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Abstract

:

Hyaluronan is one of the major components of the extracellular matrix and is involved in the regulation of multiple processes in both human physiology and disease. In human cancers, hyaluronan metabolism displays remarkable alterations, leading to the accumulation of large amounts of hyaluronan matrices in the tumoural tissues. The altered levels of hyaluronan in the tumours stem from the enhanced expression and activity of hyaluronan synthases in both tumour and stromal cells. Moreover, hyaluronidase activity is also upregulated in cancer, leading to the generation of lower molecular weight hyaluronan fragments that in turn assist tumour growth, neo-angiogenesis and the metastatic cascade. Hyaluronan accumulation in malignant tissues not only assists tumour growth and metastases but is also associated with worse outcomes in cancer patients. Therefore, targeting hyaluronan synthesis emerges as an interesting strategy that might be employed for cancer treatment. This review article summarises current evidence and discusses ways to move forward in the field of targeting hyaluronan synthesis for cancer therapy.
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1. Introduction


Hyaluronan is one of the most important components of the extracellular matrix surrounding the cells of several different tissues. Hyaluronan is synthesised and secreted to the extracellular matrix from cells like fibroblasts, endothelial and various types of immune cells. Hyaluronan production is indispensable for proper embryonic development, and knock-out of hyaluronan synthase 2 (HAS2) causes embryonic lethality in mice due to severe cardiac defects. Highlighting the importance of HAS2-synthesised hyaluronan, no activity-altering mutations have been found in humans. Apart from embryogenesis, hyaluronan is important for a multitude of normal tissue functions like skin hydration and joint lubrication. Hyaluronan can retain large amounts of water. Therefore, hyaluronan in the skin holds the appropriate amount of water and prevents wrinkle formation. In the joints, the water-retentive properties of hyaluronan allow for reduced friction and impact absorption during bone movements. The importance of hyaluronan for proper joint function is showcased by the fact that in diseases like osteoarthritis, intra-joint hyaluronan is reduced and injection of exogenous hyaluronan in the joint is used to alleviate pain.



Altered hyaluronan metabolism has been observed in many different human diseases. Specifically, hyaluronan synthesis and fragmentation has been observed in diabetes, chronic inflammation and viral infections [1,2,3,4]. Specifically in cancer, hyaluronan metabolism deregulation is a frequent event. In a multitude of cancer types, large increments of hyaluronan are detected in the tumour compared to the respective normal tissue. Furthermore, enhanced hyaluronan synthesis is accompanied by enhanced degradation owing to the higher expression and activity of hyaluronidases. The degradation of hyaluronan produces intra-tumoural hyaluronan fragments that promote inflammation, angiogenesis, tumour growth and metastasis. Therefore, targeting hyaluronan metabolism for the treatment of human pathologies, specifically cancer, emerges as a promising avenue. Nevertheless, the lack of small-molecule inhibitors of hyaluronan synthesis owing to the unknown mechanism of hyaluronan synthesis—until recently [5]—has hindered such approaches being introduced into the clinic and the data regarding the effectiveness of hyaluronan synthesis inhibition in vivo remain sparse.



In this review, I lay out the available evidence from pre-clinical models regarding the development of hyaluronan synthesis-interfering strategies and further discuss the potential of translating hyaluronan synthesis inhibition into the clinic. Moreover, I also propose some ideas (like the use of PROTACs) that can potentially help the field move forward.




