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Abstract
Hyaluronan (HA) is a glycosaminoglycan composed of repeating disaccharide units of glucuronic 
acid and N-acetylglucosamine. HA is an extremely long, unbranched polymer, which often 
exceeds 106 Da and sometimes reaches 107 Da. A feature that epitomizes HA is its rapid turnover: 
one-third of the total body HA is turned over daily. The current model of HA catabolism postulates 
that high-molecular weight HA in the extracellular space is first cleaved into smaller fragments by 
a hyaluronidase(s) that resides at the cell surface, followed by internalization of fragments and 
their degradation into monosaccharides in lysosomes. Over the last decade, considerable research 
has shown that the HYAL family of hyaluronidases plays significant roles in HA catabolism. 
Nonetheless, the identity of a hyaluronidase responsible for the initial step of HA cleavage on the 
cell surface remains to be determined, as biochemical and enzymological properties of HYAL 
proteins are not entirely consistent with those expected of cell surface hyaluronidases. Recent 
identification of transmembrane 2 (TMEM2) as a cell surface protein that possesses potent 
hyaluronidase activity suggests that it may be the “missing” cell surface hyaluronidase, and that 
novel models of HA catabolism should include this protein.

Introduction
Hyaluronan (HA) is a linear polymer of repeating disaccharide units of glucuronic acid and 
N-acetylglucosamine. HA is a large molecule with a molecular weight often exceeding 106 

Da, sometimes reaching 107 Da. As a major component of the extracellular matrix (ECM), 
HA exhibits multiple cellular activities through its unique biophysical and biological 
properties. Because of its sheer size, cells are thought to possess elaborate mechanisms for 
its production and degradation. Particularly remarkable is the extremely fast turnover of HA: 
an estimated one-third of the total body HA (~15 g in a person with a 70 kg body weight) is 
turned over daily (1), and the metabolic half-life of HA in skin is only 1 to 1.5 days (2).

A current model of HA catabolism is that high-molecular weight HA (106–107 Da) in the 
extracellular space is first degraded into intermediate-size fragments of 10–100 kDa by 
hyaluronidase(s) present on the cell surface or in the extracellular space. These fragments 
are then internalized and eventually degraded to monosaccharides by the combined actions 
of lysosomal hyaluronidases and exoglucosidases (3,4). It should be noted that this model, 
which assumes that the entire HA degradation process occurs in a single cell, does not 
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necessarily reflect physiological mechanisms relevant to systemic HA catabolism. It remains 
possible that the initial degradation into intermediate fragments occurs in peripheral or 
lymphatic tissues, while degradation into monosaccharides could occur in specific organs 
such as liver (4). In either case, it is essential to define hyaluronidases responsible for each 
step of HA degradation and identify their tissue or subcellular sites of action. Since 
molecular cloning of HYAL1 and HYAL2 some 20 years ago (5,6), studies of HA 
catabolism have focused mainly on these molecules, and the model of HA catabolism has 
been formulated based on the assumption that HYALs are the key hyaluronidases both on 
the cell surface and in intracellular compartments. Yet, recent identification of novel proteins 
that exhibit HA degrading activity, namely transmembrane 2 (TMEM2) and CEMIP/
KIAA1199, now prompts a reevaluation of these models. In this article, we focus on 
TMEM2 and review the current knowledge of this novel cell surface hyaluronidase, 
highlighting the distinctive features of TMEM2 relative to HYALs and CEMIP/KIAA1199.

HYAL family molecules
There are six HYAL-like genes in the human genome. HYAL1, HYAL2, and HYAL3 are 
clustered in 3p21.3, whereas HYAL4 and SPAM1 (also known as PH-20) are present in 
7p31.3 (2). The latter cluster also harbors the pseudogene HYALP1. The significant 
homology between different HYAL genes suggests that they are generated by gene 
duplication (7).

