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When Akt, a signalling protein, is activated by different growth factors such as epidermal growth factor,

transforming growth factor α/β, vascular endothelial growth factor and nerve growth factor, head and neck cancer

cell spreading is stimulated. Tumour microenvironment plays an important role in cancer spreading by synthesising

and secreting growth factors and suggests that targeting growth-factor-activated Akt in combination therapy could

be a valuable therapeutic approach in treating head and neck cancer patients. 
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1. Introduction

Cells move in response to events early in the life of all developing embryos. One of the earliest migration events is

collective cell migration during gastrulation . During gastrulation, cells that will become epithelial cells undergo a

transition in a series of events collectively known as epithelial to mesenchymal transition (EMT) and then migrate

through the primitive streak. These events are largely driven by growth factors such as platelet derived growth

factor (PDGF) or fibroblast growth factor (FGF) in a phosphoinositide-3-kinase (PI3K) dependent manner . PI3K,

a lipid kinase, is the upstream signalling molecule of the PI3K-Akt signalling pathway which has a huge role in

human development and cancer. This lipid kinase activates a membrane phospholipid, phosphatidylinositol 4,5-

bisphosphate (PIP2) by phosphorylation, generating phosphatidylinositol 3,4,5-trisphosphate (PIP3). PIP3

regulates a diverse set of effector proteins including small GTPases and a group of oncogenic protein kinases

called Akt or protein kinase B (PKB). Akt controls a range of cellular bioactivity including, cell growth, proliferation,

survival, metabolism, and migration .

In general, cells that are undergoing EMT migrate by one of two main mechanisms: single cell migration or

collective cell migration. During single cell migration, cells migrate as individuals having no cell–cell interactions.

Two different phenotypes can be displayed during the movement of single cells. These are described as either

having an amoeboid or mesenchymal phenotype. Cells with an amoeboid phenotype are generally rounded in

shape with a number of different variants. The mesenchymal phenotype of cells has an elongated cell body with

longer protrusions. The cells differ in terms of their contractility: amoeboid showing increased contractility (under

the influence of the Rho signalling), while the mesenchymal phenotype expresses low contractility . The migration

of single cells through a tissue uses a multi-step process occurring through a cyclical process. The first step is
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protrusion from the leading edge using filopodia, lamellipodia, podosomes, or invadopodia. The second step is

adhesion force generation, where the cell builds up a force strong enough to pull it through the matrix. The third

step involves proteolysis in focussed areas. The fourth step being contraction of the actin–myosin cytoskeleton and

finally the retraction of the rear end of the cell and its release . The PI3K signalling pathway has been implicated

in cell migration due to its role in controlling cytoskeletal re-arrangements and the enrichment of PtdInsP3 in the

leading edge membrane of several cell types during directed cell migration . It appears to be roles controlling the

small GTPases, Rac and Raf, that dominate downstream of PI3K, in the control of cell autonomous migration .

The researchers' own data suggest a role for Akt in the migration of fibroblasts and epithelial cells . In Chicken

Embryonic Fibroblast (CEF) cells, the PI3K-Akt signalling pathway activates downstream p70S6K1 which in turn

activates the Rac1 protein. Activated Rac1 is involved in actin filament remodelling, hence cell migration . The

PI3K-Akt pathway activates p70S6K1 in ovarian cancer, which in turn stimulates the activation of Rac1 and cdc42

and their downstream effector molecule p21 activated kinase (PAK1) .

Recent evidence in pancreatic ductal cancer and oesophageal squamous cell carcinoma have suggested that Akt

stimulates Girdin activation which sequentially regulates actin reconstruction and cell motility .

Akt also phosphorylates Twist1 which promotes EMT by modulating its transcriptional target, TGFβ2. Increased

TGFβ2 enhanced TGFβ receptor signalling, which in turn maintains hyperactive PI3K-Akt signalling . Activated

Akt was also found to inhibit DLC1 (Deleted in Liver Cancer 1) (GAP for RhoA), increasing levels of RhoA,

facilitating the formation of focal adhesions, in turn increasing amoeboid type cell migration  (Figure 1).

