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Abstract 

Introduction: Functional heterogeneity in cancer may result in the metastasis of various types of tumour cells throughout the 

body. Attempting to explain functional heterogeneity in cancer cells has given rise to two models. The Cancer Stem Cell model 

proposes that a subset of tumour cells self-replicate and that heterogeneity is a progeny of various cancer stem cells (CSCs). 

The Clonal Evolution Model proposes heterogeneity as a product of mutations across tumour cells that accumulate and 

metastasize linearly or branching.  

Methods:  Research was conducted through open-access journals and information was compiled surrounding CSC models 

using the Google Scholar and McMaster Library database search engines. Inclusions were sources that detailed the relationship 

between both models of functional heterogeneity and microenvironments and treatments. Literature that did not center around 

tumour microenvironments was not included in this literature review. 

Results: The two main models of tumour proliferation were explored and related to hypoxic tumour microenvironments. 

Various markers, etiologic agents and toxins were identified that contribute to tumour progression. Cell signalling and pathways 

that contribute to major cellular functions were identified, along with possible disruptions and epigenetic changes that lead to 

tumour and CSC proliferation. 

Discussion: This study reveals that the tumour microenvironment plays a large role in the proliferation of CSCs.  Although the 

therapies targeting microenvironments are in early stages of development, focusing on these CSC targeted- therapies may lead 

to better treatments for cancer or more effective combination therapies. Strengths of the paper include the compilation of major 

contributing areas to CSC proliferation, whereas limitations encompass the high variability of tumour cells that are not all 

covered in this review. 

Conclusion: While no definitively eradicating treatment for CSCs currently exist, the recent developments in cancer research 

indicate promising new techniques for its management.  

Implications: By further studying malignant CSCs, highly effective cancer treatments may result, leading to the advancement 

of CSC recognition and combination therapy. 
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Introduction 

Since the first documented case of cancer in Egyptian 

papyri from 2700 years ago, extensive research has been 

done to advance the overall understanding of this disease [1]. 

Due to its variable and spontaneous nature, treatments must 

be equally as variable and determined on a case-by-case 

basis. Investigating the root causes of cancer in a patient can 

provide more insight into targeting and preventing cancer at 

the source. 

Cancer stem cells (CSCs) are a minor population of 

tumorigenic cancer cells found in malignant tumours that 

may also drive metastasis [2]. Regarded as a stemming point 

for the heterogeneity observed in tumours, the understanding 

of CSC growth is mainly governed the clonal evolution 

model. This model proposes tumour heterogeneity as 

variability within CSCs and its non-tumorigenic progeny [3]. 

A subset of cancer cells are able to metastasize and produce 

genetic variation within one patient, increasing the difficulty 

of eradicating a malignant tumour without combination 

therapeutics [3]. 

Tumor heterogeneity involves the difference in genetic 

makeup between different cancer cells in a single tumor. 

Tumor heterogeneity can arise from various genetic or 

epigenetic changes that arise within a tumor population, that 

leads to an increase in genetic instability [3]. The level of 

functional heterogeneity varies between patients, increasing 

the difficulty of proposing treatment models specific to each 

case. The tumor microenvironment plays a crucial role in the 
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proliferation and differentiation of CSCs [4]. Vascular niches, 

hypoxia, tumour-associated macrophages and CSCs make up 

a large portion of a tumor microenvironment that leads to 

increased metastasis [4]. Heterogeneity introduces varying 

challenges to tumour treatments which to date have been 

tackled by using combination therapies [5]. Although the 

breadth of knowledge surrounding cancer is fairly large, 

leveraging this information into effective treatments is an 

important next step. 

This article summarises the clonal evolution model, that 

attempts to explain the proliferation of CSCs leading to 

heterogeneity within a tumor, and discusses potential areas 

to target that may result in a reduction of tumour growth. 

This article also outlines new technologies that aid in the 

identification and targeting of CSCs. 