There are multiple lines of evidence that HYAL proteins are associated with lysosomes and 
related intracellular vesicles. SPAM1/PH-20, the prototype of the family, is associated with 
the acrosome (8), a lysosome-related organelle in sperm cells (9). HYAL1, a major 
hyaluronidase in plasma, is associated with lysosomes and endosomes in cells (10), and HA 
degradation by HYAL1 occurs intracellularly (11). HYAL2 was originally identified as a 
lysosomal hyaluronidase (6) and has been shown to be present in lysosomes of various cell 
types (6,12,13). Interestingly, HYALs can also be anchored to the plasma membrane via a 
glycosylphosphatydylinositol (GPI) linkage (8,14–16). This phenomenon has been reported 
for SPAM1, HYAL1, and HYAL2, among which HYAL2 has been studied most extensively. 
Cell surface translocation of HYAL2 requires co-expression of CD44 (11). In C28/I2 
chondrocytes, HYAL2 and CD44 were found to co-immunoprecipitate, suggesting that 
HYAL2 and CD44 interact directly (17).

HYAL1 and HYAL2 favor acidic pH for their hyaluronidase activity. HYAL1 is active only 
below pH5.5 (18) and the pH optimum for HYAL2 is pH 4 (6). Such low pH optima are 
consistent with properties of lysosomal rather than extracellular enzymes. It is also 
noteworthy that the intrinsic hyaluronidase activity of HYAL2 is reported to be weak relative 
to those of other HYALs; HYAL2 is ~400-fold and ~50-fold less potent than PH-20/SPAM1 
and HYAL1, respectively (14,19,20). There is a suggestion that hyaluronidase activity of 
HYAL2 requires co-expression of CD44; Harada and Takahashi (11) showed that the 
membrane fraction of HEK293 cells expressing HYAL2, but not CD44, exhibits little 
hyaluronidase activity. HYAL family proteins degrade not only HA but also chondroitin 
sulfate (CS) and dermatan sulfate (DS) (21). For example, HYAL1 exhibits robust 
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chondroitinase activity (22), and HYAL4 appears to act physiologically as a chondroitinase 
(21).

Mutations in HYAL1 reportedly cause the mucopolysaccharidosis type IX (MPS IX), a 
lysosomal storage disease (23). In affected patients, serum HA concentrations increase 38–
90-fold, and macrophages and fibroblasts of these patients display lysosomal HA 
accumulation (24). Hyal1−/− mice are viable and exhibit no gross developmental defects, but 
develop osteoarthritis as they age (25). Hyal2−/− mice on a C57Bl6 background are also 
viable and show mild developmental abnormalities, namely shortening of the nose, widened 
interorbitary space, and slightly deformed cervical vertebrae (20). On a mixed background, 
approximately half of Hyal2−/− mice exhibit heart defects, including expanded heart valves 
and cardiac hypertrophy, as well as lung fibrosis (26). Both Hyal1−/− and Hyal2−/− mice 
show HA accumulation in peripheral tissues. Hyal2−/− mice exhibit lymphadenopathy and 
buildup of high molecular weight HA in lymph and serum (27). Interestingly, Hyal2 ablation 
also impairs HA internalization by non-parenchymal cells in the liver (such as sinusoidal 
endothelial cells and Kupffer cells), suggesting that in these cells, HYAL2 functions as an 
endocytic receptor for HA (27). More recently, Muggenthaler et al. (28) reported that 
mutations in HYAL2 found in Amish pedigrees cause orofacial clefting and cor triatriatus 
sinister in humans and mice, and a whole exome sequencing study identified association of 
rare human HYAL2 variants with platelet reactivity (29). While it is not entirely clear 
whether all these phenotypes are direct consequences of loss of hyaluronidase activity of 
HYAL2, these results are consistent with the notion that HYAL2 physiologically participates 
in HA catabolism.

CEMIP/KIAA1199
In 2013, Yoshida and colleagues reported that a protein of unknown function encoded by the 
transcript KIAA1199 has HA binding and degrading activities (30). An independent line of 
studies identified KIAA1199 as encoding a protein that induces cancer cell migration and 
named it cell migration inducing protein or CEMIP (31–33). CEMIP, which bears no 
homology to HYAL family proteins, is a putative secretory protein containing an N-terminal 
signal sequence. Curiously, neither conditioned media of CEMIP-transfected cells nor 
recombinant CEMIP show HA degrading activity (30,33). From knockdown experiments, 
Yoshida concluded that CEMIP-mediated HA degradation requires participation of the 
clathrin-coated pit pathway (30), suggesting that CEMIP itself does not act as an 
extracellular hyaluronidase. Recent knockout studies show that systemic Cemip deletion in 
mice results in mild shortening of long bones (34) and decreased memory function (35).

