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Hyaluronan (HA) is a linear nonsulfated glycosaminoglycan of the extra-

cellular matrix that plays a pivotal role in a variety of biological processes.

High-molecular weight HA exhibits different biological properties than oli-

gomers and low-molecular weight HA. Depending on their molecular size,

HA fragments can influence cellular behavior in a different mode of action.

This phenomenon is attributed to the different manner of interaction with

the HA receptors, especially CD44 and RHAMM. Both receptors can trig-

ger signaling cascades that regulate cell functional properties, such as pro-

liferation migration, angiogenesis, and wound healing. HA fragments are

able to enhance or attenuate the HA receptor-mediated signaling pathways,

as they compete with the endogenous HA for binding to the receptors. The

modulation of these pathways could be crucial for the development of

pathological conditions, such as inflammation and cancer. The primary

goal of this review is to critically present the importance of HA molecular

size on cellular signaling, functional cell properties, and morphology in

normal and pathological conditions, including inflammation and cancer. A

deeper understanding of these mechanisms could contribute to the develop-

ment of novel therapeutic strategies.
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Introduction

Hyaluronan (HA) is a ubiquitous glycosaminoglycan

(GAG) of extracellular matrix (ECM) composed of dis-

accharide repeats of N-acetylglucosamine (GlcNAc) and

glucuronic acid (GlcA). The structure of the repeating

units is (?4GlcA1b-3GlcNAc1?)n. It is a relatively

simple molecule without the typical modifications pre-

sent in other GAGs such as GlcA-epimerization or sul-

fation [1,2].The resulting anionic polymer has a

semiflexible structure adopting an expanded worm-like

random coil, with a variable molecular mass. Under

normal conditions, HA is generally synthesized as a

high-molecular weight polymer (HMW HA) that ranges

from 1000 to 6000 kDa. When ECM homeostasis is dis-

rupted by pathological conditions, such as cancer,

inflammation, oxidative stress and tissue remodeling,

endogenous HMW HA can be degraded faster by hya-

luronidases (HYALs) and ROS, thus unbalancing the

equilibrium toward a higher concentration of low-mole-

cular weight HA (LMW) species, with a molecular mass

≤ 250 kDa. LMW HA can be further fragmented into

shorter oligomers (o-HA) [3].

Many of HA functions depend on specific HA-bind-

ing proteins and proteoglycans (PGs) such as versican,

aggrecan, and neurocan that bind HA through nonco-

valent interactions and contribute to create a highly

hydrated and charged domain on the cell surface as

well as in the extracellular space [4].The structure-

based physical properties of HA determine different

functions of the polysaccharide: the anionic nature of

HA along with its hydrodynamic volume create a pro-

tective coat for the interaction of specific targets with

their receptors embedded in the cell membrane [5]. HA

can also act like a size-selective barrier that regulates

the diffusion of small molecules, while large molecules

are partially or completely excluded. Thanks to its

hygroscopic properties, HA provides viscoelasticity

and lubrication of liquid connective tissues, being one

of the major components of articular joints synovial

fluids [6] and vitreous body. In these fluids, HA is

mainly present as vHMW HA [7], while other fluids

such as milk, blood, saliva, and urine contain HA as a

LMW molecule [8–12]. Solid and healthy tissues are

usually associated with HMW HA, like cartilage [13–
15] and skin [16], where HA provides a three-dimen-

sional scaffold for cells by the assembly of pericellular

ECM. As an ECM component, HA mediates several

physiological processes. Its presence is fundamental

during embryogenesis and epithelial-to-mesenchymal

transition (EMT), promoting neural crest cell migra-

tion, the formation of heart valves, and brain develop-

ment [17–19]. HA is also one of the major mediators

of wound healing; it is constantly produced as HMW

HA, especially during the first stages of the process

and it is constantly cleaved by its degrading enzymes

to sustain fibroblast proliferation [20], collagen deposi-

tion, and angiogenesis [21,22]. Furthermore, a recent

study reported that wound repair and fibroblast migra-

tion are differently stimulated by specific sizes of HA

oligosaccharides. According to this study, only the 6-

mer oligosaccharides were able to induce fibroblast

motility, wound closure, and inflammatory response,

whereas 4-mer failed to induce cell migration and 10-

mer even inhibited early wound closure [23].

Several reports demonstrated that alterations in HA

amount and size are characteristics of pathological con-

ditions, such as cancer and inflammation [24–26]. In

particular, an abnormal accumulation of HA in cancer

stroma is considered as a marker of malignancy for

several types of solid tumors [27–34]. Moreover, the

inhibition of HA production by 4-methyl-umbelliferone

(4-MU) and the use of siRNA and miRNA against

HA synthases (HASes) suppresses tumor growth [35–
41]. Remarkably, the presence of LMW HA is predomi-

nant during tissue injury and stimulates the production

of proinflammatory cytokines [31]. For example, HA

fragments < 500 kDa induce the expression of inflam-

matory genes in renal tubular epithelial cells and blad-

der cancer cells [42,43]. Furthermore, fragments among

1.9–3.8 kDa can stimulate nuclear factor kappa light-

chain enhancer of activated B cells (NF-jB) signaling

leading to proinflammatory chemokine production and

breast tumor invasion [44]. This evidence suggests that

the increased synthesis and the further fragmentation of

HA by tumor cells stimulate inflammation, which in

turn sustains tumor malignancy and progression. In this

review, we focus on the HA metabolism and the molecu-

lar size-dependent effects of HA on cellular signaling,

cell functional properties, cell morphology and receptor

binding in normal and pathological conditions, includ-

ing inflammation and cancer, providing perspectives for

future pharmacological targeting.

HA synthesis and degradation:
metabolic and epigenetic regulation

Hyaluronan is synthesized by three transmembrane

isoenzymes called HASes (HAS1, HAS2, and HAS3).

These enzymes are similar in the amino acid sequence

and structure yet differ in enzymatic activity and

regulation. HAS1 and HAS2 synthesize HMW HA

chains, while HAS3 produces shorter polymers

(~ 2 9 103 kDa vs ~ 2 9 102 kDa, respectively) [1,45,

46]. Furthermore, the three isoforms exhibit a different

subcellular localization [47] and undergo different
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regulative processes [48–50]. Among HASes, HAS2 is

considered the most important enzyme because of its

fine regulation and its essential role for animal sur-

vival, hence HMW HA is critical during embryogene-

sis. High levels of HMW HA during development

induce growth of several tissues, such as blood vessels,

brain, heart, and limbs. HMW HA is also responsible

for tissue hydration due to its ability to bind high

amounts of water. Because of this property, HA is

able to lubricate and space-fill tissues [51–53]. HAS2

produces HMW HA and its deficiency results in

embryonic lethality and failure of the endocardial

cushion formation, along with defects in yolk sac and

vasculogenesis [54,55]. HA synthesis can be controlled

by multiple mechanisms. The cytoplasmic content of

UDP-sugars (UDP-GlcA and UDP-GlcNAc) is critical

to regulate HA production, as the compound 4-MU

inhibits the synthesis of HA depleting GlcA cytoplas-

mic levels [56]. Although 4-MU could limit UDP-GlcA

availability to multiple glycosyltransferases, its inhibi-

tory action is specific for the substrate of HAS, as it is

localized in the inner plasma membrane; in fact, the

majority of glycosyltransferases are located in the

Golgi, that is not permeable to 4-MU. The cytoplas-

mic concentration of GlcNAc is another critical issue

in the synthesis of HA. Firstly because the treatment

with GlcN to the growth medium increases UDP-

GlcNAc levels and thus HA production [57–59]. Sec-
ondly, GlcNAc can be the substrate for the enzyme

OGT (O-GlcNAc transferase), that is able to transfer

GlcNAc moieties on HAS2 protein, with an enzymatic

reaction called O-GlcNAcylation. This post-transla-

tional modification increases the half-life of the

enzyme, stabilizing the protein in the plasma mem-

brane and increasing HA synthesis [60]. Interestingly,

the UDP-sugar precursor availability can also influ-

ence HA size in prokaryotic cells, like in the

Gram-negative Pasteurella multocida [61]. Besides the

precursor availability in the cytoplasm, the synthesis of

HA strongly depends on HAS2 mRNA expression and

it can be controlled at post-transcriptional levels. The

phosphorylation mediated by energy sensor AMPK on

Thr-110 inhibits the synthesis of HAS2 and in turn the

production of HA [62], suggesting an important meta-

bolic control of HA synthesis that depends on the

energy status of the cells and nutrient availability. A

recent study reported that also ubiquitination of Lys-

110 and the action of deubiquitinating enzymes (USP4

and USP17) differently affect the dimerization of the

protein, acting on its stability and function [63,64].

Besides post-transcriptional modifications, HAS2

expression is finely regulated by epigenetics through

the action of the long noncoding RNA, HAS2-AS1.

HAS2-AS1 is a natural antisense transcript able to

induce HAS2 expression after O-GlcNAcylation [65].

This modification would act in cis modifying the archi-

tecture of the chromatin, making HAS2 promoter

accessible to transcription factors. However, the activ-

ity and the influence of HAS2-AS1 on HAS2 expres-

sion can be considered tissue and cell specific: the first

research group to describe HAS2-AS1 demonstrated

that the overexpression of HAS2-AS1 reduced HAS2

mRNA levels and HA production, inhibiting the pro-

liferation of human osteosarcoma cells [66], whereas

other studies reported a coordinated expression

between HAS2-AS1 and HAS2 [67–69]. Recent studies

reported that HAS2 can undergo the control of micro-

RNAs (miRNAs). R€ock et al. [70] demonstrated that

miR-23a-3p targeted and inhibited HAS2 expression

inducing cellular senescence. Similarly, HAS2 can be

also targeted by the miRNA let7 [71] and miR-26b

[72], while miR-7 can indirectly decrease the expression

of HAS2 targeting the epidermal growth factor recep-

tor (EGFR), negatively affecting the HA-mediated

CD44-EGFR signaling pathway [73]. We recently dis-

covered that ERb suppression in triple-negative breast

carcinoma cells markedly reduced their functional

properties and affected the mesenchymal phenotype.

This was associated with alterations in the expression

of matrix molecules including proteolytic enzymes,

proteoglycans, and growth factor receptors. Notably,

ERb ablation altered the expression of miRNAs

directly involved in the aggressiveness of breast cancer

cells as well as in the biosynthesis of matrix molecules,

including miR-10b, miR-200b, and miR-145, which in

turn are crucial regulators of functional properties,

EMT program and matrix composition of ERb-
suppressed cancer cells [74]. We recently discovered

that ablation of ERb caused a significant reduction in

the expression of HAS2 as well as a reduction in

HYALs and CD44 isoforms (v3, v6, and v9) (not

shown).

The presence of different sizes of HA suggests that

the cells have a very efficient mechanism for the HA

turnover and metabolism. HA fragmentation is con-

ducted by HYALs or through oxidative/nitrosative

damage. HYALs are hydrolases that cleave the b-(1,4)
linkage and they are active in a large pH range. There

are six HYALs so far recognized in humans: HYALs

1-4, HYALP, and PH-20 [4,52]. The degrading activity

of HYALs is not strictly related to HA, but can be

also extended to other GAGs; HYAL4, for example, is

able to cleave chondroitin sulfate [75], with no evi-

dence of HA catabolic activity. Among all HYALs,

HYAL1 and HYAL2 are the predominant isoforms to

cleave HA. HYAL1 degrades HA into small fragments
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of one to six disaccharides [52,76], whereas HYAL2

mainly produces larger fragments (20 kDa). Degrada-

tion of HA by HYAL1 primarily takes place in the

lysosome after binding and internalization of HA per-

formed by HA receptors. Interestingly, experiments of

colocalization demonstrated that HYAL2 is present on

the cell membrane together with CD44, generating HA

fragments that could be released into the medium or

internalized to be further degraded by HYAL1 [77].

HYAL1 and HYAL2 show a catalytic activity at low

pH and are associated with processed HA into

endocytic vesicles. A recent study described the new

HYAL, TMEM2, as a cell surface HYAL; the enzyme

acts at pH 6–7 and degrades HMW HA into an inter-

mediate size (~ 5 kDa) before the internalization and

degradation in the lysosomes [78]. Aside from the

specific enzymatic activity of HYALs, HMW HA can

be fragmented by reactive oxygen or nitrogen species

produced during tissue inflammation, sepsis, ischemia–
reperfusion injury and cancer [79]. In damaged tissues,

HA fragmentation can be considered one of the first

danger signals to trigger signaling pathways leading to

inflammation and repair. Although the mechanisms by

which LMW HA sustains inflammation and malignant

progression are still poorly understood, it has been

proposed that LMW fragments may alter clustering

and thus the signaling of cell surface receptors acti-

vated by native HMW HA, such as CD44 and recep-

tor for HA-mediated motility (RHAMM) [80].

HA surface receptors: signaling and
functions

Hyaluronan is a versatile macromolecule, able to inter-

act with different receptors on cell surface and activate

distinct downstream signaling. Interestingly, its versa-

tility lies in its size, as HA chains of different lengths

trigger diverse responses upon the binding with the

same receptor (Fig. 1). Although several HA receptors

have been identified, the most relevant for inflamma-

tion and cancer are CD44 and RHAMM [27,81].

CD44 is a ubiquitous single-span transmembrane gly-

coprotein that regulates a variety of cell–cell and cell–
matrix interactions, such as cell traffic, lymphocyte

activation, cell aggregation, and the presentation of

signaling molecules for migrating cells [31]. In humans,

CD44 is encoded by a single gene located on chromo-

some 11 and contains 20 exons, generating ca 20 vari-

ants/isoforms (CD44v). The standard isoform (CD44s)

is encoded by 10 exons constant in all isoforms. CD44

variant isoforms derive from alternative splicing and

all encode for segments of the extracellular domain,

representing additional binding motives for the

interaction with other molecules in the microenviron-

ment. CD44s is ubiquitously expressed, whereas CD44

variants are expressed primarily during inflammation

and cancer [31]. For example, CD44v6 is highly

expressed in lung, breast, ovarian, and colon cancer

[82–85], while increased CD44v expression and

decreased CD44s expression were found in three differ-

ent cell lines and human specimens of metastatic pan-

creatic carcinoma [86]. Nevertheless, it has been

reported that CD44s is a marker of poor prognosis in

the early stages of ampullary adenocarcinoma, while

CD44v are representative of advanced cancer cases

with recurrence [87]. Interestingly, the switch between

CD44s and CD44v is important in the regulation of

EMT and in the plasticity of cancer cells [88]. The

interaction between HA and CD44 occurs in the N-

terminal region thanks to the HA-binding motif

BX7B, which is also expressed in other HA-binding

proteins including RHAMM. The amino terminal

“link” domain leads to ligand-induced clustering and

the activation of signaling axes, such as ERK1/2, Akt,

Wnt/b-catenin and focal adhesion kinase (FAK). The

mechanisms by which CD44 affects cancer progression

are under investigation and mainly focus on the ability

of the receptor to bind HA, thus to trigger different

cellular responses like the stimulation of oncogenic

pathways, miRNA functions, and chemo/radiation

resistance [89].

The size of HA can differently influence the activa-

tion of the receptor, thus the stimulation of specific

pathways. As mentioned above, HMW HA stimulates

CD44 clustering, however, the addition of oligomers

seems to reduce the clustering strength induced by

HMW HA [80]. Indeed, HMW HA possess multiva-

lent sites to bind CD44, while oligomers possess just

one or two sites [90], suggesting that oligomers can act

as antagonists reducing the affinity between HMW

HA and the receptor.

As the interaction between CD44 and HA is medi-

ated by hydrogen bonds, the expression of CD44

on cell membrane is important to determine the

ligand–receptor interaction. An artificial membrane

system consisting of a bilayer densely coated with

CD44 showed that the interaction between HMW HA

and CD44 creates irreversible bounds, which are inde-

pendent from HA concentration. However, according

to the same study, LMW HA (< 10 kDa) could not

create irreversible interactions, as the binding strength

became weaker and dependent on HA concentration

[90]. HMW HA inhibits the mitogen-dependent induc-

tion of cyclin D1, reducing the proliferation of vascu-

lar smooth muscle cells and fibroblasts via CD44 [91].

HMW HA and LMW HA bind CD44 with similar
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affinity. However, they regulate the cyclin D1 expres-

sion via different pathways. HMW HA binding to

CD44 inhibits the Rac-dependent signaling that trig-

gers the expression of cyclin D1. On the other hand,

CD44 activation by LMW HA leads to ERK1/2 acti-

vation and ERK1/2-dependent cyclin D1 expression

[92].

