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A B S T R A C T   

Several different signaling pathways and molecular mechanisms have been identified as responsible for con-
trolling critical functions in human cancer cells, such as selective growth and proliferative advantage, altered 
stress response favoring overall survival, vascularization, invasion and metastasis, metabolic rewiring, an 
abetting microenvironment, and immune modulation. This concise summary will provide a selective review of 
recent studies of key signal transduction pathways, including mitogen-activated protein kinase (MAPK) pathway, 
Phosphatidylinositol-3-kinase (PI3K)/AKT/mammalian target of rapamycin (mTOR) signaling, and Wnt/β-cat-
enin signaling pathway, which are altered in cancer cells, as the novel and promising therapeutic targets.   

Introduction 

It is well accepted that cancer is driven by successive genetic and 
epigenetic alterations that allow cells to escape homeostatic controls 
that ordinarily suppress inappropriate proliferation and inhibit the 
survival of aberrantly proliferating cells outside their normal niches. 

In the development and progression of cancer, cell signal trans-
duction is a fundamental process. Tumor cells possess a set of charac-
teristics or hallmarks, including uncontrolled proliferation, genomic 
instability, and apoptosis evasion. The intricacy of cellular signaling 
networks has significant implications for our understanding of tumor 
cell behavior and our ability to use this knowledge for cancer therapy. 
Modifications to various cell signaling pathways promote tumor cell 
proliferation, progression, and survival. The changes in cancer cells 
result from multiple alterations in cellular signaling machinery. Dysre-
gulation of the pathway is associated with a plethora of human cancers, 
and there are numerous efforts to target critical components of the 
pathway for disease intervention. Its intervention that might cause 
dysregulation relevant for human diseases has been dissected in several 
signaling pathways. Targeted therapies aim at controlling the signaling 
pathways through which cell survival and death are regulated. 

Here, in order to understand the architecture of the key signaling 

network, we outline the current general aspects of three key signaling 
pathways, including the MAPK pathway, PI3K/AKT/mTOR signaling, 
and Wnt/β-catenin signaling pathway, the components in signaling 
pathways, and the relationship between factors and therapeutic 
opportunities. 

Key signal transduction pathways 

MAPK pathway 

The MAPK pathway plays a vital role in signal transduction as a 
bridge in the switch from extracellular signals to a wide range of cellular 
responses. MAPK signaling is active in both early and advanced stages of 
tumorigenesis, and it promotes tumor proliferation, survival, and 
metastasis. Dysregulation of the MAPK cascade involves key signaling 
components and phosphorylation events that play an important role in 
tumorigenesis. MAPK regulatory effects on the cellular constituent of the 
tumor microenvironment are for immunosuppressive purposes. Cross- 
talking between MAPK with oncogenic signaling pathways including 
WNT, cyclooxygenase-2, transforming growth factor-β, NOTCH and (in 
particular) with phosphatidylinositol 3-kinase is contributed to the 
multiplication of tumor progression and drug resistance. 
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There are four classical MAPK signaling cascades, including the 
extracellular signal-regulated kinase (ERK)1/2, the c-Jun N-terminal 
kinase (JNK), the p38, and the ERK5 [1] (Fig. 1). These sub-pathways 
correspond to the ERK1/2, JNK1/2/3, p38α/β/γ/δ, and ERK5 sub-
families of MAPK (Fig. 1), respectively, and are a chain of proteins that 
subsequently transmit the signal through a sequence of various extra-
cellular signals to the nucleus, controlling gene expression through 
transcriptional factors [2]. By regulating protein activities through 
signaling cascades that consist of MAPK kinase(MAP3K), MAPK kinase 
(MAPKK) and MAPK and these three central layers are considered as a 
basic core unit [3].The stress-activated JNKs and p38 MAPKs play key 
roles in balancing cell survival and death in response to both extracel-
lular and intracellular stresses [4], while the ERK/MAPK signaling 
pathway, which is the most thoroughly studied MAPK signaling 
pathway, is closely related to cell proliferation and differentiation and 
plays a pivotal role in the cell signal transduction network [5]. The ac-
tivity of the ERK signaling pathway is tightly regulated through the core 
pathway components. Ras acts as an upstream activating protein, Raf 
acts as MAP3K, MAPK/ERK kinase (MEK) acts as MAPKK and ERK is the 
MAPK, forming the Ras-Raf-MEK-ERK pathway [6]. These pathways are 
considered potential therapeutic targets for cancer treatment. 

