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Signaling pathways influencing tumor 
microenvironment and their exploitation for 
targeted drug delivery

Abstract: In the recent years, the “tumor microenviron-
ment” has been receiving growing attention due to its 
involvement in neoplastic transformation, tumor growth, 
invasion, and protection of tumor cells from host immune 
response. All these events are facilitated by chemical sig-
nals produced by the tumor as well as the surrounding 
stromal cells. This review is divided into two main parts in 
which the first part discusses the receptor tyrosine kinase 
(RTK)-mediated growth factor signaling, steroid hormone 
(SH) signaling, ancient signaling pathways, and other 
molecules that are involved in tumorigenesis and how 
they interact with each other to create a complex tumor 
microenvironment. In the second part, we bring together 
the recent nanocarrier-mediated drug delivery approaches 
to target the signaling pathways/molecules present in the 
tumor microenvironment.
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1  Introduction

Cancer can be considered as a developmental disorder 
because most of the signaling pathways responsible for 
tumor formation are the ones involved in embryo devel-
opment. This is evident by the resemblance of aggressive 
tumor cells with embryonic stem cells by means of their 
plastic, multipotent nature. Deregulation/dysfunction 
of developmental pathways in and around tumor cells 
as well as the absence of many regulatory checkpoints 
results in aberrant uncontrolled growth of tumor cells. 
Research over years has contributed substantially to our 
understanding of the cellular and molecular interactions 
in the tumor microenvironment that orchestrates tumo-
rigenesis. The constantly evolving tumor microenviron-
ment is rich in growth factors, which elicit a cascade of 
signaling events through specific cell-surface receptors, 
leading to rapid proliferation, angiogenesis, resistance 
to cell death, and endure epithelial-mesenchymal transi-
tion (EMT) and metastasis. Our knowledge about the role 
of tumor microenvironment in cancer has improved sig-
nificantly, moving from a conceptual framework toward 
the development of novel strategies to treat cancer. Com-
bining therapies that target not only the tumor cells but 
also the tumor microenvironment and/or the signaling 
pathways providing resistance to the cancer cells from 
responding to chemotherapy, have greater degree of 
success in cancer treatment [1]. Nanoparticles designed 
based on the characteristics and specific signaling inter-
action of the tumor microenvironment is a promising 
strategy to combat cancer. For instance, nanoparticles 
sensitive to the acidic pH of the tumor microenvironment 
provides selectivity to tumor cells over the normal ones, 
thus enhances specificity and drug delivery efficiency [2, 
3]. The first part of this review presents a holistic discus-
sion about the important signaling molecules/pathways 
such as the receptor tyrosine kinases (RTK), steroid hor-
mones (SH), and the ancient signaling pathways that are 
altered during cancer and signaling interactions enriching 
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the tumor microenvironment. Interested readers are also 
referred to other in-depth reviews on specific topics under 
most of the sections. The second part consolidates how 
the signaling molecules discussed in the previous part are 
exploited to functionalize nanoparticle-mediated thera-
peutic strategies to treat cancer effectively.

2  �Receptor tyrosine kinase (RTK) 
signaling

Signaling via mutated or constitutively active variant 
of receptor tyrosine kinase (RTK) function as a poten-
tial means for cancer cells to evade host mechanisms 
and develop tumors. A huge deal of attention has been 
diverted toward RTK signaling because of their overex-
pression commonly found in many cancers, their ability 
to crosstalk between themselves, and importantly, they 
connect the extracellular cues with intracellular effec-
tor pathways. As a result, RTK receptor expression has 
been extensively used as a prognostic biomarker in 
many malignancies. There are several RTKs, and only the 
primary ones upregulated in cancer are reviewed here 
(Figure 1).

2.1  ErbB family of receptors

The epidermal growth factor receptor (EGFR) is a member 
of the ErbB family, a subfamily comprised of ErbB1/HER1/
EGFR, ErbB2/HER2, ErbB3/HER3, and ErbB4/HER4. The 
ErbB receptors are prominent cancer drivers, which 
form active homo- or heterodimers upon ligand binding 
[4]. ErbB receptors bind to EGF produced by the same 
cell (autocrine) or other cells (paracrine). After ligand 
binding, the dimerized receptor’s intracellular tyrosine 
kinase domain will be activated causing phosphorylation 
of specific tyrosine residues that serve as docking sites 
for proteins containing Src homology 2 (SH2) domains 
such as Grb2, Shc1, p85, PLCγ, and JAK1, leading to the 
activation of several intracellular signaling pathways. 
These downstream signaling cascades include the Ras/
MAPK/extracellular signal-regulated kinase (ERK), PI3K/
Akt, JAK/ STAT, and PLCγ/protein kinase-C (PKC) path-
ways for cell proliferation, survival, and mobility [5, 6]. 
The intracellular kinase domain of HER3 is thought to be 
an inactive pseudokinase that lacks several catalytically 
important residues and so it primarily signals by heter-
odimerizing with HER2 [7]. However, it was reported to 
have sufficient kinase activity to trans-autophosphorylate 

its intracellular region [8]. Recently, HER3 overexpression 
in various tumors including colorectal, gastric, breast, 
and ovarian cancers has been associated with worse sur-
vival, and its effect on overall survival was significantly 
higher when HER2 was co-overexpressed [9]. Similarly, 
ErbB receptors are also expressed at high levels in differ-
ent cancers, and the levels of gene/protein expression is 
correlated with the growth, state, and aggressiveness of 
cancer [10, 11]. For instance, HER2 amplification occurs 
in 20% of breast cancers [11], and 54% of glioblastoma 
exhibit EGFR overexpression [12]. Glioblastoma cells 
often present both the wild-type EGFR gene amplification 
and the constitutively active variant EGFRvIII, resulting in 
increased EGFR signaling [12]. However, EGFRvIII expres-
sion without EGFR gene amplification is fairly uncom-
mon, suggesting that EGFR gene amplification may 
precede EGFRvIII mutation [13]. All the aforementioned 
features make ErbB receptors a potential therapeutic 
target to treat tumors. A detailed review on targeting ErbB 
receptors can be found in [14].

2.2  �Fibroblast growth factor receptor  
(FGFR) family

Fibroblast growth factor receptors (FGFR) are transmem-
brane tyrosine-kinase receptors that coordinate a variety 
of cellular functions. There are 4 FGFRs (FGFR1-4) and 22 
FGF ligands [15]. Binding of FGF ligands to FGFRs activate 
several downstream signaling pathways, including Ras/
MAPK/ERK, PLCγ/PKC, PI3K/Akt, and JAK/STAT. Being 
a crucial signaling for basic processes such as prolifera-
tion, survival, angiogenesis, and migration, deregulated 
FGF signaling can contribute to the development and pro-
gression of tumors [16]. FGFR signaling is altered in many 
cancers including benign skin tumors [17], prostate [18], 
bladder, and breast cancers [19–21]. Breast cancer cells 
have been reported to overexpress FGFR1, 2, 4 and display 
mutations in FGFR2 and 4 [21]. Moreover, emerging data 
suggest that in addition to the known functions of FGF 
signaling in promoting tumor cell proliferation and sur-
vival, FGF signaling might also regulate EMT [22], tumor 
metastasis and lymphangiogenesis in a vascular endothe-
lial growth factor-C (VEGF-C)-dependent mechanism [23]. 
Overexpression of FGFR1 and its altered splicing mecha-
nisms, leading to increased expression of FGFR1β isoform 
has been associated with high-grade/stage bladder cancer 
[24, 25]. Although, activating mutation and overexpres-
sion of FGFR3 is a common phenomenon observed in 
low-grade bladder cancer [19], a switch from its epithe-
lial to mesenchymal isoform with wider ligand affinity is 
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thought to have more deleterious effects [19, 26]. Particu-
larly, FGFR1 has been considered as a potential oncogene 
in breast cancer because its deregulated signaling contrib-
utes to cell proliferation, growth, angiogenesis, EMT, and 
cell migration in S115 breast cancer [20]. Overall, FGFRs 
stands as an attractive target for therapeutic intervention 
in cancer [19, 21, 27].

2.3  �Insulin receptors (IR) and insulin-like 
growth factor receptors (IGFR) family

The insulin receptors (IR-A and IR-B) and the insulin-
like growth factor receptors (IGF1R and IGF2R) are tyros-
ine kinase membrane-bound receptors that share ∼60% 
sequence homology and regulates glucose homeostasis 
and growth in response to nutrient availability in cells. 
IR has two isoforms, IR-A and IR-B, which are predomi-
nantly expressed in the fetal and adult tissues, respec-
tively. However, cancer cells preferably overexpress the 
fetal isoform IR-A, which has the advantages of generat-
ing hybrid receptors with IGFIR and to have equal affinity 
to IGF1/IGF2 like that of IGF1R [28–30]. In fact, the hybrid 
receptors are reported to possess higher affinity for IGF1 
than insulin and function predominantly as an IGF1 recep-
tor [31]. IR-mediated nonmetabolic insulin signaling has 
been found in human myosarcoma cells [32], colon cancer 
cells [33], breast, prostate, and colorectal cancers [34–36]. 
Moreover, IR-associated obesity, -type 2 diabetes mellitus 
(T2DM) and -hyperinsulinemia are some important risk 
factors for several malignancies including breast cancer 
[37]. Upon insulin binding to IR, the activated RTK will 
phosphorylate insulin receptor substrate proteins (IRS1-
4), providing docking sites for effectors/adapter proteins, 
containing SH2 domains. This triggers a cascade of reac-
tions causing the activation of PI3K/Akt and Ras/MAPK 
pathways that mediate the metabolic and mitogenic activ-
ities of insulin, respectively [38, 39]. The antiapoptotic 
activity of insulin is reported to involve both the PI3K/
Akt and MAPK pathways [40, 41]. Insulin also possesses 
angiogenic properties in a VEGF-dependent or -independ-
ent manner through PI3K/Akt and MAPK pathways [42, 
43]. While the ability of insulin to stimulate PI3K is lost in 
the presence of insulin resistance and hyperinsulinemia, 
its capacity to activate MAPK pathway is enhanced [39]. 
Thus, hyperinsulinemia-mediated increased levels of cir-
culating insulin in association with IR-A overexpression 
in cancer cells may cause abnormal nonmetabolic effects 
of IR, such as cell survival, proliferation, migration, and 
angiogenesis, the key events that occur during tumor 
growth and metastasis [38, 43], making the circulating 

insulin a risk factor of colorectal, pancreatic, and breast 
cancers [44, 45].

IGF1R is a potential cellular oncogene through which 
both IGF1 and IGF2 exert their mitogenic, antiapoptotic, 
and transforming activities [46]. IGF1R expression is 
seen as a prerequisite for tumor formation because 
mouse fibroblasts deprived of IGF1R were unable to be 
transformed by a number of oncogenes [47, 48]. IGF1R 
signaling plays critical steps, namely, cell adhesion, 
migration, invasion, and angiogenesis during the meta-
static cascade and is involved in a wide range of cancers 
including the breast, prostate, pediatric, cervix, and 
ovarian cancers [37]. Ligand binding to the extracellu-
lar subunit of IGF1R causes autophosphorylation and 
conformational changes of its tyrosine kinase domain, 
leading to the binding of IRS1-4 and Shc proteins. Phos-
phorylation of these proteins eventually activates at least 
two signaling pathways: PI3K/Akt and Ras/Raf/MEK/
ERK. The antiapoptotic effect of IGF1R is mainly exerted 
by the PI3K/Akt pathway activation. Phosphorylated IRS 
activates PI3K, which helps the conversion of phosphati-
dylinositol-4,5-bisphosphate (PIP2) to PIP3, the reaction 
inhibited by phosphatase and tensin homolog (PTEN). 
PIP3 phosphorylates Akt as well as PKC proteins, both of 
which regulate the metabolic activities of the cell such as 
glucose uptake [49, 50]. Importantly, activated Akt inter-
feres with the antiapoptotic and proapoptotic functions 
of several proteins. Upon phosphorylation by Akt, Bcl-
2-associated death promoter (BAD) becomes inactivated 
and allows the antiapoptotic activity of Bcl-2, promoting 
cell survival. In addition, phosphorylated-Akt also inhib-
its the proapoptotic protein caspase-9 and prevents cell 
death [51]. By activating nuclear factor-κB- (NF-κB), Akt 
can also regulate the expression of antiapoptotic genes 
[52]. On the other hand, phosphorylated Shc protein 
binds to Grb2 that recruits Son of Sevenless (SOS), which 
in turn activates Ras/Raf/MER/ERK pathway. Activated 
ERK get translocated to the nucleus and regulates target 
gene expression, influencing cell proliferation and sur-
vival [53].

IGF1 and IGF2 are single-chain polypeptides that 
share 62% sequence homology and generate multiple 
transcripts depending on their transcription initiation 
promoter sites and alternative splicing mechanisms. The 
availability of free IGF1 to interact with IGF1R is regulated 
by the levels of the six IGF-binding proteins (IGFBP1-
6). Under normal physiological conditions, only 1% of 
the IGFs circulate freely, while others are bound to the 
IGFBPs [54]. In addition to IGFBPs, their associated pro-
teases are also important in IGFR signaling because they 
hydrolyzes IGFBPs, causing the release of bound IGFs, 
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enabling them to interact with IGF1R. Diet, nutrition, and 
growth hormones have an influence on IGF1 expression 
[55]. Similarly, IGF1R expression is also affected by nutri-
tion, growth factors, and SHs [56]. Although other growth 
factors stimulate IGF1R production, IGF1 functions as its 
negative regulator [57]. Hyperinsulinemia can also favor 
the production of IGF1 and increases its bioavailability 
and IGF1R signaling by modulating IGFBPs [58]. Both IGF1 
and IGF2 are overexpressed in an array of cancers such as 
the colon, prostate, breast, colorectal, thyroid, lung, pan-
creatic cancers, and several sarcomas [59, 60]. Insulin and 
IGF1 have the ability to cross-bind to each other’s recep-
tor, although with much less affinity than that of their 
preferred ligand [61]. Unlike IGF1R, IGF2R has no tyrosine 
kinase activity, and it binds to IGF2 and reduces its bio-
availability by sending it for lysosomal degradation [62]. 
Because of this effect, IGF2R has been considered as a 
potential tumor-suppressor molecule. In-depth reviews 
on IR, IGF, and IGF1R in cancer can be found elsewhere 
[37, 39, 63, 64].

2.4  �Platelet-derived growth factor receptors 
(PDGFR)

There are two types of the platelet-derived growth factor 
receptors: PDGFRα and PDGFRβ that are activated by 
five different disulfide-linked dimer ligands: PDGF-AA, 
-BB, -AB, -CC, and -DD with varying specificity. Although 
all PDGFs except the PDGF-DD interact with PDGFRα 
and induce receptor dimer formation, PDGF-AA is the 
most potent ligand of PDGFRα. PDGF-BB and PDGF-DD 
interacts with PDGFRβ [65]. Ligand-binding to receptors 
induces homo- or heteroreceptor dimerization, leading to 
the activation of their intrinsic tyrosine kinase domain and 
subsequent recruitment of SH2-domain-containing signal-
ing proteins, which activates the downstream pathways 
that cause the basic cellular processes like, proliferation, 
migration, and transformation [66]. Both, PDGFs (-BB and 
-DD) and the receptors (PDGFRα and PDGFRβ) are over
expressed in the breast [67], prostate [68], kidney [69], lung  
[70], ovarian [71], glioma [72], melanoma [73], and bone 
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[74] tumors. Expression of PDGFs and PDGFRs are found 
even in low-grade gliomas, unlike the EGFR expression 
found only in high-grade tumors, suggesting an early 
role for PDGF signaling in gliomas [75]. PDGFR signaling 
in tumor is primarily associated with angiogenesis and 
metastasis, like in the case of gliomas and breast cancer 
[67, 76]. PDGF-B, -C, and -D has been reported to enhance 
tumor angiogenesis through enhanced VEGF expression 
[77–79]. Tumor cell-secreted PDGF-B also functions to 
determine the fate of the mesenchymal stem cells in vitro 
through a transmembrane glycoprotein receptor, neuro-
pilin-1 (NRP-1) signaling [80], and it should be noted that 
NRP-1 expression is positively correlated with the inva-
sion ability of cancer cells. Recently, it was demonstrated 
that the knockdown of PDGFRβ in glioblastoma stem cells 
downregulates the critical angiogenesis regulator VEGF 
[81]. In this context, VEGF165 has been reported to bind to 

NRP-1 and trigger the NRP-1/VEGFR2/PI3K/Akt signaling 
pathway causing tumor angiogenesis, cancer cell invasion, 
and tumorigenesis [82]. PDGFR also influence the cancer 
microenvironment by recruiting nearby stromal cells, 
which facilitate tumor-stromal cell interaction that deter-
mines tumor development [83, 84]. The role of PDGFR in 
cancer has been critically reviewed before [85].

2.5  �Vascular endothelial growth factor 
receptors (VEGFR)

The vascular endothelial growth factor (VEGF) family is 
crucial for angiogenesis, lymphangiogenesis, and vasculo-
genesis, and it consists of six members: VEGF (or VEGF-A), 
VEGF-B, VEGF-C, VEGF-D, VEGF-E, and placental growth 
factor (PlGF). The biological effects of VEGF are mediated 

Figure 1 RTK and SHR signaling.
The activity of growth factors (GF) such as EGF, FGF, IGF, PDGF, and VEGF family members are mediated by the RTK signaling. These receptors 
are made up of an extracellular region, a single transmembrane spanning region, and a cytoplasmic tyrosine kinase domain. The extracellu-
lar domain of the RTK binds to the respective GF ligands that cause receptor dimerization and subsequent autophosphorylation on multiple 
specific intracellular tyrosine residues, creating binding sites for specific proteins. Autophosphorylated RTKs stimulate small GTP-binding 
protein, Ras by recruiting SOS and its adapter protein GRB2 to the membrane. This initiates a series of signal transduction cascade. Ras 
activates PLCγ, which can also be activated by Src in a RTK-dependent or -independent manner through steroid hormone receptors (SHR). 
Activated PLCγ hydrolyses PIP2 to release the second messengers 1,2-diacylglycerol (DAG) and IP3, in which DAG is the activator of PKC 
that activates Ras/Raf and thus ERK signaling, leading to the expression of transcription factors related to cell proliferation, migration, and 
angiogenesis. In addition, PKC also activates PLD that catalyzes the hydrolysis of PC to PA, activator of signaling cascades like mTOR. PA 
also inhibits PTEN, a tumor suppressor that negatively regulate mTORC1 activity. IP3 activates Ca2+ release from the endoplasmic reticulum 
by binding to its intracellular receptor (IP3R). Thus, accumulated intracellular calcium displaces the inhibitory binding of caveolin to eNOS 
and induces NO production, which increases angiogenesis and vasopermeability. Another important intracellular pathway activated upon 
RTK signaling is the PI3K/Akt, which starts with the recruitment of PI3K (p85α/p110α) to the receptor, enabling p110α to phosphorylate PIP2 
and PIP3. Binding of PIP3 to Akt, allows Akt phosphorylation and partial activation by PDK1. Thus, partly activated Akt is fully activated by 
mTORC2. In turn, phosphorylated/fully activated Akt activates mTORC1 either directly or through its inhibitory action on TSC1/TSC2, which 
inhibits mTOR. mTORC1 regulates S6K and HIF1α, inducing translation of several genes including the ones participating in homeostatic 
responses to hypoxia. Although Akt signaling can promote cell proliferation, metabolism, migration, and angiogenesis, its important role 
is to function as an antiapoptotic signal by exerting its effect by phosphorylating a variety of downstream targets including mTOR, NF-κB, 
eNOS, FOXO1, GSK3, etc. reviewed in [95]. Here, the activities of FOXO1 and GSK3 are suppressed by p-Akt, reliving their inhibitory func-
tion on cell proliferation and survival. The activity of Akt is negatively regulated by PTEN, which inhibits phosphorylation of PIP2 to PIP3. 
Erk/MAPK is an important proliferative pathway, which is activated by Ras/Raf. Phosphorylated Erk dimer can function in the cytosol as 
well as in the nucleus where it activates many transcription factors related to cell proliferation. GFs may also activate ERK through PLCγ/
PKC signals. The JNK pathway is a subgroup of MAP kinases that is phosphorylated/activated by MAP2K isoforms MKK4 and MKK7, which 
themselves are phosphorylated by MEKK1-4. Phosphorylated JNKs are translocated to the nucleus where it will activate its well-known 
target, c-Jun and other transcription factors, namely, activating transcription factor 2 (ATF2) and activator protein 1 (AP1). The JNK pathway 
can either have a pro-oncogenic role by promoting cell proliferation or can behave as a tumor suppressor by its proapoptotic effects or by 
employing tumor surveillance through the involvement of the immune system in a context-dependent manner (reviewed in [96, 97]). The 
JAK/STAT pathway also plays significant role in cell growth, survival, and differentiation. Activated RTK dimers allow phosphorylation of JAK 
proteins, which will activate STATs to form dimers. These dimers then get translocated into the nucleus and activate transcription of specific 
genes, related to survival and proliferation. Src is a nonreceptor cytoplasmic tyrosine kinase, which gets activated following RTK and/or 
integrins/FAK stimulation (FAK is a tyrosine kinase, which acts both as a signaling molecule and a scaffold protein). Src could induce activa-
tion of different transduction cascades including Ras/MAPK, PI3K/Akt, and STAT pathways [98] and inhibit PTEN [99]. Dysregulated steroid 
hormone (such as androgen, estrogen, and progesterone) signaling through their respective receptors results in uncontrolled proliferation 
and survival, leading to tumor initiation and progression. Ligand-induced receptor dimers bind either directly to specific DNA response ele-
ments or through other DNA-bound transcription factors to alter the transcription of specific genes. Integration of steroid hormone (SH) and 
GF signaling occur through Erk/MAPK, Akt/PI3K, PKC, PLC, and STAT pathways (reviewed in [100]).
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by their interaction with the three protein-tyrosine kinase 
vascular endothelial growth factor receptors (VEGFR1, 
VEGFR2, and VEGFR3). The two non-enzymatic receptors, 
NRP-1 and NRP-2, are proposed to facilitate the binding 
of various VEGF ligands to their primary receptors [86]. 
During tumorogenesis, it is vital that the rapidly proliferat-
ing tumor grown beyond 1–2 mm3 receive adequate blood 
supply through newly generated tumor blood vessels. 
VEGFs overproduced by tumor cells are essential to drive 
angiogenesis that enables tumor growth and metastasis 
[87]. Binding of VEGFs to their appropriate VEGFR induces 
receptor dimerization that leads to autophosphorylation 
of the receptor’s intrinsic tyrosine residues within the 
kinase domain-stimulating catalytic activity. This will 
ultimately activate the intracellular Ras/Raf/MEK, PLCγ, 
and PI3K/Akt pathways resulting in the survival of imma-
ture endothelial cells, growth and migration of vascular 
endothelial cells, and enhanced capillary vascular perme-
ability through different mechanisms [88]. VEGF signaling 
through the PI3K/Akt pathway is also known to regulate 
the expression of metastasis- and fibrosis-related genes 
belonging to the TGF-β and connective tissue growth 
factor family [89, 90]. Endothelial isoform of nitric oxide 
synthase (eNOS), the major source of nitric oxide (NO) can 
also be stimulated by VEGFR signaling downstream of Akt 
activation to increase vascular permeability [91, 92]. VEGFs 
and VEGFRs are overexpressed in various human primary 
solid tumors including the ovarian, breast, non-small-cell 
lung carcinomas, colon, and colorectal cancers. Although 
VEGFR is primarily expressed in tumor vessels and associ-
ated with tumor-angiogenesis [93], they are also expressed 
in tumor cells [93], enabling tumor growth [94].

