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Abstract 
Hyaluronan is a rapidly turned over component of the 
vertebrate extracellular matrix. Its levels are determined, 
in part, by the hyaluronan synthases, HAS1, HAS2, 
and HAS3, and three hyaluronidases, HYAL1, HYAL2 
and HYAL3. Hyaluronan binding proteins also regulate 
hyaluronan levels although their involvement is less 
well understood. To date, two genetic disorders of 
hyaluronan metabolism have been reported in humans: 
HYAL1 deficiency (Mucopolysaccharidosis IX) in four 
individuals with joint pathology as the predominant 
phenotypic finding and HAS2 deficiency in a single 
person having cardiac pathology. However, inherited 
disorders and induced mutations affecting hyaluronan 
metabolism have been characterized in other species. 
Overproduction of hyaluronan by HAS2 results in skin 
folding and thickening in shar-pei dogs and the naked 
mole rat, whereas a complete deficiency of HAS2 
causes embryonic lethality in mice due to cardiac 
defects. Deficiencies of murine HAS1 and HAS3 result 
in a predisposition to seizures. Like humans, mice with 
HYAL1 deficiency exhibit joint pathology. Mice lacking 
HYAL2 have variably penetrant developmental defects, 
including skeletal and cardiac anomalies. Thus, based 
on mutant animal models, a partial deficiency of HAS2 
or HYAL2 might be compatible with survival in humans, 
while complete deficiencies of HAS1, HAS3, and HYAL3 
may yet be recognized. 
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Core tip: This manuscript summarizes the phenotypes 
that have been associated with alterations in hyaluronan 
synthesis or degradation. It should serve as a reference 



for those who are considering an alteration in hyaluronan 
metabolism as the cause of a genetic condition.
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INTRODUCTION
Hyaluronan (HA) is a straight chain polymer comprised 
of repeating disaccharide units of glucuronic acid 
and N-acetylglucosamine (→4]β-D-GlcA-[1→3]-β-D-
GlcNAc-[1→)n, and has substantial size heterogeneity 
in different tissues, although in most tissues it is 
greater than 106 daltons[1]. Although the presen
ce of both uronic acid and an amino sugar define 
HA as a glycosaminoglycan (previously known as 
mucopolysaccharides), it differs from the other 
members of this family of compounds in that it is 
not sulfated or protein-linked, and rather than being 
synthesized in the Golgi, it is synthesized at the cell 
membrane and extruded into the extracellular space[2]. 
HA can assemble with tissue-specific binding proteins 
known as hyaladherins to form large complexes. Within 
the extracellular matrix, many structural and biological 
functions have been attributed to HA of different 
sizes. Examination of the phenotypes associated with 
naturally-occurring and laboratory-induced alterations 
in HA metabolism has facilitated knowledge of HA 
metabolism and function.

DISTRIBUTION AND FUNCTION OF HA
It is estimated that HA accounts for 15 g of the “average” 
70 kg human[3]. Studies of adults have revealed the 
highest HA concentrations in soft connective tissues 
such as skin, synovial fluid, Wharton’s jelly of the 
umbilical cord, and vitreous body[4]. The concentration 
of HA is also very high during embryogenesis and 
wound healing[5]. Low concentrations of HA are present 
in serum, where there is an average of 20-40 μg per 
liter[6,7], although there are many pathological states 
that are associated with and may cause increased levels 
of serum HA[4,8]. Based on whole body studies in the 
rat and other species, it is estimated that 50% of the 
HA is in the skin, 25% in the skeleton and joints, and 
most of the remaining HA is in brain, kidney, lung and 
muscles[4,9].

HA is critical to the assembly and structure of the 
extracellular matrix at both tissue and cellular levels. 
The large size of HA provides rigidity to some types 
of matrix and serves a scaffolding function for several 
constituents of the matrix. The hydrophilic groups of HA 
attract water to hydrate tissues, lubricate joints, and fill 

space. A HA-enriched, hydrated matrix facilitates cellular 
movement and proliferation that is critical for cellular 
migrations during early developmental processes and 
in the regeneration and remodeling of tissues such as 
during wound healing. HA has also been shown to play 
a role in inflammation and ovulation[10,11]. The functions 
of HA depend on its size; high molecular mass and low 
molecular mass HA typically have opposing effects on 
epithelial to mesenchymal transition, inflammation, and 
angiogenesis[12,13]. 