The constitutive activation of the Ras/Raf/MAPK pathway was 
observed in various types of cancers. It has been found that correlation 
of L antigen family member 3 (LAGE3) with unfavorable prognosis and 
promoting tumor development in HCC via PI3K/AKT/mTOR and Ras/ 
RAF/MAPK pathways [7]. Furthermore, knockdown of phospholipase C 
β2 (PLCB2) expression was reported to reduce melanoma cell viability 
and promotes melanoma cell apoptosis by altering Ras/Raf/MAPK sig-
nals [8]. In another study, melatonin has been observed to inhibit the 
survival of human gastric cancer cells under endoplasmic reticulum (ER) 
stress involving autophagy and Ras/Raf/MAPK signaling [9]. Addi-
tionally, it has been reported that metapristone can suppress non-small 
cell lung cancer proliferation and metastasis via modulating Ras/Raf/-
MEK/MAPK signaling pathway [10]. As Ras/Raf/MAPK signaling is 
complex, there are many steps at which to target therapies designed to 
interfere with signaling. 

Recently, several small molecule inhibitors (SMIs), including MEK1/ 
2 and Raf inhibitors, targeting this pathway have been developed and 
are currently being tested in clinical evaluation such as CI-1040, PD- 
0,325,901, ARRY-438,162, AZD6244, RDEA119/BAY 86–9766, 
GSK1120212, and so on [11,12]. However, targeting these has proven 

difficult. Since these inhibitors are not able to hit specific target proteins, 
Ras inhibition did not achieve the expected results in clinical trials. Since 
approaches to directly target Ras have not been successful, inhibition of 
Ras remains an interesting target although challenging [11]. 

A wealth of studies has highlighted the importance of microRNAs 
(miRNAs) and long noncoding RNAs (lncRNAs) in cancer development. 
This is likely due to these regulatory RNA elements typically regulate 
expression of downstream gene expression. The effects of miRNA and 
lncRNA on MAPK signaling pathway have been found to be altered in 
many types of cancers. MiRNA-95/MAPK pathway/dual-specificity 
phosphatase 5 (DUSP5) interaction has been found to regulate epi-
thelial–mesenchymal transition (EMT) and cancer stem cell phenotype 
in gastric cancer cells [13]. In addition to miR-95, miR-188–5p promotes 
apoptosis and inhibits cell proliferation of breast cancer cells via the 
MAPK signaling pathway by targeting Rap2c [14]. MiR-4500 has also 
been identified to inhibit migration, invasion, and angiogenesis of breast 
cancer cells via ribonucleotide reductase subunit M2 (RRM2)-dependent 
MAPK signaling pathway [15]. The relationship between lncRNA and 
ERK/MAPK signaling pathway has been reported in various types of 
cancer. LncRNA HEIH enhances paclitaxel-tolerance of endometrial 
cancer cells via activation of MAPK signaling pathway [16]. Addition-
ally, down-regulation of lncRNA LINC00152 suppresses gastric cancer 
cell migration and invasion through inhibition of the ERK/MAPK 
signaling pathway [17]. Given their important roles across tumorigen-
esis, miRNAs and lncRNAs can be considered as therapeutic targets, 
since the fine-tuning of their expression can modulate the activity of 
fundamental pathways in a variety of cancers. 

PI3K/AKT/mTOR signaling pathway 

PI3K/AKT/mTOR signaling (Fig. 2) is one of the most important 
intracellular pathways. Signaling is involved in a variety of cellular 
functions, such as cell survival, metastasis, and metabolism, and often 
contributes to oncogenesis and cancer. The PI3K/AKT pathway also 
plays essential roles in the tumor environment and regulates multiple 
critical steps in angiogenesis and inflammatory factor recruitment. The 
PI3K/AKT pathway is also a key regulator of survival during cellular 
stress. Since tumors exist in an intrinsically stressful environment, such 
as limited nutrient and oxygen supply and low pH, the role of this 
pathway in cancer appears to be crucial. 

