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Hyaluronan (HA) is a simple but diverse glycosaminoglycan. It plays a major role in 

aging, cellular senescence, cancer, and tissue homeostasis. In which way HA affects 

the surrounding tissues greatly depends on the molecular weight of HA. Whereas 

high molecular weight HA is associated with homeostasis and protective effects, HA 

fragments tend to be linked to the pathologic state. Furthermore, the interaction of HA 

with its binding partners, the hyaladherins, such as CD44, is essential for sustaining 

tissue integrity and is likewise related to cancer. The naked mole rat, a rodent species, 

possesses a special form of very high molecular weight (vHMW) HA, which is asso-

ciated with the extraordinary cancer resistance and longevity of those animals. This 

review addresses HA and its diverse facets: from HA synthesis to degradation, from 

oligomeric HA to vHMW-HA and from its beneficial properties to the involvement in 

pathologies. We further discuss the functions of HA in the naked mole rat and compare 

them to human conditions. Though intensively researched, this simple polymer bears 

some secrets that may hold the key for a better understanding of cellular processes 

and the development of diseases, such as cancer.

Keywords: hyaluronan, naked mole rat, cancer, cancer resistance, early contact inhibition, aging, cellular 

senescence, CD44

PROLOGUE

�is is the story of a young researcher whose child became ill with cancer. So far, all therapeutic 
trials have failed and always the cancer relapsed. �e months passed and now, we are writing the 
year 2017. �e sun was just rising above the horizon as our researcher woke up with a startled 
expression. Although he could not remember his dream of the night before, there were still two 
pictures which he could not get out of his head. What is it between the naked mole rat and its 
extraordinarily long hyaluronan (HMW-HA)? Was this a sign of destiny showing him a way to 
save his child? Pondering this question, he went to his laptop and opened a search. �e number of 
returned results de�ated him, but yes, there was a connection between the sugar molecule and the 
exceptional rodent. Driven by eager anticipation, a journey through scienti�c publications, data 
and knowledge began…

HA—SIMPLE BUT DIVERSE

Hyaluronan is a polysaccharide that is characterized by a simple chemical structure but has extraor-
dinary biological properties (1). As a key component of the vertebrate extracellular matrix (ECM), 

http://www.frontiersin.org/Oncology/
http://crossmark.crossref.org/dialog/?doi=10.3389/fonc.2017.00242&domain=pdf&date_stamp=2017-10-09
http://www.frontiersin.org/oncology/archive
http://www.frontiersin.org/Oncology/editorialboard
http://www.frontiersin.org/Oncology/editorialboard
https://doi.org/10.3389/fonc.2017.00242
http://www.frontiersin.org/Oncology/
http://www.frontiersin.org
https://creativecommons.org/licenses/by/4.0/
mailto:heike.boehm@mpimf-heidelberg.mpg.de
mailto:heike.boehm@mpimf-heidelberg.mpg.de
https://doi.org/10.3389/fonc.2017.00242
http://www.frontiersin.org/Journal/10.3389/fonc.2017.00242/abstract
http://www.frontiersin.org/Journal/10.3389/fonc.2017.00242/abstract
http://loop.frontiersin.org/people/481962
http://loop.frontiersin.org/people/481945
http://loop.frontiersin.org/people/482314
http://loop.frontiersin.org/people/479492
http://loop.frontiersin.org/people/482428
http://loop.frontiersin.org/people/136689


FIGURE 1 | Structural formula of a disaccharide building block of the 

hyaluronan polymer composed of alternating D-glucuronic acid and 

N-acetyl-D-glucosamine units. n indicates the number of repeating units in a 

polymer molecule.

FIGURE 2 | Naked mole rat in captivity (© Tiergarten Schoenbrunn, Austria/

Norbert Potensky).
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the linear biopolymer is composed of alternating d-glucuronic 
acid and N-acetyl-d-glucosamine units, connected via β-1,3- 
and β-1,4-glycosidic bonds (Figure  1) (2–4). Under normal 
physiological conditions, HA consists of 2,500–17,500 U with a 
molecular weight of 1,000–7,000 kDa (5). A single HA polysac-
charide can thus reach a polymer length of 2.5–17.5 µm. �e 
repeating sequence is conserved in all vertebrates and except for 
occasional deacetylated glucosamine residues, not modi�ed in 
its chemical structure. At physiological pH values, the carboxyl 
group of each d-glucuronic acid unit is usually dissociated, 
which results in the formation of a negatively charged biomol-
ecule (3, 6, 7).

Hyaluronan belongs to the family of glycosaminoglycans 
(GAGs). However, in contrast to its other family members, such 
as heparin sulfate and chondroitin sulfate, HA is synthesized as 
an unmodi�ed, non-sulfated polysaccharide which is directly 
extruded into the ECM (8). Within the ECM, HA constitutes 
an extracellular sca�old that coordinates the attachment of 
other ECM components, such as proteoglycans (9, 10). Apart 
from the interaction with the heavy chains of the serum protein 
inter-α-inhibitor, which is mediated via a direct ester bond (11), 
the linkage of HA to other HA-binding proteins is achieved in 
a non-covalent manner (10, 12). �ese proteins, also termed 
hyaladherins, comprise cell surface receptors, as well as ECM 
and blood plasma proteins (13, 14).

Hyaluronan-binding results in a variety of intracellular as well 
as extracellular responses. �e interactions of HA with cell sur-
face receptors induce numerous intracellular signaling pathways, 
for example, those regulating proliferation or cell motility (15). 
�e o�en multivalent interactions of HA with ECM proteins sup-
port the generation of huge HA-organized extracellular matrices 
and, thus, help to provide the structural integrity of many tissues 
(16–18).

At a low level, HA is expressed ubiquitously in the human body 
(19). It is proposed that adult humans contain about 12–15 g of 
HA, the majority of which (more than 50%) occurs in the skin 
(20). Furthermore, it is found in connective tissue, synovial �uid, 
intervertebral disks, and the vitreous body of the eye (2).

Hyaluronan synthesis is also strictly regulated in embryonic 
development (21). HA constitutes a main component of fetal tis-
sues, fetal structures, such as the Wharton’s Jelly of the umbilical 
cord, and the amniotic �uid (22). It also plays an important role in 

condensation events and in epithelial to mesenchymal transition 
(18, 23).

Besides, HA shows remarkable physical and biological 
properties. HA is highly hygroscopic, tightly binding 15 water 
molecules with each disaccharide unit (24). �us, HA has a great 
ability to retain water, for example, 1 g of HA might retain 6  l 
of water (25). Furthermore, HA shows a very high and shear-
dependent viscoelasticity, resulting in the role of HA as an 
extracellular lubricant (26). As a consequence of these remark-
able hydrodynamic properties in terms of water retention and 
viscosity, HA is essential to maintain tissue hydration, tension, 
and integrity (3).

�e molecular weight of HA varies and has great impact on 
its physiological functions and activities (27). Above 1,000 kDa 
HA is de�ned as high molecular weight HA (HMW-HA). 
HMW-HA possesses anti-in�ammatory, anti-proliferative, 
and anti-angiogenic properties and is, furthermore, involved 
in wound healing processes (5, 27, 28). In homeostasis, HA is 
found in its HMW form in almost all human tissues. However, 
pathological circumstances, such as in�ammation, show evi-
dence for an elevated HA fragmentation resulting in a higher 
level of HA polymers with a lower molecular weight (29). 
�erefore, the e�ects of HA in the pathological context are o�en 
associated with the variable mass of the polymer (5).

Interestingly, the available molecular weight range of HA 
in di�erent organisms is not consistent. A unique very high 
molecular weight (vHMW) HA can be found in the naked mole 
rat (30). A comparison of human and naked mole rat HA is 
of interest because recent �ndings provide evidence for a link 
between the naked mole rat’s cancer resistance and its extremely 
HMW-HA.

THE NAKED MOLE RAT—AN 

EXTRAORDINARY RODENT

�e naked mole rat is a hairless, mouse-sized rodent (Figure 2) 
that inhabits subterranean arid regions in northeast Africa, 
mainly Kenya, Ethiopia, and Somalia (31). Naked mole rats 
exhibit an abundance of unusual characteristics, such as eusocial-
ity [reviewed in Ref. (32)], pain insensitivity [reviewed in Ref. 
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FIGURE 3 | Early contact inhibition. The uniquely mutated hyaluronan 

synthase 2 of the naked mole rat produces very high molecular weight HA 

(vHMW-HA) which triggers a signaling cascade via the CD44 receptor 

activating the INK4a/b locus and inducing the intracellular interaction of 

CD44 with merlin. The activated INK4a/b locus encodes for the tumor 

suppressors p15, p16, and p19 that arrest the cell cycle. In addition, naked 

mole rats possess a unique fourth hybrid form, pALT, which stops the cell 

cycle more efficiently. Interactions of CD44 with merlin contribute to the 

cell–cell contact-induced growth arrest.
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(33)], and poikilothermic thermoregulation [reviewed in Ref. 
(34)]. But even more fascinating, naked mole rats are the longest 
living rodents with a lifespan of up to 30 years (35) and show a 
high cancer resistance (30).

Naked mole rats show peculiar features regarding the molec-
ular weight and distribution of HA. Compared to other species, 
naked mole rats exhibit HA enrichment in kidney, brain, heart, 
and skin. �ese elevated HA levels derive from altered enzyme 
activities (30). While the HA synthases 1 and 3 (HAS1/3) in naked 
mole rats show expression levels similar to mice and humans, an 
increased expression of HA synthase 2 (HAS2) can be observed 
in naked mole rats. In addition, their low levels of Hyal lead to 
a slower degradation of HA (30, 36). Moreover, naked mole rat 
HA has a vHMW, between 6 and 12 MDa (30, 37). �e elevated 
amount of HA and its unusually high molecular weight might be 
caused by an amino acid alteration in the active site of HAS2. In 
this site, two asparagines are substituted by two serines, which 
is unique for the naked mole rat since these amino acids are 
highly conserved among all other mammals (30). However, if 
human cells are transfected with cDNA of the mutated naked 
mole rat’s HAS2, these cells also produce vHMW-HA (30). �is 
clearly indicates that this small alteration of HAS2 is causing 
the increased size of HA in naked mole rats (30). Since the 
resulting vHMW-HA has been linked to di�erent aspects of the 
naked mole rat’s unique properties, it might be of interest for 
understanding the role of HA in other organisms.

Cancer Resistance of Naked Mole Rats
Hypersensitivity to contact inhibition is one of the unique prop-
erties of naked mole rats: they show the so-called early contact 
inhibition (ECI). �us, naked mole rat cells arrest cell prolifera-
tion when only few cell–cell contacts are formed and never reach 
the same densities as human or murine cells (38).

Contact inhibition by itself is a powerful anticancer mecha-
nism and causes an arrest of the cell cycle when cells contact 
each other. As a consequence, the formation of multilayers and 
uncontrolled growth is prevented, which is not true for cancer 
cells since they have lost this ability (38). �e contact-induced 
growth arrest is mainly mediated by the cyclin-dependent kinase 
inhibitors p27Kip1 (p27) and supported by p16INK4a (p16) (38).

�e ECI is linked to the described cancer resistance of naked 
mole rats (39). Liang et al. showed that naked mole rat �broblasts 
are resistant to experimental oncogenic transformation with 
RasG12V and SV40 large T antigen, unlike other mammalian cells 
(40, 41). ECI is triggered by vHMW-HA and its interaction with 
the CD44 receptor (39). Moreover, the cytoplasmic side of the 
CD44 receptor interacts with merlin (neuro�bromin 2), which 
regulates contact inhibition (Figure 3) (30). It has been shown 
that naked mole rat �broblasts that were cultured with bacterial 
hyaluronidase grew completely con�uent and lost the ECI-
phenotype due to the lacking trigger in the form of vHMW-HA 
(30). Similar results were obtained when the CD44 receptor was 
blocked with antibodies (30).

Furthermore, the interaction of vHMW-HA with the CD44 
receptor activates a signaling cascade, which causes the induction 
of the INK4a/b locus (42). �e INK4a/b locus plays an impor-
tant role in cancer development and encodes for three di�erent 

mammalian tumor suppressors: the cyclin-dependent kinase 
inhibitors p15INK4b (p15) and p16INK4a (p16) as well as p19ARF 
(p19), a repressor of the MDM2 oncogene. Out of those tumor 
suppressors, the level of p16 is elevated in naked mole rat cells that 
exhibit ECI (38, 42). While the contact inhibition in humans or 
mice is primarily mediated by the p27 cyclin-dependent kinase 
inhibitor; in naked mole rats, this suppressor seems to only serve 
as a backup if the ECI is not functional (38).

In addition to the upregulation of p16, a fourth unique 
product of the INK4a/b locus has been found in naked mole rats. 
�is isoform, pALTINK4a/b, is capable of arresting the cell cycle 
more e�ciently than the other INK4a/b suppressors and does so 
independently of HA–CD44 interactions (42).

�e lack of described neoplasia cases in naked mole rats have 
led to the assumption that this species is essentially cancer-
free, but recently two cases of cancer in naked mole rats were 
reported. Two naked mole rats from di�erent US zoological 
institutions are the �rst described cases of cancer in naked 
mole rats. In addition, pre-cancerous lesions were also found in 
several other naked mole rats (43). �ese �ndings illustrate that 
naked mole rats may develop cancer and raise further questions 
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about cancer resistance mechanisms and their scope. Detailed 
investigation of the causes and documentation of such rare cases 
will bene�t the current cancer research and increase recent 
knowledge concerning cancer resistance mechanisms.

Longevity of Naked Mole Rats
�e lifespan of mammals is usually linked to their average body 
mass. In general, a doubling of body mass leads to a 13% increase 
in lifespan (44). However, the small naked mole rats are exceeding 
this rule up to ninefold with a maximum lifespan of approximately 
30  years (44). High cancer resistance, eusocial behavior, and a 
protected subterranean habitat contribute to the long lifespan of 
naked mole rats (45).

In addition to the extraordinary lifespan, the aging process 
in itself di�ers from every other mammal. Aging or senescence 
has been described as the progressive loss of tissue and organ 
function over time (46). Generally, aging is associated with an 
increased mortality risk, declining fertility and a functional 
degradation and occurs in every organism, except for certain 
cold water �sh and long-lived trees (44). �e term “negligible 
senescence” refers to a lack of age-related changes concerning 
reproductive and physiological functions and was coined by 
Caleb Finch to describe slow aging species (44). Finch de�ned 
three criteria to determine if an organism exhibits negligible 
senescence: (i) decreasing mortality rate, (ii) consistent physi-
ological functions except for reproduction, and (iii) constant 
reproduction rate over lifetime (47). Mortality rates of naked 
mole rats show a decrease with increasing age as they are most 
likely to die in the nursing period due to colony neglect, lack of 
maternal care, cannibalism, or starvation (31, 44). Physiological 
functions, such as basal metabolic rate, arterial elasticity, and 
bone mineral content, show no changes up to an age of 25 years 
and are, therefore, compliant with the de�ned terms (44, 47). 
No age-related change in litter size could be observed although 
the survival rate of pups decreases with increasing age. �us, 
the second criterion of negligible senescence does not fully 
coincide with the de�ned characteristics. Nevertheless, naked 
mole rats ful�ll almost all criteria of negligible senescence (47). 
�e overall maintained good health of naked mole rats far into 
their third decade of life is equivalent to an 80-year-old human 
with the health status of a 30-year-old (40).

It has been proposed that aging-related mechanisms are 
similar to those that mediate stress resistance. �us, the long 
lifespan of the naked mole rat could be correlated with high stress 
resistance (48). Compared to murine cells, naked mole rat cells 
are more resistant to stressors, such as cadmium, methyl meth-
anesulfonate (DNA alkylating agent), paraquat (oxidative stress 
inducing agent), heat, and low glucose media, consistent with 
the initial hypothesis. Interestingly, naked mole rat cells are also 
more sensitive to H2O2, UV light, and rotenone (mitochondrial 
inhibitor) in comparison to murine cells (48).

Lewis et  al. further investigated stress resistance in naked 
mole rat cells by extending experiments with di�erent cytotox-
ins and adjusting culture conditions. Fibroblasts derived from 
naked mole rats showed a higher resistance to di�erent stresses, 
including heat, heavy metals, xenobiotics, and DNA-damaging 
agents, compared to cells derived from mice. �e determined 

LD50 (median lethal dose) values varied between 2- and 20-fold 
increase in naked mole rat �broblasts. �ese �ndings support 
the link between stress resistance and longevity. Furthermore, 
naked mole rat cells show a prolonged cell cycle arrest and stop 
proliferation at a low toxin concentration (40).

�e resistance to oxidative stress in naked mole rats and the 
possible link to their longevity were studied separately since 
the “oxidative stress theory” is only one approach to explain 
aging (49). Naked mole rats surprisingly show similar levels 
of reactive oxygen species (ROS) as short-lived species such as 
mice and the antioxidant defense is not signi�cantly di�erent 
(44). Compared to mice, naked mole rats show a 70-times lower 
activity of cellular glutathione peroxidase but higher activities of 
several other antioxidant enzymes, such as manganese superox-
ide dismutase. Furthermore, antioxidant activity undergoes no 
age-related changes in naked mole rats, however, such activity 
can be detected in mice. �ese �ndings indicate that oxidative 
stress resistance is not the key player in negligible senescence 
and longevity of naked mole rats (48). However, the connection 
between stress resistance, the long-lasting health, and longevity 
cannot be denied and further research is required.

Due to its unique anticancer mechanism, negligible senes-
cence, and unusually long lifespan, the naked mole rat serves as 
an ideal model for studies on aging and cancer.

HA IN AGING AND CELLULAR 

SENESCENCE

�e link between HA and aging, as prominent in the naked 
mole rat, can also be found in other species. In contrast to aging, 
sometimes also referred to as senescence, cellular senescence 
describes a cell cycle arrest and is not necessarily linked to the 
aging process. Cellular senescence is involved in tissue repair 
and age-related diseases, but can also act as a potent anticancer 
mechanism by causing a cell cycle arrest in tumor cells (50).

Aging correlates with a decrease of HA content in the human 
body (51). If that also holds true for naked mole rats has to be 
investigated. Normally, the HA level rapidly increases during 
early development, followed by a continuous decrease over life-
time. For instance, the HA content in the basal and spinous layers 
of the epidermis was found to be reduced signi�cantly 4 weeks 
a�er birth and to be as low as in adult phenotypes 2 months a�er 
birth in mice (52). Many processes occurring during a lifetime 
contribute to this decline in HA content. For example, chronic 
UVB irradiation declines the amount of HA in the dermis via 
inhibition of HA synthesis (53).