HA TURNOVER 
Among extracellular matrix molecules, HA has one of 
the fastest rates of turnover[1,14,15], with an estimated 
one-third of the 15 g of HA in an average adult human 
turned over daily[8]. The half-life of HA was initially 
estimated to be 2-4 d[15], but it is now clear that the 
half-life varies among and within tissues because of 
differences in the rates of degradation or other forms 
of turnover. For example, HA has a half-life of about 
2-5 min in blood[16,17], whereas it is estimated to be 
2.5 d in the skin[18], and up to 18 d when bound to 
aggrecan in cartilage[19]. Approximately 30% of HA 
degradation occurs locally, within the tissue in which 
it is synthesized[18]. The remaining about 70% enters 
the lymphatic drainage where 90% is removed by the 
lymph nodes[20] and the remainder is taken up from 
the blood by the liver[16] and, to a lesser extent, the 
kidney and spleen[21]. Sinusoidal endothelial cells are 
responsible for uptake by the liver[22-24] via receptors 
with high affinity for HA and chondroitin sulfate[25]. 
Only about 1% of blood HA is eliminated each day 
in the urine[26], and this is limited to lower molecular 
mass HA (< 12000 Da) that can pass through the 
glomerular filtration barrier. 

The internalization of HA is essential for its 
complete breakdown in cells, but identifying the 
receptor(s) responsible for uptake in each tissue 
has been challenging. Three receptors, HA receptor 
for endocytosis (HARE, also known as stabilin-2), 
cluster of differentiation antigen 44 (CD44), and 
lymphatic vessel endothelial receptor-1 (LYVE-1), are 
able to internalize HA for degradation in vitro, but 
their relevance in vivo is less clear. HARE localizes to 
endothelial cells of organs that internalize circulating 
HA including liver, lymph nodes and spleen, as well 
as to endothelial cells of the oviduct, corneal and 
lens epithelium, mesenchymal cells of the heart 
valve, ependymal cells of the brain, macrophages, 
and epithelial cells of the renal papillae[27]. HA uptake 
via clathrin-coated pits of liver endothelial cells[28] is 
inhibited by a HARE blocking antibody[29,30], and an 
anti-cluster of differentiation associated antigen 44 
(CD44) blocking antibody inhibits both endocytosis 
and cleavage of HA[31]. The LYVE-1 receptor binds 
and internalizes HA in transfected human embryonic 
kidney cells[32]; much remains to be learned about 
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its regulation[33]. It seems likely that each of these 
receptors can internalize HA under specific circum
stances, but that HARE appears to be most important 
in the internalization of circulating HA. Only HARE 
knock-out mice have elevated circulating HA[30]; an 
increased concentration of serum HA was not found in 
mice lacking both the CD44 and LYVE-1 receptors[34]. 
CD44 appears to function primarily in the uptake of HA 
during pathological processes such as inflammation[35], 
although it may also have a role in local degradation of 
HA such as in cartilage[36] or developing heart[37]. 

Internalization of HA is likely preceded by its 
depolymerization. This concept was first proposed 
because the size of HA was found to be reduced after 
transit through lymph nodes[38]. In cartilage explants, 
a decrease in the size of steady-state HA compared 
to newly synthesized HA, also suggested that ex
tracellular depolymerization of HA was an initial step 
in HA degradation[19]. A model whereby a cell surface 
hyaluronidase, putatively HYAL2 (described below), 
initiates the cleavage of HA before receptor-mediated 
internalization for intracellular degradation has been 
proposed[39]. Other modes of HA depolymerization, 
such as by oxygen-derived radicals[40], have also 
been suggested. The studies in cartilage explants also 
suggested that HA is internalized and degraded in 
conjunction with the binding domain of aggrecan[19], 
a finding that has not been explored in the context of 
current degradation models.

Among the HA binding proteins that have been 
identified, the recently described KIAA1199 is unique 
because its presence facilitates the degradation of 
HA[41]. Unlike CD44 which is concentrated in calveolin-
rich lipid rafts, KIAA1199 appears to engage HA via a 
clathrin-coated pit pathway[41]. KIAA1199 facilitates the 
degradation of HA in some tissues, although it does 
not have homology to the active sites of mammalian 
hyaluronidases and it is unclear how it directly or 

indirectly depolymerizes HA. Variants of KIAA1199 that 
are associated with reduced in vitro HA degradative 
activity are described that have been found in several 
persons with non-syndromic hearing deficit[41,42]. 
The mouse orthologue of KIAA1199 also has HA 
degradative activity[43]. While the mode of action 
toward HA and the physiological role of KIAA1199 are 
not yet known, it has been proposed that KIAA1199 
has a key role in HA catabolism in dermis and, 
possibly, brain[41].