In order to activate PI3K, the extracellular ligand initially activates 

Fig. 1. A schematic representation of MAPK pathways, organized into main signaling modules (ERK1/2, JNK, p38 and ERK5), and inhibitors.  
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the specific receptor. The activated PI3K phosphorylates phosphatidy-
linositol 4,5-bisphosphate (PIP2) at the 3 positions of the inositol ring to 
generate phosphatidylinositol (3,4,5)-trisphosphate (PIP3). It recruits two 
protein kinases to the plasma membrane via their pleckstrin homology 
interaction domains (pH domains) including AKT (also called protein 
kinase B, or PKB) and phosphoinositide-dependent protein kinase 1 
(PDK1). Once recruited to the cell membrane, the AKT is phosphorylated 
by mTOR complex 2(mTORC2) on Ser473, changing the conformation 
of the AKT and allowing its phosphorylation on Thr308 by PDK1 [18, 
19]. The activated AKT phosphorylates target proteins from the cell 
membrane and lose its connection with the cell membrane. The signal 
conveys to the cytosol and cell nucleus through phosphorylation of other 
target proteins there, which ultimately leads to the competitive growth 
advantage, metastatic competence, angiogenesis, and therapy resis-
tance. Thus, this complex pathway has been reported as one of the most 
attractive targets for the development of anticancer agents. 

Alterations to PI3K/AKT/mTOR pathway have been found in prac-
tically all human tumors, including breast cancer [20], hepatocellular 
carcinoma (HCC) [21], and non-small cell lung cancer (NSCLC) [22], 
and so on. Since it is one of the most frequently disrupted pathways in 
malignancies, it becomes a desirable target for treatment. Currently, 
various types of PI3K-specific inhibitors have been developed. Gener-
ally, according to their pharmacokinetic characteristics and capacity to 
interact with ATP-binding clefts, PI3K inhibitors have been classified 
into three categories, including pan-PI3K inhibitors, isoform-selective 
PI3K inhibitors, and dual PI3K/mTOR inhibitors [23]. AKT is also a 
promising target since it is an effector of the PI3K/AKT/mTOR pathway 
to activate tumors. AKT activity is controlled in an AKT-dependent 
manner through phosphorylation and dephosphorylation. AKT in-
hibitors have been classified into three categories depending on how 
they impede AKT activity. Depending on how they impede AKT activity, 
AKT inhibitors are divided into three categories, such as 
ATP-competitive inhibitors, ATP-competitive inhibitors (GSK690693, 
ipatasertib, uprosertib, and capivasertib), allosteric inhibitors 
(MK-2206) and irreversible inhibitors. ATP-competitive inhibitors and 

allosteric inhibitors have demonstrated the more potent inhibition of 
AKT in malignant cells [23]. mTOR inhibitors are a type of drug that 
works by selectively inhibiting mTOR activity. mTOR inhibitors are 
classified into two categories: rapamycin and its analogs (rapalogs), and 
ATP-competitive mTOR kinase inhibitors. The former is capable of 
suppressing mTORC1, and the latter can suppress mTORC1/2 [23]. Dual 
PI3K/mTOR inhibitors (dactolisib (BEZ235), apitolisib (GDC-0980), 
gedatolisib (PF-05,212,384), bimiralisib (PQR309), paxalisib 
(GDC-0084), and voxtalisib (SAR245409, XL765) interact with the 
ATP-binding cleft of both PI3K and mTOR, reducing the kinase activity 
of both enzymes and impacting pathway activities more effectively than 
mTOR kinase inhibitors alone. Dual PI3K/mTOR inhibitors have shown 
substantial anticancer efficacy in a variety of tumor xenografts. 

Although PI3K/mTOR inhibitors have shown some promise in the 
early-stage trial, further research is needed to establish whether they are 
more effective than mTOR inhibitors [24–27]. 

Recently, it has been well accepted that miRNAs and lncRNAs have 
emerged as key regulators of a wide range of genes and as the PI3K/ 
AKT/mTOR signaling pathway. Of importance, it has been validated 
that miRNA can target multiple key components in the PI3K/AKT/ 
mTOR pathway in human tumors. MiR-520a-3p inhibits cell growth and 
metastasis of NSCLC through PI3K/AKT/mTOR signaling pathway [28]. 
Another study found that miRNA‑205‑5p functions as a tumor sup-
pressor by negatively regulating VEGFA and PI3K/AKT/mTOR signaling 
in renal carcinoma cells [29]. For lncRNAs, a previous study demon-
strated that knockdown of lncRNA‑HOTAIR downregulates the dru-
g‑resistance of breast cancer cells to doxorubicin via the 
PI3K/AKT/mTOR signaling pathway [30]. In recent years, the regula-
tory relationship of lncRNA-miRNAs is currently a research hotspot. 
Recently, it has been reported that the lncRNA NORAD/miR-520a-3p 
facilitates malignancy in non-small cell lung cancer via PI3k/AKT/m-
TOR signaling pathway [31]. 

