smurf2 associate with a TGF-β receptor, both TGF-β receptor and Smad7 
are destined to be ubiquitinated and go through degradation by proteasomes and 
lysosomes [52]. Those mice that carrying Smurf1 deficiency, do not exhibit TGF-β 
signalling improvement, and that is possibly due to Smurf1 and Smurf2 unneces-
sary function in TGF-β signalling [99]. Moreover, NEDD4-2 and TGIF interacting 
ubiquitin ligase (Tiul)1/WWP1 associates with Smad7 that causes degradation of 
TβRI [100]. Smad7 is known to recruit a phosphatase complex of PP1c and 
GADD34 to activated TβRI receptor, and consequently inactivate the receptor 
[101]. In endothelial cells another type of TβRI was shown to be inactivated by 
dephosphorylation of protein phosphate PP1α which apparently is recruited in a 
Smad7-dependent manner [102].
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 Genomic Stability by TGF-β/Smad Signalling

Mutations on those genes that encode TGF-β receptor or ligand occurs rarely in 
human cancer cells. For instance, in a study of 500 breast cancer cases, 92% of 
cases had a normal TGF-β/Smad pathway activation due to positive nuclear and 
phosphorylated Smad2 [103]. In fact, most of transcriptional responses that were 
mediated by TGF-β, are intact and functional in cancer cells that succeeded to 
escape the proliferation controls. Increased level of TGF-β in cancerous cells is able 
to promote neoplastic progression in different possible ways. Upon production of 
TGF-β in malignant cells, it plays in the way to inhibit immune responses, and 
accordingly it promotes the production of extracellular matrix [104].

One of the least well-recognized consequences of TGF-β reduction, is genomic 
instability (GIN), as TGF-β1 deletion causes increased level of GIN [105]. By cul-
turing keratinocytes isolated from TGF-β1 null and wild type mice, it is shown that 
null cells have a 1000-fold increased level of mutant clones which were resistant to 
a well-known potent inhibitor of pyrimidine nucleotide synthesis, N-phosphonacetyl- 
l-aspartate (PALA) [106, 107]. This resistance is due to amplification of a gene that 
encodes dihydrofolate reductase. Other discovered signs of GIN are reported as 
chromosomal instability, increased level of centrosome aberration, spontaneous 
DNA damages even in non-cancerous cells. Mammary epithelial cells which carry 
heterozygous TGF-β1, with 10–30% abundance of TGF-β in comparison with wild 
type epithelial cells, they cause more GIN [107]. It is reported that radiation pro-
motes TGF-β activity in both normal and cancer cells in vitro and in vivo [108]. 
These type of data simplified the importance of TGF-β as regulator of gene expres-
sion that are involved in encoding key DNA damage response (DDR) proteins 
[109]. On the contrary, epithelial cells carrying TGF-β-null, fail to go through cell 
cycle arrest or apoptosis as reaction to high-dose of radiation [110]. Failure to go 
through cell death is due to absence of DDR indicates an obvious decrease of ataxia 
telangiectasis mutated (ATM) activity induced by radiation [111]. ATM as a PI3K- 
related kinase, regulates a vast DDR signalling pathways such as some of cell cycle 
checkpoints, DNA repairing signalling pathway and programmed cell death. 
Besides, ATM is most firmly activated protein in response to signals from DNA 
double-strand breaks (DSB) [112]. Mutated ATM causes a type of GIN syndrome 
ataxia telangiectasia which is characterized by extreme sensitivity to toxic effect of 
radiation [113]. For instance A-T cell-line is in this condition, therefore being 
exposed to ionizing radiation causes numerous complex or simple chromosomal 
abnormality and unrepaired DNA damages [112]. DSB elicits induction of a bulk of 
proteins involved in checkpoint controls or repairing system, such as checkpoint 
protein CHK2, DSB repair protein RAD51, tumour suppressor p53-binding protein 
1 (53BP1) [114]. In response to DSB, ATM is also activated and as a proper 
response, it phosphorylates various substrates to regulate the DDR and cell cycle 
checkpoints by controlling its downstream pathways which each of these pathways 
are targeting several of their own downstream pathways such as CHK1 and CHK2. 
For example, ATM activates and stabilizes p53 by phosphorylating this protein. P53 
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activation and stabilization makes it a major player in G1-S cell cycle checkpoint 
and in p53-induced apoptosis [112].

TGF-β signalling regulates the kinase activity of ATM, as TGF-β depletion or 
inhibition in human cells impact on ATM auto-phosphorylation and activity. This 
impact is followed by DNA damage-induced cell cycle checkpoints and increased 
sensitivity to radiation [111, 115]. On the other hand, suppression of TGF-β recep-
tors by an inhibitor, mimics the consequences of TGF-β deletion [116]. As it is 
mentioned above, the receptor associated Smads including R-Smad1, 2, 3, 5 and 8 
are localized in cytoplasm. Upon activation of TGF-β receptor by a ligand, R-Smad 
is phosphorylated and with the aid of Co-Smad4 translocates into nucleus and cause 
retention of R-Smad to promote expression of target gene [117]. Smad7 is able to 
bind at or near a DSB regions, maybe due to its ability to bind to any DNA elements 
with minimal Smad-binding elements CAGA box [118]. Phosphorylated Smad2 is 
not able to binds to DNA directly, therefore targets DSB by interaction with other 
repair proteins after chromosomes are remodelled. This was observed mainly in G1 
cell cycle phase which can be considered as the role of phospho-Smad2 in G1-S 
checkpoint or as primary role of phospho-Smad2 in the non-homologous end join-
ing (NHEJ) pathway, in addition to Smad2’s role as a transcriptional factor. Besides, 
Smad2 and Smad3 interact with p53 [119, 120]. Applying ATM inhibitor causes 
blockage of Smad2 phosphorylation which indicates that the activity of ATM kinase 
is required for Smad2 to be phosphorylated in response to DNA damage. High dos-
age of radiation or applying DNA damaging agents causes co-localization of Smad3 
with DSB proteins [121]. Smad7 acts as a scaffold in phosphorylation of ATM in 
prostate cancer cells that are stimulated by TGF-β [122]. Further it is reported 
Smad7 maintains cell survival after application of DNA damaging agents through 
facilitating and accelerating the ATM-dependent DNA repair [123]. An study 
showed deletion of Smad7 protein in embryonic fibroblast cells of mouse, reduces 
ATM activation and suppresses ATM recruitment to DSB by interrupting the inter-
action between ATM and Nbs1. Overall observation indicates the notion of com-
plete crosstalk between ATM response signalling pathway and TGF-β/Smad 
signalling [124].

 TGF-β/Smads Signalling and Other Cellular Pathways

 MAPK

The linker region of Smad is a hotspot for regulatory input’s integration. In response 
to growth factors, this region is phosphorylated by MAPKs (mitogen-activated pro-
tein kinases) [125]. Moreover, Ras-Raf-MAPK pathway exhibits oncogenic poten-
tial by phosphorylating Smad3 linker domain via MAPK, further preventing Smad’s 
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C-terminal phosphorylation by a TβRI kinase domain leading to suppression of 
TGF-β cytostatic effects [126]. In response to stress, same region is phosphorylated 
by CDK4 in embark of cell progression [127]. The key in this regard is GSK3 phos-
phorylation of MAPK-primed or CDK-primed Smad linker. WNT is able to sup-
press GSK3, that it initiates a cooperation between itself (WNT) and BMP pathways 
[70]. Another association between MAPK and TGF-β pathway is through activating 
extracellular-signal-regulated kinases 1 and 2 (ERK1 and ERK2) which leads to 
induction of Epithelial to Mesenchymal Transition (EMT) [128].

 FOXO

Cooperation with AKT pathway is available through FOXO factors, which are part-
ners for Smad [129]. TGF-β signalling pathway’s cytostatic program includes 
highly controlled p21Cip1 central. C-myc-Miz complex inhibits activation of p21Cip1, 
however, TGF-β relieves this barrier by down-regulating the c-myc. TGF-β- 
mediated Smad-Foxo complex targets p21Cip1 to fulfil the activating task. 
Investigating the underlying molecular mechanism has revealed that Smad3 and 
Smad4 bind to Foxo3 or Foxo4 and then bind to p21Cip1 promoter which has con-
tiguous SBE and FHBE regions. These regions are necessary for Smad and Foxo 
binding and transactivation of p21Cip1 induced by TGF-β. Silencing Foxo causes loss 
of p21Cip1 induction, while the response of other TGF-β genes stay stable. For 
instance in HaCat cells, silencing Foxo, suppressed activation of 15 out of 118 
TGF-β early gene responses [129].

 PI3K/AKT

TGF-β is able to induce apoptosis through repression of PI3K/Akt/survivin path-
way. Activation of Akt is linked to survivin, an inhibitor of apoptosis protein (IAP), 
as Akt mediates expression of survivin gene [130]. Survivin suppresses the activa-
tion and overexpression of caspase-3, caspase-7 and caspase-9 which is shown in 
multiple human cancer types, increases the resistance to numerous apoptotic stimuli 
[131]. In response to nutrient deprivation stress and growth factor, TGF-β represses 
endogenous activity of Akt. This action indicates that there is a negative crosstalk 
between TGF-β tumour suppressor potential and PI3K/Akt pathway [132]. 
Furthermore, the PI3K/Akt pathway activation is required for TGF-β-induced EMT 
and migration of the cell [133]. TβRI receptor in association with p85 which is PI3K 
subunit, activates PI3K activity [134].
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 RAS

TGF-β and RAS signalling pathways both are central of tumourigenesis and in 
some cases they are reported to exhibit synergism based on stage of tumour devel-
opment. TGF-β depends on stage of the tumour, induces the increased level of 
Cyclin-Dependent Kinase Inhibitors (CDKIs) p15Ink4B and p21Cip1, and induces 
c-MYC repression and repression of Inhibitors of Differentiation (IDs). As a result, 
cells differentiate, cell cycle is blocked and cell is in the edge of death [13]. This 
type of TGF-β signalling pathway activity, as it is mentioned before, is upon early 
stages of tumourigenesis. Unlike tumourigenesis, pro-oncogenic potential of TGF-β 
signalling pathway includes down-regulation of CDKIs, interfering extracellular 
matrix (ECM) production, mitogens’ autocrine regulation, promotion of cell migra-
tion and EMT.  The switch between anti-oncogenic potential and pro-oncogenic 
potential is not fully understood, however evidences show RAS signalling is 
involved in this conversion [135]. Investigations showed that RAS mainly interferes 
with Smad2 and Smad3 activation and also disrupts Smad-dependent transcription 
factor complex [136].

 COX

Cyclooxygenase (COX) is a rate-limiting enzyme in prostanoid synthesis. COX1 is 
constantly expressed but the level of COX2 is not stable and depends on stimuli. 
Although COX2 is overexpressed in many cancer cells. A predominant prostaglan-
din, prostaglandin E2 (PGE2), exerts its effect via G protein-coupled receptors such 
as EP1-EP4, and it is involved with cancer cell proliferation and angiogenesis. In 
Non-Small Cell Lung Cancer (NSCLC) such as A549 cell-line, epidermal growth 
factor receptor (EGFR) and COX2 are overexpressed. TGF-β1 induces down- 
regulation of COX2 protein in A549 cell-line, which is associated with growth sup-
pression and facilitation of fibrotic EMT response. This result suggests TGF-β1 
alteration of COX2/PGE2 signalling, is a decision-maker in NSCLC A549 cellular 
processes [137].

As regards to participation of COX2, mammary epithelial cells from immotile 
condition to a motile condition through EMT, displayed an abnormal expression of 
COX2, associated with development of breast cancer tumourigenesis. Elevated 
expression of COX2 contributes to breast cancer invasion and metastasis to the bone 
and lung [138], while COX2 inhibition or deficiency contributes in decreased 
tumourigenesis of mammary cells [139]. It is reported that COX2/PGE2/EP recep-
tor signalling needs GSK3β activity to disrupt TGF-β-induced Smad2/Smad3 sig-
nalling, as COX2/PGE2/EP receptor signalling causes reduction of overall cellular 
Smad3 and impairs the ability of Smad3 to translocate into nucleus as a feedback to 
TGF-β. In another direction, in order to activate GSK3β, EP receptor activates 
PI3K/AKT, ERK1, ERK2 and 3′5′-cyclic adenosine monophosphate as well. All of 
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these proteins as response to TGF-β, participate in Smad2 and Smad3 regulation. 
Hence, they have relative contribution with COX2/PGE2 signalling in response to 
TGF-β in mammary cells [140].

 MED15

MED15 is mediator of RNA polymerase II which its deficiency contributes in atten-
uation of TGF-β-targeted genes expression namely P21 and PAI-1, decreases TGF- 
β- induced cell growth and participates in TGF-β-induced EMT through eliminating 
the phosphorylation and nuclear translocation of Smad2 and Smad3. Smad3 con-
tains a binding domain to a region in MED15 which is critical pairing for Smad3- 
dependent transcriptional activity. MED15 additionally, is overexpressed in many 
cancer types which consequently causes hyper-activation of TGF-β signalling 
through hyper phosphorylation of Smad3. Transfection of MED15 silencing RNA 
reduced TGF-β/Smad signalling and ultimately decreased metastatic activity of 
metastatic breast cancer cells. In reverse, TGF-β up-regulates MED15 in both RNA 
and protein levels, while it did not change the level of other mediators such as 
MED6 and MED16 in breast cancer. A TGF-β inhibitor, A83-01 appeared to inhibit 
the up-regulation of MED15 and PAI-1 [141].

 TGF-β Pathway Components in Cancer

The cellular responses mediated by TGF-β are vital for tissue homeostasis mainte-
nance. In fact dysregulation of TGF-β pathways are associated with various human 
disorders such as cancer [8]. In some conditions, due to its apoptotic and anti- 
proliferative properties, TGF-β is considered tumour suppressor. During progres-
sion of the tumour, cancer cells are able to shut down the tumour suppressive 
responses after activation of TGF-β. Even it is reported that in some conditions, 
cancer cells provide somatic mutations as response to TGF-β/Smad signalling path-
way, to block TGF-β anti-proliferative function. Some cells display resistance to 
anti-proliferative function of TGF-β even though TGF-β/Smad signalling pathway 
is not effective [142].

TGF-β signalling pathway includes several layers that complexity of negative 
regulatory mechanisms impact on each layer differently and ultimately provides a 
secure supervision on all involved molecules from plasma membrane into nucleus. 
Deregulation or disruption of any of involved proteins, alters a normal embryonic 
development or causes different human diseases. Ubiquitination as regulatory sys-
tem in TGF-β signalling pathway, were discovered from studies that investigated 
Smad4 mutants in human cancer [143]. In this chapter, among human diseases, we 
only focus on cancer. TGF-β’s role in cancer is complicated as it acts as tumour 
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 suppressor in epithelial cells and in early benign tumours, while if the cancer is in 
its late stage, TGF-β acts as a pro-tumourigenic factor that causes metastasis, cancer 
cell invasion, immune evasion [144]. Therefore it is understandable that the impact 
of negative regulators of TGF-β signalling pathway depends on the stage of cancer. 
The activities that made TGF-β to be considered tumour suppressor, are actually the 
ability of causing cell cycle arrest and its influence on apoptosis induction in normal 
epithelial cells or in benign tumours [49]. TGF-β contributes in epithelial to mesen-
chymal transformation and subsequently contributes to tumour metastasis and inva-
sion [145].

TGF-β is potentially an anti-proliferative factor in immune cells and epithelial 
via down-regulation of c-myc and induction of two CDK inhibitors (p21Cip1 and 
p15Ink4b) [8]. TβRI, TβRII and Smad2 are mutated in low incidence (<5%) in vari-
ous cancer types such as gastric, colon, ovarian, pancreatic, glioma and non-small- 
cell lung cancer. The incidence of Smad4 mutation is 50% in pancreatic cancer and 
in higher percentage in colon cancer. Tumours that carry TGF-β components muta-
tion, supposed to show low sensitivity to TGF-β, however, mutation of Smad4 is 
expected to switch the sensitivity level opposite [146].

Mutations occurs regularly in human cancer cells, therefore TGF-β signalling 
pathway’s core components, Smads and receptors, can be mutated and inactivated. 
For instance, it has been reported that overexpression of a Ub ligase such as Smurf1 
and Smurf2, that negatively regulates Smads, causes inactivation of TGF-β signal-
ling pathway in particular tumour [147]. For instance, in pancreatic cancer cells 
Smurf1 gene, and in esophageal squamous cells Smurf2 gene are overexpressed 
[148, 149]. Two other Ub ligase genes, WWP1 gene is amplified in breast and pros-
tate cancer, and NEDD4-2 gene is overexpressed in bladder and prostate cancers 
[150]. Another Ub ligase, STRAP which stabilizes TGF-β receptor and Smad7, is 
often mis-expressed in lung and colon cancers [151]. Moreover, among Ub ligases, 
ectodermin/TIF-1g which is an Ub ligase is mis-expressed in breast and colorectal 
cancers. Ectodermin/TIF-1g targets Smad4 and lack of this Ub ligase suppresses 
breast or colorectal cancer cells proliferation, therefore lack of this Ub ligase 
restores suppressing activity of TGF-β signalling pathway. Besides, some cancer 
cells do not express Smad4, and silencing ectodermin/TIF-1g in respective cells, 
does not impact on other layers of TGF-β signalling pathway, which indicates ecto-
dermin/TIF-1g specifically targets Smad4 without involving in regulation of other 
TGF-β pathway components [152]. The last mentioned Ub ligase is an example how 
aberrant expression of ectodermin/TIF-1g is associated to oncogenic phenotype of 
TGF-β signalling pathway.

Smurf1 and Smurf2 are reported to be involved in both tumour suppressing and 
metastatic phenotypes in several cancer cells. Smurf1 is an Ub ligase for GTPase 
RhoA, an actin dynamic regulator which ignites the migration of the cell. Therefore, 
by focusing on this particular activity of Smurf1, we can see the picture of its 
metastasis- inducing potentials [153]. Smurf2, besides its Ub ligase activity, induces 
the senescence of cancer cells, which its overexpression in most cancer cells, magni-
fies its senescence-inducing potential [154]. Mutations in N-terminal MH1 domain 
in Smad2 and Smad4 causes critical changes in folding of this domain, which leads 
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to instability and Ub-mediated proteasomal degradation of these  proteins [148]. 
Here we discuss several of these type of mutations. For example, R133C in Smad2 
and G65V, L43S, P130S and R100T in Smad4 are to be mentioned. G65V and 
R100T in Smad4 are targeted by the SCF Ub ligase that ultimately causes protea-
somal degradation of Smad4. In contrast, cells that contain wild type Smad4, did not 
go through degradation by this enzyme [80]. Mutation in C-terminal MH2 domain 
in both Smad2 and Smad4, causes instability, poly-ubiquitination and degradation of 
these two proteins in pancreatic cancer cells [155]. These type of mutations include, 
C-terminal domain deletion of 38 amino acids in Smad4, L369R and Q407R muta-
tions in Smad2. Existence of these sort of mutations activates Ub ligases, but does 
not only cause Smads degradation, but also causes degradation of other proteins that 
interact with Smads in complexes. Many of Ub ligases, on the other hand, do not 
only regulate Smads, but also regulate the negative regulators of Smads. E3 ligase 
for instance, degrades both Smad and Smad repressor proteins, which demonstrates 
both oncogenic and tumour suppressor potentials of E3 ligase. Because Smad is a 
tumour suppressor protein, therefore its degradation exhibits a oncogenic profile, 
and in the opposite, degrading Smad repressor, would turns back the existence and 
stability of Smad which exhibits tumour suppressing profile of E3 ligase [156]. Two 
most known Smad repressors are SnoN and Ski play dual potentials in cancer devel-
opment. The oncogenic potential of SnoN and Ski is by repressing transcriptional 
activity of Smad through binding to nuclear Smad complexes [157]. Several Ub 
ligases such as, Smurf2, Arkadia and APC poly-ubiquitinate and degrade SnoN and 
Ski, and this cooperation brings back the tumour suppressive potential of Smad 
[158, 159]. On the contrary, Arkadia and Smurf2 target Smad2 and Smad4 as well, 
therefore their activity removes two main elements of tumour suppressive potential 
of TGF-β signalling pathway [65, 160, 161].

 Targeting TGF-β in Cancer Therapy

As it is mentioned above, TGF-β has a role in controlling DDR, therefore TGF-β 
inhibition in promoting the positive outcome of radiotherapy is promising [162]. 
Studies on A-T cells with extreme sensitivity to radiation, revealed that TGF-β inhi-
bition or deletion escalates these cells sensitivity to radiation which is connected to 
decreased ATM kinase activity [163]. Studies on glioblastoma multiforme (GBM), 
a type of cancer with high resistance to radiation, showed TGF-β inhibition com-
bined with radiotherapy is promising, as this type of therapy elevated to phase 2 trial 
in glioblastoma patients. Moreover, it is reported that inhibition of TGF-β and irra-
diation together synergize to reduce the self-renewal of glioma stem-like cells [164]. 
These type of cells are reported to produce high level of autocrine TGF-β leads to 
potentiate their DDR-involved molecules, whereas the TGF-β molecules that are 
induced by irradiation, regulate self-renewal signals [163]. An increasing body of 
evidence indicating that inhibition of TGF-β can provide benefits for the aim of 
radiotherapy, particularly by effecting on ATM [116].
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 MicroRNA and TGF-β Signalling Pathway Components 
in Cancer

MicroRNAs (miRNAs) are small non-coding RNA molecules and are introduced as 
a class of regulatory genes. MiRNAs bind to target messenger RNA (mRNA) and 
this way regulate the target gene [165, 166]. MiRNAs carry critical roles in patho-
logical and physiological processes. Several recent studies revealed magnificent 
association between TGF-β signalling pathway and miRNAs, providing new 
insights in the power of miRNAs in induction of both tumour promoting and tumour 
suppressive phenotypes of TGF-β signalling pathways in cancer cells [167]. 
Abnormal expression of miRNAs interferes tightly regulated RNAs in cancer cells, 
which also is associated with cancer initiation, development and metastasis. To date, 
in human cells 2578 miRNAs were discovered and introduced. One miRNA in 
particular is able to target several genes [168]. Figure 9.2 shows different roles of 
miRNAs in TGF-β signalling pathway as described below.

 MiR-452

Among known miRNAs, miR-452 targets WWP1 gene in prostate cancer. WWP1 
silencing suppresses cancer cell growth and metastasis which indicates oncogenic 
potential of WWP1. WWP1 not only ubiquitinates Smad4, but also p53 and p63, 
therefore silencing WWP1 was associated with expression of p53, activation of 
caspase- 3 and finally promotion of apoptosis. Beside these activities, WWP1 also 
degrades TβRI receptor and inhibits TGF-β signalling. This indicates dual potential 

Fig. 9.2 Shows the effect of above mentioned anticancer drugs, in TGF-β signalling pathway
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of WWP1. Transfection of miR-452 suppressed prostate cancer cells migrations and 
metastasis through directly targeting WWP1, as silencing WWP1 did not leave 
miR-452 any other effect [168].

 MiR-497

MiR-497 is down-regulated in ovarian cancer cells, and down-regulation of endoge-
nous miR-497 expression is connected with level of aggression of ovarian cancer 
cells. In contrary, transfecting exogenous miR-497, inhibits aggression, migration and 
metastases of ovarian cancer cells. In respective study, Smurf1 was announced as pro-
metastatic factor and it was revealed to be exact target of miR-497. Studies showed 
lowering the level of miR-497 expression was associated with elevated Smurf1 
expression and increase of ovarian cancer cell survival. As a result restoring miR-497 
expression was offered to be a potential strategy in ovarian cancer treatment [169].

 MiR-182

Smad7 is both negative regulator and transcriptional target of TGF-β signalling 
pathway. TGF-β is reported to activate miR-182 which targets and inhibits Smad7 
protein. MiR-182 silencing caused up-regulation of Smad7 and prevented cancer 
cells invasion. In the contrary, overexpression of miR-182 induced breast cancer 
cells invasion. Further, the level of miR-182  in cancer cell and protein level of 
Smad7 are reported to be inversely associated [170].

 MiR-21

A study showed miR-21 in coordination with androgen receptor (AR) caused inhi-
bition of TβRII receptor expression in prostate cancer. MiR-21 specifically binds 
to 3′-UTR of TβRII and AR signalling later potentiates this effect of miR-21 in 
both transformed and untransformed prostate cancer cells. In early stages of pros-
tate cancer cell development, both miR-21 and AR expressions are increased and 
this is in parallel with reduction of TβRII expression. In fact, it is reported that 
miR-21 and AR regulate each other’s expression, and their activity causes attenua-
tion of TβRII- mediated Smad2 and Smad3 activation. Down-regulation of TβRII 
receptor leads to inhibition of tumour suppressive phenotype of TGF-β signalling 
pathway, which promotes cell migration and invasion. The notion of this study sug-
gests that by targeting miR-21 alone or in combination with targeting AR, may 
restore the tumour suppressive potential of TGF-β signalling pathway in prostate 
cancer cells [171].
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 MiR-216a/217

In hepatocellular carcinoma (HCC cell-line), expression of miR-216a/217 cluster is 
reported to be up-regulated, and these cells exhibit early tumour recurrence, hepato-
carcinogenesis and EMT phenotype. Overexpression of miR-216a/217 caused 
increased level of EMT, cell migration and invasion. Focused investigation in 
respective study, revealed that miR-216a/217 target Smad7, along with PTEN which 
both are down-regulated in HCC cell-line. Since Smad7 is TβRI receptor antago-
nist, therefore overexpression of miR-216a/217 causes positive feedback regulatory 
of TGF-β signalling pathway. In addition, TGF-β signalling pathway activation in 
this cell-line was associated with elevated resistance to sorafenib. In the contrary, 
suppressing TGF-β signalling pathway could defeat miR-216a/217-induced resis-
tance to sorafenib and avoid HCC cell metastasis [172].