Signaling and cell–matrix interactions mediated by

CD44 may be regulated by the proteolytic cleavage of

the receptor. o-HA stimulates CD44 cleavage and pro-

motes cell migration in pancreatic carcinoma cell line.

This effect is specific for o-HA ranging from 6-mers to

36-mers, but not for HMW HA and HA disaccharides

obtained after the digestion with S. dysgalactiae [93],

highlighting the importance of HA size in the receptor

binding. This mechanism is largely used by tumor

cells, where the production of HA fragments enhances

their own CD44 cleavage, stimulating cell motility and

tumor progression [94]. LMW HA can also stimulate

the formation of a unique receptor complex made of

CD44 and toll-like receptors (TLRs), stimulating the

release of proinflammatory chemokines in breast

cancer cells through MyD88-NF-kB signaling [44].

Similarly, oligosaccharides made of 6-mer induce

inflammation by engaging both TLR4 and CD44 in

human chondrocytes [95] and in neuron-like SH-SY5Y

cells [96]. On the contrary, 4-mer interacts with TLR2

and TLR4 but not with CD44 [97], underlying the

specificity of the number of disaccharides in receptor

binding and activation.

Receptor for HA-mediated motility is a coiled coil-

type protein expressed on the cell surface and in the

cytoplasm, as well as in the cytoskeleton and nucleus.

Unlike CD44, RHAMM expression is tightly regulated

under physiological conditions. Thus, RHAMM is a

cytoplasmic protein, whose translocation on the cell

surface occurs via unconventional transport, as the

receptor lacks a signal peptide. Like CD44, RHAMM

undergoes alternative splicing [98,99], indeed truncated

isoforms were detected in cells following injury and

tumor [100,101]. Several studies reported an increased

expression of RHAMM during breast, colon brain,

prostate, and endometrial cancer [102–105], as well as

in inflammation like skin wounds, osteoarthritis, and

bleomycin-induced lung injury [106–108]. The binding

with exogenous HA and the signaling cascade are

mediated by the interaction with other receptors such

as platelet-derived growth factor receptor (PDGFR),

Fig. 1. Hyaluronan interactions with HA receptors depend on HA molecular size. HA interacts with HA receptors, regulating inflammation

and cancer depending on its molecular size. HMW HA binds to TLRs 2 and 4 exhibiting anti-inflammatory effects and suppressing MMPs

and ADAMTs activation. HA hexamers bind to TLRs 2 and 4 promoting wound healing and inflammation. HMW HA binds to CD44 leading

to wound healing and exhibiting antiproliferative properties. On the other hand, o-HA form clusters on CD44 initiating angiogenesis and

promoting cell proliferation (multifragment binding). o-HA size needs to be up to six saccharides in order to be able to bind to CD44. As the

number of saccharides is increasing the binding to the receptor becomes more stable. HA fragments of more than 20 saccharides are able

to bind more than one CD44 receptor (multivalent binding).
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transforming growth factor beta receptor I (TGFbRI),

and CD44 [31]. These extracellular interactions trigger

the activation of inflammatory pathways, like ERK1/2

leading to cell migration, wound healing, tumorigene-

sis, and EMT. Intracellular RHAMM binds to the

cytoskeleton interacting with actin filaments and

microtubules contributing to microtubule-mediated cell

polarity and motility. Nuclear RHAMM also binds

mitogen-activated protein kinase (MAPK), which

mediates the activation of matrix metalloproteinase 9

(MMP-9), inducing inflammation and cell migration

[109].

Although the mechanisms that mediate the interac-

tion between CD44 and HA of different molecular

weights are well described, little is known about the

interaction between RHAMM and HA of different

sizes. Kouvidi et al. [110] reported that LMW HA

(15–40 kDa) specifically binds RHAMM in fibrosar-

coma cells and stimulates cell adhesion onto fibronec-

tin, while HMW HA inhibited cell adhesion and failed

to induce RHAMM expression. Moreover, o-HA sized

2–10 disaccharides units stimulate angiogenesis via

RHAMM-mediated signaling pathways in epithelial

cells during wound healing, where CD44 failed to acti-

vate signal transduction [111]. The action of RHAMM

can occur in synergy with CD44. In fact, it has been

reported that the presence of both receptors is essential

during wound closure stimulated by HA 6-mer, that in

turn stimulate the accumulation of wound M1 and M2

macrophages and TGFb1 [23]. These observations are

consistent with the fact that RHAMM is expressed

during stressful conditions such as inflammation and

tumorigenesis, in which HA is mainly found as a low-

molecular size molecule.

HA molecular size-dependent
biological functions

The most intriguing fact about HA is its variety of

roles, which depends on its molecular size. HA frag-

ments of different molecular sizes exhibit different bio-

logical actions and biological responses. Depending on

their molecular size, HA fractions can be classified

into: o-HA (< 10 kDa), LMW HA (10–250 kDa),

medium molecular weight HA (MMW HA, 250–
1000 kDa), HMW HA, (> 1000 kDa), and very high-

molecular weight HA (vHMW HA, > 6000 kDa).

vHMW HA can only be found in naked mole rats and

it is considered to be responsible for their increased life

span and cancer resistance [52]. HMW HA is found in

most of the human tissues and it is a major ECM

component. It is involved in wound healing, tissue

homeostasis, protects the integrity of the epithelial

tissue, and promotes anti-inflammatory, antiprolifera-

tive, and antiangiogenic effects [1,52,80,112–116]. It

also seems to exert chondroprotective effects and it is

able to reduce pain by attenuating nerve impulses and

sensitivity. This fact contributes to explain its long-

term efficacy on articular cartilage [117,118]. Regard-

ing the antiangiogenic effects of HMW HA, it has

been demonstrated that it inhibits vascular smooth

muscle cell proliferation by locking the cells in the G1

phase, whereas LMW HA triggers the cell cycle pro-

gression through the G1 phase promoting cellular pro-

liferation [119]. MMW HA has also been proved to

have different effects than HMW HA, since it leads to

proinflammatory responses in mice kidney epithelial

cells in contrast to HMW HA. In particular, MMW

HA stimulates the upregulation of the adhesion mole-

cules Intercellular Adhesion Molecule 1 (ICAM-1) and

vascular cell adhesion molecule 1 (VCAM-1) mRNA

levels via activating the transcription factors NF-jB
and AP-1 [120]. Regarding LMW HA, Zhao et al.

[121] found that a 117-kDa HA inhibits migration and

invasion of mice and human breast cancer cells via

CD44/Twist signaling pathway. It also increases the

expression levels of E-cadherin, whereas it suppresses

the expression of vimentin and MMP-9. On the other

hand, a 35-kDa HA had the opposite effects since it

promoted cellular migration and invasion, increased

vimentin expression, and reduced the expression of

E-cadherin [121]. Consequently, the exact molecular

size of the HA is crucial for its mode of action since HA

fragments that are classified in the same HA category

based on their molecular size exhibit different effects.

Smaller HA fragments, o-HA, are able to stimulate

various signaling pathways leading to a range of cellu-

lar responses, such as angiogenesis, cell proliferation,

invasion, and inflammation [55,80,112,122,123]. These

smaller HA fragments usually created during patho-

logic conditions, such as fibrosis, inflammation, and

cancer, act as cellular alarm signals [51,52,124,125].

The opposing effects of HA fragments of different

sizes occur due to the different modes of action by

which the HA fragments interact with the HA recep-

tors as described above [80,122,126]. There is a variety

of studies that demonstrate the different size-depen-

dent effects of HA fractions. HA fragments of 3–10
disaccharides have been proven to stimulate the prolif-

eration and migration of the endothelial cells initiating

angiogenesis in contrast to native HMW HA that exhi-

bits antiangiogenic properties [127,128]. Montesano

et al. [129] demonstrated that o-HA (3–10 disaccha-

rides) are able to stimulate bovine microvascular

endothelial cell (EC) invasion in a 3D matrix promot-

ing angiogenesis in collaboration with vascular
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endothelial growth factor (VEGF). o-HA also stimu-

lates the gene expression and activation of urokinase

plasminogen activator (uPA) and plasminogen activa-

tor inhibitor-1 (PAI-1). HMW HA had no effect on

the bovine microvascular ECs [129]. A study on rat

aortic ECs indicated that o-HA and HA hexamers

could stimulate proliferation and angiogenesis of these

cells. They could also reduce platelet adhesion and

activation of EC layers in contrast to HMW HA

(1500 kDa) that inhibited it. Moreover, o-HA elevated

the expression levels of EC activation markers ICAM-

1 and VCAM-1 and triggered the secretion of

cytokines [130]. o-HA stimulates ECs proliferation,

promoting angiogenesis [131–134]. The mechanism

underlying these o-HA effects on ECs according to

Wang et al. [135] was the phosphorylation of Src,

FAK, and ERK1/2 via CD44 that led to the expres-

sion of c-jun and c-fos, which caused EC proliferation

and tube formation. On the other hand, HA oligomers

could reduce proliferation and migration of vascular

smooth muscle cells in response to the platelet-derived

growth factor. Moreover, the o-HA changed the cellu-

lar morphology, from fusiform to a more spread and

flattened form. Larger HA fragments seemed to have

no effect at these cells [136]. HA fragments have also

been shown to play pivotal role during wound healing.

o-HA, 3–10 disaccharides in particular, are able to

induce wound repair in vivo by promoting neovascu-

larization through G protein phosphorylation and

ERK1/2 activation, increasing the granulation produc-

tion, the proliferation of fibroblasts, and the collagen

deposition. These effects probably occur due to the o-

HA ability to induce EC collagen production and pro-

liferation via CD44 or RHAMM [111,137,138]. In

addition, o-HA fragments stimulate the production of

several cytokines such us tumor necrosis factor alpha

(TNFa), interleukin 8 (IL-8), and IL-1b by macro-

phages and fibroblasts promoting cellular migration

and wound healing [134,139].

HA fractions in pathological
conditions

HA molecular size-dependent effects in

inflammation

Increased deposition of HA into the ECM is a hall-

mark of inflammatory disease [24,140–143]. Interest-

ingly, cable-like structures made of HA polymers of

indeterminate size and HA-binding proteins were

found in several inflammatory conditions [141,144–
146]. These structures originate from the cell surface

and are capable of spanning multiple cells reaching

several millimeters in length. Jokela et al. [146] demon-

strated that the stimulation of keratinocytes with

inflammatory molecules, such as TNFa, IL-1, or high

glucose concentration induced the formation of HA

cables and the adhesion of leukocytes, without alter-

ation in the secretion of HA. Such a rearrangement of

HA structure may have a protective function during

inflammation; monocytes can bind HA cables regard-

less of their activation state avoiding the contact with

inflammation-promoting receptors. Moreover, HA

networks might serve as a barrier to prevent the loss

of ECM components and might sequester proinflam-

matory mediators [147,148]. As mentioned above,

during inflammation HA is usually found like a low-

molecular size molecule, presenting a variety of

polymers with overlapping lengths and functions. On

the contrary, HMW HA polymers elicit protective

effects to suppress the inflammatory response. It has

been demonstrated that HMW HA is protective

against acute lung injury preventing apoptosis in a

TLR-dependent basal activation of NF-jB [149].

Moreover, high-molecular size polymers ranging from

780 to 1200 kDa were able to prevent T cell-mediated

liver injury, reducing the production of proinflamma-

tory cytokines like TNFa, interferon gamma (IFNc),
and IL-4 [150]. HWM-HA is also able to counteract

the inflammatory stimulus of LPS in corneal fibrob-

last, reducing the expression of IL-6, IL-8, and

CXCR1 through TLR4 upregulation [151]. Interest-

ingly, the intra-articular administration of HMW HA

is a widely used treatment for inflammatory-based

pathologies such as osteoarthritis. In this pathology,

the anti-inflammatory effect of HMW HA is not only

mediated by its mechanical and viscoelastic properties

but also by the suppression of a disintegrin and metal-

loproteinase with thrombospondin motifs (ADAMTS)

and MMP action and the modulation of plasmin/

plasminogen system, that prevents cartilage degrada-

tion and fibrinolysis [152].

The HA fragments with a molecular size ≤ 500 kDa

have been shown to exhibit several proinflammatory

effects in some tissues or conditions. In particular, they

can trigger the activation of macrophages and den-

dritic cells, as well as stimulate the expression of proin-

flammatory genes including TNFa, IL-1b, IL-1, and

MMPs [153–155]. The induction of such inflammatory

mediators by HA enhances the pre-existing inflamma-

tory response, creating a positive feedback loop where

inflammation promotes further inflammation. Experi-

ments conducted in vivo demonstrated that LMW HA

promotes inflammation by downregulating the anti-

inflammatory A2a receptor in a CD44-dependent man-

ner [156] and that small HA fragments can play an
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important role as mediators of inflammation in allergic

pulmonary disease [157]. Furthermore, HA molecular

size plays a pivotal role in the macrophage activation

and phenotype. LMW HA triggers macrophage

changes that lead to proinflammatory responses while

HMW HA stimulates changes that are correlated with

proresolving responses [158]. In addition, HA tetra-

mers triggered a marked inflammatory response in

mouse synovial fibroblast, characterized by the upregu-

lation of TLR-4, TLR-2, p38-MAPK as well as NFjB
activation [159]. However, it is important to note that

some of the proinflammatory effects attributed to HA

fragments may be the results of the presence of con-

taminants in the preparation used, as reported in the

study by Dong et al. [160].

Although it is widely recognized that LMW HA is

an important mediator of the inflammatory response,

a number of studies demonstrated that small HA

molecules can have a protective function. For example,

HA fragments < 750 kDa participate in colonic epithe-

lial repair in a murine model of colitis via TLRs [161].

In addition, TLRs mediate the expression of human b-
defensin 2 upon the stimulation of keratinocytes with

HA < 200 kDa [162]. Moreover, the production of b-
defensin 2 upon LMW HA treatment and TLR activa-

tion, has been described also in vaginal epithelium,

where it favors epithelial repair after injury and medi-

ates self-defense from pathogens [163]. Interestingly,

LMW HA is able to attenuate the inflammatory pro-

cess and protect from hepatocellular apoptosis during

liver injury in murine models [164].

A more detailed discussion must be dedicated to the

role of HA during wound healing, an intricate series

of complex and overlapping reactions where HMW

HA species are prominent in the earliest stages,

whereas more fragmented forms are generated progres-

sively until the end of the process. The disruption of

tissue architecture and bleeding are the triggering

events to initiate the inflammatory stage of wound

healing. Platelets in the clot produce large amounts of

HMW HA, that is essential for the recruitment of flu-

ids leading to edema [165]. The presence of HMW HA

within the edema is crucial to create a porous net to

facilitate the infiltration of neutrophils and the subse-

quent release of TNFa, IL-1b, IL-8 [139] along with

the activation of myeloperoxidase. The secretion of

inflammatory chemokines and the activity of the

myeloperoxidase contribute to HMW HA fragmenta-

tion that stimulates the recruitment and the interaction

with leukocytes and monocytes through the binding to

CD44. In this scenario, LMW HA is also able to bind

TLR2/4 receptors expressed by macrophages, stimulat-

ing the transcription of TNF-a and the insulin-like

growth factor-1 [20], to sustain with a positive loop

the inflammatory phase. LMW HA present at the

injured site is able to stimulate cell proliferation and

recruit fibroblasts, originating the proliferative phase

of the process. It has been demonstrated that HA frag-

ments made up of 6–20 disaccharides can stimulate

dermal fibroblast migration and proliferation [112]

with the subsequent deposition of type III collagen

that contributes to the formation of a new ECM.

Fibroblasts also produce a high amount of new HA

after TGFb and Smad signaling which is continuously

cleaved by HYALs and ROS in fragments of ~ 70–
100 kDa [166]. The final stage of the proliferative

phase is epithelialization. In wound healing, HA-CD44

complexes face the wound margin and regulate ker-

atinocytes proliferation until the formation of a deli-

cate cover of epithelial cells and wound closure.

The effects of HA of different molecular size on

inflammation are summarized in Table 1.

Biological importance of HA fractions in cancer

Solid tumors can be defined as cellular masses which

are created through dynamic interactions between the

tumor cells and a mixed population of stromal cells.