Besides, many of these PI3K/AKT/mTOR signaling pathway regula-
tory small RNAs are associated with clinicopathological features and 
clinical prognosis cancer, which may provide a potential future 

Fig. 2. A simplified overview of the PI3K/AKT/mTOR pathway and inhibitors.  
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application in the diagnosis and therapy of cancers. 

Wnt/β-catenin signaling pathway 

In 1982, the Wnt gene was first identified from mouse tumor cells, 
which is synonymous with the Drosophila segment polarity gene Wing-
less and the murine proto-oncogene integration 1 [32]. Wnt ligands are a 
large family of 19 secreted glycoproteins produced in the ER. The cell 
surface receptors transfer signals from the extracellular environment to 
the cell [33]. The Wnt signaling pathway, is an evolutionarily conserved 
signaling axis participating in diverse physiological processes such as 
proliferation, differentiation, apoptosis, migration, invasion and tissue 
homeostasis [34–36]. The Wnt signaling pathway consists of two major 
pathways: the canonical and non-canonical pathways. The canonical 
pathway is typically referred to as the β-catenin-dependent pathway, 
whereas the non-canonical pathway does not rely on β-catenin and is 
responsible for controlling cell movement during morphogenesis [37]. 
Increasing evidence indicates that dysregulation of the Wnt/β-catenin 
cascade gives rise to the accumulation of β-catenin in the nucleus and 
promotes the transcription of many oncogenes such as c-Myc and 
CyclinD-1. Furthermore, Wnt/β-catenin signaling orchestrates multiple 
cell signaling cascades, such as epidermal growth factor receptor 
(EGFR), Hippo/YAP, nuclear factor kappa-B (NF-κB), Notch, Sonic 
Hedgehog and PI3K/AKT pathway, which contribute to pivotal molec-
ular mechanism in cancer development [38–43]. As a result, it con-
tributes to carcinogenesis and tumor progression of several cancers 
including colorectal cancer (CRC) [44], HCC [45], pancreatic cancer 
(PC) [46], ovarian cancer (OC) [47], and so on. Thus, it will be 
addressed exclusively hereafter in this review. 

In the on state, a Wnt ligand binds to a seven-pass transmembrane 
Frizzled (Fz) receptor and its co-receptor, low-density lipoprotein re-
ceptor related protein 6 (LRP6) or its close relative LRP5. The formation 
of a likely Wnt-Fz-LRP6 complex recruits the scaffolding protein 
Dishevelled (Dvl). After then, low-density lipoprotein receptor-related 
protein 6 (LRP6) is phosphorylated, activated and recruit the Axin 
complex to the receptors. These events inhibit Axin-mediated β-catenin 

phosphorylation and thereby stabilize β-catenin, which accumulates and 
travels to the nucleus to form complexes with T cell-specific factor 
(TCF)/lymphoid enhancer-binding factor (LEF) and activates Wnt target 
gene expression [48]. A schematic representation of the canonical Wnt 
pathway in its on state was shown in Fig. 3. 

Up to date, since Wnt/β-catenin signaling has been broadly impli-
cated in human cancers and experimental cancer models of animals, 
increasing investigations highlight the therapeutic potential of agents 
targeting Wnt/β-catenin signaling in cancer. Many therapies targeting 
Wnt/β-catenin signaling in cancers have been demonstrated as prom-
ising targets. It is assumed new opportunities of developing more 
satisfactory and precise remedies for cancer patients with aberrant Wnt/ 
β-catenin signaling. However, important challenges are still ongoing 
when dealing with clinical translations of Wnt/β-catenin signaling- 
dependent targeted therapies. Currently, the promising preclinical 
target therapies include SMI targeting Porc, monoclonal antibody (mAb) 
targeting Wnt receptors and co-receptors, peptide mimetics, SMIs tar-
geting cytoplasmic proteins and agents targeting protein-protein inter-
action (PPC) in the nucleus [49]. Other than those synthetic compounds, 
natural products have also been studied and implemented to repress 
Wnt/β-catenin signaling, including resveratrol [50] and silibinin [51]. 
Moreover, many FDA-approved drugs have expanded their indications 
to crosstalk with Wnt/β-catenin signaling, such as pyrvinium [52], 
niclosamide [53] and salinomycin [54]. However, the functions of these 
old drugs for targeting Wnt/β-catenin signaling are still limitedly 
known. 

