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College of Medicine, USA established that how these oncogenic signaling exerts its mode of action
*Corresponding author: Xiaotao Li, Department and how the key mutations in these signaling pathways lead to cancer
of Molecular and Cellular Biology, Baylor College of development. Oncogenic signaling promote cancer progression by regulating
Medicine, One Baylor Plaza, Houston, TX 77030, USA growth, proliferation, cell cycle progression and apoptosis in both solid and

hematological cancers. Activation of key oncogenic signaling is associated
with drug resistance in multiple cancers, which is one of the main challenge to
treat cancer patients effectively with chemotherapeutic agents. To date, several
inhibitors are developed to target the key signaling molecules and mutations in
these oncogenic signaling pathways to suppress tumorigenesis. Cell surface
receptors and their cognate ligands play crucial role in the activation of cellular
signaling, which subsequently enhance cancer metastasis and EMT-like
features in cancer cells. Oncogenic signaling mainly exerts its mode of action
via phosphorylation and activation of different transcription factors, and thereby
control the expression of target gene, which are involve in tumorigenesis.
Depletion or inhibition of key kinases in these oncogenic signaling pathways has
been shown to suppress cancer cell growth and is associated with induction of
apoptosis. Here, this review is focus on key oncogenic signaling pathways, their
mutations and inhibitors in both solid tumors and hematological malignancies.
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List of Oncogenic Molecular Pathways role in cancer development, progression, EMT and metastasis
[2]. Amplification of oncogenic proteins is key to tumorigenesis.

1. The Ras/Raf/MEK/ERK Pathway Once, the amplification of oncogenic proteins occur, then its play a

2. PI3K/ Akt Pathway dominant role in cancer cells by suppressing the function of tumor
o suppressor genes and thereby promote cancer cell growth and

3. PDGF signaling pathway proliferation. Protein-protein interaction play important role in
4.  JAK/STAT signaling pathway the suppression function of tumor suppressor proteins. Oncogenic
proteins mostly block the function of tumor suppressor proteins

5. mTORssignaling by interacting with key domain and region with tumor suppressor
6. NOTCH signaling proteins and subsequently enhance cancer cell growth. Most of the
oncogenic proteins serve as a transcription factors and they binds

7. Wntsignaling to the promoter regions of tumor suppressor genes and thereby
8.  EGFR signaling repress their expression. In some cases, oncogenic proteins forms a
large transcriptional complex, which also include co-activators and

9. MYCsignaling co-repressors, to suppress the function of tumor suppressor gene.

In some cases, competition occurs among cancer-related proteins
for binding to the promoters of their common target genes. In some
Introduction solid tumors, oncogenic proteins co-amplification occurs, in which
one of the protein play a dominant role to control cancer cell growth,
proliferation and survival.

10. Hedgehog (Hh) signaling pathway

Tumor microenvironment has been shown to play crucial role
in cancer cell growth, proliferation, DNA synthesis and survival and
promotes epithelial mesenchymal transition (EMT)-like features Both solid tumors and hematological malignancies show
and metastasis in both solid tumor and leukaemogenesis [1]. Several ~ heterogeneity. The contain activation, amplification and mutations
different types of inhibitors and cytotoxic drugs has been developed  of several genes within the same tumor. Due to this heterogeneous
to suppress the growth and induce the apoptosis of cancer cells  nature of tumors, it is also challenging to suppress the cancer cell
within tumor microenvironment. Genome instability, amplification, ~ growth with different inhibitors, cytotoxic agents and monoclonal
copy number alteration and mutations in key proteins play crucial ~— antibodies. Epigenetic changes has also been shown to play very
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of regulatory/feedback loops, which govern cancer progression and malignancy.

Figure 1: Activation of key oncogenic kinases signaling. Genetic mutations in receptors, amplification of oncogenes and growth factor receptors lead to
phophorylation of Ras, which in turn activates a signaling cascade. This oncogenic signaling cascade has cross talk with other signaling and results in the formation

important role in cancer progression and survival. Several studies
linked chromatin modification, methylation and acetylation with
cancer suppression or progression. The function of different co-
activators and co-repressors in cancer cell in context-dependent.

The Ras/Raf/MEK/ERK pathway

Multiple growth factors proteins and cytokines binds to their
target receptors, which is mainly express on cell surface, and triggers
the activation of downstream Mitogen activated protein kinases
(MAPK) that mainly include Ras/Raf/MEK/ERK signaling cascade
[1]. This signaling cascade in turn activates and phosphorylates a
network of transcription factors, which translocate into nucleus
to control the expression of different genes that are involve in cell
growth, invasion, migration and survival [2]. Several important
proteins such as phosphatases, kinases and scaffold proteins play
key role in the activation and amplification of MAPK regulated Ras/
Raf/MEK/ERK-dependent signaling pathway in cancer cells (Table
1). Importantly, genetic mutations and instability in key molecules
of these signaling promote tumorigenesis, invasion and metastasis
[3]. Mechanistically, Activation of MAPK occurs via association
of a growth factor receptor (GFR) with Src homology 2 domain
containing protein (Shc). Shc play crucial role in the recruitment
of growth factor receptor-bound protein 2 (Grb2) proteins and the
son of seven less (SOS) homolog protein to the cell surface receptor
complex and thereby exchange occurs between GDP and GTP
[4] (Figure 1). Moreover, it has been shown that insulin receptor
substrate (IRS) also promote Ras signaling activation via binding
with Grb2. To date, K-RAS, N-RAS and H-RAS, these three different
types of Ras proteins exist. These three different proteins play
important role in cancer cell in context-dependent manner [5]. It is
well documented that GTPase activating proteins (GAPs) suppress