Figure 1. Cellular phenotypes during migration and the role of activated Akt. Activated Akt triggers the activity of

downstream substrates (Rac, Girdin, Twist, RhoA) that dictate the various modes of cell migration.
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Collective cell migration is the migration of cells as a group or sheet. The cells move in the same direction and at

similar speed, it is slower but more efficient than single cell migration. There are two types of cells (leader and

follower) in collective cell migration, based upon their relative position between cell clusters. The leader cell has the

ability to sense the microenvironment, interact with the extracellular matrix (ECM), and is responsible for direction

and speed of migration of the whole cluster. The follower cells have the ability to control their leader and are

important in polarisation and chemotaxis. A successful coordination of the leaders and followers induces collective

cell migration. In vivo and in vitro, leaders and follower cells can exchange their place and roles .

The ECM is the major structural component of the tissues of the body, being mainly composed of proteins,

glycoproteins, glycosaminoglycans, and polysaccharides in a network. In a normal body this matrix would be laid

down by connective tissue cells, such as fibroblasts. However, this tissue is also able to host tumour cells (seed

and soil theory ) and control whether the tumour will be able to grow and metastasise. Some tissues may be

able to block the ability of tumour cells moving freely through a tissue . Therefore, the modulation of the ECM

is essential for the migration of tumour cells . The link between the migration of cancer cells and the spread of

cancer has been established for many years and an overview produced earlier this year . The original Hallmarks

of Cancer included the phrase ‘tumour invasion and metastasis’ . The concept of the Hallmarks of Cancer

allowed new discussion around older theories, which had fallen out of mainstream thinking such as the tumour

microenvironment . Therefore, it is not just the cancer cells themselves that are important, it is the interactions of

the tumour and the stroma that are vital. Studies into these interactions between tumour and “host” have been

integral to investigating the role of growth factors (and their receptors), extracellular matrix molecules (and their

receptors), and cell signalling pathways and the crosstalk between all of these factors. The tumour

microenvironment (TME) is made up of a complex mixture of tumour cells and stromal-derived cells, such as

cancer associated fibroblasts (CAFs), immune cells, and endothelial cells, in addition to a modified ECM. Growth

factors and ECM both modulate cell signalling pathways. Human tumours are more than a mass of accumulating

malignant cancer cells. Tumour cells can efficiently recruit stromal cells, immune cells, and vascular cells by

secreting stimulatory growth factors, chemokines, and cytokines. These recruited cells then overexpress and

release growth factors and intermediate metabolites, as well as reorganising the tissue structure to build the

microenvironment. The shared communication between cancer cells and the microenvironment eventually leads to

enhanced proliferation and metastasis  (Figure 2).
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Figure 2. Communication between the tumour microenvironment and tumour cells. (a) Tumour cells release

various growth factors, cytokines, and chemokines to recruit stromal cells, immune cells, and vascular cells. (b)

Recruited cells then proliferation and overexpress growth factors such as EGF, TGFα and β, VEGF, NGF, etc., to

initiate signalling pathways in tumour cells. (c) Activated signalling pathways then trigger various cellular activity

such as tumour cell proliferation and migration and invasion.

2. Akt Signalling Pathway and Their Crosstalk in Metastasis
in Head and Neck Cancer

Cetuximab, a monoclonal antibody, targeting EGFR is the only FDA-approved targeted therapy for the treatment of

head and neck squamous cell carcinoma, in combination with radiation therapy or as a single agent in patients who

have had prior platinum-based therapy. The response rate, as a single agent, is only 13% and the patients who

respond initially eventually develop resistance . It was hypothesised that acquired cetuximab resistance in