2. Hyaluronan Metabolism


2.1. Hyaluronan Synthesis


Hyaluronan is a ubiquitously present polysaccharide in the human body and is synthesised by many different—if not all—cell types (e.g., fibroblasts, macrophages, endothelial and stem cells), albeit in a cell- and context-specific manner. Interestingly, hyaluronan is the only glycosaminoglycan that has evolved to be synthesised in the plasma membrane and not in the Golgi compartment. Moreover, hyaluronan is not covalently attached to proteins like the rest of the glycosaminoglycans. The transmembrane enzymes that synthesise hyaluronan are termed hyaluronan synthases (HASes) and there are three different isoenzymes in humans (HAS1-3), which derive from distinct genes. Of note, HASes display tissue-type specific expression and display different catalytic properties leading to the synthesis of different-molecular-weight hyaluronan [6]. It is worth mentioning that the hyaluronan synthase structure was only recently described for chlorella virus hyaluronan synthase, whereas the exact mechanism and structure of the human orthologue remains to be discovered.



Hyaluronan is comprised of glucuronic acid (GlcUA) and N-acetyl-glucosamine (GlcNAc), which are derived from their UDP-bound precursors (UDP–GlcUA and UDP–GlcNAc). In principle, both precursors can originate from glucose, albeit via different metabolic intermediates. UDP–GlcUA derives from 1-P-glucose, whereas UDP–GlcNAc derives from 6-P-fructose through a pathway known as hexosamine biosynthesis, which also requires glucosamine and acetyl-coA. These UDP-activated sugars are then used up by hyaluronan synthases to produce the hyaluronan moieties, which are comprised of repeating disaccharides of GlcUA bound to GlcNAc with alternate β-1,4 and β-1,3 glycosidic bonds [7,8]. Hyaluronan can reach up to millions of kDa in size and can be conformed into different 3D structures according to its size. Although hyaluronan can be found as a continuum of different sizes, usually it is roughly categorised as high-(HMW) or low-molecular-weight (LMW) hyaluronan. HMW hyaluronan can form globular or cylindrical structures among others, whereas LMW can form fibres or stacks [9,10].



Hyaluronan biosynthesis rates can be tightly regulated in both physiological and pathological conditions by a multitude of post-translational modifications. So far, HAS proteins have been shown to be decorated with post-translational modifications like ubiquitination and phosphorylation. Moreover, HAS dimerisation can also affect HAS hyaluronan-synthesising activity. Specifically, HAS2 activity is negatively regulated by AMPKα phosphorylation at Thr110 [11], while phosphorylation of Thr328 by casein kinase-1 (CK1) is essential for HAS2 activation [12]. HAS activity can be also induced through phosphorylation by PKC [13]. Moreover, ubiquitination of HAS2 in K190 residue potentiates its activity as the mutation of this site to K190R inhibits HAS2 [14]. Furthermore, the ubiquitin-specific protease USP17 removes poly-ubiquitination and stabilises HAS2, leading to enhanced hyaluronan production. On the other hand, USP4 preferentially removes mono-ubiquitination from HAS2 and displays the opposite effect on hyaluronan synthesis [15]. Interestingly, HAS2 can form homodimers or heterodimers with HAS3 [14]. Hyaluronan production is also regulated by growth factors like EGF, PDGF, HGF and TGF-β, which control HAS transcription and activity. Of note, growth factor treatment activates subcellular signalling that, in most cases, leads to the upregulation of hyaluronan synthesis, which makes hyaluronan an important intermediate in growth factor-induced cellular functions like the epithelial to mesenchymal transition (EMT) programme, differentiation, migration and proliferation. Several studies have also highlighted that HAS gene expression is under epigenetic control from HAS1-AS1 as well as chromatin modifications (reviewed in [4]). Therefore, hyaluronan synthesis seems to be a process that is under consistent tight control.




2.2. Hyaluronan Catabolism


Hyaluronan amounts in the extracellular and interstitial space are also under tight control through its enzymatic digestion [16]. Systemically, hyaluronan chains are initially degraded into smaller fragments interstitially, which are then transferred to the liver, kidneys and spleen for complete degradation [17,18,19,20]. Hyaluronan degradation is carried out by hyaluronidases and in humans, several hyaluronidase genes have been identified: HYAL-1, HYAL-2, PH-20 [21,22,23]. The interest in hyaluronan catabolism was also recently reignited with the discovery of two new proteins involved in the process, namely TMEM2 and HYBID [24,25]. Albeit TMEM2 was initially suggested to be a new hyaluronidase [20], a recent report suggested that TMEM2 is not a catalytic hyaluronidase, rather it is a regulator of hyaluronan metabolism via HYBID and HAS2 regulation [26]. Further research into this subject will hopefully help to identify the role of TMEM2 and HYBID on hyaluronan catabolism. In any case, both HYBID and TMEM2 appear to be important regulators in hyaluronan degradation.