Several lines of evidence suggest that CEMIP may be involved in human diseases. Mutations 
in CEMIP have been identified in cases of non-syndromic hearing loss (36). Moreover, a 
CEMIP point mutant at one of the deafness-associated residues (Arg-187) abrogates 
hyaluronidase activity (30). However, Cemip−/− mice show no apparent hearing loss (35). In 
addition, several reports indicate a strong association of CEMIP overexpression with 
progression and poor prognosis of various human cancers (37–40). CEMIP knockdown in 
breast cancer cells reportedly reduces cell motility in vitro and lung metastasis in an 
orthotopic xenograft model (33,38).
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TMEM2
As noted above, knockout studies of HYAL family hyaluronidases support their participation 
in HA catabolism in vivo (20,26). It remains unclear, however, whether HYAL2 is the main 
player for the initial step of HA degradation on the cell surface, as its enzymatic property 
and subcellular localization are not entirely consistent with those expected of cell surface 
hyaluronidases (see above). The observation that Hyal2−/− mice exhibit elevated serum and 
tissue HA could be explained by reduced lysosomal degradation of HA and does not 
necessarily support the idea that HYAL2 is the primary hyaluronidase that functions on the 
cell surface.

In search of a hyaluronidase that is present and might function on the cell surface, we 
identified TMEM2 as a strong candidate (41). The TMEM family is a heterogeneous 
collection of more than 300 open reading frames that are grouped based only on the 
presence of at least one putative transmembrane domain (42). The TMEM2 amino acid 
sequence predicts a type II transmembrane protein with an extracellular domain showing 
48% amino acid identity with CEMIP (41). Interestingly, zebrafish tmem2 mutants 
reportedly exhibit a phenotype related to endocardial cushion defect (43,44) (see below), a 
finding that resonates with the fact that HA is the main component of cardiac jelly and plays 
a critical role in endocardial cushion development (45,46).

The domain composition of TMEM2 in comparison with CEMIP is shown as a cartoon in 
Figure 1. The type II transmembrane topology was confirmed by immunocytochemistry of 
live (unpermeabilized) cells and by a cell surface biotinylation assay (41). The N-terminal 
domain, which resides in the cytoplasm, is 82 amino acids long, whereas the extracellular C-
terminal domain is 1278 amino acids and contains one G8 domain (47), and one GG domain 
(48), and three parallel ͤ-helix (PbH1) repeats.

PbH1 sequences are the basis for the formation of the right-handed parallel ͤ-helix folds 
(49). Several bacterial polysaccharide degrading enzymes exhibit this structure (50), among 
them, the pectate lyase PelC from Erwinia chrysanthemi (51) and chondroitinase B from 
Flavobacterium heparinum (52). Other than TMEM2 and CEMIP, fibrocystin, which is 
encoded by the PKHD1 gene, is a notable mammalian protein containing PbH1 repeats. 
PKHD1 is the causative gene for autosomal recessive polycystic kidney disease (53). None 
of the HYAL family hyaluronidases contain the PbH1 repeats. Most PbH1-containing 
prokaryotic polysaccharide degrading enzymes are lyases, whereas HYAL family 
hyaluronidases are hydrolases (50), suggesting that, unlike HYAL family proteins, TMEM2 
may degrade HA by a lytic mechanism.

Characteristics of TMEM2 hyaluronidase activity
In an assay with transfected 293T cells and gel filtration analysis of degraded HA products, 
TMEM2 depolymerizes high-molecular mass HA (1500 kDa average; ~7500 
monosaccharides in length) into fragments of ~5 kDa (~25 monosaccharides in length) (41). 
Neither increasing TMEM2 expression levels nor use of smaller HA as substrates resulted in 
generation of HA fragment smaller than ~5 kDa (41). By comparison, HYAL2 has been 
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reported to cleave HA into ~20 kDa fragments, whereas PH-20/SPAM1 degrades them into 
even smaller fragments (6). As noted above, HYAL family proteins degrade not only HA but 
also CS and DS (21). In contrast, the GAG degrading activity of TMEM2 is specific for HA: 
TMEM2 does not degrade CS-A, CS-C, CS-D, or DS (41).

