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Abstract: Current therapeutic strategies targeting cancer cells within solid tumors have displayed 
limited success owing to the presence of non-cancer components referred to as the tumor 
stroma within the tumor microenvironment (TM). These stromal cells, extracellular matrix and 
blood vessels influence cancer cell response to therapy and play key roles in tumor relapse and 
resistance. Of the stromal cells present in the TM, a lot of attention has been given to cancer-
associated fibroblasts (CAFs) as they are the most abundant and are important in cancer 
initiation, progression and therapy resistance. In this updated review I emphasize the role of 
CAFs in the regulation of tumor cell behaviour and reveal how CAF-derived factors and 
signaling influence tumor cell heterogeneity and development of novel strategies to combat 
cancer. To investigate the expression of CAF markers in tumor tissues versus normal tissues, 
transcriptomic data from The Cancer Genome Atlas (TCGA) and the Gene Expression Profiling 
Interactive Analysis (GEPIA) databases was used. Bioinformatic analysis reveals differential 
expression of CAF markers in several cancer types, underscoring the need for further multiomics 
and biochemical studies on CAFs, CAF subsets and markers. Differences in CAF markers’ 
expression could be due to different cellular origins as well as the effect of cancer-specific tumor 
microenvironmental effect on CAFs. Lastly, I present recent advances in therapeutic targeting of 
CAFs and the success of such endeavours or its lack thereof. It is recommended that for 
patients’ outcomes to improve, cancer treatment be combinatorial in nature, targeting both 
cancer cells and stromal cells and interactions. 
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1.0 Introduction 

Recent cancer incidence and mortality statistics indicate an always increasing burden of cancer in 

the coming years, with most new cases occurring in countries of low and middle income [1-3]. 

Based on GLOBOCAN estimates and others, there is need for a new drive to find and develop 

new strategies to reduce this burden worldwide [1, 2, 4-7]. The cancer incidence and mortality 

statistics provided are likely lower than the actual figures given the limited and strained 

surveillance systems found in many low and medium income countries [1, 2, 8-10]. It is 

important to note that progress has been made in raising awareness to cancer and several cancer 

prevention strategies are being adopted, however, the picture still looks gloomy going forward.  

 

While great success has been achieved in treating cancer via different therapeutic strategies 

directed at cancer cells, reports show that cancer deaths are likely to increase globally [1, 2, 6, 7, 

11]. Significant progress made in understanding the underlying causes and molecular 

mechanisms involved in tumor initiation and development has led to better patients’ outcomes 

[12-18]. Two major contributors to cancer deaths still requiring better understanding are cancer 

relapse and metastasis [13, 19, 20]. Research into tumor relapse and metastasis is ongoing with 

several studies reporting novel drugs and effective strategies aimed at limiting these processes 

[13, 21-23]. Furthermore, studies have revealed the TM as key to tumor initiation, response to 

therapy, relapse and metastasis, ultimately influencing patients’ management in the clinic [17, 18, 

24, 25]. Specifically, the TM has been shown to provide some form of protection to cancer cells, 

reduce cancer cell response to therapy and ultimately promote therapy resistance [17, 18, 26]. 

The TM can also modify cancer cells resulting in cancer cell heterogeneity [26, 27]. Studies have 

shown that subpopulations of cells within the TM, including cancer-associated fibroblasts 

(CAFs), can affect cancer cells differently [28-30]. In addition, several studies have shown that 

the extracellular matrix can influence cancer cell proliferation, migration and response to therapy 

[17, 31]. This has resulted in increased attention being given to the role of tumor-associated cells 

and -extracellular matrix and the development of therapies directed at the tumor stroma. 

Recently, studies also demonstrated the gut microbiota’s influence on cancer response to therapy 

through modulation of TM [32-34]. Whilst underscoring the importance of microbiota in disease 

treatment and outcome, these studies show that modulation of TM play a huge part in cancer 

cell response to treatment. In addition, the activation of the immune system has been shown to 

influence cancer cell sensitivity to radiotherapy [35]. Thus, the targeting or modulation of the TM 

has real therapeutic value with the potential to improve patients’ outcomes. A deeper 
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understanding of the TM and its contribution to cancer cell behaviour is pertinent. This 

comprehensive review presents advances in our knowledge on CAFs and the role played by 

these cells in disease initiation and progression. This review bring to the fore the strategies being 

adopted to include TM-directed therapies in the clinic, with the aim of reducing fatal disease.  

 

TM is used to describe the cells, extracellular matrix and blood vessels found within the vicinity 

of cancer cells in a tumor. Included in this definition are cells such as fibroblasts, macrophages, 

endothelial cells, lymphocytes and myeloid-derived cells and the extracellular matrix (ECM). 

Several studies have shown that depending on the stage of tumor development, the TM can 

provide both an inhibitory and promoting environment to cancer cell growth [17, 18]. Cells 

within the TM can be from the local vicinity or migrated from distant environments [36, 37]. 

CAFs are the most abundant cells within the TM and play key roles in tumor initiation and 

progression [24, 38]. Immune cells within the TM are mostly macrophages [39, 40]. Endothelial 

cells mostly function to form new blood vessels necessary for the supply of nutrients to the 

growing tumor and removal of toxic waste [41]. In addition, endothelial cells also secrete platelet-

derived growth factor (PDGF) which attract pericytes to tumor blood vessels and these pericytes 

are involved in stabilisation of newly formed blood vessels [42]. Stromal cells such as fibroblasts 

and macrophages are also involved in the synthesis and maintenance of the extracellular matrix 

[43-45]. By releasing enzymes such as matrix metalloproteinases, and growth factors, stromal 

cells contribute to tumor ECM remodelling [43]. ECM remodelling enables cancer cells to 

migrate and invade surrounding tissues [46]. As the tumor develops, both tumor cells and the 

TM components co-evolve and transform through release of various growth factors and other 

biomolecules, with the TM initially being tumor-restrictive but tumor-promoting at later stages 

[17, 18].  

 

Several studies have demonstrated stromal cell heterogeneity especially of CAFs and 

macrophages [28, 38, 47, 48]. This heterogeneity manifests as either tumor-restrictive or tumor-

promoting activities of the cells [49-51]. Elaborate studies by Su and colleagues as well as by 

Ohlund and co-workers demonstrated the presence of distinct populations of fibroblasts within 

tumors that have specific functions and that they influence cancer cell response to therapy [28, 

38, 50]. Lately, the use of cell surface markers to isolate and characterise these distinct population 

of fibroblasts has allowed a deeper analysis of their behaviour and functions [28, 38]. The 

identification and use of specific cell surface markers can allow targeted manipulation of specific 
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fibroblasts populations to achieve a specific goal during cancer treatment. Under normal 

physiological conditions, fibroblasts are dormant/quiescent or inactive but can be activated by 

various growth factors, cytokines and chemokines [16, 46]. Currently, very few clinical trials have 

been done targeting CAFs to treat cancer. This is partly because the translation of laboratory 

scientific evidence into clinical use requires more resources. It is therefore imperative that a 

deeper understanding of stromal cell behaviour and biology is obtained to improve strategies 

targeting such cells. This review describes in detail the involvement of CAFs in cancer 

pathogenesis.  

 

2.0 Cancer-Associated Fibroblasts: Origins and Heterogeneity 

In a landmark publication in 1858, Virchow described fibroblasts as cells that were spindle 

shaped and were responsible for the synthesis of collagen [52]. Further studies showed that 

fibroblasts are mostly dormant cells within the extracellular matrix and are transformed under 

conditions such as inflammation, fibrosis and wound healing [53-55]. With both inflammation 

and fibrosis being associated with cancer initiation and development, fibroblasts are therefore 

activated during these processes [56-58]. These activated fibroblasts associated with cancer are 

referred to as CAFs or tumor-associated fibroblasts (TAFs) [16, 55]. Whilst initially having an 

anti-tumorigenic phenotype as normal fibroblasts, CAFs eventually become pro-tumorigenic 

through mechanisms still under intense investigations [18, 29]. CAFs will eventually become the 

dominant stromal cell type within the TM and promote tumor progression via release of several 

factors and the synthesis of the ECM [17, 18, 24, 55, 57].  

 

Irrespective of their cell of origin, CAFs are large spindle shaped cells showing increased stress 

fibres and well developed cellular-extracellular matrix connections [59]. Although their shape 

appear identical to normal fibroblasts, CAFs show increased numbers of ribosomes and rough 

endoplasmic reticulum [59]. Early markers used for positive identification of CAFs include α-

smooth muscle actin (α-SMA), vimentin and desmin [10, 60]. Unlike their normal equivalent, 

CAFs demonstrate increased proliferation and migration capacity and show increased expression 

of ECM proteins and ECM degrading enzymes [61, 62]. The resulting remodelling of the TM, 

referred to as desmoplasia, results in fibrosis and stiffening of the tissue [63, 64]. The presence of 

CAFs and tissue stiffening have been associated with cancer relapse implying that CAFs and 

desmoplasia contribute to cancer progression and therapy resistance [65, 66]. Calvo and 
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colleagues demonstrated that ECM remodelling is a requirement for CAFs continuous presence 

within the TM [67]. Thus there is a feedback loop whereby CAFs build and maintain the TM and 

remodeling of the ECM whilst the remodeling is needed for both the generation and 

maintenance of CAFs [67, 68]. The balance between ECM synthesis and degradation is needed 

for homeostasis maintenance. ECM proteins such as collagens and fibronectin can block 

immune cells from infiltrating into the tumor [69]. In addition, the ECM provides the ‘theatre’ in 

which all the cellular interactions takes place, blood vessels are formed as well as allow cancer 

cells to escape immune detection [69-71]. CAFs promote angiogenesis through release of MMPs 

which degrade the ECM and allows the release of VEGF-A sequestered by the ECM [72]. The 

release of VEGF-A promotes the formation of the vascular system, allowing the tumor to grow 

large with enhanced exchanged of nutrients and toxic substances [72, 73]. CAFs are known to 

release several growth factors and cytokines known to promote inflammation and to assist in the 

evasion of the immune system [39, 74, 75]. In short, CAFs are the builders and are involved in 

the maintenance of the TM via synthesis and release of ECM proteins and protein factors [17, 

18, 24, 26, 46, 50, 55, 59]. In turn, the TM promotes tumor initiation, progression and metastasis 

[24, 29, 41, 47, 55, 57, 59]. Increased knowledge on the origins and role of CAFs within the TM 

may allow the development of new anti-cancer strategies [76-81].  

 

Several studies show that CAFs originate from different cell types and this has been suggested to 

cause the heterogeneity observed in these cells [18, 29, 55, 59]. Beside the activation of 

fibroblasts within the vicinity of the cancer cells, CAFs can also originate from bone marrow-

derived fibrocytes and mesenchymal stem/stromal cells (MSCs) that are recruited to the tumor; 

the transdifferentiation of pericytes, smooth muscle cells and adipocytes; epithelial cells that 

underwent epithelial mesenchymal transition (EMT); endothelial cells that underwent endothelial 

to mesenchymal transition (EndMT); and finally the activation of quiescent stellate cells (Figure 

1) [28, 82, 83]. As demonstrated in breast cancer, bone marrow-derived fibrocytes which are 

normally inactive and present in circulation can be recruited to the tumor and become CAFs 

over time [84]. Our study show that MSCs can be converted to ‘CAFs’ over time through 

interaction with cancer cells [18]. We demonstrated that transformation of MSCs into CAFs was 

dependent on the release of transforming growth factor-β (TGF-β) by both cancer cells and the 

MSCs [18]. Several other studies have also shown that MSCs can transform/differentiate into 

CAFs in several cancers [85-87]. For example, Weber and colleagues demonstrated that 

osteopontin mediates TGF-β-dependent transformation of MSCs into CAFs in breast cancer 

[88]. Tissue-resident MSCs and those recruited from distant tissues and organs can interact with 
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cancer cells and be transformed to CAFs. Quiescent stellate cells can also transform into CAFs 

when activated and contribute to the CAF population in the liver and the pancreas [82, 83]. 

Epithelial cells within the vicinity of cancer cells can undergo EMT and become CAFs under 

fibrotic conditions [89]. This means that epithelial-derived cancers can end up with a huge 

population of CAFs driving tumor progression. Endothelial cells can also undergo EndMT and 

become CAFs [90]. Both transformed epithelial cells and endothelial cells express CAF markers 

including S100A4 [89, 90]. Through a transdifferentiation process, cells such as adipocytes and 

pericytes can become CAFs [91, 92]. It is therefore plausible to speculate that all cells that are 

within the vicinity of cancer cells and those that end up at the tumor site via circulation can 

potentially be transformed into cells that will eventually promote tumor growth such as CAFs. 

We are just beginning to get a clear picture of the components of the TM and functions in tumor 

initiation and progression and detailed mechanistic studies are likely to reveal interesting 

information.  

 

Figure 1. Cancer-associated fibroblasts can be derived from different cellular sources. Fibroblasts and 
stellate cells can be activated through various processes to become CAFs; mesenchymal stem cells and 
fibrocytes are recruited to the tumor via circulation; epithelial cells and endothelial cells undergo epithelial 
to mesenchymal transition and endothelial to mesenchymal transition, respectively, to become CAFs. 
Furthermore, pericytes and adipocytes are known to undergo transdifferentiation to become CAFs.  
Figure is adapted from our earlier publication, Senthebane et al, 2017 [18]. 
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It is now accepted that CAFs show heterogeneity with distinct subsets of cells displaying 

different phenotypes and functions within the TM [28, 29, 38, 47, 93]. Furthermore, CAFs 

heterogeneity is also dependent on the stage of tumor development [93, 94]. Whilst normal 

fibroblasts are generally considered genetically stable, the same cannot be said about CAFs. The 

process of transformation, the generation of reactive oxygen species (ROS) and the hypoxic 

conditions within the tumor can result in DNA alterations in CAFs as well, with CAFs co-

evolving with cancer cells as the tumor develops [29, 95, 96]. Although rare, alterations to the 

genetic material of CAFs or stromal cells have been found in different cancers [97, 98]. Several 

available techniques including the use of CRISPR-Cas9 technology and tracing experiments can 

be used to determine if genetic alterations occur in CAFs as it does in cancer.  It is plausible to 

speculate that as the tumor evolve so does the cells associated with it such as CAFs. Our study 

clearly demonstrate that previously anti-cancer activity of MSCs is diminished over time and 

‘transformed’ cells eventually become pro-tumorigenic [18]. In addition, the synthesis of the 

ECM over time by both CAFs and cancer cells result in combinatorial ECM which is pro-

tumorigenic than normal ECM [17]. Clearly, more research and focussed analysis of the TM 

components is needed, especially the tumor-associated cells.  

 

Given their possible cellular origin, it is not surprising that CAFs display great phenotypic 

heterogeneity. Different CAFs subsets have been identified within the TM and are spatially 

distributed throughout the tumor [29, 97]. Recent characterisation of CAFs has identified 

specific biological markers for specific subsets of CAFs [24, 99]. In addition, no CAF marker is 

expressed by all CAFs. Early studies identified markers such as α-SMA, fibroblast activation 

protein-alpha (FAP-α or FAP) and PDGF receptor-β (PDGFR-β) to be expressed by different 

subsets of CAFs with none being expressed by all CAFs [24, 100, 101]. To be useful, a 

combination of these markers is normally used during CAFs characterisation.  

 

Among the markers, α-SMA has proven useful in the identification of CAFs as well as a marker 

for smooth muscle cells and pericytes [29]. Senthebane and colleagues used both vimentin and α-

SMA as markers to study cancer cell-derived TGF-β-mediated transformation of MSCs to CAFs 

in vitro [18]. Over time, both markers expression increased significantly in MSCs co-cultured with 

cancer cells. Cancers in which CAFs express elevated levels of α-SMA include breast, pancreatic 

and liver cancers [83, 102]. However, several other cells including normal fibroblasts, smooth 

muscle cells, cardiomyocytes and pericytes also express α-SMA. Mostly involved in maintenance 
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of cellular cell structure, α-SMA is also involved in the migration and contraction of cells. 

Another CAF marker vimentin is expressed highly by CAFs in breast and prostate cancers [55, 

103]. We recently shown that vimentin can be induced via TGF-β-mediated transformation of 

MSCs [18]. Biological functions of vimentin include promotion of migration and maintenance of 

cellular structure and integrity [104-106]. In contrast to α-SMA and vimentin, desmin is mostly 

downregulated in CAFs (agreeing with our analysis of TCGA data, see Figures ahead) and is also 

expressed by fibroblasts, muscle cells and pericytes [42, 107]. Caveolin-1 is a scaffolding protein 

expressed in CAF subpopulations as well as cells such as endothelial cells, fibroblasts and 

adipocytes. Low expression of caveolin-1 is used as a marker of a CAF subpopulation 

undergoing metabolic reprogramming and promoting tumorigenesis [108]. In contrast, elevated 

levels of caveolin-1 are observed in CAFs with the propensity to promote metastasis [109, 110]. 

This clearly demonstrates the challenges involved in sorting and isolating of CAFs, a necessary 

step to their characterisation, with huge ramifications to their therapeutic targeting. Recently, 

CD10 and G-protein-coupled receptor 77 have been shown to be highly expressed in CAFs and 

are involved in promoting cancer stemness and resistance to chemotherapy in breast cancer cells 

[38]. Illustrating the challenges faced by any CAFs-targeted therapies, CD10 and GPR77 are also 

expressed in bone marrow-derived stromal cells and polymorphonuclear neutrophils, 

respectively [38, 111].   

 

S100A4, sometimes referred to as fibroblast-specific protein (FSP), is expressed by fibroblasts 

within tumors and display serine protease activity, allowing it to remodel the ECM [112]. 

Fibroblasts expressing S100A4 are known to protect cancer cells via ECM production. Cells 

expressing S100A4 are known to be highly malignant and display a propensity for migration 

[113]. S100A4 is highly expressed in CAFs in breast cancers, for example [114]. This marker is 

also expressed by other cells including cells undergoing EMT, macrophages and normal 

fibroblasts [112, 114, 115]. PDGFR-β is a CAF marker that has been targeted with kinase 

inhibitors [116]. PDGF receptor signaling inhibition with Imatinib was shown to abrogate 

malignant progression of cervical lesions [116]. CAFs found in colorectal and cervical cancers 

express high levels of PDGFR-β [116, 117]. Macrophages have been shown to cause immune 

suppression through the expression of fibroblast activation protein-a (FAP-α) [118]. FAP-α is 

expressed in many human cancers and is highly expressed in CAFs [118, 119].  
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In summary, CAFs are a heterogeneous population of cells clearly demonstrating their diverse 

cellular origin and have been shown to have many functions within the solid tumor. A major 

challenge facing scientists today is the identification of reliable cell surface markers that can be 

used for therapeutic targeting. New data demonstrating that CAFs function is dependent on 

location within the tumor amplify the challenge faced [28, 29]. Irrespective of cell of origin, 

tumor stage and location within the tumor, recent studies emphasize the need to identify cancer-

specific CAF markers or CAF subsets markers for use in diagnosis and anti-cancer targeting.  

 

3.0 The expression of CAF markers in cancer 

Given that the burden of cancer worldwide is on an upward trend, new diagnostic, prognostic 

biomarkers and treatment strategies are needed [2, 120]. Whilst anti-cancer strategies directed at 

cancer cells have resulted in significant success, durable cancer treatment can only be a result of 

both anti-cancer and anti-stromal strategies. The characterisation of CAFs phenotypic and 

functional heterogeneity has revealed potential treatment strategies aimed at ablating or re-

educating CAFs to control tumor development and progression. Below I evaluate the expression 

of CAF markers in several cancers. I utilised the publicly available The Cancer Genomic Atlas 

(TCGA) (http://cancergenome.nih.gov.) and Gene Expression Profiling Interactive Analysis 

(GEPIA) (http://gepia.cancer-pku.cn.) databases to evaluate the expression of several CAF 

markers in tumor samples compared to normal samples.  

 

3.1 Ethics and Approval 

The publicly available The Cancer Genome Atlas (TCGA) and GEPIA databases were used in 

this analysis. This study does not contain any human or animal participation.  

 

3.2 Bioinformatic Analysis: CAF markers RNA-seq analysis based on TCGA and GEPIA data 

Two online databases, The Cancer Genome Atlas and GEPIA were used in the present analysis. 

The mRNA expression levels of ACTA2, S100A4, vimentin, desmin, FAP, PDGFR-β, CD10 

and caveolin-1 in cancer tissues versus normal tissues of different cancers were analysed by 

searching both TCGA and GEPIA databases.  
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3.3 Differential expression of CAFs Markers in tumor tissues  

This study accessed the publicly available TCGA and GEPIA databases and evaluated CAF 

markers mRNA expression in tumor tissues and paired normal tissues. Overall, our analysis 

revealed a differential expression of CAF markers in different cancer types. Collectively, this 

analysis reveals the selective expression of CAF markers, with each cancer type displaying its 

own pattern of expression. This demonstrates that the specific TM present within different 

tumors influence stromal cell gene expression. In addition, the origin of CAFs within the TM 

may influence marker expression. This analysis suggests that a combination of CAF markers may 

be needed to identify CAFs in different cancers. Both significantly low and high expression of 

CAF markers can be useful in the identification of CAFs or their subsets in different cancers.  