 MiR-148a

Glabridin is a flavonoid that inhibits proliferation and metastasis in several hepato-
cellular carcinoma cell-lines (HepG2, Huh-7, and MHCC97H). The exact mecha-
nism of action of this anti-tumour agent is by miR-148a-mediated suppression of 
TGF-β/Smad2 signalling pathway in these cells. In fact, glabridin not only inhibits 
the TGF-β and Smad2 expression and activation, but also promotes the expression 
of miR-148a. MiR-148a targets SMAD2-3′UTR, and decreases expression and 
activity of Smad2. Silencing miR-148a prohibited the glabridin-mediated inhibition 
of TGF-β/Smad2 signalling [173].

 MiR-200c

Resistance to trantuzumab, an anti-tumour drug, is a causative factor for mortality 
of HER2-positive breast cancer. A study revealed that HER2-positive breast cancer 
cells that exhibit resistance to trantuzumab, also exhibit higher level of tumouri-
genic phenotypes, EMT, elevated TGF-β signalling and invasion in comparison 
with parental cells. According to this study, in those breast cancer cells that miR- 
200c was the most down-regulated miRNA, restored sensitivity of the cell to trans-
tuzumab and inhibited the invasion of these cells. The exact mechanism of action of 
miR-200c is reported to be by targeting a TGF-β transcriptional activator, ZNF217 
and ZEB1 a TGF-β mediator. ZNF217 or ZEB1 silencing or restoring the  miR- 
200c, both elevate the sensitivity of the cell to trastuzumab, and inhibits the invasion 
of breast cancer cells [174].
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 MiR-140-5p

Another study disclosed that miR-140-5p is decreased in six different hepatocellu-
lar carcinoma cell-lines. Increased level of miR-140-5p was connected to survival, 
cell proliferation and metastasis of these cell-lines. In respective study, miR-140-5p 
is reported to target TGF-β and MAPK/ERK signalling pathways. The exact mole-
cules of these two pathways to be targeted by miR-140-5p are TβRI and fibroblast 
growth factor 9 (FGF9) in expression level. TβRI and FGF9 silencing, mimic the 
phenotype that resemble that phenotype obtained from ectopic miR-140-5p expres-
sion. In contrary, TβRI and FGF9 overexpression, narrowed the impact of miR- 
140- 5p in hepatocellular carcinoma cells. Therefore, miR-140-5p exhibits a tumour 
suppressive feature in hepatocellular cell-lines development [175].

 MiR-25

MiR-25 is a member of miR-106b-25 cluster and dys-regulated in most human can-
cer cells, especially in human colon cancer. When expression of miR-25 was 
restored, caused suppression of cell growth and cell metastasis. Unlike silencing 
miR-25 which promoted the same cell’s proliferation and invasion, even in xeno-
grafts model in in vivo study. Underlying molecular mechanism of miR-25 revealed 
Smad7 is its direct target, by repressing Smad7 to be exact. Therefore miR-25 mim-
ics a tumour suppressor function in colon cancer [176].

 MiR-520/373

Profiling the miRNAs in MDA-MB-231, one of breast cancer cell-lines, revealed 
overexpression of miR-520/373 and its association with down-regulation of TGF-β. 
MiR-520/373 suppresses the metastasis, attributed by inhibition of TGFβR2 gene. 
Silencing the TGFβR2 mimics the impact of miR-520/373 overexpression on inhi-
bition of Smad-dependent expression of a metastatic promoting genes angiopoietin- 
like 4, plasminogen activator inhibitor-1 and parathyroid hormone-related protein 
both in vitro and in vivo. A negative association between TβRII and miR-520c 
expressions was discovered in an estrogen receptor negative (ER−) breast cancer 
patient but not in (ER+) patients. Patients with lymph node metastasis of ER− breast 
cancers, exhibited decreased of miR-520c expression [177].
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 MiR-205

Smad4 serves as tumour suppressor by inhibiting epithelial cell growth. Smad4 as 
Co-Smad in TGF-β/Smad signalling pathway act in TGF-β-induced EMT. MiR-205 
targets 3′-UTR of Smad4. Dys-regulation of miR-205 is shown in many human 
cancer types, such as lung cancer, and it is overexpressed in various non-small cell 
lung carcinomas, leading to increased cell progression and invasion by targeting 
tumour suppressor genes, PHLPP2 and PTEN in vitro and in vivo. Targeting these 
two tumour suppressor genes, causes activation of Akt/mTOR and Akt/FOXO3a 
pathways [178]. In breast cancer cells, miR-205 effects EMT by targeting ZEb1/
ZEb2, increase of N-caherin and decrease of E-cadherin  [179]. Opposed to that, 
extopic expression of miR-205 in mesenchymal cell-initiated mesenchymal to epi-
thelial transition causes reduced cell migration and up-regulation of E-cadherin. 
Hence, miR-205 is considered dual functional with both anti-oncogenic and pro- 
oncogenic properties [180].

 MiR-155

Arsenic trioxide (As2O3) inhibits the proliferation of prostate cancer cell-lines PC3 
and LNCap, by blocking angiogenesis in vitro and in vivo. Molecular mechanism of 
angiogenesis blockage, is via miR-155 as this miRNA mediates suppression of 
TGF-β/Smad signalling pathway. As2O3 promotes miR-155 expression through 
DNA-demethylation. MiR-155 then targets SMAD2-3′UTR, wherein reduces the 
expression and function of Smad2. Silencing miR-155 deleted As2O3-induced sup-
pression of TGF-β/Smad2 signalling and ultimately suppressed angiogenesis [181].

 MiR-574-3p

TGF-β1 induces up-regulation of miR-574-3p expression, mediated by Smad4 in 
human gastric cell-line AGS cells, as a TβRI inhibitor, SB431542 suppressed the 
miR-574-3p expression. This action indicates that miR-574-3p is a tumour suppres-
sor, and its absence due to silencing, caused increase of AGS cells proliferation and 
migration by TGF-β1. Upon activation by TGF-β1, Smad4 translocates into nucleus, 
binds to sequence upstream of miR-574-3p gene which ultimately causes up- 
regulation of miR-574-3p [182]. Previously several other studies have demonstrated 
other target genes of miR-574-3p, such as EGFR in prostate cancer cells [183], yet, 
this was the first study reported association of TGF-β/Smad signalling and 
miR-574-3p [182].
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 Control of miRNAs by Smads

MicroRNAs as a long pre-miRNA transcript, are transcribed by RNA polymerase 
II. Similarly as mRNAs, pri-miRNAs are poly-adenylated at 3′ end and at 5′ end 
have a 7-methyl-guanosine cap. Drosha (RNase III endonuclease) cleaves pri- 
miRNA with the help of a co-factor (DGCR8), which stabilizes the association of 
pri-miRNA and Drosha to clarify the exact location of processing.

R-Smads such as Smad2 and Smad3 effect on miRNA by two mechanisms. First, 
upon activation of Smad2 and Smad3, this complex binds to Smad4, translocate to 
nucleus and activates mRNA transcription. Second, if Smad2/Smad3 complex does 
not bind to Smad4, translocates into nucleus and recruits Drosha/DGCR8 complex 
which leads to promotion of miRNA maturation [184, 185]. Several studies have 
reported that Smads proteins via binding to R-Smad, regulate transcription of 
numerous miRNA genes at their promoters [165, 186]. Several miRNAs are reported 
to be changed in their expression level, after TGF-β treatment [185]. For instance, 
TGF-β treatment caused elevated expression of miR-216a, miR-155 and miR-217 
with their tumour promoting effects [186]. Also, down-regulation of several miRNA 
by TGF-β was reported. For example, miR-200b and miR-205 both are down- 
regulated after TGF-β administration. These miRNAs control the expression of 
ZEB1 and ZEB2 and E-cadherin transcriptional repressors which have effect in 
metastasis and EMT [187]. TGF-β signalling pathway is also able to regulate the 
expression of few miRNAs such as miR-145, miR-146a and miR-143 via activation 
of myocardin-mediated transcription factor (MRTFs) [188]. Smad through its MH1 
domain, can associate with pri-miRNA. Smad2 and Smad3 interact with miRNA 
microprocessor complex known as p68 and Drosha which is facilitated by a 
5′-CAGAC-3′ sequence, similar to the Smad binding elements (SBE) located in 
double-strand sequence of pri-mi-RNA [189]. Further in more recent studies, six 
more miRNAs have been discovered to increase in their expression level after 
TGF-β stimulation [190].

 TGF-β/Smad in Anticancer Drug Regimes

Cancer treatment includes chemotherapy by using one or several chemotherapeutic 
anticancer drugs. More efficacious chemotherapy result is expected when combina-
tion of synergistic drugs are given to patients than concurrently effect on several 
cellular signalling pathways [191]. Such as combination of drugs that damage DNA, 
along with drugs that disrupt DNA repair mechanism components translocate into 
the nucleus [192]. In this regard drugs that interrupt major cellular signalling path-
ways are also granted as they promote tumour suppressive potential of cancer cell, 
or suppress oncogenic potential of cancer cell, by stimulating endogenous mole-
cules such as TGF-β/Smad signalling components. Below several of these antican-
cer drugs are elaborated.
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 Genistein

Genistein, a phytoestrogen known for its protective role against estrogen and 
androgen- mediated carcinogenesis [193]. Genistein exhibits hepatoprotective prop-
erty against d-Galactosamine (d-GalN)-induced acute liver damage and liver fibro-
sis, by inhibition of Hepatic Stellate Cells (HSC) activation, accumulating collagen 
matrix, reducing the expression of alpha Smooth Muscle Actin (a-SMA), increasing 
the serum alanine transaminase (ALT), and blocking apoptosis and necrosis. In 
regards to TGF-β/Smad signalling, genistein promotes the elevation of hepatic 
Smad7 expression followed by blocking the TGF-β in expression level and finally 
inhibiting the activated TGF-β/Smad signalling [194].

 Nutlin-3

Nutlin-3 a series of cis-imidazoline analogue, among various series of synthetic 
chemicals that were screened to be identified and tested for their possible anticancer 
potency [195]. Nutlin-3 abolishes E-cadherin down-regulation through TGF-β1 in 
cancer cells with p53 deficiency. Further, Nutlin-3 exhibited EMT suppression as 
this drug blocks Smad2 and Smad3 phosphorylation, and subsequently decreased 
Snail and Slug transcription. Nutlin-3 also promoted the anti-cancer activity of sev-
eral drugs in EGFR inhibitors class, by disrupting a p53-independent canonical 
TGF-β1/Smad/Snail/Slug complex [196].

 Nobiletin

Nobiletin is a flavonoid extracted from citrus depressa, with anti-cancer properties. 
In molecular level, nobiletin inactivates TGF-β1-induced EMT in lung adenocarci-
noma H1299 and A549 cell-lines. This effect was followed by inhibition of cell 
invasion and metastasis in vitro, continued with attenuation of MMP-2, MMP-9, 
p-paxillin, p-FAK, p-Src, twist, Snail, Slug and ZEB1 expression. Nobiletin sup-
pressed Smad activity in transcriptional level but without altering the phosphoryla-
tion or translocation status of Smad. Smad3 overexpression changed the property of 
nobiletin in TGF-β1-induced EMT suppression, as for TGF-β1-induced EMT, 
Smad3 is required. In vivo study in the nude mice bearing A549-Luc xenografts, 
revealed inhibition of metastatic nodules growth, inhibition of tumour growth and 
finally reversed EMT by nobiletin [197].
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 Curcumin

Curcumin a major constituent of turmeric, suppresses cancer cell proliferation 
[193]. As it is reported, curcumin targets breast cancer stem cells, and stimulates the 
expression of TGF-β in MDA-MB-231 metastatic breast cancer cells. Curcumin 
plays as TGF-β inhibitor in dose-dependent manner which causes suppression of 
cell invasion and migration. Besides, curcumin modulates MMP-9 expression by 
inducing TGF-β in dose- and time-dependent manner [198].

 Chrysin

Chrysin (5,7-dihydroxyflavone) is an active component isolated from propolis and 
honey. Hepatic stellate cells (HSCs) could be activated by TGF-β produced by hepa-
tocytes, endothelial cells and Kupffer cells, which are specialized macrophages 
located in liver. TGF-β is known as a profibrotic marker, which contributes in liver 
fibrosis, the first stage of liver scarring that may favour cancer development. TGF- 
β1 induces transformation of HSCs into myofibroblasts, through promoting colla-
gen synthesis. Chrysin attenuates liver fibrosis through blocking Smad2 and Smad3 
signalling [199].

 Conclusions and Perspectives

Considering the complex function of TGF- β/Smad signalling pathway in progres-
sion or suppression of tumour, any regime to exploit this signalling for therapeutic 
purposes, face difficulties. Stimulating TGF-β/Smad signalling may inhibit tumour 
growth, but simultaneously may promote tumour metastasis and invasion. 
Therapeutic regimes that introduce exogenous administration of TGF-β or induc-
tion of TGF-β signalling, would be successful only against tumour cells that are 
sensitive to anti-oncogenic function of TGF-β.
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Chapter 10
Natural Agents Mediated Regulation 
of microRNAs: Do We Need Skilled Archers 
to Hit the Bullseye

Eun Jung Sohn, Ammad Ahmad Farooqi, and Hwan Tae Park

Abstract MicroRNAs (miRNAs) are short noncoding RNAs, which control gene 
expression by messenger RNA degradation or translational repression. MicroRNAs 
are also reportedly involved in regulation of carcinogenesis, angiogenesis, apopto-
sis, cell proliferation and aging. Recent studies have shown that natural agents exert 
their anti-cancer effects via regulation of miRNAs. In this work, we summarize the 
regulation of miRNAs by natural agents as new strategy in cancer treatment.

Keywords MicroRNA · Natural agents · Apoptosis

 Introduction

MicroRNAs (miRNAs) are small, ribonucleic acid (RNA) molecules reportedly 
involved in regulation of gene expression by binding to specific messenger RNAs 
(mRNAs). Based on the insights gleaned from almost two decades of research, it is 
now clear that miRNA encoding genes are located within intronic regions and con-
tain their own promoter regions. RNA polymerase II-mediated transcription of long 
primary transcripts. Drosha, a type-III RNase, along with the co-factor protein 
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DGCR8, structurally associated with primary miRNA (pri-miRNA) transcript. 
RNase-domains present in Drosha mediated the cleavage of 3′and 5′ strands of pri- 
miRNAs and generated pre-miRNA.  Exportin machinery shipped pre-miRNAs 
from nucleus to the cytosol. Binding of RNase-III Dicer and TAR RNA binding 
protein (TRBP) to the pre-miRNAs was noted in cytoplasm to cleave the terminal 
loop and form a miRNA duplex. miRNA duplex was incorporated into the RNA- 
induced silencing complex (RISC) (Fig. 10.1). Processing of the miRNA duplex 
was mediated by argonaute (AGO) proteins and several cofactors such as PACT. After 
un-winding and strand-selection, mature miRNA is functionally active to recognize 
its targets. Binding of the mature miRNA to RISC results in the targeting of mRNAs 
with complementary sites either to translationally repress or degrade mRNAs.

Fig. 10.1 Overview of the biogenesis of microRNAs
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 Modulation of microRNAs by Natural Products

Because of off-target effects and toxicities, there is a renewed interest in the 
identification of chemicals from natural sources to effectively treat cancer 
(Table 10.1).

 Resveratrol

Resveratrol (trans-3,4′,5-trihydroxystilbene), a dietary polyphenolic, non-flavo-
noid antioxidant, plays an essential role in various cancers and disease [1] and it 
is currently at the stage of pre-clinical studies for human cancer prevention. Also, 
Resveratrol inhibited cancer cell growth in pancreatic cancer cells [2] and colon 
cancer cells [3] and induced apoptosis in several cancer cells such as squamous 
cancer cell [4]. Resveratrol blocked hypoxia-induced glioma cell migration and 
invasion via miRNA 34a [5]. Bai et al. showed that Resveratrol exerted anti-tumor 
mechanism in miRNA 200c transfected cells in lung cancer cells [6]. Also, 
Resveratrol treatment in bladder and pancreatic cancer cells induced cell death by 
regulating Bcl-2 of miRNA21 [7, 8]. Tili et al. showed that Resveratrol showed 
that anti-metastatic or anti-cancer effect via TGF β signaling pathway by miRNA 
663 regulation [9].

 Curcumin

Curcumin, a natural dietary polyphenol has multi-biological functions such as anti- 
tumor, anti-inflammatory, antioxidant, and antiangiogenic actions [10, 11]. Ye et al. 
showed that Curcumin induced apoptosis by activating the p53-miRNA-192- 
5p/215-XIAP pathway in A549 lung cancer [12]. Also, Curcumin showed a protec-
tive effect via miRNA-19/PTEN/AKT/p53 pathway against BPA-associated breast 
cancer promotion [13]. Yu et al. showed that Curcumin blocked the invasion and 
proliferation of human osteosarcoma by activating miRNA 138 [14].

Table 10.1 Regulation of miRNAs by natural agents

Phytochemical Effects on microRNA and pathway Cells References

Resveratrol miRNA 663/TGFβ signaling pathway SW480 cells [9]
Curcumin miRNA 19/PTEN/AKT/p53 axis MCF-7 breast cancer 

cell
[13]

Genistein miRNA 1260/Wnt-signaling Renal cancer cells [29]
Quercetin Let-7c/Notch signaling Pancreatic cancer [31]
Tanshinone IIA miRNA 122/Pyruvate kinase M2 

(PKM2)
Esophageal cancer cell [19]

Ursolic acid miRNA21/TGFβ/PDCD4 pathway Glioblastoma cell [16]
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 Ursolic Acid

Ursolic acid, a pentacyclic triterpene compound, is known as potent anti-cancer 
agents in various cancer cells [15]. Ursolic acid repressed proliferation of glioma 
cells by downregulating of miRNA21 targeting programmed cell death 4 (PDCF4) 
[16] and induced apoptosis in gastric cancer cells via targeting miRNA 133a [17].

 Tanshiones

Tanshiones derived from Danshen, a traditional Chinese herb Salvia miltiorrhiza 
Bunge has considered as potential therapeutic effects in cancer [18]. Tanshinone IIA 
exerted anti-cancer effect for human esophagus cancer Ec109 cells via upregulating 
of miRNA122 targeting Pyruvate Kinase M2 (PKM2) expression [19]. Combination 
treatment with Tanshinone I and TRAIL in prostate cancer induced apoptosis via 
upregulating of miRNA 145a-3p [20]. Furthermore, Tanshinone I sensitize TRAIL 
mediated apoptosis via of miR135a-3p mediated Death Receptor 5 in prostate can-
cer cells [21]. Recent study showed that Tanshinone II A treatment in HepG2 
induced apoptosis and cell cycle arrest via miRNA 30b inhibition. Also, inhibition 
miR30b in Tanshinone IIA induced cells attenuated the level of p53 and Tyrosine- 
protein phosphatase non-receptor type 11 (PTPN11) in HepG2 cells [21].

 Indole-3-Carbinol (I3C)

Indole-3-carbinol (I3C), obtained from cruciferous vegetables such as broccoli, cau-
liflower, and cabbage has shown anti-proliferation in a variety of human cancer cell 
lines such as and tumor xenografts model [22]. Wang et al. showed that I3C inhibited 
the cell growth of hepatocellular carcinoma via decreasing of miRNA21 [23].

 Genistein

Genistein, an antimicrobial toxin precursor from the biosynthesis of leguminous is 
reportedly involved in modulation of wide ranging biological mechanisms [24]. 
Yang et al. reported that Genistein treatment in A549 human lung cancer cells inhib-
ited the proliferation by activating miRNA-27a and decreasing with MET proto- 
oncogene signaling [25]. Furthermore, Genistein treatment in human multiple 
myeloma cells repressed proliferation with an inhibition of nuclear factor-κB and an 
increase of microRNA-29b [26]. Hirata et  al. showed Genistein contributed 
anti-cancer mechanism in prostate cancer cells, resulting in downregulation of 
miRNA1260 targeted sFRP1 and Smad4 [27] and in upregulation of miRNA 34a 
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targeted with oncogenic HOTAIR [28]. Also, Genistein repressed the onco- 
miRNA1260 via alternation of Wnt signaling pathway to induce apoptosis in Renal 
cancer cells [29].

 Quercetin

Quercetin from many fruits and vegetables has shown anti-carcinogenic actions 
[30]. A recent study showed that Quercetin altered miRNA expression in various 
cancer cells. Nwaeburu et studied that the let-7c was in the top upregulated miRNAs 
from the miRNA profiling after Quercetin treatment in Pancreatic cancer cells and 
targeted NUMB1 which is involved in Notch 1 signaling [31]. Quercetin treatment 
in ovarian carcinoma cells induced apoptosis by enhancing the miRNA145 expres-
sion [32]. Also, Tao et al. showed that Quercetin showed the anti-tumor effect of 
breast cancer cells via upregulation of miRNA146a in vitro and in vivo [33].

 Mineral Pitch

Mineral Pitch, a dark brown humic matter originating from high altitude rocks has 
also been tested for efficacy against hepatic cancer cells. miRNA-21 was found to be 
considerably downregulated after treatment with 100 μg/ml of the Mineral Pitch 
[34]. There was a 1.67-fold increase in expression of miR-22 upon treatment with 
Mineral Pitch at a concentration of 50 μg/ml and 1.6-fold increase at a concentration 
of 100 μg/ml. There was a marked reduction in proliferation of Huh-7 cells reconsti-
tuted with miRNA-22. The data clearly suggested that Mineral Pitch exerted its anti-
cancer effects via upregulation of miRNA-22 and downregulation of miR-21 [34].

 Cantharidin

Cantharidin, a traditional Chinese medicine has been shown to downregulate 
miRNA-106b-93 in breast cancer cells. Cantharidin dose-dependently inhibited the 
proliferation of MCF-7 cells. Cantharidin triggered protein expression of PTEN and 
p21 via downregulation of miR-106b-93 [35].

 Grape-Fruit Derived Nanovectors (GNVs)

Grape-fruit derived nanovectors (GNVs) have attracted considerable attention and 
currently being used as delivering systems for different therapeutic agents. Recently, 
plant exosome-like nanoparticles (NPs) were isolated from grapefruit juice and NPs 
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were prepared with extracted lipids from grape-fruit exosome-like NPs [36]. To 
improve the targeting, GNVs were modified and folic acid was used as a targeting 
molecule. Folic acid had an affiliation for folate receptors and consequently GNVs 
can be delivered to the target site efficiently. The data clearly suggested that tumor 
growth was significantly reduced in tumor bearing mice intranasally delivered with 
miR-17 encapsulated in FA-GNVs [36].

 Oridonin

Oridonin, a naturally occurring ent-kaurane diterpenoid obtained from Rabdosia 
rubescens was found to be effective against pancreatic cancer cells. Results 
revealed downregulation of miR-103a-3p up to 1.85 times, whereas miRNA-
409-3p was upregulated 2.04 times. Moreover, miRNA-107 and miRNA-200b-3p 
were downregulated 2.13 and 2.22 times respectively in Oridonin treated pancre-
atic cancer cells [37].

 Honokiol

Honokiol, a polyphenol from Magnolia grandiflora, is reportedly involved in upreg-
ulating expression level of miRNA-34a. STAT3 (Signal Transducer and Activator of 
Transcription) is a signaling modulator and noted to transcriptionally downregulate 
miRNA-34a by occupying the promoter region of miRNA-34a. Honokiol prevented 
accumulation of STAT3 at the promoter region of miRNA-34a [38].

 Ganoderma lucidum

Ganoderma lucidum is a Basidiomycetes mushroom of medicinal importance 
having known anticancer activity. There was significant downregulation of 
hsa-miRNA- 27a* (4.46-fold) and considerable upregulation of hsa-
miRNA-1285 (10.46-fold) [39]. Different miRNAs involved in post-transcrip-
tional regulation of telomerase enzyme, telomerase reverse transcriptase 
(TERT) were also found to be upregulated. miRNA-1207-5p (upregulation 
2.895-fold) and miRNA-3687 (upregulation 2.153-fold) were noted to be 
changed in treated breast cancer cells [39].
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 Pien Tze Huang

Pien Tze Huang, a Chinese medicine dose dependently upregulated miRNA-200a, 
miRNA-200b and miRNA-200c in colorectal carcinoma cells [40].

 1,6,7-Trihydroxyxanthone

1,6,7-trihydroxyxanthone (THA), a chemical obtained from Goodyera oblongifolia 
is effective against liver cancer cells. MiRNA-218 and miRNA-128 were noted to 
be upregulated in THA treated Bel7404 and HepG2 cancer cells [41]. Bmi-1 (B 
lymphoma mouse Moloney leukemia virus insertion region 1) is an oncogene fre-
quently overexpressed in cancers. MiRNA-218 negatively regulated Bmi-1 and 
reduced proliferation potential of HepG2 cells [41].

 Urolithin A

It is exciting to note that downregulation of β-catenin or miR-21 in colon can-
cer cells resulted transcriptional repression of T-cell factor/lymphoid enhancer 
factor (TCF/LEF), whereas miR-21 overexpression resulted in an enhanced 
TCF/LEF activity [42]. There was a significant increase in the level of β-catenin 
in miR- 21- overexpressing Hepatocellular carcinoma (HCC) cells [43]. 
Methylated urolithin A repressed miR-21 level and simultaneously enhanced 
PDCD4 (Programmed Cell Death 4) and PTEN in prostate cancer cells to 
induce apoptosis. Methylated urolithin A significantly reduced tumor growth 
in mice xenografted with DU145 prostate cancer cells [44]. Methylated uro-
lithin A also impressively reduced β-catenin level in prostate cancer cells and 
β-catenin signaling pathway [44].