Generally, bacterial polysaccharide lyases containing parallel ͤ-helix folds utilize divalent 
cations as cofactors. This is also the case with TMEM2: in the absence of Ca2+, TMEM2 
does not exhibit HA depolymerizing activity (41). As for HYALs, there are no reports on a 
requirement for divalent cations in HA depolymerization activities. TMEM2 contains a short 
segment of amino acid sequence that bears a similarity to the calcium coordination sites in 
Erwinia pectate lyase (41). Interestingly, this segment also contains an arginine residue 
(Arg-265), which positionally corresponds to one of the sites (Arg-187) of the deafness 
mutation in human CEMIP gene (30,36). Mutagenesis experiments revealed that Arg-265 as 
well as two aspartic acid residues (Asp-273 and Asp-286) in this segment of TMEM2 are 
important for HA depolymerization activity (41).

Recombinant soluble TMEM2 comprising only its extracellular domain shows a pH 
optimum in the range of pH 5–8, with the highest activity at pH 6 (41). TMEM2 loses 
activity below pH 5 and is totally inactive at pH 4. Such a pH optimum is consistent with the 
possibility that TMEM2 is enzymatically active in the extracellular environment but not in 
lysosomes. By comparison, HYALs generally exhibit more acidic pH optima, with an 
exception of Xenopus HYAL2, which is active at both acidic and physiological pH (54). An 
ancillary implication of the TMEM2 pH optimum experiments mentioned above is that 
TMEM2 can exert hyaluronidase activity by itself without participation of cellular endocytic 
pathways, as soluble TMEM2 can degrades HA in a cell free assay (41). This is in contrast 
to CEMIP, which requires participation of the cellular endocytic machinery for 
hyaluronidase activity (30,55).

Cells transfected with TMEM2 can degrade not only exogenous HA added to culture media 
but also substrate-bound HA at cell-substrate contact sites. This activity can be detected by 
in situ HA degradation assay, in which cells are plated on a substrate of fluorescein-labeled 
HA immobilized to amino-silanized glass (41). This mode of action is somewhat similar to 
that of transmembrane ECM-degrading proteinases, such as MT1-MMP (56,57).

TMEM2 expression
TMEM2 mRNA expression in various tissues and cells has been determined by absolute 
quantification of transcript copy numbers (41). Tmem2 is expressed in essentially all organs 
in adult mice, with copy numbers greater than 2 ×105 copies per µg total RNA. For example, 
Tmem2 mRNA is expressed at 3.0 ×105, 2.3 ×105, and 16.0 ×105 copies per µg total RNA in 
the heart, liver, and lung, respectively. In comparison, Hyal2 mRNA is expressed at 4.1 
×105, 7.3 ×105, and 1.4 ×105 copies per µg total RNA in these organs. In mice, Tmem2 
expression levels are much higher than those of Cemip in most organs (41).

Absolute quantification of transcript copy numbers has recently been applied to various 
human cell types in our laboratory. As observed in adult mice, TMEM2 is generally more 
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highly expressed than CEMIP in most cells tested (Table 1). One exception is primary skin 
fibroblasts, in which CEMIP is more highly expressed than TMEM2. In contrast, endothelial 
cells express TMEM2 robustly, whereas CEMIP expression is negligible. Strong TMEM2 
expression in endothelial cells appears consistent with the fact that endothelial cells are the 
major site of HA degradation (4).

Thus far, the analysis of spatial expression of TMEM2 in mammalian tissues is based on in 
situ hybridization. For this, we have used the RNAscope in situ hybridization method (58) 
and observed strong Tmem2 expression in brain, heart, liver, limb bud, and branchial arch of 
E10.5 mouse embryos (Fig. 2). While in situ hybridization is informative, there is an acute 
need for high quality TMEM2 antibodies that can be used in various applications, including 
immunocytochemistry, immunohistochemistry, and cell sorting, to further define the 
function and regulation of TMEM2.