 

3.3.1 Colon Cancer 

Colorectal cancer has been reported to contribute about 10.2 % of diagnosed cancers and causes 

approximately 9.2 % of all cancer deaths annually [1, 121, 122]. The global incidence of 

colorectal cancer continues to increase unabated, with patients’ survival varying greatly between 

countries. Thus the understanding of the biology and mechanism of progression of colorectal 

cancer is needed [123]. Bioinformatic analysis shows that FAP-α and CD10 expression was 

significantly upregulated in colon adenocarcinoma patients’ samples compared to corresponding 

adjacent normal tissues (Figure 2). On the other hand, ACTA2, vimentin, desmin and caveolin-1 

expression was significantly downregulated in tumor samples versus normal samples as shown 

below (Figure 2).  
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Figure 2. Cancer-associated fibroblast markers gene expression profiles in colon adenocarcinoma 
(COAD). The differential expression of CAF markers ACTA2, Vimentin, S100A4, Desmin, FAP, 
PDGFR-β, CD10 and Caveolin 1 in colon adenocarcinoma tissues and paired normal tissues (Box plot) 
based on TCGA/GEPIA database. Data is based on TCGA COAD samples n = 275; normal = 349. 

 

3.3.2 Breast Cancer  

Breast cancer is the second leading cancer diagnosed annually, with its incidence thought to be 

11.6 % of all total cases [1, 2]. Breast cancer accounts for 6.6 % of total cancer deaths annually 

[1]. Some of the risk factors for breast cancer include family history of the cancer, inherited 

mutations in genes such as BRCA1 and BRCA2 [1, 2]. Bioinformatic analysis show that with the 

exception of FAP-α expression, which was significantly upregulated, all other analysed CAF 

markers were significantly downregulated in breast invasive carcinoma tissues compared to 

corresponding normal samples (Figure 3).  
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Figure 3. Cancer-associated fibroblast markers gene expression profiles in breast invasive carcinoma 
(BIRC). The differential expression of CAF markers ACTA2, Vimentin, S100A4, Desmin, FAP, PDGFR-
β, CD10 and Caveolin 1 in breast invasive carcinoma tissues and paired normal tissues (Box plot) based 
on TCGA/GEPIA database. Data is based on TCGA BIRC samples n =1085; normal = 291. 

 

3.3.3 Skin Cutaneous Melanoma 

 Malignant melanoma develops from melanocytes, pigment-containing cells. Most melanomas 

occur in the skin but can also occur in the intestines and mouth. Some melanomas originate 

from moles consisting of mutant melanocytes that have undergone senescence [124, 125]. Skin 

cutaneous melanoma is reported to be responsible for the majority of skin cancer deaths 

worldwide [126]. Several studies have identified the importance of CAFs in melanoma growth 

and progression [126-128]. TCGA data analysis shows that only vimentin expression was 

significantly upregulated in skin cutaneous melanoma samples compared to normal samples 

(Figure 4). The expression of α-SMA, desmin and PDGFR-β was significantly reduced in skin 

cutaneous melanoma samples compared to normal samples (Figure 4). 
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Figure 4. Cancer-associated fibroblast marker gene expression profiles in skin cutaneous melanoma 
(SKCM). The differential expression of CAF markers ACTA2, Vimentin, S100A4, Desmin, FAP, 
PDGFR-β, CD10 and Caveolin 1 in skin cutaneous melanoma tissues and paired normal tissues (Box 
plot) based on TCGA/GEPIA database. Data is based on TCGA SKCM samples n = 461; normal = 
558. 

 

3.3.4 Lung cancer 

Lung cancer is the most diagnosed cancer in the world, with its incidence reported to be 11.6 % 

of the total cases [2]. Globally, lung cancer causes the most cancer deaths, accounting for 18.4 % 

of cancer deaths [2]. Some the main risk factors include exposure to tobacco, smoke and 

asbestos [1, 122, 129, 130]. With the exception of FAP expression, which was significantly 

upregulated, the expression of other CAF markers was significantly downregulated in TCGA 

lung adenocarcinoma samples compared to normal samples (Figure 5). In lung squamous cell 

carcinoma, with the exception of FAP expression, which was unchanged, the expression of other 

CAF markers was significantly downregulated in tumor tissues compared to normal tissues 

(Figure 6).  
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Figure 5. Cancer-associated fibroblast markers gene expression profiles in lung adenocarcinoma (LUAD). 
The differential expression of CAF markers ACTA2, Vimentin, S100A4, Desmin, FAP, PDGFR-β, CD10 
and Caveolin 1 in lung adenocarcinoma tissues and paired normal tissues (Box plot) based on 
TCGA/GEPIA database. Data is based on TCGA LUAD samples n = 483; normal = 347. 
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Figure 6. Cancer-associated fibroblast markers gene expression profiles in lung squamous cell carcinoma 
(LUSC). The differential expression of CAF markers ACTA2, Vimentin, S100A4, Desmin, FAP, 
PDGFR-β, CD10 and Caveolin 1 in lung squamous cell carcinoma tissues and paired normal tissues (Box 
plot) based on TCGA/GEPIA database. Data is based on TCGA LUSC samples n = 486; normal = 338. 

 

3.3.5 Prostate Cancers 

The second most diagnosed cancer in men is prostate cancer and can be cured if detected early 

[131]. Once the disease reaches the castration-resistant prostate cancer, the cancer becomes 

resistant to treatment [132-135]. CAFs have been identified in prostate cancer and have been 

implicated in cancer cell aggressiveness through metabolic alterations and mitochondrial transfer 

[136]. Using the TCGA database samples, bioinformatic analysis revealed that with the exception 

of FAP and CD10 expression which was unchanged, ACTA2, vimentin, S100A4, desmin, 

PDGFR-β and caveolin-1 expression was significantly downregulated in tumor samples 

compared to normal samples (Figure 7).  
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Figure 7. Cancer-associated fibroblast markers gene expression profiles in prostate adenocarcinoma 
(PRAD). The differential expression of CAF markers ACTA2, Vimentin, S100A4, Desmin, FAP, 
PDGFR-β, CD10 and Caveolin 1 in prostate adenocarcinoma tissues and paired normal tissues (Box plot) 
based on TCGA/GEPIA database. Data is based on TCGA PRAD samples n = 492; normal = 152. 

 

3.3.6 Pancreatic Cancer 

Pancreatic adenocarcinoma is one of the most common and deadly cancers worldwide [137]. The 

expression of several CAF markers was evaluated as shown below. This study show that with the 

exception of desmin expression which was unchanged, the expression of ACTA2, vimentin, 

S100A4, desmin, FAP, PDGFR-β, CD10 and caveolin-1 was significantly upregulated in TCGA 

pancreatic adenocarcinoma samples compared to normal samples (Figure 8).  
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Figure 8. Cancer-associated fibroblast markers gene expression profiles in pancreatic adenocarcinoma 
(PAAD). The differential expression of CAF markers ACTA2, Vimentin, S100A4, Desmin, FAP, 
PDGFR-β, CD10 and Caveolin 1 in pancreatic adenocarcinoma tissues and paired normal tissues (Box 
plot) based on TCGA/GEPIA database. Data is based on TCGA PAAD samples n =179; normal = 171. 

 

3.3.7 Esophageal cancer  

Esophageal cancer malignancy is high and it has a poor prognosis [130, 138, 139]. Novel 

molecular targets are definitely required for durable cancer treatment. Based on bioinformatic 

analysis, FAP and CD10 expression was significantly upregulated in esophageal carcinoma 

samples compared to normal samples (Figure 9). In addition, ACTA2 and desmin expression 

was significantly downregulated in tumor samples versus normal samples (Figure 9).   
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Figure 9. Cancer-associated fibroblast markers gene expression profiles in esophageal carcinoma (ESCA). 
The differential expression of CAF markers ACTA2, Vimentin, S100A4, Desmin, FAP, PDGFR-β, CD10 
and Caveolin 1 in esophageal carcinoma tissues and paired normal tissues (Box plot) based on 
TCGA/GEPIA database. Data is based on TCGA ESCA samples n =182; normal = 286. 

 

3.3.8 Glioblastoma Multiforme 

Glioblastoma multiforme, also referred to a simply glioblastoma, is one of the fastest growing 

known cancer and starts in the glial cells [140]. Another name given to this cancer is grade IV 

astrocytoma. Several studies have shown the involvement of stromal cells in the development 

and progression of glioblastoma multiforme [141-144]. Bioinformatic analysis of glioblastoma 

multiforme tissues revealed that ACTA2, vimentin, S100A4 and caveolin-1 expression was 

significantly upregulated in tumor samples compared to normal samples (Figure 10).  
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Figure 10. Cancer-associated fibroblast markers gene expression profiles in Glioblastoma multiforme 
(GBM). The differential expression of CAF markers ACTA2, Vimentin, S100A4, Desmin, FAP, PDGFR-
β, CD10 and Caveolin 1 in glioblastoma multiforme tissues and paired normal tissues (Box plot) based on 
TCGA/GEPIA database. Data is based on TCGA GBM samples n = 163; normal = 207. 

 

3.3.9 Kidney renal clear cell carcinoma 

Kidney renal clear cell carcinoma is identified as having malignant epithelial cells with clear 

cytoplasm, compact acinar growth and a dense vasculature [145-148]. Several studies have shown 

the involvement of CAFs in renal clear cell carcinoma progression [149, 150]. Bioinformatic 

analysis of kidney renal cell carcinoma samples revealed that ACTA2, vimentin, FAP and 

caveolin-1 expression was significantly upregulated in tumor samples versus normal samples 

(Figure 11). As expected, desmin expression was significantly downregulated in tumor samples 

(containing CAFs) versus normal samples (Figure 11).  

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 15 January 2020                   doi:10.20944/preprints202001.0155.v1

Peer-reviewed version available at OMICS: A Journal of Integrative Biology 2020, 24, 314-339; doi:10.1089/omi.2020.0023

https://doi.org/10.20944/preprints202001.0155.v1
https://doi.org/10.1089/omi.2020.0023


20 
 

 

Figure 11. Cancer-associated fibroblast markers gene expression profiles in kidney renal clear cell 
carcinoma (KIRC). The differential expression of CAF markers ACTA2, Vimentin, S100A4, Desmin, 
FAP, PDGFR-β, CD10 and Caveolin 1 in kidney renal clear cell carcinoma tissues and paired normal 
tissues (Box plot) based on TCGA/GEPIA database. Data is based on TCGA KIRC samples n = 523; 
normal = 100. 

 

3.3.10 Brain lower grade glioma 

This brain cancer originates from two types of brain cells referred to as astrocytes and 

oligodendrocytes [151-154]. Although considered the slowest of brain tumors, lower grade 

gliomas can arise in healthy and young individuals [155-158]. This study shows that vimentin and 

caveolin-1 expression was significantly upregulated in brain lower grade glioma samples 

compared to normal samples (Figure 12). To confirm previous reports on downregulation of 

desmin in CAFs, this study shows that desmin expression is downregulated in tumor samples 

(containing CAFs) versus normal samples [107] (Figure 12). 
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Figure 12. Cancer-associated fibroblast marker expression profiles in brain lower grade glioma (LGG). 
The differential expression of CAF markers ACTA2, Vimentin, S100A4, Desmin, FAP, PDGFR-β, CD10 
and Caveolin 1 in brain lower grade glioma tissues and paired normal tissues (Box plot) based on 
TCGA/GEPIA database. Data is based on TCGA LGG samples n = 518; normal = 207. 

 

3.3.11 Liver hepatocellular carcinoma 

Liver hepatocellular carcinoma is one of the most vascularised tumor types, with reports linking 

CAFs to enhanced tumor angiogenesis and invasion [159, 160]. Other studies link CAFs to 

induction of stem-cell like behaviour in cancer cells, leading to chemoresistance and metastasis 

[161, 162]. Below, the expression of CAF markers in liver hepatocellular carcinoma versus 

normal samples based on TCGA samples was evaluated. This study shows that vimentin, 

S100A4, PDGFR-β, CD10 and caveolin-1 expression was significantly upregulated in tumor 

samples compared to adjacent normal tissues (Figure 13). Desmin, as expected, is downregulated 

in tumor samples versus normal tissues (Figure 13) [107].  
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Figure 13. Cancer-associated fibroblast markers gene expression profiles in liver hepatocellular carcinoma 
(LIHC). The differential expression of CAF markers ACTA2, Vimentin, S100A4, Desmin, FAP, 
PDGFR-β, CD10 and Caveolin 1 in liver hepatocellular carcinoma tissues and paired normal tissues (Box 
plot) based on TCGA/GEPIA database. Data is based on TCGA LIHC samples n = 369; normal = 160. 

 

4.0 Cancer-associated fibroblasts and Carcinogenesis 

Data from several studies illustrate the supporting role of TM components in tumor progression, 

metastasis and formation of new tumors [18, 41-43, 69]. Whilst initially being prohibitive of 

tumor growth, we demonstrated that over time cells within the TM promote tumor growth via 

the release of growth factors and deposition of ECM [17, 18]. Several other studies confirmed 

that normal fibroblasts show inhibitory effects on cancer cell growth in vitro [163, 164]. The 

expression of PTEN in stromal cells was shown to be necessary for this inhibition effect on 

epithelial tumors [165]. Several growth factors and cytokines, including VEGF, SDF-1, TGF-β 

and IL-6 have been shown to be necessary in the transformation of normal stromal cells into 

cancer-supporting cells [18, 166, 167]. In addition, conditions within the TM such as hypoxia and 

ROS within the TM milieu also contribute to the conversion of normal cells to pro-tumorigenic 

cells [168, 169]. Through the expression and secretion of growth factors and cytokines and their 

receptors, CAFs impact cancer cell-associated processes such as inflammation, angiogenesis, 
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migration, invasion, chemoresistance and immune evasion (Figure 14) [79, 170-173]. Erez and 

colleagues demonstrated that normal fibroblasts can be induced to express inflammatory genes 

by carcinoma cells [174].  

      

Figure 14. Effect of CAFs on tumor cells, other stromal cells and the ECM within the TM. CAFs 
synthesise and secrete the ECM, MMPs and various factors, impacting on cancer cell processes. Most of 
the secreted factors are growth factors and cytokines including HGF, FGF, TGF-β, IL-6, IL-1, COX-2, 
VEGF, HIF1-α, PDGF and SDF-1 and impact tumor processes such angiogenesis (1), chemoresistance 
(2), proliferation (3) and ECM remodelling (4). 

 

In addition, miRNAs are also thought to be involved in transformation of normal fibroblasts 

into CAFs. miRNAs are delivered to their target cells via exosomes, allowing miRNAs to induce 

and transform local and distant fibroblasts [175, 176]. A recent study by Fang and colleagues 

demonstrated that exosomal delivered miRNA-1247 from cancer cells induce the transformation 

of fibroblasts within lung pre-metastatic environments, thereby promoting metastasis [177]. 

Mitra and colleagues also demonstrated that cancer cells reprogram fibroblasts to CAFs via the 

release of miRNAs in ovarian cancer [178]. Pang and co-workers also showed that cancer cell-

derived miRNA-155 was involved in the transformation of normal fibroblasts into CAFs in 

pancreatic cancer [179]. It is important to note that the involvement of miRNAs is bi-directional 

with stromal cells also affecting cancer cells via the release of micro-RNAs [180, 181]. The 

hypoxic conditions of the TM result in the generation of ROS. Toullec and co-workers 

demonstrated that ROS within the TM induce the expression of hypoxia inducible factor 1-α 
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(HIF1-α) and CXC-chemokine ligand 12 by stromal fibroblasts, allowing the cells to have 

enhanced metabolism and migratory capabilities [182].   

 

Albrengues and colleagues showed that there is an epigenetic switch that drives the 

transformation of normal fibroblasts into CAFs [183]. Leukamia inhibitory factor, a member of 

the IL-6 superfamily was shown to initiate the epigenetic switch leading to the activation of the 

JAK-STAT signaling [183]. The continuous activation of the JAK-STAT signaling leads to CAFs 

promoting cancer cell invasive behaviour. Several other studies have shown the importance of 

the JAK-STAT signaling in the maintenance of the CAF phenotype [184-186]. The continuous 

interaction between CAFs and cancer cells mean that during tumor progression CAFs also 

change, with CAFs demonstrating heterogeneity both at phenotype and function level [187-189]. 

 

The growth and transformation of normal epithelial cells is driven partly by CAFs [190]. Olumi 

and colleagues demonstrated that CAFs and not normal fibroblasts were responsible for the 

transformation and cancer initiation and growth of prostatic epithelial cells [190]. Kuperwasser 

and colleagues also demonstrated that TGF-β from CAFs was necessary for tumor formation 

from epithelial cells a result that was in contrast to the use of normal fibroblasts [191]. In 

addition, Shekhar and colleagues demonstrated that normal fibroblasts inhibited tumor growth 

and the tumorigenic transformation of epithelial cells [192]. Implantation of tumor cells and 

CAFs together allowed enhanced tumor growth compared to co-implantation of tumor cells and 

normal fibroblasts [193]. Several studies have shown the involvement of both cancer cell-derived 

and CAF-derived TGF-β and heat shock factor-1 in driving tumor cell growth and metastasis 

[18, 187, 194, 195]. Using both esophageal and breast cancer cells, we demonstrated that both 

CAFs and cancer cells released TGF-β which promoted both transformation of fibroblasts in 

addition to promoting tumor growth [18]. Several cancer cells have been shown to express TGF-

β receptors on their cell surfaces, supporting the notion that cancer cells respond to both 

autocrine and paracrine TGF-β signaling [171, 196].  

 

Besides releasing growth factors, CAFs also influence tumor growth through the release of 

enzymes such as MMPs and urokinase-type plasminogen activator (uPA) [197-199]. Although 

further research into the role of CAFs into tumorigenesis is required, there is some evidence that 

CAFs induce epithelial cell transformation [200]. To sustain tumor growth, new blood vessels are 
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formed and these supply all the nutrients required by cancer cells as well as remove toxic 

substances from the tumor [201]. CAFs release SDF-1 which has been shown to recruit 

endothelial progenitor cells, leading to formation of new blood vessels within the TM [114]. 

CAFs are known to release several other angiogenic factors such as PDGF-C, VEGF-A, and 

secreted frizzled-related protein-2 (SFRP2) [41]. Through the synthesis of ECM proteins and 

generation of ECM stiffness, CAFs also influence blood vessel formation and also the flow of 

blood through the tumor [17, 202].  

 

Most early-stage epithelial tumors have a basal lamina that acts as a barrier between the tumor 

and vascular system [203, 204]. This results in early-stage tumors lacking proper supply of 

nutrients and removal of toxic substances. Migration and invasion of tumor cells into the 

surrounding tissues induce angiogenesis as well [205]. The induction of angiogenesis is coupled 

to infiltration of leukocytes, proliferation and activation of fibroblasts as well as increased 

deposition of ECM proteins [206]. Depending on the tumor type, stromal components and site 

in the human body, vascularisation can take different forms and patterns [204, 207-209]. In 

addition, the balance of expression of anti-angiogenic factors and pro-angiogenic factors will 

ultimately play a key role in determining both formation and pattern of blood vessels within the 

tumor [208, 210]. Ultimately, pro-angiogenic factors and signaling are eventually upregulated 

during tumor formation, leading to aberrant and dysregulated formation of blood vessels [205]. 

CAFs together with infiltrating leukocytes, macrophages and other stromal cells such as pericytes 

are known to be the major sources of pro-angiogenic factors such as VEGFA, PDGFC, FGF2, 

Osteopontin and MMPs (Table 1, below) [211-213].  

 

For blood vessels to be formed, there has to be the right tumor or TM elasticity and stiffness 

[18, 202]. Whilst CAFs synthesise the TM ECM, enzymes released by CAFs such as MMPs, 

hydroxylases and lysyl oxidases influence both ECM synthesis and degradation and therefore 

control biophysical properties of the TM [206, 214-216]. Growth factors such as PDGFC act on 

CAFs in an autocrine manner to induce secretion of FGF2 as well as Osteopontin [116, 217].  
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Table 1. Several angiogenic factors are produced by CAFs, CAMs and CANs and influence 
vascularisation within the TM. 

Angiogenic Factor Cellular source Effect on vascular system Reference 

VEGFA CAFs, CAMs, CANs Pro-angiogenic, recruits other 

cells such as myeloid cells, 

ECM production 

[24, 218, 219] 

PDGFC CAFs Pro-angiogenic [116, 217, 220] 

FGF CAFs, CAMs, CANs Pro-angiogenic [221, 222] 

CXCL12 CAFs, CAMs Pro-angiogenic, recruits 

monocytes, endothelial cells 

[114, 223, 224] 

CSF3 CAFs Pro-angiogenic [225, 226] 

Collagen CAFs Pro-angiogenic [227-229] 

Fibronectin CAFs Pro-angiogenic [15, 230] 

Osteopontin CAFs Pro-angiogenic [231-233] 

MMPs CAFs, CAMs, CANs Pro-angiogenic, creates space 

for blood vessels formation 

[234-237] 

 

 

As the tumor grows in size, cancer cells migrate and invade surrounding tissues. When cancer 

cells breach the basement membrane they enter into circulation, travel to distant tissues and 

organs and eventually extravasate into new tissues, a process called metastasis. It is important to 

note that only a few cancer cell survive the arduous journey to new tissues and organs, but once 

there, these cancer cells colonize and form new tumors, metastases [238, 239]. Grum-Schwensen 

and colleagues demonstrated that tumors without stromal cell-derived mts1 protein do not 

metastasize, demonstrating the importance of stromal cell in tumor growth and spread [240]. 