The rapid rate of HA turnover in many tissues 
requires high rates of both synthesis and degradation. 
Taken together with the important functional roles 
of HA, one might expect that defects in either 
HA synthesis or degradation could cause clinical 
phenotypes. However, for these same reasons, it 
has been speculated that defects in HA metabolism 
may be lethal. To date, only two genetic disorders of 
HA metabolism have been described in humans and 
studies in the mouse provide evidence to support the 
earlier contentions that complete deficiencies in at least 
some HA metabolizing enzymes may be lethal during 
embryonic or fetal development.

HA SYNTHESIS 
HA synthesis at the inner aspect of the plasma me
mbrane takes place through the sequential transfer of 
uridine diphosphate (UDP)-GlcA and UDP-GlcNAc to 
the reducing terminus of the growing polysaccharide 
chain[44] (Figure 1). The first mammalian HA synthase 
to be identified, HAS1, was identified from cDNA 
libraries by functional expression; HAS2 and HAS3 were 
identified soon after by homology-based cloning[2]. 
Genes encoding these three enzymes, HAS1, HAS2, and 
HAS3, were mapped to human chromosomes 19q13.3, 
8q24.12, and 16q22.1, respectively[45]. All of these 
enzymes are capable of HA synthesis, but of different 
average sizes and at different rates[46,47]. The three 
HAS enzymes are expressed in both embryonic and 
adult tissues; HAS2 is most broadly expressed during 
development, while HAS3 appears to be most broadly 
expressed in adult tissues[48,49]. The in vivo functions of 
the individual enzymes are becoming clearer through 
the characterization of mouse knockouts of these genes.

DEFICIENCIES IN HA SYNTHESIS
HAS1 is the least active of the synthases, requiring 
a very high concentration of UDP-GlcNAc[46,47]. No 
abnormalities were detected in initial studies of 
mice with a targeted disruption of Has1[50], although 
subsequent studies that focused on the brain revealed 
a mild increase in seizure activity[51]. Accelerated 
wound closure and decreased HA synthesis was 
recently demonstrated in Has1-/- Has3-/- mice, but the 
involvement of HAS1 appears minimal in comparison 
to HAS3[52]. Altered splicing of HAS1 mRNA has 
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Figure 1  Hyaluronan synthesis. Uridine diphosphate (UDP)-linked sugar 
substrates, glucuronic acid (GlcA) and N-acetylglucosamine (GlcNAc), are 
sequentially added to the reducing end of the growing HA chain at the cytoplasmic 
aspect of the cell membrane through the action of hyaluronan synthase (HAS). The 
resulting sugar polymer is extruded into the extracellular matrix surrounding the cell. 
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INCREASED HA SYNTHESIS
The first disorder of increased HA synthesis to be 
described in humans concerned an individual with 
thickened skin and excessive skin folding[63]. The 
skin folding was particularly prominent in the face 
and limbs; skin of the trunk was thickened but not 
folded. That individual did not have other significant 
medical issues and the skin folds decreased with 
age. Histological studies demonstrated excessive 
extracellular HA in the skin. The concentration of 
serum HA was markedly increased, up to 1000 fold 
greater than normal. Although an underlying genetic 
cause was not reported, the authors speculated that a 
similar disorder affects the shar-pei dog.

The shar-pei dog was selectively bred to increase 
the presence and prominence of skin folds, resulting 
in the meat-mouth shar-pei, which has an extreme 
presentation of the trait and a condition termed 
hereditary cutaneous mucinosis. Demonstration that 
the material accumulating in the skin and serum is 
HA[64] and that these dogs have elevated levels of 
HAS2 mRNA[65], led the condition to be renamed as 
hereditary cutaneous hyaluronosis[66]. Mapping studies 
linked the severe HA accumulation to duplications 
upstream of HAS2 and to a familial fever syndrome 
that is found in shar-pei dogs[67]. However, the link
age between this duplication and the familial fever 
syndrome has recently been refuted[68].