Hyaluronan is a polysaccharide that displays high turnover rates (approximately 1–1.5 days) [20]. In light of the role of hyaluronan as a potent anti-oxidant [27], its fast recycling rate is not surprising since hyaluronan quenching of reactive oxygen species (ROS) leads to its non-enzymatic degradation [28,29] and hyaluronan of higher molecular sizes needs to be possibly replenished, while lower molecular size fragments occurring through reactions with ROS might be damaging to the tissue and need to be rapidly removed.





3. Hyaluronan in Normal Physiology


Hyaluronan displays important functions in normal physiology and development. The clearest demonstration of hyaluronan’s importance in normal development is that HAS2 knock-out is embryonically lethal in mice, since the lack of HAS2-synthesised hyaluronan leads to improper heart and vascular system development [30]. HAS3-synthesised hyaluronan also exerts important roles as it has been shown to be crucial for semicircular canal morphogenesis in the ear [31]. Hyaluronan, in a size-dependent manner, also contributes to the normal formation of breast tissue as its receptor RHAMM assists the EGF-regulated branching of the breast [32].



Skin is a tissue that displays a higher accumulation of hyaluronan. In the skin, hyaluronan retains water to regulate ion concentration, hydration and proper skin structure. During physiological ageing, hyaluronan size in the skin is reduced and LMW fragments promote inflammation. Interestingly, in photoaged skin, hyaluronan fragmentation by CEMIP and ROS is thought to promote the formation of wrinkles, by reducing tissue hydration and altering viscosity [33,34,35].



The immune system is another system that lies under the umbrella of hyaluronan-assisted regulation. Hyaluronan, by interacting with its principal receptor CD44, not only regulates immune cell function but also guides proper stem cell homing on bone marrow niches. Moreover, hyaluronan produced by endothelial cells allows for the attachment of immune cells to the endothelial glycocalyx and extravasation to the underlying tissue [35,36,37]. For a complete review of hyaluronan’s effects on the immune system, the reader is advised to look in [36].



Unambiguously, hyaluronan appears to be not only an important molecule for proper tissue and bodily functions but also indispensable for the development of life—a lesson learned from the HAS2-knock-out mice.




4. Hyaluronan Metabolism Deregulation in Tumours


Hyaluronan is highly upregulated in many tumour types including breast, prostate and lung cancer. While hyaluronan secretion by both cancer and stromal cells has been observed in tumours, most hyaluronan functions regarding tumour development, growth and progression can be understood through its interactions with its receptors CD44 and RHAMM, which are also highly expressed in human cancers.



In non-small cell lung cancer tumours, hyaluronan has been suggested as a novel biomarker recently [38], and in both prostate [39] and breast cancer [40], hyaluronan accumulation is associated with worse outcomes and increased incidence of metastases. Glioblastoma is a tumour type that is often found to produce high amounts of hyaluronan, which induces tumour cell migration, invasion, proliferation and therapy resistance, through its interactions with CD44 and RHAMM [41,42,43]. In gastric cancer cells, hyaluronan synthesis is also associated not only with local and nodal spread but also with reduced survival rates [44]. A marked increase of hyaluronan is also evident in malignant mesothelioma, where it promotes pro-tumourigenic activities [45,46]. Recently, it was also shown that hyaluronan remodels the microenvironment of mesenchymal colorectal tumours, promoting the appearance of a more heterogeneous epithelial environment that favours invasion through interaction with activated fibroblasts [47]. Hyaluronan is also involved in neo-angiogenesis—a crucial process of tumour development and progression [48,49]. Hyaluronan can induce VEGF-A and VEGFR1 expression in endothelial cells and subsequently promote angiogenesis [50]. Furthermore, CD44, HYAL-2 and hyaluronan are not only important for endothelial cell differentiation but also for cancer cell dissemination. Moreover, CD44-expressing cancer cells can adhere to endothelial cells—a critical initial step in tumour cell extravasation and subsequent metastasis [51]. Also, tumour cell-derived hyaluronidase can cleave hyaluronan in the tumour microenvironment to low-molecular-weight fragments that can promote tumour vascularisation [52].