Several studies have shown that beside stromal-derived growth factors, several cytokines are also 

released by stromal cells and aid cancer cell metastasis [241-244]. IL-6 has received a lot of 

attention and has been shown to help cancer cell metastasize to the bone [245]. Chang and 

colleagues showed that IL-6 and its downstream signaling cascades such as JAK-STAT are 

involved in breast cancer tumorigenesis and metastasis [246]. CAF-derived SDF1 has been 
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shown to aid breast cancer cells home to the bone and aid in adaptation to this new environment 

[247, 248]. The release of stanniocalcin-1(STC1) by CAFs drives colon cancer metastasis [117]. 

TGF-β has been implicated in many cellular processes and Yu and colleagues demonstrated that 

TGF-β can induce EMT in cancer cells [249]. Both TGF-β and hepatocyte growth factor (HGF) 

have been shown to promote invasiveness in esophageal cancer [250, 251].  

 

By releasing huge amounts of MMPs as well as synthesising the ECM, CAFs can remodel the 

TM and allow cancer cells to migrate and invade surrounding tissues. Increase in collagen levels 

within the TM has been shown to promote cancer cell invasiness [252, 253]. Degradation of the 

ECM by CAF-derived MMPs can create highways through which cancer cells can migrate to 

other tissues and organs [17, 81]. In addition, ECM stiffening is enhanced via activation of YAP1 

in CAFs and has been shown to allow cancer cell invasion and formation of tumor blood vessels 

[67]. Goetz and colleagues demonstrated that CAF-driven biomechanical remodelling of the TM 

can allow migration and invasion of cancer cells [109]. Once cancer cells reach their new 

environment, it has to be remodelled to suit their needs or the cancer cell adapt to the new 

conditions. As postulated by Paget in the ‘seed and soil’ theory, the new microenvironment must 

allow cancer cells to flourish [254]. Kaplan and colleagues suggested that a pre-metastatic 

environment must be rich in ECM proteins such as fibroblast-derived fibronectin [255]. In 

addition, stromal cell-derived factors including TGF-β and SDF1 within the pre-metastatic 

regions may act as attractants to cancer cells [255, 256]. Resident fibroblasts within the pre-

metastatic regions promote blood vessel formation allowing tumors to grow [256, 257]. It is 

plausible to suggest that these fibroblasts and any other stromal cells associated with metastatic 

cancer cells are resident cells within the colonised regions.  

 

5.0 The role of CAFs in therapy resistance 

There are two possible ways through which cancer cells can be resistant to therapy. Firstly 

therapy resistance can be intrinsic. The expression of several transporter proteins such as the 

ABC proteins and other genetic alterations can influence drug uptake and export at the cellular 

levels. Secondly, tumors are always evolving and this can result in previously responsive tumors 

to become irresponsive. The TM has emerged as a contributor to therapy resistance via the 

actions of stromal cells and the ECM. The versatile IL-6 cytokine has been implicated in 

resistance to chemotherapy in lung cancer [258]. Whilst it’s understandable that cancer cells can 
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develop therapy resistance, CAFs have also been reported to be resistant to several drugs 

including gemcitabine in pancreatic cancer [259]. Communication between CAFs and cancer 

cells also includes exosomes which transport several factors and miRNAs from CAFs to cancer 

cells [259].  

 

The EMT process is used by cancer cells to transform and reduce the expression of many 

cellular membrane proteins such as drug transporters [260]. The net effect of reduced drug 

transporter expression is reduced drug intake, ultimately leading to therapy resistance. EMT is a 

process activated by several signaling pathways and occurs in normal events such as embryonic 

development. Unfortunately, it also occur during neoplastic conversion of cells as well as fibrosis 

[261, 262]. Cells undergoing EMT gradually loose epithelial cell junction proteins and begin to 

synthesise more vimentin, becoming more migratory, invasive and chemoresistant [261, 262]. 

Several studies have shown enhanced vimentin, Snail and ZEB1 expression in cells that are 

chemoresistant [263-265]. Zheng and colleagues demonstrated that although EMT is not 

necessary for metastasis, it induces development of chemoresistance in pancreatic cancer [266]. 

In pancreatic cancer, resistance to gemcitabine is associated with EMT [263, 267, 268]. Poor 

survival of pancreatic patients has been associated with increased EMT program that cause 

impaired response to chemotherapy [269, 270]. Even more sinister is the seemingly ability of 

CAFs to uptake and accumulate high concentrations of drugs within the TM, resulting in 

reduced amount of drugs eventually reaching cancer cells [271]. Chemotherapy can kill cancer 

cells via production of ROS. CAFs have been shown to abrogate ROS production and therefore 

prevent death of cancer cells when exposed to chemotherapy [272]. Several survival pathways 

such as MEK-ERK and PI3K-Akt are known to be activated in cancer cells via the action of 

CAF-derived HGF and cause cancer cell resistance to RAF inhibitors [273]. In elaborate 

experiments, Senthebane and colleagues demonstrated that CAF-derived TGF-β play a role in 

breast and esophageal cancer cells resistance to paclitaxel and cisplatin [18]. Thus the CAF 

secretome play a huge role in development of therapy resistance in cancer cells.  

 

The presence of cancer stem cells (CSCs) within the TM is still debatable but several studies have 

shown that these stem-like cells are able to resist therapies [274-278]. Several studies have 

demonstrated that CAFs subsets express drug transporter proteins such as ABC transporters and 

also provide a protective environment to CSCs within the TM [38, 279, 280]. CAF-derived 

cytokines such as IL-6 are responsible for maintenance of the CSC phenotype [281]. 

Microvesicles from CAF also deliver micro-RNAs to generate CSCs in breast cancer [282]. 
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Overall, studies have demonstrated that CAFs or their subsets promote therapy resistance in 

cancer cells via various mechanisms from accumulating large amounts of drugs, release of 

protein factors, mi-RNAs-laden exosomes to providing physical barriers to therapy. The 

combined targeting of these CAFs or their subsets together with cancer cells may offer durable 

treatment solutions for many cancers.  

 

6.0 Cancer-associated fibroblasts and other stromal cells interactions 

The interaction between TM components is through cell to cell adhesions, release of growth 

factors and cytokines and indirectly through exosomes. In addition, cells interact with the ECM 

via surface receptors such as integrins. Crosstalk between stromal cells is inevitable given the 

compact nature of most solid tumors. The most abundant immune cells within the TM are the 

macrophages, referred to as cancer-associated macrophages (CAMs) or tumor-associated 

macrophages (TAMs). As reported by Comito and colleagues CAFs and TAMs work together to 

promote tumor progression in prostate cancer [283]. Communication between the two types of 

cells occur via release of CXCL14 by CAFs, resulting in recruitment of TAMs to the tumor site 

and subsequent differentiation [283]. In turn, M2 TAMs are known to activate CAFs and 

therefore further promote tumorigenic growth. Hashimoto and colleagues demonstrated that 

CAFs derived from bone marrow MSCs promote macrophage invasiveness and transformation 

and in turn the resulting TAMs can prompt the proliferation of CAFs [284]. By working together 

these CAFs and TAMs can promote tumorigenic growth of neuroblastoma [284]. Myeloid cells 

within tumors can increase the expression of S100A8 in response to IL-6 released by CAFs in 

colon cancer [39]. Myeloid cells within tumors can also differentiate into suppressor cells linked 

to suppression of immunity [39]. For example, circulating myeloid-derived suppressor cells are 

recruited to tumors via release of fibroblast activation protein by CAFs and these cause 

suppression of immunity in hepatic cancer [75].  

 

CAFs are known to express FAS ligand (FasL) and this is known to cause apoptotic death of 

CD8-positive T cells [285]. Furthermore, CAFs express programmed cell death 1 ligand 2 (PD-

L2) which cause the functional inactivation of T cells [285]. Our study and several others have 

shown that CAFs secrete huge amounts of TGF-β which has been suggested to cause 

immunosuppression and can induce transformation of immune cells into immune suppressing 

cells [18, 74, 286]. Recently, Mariathasan and colleagues provided further evidence of the 
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involvement of TGF-β in abrogating antitumor immunity in bladder cancer [287]. CAFs attract 

and sequester CD8-positive T cells and this prevents T cells from binding to and killing cancer 

cells [288]. The net effect of all this is suppression of anti-tumor activity of immune cells. 

Removal of FAP-positive CAFs was shown to reactivate the anti-tumor activity of immune cells 

of T cells [289]. Overall, CAFs are more likely to promote tumorigenic growth through their 

effect on immune cells within the TM. Several growth factors are known to be sequestered by 

the ECM and these include vascular endothelial growth factor-A (VEGFA) and TGF-β. 

Through production of matrix metalloproteases (MMPs), CAFs can degrade the ECM and cause 

enhanced levels of free growth factors within the TM [43]. Thus through recruiting endothelial 

cells in addition to releasing VEGFA, CAFs promote tumor vascularisation [43]. The interaction 

of CAFs and other cells therefore creates a tumor environment that promotes immune evasion, 

inflammation and vascularisation.  

 

As reported by Senthebane and colleagues, CAFs and other TM components can also display 

anti-tumorigenic effects especially during the early stages of tumor development [18]. Our data 

revealed that normal fibroblast-derived ECM limits cancer cell proliferation and migration 

compared to an ECM from fibroblasts co-cultured with cancer cells [17]. Further evidence of the 

involvement of CAFs or their normal counterparts in anti-tumorigenic behaviour comes from 

studies of breast cancer. Brechbuhl and colleagues reported two subsets of CAFs in breast 

cancer, with one subset expressing CD146 and conferring sensitivity to tamoxifen whilst the 

CD146- subset confers tamoxifen resistance [77]. Removal of CAFs expressing α-SMA from 

pancreatic ductal adenocarcinoma (PDAC) results in acceleration of cancer and reduced survival 

[49, 51]. With this in mind, novel therapeutic strategies aimed at CAFs have to be selective and 

cognisance of the CAFs phenotypic and functional heterogeneity. Mere targeting CAFs for 

removal based on presumed pro-tumorigenic behaviour will be detrimental and can lead to fatal 

disease. CAFs subsets must be identified and only targeted therapy used. In addition, it might be 

helpful to re-educate or re-direct the pro-tumorigenic CAFs into anti-tumorigenic CAFs. To be 

able to do this, it is important that specific markers for anti-tumorigenic and pro-tumorigenic 

CAFs be identified to distinguish the two.  
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7.0 Advances in therapeutic targeting of CAFs 

7.1 CAF-directed therapies 

It has long been recognised that manipulation of CAFs functions, especially tumorigenic 

promotion part, have therapeutic value in cancer treatment. In theory targeting CAFs appear 

easy since they are the major stromal component of the tumor. In addition, CAFs have been 

described as genetically stable, making them a better target than cancer cells in cancer 

immunotherapy [290]. In practise however, major challenges need to be overcomed before this 

promising avenue is utilised in cancer treatment. Firstly, targeting CAFs will have a negative 

effect on normal tissue and other components of the TM. For example, the depletion of CAFs 

can result in less ECM production, creating highways through which cancer cells escape and 

metastasize to other tissues and organs. Secondly, the removal of CAFs itself suffers from the 

lack of specific markers that can be used to achieve that. Thirdly, and probably most challenging 

is the existence of CAFs subsets displaying phenotypic and functional heterogeneity. To 

overcome this requires the identification of more than one specific markers of each subset that 

can be used for targeting that subset.  

 

Several approaches have been devised to target CAFs within the TM. Firstly, the activation and 

trans-differentiation of stromal cells into CAFs can be targeted and inhibited. Since CAFs 

influence both tumor cells and stromal cells via synthesis and secretion of growth factors and 

cytokines, inhibition of this synthesis and secretion is under intense scrutiny, with the aim of 

inhibiting CAF function. Secondly, CAFs normalisation through the use of several molecules has 

been tried. For example, all-trans-retinoic acid (ATRA) can be used to induce quiescence in 

CAFs or activated fibroblasts/stromal cells, preventing aberrant secretion of growth factors and 

cytokines. Whilst CAFs are pro-tumorigenic, they can be used as carriers of drugs to kill cancer 

cells. Together with other cells such as cancer-associated macrophages (CAMs), MSCs and 

pericytes, CAFs can carry anti-cancer viruses and apoptosis-inducing ligands. Several studies 

including our recent publication have demonstrated that MSCs can be transformed into CAFs 

[18, 76, 132, 291, 292]. Senthebane and colleagues demonstrated the influence of the ECM in 

tumor growth and chemoresistance  [17]. Importantly, the presence of ECM proteins including 

type I collagen and fibronectin was shown to affect drug delivery to cancer cells, with the 

knockdown of both ECM proteins showing increased drug-induced cancer cell death [17]. 

Previous studies implicated signalling pathways such as the MEK-ERK and MMPs in regulating 

ECM synthesis [214, 215]. Ablation of stromal ECM can therefore be used to increase cancer 
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cell sensitivity to anti-cancer drugs. Direct targeting of CAFs or their subsets is still challenging, 

with difficulties in identification of markers to use to identify the CAFs. Currently, 

immunotherapy, use of immunotoxins and DNA vaccines can be used to target CAFs, with the 

duly still out on the effectiveness of such therapy.  

 

Senthebane and colleagues utilised both vimentin and α-SMA as markers to identify MSC-

derived CAFs recently [18]. Other studies have shown that α-SMA only identifies a specific 

subset of CAFs [49, 293, 294]. Ozdemir and colleagues described that the removal of α-SMA-

positive CAFs in pancreatic ductal carcinoma (PDAC) was linked to decreased angiogenesis [49]. 

The same authors observed that whilst angiogenesis decreased there was increased hypoxia 

within solid tumors leading to increased EMT and the presence of CSCs [49]. Several lung and 

colon cancer animal models have shown that removal of FAP from within solid tumors is 

associated with decreased tumor growth [295]. Santos and colleagues demonstrated that a pre-

clinical FAP inhibitor, PT630, can inhibit the growth of tumors as well as stromagenesis in lung 

and colon cancers [296]. Similarly, removal of FAP in PDAC also reduced tumor growth [297]. 

Ostermann and colleagues developed a monoclonal antibody against FAP which they conjugated 

to maytansinoid and this treatment has been used in pancreas and head and neck cancers where 

it has shown its effectiveness [290]. In addition, elaborate experiments by Loeffler and colleagues 

using a mouse DNA vaccine against FAP resulted in ablation of CAFs and enhanced drug 

uptake by tumors [298]. The DNA vaccine induced a CD8+ T cells to kill a large part of the 

CAFs expressing FAP. Further evidence for the utility of the DNA vaccine against FAP-positive 

CAFs was provided by Reisfeld [299]. The utility of CAR T cell treatment for solid tumors is still 

to be proven. Several reports however show that targeting FAP-positive CAFs using CAR T cells 

results in antitumor activity [300-302]. However, CAFs are not the only cells expressing FAP. 

Bone marrow-derived MSCs are also known to express FAP [303]. Thus it is possible that anti-

tumor CAR T cells will also target other cells. Whilst reports show that CAR T cells targeting 

FAP-positive CAFs are able to kill cancer cells in lung and pancreatic cancers [302], Roberts and 

colleagues demonstrated that CAR T cells killed bone marrow-derived stem cells and can cause 

cachexia and anaemia [304].  

 

Increased knowledge and analytical tools has enabled scientists to identify new and better surface 

markers for CAFs. For example, Su and colleagues were able to characterise tumorigenic CAF 

subsets based on the expression of CD10 and GPR77 [38]. Used together with FAP and α-SMA, 
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these new surface markers are likely to define specific CAF subsets leading to their killing. The 

same authors reported reduced cancer cell stemness when GPR77 was blocked [38]. Several 

strategies are being developed to target cellular sources of CAFs. Senthebane and colleagues 

demonstrated that it is possible that MSCs are transformed into CAFs through their interaction 

with cancer cells [18]. Thus targeting MSCs may prevent the accumulation of CAFs in tumors, 

reducing pro-tumorigenic cells within the tumor. Removal of pro-tumorigenic support is likely to 

reduce tumor growth and metastasis. Several clinical trials have been undertaken to target CAFs 

sources with the duly still out on their effectiveness.  

 

Re-education of activated CAFs has been suggested as a strategy to direct CAFs from being pro-

tumorigenic to anti-tumorigenic. Inactivation of CAFs can induce quiescence with the resulting 

CAFs or fibroblasts dividing slowly and releasing normal levels of growth factors and other 

factors. Akin to quiescent satellite cells in muscle, these re-educated CAFs can attain a tumor 

suppressive phenotype. Induction of quiescence in pancreatic stellate cells in PDAC through the 

use of ATRA revert the activated cells to normal fibroblasts and arrests tumor growth [305]. The 

mechanism of action of ATRA involve inhibition of the versatile Wnt-β-catenin signaling 

cascade [305]. Inactivated pancreatic stellate cells also release sequestered CD8+ T cells allowing 

infiltration into PDAC resulting in tumor growth arrest [288]. Carapuca and colleagues showed 

that coupling ATRA, a vitamin A analogue, and gemcitabine can be effective at treating PDAC 

in animal models through inhibition of several pathways including Wnt-β-catenin and Hedgehog 

signaling [306]. Sherman and colleagues demonstrated that global reprogramming of the stroma 

through the use of calcipotriol, a vitamin D receptor ligand, and gemcitabine resulted in reduced 

inflammation and ECM synthesis in PDAC tumors [307]. Reduced ECM synthesis allowed 

better delivery of gemcitabine into the tumor leading to tumor regression [307]. Both ATRA and 

calcipotriol are at pre-clinical stage of investigations. Thus depending on the tumor type, 

different strategies from ablation of CAFs to normalisation of activated CAFs may be 

undertaken to achieve better cancer treatment. This provides a new avenue of cancer treatment 

that focus not just on cancer cells but on the stromal component as well. Combinations of 

strategies focussed on cancer cells and stromal cells may offer durable cure for cancer treatment.  
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7.2 Targeting signaling pathways activated in CAFs and their downstream effectors  

One of the remaining challenges to CAFs ablation and normalisation is the huge heterogeneity 

observed in many tumors, meaning some CAFs subsets will remain unaltered by treatment. 

Instead of targeting the CAFs, several approaches have been developed to target signaling 

pathways activated in CAFs and factors released by tumor and stromal cells. Tumor cells and 

stromal cells release huge amounts of factors during tumor initiation and progression [17, 18, 

308]. Senthebane and colleagues demonstrated that TGF-β released by tumor cells and 

transforming MSCs can be involved in the transformation of stromal cells into potential CAFs 

[18]. The same study also show that once transformed, activated CAFs release increased levels of 

the same growth factor, TGF-β, which is involved in tumor growth and development of 

chemoresistance [18]. One signaling cascade that has been studied in detail in different cellular 

processes is the IL6-JAK-STAT pathway [167, 309, 310]. Sanz-Moreno and colleagues showed 

that Oncostatin M, a member of the IL-6 superfamily, activates STAT3 signaling and drive ECM 

remodelling [311]. ECM remodelling allows cancer cells to invade surrounding tissues, escape 

and metastasize to other sites [311]. A detailed description of inhibition of the IL-6-JAK-STAT 

signaling pathway as well as the TGF-β signaling is given below.  

 

Pietras and colleagues demonstrated that the reduction of fibroblast growth factor 2 (FGF2) and 

fibroblasts growth factor-7 (FGF7) in animal models of cervical cancer via Imatinib-mediated 

inhibition of platelet-derived growth factor receptor slowed cancer cell division and disrupted 

angiogenesis [116]. The authors showed that targeting CAFs can act in complement to 

conventional therapeutic strategies and improve the management of cancers that are difficult to 

cure. Research by Anderberg and colleagues further showed that platelet-derived growth factor-

CC induces the expression of osteopontin in CAFs, leading to tumor growth acceleration [217].  

 

The chemokine SDF1, exclusively produced by FAP-positive CAFs, binds to its receptor 

CXCR4 resulting in suppression of immunity within the TM through prevention of CD8+ T cell 

infiltration [289, 297, 312]. Several inhibitors of SDF1-CXCR4 interactions have been developed 

and these can reactivate the anti-tumor immunity by enhancing the infiltration of CD8+ T cells 

into the TM  [297]. Inhibition of SDF1 and CXCR4 interactions include the use of inhibitors 

such as AMD3100 and may enhance the anti-tumor effects of monoclonal antibodies against 
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PDI/PDL1 in pancreatic duct adenocarcinoma [313]. Another strategy under consideration to 

control CAF-derived factors includes inhibition of protein synthesis. Inhibition of protein 

synthesis through the use of SOM230, an inhibitor of protein synthesis in α-SMA-positive CAFs, 

resulted in reduced levels of several molecules [314]. Indeed, inhibition of protein synthesis in 

CAFs led to less ability of cancer cells to resist chemotherapy in a PDAC model [314].  