 Andrographolide

Andrographolide isolated from Andrographis paniculata effectively reduced cellu-
lar proliferation and self-renewal of ALDH1+CD44+ oral cancer stem cells (OCSCs). 
Andrographolide dose-dependently increased miR-218 in OCSCs. Polycomb com-
plex protein (Bmi1) was reduced in the miR-218-overexpressing OCSCs which 
clearly suggested that miR-218 negatively regulated Bmi1 in OCSCs [45].

10 Natural Agents Mediated Regulation of microRNAs: Do We Need Skilled Archers…



194

 Physcion

Physcion isolated from Radix et Rhizoma Rhei dose-dependently suppressed cell 
viability and colony formation in Cellosaurus cell line CNE-2 cells. Physcion dose- 
dependently increased the expression of ZBTB10 (Zinc finger and BTB domain 
containing-10) and simultaneously downregulated miR-27a in CNE-2 cells. 
Overexpression of Sp1 significantly impaired physcion-mediated autophagy and 
apoptosis in CNE-2 cells. Data clearly suggested that physcion inhibited miR-27a 
and upregulated ZBTB10 to reduce levels of Sp1 in CNE-2 cells [46].

 1′S-1′-Acetoxychavicol Acetate (ACA)

1′S-1′-acetoxychavicol acetate (ACA) isolated from Alpinia conchigera was noted 
to effectively downregulate miR-210 expression in both Ca Ski and SiHa cells [47]. 
SMAD4 was directly targeted by miR-210. MiR-210 overexpression reduced 
SMAD4, while miR-210 inhibition increased SMAD4 levels. ACA mediated effects 
were considerably pronounced in SMAD4 overexpressing cancer cells. Markedly 
increased Caspase 3/7 activity was observed in ACA treated SMAD4-overexpressing 
cells. Data clearly suggested that SMAD4 overexpression augmented apoptosis- 
inducing effects of ACA [47].

 Piperlongumine

Piperlongumine, an alkaloid isolated from Piper longum Linn rapidly downregu-
lated cMyc in Panc1 cells [48]. Piperlongumine induced ROS (Reactive Oxygen 
Species) mediated downregulation of miR-27a and miR-17/20a (part of miR-17-92 
cluster) and simultaneous induction of Zinc Finger And BTB Domain Containing 
proteins (ZBTB4 and ZBTB10) [48].

 Conclusion

MicroRNAs have been studied for valid predictive or prognostic biomarker or thera-
peutic tools in cancer [49]. There has been a renewed interest in identifying pharma-
cologically active biomolecules from natural sources to treat cancer. Therefore we 
summarized a list of natural products having proven efficacy against different can-
cers. These compounds may be beneficial and can be used as templates for design 
and development of anticancer compounds.
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Chapter 11
Sebaceous Carcinoma of the Eyelid

Armando Luis Garcia, Ke Jin, Ravi Doddapaneni, Catherine Jeeyun Choi, 
Maria Paula Fernandez, Sander Dubovy, David Tse, Daniel Pelaez, 
and Wensi Tao

Abstract Sebaceous carcinoma (SC) is a malignant neoplasm that frequently affects 
the eyelids. It is an aggressive malignancy with metastasis rates as high as 25%. 
Historical studies have shown that mortality rates could be as high as 83%, but with 
the advent of increased detection, diagnosis, and treatment options, mortality rates 
have dropped substantially. A major issue with obtaining a proper diagnosis of SC is 
that it can mimic many other benign and malignant pathologies. Consequently, a 
delay in the diagnosis of SC can result in a poor prognosis and outcome for patients. 
The standard of care for SC is surgical excision, however, there is a reoccurrence rate 
of approximately 4% after excision. In these cases, it is necessary to treat patients 
with further excision and possibly radiation. Not all patients can have their tumors 
treated with surgery. In cases where there is diffuse intraepithelial seeding of the 
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tumor cells, metastasis, or orbital invasion, other methods such as chemotherapy, 
radiation, and exenteration must be performed. It is essential that we elucidate the 
cellular mechanisms regarding the etiology of SC to develop better methods of diag-
nosis and treatment for the future. In this chapter, we will focus on the clinically 
relevant topics regarding SC, signaling pathways involved in the pathogenesis, and 
how miRNAs interact with these cascades. Both Wnt and TGF-β signaling have been 
implicated in the developing sebaceous glands and SC. Several miRNAs have been 
studied in this disease and downstream targets include: NF-κB, PTEN, c-Myc, and 
AKT2. These miRNAs may be used as biomarkers for SC or they may be potential 
therapeutic targets for patients who do not benefit from current interventions.

Keywords Sebaceous carcinoma · Eyelid · Wnt · TGF-β · miRNA

 Introduction

Sebaceous carcinoma (SC) is an aggressive, malignant neoplasm that frequently 
arises from the skin surrounding the periocular region. Historically, it has had a high 
mortality rate, however, more recent studies have revealed that the survival and 
mortality of this disease has improved substantially. This is most likely due to a 
greater clinical awareness of the disease leading to an improvement in diagnosis and 
treatment options. Many diagnoses are delayed because its clinical presentation 
may resemble a wide array of benign and malignant clinical entities. This has led to 
the coining of the term “masquerade syndrome” to describe SC. miRNA usage as 
biomarkers of this disease may help increase the diagnostic accuracy of this entity. 
Options for treatment that are currently available include surgical excision, radia-
tion, or chemotherapy. Translational research will benefit patients by providing cel-
lular targets for pharmacologic treatments to improve outcomes where advanced 
disease is present, and where current interventions have failed or may provide little 
utility. It was not until recently that the transcription factors determining the cellular 
fate of the sebaceous glands had been discovered. Many questions are still left to be 
answered regarding the molecular alterations driving the development of SC. In this 
chapter, we will discuss most of the relevant clinical information, and how patients 
can benefit from research elucidating the role that miRNA play in the detection and 
treatment of SC.

 Epidemiology

Five to ten percent of all dermatologic malignancies affect the eyelids, and new 
cases of eyelid cancer develop in approximately 15.7 out of 100,000 individuals 
per year in the United States [1, 2]. Sebaceous carcinoma, a malignant neoplasm 
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arising from adnexa of the skin, is usually the second to fourth most common 
cutaneous malignancy of the eyelid depending on geographical location and study 
series [2–6]. There are multiple sites on the body where SC can develop; neverthe-
less, the ocular region is a frequent site of occurrence due to its large quantity of 
sebaceous glands [5]. Data collected from the Surveillance, Epidemiology, and 
End Results (SEER) show that 42.8% are located on extraocular head and neck 
regions, 34.5% are located on the eyelids, and 22.7% are found elsewhere [7]. 
Cancer of the sebaceous glands is responsible for up to 1–5.5% of periorbital 
malignancies, and in certain areas of Asia it may account for up to 33% of eyelid 
cancer [4, 8–11]. Sebaceous carcinoma has been reported to have an incidence of 
0.23 per 100,000 person-years increasing at a rate of 3.31% annually [12]. The 
rising incidence may be due to an increase in detection, but more studies must be 
performed to determine if the pathogenesis is contributing to an increased inci-
dence [7, 12, 13].

 Risk Factors

There are several proposed risk factors that are associated with the development 
of SC of the eyelid. Early observations have found that women were mainly 
affected by this disease, but current findings have proven that women have either 
a slightly lower or equivalent incidence of this pathology compared to men [6, 10, 
12–15]. Race may play a role in disease risk due to Asians having a higher inci-
dence of disease risk [4, 13, 16, 17]. In the United States, whites are the most 
affected race with an overall contribution of 84.23% burden of the disease preva-
lence [6, 12]. Samples of SC from Japan were found to be positive for human 
papilloma virus (HPV) as compared to samples from the US [17, 18]. The pres-
ence of HPV in the eyelid may be responsible for the different incidences in these 
regions suggesting environmental differences rather than differences in genetic 
predisposition. This cancer may occur in younger patients, but it is generally rec-
ognized as being more prevalent in older patients. It has a mean age of diagnosis 
ranging from 50 to 89 years of age (85%) with the largest percentage of patients 
ranging from 60 to 79 years of age (49%) [6, 12, 13, 19, 20]. When SC occurs in 
younger patients it is typically due to predisposing factors some of which are 
discussed further [11, 19]. Long term immunosuppressed states found in solid 
organ transplant, non- Hodgkin’s lymphoma, and acquired immunodeficiency syn-
drome patients confer an increased susceptibility to this disease [5, 20–25]. Case 
reports have observed that irradiation to the face increases the chances of develop-
ing SC several years after exposure [5, 26–30]. Genetic alterations in p53, Rb, and 
mismatch repair genes, mainly MSH2 or MLH1, in Muir-Torre syndrome (MTS) 
are also linked to the occurrence of SC at an earlier age [31–34]. Finally, SC may 
also arise from a nevus sebaceous [35].
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 Sebaceous Glands

The skin is a complex, dynamic organ that provides protection from the environ-
ment, ultraviolet light, and infectious agents; thermoregulation; sensation; wound 
repair and regeneration [36]. The sebaceous glands are acinar, holocrine-secreting 
adnexa that contribute significantly to the barrier of mammalian skin (Fig. 11.1a). 
They are typically found in the upper portion of the pilosebaceous unit, which is 
composed of the hair follicle and sebaceous gland, and are filled with sebocytes or 

Fig. 11.1 Hematoxylin and eosin stains of sebaceous glands and sebaceous carcinoma. (a) The 
first image is a histologic section of the upper eyelid showing the sebaceous glands, hair follicles, 
and muscles. The second image is a section of multiple sebaceous glands draining into a single 
duct. (b) Morphology of sebaceous carcinoma with foamy cells, hyperchromatic nuclei, and 
mitotic figures. (c) A section that reveals the progression of pagetoid spread (intraepithelial inva-
sion) of sebaceous carcinoma from deeper to more superficial areas
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meibocytes. In certain parts of the body, such as the Meibomian glands of the eye-
lid, sebaceous glands may form independently from hair follicles. Lysis of sebo-
cytes or meibocytes results in the excretion of lipids and sebum or meibum via 
specialized ducts onto the surface of the skin or eye, respectively [16, 37, 38]. 
Sebum is composed of squalene and wax esters, cholesterol esters, triglycerides, 
and free cholesterols; and it provides the skin with thermoregulation, reduction of 
water loss, antioxidants, antimicrobial properties, and pheromones [39–41]. The 
chemical composition of sebum imparts it with different functions over a wide 
range of temperatures. It may act as a repellant of rain below 30 °C, an emulsifier of 
sweat at and above 30 °C, or as a surfactant for eccrine secretions at higher tempera-
tures [42]. Meibum is mainly composed of wax esters, cholesteryl esters, triacyl 
glycerols, di- and triesters, amphiphilic lipids and intercalated proteins [37]. This 
specialized lipid is important because it retards the evaporation of the tear film, it is 

Fig. 11.1 (continued)
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critical to the formation of a smooth optical surface, and it functions as a barrier of 
foreign particles and microbes [38]. These properties provided by the sebaceous 
glands and its contents, render their function necessary for the skin and the eye.

Sebaceous glands undergo development during the 13th–16th weeks of gestation 
from developing hair follicles [39, 41, 43]. In the epidermis, Notch signaling plays 
an important roles in the normal development, regeneration and cancer formation of 
its accessory glands, such as sebaceous glands and lacrimal gland. The formation of 
the hair follicle initiates when progenitor cells grow into mesenchyme to form the 
cell lineages expressing Sox9 and Lrig1 that will ultimately develop into the seba-
ceous glands [44–47]. Experiments have traced the genetic lineage of Sox9 cells, 
and the knockdown of Sox9 results in an absence of sebaceous glands [48]. 
However, Sox9 and Lrig1 are responsible for the formation of individual cellular 
compartments. Sox9+ cells are confined to a portion just inferior to the sebaceous 
gland compartment, and these cells contribute to the formation of both the hair fol-
licle and sebaceous glands. Conversely, cells expressing Lrig1 are most likely 
responsible for the generation of sebocytes directly because they are situated in the 
sebaceous gland compartment, and they also have cellular characteristics similar to 
mature sebocytes [49–51]. Wnt signaling is pivotal in the differentiation of hair fol-
licle stem cells. TCF3/Lef1 are the downstream mediators of Wnt signaling that are 
responsible for activating stem cells and guiding their fate [52–54]. More impor-
tantly, it is the inhibition of Wnt signaling that guide hair follicle progenitor cells to 
differentiate into sebaceous glands [53, 55]. In addition, inhibition of Wnt signaling 
via Smad7 overexpression results in hyperplasia of the sebaceous glands, which 
suggests that crosstalk between the Wnt and transforming growth factor beta signal-
ing cascades [56]. Other factors that contribute to the development, homeostasis, 
and function of the sebaceous glands are: hedgehog signaling, c-Myc signaling, 
Blimp1, androgens, peroxisome proliferator-activated receptor, cytokines, enzymes, 
and retinoids [16, 39, 41].

 Clinical Presentation

The term “masquerade syndrome” has been used throughout literature to describe 
SC [10, 57–60]. SC, the most frequently missed differential diagnosis of a chala-
zion, may mimic a wide variety of clinical conditions, and misdiagnosis will delay 
lifesaving treatment [61]. Sebaceous carcinoma can arise from the Meibomian 
glands, Zeis glands, caruncle, eyebrows, and it may spread to the conjunctiva [10, 
13, 19]. The majority of these tumors are found in the upper eyelid due to a greater 
concentration of sebaceous glands, followed by the lower eyelid, and lastly, diffuse 
involvement of both eyelids [5, 10]. SC most commonly presents itself as a painless, 
firm, sessile to round, subcutaneous nodule in the eyelid. Unlike most benign condi-
tions, SC will cause a loss of hair or madarosis, which is a characteristic present in 
malignant eyelid tumors [13, 62]. Less common presentations include: a diffuse 
pseudoinflammatory pattern; a pedunculated lesion; a caruncular mass; eyebrow 
mass; lacrimal gland mass; or widespread involvement of the conjunctiva, eyelids, 
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and orbital tissues [5, 13]. The use of diagnostic clues such as madarosis and famil-
iarization with the clinical variants of SC, will increase the chances of making a 
proper clinical diagnosis.

 Histopathology

As mentioned previously, it is essential to recognize SC as early as possible, and a 
proper histopathologic diagnosis facilitates this process. Histopathology of this dis-
ease carries its own problems including: small or limited specimen, incorrect diag-
nosis, and improper interpretation of disease margins [9, 13]. SC classically presents 
as an unencapsulated, lobular collection of sebaceous glands with lipid granules 
(Fig. 11.1b) that stain positive for oil red O and Sudan black [59, 63–65]. There are 
four recognized morphological patterns of SC: lobular, comedocarcinoma or tra-
becular, papillary, and mixed [14, 64, 66]. The cells that compose SC are fundamen-
tally three cell types: basaloid, sebaceous, and intermediate forms [9]. The quantity 
of basaloid cells is inversely proportional to its level of differentiation, and SC can 
be classified as: well differentiated, moderately differentiated, or poorly differenti-
ated with the least differentiated tumors having the highest mortality [14]. According 
to the literature, SC has the capacity to spread into neighboring epithelial tissues 
[58, 67–69]. Pagetoid invasion (Fig. 11.1c), which is a term that characterizes this 
phenomenon, can be used to describe any case of SC that involves the conjunctival 
epithelium [13]. Arriving at an accurate prognosis requires an assessment of the 
tumor size and its margins, both of which are affected by pagetoid invasion [70]. 
This complicates matters further because an inaccurate appraisal of the tumor size 
and margins can lead to an erroneous prognosis.

Immunohistochemistry (IHC) is an important tool that can help differentiate 
sebaceous carcinoma from other cutaneous malignancies. Nevertheless, the rates of 
sensitivity and specificity for IHC vary throughout the literature. Thus, it is funda-
mental that IHC is used in conjunction with a proper morphological appraisal of the 
tumor. There are several markers used in the diagnosis of SC, yet the markers with 
the greatest diagnostic utility are: epithelial membrane antigen (EMA) and Ber-Ep4 
[66, 71]. EMA is a 75-kDa transmembrane glycoprotein that is expressed in glandu-
lar structures, like sebocytes, and squamous structures [72]. It is useful in distin-
guishing basal cell carcinoma (BCC) from SC because it is positive in most cases of 
SC and squamous cell carcinoma (SCC), but it is frequently negative in BCC [66, 
71]. Ber-Ep4 is a monoclonal antibody against an epithelial cell adhesion molecule 
that is normally expressed on the basolateral membrane of most epithelium except 
in adult squamous epithelium, in the secretory portion of eccrine glands, and in the 
follicular germinative cells in normal skin and eyelids [73–75]. BCC is frequently 
positive for Ber-Ep4, while SC and SCC are negative in most of the cases [71, 75]. 
ZEB2, a transcription factor that is involved in epithelial to mesenchymal transition, 
is another epithelial marker that is regulated by miRNA-200c and miRNA-141, and 
is upregulated in this disease [76, 77]. The homeostasis and development of the 
sebaceous glands are partially regulated by androgen receptors (AR), and they are 
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usually positive in SC while being negative in other cutaneous tumors [75, 78]. 
Lipid stains such as Oil red O and Sudan black IV had been used in the diagnosis of 
SC, but these stains require frozen tissue samples, they have poor sensitivity rates, 
and the stains also fade with time [79]. The newer lipid markers, perilipin, adipo-
philin, and TIP 47 group, offer greater rates of sensitivity and specificity [75, 79–
81]. Some stains have been used to detect genetic mutations such as: p53, mismatch 
repair proteins, and ERRB2 [31, 66, 82–86]. In one study, the stem cell marker 
Lrig1, which is a known tumor suppressor that is involved in the development of the 
sebaceous glands, has been linked to a poor prognosis [87]. Of these markers, 
ERRB2 and AR are very interesting because they may provide routes for pharmaco-
logic treatment by the usage of trastuzumab and thalidomide, respectively [88, 89]. 
In addition, the utilization of miRNAs, specifically 200-c and 141, as biomarkers 
may prove helpful in obtaining or confirming a diagnosis of SC [90, 91].

 Pathophysiology

Currently, the molecular cues that guide the formation of the stem cell compart-
ments of the sebaceous glands, and the cells that form their tumors are unknown 
[16]. Sebaceous adenoma, sebaceous hyperplasia, or sebaceous nevus, typically do 
not lead to the formation of SC. Although most SC arise de novo there are certain 
molecular alterations that are implicated in its pathogenesis [13]. MTS is an autoso-
mal dominantly inherited defect in the DNA mismatch repair genes. These patients 
suffer from a multitude of cancers, mainly colorectal cancer, because of their inabil-
ity to repair genetic errors that occur during DNA replication, especially in areas of 
multiple nucleotide repeats also known as microsatellites [92, 93]. Sebaceous ade-
nomas and other benign lesions are more tightly linked to MTS, nonetheless, seba-
ceous carcinomas in MTS patients have decreased levels of mismatch repair proteins 
[93, 94]. Studies indicate that the loss of mismatch repair genes are only present in 
SCs from patients with MTS [86, 95]. These findings suggest that the pathogenesis 
of sebaceous carcinoma in MTS and non-MTS patients may occur via different 
mechanisms [96]. Signaling of transmembrane receptor tyrosine-protein kinase 
ERBB-2 promotes cellular proliferation and the inhibition of apoptosis by activat-
ing the mitogen-activated protein kinase (MAPK) and the signal transducer and 
activator of transcription (STAT) pathways [86]. The presence of ERBB-2 overex-
pression in SC, but not in other eyelid carcinomas or benign lesions was confirmed 
in two studies [86, 97]. TP53 is a tumor suppressor gene that encodes the protein 
p53. This protein prevents carcinogenesis by stopping the cell cycle so that DNA 
can undergo repair or by initiating apoptosis in heavily damaged cells [98]. 
Oncoproteins in HPV have been shown to promote the degradation of p53 [99]. 
Moreover, the degradation of p53 by HPV resulted in a more aggressive disease and 
poorer prognosis [17, 18]. Amino acid substitutions in the N-terminus of Lef1 
impair the binding of Lef1 to β-catenin, and result in the inhibition of Wnt target 
genes. These substitutions have been found in a large percentage of sebaceous 
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adenomas [100]. It was shown that these mutations lead to a decrease in the activity 
of p53, and the inhibition of Wnt leads to sebaceous differentiation of the tumor 
[101]. Another important regulator of stem cells and tumor cells is c-Myc. An over-
expression of c-Myc in mice lead to an increase in the size and number of their 
sebaceous glands, and they developed sebaceous adenomas when exposed to car-
cinogens [102, 103].

 Evaluation and Management

According to Shields, the first step in management is to establish a diagnosis and 
determine the extent of disease. A comprehensive clinical examination of the ocular 
and periocular region accomplishes this. SC most commonly metastasizes to 
regional lymph nodes [5, 7, 8, 13, 104–106]. For this reason, palpation of the 
regional lymph nodes should be performed to check for lymph node metastasis. 
After a clinical exam, ancillary studies or imaging tests may be useful, but they are 
not usually performed due to a low rate of distant metastasis [8, 13]. In the case of 
a high risk patient, a proposed follow-up plan includes a chest X-ray, liver function 
tests, ultrasound of the regional lymph nodes, and a bone scan every 3 months after 
diagnosis for 1 year, followed by every 6 months for another year, and then once a 
year [107]. Sentinel lymph node biopsies (SLNB) are recommended to evaluate for 
metastasis in periocular SC, but there are not enough studies to support its use [108–
111]. Currently, there is an ongoing clinical trial at M.D. Anderson Cancer Center 
that is evaluating the usage of SLNB in sebaceous carcinoma of the eyelid. In MTS, 
the patient’s first presenting sign is usually SC.  Since these patients are at an 
increased risk for multiple types of cancer, it is important to screen them for other 
malignancies [21]. There is no consensus for staging, but the American Joint 
Committee on Cancer (AJCC) seventh edition Tumor, Node, Metastasis (TNM) 
staging guidelines can be applied to stage SC [8, 112]. Until now, only two studies 
have correlated the AJCC staging guidelines for SC. They have found that the T 
category was the strongest predictor of regional lymph node metastasis; and patients 
with a T category of T2b or worse, a size greater than 10 mm in its greatest dimen-
sion, and pagetoid spread all correlate positively with lymph node metastasis [70, 
106]. At the time of diagnosis, this information will be used to determine the prog-
nosis, treatment, and surveillance plans for the patient.

The goals of management should include: tumor control, preservation of the 
globe, maintenance of vision, patient comfort, and cosmetic appearance [13]. The 
most widely accepted form of treatment for SC of the periocular region is surgical 
excision [11, 14, 63]. Since the 1950s, wide local excision (WLE) has been the 
preferred method of surgical treatment for SC [63]. A primary incisional biopsy or 
Mohs microsurgery may also be employed if the tumor is advanced or if the surgeon 
wishes to check the tumor margins, respectively [113, 114]. Mohs microsurgery 
produces excellent results as a method of primary treatment, and may provide lower 
rates of reoccurrences than other methods [8, 115]. SC is known to reoccur after 
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surgical incision at a rate of 4% [116]. Surgery is the treatment of choice for reoc-
currences, and radiation may also be used as an adjuvant [116]. When performing 
surgical procedures, it is important to preserve the patient’s cosmetic appearance. 
The techniques that have been used incorporate: rotational tarsal flaps, periosteal 
tissue, amniotic membrane, and buccal tissue in order to reconstruct the eyelid and 
conjunctiva [117–120]. Radiation may also be used in cases where patients may be 
unable to tolerate surgery or in cases of diffuse intraepithelial pagetoid spread [121]. 
Map biopsies are typically performed because SC can invade the conjunctiva dif-
fusely. This technique consists of several biopsies around different regions of the 
conjunctiva to evaluate if there is epithelial involvement [68]. Subsequently, this 
information is then used to evaluate the extent of the disease and an appropriate plan 
for management. Although radiation is associated to worse outcomes than surgery, 
it has been used as adjuvant therapy to surgery or as an option in poor surgical can-
didates [122–124]. The use of chemotherapy in pagetoid invasion and metastasis 
has been documented in case reports, but more studies are required to determine the 
safety and efficacy of these treatments [125–127]. If orbital invasion or extensive 
conjunctival involvement is present, the globe cannot be spared and orbital exen-
teration is performed [13, 14].

 Prognosis

This cancer is quite aggressive, and according to a review in 1995, rates of metas-
tasis have been reported to be as high as 14% for locoregional spread to 25% for 
distant spread [64]. Metastasis rates have been on the decline as revealed by a more 
recent study where the overall rate of metastasis was shown to be at 2.4%, and 
4.4% or 1.4%, for ocular and extraocular sites respectively [7]. In 1982, a study by 
Rao et al. reported that mortality for SC ranged from 14% to 83%. The rate of 
mortality would increase with the presence of characteristics that were associated 
with a poor prognosis such as: vascular, lymphatic, and orbital invasion; involve-
ment of both upper and lower eyelids; poor differentiation; multicentric origin; 
duration of symptoms >6  months; tumor diameter exceeding 10  mm; a highly 
infiltrative pattern; and pagetoid invasion of the overlying epithelia of the eyelids 
[14]. However, a newer case series of 60 patients in 2004 concluded that the mor-
tality from metastasis was 6%, which indicates a decrease in mortality by metasta-
sis [5]. SC has an overall survival rate of 71.1% at 5 years and 45.9% at 10 years 
[6]. Additionally, data from 2004 to 2012 SEER studies show that the relative 
population and aged match survival rose from 91.9% to 92.72% for 5 years, and 
from 79.2% to 86.98% for 10 years [6, 12]. It is important to recognize that the 
decreased rate of metastasis, the decrease in mortality caused by metastasis, and 
the increase in survival rate is most likely due to an increase in detection, diagno-
sis, and treatment options [5, 12].
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 Molecular Pathways Involved in Carcinogenesis 
and Associated miRNAs

Since hair follicles in the skin are continuously self-renewing, multipotent stem 
cells (Fig. 11.2a) that regenerate the cells in the sebaceous glands are required for 
their normal function. Meanwhile, during malignant transformation, these stem 
cells are also responsible for the formation of sebaceous carcinoma and other types 
of eyelid cancers. Genetic profiling of these stem cell population indicates that the 
Wnt/β-catenin and TGF-β/BMP pathways are critical for both normal stem cell 
functions in normal sebaceous glands and tumorigenesis in sebaceous carcinoma. 
Here, we review the important components of these two signaling pathways, and 
how miRNAs regulate these pathways.