Crosstalk between oncogenic and adjacent stromal

cells leads to the formation of a peritumoral microen-

vironment, capable of influencing tumor cell behavior

[167–170]. HA is in fact a modulator of the tumor

microenvironment by interacting with specific recep-

tors and intracellular signal transduction which can

promote the malignant phenotype and secondly by

modulating the hydration and osmotic balance in the

tumor microenvironment. Consequently, HA synthesis

is increased in various cancer types, such as breast,

prostate, lung, and ovarian cancer [2,171–174]. Interac-
tions between HA and cancer cells are important bio-

logical events which may be of key importance in

order to understand how cancer cells invade the ECM,

penetrate lymphatic and blood vessels, and colonize in

distant tissues. Elevated levels of HA have been corre-

lated with aggressiveness, poor prognosis, and

resistance to chemotherapy [12,25,171,172,175–181].
Moreover, deposition of HA and type I collagen leads

to a tumor-associated fibrosis which contributes to

cancer initiation and progression [181]. HA is not only

produced by the tumor cells but also by the tumor

stromal fibroblasts or cancer-associated fibroblasts

(CAFs) which are derived from mesenchymal stem

cells (MSCs). Notably, CD44 knockdown in MSCs

blocks both their ability to be recruited to the tumor

site and their tumor-promoting functions [182]. HA

promotes CAF motility toward tumor cells and tumor
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cell motility. CAFs not only utilize HA in order to

migrate close to the tumor cells but their autocrine

production of HA also stimulates the migration of the

HA-binding tumor subpopulation [181]. The reduction

in HA synthesis and the downregulation of the major

HA synthase, HAS2, have been proved useful for the

inhibition of cancer progression [39,41,183–189].
It is well established that the metastatic potential of

cancer cells is related to their morphology. This fact is

particularly evident in EMT process, which represents

a change in shape of primary tumor cells when they

invade the surrounding stroma [190,191]. Even though

cancer cell ability to migrate or invade the ECM is

strongly correlated with the cellular shape and size, it

is also associated with the formation of cytoplasmic

structures such as filopodia and lamellipodia, invado-

somes and podosomes, extracellular vesicles (mi-

crovesicles and exosomes) which are better detectable

by ultrastructural analysis [i.e., scanning electron

microscopy (SEM), transmission electron microscopy

(TEM), atomic force microscopy (AFM)] [192–198].
Very few studies have been performed in order to

investigate the relationship between cancer cell mor-

phology and HA. Dickinson et al. using SEM

observed that colon (LS174T) and breast (MDA-MB-

231) cancer cells cultured for 24 h on HA substrates

revealed evident adhesive protrusions or edge of cancer

cells spreading onto the HA substrate. However, when

cells were seeded onto the substrate in the presence of

anti-CD44 they were unable to attach, confirming that

the adhesion occurs through CD44 [199]. In basal-like

breast cancer, EGFR is overexpressed [200]. Louder-

bough et al., testing different substrates in MDA-MB-

231 cell cultures, found that HMW HA embedded in

type I collagen gel matrix could inhibit EGFR activa-

tion and consequently alter invasive cellular pheno-

types by reducing the formation of filopodia, as

observed under SEM. Interestingly, cells delayed

adhering on the matrix and migrated mainly using

lamellipodia. In contrast, when cells were cultured in

media containing soluble HMW HA, they adhered

easily to the collagen matrix and migrated using

filopodia [201]. Invasive mammary carcinoma observed

by means of TEM showed that many intercellular

junctions or epithelial desmosomes were severely

altered, as some of them were internalized. Further-

more, the most invasive cells developed invadopodia

which penetrated deeply inside the tumor stroma.

Tumor cells generated and released membrane vesicles

both from the cellular body and invadosomes; ranging

from 30 to 2000 nm. These invadosomes included both

exosomes and microvesicles that were dispersed into

the extracellular microenvironment [202]. Rilla et al.

using SEM and TEM demonstrated that HA synthesis

is one of the major molecular mechanisms that

stimulate the production and shedding of plasma

Table 1. Hyaluronan molecular size-dependent effects on inflammation.

Size HA function HA receptor References

Indeterminate HA cables: bind monocytes and prevent their contact with

inflammation-promoting receptors; barrier to prevent the

loss of ECM components and sequestration of proinflammatory

mediators

– [139,141,143,144]

HMW HA Protects against acute lung injury, inducing apoptosis TLR [146]

780–1200 kDa Prevents T cell-mediated liver injury and decrease the production

of inflammatory cytokines

– [148]

HMW HA Contrasts the inflammatory stimulus of LPS in corneal fibroblast TLR4 [149]

HMW HA Viscoelastic properties; Suppression of ADAMTs and MMPs function;

Modulation of plasmin/plasminogen system

– [150]

< 500 kDa Activation of macrophages and dendritic cells; Stimulation of

proinflammatory genes expression

– [151–153]

LMW HA Down regulation of the anti-inflammatory receptor A2A in murine models CD44 [154]

Small HA fragments Mediators of inflammation in allergic pulmonary disease – [155]

4mers Upregulation of proinflammatory mediators (p38 MAPK and NF-kB) in

mouse synovial fibroblast

TLR2-TLR4 [156]

< 750 kDa Colonic epithelial repair in a murine model of colitis TLRs [159]

< 200 kDa Stimulates the expression of human b-defensine 2 in keratynocytes TLRs [160]

LMW HA Stimulates the expression of human b-defensine 2 in vaginal epithelium

leading to vaginal repair after injury

– [255]

LMW HA Protects from apoptosis during liver injury in murine models – [162]

1600 kDa Downregulates the inflammation responses in nasal epithelial cells – [234]
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membrane-derived microvesicles. In particular they

found that the tips of long cytoplasmic microvilli that

were created in cells by overexpression of HASs were

released in the culture medium as microvesicles. Also,

the inhibition of HA synthesis reduced their forma-

tion. HA-producing tumor cells appeared as immersed

in a glycosaminoglycan coat. HA synthesis was taking

place on the surface of microvilli and microvesicles,

permitting the secretion and transfer of hyaluronan to

distal sites from the cell. Thus, microvesicles, which

were also surrounded by a HA coat, had the potential

to deliver the HA synthase machinery, membrane and

cytoplasmic materials to other cells, influencing tissue

regeneration, inflammation and tumor progression

[203]. In fact, HA synthesis is associated with the for-

mation of various actin-based plasma membrane pro-

trusions, like filopodia, lamellipodia, invadopodia,

retraction fibers, surface blebs, and membrane ruffles.

Recent reports demonstrated that overexpression of

enzymatically active GFP-HAS induces the growth

of long, slender protrusions that share many features

of both filopodia and microvilli in MCF-7 epithelial

breast cancer cells [204].

Filopodia are finger-like cytoplasmic protrusions

that exist to be typically adhered to a substrate or

another cell, in contrast with microvilli that do not

adhere. The HAS3-induced protrusions that may be

located between these two types of protrusions are

dynamic structures independent on adherence. These

protrusions show a rapid growth and retraction,

depending on ongoing HAS activity. However, they

are degraded after enzymatic HA digestion. Even

though the induced protrusions share most cytoskeletal

features with filopodia, they do not require adherence

to the substrate like traditional filopodia [205]. These

thin and long cytoplasmic protrusions act as platforms

for shedding of extracellular vesicles and play impor-

tant biological roles in regulating invasion, adhesion,

microenvironmental sensing, and modulation of cancer

cells. In fact they are able to produce most of the total

HA secreted by cells, and they may be responsible for

the increased HA levels of both tissues and body flu-

ids, in inflammation and cancer [204]. These microvesi-

cles contain numerous proteins involved in organizing

and remodeling ECM. Moreover, HA-rich pericellular

matrices promote the adhesion of tumor cells to

microvessel endothelium, facilitate intravasation and

protect immigrant cells during circulatory transit. The

pericellular HA coat, surrounding the circulating

tumor cells, aids in extravasation at ectopic sites as

well as in growth of migrant colonies in distant target

tissue locations. Thus, it represents a “portable cancer-

ized microenvironment” [206]. HA is extruded as

HMW HA, which is rapidly depolymerized into frag-

ments ranging from 10 to 40 kDa in invasive cell lines.

These fragments are involved in neovascularization

[172] and are produced by both host and tumor cells

by enzymatic attack from one or more of several

HYALs. They are associated with more aggressive

types of disease [206].

The functional properties of cancer cells are regu-

lated by various signaling pathways that are triggered

by the HA–CD44 interactions [207]. In colon cancer,

increased HA synthesis enhances the aggressiveness

of cancer cells and induces EMT. Furthermore, HA–
CD44 interactions initiate the HER2 (human epider-

mal receptor 2, ErbB2,) phosphoinositide 3-kinase

(PI3K)/Akt, b-catenin, and cyclooxygenase-2/prosta-

glandin E2 pathway as well as the HER2, PI3K/Akt,

b-catenin pathway [188]. Both of these pathways lead

to colon cancer cell growth and survival [188]. In

ovarian tumor cells, HA–CD44 interactions promote

cancer cell proliferation and migration via activation

of Rac1 and Ras signaling [208]. In breast cancer,

CD44–HA interactions are responsible for chemore-

sistance [209–211]. HA binding to CD44 activates

stem cell marker Nanog that leads to the activation

of signal transducer as well as activator of transcrip-

tion protein 3 (Stat-3) and gene expression of the

multidrug transporter, MDR1. Also, HA–CD44

interactions trigger the binding of the cytoskeletal

protein ankyrin to MDR1. As a result, the cancer

cells exhibit resistance to chemotherapy [212]. The

activation of nanog also leads to production of

microRNA-21 (miR-21), upregulation of antiapop-

totic proteins, and reduction in proteins that induce

cell death, promoting breast cancer cell survival

[213]. Furthermore, HA–CD44 interactions promote

breast cancer cell invasion, motility, and EMT, via

upregulation of serine protease and collagen-degrading

enzymes expression and by triggering various signaling

pathways like c-Src–mediated twist signaling pathway

[2,214–220]. Similarly, HA–CD44 interactions stimu-

late HER2 activation and cancer progression in

mammary and colon carcinomas [221,222]. Moreover,

HA–CD44 interactions lead to the activation of

various RTKs, such as EGFR, insulin-like growth

factor receptor 1b (IGF-IRb), PDGFR-b, and c-MET,

in colon, breast, and prostate cancer cells [222].

These interactions promote breast and prostate cancer

cells’ metastasis as well [223]. In head and neck

squamous cell carcinoma, HA promotes CD44 interac-

tions with EGFR, initiating the EGFR signaling path-

way that leads to chemotherapy resistance [224]. On

the other hand, in esophageal cancer, the HA interac-

tions with its receptor, RHAMM, promote cancer
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cells’ proliferation, migration, and filopodia formation

[225].

Notably, several studies suggest that HA binding to

its receptors can promote or inhibit cancer cells’ prolif-

eration, migration, and invasion depending on the

molecular size of HA [1,112,114,218,226–228]. HMW

HA is able to act as chemoattractant, promoting the

migration of breast cancer cells [229]. Furthermore,

HMW HA triggers the signaling through CXCR4,

receptor of the cytokine CXCL12. This cytokine acts

on ECs promoting angiogenesis. Cells that express the

CXCR4 are able to metastasize to organs that express

the CXCL12. On the other hand, o-HA (6–10 disac-

charides) inhibit CXCR4-induced ERK1/2 phosphory-

lation in human liver carcinoma cell line, HepG2 and

HUVEC [230]. A 7.46-kDa HA promoted the prolifer-

ation and invasion of malignant pleural mesothelioma

cells via CD44 [231]. Furthermore, o-HA stimulates

the adhesion of BT-549 breast cancer cells and the

activation of ERK1/2 via HA-CD44 pathway [80].

Last but not least, 3–5-kDa o-HA promotes breast

cancer cell invasiveness and production of IL-1b and

IL-8 by stimulating the associations between CD44

and TLRs [232]. Regarding LMW HA, it has been

proven that a 35-kDa HA promotes migration and

invasion of human and mice breast cancer cells via

CD44 while a 117-kDa HA exhibits the opposite

effects [121]. Moreover, LMW HA (15–40 kDa) has

been proven to increase the adhesion of fibrosarcoma

cells on fibronectin via ERK1/2 and FAK phosphory-

lation in a RHAMM-dependent manner [110]. Regard-

ing breast cancer cell adhesion, LMW HA has been

proven to enhance the basal-like breast cancer cell

adhesion on fibronectin matrices and bone marrow

ECs [233]. Thus, HA fragments can trigger different

cancer cell responses depending on their molecular size

and the cell type they interact with.

The effects of HA of different molecular size on

cancer are summarized in Table 2.

HA fractions as potential
therapeutics: mechanistic aspects

Hyaluronan fractions, depending on their molecular

size, exhibit different properties and stimulate several

biological responses. This HA ability can be used in

the development of therapeutic strategies. Studies

prove that HA fragments can be effective therapeutics

in several pathological cases [112,234–236]. For exam-

ple, HA fragments can be used as therapeutics in cases

of knee injury. It has been proven that intra-articular

HA injections improve the healing and act protectively

for articular cartilage in animal models. Moreover,

when HA is provided immediately after injury it exhi-

bits chondroprotective abilities and improves the meta-

bolism of the chondrocytes in the injured area [237].

In cases of diabetic wounds, o-HA (2–10 disaccha-

rides) treatment stimulates the proliferation and the

migration of ECs leading to angiogenesis that facili-

tates wound closure. o-HA increases the collagen

deposition in the wounded area as well. This phe-

nomenon occurs due to the induction of TGF-b
expression and Src and ERK1/2 phosphorylation.

Thus, HA-based treatments can be used for wound

repair [22,23,238].

Regarding inflammation, Albano et al. [239] proved

that addition of HMW HA (1600 kDa) downregulates

the inflammatory responses in nasal epithelial cells. IL-

17A activates ERK1/2 and NF-jB pathways leading

to inflammation. HMW HA attenuates this effect.

Moreover, exogenous HMW HA exhibits protective

effects against colitis via TLRs in mice [161]. LMW

HA can be used for therapeutic purposes after skin

injury, since LMW HA induces the production of b-
defensin by keratinocytes. b-defensin is a protein that

exerts a strong antimicrobial activity enhancing the

skin protection against pathogens. LMW HA stimu-

lates the b-defensin production by activating TLR-2

and -4, while CD44 does not seem to participate in

this process. Through the c-fos-mediated, protein

kinase C-dependent signaling pathway, the ker-

atinocytes produce b-defensin protecting the skin tissue

[162]. LMW HA exhibits also protective properties

against inflammatory liver disease in mice [164] and

induces wound healing via PI3K/Akt pathway [163].

In oncology, o-HA and LMW HA are suggested to

be beneficial in many types of cancer as they can

reduce cancer cell growth, migration, and invasion

[112,226,240,241]. Treatment of colon cancer cells with

o-HA in cultures leads to a reduction in expression

and activity of cyclooxygenase-2, followed by a

decrease in HA synthesis [188]. Moreover, o-HA inhi-

bits tumor growth in vivo, and induces mammary and

colon cancer cell apoptosis, as it triggers caspase-3

activity and suppresses the PI3K/Akt pathway which

is responsible for cell survival [226]. LMW HA induces

apoptosis of colorectal cancer cells and stimulates the

immune response which is involved in tumor inhibition

as well [241]. Regarding breast cancer, it has been pro-

ven that HMW HA (600–1200 kDa) and HA decasac-

charides are able to reduce the MDA-MB-231 cell

growth, migration, and invasion. Moreover, they

reduce the HA production by the cancer cells. HA

decasaccharides are capable of suppressing osteolytic

activity, preventing bone metastasis expansion [240].

Our research group recently demonstrated that LMW
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Table 2. Hyaluronan molecular size-dependent effects in cancer.