HNSCC may result from the activation of compensatory signalling pathways following cetuximab treatment. These

compensatory signalling pathways can withdraw the inhibitory effects of cetuximab through phosphorylation of key

proteins, thereby promoting cell survival . A protein phosphorylation profiling study showed increased

phosphorylation of Akt after cetuximab treatment in acquired cetuximab-resistant cells compared to cetuximab-

sensitive cells. Additionally, the study observed an additive to synergistic interaction between cetuximab and the
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Akt inhibitor, MK2206 in cetuximab-sensitive and acquired cetuximab-resistant HNSCC cell lines . Montagut et

al. showed that an EGFR mutation at S492R inhibits Cetuximab binding with the receptor but does not block EGF

or TGFα binding. EGF or TGFα may therefore activate the downstream PI3K/Akt signalling pathway. Cetuximab

resistance can also be mediated by the activation of the Akt signalling pathway in an alternative way, such as the

overexpression of other growth factors (TGFβ, VEGF, NGF) and their associated receptors by the tumour cells

and/or the tumour microenvironment . Few recent clinical trials using Akt inhibitor alone to treat late stage or

recurrent head and neck cancer did not show a promising outcome (Table 1).

Table 1. Recent clinical trials of Akt inhibitors in HNSCC patients. CR—complete response; PR—partial response;

NPC—nasopharyngeal cancer; HNSCC—head and neck squamous cell arcinoma; ADCC—adenoid cystic

carcinoma.

Clinical trials containing MK2206 alone observed 30–60% grade 3 toxicities in HNSCC patients . However,

one recently completed clinical trial (NCT01816984) observed that the combination of PI3K inhibitor, BKM120, and

cetuximab caused only a few grade 3 adverse events; acute kidney injury (16.67%), electrolyte abnormality and

anaemia (8.33%), and orthostatis (8.33%) with 8–9% response rate in recurrent/metastatic head and neck cancer

patients . Thus, this trial showed the promise in the combination therapy containing an EGFR inhibitor and

PI3k/Akt inhibitor in HNSCC in terms of reducing toxicity.

It is worth noting here that activated receptor tyrosine kinases activate not only the PI3K-Akt signalling pathway, but

also other pathways including MAPK and SMAD pathways. Signalling pathways are activated in a context-

dependent manner and crosstalk among each other. Hence, targeted inhibition of one pathway downstream of

receptors may not affect other pathways and that adds complexity to therapeutic targeting. For example, broad

crosstalk exists between PI3K-Akt and Ras-Raf-MAPK pathways. Binding of ligands such as growth factors and

cytokines to RTKs activates Ras. Activated Ras in turn triggers MAPK/ERK signalling pathways. Activated Ras also

recruits the p110 subunit of PI3K, which in turn activates Akt signalling pathways . Evidence also suggests

that Akt can directly inhibit Raf activity by phosphorylation, hence inhibiting the MAPK pathway . It has also been

suggested by IP C et al. that activated Akt can trigger Rac activity by activating p70S6K . Activated Rac then

further activates PI3K and MAPK and acts as a bridge between PI3k-Akt and MAPK pathway crosstalk . MAPKs

and Akt were also found to bind and/or phosphorylate R-SMADs to control their intracellular distribution and

transcriptional activity. MAPKs and Akt also phosphorylate and regulate a variety of SMAD binding partners in the

nucleus, indirectly affecting the SMAD transcriptional-activation activity . Other research also suggested that the

PI3K-Akt signalling pathway promotes tumour metastasis by phosphorylating Twist1, via a crosstalk between Akt
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Trial Identifier Phase Stage of Cancer Name of the
Inhibitor Combination Status Result Ref.

NCT01349933 II
Stage

IV/recurrent
NPC

MK2206 None Completed

CR–0%
PR-4.8%

Stable
disease-
52.4%

NCT01370070 II
Recurrent

NPC
MK2206 None Completed

CR–0%
PR-5%,
Stable

disease-
52%

NCT01604772 II
Recurrent/stage

IV ADCC
MK2206 None Completed

CR/PR–0%
Stable

disease-
81%

NCT05172245 I
Stage III-IVB

HNSCC
Ipatasertib

Cisplatin
/Radiation

Not yet
recruiting

–
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and TGFβ signalling  (Figure 3). However, crosstalk between the PI3K-Akt pathway and other receptor tyrosine-

kinase-activated signalling pathways in head and neck cancer metastasis still need to be investigated.