 

Methods 

Research Question 

The research was conducted through open-access 

journals and information was compiled surrounding CSC 

models, functional heterogeneity and a centered around 

microenvironments. A general search through the McMaster 

University Library database was used. Information was 

filtered to include literature reviews that detailed both models 

of functional heterogeneity. Exclusions to this search 

included those that detailed chemotherapeutics.  

 

Search Strategies 

The Google Scholar search engine was used to collect 

academic papers surrounding tumour microenvironments 

that detailed the relationship between both models of 

functional heterogeneity and microenvironments and 

treatments for CSC microenvironments. Literature that did 

not center around tumour microenvironments was not 

included in this literature review. Literature centering around 

hypoxia was chosen to be the focused example of 

microenvironment changes causing CSC growth.  

The Google Scholar search engine was used to collect 

academic papers surrounding the clonal evolution model and 

microenvironments. Inclusions to this search involved 

academic papers that contained information about intrinsic 

and extrinsic microenvironments, the clonal evolution model 

as well as driving factors that have been identified to 

progress the cancers. Specific searches to fill gaps were made 

to finish areas that needed pieces of information to 

complete.  

 

Results 

The results of this study detail the effects of intrinsic and 

extrinsic microenvironments on the proliferation and 

heterogeneity of cancers, in accordance with the clonal 

evolution model and the cancer stem cell model.  

 

Clonal Evolution Model and Tumor Heterogeneity 

The clonal evolution model describes a series of 

subsequent tumorigenic mutations originating from an 

original cancerous stem cell [6]. Evolution of the genetic 

makeup of a tumor may occur through the expansion of 

driver genes and tumour suppressor genes [6]. Selective 

pressure mainly occurs in a branched pattern, leading to 

newly acquired mutations with each new generation of cells, 

however the time in which new mutations appear within the 

tumor varies [6]. Increased genomic instability with each 

successive generation may lead to selective advantages for 

certain tumour cell populations over longer periods of time. 

The pattern of branched expansion is thought to heavily 

contribute to tumour heterogeneity [6]. 

The model of clonal evolution proposes CSC 

proliferation with successive gene mutations with each new 

generation. Neo-Darwinism provides the basis of the clonal 

evolution model, suggesting that with each successive 

mutant generation comes the potential to develop selective 

advantages, although rare, in relation to survival within the 

microenvironment in which that colony thrives [7]. Thus, 

intrinsic microenvironments, consisting of the metabolic and 

genetic factors that contribute to their oncogenic activity 

may lead to the increased genetic instability that forms the 

clonal evolution model [8].  

 

CSC Signalling Pathways 

A study by Laconi (2007) found that DNA damage often 

occurs due to the oxygen reactive species that are generated 

from hypoxic conditions [8]. A hypoxic microenvironment 

reduces the efficacy of DNA repair mechanisms and may 

lead to gene amplification events [9]. The motility of 

tumorigenic cells was also shown to increase under hypoxic 

conditions, leading to the metastasis of an original colony 

faster than anticipated [10]. Understanding key mutations 

responsible for the successive mutations with each new cell 

division cycle is essential to predict metastasis and 

progression [7]. Over years of sequencing possible genes 

with suspected driver mutations, thousands have been found 

with many involving only a single nucleotide substitution 

[11]. Instead of targeting a single mutation, targeting 

pathways that induce mutation or lead to proliferation would 

be more effective when it comes to developing treatments 

[11].  

There are six main signalling pathways involved in CSC 

proliferation, caused by the upregulation of key mutations in 

their pathway components. 1. The JAK/STAT pathway is 

heavily involved in maintaining CSC renewal, 

hematopoiesis and neurogenesis [12]. The overexpression of 

the NK, IFNGR, IL6, CSF2, and STAT1 genes led to 

upregulation of their respective signalling proteins found in 

breast cancer CSCs [12]. 2. The Hedgehog pathway is 

responsible for the resident CSC and progenitor cell 

populations of a tumor, which is normally responsible for 

organ development during embryogenesis [12]. Human 

gliomas were shown to overexpress the Gli1, SHH, and 

PATCHED1 genes from the Hedgehog pathway leading to 

an increase in proliferation, survival and self-renewal [12]. 

