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The Renin-angiotensin system (RAS), as a constituent of the tumor microenvironment (TME), is involved in several

hallmarks of cancer, including angiogenesis, hypoxia, and tumor cell proliferation. Components of the RAS are

expressed in different types of cancer including colon adenocarcinoma and malignant melanoma. RAS

components are also expressed by cancer stem cells in oral cavity squamous cell carcinoma (SCC), renal clear

cell carcinoma, primary, and metastatic, cutaneous SCC, metastatic colon adenocarcinoma, metastatic malignant

melanoma, and glioblastoma.

glioblastoma  renin–angiotensin system  pluripotent stem cells  organoids

cancer stem cells  cancer stem cell niche  tumor microenvironment

1. Introduction

Glioblastoma (GB), the most common and most aggressive primary brain cancer in humans, is classified as a

WHO grade IV astrocytoma, and is characterized by microvascular proliferation and central necrosis . Primary GB

arises de novo and accounts for 90% of cases with a predilection for older individuals, while secondary GB arises

from low-grade astrocytoma and affects younger patients  . GB has been categorized into four distinct molecular

subtypes: classical, mesenchymal, neural, and proneural  , although other studies have only identified classical,

mesenchymal, and proneural subtypes . The classical subtype includes amplification or mutation of epidermal

growth factor receptor, the mesenchymal subtype includes deletions of the 17q11.2 region containing the gene

NF1, and the proneural subtype is characterized by high levels of platelet-derived growth factor receptor α

expression and point mutations in isocitrate dehydrogenase 1 (IDH1) and p53 .

Various genetic or epigenetic changes may affect the prognosis of GB patients including IDH mutations and O6-

methylguanine-DNA methyltransferase (MGMT) methylation status. GB may be divided into IDH-wild-type and IDH-

mutant tumors. IDH is an enzyme that catalyzes oxidative decarboxylation of isocitrate to 2-oxoglutarate. The most

common mutation in GB affects IDH1 with a single amino acid missense mutation at arginine 132 which is replaced

by histidine . IDH-wild-type GB is more common, tends to arise de novo, and is generally more aggressive with a

worse prognosis than IDH-mutant GB. By contrast, IDH-mutant GB is predominantly observed in secondary GB

and is associated with a better prognosis  . The current standard treatment for GB involves maximal safe surgical

resection with adjuvant chemotherapy and radiotherapy, known as the Stupp protocol .Temozolomide, an

alkylating agent, is used as first-line chemotherapy for GB with its efficacy related to the methylation status of the

MGMT promoter  =. MGMT methylation is associated with an improved overall survival in GB patients . Despite
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this intensive treatment, tumor recurrence in GB patients is inevitable with an overall median survival time of 14.6

months with a range of 12–14 months which has not changed since the introduction of the Stupp protocol in 2005

.

2. GB Tumor Microenvironment

The GB tumor microenvironment (TME) is highly heterogeneous and consists of cancer cells and non-cancer cells.

Non-cancer cell types include immune cells, such as tumor-associated macrophages (TAMs), resident glial cells,

peripheral macrophages, endothelial cells, pericytes, astrocytes, cancer stem cells (CSCs), fibroblasts, and other

components such as the extracellular matrix . Given the rarity of extracranial metastasis from GB , it appears

that GB development requires the unique intracerebral microenvironment inclusive of the blood–brain barrier (BBB)

. The TME, with emphasis on glioma-associated microglia/macrophages, pericytes, and reactive astrocytes, is

increasingly recognized to play a critical role in GB development and progression . The idea that cytokines,

growth factors, chemokines, inflammatory mediators, and remodeling enzymes are involved in intra- and inter-

cellular communications within the TME is not novel . Additionally, constant communication between GB cells

and the surrounding TME  is facilitated by extracellular vesicles that expedite bi-directional cross-talk within the

TME .