 Wnt Signaling

Wnt signaling (Fig. 11.2b) is a highly conserved signaling pathway that controls 
embryonic development and adult homeostasis through its target gene transcription 
[128]. Canonical Wnt signaling is focused on regulating the amount of β-catenin. In 
the absence of Wnt ligands, β-catenin is constantly degraded by the Axin complex in 
the cytoplasm. Axin functions as a scaffold protein, forming a complex with adeno-
matous polyposis coli (APC), casein kinase 1 (CK1), and glycogen synthase kinase 
3 (GSK3). The Axin complex induces phosphorylation of β-catenin on serine 45 by 
CK1α and then at threonine 41, serine 37 and serine 33 by GSK3. Phosphorylation 
of β-catenin creates a binding site for the E3 ubiquitin ligase β-Trcp. β-Trcp leads to 
the ubiquitination and proteasomal degradation of β-catenin. This constant degrada-
tion eliminates β-catenin and prevents β-catenin from translocating to the nucleus 
where it activates targets of gene transcription. However, when Wnt ligands interact 
with the seven-pass transmembrane Frizzle (Fz) receptor and the low-density lipo-
protein receptor related protein 6 (LRP6) (or LRP5), they form the Wnt-Fz-LRP6 
complex that recruits Dishevelled (Dvl) proteins. Dvl induces the phosphorylation 
of LRP6 that recruits Axin complex. This release β-catenin from the Axin complex, 
results in the stabilization of β-catenin. Subsequently, β-catenin translocates into the 
nucleus and forms a transcriptional complex with T cell factor/lymphoid enhancer 
factor (TCF/LEF) and initiates target gene expression [129–132].

Abnormal activation and dysregulation of Wnt signaling is closely linked to the 
development of many human cancers [133–135]. Overexpression of β-catenin has 
been demonstrated in SC [136]. Additionally, patients with Wnt and LRP expres-
sion develop metastasis more commonly than patients without Wnt or LRP expres-
sion [137]. Moreover, reduced membranous expression of b-catenin at the site of 
invasion has been showed to be correlated to the invasion and metastasis [138]. 
These studies suggest a critical role of Wnt signaling in SC.
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 TGF-β Signaling

The transforming growth factor beta (TGF-β) signaling pathway (Fig. 11.2c) is 
involved in many cellular processes in both the adult organism and the developing 
embryo. The canonical TGF-β signaling is initiated by ligand-receptor interaction. 
Once TGF-β ligands binds to TGF-β receptor 2 (TGFR2), TGFR2 then recruits 
and activates TGFR1. Subsequently, the active TGFR1 phosphorylates Smad2 and 
Smad3, which form a complex with Smad4. The Smad2/3/4 complex translocates 
to the nucleus and binds directly to promoters through Smad3 to induce target 
gene transcription [139]. Besides the canonical pathway, many signaling 

Fig. 11.2 In vitro study of molecular pathways in carcinogenesis of sebaceous carcinoma. (a) 
Sebaceous carcinoma cell line was established from a primary tumor. (b) The transforming growth 
factor beta (TGF-β) signaling pathway is involved in carcinogenesis and metastasis of sebaceous 
carcinoma. (c) Wnt/β-catenin signaling pathway is critical for stem cell functions in normal seba-
ceous glands and tumorigenesis in sebaceous carcinoma
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pathways engage in crosstalk with TGF-β signaling. TGF-β activates the MAPKs 
in a Smad- independent manner, and MAPKs phosphorylate Smad proteins to 
modulate their transcriptional activity [140–143]. After Wnt signaling cascade 
activation, β-catenin forms complexes with Smad proteins to enhance gene tran-
scription [144]. TGF-β has also been reported to activate the epidermal growth 
factor receptor (EGFR) in a ROS-dependent manner [145].

In normal human skin, TGF-β2 was detected predominantly in sebaceous glands 
[146]. Although the protein levels of TGF-β signaling components have not been 
reported in SC, a microRNA study released that miR-211, which targets TGF-β 
signaling, is downregulated in SC compared with sebaceous adenoma [147]. miR- 
211 always functions as a tumor suppressor by directly targeting TGFR2 and the 
downregulation of miR-211 in SC. These findings indicate a pro-tumorigenesis role 
of TGF-β signaling in SC [148–150].

 MicroRNAs

MicroRNAs are small, non-coding RNA molecules that function during post- 
transcriptional regulation of gene expression by targeting mRNA.  The abnormal 
expression of microRNAs has been observed in human cancer where they may func-
tion as malignant mechanisms or as biomarkers [151–156]. Studies reveal the abnor-
mal expression of microRNAs in SC. miR-486-5p and miR-184 are overexpressed in 
SC [147]. miR-486-5p has been reported to be oncogenic, and it targets both NF-κB 
signaling and PTEN [157, 158]. Conversely, miR-184 suppresses c-Myc, and is sug-
gested to be a tumor repressor through inhibition of AKT2 [159]. Meanwhile, miR-
211 and miR-518d are shown to be downregulated in SC [147]. miR-211 is considered 
as a tumor repressor through targeting TGFR2, which results in an increased expres-
sion of c-Myc [148–150]. Dr. Bajaj’s group also revealed that low expression levels 
of miRNA-200c and miRNA-141 were seen in most of SC patients and correlated 
with shorter disease-free survival [91]. Both miRNA-200c and miRNA-141 are asso-
ciated with E-cadherin and ZEB1/2 expression [77, 160, 161].

 Conclusion

Much of the literature that is available suggests that our understanding of the molecu-
lar mechanisms that drive the pathogenesis of SC is limited. A pubmed search with 
the keywords “sebaceous carcinoma” and “miRNA” only yields two relevant journal 
articles. In-vitro studies using stem cells with the goal of developing sebaceous car-
cinoma cells may provide us with the information that is needed to understand the 
pathogenesis of SC. With this data, it might be possible to understand how miRNAs 
regulate and interact with pathways like Wnt, TGF-β, among others, which are cru-
cial to the development of the sebaceous glands. These findings may revolutionize the 
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way that we diagnose and treat diseases. In the future, one might be able to perform 
a simple blood test searching for exosomal miRNAs. These miRNA can provide 
feedback regarding the availability of pharmacologic targets of different signaling 
pathways in the tumor cells, or even a patient’s response to cancer therapy [162]. The 
first hurdle that must be addressed to reach this point, is to uncover the mechanisms 
behind sebaceous gland development, and pathogenesis of sebaceous carcinoma.
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Chapter 12
Current Knowledge of miRNAs  
as Biomarkers in Breast Cancer
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Abstract Breast cancer (BC) is the most common malignancy in women  worldwide. 
Breast cancer related mortality has dropped significantly since the widespread 
adoption of mammographic screening. Approximately, 5% of the patients with BC 
carry germline mutations that are responsible for their condition. Women carrying a 
BRCA 1 or 2 mutation have a 57% and 49% lifetime risk of developing breast can-
cer, respectively. For BRCA1/2 patients reluctant to a prophylactic surgery, the only 
risk reducing strategy remains an increased imaging and clinical surveillance. 
Whereas a closer screening mammogram program is helpful in detecting BC at an 
earlier stage, no laboratory markers exist. New markers would be helpful in identi-
fying BC, once the mutations are identified, and in monitoring the cancer behavior 
and response to treatment, once the cancer is diagnosed. MicroRNAs (miRNAs) are 
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key regulatory molecules operating in a post-transcriptional level by regulating 
gene expression. Aberrant miRNA expression was documented in several patho-
logical conditions, including solid tumors, suggesting their involvement in tumori-
genesis. MiRNAs can be detected in human fluids and could be used as biomarkers. 
A different pattern expression of miRNA in biological fluids of BC patients as com-
pared to healthy control is currently under consideration in many clinical trials. The 
biologic mechanism of miRNAs, a rationale of its use as biomarker in cancer, and a 
literature review of the most significant results achieved about miRNAS in BC will 
be reported and discussed in this chapter.

Keywords Breast cancer · BRCA 1/2 · Biomarkers · miRNA

 Breast Cancer

Breast cancer is first in incidence and mortality for women worldwide, with nearly 
1.7 million new cases and 521,000 deaths reported in 2012 [1]. Accounting for over 
250,000 cases per year and being responsible for more than 40,000 deaths in the 
United States of America [2]. Five-year survival rates are estimated to be 80% in 
England and 90% in the United States [3]. Breast cancer mortality rates have been 
decreasing since the 1970s [4]. This decrease in mortality may be attributed to 
improved screening and adjuvant therapy in breast cancer.

Indeed, screening with mammographies is currently performed in many coun-
tries. However, patients have to consider both its benefits and harms. In a recent 
systematic review it has been shown that screening mammography reduces the odds 
of dying of breast cancer by approximately 20% [5]. On the other hand, potential 
harms of screening programs include false-positive findings that caused associated 
anxiety as well as overdiagnosis. The latter means cancer types, which are 
biologically insignificant and would never become clinically evident in the patient’s 
lifetime. These concerns have raised special attention recently [6].

Considering adjuvant therapy in breast cancer is currently based on the identified 
molecular subtypes. Gene expression profiling analyses have determined the 
following four molecular subgroups according to hormone receptor expression 
(HR±) and human epidermal growth factor receptor 2 (HER2): Luminal A (HR+/
HER2−), Luminal B (HR+/HER2+), HER2-enriched (HR−/HER2+), and triple- 
negative (HR−/HER2−). The molecular subtype predicts the prognosis and if a 
benefit from specific types of therapy should be expected.

Since further improvement in diagnosis and management of breast cancer is pur-
sued, identifying new diagnostic, predictive, or prognostic biomarkers is of great 
importance. To this direction, several research groups nowadays focus on the 
potentials of a class of small non-coding RNAs, miRNAs.
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 Definition and Importance of MicroRNAs

Genome sequencing revealed that only 1.1% of the human genome accounts for 
protein-coding DNA [7]. Transfer RNA and ribosomal RNA are only a small part of 
the non-protein-coding DNA genes. The notion that the rest of the DNA was 
practically “junk” since it did not code for proteins or known types of RNAs was 
based on the false assumption that it did not contain important information.

MicroRNAs, ~22 nucleotides in length, were previously included in the “junk 
DNA” since their function was still unknown. The discovery that the microRNA 
lin-4 downregulated the expression of the gene lin-14  in Caenorhabditis elegans 
changed the field of biology and the way scientists approached these small non- 
coding RNAs [8]. The downregulation of the expression of lin-14 resulted in 
modifications in the developmental timing of Caenorhabditis elegans [9]. 
Unfortunately this discovery was at first thought to be unique in the Caenorhabditis 
elegans, since there is no homolog of lin-4 in humans.

The publication of animal microRNA functions 12 years ago [10] brought to the 
forefront of epigenetic research the post-transcriptional gene regulation. Mature 
microRNAs bind through a 5′ “seed region” to the 3′ untranslated region (3′ UTR) 
of target mRNAs driving them to translation repression and/or mRNA degradation 
[11]. It has been estimated that since microRNAs only need as few as seven 
nucleotides of complementarity to bind to their target, it has been indicated that 
microRNA-binding sites can be found in more than 60% of human protein coding 
genes. Another estimation reported that microRNAs may regulate up to 30% of 
protein-coding genes in humans [12].

These facts highlight the importance and necessity for microRNA profiling in 
order to acquire a more complete understanding of microRNAs’ identity and role in 
different biological contests including cancer.

 MicroRNA Biogenesis

The mechanism of microRNA biogenesis takes place in different parts of the cell 
and can be described by four steps, as follows.

In the first step as a result of transcription of microRNA genes by RNA 
Polymerase II we have the primary microRNAs (pri-miRNAs) in the nucleus. In 
general, microRNAs can share the regulatory elements and primary transcript of 
their precursor microRNA host genes and they can reside in their introns. For the 
remaining microRNA genes transcribed from their own promoters, only a few 
primary transcripts have been fully identified. In the second step, pri-miRNAs are 
cleaved in the nucleus by a complex including Drosha and the DGCR8 microprocessor 
unit, resulting in a precursor microRNA (pre-miRNA), that is ~70 nucleotides in 
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length. In the third step, the precursor microRNAs are then transported to the 
cytoplasm by exportin-5 (XPO5). There, they are cleaved by a RNase Dicer, AGO2 
(Argonaute 2), and TRBP (trans-activation-responsive RNA-binding protein) 
complex, resulting in the mature microRNAs. In the fourth step, the mature 
microRNAs are then incorporated to the RNA-induced silencing complex (RISC) 
and bind to their target mRNAs regulating their expression [13, 14].

The function of the mature microRNAs depends on the complementarity between 
the microRNA and the mRNA target. If the complementarity is perfect it leads to 
the degradation of the mRNA target. Otherwise, in case the complementarity is 
imperfect, it leads to the translational repression of the mRNA target. The fact that 
microRNAs need as few as seven nucleotides to bind to their mRNA target gives 
microRNAs the ability to target different mRNAs. This ability to target multiple 
mRNAs means that the same microRNA can target different levels of the same 
pathway or different pathways at the same time.

 MicroRNA in Cancer: Briefly State of the Art

In the last few years, microRNAs have been the object of many studies in our con-
tinued search for explanations regarding diseases, including cancer initiation and 
progression.

Indeed, 2588 mature microRNAs have been annotated in humans according to 
miRBase; Release 21 (http://www.mirbase.org/index.shtml).

Through microRNA profiling scientists have reported differences among 
microRNAs expression in different cell types and even in the same cell in different 
phases of the cell cycle. Technological advances have permitted us to identify not 
only single microRNAs that control signalling pathways but also multiple 
microRNAs that control different/same signalling pathways.

Recent studies have identified microRNA-mRNA networks in different types of 
cancers [15], including breast cancer. Depending on whether a microRNA targets an 
oncogene or tumor suppressor gene it can be referred to as “anti-oncomir/tumor 
suppressor-mir” or “oncomir” respectively and can exert an anti-tumoral or 
oncogenic function.

Researchers have started identifying microRNA signatures that are associated 
with the type of cancer, the diagnosis, the response to therapy and survival among 
others in order to facilitate when possible the prevention of a disease or develop 
more appropriate treatment regimens. Depending on the function of the microRNA, 
a mimic or an anti-microRNA can be used to repress/degrade or allow the translation 
of the mRNA target.

Finally, a significant aspect of microRNAs is the fact that microRNAs are stable 
in bodily fluids (e.g. plasma, serum, urine, saliva), thus identifying them as 
circulating biomarker candidates [16–20].
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 miRNAs in Breast Cancer

Aberrant miRNA tissue expression was firstly correlated with cancer progression in 
2002 [21]. A few years later, in 2006, Zhang and colleagues, after an analysis using 
high-resolution array-based comparative genomic hybridization of 227 human 
ovarian cancer, breast cancer (BC) and melanoma specimens, showed that miRNA 
irregularities were present in 72.8% of breast cancers tissues [22]. Later on, several 
studies evidenced that dysregulation of miRNAs is involved in breast cancer 
progression by inhibiting apoptosis-related pathways, stimulating cell growth and 
proliferation and promoting tumor invasion and metastasis [23–27].

Up to date, growing evidences report the aberrant activation of some tissue spe-
cific-miRNAs in breast cancer, e.g. miR-21, miR-155, miR-10b, miR-221/222, 
miR-23b, miR-27b and miR-181 [24, 28–38]. Furthermore, since miRNAs can 
circulate in body fluids, aberrant miRNAs have been also identified in breast cancer 
patients’ blood, such as let-7a, miR-195, miR-155, miR-145, miR-10b and miR-451 
[39–43]. In addition, increasing evidences suggest the value of miRNAs in 
association with drug-resistance, currently making them particularly attractive as 
novel biomarkers for breast cancer detection in patients at early stages, prognosis 
prediction, and patients’ monitoring for their response to treatments [44].

 Breast Cancer Tissue Specific miRNAs

 miR-21

Among the identified dysregulated miRNAs in breast cancer tissue, miR-21 was 
found to be linked with enhanced tumour cell proliferation and apoptosis inhibition 
via multiple gene targets, such as tropomyosin alpha-1 chain (TPM1) [28], 
programmed cell death 4 (PDCD4) [29], p53, phosphatase and tensin homolog 
(PTEN) and Smad7 [30]. Thanks to tissue microarray expression analysis, 
upregulation of miR-21 was also found to be correlated to breast cancer advanced 
clinical stage at diagnosis, patients’ poor prognosis and lymph node metastasis [45]. 
Furthermore, the expression level of miR-21 seems to be closely related to sex 
hormone receptor expression status and histopathologic breast cancer tumor grades 
[46].

 miR-155

Another miRNA, which has been abundantly proven in breast cancer tissues is 
miR- 155. It has been widely studied during the last decade, indeed, and it has 
been demonstrated to have a large number of targets among tumor suppressor 
genes such as FOXO3a, which regulates proapoptotic proteins and cell 
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functions involved in chemosensitivity [31], SOCS1(suppressor of cytokine sig-
naling-1), which regulates STAT3 signalling and is involved in breast cancer 
cell transformation [32]. miR-155 has also been reported to inhibit apoptosis of 
the cell line MCF-7 and to promote cell proliferation by downregulation of the 
tumor protein 53-induced nuclear protein-1 (TP53INP1). TP53INP1 is one of 
p53 target genes, in detail it is a p53- inducible cell stress response gene [33]. 
Overexpression of TP53INP1 enhances the p53-mediated apoptosis and induces 
cell cycle arrest [47]. From a clinical point of view, miR-155 overexpression, as 
well as miR-21, was also found to be correlated with higher tumor grade, sex 
hormone receptor expression, advanced tumor stage and lymph node metastasis 
[46, 48].

 miR-10b

While miR-10b was found to be downregulated in most cases of low-stage breast 
cancers compared to normal breast tissue [24], this miRNA was found over- 
expressed in approximately 50% of metastatic breast cancers [26]. In vivo miR-10b 
expression3 attributed invasive properties to non-invasive breast cancer cells; 
indeed, while control tumors exhibited poor vascularization and no invasive 
properties, miR-10b overexpressing tumors showed an invasive behavior and were 
highly vascularized.

 miR-221/222, miR-23b and miR-27b

Upregulation of miR-221/222 cluster has been associated with cancer invasion and 
resistance to tamoxifen, as reported in two different papers published in 2011 [34, 
35], whereas miR-23b and miR-27b have been more recently correlated with breast 
cancer tumorigenesis, progression and metastasis [36, 37]. In particular, Jin et al. 
firstly reported in 2009 that HER2/neu (Erb-B2), EGF, and TNF-a promote miR- 
23b/27b expression through the AKT/NF-kB signaling cascade.

 miR-181

miR-181 was found to promote breast cancer metastasis and was shown to have 
high levels of expression in triple negative breast cancer patients with a poor sur-
vival [38]. Upregulation of miR-181a by TGF-β and correlation with the breast 
cancer cell metastatic potential has been reported, while inactivation of miR-181a 
attenuated TGF-β–mediated epithelial–mesenchymal transition (EMT), invasion, 
and migration.
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 Breast Cancer-Specific Circulating miRNAs

Since it has been demonstrated that miRNAs can also circulate in body fluids, 
such as blood serum, thus being preserved from endogenous RNAse activity, 
increasing breast cancer-specific circulating miRNAs are being identified and 
correlated to patients’ clinico-pathological and survival characteristics, together 
with pilot studies on urine samples [49]. It has been reported that miRNAs can 
circulate in blood serum unbound or packaged into microparticles (such as 
microvescicles and apoptotic bodies), or connected to Argonaute 2 (Ago2) pro-
tein [50].

The importance of studying breast cancer patients’ circulating miRNAs profiles 
resides in their potential clinical usefulness to be early biomarkers of tumor 
diagnosis and early predictors of treatments response [39].

In 2013, Mar-Anguilar and colleagues carried out miRNA profiling on breast 
cancer patients’ serum, followed by construction of ROC curves to identify the 
sensitivity and specificity of these biomarkers. Seven miRNAs (miR- 
10b/21/125b/145/155/191/382) were found to have distinct expression profile 
between breast cancer patients’ serum and controls’ serum. In particular, ROC 
curves highlighted that three serum miRNAs (miR-145, miR-155 and miR-382) 
could discriminate breast carcinoma from healthy women, thus suggesting their val-
ues as new non-invasive biomarkers for breast cancer diagnosis [40].

 miR-155

Up to date, several studies have shown a significant higher level of miR-155 
detected in breast cancer patients’ serum compared to healthy cases [41, 51]. In 
particular, Sun and coworker, showed that compared to 55 healthy women, the 
mean fold increase of serum miR-155  in 103 breast cancer patients was 2.94. 
Interestingly, the same study group observed that miR-155 serum levels decreased 
after surgery and chemotherapy, thus suggesting the value of this biomarker as a 
predictor for response to therapy [52].

 miR-10b

miR-10b is another miRNA, which was found to be significantly increased in breast 
cancer patients’ serum [40, 53]. In particular, the higher levels of circulating miR- 
10B were found to be correlated to lymph nodal spread of breast cancer [54].
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 miR-195, let-7a and Other Promising Circulating miRNAs  
in Breast Cancer

It has been recently observed that breast cancer patients also showed increased 
serum levels of miR-195, miR-16, miR-21, mir-451 and miR-145 compared to 
healthy women. More recently, researchers are trying to define a combination 
test of circulating miRNAs, which would be able to better discriminate early 
disease and susceptibility to treatments respect to a single circulating miRNA 
profile. It has been already identified that both levels of circulating miR-195 and 
let-7a are reduced in cancer patients after surgery [42]. Furthermore, Enders and 
coworkers reported increased levels of miR-16, miR-21 and miR-451 in plasma 
of breast cancer patients’. They also hypothesized that combining plasma levels 
of miR-451 and miR-145 may potentially act as a specific screening test for 
breast cancer [43].

On the contrary, some miRNAs seem to show decreased levels in serum of 
breast cancer patients in comparison to healthy cases. Among them, circulating 
miR-411, miR-299, miR-215 levels were markedly lower in untreated metastatic 
breast cancer patients [55].

 Conclusion

MiRNAs stability and detectability in peripheral blood and their associated dys-
regulations in cancer patients, reported to be associated to disease progression and 
treatment response, make them a new attractive group of biomarkers in regards not 
only to preclinical diagnosis of cancer but also for treatments success prediction, 
including the breast cancer setting. Up to now, the results of preliminary studies do 
not provide definitive conclusions about the usefulness of the clinical application of 
miRNAs. This can be partially attributed to the not homogeneous samples group 
employed in different studies (frozen versus paraffin-embedded tissues, serum 
versus plasma samples), and partially to the different experimental methods applied 
for the detection of tumor-associated miRNAs (quantitative PCR versus different in 
situ hybridization techniques or miRNA arrays), together with treatments and tumor 
heterogeneity analyzed.

Additional studies on larger and more homogeneous cancer populations, 
together with a better understanding of the best technology able to detect and 
quantify miRNAs expression in tumor tissue and peripheral blood, are required 
to clarify the future clinical potential of this growing group of new 
biomarkers.
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Chapter 13
Signaling Landscape of AML: The Story 
So Far

Chiara Martinelli

Abstract Acute myeloid leukemia (AML) is the most frequent leukemia in adults 
and presents a very high incidence all over the world. The most important aberra-
tions involve mutations and large chromosomal translocations in the genes respon-
sible for hematopoiesis, resulting in an abnormal signal transduction activation that 
boosts survival and proliferation of progenitor cells and a typical accumulation of 
poorly differentiated myeloid cells. Acute myeloid leukemia is an extremely com-
plex malignancy with considerable genetic, epigenetic, and phenotypic heterogene-
ity. Most AML genomes present very few mutations, which are responsible for the 
aberrant phenotypes observed. The possibility to characterize the mutations present 
in single cells and the studies on hematopoiesis performed both in vitro and in vivo, 
make AML an ideal model for investigating the underlying mechanisms of tumori-
genesis. In the last years, the signaling proteins identified as specifically mutated in 
AML have raised huge consideration as attractive therapeutic targets and many 
efforts are currently ongoing in order to design ad hoc strategies to improve prog-
nosis and therapy. Recent advances in the conventional treatments, together with 
innovative therapies, show significant promises for curing AML patients.
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CART Chimeric antigen receptor T-cell
CBF Core binding factor
CK Complex karyotype
CN Cytogenetically normal
CR Complete remission
DNMT DNA methyltransferases
FAB French American British
GO Gemtuzumab ozogamicin
HDAC Histone deacetylase
HMA Hypomethylating agent
ITD Internal tandem duplication
MEF Mouse embryonic fibroblast
NCCN National comprehensive cancer network clinical guidelines in oncology
OS Overall survival
PTD Partial tandem duplication
RTK Receptor tyrosine kinase
scFv Single chain variable fragment
TKD Tyrosine kinase domain
WHO World health organization

 Introduction

Acute myeloid leukemia (AML) is a cancer of the myeloid cell line characterized by 
a peculiar proliferation and accumulation of anomalous white blood cells in the 
bone marrow, inducing typical symptoms such as a drop in the number of red blood 
cells, platelets, and normal white blood cells [1–3]. Although many putative risk 
factors involved in leukemogenesis have been identified, the exact origin of the 
disease has yet to be clearly determined. In fact, AML can develop both after expo-
sure to genotoxic agents and following an antecedent hematological disorder (e.g., 
marrow failure syndrome). Usually, AML progression is very rapid and death occurs 
in a few weeks or months if not promptly treated. Different AML subgroups have 
been determined in order to facilitate diagnosis and prognosis of patients and each 
of them presents different ranges of survival and relapse. Approximately 35–40% of 
patients younger than 60 years of age may obtain long term survival with current 
forms of therapy. At an early stage, AML patients undergo chemotherapy treatment 
in order to obtain a remission and later they can receive additional chemotherapy or 
a hematopoietic stem cell transplant. Recent advances in understanding the molecu-
lar features of AML has led to the creation of tools that help clinicians in selecting 
the best therapy and predicting which will be the potential outcome.