In general, downregulation of the hyaluronan synthases (HAS) 
enzymes, particularly HAS2, seems to be linked with cellular 
senescence and with aging. For instance, microRNA-23a-3p was 
discovered to downregulate expression of HAS2 in human �bro-
blasts, leading to signi�cantly decreased amounts of extracellular 
HA. Since the �broblasts in this study were taken from young 
and old donors, the increased level of microRNA-23a-3p could be 
associated not only with cellular senescence but also with aging 
(54). If a similar regulatory mechanism based on microRNA also 
applies in naked mole rats, it has not been investigated so far and 
demands further study.
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Furthermore, senescent human mesenchymal stem cells 
(MSCs) express signi�cantly lower amounts of the vascular cell 
adhesion molecule 1 (VCAM-1), which is important for the 
wound healing e�ect of MSCs. Interestingly, the expression of 
VCAM-1 could be recovered either by adding HA or by crosslink-
ing CD44, thereby mimicking CD44 clustering by HA binding 
(55). Taking together the �ndings that HAS2 is downregulated in 
senescent MSCs and that compensating that loss with HA leads 
to recovery of VCAM-1, it was concluded that the interaction of 
HA with its receptor CD44 is correlated with the expression of 
VCAM-1 in senescent MSCs (55). Bearing in mind that cellular 
senescence is associated with aging, HA may in�uence cell adhe-
sion and migration in the elderly.

In addition, the interplay of HA and its binding proteins, the 
hyaladherins, is crucial to cellular senescence. Generally speak-
ing, the interaction of HA and versican is important for forming 
the ECM (56). �e loss of interactions between HA and versican 
was found to induce cellular senescence in murine cell lines (57). 
�e authors of the study generated knock-in mice, in which the 
HA-binding domain for versican showed a reduced binding a�n-
ity for HA. Consequently, unbound HA was fragmented using a 
hyaluronidase. By blocking the extracellular membrane receptor 
CD44 with an antibody, these HA fragments were con�rmed to 
bind to CD44 by detecting a decrease in CD44 signaling. Suwan 
et  al. further could show that the phosphorylation of extracel-
lular signal-regulated kinase (ERK) 1/2, a known downstream 
signaling pathway of CD44, was increased signi�cantly by treat-
ment with HA fragments, leading to cellular senescence in those 
knock-in mice, respectively. Accordingly, fragmentation of HA 
has been associated with an increase in cellular senescence (57).

So far it has been shown that downregulation of HAS2 and, 
therefore, a lack of HMW-HA contributes to undesirable cellular 
senescence. On the other side, cellular senescence could eventu-
ally be used to arrest altered cells in their cell cycle, preventing 
further mitosis and thereby further spread of the disease. For 
example, induced cellular senescence was proposed as a thera-
peutic strategy against �brosis (58). Fibrosis is a complex disease 
with heterogeneous phenotypes and chronic �broproliferative 
diseases are involved in approximately 45% of all deaths in the 
so-called developed world (59). It correlates with chronic in�am-
mation and intense accumulation of a rigid ECM. �ereby, the 
otherwise �exible binding tissue is replaced by a scar-like sti� 
tissue leading to a loss of mechanical integrity in a�ected tissues. 
In this way, a�ected patients can su�er from organ malfunctions 
which can also be lethal (60). �ough the pathology of �brosis 
is not yet fully understood, it can be regarded as a continuous 
tissue repair response that goes hand in hand with �broblast-to-
myo�broblast transition (60).

In this context, Li et  al. reported that overexpression of 
HAS2 in mesenchymal cells resulted in severe lung �brosis and 
increased mortality in mice. In addition, in �broblasts derived 
from idiopathic pulmonary �brosis patients, the overexpression 
of HAS2 correlated with their ability to invade matrigel (61). By 
depleting HAS2 with siRNA in murine mesenchymal cells, cel-
lular senescence could be induced in vivo in �brotic �broblasts in 
mice (58). In contrast to the previously reported bene�cial e�ects 
of HMW-HA, these �ndings suggest that increasing the amount 

of HMW-HA synthesized by HAS2 acts as an important signal to 
induce pulmonary �brosis. Moreover, Li et al. argued that down-
regulation of HAS2 could eventually be used to therapeutically 
induce cellular senescence in �brotic tissues.

If a similar approach of induced cellular senescence can be 
employed as a conceivable approach to target tumor cells could 
not be shown so far.

HA AND CANCER

For humans, several studies have reported a key role of HA in 
tumorigenesis and various forms of epithelial and connective tis-
sue cancers are associated with high levels of HA (62). On the one 
hand, an increased HA content has been shown for corporal �uids 
such as the urine of patients with bladder carcinomas (63, 64), the 
serum of patients with breast cancer (65), the saliva of patients 
with head and neck cancer (66), and the tumor interstitial �uid 
of colorectal cancers (67). On the other hand, HA levels can also 
be increased within the tumor either in the tumor parenchyma or 
the tumor stroma [reviewed in Ref. (68)]. As HA production by 
stromal cells can be stimulated by tumor cell-mediated signaling 
(69), HA is more frequently enriched in the stroma surrounding 
tumors than in the tumor parenchyma (70). For example, high 
stromal HA levels were found in patients with breast (71, 72) 
and ovarian carcinomas (73, 74) as well as in patients su�ering 
from lung (75), brain (76), and prostate cancer (77). Nevertheless, 
malignant cancer cells themselves can also be responsible for an 
increased HA deposition (78, 79). For example, malignancy in 
lung (75), gastric (80), and colorectal cancers (81) is linked to the 
level of HA in the parenchyma. �us, a signi�cant number of stud-
ies showed that in cancer patients, HA concentrations are usually 
higher in tumors than in the surrounding healthy tissues (82). 
�e extent of HA accumulation in both the tumor parenchyma 
and the tumor stroma can be correlated with the aggressiveness of 
cancers as elevated HA levels were known to stimulate processes 
involved in malignant growth such as cell proliferation, invasion, 
and metastasis (83). �erefore, an enhanced HA deposition, 
which is o�en accompanied by changes in the polymer size of 
HA, can be regarded as a reliable predictor for malignancy (68).

Malignant growth involves signi�cant changes in the proper-
ties of ECM components leading to the establishment of a tumori-
genic microenvironment supporting tumor cell survival, growth, 
invasion, and metastasis (84–86). Due to its important role as an 
ECM structuring molecule, HA is considered as an active partici-
pant in cancer-promoting processes especially those stimulating 
metastasis. Studies have shown that the metastatic potential of 
carcinoma cells is linked to the formation of pericellular HA 
matrices coating these aggressive tumor cells (87). �e autocrine 
formation of these pericellular HA coats by invasive cancer cells 
themselves facilitates important steps in the metastatic cascade, 
such as tumor cell adhesion and extravasation (68). �erefore, it 
is proposed that metastatic tumor cells must acquire the ability 
to produce, assemble, and process their own portable HA-rich 
microenvironments in an autonomous manner in order to invade 
the circulation and to metastasize to ectopic compartments (88). 
�is model that HA pericellular matrices function as portable 
microenvironments providing supply, nutrition, and protection 
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FIGURE 4 | Hyaluronan (HA) metabolism. HA is produced by the HA 

synthases that catalyze the alternating addition of the uridine diphosphate 

(UDP)-activated monosaccharides (UDP-GlcUA and UDP-GlcNAc) to the 

reducing end of the growing HA chain. While the monosaccharides are 
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for migrating cancer cells has been extensively reviewed and 
elaborated by Turley et al. (88).

�e main reasons leading to an elevated HA deposition in 
various malignancies include alterations in the HA metabolism 
(89, 90). Although the mechanisms of HA accumulation can vary, 
changes in HA synthesis and/or degradation are most frequently 
observed in pathological processes. �erefore, it is important 
to understand how physiological HA concentrations in vivo are 
maintained.

RISE AND FALL—THE SYNTHESIS OF HA

Hyaluronan is synthesized by hyaluronan synthases (HAS)
(91, 92). �ere are three known human HA synthases that are 
numbered in the order of their discovery, and all are members 
of the HA synthases class I (93). �e class I HA synthases con-
tain a core of four transmembrane helices connected by at least 
one extended loop that carries the consensus sequence of the 
processive glycosyltransferases (94).

�e HA synthases combine several functions that ultimately 
lead to the synthesis and translocation of HA to the extracellular 
space. �ey bind both uridine diphosphate (UDP)-activated 
monosaccharides and catalyze their alternating attachment to 
the reducing end of the growing HA molecule (Figure 4). �is 
glycosyltransferase reaction occurs at the inner cell membrane 
and is directly linked to the extrusion of the polymer through the 
membrane spanning channel formed by the HAS or its dimerized 
form (94).

�e three human HAS share a structural similarity of 55–70%, 
but they still di�er in terms of their ability to synthesize HA 
(21, 95), their subcellular localization, enzymatic activity, and 
regulation (96, 97). When comparing the three HAS isoenzymes, 
HAS3 is the most active one, forming not only high but also 
low molecular weight HA (LMW-HA) (90, 98). HAS1 is able to 
produce high and LMW-HA such as HAS3, but is the least active 
of the three under normal conditions (90, 98, 99), whereas it is 
upregulated in states that are associated with in�ammation (96). 
However, HAS2 seems to be even more important as it produces 
the HMW form of HA and is likely to be the HAS enzyme that 
is responsible for stress-induced increases in synthesis as it is 
found, for example, in shock, septicemia, in�ammation, heavy 
wounding, and burn patients.

Furthermore, the deletion of the HAS2 gene leads to death 
already at early embryonic stages (98), the synthesis of HAS2 
can be greatly in�uenced by external stimulants (97) and in 
some tissues, HAS2 is even expressed exclusively (100). �us, the 
promoter area of HAS2 is most actively studied for responsive 
elements that bind regulatory transcription factors (97).

HAS2—A Highly Regulated Enzyme
In general, the formation of the HA chain requires a high amount 
of energy as the formation of one disaccharide unit needs �ve 
ATP equivalents, two NAD cofactors, and one acetylCoA group 
as well as the compounds for the glucose and the glucosamine 
monosaccharide (93). �erefore, it is necessary for the cell to 
regulate HAS2 very tightly. �e importance of HAS2 for the cell is 
emphasized by its various regulation and balancing mechanisms 
throughout transcription and translation of the enzyme as well as 
on a posttranslational level (97, 101, 102).

Regulation on DNA and mRNA Level
�e synthesis of HA can already be in�uenced on the level of the 
expression of HAS2 as shown exemplarily above in the context of 
aging. �e expression of HAS2 can be up- and downregulated by 
various transcriptional signals. Some, like the all-trans retinoic 
acid, which is a major developmental signal, act through their 
own nuclear receptor (103), while other signals are mediated 
either by phosphatidylinositol 3 kinase or G-protein coupled 
receptors. In cultured endothelial cells, the HAS2 transcription 
was also induced via nuclear factor κB (NF-κB) through tumor 
necrosis factor alpha and interleukin 1 beta (IL-1β) (104, 105). 
Likewise, an increased concentration of UDP-GlcNAc decreased 
the expression of HAS2 through the accumulation of two sup-
pressive transcription factors (YYP and SP1) as a consequence of 
the elevated sugar levels [(106); reviewed in Ref. (97)].

Hyaluronan synthesis can also be regulated on mRNA level. 
�ere exists a natural antisense transcript of HAS2 (HAS-AS1). 
�e exon 1 of HAS2-AS1 is complemental to the exon 1 of the 
HAS2 mRNA. By forming a duplex with the HAS2 mRNA, 
HAS2-AS1 stabilizes the HAS mRNA leading to an accumulation 
of HAS2 (101).

Posttranslational Modifications
�ere are several posttranslational modi�cations that can occur 
at di�erent sites of the HAS2 and either decrease or increase the 
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enzymatic activity (102). �e glycosylation of serine 221 with 
an O-linked GlcNAc has been shown to increase the membrane 
stability of the protein and, thus, to prolong its half-life and to 
increase the HA synthesis (107). By contrast, phosphorylation of 
the HA synthases at varying sites might cause di�erent e�ects (97). 
For example, phosphorylation with ERK increased the activity of 
all three HA synthases (101), while the phosphorylation of HAS2, 
induced by energetic stress, led to a reduced HA synthesis (97).

�e direct link of HA synthesis to the metabolic state of the 
cell is adenosine monophosphate kinase (AMPK). AMPK has a 
special role within the cells as a metabolic sensor and regulator 
(108). A�er the activation of AMPK, the activity of HAS2 is dra-
matically inhibited due to the phosphorylation of the conserved 
threonine 110 in the cytoplasmic loop of HAS2 (108). However, 
AMPK does not interfere with the synthesis of HA synthases as 
the mRNA levels of the HA synthases were not altered by AMPK 
nor were the other HA synthases a�ected by AMPK (108).

�e HAS2 activity can also be modulated by the ubiquitina-
tion at lysine 190 (102, 109) since the enzymatic activity was lost 
a�er a site-directed mutation of lysine 190 to arginine. �ese data 
suggest that HAS2 requires monoubiquitination for its activity. 
Furthermore, HAS2 was no longer able to form dimers a�er 
mutation (97).

Influence of Sugars
While GAGs are usually synthesized within the Golgi, where 
sugar concentrations are maintained at a constant and high level, 
HA is synthesized at the cell membrane and, therefore, susceptible 
to changes in cytoplasmic sugar concentrations (102).

Although UDP-GlcUA has a higher a�nity to HAS2 than 
UDP-GlcNAc (93), UDP-GlcNAc was previously not considered 
to be a limiting factor in HA synthesis as it is more abundant in 
the cell. However, as the Km of UDP-GlcNAc is higher for all HAS 
enzymes, it is also possible to control the synthesis rate of HA 
through UDP-GlcNAc, so both sugars do have a direct in�uence 
on HA synthesis (95, 97).

�e abundance of the sugars generated by an overexpression 
of enzymes in the anabolic pathway of the UDP-GlcUA led to 
increased HA accumulation (102), whereas the depletion of the 
precursor sugars either caused by toxins such as 4-methylumbel-
liferone (110–113) or induced by mannose (114) is able to speci�-
cally inhibit HA synthesis (97).

RISE AND FALL—THE DEGRADATION  

OF HA

�e HA turnover is surprisingly rapid in most tissues (see 
Figure  4). �e HA half-life times range from a few hours to 
days in most of the body (115). While the synthesis takes place 
locally in the tissue (115), the degradation happens at di�erent 
places. About 30% of the HA are turned over locally, whereas 
the remaining 70% enters the lymphatic drainage (116). Of 
those 70%, about 90% are removed within the lymphatic nodes 
(116). �e HA-binding receptor in the lymphatic vessels and the 
lymph nodes is the lymphatic vessel endothelial hyaluronic acid 
receptor 1 (Lyve-1). It binds HA with high a�nity, subsequently 
leading to the uptake of HA into the lymphatic vessels (116, 117). 

�e endothelial cells in the liver (118), kidney, and spleen (19, 
116) take up most of the remaining HA. �e uptake of HA via 
clathrin-coated pits of the liver endothelial cells is inhibited if the 
hyaluronan receptor for endocytosis (HARE) is blocked (119). 
So far, this is the only case in which a knockout of a HA receptor 
leads to elevated HA levels in mice (116, 120). A �nal HA turno-
ver route is provided by the excretion of HA from blood via urine. 
However, only 1% of HA is excreted through this glomerular �lter 
with a cuto� of about 12 kDa (116, 121).

Enzymatic Degradation of HA
Hyaluronan can either be degraded enzymatically or through 
radical scission. In eukaryotes, the HA degrading enzymes, 
also termed hyaluronidases (Hyals), are hydrolases and they are 
functionally active in a large pH range (122). So far, there are six 
Hyals known in humans: Hyal 1–4, HyalP, and PH20, which are 
all β,1-4 endoglucosaminidases (100).

Hyals can be characterized according to their pH-dependent 
activity. �e acidic Hyals are active between pH 3 and 4. �e 
human liver and serum Hyals (1–4) belong to this group. By 
contrast, the neutral Hyals are active at pH 5–8 containing PH20 
and several venoms, such as snake and bee venom (123).

Hyaluronidase 1 (Hyal 1) is broadly distributed within 
the human body (124, 125). It is located in the lysosome and 
degrades the HA chain in concerted action with exoglycosidases 
to monosaccharides. Mutations of the enzyme are associated with 
lysosomal storage diseases, such as mucopolysaccharidosis type 
IX or hyaluronidase de�ciency (100, 126–128).

Hyaluronidase 2 (Hyal 2) is a GPI-anchored receptor that 
operates in an acidic microenvironment at the cell surface (129, 
130). It only hydrolyzes HMW-HA into LMW-HA (~20  kDa) 
(131) which is further hydrolyzed to oligomeric HA (oligo-HA) 
by Hyal 1.

In tumorigenesis, Hyal 1 and Hyal 2 act as a two-edged sword. 
A large amount of contradictory data exists regarding the exact 
role which the two Hyals possess in tumor progression. For exam-
ple, Bouga et al. showed an increased expression of Hyal 1 and 
Hyal 2 in colorectal cancer (132). �e overexpression of Hyal 1 
also promoted mammary tumor growth and an increased tumor 
angiogenesis (133). Due to its high expression in the serum of 
epithelial ovarian cancers (134) and the urine of bladder cancer 
(135), Hyal 1 is also considered to function as a biomarker for 
those tumor types. However, a large amount of studies exist that 
contradict the concept of Hyals functioning as tumor promoters. 
For example, the overexpression of Hyal 1 inhibited tumorigen-
esis in rat colon cancer cells (136), while adenovirus-mediated 
expression of Hyal 2 could suppress tumor growth in mice (116, 
137). Consistent with those observations, Frost et  al. reported 
that a decreased Hyal 1 activity enhanced tumorigenesis in 
tobacco-related carcinoma of the head and neck region (138). 
�e controversial roles of Hyal 1 and Hyal 2 in tumorigenesis are 
extensively reviewed elsewhere (5, 139–141). However, this selec-
tion of contradictory data already indicates that Hyal 1 and Hyal 2 
might promote as well as suppress tumor growth and progression 
in vivo and that the regulation of Hyal 1 and Hyal 2 activity might 
be part of a tightly balanced regulation system involving synthesis 
and degradation pathways.
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So far, there is no role described for the other four Hyals 
within tumorigenesis. Hyal 3 seems to have a non-enzymatic 
role regulating Hyal 1 (142); PH20 is a testicular enzyme that is 
important during mammalian fertilization events as it enables 
conception (143); Hyal 4 appears to be a chondroitinase without 
activity against HA (124, 144) and the pseudogene PHYAL 1 is 
transcribed but not translated in humans (144), however, it might 
be able to in�uence mRNA stability for homologous coding genes 
as pseudogenes are generally able to do so (145).