Another naturally occurring animal model with 
increased levels of HA in the skin is the naked mole 
rat, a rodent recognized for its long life span (about 
30 years) and resistance to cancer. Investigators 
seeking to identify the basis of the resistance to 
cancer discovered that fibroblasts derived from the 
naked mole rat synthesize very large quantities of 
high molecular mass HA[69]. The naked mole rat was 
found to express a reduced level of the HA-degrading 
enzyme, HYAL2, as well as a unique form of HAS2. 
HAS2 from the naked mole rat contains substitutions 
of Ser for Asn at two different and highly conserved 
regions of the enzyme. Together, these changes in HA 
metabolism result in increased HA of higher molecular 
mass. To demonstrate the relationship between the 
excessive high molecular mass HA and resistance 
to cancer, the authors used transient expression 
approaches to alter the levels of HAS2 or HYAL2. 
Either a reduction in HAS2 by siRNA, or an increase 
in HYAL2 by transient overexpression, resulted in a 
decrease in the extracellular HA and susceptibility to 
tumorigenesis[69].

Thus, in contrast to the severe developmental 
abnormalities identified in mice with HAS2 deficiency, 
an overexpression of HAS2 results in a much milder 
phenotype in rodents and dogs. It is even possible 
that the excessive synthesis of HA has some protective 
roles although the studies in the naked mole rat 

been reported in cases of malignant myeloma and 
Waldenström’s macroglobulinemia[53,54], and inherited 
and acquired HAS1 mutations are found in increased 
frequency in these conditions[55,56]. Despite this strong 
association, the relationship between this finding and 
the function of HAS1 remains to be determined.

HAS2 is recognized as the synthase responsible for 
the majority of HA synthesis during development[50]. 
Has2-/- mouse embryos die at embryonic day (E) 9.5 
due to a failure to form the HA-rich cardiac cushion 
and initiate the epithelial to mesenchymal transition 
(EMT) required to form the valves and septa[57,58]. 
Exogenous HA could rescue the EMT defect in ex vivo 
explants from the developing cardiac cushion of Has2-/- 
embryos[58], providing evidence that HA regulates 
signal transduction pathways during development. 
The severity of the cardiac defect in Has2-/- embryos 
required that conditional deletions of Has2 be used 
to study its role in other aspects of development. A 
deletion of Has2 limited to the limb bud mesoderm of 
mice demonstrated that HA synthesis is also essential 
for growth and patterning of the limb, maturation of 
developing chondrocytes, and joint formation[59]. A 
nestin-cre driven deletion of Has2 did not severely 
impact the developing brain, although the mice had 
increased seizure activity[51]. The conditional deletion 
of Has2 in other tissues will be necessary to determine 
its full role in development; given the high HA levels 
in many developing tissues[60], other critical roles for 
HAS2 in development will likely be forthcoming.

Alterations in HA synthesis might be expected 
to affect heart development in humans and this led 
investigators to screen the DNA from 100 children with 
a ventricular septal defect for HAS2 mutations[61]. In 
a single patient, a c.A1496T (p.Glu499Val) mutation 
was identified that reduced the activity of transiently 
expressed HAS2 by 40%. This suggests that partial 
HAS2 deficiency could be the cause of congenital heart 
defects in other patients. These results have not yet 
been replicated in independent cohorts.

The HAS3 enzyme is the most active of the HA 
synthases and produces HA of lower molecular 
mass[46]. Initial studies of Has3-/- mice showed no 
obvious phenotype although they were more resistant 
to ventilator-induced lung injury[62]. However, in recent 
studies focused on the brain, Has3-/- mice were found 
to have reduced HA, crowding of neurons and reduced 
extracellular space in specific regions of the brain[51]. 
These mice exhibited a significant increase in abnormal 
electrical activity and a substantial predisposition to 
seizure activity. The reduced extracellular space in 
the affected brain regions reduced the diffusion of 
molecules and provided evidence for a physiological 
role of HA in the regulation of brain extracellular space. 
Studies of the role of HAS3 in human epilepsy have 
not yet been reported and there are only limited data 
regarding other clinical phenotypes[51].

Triggs-Raine B et al . Genetic disorders of hyaluronan metabolism
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indicated that other factors work in conjunction with 
HA to mediate the cancer resistance phenotype[69]. In 
humans, a better understanding of the full range of 
phenotypes that might be associated with alterations in 
HAS2 expression awaits the identification of additional 
patients. 

DEGRADATION OF HA 
Within the cell, the complete degradation of HA to 
monosaccharides requires the concerted action of 
an endoglycosidase, hyaluronidase, and the exog
lycosidases β-N-acetyl-D-hexosaminidase and β-D-
glucuronidase[70]. As an endoglycosidase, hyaluronidase 
cleaves the hyaluronan polymer internally at β1→4 
linkages between β-N-acetylglucosaminine and β-D-
glucuronic acid (Figure 2). The resulting oligosaccharides 
become substrates for the exoglycosidase β-D-
glucuronidase which hydrolyzes the terminal non-
reducing glucuronic acid, leaving a non-reducing β-N-
acetylglucosaminine that can then be hydrolyzed by 
β-N-acetyl-D-hexosaminidase[71]. 