VEGF-A exerts its activity by binding to VEGFR1 and 
VEGFR2. VEGFR1 expressed in the endothelial cells primar-
ily functions during development and tumor angiogenesis 
by binding to VEGF-A, -B, and PIGF [101, 102], and it is 
overexpressed in tumor cells [103]. Although the expres-
sion level of the VEGFR1-specific ligand, PIGF, is increased 
in many tumors [104], the function of this protein in tumor 
development is controversial because it has been associ-
ated with both tumor suppression [105, 106] as well as 
enhanced tumor growth [107, 108]. Accordingly, PIGF block-
age did not display tumor inhibition in all the tested mouse 
models for tumor [109]. Although, VEGFR2 has lower affin-
ity for VEGF-A than VEGFR1, VEGFR2 exhibits stronger 
tyrosine kinase activity in response to its ligands, which 
makes VEGFR2 the major receptor of VEGF-A [110], and it 
can function both in an autocrine and paracrine fashion 
[94]. VEGFR3 expression in the vascular endothelium 
begins with the purpose of remodeling the primary capil-
lary plexus during embryonic development. But, along 

development and in adult life, VEGFR3 expression gets 
restricted to the lymphatic endothelial cells and mainly 
contributes to lymphangiogenesis [111]. VEGFR3 exerts its 
signaling by binding to VEGF-C and -D, which are overex-
pressed in tumors [112]. Signaling through VEGF/VEGFR3 in 
lymphatic vessels is worth investing because the lymphatic 
vasculature is a route for tumor metastasis. Recently, Karn-
ezis et al. [113] have shown that the collecting lymphatics 
serve as an important place for cancer metastasis by linking 
the signals via the VEGF-D/VEGFR2/VEGFR3 and the pros-
taglandin pathways. Contrary to its role in tumorigenesis, 
a soluble form of VEGFR2 (splice variant) was found as an 
inhibitor of lymphangiogenesis by sequestering VEGF-C 
and preventing it from activating VEGFR3 [114]. To have 
a deeper understanding of VEGF signaling in tumor, the 
readers can refer to Rastogi (2008) [88].

3  Steroid hormones (SH)
Steroid hormones (SH) that are associated with cancer 
are the ones that can elicit cell proliferation and enable 
cancer progression. Deregulated estrogen and androgen 
(also progesterone) signaling is the predominant causa-
tive agent of breast, ovarian, testis, and prostate cancers. 
The role of estrogen and androgen receptors in tumor for-
mation are briefed here (Figure 1).

3.1  Estrogen receptor (ER)

The signaling pathways activated downstream of the 
estrogen receptor (ER) is critical for the development and 
growth of breast cancer. Classically, upon binding of the 
ligand 17β-estradiol (E2) to ER, the dimerized receptor gets 
translocated into the nucleus. Genomic action of ER is 
triggered by the binding of the dimerized ERs to the DNA 
directly in the estrogen response element or indirectly 
by tethering to other DNA-bound transcription factors, 
leading to ER target activation. During this process, the 
E2-ER complex recruits functionally diverse coregulators 
such as SRC1, AIB1, MTA1, etc. to form multiprotein com-
plexes, which will modulate ER function [115]. In addition, 
ER can also exert nongenomic signaling through its inter-
action with cytosolic/membrane-associated signaling pro-
teins [100]. Among the two ER transcription factors (ERα 
and ERβ), ERα is overexpressed up to 70% in breast tumors 
compared to normal tissues [100]. Both the genomic and 
nongenomic actions of ERα play a significant role in breast 
tumors because of their role in proliferation and metasta-
sis [116, 117]. In fact, bone and lung metastasis of tumor 
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has been associated with their ERα expression levels [118, 
119]. On the other hand, ERβ-mediated signaling in breast 
tumor cells play a distinct role of antiproliferative [120] and 
antimigratory function, and its expression level is inversely 
correlated with invasive breast cancer [121]. EMT is a key 
process that occurs during the invasion of tumor cells to 
the surrounding tissues, and ER can influence this process 
by interacting with the major regulators of EMT, the Snail 
and Slug [122, 123]. Collectively, deregulated genomic and 
nongenomic signaling through ERs and their coregulators 
underlie a majority of human breast cancers, which causes 
a huge percentage of cancer-related deaths in women.

3.2  Androgen receptor (AR)

Androgen is a SH that stimulates growth, development, 
and maintenance of prostate cells by binding to the andro-
gen receptor (AR), which is a member of the steroid-thy-
roid-retinoid nuclear-receptor superfamily. Prostate cancer 
is one of the most common forms of cancer in men, and 
its development and growth mainly depend on androgen 
in such a way that the ablation of androgen can suppress 
prostate tumor. However, overtime, they can develop into 
androgen-independent prostate cancers (AIPC), which is 
a lethal form that progresses and metastasizes. Although, 
these are hormone-refractory tumors, they still overexpress 
AR [124]. Basically, androgens regulate the ratio of prolifer-
ating cells over the dying cells by promoting proliferation 
and inhibiting apoptosis. Testosterone is the main circulat-
ing androgen, whose free form is converted into dihydrotes-
tosterone (DHT) by the enzyme 5α-reductase (SRD5A2) in 
the prostate. DHT is the most active hormonal ligand for 
AR, and upon its binding, AR homo-dimerizes and bind 
to the androgen response elements (AREs) in the promoter 
regions of its target genes. This AR homo-dimer complex 
will further recruit coregulatory proteins, which can be 
either coactivators or corepressors depending on which the 
target genes will be activated or repressed [125]. Most of the 
AIPCs still express AR but signal in a non-androgen-bound 
manner [126] through their crosstalk with growth factor 
(GF) signaling pathways. GFs, such as IGF1, EGF, keratino-
cyte growth factor (KGF), and FGFs can activate AR in the 
absence of androgen [127]. For instance, in mice, HER2 is 
overexpressed in AIPC condition, and it is shown to convert 
androgen-dependent cell lines into androgen-independent 
cells upon overexpression [128]. HER2 might mediate this 
action through the antiapoptotic PI3K/Akt pathway activa-
tion [129]. A crosstalk between AR and ERK has also been 
reported in prostate and molecular apocrine breast cancer, 
contributing to disease progression [130–132].

4  �Ancient signaling pathways  
in tumor

There are three important highly conserved signaling 
pathways that are hyperactive in the tumor cells. They 
are the multifunctional Hedgehog (Hh), Notch, and WNT 
signaling (Figure 2), which regulate the basic cellular pro-
cesses such as proliferation, differentiation and survival 
that underlie most of the critical cell fate decisions.

4.1  Hedgehog (Hh) signaling

Hyperactive Hedgehog (Hh) signaling is an important 
hallmark of a large number of human cancers, includ-
ing those of the brain [133], skin [134], lung [135], prostate 
[136], gastrointestinal track [137], and pancreatic cancer 
[138]. Hh is a morphogen that can act in a short- and 
long-range manner. There are three Hh proteins: Sonic 
Hh, Indian Hh, and Desert Hh, which transduce their 
signaling through glioma-associated (Gli) family of zinc 
finger transcription factors (Gli1-3). Gli1 always functions 
as a strong transcriptional activator; Gli2 and Gli3 have 
both activator and repressor functions, although Gli2 
mostly functions as an activator and Gli3 as a repressor. 
In the absence of Hh ligand, Gli1 is not transcribed, but 
Gli2 and Gli3 are expressed; however, they will be sub-
jected to proteolytic cleavage to form the short repres-
sor forms [139]. Different ratios of Gli-activator (Gli-A) to 
Gli-repressor (Gli-R) have the potential to differentially 
regulate gene expression during embryo development 
[140, 141] and tumorigenesis [139]. This combination of Gli 
proteins is defined as the Gli code, and it is proposed to 
underlie specific cellular fates [139, 142]. Patched (PTCH1-
2) is the major receptor for Hh proteins. Binding of Hh to 
PTCH, releases PTCH-mediated inhibition on smoothened 
(SMO), allowing it to transduce Hh signaling intracellu-
larly, causing Gli-A accumulation and nuclear transloca-
tion to turn on Hh target gene expression. Hh signaling in 
vertebrates requires the presence of a nonmotile primary 
cilium where SMO is accumulated upon Hh signaling acti-
vation [143]. Under tumorous conditions, hyperactivation 
of Hh pathway happens either by mutation of pathway 
components, namely, PTCH, (receptor and negative regu-
lator); SMO, (signaling mediator); or supressor of fused 
(SUFU), (prevents nuclear translocation of Gli molecules 
and also inhibits Gli1-mediated transcriptional activity 
[144]) or by PTCH [145] or SMO [146] or Hh overexpres-
sion [147–149]. Mutation of pathway components results 
in ligand-independent constitutive pathway activation, 
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and the latter causes ligand-dependent pathway activa-
tion. When the tumor cell overexpresses the ligand, it can 
promote growth and survival of the neighboring tumor 
cell by signaling in an autocrine fashion. By this means, 
the tumor can be controlled by adding pathway inhibi-
tors [135] or can be accelerated by supplementing ligands 
[137]. Alternatively, Hh-dependent signaling can also 
occur in a paracrine manner where the ligand produced 
by the epithelial cells signals to the underlying mesenchy-
mal or stromal cells, which in turn signals back to regulate 
epithelial cell proliferation and survival, by producing 
various signaling molecules. Apart from being activated 
in cancerous cells, hyperactive Gli code is the key factor 
of human glioma cancer stem cells [133]. Stecca and Ruiz 
[139] proposed that the naturally repressed form of Gli 

code is reverted when the tumor suppressors are lost upon 
mutations/epigenetic changes, resulting in uncontrolled 
proliferation of the cancer stem cells. Expression of the 
Hh pathway components has also been detected in human 
breast cancer stem cells [150], overall pointing to the pos-
sibility of therapeutic targeting of the stem cell population 
that ultimately cause tumor. Detailed reviews on Hh sign-
aling can be found elsewhere [139, 151].

4.2  Notch signaling

Notch is an evolutionarily conserved fundamen-
tal signaling pathway that regulates several events 
during embryo development and tissue homeostasis 

Figure 2 Schematic representation of the ancient signaling pathways, Hh, Notch, and WNT.
Members of the Gli family of transcriptional factors are the effectors of Hh signaling. In the absence of Hh ligand (SHH, DHH, and IHH), the full 
length Gli proteins (Gli- activator: Gli-A) are proteolytically cleaved into a lower molecular weight transcription repressor forms (Gli- repres-
sor: Gli-R). Binding of Hh to its receptor, PTCH relieves its inhibition on SMO, allowing SMO-mediated accumulation of the full-length Gli-A 
form and its translocation into the nucleus where it activates Hh target genes. In the absence of Hh ligand, SUFU interacts with Gli proteins, 
sequestering the Gli-A from in the cytoplasm, preventing their nuclear translocation. Notch is a cell-cell communication pathway in which one 
cell expresses the plasma transmembrane ligand (Delta/Jagged) and the other expresses the receptor (Notch). Upon ligand binding, a series 
of proteolytic cleavage events occur, ultimately releasing the NICD into the cytoplasm and subsequent translocation into the nucleus. In the 
nucleus, NICD binds to RBPjk, a DNA-binding protein along with the transcriptional coactivator MAML1 to recruit transcriptional coactivators 
(CoAs) in order to initiate transcription of Notch target genes. In the absence of NICD, RBPjk will be in association with corepressors (CoRs) 
that inhibits Notch target gene transcription. Activation of the WNT signaling cascade begins when the secreted WNT ligands bind to FZD 
receptor and LRP5/6 coreceptors resulting in downstream stabilization and nuclear translocation of the transcriptional coactivator β-catenin 
through the activity of Dvl. In the nucleus, prior to WNT signaling, lymphoid-enhancing factor (LEF) and T-cell factor (TCF) are bound to the 
promoter/enhancer regions of WNT target genes, repressing their expression. Accumulation of β-catenin by WNT signaling leads to binding of 
β-catenin to TCF/LEF, promoting transcriptional activation of several target genes. In the absence of WNT ligand, β-catenin is associated with 
a cytoplasmic complex containing CK1α, GSK3, AXIN, and the APC protein. This complex promotes phosphorylation of β-catenin and targets it 
for ubiquitination and subsequent degradation.
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in adulthood through its four membrane-bound type I 
receptors (Notch 1–4) and five transmembrane ligands 
(Delta1, Delta3, Delta4, Jagged1, and Jagged2). Notch is 
a short-range signaling, and it requires cell-cell contact 
with each cell expressing either the receptor or the 
ligand. Signaling initiation occurs upon ligand-recep-
tor interaction and the proteolytic cleavage of the notch 
intracellular domain (NICD) by a γ-secretase complex 
whose key components are presenilin and nicastrin 
[152]. Thus, liberated NICD gets translocated into the 
nucleus and binds to the DNA-binding transcriptional 
mediator protein, C-protein-binding factor 1 (CBF1)/
RBPjk [153], trading, therein bound transcriptional 
corepressors with transcriptional coactivators, allow-
ing transcription of a wide variety of Notch target genes. 
Mastermind-like transcriptional activator proteins 
(MAML1-3) are shown to be required for Notch signal-
ing by forming a ternary complex with NICD and RBPjk 
[154]. The members of mammalian Hairy/Enhancer of 
Split (HES) genes are generally considered as the effec-
tors of Notch signaling [155], but it also has other targets 
including the cell-cycle regulators, cyclinD1 and p21 
[156, 157]. Apart from this canonical RBPjk-dependent 
Notch signaling, the noncanonical RBPjk-independent 
Notch signaling also exists, and it can also contribute 
to tumor formation [158, 159].

Arsenal of data from developmental and oncogenic 
studies suggests that Notch signaling can function in a 
context-dependent manner based on the cell type and 
stage of differentiation at which it is activated. During 
development and adult tissue homeostasis, Notch sign-
aling is mandatory to maintain neural, breast, hemat-
opoietic, and intestinal stem cells [160–164]. Apparently, 
many tumors also possess pluripotent stem cell popu-
lation, which eventually generates large tumors [165], 
and Notch signaling actively takes part in controlling 
the fate of cancer stem cells from several tumors [166]. 
In fact, emerging pieces of evidence suggest that Notch 
components are required for the survival of breast and 
intestinal cancer stem cells [160, 162, 164, 167]. Notch 
signaling has been associated with a number of hemat-
opoietic and epithelial human tumors including colon, 
breast, lung, skin, cervical, prostate cancers, leukemia, 
and neuroblastoma [167–170]. But, the way it works in 
tumor tissue is complex because in some cancers, it acts 
like a tumor suppressor and, in others, like an onco-
genic factor. For example, Notch2 functions as a tumor 
suppressor in breast cancer, while other Notch receptors 
are oncogenic [171]; however, in brain cancer, Notch2 
acts as an oncogene, whereas Notch1 has the opposite 
effect [172].

Notch signaling activation in invasive breast cancer 
cells is the result of the following one or more events: 
elevated levels of ligands, receptors, downstream 
targets, and downregulation of Numb, the inhibitor of 
Notch signaling [167, 173–175]. These changes lead to 
cell survival either by reduced apoptosis or increased 
cell proliferation through Akt/PI3K, ERK/MAPK, and 
JNK/STAT pathways [176]. Different Notch receptors are 
upregulated in different cancers: high Notch1 protein 
expression has been observed in human cervix, colon, 
lung, pancreas, skin, and brain cancers; Notch2 mRNA 
and protein are overexpressed in human brain, cervix, 
colon, pancreas, and skin cancers; Notch3 and Notch4 
proteins are overexpressed in human malignant mela-
noma and human pancreatic cancer; elevated Notch4 
mRNA expression has been reported in human breast 
cancer [176]. Being a regulator of cell fate decision, 
Notch signaling is known to contribute to resistance 
against many cancer treatments [167]. The following 
reviews can be referred for more information on Notch 
signaling in cancer [167, 176].

4.3  WNT signaling

WNT is another highly conserved pathway that is also fre-
quently deregulated in malignancies. Like Hh and Notch 
signaling, WNT signaling is also associated with stem cell 
homeostasis in many tissues, namely, intestine, colon, 
bone, blood, muscle, hair, and fat [177–179]. This signaling 
pathway also mediates cell proliferation, migration, differ-
entiation, adhesion, and death [180]. The term WNT is an 
amalgam of wingless from Drosophila (Wg) and its mouse 
homolog int1. There are 19 WNT proteins in mammals. WNTs 
are soluble secreted factors that signal through its interac-
tion with cell surface G-protein-coupled receptors, Frizzled 
(FZD), and the coreceptors LRP5/6. WNTs activate at least 
three different signaling pathways: the canonical pathway 
that requires β-catenin activation and WNT/Ca2+ and WNT/
planar cell polarity (PCP) noncanonical signaling pathways 
that are independent of β-catenin [181, 182]. In the canoni-
cal pathway, WNT-activated FZD will immediately recruit 
the cytosolic disheveled protein (Dvl1, 2, or 3) and regu-
late the intracellular concentration of β-catenin by modu-
lating the activity of the β-catenin destruction complex 
containing axis inhibitor (Axin), adenomatous polyposis 
coli (APC), glycogen synthase kinase 3 (GSK3), and casein 
kinase 1 (CK1) [183]. Mutations in β-catenin and APC are 
reported in many human cancers [184], and the pathway is 
deregulated in colorectal and breast cancers [181, 184–186]. 
Tumor cells either present an upregulation of WNT positive 
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regulators or downregulation of negative regulators to acti-
vate the pathway. For instance, Dvl1 is upregulated [187], 
and a secreted WNT inhibitor, FZD-related protein 1 (FRP1) 
is downregulated/deleted in many breast cancers [188]. 
Sustained expression of FRP1 in human breast cancer cell 
line dramatically impaired their ability to form tumor xeno-
grafts in mammary glands of nude mice [189]. WNT recep-
tor FZD and coreceptors LRP5/6 are also overexpressed in 
many tumors. FZD1 overexpression in breast cancer cell 
line is reported to confer multidrug resistance through 
MRD1 induction [190]. FZD7 expression in colon cancer cell 
lines has been accounted for canonical WNT pathway acti-
vation despite the presence of APC or β-catenin encoding 
gene (CTNNB1) mutation [191]. Likewise, LRP6 overexpres-
sion is defined as the characteristic of a subpopulation of 
breast cancer, and its silencing significantly reduced WNT 
signaling, suggesting LRP6 as a potential therapeutic target 
[192]. Also, LRP5 expression is shown to be required for 
WNT-dependent mammary tumors [193]. Perturbation of 
WNT signaling has been shown to inhibit proliferation and 
impair cell motility of human breast cancer cell lines [185, 
186, 189]. Furthermore, during breast cancer metastasis, 
WNT signals are reported to promote EMT and migration 
through stabilization of Snail [194], which could be com-
promised by inhibiting WNT signaling [195].

The noncanonical pathways also play important roles 
in tumorigenesis [196]. During the metastasis of melanoma, 
Wnt/Ca2+pathway is involved in EMT through WNT5a [197]. 
As PCP plays a crucial role in cell adhesion and movement, 
its dysfunction greatly correlates with tumor metastasis. 
WNT11- and WNT5a-activated WNT/PCP pathway [198, 199] 
promote metastasis through Rac, Rho, and JNK in hepa-
tocellular carcinoma, melanoma, gastric, non-small-cell 
lung, colon, and breast cancers [200, 201]. To add further 
complexity to the system, WNT5a is reported to function as 
an oncogene or tumor suppressor in a context-dependent 
manner, suggesting that PCP might be functioning as a 
tumor suppressor in the early stages of tumorigenesis and 
then in more progressed tumors as oncogene [201]. Both 
the WNT/β-catenin and noncanonical WNT signaling are 
also implemented in tumor angiogenesis [202]. The fol-
lowing reviews are suggested for deeper understanding of 
WNT signaling in cancer [183, 184, 201].