Anatomically distinct regions of the TME, known as tumor niches, are thought to contain CSCs and play a

fundamental role in the regulation of metabolism, immune surveillance, survival, invasion, and self-maintenance

with the renin–angiotensin system (RAS) playing a critical role . The GB TME may consist of several

distinct tumor niches including the hypoxic tumor niche, the perivascular or angiogenic tumor niche, and the

vascular-invasive tumor niche. The perivascular niche contains CSCs in close juxtaposition with the abnormal

angiogenic vasculature and provides a supportive environment for CSC growth, maintenance, and survival. The

vasculature in the hypoxic tumor niche is either non-functional or has regressed, leading to areas of necrosis that

are surrounded by rows of hypoxic palisading tumor cells . The vascular-invasive tumor niche contains tumor

cells co-opted with normal blood vessels that migrate deep into the brain parenchyma 

GB is highly vascular and is characterized by extensive neovascularization and pathological angiogenesis

predominantly induced by vascular endothelial growth factor (VEGF), which is produced by tumor cells, CSCs, and

immune cells  Other angiogenic factors, such as transforming growth factor-β1, platelet-derived growth

factor-BB, and fibroblast growth factor-2, may also play a role in the pathological angiogenesis . In addition to

endothelial proliferation, bone marrow-derived endothelial and pericyte progenitor cells may be recruited and

incorporated into the growing vessels . There is also evidence that CSCs may be involved in neovascularization

by differentiating into endothelial cells or pericytes in GB . Increased VEGF expression also fosters an

immunosuppressive microenvironment that enables tumors, including GB, to evade host immune surveillance .

The abnormal vasculature in GB includes dilated and leaky vessels and glomeruloid microvascular proliferation in

which endothelial cells and pericytes form poorly organized vascular structures, which effectively disrupt the BBB,

leading to cerebral edema. In addition, the blood–brain tumor barrier hinders drug delivery to the tumor .
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The BBB is a highly specialized, selectively permeable barrier between the brain and the systemic blood supply

that helps to maintain homeostasis of the cerebral microenvironment. The structure of the BBB includes endothelial

cells with tight junctions, adherens junctions, astrocytes, pericytes, and the basement membrane . The BBB

plays several fundamental roles, including supplying the brain with essential nutrients, such as oxygen and

glucose, mediating the efflux of waste products, facilitating the movement of nutrients and plasma proteins, and

restricting toxins into the central nervous system . Disruption of the BBB and its tight regulation of the cerebral

microenvironment leads to increased blood vessel permeability with plasma and fluid leakage into the tumor tissue

causing cerebral edema and raised interstitial and intracranial pressure . The combination of abnormal

vasculature in GB and the disruption of the BBB leads to impaired blood flow and reduced oxygen delivery within

the tumor . Microvascular thrombosis may also occur causing occlusion of the blood vessels, further promoting

intra-tumoral hypoxia, leading to pseudo-palisading necrosis . Hypoxia is also a consequence of increased

oxygen diffusion distance due to the fact of tumor growth and expansion , which may, in and of itself, be a key

regulator of tumor cell survival, stemness, and immune surveillance in the TME . Hypoxia also sustains

tumor cell proliferation, invasiveness, and contributes to chemotherapy and radiotherapy resistance. This occurs

via inhibition of free radicals, which reduces the efficacy of radiotherapy , and through upregulation of the multi-

drug resistance gene, MDR1/ABCB1 , which reduces chemotherapy effectiveness. Hypoxia-inducible factor-1 (HIF-

1) and HIF-2 mediate the response to hypoxia on a molecular level in GB  and may potentially modify CSCs .

The GB microenvironmental niche also consists of pseudo-palisading glioma cells that upregulate HIF proteins,

inducing expression of factors, such as VEGF and interleukin 8, which are implicated in tumor cell survival,

metabolism, invasion, and angiogenesis. The resultant cross-talk releases pro-inflammatory signals from the areas

of necrosis in the hypoxic tumor niche into the surrounding TME, promoting immunosuppression, and angiogenesis

.