 

7.2.1 Targeting the IL-6-JAK-STAT signaling in cancer 

It has been shown that the IL-6-JAK-STAT3 is abnormally activated in several cancers, with 

enhanced activation of the pathway linked to poor patients’ survival [315-317]. Within the TM, 

the IL6-JAK-STAT3 signaling has been shown to be responsible for cancer cell invasive and 

metastatic behaviour. In addition, the IL-6-JAK-STAT3 signaling represses immunological 

response to tumors. Anti-cancer agents or inhibitors against members of the IL-6-JAK-STAT3 

have been approved by the FDA and the EMA, whilst others are still under investigations.  

 

Several pathological conditions display high levels of IL-6 and increased activation of the IL-6-

JAK-STA3 including rheumatoid arthritis as well as many cancers [318, 319]. Mutations in genes 

of several JAK-STAT pathway members activate the pathway in many neoplasms. Increased IL-

6 in circulation and within the TM is a result of the JAK-STAT pathway being constitutively 

activated [315, 320, 321]. Besides CAFs, multiple other cells have been shown to produce IL-6 

within the TM, from pericytes, immune cells and even tumor cells [322-324]. Activation of 

STAT3 by IL6 in tumor cells results in expression of proliferation and survival genes including 

cyclin D1 and BCL2-like protein 1 (BCL-xL), respectively [325]. Since both CAFs and tumor 

cells show activation of IL6-JAK-STAT signaling, the description given below and the targeting 

of the IL-6-JAK-STAT signaling can therefore be applied to both CAFs and tumor cells to 

achieve durable cancer treatment. IL-6 activated STAT3 can induce VEGF, MMPs and TGF-β 

expression, promoting angiogenesis, invasion and development of therapy resistance, 

respectively [325-327].  Besides direct effects on cancer cells, IL6 and JAK-STAT signalling 

influence the behaviour of stromal cells including CAFs, CAMs, TANs, effector T cells and killer 

cells [328-333]. By affecting both CAFs and immune cells, the IL6-JAK-STAT signalling 

contributes to the suppression of the immune response in the TM.  
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The importance of IL6 in TM is underscored by its various effects on tumor cell and stromal cell 

survival, proliferation and invasiveness [328, 334]. Two IL6 signaling are known: the classical IL6 

signaling pathway which involves IL6 binding to IL6 receptor on the cell surface and interacts 

with transmembrane protein gp130; the trans-signaling pathway whereby IL6 binds to a soluble 

form of IL6 receptor and then interacts with gp130. Importantly, although similarities exists in 

the ways in which both signaling pathways regulates cell behaviour, the trans-signaling pathway 

controls the recruitment and activation of stromal cells [335, 336]. Activation of the IL-6 

signaling results in activation of mostly JAK1 and JAK2, which then phosphorylate members of 

the STATs family [309, 337]. Of the STATs proteins, STAT3 is the most studied and has been 

linked with tumor progression and suppression of immune system [326, 338]. Activation of 

STATs proteins is regulated by PIAS proteins, suppressor of cytokine signaling (SOCS) proteins, 

phosphatases and miRNAs [339-342].  

 

IL6 levels are increased in cancers including breast, lung, colorectal, oesophageal, ovarian and 

prostate cancers [343-347]. Several pre-clinical studies utilising models and patient samples have 

demonstrated the critical roles of circulating IL6 in tumor development [12, 348, 349].  For 

example, IL6 enhances CSC proliferation in breast cancer [348]. In addition, IL6 is known to 

promote epithelial to mesenchymal transition and metastasis in breast cancer [350, 351]. 

Consequently, IL6 levels in circulation have been used as prognostic indicators in patients’ 

survival and can predict response to therapy [352-355]. Several studies utilising models and 

patients samples have demonstrated the critical role played by CAF- and tumor-derived IL-6 

cancers including breast, colorectal, oesophageal, lung and skin cancers [348, 356-358]. Aberrant 

levels of STAT3 activation have been shown in many cancers [359, 360]. Besides being involved 

in tumor progression, several studies have shown that STAT3 can promote therapy resistance 

[361, 362].  

 

Several strategies have been developed to target the IL-6-JAK-STAT signaling pathway (Figure 

15). Siltuximab for example, targets IL-6 directly and whilst Tocilizumab targets the IL-6 

receptor. Siltuximab has shown efficacy against several solid tumors including lung and prostate 

cancers [363, 364]. Siltuximab have been shown to reduce the levels of STAT3 and other 

signaling cascades such as MEK-ERK in tumors [365, 366]. Tocilizumab is used in patients with 

rheumatoid arthritis and has efficacy against colorectal and pancreatic cancers [356, 367]. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 15 January 2020                   doi:10.20944/preprints202001.0155.v1

Peer-reviewed version available at OMICS: A Journal of Integrative Biology 2020, 24, 314-339; doi:10.1089/omi.2020.0023

https://doi.org/10.20944/preprints202001.0155.v1
https://doi.org/10.1089/omi.2020.0023


37 
 

Inhibitors of JAKs include Pacritinib, Ruxolitinib and Tofacitinib and these have shown varied 

efficacy against cancers such as colitis, myelofibrosis, liver, pancreatic and ovarian cancers [368-

373]. STAT3 inhibitors demonstrated antitumor activities and promoted apoptosis against 

several cancer cells [374-379].  

            

Figure 15. Some of the strategies targeting both cancer-associated fibroblast- and tumor cell-derived IL-6-
JAK-STAT signaling pathway are indicated. X – Blocking of signaling step. 

 

7.2.2 Targeting the Cancer-associated fibroblast-derived TGF-β signaling pathway in cancer 

Several reports document the lack of cancer patients’ response to therapy being associated with 

TGF-β signaling in CAFs and CAMs [80, 380-385]. In normal cells and during early stages of 

tumor development, the TGF-β signaling display anti-tumor functions, with reports of cancer 

cell cycle arrest and induction of apoptosis [18, 80, 386]. Our study demonstrated that as tumors 

develop, TGF-β from both stromal cells and tumor cells participate in the transformation of 

normal fibroblasts and MSCs into CAFs and thus contributes to further tumor development, 

metastasis and therapy resistance (Figure 16, below) [18, 78, 387]. Thus, depending on the stage 

of tumor development, TGF-β signaling can have both tumor-promoting and tumor-

suppression functions. Targeting this pleiotropic signaling cascade is therefore difficult, with 
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further research required to determine the specific members of the pathway to target as well as 

the right doses. Importantly, the effects of inhibition of this signaling cascade on both cancer 

cells and stromal components must be further investigated. The elucidation of possible 

biomarkers that can point to the usefulness of potential inhibitors during and after treatment 

must be determined. In their elaborate study, Mariathasan and colleagues demonstrated that a 

combination of TGF-β signaling blockade and anti-PD-L1 repressed TGF-β signaling in stromal 

cells, leading to enhanced tumor suppression [381]. Importantly, the authors demonstrated the 

need to combine treatment strategies to attain durable cure in cancer. Several drugs targeting 

TGF-β are under trial and these include fresolimumab (NCT02581787).  

 

Figure 16. Both tumor and stromal cells secrete TGF-β into the TM milieu. TGF-β and other growth 
factors can be sequestered by the ECM. Increased TGF-β within the TM leads to transformation of 
MSCs and fibroblasts into CAFs. Increased CAF- and tumor-derived TGF-β levels cause increased tumor 
growth, chemoresistance and metastasis. Figure adapted from [18]. 

 

7.3 Targeting CAF-derived ECM proteins and associated signaling  

CAFs are the principal cells responsible for synthesising the ECM [388-392]. In normal tissue, 

fibrillar collagens, fibronectin, hyaluronan, tenascin C are deposited in large amounts to make the 
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ECM. Increased synthesis of ECM proteins result in desmoplastic reactions and these are known 

to drive tumor growth [393]. Besides inducing desmoplastic reactions, increased ECM synthesis 

creates a barrier for the delivery of drugs to cancer cells [18, 66]. In elaborate in vitro experiments, 

we demonstrated that the presence of an ECM increased the resistance of breast and 

oesophageal cancer cells to several chemotherapeutic agents [17]. Whilst it is plausible that 

reduction in ECM synthesis in CAFs and other stromal cells such as macrophages is an 

appealing strategy, improper ECM synthesis can create ‘highways’ through which cancer cells 

may metastasize [17, 18, 394]. Increased amounts of both collagen and hyaluronan in tumors can 

result in compressed vascular networks, inadvertently reducing the flow of drugs to cancer cells 

[215, 395]. Targeting both collagen and hyaluronan production by both CAFs and macrophages 

can allow drugs to reach cancer cells [395]. Inhibition of collagen through the use of 

halofuginone has been shown to reduce desmoplasia, impacting tumor progression [396]. 

 

Enzymatic degradation of ECM proteins such as collagen via MMPs occurs during ECM 

remodelling. The use of MMPs as an anti-cancer therapy has largely failed to materialise [397]. 

For a start there is so much overlap in MMP activities and indiscriminate degradation of ECM 

proteins can have a negative effect during treatment [397]. Currently several MMPs inhibitors are 

under investigations in many cancers [398]. Deciphering the exact MMPs activities and their 

specific targets can aid in the development of novel use of MMPs in cancer treatment [214, 399, 

400]. Hyaluronan can be depleted through the use of recombinant hyaluronidase enzyme to 

allow drugs to reach cancer cells [401, 402]. Targeting hyaluronic acid via the use of PEGPH20 is 

still under investigations (NCT01453153). New clinical trial data (HALO-109-301) show that 

when used together with gemcitabine and nab-paclitaxel in patients with advanced pancreatic 

cancer, PEGPH20 is promising [403]. Caution however must be heeded as the resulting 

expansion of the vascular system can result in invasion and metastasis of cancer cells. A 

combination of the removal of ECM proteins during treatment can enhance patients’ survival, 

demonstrated in PDAC by Hingorani and colleagues [404]. In vitro work by Senthebane and 

colleagues demonstrated that removal of both collagen and fibronectin from ECM resulted in 

increased apoptosis in oesophageal cancer cells [17]. Antibodies have been used to target 

fibronectin to reduce vascularisation and tenascin C to prevent metastasis [405, 406]. Targeting 

Tenascin C together with chemotherapy improves the survival of glioma patients [406]. 

Inhibition of signaling pathways perturbed in TM such as the IL-6-JAK-STAT and sonic 

hedgehog cascade can aid in reducing CAFs and their secreted factors, resulting in better therapy 
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response [407]. For example, IPI-926, an inhibitor of Hedgehog pathway, together with 

Gemcitabine has been shown to influence resistance to chemotherapy in PDAC [408]. Currently 

most stromal-directed therapy is still in its infancy and removal of any stromal elements must be 

studied carefully. Stromal cells and their products such as the ECM are needed for normal tissue 

architecture and homeostasis [17, 18, 214, 409]. Any stromal-directed therapy will have to work 

in combination with tumor-directed therapy to achieve durable cancer treatment.  

 

7.4 Targeting CAF- or stromal-induced Angiogenesis  

Given the diverse cells and mechanisms through which tumor vasculature is induced and 

develops, inhibition of tumor angiogenesis is challenging. Whilst angiogenesis inhibition has 

been successful in some cases, partial to total failure has also been reported in some studies [410-

417]. Studies demonstrated that tumor angiogenesis is regulated by several factors and 

mechanisms and does not solely dependent on VEGF-A signaling [411, 417, 418]. Several 

studies have also shown the existence of tumor growth requiring no angiogenesis [419, 420]. 

Angiogenesis-independent tumor growth is also achieved through the action of immune cells 

such as macrophages and neutrophils [421-423]. Coupling anti-angiogenesis specific therapy to 

strategies that disrupt any compensatory factors and signaling from cells such as macrophages 

and neutrophils offer a better potential at inhibiting angiogenesis in tumors [424-426]. Blockage 

or elimination of both macrophages and neutrophils that confer VEGF-A-independent 

angiogenesis to tumors has been shown to enhance tumor response to VEGF-A specific therapy 

[427]. Kaneda and colleagues demonstrated that inhibition of PI3K signaling, highly expressed in 

myeloid cells, successfully inhibited angiogenesis in cancer treatment [428]. Caution must be 

taken however, as several studies have shown that inhibition of angiogenesis may enhance the 

ability of tumor-associated cells to promote tumor growth [410, 429, 430]. Crawford and 

colleagues demonstrated that some tumors can overcome angiogenesis inhibition through 

upregulation of PDGF-C [220].  

 

8.0 CAFs as delivery vehicles of Therapeutic agents 

As described by Miao and colleagues, CAFs can be used to delivery anti-tumor drugs or 

nanoparticles and cause cancer cell death via apoptosis [431]. It has also been shown that 

fibroblasts within a tumor can scavenge and accumulate therapeutic drugs, resulting in increased 
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drug concentrations within tumors [271]. Senthebane and colleagues demonstrated that MSCs 

can be transformed into CAFs and thus are a major source of CAFs found in tumors [18]. The 

authors and others demonstrated that although MSCs initially demonstrate anti-tumor behaviour 

they are easily transformed into tumor-supporting cells (CAFs) when in contact with cancer cells 

[432, 433]. Due to their likelihood of being found within tumors, MSCs have been suggested as 

drug-delivery vehicles or can be manipulated to secrete anti-tumor factors [433]. Amniotic MSCs 

have been suggested to deliver therapeutic agents to tumors [434]. Several clinical trials are under 

way on the use of MSCs in gene therapies for different cancers [435-437]. Overall, the use of 

MSC-based gene therapies requires further investigations as Senthebane and colleagues 

demonstrated. The authors’ results show that MSCs can be pro-tumorigenic or anti-tumorigenic 

depending on tumor stage [18, 432]. Other studies support this dual-effect of MSCs [438-440].  

 

Of late CAFs are now being used as a stromal indicator of the disease stage during diagnosis and 

as an indicator of tumor response to treatment strategies. Tsujino and colleagues demonstrated 

that the number of myofibroblasts within TM can be used as a clinical biomarker of disease 

relapse in colorectal cancer [65]. Surowiak and colleagues showed that the presence of CAFs 

within breast cancer tissue is a poor prognostic factor [441]. Contrasting data on the prognostic 

value of CAFs in tumors may be due to CAFs heterogeneity as well as co-evolution of CAFs 

with tumor cells during tumor progression [77, 442].  

 

9.0 Perspectives and Conclusion 

Several lines of research are being initiated to evaluate the effectiveness of many therapeutic 

drugs on CAFs. Epigenetic drugs including histone deacetylase (HDAC) inhibitors are under 

investigation for their effect on several signaling pathways such as the JAK-STAT pathway in 

both cancer cells and CAFs [443]. These epigenetic drugs are being evaluated on their potential 

to prevent CAFs generation and increase in abundance within tumors [444]. Another appealing 

strategy include the use of normal fibroblasts in cancer treatment or the reversion of activated 

CAFs to normal fibroblasts [445].   
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Many questions remain to be answered regarding the origin of CAFs or their subsets as this can 

influence CAF-directed therapeutic strategies adopted during cancer treatment. It is hoped that 

as new information becomes available, new markers and signaling pathways specific only to 

CAFs or their subsets can be identified. The identification that MSCs, beside fibroblasts, can be a 

source of CAFs might explain CAFs heterogeneity and could be the reason why several CAFs 

subsets are observed in tumors [18]. If different cells contribute to the CAFs subsets observed in 

tumors, which cell(s) of origin gives rise to pro-tumorigenic CAFs and which cell(s) gives rise to 

anti-tumorigenic CAFs? Based on data revealed by Senthebane and colleagues it appears despite 

different cell(s) of origin, stromal cells may start as anti-tumorigenic but are transformed through 

several secreted factors to become pro-tumorigenic [18]. Whether different cell types contribute 

to different subsets require further investigations. In addition, the identification of specific 

markers for different subsets can allow retrospective determination of cell of origin as well as the 

development of specific anti-tumorigenic therapies against these CAFs subsets. Stromal cells can 

also co-evolve with tumor cells. Is tumor cell heterogeneity also partly driven by different CAF 

subsets? Epigenetic regulation of CAFs must also be investigated to allow development of drugs 

targeting epigenetics of CAFs [443]. Many clinical trials done for different candidate drugs have 

focussed on targeting cancer cells and up to now no trial has been done on candidate drugs 

targeting CAFs.   

 

One major challenge faced by scientists during the development of novel cancer therapies has 

been the absence of adequate cancer models that recapitulate the TMs as seen in vivo to use in 

preclinical studies. This has prevented the proper understanding of tumor cell-stromal cells 

interactions as well as cell-matrix interactions. For example, very few available cancer models 

include cells such as CAFs, CAMs and CANs. As shown by recent reports, addition of ECM 

proteins to cancer models as well as the development of tumor spheroids and organoids 

promises to reveal more about tumor initiation and development than the use of cancer cells in 

in vitro experiments. New advances including microfluidic technology will allow the development 

of what is known as ‘human organs on chips’. With the ability to change parameters as required 

during tumor development as well as potential additions of several cells including CAFs, these 

new cancer models will potentially reveal accurate information about tumor initiation and 

development. In addition, microfluidic technology as applied to tumor development will also 

allow collection of samples at specific times with ease. 
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Definitions 

Endothelial to mesenchymal transition – The process through which endothelial cells are 

transformed into mesenchymal cells. This is achieved through the loss of endothelial properties 

and gaining of mesenchymal properties. 

Epithelial to mesenchymal transition – The process through which epithelial cells are 

transformed into mesenchymal cells. This is achieved through the loss of epithelial properties 

and gaining of mesenchymal properties. 

Extracellular Matrix – Fibrous proteins secreted by stromal cells including fibroblasts, 

mesenchymal stem cells, pericytes and its main functions is to provide structural support and 

biochemical cues to surrounding cells. The ECM accumulates growth factors, cytokines and 

chemokines and these in turn influence tumor and stromal cell behaviour. 

Desmoplasia – the resulting state of tissue after a response to an injury and includes fibrosis as 

stromal cells synthesis huge amounts of ECM proteins 

Matrix Metalloproteases – A large family of zinc-containing protease enzymes referred to as 

endopeptidases and are responsible for degrading ECM proteins such as fibronectin, collagens 

and laminins. 

Tumor microenvironment – Includes all cellular and non-cellular components of the 

environment surrounding/within a tumor and includes all stromal cells, blood vessels and the 

ECM. Stromal cells include CAFs, CAMs, CANs, pericytes and other immune cells. The TM 

provides the ‘theatre’ within which tumor cells can survive and tumors develop and eventually 

spread. 
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Stromal cells- includes all cells found within the TM and act to support tumor cells by secreting 

tumor promoting growth factors, cytokines, chemokines and ECM proteins.  

 

References  

1. Ferlay, J.; Colombet, M.; Soerjomataram, I.; Mathers, C.; Parkin, D. M.; Pineros, M.; Znaor, 
A.; Bray, F., Estimating the global cancer incidence and mortality in 2018: GLOBOCAN 
sources and methods. International journal of cancer 2019, 144, (8), 1941-1953. 

2. Bray, F.; Ferlay, J.; Soerjomataram, I.; Siegel, R. L.; Torre, L. A.; Jemal, A., Global cancer 
statistics 2018: GLOBOCAN estimates of incidence and mortality worldwide for 36 cancers in 
185 countries. CA: a cancer journal for clinicians 2018, 68, (6), 394-424. 

3. Fidler, M. M.; Bray, F., Global Cancer Inequalities. Front Oncol 2018, 8, 293. 
4. Bray, F., The Evolving Scale and Profile of Cancer Worldwide: Much Ado About Everything. 

Cancer epidemiology, biomarkers & prevention : a publication of the American Association 
for Cancer Research, cosponsored by the American Society of Preventive Oncology 2016, 25, 
(1), 3-5. 

5. Bray, F.; Jemal, A.; Grey, N.; Ferlay, J.; Forman, D., Global cancer transitions according to the 
Human Development Index (2008-2030): a population-based study. The Lancet. Oncology 
2012, 13, (8), 790-801. 

6. Bray, F.; Soerjomataram, I., The Changing Global Burden of Cancer: Transitions in Human 
Development and Implications for Cancer Prevention and Control. In Cancer: Disease Control 
Priorities, Third Edition (Volume 3), Gelband, H.; Jha, P.; Sankaranarayanan, R.; Horton, S., 
Eds. The International Bank for Reconstruction and Development / The World Bank 

(c) 2015 International Bank for Reconstruction and Development / The World Bank.: 
Washington (DC), 2015. 

7. Fidler, M. M.; Soerjomataram, I.; Bray, F., A global view on cancer incidence and national 
levels of the human development index. International journal of cancer 2016, 139, (11), 
2436-46. 