Size HA function HA receptor References

35 kDa Promotes migration and invasion of mice and human breast cancer

cells, downregulates the expression of e-cadherin, and

upregulates the expression of vimentin

CD44 [120]

117 kDa Inhibits migration and invasion of mice and human breast cancer

cells, downregulates the expression of vimentin, and upregulates

the expression of e-cadherin

HMW HA Promotes CXCL12-induced CXCR4 activation in human liver

carcinoma cell line, HepG2, and HUVEC

CD44 [225]

6–10 disaccharides Inhibit CXCR4-induced ERK1/2 phosphorylation in human liver

carcinoma cell line, HepG2, and HUVEC

7.46 kDa Promotes proliferation and invasion of human pleural mesothelioma

cells

CD44 [226]

15–40 kDa Promotes adhesion of fibrosarcoma cells on fibronectin via ERK1/2

and RAK phosphorylation

RHAMM [109]

HMW HA Inhibits the proliferation of vascular muscle cells and fibroblasts CD44 [90,91,118]

LMW HA Promotes the proliferation of vascular muscle cells and fibroblasts

3–10 disaccharides Stimulate ECs proliferation and migration, promoting angiogenesis CD44 [110,130–134,136,256]

o-HA Reduces proliferation and migration of vascular smooth muscle

cells in response to platelet-derived growth factor and modify

cellular morphology

[257]

3–10 disaccharides Increase the adhesion of HK-2 and BT-549 cells and the

phosphorylation of ERK1/2

CD44 [79]

3–5 kDa Promotes breast cancer cells invasion and the production of IL-1b/

IL-8

CD44-TLRs [258]

220 kDa Promotes adhesion of basal-like breast cancer cells to bone

morrow ECs and fibronectin

CD44 [259]

200 kDa, 760 kDa Acts as chemoattractant promoting the migration of MDA-MB-468

and MDA-MB-231 breast cancer cells

CD44 [224]

< 10 kDa Promotes EMT in MCF-7 cells and enhances the aggressive

phenotype of MDA-MB-231

Reduces cell migration

Changes the gene expression of ECM modulators, growth factor

receptors, and EMT markers

– [237]

200 kDa Favors a less aggressive phenotype in MCF-7 and MDA-MB-231

Reduces the proliferation, migration, and invasion of the cells

Changes the gene expression of ECM modulators, growth factor

receptors, and EMT markers

o-HA Decreases the expression and activity of cyclooxygenase-2 and the

HA production

CD44 [183]

600–1200 kDa Reduces the MDA-MB-231 breast cancer cell proliferation,

migration, and invasion

Decreases the HA synthesis

CD44 [235]

10 saccharides Reduce the MDA-MB-231 breast cancer cell proliferation,

migration, and invasion

Decrease the HA synthesis

Suppress the progression of osteolytic lesion

100–300 kDa Reduces colon carcinoma growth by inducing cancer cell apoptosis

and immune response

CD44 [236]

Octasaccharides Reduce the osteosarcoma cell lines MG-63 and LM-8 proliferation,

motility, and invasiveness

Reduce endogenous HA

Suppress the formation of distant lung metastasis

CD44 [238]

3–10 disaccharides Inhibit the growth of mammary and colon cancer cells inducing

apoptosis

CD44 [216,221]
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HA reduced breast cancer cell proliferation, migration,

and invasion, by changing the expression of several

genes including ECM modulators, EMT markers. Fur-

thermore, the morphology of the cells was modified

depending on the MW of the HA fragment used.

LMW HA promoted a less aggressive cellular pheno-

type in contrast with o-HA that promoted phenotypic

changes enhancing cellular aggressiveness (A. G.

Tavianatou, Z. Piperigkou, C. Barbera, R. Beninatto,

V. Masola, I. Caon, M. Onisto, M. Franchi, D.

Galesso & N. K. Karamanos, unpublished work).

o-HA octasaccharides, decrease the aggressiveness of

osteosarcoma cell lines MG-63 and LM-8, by reducing

their proliferation, motility, invasiveness, and endoge-

nous HA production. Moreover, o-HA is able to

reduce HA accumulation in local tumors, preventing

distant lung metastasis [242,243], the growth and inva-

siveness of malignant glioma cells [244], suppress the

growth of B16F10 melanoma cells [245], and reduce

the aggressiveness of ovarian carcinoma cells [246].

HA fragments have been proven to sensitize cancer

cells to chemotherapy. LMW HA regulates multidrug

resistance of lymphoma cells and chronic myeloid leu-

kemia cell lines to chemotherapy by reducing the activ-

ity of p-Akt and P-glycoprotein, leading to apoptosis

[247,248]. o-HA sensitizes malignant peripheral nerve

sheath tumors to chemotherapy [249]. Notably, sul-

fated HA (s-HA) fragments have been used in some

studies with promising results, as they induce apopto-

sis in bladder and prostate cancer cells and inhibit the

motility and the invasiveness of both cancer cell types

via PI3K/Akt signaling pathway attenuation. They

also downregulate the expression levels of RHAMM

and VEGF in prostate cancer cells and CD44 and

RHAMM expression levels in bladder cancer cells.

The mRNA levels of transcription factors snail and

twist are decreased after s-HA treatment in bladder

cancer cells, whereas the expression levels of E-cad-

herin are increased. Furthermore, s-HA suppresses

tumor growth in xenograft models of both cancer

types without toxic side-effects [250,251]. An intriguing

application of small HA fragments is their use in the

construction of nanocarrier for targeted cancer therapy

[252]. Edelman et al. took advantage of CD44 overex-

pression in human ovarian adenocarcinoma cell lines

to build nanoparticles made of 6.4 kDa HA and BSA

by the Maillard reaction. The covalent conjugates of

BSA-HA self-assembled into nanoparticles, encapsulat-

ing hydrophobic cytotoxic drugs as paclitaxel and imi-

dazoacridinones, that were selectively internalized by

ovarian cancer cells overexpressing CD44, but not by

cognate cells lacking the receptor [253]. A similar

application was made by Maiolino et al. [254] using

< 10 kDa HA to decorate nanoparticles targeting

CD44 for the combined photo/chemotherapy of can-

cer, thus making these strategies very useful for the

specificity and efficacy of cancer treatment. Using the

same approach, the research group of Renier et al.

developed a technological platform for the chemical

conjugation of 200 kDa HA with well-known anti-

cancer drugs such as paclitaxel and SN-38 (active

metabolite of irinotecan). These coupled molecules,

Table 2. (Continued).

Size HA function HA receptor References

Inhibit the tumor growth in vivo

Reduce HER2 activation

100–300 kDa Modulates multidrug resistance by sensitizing lymphoma cells and

chronic myeloid leukemia cell lines to chemotherapy

CD44 [242,243]

3–10 disaccharides Inhibit growth and invasiveness of malignant glioma cells CD44 [239]

3–12 disaccharides Inhibit the B16F10 melanoma cells’ growth CD44 [240]

2–10 disaccharides Inhibit HA–CD44 interactions reducing the aggressiveness and

promoting drug resistance in ovarian carcinoma cells and

malignant peripheral nerve sheath tumors

CD44 [241,244]

s-HA fragment Induces apoptosis in prostate cancer cell lines and bladder cancer

cells

Reduces their motility and invasiveness

Downregulates the expression levels of snail and twist while

increases the expression levels of e-cadherin in bladder cancer

cells

Inhibits the Akt signaling

Downregulates RHAMM and VEGF expression levels in prostate

cancer cells

Inhibits prostate and bladder cancer tumor growth in vivo

CD44, RHAMM [245,246]
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named Oncofid P (formerly HYTAD1-P20) and Onco-

fid S, respectively, were shown to be active in vitro

toward CD44-overexpressing human bladder and ovar-

ian cancer cell lines, thanks to the receptor-mediated

internalization of the anticancer drug, favored by HA

conjugation [255,256]. The safety and effectiveness of

the HA–anticancer drug conjugates were then con-

firmed in vivo in different tumor animal models

[257,258] and lastly the Oncofid P therapy against

bladder cancer entered the clinical evaluation phase

[259].

As described above, HA fragments could be promis-

ing therapeutic agents in several pathological cases.

Thus, the elucidation of the mechanisms underlying

their actions is of great importance. Several studies

have been conducted in order to identify the exact

Fig. 2. High-molecular weight HA and LMW HA/o-HA competition for binding to HA receptors in inflammation and cancer. o-HA and LMW

HA compete with endogenous HMW HA for binding to HA receptors, initiating or attenuating various signaling pathways. (A) LMW HA bind

to TLRs 2 and 4 activating b-defensin that exhibits antimicrobial properties. Moreover, LMW HA binding to these receptors leads to PI3K/

Akt, NF-jB, and ERK1/2 activation that stimulates wound healing and inflammatory responses. On the other hand, HMW HA binding to

TLRs 2 and 4 exhibits anti-inflammatory effects, attenuating these processes. (B) Endogenous HA binding to CD44 triggers various signaling

pathways by activating Src, EGFR, HER2, and TGFb. The activation of these molecules triggers signaling cascades with several responses.

RAS activation leads to PI3K activation and phosphorylation of Akt and FAK. Moreover, RAS activates RAF that phosphorylates MEK leading

to ERK1/2 activation. The stimulation of these molecules leads to cancer cell proliferation, migration, invasion, and EMT. In addition HA

binding to CD44 triggers the activation of nanog and stat-3. The activation of these factors leads to MDR1 activation and cancer cells

resistance to therapy. In the contrary, HA fragments binding to CD44 attenuate these signaling cascades indicating the HA fractions utility

as anticancer agents.
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MW of the HA fragments that is needed in order to

attenuate a signaling pathway or trigger a cellular

response. According to several studies, hexasaccharides

have been proved to be the smallest HA fragments

that are able to bind effectively to the HA receptors

[260–262]. Use of HA octasaccharides or decasaccha-

rides instead of hexasaccharides was considered to be

more efficient demonstrating the importance of the

HA exact size in cellular responses. These observations

are in agreement with Tammi et al. [263] study which

indicated that HA decasaccharides are able to displace

endogenous HA from CD44 in rat keratinocytes in

contrast with HA hexasaccharides. In addition, HA

fragments from 20 to 24 saccharides could bind to

CD44 more effectively. This could be an indication of

divalent binding to the receptor [261]. Yang et al. [80]

also demonstrated that native HA induces CD44 clus-

tering in contrast to o-HA, which antagonizes native

HA and replaces multivalent HA–CD44 interactions

with monovalent ones.

Consequently, HA fragments interact with the HA

receptors via different modes, depending on their

MW. Moreover, HA fragments antagonize endoge-

nous HA for binding to HA receptors. Several stud-

ies have proven that the HA fragments can bind to

CD44, disrupting HA–CD44 interactions and attenu-

ating a variety of signaling pathways leading to dif-

ferent biologic responses [80,121,221,226,264] (Fig. 2).

Misra et al. [222] demonstrated that addition of o-

HA fragments could interrupt the HA-CD44 interac-

tions and lead to a reduction in activation of several

RTKs such as PDGFR-b and IGF-IR in breast and

colon carcinoma cells. Moreover, HA-CD44 binding

interruption leads to HER2 inactivation and reduc-

tion in cancer cell aggressiveness [221] HA–CD44

binding disruption by HA fragments results in PI3K/

Akt cell survival pathway suppression and cell death

[226,240,245,247,248]. The ability of HA fragments

to disrupt HA-CD44 interactions and the subsequent

reduced aggressiveness of several cancer types, is a

very promising tool for targeted cancer therapeutic

approaches [241,243,244,246,249].

Concluding remarks

Hyaluronan is a main, well-studied ECM component.

The diversity of its modes of actions is strongly corre-

lated with its molecular sizes. HA fragments of different

MW regulate important biological multistep processes

such as development, inflammation, and cancer.

Depending on their MW, the HA fragments can be bene-

ficial or harmful, attenuating or promoting disease pro-

gression. HA interactions with its receptors initiate

various signaling pathways regulating cellular responses

to a variety of signals. The disruption of these interac-

tions could lead to major changes in cellular behavior. In

case of inflammation the HA fragments initiate wound

healing and angiogenesis facilitating the healing process

or exhibit anti-inflammatory properties depending on

their molecular size. In cancer cases the accumulation of

native HA is strongly correlated with cancer cell aggres-

siveness and the HA fragmentation usually promotes the

development of the disease. On the other hand, o-HA

fragments attenuate cancer progression by HA–CD44

binding interruption, leading to tumor suppression.

Consequently, the elucidation of the mechanisms that

regulate the HA fragments’ effects and the identifica-

tion of the signaling pathways and molecules that are

involved in each response could be useful in the devel-

opment of the future pharmacological targeting strate-

gies.

Acknowledgements

AGT was supported by General Secretariat for

Research and Technology (GSRT) & Hellenic Founda-

tion of Research & Innovation (H.F.R.I). ZP acknowl-

edges support of this work by the project “Advanced

Research Activities in Biomedical and Agro alimentary

Technologies” (MIS 5002469) which is implemented

under the “Action for the Strategic Development on

the Research and Technological Sector”, funded by

the Operational Programme “Competitiveness, Entre-

preneurship and Innovation” (NSRF 2014-2020) and

co-financed by Greece and the European Union (Eur-

opean Regional Development Fund).

Conflict of interest

The authors declare no conflict of interest.

Author contributions

AGT, IC, MF, ZP, DG and NKK wrote, reviewed

and edited the manuscript. NKK organized, reviewed

and submitted the manuscript.

References

1 Karamanos NK, Piperigkou Z, Theocharis AD,

Watanabe H, Franchi M, Baud S, Br�ezillon S, G€otte

M, Passi A, Vigetti D et al. (2018) Proteoglycan

chemical diversity drives multifunctional cell regulation

and therapeutics. Chem Rev 118, 9152–9232.
2 Afratis N, Gialeli C, Nikitovic D, Tsegenidis T,

Karousou E, Theocharis AD, Pav~ao MS, Tzanakakis

2897The FEBS Journal 286 (2019) 2883–2908 ª 2019 Federation of European Biochemical Societies

A. G. Tavianatou et al. Hyaluronan molecular size in inflammation and cancer



GN & Karamanos NK (2012) Glycosaminoglycans:

key players in cancer cell biology and treatment. FEBS

J 279, 1177–1197.
3 Tian X, Azpurua J, Hine C, Vaidya A, Myakishev-

Rempel M, Ablaeva J, Mao Z, Nevo E, Gorbunova V

& Seluanov A (2013) High-molecular-mass hyaluronan

mediates the cancer resistance of the naked mole rat.

Nature 499, 346–349.
4 Theocharis AD, Skandalis SS, Gialeli C & Karamanos

NK (2016) Extracellular matrix structure. Adv Drug

Deliv Rev 97, 4–27.
5 Evanko SP, Tammi MI, Tammi RH & Wight TN

(2007) Hyaluronan-dependent pericellular matrix. Adv

Drug Deliv Rev 59, 1351–1365.
6 Temple-Wong MM, Ren S, Quach P, Hansen BC,

Chen AC, Hasegawa A, D’Lima DD, Koziol J,

Masuda K, Lotz MK et al. (2016) Hyaluronan

concentration and size distribution in human knee

synovial fluid: variations with age and cartilage

degeneration. Arthritis Res Ther 18, 18.

7 Lee HG& CowmanMK (1994) An agarose gel

electrophoretic method for analysis of hyaluronan

molecular weight distribution. Anal Biochem 219, 278–287.
8 Yuan H, Amin R, Ye X, de la Motte CA & Cowman

MK (2015) Determination of hyaluronan molecular

mass distribution in human breast milk. Anal Biochem

474, 78–88.
9 Pogrel MA, Low MA & Stern R (2003) Hyaluronan

(hyaluronic acid) and its regulation in human saliva by

hyaluronidase and its inhibitors. J Oral Sci 45, 85–91.
10 Franzmann EJ, Schroeder GL, Goodwin WJ, Weed

DT, Fisher P & Lokeshwar VB (2003) Expression of

tumor markers hyaluronic acid and hyaluronidase

(HYAL1) in head and neck tumors. Int J Cancer 106,

438–445.
11 Lokeshwar VB, Obek C, Soloway MS & Block NL

(1997) Tumor-associated hyaluronic acid: a new

sensitive and specific urine marker for bladder cancer.

Cancer Res 57, 773–777.
12 Cowman MK, Lee H-G, Schwertfeger KL, McCarthy

JB & Turley EA (2015) The content and size of

hyaluronan in biological fluids and tissues. Front

Immunol 6, 261.

13 Knudson CB & Knudson W (2001) Cartilage

proteoglycans. Semin Cell Dev Biol 12, 69–78.
14 Astachov L, Vago R, Aviv M & Nevo Z (2011)

Hyaluronan and mesenchymal stem cells: from germ

layer to cartilage and bone. Front Biosci (Landmark

Ed) 16, 261–276.
15 Holmes MW, Bayliss MT & Muir H (1988) Hyaluronic

acid in human articular cartilage. Age-related changes

in content and size. Biochem J 250, 435–441.
16 Tammi R, Agren UM, Tuhkanen AL & Tammi M

(1994) Hyaluronan metabolism in skin. Prog

Histochem Cytochem 29, 1–81.

17 Lagendijk AK, Szab�o A, Merks RMH & Bakkers J

(2013) Hyaluronan: a critical regulator of endothelial-

to-mesenchymal transition during cardiac valve

formation. Trends Cardiovasc Med 23, 135–142.
18 Itano N (2008) Simple primary structure, complex

turnover regulation and multiple roles of hyaluronan.

J Biochem 144, 131–137.
19 Toole BP (2001) Hyaluronan in morphogenesis. Semin

Cell Dev Biol 12, 79–87.
20 Aya KL & Stern R (2014) Hyaluronan in wound

healing: rediscovering a major player. Wound Repair

Regen 22, 579–593.
21 Evanko SP, Potter-Perigo S, Petty LJ, Workman GA

& Wight TN (2015) Hyaluronan controls the

deposition of fibronectin and collagen and modulates

TGF-b1 induction of lung myofibroblasts. Matrix Biol

42, 74–92.
22 Wang Y, Han G, Guo B & Huang J (2016)

Hyaluronan oligosaccharides promote diabetic wound

healing by increasing angiogenesis. Pharmacol Rep 68,

1126–1132.
23 Tolg C, Telmer P & Turley E (2014) Specific sizes of

hyaluronan oligosaccharides stimulate fibroblast

migration and excisional wound repair. PLoS One 9,

e88479.