Immune cells, including circulating monocytes, neutrophils, and myeloid-derived suppressor cells (MDSCs), are

another source of angiogenic factors. In ovarian cancer, MDSCs increase CSC characteristics by increasing

microRNA-101 expression, which induces the expression of stemness genes [43]. It is interesting to speculate that

MDSCs also regulate the stemness of CSCs within the GB TME via this mechanism. These cells may enter the

brain as a result of breakdown of the BBB in GB and the production of tumor-derived chemokines and cytokines,

contributing to the immunosuppressive GB TME [44–46]. TAMs are the dominant immune cell population in GB and

may include resident microglial cells and peripheral macrophages [47,48]. Traditionally, TAMs have been defined

as either anti-tumoral M1/Th1 (classical-activated macrophages) or protumoral M2/Th2 (alternative-activated

macrophages) phenotypes. M1 macrophages foster the inflammatory response by secreting pro-inflammatory

cytokines such as IL-12, tumor necrosis factor-α (TNF-α), CXCL-10, and interferon-γ (IFN-γ) and produce high

levels of nitric oxide synthase to exert anti-tumor cell activity (ref)(Figure 1). M2 macrophages, on the other hand,

play a key immunosuppressive function by secreting anti-inflammatory cytokines, such as IL-10, IL-13, and IL-4,

and express abundant arginase-1, mannose receptor CD206, and scavenger receptors to promote tumor

progression [49–51]. The release of TGF-β by TAMs has been shown to induce matrix metalloproteinase 9 (MMP9)

and, thus, increase CSC invasiveness [52]. A more recent study has demonstrated that the TAM population is in a

constant state of transition or plasticity between the two phenotypes and that M1 phenotype expression may be
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enhanced by TME changes or therapeutic interventions [51]. Resident microglia are present within the brain, but it

is the recruitment of peripheral macrophages to the GB TAM pool, in particular, that may mediate tumor

phagocytosis with disruption of the signal regulatory protein α receptor (SIRP-α)– CD47 axis. This facilitates

immune evasion because the antiphagocytic “don’t eat me” surface protein CD47 is upregulated, which binds to

SIRP-α on phagocytic cells to inhibit phagocytosis [53]. However, even in the absence of macrophages, resident

microglia may be transformed into effector cells of tumor cell phagocytosis, in response to anti-CD47 blockade [54].

In models of pancreatic ductal adenocarcinoma, for example, RP-182 may selectively induce conformational

switching of the mannose receptor CD206, which is expressed on the M2 TAM phenotype, ultimately

reprogramming M2-like TAMs into an anti-tumor M1-like phenotype [55]. The immunosuppressive phenotype of

TAMs may be controlled by long-chain fatty acid metabolism, and chemical inhibitors targeting this metabolic

pathway may block TAM polarization in vitro and tumor growth in vivo [56]. GB-derived exosomes may reprogram

M1 macrophages to M2 macrophages and condition M2 macrophages to become strongly immunosuppressive

TAMs [57].

3. Glioblastoma Cancer Stem Cells

The CSC concept proposes that a small distinct population of cells within a tumor with self-renewal capability are

responsible for driving tumorigenesis . These CSCs may be defined as stem cell-like cells within a tumor that

also have the capacity for proliferation and multi-potency. This may be regarded as a functional definition insofar as

CSCs may be characterized through the generation of serially transplantable tumors that faithfully recapitulate the

parent tumor . There is marked intra- and inter-tumoral heterogeneity including, differing numbers of highly

tumorigenic CSCs . Such heterogeneity may be best explained by a combination of different models of cancer,

including the stochastic model (also known as the clonal evolution model), the CSC concept of cancer (also known

as the hierarchical model of cancer), and the concept of plasticity .

The traditional model of cancer is predicated on the stochastic model of carcinogenesis which proposes that

cancer cells are derived from normal cells that acquire genetic and/or epigenetic mutations. This typically results in

unidirectional transitions from benign to malignant cells. These malignant tumor cells have unrestricted division

capacities and their high mutation rates increase the likelihood of successive generations of cloned cells being

adapted to the selection pressures of the tumor site. However, the stochastic model does not fully account for all

aspects of cancer biology including tumor recurrence following treatment .