Two forms of hyaluronidase were originally char
acterized in human tissues, one with a neutral pH 
optimum that was rich in testes, and a second with an 
acid pH optimum that was found in most solid tissues 
and serum[72]. A glycosylphosphatidylinositol (GPI)-
linked sperm protein important for fertilization, PH-20, 
was later found to have sequence similarity to bee 
venom hyaluronidase[73], and was soon recognized 
as the neutrally active hyaluronidase[74]; its gene, 
SPAM1, was mapped to human 7q31 (and mouse 
chromosome 6A2)[75]. The acid-active hyaluronidase in 
human plasma, HYAL1, was isolated[76], and mapped 
to human chromosome 3p21.3 (mouse chromosome 

9F1-F2), a region previously characterized as having 
a tumor suppressor locus[77]. The human genome 
sequence allowed additional putative hyaluronidases 
to be identified, including HYAL2 which encodes an 
enzyme with weak activity toward high molecular mass 
HA[78] and mapped in close proximity to HYAL1[79]. 
Bioinformatic approaches revealed two tandemly 
repeated groups of three genes, which mapped to 
human chromosome 3p21.3 (centromere-HYAL2-
HYAL1-HYAL3-telomere)[80] and 7q31.3 (centromere-
SPAM1-HYAL4-HYALP1-telomere)[81,82]. An additional 
gene, Hyal5, is found downstream of Spam1 in mice[83]. 
These genes were identified as putative hyaluronidase 
homologues based on sequence conservation but 
further studies demonstrated that HYALP1 is an 
expressed pseudogene in humans[81], HYAL4 encodes 
a chondroitinase[84,85], and HYAL3 has no detectable 
in vitro activity[86,87]. Additional expression studies 
using human and mouse tissues showed that HYAL1/
Hyal1, HYAL2/Hyal2, and HYAL3/Hyal3 are broadly 
expressed in somatic tissues[81,88], while the expression 
of SPAM1 is limited primarily to the testes[75] and 
HYAL4 to skeletal muscle and placenta[81]. The recently 
described HA binding/degradative protein, KIAA1199, 
is expressed in many tissues including brain, lung, 
pancreas, testis and ovary but is not expressed in liver, 
kidney or spleen[89]. 

HYALURONIDASE DEFICIENCIES 
The first individual to be identified with a hyaluronidase 
deficiency was a young girl who had mild short stature, 
mild facial dysmorphism including a flattened nasal 
bridge, a bifid uvula and a submucosal cleft palate, 
and a presenting complaint of multiple periarticular 
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soft tissue masses involving both large and small 
joints; there was no evidence of visceral or neurological 
involvement. Histological and ultrastructural ana
lyses of biopsies showed the periarticular masses 
to have a synovium that was massively expanded 
with macrophages containing numerous lysosomes 
containing fibrillar storage material; the skin showed 
similar pathology with fibroblasts containing increased 
numbers of lysosomes with excess macromolecular 
substrate. This work suggested some type of lysosomal 
storage disorder. Early biochemical investigations 
disclosed markedly elevated levels of serum HA and 
a deficiency of acid pH optimum hyaluronidase (and 
chondroitinase) and the condition, a new lysosomal 
storage disorder, was termed mucopolysaccharidosis 
IX[90]. This patient was subsequently found to have a 
1361del37ins14 mutation in HYAL1 that was predicted 
to result in a premature stop codon on one allele, and a 
c.G1412A (p.Glu268Lys) on the other allele; no HYAL1 
activity was detectable[91]. Three additional patients 
with HYAL1 deficiency have since been identified in 
a consanguineous family of Saudi Arabian origin[92]. 
The proband in this family was initially characterized 
with idiopathic juvenile arthritis that did not respond 
to treatment with non-steroidal anti-inflammatory 
drugs. Two siblings of the proband were subsequently 
found to have joint abnormalities including joint 
effusions, synovial proliferation, and cysts. No serum 
HYAL1 activity was detected in any of the patients 
and all of them were homozygous for a c.104delT 
(p.Val35AlafsX25) mutation. The phenotypes of all 4 
individuals with HYAL1 deficiency are less severe than 
that predicted for human hyaluronidase deficiency 
based on the broad distribution of HA in the human 
body and the significance of HA in many developmental 
and remodeling processes. Taken together, this in
formation suggests that other enzymes (partially) 
compensate for the deficiency of HYAL1.