8. Tangka, F. K.; Subramanian, S.; Edwards, P.; Cole-Beebe, M.; Parkin, D. M.; Bray, F.; Joseph, 
R.; Mery, L.; Saraiya, M., Resource requirements for cancer registration in areas with limited 
resources: Analysis of cost data from four low- and middle-income countries. Cancer 
epidemiology 2016, 45 Suppl 1, S50-s58. 

9. Tervonen, H. E.; Bray, F.; Foliaki, S.; Roder, D., Cancer registration challenges in low- and 
middle-income countries-the case of the Pacific Islands. European journal of cancer care 
2017, 26, (1). 

10. Znaor, A.; Eser, S.; Anton-Culver, H.; Fadhil, I.; Ryzhov, A.; Silverman, B. G.; Bendahou, K.; 
Demetriou, A.; Nimri, O.; Yakut, C.; Bray, F., Cancer surveillance in northern Africa, and 
central and western Asia: challenges and strategies in support of developing cancer 
registries. The Lancet. Oncology 2018, 19, (2), e85-e92. 

11. Moten, A.; Schafer, D.; Farmer, P.; Kim, J.; Ferrari, M., Redefining global health priorities: 
Improving cancer care in developing settings. Journal of global health 2014, 4, (1), 010304. 

12. Lesina, M.; Kurkowski, M. U.; Ludes, K.; Rose-John, S.; Treiber, M.; Kloppel, G.; Yoshimura, A.; 
Reindl, W.; Sipos, B.; Akira, S.; Schmid, R. M.; Algul, H., Stat3/Socs3 activation by IL-6 
transsignaling promotes progression of pancreatic intraepithelial neoplasia and 
development of pancreatic cancer. Cancer cell 2011, 19, (4), 456-69. 

13. Li, Y.; Rogoff, H. A.; Keates, S.; Gao, Y.; Murikipudi, S.; Mikule, K.; Leggett, D.; Li, W.; Pardee, 
A. B.; Li, C. J., Suppression of cancer relapse and metastasis by inhibiting cancer stemness. 
Proceedings of the National Academy of Sciences 2015, 112, (6), 1839-1844. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 15 January 2020                   doi:10.20944/preprints202001.0155.v1

Peer-reviewed version available at OMICS: A Journal of Integrative Biology 2020, 24, 314-339; doi:10.1089/omi.2020.0023

https://doi.org/10.20944/preprints202001.0155.v1
https://doi.org/10.1089/omi.2020.0023


45 
 

14. Lønning, P. E.; Knappskog, S., Mapping genetic alterations causing chemoresistance in 
cancer: identifying the roads by tracking the drivers. Oncogene 2013, 32, (46), 5315-5330. 

15. Mongiat, M.; Andreuzzi, E.; Tarticchio, G.; Paulitti, A., Extracellular Matrix, a Hard Player in 
Angiogenesis. International journal of molecular sciences 2016, 17, (11). 

16. Mueller, M. M.; Fusenig, N. E., Friends or foes—bipolar effects of the tumour stroma in 
cancer. Nature Reviews Cancer 2004, 4, (11), 839. 

17. Senthebane, D.; Jonker, T.; Rowe, A.; Thomford, N.; Munro, D.; Dandara, C.; Wonkam, A.; 
Govender, D.; Calder, B.; Soares, N., The role of tumor microenvironment in 
chemoresistance: 3D extracellular matrices as accomplices. International journal of 
molecular sciences 2018, 19, (10), 2861. 

18. Senthebane, D. A.; Rowe, A.; Thomford, N. E.; Shipanga, H.; Munro, D.; Al Mazeedi, M. A.; 
Almazyadi, H. A.; Kallmeyer, K.; Dandara, C.; Pepper, M. S., The role of tumor 
microenvironment in chemoresistance: to survive, keep your enemies closer. International 
journal of molecular sciences 2017, 18, (7), 1586. 

19. Yates, L. R.; Knappskog, S.; Wedge, D.; Farmery, J. H. R.; Gonzalez, S.; Martincorena, I.; 
Alexandrov, L. B.; Van Loo, P.; Haugland, H. K.; Lilleng, P. K.; Gundem, G.; Gerstung, M.; 
Pappaemmanuil, E.; Gazinska, P.; Bhosle, S. G.; Jones, D.; Raine, K.; Mudie, L.; Latimer, C.; 
Sawyer, E.; Desmedt, C.; Sotiriou, C.; Stratton, M. R.; Sieuwerts, A. M.; Lynch, A. G.; Martens, 
J. W.; Richardson, A. L.; Tutt, A.; Lonning, P. E.; Campbell, P. J., Genomic Evolution of Breast 
Cancer Metastasis and Relapse. Cancer cell 2017, 32, (2), 169-184.e7. 

20. Crunkhorn, S., Preventing metastatic relapse. Nature Reviews Drug Discovery 2018, 17, (6), 
394-394. 

21. Zhou, B.-B. S.; Zhang, H.; Damelin, M.; Geles, K. G.; Grindley, J. C.; Dirks, P. B., Tumour-
initiating cells: challenges and opportunities for anticancer drug discovery. Nature reviews 
Drug discovery 2009, 8, (10), 806. 

22. Jenkins, D. E.; Yu, S.-F.; Hornig, Y. S.; Purchio, T.; Contag, P. R., In vivo monitoring of tumor 
relapse and metastasis using bioluminescent PC-3M-luc-C6 cells in murine models of human 
prostate cancer. Clinical & experimental metastasis 2003, 20, (8), 745-756. 

23. Mitra, A.; Mishra, L.; Li, S., EMT, CTCs and CSCs in tumor relapse and drug-resistance. 
Oncotarget 2015, 6, (13), 10697. 

24. Kalluri, R., The biology and function of fibroblasts in cancer. Nature Reviews Cancer 2016, 16, 
(9), 582. 

25. Dzobo, K.; Senthebane, D. A.; Rowe, A.; Thomford, N. E.; Mwapagha, L. M.; Al-Awwad, N.; 
Dandara, C.; Parker, M. I., Cancer stem cell hypothesis for therapeutic innovation in clinical 
oncology? Taking the root out, not chopping the leaf. Omics: a journal of integrative biology 
2016, 20, (12), 681-691. 

26. Quail, D. F.; Joyce, J. A., Microenvironmental regulation of tumor progression and 
metastasis. Nature medicine 2013, 19, (11), 1423. 

27. Dzobo, K.; Senthebane, D. A.; Thomford, N. E.; Rowe, A.; Dandara, C.; Parker, M. I., Not 
Everyone Fits the Mold: Intratumor and Intertumor Heterogeneity and Innovative Cancer 
Drug Design and Development. Omics : a journal of integrative biology 2018, 22, (1), 17-34. 

28. Öhlund, D.; Handly-Santana, A.; Biffi, G.; Elyada, E.; Almeida, A. S.; Ponz-Sarvise, M.; Corbo, 
V.; Oni, T. E.; Hearn, S. A.; Lee, E. J., Distinct populations of inflammatory fibroblasts and 
myofibroblasts in pancreatic cancer. Journal of Experimental Medicine 2017, 214, (3), 579-
596. 

29. Öhlund, D.; Elyada, E.; Tuveson, D., Fibroblast heterogeneity in the cancer wound. Journal of 
Experimental Medicine 2014, 211, (8), 1503-1523. 

30. Ishii, G.; Ochiai, A.; Neri, S., Phenotypic and functional heterogeneity of cancer-associated 
fibroblast within the tumor microenvironment. Advanced drug delivery reviews 2016, 99, 
186-196. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 15 January 2020                   doi:10.20944/preprints202001.0155.v1

Peer-reviewed version available at OMICS: A Journal of Integrative Biology 2020, 24, 314-339; doi:10.1089/omi.2020.0023

https://doi.org/10.20944/preprints202001.0155.v1
https://doi.org/10.1089/omi.2020.0023


46 
 

31. Noguera, R.; Nieto, O. A.; Tadeo, I.; Fariñas, F.; Álvaro, T., Extracellular matrix, biotensegrity 
and tumor microenvironment. An update and overview. 2012. 

32. Iida, N.; Dzutsev, A.; Stewart, C. A.; Smith, L.; Bouladoux, N.; Weingarten, R. A.; Molina, D. A.; 
Salcedo, R.; Back, T.; Cramer, S., Commensal bacteria control cancer response to therapy by 
modulating the tumor microenvironment. Science (New York, N.Y.) 2013, 342, (6161), 967-
970. 

33. Roy, S.; Trinchieri, G., Microbiota: a key orchestrator of cancer therapy. Nature Reviews 
Cancer 2017, 17, (5), 271. 

34. Vétizou, M.; Pitt, J. M.; Daillère, R.; Lepage, P.; Waldschmitt, N.; Flament, C.; Rusakiewicz, S.; 
Routy, B.; Roberti, M. P.; Duong, C. P., Anticancer immunotherapy by CTLA-4 blockade relies 
on the gut microbiota. Science (New York, N.Y.) 2015, 350, (6264), 1079-1084. 

35. Strom, T.; Harrison, L. B.; Giuliano, A. R.; Schell, M. J.; Eschrich, S. A.; Berglund, A.; Fulp, W.; 
Thapa, R.; Coppola, D.; Kim, S.; Frakes, J.; Foekens, J.; Mulé, J. J.; Torres-Roca, J. F., Tumour 
radiosensitivity is associated with immune activation in solid tumours. European Journal of 
Cancer 2017, 84, 304-314. 

36. Friedl, P.; Alexander, S., Cancer Invasion and the Microenvironment: Plasticity and 
Reciprocity. Cell 2011, 147, (5), 992-1009. 

37. Wels, J.; Kaplan, R. N.; Rafii, S.; Lyden, D., Migratory neighbors and distant invaders: tumor-
associated niche cells. Genes & development 2008, 22, (5), 559-574. 

38. Su, S.; Chen, J.; Yao, H.; Liu, J.; Yu, S.; Lao, L.; Wang, M.; Luo, M.; Xing, Y.; Chen, F., CD10+ 
GPR77+ cancer-associated fibroblasts promote cancer formation and chemoresistance by 
sustaining cancer stemness. Cell 2018, 172, (4), 841-856. e16. 

39. Kim, J. H.; Sun-Hee, O.; Kim, E.-J.; Park, S. J.; Hong, S. P.; Cheon, J. H.; Kim, T. I.; Kim, W. H., 
The role of myofibroblasts in upregulation of S100A8 and S100A9 and the differentiation of 
myeloid cells in the colorectal cancer microenvironment. Biochemical and biophysical 
research communications 2012, 423, (1), 60-66. 

40. Hao, N.-B.; Lü, M.-H.; Fan, Y.-H.; Cao, Y.-L.; Zhang, Z.-R.; Yang, S.-M., Macrophages in tumor 
microenvironments and the progression of tumors. Clinical and Developmental Immunology 
2012, 2012. 

41. De Palma, M.; Biziato, D.; Petrova, T. V., Microenvironmental regulation of tumour 
angiogenesis. Nature Reviews Cancer 2017, 17, (8), 457. 

42. Armulik, A.; Genové, G.; Betsholtz, C., Pericytes: developmental, physiological, and 
pathological perspectives, problems, and promises. Developmental cell 2011, 21, (2), 193-
215. 

43. Bonnans, C.; Chou, J.; Werb, Z., Remodelling the extracellular matrix in development and 
disease. Nature reviews Molecular cell biology 2014, 15, (12), 786-801. 

44. Schnoor, M.; Cullen, P.; Lorkowski, J.; Stolle, K.; Robenek, H.; Troyer, D.; Rauterberg, J.; 
Lorkowski, S., Production of type VI collagen by human macrophages: a new dimension in 
macrophage functional heterogeneity. The Journal of Immunology 2008, 180, (8), 5707-
5719. 

45. Riches, D. W., The multiple roles of macrophages in wound healing. In The molecular and 
cellular biology of wound repair, Springer: 1988; pp 213-239. 

46. Gaggioli, C.; Hooper, S.; Hidalgo-Carcedo, C.; Grosse, R.; Marshall, J. F.; Harrington, K.; Sahai, 
E., Fibroblast-led collective invasion of carcinoma cells with differing roles for RhoGTPases in 
leading and following cells. Nature cell biology 2007, 9, (12), 1392. 

47. Orimo, A.; Weinberg, R. A., Heterogeneity of stromal fibroblasts in tumor. Cancer biology & 
therapy 2007, 6, (4), 618-619. 

48. Bauer, M.; Su, G.; Casper, C.; He, R.; Rehrauer, W.; Friedl, A., Heterogeneity of gene 
expression in stromal fibroblasts of human breast carcinomas and normal breast. Oncogene 
2010, 29, (12), 1732. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 15 January 2020                   doi:10.20944/preprints202001.0155.v1

Peer-reviewed version available at OMICS: A Journal of Integrative Biology 2020, 24, 314-339; doi:10.1089/omi.2020.0023

https://doi.org/10.20944/preprints202001.0155.v1
https://doi.org/10.1089/omi.2020.0023


47 
 

49. Özdemir, B. C.; Pentcheva-Hoang, T.; Carstens, J. L.; Zheng, X.; Wu, C.-C.; Simpson, T. R.; 
Laklai, H.; Sugimoto, H.; Kahlert, C.; Novitskiy, S. V., Depletion of carcinoma-associated 
fibroblasts and fibrosis induces immunosuppression and accelerates pancreas cancer with 
reduced survival. Cancer cell 2014, 25, (6), 719-734. 

50. Hwang, R. F.; Moore, T.; Arumugam, T.; Ramachandran, V.; Amos, K. D.; Rivera, A.; Ji, B.; 
Evans, D. B.; Logsdon, C. D., Cancer-associated stromal fibroblasts promote pancreatic tumor 
progression. Cancer research 2008, 68, (3), 918-926. 

51. Rhim, A. D.; Oberstein, P. E.; Thomas, D. H.; Mirek, E. T.; Palermo, C. F.; Sastra, S. A.; Dekleva, 
E. N.; Saunders, T.; Becerra, C. P.; Tattersall, I. W., Stromal elements act to restrain, rather 
than support, pancreatic ductal adenocarcinoma. Cancer cell 2014, 25, (6), 735-747. 

52. Virchow, R., Die Cellularpathologie in ihrer Begründung auf physiologische und pathologische 
Gewebelehre. Hirschwald: 1871; Vol. 1. 

53. Darby, I. A.; Hewitson, T. D., Fibroblast differentiation in wound healing and fibrosis. 
International review of cytology 2007, 257, 143-179. 

54. Jun, J.-I.; Lau, L. F., The matricellular protein CCN1 induces fibroblast senescence and 
restricts fibrosis in cutaneous wound healing. Nature cell biology 2010, 12, (7), 676. 

55. Kalluri, R.; Zeisberg, M., Fibroblasts in cancer. Nature Reviews Cancer 2006, 6, (5), 392. 
56. Dvorak, H. F., Tumors: wounds that do not heal. New England Journal of Medicine 1986, 315, 

(26), 1650-1659. 
57. Hanahan, D.; Weinberg, R. A., Hallmarks of cancer: the next generation. Cell 2011, 144, (5), 

646-674. 
58. Wynn, T. A.; Ramalingam, T. R., Mechanisms of fibrosis: therapeutic translation for fibrotic 

disease. Nature medicine 2012, 18, (7), 1028. 
59. De Wever, O.; Demetter, P.; Mareel, M.; Bracke, M., Stromal myofibroblasts are drivers of 

invasive cancer growth. International journal of cancer 2008, 123, (10), 2229-2238. 
60. Lazard, D.; Sastre, X.; Frid, M. G.; Glukhova, M. A.; Thiery, J.-P.; Koteliansky, V. E., Expression 

of smooth muscle-specific proteins in myoepithelium and stromal myofibroblasts of normal 
and malignant human breast tissue. Proceedings of the National Academy of Sciences 1993, 
90, (3), 999-1003. 

61. Saadi, A.; Shannon, N. B.; Lao-Sirieix, P.; O’Donovan, M.; Walker, E.; Clemons, N. J.; 
Hardwick, J. S.; Zhang, C.; Das, M.; Save, V., Stromal genes discriminate preinvasive from 
invasive disease, predict outcome, and highlight inflammatory pathways in digestive cancers. 
Proceedings of the National Academy of Sciences 2010, 107, (5), 2177-2182. 

62. Ma, X.-J.; Dahiya, S.; Richardson, E.; Erlander, M.; Sgroi, D. C., Gene expression profiling of 
the tumor microenvironment during breast cancer progression. Breast cancer research 2009, 
11, (1), R7. 

63. Kalli, M.; Stylianopoulos, T., Defining the Role of Solid Stress and Matrix Stiffness in Cancer 
Cell Proliferation and Metastasis. Front Oncol 2018, 8, 55. 

64. Poltavets, V.; Kochetkova, M.; Pitson, S. M.; Samuel, M. S., The Role of the Extracellular 
Matrix and Its Molecular and Cellular Regulators in Cancer Cell Plasticity. Frontiers in 
Oncology 2018, 8, (431). 

65. Tsujino, T.; Seshimo, I.; Yamamoto, H.; Ngan, C. Y.; Ezumi, K.; Takemasa, I.; Ikeda, M.; 
Sekimoto, M.; Matsuura, N.; Monden, M., Stromal myofibroblasts predict disease recurrence 
for colorectal cancer. Clinical cancer research 2007, 13, (7), 2082-2090. 

66. Laklai, H.; Miroshnikova, Y. A.; Pickup, M. W.; Collisson, E. A.; Kim, G. E.; Barrett, A. S.; Hill, R. 
C.; Lakins, J. N.; Schlaepfer, D. D.; Mouw, J. K., Genotype tunes pancreatic ductal 
adenocarcinoma tissue tension to induce matricellular fibrosis and tumor progression. 
Nature medicine 2016, 22, (5), 497. 

67. Calvo, F.; Ege, N.; Grande-Garcia, A.; Hooper, S.; Jenkins, R. P.; Chaudhry, S. I.; Harrington, K.; 
Williamson, P.; Moeendarbary, E.; Charras, G.; Sahai, E., Mechanotransduction and YAP-

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 15 January 2020                   doi:10.20944/preprints202001.0155.v1

Peer-reviewed version available at OMICS: A Journal of Integrative Biology 2020, 24, 314-339; doi:10.1089/omi.2020.0023

https://doi.org/10.20944/preprints202001.0155.v1
https://doi.org/10.1089/omi.2020.0023


48 
 

dependent matrix remodelling is required for the generation and maintenance of cancer-
associated fibroblasts. Nature cell biology 2013, 15, 637. 

68. Maller, O.; DuFort, C. C.; Weaver, V. M., YAP forces fibroblasts to feel the tension. Nature cell 
biology 2013, 15, 570. 

69. Cukierman, E.; Bassi, D. E. In Physico-mechanical aspects of extracellular matrix influences on 
tumorigenic behaviors, Seminars in cancer biology, 2010; Elsevier: 2010; pp 139-145. 

70. Bruckner-Tuderman, L.; Von Der Mark, K.; Pihlajaniemi, T.; Unsicker, K., Cell interactions with 
the extracellular matrix. In Springer: 2010. 

71. Gorski, A.; Castronovo, V.; Stepien-Sopniewska, B.; Grieb, P.; Ryba, M.; Mrowiec, T.; Korczak-
Kowalska, G.; Wierzbicki, P.; Matysiak, W.; Dybowska, B.; et al., Depressed immune 
surveillance against cancer: role of deficient T cell: extracellular matrix interactions. Cell 
adhesion and communication 1994, 2, (3), 225-33. 

72. Baeriswyl, V.; Christofori, G. In The angiogenic switch in carcinogenesis, Seminars in cancer 
biology, 2009; Elsevier: 2009; pp 329-337. 

73. Raica, M.; Cimpean, A. M.; Ribatti, D., Angiogenesis in pre-malignant conditions. European 
journal of cancer 2009, 45, (11), 1924-1934. 

74. Flavell, R. A.; Sanjabi, S.; Wrzesinski, S. H.; Licona-Limón, P., The polarization of immune cells 
in the tumour environment by TGFβ. Nature Reviews Immunology 2010, 10, (8), 554. 

75. Yang, X.; Lin, Y.; Shi, Y.; Li, B.; Liu, W.; Yin, W.; Dang, Y.; Chu, Y.; Fan, J.; He, R., FAP promotes 
immunosuppression by cancer-associated fibroblasts in the tumor microenvironment via 
STAT3–CCL2 signaling. Cancer research 2016, 76, (14), 4124-4135. 

76. Borriello, L.; Nakata, R.; Sheard, M. A.; Fernandez, G. E.; Sposto, R.; Malvar, J.; Blavier, L.; 
Shimada, H.; Asgharzadeh, S.; Seeger, R. C.; DeClerck, Y. A., Cancer-Associated Fibroblasts 
Share Characteristics and Protumorigenic Activity with Mesenchymal Stromal Cells. Cancer 
research 2017, 77, (18), 5142-5157. 

77. Brechbuhl, H. M.; Finlay-Schultz, J.; Yamamoto, T. M.; Gillen, A. E.; Cittelly, D. M.; Tan, A.-C.; 
Sams, S. B.; Pillai, M. M.; Elias, A. D.; Robinson, W. A., Fibroblast subtypes regulate 
responsiveness of luminal breast cancer to estrogen. Clinical Cancer Research 2017, 23, (7), 
1710-1721. 