24 Petrey AC & de la Motte CA (2014) Hyaluronan, a

crucial regulator of inflammation. Front Immunol 5,

101.

25 Sironen RK, Tammi M, Tammi R, Auvinen PK,

Anttila M & Kosma V-M (2011) Hyaluronan in

human malignancies. Exp Cell Res 317, 383–391.
26 Heldin P, Lin CY, Kolliopoulos C, Chen YH &

Skandalis SS (2018) Regulation of hyaluronan

biosynthesis and clinical impact of excessive

hyaluronan production. Matrix Biol, in press. https://

doi.org/10.1016/j.matbio.2018.01.017

27 Schwertfeger KL, Cowman MK, Telmer PG, Turley

EA & McCarthy JB (2015) Hyaluronan, inflammation,

and breast cancer progression. Front Immunol 6, 236.

28 Tammi MI, Oikari S, Pasonen-Sepp€anen S, Rilla K,

Auvinen P & Tammi RH (2018) Activated hyaluronan

metabolism in the tumor matrix – causes and

consequences. Matrix Biol, in press. https://doi.org/10.

1016/j.matbio.2018.04.012

29 Auvinen P, Tammi R, Parkkinen J, Tammi M, Agren

U, Johansson R, Hirvikoski P, Eskelinen M & Kosma

V-M (2000) Hyaluronan in peritumoral stroma and

malignant cells associates with breast cancer spreading

and predicts survival. Am J Pathol 156, 529–536.
30 Heldin P, Basu K, Olofsson B, Porsch H, Kozlova I &

Kahata K (2013) Deregulation of hyaluronan

synthesis, degradation and binding promotes breast

cancer. J Biochem 154, 395–408.
31 Misra S, Hascall VC, Markwald RR & Ghatak S

(2015) Interactions between hyaluronan and its

2898 The FEBS Journal 286 (2019) 2883–2908 ª 2019 Federation of European Biochemical Societies

Hyaluronan molecular size in inflammation and cancer A. G. Tavianatou et al.

https://doi.org/10.1016/j.matbio.2018.01.017
https://doi.org/10.1016/j.matbio.2018.01.017
https://doi.org/10.1016/j.matbio.2018.04.012
https://doi.org/10.1016/j.matbio.2018.04.012


receptors (CD44, RHAMM) regulate the activities of

inflammation and cancer. Front Immunol 6, 201.

32 Rizzardi AE, Vogel RI, Koopmeiners JS, Forster CL,

Marston LO, Rosener NK, Akentieva N, Price MA,

Metzger GJ, Warlick CA et al. (2014) Elevated

hyaluronan and hyaluronan-mediated motility receptor

are associated with biochemical failure in patients with

intermediate-grade prostate tumors. Cancer 120, 1800–
1809.

33 Arai E, Nishida Y, Wasa J, Urakawa H, Zhuo L,

Kimata K, Kozawa E, Futamura N & Ishiguro N

(2011) Inhibition of hyaluronan retention by 4-

methylumbelliferone suppresses osteosarcoma cells

in vitro and lung metastasis in vivo. Br J Cancer 105,

1839–1849.
34 Pasonen-Seppanen S, Takabe P, Edward M, Rauhala

L, Rilla K, Tammi M & Tammi R (2012) Melanoma

cell-derived factors stimulate hyaluronan synthesis in

dermal fibroblasts by upregulating HAS2 through

PDGFR-PI3K-AKT and p38 signaling. Histochem Cell

Biol 138, 895–911.
35 Piccioni F, Fiore E, Bayo J, Atorrasagasti C, Peixoto

E, Rizzo M, Malvicini M, Tirado-Gonz�alez I, Garc�ıa

MG, Alaniz L et al. (2015) 4-Methylumbelliferone

inhibits hepatocellular carcinoma growth by decreasing

IL-6 production and angiogenesis. Glycobiology 25,

825–835.
36 Ban H, Uchakina O & McKallip RJ (2015)

Hyaluronic acid inhibitor 4-methylumbelliferone

activates the intrinsic apoptosis pathway in K562

chronic myelogenous leukemia cells. Anticancer Res 35,

5231–5240.
37 Tamura R, Yokoyama Y, Yoshida H, Imaizumi T

& Mizunuma H (2014) 4-Methylumbelliferone

inhibits ovarian cancer growth by suppressing

thymidine phosphorylase expression. J Ovarian Res

7, 94.

38 Nagy N, Kuipers HF, Frymoyer AR, Ishak HD,

Bollyky JB, Wight TN & Bollyky PL (2015) 4-

Methylumbelliferone treatment and hyaluronan

inhibition as a therapeutic strategy in inflammation,

autoimmunity, and cancer. Front Immunol 6, 123.

39 Li Y, Li L, Brown TJ & Heldin P (2007) Silencing of

hyaluronan synthase 2 suppresses the malignant

phenotype of invasive breast cancer cells. Int J Cancer

120, 2557–2567.
40 Bai F, Jiu M, You Y, Feng Y, Xin R, Liu X, Mo L &

Nie Y (2018) miR-29a-3p represses proliferation and

metastasis of gastric cancer cells via attenuating HAS3

levels. Mol Med Rep 17, 8145–8152.
41 Karalis TT, Heldin P, Vynios DH, Neill T, Buraschi S,

Iozzo RV, Karamanos NK & Skandalis SS (2018)

Tumor-suppressive functions of 4-MU on breast

cancer cells of different ER status: regulation of

hyaluronan/HAS2/CD44 and specific matrix effectors.

Matrix Biol, in press. https://doi.org/10.1016/j.matbio.

2018.04.007

42 Beck-Schimmer B, Oertli B, Pasch T & W€uthrich RP

(1998) Hyaluronan induces monocyte chemoattractant

protein-1 expression in renal tubular epithelial cells. J

Am Soc Nephrol 9, 2283–2290.
43 Fitzgerald KA, Bowie AG, Skeffington BS & O’Neill

LA (2000) Ras, protein kinase C zeta, and I kappa B

kinases 1 and 2 are downstream effectors of CD44

during the activation of NF-kappa B by hyaluronic

acid fragments in T-24 carcinoma cells. J Immunol 164,

2053–2063.
44 Bourguignon LYW, Wong G, Earle CA & Xia W

(2011) Interaction of low molecular weight hyaluronan

with CD44 and toll-like receptors promotes the actin

filament-associated protein 110-actin binding and

MyD88-NFjB signaling leading to proinflammatory

cytokine/chemokine production and breast tumor

invasion. Cytoskeleton (Hoboken) 68, 671–693.
45 Itano N, Sawai T, Yoshida M, Lenas P, Yamada Y,

Imagawa M, Shinomura T, Hamaguchi M, Yoshida

Y, Ohnuki Y et al. (1999) Three isoforms of

mammalian hyaluronan synthases have distinct

enzymatic properties. J Biol Chem 274, 25085–25092.
46 Siiskonen H, K€arn€a R, Hyttinen JM, Tammi RH,

Tammi MI & Rilla K (2014) Hyaluronan synthase 1

(HAS1) produces a cytokine-and glucose-inducible,

CD44-dependent cell surface coat. Exp Cell Res 320,

153–163.
47 T€orr€onen K, Nikunen K, K€arn€a R, Tammi M, Tammi

R & Rilla K (2014) Tissue distribution and subcellular

localization of hyaluronan synthase isoenzymes.

Histochem Cell Biol 141, 17–31.
48 Vigetti D, Viola M, Karousou E, De Luca G & Passi

A (2014) Metabolic control of hyaluronan synthases.

Matrix Biol 35, 8–13.
49 Rilla K, Oikari S, Jokela TA, Hyttinen JMT, K€arn€a

R, Tammi RH & Tammi MI (2013) Hyaluronan

synthase 1 (HAS1) requires higher cellular UDP-

GlcNAc concentration than HAS2 and HAS3. J Biol

Chem 288, 5973–5983.
50 Tammi RH, Passi AG, Rilla K, Karousou E, Vigetti

D, Makkonen K & Tammi MI (2011) Transcriptional

and post-translational regulation of hyaluronan

synthesis. FEBS J 278, 1419–1428.
51 Monslow J, Govindaraju P & Pur�e E (2015)

Hyaluronan – a functional and structural sweet spot in

the tissue microenvironment. Front Immunol 6, 231.

52 Bohaumilitzky L, Huber A-K, Stork EM, Wengert S,

Woelfl F & Boehm H (2017) A Trickster in disguise:

hyaluronan’s ambivalent roles in the matrix. Front

Oncol 7, 242.

53 Weindl G, Schaller M, Sch€afer-Korting M & Korting

HC (2004) Hyaluronic acid in the treatment and

prevention of skin diseases: molecular biological,

2899The FEBS Journal 286 (2019) 2883–2908 ª 2019 Federation of European Biochemical Societies

A. G. Tavianatou et al. Hyaluronan molecular size in inflammation and cancer

https://doi.org/10.1016/j.matbio.2018.04.007
https://doi.org/10.1016/j.matbio.2018.04.007


pharmaceutical and clinical aspects. Skin Pharmacol

Physiol 17, 207–213.
54 Spicer AP & Tien JYL (2004) Hyaluronan and

morphogenesis. Birth Defects Res C Embryo Today 72,

89–108.
55 Camenisch TD, Spicer AP, Brehm-Gibson T,

Biesterfeldt J, Lou Augustine M, Calabro A, Kubalak

S, Klewer SE & McDonald JA (2000) Disruption of

hyaluronan synthase-2 abrogates normal cardiac

morphogenesis and hyaluronan-mediated

transformation of epithelium to mesenchyme. J Clin

Invest 106, 349–360.
56 Kakizaki I, Kojima K, Takagaki K, Endo M, Kannagi

R, Ito M, Maruo Y, Sato H, Yasuda T, Mita S et al.

(2004) A novel mechanism for the inhibition of

hyaluronan biosynthesis by 4-methylumbelliferone. J

Biol Chem 279, 33281–33289.
57 Jokela TA, Jauhiainen M, Auriola S, Kauhanen M,

Tiihonen R, Tammi MI & Tammi RH (2008)

Mannose inhibits hyaluronan synthesis by down-

regulation of the cellular pool of UDP-N-

acetylhexosamines. J Biol Chem 283, 7666–7673.
58 Jokela T, K€arn€a R, Rauhala L, Bart G, Pasonen-

Sepp€anen S, Oikari S, Tammi MI & Tammi RH

(2017) Human keratinocytes respond to extracellular

UTP by induction of hyaluronan synthase 2 expression

and increased hyaluronan synthesis. J Biol Chem 292,

4861–4872.
59 Hascall VC, Wang A, Tammi M, Oikari S, Tammi R,

Passi A, Vigetti D, Hanson RW & Hart GW (2014)

The dynamic metabolism of hyaluronan regulates the

cytosolic concentration of UDP-GlcNAc. Matrix Biol

35, 14–17.
60 Moretto P, Karousou E, Viola M, Caon I, D’Angelo

ML, De Luca G, Passi A & Vigetti D (2015)

Regulation of hyaluronan synthesis in vascular

diseases and diabetes. J Diabetes Res 2015, 167283.

61 Jing W & DeAngelis PL (2004) Synchronized

chemoenzymatic synthesis of monodisperse hyaluronan

polymers. J Biol Chem 279, 42345–42349.
62 Vigetti D, Clerici M, Deleonibus S, Karousou E, Viola

M, Moretto P, Heldin P, Hascall VC, De LG & Passi A

(2011) Hyaluronan synthesis is inhibited by adenosine

monophosphate-activated protein kinase through the

regulation of HAS2 activity in human aortic smooth

muscle cells. J Biol Chem 286, 7917–7924.
63 Karousou E, Kamiryo M, Skandalis SS, Ruusala A,

Asteriou T, Passi A, Yamashita H, Hellman U, Heldin

C-H & Heldin P (2010) The activity of hyaluronan

synthase 2 is regulated by dimerization and

ubiquitination. J Biol Chem 285, 23647–23654.
64 Mehi�c M, de Sa VK, Hebestreit S, Heldin C-H &

Heldin P (2017) The deubiquitinating enzymes USP4

and USP17 target hyaluronan synthase 2 and

differentially affect its function. Oncogenesis 6, e348.

65 Vigetti D, Deleonibus S, Moretto P, Bowen T, Fischer

JW, Grandoch M, Oberhuber A, Love DC, Hanover

JA, Cinquetti R et al. (2014) Natural antisense

transcript for hyaluronan synthase 2 (HAS2-AS1)

induces transcription of HAS2 via protein O-

GlcNAcylation. J Biol Chem 289, 28816–28826.
66 Chao H & Spicer AP (2005) Natural antisense

mRNAs to hyaluronan synthase 2 inhibit hyaluronan

biosynthesis and cell proliferation. J Biol Chem 280,

27513–27522.
67 Zhu G, Wang S, Chen J, Wang Z, Liang X, Wang X,

Jiang J, Lang J & Li L (2017) Long noncoding RNA

HAS2-AS1 mediates hypoxia-induced invasiveness of

oral squamous cell carcinoma. Mol Carcinog 56, 2210–
2222.

68 Michael DR, Phillips AO, Krupa A, Martin J,

Redman JE, Altaher A, Neville RD, Webber J, Kim

MY & Bowen T (2011) The human hyaluronan

synthase 2 (HAS2) gene and its natural antisense RNA

exhibit coordinated expression in the renal proximal

tubular epithelial cell. J Biol Chem 286, 19523–19532.
69 Vigetti D, Karousou E, Viola M, Deleonibus S, De

Luca G & Passi A (2014) Hyaluronan: biosynthesis

and signaling. Biochim Biophys Acta 1840, 2452–2459.
70 R€ock K, Tigges J, Sass S, Sch€utze A, Florea A-M,

Fender AC, Theis FJ, Krutmann J, Boege F, Fritsche

E et al. (2015) miR-23a-3p causes cellular senescence

by targeting hyaluronan synthase 2: possible

implication for skin aging. J Invest Dermatol 135, 369–
377.

71 Yang X, Rutnam ZJ, Jiao C, Wei D, Xie Y, Du J,

Zhong L & Yang BB (2012) An anti-let-7 sponge

decoys and decays endogenous let-7 functions. Cell

Cycle 11, 3097–3108.
72 Liu J, Tu F, Yao W, Li X, Xie Z, Liu H, Li Q & Pan

Z (2016) Conserved miR-26b enhances ovarian

granulosa cell apoptosis through HAS2-HA-CD44-

Caspase-3 pathway by targeting HAS2. Sci Rep 6,

21197.

73 Midgley AC, Bowen T, Phillips AO & Steadman R

(2014) MicroRNA-7 inhibition rescues age-associated

loss of epidermal growth factor receptor and

hyaluronan-dependent differentiation in fibroblasts.

Aging Cell 13, 235–244.
74 Piperigkou Z, Franchi M, G€otte M & Karamanos NK

(2017) Estrogen receptor beta as epigenetic mediator of

miR-10b and miR-145 in mammary cancer. Matrix

Biol 64, 94–111.
75 Csoka AB, Frost GI & Stern R (2001) The six

hyaluronidase-like genes in the human and mouse

genomes. Matrix Biol 20, 499–508.
76 Lepperdinger G, Strobl B & Kreil G (1998) HYAL2, a

human gene expressed in many cells, encodes a

lysosomal hyaluronidase with a novel type of

specificity. J Biol Chem 273, 22466–22470.

2900 The FEBS Journal 286 (2019) 2883–2908 ª 2019 Federation of European Biochemical Societies

Hyaluronan molecular size in inflammation and cancer A. G. Tavianatou et al.



77 Harada H & Takahashi M (2007) CD44-dependent

intracellular and extracellular catabolism of hyaluronic

acid by hyaluronidase-1 and -2. J Biol Chem 282,

5597–5607.
78 Yamamoto H, Tobisawa Y, Inubushi T, Irie F,

Ohyama C & Yamaguchi Y (2017) A mammalian

homolog of the zebrafish transmembrane protein 2

(TMEM2) is the long-sought-after cell-surface

hyaluronidase. J Biol Chem 292, 7304–7313.
79 �Solt�es L, Mendichi R, Kogan G, Schiller J,

Stankovsk�a M & Arnhold J (2006) Degradative action

of reactive oxygen species on hyaluronan. Biomacromol

7, 659–668.
80 Yang C, Cao M, Liu H, He Y, Xu J, Du Y, Liu Y,

Wang W, Cui L, Hu J et al. (2012) The high and low

molecular weight forms of hyaluronan have distinct

effects on CD44 clustering. J Biol Chem 287, 43094–
43107.