3. The Wnt/β-catenin pathway has been linked to CSC 
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metastasis and maintenance of CSC stemming behaviour 

[12]. Key mutations have been identified to upregulate 

LEF1, cyclin D1, β-catenin, and TCF-4 signalling proteins 

in CSCs of breast cancer tumor cells, in comparison to non 

stem cells [12]. 4. The Notch pathway influences the 

specification and differentiation of stem cells during 

embryogenesis, and regulates various properties of tumor 

cells, however evidence of its use in CSCs is now starting to 

develop [12]. The signalling genes Notch1, Notch3, Jag1, 

Jag2, are upregulated in the Notch pathway, as found from 

pancreatic CSCs [12]. 5. The PI3K pathway is involved in 

progression of the cell cycle and cell growth cycle and 

activation of the PI3K/Akt/mTOR pathway leads to CSC 

radioresistance [13] 6. The NF-κB pathway regulates bodily 

immune responses, cell proliferation, survival and 

differentiation; the connection to CSCs is fairly unclear [12]. 

Breast cancer cells have shown upregulation of the stemness 

factor LIN28 and the activated form of the downstream 

effector IKKβ in CSCs, in comparison to the non stem cancer 

cells. 

 

Epigenetic Changes in CSCs 

There are various epigenetic changes that may lead to 

increased genetic instability in CSCs. An increase in genetic 

instability has the potential to introduce new mutations into a 

tumor colony, with the rare possibility of being advantageous 

and allowing the colony to continue to thrive. The pathways 

mentioned previously are often heavily influenced by these 

epigenetic changes [14]. Three main epigenetic factors that 

can lead to increased genetic instability within CSCs are: 1. 

Increased DNA methylation that may contribute to increased 

oncogenic activity by inducing genetic instability [14]. DNA 

Methyltransferase (DNMT) inhibitors have been shown to 

decrease DNA methylation by targeting and reduce CSC 

proliferation and tumorigenic ability [15]. 2. Histone 

deacetylation modifications that may lead to the silencing of 

certain genes, in the case of CSCs, the silencing of tumor 

suppressor genes [15]. Using histone deacetylase (HDAC) 

inhibitors has shown to re-sensitize CSCs to 

chemotherapeutics, and differentiate out of their dormant 

state, to prevent tumor metastasis [15]. 3. Deregulation of 

chromatin remodelling that results in tumor progression 

which can be regulated by both DNMT and HDAC inhibitors 

[15]. The aim of DNMT and HDAC inhibitors is to re-

sensitize CSCs with accumulated mutations to 

chemotherapeutics and halt tumor progression [15]. 

 

Cancer Stem Cell Model and Microenvironments 

The complex interactions between CSCs and the niche 

microenvironment regulate and maintain CSC characteristics 

[16]. Extrinsic factors within the microenvironment can 

further support the cancer stem cell model and how a subset of 

CSCs are primed to metastasize. Extrinsic 

microenvironmental factors such as nutrient supply, blood 

supply and surrounding conditions such as pH and 

temperature may encourage cancer stem cell proliferation 

[17]. Several extrinsic factors that result in the induction or 

proliferation of cancer stem cells are outlined below. 

 

Hypoxic Microenvironments  

Hypoxia is classified as a condition in which a region of 

the body does not receive sufficient oxygen [9]. Over time, 

this can result in cell death. However, when cells are exposed 

to hypoxic environments, hypoxia can cause DNA damage, 

which may result in the proliferation of cancerous stem cells 

[9]. Hypoxia induces the expression of stem cell markers 

such as NANOG, c-MYC and OTC4 and can upregulate 

stem cell markers which promote stem-like tumour cell 

phenotypes and enhance multi-drug resistance [10]. As well, 

research has suggested that epithelial-mesenchymal 

transition (EMT) initiation pushes cells to be more stem-like 

[10]. These phenotypes induced by the process of EMT can 

result in the proliferation of CSCs and resistance to 

traditional cancer treatments [10].  EMT plays a critical role 

in cell movement and organ formation in the adult human 

body and during embryogenesis [9]., Hypoxia can also affect 

the expression of certain genes involved in EMT, causing the 

metastasis of CSCs [9].  