5  �Other important molecules 
modulated during cancer

The multifunctional protein Src is an intracellular/
membrane-associated tyrosine kinase that regulates cell 

proliferation, angiogenesis, survival, differentiation, and 
cell movement by interacting with GF receptors, steroid 
hormone receptors (SHR), and many other adaptor pro-
teins (Figure 1). Through activation of different transduc-
tion cascades including Ras/MAPK/ERK, PI3K/Akt, and 
STAT pathways, Src is capable of transforming normal 
cells into malignant ones (reviewed in [203]). Src also 
mediates adhesion-dependent responses by functioning 
as an important mediator downstream of integrins [204]. 
FAK is a tyrosine kinase, which can act as a signaling mol-
ecule or as a scaffold protein, enabling the recruitment 
of Src to integrin. Src-integrin interaction also functions 
synergistically with RTKs [205]. In agreement, β1 integrin 
overexpression in non-small-cell lung cancer has been 
associated with its resistance to gefitinib, which targets 
the tyrosine kinase activity of EGFR [206]. High c-Src activ-
ity is reported in several cancers, such as breast, colon, 
pancreatic, neural, ovarian, esophageal, gastric, lung, 
and melanoma [207]. It is often co-expressed with GFs, like 
in the case of majority of breast cancers (over 70%) where 
it is co-overexpressed with HER family members [100]. Src 
can phosphorylate and, thereby, inhibit the tumor-sup-
pressor protein PTEN [99]. Src represents a viable target 
for antiangiogenesis therapy because it is reported to 
induce VEGF expression and angiogenesis in pancreatic 
cancer cells [208]. In addition to augmenting GF signal-
ing, c-Src also mediates signaling through SHR, and it has 
been proposed to be important for E2-stimulated cellular 
proliferation through ER [203, 209].

Signal transducer and activator of transcription 
(STAT1-6) are second messengers of the JAK/STAT sign-
aling pathway in response to the binding of extracellu-
lar proteins, including GF, hormones, and cytokines and 
serves as the integrator of signaling pathways activated 
by GFs and hormones. Upon tyrosine kinase-mediated 
phosphorylation, STATs will homo- or heterodimerize and 
get translocated into the nucleus where it binds to STAT-
specific response elements on DNA to regulate transcrip-
tion of interferon-stimulated genes (ISGs). Dysregulated 
JAK/STAT signaling leads to tumor formation through 
increased angiogenesis, enhanced survival, and immuno-
suppression. Overexpression/activation of STAT3, STAT5a, 
and STAT5b has been described in many tumors including 
the lung, prostate, and breast cancers [210–212].

Phospholipase D (PLD) catalyzes the hydrolysis of 
phosphatidylcholine (PC) to produce phosphatidic acid 
(PA), the activator of signaling cascades. There are two 
PLDs identified in mammals (PLD, PLD2), which are acti-
vated downstream of WNT/β-catenin signaling [213, 214]. 
Polymorphisms or point mutations in PLD2 are found in 
colon and breast cancers, respectively [215]. PLD-produced 
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PA, lies in the center of many key cell growth regulator 
pathways associated with cancer, namely, SOS/Ras [216], 
Raf/MAPK/ERK, and mammalian target of rapamycin 
(mTOR) pathways [217, 218].

The highly conserved phosphatidylinositol 3-kinase 
(PI3K) pathway regulates diverse cellular processes, 
including metabolism, angiogenesis, growth, survival, 
proliferation, apoptosis, and cell migration [219]. Akt, the 
target of PI3K signaling, is activated upon phosphoryla-
tion by 3-phosphoinositidedependent kinase (PDK1) or 
mTORC2 or by other kinases [220]. Several human cancers 
possess mutations in p110α, the catalytic subunit of PI3K 
and PTEN at very high frequencies, resulting in increased 
activity of the PI3K/Akt signaling pathway [221]. Phospho-
rylated-Akt can augment cancer in several ways: (1) Akt 
phosphorylates its substrate, FOXO (Forkhead box gene, 
group O; proapoptotic transcription factor) and enables 
its retention in the cytosol, causing increased cell prolif-
eration and survival [222]. Inhibition of Akt signal causes 
FOXO nuclear translocation and subsequent activation 
of receptor gene expression [223, 224]. (2) Akt can also 
influence eNOS and potentiate angiogenesis and vascular 
permeability [88, 225]. (3) Tuberous sclerosis complex 2 
(TSC2) is also a substrate of Akt, which along with PTEN 
and LKB1 are tumor suppressors that negatively regulate 
mTORC1 activity [221]. (4) Activated Akt inhibits GSK3 
by phosphorylation, which might be mediating some of 
the antiapoptotic effects of Akt [226, 227]. (5) PI3K/Akt 
pathway can enhance NF-κB-dependent transcription, 
which regulates cell fate decisions, such as apoptosis and 
proliferation [228]. (6) PI3K/Akt pathway activation can 
also confer cell survival signal by suppressing apoptosis, 
such as the case with anoikis, apoptosis induced by inad-
equate or inappropriate cell-matrix interactions [229].

Phosphorylation of TSC2 by Akt relieves its negative 
regulatory effect on mTOR, making it as a primary effec-
tor of Akt signaling [230]. mTORC1 activation causes phos-
phorylation of its effector ribosomal protein S6 kinase 
1 (S6K1), which further phosphorylates the ribosomal 
protein S6 that allows translation of mRNAs encoding 
different proteins [231]. mTORC1 also regulates VEGF by 
phosphorylating hypoxia-inducible factor α (HIF-1α) 
leading to its accumulation in tumor cells [232]. HIF-1α 
is predominantly responsible for the adaptation of solid 
tumors to hypoxia by mediating angiogenesis and anaero-
bic metabolism [233].

Tissue factor (TF)/ protease-activated receptor (PAR)-
mediated signaling shapes the tumor microenvironment 
by inducing several cytokines, chemokines, and GFs in 
addition to their involvement in tumor cell migration 
[234, 235].

There are also other factors that influence tumor 
development and progression. Homologous recombina-
tion (HR) is a fundamental cellular process, which upon 
dysfunction could cause genomic instability leading to 
malignancies. Mutations in HR regulators, BRCA1 and 
BRCA2, are also reported to cause hereditary breast and 
ovarian cancers [236]. Similarly, mutation in another 
HR regulator, RAD51C is also associated with breast and 
ovarian cancer [237], implying a crucial role for HR and its 
regulatory genes in cancer prevention.

6  The tumor microenvironment
The tumor microenvironment could be defined as the 
supportive environment existing around the tumor that 
facilitates growth, survival, and invasion of tumor cells by 
providing appropriate signaling molecules, chemokines, 
soluble factors, and extracellular matrix. These cues 
come from the surrounding stromal cells, which include 
endothelial cells, necessary for tumor angiogenesis; fibro-
blasts that produce chemokines and involved in extracel-
lular matrix remodeling; and inflammatory cells. Owing to 
the dynamics in stromal cells, metabolic alterations, and 
modulations in the extracellular matrix, the tumor micro-
environment is under constant evolution. The network 
between the tumor and the nearby stromal cells are very 
crucial to establish tumors. Moreover, the tumor micro-
environment is also known to regulate the behavior of 
cancer stem cells [1, 238]. The tumor microenvironment 
is influenced by crosstalks between the aforementioned 
signaling pathways.

Target genes of SHH/Gli signaling can also directly 
or indirectly lead to the synthesis of signaling molecules, 
some of which may enrich the tumor microenvironment 
facilitating tumor growth and progression [239–241]. Hh 
signaling can be modulated by GFs like EGF [242]. In epi-
dermal cells, EGFR-mediated Raf/MEK/ERK intracellular 
pathways cooperate with Gli1/2 proteins to regulate the 
Notch ligand, jagged2 transcription, linking GF, Hh, and 
Notch signaling [243]. Schreck et al. [244] showed that the 
effector of Notch signaling, Hes1, can directly bind to Gli1 
promoter and repress its transcription causing low Hh 
activity in glioblastomas and suggested that targeting both 
pathways simultaneously may be more effective in the 
elimination of glioblastoma cells. Jagged1 downregulation 
was also accounted for reduced gli2 expression in ovarian 
cancer cells in a Notch-independent fashion. Interest-
ingly, this relationship between Jagged1 and Gli2 worked 
both ways as knockdown of Gli2 diminished jagged1 
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expression level [245]. Furthermore, jagged1 expression 
has been considered as a potential link between Notch 
and WNT signaling pathways in ovarian [246] and colo-
rectal [247] cancers. Gli’s can also be modulated by other 
signaling pathways: TGF-β/SMAD3 pathway in associa-
tion with WNT/β-catenin signaling can directly transcribe 
Gli2, which upregulates Hh target genes including gli1 
expression in an Hh-independent manner [242, 248]. 
Notch, being a cell-cell communication signaling, can 
occur between tumor cells and stromal cells [249, 250], 
promoting angiogenesis [251]. For instance, the Notch 
ligand, jagged1, is expressed both in the stromal (endothe-
lial cells) and the tumor compartments of ovarian cancer 
and serves as a putative target for therapies. Selectively 
targeting Jagged1 in the tumor stroma significantly 
reduced microvessel density, and its combined inhibition 
in stromal as well as ovarian tumor cells greatly reduced 
the overall tumor size [245], suggesting the role of Jagged1 
in angiogenesis and cell proliferation. WNT signaling 
from the stromal cells also has its role to play in tumor 
progression (colorectal cancer: [252]), differentiation, 
and migration of the tumor cells [253]. Recently, Notch2 
was identified as the target of WNT/β-catenin signaling 
in colorectal cancer cells [254]. But another study in colo-
rectal cancer uncovered an unexpected suppressive role 
of Notch1 on WNT/β-catenin target genes [255]. Owing to 
such strong interactions between the ancient Notch, WNT, 
and Hh signaling pathways, recent studies suggest that 
inhibiting these pathways in combination with traditional 
chemotherapies may provide enhanced chemosensitivity 
[183, 256, 257].

GF constitute an important mode of communication 
between the tumor epithelium and stromal components 
[258]. PDGF, released by the tumor cells, signals through 
the stromal cell-expressed receptors, and in turn, they 
receive growth inductive signals from the stromal cell-
secreted IGF1 [38]. The stromal cell-derived chemokine 
SDF1 and its receptor CXCR4-mediated signaling play 
influential role in the metastasis of ERα-positive invasive 
breast cancers [259, 260]. In addition, GF can also contrib-
ute to the aberrant growth of tumor stem cells as it has 
been recently illustrated for glioblastoma-derived stem-
like cells [238]. The influence of various factors on tumor 
microenvironment has been reviewed in the following 
articles: SHH: [240], Notch: [251, 261], WNT: [262].

The tumor microenvironment being a birthplace for 
the activation of various signaling pathways provides the 
perfect environment for dormant metastases to flourish. 
Metastasis is a deadly process in malignancies that con-
tributes to the majority of cancer-related deaths. In order 
to metastasize, the tumor cell should separate itself from 

the primary tumor, navigate the stromal tumor microenvi-
ronment through vasculature and/or lymphatic channels, 
and invade to a new location to establish the microme-
tastasis at a distant site [263]. EMT is a crucial step in 
this process, which is a result of convergent activation of 
several transcription factors (Snail, Slug, Twist, ZEB1/2, 
and SMADs) by multiple signaling pathways, namely, 
TGF-β, WNT, Notch, and Hh [264]. Often, the increas-
ingly complex tumor microenvironment also accounts for 
therapeutic resistance. The stromal tissue-derived CXCR4 
signaling is sufficient to drive metastasis of ERα-positive 
breast cancers and foster endocrine therapy resistant via 
increased MAPK signaling [260]. Mostly, drug resistance is 
associated with MAPK, PI3K/Akt, and PKCγ pathway acti-
vation. Owing to these reasons, combination of therapies 
targeting different factors are beneficial than targeting 
a single tumor inducer. This is the case in the treatment 
of breast cancer, where both ER and HER2 are targeted. 
These discussions suggest that it is necessary to carefully 
analyze the tumor microenvironment to provide proper 
treatment.

7  �Functionalization of nanoparticles 
for cancer therapy

Nanoparticles are submicron-size carrier systems com-
posed of natural or synthetic polymers with the size 
range of 10–1000 nm in which the drug may be dissolved, 
entrapped, encapsulated, or attached. Nanoparticle-
mediated early diagnostic methods and targeted thera-
pies serve as a potential tool to fight cancer because of 
their ability to achieve site-specific action of the drug at 
therapeutically optimal rate and dose while reducing the 
unwanted toxic side effects [265]. In order to achieve these 
qualities, the nanoparticles are designed considering 
several parameters as discussed below.

7.1  �Challenges in nanodrug delivery 
and strategies to overcome them

The physiology of every human organ is designed to 
perform their respective functions at optimum level and to 
prevent the invasion of toxins, antigens, and pathogens. 
These protective functions are executed by physical and 
biochemical barriers, which are also responsible for ham-
pering drug delivery to the targeted site. The physical bar-
riers include the cell membranes, tight junctions between 
adjacent epithelial cells, extracellular matrix, mucus layer, 
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etc., while the biochemical barrier comprises of the efflux 
pumps, catabolic enzymes that leads to drug metabolism/
detoxification, drug sequestering to acidic compartments, 
and drug deactivation mechanisms [266]. As a result, only 
a small percentage of drugs will finally reach the targeted 
cells. This limited delivery is not only true for the con-
ventional cancer drugs but also for gene therapy, which 
stands as an attractive therapeutic approach for cancer. 
In gene therapy, functional DNA molecules or small inter-
fering RNA (siRNA) are effectively delivered into malfunc-
tioning cells to replace the missing/mutated gene or to 
induce posttranscriptional gene silencing, respectively 
[267]. Intravenously injected DNA-containing nanoparti-
cles must be able to successfully circulate in the blood-
stream by avoiding serum proteins that may bind to the 
particles and increase their size, paving the way for them 
to be eliminated by Kupffer cells present in the reticuloen-
dothelial system. Subsequently, the circulating nanoparti-
cles should extravasate into the tumor tissue and contact 
the cell surface by crossing the physical/extracellular bar-
riers (cell membranes, tight junctions, and extracellular 
matrix). Once internalized by the cell, the DNA within the 
nanoparticle must escape the biochemical and intracel-
lular barriers (lysosomal degradation, endocytic vesicles, 
degradation by cytosolic nucleases) and find its way into 
the nucleus and target the transcription active regions.

Another prominent barrier is the blood-brain barrier 
(BBB), which continues to be a challenge in the treatment 
of brain cancer [268]. The brain, being the central organ 
of the human body, have capillaries that have evolved as 
a natural defense mechanism by restricting the move-
ment of molecules between blood and brain. Successful 
passage of molecules across the BBB is constrained by 
tight junctions between capillary endothelial cells, efflux 
transport proteins expressed in the luminal (blood) side 
of the BBB, and degrading enzymes present in the cyto-
plasm of endothelial cells. However, small molecules with 
appropriate lipophilicity, molecular weight, and charge 
can pass through the BBB. This action is facilitated by 
transporters expressed at the luminal and basolateral 
(brain) side of the endothelial cells, specific receptors 
expressed on the luminal side of the endothelial cells, and 
by passive diffusion. Among the several strategies applied 
to bypass BBB, employing nanoparticles functionalized 
based on the native receptors or transporters localized 
in the luminal (blood) side of the endothelial cells have 
been promising to date, in brain cancer therapies [268–
270]. The intravenously injected nanoparticles are mostly 
transported across the BBB by endocytosis, which will 
then undergo transcytosis. Usually, polyethylene glycol 
added (PEGylated), surfactant coated (PS 80), targeting 

molecule attached biodegradable and nonbiodegrada-
ble nanoparticles have been used in in vitro and in vivo 
brain-targeting studies [270]. Biologically active polymer 
core/shell nanoparticles self-assembled from TAT-PEG-b-
cholesterol (TAT-PEG-b-Chol) were synthesized and suc-
cessfully used to deliver ciprofloxacin antibiotic across 
the BBB [271]. Polyethylene glycol conjugated (PEGylated) 
gold nanoparticles functionalized with EGF was used to 
selectively deliver therapeutic drug and phthalocyanine 4 
(Pc 4) to brain glioma tumors for photodynamic therapy 
(PDT)  [272]. Recent development in the field of drug deliv-
ery to the central nervous system has been thoroughly 
discussed in the following reviews [268, 270]. Thus, to 
increase the therapeutic efficacy of nanoparticles, they 
must be targeted to the required site through appropriate 
approaches.

7.2  �Passive and active targeting 
of nanoparticles

In order to create nanoparticles that exclusively target 
tumor cells, two basic strategies are employed: passive 
and active targeting methods [273]. In passive target-
ing, the pathophysiologic features of cancer tissue are 
exploited for the accumulation of nanoparticles in tumor 
sites. One such important parameter is the newly formed 
leaky blood vessels that supply nutrients and oxygen to 
tumors exceeding 2 mm3 in size [274]. In addition, tumor 
cells also present higher compound retention time than 
healthy cells, which allow the retention of nanoparti-
cles in tumor cells for a prolonged period of time [275]. 
Together, these parameters provide an enhanced perme-
ability and retention (EPR) effect, the major determinant 
of passive targeting. This way of delivering nanoparticles 
is reported to be an apt strategy for gene therapy. Consid-
ering the endosomal/nuclease degradation and the nega-
tive charge of DNA molecules, it is a challenging task to 
deliver the DNA or RNA to the target cells, make them to 
cross cell membrane and enter the nucleus. Although, 
virus-mediated DNA delivery is widely used to achieve 
high expression rates, they have the limitations of being 
toxic, immunogenic, and expensive. Alternatively, bio-
degradable, functionalized polymeric nanoparticles 
are utilized in therapy to meet this requirement. Owing 
to safety, sustained release capacity, and the ability to 
rapidly escape the endolysosomal pathway, poly-(lactic-
co-glycolic acid) (PLGA) nanoparticles have been sug-
gested as a good gene delivery system [276]. Accordingly, 
pigment epithelial-derived factor (PEDF) gene-loaded 
PLGA nanoparticles have been demonstrated to be an 
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innovative therapy for colon carcinoma by inducing 
apoptosis, decreasing microvessel density, and inhibit-
ing angiogenesis [277]. Modifying the surface of the gene 
carriers with hydrophilic, flexible, non-ionic polymers 
like PEG and conjugating targeting moieties are efficient 
strategies to improve circulation time and site-specific 
delivery, respectively. However, PEGylation can invariably 
compromise the specificity of nanoparticles [278]. So, it is 
vital to balance between the specificity of nanoparticles 
and their delivery efficiency to achieve optimal results. 
Passively endocytosed logic gate nanoparticles, devel-
oped with a dual pH-responsive random copolymer (poly-
β-aminoester ketal-2), has been validated as a novel gene 
delivery system by Morachis et al. [279]. These nanoparti-
cles possess the ability to remain hydrophobic at physio-
logical pH (pH 7.4) but undergo a switch from hydrophobic 
to hydrophilic at low endosomal pH, triggering their rapid 
fragmentation followed by concomitant release of the 
encapsulated DNA. However, inadequate EPR effect due 
to variations in the permeability of tumor blood vessels 
is a limiting step in achieving optimal nano drug delivery 
through passive method. Active targeting method could be 
applied to overcome this limitation.

In active targeting method, the nanoparticles are 
attached to specific moieties, namely, antibodies, pep-
tides, or other small molecules to increase their specific-
ity to the target site. Surface-functionalized nanoparticles 
developed by impregnating tumor-specific ligands or novel 
tumor biomarkers on the surface of the nanoparticles sig-
nificantly improve their targeting efficiency. Enhanced in 
vitro cellular toxicity, achieved by docetaxel-encapsulated 
PLGA-b-PEG nanoparticle surface functionalized with the 
A 10 2′-fluoropyrimidine RNA aptamer that recognizes 
the prostate-specific membrane antigen (PSMA)’s extra-
cellular domain is a good example for the utilization of 
biomarkers as targeting moiety [280]. However, it should 
be noted that most of the biomarkers highly expressed 
in tumor cells are also expressed in healthy cells at com-
paratively lower levels. For this reason, it is crucial to 
choose receptors that are overexpressed between 104 
and 105 copies/cell in the tumor cells than in the normal 
cells [281]. Nowadays, monoclonal antibody-conjugated 
nanoparticle-mediated delivery of antineoplastic agents 
has achieved extraordinary potential in cancer therapy 
[282]. For instance, docetaxel containing PEGylated chi-
tosan nanocapsules conjugated to a monoclonal antibody 
against the transmembrane tumor-suppressor protein 
TMEFF-2 presented a delayed and prolonged action on non-
small-cell lung carcinoma mouse xenografts compared to 
the free drug [283]. Although circumventing multiple drug 
resistance (MDR) is an advantage of using active over the 

passive targeting strategy [284], multifunctional nanopar-
ticles can have nonspecific interactions with healthy cells, 
triggering immunogenicity and subsequent nanoparticle 
clearance [278]. However, many new formulations are 
developed to match the requirement of the disease and 
the body, with diagnostic and therapeutic applications. 
Recently, a new formulation combining the properties of 
liposomes and nanoporous particles called “protocells” 
were developed to treat human hepatocellular carcinoma 
[285]. These protocells exhibited 10,000-fold greater affin-
ity toward carcinoma cells than the healthy hepatocytes, 
endothelial, or immune cells and displayed ameliorated 
capacity, stability, specificity, and controlled release of 
multicomponent cargos at high concentrations within the 
cytosol of cancer cells [285].