AML is a very complex disease with significant genetic, epigenetic, and pheno-
typic heterogeneity and the most important prognostic factor remains the cytogenetic 
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status: different cytogenetic abnormalities are associated with different outcomes. 
This complexity gives rise to the great challenge of targeting altogether these path-
ways, without inducing toxicity to normal cells. The ideal successful treatment 
would effectively eradicate the leukemic stem cell and its subclones so that residual 
disease cannot induce recurrence. Although the promise of a personalized treatment 
approach has yet to be achieved, clinicians need as much information as possible in 
order to choose the best approach for each patient. Importantly, thanks to the recent 
advances in the discovery of new molecular pathways involved in AML pathogen-
esis, a large number of novel drugs that can target specific subsets of patients are 
being developed for clinical applications.

In this chapter, we will give the current definition and classification of AML. Then, 
we will describe its pathophysiology highlighting the most crucial prognostic fac-
tors that have to be considered when diagnosing the disease. The main core will be 
the description of some of the essential molecules involved in the abnormal regula-
tion of intracellular signaling cascades and responsible for the onset of AML. Finally, 
we will report recent findings concerning the most innovative approaches actually 
ongoing in AML therapy.

 Definition and Classification of AML

Despite of its etiology, AML is characterized by the abnormal proliferation of white 
blood cells interfering with normal hematopoiesis. Clinically, AML is described as 
the presence of undifferentiated myeloid cells mainly localized in the bone marrow 
and peripheral blood. Common symptoms found in the majority of cases are leuko-
cytosis and anemia with thrombocytopenia. An excessive abrupt weight loss, 
together with severe fatigue, bring the patient to death within months after infection 
or bleeding if not promptly treated. AML is the most frequent type of leukemia in 
adults and the second one in children [1–3]. It can develop as a de novo disease or it 
can appear as a consequence of chemo/radiotherapy treatments [4]. Currently, AML 
is classified according to many diagnostic techniques: morphologic evaluation of 
bone marrow specimens and blood smears, flow cytometry, cytogenetics and, 
recently, screening for specific mutations. The French-American-British (FAB) 
classification system represented the first definition of the eight different subtypes 
of AML based on their morphological and cytochemical features. In 2001, the 
“Classification of Tumours of Haematopoietic and Lymphoid Tissues” was intro-
duced by the World Health Organization (WHO) integrating the most recent diag-
nostic and management advances in AML: it was revised in 2008 [5]. In 2016, the 
“WHO classification of AML and related neoplasms” was released, that defined six 
main groups: (1) AML with recurrent genetic abnormalities; (2) AML with 
myelodysplasia- related features; (3) therapy-related AML; (4) AML not otherwise 
specified; (5) myeloid sarcoma; and (6) myeloid proliferation related to Down 
syndrome [6]. In the 2008 revision, mutations in nucleophosmin 1 (NPM1) and 
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CCAAT/enhancer binding protein α (CEBPA) were recognized as distinct entities 
[5], while BCR-ABL1 and mutated RUNX1 were added in the 2016 version based 
on their clinicopathological features [6].

 Pathophysiology of AML

It is well known that specific chromosomal translocations are responsible for creat-
ing chimeric proteins that affect the normal maturation steps of myeloid precursor 
cells. However, more than 97% of AML patients present specific mutations [7], 
even without any large chromosomal aberration [8]. Nowadays, the “two-hit” model 
of leukemogenesis allows to rationally classify the mutations responsible for the 
onset of AML. Accordingly, different types of mutations are defined: (1) class I 
mutations, activating pro-proliferative pathways and (2) class II mutations, preju-
dicing normal differentiation and contributing to myeloid maturation arrest. The 
two mutations need to combine in order to develop the pathology [9, 10]. Mutations 
in Fms Related Tyrosine Kinase 3 (FLT3) (internal tandem duplications, ITD, and 
tyrosine kinase domain, TKD), K/NRAS, TP53 and c-KIT belong to class I and are 
found in approximately 28, 12, 8 and 4% of cases, respectively [8, 11]. Abnormal 
cellular proliferation and survival have been demonstrated to be enhanced also by 
mutations in Signal Transducer and Activator of Transcription 3 (STAT3) [12, 13]. 
Approximately 50% of AML cases with worse prognosis display enhanced tyrosine 
phosphorylation of STAT5 [14] or mutations in FLT3 and JAK2 [15, 16]. NPM1 and 
CEBPA (approximately 27% and 6% of cases, respectively) belong to class II and 
usually present a better prognosis [8]. Mutations in DNMT3A, TET2, and IDH-1 
and IDH-2, responsible for epigenetic regulation and found in more than 40% of 
AML patients, have been recently included in class III [7, 8]. According to the cur-
rent model, the interaction between the different kinds of proteins mutated in the 
three classes is responsible for the pathogenesis of AML. Frequently, c-KIT muta-
tion has been associated with t(8;21) or inv(16), while NPM1 frequently occurs 
together with the mutation in FLT3-ITD, DNMT3A and IDH-1 or IDH-2 [7]. AML 
is commonly diagnosed if 20% or more blasts are detected in the bone marrow or 
peripheral blood [17]. Further positivity to myeloid markers like CD13, CD33, 
CD117 and of an extramedullary tissue infiltrate, or chromosomal aberrations in the 
appropriate clinical setting can convey to AML diagnosis [5].

 Prognostic Factors in AML

Evaluation of the prognosis is essential for the right management of AML patients. 
Their classification has to consider both the risk of developing treatment resistance 
and the risk of relapse and mortality related to the treatment, and then establish the 
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best strategy in terms of kind and intensity of therapy to be administered. As an 
example, the diagnostic evaluation of a poor performance status together with 
increased age is often linked to poor outcomes in terms of complete remission (CR) 
and overall survival (OS) [18, 19]. However, many model analyses consider also 
other factors equally important to predict the risks related to mortality after treat-
ment, especially in older patients [20] and a poor prognosis is often linked to a prior 
hematological malignancy [21]. The strongest prognostic factor remains cytoge-
netic changes, that conventionally help clinicians in classifying patients in different 
categories, according to their prognostic risk, as favorable, intermediate or adverse 
groups. While some chromosomal aberrations are currently correlated to a favor-
able prognosis, other conditions such as a complex karyotype or monosomy 5 or 7 
remain associated with a poor outcome [2, 17, 22]. Thanks to the improved knowl-
edge of AML mutations it has been possible to refine the classification of the risk: 
for example, patients that present t(8;21) together with c-KIT mutation display a 
higher risk of relapse [2, 7, 23]. Evaluation of gene mutations has been demon-
strated to be particularly relevant also in the prognosis of patients with a cytogeneti-
cally normal (CN)-AML (approximately 50% of de novo AML cases). Patients that 
display a CN-AML with mutations in CEBPA or NPM1 in absence of FLT3-ITD 
show a prognostic risk similar to that of favorable risk patients [17, 24], while older 
patients that present a CN-AML with FLT3-ITD belong to the adverse prognostic 
risk group [2, 25] and display a worse prognosis [7, 26]. Mutations in tumor sup-
pressor genes like TP53 are very rare in AML patients [7, 8] and give a very poor 
prognosis [10] especially when associated with unfavorable cytogenetics and com-
plex karyotype [27]. Genes involved in epigenetic regulation of transcription have 
been found mutated in AML patients and have been included as important parame-
ters for a correct prognosis of patients. For example, mutated DNMT3A and PTDs 
in MLL1 correlate with worse prognosis in CN-AML [7, 10, 27, 28], while the 
involvement of IDH-1/IDH-2 mutations has not been clearly elucidated yet. An 
important role in prognosis is given to the informations collected after treatment 
initiation: patiens who achieve a complete remission after induction therapy display 
a better outcome as compared with treatment resistant patients [29, 30].

Recently, the definition of minimal residual disease has been improved by tech-
nological advancements that have led to the introduction of RT-PCR and flow 
cytometry techniques performed in patients with CR.  An important correlation 
linked to an increased incidence of relapse has also been established between high 
levels of RUNX1-RUNX1T1 transcripts after induction therapy and t(8;21) [31, 32].

 Cytogenetic and Molecular Risk

Nowadays, AML patients are classified in different prognostic risk categories based 
on their cytogenetic and molecular features. Patients with recurrent cytogenetic 
aberrations (approximately 45%) have been divided into favorable, intermediate, 
and poor-risk categories [33–35]. Recently, new methodologies and technical 
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advancements in AML diagnosis have allowed the identification of new molecular 
biomarkers, like gene mutations, gene and noncoding RNA expression signatures, 
and DNA methylation profiles associated with distinct cytogenetic groups [36, 37]. 
NPM1 and CEBPA mutations and FLT3-ITD have been included in a classification 
of AML patients into four groups: (1) favorable (with NPM1 and CEBPA mutations 
without FLT3-ITD), (2) intermediate I (CN patients with FLT3-ITD), (3) intermedi-
ate II (patients with intermediate cytogenetic risk), and (4) adverse (with a poor 
cytogenetic risk) [17, 22, 38]. Finally, BAALC (Brain and Acute Leukemia, 
Cytoplasmic) is implicated in acute myeloid leukemia and its overexpression has 
been demonstrated to be associated to poor prognosis.

From these data, it is evident that many components of the intracellular signaling 
networks involved in controlling proliferation and survival of hematopoietic cells 
are responsible for the onset of AML. In the next sections, we will describe some of 
the most common mutations in key signaling molecules involved in AML pathogen-
esis and particularly relevant from a therapeutic point of view: (1) receptor tyrosine 
kinases, (2) transcription factors, (3) NPM1 mutations and (4) epigenetic 
modifiers.

 Receptor Tyrosine Kinases and Their Signaling Intermediates

These proteins usually work as transducers activated by extracellular growth factors 
[38]. FLT3 is a member of the class III receptor tyrosine kinases (RTK) involved in 
hematopoiesis. It has been frequently found mutated in AML and its abnormal acti-
vation leads to uncontrolled blast proliferation [39–42] and to constitutive activation 
of downstream signaling cascades [43] (Fig. 13.1a). Mutations like FLT3-ITD have 
been found in 25–35% of AML patients, they give proliferative advantage to the 
hematopoietic progenitor cells and patients often display increased risk of relapse 
and mortality [22]. Mutations present in the FLT3-TKD [44] have been found in 7% 
of patients and have a favorable prognostic outcome [45]. FLT3 mutations are 
responsible for the activation of the AKT and ERK1/2 mediated pathways [46, 47]. 
It has been demonstrated that also the wild-type FLT3 receptor per se can be over-
expressed in AML patients, giving rise to its constitutive activation [48, 49] and 
impaired negative regulation of its downstream effectors [50, 51]. Patients affected 
by core binding factor (CBF)-AML with t(8;21), inv(16), t(16;16) may also present 
FLT3 mutations, eventhough the prognostic impact remains to be fully understood 
[52, 53].

Mutations in c-KIT, a gene encoding another member of the class III RTK have 
been described in 20% of patients that often present relapse, especially when com-
bined with t(8;21) [22, 54] (Fig. 13.1a). c-KIT is involved in hematopoiesis and acts 
on PI3K and consequently on RAS/RAF, MEK/ERK downstream pathways [55]. 
Mutations lead to its permanent activation and 80–90% of AML cases display con-
stitutively phosphorylated wild-type c-KIT.
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Aberrant activity of RTKs impacts on the regulation of many signaling intermedi-
ates. For example, they can influence RAS proteins, that normally act as intermediates, 
modulating the signal to downstream cellular targets, as previously mentioned [56]. In 
AML, abnormal activation of upstream receptor tyrosine kinases and also somatic 
mutations of RAS are able to permanently activate it and all its downstream effectors 
[57–60]. It has been shown that stable activation of the MEK1/2-ERK1/2 pathways is 
responsible for regulating the levels of the pro-apoptotic molecule Bim [61].

The constitutive activation of the PI3K/AKT/mammalian target of rapamycin 
(mTOR) [62–64] together with mitogen-activated protein kinase (MAPK) pathway 
play a pivotal role in AML cell proliferation and survival [65–68]. In particular, 
activation of mTOR complex 1 and 2 (mTORC1-2) is responsible for the control of 
oncogenic protein synthesis, cell cycle progression and proliferation, aberrant regu-
lation of tumor cells metabolism [65, 66].

AML is rarely associated with mutational activation of cytoplasmic tyrosine 
kinases like JAK/STAT [69]. Interestingly, STAT3 activation has been found in de 
novo AML [15] and the t(8;21) fusion has been shown to stimulate the JAK/STAT 
pathway [70] together with FLT3-ITD mutations [71].

Fig. 13.1 Tyrosine kinase receptors, transcription factors and tumor suppressors are mutated in 
acute myeloid leukemia. (a) Mutations in FLT3 and c-KIT cause their constitutive activation and 
permanent signaling to downstream pathways RAS-RAF, JAK-STAT, and PI3K-AKT-mTOR con-
tributing to uncontrolled proliferation. (b) Myeloid transcription factor fusions (RUNX1- 
RUNX1T1) cause transcriptional deregulation. (c) Mutations in tumor suppressor genes (TP53) 
cause transcriptional deregulation. Yellow stars indicate mutations
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 Transcription Factors

Many transcription factors contribute to leukemogenesis. A transcription factor that 
has been found mutated in approximately 13% of AML patients with poor outcome 
[72] is the Runt-related transcription factor 1 (RUNX1) (Fig. 13.1b). It is responsi-
ble for the regulation of the expression of genes implicated in growth and differen-
tiation of hematopoietic cells and its mutations induce diminished cellular 
differentiation and altered mechanisms of apoptosis, contributing to the onset of 
leukemia.

Importantly, mutations in the tumor suppressor gene TP53 has been correlated 
with dismal outcome when combined with complex karyotype [73](Fig. 13.1c).

CEBPA, a basic Leucine Zipper (bZIP) transcription factor required for myeloid 
differentiation, has been found mutated in 10–15% of CN-AML [74] and only 
patients presenting biallelic CEBPA mutations have a favorable prognosis [75].

Finally, cyclic AMP Response Element Binding Protein (CREB), a leucine zip-
per transcription factor mainly involved in the balance between activation and 
repression of genes that participate in essential cellular processes and functions 
[76–78] has been demonstrated to be overexpressed in the majority of AML patients, 
leading to aberrant cell proliferation and growth [79, 80] often linked with worse 
outcome and increased risk of relapse [77]. Interestingly, CREB is negatively regu-
lated by miR34b [81, 82] that is aberrantly silenced in AML, leading to uncontrolled 
cell proliferation [81].

 NPM1 Mutations

One of the most frequent mutations described in de novo AML patients with nor-
mal karyotype is located in the last exon of nucleophosmin (NPM1) gene [83]. 
NPM1 is an abundant nuclear cytoplasmic shuttling protein that participates in 
many different cellular processes such as centrosome duplication, cell cycle pro-
gression and stress response [84–87]. It physically interacts with several nuclear 
proteins, including nucleolin [88], p120 [89], p53 [90] and Mdm2 [91]. Recent 
works have shown that NPM1 interacts and complexes with the tumor suppressor 
p19/Arf [92] and it is absolutely necessary for its physiological localization and 
stabilization in the nucleolus [93]. Mutations in NPM1 are heterozygous and con-
sist in the insertion of short nucleotide stretches, leading to a reading frameshift 
and to a de novo formation of a chromosome region maintenance 1 (CRM1/
Exportin 1)-dependent nuclear export signal (NES, [94] Fig. 13.2). The most fre-
quent mutation of NPM1 gene (mutation A) has been described in 75–80% of cases 
and involves the duplication of the TCTG tetranucleotide [95]. Loss of the two 
tryptophan residues located in the C-terminal portion of the protein and needed for 
nucleolar localization [96] and creation of a new sequence of eleven amino acids 
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contribute to the generation of the supplementary novel NES responsible for mutant 
NPM1 cytoplasmic delocalization. AML with mutated NPM1 usually presents a 
monocitic morphology, high blood count and many circulating blasts and often 
displays negativity to CD34 marker. Three chromosomal translocations related to 
NPM1 have been described so far. The t(2;5) translocation involves the N-terminal 
portion of NPM1 and leads to a fusion with the catalytic domain of the membrane-
associated receptor tyrosine kinase ALK (anaplastic lymphoma kinase), that ren-
ders it constitutively active [97]. This aberration is present in about 30% of 
anaplastic large cell lymphomas (ALCL) [98]. The t(5;17) (q35;q21) is rare and it 
has been described in acute promyelocitic leukemias (APL). Also in this case, the 
N-terminal end of NPM1 is fused to the RARα C-terminal portion. This event leads 
to the binding of co-repressors that interfere with RARα-dependent transcriptional 
activities [99]. As a consequence, myeloid differentiation is blocked: patients that 
present this genetic abnormality can be treated with super-physiological doses of 
all-trans retinoic acid (ATRA) that release the block [100]. The third translocation 
t(3;5)(q25;q35) is very rare [101] and implicates the fusion of NPM1 to myelodis-
plasia/myeloid leukemia factor 1 (MLF1), a cytoplasmic protein that has a putative 
role in normal hematopoietic differentiation and has been shown to be able, together 
with the oncogene RASV12, of transforming mouse embryonic fibroblasts (MEFs) 
[102]. Interestingly, some of the most recurrent AML genomic aberrations are 
mutually exclusive with NPM1 mutations [103]. Due to the stability of this muta-
tion, different diagnostic techniques have been established for the detection of 
mutated NPM1 [104–113].

Nucleophosmin (NPM1) Cytoplasm
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NPM1

NPM1
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Fig. 13.2 Nucleophosmin is mutated in acute myeloid leukemia. Mutations in nucleophosmin 
(NPM1) lead to the aberrant cytoplasmic delocalization of the mutated and wild-type NPM1 pro-
teins and of its physiological intracellular interactors. Yellow stars indicate mutations
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 Epigenetic Modifiers

In addition to gene mutations, epigenetic modifications that can alter gene expres-
sion may contribute to AML pathogenesis. Chromatin changes may influence a 
plethora of key functional intracellular pathways. Due to the fact that epigenetic 
modifications can be reversible, nowadays they are considered critical targets for 
possible therapeutic intervention in AML patients.

Methylation is one of the most important events responsible for gene silencing 
and is mainly facilitated by DNA methyltransferases (DNMTs). This process needs 
to be finely tuned because any wrong silencing of a tumor suppressor gene by an 
abnormal methylation event may cause leukemogenesis. DNMT3A mutations are 
moderately frequent in AML [7, 114–118] (Fig. 13.3a). Many studies have demon-
strated that patients with mutated DNMT3A treated with high doses of daunorubi-
cin displayed a better OS and outcome [7, 118, 119] and with the hypomethylating 
agent (HMA) decitabine respect to the ones with wild-type DNMT3A [120]. The 
mechanism by wich DNMT3A is involved in leukemogenesis has not yet been com-
pletely delucidated: the current hypothesis is that the mutated protein can have a 
role as a dominant negative over wild-type DNMT3A. Experiments performed in 
vivo have demonstrated that mutations in DNMT3A are able to induce myeloprolif-
erative diseases and mice that develop AML acquire also mutations in signaling 
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Fig. 13.3 Epigenetic regulators of DNA metabolism are mutated in acute myeloid leukemia. (a) 
Mutations in genes involved in DNA metabolism such as DNMT3A, TET2, IDH1 and IDH2 cause 
deregulation of DNA methylation. hmC indicates 5-hydroxymethylcytosine, mC indicates 
5- methylcytosine. (b) Mutations in genes involved in epigenetic regulation such as ASXL1 and 
EZH2, cause deregulation of chromatin modification (H3K79, H2AK119, H3K27). KMT2A- 
MLLT3 fusion influences the functionality of other methyltransferases such as DOT1L. Yellow 
stars indicate mutations
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molecules such as c-KIT [121]. This is similar to what happens in AML patients 
where FLT3-ITD mutations are often found cooperating with DNMT3 mutations.

Missense mutations in the two isoforms of IDH-1 and IDH-2 have been demon-
strated to be present in AML patients [122–124]. They can promote tumorigenesis 
through a mechanism that possibly involves epigenetic changes mediated by inhibi-
tion of TET2, that is responsible for the oxidation of 5-methylcytosine (5mC) to 
5-hydroxymethylcytosine (5hmC) depending on α-ketoglutarate [125]. Mutations 
in TET2 cause the persistence of hypermethylation and silencing of genes essential 
for normal cellular functions. Mutations in TET2 have been detected in 8–27% of 
AML patients and are linked to reduced levels of 5hmC [125]. IDH proteins cata-
lyze the conversion of isocitrate to α-ketoglutarate and when they are mutated, a 
particular metabolite is produced, 2-hydroxyglutarate [126] that works as an inhibi-
tor of α-ketoglutarate, and consequently of TET2 (Fig. 13.2a).

The detection of IDH mutations in AML has some positive outcomes in predict-
ing the response to treatment with IDH inhibitors. Interestingly, it has been demon-
strated that association between TET2 mutations and NPM1 wild-type/FLT3 
wild-type display a poor outcome [7], eventhough its prognostic value is not com-
pletely clear [122, 127].

A positive regulator of gene transcription, the mixed-lineage leukemia gene 
(MLL) has been correlated to AML in up to 10% of patients and often correlates 
with a relatively unfavorable prognosis [128, 129] (Fig. 13.3b). MLL is a histone 
methyltransferase that targets H3K4 and leaves marks of transcriptional activation. 
It is generally involved in translocations at chromosomal band 11q23 and its prog-
nostic value is linked to its fusion partner. AML patients displaying t(9;11) result in 
many different epigenetic aberrations that promote cell survival [130, 131] and 
show a better outcome respect to other translocations. Patients with CN-AML and 
MLL partial tandem duplication (PTD) have been associated with worse outcomes, 
eventhough intensive consolidation treatments have displayed long term disease- 
free survival [129].

Another transcriptional repressor methyltransferase is enhancer of zeste 2 poly-
comb repressive complex 2 subunit (EZH2). In myeloid malignancies, EZH2 muta-
tions lead to loss of function [132, 133]. ASXL1 has an important role in the 
recruitment of the enzyme at the target loci. Its mutations are responsible for loss of 
H3K27 methylation and may be associated with adverse prognosis, an effect that 
seems to be correlated to the presence of RUNX1 mutations [134] (Fig. 13.3b).

Histone acetylation has also been correlated to tumorigenesis. In fact, histone 
deacetylases (HDACs) may be aberrantly recruited by myeloid oncoproteins, such 
as EVI1 or PML/RARα [135, 136] leading to chromatin remodeling that can affect 
transcription of putative target genes [137–139]. Acetylated lysine residues in his-
tones can be recognized by reader proteins containing bromodomains, such as the 
bromodomain and extra terminal proteins (BET) BRD2, BRD3, and BRD4. BRD4 
belongs to a complex including mediator and pTEF-b and is able to connect histone 
acetylation to transcription [140, 141]. Although BRD4 and other BET proteins are 
ubiquitously present at gene promoters and enhancers, inhibition of BET proteins 
results in large changes in expression of specific genes [142–144].
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 Other Signaling Pathways

Triad1, an E3 ubiquitin ligase encoded by ARIH2 gene is expressed in bone marrow 
progenitor cells [145]. It has been demonstrated that its interaction with Ubc7 or 
Ubc13 leads to proteasomal or lysosomal degradation [146, 147]. Clinical works 
suggest that Triad1 could be considered a leukemia suppressor. Deletions on chro-
mosome 3p21 have been reported in AML patients [148–150] and a decrease in 
Triad1 mRNA has been associated with translocations of MLL1-gene and MYST4/
CREBB and mutations such as FLT3-ITD [151]. Interestingly, HoxA10 is able to 
activate ARIH2 gene transcription during myelopoiesis [152], but when overex-
pressed in bone marrow progenitor cells it increases cytokine dependent prolifera-
tion in vitro and induces the development of myeloproliferative neoplasms 
degenerating in AML in vivo. It has been shown that increased expression of Triad1 
can block the detrimental effects due to HoxA10 overexpression by favouring the 
degradation of proteins involved in the growth of hematopoietic stem and progeni-
tor cells [152]. Taken together, these observations clearly corroborate the hypothesis 
that many additional mutations and deregulations in different intracellular pathways 
are needed for leukemogenesis [16, 153–155].

 Current Established Therapies

The common therapeutic strategy adopted after AML diagnosis depends on the eli-
gibility of the patient for intensive induction chemotherapy [17]. Usually, the regi-
men consists in continuous administration of cytarabine with an anthracycline. The 
efficacy of the treatment in adults who are <60 years of age ranges between 60% 
and 85% while in older patients the percentage of successes remains lower. Some 
patients have been shown to benefit by the combination of induction therapy and the 
administration of gemtuzumab ozogamicin (GO), a humanized anti-CD33 mono-
clonal antibody conjugated with the cytotoxic agent calicheamicin [156]. After 
intensive chemotherapy and when remission is complete, a post-remission regimen 
called “consolidation therapy” is frequently established, consisting in a new inten-
sive chemotherapy treatment and/or an allogeneic hematopoietic stem cell trans-
plantation [17, 158]. Monitoring minimal residual disease is essential for 
post-remission and pre-emptive salvage therapies. Patients >60 years of age and 
with intermediate risk genetic factors that present cure rates of only 10–15% display 
the worst outcomes. In these cases, an experimental treatment that may include new 
maintenance therapies can be administered. Generally, post-remission therapy con-
sists in an allogeneic hematopoietic stem cell transplantation [157–165]. In some 
cases, patients can experience a relapse and subsequently undergo a reinduction 
therapy [166]. The percentage of successes in remissions after reinduction can range 
between 20% and 30%. The outcome after relapse is determined by many factors, 
especially by a short duration of remission, adverse genetic factors, prior allogeneic 
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transplantation, older age, and poor general health status. When the relapse is diag-
nosed the most important factor that has to be considered is the possibility to receive 
intensive salvage therapy finalized to a complete remission before allogeneic hema-
topoietic stem cell transplantation [167]. When these protocols are not feasible, 
patients can udergo low-intensity therapy or best supportive care with the options of 
declining treatment or of receiving new experimental therapies.