Hyaluronan has also been established as a biomarker in several cancer types. In metastatic breast cancer, high plasma hyaluronan levels are associated with poor prognosis of patients [53]. In androgen receptor-negative breast cancer, high HAS2 expression is correlated with poor prognostic features like higher grade and lymphovascular invasion [54]. In an analysis of The Cancer Genome Atlas (TCGA), a study identified hyaluronan synthases and hyaluronidase-1 levels to be potent predictors of metastasis and poor patient survival [55]. In colorectal cancer, high tumour cytosolic hyaluronan levels are associated with unfavourable patient outcomes [56]. Hyaluronan’s presence in the urine has also been documented to be a biomarker to aid in diagnosing and grading transitional cell carcinoma of the urinary bladder [57,58]. Interestingly, work from the same group demonstrated that patients with a nephroblastoma of embryonic origin (Wilms’ tumour) display higher levels of urinary hyaluronan compared with patients after chemotherapy and surgery or patients suffering hypernephroma and normal individuals [59]. In these works, the authors also describe a method capable of detecting down to 0.2 µg/L of urinary hyaluronan, which makes the assay 50 times more sensitive than previously described assays. Future works will hopefully utilise this sensitive method to measure hyaluronan in other biological fluids (e.g., blood) and different tumour types to determine hyaluronan’s status as a cancer biomarker. Measuring biological fluid hyaluronan will hopefully offer an easy, rapid and accurate method to aid cancer diagnostics.



The upregulation of hyaluronan synthesis in tumours occurs usually through r=the upregulation of HAS expression. Multiple growth factors like TGF-β, HGF, PDGF, EGF and several cytokines upregulate hyaluronan production [4]. Specifically, in breast epithelial cells, TGF-β induces EMT that apparently depends on the upregulation of HAS2 via the activation of the p38 MAPK pathway. HAS2-synthesised hyaluronan then promotes a malignant phenotype via suppressing E-cadherin—a major anti-tumour protein [60,61,62]. Furthermore, HAS2-synthesised hyaluronan in breast cancer cells promotes local inflammation through enhancing the expression of cytokine-related genes and regulates CD206+ macrophage infiltration in vivo [63]. Interestingly, hyaluronan can regulate drug resistance through CD44. Specifically, hyaluronan/CD44 interactions activate the PI3K pathway, which promotes MDR protein expression, leading to chemotherapy resistance [64]. Hyaluronan also controls MDR expression through the Oct4–Sox2–NANOG signalling axis, a pathway involved in enhanced tumour therapy resistance [65]. Hyaluronan, through its interaction with CD44, can also regulate and promote cancer stem cell properties. For a comprehensive analysis of hyaluronan role on cancer stemness, refer to our previous review [66].