Most of the ligand-receptor interactions mentioned 
in the first section of this review functions as a putative 
route for interaction and internalization of drug-loaded 
nanoparticles by endocytosis (Figure 3). Here, we brief 
some examples on the utilization of these signaling 
pathways/molecules for nanoformulation-mediated tar-
geted drug delivery, and many other formulations are 
provided in Table 1. A chimeric protein, GFP-FRATtide-
conjugated silica nanoparticles were designed to target 
WNT signaling pathway. FRATtide is an inhibitor of GSK3, 
and its delivery to the human embryonic kidney cells 
and rat neural stem cells greatly affected WNT signaling 
cascade by increasing β-catenin levels and transcription 
of WNT target genes, such as c-Myc [307]. Functionalized 
nanoparticles have also been employed to target tumor 
angiogenesis as a means to reduce tumor growth. Ruthe-
nium-modified selenium nanoparticles (Ru-SeNPs) have 
been shown as potential antiangiogenic agents in human 
umbilical vascular endothelial cells through inhibition of 
FGFR1 and its downstream ERK and Akt pathways [299]. 
Even SHRs can be targeted by functionalized nanoparti-
cles. ER-α located on the cell membrane [315] was targeted 
by thiol-PEGylated tamoxifen derivative plasmonic gold 
nanoparticles, which exhibited 2.7-fold enhanced drug 
potency compared to the free drug in ER-positive breast 
cancer cells [302]. RTK also facilitates effective nano drug 
delivery. Rapamycin-loaded PLGA nanoparticle surface 
conjugated with EGFR-antibodies presented superior 
antiproliferative activity over unconjugated nanoparti-
cles and native rapamycin, due to higher cellular uptake 
on malignant breast cancer cells overexpressing EGFRs 
[228]. Paclitaxel, actively targeted to EGFR-overexpressing 
cancer cells by utilizing chimeric anti-EGFR monoclonal 
antibody cetuximab surface-conjugated O-carboxyme-
thyl chitosan nanoparticles was reported to enhance cell 
death [294]. c-Src can effectively activate EGFR, and it 
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was recently targeted by c-Src antisense oligonucleotide 
complexed with PAMAM denderimes. This formulation 
reduced c-Src and EGFR-dependent target gene expres-
sion in human colon cancer cells [316].

7.3  �Nanoparticles in photodynamic  
therapy (PDT)

In addition to the aforementioned applications, nanopar-
ticles can also function as photosensitizer carriers in pho-
todynamic therapy (PDT). PDT is an established cancer 
therapy particularly for superficial tumors, where the 
previously administered photosensitizer, accumulated in 
the tumor site, will be excited by nonthermal light (635–
760  nm) irradiation. Thus, excited photosensitizer along 
with molecular oxygen, generates singlet oxygen (1O2), 
which mediates PDT-induced cell death. Thus, the effi-
ciency of PDT is determined by the successful formation of 
1O2 (2). For this purpose, both biodegradable and nonbio-
degradable nanoparticles are useful. When biodegradable 

nanoparticles are used, the photosensitizer released by 
the particle will be excited to produce 1O2. But, when the 
nonbiodegradable photosensitizer is used, the photosensi-
tizer will remain inside the particle, which allows efficient 
1O2 diffusion [317]. Owing to its several advantages over 
other polymers used in PDT [276], Gomes et al. used PLGA-
loaded bacteriochlorophyll-a (BChl-a) photosensitizer and 
obtained almost complete phagocytosis in just 2 h of incu-
bation with macrophage cells [318, 319]. PLGA has also 
been utilized to load hydrophobic photosensitizer mol-
ecule zinc phthalocyanine (ZnPc) and illustrated to exhibit 
tumor regression in tumor-bearing mice, compared to free 
ZnPc [320]. However, polylactic acid (PLA) nanoparticles 
performed better than PLGA particles when the hydropho-
bic natural photosensitizing compound (Hypericin, Hy) 
from Hypericum perforatum was applied in ovarian cancer 
cells [321]. The nondegradable nanoparticles used in PDT 
are mostly ceramic-based (example: organically modified 
silica or organically modified silicate – ORMOSIL [322]) or 
metallic-based (example: gold [323]) or made from poly-
acrylamide polymers [324]. Moreover, nonbiodegradable 

A B

Figure 3 Schematic representation of active (A) and passive (B) targeting. (A) In the active targeting method, the nanoparticles conjugated 
with specific moieties such as antibodies, peptides, or other small molecules targeting various cell surface receptors are internalized into 
the cell through receptor-mediated endocytosis. The acidic nature of the endosomes will destabilize its membrane resulting in the release 
of different components of the internalized nanoparticle as well as the entrapped drug into the cytosol of the cell. (B) Formation of blood 
vessels is crucial to supply nutrients and oxygen to solid tumors. Thus, newly formed blood vessels possess several gaps in between the 
endothelial cells making a leaky vasculature. In the passive targeting strategy, the nanoparticles take advantage of these leaky blood 
vessels to reach the tumor. Moreover, the absence of a well-defined lymphatic system in tumor tissue also improves the compound reten-
tion time. These properties of the tumor cells together make the ERP effect that facilitate the accumulation of nanoparticles and therein-
entrapped drug at higher concentration in the tumor site.
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Table 1 Comprehension of nanoparticle-based approaches to target the aforementioned signaling pathways/molecules.

Nanoparticles   Functional molecule   Reason for functionalization   Target   References

Glutaraldehyde cross-linked albumin 
nanoparticles

  Single variable domain of a 
EGFR antibody (Ega1)

  EGFR-positive 14C squamous 
head and neck cancer cells

  EGFR   [286]

Gold nanospheres and nanorods   IgG antibody   Oral cancer   EGFR, HERI, 
ErbB1

  [287, 288]

PLGA-PEG-PCL nanoparticles   EGFR peptide   MDR in breast and ovarian 
cancer

  EGFR   [289]

Poly (ethylene glycol)-poly(ε-
caprolactone) block copolymer micelles

  GE11 peptide   Active targeting of EGFR-
overexpressing cancer cells

  EGFR   [290]

Lipid-based nanoparticles   Nickel   Epidermoid carcinoma cells 
A431

  EGFR   [291]

Rapamycin-loaded PLGA nanoparticles   EGFR antibody   Breast cancer   EGFR   [292]
Catanionic solid lipid nanoparticles   EGFR antibody   Human brain malignant 

glioblastomas cells (U87MG)
  EGFR   [293]

PTXL loaded O-carboxymethyl chitosan 
nanoparticles

  Cetuximab monoclonal 
antibody

  Lung cancer   EGFR   [294]

pH-sensitive immunoliposomes   EGFR antibody   Lung cancer   EGFR   [295]
PEG-PCL-cetuximab-immunomicelles   Anti-EGFR monoclonal 

antibody.
  EGFR-overexpressing tumor 

cells
  EGFR   [296]

Gold nanoparticles   Highly stable FGF1 variant   FGFR-overexpressing cancers  FGFRs   [297]
Cisplatin-loaded gelatin nanoparticles   Heparin   Breast cancer   FGFR2   [298]
Selinum nanoparticles   Ruthinum (11) polypyridyl   Liver cancer   FGFR1, ErK, Akt   [299]
Gold nanoparticle   VEGF antibody   Kill B-chronic lymphocytic 

leukemia cells
  VEGF pathway   [300]

Doxirubicin-loaded liposomes   Estrogen   Breast and uterus cancers   ER   [301]
Plasmonic gold nanoparticles   Thiol-PEGylated tamoxifen 

derivative
  Breast cancer   ER   [302]

Lipid nanoparticles   AR- si RNA   Prostate cancer   AR   [303]
PLGA conjugated with PEG 
nanoparticles

  HPI-1 (Gli1antagonist)   Medulloblastomas, 
hepatocellular carcinoma

  Hh signaling   [304, 305]

PLGA nanoparticles   DCAMKL-1-specific siRNA   Colon cancer   Notch signaling   [306]
Silica nanoparticles   FRATtide peptide   HEK 293 cells   WNT signaling   [307]
LY294002-encapsulated PLGA 
nanoparticle

  –   Inhibition of PI3K-mediated 
angiogenesis in melonama 
cells

  PI3K pathway   [308]

Liposome-polycation-hyaluronic acid 
(LPH) nanoparticle

  GC4 single-chain variable 
fragment (scFv) tumor-targeting 
human monoclonal antibody

  c-Myc, MDM2, and VEGF-
siRNA and miRNA to lung 
metastasis murine model

  MAPK signaling   [309]

PEG-coated core-cross-linked polymeric 
micelles

  EphB4-binding peptide TNYL-
FSPNGPIARAW and labeled with 
Cy7 and indium 111

  Fluorescence imaging of 
EphB4 in prostate cancer 
cells

  EphB4   [310]

Magnetic iron oxide nanoparticle   PTEN gene expression plasmid   PTEN gene delivery for to 
reverse cisplatin resistance 
in lung cancer

  PTEN gene 
delivery

  [311]

Polyamidoamin polymers, PAMAM 
nanoparticals

  Antisense oligo c-Src   Knocking-down c-Src in 
colon carcinoma cell line

  c-Src pathway   [239]

Large unilamellar vesicle (LUV) 
nanoparticle

  PEGylated particle containing 
the Jak3 tyrosine kinase 
inhibitor, WHI-P131

  Leukemias with constitutive 
Jak3-STAT3/STAT5 activation

  Jak3/STAT 
pathway

  [312]

PEGylated chitosan (CS) nanocapsules   Monoclonal antibody anti-
TMEFF-2

  To treat non-small-cell lung 
carcinoma

  TMEFF-2   [283]

Liposomes   Mitochondrial-targeting 
molecule-Dequalinium 
polyethylene glycol-distearo
ylphosphatidylethanolamine 
conjugate

  To treat non-small-cell lung 
carcinoma

  To enhance 
cytotoxic effect 
in mitochondria

  [313]

Star-shaped PLGA-vitamin E TPGS 
copolymer nanoparticles

  Cholic acid   To treat cervical cancer   For better 
biocompatibility,

  [314]
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nanoparticles have the potential to perform multiple func-
tions in combination with PDT [317, 325]. A polyacrylamide 
multifunctional platform with a contrast enhancer for 
magnetic resonance imaging (MRI), photosensitizer (Pho-
tofrin1) for PDT, PEG surface coating and targeting moiety 
(the integrin-targeting RGD peptide) was synthesized, and 
each functionalization aspect was demonstrated to be suc-
cessful by Kopelman et  al. [326]. Hybrid gold-iron oxide 
nanoparticles [327] and lanthanide-doped upconversion 
nanoparticles [328] are among the many other new formu-
lations that possess diagnostic and PDT tools.

8  Conclusions
Signaling interactions enriching the tumor microenvi-
ronment and altered signaling molecules in tumor cells 
provide potential strategies for targeted nano drug deliv-
ery. Over the past years, substantial effort has been made 
toward the development and advancement of multifunc-
tional nanoparticles for cancer diagnosis and therapeutic 
purposes. As it has been discussed above, functionali-
zation of nanocarriers by modifying their surfaces with 
various targeting moieties, namely, antibodies, peptides, 
and other small molecules, has significantly improved 
their targeting as well as delivery efficiency. Antibody-
conjugated nanoparticles seem as a straightforward 
way to achieve receptor-mediated endocytosis of the 
particle at the disease site. In addition to being a route 
for entry, it is also possible to activate an array of intra-
cellular pathways leading to cell death or proliferation 
or angiogenesis, etc., when the receptors are targeted. 
Furthermore, there are many upcoming multifunctional 
nanoformulations such as magnetic nanoparticles, 
which through their real-time monitoring ability look 
promising for clinical use in the area of disease diagno-
sis and drug delivery to cancer cells [329]. Emerging data 

suggest that it is possible to simultaneously target two 
important pathways to improve the treatment efficiency. 
A bispecific antibody, anti-PDGFR-B/VEGF-A, capable 
of attenuating angiogenesis through two distinct path-
ways was reported by Mabry et  al. [330], and it is yet 
to be applied for nano delivery method, which could 
further improve the efficacy. As cancer is a disease of 
dysregulated signaling pathways, there are much more 
to explore at the level of basic research, and also, there is 
a huge possibility to adapt the known knowledge for the 
nano applications. Although, biomarkers expressed on 
tumor cells could be used to design personalized nano-
particles to treat cancer, it is important to optimize the 
particles to have balanced targeting and delivery com-
petence because overloading the carriers with targeting 
moieties can trigger immunogenicity and subsequent 
clearance. However, knowledge accumulated from years 
of research has enabled many nanoparticle-based drugs 
to be approved or to be tested in the clinic [273]. It is time 
to acknowledge that the nanoparticle approach is a wiser 
way to fight cancer in a robust and personalized manner 
with minimal side effects.

Acknowledgments: Postdoctoral fellowship (SFRH/
BPD/89493/ 2012) awarded to Caroline J. Sheeba by the 
Foundation for Science and Technology (FCT) is gratefully 
acknowledged. Gregory Marslin is supported by a PhD 
fellowship (SFRH/BD/72809/2010) from FCT. Research at 
G. Franklin’s lab is supported by Ciencia 2007 program 
contract from Portuguese Government and by projects 
PTDC/AGR-GPL/119211/2010 and PEst-C/AGR/UI4033/2011 
funded by FCT by means of national funds (PIDDAC) and 
co-funded by the European Fund for Regional Develop-
ment (FEDER) through COMPETE Operational Programme 
Competitive Factors (POFC).

Received July 21, 2013; accepted September 4, 2013; previously pub-
lished online November 22, 2013

References
[1]	 Swartz MA, Iida N, Roberts EW, Sangaletti S, Wong MH, Yull FE, 

Coussens LM, DeClerck YA. Tumor microenvironment 
complexity: emerging roles in cancer therapy. Cancer Res. 2012, 
72, 2473–2480.

[2]	 Mok H, Park JW, Park TG. Enhanced intracellular delivery of 
quantum dot and adenovirus nanoparticles triggered by acidic 
pH via surface charge reversal. Bioconjug. Chem. 2008, 19, 
797–801.

[3]	 Mok H, Veiseh O, Fang C, Kievit FM, Wang FY, Park JO, Zhang M. 
pH-sensitive siRNA nanovector for targeted gene silencing 

and cytotoxic effect in cancer cells. Mol. Pharm. 2010, 7, 
1930–1939.

[4]	 Wieduwilt MJ, Moasser MM. The epidermal growth factor 
receptor family: biology driving targeted therapeutics. Cell Mol. 
Life Sci. 2008, 65, 1566–1584.

[5]	 Normanno N, De Luca A, Maiello MR, Campiglio M, Napolitano M, 
Mancino M, Carotenuto A, Viglietto G, Menard S. The MEK/MAPK 
pathway is involved in the resistance of breast cancer cells to 
the EGFR tyrosine kinase inhibitor gefitinib. J. Cell Physiol. 2006, 
207, 420–427.

Brought to you by | De Gruyter Trial Portugal 2018
Authenticated

Download Date | 6/4/19 12:26 PM



140      C.J. Sheeba et al.: Signaling pathways, tumor microenvironment, and targeted drug delivery

[6]	 Ono M, Kuwano M. Molecular mechanisms of epidermal growth 
factor receptor (EGFR) activation and response to gefitinib and  
other EGFR-targeting drugs. Clin. Cancer Res. 2006, 12, 7242–7251.

[7]	 Jura N, Shan Y, Cao X, Shaw DE, Kuriyan J. Structural analysis 
of the catalytically inactive kinase domain of the human EGF 
receptor 3. Proc. Natl. Acad. Sci. USA 2009, 106, 21608–21613.

[8]	 Shi F, Telesco SE, Liu Y, Radhakrishnan R, Lemmon MA. ErbB3/
HER3 intracellular domain is competent to bind ATP and 
catalyze autophosphorylation. Proc. Natl. Acad. Sci. USA 2010, 
107, 7692–7697.

[9]	 Ocana A, Vera-Badillo F, Seruga B, Templeton A, Pandiella A, 
Amir E. HER3 overexpression and survival in solid tumors: a 
meta-analysis. J. Natl. Cancer Inst. 2012.

[10]	 Marmor MD, Skaria KB, Yarden Y. Signal transduction and 
oncogenesis by ErbB/HER receptors. Int. J. Radiat. Oncol. Biol. 
Phys. 2004, 58, 903–913.

[11]	 Puglisi F, Minisini AM, De Angelis C, Arpino G. Overcoming 
treatment resistance in HER2-positive breast cancer: potential 
strategies. Drugs 2012, 72, 1175–1193.

[12]	 Heimberger AB, Hlatky R, Suki D, Yang D, Weinberg J, Gilbert M, 
Sawaya R, Aldape K. Prognostic effect of epidermal growth 
factor receptor and EGFRvIII in glioblastoma multiforme 
patients. Clin. Cancer Res. 2005, 11, 1462–1466.

[13]	 Hatanpaa KJ, Burma S, Zhao D, Habib AA. Epidermal growth 
factor receptor in glioma: signal transduction, neuropathology, 
imaging, and radioresistance. Neoplasia 2010, 12, 675–684.

[14]	 Ocana A, Pandiella A. Targeting HER receptors in cancer. Curr. 
Pharm. Des. 2013, 19, 808–817.

[15]	 Sheeba CJ, Andrade RP, Duprez D, Palmeirim I. Comprehensive 
analysis of fibroblast growth factor receptor expression 
patterns during chick forelimb development. Int. J. Dev. Biol. 
2010, 54, 1517–1526.

[16]	 Turner N, Grose R. Fibroblast growth factor signalling: from 
development to cancer. Nat. Rev. Cancer 2010, 10, 116–129.

[17]	 Hafner C, van Oers JM, Hartmann A, Landthaler M, Stoehr R, 
Blaszyk H, Hofstaedter F, Zwarthoff EC, Vogt T. High frequency 
of FGFR3 mutations in adenoid seborrheic keratoses. J. Invest. 
Dermatol. 2006, 126, 2404–2407.

[18]	 Giri D, Ropiquet F, Ittmann M. Alterations in expression 
of basic fibroblast growth factor (FGF) 2 and its receptor 
FGFR-1 in human prostate cancer. Clin. Cancer Res. 1999, 5, 
1063–1071.

[19]	 di Martino E, Tomlinson DC, Knowles MA. A decade of FGF 
receptor research in bladder cancer: past, present, and future 
challenges. Adv. Urol. 2012, 2012, 429213.

[20]	 Tarkkonen KM, Nilsson EM, Kahkonen TE, Dey JH, Heikkila JE, 
Tuomela JM, Liu Q, Hynes NE, Harkonen PL. Differential roles 
of fibroblast growth factor receptors (FGFR) 1, 2 and 3 in the 
regulation of S115 breast cancer cell growth. PLoS One 2012, 7, 
e49970.

[21]	 Tenhagen M, van Diest PJ, Ivanova IA, van der Wall E, van der 
Groep P. Fibroblast growth factor receptors in breast cancer: 
expression, downstream effects, and possible drug targets. 
Endocr. Relat. Cancer 2012, 19, R115–129.

[22]	 Tomlinson DC, Baxter EW, Loadman PM, Hull MA, Knowles MA. 
FGFR1-induced epithelial to mesenchymal transition through 
MAPK/PLCgamma/COX-2-mediated mechanisms. PLoS One 
2012, 7, e38972.

[23]	 Larrieu-Lahargue F, Welm AL, Bouchecareilh M, Alitalo K, 
Li DY, Bikfalvi A, Auguste P. Blocking fibroblast growth factor 

receptor signaling inhibits tumor growth, lymphangiogenesis, 
and metastasis. PLoS One 2012, 7, e39540.

[24]	 Tomlinson DC, Knowles MA. Altered splicing of FGFR1 is 
associated with high tumor grade and stage and leads to 
increased sensitivity to FGF1 in bladder cancer. Am. J. Pathol. 
2010, 177, 2379–2386.

[25]	 Tomlinson DC, Lamont FR, Shnyder SD, Knowles MA. Fibroblast 
growth factor receptor 1 promotes proliferation and survival via 
activation of the mitogen-activated protein kinase pathway in 
bladder cancer. Cancer Res. 2009, 69, 4613–4620.

[26]	 Tomlinson DC, L’Hote CG, Kennedy W, Pitt E, Knowles MA. 
Alternative splicing of fibroblast growth factor receptor 3 
produces a secreted isoform that inhibits fibroblast growth 
factor-induced proliferation and is repressed in urothelial 
carcinoma cell lines. Cancer Res. 2005, 65, 10441–10449.

[27]	 Liang G, Liu Z, Wu J, Cai Y, Li X. Anticancer molecules targeting 
fibroblast growth factor receptors. Trends Pharmacol. Sci. 
2012, 33, 531–541.

[28]	 Belfiore A. The role of insulin receptor isoforms and hybrid 
insulin/IGF-I receptors in human cancer. Curr. Pharm. Des. 
2007, 13, 671–686.

[29]	 Belfiore A, Frasca F, Pandini G, Sciacca L, Vigneri R. Insulin 
receptor isoforms and insulin receptor/insulin-like growth 
factor receptor hybrids in physiology and disease. Endocr. Rev. 
2009, 30, 586–623.

[30]	 Frasca F, Pandini G, Scalia P, Sciacca L, Mineo R, Costantino A, 
Goldfine ID, Belfiore A, Vigneri R. Insulin receptor isoform A, 
a newly recognized, high-affinity insulin-like growth factor 
II receptor in fetal and cancer cells. Mol. Cell. Biol. 1999, 19, 
3278–3288.

[31]	 Frattali AL, Pessin JE. Relationship between alpha subunit 
ligand occupancy and beta subunit autophosphorylation in 
insulin/insulin-like growth factor-1 hybrid receptors. J. Biol. 
Chem. 1993, 268, 7393–7400.

[32]	 Sciacca L, Mineo R, Pandini G, Murabito A, Vigneri R, 
Belfiore A. In IGF-I receptor-deficient leiomyosarcoma cells 
autocrine IGF-II induces cell invasion and protection from 
apoptosis via the insulin receptor isoform A. Oncogene 2002, 
21, 8240–8250.

[33]	 Jones HE, Gee JM, Barrow D, Tonge D, Holloway B, Nicholson RI. 
Inhibition of insulin receptor isoform-A signalling restores 
sensitivity to gefitinib in previously de novo resistant colon 
cancer cells. Br. J. Cancer 2006, 95, 172–180.

[34]	 Law JH, Habibi G, Hu K, Masoudi H, Wang MY, Stratford AL, 
Park E, Gee JM, Finlay P, Jones HE, Nicholson RI, Carboni J, 
Gottardis M, Pollak M, Dunn SE. Phosphorylated insulin-like 
growth factor-i/insulin receptor is present in all breast cancer 
subtypes and is related to poor survival. Cancer Res. 2008, 68, 
10238–10246.