 

Chronic Inflammation  

Chronic inflammation is recognized as an important 

factor that contributes to carcinogenesis in some indications 

[18]. Inflammation can be induced by a number of factors 

such as chronic infections, immunological factors, physical 

injury and chemical factors [19]. Together, chronic 

inflammation is estimated to account for the induction of 

almost 25% of human cancers [19]. Under inflammatory 

conditions, epithelial and inflammatory cells generate 

reactive oxygen species (ROS) and reactive nitrogen species 

(RNS) that are capable of causing damage to RNA, DNA, 

protein, and lipids [20]. ROS is known to induce the 

formation of oxidative DNA lesion products that are 

considered mutagenic [20].  

The development of chronic inflammation has been 

associated with cytokines such as interleukin (IL) 1, IL-6, IL-

8 that are capable of affecting tumour growth through the 

regulation of CSCs. Interleukin-1, a cytokine produced 

during a response to tissue injury or infection. The 

production of IL-1 from tumour associated macrophages 

promotes features such as tumour growth and metastasis 

[21]. IL-6 also plays a role in immunoregulation but has 

recently been associated with chronic inflammatory states, 

hypertension, poor survival in cancer patients and increased 

risk of malignancy [21]. As well, IL-6 is a direct regulator of 

breast cancer stem cell self-renewal through mediation by 

the IL-6 receptor [21]. Within the tumor microenvironment, 

mesenchymal cells, macrophages and other immune cells 

secrete IL-8. in breast cancer, IL-6 and IL-8 activates Stat3 

which further induces a tumorigenic microenvironment [19]. 

This results in the activation of NF-kB in inflammatory cells 

which secrete additional IL-6 and IL-8, completing the 
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positive feedback loop that stimulates CSC characteristics 

[19].  

In recent years, EMT has been thoroughly investigated 

and its relationship to aggressive CSCs has been noted [22]. 

EMT plays a critical role in cell movement and organ 

formation in the adult human body and during 

embryogenesis [22].  In early embryogenesis, lineages of 

epithelial cells can give rise to a more mesenchymal 

phenotype [21]. This process is referred to as EMT or 

epithelial to mesenchymal transition. As a result of this 

transition, cells gain the ability to migrate and invade local 

tissues. The process of EMT is controlled by a number of 

microenvironmental factors and has recently been tied to the 

inflammatory process. The binding of signaling molecules 

such as IL-6, IL-8, TGFβ1 and HIF1α to their respective 

receptors results in changes in downstream signalling 

molecules, many which overlap with pathways that regulate 

CSCs [21].  

Hypoxia can also affect the expression of certain genes 

involved in EMT, causing the metastasis of CSCs [22]. Stem 

cell niches are often characterized by hypoxic environments 

as the low levels of oxygen minimize DNA damage caused 

by DNA oxidation. Hypoxia is classified as a condition in 

which a region of the body does not receive sufficient oxygen 

[22]. Over time, this can result in cell death. However, when 

cells are exposed to hypoxic environments, hypoxia can 

cause DNA damage, which may result in the proliferation of 

cancerous stem cells [22]. Hypoxia induces the expression of 

stem cell markers such as NANOG, c-MYC and OTC4 and 

can upregulate stem cell markers which promote stem-like 

tumour cell phenotypes and enhance multi-drug resistance 

[23] Hypoxia inducible factors are a group of transcriptional 

factors that are involved in the physiological response to 

oxygen concentration and can be induced by hypoxic 

microenvironments.  