An intricacy observed in tumour-derived hyaluronan is that it is usually fragmented LMW hyaluronan. Indeed, the upregulation of hyaluronidases in tumours has been shown to promote hyaluronan cleavage and accumulation of a continuous supply of LMW hyaluronan that can drive local inflammation and tumour growth and invasion [67,68]. Notably, hyaluronidase upregulation was noted in breast cancer and typically, ER-negative cells display higher hyaluronidase expression than ER-positive cells [69]. A significant elevation of hyaluronidases has been also documented in prostate cancer, where they are associated with advanced tumour progression [70]. It is also important to note that combined upregulation of HAS and hyaluronidases drives tumour growth, as shown in several cancer models [68]. On the other hand, high-molecular-weight hyaluronan displays significant anti-cancer properties. Specifically, in naked mole rats, hyaluronan with a very high molecular weight promotes cancer resistance in this rodent [71]. These cytoprotective properties of very-high-molecular-weight hyaluronan are associated with the p53 pathway [72]. Interestingly, these cytoprotective properties of high-molecular-weight hyaluronan, which also relies on quenching of oxidative stress, can be imported to other species, as mice that expressed naked-mole-rat hyaluronan synthase displayed increased longevity [73]. Whether this very-high-molecular-weight hyaluronan can be utilised for cancer treatment is an exciting possibility that remains to be investigated.




5. Targeting Hyaluronan Synthesis


Arguably, according to the available documented evidence, hyaluronan metabolism deregulation seems to be a frequent event in human cancer. Albeit many efforts have been focused on inhibiting hyaluronan/CD44 interactions using a multitude of approaches like antibodies and nanomedicine, this aspect of intervention has not flourished into clinical accomplishments so far. Interestingly, a significant number of efforts have focused on utilising hyaluronan as a drug carrier, owing to its biocompatibility. Moreover, since many different types of cancer cells overexpress the hyaluronan receptors CD44 and RHAMM, hyaluronan-based nanocarriers can transfer chemotherapeutics effectively in CD44–or RHAMM–expressing tumour cells [74,75]. Although hyaluronan metabolism per se has been shown to be deregulated in cancer, the development of specific drugs targeting hyaluronan metabolism and specifically HASes has been hindered so far by the unknown mechanism and structure of HASes. Bellow, I review the available evidence regarding targeting hyaluronan synthesis with small molecules and genetic manipulation and discuss possible avenues of moving forward in the future.



5.1. Small Molecules


4-methyl-umbelliferone (4-MU) is unequivocally the most studied small molecule inhibitor of hyaluronan synthesis. 4-MU is a plant-derived natural extract from chamomile and is categorised as a coumarin analogue. It inhibits hyaluronan synthesis by two distinct and sometimes complementary mechanisms. Firstly, 4-MU is glucuronidated by UDP–glucuronosyltransferase (UGT)—the enzyme that normally transfers UDP to GlcUA to produce UDP–GlcUA)—into 4-MU-glucuronide. Thus, the availability of UDP–GlcUA is lowered and subsequently, hyaluronan synthesis is reduced. Secondly, 4-MU reduces HAS expression through an unknown mechanism, although this observation is cell-type-dependent [76].



4-MU has shown a promising capacity to inhibit several aspects of tumour growth and development. In colon cancer, in vitro 4-MU inhibits proliferation and migration, whereas in vivo synergises with other drugs to enhance anti-tumour immunity [77,78,79]. In mice models of pancreatic cancer, 4-MU treatment improves survival rates and limits the formation of metastases in the liver [80,81,82,83,84]. Prostate cancer is another tumour type that 4-MU administration reduces the growth of tumours in rodents [85,86]. In ovarian and breast cancer, which frequently display remarkable increments of hyaluronan, 4-MU effectively inhibits hyaluronan production and attenuates cancer cell proliferation, migration and invasion [87,88,89,90,91,92]. Of note, hyaluronan has been shown to be effective against many other types of tumours like glioblastoma, hepatocellular carcinoma, melanoma, chronic myeloid leukaemia, osteosarcoma and oesophageal squamous cell carcinoma [76,93]. On top of the remarkable success of 4-MU in pre-clinical models, it is also worth noting that 4-MU is an already approved drug for use in humans for the treatment of biliary spasm; it decreases hyaluronan in humans and displays a great safety profile [94,95]. Therefore, it appears that 4-MU fulfils many criteria as a very promising candidate drug that can possibly enter clinical trials as an adjuvant for already approved cancer-targeting schemes.