the Ras signaling pathway. GAPs such as p120GAP and NF1promote
the GTPase activity and thereby convert GTP to GDP to turn off Ras
signaling pathway [6,7]. Once the Ras signaling becomes activated,
then it activates and phosphorylate Raf protein to further activate
the downstream signaling of MAPK. Ras mediated Raf-1 activation
is dependent on calcium/calmodulin-dependent protein kinase II
(CaMK-II), which phosphorylates Raf-1 at S338 [8]. B-RAF, RAF-1
(c-RAF) and A-RAF are the three different types of Raf, which exists
to date. PP2A has been shown to play important role in inactivation
of Raf-dependent signaling via dephosphorylation [9]. Furthermore,
activated Raf phosporylate mitogen-activated protein kinase-
1/2(MEK1/2). In turn, activated MEK-dependent signaling pathway
further phosphorylate and activates extracellular signal regulated
kinases 1/2 (ERK1 and 2) by targeting T /Y residues [10] (Figure
1). Kinase suppressor of Ras (KSR) has been shown to suppress the
MAPK-dependent signaling by targeting MEK via phosphorylation.
Moreover, it is well established that p21-activating kinases (PAK)
and Rac (Ras related gene) proteins also phosphorylate and activates
MEK/ERK-dependent signaling in cancer cells. The dual specificity
phosphatases DUSP (MKPs) act as negative regulator of MAPK
signaling by inhibiting ERK1/2 signaling pathway in cancer cells
[11]. Activated ERK1/2 signaling, in turn, phosphorylate and activate
p90 Ribosomal six kinase-1 (p90Rskl), MAPK signal integrating
kinases (Mnk1/2), focal adhesion kinase (FAK) and myosin light
polypeptide kinase (MLCK). Post-translational modification play
important role in the activation of these target proteins by ERK1/2-
dependent signaling [12]. ERK1/2-dependent signaling activates
different transcription factors such as ETS, ATF-2, CREB and AP-1
to translocate into the nucleus. In nucleus, these transcription factors
interact with different co-activators or co-repressors to regulate the
target gene expression. These transcription factor mainly promote
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Table 1: Inhibitors.

Inhibitors/agents

Target gene/protein/

Cancer type

Clinical/preclinical /

Signaling Il trials

e Raf melanoma Preclinical

SB-590885

BAY 43-9006 PDGFR, VEGFR Leukemia, heptocellular carcinoma, melanoma Phase I, Il and Il

PLX-4720 RAF Melanoma Preclinical

RAF265 VEGFR, Raf Melanoma Phase |

PLX-4032 Raf Thyroid, melanoma, solid tumors Phase |

CI-1040 (PD-184352) MEK Breast, lung, colorectal, pancreatic Phase |, Il

PD0325901 MEK Breast, lung, colorectal, pancreatic, melanoma Phase |, II

AZD6244 MEK Liver, Breast, lung, colorectal, pancreatic, Phase I, I
melanoma

PD098059 MEK1/2 Leukemlg, Liver, Breast, lung, colorectal, preclinical
pancreatic

Tipifarnib Ras Leukemia, Breast, lymphoma Phase I, Il and Il

00126 MEK1/2 Leukemia, Breast, Iymphoma, Liver, lung, Preclinical
colorectal, pancreatic

EDK/PISK/AKT/mTOR. Leukemia, Breast, lymphoma, Liver, lun

inhibitors PDK colorectal‘ ancreéti)(/: P ’ »ung, Preclinical

BX-320 P

AR-12 AKT, PI3K Breast, lymphoma, Liver, lung, colorectal Phase |

KP372-1 AKT, PI3K Brain, thyroid, leukemia Preclinical

XL-147 AKT, PI3K Lungs, breast, liver, colon Phase |

GDC-0941 AKT, PI3K Lungs, breast, liver, colon, lymphoma Phase |

PX-866 AKT, PI3K Lungs, breast, liver, colon, liver, pancreatic, ovary Phase |

Celecoxib PDK Prostate, colon, lungs Phase I and Il

PWT-458 AKT, PI3K Lung, brain preclinical

Wortmannin AKT, PI3K, mTOR, ERK, MEK Brain, liver, lung, leukemia, breast, colon preclinical

SR13668 AKT, PI3K Breast, colon, prostate, ovary preclinical

MK-2206 AKT, PI3K Breast, Il._mg, liver, colon, prostate, ovary, Phase |
pancreatic

CCI-779 mTOR Lung, leukemia, colon, breast Phase |, Il

AZD-8055 mTOR Breast, ang, liver, colon, prostate, ovary, Phase I, I
pancreatic, lymphoma

INK-128 mTOR Breast, ang, liver, colon, prostate, ovary, Phase |
pancreatic, lymphoma

0S1-027 mTOR Breast, Igng, liver, colon, prostate, ovary, Phase |
pancreatic, lymphoma