Regarding the mechanism of HA degradation on the tissue 
level, one can say that it involves Hyal 2 which gathers HMW-HA 
to the cellular surface, potentially in combination with cellular 
HA receptors such as CD44 (144, 146). �e in�uence of CD44 in 
this process was underlined by using antibodies that block the 
clustering of CD44, which successfully inhibited the endocyto-
sis and cleavage of HA dependent on the experimentally used 
cell type by at least 50% (116). By Hyal 2 HMW-HA is cleaved 
to 20 kDa fragments that are internalized by receptor-mediated 
endocytosis. �en, the HA fragments are intracellularly deliv-
ered to the endosome and subsequently to the lysosome where 
Hyal 1 in combination with two lysosomal β-exoglycosidases 
(β-glucuronidase and β-N-acetyl-glucosaminidase), �nally, 
degrades the 20  kDa fragments. Within this process, there 
might be one step missing, in which oligo-HA is trimmed 
to a size small enough to exit the lysosome either by passive 
di�usion or by receptor-mediated exit (144). �is scheme of 
divided responsibilities between Hyal 1 and Hyal 2 is supported 
by gene knockout studies. While Hyal 2 knockout is lethal in 
mice at the embryonic state or does have severe defects, the 
knockout of Hyal 1 can largely be compensated by the lyso-
somal β-exoglycosidases (21). A general cleavage mechanism 
for HA by Hyals was proposed and described earlier in further 
detail (122).

Degradation of HA by Radicals
In addition to the enzyme-mediated cleavage, HA may also be 
degraded by radical scission caused by ROS or free radicals (see 
Figure 4) (130, 147). Interestingly, the radical scission of HA leads 
to chemically modi�ed HA fragments containing chloramides 
and unsaturated end groups (148). �ese modi�ed end groups 
might have di�erent bioactivities compared to the fragments 
produced by Hyals.

�e ROS are accumulated at the site of tissue injury, at sites 
of in�ammation, and within the tumor microenvironment. �ey 
may provide a mechanism for generating HA fragments in vivo 
and may further exaggerate the in�ammatory state as HA frag-
ments have shown the signi�cance of HA size in the course of 
disease (100).

SIZE MATTERS—HA AT DIFFERENT SIZES

Obviously, a paradox exists between the high HA levels found in 
the naked mole rat, which are attributed to the animal’s cancer 
resistance, and the high HA levels in human cancerous tissues, 
which are indicative of a bad prognosis. To understand this fun-
damental issue, one must consider the di�erent sizes in which HA 
can occur in the human body and their biological role.

In physiological as well as pathological conditions, the rapid 
HA turnover results in the constant presence of distinct forms 
of HA, each of which is characterized by polymer length and, 
thus, molecular weight. To understand the role of HA size in 
homeostasis and cancer, it is essential to distinguish these various 
molecular weight forms of high molecular weight HA (HMW- 
HA, >1,000  kDa), medium molecular weight HA (MMW-HA, 
250–1,000  kDa), low molecular weight HA (LMW-HA, 
10–250 kDa), and oligomeric HA (oligo-HA, <10 kDa) (5), and 
to compare them to the unique very high molecular weight HA 
(vHMW-HA, >6,000 kDa) of the naked mole rat (30) (Figure 5). 
By no means, these groups are distinctly distributed; in many 
settings, including cancer, the molecular weight of HA shows a 
polydisperse distribution in human tissues (149, 150).

Caveats to HA Size
�e number of studies attributing the functional diversity of HA 
to its size and molecular weight is comprehensive. Nevertheless, 
other variables such as conformation, content, and purity of HA 
as well as the content of HA in the ECM can also in�uence and 
a�ect the di�erent roles of the GAG. For example, HA chains 
at di�erent length scales can adopt di�erent conformational 
states—extended, condensed, and relaxed—which are depend-
ent upon pH, temperature, and salt concentration (151). Small 
changes in the local environment readily alter the conformation 
of HA and this was shown to a�ect the role of the GAG in bio-
logical processes such as the interaction with the complement 
system (152–154). Furthermore, the di�erent preferences of short 
and long HA chains to involve in intermolecular interactions to 
form aggregates further expand the variety of molecular shapes 
of HA (155). Conformational change and/or self-association of 
HA shows in�uence on the viscoelastic (149) as well as bind-
ing properties (156) of HA. �ere is evidence that binding of 
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HA to di�erent proteins strengthens distinct conformations of 
the GAG resulting in complexes with unique architecture and 
biologic properties. In this context, the covalent modi�cation of 
HA by heavy chains derived from the plasma inter-α-inhibitor 
serves as an example how the function of HA can be regulated 
via direct and indirect interaction of proteins (157). Arti�cial, 
chemical modi�cation can also a�ect the function of HA 
in vitro: selectively N-acylated and N-butyrylated HA fragments 
modulated the production of in�ammatory cytokines in human 
macrophages (158). �e arti�cial modi�cation of HA with sulfate 
groups in�uenced the binding a�nities to recombinant human 
bone morphogenetic protein-4 (159) and recombinant human 
transforming growth factor-β1 (TGF-β1) (160). In both cases, a 
higher degree of sulfation led to a stronger interaction (159, 160). 
Sulfated HA was demonstrated to inhibit Hyals and to function 
as a molecule with antitumor activity (161).

Another issue to consider when investigating the biological 
activity of HA is the source and way of preparation. Concerns 
have arisen that the pro-in�ammatory e�ects reported for 
LMW-HA and oligo-HA are the result of inadequate puri�ca-
tion and processing. HA from the umbilical cord was associated 
with DNA and protein contaminants (162), which possess 
pro-in�ammatory activity (163). Dong et al. also reported that 
endotoxin contamination in human umbilical cord HA, bovine 
testes, and Streptomyces hyaluronlyticus hyaluronidase prepara-
tions was responsible for cytokine production in dendritic cells or 
macrophages. By contrast, endotoxin-free pharmaceutical grade 
HA and HA fragments failed to induce similar in�ammatory 
responses (164). Such results emphasize the high importance of 
excluding contamination in HA preparation.

It is important to bear in mind that the functional diversity of 
HA can partially be attributed to factors, such as conformation, 
content, modi�cation, and purity. However, standing alone, none 
of them can fully explain the ambivalent roles of HA in the ECM. 
Closer assessment reveals that the size of HA directly interlinks 
with the varying biological activities of the GAG and, thus, 
functions as key player and main contributor. For this reason, 
this review specially emphasizes the importance of the distinct 
molecular weight forms of HA which can be found in humans 
and naked mole rats (Figure 5).

High Molecular Weight HA
�e molecular weight of HA varies and has great impact on the 
physiological functions and activities of HA (27): in homeostasis, 
HA is found in its HMW form in almost all human tissues (5). Due 
to its biophysical properties, HMW-HA serves as lubricant, space-
�ller, and shock absorber in joints and connective tissues (5, 29). 
HMW-HA also plays an essential role during embryogenesis (18, 
21). Embryonic stem cells highly express the polymer throughout 
the whole process of epithelial–mesenchymal transition (165). 
�e presence of endogenously produced HMW-HA-rich matrices 
is critical in the development of various tissues, such as the brain 
(166), the hematopoietic system (167), and the heart (168).

Furthermore, HMW-HA promotes anti-in�ammatory, 
anti-proliferative, and anti-angiogenic e�ects (5, 27, 28). For 
example, intraperitoneal treatment with HMW-HA com-
pletely inhibited monocyte and neutrophil in�ltration in a 

lipopolysaccharide-induced lung injury model (169). HMW-HA 
deposition is also reported to have a favorable outcome in wound 
healing [reviewed in Ref. (170)].

�e protective roles of HMW-HA in the human body do not 
only apply to in�ammation, embryogenesis, and wound healing 
but are also visible in tumorigenesis. In di�erent tumor models, 
HMW-HA prevented cancer cell migration (171) and regrowth 
(172), as well as the synthesis of pro-in�ammatory mediators 
(173). �e protective e�ects of HMW-HA are not solely limited 
to primary tumor progression. A recent study also indicated 
an antimetastatic role for HMW-HA (174). Treatment with 
HMW-HA strengthened the monolayer integrity of cancer lym-
phatic endothelial cells, thus, preventing cancer cell outgrowth 
(174). Due to its anticancer e�ects observed a�er exogenous 
application, HMW-HA is regarded as an attractive agent to 
support both adjuvant and neoadjuvant chemotherapy (5, 83).

Opposing to the cancer resistance of the naked mole rat 
due to vHMW-HA and the previously described involvement 
of HMW-HA in cancer inhibition, cancer-promoting e�ects of 
HMW-HA have also been reported. For instance, HMW-HA 
is capable of promoting angiogenesis and cell migration in the 
hepatocellular carcinoma cell line HepG2iso and in primary 
human umbilical vein endothelial cells via CXCL12-dependent 
signaling through the HA receptor CD44. In contrast to that, 
small HA oligosaccharides inhibit these e�ects (175). Guo et al. 
showed that not only angiogenesis but also tumor lymphangi-
ogenesis is promoted by HMW-HA. Xenogra�s with hepato-
cellular carcinoma Hca-F cells were used to observe the e�ects 
of HA on lymphangiogenesis. As a result, HMW-HA treated 
tumors exhibited intratumoral lymphatic vessels that could not 
be detected in untreated tumors (176).

Moreover, HMW-HA plays a role in several aspects regard-
ing breast cancer. Bourguignon et al. reported that binding of 
HMW-HA to CD44 promotes chemotherapy resistance and 
anti-apoptosis in breast cancer cells. �ese oncogenic e�ects 
are caused by an activation of protein kinase C ε (PKCε) and 
a subsequent microRNA-21 production via Nanog signaling 
(177). HA/CD44 signaling is also involved in the invasive 
behavior of breast cancer cells. Binding of HA polymers to CD44 
activates the c-Src kinase that leads to microRNA-10b produc-
tion via Twist phosphorylation. Eventually, these occurrences 
enable invasion of breast tumor cells due to downregulation of 
HOXD10, a tumor suppressor protein, the overexpression of 
RhoC, and activation of ROK (178).

Stromal �broblasts in the microenvironment of lung tumors 
presented tumor-promoting features, including tumor growth, 
survival, and drug resistance. �e p38-HA pathway was identi-
�ed as crucial regulator of these tumor-promoting �broblasts. 
Kras-driven lung cancerogenesis leads to the activation of 
p38MAPK which subsequently supports the activation of 
HAS2. As a complete knock-down of p38MAPK is lethal in the 
embryonic state, a knock-in mouse strain with a substitution 
of Tyr182 with Phe was created (p38ki/ki mice). �e substitution 
causes a signi�cant decrease of p38MAPK expression without 
lethal consequences. �e expression of HAS2 is downregulated 
in lung �broblasts from p38ki/ki mice. Co-culture of lung cancer 
cells with lung �broblasts of p38+/+ or p38ki/ki mice revealed a 
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decreased tumor cell growth when cultivated with p38ki/ki cells. 
Interestingly, the addition of HMW-HA to the cells completely 
reversed the lacking tumor-promoting e�ects of p38ki/ki cells. 
�e same results were obtained by an overexpression of HAS2 in 
p38ki/ki cells due to a HAS2 plasmid. �is demonstrates that the 
p38MAPK-dependent activation of HAS2 and the subsequent 
production of HMW-HA are crucial for the tumor-promoting 
features of �broblasts (179).

�e variety of studies reveals that the e�ects of HMW-HA on 
di�erent aspects of cancer, such as development, invasiveness, 
or drug resistance, are opposing and seem to greatly depend on 
cancer type.

Nevertheless, there are several studies reporting the impor-
tant role of HMW-HA as a tissue protector and homeostasis 
promoter a�er injury and in�ammation (5, 83, 180). However, 
as we have particularly seen for cancer, diseases are associated 
with an increased HA level. Regarding the protective e�ects of 
HMW-HA, the question arises which roles the other molecular 
weight groups of HA play (see Figure 5).

Pathological circumstances, such as in�ammation, show 
evidence for an elevated HA fragmentation resulting in a higher 
level of HA polymers with a lower molecular weight [reviewed 
in Ref. (29)]. Especially in human cancer, the weight distribution 
of HA is shi�ed toward lower molecular weight forms. �ese 
shorter bioactive HA fragments can interact with cancer cells 
and in�uence their behavior di�erently compared to HMW-HA 
(5, 181–183).

In cancer and other diseases, the harmful e�ects of the lower 
molecular weight forms of HA—oligo-HA in particular— 
predominate.

Oligo-HA
�e equivocal e�ects of oligo-HA either acting as tumor pro-
moter or tumor suppressor represent a disputed issue within the 
scienti�c community. One of the main fundamental obstacles to 
clarifying this issue lies in the fact that the e�ects of oligo-HA on 
transformed cells are much more pleiotropic than on the non-
transformed counterparts a�ected in other diseases (5).

While HMW-HA is known to support tissue homeostasis, HA 
breakdown products can be regarded as a cellular alarm signal 
(29, 139). �ere are several pieces of experimental evidence 
for the pro-in�ammatory e�ects of oligo-HA enhancing and 
promoting tumor growth and metastasis: oligo-HA stimulated 
the proliferation of papillary thyroid carcinoma cells in vivo via 
a toll-like receptor (TLR) 4-dependent signaling mechanism 
(182). Further involvement of TLR4 as a mediator of tumor-
promoting oligo-HA signaling was reported for a melanoma 
tumor model. Oligo-HA exposure of human melanoma cells 
led to the activation of the NF-κB pathway resulting in an 
increased expression of matrix metalloproteinase (MMP) 2 and 
the in�ammatory cytokine IL-8 (184). Another study reported 
an oligo-HA-induced physical interaction between the main HA 
receptor CD44 with TLR2 and TLR4 causing pro-in�ammatory 
cytokine and chemokine production in breast cancer cells 
via NF-κB transcription (181). HMW-HA could not activate 
this pro-in�ammatory signaling cascade (181). Likewise, only 
oligo-HA, not HMW-HA, increased the phosphorylation of the 

receptor tyrosine kinase c-Met, also known as hepatocyte growth 
factor (HGF) receptor, in chondrosarcoma cells resulting in an 
enhanced cell proliferation, di�erentiation, and invasion (185).

Oligo-HA also promotes early steps in metastasis. For exam-
ple, a recent study showed that oligo-HA disrupted tight junctions 
in a cancer lymphatic endothelial cell monolayer and promoted 
cancer lymphatic metastasis by weakening cellular integrity 
(174). It seems likely that oligo-HA exerts similar e�ects on non-
transformed lymphatic vessel cells since the amount of oligo-HA 
in the tumor interstitial �uid of colorectal cancers could be cor-
related with lymphatic invasion and lymph node metastasis (67).

Furthermore, oligo-HA acts as a potent inducer of angiogenesis 
(186). HA fragments mediate their angiogenic properties either 
by directly activating endothelial cell di�erentiation (187) or by 
stimulating the secretion of angiogenic growth factors (188). In 
response to oligo-HA, both tumor cells and tumor-associated 
stromal cells, such as �broblasts and macrophages, can synthesize 
angiogenic factors known to a�ect endothelial cell proliferation, 
migration, and di�erentiation (189). �e role of the immune 
system in oligo-HA-mediated angiogenesis was recently reviewed 
by Spinelli et al. (190). It is suggested that oligo-HA modulates 
angiogenesis through the activation of Raf-1, ERK1/2, and early 
response genes, including c-fos and c-jun through the receptors 
CD44 and the receptor for HA-mediated motility (RHAMM) 
(139, 191). Interestingly, there are reports that the angiogenic 
potential of oligo-HA depends on the exact size of the oligomer 
(192). In this context, Stern et al. provides an overview of signal 
transduction pathways addressed by HA oligomers with di�erent 
polysaccharide lengths (29). �is indicates that HA size is a main 
factor for deciding which cellular responses are addressed and 
to which extent they are stimulated. Nevertheless, oligo-HA-
mediated angiogenesis serves as an example of how malignancies 
can exploit normal physiological functions, originally attributed 
to healing processes, for their own purposes (139). �erefore, 
with the help of oligo-HA, di�erent tumor cells can promote their 
adhesion, angiogenesis, and invasion by manipulating cellular 
pathways.

Oligo-HA—Only the Bad Guy?
In contrast to its tumor-promoting e�ects, oligo-HA has also 
shown protective e�ects in cancer. For example, Zeng et  al. 
observed the inhibition of B16F10 melanoma growth in vivo a�er 
the injection of oligo-HA (193). One of the main mechanisms 
by which oligo-HA was found to mediate its tumor-suppressing 
e�ects is the activation of apoptosis.

�e administration of oligo-HA triggered apoptosis in many 
types of tumors (194, 195), whereas healthy cells were le� unaf-
fected (195). Several studies reported that the speci�c activation 
of apoptosis in tumor cells depends on the interaction of oligo-HA 
with CD44. For example, oligo-HA suppressed tumor progres-
sion in a highly metastatic breast cancer cell line as it disrupted 
the endogenous interaction of HMW-HA with CD44 (183).

However, oligo-HA-mediated signaling does not only in�u-
ence tumor cells themselves. In a colorectal carcinoma model, 
oligo-HA triggered the activation of the immune system by 
enhancing the expression of costimulatory molecules on den-
dritic cells (196). �erefore, oligo-HA can exert its anticancer 
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activity not only by inducing apoptosis but also by enhancing the 
body’s immune response (196).

Furthermore, oligo-HA may o�er a novel basis for the 
development of anticancer drugs as the exogenous application 
of oligo-HA converted chemoresistant tumor cells into drug-
sensitive cells (195). For example, it was shown that oligo-HA can 
sensitize various tumor cell lines such as lymphoma cells (197), 
ovarian carcinoma cells (198, 199), and myeloid leukemia cells 
(200) to chemotherapy.

�ere is no doubt that oligo-HA is a very interesting molecular 
weight form of HA. However, by looking at an ever-increasing 
number of functionally and pathologically distinct tumors, further 
research is required to uncover the main underlying issues for the 
shape-shi�ing properties of this molecule. �erefore, it is most 
likely that the exact role of oligo-HA in a speci�c tumor setting 
varies depending on the oligomer size, concentration, and modi-
�cation, as well as the cancer type and the involved healthy tissue.

HA Size As Sensor Element
In conclusion, HMW-HA and oligo-HA can trigger di�erent 
cellular functions and responses (Figure 6). In the homeostatic 

state, HMW-HA represents the most abundant molecular weight 
group of HA, whereas under pathological circumstances, such 
as in�ammation and cancer, the size distribution shi�s, and 
smaller HA polymers become present at signi�cant levels (29). 
Smaller HA polymers bind HA receptors with the same a�nity 
as HMW-HA but with reduced avidity due to fewer multivalent 
interactions (201). However, the length of HA in�uences the 
number of HA receptors bound by a single HA molecule. �us, 
the induced HA receptor clustering depends on the molecular 
weight of HA (202, 203). In the case of HA oligosaccharides, this 
becomes visible in the physiological as well as the pathological 
setting. �e constant fragmentation of HMW-HA is required 
to coordinate cellular activities, for example, in wound heal-
ing [reviewed in Ref. (170)] as well as in tumor progression. 
As oligo-HA and HMW-HA compete in receptor binding (5), 
the exact HA size distribution in a cellular microenvironment 
determines eventually which kind of cellular responses are 
addressed. �erefore, HA size matters (180) and, moreover, 
can be regarded as a sensitive element re�ecting the state of a 
cellular microenvironment. In this context, the biology of HA 
was stated to function as a cellular biosensor system analyzing 
and conveying environmental states (149).