81 Frey H, Schroeder N, Manon-Jensen T, Iozzo RV &

Schaefer L (2013) Biological interplay between

proteoglycans and their innate immune receptors in

inflammation. FEBS J 280, 2165–2179.
82 Wang J, Xiao L, Luo C-H, Zhou H, Zeng L, Zhong J,

Tang Y, Zhao X-H, Zhao M & Zhang Y (2015)

CD44v6 promotes b-catenin and TGF-b expression,

inducing aggression in ovarian cancer cells. Mol Med

Rep 11, 3505–3510.
83 Di Franco S, Turdo A, Benfante A, Colorito ML,

Gaggianesi M, Apuzzo T, Kandimalla R, Chinnici A,

Barcaroli D, Mangiapane LR et al. (2016) DNp63

drives metastasis in breast cancer cells via PI3K/

CD44v6 axis. Oncotarget 7, 54157–54173.
84 Todaro M, Gaggianesi M, Catalano V, Benfante A,

Iovino F, Biffoni M, Apuzzo T, Sperduti I, Volpe S,

Cocorullo G et al. (2014) CD44v6 is a marker of

constitutive and reprogrammed cancer stem cells

driving colon cancer metastasis. Cell Stem Cell 14,

342–356.
85 Luo Z, Wu R-R, Lv L, Li P, Zhang L-Y, Hao Q-L &

Li W (2014) Prognostic value of CD44 expression in

non-small cell lung cancer: a systematic review. Int J

Clin Exp Pathol 7, 3632–3646.
86 Li Z, Chen K, Jiang P, Zhang X, Li X & Li Z (2014)

CD44v/CD44s expression patterns are associated with

the survival of pancreatic carcinoma patients. Diagn

Pathol 9, 79.

87 Wu C-L, Chao Y-J, Yang T-M, Chen Y-L, Chang K-

C, Hsu H-P, Shan Y-S & Lai M-D (2015) Dual role of

CD44 isoforms in ampullary adenocarcinoma: CD44s

predicts poor prognosis in early cancer and CD44m is

an indicator for recurrence in advanced cancer. BMC

Cancer 15, 903.

88 Chen C, Zhao S, Karnad A & Freeman JW (2018)

The biology and role of CD44 in cancer progression:

therapeutic implications. J Hematol Oncol 11, 64.

89 Bourguignon LYW, Shiina M & Li J-J (2014)

Hyaluronan–CD44 interaction promotes oncogenic

signaling, microRNA functions, chemoresistance, and

radiation resistance in cancer stem cells leading to

tumor progression. Adv Cancer Res 123, 255–275.
90 Wolny PM, Banerji S, Gounou C, Brisson AR, Day

AJ, Jackson DG & Richter RP (2010) Analysis of

CD44-hyaluronan interactions in an artificial

membrane system: insights into the distinct binding

properties of high and low molecular weight

hyaluronan. J Biol Chem 285, 30170–30180.
91 Kothapalli D, Zhao L, Hawthorne EA, Cheng Y, Lee

E, Pur�e E & Assoian RK (2007) Hyaluronan and

CD44 antagonize mitogen-dependent cyclin D1

expression in mesenchymal cells. J Cell Biol 176, 535–
544.

92 Kothapalli D, Flowers J, Xu T, Pur�e E & Assoian RK

(2008) Differential activation of ERK and Rac

mediates the proliferative and anti-proliferative effects

of hyaluronan and CD44. J Biol Chem 283, 31823–
31829.

93 Sugahara KN, Murai T, Nishinakamura H,

Kawashima H, Saya H & Miyasaka M (2003)

Hyaluronan oligosaccharides induce CD44 cleavage

and promote cell migration in CD44-expressing tumor

cells. J Biol Chem 278, 32259–32265.
94 Sugahara KN, Hirata T, Hayasaka H, Stern R, Murai

T & Miyasaka M (2006) Tumor cells enhance their

own CD44 cleavage and motility by generating

hyaluronan fragments. J Biol Chem 281, 5861–5868.
95 Campo GM, Avenoso A, Campo S, D’Ascola A,

Nastasi G & Calatroni A (2010) Small hyaluronan

oligosaccharides induce inflammation by engaging

both toll-like-4 and CD44 receptors in human

chondrocytes. Biochem Pharmacol 80, 480–490.
96 Scuruchi M, D’Ascola A, Avenoso A, Campana S,

Abusamra YA, Spina E, Calatroni A, Campo GM &

Campo S (2016) 6-Mer hyaluronan oligosaccharides

modulate neuroinflammation and a-synuclein
expression in neuron-like SH-SY5Y cells. J Cell

Biochem 117, 2835–2843.
97 Termeer C, Benedix F, Sleeman J, Fieber C, Voith U,

Ahrens T, Miyake K, Freudenberg M, Galanos C &

Simon JC (2002) Oligosaccharides of hyaluronan

activate dendritic cells via toll-like receptor 4. J Exp

Med 195, 99–111.
98 Lynn BD, Turley EA & Nagy JI (2001) Subcellular

distribution, calmodulin interaction, and mitochondrial

association of the hyaluronan-binding protein

RHAMM in rat brain. J Neurosci Res 65, 6–16.
99 Turley EA, Noble PW & Bourguignon LYW (2002)

Signaling properties of hyaluronan receptors. J Biol

Chem 277, 4589–4592.
100 Savani RC, Wang C, Yang B, Zhang S, Kinsella MG,

Wight TN, Stern R, Nance DM & Turley EA (1995)

2901The FEBS Journal 286 (2019) 2883–2908 ª 2019 Federation of European Biochemical Societies

A. G. Tavianatou et al. Hyaluronan molecular size in inflammation and cancer



Migration of bovine aortic smooth muscle cells after

wounding injury. The role of hyaluronan and

RHAMM. J Clin Invest 95, 1158–1168.
101 Maxwell CA, Rasmussen E, Zhan F, Keats JJ,

Adamia S, Strachan E, Crainie M, Walker R, Belch

AR, Pilarski LM et al. (2004) RHAMM expression

and isoform balance predict aggressive disease and

poor survival in multiple myeloma. Blood 104, 1151–
1158.

102 Mele V, Sokol L, K€olzer VH, Pfaff D, Muraro MG,

Keller I, Stefan Z, Centeno I, Terracciano LM,

Dawson H et al. (2017) The hyaluronan-mediated

motility receptor RHAMM promotes growth,

invasiveness and dissemination of colorectal cancer.

Oncotarget 8, 70617–70629.
103 Sch€utze A, Vogeley C, Gorges T, Twarock S,

Butschan J, Babayan A, Klein D, Knauer SK, Metzen

E, M€uller V et al. (2016) RHAMM splice variants

confer radiosensitivity in human breast cancer cell

lines. Oncotarget 7, 21428–21440.
104 Korkes F, de Castro MG, de Cassio Zequi S, Nardi

L, Del Giglio A & de Lima Pompeo AC (2014)

Hyaluronan-mediated motility receptor (RHAMM)

immunohistochemical expression and androgen

deprivation in normal peritumoral, hyperplasic and

neoplastic prostate tissue. BJU Int 113, 822–
829.

105 Rein DT, Roehrig K, Sch€ondorf T, Lazar A, Fleisch

M, Niederacher D, Bender HG & Dall P (2003)

Expression of the hyaluronan receptor RHAMM in

endometrial carcinomas suggests a role in tumour

progression and metastasis. J Cancer Res Clin Oncol

129, 161–164.
106 Tolg C, Hamilton SR, Zalinska E, McCulloch L,

Amin R, Akentieva N, Winnik F, Savani R, Bagli DJ,

Luyt LG et al. (2012) A RHAMM mimetic peptide

blocks hyaluronan signaling and reduces inflammation

and fibrogenesis in excisional skin wounds. Am J

Pathol 181, 1250–1270.
107 Dunn S, Kolomytkin OV, Waddell DD & Marino AA

(2009) Hyaluronan-binding receptors: possible

involvement in osteoarthritis. Mod Rheumatol 19, 151–
155.

108 Zaman A, Cui Z, Foley JP, Zhao H, Grimm PC,

DeLisser HM & Savani RC (2005) Expression and

role of the hyaluronan receptor RHAMM in

inflammation after bleomycin injury. Am J Respir Cell

Mol Biol 33, 447–454.
109 Tolg C, McCarthy JB, Yazdani A & Turley EA (2014)

Hyaluronan and RHAMM in wound repair and the

“cancerization” of stromal tissues. Biomed Res Int

2014, 103923.

110 Kouvidi K, Berdiaki A, Nikitovic D, Katonis P,

Afratis N, Hascall VC, Karamanos NK & Tzanakakis

GN (2011) Role of receptor for hyaluronic acid-

mediated motility (RHAMM) in low molecular weight

hyaluronan (LMWHA)- mediated fibrosarcoma cell

adhesion. J Biol Chem 286, 38509–38520.
111 Gao F, Yang CX, Mo W, Liu YW & He YQ (2008)

Hyaluronan oligosaccharides are potential stimulators

to angiogenesis via RHAMM mediated signal pathway

in wound healing. Clin Invest Med 31, 106–116.
112 Stern R, Asari AA & Sugahara KN (2006)

Hyaluronan fragments: an information-rich system.

Eur J Cell Biol 85, 699–715.
113 Tammi MI, Day AJ & Turley EA (2002) Hyaluronan

and homeostasis: a balancing act. J Biol Chem 277,

4581–4584.
114 Piperigkou Z, G€otte M, Theocharis AD & Karamanos

NK (2018) Insights into the key roles of epigenetics in

matrix macromolecules-associated wound healing. Adv

Drug Deliv Rev 129, 16–36.
115 Tolg C, Yuan H, Flynn SM, Basu K, Ma J, Tse

KCK, Kowalska B, Vulkanesku D, Cowman MK,

McCarthy JB et al. (2017) Hyaluronan modulates

growth factor induced mammary gland branching in a

size dependent manner. Matrix Biol 63, 117–132.
116 Fisher GJ (2015) Cancer resistance, high molecular

weight hyaluronic acid, and longevity. J Cell Commun

Signal 9, 91–92.
117 Necas J, Bartosikova L, Brauner P & Kolar J (2008)

Hyaluronic acid (hyaluronan): a review. Vet Med

(Praha) 53, 397–411.
118 Akmal M (2005) The effects of hyaluronic acid on

articular chondrocytes. J Bone Joint Surg Br 87, 1143–
1149.

119 Cuff CA, Kothapalli D, Azonobi I, Chun S, Zhang Y,

Belkin R, Yeh C, Secreto A, Assoian RK, Rader DJ

et al. (2001) The adhesion receptor CD44 promotes

atherosclerosis by mediating inflammatory cell

recruitment and vascular cell activation. J Clin Invest

108, 1031–1040.
120 Lafont V, Liautard J, Liautard JP & Favero J (2001)

Production of TNF-alpha by human V gamma 9V

delta 2 T cells via engagement of Fc gamma RIIIA,

the low affinity type 3 receptor for the Fc portion of

IgG, expressed upon TCR activation by nonpeptidic

antigen. J Immunol 166, 7190–7199.
121 Zhao YF, Qiao SP, Shi SL, Yao LF, Hou XL, Li CF,

Lin FH, Guo K, Acharya A, Chen XB et al. (2017)

Modulating three-dimensional microenvironment with

hyaluronan of different molecular weights alters breast

cancer cell invasion behavior. ACS Appl Mater

Interfaces 9, 9327–9338.
122 Weigel PH & Baggenstoss BA (2017) What is special

about 200 kDa hyaluronan that activates hyaluronan

receptor signaling? Glycobiology 27, 868–877.
123 Genasetti A, Vigetti D, Viola M, Karousou E,

Moretto P, Rizzi M, Bartolini B, Clerici M, Pallotti F,

De Luca G et al. (2008) Hyaluronan and human

2902 The FEBS Journal 286 (2019) 2883–2908 ª 2019 Federation of European Biochemical Societies

Hyaluronan molecular size in inflammation and cancer A. G. Tavianatou et al.



endothelial cell behavior. Connect Tissue Res 49, 120–
123.

124 Schmaus A, Klusmeier S, Rothley M, Dimmler A,

Sipos B, Faller G, Thiele W, Allgayer H, Hohenberger

P, Post S et al. (2014) Accumulation of small

hyaluronan oligosaccharides in tumour interstitial fluid

correlates with lymphatic invasion and lymph node

metastasis. Br J Cancer 111, 559–567.
125 Anders H-J & Schaefer L (2014) Beyond tissue injury–

damage-associated molecular patterns, toll-like

receptors, and inflammasomes also drive regeneration

and fibrosis. J Am Soc Nephrol 25, 1387–1400.
126 Dereure O (2010) Acide hyaluronique et immunit�e.

Ann Dermatol Venereol 137, S26–S29.
127 Halkes KM, Slaghek TM, Hypp€onen TK, Kruiskamp

PH, Ogawa T, Kamerling JP & Vliegenthart JFG

(1998) Synthesis of hyaluronic-acid-related

oligosaccharides and analogues, as their 4-

methoxyphenyl glycosides, having N-acetyl-b-D-

glucosamine at the reducing end. Carbohydr Res 309,

161–174.
128 West DC, Hampson IN, Arnold F & Kumar S (1985)

Angiogenesis induced by degradation products of

hyaluronic acid. Science 228, 1324–1326.
129 Montesano R, Kumar S, Orci L & Pepper MS (1996)

Synergistic effect of hyaluronan oligosaccharides and

vascular endothelial growth factor on angiogenesis

in vitro. Lab Invest 75, 249–262.
130 Ibrahim S & Ramamurthi A (2008) Hyaluronic acid

cues for functional endothelialization of vascular

constructs. J Tissue Eng Regen Med 2, 22–32.
131 Pardue EL, Ibrahim S & Ramamurthi A (2008) Role of

hyaluronan in angiogenesis and its utility to angiogenic

tissue engineering. Organogenesis 4, 203–214.
132 Cui X, Xu H, Zhou S, Zhao T, Liu A, Guo X, Tang

W & Wang F (2009) Evaluation of angiogenic

activities of hyaluronan oligosaccharides of defined

minimum size. Life Sci 85, 573–577.
133 Lokeshwar VB, Lida N & Bourguignon LYW (1996)

The cell adhesion molecule, GP116, is a new CD44

variant (ex14/v10) involved in hyaluronic acid binding

and endothelial cell proliferation. J Biol Chem 271,

23853–23864.
134 Slevin M, Krupinski J, Gaffney J, Matou S, West D,

Delisser H, Savani RC & Kumar S (2007)

Hyaluronan-mediated angiogenesis in vascular disease:

uncovering RHAMM and CD44 receptor signaling

pathways. Matrix Biol 26, 58–68.
135 Wang YZ, Cao ML, Liu YW, He YQ, Yang CX &

Gao F (2011) CD44 mediates oligosaccharides of

hyaluronan-induced proliferation, tube formation and

signal transduction in endothelial cells. Exp Biol Med

236, 84–90.
136 Evanko SP, Angello JC & Wight TN (1999)

Formation of hyaluronan- and versican-rich

pericellular matrix is required for proliferation and

migration of vascular smooth muscle cells.

Arterioscler Thromb Vasc Biol 19, 1004–
1013.

137 Slevin M, Kumar S & Gaffney J (2002) Angiogenic

oligosaccharides of hyaluronan induce multiple

signaling pathways affecting vascular endothelial cell

mitogenic and wound healing responses. J Biol Chem

277, 41046–41059.
138 Matou-Nasri S, Gaffney J, Kumar S & Slevin M

(2009) Oligosaccharides of hyaluronan induce

angiogenesis through distinct CD44 and RHAMM-

mediated signalling pathways involving Cdc2 and c-
adducin. Int J Oncol 35, 761–773.

139 Chen WYJ & Abatangelo G (1999) Functions of

hyaluronan in wound repair. Wound Repair Regen 7,

79–89.
140 Filpa V, Bistoletti M, Caon I, Moro E, Grimaldi A,

Moretto P, Baj A, Giron MC, Karousou E, Viola M

et al. (2017) Changes in hyaluronan deposition in the

rat myenteric plexus after experimentally-induced

colitis. Sci Rep 7, 17644.