78. Bussard, K. M.; Mutkus, L.; Stumpf, K.; Gomez-Manzano, C.; Marini, F. C., Tumor-associated 
stromal cells as key contributors to the tumor microenvironment. Breast cancer research : 
BCR 2016, 18, (1), 84. 

79. Casey, T. M.; Eneman, J.; Crocker, A.; White, J.; Tessitore, J.; Stanley, M.; Harlow, S.; Bunn, J. 
Y.; Weaver, D.; Muss, H., Cancer associated fibroblasts stimulated by transforming growth 
factor beta1 (TGF-β1) increase invasion rate of tumor cells: a population study. Breast cancer 
research and treatment 2008, 110, (1), 39-49. 

80. Colak, S.; Ten Dijke, P., Targeting TGF-beta Signaling in Cancer. Trends in cancer 2017, 3, (1), 
56-71. 

81. Glentis, A.; Oertle, P.; Mariani, P.; Chikina, A.; El Marjou, F.; Attieh, Y.; Zaccarini, F.; Lae, M.; 
Loew, D.; Dingli, F., Cancer-associated fibroblasts induce metalloprotease-independent 
cancer cell invasion of the basement membrane. Nature communications 2017, 8, (1), 924. 

82. Omary, M. B.; Lugea, A.; Lowe, A. W.; Pandol, S. J., The pancreatic stellate cell: a star on the 
rise in pancreatic diseases. The Journal of clinical investigation 2007, 117, (1), 50-59. 

83. Yin, C.; Evason, K. J.; Asahina, K.; Stainier, D. Y., Hepatic stellate cells in liver development, 
regeneration, and cancer. The Journal of clinical investigation 2013, 123, (5), 1902-1910. 

84. Barth, P. J.; Ebrahimsade, S.; Ramaswamy, A.; Moll, R., CD34+ fibrocytes in invasive ductal 
carcinoma, ductal carcinoma in situ, and benign breast lesions. Virchows Archiv 2002, 440, 
(3), 298-303. 

85. Jung, Y.; Kim, J. K.; Shiozawa, Y.; Wang, J.; Mishra, A.; Joseph, J.; Berry, J. E.; McGee, S.; Lee, 
E.; Sun, H., Recruitment of mesenchymal stem cells into prostate tumours promotes 
metastasis. Nature communications 2013, 4, 1795. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 15 January 2020                   doi:10.20944/preprints202001.0155.v1

Peer-reviewed version available at OMICS: A Journal of Integrative Biology 2020, 24, 314-339; doi:10.1089/omi.2020.0023

https://doi.org/10.20944/preprints202001.0155.v1
https://doi.org/10.1089/omi.2020.0023


49 
 

86. Mishra, P. J.; Mishra, P. J.; Humeniuk, R.; Medina, D. J.; Alexe, G.; Mesirov, J. P.; Ganesan, S.; 
Glod, J. W.; Banerjee, D., Carcinoma-associated fibroblast–like differentiation of human 
mesenchymal stem cells. Cancer research 2008, 68, (11), 4331-4339. 

87. Zhu, Q.; Zhang, X.; Zhang, L.; Li, W.; Wu, H.; Yuan, X.; Mao, F.; Wang, M.; Zhu, W.; Qian, H., 
The IL-6–STAT3 axis mediates a reciprocal crosstalk between cancer-derived mesenchymal 
stem cells and neutrophils to synergistically prompt gastric cancer progression. Cell death & 
disease 2014, 5, (6), e1295-e1295. 

88. Weber, C. E.; Kothari, A. N.; Wai, P. Y.; Li, N. Y.; Driver, J.; Zapf, M. A.; Franzen, C. A.; Gupta, 
G. N.; Osipo, C.; Zlobin, A.; Syn, W. K.; Zhang, J.; Kuo, P. C.; Mi, Z., Osteopontin mediates an 
MZF1-TGF-beta1-dependent transformation of mesenchymal stem cells into cancer-
associated fibroblasts in breast cancer. Oncogene 2015, 34, (37), 4821-33. 

89. Iwano, M.; Plieth, D.; Danoff, T. M.; Xue, C.; Okada, H.; Neilson, E. G., Evidence that 
fibroblasts derive from epithelium during tissue fibrosis. The Journal of clinical investigation 
2002, 110, (3), 341-350. 

90. Zeisberg, E. M.; Potenta, S.; Xie, L.; Zeisberg, M.; Kalluri, R., Discovery of endothelial to 
mesenchymal transition as a source for carcinoma-associated fibroblasts. Cancer research 
2007, 67, (21), 10123-10128. 

91. Jotzu, C.; Alt, E.; Welte, G.; Li, J.; Hennessy, B. T.; Devarajan, E.; Krishnappa, S.; Pinilla, S.; 
Droll, L.; Song, Y.-H., Adipose tissue derived stem cells differentiate into carcinoma-
associated fibroblast-like cells under the influence of tumor derived factors. Cellular 
oncology 2011, 34, (1), 55-67. 

92. Dulauroy, S.; Di Carlo, S. E.; Langa, F.; Eberl, G.; Peduto, L., Lineage tracing and genetic 
ablation of ADAM12+ perivascular cells identify a major source of profibrotic cells during 
acute tissue injury. Nature medicine 2012, 18, (8), 1262. 

93. Huelsken, J.; Hanahan, D., A subset of cancer-associated fibroblasts determines therapy 
resistance. Cell 2018, 172, (4), 643-644. 

94. Allinen, M.; Beroukhim, R.; Cai, L.; Brennan, C.; Lahti-Domenici, J.; Huang, H.; Porter, D.; Hu, 
M.; Chin, L.; Richardson, A., Molecular characterization of the tumor microenvironment in 
breast cancer. Cancer cell 2004, 6, (1), 17-32. 

95. Campbell, I.; Polyak, K.; Haviv, I., Clonal mutations in the cancer-associated fibroblasts: the 
case against genetic coevolution. Cancer research 2009, 69, (17), 6765-8; discussion 6769. 

96. Campbell, I.; Qiu, W.; Haviv, I., Genetic changes in tumour microenvironments. The Journal 
of pathology 2011, 223, (4), 450-8. 

97. Patocs, A.; Zhang, L.; Xu, Y.; Weber, F.; Caldes, T.; Mutter, G. L.; Platzer, P.; Eng, C., Breast-
cancer stromal cells with TP53 mutations and nodal metastases. New England Journal of 
Medicine 2007, 357, (25), 2543-2551. 

98. Moinfar, F.; Man, Y. G.; Arnould, L.; Bratthauer, G. L.; Ratschek, M.; Tavassoli, F. A., 
Concurrent and independent genetic alterations in the stromal and epithelial cells of 
mammary carcinoma: implications for tumorigenesis. Cancer research 2000, 60, (9), 2562-
2566. 

99. Vennin, C.; Mélénec, P.; Rouet, R.; Nobis, M.; Cazet, A. S.; Murphy, K. J.; Herrmann, D.; Reed, 
D. A.; Lucas, M. C.; Warren, S. C.; Elgundi, Z.; Pinese, M.; Kalna, G.; Roden, D.; Samuel, M.; 
Zaratzian, A.; Grey, S. T.; Da Silva, A.; Leung, W.; Johns, A. L.; Chantrill, L. A.; Chou, A.; 
Steinmann, A.; Arshi, M.; Dwarte, T.; Froio, D.; Pereira, B.; Ritchie, S.; Chambers, C. R.; 
Metcalf, X.; Waddell, N.; Pearson, J. V.; Patch, A.-M.; Nones, K.; Newell, F.; Mukhopadhyay, 
P.; Addala, V.; Kazakoff, S.; Holmes, O.; Leonard, C.; Wood, S.; Grimmond, S. M.; Hofmann, 
O.; Christ, A.; Bruxner, T.; Samra, J. S.; Pavlakis, N.; High, H. A.; Asghari, R.; Merrett, N. D.; 
Pavey, D.; Das, A.; Cosman, P. H.; Ismail, K.; O’Connnor, C.; Stoita, A.; Williams, D.; 
Spigellman, A.; Lam, V. W.; McLeod, D.; Kirk, J.; Kench, J. G.; Grimison, P.; Cooper, C. L.; 
Sandroussi, C.; Goodwin, A.; Mead, R. S.; Tucker, K.; Andrews, L.; Texler, M.; Forest, C.; Epari, 
K. P.; Ballal, M.; Fletcher, D. R.; Mukhedkar, S.; Zeps, N.; Beilin, M.; Feeney, K.; Nguyen, N. Q.; 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 15 January 2020                   doi:10.20944/preprints202001.0155.v1

Peer-reviewed version available at OMICS: A Journal of Integrative Biology 2020, 24, 314-339; doi:10.1089/omi.2020.0023

https://doi.org/10.20944/preprints202001.0155.v1
https://doi.org/10.1089/omi.2020.0023


50 
 

Ruszkiewicz, A. R.; Worthley, C.; Chen, J.; Brooke-Smith, M. E.; Papangelis, V.; Clouston, A. 
D.; Barbour, A. P.; O’Rourke, T. J.; Fawcett, J. W.; Slater, K.; Hatzifotis, M.; Hodgkinson, P.; 
Nikfarjam, M.; Eshleman, J. R.; Hruban, R. H.; Wolfgang, C. L.; Lawlor, R. T.; Beghelli, S.; 
Corbo, V.; Scardoni, M.; Bassi, C.; Biankin, A. V.; Dixon, J.; Jamieson, N. B.; Chang, D. K.; 
Mathivanan, S.; Wang, Y.; Braithwaite, A. W.; Christ, D.; Benda, A.; Parkin, A.; Phillips, P. A.; 
Whitelock, J. M.; Gill, A. J.; Sansom, O. J.; Croucher, D. R.; Parker, B. L.; Pajic, M.; Morton, J. 
P.; Cox, T. R.; Timpson, P.; Australian Pancreatic Genome, I., CAF hierarchy driven by 
pancreatic cancer cell p53-status creates a pro-metastatic and chemoresistant environment 
via perlecan. Nature communications 2019, 10, (1), 3637. 

100. Akrish, S. J.; Rachmiel, A.; Sabo, E.; Vered, M.; Ben-Izhak, O., Cancer associated fibroblasts 
are an infrequent finding in the microenvironment of proliferative verrucous leukoplakia 
associated squamous cell carcinoma. J Oral Pathol Med 2016. 

101. Hanley, C. J.; Noble, F.; Ward, M.; Bullock, M.; Drifka, C.; Mellone, M.; Manousopoulou, A.; 
Johnston, H. E.; Hayden, A.; Thirdborough, S.; Liu, Y.; Smith, D. M.; Mellows, T.; Kao, W. J.; 
Garbis, S. D.; Mirnezami, A.; Underwood, T. J.; Eliceiri, K. W.; Thomas, G. J., A subset of 
myofibroblastic cancer-associated fibroblasts regulate collagen fiber elongation, which is 
prognostic in multiple cancers. Oncotarget 2016, 7, (5), 6159-74. 

102. Ayala, G.; Tuxhorn, J. A.; Wheeler, T. M.; Frolov, A.; Scardino, P. T.; Ohori, M.; Wheeler, M.; 
Spitler, J.; Rowley, D. R., Reactive stroma as a predictor of biochemical-free recurrence in 
prostate cancer. Clinical Cancer Research 2003, 9, (13), 4792-4801. 

103. Vuoriluoto, K.; Haugen, H.; Kiviluoto, S.; Mpindi, J.; Nevo, J.; Gjerdrum, C.; Tiron, C.; Lorens, 
J.; Ivaska, J., Vimentin regulates EMT induction by Slug and oncogenic H-Ras and migration 
by governing Axl expression in breast cancer. Oncogene 2011, 30, (12), 1436. 

104. Toivola, D. M.; Tao, G.-Z.; Habtezion, A.; Liao, J.; Omary, M. B., Cellular integrity plus: 
organelle-related and protein-targeting functions of intermediate filaments. Trends in cell 
biology 2005, 15, (11), 608-617. 

105. Guo, M.; Ehrlicher, A. J.; Mahammad, S.; Fabich, H.; Jensen, M. H.; Moore, J. R.; Fredberg, J. 
J.; Goldman, R. D.; Weitz, D. A., The role of vimentin intermediate filaments in cortical and 
cytoplasmic mechanics. Biophysical journal 2013, 105, (7), 1562-1568. 

106. Wang, N.; Stamenovic, D., Mechanics of vimentin intermediate filaments. Journal of Muscle 
Research & Cell Motility 2002, 23, (5-6), 535-540. 

107. Eyden, B., The myofibroblast: phenotypic characterization as a prerequisite to understanding 
its functions in translational medicine. Journal of cellular and molecular medicine 2008, 12, 
(1), 22-37. 

108. Guido, C.; Whitaker-Menezes, D.; Capparelli, C.; Balliet, R.; Lin, Z.; Pestell, R. G.; Howell, A.; 
Aquila, S.; Andò, S.; Martinez-Outschoorn, U., Metabolic reprogramming of cancer-
associated fibroblasts by TGF-β drives tumor growth: connecting TGF-β signaling with 
“Warburg-like” cancer metabolism and L-lactate production. Cell cycle (Georgetown, Tex.) 
2012, 11, (16), 3019-3035. 

109. Goetz, J. G.; Minguet, S.; Navarro-Lérida, I.; Lazcano, J. J.; Samaniego, R.; Calvo, E.; Tello, M.; 
Osteso-Ibáñez, T.; Pellinen, T.; Echarri, A., Biomechanical remodeling of the 
microenvironment by stromal caveolin-1 favors tumor invasion and metastasis. Cell 2011, 
146, (1), 148-163. 

110. Cohen, A. W.; Hnasko, R.; Schubert, W.; Lisanti, M. P., Role of caveolae and caveolins in 
health and disease. Physiological reviews 2004, 84, (4), 1341-1379. 

111. Karnoub, A. E.; Dash, A. B.; Vo, A. P.; Sullivan, A.; Brooks, M. W.; Bell, G. W.; Richardson, A. 
L.; Polyak, K.; Tubo, R.; Weinberg, R. A., Mesenchymal stem cells within tumour stroma 
promote breast cancer metastasis. Nature 2007, 449, (7162), 557. 

112. Zhang, J.; Chen, L.; Liu, X.; Kammertoens, T.; Blankenstein, T.; Qin, Z., Fibroblast-specific 
protein 1/S100A4–positive cells prevent carcinoma through collagen production and 
encapsulation of carcinogens. Cancer research 2013, 73, (9), 2770-2781. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 15 January 2020                   doi:10.20944/preprints202001.0155.v1

Peer-reviewed version available at OMICS: A Journal of Integrative Biology 2020, 24, 314-339; doi:10.1089/omi.2020.0023

https://doi.org/10.20944/preprints202001.0155.v1
https://doi.org/10.1089/omi.2020.0023


51 
 

113. Wang, X. M.; Yu, D. M. T.; McCaughan, G. W.; Gorrell, M. D., Fibroblast activation protein 
increases apoptosis, cell adhesion, and migration by the LX‐2 human stellate cell line. 
Hepatology (Baltimore, Md.) 2005, 42, (4), 935-945. 

114. Orimo, A.; Gupta, P. B.; Sgroi, D. C.; Arenzana-Seisdedos, F.; Delaunay, T.; Naeem, R.; Carey, 
V. J.; Richardson, A. L.; Weinberg, R. A., Stromal fibroblasts present in invasive human breast 
carcinomas promote tumor growth and angiogenesis through elevated SDF-1/CXCL12 
secretion. Cell 2005, 121, (3), 335-348. 

115. Li, Z.-H.; Dulyaninova, N. G.; House, R. P.; Almo, S. C.; Bresnick, A. R., S100A4 regulates 
macrophage chemotaxis. Molecular biology of the cell 2010, 21, (15), 2598-2610. 

116. Pietras, K.; Pahler, J.; Bergers, G.; Hanahan, D., Functions of paracrine PDGF signaling in the 
proangiogenic tumor stroma revealed by pharmacological targeting. PLoS medicine 2008, 5, 
(1), e19. 

117. Peña, C.; Céspedes, M. V.; Lindh, M. B.; Kiflemariam, S.; Mezheyeuski, A.; Edqvist, P.-H.; 
Hägglöf, C.; Birgisson, H.; Bojmar, L.; Jirström, K., STC1 expression by cancer-associated 
fibroblasts drives metastasis of colorectal cancer. Cancer research 2013, 73, (4), 1287-1297. 

118. Arnold, J. N.; Magiera, L.; Kraman, M.; Fearon, D. T., Tumoral immune suppression by 
macrophages expressing fibroblast activation protein-α and heme oxygenase-1. Cancer 
immunology research 2014, 2, (2), 121-126. 

119. Huber, M. A.; Schubert, R. D.; Peter, R. U.; Kraut, N.; Park, J. E.; Rettig, W. J.; Garin-Chesa, P., 
Fibroblast activation protein: differential expression and serine protease activity in reactive 
stromal fibroblasts of melanocytic skin tumors. Journal of Investigative Dermatology 2003, 
120, (2), 182-188. 

120. The, L., GLOBOCAN 2018: counting the toll of cancer. Lancet (London, England) 2018, 392, 
(10152), 985. 

121. Gerli, M. F. M.; Guyette, J. P.; Evangelista-Leite, D.; Ghoshhajra, B. B.; Ott, H. C., Perfusion 
decellularization of a human limb: A novel platform for composite tissue engineering and 
reconstructive surgery. PLoS One 2018, 13, (1), e0191497. 

122. Sicari, B. M.; Rubin, J. P.; Dearth, C. L.; Wolf, M. T.; Ambrosio, F.; Boninger, M.; Turner, N. J.; 
Weber, D. J.; Simpson, T. W.; Wyse, A.; Brown, E. H.; Dziki, J. L.; Fisher, L. E.; Brown, S.; 
Badylak, S. F., An acellular biologic scaffold promotes skeletal muscle formation in mice and 
humans with volumetric muscle loss. Science translational medicine 2014, 6, (234), 234ra58. 

123. Torre, L. A.; Bray, F.; Siegel, R. L.; Ferlay, J.; Lortet-Tieulent, J.; Jemal, A., Global cancer 
statistics, 2012. CA: a cancer journal for clinicians 2015, 65, (2), 87-108. 

124. Stolz, W.; Schmoeckel, C.; Landthaler, M.; Braun‐Falco, O., Association of early malignant 
melanoma with nevocytic nevi. Cancer 1989, 63, (3), 550-555. 

125. Dhomen, N.; Reis-Filho, J. S.; da Rocha Dias, S.; Hayward, R.; Savage, K.; Delmas, V.; Larue, L.; 
Pritchard, C.; Marais, R., Oncogenic Braf induces melanocyte senescence and melanoma in 
mice. Cancer cell 2009, 15, (4), 294-303. 

126. Zhou, L.; Yang, K.; Andl, T.; Wickett, R. R.; Zhang, Y., Perspective of Targeting Cancer-
Associated Fibroblasts in Melanoma. Journal of Cancer 2015, 6, (8), 717-26. 

127. Zhou, L.; Yang, K.; Wickett, R. R.; Kadekaro, A. L.; Zhang, Y., Targeted deactivation of cancer-
associated fibroblasts by beta-catenin ablation suppresses melanoma growth. Tumour 
biology : the journal of the International Society for Oncodevelopmental Biology and 
Medicine 2016, 37, (10), 14235-14248. 

128. Zhou, L.; Yang, K.; Dunaway, S.; Abdel-Malek, Z.; Andl, T.; Kadekaro, A. L.; Zhang, Y., 
Suppression of MAPK signaling in BRAF-activated PTEN-deficient melanoma by blocking 
beta-catenin signaling in cancer-associated fibroblasts. Pigment cell & melanoma research 
2018, 31, (2), 297-307. 

129. Merritt, E. K.; Hammers, D. W.; Tierney, M.; Suggs, L. J.; Walters, T. J.; Farrar, R. P., 
Functional assessment of skeletal muscle regeneration utilizing homologous extracellular 
matrix as scaffolding. Tissue engineering. Part A 2010, 16, (4), 1395-405. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 15 January 2020                   doi:10.20944/preprints202001.0155.v1

Peer-reviewed version available at OMICS: A Journal of Integrative Biology 2020, 24, 314-339; doi:10.1089/omi.2020.0023

https://doi.org/10.20944/preprints202001.0155.v1
https://doi.org/10.1089/omi.2020.0023


52 
 

130. Dzobo, K.; Hassen, N.; Senthebane, D. A.; Thomford, N. E.; Rowe, A.; Shipanga, H.; Wonkam, 
A.; Parker, M. I.; Mowla, S.; Dandara, C., Chemoresistance to Cancer Treatment: Benzo-
alpha-Pyrene as Friend or Foe? Molecules (Basel, Switzerland) 2018, 23, (4). 

131. Kypta, R. M.; Waxman, J., Wnt/beta-catenin signalling in prostate cancer. Nature reviews. 
Urology 2012, 9, (8), 418-28. 