WNT signaling inhibitors Breast, lung, liver, colon, prostate, ovary,

OMP-54F28 WNT pancreatic Phase |

PRI-724 WNT/B-catenin Myeloma Phase |

LGK974 WNT Pancreatic, breast, melanoma Phase |

Vantictumab WNT Breast, Igng, liver, colon, prostate, ovary, Phase |
pancreatic

CWP232291 WNT/B-catenin Leukemia Phase |

Hedgehog signaling inhibitors Breast, lung, liver, colon, prostate, ovary,

LDE-225 Hh pancreatic, leukemia Phase |, Il

TAK-441 Hh Breast, ang, liver, colon, prostate, ovary, Phase |
pancreatic

LEQ-506 Hh Breast, ang, liver, colon, prostate, ovary, Phase |
pancreatic

GDC-0449 Hh Breast, ang, Il\{er, colon, prostate, ovary, Phase Ii
pancreatic, brain, myeloma

BMS-833923 Hh Gastric, tlJreast,. lung, liver, colon, prostate, ovary, Phase I, II
pancreatic, brain

JAKISTAT Inhibitors. JAKL/2/3 Leukemia, lymphoma Phase I, II

Pacritinib

Ruxolitinib JAK1/2/3, TYK Leukemia, breast, pancreatic Phase 11,11l

AZD1480 JAK1/2/3 Gastric, llareast,- lung, liver, colon, prostate, ovary, Phase I, II
pancreatic, brain

SAR302503 JAK1/2/3, TYK Breast, lung, liver, colon, prostate Phase |
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Lestaurtinib JAK2 Leukemia, lymphoma Phase |, Il
%W HER1/EGFR NSCLC Phase 11,111
Gefitinib EGFR TKI NSCLC Phase 11,111
Cetuximab EGFR NSCLC, head and neck Phase 1,111
Panitumumab EGFR Colorectal Phase 11,111
Sorafenib EGFR, VEGFR Heptocellular, renal Phase 11,111
Sunitinib EGFR TKI, VEGFR, PDGFR Gastrointestinal Phase 11,111
Lapatinib HER2, EGFR Breast Phaselll

the expression of tumor associated genes and on another hand
suppress the expression of tumor suppressor proteins to promote
growth, invasion, proliferation, metastasis. Activated ERK1/2
signaling also has been shown to promote the expression of EMT-
related transcription factors such as TWIST1, SLUG, SNAIL and ZEB
[13,14].

Ras/Raf/MEK/ERK pathway mutations: Mutations in the MAPK
signaling pathways is crucial to cancer development and several
mutations in this signaling pathway has been shown to promote
cancer progression. Mutations in MAPK signaling pathway mainly
over-express in tumors, where they also correlate with poor prognosis
of cancer patients. About 20% of human cancers contain or have Ras
mutations. Importantly, it has been shown that advanced pancreatic
cancers patients contain about 70-80% mutations in K-Ras. Point
mutations in RAS gene has been suggested to play important role in
the activation of MAPK-dependent signaling and has been detected
frequently in cancer patients. BRAF gene is frequently mutated
in Langerhans cell histiocytosis (57%), melanomas (50-70%), and
papillary thyroid cancers (PTC) (40%), about 2% in lung cancer and
around 8% in colorectal cancers contains [15]. B-Raf inhibitors such
as GDC-0879, dabrafenib and vemurafenib are mainly used to treat
cancer patients that bear BRAF mutations. In addition, sorafenib,
PLX-4720, and 885-A have ability to inhibit B-Raf mutants related
cancer cell growth and proliferation. A MEK1/2 mutation has been
found in lung and ovarian cancers [16]. U0126, PD98059, PD184352,
PD0325901, RDEA119 and Selumetinib are used to treat cancer
patients having activation of MEK-dependent signaling [17].

Ras/Raf/MEK/ERK pathway in leukemia: Ras/Raf/MEK/ERK
signaling is also deregulated in leukemia and especially KRAS and
NRAS mutations are mainly associated with Acute Lymphoblastic
Leukemia (ALL). Ras pathway amplification is mainly caused by
chromosomal translocation and somatic mutations in leukemia.
FMS-related tyrosine kinase 3 (FLT3) mutations, BRAF mutations,
protein tyrosine phosphates, non-receptor type 11 (PTPN11) somatic
mutations, Neurofibromin (NF1) inactivation are mainly involved in
activation of RTK signaling duringleukemia development. About2-9%
cases of ALL involve FLT3 mutations. Importantly, FLT3 is activated
in mixed-lineage-leukemia (MLL). PTPN11 is highly expressed by
hematopoietic cells and mutations of PTPN11 occurs in 2-10% in
ALL patients, while, about 35% of juvenile myelomonocytic leukemia
patients represents PTPN11 mutations. BRAF mutations are very rare
in ALL patients and predominantly amplification of BRAF involve
in activation of Ras signaling during leukemia development. CBL
mutations represent about 2% in Leukemia patients. Chromosomal
translocation of BCR/ABL has been shown to involve in activation

of Ras signaling in leukemia patients. Importantly, activation of Ras
signaling show resistance to anti-cancer drugs in leukemia cells [18].