[35]	 Ma J, Li H, Giovannucci E, Mucci L, Qiu W, Nguyen PL, 
Gaziano JM, Pollak M, Stampfer MJ. Prediagnostic body-mass 
index, plasma C-peptide concentration, and prostate cancer-
specific mortality in men with prostate cancer: a long-term 
survival analysis. Lancet Oncol. 2008, 9, 1039–1047.

[36]	 Wolpin BM, Meyerhardt JA, Chan AT, Ng K, Chan JA, Wu K, 
Pollak MN, Giovannucci EL, Fuchs CS. Insulin, the insulin-like 
growth factor axis, and mortality in patients with nonmet-
astatic colorectal cancer. J. Clin. Oncol. 2009, 27, 176–185.

[37]	 Belfiore A, Malaguarnera R. Insulin receptor and cancer. 
Endocr. Relat. Cancer 2011, 18, R125–147.

Brought to you by | De Gruyter Trial Portugal 2018
Authenticated

Download Date | 6/4/19 12:26 PM



C.J. Sheeba et al.: Signaling pathways, tumor microenvironment, and targeted drug delivery      141

[38]	 Frasca F, Pandini G, Sciacca L, Pezzino V, Squatrito S, Belfiore A, 
Vigneri R. The role of insulin receptors and IGF-I receptors in 
cancer and other diseases. Arch. Physiol. Biochem. 2008, 114, 
23–37.

[39]	 Rose DP, Vona-Davis L. The cellular and molecular mechanisms 
by which insulin influences breast cancer risk and progression. 
Endocr. Relat. Cancer 2012, 19, R225–241.

[40]	 Desbois-Mouthon C, Cadoret A, Blivet-Van Eggelpoel MJ, 
Bertrand F, Caron M, Atfi A, Cherqui G, Capeau J. Insulin-
mediated cell proliferation and survival involve inhibition 
of c-Jun N-terminal kinases through a phosphatidylinositol 
3-kinase- and mitogen-activated protein kinase phosphatase-
1-dependent pathway. Endocrinology 2000, 141, 922–931.

[41]	 Park D, Pandey SK, Maksimova E, Kole S, Bernier M. 
Akt-dependent antiapoptotic action of insulin is sensitive 
to farnesyltransferase inhibitor. Biochemistry 2000, 39, 
12513–12521.

[42]	 Jiang ZY, He Z, King BL, Kuroki T, Opland DM, Suzuma K, 
Suzuma I, Ueki K, Kulkarni RN, Kahn CR, King GL. Charac-
terization of multiple signaling pathways of insulin in the 
regulation of vascular endothelial growth factor expression 
in vascular cells and angiogenesis. J. Biol. Chem. 2003, 278, 
31964–31971.

[43]	 Liu Y, Petreaca M, Martins-Green M. Cell and molecular 
mechanisms of insulin-induced angiogenesis. J. Cell. Mol. 
Med. 2009, 13, 4492–4504.

[44]	 Gunter MJ, Hoover DR, Yu H, Wassertheil-Smoller S, Rohan TE, 
Manson JE, Li J, Ho GY, Xue X, Anderson GL, Kaplan RC, 
Harris TG, Howard BV, Wylie-Rosett J, Burk RD, Strickler HD. 
Insulin, insulin-like growth factor-I, and risk of breast cancer 
in postmenopausal women. J. Natl. Cancer Inst. 2009, 101, 
48–60.

[45]	 Pisani P. Hyper-insulinaemia and cancer, meta-analyses of 
epidemiological studies. Arch. Physiol. Biochem. 2008, 114, 
63–70.

[46]	 Baserga R, Peruzzi F, Reiss K. The IGF-1 receptor in cancer 
biology. Int. J. Cancer 2003, 107, 873–877.

[47]	 Morrione A, DeAngelis T, Baserga R. Failure of the bovine 
papillomavirus to transform mouse embryo fibroblasts with a 
targeted disruption of the insulin-like growth factor I receptor 
genes. J. Virol. 1995, 69, 5300–5303.

[48]	 Sell C, Rubini M, Rubin R, Liu JP, Efstratiadis A, Baserga R. 
Simian virus 40 large tumor antigen is unable to transform 
mouse embryonic fibroblasts lacking type 1 insulin-like 
growth factor receptor. Proc. Natl. Acad. Sci. USA 1993, 90, 
11217–11221.

[49]	 Kuemmerle JF. IGF-I elicits growth of human intestinal 
smooth muscle cells by activation of PI3K, PDK-1, and p70S6 
kinase. Am. J. Physiol. Gastrointest. Liver Physiol. 2003, 284, 
G411–422.

[50]	 Mora A, Sakamoto K, McManus EJ, Alessi DR. Role of the 
PDK1-PKB-GSK3 pathway in regulating glycogen synthase and 
glucose uptake in the heart. FEBS Lett. 2005, 579, 3632–3638.

[51]	 Datta SR, Brunet A, Greenberg ME. Cellular survival: a play in 
three Akts. Genes. Dev. 1999, 13, 2905–2927.

[52]	 Fresno Vara JA, Casado E, de Castro J, Cejas P, Belda-Iniesta C, 
Gonzalez-Baron M. PI3K/Akt signalling pathway and cancer. 
Cancer Treat. Rev. 2004, 30, 193–204.

[53]	 Shelton JG, Steelman LS, White ER, McCubrey JA. Synergy 
between PI3K/Akt and Raf/MEK/ERK pathways in IGF-1R 

mediated cell cycle progression and prevention of apoptosis in 
hematopoietic cells. Cell Cycle 2004, 3, 372–379.

[54]	 Hewish M, Chau I, Cunningham D. Insulin-like growth factor 
1 receptor targeted therapeutics: novel compounds and 
novel treatment strategies for cancer medicine. Recent Pat. 
Anticancer Drug. Discov. 2009, 4, 54–72.

[55]	 Pell JM, Saunders JC, Gilmour RS. Differential regulation of 
transcription initiation from insulin-like growth factor-I (IGF-I) 
leader exons and of tissue IGF-I expression in response to 
changed growth hormone and nutritional status in sheep. 
Endocrinology 1993, 132, 1797–1807.

[56]	 Stewart CE, Rotwein P. Growth, differentiation, and survival: 
multiple physiological functions for insulin-like growth factors. 
Physiol. Rev. 1996, 76, 1005–1026.

[57]	 Hernandez-Sanchez C, Werner H, Roberts CT Jr., Woo EJ, 
Hum DW, Rosenthal SM, LeRoith D. Differential regulation of 
insulin-like growth factor-I (IGF-I) receptor gene expression by 
IGF-I and basic fibroblastic growth factor. J. Biol. Chem. 1997, 
272, 4663–4670.

[58]	 Frystyk J. Free insulin-like growth factors – measurements 
and relationships to growth hormone secretion and glucose 
homeostasis. Growth Horm. IGF Res. 2004, 14, 337–375.

[59]	 Garofalo C, Manara MC, Nicoletti G, Marino MT, Lollini PL, 
Astolfi A, Pandini G, Lopez-Guerrero JA, Schaefer KL, Belfiore A, 
Picci P, Scotlandi K. Efficacy of and resistance to anti-IGF-1R 
therapies in Ewing’s sarcoma is dependent on insulin receptor 
signaling. Oncogene 2011, 30, 2730–2740.

[60]	 Samani AA, Yakar S, LeRoith D, Brodt P. The role of the IGF 
system in cancer growth and metastasis: overview and recent 
insights. Endocr. Rev. 2007, 28, 20–47.

[61]	 Steele-Perkins G, Turner J, Edman JC, Hari J, Pierce SB, 
Stover C, Rutter WJ, Roth RA. Expression and characterization 
of a functional human insulin-like growth factor I receptor. 
J. Biol. Chem. 1988, 263, 11486–11492.

[62]	 Leboulleux S, Gaston V, Boulle N, Le Bouc Y, Gicquel C. Loss 
of heterozygosity at the mannose 6-phosphate/insulin-like 
growth factor 2 receptor locus: a frequent but late event in 
adrenocortical tumorigenesis. Eur. J. Endocrinol. 2001, 144, 
163–168.

[63]	 Bergman D, Halje M, Nordin M, Engstrom W. Insulin-like 
growth factor 2 in development and disease: a mini-review. 
Gerontology 2013, 59, 240–249.

[64]	 Werner H, Bruchim I. The insulin-like growth factor-I receptor 
as an oncogene. Arch. Physiol. Biochem. 2009, 115, 58–71.

[65]	 Tallquist M, Kazlauskas A. PDGF signaling in cells and mice. 
Cytokine Growth Factor Rev. 2004, 15, 205–213.

[66]	 Andrae J, Gallini R, Betsholtz C. Role of platelet-derived growth 
factors in physiology and medicine. Genes Dev. 2008, 22, 
1276–1312.

[67]	 Shan H, Takahashi T, Bando Y, Izumi K, Uehara H. Inhibitory 
effect of soluble platelet-derived growth factor receptor beta 
on intraosseous growth of breast cancer cells in nude mice. 
Cancer Sci. 2011, 102, 1904–1910.

[68]	 Kong D, Wang Z, Sarkar SH, Li Y, Banerjee S, Saliganan A, 
Kim HR, Cher ML, Sarkar FH. Platelet-derived growth factor-D 
overexpression contributes to epithelial-mesenchymal 
transition of PC3 prostate cancer cells. Stem Cells 2008, 26, 
1425–1435.

[69]	 Wang Z, Kong D, Banerjee S, Li Y, Adsay NV, Abbruzzese J, 
Sarkar FH. Down-regulation of platelet-derived growth factor-D 

Brought to you by | De Gruyter Trial Portugal 2018
Authenticated

Download Date | 6/4/19 12:26 PM



142      C.J. Sheeba et al.: Signaling pathways, tumor microenvironment, and targeted drug delivery

inhibits cell growth and angiogenesis through inactivation 
of Notch-1 and nuclear factor-kappaB signaling. Cancer Res. 
2007, 67, 11377–11385.

[70]	 Donnem T, Al-Saad S, Al-Shibli K, Busund LT, Bremnes RM. 
Co-expression of PDGF-B and VEGFR-3 strongly correlates with 
lymph node metastasis and poor survival in non-small-cell 
lung cancer. Ann. Oncol. 2010, 21, 223–231.

[71]	 Henriksen R, Funa K, Wilander E, Backstrom T, Ridderheim M, 
Oberg K. Expression and prognostic significance of platelet-
derived growth factor and its receptors in epithelial ovarian 
neoplasms. Cancer Res. 1993, 53, 4550–4554.

[72]	 Hermanson M, Funa K, Hartman M, Claesson-Welsh L, Heldin CH, 
Westermark B, Nister M. Platelet-derived growth factor and its 
receptors in human glioma tissue: expression of messenger RNA 
and protein suggests the presence of autocrine and paracrine 
loops. Cancer Res. 1992, 52, 3213–3219.

[73]	 Barnhill RL, Xiao M, Graves D, Antoniades HN. Expression 
of platelet-derived growth factor (PDGF)-A, PDGF-B and the 
PDGF-alpha receptor, but not the PDGF-beta receptor, in 
human malignant melanoma in vivo. Br. J. Dermatol. 1996, 135, 
898–904.

[74]	 Sulzbacher I, Traxler M, Mosberger I, Lang S, Chott A. Platelet-
derived growth factor-AA and -alpha receptor expression 
suggests an autocrine and/or paracrine loop in osteosarcoma. 
Mod. Pathol. 2000, 13, 632–637.

[75]	 Furnari FB, Fenton T, Bachoo RM, Mukasa A, Stommel JM, 
Stegh A, Hahn WC, Ligon KL, Louis DN, Brennan C, Chin L, 
DePinho RA, Cavenee WK. Malignant astrocytic glioma: 
genetics, biology, and paths to treatment. Genes Dev. 2007, 
21, 2683–2710.

[76]	 Appelmann I, Liersch R, Kessler T, Mesters RM, Berdel WE. 
Angiogenesis inhibition in cancer therapy: platelet-derived 
growth factor (PDGF) and vascular endothelial growth factor 
(VEGF) and their receptors: biological functions and role in 
malignancy. Recent Results Cancer Res. 2010, 180, 51–81.

[77]	 Ahmad A, Wang Z, Kong D, Ali R, Ali S, Banerjee S, Sarkar FH. 
Platelet-derived growth factor-D contributes to aggressiveness 
of breast cancer cells by up-regulating Notch and NF-kappaB 
signaling pathways. Breast Cancer Res. Treat. 2011, 126, 15–25.

[78]	 Crawford Y, Kasman I, Yu L, Zhong C, Wu X, Modrusan Z, 
Kaminker J, Ferrara N. PDGF-C mediates the angiogenic and 
tumorigenic properties of fibroblasts associated with tumors 
refractory to anti-VEGF treatment. Cancer Cell 2009, 15, 21–34.

[79]	 Guo P, Hu B, Gu W, Xu L, Wang D, Huang HJ, Cavenee WK, 
Cheng SY. Platelet-derived growth factor-B enhances glioma 
angiogenesis by stimulating vascular endothelial growth factor 
expression in tumor endothelia and by promoting pericyte 
recruitment. Am. J. Pathol. 2003, 162, 1083–1093.

[80]	 Dhar K, Dhar G, Majumder M, Haque I, Mehta S, Van PJ 
Veldhuizen, Banerjee SK, Banerjee S. Tumor cell-derived 
PDGF-B potentiates mouse mesenchymal stem cells-pericytes 
transition and recruitment through an interaction with NRP-1. 
Mol. Cancer 2010, 9, 209.

[81]	 Kim Y, Kim E, Wu Q, Guryanova O, Hitomi M, Lathia JD, 
Serwanski D, Sloan AE, Weil RJ, Lee J, Nishiyama A, Bao S, 
Hjelmeland AB, Rich JN. Platelet-derived growth factor 
receptors differentially inform intertumoral and intratumoral 
heterogeneity. Genes Dev. 2012, 26, 1247–1262.

[82]	 Hong TM, Chen YL, Wu YY, Yuan A, Chao YC, Chung YC, Wu MH, 
Yang SC, Pan SH, Shih JY, Chan WK, Yang PC. Targeting 

neuropilin 1 as an antitumor strategy in lung cancer. Clin. 
Cancer Res. 2007, 13, 4759–4768.

[83]	 Bhowmick NA, Neilson EG, Moses HL. Stromal fibroblasts in 
cancer initiation and progression. Nature 2004, 432, 332–337.

[84]	 Maffini MV, Soto AM, Calabro JM, Ucci AA, Sonnenschein C. 
The stroma as a crucial target in rat mammary gland carcino-
genesis. J. Cell Sci. 2004, 117, 1495–1502.

[85]	 Ostman A. PDGF receptors-mediators of autocrine tumor 
growth and regulators of tumor vasculature and stroma. 
Cytokine Growth Factor Rev. 2004, 15, 275–286.

[86]	 Iwasaki J, Nihira S. Anti-angiogenic therapy against gastroin-
testinal tract cancers. Jpn. J. Clin. Oncol. 2009, 39, 543–551.

[87]	 Bergers G, Benjamin LE. Tumorigenesis and the angiogenic 
switch. Nat. Rev. Cancer 2003, 3, 401–410.

[88]	 Roskoski R Jr. Vascular endothelial growth factor (VEGF) 
signaling in tumor progression. Crit. Rev. Oncol. Hematol. 
2007, 62, 179–213.

[89]	 Lee KS, Park SJ, Kim SR, Min KH, Lee KY, Choe YH, Hong SH, 
Lee YR, Kim JS, Hong SJ, Lee YC. Inhibition of VEGF blocks 
TGF-beta1 production through a PI3K/Akt signalling pathway. 
Eur. Respir. J. 2008, 31, 523–531.

[90]	 Suzuma K, Naruse K, Suzuma I, Takahara N, Ueki K, Aiello LP, 
King GL. Vascular endothelial growth factor induces 
expression of connective tissue growth factor via KDR, 
Flt1, and phosphatidylinositol 3-kinase-akt-dependent 
pathways in retinal vascular cells. J. Biol. Chem. 2000, 275, 
40725–40731.

[91]	 Brouet A, Sonveaux P, Dessy C, Balligand JL, Feron O. Hsp90 
ensures the transition from the early Ca2+-dependent to the 
late phosphorylation-dependent activation of the endothelial 
nitric-oxide synthase in vascular endothelial growth 
factor-exposed endothelial cells. J. Biol. Chem. 2001, 276, 
32663–32669.

[92]	 Sonveaux P, Jordan BF, Gallez B, Feron O. Nitric oxide delivery 
to cancer: why and how?, Eur. J. Cancer 2009, 45, 1352–1369.

[93]	 Smith NR, Baker D, James NH, Ratcliffe K, Jenkins M, Ashton SE, 
Sproat G, Swann R, Gray N, Ryan A, Jurgensmeier JM, Womack C. 
Vascular endothelial growth factor receptors VEGFR-2 and 
VEGFR-3 are localized primarily to the vasculature in human 
primary solid cancers. Clin. Cancer Res. 2010, 16, 3548–3561.

[94]	 Spannuth WA, Nick AM, Jennings NB, Armaiz-Pena GN, 
Mangala LS, Danes CG, Lin YG, Merritt WM, Thaker PH, 
Kamat AA, Han LY, Tonra JR, Coleman RL, Ellis LM, Sood AK. 
Functional significance of VEGFR-2 on ovarian cancer cells. 
Int. J. Cancer 2009, 124, 1045–1053.

[95]	 Martelli AM, Evangelisti C, Chiarini F, McCubrey JA. The 
phosphatidylinositol 3-kinase/Akt/mTOR signaling network as 
a therapeutic target in acute myelogenous leukemia patients. 
Oncotarget 2010, 1, 89–103.

[96]	 Kennedy NJ, Davis RJ. Role of JNK in tumor development. Cell 
Cycle 2003, 2, 199–201.

[97]	 Weston CR, Davis RJ. The JNK signal transduction pathway. 
Curr. Opin. Cell Biol. 2007, 19, 142–149.

[98]	 Martin GS. The hunting of the Src. Nat. Rev. Mol. Cell Biol. 
2001, 2, 467–475.

[99]	 Lu Y, Yu Q, Liu JH, Zhang J, Wang H, Koul D, McMurray JS, 
Fang X, Yung WKA, Siminovitch KA, Mills GB. Src family 
protein-tyrosine kinases alter the function of PTEN to regulate 
phosphatidylinositol 3-kinase/AKT cascades. J. Biol. Chem. 
2003, 278, 40057–40066.

Brought to you by | De Gruyter Trial Portugal 2018
Authenticated

Download Date | 6/4/19 12:26 PM



C.J. Sheeba et al.: Signaling pathways, tumor microenvironment, and targeted drug delivery      143

[100]	 Silva CM, Shupnik MA. Integration of steroid and growth 
factor pathways in breast cancer: focus on signal transducers 
and activators of transcription and their potential role in 
resistance. Mol. Endocrinol. 2007, 21, 1499–1512.

[101]	 Muramatsu M, Yamamoto S, Osawa T, Shibuya M. Vascular 
endothelial growth factor receptor-1 signaling promotes 
mobilization of macrophage lineage cells from bone marrow 
and stimulates solid tumor growth. Cancer Res. 2010, 70, 
8211–8221.

[102]	 Peters KG, De Vries C, Williams LT. Vascular endothelial growth 
factor receptor expression during embryogenesis and tissue 
repair suggests a role in endothelial differentiation and blood 
vessel growth. Proc. Natl. Acad. Sci. USA 1993, 90, 8915–8919.

[103]	 Fischer C, Mazzone M, Jonckx B, Carmeliet P. FLT1 and its 
ligands VEGFB and PlGF: drug targets for anti-angiogenic 
therapy? Nat. Rev. Cancer 2008, 8, 942–956.

[104]	 Cao Y. Positive and negative modulation of angiogenesis by 
VEGFR1 ligands. Sci. Signal 2009, 2, re1.

[105]	 Eriksson A, Cao R, Pawliuk R, Berg SM, Tsang M, Zhou D, 
Fleet C, Tritsaris K, Dissing S, Leboulch P, Cao Y. Placenta 
growth factor-1 antagonizes VEGF-induced angiogenesis and 
tumor growth by the formation of functionally inactive PlGF-1/
VEGF heterodimers. Cancer Cell 2002, 1, 99–108.

[106]	 Schomber T, Kopfstein L, Djonov V, Albrecht I, Baeriswyl V, 
Strittmatter K, Christofori G. Placental growth factor-1 
attenuates vascular endothelial growth factor-A-dependent 
tumor angiogenesis during beta cell carcinogenesis. Cancer 
Res. 2007, 67, 10840–10848.

[107]	 Hiratsuka S, Maru Y, Okada A, Seiki M, Noda T, Shibuya M. 
Involvement of Flt-1 tyrosine kinase (vascular endothelial 
growth factor receptor-1) in pathological angiogenesis. 
Cancer Res. 2001, 61, 1207–1213.

[108]	 Marcellini M, De Luca N, Riccioni T, Ciucci A, Orecchia A, Lacal 
PM, Ruffini F, Pesce M, Cianfarani F, Zambruno G, Orlandi A, 
Failla CM. Increased melanoma growth and metastasis 
spreading in mice overexpressing placenta growth factor. Am. 
J. Pathol. 2006, 169, 643–654.

[109]	 Van de Veire S, Stalmans I, Heindryckx F, Oura H, Tijeras-
Raballand A, Schmidt T, Loges S, Albrecht I, Jonckx B, Vinckier S, 
Van Steenkiste C, Tugues S, Rolny C, De Mol M, Dettori D, 
Hainaud P, Coenegrachts L, Contreres JO, Van Bergen T, 
Cuervo H, Xiao WH, Le Henaff C, Buysschaert I, Kharabi 
Masouleh B, Geerts A, Schomber T, Bonnin P, Lambert V, 
Haustraete J, Zacchigna S, Rakic JM, Jimenez W, Noel A, 
Giacca M, Colle I, Foidart JM, Tobelem G, Morales-Ruiz M, Vilar J, 
Maxwell P, Vinores SA, Carmeliet G, Dewerchin M, Claesson-
Welsh L, Dupuy E, Van Vlierberghe H, Christofori G, Mazzone M, 
Detmar M, Collen D, Carmeliet P. Further pharmacological and 
genetic evidence for the efficacy of PlGF inhibition in cancer and 
eye disease. Cell 2010, 141, 178–190.