132. Ridge, S. M.; Bhattacharyya, D.; Dervan, E.; Naicker, S. D.; Burke, A. J.; Murphy, J. M.; 
O'Leary, K.; Greene, J.; Ryan, A. E.; Sullivan, F. J.; Glynn, S. A., Secreted factors from 
metastatic prostate cancer cells stimulate mesenchymal stem cell transition to a pro-
tumourigenic 'activated' state that enhances prostate cancer cell migration. International 
journal of cancer 2018, 142, (10), 2056-2067. 

133. Gandhi, J.; Afridi, A.; Vatsia, S.; Joshi, G.; Joshi, G.; Kaplan, S. A.; Smith, N. L.; Khan, S. A., The 
molecular biology of prostate cancer: current understanding and clinical implications. 
Prostate cancer and prostatic diseases 2018, 21, (1), 22-36. 

134. Grasso, C. S.; Wu, Y. M.; Robinson, D. R.; Cao, X.; Dhanasekaran, S. M.; Khan, A. P.; Quist, M. 
J.; Jing, X.; Lonigro, R. J.; Brenner, J. C.; Asangani, I. A.; Ateeq, B.; Chun, S. Y.; Siddiqui, J.; Sam, 
L.; Anstett, M.; Mehra, R.; Prensner, J. R.; Palanisamy, N.; Ryslik, G. A.; Vandin, F.; Raphael, B. 
J.; Kunju, L. P.; Rhodes, D. R.; Pienta, K. J.; Chinnaiyan, A. M.; Tomlins, S. A., The mutational 
landscape of lethal castration-resistant prostate cancer. Nature 2012, 487, (7406), 239-43. 

135. Huhtaniemi, R.; Oksala, R.; Knuuttila, M.; Mehmood, A.; Aho, E.; Laajala, T. D.; Nicorici, D.; 
Aittokallio, T.; Laiho, A.; Elo, L.; Ohlsson, C.; Kallio, P.; Makela, S.; Mustonen, M. V. J.; Sipila, 
P.; Poutanen, M., Adrenals Contribute to Growth of Castration-Resistant VCaP Prostate 
Cancer Xenografts. The American journal of pathology 2018, 188, (12), 2890-2901. 

136. Ippolito, L.; Morandi, A.; Taddei, M. L.; Parri, M.; Comito, G.; Iscaro, A.; Raspollini, M. R.; 
Magherini, F.; Rapizzi, E.; Masquelier, J.; Muccioli, G. G.; Sonveaux, P.; Chiarugi, P.; Giannoni, 
E., Cancer-associated fibroblasts promote prostate cancer malignancy via metabolic rewiring 
and mitochondrial transfer. Oncogene 2019, 38, (27), 5339-5355. 

137. Ohlund, D.; Elyada, E.; Tuveson, D., Fibroblast heterogeneity in the cancer wound. The 
Journal of experimental medicine 2014, 211, (8), 1503-23. 

138. Denlinger, C. E.; Thompson, R. K., Molecular basis of esophageal cancer development and 
progression. Surg Clin North Am 2012, 92, (5), 1089-103. 

139. Devesa, S. S.; Blot, W. J.; Fraumeni, J. F., Jr., Changing patterns in the incidence of 
esophageal and gastric carcinoma in the United States. Cancer 1998, 83, (10), 2049-53. 

140. Holland, E. C., Glioblastoma multiforme: the terminator. Proceedings of the National 
Academy of Sciences of the United States of America 2000, 97, (12), 6242-4. 

141. Clavreul, A.; Etcheverry, A.; Tetaud, C.; Rousseau, A.; Avril, T.; Henry, C.; Mosser, J.; Menei, 
P., Identification of two glioblastoma-associated stromal cell subtypes with different 
carcinogenic properties in histologically normal surgical margins. Journal of neuro-oncology 
2015, 122, (1), 1-10. 

142. He, Z.; You, C.; Zhao, D., Long non-coding RNA UCA1/miR-182/PFKFB2 axis modulates 
glioblastoma-associated stromal cells-mediated glycolysis and invasion of glioma cells. 
Biochemical and biophysical research communications 2018, 500, (3), 569-576. 

143. Lim, E. J.; Suh, Y.; Kim, S.; Kang, S. G.; Lee, S. J., Force-mediated proinvasive matrix 
remodeling driven by tumor-associated mesenchymal stem-like cells in glioblastoma. BMB 
reports 2018, 51, (4), 182-187. 

144. Trylcova, J.; Busek, P.; Smetana, K., Jr.; Balaziova, E.; Dvorankova, B.; Mifkova, A.; Sedo, A., 
Effect of cancer-associated fibroblasts on the migration of glioma cells in vitro. Tumour 
biology : the journal of the International Society for Oncodevelopmental Biology and 
Medicine 2015, 36, (8), 5873-9. 

145. Zeng, J.-h.; Lu, W.; Liang, L.; Chen, G.; Lan, H.-h.; Liang, X.-Y.; Zhu, X., Prognosis of clear cell 
renal cell carcinoma (ccRCC) based on a six-lncRNA-based risk score: an investigation based 
on RNA-sequencing data. Journal of translational medicine 2019, 17, (1), 281. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 15 January 2020                   doi:10.20944/preprints202001.0155.v1

Peer-reviewed version available at OMICS: A Journal of Integrative Biology 2020, 24, 314-339; doi:10.1089/omi.2020.0023

https://doi.org/10.20944/preprints202001.0155.v1
https://doi.org/10.1089/omi.2020.0023


53 
 

146. Troxell, M. L.; Higgins, J. P., Renal cell carcinoma in kidney allografts: histologic types, 
including biphasic papillary carcinoma. Human pathology 2016, 57, 28-36. 

147. Vermassen, T.; De Meulenaere, A.; Van de Walle, M.; Rottey, S., Therapeutic approaches in 
clear cell and non-clear cell renal cell carcinoma. Acta clinica Belgica 2017, 72, (1), 12-18. 

148. Williamson, S. R.; Cheng, L., Clear cell renal cell tumors: Not all that is "clear" is cancer. 
Urologic oncology 2016, 34, (7), 292.e17-22. 

149. Lopez, J. I.; Errarte, P.; Erramuzpe, A.; Guarch, R.; Cortes, J. M.; Angulo, J. C.; Pulido, R.; 
Irazusta, J.; Llarena, R.; Larrinaga, G., Fibroblast activation protein predicts prognosis in clear 
cell renal cell carcinoma. Human pathology 2016, 54, 100-5. 

150. Xu, Y.; Lu, Y.; Song, J.; Dong, B.; Kong, W.; Xue, W.; Zhang, J.; Huang, Y., Cancer-associated 
fibroblasts promote renal cell carcinoma progression. Tumour biology : the journal of the 
International Society for Oncodevelopmental Biology and Medicine 2015, 36, (5), 3483-8. 

151. Aibaidula, A.; Chan, A. K.; Shi, Z.; Li, Y.; Zhang, R.; Yang, R.; Li, K. K.; Chung, N. Y.; Yao, Y.; 
Zhou, L.; Wu, J.; Chen, H.; Ng, H. K., Adult IDH wild-type lower-grade gliomas should be 
further stratified. Neuro-oncology 2017, 19, (10), 1327-1337. 

152. Ferris, S. P.; Hofmann, J. W.; Solomon, D. A.; Perry, A., Characterization of gliomas: from 
morphology to molecules. Virchows Archiv : an international journal of pathology 2017, 471, 
(2), 257-269. 

153. Gusyatiner, O.; Hegi, M. E., Glioma epigenetics: From subclassification to novel treatment 
options. Seminars in cancer biology 2018, 51, 50-58. 

154. Kumthekar, P.; Raizer, J.; Singh, S., Low-grade glioma. Cancer treatment and research 2015, 
163, 75-87. 

155. Chalil, A.; Ramaswamy, V., Low Grade Gliomas in Children. Journal of child neurology 2016, 
31, (4), 517-22. 

156. Filbin, M. G.; Sturm, D., Gliomas in Children. Seminars in neurology 2018, 38, (1), 121-130. 
157. Forst, D. A.; Nahed, B. V.; Loeffler, J. S.; Batchelor, T. T., Low-grade gliomas. The oncologist 

2014, 19, (4), 403-13. 
158. Schiff, D., Low-grade Gliomas. Continuum (Minneapolis, Minn.) 2017, 23, (6, Neuro-

oncology), 1564-1579. 
159. Huang, B.; Huang, M.; Li, Q., Cancer-Associated Fibroblasts Promote Angiogenesis of 

Hepatocellular Carcinoma by VEGF-Mediated EZH2/VASH1 Pathway. Technology in cancer 
research & treatment 2019, 18, 1533033819879905. 

160. Kubo, N.; Araki, K.; Kuwano, H.; Shirabe, K., Cancer-associated fibroblasts in hepatocellular 
carcinoma. World journal of gastroenterology 2016, 22, (30), 6841-50. 

161. Zhao, Z.; Bai, S.; Wang, R.; Xiong, S.; Li, Y.; Wang, X.; Chen, W.; Cheng, B., Cancer-associated 
fibroblasts endow stem-like qualities to liver cancer cells by modulating autophagy. Cancer 
Manag Res 2019, 11, 5737-5744. 

162. Li, Y.; Wang, R.; Xiong, S.; Wang, X.; Zhao, Z.; Bai, S.; Wang, Y.; Zhao, Y.; Cheng, B., Cancer-
associated fibroblasts promote the stemness of CD24(+) liver cells via paracrine signaling. 
Journal of molecular medicine (Berlin, Germany) 2019, 97, (2), 243-255. 

163. Stoker, M.; SHEARER, M.; O'NEILL, C., Growth inhibition of polyoma-transformed cells by 
contact with static normal fibroblasts. Journal of cell science 1966, 1, (3), 297-310. 

164. Alkasalias, T.; Flaberg, E.; Kashuba, V.; Alexeyenko, A.; Pavlova, T.; Savchenko, A.; Szekely, L.; 
Klein, G.; Guven, H., Inhibition of tumor cell proliferation and motility by fibroblasts is both 
contact and soluble factor dependent. Proceedings of the National Academy of Sciences 
2014, 111, (48), 17188-17193. 

165. Trimboli, A. J.; Cantemir-Stone, C. Z.; Li, F.; Wallace, J. A.; Merchant, A.; Creasap, N.; 
Thompson, J. C.; Caserta, E.; Wang, H.; Chong, J.-L., Pten in stromal fibroblasts suppresses 
mammary epithelial tumours. Nature 2009, 461, (7267), 1084. 

166. Ancrile, B.; Lim, K.-H.; Counter, C. M., Oncogenic Ras-induced secretion of IL6 is required for 
tumorigenesis. Genes & development 2007, 21, (14), 1714-1719. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 15 January 2020                   doi:10.20944/preprints202001.0155.v1

Peer-reviewed version available at OMICS: A Journal of Integrative Biology 2020, 24, 314-339; doi:10.1089/omi.2020.0023

https://doi.org/10.20944/preprints202001.0155.v1
https://doi.org/10.1089/omi.2020.0023


54 
 

167. Giannoni, E.; Bianchini, F.; Masieri, L.; Serni, S.; Torre, E.; Calorini, L.; Chiarugi, P., Reciprocal 
activation of prostate cancer cells and cancer-associated fibroblasts stimulates epithelial-
mesenchymal transition and cancer stemness. Cancer research 2010, 70, (17), 6945-6956. 

168. Maxwell, P.; Dachs, G.; Gleadle, J.; Nicholls, L.; Harris, A.; Stratford, I.; Hankinson, O.; Pugh, 
C., and; Ratcliffe, P., Hypoxia-inducible factor-1 modulates gene expression in solid tumors 
and influences both angiogenesis and tumor growth. Proceedings of the National Academy 
of Sciences 1997, 94, (15), 8104-8109. 

169. Ryan, H. E.; Poloni, M.; McNulty, W.; Elson, D.; Gassmann, M.; Arbeit, J. M.; Johnson, R. S., 
Hypoxia-inducible factor-1α is a positive factor in solid tumor growth. Cancer research 2000, 
60, (15), 4010-4015. 

170. San Francisco, I. F.; DeWolf, W. C.; Peehl, D. M.; Olumi, A. F., Expression of transforming 
growth factor‐beta 1 and growth in soft agar differentiate prostate carcinoma‐associated 
fibroblasts from normal prostate fibroblasts. International journal of cancer 2004, 112, (2), 
213-218. 

171. Calon, A.; Tauriello, D.; Batlle, E. In TGF-beta in CAF-mediated tumor growth and metastasis, 
Seminars in cancer biology, 2014; Elsevier: 2014; pp 15-22. 

172. Jobe, N. P.; Rösel, D.; Dvořánková, B.; Kodet, O.; Lacina, L.; Mateu, R.; Smetana, K.; Brábek, 
J., Simultaneous blocking of IL-6 and IL-8 is sufficient to fully inhibit CAF-induced human 
melanoma cell invasiveness. Histochemistry and cell biology 2016, 146, (2), 205-217. 

173. Wang, L.; Cao, L.; Wang, H.; Liu, B.; Zhang, Q.; Meng, Z.; Wu, X.; Zhou, Q.; Xu, K., Cancer-
associated fibroblasts enhance metastatic potential of lung cancer cells through IL-6/STAT3 
signaling pathway. Oncotarget 2017, 8, (44), 76116. 

174. Erez, N.; Truitt, M.; Olson, P.; Hanahan, D., Cancer-Associated Fibroblasts Are Activated in 
Incipient Neoplasia to Orchestrate Tumor-Promoting Inflammation in an NF-κB-Dependent 
Manner. Cancer cell 2010, 17, (2), 135-147. 

175. Kahlert, C.; Kalluri, R., Exosomes in tumor microenvironment influence cancer progression 
and metastasis. Journal of molecular medicine 2013, 91, (4), 431-437. 

176. Webber, J.; Steadman, R.; Mason, M. D.; Tabi, Z.; Clayton, A., Cancer exosomes trigger 
fibroblast to myofibroblast differentiation. Cancer research 2010, 70, (23), 9621-9630. 

177. Fang, T.; Lv, H.; Lv, G.; Li, T.; Wang, C.; Han, Q.; Yu, L.; Su, B.; Guo, L.; Huang, S., Tumor-
derived exosomal miR-1247-3p induces cancer-associated fibroblast activation to foster lung 
metastasis of liver cancer. Nature communications 2018, 9, (1), 191. 

178. Mitra, A. K.; Zillhardt, M.; Hua, Y.; Tiwari, P.; Murmann, A. E.; Peter, M. E.; Lengyel, E., 
MicroRNAs Reprogram Normal Fibroblasts into Cancer-Associated Fibroblasts in Ovarian 
Cancer. Cancer Discovery 2012, 2, (12), 1100-1108. 

179. Pang, W.; Su, J.; Wang, Y.; Feng, H.; Dai, X.; Yuan, Y.; Chen, X.; Yao, W., Pancreatic 
cancer‐secreted miR‐155 implicates in the conversion from normal fibroblasts to 
cancer‐associated fibroblasts. Cancer science 2015, 106, (10), 1362-1369. 

180. Musumeci, M.; Coppola, V.; Addario, A.; Patrizii, M.; Maugeri-Saccà, M.; Memeo, L.; 
Colarossi, C.; Francescangeli, F.; Biffoni, M.; Collura, D.; Giacobbe, A.; D'Urso, L.; Falchi, M.; 
Venneri, M. A.; Muto, G.; De Maria, R.; Bonci, D., Control of tumor and microenvironment 
cross-talk by miR-15a and miR-16 in prostate cancer. Oncogene 2011, 30, (41), 4231-4242. 

181. Nouraee, N.; Van Roosbroeck, K.; Vasei, M.; Semnani, S.; Samaei, N. M.; Naghshvar, F.; 
Omidi, A. A.; Calin, G. A.; Mowla, S. J., Expression, Tissue Distribution and Function of miR-21 
in Esophageal Squamous Cell Carcinoma. PloS one 2013, 8, (9), e73009. 

182. Toullec, A.; Gerald, D.; Despouy, G.; Bourachot, B.; Cardon, M.; Lefort, S.; Richardson, M.; 
Rigaill, G.; Parrini, M. C.; Lucchesi, C., Oxidative stress promotes myofibroblast 
differentiation and tumour spreading. EMBO molecular medicine 2010, 2, (6), 211-230. 

183. Albrengues, J.; Bertero, T.; Grasset, E.; Bonan, S.; Maiel, M.; Bourget, I.; Philippe, C.; Serrano, 
C. H.; Benamar, S.; Croce, O., Epigenetic switch drives the conversion of fibroblasts into 
proinvasive cancer-associated fibroblasts. Nature communications 2015, 6, 10204. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 15 January 2020                   doi:10.20944/preprints202001.0155.v1

Peer-reviewed version available at OMICS: A Journal of Integrative Biology 2020, 24, 314-339; doi:10.1089/omi.2020.0023

https://doi.org/10.20944/preprints202001.0155.v1
https://doi.org/10.1089/omi.2020.0023


55 
 

184. Huynh, J.; Etemadi, N.; Hollande, F.; Ernst, M.; Buchert, M. In The JAK/STAT3 axis: A 
comprehensive drug target for solid malignancies, Seminars in cancer biology, 2017; Elsevier: 
2017; pp 13-22. 

185. Tan, H.-X.; Cao, Z.-B.; He, T.-T.; Huang, T.; Xiang, C.-L.; Liu, Y., TGFβ1 is essential for MSCs-
CAFs differentiation and promotes HCT116 cells migration and invasion via JAK/STAT3 
signaling. OncoTargets and therapy 2019, 12, 5323. 

186. Gao, H.; Priebe, W.; Glod, J.; Banerjee, D., Activation of signal transducers and activators of 
transcription 3 and focal adhesion kinase by stromal cell‐derived factor 1 is required for 
migration of human mesenchymal stem cells in response to tumor cell‐conditioned medium. 
Stem cells (Dayton, Ohio) 2009, 27, (4), 857-865. 

187. Scherz-Shouval, R.; Santagata, S.; Mendillo, M. L.; Sholl, L. M.; Ben-Aharon, I.; Beck, A. H.; 
Dias-Santagata, D.; Koeva, M.; Stemmer, S. M.; Whitesell, L., The reprogramming of tumor 
stroma by HSF1 is a potent enabler of malignancy. Cell 2014, 158, (3), 564-578. 

188. Lau, E. Y. T.; Lo, J.; Cheng, B. Y. L.; Ma, M. K. F.; Lee, J. M. F.; Ng, J. K. Y.; Chai, S.; Lin, C. H.; 
Tsang, S. Y.; Ma, S., Cancer-associated fibroblasts regulate tumor-initiating cell plasticity in 
hepatocellular carcinoma through c-Met/FRA1/HEY1 signaling. Cell reports 2016, 15, (6), 
1175-1189. 

189. Bruzzese, F.; Hägglöf, C.; Leone, A.; Sjöberg, E.; Roca, M. S.; Kiflemariam, S.; Sjöblom, T.; 
Hammarsten, P.; Egevad, L.; Bergh, A., Local and systemic protumorigenic effects of cancer-
associated fibroblast-derived GDF15. Cancer research 2014, 74, (13), 3408-3417. 

190. Olumi, A. F.; Grossfeld, G. D.; Hayward, S. W.; Carroll, P. R.; Tlsty, T. D.; Cunha, G. R., 
Carcinoma-associated fibroblasts direct tumor progression of initiated human prostatic 
epithelium. Cancer research 1999, 59, (19), 5002-5011. 

191. Kuperwasser, C.; Chavarria, T.; Wu, M.; Magrane, G.; Gray, J. W.; Carey, L.; Richardson, A.; 
Weinberg, R. A., Reconstruction of functionally normal and malignant human breast tissues 
in mice. Proceedings of the National Academy of Sciences 2004, 101, (14), 4966-4971. 

192. Shekhar, M. P.; Werdell, J.; Santner, S. J.; Pauley, R. J.; Tait, L., Breast stroma plays a 
dominant regulatory role in breast epithelial growth and differentiation: implications for 
tumor development and progression. Cancer research 2001, 61, (4), 1320-1326. 

193. Picard, O.; Rolland, Y.; Poupon, M. F., Fibroblast-dependent tumorigenicity of cells in nude 
mice: implication for implantation of metastases. Cancer research 1986, 46, (7), 3290-3294. 

194. Littlepage, L. E.; Egeblad, M.; Werb, Z., Coevolution of cancer and stromal cellular responses. 
Cancer cell 2005, 7, (6), 499-500. 

195. Hawinkels, L.; Paauwe, M.; Verspaget, H.; Wiercinska, E.; Van Der Zon, J.; Van Der Ploeg, K.; 
Koelink, P.; Lindeman, J.; Mesker, W.; Ten Dijke, P., Interaction with colon cancer cells 
hyperactivates TGF-β signaling in cancer-associated fibroblasts. Oncogene 2014, 33, (1), 97. 

196. Li, F.; Cao, Y.; Townsend, C. M.; Ko, T. C., TGF-β signaling in colon cancer cells. World journal 
of surgery 2005, 29, (3), 306-311. 

197. Egeblad, M.; Werb, Z., New functions for the matrix metalloproteinases in cancer 
progression. Nature Reviews Cancer 2002, 2, (3), 161. 