Consistent with the phenotype of persons with 
mucopolysaccharidosis IX, a Hyal1-/- mouse model 
did not show a generalized accumulation of HA[93]. 
The only detectable phenotype was a progressive loss 
of articular cartilage proteoglycan in the knee joint, 
starting as early as 3 mo of age. The mild phenotype 
in the mouse model is likely due, at least in part, to 
compensation by certain exoglycosidase activities, as 
mice deficient in both HYAL1 and β-hexosaminidases 
A and B (Hyal1-/-Hexa-/-Hexb-/-) showed global HA 
accumulation that was significantly higher than that in 
either Hyal1-/- or Hexa-/-Hexb-/- mice[94]. It seems likely 
that except in the joints the levels of β-hexosaminidase 
and β-glucuronidase are adequate to compensate for 
HYAL1 deficiency in mice, and by extrapolation, in 
humans as well. Interestingly, female Hyal1-/- mice 
had prolonged fertility; the basis for this is currently 
unclear[95].

HYAL2 is a broadly expressed glycosylphospha
tidylinositol-linked cell surface protein whose localization 

and activity have been controversial. Its activity is 
weak, but has been successfully demonstrated toward 
high molecular mass HA which it appears to cleave 
to 20 kDa fragments[86,96]. HYAL2 interacts with CD44 
and NHE1 proteins[97,98], which has led to the model 
shown in Figure 3, proposing that HYAL2 initiates the 
breakdown of extracellular HA, in partnership with the 
Na/H exchanger isoform 1 (NHE1) which acidifies the 
local environment[39]. That model further proposes that 
fragments generated by HYAL2 are internalized by 
receptor-mediated endocytosis. The generation of a 
Hyal2-/- mouse which exhibited mild anemia, craniofacial 
abnormalities, and evidence of pre-weaning lethality, 
did not completely support this model, as generalized 
storage of HA was not detected[99]. However, further 
studies demonstrated substantial (2/3) pre-weaning 
lethality in Hyal2-/- mice and severe cardiopulmonary 
dysfunction leading to death in 54% of Hyal2-/- mice 
by an average of 3.2 mo of age[100]. Accumulating 
extracellular HA in the heart, lung, and serum of 
these mice was of higher than average molecular 
mass, consistent with the model that HYAL2 may be 
important in initiating the depolymerization of HA in 
the extracellular matrix. The pre-weaning lethality 
in the mice suggests that a complete deficiency of 
HYAL2 may cause a severe, if not lethal, condition in 
humans, although the genetic background may provide 
important modifying effects that might either mitigate 
or exacerbate any of the above mentioned monogenic 
biosynthetic or catabolic enzyme disorders.

HYAL3 is broadly but weakly expressed in soma
tic cells. Although it is homologous to the other hya
luronidases, no activity has been clearly associated 
with the enzyme[86,87]. Hyal3-/- mice did not accumulate 
HA, and the only detectable phenotype was a minor 
change in the histopathology of the lungs[101]. However, 
the overexpression of HYAL3 in cultured baby hamster 
kidney cells resulted in increased HYAL1 activity, sug
gesting a role for HYAL3 in HA metabolism[87]. 

PH-20 (SPAM1) plays a role in both penetration of 
the cumulus barrier and binding of the zona pellucida 
during fertilization[102,103]. When it was initially mapped to 
human chromosome 7q31 and shown to be specifically 
expressed in the testes, it was thought that mutations in 
the gene might be identified as a cause of infertility[75], 
but no reports of mutations have been made. Studies 
in Spam1-/- mice have not provided insights regarding 
phenotype(s) that might be associated with human 
SPAM1 mutations because HYAL5 in mice can com
pensate for SPAM1 deficiency[104-106].

CONCLUSION
It is clear that the range of conditions that result from 
abnormalities in HA metabolizing enzymes is only 
partially understood. Monogenic dysfunction of enzymes 
involved in HA synthesis and HA catabolism can have 
marked phenotypic effects that can involve many 
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tissues and organ systems. It is likely that the ongoing 
broad application of next generation sequencing to 
identify the causes of unexplained phenotypes in 
humans will identify novel human conditions that result 
from variations in the HYAL and HAS enzymes and 
broaden the spectrum of already described conditions, 
furthering our understanding of their in vivo functions.
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