 Innovative Therapeutic Approaches

Although conventional therapies can provide a better outcome in AML patients, the 
overall survival remains less than 30% in adults and approximately 60% in children 
[3]. Moreover, treatment of AML can induce secondary effects like high morbidity 
and resistant disease with subsequent relapse. Current studies are therefore focused 
on finding new strategies in order to inhibit proteins involved in drug resistance and 
cell survival. Many new compounds under development target different molecules 
and pathways such as (1) signaling through tyrosine kinases, (2) nuclear export of 
proteins, (3) epigenetic regulation of DNA and chromatin, and (4) specifically 
expressed antigens.

The very high frequency of mutations in RTKs has led to the design of targeted 
inhibitors that unfortunately up to now have given poor results [168], especially due 
to their relatively high toxicity. Some JAK inhibitors have also been introduced in 
clinical trials and encouraging results have been obtained so far as they have dis-
played good anti-tumor effects. Several types of STAT inhibitors are currently under 
investigation for therapy [169]. In fact, STAT3 is hyperphosphorylated in up to 50% 
of AML patients giving worse prognosis. Therefore, STAT3 targeting has been 
shown to be effective in the treatment of chemotherapy resistant AML patients.

MAPK signaling pathways have also been targeted by molecules giving good 
results [170, 171]. Inhibition of mTORC1 pathways by rapamycin or other rapalogs 
has been shown effective both in vitro and in vivo [172–179].

High expression of CRM1, an essential nuclear export protein has been corre-
lated with short survival in AML [180], therefore its inhibition could be a promis-
ing strategy: a clinical experimentation is currently undergoing [181]. A recent 
work demonstrated the feasibility of isolating and producing a functional recombi-
nant scFv intrabody univocally recognizing the mutated form of NPM1 and fused 
to nuclear localization signal(s) in an attempt of relocalizing the aberrant protein to 
its correct location. However, the authors underline that the lack of precise infor-
mation regarding the strength of signal peptides makes the possibility to create 
molecules able to counteract cellular mislocalization of shuttling NPM1very chal-
lenging [182].

Due to the fact that mutations in genes involved in epigenetic regulation have 
been frequently found in AML, new possibilities have opened for the development 
of innovative epigenetic therapies [183, 184]. As an example, inhibition IDH-1 and 
IDH-2 is undergoing a recent interest [185]. Both in vitro studies and phase 1 trials 
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have demonstrated the possibility of specifically blocking terminal differentiation 
of leukemic blasts in IDH mutated AML [186] and to obtain high sensitivity to 
BCL2 inhibitor venetoclax in IDH-1/-2-mutated cells [187]. Two epigenetic com-
pounds currently approved for clinical use in myeloid malignancies are azacitidine 
and decitabine, two inhibitors of DNA methyltransferases [188]. Their mechanism 
of action is probably based on reversing aberrant DNA hypermethylation and 
thereby restoring expression of critical (tumor suppressor) genes. These compounds 
are reported to be particularly useful for patients not eligible for intensive chemo-
therapy [189–192].

HDAC inhibitors were among the first epigenetic drugs developed and several of 
them have been tested in clinical trials for malignancies, including AML [193]. 
Recently, combinations of DNMT and HDAC inhibitors have been experimented 
[194–196]. This is supported by recent findings involving the targeting of transcrip-
tion elongation factors such as bromodomain proteins using small molecules. 
Bromodomain proteins, including BET proteins, exert their function by binding 
acetylated lysine residues in histone proteins, such as H3K27 [183]. BET inhibitors 
showed therapeutic efficacy both in vitro and in vivo [142, 197–199] and may be 
effective in AML associated with MLL translocations [142].

Antibody therapy of AML has recently raised a great interest. The main strategy 
is currently focused on the development of specific monoclonal antibodies directed 
against CD33, a marker specific of myeloid cells. Anti-CD33 antibodies can be used 
either alone or in combination with anti-CD3 antibodies, possibly conjugated to 
specific cytotoxic molecules [200]. An example of conjugated antibody is gemtu-
zumab ozogamicin that was approved in 2000 for treating CD33-positive AML 
patients >60 years of age at first relapse. In 2009, it was removed from the market 
due to lacking of significant improvements in remission, disease-free survival or 
overall survival [201]. Later on, some trials demonstrated a good response in 
patients treated both with GO and standard chemotherapy [156, 202].

Researches directed to the identification of surface markers univocally expressed 
in leukemic cells has opened the way to the introduction of novel targeted therapies 
against AML. As an example, targeting of interleukin-3 receptor (CD123) has dem-
onstrated to be an interesting option for the innovative chimeric antigen receptor 
T-cell engineered (CART) cellular therapy [203]. This strategy consists in the cre-
ation of synthetic hybrids between single chain variable fragment (scFv) antibodies 
and the transmembrane and intracellular domains of a T-cell receptor. A recent work 
demonstrates the feasibility of this approach: a CAR directed against CD33 has 
been shown to be active in AML cells [204].

Other studies have focused on targeting another receptor, folate receptor beta 
(FRβ), physiologically expressed on myeloid cells and overexpressed during 
tumorigenic transformation [205]. FRβ is frequently present in primary AML and 
can be overexpressed after all-trans retinoic acid treatment [206]. A possible appli-
cation of CART cell therapy has been displayed both in vitro and in vivo in FRβ 
positive AML cells, without any toxicity in healthy human CD34+ stem cells 
[207]. These evidences suggest CART as a promising approach for treating 
relapsed/refractory AML.
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 Conclusions and Future Perspectives

Acute myeloid leukemia (AML) is the most frequent leukemia in adults and pres-
ents a very high incidence all over the world. It is an extremely complex disease 
with considerable genetic, epigenetic, and phenotypic heterogeneity. Even though 
recent advances in the prognosis and risk stratification of AML patients have con-
tributed to boost conventional treatments, overall survival remains a major problem 
especially in older, relapsed or refractory patients. In the last years, most of the 
researches have focused on investigating the underlying mechanisms of leukemo-
genesis. Elucidating which mutations are responsible for AML pathogenesis and 
identifying the signaling molecules involved in the aberrant regulation of down-
stream pathways has provided potential novel targets for drug development. Today, 
many different interdisciplinary approaches are available that can help clinicians in 
refining diagnosis and classifying patients for an adequate therapy. However, the 
main challenges remain reduction of AML incidence and mortality together with 
prevention of the development of treatment related resistance. Nowadays, therapy is 
primarily focused on finding new ways to specifically target leukemic cells without 
inducing significant toxicity to normal cells and on achieving the best personalized 
treatment for each patient. New inhibitor compounds designed against precise tar-
gets hold great promise for curing AML. Recently, the identification of specific cell 
surface markers has led to the birth of novel immunotherapeutic approaches for 
AML: exploiting recombinant monoclonal antibodies and chimeric antigen recep-
tors has shown enhanced selectivity properties and reduced aspecific toxicity.
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Chapter 14
When the Molecules Start Playing Chess, 
or How MicroRNAs Acquire Dualistic  
Activity During Cancer Progression

Krassimira Todorova and Soren Hayrabedyan

Abstract Genomic instability was found to be a major source of a chromosomal 
rearrangement resulting in multidimensional gene network reprogramming, provid-
ing survival benefits to cancer cells. One recently discovered phenomenon caused 
by these changes is the dualistic microRNA activity, converting tumor suppressor 
microRNAs into tumor promoting omcomiRs. Understanding mechanics of this 
dualism will reveal how far tumor progression could go. This chapter will discuss 
some aspects of the current knowledge and understanding of this side of 
oncogenesis.

Keywords Dualistic microRNA function · miR-204 · miR-30 · Prostate cancer · 
Autophagy · Genome instability

 Introduction

Cancer development has been investigated for many years, with new molecular 
players constantly being discovered, shedding light on the mechanics of oncogene-
sis and cancer progression. One of the few major shifts in our current understanding 
of cancer evolvement and progression is related to its multidimensional character. 
Not unlikely, disciplines as systems biology, as well as methods applying high- 
throughput multidimensional data gathering and analysis helped reveal its nature.

Thus, along with the discovery of several new layers of genome organization and 
gene regulation, new molecular players came to the scene. Epigenomics currently 
deals with the complex organization of the genome structure and gene regulation, 
including additional molecular player such as non-coding RNAs (ncRNAs).
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The two most prominent types of ncRNAs are microRNAs (miRs) and long 
non- coding RNAs (lncRNAs). First type (miRs) are short 21–23 nucleotides long 
ncRNAs, transcribed as longer precursors in nucleus, then exported to cytosol where 
Dicer enzyme process mature form capable of silencing multiple mRNAs per single 
miR [1]. They are tightly involved in cell development, signaling, cell cycle [2], but 
also in carcinogenesis and mutagenesis [3, 4]. Their crucial tumor suppressor role 
was found through the studies of its abolishment in cancerogenesis and its link to 
chromosome deletions in leukemia [5]. A miR locus has been found harbored by 
many chromosomal regions including coding regions for RNA, introns, and inter-
genic regions. So far over 1881 precursors and 2588 mature miRs are identified in 
human [6], although far less miRs are real than bioinformatically predicted, suggest-
ing their tertiary structure and real interactors importance. Some of them could act as 
tumor inducing microRNAs, referred to as oncogenic miRs referred to as oncomiRs. 
In general, miRs that become dysregulated in cancer are of specific importance, as 
they are oncogenesis responsible either through targeting and downregulating tumor-
suppressor genes or getting downregulated when targeting protooncogenes. For 
example, the tumor suppressor miR-21 targeting PTEN is upregulated in a several 
cancers [7], while miR-145 targeting MYC, MUC1, and OCT4 oncogenes is down-
regulated in many cancers, like colon [8], breast [9] and lung [10] cancer. One impor-
tant aspect of their physiology is the regulation of their biogenesis by important 
steroid hormones such as androgens and estrogens [11, 12].

 Current Evidence for Dualistic MicroRNA Activity Phenomena

One of the first phenomena of microRNA functional biological dualism have been 
reported about miR-26a [13], suggesting that miR-26a played a role of tumor sup-
pressor in hepatocellular carcinoma acting restrictively on cyclins D2 and E2 [14], 
while same miR-26a played a role of tumor promotor (an oncomiR) suppressing 
PTEN in high-grade glioma [15]. While in hepatocellular carcinoma this miR was 
reduced (suppressed), in glioma a genome amplification upregulated miR-26a, sug-
gesting a genome dysregulation and rearrangement underlies the biological duality 
phenomenon.

So far, two types of duality are exhibited by microRNAs—duality in activity 
depending on cell type context, thus specific microRNA could be a tumor suppres-
sor in one cell type, but could act as oncomiR in another cell type, as shown for 
miR-26a. Several other miRs already have been shown to exhibit such functions, 
like miR-30 playing role of an oncomiR in glioma, ovarian cancer, renal cell cancer 
and chronic myeloid leukemia, while acting as a tumor suppressor in colorectal, 
gastric, lung, prostate and breast cancer [16]. Similarly, miR-23b and miR-7, also 
act as oncomiRs in glioma [17] and renal cell carcinoma [18], and as tumor suppres-
sors in bladder [19] and breast cancer [19] respectively.

Another microRNA exhibiting such cell context-dependent duality is miR-204. 
Although it is among the most abundant acute lymphocytic leukemias oncomiRs, 
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miR-204 however acts at the same time as a tumor suppressor in many solid tumors, 
like melanomas, glioma, non-small cell lung cancer, bladder and gastric cancers, 
head and neck tumor, and endometrioid endometrial cancer (for Review see [20]).

Surprisingly, this miR was found by several groups, including ours, to act dual-
istically in the same cell type, during different stages of cancer progression [20–22]. 
In prostate cancer miR-204 was found to act as tumor suppressor in metastatic, but 
lacking TMPRSS2:ERG oncofusion (DU145, LNCaP and PC3 cell lines) [20, 21], 
while miR-204 obtained oncomiR properties in same fusion harboring cells (VCaP, 
NCI H600 cell lines) [21]. Similar duality was found in breast cancer, where miR- 
204 acted as oncogenic, targeting several tumor suppressor genes in breast cancer 
cell lines MDA-MB-231 and MCF-7 [22], but it was also found to act as a tumor 
suppressor in same MDA-MB-231 cell line by others [23], inducing cell apoptosis 
inducer through feed-forward cascade between STAT3, BCl-2 and survivin.

This second mode of duality is defined by an action of the same microRNA as 
tumor suppressor, and as an oncomiR in the same cell type. Like miR-204, miR-375 
behaves as oncogenic in androgen-sensitive 22Rv1 prostate cancer cell line, but as 
tumor-suppressive in androgen-insensitive PC-3 prostate cancer cell line [24]. 
While miR-204 activity in prostate cancer changes during genome instability pro-
gression, in breast cancer this microRNA and miR-17 exhibit  same duality in the 
same stage of cancer, but in different directions. This way, miR-204 targets both 
tumor suppressor and oncogenic proteins in MDA-MB-231 cells [24], and so does 
miR-17 in MCF-7 cells by suppressing cell proliferation via AIB118 targeting, but 
inhibiting the HBP1 tumor suppressor [25]. A tumor suppressor in many tumors, miR-
29, also acts as an oncomiR in breast cancer, facilitating epithelial-to- mesenchymal 
transition (EMT) and metastasis [26]. Despite exhibiting both oncogenic and tumor 
suppressive properties, miR-27a, a component of the miR-23a~27a~24-2 polycis-
tronic cluster, also may either facilitate or suppress apoptosis depending on cell type 
[27, 28].

Thus, all these phenomena converge in and actually coexist with miRNA- targeted 
genes functional duality as all, as a reflection of the complex non-coding RNAs 
epigenetic regulation [14]. For example, this complexity at gene and protein level is 
manifested also by a cell senescence mediated by not-other but oncogene members 
of RAS, MYC and E2F family [29]. To understand the underlying mechanics of the 
non-coding microRNAs duality we should further investigate the molecules and 
biological processes involved that are their downstream targets.

 Biological Outcomes of MicroRNA Duality Inferring this 
Phenomenon Origin

A common feature of microRNAs playing dualistic role in biology of cancer devel-
opment is the transformation of tumor suppressor to tumor inducing activity [24]. 
This transformation is usually attained by passing through a phase of bipolar activ-
ity where some targets remain pro-oncogenic, hence tumor suppressor activity is 
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preserved, while other new targets are acquired, this time represented by tumor 
suppressor genes, conferring oncomiR activity to the microRNA. Since most of the 
studies were initially focused on specific miR target proteins, there have been con-
troversial reports on particular miR activity [24, 25]. Employing more high through-
put methods detecting multiple microRNA targets simultaneously allowed for the 
discovery of this transitional phenomenon of losing tumor suppressor for pro- 
oncogenic activity of microRNAs [21, 24, 30].

The initial focus on duality research suggested most duality microRNAs affected 
the expression of major tumor suppressors like PTEN (affected by miR-26a [14], 
miR-30a-5p [31]); protooncogenes/master transcriptional regulators, involved in 
cell differentiation and proliferation, such as myc family members MYC, MYB 
(miR-26a [13, 14, 32], miR-204 [21]), Runt family members RUNX2, RUNX3 
(miR-204 [21, 33], miR-30a [34]), Notch1 (miR-30a [34]); epigenome regulators as 
EZH2 (miR-25a [13], miR-30a [35]); some long non-coding RNAs LncRNA 
HOTTIP ([36]); epithelial to mesenchymal transformation SOX4 (miR-204 [37], 
miR-30a [38]), SLUG (miR-204 [39]), SNAI1 [40] and cancer stem-cell like induc-
tion pathways such as Wnt/ β-catenin signaling (miR-204 [41], miR-30a [42]); cell 
cycle regulators Cyclin D2, E2 (miR-26a [14], miR-204 [43]), autophagy genes 
BECN1, ATG5 (miR-30a [44, 45]), LC3B (miR-204 [46]), invasion and migration 
PI3K/AKT genes (miR-30a [40]) and also ubiquitination genes like ISOT, UBA5, 
NED88, TRIP12, E3 Ubiquitin ligases ARIH2 and UBR5 (miR-204 [30]).

As a general common scenario, a multidimensional gene regulatory network of 
master transcriptional factors and down-stream regulators is affected by the can-
cerogenesis to confer already known loss of differentiation, cell apoptosis inhibi-
tion, epithelial to mesenchymal transformation, along with the acquisition of 
stem-like properties and higher metastatic potential.

Alike gene regulation, cancerogenesis is not a coordinated activity, but it has a 
pattern as most of the newer enlightenments in the area suggest, and that pattern is 
related to specific “weak spots” in genome organization and gene regulation. Every 
single “weak spot” is always backed up by multiple feedback mechanisms, so only 
multidirectional gene dysregulation, resulting in simultaneous disorganization of 
many cellular functions could sustain cancer development and progression.

We will follow a hypothetical scenario driven mostly by the research of 
microRNA dysregulation in prostate cancer by us and others to depict some aspects 
of the “peculiar” transition from physiological tumor-suppressed state to oncogene 
non-differentiated state. A hallmark in every cancer progression is the dysregulation 
of the epigenome as well, as major mechanism of sustaining the cell differentiated 
state.

It is to note that prostate epithelial cells are under androgen hormones control 
through the regulation of the androgen receptor (AR), latter having a highly com-
plex regulatory mechanics on its target downstream genes through androgen 
response elements [11], including some microRNAs, like miR-21 and others [47]. 
It has been recently discovered that AR and other steroid receptors (like estrogen 
one) play a major role in Dicer-mediated microRNA maturation, in a ligand specific 
manner, hence exhibiting synthesis rate limited regulatory function, as microRNAs 
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are synthesized as primary miRs (pri-miRs) by RNA Pol II and are later converted 
to mature miRNAs by the RNAse enzymes Drosha and Dicer [48].

It was found that tissue-specific knockout of Dicer completely impairs AR func-
tion leading to an androgen-insensitivity syndrome [12]. miRNAs were shown as 
mediators of AR function with a possible feedback loop between miRNAs, AR, and 
AR corepressors. Unlike classical hormone action theory postulate that the ligand- 
bound AR is recruited to the promoter of its target genes, it was found surprisingly 
that miRNAs are also mediators of the androgen action. Consequently a new 
hypothesis have been raised, including a 3-step rather than 1-step model of AR acti-
vation, where instead of simple ligand-receptor interaction, AR gene regulation is 
mediated through its action on miRNA maturation via Dicer-AR ligand dependent 
interaction, an interaction with AR corepressors and coactivators and AR-DNA 
direct interaction [12]. The importance of this phenomenon becomes clear in the 
development of cancer-resistant phenotype in prostate cancer, as some of the dual-
istic micro-RNAs noted so far exert a regulatory function on AR on their own [16, 
20, 21]. The following positive feedback loop between AR, miR-204, XRN1 and 
miR-34a has already been observed, implicating a dual function of the axis between 
miR-204 and XRN1 in prostate cancer [49]. Androgens, by downregulating miR- 
204, induce a 5′-3′ exoribonuclease 1 named XRN1, which in turn is a miR-204 
target itself, forming a feed-forward regulatory loop. Cancer progression stage- 
wise, in AR-sensitive prostate cancer cell lines (LNCaP and 22Rv1) miR-204 has 
been implicated to acts as a tumor suppressor, while in more advanced 
neuroendocrine- like differentiated prostate cancer cell lines (PC-3 and CL1), miR- 
204 has been implicated as an oncomiR. In latter case (cell lines) AR is transcribed, 
but it is not sensitive to androgen hormones signaling. It was shown that AR can 
induce miR-204 [49], while unlike others [49], we found miR-204 overexpression 
on other hand to upregulate AR expression in prostate cancer cells [30]. The other 
dualistic micro-RNA-30a and members of its family were also shown to play a role 
in AR suppression by targeting its 3′UTR. Those miR-30 members had lowered 
expression levels in castration-resistant prostate cancer cells [50].

As androgen/AR is able to suppress miR-204 expression [49] in AR-sensitive 
LNCaP and other prostate cancer cells, it becomes clear why the lower levels of 
miR-204  in LNCaP and PC3 cells have tumor suppressor activity, while higher 
levels of miR-204  in TMPRSS2:ERG fusion positive prostate cancer cell lines 
(VCaP, NCI H660) had pro-oncogenic properties [21]. In first case, lower miR-204 
levels coincide with AR hyperstimulation associated with high androgen hormone 
levels in prostate cancer, and the ability of high AR stimulation to cause chromo-
somal remodeling and AR dependent TMPRSS2 gene fusion with transcription fac-
tor ERG [51–54]. Before TMPRSS2:ERG fusion to occur, the relatively lower 
miR-204 levels (but still upregulated when compared to normal prostate epithelia) 
stimulate AR overexpression, but as we have discovered the TMPRSS2:ERG fusion 
positive VCaP and NCI H660 prostate cancer cell lines exhibited higher miR-204 
levels, coinciding with lower or none AR expression as we found [21, 30]. Since this 
fusion is believed to occur as unnatural splicing intra-chromosomal rearrangement 
to “enhance” ERG expression and “put it under” AR control, it was not surprising 
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for us why AR inducing and TMPRSS2:ERG suppressing miR-204 is increased in 
ERG-fusion positive cells [30]. The fusion itself was found to employ a very com-
plex regulatory mechanism, first by regulating the non-fused ERG locus [53–61] 
and second by utilizing an epigenetic mechanism regulating Polycomb gene EZH2 
to change DNA methylation state [51, 52, 55], conferring cancer stem-like and 
epithelial- to-mesenchymal transition characteristics of prostate cancer cells, and 
castration resistant phenotype acquisition. The oncogenically induced EZH2 over- 
expression also exhibited dualistic biological function by inducing in turn an 
increased cell ageing process [29], as TMPRSS2:ERG fusion transfection resulted 
in cell proliferation arrest in non-fusion harboring cells [62]. Now, it is not surpris-
ing that miR-204 over-expression in ERG-fusion cells could be interpreted as 
oncomiR activity, as miR-204 is actually promoting an even more malignant pheno-
type by inducing AR and suppressing TMPRSS2:ERG fusion, helping tumor cell 
bypass the transitional state and starting to use ERG-fusion Polycomb and other 
pro-oncogenic pathways [30]. Thus in cells where AR is not sensitive to androgens, 
but have an internal and reprogrammed signaling as we will talk latter, 
TMPRSS2:ERG fusion promotes metastasis, but is regulated by former tumor- 
suppressor miR-204 to reduce its cell senescence activity. Once initiated, these 
ERG-fusion pathways have other mechanisms for positive feedback loops, and do 
not need the androgen receptivity and ERG-fusion transcript anymore [63].

What we found in our studies on miR-204 dualistic activity, suggested that in 
ERG-fusion positive prostate cancer cells, miR-204 participated in several feedback 
and feed-forward loops with master proliferation and metastasis transcription fac-
tors (TFs) as MYB, RUNX2 and miR-204 harboring ETS1. What could explain 
miR-204 switch form suppressing into inducing miR regarding this TFs is that the 
regulatory loops are not direct, hence further mutagenesis or perturbations of other 
regulatory elements could explain the switch.

The feed-forward loops 
MYB(RUNX2)-miR204-MYB(RUNX2)-SLUG/E-Cadherin and ETS1-miR204- 
SLUG/E-Cadherin were found in ERG-fusion cells, and while MYB(RUNX2)-
miR-204 were working on some of the ETS TFs in EGR-negative cells as well, 
MYB, RUNX2 and ETS1 were all required for SLUG ETS gene expression in 
ERG-negative cell lines [39]. This finding demonstrated that ERG-fusion phenom-
enon is necessary to unlock set of events and feed-forward loops where even some 
pro-oncogenic master TFs are not necessary for EMT anymore, as Polycomb silenc-
ing program is switching off the differentiated cell state. Thus, mir-204 over- 
expression upregulated EMT-related N-cadherin regardless of ERG-fusion state, 
while E-cadherin was downregulated only in ERG-positive cells [39], being stron-
gest in NCI-H660 cells, possibly related to an additional malignant tumors associ-
ated E-cadherin alternative splicing exclusion of exon-11 [64]. We also observed 
E-cadherin alternative splicing phenomenon regardless of ERG-status [39].

Additional to Polycomb mechanism, ERG-fusion utilizes another prostate epi-
thelia differentiation disruption mechanism, via SOX9 [65], which is not direct AR 
target, but being an ERG target is also targeted by AR-induced TMPRSS2:ERG. 
SOX-9 was fond upregulated by miR-204 in all cell lines, while SOX9 downregulation 
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by inhibiting miR-204 was only possible in ERG-fusion harboring cells [39], 
suggesting the importance of miR-204 for Sox-9 based epithelial linage dysregula-
tion and an even further “fine-tuning” of miR-204 functionality with the ERG- 
fusion occurrence. In concordance with effects of miR-204 on EMT changes, 
miR-204 suppressed cell viability and migration only in TMPRSS2:ERG fusion- 
negative cells [39].

The bone-specific transcription regulator Runx2 is abnormally expressed in 
highly metastatic hematopoietic stem cell niche, facilitating local osteolysis [66]. 
Key event to this process is the induction by RUNX2 of key male/prostate differen-
tiation (SOX9) and EMT molecules (Snail2, SLUG, SNAI2, SMAD3) that promote 
significantly the invasiveness of cancer cells. SLUG was reported to upregulate 
RUNX2 [67], but we have also found that RUNX2 upregulated SLUG in positive 
feedback loop [39]. Indeed, recent data show that RUNX2 is able to bind AR and 
detach it from its target genes like some tumor suppressors, but at the same time, the 
two together, RUNX2 and AR, are able to bind the SLUG enhancer region and 
result in an increased invasiveness [68].