Apart from 4-MU, in previous work, we also identified salicylate—the precursor of the widely used acetyl-salicylate (aspirin)—as a potent inhibitor of hyaluronan synthesis in breast cancer cells. Mechanistically, salicylate activates AMPK, which in turn inhibits hyaluronan production, possibly through the phosphorylation of HAS2—the main HAS isoform expressed in the context of breast cancer. Furthermore, salicylate has also potently inhibited the migration and proliferation of triple-negative breast cancer cells [96]. In our efforts to identify a more potent small molecule hyaluronan synthesis inhibitor, we discovered 5′-Deoxy-5′-(1,3-Diphenyl-2-Imidazolidinyl)-Thymidine (DDIT) as a potent inhibitor of hyaluronan synthesis. Of note, DDIT appears to be approximately 12 times more potent than 4-MU as a hyaluronan synthesis inhibitor. Although DDIT inhibits both HAS2 and HAS3 in different types of cancer cells (breast and lung cancer, glioblastoma cells), in that study, we were not able to pinpoint the exact mechanism of DDIT-mediated HAS inhibition. Future studies will hopefully address DDIT’s mode of action. DDIT treatment also caused marked reductions in breast cancer cell proliferation, migration, invasion and cancer stem cell self-renewal [97].



A collective presentation of the available hyaluronan synthesis inhibitors and their effects on tumours is summarised in Table 1. Certainly, in the future, more studies will hopefully discover potent hyaluronan synthesis inhibitors that can also exert significant anti-cancer properties.




5.2. Genetic Manipulation


Since HASes display elevated expression in human cancer, inhibiting their expression in tumour cells via genetic manipulation seems to be a promising idea. The feasibility of this approach has been demonstrated so far in vitro. Owing to the recognition of HAS2 as the most highly expressed HAS isoform in human tumours, most studies are focused on the genetic inhibition of this specific isoform rather than HAS1 or HAS3. In breast cancer, silencing HAS2 utilising specific siRNAs suppressed the malignant phenotype of tumour cells [104]. The validity of targeting HAS2 at the gene level utilising CRISPR/Cas9 on tumour cells has not been assessed. Although germline loss of HAS2 via knock-out leads to embryonic lethality, somatic loss of HAS2 might be tolerated as it was successfully performed in rat chondrosarcoma chondrocytes [105]. Furthermore, the genetic loss of HAS2 in somatic cell lineages might be tolerated owing to the upregulation of HAS1 and HAS3 observed after silencing HAS2 with siRNAs [104]—probably to compensate for the loss of extracellular hyaluronan synthesised from HAS2. Whether this mechanism is activated in the case of CRISPR/Cas9-mediated HAS2 knock-out is not known and hopefully future studies will enhance our understanding regarding this aspect.



Utilising HAS2-AS1 is also an appealing strategy to target cancer cells, since HAS2 expression and therefore hyaluronan synthesis lie under the control of this long non-coding RNA. However, there are conflicting reports regarding the role of HAS2-AS1 since it has been shown that HAS2-AS1 can promote TGF-β-induced EMT in mouse mammary epithelial cells [106], while in triple-negative human cancer cells, the introduction of HAS2-AS1 reduces aggressiveness in a hyaluronan-independent manner [107]. Interestingly, hyaluronan production from human aortic smooth muscle cells appears to lie under the control of HAS2-AS1 [108]. These results point to a cell type- and species-specific regulation of hyaluronan synthesis by HAS2-AS1. In any case, HAS2-AS1 seems to be an appealing way to possibly intervene with hyaluronan metabolism and further studies might clarify this issue in the future. Moreover, in vivo experimentation might provide useful insight into the further development of such therapeutic approaches.