Cancer stem cells seem to exhibit an increased 

capability for DNA damage response when they express 

HIF1α [24]. The ability of malignant cells to survive under 

hypoxic environments is under the regulation of HIFs which 

are capable of activating CSC specific pathways such as 

Notch and Oct4 [24].  In addition to this, hypoxia has also 

been shown to regulate and increase the expression of CSC 

cell surface markers such as CD133, CD44, NANOG, c-

MYC and OCT4 and related genes such as SOX4 and SOX2 

[22]. In glioma cells, the induction of HIF1α in a hypoxic 

environment upregulates SOX2, promoting a stem-like 

tumor cell phenotype [22]. Similarly, in non-stem glioma 

cells, HIF2α is induced in a hypoxic environment and leads 

to the induction of NANOG, c-YMC and OCT4. HIF2α is 

solely responsible for the induction of CSC phenotypes in 

glioblastomas [22]. 

 

Discussion 

In the clonal evolution model, mutations arise mainly in 

a branched pattern that often gives rise to new mutations in 

successive generations. Studying the clonal evolution model 

gives insight on how CSCs proliferate as a result of niche 

microenvironments.  

Current cancer treatments focus heavily on 

chemotherapeutics, however, when used in combination 

therapies, are very detrimental to the patient. The patient 

endures high levels of toxicity, and it is imperative that 

research continues to find new methods to identify and treat 

these cancers. Targeted therapy provides a better alternative 

as the associated toxicity is limited. 

Regulating the tumor microenvironment may result in 

new, effective cancer treatment therapies. These applications 

may be widely applied to numerous cancer types as many 

tumours have similar niche characteristics. Recognizing and 

inhibiting specific CSC markers can reduce the proliferation 

of cancerous cells. In the case of hypoxia, the binding of 

EZN-2698 to the mRNA of HIF-1 blocks its expression and 

has led to improved responses to cancer therapies [22]. 

While the inhibition of cancer stem cell markers alone is not 

an ideal treatment for cancer, when used to assist 

combination therapies, it has shown favourable results. 

These new developments can change the way combination 

therapies are administered making these highly toxic 

treatments more precise.  

Additionally, with the amount of evidence suggesting 

inflammation can increase stem cell proliferation, regulating 

the inflammatory properties of cancer stem cells through 

cytokine networks may also result in effective new therapies. 

The positive feedback loops generated by interactions with 

inflammatory cytokines such as interleukin drive cancer 

stem cell self-renewal [19]. Anti-inflammatory agents have 

the ability to block signals from the tumour 

microenvironment, potentially targeting CSCs in the process 

[19].  Therapeutics using anti-inflammatory agents to control 

CSC proliferation are relatively new and clinical trials are 

being conducted to test their benefits.  

The recently developed technology, Moonlight, can be 

used to identify these critical cancer driver genes [25]. 

Presented in 2020, this technology has identified 3 dual-role 

genes, genes that are responsible for either oncogenic or 

suppressive behaviour depending on their subjected 

conditions [25]. These genes are difficult to identify due to 

their volatile nature, however, Moonlight has successfully 

identified BCL2, SOX17, and ANGPTL4 [25]. Moonlight 

has taken information from key cell pathways to determine 

these cancer driver genes and hopes to continue using this 

technology with single-cell -omics data to reveal pathways 

and cancer driver genes that hide residual tumour cells [25].  

With this research comes many caveats. Not every 

tumour will react the same way to treatment, and thus it is 

important to continue researching and developing new 

technologies that expand the scope of cancer treatment. The 

limited scope of this review only covers a small subsection 

of cancer stem cells but serves as a reference point to the 

relationship between the models of tumour heterogeneity and 

possible areas to target.  
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Conclusion 

This review highlights two main CSC therapeutic 

methods targeting tumor microenvironments and pathways 

that lead to the proliferation of mutation. The challenge 

associated with current patient treatment brings the need for 

personalized treatments, and further research focused on 

determining how tumour cells of a cancer colony behave in 

each patient (models for tumour heterogeneity) will provide 

important information surrounding the prognosis and course 

of treatment. Subsequently, upon discovery of how each 

model influences the colony, specific surface markers and 

dosage requirements can be determined. 
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