HYALADHERINS—MEDIATORS  

OF CELLULAR RESPONSE

As shown above, the e�ects mediated by HA are strongly depend-
ent on its size in tissue homeostasis as well as in pathologies, 
such as cancer. However, in order to translate its size-dependent 
signals into cellular functions, HA needs to interact with the 
HA-binding proteins, the main mediators of HA-induced cel-
lular response.

�e HA-binding proteins, also known as hyaladherins, com-
prise speci�c motifs to bind HA, including the link module and 
the B(X7)B motif (16, 21). Some of those hyaladherins, such as 
versican and aggrecan, serve as a part of the ECM, others act 
as HA receptors directly interfering with the cellular functions 
(16, 21). �e main HA receptors are CD44, __RHAMM, __Lyve-
1, and __HARE (101, 204). Whereas HARE is responsible for 
the endocytosis-mediated clearance of GAGs, including HA, 
Lyve-1 is known to regulate the tissue HA level by mediating 
the transport of HA from tissues to the lymphatic system (101, 
204). In contrast to Lyve-1, HARE, and CD44, RHAMM lacks 
a transmembrane domain and is, thus, localized intracellularly 
within the cytosol or the cell nucleus and can be secreted to the 
extracellular space (21, 101). Due to its ability to interact with 
the cytoskeleton as well as with signaling molecules, including 
diverse kinases (15, 101), RHAMM is a key player in regulating 
cell motility and migration and, thus, is especially involved in 
the processes of tissue injury and wound healing (204). Besides, 
RHAMM was also reviewed to regulate mitosis (21) as well as 
the proliferation of �broblasts (204) and to be expressed on a 
variety of cell types, including endothelial but also tumor cells 
(101, 204).

Although the HA receptors are the most commonly known 
regulators of HA-dependent cellular responses, there are more 
HA-related proteins in�uencing the cell’s behavior: for instance, 
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the hyaluronidase Hyal 2 is not only capable of binding and 
degrading HA as described above. Hyal 2 was also reported to 
act as a receptor for TGF-β1 by recruiting the tumor suppres-
sors WW domain-containing oxidoreductase (WWOX) and 
Smad4 (205, 206). As a consequence, a Smad4/Hyal 2/WWOX 
signaling complex was shown to be formed and translocated to 
the nucleus where it increased the SMAD-promoter-dependent 
transcriptional activity and—in case of overexpression of the 
signaling complex—also led to apoptosis (205, 206). Further 
treatment of the cells with HA enhanced the formation of the 
signaling complex as well as its translocation (206), emphasiz-
ing an involvement of HA. �e same signaling pathway may 
underlie the zinc �nger-like protein that regulates apoptosis 
(Zfra)-induced tumor suppression and cancer resistance in mice 
(207) as well as neuronal death caused by traumatic brain injury 
in rats (206, 208). Whereas the Hyal 2/WWOX/Smad4 signal-
ing pathway was shown to be CD44 independent (205), further 
Hyal 2-mediated functions, such as the HA degradation process 
[(146); described in Chapter 7.1] and the CD44–ezrin, radixin, 
moesin (ERM)-mediated cell motility (209), rely on Hyal 2 as a 
co-receptor with CD44 for HA.

Since the HA receptors and Hyal 2 have generally been 
reviewed extensively elsewhere (15, 21, 101, 204, 208), within this 
review, we will focus on the most abundant HA receptor: CD44.

CD44—A Highly Diverse Cell Surface 

Receptor
CD44 is a type I transmembrane protein that consists of an 
N-terminal HA-binding domain, a membrane-proximal stem 
region, a transmembrane, and a cytoplasmic domain (from 
extracellular to intracellular) (210). Due to alternative splicing 
of the CD44 transcript, there exists a variety of CD44 isoforms 
di�ering mainly in the length of the membrane-proximal stem 
region (210). Whereas the most widely expressed standard 
CD44 (CD44s or CD44h) includes none of the variant exons, 
the variant CD44 isoforms (CD44v), containing some of the 
variant exons, are expressed in a more restricted manner. For 
example, CD44v can be found on epithelial, endothelial, and 
immune cells, but they are also associated with diverse diseases, 
such as rheumatoid arthritis, diabetes, multiple sclerosis, and 
cancer (211–213).

�is variety of CD44 isoforms is even more increased by 
the di�ering posttranslational modi�cations of the CD44 mol-
ecule that include glycosylation of the extracellular domains, 
palmitoylation of the membrane-proximal intracellular part, 
phosphorylation of the cytoplasmic domain, as well as sulfa-
tion and the attachment to GAGs (211, 214). In particular, the 
posttranslational glycosylation of CD44 was shown to modulate 
the receptor’s HA-binding a�nity (215). However, studies 
reported contradicting e�ects, indicating inhibitory as well as 
stimulatory e�ects of CD44 glycosylation on the HA-binding 
a�nity (214, 216). �ese opposing e�ects might be due to the 
presence or absence of N-acetylneuraminic acid, also known as 
sialic acid, in the attached glycan as observed in a molecular 
simulation study investigating the HA-binding properties of the 
CD44 receptor (214). By contrast, the palmitoylation of CD44 is 

responsible for the receptor’s a�nity to the so-called lipid ra�s, 
speci�c membrane regions enriched in adhesion and signaling 
molecules (217). As a part of those signaling platforms, CD44 
is able to associate with members of the Src kinase family and 
receptor tyrosine kinases modulating cell motility as well as 
signal transduction (211). �us, the posttranslational modi�ca-
tions of CD44 not only regulate the HA-binding a�nity but also 
the intracellular signaling and, thus, the cellular response to HA 
binding by CD44.

Although HA is known to be its principal ligand, CD44 was 
also shown to bind ECM proteins, such as collagen or �bronectin, 
as well as diverse growth factors, cytokines, chemokines, MMPs, 
and osteopontin (210, 211). Some of those ligands require speci�c 
posttranslational modi�cations or parts of the variant exons in 
order to bind CD44. For example, the �broblast growth factor 
2 (FGF2) binds to the heparin sulfate site on variant exon 3. 
HGF and vascular endothelial growth factor (VEGF) are bound 
through a site on CD44v6 (218). By binding such factors, CD44 
might function as a gathering site bringing together enzymes and 
substrates as well as ligands and their receptors (210).

Regarding signal transduction, CD44 not only functions as 
a co-receptor for several pathways, such as the ERBB signaling 
[reviewed in Ref. (68, 210)]. �e cytoplasmic domain of CD44 
may even directly associate with diverse signaling molecules 
[reviewed in Ref. (68, 210)]. Furthermore, the cytoplasmic 
domain of CD44 provides an ankyrin-binding site as well as a 
motif to bind the ERM proteins. As those ERM proteins may 
also bind to �lamentous actin, they serve as linker molecules 
between CD44 and the actin cytoskeleton, so that CD44 may 
impact the ERM-mediated signaling as well as the organization 
of the actin cytoskeleton (210, 218). However, this process seems 
to be tightly regulated by phosphorylation of the ERM proteins 
as well as merlin, a protein related to the ERM proteins but acting 
as their antagonist (210, 219). Whereas phosphorylated ERM 
proteins bind to CD44 and induce cell growth, dephosphorylated 
merlin replaces ERM proteins from their binding site mediating 
cell growth arrest (210, 219). In naked mole rats, this interplay 
between merlin and CD44 is crucial for the ECI as described 
above. Since the dephosphorylation of merlin might be induced 
by high cell density or an accumulation of HMW-HA in the 
extracellular microenvironment (210), the CD44-mediated 
signaling may act as a biosensor for the cell’s microenvironment.

Taken together, the diversity of cellular responses induced 
by CD44 is regulated on several levels: (i) alternative splicing, 
(ii) posttranslational modi�cations, (iii) ligand binding, and 
(iv) association of CD44 with signaling as well as cytoskeletal 
molecules (Figure 7).

However, the diverse processes resulting from the variety of 
CD44 and its interaction partners [reviewed in Ref. (210–212, 
218)] depend on the cellular microenvironment, the cell type, and 
the growth conditions (211). �us, the CD44 functions are also 
exploited in diverse pathologies, such as cancer.

CD44—Contributor to Malignancy
In human tumors, not only the expression level of CD44 is 
increased (220), for solid tumors, CD44 was also reported to be 
overexpressed in an activated, high-a�nity state in tumor-derived 
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compared to non-tumorigenic cells (211). Moreover, the expres-
sion pattern of the CD44 variants is altered in a broad range of 
human tumors [reviewed in Ref. (220)]. In tissues of human 
colorectal cancer, the expression level of CD44v6 was shown to 
be even correlated with tumor progression since the number of 
CD44v6-positive tumors as well as the number of positive cells 
and the expression level of the CD44 isoform within the tumors 
were increasing with advancing stages of the disease (221). �us, 
CD44 and its variant isoforms might be associated with tumor-
promoting processes.

Indeed, the expression of CD44 variants has an impact on 
tumor progression. For example, CD44v6 is able to bind ligands, 
such as HGF and VEGF (218), activate their receptors, c-Met 
and VEGFR-2, and recruit the F-actin-bound ERM proteins to 
its cytoplasmic domain as required for the c-Met- and VEGFR-2-
induced intracellular signal transduction [(222–224); reviewed in 
Ref. (225)]. �rough those signaling pathways, CD44v6 is related 
to processes, such as cell proliferation, di�erentiation, and migra-
tion (223) as well as angiogenesis (224), and processes associated 
with metastasis formation.

Furthermore, human tumor tissues of several entities, includ-
ing gliomas, breast, lung, colon, and ovarian carcinomas, have 
shown an increased cleavage of CD44 within the extracellular 
domain (226). �is proteolytic cleavage of CD44 is induced by 
extracellular Ca in�ux, PKC, as well as the Rac and Ras onco-
genes, and mediated by MMPs as well as a disintegrin and metal-
loproteinase (ADAM) proteins. As a consequence, soluble CD44 

is released to the ECM competing with the membrane-bound 
CD44 for HA binding and, thus, regulating cell adhesion to as 
well as cell migration on the pericellular HA coat (218, 227). 
Besides, the extracellular CD44 cleavage might also induce the 
presenilin-dependent γ-secretase-mediated proteolysis of the 
remaining CD44 within its transmembrane region giving rise 
to a separated CD44 intracellular domain that may trigger the 
transcription of the CD44 gene to regenerate the expression of 
CD44 on the cell membrane (218, 227, 228). �us, by modulating 
the CD44 turnover (227), the function of CD44 in cell adhesion 
and migration is exploited to mediate tumor cell migration.

However, these are only examples for the role of CD44 in can-
cer. As a consequence of its structural diversity and its ability to 
interact with a plethora of extracellular ligands, transmembrane 
proteins as well as cytoplasmic molecules, CD44, and its variants 
are generally involved in a high number of tumor-promoting 
processes [reviewed in Ref. (68, 210, 211, 218)]. Nevertheless, 
considering the naked mole rat, there was one process crucial for 
its cancer resistance: the contact inhibition.

�e contact inhibition is a process that usually induces cell 
growth arrest in cells when they reach complete con�uence 
and contact each other (38). In naked mole rats, this induction 
of cell growth arrest already takes place at lower cell densities 
than in other organisms due to their so-called ECI that is based 
on an interaction of the naked mole rat’s vHMW-HA with its 
receptor CD44 and a cytoplasmic association of CD44 to mer-
lin (see Figure 3) (30). �is HA-induced association between 
CD44 and merlin was also observed during contact inhibition 
in a rat schwannoma cell line among others (219). In this study, 
Morrison et al. even showed that the interaction of CD44 and 
merlin is highly regulated by a contact-induced hypophos-
phorylation of merlin resulting in the replacement of the cell 
growth-mediating ERM proteins by the hypophosphorylated 
merlin at the cytoplasmic domain of CD44 and the induction of 
cell growth arrest (219).

However, cancer cells lose their ability of contact-induced cell 
growth arrest and gain the function to grow in an anchorage-
independent manner (38, 68). �is anchorage-independent 
growth of cancer cells was reported to be enhanced by HA 
(68, 229, 230) and mediated by downstream activation of the 
phosphoinositide 3-kinase (PI3K)/Akt survival pathway (68). 
Especially, an overexpression of the HAS2 resulting in an 
overproduction of HA showed an increase in anchorage-
independent growth (229, 230). But by overexpressing soluble 
CD44 or applying HA oligomers this process could be inhibited 
(194, 231). Ghatak et al. further showed that the inhibition of 
anchorage-independent growth by HA oligomer treatment 
coincides with an induction of apoptosis and a downregulation 
of the PI3K/Akt survival pathway (194). Similar e�ects were 
observed when treating the cancer cells with an antibody against 
CD44 (194). �us, CD44 seems to be involved in the processes 
of contact inhibition in normal cells as well as the anchorage-
independent growth of cancer cells. Since the latter could be 
inhibited by HA oligomer treatment, it also seems like the size of 
HA matters. However, the exact mechanisms causing the switch 
from contact-sensitive toward anchorage-independent growth 
in cancer cells remains to be elucidated.
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EPILOGUE

Overwhelmed by the sheer �ood of faces the simple sugar chain 
of HA can assume, the researcher looked away from his laptop 
and out of the window. Surely, there were tremendous obstacles 
to be overcome in the future but for the �rst time in months he 
had an idea how to carry on his research to �ght cancer. �inking 
of this extraordinary rodent and the unexpected, though auspi-
cious, connection to the sugar, all mammals bear within them, he 
smiled, grabbed his coat, and went o� to the lab.

AUTHOR CONTRIBUTIONS

�is review was written by LB, A-KH, EMS, SW, and FW within 
the GlycoScience seminar at the University of Heidelberg taught 

by HB. All authors participated in the development of the overall 
story line and actively contributed to all parts.

ACKNOWLEDGMENTS

We are grateful for the fruitful discussions with Cem Solmaz 
and helpful comments by Patricia Hegger and Cornelia Zapp. 
Furthermore, we thank Zoo Schönbrunn (Vienna, Austria) for 
kindly providing the photo of the naked mole rat. HB gratefully 
acknowledges Prof. J. P. Spatz and the Max Planck Society for 
their support.

FUNDING

HB was supported by the Max Planck Society.

REFERENCES

1. Meyer K, Palmer JW. �e polysaccharide of the vitreous humor. J Biol Chem 
(1934) 107:629–34. 

2. Laurent TC. �e structure of hyaluronic acid. Chem Mol Biol Intercell Matrix 
(1970) 2:703–32. 

3. Laurent TC, Fraser JR. Hyaluronan. FASEB J (1992) 6:2397–404. 
4. Weissmann B, Meyer K. �e structure of hyalobiuronic acid and of hyaluronic 

acid from umbilical cord 1,2. J Am Chem Soc (1954) 76:1753–7. doi:10.1021/
ja01636a010 

5. Monslow J, Govindaraju P, Pure E. Hyaluronan – a functional and structural 
sweet spot in the tissue microenvironment. Front Immunol (2015) 6:231. 
doi:10.3389/�mmu.2015.00231 

6. Lee JY, Spicer AP. Hyaluronan: a multifunctional, megaDalton, 
stealth molecule. Curr Opin Cell Biol (2000) 12:581–6. doi:10.1016/
S0955-0674(00)00135-6 

7. Hascall V, Esko JD. Hyaluronan. In:  Varki  A,  Cummings  RD,  Esko  JD,  
Freeze  HH,  Stanley  P,  Bertozzi  CR, editors. Essentials of Glycobiology,  
Chapter 15. Cold Spring Harbor, NY: Cold Spring Harbor Laboratory Press 
(2009). p. 219–28.

8. Weigel PH, Hascall VC, Tammi M. Hyaluronan synthases. J Biol Chem (1997) 
272:13997–4000. doi:10.1074/jbc.272.22.13997 

9. Hardingham TE, Muir H. Hyaluronic acid in cartilage and proteoglycan 
aggregation. Biochem J (1974) 139:565–81. doi:10.1042/bj1390565 

10. Hascall VC, Heinegard D. Aggregation of cartilage proteoglycans. I. �e role 
of hyaluronic acid. J Biol Chem (1974) 249:4232–41. 

11. Fries E, Kaczmarczyk A. Inter-alpha-inhibitor, hyaluronan and in�amma-
tion. Acta Biochim Pol (2003) 50:735–42. 

12. Morgelin M, Paulsson M, Hardingham TE, Heinegard D, Engel J. Cartilage 
proteoglycans. Assembly with hyaluronate and link protein as studied by 
electron microscopy. Biochem J (1988) 253:175–85. doi:10.1042/bj2530175 

13. Knudson CB, Knudson W. Hyaluronan-binding proteins in development, 
tissue homeostasis, and disease. FASEB J (1993) 7:1233–41. 

14. Toole BP. Hyaluronan and its binding proteins, the hyaladherins. Curr Opin 

Cell Biol (1990) 2:839–44. doi:10.1016/0955-0674(90)90081-O 
15. Turley EA, Noble PW, Bourguignon LY. Signaling properties of hyaluronan 

receptors. J Biol Chem (2002) 277:4589–92. doi:10.1074/jbc.R100038200 
16. Day AJ, Prestwich GD. Hyaluronan-binding proteins: tying up the giant. 

J Biol Chem (2002) 277:4585–8. doi:10.1074/jbc.R100036200 
17. Seyfried NT, McVey GF, Almond A, Mahoney DJ, Dudhia J, Day AJ. Expression 

and puri�cation of functionally active hyaluronan-binding domains from 
human cartilage link protein, aggrecan and versican: formation of ternary 
complexes with de�ned hyaluronan oligosaccharides. J Biol Chem (2005) 
280:5435–48. doi:10.1074/jbc.M411297200 

18. Toole BP. Hyaluronan in morphogenesis. Semin Cell Dev Biol (2001) 
12:79–87. doi:10.1006/scdb.2000.0244 

19. Fraser JR, Appelgren LE, Laurent TC. Tissue uptake of circulating hyal-
uronic acid. A whole body autoradiographic study. Cell Tissue Res (1983) 
233:285–93. doi:10.1007/BF00238296 

20. Reed RK, Lilja K, Laurent TC. Hyaluronan in the rat with special ref-
erence to the skin. Acta Physiol Scand (1988) 134:405–11. doi:10.1111/ 
j.1748-1716.1988.tb08508.x 

21. Dicker KT, Gurski LA, Pradhan-Bhatt S, Witt RL, Farach-Carson MC, Jia X. 
Hyaluronan: a simple polysaccharide with diverse biological functions. Acta 

Biomater (2014) 10:1558–70. doi:10.1016/j.actbio.2013.12.019 
22. Stern R. Hyaluronan in Cancer Biology. 1st ed. San Diego, CA: Academic 

Press (2009).
23. Spicer AP, Tien JY. Hyaluronan and morphogenesis. Birth Defects Res C 

Embryo Today (2004) 72:89–108. doi:10.1002/bdrc.20006 
24. Jouon N, Rinaudo M, Milas M, Desbrières J. Hydration of hyaluronic acid 

as a function of the counterion type and relative humidity. Carbohydr Polym 
(1995) 26:69–73. doi:10.1016/0144-8617(95)98837-7 

25. Dahiya P, Kamal R. Hyaluronic acid: a boon in periodontal therapy. N Am 

J Med Sci (2013) 5:309–15. doi:10.4103/1947-2714.112473 
26. Laurent TC, Laurent UB, Fraser JR. �e structure and function of hyaluro-

nan: an overview. Immunol Cell Biol (1996) 74:A1–7. doi:10.1038/icb.1996.32 
27. Viola M, Vigetti D, Karousou E, D’Angelo ML, Caon I, Moretto P, et  al. 