PISK/AKT pathway

Phosphatidylinositol-3-kinase (PI3K) is a heterodimeric protein,
which play important role in the migration, invasion and growth
of cancer cells. Suppression of PI3K signaling has been linked with
inhibition of tumor growth. PI3K contains a regulatory subunit
and catalytic subunit (PIK3CA). PI3K have three different substrate
specificity and lipid products: I, II, and III. PI3Ks Class I is further
sub-divided into two type A and type B. Class IA PI3Ks has been
shown to includes multiple regulatory subunits (p85-alpha, p85-
beta, p55-alpha, p55- gamma, p50-alpha) and catalytic subunits
(pl110-alpha, p110-beta, pl10- delta) [19], that play important
role in PI3K-mediated signaling. PI3K class IB has been shown
to composed of a pl10-gamma catalytic subunit which binds the
regulatory subunits, p101 and p87. PI3K play important role in the
phosphorylation of membrane phospholipids signaling cascade,
which include phosphatidylinositol 4-phosphate (PI4P) and PIP2
and PIP3 respectively [20]. PTEN is one of the most important
negative regulator of PI3K signaling. PTEN exist tumor suppressor
activity and its over-expression suppress the growth, migration and
invasion of cancer cells. Furthermore, PH domain leucine-rich repeat
protein phosphatase (PHLPP) has been shown to suppress AKT-
dependent signaling via dephosphorylation at S473 and thereby
induces apoptosis in cancer cells [21].

PI3K/AKT pathway mutations: PI3K mutations have been
linked with tumor progression of several cancers. Cancer patients
having PI3K mutations show poor prognosis and poor survival rates.
About 40% of ovarian cancers, 32% of colorectal, 30% of endometrial,
27% of brain, 25% of breast, 25% of gastric, 4% of lung cancers contain
PI3K mutations [22]. Mutations of AKT1 are about 6% in colorectal
cancer, around 8% in breast cancer, and 2% in ovary cancer. In
contrast, AKT?2 is not frequently mutated in human cancer and not
play very aggressive role in cancer development. About 12.1% in
ovarian cancer and 2.8% in breast cancer has been found to contain
AK2 mutations [23]. Moreover, AKT3 mutations have been detected
in some melanoma. Wortmannin, LY-294002, GDC-0941, PX-866,
CAL- 101, XL-765 and XL-147 are used to inhibit PI3K pathway.
OSU-03012 and Celecoxib are used to block PDKI1 signaling.
GSK690693, A- 443654, KP372-1, VQD-002, and Perifosine have
ability to inhibit AKT signaling [24].

PI3K/AKT Pathway in leukemia: Activation of PI3K/AKT
signaling play important in the cell growth, proliferation and
development of leukemia. PDKI1 activates AKT via phosphorylation
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Figure 2: FLT3-ITD mutations involve in activation of MAPK, STAT signaling and 3-Catenin signaling to promote drug resistance, cell survival and growth.

0

by targeting threonine residue at 308 (Thr 308). About 50% of AML
patients involve activation of AKT signaling at Thr308 residue.
Moreover, AKT signaling activation via Thr308 is associated with
poor survival of AML patients. Insulin-growth factor-1 signaling and
FLTD3-IDT mutations has been shown to activate PI3K signaling
during leukemia development (Figure 2) BCR-ABL oncogene mainly
activates AKT signaling in B precursor lymphoblastic leukemi-ALL
(Figure 4). It has been shown that p210 sub unit of BCR-ABL involve
in interaction with PI3K via p85 subunit and hence activate PI3K
signaling in Chronic Myelogenous Leukemia (CML). The p110§
subunit of PI3K play crucial role in B cell signaling and has been shown
the most important target for suppression of B-ALL. Deregulation of
PI3K/AKT signaling has also been observed in leukemia initiating
cells (LICs). Thus, PI3K/AKT signaling play important role in the
progression of leukemia [25].

PDGF signaling pathway

Platelet-derived growth factor (PDGF) has been found to
enhance the cell growth, motility, invasion and survival of cancer
cells. Abnormal regulation of PDGF signaling is associated with
the tumor development [26]. Over-expression of PDGF signaling
has been linked with cancer development. Inhibition of PDGF
suppresses cancer cell migration, invasion and growth. The PDGF
mainly composed of composed of four different family members
PDGEF-AA, PDGE-BB, PDGF-CC and PDGE-DD, which exists in
the form of homodimer [27]. PDGF receptor genes activation and
mutations has been shown to promote cancer. The PDGFRa gene
has point mutations in about 5% of gastrointestinal tumors [28].
Importantly, macrophages and endothelial cells play important

role in PDGF secretion. PDGF secretion in turn activates PDGF-
dependent signaling pathway to control cancer cell growth and EMT-
like features [29,30] (Figure 3). It has been shown that brain cancer
cells and brain tumor tissues express high levels of PDGFR, which
suggest the important and aggressive role of PDGFR in brain cancer
development [31,32]. Moreover, PDGF receptors over-expression is
also associated with prostate cancer development and angiogenesis.
Depletion or inhibition of PDGFR is associated with suppression
of growth and angiogenesis in prostate cancer. It has been also
shown that over-expression of PDGFR promote liver cancer and its
expression is negatively correlates with cancer patients survival [33].
Study on breast cancer cells also revealed that breast cancer cells
express high levels of PDGFR, which play important role in migration
and metastasis of breast cancer. Thus, targeting PDGFR receptor
in different cancer is important for effective treatment of cancer
patients. Sunitinib, imatinib, pazopanib, sorafenib, and nilotinib are
the different anti-cancer drugs that has been shown to inhibit or block
the PDGF receptor signaling in different cancers [34,35].