In contrast, the CSC concept of cancer proposes that CSCs contribute to carcinogenesis, invasion, metastasis,

therapy resistance, and recurrence . CSCs divide asymmetrically into non-tumorigenic cancer cells, which

form the bulk of a tumor, and identical highly tumorigenic but less abundant CSCs, which sit at the apex of the

cellular hierarchy . CSCs have been postulated to originate from non-malignant stem cells or progenitor cells 

or dedifferentiated cancer cells . The overlap between the stochastic model and the CSC concept may be

explained by the concept of cellular plasticity whereby cancer cells may reversibly transition between stem-like and

non-stem-like cell states . This process of transition may be driven by embryonic stem cell (ESC)-associated

regulatory networks and may be affected by the dynamic TME including the CSC niche . Moreover, certain
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cancer cells may de-differentiate and re-enter the CSC pool, thus regaining the capacity for tumorigenesis and

clonal expansion .

A crucial function of stem cells is self-renewal, for which the Notch, Sonic hedgehog, and Wnt signaling pathways

may be essential  . GB expresses a number of stemness-associated markers including cell surface markers

(CD133, CD15, A2B5, and L1CAM), cytoskeletal proteins (nestin), transcription factors (SOX2, NANOG, and

OCT4), post-transcriptional factors, and polycomb transcriptional suppressors (Bmi1 and Ezh2) . There is also

evidence of plasticity and bi-directional interconversion between CSCs and cancer cells . In a landmark study,

pluripotent stem cells were formed from reprogrammed mouse embryonic and adult fibroblasts by the addition of

transcription factors OCT4, SOX2, c-MYC, and KLF4  . These factors, in addition to NANOG, which are

expressed by ESCs, have been identified in GB  . The capacity of GB cells for perpetual self-renewal may rely on

the contribution from transcription factors such as OCT4 and SOX2  . SOX2 is highly expressed in GB   and

may play a key role in maintaining plasticity for bi-directional cellular conversion in GB . Moreover, silencing of

SOX2 inhibits tumor proliferation in GB  and, thus, it may be a potential therapeutic target in the treatment of

GB  . Another potential therapeutic target involves the JAK–STAT3 signaling pathway which is also associated

with the self-renewal capacity of GB. Inhibition of this pathway may impede the migratory and invasive potential of

GB by decreasing activation of the transcription factor STAT3 and, thus, reducing the levels of matrix

metalloproteinases and associated invadopodia activity . In addition, STAT3 binding to the Notch1 promoter

inhibits this signaling pathway and may impede the maintenance of glioma stem-like cells while reducing the

expression of glioma stem cell markers CD133, SOX2, and nestin  (Figure1).

Figure1. A schema demonstrating the role of the renin–angiotensin system (RAS) and its convergent signaling

pathways in the glioblastoma tumor microenvironment (TME) and cancer stem cells (CSCs). A cancer stem cell
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(with the cytoplasm depicted in light blue and the nucleus in purple) residing within the glioblastoma TME.

Angiotensin II (ATII), the physiologically active end-product of the paracrine RAS, activates ATII receptor 1 (AT1R)

leading to increased tumor cell proliferation, oxidative stress, hypoxia and angiogenesis, and inflammation—the

hallmarks of cancer. This contributes to an inflammatory TME by increasing the number of inflammatory cells,

partly by increasing the number of NADPH complexes, leading to tumor cell proliferation, DNA damage from

oxidative stress, and release of growth factors. AT1R also activates phosphatidylinositol signaling, which increases

cytosolic Ca  to promote mitogenesis. Hypoxia increases paracrine RAS activity by upregulating angiotensin-

converting enzyme (ACE) and the expression of hypoxia-inducible factor 1α (HIF-1α) and HIF-2α, which increase

tumor progression and treatment resistance. HIF-1α, HIF-2α, and hypoxia increase the expression of vascular

endothelial growth factor (VEGF) which increases angiogenesis. AT1R, via MAPK-STAT3 signaling, contributes to

a cytokine release that leads to CSC renewal. C-X-C chemokine receptor type 4 (CXCR4) promotes tumor cell

migration and invasion. AT1R signaling and the prorenin receptor, which act in a feedback loop with Wnt/β-catenin,

increase Wnt signaling which promotes CSC stemness by upregulating stemness-associated markers. Myeloid-

derived suppressor cells (MDSCs) promote CSC characteristics by increasing microRNA-101 expression that

induces expression of stemness-related genes in CSCs. The Ang(1–7)/MasR axis opposes the ACE/ATII/AT1R

axis. Cathepsins B, D, and G act as bypass loops for the RAS. Under the influence of the TME, polarization of

tumor-associated macrophages (TAMs)—immune cells that are located within the TME—changes from the M1 to