Biology and biotechnology of hyaluronan. Glycoconj J (2015) 32:93–103. 
doi:10.1007/s10719-015-9586-6 

28. Ward PD, �ibeault SL, Gray SD. Hyaluronic acid: its role in voice. J Voice 
(2002) 16:303–9. doi:10.1016/S0892-1997(02)00101-7 

29. Stern R, Asari AA, Sugahara KN. Hyaluronan fragments: an information-rich 
system. Eur J Cell Biol (2006) 85:699–715. doi:10.1016/j.ejcb.2006.05.009 

30. Tian X, Azpurua J, Hine C, Vaidya A, Myakishev-Rempel M, Ablaeva J, 
et al. High-molecular-mass hyaluronan mediates the cancer resistance of the 
naked mole rat. Nature (2013) 499:346–9. doi:10.1038/nature12234 

31. Bu�enstein R. �e naked mole-rat: a new long-living model for human 
aging research. J Gerontol A Biol Sci Med Sci (2005) 60:1369–77. doi:10.1093/
gerona/60.11.1369 

32. Jarvis JU. Eusociality in a mammal: cooperative breeding in naked mole-rat 
colonies. Science (1981) 212:571–3. doi:10.1126/science.7209555 

33. Park TJ, Lu Y, Jüttner R, Smith ESJ, Hu J, Brand A, et al. Selective in�amma-
tory pain insensitivity in the African naked mole-rat (Heterocephalus glaber). 
PLoS Biol (2008) 6:e13. doi:10.1371/journal.pbio.0060013 

34. Bu�enstein R, Woodley R, �omadakis C, Daly TJ, Gray DA. Cold-induced 
changes in thyroid function in a poikilothermic mammal, the naked mole-
rat. Am J Physiol Regul Integr Comp Physiol (2001) 280(1):R149–55. 

35. Sherman PW, Jarvis JUM. Extraordinary life spans of naked mole-
rats (Heterocephalus glaber). J Zool (2002) 258:307–11. doi:10.1017/
S0952836902001437 

36. Fisher GJ. Cancer resistance, high molecular weight hyaluronic acid, and 
longevity. J Cell Commun Signal (2015) 9:91–2. doi:10.1007/s12079-015- 
0278-6 

37. Rankin KS, Frankel D. Hyaluronan in cancer – from the naked mole 
rat to nanoparticle therapy. So� Matter (2016) 12:3841–8. doi:10.1039/
C6SM00513F 

38. Seluanov A, Hine C, Azpurua J, Feigenson M, Bozzella M, Mao Z, et  al. 
Hypersensitivity to contact inhibition provides a clue to cancer resistance of 

http://www.frontiersin.org/Oncology/
http://www.frontiersin.org
http://www.frontiersin.org/oncology/archive
https://doi.org/10.1021/ja01636a010
https://doi.org/10.1021/ja01636a010
https://doi.org/10.3389/fimmu.2015.00231
https://doi.org/10.1016/S0955-0674(00)00135-6
https://doi.org/10.1016/S0955-0674(00)00135-6
https://doi.org/10.1074/jbc.272.22.13997
https://doi.org/10.1042/bj1390565
https://doi.org/10.1042/bj2530175
https://doi.org/10.1016/0955-0674(90)90081-O
https://doi.org/10.1074/jbc.R100038200
https://doi.org/10.1074/jbc.R100036200
https://doi.org/10.1074/jbc.M411297200
https://doi.org/10.1006/scdb.2000.0244
https://doi.org/10.1007/BF00238296
https://doi.org/10.1111/j.1748-1716.1988.tb08508.x
https://doi.org/10.1111/j.1748-1716.1988.tb08508.x
https://doi.org/10.1016/j.actbio.2013.12.019
https://doi.org/10.1002/bdrc.20006
https://doi.org/10.1016/0144-8617(95)98837-7
https://doi.org/10.4103/1947-2714.112473
https://doi.org/10.1038/icb.1996.32
https://doi.org/10.1007/s10719-015-9586-6
https://doi.org/10.1016/S0892-1997(02)00101-7
https://doi.org/10.1016/j.ejcb.2006.05.009
https://doi.org/10.1038/nature12234
https://doi.org/10.1093/gerona/60.11.1369
https://doi.org/10.1093/gerona/60.11.1369
https://doi.org/10.1126/science.7209555
https://doi.org/10.1371/journal.pbio.0060013
https://doi.org/10.1017/S0952836902001437
https://doi.org/10.1017/S0952836902001437
https://doi.org/10.1007/s12079-015-0278-6
https://doi.org/10.1007/s12079-015-0278-6
https://doi.org/10.1039/C6SM00513F
https://doi.org/10.1039/C6SM00513F


15

Bohaumilitzky et al. Hyaluronan: Trickster in the Matrix

Frontiers in Oncology | www.frontiersin.org October 2017 | Volume 7 | Article 242

naked mole-rat. Proc Natl Acad Sci U S A (2009) 106:19352–7. doi:10.1073/
pnas.0905252106 

39. Gorbunova V, Seluanov A, Zhang Z, Gladyshev VN, Vijg J. Comparative 
genetics of longevity and cancer: insights from long-lived rodents. Nat Rev 

Genet (2014) 15:531–40. doi:10.1038/nrg3728 
40. Lewis KN, Mele J, Hornsby PJ, Bu�enstein R. Stress resistance in the naked 

mole-rat: the bare essentials – a mini-review. Gerontology (2012) 58:453–62. 
doi:10.1159/000335966 

41. Liang S, Mele J, Wu Y, Bu�enstein R, Hornsby PJ. Resistance to experi-
mental tumorigenesis in cells of a long-lived mammal, the naked mole-
rat (Heterocephalus glaber). Aging Cell (2010) 9:626–35. doi:10.1111/ 
j.1474-9726.2010.00588.x 

42. Tian X, Azpurua J, Ke Z, Augereau A, Zhang ZD, Vijg J, et al. INK4 locus of 
the tumor-resistant rodent, the naked mole rat, expresses a functional p15/
p16 hybrid isoform. Proc Natl Acad Sci U S A (2015) 112:1053–8. doi:10.1073/
pnas.1418203112 

43. Delaney MA, Ward JM, Walsh TF, Chinnadurai SK, Kerns K, Kinsel MJ, et al. 
Initial Case Reports of Cancer in Naked Mole-Rats (Heterocephalus glaber). 
Los Angeles, CA: SAGE (2016).

44. Bu�enstein R. Negligible senescence in the longest living rodent, the naked 
mole-rat: insights from a successfully aging species. J Comp Physiol B (2008) 
178:439–45. doi:10.1007/s00360-007-0237-5 

45. Lewis KN, Andziak B, Yang T, Bu�enstein R. �e naked mole-rat response to 
oxidative stress: just deal with it. Antioxid Redox Signal (2012) 19:1388–99. 
doi:10.1089/ars.2012.4911 

46. Flatt T. A new de�nition of aging? Front Genet (2012) 3:148. doi:10.3389/
fgene.2012.00148 

47. Finch CE. Update on slow aging and negligible senescence – a mini-review. 
Gerontology (2009) 55:307–13. doi:10.1159/000215589 

48. Salmon AB, Sadighi Akha AA, Bu�enstein R, Miller RA. Fibroblasts from 
naked mole-rats are resistant to multiple forms of cell injury, but sensitive 
to peroxide, ultraviolet light, and endoplasmic reticulum stress. J Gerontol A 

Biol Sci Med Sci (2008) 63:232–41. doi:10.1093/gerona/63.3.232 
49. Harman D. Aging: a theory based on free radical and radiation chemistry. 

J Gerontol (1956) 11:298–300. doi:10.1093/geronj/11.3.298 
50. Childs BG, Durik M, Baker DJ, van Deursen JM. Cellular senescence in 

aging and age-related disease: from mechanisms to therapy. Nat Med (2015) 
21:1424–35. doi:10.1038/nm.4000 

51. Tigges J, Krutmann J, Fritsche E, Haendeler J, Schaal H, Fischer JW, et al. 
�e hallmarks of �broblast ageing. Mech Ageing Dev (2014) 138:26–44. 
doi:10.1016/j.mad.2014.03.004 

52. Tammi R, Pasonen-Seppanen S, Kolehmainen E, Tammi M. Hyaluronan 
synthase induction and hyaluronan accumulation in mouse epider-
mis following skin injury. J Invest Dermatol (2005) 124:898–905. 
doi:10.1111/j.0022-202X.2005.23697.x 

53. Dai G, Freudenberger T, Zipper P, Melchior A, Grether-Beck S, Rabausch B, 
et al. Chronic ultraviolet B irradiation causes loss of hyaluronic acid from 
mouse dermis because of down-regulation of hyaluronic acid synthases. Am 

J Pathol (2007) 171:1451–61. doi:10.2353/ajpath.2007.070136 
54. Röck K, Tigges J, Sass S, Schütze A, Florea A-M, Fender AC, et al. miR-23a-3p 

causes cellular senescence by targeting hyaluronan synthase 2: possible 
implication for skin aging. J Invest Dermatol (2014) 135:369–77. doi:10.1038/
jid.2014.422 

55. Jung EM, Kwon O, Kwon KS, Cho YS, Rhee SK, Min JK, et al. Evidences for 
correlation between the reduced VCAM-1 expression and hyaluronan syn-
thesis during cellular senescence of human mesenchymal stem cells. Biochem 

Biophys Res Commun (2011) 404:463–9. doi:10.1016/j.bbrc.2010.12.003 
56. Wight TN. Provisional matrix: a role for versican and hyaluronan. Matrix 

Biol (2017) 60–61:38–56. doi:10.1016/j.matbio.2016.12.001
57. Suwan K, Choocheep K, Hatano S, Kongtawelert P, Kimata K, Watanabe 

H. Versican/PG-M assembles hyaluronan into extracellular matrix and 
inhibits CD44-mediated signaling toward premature senescence in 
embryonic �broblasts. J Biol Chem (2009) 284:8596–604. doi:10.1074/jbc. 
M806927200 

58. Li Y, Liang J, Yang T, Monterrosa Mena J, Huan C, Xie T, et al. Hyaluronan 
synthase 2 regulates �broblast senescence in pulmonary �brosis. Matrix Biol 
(2016) 55:35–48. doi:10.1016/j.matbio.2016.03.004 

59. Wynn T. Cellular and molecular mechanisms of �brosis. J Pathol (2008) 
214:199–210. doi:10.1002/path.2277 

60. Gerarduzzi C, Di Battista JA. Myo�broblast repair mechanisms post-in�am-
matory response: a �brotic perspective. In�amm Res (2017) 66(6):451–65. 
doi:10.1007/s00011-016-1019-x

61. Li Y, Jiang D, Liang J, Meltzer EB, Gray A, Miura R, et al. Severe lung �brosis 
requires an invasive �broblast phenotype regulated by hyaluronan and CD44. 
J Exp Med (2011) 208:1459–71. doi:10.1084/jem.20102510 

62. Knudson W, Biswas C, Li XQ, Nemec RE, Toole BP. �e role and regulation 
of tumour-associated hyaluronan. Ciba Found Symp (1989) 143:150–9; 
discussion 159–69, 281–5. 

63. Jamshidian H, Hashemi M, Nowroozi MR, Ayati M, Bonyadi M, Najjaran 
Tousi V. Sensitivity and speci�city of urinary hyaluronic acid and hyalu-
ronidase in detection of bladder transitional cell carcinoma. Urol J (2014) 
11:1232–7. doi:10.22037/uj.v11i1.2493

64. Lokeshwar VB, Schroeder GL, Selzer MG, Hautmann SH, Posey JT, Duncan 
RC, et al. Bladder tumor markers for monitoring recurrence and screening 
comparison of hyaluronic acid-hyaluronidase and BTA-Stat tests. Cancer 
(2002) 95:61–72. doi:10.1002/cncr.10652 

65. Wu M, Cao M, He Y, Liu Y, Yang C, Du Y, et al. A novel role of low molecular 
weight hyaluronan in breast cancer metastasis. FASEB J (2015) 29:1290–8. 
doi:10.1096/�.14-259978 

66. Franzmann EJ, Schroeder GL, Goodwin WJ, Weed DT, Fisher P, 
Lokeshwar VB. Expression of tumor markers hyaluronic acid and hyaluro-
nidase (HYAL1) in head and neck tumors. Int J Cancer (2003) 106:438–45. 
doi:10.1002/ijc.11252 

67. Schmaus A, Klusmeier S, Rothley M, Dimmler A, Sipos B, Faller G, et al. 
Accumulation of small hyaluronan oligosaccharides in tumour interstitial 
�uid correlates with lymphatic invasion and lymph node metastasis. Br 

J Cancer (2014) 111:559–67. doi:10.1038/bjc.2014.332 
68. Toole BP. Hyaluronan: from extracellular glue to pericellular cue. Nat Rev 

Cancer (2004) 4:528–39. doi:10.1038/nrc1391 
69. Knudson W, Biswas C, Toole BP. Interactions between human tumor cells 

and �broblasts stimulate hyaluronate synthesis. Proc Natl Acad Sci U S A 
(1984) 81:6767–71. doi:10.1073/pnas.81.21.6767 

70. Bertrand P, Girard N, Delpech B, Duval C, D’Anjou J, Dauce JP. Hyaluronan 
(hyaluronic acid) and hyaluronectin in the extracellular matrix of human 
breast carcinomas. Int J Cancer (1992) 52:1–6. doi:10.1002/ijc.2910520102 

71. Auvinen P, Tammi R, Kosma V-M, Sironen R, Soini Y, Mannermaa A, et al. 
Increased hyaluronan content and stromal cell CD44 associate with HER2 
positivity and poor prognosis in human breast cancer. Int J Cancer (2013) 
132:531–9. doi:10.1002/ijc.27707 

72. Auvinen P, Tammi R, Parkkinen J, Tammi M, Agren U, Johansson R, et al. 
Hyaluronan in peritumoral stroma and malignant cells associates with breast 
cancer spreading and predicts survival. Am J Pathol (2000) 156:529–36. 
doi:10.1016/S0002-9440(10)64757-8 

73. Anttila MA, Tammi RH, Tammi MI, Syrjanen KJ, Saarikoski SV, Kosma VM. 
High levels of stromal hyaluronan predict poor disease outcome in epithelial 
ovarian cancer. Cancer Res (2000) 60:150–5. 

74. Davidson B, Trope CG, Reich R. �e role of the tumor stroma in ovarian 
cancer. Front Oncol (2014) 4:104. doi:10.3389/fonc.2014.00104 

75. Rangel MP, Sa VK, Martins V, Martins JRM, Parra ER, Mendes A, et  al. 
Tissue hyaluronan expression, as re�ected in the sputum of lung cancer 
patients, is an indicator of malignancy. Braz J Med Biol Res (2015) 48:557–67. 
doi:10.1590/1414-431X20144300 

76. Delpech B, Maingonnat C, Girard N, Chauzy C, Maunoury R, Olivier A, 
et  al. Hyaluronan and hyaluronectin in the extracellular matrix of human 
brain tumour stroma. Eur J Cancer (1993) 29A:1012–7. doi:10.1016/
S0959-8049(05)80214-X 

77. Josefsson A, Adamo H, Hammarsten P, Granfors T, Stattin P, Egevad L, et al. 
Prostate cancer increases hyaluronan in surrounding nonmalignant stroma, 
and this response is associated with tumor growth and an unfavorable 
outcome. Am J Pathol (2011) 179:1961–8. doi:10.1016/j.ajpath.2011.06.005 

78. Auvinen P, Rilla K, Tumelius R, Tammi M, Sironen R, Soini Y, et  al. 
Hyaluronan synthases (HAS1-3) in stromal and malignant cells correlate 
with breast cancer grade and predict patient survival. Breast Cancer Res Treat 
(2014) 143:277–86. doi:10.1007/s10549-013-2804-7 

79. Zhang L, Underhill CB, Chen L. Hyaluronan on the surface of tumor cells is 
correlated with metastatic behavior. Cancer Res (1995) 55:428–33. 

80. Setala LP, Tammi MI, Tammi RH, Eskelinen MJ, Lipponen PK, Agren UM, 
et al. Hyaluronan expression in gastric cancer cells is associated with local 

http://www.frontiersin.org/Oncology/
http://www.frontiersin.org
http://www.frontiersin.org/oncology/archive
https://doi.org/10.1073/pnas.0905252106
https://doi.org/10.1073/pnas.0905252106
https://doi.org/10.1038/nrg3728
https://doi.org/10.1159/000335966
https://doi.org/10.1111/
j.1474-9726.2010.00588.x
https://doi.org/10.1111/
j.1474-9726.2010.00588.x
https://doi.org/10.1073/pnas.1418203112
https://doi.org/10.1073/pnas.1418203112
https://doi.org/10.1007/s00360-007-0237-5
https://doi.org/10.1089/ars.2012.4911
https://doi.org/10.3389/fgene.2012.00148
https://doi.org/10.3389/fgene.2012.00148
https://doi.org/10.1159/000215589
https://doi.org/10.1093/gerona/63.3.232
https://doi.org/10.1093/geronj/11.3.298
https://doi.org/10.1038/nm.4000
https://doi.org/10.1016/j.mad.2014.03.004
https://doi.org/10.1111/j.0022-202X.2005.23697.x
https://doi.org/10.2353/ajpath.2007.070136
https://doi.org/10.1038/jid.2014.422
https://doi.org/10.1038/jid.2014.422
https://doi.org/10.1016/j.bbrc.2010.12.003
https://doi.org/10.1016/j.matbio.2016.12.001
https://doi.org/10.1074/jbc.M806927200
https://doi.org/10.1074/jbc.M806927200
https://doi.org/10.1016/j.matbio.2016.03.004
https://doi.org/10.1002/path.2277
https://doi.org/10.1007/s00011-016-1019-x
https://doi.org/10.1084/jem.20102510
https://doi.org/10.22037/uj.v11i1.2493
https://doi.org/10.1002/cncr.10652
https://doi.org/10.1096/fj.14-259978
https://doi.org/10.1002/ijc.11252
https://doi.org/10.1038/bjc.2014.332
https://doi.org/10.1038/nrc1391
https://doi.org/10.1073/pnas.81.21.6767
https://doi.org/10.1002/ijc.2910520102
https://doi.org/10.1002/ijc.27707
https://doi.org/10.1016/S0002-9440(10)64757-8
https://doi.org/10.3389/fonc.2014.00104
https://doi.org/10.1590/1414-431X20144300
https://doi.org/10.1016/S0959-8049(05)80214-X
https://doi.org/10.1016/S0959-8049(05)80214-X
https://doi.org/10.1016/j.ajpath.2011.06.005
https://doi.org/10.1007/s10549-013-2804-7


16

Bohaumilitzky et al. Hyaluronan: Trickster in the Matrix

Frontiers in Oncology | www.frontiersin.org October 2017 | Volume 7 | Article 242

and nodal spread and reduced survival rate. Br J Cancer (1999) 79:1133–8. 
doi:10.1038/sj.bjc.6690180 

81. Ropponen K, Tammi M, Parkkinen J, Eskelinen M, Tammi R, Lipponen P, 
et al. Tumor cell-associated hyaluronan as an unfavorable prognostic factor 
in colorectal cancer. Cancer Res (1998) 58:342–7. 