PDGF signaling in leukemia: It has been shown that PDGFR
gene fusion occurs with TEL transcription factor in chronic
monomyelocytic leukemia (CMML). Activation of PDGFRa has
been associated with chronic eosinphilic leukemia. PDGFRa fusion
with FIP1L1 (PDGFRa- FIP1L1) has been shown to activate STAT
transcription factor family members including STAT1, STAT3 and
STAT5 and MAPK family members such as p38 and ERK signaling
eosinphilic leukemia. TEL-PDGFRa and TEL-PDGFRp fusions has
been shown to associated with resistance against chemotherapy such
as imatinib. PDGF-BB in combination with IL-15 has been shown
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invasion, migration, metastasis and EMT.

Figure 3: PDGFR, WNT, Hedgehog, NOTCH, c-MET signaling activates different transcription factors, which translocate to nucleus to promote cancer cell

to promote large granular lymphocyte leukemia. Importantly,
antibody targeting PDGF-BB has been shown to suppress the growth
of leukemia cells. Thus, PDGFR signaling play important role in the
development of leukemia [36].

JAK/STAT signaling

Abnormal regulation or over-expression of the JAK/STAT
signaling pathway has been shown to promote cancer progression,
invasion, migration and importantly inflammation [37]. JAK/STAT
signaling pathway play critical role in the activation of inflammatory
cytokines, that in turn promotes cancer metastasis. JAK family mainly
consists of 4 different kinases named as JAK1, JAK2, JAK3, and TYK2.
Different cytokines and inflammatory signaling such as IFN-y, IL-20,
IL-19 IL-6,IL-10, and IL-11 mainly activate JAK1 and JAK2. Whereas
IL-3, IL-5, granulocyte macrophage colony-stimulating factor
(GM-CSF), thrombopoietin and erythropoietin has been shown
to enhance/activate the expression of JAK2 [38]. JAK2 activation
has been shown to be important for recruitment of the STAT3 and
STATS5 transcription factors to the receptor complex. JAK2-mediated
STAT3 and STATS5 transcription factors phosphorylation results
in the formation of homodimers and heterodimers complexes.
Formation of these complexes is important for the translocation of
STAT3 and STATS5 to nucleus, where they regulates the expression
of target genes involved in cell growth, proliferation, cell survival and
cancer progression [39]. Among different STAT family members,
STAT3 and STATS5 has been shown to play very important and
aggressive roles in the development of several cancers such as colon
cancer, breast cancer, liver cancer and lung cancer [40]. LNK has been

to act as negative regulator of JAK/STAT signaling, which inhibits
these signaling to maintain a normal level of JAK/STAT proteins
[41]. CYT387 has been shown to block JAK1/2 phosphorylation in
cancer cells, which in turn leads to inactivation of STAT3 and STAT5
activation. Ruxolitinib has been shown to inhibit the phosphorylation
of STAT5, ERK1/2, JAK1/2 and JAK2V617F in different cancer
to suppress cancer cell growth. SAR302503 has been shown to
suppress JAK2 and JAK2V617F. While, Pacritinib has been shown to
specifically inhibit JAK2 signaling in cancer cells [42].

JAK/STAT signaling in leukemia: Deregulation of JAK/
SATAT signaling has been shown to play important role in the
development of blood-related disease. A JAKI mutation has been
associated with adult lymphoblastic leukemia and poor prognosis in
leukemia patients. Fusion of JAK2 gene with TEL (JAK2-TEL) has
been found in B cell ALL and T cell ALL. JAK2 mutations fused with
SSBP2 have been found in B cell ALL. STAT3 activation has been
found in anaplastic large cell lymphoma and granular lymphocytic
leukemia. STAT1 and STAT3 activation has been linked with chronic
lymphocytic leukemia (CLL). About 20-50% AML patients show
STAT3 activation. Importantly activation of STAT3 in AML is more
common than STAT1 and STATS5, which also explain the important
role of STAT3 activation in leukemia development [43].

mTOR signaling

The serine threonine kinase mammalian target of rapamycin
(mTOR) plays an important and central role in protein translation
and cancer cell invasion and migration [44]. Importantly, mTOR
signaling has been shown to play critical role in cancer cell
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metabolism by regulating autophagy [44]. Over-expression of mMTOR
signaling components has been linked with cancer development and
poor prognosis in cancer patients. Knockdown or suppression of
mTOR components have been shown to suppress cancer cell growth
and invasion. It is well established that Rapamycin and its analogs
(rapalogs) are most effective anti-cancer drugs against mTOR
signaling [45]. Rapamycin has been shown to suppress the cancer cell
growth, invasion and migration that occurs due to over-expression
of mTOR signaling. The mTOR signaling pathway mainly consists of
mTOR complex 1 (mTORC1) and mTOR complexes 2 (mTORC2)
[46]. Activation of mTORCI subunit leads to phosphorylation of S6
kinase 1 (S6K1) and eukaryotic initiation factor 4E-binding protein 1
(4E-BP1), which in turn promote translation. In contrast, activation
of mTORC2 has been linked with activation and phosphorylation
of PKC-dependent signaling pathway, AKT signaling and FOXO
transcription factor, to promote cancer metastasis and EMT [47,48].
Several studies showed that modified rapamycins (rapalogs) such as
CCI-779 (Temsirolimus, Torisel), rapamycin, RAD001 (Everolimus,
Afinitor), AP-23573 (Ridaforolimus) are able to inhibit/suppress
mTOR-dependent signaling pathway to overcome tumorigenesis in
cancer cells [49].