In addition to the above finding, crosstalk between Wnt/β-catenin 
and other regulatory factors also modulates canonical Wnt signaling in 
different ways, such as miRNAs and lncRNAs. Some miRNAs enhance 
the Wnt/β-catenin pathway by inhibiting the negative regulatory factors 
of the Wnt/β-catenin pathway. For instance, highly expressed miR-92a- 
3p reduces the ubiquitin-mediated degradation of β-catenin by directly 
inhibiting F‑box/WD repeat‑containing protein 7 (FBXW7) and modu-
lator of apoptosis protein1 (MOAP1) and promoting the progression of 
CRC [55]. Down-regulation of miR-31–5p inhibits proliferation and in-
vasion of osteosarcoma cells through Wnt/β-catenin signaling pathway 

Fig. 3. Schematic representation of the canonical Wnt pathway in its on state and its inhibitors. In the presence of active Wnt, β-catenin accumulates in the 
cytoplasm, then localizes to the nucleus, and activates transcription together with TCF/LEF transcription factors. 

D. Fu et al.                                                                                                                                                                                                                                       



Translational Oncology 26 (2022) 101510

5

by enhancing AXIN1 [56]. miR-192 and -215 activate Wnt/β-catenin 
signaling pathway in gastric cancer (GC) via adenomatous polyposis coli 
(APC) [57]. Rotavirus-mediated suppression of miR-192 family and 
miR-181a activates Wnt/β-catenin signaling pathway [58]. On the other 
hand, some miRNAs play a critical role as negative modulators of the 
Wnt/β-catenin pathway. MiR-96–5p represses breast cancer prolifera-
tion and invasion through Wnt/β-catenin signaling via targeting catenin 
delta 1 (CTNND1) [59]. MiR-140 represses esophageal cancer progres-
sion via targeting zinc finger E-box-binding homeobox 2 (ZEB2) to 
regulate Wnt/β-catenin pathway [60]. MiR‑769‑3p inhibits tumor pro-
gression in glioma by suppressing ZEB2 and inhibiting the Wnt/β‑ca-
tenin signaling pathway [61]. LncRNAs also have a remarkably 
regulatory effect on Wnt/β-catenin, and directly or indirectly modulate 
the canonical Wnt pathway. LncRNA LINC00673-v4 promotes aggres-
siveness of lung adenocarcinoma via activating WNT/β-catenin 
signaling [62]. Hypoxia-induced lncRNA RBM5-AS1 promotes tumori-
genesis via activating Wnt/β-catenin signaling in breast cancer [63]. 

MiR-based therapeutics have been developed based on the regula-
tory network of miRs and Wnt/β-catenin, such as miR-34 [64]. Several 
strategies such as miR sponges, anti-miR oligonucleotides, miR masks, 
and small molecule inhibitors have been used in miR-based anticancer 
therapeutic approaches. The network of lncRNAs and Wnt/β-catenin 
signaling exhibits potential for the discovery of novel diagnostics and 
therapeutics for cancer. A large number of lncRNAs have been identified 
to be associated with Wnt/β-catenin signaling in many types of cancers 
through regulating the key factors of Wnt signaling. However, some Wnt 
pathway-related lncRNAs and their detailed functions and specificity 
remain unclear. Despite these challenges, targeting miRNAs and 
lncRNAs in cancer for molecular alterations in cancer genes and asso-
ciated signaling pathways are used to inform new treatments for preci-
sion medicine in cancer. 

Future directions 

The key regulatory pathways, such as MAPK pathway, PI3K/AKT/ 
mTOR signaling, and Wnt/β-catenin signaling pathway, play essential 
roles in the regulation of signal transduction and biological processes 
such as cell proliferation, apoptosis, metabolism, and so on. The regu-
latory mechanisms and biological functions of these signaling pathways 
are important in many human cancers. Nevertheless, although the 
combination of several therapeutic approaches has been promising, 
many challenges remain to be solved in order to design an effective anti- 
tumoral treatment that targets tumoral cells. More importantly, such 
research can provide new molecular targets, biological markers, and 
genetic diagnoses, for the diagnosis and treatment of cancers. 
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