82. Toole BP. Hyaluronan promotes the malignant phenotype. Glycobiology 
(2002) 12:37R–42R. doi:10.1093/glycob/12.3.37R 

83. Nikitovic D, Tzardi M, Berdiaki A, Tsatsakis A, Tzanakakis GN. Cancer 
microenvironment and in�ammation: role of hyaluronan. Front Immunol 
(2015) 6:169. doi:10.3389/�mmu.2015.00169 

84. Karousou E, D’Angelo ML, Kouvidi K, Vigetti D, Viola M, Nikitovic D, et al. 
Collagen VI and hyaluronan: the common role in breast cancer. Biomed Res 

Int (2014) 2014:606458. doi:10.1155/2014/606458 
85. Schwertfeger KL, Cowman MK, Telmer PG, Turley EA, McCarthy JB. 

Hyaluronan, in�ammation, and breast cancer progression. Front Immunol 
(2015) 6:236. doi:10.3389/�mmu.2015.00236 

86. Tolg C, McCarthy JB, Yazdani A, Turley EA. Hyaluronan and RHAMM 
in wound repair and the “cancerization” of stromal tissues. Biomed Res Int 
(2014) 2014:103923. doi:10.1155/2014/103923 

87. Simpson MA, Wilson CM, Furcht LT, Spicer AP, Oegema TR, McCarthy JB. 
Manipulation of hyaluronan synthase expression in prostate adenocar-
cinoma cells alters pericellular matrix retention and adhesion to bone 
marrow endothelial cells. J Biol Chem (2002) 277:10050–7. doi:10.1074/jbc. 
M110069200 

88. Turley EA, Wood DK, McCarthy JB. Carcinoma cell hyaluronan as a 
“portable” cancerized prometastatic microenvironment. Cancer Res (2016) 
76:2507–12. doi:10.1158/0008-5472.CAN-15-3114 

89. Itano N, Kimata K. Altered hyaluronan biosynthesis in cancer progression. 
Semin Cancer Biol (2008) 18:268–74. doi:10.1016/j.semcancer.2008. 
03.006 

90. Stern R. Hyaluronan metabolism: a major paradox in cancer biology. Pathol 

Biol (Paris) (2005) 53:372–82. doi:10.1016/j.patbio.2004.12.021 
91. DeAngelis PL, Papaconstantinou J, Weigel PH. Isolation of a Streptococcus 

pyogenes gene locus that directs hyaluronan biosynthesis in acapsular 
mutants and in heterologous bacteria. J Biol Chem (1993) 268:14568–71. 

92. DeAngelis PL, Papaconstantinou J, Weigel PH. Molecular cloning, iden-
ti�cation, and sequence of the hyaluronan synthase gene from group A 
Streptococcus pyogenes. J Biol Chem (1993) 268:19181–4. 

93. DeAngelis PL. Hyaluronan synthases: fascinating glycosyltransferases from 
vertebrates, bacterial pathogens, and algal viruses. Cell Mol Life Sci (1999) 
56:670–82. doi:10.1007/s000180050461 

94. Hubbard C, McNamara JT, Azumaya C, Patel MS, Zimmer J. �e hyaluronan 
synthase catalyzes the synthesis and membrane translocation of hyaluronan. 
J Mol Biol (2012) 418:21–31. doi:10.1016/j.jmb.2012.01.053 

95. Itano N, Sawai T, Yoshida M, Lenas P, Yamada Y, Imagawa M, et al. �ree 
isoforms of mammalian hyaluronan synthases have distinct enzymatic 
properties. J Biol Chem (1999) 274:25085–92. doi:10.1074/jbc.274.35.25085 

96. Siiskonen H, Oikari S, Pasonen-Seppänen S, Rilla K. Hyaluronan synthase 1: 
a mysterious enzyme with unexpected functions. Front Immunol (2015) 6:43. 
doi:10.3389/�mmu.2015.00043 

97. Tammi RH, Passi AG, Rilla K, Karousou E, Vigetti D, Makkonen K, et al. 
Transcriptional and post-translational regulation of hyaluronan synthesis. 
FEBS J (2011) 278:1419–28. doi:10.1111/j.1742-4658.2011.08070.x 

98. Itano N, Kimata K. Mammalian hyaluronan synthases. IUBMB Life (2002) 
54:195–9. doi:10.1080/15216540214929 

99. Rilla K, Oikari S, Jokela TA, Hyttinen JMT, Kärnä R, Tammi RH, et  al. 
Hyaluronan synthase 1 (HAS1) requires higher cellular UDP-GlcNAc 
concentration than HAS2 and HAS3. J Biol Chem (2013) 288:5973–83. 
doi:10.1074/jbc.M112.443879 

100. Jiang D, Liang J, Noble PW. Hyaluronan in tissue injury and repair. Annu Rev Cell 

Dev Biol (2007) 23:435–61. doi:10.1146/annurev.cellbio.23.090506.123337 
101. Vigetti D, Karousou E, Viola M, Deleonibus S, De Luca G, Passi A. 

Hyaluronan: biosynthesis and signaling. Biochim Biophys Acta (2014) 
1840:2452–9. doi:10.1016/j.bbagen.2014.02.001 

102. Vigetti D, Viola M, Karousou E, De Luca G, Passi A. Metabolic control of 
hyaluronan synthases. Matrix Biol (2014) 35:8–13. doi:10.1016/j.matbio. 
2013.10.002 

103. Saavalainen K, Pasonen-Seppänen S, Dunlop TW, Tammi R, Tammi MI, 
Carlberg C. �e human hyaluronan synthase 2 gene is a primary retinoic 

acid and epidermal growth factor responding gene. J Biol Chem (2005) 
280:14636–44. doi:10.1074/jbc.M500206200 

104. Saavalainen K, Tammi MI, Bowen T, Schmitz ML, Carlberg C. Integration of 
the activation of the human hyaluronan synthase 2 gene promoter by com-
mon cofactors of the transcription factors retinoic acid receptor and nuclear 
factor κB. J Biol Chem (2007) 282:11530–9. doi:10.1074/jbc.M607871200 

105. Vigetti D, Genasetti A, Karousou E, Viola M, Moretto P, Clerici M, et  al. 
Proin�ammatory cytokines induce hyaluronan synthesis and monocyte 
adhesion in human endothelial cells through hyaluronan synthase 2 (HAS2) 
and the nuclear factor-kappaB (NF-kappaB) pathway. J Biol Chem (2010) 
285:24639–45. doi:10.1074/jbc.M110.134536 

106. Jokela TA, Makkonen KM, Oikari S, Kärnä R, Koli E, Hart GW, et al. Cellular 
content of UDP-N-acetylhexosamines controls hyaluronan synthase 2 
expression and correlates with O-linked N-acetylglucosamine modi�cation 
of transcription factors YY1 and SP1. J Biol Chem (2011) 286:33632–40. 
doi:10.1074/jbc.M111.265637 

107. Vigetti D, Deleonibus S, Moretto P, Karousou E, Viola M, Bartolini B, et al. 
Role of UDP-N-acetylglucosamine (GlcNAc) and O-GlcNAcylation of 
hyaluronan synthase 2 in the control of chondroitin sulfate and hyaluronan 
synthesis. J Biol Chem (2012) 287:35544–55. doi:10.1074/jbc.M112.402347 

108. Vigetti D, Clerici M, Deleonibus S, Karousou E, Viola M, Moretto P, et al. 
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 (2011) 286:7917–24. doi:10.1074/jbc.
M110.193656 

109. Karousou E, Kamiryo M, Skandalis SS, Ruusala A, Asteriou T, Passi A, et al. 
�e activity of hyaluronan synthase 2 is regulated by dimerization and ubiq-
uitination. J Biol Chem (2010) 285:23647–54. doi:10.1074/jbc.M110.127050 

110. Nakamura T, Funahashi M, Takagaki K, Munakata H, Endo M, Tanaka K, 
et  al. E�ect of 4-methylumbelliferone on cell-free synthesis of hyaluronic 
acid. Biochem Mol Biol Int (1997) 43:263–8. 

111. Nakamura T, Takagaki K, Shibata S, Tanaka K, Higuchi T, Endo M. 
Hyaluronic-acid-de�cient extracellular matrix induced by addition of 
4-methylumbelliferone to the medium of cultured human skin �broblasts. 
Biochem Biophys Res Commun (1995) 208:470–5. doi:10.1006/bbrc.1995.1362 

112. Rilla K, Pasonen-Seppänen S, Rieppo J, Tammi M, Tammi R. �e hyaluronan 
synthesis inhibitor 4-methylumbelliferone prevents keratinocyte activation 
and epidermal hyperproliferation induced by epidermal growth factor. 
J Invest Dermatol (2004) 123:708–14. doi:10.1111/j.0022-202X.2004.23409.x 

113. Rilla K, Tiihonen R, Kultti A, Tammi M, Tammi R. Pericellular hyaluro-
nan coat visualized in live cells with a �uorescent probe is sca�olded by 
plasma membrane protrusions. J Histochem Cytochem (2008) 56:901–10. 
doi:10.1369/jhc.2008.951665 

114. Jokela TA, Jauhiainen M, Auriola S, Kauhanen M, Tiihonen R, Tammi MI, 
et  al. Mannose inhibits hyaluronan synthesis by down-regulation of the 
cellular pool of UDP-N-acetylhexosamines. J Biol Chem (2008) 283:7666–73. 
doi:10.1074/jbc.M706001200 

115. Laurent UBG, Reed RK. Turnover of hyaluronan in the tissues. Adv Drug 

Deliv Rev (1991) 7:237–56. doi:10.1016/0169-409X(91)90004-V 
116. Triggs-Raine B, Natowicz MR. Biology of hyaluronan: insights from genetic 

disorders of hyaluronan metabolism. World J Biol Chem (2015) 6:110–20. 
doi:10.4331/wjbc.v6.i3.110 

117. Prevo R, Banerji S, Ferguson DJP, Clasper S, Jackson DG. Mouse LYVE-1 is 
an endocytic receptor for hyaluronan in lymphatic endothelium. J Biol Chem 
(2001) 276:19420–30. doi:10.1074/jbc.M011004200 

118. Fraser JR, Laurent TC, Perto� H, Baxter E. Plasma clearance, tissue distribu-
tion and metabolism of hyaluronic acid injected intravenously in the rabbit. 
Biochem J (1981) 200:415–24. doi:10.1042/bj2000415 

119. Weigel JA, Raymond RC, McGary C, Singh A, Weigel PH. A blocking anti-
body to the hyaluronan receptor for endocytosis (HARE) inhibits hyaluronan 
clearance by perfused liver. J Biol Chem (2003) 278:9808–12. doi:10.1074/
jbc.M211462200 

120. Hirose Y, Saijou E, Sugano Y, Takeshita F, Nishimura S, Nonaka H, et  al. 
Inhibition of Stabilin-2 elevates circulating hyaluronic acid levels and 
prevents tumor metastasis. Proc Natl Acad Sci U S A (2012) 109:4263–8. 
doi:10.1073/pnas.1117560109 

121. Laurent TC, Lilja K, Brunnberg L, Engstrom-Laurent A, Laurent UB, 
Lindqvist U, et al. Urinary excretion of hyaluronan in man. Scand J Clin Lab 

Invest (1987) 47:793–9. doi:10.3109/00365518709168948 

http://www.frontiersin.org/Oncology/
http://www.frontiersin.org
http://www.frontiersin.org/oncology/archive
https://doi.org/10.1038/sj.bjc.6690180
https://doi.org/10.1093/glycob/12.3.37R
https://doi.org/10.3389/fimmu.2015.00169
https://doi.org/10.1155/2014/606458
https://doi.org/10.3389/fimmu.2015.00236
https://doi.org/10.1155/2014/103923
https://doi.org/10.1074/jbc.
M110069200
https://doi.org/10.1074/jbc.
M110069200
https://doi.org/10.1158/0008-5472.CAN-15-3114
https://doi.org/10.1016/j.semcancer.2008.
03.006
https://doi.org/10.1016/j.semcancer.2008.
03.006
https://doi.org/10.1016/j.patbio.2004.12.021
https://doi.org/10.1007/s000180050461
https://doi.org/10.1016/j.jmb.2012.01.053
https://doi.org/10.1074/jbc.274.35.25085
https://doi.org/10.3389/fimmu.2015.00043
https://doi.org/10.1111/j.1742-4658.2011.08070.x
https://doi.org/10.1080/15216540214929
https://doi.org/10.1074/jbc.M112.443879
https://doi.org/10.1146/annurev.cellbio.23.090506.123337
https://doi.org/10.1016/j.bbagen.2014.02.001
https://doi.org/10.1016/j.matbio.
2013.10.002
https://doi.org/10.1016/j.matbio.
2013.10.002
https://doi.org/10.1074/jbc.M500206200
https://doi.org/10.1074/jbc.M607871200
https://doi.org/10.1074/jbc.M110.134536
https://doi.org/10.1074/jbc.M111.265637
https://doi.org/10.1074/jbc.M112.402347
https://doi.org/10.1074/jbc.M110.193656
https://doi.org/10.1074/jbc.M110.193656
https://doi.org/10.1074/jbc.M110.127050
https://doi.org/10.1006/bbrc.1995.1362
https://doi.org/10.1111/j.0022-202X.2004.23409.x
https://doi.org/10.1369/jhc.2008.951665
https://doi.org/10.1074/jbc.M706001200
https://doi.org/10.1016/0169-409X(91)90004-V
https://doi.org/10.4331/wjbc.v6.i3.110
https://doi.org/10.1074/jbc.M011004200
https://doi.org/10.1042/bj2000415
https://doi.org/10.1074/jbc.M211462200
https://doi.org/10.1074/jbc.M211462200
https://doi.org/10.1073/pnas.1117560109
https://doi.org/10.3109/00365518709168948


17

Bohaumilitzky et al. Hyaluronan: Trickster in the Matrix

Frontiers in Oncology | www.frontiersin.org October 2017 | Volume 7 | Article 242

122. Stern R, Kogan G, Jedrzejas MJ, Šoltés L. �e many ways to cleave hyaluro-
nan. Biotechnol Adv (2007) 25:537–57. doi:10.1016/j.biotechadv.2007.07.001 

123. Girish KS, Kemparaju K. �e magic glue hyaluronan and its eraser hyalu-
ronidase: a biological overview. Life Sci (2007) 80:1921–43. doi:10.1016/j.
lfs.2007.02.037 

124. Csoka AB, Frost GI, Stern R. �e six hyaluronidase-like genes in the 
human and mouse genomes. Matrix Biol (2001) 20:499–508. doi:10.1016/
S0945-053X(01)00172-X 

125. Csóka TB, Frost GI, Wong T, Stern R. Puri�cation and microsequencing of 
hyaluronidase isozymes from human urine. FEBS Lett (1997) 417:307–10. 
doi:10.1016/S0014-5793(97)01309-4 

126. Natowicz MR, Short MP, Wang Y, Dickersin GR, Gebhardt MC, Rosenthal DI, 
et al. Clinical and biochemical manifestations of hyaluronidase de�ciency. N 

Engl J Med (1996) 335:1029–33. doi:10.1056/NEJM199610033351405 
127. Triggs-Raine B, Salo TJ, Zhang H, Wicklow BA, Natowicz MR. Mutations in 

HYAL1, a member of a tandemly distributed multigene family encoding dis-
parate hyaluronidase activities, cause a newly described lysosomal disorder, 
mucopolysaccharidosis IX. Proc Natl Acad Sci U S A (1999) 96:6296–300. 
doi:10.1073/pnas.96.11.6296 

128. Martin DC, Atmuri V, Hemming RJ, Farley J, Mort JS, Byers S, et al. A mouse 
model of human mucopolysaccharidosis IX exhibits osteoarthritis. Hum Mol 

Genet (2008) 17:1904–15. doi:10.1093/hmg/ddn088 
129. Bourguignon LYW, Singleton PA, Diedrich F, Stern R, Gilad E. CD44 inter-

action with Na+-H+ exchanger (NHE1) creates acidic microenvironments 
leading to hyaluronidase-2 and cathepsin B activation and breast tumor cell 
invasion. J Biol Chem (2004) 279:26991–7007. doi:10.1074/jbc.M311838200 

130. Erickson M, Stern R. Chain gangs: new aspects of hyaluronan metabolism. 
Biochem Res Int (2012) 2012:9. doi:10.1155/2012/893947 

131. Stern R. Hyaluronan catabolism: a new metabolic pathway. Eur J Cell Biol 
(2004) 83:317–25. doi:10.1078/0171-9335-00392 

132. Bouga H, Tsouros I, Bounias D, Kyriakopoulou D, Stavropoulos MS, 
Papageorgakopoulou N, et al. Involvement of hyaluronidases in colorectal 
cancer. BMC Cancer (2010) 10:499. doi:10.1186/1471-2407-10-499 

133. Tan J-X, Wang X-Y, Su X-L, Li H-Y, Shi Y, Wang L, et al. Upregulation of 
HYAL1 expression in breast cancer promoted tumor cell proliferation, migra-
tion, invasion and angiogenesis. PLoS One (2011) 6:e22836. doi:10.1371/
journal.pone.0022836 

134. Yo�ou PH, Edjekouane L, Meunier L, Tremblay A, Provencher DM, 
Mes-Masson A-M, et al. Subtype speci�c elevated expression of hyaluroni-
dase-1 (HYAL-1) in epithelial ovarian cancer. PLoS One (2011) 6:e20705. 
doi:10.1371/journal.pone.0020705 

135. Eissa S, Shehata H, Mansour A, Esmat M, El-Ahmady O. Detection 
of hyaluronidase RNA and activity in urine of schistosomal and non- 
schistosomal bladder cancer. Med Oncol (2012) 29:3345–51. doi:10.1007/
s12032-012-0295-8 

136. Jacobson A, Rahmanian M, Rubin K, Heldin P. Expression of hyaluronan 
synthase 2 or hyaluronidase 1 di�erentially a�ect the growth rate of 
transplantable colon carcinoma cell tumors. Int J Cancer (2002) 102:212–9. 
doi:10.1002/ijc.10683 

137. Ji L, Nishizaki M, Gao B, Burbee D, Kondo M, Kamibayashi C, et  al. 
Expression of several genes in the human chromosome 3p21.3 homozygous 
deletion region by an adenovirus vector results in tumor suppressor activities 
in vitro and in vivo. Cancer Res (2002) 62:2715–20. 