[110]	 Ferrara N, Gerber HP, LeCouter J. The biology of VEGF and its 
receptors. Nat. Med. 2003, 9, 669–676.

[111]	 Kaipainen A, Korhonen J, Mustonen T, van Hinsbergh VW, 
Fang GH, Dumont D, Breitman M, Alitalo K. Expression of 
the fms-like tyrosine kinase 4 gene becomes restricted to 
lymphatic endothelium during development. Proc. Natl. Acad. 
Sci. USA 1995, 92, 3566–3570.

[112]	 Hicklin DJ, Ellis LM. Role of the vascular endothelial growth 
factor pathway in tumor growth and angiogenesis. J. Clin. 
Oncol. 2005, 23, 1011–1027.

[113]	 Karnezis T, Shayan R, Caesar C, Roufail S, Harris NC, 
Ardipradja K, Zhang YF, Williams SP, Farnsworth RH, Chai MG, 
Rupasinghe TW, Tull DL, Baldwin ME, Sloan EK, Fox SB, 
Achen MG, Stacker SA. VEGF-D promotes tumor metastasis 
by regulating prostaglandins produced by the collecting 
lymphatic endothelium. Cancer Cell 2012, 21, 181–195.

[114]	 Albuquerque RJ, Hayashi T, Cho WG, Kleinman ME, Dridi S, 
Takeda A, Baffi JZ, Yamada K, Kaneko H, Green MG, Chappell J, 
Wilting J, Weich HA, Yamagami S, Amano S, Mizuki N, 
Alexander JS, Peterson ML, Brekken RA, Hirashima M, 
Capoor S, Usui T, Ambati BK, Ambati J. Alternatively spliced 
vascular endothelial growth factor receptor-2 is an essential 
endogenous inhibitor of lymphatic vessel growth. Nat. Med. 
2009, 15, 1023–1030.

[115]	 Hall JM, McDonnell DP. Coregulators in nuclear estrogen 
receptor action: from concept to therapeutic targeting. Mol. 
Interv. 2005, 5, 343–357.

[116]	 Chakravarty D, Nair SS, Santhamma B, Nair BC, Wang L, 
Bandyopadhyay A, Agyin JK, Brann D, Sun LZ, Yeh IT, Lee FY, 
Tekmal RR, Kumar R, Vadlamudi RK. Extranuclear functions of 
ER impact invasive migration and metastasis by breast cancer 
cells. Cancer Res. 2010, 70, 4092–4101.

[117]	 O’Malley BW, Kumar R. Nuclear receptor coregulators in 
cancer biology. Cancer Res. 2009, 69, 8217–8222.

[118]	 Banka CL, Lund CV, Nguyen MT, Pakchoian AJ, Mueller BM, 
Eliceiri BP. Estrogen induces lung metastasis through a 
host compartment-specific response. Cancer Res. 2006, 66, 
3667–3672.

[119]	 Wang J, Jarrett J, Huang CC, Satcher RL Jr, Levenson AS. 
Identification of estrogen-responsive genes involved in breast 
cancer metastases to the bone. Clin. Exp. Metastasis 2007, 
24, 411–422.

[120]	 Strom A, Hartman J, Foster JS, Kietz S, Wimalasena J, 
Gustafsson JA. Estrogen receptor beta inhibits 
17beta-estradiol-stimulated proliferation of the breast 
cancer cell line T47D. Proc. Natl. Acad. Sci. USA 2004, 101, 
1566–1571.

[121]	 Skliris GP, Munot K, Bell SM, Carder PJ, Lane S, Horgan K, 
Lansdown MR, Parkes AT, Hanby AM, Markham AF, Speirs V. 
Reduced expression of oestrogen receptor beta in invasive 
breast cancer and its re-expression using DNA methyl 
transferase inhibitors in a cell line model. J. Pathol. 2003, 
201, 213–220.

[122]	 Fujita N, Jaye DL, Kajita M, Geigerman C, Moreno CS, 
Wade PA. MTA3, a Mi-2/NuRD complex subunit, regulates 
an invasive growth pathway in breast cancer. Cell 2003, 113, 
207–219.

[123]	 Ye Y, Xiao Y, Wang W, Yearsley K, Gao JX, Barsky SH. ERalpha 
suppresses slug expression directly by transcriptional 
repression. Biochem. J. 2008, 416, 179–187.

[124]	 Linja MJ, Savinainen KJ, Saramaki OR, Tammela TL, 
Vessella RL, Visakorpi T. Amplification and overexpression 
of androgen receptor gene in hormone-refractory prostate 
cancer. Cancer Res. 2001, 61, 3550–3555.

[125]	 Feldman BJ, Feldman D. The development of androgen-
independent prostate cancer. Nat. Rev. Cancer 2001, 1, 
34–45.

[126]	 Buchanan G, Greenberg NM, Scher HI, Harris JM, Marshall VR, 
Tilley WD. Collocation of androgen receptor gene mutations in 
prostate cancer. Clin. Cancer Res. 2001, 7, 1273–1281.

Brought to you by | De Gruyter Trial Portugal 2018
Authenticated

Download Date | 6/4/19 12:26 PM



144      C.J. Sheeba et al.: Signaling pathways, tumor microenvironment, and targeted drug delivery

[127]	 Culig Z, Hobisch A, Cronauer MV, Radmayr C, Trapman J, 
Hittmair A, Bartsch G, Klocker H. Androgen receptor activation 
in prostatic tumor cell lines by insulin-like growth factor-I, 
keratinocyte growth factor, and epidermal growth factor. 
Cancer Res. 1994, 54, 5474–5478.

[128]	 Craft N, Shostak Y, Carey M, Sawyers CL. A mechanism for 
hormone-independent prostate cancer through modulation 
of androgen receptor signaling by the HER-2/neu tyrosine 
kinase. Nat. Med. 1999, 5, 280–285.

[129]	 Wen Y, Hu MC, Makino K, Spohn B, Bartholomeusz G, Yan DH, 
Hung MC. HER-2/neu promotes androgen-independent 
survival and growth of prostate cancer cells through the Akt 
pathway. Cancer Res. 2000, 60, 6841–6845.

[130]	 Carey AM, Pramanik R, Nicholson LJ, Dew TK, Martin FL, 
Muir GH, Morris JD. Ras-MEK-ERK signaling cascade regulates 
androgen receptor element-inducible gene transcription and 
DNA synthesis in prostate cancer cells. Int. J. Cancer 2007, 
121, 520–527.

[131]	 Chia KM, Liu J, Francis GD, Naderi A. A feedback loop between 
androgen receptor and ERK signaling in estrogen receptor-
negative breast cancer. Neoplasia 2011, 13, 154–166.

[132]	 Shigemura K, Isotani S, Wang R, Fujisawa M, Gotoh A, 
Marshall FF, Zhau HE, Chung LW. Soluble factors derived 
from stroma activated androgen receptor phosphorylation 
in human prostate LNCaP cells: roles of ERK/MAP kinase. 
Prostate 2009, 69, 949–955.

[133]	 Clement V, Sanchez P, de Tribolet N, Radovanovic I, Ruiz i 
Altaba A. HEDGEHOG-GLI1 signaling regulates human glioma 
growth, cancer stem cell self-renewal, and tumorigenicity. 
Curr. Biol. 2007, 17, 165–172.

[134]	 Stecca B, Mas C, Clement V, Zbinden M, Correa R, Piguet V, 
Beermann F, Ruiz IAA. Melanomas require HEDGEHOG-GLI 
signaling regulated by interactions between GLI1 and the 
RAS-MEK/AKT pathways. Proc. Natl. Acad. Sci. USA 2007, 104, 
5895–5900.

[135]	 Watkins DN, Berman DM, Burkholder SG, Wang B, Beachy PA, 
Baylin SB. Hedgehog signalling within airway epithelial 
progenitors and in small-cell lung cancer. Nature 2003, 422, 
313–317.

[136]	 Sanchez P, Hernandez AM, Stecca B, Kahler AJ, DeGueme AM, 
Barrett A, Beyna M, Datta MW, Datta S, Ruiz i Altaba A. 
Inhibition of prostate cancer proliferation by interference with 
SONIC HEDGEHOG-GLI1 signaling. Proc. Natl. Acad. Sci. USA 
2004, 101, 12561–12566.

[137]	 Berman DM, Karhadkar SS, Maitra A, Montes De Oca R, 
Gerstenblith MR, Briggs K, Parker AR, Shimada Y, Eshleman 
JR, Watkins DN, Beachy PA. Widespread requirement for 
Hedgehog ligand stimulation in growth of digestive tract 
tumours. Nature 2003, 425, 846–851.

[138]	 Feldmann G, Dhara S, Fendrich V, Bedja D, Beaty R, 
Mullendore M, Karikari C, Alvarez H, Iacobuzio-Donahue C, 
Jimeno A, Gabrielson KL, Matsui W, Maitra A. Blockade of 
hedgehog signaling inhibits pancreatic cancer invasion and 
metastases: a new paradigm for combination therapy in solid 
cancers. Cancer Res. 2007, 67, 2187–2196.

[139]	 Stecca B, Ruiz IAA. Context-dependent regulation of the GLI 
code in cancer by HEDGEHOG and non-HEDGEHOG signals. 
J. Mol. Cell Biol. 2010, 2, 84–95.

[140]	 Sheeba CJ, Andrade RP, Palmeirim I. Joint interpretation 
of AER/FGF and ZPA/SHH over time and space underlies 

hairy2 expression in the chick limb. Biol. Open. 2012, 1, 
1102–1110.

[141]	 Wang C, Ruther U, Wang B. The Shh-independent activator 
function of the full-length Gli3 protein and its role in vertebrate 
limb digit patterning. Dev. Biol. 2007, 305, 460–469.

[142]	 Ruiz i Altaba A, Mas C, Stecca B. The Gli code: an information 
nexus regulating cell fate, stemness and cancer. Trends Cell 
Biol. 2007, 17, 438–447.

[143]	 Rohatgi R, Milenkovic L, Scott MP. Patched1 regulates 
hedgehog signaling at the primary cilium. Science 2007, 317, 
372–376.

[144]	 Cheng SY, Bishop JM. Suppressor of fused represses 
Gli-mediated transcription by recruiting the SAP18-mSin3 
corepressor complex. Proc. Natl. Acad. Sci. USA 2002, 99, 
5442–5447.

[145]	 Bidet M, Tomico A, Martin P, Guizouarn H, Mollat P, 
Mus-Veteau I. The hedgehog receptor patched functions 
in multidrug transport and chemotherapy resistance. Mol. 
Cancer Res. 2012, 10, 1496–1508.

[146]	 Walter K, Omura N, Hong SM, Griffith M, Vincent A, Borges M, 
Goggins M. Overexpression of smoothened activates the 
sonic hedgehog signaling pathway in pancreatic cancer-
associated fibroblasts. Clin. Cancer Res. 2010, 16, 1781–1789.

[147]	 Hahn H, Wicking C, Zaphiropoulous PG, Gailani MR, 
Shanley S, Chidambaram A, Vorechovsky I, Holmberg E, 
Unden AB, Gillies S, Negus K, Smyth I, Pressman C, Leffell DJ, 
Gerrard B, Goldstein AM, Dean M, Toftgard R, Chenevix-
Trench G, Wainwright B, Bale AE. Mutations of the human 
homolog of Drosophila patched in the nevoid basal cell 
carcinoma syndrome. Cell 1996, 85, 841–851.

[148]	 Reifenberger J, Wolter M, Weber RG, Megahed M, Ruzicka T, 
Lichter P, Reifenberger G. Missense mutations in SMOH in 
sporadic basal cell carcinomas of the skin and primitive 
neuroectodermal tumors of the central nervous system. 
Cancer Res. 1998, 58, 1798–1803.

[149]	 Taylor MD, Liu L, Raffel C, Hui CC, Mainprize TG, Zhang X, 
Agatep R, Chiappa S, Gao L, Lowrance A, Hao A, Goldstein AM, 
Stavrou T, Scherer SW, Dura WT, Wainwright B, Squire JA, 
Rutka JT, Hogg D. Mutations in SUFU predispose to medullo-
blastoma. Nat. Genet. 2002, 31, 306–310.

[150]	 Liu S, Dontu G, Mantle ID, Patel S, Ahn NS, Jackson KW, 
Suri P, Wicha MS. Hedgehog signaling and Bmi-1 regulate 
self-renewal of normal and malignant human mammary stem 
cells. Cancer Res. 2006, 66, 6063–6071.

[151]	 Jiang J, Hui CC. Hedgehog signaling in development and 
cancer. Dev. Cell 2008, 15, 801–812.

[152]	 Kopan R, Goate A. Aph-2/Nicastrin: an essential component 
of gamma-secretase and regulator of Notch signaling and 
Presenilin localization. Neuron 2002, 33, 321–324.

[153]	 Borggrefe T, Oswald F. The Notch signaling pathway: 
transcriptional regulation at Notch target genes. Cell Mol. Life 
Sci. 2009, 66, 1631–1646.

[154]	 Wu L, Griffin JD. Modulation of Notch signaling by 
mastermind-like (MAML) transcriptional co-activators and 
their involvement in tumorigenesis. Semin. Cancer Biol. 2004, 
14, 348–356.

[155]	 Rida PC, Le Minh N, Jiang YJ. A Notch feeling of somite 
segmentation and beyond. Dev. Biol. 2004, 265, 2–22.

[156]	 Kabos P, Kabosova A, Neuman T. Blocking HES1 expression 
initiates GABAergic differentiation and induces the 

Brought to you by | De Gruyter Trial Portugal 2018
Authenticated

Download Date | 6/4/19 12:26 PM



C.J. Sheeba et al.: Signaling pathways, tumor microenvironment, and targeted drug delivery      145

expression of p21(CIP1/WAF1) in human neural stem cells. 
J. Biol. Chem. 2002, 277, 8763–8766.

[157]	 Ronchini C, Capobianco AJ. Induction of cyclin D1 
transcription and CDK2 activity by Notch(ic): implication for 
cell cycle disruption in transformation by Notch(ic). Mol. Cell 
Biol. 2001, 21, 5925–5934.

[158]	 Dumont E, Fuchs KP, Bommer G, Christoph B, Kremmer E, 
Kempkes B. Neoplastic transformation by Notch is 
independent of transcriptional activation by RBP-J signalling. 
Oncogene 2000, 19, 556–561.

[159]	 Raafat A, Lawson S, Bargo S, Klauzinska M, Strizzi L, 
Goldhar AS, Buono K, Salomon D, Vonderhaar BK, Callahan R. 
Rbpj conditional knockout reveals distinct functions of 
Notch4/Int3 in mammary gland development and tumori-
genesis. Oncogene 2009, 28, 219–230.

[160]	 Farnie G, Clarke RB. Mammary stem cells and breast cancer – 
role of Notch signalling. Stem Cell Rev. 2007, 3, 169–175.

[161]	 Kunisato A, Chiba S, Nakagami-Yamaguchi E, Kumano K, 
Saito T, Masuda S, Yamaguchi T, Osawa M, Kageyama R, 
Nakauchi H, Nishikawa M, Hirai H. HES-1 preserves purified 
hematopoietic stem cells ex vivo and accumulates side 
population cells in vivo. Blood 2003, 101, 1777–1783.

[162]	 Sansone P, Storci G, Giovannini C, Pandolfi S, Pianetti S, 
Taffurelli M, Santini D, Ceccarelli C, Chieco P, Bonafe M. 
p66Shc/Notch-3 interplay controls self-renewal and hypoxia 
survival in human stem/progenitor cells of the mammary 
gland expanded in vitro as mammospheres. Stem Cells 2007, 
25, 807–815.

[163]	 Shimojo H, Ohtsuka T, Kageyama R. Oscillations in notch 
signaling regulate maintenance of neural progenitors. Neuron 
2008, 58, 52–64.

[164]	 Ueo T, Imayoshi I, Kobayashi T, Ohtsuka T, Seno H, 
Nakase H, Chiba T, Kageyama R. The role of Hes genes in 
intestinal development, homeostasis and tumor formation. 
Development 2012, 139, 1071–1082.

[165]	 Song LL, Miele L. Cancer stem cells – an old idea that’s new 
again: implications for the diagnosis and treatment of breast 
cancer. Expert Opin. Biol. Ther. 2007, 7, 431–438.

[166]	 Pannuti A, Foreman K, Rizzo P, Osipo C, Golde T, Osborne B, 
Miele L. Targeting Notch to target cancer stem cells. Clin. 
Cancer Res. 2010, 16, 3141–3152.

[167]	 Harrison H, Farnie G, Brennan KR, Clarke RB. Breast cancer 
stem cells: something out of notching?, Cancer Res. 2010, 70, 
8973–8976.

[168]	 Allenspach EJ, Maillard I, Aster JC, Pear WS. Notch signaling in 
cancer. Cancer Biol. Ther. 2002, 1, 466–476.

[169]	 Han J, Hendzel MJ, Allalunis-Turner J. Notch signaling as a 
therapeutic target for breast cancer treatment? Breast Cancer 
Res. 2011, 13, 210.

[170]	 Koch U, Radtke F. Notch and cancer: a double-edged sword. 
Cell Mol. Life Sci. 2007, 64, 2746–2762.

[171]	 O’Neill CF, Urs S, Cinelli C, Lincoln A, Nadeau RJ, Leon R, 
Toher J, Mouta-Bellum C, Friesel RE, Liaw L. Notch2 signaling 
induces apoptosis and inhibits human MDA-MB-231 xenograft 
growth. Am. J. Pathol. 2007, 171, 1023–1036.

[172]	 Fan X, Mikolaenko I, Elhassan I, Ni X, Wang Y, Ball D, Brat DJ, 
Perry A, Eberhart CG. Notch1 and notch2 have opposite 
effects on embryonal brain tumor growth. Cancer Res. 2004, 
64, 7787–7793.

[173]	 Mittal S, Subramanyam D, Dey D, Kumar RV, Rangarajan A. 
Cooperation of Notch and Ras/MAPK signaling pathways 

in human breast carcinogenesis. Mol. Cancer 2009,  
8, 128.

[174]	 Pece S, Serresi M, Santolini E, Capra M, Hulleman E, 
Galimberti V, Zurrida S, Maisonneuve P, Viale G, Di Fiore PP. 
Loss of negative regulation by Numb over Notch is relevant 
to human breast carcinogenesis. J. Cell Biol. 2004, 167, 
215–221.

[175]	 Reedijk M, Odorcic S, Chang L, Zhang H, Miller N, McCready DR, 
Lockwood G, Egan SE. High-level coexpression of JAG1 and 
NOTCH1 is observed in human breast cancer and is associated 
with poor overall survival. Cancer Res. 2005, 65, 8530–8537.

[176]	 Leong KG, Karsan A. Recent insights into the role of Notch 
signaling in tumorigenesis. Blood 2006, 107, 2223–2233.

[177]	 Katoh M. WNT signaling pathway and stem cell signaling 
network. Clin. Cancer Res. 2007, 13, 4042–4045.

[178]	 Katoh M. WNT signaling in stem cell biology and regenerative 
medicine. Curr. Drug Targets 2008, 9, 565–570.

[179]	 Neth P, Ries C, Karow M, Egea V, Ilmer M, Jochum M. The 
Wnt signal transduction pathway in stem cells and cancer 
cells: influence on cellular invasion. Stem Cell Rev. 2007, 3, 
18–29.

[180]	 Dihlmann S, von Knebel Doeberitz M. Wnt/beta-catenin-
pathway as a molecular target for future anti-cancer 
therapeutics. Int. J. Cancer 2005, 113, 515–524.

[181]	 MacDonald BT, Tamai K, He X. Wnt/beta-catenin signaling: 
components, mechanisms, and diseases. Dev. Cell 2009, 
17, 9–26.

[182]	 Semenov MV, Habas R, Macdonald BT, He X. Snapshot: 
noncanonical Wnt signaling pathways. Cell 2007, 131, 
1378e1–1378e2.

[183]	 Takahashi-Yanaga F, Kahn M. Targeting Wnt signaling: can we 
safely eradicate cancer stem cells? Clin. Cancer Res. 2010, 16, 
3153–3162.

[184]	 Polakis P. The many ways of Wnt in cancer. Curr. Opin. Genet. 
Dev. 2007, 17, 45–51.

[185]	 Bafico A, Liu G, Goldin L, Harris V, Aaronson SA. An autocrine 
mechanism for constitutive Wnt pathway activation in human 
cancer cells. Cancer Cell 2004, 6, 497–506.

[186]	 Schlange T, Matsuda Y, Lienhard S, Huber A, Hynes NE. 
Autocrine WNT signaling contributes to breast cancer cell 
proliferation via the canonical WNT pathway and EGFR 
transactivation. Breast Cancer Res. 2007, 9, R63.

[187]	 Nagahata T, Shimada T, Harada A, Nagai H, Onda M, 
Yokoyama S, Shiba T, Jin E, Kawanami O, Emi M. 
Amplification, up-regulation and over-expression of DVL-1, 
the human counterpart of the Drosophila disheveled gene, in 
primary breast cancers. Cancer Sci. 2003, 94, 515–518.

[188]	 Ugolini F, Adelaide J, Charafe-Jauffret E, Nguyen C, 
Jacquemier J, Jordan B, Birnbaum D, Pebusque MJ. Differential 
expression assay of chromosome arm 8p genes identifies 
Frizzled-related (FRP1/FRZB) and fibroblast growth factor 
receptor 1 (FGFR1) as candidate breast cancer genes. 
Oncogene 1999, 18, 1903–1910.