Developmental roles of TMEM2.
Developmental roles of TMEM2 have been studied using zebrafish, and these studies have 
provided some intriguing insights into its physiological functions. In 2011, two groups 
reported simultaneously the identification of zebrafish tmem2 mutants. Totong et al. (43) 
isolated the wickham (wkm) mutant from an ENU (N-ethyl-N-nitrosourea) mutagenesis 
screen for defective heart looping. Smith et al. (44) identified the frozen ventricle (frv) allele 
as a recessive lethal mutant through routine intercrosses. Positional cloning showed that both 
wkm and frv encode the zebrafish ortholog of TMEM2. Both wkm and frv mutants show 
abnormal heart looping accompanied by diminished constriction of the atrioventricular 
canal, suggesting that zebrafish TMEM2 protein functions in endocardial and myocardial 
morphogenesis (43,44). TMEM2 also functions in skeletal muscle morphogenesis. Zebrafish 
tmem2 mutants exhibit muscle fiber detachment, plus impaired laminin organization and 
ineffective fibronectin degradation at the myotendinous junction (59), suggesting that 
TMEM2 regulates cell-matrix interactions. Since these studies were conducted prior to 
demonstration of TMEM2 as a hyaluronidase, it will be interesting to see if some or all of 
these phenotypes can be explained by the premise that TMEM2 is a cell surface 
hyaluronidase.

More recently, tmem2 was shown to be required for sprouting angiogenesis in zebrafish, and 
angiogenesis-associated phenotypes were rescued by injection of Streptomyces 
hyaluronidase or HA oligosaccharides (60). Zebrafish tmem2 mutants also exhibit HA 
accumulation in heart chambers and surrounding developing blood vessels (44,60), 
observations consistent with the idea that TMEM2 protein is a hyaluronidase. With regard to 
the angiogenesis phenotype, De Angelis et al. (60) suggest that HA oligosaccharides, which 
are presumably generated as degradation products of TMEM2, act upstream of the VEGF 
receptor and enhance VEGF signaling. This implies that TMEM2 may exert a dual effect in 
this developmental context, namely to dissolve high molecular weight HA that has acted as 
space-filling substance and to generate bioactive HA oligomers that promote VEGF 
signaling.
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TMEM2 and cancer
Strong evidence supports an association of CEMIP overexpression with cancer progression 
and poor prognosis (37–40,61,62). On the other hand, much less is known about TMEM2 
involvement in human cancer. Nevertheless, it is interesting that TMEM2 is a SOX4-
regulated genes in breast cancer (63). SOX4 is overexpressed in various human cancers and 
is thought to play a key role in their metastasis (64). Lee et al. (63) found that TMEM2 is 
one of the 24 direct transcriptional targets of SOX2 in human breast cancer, and that 
TMEM2 expression positively correlates with reduced overall survival. TMEM2 knockdown 
significantly decreases metastasis of MDA-LM2 breast cancer cells in an orthotopic 
xenograft model (63). It is not yet known whether the metastasis-promoting effect of 
TMEM2 is requires hyaluronidase activity, and this possibility remains to be investigated.

Questions to be resolved and future directions
Biochemically, a key remaining question is the catalytic mechanism of TMEM2. As noted, 
TMEM2 may depolymerize HA by a lytic mechanism, as do bacterial polysaccharide lyases. 
Determination of the crystal structure of TMEM2 should address this issue and shed light on 
structure-function relationships. Also, it remains unknown whether the TMEM2 
extracellular domain has a function other than that of a hyaluronidase. In theory, it could 
serve as a receptor for extracellular ligands, such as growth factors and cytokines, although 
little evidence currently supports this possibility. There is also little known about the 
function of the TMEM2 cytoplasmic domain or whether it interacts with intracellular 
protein(s), which might modulate TMEM2 hyaluronidase activity by inside-out signaling.