138. Frost GI, Mohapatra G, Wong TM, Csoka AB, Gray JW, Stern R. 
HYAL1LUCA-1, a candidate tumor suppressor gene on chromosome 
3p21.3, is inactivated in head and neck squamous cell carcinomas by aber-
rant splicing of pre-mRNA. Oncogene (2000) 19:870–7. doi:10.1038/sj.onc. 
1203317 

139. Karbownik MS, Nowak JZ. Hyaluronan: towards novel anti-cancer therapeu-
tics. Pharmacol Rep (2013) 65:1056–74. doi:10.1016/S1734-1140(13)71465-8 

140. Lokeshwar VB, Selzer MG. Hyalurondiase: both a tumor promoter 
and suppressor. Semin Cancer Biol (2008) 18:281–7. doi:10.1016/j.
semcancer.2008.03.008 

141. McAtee CO, Barycki JJ, Simpson MA. Emerging roles for hyaluronidase in 
cancer metastasis and therapy. Adv Cancer Res (2014) 123:1–34. doi:10.1016/
B978-0-12-800092-2.00001-0 

142. Atmuri V, Martin DC, Hemming R, Gutsol A, Byers S, Sahebjam S, et  al. 
Hyaluronidase 3 (HYAL3) knockout mice do not display evidence of 

hyaluronan accumulation. Matrix Biol (2008) 27:653–60. doi:10.1016/j.
matbio.2008.07.006 

143. Cherr GN, Meyers SA, Yudin AI, VandeVoort CA, Myles DG, Primako� P, 
et al. �e PH-20 protein in cynomolgus macaque spermatozoa: identi�cation 
of two di�erent forms exhibiting hyaluronidase activity. Dev Biol (1996) 
175:142–53. doi:10.1006/dbio.1996.0102 

144. Stern R. Devising a pathway for hyaluronan catabolism: are we there yet? 
Glycobiology (2003) 13:105R–15R. doi:10.1093/glycob/cwg112 

145. Hirotsune S, Yoshida N, Chen A, Garrett L, Sugiyama F, Takahashi S, et al. 
An expressed pseudogene regulates the messenger-RNA stability of its 
homologous coding gene. Nature (2003) 423:91–6. doi:10.1038/nature01535 

146. Harada H, Takahashi M. CD44-dependent intracellular and extracellular 
catabolism of hyaluronic acid by hyaluronidase-1 and -2. J Biol Chem (2007) 
282:5597–607. doi:10.1074/jbc.M608358200 

147. Picotti F, Fabbian M, Gianni R, Sechi A, Stucchi L, Bosco M. Hyaluronic acid 
lipoate: synthesis and physicochemical properties. Carbohydr Polym (2013) 
93:273–8. doi:10.1016/j.carbpol.2012.04.009 

148. Šoltés L, Mendichi R, Kogan G, Schiller J, Stankovská M, Arnhold J. Degradative 
action of reactive oxygen species on hyaluronan. Biomacromolecules (2006) 
7:659–68. doi:10.1021/bm050867v 

149. Cowman MK, Lee HG, Schwertfeger KL, McCarthy JB, Turley EA. �e 
content and size of hyaluronan in biological �uids and tissues. Front Immunol 
(2015) 6:261. doi:10.3389/�mmu.2015.00261 

150. Tengblad A, Laurent UB, Lilja K, Cahill RN, Engstrom-Laurent A, Fraser JR, 
et al. Concentration and relative molecular mass of hyaluronate in lymph and 
blood. Biochem J (1986) 236:521–5. doi:10.1042/bj2360521 

151. Cowman MK, Spagnoli C, Kudasheva D, Li M, Dyal A, Kanai S, et  al. 
Extended, relaxed, and condensed conformations of hyaluronan observed 
by atomic force microscopy. Biophys J (2005) 88:590–602. doi:10.1529/
biophysj.104.049361 

152. Chang N-S, Boackle RJ. Unusual complement-mediated hemolytic 
kinetics at low ionic strength. Mol Immunol (1985) 22:1217–24. 
doi:10.1016/0161-5890(85)90011-2 

153. Chang N-S, Boackle RJ, Armand G. Hyaluronic acid-complement interac-
tions—I. Reversible heat-induced anticomplementary activity. Mol Immunol 
(1985) 22:391–7. doi:10.1016/0161-5890(85)90123-3 

154. Hong Q, Kuo E, Schultz L, Boackle RJ, Chang NS. Conformationally altered 
hyaluronan restricts complement classical pathway activation by binding to 
C1q, C1r, C1s, C2, C5 and C9, and suppresses WOX1 expression in prostate 
DU145 cells. Int J Mol Med (2007) 19:173–9. doi:10.3892/ijmm.19.1.173

155. Cowman MK, Matsuoka S. Experimental approaches to hyaluronan struc-
ture. Carbohydr Res (2005) 340:791–809. doi:10.1016/j.carres.2005.01.022 

156. Day AJ, Sheehan JK. Hyaluronan: polysaccharide chaos to protein 
organisation. Curr Opin Struct Biol (2001) 11:617–22. doi:10.1016/
S0959-440X(00)00256-6 

157. Mukhopadhyay D, Asari A, Rugg MS, Day AJ, Fülöp C. Speci�city of the 
tumor necrosis factor-induced protein 6-mediated heavy chain transfer from 
inter-alpha-trypsin inhibitor to hyaluronan: implications for the assembly 
of the cumulus extracellular matrix. J Biol Chem (2004) 279:11119–28. 
doi:10.1074/jbc.M313471200 

158. Babasola O, Rees-Milton KJ, Bebe S, Wang J, Anastassiades TP. Chemically 
modi�ed N-acylated hyaluronan fragments modulate proin�ammatory 
cytokine production by stimulated human macrophages. J Biol Chem (2014) 
289:24779–91. doi:10.1074/jbc.M113.515783 

159. Hintze V, Moeller S, Schnabelrauch M, Bierbaum S, Viola M, Worch H, et al. 
Modi�cations of hyaluronan in�uence the interaction with human bone 
morphogenetic protein-4 (hBMP-4). Biomacromolecules (2009) 10:3290–7. 
doi:10.1021/bm9008827 

160. Hintze V, Miron A, Moeller S, Schnabelrauch M, Wiesmann HP, Worch H, 
et al. Sulfated hyaluronan and chondroitin sulfate derivatives interact di�er-
ently with human transforming growth factor-β1 (TGF-β1). Acta Biomater 
(2012) 8:2144–52. doi:10.1016/j.actbio.2012.03.021 

161. Benitez A, Yates TJ, Lopez LE, Cerwinka WH, Bakkar A, Lokeshwar VB. 
Targeting hyaluronidase for cancer therapy: antitumor activity of sulfated 
hyaluronic acid in prostate cancer cells. Cancer Res (2011) 71:4085–95. 
doi:10.1158/0008-5472.CAN-10-4610 

162. Shiedlin A, Bigelow R, Christopher W, Arbabi S, Yang L, Maier RV, et  al. 
Evaluation of hyaluronan from di�erent sources: Streptococcus zooepidemicus, 

http://www.frontiersin.org/Oncology/
http://www.frontiersin.org
http://www.frontiersin.org/oncology/archive
https://doi.org/10.1016/j.biotechadv.2007.07.001
https://doi.org/10.1016/j.lfs.2007.02.037
https://doi.org/10.1016/j.lfs.2007.02.037
https://doi.org/10.1016/S0945-053X(01)00172-X
https://doi.org/10.1016/S0945-053X(01)00172-X
https://doi.org/10.1016/S0014-5793(97)01309-4
https://doi.org/10.1056/NEJM199610033351405
https://doi.org/10.1073/pnas.96.11.6296
https://doi.org/10.1093/hmg/ddn088
https://doi.org/10.1074/jbc.M311838200
https://doi.org/10.1155/2012/893947
https://doi.org/10.1078/0171-9335-00392
https://doi.org/10.1186/1471-2407-10-499
https://doi.org/10.1371/journal.pone.0022836
https://doi.org/10.1371/journal.pone.0022836
https://doi.org/10.1371/journal.pone.0020705
https://doi.org/10.1007/s12032-012-0295-8
https://doi.org/10.1007/s12032-012-0295-8
https://doi.org/10.1002/ijc.10683
https://doi.org/10.1038/sj.onc.
1203317
https://doi.org/10.1038/sj.onc.
1203317
https://doi.org/10.1016/S1734-1140(13)71465-8
https://doi.org/10.1016/j.semcancer.2008.03.008
https://doi.org/10.1016/j.semcancer.2008.03.008
https://doi.org/10.1016/B978-0-12-800092-2.00001-0
https://doi.org/10.1016/B978-0-12-800092-2.00001-0
https://doi.org/10.1016/j.matbio.2008.07.006
https://doi.org/10.1016/j.matbio.2008.07.006
https://doi.org/10.1006/dbio.1996.0102
https://doi.org/10.1093/glycob/cwg112
https://doi.org/10.1038/nature01535
https://doi.org/10.1074/jbc.M608358200
https://doi.org/10.1016/j.carbpol.2012.04.009
https://doi.org/10.1021/bm050867v
https://doi.org/10.3389/fimmu.2015.00261
https://doi.org/10.1042/bj2360521
https://doi.org/10.1529/biophysj.104.049361
https://doi.org/10.1529/biophysj.104.049361
https://doi.org/10.1016/0161-5890(85)90011-2
https://doi.org/10.1016/0161-5890(85)90123-3
https://doi.org/10.3892/ijmm.19.1.173
https://doi.org/10.1016/j.carres.2005.01.022
https://doi.org/10.1016/S0959-440X(00)00256-6
https://doi.org/10.1016/S0959-440X(00)00256-6
https://doi.org/10.1074/jbc.M313471200
https://doi.org/10.1074/jbc.M113.515783
https://doi.org/10.1021/bm9008827
https://doi.org/10.1016/j.actbio.2012.03.021
https://doi.org/10.1158/0008-5472.CAN-10-4610


18

Bohaumilitzky et al. Hyaluronan: Trickster in the Matrix

Frontiers in Oncology | www.frontiersin.org October 2017 | Volume 7 | Article 242

rooster comb, bovine vitreous, and human umbilical cord. Biomacromolecules 
(2004) 5:2122–7. doi:10.1021/bm0498427 

163. Filion MC, Phillips NC. Pro-in�ammatory activity of contaminating DNA 
in hyaluronic acid preparations. J Pharm Pharmacol (2001) 53:555–61. 
doi:10.1211/0022357011775677 

164. Dong Y, Arif A, Olsson M, Cali V, Hardman B, Dosanjh M, et al. Endotoxin 
free hyaluronan and hyaluronan fragments do not stimulate TNF-α, 
interleukin-12 or upregulate co-stimulatory molecules in dendritic cells or 
macrophages. Sci Rep (2016) 6:36928. doi:10.1038/srep36928 

165. Shukla S, Nair R, Rolle MW, Braun KR, Chan CK, Johnson PY, et al. Synthesis 
and organization of hyaluronan and versican by embryonic stem cells 
undergoing embryoid body di�erentiation. J Histochem Cytochem (2010) 
58:345–58. doi:10.1369/jhc.2009.954826 

166. Margolis RU, Margolis RK, Chang LB, Preti C. Glycosaminoglycans of brain 
during development. Biochemistry (1975) 14:85–8. doi:10.1021/bi00672a014 

167. Schraufstatter IU, Serobyan N, Loring J, Khaldoyanidi SK. Hyaluronan is 
required for generation of hematopoietic cells during di�erentiation of 
human embryonic stem cells. J Stem Cells (2010) 5:9–21. 

168. Camenisch TD, Spicer AP, Brehm-Gibson T, Biesterfeldt J, Augustine ML, 
Calabro A, et al. Disruption of hyaluronan synthase-2 abrogates normal car-
diac morphogenesis and hyaluronan-mediated transformation of epithelium 
to mesenchyme. J Clin Invest (2000) 106:349–60. doi:10.1172/JCI10272 

169. Liu Y-Y, Lee C-H, Dedaj R, Zhao H, Mrabat H, Sheidlin A, et  al. High-
molecular-weight hyaluronan – a possible new treatment for sepsis-induced 
lung injury: a preclinical study in mechanically ventilated rats. Crit Care 
(2008) 12:R102. doi:10.1186/cc6982 

170. Aya KL, Stern R. Hyaluronan in wound healing: rediscovering a major player. 
Wound Repair Regen (2014) 22:579–93. doi:10.1111/wrr.12214 

171. Berdiaki A, Nikitovic D, Tsatsakis A, Katonis P, Karamanos NK,  
Tzanakakis GN. bFGF induces changes in hyaluronan synthase and hyal-
uronidase isoform expression and modulates the migration capacity of 
�brosarcoma cells. Biochim Biophys Acta (2009) 1790:1258–65. doi:10.1016/j.
bbagen.2009.06.013 

172. Mueller BM, Schraufstatter IU, Goncharova V, Povaliy T, DiScipio R, 
Khaldoyanidi SK. Hyaluronan inhibits postchemotherapy tumor regrowth 
in a colon carcinoma xenogra� model. Mol Cancer �er (2010) 9:3024–32. 
doi:10.1158/1535-7163.MCT-10-0529 

173. Chang C-C, Hsieh M-S, Liao S-T, Chen Y-H, Cheng C-W, Huang P-T, 
et  al. Hyaluronan regulates PPARgamma and in�ammatory responses 
in IL-1beta-stimulated human chondrosarcoma cells, a model for osteo-
arthritis. Carbohydr Polym (2012) 90:1168–75. doi:10.1016/j.carbpol. 
2012.06.071 

174. Yu M, He P, Liu Y, He Y, Du Y, Wu M, et al. Hyaluroan-regulated lymphatic 
permeability through S1P receptors is crucial for cancer metastasis. Med 

Oncol (2015) 32:381. doi:10.1007/s12032-014-0381-1 
175. Fuchs K, Hippe A, Schmaus A, Homey B, Sleeman JP, Orian- 

Rousseau V. Opposing e�ects of high- and low-molecular weight hyaluronan 
on CXCL12-induced CXCR4 signaling depend on CD44. Cell Death Dis 
(2013) 4:e819. doi:10.1038/cddis.2013.364 

176. Guo L-X, Zou K, Ju J-H, Xie H. Hyaluronan promotes tumor lymphangiogen-
esis and intralymphantic tumor growth in xenogra�s. Acta Biochim Biophys 

Sin (Shanghai) (2005) 37:601–6. doi:10.1111/j.1745-7270.2005.00083.x 
177. Bourguignon LY, Spevak CC, Wong G, Xia W, Gilad E. Hyaluronan-CD44 

interaction with protein kinase C(epsilon) 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 in breast tumor cells. J Biol Chem (2009) 
284:26533–46. doi:10.1074/jbc.M109.027466 

178. Bourguignon LY, Wong G, Earle C, Krueger K, Spevak CC. Hyaluronan-CD44 
interaction promotes c-Src-mediated twist signaling, microRNA-10b expres-
sion, and RhoA/RhoC up-regulation, leading to Rho-kinase-associated 
cytoskeleton activation and breast tumor cell invasion. J Biol Chem (2010) 
285:36721–35. doi:10.1074/jbc.M110.162305 

179. Brichkina A, Bertero T, Loh HM, Nguyen NTM, Emelyanov A, Rigade S, 
et al. p38MAPK builds a hyaluronan cancer niche to drive lung tumorigene-
sis. Genes Dev (2016) 30:2623–36. doi:10.1101/gad.290346.116 

180. Cyphert JM, Trempus CS, Garantziotis S. Size matters: molecular weight 
speci�city of hyaluronan e�ects in cell biology. Int J Cell Biol (2015) 
2015:563818. doi:10.1155/2015/563818 

181. Bourguignon LYW, Wong G, Earle CA, Xia W. Interaction of low molecular 
weight hyaluronan with CD44 and toll-like receptors promotes the actin 
�lament-associated protein 110-actin binding and MyD88-NFkappaB 
signaling leading to proin�ammatory cytokine/chemokine production 
and breast tumor invasion. Cytoskeleton (Hoboken) (2011) 68:671–93.  
doi:10.1002/cm.20544

182. Dang S, Peng Y, Ye L, Wang Y, Qian Z, Chen Y, et al. Stimulation of TLR4 by 
LMW-HA induces metastasis in human papillary thyroid carcinoma through 
CXCR7. Clin Dev Immunol (2013) 2013:712561. doi:10.1155/2013/712561 

183. Urakawa H, Nishida Y, Knudson W, Knudson CB, Arai E, Kozawa E, et al. 
�erapeutic potential of hyaluronan oligosaccharides for bone metastasis of 
breast cancer. J Orthop Res (2012) 30:662–72. doi:10.1002/jor.21557 

184. Voelcker V, Gebhardt C, Averbeck M, Saalbach A, Wolf V, Weih F, et  al. 
Hyaluronan fragments induce cytokine and metalloprotease upregulation in 
human melanoma cells in part by signalling via TLR4. Exp Dermatol (2008) 
17:100–7. doi:10.1111/j.1600-0625.2007.00638.x 

185. Suzuki M, Kobayashi H, Kanayama N, Nishida T, Takigawa M, Terao T. 
CD44 stimulation by fragmented hyaluronic acid induces upregulation 
and tyrosine phosphorylation of c-Met receptor protein in human chon-
drosarcoma cells. Biochim Biophys Acta (2002) 1591:37–44. doi:10.1016/
S0167-4889(02)00246-X 

186. West DC, Kumar S. Hyaluronan and angiogenesis. Ciba Found Symp (1989) 
143:187–201; discussion 201–87, 281–5. 

187. Takahashi Y, Li L, Kamiryo M, Asteriou T, Moustakas A, Yamashita H, et al. 
Hyaluronan fragments induce endothelial cell di�erentiation in a CD44- and 
CXCL1/GRO1-dependent manner. J Biol Chem (2005) 280:24195–204. 
doi:10.1074/jbc.M411913200 