This phenomenon adds yet another layer of complexity in AR signaling where 
miR-204 participated, helping “reprogram” multiple AR transcriptional targets in 
again dualistic fashion [30]. We have investigated the interference of miR-204 in 
AR signaling using high resolution proteomics recently, only to discover that large 
set proteins encoded by miR-204 target genes were actually upregulated in AR sen-
sitive prostate cancer cells conversely to expected downregulation, and only small 
part was downregulated [30].

Among the miR-204 significantly overexpressed proteins were Methyl-CpG- 
binding domain protein 3 (MBD3), downregulation of DNA (cytosine-5)-methyl-
transferase 1 (DNMT1), enrichment of several histone regulation enzymes—histone 
methyltransferases, histone arginine methylation, and epigenetic proteins related to 
DNA methylation, Protein arginine N-methyltransferase 5 (PRMT5) methylating, 
which Arg-3 of histone H3 in glioblastoma and other tumors, as well as tRNA meth-
ylation. Dysregulated by miR-204 were also AR direct target, AR co-activators and 
co-repressors, AR regulators, and AR transcription starting sites related TFs. In par-
allel, we have found that the actions of miR-204 towards AR and TMPRSS2:ERG 
expression was mediated by miR-204 mediated regulation of their promotor meth-
ylation. Thus, although Histone deacetylases (HDACs) cause transcriptional repres-
sion by making histones wrap DNA more tightly, in prostate cancer HDACs are also 
paradoxically required for the activation of a substantial fraction of AR target genes 
including TMPRSS2. TMPRSS2 participates in the ERG-fusion, reprograming its 
transcription under AR control [69, 70]. Using high resolution proteomics, we found 
histone deacetylase complex of MBD3, MBD2 and HDAC1 to be enriched by miR-
204 over-expression [30], further supporting the hypothesis that miR-204 potentiates 
TMPRSS2:ERG action in prostate cancer, although the fusion itself was downregu-
lated simultaneously by promoter hyper-methylation. In prostate cancer context 
miR-204 serves as fine tuning regulator of both the ERG-fusion to prevent cell senes-
cence and of epigenetic machinery to promote tumor progress. This notion is sup-
ported by the finding that ERG-positive prostate cancers are strongly HDAC1- positive. 
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We have also another direction of similar bi-polar miR-204 activity of increased AR 
expression, by miR-204 dependent promotor hypo-methylation, probably related to 
significant DNMT1 downregulation. This was accompanied by an upregulation of 
SWI/SNF complex associated SMARCC1 subunit, involved in chromatin remodeling 
[30]. Remarkably, the SMARCC1 subunit participates in neural progenitor(stem) 
cell specific chromatin remodeling complexes, important for the self-renewal and pro-
liferative capacity of the multipotent neural stem cells [71]. Overall, we found that 
miR-204 helps in epigenetic reprograming of AR signaling axis, proliferation and 
EMT, and in autophagy and ubiquitination reprograming as well [11, 21, 30, 39].

We suspect that part of the action of miR-204 on upregulation of RUNX2 and 
MYB TFs in ERG-fusion manner is also related to ERG-fusion and AR-sensitivity 
related ubiquitination reduction, resulting in a decreased protein products turnover 
[21]. Autophagy is process of non-selective starvation and selective degradation of 
organelles and misfolded proteins, which is either beneficial or suppressive to can-
cer development.

About 40% of the human genome is represented by retrotransposons—genetic 
elements that are ubiquitously presented in the DNA and are able to amplify them-
selves by something like a “copy-paste” mechanism. The retrotransposone first gets 
transcribed into RNA, then it is converted to DNA by reverse transcription and 
inserted into DNA target sites [72]. Their ability to change their position and direc-
tion within the genome represents major source of genetic variation in individuals, 
tissues and cells, as retrotransposons represent 42% of the entire genome in humans 
[73]. Autophagy prevent genome instability by selective retrotransposon RNA deg-
radation, preventing their genome reinsertion, controlling both long and short inter-
spersed elements. Although normal autophagy is required for NDP52 and 
p62-mediated selective retrotransposon degradation and genome stability preserva-
tion, with the advance of cancer development both autophagy degradation of mis-
folded proteins is decreased and also the process of genome stability preservation 
[74]. The inability to selectively clear genome destabilization events eventually 
result in irregular splicing events and further supports genome reorganization and 
de novo fusion products generation. miR-204 and miR-30 could selectively sup-
press retrotransposon clearance by inhibiting beclin1 [74] and atg16 [75] from 
autophagy initiation pathway.

We already found miR-204 involved in upregulation of autophagy initiation 
ATG16L and maturation important LC3 in AR sensitive LNCaP cells, as without 
any of these two proteins autophagy process could not propagate to successful deg-
radation. In PC3 AR-resistant cells both factors were downregulated suggesting 
another oncomiR activity [75]. Similarly, miR-204 was found to regulate another 
initiation factor—Beclin1 and also LC3 as well, in renal cell carcinoma [46]. In renal 
cell carcinoma, autophagy, which also exhibits dualistic role in cancer is required 
for tumor growth. Recently, both miR and autophagy duality were related, as not 
only miRs regulate autophagy involved proteins at every single stage, but also a 
complex interaction between the autophagy and miRNA biogenesis and  maturation 
has been recently found. This way autophagosomes degrade selectively miRNA-
maturation indispensable DICER1, and the argonaute 2 (AGO2) component of RISC 
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silencing complex [76]. Reciprocally, DICER1 silencing attenuates the induction of 
autophagy in promyelocytic leukemia differentiation. Similar phenomenon have 
been observed in ATG5 and ATG16 knockout mouse embryonic fibroblasts, where 
AGO2 is vastly accumulated [77]. Although it was though initially that only RNA-free 
DICER1 and AGO2 proteins are degraded by autophagy, new evidence suggested 
several miRNAs to be directly degraded by autophagy, suggesting that miRNA reg-
ulation-autophagy degradation work in both ways. This concept further extended 
beyond simple miR-regulated autophagy feedback/feedforward loops, rather having 
an impact on the global cellular non-codding RNA landscape [78].

Bringing all together, miR-204 and other miRs, like miR-30, exhibiting similar 
directions of duality, interplay in very complex way with processes like epigenetic 
regulation, transcriptional regulation, autophagy and ubiquitination. They are both 
regulators and being regulated by these processes. One additional aspect of micro- 
RNAs we would like to discuss is a yet another source of multi-dimensionality 
in their genesis and regulation that could explain their ability for biological and 
functional duality.

 Genome Organization and When Molecules Start Playing 
Chess, by Converting Small Pawns into a Queen

As we mentioned above, part of the mechanics of acquiring mutants and gene rear-
rangement is related to changes in RNA splice patterns. One of the outcomes of the 
genome rearrangement during prostate cancer progression is placing the oncogenic 
transcription factor ERG under the androgen-regulated TMPRSS2 promoter control 
thus “reprograming” ERG induction and alternative allele regulation [52, 69]. 
The newly formed TMPRSS2:ERG fusion gene exhibits different alternative splic-
ing patterns between invasive and localized prostate cancer [70]. The switching 
among different alternative androgen receptor mRNA isoforms underlies a crucial 
mechanism of prostate cancer drug resistance generation, enabling prostate cancer 
cells growth in limited serum androgen conditions [79]. Not only AR, but also 
AR-regulated genes undergo alternative splicing in prostate cancer, providing addi-
tional dimension to AR targets “reprogramming”, opening new avenues for even 
more complex gene regulation. Following this pattern, besides the full-length tran-
script of tumor suppressor TSC2 (Tuberous Sclerosis 2) gene, after androgen stimu-
lation, another shorter (C-terminal only) mRNA isoform is alternatively spliced. 
While full-length TSC2 suppresses cell growth by autophagy inhibiting mTOR 
pathway, the truncated C-terminal only isoform actually promotes cell growth. This 
is possible, as an additional internal promoter exists allowing direct transcription of 
its downstream C-terminal exons only [79]. Lots of mRNA isoforms in general 
could preserve, but also could lose their ability to remain tumor-suppressor miR 
targets, as is the case with the ones observed in miR-204 overexpressed prostate 
cancer cells.
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Alternative splicing of androgen receptor gene generates new mRNA isoforms 
enabling prostate cancer hormone resistant state with so far about 20 isoforms 
already been implicated [reviewed in [79]]. Arv7 is the most frequent hormone 
resistant splicing isoform. It is produced by the switch of the terminal exon with a 
new one, referred to as CE3, residing cryptically within intron 3. The alternative 
splicing generates new truncated AR mRNA, lacking the exons encoding Ligand- 
Binding Domain (LBD), but also having a new poly(A) tail, subject to different 
non-coding RNA regulation. Unlike the full-length form, ARv7 shorter form is 
constitutively active [80]. ARv7 expression is controlled by two regulatory layers—
the prostate cancer overexpressed transcription factors Myc and NFκβ2 [81], and 
also by this TFs targeting miRs—miR-26a and miR-204. Indeed, we have shown 
recently that miR-204 increased NF-κB transactivation [82].

Prostate cancer splicing changes are associated with changes in splicing regulator 
proteins, exhibiting altered prostate cancer expression patterns, including the neuro-
endocrine castration-resistant form, represented by the PC3 cell line. Thus, the devel-
opment of neuroendocrine form of prostate cancer was found to be promoted by an 
increase in the splicing factor SRRM4 (serine/arginine repetitive matrix 4 protein) 
expression. Another splicing regulator, Sam68 is also upregulated in prostate cancer 
[83]. Sam68 is directly regulated by miR-204 and promotes breast cancer cells self-
renewal potential by Wnt/Beta-Catenin pathway and by miR-30 dual activity 
miR. Thus miR-204 and Sam68 are involved in splicing of the metastasis important 
CD44 mRNA isoforms, apoptosis related BCLx and cell cycle related CCND1 splice 
isoforms [83].

The analysis of human and mouse genome and transcriptome have also revealed 
remarkable phenomena of both strands overlapping transcription in “transcriptional 
forests”, separated by “transcriptional deserts”, having only few transcripts [84]. 
Genome-wide transcription studies revealed a remarkable transcription pattern, 
where almost both entire DNA strands of the human genome are transcribed, point-
ing toward an extensive overlap of DNA transcriptional units and DNA regulatory 
elements. Indeed, genome data indicate that the amount of undergoing transcription 
cannot be entirely explained by the genome-wide annotations and the genomic 
architecture was postulated to be not colinear, but instead having an interleaved and 
modular design, where many genomic sequences are multifunctional. Multifunctional 
sequences are used to encode for multiple, independently regulated transcripts, and 
as regulatory regions as well [85]. Thus, a complex hierarchy of overlapping iso-
forms is defined, as transcriptional foci genomic sequences are often shared within 
a number of different coding and non-coding transcripts in the sense and antisense 
directions [86]. This allowed for 3012 sequences to be recognized as genuine 
ncRNA variants of protein-coding cDNAs, among 8961 previously annotated as 
truncated coding sequences by FANTOM2 project [84]. While these interleaved 
arrangements abundance and conservation do suggest a strong biological relevance, 
their complexity is almost impossible to be analyzed currently. This multifunction-
ality of the genome encoding, and the functions of another class of long non-coding 
RNAs, being able to sponge the micro-RNAs could further explain the mechanics 
of miR duality. Even more, some non-coding RNAs have been shown to have double 
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functionality, serving both as non-coding and as a protein coding RNAs. miR- 204 
also repressed the expression of lncRNA HOTTIP by interfering with RISK silenc-
ing component AGO2 in hepatocellular carcinoma [36], suggesting how lncRNAs 
expression could be controlled by short ncRNAs, such as miR-204. The gene encod-
ing for this lncRNA, is located at the 5′ of the HOXA locus, coordinating several 5′ 
HOXA genes activation by chromosomal looping, leading to a spatial relocation of 
lncRNA HOTTIP in close proximity with those genes. HOTTIP binds WDR5, 
forming a complex with a histone methyltransferase resulting in H3K4 methylation 
and transcriptional activation of the HOXA locus. In breast cancer, miR-204 inter-
acts with another lncRNA [22]. Quantitatively, lncRNAs are ten- times less abun-
dant than mRNAs in cells [87], due to their higher cell-to-cell variation of expression 
levels [88]. The majority of lncRNAs are highly tissue- and cell-specific, unlike 
mRNAs, where only ~19% exhibit such specificity [87].

Overall, the nucleosomal occupancy that is regulated by histone methyl transfer-
ases controls the “open” chromatin states and provides means together with other 
organizing proteins for bringing together in three-dimensional space of distinct 
genomic loci. Thus cell-dependent context of miRs action could be preserved, as in 
different cell types, this epigenome regulatory landscape differs, conferring distinct 
targets to distinct microRNAs.

Overall, the multidimensionality of the genome organization underlay the multi-
dimensionality of genome perturbation and its many manifestations.

In conclusion, if we imagine that the cell is a chessboard and the molecules such as micro- 
RNAs and transcriptional factors are the figures on that board, then for the microRNAs we 
could look at as pawns, that although being the smallest non-coding RNAs, have the power 
of a Queen once they reach the end of the board and got matured.
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Chapter 15
The Crosstalk Between miRNAs 
and Autophagy in Cancer Progression

Bayraktar Oznur and Gozuacik Devrim

Abstract MicroRNAs (miRNAs) are small (17–25 nucleotide-long), non-coding 
RNAs that modulate and repress the expression of their target mRNAs. Aberrant 
expression of miRNAs is linked to many human diseases including cancer. Impaired 
levels of miRNAs may also result in defected autophagy. Autophagy is a double- 
edged sword during cancer initiation and progression. At the beginning of tumori-
genesis, autophagy suppresses tumor formation by removing defective organelles 
such as mitochondria; restricting oxidative stress and protecting genome stability. 
However, in the later stages of tumor formation, autophagy is a survival pathway for 
tumor cells under the low levels of oxygen (hypoxia), deprivation of growth factors 
and glucose. The main focus of this chapter is the interplay between miRNAs and 
autophagy during initiation and progression of cancer.
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 Autophagy and Its Involvement in Cancer Progression

 Autophagic Machinery

Autophagy is a cellular degradation system for misfolded/unfolded and long-lived 
proteins as well as for damaged or old organelles (e.g. ER, mitochondria). It is 
highly conserved from yeast to man, indicating its importance for the organisms. 
Autophagy is already active under basal conditions but stimuli such as serum, ami-
noacid or glucose deprivation as well as hypoxia and certain chemicals upregulate 
the autophagic machinery to enable cell survival under stress conditions [1].

At the initiation phase of autophagy, double or multi membrane vesicles, called 
autophagosomes, are formed in the cytoplasm around the target molecule. Later, 
these autophagosomes fuse with lysosomes, forming ‘autolysosomes’. Finally, 
hydrolytic enzymes in the lysosomes degrade autophagic content in the autolyso-
somes and the end products are recycled for further use [2].

At the molecular level, pre-initiation complex (formed by ULK1/2, ATG13 and 
FIP200) and initiation complex (formed by Beclin1, Vps34, Vps15 and Atg14L) 
induce the elongation of a double or multi-membrane structure. The source of mem-
brane might be variable such as ER, mitochondria or Golgi. Two ubiquitin-like con-
jugation systems regulate the elongation of the autophagosomal membrane. In the 
first system, Atg12 and Atg5 are covalently attached first and then binds to Atg16. 
Atg5-Atg12-Atg16 complex has E3-like enzymatic activity catalyzing phosphati-
dylethanolamine (PE) conjugation to LC3 [3]. The conjugation of LC3 to PE also 
requires the activity of Atg4, Atg3, Atg7. LC3 protein conjugated to PE is named as 
LC3-II and directed to autophagosome membrane. Therefore, the ratio of LC3-II to 
LC3-I is well-accepted indication of autophagic activity.

The most important autophagy-regulating protein is mTOR. It joins two com-
plexes, namely mTORC1 and mTORC2. Six proteins from mTORC1; mTOR, 
Deptor, Raptor, Tti1/Tel2 complex, PRAS40 and mLST8. On the other hand, 
mTORC2 is made up by seven proteins; mTOR, Deptor, Rictor, mLST8, mSin1, 
Tti1/Tel2 complex and Protor1/2 [4].

Under nutrient-rich conditions, mTORC1 complex prevents initiation of autoph-
agy via deactivation of autophagy inducer ULK1. It also upregulates the synthesis 
of lipids and proteins through phosphorylation of its downstream targets, 4EBP1 
and S6K1. Several stimuli such as deprivation of aminoacid, glucose and growth 
factors block mTORC1. Subsequent dephosphorylation of ULK1 results in activa-
tion of autophagic machinery. Although mTORC2 can be induced by growth fac-
tors, it is unresponsive to nutrients. The biological role of mTORC2 is less elucidated. 
Of note, involvement of mTORC2 in the reorganization of cytoskeleton, cell migra-
tion and cell survival have been shown [4]. mTORC1 prevents autophagosome for-
mation via inhibition of autophagosome formation, while mTORC2 limits the 
expression of autophagy related genes.
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 The Role of Autophagy in Cancer Progression

Autophagy can have both oncogenic and tumor-suppressive roles depending on the 
stage and type of the tumor. Downregulation of autophagy due to deficiency of 
some autophagy genes causes abnormal accumulation of p62 as well as increased 
mitochondrial defects, oxidative stress, DNA damage and finally cell death. These 
changes destroy genomic stability and tumor formation is initiated. Therefore, func-
tional autophagic machinery has a tumor-suppressive role at the beginning of 
tumorigenesis. On the other hand, elevated levels of autophagy due to constitutively 
active EGFR pathway,triggered by KRAS and BRAF mutations, restrain cellular 
stress responses and maintain mitochondrial health. Therefore, increased levels of 
autophagy promotes cell survival and tumor progression [5].

 Autophagy as a Tumor Suppressive Mechanism

Deletion of one allele of Beclin1 is detected in 40–75% of cases of human sporadic 
breast, prostate and ovarian cancer. Heterozygous disruption of Beclin1  in mice 
accelerated formation of premalignant lesions and elevated the frequency of spon-
taneous malignancies in mice. Moreover, autophagy was diminished while prolif-
eration rate of tumor cells was elevated in these mice. In addition, Beclin1-mediated 
autophagy emerged as a controller of cell-growth and a repressor of the tumor for-
mation [6].

Beclin-1 was not the only autophagy gene which has been found to have tumor 
suppressor roles. In mice with Atg7 deletion in liver and systemic mosaic deletion 
of Atg5, autophagy defect triggers mitochondrial abnormalities, accumulation of 
p62, increased ROS levels and formation of benign adenomas in liver [7]. In another 
study, direct interaction of LC3 with LaminB1 (nuclear lamina protein) leads to col-
lapse of nuclear lamina by autophagy under ‘aberrant’ stress due to oncogenic and 
genotoxic insults. LMNB1 degradation through autophagy triggers cellular senes-
cence and limits carcinogenesis [8].

Mutations or abnormal expression of oncogenes might alter carcinogenesis via 
dysregulation of autophagy. Oncogenic RAS upregulates the expression of Beclin1 
and Noxa, and elevated levels of Noxa induces autophagy via preventing Mcl-1 
binding to Beclin-1. Consequently, a reduction in survival of tumor cell colonies is 
observed. Furthermore, knockdown of Beclin1, Atg5 or Noxa inhibits Ras-induced 
cell death. These findings suggest a way to control oncogenic capacity of misregu-
lated Ras signals via autophagy [9].

Dysregulation of cell growth and survival pathways such as PI3K/AKT/mTOR 
associates with different types of cancer such as hepatocellular carcinoma (HCC), 
breast and endometrial cancer [10–12] and regulators of mTOR are subjects for 
cancer studies.

Via modulation of autophagy, Deptor (DEP-domain containing mTOR interact-
ing protein) can both promote or suppress tumor formation. Interaction of Deptor 
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with mTOR reduces the kinase activity of mTOR and activates autophagy. In addi-
tion, Deptor induces proliferation and survival of cells via activating Akt pathway. 
Reduced levels of Deptor are correlated with massive mTOR activation in particular 
tumor models. Deptor primarily suppresses tumor formation in subsets of multiple 
myeloma (MM), pancreatic, colorectal and liver cancer due to activation of Akt/
mTOR pathway [4]. However, Deptor might also function as an oncogene by induc-
ing cancer cell proliferation and survival in a few exceptional types of cancer such 
as lung, thyroid carcinoma or a subset of multiple myeloma. In these types of cancer 
cells, the expression levels of Deptor are higher than normal [4].

 Autophagy as Tumor Promoter

Abnormally high proliferation rate of tumor cells causes deprivation of glucose, 
serum, hormones as well as oxygen. Functional autophagic machinery is vital for 
the survival of cancer cells under these restricting conditions.

High levels of p62, an indicator of defective autophagy, is associated with poor 
prognosis in HCC. Moreover, p62 is an inducer of mTORC1 and without any other 
oncogenic stimuli, overexpression of p62 initiates HCC formation [13]. RNA 
silencing of ULK1, Atg7, or Atg13 limits tumorigenesis, induces senescence and 
increases the life span in mice model of KRAS-driven glioblastoma [14]. In tumor 
cells, ablation of FIP200 results in defective autophagy and accumulation of abnor-
mal mitochondria. Moreover, in mammary cells and RAS-transformed mouse 
embryonic fibroblasts (MEFs), tumor proliferation is decreased although apoptosis 
levels are not changed [15].

Pancreatic cancer cells and melanomas upregulate autophagy to achieve 
optimum rate of proliferation both in vitro and in vivo [16, 17]. Atg7 induces 
melanomagenesis in BrafV600Edriven, PTEN-null mice model. Deletion of 
Atg7 results in defective autophagy, elevated oxidative stress and senescence as 
well as extension in life span of mice [18]. In addition, mice with Atg7 deficient 
tumors accumulate defective mitochondria and trigger p53 expression untimely. 
This, in turn, results in cell cycle arrest, high levels of apoptotic cell death and 
finally restrained tumor size [19].

RAS mutations have been found in 33% of human cancer and this oncogene can 
both upregulate or downregulate the autophagic activity depending on the context. 
RAS can trigger autophagy via activation of Atg5/Atg7 by JNK, inhibition of Bcl2/
Mcl1 via binding to Beclin 1, or GAIP. In RAS-transformed cancer cells, a higher 
level of autophagy is connected to cancer cell growth, survival and metastasis [5]. 
In oncogenic RAF- or RAS-driven fast-growing tumors, autophagy controls mito-
chondrial quality and metabolic energy levels to support the proliferation and survival 
of tumors [21].
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 Control of Autophagy Associated Proteins by miRNAs 
to Modulate Cancer Progression

 Biogenesis of MicroRNAs (miRNAs)

MicroRNAs (miRNAs) are small, non-coding RNA which are 17–25 nucleotides 
long. They bind to 3′ UTR of their targets, with either partial or perfect complemen-
tarity. They downregulate or completely silence the expression of target gene(s) 
post-transcriptionally. There might be several targets of a single miRNA and miRNAs 
function in a broad range of molecular pathways [22].

Maturation process of miRNAs begins at the nucleus. RNA pol II or III is respon-
sible for the transcription of primary miRNAs (pri-miRNAs) from endogenous 
miRNA genes in the nucleus. First cleavage of stem-loop structure of pri-miRNAs 
is performed by Drosha/DGCR8 complex in the nucleus. After first cleavage, they 
are called as ‘pre-miRNA’. Translocation of pre-miRNAs to cytoplasm is carried 
out by Exportin-5 complex and then further cleavage of hairpin-structure is per-
formed by Dicer and TRBP (transactivation-response RNA-binding protein). This 
additional cleavage is crucial for the formation of a miRNA-miRNA* duplex. While 
thermodynamically more stable miRNA strand is cargo for RNA Induced Silencing 
Complex (RISC) and driven to its target mRNAs by Argonaute (AGO), the other 
miRNA strand is degraded in the cytoplasm [23]. If the complementarity between 
seed sequence of miRNA and target mRNA is perfect or nearly perfect,  target 
mRNA   is cleaved and degraded. If the complementarity is partial, translational 
repression occurs. Therefore, binding of miRNA to its target, either perfectly or 
partially, leads to a decrease in the level of target mRNA.

 The Involvement of in mRNAs in Cancer Via Modulation 
of Autophagy

Transformation of normal cells into cancer cells used to be characterized by six 
hallmarks previously by Hanahan and Weinberg. However, in the light of recent find-
ings, hallmarks of cancer now are increased to nine: (1) independency on growth and 
(2) anti-growth signals, (3) evading from apoptosis, (4) unlimited capacity for replica-
tion, (5) increased angiogenesis (6) metastasis capacity, (7) metabolic reprogramming 
(8) tumor-inducing inflammation and (9) genomic instability [24]. miRNAs are able 
to regulate many of these hallmarks of cancer, however, we will mainly focus on the 
modulation of cancer via miRNAs that affect autophagy in this chapter.

Early studies firstly indicate diminished  levels of miRNAs in tumors suggesting 
the role of miRNAs as being tumor suppressors. On the other hand, later studies dis-
covered oncogenic miRNAs as well, such as miR-30a targeting Beclin1, miR- 376b 
targeting Atg4C and Beclin1 and miR-155 targeting mTOR pathway [25].
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Modulation of tumor suppressor genes and oncogenes by miRNAs are crucial for 
both initiation and the  progression of cancer. Downregulation of Let-7 family is 
detected in many cancer types including breast, lung, ovarian and prostate. Tumor 
supressor miRNA Let-7 represses the expression of crucial oncogenes such as 
CDK-6, TGFBR1, c-MYC and BCL-xL [26]. Oncogenic miR-17-92 cluster is over-
expressed in several cancer types and its overexpression decreases the level of crucial 
tumor supressors such as p53, MAPK1, RBL1, p15, SMAD2 and SMAD4 [27, 28].