M2 phenotype. M2 TAMs induce the proliferation of CSCs via interleukin 6 (IL-6)-induced activation of STAT3,

leading to cytokine release and positive feedback contributing to CSC renewal. Glioblastoma CSCs secrete Wnt-

induced signaling protein 1 (WISP1), which facilitates a pro-tumor TME by promoting the survival of CSCs and M2

TAMs, and also promotes CSC maintenance. Abbreviations: ATI, angiotensin I; AT2R, ATII receptor 2; Ang(1–7),

angiotensin 1–7; ATIII, angiotensin III; MAPK, mitogen-activated protein kinase. Figure modified and reproduced

with permission from J Histochem Cytochem [19].

4. The Renin–Angiotensin System and Convergent Signaling
Pathways in Glioblastoma

The RAS has been proposed to play an important role in the TME    in various cancer types, including lung

cancer, through its effect on tumor cells, non-malignant cells, hypoxia, angiogenesis, and the inflammatory

response . The RAS is a complex physiological system and has a multitude of interactions with many different

convergent signaling pathways that operate in carcinogenesis.

The RAS, as a constituent of the TME, is involved in several hallmarks of cancer, including angiogenesis, hypoxia,

and tumor cell proliferation . Components of the RAS are expressed in different types of cancer including colon

adenocarcinoma  and malignant melanoma . RAS components are also expressed by CSCs in oral cavity SCC

, renal clear cell carcinoma , primary  , and metastatic , cutaneous SCC, metastatic colon

adenocarcinoma  , metastatic malignant melanoma , and GB . In GB, prorenin receptor (PRR), AT1R,

and angiotensin II receptor 2 are co-expressed with stemness-associated markers . PRR is highly expressed in

2+
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GB compared with lower-grade gliomas; this higher expression of PRR in higher-grade glioma is notable as the

Wnt/β-catenin signaling pathway is implicated in the self-renewal of stem cells .

The Wnt/β-catenin signaling pathway, which sits downstream of the RAS, is implicated in tumor initiation in several

cancer types  In brief, this pathway results in active β-catenin translocating into the nucleus, upregulating the

expression of oncogenes such as c-MYC, AXIN2, and CCND1 . PRR is a component of the Wnt receptor

complex and acts as an adapter between vacuolar H + -adenosine triphosphate (V-ATPase) and low-density

lipoprotein receptor-related protein 6. V-ATPase, a proton pump, is essential for cellular acidification and is involved

in the mechanism for β-catenin activation . This process facilitates binding of Wnts to their respective Wnt

receptor complex . Further, PRR promotes brain cancers via the Wnt/β-catenin signaling pathway, and in

addition to being a membrane receptor, exists in the cytoplasm and increases the protein expression of Wnt2 within

glioma cells . This evidence underscores the PRR as a potential oncoprotein via Wnt/β-catenin pathway-related

carcinogenesis , which influences cell stemness , tumorigenesis, and cellular proliferation . Renin is

expressed in GB and may contribute to the mechanisms of neovascularization in GB . Furthermore,

downregulation of the Ang(1–7)/MAS signaling axis by podocalyxin results in enhanced GB cell invasion and

proliferation . Finally, bypass loops of the RAS involving various cathepsins that may also contribute to the

proliferative activity in GB, for example, cathepsin G coverts ATI to AII and from AGT directly to ATII, which binds to

AT 1R, to promote cancer progression . GB CSCs have been shown to secrete Wnt-induced signaling

protein 1 that promotes the survival of both the CSCs and M2 TAMs to promote a pro-TME  .
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