[189]	 Matsuda Y, Schlange T, Oakeley EJ, Boulay A, Hynes NE. WNT 
signaling enhances breast cancer cell motility and blockade 
of the WNT pathway by sFRP1 suppresses MDA-MB-231 
xenograft growth. Breast Cancer Res. 2009, 11, R32.

[190]	 Zhang H, Zhang X, Wu X, Li W, Su P, Cheng H, Xiang L, 
Gao P, Zhou G. Interference of Frizzled 1 (FZD1) reverses 
multidrug resistance in breast cancer cells through the Wnt/
beta-catenin pathway. Cancer Lett. 2012, 323, 106–113.

Brought to you by | De Gruyter Trial Portugal 2018
Authenticated

Download Date | 6/4/19 12:26 PM



146      C.J. Sheeba et al.: Signaling pathways, tumor microenvironment, and targeted drug delivery

[191]	 Ueno K, Hiura M, Suehiro Y, Hazama S, Hirata H, Oka M, 
Imai K, Dahiya R, Hinoda Y. Frizzled-7 as a potential 
therapeutic target in colorectal cancer. Neoplasia 2008, 10, 
697–705.

[192]	 Liu CC, Prior J, Piwnica-Worms D, Bu G. LRP6 overexpression 
defines a class of breast cancer subtype and is a target for 
therapy. Proc. Natl. Acad. Sci. USA 2010, 107, 5136–5141.

[193]	 Lindvall C, Evans NC, Zylstra CR, Li Y, Alexander CM, 
Williams BO. The Wnt signaling receptor Lrp5 is required for 
mammary ductal stem cell activity and Wnt1-induced tumori-
genesis. J. Biol. Chem. 2006, 281, 35081–35087.

[194]	 Yook JI, Li XY, Ota I, Hu C, Kim HS, Kim NH, Cha SY, Ryu JK, 
Choi YJ, Kim J, Fearon ER, Weiss SJ. A Wnt-Axin2-GSK3beta 
cascade regulates Snail1 activity in breast cancer cells. Nat. 
Cell Biol. 2006, 8, 1398–1406.

[195]	 DiMeo TA, Anderson K, Phadke P, Fan C, Perou CM, Naber S, 
Kuperwasser C. A novel lung metastasis signature links 
Wnt signaling with cancer cell self-renewal and epithelial-
mesenchymal transition in basal-like breast cancer. Cancer 
Res. 2009, 69, 5364–5373.

[196]	 Kohn AD, Moon RT. Wnt and calcium signaling: beta-catenin-
independent pathways. Cell Calcium 2005, 38, 439–446.

[197]	 Dissanayake SK, Wade M, Johnson CE, O’Connell MP, 
Leotlela PD, French AD, Shah KV, Hewitt KJ, Rosenthal DT, 
Indig FE, Jiang Y, Nickoloff BJ, Taub DD, Trent JM, Moon RT, 
Bittner M, Weeraratna AT. The Wnt5A/protein kinase C pathway 
mediates motility in melanoma cells via the inhibition of 
metastasis suppressors and initiation of an epithelial to 
mesenchymal transition. J. Biol. Chem. 2007, 282, 17259–17271.

[198]	 Heisenberg CP, Tada M, Rauch GJ, Saude L, Concha ML, 
Geisler R, Stemple DL, Smith JC, Wilson SW. Silberblick/Wnt11 
mediates convergent extension movements during zebrafish 
gastrulation. Nature 2000, 405, 76–81.

[199]	 Moon RT, Campbell RM, Christian JL, McGrew LL, Shih J, 
Fraser S. Xwnt-5A: a maternal Wnt that affects morphogenetic 
movements after overexpression in embryos of Xenopus 
laevis. Development 1993, 119, 97–111.

[200]	 Klemm F, Bleckmann A, Siam L, Chuang HN, Rietkotter E, 
Behme D, Schulz M, Schaffrinski M, Schindler S, Trumper L, 
Kramer F, Beissbarth T, Stadelmann C, Binder C, Pukrop T. 
Beta-catenin-independent WNT signaling in basal-like breast 
cancer and brain metastasis. Carcinogenesis 2011, 32, 
434–442.

[201]	 Wang Y. Wnt/Planar cell polarity signaling: a new paradigm 
for cancer therapy. Mol. Cancer Ther. 2009, 8, 2103–2109.

[202]	 Olson DJ, Gibo DM. Antisense wnt-5a mimics wnt-1-mediated 
C57MG mammary epithelial cell transformation. Exp. Cell Res. 
1998, 241, 134–141.

[203]	 Guarino M. Src signaling in cancer invasion. J. Cell Physiol. 
2010, 223, 14–26.

[204]	 Playford MP, Schaller MD. The interplay between Src and 
integrins in normal and tumor biology. Oncogene 2004, 23, 
7928–7946.

[205]	 Ricono JM, Huang M, Barnes LA, Lau SK, Weis SM, 
Schlaepfer DD, Hanks SK, Cheresh DA. Specific cross-talk 
between epidermal growth factor receptor and integrin 
alphavbeta5 promotes carcinoma cell invasion and 
metastasis. Cancer Res. 2009, 69, 1383–1391.

[206]	 Ju L, Zhou C, Li W, Yan L. Integrin beta1 over-expression 
associates with resistance to tyrosine kinase inhibitor 

gefitinib in non-small cell lung cancer. J. Cell Biochem. 2010, 
111, 1565–1574.

[207]	 Antoniadis A, Michopoulou A. The role of c-Src in lung cancer, 
its metastasis and anti-cancer therapy, PNEUMON Number 2, 
Vol. 24, April–June 2011, 2011.

[208]	 Summy JM, Trevino JG, Baker CH, Gallick GE. c-Src regulates 
constitutive and EGF-mediated VEGF expression in pancreatic 
tumor cells through activation of phosphatidyl inositol-3 
kinase and p38 MAPK. Pancreas 2005, 31, 263–274.

[209]	 Ishizawar R, Parsons SJ. c-Src and cooperating partners in 
human cancer. Cancer Cell 2004, 6, 209–214.

[210]	 Desrivieres S, Kunz C, Barash I, Vafaizadeh V, Borghouts C, 
Groner B. The biological functions of the versatile 
transcription factors STAT3 and STAT5 and new strategies for 
their targeted inhibition. J. Mammary Gland Biol. Neoplasia 
2006, 11, 75–87.

[211]	 Haura EB, Zheng Z, Song L, Cantor A, Bepler G. Activated 
epidermal growth factor receptor-Stat-3 signaling promotes 
tumor survival in vivo in non-small cell lung cancer. Clin. 
Cancer Res. 2005, 11, 8288–8294.

[212]	 Iavnilovitch E, Cardiff RD, Groner B, Barash I. Deregulation of 
Stat5 expression and activation causes mammary tumors in 
transgenic mice. Int. J. Cancer 2004, 112, 607–619.

[213]	 Kang DW, Lee SH, Yoon JW, Park WS, Choi KY, Min do S. 
Phospholipase D1 drives a positive feedback loop to reinforce 
the Wnt/beta-catenin/TCF signaling axis. Cancer Res. 2010, 
70, 4233–4242.

[214]	 Kang DW, Min do S. Positive feedback regulation between 
phospholipase D and Wnt signaling promotes Wnt-driven 
anchorage-independent growth of colorectal cancer cells. 
PLoS One 2010, 5, e12109.

[215]	 Su W, Chen Q, Frohman MA. Targeting phospholipase D with 
small-molecule inhibitors as a potential therapeutic approach 
for cancer metastasis. Future Oncol. 2009, 5, 1477–1486.

[216]	 Zhao C, Du G, Skowronek K, Frohman MA, Bar-Sagi D. 
Phospholipase D2-generated phosphatidic acid couples EGFR 
stimulation to Ras activation by Sos. Nat. Cell Biol. 2007, 9, 
706–712.

[217]	 Foster DA. Phosphatidic acid signaling to mTOR: signals for 
the survival of human cancer cells. Biochim. Biophys. Acta. 
2009, 1791, 949–955.

[218]	 Hancock JF. PA promoted to manager. Nat. Cell Biol. 2007, 9, 
615–617.

[219]	 Engelman JA, Luo J, Cantley LC. The evolution of phosphati-
dylinositol 3-kinases as regulators of growth and metabolism. 
Nat. Rev. Genet. 2006, 7, 606–619.

[220]	 Feng J, Park J, Cron P, Hess D, Hemmings BA. Identi-
fication of a PKB/Akt hydrophobic motif Ser-473 kinase as 
DNA-dependent protein kinase. J. Biol. Chem. 2004, 279, 
41189–41196.

[221]	 Chalhoub N, Baker SJ. PTEN and the PI3-kinase pathway in 
cancer. Annu. Rev. Pathol. 2009, 4, 127–150.

[222]	 Tzivion G, Dobson M, Ramakrishnan G. FoxO transcription 
factors; Regulation by AKT and 14-3-3 proteins. Biochim. 
Biophys. Acta. 2011, 1813, 1938–1945.

[223]	 Chandarlapaty S, Sawai A, Scaltriti M, Rodrik-Outmezguine V, 
Grbovic-Huezo O, Serra V, Majumder PK, Baselga J, Rosen N. 
AKT inhibition relieves feedback suppression of receptor 
tyrosine kinase expression and activity. Cancer Cell 2011, 19, 
58–71.

Brought to you by | De Gruyter Trial Portugal 2018
Authenticated

Download Date | 6/4/19 12:26 PM



C.J. Sheeba et al.: Signaling pathways, tumor microenvironment, and targeted drug delivery      147

[224]	 Serra V, Scaltriti M, Prudkin L, Eichhorn PJ, Ibrahim YH, 
Chandarlapaty S, Markman B, Rodriguez O, Guzman M, 
Rodriguez S, Gili M, Russillo M, Parra JL, Singh S, Arribas J, 
Rosen N, Baselga J. PI3K inhibition results in enhanced HER 
signaling and acquired ERK dependency in HER2-overex-
pressing breast cancer. Oncogene 2011, 30, 2547–2557.

[225]	 Leystra AA, Deming DA, Zahm CD, Farhoud M, Olson TJ, 
Hadac JN, Nettekoven LA, Albrecht DM, Clipson L, Sullivan R, 
Washington MK, Torrealba JR, Weichert JP, Halberg RB. Mice 
expressing activated PI3K rapidly develop advanced colon 
cancer. Cancer Res. 2012, 72, 2931–2936.

[226]	 Clodfelder-Miller B, De Sarno P, Zmijewska AA, Song L, 
Jope RS. Physiological and pathological changes in glucose 
regulate brain Akt and glycogen synthase kinase-3. J. Biol. 
Chem. 2005, 280, 39723–39731.

[227]	 Loberg RD, Vesely E, Brosius FC 3rd. Enhanced glycogen 
synthase kinase-3beta activity mediates hypoxia-induced 
apoptosis of vascular smooth muscle cells and is prevented 
by glucose transport and metabolism. J. Biol. Chem. 2002, 
277, 41667–41673.

[228]	 Romashkova JA, Makarov SS. NF-kappaB is a target of AKT in 
anti-apoptotic PDGF signalling. Nature 1999, 401, 86–90.

[229]	 Frisch SM, Screaton RA. Anoikis mechanisms. Curr. Opin. Cell 
Biol. 2001, 13, 555–562.

[230]	 Hay N, Sonenberg N. Upstream and downstream of mTOR. 
Genes Dev. 2004, 18, 1926–1945.

[231]	 Borders EB, Bivona C, Medina PJ. Mammalian target of 
rapamycin: biological function and target for novel anticancer 
agents. Am. J. Health Syst. Pharm. 2010, 67, 2095–2106.

[232]	 Harada H, Itasaka S, Kizaka-Kondoh S, Shibuya K, Morinibu A, 
Shinomiya K, Hiraoka M. The Akt/mTOR pathway assures 
the synthesis of HIF-1alpha protein in a glucose- and 
reoxygenation-dependent manner in irradiated tumors.  
J. Biol. Chem. 2009, 284, 5332–5342.

[233]	 Maxwell PH, Dachs GU, Gleadle JM, Nicholls LG, Harris AL, 
Stratford IJ, Hankinson O, Pugh CW, Ratcliffe PJ. Hypoxia-
inducible factor-1 modulates gene expression in solid tumors 
and influences both angiogenesis and tumor growth. Proc. 
Natl. Acad. Sci. USA 1997, 94, 8104–8109.

[234]	 Schaffner F, Ruf W. Tissue factor and PAR2 signaling in the 
tumor microenvironment. Arterioscler. Thromb. Vasc. Biol. 
2009, 29, 1999–2004.

[235]	 Schaffner F, Yokota N, Ruf W. Tissue factor proangiogenic 
signaling in cancer progression. Thromb. Res. 2012, 129 
Suppl 1, S127–131.

[236]	 Venkitaraman AR. Cancer susceptibility and the functions of 
BRCA1 and BRCA2. Cell 2002, 108, 171–182.

[237]	 Meindl A, Hellebrand H, Wiek C, Erven V, Wappenschmidt B, 
Niederacher D, Freund M, Lichtner P, Hartmann L, Schaal H, 
Ramser J, Honisch E, Kubisch C, Wichmann HE, Kast K, 
Deissler H, Engel C, Muller-Myhsok B, Neveling K, Kiechle M, 
Mathew CG, Schindler D, Schmutzler RK, Hanenberg H. 
Germline mutations in breast and ovarian cancer pedigrees 
establish RAD51C as a human cancer susceptibility gene. Nat. 
Genet. 2010, 42, 410–414.

[238]	 Guo J, Niu R, Huang W, Zhou M, Shi J, Zhang L, Liao H. Growth 
factors from tumor microenvironment possibly promote the 
proliferation of glioblastoma-derived stem-like cells in vitro. 
Pathol. Oncol. Res. 2012, 18, 1047–1057.

[239]	 Chinchilla P, Xiao L, Kazanietz MG, Riobo NA. Hedgehog 
proteins activate pro-angiogenic responses in endothelial 

cells through non-canonical signaling pathways. Cell Cycle 
2010, 9, 570–579.

[240]	 Harris LG, Samant RS, Shevde LA. Hedgehog signaling: 
networking to nurture a promalignant tumor microenvi-
ronment. Mol. Cancer Res. 2011, 9, 1165–1174.

[241]	 Hochman E, Castiel A, Jacob-Hirsch J, Amariglio N, Izraeli S. 
Molecular pathways regulating pro-migratory effects of 
Hedgehog signaling. J. Biol. Chem. 2006, 281, 33860–33870.

[242]	 Mimeault M, Batra SK. Frequent deregulations in the 
hedgehog signaling network and cross-talks with the 
epidermal growth factor receptor pathway involved in cancer 
progression and targeted therapies. Pharmacol. Rev. 2010, 
62, 497–524.

[243]	 Kasper M, Schnidar H, Neill GW, Hanneder M, Klingler S, 
Blaas L, Schmid C, Hauser-Kronberger C, Regl G, Philpott MP, 
Aberger F. Selective modulation of Hedgehog/GLI target gene 
expression by epidermal growth factor signaling in human 
keratinocytes. Mol. Cell Biol. 2006, 26, 6283–6298.

[244]	 Schreck KC, Taylor P, Marchionni L, Gopalakrishnan V, 
Bar EE, Gaiano N, Eberhart CG. The Notch target Hes1 directly 
modulates Gli1 expression and Hedgehog signaling: a 
potential mechanism of therapeutic resistance. Clin. Cancer 
Res. 2010, 16, 6060–6070.

[245]	 Steg AD, Katre AA, Goodman B, Han HD, Nick AM, Stone RL, 
Coleman RL, Alvarez RD, Lopez-Berestein G, Sood AK, Landen 
CN. Targeting the notch ligand JAGGED1 in both tumor cells 
and stroma in ovarian cancer. Clin. Cancer Res. 2011, 17, 
5674–5685.

[246]	 Chen X, Stoeck A, Lee SJ, Shih Ie M, Wang MM, Wang TL. 
Jagged1 expression regulated by Notch3 and Wnt/
beta-catenin signaling pathways in ovarian cancer. 
Oncotarget 2010, 1, 210–218.

[247]	 Rodilla V, Villanueva A, Obrador-Hevia A, Robert-Moreno A, 
Fernandez-Majada V, Grilli A, Lopez-Bigas N, Bellora N, Alba 
MM, Torres F, Dunach M, Sanjuan X, Gonzalez S, Gridley T, 
Capella G, Bigas A, Espinosa L. Jagged1 is the pathological 
link between Wnt and Notch pathways in colorectal cancer. 
Proc. Natl. Acad. Sci. USA 2009, 106, 6315–6320.

[248]	 Dennler S, Andre J, Alexaki I, Li A, Magnaldo T, ten Dijke P, 
Wang XJ, Verrecchia F, Mauviel A. Induction of sonic 
hedgehog mediators by transforming growth factor-beta: 
Smad3-dependent activation of Gli2 and Gli1 expression in 
vitro and in vivo. Cancer Res. 2007, 67, 6981–6986.

[249]	 Jundt F, Probsting KS, Anagnostopoulos I, Muehlinghaus G, 
Chatterjee M, Mathas S, Bargou RC, Manz R, Stein H, 
Dorken B. Jagged1-induced Notch signaling drives prolif-
eration of multiple myeloma cells. Blood 2004, 103, 
3511–3515.

[250]	 Zeng Q, Li S, Chepeha DB, Giordano TJ, Li J, Zhang H, 
Polverini PJ, Nor J, Kitajewski J, Wang CY. Crosstalk between 
tumor and endothelial cells promotes tumor angiogenesis 
by MAPK activation of Notch signaling. Cancer Cell 2005, 8, 
13–23.

[251]	 Rehman AO, Wang CY. Notch signaling in the regulation of 
tumor angiogenesis. Trends Cell Biol. 2006, 16, 293–300.

[252]	 Hlubek F, Brabletz T, Budczies J, Pfeiffer S, Jung A, Kirchner T. 
Heterogeneous expression of Wnt/beta-catenin target genes 
within colorectal cancer. Int. J. Cancer 2007, 121, 1941–1948.

[253]	 Klapholz-Brown Z, Walmsley GG, Nusse YM, Nusse R, 
Brown PO. Transcriptional program induced by Wnt protein 
in human fibroblasts suggests mechanisms for cell cooper-

Brought to you by | De Gruyter Trial Portugal 2018
Authenticated

Download Date | 6/4/19 12:26 PM



148      C.J. Sheeba et al.: Signaling pathways, tumor microenvironment, and targeted drug delivery

ativity in defining tissue microenvironments. PLoS One 2007, 
2, e945.

[254]	 Ungerback J, Elander N, Grunberg J, Sigvardsson M, 
Soderkvist P. The Notch-2 gene is regulated by Wnt signaling 
in cultured colorectal cancer cells. PLoS One 2011, 6, e17957.

[255]	 Kim HA, Koo BK, Cho JH, Kim YY, Seong J, Chang HJ, Oh YM, 
Stange DE, Park JG, Hwang D, Kong YY. Notch1 counteracts 
WNT/beta-catenin signaling through chromatin modification 
in colorectal cancer. J. Clin. Invest. 2012, 122, 3248–3259.

[256]	 Merchant AA, Matsui W. Targeting hedgehog – a cancer stem 
cell pathway. Clin. Cancer Res. 2010, 16, 3130–3140.

[257]	 Rizzo P, Osipo C, Foreman K, Golde T, Osborne B, Miele L. 
Rational targeting of Notch signaling in cancer. Oncogene 
2008, 27, 5124–5131.

[258]	 Elenbaas B, Weinberg RA. Heterotypic signaling between 
epithelial tumor cells and fibroblasts in carcinoma formation. 
Exp. Cell Res. 2001, 264, 169–184.

[259]	 Li YM, Pan Y, Wei Y, Cheng X, Zhou BP, Tan M, Zhou X, Xia W, 
Hortobagyi GN, Yu D, Hung MC. Upregulation of CXCR4 is 
essential for HER2-mediated tumor metastasis. Cancer Cell 
2004, 6, 459–469.

[260]	 Rhodes LV, Short SP, Neel NF, Salvo VA, Zhu Y, Elliott S, Wei Y, 
Yu D, Sun M, Muir SE, Fonseca JP, Bratton MR, Segar C, 
Tilghman SL, Sobolik T-Delmaire, Horton LW, Zaja-Milatovic S, 
Collins-Burow BM, Wadsworth S, Beckman BS, Wood CE, 
Fuqua SA, Nephew KP, Dent P, Worthylake RA, Curiel TJ, 
Hung MC, Richmond A, Burow ME. Cytokine receptor CXCR4 
mediates estrogen-independent tumorigenesis, metastasis, 
and resistance to endocrine therapy in human breast cancer. 
Cancer Res. 2011, 71, 603–613.

[261]	 Gu JW, Rizzo P, Pannuti A, Golde T, Osborne B, Miele L. Notch 
signals in the endothelium and cancer “stem-like” cells: 
opportunities for cancer therapy. Vasc. Cell 2012, 4, 7.

[262]	 Huang D, Du X. Crosstalk between tumor cells and microenvi-
ronment via Wnt pathway in colorectal cancer dissemination. 
World J. Gastroenterol. 2008, 14, 1823–1827.

[263]	 Friedl P, Gilmour D. Collective cell migration in morpho-
genesis, regeneration and cancer. Nat. Rev. Mol. Cell Biol. 
2009, 10, 445–457.

[264]	 Talbot LJ, Bhattacharya SD, Kuo PC. Epithelial-mesenchymal 
transition, the tumor microenvironment, and metastatic 
behavior of epithelial malignancies. Int. J. Biochem. Mol. Biol. 
2012, 3, 117–136.

[265]	 Marslin G, Sheeba CJ, Kalaichelvan VK, Manavalan R, 
Reddy PN, Franklin G. Poly(D,L-lactic-co-glycolic acid) nanoen-
capsulation reduces Erlotinib-induced subacute toxicity in 
rat. J. Biomed. Nanotechnol. 2009, 5, 464–471.