Given the identification of TMEM2 as a novel cell surface hyaluronidase, it would be 
necessary to revise the current model of cellular HA degradation, which assumes that 
HYAL2 is the primary cell surface hyaluronidase. Regarding the relationship between 
TMEM2 and HYAL2, several possibilities can be envisioned: (i) TMEM2 is solely 
responsible for cell surface cleavage of large extracellular HA, while HYAL2 functions in 
endosomes and lysosomes; (ii) TMEM2 and HYAL2 both function as cell surface 
hyaluronidases but in different membrane domains (such as apical and basal membranes, 
lipid rafts, caveolae, etc.); (iii) TMEM2 and HYAL2 both function as cell surface 
hyaluronidases but under different biological/pathological contexts (e.g., proliferation, 
migration, cell division, tumor, or inflammation) or in different cell types; (iv) TMEM2 and 
HYAL2 function in HA degradation on the cell surface sequentially — for example, large 
HA is first cleaved by TMEM2 and then further degraded into smaller fragments by HYAL2, 
or vice versa. These hypotheses are not mutually exclusive, and other models are possible. A 
critical experiment would be a direct comparison of intrinsic HA degrading activities of 
TMEM2 and HYAL2 in a cell-free system. Another informative experiment would be to 
knockdown (or knockout) TMEM2 and HYAL2 individually in cells that express both 
proteins at a similar level and examine its effect on HA degradation. Ultimately, 
physiological roles of TMEM2 and HYAL2 in various tissues and developmental processes 
should be defined by comparing phenotypes of Tmem2 and Hyal2 mutant mice and their 
compound mutants.
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The functional relationship of TMEM2 and CEMIP is another issue that needs to be 
addressed. Considering their structural similarity, it is perplexing that CEMIP protein itself 
does not exhibit hyaluronidase activity, although transfection of CEMIP confers a significant 
ability to cleave HA to transfected cells (30). The question emerges: what hyaluronidase 
molecule cleaves HA in these cells? Is it TMEM2, HYAL2, or different factor? 
Alternatively, CEMIP could undergo structural changes to an enzymatically active form 
when associated with an unknown cellular “cofactor.”

In conclusion, the biochemical and cell biological properties of TMEM2 suggest that it 
could be the long sought-after hyaluronidase that cleaves extracellular HA on the cell 
surface, and its identification could resolve numerous unanswered questions regarding not 
only HA catabolism but also HA research in general.
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Figure 1. Domain structures of TMEM2 and CEMIP.
A red paddle in CEMIP/KIAA1199 indicates the position of mutations (R187C, R187H) 
identified in cases of non-syndromic hearing loss (36). A yellow paddle in TMEM2 
indicates the position (R265) corresponding to R187 in CEMIP. For the sequence similarity 
in this region, refer to Figure 3 in Yamamoto et al. (41).

Yamaguchi et al. Page 13

Matrix Biol. Author manuscript; available in PMC 2020 May 01.

Author M
anuscript

Author M
anuscript

Author M
anuscript

Author M
anuscript



Figure 2. Expression of Tmem2 in E10.5 mouse embryos.
In situ hybridization was performed using a custom probe for mouse Tmem2 and the 
RNAscope 2.5 HD Reagents Kit-RED (Advanced Cell Diagnostics, Newark, CA). This 
image is a montage of four microphotographs assembled manually. FB, forebrain; MB, 
midbrain; HB, hindbrain; BA, first branchial arch; Ht, heart; Lv, liver; LB, hindlimb bud.
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Table 1.

Transcript copy numbers of TMEM2, CEMIP, HYAL1, and HYAL2 in various human cells.

Cell line Origin/Property TMEM2 CEMIP HYAL1 HYAL2

HT1080 Fibrosarcoma 1.66 × 107 2.02 × 106 1.61 × 104 3.52 × 106

RWPE1 Normal prostate epithelium; non-invasive 2.31 × 107 3.12 × 105 3.22 × 105 1.85 × 107

RWPE2 Normal prostate epithelium; invasive 2.91 × 107 1.49 × 106 5.56 × 105 2.72 × 107

LNCAP Prostate cancer; low metastatic 3.44 × 107 2.22 × 105 1.70 × 105 3.72 × 107

PC3 Prostate cancer; high metastatic 2.65 × 107 4.15 × 106 3.25 × 105 5.36 × 107

MDA-MB-157 Mammary medullary carcinoma 2.02 × 107 2.07 × 106 1.18 × 104 3.73 × 106

MDA-MB-231 Mammary ductal carcinoma 3.10 × 107 1.69 × 107 2.71.× 104 7.85 × 106

Primary skin fibroblast 1.91 × 106 1.09 × 107 ND ND

Primary dermal microvascular endothelial 
cells (HDMEC)

6.96 × 106 1.64 × 104 ND ND

Transcript copy numbers were determined by TaqMan gene expression assay with standard curves generated from reference plasmids (41).

Data represent transcript copy numbers per µg total RNA.

ND, not determined.
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