5.3. Moving Forward


Clearly, to this day, there is only a handful of studies investigating the targeting of hyaluronan synthesis in human cancer, probably owing to the lack of HAS mechanism, structure and appropriate antibodies. Studies that will focus on resolving these issues might lead to significant blooming of hyaluronan synthesis-targeting strategies. Furthermore, novel approaches that might be employed for hyaluronan synthase targeting include proteolysis targeting chimeric (PROTAC) technology, which has shown remarkable results in specific protein targeting. PROTAC is a chemical knock-down approach that degrades a selected target protein through the ubiquitin-proteasome system [109]. In cancer, the use of PROTACs has shown promising initial results [110,111,112,113]. For example, hypoxia-activated PROTACs have shown a potent ability to degrade EGFR in hypoxic tumour cells specifically [114]. In another study, protein degraders were used to downregulate tumour-related proteins like ALK and EGFR in non-small lung and breast cancer cells, leading to a reduction in their aggressive properties. Of note, these PROTACs are well tolerated in vivo [115]. Since enzymes involved in the ubiquitination and stabilisation of HAS2 have already been identified, namely USP4 and USP17 [15], one could envision utilising this approach to specifically target HAS2-expressing tumour cells. For example, designing PROTACs that will lead to enhanced degradation of USP17, which stabilises HAS2, might lead to reduced HAS2 protein levels and subsequently reduce tumour hyaluronan. Subsequently, downregulation of HAS2-synthesised hyaluronan will hopefully lead to the inhibition of tumour development, progression and metastases according to the tumour aspects that hyaluronan is shown to regulate. Furthermore, PROTACs directly targeting the HAS2 protein could be designed, although such an approach depends on the successful discovery of human HAS2 structure. The feasibility of such a scheme will hopefully be addressed in future studies both in vitro and in vivo.





6. Conclusions


So far, the available literature suggests that tackling hyaluronan synthesis can be of therapeutic value in cancer treatment (Figure 1). Undoubtedly, a lot remains to be learned in the field of hyaluronan synthesis in general and in cancer specifically. The main challenge that the field is currently facing is the discovery of the human HAS structure and identification of its differential regulation between normal and cancerous tissues. Identifying differential modes of HAS activation in cancer compared to normal physiology will hopefully lead to successful targeting of tumour hyaluronan metabolism and spare any side effects.



It is clear that targeting hyaluronan synthesis in cancer is currently only in its infancy but hopefully will blossom into a field that will yield useful therapeutic strategies that will assist the current clinical advancements in the treatment of human cancers.
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Figure 1. Hyaluronan synthesis inhibition with small molecules like 4-MU, salicylate and DDIT, genetic manipulation through HAS2-AS1, as well as PROTACs might be of therapeutic value for the treatment of cancer by inhibiting tumour growth, proliferation, invasion and metastasis. 
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Table 1. Hyaluronan synthesis inhibitors and their effects in different tumour types.
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	Inhibitor
	Tumour Type
	Effect
	Reference





	4-methyl-umbelliferone (4-MU)
	Colon
	Inhibits proliferation and migration
	[77,78,79]



	
	Pancreatic
	Improves survival rates and limits formation of metastases in the liver
	[80,81,82,83,84]



	
	Prostate
	Reduces tumour growth
	[85,86]



	
	Gynaecological (ovarian and breast)
	Attenuates cancer cell proliferation, migration and invasion
	[87,88,89,90,91,92]



	
	Glioblastoma
	Decreases cell migration and induces senescence
	[98]



	
	Hepatocellular carcinoma
	Inhibits angiogenesis and IL-6 production
	[99]



	
	Melanoma
	Reduces adhesion and locomotion
	[100]



	
	Chronic myeloid leukaemia
	Inhibits proliferation and induces senescence
	[101]



	
	Osteosarcoma
	Inhibits proliferation, migration, invasion and lung metastasi