mTOR signaling in leukemia: It has been shown that deregulated
mTOR signaling promote drug resistance, show relapse and is
associated with poor prognosis in AML patients. mTOR signaling
play important role in the growth, proliferation and survival of
leukemic cells. It has been shown that FLT3 activates mTOR signaling
pathway and thereby maintains the survival of AML cells that involve
FLT3 mutations. Spleen tyrosine kinase (SYK), T cell immunoglobin
and mucin domain 3 (TIM3), C-KIT and Colony-stimulating growth
factor 1 (CSF-1) have been shown to enhance mTOR signaling
in AML cells. Importantly, interference with mTOR pathway via
Raptor, which is the important subunit of mMTORC]I, has been shown
to suppress the growth of leukemic cells in the bone marrow and
blood of acute myeloid leukemia mouse model. Inhibition of mTOR
signaling also has been linked with prolonged survival of AML mice.
Thus, the role of mTOR signaling in progression and development of
leukemia is well established [50].

NOTCH signaling

Aberrant regulation and activation of NOTCH signaling pathway
and its different components has been shown to over-express in
different cancers. NOTCH-dependent signaling play very aggressive
role in various types of cancers and has been linked with cancer
cell invasion, migration and proliferation (Figure 3). Inhibition
of different NOTCH signaling components have been shown to
suppress tumorigenesis [51,52]. NOTCH signaling mainly consist
of four different NOTCH components that NOTCH1/2/3/4. These
NOTCH family members have been shown to play critical role in
multiple cancers that include breast cancer, liver cancer, colon cancer
and lung cancer. Notch extracellular domain (NECD), which is
composed of 29-36 repeated units of epidermal growth factor, has
been shown to be important for proper folding of Notch receptors
[53]. Moreover, NECD has been also shown to play important role in
the interaction of NOTCH receptors with ligand Delta, Serrate, and
Lag-2 (DSL) [54,55]. Tripeptide y-secretase inhibitors such as IL-X
(cbz-IL-CHO) and z-Leu-leu-Nle-CHO has been shown to inhibit/
suppress NOTCH-dependent signaling in various cancer cells to

overcome tumorigenesis. Moreover, these inhibitors have also been
shown to suppress the tumor growth in vivo that is mediated by
NOTCH-dependent signaling. Several studies showed that MK0752
has ability to inhibit NOTCH-dependent signaling pathway that is
over-expressed in advanced breast cancer patients [56].

NOTCH signaling in leukemia: About 60% of T-ALL patients
show NOTCH signaling activation due to NOTCH 1 mutations.
Thus, NOTCH1 mutation enhances NOTCH signaling in T-ALL
leukemia to maintain the growth and survival of leukemic cells.
Intriguingly, it has been shown that NOTCH signaling act as a tumor
suppressive signaling in B-ALL, due to hypermethylation of NOTCH
3 and NOTCH signaling target genes Hes family members Hes2, Hes4
and Hes5 in B-ALL. In contrast, NOTCH signaling play oncogenic
role B cell chronic lymphoblastic leukemia (B-CLL) by maintaining
the survival, growth and proliferation of B-CLL. Targeting NOTCH
signaling with gamma-secretase inhibitors (GSIs) has been shown
to induce the cell death of B-CLL. NOTCH2 over-expression has
been also implicated in B-CLL, which contributes to cell survival and
suppresses apoptosis in B-CLL. It has been shown that activation
of NOTCH signaling is associated suppression of chronic myeloid
leukemia (CML) by inhibiting cell growth, proliferation and colony
forming ability of K562 CML cells. Leukemic cells mainly dependent
of the tumor associated microenvironment, which is known as
leukemic microenvironment. Bone marrow stromal cells (BMSCs)
play important role in the survival of leukemic cells. Several studies
showed that NOTCH signaling is important for the cross talk of
leukemic cells with BMSCs for their survival. Importantly, BMSCs
has been shown to induce the expression of NOTCH1, NOTCH3 and
NOTCH4, the key signaling molecules of NOTCH signaling. Thus,
these results establishing the potential role of NOTCH signaling in
leukemia and in BMSCs [57].