There is also a feedback loop between miRNAs, tumor supressor genes and 
oncogenes. Therefore, not only miRNAs modulate tumor supressor genes and onco-
genes but expression of several miRNA genes is also controlled by oncogenic or 
tumor-suppressive proteins. To exemplify, the expression of miR-34a, miR-17-92 
and miR-21 is controlled by TP53, MYC and RAS, respectively [29].

The dual role of miRNAs in cancer is partly attributed to the interaction of 
miRNAs with autophagy genes. miRNAs might target directly autophagy genes or 
upstream signaling pathways of autophagy such as AKT/mTOR [30] and ERK [4]. 
The consequences of inhibition or promotion of autophagy by miRNAs might be 
either oncogenic or tumor suppressive depending on the cell-type and the context. 
In addition, miRNAs can alter the cancer cells’ response to chemotherapy and 
radiotherapy via modulation of autophagy.

 Anti-autophagic miRNAs in Cancer Modulation

Two variants from same miRNA family, miR-30a and miR-30d both reduce the 
expression of Atg5 and Beclin1 and have oncogenic effects [25]. miR-30a attenu-
ates rapamycin-induced autophagy in human glioblastoma cells through targeting 
Beclin1 [31]. miR-30d targets other autophagy genes such as Atg2 and Atg12 in 
many cancer tissues including ovarian, breast and prostate [32]. Oncogenic miR- 
183 targets UVRAG and this interaction leads to a decrease in autophagy stimulated 
with either starvation or rapamycin [32]. Anti-autophagic and oncogenic miR-376b 
targets Atg4C and Beclin1 in Huh-7 and MCF-7 cancer cell line [33].

miR-17-92a family has anti-autophagic and oncogenic role in prostate cancer. 
mir-20a and miR-17 belong to miR-17-92a cluster. In LNCaP cells, these two miR-
NAs prevent celasterol-induced autophagy via suppression of Atg7 [34]. Elevated 
level of miR-20a triggers DNA damage response and oxidative stress and impedes 
autophagy via targeting p62, Beclin1 and Atg16L1 in human breast cancer tissues. 
In addition, initiation and growth of tumor are accelerated with miR-20a expression 
in xenograft mice models [35].

The expression of miR-290-295 is found to be upregulated in different mela-
noma cell lines and this expression pattern is correlated with increased levels of 
malignancy. Elevated level of malignancy is due to the inhibition of starvation- 
induced autophagy via suppression of Atg7 and ULK1 by miR-290-295 [36].

Inhibition of autophagy via miR-21, which targets PI3K/AKT/mTOR pathway, 
causes an attenuation in the radiosensitivity of malignant human gliomas and 
 chemosensitivity of breast cancer cells [30, 37]. In cervical cancer cells, upregulation 

B. Oznur and G. Devrim



285

of miR-21 is positively correlated with HIF1α, and PTEN is targeted by miR-21. 
These alterations diminish autophagic activity and radiosensitivity through the 
interaction between PTEN/Akt/HIF1α and PI3K/AKT/mTOR pathways [38].

On the other hand, tumor suppressive and anti-autophagic miR-885-3p and miR- 
26b both target ULK2  in squamous carcinoma and prostate cancer cells, respec-
tively. The repression of Rictor via binding to miR-15a/miR-16 causes a decrease in 
the phosphorylation levels of mTORC1 and p70S6K and a consequent decline in 
cell proliferation [32]. miR-130a prevents autophagy by targeting Atg2B and 
DICER1 [39] and increases cell death in chronic lymphocytic leukemia cells. miR- 
224- 3p suppresses hypoxia-induced autophagy and enhances apoptosis via target-
ing Atg5 and FIP200 [40]. Inhibition of autophagy via suppression of Atg12 by 
miR-140-5p results in decreased survival of colorectal cancer stem cell (CSC) [41]. 
miR-214 that targets UCP2, a mitochondrial protein involved in ROS production, 
enhances fulvestrant and tamoxifen sensitivity of breast cancer through activation 
of PI3K/AKT/mTOR pathway and suppression of autophagy [42].

The targets of miR-34a (e.g. Bcl2, SIRT1) include genes that associate with 
apoptosis, cell cycle, differentiation as well as metastasis and cancer stemness 
[43]. In quercetin-treated HepG2 cells, elevated expression of miR-34a leads to a 
decline in SIRT1 expression and a rise in acetylated p53 levels. Consequently, 
induced apoptosis is observed, indicating the tumor-suppressive role of miR-34a 
[44]. In acute myeloid leukemia cells, miR-34a impedes autophagy and induces 
apoptosis via HMGB1, which is a protein that involves in DNA damage repair 
[45]. miR-372 blocks cell survival and autophagy via targeting Ulk1  in human 
pancreatic adenocarcinoma cells [46].

There are multiple miRNAs that modulate the sensitivity of cancer cells to ther-
apy via alteration of autophagy.  miR-181a targeting Atg5 diminishes autophagic 
activity triggered by rapamycin and starvation in breast, liver cancer as well as leu-
kemia cell lines and causes cisplatin sensitivity in gastric cancer cell line [47, 48]. 
miR-17 downregulates autophagy via targeting Atg7 in human glioblastoma cells. 
Furthermore, miR-17 increases sensitivity of glioblastomas to radiotherapy and che-
motherapy [49]. Diminished levels of miR-199a-5p, of which target is Atg7, reduce 
cisplatin sensitivity of HCC cells via upregulation of autophagy [50]. Via regulating 
Atg12 and HMG2B, miR-23b-3p sensitizes gastric cancer cells to chemotherapy 
[51]. Repression of Atg12 by miR-23b leads to a reduction in radiation- induced 
autophagy in pancreatic cancer cells and overexpression of miR-23b increases radio-
sensitivity of cancer cells [52]. Anti-autophagic miR-101 targets multiple autophagy-
related genes, namely Rab5A, STMN1 and Atg4D, and induces cisplatin-triggered 
apoptosis in HCC cell line [53].

 Pro-autophagic miRNAs in Cancer Modulation

Autophagy promotes the survival of cancer cells under hypoxia. In human prostate 
cancer cells, hypoxic conditions induce miR-96 expression which enhances 
autophagy levels via targeting mTOR. However, ectopic expression of miR-96 up to 
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certain level prevents autophagy via targeting Atg7 [54] unraveling the dual role of 
miR-96  in cancer progression. Upregulated miR-155 expression in cervical and 
human nasopharyngeal cancer cells under hypoxia upregulates autophagy by target-
ing multiple participants of mTOR pathway, such as RICTOR, RPS6KB2 and 
RHEB [55].

Elevated levels of miR-210 is associated with metastasis, angiogenesis and epi-
thelial to mesenchymal transition [56]. The expression level of miR-210 is induced 
in endometriotic cells under hypoxia. Upon elevated levels of miR-210, expression 
of HIF-1α and Bcl2 is incresed. In addition, autophagy is induced upon elevated 
levels of miR-210 while miR-210 overexpression and Bcl2 silencing cause signifi-
cant elevation in autophagic activity and in survival of cancer cells [57]. Similarly 
under hypoxia, repression of Bcl-2 by miR-210 makes colon cancer cells radioresis-
tant due to upregulation of autophagy [58].

miR-193a-5p, miR-503, miR-663, miR-148b and miR-30b target autophagy 
inhibitor Class I PI3K [59]. miR-193a-5p also directly targets mTOR and inhibits 
metastasis in non-small cell lung cancer (NSCLC) [60]. miR-99a impedes tumor 
cell migration, invasion and growth via targeting mTOR in breast cancer [61]. 
miR- 423- 5p induces autophagy via increasing  Atg7 and LC3-II levels in HCC 
cells. Upon sorafenib addition, elevated levels of pro-autophagic miR-423-5p 
causes cell cycle arrest through reduced pErk1/2 activity which is an indicator of 
better chemoresponse [62].

 Conclusion

Despite the presence of growing literature about cancer, there are still missing links 
due to the existence of variable types and subtypes of tumor cells and complex sig-
naling pathways involved in disease formation and progression.

Autophagy is a well conserved pathway from yeast to human. It functions as a 
cellular recycling machinery, degrading damaged or old organelles, misfolded pro-
teins to provide energy for cell survival and to avoid toxicity. It has crucial role in 
regulating the homeostasis through modulation of  cellular pathways and therefore 
autophagic dysregulation results in many pathological conditions, including cancer. 
Autophagy might act as suppressor or promoter of tumorigenesis depending on the 
stage and type of cancer. It also modulates sensitivity of tumor cells to radiotherapy 
and chemotherapy.

Studies performed so far identified the existence of ~2000 miRNAs and these 
miRNAs affect the expression of 60% of protein coding genes [63] demonstrating 
the regulation of many cellular pathways through particular miRNAs. miRNAs 
affect growth, proliferation, viability, metastasis, malignancy, angiogenesis and 
genomic instability of tumor cells via binding to their targets. Similar to the role 
of autophagy in cancer, miRNAs can either suppress or promote tumorigenesis 
depending on the context. Furthermore, they might be either pro-autophagic or 
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anti- autophagic. As a consequence, interaction between autophagy and miRNAs 
during the onset and progression of cancer should be considered carefully in a 
tissue- and context-dependent manner.
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Chapter 16
Role of CEACAM in Different Cancers

Ilhan Yaylim, Ghazala Butt, Sumbul Khalid, and Ammad Ahmad Farooqi

Abstract Researchers have developed a better understanding of deregulation of 
spatio-temporally controlled signaling cascades which contribute in cancer devel-
opment and progression. The greatest stumbling block in improving the clinical 
outcome of cancer patients is that tumors continuously adapt to their micro- 
environment and evolve ways to develop resistance against molecular therapeutics. 
We are developing systems-level understanding of tumors about their interactions 
with micro-environment, how they respond to the immunological system and impair 
the ligand-receptor interaction of killer cells and cancer cells, how they sequentially 
develop resistance against therapeutics, and how they evolve over time. In this chapter, 
we have attempted to provide an overview of role of CEACAMs in different cancers. 
It is relevant to mention that we still have incompletely studied various facets related 
to CEACAMs and how microRNAs modulate different CEACAMs. Future studies 
must converge on unraveling more sophisticated biology of CEACAMs, if they are 
to be targeted effectively.

Keywords CEACAM · Cancer · Signaling · Oncology · Therapy

I. Yaylim 
Aziz Sancar Institute of Experimental Medicine, İstanbul University, İstanbul, Turkey 

G. Butt (*) 
Department of Botany, GCU, Lahore, Pakistan
e-mail: dr.ghazalayasmeen@gcu.edu.pk 

S. Khalid 
Department of Bioinformatics and Biotechnology, International Islamic University, 
Islamabad, Pakistan 

A. A. Farooqi 
Institute of Biomedical and Genetic Engineering (IBGE), Islamabad, Pakistan

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-71553-7_16&domain=pdf
mailto:dr.ghazalayasmeen@gcu.edu.pk


294

 Introduction

Carcinoembryonic-antigen-related cell-adhesion molecule (CEACAM) family of 
proteins is reportedly involved in intercellular binding interactions for modulation 
of many biological mechanisms related to growth and differentiation of the cells. 
Data obtained through high-throughput technologies has considerably improved 
our understanding of characteristically unique features of CEACAM and it is now 
known that these proteins consist of different family members (CEACAM1, 
CEACAM 8 and CEACAM 3–7) and several secretory molecules (pregnancy- 
specific glycoproteins). Mechanistically it has been shown that these molecules are 
connected to membrane either through a transmembrane anchor (CEACAM1, 
CEACAM 3, and CEACAM 4) or via glycophosphatidyl anchor (CEACAM 5, 
CEACAM 6, CEACAM 7, and CEACAM 8) [1, 2]. These molecules adhere homo-
philically and heterophilically through intercellular interaction site present in 
N-terminal domains. N-domain of CEACAM (CEA) interacted efficiently with 
CD8 molecule on T lymphocytes. CEACAM1 is expressed by endothelial, epithe-
lial, myeloid and lymphoid cells. Structural studies had shown that it consisted of an 
NH2-terminal, distally located IgV-like domain, and followed by up to three proxi-
mally located IgC2-like domains. Extracellularly located domains of all CEACAMs 
are heavily glycosylated and it has been investigated that more than half of molecular 
weight of receptor consists of carbohydrate [3].

Efficacy of Labetuzumab Govitecan (Anti-CEACAM5/SN-38 Antibody-drug 
conjugate) has recently been tested in relapsing and refractory metastatic colorectal 
cancer patients [4]. Monotherapy with labetuzumab govitecan was effective and had 
manageable safety profile. Future studies must converge on the use of labetuzumab 
govitecan with different combinations [4]. In this chapter we have summarized how 
different CEACAMs play role in regulation of cancer.

 CEACAM1

CEACAM1 is also involved in cancer and it has been shown that full-length long 
tail variant enhances proliferation of melanoma cells. Surprisingly, CEACAM1 pro-
moter analysis revealed 2 SNPs that considerably increased promoter’s activity. 
Results revealed that rs8102519 and rs8103285 located in the 5’UTR of CEACAM1 
showed variation in allele distribution [5]. Germ line genotype carrying the double 
SNPs in promoter region of CEACAM1 enhanced the risk of development of mela-
noma [5]. Previous investigation also suggested that either loss of expression or 
genetic alteration of CEACAM1 contributed to the development of colorectal 
cancer [6].

G-2 cells derived from primary mammary adenocarcinomas grown in WAP-T 
mice exhibited cancer stem cell like features. These cells were composed of a mix-
ture of epithelial and mesenchymal subpopulations [7]. These two cellular subsets 
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were complementary and a notable feature was reciprocal switching between a 
mesenchymal-like and an epithelial-like phenotype. There was a co-expression of 
epithelial markers EpCAM and CEACAM1 on surface of Epithelial-like subpopu-
lation. Cytoplasmic tail of human CEACAM1-L contained a β-catenin binding 
motif. Increase in cellular plasticity in CEACAM1low cells co-incided with a 
decrease in phosphorylated β-catenin (S33/S37/T41) levels. Surprisingly, instead of 
S33/S37/T41, the levels of phosphorylated β-catenin (Y86) were notably increased 
in CEACAM1low cell populations. S33/S37/T41 phosphorylated β-catenin 
enhanced dramatically after enforced expression of CEACAM1 [7]. CEACAM1 
deficient mice were crossbred with WAP-T mice to study spontaneous growth of 
mammary tumors, their progression and metastasizing potential. WAP- 
T/CEACAM1null mice exhibited considerably high rate of metastatic spread. 
Pulmonary metastasis was detected in 40% of WAP-T/CEACAM1null mice xeno-
grafted with tumors [7].

miR-342 gene was present within intron of the EVL gene whose protein product 
enhanced actin nucleation, bundling and polymerization [8]. EVL gene was fre-
quently methylated in colon cancer which consequently resulted in simultaneous 
downregulation of EVL and the miR-342 genes. ID4 transfection into CEACAM1null 
MCF-7 cells enabled lumen formation, but ID4 knockdown in CEACAM1-SF 
expressing MCF-7 cells significantly impaired lumen formation [8].

Significantly upregulated CEACAM1 was noted in both medullary thyroid car-
cinoma cells and neoplastic mast cells [9]. Knockdown of CEACAM1 enhanced 
cellular growth and adhesive features of LAD2, HMC1.2 and HMC1.1 cells, but 
suppressed cell growth of thyroid cancer TT cells. CEACAM1 exerted its inhibitory 
effects by activation of SHP-1 after its binding to the phosphorylated cytoplasmic 
tail of CEACAM1. Interaction of SHP-1 with CEACAM1 resulted in inhibition of 
critical tyrosine kinase mediated signaling events in cells. Knockdown of CEACAM1 
reduced phosphorylated-SHP-1 in HMC1.2 cells [9].

Microphthalmia-associated transcription factor (MITF) has previously been shown 
to transcriptionally regulate CEACAM1. Detailed mechanistic insights provided 
clues of presence of M-box motifs located within promoter region of CEACAM1 
[10]. MITF overexpression in Ma-Mel-63a melanoma cells induced an increase in 
protein level of CEACAM1 [10].

Glioblastoma-initiating cells (GIC) had much stronger self-renewal capacity, 
expressed neural stem cell (NSC) markers, such as CD133, CD15 and showed resis-
tance against radio- and chemotherapies. CEACAM1L overexpression in NSCs 
induced nuclear translocation of the phosphorylated STAT3 [11]. CEACAM1L 
existed as a monomer, cis-/trans homo-dimer or cis-/trans hetero-dimer. Cytoplasmic 
tail of monomeric CEACAM1L activated c-Src–mediated STAT3 transduction cas-
cade however, oligomerically assembled CEACAM markedly inhibited signaling 
pathway in glioblastoma-initiating cells [11].

Colon carcinogenesis was noted to be correlated with the emergence of a 
CEACAM1-negative stem cell population. To solve the puzzle related to role of 
CEACAM1-reduced stem cell population in increasing the tumor-forming potential 
of these cells, Lgr5-EGFP/ApcMin/+ mice were treated with dextran sulfate sodium 
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to generate colon tumors [12]. The generated tumors were used for isolation of cells 
that expressed higher levels of CEACAM, GFP, and EPCAM (CEACAM1high/
GFP+/EPCAM+) and those that expressed high levels of GFP and EPCAM but 
reduced levels of CEACAM1 (CEACAM1–/low/GFP+/EPCAM+). Formation of 
organoids by CEACAM1–/low/GFP+/EPCAM+ cells was at a higher frequency 
as compared to CEACAM1high/GFP+/EPCAM+ cells. Tumors developed in 
mice subcutaneously injected with 1 × 105 of CEACAM1–/low/GFP+/EPCAM+ 
cells [12].

CEACAM1 is composed of four extracellularly located domains and a long 
(CEACAM1-4L) or short (CEACAM1-4S) cytoplasmically located domain [13]. 
Serine residues present within cytoplasmic domains of CEACAM1 are phosphory-
lated and generate binding site for calmodulin. CEACAM1-4L domain contained 
two tyrosine residues which recruited and activated pp60c-src, a nonreceptor pro-
tein tyrosine kinase or the phosphatases SHP1 and −2 upon phosphorylation. 
Carcinoembryonic antigen induced CEACAM1-dependent initiation of apoptotic 
cell death in HT29 cells [13]. Camptothecin significantly reduced cell surface 
expression of CEACAM1-4L (−35%) and CEACAM1-4S (−22%) in Jurkat cells as 
evidenced by flow cytometry. Actinomycin D or Cycloheximide induced 24% 
decrease in CEACAM1 staining on the surface of colon HT29 cancer cells which 
indicated that programmed cell death consequently resulted in shedding of a signifi-
cant extracellular portion of CEACAM1 [13].

Significant positive correlation was found between expression of CEACAM1 on 
cells of the primary tumor, hematogenous metastases and lymph node metastases 
[14]. There was no correlation between CEACAM1 expression with stage, gender, 
grading or patients’ age. Compared to patients having CEACAM1-negative tumors, 
patients with a CEACAM1-expressing tumor had a shorter progression-free survival 
and median overall survival [14].

 CEACAM5 and CEACAM6

CEA, CEACAM6, CEACAM7, CEACAM19 immunoreactivity in EGFR (epidermal 
growth factor receptor) mutation-positive cases was considerably higher as com-
pared to patients who did not have mutations in EGFR [15]. Surprisingly, status of 
CEACAMs between responders and non-responders was not statistically significant 
in EGFR mutation-positive lung adenocarcinoma patients. Correlation between 
CEACAM status and the progression-free-survival (PFS) of cancer patients was 
analyzed critically by log-rank test and Kaplan–Meier survival curves [15]. Data 
clearly suggested that CEACAM6-positive status correlated with an enhanced PFS 
in patients treated with tyrosine kinase inhibitors [15].

HT29p cells were treated with Hyper-Interleukin-6 (15 ng/ml) or IL-6 (100 ng/ml) 
and results revealed that expression of CEACAM5 and CEACAM6 increased dra-
matically after 24 h by Hyper-IL-6 stimulation [16]. Detailed mechanistic insights 
revealed that STAT3 phosphorylation was crucial for the  Hyper-IL-6- induced 
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upregulation of CEACAM5 and CEACAM6. Trans-signaling pathway of IL-6 
stabilized hypoxia-inducible factor 1-αlpha and chemical stability of HIF-1α upreg-
ulated CEACAM5 and CEACAM6 [16].

CEACAM6 silencing sensitized tamoxifen-resistant breast cancer MMU1 cells 
to 4-hydroxytamoxifen and 17β-estradiol and reduced anchorage-independent 
growth and clonogenicity of MMU1 cells [17].

Binding and cross-linking of CEACAM6 by cytotoxic T cells exerted inhibitory 
effects on their activation which consequently resulted in T-cell non-responsiveness 
[18]. Blocking of CEACAM6 on the surface of myeloma cells by monoclonal anti-
bodies (mAbs) or CEACAM6 gene silencing by RNA interference strategy induced 
restoration of T-cell reactivity against malignant plasma cells [18].

BxPC3 cells markedly overexpressed CEACAM6, as compared to Capan2 
cells and were resistant to gemcitabine [19]. Gemcitabine (1 μm) induced apop-
totic rate was low in CEACAM6 overexpressing Capan2 cells. Moreover, intrigu-
ingly, Gemcitabine (1  μm) induced apoptotic rate was significantly higher in 
CEACAM6 silenced BxPC3 cells. AKT (PKB) activity was dramatically enhanced 
in activity in CEACAM6 overexpressing Capan2 cells. Conversely, significant 
loss of AKT activity was noted in CEACAM6 silenced BxPC3 cells. Tumor 
growth was considerably reduced in mice implanted with CEACAM6 silenced 
BxPC3 cells [19].

CEABAC10 transgenic mice contained genomic DNA insert of a bacterial artifi-
cial chromosome (BAC) which encoded CEA family gene cluster including the 
CEACAM6 [20]. CEABAC10 mice were infected with B2 E. coli strain 11G5 iso-
lates from patient of colon cancer. Infiltration rate of polynuclear cells in crypts was 
markedly higher in mice infected with E. coli strains 11G5 and LF82. Furthermore, 
these infected mice had higher number of crypt abscesses, larger and multi-focal 
erosion plates [20]. 11G5-infected mice displayed significant increase in prolifera-
tion rate of epithelial cells in crypts as compared to mice infected with LF82 strain 
and control mice [20]. Findings clearly suggested that mucosa cells of colon rapidly 
proliferated after infection by 11G5 (E. coli strain) associated with colon cancer. 
Another important clue which advocated the effective role of Colon cancer- associated 
E. coli strains in CEABAC mice was the involvement of CEACAM6. It has previ-
ously been reported that CEACAM6 served as a receptor for modulation of adherence 
or route for the entry of harmful bacteria [21].

 CEACAM19

CEACAM19 expression status had a negative association with the estrogen receptors 
and menopausal status of breast cancer patients to a statistically significant degree [22]. 
More importantly, regarding ER-status, significantly higher levels of CEACAM19 
were noted in tumors with ER-staining as compared to ER+ tumors. CEACAM19-
positivity was recorded frequently in ER- tumors (65.2%) as compared to ER+ 
tumors [22, 23].
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 CEACAMs and TRAIL Induced Apoptosis

Riproximin (Rpx) is a member of cytotoxic type II ribosome inactivating proteins 
(RIP) family and noted to significantly improve TRAIL induced apoptosis in pan-
creatic ductal adenocarcinoma (PDAC) cells [24]. CEACAM overexpressing cell 
lines were more sensitive to Riproximin as compared to those cancer cell lines 
which had low CEACAM expression. Tumor necrosis factor receptor superfamily 
members (TNFRSF1A//TNFR1), TNFRSF1B//TNFR2) and their ligand, tumor 
necrosis factor (TNF-α) increased in a concentration- and time- dependent manner. 
Likewise, tumor necrosis factor receptor superfamily members (DR4/TRAILR1) 
and (TNFRSF10b/DR5) increased but astonishingly 2-fold downregulation of 
TRAIL was noted at all-time points [24]. In ASML cells, TRAIL inhibited cell 
growth (50% to 70%) at 1 to 100 nM concentrations and 20% growth inhibition in 
Suit2–007 cells at 10 nM concentration. The combination of these concentrations of 
TRAIL with Rpx was synergistically active. Riproximin dose dependently reduced 
tumor growth in BDX rats implanted intra-portally with ASML cells [24].

 Conclusion

Monoclonal antibodies against Tim-3/CEACAM1 have recently been tested in mice 
with intracranial gliomas [25]. Mice combinatorially treated with antibodies against 
Tim-3/CEACAM1 demonstrated an increase in the infiltrating CD4+ and CD8+ T 
cells and simultaneous reduction in immuno-suppressive regulatory T Cells (Tregs) 
[25]. Exhaustion of reactive lymphocytes particularly cytotoxic T cells drastically 
abrogates the process of clearance of transformed tumor cells. Production of IFN-γ 
by CEACAM1+CD8+ TILs was notably reduced which pointed towards T cell 
exhaustion. It is clear that CEACAM1 plays instrumental role in tumorigenesis. 
Therefore it will be really important to focus on development of therapeutics against 
CEACAM1 and CEACAM6. Astonishingly, CEACAMs often behave context 
dependently and we need to focus on detailed mechanisms through which CEACAMs 
regulated cancer development and progression. MicroRNA regulation of CEACAMs 
is insufficiently studied and future studies must converge on unexplored mysteries 
related to various miRNAs which modulate CEACAMs. Reports also shed light on 
the use of Salmonella-based CEACAM6 and 4-1BBL vaccines against chemically-
induced colorectal tumors [26]. Animal model based study revealed that vaccine 
treatment increased CD45RO+ memory T cells, decreased FOXP3+ cells and 
promoted polarization of Th1 cells [26].
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