188. Koyama H, Hibi T, Isogai Z, Yoneda M, Fujimori M, Amano J, et  al. 
Hyperproduction of hyaluronan in neu-induced mammary tumor 
accelerates angiogenesis through stromal cell recruitment: possible involve-
ment of versican/PG-M. Am J Pathol (2007) 170:1086–99. doi:10.2353/
ajpath.2007.060793 

189. Itano N, Zhuo L, Kimata K. Impact of the hyaluronan-rich tumor microenvi-
ronment on cancer initiation and progression. Cancer Sci (2008) 99:1720–5. 
doi:10.1111/j.1349-7006.2008.00885.x 

190. Spinelli FM, Vitale DL, Demarchi G, Cristina C, Alaniz L. �e immunological 
e�ect of hyaluronan in tumor angiogenesis. Clin Transl Immunology (2015) 
4:e52. doi:10.1038/cti.2015.35 

191. Slevin M, Krupinski J, Ga�ney J, Matou S, West D, Delisser H, et  al. 
Hyaluronan-mediated angiogenesis in vascular disease: uncovering 
RHAMM and CD44 receptor signaling pathways. Matrix Biol (2007) 
26:58–68. doi:10.1016/j.matbio.2006.08.261 

192. Cui X, Xu H, Zhou S, Zhao T, Liu A, Guo X, et al. Evaluation of angiogenic 
activities of hyaluronan oligosaccharides of de�ned minimum size. Life Sci 
(2009) 85:573–7. doi:10.1016/j.lfs.2009.08.010 

193. Zeng C, Toole BP, Kinney SD, Kuo J-W, Stamenkovic I. Inhibition of tumor 
growth in  vivo by hyaluronan oligomers. Int J Cancer (1998) 77:396–401. 
doi:10.1002/(SICI)1097-0215(19980729)77:3<396::AID-IJC15>3.0.CO;2-6 

194. Ghatak S, Misra S, Toole BP. Hyaluronan oligosaccharides inhibit anchor-
age-independent growth of tumor cells by suppressing the phosphoinositide 
3-kinase/Akt cell survival pathway. J Biol Chem (2002) 277:38013–20. 
doi:10.1074/jbc.M202404200 

195. Toole B, Ghatak S, Misra S. Hyaluronan oligosaccharides as a poten-
tial anticancer therapeutic. Curr Pharm Biotechnol (2008) 9:249–52. 
doi:10.2174/138920108785161569 

196. Alaniz L, Rizzo M, Malvicini M, Jaunarena J, Avella D, Atorrasagasti C, et al. 
Low molecular weight hyaluronan inhibits colorectal carcinoma growth 
by decreasing tumor cell proliferation and stimulating immune response. 
Cancer Lett (2009) 278:9–16. doi:10.1016/j.canlet.2008.12.029 

197. Cordo Russo RI, Garcia MG, Alaniz L, Blanco G, Alvarez E, Hajos SE. 
Hyaluronan oligosaccharides sensitize lymphoma resistant cell lines to 
vincristine by modulating P-glycoprotein activity and PI3K/Akt pathway. Int 

J Cancer (2008) 122:1012–8. doi:10.1002/ijc.23122 
198. Ricciardelli C, Ween MP, Lokman NA, Tan IA, Pyragius CE, Oehler MK. 

Chemotherapy-induced hyaluronan production: a novel chemoresistance 
mechanism in ovarian cancer. BMC Cancer (2013) 13:476. doi:10.1186/ 
1471-2407-13-476 

199. Slomiany MG, Dai L, Tolliver LB, Grass GD, Zeng Y, Toole BP. Inhibition 
of functional hyaluronan-CD44 interactions in CD133-positive primary 

http://www.frontiersin.org/Oncology/
http://www.frontiersin.org
http://www.frontiersin.org/oncology/archive
https://doi.org/10.1021/bm0498427
https://doi.org/10.1211/0022357011775677
https://doi.org/10.1038/srep36928
https://doi.org/10.1369/jhc.2009.954826
https://doi.org/10.1021/bi00672a014
https://doi.org/10.1172/JCI10272
https://doi.org/10.1186/cc6982
https://doi.org/10.1111/wrr.12214
https://doi.org/10.1016/j.bbagen.2009.06.013
https://doi.org/10.1016/j.bbagen.2009.06.013
https://doi.org/10.1158/1535-7163.MCT-10-0529
https://doi.org/10.1016/j.carbpol.
2012.06.071
https://doi.org/10.1016/j.carbpol.
2012.06.071
https://doi.org/10.1007/s12032-014-0381-1
https://doi.org/10.1038/cddis.2013.364
https://doi.org/10.1111/j.1745-7270.2005.00083.x
https://doi.org/10.1074/jbc.M109.027466
https://doi.org/10.1074/jbc.M110.162305
https://doi.org/10.1101/gad.290346.116
https://doi.org/10.1155/2015/563818
https://doi.org/10.1002/cm.20544
https://doi.org/10.1155/2013/712561
https://doi.org/10.1002/jor.21557
https://doi.org/10.1111/j.1600-0625.2007.00638.x
https://doi.org/10.1016/S0167-4889(02)00246-X
https://doi.org/10.1016/S0167-4889(02)00246-X
https://doi.org/10.1074/jbc.M411913200
https://doi.org/10.2353/ajpath.2007.060793
https://doi.org/10.2353/ajpath.2007.060793
https://doi.org/10.1111/j.1349-7006.2008.00885.x
https://doi.org/10.1038/cti.2015.35
https://doi.org/10.1016/j.matbio.2006.08.261
https://doi.org/10.1016/j.lfs.2009.08.010
https://doi.org/10.1002/(SICI)1097-0215(19980729)77:3 < 396::AID-IJC15 > 3.0.CO;2-6
https://doi.org/10.1074/jbc.M202404200
https://doi.org/10.2174/138920108785161569
https://doi.org/10.1016/j.canlet.2008.12.029
https://doi.org/10.1002/ijc.23122
https://doi.org/10.1186/
1471-2407-13-476
https://doi.org/10.1186/
1471-2407-13-476


19

Bohaumilitzky et al. Hyaluronan: Trickster in the Matrix

Frontiers in Oncology | www.frontiersin.org October 2017 | Volume 7 | Article 242

human ovarian carcinoma cells by small hyaluronan oligosaccharides. Clin 

Cancer Res (2009) 15:7593–601. doi:10.1158/1078-0432.CCR-09-2317 
200. Lompardia SL, Diaz M, Papademetrio DL, Mascaro M, Pibuel M, Alvarez E, 

et al. Hyaluronan oligomers sensitize chronic myeloid leukemia cell lines to 
the e�ect of Imatinib. Glycobiology (2016) 26:343–52. doi:10.1093/glycob/
cwv107 

201. Wolny PM, Banerji S, Gounou C, Brisson AR, Day AJ, Jackson DG, et al. 
Analysis of CD44-hyaluronan interactions in an arti�cial membrane system: 
insights into the distinct binding properties of high and low molecular 
weight hyaluronan. J Biol Chem (2010) 285:30170–80. doi:10.1074/jbc.M110. 
137562 

202. Sleeman J, Rudy W, Hofmann M, Moll J, Herrlich P, Ponta H. Regulated clus-
tering of variant CD44 proteins increases their hyaluronate binding capacity. 
J Cell Biol (1996) 135:1139–50. doi:10.1083/jcb.135.4.1139 

203. Yang C, Cao M, Liu H, He Y, Xu J, Du Y, et al. �e high and low molecular 
weight forms of hyaluronan have distinct e�ects on CD44 clustering. J Biol 

Chem (2012) 287:43094–107. doi:10.1074/jbc.M112.349209 
204. Jiang D, Liang J, Noble PW. Hyaluronan as an immune regulator in human 

diseases. Physiol Rev (2011) 91:221–64. doi:10.1152/physrev.00052.2009 
205. Hsu L-J, Schultz L, Hong Q, van Moer K, Heath J, Li M-Y, et al. Transforming 

growth factor beta1 signaling via interaction with cell surface Hyal-2 
and recruitment of WWOX/WOX1. J Biol Chem (2009) 284:16049–59. 
doi:10.1074/jbc.M806688200 

206. Hsu LJ, Hong Q, Chen ST, Kuo HL, Schultz L, Heath J, et  al. Hyaluronan 
activates Hyal-2/WWOX/Smad4 signaling and causes bubbling cell death 
when the signaling complex is overexpressed. Oncotarget (2017) 8:19137–55. 
doi:10.18632/oncotarget.13268 

207. Su WP, Wang WJ, Sze CI, Chang NS. Zfra induction of memory anticancer 
response via a novel immune cell. Oncoimmunology (2016) 5:e1213935.  
doi:10.1080/2162402X.2016.1213935 

208. Hsu L-J, Chiang M-F, Sze C-I, Su W-P, Yap YV, Lee IT, et al. HYAL-2-WWOX-
SMAD4 signaling in cell death and anticancer response. Front Cell Dev Biol 
(2016) 4:141. doi:10.3389/fcell.2016.00141 

209. Duterme C, Mertens-Strijthagen J, Tammi M, Flamion B. Two novel func-
tions of hyaluronidase-2 (Hyal2) are formation of the glycocalyx and control 
of CD44-ERM interactions. J Biol Chem (2009) 284:33495–508. doi:10.1074/
jbc.M109.044362 

210. Ponta H, Sherman L, Herrlich PA. CD44: from adhesion molecules to 
signalling regulators. Nat Rev Mol Cell Biol (2003) 4:33–45. doi:10.1038/ 
nrm1004 

211. Misra S, Hascall VC, Markwald RR, Ghatak S. Interactions between hyal-
uronan and its receptors (CD44, RHAMM) regulate the activities of in�am-
mation and cancer. Front Immunol (2015) 6:201. doi:10.3389/�mmu.2015. 
00201 

212. Naor D. Editorial: interaction between hyaluronic acid and its receptors 
(CD44, RHAMM) regulates the activity of in�ammation and cancer. Front 

Immunol (2016) 7:39. doi:10.3389/�mmu.2016.00039 
213. Sherman L, Sleeman J, Herrlich P, Ponta H. Hyaluronate receptors: key 

players in growth, di�erentiation, migration and tumor progression. Curr 

Opin Cell Biol (1994) 6:726–33. doi:10.1016/0955-0674(94)90100-7 
214. Guvench O. Revealing the mechanisms of protein disorder and 

N-glycosylation in CD44-hyaluronan binding using molecular simulation. 
Front Immunol (2015) 6:305. doi:10.3389/�mmu.2015.00305 

215. Lesley J, English N, Perschl A, Gregoro� J, Hyman R. Variant cell lines 
selected for alterations in the function of the hyaluronan receptor CD44 
show di�erences in glycosylation. J Exp Med (1995) 182:431–7. doi:10.1084/
jem.182.2.431 

216. Skelton TP, Zeng C, Nocks A, Stamenkovic I. Glycosylation provides both 
stimulatory and inhibitory e�ects on cell surface and soluble CD44 binding 
to hyaluronan. J Cell Biol (1998) 140:431–46. doi:10.1083/jcb.140.2.431 

217. Murai T. Lipid ra�-mediated regulation of hyaluronan-CD44 interactions 
in in�ammation and cancer. Front Immunol (2015) 6:420. doi:10.3389/
�mmu.2015.00420 

218. Zoller M. CD44: can a cancer-initiating cell pro�t from an abundantly 
expressed molecule? Nat Rev Cancer (2011) 11:254–67. doi:10.1038/nrc3023 

219. Morrison H, Sherman LS, Legg J, Banine F, Isacke C, Haipek CA, et al. �e 
NF2 tumor suppressor gene product, merlin, mediates contact inhibition 
of growth through interactions with CD44. Genes Dev (2001) 15:968–80. 
doi:10.1101/gad.189601 

220. Naor D, Sionov RV, Ish-Shalom D. CD44: structure, function, and association 
with the malignant process. Adv Cancer Res (1997) 71:241–319. doi:10.1016/
S0065-230X(08)60101-3 

221. Wielenga VJ, Heider KH, O�erhaus GJ, Adolf GR, van den Berg FM,  
Ponta H, et  al. Expression of CD44 variant proteins in human colorectal 
cancer is related to tumor progression. Cancer Res (1993) 53:4754–6. 

222. Orian-Rousseau V, Chen L, Sleeman JP, Herrlich P, Ponta H. CD44 is 
required for two consecutive steps in HGF/c-Met signaling. Genes Dev (2002) 
16:3074–86. doi:10.1101/gad.242602 

223. Orian-Rousseau V, Morrison H, Matzke A, Kastilan T, Pace G, 
Herrlich P, et al. Hepatocyte growth factor-induced Ras activation requires 
ERM proteins linked to both CD44v6 and F-actin. Mol Biol Cell (2007) 
18:76–83. doi:10.1091/mbc.E06-08-0674 

224. Tremmel M, Matzke A, Albrecht I, Laib AM, Olaku V, Ballmer-Hofer K, 
et al. A CD44v6 peptide reveals a role of CD44 in VEGFR-2 signaling and 
angiogenesis. Blood (2009) 114:5236–44. doi:10.1182/blood-2009-04-219204 

225. Orian-Rousseau V. CD44 acts as a signaling platform controlling tumor 
progression and metastasis. Front Immunol (2015) 6:154. doi:10.3389/
�mmu.2015.00154 

226. Okamoto I, Tsuiki H, Kenyon LC, Godwin AK, Emlet DR, Holgado-
Madruga M, et  al. Proteolytic cleavage of the CD44 adhesion molecule 
in multiple human tumors. Am J Pathol (2002) 160:441–7. doi:10.1016/
S0002-9440(10)64863-8 

227. Nagano O, Saya H. Mechanism and biological signi�cance of CD44 cleavage. 
Cancer Sci (2004) 95:930–5. doi:10.1111/j.1349-7006.2004.tb03179.x 

228. Okamoto I, Kawano Y, Murakami D, Sasayama T, Araki N, Miki T, et  al. 
Proteolytic release of CD44 intracellular domain and its role in the CD44 
signaling pathway. J Cell Biol (2001) 155:755–62. doi:10.1083/jcb.200108159 

229. Itano N, Atsumi F, Sawai T, Yamada Y, Miyaishi O, Senga T, et al. Abnormal 
accumulation of hyaluronan matrix diminishes contact inhibition of cell 
growth and promotes cell migration. Proc Natl Acad Sci U S A (2002) 
99:3609–14. doi:10.1073/pnas.052026799 

230. Kosaki R, Watanabe K, Yamaguchi Y. Overproduction of hyaluronan by 
expression of the hyaluronan synthase Has2 enhances anchorage-indepen-
dent growth and tumorigenicity. Cancer Res (1999) 59:1141–5. 

231. Peterson RM, Yu Q, Stamenkovic I, Toole BP. Perturbation of hyaluronan 
interactions by soluble CD44 inhibits growth of murine mammary 
carcinoma cells in ascites. Am J Pathol (2000) 156:2159–67. doi:10.1016/
S0002-9440(10)65086-9 

Con�ict of Interest Statement: �e authors declare that the research was con-
ducted in the absence of any commercial or �nancial relationships that could be 
construed as a potential con�ict of interest.

Copyright © 2017 Bohaumilitzky, Huber, Stork, Wengert, Woel� and Boehm. �is 

is an open-access article distributed under the terms of the Creative Commons 

Attribution License (CC BY). �e use, distribution or reproduction in other forums 

is permitted, provided the original author(s) or licensor are credited and that the 

original publication in this journal is cited, in accordance with accepted academic 

practice. No use, distribution or reproduction is permitted which does not comply 

with these terms.

http://www.frontiersin.org/Oncology/
http://www.frontiersin.org
http://www.frontiersin.org/oncology/archive
https://doi.org/10.1158/1078-0432.CCR-09-2317
https://doi.org/10.1093/glycob/cwv107
https://doi.org/10.1093/glycob/cwv107
https://doi.org/10.1074/jbc.M110.
137562
https://doi.org/10.1074/jbc.M110.
137562
https://doi.org/10.1083/jcb.135.4.1139
https://doi.org/10.1074/jbc.M112.349209
https://doi.org/10.1152/physrev.00052.2009
https://doi.org/10.1074/jbc.M806688200
https://doi.org/10.18632/oncotarget.13268
https://doi.org/10.1080/2162402X.2016.1213935
https://doi.org/10.3389/fcell.2016.00141
https://doi.org/10.1074/jbc.M109.044362
https://doi.org/10.1074/jbc.M109.044362
https://doi.org/10.1038/
nrm1004
https://doi.org/10.1038/
nrm1004
https://doi.org/10.3389/fimmu.2015.00201
https://doi.org/10.3389/fimmu.2015.00201
https://doi.org/10.3389/fimmu.2016.00039
https://doi.org/10.1016/0955-0674(94)90100-7
https://doi.org/10.3389/fimmu.2015.00305
https://doi.org/10.1084/jem.182.2.431
https://doi.org/10.1084/jem.182.2.431
https://doi.org/10.1083/jcb.140.2.431
https://doi.org/10.3389/fimmu.2015.00420
https://doi.org/10.3389/fimmu.2015.00420
https://doi.org/10.1038/nrc3023
https://doi.org/10.1101/gad.189601
https://doi.org/10.1016/S0065-230X(08)60101-3
https://doi.org/10.1016/S0065-230X(08)60101-3
https://doi.org/10.1101/gad.242602
https://doi.org/10.1091/mbc.E06-08-0674
https://doi.org/10.1182/blood-2009-04-219204
https://doi.org/10.3389/fimmu.2015.00154
https://doi.org/10.3389/fimmu.2015.00154
https://doi.org/10.1016/S0002-9440(10)64863-8
https://doi.org/10.1016/S0002-9440(10)64863-8
https://doi.org/10.1111/j.1349-7006.2004.tb03179.x
https://doi.org/10.1083/jcb.200108159
https://doi.org/10.1073/pnas.052026799
https://doi.org/10.1016/S0002-9440(10)65086-9
https://doi.org/10.1016/S0002-9440(10)65086-9
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	A Trickster in Disguise: Hyaluronan’s Ambivalent Roles in the Matrix
	Prologue
	HA—Simple but Diverse
	The Naked Mole Rat—An Extraordinary Rodent
	Cancer Resistance of Naked Mole Rats
	Longevity of Naked Mole Rats

	HA in Aging and Cellular Senescence
	HA and Cancer
	Rise and Fall—The Synthesis of HA
	HAS2—A Highly Regulated Enzyme
	Regulation on DNA and mRNA Level
	Posttranslational Modifications
	Influence of Sugars


	Rise and Fall—The Degradation of HA
	Enzymatic Degradation of HA
	Degradation of HA by Radicals

	Size Matters—HA at Different Sizes
	Caveats to HA Size
	High Molecular Weight HA
	Oligo-HA
	Oligo-HA—Only the Bad Guy?
	HA Size As Sensor Element

	Hyaladherins—Mediators of Cellular Response
	CD44—A Highly Diverse Cell Surface Receptor
	CD44—Contributor to Malignancy

	Epilogue
	Author Contributions
	Acknowledgments
	Funding
	References