Whnt signaling

Wnhnt signaling pathways has been shown to play crucial role in
embryonic development and has been linked with cancer progression
[58]. Over expression of Wnt signaling pathway has been implicated
in several cancers. In contrast, suppression or inhibition of Wnt
signaling pathway has been show to suppress cancer cells growth,
invasion and migration (Figure 3). It is well documented that Wnt
signaling activity mainly dependent on [-catenin expression in
the cytoplasm. Mechanistically, Wnt proteins binds to lipoprotein
receptor-related protein/Frizzleds (LRP/Fz), which in turn
phosphorylate a cytoplasmic dishevelled (Dvl) and thereby inhibits/
suppress the activity of GSK-3p activity. All these events, results in
the accumulation of nonphosphorylated B-catenin in the cytoplasm
[59]. B-catenin has been shown to recruit the transcriptional
coactivators such as p300 and CBP to enhance the transcription of
its target genes. Several studies showed that secreted Frizzled-related
proteins (SFRP) and Wnt inhibitor factor 1 (WIF1) are important
endogenous inhibitors of the Wnt signaling pathway [60,61]. Wnt/f-
catenin signaling over-expression has been shown in several cancers
that include breast cancer, liver cancer, lung cancer and colon cancer.
Studies have indicated biological and small molecules inhibitors for
the suppression of Wnt/B-catenin signaling. Importantly, studies
have indicated that vitamin A and vitamin D3 have ability to inhibit
Wnt/B-catenin signaling pathway in cancer cells [61]. Moreover,
the inhibitory effect of polyphenols such as resveratrol, curcumin,
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Figure 4: BCR-ABL fusion is involved in activation of MYC, MAPK, PI3K/AKT and STAT signaling to enhance cancer progression.

epigallocatechin-3-gallate (EGCG) and quercetin on Wnt/f-
catenin signaling pathway are also indicated by several studies [62].
Furthermore, small moleculae inhibitors such as FJ9, 3289-8625 and
NSC668036, which target the PDZ domain in Dvl has been shown to
inhibit Wnt-dependent signaling in cancer cells. In addition to this,
several other inhibitors such as Inhibitors of Wnt response (IWR),
Wnt production inhibitors (IWP) and XAV939 has been implicated
in several studies to suppress/ inhibit Wnt/p-catenin pathway in
cancer cells by targeting stabilization of Axin protein [63,64].

Whnt signaling in leukemia: Wnt signaling has been shown to
over-express in AML and play important role in the self renewal of
hematopoietic stem cells. Inhibition of Wnt signaling pathway has
been linked with decrease proliferation in AML cell lines. Over-
expression of Wnt signaling is associated with decrease survival of
AML patients. Wnt signaling pathway proteins especially LEF1,
Wntl and Wnt2B has been shown to over-express in AML patients.
While, TCF/LEF transcription factors, which are activated by Wnt
signaling pathway, has been shown to up-regulate in leukemic cells.
Wnt signaling pathway also play important role in the development
of leukemia stem cells. Moreover, Wnt signaling has also been shown
to over-express in CLL and inhibition of Wnt signaling is linked
with decrease cell survival and growth of CLL cell lines. Importantly,
inhibition of wnt signaling in CLL cells is associated with increased
apoptosis. Thus, these result suggest the oncogenic role of wnt
signaling in the progression and development of leukemia [65].

EGFR signaling

Itis noteworthy to mention that Epidermal growth factor receptor
(EGFR) play critical role in cancer cell growth and has been shown to

over-express in cancer patients. This signaling consist of four different
family members that includes; EGFR (ErbB-1), HER2/c-neu (ErbB-
2), Her 3 (ErbB-3), and Her 4 (ErbB-4). Epidermal growth factors
play central role in the activation of EGFR-dependent signaling in
cancer cell. It has been shown that cancer cells over-express EGFR
expression and suppression of EGFR activity has been linked
inhibition of cancer cell growth. Activated EGFR signaling leads to
activation of MAPK and PI3K signaling to enhance cell growth and
DNA synthesis [66,67]. Several studies indicated that activated EGFR
signaling pathway also plays a role in the suppression of autophagy
in cancer cells [68]. EGFR signaling also has the ability to activate
several transcription factors such as STAT3, STAT5, CREB and AP-
1, which play important role in regulation of inflammatory signaling.
Cancer patients bears EGFR mutations are mainly treated with anti-
cancer drugs such as gefitinib, erlotinib and afatinib [69,70].

MYC signaling

Role of MYC signaling in tumor progression is well established.
MYC is a proto-ocogene and has been shown as a master
transcription factor that has ability to control the expression of
target genes involved in cell growth, cell proliferation and metastasis.
MYC is over-expressed in various cancers and plays a crucial role
in cancer development [71]. Inhibition of MYC activity has been
linked with cancer suppression. Myc family proteins mainly consist
of L-Myc, N-Myc, c-Myc, and Myc’s ‘second-cousins’ S-Myc and
B-Myc [72]. Studies have shown that C-MYC is the most important
for cancer cell growth and DNA synthesis and play aggressive role
in tumor formation. It is well established that activation of MYC
leads to phosphorylation of MAPK, AMPK and PI3K signaling in
cancer cells to support the cancer cell survival. In contrast, Receptor

Submit your Manuseript | www.austinpublishinggroup.com

Ann Hematol Oncol 3(8): id1108 (2016) - Page - 08



Li X

Austin Publishing Group

tyrosine kinases and various growth factor receptors such as EGF,
FGF, HGF has been shown to induce Myc expression in cancer cells.
Importantly, studies have indicated that MLN8237/alisertib, which
is an inhibitor of aurora A kinase, has the ability to suppress/inhibit
MYC over-expression in tumors in clinical trials [73].