Figure 3. A simplistic graphical representation of the crosstalk between PI3K-Akt and RTK-activated other

pathways. PI3K-Akt can crosstalk with MAPK and SMAD pathways to regulate their activities; thus, control cellular

function. Solid arrow indicates activation, block arrow indicates inhibition, and dashed arrow indicates cellular

distribution. Red texts indicate the inhibitors of the corresponding signalling molecules and receptors that are in

various phases of clinical trial in treating cancer.

Published data from the researchers' group suggested that receptor tyrosine kinase inhibitors such as Gefitinib and

Erlotinib inhibited the migration of head and neck cancer by inhibiting both Akt and MAPK phosphorylation .

Therefore, carefully designing a clinical study using a combination of an Akt inhibitor and another signalling

molecule inhibitor or receptor inhibitor in the stage I–III HNSCC patient might result in an expected positive

outcome.

Metastasis is a complex and multistep process in which interactions between the cellular and structural

components of the TME allow cancer cells to become invasive and spread from the primary site to a distant

location. Growing evidence supports the important role of the tumour microenvironment in drug resistance, as it is

the main reason for the metastasis, relapse, and incurability of various cancers. Tumour-associated macrophages

exert tumour growth and survival functions; CAFs reorganise the extracellular matrix creating migration-guiding

tracks for cancer cells and mesenchymal cells synthesise exosomes that increase the migratory ability of the

cancer cells. TME-derived exosomes are involved in the multistep process of carcinogenesis. Exosomes act as the
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communication channels, encouraging crosstalk between cancer and non-cancerous cells. They are associated

with the increased invasiveness and drug resistance in head and neck cancer, indicative of an attractive

therapeutic target . Activation of the Akt pathway is one of the mechanisms involved in resistance to

radiotherapy, an effective treatment modality for HNSCC . Mutschelknaus et al. (2017) showed evidence that

exosomes from irradiated head and neck cancer cells enhanced Akt signalling, showed increased migratory

phenotype and treatment resistance compared to non-irradiated cells . Thus, targeting Akt can also be an

effective therapeutic strategy in exosome-mediated radiation resistant HNSCC. Akt activation is also required for T

cell activation. However, evidence has shown that the sustained activation of Akt gradually drives T cells toward

terminal differentiation and weakened anti-tumour activity . Crompton et al. (2014) and van der Waart et al.

(2014) have shown that the inhibition of Akt signalling pathway promotes generation of potent tumour-infiltrating

lymphocytes (TIL) and superior tumour reactive CD8  T cells with stem cell-like properties . This higher

proliferation capacity observed in Akt-inhibited T cells could be due to the combination of increased expression of

cytokine receptors such as IL-7Rα, greater expression of co-stimulatory molecules such as CD28, and less

replicative senescence characteristics . Urak R et al. (2017) also revealed that Akt inhibition during ex vivo

expansion did not inhibit CD19CAR (chimeric antigen receptor) T cell proliferation and effector functions .

Adoptive transfer of ex vivo Akt-inhibited tumour reactive CD8  T cells and CD19CAR T cells results in increased

anti-tumour effects .

Direct tumour–tumour cell communication, tumour–ECM interface, and tumour–stromal cell communication

contributes to drug resistance. Moreover, growth factors produced in the TME provide additional signals such as

Akt for cell growth, migration, and invasion and hence metastasis . In summary, understanding the role of the

tumour microenvironment in terms of activating the Akt signalling pathway and their crosstalk in metastasis in head

and neck cancer, can clearly lead to the development of more effective targeted therapies, novel therapeutic

combinations, or both.
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