198. Danø, K.; Behrendt, N.; Høyer-Hansen, G.; Johnsen, M.; Lund, L. R.; Ploug, M.; Rømer, J., 
Plasminogen activation and cancer. Thrombosis and haemostasis 2005, 93, (04), 676-681. 

199. Martens, J. W.; Sieuwerts, A. M.; Bolt-de Vries, J.; Bosma, P. T.; Swiggers, S. J.; Klijn, J. G.; 
Foekens, J. A., Aging of stromal-derived human breast fibroblasts might contribute to breast 
cancer progression. Thrombosis and haemostasis 2003, 89, (02), 393-404. 

200. Wang, X.; Zhang, W.; Sun, X.; Lin, Y.; Chen, W., Cancer-associated fibroblasts induce 
epithelial-mesenchymal transition through secreted cytokines in endometrial cancer cells. 
Oncology letters 2018, 15, (4), 5694-5702. 

201. Carmeliet, P.; Jain, R. K., Molecular mechanisms and clinical applications of angiogenesis. 
Nature 2011, 473, (7347), 298. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 15 January 2020                   doi:10.20944/preprints202001.0155.v1

Peer-reviewed version available at OMICS: A Journal of Integrative Biology 2020, 24, 314-339; doi:10.1089/omi.2020.0023

https://doi.org/10.20944/preprints202001.0155.v1
https://doi.org/10.1089/omi.2020.0023


56 
 

202. Egeblad, M.; Rasch, M. G.; Weaver, V. M., Dynamic interplay between the collagen scaffold 
and tumor evolution. Current opinion in cell biology 2010, 22, (5), 697-706. 

203. Bossi, P.; Viale, G.; Lee, A. K.; Alfano, R.; Coggi, G.; Bosari, S., Angiogenesis in colorectal 
tumors: microvessel quantitation in adenomas and carcinomas with clinicopathological 
correlations. Cancer research 1995, 55, (21), 5049-5053. 

204. Bluff, J.; Menakuru, S.; Cross, S.; Higham, S.; Balasubramanian, S.; Brown, N.; Reed, M.; 
Staton, C., Angiogenesis is associated with the onset of hyperplasia in human ductal breast 
disease. British journal of cancer 2009, 101, (4), 666. 

205. Bergers, G.; Benjamin, L. E., Angiogenesis: tumorigenesis and the angiogenic switch. Nature 
reviews cancer 2003, 3, (6), 401. 

206. De Palma, M.; Biziato, D.; Petrova, T. V., Microenvironmental regulation of tumour 
angiogenesis. Nature Reviews Cancer 2017, 17, (8), 457-474. 

207. Fukumura, D.; Yuan, F.; Monsky, W. L.; Chen, Y.; Jain, R. K., Effect of host microenvironment 
on the microcirculation of human colon adenocarcinoma. The American journal of pathology 
1997, 151, (3), 679. 

208. Monsky, W. L.; Carreira, C. M.; Tsuzuki, Y.; Gohongi, T.; Fukumura, D.; Jain, R. K., Role of host 
microenvironment in angiogenesis and microvascular functions in human breast cancer 
xenografts: mammary fat pad versus cranial tumors. Clinical Cancer Research 2002, 8, (4), 
1008-1013. 

209. Jubb, A.; Cesario, A.; Ferguson, M.; Congedo, M.; Gatter, K.; Lococo, F.; Mulè, A.; Pezzella, F., 
Vascular phenotypes in primary non-small cell lung carcinomas and matched brain 
metastases. British journal of cancer 2011, 104, (12), 1877. 

210. Morrissey, C.; True, L. D.; Roudier, M. P.; Coleman, I. M.; Hawley, S.; Nelson, P. S.; Coleman, 
R.; Wang, Y.-C.; Corey, E.; Lange, P. H., Differential expression of angiogenesis associated 
genes in prostate cancer bone, liver and lymph node metastases. Clinical & experimental 
metastasis 2008, 25, (4), 377-388. 

211. Morikawa, S.; Baluk, P.; Kaidoh, T.; Haskell, A.; Jain, R. K.; McDonald, D. M., Abnormalities in 
pericytes on blood vessels and endothelial sprouts in tumors. The American journal of 
pathology 2002, 160, (3), 985-1000. 

212. Inoue, M.; Hager, J. H.; Ferrara, N.; Gerber, H.-P.; Hanahan, D., VEGF-A has a critical, 
nonredundant role in angiogenic switching and pancreatic β cell carcinogenesis. Cancer cell 
2002, 1, (2), 193-202. 

213. Bergers, G.; Brekken, R.; McMahon, G.; Vu, T. H.; Itoh, T.; Tamaki, K.; Tanzawa, K.; Thorpe, P.; 
Itohara, S.; Werb, Z., Matrix metalloproteinase-9 triggers the angiogenic switch during 
carcinogenesis. Nature cell biology 2000, 2, (10), 737. 

214. Dzobo, K.; Leaner, V. D.; Parker, M. I., Feedback regulation of the alpha2(1) collagen gene via 
the Mek-Erk signaling pathway. IUBMB Life 2012, 64, (1), 87-98. 

215. Dzobo, K.; Leaner, V. D.; Parker, M. I., Absence of feedback regulation in the synthesis of 
COL1A1. Life sciences 2014, 103, (1), 25-33. 

216. Dzobo, K.; Rowe, A.; Senthebane, D. A.; AlMazyadi, M. A. M.; Patten, V.; Parker, M. I., Three-
Dimensional Organoids in Cancer Research: The Search for the Holy Grail of Preclinical 
Cancer Modeling. Omics : a journal of integrative biology 2018, 22, (12), 733-748. 

217. Anderberg, C.; Li, H.; Fredriksson, L.; Andrae, J.; Betsholtz, C.; Li, X.; Eriksson, U.; Pietras, K., 
Paracrine signaling by platelet-derived growth factor-CC promotes tumor growth by 
recruitment of cancer-associated fibroblasts. Cancer research 2009, 69, (1), 369-378. 

218. Gerber, H.-P.; Kowalski, J.; Sherman, D.; Eberhard, D. A.; Ferrara, N., Complete inhibition of 
rhabdomyosarcoma xenograft growth and neovascularization requires blockade of both 
tumor and host vascular endothelial growth factor. Cancer research 2000, 60, (22), 6253-
6258. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 15 January 2020                   doi:10.20944/preprints202001.0155.v1

Peer-reviewed version available at OMICS: A Journal of Integrative Biology 2020, 24, 314-339; doi:10.1089/omi.2020.0023

https://doi.org/10.20944/preprints202001.0155.v1
https://doi.org/10.1089/omi.2020.0023


57 
 

219. Fukumura, D.; Xavier, R.; Sugiura, T.; Chen, Y.; Park, E.-C.; Lu, N.; Selig, M.; Nielsen, G.; Taksir, 
T.; Jain, R. K., Tumor induction of VEGF promoter activity in stromal cells. Cell 1998, 94, (6), 
715-725. 

220. Crawford, Y.; Kasman, I.; Yu, L.; Zhong, C.; Wu, X.; Modrusan, Z.; Kaminker, J.; Ferrara, N., 
PDGF-C mediates the angiogenic and tumorigenic properties of fibroblasts associated with 
tumors refractory to anti-VEGF treatment. Cancer cell 2009, 15, (1), 21-34. 

221. Murakami, M.; Simons, M., Fibroblast growth factor regulation of neovascularization. 
Current opinion in hematology 2008, 15, (3), 215-20. 

222. Deroanne, C. F.; Hajitou, A.; Calberg-Bacq, C. M.; Nusgens, B. V.; Lapiere, C. M., Angiogenesis 
by fibroblast growth factor 4 is mediated through an autocrine up-regulation of vascular 
endothelial growth factor expression. Cancer research 1997, 57, (24), 5590-7. 

223. Liekens, S.; Schols, D.; Hatse, S., CXCL12-CXCR4 axis in angiogenesis, metastasis and stem cell 
mobilization. Current pharmaceutical design 2010, 16, (35), 3903-20. 

224. Zhang, L.; Zhou, Y.; Sun, X.; Zhou, J.; Yang, P., CXCL12 overexpression promotes the 
angiogenesis potential of periodontal ligament stem cells. Scientific reports 2017, 7, (1), 
10286. 

225. Zhao, J.; Chen, L.; Shu, B.; Tang, J.; Zhang, L.; Xie, J.; Qi, S.; Xu, Y., Granulocyte/macrophage 
colony-stimulating factor influences angiogenesis by regulating the coordinated expression 
of VEGF and the Ang/Tie system. PloS one 2014, 9, (3), e92691. 

226. Bussolino, F.; Ziche, M.; Wang, J. M.; Alessi, D.; Morbidelli, L.; Cremona, O.; Bosia, A.; 
Marchisio, P. C.; Mantovani, A., In vitro and in vivo activation of endothelial cells by colony-
stimulating factors. The Journal of clinical investigation 1991, 87, (3), 986-95. 

227. Twardowski, T.; Fertala, A.; Orgel, J. P.; San Antonio, J. D., Type I collagen and collagen 
mimetics as angiogenesis promoting superpolymers. Current pharmaceutical design 2007, 
13, (35), 3608-21. 

228. Neve, A.; Cantatore, F. P.; Maruotti, N.; Corrado, A.; Ribatti, D., Extracellular matrix 
modulates angiogenesis in physiological and pathological conditions. BioMed research 
international 2014, 2014, 756078. 

229. Zhou, L.; Isenberg, J. S.; Cao, Z.; Roberts, D. D., Type I collagen is a molecular target for 
inhibition of angiogenesis by endogenous thrombospondin-1. Oncogene 2006, 25, (4), 536-
545. 

230. Nicosia, R. F.; Bonanno, E.; Smith, M., Fibronectin promotes the elongation of microvessels 
during angiogenesis in vitro. Journal of cellular physiology 1993, 154, (3), 654-661. 

231. Dai, J.; Peng, L.; Fan, K.; Wang, H.; Wei, R.; Ji, G.; Cai, J.; Lu, B.; Li, B.; Zhang, D.; Kang, Y.; Tan, 
M.; Qian, W.; Guo, Y., Osteopontin induces angiogenesis through activation of PI3K/AKT and 
ERK1/2 in endothelial cells. Oncogene 2009, 28, (38), 3412-22. 

232. Wang, Y.; Yan, W.; Lu, X.; Qian, C.; Zhang, J.; Li, P.; Shi, L.; Zhao, P.; Fu, Z.; Pu, P.; Kang, C.; 
Jiang, T.; Liu, N.; You, Y., Overexpression of osteopontin induces angiogenesis of endothelial 
progenitor cells via the avbeta3/PI3K/AKT/eNOS/NO signaling pathway in glioma cells. 
European journal of cell biology 2011, 90, (8), 642-8. 

233. Castello, L. M.; Raineri, D.; Salmi, L.; Clemente, N.; Vaschetto, R.; Quaglia, M.; Garzaro, M.; 
Gentilli, S.; Navalesi, P.; Cantaluppi, V.; Dianzani, U.; Aspesi, A.; Chiocchetti, A., Osteopontin 
at the Crossroads of Inflammation and Tumor Progression. Mediators of inflammation 2017, 
2017, 4049098. 

234. Deryugina, E. I.; Quigley, J. P., Tumor angiogenesis: MMP-mediated induction of 
intravasation- and metastasis-sustaining neovasculature. Matrix Biology 2015, 44-46, 94-
112. 

235. Liu, T.; Han, C.; Wang, S.; Fang, P.; Ma, Z.; Xu, L.; Yin, R., Cancer-associated fibroblasts: an 
emerging target of anti-cancer immunotherapy. Journal of Hematology & Oncology 2019, 
12, (1), 86. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 15 January 2020                   doi:10.20944/preprints202001.0155.v1

Peer-reviewed version available at OMICS: A Journal of Integrative Biology 2020, 24, 314-339; doi:10.1089/omi.2020.0023

https://doi.org/10.20944/preprints202001.0155.v1
https://doi.org/10.1089/omi.2020.0023


58 
 

236. Liu, T.; Zhou, L.; Li, D.; Andl, T.; Zhang, Y., Cancer-Associated Fibroblasts Build and Secure the 
Tumor Microenvironment. Frontiers in cell and developmental biology 2019, 7, (60). 

237. Taguchi, A.; Kawana, K.; Tomio, K.; Yamashita, A.; Isobe, Y.; Nagasaka, K.; Koga, K.; Inoue, T.; 
Nishida, H.; Kojima, S.; Adachi, K.; Matsumoto, Y.; Arimoto, T.; Wada-Hiraike, O.; Oda, K.; 
Kang, J. X.; Arai, H.; Arita, M.; Osuga, Y.; Fujii, T., Matrix metalloproteinase (MMP)-9 in 
cancer-associated fibroblasts (CAFs) is suppressed by omega-3 polyunsaturated fatty acids in 
vitro and in vivo. PloS one 2014, 9, (2), e89605. 

238. Gupta, G. P.; Massagué, J., Cancer metastasis: building a framework. Cell 2006, 127, (4), 679-
695. 

239. Chaffer, C. L.; Weinberg, R. A., A perspective on cancer cell metastasis. Science (New York, 
N.Y.) 2011, 331, (6024), 1559-1564. 

240. Grum-Schwensen, B.; Klingelhofer, J.; Berg, C. H.; El-Naaman, C.; Grigorian, M.; Lukanidin, E.; 
Ambartsumian, N., Suppression of tumor development and metastasis formation in mice 
lacking the S100A4 (mts1) gene. Cancer research 2005, 65, (9), 3772-3780. 

241. Guo, S.; Deng, C.-X., Effect of Stromal Cells in Tumor Microenvironment on Metastasis 
Initiation. International journal of biological sciences 2018, 14, (14), 2083-2093. 

242. Chow, M. T.; Luster, A. D., Chemokines in cancer. Cancer Immunol Res 2014, 2, (12), 1125-
31. 

243. Mao, Y.; Keller, E. T.; Garfield, D. H.; Shen, K.; Wang, J., Stromal cells in tumor 
microenvironment and breast cancer. Cancer metastasis reviews 2013, 32, (1-2), 303-15. 

244. Valkenburg, K. C.; de Groot, A. E.; Pienta, K. J., Targeting the tumour stroma to improve 
cancer therapy. Nature reviews. Clinical oncology 2018, 15, (6), 366-381. 

245. Tawara, K.; Oxford, J. T.; Jorcyk, C. L., Clinical significance of interleukin (IL)-6 in cancer 
metastasis to bone: potential of anti-IL-6 therapies. Cancer management and research 2011, 
3, 177. 

246. Chang, Q.; Bournazou, E.; Sansone, P.; Berishaj, M.; Gao, S. P.; Daly, L.; Wels, J.; Theilen, T.; 
Granitto, S.; Zhang, X., The IL-6/JAK/Stat3 feed-forward loop drives tumorigenesis and 
metastasis. Neoplasia (New York, NY) 2013, 15, (7), 848. 

247. Zhang, X. H.-F.; Jin, X.; Malladi, S.; Zou, Y.; Wen, Y. H.; Brogi, E.; Smid, M.; Foekens, J. A.; 
Massagué, J., Selection of bone metastasis seeds by mesenchymal signals in the primary 
tumor stroma. Cell 2013, 154, (5), 1060-1073. 

248. Al-Ansari, M.; Hendrayani, S.; Shehata, A.; Aboussekhra, A., p16 INK4A Represses the 
paracrine tumor-promoting effects of breast stromal fibroblasts. Oncogene 2013, 32, (18), 
2356. 

249. Yu, Y.; Xiao, C.; Tan, L.; Wang, Q.; Li, X.; Feng, Y., Cancer-associated fibroblasts induce 
epithelial–mesenchymal transition of breast cancer cells through paracrine TGF-β signalling. 
British journal of cancer 2014, 110, (3), 724. 

250. Wang, J.; Zhang, G.; Wang, J.; Wang, L.; Huang, X.; Cheng, Y., The role of cancer-associated 
fibroblasts in esophageal cancer. Journal of translational medicine 2016, 14, (1), 30. 

251. Grugan, K. D.; Miller, C. G.; Yao, Y.; Michaylira, C. Z.; Ohashi, S.; Klein-Szanto, A. J.; Diehl, J. 
A.; Herlyn, M.; Han, M.; Nakagawa, H., Fibroblast-secreted hepatocyte growth factor plays a 
functional role in esophageal squamous cell carcinoma invasion. Proceedings of the National 
Academy of Sciences 2010, 107, (24), 11026-11031. 

252. Vellinga, T.; Den Uil, S.; Rinkes, I.; Marvin, D.; Ponsioen, B.; Alvarez-Varela, A.; Fatrai, S.; 
Scheele, C.; Zwijnenburg, D.; Snippert, H., Collagen-rich stroma in aggressive colon tumors 
induces mesenchymal gene expression and tumor cell invasion. Oncogene 2016, 35, (40), 
5263. 

253. Provenzano, P. P.; Inman, D. R.; Eliceiri, K. W.; Knittel, J. G.; Yan, L.; Rueden, C. T.; White, J. 
G.; Keely, P. J., Collagen density promotes mammary tumor initiation and progression. BMC 
medicine 2008, 6, (1), 11. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 15 January 2020                   doi:10.20944/preprints202001.0155.v1

Peer-reviewed version available at OMICS: A Journal of Integrative Biology 2020, 24, 314-339; doi:10.1089/omi.2020.0023

https://doi.org/10.20944/preprints202001.0155.v1
https://doi.org/10.1089/omi.2020.0023


59 
 

254. Paget, S., The distribution of secondary growths in cancer of the breast. The Lancet 1889, 
133, (3421), 571-573. 

255. Kaplan, R. N.; Riba, R. D.; Zacharoulis, S.; Bramley, A. H.; Vincent, L.; Costa, C.; MacDonald, D. 
D.; Jin, D. K.; Shido, K.; Kerns, S. A., VEGFR1-positive haematopoietic bone marrow 
progenitors initiate the pre-metastatic niche. Nature 2005, 438, (7069), 820. 

256. Calon, A.; Espinet, E.; Palomo-Ponce, S.; Tauriello, D. V.; Iglesias, M.; Céspedes, M. V.; 
Sevillano, M.; Nadal, C.; Jung, P.; Zhang, X. H.-F., Dependency of colorectal cancer on a TGF-
β-driven program in stromal cells for metastasis initiation. Cancer cell 2012, 22, (5), 571-584. 

257. O'Connell, J. T.; Sugimoto, H.; Cooke, V. G.; MacDonald, B. A.; Mehta, A. I.; LeBleu, V. S.; 
Dewar, R.; Rocha, R. M.; Brentani, R. R.; Resnick, M. B., VEGF-A and Tenascin-C produced by 
S100A4+ stromal cells are important for metastatic colonization. Proceedings of the National 
Academy of Sciences 2011, 108, (38), 16002-16007. 

258. Shintani, Y.; Fujiwara, A.; Kimura, T.; Kawamura, T.; Funaki, S.; Minami, M.; Okumura, M., IL-
6 secreted from cancer-associated fibroblasts mediates chemoresistance in NSCLC by 
increasing epithelial-mesenchymal transition signaling. Journal of Thoracic Oncology 2016, 
11, (9), 1482-1492. 

259. Richards, K. E.; Zeleniak, A. E.; Fishel, M. L.; Wu, J.; Littlepage, L. E.; Hill, R., Cancer-associated 
fibroblast exosomes regulate survival and proliferation of pancreatic cancer cells. Oncogene 
2017, 36, (13), 1770. 

260. Zheng, X.; Carstens, J. L.; Kim, J.; Scheible, M.; Kaye, J.; Sugimoto, H.; Wu, C.-C.; LeBleu, V. S.; 
Kalluri, R., Epithelial-to-mesenchymal transition is dispensable for metastasis but induces 
chemoresistance in pancreatic cancer. Nature 2015, 527, (7579), 525. 

261. Hotz, B.; Arndt, M.; Dullat, S.; Bhargava, S.; Buhr, H.-J.; Hotz, H. G., Epithelial to 
mesenchymal transition: expression of the regulators snail, slug, and twist in pancreatic 
cancer. Clinical cancer research 2007, 13, (16), 4769-4776. 

262. Arumugam, T.; Ramachandran, V.; Fournier, K. F.; Wang, H.; Marquis, L.; Abbruzzese, J. L.; 
Gallick, G. E.; Logsdon, C. D.; McConkey, D. J.; Choi, W., Epithelial to mesenchymal transition 
contributes to drug resistance in pancreatic cancer. Cancer research 2009, 69, (14), 5820-
5828. 

263. Wellner, U.; Schubert, J.; Burk, U. C.; Schmalhofer, O.; Zhu, F.; Sonntag, A.; Waldvogel, B.; 
Vannier, C.; Darling, D.; Zur Hausen, A., The EMT-activator ZEB1 promotes tumorigenicity by 
repressing stemness-inhibiting microRNAs. Nature cell biology 2009, 11, (12), 1487. 

264. Guaita, S.; Puig, I.; Francı,́ C.; Garrido, M.; Domıńguez, D.; Batlle, E.; Sancho, E.; Dedhar, S.; de 
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