MYC signaling in leukemia: MYC signaling play important
role in the progression of leukemia and has been shown to be up-
regulate in ALL via multiple mechanisms. About 2-5% children ALL
and 5% adult ALL patients represents deregulation of MYC signaling.
Lymphoblastic leukemia cells show high expression of MYC protein.
Moreover, NOTCH signaling and TEL2 play important role in
the induction of MYC expression in leukemia. Importantly, CLL
represents decrease expression of MYC. AML patients show over-
expression of MYC and high expression of MYC is important for
the survival and proliferation of AML cells. The fusion of different
transcription factors that involve in the progression of leukemia such
as PLZF-RARa has been shown to activate the MYC gene expression
to support AML cell survival. High expression of MYC is also reported
in CML. It has been shown that BCR-ABL kinase induces MYC
expression in CML to promote CML cell growth and proliferation
(Figure 4) MYC over-expression is also linked with abnormal DNA
synthesis in CML cells, which indicate the oncogenic role of MYC in
CML patients [74].

Hedgehog (Hh) signaling pathway

Hedgehog (Hh) signaling pathway was first reported in Drosophila
and has been shown to play a potential role in proliferation, cell
migration and differentiation [75] (Figure 3). Sonic Hedgehog (SHh),
Desert Hedgehog (DHh) and Indian Hedgehog (IHh) are the family
members of Hh signaling pathway. Hedgehog (Hh) signaling pathway
is activated when Sonic Hedgehog (SHh), Desert Hedgehog (DHh) or
Indian Hedgehog (IHh) binds to Patched (Ptchl) [76] . Upon binding
of Hh ligand to Ptch, the expression of Gli transcription factor
is changed and subsequently Smo is released. Gli is a zinc-finger
transcription factor and has three types known as Glil, Gli2 and
Gli3 [77,78]. Hh signaling over-expression has been implicated in a
variety of cancers. Studies indicated that Hh signaling components
play important role in tumor progression. Aberrant regulation of Hh
signaling components has been linked increased DNA synthesis, cell
migration, cell invasion, inhibition of apoptosis. Activation of Hh
signaling pathways is also associated with drug resistance in cancer
cells. GDC-0449 and BMS-833923 (XL139) has been shown to block
Hh pathway during cancer progression. GANT-58 and GANT- 61 are
GLI antagonists and has the ability to suppress/inhibit deregulated
Hh pathway in cancer cells. Importantly, Hh pathway inhibitor (HPI)
such as HPI-1/2/3/4 has been shown to GLI transcription factor
activity and subsequently suppress Hh dependent signaling pathway
in cancer cells. In addition, studies have shown that Robotnikinin has
ability to inhibit sonic Hh signaling [79-81].

Hedgehog (Hh) signaling in leukemia: It has been shown
that Hh signaling is required for the expansion of leukemia stem
cells. Moreover, Hh signaling also play important role in the
growth, proliferation, survival and maintenance of leukemic cells.
Importantly, Hh signaling has been shown to over-express in AML
patients and AML cell lines. GLI-1 and SHH, the components of Hh
signaling, has been shown to highly express in different leukemic
cells including AML cell lines. High expression of GLI-1 is associated

with decrease survival and drug resistance in AML patients. High
expression of Hh signaling components also reported in B-CLL.
High expressions of Hh signaling promote the expression of BCL-2
and thereby inhibit the apoptosis of leukemic cells and promote cell
survival. Thus, Hh signaling pathway components play critical roles
in the leukemia progression, which also make Hh signaling is one of
the most important target in leukemia disease [82,83].

Conclusion

In this review, we have discussed various oncogenic pathways and
kinases, which lead to cancer development and involve in the leukemia
progression. We also discussed genetic mutations in the key proteins
within these signaling pathways that support cell survival, cell growth
and proliferation. Mutations in these proteins lead to abnormal
regulation of oncogenic signaling and cellular transformation. In
vivo studies indicated that over-expression of oncogenic signaling
is associated with tumor formation ability. Genetic mutations and
amplification of these proteins show resistance to anticancer agents,
inhibitors and monoclonal antibodies, and most of the targeted
therapy is short-time and less effective. Importantly, several studies
showed that some of the key oncogenic signaling proteins are
involved in the relapse and recurrence. Therefore, it is challenging to
get rid off from the tumors completely due to amplification of these
oncogenic signaling. Another important reason is that most of the
tumors are heterogeneous in nature and contain more than one type
of mutations in single tumor. Currently, combinations of different
inhibitors are under clinical trials to improve and prolong cancer
patients’ survival. Amplification of these oncogenic proteins also
negatively correlates with survival of cancer patients. Importantly,
researchers are focus on the development of specific inhibitors,
small molecules, peptides, monoclonal antibodies and anti-cancer
agents to target specific type of cancer. In case, if, the tumor growth
depends on MAPK signaling pathway, then it will show sensitivity to
MAPK inhibitors, so called “personalized therapy”. Recently, some
clinical trials suggest that dual inhibitors show much better effect
than single inhibitor alone due to heterogeneity. Importantly, these
oncogenic signaling forms positive and negative feedback loops with
each other during cancer progression, which is important for cell
survival. Cancer microenvironment also play important role in the
resistance of cancer cells against inhibitors, peptides, monoclonal
antibodies and cytotoxic agents. Tumor microenvironments secrete
different growth factors and cytokines, which promote inflammatory
singling in cancer cells. Oncogenic signaling pathways such as STAT3
and MAPK have been shown to promote inflammatory cytokines
production. Thus, it’s challenging to inhibit, block or suppress one
specific targeted oncogenic signaling effectively in clinical trials and
in cancer cells due to complicated links among these signaling.
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