[266]	 Duvvuri M, Krise JP. Intracellular drug sequestration events 
associated with the emergence of multidrug resistance: a 
mechanistic review. Front Biosci. 2005, 10, 1499–1509.

[267]	 Caplen NJ. Gene therapy progress and prospects. Downreg-
ulating gene expression: the impact of RNA interference. 
Gene Ther. 2004, 11, 1241–1248.

[268]	 Kreuter J. Drug delivery to the central nervous system by 
polymeric nanoparticles: what do we know? Adv. Drug Deliv. 
Rev. 2013. pii: S0169-409X(13)00191-9. doi: 10.1016/j.
addr.2013.08.008. [Epub ahead of print].

[269]	 Gabathuler R. Approaches to transport therapeutic drugs 
across the blood-brain barrier to treat brain diseases. 
Neurobiol. Dis. 2010, 37, 48–57.

[270]	 Wohlfart S, Gelperina S, Kreuter J. Transport of drugs across 
the blood-brain barrier by nanoparticles. J. Control. Release 
2012, 161, 264–273.

[271]	 Liu L, Guo K, Lu J, Venkatraman SS, Luo D, Ng KC, Ling EA, 
Moochhala S, Yang YY. Biologically active core/shell 
nanoparticles self-assembled from cholesterol-terminated 
PEG-TAT for drug delivery across the blood-brain barrier. 
Biomaterials 2008, 29, 1509–1517.

[272]	 Cheng Y, Meyers JD, Agnes RS, Doane TL, Kenney ME,  
Broome AM, Burda C, Basilion JP. Addressing brain  
tumors with targeted gold nanoparticles: a new gold  
standard for hydrophobic drug delivery? Small 2011, 7, 
2301–2306.

[273]	 Yu MK, Park J, Jon S. Targeting strategies for multifunctional 
nanoparticles in cancer imaging and therapy. Theranostics 
2012, 2, 3–44.

[274]	 Jones A, Harris AL. New developments in angiogenesis: a 
major mechanism for tumor growth and target for therapy. 
Cancer J. Sci. Am. 1998, 4, 209–217.

[275]	 Byrne JD, Betancourt T, Brannon-Peppas L. Active targeting 
schemes for nanoparticle systems in cancer therapeutics. 
Adv. Drug Deliv. Rev. 2008, 60, 1615–1626.

[276]	 Panyam J, Zhou WZ, Prabha S, Sahoo SK, Labhasetwar V. 
Rapid endo-lysosomal escape of poly(DL-lactide-co-glycolide) 
nanoparticles: implications for drug and gene delivery. FASEB 
J. 2002, 16, 1217–1226.

[277]	 Cui FY, Song XR, Li ZY, Li SZ, Mu B, Mao YQ, Wei YQ, Yang L. 
The pigment epithelial-derived factor gene loaded in PLGA 
nanoparticles for therapy of colon carcinoma. Oncol. Rep. 
2010, 24, 661–668.

[278]	 Ferrari M. Nanogeometry: beyond drug delivery. Nat. 
Nanotechnol. 2008, 3, 131–132.

[279]	 Morachis JM, Mahmoud EA, Sankaranarayanan J, Almutairi A. 
Triggered rapid degradation of nanoparticles for gene 
delivery. J. Drug Deliv. 2012, 2012, 291219.

[280]	 Farokhzad OC, Cheng J, Teply BA, Sherifi I, Jon S, Kantoff PW, 
Richie JP, Langer R. Targeted nanoparticle-aptamer biocon-
jugates for cancer chemotherapy in vivo. Proc. Natl. Acad. Sci. 
USA 2006, 103, 6315–6320.

[281]	 Peer D, Karp JM, Hong S, Farokhzad OC, Margalit R, Langer R. 
Nanocarriers as an emerging platform for cancer therapy. Nat. 
Nanotechnol. 2007, 2, 751–760.

[282]	 Arruebo M, Valladares M. González-Fernández Á. Antibody-
conjugated nanoparticles for biomedical applications. 
J. Nanomaterials 2009, 2009, 439389.

[283]	 Torrecilla D, Lozano MV, Lallana E, Neissa JI, Novoa-
Carballal R, Vidal A, Fernandez-Megia E, Torres D, 
Riguera R, Alonso MJ, Dominguez F. Anti-tumor efficacy of 
chitosan-g-poly(ethylene glycol) nanocapsules containing 
docetaxel: anti-TMEFF-2 functionalized nanocapsules vs. 
non-functionalized nanocapsules. Eur. J. Pharm. Biopharm. 
2013, 83, 330–337.

[284]	 Pastan I, Hassan R, Fitzgerald DJ, Kreitman RJ.  
Immunotoxin therapy of cancer. Nat. Rev. Cancer 2006, 6, 
559–565.

[285]	 Ashley CE, Carnes EC, Phillips GK, Padilla D, Durfee PN, 
Brown PA, Hanna TN, Liu J, Phillips B, Carter MB, Carroll NJ, 
Jiang X, Dunphy DR, Willman CL, Petsev DN, Evans DG, 
Parikh AN, Chackerian B, Wharton W, Peabody DS, Brinker CJ. 
The targeted delivery of multicomponent cargos to cancer 

Brought to you by | De Gruyter Trial Portugal 2018
Authenticated

Download Date | 6/4/19 12:26 PM



C.J. Sheeba et al.: Signaling pathways, tumor microenvironment, and targeted drug delivery      149

cells by nanoporous particle-supported lipid bilayers. Nat. 
Mater. 2011, 10, 389–397.

[286]	 Altintas I, Heukers R, van der Meel R, Lacombe M, Amidi M, 
van Bergen En Henegouwen PM, Hennink WE, Schiffelers RM, 
Kok RJ. Nanobody-albumin nanoparticles (NANAPs) for the 
delivery of a multikinase inhibitor 17864 to EGFR overex-
pressing tumor cells. J. Control Release 2013, 165, 110–118.

[287]	 El-Sayed IH, Huang X, El-Sayed MA. Selective laser photo-
thermal therapy of epithelial carcinoma using anti-EGFR 
antibody conjugated gold nanoparticles. Cancer Lett. 2006, 
239, 129–135.

[288]	 Huang X, El-Sayed IH, Qian W, El-Sayed MA. Cancer cell 
imaging and photothermal therapy in the near-infrared 
region by using gold nanorods. J. Am. Chem. Soc. 2006, 128, 
2115–2120.

[289]	 Milane L, Duan Z, Amiji M. Development of EGFR-targeted 
polymer blend nanocarriers for combination paclitaxel/
lonidamine delivery to treat multi-drug resistance in human 
breast and ovarian tumor cells. Mol. Pharm. 2011, 8, 185–203.

[290]	 Master AM, Qi Y, Oleinick NL, Gupta AS. EGFR-mediated 
intracellular delivery of Pc 4 nanoformulation for targeted 
photodynamic therapy of cancer: in vitro studies. 
Nanomedicine 2012, 8, 655–664.

[291]	 Benhabbour SR, Luft JC, Kim D, Jain A, Wadhwa S, Parrott MC, 
Liu R, DeSimone JM, Mumper RJ. In vitro and in vivo assessment 
of targeting lipid-based nanoparticles to the epidermal growth 
factor-receptor (EGFR) using a novel Heptameric ZEGFR domain, 
J. Control Release 2012, 158, 63–71.

[292]	 Acharya S, Dilnawaz F, Sahoo SK. Targeted epidermal growth 
factor receptor nanoparticle bioconjugates for breast cancer 
therapy. Biomaterials 2009, 30, 5737–5750.

[293]	 Kuo YC, Liang CT. Inhibition of human brain malignant 
glioblastoma cells using carmustine-loaded catanionic solid 
lipid nanoparticles with surface anti-epithelial growth factor 
receptor. Biomaterials 2011, 32, 3340–3350.

[294]	 Maya S, Kumar LG, Sarmento B, Sanoj N Rejinold, Menon D, 
Nair SV, Jayakumar R. Cetuximab conjugated O-carboxymethyl 
chitosan nanoparticles for targeting EGFR overexpressing 
cancer cells. Carbohydr. Polym. 2013, 93, 661–669.

[295]	 Kim IY, Kang YS, Lee DS, Park HJ, Choi EK, Oh YK, Son HJ, 
Kim JS. Antitumor activity of EGFR targeted pH-sensitive 
immunoliposomes encapsulating gemcitabine in A549 
xenograft nude mice. J. Control Release 2009, 140, 55–60.

[296]	 Liao C, Sun Q, Liang B, Shen J, Shuai X. Targeting EGFR-overex-
pressing tumor cells using Cetuximab-immunomicelles loaded 
with doxorubicin and superparamagnetic iron oxide. Eur. J. 
Radiol. 2011, 80, 699–705.

[297]	 Szlachcic A, Pala K, Zakrzewska M, Jakimowicz P, 
Wiedlocha A, Otlewski J. FGF1-gold nanoparticle conjugates 
targeting FGFR efficiently decrease cell viability upon NIR 
irradiation. Int. J. Nanomedicine 2012, 7, 5915–5927.

[298]	 Jain A, Gulbake A, Shilpi S, Hurkat P, Jain SK. Development of 
surface-functionalised nanoparticles for FGF2 receptor-based 
solid tumour targeting. J. Microencapsul. 2012, 29, 95–102.

[299]	 Sun D, Liu Y, Yu Q, Zhou Y, Zhang R, Chen X, Hong A, Liu J. The 
effects of luminescent ruthenium(II) polypyridyl functionalized 
selenium nanoparticles on bFGF-induced angiogenesis and 
AKT/ERK signaling. Biomaterials 2013, 34, 171–180.

[300]	 Mukherjee P, Bhattacharya R, Bone N, Lee YK, Patra CR, 
Wang S, Lu L, Secreto C, Banerjee PC, Yaszemski MJ, Kay NE, 

Mukhopadhyay D. Potential therapeutic application of gold 
nanoparticles in B-chronic lymphocytic leukemia (BCLL): 
enhancing apoptosis. J. Nanobiotechnology 2007, 5, 4.

[301]	 Rai S, Paliwal R, Vyas SP. Doxorubicin encapsulated 
nanocarriers for targeted delivery to estrogen responsive 
breast cancer. J. Biomed. Nanotechnol. 2011, 7, 121–122.

[302]	 Dreaden EC, Mwakwari SC, Sodji QH, Oyelere AK, 
El-Sayed MA. Tamoxifen-poly(ethylene glycol)-thiol gold 
nanoparticle conjugates: enhanced potency and selective 
delivery for breast cancer treatment. Bioconjug. Chem. 2009, 
20, 2247–2253.

[303]	 Lee JB, Zhang K, Tam YY, Tam YK, Belliveau NM, Sung VY, 
Lin PJ, LeBlanc E, Ciufolini MA, Rennie PS, Cullis PR. Lipid 
nanoparticle siRNA systems for silencing the androgen 
receptor in human prostate cancer in vivo. Int. J. Cancer 2012, 
131, E781–790.

[304]	 Chenna V, Hu C, Pramanik D, Aftab BT, Karikari C, 
Campbell NR, Hong SM, Zhao M, Rudek MA, Khan SR, 
Rudin CM, Maitra A. A polymeric nanoparticle encapsulated 
small-molecule inhibitor of Hedgehog signaling (NanoHHI) 
bypasses secondary mutational resistance to Smoothened 
antagonists. Mol. Cancer Ther. 2012, 11, 165–173.

[305]	 Xu Y, Chenna V, Hu C, Sun HX, Khan M, Bai H, Yang XR, Zhu QF, 
Sun YF, Maitra A, Fan J, Anders RA. Polymeric nanoparticle-
encapsulated hedgehog pathway inhibitor HPI-1 (NanoHHI) 
inhibits systemic metastases in an orthotopic model of 
human hepatocellular carcinoma. Clin. Cancer Res. 2012, 18, 
1291–1302.

[306]	 Sureban SM, May R, Mondalek FG, Qu D, Ponnurangam S, 
Pantazis P, Anant S, Ramanujam RP, Houchen CW. 
Nanoparticle-based delivery of siDCAMKL-1 increases 
microRNA-144 and inhibits colorectal cancer tumor growth via 
a Notch-1 dependent mechanism. J. Nanobiotechnology 2011, 
9, 40.

[307]	 Shah DA, Kwon SJ, Bale SS, Banerjee A, Dordick JS, Kane RS. 
Regulation of stem cell signaling by nanoparticle-mediated 
intracellular protein delivery. Biomaterials 2011, 32, 
3210–3219.

[308]	 Harfouche R, Basu S, Soni S, Hentschel DM, Mashelkar RA, 
Sengupta S. Nanoparticle-mediated targeting of phosphati-
dylinositol-3-kinase signaling inhibits angiogenesis. 
Angiogenesis 2009, 12, 325–338.

[309]	 Chen Y, Zhu X, Zhang X, Liu B, Huang L. Nanoparticles 
modified with tumor-targeting scFv deliver siRNA and miRNA 
for cancer therapy. Mol. Ther. 2010, 18, 1650–1656.

[310]	 Zhang R, Xiong C, Huang M, Zhou M, Huang Q, Wen X, 
Liang D, Li C. Peptide-conjugated polymeric micellar 
nanoparticles for Dual SPECT and optical imaging of EphB4 
receptors in prostate cancer xenografts. Biomaterials 2011, 
32, 5872–5879.

[311]	 Min L, He L, Chen Q, Yu Q, Xie M. Magnetic iron oxide 
nanoparticles carrying PTEN gene to reverse cisplatin-
resistance of A549/CDDP cell lines. J. Cent. South Univ. 2012, 
19, 331–339.

[312]	 Uckun FM, Dibirdik I, Qazi S, Yiv S. Therapeutic nanoparticle 
constructs of a JAK3 tyrosine kinase inhibitor against human 
B-lineage ALL cells. Arzneimittelforschung 2010, 60, 210–217.

[313]	 Li N, Zhang CX, Wang XX, Zhang L, Ma X, Zhou J, Ju RJ, Li XY, 
Zhao WY, Lu WL. Development of targeting lonidamine 
liposomes that circumvent drug-resistant cancer by acting 

Brought to you by | De Gruyter Trial Portugal 2018
Authenticated

Download Date | 6/4/19 12:26 PM



150      C.J. Sheeba et al.: Signaling pathways, tumor microenvironment, and targeted drug delivery

on mitochondrial signaling pathways. Biomaterials 2013, 34, 
3366–3380.

[314]	 Zeng X, Tao W, Mei L, Huang L, Tan C, Feng SS. Cholic 
acid-functionalized nanoparticles of star-shaped 
PLGA-vitamin E TPGS copolymer for docetaxel delivery to 
cervical cancer. Biomaterials 2013; 34, 6058–6067.

[315]	 Zivadinovic D, Gametchu B, Watson CS. Membrane estrogen 
receptor-alpha levels in MCF-7 breast cancer cells predict 
cAMP and proliferation responses. Breast Cancer Res. 2005, 
7, R101–112.

[316]	 Nourazarian AR, Pashaei-Asl R, Omidi Y, Najar AG. c-Src 
antisense complexed with PAMAM denderimes decreases of 
c-Src expression and EGFR-dependent downstream genes in 
the human HT-29 colon cancer cell line. Asian Pac. J. Cancer 
Prev. 2012, 13, 2235–2240.

[317]	 Bechet D, Couleaud P, Frochot C, Viriot ML, Guillemin F, 
Barberi-Heyob M. Nanoparticles as vehicles for delivery of 
photodynamic therapy agents. Trends Biotechnol. 2008, 26, 
612–621.

[318]	 Gomes AJ, Lunardi CN, Tedesco AC. Characterization of 
biodegradable poly(D,L-lactide-co-glycolide) nanoparticles 
loaded with bacteriochlorophyll-a for photodynamic therapy. 
Photomed. Laser Surg. 2007, 25, 428–435.

[319]	 Gomes AJ, Lunardi LO, Marchetti JM, Lunardi CN, Tedesco AC. 
Photobiological and ultrastructural studies of nanoparticles 
of poly(lactic-co-glycolic acid)-containing bacteriochlorophyll-
a as a photosensitizer useful for PDT treatment. Drug Deliv. 
2005, 12, 159–164.

[320]	 Fadel M, Kassab K, Fadeel DA. Zinc phthalocyanine-loaded 
PLGA biodegradable nanoparticles for photodynamic therapy 
in tumor-bearing mice. Lasers Med. Sci. 2010, 25,  
283–272.

[321]	 Zeisser-Labouebe M, Lange N, Gurny R, Delie F. Hypericin-
loaded nanoparticles for the photodynamic treatment of 
ovarian cancer. Int. J. Pharm. 2006, 326, 174–181.

[322]	 Qian J, Wang D, Cai F, Zhan Q, Wang Y, He S. Photosensitizer 
encapsulated organically modified silica nanoparticles 

for direct two-photon photodynamic therapy and in vivo 
functional imaging. Biomaterials 2012, 33, 4851–4860.

[323]	 Stuchinskaya T, Moreno M, Cook MJ, Edwards DR, Russell DA. 
Targeted photodynamic therapy of breast cancer cells using 
antibody-phthalocyanine-gold nanoparticle conjugates. 
Photochem. Photobiol. Sci. 2011, 10, 822–831.

[324]	 Kuruppuarachchi M, Savoie H, Lowry A, Alonso C, Boyle RW. 
Polyacrylamide nanoparticles as a delivery system in 
photodynamic therapy. Mol. Pharm. 2011, 8, 920–931.

[325]	 Smith L, Kuncic Z, Ostrikov K, Kumar S. Nanoparticles in 
cancer imaging and therapy. J. Nanomaterials 2012, 2012, 
891318.

[326]	 Kopelman R, Lee Koo Y-E, Philbert M, Moffat BA, Ramachandra 
Reddy G, McConville P, Hall DE, Chenevert TL, Bhojani MS, 
Buck SM, Rehemtulla A, Ross BD. Multifunctional nanoparticle 
platforms for in vivo MRI enhancement and photodynamic 
therapy of a rat brain cancer. J. Magn. Magn. Mater. 2005, 
293, 404–410.

[327]	 Hoskins C, Min Y, Gueorguieva M, McDougall C, Volovick A, 
Prentice P, Wang Z, Melzer A, Cuschieri A, Wang L. Hybrid 
gold-iron oxide nanoparticles as a multifunctional platform 
for biomedical application. J. Nanobiotechnology 2012, 10, 27.

[328]	 Zhao Z, Han Y, Lin C, Hu D, Wang F, Chen X, Chen Z, Zheng N. 
Multifunctional core-shell upconverting nanoparticles for 
imaging and photodynamic therapy of liver cancer cells. 
Chem. Asian J. 2012, 7, 830–837.

[329]	 Wilczewska AZ, Niemirowicz K, Markiewicz KH, Car H. 
Nanoparticles as drug delivery systems. Pharmacol. Rep. 
2012, 64, 1020–1037.

[330]	 Mabry R, Gilbertson DG, Frank A, Vu T, Ardourel D, Ostrander C, 
Stevens B, Julien S, Franke S, Meengs B, Brody J, Presnell S, 
Hamacher NB, Lantry M, Wolf A, Bukowski T, Rosler R, Yen C, 
Anderson-Haley M, Brasel K, Pan Q, Franklin H, Thompson P, 
Dodds M, Underwood S, Peterson S, Sivakumar PV, Snavely 
M. A dual-targeting PDGFRbeta/VEGF-A molecule assembled 
from stable antibody fragments demonstrates anti-angiogenic 
activity in vitro and in vivo. MAbs 2010, 2, 20–34.

Caroline J. Sheeba received her bachelor’s and Master’s degrees 
from the University of Madras, India, in Microbiology and Biotech-
nology, respectively. She completed her doctorate in 2011 from Life 
and Health Sciences Research Institute (ICVS), University of Minho, 
Portugal, where she studied the molecular parallelisms between 
vertebrate limb development and somitogenesis. At present, 
Dr. Sheeba is pursuing her Post-doctoral training (FCT-Post-doctoral 
fellowship holder) at ICVS in collaboration with the University 
of Algarve, Portugal. Her research interests include, signaling 
pathways regulating HES gene expression during embryonic 
development, tumor microenvironment, and associated molecular 
interactions.

Gregory Marslin holds a Master’s degree in Pharmacology. He 
carried out his Master’s thesis work at the CSIR institution, India, in 
Nanotoxicology. At present, he is pursuing his PhD at the Depart-
ment of Biology, University of Minho, Portugal, with a competitive 
PhD fellowship from the Foundation for Science and Technology 
(FCT), Portugal. His research focuses on Nanoparticles mediated 
drug delivery. He is a student member of the European Foundation 
for Clinical Nanomedicine.

Brought to you by | De Gruyter Trial Portugal 2018
Authenticated

Download Date | 6/4/19 12:26 PM



C.J. Sheeba et al.: Signaling pathways, tumor microenvironment, and targeted drug delivery      151

Ann Mary Revina obtained her Bachelor’s degree in Nursing from 
the Dr. M.G.R Medical University, India. She joined the Life and 
Health Science Research Institute (ICVS), University of Minho, Portu-
gal, to pursue her Master’s degree in Health Sciences. Her Master’s 
thesis focuses on the pathogenesis of Machado Joseph disease.

G. Franklin is an assistant professor and group leader at the Depart-
ment of Biology, University of Minho (UM), Portugal. Before moving 
to UM, he worked as a scientist at various institutions, including 
the Indian Institute of Science (India), University of Toledo (USA), 
and King Faisal University (Saudi Arabia). In addition to a PhD 
in Biotechnology, he also holds an LLM degree in European and 
Transglobal Business Law with specialization in Intellectual Prop-
erty Rights from UM. His current research focuses on the application 
of biotechnology for medicinal plant improvement, pharmaceuti-
cally important secondary metabolites, and exploration of new drug 
leads. He is a scientific entrepreneur strongly motivated toward 
applying his research findings to business development, job crea-
tion, and human well-being.

Brought to you by | De Gruyter Trial Portugal 2018
Authenticated

Download Date | 6/4/19 12:26 PM