141 de la Motte CA, Hascall VC, Drazba J,

Bandyopadhyay SK & Strong SA (2003) Mononuclear

leukocytes bind to specific hyaluronan structures on

colon mucosal smooth muscle cells treated with

polyinosinic acid:polycytidylic acid: inter-alpha-trypsin

inhibitor is crucial to structure and function. Am J

Pathol 163, 121–133.
142 Kessler S, Rho H, West G, Fiocchi C, Drazba J & de

la Motte C (2008) Hyaluronan (HA) deposition

precedes and promotes leukocyte recruitment in

intestinal inflammation. Clin Transl Sci 1, 57–61.
143 Schaefer L (2014) Complexity of danger: the diverse

nature of damage-associated molecular patterns. J Biol

Chem 289, 35237–35245.
144 Selbi W, de la Motte CA, Hascall VC, Day AJ,

Bowen T & Phillips AO (2006) Characterization of

hyaluronan cable structure and function in renal

proximal tubular epithelial cells. Kidney Int 70, 1287–
1295.

145 Sun YY & Keller KE (2015) Hyaluronan cable

formation by ocular trabecular meshwork cells. Exp

Eye Res 139, 97–107.
146 Jokela TA, Lindgren A, Rilla K, Maytin E, Hascall

VC, Tammi RH & Tammi MI (2008) Induction of

hyaluronan cables and monocyte adherence in

epidermal keratinocytes. Connect Tissue Res 49, 115–
119.

147 Day AJ & de la Motte CA (2005) Hyaluronan cross-

linking: a protective mechanism in inflammation?

Trends Immunol 26, 637–643.
148 Wang A, De La Motte C, Lauer M & Hascall V

(2011) Hyaluronan matrices in pathobiological

processes. FEBS J 278, 1412–1418.

2903The FEBS Journal 286 (2019) 2883–2908 ª 2019 Federation of European Biochemical Societies

A. G. Tavianatou et al. Hyaluronan molecular size in inflammation and cancer



149 Jiang D, Liang J, Fan J, Yu S, Chen S, Luo Y,

Prestwich GD, Mascarenhas MM, Garg HG, Quinn

DA et al. (2005) Regulation of lung injury and repair

by Toll-like receptors and hyaluronan. Nat Med 11,

1173–1179.
150 Nakamura K, Yokohama S, Yoneda M, Okamoto S,

Tamaki Y, Ito T, Okada M, Aso K & Makino I

(2004) High, but not low, molecular weight

hyaluronan prevents T-cell-mediated liver injury by

reducing proinflammatory cytokines in mice. J

Gastroenterol 39, 346–354.
151 Li F, Hao P, Liu G, Wang W, Han R, Jiang Z & Li

X (2017) Effects of 4-methylumbelliferone and high

molecular weight hyaluronic acid on the inflammation

of corneal stromal cells induced by LPS. Graefes Arch

Clin Exp Ophthalmol 255, 559–566.
152 Masuko K, Murata M, Yudoh K, Kato T &

Nakamura H (2009) Anti-inflammatory effects of

hyaluronan in arthritis therapy: not just for viscosity.

Int J Gen Med 2, 77–81.
153 Horton MR, Shapiro S, Bao C, Lowenstein CJ &

Noble PW (1999) Induction and regulation of

macrophage metalloelastase by hyaluronan fragments

in mouse macrophages. J Immunol 162, 4171–4176.
154 Noble PW, Lake FR, Henson PM & Riches DW

(1993) Hyaluronate activation of CD44 induces

insulin-like growth factor-1 expression by a tumor

necrosis factor-alpha-dependent mechanism in murine

macrophages. J Clin Invest 91, 2368–2377.
155 Hodge-Dufour J, Noble PW, Horton MR, Bao C,

Wysoka M, Burdick MD, Strieter RM, Trinchieri G &

Pur�e E (1997) Induction of IL-12 and chemokines by

hyaluronan requires adhesion-dependent priming of

resident but not elicited macrophages. J Immunol 159,

2492–2500.
156 Collins SL, Black KE, Chan-Li Y, Ahn Y-H, Cole

PA, Powell JD & Horton MR (2011) Hyaluronan

fragments promote inflammation by Down-regulating

the anti-inflammatory A2a receptor. Am J Respir Cell

Mol Biol 45, 675–683.
157 Ghosh S, Hoselton SA, Dorsam GP & Schuh JM

(2015) Hyaluronan fragments as mediators of

inflammation in allergic pulmonary disease.

Immunobiology 220, 575–588.
158 Rayahin JE, Buhrman JS, Zhang Y, Koh TJ, Richard

A, Regeneration T & Sciences V (2015) High and low

molecular weight hyaluronic acid differentially

influence macrophage activation. ACS Biomater Sci

Eng 1, 481–493.
159 Campo GM, Avenoso A, D’Ascola A, Prestipino V,

Scuruchi M, Nastasi G, Calatroni A & Campo S

(2013) 4-mer hyaluronan oligosaccharides stimulate

inflammation response in synovial fibroblasts in part

via TAK-1 and in part via p38-MAPK. Curr Med

Chem 20, 1162–1172.

160 Dong Y, Arif A, Olsson M, Cali V, Hardman B,

Dosanjh M, Lauer M, Midura RJ, Hascall VC, Brown

KL et al. (2016) Endotoxin free hyaluronan and

hyaluronan fragments do not stimulate TNF-a,
interleukin-12 or upregulate co-stimulatory molecules

in dendritic cells or macrophages. Sci Rep 6, 36928.

161 Zheng L, Riehl TE & Stenson WF (2009) Regulation

of colonic epithelial repair in mice by toll-like

receptors and hyaluronic acid. Gastroenterology 137,

2041–2051.
162 Gariboldi S, Palazzo M, Zanobbio L, Selleri S,

Sommariva M, Sfondrini L, Cavicchini S, Balsari A &

Rumio C (2008) Low molecular weight hyaluronic

acid increases the self-defense of skin epithelium by

induction of beta-defensin 2 via TLR2 and TLR4. J

Immunol 181, 2103–2110.
163 Dusio GF, Cardani D, Zanobbio L, Mantovani M,

Luchini P, Battini L, Galli V, Diana A, Balsari A &

Rumio C (2011) Stimulation of TLRs by LMW-HA

induces self-defense mechanisms in vaginal epithelium.

Immunol Cell Biol 89, 630–639.
164 Wolf D, Sch€umann J, Koerber K, Kiemer AK,

Vollmar AM, Sass G, Papadopoulos T, Bang R, Klein

SD, Br€une B et al. (2001) Low–molecular-weight

hyaluronic acid induces nuclear factor-jB–dependent
resistance against tumor necrosis factor a–mediated

liver injury in mice. Hepatology 34, 535–547.
165 Frenkel JS (2014) The role of hyaluronan in wound

healing. Int Wound J 11, 159–163.
166 Meran S, Thomas DW, Stephens P, Enoch S, Martin

J, Steadman R & Phillips AO (2008) Hyaluronan

facilitates transforming growth factor-beta1-mediated

fibroblast proliferation. J Biol Chem 283, 6530–6545.
167 Schaefer L, Tredup C, Gubbiotti MA & Iozzo RV (2017)

Proteoglycan neofunctions: regulation of inflammation

and autophagy in cancer biology. FEBS J 284, 10–26.
168 Theocharis AD, Skandalis SS, Tzanakakis GN &

Karamanos NK (2010) Proteoglycans in health and

disease: novel roles for proteoglycans in malignancy

and their pharmacological targeting. FEBS J 277,

3904–3923.
169 Xing Y, Zhao S, Zhou BP & Mi J (2015) Metabolic

reprogramming of the tumour microenvironment.

FEBS J 282, 3892–3898.
170 Ansardamavandi A, Tafazzoli-Shadpour M &

Shokrgozar MA (2018) Behavioral remodeling of

normal and cancerous epithelial cell lines with

differing invasion potential induced by substrate

elastic modulus. Cell Adh Migr 12, 472–488.
171 Karousou E, D’Angelo ML, Kouvidi K, Vigetti D,

Viola M, Nikitovic D, De Luca G & Passi A (2014)

Collagen VI and hyaluronan: the common role in

breast cancer. Biomed Res Int 2014, 606458.

172 Udabage L, Brownlee GR, Nilsson SK & Brown TJ

(2005) The over-expression of HAS2, Hyal-2 and

2904 The FEBS Journal 286 (2019) 2883–2908 ª 2019 Federation of European Biochemical Societies

Hyaluronan molecular size in inflammation and cancer A. G. Tavianatou et al.



CD44 is implicated in the invasiveness of breast

cancer. Exp Cell Res 310, 205–217.
173 Theocharis AD & Karamanos NK (2017)

Proteoglycans remodeling in cancer: underlying

molecular mechanisms. Matrix Biol, in press, https://

doi.org/10.1016/j.matbio.2017.10.008

174 Rilla K, Siiskonen H, Tammi M & Tammi R (2014)

Hyaluronan-coated extracellular vesicles – a novel link

between hyaluronan and cancer. Adv Cancer Res 123,

121–148.
175 Price Z, Lokman N & Ricciardelli C (2018) Differing

roles of hyaluronan molecular weight on cancer cell

behavior and chemotherapy resistance. Cancers

(Basel) 10, 482.

176 Bernert B, Porsch H & Heldin P (2011) Hyaluronan

synthase 2 (HAS2) promotes breast cancer cell

invasion by suppression of tissue metalloproteinase

inhibitor 1 (TIMP-1). J Biol Chem 286, 42349–42359.
177 Auvinen P, Rilla K, Tumelius R, Tammi M, Sironen

R, Soini Y, Kosma VM, Mannermaa A, Viikari J &

Tammi R (2014) Hyaluronan synthases (HAS1-3) in

stromal and malignant cells correlate with breast

cancer grade and predict patient survival. Breast

Cancer Res Treat 143, 277–286.
178 Zoltan-Jones A, Huang L, Ghatak S & Toole BP

(2003) Elevated hyaluronan production induces

mesenchymal and transformed properties in epithelial

cells. J Biol Chem 278, 45801–45810.
179 Toole BP (2004) Hyaluronan: from extracellular glue

to pericellular cue. Nat Rev Cancer 4, 528–539.
180 Toole BP & Slomiany MG (2008) Hyaluronan: a

constitutive regulator of chemoresistance and

malignancy in cancer cells. Semin Cancer Biol 18, 244–
250.

181 McCarthy JB, El-Ashry D & Turley EA (2018)

Hyaluronan, cancer-associated fibroblasts and the

tumor microenvironment in malignant progression.

Front Cell Dev Biol 6, 1–13.
182 Spaeth EL, Labaff AM, Toole BP, Klopp A, Andreeff

M & Marini FC (2013) Mesenchymal CD44 expression

contributes to the acquisition of an activated fibroblast

phenotype via TWIST activation in the tumor

microenvironment. Cancer Res 73, 5347–5359.
183 Udabage L, Brownlee GR, Waltham M, Blick T,

Walker EC, Heldin P, Nilsson SK, Thompson EW &

Brown TJ (2005) Antisense-mediated suppression of

hyaluronan synthase 2 inhibits the tumorigenesis and

progression of breast cancer. Cancer Res 65, 6139–
6150.

184 Adamia S, Maxwell CA & Pilarski LM (2005)

Hyaluronan and hyaluronan synthases: potential

therapeutic targets in cancer. Curr Drug Targets

Cardiovasc Haematol Disord 5, 3–14.
185 Okuda H, Kobayashi A, Xia B, Watabe M, Pai SK,

Hirota S, Xing F, Liu W, Pandey PR, Fukuda K et al.

(2012) Hyaluronan synthase HAS2 promotes tumor

progression in bone by stimulating the interaction of

breast cancer stem-like cells with macrophages and

stromal cells. Cancer Res 72, 537–547.
186 Preca B, Bajdak K, Mock K, Lehmann W,

Sundararajan V, Bronsert P & Matzge-ogi A (2017) A

novel ZEB1/HAS2 positive feedback loop promotes

EMT in breast cancer. Oncotarget 8, 11530–11543.
187 Vanneste M, Hanoux V, Bouakka M & Bonnamy

PJ (2017) Hyaluronate synthase-2 overexpression

alters estrogen dependence and induces histone

deacetylase inhibitor-like effects on ER-driven genes

in MCF7 breast tumor cells. Mol Cell Endocrinol

444, 48–58.
188 Misra S, Obeid LM, Hannun YA, Minamisawa S,

Berger FG, Markwald RR, Toole BP & Ghatak S

(2008) Hyaluronan constitutively regulates activation

of COX-2-mediated cell survival activity in intestinal

epithelial and colon carcinoma cells. J Biol Chem 283,

14335–14344.
189 Karousou E, Misra S, Ghatak S, Dobra K, G€otte M,

Vigetti D, Passi A, Karamanos NK & Skandalis SS

(2017) Roles and targeting of the HAS/hyaluronan/

CD44 molecular system in cancer. Matrix Biol 59, 3–22.
190 Sciacovelli M & Frezza C (2017) Metabolic

reprogramming and epithelial-to-mesenchymal

transition in cancer. FEBS J 284, 3132–3144.
191 Gritsenko PG, Ilina O & Friedl P (2012) Interstitial

guidance of cancer invasion. J Pathol 226, 185–199.
192 Machesky LM (2008) Lamellipodia and filopodia in

metastasis and invasion. FEBS Lett 582, 2102–2111.
193 Clark AG & Vignjevic DM (2015) Modes of cancer

cell invasion and the role of the microenvironment.

Curr Opin Cell Biol 36, 13–22.
194 Jacquemet G, Hamidi H & Ivaska J (2015) Filopodia

in cell adhesion, 3D migration and cancer cell

invasion. Curr Opin Cell Biol 36, 23–31.
195 Leong HS, Robertson AE, Stoletov K, Leith SJ, Chin

CA, Chien AE, Hague MN, Ablack A, Carmine-

Simmen K, McPherson VA et al. (2014) Invadopodia

are required for cancer cell extravasation and are a

therapeutic target for metastasis. Cell Rep 8, 1558–
1570.

196 Knecht DA, Xue F & Janzen DM (2010) Contribution

of filopodia to cell migration: a mechanical link

between protrusion and contraction. Int J Cell Biol

2010, 507821.

197 Arjonen A, Kaukonen R & Ivaska J (2011) Filopodia

and adhesion in cancer cell motility. Cell Adh Migr 5,

421–430.
198 Paterson EK & Courtneidge SA (2018) Invadosomes

are coming: new insights into function and disease

relevance. FEBS J 285, 8–27.
199 Dickinson LE, Ho CC, Wang GM, Stebe KJ &

Gerecht S (2010) Functional surfaces for high-

2905The FEBS Journal 286 (2019) 2883–2908 ª 2019 Federation of European Biochemical Societies

A. G. Tavianatou et al. Hyaluronan molecular size in inflammation and cancer

https://doi.org/10.1016/j.matbio.2017.10.008
https://doi.org/10.1016/j.matbio.2017.10.008


resolution analysis of cancer cell interactions on

exogenous hyaluronic acid. Biomaterials 31, 5472–
5478.

200 Kyriakopoulou K, Kefali E, Piperigkou Z, Bassiony H

& Karamanos NK (2018) Advances in targeting

epidermal growth factor receptor signaling pathway in

mammary cancer. Cell Signal 51, 99–109.
201 Louderbough JMV, Lopez JI & Schroeder JA (2010)

Matrix hyaluronan alters epidermal growth factor receptor-

dependent cell morphology.Cell AdhMigr 4, 26–31.
202 Mihalcea CE, Moros�anu AM, Mur�aras�u D, Puiu L,

Cinca S, Voinea SC & Mirancea N (2015) Particular

molecular and ultrastructural aspects in invasive

mammary carcinoma. Rom J Morphol Embryol 56,

1371–1381.
203 Rilla K, Pasonen-Sepp€anen S, Deen AJ, Koistinen

VVT, Wojciechowski S, Oikari S, K€arn€a R, Bart G,

T€orr€onen K, Tammi RH et al. (2013) Hyaluronan

production enhances shedding of plasma membrane-

derived microvesicles. Exp Cell Res 319, 2006–2018.
204 Koistinen V, K€arn€a R, Koistinen A, Arjonen A,

Tammi M & Rilla K (2015) Cell protrusions induced

by hyaluronan synthase 3 (HAS3) resemble

mesothelial microvilli and share cytoskeletal features

of filopodia. Exp Cell Res 337, 179–191.
205 Chhabra ES & Higgs HN (2007) The many faces of

actin: matching assembly factors with cellular

structures. Nat Cell Biol 9, 1110–1121.
206 Turley EA, Wood DK & McCarthy JB (2016)

Carcinoma cell hyaluronan as a “portable” cancerized

prometastatic microenvironment. Cancer Res 76,

2507–2512.
207 Toole BP, Wight TN & Tammi MI (2002)

Hyaluronan-cell interactions in cancer and vascular

disease. J Biol Chem 277, 4593–4596.
208 Bourguignon LYW, Zhu H, Zhou B, Diedrich F,

Singleton PA & Hung MC (2001) Hyaluronan

promotes CD44v3-Vav2 interaction with Grb2-

p185HER2 and induces Rac1 and Ras signaling

during ovarian tumor cell migration and growth. J

Biol Chem 276, 48679–48692.
209 Hiscox S, Baruha B, Smith C, Bellerby R, Goddard L,

Jordan N, Poghosyan Z, Nicholson RI, Barrett-Lee P

& Gee J (2012) Overexpression of CD44 accompanies

acquired tamoxifen resistance in MCF7 cells and

augments their sensitivity to the stromal factors,

heregulin and hyaluronan. BMC Cancer 12, 1.

210 Bourguignon LYW, Xia W & Wong G (2009)

Hyaluronan-mediated CD44 interaction with p300 and

SIRT1 regulates b-catenin signaling and NFjB-specific
transcription activity leading to MDR1 and Bcl-xL

gene expression and chemoresistance in breast tumor

cells. J Biol Chem 284, 2657–2671.
211 St. Croix B, Rak JW, Kapitain S, Sheehan C, Graham

CH & Kerbel RS (1996) Reversal by hyaluronidase of

adhesion-dependent multicellular drug resistance in

mammary carcinoma cells. J Natl Cancer Inst 88,

1285–1296.
212 Bourguignon LYW, Peyrollier K, Xia W & Gilad E

(2008) Hyaluronan-CD44 interaction activates stem

cell marker Nanog, Stat-3-mediated MDR1 gene

expression, and ankyrin-regulated multidrug efflux in

breast and ovarian tumor cells. J Biol Chem 283,

17635–17651.
213 Bourguignon LYW, Spevak CC, Wong G, Xia W &

Gilad E (2009) Hyaluronan-CD44 interaction with

protein kinase Ce promotes oncogenic signaling by the

stem cell marker nanog and the production of

microRNA-21, leading to down-regulation of the

tumor suppressor protein PDCD4, anti-apoptosis, and

chemotherapy resistance. J Biol Chem 284, 26533–
26546.

214 Bourguignon LYW, Wong G, Earle C, Krueger K &

Spevak CC (2010) Hyaluronan-CD44 interaction

promotes c-Src-mediated twist signaling, microRNA-

10b expression, and RhoA/RhoC up-regulation,

leading to Rho-kinase-associated cytoskeleton

activation and breast tumor cell invasion. J Biol Chem

285, 36721–36735.
215 Li L, Qi L, Liang Z, Song W, Liu Y, Wang Y, Sun B,

Zhang B & Cao W (2015) Transforming growth

factor-b1 induces EMT by the transactivation of

epidermal growth factor signaling through HA/CD44

in lung and breast cancer cells. Int J Mol Med 36,

113–122.
216 Montgomery N, Hill A, McFarlane S, Neisen J,

O’Grady A, Conlon S, Jirstrom K, Kay EW & Waugh

DJJ (2012) CD44 enhances invasion of basal-like

breast cancer cells by upregulating serine protease and

collagen-degrading enzymatic expression and activity.

Breast Cancer Res 14, R84.

217 Hamilton SR, Fard SF, Paiwand FF, Tolg C, Veiseh

M, Wang C, McCarthy JB, Bissell MJ, Koropatnick J

& Turley EA (2007) The hyaluronan receptors CD44

and Rhamm (CD168) form complexes with ERK1,2

that sustain high basal motility in breast cancer cells. J

Biol Chem 282, 16667–16680.
218 Fieber C (2004) Hyaluronan-oligosaccharide-induced

transcription of metalloproteases. J Cell Sci 117, 359–
367.

219 Kung CI, Chen CY, Yang CC, Lin CY, Chen TH &

Wang HS (2012) Enhanced membrane-type 1 matrix

metalloproteinase expression by hyaluronan

oligosaccharides in breast cancer cells facilitates CD44

cleavage and tumor cell migration. Oncol Rep 28,

1808–1814.
220 Gialeli C, Theocharis AD & Karamanos NK (2011)

Roles of matrix metalloproteinases in cancer

progression and their pharmacological targeting.

FEBS J 278, 16–27.

2906 The FEBS Journal 286 (2019) 2883–2908 ª 2019 Federation of European Biochemical Societies

Hyaluronan molecular size in inflammation and cancer A. G. Tavianatou et al.



221 Ghatak S, Misra S & Toole BP (2005) Hyaluronan

constitutively regulates ErbB2 phosphorylation and

signaling complex formation in carcinoma cells. J Biol

Chem 280, 8875–8883.
222 Misra S, Toole BP & Ghatak S (2006) Hyaluronan

constitutively regulates activation of multiple receptor

tyrosine kinases in epithelial and carcinoma cells. J

Biol Chem 281, 34936–34941.
223 Draffin JE, McFarlane S, Hill A, Johnston PG &

Waugh DJ (2004) CD44 potentiates the adherence of

metastatic prostate and breast cancer cells to bone

marrow endothelial cells. Cancer Res 64, 5702–5711.
224 Wang SJ & Bourguignon LYW (2006) Hyaluronan

and the interaction between CD44 and epidermal

growth factor receptor in oncogenic signaling and

chemotherapy resistance in head and neck cancer.

Arch Otolaryngol Head Neck Surg 132, 771–778.
225 Twarock S, Tammi MI, Savani RC & Fischer JW

(2010) Hyaluronan stabilizes focal adhesions,

filopodia, and the proliferative phenotype in

esophageal squamous carcinoma cells. J Biol Chem

285, 23276–23284.
226 Ghatak S, Misra S & Toole BP (2002) Hyaluronan

oligosaccharides inhibit anchorage-independent growth

of tumor cells by suppressing the phosphoinositide 3-

kinase/Akt cell survival pathway. J Biol Chem 277,

38013–38020.
227 Bourguignon LYW (2001) CD44-mediated oncogenic

signaling and cytoskeleton activation during mammary

tumor progression. J Mammary Gland Biol Neoplasia

6, 287–297.
228 Bourguignon LYW (2008) Hyaluronan-mediated

CD44 activation of RhoGTPase signaling and

cytoskeleton function promotes tumor progression.

Semin Cancer Biol 18, 251–259.
229 Tzircotis G (2005) Chemotaxis towards hyaluronan is

dependent on CD44 expression and modulated by cell

type variation in CD44-hyaluronan binding. J Cell Sci

118, 5119–5128.
230 Fuchs K, Hippe A, Schmaus A, Homey B, Sleeman JP

& Orian-Rousseau V (2013) Opposing effects of high-

and low-molecular weight hyaluronan on CXCL12-

induced CXCR4 signaling depend on CD44. Cell

Death Dis 4, e819.

231 Hanagiri T, Shinohara S, Takenaka M, Shigematsu Y,

Yasuda M, Shimokawa H, Nagata Y, Nakagawa M,

Uramoto H, So T et al. (2012) Effects of hyaluronic

acid and CD44 interaction on the proliferation and

invasiveness of malignant pleural mesothelioma.

Tumour Biol 33, 2135–2141.
232 Bourguignon LYW, Wong G, Earle CA & Weiliang X

(2011) Interaction of Low Molecular Weight

Hyaluronan (LMW-HA) with CD44 and Toll-Like

Receptors Promotes the Actin Filament-Associated

Protein (AFAP-110)-Actin Binding and MyD88-NFjB

Signaling Leading to Pro-inflammatory Cytokine/

Chemokine Production and Breast Tumor Invasion.

Cytoskeleton (Hoboken) 68, 671–693.
233 Mcfarlane S, Mcfarlane C, Montgomery N, Hill A &

Waugh DJJ (2015) CD44-mediated activation of a5b1-
integrin, cortactin and paxillin signaling underpins

adhesion of basal-like breast cancer cells to

endothelium and Fibronectin-enriched matrices.

Oncotarget 6, 36762–36773.
234 Theocharis AD, Skandalis SS, Neill T, Multhaupt

HAB, Hubo M, Frey H, Gopal S, Gomes A, Afratis

N, Lim HC et al. (2015) Insights into the key roles of

proteoglycans in breast cancer biology and

translational medicine. Biochim Biophys Acta 1855,

276–300.
235 Cyphert JM, Trempus CS & Garantziotis S (2015)

Size matters: molecular weight specificity of

hyaluronan effects in cell biology. Int J Cell Biol 2015,

563818.

236 Toole BP, Ghatak S & Misra S (2008) Hyaluronan

oligosaccharides as a potential anticancer therapeutic.

Curr Pharm Biotechnol 9, 249–252.
237 Edouard P, Rannou F & Coudeyre E (2013) Animal

evidence for hyaluronic acid efficacy in knee trauma

injuries. Review of animal-model studies. Phys Ther

Sport 14, 116–123.
238 Sattar A, Rooney P, Kumar S, Pye D, West DC,

Scott I & Ledger P (1994) Application of

angiogenic oligosaccharides of hyaluronan increases

blood vessel numbers in rat skin. J Invest Dermatol

103, 576–579.
239 Albano GD, Bonanno A, Cavalieri L, Ingrassia E, Di

Sano C, Siena L, Riccobono L, Gagliardo R & Profita

M (2016) Effect of high, medium, and low molecular

weight hyaluronan on inflammation and oxidative

stress in an in vitro model of human nasal epithelial

cells. Mediators Inflamm 2016, 8727289.

240 Urakawa H, Nishida Y, Knudson W, Knudson CB,

Arai E, Kozawa E, Futamura N, Wasa J & Ishiguro

N (2012) Therapeutic potential of hyaluronan

oligosaccharides for bone metastasis of breast cancer.

J Orthop Res 30, 662–672.
241 Alaniz L, Rizzo M, Malvicini M, Jaunarena J, Avella

D, Atorrasagasti C, Aquino JB, Garcia M, Matar P,

Silva M et al. (2009) Low molecular weight

hyaluronan inhibits colorectal carcinoma growth by

decreasing tumor cell proliferation and stimulating

immune response. Cancer Lett 278, 9–16.
242 Cantor JO (2007) Potential therapeutic applications of

hyaluronan in the lung. Int J Chron Obstruct Pulmon

Dis 2, 283–288.

243 Hosono K, Nishida Y, Knudson W, Knudson CB,

Naruse T, Suzuki Y & Ishiguro N (2007) Hyaluronan

oligosaccharides inhibit tumorigenicity of

osteosarcoma cell lines MG-63 and LM-8 in vitro and

2907The FEBS Journal 286 (2019) 2883–2908 ª 2019 Federation of European Biochemical Societies

A. G. Tavianatou et al. Hyaluronan molecular size in inflammation and cancer



in vivo via perturbation of hyaluronan-rich pericellular

matrix of the cells. Am J Pathol 171, 274–286.
244 Ward JA, Huang L, Guo H, Ghatak S & Toole BP

(2003) Perturbation of hyaluronan interactions inhibits

malignant properties of glioma cells. Am J Pathol 162,

1403–1409.
245 Zeng C, Toole BP, Kinney SD, Kuo JW & Stamenkovic

I (1998) Inhibition of tumor growth in vivo by

hyaluronan oligomers. Int J Cancer 77, 396–401.
246 Slomiany MG, Dai L, Tolliver LB, Grass GD, Zeng

Y & Toole BP (2009) Inhibition of functional

hyaluronan-CD44 interactions in CD133-positive

primary human ovarian carcinoma cells by small

hyaluronan oligosaccharides. Clin Cancer Res 15,

7593–7601.
247 Russo RIC, Garc�ıa MG, Alaniz L, Blanco G, Alvarez

E & Hajos SE (2008) Hyaluronan oligosaccharides

sensitize lymphoma resistant cell lines to vincristine by

modulating P-glycoprotein activity and PI3K/Akt

pathway. Int J Cancer 122, 1012–1018.
248 Lompard�ıa SL, D�ıaz M, Papademetrio DL, Mascar�o

M, Pibuel M, �Alvarez E & Hajos SE (2016)

Hyaluronan oligomers sensitize chronic myeloid

leukemia cell lines to the effect of imatinib.

Glycobiology 26, 343–352.
249 Slomiany MG, Dai L, Bomar PA, Knackstedt TJ,

Kranc DA, Tolliver L, Maria BL & Toole BP (2009)

Abrogating drug resistance in malignant peripheral

nerve sheath tumors by disrupting hyaluronan-CD44

interactions with small hyaluronan oligosaccharides.

Cancer Res 69, 4992–4998.
250 Benitez A, Yates TJ, Lopez LE, Cerwinka WH,

Bakkar A & Lokeshwar VB (2011) Targeting

hyaluronidase for cancer therapy: antitumor activity of

sulfated hyaluronic acid in prostate cancer cells.

Cancer Res 71, 4085–4095.
251 Jordan AR, Lokeshwar SD, Lopez LE, Hennig M,

Chipollini J, Yates T, Hupe MC, Merseburger AS,

Shiedlin A, Cerwinka WH et al. (2014) Antitumor

activity of sulfated hyaluronic acid fragments in pre-

clinical models of bladder cancer. Oncotarget 8,

24262–24274.
252 Mattheolabakis G, Milane L, Singh A & Amiji MM

(2015) Hyaluronic acid targeting of CD44 for cancer

therapy: from receptor biology to nanomedicine. J

Drug Target 23, 605–618.
253 Edelman R, Assaraf YG, Levitzky I, Shahar T &

Livney YD (2017) Hyaluronic acid-serum albumin

conjugate-based nanoparticles for targeted cancer

therapy. Oncotarget 8, 24337–24353.

254 Maiolino S, Moret F, Conte C, Fraix A, Tirino P,

Ungaro F, Sortino S, Reddi E & Quaglia F (2015)

Hyaluronan-decorated polymer nanoparticles targeting

the CD44 receptor for the combined photo/chemo-

therapy of cancer. Nanoscale 7, 5643–5653.
255 Montagner IM, Banzato A, Zuccolotto G, Renier D,

Campisi M, Bassi PF, Zanovello P & Rosato A (2013)

Paclitaxel-hyaluronan hydrosoluble bioconjugate:

mechanism of action in human bladder cancer cell

lines. Urol Oncol 31, 1261–1269.
256 Montagner IM, Merlo A, Carpanese D, Zuccolotto G,

Renier D, Campisi M, Pasut G, Zanovello P &

Rosato A (2015) Drug conjugation to hyaluronan

widens therapeutic indications for ovarian cancer.

Oncoscience 2, 373–381.
257 Rosato A, Banzato A, De Luca G, Renier D, Bettella

F, Pagano C, Esposito G, Zanovello P & Bassi PF

(2006) HYTAD1-p20: a new paclitaxel-hyaluronic acid

hydrosoluble bioconjugate for treatment of superficial

bladder cancer. Urol Oncol 24, 207–215.
258 De Stefano I, Battaglia A, Zannoni GF, Prisco MG,

Fattorossi A, Travaglia D, Baroni S, Renier D,

Scambia G, Ferlini C et al. (2011) Hyaluronic

acid-paclitaxel: effects of intraperitoneal

administration against CD44(+) human ovarian

cancer xenografts. Cancer Chemother Pharmacol 68,

107–116.
259 Bassi PF, Volpe A, D’Agostino D, Palermo G, Renier

D, Franchini S, Rosato A & Racioppi M (2011)

Paclitaxel-hyaluronic acid for intravesical therapy of

bacillus calmette-gurin refractory carcinoma in situ of

the bladder: results of a phase I study. J Urol 185,

445–449.
260 Camenisch TD & McDonald JA (2000) Hyaluronan.

Am J Respir Cell Mol Biol 23, 431–433.
261 Lesley J, Hascall VC, Tammi M & Hyman R (2000)

Hyaluronan binding by cell surface CD44. J Biol

Chem 35, 26967–26975.
262 Knudson CB (1993) Hyaluronan receptor-directed

assembly of chondrocyte pericellular matrix. J Cell

Biol 120, 825–834.
263 Tammi R, MacCallum D, Hascall VC, Pienim€aki JP,

Hyttinen M & Tammi M (1998) Hyaluronan bound to

CD44 on keratinocytes is displaced by hyaluronan

decasaccharides and not hexasaccharides. J Biol Chem

273, 28878–28888.
264 Misra S, Heldin P, Hascall VC, Karamanos NK,

Skandalis SS, Markwald RR & Ghatak S (2011)

Hyaluronan-CD44 interactions as potential targets for

cancer therapy. FEBS J 278, 1429–1443.

2908 The FEBS Journal 286 (2019) 2883–2908 ª 2019 Federation of European Biochemical Societies

Hyaluronan molecular size in inflammation and cancer A. G. Tavianatou et al.


